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ABSTRACT

The HUNTER (Heavy Unseen Neutrinos from Total Energy-momentum Re-
construction) experiment bridges Atomic, Molecular, and Optical (AMO) physics
with nuclear physics to search for a long-theorized particle. This elusive particle
could provide key insights into the universe’s mysteries, including dark matter and
baryon asymmetry. The hypothesis of the sterile neutrino emerged from the discov-
ery of neutrino oscillations, where experiments observed a discrepancy between the
expected and detected neutrino flux, prompting deeper investigations into the nature
of neutrino mass. The leading explanation for the small mass of neutrinos is the ‘see-
saw’ mechanism, which proposes that all neutrino flavor eigenstates arise from the
mixing of active neutrinos with small masses and (left-) right-handed ‘sterile’ (anti-)
neutrinos with large masses. The sterile neutrino is considered a candidate for new
physics beyond the Standard Model, and the HUNTER experiment is searching for
these neutrinos in the 20-280 keV mass range using high-precision measurements.

The HUNTER experiment studies the electron capture decay of laser-cooled,
magneto-optically trapped '3'Cs. During decay, **'Cs produces a **'Xe ion, X-
ray, Auger electrons, and a neutrino. Assuming the 3!Cs was initially at rest, the
momenta of all decay products, except the neutrino, will be measured with high-
precision detectors. The missing neutrino mass will then be reconstructed using
energy-momentum conservation. The thesis will cover the design and testing of the
X-ray detector, the simulation of the electron spectrometer coils, and the development
of the MOT system and hyperfine experiment.
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CHAPTER 1

THEORETICAL BACKGROUND

The neutrino was rst proposed in 1930 by the Austrian physicist Wolfgang
Pauli as a solution to the apparent violation of energy conservation and momentum
in decay. Pauli suggested the existence of a neutral, nearly massless particle that
could explain the observation of the continuous electron energy spectrum indecay.
The postulation of the particle arose when experiments observed that the energy and
momentum of the emitted electron following the beta decay were inconsistent with
this two-body decay. Because of conservation laws, physicists believed that the beta
decay should lead to an electron (the particle) with a discrete energy spectrum.
However, experiments showed that the emitted electrons had a continuous range of
energies [1]. Following Pauli's Proposal in 1930, the neutrino was experimentally
detected in 1956 by American physicists Clyde Cowan and Fredrick Reines using a
nuclear reactor as the source of neutrinos [2]. The experiment became known as the
Cowan- Reines neutrino experiment, and Reines received the Nobel Prize in Physics
in 1995. However, there are still questions regarding the neutrino mass.

In the 1970s, Glashow, Salam, and Weinberg developed the electroweak theory,
unifying the electromagnetic and weak nuclear forces, which was crucial for under-
standing particle interactions, including those involving neutrinos [3]. Experiments
later observed neutrino oscillations triggering a deeper dive into the neutrino mass.
The "see-saw" mechanism is the theory that explains the small neutrino mass sug-
gested by these oscillations and provides the theoretical foundation for the HUNTER
experiment.

1.1 Brief History of the Electroweak Interaction

In 1896, Henri Becquerel discovered radioactivity, which was later classi ed into
three types of radioactivity: , ,and by Ernest Rutherford. Then, in 1934, Enrico
Fermi developed the rst theory of weak interaction by proposing an interaction term
corresponding to decay within the weak interaction. The neutrino played a central
role in Fermi's theory, where he envisioned decay as the neutron transforming into
a proton while emitting an electron-neutrino pair [3].



Fermi proposed that the particles involved in decay interact at a single four-
fermion vertex [4], as depicted in the corresponding Feynman diagram in Fig. 1.1
below.

Figure 1.1: Beta decay Feynman diagram

In Quantum Electrodynamics (QED), the electromagnetic currenig of a charged
particle interacts with the electromagnetic vector potential A, which acts as the pho-
ton's eld operator:

Le = eJEA (1.1)

Whereeis the electrical charge of the electron. The interaction term in Fermi's theory
of the weak interaction becomes:

Le = p%(‘pn ev+ np ve) (1.2)

Where the weak current of the proton-neutron pair,pn, interacts with the weak
current of the electron-neutrino pair,ev. The symbolsp;n;e; and v represent the
corresponding eld operators for the proton, neutron, electron, and neutrino, respec-
tively, and G is the Fermi coupling constant, which characterizes the strength of the
weak interaction with the value. The proton mass isn, = 1:67262192369 10 % kg.

10 °
Gk = ms

1:166 10 °GeV ? (1.3)

An extension of Fermi's proposal was needed after Lee and Yang proposed parity
violation in the weak interaction to explain the two decay channels oK + in 1956 [5].
As an extension to the interaction term in equation 1.1, the interaction Lagrangian
density is written as
L =eU, UupA (1.4)



Where tu, u, is the proton current, u, is the Dirac spinor of the proton, andA
is the electromagnetic four-potential. In the decayn p+e + Vv, A becomes
Ue Uy Which is the lepton current,

L =Ge(Up Uy)(Ue uy)+ hic: (1.5)

Where is the Dirac matrix. Equation 1.5 is generalized to

X .
L = Gi(u,0iun)(UcO'uy)+ h:c: (1.6)

Where G; is the coupling constant for dierent couplingsO; [3]. The Lorentz
covariants O; are:

Os=1 Scalar S (2.7)

Oy = Vector (V) (1.8)

Or = = ;( mu ) Tensor (T) (2.9)
Oar = 5 AxialVector (A) (1.10)

Op = 5 Pseudoscalar (p) (2.12)

The mentioned parity violation imposes speci c combinations of invariants in equation
1.6. In 1957, Chien-Shiung Wu experimentally con rmed parity violation in the weak
interaction by observing the anisotropic emission of electrons during the decay of
polarized®°Co, revealing that only left-handed electrons were produced in beta decay
[6]. This led to the understanding that the weak vector and the axial vector terms
must be combined into the weak currents to include parity violation in the weak
interaction theory:

J =iv+ia=t0u+ O C su = 101+ C s5)up (1.12)

Subsequent experiments and theories demonstrated that the four-fermion vertex
shown in Figure 1.1 consists of two distinct vertices connected by the propagator of
heavyW or Z° bosons. The Lagrangian density becomes,

L = Gi(UpOi(1+ Ci s5)un) 9 q'\Z/IqZ)

Xi & M (UO'(1+ Ci s)uy)+ hic:  (1.13)



Where G; is the coupling constant, i(g ?\A—‘l):qz M 2 is the intermediate vector
boson propagatorM is the mass of the mediator, and is the exchange of the momen-
tum in the weak interaction. Experiments found that the weak interaction includes
only i= V, A terms, which are the Fermi transition and Gamow-Teller transitions
terms, respectively [7].

The new Lagrangian density term in equation 1.13 describes charged current
weak interactions, where the charge of lepton changes and is mediated by the chaiged
bosons. These interactions also enable leptons to interact without altering their elec-
tric charge and are mediated by thez® boson as shown below,

jzo=U1 (cv Ca 5)U2 (1.14)

Wherecy is the coupling coe cient related to the strength of the interaction between
particles via theW bosons, andc, is the axial vector coupling coe cient describing
how the interaction depends on the spin and parity of the particles. The de nition
of these coe cients is determined by the uni cation of the electromagnetic and weak
interaction achieved by Glashow, Salam, and Weinberg [8], [9], [10].

1.2 Neutrino Physics

1.2.1 Neutrino Oscillations

Within the rst few decades after the discovery of the neutrino, the neutrino was
thought to be massless. However, in 1968, the Homestake Experiment (Davis Solar
Neutrino Experiment) measured a di erence between theory and actual measurement.
The primary goal of this experiment was to detect neutrinos produced by nuclear
fusion in the Sun and to measure their ux. This was based on the prediction that
the Sun generates energy through fusion reactions that produce many neutrinos.
However, only about one-third of the predicted neutrinos were detected [11]. This
discrepancy was eventually found to be real and due to neutrino oscillations.

Neutrino oscillations occur when a neutrino created in a de nite avor state
(electron, muon, or tau) is actually in a superposition of di erent mass eigenstates.
As the neutrino propagates, the superposition evolves, leading to the possibility of
a neutrino being detected in a di erent avor state than when it started. The mass
eigenstates evolve di erently over time because their di ering masses cause their rel-
ative phases to change [12]. The mathematical interpretation of neutrino oscillations



is discussed here. As shown below, the three neutrino eigenstates can be written as
a linear combination of the mass eigenstates.

0O 1 0 1 0 10 1
e 1 Uel Ue2 Ue3 1
% % = Upmns % 2§ = %)U 1 Uy U 3§ %} 2% (1.15)
3 U; U, Ugs 3

Where the Upyns matrix is the Pontecorvo-Maki-Nakagawa-Sakata matrix shown
below.

0 1
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Upuns = % S12C23  C12S23513€ ' Ci2C3  S12523513€ 323C13§ (1.16)
S12S23  C12C23S13€ C12S23  S12C23S13€ Co3C13

Here, Cj = cos( i), s =sin( j), and j are the mixing angles, and is the
Dirac phase factor [4]. The neutrino avor and mass eigenstates can then be expressed

as:
. . X .
j (t=0)i= U, j il (1.17a)
i=1;2;3
. . X -
jit=0)i= Uij i (1.17b)

The energy of the mass eigenstates 2 = p? + m2, and the time evolution
comes into play by multiplying the mass eigenstate by a Heisenberg phase factor
e B! causing the avor state to evolve according to the equation below:

X3
JoMi= U ()i
k=1
X3
= Uk exp( IEkt)j Kl (118)
k=1

The neutrino avor eigenstate at time t is,

. . X . o
j (i = U U, exp( iExt)] I (1.29)



And the probability of nding the neutrino in a di erent avor eigenstate after prop-
agating is,

e 2
P = U Uy exp( iEgt)
k=1
3 X3
= U U, Uj Uj exp( I1Et) exp(iEjt) (1.20)
k=1j=1

Given that neutrinos are expected to be ultra-relativistic, we can use the approxima-
tion,

a 2 2 E m? m?
E = jﬂ + m :Jﬂ 1+f:jﬂ-+f (121)
jg? 2id
Which gives the probability
B 3 (m2 m?)L!
P = UcUU; Ujexp  i——"— (1.21)
k=1j=1 2E

where we have assumed that the neutrino is propagating with the speed of light,
L =ct,andp= Ex = E; = E. The oscillation probability is derived by computing
the modulus squared of the amplitude, which results in only the real part of the
oscillation term contributing to the nal expression.

This rewritten equation for the probability shows that the oscillation probabil-
ity depends on the PMNS matrix mixing parameters and the splitting between the
masses. The current results from neutrino oscillation experiments can be found in
Ref [13], and Figure 1.2 displays the current experimentally determined composition
of neutrino mass eigenstates. As shown in equation 1.21, neutrino oscillation exper-
iments only provide the squared-mass di erences between the eigenstates; therefore,
the masses and their orderings are not xed, which explains the two possible mass
orderings.

1.2.2 Seesaw Mechanism

The seesaw mechanism is a theoretical framework used to explain the small
masses of neutrinos in the Standard Model of particle physics. In its simplest form,
the seesaw mechanism proposes that neutrinos are Majorana particles, meaning they
are their own antiparticles, and their mass arises due to a combination of light and



Figure 1.2: The avor compositions of di erent neutrino mass eigenstates Red,
green, and blue colors represent e,, and neutrinos, respectively. The length
of the related color overline represents the probability of di erent avor eigenstates.
The two panels represent two di erent neutrino mass orders [14].

heavy mass states. This mechanism involves the introduction of very heavy right-
handed neutrinos. The interplay between these heavy states and the much lighter
left-handed neutrinos leads to a further suppression of the mass of the light neutrino,
e ectively "seesawing" between the heavy and light masses.

