ABSTRACT

BROWNING, JAMES LEE. Measurement of CEVNS with Germanium: First light with Ge-Mini
and Beyond. (Under the direction of Matthew Green).

The COHERENT collaboration has deployed a new detector called Ge-Mini, made up
of 8 Inverted Coaxial P-type Point Contact (ICPC) germanium detectors totaling around
18 kg of germanium. Using Ge-Mini, the COHERENT collaboration has produced the first
measurement of CEVNS on a germanium target (the first-light measurement for Ge-Mini) at
3.930 significance. In this thesis, the deployment and characterization of these germanium
detectors, including the shield, data acquisition, and signal processing system used for this
measurement, are discussed. The predicted number of CEVNS counts was calculated as 35

+ 3.6 counts and the first-light measurement found 20.61 £ 7.89 counts for a counting style

1+7.07

T34 With a 20 deviation from the standard model. The simulation and

experiment and 20.6
statistical analysis leading to this result are discussed in this thesis. Finally, the capabilities
of the Ge-Mini detector are discussed including future improvements that will enhance its

sensitivity to answering current physics questions are discussed.
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CHAPTER

THEORETICAL MOTIVATION

1.1 AD5O0year old prediction

The Standard Model has been the basis for our understanding of the universe since its
introduction in 1967 [18]. This model of our universe has given us a multitude of particles,
interactions, and phenomena to verify experimentally. One set of interactions expected
from the standard model are neutral-current interactions  [18]. These interactions are avor
blind, meaning that every neutrino exhibits these interactions with equal strength, and
are mediated by a boson with calculable mass. We know this mediating particle as the

Z boson due to the CERN collider experiments performed by the UA1 [19] and UA2[20]



Figure 1.1: (left) Pictorial representation of a neutrino undergoing coherent elastic
neutrino-nucleus scattering. Figure Credit: [3]. (right) Feynman diagram for coherent elastic
neutrino-nucleus scattering.

collaborations. Using the standard model, we can calculate interaction rates for different
neutral-current interactions that we can verify experimentally.

Dr. Freedman, inspired by coherent elastic electron-nucleus scattering, was able to
predict an interaction between neutrinos and the entire nucleus known as coherent elastic
neutrino-nucleus scattering, which is referred to using the acronym CEVNS  [21]. This inter-
action is one of the neutral-current interactions as mentioned above, and it describes how
the neutrino transfers some of its momenta to the target nucleus, causing the nucleus to
recoil such that all of the nucleons recoil in-phase (coherently); a pictorial representation
with corresponding Feynman diagram can be found in Figure 1.1. This coherency condition
requires that the neutrino's energy be low enough in energy that de Broglie wavelength
of the neutrino is large enough such that the neutrino's see the entire nucleus as a point

particle; which is generally true for neutrino's whose energy is less than 50 MeV.



The N 2 dependence

This interaction gives a very simple differential cross-section given by the following equation

[22][23]
d GZM 5 5 T, 5 ZMT
FE [(Gy +Ga) +(Gy Gp)(1 E—) Gy GA)—E2 (1.1)

where Gg is the Fermi constant, T is the recoil energy, E is the neutrino energy, and

Gy =[9yZF,’@*+gyNF' Q)] (1.2)

Ga=[0a(Z ZHF Q) +ga(N- NF Q)] (1.3)

With gf;, gy g,ﬁ, and g, being the different coupling constants for the neutrons and
protons, Z., Z4 N., and N, refer to the number of up and down spins of protons and
neutrons respectively, and FZYn and Fz’fn are the vector and axial form factors of the nucleus,
respectively for the protons and neutrons. From these equations, we can observe that
the axial part of the equation scales with the number of odd spin nucleons, while the
vector part scales with the total number of protons and neutrons. Therefore, as we look at
heavier nuclei, the vector component will begin to dominate, allowing us to neglect the
axial term. We can also make the approximation that the proton and neutron form factors

are equivalent, FY = FV =FY

el - Under these approximations, we can simplify Equation

1.1 as:
d

GM ., ., MT 2T T?
ar = 2 @ R ¢4

where Q,, is known as the weak charge and is de ned as

Q2 =[gyZ +g)N]. (1.5)



If we ignore the radiative corrections for the g\‘; and g,; coupling constants, we can write

these constants as

p_ 1 in2
gy = > 2sin“( ) (1.6)
no 1
gV - 5 (17)
The term , is known as the Weinberg angle and whose current best measurement, ac-

cording to the 2022 Particle Data Group, is  sin?( ,,) = 0.23122[24]. If we take g\'; Owe can

approximate Equation 1.4 as:

d_ GMp MT 2T, Tk, @oen? (L.8)
dT 8 E2 E E2°"

This approximation shows that the cross-section should scale by the number of neutrons
squared. This equation gives us a simple test of the standard model. We can measure the
cross-section of different nuclei to test for signi cant variations.

Freedman noted that experimentally verifying that such an interaction exists would
be an act of hubris owing to the challenges such as interaction rates, resolution, and back-
grounds discussed in depth in Section 2.2. Freedman was correct in noting that it was
experimentally tricky; however, after 40 years from Freedman's prediction, COHERENT has
been able to experimentally measure this cross section for this interaction twice in both Csl
and LAr [3][7]. While attempts have been made at other neutrino sources such as reactors
and solar neutrinos, CEVNS has only been measured at pion decay at rest neutrino sources,
speci cally the spallation neutron source at Oak Ridge National Laboratory. A summary of
all best limits and measurements for different nuclei can be found in Figure 1.2.

The rest of this chapter focuses on the physics reachable from a more precise measure-



ment of the CEVNS interaction.

Figure 1.2: The ux averaged cross-section as a function of the number of neutrons using
different neutrino sources. This plot shows the current best limits for measuring CEVNS,
including the two measurements done by COHERENT.

1.2 Probing Nuclear Structures

The most evident physics parameter reachable by a precise measurement of CEVNS is the
nuclear form factor FY , (Q?). CEVNS is speci cally sensitive to the neutron form factor
since the neutron term of the weak charge dominates the interaction, as seen in Equation
1.5. This term is the Fourier transform of the neutron density distribution; therefore, a

precise measurement of this term would provide insight into the neutron distributions,



speci cally the neutron radius, which could signi cantly impact how we view neutron
stars through a better understanding of the neutron skin (the difference in the proton and
neutron radius) [25][26].

Both the proton and neutron radii have been measured using various techniques. The
proton radius has been measured precisely multiple times through elastic electron scat-
tering [27]. In contrast to the proton radius, the neutron radius has been proven more
challenging to measure. Earlier measurements of the neutron radius were accomplished
through hadronic scattering, which requires careful analysis of model uncertainties [28].
Therefore, people began looking towards CEVNS and parity-violating effects from electron
scattering as a separate, cleaner measurement of the neutron radius [29][30].

Recently, this avenue has been accessed with measurements by the PREX, CREX, and
COHERENT collaborations; PREX and CREX through parity-violating measurements and
COHERENT through CEVNS [31][32][33][34]. It has recently been shown that measurements
of the neutron radius from CEVNS can be improved when combined with atomic par-
ity violating experiments [35]. These recent efforts exhibit how useful precision CEVNS
measurements can be for understanding the neutron density distribution.

Various theoretical descriptions, such as the Klein-Nystrand model, Helm model, and
model-independent Taylor series expansion, can be used to calculate the form factor term
and thus be used to extract the desired information. The following is a description of how

each calculation is performed.

