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CHAPTER 1

COHERENT ELASTIC NEUTRINO NUCLEUS SCATTERING (CEVNS)

1.1 THE CEVNS PROCESS

Coherent elastic neutrino-nucleus scattering (CEVNS) was rst theorized in 1974 [1,2] by Freedman
and soon after by Kopeliovich and Frankfurt, not long after the discovery of the weak neutral
current process in neutrino-nucleus interactions [3]. Generally the interaction between a neutrino
and the nucleus is complex as the neutrino interacts with the individual nucleons within the
nucleus. However, if the momentum transfer between the neutrino and the nucleus is small, then
the neutrino can interact with the nucleus as a whole. The purely quantum mechanical process
leads to a \coherent" enhancement of the cross section proportional to the number of neutrons in
the target nucleus squared N 2). The quantum mechanical enhancement leads to a cross section
that is much larger for an O(10 MeV) neutrino than other neutrino interactions such as inverse
beta decay (IBD), electron scattering, and other charged/neutral current interactions and is shown
in Fig. 1.1.

The form of the CEVNS di erential cross section [5] is:

T

MT
ASENCE A

E2

d _GZM

d 5 (Gv + Ga)?+(Gy Gp)’(1

(1.1)

where Ge = 1:1663787(6) 10 ° GeV? is the Fermi coupling constant, M is the mass of the target

nucleus, T is the energy of the recoiling nucleus, ance is the neutrino energy. Gy and G, are



€Y (b)
Figure 1.1: (a) Cartoon schematic of the CEVNS interaction. (b) Comparison of O(10 MeV)
neutrino interaction cross sections. CEVNS has an enhanced cross section in this energy regime

for a given target nucleus when compared to other interaction channels such as charged/neutral
current scattering and IBD. Figure taken from [4].

coupling constants for quark level interactions with nucleons and are given by:

Gv =(gfZ + gy N)Fn,. (Q%)
(1.2)

Ga =(gh(Z+ Z )+ da(N+ N )Fmc(Q?)

whereZ (N ). ) are the number of spin up(down) protons(neutrons) in the target nucIeus,FQﬁEA)(Qz)
is the vector(axial vector) nuclear form factors which are a function of the square of the momentum
transfer Q2 = 2MT . Di erent parametrizations of the form factor in [6,7] give small di erences in
the recoil spectrum for CEVNS on light nuclei. The nuclear form factor decreases for higher recoil
energies, therefore requiring a lower neutrino energy. For spin-0 nuclei such &Ar, Z(N), =

Z(N) , Ga =0 and there is no axial vector contribution to the cross section. The vector coupling



constants for neutral current interactions of neutrinos with protons and neutrons within Gy is

g\[; NNC(} 2AN§%)+2 uL +2 uR 4 dL 4 dR
2 (1.3)

1
n 2NNC+uL+uR+2dL+2dR

with 42 = 0:23122(3) = sin®  , the weak mixing angle, de ned in the modi ed minimal subtrac-
tion (MS) renormalization scheme [8] and \C , ~ \ , and the various parameters being radiative
corrections with values also given in [8].

In the case of spin-0 nuclei, another form of the CEVNS cross section from [9] can be written
when neglecting radiative corrections from Eqn. 1.1:
d _ GiM 2T T MT Qf

Tz 2 E e ' T a4

whereQw = N (1 4sir® w)Z. As4sir? ' 1,Qw ' N and the CEVNS cross section takes
on a distinct N ? dependence as shown in Fig. 1.2.

Although the rst theories of the CEVNS process appeared over 40 years ago, it was not
discovered until recently by the COHERENT collaboration using a Csl[Na] target [4]. The time
between the rst prediction and detection was due to the innate challenges in the detection of
CEVNS. Freedman himself noted that his suggestion might be \an act of hubris" [1]. The main
challenge in a CEVNS measurement is that the only detectable signal is a very low energy nuclear

recoil from the target nucleus. The energy of the recoiling nucleus ranges from 0 T Tpax =

2E?

waae- An example of the detector threshold requirement is for a 30 MeV neutrino scattering

0 a heavy nucleus such as argon,Tnhax ' 50 keV. Compounding the challenge is the fact that
detector signals from nuclear recoils are also quenched in comparison to electron recoils. The main
e ect of the quenching is that less light is produced from a nuclear recoil than an electron recoil of
the same energy. The \quenching factor”, described further for argon nuclei in Sec. 3.1, provides a

conversion from energy units of keVnr (nr = nuclear recoil) to keVee (ee = electron equivalent). For



(a) (b)

Figure 1.2: (a) The Standard Model (SM) predicted CEVNS recoil spectra as a function of nuclear
recoil energy for several target nuclei of interest within the COHERENT experiment. (b) CEVNS
SM predicted cross section as a function of the number of neutrons in the target nucleus averaged
over the neutrino ux from the SNS (Fig. 2.1). The black line indicates the N? dependence
for F(Q?) = 1. The green band indicates the N? dependence of the cross section using the
parameterization of F(Q?) from [7]. The points indicate nuclei of interest for the COHERENT
experiment (Chapter 2). The width of the band is from a 3% uncertainty on the value of R,,. The
blue point and associated error bars are associated with [4].
neutrino energies relevant for CEVNS M E ,s0Tmax ' 25—2 The maximum recoil energy of the
target nucleus isO(10 keV) for a O(10 MeV) neutrino. Detector technologies have only advanced
enough recently to detect the low-energy nuclear recoil signals relevant for CEVNS, mainly for use
in direct dark matter detection experiments. CEVNS allows access to a variety of physics due to its
relatively large cross section and simple nature as a coherent elastic neutrino-nucleus interaction
whose structure is relatively insensitive to unknown aspects of nuclear structure.

As the CEVNS cross section includes the weak mixing angle, CEVNS provides a complementary
measurement at lowQ from the low energy nuclear recoil signal [10]. The neutron rms radius
computed using the 2017 CslI[Na] result in [4] has been combined with atomic parity violation

(APV) experiments [11] to reinterpret the constraints from the APV result on sin? , at low Q as

seen in Fig. 1.3.



