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ABSTRACT

There are two scientifically disparate projects presented in this thesis, linked by their use of shared

experimental hardware. One being the development, characterization, and simulation of the Life-

times and Branching Ratios Apparatus (LIBRA) setup, designed to measure lifetimes and branch-

ing ratios by applying and expanding upon the particle X-ray coincidence technique (PXCT). The

other is a rare event search for simultaneous, back-to-back double alpha decay in 220Rn using the

GADGET II Time Projection Chamber (TPC).

LIBRAwas designed tomeasure all photons and charged particles emitted in decays used to con-

strain astrophysically-relevant reaction rates. Using this information, through the PXCT technique,

the lifetimes of particular resonances populated in electron capture or 𝛽+ decay can be measured to

the sub-femtosecond level. This, along with the branching ratios of these resonances, can be used

to constrain reaction rates that would require multiple experiments to measure using a variety of

other techniques. The results of the performance tests performed after building the apparatus are

reported.

In the past few years there has been an increased effort theoretically to investigate the simultane-

ous emission of two alpha particles from heavy nuclei, motivating experimental searches to discover

this novel mode of radioactive decay. Measured double alpha decay branching ratios would provide

valuable information on the dynamics of alpha- and cluster-decay of heavy nuclei. Depending on

the model used to predict double alpha decay half-lives, the results can vary widely. For the case

of 220Rn, the half-life predictions range over 17 orders of magnitude. Pursuant to the goal of con-

straining this theoretical discrepancy, the GADGET II Time Projection Chamber was modified to

operate at higher pressures, up to 2,000 torr, and used to carry out a search for double alpha decay

in 220Rn. By imaging alpha decay events in 3D in the TPC and performing 3D fitting to determine

the properties, double alpha candidate events have been investigated in detail. The TPC system

was also coupled to LIBRA’s two high purity germanium detectors to search for alpha decay to

excited states of daughters in the decay chain of 220Rn. Results from this experiment find no signal

of 𝛼𝛼−decay, and rule out two of the three theoretical models investigated.
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CHAPTER 1

INTRODUCTION

This thesis covers two different projects, eachwith their own distinct physics goals. The first of these

projects that will be discussed is the planning, design, assembly, and testing of the LIfetimes and

Branching Ratios Apparatus (LIBRA), using and expanding upon the Particle X-ray Coincidence

Technique (PXCT). LIBRA allows for measurements of lifetimes in the sub-femtosecond range,

which is useful for many aspects of nuclear physics, as lifetimes are among the most basic properties

of nuclei and used in wide-spread applications in nuclear physics. At the same time, LIBRA is

able to measure the branching ratios of many decay channels of astrophysically relevant nuclei.

LIBRA was initially designed to measure lifetimes and branching ratios of resonances populated

by electron capture and 𝛽− decay. Finally, the GAseous Detector with GErmanium Tagging II

(GADGET II) pressure upgrade and subsequent experiment will be discussed. This experiment

was proposed to probe for a new decay mode, simultaneous double alpha decay, which has been

discussed theoretically and gained renewed interest in recent years due to new work predicting

half-lives that are feasible to measure experimentally.

1.1 Nuclear Physics Fundamentals

Before approaching the topics discussed in this thesis, this chapter will be useful for uninitiated

readers, which begins with a brief introduction to the field of nuclear physics, then dives deeper

into the particular areas of interest. The two projects using LIBRA then GADGET aim to answer

questions in the fields of nuclear astrophysics and nuclear structure & dynamics, respectively. As

such, this chapter covers how astrophysical reaction rates aremeasured in the lab, and how physicists

use experimental observables to discover the structure of nuclei across the chart of nuclides.

Just as in chemistry the map by which the elements are categorized is the periodic table, so too

in nuclear physics is there a map that describes the areas of interest. In the case of the study of the

nucleus, the number of neutrons within the nucleus are equally important to the number of protons.

Continuing with the chemistry parallel, if one wants to understand the properties of an atom, the

number of electrons typically governs how that element interacts. And under normal circumstances,
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Figure 1.1 The Chart of Nuclides colored by decay modes. 𝛽+/EC decay is colored in blue, 𝛽−
decay in pink, 𝛼 decay in yellow, and spontaneous fission in green. Stable nuclei that do not decay
by any of these modes are colored black. Figure taken from the National Nuclear Database Center
(NNDC), https://www.nndc.bnl.gov/.

the number of electrons of an atom is equal to the number of protons. From the point of view of

a physicist, chemistry is primarily described by the electromagnetic force. If this force is well

understood in theory scientists can make accurate predictions about how atoms and molecules will

interact and behave, before even testing it ourselves. In nuclear physics, the fundamental forces that

govern how nuclei behave and interact with each other are the strong and weak forces, with only part

of the behavior emerging from the electromagnetic force. Because of this, the nuclear physicist’s

map looks different from the periodic table, but it still retains similar features. In Figure 1.1, we see

that it is most convenient to map the Chart of Nuclides, as it is called, in two dimensions; increasing

proton number on the y-axis and increasing neutron number along the x-axis. In chemistry, we are

concerned mainly with those nuclei in black, the stable nuclei. Whereas to get the full picture of

the nuclear forces, we as nuclear physicists must broaden our map to include the unstable isotopes,

shown in color in Figure 1.1. Additionally, we can see shell closures - analogous to electron shell
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closures on the periodic table - highlighted by vertical and horizontal lines on Figure 1.1. Just as

noble gases represent shell closures at electron shells that contain electrons in numbers of 2, 8, 18,

32, etc., so too does nuclear physics have these ‘magic numbers’ as they are called, at proton or

neutron numbers 2, 8, 20, 28, 50, 82, and 126. Those nuclei whose proton and neutron number are

both magic are referred to as ‘doubly magic’, such as 16O, and as a result are more tightly bound as

compared to their surrounding neighbors. This can be seen in the structure of the chart of nuclides,

notice how along the border of measured isotopes, especially at higher masses, it bulges out near

magic numbers - it is easier to produce these nuclei than very unstable nuclei far from the magic

numbers. The nuclei with magic numbers can be considered an analog to the noble gases of the

periodic table.

Instead of the ∼100 elements on the periodic table, there have been 3,000 nuclides discovered,

each with their own nuclear structures and properties. Almost all nuclides have something about

them that is not described in sufficient detail by our current theories. By providing some of the most

exotic isotopes, the Facility for Rare Isotope Beams (FRIB) enables us to learn about these prop-

erties, and in doing so reach its goals of better understanding nuclear structure/dynamics, nuclear

astrophysics, fundamental interactions, and applications in industries such as medicine and national

defense. Experimental nuclear physics’ ultimate goal is tomeasure the properties of enough of these

nuclei, especially in the exotic regions FRIB allows us to reach, to understand the forces that hold

all nuclei together.

1.2 Astrophysics Background for LIBRA

One of our main goals in nuclear astrophysics is to study the origin of the elements. For this,

we need to understand the mechanisms by which stellar environments produce the elements, and

the rates at which these reactions and decays take place. Nuclear physics not only governs the

abundances of the elements produced, but also provides an explanation of: the energy generation

in stars required during this production, the stellar events we observe such as X-ray bursts (XRBs),

and highly dense matter in neutron stars.

Starting at the beginning, just minutes after the Big Bang, the universe had cooled down enough
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Figure 1.2 Experimental binding energy per nucleon (BE/A) versus mass number, taken from from
the AME2012. Each point is the most tightly bound (highest binding energy) nucleus for a given
mass number [1].

that free protons and neutrons could exist at a ratio of 7-to-1 [1]. The elements of hydrogen and

helium had precipitated out of the soup of energy in a ratio that we still see today in metal-poor

clouds of hydrogen, about 4-to-1 mass abundance ratio of hydrogen to helium¹ We can verify this

with a counting argument. If we have a proton to neutron ratio of 7, and we create one 4He nuclei,

we use 2 neutrons and 2 protons, with 12 protons left over. As the universe expanded and matured,

eventually the first stars formed as gravity grouped large quantities of these hydrogen and helium

atoms together. Once this mass becomes large enough, the temperature and density due to gravity

can become so great in the cores of the protostars formed that the electric repulsion between nuclei

can be overcome and fuse elements together, creating heavier and heavier elements. Luckily, this

burning (or fusion) produces a surplus of energy, and as such provides an opposite thermal pressure

to the gravitational force compacting the matter towards the core of the star.

How do we know fusion produces a surplus of energy? Keeping in mind one of the many

¹Regression to zero metallicity helium abundance: Y𝑝 = 0.2465 ± 0.0097 compared to the result obtained for
BBN based on Planck determination of baryon density: Y𝑝 = 0.2485 ± 0.0002 [2].

4



applications of Einstein’s mass-energy equivalence, 𝐸 = 𝑚𝑐2, we write the equation for the mass

of a given nucleus in the following way

𝑀 (𝑍, 𝐴) = 𝑍𝑚(1H) + 𝑁𝑚𝑛 − 𝐵(𝑍, 𝐴)/𝑐2, (1.1)

where 𝑀 is the mass of the nucleus, 𝑍 is the number of protons in the nucleus, 𝑁 is the number

of neutrons in the nucleus, 𝐴 is 𝑍 + 𝑁 , 𝑚(1H) is the rest mass of hydrogen, 𝑚𝑛 is the rest mass

of a free neutron, 𝑐 is the speed of light, and 𝐵 is the binding energy of the nucleus. Measuring

accurately the mass of a given nucleus will tell us the difference in mass between that nucleus and

its constituent pieces. Natural systems prefer lower energy configurations, so if we think about

each term in Equation 1.1 as energy, the system of individual hydrogen nuclei (protons) and free

neutrons is in a higher energy state than the combined nucleus. The larger the binding energy per

nucleon, the harder it becomes for any given nucleon in the nucleus to escape the system, resulting

in a more stable nucleus. In the case of fusion, we have the following equation:

𝑀 (𝑍, 𝐴) = 𝑀 (𝑧1, 𝑎1) + 𝑀 (𝑧2, 𝑎2) + 𝐵(𝑧1, 𝑎1)/𝑐2 + 𝐵(𝑧2, 𝑎2)/𝑐2 − 𝐵(𝑍, 𝐴)/𝑐2. (1.2)

Note that in the previous equation 1.2, 𝑧1 + 𝑧2 = 𝑍 and 𝑎1 + 𝑎2 = 𝐴, so the total number of nucleons

is conserved in this process; this means that we can think of the binding energy requirements in

terms of binding energy per nucleon without any loss in generality in the case of fusion. If we

rearrange this equation to group mass terms on one side, we see that if the BE/A increases after

fusion, the mass difference will be negative, meaning the resulting nucleus after fusion takes place

is more stable and releases energy.

Aswe can see from Figure 1.2, at lowmass numbers like hydrogen and carbon, a fusion of nuclei

will produce a nucleus with a higher binding energy per nucleon. Once you reach a mass number

of about 20, the binding energy remains remarkably stable at around 8 MeV/nucleon. However,

we can see from the figure that it peaks at 56Fe. This means that for elements lighter than iron,

fusion into heavier elements will produce energy, and for elements heavier than iron, they may

break apart to produce energy in a process called fission. In both cases, nuclei release energy by

moving towards that iron peak. The mechanism for stars to combat gravity and prevent collapse is
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generating thermal energy from fusion. Once a star has burned all of the hydrogen in its core, it

does not have enough energy (or temperature, if you want to think of it that way) to fuse helium

together to keep gravity from pressing the star inward. This leads to a contraction of the star, rapidly

increasing its temperature until helium is able to ignite, and fusion of this heavier element can begin

to equalize gravity.

If the star has low mass, this continues until the helium runs out. Then the star contracts again,

but it does not have enough total mass for gravity to ignite the next heaviest element, and the star

becomes a white dwarf, slowly dimming for the rest of time. If the star is large enough, it can keep

up this process of fusing heavier and heavier elements until it gets to 56Fe. At that point, no matter

how large the star is, fusing 56Fe and the heavier elements removes energy from the star, and it will

be impossible for fusion to sustain the star.

If this is the case, why do we see non-zero chemical abundances of elements heavier than iron

in the universe; how did they end up on Earth? If not in stars, where are these elements produced,

can we see the stellar events that cause this production?

Much of the abundances of heavy elements are thought to be made in massive stars during core

helium burning and in AGB (Asymptotic Giant Branch) stars. However, as we already discussed,

it is not possible for elements heavier than iron to be used as fuel by the star, so these elements are

created in a different way. These elements are created through a path known as the ‘slow neutron

capture’, or ‘s-process’. This s-process occurs when a seed nuclei such as 56Fe captures free neu-

trons, creating an unstable, heavier nucleus. This heavier nucleus then has an excess of neutrons,

and 𝛽−-decays back to stability. Nature’s trick here to bypass the need for fusion is clever because in

the case of neutron capture, the nucleus does not have to worry about like charges repelling (protons

against protons), making the probability of neutron capture much higher. Using the case of 56Fe to

demonstrate this process, the nucleus is allowed to capture neutrons to 57Fe and then to 58Fe, both

of which are stable. However, when a third neutron capture occurs, we end up with an unstable
59Fe. At this point, the path can branch. 56Fe can continue to capture neutrons, but if that takes too

long (the timescale to neutron capture depends on the availability of free neutrons), then 56Fe can
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also undergo 𝛽−-decay, turning one of its neutrons into a proton, an electron, and antineutrino, thus

becoming 56Co.

This process can continue up the chart of nuclides (Figure 1.1) until reaching 208Bi. At this

point, another branch in the path opens up as we move to higher mass nuclei - alpha decay. Unlike

our neutron captures and 𝛽 decays, 𝛼-decays cause the nucleus to lose two protons and two neutrons.

Nuclei can no longer proceed up the chart of nuclides via the s-process at this point, any attempt to

do so will be reversed by an eventual 𝛼-decay.

So it seems the main goal of nuclear astrophysics has been solved. Light elements are produced

by fission in stars like our Sun, and the elements heavier than iron are produced in massive and

asymptotic giant branch (AGB) stars through a series of neutron captures and 𝛽-decays known as

the s-process. However, there are still a few troubling pieces of data that suggest we do not have

the full picture. First, we have found on Earth naturally occurring, primordial elements heavier

than Bismuth. For example, Thorium (Z=90) and Uranium (Z=92) can be found on Earth naturally.

How did these come to be if we cannot synthesize them in the stars?

There are also other, stable elements that cannot be reached through the s-process pathway. If

these isotopes with mysterious origins appear on the neutron-rich side of the valley of stability, we

call them ‘r-process’ nuclei, which stands for ‘rapid neutron capture’. If they instead appear on the

proton-rich side, we call them ‘p-process’ nuclei, which stands for ‘proton capture process’. As

we can see in Figure 1.3, there are some nuclei that can only be created by a single astrophysical

process, either because the s-process is incapable of reaching that far away from stability (136Xe),

or there exist stable nuclei that block the r- or p-processes from contributing to its abundance —
136Ba is only produced by the s-process because the r-process contribution goes to 136Xe instead.

Physicists determine the contributions of each of these processes by comparing the solar system

abundances in meteoric data to what we predict the s-process can synthesize. The s-process con-

tributions are ‘readily estimated, because in this regime the abundances of individual isotopes are

inversely proportional to their n-capture cross sections [3].’ This means that because the s-process

path is more well known, and the nuclei involved are much easier to obtain and measure in labs
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Figure 1.3 A small portion of the chart of nuclides that illustrates which process created which
isotopes. Each stable element in yellow is labeled with the processes that contribute to its abun-
dance [3].

Figure 1.4 ‘The breakdown of solar system (meteoritic) n-capture isotopic abundances into r- and
s-process components [3].’

on Earth, we first fit the s-process to solar system abundances, then include a component from the

r-process that explains the abundances of isotopes under-produced by the s-process — an example

of this would be Europium or Platinum in Figure 1.4.

The sites (and sightings!) of these processes is of great interest to nuclear astrophysics, and
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so we turn to observational astronomy for answers. Since ordinary stars cannot alone produce

all of the elements in their proper abundances, other objects and events must be the source. The

r-process is must occur in sites with a high density of neutrons. Stellar events such as neutron star-

neutron star mergers and types Ib/Ic and II² core collapse supernovae are the leading candidates

for the astrophysical sites of the r-process.In particular, supernova 1987A and GW170817 are two

observations that provided important evidence of this. P-nuclei are thought to be made in core-

collapse supernovae, where heavy seed nuclei are broken apart by photons produced in the collapse.

This photodisintegration of the seed nuclei allows for a production of the stable p-nuclei which the

r-process cannot reach.

One of the most frequently observed thermonuclear events in nature are type I X-ray bursts [4].

These events occur in a binary system where a neutron star accretes (by which we mean ‘obtains

more’) mass from its companion over time, and as that mass creates a thin layer of hydrogen and

helium on the surface of the star, eventually the some of the material becomes electron-degenerate.

The pressure of electron degenerate matter no longer depends on temperature, but mostly density.

So the temperature on the surface of the neutron star increases, and it does not expand to cool it,

creating a flash of nuclear burning that ends when the fuel is used up, or when the temperature

reaches a point where its pressure is comparable to the degeneracy pressure. Expansion and cool-

ing lifts the electron-degeneracy, shutting down the runaway. These reactions are fueled by alpha

particles and protons, and thus the chain, along with beta decays, proceeds up the proton rich side

of the chart of nuclides. Reaction rate information involving many proton rich nuclei is necessary

to compare models with the observable light curves of type I X-ray bursts, see Figure 1.5. Notice

that uncertainties in a single reaction rate could have large effects on the resulting light curve. This

is important because an accurate understanding of the inputs to the light curve would provide us

with the knowledge required to convert those observations to isotopic production in these events.

LIBRA is positioned to measure nuclear information that will provide insight into understanding

the light curves and composition of the ashes of type I X-ray bursts.

²Type II supernovae spectra contain hydrogen lines, while Type I do not. Type Ib/Ic supernovae spectra do not
contain silicon lines.
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Figure 1.5 X-ray burst light curves found by varying reaction rates of proton capture on 59Cu in a
multi-zone model simulation of a type I X-ray burst. Figure taken from Cyburt, et al. [4].

Although not entirely complete, this propaedeutic should give an adequate idea of the complex-

ity of understanding the processes by which nucleosynthesis occurs. Not only is a vast amount of

nuclear data necessary to determine the paths of these processes and ultimately their contribution

to the overall composition of the universe, but calculations of these reaction networks are required

to simulate how these reaction rates affect overall abundances. Not only this, but physicists also

have to hypothesize about and model the stellar environments these processes can take place in,

and verify with observational astronomy that these environments exist and do indeed produce the

isotopes we predict from our data collected here on Earth. The LIBRA setup was built with the

ultimate goal of measuring resonant nuclear reaction lifetimes and branching ratios, which would

allow one to constrain the reaction rates of important nuclear reactions that occur astrophysically,

but would be difficult to measure directly, even in the most state-of-the-art laboratories today.

1.2.1 Reaction Rates

Typically, a reaction rate measurement would be set up in the following way. There exists some

reaction one wishes to probe that occurs in stellar environments, take as a simple example proton

capture on 16O. In this case, one would place a chamber filled with oxygen (target) at the end of a
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beam line, shoot protons at it, and measure how many protons are captured by the 16O, and how

many are scattered or pass through. Based on the total probability that 16O is able to capture the

proton (known as the reaction cross section), one can determine the reaction rate in the following

way. The experimental cross section is given by this equation:

𝜎 =
(number of interactions)

(number of incident particles)(number of target nuclei)
(1.3)

With a good understanding of the target composition and the beam, and a reasonably efficient detec-

tion setup, the cross section can be measured in the lab. To relate this to the thermonuclear reaction

rate, the following equation is used:

𝑁𝐴 ⟨𝜎𝜈⟩01 =
3.7318 ∗ 1010

𝑇3/2
9

√
𝑀0 + 𝑀1
𝑀0𝑀1

∫ ∞

0
𝐸𝜎(𝐸)𝑒−11.605∗𝐸/𝑇9 𝑑𝐸 (1.4)

where 𝑁𝐴 is the Avogadro constant, ⟨𝜎𝜈⟩01 is the reaction rate per particle pair,𝑇9 is the temperature

of the environment in gigakelvin, 𝑀0 and𝑀1 are the masses of the particles, 𝐸 is the energy inMeV,

and 𝜎(𝐸) is the cross section of the reaction [1]. Notice that our cross section is dependent on the

incident energy of the particles, as seen in Figure 1.6. To understand how this energy dependence

translates to a stellar environment, such as in a type I X-ray burst, we need to consider two factors.

First, what energies of particles are available to undergo these reactions? To determine this

to first order, we consider this environment to contain ideal gases, which means we can use the

Maxwell-Boltzmann distribution to estimate the distribution of energies of the particles. And in-

deed, we can see included in Equation 1.4 (and any other form of equationmodelling stellar reaction

rates), a term in the integrand that reflects this 𝑒−𝐸/𝑘𝑇 dependence. What this means is that the ma-

jority of our particles in an XRB will be at lower energies, with a higher energy tail.

Secondly, we must consider directly the effect of the energy dependence of the cross section

on the reaction rate. We have already stated that the distribution of energies of charged particles

follows a Maxwell-Boltzmann distribution. Even at the extreme temperatures of an XRB, the vast

majority of charged particles will not have enough energy to crest the Coulomb barrier, and thus

will be required to quantum tunnel through the barrier for a reaction to occur. Begin with the result
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Figure 1.6 Experimental cross section of the 16O(𝑝, 𝛾)17F reaction. Note the logarithmic scale.
Taken from Iliadis [1].

for the transmission coefficient of the s-wave scattering of a neutral particle through a square well:

𝑇 ≈ exp
(
−2
ℏ

√
2𝑚(𝑉1 − 𝐸) (𝑅1 − 𝑅0)

)
(1.5)

where 𝑅1 − 𝑅0 and 𝑉1 define the width and height of your square barrier, respectively. The trans-

mission coefficient can be thought of as the probability of a particle to pass through a potential

barrier. Using this result, we can construct the transmission coefficient we expect for a Coulomb

potential by summing thin slices of square barrier potentials, reminiscent of a Riemann sum in

calculus. Taking the resulting product of the transmission coefficients, plugging in the Coulomb

potential, expanding for low energy (with respect to the Coulomb barrier height) and taking the

first, dominating term gives:

𝑇 ≈ exp
(
−2𝜋

ℏ

√
𝑚

2𝐸
𝑍0𝑍1𝑒

2
)
≡ 𝑒−2𝜋𝜂 . (1.6)

This is called the Gamow Factor, and explains the rough energy dependence of the non-resonant

cross sections relevant to thermonuclear environments: 𝜎(𝐸) ∝ 𝑒−2𝜋𝜂 ∝ 𝑒
√
𝐸 , as shown with
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Figure 1.7 Multiplying the Maxwell-Boltzmann distribution (dashed line) with the Gamow factor
(dashed-dotted) gives the Gamow Peak (solid line), for an example reaction at a temperature of 0.2
GK. Taken from Iliadis, page 167 [1].

experimental data in Figure 1.6. Consider the Gamow factor as a correction to take into account

Coulomb barrier which, when multiplied by an S-factor, gives you back the total cross section.

The result of multiplying these two factors together gives an idea of the relevant energies over

which a reaction in a stellar environment is likely to occur. Notice in Figure 1.7, that the vast

majority of particles are at a lower energy than those at the Gamow peak, but those at higher energy

are much more likely to penetrate the Coulomb barrier.

1.2.2 Narrow Resonances

It is not uncommon that reaction rates in stellar environments are dominated by single, isolated

resonances with narrow energy widths. Consider an incoming and outgoing wave function at the

boundary of a square potential well. This will represent some neutral particle interacting with the

nuclear potential of another particle. The wave functions will have the form:

𝜓𝑖 = 𝐴 sin𝐾𝑟, 𝜓𝑜 = 𝐶 sin 𝑘𝑟 + 𝛿0 (1.7)
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where 𝑘 and𝐾 describe the depth andwidth of the nuclear potential. Imposing continuity conditions

on thewave functions as they interact with the potential well, we can solve for the following quantity:

|𝐴|2
|𝐶 |2

=
𝑘2

𝑘2 + [𝐾2 − 𝑘2] cos2(𝐾𝑅0)
. (1.8)

The quantities 𝐴 and 𝐶 are related to the amplitude of the incoming particle inside and outside of

the potential well, respectively. From this result, we can see, from the cosine in the denominator of

Equation 1.8 an oscillatory behavior of the likelihood of the particle to be locatedwithin the nucleus.

This emergent phenomenon is called resonance, and can play a large role in the otherwise nicely

behaved cross sections of thermonuclear reactions. The resonance reaction rate has a well-known

equation that looks slightly different from the non-resonant rate, and is shown below as:

𝑁𝐴 ⟨𝜎𝜈⟩𝑟 = 1.5394 × 1011(𝜇𝑇9)−3/2 × 𝜔𝛾 × exp
11.605𝐸𝑟

𝑇9
(cm3s−1mol−1) (1.9)

where 𝜇 is the reduced mass number ( 𝑀0𝑀1
𝑀0+𝑀1

) of the two reactants in amu, 𝑇9 is the temperature

at which the reaction takes place in gigakelvin, 𝜔𝛾 is the resonance strength (proportional to the

area under the resonance cross section) in units of MeV, and 𝐸𝑟 is the resonance energy (center of

mass frame) also in MeV. If there are multiple resonances that affect a single reaction rate, and for

each resonance the strength and energy are known, you can use the same equation above and sum

the rates together to get the total reaction rate. The energy is straightforward enough to measure:

it can be found experimentally by measuring the cross section of a particular reaction, say (𝑝, 𝛾),

where for a broad range of energies the number of 𝛾-rays detected is related to the cross section,

and the energy where the peak occurs can be directly related to resonance energy, assuming appro-

priate knowledge of the nuclear masses involved in the reaction. The resonance energy can also

be obtained by measuring excitation energies and masses, or from proton-emission energy if appli-

cable to the reaction of interest. The resonance strength can be determined if the quantities in the

following equation are measured:

𝜔𝛾 =
2𝐽𝑟 + 1

(2𝐽𝑝 + 1) (2𝐽𝑇 + 1)
Γ𝑝Γ𝛾
Γtot

(1.10)

where 𝐽𝑟 is the spin of the resonance level, 𝐽𝑝 is the spin of the incoming particle, 𝐽𝑇 is the spin of

the ground state of the target nucleus, and each of the Γ’s represent the widths of each channel, with
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Γtot being the sum of all open decay channels. In the case of our 16O(𝑝, 𝛾)17F example, 𝐽𝑝 = 1/2,

𝐽𝑇 = 0.

An alternative but equivalent way to write out the equation for the resonance strength is:

𝜔𝛾 =
2𝐽𝑟 + 1

(2𝐽𝑝 + 1)(2𝐽𝑇 + 1) 𝐵𝑝𝐵𝛾
ℏ
𝜏

(1.11)

where we have changed out the widths for branching ratios: 𝐵𝑥 = Γ𝑥/Γtot, and included the lifetime,

𝜏. This means that the important quantities to measure experimentally are the resonance energies,

the spins of the states involved, the branching ratios, and the lifetimes of the resonances. Especially

at lower energies the cross section becomes exceedingly small (Figure 1.6), so low statistics and

high background to signal ratios has driven the nuclear physics field to build facilities providing

very high intensity beams, and underground labs to keepmeasuring these reaction cross sections. In

the cases where your target or projectile (or both!) are unstable, direct measurements of the reaction

cross section can be impossible with the technology currently available. Indirect approaches are

therefore used, but these often have to piece together the branching ratios and lifetimes frommultiple

independent measurements using different methods. The LIBRA set up is able to measure both the

average branching ratio and lifetimes of decays and the decay lifetimes and branching ratios of

individual resonances populated by EC/𝛽+ decay. This can be useful to measure those rates whose

cross sections cannot be measured by any other direct method employed today.

1.2.3 Hauser-Feshbach

In cases of nuclear reactions in stellar environments that have many, unresolved resonances, the-

orists employ the Hauser-Feshbach model. In these reactions, the compound nucleus that is formed

can have excitation energies high enough that many broad resonances live very close together, and

thus are difficult to account for in the method described in the previous section. Instead, a statistical

approach is taken to model the cross section of these types of reactions.

The equation used in the Hauser-Feshbach model is derived entirely from the principles of

reciprocity, momentum and parity conservation, and requiring probabilities must always sum to

one. Reciprocity is the conceptually simple idea that treats the entrance and exit channels of a
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reaction as equal with respect to time reversal symmetry. In essence, the reaction occurs with some

given total momentum, and proceeds through specific initial and final states. If the final states and

initial states were swapped in our equations for calculating the reaction cross section, the new cross

section would be proportional to the energy of the new final states. As long as we know the total

energy involved in the reaction, we can connect the forward (𝐴𝑎) and reverse (𝐵𝑏) cross sections

via the following equation:

𝜎𝐵𝑏→𝐴𝑎 =
(2 𝑗𝐴 + 1)(2 𝑗𝑎 + 1)
(2 𝑗𝐵 + 1) (2 𝑗𝑏 + 1)

𝑘2
𝐴𝑎 (1 + 𝛿𝐵𝑏)
𝑘2
𝐵𝑏 (1 + 𝛿𝐴𝑎)

𝜎𝐴𝑎→𝐵𝑏, (1.12)

where the 𝑗’s are the spins of the states, 𝑘 is the wave number (proportional to the total momentum)

of the entrance and exit channels, and 𝜎 is the cross section of the reaction.

