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Abstract

Nuclear reactors contributed to the first discovery of the elusive neutrino particle
and continue to play a significant role in our understanding of neutrino masses
and oscillations. The PROSPECT reactor neutrino experiment, the Precision
Reactor Oscillation and SPECTrum Experiment, took data at the High Flux
Isotope Reactor (HFIR) at Oak Ridge National Laboratory. This work discusses
calibration procedures and the establishment of an energy scale model, and details
the development of efficient analysis cuts and subsequent selection cut optimization.
The precise energy scale calibration and efficient analysis cuts produced a high quality
dataset of neutrino interactions of more than 50,000 within a year’s data-taking. New
limits on the oscillation of sterile neutrinos were set and no statistically significant
indication of a potential sterile neutrino was found. The Reactor Antineutrino
Anomaly best-fit point was disfavored at 2.50 confidence level. The high precision
235U neutrino spectrum exhibited a spectral deviation with 2.20 confidence level
around 5 MeV region in comparison to the Huber-Mueller model prediction, and
the hypothesis that 23°U neutrinos are solely responsible for spectrum discrepancies
between model and data obtained at commercial reactor cores was disfavored at 2.40
confidence level.

Given the success of PROSPECT the collaboration is currently in preparation
for an upgraded detector, PROSPECT-II, to further expand the physics goals of the
program. The new design optimizes the fiducial volume by elimination of dead space

previously occupied by internal calibration channels, which in turn necessitates the



external deployment. In this dissertation we developed a novel external calibration
scheme. We evaluated the expected performance of externally deployed calibration
sources using PROSPECT-I data and a well-benchmarked simulation package. The
proposed external calibration scheme delivers a compatible energy scale model
and achieves comparable performance with the inclusion of an additional AmBe
neutron source, in comparison to the previous internal arrangement of PROSPECT-I.
Most importantly, the estimated uncertainty contribution from the external energy
scale calibration model meets the precision requirements of the PROSPECT-II
experiment. This work also investigates the application of a DT neutron generator

as a complementary method for liquid scintillator calibration.
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Chapter 1

Thesis outline and my

contributions

1.1 Outline

Chapter 1 gives an outline of the thesis and states my contributions to the

PROSPECT experiment.

Chapter 2 provides an historical overview of neutrino physics in both experimental

and theoretical point of view. Neutrino oscillation theory is also described.

Chapter 3 presents a detailed overview of the reactor antineutrino physics,
including reactor antineutrino production and detection, current reactor neutrino

experiment development and anomalies in the community.

Chapter 4 describes the PROSPECT experiment, including a detailed description

of the experimental site and detector component.

Chapter 5 goes over the physics of liquid scintillator, a deep look at the calibration

of the detector and overall detector energy response.



Chapter 6 describes the antineutrino event detection via the IBD process and
the event selection optimization process. The event selection and the selection

optimization leads to the final prompt energy spectrum.

Chapter 7 summarizes the physics results from PROSPECT and outlines ongoing
analysis efforts. The PROSPECT-II detector upgrades and the expected physics goals

are also described.

Chapter 8 proposes an alternative calibration strategy for the upgraded PROSPECT-
IT detector. The performance of such external calibration scheme is evaluated.
Specific challenges introduced in the new PROSPECT-II detector upgrades are also

discussed, such as external source location precision and inter-segment crosstalk.

Chapter 9 proposes a complementary calibration scheme using an external portable
neutron DT generator. The benefits of the inclusion of 14 MeV mono-energetic
neutron source are described and the characterization of the neutron response of

the liquid scintillator is studied using existing PROSPECT simulation packages.

Chapter 10 summarizes and concludes the work of this dissertation.

1.2 My contributions

The PROSPECT experiment was a short baseline reactor-based neutrino experiment
designed to make precision measurements of the *>U neutrino energy spectrum and
search for sterile neutrino oscillations. The PROSPECT detector operated between
March and October in 2018, collecting five reactor-on cycles of neutrino signals and
the backgrounds during reactor-off cycles.

I joined the PROSPECT collaboration on my 2nd year of graduate study.
Therefore, I was able to get involved in various hardware and data analysis activities

as the PROSPECT collaboration was in the early preparation stage for the detector



assembly and commissioning. I also contributed in activities including the detector
assembly, operation and calibration campaigns. I also played leading roles in various
analyses of the early neutrino dataset. After the detector was disassembled, I actively
contributed to the development of an upgraded detector.

I had hands-on experience with photomultiplier tubes (PMT) housing preparation
and assembly in a clean room environment. I also contributed testing the PMT
base before the detector was assembled and shipped to ORNL. I made UV-Vis
measurements of the liquid scintillator used for the PROSPECT program for quality
control. I co-led one of the calibration campaigns, which included operations of the
calibration motor drive system and handling of the calibration sources. I actively
participated in HFIR neutron and gamma background measurements and magnetic
field mapping around the PROSPECT detector.

In terms of data analysis, my first major contribution was co-leading the Inverse
Beta Decay (IBD) selection optimization analysis, leading to the first neutrino
energy spectrum and oscillation physics result in two publications in the journal
Physical Review Letters. Later, I was the leading analyzer for selection cuts re-
optimization, neutrino energy spectrum generation and validations for the whole
PROSPECT dataset in a more detailed paper in Physical Review D. I was the
leading analyzer for detector systematics covariance generations for an improved final
spectrum analysis of the same dataset, which was just recent accepted for Physical
Review Letters publication. Lastly, I worked on developing and validating an external
calibration scheme for the upgraded PROSPECT-II detector. I wrote a peer-reviewed
paper for the work on behalf of the collaboration that was published on Journal of

Instrumentation [1].



Chapter 2

Introduction to neutrino physics

In this chapter, I briefly introduce the neutrino particle, from the postulation of the
elusive particle to the recent development of neutrino flavor oscillation phenomenon.
I give an overview of the experimental efforts leading to the neutrino oscillation
discovery, and also briefly describe the theoretical framework of the neutrino

oscillation.

2.1 The hypothesis of the neutrino particle

The birth of the neutrino particle originated from the early studies of S decay of nuclei.
The § decay at the time was commonly believed to be a two-body reaction. The
emitted from the decay was believed to be mono-energetic under the conservation law
of energy and momentum. However, this contradicted the smooth and continuous
spectrum observed in Chadwick’s experiment in 1914 [2], instead of the expected
distinctive discrete energy lines in the spectrum. This was further confirmed by Ellis
and Wooster’s spectrum measurement of *1Bi [3] in 1927, as shown in Figure 2.1.
To preserve the energy and momentum conservation law, Niels Bohr proposed
that the conservation law holds only in a statistical sense to explain the observed
continuous [ radiation energy spectrum. Meanwhile, Pauli proposed a new

hypothetical particle in the # decay process to save the conservation law.
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Figure 2.1: /3 spectral measurement of the Radium-E(?!°Bi) by Ellis and Wooster
in 1927. Source: [3]



At the time it was called a “neutron” but later renamed to neutrino (“the little
neutral one” in Italian) by Fermi [4]. The introduction of this additional electrically
neutral particle in the [ decay process conserved the energy and momentum of the

three-body decay process among the recoiling nucleus, the electron and the neutrino,
n—=pt+e + . (2.1)

In the theoretical framework of Fermi’s beta decay theory, the neutrino (later
found to be electron antineutrino 7,) is an electrical neutral and massless spin 1/2
particle. When Pauli postulated the particle, he called the neutrino “a particle that
cannot be detected”. The search of such particles took almost twenty years since the

its postulation.

2.2 Discovery of neutrinos

The first direct proof of the existence of neutrino particles was via the so-called Inverse
Beta Decay (IBD) process,
Ve+p—et +n. (2.2)

The detected neutrino particle is the electron antineutrino 7., the antiparticle of one
of the three neutrino flavors as we know now.

The cross-section of the inverse beta decay interaction was estimated to be
extremely small, on the order of O(10~*c¢m?) [5]. To detect such rare events with
sufficient statistics, either enormous amount of neutrinos or large target proton
density in the detector was required, or both. Before the first direct neutrino
detection experiment, now also known as the Cowan—Reines experiment, Cowan and
Reines proposed neutrino detection from a nuclear weapon test explosion, which was
surprisingly granted approval by the Los Alamos National Laboratory director Norris
Bradbury. However, the propose never took place. Later, the idea of using neutrinos

from nuclear reactors, i.e. from the beta decays of fission daughter isotopes at the



Savannah River reactor was reviewed by Cowan and Reines as an alternative feasible
way that provides better background shielding, longer and consistent measurements.
The detector consisted of two target tanks filled with water, and sandwiched between
three large scintillation detectors, as shown in Figure 2.2. The water in the target
tanks provided protons for the inverse beta decay reaction, and cadmium chloride
dissolved in the water provided targets for neutron capture. The sandwich configured
detector, in the case of a neutrino-induced event, would produce two pairs of event
pulses separated about 3 to 10 microseconds. The first pair of the event pulse came
from the positron annihilation and the second pair from the neutron capture. The
detector was located in a small basement in the reactor building with about 12
meters of overburden against cosmic ray induced neutron and gamma background,
and about 11 meters of concrete as a shield against reactor related neutrons. Cowan
and Reines reported a cross section of (1217) x 10~*'cm? in [6] in 1960, in agreement
with predictions, thus confirming the existence of neutrinos.

The Cowan-Reines experiment was awarded the Nobel prize in 1995 almost forty
years later for their discovery of the neutrino, or more specifically the electron
antineutrino. The second flavor of neutrino, the muon neutrino, was discovered in
1962 by Leon Lederman, Melvin Schwartz and Jack Steinberger in an experiment [7] at
the Brookhaven National Laboratory, earning them the Nobel prize in 1988. The last
flavor of neutrino, the tau neutrino, was discovered in the DONUT experiment [8] from

Fermilab, which was built during the 1990s to specifically detect the tau neutrino.

2.3 Neutrino mass

The Standard Model (SM) is the fundamental framework that describes the nature of
three elemental interactions in the universe: electromagnetic, weak and strong forces.
The framework has proven to be one of the successful theoretical tools in particle
physics. The framework assumes neutrinos are neutral fermions with spin 1/2. There

are three neutrino flavors and each corresponds to one of the three charged leptons
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Figure 2.2: Schematic of the neutrino detector in Cowan—Reines neutrino
experiment. A and B are plastic tanks filled with water for the inverse beta decay
interaction. They are sandwiched by three scintillation detectors (labeled as 1, 2
and 3), each containing liquid scintillator and photomultiplier tubes (PMTs) on both
ends. Source:[6]



(Ve, vy, V7). These fermions can be described by the Dirac equation,

(i) — m)(x) = 0 (2.3)

where ¥(x) is a 4-component spinor field consisting of both right- and left-chiral
field ¢r and ¥r. In the SM, neutrinos are always left-handed (left chirality) and
antineutrinos are always right-handed (right chirality), causing the neutrino mass
term to vanish.

Despite the success of the SM, the observation of neutrino flavor oscillation [9, 10],
indicating non-vanishing neutrino masses, opens windows for new physics (NP)
beyond the Standard Model (BSM). One straightforward way to add mass to neutrinos
is the introduction of right-handed neutrinos, by coupling with the left-handed

neutrinos via the Dirac mass term in the Lagrangian,
L= —mD(ﬂLyR + ﬂRVL) (24)

via Yukawa coupling to the Higgs field, similar to how other fermions obtain mass.
Similarly, a Majorana (particle and antiparticle are the same) mass term is allowed
as well,

1
L= —§mM(DEVL + DIC{VR) (25)

where v§ = Ok and C represents the charge conjugation operator. The right-handed
neutrinos and Majorana neutrinos are not theoretically forbidden, thus a more general

Lagrangian can be expressed in the matrix form,

mrL Mp vr
£~ (7 o) (2.6)
mp Mg VR
where mp(mpg) is the left-(right-) handed Majorana mass, respectively, and mp is

the Dirac mass. In the limit of m; = 0 and mp < mpg, the eigenvalues of the mass



matrix are approximately,

my = D (2.7)
mpg
me = Mg (2.8)

where m; can represent the left-handed light neutrinos, and ms represents the counter-
part heavy right-handed sterile neutrinos, which are yet to be observed. This method
is commonly described as the type-I see-saw mechanism [11]. Neutrinoless double beta
decay is an experimentally proposed hypothetical process that, if observed, would
indicate the Majorana nature of the neutrino particle and set limits on the absolute

scale of neutrino masses and the mass hierarchy [12, 13].

2.4 Discovery of neutrino oscillations

The study of neutrino oscillations started with the solar neutrino anomaly. The solar
neutrino anomaly was first reported by the Homestake experiment [14], where the
observed electron neutrino rates were only about 1/3 of what the standard solar model
predicted. The Homestake experiment measured the electron neutrinos coming from
nuclear fusion reactions in the Sun, mainly the proton-proton chain reactions, via the
radiochemical reaction 37Cl(v,.,e™)3"Ar. More solar neutrino flux experiments, such
as GALLEX [15], SAGE [16], and Kamiokande [17] confirmed fewer detected solar
neutrino events than expected. Atmospheric neutrinos from the decays from mesons
produced by interactions of the cosmic rays with Earth’s atmosphere also showed a
deficit in measured rates compared to the model, as reported by experiments from
Kamiokande [18] and IMB [19]. The deficit in detected atmospheric muon neutrino
was often referred as the atmospheric neutrino anomaly.

The confirmation of neutrino oscillation was first observed by the Super-
Kamiokande experiment [9] in 1998. In the experiment, no disagreement was found

for electron-like events, while muon-like events saw oscillation patterns into the third
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Figure 2.3: Super-Kamiokande event distribution (black dots) for sub-GeV and
multi-GeV category as a function of cos . cosf = —1 represents upward-going events
and cosf = 1 represents downward-going events. Electron-like events in the top
panel showed agreement with the MC expectation (shaded areas). However, muon-
like events deviated from the non-oscillated MC simulations (shaded regions) and can
be best-fitted for v, <+ v, as highlighted in solid lines. Source:|9]
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flavor, as illustrated in Figure 2.3. The Sudbury Neutrino Observatory (SNO)
experiment [10] expanded the detection channel to include elastic scattering (ES),
neutral current (NC), and charged current (CC) to measure the flux of all neutrino
flavors.

The solar and atmospheric neutrino anomaly led to the discovery of neutrino
oscillations and earned both Super-K and SNO collaborations Nobel prize in 2015

“for the discovery of neutrino oscillations, which shows that neutrinos have mass”.

2.5 Neutrino oscillation theory

The neutrino oscillation theory was originally inspired by the kaon-antikaon oscil-
lations. Later around the time when muon neutrinos were discovered, the neutrino
flavor mixing emerged in a paper written by Maki, Nakagawa and Sakata [20], and was
presented in modern formalism by Gribov and Pontecorvo [21] in 1969. The mixing of
neutrino flavors can be described by the Pontecorvo-Maki-Nakagawa—Sakata matrix
U (also called the PMNS matrix), analogous to the Cabibbo-Kobayashi-Maskawa
(CKM) matrix describing the mixing of quarks. The unitary transformation matrix

U connects the neutrino flavor states to the mass eigenstates.

Ve 141 Uel UeQ Ue3 141
V| — Ulw | = Uul U,uQ Uus Vo (2-9)
Vr Vs UTl UT2 UT3 V3

The unitary PMNS matrix satisfies unitary relations UTU = UU' = 1. The PMNS
matrix can also be expressed as the product of three independent rotations along the

angles o3, 013, and 015 without loss of generality.

1 0 0 C13 0 813677;5CP C12 s1o O
U = O Co3 S93 O 1 0 —S12 C12 O P (210)
0 —S823 Co3 —Slgeiécp 0 C13 0 0 1

12



where ¢;; = cos0;;, s;; = sinf;;, and P is a unit matrix in the case of Dirac particles
or a diagonal form the two phases in the case of Majorana particles, 0;; € [0, 7/2] and
dcp € [0.27].

Quantum mechanical oscillations of the neutrino flavor state can be calculated by

starting with the initial state
vt =0)) = |v,) = Z ) (2.11)

The oscillated neutrino states at time t follow the time-dependent Schrodinger

equation,
Z (2.12)
where E; = /p? + m?. The oscillation probability thus can be expressed as,
P(va = vg) = [(vslv(t)]” = |Z UsiUaie™™"|” (2.13)

By approximating F; = \/p? + m? ~ p+m?/(2E), the neutrino oscillation probability

is,

Am?2 L
PV = vg) = bap — 42 Re[UaiU3,U}; Uil sin? ( TE” )

1<J
Am?2.L
+ QZIm UaiU3Up;Ugj) sin ( 25 ) (2.14)
1<J

where Am?i = m? —m? and L ~ ct is the distance the neutrino travelled. This
oscillation probability only depends on 693, 6013, 012, and, without loss of generality,
two independent mass squared differences. The common chosen ones are Am3,; and
AmZ,, which are usually called mass splittings. Also the oscillation depends on the

Dirac CP phase dcp, not on the Majorana phases. In the case of a simple two neutrino

13



oscillation case, the probability can be simplified as,

Am2L
P(vy — vg) = sin® 20 sin® ( Z; ) (2.15)

where o # (. The determination of the mixing parameters of the neutrino
oscillation was performed by experiments from combinations of nuclear reactors, the
Sun, atmosphere, and accelerators. The accepted measured values of the mixing
parameters [22] are summarized in Table 2.1.

Hypothetical sterile neutrinos, which only interact with other particles via gravity,
were proposed to explain the flux anomaly in reactor neutrino experiments. In this
case of searches for such sterile neutrinos with mass splitting Am3, and mixing angle

014 in reactor experiments, the electron antineutrino survival probability reads,

P, — U,.) = 1 — sin” 20, sin* (1.27Am%[[§2/e 2\]/]L[m]> (2.16)
The term sin? 26,4 represents the oscillation magnitude and the ratio of the mass
splitting Am?, over the neutrino energy is closely related to the oscillation frequency,
thus making the baseline sensitive to specific ranges. For example, in order to probe
high mass splitting sterile neutrinos, very short baseline neutrino experiments with
point-like reactor cores, such as PROSPECT [23] and STEREO [24], would have high

sensitivities.

14



Table 2.1: Best-fit oscillation parameters according to 2022 Particle Data Group
neutrino review [22]. NO stands for normal ordering and refers to ms > my > my,
while 1O stand for inverted ordering and refers to ms < m; < mo.

Parameter Value Source
Am2,(10~°eV?) 7.53 solar
Am2,(1073eV?)(NO)  2.453 atmospheric
Am2,(1073eV*)(I0)  -2.536 atmospheric

sin? 6,4 0.307 solar + reactor + accelerator
sin? B3 (NO) 0.546 atmospheric

sin? B3 (10) 0.539 atmospheric

sin? 63 0.0220 reactor

15



Chapter 3

Reactors as a source of
antineutrinos and related

anomalies

Reactor is one of the abundant neutrino sources either man-made or natural, and has
played a crucial role in the development of our understanding of neutrino physics.

The other four sources of neutrinos are:

e atmospheric neutrinos (v, v, 7, and 7.) from the decays of mesons produced

by interactions of cosmic rays with atmosphere
e solar neutrinos (v,) from the nuclear fusions in the Sun
e supernova neutrinos (all flavors)

e accelerator neutrinos (v., v, 7,, and 7.) from the decays of mesons produced

from proton beams

The reactor neutrinos are of particular interest to us, because they are almost purely
electron antineutrinos v, with energy up to ~ 10 MeV and have controllable large

flux based on the location of the detector. The common detection method of reactor

16



neutrinos, namely the IBD reaction described previously, is well understood and thus

allows for precision measurements.

3.1 Reactor antineutrino production in nuclear
reactors

Nuclear reactors are typically in the form of either commercial nuclear power plants
for electricity generation or relatively small size reactors mainly used for research,
material testing or production of radioisotopes for industry. Nuclear reactions are
driven by neutron-induced fission chain reaction of uranium and plutonium isotopes
in a controlled way, in which a neutron rich nucleus splits into two or more smaller
nuclei along with more subsequent neutrons inducing the chain reaction. For example,
the average number of emitted neutrons is about 2.4 for each U fission, and only one
neutron on average will induce a new chain reaction in a controlled nuclear reactor.
The smaller nuclei produced in the fission are mostly unstable and will subsequently
beta decay into stable isotopes, producing pure electron antineutrinos. Typically,
nuclear reactor emits about ~ 6 x 102°7, /GWpermal, With essentially no mixing from
other flavors of neutrinos.

