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Abstract

Ample evidence has been gathered demonstrating that the majority of the mass in the Uni-
verse is composed of non-luminous, non-baryonic matter. Though the evidence for dark mat-
ter is unassailable, its nature and properties remain unknown. A broad effort has been un-
dertaken by the physics community to detect dark-matter particles through direct-detection
techniques. For over a decade, the DAMA /LIBRA experiment has observed a highly signifi-
cant (9.30) modulation in the scintillation event rate in their highly-pure Nal(T1) detectors,
which they use as the basis of a claim for the discovery of dark-matter particles.

However, the dark-matter interpretation of the DAMA /LIBRA modulation remains un-
verified. While there have been some recent hints of dark matter in the form of a light Weakly-
Interacting Massive Particle (WIMP) from the CoGeNT and CDMS-Si experiments, several
other experiments, including the LUX and XENON noble-liquid experiments, the KIMS
CsI(T1) experiment, and several bubble chamber experiments, conflict with DAMA /LIBRA
assuming a WIMP dark-matter model. However, these experiments use different dark-matter
targets and cannot be compared with DAMA/LIBRA in a model-independent way. The
uncertainty surrounding the dark-matter model, astrophysical model, and nuclear physics
effects makes it necessary for a new Nal(T1) experiment to directly test the DAMA/LIBRA
result.

The Sodium-iodide with Active Background REjection (SABRE) experiment seeks to
provide a much-needed model-independent test of the DAMA /LIBRA modulation by devel-
oping highly pure crystal detectors with very low radioactivity and deploying them in an
active veto detector that can reject key backgrounds in a dark-matter measurement. This
work focuses on the efforts put forward by the SABRE collaboration in developing low-
background, low-threshold crystal detectors, designing and fabricating a liquid-scintillator
veto detector, and simulating the predicted background spectrum for a dark-matter measure-
ment. In addition, recent controversy surrounding the value of an important parameter for

direct detection, the nuclear quenching factor, prompted SABRE to perform a measurement
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of the quenching factor in sodium. The measurement, its results, and the implications for

DAMA /LIBRA and dark matter are also described.
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Chapter 1

Introduction to Dark Matter

1.1 The case for dark matter

Undeniable evidence has been accumulated showing that the majority of the mass in our
universe is composed of non-luminous, non-baryonic matter. Recent assessments of the
universe’s composition conclude that this “dark” matter comprises 85% of the mass in the
universe [4]. Despite dark matter’s dominance, its nature remains unknown. The detection
and subsequent characterization of this dark matter is one of the greatest goals in modern
physics.

A variety of experimental results have made the case for the dominance of dark matter in
our universe and have attempted to quantify it and constrain its properties. This evidence
for dark matter stretches back for nearly a century and becomes more and more convincing

with time. Some of this evidence is described below.

1.1.1 Missing mass and the motion of galaxies and stars

Non-relativistic celestial bodies follow the laws of Newtonian gravitation. Early hints of
dark matter appeared during the observation of the motion of celestial bodies, which did not

match expectations. The apparent non-conformity of the motions observed with Newtonian



physics suggested that more mass existed than was visible. In the 1930s, Jan Oort and Fritz
Zwicky separately postulated the existence of non-luminous matter to describe the velocity
distribution in the local galactic neighborhood [5] and the non-virialized motions of galaxies
in the Coma Cluster [6], respectively.

In the 1970s, Vera Rubin, et al. studied galactic rotation curves [7], confirming that
either stars were not exhibiting Newtonian gravitational motion, or that there was missing
matter that was non-luminous. The velocity distribution of stars in the galactic plane is
expected, based on the amount of visible matter, to follow the form v(r) oc /M (r)/r, where
M (r) is the total mass contained in a radius r from the Galactic Center. At radii beyond the
luminous disk, the velocity would be expected to fall off as 1/4/r; instead, Rubin observed
constant v at large radii. This observation suggested a dark matter halo with mass density

poa(r) oc 1/r% at large radii.

1.1.2 The Bullet cluster

The Bullet cluster (1E0657-558) is a galaxy cluster whose collision with another cluster was
observed through gravitational lensing [§]. The apparent difference in the behavior of this
astronomical event when observed through gravitational lensing and separate luminosity
measurements, as shown in Figure [1.1, suggested the existence of dark matter. Most of
the mass was observed to move ballistically, while the luminous matter decelerated. This
observation is compelling evidence for dark matter, but can also be explained by alternative

theories of gravitation [9].

1.1.3 Measurement of cosmological parameters

More recent evidence for dark matter comes from the measurement of cosmological param-
eters. This method has produced the most accurate determination of the relic density of
dark matter in our universe, Qpy;, to date. Here, Qpy is the fractional density ppm/perit,

where p..;; = 3H2 /87 G is the critical density needed for the universe to have flat curvature.
2



Figure 1.1: Images of the Bullet Cluster, courtesy of [10] and [I1]. The luminous matter is
shown in pink, while the majority of the mass is in the blue region, according to gravitational
lensing.

The value of Qpy is discussed in Section [1.3.2l Hj is the Hubble constant that denotes the

universe’s rate of expansion and G is the gravitational constant.

Cosmic Microwave Background (CMB)

The hypothesized presence of cold (non-relativistic) dark matter on cosmological scales im-
plies the existence of acoustic temperature fluctuations in the Cosmic Microwave Background
(CMB), the light that first escaped when photons decoupled from matter ~380,000 years
after the Big Bang [9]. The angular power spectrum of these temperature fluctuations can be
calculated to high precision given certain assumptions about the laws governing cosmological
evolution, and the resultant structure of these oscillations are rich enough that the shape of
the spectra can be used to constrain the cosmological parameters of our universe, including
the Hubble parameterﬂ, h, and the baryon and cold-dark-matter densities €2, and Qpyr.
The anisotropy of the CMB has been studied with several generations of satellite probes
including COBE [12] and WMAP [I3| [I4]. The Planck collaboration has the most accurate

I'The Hubble parameter, h, and the Hubble constant, Hy are related to each other by the following
equation: Hy = 100hkm s~ Mpc~!.
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Figure 1.2: (Left) The Cosmic Microwave Background (CMB). (Right) temperature spec-
trum as a function of the multipole moment, [, in the CMB as predicted by a 6-parameter
ACDM model (red) and measured by the Planck collaboration (navy blue). The top figure
shows the temperature spectrum, while the bottom shows the residuals. The fit to these
parameters constitutes one of the most statistically significant evidences for the existence of
cold, non-baryonic dark matter. Figures from [16].

measurement of the CMB anisotropies to-date [I5]. Their results, shown in Figure ,
fit extraordinarily well with a 6-parameter ACDM model that describes an expanding, flat
universe following the laws of general relativity and dominated by a cosmological constant
(A) and cold dark matter (CDM). They found that the CMB anisotropies are consistent
with Qpy=0.2608 4 0.0059 with 68% confidence [4]. Similarly, the baryonic matter content
was found to be consistent with €, = 0.04879 + 0.0007 with a Hubble parameter of h =
0.673+0.012. The Planck results are the most statistically significant evidentiary results for
non-baryonic dark matter to-date, constituting a 42¢ result for the existence of cold dark

matter.

Big Bang Nucleosynthesis (BBN)

Measurements of the ratios of light elements like “He, ?H (deuterium), and Li in low-
metallicity regions of SpaceEl are used to determine the rate of Big-Bang primordial nucle-

osynthesis (BBN). In this process, light elements were synthesized from hydrogen when the

2Stellar nucleosynthesis alters elemental and isotopic abundances, synthesizing elements heavier than He,
or in standard astrophysical nomenclature, “metals.” Areas of the universe with low metallicity have been
less affected by stellar nucleosynthesis, and will therefore have elemental and isotopic abundances closer to
that of the early universe.



universe was at higher temperatures, around time t = 1s. The primordial ratios of the light
elements to hydrogen are directly dependent on the density of baryonic matter in the early
universe [9]. Observing the concentrations of these elements in regions minimally affected
by stellar synthesis provides an estimate of these early abundances.

In Figure[I.3], the constraints on the baryon density for different light elements are shown.
The baryon density is expressed either as A%, or in terms of the baryon-to-photon ratio 1,
the baryon density normalized to the black-body photon density. Here, the subscript 19 is a
multiplier such that 710 = py/p, x 10'°. The banded curves are the predicted abundances
of the light elements as a function of the baryon density, while the yellow squares are the
observed limits on the abundances. BBN is the only significant source of deuterium in the
universe, which is destroyed in the stellar environment [I7]. The observation of deuterium
has therefore placed the most stringent limits on the baryon density, shown in the pink
band. The *He abundance (expressed as a factor Y = p(*He)/p, in the figure) agrees with
the deuterium measurement. The band is also in excellent agreement with the restrictions
on the baryon density from measurements of the CMB. Though the “Li abundance is not in
agreement with the deuterium band, a discrepancy known as the “Lithium Problem,” the
strong agreement between the CMB prediction and the deuterium observation is otherwise
convincing. According to the measurements of the primordial deuterium abundance, the

current baryonic matter density should be 0.021 < Q,h? < 0.025 (95% confidence limit) [17].

Together, these measurements of the cosmological parameters from the CMB and from
BBN form extremely convincing evidence that dark matter is not only dark, but it is non-
baryonic as well. These measurements use completely different techniques and depend on
the conditions of the universe in very different epochs, yet are in remarkable agreement, as
can be seen by the vertical bands in Figure (1.3l These measurements therefore form the

most convincing evidence for a new kind of matter to-date.
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Figure 1.3: Constraining the current baryon density with BBN. The baryon density is shown
on the x axis in the top plot, while the baryon-to-photon ratio is shown on the z axis for the
bottom three plots. The y axis is broken up for each element, and represents the elemental
abundance as a fraction of the baryon density (in the case of “He, or Y') or the H abundance
(for ?H (D), 3He, and 7Li). The colored bands represent the Standard-Model predicted
abundances of “He, D, *He, and "Li in magenta, blue, red, and green, respectively. The *He
abundance is expressed by Y = p(*He)/py, where p, is the baryon density today. The yellow
boxes represent the restrictions on the model by the measured elemental abundances. The
heaviest constraint comes from deuterium. Finding the 3He primordial abundance is too
difficult due to a number of systematic uncertainties in the astrophysical parameters that
determine the current abundance [I7], so no yellow box is shown. The narrow cyan vertical
band represents the baryon density according to CMB, while the wider pink band comes
from BBN. The "Li region does not overlap with the deuterium region or the CMB region,
an anomaly known as the Lithium Problem. All regions are the 95% confidence level regions.
Figure from [17].



1.2 Dark matter candidates

Though ample evidence for the existence of dark matter has been accumulated, its nature
remains unknown. Though there exist some alternative gravitational theories that could
explain the apparent missing mass, most theories of dark matter postulate a new particle
or group of particles that could explain the observations mentioned above. Several particle

candidates for dark matter have been proposed; their characteristics are described below.

1.2.1 Characteristics of dark matter

From the evidence described in Section [I.1] several attributes of dark matter can be inferred.
The primary requirement for dark matter is that it be dark: in other words, interacting at
most very weakly with electromagnetic radiation. The dark matter must also be stable on
cosmological time scales, or it would have decayed by now. Studies of structure formation
show that dark matter, which has a strong influence on the formation of galaxies and galaxy
clusters, must have been non-relativistic at the time of galaxy formation [18]. Requirements

for the relic density of dark matter can also constrain the possible candidates.

1.2.2 Baryonic dark matter

While it is not impossible that some of the dark matter be composed of baryonic matter,
BBN places a limit on the amount that baryonic matter can contribute to the total density
of dark matter. It has been proposed that some of the dark matter could be composed of
small concentrations of baryonic matter, called MAssive Compact Halo Objects (MACHOs).
Microlensing is a gravitational lensing technique suited to find such objects. This technique,
along with quasar studies, has limited the possible contribution of Compact Dark Objects

(CDOs) with masses between 1075 and 10 M, where M, is the solar mass, to Qcpo = 0.1

[91-



Density fluctuations occurring in the early universe could have collapsed before the onset
of BBN to create primordial black holes. These black holes would be non-relativistic and
small (~107® cm in diameter), and therefore unlikely to collide with each other [19].

Experimental evidence suggests that primordial black holes are an unlikely candidate for
several reasons. First, black holes of a mass smaller than 5 x 10** g would not have survived to
the present due to Hawking radiationﬂ Slightly larger black holes that would have survived
would also radiate, but this radiation is not seen in the extra-galactic vy-ray background.
The Energetic Gamma Ray Telescope, for example, puts a dark-matter limit of primordial
black holes smaller than m = 10" g at 1% of the dark matter density [19]. Several other
experiments have limited the density of primordial black holes to a few percent of the total

dark matter density in other mass ranges, with only a small mass window remaining [19].

1.2.3 Neutrinos

Historically, neutrinos (v) were considered a candidate for dark matter. However, neutri-
nos are relativistic [20], and therefore are limited as a dark matter candidate by structure
formation. Furthermore, limits on the neutrino mass constrain the neutrino abundance to
below €, < 0.016 [20]. Sterile neutrinos, on the other hand, remain a potential dark matter
candidate.

In the Standard Model, v are massless and the lepton numbersﬁ are conserved, but we
know experimentally that they have tiny non-zero masses and that the flavors mix with each

otherf] Sterile neutrinos are a Majorang®|fermion that do not interact weakly like a standard

3A black hole dissipates energy through Hawking radiation. Therefore, a black hole slowly evaporates
due to this power output. The time it takes a black hole of mass M to evaporate completely is given by
tey = 5120mG2M?3 /hct, where h is the reduced Planck constant. Black holes with the mass listed above
would evaporate in a time equivalent to the age of the universe.

4The lepton families, e, i, and 7 each have, in theory, separately conserved lepton numbers that describe
the number of leptons (minus anti-leptons) in a reaction. An electron neutrino oscillating into a muon
neutrino would violate this conservation law, for example.

®Neutrino oscillations are the observed phenomena that neutrinos oscillate through the different lepton
families, existing in mixed states that can interact as different types of neutrinos with certain time-dependent
probabilities [21].

6Tt is its own antiparticle.



neutrino, but do interact gravitationally. They may oscillate with the other neutrino flavors,
however, and could still be detectable via this interaction. The sterile neutrino would be un-
stable but with a long decay lifetime. Sterile neutrinos are an attractive candidate for a new
particle because they can explain dark matter, as well as baryon asymmetryﬂ and neutrino
oscillations. However, this model requires fine-tuning [9]. Because of their instability, sterile
neutrinos would not be completely dark, producing a characteristic decay line. Constraints

on the sterile neutrino can therefore be made by looking for the decay line [9].

1.2.4 Axions

Axions were proposed as a solution to the Strong CP problemﬂ Axions are a Nambu-
Goldstone boson of the broken U(l)pg symmetry, a symmetry proposed by Peccei and
Quinn. This global U(1) symmetry, when broken by the axion, cancels the CP-violating
term in the QCD Lagrangian, preserving CP conservation [22, 23].

The primary method for attempting to observe axions is through the axion-two-v inter-
action, which allows for the conversion between axions and photons in an electromagnetic
field. In a large-scale magnetic field, the axion-two-v interaction operates as an oscillation
similar to that of neutrino flavors [23]. Several experiments using techniques related to this
axion-two-vy interaction are underway to search for axions in the mass range of less than 1 eV,
some possibly reaching the 107%- to 107%eV range. Astrophysical observations can also shed
light on the existence of axions. The mass regions that have not been excluded (see Figure

suggest that if axions exist they could comprise much or all of the cold dark matter. [23]

"The imbalance of matter and antimatter in the universe.
8The quantum-chromodynamics (QCD) Lagrangian contains the following term:
0g?

Locp = 32726721”@”“” + other terms (1.1)
T

which violates time and parity conservation but keeps charge conjugation invariance, thus violating charge-
parity (CP) conservation. This term’s §-parameter is limited to the order of 10719 or less based on measured
limits of the neutron electric dipole moment, while there is no reason to limit this parameter in such a way.
The fact that we do not observe CP violation in nature despite the existence of this CP-violating term is
known as the Strong CP problem.
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Figure 1.4: Mass regions excluded for the axion by various experiments and measurements.
Plot courtesy of [23].

1.2.5 Weakly Interacting Massive Particles (WIMPs)

Weakly Interacting Massive Particles (WIMPs), denoted by the symbol x, are a class of non-
Standard Model, non-relativistic particle that have a characteristic abundance determined
by the thermal freeze-out method. If the WIMPs were in thermal equilibrium with Standard
Model particles after inflation, they would fall out of thermal equilibrium when the tempera-
ture of the universe fell significantly below the WIMP mass (m, ), which is typically assumed
to be between 10 GeV and a few TeV. After this point, the co-moving number density of the
WIMPs would remain relatively constant. The motivation for WIMPs stems from the idea
that if the new particle decays with weak strength (corresponding with an annihilation cross

section of ~1072¢ cm?), then the current thermal relic density would match observations.
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Candidate \ Symbol \ Spin \ Composition

Neutralino X 1/2 | aB+ W3 +~H, + 6H,
Sneutrino v 0 v
Gravitino g 3/2 g

Table 1.1: SUSY dark-matter candidates. H, and H, are the neutral higgsinos, while B and
W3 are the bino and wino.

The fact that the required annihilation cross section happens to come out at the weak scale
is known as the “WIMP miracle.”

Recent indirect detection experiments have become sensitive to the annihilation cross
section posited by the WIMP miracle and have excluded this region [24], so the original
motivation for WIMPs is no longer valid. However, the generic class of particles that couple
weakly (in the colloquial sense) with baryonic matter remains an attractive group of dark-

matter candidates. A few proposed WIMP candidates are described below:

Supersymmetric candidates

Super-symmetry (SUSY) is one of the most highly-motivated theories beyond the Standard
Model (SM). It is additionally motivated with the recent discovery of the Higgs, whose mass
of ~125 GeV is consistent, albeit with some fine-tuning, with SUSY. The quantity R-parity
R = (—1)3BtL+2  where B is baryon number, L is lepton number, and s is the spin, is
+1 for Standard Model particles and —1 for their supersymmetric partners. If R-parity is
conserved, the lightest supersymmetric partner particle (LSP) would be stable and would
operate by the thermal freeze-out mechanism. The lightest neutralino (a Majorana fermion)
and the gravitino (the supersymmetric partner of the graviton) are potential candidates.
The sneutrino, the supersymmetric partner of the neutrino, has been heavily constrained
by direct detection experiments and by measurements of the invisible Z-boson decay rate at
the Large Electron-Positron Collider at CERN [9]. The SUSY candidates are summarized
in Table [[1]

11



Kaluza-Klein dark matter and extra dimensions

Kaluza-Klein dark matter consists of excitations in extra dimensions, or Standard Model
particles with excited modes in extra dimensions [9]. In general, Kaluza Klein particles
would be unstable, but if extra quantities (such as the momentum in the new dimension) are
conserved, there may be a new discrete symmetry, called KK parity [9]. This would allow

the lightest KK particle, or LKP, to be stable.

Alternate Models

Other WIMP candidates include, but are not limited to, the Little Higgs model [25], Mirror
dark matter, minimalist dark matter models that add to the Standard Model a scalar coupled
only to the Higgs, and a charged dark matter bound state called the WIMPonium. The
details of these models will not be discussed here, but can be found in [9].

Some models abandon the thermal freeze-out model altogether and focus instead on the
similar relic densities of dark matter and baryonic matter (2py=>5¢2). If dark matter consists
of a particle-antiparticle species and could pass on its asymmetry to baryonic matter, then
the similar relic density of dark and baryonic matter could be explained [9].

Though dark matter has been observed through its gravitational effects, the interactions
of dark matter with normal matter, if any, are unknown. A narrowing of the possibilities of
dark matter candidates through dark matter searches is needed to form conclusions about

the models listed above.

1.3 Technical aspects of dark-matter searches

There are three main prongs in the effort to observe dark matter’s interactions with baryonic
matter. They are shown schematically in Figure |[1.5] a Feynman diagram of the interaction

between dark-matter particles and Standard-Model particles. The circle represents the in-
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Figure 1.5: Feynman diagram illustrating the three types of dark-matter detection. The
diagram represents the interaction between a dark-matter particle (blue) and a Standard-
Model particle (red). The black arrows represent the flow of time with each detection method.
In collider searches, where time flows from bottom to top, Standard-Model particles are
annihilated in the hopes of producing WIMPs. In the direct-detection scheme, flowing from
left to right, a WIMP scatters elastically with a Standard-Model particle, imparting some
energy to the latter. In indirect-detection searches, WIMPs in space annihilate to produce
Standard-Model particles whose signatures can be seen in cosmic-ray showers.

teraction, whose details are unspecified. The black arrows represent the flow of time in the
various search modes.

In collider searches, particle colliders produce showers of high-energy particles, some of
which may annihilate and produce dark-matter particle-antiparticle pairs. The dark-matter
particles will escape the detector, and their characteristics can be inferred from the missing
transverse momentum.

Indirect-detection searches look for the reverse interaction; dark-matter particles anni-
hilate in space to produce Standard-Model particles. These particles can be observed to
infer the mass and annihilation cross section of dark-matter particles. For example, v-ray
searches at the Galactic Center, where the dark-matter density is highest, and dwarf galax-

ies, which have high mass-to-light ratios, may have an enhanced ability to detect evidence
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of dark-matter annihilation. Dark-matter annihilations into other Standard-Model particles
would produce equal numbers of particles and antiparticles. The observation of antiparticles
is therefore a potential avenue for indirect detection of dark matter. Dark matter could also
thermalize and collect in the Sun; solar neutrinos can therefore also be a means for detecting
dark matter indirectly.

Direct-detection searches look for scattering events between dark-matter particles and
Standard-Model particles. In these interactions, the dark-matter particle imparts some en-
ergy to the Standard-Model particle; this energy can be observed with methods that have
been developed for observing the energy deposits from other kinds of radiation. Generally,
direct-detection experiments narrow their search to elastic scattering events with the nuclei
of atoms in a detector. The technical aspects of these searches are discussed in the following

sections.

1.3.1 The WIMP scattering event energy

WIMP dark matter is typically assumed to scatter elastically with atomic nucleiﬂ. In this
case, the recoil energy, Fr, of a nucleus with mass M after scattering with a WIMP of mass

m, is given by:
0% (1 — cos Oom)

ER M 3

(1.2)

where 0., is the scattering angle in the center-of-mass frame, p,, = m, M /(M + m,) is the
reduced mass of the WIMP-nucleus system, and v is the relative velocity between the WIMP
and the nucleus. If v is taken to be the characteristic velocity of the WIMPs with respect to
the Sun (~200 km/s), Er will be a characteristic energy of 1-100keV for a 10-1000 GeV /c?
(hereafter GeV) WIMP. Dark-matter detectors must therefore be sensitive to energy deposits

on this low-energy scale.

9In some inelastic dark-matter models, however, WIMPs in energy states with broken degeneracy can
convert kinetic energy into more mass. However, these models only affect certain targets with low excited
energy states and require more complicated dark-matter models, so elastic scattering is generally assumed.
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1.3.2 The WIMP event rate

WIMP dark matter, if the dominant or only component of dark matter, is highly prevalent.
Recent estimates place the local dark-matter density at p,= 0.3 GeV/cm?® [26], though the
uncertainty on this value are historically large [27], between 0.2 and 0.4 GeV /cm?. The flux
of WIMPs through the earth is therefore ~10°(100 GeV/m, ) cm™2s™! [9]. However, the rate
of WIMP scattering events in a dark-matter detector will be very low because of the weak
WIMP-nucleon scattering cross section. The exact event rate in a given detector is a product
of several different factors: the WIMP-nucleus-scattering cross-section strength and form,
the WIMP velocity distribution, and nuclear effects dependent on the target. The differential

event rate per unit detector mass can be expressed as [28§]:

dR n do p o do

——(Eg,t == =X t)——(v, Eg)d 1.3

dER( Ry mX7 0) M <U dER> me /'U‘”ml Uf(”’ )dER <U7 R) v, ( )
where p,, is the local WIMP density (and n, the number density), (ﬁg—"Ris the differential cross

section for the WIMP-nucleus elastic scattering, and f(v,t) is the normalized WIMP speed
distribution, which may be time-dependent. vy, = /MER/ 2/@ is the minimum WIMP
velocity to produce a scattering with recoil energy Egr. If f(v,t) follows a Maxwellian
distribution, the differential event rate is exponential in shape for a simplified model[r_U].
Dark-matter rates are often considered in units of counts per day (cpd) per kg of detector
per keV of the recoil energy spectrum. This unit is also known as the dru, or (cpd/kg/keV).
To an order of magnitude, it can be estimated that a typical rate of dark-matter scattering

events between a 100-GeV WIMP and a similarly massive target nucleus with a WIMP-

0For a detailed derivation, see [28].
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nucleon cross-section of 107 cm? will have a rate of around 1 cpd/kg/keV:

(0.3GeV/c* em™3)(1073* cm?) 1 6 x 10% GeV/c?
(100 GeV/c?)3 3 x 107 cm/s kg
GeV 10°s /3 x 10cm/s > e 14 1
T0° ke day < . ) ~ lday "keV kg™, (1.4)

but this number can vary drastically with different WIMP characteristics and nuclei.
The differential event rate can be integrated over an energy region to obtain a rate within
a certain window, or over all energies above the energy threshold of the experiment (Er) to

obtain the total rate, R:

R(t,my, o) :/ET dERMme/ of (0) 50, En)do (1.5)

This relationship and that in Equation can be further illuminated by assuming a cross-
section model where the velocity-dependence is known and a velocity-independent cross-

section which only depends on the recoil energy:

do o(ER)
2 (E —
dER< 7 0) 42 v?

O(ERmax — ER). (1.6)

Here, Frmax is the maximum recoil energy possible for a collision with relative velocity v,
and © is the Heaviside step functlonEL (ER) is a velocity-independent cross section only
dependent on Eg. This velocity-independent cross-section can further be divided into an
energy-independent WIMP-nucleus cross-section, oy, and an energy-dependent form factor,

F, that depends on the shape and size of the target nucleus:

o(ER) = 0o F*(ER). (1.8)
11 The Heaviside step function is defined as:
1 forz>=0
o) = { 0 forz<0 (1.7)
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If an astrophysical and nuclear model can be assumed, it is evident from Equation (1.3
that the differential event rate is determined uniquely by the energy-independent cross-
section and the WIMP mass. Thus, from an energy spectrum of nuclear-recoil events in a
given detector, a parameter-space region can be determined in the WIMP mass/cross-section
plane. A direct-detection experiment that fails to see dark-matter events will produce limit
curves like those shown in Figure 1.6, The shape of the right side of the curve is determined
by the fact that the mass and cross section will be proportional to each other for a given
event rate; the event rate is proportional to the cross section times the flux, which is in turn
inversely proportional to the WIMP mass for a fixed WIMP density. The rise of the limit
curve to higher cross sections on the low-mass side is a result of experimental factors like

the energy threshold.

1.3.3 Types of direct detection

When a nucleus is imparted with some recoil energy, that energy is dissipated into the
medium in a number of ways. First, it can excite electrons to higher energy states, which
later de-excite with a characteristic decay time, releasing optical photons. This phenomenon
is called scintillation. Second, the recoiling nucleus can ionize nearby atoms, releasing free
electrons into the medium. Third, the energy can be dissipated as heat. Individual dark-
matter detectors take advantage of one or more of these techniques when searching for

WIMP-nucleus recoils.

Scintillation

Scintillators are materials that release optical photons when energy is transferred to electrons
in the material that later de-excite. In general, the number of photons released by the
material is proportional to the energy deposited, though there are some non-linearities in
some scintillators. A typical quantity then, is the scintillation yield, which is the number
of photons released per unit energy. Due to the properties of the material, scintillators are
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mostly transparent to their own scintillation light, making it possible to detect the optical
photons on the periphery of the scintillator volume. A detailed discussion of scintillation
detectors and the principles of scintillation is in [29], and is summarized in Appendix [A]

The scintillation response of many materials depends on the type of incident particle.
In particular, different particles ionize the material along the track with different ionization
density, which is related to the stopping power of the ionizing radiation. Incident radiation
can interact with the nuclei of atoms in the material or impart their energy to electrons.
These nuclear recoils have a different stopping power than the electron recoils. The relative
scintillation response between electron and nuclear recoils is characteristic of the material
and is referred to as the quenching factor, ), which can be energy dependent. Generally
for dark-matter searches, nuclear recoils are the relevant interaction, but calibration of the
detector light yield with mono-energetic source is easier with particles that produce electron
recoils, like v rays. Therefore, it is important to determine the detector response to nuclear
recoils of different energies and compare them to the response to an electron recoil calibration,
in order to find the energy-dependent quenching factor and determine the energy scale of
nuclear recoils in a dark-matter search.

To characterize the scintillation response of a material independently of the type of
interaction, the unit keV-electron-equivalent (keVe., or MeV,., or eV, etc.), is used to
describe the energy that produces the same scintillation response as an electron recoil with
that energyE[ For electron recoils, the keV,. and keV are equivalent; for nuclear recoils,
they are related by the quenching factor: 1keV= Q(Fg)keV..

Detecting scintillation light for low-energy events requires a detector sensitive to single
photons. Typically, this is accomplished with a device called a photomultiplier tube (PMT).
PMTs consist of a vacuum chamber with a window and an interior series of dynodes. The

window is coated with a photocathode material that releases an electron when struck by

12Detectors are typically calibrated at a single energy, but a scintillator-detector response is typically
assumed to be linear with energy. This is not necessarily the case for all materials, so the source used to
calibrate the energy scale is usually specified. In this case, the electron-equivalent response is assumed to
scale linearly with energy, calibrated at one point.
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a photon via the photoelectric effect. This first emitted electron is called a photoelectron.
A potential difference is imposed on the dynodes in the dynode chain by an externally
applied high-voltage source. Typically, a high voltage is applied to a voltage-divider chain
wherein each dynode is separated by a resistor, so that each successive dynode is at a higher
voltagd™] This potential difference drives the electron from dynode to dynode. At each
dynode, a snowball effect occurs, producing a cascade of more electrons that travel through
the chain. By the time the cascade reaches the anode, a gain in current of around 10° or
more is achieved. This produces a detectable current, which constitutes the PMT signal.
Particular qualities of phototubes that are of concern for dark-matter experiments are
the gain, the quantum efficiency, the collection efficiency, and the dark rate. The gain is
the amount of current (in electrons) that results from the emission of a single photoelectron.
The quantum efficiency is the chance that a photon striking the photocathode will cause
the emission of a photoelectron, while the collection efficiency is the chance that the photo-
electron, once emitted, will strike the first dynode and begin the cascade. Typical quantum
efficiencies for current PMTs are in the 20-40% range, while the collection efficiency of a
tube is typically higher, on the order of 80% or higher. Finally, the dark rate is the rate
of PMT noise events when the phototube is in complete darkness. This rate can be on the

order of 1kHz but can be reduced at lower temperatures.

Tonization

A recoiling nucleus can ionize nearby atoms, generating free electrons in the material. These
electrons can be gathered and detected by applying a strong electric field to the material.
For example, in noble-liquid time-projection-chamber (TPC) experiments, where the dark-
matter target consists of a volume of noble liquid with an array of PMTs at the top and
bottom of the detector, an ionization signal is detected by applying a strong, uniform electric

field drawing electrons upward to a thin gas layer at the top of the detector. The electrons

13A thorough discussion of the design of such a circuit can be found in [29] and [30], as well as in Section

£33
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can excite or ionize atoms in the gas, producing photons through electroluminescence, thus

providing a detectable signal for the PMTs.

Temperature

Cryogenic bolometric detectors take advantage of the small amount of heat that is dissipated
by a recoiling nucleus. At cryogenic temperatures, this small amount of heat can be detected
as a small temperature change in the material, which is equal to the nuclear recoil energy if

all of the energy is dissipated as heat.

1.3.4 The sensitivity of direct-detection experiments

The achievable sensitivity of a dark-matter experiment depends on four things. The first is
the exposure to a dark-matter signal, which is directly proportional to the mass of the target
material and the time of operation. Typically exposures are expressed in units of mass-time,
such as the kg-year.

The second is the choice of target material. Depending on the form of the WIMP cou-
pling with matter, WIMPs may interact more frequently with certain nuclei than others. For
example, if the WIMP coupling is dependent on the spin of the nucleon and is stronger for
protons than neutrons or vice-versa, the sensitivity of nuclei with unpaired protons will be
different than those with unpaired neutrons. Or, if the WIMP interaction adds coherently
with all nucleons, the interaction cross-section will scale with the square of the atomic num-
ber, A?, making larger nuclei more sensitive. The third and fourth factors are the energy
threshold of the experiment and the level of background events from other types of radiation,

as will be described in more detail below.

Energy threshold

The third determinant of the sensitivity is the energy threshold. Because Fr ui, the
characteristic recoil energy is proportional to the WIMP mass when it is much smaller than
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the target masﬁ. The energy threshold of an experiment is therefore an important factor
in its sensitivity to lighter WIMPs.

The energy threshold is determined by a large number of factors that affect the chance
that a low-energy event will be detected. In scintillation experiments, a prominent factor is
a quantity called the light yield (LY'), which is the number of photoelectrons detected by the

PMTs as a function of the energy deposited in the scintillator.

Iy — number of photoelectrons detected

energy deposited in scintillator

= fraction of photons detected X scintillation yield. (1.9)

This light yield is a function of the material’s scintillation efficiency and the efficiency
of the light collection, as well as the properties of the phototubes themselves (such as the
quantum efficiency). It is also dependent on the particle interaction type, which is why
light yields are typically expressed in units of photoelectrons (p.e.)/keV,. or p.e./MeV,,,
to remove this particular dependency. The light yield not only directly effects the energy
threshold, but it is also important for the energy resolution of an experiment, since the
observed energy is dependent on photon statistics. The higher the light yield, the less the
observed energy is subject to statistical fluctuations.

The energy threshold is also dependent on the reduction of low-energy noise, since it can
obscure a dark-matter signal. Some of this noise comes from the PMTs themselves; photo-
tubes have a high rate of small-signal noise. Because the noise pulses from the phototubes
are short in time compared with the rate of these events, noise can be mitigated by requiring
coincident signals between multiple phototubes coupled to the same detector volume. Other

noise-rejection techniques at low energies can help decrease the energy threshold, as will be

described in Section [4.3.2]

14The reduced mass of a two-body system with two very different masses is approximately the mass of the
lighter particle.
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Background

Finally, because the WIMP-nucleus event rate is small, any detection mechanism mentioned
in Section [1.3.3|will produce a lot of physical background from other particles interacting with
the nuclei and electrons in the material. If this background rate is high enough, a legitimate
WIMP signal can be lost in the background, and a discovery can be difficult to claim. The
sensitivity of a detector to a WIMP signal is therefore dependent on the experiment’s ability
to block or reject backgrounds. Though there are some unique expected characteristics of
a WIMP signal that can be used as a marker for dark matter in direct-detection searches
(as will be discussed in later chapters), the observation of the total WIMP rate generally
requires that an experiment eliminate most, if not all, backgrounds.

Physical backgrounds for dark-matter experiments come from three sources: trace ra-
dioactive isotopes in the detector materials and the surrounding environment, cosmic rays
interacting in the detectors, and secondary radiation resulting from cosmic rays interacting
in the vicinity of the experiment.

Most materials contain trace amounts of long-lived radioactive isotopes such as “°K, 233U,
and 22Th at the ppm, ppb, or ppt leve]El These isotopes can emit background radiation
at a wide range of energies from the sub-keV to MeV range. This radiation can come in the
form of 7 rays, neutrons, and [ and « particles. If the decay of a nucleus results in a hole
in its inner electron shells, a cascade can ensue, releasing X-rays and Auger electrons H as
well. In addition to these long-lived isotopes, some non-radioactive isotopes can be activated
into shorter-lived radioactive states by cosmogenic radiation. Low-energy fs and as have
short interaction lengths and tend to deposit energy in the detector without escaping. ~s
with high energy may not be a dark-matter background if they are absorbed in the sensitive

detector material, since dark-matter signals are expected to have low energy. However, high-

15Parts-per-million, billion, and trillion by weight, respectively.

16 Auger electrons are electrons emitted during the de-excitation of an atom whose inner-shell electrons
have been absorbed by the nucleus in 5 decay or have been ejected by incident radiation. When an outer-
shell electron de-excites to fill the vacancy, the energy released is imparted to another outer-shell electron,
which escapes the atom. This escaping electron is called an Auger electron.
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energy s can produce a background if they Compton scatter in the detector, leaving a small
energy behind and subsequently escape. High-energy s have a high penetration power and
can enter a dark-matter detector from outside as well. Fast neutrons have some penetrating
power and can deposit energy in a dark-matter detector and subsequently escape, or they
can thermalize and be captured.