The steps required to derive the Hauser-Feshbach formula are given in Iliadis, Section 2.7 [1].

The result is that the averaged cross section of a reaction can be given as:

⟨𝜎re(𝛼, 𝛼′)⟩ =
𝜋ℏ2

2𝜇𝐸𝛼

∑
𝐽𝜋

2𝐽 + 1
(2𝐽1 + 1)(2𝐽2 + 1)

[∑
𝑠ℓ 𝑇ℓ (𝛼)

] [∑
𝑠′ℓ′ 𝑇

′
ℓ (𝛼′)

]∑
𝛼′′

∑
𝑠′′ℓ′′ 𝑇ℓ′′ (𝛼′′)

, (1.13)

where 𝜇 is the reducedmass, 𝐸𝛼 is the energy available in the entrance channel (initial energy), 𝐽 and

𝜋 are the spins and parities of the resonances in the compound nucleus, 𝐽1 and 𝐽2 are the spins of the

projectile and target involved in the forward reaction, and the𝑇’s are the transmission coefficients for

the projectile and target. The sum over double primed variables in the denominator represents the

sum over the transmission coefficients in the outgoing channels of the resonance. The transmission

coefficients for particle channels are calculated numerically using an optical model potential, while

the 𝛾−ray transmission coefficient is found from the 𝛾−ray strength function. In Section 2.2.1, we

will discuss the impact of this on our estimation of stellar reaction rates, and describe the method

by which LIBRA will work to reduce these uncertainties hindering our capability to make these

predictions.

1.2.4 NiCu Cycle in X-ray Bursts

As mentioned earlier in Chapter 1, Type I XRBs are the most frequent thermonuclear stellar

explosions in the Galaxy, occurring on neutron stars in low-mass X-ray binaries. These explosions

involve nuclear reactions and 𝛽+ decays along the rapid proton (rp) capture process path near the
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proton drip line. Modeling this process in order to better understand how elements are produced

requires not only direct observations, but also nuclear data inputs, such as: 𝛽 decay rates, nuclear

masses, and reaction rates of proton-rich isotopes.

One feature of the rp-process path that affects the production of heavy elements and changes

the observed light curve of XRBs is the existence of waiting points, or cycles, shown for NiCu and

ZnGa in Figure 1.8. Our cycle of focus for an initial experiment with LIBRA is the NiCu (Nickel-

Copper) cycle. This waiting point at 56Ni may or may not prevent an XRB environment from

producing heavier elements depending on the reaction rates of 59Cu(p,𝛼)56Ni and 59Cu(p,𝛾)60Zn.

If the (𝑝, 𝛼) rate is much higher than the (𝑝, 𝛾) rate, then the flow primarily returns to that 56Ni

waiting point. However, if reverse is true, and the (𝑝, 𝛾) rate dominates, then the flow continues to

heavier regions of the chart. The balance of these two reaction rates also impacts the 𝜈p process in

core-collapse supernovae.

Direct measurement of these two reaction rates is difficult, especially at the relevant energies

for the astrophysical environments, because of very low cross sections and difficulties producing

an intense beam of these radioactive isotopes. We propose using a 60Ga beam, which EC decays

to 60Zn, populating states in the Gamow window for both reactions. In Figure 1.9, the known

information on the nuclei involved are compiled.

Currently, both rates of the reactions in the Ni-Cu cycle recommended by REACLIB are calcu-

lated with the Hauser-Feshbach statistical model [6]. Previous work aimed at measuring these reac-

tions include a study done with a 59Cu beam on a cryogenic 2H target, which found that 59Cu(p,𝛼)

proceeds mostly to the ground state of 56Ni, and statistical model calculations overestimate the cross

section by a factor of 1.6−4 [7]. Additionally, a 58Ni(3He,n)60Zn reaction measurement found that

the nuclear level density in 60Zn could be too low to accurately apply the Hauser-Feshbach statisti-

cal model [8]. Kim et al. [9] evaluated available experimental results on 60Zn resonances in 2022,

and found a lower 59Cu(p,𝛼)56Ni reaction rate than the recommended REACLIB rate at XRB tem-

peratures.

There are many recent and ongoing efforts to measure these reactions with both direct and indi-
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Figure 1.8 rp-process path in the Ni-Cu and Zn-Ga cycle region on the proton rich side of the chart
of nuclides. Dark gray boxes are stable isotopes. Taken from Sun et al. [5].

Figure 1.9 Evaluated decay scheme of 60Ga. Information on sources for evaluated data can be found
in Figure 2 of Sun et al. [5].
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rect approaches [10–18]. Current gaps in our knowledge of the 59Cu(p,𝛼)56Ni and 59Cu(p,𝛾)60Zn

reactions limit our ability to determine their influence on XRB light curves.

The Gamow windows for these two reactions range from ∼ 0.5 − 1.5 MeV for XRB tempera-

tures. Due to the large Q-value of electron capture of 60Ga, 𝑄𝐸𝐶 (60Ga) = 14.161(15) MeV [19–

21], and the proton and alpha separation energies of 60Zn, 𝑆𝑝 (60Zn) = 5.1050(4) MeV [22] and

𝑆𝛼 (60Zn) = 2.6917(60 meV [22], the 60Zn resonances of interest astrophysically are accessible via

decay of 60Ga. The first 60Ga decay study by Mazzocchi et al. found a total 60Ga𝛽𝑝 intensity of

𝐼𝑝 = 1.6(7)% and an upper limit of 𝛽𝛼 intensity of 𝐼𝛼 ≤ 0.023(20)%, as well as 5 60Ga(𝛽𝛾) transi-

tions through 3 60Zn states [23]. A more recent study by Orrigo et al. confirmed the known 𝛽𝛾 tran-

sitions, and discovered 24 previously unknown 𝛽𝛾 transitions correlated with 60Ga implants [19].

However, the 𝛽-feeding intensities are not known, and individual proton peaks were not resolved

in either work. Using the information of the 𝛽𝛾 intensities in both studies, unplaced 𝛽𝛾 transitions

constitute > 20% of 𝛽-feeding intensities [5]. Further measurements of 𝛽-feeding at high-lying

states of 60Zn are needed, as indicated by a recent total absorption spectroscopy experiment which

observed 𝛽-feeding above the 60Zn proton separation energy. A LIBRA experiment at FRIB would

allow for high-statistics data of 60Ga decay, measuring the charged particles and 𝛾-rays. This would

allow us to gather information of states involved in the 59Cu(p,𝛼)56Ni and 59Cu(p,𝛾)60Zn reactions

at thermonuclear energies, as well as collect lifetimes of the excited states of 60Zn, providing all in-

gredients to constrain the reaction rates. More information on the details of this planned experiment

can be found in Chapter 2.6.

1.3 Nuclear Structure Background for GADGET II

Nuclear structure is another pillar of nuclear physics whose ultimate goal is to develop a model

that accurately and completely describes the properties and behaviors of nuclei, regardless of their

position on the chart of nuclides. In practice, this means that physicists collect nuclear data via

experiments on all types of isotopes, and then try to explain the findings with models that have

predictive and interpretive power.
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Figure 1.10 Visualization of the five terms of the liquid-drop model described in Equation 1.14.
Figure from Obertelli [24].

1.3.1 Liquid-Drop Model

One of the earliest models that demonstrates this idea is the ‘Liquid-Drop Model’ (LDM). If

we consider Figure 1.2, we notice that for medium to heavy mass nuclei, the binding energy per

nucleon is saturated, meaning unlike gravity, nucleons do not attract all others within the nucleus, if

they did, the trend of the binding energy would increase like 𝐴2, as it does in gravity: 𝐹 = 𝐺 𝑚1𝑚2
𝑟2 .

Since it clearly does not, this can be explained by recalling that the strong force is a very short range

force, so once a given nucleon is fully surrounded, additional nucleons added will not contribute

to the force on that given nucleus. The LDM theory models the binding energy of a given nucleon

(Z, N, and A being the number of protons, neutrons, and total nucleons respectively) with different

well-defined terms fit to the data in Figure 1.2 in the following way

𝐵LDM = 𝑎𝑉 𝐴 − 𝑎𝑆𝐴2/3 − 𝑎𝐶
𝑍 (𝑍 − 1)
𝐴1/3 − 𝑎𝐴

(𝑁 − 𝑍)2

𝐴
+ 𝛿 (1.14)

where the coefficients 𝑎𝑥 are chosen to most accurately fit the data. Each term in Equation 1.14 is

meant to account for a different effect, illustrated in Figure 1.10. And these cumulative effects are

illustrated in Figure 1.11. By combining all the terms, we recover the trend of the BE/A shown via

experimental data in Figure 1.2.

The first term (𝑎𝑉 ) gives a constant binding energy per nucleon, which serves as the base onto

which all further corrections are made. If we leave our model just at this first term, we have included

in it the fact that the strong force is short range and saturated — no matter how many nucleons we

add, the force applied to any nucleon does not change.
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Figure 1.11 Binding energy per nucleon as calculated with the liquid-drop model, for stable nu-
clei. The contributions to the BE/A for each term is shown. The parameters used to calculate the
corrections are: 𝑎𝑉 = 15.85 MeV, 𝑎𝑆 = 18.34 MeV, 𝑎𝐶 = 23.21 MeV, 𝛿 = +12, 0,−12 MeV for
even-even, even-odd, and odd-odd nuclei, respectively. Figure from Obertelli [24].

The second term is the surface term, which corrects for the fact that nucleons on the surface of

a nucleus are not fully saturated; they are not totally surrounded by other nucleons and thus do not

feel the full possible magnitude of the nuclear force.

The third term is the Coulomb term, which corrects for the repulsion between protons at these

close distances.

Notice that the volume term scales with 𝐴, or number of nucleons; doubling the number of

nucleons doubles the total volume of the nucleus. The surface term is proportional to 𝐴2/3, raising

volume to one third gives length, and squaring that gives area. The Coulomb term takes the form

of the Coulomb force among all proton pairs ∝ 𝑍 (𝑍 − 1)/𝐴1/3 which, when the exact calcula-

tion is done to find the energy of this repulsion from a uniformly charged sphere, takes the form:

−3
5
(
𝑒2/4𝜋𝜖0𝑅0

) 𝑍 (𝑍−1)
𝐴1/3 [25].

The final two terms in the liquid-drop model compensate for quantum mechanical effects. The

21



Pauli Exclusion Principle states that no two Fermions (particles with spin 1/2, so nucleons and

electrons), can occupy the same state in a given system. This principle, which gave rise to the

electron degeneracy pressure that supports some stars against gravitational collapse, is also the

culprit causing these last two corrections. Protons and neutrons are distinguishable, and so sit in

their own nuclear potential wells. When a system has many more of one type than the other (say

the nucleus is very neutron-rich), that well fills up very high, to high energies, causing the total

system to be less bound and therefore have a lower binding energy per nucleon. The last pairing

term comes about from this same Pauli Exclusion Principle, but in a pair interaction way. Towards

the lighter end of Figure 1.2, there is a zig-zag pattern between adjacent nuclei. This comes from

the fact that these spin 1/2 nucleons like to pair up, one spin up proton and one spin down proton

cancel each other out, and increase the overall binding energy compared to a neighbor nucleus who

has a lone, unpaired nucleon in its system. With all else equal, an even-even system is the most

bound, and odd-even is less bound, and odd-odd systems — nuclei who have an unpaired proton

and neutron — are the least bound.

The values assigned to the ‘𝑎𝑥’ parameters are not calculated based on any strict theory, but fit

to some data and extrapolated to the nuclei or region one is interested in.

This model is one of the first examples of a theory that attempts to explain these nuclear prop-

erties over the range of nuclear data available. As shown, it nicely describes the trend in binding

energy, and it can also be useful in describing fission properties as well. However, it struggles

to describe more in-depth quantum mechanical effects, such as the magic numbers described in

Section 1.1.

1.3.2 Fission, Alpha, and Cluster Decay

The liquid-drop model is a beautiful example of a phenomenological theory that is classically

intuitive and works well to describe many of the trends we see in nuclear data. In the context of

this thesis, however, we need a theory that can accurately predict the properties of fission or alpha

decay and extend it to double alpha decay. Similarly to our discussion of charged particle capture

in XRBs, fission and alpha decay must tunnel through a potential barrier to explain these decay
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Figure 1.12 Potential barrier that a charged particle must overcome for decay to occur as a function
of radius, r. The total potential is built from the nuclear, Coulomb, and centrifugal potentials.
Figure taken from [26].

modes. The likelihood to tunnel through a potential barrier depends on the width and depth of the

potential well created by the nuclear strong force and Coulomb potential, shown in Figure 1.12.

The goal of theory in this case is to develop a description of the effective potential energy that the

decay products feel and must tunnel through.

1.3.2.1 Density Functional Theory (DFT) and Energy Density Functionals (EDF)

To obtain the characteristics of the potential well our charged particles are stuck in, we turn to

Density Functional Theory (DFT).

𝐻̂ =
∑
𝑖 𝑗

𝑡𝑖 𝑗𝑎
†
𝑖 𝑎 𝑗︸       ︷︷       ︸

one-body term

+ 1
2!

∑
𝑖 𝑗 𝑘𝑙

𝑣̄𝑖 𝑗 𝑘𝑙𝑎
†
𝑖 𝑎

†
𝑗𝑎𝑙𝑎𝑘︸                    ︷︷                    ︸

two-body term

+ · · · (1.15)

We can write out the general Hamiltonian for our nuclear system as a collection of increasingly

higher order terms, where the first term describes the kinetic energy of the system, and the following

terms describe the 2-, 3-, · · · , A-body interactions.

Once we obtain a Hamiltonian which describes our system, we can use the variational principle

to find the energy of the ground state:

𝐸𝜙 ≡
⟨𝜙| 𝐻̂ |𝜙⟩
⟨𝜙|𝜙⟩ ≥ 𝐸gs. (1.16)
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Figure 1.13 DFT Workflow for fission. A similar approach is taken for cluster decay calculations
with Microscopic theories [30].

This is proven to work via the Hohenberg-Kohn theorems, which find that ‘for every many-body

interaction, there exists an EDF whose lowest energy configuration has the same energy as the

ground state of the many-body Hamiltonian [27] [28, 29].’ The type of EDF chosen for a given

system can take many forms, whether it be the Skyrme interaction, Gogny interaction, relativistic

mean-field, or universal nuclear energy density functional (UNEDF).

After choosing an interaction, the parameters of the functional are constrained by our knowledge

of the nuclear forces and further adjusted to agree with experimental data. Schunck and Robledo
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state, “allowing for spontaneous breaking of the symmetries of the nuclear force at the level of

the quasiparticle vacuum is reminiscent of the historical picture of fission: if the one body density

matrix is not rotationally invariant, its spatial distribution represents a deformed nuclear shape.

Fission can then be viewed as a process during which the deformation becomes so large that two

separate fragments appear. This viewpoint can be formalized by introducing a set of collective

variables that represent the motion of the nucleus as a whole and control the fission process. The

characteristics of the resulting potential energy surface (PES), i.e. the energy as a function of the

chosen collective variables, determines fission properties [30].” Examples of the application of this

approach to cluster decay will be shown in later chapters, see Figure 3.1. For a more comprehensive

explanation of the process for calculating properties of fission, see either Schunck and Robledo [30],

Daniel Lay’s thesis [27], or reference [31] which gives an overview of the successes of DFT in

describing nuclear phenomena at the microscopic level, such as: mass and charge radii, excited

states and decay rates, collisions, and fission.

Cluster decays were first successfully described theoretically by Sandulescu et al. in 1980 [32],

and shortly after, in 1984, Rose and Jones [33] found the first experimental evidence of this type

of decay — 12 C cluster emitted from 223Ra. Since then, cluster decay has been found in twelve

even-even isotopes [34–53] and seven odd-even isotopes (see references in Refs. [54, 55]). How

to handle this new decay mode then becomes a subject of debate. Since it exists between fission

and alpha decay, which theories would be best suited to describe the properties of this new decay?

Theorists from both camps work to apply their theories to accurately predict properties of this new

decay. The theories used to model both cluster decay and double alpha decay are outlined in the

following sections, where we see that the results of each approach vary wildly.

1.3.3 Analytical Super Asymmetric Fission Model

The Analytical Super Asymmetric Fission Model (ASAFM) was first derived in 1980 [56].

Its strength was its ability to calculate half-life in a short time. This theory was then used to run a

systematic search for new decay modes, utilizing the model for a large number of parent and emitted

ion combinations. ASAFMwas extended to include angular momentum and small excitation energy
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effects [56]. The results from this initial effort found that 8Be, 12C, and 16O are the preferred

candidates for new decay modes, whereas all nuclides of known masses (at the time) were stable

relative to emission of 2,3H, 3,6−9He, 4Li, 7B, and 9C. This lead to Rose and Jones experimentally

discovering the most favorable case of 14C decay (via 223Rn) in 1984 [33].

To obtain better agreement with experimental data on 𝛼-decay half lives, Poenaru et al. [57]

introduced shell effects in the zero point vibration energy, 𝐸v:

𝐸v = 𝑄

[
0.056 + 0.039 exp

(
4 − 𝐴2

2.5

)]
;𝑄 > 0, 𝐴2 ≥ 4, (1.17)

where 𝐴2 is the mass number of the lighter fragment. This equation is then used to estimate the

half lives for new decay modes by emission of more than one heavy ion simultaneously. Poenaru

goes on to state that for double alpha decay, ‘competition with 8Be and even 12C is to be envisioned.

The best chance of seeing these processes seems to be from the decay of excited levels such as in

beta-delayed heavy-ion emission [57].’ The GADGET Collaboration has an accepted proposal to

measure beta-delayed fission decay at FRIB, which will serve as a proof of concept for these kinds

of experiments in the future.

1.3.4 Extension to the Liquid-Drop Model

In Section 1.3.1, we use the liquid-dropModel to calculate binding energies by assuming nuclei

are held together by some short range, strong interaction, and corrections are made to adjust for

geometry and other properties of the nucleus. Royer and Remaud [58, 59] used this same principle

to extend the concept of the liquid-drop model to calculate nuclear deformation energies, with the

goal of estimating properties of fission. Briefly, fission can be thought of as a competition between

the Coulomb force and the attractive surface tension of the strong nuclear force that shows up in

the liquid-drop model. At the surface of the nucleus, nucleons do not feel the full attraction of the

strong force, and thus, if conditions are right, can be ejected as a cluster of nuclei. As this process

occurs, the nucleus becomes more and more deformed until it breaks apart in either a fission decay

(by which I mean a decay of a nucleus in roughly equal parts) or a cluster decay³, where the ejected

³Cluster decays are the focus of study in this work, but the theoretical physics remain similar in both cases.
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Figure 1.14 Taken from Royer and Remaud [58], this shows the evelution of a deformed nucleus
parameterized by the equation 𝑅(𝜃) = 𝑎2 sin2 𝜃 + 𝑐2 cos2 𝜃, as 𝑎/𝑐 goes from 0 (one sphere) to 1
(two spherical fragments). They call it an elliptic lemniscatoid shape.

particle is larger than an alpha particle, but smaller than the products of fission. How one determines

the conditions under which a fission decay occurs can be derived from minimising the sum of the

Coulomb (repulsive) and surface (attractive) forces at the end of a deformed nuclei as it proceeds

from some initial surface shape [60]. The competition between the Coulomb force and weakening

nuclear force at the surface of a nucleus is the basic property that drives this model to explain decay

properties. The only changes to the terms used to calculate decay properties are due to the unique

conditions of the nucleus, namely the deformation throughout the process of nuclear decay.

In Royer and Remaud’s 1984 paper, they use a combination of rotational liquid-drop model

(RLDM) and a nuclear proximity term, which attempts to ’takes into account the finite-range effects

of the nucleon-nucleon force inside the crevice separating the fragments’ (i.e. the sharp points in

Figure 1.14). The calculated energy then is something like:

𝐸 (𝑟) = 𝐸𝑆 + 𝐸𝐶 + 𝐸rot + 𝐸𝑁 (𝑟). (1.18)

We can clearly see the two base terms, surface and Coulomb (𝐸𝑆 and 𝐸𝐶), although in this case

they are parameterized by shape dependent functions that adjust their strengths based on the nuclear

deformation. They also absorb the asymmetry correction into the surface term. Additionally, they

include a few new terms to resolve discrepancies in the predicted and measured fission barrier,
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namely the rotational energy term:

𝐸rot = ℏ2ℓ(ℓ + 1)/2𝐽⊥ (1.19)

and the nuclear proximity energy:

𝐸𝑁 (𝑟) = 2𝛾
∫ ℎ𝑚

𝑎
𝜑(𝐷 (𝑟)/𝑏)2𝜋ℎ dℎ. (1.20)

The parametrization is defined in the text of the paper [58], but the idea is that these terms better

account for the total energy of a deformed nuclear system.

This is the basis for the underlying theory of the Modified Generalized Liquid-Drop Model

(MGLDM). In this case, we play the same game as above for fission, but implemented for our

decay of choice. Chandran and Santhosh [61] go through this in detail in their paper, and the

total energy is calculated in the same way as above, using parameters from Royer and Remaud.

They also separate their energy calculation into a pre- and post-scission region. Scission can be

thought of as the ‘point of no return’ for a cluster decay. Prior to scission, we think of the system

as an extremely deformed nucleus, and after scission, we consider the system to be more like two,

separated fragments. Thinking of it this way, it may make sense to treat the before and after as

distinct for the purposes of calculating decay properties.

With the energy of the system calculated usingMGLDM, the next step is using it to calculate the

barrier penetrability. The barrier penetrability is calculated using the WKB approximation, shown

the following integral as [62],

𝑃 = exp
[
−2
ℏ

∫ 𝑅out

𝑅in

√
2𝐵(𝑟) [𝐸 (𝑟) − 𝐸 (sphere)]𝑑𝑟

]
(1.21)

where 𝑅in = 𝑅1+𝑅2, 𝐵(𝑟) = 𝜇, and 𝑅out =
𝑒2𝑍1𝑍2
𝑄 . 𝑅1 and 𝑅2 are the radii of the daughter nuclei and

the emitted cluster, respectively, 𝜇 is the reduced mass, and 𝑄 is the released energy. This equation

for barrier penetrability is rather intuitive. If the energy you calculate from the MGLDM is a lot

different than the energy you would get from a regular, spherical nucleus, the barrier penetrability

is larger. In other words, it is easier for a nucleus like that to fission or cluster decay. Finally, we
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can calculate the partial half-life of a given decay mode via the following equation,

𝑇1/2 =

(
ln 2
𝜆

)
=

(
ln 2
𝜈𝑃𝐶𝑃

)
, (1.22)

where 𝜈 is the frequency of the cluster attempting to overcome the barrier and is taken as 1020𝑠−1

and 𝑃𝐶 is the preformation factor.

The preformation factor was introduced to the generalized liquid-drop model to better predict

the half-lives of cluster decays. Without this term, there were deviations of about three orders of

magnitude from the experimentally measured half-lives. The basic idea of the preformation factor

is to account for the formation of the cluster within the nucleus prior to the decay. In principle, this

makes intuitive sense: if the nucleus is already in a configuration similar to the two products at the

beginning of the decay process, it should have an easier time decaying via that channel. A common

procedure when using this method is to create a preformation factor term that takes into account as

much known information about the decay as possible, and fit the parameters to data.

Although Santhosh and Jose explore a wide range of variables that the preformation factor

for double alpha decay can depend on, it is difficult to know if this model accurately takes into

account all of the system’s properties. The preformation factors used to generate these results can

be described as follows:

1. 𝑃𝑐 (𝑄) is the preformation factor that depends on 𝑄 value (𝑄), and is defined phenomeno-

logically as:

𝑃𝑐 (𝑄) = 10𝑎𝑄+𝑏𝑄
2+𝑐, (1.23)

with a = -0.25736, b = 6.37291 × 10−4, and c = 3.35106.

2. 𝑃𝑐 (𝐴𝑐) is the preformation factor that depends on the size of the cluster (𝐴𝑐), and is defined

as:

𝑃𝑐 (𝐴𝑐) = 10𝑎𝐴𝑐+𝑏 (1.24)

with 𝑎 = −0.51325 and 𝑏 = 2.80787.
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3. 𝑃𝑐 (𝑍𝑐𝑍𝑑) is the preformation factor that depends on the proton numbers of the cluster (𝑍𝑐)

and daughter nuclei (𝑍𝑑):

𝑃𝑐 (𝑍𝑐𝑍𝑑) = 10𝑎𝑍𝑐𝑍𝑑+𝑏, (1.25)

with 𝑎 = −0.01555 and 𝑏 = 3.22940.

4. 𝑃𝑐 (𝐶) is a preformation factor that depends on all of the above effects:

𝑃𝑐 (𝐶) = 10𝑎𝐴𝑐+𝑏𝑍𝑐𝑍𝑑+𝑐𝑄+𝑑𝑄
2+𝑒, (1.26)

with 𝑎 = −0.5559, 𝑏 = 0.028716, 𝑐 = −0.4233358, 𝑑 = 0.001143, and 𝑒 = 1.490754.

5. 𝑃𝑐 (𝐼) is the final preformation factor considered by Santhosh et. al., and depends on the

isospin of the parent nuclei (𝐼):

𝑃𝑐 (𝐼) = 10𝑎
√
𝜇𝑍𝑐𝑍𝑑+𝑏𝐼+𝑐, (1.27)

for odd-A parent nuclei, 𝑎 = −0.11539, 𝑏 = 89.1166, and 𝑐 = −14.1128. For even-A parent

nuclei, 𝑎 = −0.1085, 𝑏 = 29.3158, and 𝑐 = −1.25385

In the above equation, 𝜇 is the reducedmass and can be found via the equation: 𝜇 = 𝐴𝑐𝐴𝑑/(𝐴𝑐+𝐴𝑑).

All of the constants written above are obtained by fitting to data with the least-squares method.

“It is worth noting that the factors onwhich preformation depends are crucial in determining [the

2𝛼 particle decay] half-life [62].” Herein lies the difficulty with readily extending this approach to

predict the half-life of double alpha decay, or any decay which has not already been experimentally

measured.
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CHAPTER 2

LIBRA DESIGN AND TESTING

2.1 Rutherford’s Measurement of the Half-life of 220Rn

A typical and straight forward way to measure lifetimes is to measure the amount of radiation

given off by a sample of the material over a long period of time. The time it takes the intensity of

the radiation to reduce to half its initial value is the half-life of the nucleus. The first ever half-life

measurement was conducted by Ernest Rutherford and published in 1900 [63]. Because this is a

nice example of a half-life measurement for nuclei with moderate lifetimes, and is also connected

to the work done for this thesis using GADGET, I will briefly describe Rutherford’s experiment to

measure the half-life of 220Rn.

In the late 1800’s, the field of nuclear physics had yet to take shape. The work on what would

eventually be called radioactive nuclei had just begun, with Henri Becquerel’s study of uranium

salts’ effect on photographic plates [64]. He found that these photographic plates were being ex-

posed, even in the absence of light, while being stored in a drawer that also contained these salts.

This unexpected phenomenon marked the birth of nuclear physics and opened the door to the study

of radioactivity.

Shortly after this time, the first nuclear physicists were busy learning all they could about this

emerging field. In 1900, Rutherford conducted an experiment as a professor at McGill University in

Montreal, Canada. It was set up in the following way: First, Rutherford noticed that the activity of

a thorium source varied in a way unlike other radioactive sources at the time — he found the cause

to be slow air currents in the room at the time of measurement, ”[w]hen the apparatus is placed in

a closed vessel, to do away with air-currents, the intensity is found to be practically constant.” [63]

If radioactivity is an inherent property of a given nucleus, why would air currents be affecting its

radiation intensity, especially when this same change is not observed in uranium?

Next, Rutherford continues by testing the penetrating power of thorium’s radiation through pa-

per. He spreads a layer of thorium between two parallel plates, and adds a potential difference to

the plates. Any charged particles that can flow between the plates will create a measurable current,
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Thick Layer of Thorium Thin Layer of Thorium
Layers of Paper Rate of Discharge Layers of Paper Rate of Discharge

0 1 0 1
1 0.74 1 0.37
2 0.74 2 0.16
5 0.72 3 0.08
10 0.67
20 0.55

Table 2.1 The decrease in the rate of discharge between two parallel plates, with one plate covered in
either a thin or thick layer of thorium. The rates were taken for successive layers of foolscap-paper
placed on the thorium. The rate of discharge with uncovered thorium is taken to be unity [63].

which Rutherford calls the ‘rate of discharge’. He then adds successive pieces of paper, covering

the thorium, and measures the change in the rate of discharge.

He does this for both a thick¹ layer of thorium and a thin layer of thorium. The results can be seen

in Table 2.1. Notice that with a thin layer of thorium, the rate of discharge falls off in ‘geometric

progression’, which means that each layer of paper roughly halves the amount of observed radiation.