Figure 1.3: Weak mixing angle measurements as a function of momentum transfe®. CEVNS
provides another low Q regime along with atomic parity violation experiments. The red point is a
reinterpretation of the APV result using a value for the neutron skin derived from the COHERENT
Csl[Na] data. Using the calculated neutron skin, the APV result is in better agreement with the
SM predicted value for sirf . Figure from [11].

1.2 BEYOND-THE-STANDARD-MODEL INTERACTIONS

As the CEVNS cross-section is cleanly predicted in the Standard Model (SM), any deviation can
be evidence of beyond-the-Standard-Model (BSM) physics. One example of this is non-standard

neutrino interactions (NSI), which can by written by extending the SM Lagrangian in the following

way [5,12]:
X
L = 352 [ @ % %@ @ ®d+ @ @+ 5d) (15

q=u;d
;=6

which when added to the SM Lagrangian modi es the expressions in Egn. 1.1 and Eqgn. 1.2 as:

Gy =[(d) +2 & + &)Z+(o + & +2 GINIF, (QF) w6

Ga=[(gh+2 U8+ 8)Z+ Z )+(gh+ 2 +2 L)N: N FA(QD



Figure 1.4: Limits on a non-universal quark-vector NSI including the constraints from the mea-
surement of CEVNS with a CslI[Na] crystal in [4] assuming all other = 0. Previous limits on this
parameter space are from the CHARM experiment [13].
where % are the NSI coupling constants with , = e;; the three neutrino avors associated
with the SM, g = u;d being the quark involved in the interaction, and V being a vector-mediated
interaction. Within the  coupling constants, =  represent non-universal and 6 avor-
changing possibilities for NSI. There are similar terms in Eqn. 1.6 The presence of NSI results
in an enhancement or de cit in the CEVNS cross section. A CEVNS cross section measurement
can place limits on the allowed NSI parameter space. Limits were placed on a subset of the NSI
coupling constants using the COHERENT CslI[Na] result in [4] and are shown in Fig. 1.4.

The existence of NSI can confuse a measurement of the neutrino mass hierarchy in long-baseline
neutrino oscillation experiments such as the Deep Underground Neutrino Experiment (DUNE).

Allowing for NSI, a t to the normal mass hierarchy (NH) looks like a t to the inverted mass



hierarchy (IH) when NSI are applied as [14]:

( )b ) (1.7)

in addition to NH! IH which allows for H ! H to be invariant [14]. The existence of NSI
could also confuse a measurement by DUNE of the CP violating phase introduced in the neutrino
mass mixing matrix [15], so constraining the NSI coupling constants is of paramount importance
for the success of the DUNE physics program. The NSI degeneracy in the neutrino mass hierarchy
is disfavored at a 3 [16] level when the constraints placed by the CsI[Na] CEVNS measurement
are combined with the global data on neutrino oscillations.

Other physics models that can be tested using a CEVNS measurement may include "dark
photons" or an anomalously large neutrino magnetic moment. The muon g-2 discrepancy between
theory and experiment can be explained by the existence of a light vector boson within a dark sector
that couples to the SM through kinetic mixing with the photon [17,18]. At low Q, measurements
of the weak mixing angle are sensitive to this additional dark boson. A precision measurement
of the weak mixing angle at low Q, where CEVNS is sensitive, would constrain the dark boson
theories. The resulting CEVNS recoil spectrum is also sensitive to a measurement of the neutrino
magnetic moment [19] resulting in a deviation from the predictions from the SM. Detectors with a
lower threshold are more sensitive to the changes in the CEVNS recoil spectrum from an anomalous
neutrino magnetic moment. The deviation in the recoil spectrum appears at low recoil energies,
generally O(1 keVnr). Near future CEVNS experiments at both stopped-pion neutrino sources
such as the SNS (Sec. 2.2) and reactors (Sec. 2.4) are expected to have sensitivities to a neutrino
magnetic momentof 6 10 ° g [20,21]. While not currently competitive with the astrophysical

limits from solar neutrinos of < 2:8 10 ' g (Borexino [22]), a competitive measurement from



CEVNS would provide an important cross-check.

1.3 DARK MATTER SEARCHES AND THE "NEUTRINO FLOOR"

The presence of a source of \dark matter" was rst used to describe di erences in the predictions
from measurements of rotation curves of galaxies through observations of the Coma Cluster [23].
The predictions are derived from the known amount of gravitational material within the galaxy.
Observations of further galaxies and nebulae [24] con rmed this measurement and made a strong
case for the existence of additional matter that is not detected gravitationally. There are con-
siderable ongoing e orts to determine the identity of dark matter. In certain dark matter search

experiments, CEVNS becomes an important background.

1.3.1 WIMP DIRECT DETECTION

Weakly Interacting Massive Particles (WIMPSs) are a leading candidate for the identity of the dark
matter particle. Many experiments have been designed in order to push lower into the dark matter
parameter space. In particular, noble liquid detectors [25{29] are a popular detector target due
to their scalability and ability to measure low nuclear recoil energies. The dark matter signal of
interest from 1 GeV mass WIMPs is also a low energy nuclear recoil, a signature identical to a
CEVNS interaction. CEVNS is an irreducible background to a direct detection dark matter search
due to the relative lack of separable information of dark matter interactions (directionality, pulse
shape, etc.) from CEVNS interactions.

A \neutrino oor", where WIMP dark matter cannot be resolved from CEVNS, can be formed
from the SM prediction of the CEVNS cross section. The relevant limits in the dark matter mass
parameter space are derived from the/’Be and 8B solar neutrino ux at O(1 GeV) dark matter
masses and the atmospheric neutrino and diuse supernova neutrino backgrounds (DSNB) at
> 10 GeV dark matter masses. The current generation of liquid noble gas direct detection WIMP

detectors [26, 28, 29], shown in Fig. 1.5, are beginning to probe far enough into the dark matter



Figure 1.5: Spin-independent direct detection dark matter limits of current and planned exper-
iments. The brown dashed line indicates the neutrino oor described in the text, the region of
parameter space where a dark matter signal cannot be resolved from neutrino-nucleus interaction
backgrounds such as CEVNS. Figure created using [31].

parameter space to begin to reach the neutrino oor. A precise measurement of the CEVNS cross
section would help determine the exact location of the neutrino oor. The presence of NSI can shift

the location of the neutrino oor [30] so constraints from a CEVNS measurement aid in reducing

the uncertainty on its location.