Cosmic rays constantly bombard the Earth’s surface, and some, like high-energy cosmic-
ray muons, can penetrate deep into the Earth’s crust. These cosmic rays can deposit energy
in a detector directly or produce secondary particles that have similar effects to those listed
above. Neutrinos () can be a background for dark-matter experiments, but only at cross
sections much lower than current sensitivities, and are generally not considered in dark-
matter analyses for first-generation detectors. As detectors become more and more sensitive,
like in the next round of Generation-2 (G2) and Generation-3 (G3) detectors, they will
eventually reach this “neutrino floor,” at which point the v background will have to be
addressed for further progress to occur.

There are several techniques to reduce or reject backgrounds in a dark-matter experiment.
Backgrounds from external radiation and cosmic rays can be reduced through passive shield-
ing and underground operation. Because WIMPs interact so rarely with baryonic matter,
they can pass through shielding and the Earth’s crust unimpeded, while some other particles
can be stopped before reaching the detector.

Internal radiation can be reduced by purification, processing, and cleaning of the detector
materials to reduce the prevalence of trace radioactive isotopes. The detectors can also be
operated underground to prevent cosmogenic activation. Other techniques actively reject
backgrounds that would otherwise mimic a dark-matter signal. One such method is to take
advantage of the differing detector response for different particle types, since dark matter
is expected to interact with the nuclei of atoms rather than the electrons. For example,
the amount of energy that goes toward scintillation, ionization, and heat depends on the

interaction type. Experiments that utilize more than one of the detection techniques in
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Section [1.3.3] can distinguish between electron and nuclear recoils by observing the ratio
of energy observed by the different techniques—for example, the ionization-to-scintillation
ratio. In scintillation detectors, another technique is pulse-shape discrimination (PSD),
which takes advantage of a scintillator’s differing timing response to electron and nuclear
recoils. However, particles that induce or mimic nuclear recoils, like neutrons and sometimes
as, cannot be rejected in this way, and other methods are needed.

Both internal and external backgrounds can be reduced through a powerful method called
the coincidence veto. Because dark matter is so rarely interacting, it can be assumed that
the chance a single dark-matter particle will interact twice in a detector, or in two adjacent
detectors, is negligible. Therefore, if two separate signals are seen in two nearby detectors at
the same time, it can be assumed that the signals were caused by something else. Modular
dark-matter detectors comprised of multiple detectors in close proximity can take advantage
of this technique by rejecting coincident events in multiple detectors. Alternately, a detector
can be placed inside of a second detector whose sole purpose is to detect incoming and
outgoing radiation and provide a veto of coincident events in the dark-matter detector.
The advantage of the second technique is that the background rejection power is not as
dependent on the position in the dark-matter detector, since the dedicated veto detector
gives 41 coverage of the sensitive volume.

All of these techniques can be used to drastically reduce backgrounds. Several experi-
ments intend to operate in a “background-free” mode through the use of passive and active
background reduction /rejection techniques. Others lower the background without completely
eliminating it, relying instead on expected signatures of the WIMP signal, such as an ex-

pected annual modulation in the event rate, as will be described in later chapters.

1.3.5 The state of direct-detection dark-matter searches

The search for non-gravitational dark-matter interactions with normal matter is a vast ef-

fort that has been undertaken with many different target materials. The multiple-target
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Figure 1.6: The state of direct-detection dark-matter searches in 2013, actual and projected.
The plot shows the mass/cross-section parameter space for a spin-independent WIMP inter-
action in the Standard Halo Model, discussed in Section [8.2] The solid curved lines show
limits for the WIMP established by existing experiments. These experiments are not consis-
tent with WIMPs with cross sections above the line. Dotted lines are the projected limits for
experiments currently in development. The colored shaded regions are those that are con-
sistent with signals from the listed experiments. Of note are the regions for DAMA /LIBRA
(light orange), CRESST (pink), CoGeNT (yellow), and CDMS-Si (blue). These experiments
are discussed in more detail in Section [2.3.6, The shaded regions with no outlines correspond
with some favored dark-matter interaction models. The yellow region under the red dotted
line is the “neutrino floor,” the region in which neutrinos become a significant background

for dark-matter searches. Figure from [31].
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approach is important for dark-matter searches because 1) different materials may have dif-
ferent sensitivities to dark matter depending on the nature of the coupling and 2) once dark
matter is found, different targets will be needed to constrain how the coupling works and
what its strength is, as well as the dark-matter mass. Though dark-matter sensitivity has
greatly improved over the last few decades, the existence of WIMP dark matter remains in
question. The current status of the many existing dark-matter direct-detection experiments
is summarized in Figure In recent years, some hints of potential dark-matter signals have
been observed, and one group, the DAMA (DArk MAtter) collaboration, claims a discovery
of WIMP dark matter with their DAMA/LIBRA (DArk MAtter: Large sodium lodide Bulk
for RAre processes) experiment. Other direct-detection experiments seem to conflict with
this result, however, so there is no consensus of a discovery.

The claim of a WIMP discovery by DAMA is an important controversy in the field
of direct detection. In this document, the path toward verification or refutation of the
DAMA /LIBRA claim is laid out. In Chapter , the principle of annual-modulation searches
are discussed along with a description of the DAMA /LIBRA experiment, the controversy
surrounding their result, and an attempt to understand their detector response through
simulations. In Chapter[3] an approach to test the DAMA /LIBRA result is outlined, and the
Sodium-iodide with Active Background REjection (SABRE) experiment is introduced as an
attempt to follow this approach. In Chapters ] and [5] the development of the components
of the SABRE dark-matter crystal detectors and their proposed deployment in a liquid-
scintillator active veto detector are described, respectively.

As will be described in Chapter [2| one important quantity affecting interpretations of
the DAMA /LIBRA experiment is the ionization quenching factors in their scintillator. A
measurement was done by SABRE to accurately measure the quenching factor in sodium (one
of the target materials in DAMA /LIBRA) to shed light on the DAMA /LIBRA result and
to resolve existing conflicts in the field regarding the value of this parameter. A description

of the quenching measurement is outlined in Chapter [6] while the analysis of the results
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is described in Chapter . Finally, the implications of the result for the DAMA /LIBRA
controversy are discussed in Chapter [

Though the evidence for the existence of dark matter as a whole is incontrovertible, and
despite great strides made in the WIMP sensitivity by current dark-matter direct-detection
experiments, there remains no consensus as to the existence of WIMP dark matter or its
properties. Hints of dark-matter scattering events are not yet convincing enough to warrant
a claim of discovery. Until the DAMA /LIBRA result is tested, dark matter’s nature will

remain one of the deepest mysteries in modern physics.

27



Chapter 2

Annual Modulation Searches and

DAMA /LIBRA

2.1 The WIMP annual modulation

The WIMP-nucleus interaction rate is dependent on the velocity distribution of dark-matter
particles with respect to the lab frame on the Earth. Assuming that the WIMP halo has a net-
zero velocity with respect the Galactic center, the Sun has a relative velocity of ~220km/s
compared with the WIMP halo. The Sun therefore experiences a dark-matter “wind,” as
shown in Figure . The Earth in turn orbits around the Sun at around 30km/s, moving
into the dark-matter wind in the summer and away from the wind in the winter. Because
of the velocity dependence of both the flux of dark-matter particles and the scattering cross
section, a dark-matter detector on Earth will experience a modulation in the event rate each
year. This signature behavior can be exploited to detect dark matter, even amidst other
backgrounds.

The annual-modulation signature has a number of key features that depend on the dark-
matter model used. Typical analyses of dark-matter experiments make use of an astrophys-

ical model called the Standard Halo Model (SHM), where the WIMP halo is assumed to act
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Figure 2.1: Illustration of the annual modulation concept. If WIMPs are not self-interacting,
the WIMP halo should have an isotropic velocity distribution with respect to the Galactic
center. Due to the Sun’s velocity around the Galactic center, the WIMP velocity distribution
in the Sun’s frame has a net non-zero mean velocity, called the dark-matter wind. As the
Earth travels around the Sun, the Earth moves in and out of the wind at different times of
the year. Because the event rate is dependent on the velocity distribution of the dark-matter
halo, this produces an annual modulation effect in the WIMP-scattering event rate.

like a simple gas with a Maxwellian velocity distribution. Several other astrophysical models
have been proposed, but for any distribution it is possible to expand the event rate as a

function of the time of year with a Fourier series:

dR

E(t} = So(ER) + > Smi(Eg) cosiw(t —to) + > Sn;j(Er)sinjw(t — to), (2.1)

i=1 j=1

where S, ; and S, ; are the Fourier coefficients of the modulation, Sy is the average rate,
to is the expected peak modulation time (~June 1st), and w = 2x/year. The S, ; can be

ignored if the dark-matter velocity distribution is isotropic in its rest frame. In most models,
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the S,,; can be ignored for ¢ > 1 as well [32]. Thus, the modulation signature is taken, in

general, to be a sinusoidal modulation of the following form:

dR
dExR

(t) = So(ER) + Sm(ER) cosw(t — 1) (2.2)

Typically, the fractional modulation S,, /Sy is less than 10% for many dark-matter models.
Exceptions to this simplification include models where the high tail-end of the velocity
distribution become important (v, is highED or where there is substructure in the dark-
matter halo.

Gravitational focusing (see Figure is an effect wherein dark matter is deflected by the
Sun’s gravitational field on its way to the Earth. In the spring, dark-matter particles pass
the Sun on the way to the Earth and are pulled closer together, increasing the flux. In the
fall, this effect disappears. Gravitational focusing was previously thought to be a negligible
effect [33], but new analyses show that it can shift the apparent phase of the modulation
earlier in the year by around 21 days if vy, is small [34]. A dark-matter halo with a slower
average speed relative to the Sun is more susceptible to gravitational focusing, as would be
in the case of self-interacting dark matter that forms a rotating disk like the baryonic matter
in our galaxy.

The annual modulation is a signature characteristic of WIMP dark matter, and can be

taken as evidence for its existence if observed in a low-background experiment. A high-mass

detector with several years of exposure could be sensitive to such a modulation.

2.1.1 Technical aspects of annual-modulation searches

In any dark-matter experiment, the elimination of backgrounds is paramount to a discov-
ery claim. Backgrounds from radioactive sources and cosmic rays can mimic dark-matter

interactions and obscure their signal. Dark-matter detectors whose observations are based

'From Equation it is apparent that v, is high when the WIMP is light. Endothermic inelastic dark-
matter models can also produce a high vy,;, compared with elastic dark-matter models because additional
kinetic energy is needed to transition the dark-matter particle into a higher energy state.
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Figure 2.2: (Top) Ilustration of gravitational focusing as it applies to the WIMP annual
modulation, from [34]. The Sun’s gravitational field focuses the WIMP wind on the Earth
in the Spring, effectively shifting the peak of the annual modulation towards March 21st.
(Bottom) Effect of gravitational focusing on the phase of the annual modulation signature
in Nal as a function of recoil energy and the WIMP mass, from [35]. The contours on the
plot represent the time of the peak of the modulation as a function of energy for differ-
ent WIMP masses. Here, the modulation is integrated over a 1-keV.. window where E,;,
is the low end of the window. The vertical purple line represents the energy threshold
of DAMA/LIBRA, the current leading Nal-based dark-matter experiment. Gravitational
focusing can move the peak of the modulation towards March, which could explain some
aspects of the DAMA /LIBRA modulation phase (see Sections and . This effect is
more noticeable for higher-mass WIMPs, where vy, is smaller.
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on the total rate must be essentially “background-free,” with the background rate lower
than the dark-matter rate, to make a credible claim of discovery. One advantage of the
annual-modulation approach is that backgrounds need only be low enough to observe the
modulation in a statistically significant way. Still, this modulation effect can be very small,
and certain backgrounds can also modulate, so the reduction and understanding of back-
grounds remains integral to annual-modulation searches. In addition, the magnitude of the
fractional modulation can constrain the dark-matter model, so the careful quantification of
residual backgrounds in a modulation experiment is of interest, since it can help determine

the limits on the total dark-matter interaction rate.

Intrinsic backgrounds

Intrinsic backgrounds are those that result from the radioactive decay of unstable isotopes in
the materials comprising a detector. There are several isotopes that are of particular concern
to dark-matter searches, as they are especially difficult to remove or produce backgrounds
that closely mimic a dark-matter signal. Isotopes of particular concern are K, 238U, 232Th,
and radon and its daughters, particularly 21°Pb. 4°K, 238U, and ?*?Th are long-lived and are
present in most materials in small concentrations. They and their decay products produce a
number of v rays, low-energy X-rays and Auger electrons, o and 3 particles, and radiogenic
neutrons.

Trace non-radioactive isotopes can be cosmogenically activated by cosmic rays, thus
becoming radioactive. °Co and '’ are examples of cosmogenically-activated sources of
radiation. This is a particular problem for copper, iodine, and germanium, all common
targets and/or detector materials used in dark-matter experiments. Cosmogenic activation
can be mitigated by operating detectors deep underground after allowing the activated iso-
topes to decay and limiting the amount of time components spend above ground before a

measurement.
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Intrinsic backgrounds can be mitigated by choosing materials with already low concen-
trations of these isotopes or developing methods for purifying and cleaning materials. Purifi-
cation of the atmosphere can help eliminate radon. Some of the remaining backgrounds can
be reduced by discrimination techniques based on the differing detector response between

different particle types, or by the coincidence-veto method.

Surface backgrounds

In addition to radioactivity in the bulk of the material, surfaces are a particularly difficult
source of background to address. One source of surface background is radioactive isotopes
in the bulk of materials in direct contact with the sensitive volume. The isotopes near
the surface can emit low-energy ionizing radiation with a short range, such as « particles,
that would otherwise be unable to reach the sensitive volume. Whereas similar isotopes in
the bulk of the sensitive volume might be vetoed by coincident radiation that raises the
detected energy of an event outside of the relevant dark-matter signal region, coincident
radiation in these surface backgrounds may not make it to the sensitive volume. These
surface backgrounds can then appear in the same energy window as the expected WIMP
signal. This type of surface background can be limited by choosing radio-pure materials to be
in contact with the sensitive volume. In detectors with position reconstruction capabilities,
these backgrounds can also be addressed with fiducial volume cuts.

Surfaces pose a particularly strong challenge because some radioactive isotopes can be
deposited on the surfaces of materials and cling to them. Radon is a radioactive gas present
in the atmosphere that can deposit its radioactive daughters on the surfaces of objects,
including 2'°Pb, 21%Bi, and 2!°Po. This type of surface background can be addressed by

polishing the surfaces of materials and operating in a radon-free environment.
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External backgrounds

External backgrounds come from radiogenic sources surrounding a dark-matter detector, or
from cosmic rays. Deposits of °K, 28U, and 2*?Thin the rock surrounding an underground
lab produce high-energy ~ rays that can penetrate shielding surrounding a detector. High-
energy cosmic-ray muons that penetrate deep underground can interact in a detector directly
or produce showers of secondary particles, including cosmogenic neutrons, that can mimic a
dark-matter signal. External backgrounds can be blocked using passive shielding or tagged

using active veto techniques.

The Scintillator NalI(T1)

Thallium-doped sodium-iodide, or Nal(Tl), is a common inorganic scintillator with a high
scintillation yield of ~40 photons/keV,. [29]. In inorganic scintillators, a dopant material
(in this case, thallium) creates energy states in the forbidden zone of the crystal between the
valence and conduction bands. Electrons are excited into these energy states by energy de-
positions from incoming radiation or a recoiling nucleus, then de-excite with a characteristic
time constant of the material, emitting visible photons. Because the dopant concentration
is small, the activator sites are spread out, and the activation energy for the activators is
smaller than the energy difference between the valence and conduction bands in the Nal
material, so the scintillator can be transparent to its own emission light [29].

Nal(T1) has a characteristic fluorescent decay time of ~230ns. A slower tail with decay
time 1.5 us has also been observed [36]. The preferential decay by one mode over the other
for certain particle types allows for the ability to distinguish between different particles that
activate the scintillator. A phosphorescence also occurs with decay time 0.15s contributing
9% to the total light yield [29]. Nal(Tl) can be made very pure; the crystal-growth process
can segregate out impurities.

As a dark-matter target, Nal(Tl) has a number of advantages. It is a relatively cheap
material that can be produced in large quantities. Because of its high light-output, it is
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sensitive to small energy depositions (at the sub-keV level). It consists of one low-mass
target (Na) and one high mass target (I), making it sensitive to both high-mass and low-
mass WIMPEE|. The high mass of iodine also helps make the material more sensitive to spin-
independent interactions, whose cross-sections scale with A?. Both ?*Na and 271, the most
abundant isotopes of sodium and iodine, are odd-numbered nuclei with unpaired protons,
making them sensitive to spin-dependent interactionﬁ as well. The long scintillation decay-
lifetime allows for pulse-shape discrimination. Finally, their solid structure makes a modular
experimental design feasible, allowing for rejection of events that occur in multiple crystals.

Nal(Tl) as a target poses some challenges as well. Some impurities are especially difficult
to eliminate in Nal(T1) experiments. Because of their position on the periodic table in the
alkali metals, K and Rb are difficult to segregate from Na. 8Rb (natural abundance 28%) is
a [-emitter (end-point energy 283.3keV), producing a flat background at low energies. 1°K
is an isotope of K with natural abundance 0.011% and a long decay lifetime of 1.25x10°
years. In 11% of decays, “°K decays to an excited state of *°Ar by electron capture, emitting
a 1461-keV ~ ray (see Figure . The hole left in the inner shells of the Ar atom (either the
K or L shell) triggers a cascade of Auger electrons and X-rays with total energy of 3.2keV.
This 3.2-keV background can rejected if the v ray is observedEL but if not, this background
occurs in the primary energy window of interest to WIMP searches, as will be discussed in
Section

Nal(T1) is also susceptible to several cosmogenically activated radioactive isotopes, like
125 22Na, and ?*Na. These have shorter half-lives and can be reduced dramatically by
leaving crystals underground for a long period. 21, however, has a long half-life of 1.57x 107

years, and cannot be reduced in this way.

2In elastic scattering, the energy transfer and cross-section are highest when the two bodies have similar
masses.

3Which only affect unpaired nucleons

4 In some cases, the °K can decay to the ground state of *°Ar, leaving only the 3.2-keV signal, but this
path has a low branching ratio, thought to be ~0.2% [37].
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Figure 2.3: 9K decay scheme, from [37].

One challenge Nal(T1) poses as a dark-matter target is its highly hygroscopic nature. A
crystal must be protected from moisture at all times to prevent a degradation of its optical
properties. However, given that the detector array is modular anyway, crystals can be
protected by remaining sealed in their detector modules, which can be thoroughly outgassed
to remove trace amounts of water clinging to the surfaces.

Another challenge with Nal(T1) is the non-proportionality of the scintillation efficiency
as a function of energy, as well as the differing scintillation efficiency as a function of particle
type. Both of these factors need to be understood thoroughly in order to determine the

energy of scintillation events. Both of these effects will be discussed in Chapters [0} [7, and
Bl

2.2 The DAMA and DAMA /LIBRA experiments

The DAMA experiments are annual-modulation dark-matter experiments that use an array
of 25 10-kg Nal(Tl) crystals as the dark-matter target. The DAMA experiment and its suc-

cessor, DAMA /LIBRA, have been observing a modulation for over a decade that the DAMA
36



collaboration attributes to dark matter. The modulation in the event rate for “single-hit”
eventﬂ is shown in Figure and Table and carries many of the expected signatures of
a WIMP modulation, including the expected period and phase, within errors. The observed
period is 0.998 £0.002 years, and the modulation peaks at 14447 days [3§]. The dark-matter
signal rate, along with its modulation, is expected to fall roughly exponentially with recoil
energy. DAMA observes the modulation in their single-hit events in the energy region of
2-6 keV .., but no modulation at higher energies or in their multi-hit events, as shown in the
top of Figure 2.5 and Table 2.1 The modulation rate appears to have a peak at around
3keV,., but the falloff of the modulation below 2keV,.. could be a threshold effect. The
total rate of single-hit events observed by DAMA /LIBRA is also shown in the bottom of
Figure [2.5] This energy spectrum of the event rate, if partially caused by WIMP-nucleus
interactions, includes both a dark-matter signal and a mostly featureless background rate
from other radioactive sources, as will be discussed in Sections and 2.3.2 There is
also a predominance of photomultiplier noise at low energies, which DAMA addresses by
imposing a software energy threshold of 2keV.,,.

DAMA has acquired enough data that the statistical significance of the modulation is
unquestionable: 9.3 ¢ at the beginning of 2015, according to [38]. However, their claim of a
dark-matter discovery remains controversial, due in part to conflicts with other experiments

with null results, as discussed in Section [2.3.6]

2.2.1 The DAMA /LIBRA apparatus

The DAMA /LIBRA apparatus is described in detail in [41]. To better qualify the physical
details behind the signal that DAMA observes, the important details of the experimental
apparatus are summarized here. The experiment consists of an array of 25 Nal(Tl) crystals
each with a mass of 9.7kg, for a total mass of ~250kg. The crystals are long rectangular

prisms with their two smallest faces coupled to photomultiplier tubes via 10-cm long synthetic

5“Single-hit” and “multi-hit” are the nomenclature used by DAMA for scintillation events occurring in
one crystal versus in multiple crystals. This nomenclature will be adopted here as well.
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Figure 2.4: The DAMA /LIBRA annual modulation of the low energy scintillation events, in
the 2-4, 2-5, and 2-6keV,, energy windows, from top to bottom. Figure from [39].
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Figure 2.5: (Top) The DAMA/LIBRA modulation amplitude, S,, as a function of energy,
from [39]. The modulation appears to peak at around 3keV.., which may or may not be
a threshold effect. (Bottom) The energy spectrum of single-hit events in DAMA /LIBRA.
From [40]. The spectrum has a featureless background characteristic of § decay and Compton
scattering. In addition, a bump at ~3keV,, is characteristic of “°K decay. Finally, at low
energies the spectrum is dominated by photomultiplier noise. The energy scale for both
figures is in keV.., referred to as “keV” by DAMA.
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Table 2.1: DAMA/LIBRA modulation amplitude in different energy bins, reproduced
from [39]. The day number is counted from January lst. Single-hit events are defined
as events that occurred in a single crystal, while multi-hit events occurred in more than one

crystal.

Energy
window (keV,.)

Modulation amplitude
(cpd/kg/keVe,)

Period (yr)

Phase (day)

Single-hit events

2-4 0.018340.0022 0.99640.002 | 1367 (May 16)
2-5 0.0144+0.0016 0.997+0.002 | 14247 (May 22)
2-6 0.011440.0013 0.999+0.002 | 146+7 (May 26)
6-14 0.0000740.00077
Multi-hit events
2-4 —0.00114£0.0007
2-5 —0.000840.0005
2-6 —0.000640.0004

quartz (Suprasil B) light-guides. The crystals are encased in copper enclosures that are
continuously flushed with high-purity nitrogen gas and surrounded by several layers of passive
shielding. The environment is highly controlled for radioactivity, temperature and pressure
stability, and moisture (see Table . The entire array is kept in an underground location in
the Laboratori Nazionali del Gran Sasso (LNGS) at a depth of 3,100 meters-water-equivalent
(m.w.e.) [42]. A schematic of the apparatus is shown in Figure [2.6]

DAMA /LIBRA became operational in 2003; its first results were reported in 2008. In
2010, DAMA upgraded their apparatus to include newer, higher-quantum-efficiency PMT's
which allowed them to lower their energy threshold from 2keV.. to 1keV,., but the data

from this upgrade have not yet been released.

The crystals

As the dark-matter target, the crystals should have very few radioactive impurities that may
mask or obscure the dark-matter signal, and they should have a high scintillation light yield

in order to be sensitive to the low recoil energies where the modulation is expected to occur.
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Figure 2.6: The DAMA /LIBRA apparatus. The crystals are each sealed in a copper box,
coupled to two PMTs with 10-cm fused silica light-guides. The 25 crystal detectors are
enclosed in a copper box and surrounded by several layers of radio-pure passive shielding, as
described in the text. Figure from [41].

The crystals used by DAMA /LIBRA were grown by the Saint Gobain Crystals and
Detectors company. The Kyropoulos method of crystal growth was used. In this method, a
seed crystal is lowered into a crystal melt, the melt is slowly cooled, and the crystal forms
around the seed [43]. DAMA asserts that this method produces higher-purity crystals than
other methods, since the Kyropoulos method does not require that the crystal touch the
crucible walls [41]. Nevertheless, the growths were performed in a high-purity platinum
crucible in order to further prevent the introduction of impurities.

The residual backgrounds in the crystals were reported by DAMA within a range (e.g.
238U and ?*2Th) or with a mean value (e.g. "*K, where "K is the inferred concentration
of natural potassium, with “°K having a natural abundance of 0.011%) and are summarized
in Table The most important backgrounds in the crystal are arguably “°K, 232Th, 238U,
8TRb, and *H, as will be discussed.

10K is a particularly dangerous background for a Nal(T1) dark-matter experiment. First,
due to potassium’s position in the periodic table, it is difficult to separate from sodium.
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Secondly, the K decay to *°Ar produces the signature ~3-keV..background that occurs
in the same energy region as DAMA’s observed modulation. Though this background can
be rejected by observing the corresponding 1461-keV v ray that is released during the de-
excitation of the “°Ar nucleus, the v ray may escape, leaving a background in the primary
modulation region observed by DAMA. DAMA estimates the concentration of “°K in their
crystals by measuring the rate of 1461-keV../3-keV,, coincidence events in their crystals and
comparing it to a rate predicted by Monte Carlo. The details of this simulation have not
been shared by DAMA, however, and conflict with other attempts to simulate the energy
spectrum [44] [this work], as will be discussed in Section [2.3.2]

28U and #*2Th have long decay chains that produce a variety of backgrounds, some in
the low-energy region of interest to DAMA. DAMA estimates the concentrations of these
isotopes by observing the peaks from characteristic « particles in the decay chain. DAMA
claims that the 232Th chain in their crystals is in secular equilibrium, but the ?*®*U chain is
not. However, DAMA reports the relative activities for the different parts of the chain for
only one crystal. The concentrations of 238U and 23?Th assuming secular equilibrium are
also given for all crystals in broad ranges.

Another important background for Nal-based scintillators is ' Rb. Like K, Rb is an alkali
metal and is hard to remove from Nal. 8"Rb is also a 3 emitter. Tritium (®*H) decays by
[ emission with an endpoint energy of 18.6keV, thus producing a smooth background in
the primary energy region of interest to DAMA. Both of these backgrounds are difficult to
reject with the veto technique, as low-energy (s are not likely to escape their crystal of origin.
DAMA reports limits for both of these backgrounds, but as will be discussed in Section 2.3.2]
the background rate at these limits would constitute a large portion of DAMA’s signal, so
it is unclear how prominent of a role they play in the DAMA experiment.

Backgrounds produced by cosmogenic activation, like 2°1, 2#Na and ?2Na, are diminished
by allowing the crystals to sit underground for a long period before the operation of the

experiment. DAMA reports limits for all of these backgrounds. For ?Na, the activity at the
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limits described will become relevant if DAMA lowers the energy threshold to 1keV.., since
22Na emits a ~0.8-keV X-ray/Auger-electron with a branching ratio of 9%. Because *'Na
has a short half-life of 14 hours, DAMA uses this background to estimate the flux of fast
neutrons in their experiment. DAMA also reports a limit for ®Kr, but this isotope produces
a small background compared with those previously mentioned (see Section .

19T and 2'°Pb produce backgrounds around 35-50keV.., which is how DAMA measures
the concentration of these isotopes in their crystals. However, they constitute a small back-
ground in the low-energy region at the levels reported by DAMA, as will be discussed in
Section However, the 21°Pb background can be significant for other experiments, and
has been found to be a dominant background in other Nal(T1) crystals grown for other

experiments [45].

The PMTs and crystal housing

The original PMTs used for the DAMA /LIBRA experiment were produced by Electron Tubes
Limited (ETL) using a bialkali photocathode. These tubes had a peak quantum efficiency
of ~30%, a dark-noise rate of 100 Hz, and a gain of around 10° [41]. DAMA upgraded to
new, Hamamatsu R6233MOD phototubes in 2010 with a higher quantum efficiency (peak
38%) [39], which allows them to lower their energy threshold down to 1keV,. [46]. These
new tubes have a dark-noise rate of <100Hz and are operated with positive high-voltage
between 900 and 1300 V.

The crystals are wrapped with Tetratec Teflon tape, which was chosen by DAMA for its
radiopurity, and are packaged in oxygen-free high-conductivity (OFHC) copper enclosures.
In order to protect the crystals from radioactivity from the PMTs, the PMTs are housed
in a protective OFHC copper shield and separated from the crystal by a fused silica light
guide, as shown in Figure 2.7 The DAMA crystal detectors have light yields in the range
of 5.5-7.5p.e./keV,, [A1].
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Figure 2.7: (Top) Shield used to protect the crystals from radioactivity in the DAMA PMTs.
(Bottom) Picture of the DAMA /LIBRA PMT /light-guide setup. Figure from [41].

DAMA reports their radioactivity levels for the PMTs (see Table , but comments
that the crystal exposure to these backgrounds is minimal due to the use of a light-guide to

separate the crystal and PMTs, and also some shielding described below.

The Shielding

The DAMA/LIBRA crystal modules are surrounded by several layers of passive, low-
radioactivity shielding. This shielding is designed to protect the crystals from external
backgrounds, both cosmogenic and from the laboratory environment. The materials were
kept underground before the experiment in order to allow cosmogenically activated isotopes
to decay.

The crystal modules are first surrounded by 10cm of copper bricks, which are in turn
surrounded by 15 cm of low-radioactivity lead to block v radiation. The lead array is covered

in cadmium foils in order to block thermal neutrons. Finally, it is surrounded by 30 cm of
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Figure 2.8: Layout of the DAMA /LIBRA experiment, from [41]. The four layers of shielding
(OFHC copper, low-radioactivity lead, cadmium, and polyethylene/paraffin) surround the
detector modules in room C.

paraffin and polyethylentﬂ distributed throughout the lab space. The layout of the shielding
is shown in Figure [2.8

The environment is also protected from radon contamination via two layers of sealed
barriers. The first is a Supronyl covering around the room, and the second is a plexiglass
box surrounding some of the shielding. The environment around the detector is filled with
high-purity nitrogen gas.

DAMA has carefully controlled for the environmental conditions of their apparatus. They
published the variation in various environmental variables and its expected effect on the
annual modulation of scintillation events in [39], as shown in Table They also measure
environmental conditions continuously. They estimate that fluctuations in the signal rate
due to environmental conditions like temperature, radon levels, changes in the energy scale
or trigger efficiency, noise, background, and other reactions are each less than 1% of the

observed modulation amplitude [47].

6These are hydrocarbons and therefore good at capturing neutrons.
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2.2.2 Radioactivity measurements of the detector components

DAMA has published the residual backgrounds or limits thereof in many of their detector
components. The backgrounds from various radioactive isotopes in the crystals, PMTs, and
shielding are summarized in Table The implications of these reported backgrounds are
discussed in more detail in Section[2.3.2] In addition, DAMA reports upper limits for neutron
backgrounds from various sources in Table [2.4]

Table 2.3: Backgrounds in DAMA /LIBRA. Most backgrounds are from [41], but the back-
grounds from the PMTs are from [46]. The method by which each isotope’s concentration
is measured is listed in the first column for the crystal backgrounds.

The crystals

Method ‘ Source | Activity/Concentration
~ counting nat K 13 ppb [
a counting B8y 0.7-10 ppt [/
a counting/Bi-Po 2Th 0.5-7.5pp
unreported 8"Rb <300 uBq/kg
~ counting 1251 unreported /negligible
v counting 1291 1297 /mat]= (1.7 £ 0.1) x 10713
~ counting 210pp 5-20 uBq/kg
coincidence/positron annihilation *’Na <tens of uBq/kg
coincidence/ 3y 24Na, <0.26 uBq/kg
unreported SH <90 uBq/kg
unreported 8SKr <10 uBq/kg

The PMTs and optical coupling

Material ‘ Source | Activity/Concentration
Old PMT (ETL) narK 1.9Bq/kg
OId PMT (ETL) 7 0.37 Bq/kg
Old PMT (ETL) PTR 0.12 Bq/kg
Old PMT (ETL) %0Co unreported
New PMT (Hamamatsu) nat 0.54 Bq/kg
New PMT (Hamamatsu) 2387 <3Bq/kg
New PMT (Hamamatsu) 22Th 83 mBq/kg

Continued on next page...

"In [41], DAMA reports only that the maximum crystal concentration of "*'K is 20 ppb, but in later
publications, such as [48], they report an average concentration of 13 ppb.

8 Assumes equilibrium in the chain. For the 232Th chain, DAMA claims this assumption could be valid,
since the longest half-life in the chain is ~5 years. DAMA observes evidence, however, that the 233U chain
is broken. However, they maintain that the assumption of secular equilibrium is a valid first approximation
and quote the 238U activity using this assumption. Furthermore, they only report the concentrations of the
various parts of the 233U chain for one crystal. Therefore, the equilibrium-assuming values are reported here.

9 Concentration is reported to vary by crystal
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Material \ Source | Activity/Concentration
New PMT (Hamamatsu) ®Co <25mBq/kg
Light guide nat il <1.3ppm
Light guide 38U <1ppb
Light guide Z32Th <2ppb
Light guide Co unreported

The housing

Material \ Source | Activity/Concentration
Copper nat ik <0.6 ppm
Copper 38U <0.5ppb
Copper 232Th <1ppb
Copper Co unreported

Feedthroughs nat il <1.8ppm
Feedthroughs B0 unreported
Feedthroughs 22Th <1.6 ppb
Feedthroughs %Co unreported
Neoprene o-ring nat ik <89 ppm
Neoprene o-ring 38U unreported
Neoprene o-ring 232Th <54 ppb

The passive shielding

Material ‘ Source ‘ Activity/Concentration
Copper nat ik <0.6 ppm
Copper 38U <0.5ppb
Copper 22Th <1ppb
Copper Co unreported

Lead nat K <0.06 ppm
Lead 38U <8 pph'|
Lead 232Th <0.042ppb @
Lead %0Co unreported
Polyethylene nat ik <2ppm
Polyethylene 38U <0.3ppb
Polyethylene 2Th <0.7ppb
Polyethylene 0Co unreported
Plexiglass nat ik <3.3ppm
Plexiglass B8U <0.64 ppb
Plexiglass 232Th <27.2ppb

Continued on next page...

1ODAMA /LIBRA reports three kinds of lead shielding, but it is unclear what amount of each are used, so

the highest limit is reported here.
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Material Source Activity /Concentration
Plexiglass Co unreported
General
Method Source Activity/Concentration
Rn <3Bq/m?

?Na activation

Thermal n flux

<12x 107" cm2s7!
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Table 2.4: DAMA estimated contributions to the modulation signal from neutrons, as re-
ported in [38]. The flux (@é?,g% the relative modulation amplitude (7)), and the phase (¢;) of
each component is reported in the second column. In the third column, the rate (Ryy) and
modulation (Ay) for single-hit events in the 2 to 6-keV,. energy region are reported. Finally,
the ratio of the modulation to the purported dark-matter modulation, Ay/S is reported
in the fourth column. In all of these, £ stands for the individual component of the neutron
signal.

Source ‘I’é”,z Mk tk Rg‘k Ak = RO,knk Ak/Sf,fP
(neutrons cm™2 s71) (cpd/kg/keV) (cpd/kg/keV)
thermal n 1.08 x 10°° ~ 0 - <8x 1070 <8x 1077 < 7x107°
(1072 = 107* eV) however < 0.1
SLOW
neutrons epithermal n 2x107 ~0 <3x1073 < 3x107 < 0.03
(eV-keV) however < 0.1
fission, (a,n) — n ~0.9x 1077 ~0 <6x 107" <6x107° | «5x1073
(1-10 MeV) however < 0.1
1 — n from rock ~3x107Y 0.0129 end of < 7x107* < 9x107° < 8x 1074
FAST (> 10 MeV) June
neutrons
4 — n from Pb shield ~6x 107° 0.0129 endof | <14x107% <«2x107° |<«1.6x1073
(> 10 MeV) June
v—n ~3x1071° 0.03342* Jan. 4th* | «7x107° «2x107°% | «2x107*
(few MeV)
direct p ¥ ~ 20 jp m~2d~! 0.0129 end of ~ 1077 ~ 1077 ~ 1077
June
direct v Y ~6x 101 y em™2~!  0.03342*  Jan. 4th* ~ 1077 3% 1077 3 x 1075
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2.2.3 Processing the data

DAMA refrains from using certain active background-rejection techniques like pulse-shape
discrimination in order to avoid rejecting WIMP signals. However, DAMA does employ
some techniques to reject photomultiplier noise and other backgrounds. First, they require
that both PMTs in a crystal module register a signal within a certain time window (50 or
100ns [41]). DAMA rejects events with a short decay time, which helps to mitigate PMT
noise. PMT noise produces a faster pulse than true scintillation, as shown in Figure [2.9
DAMA cuts on two pulse-shape parameters, equivalent to the F50 and F100 parameterﬂ
using the nomenclature in this work [41]. The parameters used by DAMA /LIBRA are called

X1 and X5 and are defined as follows:

Area from 100 to 600 ns
Xl == 5
Area from 0 to 600 ns

B Area from 0 to 50ns
~ Area from 0 to 600ns’

(2.3)

X, (2.4)

A histogram of electronic noise events along with true scintillation signals is shown in
Figure . In the figure, the X;-X5 plane is shown for a normal operation (left) and with a
7 source that makes the scintillation events dominant (right) for the 2-4 (top) and 4-6 keV,,
(bottom) regions. Though there is good separation between the two types of events, there
is some overlap. DAMA does not provide the values of the cuts, nor do they quantify the
rejection power of this technique. However, they base an upper limit for the modulation
fraction due to this effect of O(107*) based on the modulation in the total hardware rate
and the assumption that the distribution of noise events in X; and X, do not change, as well
as the assumption that noise events constitute less than 10% of the signal after cuts [49).