The fuel used in commercial nuclear power plants, mostly low-enriched uranium
(LEU) reactors, consists of mixtures of the actinides #**U (3-5% concentration), 23U,
239Py, 241Pu. In research nuclear reactors, highly enriched uranium (HEU) fuel (>20%
235U concentration) is used and #**U fission is the dominant process. Fissions of 23U,
239Pu, and 2'Pu are induced by thermal neutrons with ~ 0.025 eV kinetic energies.
Fissions of 23*U can only be induced by fast neutrons (~1 MeV kinetic energy). The
average number of emitted neutrons from these four main fissile isotopes are 2.88, 2.95,
and 2.82 for 23°Pu, 24'Pu, and 238U, respectively. The reactor neutrinos produced in
the nuclear reactors are mainly from the beta decays of unstable fission daughters of

these four isotopes. The total expected 7, spectrum is then obtained by adding the

17



neutrino spectrum originated from each contributing actinides,

Wi fi fdN;
S(8) =3 G F (i) (3.)

i

where Wy, represents the thermal power of the reactor, (f;/F) is the fission fraction
of each actinide i, dN;/dE, is the U, spectrum of i’s daughter isotope, and e; is the
effective energy of the fission process. The expected 7, energy spectra are shown
below in Figure 3.1. The thermal power of the nuclear reactor can be estimated from
reactor heat generation, which typically can be measured from the temperature of
the coolant flow [25]. The fission fraction is dynamic and depends on the operation
status of the reactor. For example, in a LEU commercial power reactor, the typical
values of the fission fraction on average are approximately 58%, 29%, 8%, and 5% for
2351, 238U, 239Pu, and **'Pu, respectively.

There are two primary approaches for calculating the spectrum and flux of reactor
neutrinos. The first approach, ab initio approach, calculates the spectrum by breaking

down dN;/dE, as following,

;lg:' = > VaO( Db PUE,, E;)) (3.2)
n J
where Y, (t) is the cumulative fission yield at time ¢ for the fission product nucleus
n, b,; is the branching ratio of beta-decay branch ¢ with energy point Ej 7 and
P(dE,, Ey 7) is the energy spectra of each beta decay. Despite being straightforward,
this method faces several challenges that lead to large uncertainties in the predicted
spectrum and flux. These challenges are primary due to the input of the method,
i.e. the commonly used experimental nuclear database for fission yields ENDF /B-
VIIL.0 [26], branching ratios, and the endpoint energies of the beta decay provided
in ENSDF [27]. In general, this method would yield a relative uncertainty about
10-20% in the antineutrino energy spectrum. The second method takes advantage of

the energy conservation of the beta decay and converts electron spectra from the
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four main fission isotopes to neutrino spectra. The electron spectra of the thermal
neutron induced fission of 23U, 23°Pu, and 2*'Pu have been measured at the Institut
Laue-Langevin (ILL) research reactor in Grenoble, France [29, 30, 31]. The electron
energy spectrum associated with fast neutron induced fission of 2%*U has been
measured in Garching, Germany [32]. Since the electron and the antineutrino share
the total energy of the each beta decay branch, the antineutrino spectrum can be
calculated from the measured electron spectra by converting the kinematics of the
reaction and ignoring the negligible nuclear recoil energy. The conversion process
involves fittings of a set of virtual hypothetical beta decay branches to the measured
beta spectrum, illustrated in Figure 3.2.

The best-fit virtual branching ratios are then used to convert each virtual beta
decay branch to antineutrino spectrum to get the final aggregate neutrino spectrum.
The conversion method seems to trivialize the complicated contributions from the
nuclear database in ab initio method. However, in addition to the uncertainties
with the electron spectrum measurements, the conversion method has its own
complications such as its dependence on forbidden transitions, uncertainties from
the spectrum shape, and beta decay related correction like radiative correction, weak
magnetism, and finite nuclear size. With the inclusion of first forbidden beta decays,
the uncertainties of the flux can be around ~ 5% [33].

Current predictions of the antineutrino spectrum for modern LEU fueled reactor
neutrino experiments are produced via the so-called Huber-Mueller model, which
consisted of the conversion method by Huber [34] and Mueller’s 2*¥U spectrum [35]
based on ab initio method. The estimated uncertainty on the flux is about ~ 2%.
For HEU fueled reactor spectrum predictions, which don’t need to account for the
all fission isotopes except 23°U, Huber HEU 23°U model is often used as the reference

model.
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conversion of the neutrino spectrum.
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3.2 Reactor antineutrino detection via the Inverse
Beta Decay process

The reactor neutrinos from the nuclear fission reactors, either the commercial LEU
reactors or research based HEU fueled reactors, are electron-type antineutrinos. The
commonly used detection method is the inverse beta decay reaction (IBD), as used in
the Cowan-Reines experiment described in Chapter 2. The IBD reaction, described

by the equation below and Feynman diagram in Figure 3.3,
Ve+p—et +n, (3.3)

features a pair of space- and temporal- correlated positron and neutron, in which
the positron carries most of the incident neutrino energy and the neutron provides a
handle for distinguishing the signal from the backgrounds. The energy threshold for

the IBD reaction to happen can be calculated via the energy conservation as follows,
E, > m, + m.—m, ~ 1.806 MeV (3.4)

which corresponds to the vertical line outlined in Figure 3.1. The cross section of the
IBD interaction is expressed as a function of the energy of incident neutrino, and in

the zeroth order [36] is approximately as follows,

2712 /m>
O1BD ~ R/ ¢ EOp© (3.5)
psTn
where m, is the electron mass, ;S = 1.7152 represents the phase space factor

(including the Coulomb, weak magnetism, recoil, and outer radiative corrections),
T, is the measured neutron lifetime. The final antineutrino spectrum detected in a
IBD-based detector is a combination of the IBD cross section and the neutrino flux

and typically resembles what is shown in Figure 3.4.
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Figure 3.3: Feynman diagram of the Inverse Beta Decay process
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Figure 3.4: [Illustration of a typical reactor neutrino spectrum using detector
techniques based on the IBD interaction. Note the neutrino energy starts from the
IBD threshold described in Equation 3.4. Source:[37]
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3.3 Reactor antineutrino experiment development

Since the first detection of 7, at reactor conducted by Cowan and Reines, the
reactor neutrino physics studies mainstreamed the detection method that utilizes the
correlation of prompt and delayed events, i.e. neutrino detection via the IBD reaction.
More reactor neutrino detection methods were studied using heavy water (D20) via

the charged current (CC, Equation 3.6) and neutral current (NC, Equation 3.7),
Ve+d—n+n+et (3.6)

Uo+d—n+p+7. (3.7)

The observed ratio of the CC and NC event rates falls short of the prediction, leading
to possible antineutrino oscillation into other flavors at a mass splitting level of order
of eV? [38].

After the hints of antineutrino oscillation at high mass splitting region, several
experiments were performed to look for such signatures. The search for high neutrino
mass splitting requires short baselines from the reactor core and involves either
comparing measured spectrum to the prediction or relative comparisons at different
baselines. The ILL experiment [39] reported null two neutrino oscillation result,
ruling out the high mass splitting suggested by Reines. Further experiments like
Bugey [40, 41], Goesgen [42, 43, 44], Rovno [45, 46, 47], and Krasnoyarsk [48] all
confirmed the null oscillation results. In the late 1980s, underground detectors such
as Kamiokande [49, 50] and Super-Kamiokande [9] had reported hints of neutrino
oscillation of primarily electron and muon neutrinos, originating from decays of
mesons produced in Earth’s atmosphere. These results pushed forward reactor
experiments at long baselines (~ 1km), enabling high precision investigation of 7, —
v, neutrino oscillations. The Chooz [51, 52, 53] and Palo Verde [54, 55, 56] experiment,
although found no evidence of neutrino oscillation, excluded the possibilities of

interpreting the atmospheric neutrino anomaly by v, < v, oscillations. The
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atmospheric neutrino anomaly is the observation of a v, /v, ratio being half of the
expected, due to either oscillation of v, <+ v, or v, <+ v,.. The former oscillation
channel, v, < v,, is favored by Super-Kamiokande [9]. These oscillation experiments
indicated a very small value for the mixing angle 6;35. In 2002, the Kamioka
Liquid Scintillator Anti-Neutrino Detector (KamLAND) observed fewer 7, events
than expected at the 99.95% CL [57],

Nobs

= 0.611 % 0.085(stat) % 0.041(syst) (3.8)
Nexpected

Around 2006, several world-class reactor neutrino experiments, including Daya
Bay [58], Double CHOOZ [59], and RENO [60], were proposed to measure 6,3 with
high precision. As one of the mixing angles describing neutrino oscillations, 6;3 is
also relevant to the CP violation in the neutrino sector. Despite being the smallest
mixing angles, #,3 is the most precisely measured to date. The discovery of non-zero
6,3 also inspired further exploration in neutrino physics using reactor neutrinos, such
as searches for sterile neutrinos and neutrino mass hierarchy:.

To summarize, the confirmation of the neutrino particle in Cowan-Reines
experiment motivated a global effort in searching for neutrino oscillations. The
KamLAND experiment confirmed the reactor neutrino deficit corresponding to a small
mixing angle ;3. The reactor provided controllable and large neutrino flux, leading

to the most precision measurement of the mixing angle 6,3 despite the smallest.

3.4 Reactor antineutrino anomaly

The 6,3 reactor based neutrino oscillation experiment mentioned above also made
measurements of the spectrum and flux of the reactor neutrinos. A reevaluation of
reactor neutrino flux and spectrum was performed using a combination of the ab initio
and electron conversion approach, as described in Section 3.1. This reevaluation using

previous reactor neutrino experiment with baseline < 100 m shifted the global ratio
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of observed event rate to predicted rates of 0.976+0.024 to 0.94340.023, leading to
a deficit of 6% from unity [61], also known as the “Reactor Antineutrino Anomaly”
(RAA). This is illustrated in Figure 3.5.

One possible explanation to the deficit is a fourth hypothetical sterile neutrino that
does not interact but can participate in the three-flavor neutrino oscillation. The mass
splitting of such heavy sterile neutrino to the first mass eigenstate Am?, is of order of
eV2. Several experiments outside the reactor neutrino physics also hinted at a fourth
sterile neutrino with similar mass splitting of eV2. The accelerator based experiments
LSND [62] and MiniBooNE [63] reported excess events. Radiochemical experiments
GALLEX [64] and SAGE [65] (also referred as the gallium experiments) observed a
deficit in neutrino rate when calibrating using 'Cr and 3'Ar. The search of the fourth
neutrino (hypothetical sterile neutrino) is well-motivated from the experimental data
and the discovery of such particle would indicate new physics outside the Standard
Model.

In addition to the flux deficit anomaly described previously, neutrino spectral
disagreement between the measurement and the prediction is observed by reactor
experiments Daya Bay [58], Double CHOOZ [59], and RENO [60], as shown
respectively in Figure 3.6, 3.7, and 3.8. In the prompt visible energy region of 4 to 6
MeV (or equivalently in the 5-7 MeV neutrino energy region), a prominent excess of
about ~ 10% is observed. This excess or the bump in the high energy regions of the
neutrino spectrum does not depend on the reactor-detector baseline, reactor power
and configuration.

In addition to the anomalies we discussed, the flux and spectrum anomalies could
depend on the isotopic composition of the fuel evolution. For example, RENO and
Daya Bay collaboration reported the dependence of flux and spectrum on the fission
isotopes and hinted 2*U may be the primary contributor of the reactor antineutrino
anomaly [66] and a correlation between the bump change and reactor fuel isotope
fraction of U [67]. Therefore, very short baseline, HEU ?3*U-only reactor neutrino

experiments are of significant interests.
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Figure 3.5: Ratio of measured 7, flux to the new reevaluated model prediction. The
global average in blue line indicated a ~ 6% deficit, the so-called Reactor Antineutrino
Anomaly (RAA). A possible explanation is the inclusion of a fourth sterile neutrino in
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0.12. Source:[61]
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3.5 Current short baseline antineutrino experi-
ment

As discussed in the previous section, new generations of very short baseline reactor
neutrino experiment are of particular interest to search for large mass scale sterile
neutrinos and explore possible isotopic origin of the bump. The sensitivity of these
experiments depends on the distance between the reactor core and the detector,
the reactor power, the size of the detector and reactor core, energy resolution of
the detector, statistics of the measurements. The primary challenges are limited
overburden against cosmogenic background and reactor-related backgrounds. In
general, a segmented detector and good pulse shape discrimination (PSD) based
particle identification capability is used to achieve good signal-to-noise ratio. A list of

short baseline reactor neutrino experiment with key parameters are listed in Table 3.1.
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Table 3.1: Key parameters of current short baseline reactor neutrino experiments
around the globe.

Experiment Reactor Distance = Mass Resolution Segment
DANSS [68, 69] LEU 3.1GW  10.7-127m 1.1 ton 17% 2D
NEOS [70] LEU 25GW 24 m 1.0 ton 5% 1D
Neutrino-4 [71, 72] ~ HEU 100MW 6-12 m 0.3 ton - 2D
Nucifer [73, 74] HEU 70MW 7.2 m 0.6 ton 10% 1D
PROSPECT [75, 76] HEU 8MW  7-12 m 1.5 ton 4.5% 2D
STEREO [77, 24] HEU 58MW  89-11.1m 1.6 ton 8% 2D
SOLID [78, 79] HEU 75MW  6-9 m 1.6 ton 14% 3D
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Chapter 4

PROSPECT experiment

As pointed out at the end of Chapter 3, very short baseline reactor neutrino
experiments are sensitive to the search for eV-scale sterile neutrinos and isotopic origin
of the bump. A ton-scale, segmented, and IBD-detection-based detector filled with
liquid scintillator placed at a very short baseline near a HEU 23U point-like reactor
core was proposed to directly tackle the RAA, i.e. the Precision Reactor Oscillation
and SPECTrum experiment (PROSPECT). PROSPECT was designed to directly
search for eV-scale sterile neutrino oscillation by relative spectrum comparisons
between baselines and make precision spectrum measurements of the reactor neutrinos

produced by #°U.

4.1 HFIR reactor experimental site

PROSPECT antineutrino detector (AD) operated at the experimental hall in High
Flux Isotope Reactor (HFIR) at a baseline about ~ 7 m. HFIR is a research-focused
fission reactor completed in 1965, and it had the strongest reactor-based steady-state
neutron beam in the United States for neutron science. HFIR uses ~ 93% highly
enriched U fuel in a compact cylindrical core, with a diameter of 43.5 cm and a
height of 50.8 c¢cm [76], as shown in Figure 4.1. The reactor operates at a nominal

thermal power of 85 MW for each reactor cycle of typically 24 days. Since the reactor
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Figure 4.1: Photographs of a dummy HFIR reactor core showing (a) the diameter
and (b) the height. Source:[76]
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cycle is relatively short and the fuel assembly is completely replaced after the reactor
cycle, the fuel evolution effects from the other three fission isotopes can be completely
neglected. During the 24 days’ reactor-on cycle, > 99.9% of the 7, are emitted from
the fissions of 2*>U isotope.

The experimental hall is at the ground level of the reactor building and offers
minimal overburden for the PROSPECT AD. The AD sits at an average baseline of
~ 7 m from the reactor core in the pool, shown in Figure 4.2. The lack of overburden
at the experiment site and the close proximity to the reactor core pose challenging
background mitigation from cosmic rays related fast neutrons and reactor related
gammas and neutrons. Comprehensive background characterizations were previously
performed [80, 81]. Figure 4.2 shows the AD position relative to the reactor core and

proper radiation shielding packages deployed against reactor related backgrounds.

4.2 Detector design

The PROSPECT AD consists of an inner detector filled with ~4 ton Li-doped liquid
scintillator (LiLS), inner acrylic vessel and outer Aluminum tank, attached shielding
packages, and data acquisition (DAQ) and slow control electronics housed in electronic
racks on the side, shown in Figure 4.2 and Figure 4.3. The PROSPECT AD design
was optimized to offer the best sensitivities to IBD event detections and reduction
of backgrounds via the passive shielding packages and active analysis cuts. The
PROSPECT AD mainly consists of the following components, from the inner to the
outer side, lithium doped liquid scintillator, inner detector containment, shielding
packages, and side electronics racks.

Filled with lithium doped liquid scintillator made of organic liquid scintillator
based on EJ-309 [82], the inner acrylic tank is contained in outer aluminum tank and
further shielded by water bricks, lead, and borated polyethylene from the top and side

to mitigate the cosmic rays induced fast neutron backgrounds and reactor related
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Figure 4.2: Left: schematic of the AD in the experimental hall relative to the reactor
core, with an average baseline of 7 m. Right: schematic sideview of the AD shielding

against reactor related background. Source:[76]
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active detector volume is optically segmented by reflective grids into 14x11 uniform

segments. Source:[76]
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backgrounds. The design of the organic %Li-doped liquid scintillator was optimized to
achieve 4.5% energy resolution of the neutrino spectrum and at the same time to offer
pulse shape discrimination (PSD) capability for particle identification. The doped °Li
acts as the main neutron capture isotope for tagging neutrons from the IBD process.
The key detector parameters are summarized in Table 4.1. The following section will

describe each subsystem of the detector packages in details.

4.2.1 Liquid scintillator

Based on extensive R&D studies, the PROSPECT collaboration developed a novel
liquid scintillator loaded with °Li based on commercially available EJ-309 solvent
(di-isopropylnapthalene) [83] with added wavelength shifter of 2,5-diphenyloxazole
(PPO) and 1,4-bis(2-methylstyryl)benzene (bis-MSB). The wavelength shifter re-
emits light from the liquid scintillator to the wavelength sensitive to PMT light
collection. The loading of °Li isotope was done with a 95%-enriched °LiCl aqueous
solution. The process reduces the light yield of the liquid scintillator by ~30% to
8200200 photons/MeV. The liquid scintillator was also spiked with ?2"Ac (with a
half-life of 22 years) uniformly to monitor the relative segment volume variation and
position reconstruction resolution [82].

The PROSPECT SLiLS performs really well in light production and excellent
PSD capabilities, thus achieving a final 4.5% relative energy resolution and clear
separation of electronic (such as 7-rays and electrons) and nuclear (such as proton
elastic scattering) events. A pulse shape discrimination parameter PSD can be

established by [82],
PSD = (qtot — 1)/ Gtor (4.1)

where the total charge ¢, is computed from a time interval of 170 ns of the negative
signal waveform, and ¢ is the charge in a 30 ns interval. The typical PSD distributions

are illustrated in Figure 4.4.
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The figure-of-merit (FOM) can be defined using the PSD distributions,

FOM = (jtn, — pte)/\/(FW HM, + FW HM,), (4.2)

where fi,) and FWHDM,) are the mean and full width at half maximum of
the Gaussians corresponding to nuclear (electronic) recoils. Final °LiLS product
underwent quality assurance (QA) checks, shown in Figure 4.5 and the performance
of °LiLS was better than the prototype PROSPECT-50 requirements [84].
Depending on the type materials in contact with, liquid scintillators could
exhibit degraded light yield and performance of the scintillator. Extensive material
compatibility tests were performed [76], and the following materials were found to be
compatible with °LiLS: fluorinated ethylene propylene (FEP), polytetrafluoroethylene
(PTFE), polylactic acid plastic (PLA). Oxygen quenching is also known to reduce the
light yield of the liquid scintillator. A cover nitrogen gas was constantly maintained

to keep the exposure of oxygen minimal over time.