Mathematically, the seesaw mechanism introduces a signi cant mass teriv
for the heavy right-handed neutrino and a much smaller Dirac mass termp which
couples the right-handed and left-handed neutrinos. The mass matrix for neutrinos in
this framework results in one very large eigenvalue, corresponding to the heavy right-
handed neutrino, and one small eigenvalue for the light neutrino, given approximately
by m = m3 =M. More on the mathematical framework behind the seesaw mechanism
can be found in Ref [15].

The seesaw mechanism plays a key role in explaining tiny neutrino masses. It may
help account for the universe's matter-antimatter asymmetry through the early decay
of heavy right-handed neutrinos. In HUNTER, sterile neutrinos could be produced
via oscillations of electron neutrinos emitted in the electron capture decay 6fCs,
due to their mixing with active states.



CHAPTER 2

INTRODUCTION

2.1 The HUNTER Motivation

The HUNTER experiment is driven by open questions in particle physics, in-
cluding dark matter, neutrino oscillations, and the implications of neutrino mass.
The "Theoretical Background" section explores these topics, highlighting the Stan-
dard Model's (SM) limitations and pointing toward new physics. While dark matter
remains undetected, neutrino oscillations con rm tiny, nonzero neutrino masses not
fully explained by the SM. Theoretical models like the see-saw mechanism suggest
sterile neutrinos may help resolve these puzzles. HUNTER aims to search for such
neutrinos, o ering insight into these fundamental mysteries.

The mass and existence of sterile neutrinos remain uncertain, but models sug-
gest that keV-scale sterile neutrinos could in uence cosmic evolution. They are strong
candidates forwarm dark matter [14, 16], which may explain galaxy formation and
structure better than colder WIMPs. Sterile neutrinos can decay into an active neu-
trino and an X-ray photon, potentially producing detectable X-ray signals. A 3.5 keV
X-ray line observed in galaxy spectra may originate from the decay of a 7 keV sterile
neutrino, o ering a possible link to dark matter and physics beyond the Standard
Model. Figure 2.1 shows the Feynman diagram for this decay process. Continued
research into neutrino oscillations, dark matter, and sterile neutrinos is crucial for
advancing our understanding of the universe's most elusive components. These phe-
nomena challenge the Standard Model and may hold the key to fundamental questions
in physics, such as the origin of mass and the nature of dark matter.

Figure 2.1. Feynman diagram of the sterile neutrino radiative decay channg@l7].




2.2 The HUNTER Experiment

The HUNTER (Heavy Unseen Neutrinos from Total Energy-momentum Recon-
struction) experiment is a collaboration between Temple University, the University of
California, Los Angeles, The Racah Institute of Physics, the University of Houston,
and Princeton University. It is a groundbreaking initiative to detect sterile neutrinos
in the 20 300 keV mass range. Unlike active neutrinos, sterile neutrinos do not inter-
act via the weak nuclear force, making them highly elusive. The HUNTER chamber
features an ion and an electron spectrometer, designed using the COLTRIMS tech-
nique [18]. This experiment seeks to detect these sterile neutrinos by reconstructing
the momentum of all detectable products from the electron capture (EC) decay of
131Cs trapped in a magneto-optical trap (MOT) [19]. The HUNTER apparatus is
shown in the gure below. The gures in this section 2.2 are from Ref. [4], [17].

Figure 2.2: Schematic of the HUNTER chamber




The heart of the apparatus is a Magneto-Optical Trap (MOT), which captures
and cools'3!Cs atoms in the center of a vacuum chamber. These trapped atoms
undergo EC decay, which produces several detectable particles: an X-ray photon, a
131Xe ion, and Auger electrons. The experiment aims to reconstruct the neutrino's
total momentum, even though it is undetected. It does this by measuring each decay
product's time of ight (TOF) and position and applying energy-momentum conser-
vation under the assumption that the decaying>'Cs nucleus is initially at rest.

The MOT suspends the'3!Cs atoms at the center of the chamber by rst loading
them into a loading MOT, after which they are transferred and released into the
science MOT at the chamber's center. This allows the experimental apparatus, which
consists of an ion spectrometer and an electron spectrometer on opposite sides of
the MOT, to measure the EC decay products precisely. Additionally, the MOT is
surrounded by X-ray detectors to capture the photons emitted during decay. This
combination of detectors ensures that every observable particle resulting from the
decay is captured with high resolution, allowing for precise momentum reconstruction.

X-ray detection is a critical aspect of the experiment, consisting of four yttrium
aluminum perovskite (YAP) scintillator panels positioned azimuthally around the
MOT. The detectors are placed 400 mm from the MOT, optimizing angular resolution
for X-ray momentum reconstruction. This enables the identi cation of X-ray signals
corresponding to K-capture events, a key aspect of the momentum reconstruction
process.

For ion detection, the 3Xe ions generated during the EC decay are collected
using an ion spectrometer, which applies an electric eld to accelerate the ions toward
a microchannel plate (MCP) detector. The MCP is placed 930 mm from the MOT.
The ion spectrometer has been designed to achieve a momentum resolution of around
0.4 keV/c, which is essential for reconstructing the momenta of the decay products
with high precision.

On the opposite side of the chamber, Auger electrons produced by the EC decay
are detected by an electron spectrometer. The electrons are accelerated by a uniform
electric eld and con ned by an 8G magnetic eld generated by 4 coils surrounding the
chamber. Like its ion counterpart, the electron spectrometer uses an MCP detector to
measure the time-of- ight and energy of the electrons. With a momentum resolution
of approximately 0.1 keV/c, the electron spectrometer can detect even slight variations
in the energy of the Auger electrons, allowing the experiment to di erentiate between
single-Auger and two-Auger electron events.
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The ultimate goal of the HUNTER experiment is to identify sterile neutrinos
by reconstructing the four-momentum of the neutrino produced during the decay.
By assuming that the initial momentum of the decaying!*!Cs atom is zero (due
to its con nement and cooling in the MOT), the momenta of the decay products
can be used to infer the momentum of the neutrino. If the neutrino is active, the
reconstructed mass will correspond to zero. However, if a sterile neutrino is present,
the reconstructed mass will reveal a peak at a non-zero value, indicating the neutrino's
mass, as shown in Figure 2.3. This methodology, based on the precise measurements
of all other decay products, enables a highly sensitive search for sterile neutrinos and
could reveal new particles in a mass range that has yet to be explored experimentally
[17].

Figure 2.3: Separated mass peak depicting the existence of sterile neutrinos

2.3 131-Cs Decay Source and Kinematics

Cesium-131 {3!Cs) is chosen as the source material for several reasons, making
it the best available candidate for the search for sterile neutrinos. The decision is
based on its physical properties, decay characteristics, and compatibility with the
experimental setup and goals [4]. Firstt*'Cs decays exclusively through EC without
emitting high-energy beta particles like in beta decay processes. This is a crucial
feature because it simpli es the momentum reconstruction of decay products. In EC
decay, a neutrino and a*'Xe ion are produced, with the’3'Xe ion left in an excited
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state due to a vacancy in one of its inner electron shells. The de-excitation of this ion
generates an x-ray, Auger electrons, and thEXe ion, all of which can be detected
and analyzed, as shown in the EC decay sequence in Figure 2.4 below [17].

Figure 2.4: Electron capture decay process

131Cs undergoes EC decay by capturing an electron from its K-shell, which is the
dominant decay channel. The decay generates a neutfdtXe atom in an electroni-
cally excited state. The vacancy created in the K-shell is re lled by an electron from
a higher energy level, which releases an x-ray. The X-ray serves as a start signal for
the time-of- ight (TOF) measurement of the charged particles produced in the decay.
This feature makest'Cs particularly useful for the precise momentum measurements
required in HUNTER, allowing for a detailed study of the decay products.

The short half-life of 131Cs, approximately 9.7 days, also makes it an e cient
source for the experiment, enabling a high number of decay events within a reasonable
experimental time frame. Over a year of operation, the HUNTER experiment expects
to accumulate about 2. 01 fully reconstructed decay events [4], providing su cient
data for meaningful statistical analysis. The ability to trap 10° '3!Cs atoms in a
Magneto-Optical Trap (MOT) with a 2 mm cloud diameter enhances the likelihood
of detecting the decay products with high precision, particularly when considering
upgrades that may allow even larger atom clouds in future phases.

The emitted X-rays and Auger electrons also provide additional data necessary
for the experiment. The energy levels of these transitions are well-established and
predictable based on atomic physics calculations. Auger electron emission, after x-ray
emission, must also be analyzed for mass reconstruction. With a relatively low Auger
electron multiplicity of 1 2 electrons per decay and their lower energy [4], [20}3'Cs
is the best available candidate for the experiment, facilitating e cient detection and
accurate event reconstruction. These characteristics allow HUNTER to optimize its
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sensitivity to sterile neutrinos by leveraging well-understood decay sequences from a
131Cs source, minimizing background noise and reducing experimental complexity.

The complete decay chain is as follows,

Blest Blxe + (2.1)
8
2BIxe" + e +
Blxe ! (2.2)

7181%e?" +2e +

131Xe refers to an electronically excited state, speci cally with a 1s electron
vacancy. For®¥'Cs atoms cooled to 20 K, the corresponding kinetic energy is ap-
proximately ks T 1:7 10 °eV [4]. The four-momentum of'3!Cs, assuming the
atoms decay at rest, is given bycs = ( mcs; 0; 0; 0). The four-momenta of!3*Xe and
the neutrino can be expressed as:

q___
Pxe = mé +jP j% P (2.3)

q —
p = m2 + jP j2; P (2.4)
When 131Xe undergoes de-excitation via the emission of a K X-ray, followed by

the release of one Auger electron, the four-momenta of the resulting de-excitation
products are:

q
Pxe+ = m§e+ + J.F)Xe"jz;F)Xe+ (2-5)
q___
Pe = mi + jPe j? Pe (2.6)
p =(iP j;P) (2.7)

By applying the conservation of four-momentum, we have:

Pcs= P + Pxer * Pe +P (2.8)

The squared mass of the neutrino can be derived from the four-momenta conservation:

m2 = (pCs Pxe+ Pe P )2 (29)

Expanding this expression:

q q
- m2 2 2 2 2 . . 5 : , —
= MGg+ My + Mg + M 2Mcs Mi,. + jPxe+j2+ mg +jPe j2+ m2+ jP j2

13



+2(Pxe+ Pe + Pxe+ P + Pe P ) (210)

Simplifying further by expanding the square root terms and neglecting higher-order
corrections:

= més+ mg(e+ + mé 2mCSmXe+ 2mCsme + O(ij4) (2-11)

Then, the expression becomes:
m2 = (mCs Mxe+ Me EXe* Ee E )2 (PXe+ + Pe +P )2 (2-12)

whereEx.+, Ee , and E represent the kinetic energies of the positron, electron, and
photon, respectively.

Next, we de ne the standard nuclear Q-value as:
Q=m mf=Mcs Mye M (2.13)

wherem; and m; are the initial and nal atomic masses, withmgcs and my. being
the ground-state masses df'Cs and!3!Xe.