Taylor Expansion
In the early 2010s, it was shown that CEVNS could constrain both the neutron radii and

higher-order moments of the neutron distribution in a model-independent way [25]. from



the Taylor expansion of the form factor term with respect to q one gets  [25]

q° q*
F.(q) N@ §<Rf>+§< R>+..) (1.9)
where R¥ is de ned as [25] R
RX = _RM (1.10)
n S(r)dsr '

where |, is the neutron distribution of the target nucleus. Equation 1.9 shows that CEVNS

can probe the even moments of the neutron radii.

Klein-Nystrand

In the late 1990s, Klein and Nystrand were looking to study exclusive meson production
in heavy ion collisions [36]. This work led to a cross-section for photo-nuclear reactions
dependent upon the nuclear form factor [36]. To get an analytical form for the form factor,
they approximated the Woods-Saxon distribution as a hard sphere, with radius R4, con-
volved with a Yukawa potential with range a, . This led to a model for the form factor given

by: [36]
j1(@Ra) 1
qRa 1+02a?

Fouei @)=3 (1.11)

Where R, is the radius of the neutron approximated as a hard sphere, ¢ isthe momentum
transfer, and j, is a spherical Bessel function of order 1. Using this model, we can write

down the root mean square radius from this model as  [13].
2 - 3 2 2
<R >n= gRA+ 6a, (1.12)

which can be compared to the second moment in the Taylor expansion.



Helm
In the 1950s, Helm proposed a form factor for the charge distribution of protons in
electron scattering at high energies [37]. This was done to describe his data from elastic
electron scattering. This form factor has since been adopted for CEVNS. The form factor
is calculated using the Born approximation [37]. The solution for the form factor can be
written as [37]
11(@Ro) a2s?

Fn\(JcI(QZ):3 qRo exp * (1.13)

Where |, is the spherical Bessel function of order 1, R, is an effective nuclear radius
denedas R,=(1.23A%F 0.6)2+ I 2r2+5s2with ro=0.52fmand s = 0.9 fm, whichis tted
from the muon spectroscopy and electron scattering data compiledin ~ [38].

Using the Helm model, we can analytically express the even moments from the Taylor

expansion as [13]

3

<R%>= gR§+ 3s? (1.14)
3

<R*>= §Rg‘+ 6R2s” + 15s” (1.15)
1

<R7>= ZR;+9R;s” + 63R;s" + 1055 (1.16)

Figure 1.3 compares these two models with the Taylor expansion as we add more moments

(terms).

1.3 Non-Standard Interactions

Moving beyond the standard model, CEVNS allows us to probe the possibility of Non-

Standard Interactions (NSI). NSl is a class of beyond standard model (BSM) physics where



Figure 1.3: Form factor values for a Germanium target using different models with the
values for the neutron radius moments calculated from Equation 1.14, including adding
terms to the Taylor expansion.

the standard model neutrino interactions are modi ed, including both charged-current
and neutral-current interactions. CEVNS experiments are sensitive to the neutral current
NSI parameters.

These NSI terms can be described as a change in the weak charge by adding new
coupling constants [22][23]. This addition of new coupling constants changes the weak

charge described in Equation 1.5to0 [22]

QZ =[z@y+2 "+ V)+N(@H+ W +2 V)P (1.17)
X
+ [Z(Z UV+ dV)+N(UV+2 dV)]Z
6



Where are BSM coupling constantsand and are different neutrino avors. The
couplings used in Equation 1.17 come in two types: non-universal ( = )and avor
changing ( 6 ). This change in the weak charge breaks the assumption that CEVNS is
a avor-blind process; therefore, the cross-section could be different depending on the
neutrino avor. These new interactions could cause either an excess or a de cit in the
number of counts expected from the standard model for an experiment. Since these inter-
actions are not energy-dependent, these couplings cause changes in the overall rate, not
the spectral shapes; therefore, the ability of an experiment to set limits on these interactions
is independent of the spectral discrimination power of the detector. The current best limits

for each coupling can be found in Table 1.1.

1.4 Light Mediator

Another extension to the standard model is a new mediating ~ Z°boson. This new mediating
boson can be considered a scalar or a vector variant [39]: in this work, we will only look at
the vector variant.
This new mediating boson changes the weak charge, similar to the NSI extension, in
Equation 1.5 to
9 z°Qpz° g zQnz°

2 — p n n n 2
Qu@)=[Z(gy +p 36, 2+ MZZO))+ Ny, +p 3G, @2+ MZZO))] (1.18)

where M 70 is the mass of the mediator and g,0and g,z o are the NSI couplings of the proton
and the neutron, respectively [40]. However, for this work, we will simplify this equation by

assuming the Z° has purely vector universal avor-conserving couplings to neutrinos such
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Table 1.1: Enumeration of 90 % con dence limits for NSI couplings to quarks taken from
newest global ts which perform a combined analysis of oscillation and COHERENT data
[1]. The universal coupling constants have two ranges of values where the NSI couplings
cannot be ruled out.

Reference Flavor Limit
[-0.036, 0.031]
Oscillation + COHERENT | 9V [0.30, 0.39
[-0.038, 0.034
Oscillation + COHERENT g\e/ [0.34,0.42
[-0.040, 0.03§
Oscillation + COHERENT dv [0.31, 0.39
[-0.046, 0.03]]
Oscillation + COHERENT uv [0.35, 0.042
[-0.041, 0.043
Oscillation + COHERENT | 9V [0.31, 0.39
[-0.046, 0.033
Oscillation + COHERENT uv [0.35, 0.4
Oscillation + COHERENT | ¢V | [-0.054, 0.0045
Oscillation + COHERENT gv [-0.044,0.0049
Oscillation + COHERENT gv [-0.051, 0.1]
Oscillation + COHERENT v [-0.079, 0.1]]
Ice Cube dv- | [-0.0075, 0.0044
Ice Cube W [-0.0064, 0.0053
asin [41]
2 2
QZ)=[Z(@) + Poe )N (] + o) (L19)

2" 2G:(q2+ M2) 2" 2G:(q2+ M)

This NSI extension does keep the avor blindness of the CEVNS interaction, but the
new couplings introduce a momentum transfer dependence on the weak charge, leading

to spectral distortions. Figure 1.4 shows how this new mediator might affect results.
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1.5 Electro-magnetic Properties

Additionally, CEVNS experiments are sensitive to the different electrical properties of the
neutrino. Oscillation experiments conclusively showed that neutrinos are massive, requir-

ing at least a minimal extension of the standard model, allowing neutrinos to have mass.

This discovery also made people question whether neutrinos could have small electrical
properties [42]. CEVNS experiments are sensitive to a neutrino magnetic moment [43]. The
neutrino magnetic moment arises from one-loop corrections when the SM is extended to

allow neutrinos to have mass.

Neutrinos predicted magnetic moments depend on their mass generation mechanism  [44].

If we assume that neutrinos are Dirac particles, then we arrive at a straightforward term

that can be calculated [42]

3Gemem 15, M
=—p—=32 10 “(—— 1.20
4 2 2 (1eV) (1.20)

This term is uninteresting because it is so small that astrophysical processes would be
unaffected [42]. However, if we consider neutrinos to be Majorana particles, we arrive at an

equation that is added incoherently to the CEVNS differential cross section  [43]

Eogen=— 22 Loy (1.21)
dT=™ " mz T E '
where isthe ne structure constant, and is the effective magnetic moment of the

neutrino. We can see from this equation that the enhancement to the CEVNS rate is low
until we go to lower energies. Therefore, for CEVNS to be a viable avenue for measuring
the magnetic moment, one must use a detector with extremely low thresholds combined

with good energy resolution to see spectral distortions. Figure 1.4 shows how a magnetic

12



moment might distort results from a CEVNS measurement.