1.3.2 SUB-GEV DARK MATTER

In addition to the O(1 GeV) WIMPs in the direct detection case, there are also sub-GeV WIMP
dark matter candidates [32{35] which can be sought using low-energy nuclear recoils. The sub-
GeV dark matter models introduce a light mediator particle between the thermal relic dark matter
and the SM to satisfy the Lee-Weinberg bound [36] on the allowed WIMP mass. Stopped-pion
neutrino sources such as the Spallation Neutron Source (SNS), described in Chapter 2, can produce

sub-GeV dark matter particles via ° decays in collisions of the proton beam with the target. The



produced dark matter particle can travel to a detector and interact in a CEvVNS-like fashion with
the nucleus. Limits have recently been set on the sub-GeV dark matter models using accelerated
protons into a xed target [37{39]. The parameters in the sub-GeV dark matter models include
two coupling constants, and °, the vector mediator massmy , and the dark matter massm .

As with direct detection of WIMPs, sub-GeV dark matter-nucleus interactions in these models
are also low-energy nuclear recoils and are indistinguishable from CEVNS. A recent study by the
COHERENT collaboration, seen in Fig. 1.6, shows that a tonne-scale liquid argon detector at
the SNS can place world-leading limits on vector-portal sub-GeV dark matter models [40]. The
SNS takes advantage of the well known neutrino timing signature from a stopped-pion source
to separate the dark matter signal from the CEVNS background. This study applies systematic
errors and background predictions from the results presented in this work to a tonne-scale exposure.
Optimization of the detector location relative to the beam could improve sensitivity to dark matter

as the resulting angular distribution of the dark matter is forward-peaked [40].

1.4 NUCLEAR STRUCTURE

A CEVNS measurement can also make important contributions to nuclear physics. CEVNS provides
access to nuclear structure e ects through the nuclear form factorF (Q?), including the neutron
radius and neutron skin. The radius di erence between the neutron and proton distributions in
the nucleus de nes the neutron skin. The neutron radius is poorly known as the lack of charge
of the neutron makes for a much more di cult measurement than for the proton, which has been
well constrained using electron-proton scattering [41] and atomic hydrogen measurements [42].
A precise measurement of the neutron skin can have important astrophysical considerations for
neutron stars. The radius of a neutron star is poorly constrained due to the dependence of the
neutron skin on the equation of state of a neutron star. An estimate of the neutron radius fort>3Cs
of 5:5*01::? and the neutron skin was made with the COHERENT CslI[Na] result in [43, 44] using

the well-measured proton radius for'33Cs [45]. The neutron radius estimate was made purely
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Figure 1.6: Exclusion limits on the sub-GeV dark matter model presented in [32] with a tonne-
scale liquid argon detector proposed as part of the COHERENT experiment. The parameter Y on
the vertical axis is a dimensionless quantity which allows comparison of the vector-portal model
parameters to the cosmological dark matter density. The relic density is shown as the black line
on the curve. This study, presented in detail in [40], shows that world-leading limits can be placed
with this detector assuming similar CEVNS and background levels to those presented in this work.
with CEVNS event rate considerations and a larger event rate and more precise measurements
can extract a more precise estimate of the nuclear structure e ects. Measurements of the neutron
radius with CEVNS experiments are currently not as powerful as parity violating measurements
such as PREX [46,47] and CREX [48] which expect to measure the neutron radius to 3% or better.
However, CEVNS measurements provide a complementary measurement of the neutron radius and
neutron skin with a di erent set of systematic considerations.

A precise measurement of the CEVNS recoil spectrum shape can also be used to measure
the neutron radius [49]. The neutron radius is encoded in the moments of the neutron density
distribution by expanding the nuclear form factor using a Fourier transform. Using the form factor

model described in [49], there is a di erence of 780 events/(tonne year) with a 10% change in

the RMS neutron radius, representing 1.2% of the total event rate. The dierence in events is
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concentrated at a recoil energy of 30 keV (Fig. 2 of [49]). This model extracts the neutron radius
using the information provided in the nuclear form factor through the measured CEVNS recoil

spectrum.

1.5 SUPERNOVA NEUTRINO DETECTION

When a massive star reaches the end of its life, it collapses into a neutron star. The gravitational
binding energy of the star is released in the form of an explosion called a supernova. The release
of > 10°3 erg of energy is almost all in the form of neutrinos with energyO(10 MeV), making a
supernova the most powerful source of neutrinos at those energies in the universe. A total of 25
neutrino events were detected by the Kamiokande Il [50], Irvine-Michigan-Brookhaven (IMB) [51],
and Baksan [52] experiments from a supernova, SN1987A, that occurred in 1987 in the Large
Magellanic Cloud. The detection of the neutrinos from SN1987A con rmed the baseline model
of gravitational collapse but was too sparse of a signal to greatly distinguish between theoretical
models of core collapse and supernova explosions. As neutrinos produced in a supernova can escape
the core of the collapsing star faster than the light produced, neutrinos are the rst detectable signal
from a supernova explosion. Neutrinos of all avors are produced in a supernova for a length of
several seconds, starting with a prompt burst of ¢ within the rst milliseconds after the core
bounce [53].

A measurement of the energy spectrum of supernova neutrinos from the resulting nuclear recoils
via CEVNS can provide insight on di erent core collapse models [54], as CEVNS is predicted to be
a main energy transport mechanism in Type Il supernovae [55,56]. The CEVNS interaction has
the largest cross section at supernova neutrino energy scales and as a neutral current interaction
is also avor-blind. A CEVNS detector would be sensitive to the full avor range of neutrinos
produced by a supernova. Speci cally, a CEVNS detector is sensitive to a few events per tonne of

x, collectively ,— , ,and ™ ata distance of 10 kpc. The expected rate is 20 times larger

than the expected hundreds of ¢ and tens of , per kilotonne in light-water detectors [57]. As
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CEVNS is cleanly predicted by the SM, the well-predicted cross section provides a useful tool to

understand the mechanics of a supernova explosion with a detection of a supernova.