In the case of the thick layer of thorium, this pattern does not hold. We begin to see a decrease in

rate of discharge initially, but instead of tending to 0 with successive pieces of paper, it flattens to

a constant rate. Rutherford states this can be explained by thorium giving off two different kinds of

radiation. One is the same kind of radiation that uranium gives off, which explains the results from

the thin layer experiment, and the other kind of radiation is ‘given out from the mass of the active

substance [of thorium]’, and diffuses through the paper to be ionized by the plates and detected as

an increased rate of discharge. He calls this radiation, ‘emanation’, and studies its properties to

confirm his findings.

In the final part of this experiment, Rutherford measures the ‘duration of the radio-activity of

the emanation’ emitted from thorium.

The experimental setup can be seen in Figure 2.1. The thorium source, ‘A’ in Figure 2.1, was

encased in foolscap-paper (which was thick enough to stop the regular ‘uranium-like’ radiation),

and placed in the long metal tube ‘B’ on the figure. On the other end of the apparatus, the detection

¹Rutherford states: ‘To produce a thin layer on a plate, the oxide, in the form of a fine powder, was sprinkled by
means of a fine gauze, so as to cover the plate to a very small depth. By a thick layer is meant a layer of oxide over a
millimetre in thickness’ [63]
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Figure 2.1 Drawing of Rutherford’s experimental setup to measure this radioactive ‘emanation’, as
he called it at the time. It later was found to be 220Rn, which decays with a half-life of 55.6 seconds.
Rutherford’s result was 60 seconds [63].

of the ‘emanation’ takes place. The insulated cylinder ‘C’, is connected to a battery at 100 V, and

the electrode ‘D’ is connected to ground. This detector acts just like the plates in the previous

tests that discovered the ‘emanation’ in thorium, and allows measurement of the rate of discharge

over time. On the left side of the figure, a bellows creates a wind that drifts the ‘emanation’ to the

detection side of the apparatus². Until this wind carried the radiation to the right, there was no rate

of discharge, so it is assumed that the only radiation being measured is this new ‘emanation’ that

we want to measure. After the bellows had been moving air for a few minutes, the rate of discharge

reached a constant value. Once this steady-state was formed, the bellows were stopped and the rate

of discharge was recorded for several minutes. The results of this half-life measurement of 220Rn

is shown in Figure 2.2

He found that the half-life of the 220Rn ‘emanation’ was 60 seconds, remarkably close to the

modern value of 55.6 seconds found in the National Nuclear Data Center database [65].

Rutherford is most famous for his supervision of the Geiger-Marsden gold foil experiment,

which found that nuclei have a net positive charge and concentrate nearly all of an atom’s mass. It

is worth noting that the gold foil experiment was conducted over a decade after the first half-life

²This procedure will seem oddly familiar when reading Chapter 4.2.1
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Figure 2.2 Results of the first ever half-life measurement by Rutherford. Curve B shows the increase
in activity via bellows transporting 220Rn to the measurement vessel. Curve A shows decay of
activity of 220Rn after the bellows had been stopped [63].

measurement was performed by Rutherford! Not only did Rutherford not know what the nucleus

was, it would take him eight more years to discover that the alpha particles emitted by thorium and

the likewere helium nuclei [66]. One can only imagine the puzzle of interpreting one’s experimental

results during this era of nuclear physics. ³

³It is worth noting here that helping to solve this puzzle was Rutherford’s graduate students atMcGill (his first being
Harriet Brooks, followed by Robert K. McClung, A. G. Grier, then S. J. Allen). I especially want to highlight the work
of Harriet Brooks from 1901-1905, who worked closely with Rutherford to help unravel the mystery of the Thorium
decay chain [67–69]. Rutherford published the same work in Nature under his name alone, with the acknowledgment
“In these experiments I have been assisted by Miss H. T. Brooks [70].” I also highly recommend the book on Harriet
Brooks’ life by Geoff and Marelene Rayner-Canham, which described Brooks’ contribution to the early field of nuclear
science. [71] She is one of the only people to have worked with Rutherford, Thomson, and the Curies all in her career.
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2.2 The Theory of PXCT

The following section is based off of work abridged in ‘Lifetimes and Branching Ratios

Apparatus (LIBRA)’ by Sun, et al. [5]. For much of the analysis of LIBRA data, and its

construction, I am indebted to Lijie Sun.

The Particle X-ray Coincidence Technique (PXCT) was first developed to measure nuclear life-

times for nuclei whose half-lives are too short to be measured in other ways. Unlike the technique

used by Rutherford, which is only sensitive to a narrow range of lifetimes — else he would have

been able to measure not only the half-life of 220Rn but also the half-life of the naturally occur-

ring precursor nucleus, 232Th (t1/2 = 1.4 * 1010 y, see Figure A.6) — many newer methods have

been developed for increasingly more difficult to measure lifetimes. ⁴ For short-lived nuclei whose

half-lives are in the range 10−15 − 10−18 seconds, there are only two methods currently available to

experimentalists: Blocking and PXCT.

The PXCT method was introduced in the 1970s, measuring the average lifetimes of proton

unbound states in 69As, which are populated by the electron capture decay (EC) of 69Se [73]. A

diagram illustrating the operating principle of PXCT is shown in Figure 2.4.

Once the precursor (Z) nucleus decays via electron capture, the resulting system is left in a kind

of ‘two-fold excited state’, i.e. an excited atomic and nuclear structure. An electron capture decay

is defined as a decay of a nucleus that converts a proton and an inner-shell atomic electron into a

neutron and electron neutrino— 𝑝 + 𝑒− −→ 𝑛+ 𝜈𝑒. For our purposes, we ignore the neutrino emitted

in this stage, our setup has a virtually 0 cross section to measure it anyway. This EC is crucial to set

up the atom in a state that allows us to measure the lifetime of the resulting excited nuclear state.

After the EC decay of the precursor nucleus, a proton unbound nuclear state and an atomic electron

shell vacancy may be created simultaneously. From this proton emitter (Z-1) stage, the system will

decay from this dual excited state. The electron shell vacancy is typically created in the K-shell.

An electron from an outer shell drops to fill in this lower energy K-shell, emitting a characteristic

⁴For a discussion on half-lives, see Section A.1 in the Appendix

35



Figure 2.3 The time range over which a few lifetime measurement techniques are effective. Taken
from Nolan et al. [72].

X-ray in the process. On a similar timescale, the proton unbound state of the nucleus can emit a

proton — decaying to a state in the daughter (Z-2) nucleus.

If the proton is emitted first (left branch of Figure 2.4), the energy of the subsequent X-ray will

correspond to a (𝑍 − 2) nucleus. If instead the proton is emitted last (right branch of Figure 2.4),

the X-ray energy will be that of a nucleus with (𝑍 − 1). By measuring the energy spectrum of the

X-rays coming from a nucleus that electron captures to a proton unbound state, we can measure

the very short lifetimes of that state by comparing the relative intensities of two X-ray peaks we

observe — with the condition that we also observe a proton at the same time — shown at the

bottom of Figure 2.4. The relative intensities, 𝐼𝐾𝛼 (𝑍−1)/𝐼𝐾𝛼 (𝑍−2) can be related to the lifetimes in

the following way:
𝜏𝑝−emit

𝜏𝐾shell(𝑍−1)
=
Γ𝐾shell(𝑍−1)
Γ𝑝−emit

=
𝐼𝐾𝛼 (𝑍−1)
𝐼𝐾𝛼 (𝑍−2)

, (2.1)

where 𝜏𝑝−emit and Γ𝑝−emit are the lifetime and resonance width of the proton-emitting state, respec-

tively, and 𝜏𝐾shell(𝑍−1) and Γ𝐾shell(𝑍−1) are the lifetime and resonance width of the excited atomic

36



Figure 2.4 Schematic illustrating electron capture to a proton-unbound excited state and the Particle
X-ray Coincidence Technique [5].

state. Because the K-shell vacancy lifetimes are well-known [74], and we measure the X-ray inten-

sity ratios, the unknown lifetime of the proton-emitting state can be calculated.

TheK-shell vacancy can be filled in the range of 1.1×10−14s for Carbon (Z=6) down to 5×10−18s

for Fermium (Z=100) [74–78]. Because we rely on the comparison between the nuclear lifetime

and atomic lifetime, the range of lifetimes that are possible to measure with PXCT is limited to

values within a few orders of magnitude of the K-shell vacancy lifetime. For example, if the K-shell

lifetime and nuclear lifetime are the same, then the integrals of the 𝐾𝛼 (𝑍 − 2) and 𝐾𝛼 (𝑍 − 1) peaks

should be the same. However, if the nuclear lifetime is very different from the K-shell lifetime, then
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only one peak will be observed. In the case of a very long nuclear lifetime, the K-shell will always

fill first, meaning only the 𝐾𝛼 (𝑍 − 1) peak will appear — the opposite occurs in the case where

the proton unbound state has an extremely short lifetime, only the 𝐾𝛼 (𝑍 − 2) peak is produced. In

these cases it is only possible to constrain an upper or lower limit to the lifetimes.

Additionally, PXCT can be used in the same way as described above, but with electron cap-

tures to alpha unbound states. In this case, the (Z-2) proton decay daughter nucleus is replaced

by a (Z-3) alpha decay daughter, providing a greater separation of the two X-ray peaks of interest

compared to proton emission. The final open decay channel after the precursor nucleus decays via

electron capture is gamma (𝛾) decay. In this case, the schematic remains largely the same as that in

Figure 2.4, with the protons exchanged for 𝛾-rays, but PXCT cannot work to determine lifetimes,

because 𝛾-rays do not change the atomic number of the nucleus, and the X-rays that are emitted

will always have energy associated with a (Z-1) nucleus.

2.2.1 PXCT: Astrophysics Applications

At the time of writing this, PXCT has been used in decay studies involving six nuclei, the results

of which are summarized in Table 2.2. In these studies, the X-ray ratios are taken from gating on

the proton energy distribution. From the X-ray ratios and proton energy spectrum, observables

such as the average proton partial widths (⟨Γ𝑝⟩), average 𝛾-ray partial widths (⟨Γ𝛾⟩), and the level

densities (𝜌) can be constrained. They are found by tuning statistical model parameters to match

the measured observables [79–82].

The initial 𝛾-ray partial widths are calculated using 𝛾-ray strength functions, based on experi-

mental giant resonance cross-section data, fit with a Lorentzian [83]. To fit the level densities, the

back-shifted Fermi gas model can be used [84]. The proton partial width is calculated using the

following equation

⟨Γ𝑝⟩ =
Σℓ𝑇ℓ (𝐸𝑝)

2𝜋𝜌(𝐸𝑥 , 𝐽, 𝜋)
(2.2)

where 𝑇ℓ (𝐸𝑝) is the transmission coefficient (see 1.2.1) for protons with angular momentum ℓ and

energy 𝐸𝑝, and 𝜌(𝐸𝑥 , 𝐽, 𝜋) is the level density with spin and parity 𝐽, 𝜋 at excitation energy 𝐸𝑥 .

Because the transmission coefficient is calculated with the optical model, PXCT measurements
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done in a particular region of the chart of nuclides can benchmark the local optical model potentials

in that region.

As mentioned in Section 1.2, there exist reactions that occur in nature that are exceedingly diffi-

cult, and currently impossible, to measure in the laboratory. These include reactions with radioac-

tive reactants with short half-lives, and reactions on nuclei in thermally populated excited states.

We plan to use PXCT in an astrophysical context for the first time in order to measure data on these

out-of-reach reactions. As described in Section 1.2.3, if the reaction is given enough initial energy,

it is possible to populate a high-lying state in the compound nucleus. States at high enough energy

are typically surrounded by states close in energy to their own. If this level density is high enough, a

statistical treatment is appropriate to theoretically calculate the reaction rate. The Hauser-Feshbach

model requires many inputs of nuclear data such as mass, radius, level density, and transmission

coefficients. LIBRA has been designed, built, and tested to examine individual resonances, pro-

viding spins and parities, resonance energies, lifetimes, and branching ratios for calculating narrow

resonance reaction rates using Equations 1.9 and 1.10. LIBRA also has the capabilities to extend

PXCT to measure the essential ingredients of the Hauser-Feshbach model, as seen in Equation 1.13.

2.3 LIBRA Design and Actualization

The strength of LIBRA is that we are able to measure many properties of a particular nucleus

in a single experiment. Our initial designs of the LIBRA setup required a moving target that would

collect radioisotopes for a period of time, and then move to be measured. We found that this would

inhibit us from measuring nuclei whose 𝛽+/𝐸𝐶 decay half lives were so short that they mostly

decayed away before the target was able to switch from the collection position to the measurement

position. Additionally, while the target was moved out of the beam line, we would not be collecting

nuclei to be measured, cutting our effective beam rate and limiting our overall statistics. This led

us to design an apparatus with a fixed target position, where the collection of radioactive nuclei and

the subsequent measurement of its decay would occur in the same place, see Figure 2.5.

All beams delivered at FRIB and used by the LIBRA set up are accelerated by the linac, frag-

mented by a rotating carbon target, separated by the Advanced Rare Isotope Separator (ARIS),
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Figure 2.5 CAD Drawing (top) and photograph (bottom) of LIBRA. The insets show the target in
two configurations, tuning and collection. Tuning the beam requires a Faraday cup and a simpler to
produce beam that ensures the beam of interest will be on target. Collection uses a foil to stop the
slow beam in the center of the chamber for greatest detection efficiency by our Si and Ge detectors
for decay measurements.
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stopped by metal degraders and thermalized in helium gas stoppers before a 30 keV beam of the

nuclei of interest is delivered to our set up [103]. Xu, et al. [104] shows a detailed figure of the

FRIB beam line, which can also be seen in Figure 2.6. Prior to a typical experiment, a stable beam

of mass number near the desired beam will be tuned from an offline ion source into into the Faraday

cup through a collimator in the center of our vacuum chamber. Once this is done, the Faraday cup

is removed and a thin, aluminized Mylar foil is added in its place. This foil is oriented at an angle

of 45◦ w.r.t. the beam. If the foil was instead perpendicular to the beam, the Si or X-ray detectors

adjacent to it would have reduced efficiency to detect decay products. The beam of interest is then

directed into the center of the Mylar foil. In practice, we want a beam whose energy and energy

spread is as low as possible so that the foil can be made thin. If the foil is too thick, the particles

emitted after 𝐸𝐶 decay will be more likely to be absorbed or scattered by the foil, and thus not

reach our detectors.

2.3.1 LIBRA Detectors

As shown in Figure 2.5, LIBRA is comprised of a planar germanium detector used for X-ray de-

tection, two large-volume coaxial germanium detectors for 𝛾-ray detection, and a silicon telescope

to detect charged particles.

2.3.1.1 Semiconductor Detectors

Before continuing, I hope it will be instructive to describe the process by which radiation is

measured via semiconductor detectors. This way, it will be easier to understand the choices made

in picking each detector, and why it excels in measuring a particular type of radiation.

Any type of radiation detector, including everyday cameras, work through an interaction of the

incoming radiation with thematter of the detector’s sensitive region. In the case of modern cameras,

for example, incoming light enters the lens and is focused on a sensor that creates electrical signals

proportional to the intensity of light coming from the photograph’s subject. This charge is read off

and processed into an image of what the sensor was exposed to during the time that the charges were

being recorded to the camera’s memory. ⁵ A similar principle is used in the detection of radiation

⁵Before electronic sensors, cameras were designed to expose film to the desired scene. This film had silver-halide
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Figure 2.6 Top panel shows entirety of FRIB, from experimental areas to beam line to facilities that
manufacture and repair accelerator parts. The bottom panel shows a zoomed in section of the beam
line where the beam is stopped and brought to the experimental area for measurement. Figures
courtesy of Jill Berryman and Craig Snow.
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from the nucleus. Radiation passes through some sensitive volume of a detection medium that is

instrumented to read out the charge produced by this radiation. This charge is proportional to the

energy deposited by the radiation. Once this charge is produced in the sensitive region, it must be

swept to a location where the electrons can be collected and their signal can be measured. Handling

the signal after it is produced is discussed in an upcoming section.

To extract meaningful information from the signal generated by the radiation, we must under-

stand how the radiation of interest interacts with our detectors’ sensitive regions. Charged particles

are most likely to interact with the electrons of a material as they pass through, and their energy

loss to these inelastic collisions can be modeled by the Bethe-Bloch formula:

−
〈
𝑑𝐸

𝑑𝑥

〉
= 2𝜋𝑁𝐴𝑟2

𝑒𝑚𝑒𝑐
2 · 𝜌 𝑍

𝐴

𝑧2

𝛽2

[
ln

(
2𝑚𝑒𝛾2𝑣2𝑊max

𝐼2

)
− 𝛽2

]
(2.3)

where 𝑣, 𝑧, and 𝐸 are the velocity, charge, and energy of the radiation, 𝑁𝐴 is Avogadro’s number,

𝑐 is the speed of light, 𝛽 = 𝑣
𝑐 , 𝛾 is the Lorentz factor ⁶, 𝑟𝑒 and 𝑚𝑒 are the electron’s radius and rest

mass, and 𝑍 , 𝐴, 𝜌, 𝐼 and𝑊max are the absorbing material’s atomic number, atomic weight, density,

mean excitation energy, and maximum energy transfer in a single collision. For our purposes, the

radiation we are interested in has a much higher energy than the mean excitation energy of the

atoms it is transferring energy to. This means that we do not focus on an individual interaction

between the radiation and the detector, but rather consider it a statistical process, where the path

of the radiation is determined by the stopping power of the material and many random interactions

between the material and the radiation.

From an experimentalist’s perspective, we can only control the material of detection. To this

end, the relevant variables for stopping power are 𝑍 , 𝐴, and 𝜌. The higher the proton number and

crystals which reacted to the incoming light and formed a latent image that could later be processed in a darkroom.
There is a nuclear physics equivalent to this analogue process: nuclear emulsion. Ionizing radiation passes through
a medium and creates visible defects in the crystal, leaving behind a latent image of the path that radiation traveled
through the crystal. This was first seen to occur via natural radiation in mica by Price and Walker in 1962 [105]. There
has been very interesting work proposed to search for very rare particle events in undisturbed mica, that have had many
millions of years to be exposed to cosmic rays [106]. Additionally, nuclear emulsions are used as passive detectors to
monitor ambient radiation exposure in a variety of settings. In fact, as I type this, I am wearing a radiation badge that
uses nuclear emulsion to ensure that I remain below the annual limit of radiation exposure for a radiation worker!

⁶defined as 𝛾 = 1√
1−𝛽2
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density of the absorbing material, the greater the stopping power. The lower the atomic weight, the

greater the stopping power. For charged particle detection, a standard detector in nuclear physics is

silicon semiconductors.

Semiconductors have the unique property of a band gap energy in a range useful for our pur-

poses. All crystalline materials have energy bands where electrons are allowed to be. In the ‘ground

state’, or valence band, the outer-shell electrons of the material are bound to the lattice. In the ‘ex-

cited state’, or conduction band, the electrons are free to move around in the crystal. The size of

the gap between these bands determines whether the material is classified as a semiconductor or

insulator. The electrons in this lattice must be excited in order to move from the valence band to the

conduction band. Once radiation passes through the semiconductor material, electrons jump across

the band gap into the conduction band and are free to move around the lattice. This creates holes

in the valence band, which act similarly as carriers with opposite charge. If we then apply a voltage

across the region, we can collect these electrons and holes at the anode and cathode, respectively,

and use that information to measure the energy deposited in our detector.⁷

In the case of gamma rays, we cannot treat their interaction with matter statistically. This is

because they have lower cross sections for interaction, and when they do interact, via either photo

absorption, Compton scattering, or pair production (see Figure 2.7), the gamma ray’s energy and

path will change substantially. Photo absorption is a process in which the photon is totally absorbed

via the photon’s interaction with an electron. The Compton effect is a process by which the photon

is inelastically scattered off of an electron in the material. And pair production occurs at photon

energies above 1.022 MeV, where the photon interacts with the electric field of the atom or nucleus

and is converted into an electron-positron pair. Because of the nature of the photon’s interaction

with matter, we want detectors with large volumes and made out of materials with high 𝑍 and 𝜌,

because increasing the total efficiency of gamma ray detectors is important due to the low intrinsic

⁷What I have described here is only accurate for so-called ‘intrinsic’ semiconductor detectors. In reality, silicon
detectors are doped with impurities from groups III (p-doped) and V (n-doped) of the periodic table, creating regions
of surplus holes and electrons, respectively. This means that applying a reverse bias has the dual outcome of allowing
us to collect the charge produced by radiation, but also creates a large depletion region (so named because this region
is depleted of charge carriers), where this doped silicon detector acts like the intrinsic detector I described. For a more
in-depth explanation see Chapter 11 of Knoll [107].
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Figure 2.7 Cross section of gamma ray interactions with NaI detectors. Rayleigh scattering is co-
herent, elastic scattering off of electrons. Taken from Knoll [107].

efficiency (as compared to the efficiency of semiconductor detectors to observe charged particles).

Germanium is a semiconductor material that best fits these requirements. It also has a smaller band

gap than Silicon, meaning that the Ge crystals require cooling to avoid thermal noise in the signal.

This means that germanium detectors are our choice for gamma and X-ray detection.

One additional note of importance to LIBRA is the discontinuity of the X-ray cross section near

the lower energies, called the ‘K-edge’. This is due to the electronic structure of the material used, in

the case of Figure 2.7, that would be sodium iodide. If the photon is above that energy, any electron

it interacts with can be fully excited into the conduction band and collected. However, if the incident
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photon has energy below this K-edge, the most tightly bound electrons in the material, even when

absorbing the full energy from the photon, do not have enough energy to excite the electron to the

conduction band, and thus cannot contribute to our detection efficiency. Because we are interested

in measuring X-rays at energies in this region, it is important to know our detection efficiency down

to these energies, which is discussed in Section 2.4.

Finally, once our photon has excited the electron, the electron interacts with other electrons,

exciting them across the band gap, enabling their collection and read out as an energy and timing

signal. The size of the band gap determines the average number of electron-hole pairs created for

a given energy deposition, which is directly responsible for the energy resolution of our detectors.

The smaller the band gap, the more electrons created, and the better the energy resolution. This

comes down simply to a matter of statistics. The larger the number of charge carriers, the smaller

the fractional differences between number of charge carriers (and thus measured energy) from event

to event. Silicon has a band gap energy of 1.11 eV, and germanium has a band gap energy of 0.7

eV [25].

For X-ray detection, we selected the Low Energy Germanium detector (LEGe) by Mirion,

Model GL0510 [108]. This is a planar HPGe detector that is designed specifically to measure

low energy photons, in the range of keV. The sensitive region is disc shaped, and has a 25.0 mm

diameter and a thickness of 10.5 mm. Because it is a specialized detector to measure lower energy

photons, it has a thin windowmade of low Z material (0.13 mm of Beryllium), in order to minimize

the photons’ interactions before reaching the sensitive region of the detector. This LEGe detector

is designed to be fitted to a flange so it can be placed in a vacuum chamber. The entrance window

of the detector is placed 11.0 mm from the center of the chamber, and the Ge crystal sits 5.6 mm

behind the entrance window, giving us a 10.1% solid angle coverage of the radiation emanating

from the center of the chamber (which is where the isotopes are to be implanted during beam ex-

periments, see Figure 2.5). The LEGe detector has a thin, p+-doped contact on the front side of

the crystal, and a rear n+-doped contact. The rear contact does not cover the entire active area,

which generally does not hinder collection of charge, but does reduce the internal capacitance of
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the detector. This results in a lower signal-to-noise ratio for X-ray spectroscopy (as low as 3 keV

events), while allowing use of a larger area detector for maximum geometric efficiency.

The 𝛾-ray detectors chosen for LIBRA are the Mirion GX10020, the Extended Range Coaxial

Germanium Detectors (XtRa). For these higher energy photons, we prioritize a high volume of

sensitive material. To that end, the crystal dimensions are 84.8 mm diameter and 65.2 mm thick-

ness for the XtRa 1, and a 79.8 mm diameter and 80.0 mm thickness for the XtRa 2. Both detectors

are equipped with 0.6 mm thick carbon composite entrance windows, and the Ge crystals are po-

sitioned 6.8 and 6.3 mm from their respective windows. Since these two detectors are designed to

measure higher energy photons emitted from the nucleus, which have a relatively low interaction

cross section with matter, we are not as worried about the photons stopping in the chamber mate-

rial before reaching the detector’s sensitive region. Because of this, we operate the XtRa detectors

outside of the vacuum chamber, and can place them in any location around the set up. We have also

used this modular design of LIBRA to couple the XtRa detectors to other experimental set ups. The

two XtRa detectors have been coupled with a silicon cube array [109] and with our group’s time

projection chamber, the GADGET II TPC [110]. We also have the option to integrate LEGe and

the central chamber with larger Germanium detector arrays, such as the DEcay Germanium Array

initiator [111], to achieve a higher 𝛾-ray detection efficiency.

All three HPGe detectors of LIBRA are cooled mechanically with a Canberra Cryo-Pulse 5

Plus cryostat. Because the band gap energy of Germanium is so low, if these HPGe detectors are

not cooled, the ambient room temperature can cause electrons in the crystal to jump the band gap,

creating a leakage current and drowning out the signal of the photons we are interested inmeasuring.

To this end, each of the detectors’ housing is connected to a compact cold-head containing a 5 Watt

pulse tube cooler. The assembly is powered by a bench-top controller, which contains logic to

ensure the safe and reliable operation of the cryostat in normal and adverse conditions. During

standard operation, the cold tip is maintained at the preset −185◦C. A control panel application

allows for remote control, monitoring, and logging of cryostat status, all of which are useful during

an experiment.
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For charged particle detection, we designed the chamber flanged to hold a ΔE-E silicon tele-

scope, consisting of two single-sided, single-area, circular silicon detectors made by Micron Semi-

conductor Ltd. The reason two silicon detectors are required for charged particle identification can

be explained by recalling the discussion of the Bethe-Bloch formula earlier in this chapter, Fig-

ure 2.3. Let’s assume two different charged particles enter a 1 mm thick silicon detector, one after

the other, with the exact same energy — 10 MeV. The first, a proton, deposits 100% of its energy

within 7̃10 𝜇m of entering the detector. Based on the band gap of silicon, this proton liberates

about 10 million electron-hole pairs that are swept to the electrodes of the detector and read out,

providing a signal proportional to the energy of the 10MeV proton that entered the sensitive region.

After the charge from the proton is collected and recorded, a 10 MeV alpha particle now enters

the detector. In this case, the band gap of silicon remains the same, so the number of electron-hole

pairs created is still roughly 10 million, generating a signal whose amplitude is proportional to a

charged particle depositing 10 MeV of energy in to our detector. However, the stopping power for

an alpha particle is much different from a proton’s in silicon, and the alpha particle deposits its 10

MeV over a shorter distance of 70 𝜇m.

If we are only using this one silicon detector, then it is difficult to separate protons from alpha

events. However, let’s assume we use two silicon detectors, one behind another. The first is a very

thin (ΔE) silicon detector that does not fully stop either of the particles in our example, let’s say it

is 14 𝜇m thick. The second, rear silicon detector is the 1 mm thick detector from before, and fully

stops any particle and records the remainder of its energy. Given these circumstances, the proton

would deposit roughly one percent of its energy into the ΔE detector, with the remainder of the

energy going into the E detector. On the other hand, the alpha particle would deposit 10% percent

of its energy in the ΔE detector. In this way, we can use the stopping powers of different ions to

categorize the particles event-by-event. In our example, we look at events that deposited energy

in both the ΔE and E detectors at the same time, then plot their energies on a two-dimensional

histogram, see Figure 2.23 for an example in simulation. Like particles will group into bands,

allowing us to collect like particles together, and better understand the experimental data.
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In the case of LIBRA, it is important to knowwhich charged particles are being emitted from the

decaying isotopes of interest, so we need this capability. To this end, our purchased silicon detectors

consist of the MSD012 (12 𝜇m thick and 12 mm in diameter) and the MSD026 (1000 𝜇m thick and

26 mm in diameter). Because we are interested in measuring alpha particles at energies lower than

10 MeV, this requires our ΔE detector to be very thin, so it is able to deposit some energy into the

E detector and be tagged as an alpha event. The junction side of both MSDs has a 50 nm thick,

boron-doped silicon dead layer and a 30 𝜇m wide peripheral metal band for wire bonding. These

parts of the detector do not collect and record charge, but are thin enough to minimally interfere

with the sensitive region, leaving the majority of the active area without metal coverage. The rear,

ohmic side of the MSD012 also needs to be as thin as possible, because all charged particles must

pass through this ‘dead region’ to continue to the active region of the MSD026. Because of this,

we opted for an ohmic side with a dead layer of 300 nm and no metal coverage. The MSD026

has a standard ohmic side, with a 500 nm dead layer and 300 nm thick aluminum layer for wire

connections. Because it is at the end of the telescope and we planned for the MSD026 to be thick

enough to prevent punch-through in all cases we plan to operate, the dead region of the MSD026

will not affect the signals from charged particles we see with the set up. This silicon is assembled

onto an FR4 PCB for both silicon detectors. The MSD026 is then placed in the holder, positioned

15.7 mm from the center of the chamber during data collection. This covers 11.5% of the 4𝜋 solid

angle. The MSD012 is also placed on this holder and remains 11.2 mm from the center of the

chamber, and defines the solid angle coverage of the ΔE-E telescope at 5.9% of 4𝜋.