The equation for the squared neutrino mass can be further simplied by ne-
glecting the small terms, given that the energy of the X-ray from N-shell re ll-
ing is considered. Ex.+ + Eo + E 34:5keV) is one-tenth of (Mcs  Mye)
(Mcs Mye+ me ) 355keV [4]:

m? Q? (Pyer + Pe +P)? (2.14)

For the massless neutrino case, the relationship simpli es to:
JP j=]jPxer +Pe +Pj Q (2.18)

The variation in the squared mass of the neutrino, when taking uncertainties into
account, can be expressed as:

Mm? 2 jPxer + P +Pj dP (2.19)

which simpli es to:
m2=2 Q dP (2.20)

where dP represents the total reconstruction precision of the momenta of the sec-
ondary patrticles.
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To obtain the necessary sensitivity in the HUNTER experiment, which seeks to
measure the minimum sterile neutrino mass limit, the required momentum resolution

IS:
m 2

2 Q
Given a Q-value of 355keV and an expected total momentum resolution of ap-
proximately 0.6 keV/c, the ideal uncertainty of the reconstructed missing mass was
initially estimated to be around 20.64 keV. However, as the HUNTER collaboration
progressed in the development of the analyzer and performed more detailed simu-
lations, it became clear that the achievable mass sensitivity was limited to a lower
bound of approximately 30 35keV. The experimentally determined missing mass
resolution will be calculated and presented in later sections.

dP = 0:6keV/c (2.21)
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CHAPTER 3

LASER COOLING AND TRAPPING

This chapter will discuss the atomic physics side of the HUNTER experiment,
speci cally the background of trapping and cooling a magneto-optical trap (MOT)
[19], [21], [22], undertaken as a critical step for HUNTER's goals of detecting the
sterile neutrino.

3.1 Introduction

In 1975, scientists began studying the interaction between light and matter when
it was found that light could trap and cool atoms. At room temperature, atoms move
at speeds aroundl®® m/s, which makes studying them challenging due to their high
velocity and thermal energy motion; however, laser cooling can reduce the tempera-
ture of an atom to the K range, making it much easier to study. Trapping atoms and
slowing them to much lower speeds (~10 cm/s) through laser cooling provides a valu-
able tool for studying quantum systems such as Bose-Einstein condensates, atomic
collisions, quantum phase transitions, and ultracold chemistry. Laser cooling enables
precise exploration of atomic interactions and their applications in quantum infor-
mation processing, high-precision metrology, development of next-generation sensors,
and the search for physics beyond the Standard Model, such as tests of fundamental
symmetries and CP violation [19], [21].

A MOT is a device used to cool and con ne atoms to the K temperature
range [19]. It uses three pairs of counter-propagating laser beams that converge
to trap atoms at a single point at the trap's center. Through repeated absorption
and emission of photons, the atoms are pushed into the trap from all directions. A
magnetic quadrupole eld is applied to split the energy levels of the trapped atoms,
enhancing their interaction with left or right circularly polarized light, which keeps
them con ned in place.

Steven Chu initially pioneered Doppler cooling in the mid-1990s [19]. In our
system, we use a laser tuned just below the resonant frequency, meaning it is red-
detuned, to trap *3Cs atoms. To prevent the atoms from falling into dark states and
to maintain the cooling transition, sidebands are applied to the laser via a repump
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to ensure that the atoms remain trapped and continuously cooled. The magnetic
guadrupole eld is created by two copper anti-Helmholtz coils positioned at the front
and back of the vacuum chamber. In a MOT, red detuning of the laser is crucial for
e ective Doppler cooling of atoms. When the laser frequency is set lower than the
atomic transition frequency, it allows atoms moving toward the laser to perceive a
higher frequency due to the Doppler e ect, making the light appear closer to reso-
nance. This enables the atoms to absorb photons from the red-detuned laser, which
imparts momentum in the opposite direction, e ectively slowing the atoms down. As
the atoms continue to absorb and randomly emit photons, the net result is a reduction
in their kinetic energy, facilitating both trapping and cooling [23].

3.2 Magnetic Field and Doppler Cooling

A MOT functions through Doppler cooling, a process that reduces atomic ve-
locities by utilizing the interaction between laser light and atoms [19]. The key to
Doppler cooling is the ability of atoms to absorb photons with energies corresponding
to the di erence between their energy levels. For e cient cooling, the laser frequency
must be precisely tuned.

In our MOT, this magnetic eld is created using two copper anti-Helmholtz coils
that generate a quadrupole magnetic eld, essential for con ning the atoms at the
intersection of the laser beams. The quadrupole eld has a zero magnetic eld at the
trap center (wherez = 0) and an increasing eld strength as one moves away from
this center along any spatial axis. This con guration ensures that atoms are pushed
toward the trap's center, where they experience a minimum magnetic eld strength.

The quadrupole eld is produced by two coils of copper wire arranged in an
anti-Helmholtz con guration. In this setup, current ows through the two coils in
opposite directions, creating a magnetic eld gradient. As a result, the eld strength
increases linearly with displacement from the center along all three axes, /, and

2).

The mechanism behind this trapping lies in the interaction between the magnetic
eld and the circularly polarized laser beams used in the MOT. The magnetic eld
induces Zeeman splitting in the atomic energy levels, causing shifts in the energy
sub-levels depending on the atom's position relative to the trap center. As an atom
moves away from the center, the increasing magnetic eld strength causes a larger
Zeeman shift between magnetic sub-levels, as shown in Figure 3.1 from Ref. [22].
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Figure 3.1: Zeeman splitting

To understand the interaction between the magnetic eld and the atoms, consider
two atomic energy levelsg; and E,, and a laser frequency L. When ! L is slightly
red-detuned (lower in energy) from the resonance frequency, atoms moving in the
direction opposite to the laser beam will experience a Doppler shift that brings the
laser light closer to resonance, increasing the likelihood of photon absorption. Figure
3.2 below, taken from Ref. [19] portrays an atom at rest experiencing the same
frequency! L from laser 1 and laser 2.

When an atom absorbs a photon from a laser, it experiences a small force in the
direction opposite to its motion as the photon's momentum is transferred to the atom.
Spontaneous emission, occurring randomly in any direction, does not counteract this
cooling e ect on average, so the net result is a reduction in the atom's velocity. For
example, an atom moving to the left will experience a Doppler shift that increases the
apparent frequency of the red-detuned laser beam propagating from the left, making
absorption more likely from that direction. The atom then slows down as it absorbs
more photons from the opposing beam and fewer from the beam in the same direction
as its motion. This is shown in Figure 3.3 from Ref. [19].

Conversely, an atom moving to the right will absorb more photons from the right-
propagating beam due to the Doppler shift, which slows its motion in the opposite
direction. This ensures that regardless of the atom's initial velocity, it is continuously
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Figure 3.2: Atom at rest experiencing the same frequency from opposing lasers

Figure 3.3: Atom moving to the left

decelerated by photon absorption, e ectively reducing the thermal energy of the entire
atomic sample as shown in Figure 3.4 from Ref. [19].

In three-dimensional space, six laser beams converge at the center of the MOT,
creating what is often referred to as optical molasses, where atoms are simulta-
neously slowed from every direction. This viscous-like environment reduces atomic
velocities, cooling the atomic sample to temperatures near the Doppler limit. When
atoms stray too far from the trap's center, they encounter stronger magnetic elds.
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Figure 3.4. Atom moving to the right

This prompts restoring forces from the laser beams that guide them back to the
central region, where the magnetic eld is weaker.

3.3 Lasers

In our MOT, we use 6 laser beams to trap and codf3Cs atoms using laser
light resonant with the D2 line transition between the6?S;-, ground state and the
6°P3-, excited state to prepare to trap*3'Cs for HUNTER. The cooling transition we
employ is speci cally from theF = 4 hyper ne ground state to the F°= 5 excited
state, which occurs at a frequency of 351,721.96 GHz, corresponding to a wavelength
of 852 nm. This allows us to slow the atoms through the well-established process of
Doppler cooling, where the interaction between photons and atoms reduces atomic
velocities, thereby cooling the sample.

For Doppler cooling to be e ective, each of the six beams in the MOT must
maintain su cient power to induce continuous photon scattering. In our setup, each
beam carries more than 20 mW of optical power, which ensures a robust cooling
force is applied to the atoms from all directions. This power level helps maintain the
necessary photon-scattering rate, which is critical for e ciently trapping and cooling
many atoms.

Despite the e ciency of the cooling transition, the atomic structure of33Cs
introduces a challenge: the presence of multiple hyper ne states in both the ground
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and excited states allows atoms to occasionally fall into a so-called "dark state." This
dark state arises due to quantum mechanical selection rules governing the energy level
transitions.

When an atom absorbs a photon, it transitions between hyper ne states ac-
cording to selection rules. Speci cally, the change in the total angular momentum
guantum number F must obey the rule F = 0; 1, except that transitions from
F =0 to F = 0 are forbidden. These rules also apply to the magnetic sub-levels
within each hyper ne state. Consequently, when an atom in th& = 4 ground state
is excited to the F°= 4 state (which occurs o -resonantly at a low probability), it
can decay to theF = 3 ground state due to the allowed transitions governed by
the selection rules. This decay process is problematic because atoms in khe 3
ground state are no longer resonant with the cooling laser, which is tuned to the
F =4 ! F%=5 transition. These atoms become "dark," meaning they no longer
interact with the cooling light and are stuck in the "dark state."

We introduce a repumping mechanism to prevent atoms from becoming lost in
the dark F = 3 ground state. Rather than using a separate repump laser, we utilize
an RF synthesizer to apply sidebands to our primary cooling laser. The sidebands are
tuned to the frequency of theF =3 ! F%=4 transition and e ectively "repump" the
atoms out of the dark state. Once in theF°= 4 state, these atoms can decay back
to the F = 4 ground state, where they re-enter the cooling cycle. This repumping
process ensures that the atoms remain trapped and cooled, preventing the loss of
atoms into dark states that would otherwise limit the e ciency of the MOT.

In addition to frequency tuning and repumping, the polarization of the laser
beams plays a critical role in trapping the atoms. The laser beams are circularly
polarized, with one beam in each opposing pair being right-hand circularly polarized
( ") and the other left-hand circularly polarized ( ). This polarization scheme
is essential because the quadrupole magnetic eld in the MOT causes a position-
dependent Zeeman shift in the atomic energy levels. The interaction between this shift
and the polarized light generates a restoring force that con nes the atoms. Circular
polarization ensures that the MOT selectively interacts with speci ¢ magnetic sub-
levels, allowing the trapping force to be e ective in all three dimensions.

As atoms move away from the trap center, they experience a shift in the resonance
frequency due to the spatially varying magnetic eld, which will be discussed further
in the next section. The atoms then preferentially absorb photons from the laser
beams that counteract their motion, resulting in a net force that pushes them back
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toward the trap center. This magnetic trapping force, combined with Doppler cooling,
allows us to con ne the!**Cs atoms in a small volume and reduce their temperature

to the microkelvin range. The!*Cs hyper ne splitting is displayed in Figure 3.5
below.

Figure 3.5: Hyper ne splitting of 133Cs.

where the red arrow is theF =4 | F°=5 cooling transition, the blue arrow is the

F =41 F%=4 repump transition, and the green arrow isthef =3 ! F =4
ground state hyper ne splitting. To address**'Cs with the current lasers used for
trapping 1*Cs, we utilize a mixer lock box that beats two laser frequencies together
following the scheme in Ref.[24]. By mixing this beat frequency with an external
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reference set to the isotope shift betweel¥*Cs and ¢3!Cs, and then feeding it into
a PID controller, we can lock the laser to a frequency o set by the isotope shift,
allowing us to address®!Cs directly.
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CHAPTER 4

X-RAY DETECTOR FOR THE HUNTER
EXPERIMENT

In HUNTER phase 1, we will focus on selecting decays from K-capture followed
by 34.4 keV N-shell x-rays, which account for 2.5% of total decays. These events are
preferred due to their low Auger multiplicity (only one or two per decay) and the
lowest Auger energies. We aim to achieve an energy resolution of 1 keV or better,
as the energy di erences between X-rays from di erent shells (N, M, K, etc.) are
approximately 1 keV. This level of resolution is crucial for accurately identifying
the originating shell of each X-ray. Given the constraints of the MOTRIMs setup,
several design variations were tested to achieve optimal results. The constraint for
the X-ray detector is that the scintillators must be kept in a vacuum because X-rays
cannot pass through the vacuum window. However, the PMTs and circuit boards
are incompatible with ultra-high vacuum (UHV). The scintillators cannot be glued
to the vacuum chamber window because the window exes during the chamber bake-
out process, which could potentially damage the scintillator tiles. As a result, an air
gap is required, with the scintillators placed inside the UHV, while the PMTs remain
outside of it [17].