4.2.2 Optical grid

The active target volume is divided optically into a 14x11 grid, configured in a total
of 154 segments. The dimension of each segment is 1.176 m in length by a 14.5x14.5
cm? square, rotated by 5.5° to leave space for calibration channels. The optical grid
is made up of two major components: reflective separators and polylactic acid (PLA)
rods. An interlock mechanism between the PLA rods and separators was designed
to form a structural robust optical grid with external acrylic supports on both ends.
Figure 4.6 depicts the schematics of the optical grid system. The separators are
made of, from the inside to the outside, a carbon fiber backbone providing structural
support, reflector layers made of DF2000MA [85], adhesive layers and protective
Fluorinated Ethylene Propylene (FEP) films. The separators are fully laminated as
shown in Figure 4.7. The FEP films are then sealed and fully surround the separator

to avoid the inner material in direct contact with °LiLS. The reflective layers were
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Table 4.1: The PROSPECT antineutrino detector specification

Parameter Value

Target mass 3.7 tons

Target dimension 12mx20mx1.6m
Target material Custom LS with 0.08% °Li doping
Baseline range 7-12 m

Energy resolution 5% at 1 MeV

Optical Segmentation 14 x 11

Segment dimension 117.6 cm x 14.5 cm x 14.5 cm
PMT 5 inch in diameter
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Figure 4.4: PSD distributions of the PROSPECT °LiLS. Right: PSD distribution
fit to Figure of Merit (FOM) at 540 keV visible energy. Source:[82]
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Figure 4.6: Schematics of the PROSPECT optical grid. The top panel shows the
optical grid system inside the inner acrylic tank. The left panel shows the individual
optical segment, enclosed by double PMTs on the ends. The right panel shows the
interlock mechanism between the specular reflective separators and PLA rods. The
hollow PLA rods allow for the calibration tube access. Source:[86]
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Figure 4.7: Left: The sandwich structure of a separator; Right: heat sealed folded
FEP films. Source:[80]
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shown high specular reflectance in the wavelength range between 400 nm and 550
nm, where the scintillation light resides. The performance of DF2000MA is shown in
Figure 4.8. The reflector FEP film has an index of refraction of 1.33 and is much lower
than that of the SLiLS (~1.55), providing total internal reflection with high incident
angles and minimizing optical cross-talk between segments. During production in a
clean room in Illinois Institute of Technology, careful consideration were taken into
account to avoid possible scratches, residual dust particle or punctures of FEP film,
since they will lead to leakages of the °LiLS into inner separator materials.

The PLA rods were 3D-printed using white-dyed 100um PLA, providing a low
mass and volume structure for separators. Multiple types of support PLA rods were
produced, shown in Figure 4.9. The PLA rods and separators underwent extensive

QC examinations during production and assembly.

4.2.3 PMT modules

Scintillation light is collected by a pair of PMT modules in each segment in the
PROSPECT AD. The target volume is optically divided into a 14 by 11 grid of 154
segments.

Each segment has double light readout by two PMTs with diameter of 5 inches
from each end. Details of the PROSPECT AD and PMTs are shown in Figure 4.10.
Two types of PMTs with the same diameters and similar characteristics were used in
the AD, 240 PMTs from Hamamatsu and 68 PMTs from ElectronTubes.

The PMT and its base are contained in a housing that’s material-compatible
with the scintillator, filled with mineral oil, and then submerged in °LiLS volume.
The housing modules consist of the front window made of acrylic for efficient light
transport towards the PMT, the sidewalls made of white acrylic, and back plug made
of black acrylic supported by a second clear back plug. The cables were fed through
the back plug, illustrated in Figure 4.11. The back plug supports offers the ability to
stack PMT housing in a grid.
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Figure 4.8: Total and diffuse reflectance of DF2000MA in the wavelength range

above 360 nm. Source:|[86]

Type-8 S —
/ \/
1 1
| Type - 5
Tre:10
— -
-« // § / o
> —
Type -7
<« =
<4 \ e g
Type -3 el
: < Type -2
: \‘ -
Type -4 Type - 6

Figure 4.9: Various types of support PLA rods and their assembly location along
the segments. Center rods, such as 1,2,9, are used to seal the segments. The end
rods, such as 3-8 are used support thick and rigid spacing between PMT housings

and center rods [86].
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Figure 4.10: Schematics of the PROSPECT AD and PMTs. The red represents the
installation of 68 ET PMTs and the blue for the 240 Hamamatsu PMTs. Source:[76]
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Figure 4.11: Schematic of the PMT module. Source:[76]
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Extensive quality check (QC) measurements were performed on all PMT modules
under the requirement of structural tolerance and light-tightness. The assembly
process of the PMT modules were performed in a cleanroom at Yale Wright Lab. PMT
modules underwent PMT base resistance and functionality test before assembled into

the PROSPECT AD.

4.2.4 Optical and radioactive calibration systems

The PROSPECT AD achieves percent level precision, requiring accurate determi-
nation of the SLiLS detector response to various particle interactions and precise
reconstructions of energy scale and positions of the events. The segmentation nature
of the detector allows for in-situ calibration schemes. A variety of neutron and ~-ray
sources were deployed for energy reconstruction, position reconstruction, and detector
resolutions and non-linearity response. Additionally, optical fiber laser system offers
measurements of the timing differences and single photoelectron (SPE) response of
the PMTs. Both optical calibration system and radioactive calibration system are
demonstrated in Figure 4.12.

The radioactive source calibration consists of 3x5 independent stepper motor
drive units to move the calibration sources to the designated locations inside the
active volume. The absolute position accuracy of the source deployment along each
segment is about 1 cm. Sealed capsules of radioactive sources are attached to a
toothed drive belt. Stepper motors were used to push the belt along the calibration
tubes made of polytetrafluoroethylene (PTFE) in the 7x5 PLA rods for calibration.
Table 4.2 lists the deployed radioactive sources used in PROSPECT AD. The drive
(timing) belt and the stepper motor are shown in Figure 4.13.

The PTFE calibration tubes also separates the calibration system from the °LiLS.
The motors are located outside the shielded detector and are controlled with Arduino
micro-controllers [87], allowing for remote operation via a slow-control interface. The

calibration sources were retracted to the home positions outside the detector during
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Figure 4.12: The sideview of the PROSPECT AD calibration system. Top: the
optical calibration system inserts shown in yellow dots and the radioactive source
calibration inserts shown in red. Bottom: AD calibration system details along the
axial direction of segments. (A) source drive motors, (B) optical fiber connector panel,
(C) belt storage tube,(D) shielding, (E) source deployment tube, (F) light injection
point, (G) fiber tube, (H) detector segments. Source:[76]
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Table 4.2: Calibration sources and their primary purposes. The AmBe source was

acquired near the end of data-taking period and was only used for data-MC validation
purposes.

Source Type Primary Purpose Activity

137Cs y-ray  segment comparison 0.1 uCi

2Na, y-ray  positron, edge effects 0.1 uCi

%0Co y-ray energy scale 0.1 uCi

22Cf  neutron  neutron response 866 n/s

AmBe neutron neutron response 70 n/s
“zmm

Pin Connecting Belt : flmlng Bélt

Figure 4.13: Pictures of drive belt (top) and stepper motor(bottom). Source:[88]
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detector operation. During detector calibrations, one or multiple sources were driven
out by stepper motors to a given position along the length of the tube for a typical
calibration acquisition time of 5 or 10 minutes. The radioactive sources were returned
back to storage cabinet after each comprehensive calibration campaign. Fully installed

radioactive source calibration system is depicted in Figure 4.14.

4.2.5 Detector passive shielding

The design of the passive shielding was informed by HFIR background measurements
and consists of layers of shielding packages against reactor-related y-rays and fast
neutron flux originated from the cosmic rays. From outside to the active LS volume
of the detector, the shielding packages include a array of water bricks serving as
additional overburden to mitigate the cosmogenic fast neutron backgrounds, a layer
of 5% borated polyethylene shielding for neutron captures, a layer of lead to shield the
neutron capture v-ray, and a mix of water or borated polyethylene shielding outside
the acrylic tank containing LiLS target volume. This is also illustrated in Figure 4.3.

A lead shielding wall of 0.1 m thickness was installed between the detector and
the concrete pool wall, providing shielding against direct reactor related v-rays, as

illustrated in Figure 4.15.

4.2.6 Detector control and monitoring

High voltage modules All 156x2 PMTs modules are biased by high voltages.
The gain of the PMT modules are typically set at 5 x 10° to ensure a linear energy
response up to ~10 MeV during normal data taking. HV cards can be communicated

over a local DAQ network. Voltages and currents are monitored during operation.

Cover gas control Nitrogen gas is constantly maintained and form a blanket gap
between the air and the active *LiLS volume to reduces the oxygen quenching of the

liquid scintillator, known to degrade the light yield over time. Input flow rate is
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Storage Source Tubes

Belt Guides

Figure 4.14: Pictures of fully installed radioactive source calibration system,
mounted on the side of the detector exterior. The right picture shows a close-up
view of the stepper motor modules and calibration tubes. Source:[88]

Figure 4.15: Photograph of the lead wall between the detector and reactor pool.
Source:[76]
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monitored and can be adjusted according to the flow feedback monitored by a flow

meter, also shown the left picture in Figure 4.14.

Temperature and liquid level monitoring The temperature of °LiLS are
monitored by resistance temperature detectors (RTDs) at 11 locations in the active
volume. The environment temperature can fluctuate and rises up to 28 °C in the case
of AC power outage at HFIR. The temperature of the water in the aluminum tank
is also monitored by a RTD. Ultrasonic sensors are deployed to measure the SLiL.S
and water levels. Figure 4.16 shows the temperature fluctuations during detector

operation.

4.2.7 Data acquisition system

The data acquisition system of the PROSPECT experiment is composed of two
Weiner VME crates housing 21 CAEN Waveform Digitizers (WFD) [89], a Phillips
Scientific NIM crate [90], two DAQ PCs, storage array, and a run control computer.
The schematics of the PROSPECT DAQ system is illustrated in Figure 4.17.

The DAQ system is capable of a wide dynamic range of energy measurement up
to 15 MeV by adjusting the HV gains of the PMTs. The wide dynamic range also
covers not only the full IBD prompt energy range, but also the electron spectrum
produced from the cosmogenically produced 2B up to 15 MeV, which is the only
source for constraining the energy scale model at high energy regions.

The detector triggers data collection when both PMTs received a signal above a
trigger threshold of 50 ADC channels (~100 keV) within 64 ns time window. The
acquisition window is 148 samples in 592 ns. The pulses from both PMTs are only
recorded if their height exceeds a zero length encoding (ZLE) threshold of 20 ADC
channels. The implementation of zero length encoding significantly reduces the large
data streams during reactor-on operation. The post-ZLE waveforms are transferred

from the WFDs to the optical fiber cards in separate DAQ computers via the CAEN
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Figure 4.16: Environment temperature fluctuations. The spikes are caused by
temporary shut down of AC at the experimental hall at HFIR. Source:[91]
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Figure 4.17: Schematics of the PROSPECT DAQ system. Source:[76]

o1



CONET?2 optical fiber. The DAQ computers send the data streams to a local 20TB
RAID-6 disk array over the local ethernet network. The data are then transferred
to Oak Ridge and Livermore National Laboratory computer clusters, with a storage

buffer more than two weeks’ capacity in case of network outages.

4.3 Detector construction and commissioning time-
line

The PROSPECT program started with intensive R&D studies and several prototyp-
ing, followed by key component fabrication completed and delivered to Yale University
in 2017, including the PLA support rods, reflective separators, PMT Modules, °LiLS.
The inner detector assembly took place in a cleanroom at Yale.

The assembled inner detector was then moved to a transparent acrylic tank, and
later moved to the secondary light-tight aluminum tank, The gap in between two tanks
was installed with borated polyethylene boards. The assembled PROSPECT AD
was then tested without liquid scintillator (dry commissioning) locally, checking the
electronics and DAQ system. Afterwards, the detector was transported in an air-ride
trailer to the HFIR maintenance facility at ORNL in February 2018. Shocker sensors
capable of recording acceleration, GPS, humidity, and temperature were deployed to
monitor potential damage caused during shipping.

The SLiLS was shipped from Brookhaven National Laboratory in multi-drums
with nitrogen cover gas inside temperature-controlled trucks. Then the °LiLS was
transferred from the drums into a 20-ton Teflon lined shipping container (ISO tank).
The 22" Ac-spiked drum was mixed in the ISO tank to ensure uniform distribution.
The ORNL/UTK group performed UV-vis measurements on samples of each drums
for quality control. Consistent UV-vis spectra were found between the ISO tank and

the average of the drums. After SLiLS mixing in ISO tank and moved to outside the
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HFIR building, a total of 4340 kg SLiLS filled to the detector from the ISO tank, with
a controlled filling rate of 3 liter /minute.

A wet commissioning test was performed after completing the external shielding
and calibration system assembly to check the electronics. Initial calibration was used
to determine the high voltages for PMTs to achieve the desired gain. In March 2018,
the first measurement was taken with the reactor on, confirming neutrino detection

at Ho statistical significance within two hours’ on-surface reactor-on data-taking .
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Chapter 5

Neutrino detection physics and

detector calibration

The PROSPECT AD makes precision measurements of the 23U neutrino spectrum
by not only accurately reconstructing the energy of the incident neutrinos, but also
being able to distinguish different particle types. The °LiLS provides great particle
identification capability as well as high scintillation light yield, thus is an excellent
material for detecting neutrinos. Neutrinos from the reactor fission process interact
with the SLiLS and create ionizing particles traversing the detector target volume,
generating scintillation light along the path. The scintillation light is then collected
by the PMTs of PROSPECT AD. The light yield of °LiLS in response the incident
particles is not straightforward proportional to the incident energy, and undergoes a
so-called quenching effect causing nonlinear energy response. Thus, understanding of
the nonlinearity of light yield of the PROSPECT SLiLS plays a crucial role in precise
energy reconstruction of the neutrino spectrum.

I will start the section discussing the neutrino detection principle in PROSPECT
experiment. Then I go over the underlying physics governing the particle interactions
with the liquid scintillator. Lastly, results of Monte Carlo simulations and calibrations

of PROSPECT AD detector response are presented.
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5.1 Neutrino detection

Antineutrinos from the reactor with energy >1.8 MeV are detected via the identifi-

cation of the positron and neutron in the IBD interaction,
Ue+p—et+n, (5.1)

The positron deposits most of its kinetic energy immediately in the °LiLS by
converting its kinetic energy to LS scintillation light, which we will discuss in detail in
Section 5.2. Subsequently, the positron will annihilate with an electron and produce
two opposite 0.511 MeV 4-rays. The annihilation y-rays interact with the SLiLS via
Compton scattering.

In PROSPECT AD, the neutron capture isotopes are primarily hydrogen and °Li,
with ~ 80% fraction of the captures happen on 9Li,

n+5Li — a +3H, (5.2)

The heavy charged particles o and *H with high ionization density travel a short
distance on the scale of mm inside °LiLS, leaving the neutron signal localized and
detected in the same segment where the IBD takes place. Neutrons can also capture
on the hydrogen, which is abundant in the scintillator, emitting a 2.22 MeV ~-ray. The
schematics of the IBD process and particle interactions in the SLiLS are illustrated
in Figure 5.1.

The prompt positron signal and delayed neutron capture signal form a unique
correlation in space and time. In addition, the scintillator is capable of particle

discrimination via the pulse shape discrimination (PSD),

PSD = Qt““, (5.3)

full
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Figure 5.1: The schematics of the IBD process and particle interactions in the *LiLS.
An IBD interaction consists of an energetic prompt positron signal and a delayed
neutron capture on °Li within 50 us, generating ~ 0.55 MeV electron equivalent.
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where @Qyqi is the amount of charge of the PMT pulse tails, and Q. is the total
charge, as shown in Figure 5.2. The combination of the unique correlation in the IBD
process and the PSD particle discrimination of the liquid scintillator offers a distinct

handle for neutrino signal identification.

5.2 Mechanism of liquid scintillation

The SLiLS used in the PROSPECT AD converts the kinetic energy of the products
of the IBD process into scintillation light. The scintillation light is then collected
by PMTs and calibrated to reconstruct the energy of the incident particle. The
cause of the scintillation light is the ionization of the scintillator molecules by the
incident particle. The energy of the incident particle is transferred to conjugated
phenyl groups. The phenyl groups contain delocalized electrons in their 7w-bonds,
thus allowing an emission of light in the blue or visible energy range.

The scintillation photons released from the excited states per incident particle
energy is often referred as the scintillation efficiency. The overall signal detection
efficiency, however, also depends on the quantum efficiency of the PMTs (typically
30% at peak), and the efficiency of the light transport and collection (which depends
on, in the case of the PROSPECT AD, the properties of the reflective panels, and any
light absorption/attenuation). A typical light output in PROSPECT AD segments is
shown in Figure 5.3. The efficiency can be also affected by non-fluorescent impurities
and thermal motion of the molecules.

The phenyl groups electronic structure allows for excitations into singlet states (S;)
or triplet states (7;). The time scale of the de-excitation of the electronic state to the
ground state depends on whether it is a singlet state or triplet state. Singlet states
typically decay over a few to tens of nanosecond (fluorescence), and triplet states
typically decay over milliseconds or longer (phosphorescence) since the transition is

suppressed due to selection rules (requiring additional spin flips). The decay of the
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Figure 5.2: Example pulse shapes for electronic recoils and nuclear recoils. The
total and tail fraction of the pulse integral are also illustrated.
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Figure 5.3: Position dependence of light collection in the PROSPECT AD
segment. The blue and red band indicates the RMS spread between segments and
the performance of the liquid scintillator at the beginning (red) and end (blue).
Source:[92]
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excited electronic states in a scintillator can be expressed in a double-exponential
relation,

N(B) = Asexp(—) + Asespl—) (54)

where t denotes time, N is the number of photons emitted, and Ay and A, are the
weight factor for the fast and slow decays, and ¢; and ¢, are the time constants of the
fast and slow decays. The ratio of the fast and slow component of the decay process
is purely determined by the stoping power of the traveling ionizing particle, enabling
particle identification capability of the liquid scintillator via the PSD technique in
Equation 5.3.

The fluorescent radiation in a scintillator with just one solvent are mostly self-
absorbed because the absorption and emission spectra are highly overlapped. To avoid
the self-absorption loss of scintillation light, more types of fluorescence molecules are
typically introduced in the solvent, called fluors (primary type) or wavelength shifters
(secondary type). The absorption spectrum of the primary fluor overlaps with the
emission spectrum of the solvent, and the shifted wavelength of the scintillation light
is then better matched to the PMT photocathode response.

In the perfect light conversion case, the light yield can be expressed linearly as a
function of the stopping power, where the excited and ionized scintillator molecules
are well separated along the path of incident particle and their interactions can be

neglected,
dL dE
—=5— 5.5
dx dx’ (5:5)

where S is the scintillation efficiency. In reality, the loss of the scintillation light can
occur because high densities of the excited and ionized scintillator molecules. This
leads to non-linear relation in the scintillation response, called ionization quenching.
The quenching effect highly depends on %, causing it to be particle and energy
dependent. The quenching effect also gets stronger when the energy loss per path
length % is large, especially at the low energies, e.g., near the end of a particle track.

Heavier particles experience a stronger quenching effect, due to its high densities of
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the excitation and ionization. For example, the light yield of an « particle can be more
than a factor of 10 lower compared to an electron of the same energy. In addition,
the strong quenching effect is often accompanied by more triplet state excitations,
causing the larger PSD values in terms of decay time.

A semi-empirical equation describing ionization quenched light yield per path

length as a function of the energy loss per path length is based on Birks’ law [93],

dL SdE

dr 1+ kg E

(5.6)

where dL is the scintillation light per length dx along the path of the incident particle,
S is the scintillation effieciency, and kg is Birks’ quenching factor. For electrons, the
typical value of kpy is 0.01-0.03 cm/MeV [94]. A more generalized form Chou’s
Equation [95] takes the form,

dL 54k

dr 14 ki %E 4 kpo(9E)2

(5.7)

where kp; and kg, are the first and second order approximation constants. The
values of kp; and kg, are uniquely determined by scintillator materials. Several
models have been developed to describe the quenching mechanisms [96, 97]. The light
yield of heavier particles are lower than those of electrons and gammas, causing the
reconstructed energy in scintillator detector quite different from the actual deposited
energy of the incident particles.

Each scintillator has its unique values of the Birks’ quenching factors kg; and
kps. The PROSPECT AD detector response (See Section 5.4) includes the Birks’
quenching factor and the determination of the values requires a comprehensive
calibration campaign and well benchmarked Monte-Carlo simulation packages.

The scintillation light is emitted isotropically from the decay location of the excited
molecules. There is another source of light in the PROSPECT AD that’s directional,
produced via Cherenkov radiation [98]. Cherenkov light is emitted when the speed of
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the particle exceeds the speed of light in a medium. The total energy of Cherenkov

light produced can be expressed as,

2wz’ 1
B, = kc/A : (1 - 62n—2(k)> Erd), (5.8)

where the integrand is the number of Cherenkov photons emitted per unit wavelength,
« is the fine structure constant, z is the particle’s electric charge, § is the speed of
the particle, n(\) is the index of refraction of the medium, F) is the energy of those
Cherenkov photons, and k¢ is an effective normalization parameter (an estimate
of additional 30-40% scintillation photons) that scales Cherenkov light production
with respect to a default estimate based on constant scintillator refractive index

assumptions for wavelengths in the 200-700 nm range.