2.3.1.2 Electronics of LIBRA

Radiation enters our detectors, electron-hole pairs are created, charge is swept to the electrodes,

but now it is our task to measure this charge and save it for analysis. This means that we produce

ten million electron-hole pairs that we can read out at the cathode. A preamplifier is used to convert

this tiny current into a reasonable voltage, and then this signal is sent through the rest of the chain

for further processing. The preamplifier we use for both the detectors in the ΔE-E telescope is the

Mesytec MPR-1, configured as a charge-sensitive preamp, pictured in Figure 2.8.
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Figure 2.8 Schematic of a Mesytec MPR-1 preamplifier, configured in a charge sensitive mode. In
this mode the voltage signal produced by the preamp will be directly proportional to the incoming
charge from the detector (assuming the time pulse of the signal is short compared to the time con-
stant of the preamp and that the input capacitance is typical of a radiation detector). Figure from
Mesytec data sheet for MPR-1 [112].

The three Germanium detectors fromMirion are all using Intelligent Preamplifiers (iPA). These

preamps are specifically designed to work well with their coupled Germanium crystals, by using a

low-noise field-effect transistor (FET) input circuit that is optimized for the high impedance of the

Germanium detectors. The iPA acts as a charge integrator and has four gain settings. Its output

is split into two channels, with impedances of 93 Ω and 50 Ω. It is also bundled with instruments

that monitor leakage currents, temperatures, and preamplifier operating voltages. These values

can be remotely monitored and recorded via USB connection. The thermometer on each detector

consists of two, platinum resistance thermometers, which are thermally connected to the crystal

holder (PRTD1) and the cold tip (PRTD2). If either thermometer measures a temperature rise

above the preset threshold, it can trigger the high-voltage inhibit via the iPA.

We use two ORTEC 660 Dual Bias Supply modules to bias the Germanium detectors. The

ORTEC 660 bias shutdown mode is set to accept TTL to be compatible with the iPA high voltage

inhibit logic. A negative bias is applied to the p+ contacts of the LEGe detector and a positive bias

to the n+ contacts of the XtRa detectors. The data sheets for all three of our detectors can be found in

the appendix, which provides information on the depletion and operating voltages of the detectors

of LIBRA from the manufacturer. The typical leakage current we observe for the XtRa detectors
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are below 20 pA and below 100 pA for the LEGe detector. The signals from the XtRa (LEGe) iPAs

have a rise time of 2̃50 ns (∼ 150 ns) and a 50 𝜇s decay constant.

We bias both the Silicon MSD detectors with a Mesytec MHV-4 bias supply. The p+ contacts

on the MSDs are supplied with a negative bias via MPR-1 charge-sensitive preamps [112] and the

n+ contacts are grounded. The MHV automatically ramps the voltage, and we set the speed to 5 V/s

to protect the preamps. MSD012 has a leakage current of approximately 1 nA, whereas MSD026

maintains a leakage current of 60 nA. The output signals for both MSDs have a 50 Ω impedance.

The signals from the Silicon detectors out of the MPR-1 preamps have a rise time of ∼ 400 ns for

the MSD012 and ∼ 70 ns for the MSD026, with a 120 𝜇s decay constant.

2.3.1.3 Data Acquisition

Now that all of the decay products we are interested in measuring produce signals in our de-

tectors and are amplified to a measurable voltage, we now must process and store the resulting

information to extract the results of the experiment. The way this is done in most modern nuclear

physics experiments, including all of the ones carried out for this thesis, is via a digital data acquisi-

tion. In LIBRA, we digitize our signals with a 16-bit, 250 MHz Pixie-16 module manufactured by

XIA LLC.What this means is the voltage signal is broken up into 65536 (216) ADC channels whose

time bins are 4 ns apart. This can be done in the most basic implementation with a parallel-encoded,

or “flash” ADC, shown in Figure 2.9.

Here, the input signal is compared with n different reference voltages via n comparators, the

output of which forms a ‘thermometer code’ and is converted to a (log2n)-bit binary output cor-

responding to the highest measured comparator signal [113]. Of course, in reality, the integrated

circuits on the XIA have more elegantly implemented the 16-bit ADCs aboard the Pixie module.

As for the sampling rate, as long as the ADC samples the signal at twice the rate of the highest fre-

quency component of the signal, then the converted waveform loses no information. This is known

as the ‘Nyquist–Shannon theorem.’ If we happen to undersample the incoming signal, we get an

effect called aliasing, which we try to avoid in our applications. For us, a sampling frequency of 8

ns works perfectly fine, given that the rise time of the signal out of the preamp is at minimum an or-
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Figure 2.9 Parallel-encoded (“flash”) ADC. Taken from Horowitz and Hill [113].

der of magnitude larger than this. The only information we would be losing then, is high frequency

noise.

The signals then are processed using the Digital Data Acquisition (DDAS) [114, 115], which

scans the digitized trace and uses trapezoidal filtering algorithms for timing and energy. The pa-

rameters of these filters can be optimized starting with the XIA User Manual. Each one of the

16 channels on our XIA Pixie module triggers independently, whenever a signal into that channel

exceeds a user-set threshold. These events are timestamped using a constant fraction discrimina-

tion (CFD) method which handles events of different amplitudes better than a simpler leading edge

technique. ⁸

The energy is extracted from the amplitude of the signal. Our signals have been tuned to mini-

mize rise times and have a comparably long decay tail. A trapezoidal filter is used to reliably extract

the energy of the pulse, which is typical and effective in high precision spectroscopy [116]. The

⁸Leading edge timing produces an effect called ‘walk’ in events with high energies, causing them to be recorded
with an earlier relative timestamp than the same pulse with a smaller amplitude.
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filter’s gap time is adjusted according to the rise time of the pulse for optimal performance. In the

case of pile-up (one signal occurring so near in time to another that it sits on the exponential tail

of the first), both events are flagged as such and can be rejected. In the following section on sys-

tem performance, the pile-up rejection is turned off and the first trace’s timestamp is recorded; the

second’s is thrown out. The energy of the first trace will be affected by the added amplitude of the

following signal depending on its proximity in time to the first.

2.4 Performance Data and Simulations

We have carried out comprehensive tests on LIBRA using radioactive sources (55Fe, 60Co,
137Cs, 148Gd, 152Eu, 241Am) ⁹ and a pulser module to determine the performance of LIBRA under

experimental conditions.

First, we connected a DB-2 Random Pulser to each detector input of LIBRA, and varied the

signal rate. Recording this data inDDAS allowed us to determinewhat number of events are actually

able to be recorded at each event rate, leading to the results in Figure 2.10.

For the rest of the source tests, an event-build window of ±1 𝜇s was used. The event rate in each

detector was kept below 1,500 pps, except in the case of the 152Eu source and the LEGe detector,

which had a count rate of 3̃,000 pps.

2.4.1 X-ray Tests

The performance of the LEGe detector was evaluated using 55Fe, 152Eu, and 241Am radioactive

sources, which produce X rays through electron capture (EC) and internal conversion (IC) pro-

cesses. The resulting X-ray and 𝛾-ray spectra were used to assess energy resolution, modeled with

exponentially modified Gaussian fits, which can be seen in Figure 2.11.

Detection efficiencies were experimentally measured using characteristic Sm and Np X rays

and compared with GEANT4 simulations incorporating full detector geometry and response; see

Figure 2.12.

Recall from Figure 2.7 that at X-ray energies, the primary way photons interact with our Germa-

⁹Comprehansive information on sources used can be found in Sun, et al. [5]
¹⁰On lower resolution monitors or print versions of this document, it may be difficult to tell that both XtRa detectors

have nearly identical live times as a function of incoming rate.
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Figure 2.10 Live time of each detector in LIBRA as a function of incoming event rate [5]. ¹⁰

nium is via photo absorption. Notice in Figure 2.12, the abrupt decrease in efficiency which lines

up with the K-edge of Germanium, signaling the increase in likelihood for the photon to interact

with the Germanium. This is a result of the increased likelihood for a photon, whose energy is

greater than ∼11 keV, to interact with these K-shell electrons, producing a characteristic Ge X-ray

and that X-ray subsequently escaping. This effect will increase with an increasing dead layer in the

Ge crystal from Lithium drift over time. Additionally, effects such as source encapsulation (Mylar

attenuation for 152Eu), and count rates affecting DAQ live time mean that the 152Eu efficiency curve

is a lower limit estimate, and the 241Am represents a more favorable scenario.

2.4.2 𝛾-ray Tests

The large volume XtRa detector tests were carried out in a similar way to the LEGe tests. The

energy spectra were taken in two spatial configurations. In the upper half of Figure 2.13, the detec-

tors were placed 28 cm from each other, with the source placed in the middle. In the lower panel,

the sources were placed in the center of the LIBRA chamber, and the detectors were positioned as

close to the source as possible from outside the chamber, as shown in Figure 2.5. The efficiencies

of the XtRa detectors were determined in this chamber configuration, and compared to simula-
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Figure 2.11 X-ray and 𝛾-ray spectra measured by the LEGe detector using the 55Fe (top), 152Eu
(middle), and 241Am (bottom) sources. Taken from Sun, et al. [5].
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Figure 2.12 Photopeak efficiency of the LEGe X-ray detector using the characteristic X-rays of
Samarium and Neptunium from 152Eu and 241Am, respectively. X-ray tests were taken with the
LEGe attached to the LIBRA chamber, with the sources placed in the center of the chamber at a
45◦ angle to mimic the position of the target during an experiment. Dashed and solid lines represent
simulated data from GEANT4. Taken from Sun, et al. [5].

tion. In this arrangement, both detectors were equidistant from the center of the chamber, 158.5

mm, but because of the differences in crystal shape¹¹, the XtRa1 detector subtends a solid angle

of 1.70%, while XtRa2 covers 1.51%. The X-ray peaks in the chamber configuration are blocked

by the flanges, meaning that during a beam experiment we fully rely on the LEGe detector for low

energy X-ray information. Efficiency runs using the 152Eu, 137Cs, and 60Co were taken to get the

broadest energy coverage. These experimental data were compared with scaled simulation data,

shown in Figure 2.14.

2.4.3 Charged Particle Tests

The Silicon MSD detectors were benchmarked with an 241Am alpha source. Shown in the inset

of Figure 2.5, the source andMSDs are placed in chamber, with the source occupying the space that

the collection foil does during a real experiment. The source has a 2 mm aperture installed to focus

the alpha particles to enter the Silicon detectors orthogonally. In an experimental measurement,

the charged particle data would be affected by events that enter the MSDs at varying angles, but for

characterizing the detectors the aperture is ideal. Since the MSD012 is so thin, it does not fully stop

¹¹see the appendix for Germanium crystal shape dimensions, as well as the manufacturer’s performance data
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Figure 2.13 𝛾-ray spectra measured with XtRa1 (red) and XtRa2 (blue) using a 152Eu source. Top
panel: the 152Eu source is placedmidway between the twoXtRa detectors facing each other. Bottom
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from Sun et al. [5].
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Figure 2.14 Absolute 𝛾-ray photopeak detection efficiency of the two XtRa detectors were deter-
mined using the 152Eu, 137Cs, and 60Co sources placed at the center of the chamber. For energies
above 1500 keV, efficiency values were obtained from GEANT4 simulations and scaled to align with
the experimentally measured low-energy data. The efficiency curves along with the 1𝜎 uncertainty
bands are generated by fitting all data points. Taken from Sun et al. [5].

alpha particles above 3 MeV (based on SRIM calculations). Notice in the top panel of Figure 2.23,

the simulated alpha band stops at 3,000 keV. Therefore, we only show a 1D histogram of the energy

spectrum of 241Am taken with the MSD026, Figure 2.15.

To benchmark the MSD012, we use the Silicons in the telescope configuration and show the

results of the 241Am run in Figure 2.16. This type of plot allows us to distinguish protons from

alphas during an experiment. We find that the sum peak in the upper panel of Figure 2.15 has a

FWHM of 0.95%. We can also use this data to determine the thickness of the MSD012 detector.

This is useful because its thickness determines the lowest energy alpha it is possible to identify

in the telescope set up. We find that the effective thickness of the MSD012 is 11.65(8) 𝜇m. The

manufacturer quotes the thickness of the MSD012 detector as 12 ± 10%.
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Figure 2.15 𝛼 spectrum measured by MSD26 using the 241Am source. The energy resolution of the
MSD026 at 5485 keV is 031% (FWHM is 17.0 keV). Taken from Sun et al. [5].

2.4.4 Timing Tests

We use the 60Co source to measure 𝛾 − 𝛾 coincidences in the XtRa detectors. We use the 40-

46 keV X-ray and 1408 keV 𝛾-ray in 152Eu to do the X−𝛾 coincidence measurements between the

XtRa detectors and the LEGe detectors. And the 241Am source provides 𝛼 − 𝛾 coincidences via an

alpha decay to an excited state (59.54 keV) in Neptunium. The results of these tests are shown in

Figure 2.17. Keep in mind that this timing resolution is more than sufficient for a lifetime measure-

ment via PXCT, the point is that we use well-known X-ray lifetimes to measure sub-femtosecond

half-lives of nuclear states. We use the coincidence timing to narrow our event window to a few

hundred nanoseconds in the DDAS software.

To investigate coincidence capabilities and background suppression, 𝛼 − 𝛾 and electron−𝛾 co-

incidence measurements were performed using 241Am and 152Eu sources, respectively.

With the 241Am source placed at the center of the chamber facing the MSD telescope, the 𝛼− 𝛾

coincidence spectrum (Figure 2.18) shows the 59.5-keV 237Np 𝛾-ray and its associated escape peaks

in the LEGe detector in coincidence with the alpha emitted by the 241Am.

In a demonstration of the background suppression via coincidence gates, we took ameasurement

using the 152Eu source at the chamber center, and 𝛾-ray spectra from the XtRa1 detector were ana-

lyzed in coincidence with either Sm K X-rays detected by LEGe or electrons detected by MSD026,
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Figure 2.16 Upper: 𝛼-energy spectra measured by MSD12 (red), MSD26 (blue), and
MSD12+MSD26 (black) using the 241Am source. Lower: Δ𝐸-𝐸 2D plot of the same data. Taken
from Sun et al. [5].
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Figure 2.17 Coincidence timing between detectors in LIBRA. Taken from Sun et al. [5].
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Figure 2.18 Coincidence spectrum between the MSD detector telescope and LEGe obtained using
an 241Am source placed at the center of the chamber. A simplified 241Am decay scheme illustrating
the dominant 𝛼-𝛾 sequence is also shown as an inset. Taken from Sun et al. [5].
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shown in Figure 2.19. Coincidence gating with characteristic X rays effectively suppressed room

background and 152Gd 𝛾-rays, while electron gating suppressed both room background and 152Sm

𝛾-rays. These results demonstrate that the detection of a wide range of decay products signifi-

cantly enhances interpretation of the data, which is especially advantageous for radioactive beam

experiments aiming to unambiguously identify radiation origins.

2.5 Lifetime Measurement

As part of the characterization of our detectors, calibration data was taken with the 241Am

source, whose activity was 3.44 × 103 Bq. We found that, using the MSD telescope and LEGe

detectors, we could cleanly measure the half-life of the 59.54 keV state in 237Np. The source was

again placed in the center of the chamber, facing the MSD telescope with a 2 mm Al aperture. We

took three runs of source data in the LIBRA chamber totaling nearly 2200 hours of data collection.

Runs 1 and 3 use theΔE-E telescope and run 2 only uses theMSD026. The resulting data are shown

in Figures 2.20 and 2.21.

In Figure 2.21, the timing spectrum comes from the difference in time between the 5486 keV

𝛼-particle entering the MSD and the 59.5 keV 𝛾-ray entering the LEGe detector (see Figure 2.18).

By fitting the spectra with the function:

𝑓direct(𝑡; 𝑁59, 𝑇59, 𝐵) =
𝑁59 ln 2
𝑇59

exp
[
− 𝑡 ln 2
𝑇59

]
+ 𝐵 (2.4)

where 𝑁59 is the total number of decays, 𝑇59 is the decay half-life of the 59.5 keV state, and 𝐵 is the

background, we can extract the lifetimes of the excited state in Neptunium.

However, there are also alpha decays to excited states above the 59.5 keV state of interest. The

103 keV state in 237Np is close enough in energy that the associated alpha particle (5443 keV) is

also caught in the gate we use for coincidence with the 5486 keV alpha in runs 1 and 3. The 103 keV

state then populates the 59.5 keV state by interal conversion. We take into account these direct and

indirect feedings of the 59.5 keV state with equation 2.5.
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Figure 2.19 Black line represents the ungated 𝛾 spectrum of 152Eumeasured by the XtRa 1 detector.
This spectrum has been scaled down by a factor of 5. The red spectrum is the same data as the black,
but gated on coincident, characteristic X-rays from Samarium measured by the LEGe detector.
The blue spectrum represents the data from the black spectrum, gated on 𝛽-particles measured by
MSD026. Taken from Sun et al. [5].
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Figure 2.20 241Am X-ray and 𝛾-ray energy spectra measured by LEGe. X-ray energy values are
adopted from Ref. [118] rounded to the nearest 0.01 keV. 𝛾-ray energy values are adopted from
Ref. [119] rounded to the nearest 0.01 keV.

𝑓cascade(𝑡; 𝑁59, 𝑇59, 𝑇103, 𝑘, 𝐵) =
𝑁59 ln 2
𝑇59

exp
[
− 𝑡 ln 2
𝑇59

]
+𝑘 · 𝑁59 ·

ln 2
𝑇103

· ln 2
𝑇59

·
exp

[
− 𝑡 ln 2
𝑇103

]
− exp

[
− 𝑡 ln 2
𝑇59

]
ln 2
𝑇59

− ln 2
𝑇103

+ 𝐵.
(2.5)

Figure 2.22 shows the 𝛼 − 𝛾 time difference distribution, plotted using timestamps from the

5486 keV 𝛼 measured in the MSDs subtracted from the timestamps of the 59.5 keV 𝛾-rays de-

tected by LEGe. Our preliminary results for the half-life of the 59.5 keV excited state in 237Np

is 68.08(9) ns (MSD012) and 68.01(7) ns (MSD026). The fit was conducted using the Bayesian

method with the affine invariant ensemble sampler for Markov chain Monte Carlo (MCMC) in the

emcee package [120]. The MCMC was run with 100 walkers taking 10,000 steps, giving a total

of 106 samples. The half-life value and its 1𝜎 uncertainties are determined by extracting the 16th,

50th, and 84th percentile values from the marginalized posterior distribution. These results are con-

sistent with the precision measurements of Takács et al. [121] at 67.86(9) ns and Dutsov et al. [122]

at 67.60(25) ns.
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Figure 2.21 Time differences between the 59.5 keV 𝛾-ray signals in LEGe and the 5486-keV 𝛼
signals in MSD. For Run 1 and Run 3, an 𝛼 gate of 5417 ± 60 keV is set on the MSD sum energy.
For Run 2, an 𝛼 gate of 5479 ± 20 keV is set on the energy measured by MSD026 alone.

2.6 60Ga Decay Measurement

Using PXCT with our LIBRA set up, we can measure the relevant nuclear data (lifetimes and

branching ratios of excited states in 60Zn, the compound nucleus of 59Cu + p) to provide insight on

the entrance and exit channels and constrain the reaction rates. As discussed in Section 1.2.4, the

study of this compound nucleus has implications to the rp-process and light curves of XRBs.

This experiment is planned to be carried out at the Facility for Rare Isotope Beams (FRIB).

Recalling Figure 2.6, FRIB will accelerate a primary beam of 70Ge to 249 MeV/nucleon, and will

impinge on a rotating carbon target to produce a cocktail beam. This secondary beam will be sep-

arated with the Advanced Rare Isotope Separator (ARIS), where 60Ga will be selected and slowed

with metal degraders and a helium gas stopper, and finally delivered to the LIBRA setup.

At FRIB’s maximum primary beam power of 400 kW and under ideal conditions, we expect

a 60Ga beam rate of 3 × 105 pps. Before this beam is delivered, the beam is tuned with a stable

beam and delivered to our LIBRA set up in the Faraday cup configuration to minimize transmission

losses (see the insets of Figure 2.5). The Faraday configuration is then swapped for the collection

foil configuration, and the experiment is carried out. The collection foil must be thick enough to
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Figure 2.22 Time differences between the 59.5 keV 𝛾-ray signals in LEGe and the 5486 keV 𝛼
signals inMSD. The fit curves in red, blue, and green represent Run1, Run2, and Run3, respectively.

stop the 60Ga beam, while also remaining thin enough to allow both the X-rays and charged particles

from the decays to pass through the foil to our detectors. Because of this, the in-flight fragmented

beam is slowed and re-accelerated with a smaller momentum spread and lower energy (10’s of keV)

prior to entering LIBRA. We have reached a vacuum within the LIBRA chamber of 1.47 × 10−7

torr, which is low enough to allow us to couple to the FRIB beam line.

2.6.1 Simulations

The simulations used to find the efficiency curves shown in Figure 2.12 were also used to assess

the feasibility of various experiments. We have developed capabilities in GEANT4 to simulate the

decay of 60Ga with the associated X-rays depending on the branching path the decay takes. The

result of this simulation is shown in Figure 2.23. The particle identification plot shows good sep-
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aration of alpha particles and protons, and demonstrates our ability to gate on specific resonances

in 60Zn. Using this information, we can find the branching ratios of the proton and alpha decays

to measure resonance strengths of individual resonances. Next, we can gate on the protons and

look at the resulting X-ray spectrum shown in the middle panel of Figure 2.23 to employ the PXCT

method. Using the ratio of these two peak amplitudes, we can find the other half of the puzzle, the

lifetimes of the excited states.

𝜏p-emit =
𝜏K shell(Zn)
𝑅Cu/Zn

(2.6)

where 𝜏p-emit is the lifetime of the nuclear state, 𝜏K shell(Zn) is the lifetime of the K-shell vacancy

in the atom, and 𝑅Cu/Zn is

𝑅Cu/Zn =
𝐼𝐾𝛼(Cu) × 𝐹 × 𝐸

𝐼𝐾𝛼(Zn)
(2.7)

which includes the ratio of the X-ray peak intensities as well as correction factors for efficiency

(𝐸) and for the fluorescence yield of the X-rays (𝐹). 𝐼𝐾𝛼(Cu) and 𝐼𝐾𝛼(Zn) are the X-ray peak intensities

of the copper and zinc K𝛼 lines, respectively. Even if the individual resonances cannot bemeasured,

Hauser-Feshbach calculations could still be done, using a statistical average of the lifetimes and

branching ratios over a range of excitation energies.

To demonstrate the general sensitivity of the setup to PXCT lifetime measurements, the bot-

tom panel shows the Cu/Zn K𝛼 X-ray count ratios as a function of proton energies, along with

the corresponding lifetimes of the proton emitting states in 60Zn. The integrated X-ray ratio of

𝑅Cu/Zn = 3.2(3) corresponds to the average lifetime for all proton emitting states in 60Zn, 𝜏p-emit =

0.126(11) fs. The main source of systematic uncertainty comes from the input value of the Zn

K-shell lifetime, which is taken from Campbell et al. [74]: Γ𝐾shell(𝑍𝑛) = 1.62 eV with an estimated

uncertainty of 5 − 25%. With this kind of measurement, we are able to measure lifetimes around

the K-shell vacancy lifetime (for Zn this is ∼0.4 fs). If the lifetime of the proton emitting state is

much higher or lower than this, we would require greater statistics to measure finite value for the
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Figure 2.23 Top panel: Charged-particle Δ𝐸–𝐸 spectrum simulated using the theoretical decay
properties of 60Ga together with the measured detectors’ responses. Middle panel: X-ray spectrum
gated on all protons in the Δ𝐸–𝐸 spectrum, yielding a total X-ray ratio of 𝑅Cu/Zn = 3.2(3). A
double-Gaussian function with a linear background is fit on the Cu and Zn 𝐾𝛼 peaks. Bottom panel:
Cu/Zn 𝐾𝛼 X-ray count ratio and the inferred lifetime as a function of the coincident proton energy.
The error bars show statistical uncertainties, with the leftmost and rightmost points representing
upper and lower limits, respectively. Taken from Sun et al. [5].

amplitudes of both of the X-ray peaks. In these cases, the lifetime can be constrained by an upper

or lower limit.
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CHAPTER 3

MOTIVATION FOR DOUBLE ALPHA DECAY SEARCH

This chapter discusses the history of simultaneous double decays, and the recent interest in search-

ing for the missing 𝛼𝛼−decay experimentally, prompted by theory papers published in the last five

years that predict lower than previously thought half-lives of 𝛼𝛼−decay in a variety of nuclei. The

theories’ methods of calculation were outlined in Chapter 1, Section 1.3.2.

3.1 Double Decays

After radiation was first observed by Becquerel, Rutherford quickly began working to uncover

theirmysteries, eventually categorizing the emanations into two different groups: 𝛼− and 𝛽−particles

[66]. It turned out Becquerel covering the Uranium ore in paper blocked all of the 𝛼−particles from

exposing the film, ultimately revealing the radiation he observed was 𝛽 particles from the decay of

thorium 234. Similar work was being done by Paul Villard in 1900, when he “observed with the use

of photographic methods that radium was the source of ‘radiations très pénétrantes.’” Over the next

decade or two, the nuclear physics community solidified their understanding of 𝛼−, 𝛽−, and 𝛾−rays.

In the 1980’s nuclear decay channels via a double decay were being discovered. In 1980, Moe

and Lowekthal observed double beta decay for the first time in 82Se, which is forbidden energet-

ically from decaying via single 𝛽−decay, but 2𝛽−decay is energetically allowed, with a Q-value

of 3.0 MeV [123]. Additionally, nuclear decays with the simultaneous emission of two protons

(2p) and two neutrons (2n) have been found in multiple nuclei over the past three decades, see

Ref. [124]. Components of the LIBRA set up were even involved in an experiment measuring the

angular correlations of 2p decay of 22Al and 26P to excited states in 2024 [109].

In 1987, Kramp et al. observed a two-photon nuclear decay (𝛾𝛾−decay) from a 0+ to a 0+ state

in 16O for the first time [125]. In 1985, as mentioned in Section 1.3.2.1 of Chapter 1, Sandulescu

et al. published work discussing theoretically the possibility of nuclear decay via emission of two

𝛼−particles. 𝛼𝛼−decay has yet to be observed.
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3.2 Previous Work on Double Alpha Decays

3.2.1 Theoretical

In recent years, there has been a large increase in the interest of theoretically quantifying pre-

dictions of this 𝛼𝛼−decay. The techniques by which these predictions are being made are based off

of models used to understand phenomena from 𝛼−decay to fission. Observing 𝛼𝛼−decay would

constrain these models and provide information to better understand nuclear structure and dynamics

at heavy masses.

In 1985, Poenaru and Ivascu used superasymmetric fission models to estimate the half-lives of

spontaneous emission of two 𝛼−particles, as well as single- and multiple-heavy ion emission [57].

3.2.1.1 First Experimental Limit and Future Experimental Prospects

In 2021, Tretyak revived an interest in the search for the 𝛼𝛼−decay mode. Tretyak states that

the energy release for 𝛼𝛼−decay can be very large, and that if we ‘suppose an exponential depen-

dence of half-life T1/2 on Q2𝛼 similar to single alpha decay, this increases probability of success.’

He sets an experimental limit on 209Bi 𝛼𝛼−decay of T1/2 > 2.9 × 1020 y at 90% C.L. using recent

experimental data on the single alpha decay of de Marcillac et al. [126]. Tretyak also includes pre-

vious work from 2002 calculating half-lives of 𝛼𝛼−decay using Poenaru’s supersymmetric fission

model [55]. He concludes by stating that ‘the calculated T1/2 values are very big, 1033 y or more,

making prospects for future observation of such processes very pessimistic [127].’

3.2.1.2 The Microscopic Description

Despite the pessimistic outlook of these earlier estimates, Tretyak includes in a note added in

proofs that there has recently been published a description of 𝛼𝛼−decay in amicroscopic framework

based on energy density functionals, and that the results of this newly published work give ‘more

hopes for experimental investigation of this process.’

Indeed, Mercier et al. [128] state that instead of analyzing this decaymode through a semimicro-

scopic approach that treats 𝛼𝛼−decay as a 8Be-like decay mode, a fully self-consistent microscopic

approach, using energy density functional theory, may be more accurate, given its successes in
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(a) 224Ra (b) 212Po

Figure 3.1 Deformation energy surface of 224Ra calculated with the relativistic Hartree-Bogoliubov
model based on the DD-PC1 functional and separable pairing interaction. The 𝛽20 and 𝛽40 axes
represent the quadrupole and hexadecapole deformations, respectively. The black and white line
follows the least-action path of 𝛼𝛼−decay from equilibrium deformation to the scission point. Fig-
ures taken from Mericer et al. [128].

computing nuclear structure phenomena [129], cluster states [130, 131], spontaneous and induced

fission [132–136], and single 𝛼−decay [137–139].

This approach, as described in Section 1.3.2, minimizes the action of a deformed nucleus to

calculate the path of decay the nucleus takes along a potential energy surface. They select on the

emerging fragment mass equal to the mass of 2 𝛼 particles, and the results for these calculations are

shown in Figure 3.1. The results for 224Rn using this technique find the log𝑇𝛼𝛼 [s] = 14.24, which

is much shorter than the half-life calculated by Poenaru using the semiempirical model for cluster

decay: log𝑇𝛼𝛼 [s] = 27.87 [55]. Mercier et al. state, ‘it could, therefore, be interesting to reconsider

the cluster detection experiment for this nucleus, aiming to detect two 𝛼 clusters in coincidence at

180◦.’