The X-ray detector is critical in detecting and measuring X-rays emitted from
the electron capture decay ot3!'Cs. The X-rays are one of the four decay particles
following electron capture decay, and they establish the start time for time of ight,

t = 0, for the subsequent measurements. To ensure optimal performance, | designed
and simulated the X-ray detectors using GEANT4, a Monte Carlo-based toolkit for
modeling the passage of particles through matter. These simulations allowed for the
detailed prediction of detector performance, focusing on maximizing the number of
detected photoelectrons per event (NPE) and improving localization. This section will
delve into the technology behind the detector, the design and optimization process
through simulation, and the analysis of data and experimental tests conducted to
validate the detector's capabilities in capturing X-ray energy and localization with
high precision.
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4.1 X-ray Detector Technology

4.1.1 Scintillators

Scintillators are widely used in particle physics experiments to detect ionizing
radiation by converting its energy loss into photons. These photons can then be
measured as electrical signals via photocathode materials, which are typically solid
and inorganic crystals.

For the HUNTER Experiment, we chose Yttrium-Aluminum Perovskite Cerium
(YAP:Ce) as the scintillation material for the X-ray detector due to its optimal emis-
sion wavelength, which closely matches the peak quantum e ciency of the photo-
cathode used, its fast decay time, and its high photoelectrons yield. The vendor
Crytur provides the scintillation material. The table below shows the physical and
scintillation properties of YAP:Ce.

Table 4.1: Physical and scintillation properties of YAP:Ce [25].
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4.1.2 Photomultiplier Tubes

The HUNTER experiment utilizes arrays of 19 Hamamatsu R580 photomulti-
plier tubes (PMTs). These tubes have a spectral response range from 300 to 650
nm, peaking at 420 nm. The photocathode is made of bialkali material, with an
e ective area of approximately 908 mra Designed for front-on light detection, the
PMTs feature a 10-stage linear-focused dynode structure and a gain bl  1C°.
Their quantum e ciency at 420 nm is 27%. The PMTs operate within an ambient
temperature range of -240 to 320 K. The anode pulse rise time is 2.7 ns, the electron
transit time is 37 ns, and the transit time spread is 4.5 ns.

Photomultiplier tubes (PMT) are photosensitive detectors with an input window,
a photocathode, focusing electrodes, an electron multiplier (dynodes), and an anode in
a vacuum tube [26]. Light enters the photocathode, causing it to emit photoelectrons
in the vacuum because of the photoelectric e ect. The photocathode sensitivity
depends on the wavelength of the incident light, and this relationship is called the
spectral response characteristics. The spectral response is normally expressed in terms
of quantum e ciency (QE) and radiant sensitivity. QE is the ratio of the number
of photoelectrons emitted from the photocathode to the number of incident photons.
The quantum e ciency (QE) is given by the following equation:

!
Number of photoelectrons
Number of photons

QE = 100 (4.1)

The equation gives the radiant sensitivity (S):

photoelectric current from photocathode

S= (AW ) (4.2)

radiant power of light at given wavelength

The relationship between QE and S is:

oE=s 2% 100 (%) (4.3)

Di erent materials for the window can be used; however, borosilicate glass is
the most commonly used. This material can transmit light from infrared down to
approximately 300 nm. The choice of the photocathode material also needs to be
made appropriately. Two common choices are bialkali, which has a spectral response
tting to most scintillators' emission spectra, and high-temperature bialkali, which
is useful at higher temperatures up to 17%. HUNTER uses borosilicate glass for
its PMT windows and bialkali for its photocathodes. A potential then directs the
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photoelectrons toward the electron multiplier, and the electrons are multiplied by
secondary electron emission. These secondary electrons impinge on the next dynode,
which produces more secondary electron emissions. This process repeats over many
dynode stages. The electrons are then collected by the anode, and an output signal
is produced. Figure 4.1 shows the cross-section of a PMT.

Figure 4.1. Cross section of head-on PMT [26]

Through multiple dynode stages, a photomultiplier tube (PMT) achieves a high
gain, enabling a small photoelectric current from the photocathode to be ampli ed
into a large output current at the anode. Gain is de ned as the ratio of the anode
output current to the initial photoelectric current from the photocathode. In a PMT,
the gain can be expressed as', where n is the number of dynode stages and
represents the secondary electron emission ratio. This ratio is given by:

=AE (4.4)

where A is a constant, E is the interstage voltage, and is a coe cient, typically
between 0.7 and 0.8, determined by the material and geometric structure of the
dynodes. When applying a voltage/ between the cathode and the anode, the gain
G is given by:

( ) n

\
G= "=(A E)= A
( ) 1

(4.5)

An

— n — n .
= hrDn Vv K V (K : constant) (4.6)

Figure 4.2 shows an example of gain vs supply voltage. More information on
photomultiplier tubes can be found in Ref. [26].
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Figure 4.2: Gain vs. supply voltage [26]

4.1.3 Data Acquisition

In the HUNTER experiment, the signals from the PMT array are read out using
DT5702 CAEN DAQs. These units feature con gurable rmware that allows them
to also process signals from PMTs. Each unit can handle up to 32 signals, triggered
in coincidence or individually. The 32 channels use a Weeroc CITIROC ASIC for
signal processing. These ASICs provide charge ampli cation and pulse shaping (ap-
proximately 15 ns) through an RC-CR shaper, and the signals are subsequently sent
to an XILINX Spartan-6 FPGA chip for event triggering and time stamping. When
a channel is triggered, all 32 channels are digitized, and the data is read out, with
the timestamp generated based on the di erence between the event time and the ref-
erence input pulse on the FPGA. These time stamps are recorded as 32-bit strings.
The output is converted by an ADC and processed by an onboard NXP LPC4370
ARM microcontroller. The charge pulses from the PMTs are shaped in a track and
hold circuit and routed through an analog multiplexer. Communication between the
microcontroller and a host computer, or a chain of DAQs, is via an Ethernet port.
Upon receiving a trigger interrupt, the connected CPU begins the readout cycle. Af-
ter all 32 channels have been digitized, the CPU sends a reset signal to the FPGA,
completing the cycle [27].
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4.2 X-ray Detector Design

4.2.1 Introduction to GEANT4

GEANT4 (Geometry and Tracking) is a widely used software toolkit designed
for simulating particle interactions with matter. Originally developed by an interna-
tional collaboration at CERN, it has become essential in high-energy physics, medical
physics, astrophysics, and other elds requiring precise radiation-matter interaction
modeling. The versatility of GEANT4 is rooted in its object-oriented design in C++,
which o ers a exible framework capable of supporting complex simulations from
detector design to data analysis [27], [28].

The toolkit is tailored to model particle transport through materials and elds,
simulating phenomena across energy scales from keV to TeV. This capability includes
a comprehensive range of physical processes, such as electromagnetic and hadronic
interactions and decay processes. GEANT4's modularity allows users to select only
the relevant physics processes and models needed for speci ¢ applications, optimizing
simulation precision and computational e ciency.

GEANT4 provides various features crucial for simulating experiments in parti-
cle physics and related areas. One of its core capabilities is geometry and detector
design, which supports the construction of complex geometries to replicate experi-
mental setups accurately, including intricate detector structures. This is essential for
simulating how particles interact with detectors in detail. The toolkit also includes
various physics processes, encompassing electromagnetic interactions (like ionization,
bremsstrahlung, and photon scattering) and hadronic interactions with nuclei, such as
scattering, absorption, and fragmentation. In addition, GEANT4 manages radioac-
tive decay and optical photon processes, making it suitable for diverse experimental
requirements. More GEANT4 information can be found in [29] [30].

4.2.2 X-ray Detector GEANT4 Design

| simulated and designed the X-ray detector for the HUNTER experiment in
GEANTA4. Given the requirement to keep the scintillators under vacuum while placing
the electronics outside, the primary objectives were to detect as many photoelectrons
as possible per event to achieve an energy resolution of 1 keV or better and to enable
precise localization of the X-ray interaction points. Localization refers to the ability
to reconstruct the exact location of where the X-ray hit the X-ray detector given
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the detected positions of the created scintillation photons. This included making
adjustments to surface properties, di erent volume con gurations, and adding new
volumes, such as ones made of sapphire and re ective surfaces. Months were dedicated
to learning GEANT4, gathering data, running simulations, and conducting extensive
tests. Ultimately, the design detailed in this section emerged as the nal choice, with
the data supporting this decision presented in the next subsection.

Figure 4.3: Volumes within the X-ray detector

The detector's design features a multi-layered structure that begins at the MOT
side and incorporates several key components. These include YAP:Ce hexagonal
scintillator tiles with a thickness of 2 mm and a radius of 25 mm, spaced 43.5 mm
from center to center to ensure optimal X-ray detection e ciency. Following the
scintillators is an epoxy glue layer (thickness: 2.1 mm, radius: 114 mm) that bonds
the scintillators to the quartz-glass substrate. The quartz-glass substrate is 6 mm
thick with a radius of 114.3 mm. Then, there is the mentioned 1 mm air gap. The
quartz vacuum chamber window has a thickness of 14 mm and a radius of 108 mm.
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Surrounding the PMTs is an aluminum re ector (thickness: 2 mm, radius: 121 mm)
designed to maximize light collection by re ecting stray photons into the detection
region. The aluminum re ector just covers the empty space in between each of the
PMTs. There are 19 glass PMT windows, each with a thickness of 2 mm and a radius
of 19 mm, spaced 27 mm from center to center, and bialkali photocathodes with a
thickness of 2 mm and a radius of 17 mm, spaced 29 mm from center to center. As
previously discussed, the photocathodes absorb photons at their interface with the
PMT windows with a quantum e ciency of 0.26. The design was able to achieve
50 photoelectrons per X-ray. Refer to Figure 4.3 and 4.4. The thicknesses and radii
of each volume are provided in Table 4.2, along with the refractive indices of the
corresponding materials.

Material/ Volume Thickness (mm) Radius (mm) Refractive Index
YAP Scintillator 2 25 1.95
Epoxy Glue 2.1 114 1.532
Quartz-Glass Substrate 6 114.3 1.485

Air Gap - - 1.000
Quartz Vacuum Window 14 108 1.544
Aluminum Re ector 2 121 1
Glass PMT Windows 2 19 1.485
Bialkali Photocathodes 2 17 1

Table 4.2: X-ray detector material properties and dimensions

In the GEANT4 simulation, various surfaces are de ned to replicate properties of
materials in the experimental setup, speci cally at dielectric-dielectric and dielectric-
metal interfaces. These surfaces dictate optical photons' re ection, absorption, and
transmission behaviors, in uencing photon propagation and detection.