These techniques can reject random PMT noise, but will not eliminate backgrounds
from the dynode-afterglow effect. Dynode afterglow is a phenomenon which is believed to

be caused by light emission from the PMT dynodes that can reach a second light-coupled

UHere, F[X] refers to the fraction of the pulse integral that occurs in the first [X] ns.
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Figure 2.9: Pulses for an event near the 2keV,, threshold for an electronic noise event (Top)
and a scintillation event (Bottom). Noise pulses tend to have a sharper time profile, while
scintillation events are more spread out.

tube, thus producing a false coincidence. These events were seen in the NAIAD Nal(T1)
experiment, and it was found that they were not rejected adequately by looking at the
scintillation time-constant [50]. These types of events could play a role in DAMA/LIBRA
as well.

DAMA also rejects “multi-hit events,” in which a scintillation event occurs in multiple
crystals. Because some backgrounds can travel between detectors and interact twice or in
coincidence with other backgrounds, but WIMP dark matter interacts only rarely, an event

that is registered in multiple detectors is extremely likely to be background and can be
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Figure 2.10: Electronic noise rejection in DAMA /LIBRA. The figures above show the X
(Front axis) and X, (Side axis) pulse shape parameters. Because noise events are faster
than scintillation events, the noise events appear in the top left corner, where X; is small
and Xj is large, while scintillation events have a larger X; and a smaller X5. The left plots
show single-hit events in DAMA’s normal operation mode, while the right plots are for a
run with a v source, causing the scintillation events to be dominant. The top plots are for
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the 2-4keV,, region, while the bottom plots are for the 4-6 keV,, region.
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safely rejected. Afterpulses resulting from Cherenkov light or Bi-Po eventd! are rejected by
requiring 500 us of dead time after each event.

DAMA reports that the hardware threshold is at the single-photoelectron level, which
corresponds to ~0.2keV,.. However, to lower the incidence of PMT noise, they use a software
energy threshold of 2keV,.. With the use of their new high-quantum-efficiency phototubes,
DAMA claims that they will lower this software energy threshold to 1keV.. [39, [46].

DAMA reports the following energy resolution for their crystal detectors, which they
measure periodically with 24! Am sources [41], [39):

0B o

F-up " (2.5)

where F is the energy in keV,., o = 0.448 + 0.035 and 8 = (9.1 £ 5.1) x 1073.

The overall efficiency curve for the DAMA /LIBRA experiment is shown in Figure .
The efficiency is measured periodically with an 2**Am source. This curve is used to correct
their event rate for a systematic loss of low-energy events by the data acquisition system
when producing the plots in Figure 2.5] DAMA attributes the loss of efficiency primarily
to the coincidence time window and the pulse-timing cuts. It is notable that the loss of
efficiency occurs primarily in the modulation energy region; if the cuts do not completely
eliminate electronic noise, annual modulation effects in electronic noise could affect their
signal.

DAMA measures the linearity of the PMT response at low energies (<100keV,.) by
measuring the light response of internal backgrounds at known energies, as shown in Figure

(.19

12The near-simultaneous decay of bismuth and polonium in the ?*3U and 232Th decay chains, producing
a 0 and an « in rapid succession.
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Figure 2.11: DAMA /LIBRA’s reported detection efficiency for the old ETL tubes (black
triangles) and the new Hamamatsu tubes (white circles). This detection-efficiency curve is
taken into account in DAMA’s published energy and modulation spectra.

2.2.4 The dark-matter claim

On the basis of the modulation described previously, DAMA claims a positive, model-
independent discovery of dark-matter particles interacting in their detector. There are
enough unknown astrophysical and experimental parameters that a single, standard WIMP
model cannot be used to definitively analyze their modulation. However, if one assumes
the SHM and the standard vanilla WIMP with a spin-independent interaction, the DAMA
modulation best fits a ~80-GeV WIMP interacting primarily with iodine, with a secondary
maximum at ~10 GeV interacting primarily with sodium. The former falls into the expected

mass window for supersymmetric WIMP dark matter. The second is what would be catego-
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rized as a “light WIMP.” A derivation and analysis of the DAMA parameter space regions

is discussed in Chapter

2.3 Controversy over the DAMA /LIBRA result

The DAMA /LIBRA modulation result has the highest statistical significance of any dark-
matter experiment, yet their claim for a dark-matter discovery has not been verified con-
clusively by any other experiment. Significant controversy surrounds the DAMA /LIBRA
result, which comes from a number of sources.

First, the published data from DAMA /LIBRA raises some questions about the energy
spectrum and modulation that have not been fully addressed by DAMA. For any experiment
claiming a discovery, it is crucial to have a firm understanding of the data, including back-
grounds. Attempts to understand the DAMA /LIBRA detector response and backgrounds
are discussed in Sections 2.3.1H2.3.5

Second, while some experiments have observed signals commensurate (to some extent)
with the DAMA /LIBRA signal, the DAMA /LIBRA result is incompatible with many exper-
iments when using standard WIMP and astrophysical models. Though there still exist some
limited models that could reconcile this conflict, other experiments are establishing more and
more sensitive dark-matter limits, and it is becoming more difficult with time to reconcile
the DAMA /LIBRA result with other null experiments. However, comparing DAMA with
these null results is difficult because of their use of different targets. Attempts to reconcile

DAMA/LIBRA with other experimental results are discussed in Section [2.3.7]

2.3.1 The energy spectrum

The DAMA/LIBRA energy spectrum, shown in Figure , has a number of important
features that complicate the picture or are difficult to reconcile with a dark-matter explana-

tion. The first notable feature is the bump at 3keV,. due to *°K decay by electron capture,
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which obscures the region of interest for the purported dark-matter modulation if the “°K
background is not well understood. Secondly, the spectrum is approximately constant from
4-10keV,,, indicating a smooth, near-constant background characteristic of S-decay in a
region that is small compared to the end-point energy. Critics of DAMA argue that if one
assumes that this near-constant background continues into the modulation region, there is
no room for a WIMP signal, or that the modulation fraction would have to be so large as to
be inconsistent with most dark-matter models.

Another issue has to do with the shape of the spectrum from 4-6 keV ., where the modu-
lation is still observed. The total spectrum is nearly constant over this region. As discussed
in Section [I.3.2] the expected WIMP rate is expected to fall roughly exponentially with
energy. Though the modulation is small, if the modulation fraction is also small, the WIMP
total rate will be a significant portion of the signal and will also fall rapidly over this energy
range. In order to preserve the flatness of the total rate over this interval, the background
spectrum would have to conveniently rise in proportion to the falling off of the WIMP signal
when increasing from 4 to 6 keV,. in energy. If the modulation fraction is very high, however,
this may not be a problem.

DAMA warns against any attempt to predict their background signal below 10keV..,
citing the unreliability of Monte Carlos at these energies and the unfeasibility of knowing
the quantities or distributions of backgrounds in the detectors [41] 39]. Instead of trying
to replicate the shape of their backgrounds with simulations, DAMA extrapolates from the
slight positive slope of the rate between 4 and 10 keV.. down into the region that is obscured
by the “°K peak. They subtract a line and gaussian (for a 13 ppb “°K peak) from their data,
which they claim leaves room for a flat dark-matter rate of 0.25cpd/kg/keV,. between 2
and 4keV,., [48, 51, B8]. By contrast, [37] suggests the flat background in the modulation
region is indicative of a = or Compton spectrum at the level of 0.85cpd/kg/keV... From
this assumption, they conclude that the purported WIMP event rate would have to be lower
than that reported by DAMA.
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The contributions to the background spectrum below 10 keV,.. may be better understood
if characteristic signals above 10keV,., could be used as input for a fit. Each background
has its own characteristic spectrum, but many of the backgrounds reported in Section [2.2.2]
have nearly indistinguishable flat backgrounds below 10keV... DAMA only publishes the
spectrum between 20 and 80 keV,, for two crystals (see Figure and the a-event spectra
at higher energies for four others (Figure . However, DAMA reports a wide variation
in the radioactivity of different crystals, so these spectra are not sufficient for determining
the average impurity levels for different isotopes.

Furthermore, it is notable that while the spectrum is very flat around 1cpd/kg/keV..
between 4 and 10keV,,., the rate is only about 0.5cpd/kg/keV,,. between 20 and 30keV,,
for the two crystals shown in Figure[2.12] Finally, as can be seen in Table 2.3, DAMA often
reports only limits or ranges for detector contaminants, sometimes not even that, and the
limits reported can sometimes produce very large background signals, as is the case with
8"Rb and 3H in the crystals or the backgrounds from the fused silica light-guides.

Despite the lack of published spectra for all crystals at all energies and better estimates
from contaminant concentrations in the detectors, attempts have been made to simulate the
DAMA background spectrum in order to establish what the dark-matter signal might look
like. In [44], a Monte Carlo simulation was done to measure the DAMA /LIBRA background
spectrum and assess what rate is left over for dark matter. Initially, they used the DAMA
reported contamination values reported in [41], but found that the spectra did not match the
data well at high energies. They instead used a best fit to determine crystal contamination
values of "™K, 23U, and #*2Th of 20 ppb, 34 ppt, and 20 ppt respectively, but in parts of
the low energy region these concentrations didn’t leave room for a dark-matter signal. In
another approach, they tried subtracting a best-fit WIMP from the DAMA /LIBRA energy
spectrum to see what the resultant background spectrum would look like, as shown in Figure
2.14] In order to produce the expected WIMP spectrum, the backgrounds would have to

have a steep drop in rate below 2keV,..
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Figure 2.12: DAMA /LIBRA energy spectrum for two crystals from 20-80keV.., from [41],
along with their fit with a Monte Carlo of the background from 2T and ?!°Pb (the solid
colored lines). The sharp rise in the spectra at around 40keV,. is due to 2!°Pb and 1.
The rate below 30keV,, is significantly lower than the average values from 6-10keV,.. Ei-
ther these crystals have atypically low backgrounds compared with the others, or the flat
background drops significantly between 10 and 20keV,,, yet is flat below 10keV,, and from
20-30keV,,.

2.3.2 Simulating the DAMA /LIBRA background spectrum

In order to better understand the DAMA /LIBRA spectrum and the ability of Monte
Carlo to simulate backgrounds for Nal(Tl) dark-matter experiments, a simulation of the
DAMA /LIBRA background spectrum was performed in the same manner as described in
Section [5.4 A previous attempt to simulate the DAMA/LIBRA energy spectrum by [44]
used an old version of the Geant4 simulation software (4.9.2) to perform their background
studies of DAMA /LIBRA. This version has known issues with energy conservation at the
keV level. The simulations of the DAMA/LIBRA detector backgrounds described here were
performed with the newest version of Geant4 (4.10.01). There are two main differences
between the new simulations with respect to those in [44]. The first is the way Geant4
handles atomic relaxation. In 4.9.2, Geant randomly generated Auger-electron and X-ray

energy values from a table. If the excited-state energy is greater than the emitted radiation,
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Figure 2.13: DAMA « spectra at high energies, used to determine 23*U and 23>Th concen-
trations in the crystals, from [41]

the remaining energy is deposited locally in order to conserve energy. The newest version of
Geant4 simulates the entire cascade, including fluorescence, particle-induced X-ray emission
(PIXE), and Auger-electron emission, but only keeps track of the original hole in simulating
the cascade, thus not conserving energy. The code was altered to track all holes generated
with an std::vector, thus conserving energy.

The second difference can be found in how Geant4 handles the decay of 2?Ra, a 3-emitter
that is especially relevant to the ?*2Th chain. In this decay, ?®Ra decays to an excited state of
228 Ac, the lowest of which is around 6 keV. The resultant de-excitation of the nucleus should
contribute to the energy deposited in the crystal. In previous simulations, the 232Th spectrum
produced a steadily rising background with energy, whereas for the new simulations, the

rate is non-existent below 6 keV.., matching better with physical expectations. The new

60



>
?]
LY A
=10 NAIAD
o] - ) 4 N A A A A A
c -
170} " ]
~Nd -
=
> - ° DAMA/Nal
a

@ 0o°°°°oooooooOooo00000000000
8 3 ..O ..o

| g [}
E 1 r " 8:)00. .:=I11'00000000'°..'....
- : " DAMA/LIBRA
= i "
o
> L
= i .

LIBRA-WIMPs

1
10

LI B R |

vl b by by Iy by s by s b a s laaay

0O 1 2 3 4 5 6 7 8 9 10
Energy, keV
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IAD Nal(T1) detector spectrum in blue. The steep drop in the space for the inferred
DAMA /LIBRA backgrounds around 2keV.. shows how it is difficult to account for the
DAMA backgrounds in a typical WIMP picture. Plot from [44].
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spectrum can help to mitigate the problem wherein the background spectrum must decrease
below 6 keV,, in order to make room for a WIMP signal, but only if backgrounds from 232Th
are high.

The DAMA /LIBRA detector was simulated using the detector geometry described in [41].
DAMA does not publish all of the details for their apparatus, however, so some details like the
thickness of the copper enclosures had to be assumed. For this simulation, a 2-mm thickness
was used. Furthermore, DAMA expresses that the contamination varies widely from crystal
to crystal. If the crystals have very different contamination levels, it matters where they
are in the array. In addition, the contaminants probably also vary within the crystal, since
contaminants are generally segregated during the crystal-growth process. In the absence
of any of this information from DAMA, this simulation assumes a uniform distribution of
contaminants throughout the crystal volume and between crystals. This means that surface
background effects were not taken into account.

Based on v-counting measurements and measurements of the « spectra from their detec-
tors, DAMA reports that the 2*2Th chain is in secular equilibrium, but the ?**U chain is not.
Given, however, that the 233U chain produces a featureless background at energies below
10keV,., and because DAMA reports a background-level range for 2**U assuming secular
equilibrium as “a first approximation,” [41] this simulation assumes secular equilibrium for
both chains. Backgrounds were simulated in the DAMA crystals, the Suprasil light-guides,
the PMTs, the copper enclosures (including the shield around the PMTs), and the exter-
nal v-ray background from the LNGS rock. Individual isotopes in the crystal are shown in
Figures and 2.16, The former shows the traditionally considered isotopes of “°K, 233U,
232Th, and 3" Rb, while the latter shows the other isotopes reported by DAMA. The total
crystal background with and without backgrounds for which only limits were reported is
shown in Figure 2.17] forming an upper and lower limit for the DAMA crystal background
rate. The individual and total backgrounds for the fused-silica light-guides using the limits
reported by DAMA are shown in Figures and [2.19] respectively. The individual and
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total PMT backgrounds for the DAMA ETL PMTs are shown in Figures[2.20/and while
the individual and total enclosure backgrounds at the limits reported by DAMA are shown
in Figures and [2.23 A limit for the external v background from the LNGS concrete
wall of <0.004 cpd/kg/keV,, from 0-10keV was achieved in the simulation. No events in
this energy range were observed. Finally, upper and lower limits of the total DAMA /LIBRA
simulated background spectrum, along with the DAMA /LIBRA single-hit spectrum, are
shown in Figure [2.24] with their reported values.

One key background that can be fit to the data in the 1-10-keV,.. energy region is
the 3-keV,, signature from “°K. DAMA claims that the signal is partially rejected by the
rejection of multi-hit events. This simulation confirmed that this technique does diminish
the 4°K crystal background somewhat; assuming a uniform “°K background in the crystals,
a rejection power of 58% was observed, as shown in Figure Like in [44], it was observed
that the DAMA quoted "®K value of 13 ppb did not fit well with the observed peak in the
spectrum (see Figure . A fit allowing the crystal radioactivity values to move over the
range 1.5-5.5keV,. gave a best-fit value of 23.2 ppb for "*K, similar to the value reported
by [44]. This value, along with other best-fit values, is shown with the DAMA/LIBRA
spectrum in Figure [2.26]

The radioactivity limits reported by DAMA for a few of their backgrounds, particularly
8TRb and 3H, would constitute a large portion of their signal if the values were at the reported
limit, as shown in Figure . The 3H background is particularly interesting, given that
3H decays with a 100% branching ratio by 8~ decay with an endpoint energy of 18.6keV.
DAMA does not report their average spectrum above 10keV.., but they do show the spectra
for two of their crystals in the 20-80keV,, range, as shown in Figure 2.12] There, the flat
background appears to be half of their average flat background from 6-10keV... If the
background in these two crystals is typical, a *H background close to the reported limit
could explain the difference between the ~1cpd/kg/keV,. flat background below 10keV,.
and the ~0.5cpd/kg/keV,. background above 20keV... A 3H background of 90 uBq/kg
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would produce an observed difference of 0.34 cpd /kg/keV... A best-fit to the flat part of the
spectrum between 6-10keV,, predicts a *H background of around 40.3 uBq/kg, which is too
low to produce the observed rate difference, though given the poor quality of the fit, the
uncertainty on this value is very high.

The slight positive slope of the featureless background is also of concern. DAMA’s flat
part of the spectrum rises from 6 to 10keV,.. The crystal backgrounds, which are dominant
at the values reported, all fall over this energy region. The PMT, light-guide, and enclosure
backgrounds, by contrast, rise over this region. The conflict is especially notable if the *H
background is high. The rise in rate from 6-10keV,. could suggest a higher background
from the PMTs, light-guides, and enclosures than what is reported by DAMA.

In addition to the shape of the flat region, it is difficult to fit the 6-10keV,. region
while also leaving room for a WIMP signal at low energies. If the 22Th background, which
disappears below 5keV,., constitutes a large part of the signal, there may be room for a
WIMP signal, but at the levels reported by DAMA, the 2*2Th background only constitutes
~3% of the total rate.

To better quantify the backgrounds, an attempt was made to fit to the spectrum. In
these fits, the adjustable parameter was the scale of the simulated spectra for each individ-
ual background. The “°K background was fit in the 1.5-5.5keV,. window, allowing other
backgrounds to vary along with an exponentially decaying WIMP spectrum, since the WIMP
signal was expected to appear in this region. A least-x? method was used, allowing all of
the backgrounds in Table to vary, with the exception of those marked “fixed.” This fit
was solely to find a best-fit value for the *°K peak. The “°K concentration matched 23.2 ppb
better than the reported 13 ppb; a similar value of 20 ppb was found in [44].

The other backgrounds were then fit in the 6-10keV,. region with no WIMP value,
holding the %K concentration fixed at the best-fit value from the previous fit. The quality
of the fit was very poor, in part because of the rise in the DAMA signal rate with energy

in the 6-10keV,, interval that is not seen in the simulated component backgrounds. The
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results of the fit are nevertheless summarized in Table[2.5] In order to achieve a background
level at the rate seen in the 6-10keV,, window, most of the backgrounds had to be added
at their upper limits, suggesting that there may be unaccounted-for backgrounds that were
not mentioned in [41].

An attempt was also made to calculate a WIMP energy spectrum by subtracting the
simulated backgrounds from the DAMA data. The residual WIMP spectrum was generated
both for DAMA’s reported values (the upper and lower limits) and for the best-fit values
in Table 2.5] This was done to evaluate the potential total WIMP rate and the shape of
the WIMP spectrum that is allowed given the simulated DAMA backgrounds. The results

are shown in Figures 2.24] and 2.26] The residual spectrum highlights some of the previ-

ously mentioned problems—in particular, the residual WIMP signal rises with energy above
6 keV,.. This behavior does not match the observed modulation amplitude as a function of
energy, nor the expectations for a WIMP signal. Additionally, the best-fit WIMP residual
spectrum doesn’t allow much room for a WIMP in the 2-6keV,. region if the spectrum is
fit in the 6-10keV . region.

The challenges presented by the characteristics of the DAMA /LIBRA single-hit spec-
trum are difficult to overcome. A good fit for the DAMA /LIBRA singles spectrum cannot
be obtained without more information about the contamination levels in their detector com-
ponents. A release of the spectra for each crystal at all energies, or better estimates of the
backgrounds with more sensitive limits, are necessary to calculate an expected background
spectrum. In addition, there may be some issues with the way that Geant4 handles energy
deposits at the keV-level, which will be further elucidated in Section [5.4l In addition to the
additional information needed from the DAMA collaboration, further work will need to be

done to verify the behavior of the Monte Carlo simulations at these low energies.
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Table 2.5: Background levels used in the simulation of the DAMA single-hit energy spectrum.
The values in parentheses in the third column were the values used as an “average” for the
windows reported by DAMA. The values in the fourth column were fit in the 6-10keV,,
region and allowed to vary within the ranges given by DAMA, except where noted. In the
fit, most of the backgrounds went to the upper limit that was imposed. %K in the crystal was
fit to the 3-keV,, feature in a window from 1.5-5.5keV,,; the error shown is the statistical
error from the fit only. Overall, the x? from the fit was very poor. The fact that most of the

parameters fell at the limit also makes the fit suspect.

Background | Isotope | DAMA reported Best fit
volume radioactivity value
crystal 40K 13 ppb ™K 23.2ppb =+ 0.6 "*K
crystal 232Th | 0.5-7.5ppt (3ppt) 7.5 ppt
crystal 338U 0.7-10 ppt (5 ppt) 10 ppt
crystal 8TRb <0.35ppb 0.35ppb
crystal 20py 5-20 uBq/kg 20 uBq/kg
crystal S5Kr <10 uBq/kg 10 uBq/kg
crystal 1297 1 0.17x 107121297 /nat] (fixed)
crystal 2Na <10 uBq/kg 10 uBq/kg
crystal #Na <0.26 uBq/kg 0.036 uBq/kg
crystal SH <90 uBq/kg 40.3 uBq/kg

pmt WK 1.9Bq/kg (fixed)
pmt 232Th 0.12Bq/kg (fixed)
pmt 2387y 0.37Bq/kg (fixed)

light guide 40K <1.3 ppm "*K 1.3 ppm "**K

light guide | 232Th <2ppb 2.0 ppb

light guide | 2%U <1ppb 1.0 ppb
copper 40K <600 ppb "K 600 ppb "*K
copper 232Th <1ppb 1 ppb
copper 38U <500 ppt 500 ppt
copper Co unreported 1 mBq/kg (upper limit)
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Figure 2.15: Simulated crystal backgrounds from “°K (Top left, 13ppb), 23U (Top right,
5ppt), 23?Th (Bottom left, 3ppt), and 3" Rb (Bottom right, 0.35ppb). The values for *°K,
2387, and %32Th are representative of the DAMA /LIBRA reported averages, while 8"Rb was
simulated at the reported limit. The 23¥U and 2*?Th chains were assumed to be in secular
equilibrium.
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Figure 2.16: Simulated backgrounds from other individual isotopes in the DAMA crystals.
(Top left) 21°Pb, 10 uBq/kg; (Top right) 3H, 90 uBq/kg; (Center left) 2T, 0.14 ppt; (Center
right) *Na, 10 uBq/kg; (Bottom left) *Na, 0.26 uBq/kg; (Bottom right) ®Kr, 10 uBq/kg.
The reported concentrations of 2'°Pb and '?°1 were used, while all other backgrounds were
simulated at their reported limits.
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Figure 2.17: Simulated total backgrounds from the DAMA crystals, using DAMA reported
values and limits. The red curve includes all backgrounds, even those for which only limits
are reported. The orange curve ignores those backgrounds for which only limits are reported.
The actual spectrum should be somewhere between these two curves.

69



“K background from the light guide, 1.3 ppm™K 38U background from the light guide, 1 ppb
~y 0016 ~ F -
£t T
L 0.014 L)
io il 3
< 00120 } | M | a{ | }h N HH & B A '
B0 [1 d |NHHM N HN‘ ‘H B oaf ! 5
g o0 | M W w W M } MH H HH ) g ] \
3 o008, HWW M wwm w | | | 3 0% f‘" Y
) 0006 |WHH| I = oos; ! ",
TR Mh F e w«“l " i
0.004]; W” 0'045 e a "
002 it
0'0027‘ P ERR I Ll L Of“m L. Ll Cl
0 5 10 5 20Energ§fs (keVejo 0 5 10 15 20Energ§]5 (keVejo
22p background from the light guide, 2 ppb
~ 3 @
S T
% 0.05 ;‘,‘ *“%
C A
g omaf w.”ﬁ %4%‘
2 ool / %‘W
=4 A E w’w W‘““mm,wwm iy
" 3 M.*""W“‘W«WM
0,01 ™
o L. N B B
0 5 10 15 20Energ§'5 (keVejo

Figure 2.18: Simulated backgrounds from individual isotopes in the DAMA /LIBRA fused-
silica light-guides. (Top left) "*K, 1.3ppm; (Top right) 23*U, 1.0 ppb; (Bottom) 232Th,
2.0 ppb.
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Figure 2.19: Simulated total backgrounds from the DAMA fused-silica light-guides, using
the limits from [41].
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ities reported in [46].
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Figure 2.23: Simulated backgrounds from the DAMA/LIBRA copper enclosures at the re-
ported limits for 4°K, 238U, and 232Th. Because the ®*Co background was not reported by
DAMA, it is not included in this spectrum.
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Figure 2.24: Simulated DAMA/LIBRA single-hit spectrum with DAMA /LIBRA reported
radioactivity values. The red curve shows the values at the reported limits, while the blue
curve ignores backgrounds reported as limits. The purple and green curves show the residual
spectrum that would be attributable to WIMPs for the upper and lower-limit backgrounds,
respectively. The residual spectrum for WIMPs does not follow an exponentially decreas-
ing curve from 2-10keV,. as would be expected, but rather increases with energy from

6-10keVe,.
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Figure 2.25: The simulation multi-hit rejection power of *°K in the crystals for 13 ppb of
natK In this simulation, the rejection power by multi-hit rejection was simulated to be 58%.
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Figure 2.26: Simulated DAMA /LIBRA single-hit spectrum with best-fit radioactivity values.
The *°K contamination was fit over the 1.5-5.5keV,, range, while the other backgrounds were
fit between 6 and 10 keV,,.. The "™K concentration was simulated to be ~23 ppb rather than
the reported 13. These values leave no room for a WIMP signal above 2keV,..
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2.3.3 The Phase

The expected phase of the dark matter signal peaks on June 1. The DAMA /LIBRA peak
occurs on May 16 (7 days) in their 2- to 4-keV . energy window, which is nearly two weeks
earlier [39]. The difference in the phases has not been addressed by DAMA, who claim that
the discrepancy is within errors.

The phase difference can be resolved by a number of effects, including gravitational
focusing. This phenomenon would not affect a low-mass WIMP, but for a larger mass like
80 GeV, gravitational focusing can shift the peak earlier, to May 22, 21, and 19 in the energy
ranges 2-6, 2-5, and 2-4keV,., respectively, using DAMA’s quenching factor values [34].
This increase in the peak time with increasing energy is consistent with the slight differences
in phase observed by DAMA in the different energy windows, as shown in Table 2.1} As can
be seen in Figure 2.2} the effect of gravitational focusing on the modulation in NaI(Tl) could

be tested by looking at lower threshold energies.

2.3.4 The modulation amplitude

Another unexpected behavior of the DAMA data is the apparent decreasing of the
modulation amplitude with time. In the original DAMA data gathered from 1995-
2001, the published modulation amplitude in the 2- to 6-keV.. bin was reported to be
0.0200£0.0032 cpd/kg/keVee. In the first DAMA/LIBRA data from phase 1 (2003-2007)
the modulation amplitude in this energy region became 0.010740.0019 cpd/kg/keV.,.
The results from phase 2 (2007-2009) can be calculated to be even lower, at around
0.00854+0.0022 cpd /kg/keV,. [52]. The difference in modulation amplitude between the
initial results and the results from phase 2 is greater than 4o. This trend is also the case
for the 2-4- and 2-5-keV,, bins [52]. This steady decrease in the modulation amplitude
is a troubling signature that is not expected for a uniform (on local scales) dark-matter

distribution.
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2.3.5 The nuclear quenching factor and the channeling effect

The quenching factor is essential to determining the energy scale of nuclear-recoil events,
and is therefore a major factor in determining the preferred dark-matter parameters and
comparing experimental results with different targets. A lower quenching factor pushes the
parameter space regions to higher cross sections and higher masses, which can increase the
tension of DAMA /LIBRA with other experiments, as will be discussed in later chapters.

DAMA measured the quenching factor in their crystals by fitting a Monte Carlo simula-
tion to the spectrum of single-scattering neutron events from a 2°2Cf source. They assumed
an energy-independent quenching factor, obtaining the values of 0.3 for sodium and 0.09 for
iodine [53]. In this measurement, DAMA used a crystal with the same thallium concentration
and growing procedure as the crystals used in DAMA /LIBRA.

Later measurements of the quenching effect in Na suggest that the quenching factor is
both energy dependent and lower than the DAMA values [54], 55, [1]. However, DAMA claims
that different crystals will have different quenching factors, depending on the concentration
of dopants, contaminants, and differing growth procedures [39] and continues to use their
energy-independent measured values. A new, more accurate measurement of the Na quench-
ing factor performed by the SABRE collaboration is described in Chapters [6H3], and the
implications for DAMA and the dark-matter picture are discussed.

It has been hypothesized that nuclear recoils aligned with the crystal lattice structure
would experience no ionization quenching. This is called the channeling effect. A channeling
effect would push the DAMA /LIBRA parameter-space regions downward in cross-section,
potentially mitigating the conflict between DAMA /LIBRA and null experiments. This effect

has not been observed, however [54], [1].

2.3.6 Conflicting WIMP measurements

In addition to the concerns about the DAMA /LIBRA data mentioned above, DAMA /LIBRA

is the only dark-matter direct-detection experiment to claim a discovery of dark matter.
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Some other experiments have obtained null results that exclude the DAMA region of inter-
est, especially in the higher-mass region. However, DAMA /LIBRA’s Na target has a high
sensitivity to low-mass WIMPs that other, heavier detectors have not achieved. In addition,
the low-mass WIMP is attractive because of its higher sensitivity to the tail of the velocity
distribution, which would allow for a larger modulation fraction, and therefore a lower total
rate. As other experiments have become sensitive to the high-mass region favored by DAMA,
discussion of reconciling DAMA with null experiments has focused on these light WIMPs of
around 10 GeV in mass.

In 2011-2013, several experiments began to see signals that were in agreement with
light WIMPs, and in certain models, with DAMA. These experiments, combined with null
results from others, generated a strong interest in further study of the light-WIMP region
of parameter space. Since then, some of the evidence for light WIMPs has become weaker,
but there is still some interest in this region as a potential area in which the DAMA /LIBRA
result can remain valid. The results from other direct-detection experiments relevant to

DAMA and the light-WIMP picture are summarized below.

CoGeNT

Coherent Germanium Neutrino Technology (CoGenT) is a p-type point-contact (PPC) high-
purity germanium detector that measures the ionization charge of small energy deposits in
the detector (energy threshold 0.5keV..). Because of its low energy threshold, it is sensitive
to light WIMPs and has been observing a modulation in the 0.5-3keV,. range with a high
modulation fraction, a peak time of t = 97 + 20days, and a period consistent with one
year [50, 57]. This modulation signal, shown in Figure [2.27] is commensurate with a 13-
GeV WIMP and occurs at a lower cross section compared with DAMA. Initial reports of
a modulation in excess of 20 have been later revised to a more modest 1.7¢0 [57]. The
WIMP parameter-space region associated with this modulation is shown in Figure 2.32 In

addition to the modulation signal, CoGeNT reports an excess of events in the total rate at
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low energies (0.5-2keV..) with an exponentially-decaying energy spectrum, as is expected
of WIMP dark matter. This excess is also consistent with a WIMP with low mass [52].
However, there are some procedural complications that introduce some uncertainty in the
CoGeNT results. In the processing of the data, CoGeNT uses a rise-time cut on the pulse
shapes to eliminate surface events, which are known to have incomplete charge collection.
At the energies where the excess is reported, the rise-time of surface and bulk events overlap
and are difficult to separate, as can be seen in Figure 2.28 In addition, CDMS-Ge has
a similar sensitivity to CoGeNT but does not see a modulation [52]. Finally, the PPC
germanium detector, MALBEK, does not see a modulation, though their sensitivity has
not yet reached the CoGeNT 2014 region [?], and Collar further argues that MALBEK’s
sensitivity may be further reduced, claiming that their surface-background rejection ability

is overestimated [5§].

CRESST

The Cryogenic Rare-Event Search with Superconducting Thermometers (CRESST) is a cryo-
genic dark-matter detector looking for scintillation and phonon signals from WIMP elastic
scattering in their CaWOQ, crystals. CRESST initially reported an excess over background
in their phase-1 detectors of CRESST-II which were consistent with light WIMPs [59] (see

Figure [2.32)). A later detector upgrade ruled out most of this region at low WIMP mass [60].

CDMS-Si

The Cryogenic Dark Matter Search (CDMS) uses semiconductor detectors at 40-mK tem-
peratures to search for phonons and ionization signatures from WIMP interactions. In 2013,
CDMS-Si announced a residual signal of 3 events that passed their background cuts, shown
in Figures and [2.30, which was in excess of their expected background of 0.7 events.

They reported that these signals have a 5.4% chance of being due to background. Of interest
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Figure 2.27: Annual modulation observed by the CoGeNT experiment. Solid lines are
fits where the modulation period was constrained to one year, while dotted lines represent
unconstrained fits. The modulation compatible with WIMPs is only found in bulk events at
the energies where the CoGeNT excess is seen (0.5-2keV..). The modulation is slightly out
of phase with the DAMA /LIBRA modulation, whose maxima locations are indicated with
arrows. Figure from [56].
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Figure 2.29: (Top) Ionization yield vs. recoil energy in the CDMS-Si detectors. The top
plot shows events that pass all cuts except for a phonon timing cut shown in Figure [2.30]
while the bottom plot shows events passing all cuts. The black lines outline the nuclear-
recoil region from calibrations. The grey band is the charge threshold of their detector. The
population of electron recoils have an ionization yield near 1. The three events near the grey
band are in excess of the expected background. Figure from [61].

to DAMA is that the signal region has a best fit with a WIMP spin-independent interaction
where the WIMP mass is 8.6 GeV and WIMP-nucleon cross section is 1.9 x 10~ cm? [61].

There are a number of factors that weaken this result. First, it is notable that the
three anomalous events are very close to the CDMS-Si charge threshold. In addition, a
separate paper published by the CDMS collaboration showed no candidate WIMP events
for a separate run with an expectation value of 1.1 background events. Finally, the CDMS-
Ge detectors also see no candidate signals, and most of the CDMS-Si region of interest is

excluded by the germanium results [62].
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Figure 2.30: Events in the CDMS-Si detector showing the ionization yield (y axis) and the
timing parameter (z axis) used for the cut that distinguishes the top and bottom plot in
Figure [2.29] The populations are colored in the three different energy bands in Figure [2.29
The green and red histograms are the timing and ionization profiles of calibration sources

for surface events (red) and nuclear recoils (green). The three anomalous events are shown
in the black box. Figure from [61].
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Xenon experiments

The LUX null results are currently the most sensitive published limits from liquid noble
detectors. LUX is a liquid-xenon, two-phase time-projection chamber (TPC) that observes
a primary scintillation signal (S1) and a secondary ionization signal (S2), the latter of which
comes from electroluminescence in a gas layer at the top of the chamber that occurs after
electrons are drifted to the surface with an electric field. In 2013, LUX published first
results on an 85-day exposure of their 118-kg fiducial volume. After applying cuts on the
ionization-to-scintillation ratio (S2/S1) and event energy (proportional to S1), LUX saw 160
events between 2 and 30 photoelectrons, shown in the red bands in Figure [2.31] which they
mostly attribute to electron-recoil background. They set an upper limit on possible WIMP
events in this energy region between 2.4 and 5.3 events, depending on the WIMP mass
assumed. Based on this limit, LUX has set the most sensitive limits on the WIMP-nucleon
spin-independent cross section to-date in the high-mass region.