1.6 SUMMARY

As presented in this chapter, measurements of CEVNS provide an exciting scienti ¢ opportunity
with access to a wide variety of interesting physics channels. A powerful tool for CEVNS mea-
surements, the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory is presented
in Chapter 2 along with the ongoing measurements at the SNS by the COHERENT experiment
in Neutrino Alley and important background measurements. The CENNS-10 detector deployment
at the SNS, focusing on a detector upgrade to lower the energy threshold and allow sensitivity
to CEVNS and subsequent data taking after the upgrade is presented in Chapter 3. The energy
calibration of the upgraded CENNS-10 detector, showing an eight-fold increase in the detector
light collection e ciency from a prior run before the upgrade along with the design, construction,
and deployment of a low-energyin-situ 83"Kr calibration source is presented in Chapter 4. The
detector simulation used to generate signal and background predictions is presented in Chapter 5.
Characterization of an important background related to the SNS operation is presented in Chap-
ter 6 using a run of CENNS-10 with minimal detector shielding. In Chapter 7, the analysis of
the rst 1.5 years of physics data using both a single-bin counting experiment and full 3D binned
likelihood analysis is presented. The results of the analysis provide the rst detection of CEVNS on
argon nuclei, the rst measurement of the CEVNS cross section, and new neutrino NSI constraints.

Finally, the main conclusions from this work are presented in Chapter 8.
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CHAPTER 2

THE COHERENT EXPERIMENT AT THE SPALLATION NEUTRON

SOURCE

This chapter describes the Spallation Neutron Source (SNS), which generates a ux of neutrinos
through proton collisions with mercury. The COHERENT experiment located at the SNS uses
those neutrinos for CEVNS detection with multiple detectors. Initial background measurements
determined a suitable location for CEVNS detectors at the SNS in a basement hallway of the target

building.

2.1 THE SPALLATION NEUTRON SOURCE

The SNS at Oak Ridge National Laboratory (ORNL) is a DOE O ce of Science user facility and
currently the most powerful pulsed-beam neutron source in the world [58]. Spallation neutrons are
created froma 1 GeV, 1.4 MW proton beam impinging on a liquid mercury target, producing 20-
30 neutrons per proton-Hg collision. The SNS produces 1 10'® protons-on-target (POT)/second
at its designed operating power of 1.4 MW. The spallation neutrons from the SNS are sent through
moderators to beamlines used to study a wide variety of physics, chemistry, and materials science
topics. The proton beam is pulsed at 60 Hz with a full width at half maximum (FWHM) of
350 ns. Knowledge of when the beam pulse occurs allows for the rejection of the steady-state

backgrounds in a CEVNS experiment.
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2.1.1 THE SNS AS A NEUTRINO SOURCE

The SNS is also the best stopped-pion neutrino source in the world with its combination of beam
power and background rejection via the pulsed beam structure. Charged and neutral pions are
created along with the spallation neutrons when the proton beam hits the mercury target. Of
the produced, 99% are captured within the mercury target. Neutrinos are produced from
the decay of charged pions produced in the proton collisions with the mercury target. First, the
* decays intoa * and a . Then the * decays into ae*, ., and ~ , producing three
distinct neutrino avors for each * decay. The energy spectrum of neutrinos produced by the
SNS represents a pion-decay-at-rest (-DAR) neutrino spectrum. The resulting neutrino energy

for the is mono-energetic from the resulting 2-body decay of the * and is given by

f(E )= (E E)
m2  m2 (2.1)
E = —— =29:8 MeV
2m

The energy spectra for the . and — are produced from the decay of the * and are described by

the Michel spectrum [9,59]:

f(E.)= %Eze(m 2E .)dE .
(2.2)
_ 16,
f(E- )= —E2 (3m  4E- )dE-

m?

with a possible range of resulting neutrino energies of 0 E mT =52:8 MeV.

A Geant4 [60,61] simulation shows the SNS produces (09 0:009) * for each proton on
target [62] at a proton energy of 1 GeV. The 10% error on the neutrino ux comes from applying
di erent pre-compiled physics lists within Geant4 . The simulation is used to predict the neutrino
ux and also validate the predicted neutrino energy spectrum. The design parameters of the

SNS target and facility details are included within the simulation. These simulations also show a
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Figure 2.1: (a) Energy spectra for the di erent neutrino avors produced by the SNS. The idealized

energy spectra given in Equations 2.1 and 2.2 aE 52:8 MeV from -DAR dominate over the
small ( 1%) DIF component. (b) Predicted neutrino timing spectra from the SNS.

1% decay-in- ight component, which is small compared to other facilities such as the MLF at
J-PARC [63]. The SNS is predicted to produce a very clean spectrum of neutrinos as 99% of
the * produced decay at rest. The idealized energy description given in Eqn. 2.1 and Eqn. 2.2
represent a very good approximation of the resulting neutrino energy spectra from the SNS. The
decay-in- ight (DIF) component is at a level of 1% from the decay-at-rest components for the
di erent neutrino avors as seen in Figure 2.1 from the SNS target simulations.

The SNS also produces a very clean neutrino signal in time. The ™ decay occurs with a
lifetime of 26 ns and the * decay with a lifetime of 2.2 s. An exponential representing the
lifetime for each neutrino avor is convolved with the SNS beam width described previously to
produce the predicted CEVNS timing spectra shown in Fig. 2.1. The are referred to as the
\prompt" neutrinos as they occur in time with the SNS beam pulse. The  and — are referred
to as the \delayed" neutrinos as they are delayed by the muon decay lifetime from the SNS beam
pulse. Generally, any event that occurs within 1 s of the beam spill is considered prompt and
events seen later in the beam spill are considered delayed. The exact de nitions of these windows

vary between analyses.
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2.2 THE COHERENT EXPERIMENT AT THE SNS

The COHERENT collaboration was formed in 2013 in order to make the rst detection of CEVNS,
which was done using a Csl[Na] detector [4] in 2017 and further described in Sec. 2.2.2. Another goal
of the COHERENT experiment is to test the predicted N2 dependence of the CEVNS cross section
through detection on multiple nuclear targets to make an unambiguous discovery. Currently, the

collaboration consists of 80 members from 20 institutions.