Figure 1.4: The energy spectra above show the spectral distortions due to different BSM
physics extensions to the standard model. The magnetic moment is on the right, and the
Z° mediating boson is on the left. The blue spectrum shows the standard model prediction,
while the red shows the predicted spectrum if the BSM physics is included. This assumes
a 200 kg Germanium detector with 15000 hours of beam time at the Spallation Neutron
Source with 2.0 MW beam power 19.2 M away.
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1.6 Anlrreducible Background

Dark Matter

Dark Matter is the name of a form of matter that interacts through the gravitational
force, does not interact through the electromagnetic force and does not produce any light.
This type of matter was rst used to describe the anomaly in matching the rotation curves
of galaxies from the coma cluster to predictions [45]. Since this observation, the physics
community has devoted enormous resources to directly detecting this particle.

The theoretical particles that garnished the most attention as candidates for the dark
matter particle are Weakly-Interacting Massive Particles (WIMPs). This popularity has been
gathered from two fortuitous results. The rst is known as the "WIMP miracle,” which
refers to the observed abundance of dark matter and super-symmetric extensions of the
standard model to give comparable cross-sections [46]. The second resultis an experimental
signature that is conceptually straightforward. WIMPs are predicted to scatter off a nucleus
through the exact mechanism as CEVNS, which gives a coherency boost to a recoiling

interaction [47].

An experimental fog
Since CEVNS and WIMP recoils are both elastic nuclear recoils, with both having a
cross-section enhanced by coherent scattering, these signals become indistinguishable
without timing signatures or directional sensitivity  [48]. This indistinguishable signal poses
an experimental challenge for WIMP searches subject to solar and astrophysical neutrinos.
The solar background comes from decay chains which produce electron capture on
‘Be, and * decays of B, N, °0, and "'8F [49]. There are two astrophysical sources

of neutrinos: neutrinos produced by cosmic rays in the atmosphere  [50] and the diffuse
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supernova neutrino background (DSNB) [51]. Recently, the XENONNT and PandaXx-4T
experiments have reached sensitivity of this fog such that they reported a measurement of
CEVNS with signi cance 2.7 and 2.64 respectively[52][53]. While this signi cance does
not cross the conventional 3  threshold for measuring a process in particle physics, it does
mark a signi cant step in experiments starting to reach the limit where neutrinos have
become a background signal in their search. Figure 1.5 shows current limits for dark matter

detectors (currently missing pandaX and XENONNT measurements).

Figure 1.5: Dark matter direct detection limits with the background values where neutrino
signals become indistinguishable from dark matter signals ( gure credit: C. O'Hare, Mag-
ni cent CEVNS 2024).

1.7 Thesis Overview

The work presented in this thesis provides details of the deployment and analysis of the most
recent measurement of CEVNS by the COHERENT Collaboration, the rst measurement of
CEVNS in a germanium target.

Chapter 2 presents the neutrino source used by the COHERENT Collaboration at the

15



Oak Ridge National Laboratory (ORNL) and introduces the rst measurements done by the
COHERENT Collaboration, dubbed the rst-light results. This chapter also summarizes the
COHERENT Collaboration's current efforts: precision measurements of the CEVNS process.

Chapter 3 describes the Ge-Mini detector design and deployment efforts. Chapter 4
details the data processing pipeline to extract meaningful data from our germanium signals.
Chapter 4 also includes characterization efforts for the germanium detectors used in this
work.

Chapter 5 describes the statistical analysis for the rst measurement of CEVNS in a
germanium target. This analysis includes the estimation of cut parameters and the results
from the rst beam period of data collection with Ge-Mini. Finally, Chapter 6 concludes
this work by describing future efforts to improve the precision of the results shown in this
thesis, including results for expected sensitivities to physics searches previously described

in this chapter.
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CHAPTER

THE COHERENT COLLABORATION

2.1 COHERENT at Oak Ridge National Laboratory

The COHERENT Collaboration was formed to measure CEVNS and inelastic neutrino in-
teractions using neutrinos created by the Spallation Neutron Source (SNS) at Oak Ridge
National Laboratory (ORNL). COHERENT made its rst measurement of CEVNS in 2017
[3] and has since continued to develop new detectors to improve upon this measurement
along with making measurements of other interactions at higher neutrino energies such

as the charge current interaction on ?7| [54][7]. The COHERENT Collaboration deploys

detectors to what is known as "neutrino alley,” a beam maintenance alley located in the
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SNS basement, for all of its past and current detectors; a diagram of this alley and current
detectors are provided in Figure 2.1. This chapter introduces the neutrino source used by

the COHERENT Collaboration and an overview of past and current measurement efforts.

Figure 2.1: A oorplan of Neutrino Alley and SNS geometry relevant for COHERENT de-
tectors. This diagram show the varying distances for each detector from the target and the
concrete lling, which attenuates the neutron ux coming from the target.

The Spallation Neutron Source
The SNS is a DOE Of ce of Science user facility at ORNL, which serves as the source of
neutrons for various experiments and neutrinos for COHERENT. The SNS is currently the

world's most powerful pulsed-beam neutron source  [55]. The SNS accelerates protons to
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1GeV, as displayed in Figure 2.2, creating a pulsed 1.4 MW beam hitting a liquid Hg target
at 60 Hz with a full width at half maximum (FWHM) pulse width of 350ns [55]. This beam
produces spallation events when protons scatter off target nucleus, creating the intended
neutrons and pions as a byproduct [55]; a diagram of this process can be seen in Figure 2.2.
The pulsed beam allows for the suppression of steady-state backgrounds, which is vital
when searching for rare event processes like CEVNS. The byproduct  * particles created by
the spallation process will decay, creating a neutrino ux that COHRENT uses for CEVNS

searches.

Figure 2.2: Diagram of the spallation process at the SNS. The spallation process, created
by protons hitting the mercury target, creates *, which decays into three neutrino avors.

The Spallation Neutrino Source
There are positive and negative pions created by the spallation process. The mercury

target absorbs the at arate of 99 percent. The * eventually come to rest and have the
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following decay with a lifetime of 26 ns (less than 1 percent decay in ight  [2]):

1T+ (2.1)

The energy spectrum for the neutrino is mono-energetic based on this 2-body decay at rest.

Therefore, we can calculate the energy of the neutrinos using the following equation;

f(E )= (E E) (2.2)
m?2 m?
E =—=29.8MeV
2m

Then, the produced muons will also decay with a lifetime of 2.2 S, giving us;
Toet+ T+ (2.3)

The energy spectrum for the two neutrinos is represented by the Michel spectrum predicted

by three body * decay at rest [2]

96
f(E )= mEi(m 2E )dE

16
fE)=
4

EZ(@m 4E-)dE-

Which has arange of energiesof 0 E mT =52.8M e V. There are variations in this energy

spectrum, which come from decay in ight (DIF), decay in orbit (DIO), and capture.

This decay scheme represents what is known as pion decay at rest, DAR. The energy
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range created by this decay scheme is well-suited for CEVNS measurements. As mentioned
earlier in Chapter 1, the coherence condition of CEVNS requires neutrinos of energies less
than 50 MeV for most nuclei. The DAR beams, such as the SNS, perfectly match this
energy range, allowing us to look at deviations from the standard model in the higher
range, i.e., form factor and NSI couplings, as well as the lower range, i.e., neutrino magnetic
moments.

The COHERENT Collaboration has simulated the neutrino ux at the SNS  [2] using
GEANT4[56]. This simulation has a 10 percent systematic error due to comparisons from
four pre-compiled physics libraries  [2]. The breakdown of neutrinos per proton on targetand
their sources can be seen in Table 2.1. The energy spectrum produced from this simulation
can be seen in Figure 2.3.