Based on their null results, LUX claims to completely rule out the regions of inter-
est for all of the experiments observing light-WIMP-like signals [63] [64] (see Figure [2.32).
The XENON-10 and XENON-100 experiments have also set limits conflicting with the
DAMA dark-matter claim, as well as other experiments observing potential light-WIMP
signals [65, [66]. However, it is important to note that heavy targets like Xe may not be
as sensitive to light WIMPs, since vy o< v/M for a given threshold energy. Xenon-based
experiments are potentially sensitive only to the high-velocity tail of the WIMP velocity
distribution. Uncertainties in the escape velocity of the galaxy have a substantial effect on
the sensitivity to low-mass WIMPs [67]. In addition, there is some uncertainty about the
sensitivity to light WIMPs that is a result of the non-linear scintillation response of liquid
xenon to nuclear recoils, L.rs. Separate measurements of this important factor have not
reached concordance at low energies [68]. Furthermore, because of the spread in the energy
resolution, the detector may be sensitive to dark-matter recoils below the energy threshold,
where L s is unknown and must be extrapolated [68]. The uncertainty in this factor can
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Figure 2.31: Events in the LUX detector during their initial 85-day exposure, after cuts.
The x axis is the amount of light in photoelectrons collected in the initial scintillation signal,
S1. The y axis is the ratio of secondary scintillation light from the ionization signal, S2, and
the initial scintillation signal, S1. The nuclear-recoil band determined from calibrations is
shown in red, while the region for electron recoils is shown in blue. A light-yield cut used by
LUX is shown in the cyan vertical lines. The corresponding event energy contours are shown
in gray in units of keV,,., or nuclear-recoil-equivalent energy. The events in the red region
are consistent with leakage of electron recoils into the nuclear-recoil band. Figure from [63].

lead to substantial uncertainty in the sensitivity of liquid-xenon detectors to WIMPs with
low mass. Finally, if dark-matter is isospin-violating, the relative coupling between the dark

matter and protons vs. neutrons can cause destructive interference that would make xenon

much less sensitive to dark-matter interactions [69)].

Bubble chamber detectors

Several experiments, such as Picasso [70], SIMPLE [71], and COUPP [72], have attempted
to search for dark matter by superheating fluids and observing turbulance events that occur
when energy deposited by incident radiation causes the nucleation of a bubble. These ex-

periments are especially sensitive to light WIMPs because of their use of low-mass elements
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like fluorine in the target material. All three experiments have set limits that conflict with

DAMA for many dark-matter models.

KIMS

The KIMS experiment [73] is a CsI(T1) detector array similar to the DAMA /LIBRA experi-
ment with ~100 kg of target material. They recently published null results that conflict with
much of the DAMA low-mass region of interest [73], as well as the high-mass region [74].
This experiment is of particular note because it shares a target with DAMA /LIBRA (iodine),
and is therefore directly comparable with DAMA for the high-mass region if the quenching
factors in CsI(T1) and Nal(Tl) are the same. KIMS utilized pulse-shape discrimination
methods to isolate the nuclear-recoil signals, observing a nuclear-recoil rate smaller than
DAMA/LIBRA’s modulation rate. Their low rate is incompatible with inelastic dark-matter
models that enhance the modulation fraction, which are sometimes used to explain the

apparent high modulation fraction observed by DAMA.

It is important to note that comparisons between experiments with different target mate-
rials necessarily depend on assumptions about the WIMP-nucleon interaction, form factors,
and the halo model. Therefore, none of the null experiments mentioned above can provide
a hard exclusion of the DAMA/LIBRA modulation result. In addition, no other experi-
ment has performed any modulation search with the sensitivity of DAMA/LIBRA. Other
experiments rely on a measurement of the total dark-matter interaction rate by applying
stringent cuts on background. This difference in approach introduces dependencies on the
dark-matter model that can make comparing these experiments difficult. Finally, no exper-
iment has been conducted with Nal that has reached the sensitivity of DAMA /LIBRA. As
will be discussed, there are still some models that can reconcile the DAMA /LIBRA data

with other null results.
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Figure 2.32: WIMP parameter-space regions and exclusion curves in the light-WIMP region.
The CRESST collaboration has recently claimed that their region is not supported by current
data. The most sensitive exclusion curve comes from the LUX experiment, which claims to
rule out light WIMPs altogether. Figure adapted from [64].

2.3.7 Possible explanations for the DAMA /LIBRA modulation

and potential resolutions to the conflict

A number of potential non-WIMP explanations of the DAMA /LIBRA signal have been sug-
gested, as well as a number of dark-matter models that could reconcile the conflict between
DAMA and other null results. None of the non-WIMP explanations are truly satisfactory,
and the dark-matter models are untested given current observations. The uncertainties in
understanding the DAMA /LIBRA signal, along with the lack of a satisfying explanation for
the conflict, presents a strong need for an independent test of the DAMA /LIBRA experiment

with a new Nal(T1) detector.
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Cosmic ray muons

Cosmic ray muons (1) can penetrate deep into the earth’s surface and interact directly with
a dark-matter experiment, or they can interact in the surrounding environment or shielding
materials, producing secondary particles like neutrons and ~s. The muon flux at LNGS has
been measured by the Borexino experiment to be (3.41 4 0.01) x 10~*m~2s™! [75]. Other
experiments have also measured the muon flux in LNGS [76].

The muon flux exhibits an annual modulation as a function of temperature, which has
been measured by [75], among others. In warmer temperatures, the Earth’s atmosphere is
less dense, allowing more pions and kaons from cosmic-ray interactions with the upper atmo-
sphere to decay to highly energetic muons that can penetrate to the depth of DAMA /LIBRA.
The muon flux exhibits a phase with a maximum which has been measured to be in late
June/early July. The recent measurement from [75] places this maximum on the 28th of
June (46 days). Because this date is close to the expected dark-matter modulation peak
(June 2nd), cosmic-ray muons and their interaction products are often proposed to be a
potential source of a false dark-matter modulation signal [77, [7§].

A direct signal from muon events in the crystals would not explain the DAMA signal well,
since muons deposit high energies. The muon modulation should appear at higher energies
and in the multi-hit events as well as the DAMA/LIBRA modulation region. However,
Nygren puts forward a hypothesis in [78] that not all energy from the muons goes directly to
scintillation. Rather, some of the energy could be stored for later release in the low energy
(<10keV,,) region as fluorescence, which would only appear in one crystal at a time. Nygren
argues that the phase and modulation are consistent within errors with the DAMA/LIBRA
modulation and that the solid-state effects in Nal(Tl) are not well known, making this
mechanism a possible explanation of the DAMA /LIBRA modulation.

Others have proposed that while muon-induced events in the crystals may be high in
energy, nuclear recoils may result from neutrons being released from shielding and detector
materials when a muon interacts in these materials. These neutron events could masquerade
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as WIMP signals in the crystals. DAMA measured the flux of neutrons in the detector by
measuring the activation of 2*Na in their crystals, and conclude that the flux of neutrons is
several orders of magnitude too small to mimic their signal [76].

There are some general problems with using the muon-flux modulation as a direct or in-
direct explanation of the DAMA signal. The muon fractional modulation has been measured
to be 1.3-1.5% [79]. Because the DAMA/LIBRA modulation is ~2% of their total signal
at some energies, any effect due to muons would necessitate that muons make up most of
the DAMA spectrum. This would mean little background below 6keV,.. It is difficult to
reconcile the need for such a low background rate and the ~1cpd/kg/keV,, rate between
6 and 10keV,., since backgrounds are expected to have a mostly constant spectrum below
10keV,.. Also, according to simulations, the background levels quoted by DAMA produce a
larger background rate below 6 keV,.. than would allow for such a small fractional modula-
tion. The comparison of the modulation to the total rate worsens at lower energies between
2 and 3keV,.. [79] concludes that the total rate would have to be 1.4 cpd/kg/keV,, in order
to accommodate a muon fluctuation. Finally, DAMA estimates that the muon flux in their
experiment is 2.5 u/day [76]. In order to produce the effect Nygren describes, each muon
would be responsible for hundreds of signals. The poisson fluctuations in the rate would
therefore be higher than expected for scintillation events each caused by a different physical

energy deposition. DAMA claims that such a fluctuation in the statistics is not observed [76].

Alternate dark-matter models

The DAMA /LIBRA parameter-space region of interest for the standard WIMP picture has
been ruled out by a number of experiments. However, the simplicity of the standard WIMP
picture is the typical motivation for its use in comparing experimental results. In reality,
the characteristics of dark matter are unknown. Dark matter could consist of multiple

particles that may even self-interact. The coupling mechanism between dark matter and
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baryonic matter is also unknown. There are several existing dark-matter models that could
be consistent with the results of DAMA /LIBRA and other null experiments.

Self-interacting dark matter can interact by exchanging a kinetically-mixed photon, form-
ing bound states. These kinetically-mixed photons can transition between a dark photonﬁ
and a normal photon, allowing electronic interactions in a way that can possibly reconcile
DAMA with experiments that reject electron recoils [80]. There are a number of different
models surrounding this idea. A recent example is [81], where it is proposed that several
different species of dark matter form bound states called dark anti-atoms that bind to heavy
nuclei. In DAMA’s case, this would be the T1 dopant in the crystals. Other experiment
targets would be light enough that this signal would look like electron recoils or would not
be seen at all.

DAMA claims that dark matter could interact with leptons only, thus producing electron
rather than nuclear recoils [82], or that electron recoils could arise indirectly through the
WIMP interaction with the nucleus [83]. Other experiments eliminate electron-recoil signa-
tures with pulse-shape discrimination and other cuts, and so might miss the signal in this
case.

Dark matter could also contain a small mass-splitting that would allow the dark matter
to transition to a higher (endothermic) or lower (exothermic) energy state when interacting
with a nucleus. The models implementing this mechanism are called inelastic dark-matter
models [84]. This effect can enhance the modulation fraction by making a detector only
sensitive to the upper tail of the velocity distribution [37]. Inelastic models also increase
the sensitivity for heavier targets in the case of endothermic scattering and lighter targets in
exothermic scattering. The vanilla endothermic case is ruled out by experiments with xenon
as the target, which is heavier than iodine [85]. This may be mitigated by taking advantage
of the dipole moment of iodine with a magnetic coupling. This inelastic, magnetic dark

matter can still be consistent with current null results if the iodine quenching factor is small

13 A photon-like particle that does not directly interact electromagnetically with Standard-Model particles
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(0.04 instead of 0.09) [86], a possibility that will be discussed in Chapter [7 The exothermic
inelastic case is in conflict with bubble-chamber experiments [85].

For spin-independent couplings of dark-matter to matter, a commonly held assumption
is that the coupling to the proton (f,) and neutron (f,) are the same. In this case, the
spin-independent cross-section between the dark-matter and a nucleus with atomic number

Z and atomic mass A goes as [9]:

os1 X [Zf,+ (A= 2)f.), (2.6)

which goes as A? for f, ~ f,. However, the dark-matter could be isospin-violating. The
relationship between f, and f,, can be tuned so that the couplings destructively interfere
for xenon. It has been proposed that such a model could reconcile DAMA, CoGeNT, and
the Xenon experiments if f,/f, = —0.7, but the region required for this reconciliation for
elastic scattering is now heavily constrained by indirect-detection experiments and collider
searches [69]. Inelastic, isospin-violating dark matter was analyzed to reconcile the xenon
null results with CDMS-Si, but the relationship required eliminated the DAMA/LIBRA
low-mass best-fit regions [69)].

The coupling could, however, be spin-dependent. In this case, the WIMP would scatter off
an unpaired nucleon, rather than coherently with the entire nucleus. This case would make
detectors with lighter targets comparatively more sensitive than in the spin-independent
case. Some targets have an unpaired neutron while others have an unpaired proton, and
the WIMP-nucleon coupling may be different for protons and neutrons. Depending on the
spin-coupling ratio, Na and I, which have unpaired protons, may be sensitive while others,
like Ge and Xe which have unpaired neutrons, may not. A spin-dependent WIMP coupling
mostly to protons may therefore help with the tension with null results. However, [85]

analyzed this possibility and found that this dark-matter model is heavily constrained by
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Figure 2.33: Spin-response functions of various dark-matter targets, with a spin-angular-
momentum coupling on the left and an orbital-angular-momentum coupling on the right.
The top figures represent the nuclear response for a WIMP coupling to the proton, while
the bottom shows couplings for neutrons. If the underlying WIMP interaction is with the
orbital-angular-momentum operator, but is assumed to be with the spin, a conflict may
appear between experiments where there may be none. Figure from []7]

other experiments such as KIMS, PICASSO, and COUPP, which use fluorine as a target.
This model is only reconcilable if the iodine quenching factor is higher in Nal than in CsI.
It has also been proposed that the cross-section may be dependent on orbital angular
momentum or may be velocity dependent, or some other generalized angular-momentum
dependence [87]. In this scenario, the response may be much greater for Na and I than for
Xe, Ge, and F (see Figure . This example shows how, if misunderstood, the form of the

WIMP-nucleon coupling can produce the appearance of conflict where there may be none.

Other astrophysical models

The SHM is a simple analytical model for the shape and velocity distribution of the WIMP

dark matter halo. However, there is evidence from large-statistic N-body simulations that
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this model may not describe our galactic halo [32]. Because the annual modulation is heavily
dependent on the velocity distribution of dark matter, small changes in the halo model can
make a difference in the expected dark-matter signature.

The shape of the smooth component of the velocity distribution could be different than
the Maxwellian distribution. For example, self-interacting dark-matter models may produce
a dark disk like the disk of the baryonic matter in the Milky Way. The dark matter halo
may also have an oblate or triaxial distribution, with velocity dispersions being directionally
dependent. Such a distribution can change the modulation signature on the order of 10%,
depending on the model [32].

The halo may also have unvirialized components and local structure. Tidal streams of
dark matter, like the one described in [88], can produce a modulation in the dark-matter
rate separate from the one expected from the WIMP wind. This would loosen the phase
requirement of the modulation signal. This modulation due to local structure, depending on
the velocity characteristics of the stream, can be from 2-18% [8§].

However, the uncertainty in the astrophysical model can only do so much to reconcile
experiments with conflicting results. In [89], it is claimed that assuming only a homogeneous
dark-matter distribution on the scale of the ecliptic and the stability of the halo on the scale of
months, the DAMA /LIBRA modulation is excluded by the XENON, SIMPLE, and CDMS
results to high significance for both the standard spin-independent and spin-dependent-

coupled-to-protons cases.

The need for an independent test of DAMA /LIBRA

Because there are so many unknowns concerning the WIMP model, the galactic dark matter
halo, and experimental parameters, comparisons between experiments with different targets
is ultimately not possible; it will be extremely difficult to rule out the DAMA /LIBRA result
in a reliable way. Because of the unresolved conflict between DAMA/LIBRA and other

experiments, and because the declaration of a WIMP discovery should be supported by
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multiple affirmative findings, there is a strong desire in the direct-detection community for
an independent test of DAMA /LIBRA. Because of the uncertainties mentioned above, this

test should use the same target material as DAMA: Nal(Tl).
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Chapter 3

SABRE: An Independent Test of
DAMA /LIBRA

SABRE

Original image for background from ESA/Hubble. Brightness reduced and logo drawn by
Emily Shields.
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3.1 The importance of an independent test of DAMA /LIBRA

In Section [2.3] it was established that the conflict surrounding the DAMA /LIBRA modu-
lation result is an important problem in the field of direct dark-matter detection. However,
uncertainties in the dark-matter model, the halo model, and the detector response itself
makes it impossible to make a model-independent comparison between DAMA /LIBRA and
other experiments with different targets. Furthermore, there is no other Nal(T1) experiment
that has reached the sensitivity of DAMA/LIBRA at this time.

Because of the sheer significance of the DAMA modulation signal, the high purity
achieved in the construction of their apparatus, and hints of light WIMPs from other experi-
ments, the DAMA /LIBRA result cannot be dismissed out-of-hand. For more than a decade,
a large effort has been expended in an attempt to understand the DAMA result and reconcile
it with conflicting experiments. A great deal of speculation has occurred on the authenticity
of their signal as evidence of dark matter. An independent test of DAMA/LIBRA with the

same target is strongly desired by the community so that this issue can be put to rest.

3.2 Qualities of an independent test

Because of the long-standing questions surrounding the DAMA /LIBRA result, an indepen-
dent test of DAMA must be scientifically robust enough to support DAMA or rule it out. It
must also accomplish this in a reasonable time frame, which is a considerable requirement
given that DAMA has been gathering data for over a decade. A new Nal(Tl) experiment
should therefore not simply seek to replicate the DAMA /LIBRA experiment, but to improve
upon it and become a strong direct-detection experiment in its own right. There are several

ways that a new experiment could accomplish this.
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3.2.1 Lowering and understanding backgrounds

DAMA/LIBRA is a very low-background experiment with ample passive shielding and the
purest Nal(T1) crystals currently in existence. Improving upon their backgrounds is therefore
a challenging task. However, it is a worthy goal-—many of the questions surrounding the
DAMA /LIBRA modulation, such as the modulation fractional amplitude and limits on the
total dark-matter rate, can be better known with a lower, well-understood background.
Lowering the background will make a new experiment more sensitive to the total WIMP
rate and will allow an achievement of the same sensitivity to the modulation in a shorter
amount of time.

To lower the background in a new experiment, there should be a strong effort to re-
duce the level of impurities in the detector materials. New crystal purification methods
and development of other low-radioactivity materials will be paramount to a test of the
DAMA /LIBRA result.

Secondly, backgrounds can be reduced by employing active veto techniques, which elim-
inate backgrounds that occur in multiple detectors. DAMA /LIBRA employs this technique
to some degree, but the fact that the rejecting volumes are also fiducial limits this technique’s
effectiveness. The rejection power is comparatively reduced for crystals on the outer portion
of the array, since there is less material tagging outgoing radiation. If a dedicated veto
detector with 47 coverage can be employed for the sole purpose of rejecting backgrounds,
and not as a WIMP target, the ability to reduce backgrounds will be improved for crystals
at the outer edge of the array. The active veto is especially important for the rejection of
the residual *°K background. A schematic of this concept applied to a *°K decay is shown
in Figure|3.1

Finally, backgrounds can be reduced by employing rejection techniques based on the
characteristics of the signal. DAMA /LIBRA does this only to reduce PMT noise, but not
on valid scintillation signals. Nal(T1l) has PSD capability, which can be used to lower the
background. DAMA suggests that such a technique is dangerous, because if WIMPs interact
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Figure 3.1: The active veto concept. Radiation deposits a small energy in the crystal de-
tector, mimicking a dark-matter signal. The original particle or a coincident particle may
escape the crystal detector, but be tagged by the veto detector. In the scheme above, the
veto detector rejects a 9K Auger-electron event by detecting the outgoing 1461-keV + ray.
Other background signals can also be rejected by this technique, as well.

via electron recoils, they would be rejected. However, there is no reason an analysis that can
separate nuclear recoils from electron recoils could not be used to look for a modulation signal
in either channel. If a modulation were found in only one type of interaction, this would
provide more information about the WIMP-matter interaction. Pulse-shape discrimination
can be strengthened by operating the detectors at colder temperatures, where the scintillation
yield and PSD characteristics of Nal(Tl) are enhanced and the PMT noise level is lower [90].
However, the pulse-shape discrimination capability is dependent on photoelectron statistics,
and is currently marginal in the DAMA /LIBRA modulation region. If a detector could
be operated at cryogenic temperatures, it could take advantage of a bolometric signal in
addition to scintillation, as proposed in [91].

An independent test of the DAMA/LIBRA experiment should also try to understand
its backgrounds as completely as possible. This includes measuring the radioactivity of all
detector components with sensitive techniques that can detect impurities at the ppb or even
ppt level, preferably on short time-scales. As part of the research effort, such techniques
may need to be developed. Monte Carlo simulations can be used to predict the background

spectra from various isotopes, which can be calibrated at higher energies where many of
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these backgrounds have distinct features. A thorough understanding of the backgrounds
in a new experiment could help to avoid the current situation for DAMA, where questions
about the shape of energy spectrum and a lack of published data make it difficult to conclude

the veracity of a WIMP signal or to learn more about the WIMP characteristics.

3.2.2 Lowering the energy threshold

The DAMA /LIBRA modulation is very close to their software threshold and a region heav-
ily populated by electronic noise events. DAMA attributes these noise events to fast single
photoelectrons in the PMTs [49]. One way to become more sensitive to the presence of
WIMPs and a modulation signal would be to lower the energy threshold of the experiment.
Lowering the energy threshold is also advantageous because of the signature of the WIMP
modulation. The modulation phase reverses at low energies; the location of this reversal
depends on the WIMP mass [32]. For the DAMA modulation, this phase reversal happens
just below DAMA’s energy threshold for an 80-GeV WIMP, while the light-WIMP modula-
tion continues to increase at lower energies (see Figures and [8.3). Lowering the energy
threshold could help distinguish between the two DAMA regions of interest.

There are several ways to lower the energy threshold. The first method is to reduce
low-energy noise that can obscure legitimate scintillation signals. This can be done by noise-
rejection techniques or by operating the PMTs in a low-noise configuration. The second is
to increase the detector response for a given energy by amplifying signals or increasing the

light yield of the detectors.

3.2.3 A new location

It is an unfortunate coincidence that the expected WIMP-modulation phase corresponds
with temperature fluctuations due to the changing seasons in the Northern hemisphere.

Backgrounds that vary with temperature would reverse phase if a detector was operated in
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the Southern hemisphere. As previously discussed in Section the muon flux also varies
with seasonal temperatures, but can be mitigated by operating a detector at a deeper site.

The Stawell gold mine in Victoria, Australia, is being converted into an underground
laboratory space that could host such an experiment in the Southern hemisphere. The
SNOLab underground laboratory in Sudbury, Canada [92] is 6,000 m.w.e. underground,
much deeper than LNGS. Though SNOLab is located in the same hemisphere as LNGS,
because it is so much deeper underground, any modulation from the cosmic ray background
would be drastically reduced in size. Another possibility is to place the new Nal(Tl) detector
under ice in Antarctica. Placing the detectors under ice would provide a very different set
of radiogenic backgrounds than the Gran Sasso rock. In addition, Antarctica’s location in
the Southern hemisphere can provide a test of the modulation phase. However, the cost

feasibility of this last option is questionable.

3.3 Sodium-iodide with Active Background REjection:

The SABRE experiment

The SABRE (Sodium-iodide with Active Background REjection) experiment is a new
Nal(Tl) experiment seeking to provide a much-needed test of the DAMA/LIBRA mod-
ulation result. Through a multi-pronged approach, SABRE expects to improve upon
DAMA /LIBRA in the ways described in Section , namely to achieve lower backgrounds,
a lower energy threshold, and to maintain the potential for operation at different sites.

The SABRE experiment will consist of an array of Nal(Tl) crystal detectors immersed
in an active liquid-scintillator veto similar to the one developed for the DarkSide-50 experi-
ment [93]. Each crystal detector will consist of a high-purity Nal(Tl) crystal coupled to two
high-purity, high-quantum-efficiency phototubes with an optical-coupling gel. The crystal
will be wrapped in a reflector that will prevent scintillation light from being absorbed before

it reaches the phototubes. The crystal and PMTs will be encased in a copper enclosure.
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The crystal detectors will be immersed in a liquid-scintillator vessel surrounded by passive
shielding and operated in a deep underground site. In its first phase, SABRE will operate
a proof-of-principle experiment that will prove its capability for testing the DAMA /LIBRA
result. This experiment will consist of a small array of ~5-kg high-purity crystals, but later
phases may expand to a larger array. The main efforts of SABRE have focused on the
development of high-purity crystals from high-purity starting materials, low-radioactivity
PMTs with noise-rejection techniques, low-radioactivity enclosures, and the ability to deploy
crystal detectors in a liquid-scintillator veto vessel. In addition, SABRE has also made an
effort to characterize basic detector performance, like the Na scintillation quenching factor.
Despite SABRE’s small mass compared with DAMA /LIBRA, SABRE will be fully capable

of providing a reliable test of the DAMA /LIBRA modulation through these improvements.

3.3.1 Low-background powders and crystals

DAMA/LIBRA and Saint Gobain have a contract prohibiting the sale of Saint Gobain’s
high-purity Nal(T1) crystals to parties other than the DAMA collaboration. It is therefore
necessary for an experiment attempting to test the DAMA result to develop new high-
purity crystals. Impurities in the crystals are the highest source of background for a well-
shielded experiment. Therefore, a primary effort of the SABRE experiment has been to
develop new high-purity crystals with the aim of achieving lower backgrounds than those of
DAMA /LIBRA.

The crystal growth process offers some potential to segregate out impurities. However,
the purity of the final crystal is still dependent on the purity of the starting materials. The
SABRE experiment has made a concerted effort to develop high-purity materials for the
SABRE crystals at every stage of the process. This involves purification of the precursors to
Nal, hydroiodic acid and sodium carbonate. In addition, efforts are being made to further
purify the resultant Nal powder before crystal growth. TII powder, which is mixed with the

Nal powder prior to crystal growth, can also be purified.
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Techniques are being developed to limit the exposure of the crystal material to impurities
during the crystal growth process. The selection of high-purity materials, the development of
effective cleaning procedures, and the development of clean post-processing and packaging
procedures are all necessary to developing crystals with better purity than those used by
DAMA /LIBRA. The efforts to produce high-purity powders and crystals are described in
detail in Sections {.1] and [£.2]

3.3.2 Low-background, low-noise, high-quantum-efficiency PMTs

The PMTs have a large role in the background and the energy threshold of a scintillation-
based dark-matter experiment. The radioactivity of the PMTs can be a problem given
their close proximity to the dark-matter target. In addition, the detector response is highly
dependent on the performance of the PMTs, such as their quantum efficiency and collection
efficiency. SABRE is working to develop PMTs that would allow for a lower-background
experiment with a lower energy threshold than DAMA /LIBRA.

SABRE is continuing the work done by the DarkSide experiment to develop low-
radioactivity materials for the PMTs. The ceramic feedthroughs that insulate the wires
going from the divider board to the dynode chains are a particularly high source of radioac-
tivity. Work is being done to develop high-purity ceramic feedthroughs for existing PMT
types.

The achievable energy threshold of an experiment is directly dependent on the light
yield of the detectors. DAMA /LIBRA protects their crystals from the radioactivity of their
phototubes by separating them with a 10-cm light-guide and packaging the PMT in a copper
shield that blocks some of the PMT radiation from traveling to the crystals. This light-guide
decreases the light collection of the detector by moving the photodetectors further from
the source of the photons. By developing lower-background phototubes, the PMTs can be

coupled directly to the crystal, allowing for better light collection.
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The light collection can also be improved through the use of phototubes with a higher
quantum efficiency. Since the DAMA /LIBRA experiment went online, photocathode mate-
rials like super- and ultra-bialkali photocathodes have been developed with higher quantum
efficiency than the old DAMA phototubes. The Hamamatsu R11065 PMTs developed for the
DarkSide experiment, for example, have a peak quantum efficiency of ~35% [93]. Though
DAMA has installed new, higher quantum-efficiency phototubes in their detector, the cur-
rent published results are based on the data collected with the old PMTs. The use of a
higher-quantum-efficiency phototube will allow for a lower energy threshold than the cur-
rently published data.

Another improvement on the PMTs that can lower the energy threshold is the reduction
of photomultiplier noise. DAMA /LIBRA depends on a coincidence between the two PMTs
and the timing information of the pulses to reduce photomultiplier noise, which has a smaller
time constant than Nal(T1) scintillation events. These techniques cannot be used to eliminate
an effect called dynode-afterglow, however. In dynode afterglow, the dynode of one PMT
can emit light during the electron cascade, which can be detected by another PMT that is
light-coupled to the first PMT, thus producing a false coincidence. At low energies, dynode
afterglow produces a significant background. The development of external amplification for
the signal can allow the PMTs to be operated at a lower voltage, which mitigates the dynode
afterglow effect, as will be described in Section [4.3.2

The SABRE efforts toward the development of low-radioactivity PMTs and low-noise

modes of operation are described in Section 4.3

3.3.3 Low background enclosures with high light yield

The enclosures are a source of background due to their close proximity to the crystals. Re-
flectors, optical couplings, supports for the crystal and PMTs, and the enclosures themselves
should be selected from high-purity materials. DAMA encloses their crystals in OFHC cop-

per containers, which are traditionally low in radioactivity. However, the radiopurity of the
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enclosures can be further improved by developing thin enclosures by electroforming. Efforts
along these lines are described in Section

The enclosure design determines the light yield of the detectors. The optical properties of
the reflector and the optical coupling in particular determine the achievable light collection.
The overall size of the crystals also has an effect on the light yield, with shorter crystals
allowing more light to reach the PMTs. A compromise has to be made, therefore, between
target exposure, which is a direct consequence of crystal size, and energy threshold. The

design considerations of the enclosures in the effort to optimize the light yield is described

in Section [4.4]

3.3.4 Active background rejection with a liquid-scintillator veto

detector

One of the key improvements offered by the SABRE experiment is the ability to actively
reject backgrounds with a liquid-scintillator veto. A similar veto detector was developed
for the DarkSide experiment to reject neutron backgrounds exiting their main detector [94].
SABRE will similarly operate inside a veto detector that will reject a number of backgrounds,
including the 7 ray from “°K decay.

The veto power of the liquid-scintillator detector is primarily determined by its ability to
stop radiation (since stopping the radiation is necessary for its detection) and its light yield.
The ability to stop radiation is determined by the veto detector size and the scintillator type.
A veto detector with an organic scintillator like pseudocumene (PC) or linear alkylbenzene
(LAB) can detect ~95% of ~1MeV ~ rays with 50 cm of depth. With a liquid-scintillator
veto detector of modest size, the background rate from *°K can be reduced by a factor of 10
or more.

The veto detector should also be constructed with radio-pure materials, and be outfitted
with radio-pure PMTs operated with a majority logic, so as not to introduce a heavy dead-

time burden, as would be the case if only one PMT signal were required for a veto. In order
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to maximize the light collection, a reflector should line the surfaces of the vessel, and a fluor
should be used to shift the wavelength of the scintillation light to the primary sensitivity
region of the PMTs. In the design of such a detector, many factors of safety, performance, and
cleanliness are considered and discussed in detail in Section In addition, the possibility
of deploying crystal detector modules in the already-existing DarkSide neutron-veto detector

is discussed in Section (5.2

3.3.5 A deep underground site with potential for relocation

Ideally, a new Nal(T1) detector would be portable such that it can be operated in multiple
underground locations. A detector that can operate at LNGS as well as other, deeper sites
or sites in the Southern hemisphere can test for any systematics inherent to the Gran Sasso
site. Furthermore, a location at a deeper site will have fewer cosmogenic backgrounds. The
acquisition of low-radioactivity shielding of different materials that can block neutrons as
well as v rays can also lower backgrounds in the experiment. SABRE is constructing a
portable veto detector that can be relocated at several different sites, including SNOLab
and the Stawell gold mine and is acquiring passive shielding to further reduce backgrounds

from external radiation.

3.3.6 Understanding the detector response and backgrounds

After backgrounds are lowered through purification, active rejection, and shielding, a residual
background rate may remain. To constrain possible dark-matter models, it is important to
understand the residual backgrounds as much as possible. In order to accomplish this, the
residual radioactivity of the detector components must be known accurately, as well as the
efficiency with which the detector will register this radioactivity as a scintillation event.
The residual radioactivity in different detector components can be measured in a number
of ways. One of the most accurate methods is v counting, wherein a detector, often high-

purity Ge, is placed in contact with the material, and the characteristic v rays are counted.
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This process can be very time-consuming for high-purity components with low levels of
radioactivity. For materials where a small sample can be removed, like the crystals, sensitive
mass-spectrometry techniques can be used to assess the residual radioactivity at very low
levels.

Once the residual radioactivity levels of different detector components and the laboratory
environment are known, the background spectrum can be understood with physics simulation
software like the Geant4 simulation package. Recent versions of this software have been
developed to simulate physics effects at sub-keV energies, making them capable of predicting
the background spectrum of a Nal(Tl) experiment in the DAMA /LIBRA modulation region.
Simulations of the expected SABRE detector background and performance will be discussed
in Section [£.41

3.3.7 Measurement of experimental parameters of relevance to

direct-detection searches

In order to provide a definitive test of DAMA /LIBRA, a new Nal(T1) experiment will need to
accurately characterize the performance of their detectors. Important experimental quanti-
ties like the ionization quenching factors, energy resolution, trigger efficiencies, and electronic
noise rates will need to be well understood in order to assess the implications of a modulation
result for dark matter. Due to the importance of the low-energy region for the dark-matter
search, understanding these effects near the energy threshold will be especially important.
Recent controversy over the Na quenching factor, for example, prompted SABRE to per-
form a more accurate measurement of this quantity. This measurement will be described
in Chapters [6] [7} and 8 SABRE will continue to investigate the physical characteristics of
Nal(T1) detectors to better understand the detector response to backgrounds and potential
WIMP candidates.
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Chapter 4

The SABRE Crystal Detectors

One of the main goals of the SABRE experiment is the development of dark-matter crystal
detectors with unprecedented radiopurity and sensitivity. Progress has been made toward
this goal with each component of these detector modules. The current state of the SABRE
crystal detectors is described in this chapter.

Each SABRE crystal detector will consist of a Nal(Tl) crystal optically coupled to two
PMTs, enclosed in a radio-pure container. The primary effort has been the development of
high-purity, high-optical-quality crystals, which has been made on two fronts: the purifica-
tion of the powder used to make the crystals (Section , and the crystal-growth process
itself (Section . Second, the effort to produce low-noise, high-purity phototubes is de-
scribed in Section [4.3] Third, the effort to design and fabricate high-purity enclosures that

will encapsulate and protect the crystals is put forward in Section [4.4]

4.1 Powder

The SABRE approach to the production of high-purity crystals is to make the starting

materials as pure as possible before growth. Rather than relying on the crystal-growth
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process to purify the powder to the desired level, SABRE has made a strong effort with

industrial partners to develop Nal and TII powders with unprecedented purityf'}

4.1.1 The need for high-purity powder

The DAMA /LIBRA Nal powder has impurities in the following concentrations: 20 ppt 233U,
20 ppt 232Th, and <100 ppb "*K, where "*K is the concentration of natural potassium, with
a mass fraction of 1.1x107% of °K [41]. In the TII powder, DAMA reports that the residual
contaminants are 0.8 ppb 228U, 1.2ppb 2*2Th and <60 ppb "*K. These concentrations are
several times higher than the concentration DAMA reports in their crystals; the crystal
growth process purifies the material significantly [41].

In order to achieve the production of crystals with lower background than DAMA,
SABRE has worked toward the goal of producing powders with impurity concentrations
lower than, or at least similar to, those of DAMA’s final crystals. In this way, as long as the
crystal-growth process does not introduce impurities, the crystals can be made purer than
those of DAMA. The initial focus was to decrease the concentration of "®K in the powders,
since the background from 4°K produces a peak in the primary modulation region of DAMA.
However, the 22*U and ?*Th chains produce a broad-spectrum background in this region as
well, which is nearly on the same order of magnitude as the DAMA /LIBRA signal when 23U
and 232Th are present at the tens of ppt level. 8"Rb also produces a 3 background in this
region that is significant at the hundreds of ppt level. The concentrations of these impurities

were assessed during the production of the SABRE powders as well.

!The primary effort in the development of high-purity powders has been executed by Drs. Frank Calaprice,
Jay Benziger, and Alex Wright and SABRE’s industrial partners as described in the text. This section is
primarily meant to be serve as an overview of their work.
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4.1.2 Development of high-purity powder
Nal powder

SABRE partnered with Sigma Aldrich SAHC HiTech and Seastar Chemicals Inc./MV Lab-
oratories, Inc. to develop and test high-purity powders. Sigma Aldrich partnered with
Princeton to develop upgraded methods and purification procedures. Seastar focused on
developing highly sensitive Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) tech-
niques to measure very low concentrations of impurities, particularly "®K. They also devel-
oped their own highly-pure powders. Finally, Princeton partnered with Pacific Northwest
National Laboratory (PNNL) to make highly sensitive tests of the 23¥U and ?*Th concen-
trations in powders and crystals.

Seastar achieved a powder impurity level of 13ppb of "®K, but the powder had some
organic contamination that produced black residue in crystals. The focus has since been
to capitalize on their ability to perform high-sensitivity measurements of impurities and
to clean materials used in crystal growth. Their proprietary ICP-MS technique allows for
measurements of "*K concentrations at the ppb level.

Sigma Aldrich developed a first batch of powder in 2010, which was tested to have lower
concentrations of "™K than standard Nal powders (47 ppb and 300 ppb, respectively). Since
then, they have produced the highest-purity powder currently available, called Nal Astro-
Grade, which has a reported lowest-achieved concentration of "®K of 3.5 ppb. Measurements
by Seastar, however, estimate that the impurity level may be higher (~18ppb) [05]. Two
major batches of AstroGrade powder were ordered for the purposes of growing test high-
purity crystals. The concentrations of impurities in the AstroGrade powder at the time of
purchase are summarized in Table . The "*K level, of particular interest to SABRE, was
measured separately by Sigma Aldrich and by Princeton for the 2013 sample. Princeton’s
measurement is shown in parentheses. The Rb level was evaluated by Seastar, while the

U and Th levels were measured by PNNL. The purity of the Astrograde powder has been
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Table 4.1: Impurity levels in the Sigma Aldrich Nal AstroGrade powder from the two batches
that have been purchased. For the "®K levels in the 2013 batch, two measurements were
performed. The 3.5-ppb number comes from Sigma Aldrich, while the 18-ppb number comes
from an independent measurement done by Seastar. The 9.7-ppb number for the April, 2014
batch was measured by Sigma Aldrich. The U, Th, and Rb levels were measured by PNNL.
Data from [95].