Additionally, Mercier et al. include in this publication a map of the 𝛼𝛼−decay landscape based

on the Q-values of single alpha decays in the sequence and the total double alpha decay energies,

which serves as an overview of nuclei worth examining theoretically and experimentally, shown in

Figure 3.2. The red and blue nuclei are interesting, representing candidates where one of the alpha
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Figure 3.2 Nuclei with Z and N greater than 50, whose Q𝛼𝛼 > 0, computed from experimentally
measured masses in AME 2003 [140]. The red dots represent nuclei whose second alpha decay in
the sequential decay is energetically forbidden, and the blue dots represent nuclei whose first alpha
decay is energetically forbidden. Figure from Mercier et al. [128].

decays in the sequence is energetically forbidden, drastically lowering one of the likely problematic

backgrounds to a signal for experimental observation of double alpha decay. Of these red and blue

candidates, 7 are naturally abundant, and 80 nuclei potentially unstable to 𝛼𝛼−decay are naturally

abundant (found in Tretyak [127]).

3.2.1.3 Modified Generalized Liquid Drop Model

In the same month Mercier et al. published their paper, Santhosh and Jose [62] submitted their

results for calculations of the 𝛼𝛼−decay half-lives of various isotopes. This was the first paper

where the half-life of 220Rn was predicted, and the results for Radon and Francium are shown in

Figure 3.3. They also note that calculations assuming spherical nuclei in the parent and daughters

have predicted half-lives larger than when a deformation is assumed.

Additionally, in 2023, Chandran and Santhosh [61] published another paper using the same

MGLDM technique to explore 𝛼𝛼−decay of various isotopes. They find that the half-life for

𝛼𝛼−decay is minimum for nuclei whose daughter nucleus has a magic number of neutrons, namely

73



Figure 3.3 Santhosh and Jose’s calculations showing the half-life vs the mass number of the parent
nuclei for Radon and Francium [62].

126 and 162, and a maximum when the parent nucleus has 126 or 162 neutrons. This makes sense

from the lens of nuclear structure, we assume that nuclei are most stable in configurations where

the number of protons and neutrons are magic, meaning that our parent either wants to stay in this

configuration, creating a long half-life, or readily emits two alphas to create a daughter nucleus

whose neutrons number 126 or 162.

3.2.1.4 The Lower Limit of 𝛼𝛼−decay Half-Life in 220Rn

In 2022, Denisov extended the unified model for 𝛼−decay and 𝛼−capture (UMADAC) to calcu-

late the half-lives of 32 even-even nuclei. In this case, the 𝛼𝛼 half-life is found to be reduced greatly

compared to the 8Be decay channel half-life. These results are the most optimistic, predicting the

half-life for 𝛼𝛼−decay in 220Rn to be 2.57 × 104 s, and a ground-state to ground-state branching

ratio of 8.51 × 10−3. With a branching ratio of that magnitude, we expect one in every 117 220Rn

decays to be a 𝛼𝛼−decay. The calculation of the half-life here is dependent on the choice of prefor-

mation factors. Denisov also considers the shape of the parent nuclei prolate, and the shape of the

74



daughter nucleus spherical in this model, which means that the model expects the alpha clusters to

form on opposite ends of the nucleus and travel 180◦ from each other.

3.2.1.5 Microscopic Calculations for 220Rn

Later in 2022, Zhao et al. [141] submit a paper to Physical Review C that is the first to calculate

results for the 𝛼𝛼−decay half-life 220Rn using a microscopic approach. Similar to Mericer et al.,

the relativistic Hartree-Bogoliubov framework is used to calculate the potential energy surface of

the nucleus over various deformation parameters. They show in previous works that it is important

to include at least three deformation parameters to accurately describe 𝛼−decay. The quadrupole

degree of freedom (𝛽20) describes the elongation of the nucleus, while the octupole (𝛽30) and hex-

adecapole (𝛽40) are higher order deformations that are responsible for forming the alpha cluster on

the surface of the nucleus and forming a neck which leads to scission of the 𝛼−particles, respec-

tively. For double alpha decay, because of the reflection symmetry about the equatorial plane, only

𝛽20 and 𝛽40 are used, as shown for 220Ra in Figure 3.4. ¹

Once the deformation energy surface and least-action path have been calculated, the barrier

penetration probability can be found using the WKB approximation:

𝑃 =
1

1 + exp[2𝑆(𝐿)] . (3.1)

This, along with the number of assaults on the potential barrier per unit time (𝑛), calculated

based on the vibrational frequency of the ground-state, gives us the half-life of 𝛼𝛼−decay:

𝑇1/2 =
ln 2
𝑛𝑃

(3.2)

Zhao et al. use this same approach for calculating the competing decays’ (single 𝛼, 14C) half-

lives in this paper as well. The results of all of these calculations can be found in Figure 3.5, and a

half-life for 𝛼𝛼−decay in 220Rn is reported: log10(𝑇2𝛼 [𝑠]) = 8.04, with a corresponding branching

ratio calculated to be 4.0 × 10−7.

¹Gaffney et al. [142] conclude that 220Rn has weaker octupole collectivity than 224Ra, see Figure 4 in their paper.
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Figure 3.4 The reflection-symmetric deformation energy surface is plotted in the quadrupole-
hexadecapole plane, calculated with RHB with a DD-PC1 functional. The gray curve shows the
least-action path, with insets displaying the nuclear densities from equilibrium deformation to scis-
sion [141]. Figure from Zhao et al. [141].

Zhao et al. finds that the least-action paths for each of the four nuclei shown are very similar,

beginning with a decrease in 𝛽20, followed by a linear increase in both 𝛽20 and 𝛽40. They also find

that the least-action integrals up to the scission point are very similar, meaning the 𝛼𝛼 decay rates

are mostly determined by the 𝑄𝛼𝛼−value. The calculated 𝛼𝛼 branching ratio is also calculated for

each of the nuclei, ruling out only 212Po, which has an unfavorably small branching ratio because

of the 208Pb + 𝛼 configuration of the nucleus. They conclude by stating that optimal candidates

for the experimental search for 𝛼𝛼−decay would be 216−220Rn and 220−224Ra, and that additional

deformation degrees of freedom, such as triaxiality, if incorporated, would decrease the predicted

half-lives, so the results they obtain should be taken as an upper limit.

There has been continued theoretical exploration of this topic [143], where models are being ad-

justed and unified to make more accurate predictions of this two alpha decay channel. Experimental

data is crucial for progress in this topic.
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Figure 3.5 Results from Zhao et al.’s calculations of the different decay mode half-lives (and equiv-
alent branching ratios in blue diamonds, labeled on the right y-axis) for 212Po, 216−220Rn, and
220−224Ra, compared to available experimental values in black. Figure from Zhao et al. [141]

Theory Branching Ratio Half-Life
UMADAC [144] 8.51 × 10−3 2.57 × 104 s
Microscopic [141] 3.98 × 10−7 1.1 × 108 s
MGLDM [62] ∼ 10−20 ∼ 5.6 × 1021 s

Table 3.1 All published predictions of 𝛼𝛼−decay half-life and branching ratios for 220Rn.

3.2.2 Experimental

There is no published data on experimental searches for 𝛼𝛼−decay. In Table 3.1, the theoretical

predictions on the half-life and branching ratio of 𝛼𝛼−decay for all published results on 220Rn

are shown. It is the goal of this thesis work to probe down to the sensitivity of the Microscopic

description results, testing two of the three theory predictions’ validity.

Proposals were submitted in 2021 and 2022 by Christophe Theisen and Elias Khan et al. to

measure 𝛼𝛼−decay in 224Ra [145, 146]. Based on the EDF work described in the previous sections

of this chapter, they propose measuring the half-life of 224Ra; the predicted 𝛼𝛼 partial half-life is

1014 s, using a covariant energy density functional. ISOLDE has proven able to deliver 224Ra with

sufficient intensity for their experiment, as that nucleus has been used to study octupole deformation
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in the past [142]. They run at a reduced intensity to minimize random coincidences, and propose

running for a week to collect on the order of 1010 decays, hoping to observe 10 double alpha decays;

a rate of 5 × 104 pps is requested. The 224Ra would be implanted on a thin carbon or silicon

nitride foil. They will detect these alpha decays using 4 highly segmented DSSD Si semiconductor

detectors from the MUSETT and MUST II collaborations. Each Si detector has 128 segments, an

area of 10 × 10 cm2, and a thickness of 300𝜇m, giving a total efficiency of 𝛼𝛼 detection of 45%.

Because they are measuring a nucleus higher up the decay chain from our parent nuclei (220Rn),

they will receive more single alpha events as rate background (total activity is 6× the implantation

rate).

This first proposal was not accepted due to concerns about contamination from single alpha

events in the 𝐸sum region drowning the real signal. It was reproposed in 2022, this time with a
222Ra beam, after GEANT4 simulations showed that the concerns were well founded [146]. The

collaboration made new calculations for 220Ra and 222Ra, with the same formalism used in Mercier

et al. [128], and predicted branching ratios of 1.1 × 10−8 and 1.6 × 10−8. They choose to run with
222Ra because of its longer half-life and cleaner decay chain (only 3 single 𝛼−decays in the chain

until it reaches 210Pb, with a half-life of 22.2 y). With a beam rate request of 2 × 104 pps, they

expect to see ∼85 𝛼𝛼−decays. They also assume perfectly equal energy sharing of the 𝛼−particles.

If this assumption holds true, they avoid being overwhelmed by single 𝛼−decays in the chain, see

Figures 2 and 4 of Ref. [146].

Members of this CERN experiment collaboration also work at GSI, using a 228Th source in the

FRS ion catcher. This can be used for calibration of the gas catcher, but they are also extracting any

science they can out of it, similarly to the GADGET collaboration’s goals. It may be possible that

there are signatures of 𝛼𝛼−decay in data they have already taken.

Additionally, the PandaX collaboration uses a 228Th source to flow 220Rn into the active region

of their TPC, and have used this method to measure the half-life of 216Po [147]. The GADGET de-

tection system also uses this 220Rn flowmethod to calibrate the detector prior to experiments [148].
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CHAPTER 4

PREPARING TO SEARCH FOR RARE EVENTS

4.1 LIBRA Germanium Setup

The HPGe detectors from LIBRA were set up and coupled with the GADGET system in order

to detect 𝛾−rays in coincidence with 𝛼−decays. The relative location of the “north” and “south”

germanium detectors can be seen in Figure 4.1 This would allow observation of 220Rn 𝛼−decays to

excited states in 216Po, and decays to excited states in subsequent nuclei further down the chain.

The decay of 228Th has nine known alpha decay energies [149], the decay of 224Ra has five

known alpha decay energies [150], and the two subsequent nuclei in the 228Th decay chain (220Rn

and 216Po) have only two known alpha decay energies, the ground state to ground state decays, and

decays to the first excited states [151, 152].¹ Our detection method is suited to measure the decays

of 220Rn and 216Po, because the parent nuclei (224Ra and above) are not carried to the detector,

reducing the background in the measurement.

4.1.1 Coupling to GADGET Triggers

Since the GET system is specialized for high data throughput for use with TPCs [153], an

additional DAQ system was run alongside the GET DAQ for collecting 𝛼 − 𝛾 coincidence data,

with optimized energy resolution for 𝛾−rays. The DAQ of choice is the XIA Pixie-16L, with a bit

Figure 4.1 Schematic of the top-down view of the TPC, with the LIBRA germanium detectors
flanking the chamber. The red lines indicate the distance from the lip of the chamber to the edge of
the germaniums, which was 11.4 cm for the south detector and 4.2 cm for the north.

¹For the previous four Nuclear Data Sheet references, also see the references within to find the papers whose data
was used in the compilation of these mass chain evaluations.
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Parameter GADGET Mesh GADGET Trigger North Ge South Ge
Trigger 𝑇Rise (𝜇s) 0.040 0.504 0.064 0.064
Trigger 𝑇Gap (𝜇s) 0.976 0.504 0.952 0.952

Threshold (ADC units) 6553 520 300 700
Energy 𝑇Rise (𝜇s) 7.040 0.256 10.240 10.752
Energy 𝑇Gap (𝜇s) 2.048 0.348 1.792 1.280
CFD Delay (𝜇s) 0.0304 N/A 0.304 0.304

CFD Scale 7 N/A 7 7
CFD Threshold (ADC units) 6000 N/A 300 700

Tau (𝜇s) 50 0.05 50 50

Table 4.1 DDAS trapezoidal filter and timing parameter settings for each input in the double alpha
search experiment. Note that the GADGET trigger is a TTL logic signal, and thus uses leading
edge timing rather than CFD timing.

resolution of 16 and a digitization frequency of 250 MHz. This is plugged into the XIA Pixie-16

crate for power and data routing, along with a NI PXI-8336, which allows one to interface with the

data via an optical fiber connection to a PC. This PC runs DDAS and FRIBDAQ to configure the

DAQ and write the data to disk, see Ref. [154]

4.1.2 Digital Data Acquisition Settings

The Pixie-16 modules are configured via the file, ‘cfgPixie16.txt’. This provides information

on the type of physical DAQ system being used, i.e. one crate, one module, and the slot number that

the module is plugged into. From here, the qtscope program can be run to determine the optimal

parameters of the energy and timing filters for each channel’s signal, see Table 4.1.

Once these values are dialed in for both the energy and timing, they can be loaded in to the

readout shell to be used during data acquisition.

The two most important pieces of information to recover from the waveform data are the energy

(maximum amplitude) and arrival time of the pulse. To consistently find the energy of the pulse,

a trapezoidal filter is applied to the waveform as it is read from the ring buffer. This allows for a

longer max point of the pulse, and an easier way to read off the highest ADC amplitude, thus more

consistently measuring the energy of the trace. For timing, typically constant fraction discrimina-

tion (CFD) is used. In this method, the waveform is split into two, where one is attenuated to a

fraction of the original. The other is delayed and inverted, so that when they are added together, the
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zero-crossing point is used as the calculated time stamp of the trace. This is intended to prevent a

time walk that occurs due to a dependence on a signal’s amplitude that would have occurred simply

using a leading edge trigger.

4.2 TPC

Time projection chambers are radiation detectors whose operating principle is based on radia-

tion’s interaction with gaseous, or liquid, matter. A TPC is composed of a few core components, the

drift region, the amplification region, and the readout. As charged-particle radiation passes through

the gas within the drift region of the chamber, it ionizes the gas. The drift region has an electric field

applied to it, in order to drift the free electrons to one end of the detector. Once these electrons reach

the end of the detector, the amplification region multiplies the free electrons through an avalanche

process in a proportional way, using an even larger electric field. This amplified signal ends up at

the cap of the TPC, where the readout collects the charge pad-by-pad and sends that full trace data

to be stored. Because the end cap contains many pads, the event’s x- and y-position information is

stored in the data. Additionally, the z-position can be recovered via the timing information from the

traces, allowing for full three dimensional reconstruction of each radiation event’s track of energy

deposition.

Time projection chambers require careful design and precise manufacturing techniques to create

a uniform electric field in both the drift and amplification region. High density electronics are also

required for charge collection on these millimeter-scale pads. Additionally, since each trace of each

pad is saved for every event, the amount of data collected by a TPC can be staggeringly large. For

example, without complicated trigger logic, ALICE at CERN would produce ∼ 3.5 TB per second

of raw data [155], which is not only difficult to store, but even to move and process in real time.

Because of these difficulties, TPCs are a more recent detector technology in low energy nuclear

physics, and can be utilized in interesting ways to do novel research. See Refs. [153, 156–159] and

references therein.
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Figure 4.2 Cartoon schematic of the GADGET II TPC with a 𝛼𝛼−decay event.

4.2.1 GADGET II TPC

In the GADGET II TPC, resistive micromegas are employed for the amplification region of the

TPC, and the GET electronics are utilized for the front end readout and data processing.

Resistive micromegas are designed to act as a two dimensional RC network, spreading out the

charge deposited and inducing signals on adjacent pads. The idea of the resistive micromegas is

twofold: one, it suppresses sparks from the detector and prevents damage of the readout plane,

and two, the spread of the charge is intended to increase the resolution of the track with respect to

the pitch; GADGET II’s micromegas are designed to not spread out the tracks. Additionally with

resistive micromegas, the mesh is set to ground while the anode is at a high positive voltage. The

insulation of the pads and electronics, provided by the resistive anode, allows for the removal of the

previous generation readouts’ anti-spark protection circuitry. [160]

GADGET also employs the General Electronics for TPCs (GET) for data acquisition of the

1020 channels and traces processed for every event. It is described in more detail in Section 4.3.1,

along with its configuration for the 𝛼𝛼−decay search.

The gas handling system (GHS) for GADGET regulates the gas pressure and flow rate through

the chamber and is shown inAppendixA.4.2. A bottle of P10 (or another gas of choice) is connected
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to valve 1a or 1b via a regulator, and opened to flow no more than 40 psi of gas to the MKS mass

flow controller. This controller monitors the gas pressure downstream, and adjusts the pressure to

meet a desired flow rate through the detector. The detector requires consistent replenishment of

the operating gas due to build up of impurities over time during radiation detection experiments.

The pressure of the system is also monitored by three independent gauges to ensure the operating

pressure of the GHS and detector are as one expects.

The method by which 220Rn is delivered to the chamber is highly reminiscent of Rutherford’s

set up discussed in Section 2.1. Shown in Figure 4.3, the 228Th source is placed on the end of a

rod and inserted into the gas handling system (GHS) of GADGET II. Because radon is a noble

gas, once 228Th and its daughter 224Ra have both alpha decayed, the radon will occasionally leave

the source and mix into the gas, which is subsequently pumped into the chamber, where the radon

undergoes decay [148]. Valve 3 was closed and valves 6 and 7 were opened, allowing for the gas to

carry radon into the chamber for measurement. Once the 220Rn reaches the chamber, it decays via

a chain shown in Figure 4.4
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Figure 4.3 228Th Source location in the GADGET II gas handling system.

4.2.2 Modifying the Detector to Work at Higher Pressures

GADGETwas originally designed to operate near atmospheric pressures and, as such, operators

did not have to worry substantially about high differential pressures on the chamber.² However,

due to the nature of the double-alpha search, increasing the gas pressure substantially increases

the detection efficiency because the higher pressure shortens the particle tracks, making them less

likely to escape the detection region. This is especially true if they occur back-to-back, as some

theories predict. From Figure 4.5, one can see a simulation of how the alpha tracks shorten at a

higher pressure.

In order to achieve this increase in efficiency, modifications were made to ensure safe operation

²See Section 5.1.3 for more information on where this assumption brings trouble.
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Figure 4.4 228Th decay chain to the stable isotope 208Pb. Numbers in red are the alpha particle
energies in keV. Only 220Rn can make it into the chamber in theory, so the TPC only observes
decays below radon.

Figure 4.5 ATTPCROOT simulation of a double alpha track in gas at 800 torr and 2000 torr, re-
spectively.
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GADGET II TPC Properties
No. of Pads 1020

No. of Veto Pads 8
Measurement Pad Size 2.2 × 2.2 mm2

Pad Plane Area 50.24 cm2

Total Veto Pad Area 28.26 cm2

Length of Drift Region 400 mm
Gating Grid Parameters

No. of Gold-Plated Copper Wires 60
Wire Diameter 20 𝜇 m
Wire Separation 2 mm

GET Parameters
Sampling Rate 50 MHz

Signal Shaping Time 117 ns
GET Gain 1 pC

Gas Amplifier Parameters
Gas Composition P10 (90% Ar + 10% CH4)

Gas Pressure 2000 torr
Gas Gain 40 for 220Rn 𝛼−particles
Drift Field 150 V/cm

Amplification Field 54.7 kV/cm
Drift Velocity 3̃.9 cm/𝜇s
Temperature 20 ◦ C

MICROMEGAS Parameters
Resistance 10 MΩ/square

Capacitance (calculated) 287 nF
Mesh - Anode Separation 128 𝜇m

Table 4.2 Operating Parameters for the GADGET II TPC during the double alpha search [110].
Note the gating grid was always set to a transparent voltage.

at higher pressures. First, the chamber itself was reinforced via a metal plate over the micromegas

board to prevent the readout plane from bowing at high pressure. Additionally, the kapton window

at the cathode end of the chamber (opposite the readout plane) was replaced with an aluminum

cover to prevent flexing or breakage of the window while the TPC operated at differential pressures

near 2 atm. See Figures 4.6 and 4.7 for the results of these upgrades.

In addition to these chamber upgrades, a high accuracy, 60 psi pressure transducer was added

to the diagnostic box of the GHS to ensure proper pressure readings at pressures above 1,500 torr.

Finally, a fine adjustment valve (valve 11 in Figure A.2) was added to the system to allow for small

changes in gas flow, especially at higher pressures, allowing gas flow to be set easily, and also to
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Figure 4.6Metal plate reinforcement of themicromegas board for safe operation at higher pressures.

Figure 4.7 Replacing the kaptonwindowwith an aluminumwindow to be used during the 𝛼𝛼−decay
search. This entrance window is where a beam would enter the detector during a beamline decay
experiment. For future experiments, the new metal window can be left on, or replaced with kapton
again, depending on the experiment’s needs. Notice that the kapton shows signs of minor wear and
flexing due to pumping the detector to vacuum and back to atmosphere many times over years. That
being said, it remains durable and may be reused if necessary.
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giving the ability to close gas flow and restart gas flow at the same rate without having to carefully

open the rough adjust valve 5.

Optimizing settings for the TPC operating at 2000 torr requires a few pieces of detailed back-

ground on TPCs which will now be discussed. The drift voltage remains at 6 kV for the double

alpha experiment. The amplification region must be set at a different voltage for the electric field to

produce adequate multiplication of electrons [161]. The gain in an amplification region for a TPC

can be found from the following equation

𝐺 =
𝑛

𝑛0
= 𝑒𝛼𝑥 , (4.1)

where 𝑥 is the distance traveled in the amplification region, 𝑛0 and 𝑛 are the number of electrons

before and after amplification, and 𝛼 is called the ‘Townsend coefficient’. This Townsend coefficient

is a function of many parameters, such as gas composition, pressure, and the nature of the electric

field. Sharma and Sauli measured this coefficient for many different configurations of a parallel

plate chamber, where 𝛼 was derived from the Townsend relation:

𝛼/𝑝 = 𝐴 exp(−𝐵𝑝/𝐸) (4.2)

in which the parameters 𝐴 and 𝐵 are derived from a fit to data.

Using data from table 1 in their paper [161], a configuration of Argon-Methane (83.4%-16.6%)

is chosen, which gives 𝐴 = 2.7 cm−1 torr−1, 𝐵 = 81.7 cm−1 torr−1, and for this case let’s assume

𝐸/𝑝 of 700 𝑉
128 𝜇𝑚/2000 torr = 27.3 V/cm/torr. Plugging all of this in results in a gain of 32.6. This

is extrapolating to lower 𝐸/𝑝, and in reality the experiment uses a mixture of gas that includes a

higher percentage of Argon. In the case that Argon is 90% the fraction of the active gas, the 𝐴 and

𝐵 parameters would be higher and lower, respectively.

4.3 Calibration

Once the hardware changes were made to the TPC, the system still required testing and cali-

bration to properly operate at a higher gas pressure. The operating pressure was slowly raised from

∼800 torr to 2,000 torr, while the micromegas voltage was adjusted, as well as the calibration file

parameters for the CoBos, described in the following subsection.
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Pressure on MKS (torr) Micromegas Voltage Range
866 300 - 400
1157 400 - 515
1255 526 - 580
1351 580
1447 580
1544 580 - 600
1623 600 - 630
1721 630 - 640
1854 640 - 760

Table 4.3 The range of volatges tested on the Micromegas as the pressure of the gas was increased
in the TPC. The flow rate was adjusted throughout the tests, as well as values in the GET software.
The gas pressure shown here is what was read out by the MKS flow controller, but the DATAQ
pressure transducer, which is believed to be more accurate in this range of pressures, read about
150 torr grater than the MKS throughout the experiment and test runs.

The voltage was slowly increased at each 100 torr increment so that the signal amplitude re-

mained the same throughout the tests, and the runs taken during this time ensured there was no

sparking occurring in the detector and that the alpha particle traces were clearly being recorded by

the GET DAQ. Table 4.3 shows the voltage ranges tested as the pressure was increased.

4.3.1 GET Data Acquisition and its Configuration for the Double Alpha Search

The GET DAQ consists of four ASIC and ADC (AsAd³) boards connected via T-ZAP boards to

the micromegas readout plane. The T-ZAP boards are merely four layer PCBs custom designed to

route the data from each pad to the AsAd front end. Each AsAd board contains four AGET chips

which contains a charge sensitive preamplifier, an analog shaper, and a switched capacitor array

structure that allows for storage to a circular buffer of 512 samples⁴. The AGET chips also have

the ability to set threshold and trigger logic, and this can be done in a limited capacity channel-by-

channel, for each of the 64+4 channels⁵ a single AGET chip is responsible for. The signal stored

on the AGET chip and the sample rate is determined by the write clock frequency, up to 200 MHz.

Once it meets the trigger logic requirements, it is extracted at the read clock frequency of 25 MHz.

³Where ASIC and ADC stand for Application Specific Integrated Circuit and Analog to Digital Converter
⁴The SCA modes can be adjusted to have 256 or 128 cells as well, and doing so can improve dead time in experi-

ments with a high data rate and improve the overall throughput in the electronics.
⁵64 readout channels and 4 fixed-pattern noise (FPN) channels. These FPN channels are placed on each edge of

the chip and are intended help with background subtraction of the trace.

89



For the 𝛼𝛼−decay search experiment, the write clock was set to 50 MHz so that each of the 512

time bins were 20 ns apart for a total trace window of 10.24 𝜇s. The signal is extracted with a

4-channel 12-bit ADC onboard the AsAd, and the AsAd FPGA is used to synchronize the sampling

of the ADCs with the readout of the SCA [153]. The information is then sent to modules installed

in a MICROTCA where event information can be used to decide if the trigger requirements are met.

The concentration board (CoBo) is a module developed for the GET DAQ. It can be connected

via VHDCI to up to four AsAd boards, meaning that GADGET can run in a single CoBo configu-

ration. It is the CoBo’s function to take the data given to it via the AsAds and send it to the MuTanT

module where the trigger decision is made. It also sends the data via the MICROTCA backplane to

the computers which store the accepted events in the form of .graw files. In addition to this ‘data

path’ the CoBos are also responsible for the ‘control path’, which accepts the configuration files sent

to it via ethernet and configures the CoBos, as well as transmitting the parameters to the AsAds.

The live time of the detector is typically bottle-necked at the CoBos [110, 153], and therefore 4

CoBos are typically employed for high-rate experiments. In the case of the 𝛼𝛼−decay search, the

experiment was run at rates no greater than 70 events per second, so 2 CoBos is more than enough

to maintain effectively 100% live time. Finally, the Multiplicity, Trigger and Time (MuTanT) is a

module that generates and distributes the master clock signal to the rest of the GET DAQ (CoBos

and AsAds). It can also, in principle, provide a three-level trigger system. Along with the inter-

nal trigger logic configured via files sent to the CoBos, the MuTanT module also offers 7 external

LEMO connector, NIM logic signals. Three serve as external trigger request, optional trigger in-

hibit, and optional multi-purpose input. Two are outputs and send a fast trigger accept signal and

the system dead time. And the last two are programmable logical inspections. The trigger logic for

GADGET is configured to only accept triggers whose mesh signal is above a certain threshold, and

utilizes the system dead time output to ensure the system is not busy processing a previous event

before it accepts the signal and begins piping the event through the GET DAQ.
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4.3.2 Calibration Runs Before, During, and After the Experiment

For all calibration runs, the same procedure for flowing 220Rn into the chamber was used, al-

though the flow rates were typically around ∼ 100 sccm. This alpha data was used to test GADGET

II at higher pressures, where the gain was adjusted, via both the micromegas voltage as well as the

gain parameter in GET. Additional parameters that were varied during calibration for higher pres-

sure operation include and were ultimately set at:⁶

• Gain - 1 pC

• Gate Delay - 2.5 𝜇s

• Write Clock Frequency - 50 MHz

• Peaking Time - 117 ns

• LSB Threshold - 12

• GSB Threshold (called Global Threshold in the config file) - 0

• isAllChannelRead - False

Once the GETDAQwas set properly for the 𝛼𝛼−decay search, the twoHPGe detectors fromLIBRA

were placed on either side of the GADGET TPC for measurement of the 𝛾−rays.

In order to correlate the 𝛾−rays to an 𝛼−decay event, the voltage induced on the mesh of the

Micromegas is sent from the GADGET TPC micromegas to one XIA channel, along with a logic

signal that tells whether or not the GET DAQ accepted the event. This way, the correlation data

is entirely contained in the .evt files produced by the XIA DAQ. The parameters of the XIA DAQ

were tuned using 220Rn calibration runs taken before the experiment for the GADGET Mesh and

GADGET Trigger Logic channels, and the HPGe channels were calibrated with a 152Eu source.