5.3 Low-level calibration

With the overview of the physics mechanism of the liquid scintillation and the neutrino
detection method described in Section 5.2 and 5.1, we are ready to discuss the details
of calibrating the detector response, reconstructing the physical quantities, such as
the energy, position, and time of the events from raw data of digitizer readout.

The conversion of the raw data to the physics quantities in PROSPECT exper-
iment is performed within the analysis framework PROSPECT2x_Analysis [99],
which also provides a plugin-based platform for other high level analyses.

Raw data recorded by the WFD modules were stored on local disks in a binary
format, and consisted of the waveform information as well as run metadata provided
by digitizer. The program Unpack produces converted waveform information in
ROOT TTree format from all WFD modules. The unpacked TTree contains
the event 1D, PMT channel ID, sample number and the waveforms of the samples.
The unpacked data is then fed into the PulseCruncher program, and converted

to DetPulse data. The DetPulse files contains a summarized information of
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the waveform pulse, with added attributes such as arrival time, pulse integral,
height, baseline, leading-edge rise-time and PSD parameter. Then calibrations were
performed on DetPulse data to generate physics quantities stored in PhysPulse
data. The physics quantities were extracted by combining and matching DetPulse
from both PMTSs in the same segment, with some of the key attributes such as event
number, segment number, event time, pulse time difference, z position of the pulse,
reconstructed energy, combined PSD value, and particle ID.

The low level calibrations applied to DetPulse are described next:

5.3.1 PMT timing offset

Ideally, the scintillation light coming from the center of the segment should produce
no PMT time difference between the pair of PMTs. However, variations in PMTs
electronics, cable length variations, and WFD board clock can cause a non-zero timing
offset. The offset can be calibrated out by traversing cosmogenic muon tracks. The
normal muon tracks would deposit energies outside the range of WFDs, thus only the
shorter muon tracks around the segment corners (corner-clipping) track were selected.
The muon track statistics is sufficient for a hour-by-hour run analysis. They provide
signal coincidences across multiple segments. Two timing matrices 7T; and d7; can
be generated for each segment 7 in the (x,y) coordinate, and their matrix element is

defined below,
4+t

ti )
2

(5.9)

where ¢ and t} are the arrival time of PMT 0 and PMT 1 in the same segment i,

and the second matrix is the differential time,

dt; =19 —t, (5.10)
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These two matrices can be solved to find the set of ¢; and dt; values via the information
provided by the muon track timing information across the detector segments, as shown

in Figure 5.4.

5.3.2 Map PMT timing to z-position along the segment

The PMT timing differential can provide information on determining the absolute z-
position of the event along the segment. The PROSPECT PLA mechanical support
tabs along the edge of the segments provide a natural ruler for such calibrations.
Using a subset of the same corner-clipping muon tracks, the PLA rod tabs causes
distortions to the light and timing information collected by the PMT, referred as the
“Hobbes effect”. Such effects are illustrated in Figure 5.5.

The dt distribution is fitted with the “M shaped” function form M (dt) below,

2
n(dt) = M(dt)[1 + kcos(%(adt +bdt?)))], (5.11)
where 0 = 78.5mm represents the distance between the tabs, and k.,b,a are fit

parameters. The reconstructed z(dt) is expressed as,
z(dt) = adt + bdt?, (5.12)

An example of the dt distribution in segment 49 is shown in the left of Figure 5.6.
The model was validated by z-position scans of the radioactive y-ray calibration along

the length of the segment, confirming z(dt) precision of +1 cm across all the segments.

5.3.3 Combined PSD parameter for each segment

To produce a single PSD value for the event in a segment, PSD values from the
two PMTs in a segment are position-dependence corrected and then statistically

combined. The position dependence of PSD values are mapped out by the use of
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the corner-clipping muon hits, with the PSD tail fraction increasing with distance
from the PMT. The observed distribution is empirically fit as a three-parameter

function of dt for each segment,
PSD(dt) = p(1 + d[1 — exp kdt]), (5.13)

Figure 5.7 shows PSD position dependence and position dependence corrected
PSD distribution. The position dependent part of the PSD component is subtracted
off from each pulse, removing the position dependence. The two position-independent
PSD values from each pulse are then statistically averaged, weighted by the estimated
number of photoelectrons in each pulse, producing a single PSD value. Figure 5.8
shows the calibrated PSD values for a large number of ®Li-captured spallation

neutrons following a candidate muon track.

5.3.4 ADC to energy conversion

The neutron captures on °Li events can be used to convert the ADC to energy since
the neutron captures on SLi events have very localized PSD and energy, as shown
in Figure 5.8. These neutron captures on °Li are selected in time coincidence with
cosmic muon signals.

The light collection is also known to depend on the distance from the PMTs,
mainly due to a combination of light attenuation and leakage before reaching the
PMTs on the ends. In order the quantify the light collection attenuation and the

z-dependence, we can define the following two variables,

R(dt) = o, (5.14)

S(dt) = \/S1 S, (5.15)

67



& 0.20 & 0.6 -
g | T 2
§ | § L. 107
8 0.18- g I
o | o) J -
g | ' 2 0.4}
0.16- " .
; Ll "
0.14f i ."‘
I e 0.
0.121- 107
L PR (N ST SR R (N ST SR SR N S
0.10 -20 0 20 O—q

segment 72 dt [ns] z[m]

Figure 5.7: Left: Position dependent PSD vs dt for a particular segment. The
blue and red are PSD data. Cyan and magenta represents the fits described in
Equation 5.13. Right: PSD values after the position correction. Source:[101]
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where Sy and S; are the ADC integrals of two PMTs. R(dt) should not depend on
the total charge, and was shown to have a cubic polynomial fit to dt in Figure 5.9.
The geometric mean signal S depends on the total charge of the event, which can be
tracked by the neutron captures on °Li, as shown in the same Figure 5.9. A quadratic
polynomial fits well the peak of the distributions of these events.

A relative light collection efficiency to each PMT can be defined as,

mo(dt) = Stdt)/ Ridh) (5.16)

S(0)y/R(0)

S(dt)\/R(0)

N ONZm)

(5.17)

with the normalization condition that 7;(0) = 1. The n(dt) can be converted to 7(z)
via the Equation 5.12. An example is also shown in Figure 5.10.

The statistically optimal way to combine into a single F,;, is to sum the estimated
total number of PE counted by both PMTs, and divided by position-dependent light

collection factor,
Sono/go + Sin1/ g

Evis = >
nOUO(zreC) + n1771<zrec)

(5.18)

where S; is the pulse area from PMT i, g; is the pulse area signal per F,;; deposited
at segment center, and n; is the estimated number of photoelectrons collected per
E,;s at segment center, and 7;(z) is the position-dependent light collection efficiency
to each PMT 17, and z,.. is the reconstructed z-position. The reconstructed position
Zree 1 formed by statistically weighted average of dt and In R(dt), which was shown

to have degraded position resolution if either information is removed.

5.3.5 Low level calibration performance

Having calibrated the energy, position and PSD, we need to evaluate the stability
of these metrics as a function of time. The stability was monitored via a variety of

background events present in the physics data-taking runs.
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RnPo The PROSPECT SLiLS was doped with ?*"Ac, the decay of which contains
two successive a-particles,

YRn —2'° Po + « (5.19)
25po =21 Ph + (5.20)

The a-a coincidence RnPo events are separated by a half life of 1.78 ms. The a-
particles are highly quenched and localized. RnPo events are selected by a pair of
prompt nuclear recoil of 0.19 < PSD < 0.36 and 0.57 MeV < E,.. < 1.15 MeV and a
delayed nuclear recoil of 0.19 < PSD < 0.36 and 0.66 MeV < FE,.. < 1.15 MeV, with

a time difference of 5 ms and position distance of 20 cm.

BiPo The decays of 2'“Bi and 2'?Bi produce a 3 followed by an « particle, from the

28U and ?*2Th decay chains due to natural radioactive contamination in the inner

detector.
2MBi 24 Po + 3 (5.21)
2pg 5210 Ph + (5.22)
212Bi 212 Po + 3 (5.23)
212pg 2% Ph + (5.24)

21BiPo events are selected by pairs of a prompt electronic recoils of 0.05 < PSD <
0.22 and 0.0 MeV < E,.. < 4.00 MeV and a delayed nuclear recoils of 0.17 < PSD <
0.34 and 0.72 MeV < E,.. < 1.00 MeV, with a time difference of 0.7 ms and position
difference of 20 cm.

212BiPo events are selected by pairs of a prompt electronic recoils of 0.05 < PSD
< 0.22 and 0.0 MeV < E,.. < 3.00 MeV and a delayed nuclear recoils of 0.17 < PSD
< 0.34 and 0.95 MeV < FE,.. < 1.27 MeV, with a time difference of 1 us and position

difference of 20 cm.
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Various clean 7-rays can also be used to monitor the stability. For example, the n-
H capture following cosmogenic muon signal emits mono-energetic 2.22 MeV v-rays.
Prominent single v-ray peaks are also visible in the spectrum, from intrinsic 2°8T1
contamination in the detector and reactor generated neutron captures of metal in the
HFIR complex and the PROSPECT shielding packages.

The time stability of the energy and z-position reconstruction are depicted in

Figure 5.11.

5.3.6 Clustering segment pulses to physics quantities

PhysPulse data contains calibrated information such as z position, visible energy,
PSD value, timing difference dt, as clearly discussed in the above paragraphs. Physical
pulses are scanned and combined into physical clusters if within 20 ns of each other.
The prompt and delayed events are identified via a coincidence analysis. Energy and
PSD based analysis can identify the particle type, such as electrons, neutron captures,

fast neutron recoils.

5.4 Detector energy response

Before we can proceed to real physics cluster event analysis, we need to validate
the energy scale model by comparing the simulations of the PROSPECT AD to
the calibration data. PROSPECT-G4 is a GEANT4-based Monte Carlo simulation
package specifically programmed for PROSPECT AD [102]. The simulation package
contains core properties of the PROSPECT AD, such as detector geometry, particle
interaction types and material properties with adjustable parameters. It allows for
proper energy scale calibration, characterization of PROSPECT AD performance,
determination of detector responses to various particle interactions and detector
systematic uncertainties. The calibrations we performed in the previous section was

done on a relative energy scale via the measurements of the neutron captures on °Li
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Figure 5.11: Time stability of energy, position and PSD calibration using various
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events. An absolute energy scale should be corrected via the calibration of various
~v-ray sources and a high energy electron spectrum above 10 MeV. Furthermore, the
reconstructed energy spectrum highly depends on effects such as event energy loss,
properties of the liquid scintillator, the materials and geometry of the detector. It is
thus absolutely necessary to understand the impact of all these factor on the detector
energy response via a data-constrained calibration.

In the following paragraphs, we will discuss the procedure and performance of
the absolute energy scale calibration. Additional information and discussions are
also available in Chapter 8, where a novel external calibration approach is proposed
and benchmarked. We start with descriptions of the calibration source used in
PROSPECT calibration campaigns, followed by a y2-based determination of the
detector response model via data-MC comparison, and lastly show the performance
of the absolute energy scale calibration.

The PROSPECT experiment had four calibration campaigns since the first
detector commissioning in March 2018. The four calibration campaigns were
performed in April, August, and December 2018, and in February 2019. The list
of calibration sources are shown in Table 5.1.

Typically, the calibration sources were placed at 7 available z-positions along
the segment in one of 7x5 calibration source tubes for 5 or 10 minutes runs. The
252Cf and AmBe source are run for more than an hour or overnight due to their low
activity. Overnight background data was taken before the start of each calibration
campaign day. All the calibration runs were performed during reactor-off period to
avoid unnecessary reactor related backgrounds.

During calibration campaigns, the ZLE trigger threshold was set to 10(20) ADC
channels for gamma and neutron sources. During analysis, additional 90 keV
threshold is also enforced for all segments to resolve the non-uniformity of detector

response to low energy events.
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Table 5.1: Calibration sources used in PROSPECT experiment.

Source Particle type  Energy (MeV)

137Cs ~y-ray 0.662

2Na, y-ray 2x 0.511, 1.275
0Co y-ray 1.173, 1.332
20t neutron 2.223 (n-H capture)
AmBe neutron 4.4

2 B~ 3-13.4 MeV

5



For gamma calibrations with 37Cs, 22Na, and ®°Co, a PSD requirement of within
30 band of the mean PSD value is applied. Overnight background gamma-like rates
are subtracted from the calibration runs.

For ?2Cf calibrations, we look for time coincident pairs of prompt ~-ray and
delayed 2.22 MeV de-excitation ~-ray signal, generated in the subsequent nH capture
interaction. The prompt v-rays are from the 252Cf fissions and have an energy range of
3 MeV to 15 MeV. The time coincidence cut for the pair is 0-200 us for the correlated
and -1200 to -200 us for the accidental events.

2B events are produced by cosmogenic neutrons via the >C(n,p)'?B interaction.
The energy of the emitted electron spectrum is between 3 and 13.4 MeV. The 2B
events are selected via pairs of a prompt nuclear recoil and a delayed electronic recoil.
The prompt signal has to be within a single segment with a nuclear recoil PSD value,
and the energy is between 0.7 MeV and 10 MeV. The delayed signal has an electronic
recoil PSD with energy less than 15 MeV and multiplicity < 3. The time difference
is between 3 and 30 ms, eliminating neutron captures that exhibit ?B-like pattern.
The requirement of the distance between the prompt and the delayed is 12 cm.

The AmBe source provides 4.4 MeV high energy ~-ray via the reaction,
a+?Be — n +2 C+4.4MeV, (5.25)

where the a particle was emitted from 24! Am with an energy of 5.486 MeV for 85%
of the time. The AmBe source was not used in the calibration process for the
PROSPECT AD. It was only used to validate the final energy scale model. The
AmBe events are selected via pairs of a prompt y-ray and a delayed neutron capture
on °Li. The energetic neutron produced in the reaction will mix with the prompt
~-ray as a prompt nuclear recoil, thus exclusion of proton recoils in the prompt signal
is added.

The ~-rays produced from the calibration sources can hit multiple segments in

the PROSPECT AD. The number of segments that contains deposited energy from
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~-rays, referred as multiplicity, is a crucial variable for highly segmented detectors,
since it’s highly correlated with detector energy loss due to dead or inactive materials
inside the detector. The multiplicity distribution will also be included in the energy
scale calibrations.

The non-linearity energy scale model in PROSPECT-G4 MC packages are
described in Section 5.2, Equation 5.7, and Equation 5.8. The energy of Cherenkov
light is also added as part of the total energy,

Eeor = ke Y _ NAEj, (5.26)
A

where N) is the number of photons per wavelength, E is the energy of the photon,
and k. is the effective light collection efficiency. The energy scale model is determined
by minimizing the y? between the calibration data and simulations, which is also used

in Chapter 8.

X?lata—MC = Z Xi + Z X?nulti + X%QBa (5.27)
v

multi
The best-fit energy scale model reproduces the spectrum and multiplicity of the
calibration sources, as shown in Figure 5.12. The best-fit parameters are (A, kpy,
kg, k.) = (1.002640.004, 0.13240.004 cm/MeV, 0.02340.004 cm? /MeV?, 37+2%),
with a total x?/ndf = 581.5/420.

The agreement between the measured and predicted MC response is also
illustrated in Figure 5.13 below.

We mentioned that the AmBe source was not used for determining the energy scale
model but only used for energy scale model validation, this is shown in Figure 5.14.

The energy resolution is characterized for the calibration y-ray sources, with the

following function:

Of 9 b 2
= S 5.28
Brec ¢a+ﬂm+ﬂ’ (5:28)
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where a represents on detector configuration, b is related to photostatistics (PE/MeV),
and c is related to the PMT and electronics noise. The best-fit energy resolution is
shown in Figure 5.15, corresponding to a 4.8% energy resolution at 1 MeV. The
best-fit parameters are (a,b,c) = (1.15%+0.47%, 4.61%+0.24%, 0.0+1.3%).

A detector energy response matrix can be generated using the simulation packages.
The detector response converts the incident neutrino energy distribution in the
neutrino energy space to the visible energy distribution. Such response matrix
is generated via feeding slices of mono-energetic neutrinos through the detector
response. The generated prompt reconstructed visible energy of each slice of mono-
energetic neutrinos are combined into a matrix in the form of column vectors. Since
the energy threshold of neutrinos in the IBD process is 1.8 MeV, the response matrix

starts from the 1.8 MeV threshold, as shown in Figure 5.16.
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Chapter 6

Optimization of neutrino event
reconstruction and PROSPECT-1

physics results

In Chapter 5, we gave a detailed description of the absolute energy scale calibration
and selection of a variety of background events to monitor the performance of the
detector calibration. With accurate calibrations applied to DetPulse, the resulting
PhysPulse data contains calibrated information such as z position, visible energy,
PSD value, timing difference dt, as clearly discussed in the previous chapter. Physical
pulses are scanned and combined into physical clusters if within 20 ns of each other.
Then, the prompt and delayed events are identified via a coincidence analysis. Energy
and PSD based analysis can identify the particle type, such as electrons, neutron
captures, and fast neutron recoils.

In this Chapter, I continue to discuss the details of a window-based selection cut
analysis of IBD event identifications. The optimization process of the selection cuts
is presented. The spectrum and oscillation physics results based on the optimal IBD

dataset are highlighted.
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6.1 IBD event selection cuts

The PROSPECT IBD selection and analysis were performed via a plugin-based
PROSPECT2x_Analysis toolkit. The PROSPECT2x_Analysis offers a plugin-
based platform for various high-level analyses. The IBD selection analysis was
performed by feeding PhysPulse pulse information into the P2kIBDPlugin plugin
program via a cut-based analysis. Reconstructed IBD pair information are stored
in IBDClusters in ROOT TTree format, containing information such as event
number, reconstructed visible energy FE,;,, the segment number and energy of the
maximum deposition F,,.., xyz-position, and the correlated neutron captures.
Estimated from the dimension of the PROSPECT AD and neutrino flux of HFIR
reactor, less than 1,000 IBD interactions per day were expected in the active target
volume during the reactor-on period. These IBDs co-exist with intense reactor
related and cosmogenically-induced backgrounds. Highly efficient selection cuts were
developed and optimized to greatly suppress the backgrounds while keeping IBD
signals minimally ruled out. In the following paragraphs, we outline the selection
criteria based on energy and PSD of the event clusters, the time coincidence of the
prompt and delayed clusters, the topology of IBD positron and neutron pair, and the

target volume. The power of selection cuts are best illustrated in Figure 6.1.

Prompt cuts The positrons produced in the IBD reaction take away most of the
kinetic energy of incident neutrinos and will deposit energies in the detector up to
8 MeV in multiple numbers of segments, with the highest energy deposition usually
happening in the same segment where IBDs take place. Thus, the prompt cuts
consisted of F,.. energy cut between 0.8 and 7.2 MeV, and reconstructed PSD values

all within the 2.00 band of the calibration electron-like PSD mean.

Delayed cuts The neutron produced in the IBD reaction usually contains less
than a few tens of keV of kinetic energy and produces negligible scintillation light as

it thermalizes. The neutron capture on °Li happens within roughly 50 us and a

83



time coincidence w/ pileup veto
w/ PSD cut

w/ cosmic veto

w/ distance cut

w/ fiducial cut

Counts
)
[¢)]

T |||I1T| T 1T

T

2 4 6 8 10 12

Prompt Energy[MeV]
g
310" F
10° £
10* E
f ——— time coincidence w/ pileup veto, delayed PSD cut ‘LHL‘_:‘—-__H
1 03 ——— w/ cosmic veto
——— w/ distance cut
1 02 — w/fiducial cut
0.10 0.15 0.20 0.25 0.30

PSD

Figure 6.1: [Illustrations of sequential application of IBD selection cuts in the
reconstructed energy and PSD space.
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few tens of centimeters away from the IBD interaction vertex, producing a highly
quenched total visible energy of 0.526 MeV. The n-%Li capture tracks are usually
within micrometers away from the neutron capture vertex, resulting in scintillation
light emitted in a single segment. The delayed cut is required to be a single-pulse
cluster that is consistent with the energies and PSD values of n-%Li, which was defined
by cosmogenic n-%Li capture events. The n-%Li requires E,.. energy to be within +30
of the mean value of 0.526 MeV and PSD values within 20 of the PSD mean value.