This simulation also gives a timing distribution for the neutrinos created by the spal-
lation process. This timing distribution shows a separation of neutrino avors in time, as
shown in Figure 2.4. We refer to the neutrinos as the prompt population, and we refer to

the = and . neutrinos as the delayed population.

Table 2.1: Table of processes and parent particles for neutrinos created by 1 GeV protons
at the SNS. This table shows the percentage amount each process contributes to the ux of
each neutrino avor. Adapted from [2]

FOT DAR DIF CAP DIO Tor * or K*
0.0875| 98.940% | 0.779% | 0.196 % | 0.084 % | 99.7185 % | 0.2812 % | 0.0003 %

~ 1 0.0875| 99.718 % | 0.282 % - - 99.7187 % | 0.2813 % -
e | 0.0872 | 99.999 % | 0.001 % - - 99.9999 % - 0.0001 %

¢ | 0.0001 - 0.331% - 99.669 % - 100 % -
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Figure 2.3:  Energy spectrum of neutrinos cre-  Figure 2.4: Timing spectrum of neutrinos cre-
ated at the SNS. Figure credit: [2] ated at the SNS. Figure credit: [2]

SNS Timing Structure

To perform a measurement utilizing the SNS, one must be able to synchronize the ex-
periment's data with the timing of the proton beam hitting the target. This synchronization
can be achieved utilizing two signals produced and distributed by the SNS: event 39 and

event 61.

» Event 39 (refered to as Evt39): Evt39 is a signal that synchronizes the kicker magnet for
the proton accumulator ring and the neutron chopper. This signal can give a precise

start time for collecting data in coincidence with the spallation process.

» Event 61 (refered to as Evt61): Evt61 is a signal given whenever there are protons in
the packet that hit the target. One of every 600 packets delivered to the target will not
include protons. Evt61 gives a boolean-like signal to designate whether the spallation

process will occur.
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2.2 Experimental Challenges atthe Spallation Neutrino Source

While the SNS is an excellent neutrino source for CEVNS, performing a CEVNS measurement
at the SNS presents many challenges. The most notable challenges are the energy scale,

low expected count rates, and experimental backgrounds.

2.2.1 Energy Scale

Recoil Energies
The interaction signature that all CEVNS measurements use is the recoil energy of the
nuclei in the target material from the momentum transfer of the neutrino [21]. The following

equation gives the maximum value of this recoil energy:

2E2
Tmax (Emax) = M + ;EX (24)
max

where T« iS the maximum recoil energy reported in units of keV nuclear recoil (  keV,,),
Eax IS the maximum neutrino energy from the source, and M is the mass of the target
material nucleus [23]. Using this equation, we can calculate the maximum energy that a
target material would have, "°Ge, for example, would see a maximum recoil energy of 82
keV,,. However, most of the counts from CEVNS are expected to be at lower energies than
the maximum, as seen in the differential cross-section in Equation 1.8. We calculated an
expected spectrum to help us visualize this effect. The COHERENT Collaboration uses
DukeCEVNS[57], a C++ -based software for calculating CEVNS spectra with different neu-
trino sources and target masses, for these calculations. An example spectrum is shown in
Figure 2.5 on the left. Furthermore, the measurement becomes increasingly more dif cult

as we examine the equipment used to measure these recoils.
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Detection Mechanisms

There are a variety of ways that one can measure interaction in a material; for a detailed
discussion on different detector types, see [12]. The COHERENT Collaboration has mainly
used scintillation detectors and semiconductor detectors, so we will restrict our discussion
to these two types of detectors.

When a material's electron is excited from its ground state, it may emit a photon to de-
excite the electron, known as scintillation. The number of photons produced from a given
energy deposited onto the electron differs for every material [12]; the number of photons
produced from 1 keV of energy is known as the light yield. These photons can also have
differing wavelengths and different time constants depending on the material [12].

Scintillation detectors are made by attaching a light sensor, such as a Photo-Multiplier
Tube (PMT), to a scintillating material. These light sensors convert the produced photons
into electrons [12]. Using known radiation sources, one can calibrate the number of elec-
trons seen in a signal into energy in eV. These detectors have a theoretical energy threshold
based on the energy needed to produce a single photo-electron controlled by the material's
light yield.

Solid materials have allowed energy bands for which electrons can exist created by
their lattice structure [12]. Some materials contain forbidden energies that live between
these bands such that for an electron to move from one band to another, it must gain
enough energy to bridge this gap, known as the band gap. These materials are referred to
as insulators or semiconductors, depending on the width of this band gap. If the energy
bands overlap, the material is considered a metal. The highest band for which an electron
is con ned is the valence band; the next band is known as the conduction band, where an
electron is free to move throughout the material, leaving behind a "hole." Each material

has a different required energy for an electron to bridge this gap; semiconductors have a
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band gapof 1eV.

Semiconductor detectors are made by applying an electric eld to a semiconductor
material such that all current free electron-hole pairs are removed. Therefore, the electric
eld will move any new electron-hole pairs created through particle interactions, producing
a current. This current is proportional to the number of free electron-hole pairs created
when energy is transferred to the material. Therefore, a theoretical energy threshold for
these detectors is the energy needed to generate a single electron-hole pair. Using known
radiation sources, one can calibrate a detector by matching their measured excitation
energy, the number of free electron-hole pairs, with an energy in eV. Generally, this is done
through gamma sources such as °Co.

Both of these detector types have characteristics that make measuring CEVNS more
challenging. Primarily, the energy threshold of the given detector causes the detector to
fail to measure a CEVNS event. These thresholds will increase in the presence of electronic
noise or crystal effects, which hide the expected signals from detection or cause the detector
to fail to register the interaction as a signal. As can be observed by the energy spectrum in
Figure 2.5, if a detector has too high of an energy threshold, it may miss a majority, if not all,
of the CEVNS events. This threshold problem is exacerbated by the quenching response

that both these types of detectors exhibit.

Quenching Factors

When a particle interacts through nuclear recoil in a detector, only part of the energy
from the momentum transferred will be transferred to the electrons to excite them to a
higher level or free them. The rest of this energy will be dissipated through various effects
and was modeled by Birk's [58] or Tretyak [59] for scintillation detectors and Lindhard [60] for

semiconductor detectors. This energy loss implies that the excitation energy, the number

25



of free electron-hole pairs or photons created caused by nuclear recoils, will differ from
those caused by gamma sources, which deposit their energy directly to the electrons. This
mismatch causes our calibration based on gamma sources' ionization-produced energy
to be incorrect when measuring nuclear recoils. We denote the energy difference as two
different units: keV . referring to the energy based on a gamma source calibration and
keV,, as the overall energy from a nuclear recoil.

This mismatch is addressed by measuring the quenching factor, Q [59]. This is the
ratio of the energy seen in a detector calibrated by a gamma source by a nuclear recoil
depositing a known energy. Measurements of quenching factors for COHERENT are done
at the Triangle Universities Nuclear Laboratory (TUNL), whose details you can read about
in [61] [62] and [63].

These energy losses shift the measured energy spectrum signal to signi cantly lower
energies depending on the target material. For example, the quenching factor for germa-
nium in the energy range relevant for CEVNS is between 14% and 20% depending on the
recoil energy; a quenched energy spectrum can be seen in Figure 2.5 on the right. These
guenching factor measurements create uncertainties in the expected spectral shape, which
add a systematic uncertainty to the number of CEVNS events that one would expect to
measure, given the energy threshold of their detector.