2.21 NEUTRINO ALLEY AND THE COHERENT PROGRAM

The COHERENT suite of detectors is located in a basement hallway of the SNS known as \Neutrino
Alley" (Fig. 2.2) that has been turned into a dedicated neutrino laboratory [64]. Neutrino Alley is
located at a distance ranging from 19-28 m from the SNS target. Neutrino Alley was determined
to be a suitable low-background location for the placement of CEVNS-sensitive detectors during a
campaign of background measurements at the SNS target building, described further in Sec. 2.3.
The high ux of neutrons produced by the SNS target precludes the use of the target oor level
as a suitable site for low-threshold CEVNS detectors. In addition, Neutrino Alley is located at a
depth of 8 m.w.e. which reduces the cosmic muon ux.

COHERENT plans to deploy several detectors to measure CEVNS on multiple nuclei. Currently
operational is aO(20 kg) active mass liquid argon detector CENNS-10, which is described in detail
in Chapter 3 for a CEVNS measurement and is the focus of this work. A 185 kg Nal[TI] crystal
array not sensitive to a CEVNS measurement is deployed to measure the neutrino charged current
interaction on 27| [65,66]. The suite of detectors and siting for COHERENT which are currently
taking data within Neutrino Alley is shown in Fig. 2.2. Deployments of a 16 kg p-type point
contact HPGe crystal array and a tonne-scale Nal[TI] crystal array are planned to map out theN 2
dependence of the CEVNS cross section. The tonne-scale Nal[TI] array will be both sensitive to
CEVNS and the 27| charged current interaction. A tonne-scale liquid argon detector and a tonne-

scale heavy water detector [62] are planned further in the future to begin precision measurements
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Figure 2.2: Current detector suite and siting in Neutrino Alley for the COHERENT experiment.
The Csl[Na] detector was decommissioned in June 2019. CENNS-10 is sensitive to a CEVNS
measurement. The 185 kg Nal[Tl] is not sensitive to CEVNS but to the charged current interac-
tion on ?’I. MARS is a Gd-loaded plastic scintillator detector to measure beam-related neutron
backgrounds. The Pb and Fe cubes are designed to measure neutrino-induced neutrons, another
beam-related background described in Sec. 2.3.

using CEVNS. The well known neutrino-deuterium charged current interaction cross section allows
the heavy water detector to better constrain the SNS neutrino ux. The ¢-d charged current
interaction has been theoretically measured to 2-3% [67]. The planned COHERENT detectors and

possible siting in Neutrino Alley is shown in Fig. 2.3.

2.2.2 FIRST OBSERVATION OF CEVNS WITH CSI[NA]

A 14.6 kg Csl[Na] crystal detector was the rst COHERENT detector installed in Neutrino Alley in
June 2015 and was responsible for the rst detection of CEVNS in 2017 [4]. The neutron numbers
for cesium(78) and iodine(74) provide a large enhancement to the CEVNS cross section. The
similarity of the neutron numbers also ensures a comparable energy nuclear recoil if a neutrino
scatters o either cesium or iodine. This allows for a simpler understanding of the expected

recoil spectrum from the crystal. Csl crystals can be commercially produced and are relatively
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Figure 2.3: Planned future COHERENT deployments for precision measurements include a tonne-
scale liquid argon detector, CENNS-750, a tonne-scale Nal[Tl] array and a 16 kg p-type point
contact HPGe detector array for CEVNS detection.

inexpensive (1 $/g). Na doping was chosen due to the lower afterglow than that of a TI

doped crystal [68]. The large light yield from these crystals of 45 photons/keVee [69] allows for

su ciently low thresholds for CEVNS sensitivity.

To measure beam-related backgrounds before the installation of the CsI[Na] crystal, a liquid
scintillator cell was installed inside the CsI[Na] detector shielding container in Neutrino Alley. The
measured uxes of these backgrounds, namely fast neutrons produced by the beam and neutrino
induced neutrons (NINs) (Sec. 2.3.2) are su ciently low for a CEVNS measurement.

Two years of data from June 2015-May 2017 were included in the analysis showing the rst
observation of CEVNS in [4]. There is a clear excess between beam-on and beam-o data, shown
in Fig. 2.4, that is consistent with the SM predicted CEVNS rate. Using a 2D maximume-likelihood
t, the null CEVNS hypothesis is rejected at 6:7 and the measured event rate is within 1 of the
SM prediction.

The Csl[Na] detector was decommissioned and removed from Neutrino Alley in June 2019. The
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Figure 2.4: Results after background subtraction of two years of data from the Csl[Na] detector
shown in [4]. There is a clear excess in both reconstructed event energy (top) and time relative
to the beam pulse (bottom) between beam-on and beam-o data consistent with the CEVNS
prediction. The null hypothesis is rejected at 67 using a 2D maximume-likelihood analysis

detector has approximately doubled the exposure used in [4] at the time of its decommissioning.
A further analysis of the entire dataset collected with the detector is expected to provide a more

precise measurement of the CEVNS cross section on Csl[Nal].

2.3 BACKGROUND MEASUREMENTS AT THE SNS

The COHERENT collaboration began a series of background measurements in 2013 in order to
nd a suitable location to deploy a CEVNS-sensitive detector. The backgrounds to a CEVNS search
at the SNS are generally grouped into categories of beam-unrelated, described in Sec. 2.3.1 and

beam-related backgrounds, described in Sec. 2.3.2.

2.3.1 BEAM-UNRELATED BACKGROUNDS

The beam-unrelated backgrounds are those classi ed as unassociated directly with the SNS beam
pulse. These fall into two categories for all COHERENT detectors. The rst is background

from 511 keV gamma rays emanating from a pipe known as the \Hot-O Gas (HOG) pipe"
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running through Neutrino Alley. The HOG pipe carries away radioactive material from the SNS
target related to the SNS Mercury O -Gas Treatment System (MOTS) [70]. The second source
of background are naturally occurring environmental gamma rays from the?38U, 222Th, and “°K
decay chains in the concrete walls within Neutrino Alley. Another background in this category

speci ¢ to CENNS-10 is *°Ar in the atmospheric argon that is used during detector operations.