The particle identification of the prompt electron-like events and the delayed

neutron-like events are illustrated in the PSD vs energy Figure 6.2.

Prompt and delayed coincidence cuts Correlated prompt and delay clusters
defined above need to meet a time and position difference requirement to be seen as
products of the same IBD interaction. This delayed cluster is required to occur within
120 ps of the prompt cluster. The delayed cluster is also required to travel no further
than segments vertically /horizontally adjacent to the primary segment in which the
prompt clusters happen. If they happen in the same segment, the prompt-delayed
Zyree difference is required to be less than 140 mm; and if they happen in the adjacent
segments, the prompt-delayed Z,.. difference is required to be less than 100 mm.

A set of background cuts are introduced to remove events associated with

cosmogenic muons and muon-induced events that resembles delayed clusters.

Muon vetos Muon tracks traversing the PROSPECT AD usually deposit large
amount (> 15 MeV) of scintillation light and induce showers of fast and slow neutrons.
IBD candidates then are rejected if their delayed cluster is within 200 us of a preceding
cluster with FE,.. greater than 15 MeV.

Neutron veto and recoil veto Similarly, cosmogenically generated fast and slow
neutrons are removed if the delayed clusters of IBD candidates occurs within 400 us

of another n-%Li event or within 250 us of a preceding cluster with E,.. greater than
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Figure 6.2: Illustration of the various particle types in PSD vs E space, allowing
identification for prompt and delayed IBD products. Neutron captures on °Li are
concentrated in the red box. The additional high PSD band is likely caused by
recoils of heavier charged particles other than protons. Adapted from [76].
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0.25 MeV and contains at least one pulse with a PSD larger than 20 above mean of

the electron-like PSD mean.

Pile-up veto Pile-up veto removes IBD candidates if either of the clusters is within
0.8 us of a previous cluster, reducing ambiguities in the calculation of trigger-related

dead times.

Fiducialization cut Simulations of cosmogenic backgrounds indicate high neutron-
related background on the outer layer of the segments, shown in Figure 6.3. Thus,
IBD candidates are rejected if either of the clusters is located outside the defined
fiducial volume. Similarly, a fiducial layer of 140 mm thick is defined near both ends

along the segment length.

Accidental IBD pairs Accidental pairs of IBD-like candidates can occur due to
high rates of single v-rays and neutrons. To measure accidental prompt and delayed
events, an off-time window that is 100 times large than the IBD pair time windows
are used to provide high statistics. The measured accidental IBD-like rates in the
off-time window are properly scaled back and subsequently subtracted off from the
IBD candidate rates.

The IBD selection cuts defined in the above paragraphs can be summarized in

Table 6.1.

6.2 IBD cut optimization

The IBD selection cuts defined in the above paragraphs are the optimized values via
a comprehensive study. The optimized selection is based on 20% evenly sampled of
the whole dataset to avoid biasing the selection cuts. The final IBD spectrum was
revealed until the selection cuts were optimized and frozen.

The optimization procedure is based on three important metrics, the number of

IBD events, the signal to background ratio, and the effective IBD counts. The
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Figure 6.3: Illustration of the fiducial volume to reduce to cosmogenic backgrounds.
Segments with higher cosmic ray related neutron rates are excluded in the IBD
selection. A 140 mm fiducial layer is also defined along the length of the segment.
Adapted from [76].
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Table 6.1: Summary of IBD selection cut values

Selection cuts

Value

Prompt
Delayed

Time coincidence
Distance coincidence

Muon veto
Neutron veto
Recoil veto

Pile-up veto
Fiducialization

0.8 < E,ee < 7.2 MeV
PSD within 2.0 ¢ band of electron-like PSD mean
E,.. within 3.0 o of 0.526 MeV
PSD within 2.0 ¢ band of n°Li capture PSD mean
0 ps < dt < 120 us
< 140 mm for the same segment
< 100 mm for the adjacent segment
< 200 ps
< 400 ps
< 250 ps
contains pulses > 20 band of electron-like PSD mean
Eee > 0.25 MeV
< 0.8 us
Segment list:(0, 1, 2, 3,4, 5,6, 7, 8, 9,
10, 11, 12, 13, 17, 18, 21, 23, 24, 27, 28,

29, 31, 32, 34, 36, 40, 41, 42, 43, 44, 46, 47,
48, 50, 52, 55, 56, 60, 63, 68, 69, 70, 73, 79,
83, 86, 87, 94, 97, 102, 107, 111, 115, 121, 122,
126, 127, 128, 130, 133, 136, 139, 141)
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former two metrics are self-explanatory and the effective IBD counts are defined in
the following expression and provide a background-free estimate of the statistics of

the dataset.
7.2MeV

Nepr= > (Nifoy)?, (6.1)

0.8
where o; and N; are the statistical uncertainty and bin content of the IBD energy
spectrum obtained from 20% of the whole dataset evenly sampled. The summation
range is from 0.8 MeV to 7.2 MeV, with 0.2 MeV bin size. The N.f metric
is proportional to ~ N signal with background subtracted, thus representing
a background-free measure of the statistical power of the dataset used for the
optimization process, and is the main metric among the three. The signal to
background ratio and the number of IBD events are secondary metrics when there is
not much gain in effective IBD counts.

The effective counts based optimization process is independently accompanied
and cross-checked by another Figure of Merit (FOM) analysis. The FOM analysis

maximizes the two FOMs instead of effective counts,

FOM, = Agpp/Auc, (6.3)

where A;gp, A,z and A, ¢ stands for the area in IBD energy spectrum between 0.8
and 7.2 MeV, the area of reactor-off background counts around two prominent peaks,
nH for neutron captures on hydrogen (1.8-2.2 MeV) and nC for neutron inelastic
scattering on carbon (4.0-5.0 MeV). This alternative metric offers similar background-
divided IBD counts.

Note that the optimization process for all the cuts were performed without taking
into account the correlations. While a correlated approach would provide a more
accurate topological profile of the IBD parameter phase space, the uncorrelated

approach provides competitive statistics yet takes much less time and does not need to

90



deal with the complexity from the correlated selection cut parameters. Even though
the optimization processes each selection cut parameter independently, the rest of the
parameters used in the optimization process were good approximations of the physics
properties of the IBD process. Thus, the uncorrelated approach of the optimization
process provides competitive parameter estimates of the global best-fit minimum or
maximum.

In the following paragraphs, we provide the results of each parameter optimization

in the same order they were described in the previous section.

Prompt cuts The prompt cuts were varied from 1.0 o to 3.0 ¢ in steps of 0.5 0.
The optimal value prompt PSD value of 2.0 o were found to provide the best effective

counts per day, as shown in Figure 6.4.

Delayed cuts The delayed cuts for the n®Li capture events were varied from 2.4
to 3.4 o for the energy and 1.2 to 2.2 o for the PSD value. The optimal E cut was
selected as 3.0 o because it offered the best signal to background despite no obvious
gains in effective counts and IBD counts were found. The effective count rates were
shown in Figure 6.5.

The optimal PSD cut was selected as 2.0 ¢ because it provided more IBD counts
and better signal to background ratio yet similar effective counts compared to the 1.8

o case. The effective count rates were shown in Figure 6.6.

Prompt and delayed coincidence cuts The prompt and delayed time coinci-
dence cut was already well optimized at 120 us, as shown in Figure 6.7.

The prompt and delayed distance coincidence cut in the same or adjacent segment
were mainly driven by the nH FOM from the other optimization analysis. The tighter
cuts were selected as (140,100) mm to increase effective counts while providing better

signal to background ratio in the nH/nC regions as shown in Figure 6.8 and 6.9.
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Figure 6.5: Neutron capture E cut optimization.
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Muon vetos The muon veto timing cut were selected as 200 us, having diminishing
returns beyond 200 us, as shown in Figure 6.10. Further increasing the time window
would decrease the effective counts since more IBD events were excluded after any

muon tracks.

Neutron veto and recoil veto The neutron veto cut was set at 400 pus where
it provided more IBD counts despite having similar effective counts, as shown in
Figure 6.11. The recoil veto cut was set at 250 us, mainly determined by the nH
FOM as shown in Figure 6.12.

Pile-up veto The pile-up veto cut was mostly dominated by event rates, with 800

ns selected to account for the 2% reactor-on and 1% reactor-off trigger dead-time.

Fiducialization cut The fiducialization cut has a (x,y)-plane and z component.
Along the z-direction, £444 mm was used to provide a layer of fiducial layer with
thickness matching the cross-sectional dimension of each segment. Thus, the value was
selected from the point of view of providing a consistent thickness of fiducial layer. In
the (x,y) fiducial volume optimization, a special analysis was performed. We started
off with the whole target volume, and picked the worst segment in terms of signal
to background ratio, i.e. the background contaminated segment, as one of the non-
fiducial segments. Each time a dirty segment was selected as a non-fiducial segment,
the effective counts of the fiducial volume increases. The process was repeated until
the effective counts of the fiducial volume stopped increasing. The fiducial segments
and the optimization process are illustrated in Figure 6.13.

To summarize the optimization we showed above, the optimization process of the
selection cuts, in essence, were the optimization process of balancing between gaining

more background rejection capability and not losing much IBD signals.
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Figure 6.13: The segment lists of the fiducial volume. The segments marked by
cross are turned off due to PMT failures. The segments marked by circle are excluded
by the optimization process. The color bar represents the change of effective counts
if the segment was fiducialized.
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6.3 IBD prompt energy spectrum and cross-checks

In this section, we apply the optimized IBD selection cuts to the PhysPulse data via
the P2kIBDPlugin program, and convert them to IBD TTree in ROOT format.
The final IBD energy spectrum is a result of the summation of all the reactor-
on histograms with background subtractions and atmosphere-corrected reactor-off

histograms and accidental subtractions, as shown in Figure 6.14.

¢ ¢ ¢ f € RxOn
Total IBD signal = Z <hCorrelated — hAccidental’ /acc * x )
files
livetimeO f € RxOff
_ YOO atm_scale * (hCorrelatedf — hAccidental’/acc * xf> , (6.4)
livetimeOft

where acc stands for the accidental rate scaling of value 100, livetimeOn/livetimeOff
stands for the detector live time correction between reactor-on and reactor-off,
atm_scale stands for the atmosphere correction of the reactor-off relative to the

reactor-on, and ! stands for the additional dead-time correction for accidental rates,

f f

f runtime runtime
defined as, T (runtime! —prompt?) (runtimef —delay®)

The nominal reactor-off cosmogenic normalization scaling factor atm_scale of
1.00£0.03% 1is the ratio of the average reactor-on atmospheric pressure over the
reactor-off average, accounting for the time-dependence of cosmic-related back-
grounds [103].

The whole dataset is from 95.7 (73.1) calendar days of reactor-on (-off). The
IBD candidates were selected from 82.2 (65.2) days of reactor-on (-off) live-time.
During the reactor-on data-taking period, a total of 115852 IBD candidates are
selected, 28358418 of these are accidental backgrounds, yielding a total of 874944341
correlated IBD candidates. The reactor-off period contains 1309+4 accidental
background events and 29258+175 correlated IBD-like candidates. After applying
live-time and atmospheric pressure corrections, this reactor-off IBD candidate
corresponds to a total 369344221. After reactor-off subtraction, a total of 50560+406

signal IBD events were reported. The ratio of IBD signal to cosmogenic background
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Figure 6.14: The measured reconstructed prompt energy spectrum of reactor-off/on
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from n-H capture, nC inelastic scattering and a variety of neutron processes. Scaled
accidental events are plotted in corresponding colors for reactor on and off.
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(accidental background) events is estimated to be 1.37 (1.78). A summary of IBD
candidate is provided in Table 6.2. Figure 6.15 shows the reconstructed IBD prompt

spectrum.

Cross-checks To demonstrate the understanding of a proper background subtrac-
tion, it is valuable to compare IBD-like distributions between different periods and
locations. Firstly, IBD-like event spectrum from a different reactor-on/reactor-off
periods are compared in Figure 6.16. The observed consistency between two periods
demonstrates the stability of our antineutrino detector over time after accounting for
temporal atmospheric changes during reactor-on and reactor-off.

The reactor thermal power of the reactor is relatively stable during HFIR
operation. A demonstration of time stability of the IBD rate is shown in Figure 6.17.
The neutrino flux should also exhibits clear 1/1? dependence of the baseline, as shown
in Figure 6.18

Due to the compact size of the PROSPECT AD, the IBD interactions happened
in the inner and outer part or top and bottom part of the segments should exhibit
different level of annihilation ~-ray energy leakage, leading to difference in E,..
spectrum. The IBD spectrum comparison between the top and bottom half of the
detector active volume is shown in Figure 6.19. The ratio of IBD spectrum shows
consistency with the ratio of IBD spectrum from the simulations. The same behaviour
is found for the inner and outer spectrum comparisons, as shown in Figure 6.20.

The prompt signal of the IBD interaction in the PROSPECT AD usually spans
multiple segments. Another good cross-check of the PROSPECT detector response
is the multiplicity and energy distribution of the reconstructed pulses outside the
maximum hit segment, as shown in Figure 6.21. The data and simulation exhibits
compatible distributions within systematic uncertainties.

To summarize, a set of pulse-based analysis selection cuts were developed to
efficiently identify the IBD interactions and at the same time greatly suppress reactor-

related and cosmogenic-induced v-ray and neutron backgrounds. The cut-based
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Table 6.2: Statistics of selected IBD candidates and accidental/cosmogenic
backgrounds.

Category Reactor-On Reactor-Off
Calendar Days 95.65 73.09
Live Days 82.25 65.16
IBD Candidates 115852 30568
Accidental Backgrounds 28358+18 130944
Correlated Candidates 87494 + 341 292584175
Rate Per Calendar Day 915+ 4 400£2
Cosmogenic Backgrounds 369344221 N/A
Total IBD Signal 50560+406 N/A
Rate Per Calendar Day 529 +4 N/A
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Ratio of two spectra bin-by-bin from Data/MC.
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parameters were optimized to maximize the effective count metric that represents
the statistical power of a background-free IBD measurement. The optimization was
based on a blinded subset of full PROSPECT dataset to avoid potential bias. The
PROSPECT dataset was unblinded once the selection cuts were frozen, yielding a
neutrino energy spectrum consisting of more than 50,000 IBD interactions in 96
calendar days of data-taking at an average baseline distance of 7.9 m from the reactor
core. A number of cross-checks were performed to validate the time stability of the

selection cuts and PROSPECT detector response.

6.4 Results from PROSPECT-I and ongoing anal-
ysis

So far, the physics analysis of eV-sterile neutrino searches and the spectral deviation
were not discussed yet. Here we describe how these physics analyses were performed
from the obtained IBD neutrino energy spectrum, and also briefly describe various

ongoing spectral, flux, and oscillation analysis.

6.4.1 Modeling HFIR neutrino spectrum

Both the oscillation and spectral analysis depend on proper modeling of the HFIR
neutrino spectrum, in which more than 99% of the neutrinos were produced in
2350 fissions. Small fluxes of non-2*>U neutrinos were produced from 28Al from the fuel
cladding, °He generated in the beryllium neutron reflector [104], and non-equilibrium
isotopes due to short reactor cycles of HFIR schedule. The contribution of each source
is less than 1% of the total neutrino flux and limited to the low-energy regions of the
spectrum, as shown in Figure 6.22.

The leading prediction model of the 2*U neutrinos is the Huber beta conversion
method discussed in Section 3.1. The predicted neutrino spectrum is passed through

the PROSPECT AD response model (illustrated in Figure 5.16) to produce a
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Figure 6.22: Non-fuel contributions to the 2**U neutrino spectrum. These neutrino
sources contribute less than 1% of the total neutrino flux and limited to the low
energy regions. Source:[92]
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predicted reconstructed energy spectrum that can be used to compare to the measured

spectrum.

6.4.2 Spectrum analysis

A x? metric is used to determined the compatibility of the measured and predicted

energy spectrum,

2o = ATV TIA (6.5)

Ay = N — NP 5 (141), (6.6)

where A; is the difference between the measured and predicted energy spectrum for
energy bin ¢ up to a normalization fitting parameter n, and V' stands for the total
uncertainty covariance matrix, including contributions from signal and background
statistics, detector systematics, background, reactor-related systematics, neutrino
prediction model. More details about the various systematics, refer to reference [92].
In order to better quantify the local deviations of the measured spectrum to the
predicted, a local sliding window analysis of 200 keV and 1 MeV width is introduced.
A local ¥ contribution profile is generated for each sliding window width in terms of
local p-value format, as shown in Figure 6.23.

In order to investigate the isotopic origin of the spectral bump observed in LEU
reactor neutrino experiments, an ad hoc Gaussian bump is added to the predicted
neutrino spectrum before passing through the detector response. The mean and width
of the Gaussian bump was matched to the size of the bump fitted in 6,5 experiments,
with mean 5.678 MeV and sigma 0.562 MeV. The amplitude of the Gaussian bump A
is a fitting floating parameter, in units of Daya Bay bump size (A=1), that indicates
how much spectral distortion comes from 23U isotope. A best-fit value of A =
0.8440.39 is obtained, shown in Figure 6.24, indicating the PROSPECT spectrum
disfavors no-bump hypothesis (A=0) at 2.17¢, and hypothesis that ?*U spectral
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Figure 6.23: Comparison of the U predicted spectrum to the measured
PROSPECT data. Middle panel shows the ratio of the measured spectrum to the
predicted; Bottom panel shows local deviations of the measured spectrum from the
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distortion is the sole source of the bump in #;3 measurements (A=1.78), which is
equal to 1 (full Daya Bay bump size) if multiplied with the #*°U fission fraction 56%

in LEU reactors.

6.4.3 Oscillation analysis

The sterile neutrino search in PROSPECT experiment is performed via a reactor-
model independent method by comparing neutrino spectrum at different baselines,
as illustrated in Figure 6.25.

Comparisons of the relative spectra at different baselines are performed similarly

to Equation 6.5 via the covariance matrix method with a slightly modified A,

M.
Al,e - Ml,e - Fpl,e (67)

where A, is 160-element vector with 10 [ baseline bins and 16 e energy bins, and

M,, P, are defined below:

10

1

M, =Y M, and P, = ZO P.. (6.8)
=1 =1

The spectrum from 10 baselines are shown in Figure 6.26.

The x? value of Equation 6.5 can be calculated for each point in the sterile neutrino
parameter space (sin® 2014,Am?2,). The minimum value (x?2,,, /DOF) of 119.3/142 was
identified at the grid point (sin®26014,Am?2,) = (0.11,1.78 eV?). A Ax? with respect
to the best-fit point in phase space, shown in Figure 6.27, can be used to generate
allowed and excluded regions in parameter space by two distinct statistical approach,
Gaussian CLg method [105] and Feldman-Cousins frequentist approach [106]. The
Gaussian CL; method provides a conservative excluded region that allows for easy
combinations with other experimental results, while Feldman-Cousins frequentist

approach addresses overstatement of levels of statistical disagreement between
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data and the no-oscillation hypothesis, as well as understatement of the level of
compatibility between the data and some regions of non-zero oscillation parameter
space. The exclusion curves generated via Gaussian CL; and Feldman-Cousins

approach are shown in good compatibility in Figure 6.28.

6.4.4 Reactor neutrino anomaly discussion

The existence of the bump cannot be explained by neutrino oscillations or sterile
neutrinos. The cause of the bump could be rooted in the inaccurate measurement
from the nuclear database and missing forbidden beta decay transitions. For example,
the forbidden beta decays dominate the bump region and could be inaccurately
incorporated in the conversion method [25]. New corrections to 3 feeding to higher
states in daughter isotopes from Modular Total Absorption Spectrometer (MTAS)
measurements could impact the bump size in high energy regions [107]. An improved
conversion calculation (HKSS model) of reactor antineutrino fluxes in 2019 using
forbidden transitions yielded a partial resolution of the 5 MeV bump but with larger
antineutrino flux [108]. To date, the shape anomaly is still not fully understood, and
requires global efforts from both the theoretical and experimental sides.