The simulation employs two primary types of surfaces: ground surfaces and pol-
ished surfaces. A ground surface refers to a rough surface that scatters photons in
multiple directions, while a polished surface is a smooth surface, directing photons
in a single, predictable direction. The roughness of ground surfaces is adjusted using
the SetPolish parameter, which ranges from 0 (completely rough) to 1 (completely
smooth). Polished surfaces default to SetPolish=1, while any unde ned surface de-
faults to a polished nish with a re ectivity of 1, ensuring no photon loss at the
boundary [31].

Two distinct boundary processes are applied to these surfaces. Dielectric-metal
boundaries are used where only re ection or absorption is intended, without refrac-
tion. Here, the re ection probability is determined by the "Re ectivity" parame-
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Figure 4.4: X-ray detector dimensions

ter. When a re ection occurs, the photon angular distribution may be one of four
types specular spike, backscatter, Lambertian, or specular lobe based on the as-
signed probabilities. In contrast, dielectric-dielectric boundaries allow photons to
exhibit a wider range of behaviors. For example, they may be absorbed, continue
propagation with Snell's law of refraction, or be re ected according to Fresnel's equa-
tions. These behaviors are governed by re ectivity (ref) and transmittance (trans)
values, each between 0 and 1. A random number (R) determines absorption the be-
havior, with the following conditions: if R > (ref+ trans), the photon is absorbed; if
ref R (ref+ trans), the photon propagates; and ifR  ref, Fresnel's re ection
laws apply. More information can be found in Ref. [31].

The surfaces are assigned speci c roles in this setup: a dielectric-dielectric ground
surface between the world and YAP scintillators is de ned with SetPolish=0 and a
re ectivity of 1. Similarly, the interface between the world and the glue is assigned
as a dielectric-dielectric ground surface with SetPolish=0 and a re ectivity of 1. A
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dielectric-metal polished surface with a re ectivity of O surrounds the vacuum cham-
ber window to ensure no photon escapes, while a dielectric-metal ground surface with
SetPolish=0 and a re ectivity of 1 is assigned between the vacuum chamber window
and the re ector. Finally, a dielectric-dielectric polished surface with a re ectivity

of 0 and an e ciency of 0.26 is placed between the PMT windows and photocath-
odes to optimize photoelectron detection. These assignments align the photon be-
haviors absorption, transmission, and re ection with the material properties and
experimental requirements.

4.3 GEANT4 Simulation Data and Algorithms

In the following sections, | will outline the various tests conducted that led to the
nal X-ray detector design. Using GEANT4, simulations were performed by ring 30
keV X-rays at the detector, given the characteristic energy of the N-shell X-ray, with
each "event" corresponding to a single 30 keV X-ray shot. | added code in GEANT4
to print a le with the (x,y,z) position where the X-ray hit the detector, the number
of detected photoelectrons in each of the 19 PMTs, and the total number across all
PMTs. The analysis will focus on the e ects of four di erent cases: surface properties,
the inclusion of an aluminum re ector, scintillator arrangement, and an additional
volume to increase light sharing and localization.

4.3.1 Surface Modeling in GEANT4 for Optimization

To ensure a realistic simulation in GEANT4, we needed to study and test dif-
ferent surface properties to understand their e ects and choose the most appropriate
con gurations for the interfaces between volumes. | added an aluminum volume be-
fore the YAP scintillators to investigate the e ect of polished and ground surfaces.
The gure below illustrates the inclusion of this re ector, which was introduced in
the simulation solely to study how di erent surfaces in uence performance and their
parameters. No volumes were de ned between any of the surfaces during this testing
step. The re ector's surface was modeled as a dielectric-metal interface, with re ec-
tivity and polish as key parameters. This volume is only for testing purposes and will
be removed from the nal setup.

In GEANTA4, a ground surface refers to a material nish with microscopic irreg-
ularities or abrasions, which can signi cantly impact how optical photons interact.
Ground surfaces are typically characterized using the G4OpticalSurface class, which

33



Figure 4.5: Diagram of X-ray detector with test volume for surface modeling

de nes the boundary between two materials or volumes. The roughness of the surface
can be controlled through the SetPolish parameter. A lower polish value increases
the amount of di use scattering, while a value closer to 1.0 results in a surface that
behaves more like a polished one. This parameter allows for ne-tuning how photons
interact with di erent materials in a simulation.

| gave the test volume a ground surface and varied the SetPolish parameter
from 0.2 (rough surface) to 1.0 (smooth surface), yielding the photoelectron counts
summarized in Table 4.3 below. The rough surface, with a SetPolish of 0.2, scat-
tered photons diusely, yielding the highest photoelectron count of 78 per event.
As the polish increased, photoelectron detection steadily declined, reaching just 27
photoelectrons per event at a SetPolish of 1.0. This trend highlights how rougher
surfaces enhance light-sharing among detectors by increasing di use scattering, while
smoother surfaces re ect photons specularly, limiting their dispersion and reducing
overall detection e ciency.
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A ground surface with a SetPolish of 1.0 behaves equivalently to a polished sur-
face. This was con rmed by changing the surface setting to polished, which produced
identical results to the ground surface with a SetPolish value of 1.0.

Polish Value | Photoelectron Count
0.2 78
0.4 65
0.6 58
0.8 53
1.0 27

Table 4.3: Photoelectron counts for varying re ector polish values

Re ectivity was found to play a crucial role in photoelectron collection. When
left unde ned, the re ectivity parameter defaults to its maximum value of 1.0. As the
re ectivity of the re ector decreased, photoelectron counts dropped proportionally,
as shown in Table 4.4. For example, a re ectivity of 0.8 resulted in 35 photoelectrons
per event, while lowering it to 0.4 reduced the count to just 19 photoelectrons per
event. At the maximum re ectivity of 1.0, 73 photoelectrons per event were detected,
emphasizing the importance of high re ectivity for e cient light collection.

Changing the volume material and surface type to dielectric-dielectric revealed
that the impact of re ectivity diered. Re ectivity does not signi cantly impact
photoelectron counts for dielectric-dielectric surfaces. This is because both materi-
als (dielectrics) scatter photons more di usely, and the way light interacts at these
surfaces is governed by factors like transmission and scattering rather than re ection.

In contrast, re ectivity becomes more important for dielectric-metal interfaces
because metals have a highly re ective surface that specularly re ects photons. This
means that re ectivity strongly a ects how photons are re ected and subsequently
detected, as photons that are specularly re ected can be more easily redirected to
detectors.

Re ectivity (R) Photoelectron Count
1.0 73
0.8 35
0.6 24
0.4 19

Table 4.4: Photoelectron counts for varying re ectivity of the aluminum re ector
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Understanding how di erent parameters and surfaces in uence the simulation
is crucial for making it as accurate and realistic as possible. This study aided the
surface design choices discussed previously. This test volume was then removed from
the simulation.

4.3.2 E ect of Re ector on Photon Detection Performance

In this study, | analyzed the number of detected photoelectrons in the X-ray
detector. | introduced an aluminum re ector around the PMT volume to determine
if it could improve photoelectron detection. Below is an illustration of the current
alignment between the PMTs and the scintillators, showing that the hexagonal scin-
tillators are aligned with the PMTs. The PMTs are numbered, and | shot X-rays at
18 di erent steps, starting from the center of PMT 0, through PMT 8, to the center
of PMT 14. The steps are depicted in Figure 4.6.

Figure 4.6: Moving the particle gun from PMT O to PMT 8 to PMT 14

4000 30 keV x-rays are shot toward the detector at each step, and the bar graph
below illustrates the number of photoelectrons detected at each labeled step (from
step 1 to step 17), both with and without a di use re ector. See Figure 4.7

The X-rays initially interact with the scintillators. Upon examining the simula-
tion at step 9, | observed that this position corresponds to a glue seam between the
scintillators, where any X-rays or photons entering the seam were absorbed and lost.
With the diuse re ector surrounding the PMT volume, 1,745,438 photoelectrons
were detected, averaging ~26 photoelectrons per event. Without the re ector, the
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Figure 4.7: Detected photoelectrons at each step (PMT 0 to PMT 8 to PMT 14)

total decreased to 1,699,777 photoelectrons, averaging ~25 photoelectrons per event.
Additionally, photoelectron detection decreases as the particle gun moves toward the
outer PMTs, warranting further investigation.

To address this, | rearranged the scintillators so they were no longer commensu-
rate with the PMTs, as illustrated below in Figure 4.8. | then conducted a similar
test, starting the particle gun aligned with PMT 9, a more central PMT, and taking
incremental steps upward, ending in alignment with PMT 1, located in the outer ring.
At each step, 1,000 x-rays at 30 keV were red.

Figure 4.8: Moving the particle gun from PMT 9 to PMT 8 to PMT 1
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| aligned steps 1 (center of PMT 9) and 5 (center of PMT 8) with glue seams.
The data is shown below in Figure 4.9.

Figure 4.9: Detected photoelectrons at each step (PMT 9 to PMT 8 to PMT 1)

This plot revealed that positions aligned with the glue seams detect signi cantly
fewer photoelectrons. However, in this case, moving toward the outer ring shows
an increase in photoelectron detection, whereas earlier results indicated a decrease
in photoelectrons as we moved diagonally outward. Without the re ector, 174,271
photoelectrons (~17 photoelectrons per event) were detected, while the addition of
the di use re ector increased this to 177,056 photons (~18 photoelectrons per event).
Given this improvement, the di use re ector was retained. However, additional in-
vestigation is required to better understand how the orientation of the hexagonal
scintillators a ects the behavior of detected photoelectrons

4.3.3 Hexagonal YAP Scintillator Arrangement

This section explores how the hexagonal scintillator arrangement a ects photo-
electron yield and localization. | simulated one million X-ray events in GEANT4 and
analyzed them with a localization algorithm that estimates the impact point from
photoelectron counts in 19 PMTs.

The algorithm works as follows: Each event is represented as a list of 21 num-
bers the actual (x,y,z) coordinates of the X-ray impact point and the number of
photoelectrons detected in each of the 19 PMTs. The algorithm considers a square
region slightly larger than a circumscribed square around the circular X-ray scintil-
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lator. This region is divided into a 30x30 grid of square patches, each with sides
approximately 0.22 times the PMT diameter. These squares are not aligned with
the PMT placement. Events are then sorted into 900 bins based on which square
the X-ray hit. For each bin, the algorithm computes and plots the 19 normalized
probability distributions (PDFs) for the number of photoelectrons produced in each
PMT.

To determine the location of a new event, the algorithm uses a brute force method
with the 19 PDFs for all 900 squares. For each square, it calculates the product of
the 19 probabilities corresponding to the number of photoelectrons observed in the
PMTs. The event is then assigned to the square with the maximum probability. The
algorithm's performance can be evaluated using the probability density plots and
plotted scatterplots that show the actual positions of events assigned to each square.
These scatterplots reveal a resolution of approximately half the PMT diameter.

A second algorithm was also implemented to calculate the root mean square
(RMS) distance between the actual X-ray impact position on the detector and the
reconstructed position, using the RMS as a metric for optimization. The RMS tells
us the spatial uncertainty of our measurement. Both of these localization algorithms
were coded in C++. The arrangement under consideration is whether the hexagonal
scintillators should be aligned commensurately with the PMTs, as illustrated in Figure
4.10. The 19 circular PMTs are numbered 0-18.

Figure 4.10: Photomultiplier tube and scintillator tile alignment. Left: non- com-
mensurate arrangement; Right: commensurate arrangment

Data generated by the rst localization algorithm when the scintillators are
aligned commensurately with the PMTs is displayed. Pixels 465-470 are depicted
where the true events (red dots) and reconstructed pixels (blue squares) are shown
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in 4.11. This reconstruction revealed that the hexagonal pattern of the scintillator
tiles is visible in the distributions, suggesting that the light sharing between scintil-
lators and PMTs is insu cient to fully decouple the PMTs from the tiles despite the
intermediate volumes between the PMTs and scintillators.