The low nuclear recoils compounded with detector effects, mainly quenching, shows
us that to accomplish a CEVNS measurement, one needs a detector with a low enough
energy threshold. Furthermore, even if one gets their hands on a detector with low enough

thresholds, the expected count rate is low.
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Figure 2.5: (left) An example spectrum of a germanium target before quenching at the

SNS. (right) An example spectrum of a germanium target after quenching at the SNS. Both
of these plots show the extent to which the scale of the energy recoils and the expected
count rates hinder a CEVNS measurement. The blue spectrum uses a constant form factor
of value 1, denoted as unity, and the orange spectrum uses the Klien form factor for the

calculation (see Section 1.2). Both spectra were calculated using DukeCEVNS.

2.2.2 Low Count Rates

Given that a detector can be built with low enough thresholds to detect CEVNS, one then
needsto gure out how to reach the signal signi cance threshold to claim to have measured

the CEVNS interaction; conventionally in particle physics, a signi cance of 5 is required
for discoveryand 3  for a measurement of a known process. In the context of a counting
experiment, a crude calculation for signi cance is p% [64]. Therefore, enhancing the CEVNS
rate while decreasing the background rate is essential.

A problem CEVNS measurements run into, like all neutrino experiments, is a low count
rate. Many parameters go into calculating the number of expected counts above the energy
threshold: target material, distance from source, power of the beam, time, and mass. The
problem is best exempli ed through an example: a one kg germanium target at 19.2 meters
away from the SNS operating at 2.0 MW in 1 year willsee 90 counts. If a threshold of 1.5
keV,. is applied, the target would only see 40 counts.

The most ef cient way to increase count rates is by decreasing the distance from the
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1
.

= . However, this is usually restricted by operational

neutrino source; the ux scales by
challenges: the shortest distance COHERENT can achieve is 19 m from the target [65], as can
be seen in the diagram in Figure 2.1. The beam power could also be increased though this
is limited by equipment and is not within the experiments control. Measurement time can
also be an option; however, this is inef cient as it would take two and a half years to reach
over 100 counts. The other option is to increase mass, which linearly increases the number
of counts. This also comes with problems: operational challenges if space is constrained
and enhanced cost from more detectors and operational needs.

Finding a balance between these four key ingredients can be tricky when designing
a new detector, even more so when funding considerations are included. Enhancing the

signal rate is notthe only lever to improve signi cance; we can also decrease our background

rates.

2.2.3 Backgrounds

Understanding background sources is essential for tting data to distinguish between
background and signal and attempting to decrease the number of background counts in
the region of interest (ROI). For this reason, the COHERENT Collaboration has gone to great
lengths to understand the various backgrounds seen in the SNS: terrestrial gamma sources,
cosmogenic muons, beam-related gammas, and beam-related neutrons. The following
section gives an overview of the most important backgrounds that any CEVNS detector at

the SNS will have to contend with.

Terrestrial Gamma Sources
Terrestrial gamma sources are a set of naturally occurring radionuclides found in ma-

terials, speci cally the isotopes of the 23U decay chain, the 232Th decay chain, and “°K,
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which appear in most places throughout the world and the decays are seen in the detectors
without shielding. The most common way to reduce this gammas ux is by shielding the
detector with high Z material's [66] by allowing the gammas to interact and deposit their
energy in the interaction with the material's nuclei. There are many options for these mate-
rials; the most common is lead due to cost-effectiveness and mechanical properties, with
the drawback that the lead itself has radioactive contaminations  [66]. Experiments looking
to achieve an even lower background may use electroformed copper instead [67], though
this material comes with a higher cost and more material is needed due to the lower density

of copper. In practice, experiments will use a combination of lead and copper to achieve

the best results cost-effectively [68].

Cosmogenic Muons

Another naturally occurring background source is muons generated from cosmic rays
interacting in the atmosphere [69]. These muons then pass through the shield and detectors,
creating secondary particles that deposit energy into our detectors. Therefore, to reduce
this background, people use a tagging system with a detector that reacts to muons known as
a muon veto system, which is used to create a background cut based on coincidences when
a muon or secondary particles deposit energy in both the veto detector and the CEVNS de-
tectors. Muons will also interact with various shielding materials, creating neutrons [70][71].
A ux of neutrons can be absorbed through high hydrogen-based material, concrete, for
example, or rejected by the muon veto system [70].

Both terrestrial gammas and muons are background sources uncorrelated with the
beam. We see a reduction in this background by looking at events that happen within a
set time close to the time when the beam hits the target. The beam causes the rest of the

background sources presented in this section; they are present due to the beam operation
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and can be correlated in time with the CEVNS ROI.

Beam-related Gammas

A background source correlated with the beam but not with the timing ROl is * decays
within the exhaust system of SNS, known as the "Hot Off Gas" or HOG pipe. This exhaust
system runs right through the alley across from our detectors, producing a ux of 511 keV
gamma rays that is attenuated identically as the other gamma rays present with high Z

material in the shielding.

Beam Related Neutrons

The spallation neutron source's primary purpose is to produce neutrons, which people
can use for various experiments; in the context of CEVNS, though, these neutrons serve as a
background that imitates the CEVNS interaction. Much effort has been put into measuring
this ux of neutrons throughout the alley  [72]. The rate of neutrons has been found to vary
throughout the alley [72] and is reduced naturally through the concrete lling in-between
the liquid Hg target and the alley [65]. We can reduce the neutron ux further through
hydrogen-rich materials such as water or polyethylene.

Another background source is neutrino-induced neutrons, a charge current interaction
where the electron neutrinos produced at the SNS interact with lead and copper to pro-
duce neutrons [73]. People use hydrogen-rich materials such as water or polyethylene to
attenuate any ux of neutrons. However, this source of background can still be substantial
when trying to perform a likelihood t for CEVNS because neutrons also recoil off nuclei,
giving the same energy response, and are correlated in time with the beam.

Any detector created to measure CEVNS will have these backgrounds in common and

detector-speci ¢ backgrounds that each detector must understand individually.
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2.3 Current Results

COHERENT began its rst phase of detector deployment in 2014, which has since been
referred to as "the rstlight" phase. This initial phase aimed to make the rst measurement

of CEVNS, laying the groundwork for new detectors that could look for new physics using
CEVNS. This phase culminated in three detectors: Csl, CENNS-10, and Ge-Mini (the subject
of this thesis). The COHERENT collaboration has made two previous measurements of
CEVNS with the Csl and CENNS-10 detectors. Below is a quick overview of these detectors

and their current status.

2.3.1 Csl

Csl was the rst detector used by the COHERENT collaboration to measure the CEVNS
cross-section [3]. This was a momentous occasion showing that it was possible to measure
this interaction. The measurement used a 14.6 kg Csl [Na] crystal with a low-background
super bialkali Hamamatsu 877-100 PMT installed in 2015 [3]. This detector was surrounded
by 7.5 cm of high-density polyethylene, 5 cm of low-activity lead, 10cm of contemporary
lead, a 5 cm muon veto, a 15 cm pedestal of high-density polyethylene, and 9 cm of water
tanks[3], Figure 2.6 contains a diagram of this detector.

Csl was chosen due to the large number of neutrons found in Cs and I, 78 and 74,
respectively, which considerably enhances the cross-section as seen in equation 1.8. Csl
crystals also have a large light yield of 45 /keV,. [61]. Combined with the fact that Csl
crystals are relatively inexpensive, only costing around 1 $ /g, these characteristics made
Csl a perfect candidate for the rst measurement.

The Csl detector recorded a single waveform triggered by Evt39. This waveform was then

broken into two sections, the anti-coincident and coincident regions, denoting their align-
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ment with the beam in time. The analysis used the anti-coincident region as a background-
only measurement and the coincident region for CEVNS analysis [3]. For a complete de-
scription of this result and the statistical analysis, see [61].