With the recent results of eV? scale sterile neutrino from PROSPECT [92] and
STEREO [109], the best-fit point of the reactor antineutrino anomaly is rejected
with high statistical significance. Estienne and Fallot et al. (EF model) reported a
reduced 23°U antineutrino flux from the summation method using updated nuclear
database, and was roughly in agreement with the experimental measurements [110].
More recently, Kopeikin et al. [111] in the Kurchatov Institute (KI model) reported an
updated 3 spectrum ratio measurement between 23U and ?3Pu, resulting in a smaller

flux in the converted #**U antineutrino compared to the Huber-Mueller model [112].

*

*However, the Neutrino-4 experiment [113] reported observation of sterile neutrino oscillations
with Am3, = (7.3 + 1.137)eV? and sin®20;4 = 0.36 4 0.12(stats). The Neutrino-4 claim was in
strong tension with the KATRIN, PROSPECT, STEREO experiments and was criticized by Giunti
et al. [114].

117



d] 1 1 | 1 |
>10 -
QD N
o | i
& i
< |} i
1 = -
| — FC Exclusion, 95% CL ]
| — CL Exclusion, 95% CL
[] Sensitivity, 95% CL, 1o
| [__] Sensitivity, 95% CL, 20
|| SBL + Gallium Anomaly (RAA), 95% CL
1 0—1 ] ] ] Lo ] ] ] ]
107 107" , 1
sin“20, ,
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To summarize, the antineutrino flux deficit was partially resolved with EF
summation model and KI conversion model with the deviation from the data about
lo. The spectral anomaly is yet to be fully understood, and could be deeply rooted

in the reactor nuclear physics.

6.4.5 Ongoing and future analysis

In addition to the published results on the spectrum shape and sterile neutrino
oscillation analysis, there are still several ongoing analyses.

The PROSPECT is current planning an absolute neutrino flux analysis based on
the original PROSPECT data. The measured IBD cross section per fission can be
expressed as,

. \obs

e T (6.9)

<E;> drl? Cdet

where N° is the number of detected IBD, P, is the thermal power of the reactor,
< E¢ > is the average thermal energy released per fission, NN, is the number of target
protons, L is the baseline distance, and €4 is the IBD detection efficiency. Currently,
the collaboration is working on determining the IBD detection efficiency, which is a
key parameter for an absolute flux analysis.

As the time of writing, the PROSPECT collaboration has just updated its
IBD analysis using multi-period data splitting and additional single-ended segment
information [115, 116], effectively doubling the statistics of the previous analysis. The
multi-period and single-end segment approach effectively traded increased analysis
complexity caused by failing segments for better background rejection capability and
more IBD signal statistics. The new analysis technique recovered over 25% of the
previously reported number of IBD candidates and made a major improvement to
background rejection, resulting in a signal-to-background ratio increase from 1.58 to
4.11. An updated oscillation analysis is in the works using the same improved IBD
dataset. The updated spectrum and oscillation analysis also enables a triple joint

analysis with STEREO and Daya Bay collaboration.
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Chapter 7

PROSPECT-II program

The PROSPECT experiment collected more than 50,000 IBD interactions of 7,
produced in beta decays of 2*>U fission products in 96 calendar days. Despite the
unexpected shutdowns of HFIR reactor and increasing numbers of PMT failures,
the PROSPECT experiment reported one of the strongest limits on eV-scale sterile
neutrinos and made hypothesis testing on the isotopic origin of the spectral bump
observed in LEU and HEU reactor experiments. PROSPECT demonstrated detector
techniques for an aboveground observation of antineutrinos with a good energy
resolution and well-controlled backgrounds. The PROSPECT collaboration is now
preparing for an upgraded detector, PROSPECT-II, to further extend the physics of
the program.

This section will discuss major design changes of the upgraded PROSPECT-II

detector and the physics goals the collaboration envisions for the program.

7.1 Physics goals of PROSPECT-II

The upgraded PROSPECT-II detector will measure the world-leading 23U electron
antineutrino spectrum, provide a total flux analysis of the reactor neutrino, search
for sterile neutrino oscillations in larger parameter space, and possible redeployment

of the detector to another commercial LEU reactor site to further expand the physics
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of the program. The primary goals of PROSPECT-II program are closely related
to the new features introduced in the PROSPECT-II detector. The main upgraded
designs of the PROSPECT-II detector will be discussed in detail in Section 7.2. We

here summarize some of the highlights:

e Separation of PMT modules outside the active LiLS volume ensures the long-

term functional stability of the detector.

e Reduction of number of materials in contact with LiLS and in-situ LS
replacement capability also ensures PROSPECT-II long term operation and

possible redeployment to other commercial LEU reactor site.

e Longer data-taking operation time and elongation of active target LiLS volume
with 25% longer segment length and 20% increased %Li-doping fraction by mass
will increase the total neutrino statistic expected from PROSPECT-II detector.

Table 7.1 summarizes the main parameters of PROSPECT-I detector and expected
PROSPECT-II detector at HFIR and commercial LEU reactor site. The highlighted
major upgrades and a multi-year deployment of the upgraded PROSPECT-II detector
at HFIR yields a significant increase in the total IBD statistics, which is the
principal limits of current PROSPECT’s oscillation and spectrum analysis. The IBD
statistics shown in Table 7.1 is defined as the reactor-on IBD-like candidates with full

background and accidental subtraction:

Nigp = Non — Nona — R(Nog — Noga), (7.1)

where No, and No, , are the prompt IBD-like candidates and accidental backgrounds
during reactor-on periods, Nog and Nog, are the same but for reactor-off periods,
and R is the relative reactor on-to-off live-time ratio to account for the time variance
between reactor on and off. More relevantly, the effective IBD statistic are calculated

using a effectively background free IBD measurement and better represents the
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Table 7.1:

Major experiment parameters for the PROSPECT-I detector (‘P1’)
and nominal parameters for PROSPECT-II (‘P2’) deployments at HFIR and at a
commercial LEU reactor.

Parameter P1 \ P2 at HFIR | P2 at LEU
Power (MWy,) 85 3000
Reactor Cylinder Size (dxh, m?) 0.4 x 0.5 3x3
Fuel HEU LEU
Cycle Length 24 d 1.5y
Segmentation 11x14 11x14
Segment Area (cm?) 14.5 x 14.5 14.5 x 14.5
Segment Length (m) 1.17 1.45
Detector | Target Mass (ton) ~4.0 4.8
Light collection (PE/MeV) ~380 500
Detection Efficiency ~40% 40%
Average Baseline (m) 7.9 7.9 25
Reactor-On Days (d) 105 336 548
Expostre Reactor-Off Days (d) 78 360 61
Signal:Background 1.4 4.3 19.3
IBD Statistics (Nrgp) 50560 3.74 x 10° 2.72 x 108
Effective Statistics (Np) 15195 2.08 x 105 1.79 x 10°
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statistical capabilities of the dataset in terms of the primary oscillation, spectrum
measurement, and total flux analysis. The definition of the effective IBD statistic is

defined using the same parameters in Equation 7.1:

(Non — Nona) — R(Nog — Noga))?
(Non + Nona) + R?>(Nog + Nott.a)

N5 = ( (7.2)

Using the expected signal-to-background ratio of 4.3 for the PROSPECT-II detector,
a two-year deployment of the PROSPECT-II detector at HFIR will detector over
200,000 effective IBD statistics, which is over 10 times larger than the roughly 15,000
effective IBDs reported in PROSPECT recent results [92]. The significant boost in
IBD statistics will increase the sensitivity of the sterile neutrino oscillation analysis,
reduce 23*U neutrino spectrum statistical uncertainties, and a modern 23*U neutrino
flux measurement.

One of the main physics goals of PROSPECT experiment was to test for the
signatures of sterile neutrino oscillations. The model-independent searches for
sterile neutrino oscillation channels perform relative comparisons of measured IBD
prompt energy spectra between different baselines in the detector, as illustrated in
Figure 6.25. Prompt spectrum of IBD interactions reconstructed within groups of
detector segments are compared to the predicted energy spectrum, oscillated or un-
oscillated, in the same group of detector segments. The model prediction spectrum
dictated by the parameters (Am3,, sin26;,) and the measured spectrum undergoes
a x? test. Both correlated and uncorrelated systematic and statistical uncertainties
are included in the y? test statistic using a covariance matrix approach. Using the
same PROSPECT systematic uncertainties such as energy scale, baseline, relative
efficiency variations, and re-simulated detector responses of the PROSPECT-II
detector, projected sterile neutrino sensitivities for PROSPECT-II using the nominal
detector parameters from Table 7.1 are shown in Figure 7.1. Current PROSPECT
sensitivity is mostly limited by statistics, also shown in Figure 7.1. Even with one

year’s data-taking at HFIR, the sensitivity of PROSPECT-II improves by a factor
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Figure 7.1: Projected sensitivities for PROSPECT-II with nominal detector
parameters with one year and two years’ detector data-taking time. Current
PROSPECT sensitivity is also shown for comparison. Source:[117]
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of up to three, depending on the mass splitting value. In the global context of the
current and future sensitivities from other short-baseline neutrino experiments are
shown in Figure 7.2. With two years’ operation time at HFIR, PROSPECT-II will
offer the best coverage in the sterile neutrino parameter space in high mass splitting
values among all short-baseline reactor experiments. With one year’s data-taking,
PROSPECT-II will conclusively address the Neutrino-4’s claim of an observation of
sterile neutrino oscillations near 7 eV? [118] in spite of controversial analysis and
statistical issues that had been raised by the community [119, 114]. In Figure 7.3,
PROSPECT-II sensitivities are compared in the context of other relevant neutrino
experiments. With two years’ of data-taking at HFIR, PROSPECT-II will conclu-
sively address the remaining parameter space of the best-fit oscillation explanation
for the Reactor Antineutrino Anomaly. The sensitivities of PROSPECT-II will also
cover an important gap in sensitivity space between Daya Bay disappearance results
at low Am? (<0.2 eV?) [120] and KATRIN beta-endpoint measurement results at high
Am? (>10 eV?) [121]. PROSPECT-II will also achieve the sin?26;, = 0.03 guideline
with 95% confidence level, which is the CPV ambiguity limit advised for clarifying
long-baseline interpretations [122] up to the parameter space around 10 eV2.

The PROSPECT-II detector will also significantly improve the precision of
PROSPECT’s world-leading measurement of the ?*U neutrino energy spectrum,
bringing spectrum uncertainties below 5%. The PROSPECT-II spectrum with
higher statistics will also contribute to understandings of the spectral disagreement
in 4-6 MeV reconstructed energy range. Figure 7.4 illustrates the improvement to
PROSPECT-II 23U spectrum measurement uncertainties after two years’ of data-
taking and PROSPECT-II hypotheses testing for bump-like feature in the 4-6 MeV
prompt energy region observed by Daya Bay at high confidence level. PROSPECT-
IT’s detector systematic uncertainties will be greatly reduced and the effective neutrino
energy resolution will also improve through the elimination of lost IBD positron energy
in non-functioning detector segments. In Figure 7.5, the simulated detector response

to a mono-energetic source of 4 MeV 7, is displayed for both the current
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PROSPECT detector and projected PROSPECT-II. The reconstructed energy peak
in PROSPECT-II exhibits an improvement to the full width at half maximum and
the energy bias with respect to the perfect full-energy peak by a factor of two in
comparison to current PROSPECT detector response.

In addition to the spectrum measurement at HFIR, the PROSPECT-II detector
will also make a precise measurement of the 7, flux produced in #*%U fission.
PROSPECT-IT HEU flux measurement will improve the understanding of the global-
fit flux deficit that was strongly influenced by 30 year old HEU flux measurements
and also provide an independent check of the HEU deficit recently observed at ~10
m by STEREO [123]. As of this writing, the PROSPECT collaboration is preparing
for a flux analysis based on original PROSPECT dataset, but encountered large
uncertainties in IBD detection efficiency due to the positron energy loss and neutron
migration effects in dead segments. The PROSPECT-II detector with zero non-
functional segment and external vy-ray and neutron calibration will be able to achieve
IBD detection efficiency determination below percent-level precision. With the 2%-
level knowledge of HFIR’s average thermal power, the PROSPECT-II neutrino flux

measurement can achieve ~ 2.5% accuracy.

7.2 PROSPECT-II detector

The precision goals of the PROSPECT detector was unprecedented for a segmented
detector operating on-surface with minimal overburden. In order to achieve such
precision, the PROSPECT detector had PMT housing in the optical grid to eliminate
cross-talk and a calibration system for the full liquid scintillator volume, necessitating
incorporation of PMT housings within the LiLLS volume. However, PMTs started to
fail gradually during the operation of the detector data-taking as a result of the
LiLS leakage into the PMT housings, leading to the loss of segments in the active
target volume. Additionally, large numbers of required penetrations of the inner

acrylic tank combined with the diversity of materials in contact with the LiLLS from
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the calibration system likely led to the gradual degradation of the scintillator light
yield. The PROSPECT-II detector had several design changes to improve the long-
term stability of the upgraded detector, only requiring modification to the inner
detector design and leaving the exterior outer aluminum containment vessel, shielding
packages, and DAQ system mostly unchanged. These upgrade choices also keeps
PROSPECT-II detector within the established size and weight footprint for operation
at HFIR. The main upgrade to the inner detector is moving the PMTs outside the
LiLS volume to reduce to the possibilities of LiLLS leakage into the PMT housings
and also reduces the number of materials in contact with LiLLS, providing a more
robust inner system without loss of detector performance degradation for long term
operation.

The inner containment vessel is redesigned as a result of the PMT and LiLS
separation shown in Figure 7.6. The target LiLLS and optical reflector panels are
contained in the PTFE-lined aluminum inner containment vessel (ICV). On each side
of the ICV, thin UVT acrylic windows divides the LiLS target from the PMTs, sealed
by double O-rings. PMT arrays are mounted on the PMT support frame. The space
between the inner detector and the outer containment vessel is filled with mineral
oil. The inner containment vessel structure is also redesigned and reinforced to
allow for transportation by commercial air-ride trailer and redeployment at a different
reactor site to expand the physics of the PROSPECT-II program. The reflectors will
mostly use the same combination of materials of laminated FEP film, DF2000MA
reflector, and carbon fiber. The reflecting panels are held in place by corner rods.
The outermost reflector panels are separated from the inner containment wall by
acrylic spacers, providing spaces for PTFE calibration source tubes, as shown in
Figure 7.7. The acrylic window between the LiLLS target and the PMTs provides a
single piece of optical interface, thus introduces a small amount of optical cross-talk
between segments of the detector. Details of the impact of this cross-talk effect are
discussed in Section 8.3. A quick evaluation of the impact of the cross-talk on the

event reconstruction is shown in Figure 7.8 using data from the first month of the
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Figure 7.6: Exploded-view of the redesigned inner detector. The PMTs arrays and
LiLS volume is separated by the thin acrylic window. The whole inner detector will
be submerged in mineral oils filled within the outer containment vessel. Source:[117]
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Figure 7.7: Left: Illustration of the external calibration source tubes along the
perimeter of the segment array. Right: Side view of the reflector panels supported by
corner rods and endcap rods. The outermost reflector are spaced by acrylic spacers
from the inner containment wall, allowing for calibration source tubes. Source:[117]
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Figure 7.8: Using PROSPECT-I early dataset, the IBD-like prompt spectra are
shown for reactor-off periods and reactor-on periods with full background subtraction.
The blue is the original dataset without cross-talk and the red is applied with artificial
cross-talk. Source:[117]
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PROSPECT detector operation. A 5% cross-talk level is found to decrease the signal-
to-background ratio for this early PROSPECT-I dataset from 2.9:1 to 2.8:1. This also
demonstrated that the cross-talk expected in the PROSPECT-II detector will not
substantially decrease event selection capabilities in the data analysis. The separation
of the PMTs and LiLS volume effectively increases the active target volume of the
detector by ~20%, corresponding to a 30% increase in fiducial volume. Estimated
using the default PROSPECT-I segment length of 118 cm, the expected IBD event
rate is roughly 900/day with a signal-to-background ratio of 3.8.

The longer segment length of 145 ¢cm in the PROSPECT-II increases the expected
IBD rates to about 1150/day with a much improved signal-to-background ratio of 4.3.
The liquid scintillator will be based on the same formulation given the great light yield
output and excellent PSD capabilities observed in PROSPECT. The SLi-doping by
mass will be slightly increased to 0.1% from the original 0.08%.
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Chapter 8

Alternative energy scale calibration

strategy for PROSPECT-II

The PROSPECT experiment was very successful despite early termination of
operation due to a combination of PMT divider failure and unexpected HFIR
downtime. We detailed a series of upgrades and additional physics capability for
PROSPECT-II experiment in Chapter 7. The upgrades mainly focused on the long-
term stability and structural robustness of the detector and possible relocation to a
low-enriched-uranium (LEU) reactor after an initial deployment at HFIR.

One of the main upgrades in the PROSPECT-II detector is the separation of PMT's
from the liquid scintillator volume to eliminate the possibility of liquid scintillator
leakage into the PMT housings. This change allows for a simpler, fully-sealed liquid
scintillator tank structure with minimal penetrations. Calibration access to the
interior of the optical lattice would increase the complexity and risks associated with
the tank design. Therefore we explore a calibration scheme that uses deployable
sources located outside the optical lattice but inside the tank.

Given the precision goals of PROSPECT-II, it is essential to confirm that
energy scale systematic uncertainties can be sufficiently constrained using an external

calibration scheme. The ability to understand the response of highly segmented
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detectors, like PROSPECT-I and PROSPECT-II, requires detailed Monte Carlo
(MC) simulation models and data from a range of calibration inputs across the
entire relevant energy range. When PROSPECT-I was designed, we chose to deploy
internal calibration sources as a conservative approach to ensure a precise energy
scale. Calibration analyses for PROSPECT-I demonstrated that excellent agreement
between data and MC could be achieved, and that a uniform energy-scale response
could be established across the entire detector. This outcome enables us to explore
the feasibility of a data-driven external calibration scheme for the PROSPECT-II
detector and its possible applications to other similar segmented detectors.

The study presented in this thesis aims to demonstrate the feasibility of an
energy calibration scheme for a multi-segmented array such as P-II, eliminating
the need to deploy internal radioactive sources. The goal of the energy calibration
is a relative systematic uncertainty less than or comparable to the expected P-II
statistical uncertainty. With recent interests in multi-segmented detectors on the
scale of PROSPECT for neutrino physics or nuclear non-proliferation monitoring
purposes [124], external source deployment provides a less intrusive yet versatile way
to calibrate liquid or solid detectors. Improved and simplified calibration techniques
for multi-detector arrays is a goal shared with other fields of subatomic physics such
as intermediate-energy nuclear reaction studies that utilize large 47 multi-detector
arrays. Detailed investigation of the interaction of various species with the detection
medium as a function of E, Z and even A [125] has resulted in the characterization
of the light output for a variety of nuclear species with a single quenching constant
considerably simplifying the calibration process. It is worth noting that in the case
of PROSPECT the detection medium is common to all segments; the segments, by
construction, have very similar optical properties; and the range of energies of interest
is modest (100 keV to 10 MeV) and adequately covered with conventional sources.
The challenge however is the use of only external low energy sources, the low-Z
detection medium, and additional passive shielding, resulting in reduction on the

photopeak yields and decreased event multiplicities.
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8.1 Setup for external energy calibration

This section details the procedure of external calibration scheme using the PROSPECT-
I dataset and simulation package. This data-driven approach of approximating
PROSPECT-II external calibration performance using existing PROSPECT-I calibra-
tion data and simulation is enabled by the high segmentation nature of the detector,
which consists of 154 optically-isolated segments in 14x11 grid. Figure 8.1 shows a
cross-sectional view of the detector segments and illustrates two calibration schemes:
a PROSPECT-I internal calibration and a representation of the external calibration.

The approximation of a PROSPECT-II external calibration can be achieved by
selecting data from an inner segment potion of the detector and excluding data from
the outer segments, without any changes in the signal triggering and data acquisition.
With these segment configuration capability, we can effectively perform external
calibration analysis using existing PROSPECT-I calibration data and simulations.
This study will evaluate the performance of the calibration using externally deployed
calibration source and intrinsic cosmogenic induced ?B decay events in PROSPECT-
IT . The actual segment and calibration source layout are shown in Figure 8.2, due to
the fact that an increasing number of PMT failures caused PMT voltage divider
instabilities. The white segments on the left of Figure 8.2 represents the non-
functional PMTs, and represents functional segments but were excluded from the
calibration analysis on the right of Figure 8.2 to mimic the PROSPECT-II external
calibration. Note all particle interactions in the non-functional and excluded segments
are tracked in the simulation.