Batch [ ™K (ppb) | **U (ppt) | **Th (ppt) [ *'Rb (ppb)

DAMA <100 20 20 unreported
August, 2013 | 3.5 (18) 0.6 0.5 0.2
April, 2014 9.7 - - -

assessed for other batches, and has been found to vary from batch to batch. This is due to
Sigma Aldrich’s production procedures, which are not performed in a clean-room environ-
ment; the final purity of the powder can therefore depend on concentrations of impurities in

the atmosphere, some of which may be seasonally dependent.

4.1.3 Purification of powder

Nal powder is made by combining hydroiodic acid (HI) and sodium carbonate (NayCOsj).
In order to achieve high purity in Nal powder, it is beneficial to consider the purity of these
starting materials. The development of high-purity precursors to Nal has been a focus in
SABRE’s work with industrial partners.

In addition to purification of the powder during the production process, it is also possible
to purify the powder materials before the growth of a crystal. Efforts in this regard have
been conducted both with Nal powder and TII powder at Radiation Monitoring Devices
Inc. (RMD).

4.2 Nal(TIl) Crystals

The linchpin of the SABRE program is its crystals. The effort to produce high-purity, high-
optical-quality crystals has been one of the main thrusts of the SABRE experiment. The aim

is to achieve lower backgrounds and a lower energy threshold than DAMA /LIBRA. SABRE
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has partnered with Radiation Monitoring Devices (RMD) Inc., a crystal-growing company
specializing in purification methods and crystal growth in detector applications, to develop

crystals of unprecedented purity.

4.2.1 Crystal growth

In the growth of highly-pure Nal(Tl) crystals, there are a number of considerations that
complicate the process. The first is the highly hygroscopic nature of Nal. When exposed
to moisture, the optical properties of the Nal degrade significantly, yellowing the crystal
and introducing cracks and cloudiness. Nal(Tl) crystals must therefore be protected from
all moisture. Nal(T1) is also very brittle and cracks easily, especially when it sticks to the
container in which it is grown. In the crystal growth process it is therefore important to
consider the physical integrity of the crystal during and after its formation.

From a purity standpoint, the crystals must be protected from impurities before, during,
and after growth. The crystal materials could be exposed to impurities during the prepara-
tion stage, from the container in which it is grown, and from surface contaminants introduced
during the cutting, polishing, and packing stage. Measures must be taken to make sure all
materials and the atmosphere to which the crystal is exposed are as free as possible from
contamination. This may include impurities in the containers, or radon contamination in
the atmosphere in which the crystal is processed, for example.

There are several methods of crystal growth that can be used for the development of
high-purity crystals. DAMA/LIBRA uses the Kyropoulos method of crystal growth, which
in the past has been regarded as the most pure form of growth. In the Kyropoulos method,
the raw material is melted in a crucible. A seed crystal is attached to a pole, which is lowered
to the surface of the melt. The melt is slowly cooled through the pole, so that the crystal
forms around the seed. Because impurities are segregated at the crystal boundary, leaving
many impurities in the melt, and because the crystal does not touch the walls of the crucible,

the Kyropoulos method is considered to be very pure.
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However, SABRE has primarily pursued the Vertical Bridgman (VB) method of growth
for its crystals. In the Vertical Bridgman method, the material is packed into an ampoule: a
long, sealed container typically made of quartz. Because Nal(T1) can stick to this material,
an open container shaped like a long cup called a crucible may be used as an internal
container to hold the powder. The crucible is in turn sealed in the ampoule after being
packed with powder and pumped down to vacuum. The material is melted from the bottom
of the crucible, and the crucible is slowly lowered out of the heating element so that the
crystal is formed from the bottom up. Impurities are pushed up the volume during the
formation of the crystal. Crystals grown by the VB method can be sectioned after growth,
removing the most impure section at the top, then regrown. This multiple-growth method
can be used as an additional purification step.

The VB method has several advantages over the Kyropoulos method. First, the volume
is sealed in an ampoule and pumped to vacuum, so impurities from the furnace and the
atmosphere inside the furnace are not a problem. Conversely, Kyropoulos growths are open
to the atmosphere inside the furnace, which has unknown cleanliness. Secondly, the VB
method has fewer limits on crystal size; the crystal width is limited by the diameter of the
heater, but not its length, whereas it is more difficult to develop a large Kyropoulos system
at RMD. Finally, RMD has a long history of experience with the VB method, and it was
advantageous to make use of their expertise in this area. Though the Kyropoulos method is
superior in that the crucible walls do not have a chance to leach impurities into the crystal,
this effect can be mitigated in VB growths by using clean, high-purity materials for the
crucibles, as is described in [4.2.3

4.2.2 RMD facilities

RMD has an existing infrastructure for the growth of high-purity crystals. Crystal materials
are prepared and packaged in nitrogen-filled glove-boxes like the one shown in Figure

with very low humidity (~1ppm moisture). Parts to which the crystal is exposed, including
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Figure 4.1: Glove-box used for crystal packaging at RMD. Parts coming into contact with
the crystal are baked in the furnace on the left. The final polishing and packaging occur in
this glove-box, which has a humidity level of around 1ppm. A separate glove-box like this
one is used for preparing crystals before growth. Image from RMD.

crucibles, ampoules, and reflectors, can be baked out in vacuum ovens attached to the glove-
boxes. The furnaces that are already in place for VB growth, shown in Figure are sized
to grow medium-sized, 5-kg crystals. Finally, post-processing of the crystal can be done in
a dry room with less than 5% relative humidity. This room, shown in Figure contains
a HEPA-filtered work-bench for polishing in order to prevent surface contamination from

radon daughters and other particulates.

4.2.3 Testing the Vertical Bridgman method

The twin goals of the crystal growth at RMD are to achieve lower levels of impurities than
DAMA and to create structurally sound crystals with good light yield and energy resolution.
Focusing on the VB effort, SABRE has worked with RMD to evaluate their crystal-growth

process for ways to improve the purity of the crystalsﬂ

2The initial effort at RMD was conducted primarily by RMD. Subsequent efforts to improve RMD’s
method were collaborative, with all members of SABRE involved.
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Figure 4.2: Furnaces for Vertical Bridgman growth, with maximum diameter of 13.3 cm.
Image from RMD.

Initial effort at RMD

In the initial contract with RMD, RMD grew several crystals with high-purity powder and
normal-purity beads using VB in a first attempt evaluate their growth methods and to grow
high-purity crystals. Several different types of crucibles were used. Some of the material
from some of the normal-purity runs was evaluated by GDMS, showing a purification of a
factor of ~4 in potassium compared with the starting purity of the powder.

Larger runs were conducted with AstroGrade Nal powder in crucibles with different
materials. Of particular note is the crystal Nal002 (shown in Figure , which was used
in the SABRE measurement of the Na quenching factor described in Chapters [0}, [7], and
B It was found that the growth process introduced some amount of contamination; the

concentration of "™K at the center of the tip section of the crystal (which should have the
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Figure 4.3: Dry room for crystal cutting and lapping/polishing at RMD. The room has a
relative humidity level of 5%. The wire saw used for cutting is shown on the right while the
dry box with HEPA filtration used for polishing is shown on the left. Image from RMD.

highest purity) was around 30 ppb. The concentrations were even higher at the tail of the
crystals.

The optical properties of Nal002 were found to be superior to those of standard commer-
cial Nal(T1). RMD measured the energy resolution of this crystal and compared it with a
typical commercial Nal(T1) crystal. The results of this comparison are shown in Figure .
Princeton also separately evaluated this crystal for use in the Na quenching-factor measure-
ment described in Chapter [ and found its scintillation yield to be very high. In the detector
used for the quenching measurement, a light yield of around 19 p.e./keV,. was achieved.

From this initial effort, we assessed that RMD’s crystal growth method showed great
promise for growing structurally sound, appropriately-sized, high-purity crystals. However,
some work would need to be done to determine the sources of contamination in the crystal-
growth process and to develop ways to mitigate them or eliminate them entirely when moving

to high-purity growths.
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Figure 4.4: RMD Nal(T1) high-purity crystal Nal002, grown in a pyrolytic-graphite-coated
crucible. (Left) Crystal after removal from the crucible. (Right) Crystal after cutting and
polishing. Images from RMD.

— Commercial Nal(Tl) AE~6.6% AE~6.3%

"o 800 1200 1800
MCA channel

Figure 4.5: Comparison of the optical properties of crystal Nal002 (blue) with a standard
commercial NaI(T1) crystal (red). The large peak of the blue curve at around 1800 counts
is fit with a second red curve that was used to determine the energy resolution. Figure from
RMD.
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Small crucible tests

After the results of initial VB growths at RMD with high-purity powder showed that some
contamination was occurring during the growth and handling process, it was hypothesized
that some impurities could be leaching out of the crucible or the ampoule during growth.
In order to waste as little starting material as possible and in order to increase the surface-
area-to-volume ratio, small crucibles and ampoules were fabricated from different high-purity
materials in order to test for leaching effects. In addition, these tests would also serve to
test whether crystals would stick to these different materials and crack after growth.

SABRE further purified the materials for this test through special cleaning procedures.
After the crucibles and ampoules were cleaned, small crystals were grown with them; the
crystal material was measured for radioactivity, along with a sample of the Nal powder for
reference. This was done to test whether impurities were added to the crystal during the
growth process, and whether the addition of impurities might be attributable to the crucible
or ampoule material. Another measurement was made on a normal-purity Nal(T1) crystal
grown by the Kyropoulos method at RMD’s sister company, Hilger Crystals. This crystal is
to be used in initial tests of the liquid-scintillator veto.

The results of the small crucible tests are shown in Figure [4.6] All of the crystals had a
clear appearance and good structural integrity, except for G04, which cracked badly. Samples
from each crystal were measured for impurities by our industrial partners. The results of
these tests are summarized in Table [£.2] Unfortunately, as can be seen in the Table, some
contamination had been introduced to the powder during previous handling, and so it is
unclear whether the use of these new crucible cleaning methods will achieve the desired
purity levels. However, results from sample G03 suggest that impurities were not added by
the crystal growth process at a detectable level. As a result of this test, SABRE and RMD

have focused on growing crystals using the materials in sample G03 for large crystal growths.
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Figure 4.6: Crystals grown in the small crucible purity tests at RMD. GO1 and G02 are in
the top left and right, respectively, GO3 and G04 in the middle left and right, respectively,
and GO05 at the bottom. Yellow appearance of some of the crystals is due to an optical effect
of the camera. All of the crystals were colorless and transparent in the bulk. In the tails,
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there is some discoloration due to the segregation of impurities during crystal growth.

Table 4.2: Results of the small crucible tests at RMD. The materials used for the tests are
left out for proprietary reasons, and the crystals are identified by sample number. Impurity

concentrations are shown in ppb.

Sample | nat | 238U | 232Th | 85Rb
AstroGrade Powder | 34 | <0.1 | <0.2 | <50
GO1 99 0.2 0.4 <50

G02 88 0.2 1.1 <50

GO03 40 | <0.1 ] <0.2 | <50

G04 97 | <0.1| <0.2 | <50

GO05 75 | <0.1| <0.2 | <50

Nal Hilger 870 | 0.2 0.9 | <50
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Table 4.3: Results of a blank test preformed at RMD. A crystal growth run was performed
without any powder material. A test was performed before and after the procedure to see if
any impurities were introduced by the crystal growth process. Concentrations are shown in
ppb in the solution used for testing. The second column shows the native concentration of
each isotope in the solution used for testing. The third column shows the concentration after
the solution was put in contact with the container before the blank test, while the fourth
shows the concentration in the solution after it was put in contact with the container after
the blank test.

Isotope \ Solution (ppb) \ Before (ppb) \ After (ppb)

MK 0.0010 ~0.02 1.5
28U <0.00005 <0.0004 0.00014
232Th <0.0001 <0.001 0.0004
®Rb < 0.0001 <0.001 0.0040

Blank test

In addition to possible contamination from the crucible/ampoule materials themselves, it
is possible that contamination may occur in the preparation and growth stage from other
sources, such as the handling of the materials, the baking of parts, or the packing of the
raw material. RMD performed a blank test with the crucible/ampoule combination used for
crystal GO3, performing the entire procedure for crystal growth but with no powder. This
test used the same temperature and baking time as an actual growth run. The materials
could then be tested for surface impurities.

The results of this test are summarized in Table[4.3, The growth and handling procedures
do introduce some impurities, so there is room for improvement, but overall, the level of
impurities added is already small compared with the impurity levels reported by DAMA in

their crystals.

4.2.4 Growing large crystals with the Vertical Bridgman method

Because the powder was contaminated with some potassium, it is difficult to ascertain
whether the desired purity level can be achieved with the current methods and a high-

purity powder. However, the GO3 crucible growth is promising in that it did not introduce
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Figure 4.7: Standard purity medium crystal grown with the Vertical Bridgman method.
This crystal was grown in a 95-mm ampoule for a final size of 3”7 wide and 4” tall, 1.53 kg.

a measurable level of radioactivity. Going forward with this material, RMD is working on
the growth of large VB crystals with TII doping. They grew a first test crystal with a mass
of 1.53kg, shown in Figure [4.7. There was some sticking to the ampoule, and therefore the
crystal was slightly smaller than planned.

Once the procedure for normal purity large growths are established, RMD will grow a

first medium-sized high-purity crystal for SABRE to test in a liquid scintillator veto.

119



4.2.5 Future directions

SABRE will continue to work with RMD to produce crystals with higher purity than the
DAMA /LIBRA crystals. Future efforts may focus on the handling procedures in the powder-
packing stage and post-processing of the crystals, polishing techniques that can reduce sur-
face contamination, and upgrading equipment to reduce radon contamination and to grow
larger crystals.

In addition to efforts to improve the growth process, SABRE will work toward achieving
better assessments of the crystal backgrounds. Seastar’s ICP-MS techniques are not sensitive
to the 3H concentration, which could be an important background, for example. It may be
necessary to find other methods that are sensitive to this impurity. SABRE will also work
toward using the liquid-scintillator veto as a 7 counter to measure residual K, 233U, and

232Th backgrounds in the crystal, as will be discussed in Chapter [5

4.3 The photomultiplier tubes

4.3.1 Goals

The photomultiplier tubes are an essential component of the SABRE experiment. They
are the means by which the scintillation signal is detected, and therefore must be as free
as possible from noise and false signals. The light collection in the crystal detectors is of
paramount importance to achieving a low energy threshold. One way to accomplish this is to
place the PMTs in direct proximity to the crystals, a strategy that requires that the PMTs
be of very low background. Because of this, SABRE has worked to develop new phototubes
with high efficiency, low noise, and low background.

When reading out a PMT signal, there are several considerations in the design of the
voltage-divider circuit. In powering the dynodes, the dynodes further down the chain must

be at a higher voltage than earlier dynodes, but the absolute voltage is not constrained.
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Thus, PMTs can be operated in a positive high-voltage (+HV) scheme, in which the pho-
tocathode is grounded and the signal is produced at a high positive voltage, or a negative
high-voltage scheme (—HV), in which the DC voltage at the anode is at ground potential,
but the photocathode is at a negative high voltage.

There are advantages and disadvantages to each scheme. In the —HV scheme, the pho-
tocathode must be insulated carefully from other detector parts that may conduct a current,
and also from each-other, in order to maintain a constant high voltage on the photocathode.
This can make coupling PMTs directly to a Nal(T1) crystal difficult. However, in the +HV
scheme, the signal comes out with a high DC offset. In order to read out the fast AC signal,
it must be decoupled from the DC offset with a decoupling capacitor circuit. Because these
capacitors must have a high voltage rating, they are generally fairly bulky and can be a source
of radioactive background if located on the PMT baseﬂ Another alternative is to transfer
the signal far away from the PMT in the same cable that powers the tube, and decouple
the signal at a far-away location. This technique (called the one-cable design) is especially
vulnerable to signal degradation and reflection effects; however, it bypasses the radioactivity
problem from the decoupling capacitor and also makes the insertion of the crystal detector
modules into a secondary veto detector simpler from a mechanical standpoint.

PMTs must pass an electrical current out from the vacuum interior into the outside
world. In order to electrically isolate the dynodes from each-other, the feedthroughs must be
composed of an insulating material, generally ceramics or borosilicate glass. However, these
materials have a high radioactivity when compared to other components of the phototube.
Ceramic is also problematic, as it has been shown to scintillate in the near-infrared region,
to which the photocathode has a small amount of sensitivity [96] (see Figure [4.8). For these
reasons, there is a strong impetus to both develop high-purity ceramics and to reduce the

amount of ceramic material in the feedthrough plate. SABRE has worked to develop pin-

3The divider chain is often mounted on a “base” circuit that is attached directly to the PMT. Pins
connected to the dynodes are fed through the back of the PMT and can be connected to the base on the
outside of the PMT.
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style feedthroughs that would reduce the amount of ceramic material in the feedthrough
plate on the back of the PMTs.

Another potential concern for the PMT signal is noise and the dynode afterglow effect.
Dynode afterglow is an effect in which a signal in one PMT is followed by a signal in another
light-coupled PMT with a time difference of the PMT’s characteristic transit time. These
events can be at the single photoelectron level in both tubes, or can be larger, as described
in [97]. It is believed to be caused by light emission of the dynodes in the cascade chain under
electron bombardment [97]. This light can escape the tube of origin and trigger a cascade
in another tube if they are light-coupled. Operating light-coupled PMTs in coincidence can
drastically reduce known photomultiplier noise sources such as single-photoelectron (s.p.e.)
noise and afterpulses, since these sources of noise should not be correlated between different
PMTs. This coincidence requirement does not help with dynode afterglow.

In SABRE, this effect can in principle produce a coincidence event that is not caused
by scintillation in the crystal, or could raise the apparent energy of an actual scintillation
event. Though some techniques based on the asymmetry of the pulse size have been used to
reduce these kinds of background noises, the effectiveness of these methods are reduced at
low energies, where photon statistics create large variation in the relative scintillation pulse
size [97]. In addition, a cut on the time difference between the phototube signals is impracti-
cal given the long scintillation time of Nal(Tl). Additional quality cuts based “steppiness,”
a pulse-shape parameter describing the discreteness of a signal have been proposed by [97];
the effectiveness of these cuts has been demonstrated in signals larger than 4keV... How-
ever, these quality cuts do not have enough discriminatory power to adequately lower the
afterglow rate for a dark-matter search, and their effectiveness at lower energies is unknown.
In order to achieve an energy threshold below 1keV,., the dynode afterglow problem has to
be addressed (see Section .
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Figure 4.8: Radioluminescence of the ceramic used in PMT feedthroughs. Data from Nerine
Cherepy, figure from [96].

Table 4.4: Radioactivity level of the 3”7 Hamamatsu R11065-10-SEL PMT, as measured by
7 counting at LNGS. Data from [98].

Isotope | Activity (mBq/tube)

WK 17
232Th 2.2
2381 4.2
%0Co 5.4

4.3.2 Progress

The Hamamatsu 37 R11065 PMT was developed in collaboration with Hamamatsu Pho-
totonics for the DarkSide experiment for low-background, cryogenic operation. This PMT
has a very low radioactivity, at the level of ~10 mBq/tube, as summarized in Table .
The low radioactivity is in part due to the use of a cobalt-free metal for the casing and the
replacement of the feedthrough plate, which was previously made of borosilicate glass, with
a high-purity (99.9%) ceramic. These tubes were used as the basis for further study into

improvements for the PMTs.
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Developing a low-noise base design

The Darkside-50 experiment uses a —HV base design. For initial tests of the SABRE crystal
detectors, SABRE is developing a +HV scheme with one cable. The +HV scheme was
chosen to avoid electrically coupling —HV PMTs to each other and to avoid having to
insulate the phototube casing, which is electrically coupled to the photocathode on the
R11065 PMTs. The one-cable design was chosen for ease of inserting the detectors into
the liquid-scintillator veto detector with as few cables as possible and for the reduction of
background contamination from the cables or decoupling capacitors. The Darkside base
design is shown in Figure 4.9 while the new SABRE design is shown in Figures and
[11F

The differences between the circuits were kept to a minimum in order to be able to modify
existing DarkSide bases for the +HV scheme. This was due to the high expense of Cirlex,
the chosen material for the SABRE low-radioactivity bases ] With a minimally modified
scheme, the old bases can be used to create the new divider circuit.

One difference between the two circuits is the capacitor, C7, which allows the output
impedance of the base to be 502 for high-frequency signals, while allowing the anode to
operate at high voltage. This was necessary in order to eliminate reflections that occur
due to impedance mismatching, since the cables are 50 2. The high-pass filter consisting of
components R22, R24, C5, and C6 was added to reduce noise from the later dynodes. Finally,
a decoupling circuit is added in a decoupling box far from the PMT in order to separate
the large DC offset from the fast signal. The decoupling circuit is shown in Figure [4.11]
Resistor R26 was added in order to prevent signal from being lost due to any stabilizing
circuit components that might exist in the HV source. R27 prevents ground loops. The

capacitor C8 is the decoupling capacitor. R28 is set at a high value of 10k(2 in order to

4The SABRE base design was developed and tested primarily by Dr. Jingke Xu and myself.

5Cirlex is easy to solder components to, is mechanically robust, and has a similar thermal expansion
coefficient to copper, which allows for the operation of the NaI(T1) detectors at lower temperatures if desired.
The radioactivity levels are also acceptable.
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Decoupling Box
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Figure 4.11: Preliminary decoupling circuit used for the SABRE one-cable design. Resistor
R26 was added in order to prevent interference from HV source. R27 prevents ground loops,
while C8 is the decoupling capacitor.

prevent the loss of signal and also prevents a DC offset in the circuit after the decoupling
capacitor.

This base design, combined with the decoupling circuit, was tested with RG58, 50-€2
cables. Because R23 had to be given a low resistance to reduce ringing, the signal is split
in half between the path through this resistor and the path through the decoupling circuit,
thus effectively reducing the gain of the PMT. Because of this, the single-photoelectron peak
was not easily resolved at low voltages. This problem can be ameliorated by appropriate
amplification. A fast linear x 10 amplifier was developed at LNGS, and can be used for this
purpose.

For a dark-matter measurement, SABRE may return to the —HV scheme in order to
make use of the cold, on-base preamplifiers developed for the DarkSide experiment. These
preamplifiers allow for the single-photoelectron peak to be resolved with an operating voltage

as low as 900V, which can be beneficial for reaching lower energy thresholds by reducing
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Figure 4.12: Design for the PMT feedthrough plate with high-purity ceramic (courtesy of
Dr. Francis Froborg). The ceramic feedthroughs, shown in white, allow for a pin to be fed
through the plate to the dynodes. The feedthroughs can be brazed to the Kovar plate on
the back of the tube.

dynode-afterglow noise, as described in Section [£.3.2 In addition, the —HV scheme may

also reduce signal loss from noise in the one-cable scheme.

Ceramic feedthroughs

A high-purity ceramic was developed by an industrial partner that uses high-purity alumina
powder (99.999%) as its basis. The measured radioactivities of this alumina powder and
the ceramic are shown in Table [1.5] This material was successfully brazed to a Kovar plate,
demonstrating the feasibility of using this material for the pin feedthroughs. SABRE is
attempting to further reduce the radioactivity by developing small, individual feedthroughs
for each pin, rather than a single large plateﬂ The current design for such a feedthrough
is shown in Figure The design features individual ceramic feedthroughs to reduce the
overall volume of ceramic material used in the PMTs. With this design, the total mass of
ceramic per PMT is reduced from 16 g [99] to 5g, assuming 16 feedthroughsﬂ.

A study was done by Dr. Jingke Xu to demonstrate that a pin-style feedthrough would

not introduce reflections in the output signal. In this study, the PMT signal output and

6This effort has been primarily led by Dr. Francis Froborg, though I helped in the initial design phase.
"The feedthroughs have been measured on a scale; each feedthrough is 0.33 4 0.01 g [100].
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Table 4.5: Measured radioactivity of the high-purity alumina powder and ceramic by -
counting.

Isotope Alumina powder Ceramic
Activity Concentration | Activity | Concentration
(mBq/kg) (ppb) (mBq/kg) (ppb)
22Th chain
22%Ra 1.6 £04 0.4 + 0.09 <74 <1.8
228Th 2.0 £0.3 0.48 £ 0.07 8 + 2 1.9+ 0.5
281U chain
226Ra | 3.77+£0.35 | 0.305 £ 0.028 | 3.2 + 1.6 0.26 &+ 0.13
Z4Th < 44 <36 < 36 <29
Bipgm 36 + 13 29+ 1.0 <72 <58
25U 0.8+ 04 1.4+ 0.7 < 4.3 <75
Other
K 18 +3 580 + 90 260 + 40 | 9000 4 1000
B87Cs 1 0.35 &£ 0.12 3+1
Co < 0.032 < 0.86
"Be 0.32 +0.13

ground were fed through two separated wires, between which were placed several different
insulating materials, including Teflon and ceramic. The other components of the circuit had

impedances that were carefully matched. No reflection of the signal was observed.

Reducing dynode afterglow

The dynode afterglow effect and its hypothesized cause is explained in Sections and
431l

To study the rate of dynode afterglow, the dark coincidence rate at different operating
voltages was measuredf} A first test was done at Princeton. In this test, two Hamamatsu
R11065 PMTs from the DarkSide experiment were coupled with optical coupling grease.
Lumirror reflector (described in Section was wrapped around the heads of the PMTs

to block light from the outside and also reflect any light escaping the coupling. The PMTs

8Two measurements of the dynode afterglow effect are described in the text. The first measurement,
done in Princeton, was conducted by Dr. Jingke Xu. The second, done at LNGS, was performed by myself
along with Dr. Alessandro Razeto, George Korga, and Davide Sablone. An initial analysis was done by me,
followed by a more detailed analysis by Dr. Xu. A final analysis with the updated data-acquisition software
was conducted by me and is presented here.
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were operated in a dark box with the same voltage, and the rate was observed at different
voltages. The time—proﬁleﬂ of the coincidence events is shown in Figure . A tall peak in
random coincidence events with no delay was present at all voltages. These “prompt” events
have a smooth, exponentially-decreasing energy profile. In addition, a “delayed” signal with
a difference of ~50ns was observed. In these signals, one channel would have an s.p.e. pulse,
followed by a smaller pulse 50 ns later in the other tube. The rate of delayed coincidences
was highly dependent on the operating voltage. The energy and time profiles of these events
are shown at 1,600V in Figure [4.14]

In a dynode-afterglow event, the initial cascade in one PMT could cause the release
of a photon from one of the later dynodes. This photon could travel to the second PMT,
triggering a cascade that would take the transit time of the tube to be registered. Because the
transit time in the R11065 tubes is reported to be ~46 ns, this delayed signal was interpreted
to be dynode afterglow. This observation prompted further study at LNGS.

In the LNGS study, the PMTs were coupled with a ring between them so that the PMT
faces were not touching directly, as shown in Figure The PMTs were separated to
avoid voltage difference effects, since the PMTs were operated at —HV. No light-guide was
used. The inside of the ring was coated with different reflectors for different runs. Teflon
tape seemed to produce strange signals in the PMTs, so was not used. A copper foil was
used in Run 1 and Lumirror thereafter. A cold pre-amplifier was used directly on the PMTs
inside the dark-box to amplify the signal and compensate for the low gain used in some
of the runs. The PMTs were then hooked to a custom fast linear x10 amplifier developed
at LNGS. The output of this amplifier was sent to the digitizer. Coincident events were
recorded and analyzed with the same data acquisition software described in Section [7.1]

The results of the LNGS afterglow study are summarized in Table 4.6 For each run,

the random coincidence rate was determined by counting all events for 0.1 < |t| < 0.14 us,

9For all of the timing information, the “half-max time” was used to denote the start of a pulse. The
half-max time is defined as the time at which the pulse reaches half its maximum amplitude during the sharp
rise.
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Time Delay between Two PMTs
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Figure 4.13: Time difference between the half-max time, the time at which the signal reaches
half its maximum value, of coincident pulses in the Princeton dynode-afterglow study. The
highest rate of events was seen in the central “prompt” events wherein events happened
simultaneously in both PMTs. A secondary feature is a “delayed” signal which differs by
~50 ns. Plot courtesy of Dr. Jingke Xu.
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Figure 4.14: Pulse integral of the PMT plugged into the digitizer channel 1 (left) and channel
3 (right) vs. time difference (channel 1—channel 3) in the Princeton dynode-afterglow study.
The prompt signal has a smooth, exponentially-decaying energy profile, while the delayed
events (shown in the red and blue circles) correspond with a s.p.e. in one tube (~150 ADC
counts) followed by a smaller pulse in the other tube 50 ns later. The red circles correspond
with events where channel 1 preceded channel 3, while the blue circle corresponds with events
that started in channel 3. These events are interpreted as dynode afterglow. Plot courtesy
of Dr. Jingke Xu.
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Reflector

Feedthroughs

Figure 4.15: Setup for the LNGS PMT dynode-afterglow measurement. The PMTs were
separated with an insulating ring, shown in black, that was coated with reflector on the
inside. The setup was sealed in a dark box.

where t is the time difference between the two PMT signals, and dividing by the total run
time. This time-difference region was determined to be sufficiently outside of the afterglow
region. The rate of afterglow events was determined by subtracting the flat background from
the peaks at 50 ns and integrating over the peak, and again dividing by the run time. The
total afterglow rate as a function of voltage is shown in Figure [4.1

The energy distribution of the afterglow events are shown in Figures and In
Figure [£.20] the energies are shown for afterglow events initiated by PMT 1 and PMT 2
separately. The afterglow events are typically a single photoelectron in both PMTs, with
some events having a larger signal in the first PMT to fire. This observation is in contrast
to the Princeton study, where the secondary PMT produced a signal smaller than a single
photoelectron. The reason for this difference is unknown.

In order to provide an estimate of the significance of the afterglow rate, the afterglow
rate was compared to the rate of random-coincidence backgrounds in a similar time-difference
window. In this comparison, the height of the afterglow peak was estimated by integrating
over a small (4-8 ns) window around its highest point. This was compared to the flat random-
coincidence background rate over a similar window. This comparison is shown in Figure [£.18|
The afterglow peak was comparable to the random coincidence background rate when the
tubes were operated at a voltage lower than 1100 V. Therefore, with the use of the cold,
on-board pre-amplifier and operation at low voltages, the afterglow rate can be suppressed.
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Figure 4.16: Typical time profile of coincidence events in the LNGS dynode-afterglow study,
from Run 2 (Left) and Run 9 (Right). The right figure is operated at a higher voltage
(~1450V) while the left figure is at a lower voltage (~1000V). Both runs exhibit a prompt
peak where both PMTs see radiation simultaneously. The afterglow peaks at +50ns are
visible only in the high-voltage run.

Table 4.6: Run information for the LNGS dynode-afterglow study.

Run PMT1 PMT2 Coincidence rate

Voltage | Afterglow | Voltage | Afterglow | Prompt | Random

(V) rate (Hz) (V) rate (Hz) | (Hz) | (Hz/us)
2 1055.0 0.030 954.0 0.020 2.19 2.08
3 1159.9 0.069 1052.4 0.034 2.26 3.78
4 1251.8 0.162 1149.1 0.073 2.33 6.19
) 1251.8 0.151 1149.1 0.073 2.33 5.38
6 1350.2 0.267 1251.5 0.139 2.36 5.89
7 1451.3 0.522 1350.9 0.261 2.39 7.30
8 1451.3 0.493 1350.9 0.245 2.38 6.75
9 1452.2 0.491 1450.4 0.479 2.39 7.10
10 1452.2 0.474 1450.4 0.455 2.40 6.70

It is notable that the DAMA/LIBRA PMTs are operated between 900 and 1300V [46], so

they may experience some dynode afterglow in some of their phototubes.

It is important to note that this study was performed in a dark environment with no

scintillating material. The afterglow rate and signal size may increase with the number and

size of real scintillation events. The afterglow effect can therefore distort the energy of real

events if real scintillation signals produce secondary afterglow signals. Further study of this

phenomenon and the development of additional means of suppressing it may be necessary.
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Figure 4.17: Total afterglow rate in Hz as a function of the voltage of the first PMT to
produce a signal in the LNGS afterglow study.
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Figure 4.18: Comparison of the afterglow rate with random-coincidence background in the
LNGS study. The integral around the peak of the afterglow was compared to the average
random-coincidence rate for a similar time window. The dynode-afterglow rate becomes
comparable to the random-coincidence background (y-axis value of 1) below ~1,100 V.

134



100

g 30 120 ¢ F “
g t & %0 15
& 251 100 5 80—
g C q:a 70E- 30
= 20 = F
g r %5 60 2
£ 15 60 & SO 20
— E ] =
= . F = 40¢ 15
S 10— 40 3 30
& r & F 10
F 20
S5 20 E
E o . -2 105 5
%2 0105 -01 005 0 005 01 015 02 ° 2 005 -01 005 0 005 01 015 02 °
Time Difference - PMT2-PMT1 (us) Time Difference - PMT2-PMT1 (us)
=) 2
-’ -
g 2] &
S - St
D D
= =
= =
D D
=z 2z
= 1 =
& -
Y— N
S S
~ ~
0
272045 01 -0.05 005 01 015 02 2 015 01 005 0 005 01 015 02

Time leference PMT2-PMT1 (us) Time Difference - PMT2-PMT1 (us)

Figure 4.19: Energy of events in photoelectrons for the PMTs in the LNGS dynode afterglow
study for Run 8. The bottom figures are zoomed into the 0-3 p.e.region. Most events have
a single photoelectron in each PMT. Some events have a higher energy in the first phototube
to fire, producing the asymmetry in the histogram, but the secondary signal is most often
one photoelectron in size.
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Figure 4.20: Afterglow light response in the two PMTs at LNGS. The energy seen in each
PMT is shown for afterglow events where PMT 1 sees the event first (Left) or where PMT 2
sees the event first (Right). Regardless of the energy of the initial PMT, the secondary signal
tends to be around one photoelectron. The exception lies in a small population of events for
which PMT 2 fires first with one photoelectron, and PMT 1 fires later with a larger signal,
as can be seen in the right figure.
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4.4 Enclosure

Because of the hygroscopic nature of Nal, the need to prevent light from traveling from one
crystal to another, and the need to protect the crystals from contamination, mechanical
stress, and the liquid-scintillator, the NaI(T1) crystals in the SABRE experiment must be
enclosed in a light-tight, sealed container. The SABRE enclosure design must account for a
number of complicating factors.

First, this container must protect the crystals from moisture. The enclosure must be
able to be cleaned and dried, so as not to introduce moisture to the crystals. The enclosure
must be sealed and leak-tight. The components holding the crystal and PMTs should not
put much mechanical stress on the crystal or the PMT window.

A second role of the enclosure is to optimize the light collection in the phototubes, so
that the energy threshold can be reduced. The crystal should be optically coupled to the
PMTs in a way that maximizes light transfer, and the crystal should be surrounded by a
reflector that allows more photons to reach the PMTs.

Because the enclosure will be immersed in a liquid-scintillator veto detector, all exposed
components must be compatible with the scintillator. The enclosures must be heavy enough
not to float in the scintillator, but light enough such that they do not block a significant
amount of outgoing radiation from the crystals. The enclosure should contain feedthroughs
for gas flow (to flush the crystals with nitrogen gas) and electrical signals. Ideally, the veto
detector would be large enough that the enclosures could be spaced far apart, to maximize
the veto power. For a limited veto size, however, the enclosures should be shaped so that
they can be packed efficiently to minimize the volume of scintillator dead-space, since the
light-collection in small spaces between detectors is drastically reduced compared with large
spaces.

Finally, like all other detector components, the enclosure should be radio-pure, in order
to not introduce background scintillation events in the Nal(T1). All materials used for the

enclosure must be screened and selected for radiopurity.
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Figure 4.21: SABRE detector module constructed for initial tests. The crystal (a mock
crystal in this picture) and the PMTs are held by a clamp structure that screws into a cap,
which is sealed to the enclosure via a Viton o-ring seal. No reflector is shown.

The design for the SABRE enclosures consists of a cylindrical or hexagonal copper tube
with one cap on each endﬂ. One cap is brazed to the tube, while the other is removable and is
sealed with an o-ring or other meachanical seal. The non-welded cap has a support structure
attached that holds the crystal and the PMTs. The crystal is surrounded by a reflector and
coupled to the PMTs by a thin optical coupling of a yet-to-be-determined material. Such a

detector was built for initial tests of the crystal radiopurity and is shown in Figure |4.21

4.4.1 Encasement

The enclosure will be made with copper, which can be made very radio-pure. Electroforming

is a process that can be used to create enclosures with very pure chemical composition. In this

10The initial design for the SABRE enclosure was led by me with input from the other members of SABRE.
Later incarnations were primarily developed by Dr. Francis Froborg with input from myself and Dr. Jingke
Xu. Some of the parts for the various enclosures or prototypes were fabricated by me.
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process, the material is deposited on a mandrel formed in the desired shape, which can later
be removed. Pacific Northwest National Laboratory (PNNL) has produced electroformed
copper enclosures for the Majorana experiment with very low levels of radioactivity, achieving
a limit of <1 puBq/kg in *U and ?3?Th [101, 102]. Electroforming is a slow process, forming
at the rate of ~0.04mm/day, so it should only be used to produce the thin walls of the
chamber. Because the walls of the chamber are closest to the crystal, they must be lowest
in radioactivity and should also be thin. Electroforming is therefore ideally suited to the
creation of the enclosure walls.