The 152Eu source was placed at 5 different locations along the outside of the GADGET chamber.

The resulting parameters of these calibration runs are shown in Table 4.1.

⁶Calibration file is available upon request. It cannot be read by default by a standard word processor. VS Code
seems to work well enough to view the ranges and selections of all parameters, but it is better to view and edit it with
the executable found on the GADGET mac mini called cconfiged (in ∼/Documents/GET-software/bin/cconfiged).
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Background runs were taken prior to the experiment, with no gas flow and the 228Th source

installed in the GHS, as well as a run where the 228Th source was moved to the room next door

and placed in the source locker there. They were also taken partially through the experiment after

a significant amount of grow in of the daughter nuclei had occurred (runs 0070-0072, 0109-0125).

At the end of the experiment, the 152Eu source calibration runs were performed in the same manner

as at the start of the experiment, together with the background runs for the GADGET TPC. Lead

bricks were added to block 𝛾−rays from the 228Th source from run 0344 on, although this did not

seem to make a clear improvement on the background of the 𝛾−spectra, likely because the vast

majority of the background comes from decay of radioactive nuclei inherent to the materials in the

room, such as uranium and thorium and their decay chains and 40K.
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CHAPTER 5

EXPERIMENTAL DATA AND ANALYSIS

5.1 Data Processing

This section describes the process of converting the data written to disk by the DAQs to formats

that are used in analysis.

5.1.1 Gamma Data

The gamma data is stored directly after beingwritten to disk as .evt binary files. The ddasdumper

provided by FRIB converts these .evt files to .root files that can be analyzed using CERN’s ROOT

software package¹. The .evt files have a size limit of 2 GB, so once the .root files are created, the

sub-runs are merged to create a single .root file for each run². Finally, an optional script can be

run to format the tree within the .root files and run an energy calibration based on 152Eu test runs.

These calibrated .root files are sorted in a way to quickly access energy histograms of each channel

recorded in the run, and the tree contains event-by-event branches for each channel recorded by the

XIA DAQ. Without this last step, the .root files produced by the ddasdumper are not intuitive to

navigate and can complicate further analysis.

5.1.2 TPC Data

Once the GET data is collected, written to disk, and the run is ended, the .graw files from each

mac mini are merged into one HDF5 (.h5) file. Much like the .evt files for XIA, the .graw files are

limited to 2 GB per file. The merger stitches these sub-runs together along with combining data

from each AsAd via the channel mapping provided to the merger. The .graw and .h5 files are then

transferred via a .tcl script to fishtank, FRIB’s general analysis and data storage computer.³ The

resulting .h5 files are formatted in the following way:

¹The .evt files and .root files can be found on fishtank, in the directories /mnt/daqtesting/protondetector/
stagearea/experiment/ and /mnt/daqtesting/protondetector/stagearea/, respectively

²This uses the ‘merge.sh’ script found in the directory /user/protondetector/readout/rootfile/
³They can be found in the directory ‘/mnt/daqtesting/protondet2024’. Only some of the .graw files have been

uploaded to fishtank due to storage contraints. All of the .graw files have been offloaded to external hard drives and are
available upon request from Chris Wrede.
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run_XXXX.h5

frib Contains evt files and scalers for beamline experiments
evt
scaler

get Contains the trace data.
evt0_data
evt0_header
evt1_data
evt1_header

· · ·

meta Contains info of .graw files that were used by the merger.
cobo0asad0_files
cobo0asad0_length
cobo0asad1_files
cobo0asad1_length
cobo1asad0_files
cobo1asad0_length
cobo1asad1_files
cobo1asad1_length

meta Contains first event #, first timestamp, last event #, last timestamp

The event data are arrays with shape (n,517), where the first 5 bins are the CoBo, AsAd, AGET,

channel, and pad numbers. 𝑛 is the number of pads that fired. The header files in the get directory

contain the event number, the MuTanT timestamp, and an external timestamp for data synchroniza-

tion. An example trace is plotted in Figure 5.1, where the Bragg peak is clearly visible, and the

remaining charge deposited outside of the readout plane is captured by the 764 veto pad.

Notice in this raw trace all channels ‘float’ above zero. This is normal, but to extract accurate

energy from the integrated charge on the pads, a baseline correction must be applied to each trace

before calculating the energy. For processing the runs in the 𝛼𝛼−decay search, a fixed window

baseline subtraction was used, averaging the last 100 bins in the trace and subtracting that value

from every time bin, pad-by-pad. To further remove noisy parts of the trace that are not part of the

actual event, the trace is zeroed outside of a window 100 time bins wide, centered on the maximum

value in each pad’s trace, see Figure 5.2. Additionally, outlier removal was applied, where the
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Figure 5.1 Trace data from an event in GADGET, operating at 2,000 torr. Dashed lines represent
veto pad data. The ADC in the AsAds is 12-bit.

largest grouping of pixels was kept, and all pixels that fired and were not 2-connected to that group

were removed from further data processing. Further analysis is done to extract the total integrated

charge in ADC counts, a rough length of the track, the timestamps, the angle of the track with

respect to the center z-axis (beam line axis), the maximum charge deposited on a veto pad, and the

number of pads whose value reached or exceeded the maximum ADC value.

In order to calculate the length of the track, the Δt of the track must be converted to a distance.

The z-scale parameter converts the time dimension along the beam axis into a spatial dimension,

so the 3D tracks can be accurately recreated and information like the length of each event can be

extracted. The number chosen depends on the drift velocity of the electrons, see Figure 5.3. The

relationship between 𝐸/𝑝 and 𝑣 is non-monotonic. When operating at a pressure of 800 torr for

experiment 21072, a z-scale of 1.45 seemed to be the most accurate. In order to find which z-

scale is best for each detector set up, the calculated ranges for a given z-scale are plotted against

the angle from the z-axis. If the z-scale is wrong, event lengths near 90◦, which do not heavily

rely on a correct z-scale to find ranges, will be different from the events near 0◦. So, the same run
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Figure 5.2 Processed trace data of the same event shown in Figure 5.1. The top image shows the
background subtraction used in the double alpha search. The bottom image shows the example of
a different approach to finding the peaks to keep in the background subtraction, rather than using a
fixed window around the time bins nearest to the maximum value in each pad trace.
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Figure 5.3 Drift Velocity of Electrons in P10 gas. Data from English and Hanna 1953 [162]

is processed with different z-scales, and a value is chosen at which the ranges of each event are

independent of their angle emitted. Of course, there are a few other things that affect the length

calculation, such as difference in diffusion in the x-y plane versus the diffusion along the z-axis,

but this ensures the z-scale setting is not so far off as to be unphysical. This value is compared to

literature drift velocities to make sure it is consistent. Once the pertinent data is extracted from the

traces via the process described in Section 5.1.2, cuts can be made on the total data set to begin an

in-depth search for the 𝛼𝛼−decay candidates. From this processed information, plots can also be

produced that provide information on the total number of 220Rn nuclei that decayed in the detector

over the course of the experiment, providing the denominator for the branching ratio calculation.

5.1.3 Pad Gain Matching

There are cases when a researcher with a TPC will pulse the MM to look for deviations in

gain pad-by-pad. The pad gain one finds with this method is not the same gain a pad has due to

an electron avalanche during a real event (see Giovinazzo et al. [163]). Previous attempts by the

GADGET group to measure the gain on a pad-by-pad basis via pulsing the mesh resulted in a map

of the routing of the pads to the AGETs, reflecting the difference in pad-mesh capacitance between

pads.
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Figure 5.4 Plots of calculated ranges versus angles for three different z-scale parameter inputs. First
the z-scale is set to a too low 0.1, then it is set to 0.65, and finally set to 1.45. Since this data comes
from run 342 during the double alpha search, the chamber was operating at 2000 torr, and a z-scale
of 0.65 looks to be about right, where the range of the event is not dependent on the angle of the
track.
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Figure 5.5 Result of measuring gain via minimization method described in the text. Each pixel
represents a pad in the pad plane. The color indicates the conversion from ADC counts to energy
in MeV. This uses 100,000 events from the 212Po peak.
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For this thesis experiment, the author developed a new method of gain matching GADGET

II TPC data using the data collected, fit on alpha particles of known energies and origins. The

procedure begins with a cut on a 2D histogram of events whose energies are known. This data is

read in and converted to a format that allows for GPU-accelerated analysis. The goal is to find the

gain factors of each individual pad such that the total measured energy in the event is as close to

the true, known energy over all of the selected events. In this case, 100,000 events are used, but

less data can be used to achieve similar improvements in energy resolution. The objective function

of the minimizer computes the sum of squared differences between the total reconstructed energy

per event and the true energy. Given that each event covers roughly 50 pads, and GADGET has a

total of 1000 measurement pads, the large number of events used in the analysis allow the code to

constrain the per pad gains well. The result of pad gain matching for the double alpha experiment

is shown in Figure 5.5. The three outlier pads are either very noisy/dead pads or swapped positions

in the pad mapping. They do not affect the overall energy resolution by more than a half a percent,

so they were left as is.

The results of this pad gain matching seems to attempt to correct for two features in the data

simultaneously, the deviations in the pad gains as well as energy lost from thresholding effects in

each event. The optimizer is able to encode corrections to both of these effects in the PGM map,

allowing for a lower FWHM for all events,from about 18% energy resolution down to ∼ 4%. For

example, if this procedure is run on the 1.6 MeV protons in the data collected from e21072⁴, the

corrected range versus energy plot shows the other proton clusters not used in the fit have better en-

ergy resolution. Furthermore, the alpha clusters also receive a sizable reduction in energy FWHM,

even though they are a different particle at different energies! This technique has been improved

upon and used extensively in GADGET analysis performed for more recent experiments.

Note also the deviations in the pad gain around the rim of the pad plane. It is possible that

this comes from flexing of the micromegas board prior to its reinforcement when the chamber was

pumped to vacuum in order to swap gases or remove air contaminants. This would explain why,

⁴This was an approved FRIB beam experiment run in 2022, looking for 𝛽-delayed proton-alpha decays in 20Mg.
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(a) Range vs. Energy (b) Energy Histogram

(c) Range vs. Energy Pad Gain Matched (d) Energy Histogram Pad Gain Matched

Figure 5.6 Effect of pad gain match correction on a single run in the double alpha search data.
Because of the large size of the full dataset, this pad-by-pad gain matching procedure was not
applied to the entire dataset due to time and computing resource constraints.

when GADGET was first built, the energy resolution was near 5%, and after multiple cycles of

pumping the detector, the pad gains deviated such that the energy resolution degraded without a

pad gain match correction. Correcting for this effect restores the energy resolution to the original

level, and along with other data processing advancements allows for improvement upon the 5%

energy resolution cited in Ref. [110].

5.2 Energy Spectrum

As mentioned in previous sections, typically energy of particles is important to measure for

nuclear physics experiments for many reasons, and as such nearly all detection set ups have the

ability to record this information event-by-event. GADGET and LIBRA are no exceptions, so by

the total charge liberated by the radiation (charged particles or photons), this information is derived.
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One unique aspect of a TPC is that the energy information can be extracted in more than one

way, using the integrated charge deposited on the readout plane, or the length of the track! Because

the gas composition and pressure are closely regulated, one can accurately predict the energy of the

track using stopping power data to find the projected range of the particles measured in the TPC,

and convert that to an energy. For example, the 220Rn alpha particles are expected to have a range

of 21.8 mm in the TPC data of this experiment. Plotting this range information against the energy

data the TPC collects yields range versus energy plots, shown in Figures 5.6,and 5.7. These graphs

contain a few key features which correspond to the 220Rn decay chain shown in Figure 4.4. The

first are the two most prominent groupings of individual alpha particles. The higher range group

is the 8.78 MeV 𝛼−particle from 212Po. The grouping below that contains three main energies of

𝛼−particles, 6.05 MeV, 6.29 MeV, and 6.78 MeV from 212Bi, 220Rn, and 216Po, respectively. The

different 𝛼−particle energies are easier to see in Figure 5.6.

The prominent tails of the 𝛼 groups that end at (0,0) on the plot come from the wall effect. This

occurs when there is a partial deposition of energy outside of the active volume. In other words,

the start or end of an event is not captured entirely on the pad plane. The magnitude of the wall

effect is reduced by implementing strict veto conditions to remove partial energy deposition events

that occur laterally, however, the veto condition does not prevent events that deposit a percentage

of their energy on the inactive surface of the cathode or anode of the detector from being vetoed,

as can be seen in Figure 5.9. The pad-by-pad gain matching is not done for the entire dataset due

to the limited time and computer resources available for the project. The initial processing of the

data took months and heavily taxed the computers used during that time.

5.2.1 Alpha Energies

Because of the nature of the experiment, where data was taken over a long period of time, it is

informative to examine the stability over time of the TPC. As seen from Figure 5.7, the TPC remains

mostly stable in ADC gain. To examine this more closely, a cut was placed on the 8.785 MeV 𝛼

from 212Po for each run, and the length and energy were extracted. Figure 5.8 shows the results of

this process. It is not clear what causes the increase in range over the first few dozen runs, but it
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(a) With no gain matching

(b) Run-by-run gain matching

Figure 5.7 Range versus energy plot for all runs in the double alpha search. In panel (a) there
was no attempt to center peak means run-by-run on a common value. In panel (b), the runs were
aligned in range and counts by gating on and fitting the 8.78 MeV alpha peak, and adjusting the
centroid to match a constant value before combining the runs. Since the gain drifts slightly on the
pads throughout the experiment, the horizontal widths of the clusters in (a) are wider than in the
matched version, (b).
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(a) Run Number versus Energy Histogram (b) Run Number versus Range Histogram

(c) Gain Matched Energy Result (d) Gain Matched Range Result

Figure 5.8 The top figures show the changes in the range and energy run-over-run, respectively.
These runs occurred over the course of 6 months, fromMay to November 2024. The bottom figures
correct for gain and range drift over that time. The red lines show the Po-212 reference peak used for
gain matching. Panel (a) shows shifts in gain at run numbers that line up with P10 bottle changes,
e.g. around run 300.
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remains stable after the fact, and this can be corrected run-by-run. The only difference between the

early and later runs is the flow rate of the gas through the chamber, which was increased from ∼250

sccm (runs 1 to 106) to ∼500 sccm (runs 126 to 555).

Similarly, the mean ADC counts of the 212Po peak varies a bit throughout the runs. In this

case, there seems to be a correlation between the swapping of the P10 bottles and the gain of the

following runs.

However, correcting for drift in both ADC counts and range over time (run-by-run) results in a

slight narrowing of the peaks, which can be seen by comparing plots in Figure 5.7.

These 2D range versus energy and 1D energy spectra for the alpha particles were used to deter-

mine howmany 220Rn nuclei decayed in the GADGET TPC during the experiment (denominator of

the 𝛼𝛼-decay branching ratio) and used to search for double alpha decay candidate events (numera-

tor). The total number of 220Rn decays were determined by a comparison to simulations, described

in the following section. In order to narrow the search for potential 𝛼𝛼-decays, a cut was placed

at a summed ADC signal of 865,000 counts above the background which should correspond to an

energy of ∼ 11 MeV, and events above this gate were categorized and fitted. Because of the large

energy resolution of the TPC, it is likely that the single alpha events we see in this high energy cut

are from the decay of 212Po.

5.2.2 Simulated Alpha Data

The decay chain of 220Rn was simulated using ATTPCROOTv2, and data from NNDC on the

energies and branching ratios of the decays. Using this method meant that it was possible to fit

the simulated data, and compare ratios of single alpha peaks to estimate the total number of 220Rn

nuclei decayed in our detector.

Initially a uniform distribution of all radiation sources in the detector was assumed for the sim-

ulation, which produced peaks whose relative intensities were much different than the data. How-

ever, using data from the experiment, the rough distribution of radiation can be implemented into

the simulation to make it more accurate. For the x- and y-distribution, single alpha particle events

were selected based on the following criteria. The event could not have been partially vetoed, the
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Figure 5.9 Energy histogram combined using the same procedure as was used for Figure 5.7. In
blue there is no veto condition applied to the data. In orange, the data is only plotted if the hits on
each veto pad do not exceed 300 ADC counts.

ADC count must have been above a certain threshold, and the measured angle off the the z-axis

must be no greater than 10◦. The first two conditions ensure that we are selecting real alpha particle

events. The final condition makes identifying the centroid of the event on the pad plane equivalent

to identifying the location of the origin of the alpha particle. From these selected events, the cen-

troid of the pad plane image was calculated and added to a list of x- and y-distributions, shown in

Figure 5.10.

These data were used as inputs to the simulations that determined the efficiency of detection

of alpha particles by the TPC, and of the two HPGe detectors used to measure the alpha decays

to excited states from 220Rn and 216Po. The results of measuring the x- and y-distributions in this
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Figure 5.10 Centroid detection on events with angle no more than 10◦ off of the z-axis. This is done
for dozens of events in each of the > 550 runs in the data, and compiled and used as our radiation
distribution. Left gives a centroid of (5.4,21.0), the right gives a centroid of (22.1,18.1).

way can be seen in Figure 5.11. We suspect 212Po mostly decays on the cathode, and 220Rn and
216Po decay near the anode, where the gas inlets to the chamber are located. Evidence for this is

shown later in this chapter, based on alpha track widths. We also present some timing information

that furthers this evidence in Section 5.3.3. It is not clear from either of these methods where 212Bi

decays, but as the 𝛽−decay parent of 212Po, and with a half life of 10 hours, it stands to reason that

it has already settled in the same place where the 212Po decay. The gas is fed in to the detector

through four inlets on the sides of the detector near the micromegas, which can be seen clearly in

Figure 4.6. This is likely what causes the heterogeneity in the distribution.

To better understand what the true z-distribution of the radiation was during the experiment,

a theoretical calculation was done using data from Hirst et al. [164]. It provides the diffusion

coefficient for radon in argon gas, and is applied to the following equation:

−𝐷𝜕
2𝐶

𝜕𝑧2
= −𝜆𝐶 (5.1)

where𝐶 is the concentration of radon, 𝐷 is the diffusion coefficient of radon in argon gas ⁵, and 𝜆

is the decay constant of radon-220. Applying boundary conditions where the initial concentration

of radon at 𝑧 = 0 is defined as 𝐶𝑖𝑛 and is the only source of radon, so we are only decaying in

⁵we scale the value given in [164] to 2,000 torr and 15◦C, which comes out to 0.036 cm2/s
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(a) 6 × 105 > ADC Counts > 4 × 105 (b) ADC Counts > 6 × 105

Figure 5.11 The 2D distribution derived from real data as described in the text. The figure on the
left is gated on the lower energy peak, which encompasses alphas from 212Bi, 220Rn, and 216Po.
The figure on the right is gated on the higher energy peak, alphas from the decay of 212Po. This
view shows the distribution of radiation on the pad plane from the view inside the chamber, in other
words, from the radiation’s perspective of the pad plane.

concentration to the other end of the chamber, this gives a solution to the diffusion equation of:

𝐶 (𝑧) = 𝐶𝑖𝑛 exp

(
−
√
𝜆

𝐷
𝑧

)
(5.2)

where 90% of the radon-220 decays before traveling 4 cm into the chamber. Additionally, the gas

flow through the inlet will push radon some distance into the detector. Using the measured flow

rate by our MKS mass flow controller, and scaling for the higher pressure, we get an axial velocity

in the detector of:

Flow Rate = 500 sccm × 760 torr
2000 torr

= 3.167 cm3/s (5.3)

Axial Velocity = 𝑣𝐴 =
3.167 cm3/s
𝜋 × (6.1 cm)2 = 0.0271 cm/s (5.4)

This value can be plugged into the equation:

exp
(
− 𝜆

𝑣𝐴
𝑧

)
, (5.5)

which has the same shape as the diffusion distribution, but a slightly longer tail, where more than

90% of the radon-220 decays before reaching 5 cm into the chamber.
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Figure 5.12 Two-dimensional cuts on the range versus energy plot, to select events whose widths
were analyzed.

This theory can be compared to some experimental data to check for consistency. First, for a

single run, widths of each alpha track were extracted using Principle Component Analysis (PCA).

Cuts were made on the different alphas (shown in Figure 5.12) and the distribution of these widths

were plotted, shown in Figure 5.13.
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Figure 5.13 Distribution of track widths for the four cuts made. If all the decay products of 220Rn
decay at the cathode, one should expect their width distributions to be alike. All events’ track widths
are shown in blue.

The tracks of particles appear wider the further the decay occurs from the pad plane, due to

space charge effects and standard diffusion of the drifting electrons [110]. The results suggest a

slight preference for the daughters of 220Rn to decay closer to the cathode (i.e. their widths peak

at a larger value). It is also clear that there is a deficiency of 212Bi and 212Po events with smaller

track widths, suggesting that their z-distributions peak further along in the TPC than the species in

the first half of the decay chain. This will be compared to other methods of determining radiation

distribution in the following sections.

All simulations carried out for this work are done by sampling from the 3D distributions ob-

tained via the methods above, unless otherwise stated.

5.2.3 Fitting the Alpha Spectrum

First, the simulated 220Rn alpha decay chain spectrum is fitted using four gaussian plus tail

peaks ⁶ on a second degree polynomial background. The parameters from the fit of the simulation

⁶Called a Crystal Ball function
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were taken and used as starting parameters to fit the data. The background was set to be near

constant, the means from the simulation were allowed to be scaled together with the use of a single

parameter. This accounts for the differences in gain from the real data to the simulation, while

preserving the relative means of the peaks. The ratio of the heights of the Bi-212 and Po-212 peaks

and the ratio of the heights of the Rn-220 and Po-216 peaks were also constrained, and allowed

to be scaled based on the simulation fits. This is because it is suspected, based on track width

distributions and alpha-gamma timing information, that the later half of the 220Rn decay products

decay on or near the cathode, whereas the first half of the decay chain decays near the anode, where

the gas inlets are located. The alpha parameter of the crystal ball fit, which controls the extent of

the tail of the gaussian, is forced to be the same for all 4 peaks in the simulation. It is then allowed

to be scaled up or down together for all 4 peaks in the real data.

The results of the fitting are shown in Figure 5.14. The energy resolution of the simulated

data comes from values set in the simulation such as shaping time and sampling rate, as physical

parameters like ionization energy, fano factor, and gas properties. The electronics settings are tuned

to produce simulated, summed traces that are consistent with the data. The gas properties such as

density and pressure are set for the P10 at 2,000 torr used in the double alpha search. The Fano factor

and other parameters were not adjusted. This means that the energy resolution of the simulated data

is much better than that of the real data, allowing for easier extraction of parameters to be applied to

the real data. The real data is best fit with an energy resolution of 18.5% FWHM, since the pad gain

matching routine described in Section 5.1.3 was not applied. Because many shape parameters and

peak ratios are constrained, the formal fit uncertainties underestimate the true yield uncertainty. We

therefore assign a conservative uncertainty based on the absolute value of the fit residuals within

±3𝜎 of each peak. The residuals of the total fit to the data are shown in Figure 5.15 The total

number of 220Rn alphas in the peak is then found to be (5.09 ± 0.28) × 107, with the rest of the

values displayed in Table 5.1.
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Parent Nucleus Alphas Observed
212Bi 8.74 × 106 ± 2.95 × 106

220Rn 5.09 × 107 ± 0.28 × 107

216Po 4.72 × 107 ± 0.30 × 107

212Po 1.19 × 107 ± 0.19 × 107

Table 5.1 Total Number of Alpha Particles in each Peak

Figure 5.14 Fitted simulated (left) and real (right) alpha energy spectra. The data is gain matched
run-by-run. The dashed magenta peak is 212Po, green is 216Po, blue is 220Rn, red is 212Bi. The solid
black line is the sum.

5.2.4 Double Alpha Efficiency

From the previous simulations of the 220Rn decay chain, it is straightforward to extract the

efficiency of GADGET to detect the 220Rn alpha, given our characterization of the distribution

of the radiation as it flows into our detector. In the simulation, 19,892 220Rn alpha particles were

emitted, and we detect 15,625 of those in the peak (taken from the integral of the fit). For the double

alpha detection efficiency, we assume each alpha particle takes away half of the energy from the

Q-value of the decay (220Rn →212 Pb + 2𝛼 + 13.311 MeV). We then simulate these events at

different opening angles between the particles, whose origins are alike and distributed in the same

manner of the 220Rn decay chain simulations. Then the energies are extracted from the sum of the

individual traces from the simulated event, and it is plotted in a histogram. The full capture peak is

fitted with a gaussian plus tail (Crystal Ball function). This is the same procedure as was done for

the single particle fits. As a double check to ensure this is approach is reasonable, another purely

geometric simulation was done using a faster simulation which does not take in to account the
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Figure 5.15 Alpha energy spectrum with the total fit, including all four peaks. In the lower half of
the plot are the residuals from the fit, which are used as errors in the estimates of the total number
of observed alpha particles from each nucleus, as described in the text.
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detector response or charge spreading, and only ensures the entire length of the track remains in the

active volume. This simulation, predictably, has a very similar shape to the more involved efficiency

vs opening angle simulation, but systematically has a higher absolute efficiency. To ensure this

analysis is comparing appropriately the double alpha efficiency to the single alpha efficiency, we

shift both simulations to recover the correct efficiency at an opening angle of 0◦. The results are

shown in Figure 5.16. Because the radiation distribution is not known with good certainty, it is

appropriate to apply a 20% uncertainty to the values in the plot. However, the shift of the efficiency

has a limited effect on the branching ratios for double alpha decay reported, given that it must

factor in the double alpha detection efficiency (weighted by opening angle distribution) and the

single alpha detection efficiency. The ratio of these two quantities is what is used in the branching

ratio calculation, and as long as the shape of the double alpha efficiency versus opening angle plot

retains its shape regardless of detector response and charge dispersion (red data in Figure 5.16), and

that the single alpha efficiency is recovered at an opening angle of 0◦, there is minimal change to

this quantity.

Using the shifted simulation data that takes into account detector response and charge spread-

ing, we calculate the isotropic opening angle distributed efficiency to be 0.628 ± 0.003 (stat.) ±

0.126 (sys.). The efficiency to detect double alpha events at 180◦ is 0.537 ± 0.010 (stat.) ±

0.107 (sys.).

5.3 Gamma Data

5.3.1 Gamma Efficiency

The 𝛾−ray detection efficiency of the set up was determined via GEANT4 simulations in which

the geometry of the two germanium detectors and the TPC were included. The locations of the

HPGe detectors relative to the TPC were measured before and after the beginning of the experi-

ment. The geometry of the active regions of each detector was taken from data sheets provided by

the manufacturer, and confirmed via calibration data and simulations done for the development of

LIBRA. One set of simulations were run to determine the relative efficiency of observing a 550

keV 𝛾−ray along the center line of the TPC, the results of which can be seen in Figure 5.17.
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Figure 5.16 Efficiencies from both ATTPCROOT simulations (red) and geometric efficiency (blue)
simulationsas a function of opening angle for two-alpha events. Both datasets are shifted to recover
the efficiency to detect a 216Po single alpha at an opening angle of 0◦. The error shown in the plot
is statistical.

Finally, a simulation was done using the same 3D distribution derived for the 220Rn, based

on data taken during the experiment for the xy-distribution, and theoretical estimates of the z-

distribution based on flow rates and steady-state diffusion. At multiple different energies, gamma

rays were simulated and the corresponding photopeak efficiency was recorded for each of the two

detectors. The chosen energies simulated were based on levels in the nuclei in the decay chain of
220Rn most likely to be populated after alpha decay.

As a verification of our efficiency simulation, the 550 keV excited state in 216Po, populated

after 220Rn 𝛼-decay, was fit and the counts were integrated for the north and the south germanium

detectors. The results of this fit are shown in Figure 5.19. The ratio of these counts was then

compared to the values at 550 keV in Figure 5.17. There is a discrepancy in the ratio, which we

expect is due to the z-distribution used in the simulations. The z-distribution comes entirely from
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Figure 5.17 Simulated gamma efficiency of the two detectors used in the double alpha experiment.
Red points are the north detector, blue points are the south detector, and black points are the com-
bined efficiency of the two. Gammas were emitted isotropically at 550 keV. Uncertainty of ±3 mm
are placed on the data based on limitations in the measurements of the absolute positions of the
detectors relative to the chamber.

the theoretical model described earlier in this Chapter. This validation method suggests that the

radon is moving further into the detector (more positive z-value in Figure 5.17) than we expect. A

correction to efficiencies made by adjusting the values in Figure 5.18 by a scale factor that moves

the simulated ratio (∼ 2.12 south efficiency over north efficiency) to be in line with the actual ratio

(1.11). What this means is that the radon, instead of the mean of the z-distribution being 40 mm

into the detector, it is adjusted to be 90 mm into the detector. This correction is carried throughout

the gamma data analysis. Because our measurement for the 𝛼−decay to the 550 keV excited state

in 216Po matches previous measurements to within uncertainty, this correction is supported by the

data.
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Figure 5.18 Simulated efficiency of the south (blue), north (red), and combined (black) gamma
detectors versus energy of the emitted gamma ray. The distribution of the radiation in this simulation
comes from the method described in Section 5.2.2.