The PROSPECT-I calibration dataset came from the calibration campaign, which
consisted of individual deployment of a set of y-ray and neutron sources at the
indicated locations inside the detector. The simulation packages were built in
GEANT4 [126] to generate a detailed detector model based on the measured detector

geometry and materials with tunable energy scale model parameters. The best-fit
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Figure 8.1: Illustration of the PROSPECT-II external calibration performance
evaluation using PROSPECT-I data and simulation in an ideal case where all detector
segments were functional. a) PROSPECT-I internal source configuration. Active
segments are represented in gray. b) PROSPECT-II “external source” configuration.
White segments are excluded from the calibration analysis. Source location indicated
by white circles are for illustration purposes. Only one source is deployed at a time.
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Figure 8.2: [Illustration of the actual PROSPECT-II external calibration
performance evaluation using PROSPECT-I data and simulation. This differs from
the idealized case of Figure 8.1 due to a number of PMT failures at the time of
calibration campaign. The white circles indicate available source locations and only
one source was deployed at a time. a) Actual PROSPECT-I radioactive source and
segment layout. b) Configuration used in this work to mimic external calibration.
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energy scale model is determined by minimizing the data-simulation x? comparisons,
the details of which were covered in Chapter 5 and later in the section.

A quick sanity check of this approximation method was done by setting up the
segment layout illustrated in Figure 8.3 and compare the %°Co calibration spectrum
between data and simulation. The gamma peaks of the ®*Co were more likely to be
single captures than the double captures, easily explained by the fact that the °Co
source were location outside the smaller active target volume and only covers half
of the solid angles compared to the case where the source is fully surrounded by the
liquid scintillator. Notably, the energy of the feature gamma peaks matches really

well with the simulations, reconfirming the approach we used for this study.

8.1.1 Calibration data

We confirmed the approach to use PROSPECT-I data and simulation to evaluate the
performance of the external calibration by analyzing the response of a subset of the
segments of the detector in Figure 8.3. Here we go over additional details about the
calibration campaigns that were not present the discussion in Section 4.2.4. There
are in total four calibration campaigns ( April 2018, August 2018, December 2018,
and February 2019 ) during the operation of the PROSPECT experiment, and later
calibration campaign has more non-functional segments due to PMT failures. The
best segment configuration would be the early stage of the detector, as shown in
Figure 8.2. During each calibration campaign, various v-ray and neutron sources
were deployed in the available 35 calibration source tube locations, the known energy
and activity of which were summarized in Table 8.1.

Additionally, the ?2Na source provides the positron annihilation for the study of
annihilation 7-rays transport. The neutrons produced from the spontaneous fission
of 2°2Cf source can be used for a source of tagged and internally produced 2.22 MeV
v-rays from the p(n,y)d reaction. The AmBe source was acquired by the PROSPECT

collaboration near the end of data-taking and only used for data-simulation energy
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Figure 8.3: Sanity validation of the external energy scale using deployed *°Co source
in the indicated source location. The spectra comparison between the data and
simulation is shown on the left.

Table 8.1: Calibration sources and their v-ray energy. The AmBe source was added
for the external calibration analysis.

Source Type ~-ray Energy (MeV) Activity

137Cs y-ray 0.662 0.1 pCi
2Na y-ray 2x 0.511, 1.275 0.1 pCi
0Co  ~-ray 1.173, 1.332 0.1 uCi
22Cf  neutron  2.223 (n-H capture) 866 n/s
AmBe neutron 4.4 70 n/s
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scale validation purpose in the PROSPECT analysis. The intrinsic cosmogenically
produced B (predominantly S-decays with an energy up to 13.4 MeV) helps establish
detector response in the higher energy region and will remain the same for both
calibration schemes.

During calibration campaigns, the sources were deployed at 35 source tube
locations and each has seven positions with 20 cm apart along the length of the
segments. Typically, the center source deployment for energy scale ran for 10 minutes,
while other off-center deployments usually ran for a short 5 minutes for edge effect
studies. The AmBe source was deployed more than 10 hours overnight to accumulate
sufficient statistics due to low activity. In the calibration analysis, calibration events
were identified by selection criteria mostly based on PSD particle identification, the
event multiplicity which is the number segments lit up with energy depositions above
a 90 keV energy threshold, and additional spatial and temporal correlation. For
electron-like events from the vy-ray sources, they were identified via the PSD values if
it was within the within 30 of the mean electron-like PSD band as a function of energy.
The integral ~-ray rate of O(1000) counts per second for the entire energy range is
observed with all selection cuts applied. 2°2Cf events were selected by identifying a
correlated pair of a prompt y-ray from 22Cf fission followed by a 2.22 MeV ~-ray
from the p(n,y)d thermal neutron capture interaction. The n-H capture ~-ray has
to be within 200 us of the prompt ~-ray as the requirement of the time coincidence
cut. 2B event identification, generated via the ?C(n,p)'?B interaction, requires a
correlated prompt single-hit proton-like recoil event with energy of from 0.7 MeV,,
to 10 MeV.., followed by a delayed signal that has electron-like PSD with energy less
than 15 MeV and multiplicity < 3. The time coincidence between the prompt and
the delayed signals is between 3 and 30 ms, and the distance separation is set to be

less than 12 cm. More details can be found in the thesis [102].
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8.1.2 Parameterization of the energy scale model

The physics of liquid scintillator and detector energy scale parameterization was
discussed in great detail in Chapter 5. Birks’ law [93] offered an empirical description
of the light yield as a function of the energy loss and path length for a particle
traversing a scintillator detector. A second order Birks’ model was employed in
PROSPECT analyses, however, it was found that current calibration data are also
well produced by a first order approximation. As a result, the external calibration
analysis is performed with a first order Birks’ model.

The GEANT4-based Monte Carlo simulation package developed for the PROSPECT
detector was extensively benchmarked and reproduces detector response well [92].
As discussed in Chapter 5, the Monte-Carlo simulation with tunable energy scale
model parameters simulates particles traversing the liquid scintillator and converts the
deposited energy to scintillation light via a nonlinear relation. The energy scale model
parameters were fitted by comparisons of simulations and comprehensive calibration
data collected with a set of neutron and v-ray radioactive sources and intrinsic
12B across the entire PROSPECT energy scale to precisely reproduce PROSPECT
detector energy response nonlinearities.

In GEANT4, the energy deposition is accumulated with each simulation step is
now simplified using the same fractional conversion rate of true deposited energy in

the scintillator to scintillation light,
Eyc =AY (Beinti(kp) + Eei(kc)), (8.1)

where Eginti(kp) contains only first order Birks” approximation as follows:

dE
dEscz'mt o dr

dr 1+ kg’

(8.2)

and E.;(kc) was discussed in Section 5.2 and Equation 5.8.
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The simulations contain 1 x 10° and 4 x 10° events for the y-ray sources (®°Co,
137(Cs, 22Na) and 2°2Cf neutron source, respectively, and 1 x 10° events for cosmogenic
2B, for each set of nonlinearity parameters. This choice of the size of the simulation
provides ample statistics (over four times larger than the event statistics of the
calibration data) for energy scale model optimization while keeping computation time
moderate. The selection rules we discussed in the previous section will be applied to
both the calibration data and simulations. The simulation spectra using nonlinear
energy model parameter kg and ko from Equation 8.1 will be subsequently rescaled
by the overall scaling factor A, which allows the parameter A to be varied without

re-running the simulation.

8.1.3 y?-based energy scale model determination

The energy scale model of the detector is fit to the set of calibration data by
minimizing the x? function described in Equation 8.3, which was previous described in
Chapters 5. However we still show it again to improve the readability of the following

section.

X(Qiata—MC = Z X?y + Z X?nulti + X%QBa (83)
Y

multi
The x? function consists of contributions from both the energy spectra and the
event multiplicity distributions from radioactive sources described in section 8.1.1.
The y? contribution from the individual y-ray spectra is denoted as Xi. The
event multiplicity distributions for each source are included in 2 ... The intrinsic
cosmogenic ?B f-spectrum contribution is denoted as xfp. The 7-ray event
multiplicity distribution captures the detector response to low energy deposits and
threshold effects, and thus plays an important role in constraining the energy
model for highly-segmented inhomogeneous liquid scintillator detectors. The 2B 3-
dominated spectrum constrains the energy response model in the high energy region

up to ~14 MeV.
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A point-wise search of minimum x3,,, ¢ is performed in the three-dimensional
detector response parameter space (A,kp,kc) using weighted histogram comparison

as follows [127]:

X = mZ Wvﬁﬁ 1Vvv¢gzi§i)2= (8.4)
P E9Si SOEi

where Wy and Wy are the integrated bin contents from experimental and simulation
histograms, respectively, w; is the individual bin content, o; is the individual
uncertainty from each bin, n,;, and ny.. is the lowest and highest energy bin of
the range of interest. The 2 value is calculated in the energy range covering all peak
areas and regions between the peaks, defined as the lower energy edge of the lowest
energy peak to the upper edge of the highest energy peak. The peak locations of the
data energy spectrum are identified by the ROOT peak-finding algorithm, and the
lower and upper edges are located at £3x energy resolution of 4.5 %/ VE around
each peak energy, which is the measured energy resolution from the PROSPECT
detector [92]. Figure 8.4 shows simulations generated by the best-fit energy scale
model in comparison to the ??Na calibration data. The grey lines in the spectrum
plot indicate the energy range for the x? optimization. The bin size of the energy
spectrum is 0.01 MeV, and the event multiplicity range for x2 ,; between 1 and 9,
since negligible event counts are found. Note the three-dimensional X2 .. o map
in the model parameter space (A,kp,kc) is hard to visualize and can be simplified
without change of the fundamentals of the model optimization and will significantly
reduces the computation time for a point-wise search in axis-A. The decoupling of
axis-A is achieved by the fact that the parameter A is the overall energy scaling
factor of the energy spectrum, thus can be optimized once the other two parameters
are set. With axis-A decoupled from the three-dimensional response parameter space,
a two-dimensional x2... ¢ map can be easily visualized in the parameter coordinate
(kp,kc), shown in Figure 8.5. Elliptical contours with a Ax? = 30 are plotted centered

around the minimum value of the x3,,, e The elliptical contours are used to
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Figure 8.4: Here we show ??Na data and MC comparison for an internal energy
scale model, corresponding to the best-fit set of nonlinearity model parameters. The
reconstructed energy FE,.. represents scintillator quenched visible energy, which is
typically shifted to lower energy compared to the true gamma energies. The gray
lines in a) indicate the energy range for x? calculation. They are determined by
the peak location and energy resolution as described above. The range for event
multiplicity is between 1 and 9, as shown in b).
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determine the each parameter’s best fit value and uncertainty. The best-fit values
of kg and ko parameters are simply the ellipse’s center value, and their associated
uncertainties half of the projected width in each parameter axis within Ax? = 30
boundary. The best fit value of A is the average of all values of A within the
Ax? = 30 contour, and the uncertainty is half of the A variation. Note the choice of
Ax? = 30 is chosen very conservatively by intention and larger than the simulation
statistical fluctuations due to the limited size of the samples (approximately 10 units).
Additional 20 units are added and corresponds to about 40 confidence intervals. The
same Ax? = 30 is applied to both the internal and external energy scale uncertainty

analysis, thus leaving the choice less likely to bias the final result.

8.2 Performance evaluation

In this section, we discuss the results and performance of PROSPECT-II external
calibration using the data and method described in the previous sections. The
performance evaluation includes the compatibilities of the energy scale models
obtained from both calibration schemes and also the estimated energy scale model
systematic uncertainty contribution to the spectrum analysis. We also include the
AmBe neutron source in the PROSPECT-II external calibration and investigated the

benefits of the inclusion.

8.2.1 Energy scale model compatibility

Table 8.2 summarizes the best fit values of each parameter and associated uncer-
tainties for the internal and external calibration schemes. The parameters for the
external calibration energy model is compatible with the internal calibration within
uncertainties. However, we can also conclude that the external calibration model
uncertainties are less well constrained by almost a factor of two. In the next section,

we will try to incorporate AmBe source’s high energy 7-ray calibration point in the
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Figure 8.5: x? distribution in energy scale parameter space for a) internal calibration
and b) external calibration. Each y%(kg, kc) on the grid represents the corresponding
detector response deviation from the calibration data with the optimized A value. The
contours are generated with Ax? = 30 increments for illustration purposes. Note the
intervals in the contours are larger for the external calibration. Thus, the best-fit is
less well-constrained compared to the internal case, but is still well-defined.

Table 8.2: Nonlinear energy model fit parameters. The number of degrees of freedom
(ndf) is different in two configurations due to change of region of interest in the energy
spectrum.

Configuration A kg (cm/MeV) kc x? ndf
Internal 1.0080 £ 0.0020 0.1723 £ 0.0038 0.3772 £ 0.0338 657.6 330
External 1.0073 £ 0.0055 0.1664 £ 0.0070 0.3603 £ 0.0579 712.4 460
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analysis chain to reduces parameter uncertainties specifically for the Cherenkov k¢.
Given the reduced statistics of calibration events in the external configuration, the
results presented here are the worst case scenario and improvements are expected
from an actual PROSPECT-II detector setup, such as higher activity sources and
longer calibration acquisition time.

Using the best fit values in Table 8.2 for internal and external calibration,
both models demonstrate good agreement between data and simulations in the
reconstructed energy spectrum and event multiplicity, as shown in Figure 8.6.
Noticeable changes in both the spectral shape and multiplicity are apparent between
internal and external configurations. The detector active volume only covers half of
the solid angle of the external sources and thus is less likely to fully capture multiple
~-rays, causing the change of energy spectrum and downshift in event multiplicity
shown in Figure 8.6. nH capture ~-ray rates are reduced due to less neutron captures
internally, similar to the ~-ray source. The event multiplicity of nH event will
suffer a similar downshift, depending on how deep the nH reaction happens in the
fiducial volume. On the other hand, '?B, generated intrinsically via the *C(n,p)'*B
reaction in the liquid scintillator, is independent of the calibration setup. In the
external calibration setup, both the ~-ray calibration sources and the 2.2 MeV ~-ray
from neutron captures on hydrogen see a reduction of event statistics that could be

compensated by higher activity sources in the actual P-II calibration.

8.2.2 Benefits of inclusion of AmBe source

The inclusion of high energy gamma calibration point would provide the better
constrains on the Cherenkov parameter kc. The ! AmYBe source provides neutrons
and a correlated 4.4 MeV ~-ray via the “Be(a,n)'2C* reaction. The « particles are
emitted from 2! Am. The half-life of the AmBe source is about 432.2 years with an
average neutron energy of 4.2 MeV, up to 11 MeV. The AmBe source is of particular

relevance to IBD neutrino detectors because the correlated pair of neutron and y-ray
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Figure 8.6: Data-simulation comparison of calibration source spectra and event
multiplicity for a) best-fit internal energy scale model and b) best-fit external energy
scale model. The reconstructed energy FE... represents scintillator quenched visible
energy, which is shifted to lower energy compared to the true gamma energies.
External calibration events generally have lower event statistics and decreased event
multiplicity due to smaller solid angle coverage. The external calibration spectra show
more pronounced single-y-ray photopeaks, with lower rates of total y-ray photopeaks.
The total x? from both energy scale models are listed in Table 8.2.
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is similar to IBD interactions and thus can be used as a tool to quantify neutron
capture efficiency and neutron mobility. The 4.4 MeV ~v-ray will provide additional
calibration feature to further constrain kg and ko over the high-energy region.

The PROSPECT collaboration acquired an AmBe source near the end of the
PROSPECT data-taking period and was not included in the calibrations and
only used as a energy scale check for simulations, reported in previous published
results [92]. However, without the inclusion additional high energy calibration feature
provided by the AmBe source, the external calibration was shown to have worse
calibration performance detailed in the previous section. We include the AmBe source
to quantify the benefits of higher energy calibration features on future calibration
campaigns. This inclusion of the AmBe source in the calibration data analysis is

implemented via the Equation 8.5:

X?ot = Xglata—MC + [X'Qy + XIQnulti]AmBev (85)

where x3.,. e 18 defined in Equation 8.3 and the x? contributions from the AmBe
4.4 MeV 7-ray reconstructed energy spectrum and event multiplicity are added to x2,.
With the inclusion of the AmBe source in the calibration analysis, good agreement is
found between the AmBe data and simulations, as shown in Figure 8.7 with x%,,5./ndf
= 250.6/245.

The fit for other sources shows good agreement as well. For example, **Na
energy spectrum contributes %, /ndf = 254.7/106 with the inclusion of the AmBe
source, compared to x%,/ndf = 254.3/106 without the AmBe source. The benefit of
including an energetic calibration y-ray is an improved constraint on the higher energy
calibration. In particular, the k- uncertainty is reduced, as shown in Table 8.3, where
we see a 31 % improvement. The amount of the improvement is unlikely to increase in
PROSPECT-II calibration run, given that the AmBe data we used contains sufficient

events statistics for the purpose of the study.
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Figure 8.7: AmBe 4.4 MeV ~-ray energy spectrum in a) and event multiplicity
distribution in b) using the external energy scale model obtained with AmBe

calibration.

Table 8.3: Reduced kg uncertainties with the inclusion of AmBe source in the
external calibration.

Configuration A kg (cm/MeV) ke
Internal 1.0080 £ 0.0020 0.1723 £ 0.0038 0.3772 £ 0.0338
External 1.0073 £ 0.0055 0.1664 £ 0.0070 0.3603 £ 0.0579

External with AmBe 1.0028 4 0.0045 0.1658 £ 0.0061 0.4055 £ 0.0399
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8.2.3 Energy scale model systematic uncertainty contribu-
tion

Another key performance metric of the PROSPECT-II calibration scheme is the
systematic uncertainty contribution of the energy scale model. The desired goal
is that the systematic uncertainty contribution from the external calibration scheme
is less than the expected statistical uncertainties of the PROSPECT-II experiment,
estimated by a combination of signal and background rate projections.

The energy scale systematic uncertainty will enter the analysis of sterile neutrino
oscillation and neutrino spectrum of PROSPECT-II. To evaluate the impact, we
begin by generating covariance matrices. The covariance matrix is generated by
bin-by-bin comparison of sets of toy model spectra to the reference IBD spectrum.
Reference IBD spectra are generated by passing the Huber-Mueller neutrino model
predictions through the detector response, using the best-fit energy scale models.
The toy model spectra are generated the same except the energy scale model
parameters are uncorrelated Gaussian distributed with the best-fit model mean value
and uncertainties. Reference IBD spectra contains 4 x 107 simulated IBD events.
Toy model spectra contains 1 x 10 toy simulations, each of 4 x 10° simulated IBDs.
Approximately 10 % of simulated IBDs pass the selection cuts in the fiducial volume
for both the toy model and the reference IBD. The covariance matrix thus can be
defined using the toy model spectra and reference IBD spectra information via the

Equation 8.6:
Covli, j] = 1/n Y (T[i] = S[i]) = (T[j] - S[j]), (8.6)

where T'[i] stands for the i-th bin content of the toy model spectra and S[i] stands for
the i-th bin content of the reference spectrum. Reduced covariance matrix can also

be defined in Equation 8.7:

| = Sli) = (T3] = S
Sl + S ’

ReducedCov|i, j|] = 1/nz (T
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The relative uncertainty in each energy bin of the spectrum is by definition the square
root of the diagonal elements of the reduced uncertainty covariance matrix. Figure 8.8
shows the relative uncertainty between 0.8 MeV and 7.2 MeV visible energy, which
is the energy range where most detector IBD events fall from the reactor neutrino.
The red curve represents the external calibration uncertainty with the AmBe source
and the black curve stands for the default internal calibration uncertainty without the
AmBe source. Similar level of systematic uncertainty contributions are found between
these two calibration method. Estimated PROSPECT-II statistical uncertainty
with background subtraction is also plotted in blue. The external calibration also
has smaller or equal systematic uncertainty contributions compared the projected
PROSPECT-II statistical uncertainty across the energy range of the spectrum,
meeting the precision requirement of the PROSPECT-II program. The external
calibration systematic uncertainties can be further reduced by one or combinations of
higher activity calibration sources and longer calibration acquisition time, resulting
even smaller systematic uncertainties than the projected two years’” PROSPECT-
IT neutrino statistics with full background subtraction, ensuring that the energy
scale model will not be the dominant uncertainty contributor for the improved

PROSPECT-II detector.