The caps, which must be more structurally sound, will be made from C10100 oxygen-
free high-conductivity copper (hereafter OFHC). This material has a low radioactivity
(~10 uBq/kg 28U and #*?Th) but not as low as electroformed copper. In order to pack the
enclosures closely, the cap may be sealed to the enclosure via a shaft seal rather than a
flange seal.

The crystal modules would ideally pack with no space in-between them, in order to
reduce dead-space in the veto detector. It was proposed that the detectors could be formed
in a hexagon shape. An initial test was conducted, in which a small hexagonal mandrel was
constructed with a slight taper for ease in removing the copper shell. A layer of electroformed
copper was deposited on the surface of the mandrel, and was found to be uniform, even at
the corners, demonstrating the feasibility of creating polygonal enclosures by this method.

In order to ensure the safety of deploying the enclosures in the liquid-scintillator veto
detector, tests were conducted by Dr. Francis Froborg to ensure that copper, unlike stainless-
steel, has no degradation effect on the liquid-scintillator cocktail used in DarkSide-50. In
this study, small scintillator samples were given exposure to copper pieces, representing a
long period of exposure (>100 years) for the surface-area-to-volume ratio in the DarkSide-
50 neutron veto detector. The transmission coefficient was measured with a Lambda-650

spectrophotometer. No degradation of the scintillator was observed, as can be seen in Figure

4. 221
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Figure 4.22: Measurements of the attenuation length at different wavelengths as a function
of time for liquid scintillator exposed to copper (Cu) and copper cleaned with sulfamic acid
(Cu*). In the top figure, the scintillator used is pure pseudocumene (PC) while in the bottom
figure, it is a mix of pseudocumene and trimethyl-borate (TMB), the scintillator mix used in
the DarkSide-50 experiment. In both cases, a long exposure showed no degradation effect.
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A conceptual design for the encasement is shown in Figures and These designs
are not finalized, but demonstrate the concept for how the detectors might be sealed. The
final design considerations will depend on the shape and accessibility of the veto detector
and how the enclosures are deployed. Two possibilities for the deployment of the SABRE
detectors are discussed in Sections [5.2] and [5.3] The hexagonal design with a shaft-sealed
flange was proposed for optimal packing of the crystal detectors in the SABRE portable
liquid-scintillator vessel for an initial deployment of seven crystals. The six peripheral crystal
modules in the hex-packing arrangement would face alternating directions, such that the
cylindrical sections where the caps seal do not overlap. The central crystal module would
either have a smaller cylindrical section or an interior flange seal, with a smaller crystal inside.
This design would allow for the crystal modules to directly touch each-other, with no dead-
space in between. If optimal packing is considered a lesser priority, the enclosure design may
exhibit different features; flange seals, for example, are easier to seal and machine, and may
be considered more advantageous. In any case, the final design will feature the electroformed
walls, which can be done on both cylindrical and polygonal surfaces, and an OFHC cap of
some kind on each end.

The feedthroughs for the current prototype enclosure are bulkhead feedthroughs,
but these feedthroughs may leak slowly over time. Future designs may include custom
feedthroughs that are brazed to the cap, which may need to be made of a different material,
such as Kovar, since copper may be difficult to braze to ceramic. In addition, the cap may
include multiple feedthroughs for gas circulation, allowing the volume to be flushed with
nitrogen gas, either at room temperature or cold. It may also include feedthroughs for

monitoring environmental variables, such as temperature.

4.4.2 Support structure

The support structure for the crystal and PMTs used in our prototype is shown in Figure

4.21] Half-rings were machined from highly-crystalline Teflon to form a clamp around the
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Figure 4.23: Hexagon-shaped enclosure design that allows for maximal packing of the detec-
tors. The enclosure walls are made from electroformed copper, while the rounded section is
machined from OFHC copper. The pieces are e-beam welded together, and a cap, shown in
Figure , seals to the inner diameter via an o-ring seal.
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Figure 4.24: Basic cap design for the SABRE enclosures. The cap will fit into the rounded
section of the enclosure in Figure with an o-ring shaft seal. Feedthroughs for gas and
electrical cables (shown in beige) are arrayed on the top of the cap. The support structure
for the crystal and PMTs screws into the bottom of the cap.

walls of the crystal. The pressure is distributed by the Teflon-tape reflector. Two more
Teflon pieces cradle the PMTs. These clamps are held in place azimuthally and radially by
three OFHC copper rods, and vertically by a series of OFHC copper sleeves, springs, and
nuts. The rods screw into the OFHC copper cap discussed in Section The crystal is
wrapped with Lumirror reflector (not shown in the figure).

Several design changes may be made in the future. If a rigid reflector like Spectralon is
used, as discussed in Section [£.4.3] the clamp system may not be necessary, or may clamp
to the reflector. If a polygonal crystal is used, the mechanism for holding the crystal may
change. Finally, for better protection of the crystal from moisture, it may be the case
that a second, smaller enclosure holding only the crystal inside of the primary enclosure
is warranted. This enclosure would have two fused silica windows coupling the crystal to

the PMTs. Such an inner enclosure may better protect the crystal and make the packaging
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Figure 4.25: Crystal encasement proposed by PNNL. An inner enclosure within the crystal
detector module may better protect the crystal, but also may introduce more radioactivity
and may decrease the efficiency of the veto by introducing dead space. Figure from [103].

process easier, but may also introduce more dead space and radioactivity, thus limiting the
efficiency of the veto and increasing backgrounds. The additional optical surfaces that would
need to be coupled together could also decrease the light yield. An example of such an inner

chamber is shown in the PNNL-proposed design in Figure 4.25

4.4.3 Reflectors and coupling

In order to lower the energy threshold, the attainment of a high light-yield is imperative.
The choice of a good reflector makes a large difference in the achievable light yield, since a

typical photon can reflect many times before interacting with the phototube. Traditionally,
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RMD packages their crystals by wrapping them in Teflon tape. Teflon must be very thick in
order for the amount of transmitted light to become negligible, however. Lumirror reflector,
a polyester-based reflector with a protective coating [104], is a promising alternative, with
a high reflectivity at many wavelengths (see Figure . However, Lumirror has high
concentrations of U and Th, and therefore may not be suitable as a reflector in close proximity
to a high-purity crystal. Gore, another reflector with extremely high reflectance, may also
scintillate. Spectralon is a rigid material that is also highly reflective and very radio-clean,
and may reduce the mechanical stress on the crystal. However, it is also very expensive, and
may be difficult to couple directly to the crystal surface.

The choice of reflector may depend on other factors, such as the type of optical coupling;
optical gels tend to make Teflon tape and other void-based reflectors transparent. This does
not affect Lumirror, which has a protective coating.

In order to increase the light yield of the detector, SABRE has chosen not to use a light-
guide to separate the PMTs from the crystal. An optical coupling between these surfaces
is necessary to reduce reflections at the surface boundaries. Finding an ideal coupling is
difficult because of the high refractive index of Nal(T1), 1.85, when compared with quartz,
~1.5. Typical optical couplings have lower indices of refraction, around 1.4 or less, or are
colored and lack transparency. The optical coupling between the crystal and the PMTs will
be done in one of two ways. SABRE has used a transparent optical-coupling gel from Cargille
Labs [105] with a refractive index of 1.52 to package the Nal002 crystal for the quenching
measurement discussed in Chapter [6] Another option is optical gels that cure into a flexible
pad, like Sylgard [106] or Angstrom optical gel AL-3252, which has a refractive index of
1.52 [107].

A preliminary enclosure has been constructed to test SABRE’s ability to measure resid-
ual backgrounds, which will be tested with already-grown normal-purity crystals. SABRE
is in the process of using the information described above to design an enclosure for the

high-purity crystals being developed at RMD. Once built, these crystal detectors can be
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Figure 4.26: The Lumirror reflector reflectance as a function of wavelength, as measured
on a Lambda650 spectrophotometer. Lumirror is highly reflective over a broad range of
wavelengths. It also uniquely maintains its high reflectance when soaked in liquid. The
black spectrum shows the reflectance of Lumirror dry, while the blue curve shows the re-
flectance when the Lumirror has been soaked in liquid scintillator for 10 months. Figure
from measurements done by me with formatting by Shawn Westerdale.

deployed in an active liquid-scintillator veto detector.

SABRE has made substantial progress toward the development of highly-pure crystal
detectors, developing highly pure powders with industrial partners, establishing clean
crystal-growing methods, establishing the operation of the PMTs and developing cleaner
PMT components, and designing appropriate enclosures for the crystals. Work will continue
in this area to improve upon the crystal detectors, while the current crystals and enclosure
designs will be tested in an active liquid scintillator veto. The current plans for the

deployment of the SABRE detectors are discussed in the next Chapter.
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Chapter 5

The Active Liquid Scintillator Veto

and Simulations of SABRE

5.1 Active background rejection

The three prongs of the SABRE approach to testing the DAMA /LIBRA result are the de-
velopment of highly pure detector components, the lowering of the energy threshold, and the
active rejection of residual backgrounds through the use of a liquid-scintillator veto detec-
tor. The DAMA/LIBRA experiment rejects some of its backgrounds through the selection
of what they call “single-hit” events, defined as events in which energy depositions only
occur in one crystal. However, the rejection power of this technique is highly dependent
on the location of the primary scintillation event in the crystal array. Because of this, a 3-
keV,. feature from “°K decay remains in the DAMA /LIBRA energy spectrum, among other
backgrounds. The SABRE approach is to emulate the active rejection techniques of the
DarkSide experiment [94], rejecting residual backgrounds by deploying the main detectors
inside a liquid-scintillator detector. With this approach, lower backgrounds than those of

DAMA/LIBRA may be achievable.
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5.1.1 The veto concept

A common technique for reducing the background event rate in dark-matter detectors is
to surround them with a large mass of material that can stop incoming radiation. This
passive shielding technique is employed by the DAMA /LIBRA experiment. However, passive
rejection techniques cannot reduce backgrounds that are caused by radioactive decay in the
detectors themselves. By surrounding the detector materials with a liquid-scintillator vessel,
outfitted with photodetectors to detect the scintillation light, particles that deposit energy in
the main detector and then escape can be tagged on the way out. In addition, an active veto
detector can tag incoming radiation on the way to the detector, making it unnecessary to stop
the radiation completely. In this way, less shielding is needed to achieve the same rejection
power. This technique has been successfully utilized by the DarkSide experiment [93].

In addition to rejecting backgrounds in a dark-matter measurement, the liquid-scintillator
detector can be used as a 7 counter to measure the concentration of impurities in the crystal
and other detector components. This mode allows for quick (on the order of weeks) feedback

on crystal-growth methods and the purity of the detector modules.

5.1.2 The need for active background rejection

The DAMA /LIBRA modulation amplitude peaks at around 3keV... In addition, the total
energy spectrum also has a characteristic increase in the event rate around 3 keV.,., which is
commonly attributed to the decay of *°K. %K decays by electron capture to *°Ar in 10.7%
of cases. In this decay, a v ray with energy 1461keV is emitted at the same time as the
atomic transition causes the absorption of an inner-shell electron. This transition triggers
a cascade that includes K- and L-shell X-rays or Auger electrons, some with an energy of
~3keV. One of the main purposes of deploying the crystals in an active veto detector is the
rejection of low-energy, internal °K backgrounds by a detection of the high-energy ~ ray as

it escapes the crystal volume.
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In addition to °K in the crystal, external backgrounds from cosmogenic and radiogenic
sources may enter the crystals and deposit a small amount of energy as they pass through. Of
particular importance is the background of cosmic-ray muons that interact in the surrounding
laboratory environment and shielding and produce neutrons. These neutrons can interact
in the crystal via nuclear recoils, and are therefore immune to pulse-shape discrimination
techniques. Though this background has been discussed in the literature [77, [79, [78, [76], and
the modulation is unlikely to be entirely explained by muons, the possibility remains that
this background may contribute an interfering modulation signal that could obscure a dark-
matter modulation or change its apparent phase [77]. It is therefore extremely important
to tag neutrons as they enter the crystal volume, a task which the liquid-scintillator veto
could perform, especially if the scintillator is loaded with an isotope with a high neutron-
capture cross section, like SLi, 1°B, and »"Gd [29]. Hydrogen is also an effective target for
fast neutrons, so scintillating hydrocarbons can be sufficient for tagging neutrons [29]. In
addition to neutrons, the veto detector could also reject v rays entering the crystal volume

from the rock material, which contains K, 233U, and #*?Th.

5.1.3 The DarkSide-50 neutron-veto detector

A large, operational veto detector is already available in the form of the DarkSide-50 neutron-
veto detector, shown in Figure [5.1] The DarkSide-50 veto is a ¢4-m stainless-steel sphere
filled with a liquid-scintillator cocktail, lined with Lumirror reflector, and instrumented with
110 8-inch Hamamatsu R5912 PMTs. The total photocathode coverage is ~1%. The
scintillator cocktail contains the primary scintillator pseudocumene (PC), is loaded with
trimethyl-borate (TMB), which has a high neutron-capture cross-section, and is doped with
(2,5)-diphenyloxazole (PPO), a fluor that shifts the wavelength of scintillation photons to
the primary detection region of the PMTs.

The DarkSide-50 neutron veto, shown in Figure [5.1], has a number of advantages for use

as a veto detector for SABRE. The first is its location; it is situated inside a 10-m-tall, 11-
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Cleanroom

Figure 5.1: The DarkSide-50 detector setup. The DarkSide-50 liquid-argon detector is sit-
uated at the center of a ¢4-m spherical liquid-scintillator chamber called the neutron-veto
detector. The neutron-veto detector is filled with a boron-loaded liquid scintillator for the ef-
ficient capture of neutrons and is outfitted with 110 8” PMTs to detect the scintillation light.
The neutron veto is in turn encapsulated in the 10-m-tall muon veto detector, an extra layer
of active water shielding. Four “organ pipes” (labeled as “pipes” in the drawing) extend from
the neutron-veto detector to a clean room above the water tank, making the veto-detector
volume accessible from the outside [94]. Figure from the DarkSide collaboration.

m-diameter cylindrical water tank, which serves as a muon-veto detector and also provides a
large amount of passive shieldingﬂ Secondly, the veto chamber is outfitted with four “organ
pipes” that extend from the neutron detector up to a clean room situated on top of the
water tank. These pipes were designed to provide access to the liquid-scintillator volume
for the insertion of calibration sources and, importantly, the SABRE crystal modules. With
the DarkSide-50 infrastructure already in place, the DarkSide-50 veto detector provides an

attractive option for housing the SABRE crystals, at least for initial internal-background

!The muon-veto detector is equipped with 100 8" PMTs to collect Cherenkov light and is coated with a
Tyvek-polyetheylene reflective film to enhance the detection efficiency.
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tests. The current plan for interfacing with the DarkSide-50 detector is described in Section

b2l

5.1.4 A dedicated veto detector

Though the DarkSide-50 veto detector is a sound location for the crystal detectors, there are
two main reasons to consider a dedicated, portable veto detector for the SABRE experiment.
The first is location; with DarkSide-50 established at LNGS, the same location as the DAMA
experiments, using DarkSide would make SABRE subject to many of the same environmental
systematic effects as DAMA. A second benefit to a dedicated veto detector is lack of any
compatibility issues with a second experiment. If SABRE uses the DarkSide-50 veto, SABRE
is subject to the operations of DarkSide, which could potentially limit the possible exposure
of a SABRE dark-matter run or cause delays in the schedule.

An independent veto detector of this kind was constructed for a proof-of-principle dark-
matter experiment. Its design and plans for its implementation are described in Sections

(.3l In addition, simulations of this detector’s performance and backgrounds are discussed

in 5.41

5.2 SABRE in DarkSide

5.2.1 The DarkSide experiment

DarkSide-50 is a liquid-argon dark-matter detector situated at LNGS in Assergi, Italy. The
DarkSide-50 detector setup is shown in Figure .1} It has a well-established infrastructure
with a significant active-background-rejection effort, notably in the form of its muon- and
neutron-veto detectors.

The already established infrastructure of the DarkSide-50 veto detector, its location inside
the muon-veto detector, and its accessibility through the four organ pipes shown in Figure

make the DarkSide-50 veto ideally suited to house the SABRE detectors. The Darkside-
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50 veto detector can house the crystal detectors for initial tests of internal backgrounds,
and possibly for a full-scale dark-matter detector. The primary effort toward deploying
the SABRE crystals in the DarkSide-50 veto has been on the design and construction of an
insertion system that would lower the SABRE detectors into the neutron-veto detector while
allowing for the continued operation of DarkSide-50.

This insertion system will couple to a gate valve already in place in the clean room (CRH)
on top of the water tank, which allows access to one of the organ pipes. Such a system
must meet a number of requirements in order to maintain the integrity of the DarkSide
veto detector and minimally impact its operation. The Sabre-in-DarkSide Insertion System

(SIDIS) has been developed for this purpose and is currently being constructed.

5.2.2 SIDIS Requirements

The goal of SIDIS is to lower the crystal detectors through the organ pipes into the DarkSide-
50 veto. It was designed to lower one 10-kg Nal(Tl) detector in a sealed module with the
potential to be upgraded for two modules daisy-chained one above the other. SIDIS will
lower the detector(s) 5.5m into the main body of the liquid-scintillator vessel. A detailed
description of all the requirements that were considered in the design is in [I08]; the main
points from that document are outlined herd?|

SIDIS must interface with the crystal detectors. It must be able to guide four cables
(two signal and two high-voltage) from the crystal module out to the electronics in the
clean room. These cables must be protected from mechanical stress as well as the liquid
scintillator. In a dark-matter measurement, the system must be able to transfer a line of
nitrogen gas to the detector to flush the volume around the crystal. A line for monitoring
the crystal temperature is also desired.

The smooth and unimpeded motion of the detectors must be ensured. SIDIS must take

into account the possibility that the detector would get stuck when re-entering the organ

2The SIDIS requirements document was primarily authored by Dr. Francis Froborg with input from myself
and Dr. Jingke Xu.
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pipe on the way out of the veto detector. There must be a smooth, tapered surface so
the detector is guided into the organ pipe without the potential to catch. The position of
the detector should be lockable, regardless of the detector position. It is also important to
ensure that the gate valve cannot be closed when the crystal is below it, since the cables and
whatever weight-bearing system holding the detectors will be in the way.

The liquid-scintillator cocktail used by DarkSide is hazardous to many materials and also
to humans. In addition, it is sensitive to exposure to certain materials and atmospheric con-
ditions like humidity, and could degrade optically if exposed to the laboratory environment.
One of the primary requirements of SIDIS, therefore, is that it protect the scintillator from
the laboratory environment and vice-versa. The system must be designed so that personnel
and the laboratory environment are not exposed to liquid scintillator, and that any mate-
rials exposed to the scintillator should be tested for compatibility and should be precision
cleaned. Because SIDIS will be dismantled after operation, a mechanism for draining liquid
that enters SIDIS is needed, but due to exposure to the materials in SIDIS, the liquid cannot
be drained back into the veto detector. Gas flow inside the system must maintain a dry,
oxygen-free atmosphere, which should be monitored.

There are also mechanical requirements concerning the stability of the system and its
compatibility with CRH. One complicating feature of the scintillator is that DarkSide fills
the neutron-veto detector to the level of an overflow tank some distance above the floor of
the clean room. Therefore, in order to keep the liquid level below the gate valve, the system
must be operated at positive pressure.

SIDIS must also have accommodations for the possibility that the gate valve is not
level. It must also be compatible with the existing infrastructure, fitting through doors, etc.
Because of the underground operation at Gran Sasso, which is prone to earthquakes, the
system must be able to withstand strong seismic activity.

The system must also ensure a minimal effect on the operation of DarkSide. The system

must be light-tight so that the liquid-scintillator veto can remain in operation during the
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measurement. The radioactivity of materials entering the veto should be low, not only to
keep the background in the crystal due to insertion-system parts low, but also to not produce
a background in the DarkSide-50 experiment.

The system should be monitored to ensure safe operation. The pressure of the system,
the liquid level (should it rise above the gate valve), the atmospheric content inside SIDIS,
the detector position, and any potential leaks should be monitored.

The system is not designed to be used for a vacuum, nor is it a pressure vessel beyond
the requirement that it hold 150 mbar of pressure. It should therefore not be required that

the insertion system be used in this way.

5.2.3 The design

SABRE settled on a linear-motion scheme wherein the crystal detector is lowered into the
veto detector with a hose guided around a series of pulleys, shown in Figure[5.2l A previous
design involving a wheel was abandoned due to the inability to control the winding of the
hose. Another design with a removable glove-box was abandoned due to the pressure require-
ment and the inability to find a material that would be transparent, scintillator-compatible,
and strong enough to withstand the over-pressure required to push the liquid level below the
gate-valve|

In the current design, the pulleys are brought closer together by moving a plate attached
to two of the pulleys toward the third, thereby lowering the detector. This design avoids any
twisting or length contraction effects that occur when winding a hose with internal cables.
This motion is achieved by driving the plate with a worm drive. The electrical cables are
contained in a convoluted PTFE hose wrapped in braided stainless steel, which holds the

weight of the detector. The moving parts are contained in a sealed chamber that separates

3The initial efforts to design the insertion system, including previous designs, were led by me. Bob Parsells
provided the ithe conceptual design for the current system and helped choose components, and was heavily
involved in the revision process. Once SABRE switched to the pulley design, I was initially heavily involved
in developing the details of the design along with Dr. Francis Froborg, Joshua Pughe-Sanford, and Dr. Jingke
Xu. After an initial design phase, the design effort was primarily headed by Dr. Froborg.
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the scintillator vapor from the laboratory environment and provides a light-tight seal for the
veto detector. Exterior interfaces with the system allow for the driving and monitoring of
the system from outside of the chamber. The system is shown in Figure 5.2l A detailed
description of the system is available [3], but the basic features of the system are described

here following the main points in that document.

The motion

The convoluted hose containing the cables is wrapped around three pulleys and attached to
the bottom of the SIDIS chamber on one end and the detector on the other. The pulleys are
77 cast-nylon sheaveﬁ with a round groove capable of accommodating a 1.25” hose. One
pulley is attached to the bottom of the chamber (hereafter called the “bottom plate”). The
other two pulleys are attached to an aluminum plate allowed to move up and down along
three shafts extending from the bottom to the top of SIDIS. This aluminum plate is shown
in Figure 5.3| along with the pulleys and shafts. The total range of motion of the moving
plate is 2.0m, allowing for the crystal detector to be lowered the full 5.5m into the veto
detector.

The moving plate is allowed to travel smoothly up and down along the three shafts thanks
to linear bearings attached to each. These shafts prevent the rotation of the moving plate.
They are held in place at the bottom of the chamber and at another aluminum plate near
the top of the chamber, called the “top plate.” A bumper on the moving plate prevents the
pulleys from hitting the top of the chamber.

The motion of the plate is driven by a worm drive that allows the moving plate to move
up and down along the central screw. The worm drive is a ¢1.5” screw with the capacity
to bear 15 tons of centralized load. This value was calculated to be necessary given that the
load is off-center compared to the axis of the worm drive, and because the worm drive is

supported only at the bottom. The motion of the worm drive is driven from the outside of

4The pulleys were tested for compatibility with the scintillator and were found to be compatible.
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Figure 5.2: The SABRE-in-DarkSide Insertion System (SIDIS). A moving plate provides
the linear motion of two pulleys that lower a detector into the DarkSide liquid-scintillator
veto detector. The motion of the plate is driven by a worm drive, and the entire system is
contained in a sealed chamber filled with gaseous nitrogen at slight overpressure (~50 mbar).
Drawing courtesy of Dr. Francis Froborg, from [3].
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Figure 5.3: The moving plate that lowers the crystal detectors into the DarkSide-50 veto
detector. The pulleys are attached to a moving plate that travels along the three support

rods and is driven up and down by the worm drive. Figure courtesy of Dr. Francis Froborg,
from [3].

the chamber, transmitted through a ferro-fluid rotary feedthrough attached to a port on the

side of the chamber, as shown in Figure

The signal transfer

The PTFE hose is connected to the detector on one end and the bottom plate of the chamber
on the other. It holds the weight of the detector, and has been tested with a load of 23 kg.
The hose has a convoluted PTFE interior, which is chemically resistant and highly flexible,
and has a braided stainless-steel exterior for tension strength adequate to hold the weight
of the crystal detectors. The hose protects the four electrical cables needed to transmit the
signal from the two PMTs to the electronics in CRH in a —HV configuration. The hose also
contains a stainless-steel, nylon-coated support cable that serves as a back-up mechanism
for holding the weight of the detector in the case of hose failure. It has additional space for
a capillary tube to transmit nitrogen gas for the flushing of the enclosure.

The hose connects to the detector through an adapter protecting the connections of the

electrical cables with the crystal enclosure. A concept of this adapter setup is shown in
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Figure 5.4: System for moving the worm drive. The motion is transferred through a ferrofluid
rotary feedthrough. The position of the detector is tracked via a rotary counter attached to
the feedthrough. Figure courtesy of Dr. Francis Froborg, from [3].

Figure The adapter itself or another piece will be constructed with a rounded or sloped
edge to guide the detector into the organ pipe on its way out of the veto detector.

On the other side, the electrical cables and the backup support cable are terminated in
a tee junction attached to the bottom plate of the SIDIS chamber, as shown in Figure [5.6
This feature allows the volume inside the hose to be isolated from the external laboratory

environment.

The chamber /infrastructure

The SIDIS chamber consists of a bottom plate that attaches to the gate valve and supports
most of the interior components, three aluminum cylindrical wall pieces stacked one on top
of the other, and a plate that is welded to one of the top cylinder, forming the top of
the chamber. The bottom plate, shown in Figure 5.7, connects to the gate valve with a
bellows, to allow for the possibility that the gate valve may not be level. The bottom plate

is supported by three adjustable legs. The worm drive and the support rods are bolted to
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Figure 5.5: Potential design for the interface of SIDIS with the SABRE detector. A separate
adapter (shown in grey) bolts to the enclosure cap (yellow) and connects to the PTFE hose
(red). Inside, the steel support cable is terminated on the enclosure cap, and the electrical
cables are connected to gas-tight feedthroughs (shown in beige). The adapter can be rounded
on the edges to ease the reentry of the enclosure into the organ pipes, or a separate piece for
this purpose can be attached to the hose above the crystal detector.

the bottom plate. They are also secured at the top plate to prevent tipping, though the top
plate does not bear any of the weight of the worm drive or the support rods.

The cylindrical walls of the SIDIS chamber are outfitted with flanges and are connected to
each other with Viton o-ring sealsﬂ The lowest piece contains an extra flange face designed
to attach the support panels shown in Figure [5.8 These panels bolt on the other end to
the interior top plate to prevent it from rotating. The panels are outfitted with oblong bolt
holts allowing for their alignment. The cylindrical walls of the chamber have been built and

are shown in Figure [5.9

SViton is compatible with the scintillator, unlike other o-ring materials like Buna.
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Figure 5.6: Termination of the electrical cables and backup support cable exiting the SIDIS
system. A tee junction is attached to the bottom of the SIDIS chamber. The backup support
cable (blue) is terminated without turning from the vertical by an adjustable turnbuckle.
The electrical cables are turned to the side and terminated at electrical feedthroughs for easy
access from the outside. Figure courtesy of Dr. Francis Froborg, from [3].

The chamber is outfitted with several exterior features providing an interface with the
interior components, including viewports (discussed in the next section), gas feedthroughs,
and the rotary feedthrough for the worm drive. There is one gas feedthrough at the bottom
of the chamber beneath the bottom plate, which allows for nitrogen gas to be flowed into

the chamber at the location closest to the scintillator, and another at the top for exhaust.

Monitoring

SIDIS contains several features for monitoring and safety. Several viewports (see Figure
are installed at the bottom and top of SIDIS to allow visual inspection of the SIDIS
interior. In addition, the position of the detector can be quantifiably monitored by a rotary
counter attached to the crank. A mirror can be installed on the floor of the chamber at a

45° angle to view up into the chamber, to manually inspect the detector location.
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Figure 5.7: Bottom plate of the SIDIS chamber. The worm-drive, bottom pulley, support
rods, and feedthrough tee from Figure [5.6] are bolted to this plate. An o-ring groove allows
for the chamber walls to be attached separately. A bellows at the bottom attaches to the
gate valve. The gas feedthrough above the gate valve allows nitrogen gas to be fed into the
chamber close to the scintillator level, to protect the scintillator from humidity and oxygen.
Three feet allow the angle of the chamber to be adjusted. A moat carved into the plate guides
scintillator that may drip off the hose away from the organ pipe and out of the chamber. A
Viton flap (shown on the left of the bottom figure) wipes scintillator off the detector as it
rises above the gate valve. Figures courtesy of Dr. Francis Froborg, from [3].
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Figure 5.8: Support panels to secure the interior SIDIS structure. The panels are designed
to prevent the rotation of the top aluminum plate, securing the worm drive and the three
support rods. The panels are bolted to the bottom chamber piece and also to the top plate.
Figure courtesy of Dr. Francis Froborg, from [3].

Figure 5.9: The SIDIS chamber pieces.
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Figure 5.10: Locations of the viewports for SIDIS. Once the detector is lowered, the viewports
will be covered with light-tight cover plates. Figure courtesy of Dr. Francis Froborg, from [3].

5.2.4 Progress

The SIDIS system is currently being built. A test system has been set up in Princeton
allowing a mock detector to be lowered several meters under a grate outside of the physics
building. After all components are built and thoroughly tested in this setup, SIDIS will
be disassembled, precision cleaned, and installed at LNGS. An initial test of the DarkSide
veto detector’s ability to measure the *°K rate in a crystal will be conducted by lowering
a standard purity crystal detector into DarkSide with SIDIS. The crystal and enclosure for
this test have been obtained. Later, a measurement will be conducted with a high-purity

crystal.
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5.3 A portable veto detector

The SABRE veto vessel is a portable detector designed to actively reject a number of back-
grounds associated with a Nal(T1l) dark-matter measurementﬂ It was designed to be de-
ployed in multiple locations and contain a 50-100-kg dark-matter experiment. It was de-
signed to reject 95% of ~1-MeV ~ backgrounds. In addition, it can also be used as a
coincidence counter to estimate the radioactive impurity levels in the detectors, to provide
quick feedback on the developing crystal-growth methods.

The SABRE veto vessel consists of a cylindrical, steel tank 1.52m long and 1.37m in
diameter sitting on its rounded side. The crystal detectors will hang in the center from a
port at the top. 10 PMTs, five on each end, will be installed in ports on the flat ends of
the vessel to collect the scintillation light. The vessel will be filled with a liquid scintillator,
either linear-alkylbenzene (LAB) or pseudocumene (PC), with the wavelength shifter PPO.
It will be lined with Lumirror reflector to increase the light collection. The vessel will in

turn be surrounded by passive lead and polypropylene shielding to keep the veto rate low.

5.3.1 Requirements and considerations

The SABRE veto vessel had a number of requirements that were considered in its design.
In addition to the performance requirements determined by the physics of radioactive back-
grounds, the vessel had a number of operation and safety requirements. The requirements

that were considered in the design are as follows:

Physics requirements

1. The veto vessel should have a volume big enough to reject 95% of scattering events
from s with an incoming energy in the ~1-MeV range, particularly the v ray from

the decay of “°K by electron capture.

6The design effort for the portable veto detector and overseeing its construction was led by myself.
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2. The veto should maximize the light collected by the PMTs from radioactivity events
in the liquid scintillator. The light yield should ideally be high enough to efficiently
detect energy depositions of about 30 keV,., in order to potentially catch the fast-
neutron signal from thermalization. The vessel must preserve the optical properties of
the scintillator by protecting it from exposure to materials/gasses that may degrade its
scintillation performance. Finally, the detection efficiency should be minimally affected

by the event position to achieve a good energy resolution and avoid dead space.

3. The veto detector material should have a radioactivity that produces a sufficiently small
background in the NaI(T1) detectors (preferably less than 5% of internal background

from the Nal(T1) crystal, the 3" PMTSs, and the copper enclosure).

Movement-and-installation requirements

1. The vessel must be transportable (but only while empty) and should be compatible
with the infrastructure of existing laboratory spaces. In particular, it was desired that
the vessel fit in the SNOLAB elevator so that the vessel could be deployed at SNOLab

without being assembled underground.

2. The top-port cover plate should be liftable by one to two people and strong enough to

hold the weight of a full-sized crystal array (up to 100 kg in a 19-crystal array).

3. The crystal detectors should be held in place by a yet-to-be-determined support struc-

ture.

4. The crystal detectors should be able to be removed from the vessel and replaced without
disturbing or contaminating the vessel. We anticipate draining the vessel to change or

access the crystals, but it may be done without emptying the vessel.
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Feedthrough requirements

1. Electrical feedthroughs are needed to transfer the crystal-detector signals out of the

experimental apparatus.
2. The vessel should be accessible for the insertion of calibration sources.

3. The pressure, temperature, and liquid level of the vessel and the temperatures of the
crystal detectors should be monitored.
PMT requirements

1. The veto PMTs should be held in place against their tendency to float.

2. The veto PMT bases should be able to be inspected without emptying the vessel,

therefore, they must be accessible.

3. The veto PMTs should be shielded from magnetic fields.

Safety requirements

1. The vessel must handle fluid pressure of 2 p.s.i.g. on the flat side walls.

2. The vessel should be designed to allow for variation in liquid level due to thermal
expansion. This will require an overflow tank due to the large volume of scintillator

and the desire for a large margin of safety in temperature variation (+20°C).

3. The vessel should be equipped with a means for handling leaks; there should be a
means to contain leaks before they are otherwise addressed, and the vessel should be
capable of being quickly drained into a separate container. This draining system should

be both active and passive.

4. The vessel should be protected with passive systems such as burst discs, etc.
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5. The laboratory environment should contain monitoring and equipment to deal with

potential hazards, such as fire or earthquakes.

Non-requirements
1. The vessel was not required to be certified as a pressure vessel.

2. The vessel was not designed to hold vacuum.

5.3.2 The veto chamber design

The vessel was designed to meet all of the requirements listed in [5.3.1} The design for the

vessel and how the design meets the requirements is described as follows.

Detector dimensions and orientation

The vessel is 1.52m long and 1.37m in diameter. The dimensions were chosen with the
purpose of making the vessel fit in the entrance elevator to the SNOLAB facility (movement-
and-installation requirement . To address the physics requirements (1| and |2}, the efficacy of
a detector of this size as a veto was determined by Monte Carlo simulation, as described in
5.4, To summarize, a calculation based on the attenuation of v rays in scintillator shows that
a vessel of this size would allow ~5% of 1461-keV ~ rays to traverse its volume undetected,
either from the crystals to the outside or vice versa, a distance of ~50 cm. This veto efficiency
calculation assumes an array of 7 crystal detectors in a hex pattern, but does not include
the detection efficiency of the v ray by other crystal detectors. Rather, this number is an
estimate of what fraction of v rays entering the liquid scintillator volume leave undetected.

The vessel has a cylindrical wall thickness of 1/4” and a side-wall thickness of 3/8”, for
an overall mass of ~600kg. The overall radioactivity of a vessel of this size is discussed in
.4 to address physics requirement [3]

The vessel will lie on its side for more complete draining and for easier access to the

PMTs, which will be installed on the vessel’s flat faces. The supports for the vessel contain
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Figure 5.11: To-scale conceptual drawing of the SABRE portable liquid-scintillator veto
vessel. The crystal detectors, shown in brown, hang at the center of the cylindrical veto
vessel. A port at the top of the veto vessel allows for the insertion of the detectors and
also contains feedthroughs for necessary electronic cables and other sensors. The PMTs are
inserted in ports on the sides of the vessel. A catch-basin is shown in red, which can hold
20% of the scintillator volume in the case of a leak. The vessel is surrounded by lead or steel
shielding, which will provide a passive shield for v rays and other radiation.

notches for a fork lift. Two lifting lugs on top also allow the vessel to be lifted by crane. These
features make the scintillator vessel portable, as per movement-and-installation requirement

[ A schematic of the vessel is shown in Figure and a final drawing in Figure [5.12]

The top flange

The vessel has one large flange at the top of the vessel, hereafter referred to as the “top
flange.” The top flange allows access to the interior for the crystal detectors and other smaller
components, as well as the installation of the reflector. The top flange has a 23.5” bore, so

that a single crystal detector could be inserted horizontally into the detector, or a larger
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Figure 5.12: Final drawing of the SABRE portable veto vessel, from Allegheny Bradford
Corporation.
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array can be installed vertically and then rotated, addressing movement-and-installation
requirement 4]

The top flange has two bolt circles. The innermost bolt circle allows a cover-plate to be
attached to the vessel. The outermost bolt circle can be bolted to a removable glove box or
a flexible isolation system like a nylon bag for atmospheric control. This isolation feature
will allow for operations to be performed in the detector without draining or contaminating
it—for example, the insertion of calibration sources or the removal and reinsertion of the
crystal detectors.