Figure 4.11: True events vs reconstructed pixels 465-470

A second set of appended pages shows the PDFs corresponding to these scatter-
plots. For example, the PDF for pixel 468 is shown below 4.12.

It was observed that the PDFs frequently exhibited bimodal distributions, as
shown in 4.12, where the probability distributions in PMTs 8 and 9 were seen to
be very similar. This could introduce additional challenges for localization, as an
equal probability distribution in neighboring PMTs may lead to ambiguity for the
algorithm. Based on these observations, we decided to change the arrangement of
the scintillators to see if the current limitations could be resolved. Pixels 465-470 are
shown below in 4.13 when the scintillators are now rotated to be non-commensurate
with the PMTs. The PDFs for pixel 468 for the noncommensurate geometry are also
displayed below in 4.14. Visually, rotating the scintillators to be non-commensurate
with the PMTs reduced the bimodal distributions. To assess this quantitatively rather
than relying on visual inspection alone, | was an alternative analysis method.

| used the RMS algorithm to calculate the spatial uncertainty between the actual
positions and the reconstructed positions. This RMS value serves as a parameter that
| aim to minimize.
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Figure 4.12: Probability distribution functions for a singlebin: pixel 468. A PDF 50
total photoelectrons and a bimodal distribution are depicted

For each event, the true position(Xgue; Yirue) and the reconstructed position
(Xrecon; Yrecon) @re compared by calculating the Euclidean distance between them. This

distance is given by q

(XI’ECOH Xtrue )2 + ( yrecon ytrue )2 (4 12)

The squared distances are averaged to get the mean squared distance. Smaller
RMS values (in mm) indicate better alignment between true and reconstructed posi-
tions, making it a key metric for optimizing detector design and localization.

Below are the RMS plots for the data when the scintillators are aligned with the
PMTs and when not, shown in Figure 4.15 and 4.16.

This analysis showed that rotating the scintillators improved localization, as
indicated by the reduction in RMS. The average RMS distance decreased from 11.86
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Figure 4.13: Events vs reconstructedpixels 465-470for non-commensurategeometry.
The updated geometry is employed to address the current limitations discussed; how-
ever, the scintillator tile outlines are still present

Figure 4.14: Probability distribution functions with non-commensurategeometryfor
a singlebin: pixel 468. Potential improvement in the bimodal distribution previously

is found.
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Figure 4.15: RMS distance betweenreconstructedand true positionsof X-ray events
for the commensurateggeometrybetweenthe scintillators and the PMT. RMS average

of 11.86 mm between all events.

Figure 4.16: RMS distance betweenreconstructedand true positionsof X-ray events
for the non-commensurategeometry betweenthe scintillators and the PMTs. RMS

average of 7.2 mm between all events.
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mm to 7.19 mm. Since this con guration enhances localization without a ecting
photoelectrons' detection, we proceeded with the rotated scintillator setup.

4.3.4 Light Sharing Analysis and Optimization

To further enhance the number of detected photoelectrons and improve light
sharing between PMTs, an additional quartz volume, referred to as a "cookie,” was
introduced into the design. This "cookie" was positioned before the quartz vacuum
window chamber and provided additional space for photon re ections, allowing the
light to spread more evenly. As noted in the previous section, the detected photoelec-
trons highlighted the boundaries of the hexagonal scintillators, and this modi cation
aims to address that issue. The cookie has a thickness of approximately 34 mm.
After incorporating it into the simulation, | simulated 1 million events and ran the
localization algorithm. The resulting data is discussed.

Figure 4.17: True eventsvs reconstructed events of pixels 364 to 369 with a large
qguartz volume "cookie"added. The light distribution is now better spread out.

An analysis of pixels 364 to 369 in Figure 4.19 shows improved light sharing.
While the hexagonal pattern of the scintillators is still apparent, the light distribution
becomes signi cantly more spread out as hoped. This contrasts with the behavior
described in the previous section, where the light shifted abruptly from one hexagon
to the next in single-pixel increments.
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Figure 4.18: Probability distribution functions with new volume added to increase
light sharing and resolvethe harsh scintillator outlines for a single bin: pixel 364

In Figure 4.18, we present the probability density function of pixel 364. The plot
in the top left corner reveals that the probability of total detected photoelectrons
shifted from being previously centered around 50 to approximately 25, cutting the
photoelectron detection in half. The RMS plot in Figure 4.19 also highlights a marked
increase in RMS values, suggesting a noticeable decrease in localization accuracy.

To better understand the e ects on localization, we also examine another proba-
bility density plot generated by the C++ algorithm. In this plot, the red cross marks
the true position where the X-ray struck, while the circles represent regions of varying
probabilities for the reconstructed position. The color gradient, with the darkest blue
indicating the highest probability, visually conveys the likelihood of the reconstructed
position in each area. The green-circled region identi es the nal reconstructed posi-
tion determined by the algorithm. From Figure 4.20 it is evident that the increased
light spread causes the algorithm to struggle more with accurately reconstructing
the true position. These plots demonstrate that the increased light sharing led to a
deterioration in localization; therefore, the extra quartz "cookie" volume was removed.
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Figure 4.19: RMS distancebetweenreconstructedand actual positionsof X-ray events
with the non-commensurategeometry and quartz "cookie"added. Average RMS of
52.44mm decreasing localization accuracy.

Figure 4.20: Probability density plot with quartz "cookie"added
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4.4 Missing Mass Uncertainty

As stated earlier, the Q-value for the electron capture decay &#'Cs is de ned
as the mass di erence between the initial and nal nuclear states, minus the neutrino
mass. For a massless neutrino, this gives:

Q = mCS mXe+ me m = 3554 keV

For Phase 1 of HUNTER, we only consider decays that emit a 34.4 keV x-ray.
This means the remaining available energy for the recoil products (ion and electron)
is:

Qrecoil = 355:4 keV 344 keV = 321 keV.

To estimate the contribution this introduces to the reconstructed neutrino mass
(the missing mass ), we use the relation:

m2=2Q dP;

The x-ray detector is placed 400 mm from the MOT, and the average spatial
resolution of the detector was found to be approximately 10 mm. This corresponds
to an angular uncertainty of

10 mm

= 200 mm: 0:025 rad

Assuming an x-ray energy of 34.4 keV, the transverse momentum uncertainty due to
localization is given by

dP E =34:4 keV  0:025 = 0:86 keV=c:
Then, solving for the missing mass uncertainty,
m2=2 321 keV 0:86 keV = 5457 keV?;
m = "B457 233 keV:

We also must include the contributions from the momentum uncertainties of the
other decay products, the electron and ion [4], [32]:
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dP. = 0:23 ke\=c; dPRP =0:31 keV=c;

and we combine all uncertainties in quadrature:

m?=2 321 keV P 0862 +0:2F +0:312 6156 keV?;
m = P 6156 2438 keV:

Therefore, the uncertainty on the missing mass comes out to be 24.8 keV. The
design goal for HUNTER Phase 1 is to achieve a mass resolution with a lower limit
between 30- 35 keV. With a missing mass uncertainty of 24.8 keV, this would be
su cient to distinguish between the sterile neutrino and the light neutrino, which is
expected to have a mass of less than 0.1 eV [17].

4.5 Summary

This section provided an overview of the simulations and tests conducted to
guide the nal design of the X-ray detector. The primary goal was to optimize both
photoelectron detection and spatial localization. We achieved a localization uncer-
tainty of approximately 10 mm, resulting in a missing mass uncertainty of 24.8 keV,
accounting for the electron and ion momentum uncertainties reported by Xunzhen
Yu and Francesco Granto. Additionally, simulations showed that we could achieve
50 photoelectrons per event. Further simulation tests were conducted to evaluate the
e ects of the surface properties and re ne the surfaces accordingly. Moving forward,
experimental tests will be carried out to validate the design.

4.6 X-ray Detector Experimental Tests

After the simulation and design phase, the X-ray detector description was sent
to Crytur for manufacturing. Crytur glued the scintillators onto the quartz-glass
substrate according to the provided designs and ensured that the surface properties
and dimensions were manufactured correctly. A picture is shown below.

Two di erent data collection methods will be discussed. One method involved
the CAEN Mod. DT5702 32-Channel SiPM Readout Board for the Cosmic Rays Veto
which will be the method used in HUNTER for X-ray detection. According to the
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Figure 4.21: YAP scintillators glued onto the glasssubstrate by Crytur

CAEN website, "The CAEN Mod. DT5702 is the desktop version of the A1702. It is

a custom design developed by the Albert Einstein Center for Fundamental Physics of
the University of Bern for the readout of SiPM arrays used in the Cosmic Rays veto of
Liguid Argon Neutrino Experiments. The board is designed to detect coincidences at
the far ends of scintillating bers coupled with SiPMs and measure the signal energy
and arrival time for track reconstruction.

The analog input signal is processed by CITIROC, a 32-channel ASIC from Wee-
ROC. Each channel comprises a high-gain charge preampli er (x10 x600 gain range),
fast shaping with a peaking time of 15 ns, and slow shaping with a con gurable shap-
ing time from 12.5 ns to 87.5 ns. Signals from the fast shapers are discriminated
(programmable threshold) and produce digital signals (TO-T31) for event triggering.
These signals are then combined in the FPGA to give coincidence triggers. The
input signal height can be stored in the ASIC Sample-and-Hold (S/H) circuit and
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multiplexed to a single analog output. This output is routed to an external ADC
for sampling and energy list decoding. The board allows timing measurements using
external reference signals fed into dedicated LEMO inputs. It is possible to achieve
timing resolutions down to 1 ns by using very stable signals, such as pulse per sec-
ond (PPS) pulses. Additional T-IN/T-OUT connectors for board-to-board trigger
validation are also available. The board communicates with the host computer via
Ethernet protocol, relying on ROOT-based demo software running on Linux [33]."

Another data collection method utilized was the Amptek 8000A Multi-Channel
Analyzer (MCA) which will be used solely for testing the PMT response and will not
be used for real time data acquisition. | connected three R580 Hamamatsu PMTs
[26] to high voltage, with their outputs routed through an AC coupler to the 113
pre-ampli er. From there, the signal was sent to the spectroscopy ampli er and then
to the MCA. | placed a single YAP scintillator tile on a piece of glass with an air gap,
positioned on a quartz volume, and viewed by the three R580 PMTs. These studies do
not directly compare to the X-ray detector setup, as we are not using the full 19 YAP
scintillator tiles glued to the glass or the 19 PMT array. Instead, these tests focus on
evaluating the data acquisition system and the PMTs, ensuring no nonlinearities and
allowing for system calibration.

4.6.1 Introduction to Poisson Statistics

Poisson Statistics characterizes independent, random events occurring at a xed
average rate. Poisson statistics describe the probabili(n) of detectingn indepen-
dent, discrete events (in this case, photoelectrons) within a xed interval of time or
space.

The following equation de nes the Poisson distribution:

e

P(n)= oy

(4.13)

The terms in this equation can be interpreted as follows:
" : The mean number of photons (or events) in a given interval. It represents the
average number of photoelectrons expected to be detected based on the char-
acteristics of the light source, the detection e ciency, and other experimental
parameters.
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A

n: The actual number of detected photoelectrons. This discrete variable can
take any non-negative integer value (0, 1, 2, 3, ...).

e : This term ensures that the probability of detecting more photoelectrons
than the average (given by ) decreases exponentially as the number of events
increases. For example, if the mean photon rate is low, the probability of
detecting a high number of photoelectrons in a short time interval is very low.