Forthe rstresult, the detector ran for 308.1 days and collected 7.84 Giga Watt Hr (Gwhr)
worth of data measuring CEVNS witha 6.7  rejection of the null hypothesis in 2017 [3],
Figure 2.7 contains the background-subtracted spectra. After collecting more data, 13.99
GWhr in total, in 2022, they achieved a 11.6  rejection of the null hypothesis [5]. The plot

of the nal 2022 results can be seen in Figure 2.8.

Figure 2.6: Schematic of the Csl [Na] shielding at the SNS. The shielding components from
the inside out are as follows. (1) light gray: 7.5 cm of HDPE. (2) hatched dark gray: 5 cm of
low background lead. (3) dark gray: 10 cm of contemporary lead. (4) yellow: 5 cm of muon
veto panels. (5) green: Aluminum Bosch-Rexroth extrusions. (6) blue: 15 cm of Water tanks.
Figure Credit [4]
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Figure 2.7: The background-subtracted spectra for the Csl detector's rst result, broken
into the different particle contributions: the left spectra display the anti-coincident region,

and the right spectra display the coincident region. The top spectra show the energy, number
of photoelectrons collected, spectra and the bottom spectra show the timing spectra. Figure

credit [3].

Figure 2.8: The background-subtracted spectra for the Csl detector's nal result, bro-
ken into the different particle contributions. The left spectrum is the energy, number of
photoelectrons collected, and the right spectrum is the timing spectrum. Figure credit [5].
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2.3.2 CENNS10

Shortly after making the rst measurement in Csl, COHERENT made the second mea-
surement of CEVNS using Liquid Argon (LAr) [7]. LAris a good candidate for CEVNS mea-
surements because it has a light nucleus, around 22 neutrons, increasing the observable
energy recoil spectrum; however, with such a light nucleus, the cross-section is a factor
of 10 lower than Csl. This low cross-section is overcome by the scalability of LAr in mass.
This measurement used a cylindrical polytetra uoroethylene shell containing 24 kg of
atmospheric argon [7]. The light produced from the CEVNS interactions is collected using
two 8" Hamamatsu R5912-02MOD photomultiplier tubes  [7]. This detector was surrounded
by 230 mm of water, 12 mm of copper, and 100 mm of lead, diagrammed in Figure 2.9.

This detector recorded two 33 s waveforms from a single Evt39 trigger. One waveform
whose origin is in time with Evt39, on-beam, and another waveform whose origin is 14
ms from Evt39, off-beam. The analysis used the off-beam waveform as a background-only
measurement and the on-beam waveform for CEVNS analysis [6]. For acomplete description
of this result and the statistical analysis, see [6]. The detector took 1.5 years of collected
data totaling 6.12 GWhr of beam power for the rst result, rejecting the null hypothesis

with 3.5 . The plot of the result can be seen in Figure 2.10.

34



Figure 2.9: (Left) Diagram of the CENNS 10 detector with shielding and component labels.
(right) Engineering drawing of the inner detector volume. Figure Credit: [6]

Figure 2.10: Background-subtracted spectra from LAr results showing a clear excess in
signal over the background in both time (right) and energy (left). Figure Credit: [7].

2.4 Current Work

With the con rmation of CEVNS from the rst two measurements described above, CO-
HERENT has looked to continue detector deployment, focusing on making more precision
measurements of CEVNS to look for new physics. COHERENT has concentrated its efforts

in three ways: improving our understanding of the uxusinga  D,O detector, detectors with
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increased mass for improved statistics using LAr and Nal, and detectors with increased

energy resolution using Cryogenic-Csl and Ge.

241 D,O

The dominant systematic uncertainty at the SNS is currently the uncertainty in the neu-
trino ux, which is 10%. To reduce this uncertainty, COHERENT has produced a heavy-
water Cherenkov detector [8]. This detector will directly measure the ux using the well-
understood .+d! p +p+ e charged currentinteraction. Two 592-kg modules will be
deployed 20 m from the sns target 90 degrees off the beam axis [8]. We expect to reach a
ux uncertainty of 3% [8]. Figures of the detector and the expected signal are in Figure 2.11.
The rst module was deployed during the summer of 2023, and COHERENT will look to

deploy its second module in 2024.

Figure 2.11: Left: Engineering drawing of the D20 detector design, not showing shielding
outside the water tank. Top right: Simulated signal and background energy spectra as
reconstructed with the heavy-water detector. Bottom right: The background-subtracted

o+ d spectrum with statistical errors, including smearing from imperfect energy resolution
is included here. Both gures are taken from [8]
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2.4.2 CENNS-750

CENNS-750 is a new detector under development using 750kg of LAr. This new detector
will look to use new current generation cryogenic-compatible PMTs to achieve a20  keV,,
threshold. The detector will initially run with natural atmospheric argon before moving to
underground argon to reduce the amount of  3°Ar that acts as a steady-state background.
This detector is planned to be deployed during the spring of 2025, and a diagram of the

detector can be seen in Figure 2.12

Figure 2.12: Left: Section view of CENNS-750, showing the internal cryostat geometry
and active light-collection volume. Right: A rendering of CENNS-750 showing the compact
shielding design. Layers of lead and copper shield from electromagnetic sources of steady-
state background and water shields from beam-related fast neutrons.

2.4.3 NalveTe

NalveTe is a detector being deployed to measure CEVNS on 23Na and 2| This detector uses

re-purposed thallium-doped, 7.7 kg Nal crystals to create seven modules, where 1 module is
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63 crystals, to create a 3.5-tonne CEVNS detector [65]. This detector system will utilize a dual-
gain PMT to simultaneously measure low-energy CEVNS signals and high-energy charge
current signals on 2’| giving them an expected 13 keV,, threshold [65]. The COHERENT
collaboration will utilize lessons from the Nalve detector, a 185 kg Nal detector from the
same batch of thallium-doped crystals, to address non-linearity energy calibrations and

intrinsic backgrounds [54]. The expected energy spectrum can be seen in Figure 2.13

Figure 2.13: Signal prediction for 7 NalvETe modules (3396 kg) operating for 3 SNS years.
Plot courtesy of Samuel Hedges in Ref. [9].
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2.4.4 COH-CryoCsl-1

COH-CryoCsil-1 looks to improve upon the original Csl measurement by improving energy
resolution and reducing backgrounds using SIPMs instead of PMTs and operating at lower
temperatures. The original Csl measurement utilized a PMT with a quartz window, which
created Cherenkov light acting as a steady-state background for the measurement. This
background is erased by switching from a PMT to SIPM; however, at room temperatures,
SIPMs have an increased dark count rate. To combat this, COHERENT has designed and
tested Csl crystals that can operate at LN, temperatures of 77 K. By operating at this tem-
perature, the dark count rate of the SIPMs will be lower than the one of PMTs, and the light
yield of the crystal has been measured at 50 PE / keV,, an enhancement from 45 PE / keV, in
the original Csl detector [61]. This will allow for a lower energy threshold and demonstrates
the technology to scale up to 700 kg in the future.

A more detailed explanation of future COHERENT detectors can be foundin  [65].
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CHAPTER

THE GE-MINIDETECTOR

The Ge-Mini detector is COHERENT's last deployment of the rst-light phase; a detector
diagram can be found in Figure 3.1. This detector uses 18 kg of inverted coaxial p-type
point contact high-purity germanium detectors to achieve low thresholds and high energy
resolution. This detector has the best energy resolution of any COHERENT detector, mak-
ing it the best detector for examining spectral distortions in the CEVNS energy spectrum.
Germanium detectors also have intrinsically low internal contamination [74], which allows
us to achieve low background rates compared to previous COHERENT detectors.