39AR IN CENNS-10

39Ar is present in atmospheric argon through neutron induced reactions from cosmic rays at a level
of 1 Bqg/kg [71,72]. It is often the largest beam-unrelated background in a low-threshold, low-
background liquid argon detector. *°Ar is the largest beam-unrelated background component in the
current CENNS-10 deployment from simulations described in Sec. 5.4.1 which agree well with the
measured beam-unrelated backgrounds. A method to reduce this background is the use of argon
extracted from underground wells (underground argon or UAr) instead of the atmosphere [73, 74].
The DarkSide-50 WIMP direct detection dark matter detector was lled with underground argon
extracted from a source in Colorado [75] and puri ed [76]. The use of underground argon reduced
the °Ar background by a factor of (1400 200) as compared to atmospheric argon in the same
detector [77]. Underground argon is being considered for use in the COHERENT tonne-scale liquid

argon deployment to greatly reduce the®°Ar background.

ENVIRONMENTAL BACKGROUNDS

A measurement of the ux of the environmental gamma rays in Neutrino Alley was performed
at ORNL in 2014. The measurement was carried out using an ORTEC Detective-100T HPGe
detector. A ux value was extracted from the agreement between the measured energy spectrum
from the data and an MCNP6 [78] simulation. The measured uxes were 1 /(cm? s) coming

from the concrete walls and oor as a ux was computed separately for each case.
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Background Source Measured Flux

S9Ar 1 Ba/kg
Concrete Wall 1 /(cm?s)
Concrete Floor 1 /(cm? s)

Hot-O Gas Pipe 25 /(cm?s)

Table 2.1: Summary of the ux calculations from Sec. 2.3.1

HOT OFF GAS PIPE

Radioactive gases are carried away from the target through the HOG pipe that runs directly
through Neutrino Alley as the SNS beam is operating. A large ux of 511 keV gamma rays
emanates from the pipe when the SNS is operational. The gases include large quantities 6iC,
which is a positron emitter. There is some uctuation in the ux of these gamma rays over a matter
of hours, measured using a commercial radiation monitor attached to the pipe. However, the HOG
ux is steady-state on the timescale of an individual beam pulse. There is no noticeable change in
the measured rates from the uctuation of the HOG ux with the addition of the lead shielding

to CENNS-10 described in Chapter 3. The ux of gamma rays was measured from this pipe using
the same Ortec Detective-100T used for the environmental gamma measurements. An analysis of
this data measures a ux of 25 /(cm? s) at the time of the measurement. A summary of all the
beam-unrelated ux measurements, extracted from the various measurements and simulations, is

shown in Tab. 2.1.

2.3.2 BEAM-RELATED BACKGROUNDS

The beam-related backgrounds are those directly associated with the SNS beam pulse and the
proton-Hg collisions. These are important backgrounds to understand for a CEVNS search as they

can generate low-energy nuclear recoils that mimic the CEVNS signal. These backgrounds cannot
be measured and subtracted in the same fashion as the beam-unrelated backgrounds with SNS

timing as they are generated by the SNS beam pulse itself. Also, as these backgrounds produce
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low-energy nuclear recoils, pulse-shape analysis also does not reject these backgrounds.

BEAM-RELATED NEUTRON BACKGROUNDS

Fast neutrons produced by the SNS beam represent the most important background for a CEVNS
search at the SNS. To measure the ux of beam-related neutrons (BRN) in di erent locations on
the SNS target oor and in Neutrino Alley, 5 liter liquid scintillator detectors were deployed at
the SNS. This work led to the identi cation of Neutrino Alley as a possibly suitable location for

a CEVNS detector. Later, the Sandia Neutron Scatter Camera [79] was brought to locations on
the target oor and Neutrino Alley to better measure the energy and time spectra of the BRN
produced by the SNS. As seen in Fig. 2.5, Neutrino Alley was found to have a BRN ux that is
approximately eight orders of magnitude lower than locations on the target oor. This is mainly
due to the 20 m of engineered back Il (concrete+steel) between the SNS target and a detector in
Neutrino Alley, which drastically lowers the neutron ux in Neutrino Alley. Further measurements
have shown that Neutrino Alley has a neutron ux which is low enough for CEVNS measurements
in Csl[Na] (Sec. 2.2.2) and liquid argon (this work). The measured BRN in Neutrino Alley were
alsoconnedtoal s window intime around the beam pulse so there was no large delayed neutron
component. The measured BRN timing spectrum allows for a clean measurement of the delayed
neutrinos from the muon decay without the presence of the BRN backgrounds.

A separate measurement of the beam-related neutron ux at the CENNS-10 detector location in
advance of the installation of the CENNS-10 detector was made using the SciBath detector [80,81].
SciBath is an 82-liter liquid scintillator detector with 3D event reconstruction capabilities and is
read out with a cubical 3D grid of wavelength shifting bers connected to multi-channel PMTs.
The SciBath detector ran for two months from September-November 2015 at this location and
demonstrated that the measured BRN ux of 10 neutrons/day is low enough for a CEVNS mea-
surement, although the BRN ux at the CENNS-10 location is larger than that in the Csl[Na]

detector location. After background subtraction, an unfolding method extracts the true neutron
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Figure 2.5: (a) Measured beam-related neutron energy spectrum from the Sandia Neutron Scatter
Camera in locations on the SNS target oor (labeled BeamLine 14a and 8a) and Neutrino Alley

(labeled 8 m.w.e. steady-state). (b) Measured beam-related neutron timing spectrum from the
Scatter Camera measurements.

spectrum in the prompt beam window ( 1 s after beam spill) from the SciBath run [82,83]. The
extracted ux as a function of true neutron energy in the prompt window is shown in Fig. 2.6. Fur-
ther, a background subtraction in the delayed region & 1 s after beam spill) shows no measurable

excess and is consistent with zero.

NEUTRINO-INDUCED NEUTRON (NIN) BACKGROUNDS

Another possibility for a beam-related background for a CEVNS search at the SNS are neutrino-
induced neutrons (NINs) generated from (, yn) reactions where y is the neutron multiplicity.