The top flange cover-plate is 3/8”-thick stainless steel and has been modeled to be
strong enough to hold the crystal array in a Solidworks simulation, meeting movement-and-
installation requirement [2} It contains several small ports that can be used as feed-throughs
for electrical cables, sensors, calibration sources, etc., meeting feedthrough requirements [}
2, and [3] A central 6” Conflat flange is big enough to house many of the needed electrical
feedthroughs. Eight additional 23/4” Conflat ports surround the central port for remaining
feedthroughs as well as a pressure sensor, temperature sensors, a potential connection to an
expansion tank (for safety requirement , and any other necessary monitoring or control
devices. The flanges are well-spaced so that tees or additional flanges could be installed if
necessary. The cover-plate also has eye-loops on the bottom to secure a fixture that would
hold the crystal detectors, and on the top for lifting, meeting movement-and-installation

requirement [3

The PMT ports

The side walls of the vessel are outfitted with 5 ports on each side for the attachment of PMT
cans housing 8” Hamamatsu R5912 PMTs. This model of PMT was used in the DarkSide-50
neutron veto. In DarkSide, the phototubes were protected from magnetic interference with a

mu-metal shieldﬂ, as shown in Figure |5.13, Each of the ports on the liquid-scintillator vessel

"Mu metal is a nickel-iron alloy with high magnetic permeability used in shielding electronics from static
or low-frequency magnetic fields.
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Figure 5.13: The mu-metal shield used to protect the 8 Hamamatsu R5912 PMTs in
DarkSide-50. The veto vessel was designed such that a similar shield could be used on
the veto PMTs in SABRE.

will have an inner bore of 10”, which should be wide enough for the insertion of the PMT
plus a mu-metal shield like those used in DarkSide (PMT requirement [3)).

The ports were spaced far apart and were staggered on each side of the detector to
minimize positional effects on the veto detection efficiency (physics requirement .

The PMTs themselves will be affixed to a can that will be bolted to the ports, so that the
PMT photocathode is just inside the main volume of the veto chamber. Placing the PMTs
all the way in the chamber would reduce the light-collection capability of the veto detector
along the periphery, thus decreasing the effective fiducial veto volume. The cans feature a
shaft seal on the neck of the PMT so that the base of the PMT could be accessed while the
vessel is full (PMT requirement [2)). The design is shown in Figure A test of this seal
was performed with a stainless-steel tube, a Teflon or stainless-steel insert, a PMT, and two
o-rings, as shown in Figure [5.15] The tube was filled with water and watched for several
weeks, and was found not to leak. Furthermore, the seal provided by the o-rings is such that

the PMT does not easily slip out of its place in the can. Further tests of the integrity of
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Figure 5.14: PMT can design for the SABRE portable veto vessel. The PMT is gripped by
a Teflon or stainless steel insert, which cradles the PMT and provides a liquid-tight seal so
that the base of the PMT can be accessed from the outside of the vessel. The port is wide
enough to allow for the insertion of a mu-metal shield.

this seal under liquid pressure or under vacuum will be needed before trusting the integrity

of the seal with liquid scintillator.

Fluid handling

The thermal expansion of the liquid will be accounted for by an expansion tank stored above
the main vessel. The expansion tank can either be attached to the vessel at the top flange or
at the Conflat port on the top of one of the side walls. The liquid level in this expansion tank
can be monitored to detect leaks in the volume and to trigger draining of the vessel (safety
requirements |3| and . The expansion tank can also be backfilled with nitrogen during the

draining process to ease the draining of the liquid.
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Figure 5.15: Test of the PMT grip design for the portable liquid scintillator vessel. A Teflon
insert with o-ring grooves on both the PMT side and the can side creates a liquid-tight seal.
This setup was tested with water for several weeks with no leaking observed.

The vessel will sit inside a catch basin that can hold 20% of the liquid’s volume. A small
Conflat port at the bottom of the vessel allows for liquid to be drained or pumped out of
the vessel into other storage. Another Conflat port is placed at the top of the vessel on
the opposite side to backfill the vessel with gas as it is drained. The vessel can be lifted or

shimmed to create an incline for the complete draining of the vessel.

Coating and reflectors

Stainless steel has a known degradation effect on PC [109]. Therefore, it was decided that the
interior of the vessel would be coated with ETFE, in order to prevent this degradation from
occurring (physics requirement . The coating involves a sand-blasting process, in which a
rough bead material is fired at the walls of the chamber to roughen the surface for better
adhesion of the coating material. This process could embed some of the blasting material
in the steel. In order to ensure that the blasting process would not introduce radioactive
material into the veto chamber, we provided pellets of high-purity alumina (UHPA-AC2-O0S

from Sasol Chemicals Co.) to serve as the blasting material (physics requirement .
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A test of this coating was done on a bell-jar prototype veto chamber that had been used
to predict the performance of the DarkSide-50 veto detector [I10] [I1T]. This test revealed
that the coating process would interfere with the ability to form a seal if done on a sealing
surface. Therefore, sealing surfaces were masked off during the blasting and coating process.
The thickness of the coating is 0.060”.

The vessel walls have welded studs for the hanging of the reflector, Lumirror, similar
to those used in the DarkSide-50 experiment. Three staggered circles of eight studs on the
round wall, two layers of circles on either flat face, four studs inside the bore of the top
flange, and four on the bottom face of the top flange have been installed to fix the Lumirror
to the walls. Two more studs were placed just outside the top flange bore for additional
support along the ceiling of the vessel.

The Lumirror will be affixed to the walls by poking a hole in the material and pinning it
to the wall with a Teflon nut and washer. The Lumirror will have several inches of overlap,

as Lumirror loses its reflectance at the edges slowly when immersed in scintillator. This

method was used in DarkSide-5(f], as shown in Figure

5.3.3 The veto chamber construction

The veto chamber was constructed by Allegheny Bradford Company (ABC) in Lewis Run,
Pennsylvania. They specialize in the fabrication of clean storage vessels, and have fabricated
other vessels for liquid scintillator processing for the Borexino experiment in the past. The
blasting and coating of the vessel was performed by Fisher Company in Salt Lake City, Utah.

The vessel was constructed according to the atmospheric vessel standards in the American
Society of Mechanical Engineers (ASME) code, Section 8 [I12], and the welding standards

in Section 9 [113].

8The installation of the reflector in DarkSide-50 was led by me and performed by Shawn Westerdale and
myself.
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Figure 5.16: Installation of the Lumirror reflector in the DarkSide-50 neutron veto. The
Lumirror was held in place by a series of studs welded to the interior wall of the sphere
and some Teflon nuts and washers. A similar procedure will be used for the SABRE veto
detector.

Table 5.1: Radioactivity of the stainless steel used for the SABRE veto vessel, as measured
by GDMS at Evans Analytical Group.

Lot Thickness U Th K Pb
Number (in.) ppb | mBq/kg | ppb | mBq/kg | ppb | mBq/kg | ppb
S536 3/8 0.3 3.7 <0.1 <0.4 4 0.12 10
T915 1/4 0.04 0.5 0.02 0.08 <1 0.03 9.3

Steel radioactivity

The radioactivity of the vessel steel must be low in order to not introduce a high level of
backgrounds in the experiment. The steel used for the vessel was ordered from Stainless Plate
Products USA Inc. (SPPUSA). Before the steel was ordered, samples from the available lots
used were measured for radioactivity by GDMS. The measured radioactivity for the steel
used for the SABRE vessel is very low and is summarized in Table 5.1} Samples of the steel
have been sent for a v counting measurement as well, which should give a more sensitive
estimation of the steel radioactivity. The implications for this level of radioactivity for the

SABRE background is discussed in
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Figure 5.17: The SABRE portable veto-detector vessel, constructed at Allegheny Bradford
Corporation. The vessel has been placed on a custom-made track so that it can be rotated
freely.

Testing of the vessel

Once fabricated, the vessel was tested for its ability to seal with a helium leak test and a
water leak test. Blank flanges were fabricated to cover the PMT ports in place of the PMT
cans for this test. The helium leak test at ABC was unsuccessful due to a non-functional
leak tester. Before it was realized that the leak-tester was not working, the vessel was
inadvertently over-pressurized and the flat walls bowed outward slightly. To compensate
for this, an additional circle of studs was placed on each wall, to better secure the Lumirror
against the now-curved surface. The vessel failed initial water leak tests on three of the ports,
but additional material was welded into the weld joints and subsequent water tests showed

that the vessel was leak-tight using 4 psi of pressure for 120 minutes. The constructed vessel

is shown in Figure [5.17}
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5.3.4 Electronics scheme for the liquid-scintillator veto

The liquid-scintillator detector will be initially deployed in Princeton, where it will be filled
with water and tested. The detector will be lined with reflector, and an insertion system for
the crystal-detector modules will be constructed.

Electronics for the data acquisition of this detector have been purchased, and a scheme
has been conceptually developed for both a dark-matter measurement and a *°K measure-
ment. The scheme for the data acquisition for a “°K measurement is shown in Figure [5.18
The waveforms from the PMTs both in the crystal detectors and the veto detectors will be
digitized by CAEN V1720-E digitizers after being appropriately amplified. The digitizers
send a low-voltage-differential-signaling (LVDS) discriminator signal to a V1495 logic unit,
which provides a fast trigger for the digitizers. There, the PMTs for each crystal detector are
operated in coincidence. In a K-measurement mode, an OR logic is performed on the crystal
detectors and ANDed with a majority signal from the veto-detector PMTs to produce the
trigger. In a dark-matter measurement, the OR signal from the crystal modules (composed
of the ANDed output of the two PMTs for each crystal) would provide the trigger. Once the
digitizers are triggered, they will send data for a fixed acquisition window to the computer.
The veto-PMT signals could be acquired separately. Alternately, to reduce the data-storage
requirements, a majority discriminator output from the veto PMTs could be recorded in-
stead. It is also possible to operate without a trigger and use zero-suppression techniques
to make the data manageable, performing all logical analysis offline. This technique would

eliminate any dependence on a trigger efficiency, but would be data-intensive.

5.4 Simulations of the SABRE experiment

The success of the SABRE portable veto detector will be dependent on its ability to shield the
crystal detectors from and actively reject backgrounds. This will depend on the the ability

of the veto to tag or stop incoming and outgoing radiation, which is primarily determined
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Figure 5.18: Electronics scheme for the SABRE detector in a high-data K-measurement
mode of operation. The PMTs from the crystal detectors and the veto detector are fed into
CAEN V1720-E 250 Msample/s digitizers after appropriate amplification. The digitizers
send a discriminator signal to a V1495 logic unit that would perform the trigger logic for
the digitizers.

by its mass. It also depends on the efficiency with which it detects energy depositions
within its volume. Simulations were performed to predict both parameters. Geant4 Monte
Carlo simulations predicted the backgrounds with and without the veto in a dark-matter-
measurement mode, as well as in a coincidence-counting mode meant to measure the “°K
concentration in the crystals. These simulations are discussed in Section [5.4.1] A custom
optical Monte Carlo predicted the light yield of the veto detector, as described in Section

0.4.2
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5.4.1 Backgrounds in the Nal(T1l) SABRE detectors

A Monte Carlo simulation was performed to predict the backgrounds in the SABRE ex-
periment given the radioactivity in various components’} The simulation was performed in
the most recent version of Geant, 4.10.01. The framework, called Xsimu, was developed by
Dr. Jingke Xu. In this framework, a primary particle is generated (a primary event) and
tracked by the simulation software. Sub-events that occur in defined sensitive volumes are
recorded as hit objects in a ROOT TTree. For each primary event, the primary-event—level
information is also stored in the form of three hit objects. The first gives the event ID, the
second the position of the primary event, and the third the direction of the primary particle.
The information recorded is shown in Table 5.2

There are a few notable features of the simulation framework that are designed to prevent
potential pitfalls. The timing information is especially important for radioactive decay chains
in which the decay time may be much longer than the time for which the resolution of a
double variable becomes relevant to distinguishing events that are nano-seconds apart (10
nanoseconds, or 11.6 days). If the global time of each sub-event was stored, sub-events
resulting from a radioactive decay with a long half-life may appear as if they happen at the
same time when in reality they do not. In order to compensate for this, particles that are
created with a high global time (>1s by default) are killed, the particles are stored as a
hit with identifiers showing they are killed particles, and they are recreated with event_time
equal to 0.

The physics list used for these simulations is a modified version of the Shielding Physics
list recommended for low-energy, underground applications by Geant4. Atomic relaxation
fluorescence, Auger electron emission, and particle-induced X-ray emission were enabled,
but it was found that the energy spectrum due to these effects were skewed due to a lack
of conservation of energy. It was found that this effect was due to Geant4 only tracking a

single hole in the atomic shells when in many Auger electron cascades, the Auger process

9These simulations were performed by myself and the results were validated by Dr. Jingke Xu.
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Table 5.2: Structure of the Xsimu simulation output. The output is a TTree with the
following branches. Each primary event has three events that serve as a header for the
entire event, followed by sub-events associated with individual energy depositions. The third
column describes the contents of each branch in the header events, while the fourth column
describes the content of each branch for the individual sub-events. Some of the values in the
third column are placeholder strings or constants to mark the event as a header, such as —1
or “<-EventID.” An int32_t is a signed-integer data type with size 32 bits, used to correctly
align the data in the T'Tree object.

Branch name | Data Primary Sub-events contain
type event-level
hits contain
particle_id int32_t event ID ID of the particle producing the
interaction, where 0 is a primary
particle
particle char[16] | “<-EventID” Name of the particle
(e.g. “gamma”)
parent_id int32_t —1 ID of the particle producing
this particle
prod_proc | char[16] “<-Flag” Production process for this particle
(e.g. “primary,” “compt”)
event_time double —1 Local time of this sub-event
(described in text)
pos_x_cm float x position x position of this sub-event in cm
or direction
pos_y_cm float Yy position y position of this sub-event in cm
or direction
pos_z_cm float z position z position of this sub-event in cm
or direction
interaction | char[16] “New” Type of interaction (e.g.
“RadioactiveDeca,”
“Transportation”)
e_inc float 0 Incident energy of the particle
(keV)
e_dep float 0 Energy deposited in the volume
(keV)
volume char[16] “Event” Name of the volume where
the subevent occured
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produces multiple holes. A fix was implemented by Burkhant Suerfu and Dr. Jingke Xu,
allowing Geant4 to track all of the holes created by the Auger process. This fix was found
to recover energy conservation in the simulation.

In addition to the Auger electron fix, another bug in the Geant4 code was discovered in
the way that Geant4 reads the tables storing the radioactive decay information. The bug was
first discovered by observing the decay of 23*"Pa in the ?**U decay chain. The meta-stable
excited state of 2**Pa has an energy of 73.92keV and decays directly to 23*U with a 99.84%
branching ratio (BR). In the other 0.16% of cases, it de-excites to the ground state before
decaying to *4U. In the simulations, 23*™Pa was de-exciting to the ground state in 100%
of cases. In addition, the de-excitation to the ground state was occurring in a non-physical
way. The de-excitation most commonly occurs by releasing a conversion electron with an
energy of 52.8keV (0.11% BR) or 68.6keV (0.027% BR). This should trigger a cascade of
multiple X-rays and Auger electrons with low energy, but instead Geant4 generates a single
~ ray with the remaining energy, in this case producing a prominent peak in the energy
spectra at ~21 and ~5keV,,., respectively. These peaks can be seen most prominently in
the background spectrum for 28U in the PMT window, shown in Figure [5.19]

In older versions of Geant, the radioactive decay module, G4RadioactiveDecay, would find
the correct entry in the table for a given parent particle by comparing the parent particle’s
energy with the energies in the table. Once a match was found to within a 2keV tolerance,
the branch information was retrieved from the table. When Geant4 added multi-threading
to their simulation software, they switched to a model wherein a quantity called an “isomer
level” is assigned to each excited state of an isotope. The radioactive decay information is
retrieved by comparing the isomer level with the entry number in the table.

However, in Geant 4.10.01, the isomer levels are not set correctly when the table of
isotopes is created, and all isotopes have an isomer of 0 (ground state) or 9 (any excited
state). When G4RadioactiveDecay does not find a 9th entry in the data table, it defaults

to a de-excitation to the ground state (called an isomeric transition by Geant) and decays
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Figure 5.19: Comparison of the 3”7 PMT background with the liquid scintillator veto from the
upper 238U chain before (Red) and after (Black) applying a fix to the G4RadioactiveDecay
module. In the red curve, a non-physical 21-keV,. peak and a smaller one at 5keV,. can
be seen due to the incorrect decay of 23¥™Pa. In the black curve, these peaks have been
eliminated, causing a slight increase in the smooth background below 10keV,.. The removal
of these large peaks expose smaller peaks from other decays in the chain, such as 2°Th (the
19-keV,, peak). These peaks are due to a problem with “isomeric transitions” as described
in the text.

from there. This first problem explains the incorrect application of the branching ratios
in the decay of 23*™Pa—it furthermore affects all decays from excited states, meaning the
problem was further-reaching than originally thought. This problem was fixed by returning
to comparing the energies rather than the isomer level, which, according to Dr. Laurent
Desorgher, one of the primary authors of the G4RadioactiveDecay module, is the solution
which will be implemented in an upcoming patch to Geant 4.10.01 [114]. After implementing
this fix using code provided by Dr. Desorgher, the decays from excited isotopes now follow
the correct branching ratios. The 21-keV,. feature is now absent, and the 5-keV,. feature
reduced, as can be seen on the right in Figure [5.19]

However, the second problem, wherein the isomeric transitions to the ground state release
a single v ray with a fixed energy, rather than executing a cascade where appropriate,
remains an issue that distorts the energy spectrum. In Figure 5.19] a new, smaller peak
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at ~19keV can be seen that results from the isomeric transition of ?2Th or ?*Ra. The
isomeric transitions use the photon evaporation module, G4PhotonEvaporation, to de-excite
to the ground state, which does not trigger a cascade through G4AtomicRelaxation, even
if conversion electrons are ejected from the atom. This has the effect of concentrating the
expected background at specific peaks, which will slightly lower the featureless background
in the region of interest and distort the energy spectra. Future simulations should attempt
to address this issue for a more accurate estimation of the background. The discovery of
these anomalies suggest that the Monte Carlo physics in these low-energy regions may be
somewhat unreliable and should be investigated further for any yet undiscovered issues when
determining the level of residual contaminations in SABRE by Monte Carlo. However, for
a general prediction of the expected background in SABRE, simulations with the current
decay physics can be informative.

The geometry of the SABRE background simulation is shown in Figure [5.20, The seven
6.7-kg crystalﬂ, shown in blue, are coupled to the two 37 PMTs, which are composed of a
Kovar shell, quartz windows, and a ceramic feedthrough plate. The crystals and PMTs are
enclosed in copper cans, shown in brown. The veto PMTs (green) are situated such that
their bulbs are halfway into the body of the vessel. They are surrounded by 10” ID cans.
Surrounding the vessel is 8” of lead shielding which could be turned on or off.

For most components of the detector, the primary radioactive isotope was generated
uniformly throughout the volume of interest and was allowed to decay. Events that had an
energy deposition in any of the crystals were recorded. A separate macro was written to
reconstruct the detector response, taking into account the quenching factors from Chapter
, the energy and spatial resolution of the detectors (the DAMA values were used), the light
yield of the veto detector (discussed in Section , and the event timing information. This
macro could generate spectra for individual backgrounds in single-hit and multi-hit events

with and without the veto from the liquid-scintillator detector. The spectra were analyzed to

10Geven crystals, which can be arranged in a hex pattern were assumed. The 6.7-kg size is the current
expected size for the crystals.
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Figure 5.20: Geometry used in the simulations of the SABRE detector background. The
crystals, shown in blue, are coupled to the two 37 PMTs, which are composed of a Kovar
shell, quartz windows, and a ceramic feedthrough plate. The crystals and PMTs are enclosed
in copper cans, shown in brown. The veto PMTs (green) are situated halfway in the body
of the vessel. Surrounding the vessel is 8" of lead shielding.

determine the background rate in both a dark-matter mode (DMM) and a K measurement
mode (KMM).

In the dark-matter mode, crystal events occurring simultaneously with any veto signal
(to within 1 us) above a certain energy (30keV..) were rejected. In the *°K measurement
mode, events with an energy between 1200 and 1700keV,.. in the veto were kept as 4°K
events. The latter range is chosen to produce a reasonable acceptance for true *°K events
while rejecting other backgrounds, simulating a potential cut that could be used with the
actual data. The choice of the 1200-1700 keV ., window in the veto will reduce backgrounds
that mimic “°K by a factor of about 5. By contrast, the “°K signal rate is cut by a factor of 3

total. Because non-potassium backgrounds in the crystal and veto should have a flat energy
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spectrum, looking at events where 1-10keV,. are deposited in the crystal reduces the non-
40K background by a factor of roughly 100. Therefore, a relative reduction in background of
about 130 can be expected by applying these cuts [115].

For many of the backgrounds simulated, the concentrations of impurities are known only
with an upper limit. For these backgrounds, the simulation was performed assuming a con-
centration at the measured limit to form an “upper-limit” background spectrum. A second
spectrum was generated ignoring these backgrounds to represent a “lower limit.” Spectra
were also generated with and without the liquid-scintillator veto using a 1-us coincidence
window. The upper-limit spectra with no veto is shown in blue in this document, the upper
limit with the veto is shown in red. When the spectrum contains both backgrounds for which
only limits are available and quantified backgrounds, the lower limit with no veto is shown
in green, and the lower limit with the veto is shown in orange.

Throughout the following sections, the rates of various backgrounds are shown for the
2-4keV,.. and 6-10keV,.regions. This is to estimate the backgrounds in the primary mod-
ulation region for DAMA /LIBRA and the location of the *°K feature in the former case,
and to estimate the backgrounds in the region of the essentially flat background of the
DAMA/LIBRA energy spectrum where no modulation is observed in the latter. Deter-
mining the rate in these two regions can provide a basis of comparison between SABRE’s

background-rejection potential compared with the backgrounds achieved by DAMA.

Backgrounds due to the crystal radioactivity

The crystal backgrounds were simulated using the measured values from the crystals grown
by RMD, the Astrograde Nal powder, or the DAMA values, whichever is lowest. The isotopes
measured were ‘°K, 238U, 232Th, 8Rb, 3H, ?2Na, ?Na, '?°I, 219Pb, and 8°Kr. The DAMA
values and a description of how each value was measured is in Section particularly in
Table 2.3 The values for the backgrounds due to radiation in the SABRE crystals are shown

in Table [5.3] while the spectra are shown in Figures [5.21H5.23] The crystal backgrounds
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were found to be the dominant background in the predicted energy spectra at the current
radioactivity levels, similar to the simulations of the DAMA /LIBRA experiment. The 1K,
238U, and 232Th backgrounds are still significant at the current levels achieved in the crystals,
but could be made lower through further purification along the lines of the efforts described
in Section .2

The K background is shown in Figure . The 3-keV.. feature is due to the K-
shell X-rays and Auger electrons. The L-shell feature can be seen below 1keV... Both
features are drastically reduced by the veto. If the same level of “°K is achieved as that
of DAMA/LIBRA, the 3-keV,. feature is reduced to less than 0.05cpd/kg/keV,., com-
pared with the 0.5cpd/kg/keV,. seen by DAMA and the 0.3cpd/kg/keV.. expected in
DAMA/LIBRA based on the simulations in Section The rejection power of the veto
can be seen in Figure where the veto provides a factor of ~10 reduction in the %K
background in addition to the multi-crystal rejection power. This large expected reduction
in the K background speaks to the power of the liquid-scintillator veto technique.

The 22Na background, shown in Flgure [5.23] has a K-shell Auger electron/X-ray at
~0.9keV,., which appears as a peak in the figure. This cascade is coincident with high-energy
~ rays from positron annihilation, making this feature effectively rejected by the liquid-
scintillator veto, similar to °K. Without the peak, the flat background is low compared to
other crystal backgrounds.

The 238U and ?32Th backgrounds are shown in Figure The background assumes
secular equilibrium of both chains. The #*®*U background is smoothly descending from 0-
30keV,., while the 232Th background has more structure. The 232Th background below
6 keV,, is very low, due to the treatment of the decay of ?2*Ra, which is the dominant source
of low-energy S particles in the 23Th chain, as described in Section 2.3.2f The feature
at ~9keV,.. is due to a number of Auger electrons and X-rays in the 8-10-keV,. range.
The feature at 22keV,. does not have an obvious physical origin and seems to result from

the way that Geant4 generates conversion electrons during isomeric transitions. Neither of

185



these backgrounds are reduced very well by the liquid scintillator veto, so a reduction in the
crystal 238U and 2*2Th concentrations is the best way to reduce these backgrounds. At the
levels currently achieved in SABRE crystals, the 22U and 232Th backgrounds are no longer
dominant.

With the reduction of the *°K background through the liquid-scintillator veto and 28U
and 232Th through crystal purification, the low-energy [-emitters 8Rb and 3H (see Figure
come to the forefront. The tritium concentration is not known in the SABRE crystals,
since it cannot be measured with ICP-MS. However, because of the distinctive shape of
the tritium background, SABRE may be able to measure this background by observing the
shape of the energy spectrum. DAMA only reports a limit for the tritium background in
their crystals, and do not comment on their method of generating this limit [41]. The 8"Rb
background is shown at the currently-achieved levels in the SABRE crystals. SABRE is
working to reduce the 8"Rb background through purification techniques.

Less prominent backgrounds include ®Kr, the primordial 1?°I, the neutron-activated ?*Na,
and the radon daughter 2!°Pb. At DAMA'’s reported limits, the 8°Kr, 21, and ?*Na back-
grounds are small compared with the other crystal backgrounds. The 2*Na background
could be further reduced if the liquid scintillator vessel is doped with a chemical with a high
neutron-capture cross-section, or if passive shielding with a high cross section for neutron
capture is used. The 21°Pb background here assumes a bulk concentration, but the event
rate and spectrum may be different if there is a significant 2!°Pb surface background. An
effort should be made to eliminate surface backgrounds through polishing techniques.

Overall, the approximately constant rate from the crystals in SABRE is predicted to be
about 0.1 cpd/kg/keV,, lower than the simulated DAMA rate, due to the lower contributions

from 238U and ?*Th and the significant reduction in the “°K bump.
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Figure 5.21: Expected background due to *°K in the crystals, with and without veto, for
13 ppb ™K.
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Figure 5.22: Expected background due to ?*3U (Left) and ?*Th (Right) in the crystals, with
and without veto. The 232Th background has more structure, as described in the text.
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Figure 5.23: Background due to individual isotopes in the crystals other than “°K, 2*U, and
232Th, with the concentrations shown in Table[5.3] From top to bottom, the spectra are $"Rb,

1297 22Na, ?'Na, 29Pb, 85Kr, and 3H. 8"Rb

3H are especially significant backgrounds at

the powder value and DAMA limit, respectively.
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Figure 5.24: Total expected background caused by the crystals for a dark-matter measure-
ment, with and without the liquid-scintillator veto. The upper-limit spectra (red and blue
with and without the veto, respectively) use measured upper limits for ?Na, ?!Na, 3H, and
85Kr, while the lower-limit spectra (orange and green with and without the veto, respectively)
leave out these backgrounds.
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Figure 5.25: Total expected background caused by the crystals for a measurement of “°K in
the crystals. The upper-limit spectrum (red) uses measured upper limits for ?2Na, ?Na, 3H,
and ®Kr, while the lower-limit spectrum (orange) leaves out these backgrounds.
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Table 5.3: Rates of events due to the presence of impurities in the crystal in the K-
measurement mode (KMM) and dark-matter-measurement mode (DMM), with (v) and

without (No veto) the liquid-scintillator veto. Rates are shown in c¢pd/kg/keV...

Impurity Concentration Rate
(Source) KMM(v) | DMM(v) | No veto
2-4 keV,,
matRK 13ppb (DAMA) T41c01 | 5.83¢.02 | 3.430.01
232Th 0.6 ppt (PNNL) 1.65e-04 | 1.27e-04 | 1.67e-04
2] 0.5 ppt (PNNL) 1.280-02 | 1.270-02 | 1.29¢-02
8TRb 0.2 ppb (powder) 1.25e-01 | 1.24e-01 | 1.24e-01
210pY, 10 uBq/kg (DAMA) 7.31e-03 | 7.24e-03 | 7.26e-03
S5Kr | 10 4Bq/kg (DAMA limit) | 1.96e-03 | 1.93¢-03 | 1.92¢-03
1291 0.14 ppt (DAMA) 1.95e-06 | 2.03e-06 | 2.11e-06
2Na 10 uBq/kg (DAMA limit) 1.60e-05 | 1.30e-06 | 3.67e-05
2Na | 0.26 uBq/kg (DAMA Limit) | 8.096-07 | <1.126-08 | 8.316-07
SH 90 uBq/kg (DAMA limit) | 8.17e-01 | 8.18¢-01 | 8.17e-01
6-10 keV,,

nar 13ppb (DAMA) 1.570-02 | 1.540-02 | 1.580-02
232Th 0.6 ppt (PNNL) 5.01e-03 | 4.98e-03 | 5.02e-03
287 0.5 ppt (PNNL) 1.14e-02 | 1.13e-02 | 1.15e-02
STRb 0.2 ppb (powder) 11801 | 1.19e-01 | 1.19¢-01
20pp 10 uBq/kg (DAMA) 6.08¢-03 | 6.08e-03 | 6.06e-03
®Kr | 10uBq/kg (DAMA limit) | 1.80c-03 | 1.88¢-03 | L.83e-03
1291 0.14 ppt (DAMA) 2.38e-06 | 2.36e-06 | 2.38e-06
PNa | 104Bq/kg (DAMA limit) | 7.99¢-06 | 1.51c-06 | L.32-05
2Na | 0.26 uBq/kg (DAMA limit) | 8.54¢-07 | <5.62¢-09 | 1.03¢-06
SH 90 uBq/kg (DAMA limit) 5.18e-01 | 5.19e-01 | 5.19e-01
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PMT Backgrounds

The PMT background in SABRE is important to understand, given that the SABRE 3”
PMTs will be directly coupled to the crystals, as opposed to DAMA/LIBRA, where the
PMTs are separated by a 10-cm light-guide. The SABRE 3”-PMT background is therefore
expected to be higher than that of DAMA/LIBRA. However, efforts to lower the intrinsic
radioactivity of the PMTs, including the use of low-radioactivity ceramic feedthroughs, can
help reduce the background rate added by this decision.

The PMT was split into three parts: the body of the tube, the window (which included
backgrounds from the photocathode as well as the fused silica), and the feedthrough plate.
The radioactivity values used were those that had been measured by [99] for the Xenon
R11410-21 PMTs, as shown in Table These PMTs are identical to the R11065-20 PMTs
that will be used by SABRE, except for their photocathode material. The PMT window, the
PMT body, and the feedthroughs are the dominant sources of backgrounds for the PMTs;
the electrodes and other components of the PMT were not simulated.

In addition, the radioactivity of the new ceramic feedthroughs were also separately in-
vestigated. The radioactivity values from Table ?? were used, along with the total mass of
the ceramic pieces from the current design shown in Figure [4.12]

The most notable feature in the simulation of the PMT backgrounds is the 19- and
16-keV,, features from the upper- and lower-?*3U chains in the PMT window, respectively.
These backgrounds occur in the simulation because of the mono-energetic v rays released
in isomeric transitions in Geant, and because the PMT window is directly coupled to the
crystal (see Figure . The ~ ray can escape into the crystal, whereas less energetic X-
rays or Auger electrons that should carry the extra energy would not. Not only is this peak
unphysical, but the ?3*U content in the PMT window is only reported as a limit by [99], so
it is anticipated that a peak of this kind would simply not exist in an actual measurement.

The overall rate from the PMTs is expected to be on the order of the DAMA modulation
after the veto is applied (see Figure , and could be smaller if the backgrounds for which
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only limits are known are significantly below their limits. The new ceramic feedthrough

stems can also be helpful in lowering backgrounds, as is shown in Figure [5.28
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K background from the 3" PMT, 2.42 mBg/tube
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Figure 5.26: Expected backgrounds due to the 37 PMTs for individual isotopes, with and
without the liquid-scintillator veto, with the old ceramic feedthrough plate. The backgrounds
are from 1K (Top left), the upper chain of 23U (Top right), the lower chain of 23¥U (Middle
left), 232Th (Middle right), and ®*Co (Bottom). The liquid-scintillator veto highly suppressed
the °°Co background, so that only a few simulated events were missed by the veto detector.

193



Background from the 3"PMTs with and without veto
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Figure 5.27: Expected backgrounds from the currently available R11065-20 3” PMTs for a
dark-matter measurement, with and without the liquid-scintillator veto.
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Background from the 3"PMT with new ceramic feedthroughs with and without veto
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Figure 5.28: Expected backgrounds from the 37 PMTs for a dark-matter measurement with
the new ceramic feedthrough stems, with and without the liquid-scintillator veto.
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Background from the 3" PMTs in K measurement mode
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Figure 5.29: Expected background from the current 37 PMTs for a measurement of “°K in
the crystals.
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Table 5.4: Rates of background due to the 37 PMTs from 2-4keV,.. and 6-10keV..in a
dark-matter measurement (DMM) and a %K measurement (KMM), with (v) and without
(No veto) the liquid-scintillator veto. Radioactivity measurements are based on those made
on R11410 PMTs by [99], which are identical to the R11065-20s that will be used by SABRE,
except for the photocathode material. Radioactivity values for the new feedthrough plates
came from Table ?7. Rates are shown in cpd/kg/keV..

2-4keV,,
The PMT body

Impurity Activity (mBq/tube) Rate
KMM(v) | DMM(v) | No veto
nat K <0.99 2.45e-04 | 1.40e-04 | 2.74e-04
238U upper chain <0.095 5.74e-05 | 2.19e-05 | 7.15e-05
238U lower chain <0.26 5.92e-04 | 1.52e-04 | 7.28e-04
232Th <0.34 1.07e-03 | 1.75e-04 | 1.15e-03
Co 0.07 8.61e-05 | 3.93e-07 | 1.24e-04

The PMT window

Impurity Activity (mBq/tube) Rate
KMM(v) | DMM(v) | No veto
nat il <0.081 3.87e-04 | 3.75e-04 | 3.97e-04
238U upper chain <0.33 2.99e-03 | 2.58e-03 | 3.08e-03
238U lower chain 0.036 7.35e-04 | 5.39e-04 | 7.75e-04
232Th <0.011 2.16e-04 | 1.38e-04 | 2.21e-04
Co <0.0045 1.07e-05 | 6.94e-08 | 1.45e-05

The PMT feedthrough plate - old plates

Impurity Activity (mBq/tube) Rate
KMM(v) | DMM(v) | No veto
nat ik 1.35 6.54e-05 | 2.20e-05 | 9.90e-05
238U upper chain <2.7 1.91e-03 | 1.26e-04 | 1.96e-03
238U lower chain 0.28 2.19e-04 | 2.76e-05 | 2.34e-04
232 0.11 1.60e-04 | 1.54e-05 | 1.58e-04
%Co <0.016 1.22e-05 | 4.98e-08 | 1.71e-05

The PMT feedthrough plate - new plates

Impurity Activity (mBq/tube) Rate
KMM(v) | DMM(v) | No veto
nat K 1.36 6.61e-05 | 2.23e-05 | 1.00e-04
238U upper chain 0.023 1.59e-05 | 1.05e-06 | 1.64e-05
238U lower chain 0.017 1.32e-05 | 1.66e-06 | 1.40e-05
232 0.042 6.09e-05 | 5.88e-06 | 6.01e-05
Co <4.5x107° 3.45e-09 | 1.41e-11 | 4.83e-09

Continued on next page...
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Total for old phototubesd"|

Impurity Activity (mBq/tube) Rate
KMM(v) | DMM(v) | No veto
nat K <2.42 6.97e-04 | 5.37e-04 | 7.70e-04
2387 upper chain <3.13 4.95e-03 | 2.72e-03 | 5.11e-03
2387 lower chain <0.58 1.55e-03 | 7.19e-04 | 1.74e-03
232Th <0.46 1.44e-03 | 3.28e-04 | 1.53e-03
Co <0.09 1.09e-04 | 5.12e-07 | 1.55e-04

Total for phototubes with new feedthrough platesl

Impurity Activity (mBq/tube) Rate
KMM(v) | DMM(v) | No veto
nat g <2.43 6.98e-04 | 5.38e-04 | 7.71e-04
2387 upper chain <0.45 3.07e-03 | 2.60e-03 | 3.17e-03
238U lower chain <0.32 1.34e-03 | 6.93e-04 | 1.52e-03
232Th <0.39 1.35e-03 | 3.19e-04 | 1.44e-03
Co <0.08 9.68e-05 | 4.63e-07 | 1.38e-04

6-10keV,,
The PMT body

Impurity Activity (mBq/tube) Rate
KMM(v) | DMM(v) | No veto
nat ik <0.99 2.44e-04 | 1.70e-04 | 3.15e-04
2387 upper chain <0.095 8.33e-05 | 3.83e-05 | 9.54e-05
2387 lower chain <0.26 9.49e-04 | 3.93e-04 | 1.12e-03
232Th <0.34 1.38e-03 | 3.22e-04 | 1.46e-03
%Co 0.07 1.14e-04 | 3.93e-07 | 1.54e-04

The PMT window

Impurity Activity (mBq/tube) Rate
KMM(v) | DMM(v) | No veto
natK <0.081 4.95e-04 | 4.83e-04 | 5.05e-04
238U upper chain <0.33 3.36e-03 | 2.84e-03 | 3.44e-03
2387 lower chain 0.036 1.50e-03 | 1.27e-03 | 1.55e-03
232Th <0.011 3.63e-04 | 2.73e-04 | 3.70e-04
%Co <0.0045 1.14e-05 | 7.22e-08 | 1.57e-05

Continued on next page...