8.3 Discussion on specific concerns related to the
upgrades

So far we demonstrated the feasibility of an external energy scale calibration scheme
for the upgraded PROSPECT-II detector. However, the changes in the design of the
PROSPECT-II detector introduces additional concerns, including the detector-source
stand-off distance, increased backgrounds in the location of the external calibration
source, and the impact of inter-segment cross-talk. Note that the change in size and

geometry of the detector, and dimensions of each segment can also impact the
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Figure 8.8: Relative systematic uncertainty from the energy scale model is plotted
in the energy range where most IBD events fall. P-I internal in black represents
the uncertainty from the P-I internal calibration without the AmBe source. P-I
“external” in red represents the uncertainty from the P-II type external calibration
study with the AmBe source. P-II signal statistics with background subtraction in
blue includes the estimated statistical uncertainty from the expected IBD statistics
in the P-II detector and estimated background statistics.
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performance of the external calibration technique. But we expect the impact to be
minimal since the inner design elements of the PROSPECT-II detector remain largely
the same. Hence we will only discuss the impact of the stand-off distance, increased
backgrounds of the external calibration source location, and inter-segment cross-talk.

First, the displacement of the calibration sources in the external position
introduces additional stand-off distance between the detector active volume and
the source. This displacement is estimated around ~ 3 c¢m from the center of the
source tube and to boundary of the active liquid scintillator volume, illustrated in
Figure 8.9 below. If the location of the external source cannot be precisely determined,
the stand-off distance would introduce additional systematic error and thus impact
the performance of the external calibration scheme. Here we want to evaluate
the precision requirement of the stand-off distance to have minimal impact on the
calibration performance, by comparing MC spectra at different stand-off distances
to the spectrum at nominal position. In the MC simulation studies, we offset the
external calibration source from its nominal position by 1, 2, 5 and 10 times the
unit of 1.4 mm, which corresponds to 1% of the segment width. In Figure 8.10,
MC simulation spectra of additional source stand-off distance of 1.4 mm further
away from the nominal position show negligible differences in the spectrum, with a
x2/ndf=250.6/245. At other offset positions, apparent spectral deviations are visible
with increasing x?/ndf values, 1.25, 1.74 and 4.19 respectively.

A full external calibration analysis should be used to evaluate the impact of the
stand-off distance if the precision of the source can’t be precisely determined. Since
a position error of +£1.4 mm or +1% of the segment width is shown to have minimal
impact on the MC spectra, and the same requirement is achievable through careful
engineering, we conclude that the a positioning requirement of +1.4 mm will have
minimal impact on the desired energy scale uncertainty.

Since the calibration sources are deployed in external positions and the external

calibration scheme will primarily use data from segments on the edge, the performance
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Figure 8.9: The schematic shows the stand-off distance introduced in the upgraded
PROSPECT-II detector. The 3/8 inches calibration source tube can be inserted from
the top of the detector, shown in red. The green are supporting rods that house the
reflective panels. The center of the source tube to the boundary of the active liquid
scintillator volume is estimated to be ~ 3 cm.
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Figure 8.10: MC %Co spectrum externally deployed with a stand-off distance of
1.4 mm further away from the nominal position, with a x?/ndf=250.6/245.
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will likely suffer from increased 7-ray backgrounds, in comparison to the segments
in the center of the active liquid scintillator volume. Note that the external
calibration sources sits outside the active liquid scintillator volume but still inside
the PROSPECT-II exterior shielding packages. Using vy-ray background observed in
the PROSPECT-I detector, an increase ~-ray background rates by a factor of four
in the outer layers of the detector segments compared to the interior segments of
the detector. In Figure 8.11, a map of y-ray events background rates are shown as
a function of segment numbers. In the simulations, we can artificially increase the
background rates by a factor of four, and found that these increased 7-ray background
rates translates to a ~3-4% increase in uncertainties in the reconstructed energy
spectrum and event multiplicity. The reason behind this is because the radioactive
calibration source we used are fairly strong compared to the low ~-ray background
rates as a results of the comprehensive passive shielding installed surrounding the
detector. This also means that the increased uncertainties in the reconstructed energy
spectrum and event multiplicity by ~3-4% can be easily mitigated by using a strong
source in PROSPECT-II calibration.

The final concern we want to address is the cross-talk between the neighbor
segments, introduced by the acrylic window designed to separates the PMT housings
and the active liquid scintillator volume. The new acrylic window eliminated the
possibilities of PMT housing base corroded by liquid scintillator, thus ensuring the
long-term stability of the PROSPECT-II detector performance. The design change
was based on the gradual PMT failures over the course of the data-taking observed in
the PROSPECT-I detector, leaving detector performance degraded with less neutrino
statistics and weaker background rejection capabilities. However, as we stated above,
the acrylic window also introduces inter-segments cross-talks. Estimated with optical
MC simulations and benchtop testing, the acrylic window introduces ~0.5% cross-talk
between adjacent segments and ~0.01% cross-talk diagonal segments. In Figure 8.12
In order to investigate the impact of the cross-talk on the calibration performance,

we need to introduce artificial cross-talk to the PROSPECT-I calibration data and
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Figure 8.11: The color represents the v-ray events rates as a function of segments.
Approximately a factor of four is observed as a ratio of y-ray rates in the edge segments
over the inner segments.
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Figure 8.12: MC simulations of neighbor cross-talk introduced by the acrylic
window. The ~-ray tracks are illustrated in green, two neighbor PMT surfaces are
located on the left. The acrylic window was the middle piece with 1/4 inches thickness.
Source:[117]
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as well as simulations, and the whole energy scale calibration analysis is repeated.
The implementation of the artificial cross-talk also takes into account the non-uniform
longitudinal dependence along the segment based on the optical simulations. The
magnitude of the cross-talk varies non-linearly by about 80% as the ~-ray source
moves from the center to both ends of the segments. This cross-talk re-analysis can
be done in either the internal setup or the external with similar results. Using the
internal calibration method, the effective energy scale models obtained with ~2%
cross-talk shows no significant differences in the energy scale model parameters, as
shown in Table 8.4. Note the 2% cross-talk corresponds to the total cross-talk level
with ~0.5% cross-talk between adjacent segments mentioned above. Another concern
needs to be addressed that the level of the cross-talk will not be exactly known for the
simulations and in-situ measurements. Thus, we investigated the required precision
by applying different levels of cross-talk to the data and simulations. For example,
we obtain a similar effective energy scale model using an artificial cross-talk of 2%
applied to data and 2.5% applied to simulation, as shown in Table 8.4. Note that
a small increase in the A parameter is also observed, compensating for more light
lost to neighboring segments in the data and simulation. The light loss is due to the
fact that the cross-talk events are very low energy and fall below the per-segment
detection threshold. We deem the precision of up to 0.5% is adequate for cross-
talk measurement precision. With the artificial cross-talk analysis setup ready for
PROSPECT-II detector, further precision investigation can be done if 0.5% cross-talk
measurement precision is not adequate. The energy scale model with various cross-
talk levels are summarized in Table 8.4, and good agreement in energy spectrum and
event multiplicity is also observed.

To summarize, we demonstrated that an external source calibration strategy for
P-II is feasible, by using PROSPECT-I data and a well-benchmarked MC. We plan
to include an AmBe neutron source in the external calibration setup in order to
obtain required performance and precision. The estimated systematic uncertainty

from the external energy scale model is also shown to meet the physics goals of the
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program. We also performed additional studies on topics specific to the PROSPECT-
IT detector, providing design guidance on detector-source stand-off distance, increased
~v-ray backgrounds at external calibration locations, and inter-segment crosstalk. The
findings we found may have values for other segmented reactor antineutrino detectors

for basic science or applications.

160



Table 8.4: Effective energy scale model parameters in the presence of inter-segment

cross-talk for an internal calibration setup. External calibration with cross-talk yield
similar results.

Configuration A kg (cm/MeV) ke

No cross-talk 1.0080 £ 0.0020 0.1723 £ 0.0038 0.3772 £ 0.0338
2 % sim & 2 % data 1.0100 £ 0.0020 0.1734 + 0.0037 0.3783 £ 0.0357

2.5 % sim & 2 % data 1.0130 £ 0.0010 0.1744 4+ 0.0036 0.3720 £ 0.0350
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Chapter 9

Liquid scintillator calibration using

DT generators

In the previous chapter, we looked into using external and intrinsic sources to calibrate
the PROSPECT AD or the liquid scintillator in a non-intrusive way. Given the
physics of the PROSPECT detector in its root is neutron physics, we explore another
different complementary calibration approach using external compact commercial
neutron source that fit in the footprint of detector’s top space or the side, as illustrated
in Figure 9.1. The on-demand mono-energetic neutron source can benefit the detector
position and PSD calibrations, detector stability monitoring, and flux analysis, which
requires determination of neutron tagging efficiency. By relating the associated a-
particle to the position of the neutron recoil events inside the detector, the neutron
deposited energy in the liquid scintillator follows cos @ kinetic distributions, allowing
for determinations of the detector neutron response in the liquid scintillator over a
wide range of deposited energy.

We first present the basic physics of DT neutron generators and describe possible
application and benefits. We also performed simulation studies based on the

PROSPECT-G4 packages programmed for PROSPECT-I.
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Figure 9.1: [Illustrations of the DT neutron generator installed on top the
PROSPECT-II detector. Portable API 120 commercial neutron generator [128] is
displayed as an example.
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9.1 Physics of DT neutron generator

Neutron generators are on-demand neutron source devices that contain typically a
compact linear particle accelerator and a target loaded with deuterium or tritium.
The ions of deuterium or tritium are accelerated into the target, creating fusion
reactions of either a pair of deuterium atoms (D+D) or a deuterium and a tritium
(D+T),

D+T—n+"He (9.1)

D+D —n+*He (9.2)

The neutron energy of the two primary reactions are 2.5 MeV and 14.1 MeV for DD
and DT, respectively. The DT reactions are more widely used in neutron generators
than the DD reaction because the yield of the DT reaction is much higher than that
of the DD reaction, as illustrated in Figure 9.2. The neutrons produced in the two
primary reactions are emitted anisotropically from the target point. For DT neutron
generators, the neutron beam can be “collimated” by detecting and correlating the
outgoing neutron particle and associated 3.5 MeV alpha particle in space and time
with the neutron.

One of the commercially available DT neutron generators with low profile is the
APT 120 Neutron Generator [128] from Thermo Scientific company, as shown in
Figure 9.1. This DT generator is very compact and portable with the weight below
15 kg. The DT generator is also equipped with a built-in alpha detector for the
identification of alpha-neutron time and space correlation. The power consumption
of the device is well below 50 watts, and the device can produce a directional neutron
flux of 107 n/s with a lifetime of 550 days’ of continuous operation, enough for the
two years’ operation of the PROSPECT-II detector.

Compared to the common neutron sources for detector calibrations, such as 2°2Cf

used in the calibration campaign, DT generators can provide higher rates of

164



1
A/
1" 10
LU m— o — 10
7 -
== | S| =
— -~ —
" / P )
< | = <
£ / 7 £
— , —~—
e / y. £
7
// 9
g 1010 1 z 10 S
w [ — B w
> 1 =~ >
7
Vi
§ 17 8
5 [ 5
w D=7 w
- i =
9 ( /| ol 8 O
" |° r 3 E |
a T v(E)=/16(E)IE(E)] ¢E il
11 v
I
1
[ |
I
T
|
10® 107

0 100 200 3oo 400 500 600
DEUTERON ENERGY [keV]

Figure 9.2: Comparison of the neutron yield as a function of deuteron energy for
DD and DT reactions. Source:[129]
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directional and more penetrating mono-energetic neutrons. As mentioned before,
the neutrons emitted from DT generators allow for correlation based cut analysis
for reduced background events compared to 2°2Cf in a highly neutron rich reactor

experimental hall.

9.2 Complementary calibration using external DT
generators

In addition to the aforementioned benefits for low level detector position and PSD
calibration, stability monitoring and absolute flux analysis, the inclusion of high
energetic neutron generator would also greatly benefit the energy scale calibration.
In PROSPECT-I calibration campaigns, a variety of gamma sources were used, as
was discussed in Chapters 5. The energy of those gamma sources were mostly in the
lower energy regions, with the only high energy calibration up to 14 MeV from the
intrinsic B electronic events. The electronic detector response is well characterized
in Chapter 5. And if we can also characterize the detector response to nuclear recoil
events, it would allow us to use neutron recoil calibrations to continuously monitor the
response of the detector, provide more nH capture gamma for energy scale calibration
events, even lead to better understanding of the dominant fast neutron backgrounds
in the reactor vicinity.

The characterization of the detector response to neutron recoils up to 14 MeV
can be achieved by time-of-flight method [130]. Typically, the experimental setup
requires a neutron detector placed at various angles 6 from the liquid scintillator, as
illustrated in Figure 9.3. The scattered neutron energy can be expressed as a function

of the incident energy F,, and the angle 6, assuming neutron elastic scattering,

E, = E, cos*#, (9.3)
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14.1 MeV neutron

Figure 9.3: Schematics of the experimental setup of liquid scintillator neutron
response. The START is the liquid scintillator and the STOP is the neutron detector
placed at d distance that provides both timing and angle information.
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E,, can be also expressed using the time-of-flight method, assuming the kinematics
are non-relativistic.

o %(d/t)an, (9.4)

where d is the distance between the two detectors, t is the time-of-flight, and m,,
is the mass of the neutron. The deposited recoil energy in the liquid scintillator is

expressed as the energy difference between the same incident and recoil neutron,
E.=FE,—FE,, (9.5)

By adjusting the position of the STOP neutron detector relative to the liquid
scintillator, a wide range of deposited recoil energy can be achieved. This idea can
be applied to the PROSPECT detector extremely easily using an externally deployed
DT neutron generator by noting the PROSPECT detector is highly segmented. A
schematic is depicted in Figure 9.4.

The free choice of the STOP segment in the PROSPECT detector relative to the
incident entry segment allows for a wide range of scattering angles. The energetic
mono-energy neutrons from the DT generator are more penetrating than those from
a 2°2Cf source. The high penetration of the DT neutrons provides a wider choice of

angle 6 and enables studies of neutron transport in the detector.

9.3 MC simulation results and future works

This section will present the results of the neutron detector response using existing
PROSPECT-G4 packages. Mono-energetic neutron source is placed above the
PROSPECT AD detector along the z = 0 plane and emits vertically downward
with 14.1 MeV energy. The definition of the scattering angle 6 needs to be modified
to reflect the 3D geometry, accounting for the additional z dimension. Additionally,
we have to assume the neutron recoil happens at the center of each segment, which

in turn would reduce the energy resolution of the scattered neutron. We define the
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Figure 9.4: Schematic of neutron scattering in the highly segmented PROSPECT
detector. Mono-energetic neutrons from the DT generator are incident from the top
of the detector. The neutron scatters off the entry segment 147 and subsequently on
segment 87, with a scattering angle 6. The star represents the STOP segment used
for determination of the scattering angle.
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vertical y-axis and horizontal x-axis in Figure 9.4. The z-axis is defined into the page.
The relative distance to the entry segment is defined as A|z|, Aly|, Alz|, leading the

full definition of the scattering angle 6 as follows,

VAlz|2+ Alz]?

Alyl ’

f = arctan

The energy of the scatter neutron energy F, follows directly from Equation 9.3. The
recoil energy deposited in the PROSPECT liquid scintillator FE,. is defined as,

E, = 14.1 x (1 — cos® §)MeV, (9.7)

A preliminary relation between the scintillation light and recoil energy is depicted
in Figure 9.5. This relation only applies to the high PSD proton recoil events in
Figure 6.2, not the higher PSD band that was caused by recoils of heavier charged
particles such as alpha particles or carbon. The recoil events are selected by choosing
the first recoil event at the entry segment and subsequent scattering at the final
segment with relative angle 6 and their PSD values residing in the proton recoil
band. The determined relation between the recoil energy and the scintillation light
could potentially offer complementary detector energy scale calibration on-demand
or continuously. The author of the work [131] fitted the Birks constant using the
neutron response for a specific detector setup and material. Furthermore, it was also
suggested in the work [132] that the Birks constant is independent of the ionizing
particle type, allowing for extrapolation of the liquid scintillator response to other
types of heavier particles. Future works includes refining the current study in terms of
simulation and analysis cuts, extrapolating the Birks constant from the fitted detector
neutron response as done in reference work [131], and possibly obtaining LS response
to other ionizing particles. To summarize, DT neutron generators are compact devices
that provide large flux of high penetrating neutrons. The compactness, mobility,

and relative low cost of neutron generators make them great complementary devices
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for on-demand position and PSD calibrations, continuous detector monitoring, or
determination of neutron tagging efficiency. We also simulated detector recoil neutron
response using mono-energetic 14.1 MeV neutron source. The scintillation light from
the neutron recoils could be used in determination of detector energy scale calibration

over a wider range of visible energy up to 10 MeV.
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Figure 9.5: Scintillation light as a function of recoil energy. The recoil energy is
calculated in Equation 9.7.
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Chapter 10

Conclusion

PROSPECT is a world-leading short baseline neutrino experiment that was designed
to make high precision measurement of the ?*>U antineutrino energy spectrum and
model-independent searches for eV-scale sterile neutrino oscillation channels from the
HEU research reactor at High Flux Isotope Reactor. The first two hours of reactor-on
data-taking confirmed the observation of reactor antineutrinos from the reactor at 5o
statistical significance. The early sterile neutrino oscillation analysis disfavored the
best-fit of the Reactor Antineutrino Anomaly at 2.20 confidence level, rejecting the
hypothesis of a hypothetical sterile neutrino, and the energy spectrum analysis of
235U antineutrino showed consistency with the spectral bump in the neutrino energy
region of 5-7 MeV observed in LEU power reactor based experiments. These results
were further improved by a subsequent complete analysis of the whole PROSPECT
dataset collected over the course of less than a year, with reported statistics of over
50,000 neutrino interactions observed. Recently, a final data analysis reported double
effective statistics compared to the previous PROSPECT results, thanks to the efforts
to make use of multi-period divisions of the dataset and inclusion of single-end event
reconstruction to minimize the statistical impact introduced by the increasing number

of PMT failures over the course of data-taking.
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This dissertation reflects my contributions to the analysis and development of
the PROSPECT experiment, including the discussed optimization of IBD event
selection cuts and a performance and feasibility demonstration of an alternative
energy scale calibration strategy for the upgraded detector PROSPECT-II. The
implementation and optimization of event selection rules enabled energy spectral
analysis of 23°U antineutrino and sterile neutrino oscillation searches by mitigating the
challenging on-surface and reactor related backgrounds. The optimization maximized
the statistical power of the PROSPECT dataset, yielding an antineutrino spectrum
with over 50,000 neutrino interactions. With the conclusion of the final analysis
of the whole PROSPECT dataset, an upgraded PROSPECT-II detector is planned
by the collaboration to further expand the physics capability of the experiment.
The upgrades will leverage existing experiment investments and expertise, resolve
technical issues causing the PMT failures, and introduce detector design changes
to improve detector long-term stability. One of the main design changes in the
PROSPECT-II detector, i.e. the separation of the PMT modules and the liquid
scintillator volume by an acrylic window, necessitates an external calibration scheme.
This dissertation demonstrates the feasibility of the external calibration strategy
for PROSPECT-II, using only existing PROSPECT-I calibration dataset and well-
benchmarked simulation packages. The estimated systematic uncertainty from the
external energy scale model is shown to meet the physics goals of the program. The
new external calibration strategy requires an additional energetic gamma calibration
point, provided by the AmBe neutron source , which was not fully utilized in previous
analysis. This dissertation also investigates additional topics specific to the detector
upgrade changes, providing design guidance on detector-source stand-off distance,
increased ~v-ray backgrounds at external calibration locations, and inter-segment
crosstalk.

The inclusion of a DT neutron generator in PROSPECT-II detector is proposed.
The deployment of such high energetic neutron source from a low profile DT generator

provides means of continuous monitoring of the detector time stability, offers dataset
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for possible determination of neutron detection efficiency for absolution flux analysis
and understanding of the neutron transport in the detector, and complementary
liquid scintillator calibrations such as position and PSD. MC simulation results of

the detector neutron response are obtained using fast neutron scatting method.
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