NINs are produced by the neutrinos from the SNS interacting in shielding components such as
lead [84{86]. NINs are also used as a detection channel for the Helium and Lead Observatory

(HALO) supernova neutrino detector [87]. The NIN interactions produce neutrons through the

24



Figure 2.6: Unfolded prompt beam-related neutron (BRN) spectrum from the measurement at
the CENNS-10 location with the SciBath detector. The measured rate of BRN in the SciBath
detector [82],0(10)/day, shows that BRN are not a prohibitive background for a CEVNS detection
with CENNS-10. From this measurement, there is no evidence of a delayed beam-related neutron
component at the CENNS-10 location. This spectrum is used as the input for the beam-related
neutron simulations described in Chapter 5.

reactions [88]:

28pp+ 1 2%Bj + e (Charged Current)
208 YBj+ x + yn
(2.3)

208ppy 4+, 1 28pp 4+’ (Neutral Current)

208 Yph+ x +yn

where x represents the multiplicity of the reaction. As this is an interesting measurement in its
own right due to the similarity to supernova neutrino detection [87], COHERENT has developed
dedicated NIN detectors known as the \neutrino cubes". The neutrino cubes instrument several

hundred kg of lead and iron with 1 liter liquid scintillator cells in Neutrino Alley to measure this
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cross section. A non-zero NIN measurement was made in [4] with a liquid scintillator cell in the
shielding structure used for the Csl[Na] detector and was larger than the theoretical prediction. A
simulation of the process with the shielding structure described in Chapter 3 predicts that NINs

are a negligible background to a CEVNS search in CENNS-10.

2.4 OTHER CEVNS SEARCHES AROUND THE WORLD

Now that detector technologies have advanced to the point where low-energy nuclear recoils are
measurable, many experiments in addition to COHERENT are attempting to harness the vast
physics potential of CEVNS. Stopped-pion sources such as the SNS (Sec. 2.1.1) and nuclear reactors
are the most common sources of neutrinos for a CEVNS measurement. Detector advancements allow
the community to harness the power of these intense, low-energy neutrino sources. A selection of
other experiments searching for CEVNS are covered in this section, although none have successfully
detected it.

One other experiment currently operating at a stopped-pion source is the Coherent Captain-
Mills experiment [89] which operates a tonne-scale scintillation-only liquid argon detector at the
Lujan Center at Los Alamos National Laboratory. Lujan is an 80 kW accelerator with similar
background rejection capabilities to the SNS. This results in a factor of 20 reduction in neutrino
ux compared to the SNS operation at 1.4 MW at the same distance from the target.

The neutrino ux at a reactor is approximately six orders of magnitude higher than that of a
stopped-pion source. However, there is no natural background rejection from timing as the reactor
is a continuous source of neutrinos. Also, the mean neutrino energy for areactortsE > 3 MeV,
so the resulting nuclear recoil energies from CEVNS interactions are 100 times lower than the
recoils from a stopped-pion source. Sub-keV detector thresholds are required to detect reactor
neutrino CEVNS .

There are several experiments that are attempting to use the low-threshold and excellent energy

resolution of cryogenic HPGe detectors for CEVNS measurements. HPGe detectors are popular
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as the necessary thresholds are demonstrated to measure the very low-energy nuclear recoils from
reactor neutrinos. These experiments are located at di erent reactor sources around the world and
include the CONUS experiment [90], the GeN experiment [91], the TEXONO experiment [92],
and the MINER experiment [93].

A sample of other detector technologies are also proposed to measure the sub-keV recoils from
reactor neutrino CEVNS interactions include gram-scale calorimeters with aO(. 10 eV) thresh-
old [94], composite Ge and Zn bolometers with 10 kg masses [95], liquid noble gas time projection
chambers, and charge-coupled device arrays [96]. The CEVNS community is a burgeoning one
and this list is just a small sample of the ideas designed to take full advantage of the exciting
physics capabilities of CEVNS. A more full scope of plans within this community can be found

within [97, 98].
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CHAPTER 3

THE CENNS-10 LIQUID ARGON DETECTOR

Liquid argon is a good candidate target nucleus for a CEVNS measurement due to the possibility of
a low-threshold detector and the relative scalability of liquid noble gas detectors. The CENNS-10
liquid argon detector was installed in Neutrino Alley as part of the COHERENT experiment for a
CEVNS detection on argon and is outlined in this chapter. It concludes with a CENNS-10 detector
upgrade to allow for sensitivity to CEVNS after an engineering run at the SNS and the subsequent

data collection period used in this work.

3.1 LIQUID ARGON AS A CEVNS TARGET NUCLEUS

Liquid argon (LAr) provides a low-N nucleus (N = 22) for CEVNS detection, between sodium
and germanium in the COHERENT suite of target nuclei. Liquid argon is a scintillator with a
scintillation yield of 40 photons/keVee [99]. The large scintillation yield enables a low-threshold
detector, a key requirement for CEVNS detection. Therefore it is a sensible choice of loN nucleus
to map out the N ? dependence of the CEVNS cross section, a goal of the COHERENT program.
Liquid argon scintillation occurs via two pathways when energy is deposited in the argon. The
rst is atomic excitation of argon atoms forming excited Ar , dimers. A VUV scintillation photon
is emitted when the dimer subsequently de-excites. The other method is via recombination, where
an argon atom is ionized and ionization electrons are emitted. An A} ionized dimer is formed and

the same excited dimer state is ultimately formed when an emitted electron recombines with the
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Figure 3.1: Scintillation mechanisms of liquid argon. Both the atomic excitation and ioniza-
tion/recombination pathways allow for the emission of a VUV scintillation photon from the excited
Ar, dimer. Figure from [100].

ionized dimer. The dimer then de-excites in the same manner and a VUV scintillation photon is
emitted. These two scintillation emission methods are described pictorially in Fig. 3.1. For liquid
argon, the ratio of ionized to excited argon atoms is 0.21 [99].

The argon atoms can be excited into two states, a singlet state and a triplet state. The two
states have characteristic decay times ofs 6 ns for the singlet state and { 1600 ns for the
triplet state. The singlet to triplet state ratio depends on the localized energy loss and therefore on
particle type and the amount of energy deposited [101]. The di erence in the singlet/triplet ratio
for nuclear/electron recoils (NR/ER) and the decay times of the states allows for powerful pulse
shape discrimination (PSD) capabilities in liquid argon to suppress ER backgrounds. The purity
of the argon in the detector is important as the triplet light can be quenched from impurities such
as nitrogen [102] and methane. A measurement of the triplet state lifetime can provide insight on

the impurity level in the detector. For a scintillation-only detector such as CENNS-10, impurity
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levels of 1 ppm are acceptable.