5.3.2 Gamma Energy Spectra

The goal of adding the HPGe detectors from LIBRA to the double alpha experiment was to

search for new alpha decays to excited states in the decay chain of 220Rn. To that end, the gamma

data was analyzed with a gate on the mesh energy spectrum provided to the XIA DAQ, shown in

Figure 5.20. If an event, which had a coincidence window set to 10 𝜇s, created a signal on the mesh

of the TPC above the set threshold, and at least one of the two HPGe detectors saw an event, that

was considered an alpha-gamma event. No veto from the GET DAQ was applied to this data. The

alpha-gated gamma data is shown, in black, in Figure 5.21. The blue spectrum is data from the

background run taken in the same location before the experiment began. The background spectrum

was scaled to the alpha-gamma data using the 1460 keV 40K gamma peak for normalization. From
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Figure 5.19 Comparing the counts found in the 550 keV peak in the north germanium detector (left)
to the south germanium detector (right). Notice that the south peak is wider due to gain drift that
the north detector does not experience.

Figure 5.20 Mesh data recorded by the XIA DAQ. Events below 5,000 ADC counts are removed.
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Figure 5.21 Gamma spectrum in coincidence with alphas (black). Background gamma data taken
before the experiment was run, scaled to the 40K gamma ray peak (blue).

this, each peak can be compared to the background to see if there is an excess of counts, indicating

the presence of an alpha branch to an excited state in the daughter nuclei, which then decays to the

ground state via gamma ray emission. Both the background spectrum and the data were fit with a

second degree polynomial background and a gaussian peak. The routine required the gaussian peak

to be within 2 keV of the expected energy, and the height of the peak to be positive. The routine

also required the widths of the peaks in both the background and data histograms to be within 5%

of one another. The integral of the gaussian of both fits was extracted, with uncertainties, and the

results are shown in Table 5.2. There are 5 locations where this is observed: at 550, 728, 786,

1080, and 1621 keV. The 550 keV comes from the previously observed 220Rn alpha decay to the

first excited state of 216Po [165, 166]. This can be used as an estimate of the number of 220Rn decays

we see in the TPC during the experiment, and can be compared to the number obtained from the

alpha energy spectrum. Because our mesh signal does not account for the trigger accepted, this

also needs to be factored in to the number, along with the photopeak efficiency of our Germaniums

and the branching ratio:

𝑁220Rn decays =
𝑁peak

𝐵 × 𝜖𝛾 × 𝜖trigger
= 5.2 × 107 ± 0.6 × 107, (5.6)

119



Nucleus Energy (keV) Integral of Run Data Integral of Background Excess Counts
216Po 550.3 ± 0.3 1120 ± 118 16.4 ± 13.6 1101 ± 118
212Po 728 8750 ± 180 1540 ± 15 7210 ± 180
212Po 786 1630 ± 110 512 ± 12 1120 ± 110
212Po 1080 585 ± 73 96.4 ± 8.1 488 ± 74
212Po 1621 1370 ± 70 315 ± 6 1060 ± 70
216Po 419 51.4 ± 73.3 24.5 ± 11.0 26.9 ± 74.1
216Po 359 234 ± 148 81.8 ± 22.9 152 ± 149
216Po 223 156 ± 175 30.9 ± 33.6 125 ± 178
212Pb 805 316 ± 167 378 ± 12 -62 ± 168
212Pb 315 0 ± 79 0 ± 13 0 ± 80
212Pb 157 288 ± 198 256 ± 52 32 ± 205
212Pb 58.1 181 ± 90 31 ± 25 149 ± 94

Table 5.2 Alpha gated gammas compared to background. Alpha gate uses mesh spectrum above
5,000 ADC counts. Resolution of the peaks must be within 5% of each other and mean must be
within 2 keV of the previously measured value.

where the gamma efficiency comes from GEANT4 simulations (including the z-distribution correc-

tion), and the trigger efficiency comes from comparing the total number of events recorded by the

GET electronics (3.0356×108) compared to the number of mesh signal events in XIA in the energy

cut (2.4830×108). In this case, we’ve included a wide gate on the mesh energy spectrum. So while

the numbers from both methods are within uncertainty, the fit to the energy spectrum made from

the TPC data is a more reliable number: 5.086 × 107 ± 0.281 × 107.

The other excesses originate from 212Bi, due to the grow-in of this radioactive nucleus within

the 220Rn decay chain, causing a higher incidence of coincident events.

A measure of the excess counts in peaks of energies near excited states after alpha decay is

shown in Table 5.2. The branching ratios are recorded in Table 5.3. The values are calculated

using the 90% confidence level for each input variable to determine an overall upper limit on the

branching ratio. For the 550 keV state, we report a finite value, confirming previous measurements

with a similar uncertainty, and supporting the limits placed on the unobserved decays to excited

states.
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Decay Gamma Energy (keV) Excitation Energy J𝜋 Branching Ratio (%)
220Rn →216 Po∗ 550.3 ± 0.3 549.76 2+ 0.117 ± 0.014
220Rn →216 Po∗ 419.2 968.94 (4+) <0.012
220Rn →216 Po∗ 359.5 1328.4 (6+) <0.032
220Rn →216 Po∗ 223.4 1551.8 (8+) <0.023
216Po →212 Pb∗ 804.9 804.9 (2+) <0.023
216Po →212 Pb∗ 315.0 1119.9 (4+) <0.0084
216Po →212 Pb∗ 157.0 1276.9 (6+) <0.016
216Po →212 Pb∗ 58.1 1335 (8+) <0.012

Table 5.3 Branching ratios for 𝛼 decays of 220Rn and 216Po populating excited states in the daughter
nuclei, inferred from the observation of 𝛼–𝛾 coincidence peaks at the listed 𝛾-ray energies. Energies
without an uncertainty were not measured in this experiment and taken from literature. Quantities
with a < symbol represent 90% confidence interval upper limits, because there is no statistically
significant excess in counts in the alpha-gated gamma spectrum above background. The excitation
energy and 𝐽𝜋 of the state comes from NNDC data.

5.3.3 Timing Distribution

To check the theoretical and experimental results in the previous section, Figure 5.22was created

by plotting the time difference of events that contained both a valid trigger in GET, as well as a valid

trigger in either Germanium detector. The gamma signal is used as an absolute start time of some

given decay, and the GET timestamp is used as the stop time, providing the drift time of the electrons

and thus, a proxy for the absolute z-position of the decay. These signals were all recorded in the XIA

DAQ, and the germanium signals were delayed by 4 𝜇s because at the time, the drift velocity of the

electrons at this high a pressure was unknown. Therefore, the peak at -3.5 𝜇s should be considered

decays that occurred on the pad plane, and the peak at 5 𝜇s, giving a rough drift velocity of 4.97

cm/𝜇s.

Because the distribution in this plot is dependent on gamma rays being in coincidence with alpha

particles, it is rather difficult to disentangle for individual gamma ray or alpha energies. Merely two

distinct alpha peaks can be resolved in the mesh spectrum, and these time difference plots assume

that there is an alpha particle in coincidence with a gamma ray, which we only have evidence for

from 220Rn and 212Bi. However, gating on the highest energy alpha peak of 212Po, and looking at

the resultant alpha-gamma time difference plot, Figure 5.23, shows a clear increase in the number

of alpha events on the cathode. This is consistent with the results found in the track width analysis
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Figure 5.22 Time difference histogram between the north Germanium detector and the mesh signal
from the GADGET TPC. The solid red line shows the entire summed fit with residuals. The dashed
lines show each component of the fit, three gaussians and a second order polynomial. The gaussian
components are shifted up by 1200 counts so they can be seen in the plot. This plot can act as an
indicator of the steady-state distribution of radiation in the detector. A 4 𝜇s delay was added to the
Germanium signal in the DAQ to ensure that the alpha signals on the mesh would fall within the
coincidence window.

in Figure 5.13.

There is previous work showing that 216Po is usually neutrally charged after 220Rn alpha decay,

suggesting that the distribution of 216Po alphas should be nearly the same as 220Rn alphas [167].

5.4 Fitting GADGET II Data

To fit the events which include two alpha particles, a model to simulate the TPC data was cre-

ated for the GADGET system. It works by combining SRIM input data for the stopping power of

the particle with the TPC response, to create data that is directly comparable to the real data. As

described in Section 2.3.1, the charged particles in the TPC will lose energy through inelastic in-

teractions with the atoms of gas in the chamber. The ionized electrons produced then drift through
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Figure 5.23 Gating on mesh spectrum events in the 212Po peak and plotting those events’ timestamp
difference with the gammas in the same event window.

the volume of the detector and are read out via a wall of pads on the anode end of the chamber.

The simulation first calculates the energy loss per unit length through the gas via lookup tables

that take information such as the type of gas and its pressure, the type of charged particle creating

the ionization, and that charged particle’s initial kinetic energy. Then, the total length of the track

is calculated and divided up into small segments. Energy is deposited along that line at each point

based on an integral of the differential stopping power provided by SRIM. This data forms the

characteristic Bragg curve of the track, and is the input for simulating the detector’s signals.

Once the Bragg curve is known, the simulation computes how this charge drifts in the electric

field and is read out by the pad plane electronics. Space charge effects and diffusion will effect

the width of the track, and the shaping time of the amplifiers in the AsAds affect the widths of the

traces. These processes are modelled as a Gaussian in the (𝑥, 𝑦) and (𝑧) directions, characterized

by standard deviations 𝜎𝑥𝑦 and 𝜎𝑧. The code then takes this track data, now modified with the

detector response effects, and assigns each readout pad a waveform based on the amount of charge

its finite area in x-y receives, as well as the time bin width in z. To compare simulated events with

experimental data, the real pad traces are preprocessed and trimmed. After this, one can simply take
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the residuals of the simulated and real traces in a direct comparison. This is used in the following

sections to extract information like the origins of the particles in multi-alpha events.

5.4.1 Multiple Approaches to Fitting

Two approaches are used and compared here: cost function optimization and Bayesian inference

using a Markov Chain Monte Carlo (MCMC) sampling algorithm.

In the first method, an objective function is created to quantify the agreement between the model

and data. Then, a solving method is chosen to explore the space in search of minimizing the objec-

tive function, or finding the minimum parameters such that the simulation is as similar as possible

to the data. This approach is computationally efficient given the wide application of general com-

putational optimization problems that exist. However, we have seen in practice that optimization

algorithms used in minimization routines are prone to convergence failures if the likelihood space

they explore has strong parameter correlations, multiple maxima, and/or sharp features. For this

work, ∼4,500 two-particle events were fit in this way, and a subset of the results were used as starting

values for the Bayesian method.

Parameter estimation using Bayesian inference requires three components, a model that pro-

duces simulated TPC pad traces from a proposed set of physical parameters (discussed in the previ-

ous section), a well-motivated likelihood function that quantifies agreement between simulated and

observed data, and a sampling algorithm (MCMC) that efficiently explores the parameter space.

The MCMC algorithm is used to compare against a cost function optimization fitting method as

before, and also attempts to extract uncertainties in fit parameters using their posterior distributions.

TheMCMC algorithm allows walkers, whose parameters are initialized with a gaussian distribution

about the results from the minimization fitter, to step through the parameter space and calculate a

new likelihood at that step. It then accepts or rejects this step, which can be done by a variety of

algorithms, such as the affine-invariant ensemble sampler described in Ref. [120] and implemented

in this work. After many of these steps, the walkers converge, and the distribution of the projection

of these samples can be used for parameter estimation and uncertainty quantification. The work

of determining the appropriate number of steps to take can be difficult, but the autocorrelation
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values (𝜏), which describes the number of steps needed to get to an independent sampling of the

parameters space, typically sits around 4-5, and it is suggested by Foreman-Mackey that 50𝜏 is

sufficient for convergence. Given this, the walkers are run for 600 steps for the subset of events fit

here to ensure appropriate convergence. The resulting posterior samples are used for estimation of

parameter uncertainty by comparing the difference between the results obtained via MCMC and

non-MCMC methods.

The objective function used in this work is a gaussian likelihood function:

lnL =
1
2

∑
𝑝

[ln |Σ𝑝 | + 𝑟𝑇𝑝Σ−1
𝑝 𝑟𝑝] (5.7)

where 𝑟𝑝 = 𝑠 − 𝑜 is the residual vector between simulated and observed traces for pad 𝑝, and

Σ𝑝 is the covariance matrix incorporating both multiplicative and additive uncertainties.

The covariance matrix is defined as follows:∑
= 𝜎2

𝑚𝑠𝑠
𝑇 + 𝜎2

𝑐 𝐼 (5.8)

where 𝑠𝑠𝑇 is the outer product of the simulated pad traces and 𝐼 is the identitymatrix. 𝜎𝑚 is extracted

by fitting single alpha events from different decays in the 220Rn decay chain, and extracting the

uncertainty in pad gain for tens of these single particle events. 𝜎𝑐 is determined by measuring the

root mean square (RMS) baseline noise in the traces of those same single alpha events. When the

event is simulated, the code ensures that the pads that fired in the data are also simulated.

Pads that end up simulated but do not have a corresponding real data trace to compare to are han-

dled in the following way. We set a pad firing threshold based on the real data, seen in Figure 5.24.

Assuming gaussian fluctuations with standard deviation:

𝜎𝑖 =
√
𝜎2
𝑐 + 𝜎2

𝑚𝑠
2
𝑖 , (5.9)

the probability for that single bin not firing in the data is given by the cumulative distribution func-

tion. The total log likelihood for a pad who did not fire but was simulated is then:

lnL𝑝 =
∑
𝑖

ln
[
1
2
erfc

(
− threshold − 𝑠𝑖√

2 𝜎𝑖

)]
, (5.10)
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Figure 5.24 Histogram of the background-subtracted peak height of each pad that fired in random
events across all runs taken for the 𝛼𝛼-decay search.

which can then be added to the total log likelihood for use in the fitters.

In order to provide the fitter with good starting values, a k-means clustering algorithm was

developed to separate the event into two distinct clusters. An example of this is shown in Figure 5.25.

The lines of best fit for each cluster are used to extract reasonable starting values for some of the

physical parameters in the fitter. These clusters were then fitted in all four direction combinations

and the best result (lowest cost function) was chosen as the final fit results.

In order to get an understanding of the uncertainty on each parameter of the fit, 24 events were

selected at random from the fit results. The only condition placed on these events is that the fitter

must have exited with a successful exit message, and for 12 of the events, the origins must be within

12 mm of each other, and for the remaining 12 events, the origins must be greater than 30 mm apart.

The best fit parameters in the cost function minimization approach were used as starting values for

theMCMC fitter. The results of both fit methods for these two dozen events were compared for each

parameter, and the standard deviation of the difference in each parameter was extracted and will be

used as a rough estimate of the uncertainty of that parameter. This comparison approach, although
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Figure 5.25 Output of the clustering algorithm written for the purpose of distinguishing between
two alpha particle tracks, and using the values pulled from the algorithm as starting values for the
fitter. Note that the ADC threshold used for this algorithm was set to 1300 in order to remove as
much noise as possible.

using two different methods, reuses the likelihood function. So, while it gives us an estimate of the

fitter’s limitations, it does not take in to account issues inherent to the construction of the liklihood

function, which could cause the result of both fitter to deviate from reality in some cases. One

issue that came up during this analysis was the uncertainties used in the likelihood function. We

assume that there is some uncorrelated noise in the traces, as well as some uncertainty in the pad-

by-pad gain. However, it is almost guaranteed that the noise in the pads is highly correlated, and

this is borne out in the residuals, which can have large fluctuations due to this effect, and possibly

also from range straggling and uncertainties in the stopping power, neither of which are adequately

handled in the fitting routine.

Nevertheless, each fit result examined has been very close by eye, and is the best method we

have at extracting the relevant values for this analysis. The takeaway from this discussion is that

parameter error estimation is something that should be improved upon in the future, and the val-

ues given in Table 5.4 should not be considered an upper limit, it is possible that, in reality, the

uncertainties are higher.
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Parameter Uncertainty (std)
Energy 0 0.67 (MeV)
Energy 1 0.46 (MeV)
Theta 0 0.037 (rad)
Phi 0 0.057 (rad)
Theta 1 0.025 (rad)
Phi 1 0.094 (rad)
X 0 0.86 (mm)
Y 0 0.88 (mm)
Z 0 0.47 (mm)
X 1 1.2 (mm)
Y 1 1.6 (mm)
Z 1 0.91 (mm)
Sigma XY 0 0.23
Sigma Z 0 0.080
Sigma XY 1 0.37
Sigma Z 1 0.23

Table 5.4 Standard deviations (uncertainties) for reconstructed parameters.

5.4.2 Flagging Noise

After gating on events with total integrated charge above 8.65e5, which was chosen to cut out as

much of the highest energy single alpha peak from 212Po (8.78 MeV) as possible without reducing

efficiency in the double-alpha search region, a check is done to flag certain high energy events as

noise, prior to fitting the remainder of the good events. The way the trigger is set up forces the first

peak in a trace to occur around time bin 150. Digital noise from the switch capacitors can trigger

the GET DAQ, but these events have a high ADC count in the time bin region prior to time bin 150,

which real events should not have. Therefore, an event is flagged as likely noise if the summed trace

goes above an ADC count of 10,000 in the time bin range 20-80. An example of a noisy event is

shown in Figure 5.26. Figure 5.27 shows the traces for a noisy event that is much less common than

the other two, and is removed by hand after flagging the more common noise. For the first ∼11,000

events above the energy cut, every event was checked by hand, including the ones flagged as noise.

For the remaining ∼25,000 events, the flagged events were assumed to be correctly identified as

noise, and the rest were checked by hand, and labeled as RnPo Chain, Accidental Coincidence, or

some other anomalous event.
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(a) (b)

Figure 5.26 Example of Noisy Events that show up above the energy cut. On the left is an event
where the trace is entirely noise. On the right is an event where there was likely a real alpha particle,
but the noise at the beginning of the trace comes from the electronics.

Figure 5.27 A noisy event that lights up the entire pad plane and is not caught by the flagging
algorithm.
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5.4.3 Disintegration Events

In the energy cut of interest, we see a few dozen (47) events I have labeled ’disintegration

events.’ In order to see many of these events, the veto condition is not applied. These are events

which do not resemble noisy events, and appear to have more than two tracks. It is possible some

of these events are actually 𝛼 scattering at large angles. A few high track multiplicity examples are

shown in Figure 5.28. These types of events have energies that correspond to roughly 14 MeV (for

the partially captures event 393) up to 29 MeV (for event 936).

We believe these events originate from cosmic ray interactions with nuclei inside the TPC cre-

ating a nucleus in a highly excited that decays through these exotic channels that would otherwise

be inaccessible. The appearance of these events raises the question of whether the same mechanism

that produces these exotic events could cause background in the double-alpha decay search region.

Because most of these events are anomalous, and it is unclear what they are let alone the mecha-

nism that caused them, it is difficult to categorize them in any way, especially because many of the

tracks are long enough to be vetoed in normal circumstances, so we cannot even accurately extract

energies or ranges like we can with normal events. However, without applying the veto condition,

and using pad gain match mapping, shown in Figure 5.5, and results shown in Figure 5.6, we see 9

disintegration events in the energy range 12-14 MeV. This is not a complete energy integral, as in

most of these events, a substantial amount of the charge is deposited outside of the active volume.

We also see events in the double alpha energy region that could come from the high energy tail

of the 212Po peak, either due to the energy resolution, the single alpha event sitting on some noise

that is not removed by the event processor, or these large energy single particle events could also

be generated from cosmic ray-induced interactions. When we apply the pad gain match in the same

way and look at large energy single events in the 12-14 MeV region, we see 26 large energy single

particle events.

I have also included total energy and energy sharing from the fits of the two alpha events with

different gates in Figures 5.29 and 5.30. From the events in the two alpha fit data, we estimate the

number of anomalous two alpha events that may fall in between the dashed lines of Figure 5.31.
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(a) Event 393 (b) Event 936

(c) Event 10477 (d) Event 15068

Figure 5.28 Four examples of events classified as disintegration events.

This region corresponds to the kinematic area expected for the two alpha decay. We see 62 two alpha

events in the dashed line region, and 10 events lie outside. The events outside the dashed lines are

interpreted as anomalous background events, likely originating from cosmic-ray–induced nuclear

reactions or some other non-signal process. Because of this, we assume that they have a roughly

uniform distribution in the energy-energy scatter plot, and use scaling phase space arguments to

estimate their background within the region of interest. Based on the ratio of the phase space inside

the dashed lines (∼ 23%) to outside (∼ 77%), we estimate the number of anomalous events to be:

𝑁anom,in ≈ 10 × 0.23
0.77

= 3 events. (5.11)
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Figure 5.29 Total energy of the two alpha events from fits. The fit requires a ADC counts to MeV
parameter which was set using single alpha data, and ended up systematically underestimating the
energy of the particles. The data in this plot is corrected for that effect.

This lowers our estimate on the number of counts in the excess region.

Figure 5.30 Energy sharing between the two alphas in the fitted data.
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5.4.4 Results of Fitting Two Alpha Events

Of the 4,500 two alpha events in the data, an additional three constraints were applied before

results were used in further analysis. A constraint that the residuals be no greater than a certain

amount (∼ 4× the mean of the residuals), and that the x-, or y-values of either of the events can be no

closer than 0.01 mm to the bounds set in the fitter. This is applied to ensure only good fits are used,

such that events whose starting values were not chosen well, or whose particle origins fell outside

the active volume of the detector (but not enough charge was placed on the veto pads for the event

to be vetoed) are not included in the final results. The final constraint was that the total energy of

both particles could not be outside of ±15% of the kinetic energy the Q-value of the decay allows,

13.3 MeV. This corresponds to the events within the diagonal lines in Figure 5.31. From these

remaining fit results, the dxy (distance between origins in the xy-plane) and dz (distance between

origins in time bin dimension) values were calculated, along with the opening angle between the

alphas. The residual and containment condition removes 500 events, and the energy condition

removes an additional 1,100 events, leaving 2,852 events that go into the two alpha analysis. Most

of the events whose residuals are too high are from the fitter failing, either starting from or moving

to a parameter space in which the variation of each parameter does not improve the fit, leading the

optimizer to exit and return parameter values that do not match the data well.

To extract the excess counts in the search region for double alpha events, a model is needed

to estimate the background. The main background comes from two distinct sources. First, alpha

particles from two independent nuclei are emitted in locations and times similar enough to one

another to show up in the same event. Because these events occur entirely at random, they cover

a wide parameter space in the 2D histogram. Their contribution to the background was reduced

during the experiment by lowering the gas flow into the detector, at the cost of decreasing the

overall event rate of 220Rn decays. The second background comes from the sequential alpha decay

of 220Rn→216Po→212Pb. In this case, the magnitude of the background is determined by the half-

life of 216Po (144 ms); the longer the half-life relative to the event time window, the less likely the
216Po decay is to occur within the same event as the 220Rn alpha. Because the event window is
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Figure 5.31 Two alpha events’ energies. The larger energy is plotted on the y-axis, and the smaller
energy is plotted on the x-axis. This plot incorporates the residual and location constraints described
in the text. The diagonal dashed lines represent the energy cut used when extracting fit data for
further double alpha analysis described later on in this chapter.
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∼ 10 𝜇s, if the 216Po decays within that window, it will not have moved far enough to be noticeable

on the scale of our position resolution. The only methods it will move are via a momentum kick

from the initial 220Rn →216 Po + 𝛼 decay, drifting in the electric field, or Brownian motion. All

three of these methods’ ability to push the 216Po nucleus are suppressed by the mass of the daughter

nucleus, and the operating pressure of the gas. This means the origin of the alpha particle will

always be at the same x-y coordinate.

One approach to model the background is entirely physics oriented from the above background

discussion. Based on the xy-dist extracted from the data (Figure 5.11), and the z-distribution from

theory, alpha particles were simulated in the TPC for both the accidental coincidence (AC) and

sequential decay (RnPo) backgrounds. Then the particles are simulated and a veto condition is

applied to the simulated data to ensure the events are confined to the active area of the TPC in the

same way the veto condition is applied to the real data.

However, because the resulting background (particularly in the AC case) is highly sensitive to

edge effects and radial suppression, a few approaches were taken to account for this. First, a geo-

metrical efficiency map of the detector was created using a uniform distribution of alpha particles

decaying in different regions of the detector, shown in Figure 5.32. This approach of correcting for

geometric efficiency didn’t work optimally for two reasons. The first is that the data it attempts to

correct comes from a subset of single alpha data where the angles are nearly perpendicular to the

pad plane. And second, the simulation does not take into account the charge spreading (or width)

of the alpha track in the TPC. This limits the ability of the simulation to match the way the xy-

distribution was created in the real data, as the nonzero width of the track accounts for the shape

and degree of edge effects in the resulting distribution. A second attempt to fit the data with both

these backgrounds assumes that the xy-distribution is entirely uniform, while the z-distribution still

comes from theory. In this case, the ‘geometric efficiency’ is applied during the condition that both

alpha particles must remain entirely within the active region of the detector, and no correction to

the distribution is done beforehand. This results in a worse fit, given that we have evidence that

the distribution is not uniform in x and y, and confirms the idea that the AC background is very
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Figure 5.32 GADGET TPC alpha geometric efficiency map created from simulation.

sensitive to the xy-distribution.

Finally, in the attempt that provides the closest fit, the xy-dist. data is not corrected for efficiency,

and is scaled after-the-fact in an attempt to account for the fact that the xy-dist data does not span

the entire pad plane, but is missing information from the outer three pads in a ring around the pad

plane. This can be seen in Figure 5.33. The TPC is 36 pads wide, so the distribution exhibits a

drop off in counts prior to where one would expect, due to the finite width of the events used in

extracting the distributions.

This model is simulated for 50,000 events for both the AC and RnPo background contributions,

and then scaled to best fit the data from the results of the two alpha fits. The results are shown

in the 2D-histogram in Figure 5.34. The dxy residuals in the AC background region are still not

perfect, but the overall shape is more or less correct. Next, a gate is applied to the data and model to

view the projection into dz, the results of which are shown in Figure 5.35. The right panel contains

contributions from both the AC and RnPo backgrounds as well as our 𝛼𝛼-decay signal, if it exists.

The left panel only contains contributions from the accidental coincidence background, because it

is assumed that the sequential decay intermediate nuclei remains virtually fixed in space during the
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Figure 5.33 Radial distribution of radiation in the detector, generated from the centroid method
shown in Figure 5.10.

∼ 10 𝜇s event window. The residuals are systematically high in the dz projection for dxy > 5.0 mm.

This is due to the limitations of the two dimensional fit.

Additionally, there is slight evidence for a slope, favoring two alpha events closer in time to

one another, creating a negative slope in both dz projections. We do not know the exact source of

this, only that it does not appear in the simulation of the background under any conditions used

for this analysis. The dz projection should be flat for the sequential RnPo events because it should

be the half-life curve for 216Po in the first few microseconds of its 144 millisecond half-life. To

investigate and account for a potential slope, four additional models were fit to the dz projection in

the AC region, using functions not driven by physics. The four models used were a zeroth, first,

and second degree polynomial, as well as an exponential function. Once these fit parameters were
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Figure 5.34 Best model fit of the dxy-dz distribution. Left panel shows the data from the fit values.
Middle panel shows the scaled simulation with both the AC and RnPo background. Right panel
show the residuals.

(a) 𝑑𝑥𝑦 > 5.0 mm (b) 𝑑𝑥𝑦 < 5.0 mm

Figure 5.35 Left: Y-projection (dz) of the data and model for dxy > 5.0 mm. Right: Y-projection
(dz) of the data and model for dxy < 5.0 mm.
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(a) 𝑑𝑥𝑦 > 5.0 mm (b) 𝑑𝑥𝑦 < 5.0 mm

Figure 5.36 Left: Projection of data and models for dxy > 5.0 mm. Right: Projection of the data
and normalized models for dxy < 5.0 mm.

determined for the dxy > 5.0 mm region, the fits were normalized to the statistics in the dxy <

5.0 mm region (excluding the signal region, which is defined as dxy < 5.0 mm and dz < 7.5 mm),

and used as a background to extract the excess counts in the simultaneous double alpha region near

bin (dxdy,dz)=(0,0). The results of this fit process can be seen in Figure 5.35

Next, the uncertainties in the models and data were found. For the data and simulated back-

ground, the uncertainties were statistical. For the function-based models, the uncertainty in the

backgrounds was calculated from the covariance matrices given by the least-squares fitting algo-

rithm, and an estimate of the gradients of the parameters calculated from the difference in the

background model based on small changes to the optimal parameters. From these uncertainties,

the Feldman-Cousins 90% confidence level intervals were computed.

With the exception of the constant background function fit, all of the models predict a similar

number of counts in the signal regions within their uncertainties.

However, it is also useful to consider if the shape of the dz distribution for the RnPo background

is different than for the AC background. To account for this, the RnPo background was fit directly

(excluding the signal bin), and compared with the data and the scaled models based on the AC

background. The results are shown in Figure 5.37. It is clear that the direct fit to the background

in the RnPo region results in a systematically higher estimate of the background in the signal bin
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of the data. Therefore, this is factored in to the systematic error of the estimate of the background

when computing the excess counts in the signal region. This is a conservative estimate, as the

p-value for the constant fit does not clearly exclude this model. Additionally, there is no physical

reason to model the dz projection data with a slope, except for the fact that there seems to be some

unexplained detector effect causing a negative slope.