The Poisson distribution is used in experiments where events are rare, indepen-
dent, and random, as in photoelectron detection in a PMT. When multiple inde-
pendent photons are emitted during a pulse, the system treats each photon as an
individual event, and the probability of detectingn photoelectrons is governed by the
Poisson distribution [34].

In our experiment, we expect photoelectrons to be detected by the PMT ran-
domly and independently, with a xed average number of photons () emitted during
each pulse of the light pulser. The main assumption in using Poisson statistics is
that the photoelectron events are independent of each other (i.e., the emission and
detection of one photoelectron does not a ect that of the other), and they occur at a
constant average rate. This aligns well with the properties of photon emission from
the light pulser.

We can quantify the uncertainty in the number of detected photoelectrons using
Poisson statistics. In particular, the variance in the number of detected photoelectrons
equals the mean (), a distinctive feature of the Poisson distribution. This is crucial
for understanding the photoelectron count spread and optimizing the experimental
setup to minimize noise and maximize signal detection.

In practice, detecting N photoelectrons in the PMT does not always produce an
identical output pulse height. The response is spread out due to various factors such
as electronic noise, jitter, and the statistical nature of ampli cation in a PMT. The
Full Width at Half Maximum (FWHM) is given by the relation FWHM =2:35
where represents the standard deviation of the distribution. isde nedas = g N,
where N is the number of detected events. The standard deviation quanti es the
uncertainty in the measurement, which is proportional to the square root of the
number of eventsN . To quantify the number of photoelectrons detected, we used the
ratio of the FWHM of the peak in the pulse-height spectrum to the centroid of the
peak.
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Assuming Poission photoelectron statistics, this ratio should vary as;lW con-
volved with any additional spreading factors present. These factors are generally
small for N> 10.

FWHM 2:35
— = P= 4.14
Centroid N ( )
This equation comes from the fact that for a Poisson-distributed process, the
FWHM of the distribution is proportional to the square root of the number of de-
tected events. The constant 2.35 comes from the relationship between the standard
deviation of a Gaussian distribution (which well approximates the shape of the Pois-

son distribution for N> 5).

The relationship between the FWHM, centroid, and number of detected photo-
electrons allows us to estimaté\, the number of photoelectrons contributing to the
signal. Since in the Poisson distribution is the expected number of photoelectrons
per pulse, the ratio of FWHM to centroid allows us to calibrate the system.

In our setup, the light pulser's amplitude and the PMT's gain were adjusted
to control the number of emitted photons. As the number of photons increases, we
expect the peak in the MCA spectrum to become wider and the centroid to move
to higher channels (indicating higher energy). This is because the probability of
detecting more photoelectrons increases, leading to a larger signal, F’WHM N.

4.6.2 Calibrating PMT Response using a Light Pulser

This section aims to calibrate the PMT response using a light pulser and the
Amptek 8000A MCA. A light pulser calibrates the PMT by providing a stable photon
source. We used an analysis based on the Poisson Statistics of photon emission. | will
present a series of light pulser tests to assess and validate the system's performance.
These tests ensure the setup functions as intended, as the light pulser generates precise
and controllable pulses. The rst test will focus on the light pulser amplitude, where
| will incrementally increase the amplitude and analyze the system's linear response.
The second test will involve varying the high voltage applied to the PMT while
keeping the pulser amplitude constant to assess the system's response. Additionally,
| will conduct tests to identify the single photoelectron (PE) signal, which is crucial
for calibrating the PMT response in units of photoelectrons. The light pulser used
can be found in [35].
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4.6.2.1 Light Pulser Amplitude Test

To ensure the system responded linearly to the number of emitted photons, | collected
data on a high voltage of 1300 V, a gain 200, and pulser amplitudes of 5, 5.1, 5.2,
and 5.5. The hypothesis was that as the amplitude increased, the number of emitted
photons would rise proportionally, causing the centroid and FWHN of the resulting
peaks to scale linearly. | plotted FWHM versus the center of the pulser peak and
included a t equation on the plot 4.22, and this linear relationship was experimentally
shown. The data from this test is displayed in Table 4.5. Using the equation 4.14
below, | calculated the number of detected photoelectrons and plotted it against the
center channel, as shown in 4.23. The slope of this line tells us 0.0186 photoelectrons
per channel.

Amplitude FWHM | Center | FWHM 2 | NPE | Sigma | NPE/Center Single PE Channel
5.0 545 1000 297025 | 18.6 | 126.4 0.01859 53.78452
5.1 602.5 1200 | 363006.3| 21.9 | 128.7 0.01826 54.77686
5.2 660 1409 435600 | 25.2 | 131.6 0.01786 55.98106
55 878 2402 770884 | 41.3 | 136.6 0.01721 58.11394

Table 4.5: Experimental data including amplitude, FWHM, and calculated photo-
electron values taken with a HV of 1300V and a gain of 200.

Figure 4.22: The relationship betweenthe light pulser FV}(I—WI2 and the centroid
channelis displayed. Because the FWHM is proportional to N, whereN is propor-

tional to the centroid channel, we expect a linear relationship between FWHiand
the center channel (centroid). HV of 1300V, Gain of 200, pulser amplitude 5.0, 5.1,
5.2, and 5.5. Plotted data from the table shown in Table 4.5.
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1
Figure 4.23: Calculated NPE vs center channel. N = 2% __ *0.0186 pho-
toelectrons per channel

The "Single PE Channel" shown in the data table 4.5 is where we expect to detect
the single photoelectron. We nd this number by dividing the center channel by its
corresponding NPE. Therefore, at an amplitude of 5.0, the expected location of the
single photoelectron peak is around channel 53.78, which we get from dividing the
center by the NPE, 1000/ 18.59 53.79. If the gain scales linearly, then increasing
the current gain from 200 to 1000 (a factor of 5) should result in a proportional shift
of the single photoelectron peak center by the same factor, reaching approximately
channel 268. To test this theory, | performed a gain check by varying the gain on the
spectroscopy ampli er by a factor of 5 from a gain of 200 to a gain of 1000 to con rm
that the centroid also shifts by a factor of 5. The results con rmed this expectation,
as shown in 4.24.

Checking that our system responds linearly to gain changes is important because
it ensures that photoelectron statistics dominate peak width. These tests suggest
that the primary cause of peak broadening should be statistical uctuations in the
number of detected photoelectrons, not nonlinear distortions from the MCA or am-
pli er. With the pulser performance validated, the next step is to detect the single
photoelectron signal to further characterize the detector response and ensure accurate
calibration.
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Figure 4.24: Gain test on the Amptek 8000AMCA; Gain of 200 and 1000; Checking
that the center peak shifts by a factor of 5 to ensure that the primary cause of peak
broadening is dominated by Poisson Statistics

4.6.2.2 Light Pulser High Voltage Test

The second test involved varying the PMT HV while keeping the light pulser ampli-
tude constant at 6.0. Unlike the amplitude test, the number of photoelectrons was
expected to remain unchanged. The number of photoelectrons detected was measured
at three high voltage settings: 1350 V, 1250 V, and 1150 V. The data, shown in Table
4.6, includes the full width at half maximum (FWHM) and the peak center values,
along with the measured NPE for each setting. A chi-squared test was performed
to assess whether the NPE measurements were statistically di erent across the HV
values. The test yielded a p-value of 0.733 with 2 degrees of freedom, indicating no
statistically signi cant di erence between the NPE measurements for the di erent HV
settings. This suggests that the variations observed in the NPE values are consistent
with random uctuations rather than systematic di erences in detector response.

HV (V) | FWHM | Center | NPE
1350 | 713.33| 2102 | 47.95
1250 | 318.49 | 876.78| 41.85
1150 | 122.05 | 362.79| 48.79

Table 4.6: NPE measurements at di erent HV settings. A chi-squared test showed
no statistically signi cant di erence between the NPE values (p = 0.733).
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4.6.3 Single Photoelectron Identi cation

To directly observe the single photoelectron (PE) signal, the light pulser was
used to gate the Amptek 8000A MCA via a pulser generator. The generator was
con gured to produce a 20 ns pulse with an amplitude between 2 V and 3.3 V. The
light pulser amplitude was initially set to 1, the high voltage (HV) applied to the
PMT was set to 1300 V, and the spectroscopy ampli er gain was adjusted to 1000.
Under these conditions, a distinct peak corresponding to a single PE was observed at
channel 273 in the MCA spectrum.

Figure 4.25:Identi cation of the Single Photoelectron

To con rm the identi cation of the single PE signal, the amplitude of the light
pulser was reduced to 0.5. The peak position in the MCA spectrum did not shift,

which is consistent with single PE detection. This behavior can be understood as
follows:

1. Amplitude and Photon Statistics: Reducing the light pulser amplitude de-
creases the average number of photons emitted by the source. However, the
mean number of detected photoelectrons at these pulser amplitude settings is
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<1. Not every light pulse produces an electron at the PMT photocathode, but
the most probable nonzero number of photoelectrons is 1. Further reducing
the amplitude decreases the overall detection rate of photoelectrons but does
not a ect the energy of the detected photoelectrons or the PMT's ampli ca-
tion process. As a result, the peak position in the MCA spectrum remains
unchanged.

2. Voltage and PMT Gain: In contrast to amplitude changes, varying the HV
applied to the PMT directly modi es the gain of the photomultiplier tube. The
gain refers to the multiplication factor for electrons as they are accelerated and
multiplied through the dynodes of the PMT. Increasing the HV raises the elec-
tric potential di erence across the dynodes, causing electrons to accelerate more
forcefully and produce more secondary electrons at each stage. This process re-
sults in a larger output signal for each detected photoelectron. Consequently,
when the HV was increased by 50 V, the peak position in the MCA spectrum
shifted to the right.

This set of complementary tests con rmed that the observed peak corresponds
to single PE events. The consistency of the peak position under changes in amplitude
validated the quantized nature of the single PE detection, while the expected shift in
peak position with increasing HV veri ed the proportionality between PMT gain and
applied voltage. Together, these results prove that the MCA signal represents single
PE events and that the PMT setup operates as intended.

4.6.4 Calibrating PMT Response using Scintillation Pulses

Once the PMT response was calibrated for photoelectron number using the light
pulser, scintillation pulses could be analyzed to determine their photoelectron yield.
The work in this section aims to do an energy calibration using known radioactive
sources and statistical analysis of the peak data. Speci cally, | utilized a barium
source, which produces two prominent peaks at 30 keV and 81 keV, and an Am-241
smoke detector source, which provides a well-de ned peak at 60 keV.

To automate the peak tting process, | wrote a Python script that ts the peaks
and calculates each peak's FWHM and centroid. Additionally, the script generates
plots that overlay the tted curves on top of the raw data to assess the t quality
visually. A picture to display the Python tting is shown below.
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Figure 4.26: Example of barium data with python t

After obtaining the necessary peak parameters, | created a plot of FWHMer-
sus centroid energy. According to Poisson statistics, the relationship between these
two quantities should be approximately linear. The plot below 4.27 shows the linear
relationship, validating the assumption that Poisson statistics govern the peak broad-
ening and determine the number of photoelectrons at each gamma ray energy. The
energy (keV) vs center channel plot is shown in Figure 4.28.

| also calculated the number of photoelectrons from 4.14 and plotted it against
the center channel 4.29. Although not very linear, the slope of the line shows 0.0176
photoelectrons per channel. The slope of the line using the light pulser shown pre-
viously was 0.0186 photoelectrons per channel. There is a 5.52% di erence between
these measurements. The data is shown in Table 4.7.