Liquid argon scintillates with a emission spectrum which is narrowly peaked at 128 nm, a
wavelength in the vacuum ultraviolet (VUV) region [103,104]. Due to the strong absorption of VUV
in most materials, the liquid argon scintillation light is outside the detectable range of standard
photomultiplier tubes. A wavelength shifter such as 1,1,4,4-tetraphenyl-1,3-butadiene (TPB) shifts
the wavelength of the emitted scintillation photons to a range where the photomultiplier can readily
detect the scintillation photon in liquid argon applications. TPB shifts the wavelength of the argon
scintillation light by absorbing the 128 nm scintillation light and re-emitting photons at a range
around 400 nm with e ciencies approaching 100% [105, 106]. The emission spectrum of TPB
matches up well with the peak quantum e ciency of standard bialkali photomultiplier tubes and
provides a mechanism to detect the re-emitted light.

Liquid argon also has a well-measured quenching factor (QF oL, ) [107{110] at energies
relevant to CEVNS. A measurement of the quenching factor allows for knowledge of the response
of liquid argon detectors to nuclear recoils in the CEVNS region of interest, which for the SNS
neutrino spectrum is 0< E ,, < 125 keVnr as seen in Fig. 3.2. An analysis was performed within
the COHERENT collaboration [111] of the world liquid argon quenching factor data in order
to determine the optimal quenching factor for use in the CENNS-10 data analysis. The world
guenching factor data for liquid argon is seen in Fig. 3.3. The quenching factor in Csl[Na] is the
largest source of uncertainty on the Csl[Na] measurement made by the COHERENT collaboration.
As a reminder, the quenching factor is roughly de ned as the relative quenching of light produced
by a nuclear recoil in keVnr, again where nr is nuclear recoil, compared to an electron recoil
at the same energy in keVee, again where ee is electron equivalent. Generally, the measurements
in [107{110] de ned the quenching factor by comparing a known nuclear recoil energy to a reference
electron recoil energy from a detector calibration source, which di ers between experiments. The

detector response to electron recoils is then assumed linear down to 0 keVee.
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Figure 3.2: SM predicted CEVNS recoil spectrum for the SNS neutrino spectrum for a liquid argon
target at 27.5 m from the SNS Hg target where the CENNS-10 detector is located.

Figure 3.3: The world liquid argon quenching factor data. The data are not in obvious agreement
so an analysis was performed considering all data points within the range 0-125 keVnr.
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3.1.1 LAR QUENCHING FACTOR ANALYSIS

Although the data in Fig. 3.3 are not in obvious agreement, there was no valid reason to throw
away any data sets or points within a data set so all data was considered following the guidelines
of the Particle Data Group (PDG) [8] for a combined data set. All data provided within the range

of 0-125 keVnr was t with a linear model to determine the best t quenching factor for use in
the analysis of the CENNS-10 data. With the CENNS-10 detector not expected to have high
e ciency for recoils < 20 keVnr, the need for a more complex energy dependence is not clear for
the analysis presented in this work. Correlated systematic errors that are directly reported in [107]
were taken into account during the t to the data. The linear t to the data produced a  ?/dof
value of 138.1/36. Again following the PDG, the resulting errors on the data points were scaled

by P 2=dof 2 so that 2=dof =1 for the linear t and the full t result is

QF = po + p1 T (keVnr)
po =0:246 0:006
(3.1)
pp=(7:84 095) 104

= 079
where is the correlation coe cient between py and p;. The resulting t and error band is seen
in Fig. 3.4. The results of this analysis are applied to the quenching factor used in the CENNS-10

simulation (Chapter 5). The resulting error from the t given by the error band only produces a

small change ofO( 1%) in the predicted CEVNS rate.

3.2 THE CENNS-10 DETECTOR

CENNS-10 is a single-phase, scintillation-only liquid argon detector that was designed and built at
Fermilab for a CEVNS e ort at the Booster Neutrino Beam [112]. The detector was initially moved

to 1U in 2014 for commissioning and testing. It was brought to the SNS in late 2016 and installed
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Figure 3.4: Results of a t to the world liquid argon quenching factor data. The error bands come
from the t and the scaling procedure described in the text.

in Neutrino Alley for an \Engineering Run" from January 2017-May 2017 with reduced shielding
and a high energy threshold. Details of the Engineering Run are not mentioned in detail in this
work except in the context of subsequent detector upgrades. The setup of the photon detection
system for the Engineering Run did not allow for a low enough energy threshold for a sensitive
CEVNS search but it provides an opportunity to understand the operation of the detector and
study backgrounds. A CEVNS analysis on the Engineering Run ultimately placed a limit on the
CEVNS cross section [82,83].

The period after the detector was then upgraded for better light collection (Sec. 3.3) and im-
proved background shielding (Sec. 3.2.4) in June 2017 during a planned SNS shutdown is the focus
of this work. CENNS-10 was re-installed in Neutrino Alley after the upgrade for SNS operation
beginning in July 2017. CENNS-10 continues to operate in this con guration as of August 2017
to the present taking production data with an improved threshold (\Production Run"). The full
CENNS-10 detector is shown in Fig. 3.5 and the important components are subsequently described

in the following sections.
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Figure 3.5: (Left) Layout of the CENNS-10 detector with the important components labeled. The

shielding structure is described further in Sec. 3.2.4. (Right) Engineering drawing of the CENNS-
10 inner detector volume showing the de nition of the active volume between the two PMTs and
the Te on re ector.

3.2.1 INNER DETECTOR CRYOSTAT

The full CENNS-10 detector volume is de ned by a stainless steel vessel with a diameter of 10.5"
and height of 40". The vessel can hold up to 56.8 L of pure liquid argon, or 79.5 kg with the density
of liquid argon of 1.4 kg/L at 87 K, without the photon detection system installed. The active
detector volume is roughly de ned by the cylindrical volume between two 8" Hamamatsu R5912-02
MOD photomultiplier tubes (PMTs) on the top and bottom of the detector and a TPB-coated
Te on cylindrical shell re ector as seen in Fig. 3.5. For the Engineering Run, this re ector was a
TPB-coated acrylic shell backed by a thin Te on sheet and a total active detector mass of 29 kg.
For the Production Run, the acrylic shell was replaced with the TPB-coated Te on cylindrical

shell which reduced the active detector mass to 24.4 kg.
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