For each model, the goodness-of-fit metrics are given in Table 5.5. For the AC scaled models,

the metrics are calculated from the fit to the AC data, because in these models it is assumed that the

shape of the background is the same in both regions.

The full results are shown in Table 5.6. The events in the 𝛼𝛼−decay region is higher than the

background prediction, but this deviation is not greater than two standard deviations.

The direct RnPo region fit with a linewas chosen as the nominalmodel, as it captures the slope of

the background in the simplest way. This gives us a value of 𝑁excess = 18.6±8.0 (stat.)+10.1
−0.8 (model),

where the model uncertainty reflects the maximum deviation observed when varying the back-

ground model used. Accounting for the expected number of anomalous events in the Q-value cut

region from Section 5.4.3 (3 events), the excess is reduced to a deviation below 2𝜎. The statis-

tical significance of this deviation is below the level required to claim evidence for a signal. The

90% Feldman-Cousins confidence interval, obtained from the envelope of all acceptable models,

is 𝑁excess ∈ [6.1, 42.1]. This is the most conservative estimate of the excess in the double alpha

signal region, and is used to set limits on the 𝛼𝛼−decay branching ratio.

The next step in the analysis was to examine the opening angles of all of the two alpha events to

see if it is markedly different from an isotropic distribution. The plots of the opening angle distribu-

tion are shown in Figure 5.38. In black is what the isotropic distribution should look like, weighted

by the efficiency to detect a double alpha event at different opening angles. The data in blue are all

two alpha events fitted, whose residuals did not exceed ∼ 4× the mean of the residual distribution,

and whose x- and y-values of the origins of either event did not end up near the boundaries of the

fitter (±40 mm). A subset of this data is shown in red. These are candidate simultaneous double

alpha events whose origins lie within 5 mm of each other in dxy and dz. If the branching ratio
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Figure 5.37 All of the models applied to the d𝑥𝑦 < 5.0 mm data. The solid lines represent the fits
to the AC background region, which is then scaled to the statistics in the RnPo region. The dashed
lines represent direct fits to the RnPo region.

Model 𝜒2/dof p-value
Constant (fit on Accidental Coin. Band) 1.20 0.244

Constant (direct) 1.56 0.060
Exponential (fit on Accidental Coin. Band) 0.65 0.864

Exponential (direct) 0.93 0.539
Linear (fit on Accidental Coin. Band) 0.65 0.866

Linear (direct) 0.93 0.542
Quadratic (fit on Accidental Coin. Band) 0.68 0.823

Quadratic (direct) 0.98 0.472

Table 5.5 Quality of the fits of the backgrounds for different models. One approach fits the back-
ground in the dxy > 5.0 mm dz projection, and scales that model to the statistics of the dxy < 5.0 mm
dz projection (‘fit on Accidental Coin. Band’). The values in the table for this approach represent
how well the model fit the accidental coincidence band, prior to being scaled and applied to the
RnPo data. The second approach fits the RnPo data (sans the first dz bin) directly as background
(‘direct’).
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Table 5.6 Results from Fitting Background to Signal Peak in TwoAlpha Data. The excess uncertain-
ties combine the Poisson uncertainty from statistics with the model uncertainty from the covariance
matrices of the fit.

Model Model Bkg in Signal Cut Excess in Signal Cut FC 90% CLI of Excess

Simulation 28.29 ± 0.99 28.71 ± 7.61 [16.76, 42.06]
Constant (scaled) 30.78 ± 0.74 26.23 ± 7.59 [14.49, 39.54]

Exponential (scaled) 35.54 ± 1.77 21.46 ± 7.75 [9.77, 35.25]
Linear (scaled) 35.18 ± 1.59 21.82 ± 7.72 [10.08, 35.59]

Quadratic (scaled) 34.96 ± 2.58 22.04 ± 7.98 [9.80, 36.52]
Constant (direct) 29.68 ± 1.25 27.32 ± 7.65 [15.46, 41.23]

Exponential (direct) 39.18 ± 3.18 17.82 ± 8.19 [6.13, 32.09]
Linear (direct) 38.41 ± 2.78 18.59 ± 8.04 [7.02, 33.07]

Quadratic (direct) 38.60 ± 4.49 18.40 ± 8.79 [6.14, 33.92]

of simultaneous double alpha decay is boosted by clusters forming at opposite ends of the nucleus

and emitting back-to-back alphas, one would expect to see an excess of counts in the final red data

point. If the two alpha particles are being produced by 8Be decay into two alpha particles, one

should expect an excess of counts near 10◦. In both of these extreme cases, the plots do not bear

this out to a statistically significant degree, so more stringent upper limits to these double alpha

decay mechanisms can be set using this data.

A background to the counts in the final bin near 180◦ was estimated using the total counts in

the dz projection for events with dxy < 5 mm and opening angles greater than 167◦ (6 counts),

divided by the number of bins (20). This gives a value of 0.7 for counts above background at 180◦.

The statistics are too low for this to be used as an excess, so we report a 90% confidence interval

consistent with zero: [0.0, 4.0].
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Figure 5.38 Opening angle distribution of all fitted two alpha events (blue), two alpha events with
origins near (dxy < 5 mm and dz < 10 mm), and a theoretical isotropic opening angle distribution
weighted by the geometric efficiency. The geometric efficiency was simulated in ten degree incre-
ments from ten degrees to 180 degrees (back-to-back). Because there is low statistics in the similar
origin events data, the 68% Garwood confidence intervals were used for error bars. [168]
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CHAPTER 6

SUMMARY & DISCUSSION

6.1 LIBRA and the Particle X-ray Coincidence Technique

We have demonstrated that LIBRA is a capable instrument in measuring many aspects of astro-

physically relevant data. LIBRA is able to measure all charged particles, x-rays, and gamma rays

emitted in EC/𝛽+ decay. This information combined allows us to determine the lifetimes, ener-

gies, and proton, alpha, and gamma branching ratios of resonances populated during electron cap-

ture. Coincidence measurements with LIBRA provide additional nuclear data on the proton/alpha-

emitting states in the compound nucleus, and the subsequent states in the daughter nucleus. All of

these data are essential inputs to statistical models for calculating reaction rates.

This comprehensive capability of LIBRA to measure all of this information in a single experi-

ment, rather than making multiple indirect measurements, is increasingly useful as we probe harder

and harder to produce nuclei. The data produced from experiments using LIBRA will constrain

thermonuclear reaction rates, such as the 59Cu(𝑝, 𝛾)60Zn and 59Cu(𝑝, 𝛼)56Ni reactions.

This system can also be used in many other experiments studying similarly competing reactions,

such as the ZnGa cycle, to further reduce uncertainties in p-process nucleosynthesis and X-ray burst

light curve predictions.

6.2 Alpha Decay to Excited States

During this experiment, high purity germanium detectors were used in an attempt to identify

new alpha decays to excited states, particularly in the alpha decays of 220Rn and 216Po. Only the

decay of 220Rn to the 550 keV excited state of 216Po had been previously measured. The noble-gas

nature of 220Rn likely makes measurements of its 𝛼–𝛾 decays, as well as those of its short-lived

daughter 216Po, more challenging using conventional methods based on solid sources. Our TPC is

well suited to detect 220Rn alpha particles, and when coupled with the LIBRA detectors provides a

powerful system for performing this measurement.

The HPGe detector dimensions and placements relative to the TPC were implemented into
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GEANT4. The 220Rn radiation distribution was implemented (x- and y- dist from data, z-dist from

diffusion/flow models), and simulations were run at a variety of energies to determine the detec-

tors’ efficiencies to the gamma rays of interest, see Figure 5.18. The Ge detector geometries used

in the simulations were previously validated with LIBRA calibration data. Since the source of ra-

diation distribution was unknown, their efficiencies were tuned along the total efficiency curve of

Figure 5.17 to match the data via the ratios of the counts in the 550 keV peak in the north and south

detectors (i.e. instead of a total efficiency of 1.46%, as predicted by the simulation of the 550 keV

gammas decaying in the modeled radiation distribution, it is shifted further along the z-axis of Fig-

ure 5.17 until the ratios of the peaks are closer to one, and the total efficiency then becomes 2.27%).

This method results in an 𝛼𝛾−decay branching ratio to the 550 keV excited state in 216Po that is

in agreement with the previously measured data, and gives confidence that the other limits set are

using reasonable efficiencies.

In the search for new alpha decays to excited states in the 220Rn decay chain, alpha-gamma co-

incident events were extracted in the following way. A gate was placed on the mesh signal above

a certain threshold, and data from events from the HPGe detectors that occurred within the co-

incidence window of 10 𝜇s were plotted in an energy spectrum. The data in this histogram was

compared to a pre-experiment background spectrum, normalized with the 1460 keV 40K peak.

We observed a significant intensity at 550 keV, consistent and competitive with the most precise

previous measurement of the known 220Rn →216 Po∗ decay, as well as at 728, 786, 1080, and 1621

keV, which are all from increased activity from 212Bi due to its presence in the 220Rn decay chain.

We use the known 550 keV alpha-gamma 216Po state as a complementary method to find the

number of 220Rn decays in the TPC, although this method is less precise and may be affected by

uncertainties in the radiation source distribution.

In the search for evidence for new single alpha decays to 216Po excited states, we examine mul-

tiple candidate states that show no statistically significant excess, allowing us to place upper limits

on the branching ratios to these excited states for 220Rn →216 Po∗ + 𝛼 and 216Po →212 Pb∗ + 𝛼

decay.
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Figure 6.1 220Rn 𝛼𝛼−decay branch. Results from different fits to the data compared to the theoreti-
cal estimates. The nominal model is the direct linear fit, and the error takes into account model and
statistical uncertainties. The hatched region on the right uses the excess in counts in the last bin of
Figure 5.38, and assumes back-to-back alpha particles. It shows the 90% confidence interval.

6.3 Double Alpha Decay Branching Ratio

We present the upper limit of the branching ratio for simultaneous, back-to-back 𝛼𝛼−decay in
220Rn in Figure 6.1. The shaded region represents the excluded region for the back-to-back signal,

using the 90% confidence upper limit from the back-to-back opening angle bin in Figure 5.38.

For each of the background models, no angular constraint is placed on the data. The number

of counts observed in the dxydz distribution is slightly larger than the background predicted by

serveral models. Using the linear fit directly to the RnPo data as a nominal background model gives

a difference of 𝑁excess = 18.6±8.0 (stat.)+10.1
−0.8 (model). This is interpreted as being consistent with
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background fluctuations, especially when lowered by the estimated 3 anomalous events calculated

from Section 5.4.3.

The opening angle distribution provides an important test of the decay kinematics predicted

by the models. They assume a back-to-back emission of the two 𝛼−particles, and no excess is

observed in the 180◦ bin of Figure 5.38. The data is consistent with the isotropic expectation.

Therefore, a 90% confidence limit is set on the 180◦ opening-angle bin data. Consequently, the

data does not support the specific back-to-back decay mechanism predicted by two of the three the

theoretical models. The limit shown in Figure 6.1 can be directly compared with the microscopic

model prediction.

Possible sources of coincident, alpha-like events induced via reactions rather than decays were

briefly examined. No clear mechanism capable of producing significant numbers of events within

the signal region was identified. Given the statistical limitations of the dataset, the results are con-

servatively interpreted as limits rather than evidence for a new decay.

Searches for simultaneous 𝛼𝛼−decay requires more experimental work with larger statistics and

improved background constraints.
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CHAPTER 7

OUTLOOK

Although no statistically significant evidence for 𝛼𝛼−decay was observed in thsi work, the analysis

demonstrates that the technique is sensitive to branching ratios approaching the range predicted by

recent theoretical models.

7.1 Future Improvements to Data Analysis

For this analysis, the biggest improvements that could bemade right now, given enough comput-

ing resources to parse the terabytes of data, would be improvements to the background subtraction

of the traces for energy calculation purposes, as well as pad-by-pad gain-matching to improve the

energy resolution of the alpha spectra. This would allow for tighter gates on the alphas of interest,

and smaller uncertainties in the final results. However, because the pad gain matching data takes

into account a variety of information, such as thresholding and edge effects as well as the differences

in pad gain, it would still not be used for fitting individual events.

In the fitting of events, there are a few improvements to discuss. Firstly, a free parameter that

controls the uncertainty in noise and pad gain could be added along with the physical parameters in

an effort to account for correlated and unaccounted for uncertainties not included in the likelihood

function, see Ref. [169] for more information. Emulators could also be implemented to reduce the

computation time of the likelihood function, allowing for faster iteration and more improvements

being made due to the ease of experimentation with fitting the data. As of now, iterating on TPC

data fits can be difficult given the slow time to converge and amount of compute necessary to process

even one event, or tens of events in a highly parallelized way.

Additionally, it would be ideal to run a more comprehensive analysis of the errors associated

with each fit parameter by profiling the likelihood function for each fit. However, as discussed,

this is highly computationally expensive and would take a very long time with the tools currently

available.
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7.2 Future Tests of Double Alpha Decay

In future offline experiments measuring double alpha decay, it would be most useful to get a

better validation of the source distribution of the radiation in the detector.

Replacing the current mass flow controller used in GADGET’s gas handling system with a

component that can handle even higher outgoing pressure to the chamber would ensure we contain

a higher percentage of the two alpha events that decay in the active volume, because it would shorten

the tracks. One disadvantage of this is that we have a finite range resolution, which would cause

different alpha energy clusters to overlap more and more the higher the pressure is set. A larger

volume TPC, particularly a TPC with increased radius, would also be marginally beneficial, as it

would lessen the impact of the edge effects discussed in Section 5.4.4. It would also allow the TPC

to be run at lower pressure with longer tracks. However, this would have to be coupled with the

improvement in radiation distribution. The smaller the volume of gas between the original 228Th

source and the active volume of the detector, the more 220Rn nuclei can reach the chamber before

decaying.

7.2.1 Beamline Experiments

A beamline experiment has the advantage that the beam distribution is well-modeled, and it

produces the nucleus of interest at rates much higher than the work presented here. However, larger

rates can prove difficult given the additional background from accidental coincidences. Provided

that the accidental coincidence rate can be controlled, an ideal candidate would be one whose se-

quential, intermediate 𝛼-decay is either extremely long-lived, or entirely energetically forbidden.
108Xe would be a particularly interesting candidate to study with GADGET II, given that FRIB is

one of (if not the only) places on earth that will be able to produce it in sufficient quantities, but

also the 𝛼𝛼-decay channel creates 100Sn, a doubly magic nucleus, which possibly enhances the

branching ratio of this channel. Unfortunately, there is not enough known about the intermediate
104Te nucleus’ structure, and thus it would be difficult to disentangle the 𝛼𝛼-decay channel from

a sequential 𝛼−decay channel, which would require on our part very narrow energy resolution.

Thus, it would be better to stick to cases where one of the two 𝛼−decay Q-values are energetically
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forbidden, of which there are ∼50 cases to choose from [128].
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A.1 Brief Aside about Half-lives

Since the discovery of the nature of half-lives of radioactive nuclei in 1900 by Rutherford, there

are two observed properties that allow us to derive the exponential decay law. First, each radioactive

nucleus has some probability of decay, and second, this probability ‘does not depend on the past

history of the individual decaying nuclei.’ From this, we get a phenomenological description of

exponential decay: ‘the variation of the number 𝑁 (𝑡) of radioactive nuclei which are present at

time 𝑡 during the infinitesimal interval of time 𝑑𝑡 must be proportional to 𝑁 (𝑡) and 𝑑𝑡:

𝑑𝑁 (𝑡) = −𝜆𝑁 (𝑡)𝑑𝑡 (1)

from which we get the exponential decay law

𝑁 (𝑡) = 𝑁 (0) exp(−𝜆𝑡) (2)

where 𝜆 is the decay constant of the radioactive nucleus’ [171]. While Equation 2 describes exper-

imental observations extremely well, it does not theoretically describe why this is the case. Semi-

classically, this was first tackled by R W Gurney and E U Condon, and by G Gamow in 1928. The

argument was based on an alpha particle in the nuclear potential well with some non-zero proba-

bility to tunnel through and create a decay event, leading to this aleatory property of nuclear decay.

In the case where a nucleus has more than one way it can decay, these ‘decay channels’ (a and

b) can end up producing 2 different nuclei after the decay. ‘The rate of decay into mode a (𝑑𝑁/𝑑𝑡)𝑎

is determined by the partial decay constant 𝜆𝑎, and the rate of decay into mode b (𝑑𝑁/𝑑𝑡)𝑏 by 𝜆𝑏’:

𝜆𝑎 =
−(𝑑𝑁/𝑑𝑡)𝑎

𝑁
(3)

𝜆𝑏 =
−(𝑑𝑁/𝑑𝑡)𝑏

𝑁
(4)

The total decay rate (𝑑𝑁/𝑑𝑡)𝑡 is

−
(
𝑑𝑁

𝑑𝑡

)
𝑡

= −
(
𝑑𝑁

𝑑𝑡

)
𝑎

−
(
𝑑𝑁

𝑑𝑡

)
𝑏

= 𝑁 (𝜆𝑎 + 𝜆𝑏) = 𝑁𝜆𝑡 (5)
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where 𝜆𝑡 = 𝜆𝑎 + 𝜆𝑏 is the total decay constant. It is useful to keep in mind that whether you

are detecting decays from modes a or b, the thing you are ultimately observing is always the total

decay constant, 𝜆𝑡 . In order to measure the partial decay constants, we must accurately measure

the amount of initial particles we have (N), and have a really good idea of the efficiency of our

detection set up to get an accurate number for total decays coming from specifically mode a, for

example. Alternatively, we need an accurate measurement of the ratios between all of the decay

modes to measure the partial decay constants and branching ratios.

At our current place in time as physicists, the randomness of the decay process does not bother

us. However, at the time these discoveries were being made, it was harder to accept that it is im-

possible to know what an individual system will do at a given time, as quantum mechanics was not

a well-established field of study. Keep in mind that this randomness is markedly different than say

a roll of dice. In the case of a dice roll, a physicist, given precise enough starting conditions (shape

and position of dice, force applied during the roll), could reliably predict the outcome every time. In

quantum mechanics, this is not the case. The level of precision we would need to accurately predict

when a given nucleus would decay is impossible to measure; forbidden by the underlying formalism

of quantum mechanics. This inherent uncertainty is born out as randomness, which allows us to

model nuclear decay as exponential.

A.2 LIBRA Detector Information

Physical copies of LIBRA’s detector and hardware manuals can be found in room 1035. The

following pages are scans of the datasheets sent to us by the manufacturers of the detectors used in

the LIBRA setup. For more general information on these semiconductor detectors, see Knoll [107],

and this link to Mirion’s System Considerations with High Resolution Detectors and this link to

Mirion’s Germanium Detector User’s Manual. FRIB’s online copy of Mirion’s Cryo-Pulse 5 plus

Electrically Refrigerated Cryostat user’s manual.

A.3 Why 220Rn?

Santhosh, Zhao, Chandran, and Denisov agree we should expect minimum half-lives for double

alpha decays where the daughter is most stable. In the case of looking for double alpha decays then,
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we should be using nuclei with proton/neutron numbers of 6, 12, 24, 32, 54, 86, or 130. Indeed,

Denisov states that 108Xe is a very promising experimental probe of 𝛼𝛼−decay. Enthusiastic readers

might inquire, ‘well if that is the case, 220Rn satisfies this for proton number (86), but not for

neutron number (134), why not use 216Rn!?’ And while it is true that using 216Rn might mean

that, theoretically, the half life of double alpha decay might be lower, and thus easier to measure

against the competing and dominant single alpha decay, there are a few issues experimentally with

this. One, we have an extremely convenient set up whereby we can, with the use of a common

test source, pump 220Rn into our detector to be measured offline. If we were to use 216Rn, this

would require us to produce it in some other, much more expensive way, which is likely unfeasible

for the long duration we ran the experiment; this is also why an ‘ideal’ nucleus like 108Xe is not

among the first candidates being measured. Extremely enthusiastic readers might have noticed the

second issue, which is that the single alpha decay channel goes through 212Po, which has a half-life

of <300 ns, meaning that there is a high probability that we see the sequential decay occurring

simultaneously (in view of our detector), reducing our ability to probe for the double alpha decay

mode we are interested in. Other 𝛼𝛼 candidate nuclei in this region may be produced by a full-

powered FRIB in the future at rates that make it possible to conduct the search for 𝛼𝛼−decay, but

such beam time is not guaranteed, and may be a decade or more away.

In any case, Zhao et al. show that the predicted half-lives for 𝛼𝛼−decay are highly depen-

dent on the Q-value of that decay, and our choice of 220Rn lies in the ‘golden region’ shown in

Figure A.1 [141].

A.4 GADGET II Operation Guides

Procedure 0 1 3 4 5 6 7 8 9 10
Pump GHS X V V X X V V V V X

Pump Detector X V V V V V V V V V
Flow Gas V V V V V X X X X X

Introduce Rn V V X V V V V X X X

Table .1 Valve Status Summary (V – open, X - closed)
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Figure A.1 Zhao et al.’s version of Figure 3.2. The chart shows nuclei whose Z and N are > 50, and
whose 𝑄2𝛼 values are > 0. Zhao et al. states the higher the Q-value, the more favorable that nuclei
is as a candidate [141].

A.4.1 Gas Handling System Operating Procedure

The following are instructions to operate GADGET under different circumstances.

Pump Gas Handling System (GHS):

1. Check voltages are off (cathode, gating grid, and Micromegas). Turn off both crates to

ensure this is the case.

2. Monitor detector pressure.

3. Isolate detector by closing valves 4, 5, 10.

4. Valves 0a, 0b, 4, 5, 8, 9, 10 closed. Valves 3, 6, 7 open.

5. Only open 1a or 1b if connected to bottle.

6. Open 1a/1b.
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7. Open valve 9.

8. Turn on pump.

9. Turn off mass-flow controller or set pressure to zero. Open valve 8.

Pump Detector:

NOTE: always try to avoid situation of holding the detector at lower pressure than the GHS

while valve 4 is open.

1. Follow procedure to pump GHS.

2. Valves 0a, 0b, 4, 5, 10 should be closed. Valves 3, 6, 7, 8, 9 open.

3. Only open 1a or 1b if connected to bottle.

4. Open 1a/1b.

5. Open valve 5 for slow pumping (about 10 torr per second at most).

6. When pressure in chamber drops below 200 torr, open valves 4, 5 (fully), and 10.

7. If swapping gas bottles, pump to about 10 millitorr before reintroducing gas to the system

and detector.

Flow Gas Through Detector:

1. Follow instructions for pumping GHS and detector.

2. Close valves 0a, 0b, 1a, 1b, 4, 5, 7, 8, 9, 10. Valves 3 & 6 should be open.

3. Recheck voltages are off (cathode, gating grid, and micromegas).

4. Set mass-flow controller to the desired pressure.

5. Regulator attached to the gas bottle should NOT be set higher than 30 psig.

6. Open valve 0a or 0b, then open the corresponding valve 1a or 1b.
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7. Use valve 4 to break vacuum at no more than 10 torr per second.

8. Open 4 fully when complete.

9. Adjust valve 5 to allow the desired flow rate.

Introduce 220Rn to gas:

1. Follow instructions for flowing gas through detector.

2. Open valves 6 & 7.

3. Close valve 3.

Turn HV on:

1. Inspect system to verify:

• 20 kV SHV (red cable) is connected to the cathode, and the grounding SMA (white)

is connected to the “cathode ground” electrical feedthrough. The other end of the

red cable should be connected to the CAEN HV module.

• Two SMA (black cables) are connected to the ‘gg pos’ and ‘gg neg’ electrical feedthroughs.

The other ends should be connected to the gating grid switch.

• Two or three cables connect the MHV-4 module to the switch, according to the rele-

vant gating grid mode. Connecting “POS” input at lower absolute potential relative

to “NEG” in the same port will damage the switch.

• The preamp is connected to the Mesytec MHV-4 module.

• A grounding cable is connecting the electronics rack to the network ground. Make

sure the inner frame of the electronics rack is connected to ground, not the outer blue

frame.

• A grounding cable is connecting the rack to the detector.
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• A grounding cable is connecting the preamp grounding screw to the Micromegas

support ring.

2. Verify the pressure in the chamber. Note that while valve 4 is closed, the mass-flow con-

troller does not measure the pressure in the chamber. Make sure that the HV that you are

about to apply is appropriate for the pressure in the chamber. Specify Pressure.

3. Set interlocks for both HV modules. The interlocks should be no more than 20 𝜇A for the

MHV-4 module and 40 𝜇A for the CAEN module.

4. If the chamber was exposed to air since the last time HV was applied, set ramping rate of

5 V/s in both modules. Otherwise a ramping rate of 50 V/s is normal.

5. Turn on the CAEN HV. Monitor the current as it is ramping. 3.75 𝜇A/kV is normal. Wait

until ramping is complete. The field cage should be set to 6 kV.

6. Turn on the gating grid high voltage. Monitor the current. Up to a few 𝜇A is normal

7. Turn on the Micromegas bias slowly. A transient current should go up to 20 𝜇A, but zero

current is expected at steady state.

NOTE for HV remote operation:

• As a general rule, avoid remote control of the HV if it is not necessary.

• Before switching the CAEN HV module to “remote” mode, all the steps should be made

as for turning it on.

• When dealing with any of the HV cables during experiment, one must exit “remote” mode

until the work is complete.

Turn HV off:

1. Make sure not to kill the HV on the CAEN module, but to turn it off (switch in the middle

position) so that the module can ramp down the voltage more safely.
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A.4.2 Schematic of GADGET Gas Handling System

A.5 GADGET Group Analysis Repository

GADGET Group Github

ATTPC Group uses data analysis tools that are very similar to our group’s. Their code can be

found here for reference: ATTPC Group Github

The coincidence analysis is done via the scripts found in directories /user/protondetector/

readout/rootfile/ and /mnt/daqtesting/protondetector/stagearea/.

A.6 Other Figures

The Thorium series, with names of the isotopes from the early 1900’s illustrating early nuclear

physicists’ understanding at the time:
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Figure A.2 Schematic of GADGET Gas Handling System (GHS). Components highlighted in a
dashed red line are outside of the GHS rack-mounted enclosure.

177



232Th (Thorium I) 1.4 × 1010 yr

228Ra (Mesothorium I) 5.8 yr

228Ac (Mesothorium II) 6.2 h

228Th (Radiothorium) 1.91 yr

224Ra (Thorium X) 3.63 d

220Rn (Th Emanation) 55.6 s

216Po (Thorium A) 0.144 s

212Pb (Thorium B) 10.63 h

212Bi (Thorium C) 60.6 m

212Po (Thorium C′) 295 ns 208Tl (Thorium C′′) 3.05 m

208Pb (Thorium D) stable

𝛼

𝛽−

𝛽−

𝛼

𝛼

𝛼

𝛼

𝛽−

𝛽− 𝛼

𝛼 𝛽−

A.6.1 dxy vs dz plots

Another methodwas attempted using the efficiency corrected radial distribution of the radiation.

The x- and y-distributions were corrected for geometric efficiency and fitted with a few functions,

of which a quadratic seemed to perform the best. This function was then used to extend the radial

distribution to the edge of the detector in an attempt to eliminate the edge effects caused by the
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(a) Run 55 (b) Run 155

(c) Run 255 (d) Run 355

(e) Run 455 (f) Run 555

Figure A.3 Range versus Energy plots with no veto condition for runs throughout the experiment
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Figure A.4 Efficiency corrected radial distribution of the radiation, fit with a quadratic and extended
to the edge of the radius of the active surface of the TPC.

Figure A.5 Results of fitting the data with the simulation using the extended quadratic radial distri-
bution.

centroid method shown in Figure 5.10. The subsequent radial distribution is shown in Figure A.4.

However, the resulting dxy vs dz plot produced by this simulation is much too broad, reflecting

much the same issue that the other models used for this simulation exhibit, shown in Figure A.5.

I believe it makes sense that the geometric efficiency corrected distribution does not work well

here, because the geometry correction is using alphas emitted isotropically, whereas the x- and

y-distributions come only from events emitted along the z-axis.

A.6.2 220Rn Decay Chain

There is not entirely clear evidence that 212Bi decays mostly on the cathode, so it is assumed

that it has an efficiency to be detected closer to 220Rn and 216Po than 212Po, which we have more

evidence for. In the case that 212Bi does decay near the cathode, there would be a lowering of the

efficiency to observe it in the detector, as about half of the alphas would be emitted directly into a

solid, and not be observed. The plot in Figure A.6 shows this assumption by halving the number of
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Figure A.6 The same simulated data is plotted on the left. However, when the parameters of that
fit are used to fit the real data on the right, the 212Bi peak (lowest energy) is assumed to have half
the counts in it in an attempt to compensate for a scenario in which the Bismuth is decaying after
getting stuck to the surface of the cathode.

Parent Nucleus Alphas Observed
212Bi (4.43 ± 3.15) × 106

220Rn 5.31 ± 0.30 × 107

216Po (4.93 ± 0.30) × 107

212Po (1.21 ± 0.19) × 107

Table .2 Total number of alpha particles in each peak, assuming Bismuth decays on the cathode.

alphas in the Bismuth peak after fitting the simulation.

This effect would boost the relative number of 220Rn and 216Po alphas in the spectrum, which

Table .2 shows.

A.6.3 Disintegration Events
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Figure A.7 Event displays for selected runs.
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