The rest of this chapter is dedicated to the deployment of and reasoning for each part

of the Ge-Mini detector.
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Figure 3.1: The Gemini shielding setup, starting from the inside, has polyethylene around
the detectors, and they are enclosed in a copper box (about 1 cm) thickness. This is followed
by more polyethylene and 10 cm of Pb within an aluminum box. Finally, the shield is
enclosed by plastic scintillator plates read out by PMTs as active muon vetos.

3.1 Ge-Mini's Detectors

3.1.1 Germanium as a CEVNS Target

We chose germanium as a CEVNS target because it has some distinct advantages: low energy
thresholds, low internal backgrounds, and widespread use in the neutrino community.

The isotopes comprising a germanium crystal have neutron numbers around 40, be-
tween Ar and Csl, the previous targets for COHERENT. With these neutron numbers, the
expected energy recoils in this target lie between 0 and 80 keV,,. The quenching factor for a
germanium target has been experimentally veri ed to follow Lindhard's theory with very

small errors [75][76], giving us precise knowledge of the expected CEVNS energy region in
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keV,e, Which has a range of 0 to 20 keV,. Other germanium-based CEVNS detectors have
been able to achieve a detection threshold of 0.21 keV,. [77], giving COHERENT con dence
that we can achieve similar energy thresholds.

As mentioned earlier, germanium crystals can be manufactured with low internal
backgrounds [74]. These low theoretical backgrounds are necessary to achieve a signal-
to-background noise ratio high enough for a detection to be possible. However, two decay
lines will contribute the most to background events in a germanium target and could
increase based on the presence of neutrons: "Ge and %°zn.

"IGe decays via electron capture from electrons in the k-shell and I-shell with a half-life
of 11.43 days. The energies emitted from this decay are 10.3 (88%) and 1.3 (12%) ke V.
corresponding to the binding energy of the k and | shell, respectively  [78]. As mentioned
earlier, we cannot reduce this background except through waiting; furthermore, the back-
ground can increase in the presence of thermal neutrons owing to the high cross-section
(3.17 0.14b) for thermal neutron absorption exhibited by ~ "°Ge (OSTI). While the SNS does
create thermal neutrons as described in Section 2.2.3, we attenuate this ux of neutrons
using a layer of High-Density Polyethylene (HDPE).

Another decay line present comes from ®Zn. Again, this decays via electron capture
of k-shell electrons with a half-life of 244 days. The energy emitted from this decay is 8.9
ke V.. [79]. This background increases through a spallation interaction with fast neutrons
on %Ge. Luckily, the ux of high energy neutrons is low and attenuated even further by the
polyethylene present.

Even with these decay lines, which could increase in the presence of neutrons, a germa-
nium target would have low background rates compared to other CEVNS targets outside of
the lines, enabling a comparably high signal-to-background ratio.

Another pro for using a germanium target is that the physics community has used
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germanium crystals as radiation detectors since the 1960s [80]. High-purity Germanium
semiconductors have been the primary detection technology for germanium crystals since

the 1980s[12]. The pull toward this technology has been caused by the low theoretical energy
resolution of 2.9 eV, the energy required to create a single electron-hole pairat 77 K [12].
Many factors contribute to increasing the energy resolution from this theoretical lower
bound, which is discussed in section 5.2.

Due to this technology's abilities, various experiments have chosen germanium semi-
conductors for their detection technology in the neutrino community. Germanium semi-
conductors have been used in neutrino-less double beta decay searches such as in Majo-
rana, Gerda, and recently LEGEND [81][82][83]. Also, Germanium semiconductors have
previously been chosen for reactor-based CEVNS measurements: COGENT [84], GEN[85],
CONUS[77], and TEXONO [86]; however, they have all failed to measure CEVNS with CONUS
achieving the most stringent limit up to date. We can use the knowledge gained from the
techniques used in these experiments to achieve our desired background levels and energy

resolution. After considering all of these advantages, the Ge-Mini detector was born.

3.1.2 Inverted Coaxial Point Contact Detectors

We chose to use Inverted Coaxial Point Contact (ICPC) detectors for the Ge-Mini detector;

a diagram of such a detector can be found in Figure 3.1. These detectors are the results of
extensive research and development projects to create a detector with low energy resolution
and a large mass [87][10]. The crystals are made through a puri cation process called zone
re ning, where a germanium crystal is heated, and a melting zone is passed from one end

to another [12]. These crystals are then made into semiconductors withann + layer on the

surface created through a lithium drifting processand ap + contact created through the
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implantation of boron into the crystal surface  [10]. The physical dimensions of this contact
reduce capacitance and, therefore, series noise in the detector, allowing for better energy
resolution and low energy thresholds [87]. The borehole is put into the crystal to allow for
complete volume depletion; without the borehole, any realistic impurity gradient would
create a non-depleted zone in the bulk material [10]. Figure 3.2 shows a diagram of the
subsequent semiconductor form factor. This process has some detractions; primarily, the
Lithium drifting process creates a non-negligible sized layer of atoms in the germanium
that either cannot collect charge or can only partially collectcharge  [12]. This layer is usually
called the dead layer [12] and lowers the amount of active volume while also contributing
signals in our background that cannot be reduced except through waveform analysis  [88].
Section 4.3.4 details how we estimated the thickness of this dead layer in our crystals.

The crystals are then housed in a vacuum-tight cryostat, which keeps thermal conduc-
tivity from forming between the crystal and the air around it ~ [12]. We chose to use a copper
cryostat as opposed to the usual Aluminum cryostats due to the lower activity of copper
cryostats. The crystal is then cooled through a copper cold nger that extends out of the
cryostat and is mounted in a liquid nitrogen(LN) bath. We built a custom dewar to hold
multiple ICPC detectors with 170 L of LN capacity.

A voltage is applied to the n + layer on the crystal's surface while the p + contact is kept
at ground. This voltage causes electron-hole pairs to drift, inducing a current that can be
read out. The read out is performed by a eld effect transistor attachedtothep  + contact.
This current is then pushed through a pre-ampli er, which increases the gain of any signal
produced by the detector. An example signal can be seen in Figure 4.2. We chose to use a
pulse-reset pre-ampli er. These pre-ampli ers have the distinguishing characteristic of
holding any charge collected until a threshold is reached, at this point, a discharge signal

can be seen. An example of this can be found in Figure 5.1. These pre-ampli ers have
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Figure 3.2: Diagram of an ICPC detector crystal with the n  + layer, created by the lithium
drifting process, and the p + contact, created by boron implantation [10].

the distinct advantage of having a lower electronic noise than their exponential decay
counterparts. These pre-ampli ers have two input channels and three output channels.
The two input channels provide power to the pre-ampli er and high voltage to the crystals.
The three output channels provide the current collected from the crystal, a TTL pulse
signaling that a reset has occurred, and a TTL pulse that signals a high voltage failure.
The software and equipment used to operate and read out signals from these detectors

can be found in Section 3.3.2.

3.2 Ge-Mini's Shielding and Veto

While ICPC detectors have intrinsically low backgrounds, the SNS has environmental
backgrounds that must be reduced to make CEVNS detection possible. The source of these
backgrounds is detailed in Section 2.2.3.The simplest way to reduce background physics
events is to attenuate the ux of any particle interacting with our detector. In the shield

moving from the outside to Ge-Mini's germanium detectors:

« Scintillation panels with PMTs attached for muon tagging
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10 cm of Lead

HDPE that is 6 cm from the top, 3.5 cm from the bottom, and 4.0 cm from the side

1 cm of copper

another layer of HDPE whose distance varies per detector.

The layer of lead attenuates the ux of gamma's which come from the HOG pipe and
the environmental radiation as discussed in Section 2.2.3. However, this lead shielding also
gives rise to X-rays, which will contribute to the steady-state background. Our inner layer
of copper mitigates these X-rays. The lead and the copper produce a neutron ux in the
presence of muons [71] and neutrinos [73] as described in Section 2.2.3. This neutron ux
adds to the overall neutron ux produced by the SNS. We attenuate this ux with two layers
of HDPE.