These tests are conducted to thoroughly understand the PMT's light yield. In
this study, | found that using the light pulser, we expect 0.0186 photoelectrons per
channel, while using the scintillators, we expect 0.0176 photoelectrons per channel.
This corresponds to a percent di erence of approximately 5.52%. The Amptek 8000A
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Figure 4.27: FWHM 2 vs center channelrelationship on the Amptek 8000A MCA

Figure 4.28: Energy calibration of the Amptek 8000AMCA usingbarium and AM-241
radioactive sample

59



Figure 4.29: Number of photoelectronscalibration; calculated from 4.14 and plotted
against the center channel. 0.0176 photoelectrons per channel.

Energy (keV) Center Channel FWHM FWHM? FWHM/Center NPE

30 346 249 62001 0.71965 10.66
60 683 412 169744 0.60322 15.18
80 1036 510 260100 0.49228 22.79

Table 4.7: Data used for energy calibration using radioactive sources and the Amptek
8000A MCA

MCA is not suitable for real-time data acquisition, so with this knowledge, | will shift
focus to the 32-channel CAEN board, which will be used in the HUNTER experiment
for actual data collection.

4.6.5 Calibration of the DT5702 CAEN Board

| subsequently transitioned to using the CAEN DT5702 board. The CAEN
DT5702 was chosen to read the 19 photomultiplier tube (PMT) array in the HUNTER
experiment due to its advanced digital signal processing capabilities and its com-
patibility with multi-channel acquisition. The DT5702 enables simultaneous data
collection across multiple channels, a crucial feature for detecting and localizing x-
ray photons, as is necessary for accurate event reconstruction. Its high-resolution
pulse processing ensures precise energy measurements and enhances signal clarity,
vital for resolving X-ray emissions following electron capture decay. Furthermore, the
DT5702 integrates time-tagging functionalities and provides versatile input con gu-
rations, making it well-suited for large detector arrays.
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| did similar tests as what was done with the Amptek 8000A MCA. | con rmed
the linearlity between the a FWHM? and center channel for the 32-channel CAEN
board and calibrated the energy. The calibration points correspond to the 30 keV
Ba-133 peak, the 60 keV Am-241 peak, and the 81 keV Ba-133 peak presented in
Figure 4.30. This plot serves as the energy calibration for the HUNTER experiment,
as the CAEN board will be utilized for data acquisition. | calculated the number of
photoelectrons vs the center channel 4.31. | received a value of 0.0164 photoelectrons
per channel.

| also repeated the light pulser calibration using 5.0, 5.2, 5.4, 5.6, and 5.8 ampli-
tudes on the DT5702 as | did with the Amptek 8000A MCA. Figure 4.32 shows the
expected linear relationship between FWHKland the channel center.

Figure 4.30: Energy calibration of the DT5702 CAEN board

4.6.6 Summary

These plots provide necessary calibrations of the HUNTER x-ray detector and of
the data acquisition system, which is essential for the next stages of the experiment.
Below shows a summary of the light yield calibrations completed.

| computed the chi-squared value to be 2.9959, and a p-value of 0.2236. This
indicates that the data is in good agreement with each other. Overall, | tested
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Figure 4.31: Number of photoelectronsvs center channelfor the radioactive samples
calibrated on the DT5702 board

Figure 4.32: Pulser calibration of the DT5702 CAEN board with varied amplitude
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System Photoelectrons per Channel

CAEN DT5702 (Radioactive Source) 0.0164
Amptek 8000A MCA (Radioactive Source) 0.0176
Amptek 8000A MCA (Light Pulser) 0.0186

Table 4.8: Comparison of photoelectrons per channel for di erent systems and cali-
bration methods.

the PMT response, conrmed that the system follows Poisson statistics, and did
any energy calibration. However, upon further analysis of our data, we found that
achieving an energy resolution of 1 keV or less, as originally hoped, is not feasible.
The primary limitation is the insu cient number of detected photoelectrons, likely
due to the necessity of incorporating an airgap in our system. As mentioned earlier,
the detector constraints require that the scintillators remain in a vacuum, but the
electronics (PMTs and data acquisition system) cannot be placed in vacuum due to
their incompatibility with UHV. Additionally, we cannot glue the scintillators directly

to the chamber, as this could cause damage during the bakeout process. Consequently,
the presence of an air gap is essential.

While we cannot achieve the desired energy resolution, the detector can still serve
its purpose as the initial time-of- ight of the event and for determining the x-ray's
impact position. However, we must adopt an alternative method to determine the
X-ray's energy. One approach under consideration is to infer the energy based on the
Auger electron multiplicity. Di erent X-ray emissions from various shells (such as N,
M, or K) exhibit distinct Auger multiplicities. Speci cally, we are reconstructing N-
shell X-rays, which are associated with an Auger multiplicity of 1-2 electrons. Thus, if
we detect 1-2 Auger electrons during a run, we can conclude that the X-ray originated
from the N-shell with an energy around 34 keV. Further re nement of this approach
will be addressed in subsequent work.

During a trip to UCLA, we mounted one of the x-ray detectors inside the vacuum
chamber, marking a signi cant step in setting up the detection system. However,
the remaining detectors have yet to be purchased. The next section will focus on
work toward another essential HUNTER system, the electron spectrometer coils and
magnetic shielding.
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CHAPTER 5

ELECTRON SPECTROMETER COILS AND
MAGNETIC SHIELDING

A uniform magnetic eld is essential for accurately guiding and con ning the elec-
trons emitted from the 3!Cs radioactive decay. This uniformity ensures that the
electron trajectories remain well-controlled, allowing for precise momentum recon-
struction upon detection at the MCP. The Auger electrons must be detected with
the highest possible acceptance and momentum resolution to achieve the HUNTER
experimental goals. The electrons must hit the 150 mm MCP, and the coils curl up
the electrons to con ne their trajectory. Early simulations presented in Francesco
Granato's thesis [32] demonstrated that an 8G magnetic eld over the 1-meter dis-
tance between the MOT and the electron MCP can achieve an electron trajectory with
a radius of 33 mm. The momentum resolution of 0.1 keV/c could be achieved with
a 0.75% variation in the magnetic eld generated by the electron spectrometer coils.
To maintain the electron momentum resolution, the ambient eld must be shielded
out to within 30 mG [4]. These requirements led to a design incorporating a magnetic
shield and a set of 4 coils designed o of the Barker coil arrangement, which can be
found in the paper: Optimal current loop systems for producing uniform magnetic
shields [36]. | utilized advanced simulation tools in COMSOL and SolidWorks to
optimize the design of the magnetic shielding and electron spectrometer coils for the
HUNTER experiment.

5.1 Physical Design of Coils and Shielding

This section will cover the design of the coils and the magnetic shield. A Math-
ematica simulation using lamentary coil models found that 6.08 A is the current
required to generate an 8 G magnetic eld with four coils, each 49 inches in diameter.
The initial 6.08 A current was increased to 7 A to improve eld uniformity, with one
outer coil at 5 A. The outer coils have 2.26 more amp-turns than the inner coils,
extending eld uniformity over a longer range. A double-stage magnetic shield was
also simulated and designed to guide the magnetic ux lines and prevent them from
extending into the lab.
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| conducted 2D and 3D simulations in COMSOL to determine the optimal coil
spacing, current, and number of turns for each coil. These simulations also allowed
me to evaluate the magnetic shield's impact on the generated eld and its interaction
with the room's background eld. Below is an image of the nal design for the coils
5.1. The dimensions of the coils are displayed in the table below 5.1. The coils are
built in layers, with three layers in total.

Figure 5.1: COMSOL 3D coils

Parameter Outer Coils Inner Coils

Number of Turns (N) 98 (Layers: 36, 32, 30) 50 (Layers: 18, 17, 15)
Radius 0.621 m 0.621 m

Axial Length 75 mm 33 mm

Radial Width 6 mm 6 mm
Placement (z-position) 0:84205m 0:23428m
Current (1) | =7A;5A | =7A

Table 5.1: Coil dimensions and parameters. The outer coil current is 7A for one coil
and 5A for the other. We had to scale the 6.08A, which will be discussed later

Below is a picture of the magnetic shielding, coils, and vacuum chamber modeled
in SolidWorks 5.2. There are two layers in the magnetic shield. The inner Silicon
(Si) Steel magnetic shield has a radius of 0.75m and a thickness of 0.27m, and the
outer mu-metal shield has a radius of 0.9m and a thickness of 1mm. The end caps are
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hidden, so the coils and chamber can be seen. The inner magnetic shield is designed
to divert magnetic ux lines generated by the coils, while the outer shield prevents
background magnetic elds from interfering with the eld that con nes electron tra-
jectories. Our goal is to reduce external elds to below .01 Gauss. Initially, we used

a soft iron inner shield but later switched to Si-steel. Si-steel is an alloy with a high
silicon content which enhances its magnetic properties by reducing core losses and
increasing permeability. This makes it e ective for redirecting strong magnetic elds
while maintaining low hysteresis losses, making it ideal for applications requiring
controlled magnetic shielding. Mu-metal was chosen for the outer shield because of
its ability to block low-intensity background elds. Mu-metal is a nickel-iron alloy
with extremely high magnetic permeability, e ciently absorbing and blocking low-
intensity background magnetic elds. The presence of the sidearms complicated the
design, requiring precisely cut holes of various sizes to accommodate the necessary
ports. Additionally, the top and bottom of the shield had to be made at to prevent
interference with the cross positioned at both ends of the chamber.

Figure 5.2: Designof the magnetic shielding in SolidWorks with end capsremoved.
Chamber and coils are also shown.
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A quarter cross-section of the coils and magnetic shielding is displayed. Symme-
try can be utilized in the simulations to optimize both space and computation time
in COMSOL by minimizing the volume and applying appropriate boundary condi-
tions. This enables the user to simulate only a quarter of the design in 3D while still
representing the entire setup with the full coils and shielding.

Figure 5.3: 1/4th of the 3D COMSOL designusedfor simulation

The nal designs have been presented here, and in the following sections, | will
detail the COMSOL simulations that guided these decisions.

5.2 2D Study of Field Variation of the Electron
Spectrometer Coils and Magnetic Shield

The following sections will describe the initial 2D COMSOL simulations con-
ducted to design the coils to generate a 8G uniform magnetic eld over the 1-meter
distance between the MOT and the electron MCP and magnetic shields to preserve
the electron trajectories. These 2D studies provide a foundation before transitioning
to more realistic 3D simulations.
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5.2.1 Magnetic Field from Coils Alone

I initially analyzed the magnetic eld generated by the coils without including a
magnetic shield. There are four coils: two inner coils (placed at0:23428m) and two
outer coils (placed at 0:84205m). The coil current initially started at 6.08A, and
adjustments were made to the inner and outer coil currents to improve uniformity.
The inner coil current was increased to 6.81 A, while the outer coil current was set to
5.47 A. These adjustments were made to enhance the overall performance and achieve
the desired magnetic eld characteristics. The inner coils have N=50 turns, and the
outer coils have N=113 turns as initial conditions.

The image Figure 5.4 the positions of the MOT and the electron spectrometer
MCP, o ering a 2D visual guide for the 1m distance mentioned in this section and how
it relates to the overall chamber. On the z-coordinate, the MOT is located at -0.5m,
while the Electron MCP is at 0.5m. The coils are depicted in black. | aim to keep
the magnetic eld variation across this 1m span to a minimum because it was found
that variations in the eld cause reconstruction di culties for electron trajectories.

Figure 5.4: 2D chamberwith overlayed 2D coils. Blue tracks for electrons (helical

track heading to the right) and red tracks for ions (heading to the left) are schemati-
cally shown, originating from the MOT (red ball at the center). The colored contours

are optimized equipotentials simulated using SIMION by previous graduate students,
Francesco Granato and Xunzhen Yu.
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