This shielding attenuates most of the patrticles that would produce background events
in our detector; however, a ux of muons will still pass through unimpeded, except through
the production of neutrons, and will deposit energy onto our germanium crystals. To reduce
this background, we use a tagging system with plastic scintillator panels known as a muon
veto system, which we use to create a background cut based on coincidence where a muon
deposits energy in both the plastic scintillators and germanium detectors. Speci cally
graduate student Emma van Nieuwenhuizen built and characterized this system. This
system has the added bene t of rejecting neutrons from muons interacting with lead and
copper.

With our shielding and veto system in place, the main contributions to our backgrounds

are decays in our detector and incomplete charge collection.
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3.3 Slow Controls and Data Acquisition

To apply the necessary operating tasks, we also deployed a slow controls and data acquisi-
tion system using two computers, one for slow controls and the other for data acquisition.
The following sections provide details on the software and experimental setup used for

Ge-Mini's rst-light data.

3.3.1 Slow Controls

We operate the control system through ORCA, object-oriented real-time controls and
acquisition, developed at the University of North Carolina Chapel Hill  [89]. Ge-Mini uses
this software to control the Liquid Nitrogen system and the High voltage system for our
detectors.

An AMI 286 Multi-Channel Liquid Level Controller ! reads and controls the Liquid
Nitrogen system. ORCA runs this controller to execute the start and stop of Liquid Nitrogen

lls and to read out the current Liquid Nitrogen levels. The overall system was closed so as
not to allow nitrogen to boil off into the con ned space of Neutrino Alley. We then have a
vent connected to the exhaust system, which pulls the nitrogen boil off out from the system
and transport it to the outside. We tested this system at North Carolina State University
to measure how much nitrogen boil-off would escape the system. We found that under
normal conditions, no measurable amount of boil-off escaped.

We control the high voltage for the germanium detectors and the scintillation panels

using the ISEG EHS 8040p and ISEG EHS F040r7 , respectively. We power these modules

LAMI 286 is a microprocessor-based controller that uses a capacitance-based sensor; this sensor changes
capacitance based on the temperature of the rod. By monitoring the current capacitance to a calibration of
fully engulfed in the liquid and empty, the controller will read the height of the liquid in a vessel.

2The 8040p and FO40n are a part of ISEG's EHS programmable precision high voltage modules. The p and
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through a Wiener MPOD crate, which ORCA subsequently controls. While we did not have
to implement any software for the 8040p, the author wrote and tested the software for
controlling the FO40n. These modules also allow for measuring current drawn from our
detectors. In the case of any malfunction in the LN system that may lead to a warm-up of
our detectors, a current would be measured through the High Voltage module. The modules
are programmed to have a current threshold such that if exceeded, the module will ramp

down the voltage for that detector.

3.3.2 Data Acquisition

While we handle the slow controls through ORCA, we handle the acquisition of waveforms
and other signals needed for our analysis from the germanium detectors and muon veto
panels using software developed by ORNL called RDigDaq 3. Our germanium detectors and
muon veto panel's output signals are connected to two struck 3316 digitizers 4 ; a layout of
a Struck digitizer can be seen in Figure 3.3. These detectors allow for recording waveforms,
timestamps, etc needed for our CEVNS measurement referred to as a data packet; the full
data recorded in its binary layout can be found in Figure 3.4.

The two cards are set in a "parent” "child" model such that one card, the "child," is set
to use the clock of the other card, the "parent." This setup is done through an LVDS  ° cable.

Operating in this mode allows both cards to apply the same timestamp and timestamp

the n denote the signs of high voltage being delivered: positive and negative, respectively.

3The RDigDaq software utilizes ethernet and a UDP communication protocol to collect data. UDP is a pro-
tocol for sending data packets without con rmation that the data has been received. This protocol contrasts
with the TCP communication protocol, which will wait to send another data packet until con rmation that
the previous packet has been received.

4Struck 3316 digitizers come in two models, 250 MHz and 125 MHz, which describe the maximum sampling
rate. These models also have different bit resolutions: 14 and 16 bits, respectively. Each digitizer has 16 channels
split into four blocks where a FPGA controls each block

SLVDS: Low Voltage Differential Signaling is a cable struck cards use for combined operation such as
sharing a timestamp clock, triggers, and bank swaps. See [11] for more details.
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resets, making it easier to keep all channels aligned in time together; Figure 3.3 diagrams
how these cards are wired together. The parent card records the waveform and pulse reset
signals from the germanium detectors, and the child card records the muon veto waveform
signals; both cards record the timestamp of the Evt61 signal. A wiring diagram is provided
in Figure 3.6.

The Struck 3316 digitizers can take data in two trigger modes on a channel-by-channel

basis: internal and external.

« Internal Mode: A threshold is set for the channel in this mode. The digitizer is triggered
to save a data packet when the trapezoidal Itered waveform's (see Section 4.1.3 for

details on trapezoidal Iter) height passes the threshold.

» External Mode: In this mode, an outside signal is sent into the digitizer to trigger the

recording of a data packet.

Ge-Mini operates in two data collection modes while the SNS beam is turned on: CEVNS

and Calibration.

CEVNS Data Taking Mode

When operating in CEVNS mode, the channels containing germanium detector wave-
forms are set to record in external mode with a waveform length of -120(clock tick  °0) s<'t
<56 s (clocktick 22000) where t =0 is when the recording was triggered (clock tick 15000).
The trigger for these channels is Evt39, which gives us an event in coincidence with the
protons hitting the liquid Hg target that we refer to as "on-beam," and a copy of Evt39 set
1.67 ms after Evt39, which gives us an event in anti-coincidence with the protons hitting

the liquid Hg target that we refer to as "off-beam.” This trigger scheme gives us a triggering

8A clock tick for the 125 MHz digitizer is in units of 8ns
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Figure 3.3: (right) Electronic Layout of a Struck 3316 Digitizer. (left) Diagram of the LVDS
setup between struck 3316 digitizers. Both are taken from Struck 3316 Manual [11].

rate of 120 Hz. While Evt39 is distributed to us from the SNS to align our data-taking with
the protons hitting the target, the cables that this signal is sent down introduce delays in
the signal arrival. Consequently, we must measure the delay introduced by every cable.
Speci cally, we need to measure three delays: Evt39 in the alley to beam on target, from the
alley to our digitizer, and the delay in triggering our DAQ.

The measured time delay from Evt39, as seen in Neutrino Alley, to beam on target is
24 ns. The cable delay measurement from the alley to our digitizer was performed using
an oscilloscope, where we measured a delay of 344 ns, as seen in Figure 3.5 on the left.
The trigger delay measurement was performed by digitizing the Evt39 signal in external

trigger mode being triggered by the same Evt39 signal, which resulted in a delay of 10.1
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Figure 3.4: Layout of what data is contained inside of a packet. Taken from Struck 3316
Manual [11].

us due to a mistake in triggering on the falling edge rather than the rising edge, as seen
in Figure 3.5 on the right. Unfortunately, this measurement was not performed until after
unblinding, leading to a frightening moment. Ultimately, we measured a neutrino arrival
time att =-18.4 sorclock tick 13700 in our germanium waveforms. A diagram of the overall
beam timing relative to the Evt39 trigger, beam operation, and neutrinos arriving at the
detector can be seen in Figure 3.6.

The channels containing the pulse reset signal, which tells us when our pre-ampli er
resets (see Section 3.1.2), are set to trigger internally along with the channels containing

the muon veto waveforms. Both channels are set only to record accumulator data, a sum of
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