" Simulations were not conducted on the electrodes and other smaller parts, so the total activity quoted
is larger than the sum of the previously mentioned activities.
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The PMT feedthrough plate - old plates

Impurity Activity (mBq/tube) Rate
KMM(v) | DMM(v) | No veto
nat K 1.35 1.00e-04 | 4.97e-05 | 1.43e-04
238U upper chain <2.7 2.16e-03 | 1.47e-04 | 2.43e-03
238U lower chain 0.28 2.85e-04 | 6.47e-05 | 2.99e-04
232Th 0.11 1.98e-04 | 3.64e-05 | 2.18e-04
®0Co <0.016 1.47e-05 | 5.19¢-08 | 2.04e-05

The PMT feedthrough plate - new plates

Impurity Activity (mBq/tube) Rate
KMM(v) | DMM(v) | No veto
natK 1.36 1.01e-04 | 5.02e-05 | 1.44e-04
238U upper chain 0.023 1.81e-05 | 1.23e-06 | 2.03e-05
238U lower chain 0.017 1.71e-05 | 3.88e-06 | 1.79e-05
232Th 0.042 7.54e-05 | 1.39e-05 | 8.33e-05
Co <4.5x10°° 4.14e-09 | 1.46e-11 | 5.75e-09

Total for old phototubes!!

Impurity Activity (mBq/tube) Rate
KMM(v) | DMM(v) | No veto
nat g <2.42 8.39e-04 | 7.03e-04 | 9.63e-04
238U upper chain <3.13 5.61e-03 | 3.03e-03 | 5.96e-03
238U lower chain <0.58 2.74e-03 | 1.73e-03 | 2.97¢-03
232Th <0.46 1.94e-03 | 6.31e-04 | 2.05e-03
Co <0.09 1.40e-04 | 5.17e-07 | 1.90e-04

Total for phototubes with new feedthrough plates!

Impurity Activity (mBq/tube) Rate
KMM(v) | DMM(v) | No veto
nat K <243 8.40e-04 | 7.03e-04 | 9.65e-04
238U upper chain <0.45 3.46e-03 | 2.88e-03 | 3.55¢-03
2387 lower chain <0.32 2.47e-03 | 1.67e-03 | 2.69e-03
2Th <0.39 1.82e-03 | 6.08e-04 | 1.91e-03
Co <0.08 1.25e-04 | 4.65e-07 | 1.70e-04
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Enclosure Backgrounds

Backgrounds for the enclosure were simulated using the limits achieved for different kinds
of copper. For *°K, the concentration used was that of the OFHC copper used in the first
SABRE enclosure built for the SABRE-in-DarkSide tests as measured by GDMS. The 238U
and #2Th values were taken from electroformed copper as described in [102].

In addition to the limits for long-lived isotopes, cosmogenically-activated backgrounds
were simulated for **Co, 57Co, *Co, ®Co, “Sc, **Mn, and *Fe, as shown in Figure [5.31}
The saturated concentrations at sea level from [I16] were used, averaging the values from the
Ziegler [117] and Gordon et al. [I18] cosmic neutron spectra. The enclosure backgrounds are
low at these limits compared to the crystal and 3”-PMT backgrounds, about an order of mag-
nitude lower than the 37-PMTs for a dark-matter measurement with the liquid-scintillator
veto and a factor of 2 lower for a “°K measurement. As can be seen in Figure [5.32] the veto

is very effective at reducing the copper backgrounds.
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Background from the enclosures with and without veto

Veto (upper limit)

No Veto (upper limit)

~
. N 0t v st O o
3 107 S

; = /.,.w'f“ Veto (lower limit)

= -
L [ No Veto (lower limit)
:: ~ S oy

- f;'«w ~‘v‘”"""“\w"’a/.m‘-‘,.mvt‘,.‘ﬂn.'«'n\]u"«'-‘."”"‘ e

" Ay o N
Y
o e Ul
-3 " v"”‘«"'"o
= G
10% e

= E
<9 #
— b
N St o,

* A
=

44 A TEY LA it 44

m 10-4 — ~«4n«4uw«mumww‘“’”« A O S o

= 4

E b1ty A

AL

gt

[

e

L P P P P P L
ee

Figure 5.32: Expected backgrounds from the enclosures in a dark-matter measurement, with
and without the liquid-scintillator veto.
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Figure 5.33: Expected backgrounds from the enclosures for a measurement of K in the
crystals.
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Table 5.5: Rates of background due to the enclosure for a dark-matter measurement (DMM)
and a K measurement (KMM) with (v) and without (No veto) the liquid-scintillator veto.
The limits for OFHC and electroformed copper are used. Rates are shown in cpd/kg/keVe,.

Impurity Concentration Rate
KMM(v) | DMM(v) | No veto
2-4keV,,
nat K 1ppb (OFHC limit) 1.92e-05 | 1.59e-05 | 2.20e-05
232Th 1 ppt (electroform) 1.80e-05 | 4.96e-06 | 1.90e-05
2387 1 ppt (electroform) 5.47e-05 | 2.15e-05 | 6.41e-05
Co 21.45 cpd/kg Cu, from [116] | 3.96e¢-04 | 9.69e-07 | 4.48e-04
Co 81.2cpd/kg Cu, from [116] | 8.34e-04 | 6.45e-04 | 8.40e-04
Co | 141.3cpd/kg Cu, from [116] | 3.59e-03 | 2.49e-04 | 3.89e-03
WCo | 76.4cpd/kg Cu, from [116] | 1.276-05 | 2.666-08 | 1.066-05
16Sc 30.1cpd/kg Cu, from [116] | 5.25e-05 | 2.20e-07 | 7.58¢-05
*Mn 5.7cpd/kg Cu, from [116] | 8.35e-04 | 5.90e-05 | 8.37e-04
e 3.25cpd/kg Cu, from [116] | 1.09¢-04 | 7.79e-06 | 1.30e-04
6-10keV.,

nat il 1ppb (OFHC limit) 2.50e-05 | 2.12e-05 | 2.82e-05
232Th 1 ppt (electroform) 2.27e-05 | 7.70e-06 | 2.41e-05
2387 1 ppt (electroform) 8.54e-05 | 4.41e-05 | 9.42e-05
%Co | 21.45cpd/kg Cu, from [116] | 4.80e-04 | 8.40e-07 | 5.33e-04
Co 81.2cpd/kg Cu, from [116] | 1.56e-03 | 1.23e-03 | 1.55e-03
»Co 141.3 cpd/kg Cu, from [I16] | 4.14e-03 | 2.99e-04 | 4.50e-03
U Co 76.4 cpd/kg Cu, from [116] | 1.53e-05 | 9.31e-08 | 1.27e-05
1Sc 30.1cpd/kg Cu, from [116] | 6.14e-05 | 3.77e-07 | 8.84¢-05
*Mn 5.7cpd/kg Cu, from [116] | 9.48e-04 | 7.39e-05 | 9.48e-04
“Fe 3.25cpd/kg Cu, from [116] | 1.27e-04 | 1.07e-05 | 1.50e-04
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Veto PMT Backgrounds

The Hamamatsu R5912 veto PMT activities have been previously measured for the DarkSide
experiment [119]. These activities were used in the simulation. The veto PMT backgrounds
are very efficiently rejected by the liquid-scintillator veto. Despite the low statistics achieved,
it is apparent that this background is small when compared with the crystal, 37 PMT, and

external backgrounds.
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Figure 5.34: Expected backgrounds due to the veto PMTs due to “°K (Top left), 23¥U (Top
right), and ?**Th (Bottom), with and without the veto.
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Background from the veto PMTs with and without veto
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Figure 5.35: Expected backgrounds from the veto PMTs for a dark-matter measurement,
with and without the liquid-scintillator veto.

Table 5.6: Rates of background due to the veto PMTs in a dark-matter-measurement (DMM)
and a K-measurement mode (KMM), with (v) and without (No veto) the liquid-scintillator
veto. Radioactivity measurements by DarkSide. Rates are shown in cpd/kg/keV...

Impurity | Activity (mBgq/tube) Rate
KMM(v) | DMM(v) | No veto
2-4keV.
nat ik 413 1.47e-04 | <1.74e-05 | 3.61e-04
232Th 70 5.79e-04 | <7.24e-06 | 6.59¢-04
38U 588 6.50e-03 | 8.67e-05 | 9.16e-03
6-10keV .
nat K 413 1.21e-04 | 3.68e-06 | 4.42e-04
232Th 70 9.34e-04 | 1.09e-05 | 1.10e-03
38U 588 8.40e-03 | 7.43e-05 | 1.22e-02
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Steel Backgrounds

Radioactive sources were placed uniformly throughout the steel. The activities used were
the weighted average of the activities measured by GDMS in Table 5.1} GDMS is not a very
accurate measurement tool for radioactivity, so there is some uncertainty to these values.
A sample of the veto-vessel steel should be measured by ~-counting for a more accurate
measurement of the radioactivity levels. Using the GDMS numbers, the background from
the steel, like the veto PMTs, is heavily rejected by the liquid-scintillator veto, and is similar

in rate to the veto-PMT background.

g i * W S bl HMHWW

UM 3 e
N R )
éj ﬂ WMWW “ Wﬂw WWW\WWMW“WHWWWW*« A

Energy (keV

Figure 5.37: Expected background due to the liquid-scintillator-vessel steel from *°K (Top
left), 23U (Top right), and ?**Th (Bottom), with and without the veto.
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Figure 5.38: Expected backgrounds from the veto-detector steel in a dark-matter measure-
ment, with and without the liquid-scintillator veto.

Table 5.7: Rates of background due to the veto-detector steel in a dark-matter measure-
ment (DMM) and K-measurement mode (KMM) with (v) and without (No veto) the liquid-
scintillator veto. The radioactivity of the steel used for the vessel was measured by GDMS
(see Table . Rates are shown in cpd/kg/keV...

Impurity | Activity (mBq/kg) Rate
KMM(v) | DMM(v) | No veto
2-4keV.,.
nat K 0.0624 1.68e-06 | <1.71e-07 | 3.81e-06
232Th 0.1952 1.25e-04 | 1.74e-06 | 1.35e-04
38U 1.652 1.23e-03 | 1.84e-05 | 1.62e-03
6-10keV .
nat il 0.0624 1.68e-06 | 2.48e-08 | 4.06e-06
232Th 0.1952 1.77e-04 | 1.74e-06 | 1.89e-04
B8U 1.652 1.93e-03 | 2.75e-05 | 2.50e-03
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Table 5.8: LNGS rock and concrete composition, according to [120].

Element \ Rock \ Concrete
H — 0.89
C 11.88 7.99
0O 47.91 048.4
Na 0.60
Mg 5.58 0.85
Al 1.03 0.90
Si 1.27 3.86

P 0.04
S 0.16
K 1.03 0.54
Ca 30.29 34.06
Ti 0.04
Fe 0.43

External Backgrounds

For external v radiation from the laboratory rock and concrete, a simulation was performed
with 3m of LNGS rock (see Table in which 4°K, 232Th, and ?3®U were allowed to decay.
The outgoing ~ radiation leaving the rock was recorded, and a spectrum was created with
the energy and angular distributions of the  rays. This spectrum was scaled to the rock
radioactivity at LNGS in Hall B shown in Figure , as measured by [42], as shown in
Table[5.9] The total v flux from the LNGS rock in the simulation was 0.27 v/s/cm? between
0 and 5 MeV,,, which is similar to the flux measured in Hall B in [42] of 0.33 ~/s/cm?. The
angular spectrum was found to fit well with an analytical distribution where the probability
that a v was emitted with an angle 6 from the normal is proportional to sin (6/2).

The energy spectrum from the rock simulation as well as the analytical expression for the
angular distribution were used as input for the primary particles generated in the external-
background simulation. The external v background was simulated without the use of any
passive shielding outside of the veto, and could be later scaled with a given shielding power.
This simplification distorts the energy spectrum, but was nonetheless used in order to gather

adequate statistics.
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Figure 5.40: v backgrounds at LNGS, as measured with a Nal(Tl) detector in [42]. The
radioactivity values for Hall B were used in the simulations for the SABRE detector.

Table 5.9: LNGS rock and concrete radioactive impurity concentrations.

Location | #8U(Bq/kg) | ***Th(Bq/kg) | °K(Bq/kg)

Hall A [42] 11.7 £ 3.9 14.8 £ 2.8 62 + 14

Hall B [42] 19.6 £ 4.9 13.2 £ 2.7 52 £ 10

Concrete (Floor) [42] 26 £ 5 8+ 2 170 £ 27

Concrete (Wall) [42] 15 £ 2 3.8+ 0.8 42 + 6
Rock Hall A [120] 84.0 8.8 -
Rock Hall B [120] 5.2 0.3 -
Rock Hall C [120] 8.1 0.3 -
Concrete [120] 13.0 2.7 -

The external v background is very high, and will need to be reduced through shielding. In
the 2-4 keV,, range, the background without shielding is about 50 cpd/kg/keV,., while the
crystal background is around 1cpd/kg/keV,, in this region. Therefore, a reduction through
shielding of ~500 is needed to achieve a background from external v rays on par with the
lower-limit background from the crystals themselves for a measurement of “°K in the crystals.

The dark-matter-measurement shielding requirements are less stringent because the liquid-
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Figure 5.42: Expected external v background from the LNGS rock in K measurement mode,

with no shielding.

scintillator veto rejects a large portion of the external v background. A conservative shielding

factor of 10* brings the external v background down to the level of the 37 PMTs and the
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DAMA /LIBRA modulation amplitude.

However, another issue relevant to dark-matter searches is the dead-time imposed on the

experiment whenever the veto detector is triggered. A simulation was performed to calculate
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Table 5.10: Rates of background from 2-4 and 6-10keV.. due to external v background
with no shielding in a dark-matter measurement (DMM) and K-measurement mode (KMM)
with (v) and without (No veto) the liquid-scintillator veto. Radioactivity measurements are
based on [42] for Hall B. Rates are shown in cpd/kg/keV,.,.

Impurity Rate
KMM(v) [ DMM(v) | No veto
2-4keV,,
No shielding | 5.80e+01 | 1.83e+00 | 6.93e-+01
6-10keV,,

No shielding | 7.42e+01 [ 2.50e+00 | 8.89e+01

the rate of the liquid scintillator veto with 8” (~20cm) of lead shielding. The rate due to
the veto PMTs, the veto-detector steel, and the external v radiation from the LNGS rock
were considered. According to the simulation, a shielding factor of 10* would not only make
the external v background much lower than the crystal background, but the rate in the

liquid-scintillator veto would be a fairly reasonable 25 Hz.

Total expected SABRE background

The total expected backgrounds for the SABRE detector are shown in Figure [5.43] and
broken down by source in Figures [5.44] and for a dark-matter measurement. The
total simulated backgrounds are shown for a “°K measurement in Figure m The total
backgrounds are also summarized in Table [5.11]

The liquid-scintillator veto is a strong mechanism for lowering the backgrounds of the
experiment. In particular, it reduces the K 3-keV,, signature feature by nearly an order
of magnitude. It also provides powerful rejection for external v radiation and enclosure
backgrounds, particularly cosmogenically-activated radioactive isotopes.

There are some uncertainties to the background spectra measured in this simulation.
First, the geometries of the enclosures are not known in detail; a more detailed geometry
will be needed as the enclosure design is finalized. Some materials were not simulated that

are very close to the crystal, like the reflector and the optical coupling gel. Measurements
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of some of the material are not as precise as they could be. For example, the material to
be used for the copper is not yet known, and the steel used for the vessel has not been
measured by v counting, but has only been measured by GDMS, a less reliable counting
method. The achievable purity levels in the crystals are not yet known; these may be the
dominant background in the experiment. Finally, issues with the simulation software itself,
such as the way Geant4 handles isomeric transitions, may cause distortions in the simulated
energy spectra.

While the achievable impurity levels in the SABRE crystals are not yet known, if SABRE
can reproduce the purity of the DAMA crystals where they haven’t already been surpassed,
the total background will be much lower than the total rate in the DAMA/LIBRA exper-
iment (~ 1-1.5cpd/kg/keV,.). If dominant crystal backgrounds can be further reduced, a
background on the order of the DAMA/LIBRA modulation is achievable.

Total SABRE expected background with 10* shielding power
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Figure 5.43: Total expected SABRE background for a dark-matter measurement with a 10*
shielding factor. The total background without the veto is shown in blue (upper limit) and
green (lower limit), while the background with the veto is shown in red (upper limit) and
orange (lower limit). This plot assumes the radioactivity values for the currently available 3”
PMTs. With this amount of shielding, the crystal background is the dominant background
in the experiment.
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Figure 5.44: Total expected SABRE backgrounds for a dark-matter measurement without
the veto from 0-10keV.., broken down by source. The upper limit is shown on top, while
the lower limit is on bottom. The highest contributor to the background is the crystal,
followed by the veto PMTs, the 3" PMTs (with the old ceramic feedthrough plates), and
the external v background. The copper enclosures have a wide variation in how much they
contribute, depending on the concentration of cosmogenically-activated radioactive isotopes.
A shielding power for the external background of 10* is assumed.
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Figure 5.45: Total expected SABRE backgrounds for a dark-matter measurement with the
veto from 0-10keV.., broken down by source. The upper limit is shown on top, while the
lower limit is on bottom. The highest contributor to the background is the crystal. The
copper enclosures may be the next-highest contributor, depending on the rate of cosmogenic
activation. The next largest contribution comes from the 3” PMTs (with the old feedthrough
plates). With the veto active, it was difficult to get enough statistics to infer the rate from
the veto PMTs, but it is unlikely to be higher than the 3” PMTs. A shielding power for the
external background of 10% is assumed.
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Figure 5.46: Total expected SABRE background for a K measurement with 10* shielding
factor. The crystal and external v backgrounds are dominant. The upper limit is shown in
red, while the lower limit is shown in orange. The 4°K signal is shown in green for reference.

A factor of 10* reduction in shielding is sufficient to make the total background comparable
to the 1°K signal.

Table 5.11: Total expected backgrounds for the SABRE detector in the 2—4 and 6-10 keV,,
windows for a dark-matter measurement (DMM) and a K measurement (KMM) with (v)
and without (No veto) the liquid-scintillator veto.

Detector volume | KMM(v) | DMM(v) | No veto

2-4keV,,
Crystal 1.11e+00 | 1.02e+00 | 1.31e-+00
37 PMTs 1.75e-02 | 8.62e-03 | 1.86e-02
Enclosure 5.92e-03 | 1.00e-03 | 6.34e-03
Veto PMTs 7.23e-03 | 8.67e-05 | 1.02e-02
Veto steel 1.36e-03 | 2.01e-05 | 1.75e-03
External (no shielding) | 5.80e+01 | 1.83e+00 | 6.93e+01
6-10keV,.
Crystal 6.77e-01 | 6.77e-01 | 6.78e-01
37 PMTs 2.25e-02 | 1.22e-02 | 2.43e-02
Enclosure 7.46e-03 | 1.69e-03 | 7.93e-03
Veto PMTs 9.45e-03 | 8.88e-05 | 1.37e-02
Veto steel 2.11e-03 | 2.93e-05 | 2.69e-03
External (no shielding) | 7.42e+01 | 2.50e+00 | 8.89e+01
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5.4.2 Light yield of the SABRE veto detector

The light-collection efficiency of the SABRE veto detector determines the detection efficiency
of low-energy depositions. While certain higher-energy backgrounds like the 1461-keV ~ ray
from the decay of °K are easily detected, lower-energy signals like the neutron-thermalization
signal may be missed by a detector with a low light yield. The light yield of the SABRE
veto detector was predicted with a custom-written optical Monte Carlo that had previously
been used to successfully predict the light yield of the DarkSide-50 neutron veto detectOI{T_?].

This optical Monte Carlo tracks photons after they are emitted in point-like events as they
are reflected or absorbed by reflectors, absorbed and reemitted by the scintillator cocktail
used in DrakSide-50, and detected or not by PMTs. The wavelength of the light is tracked,
and many interactions are wavelength-dependent. The deposited-energy spectrum and the
location of events can be used as input parameters. Relevant information on the time and
location of detected photons, as well as some statistics on the light-collection efficiency of

the detector are outputted into a ROOT file, which can be examined later.

Photon creation

In the simulation, a number of photons were created at a single point in the detector with an
isotropic velocity vector, representing a scintillation event. The number of photons created
was determined by the energy deposited, the light yield of the scintillator, and a randomized
factor to simulate Poisson statistics. A scintillation yield of 11.5 photons/keV,. was used,
assuming a scintillator composed of PC with 1.5g/L PPO, a value measured by [121] with
an error of 10%. The start-time of the photons was distributed with an exponential decay
with the lifetime of the scintillator. Photons were assigned a wavelength with a distribution
similar to the emission spectrum of PPO.

In the simulation of the SABRE veto vessel, events with random energy were produced

with the distance from the crystal following an exponentially decaying distribution with a

12This simulation was written by myself based on a code written by Dr. Alex Wright.
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decay distance of 26 cm, which is the attenuation length for 1.5-MeV ~ rays in the liquid

scintillator.

Photon propagation

For purposes of tracking the time of propagation, the index of refraction of the scintillator
was assumed to be 1.5044, the refractive index of PC [122]. Scattering, absorption, and
reemission were all accounted for in this simulation. The scattering length of the scintillator
was assumed to be 2meterﬂ Photons were reemitted isotropically, as this process has a
lower scattering length than anisotropic scattering [123].

Absorption could occur in two ways. First, the photon could be absorbed by the PPO
and reemitted with a new wavelength. The probability of reemission was 0.82, the quantum
yield of PPO. The absorption length curve for this process was taken from [124]. Secondly,
a global attenuation length accounted for attenuation due to impurities in the scintillator.
From experiments with a prototype neutron veto this value was tuned to 16 m, which is
consistent with measurements done by Aldo Ianni for the DarkSide collaboration [125].

The photon could also hit a barrier, like the reflector. If this occurred, the photon was
absorbed or reflected with a probability dependent on the wavelength. Reflection off the
reflector was taken to be Lambertian, while reflection off the PMT or the crystal detectors
was specular. The reflectance spectra were taken from measurements using a Lambda650
spectrophotometer. Notably, the measurement of the reflector was Lumirror soaked in PC
and TMB for 10 months (see Figure [5.47)).

Whichever mechanism (reflection, scattering, absorption by PPO, attenuation from im-

purities) was calculated to act first on the photon was executed.

13This value was adopted as a guess by Dr. Alex Wright in an earlier version of the optical Monte Carlo,
and was used for the simulations for the prototype neutron veto, the DarkSide-50 veto and the SABRE veto.
Subsequently, it was discovered that a better value for PC is closer to 7-11 m depending on the wavelength,
as measured by [123]. Because the photons reflect several times on average before being detected, this
difference is likely inconsequential to the predicted light yield.
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Figure 5.47: Reflectance of the reflector Lumirror soaked in scintillator (PC+TMB), used in
the simulation. The insert is zoomed into the high-reflectivity region.

Interaction with the PMT

When the photon hit a photocathode, it was first checked whether it passed the quantum
efficiency of the PMT. The collection efficiency (85%) was then taken into account. If the
photon passed the quantum efficiency check but not the collection efficiency, it was lost. If it
failed the quantum efficiency check, it was reflected with a probability of 20% or otherwise
absorbed. If the photon hit the dead region of the PMT, it reflected with a probability of
80%, which is similar to most shiny metals.

The detection efficiency was measured by looking at the time information of detections

by individual PMTs and requiring a simple majority of 3 within a time-window of 1 us.

Wavelength-dependent quantities

The wavelength of an emitted photon followed the distribution in Figure [5.48, which is the

emission spectrum of PPO in PC, digitized from [124]. The distribution was digitized at
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10 nm intervals, and photons were emitted uniformly in the range of each wavelength bin. If
a photon was absorbed and reemitted, it was reemitted at a longer wavelength according to
this distribution.

The reflector spectra were taken with a Lambda-650 spectrophotomer and were digitized
at 1-nm intervals (see Figure . The quantum efficiency of the Hamamatsu R5912 PMTs

was sampled from the Hamamatsu literature at 10-nm intervals [126].
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Figure 5.48: Emission spectrum of PPO used in the optical Monte Carlo simulation of
the SABRE veto vessel. The output shown is the randomly generated emissions from the
simulation, but the input parameters were the digitized spectrum of PPO in PC from [124].

Geometry of the simulation

The geometry of the simulation consisted of a cylinder representing the veto. At the center,
seven cylindrical containers 4” in diameter in a hex packing represented the crystal-detector
modules. The inner detector is assumed to reflect with the same reflectance as electropolished
stainless steel (58%). None of the PMT ports were represented in this simulation. Neither
was the mechanism for holding the crystals or any cables, since the dimensions of these

features are not yet known. The PMTs were represented by a 13.1-cm-radius hemisphere
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on the wall of the veto. The photocathode subtended an angle according to the diagrams

for the 8” tubes by Hamamatsu.

Results for the SABRE portable veto

The predicted light yield for the SABRE portable veto is 0.21 p.e. /keV.., as shown in Figure
[5.49] This light yield is adequate to reject the absorbed 7 rays from “°K decay with high
efficiency. It may also be able to detect the signal from the capture of thermal neutrons,
which is around 30-40keV,, [93]. The detection efficiency of the veto detector was simulated
by counting the number of PMTs that detect at least one photoelectron. For a majority
requirement of 3 PMTs, the detection efficiency as a function of energy is shown in Figure

5.50L The predicted light yield has a high optical detection efficiency above 40 keV...
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Figure 5.49: Predicted light yield of the SABRE veto vessel of 0.21p.e./keV,.. This light
yield was simulated with a custom optical Monte Carlo that has been verified with the
DarkSide-50 neutron veto [93] 110].
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Figure 5.50: Predicted optical efficiency of the SABRE portable veto vessel as a function
of deposited energy in keV... Here, the requirement for detection is the detection of one or
more photoelectrons in at least 3 PMTs.

5.5 The future of SABRE

SABRE is continuing its effort to develop low-radioactivity crystals that will surpass the
purity of the DAMA crystals. Future efforts will include the additional purification of Astro-
grade powder and an effort to further reduce key backgrounds in the crystal-growth process.
The °K, tritium, and 8" Rb backgrounds will be of paramount importance in this effort.

While the primary focus of the SABRE effort has been the creation of highly pure crystal
detectors, the deployment of those detectors in an underground setting with active shielding
is also an important step to testing the DAMA /LIBRA result. There are a number of
possibilities for housing the SABRE detectors. The deployment of SABRE in DarkSide has
already been discussed in Section but there are still a number of potential scenarios for
the deployment of the portable liquid-scintillator vessel.

Initial operation of the liquid-scintillator vessel will be performed in Princeton wherein
the vessel will be filled with water. This initial deployment is primarily to establish the

operation of the veto electronics and data acquisition, and to establish procedures for a
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liquid-scintillator run. After initial tests have been conducted in Princeton with water, a
first deployment of the detector will occur with scintillator at LNGS. The veto vessel will
need to be surrounded by passive shielding to be effective. The amount of rejection needed
is between 10 and 10*, depending on whether the operation is a dark-matter measurement
or a coincidence-counting measurement. The OPERA experiment is currently being decom-
misioned, freeing up a large mass of lead sheets that can be reformed for the purposes of the
fabrication of lead shielding. This lead can be used to achieve the required level of passive
shielding. A twin experiment can also take place at the Stawell gold mine in Australia,
providing a check for seasonal effects.

With the dual efforts of crystal purification and the rejection of residual backgrounds
through active rejection techniques, the SABRE experiment is working toward the achieve-
ment of new sensitivities to dark matter and a test of the controversial DAMA/LIBRA

modulation result.

225



Chapter 6

Measurement of the Na
Nuclear-Recoil Quenching Factor:

The Experiment

6.1 Introduction

6.1.1 Prior publication of this work

At the time of this writing, a paper written primarily by Dr. Jingke Xu and myself on the
Notre Dame Na quenching measurement is published on arXiv [I] and has been accepted
for publication by Physical Review C. The content of Chapters|[6] [7, and [§ are derived from
that publication, and are discussed in more detail here. Some of the language in this work
is directly taken from that publication. The analysis described in Chapter [7] is my own,
independent analysis performed to separately validate the analysis done by Dr.Xu in the
paper. This analysis was found to agree with Dr. Xu’s analysis. Similarly, the analysis on
the implications of this measurement for the dark-matter interpretation of DAMA /LIBRA,
described in Chapter [§], is an independent analysis done by me separately from that in the

paper.
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6.1.2 The role of the ionization quenching factor in dark-matter

experiments

While it is expected that WIMP dark matter can be observed interacting with the nuclei of
atoms, dark-matter detectors’ energy scales are most often calibrated with mono-energetic ~y
sources, which produce electron recoils. Scintillating detectors respond differently to nuclear
and electron recoils, as described in Appendix [A] The fraction of nuclear-recoil energy that
is released as scintillation compared with that of electron recoils is known as the quenching
factor.

A precise knowledge of the quenching factors for different nuclei is essential to under-
standing the detector response and ultimately producing a correctly-scaled energy spectrum
for dark-matter-induced nuclear recoils. The scale of the energy spectrum is essential to
determining the WIMP characteristics, particularly its mass and cross-section with nucle-
ons. An accurate knowledge of the quenching factor is also essential to compare results
between detectors with different targets. The Na quenching factor is especially important
when evaluating the possibility that the DAMA /LIBRA modulation signal is attributable
to light-WIMP dark matter.

In this and subsequent chapters, I will adopt the convention of using the unit keV,,
to describe the electron-equivalent energy of a recoil event, and keV,,, to describe the true
energy of nuclear-recoil events. While keV,, is a calibrated energy scale for nuclear-recoil
events and is dependent on the energy of the calibration used, in this work, keV,,. reflects
the actual energy of the nuclear recoil. I will therefore not use keV,,,. to describe the nuclear-
recoil-equivalent energy of an electron recoil event, as is sometimes done in the literature.

The units of keV,,. and keV,, are related by the quenching factor, Q(Fg):

1keV,, = Q(ER) keVe,. (6.1)
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6.1.3 Previous measurements of the quenching factors in Nal(T1)

The DAMA/LIBRA experiment assumes energy-independent quenching factors for both Na
and T [53]. DAMA measured their reported values of 0.3 for »*Na and 0.09 for >’ by
observing the neutron-induced nuclear-recoil spectrum with a 2*2Cf source and fitting it to
a simulated spectrum. They measure the light yield of their detector with a 3"Cs source
during this measurement to determine the energy scale. In their experiment, they continue
to use '37Cs for some calibrations, but they measure their light yield with *' Am [41].

Since this measurement, several other groups have measured the Na quenching factor with
mono-energetic neutron sources to test the energy-independence of the quenching factor [127,
128 [129] 130, [131], primarily by the d(d,*He)n reaction. These experiments measure the Na
quenching factor at higher recoil energies (2 20keV,,.) and carry large uncertainties.

These uncertainties stem from, in part, the high energy of the incoming neutrons (2.85-
11 MeV), which require small scattering angles to produce low-energy recoils. The relative
angular uncertainty caused by the finite size of the detectors, Af#/6, is larger for smaller
angles, and the spread in the recoil energies is also higher. The angular uncertainty in some of
these experiments is also compounded by a larger crystal size [130]55]. This larger crystal size
also increases the rate for multiple-scattering events, which distort the energy spectrum at a
given scattering angle. Finally, the light-collection of some of these experiments was limited
by the capabilities of their photomultiplier tubes, which had lower quantum efficiencies than
are available today. These measurements were fairly consistent with the DAMA values at
higher recoil energies. The results of these measurements are shown in Figure [6.1]

Later measurements by Collar [54] and Chagani [55] found quenching values that deviated
significantly from the DAMA values in their modulation region, and also differ dramatically
from each other, as can be seen in Figure[6.1] These recent measurements prompted SABRE
to conduct an independent measurement of the Na quenching values in the DAMA /LIBRA-

modulation energy region.
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Figure 6.1: Previous measurements of the Na quenching factor, from Collar et al. [54]. Most
previous experiments found Na quenching factors consistent with the DAMA /LIBRA values
at energies above ~30keV,,., but Collar [54] (marked “this measurement” in the figure) and
Chagani [55] observed lower values for the Na quenching factor at lower energies. These
values also conflict with each other but have large error bars.

6.1.4 The SCENE approach

The measurement of the quenching factor in Na was inspired by similar measurements of
quenching effects in liquid argon conducted by the SCENE collaboration [132], [133] at the
University of Notre Dame Institute for Structure and Nuclear Astrophysics. Using the pulsed
beam facility, SABRE conducted measurements of the quenching factor that improved on

the previous measurements in the following ways:

1. While previous experiments used a time-coincidence between Nal(Tl) nuclear-recoil
events and subsequent interaction of the neutron in a neutron detector, SABRE used

a triple time-coincidence between a pulsed neutron beam, the Nal(Tl) detector, and
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a neutron detector to select neutron elastic-scattering events and to reduce random-
coincidence backgrounds, providing a more stringent cut than previous double coinci-

dences.

2. The SABRE measurement used low-energy neutrons (~690keV) so that low-energy
nuclear recoils (<50keV,,.) could be obtained at large neutron-scattering angles so
that relative angular uncertainties could be suppressed compared with previous mea-

surements.

3. A small Nal(T1) crystal (a 25-mm cube) was used to suppress multiple-scattering back-

grounds.

4. A high-quantum efficiency PMT was used to enhance light collection (~ 18 photoelectrons/keV.,

achieved).

5. Pulse-shape discrimination (PSD) was used to select neutron events among background

and noise.

In our measurement, a pulsed beam of protons from the accelerator interacted with a LiF
target via the "Li(p,n)"Be reaction (Q-value: —1.644 MeV), emitting neutrons with a nominal
energy of 690keV at 0° incidence. A detector consisting of an enclosed Nal(Tl) crystal and
a coupled PMT was placed on the beam line. The neutrons traveling in this direction could
produce nuclear-recoil scintillation events in the crystal and be subsequently detected by
a liquid-scintillator-based neutron detector at a fixed recoil angle. The kinematics of this
interaction determined the nuclear-recoil energy.

The recoil energy, determined by kinematics, combined with the scintillation light col-
lected by the Nal(Tl) detector, provided a measure of the light yield of the detector for
nuclear-recoil events. Calibrating this measurement with an electron recoil of known energy
allowed for a determination of the quenching factor.

SABRE used a single Nal(Tl) detector in two position configurations and a stationary

array of six neutron detectors, thereby measuring 12 nuclear recoil energies. In the first
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Figure 6.2: To-scale, bird’s-eye view of the experimental setup in the first position config-
uration with a side view of the Nal(Tl) detector. A LiF target on the proton beam path
emits neutrons when struck by the beam. The neutrons travel to the Nal(Tl) detector,
where they scatter off a sodium or iodine nucleus. If they scatter with the correct energy
transfer, they may travel to one of the neutron detectors positioned at the relevant angle.
Two different types of neutron detector were used with different sizes, as described in the
text. A polyethylene collimator blocks neutrons from hitting the neutron detectors directly
from the LiF target. Also shown is a side view of the Nal(Tl) detector, with the crystal
shown in white and the PMT in green.

position configuration, the Nal(Tl) detector was placed 50 cm from the LiF target, and
91 cm in the second. A scheme of the experimental setup in the first position configuration

is shown in Figure [6.2
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6.2 Preparation for the measurement

Before the measurement was performed, several parameters of the experimental setup needed
to be chosen to optimize the rate and energy spread in the quenching data. Several calcula-
tions were performed to choose the optimal proton energy, the recoil energies to be measured,

the LiF thickness, and the positions of the detectorsE].

6.2.1 Choosing the recoil energies

Previous measurements of the Na quenching factor are well established for nuclear re-
coils around 30keV,,. The Collar measurement measured nuclear recoils in Na down to
8keV,, [54]. The aim of the SABRE measurement was to reach recoil energies at least as low
as that of the Collar measurement, and in addition, to completely cover the DAMA /LIBRA
region of interest. Given that DAMA has recently lowered their energy threshold to
1keV,, [46], and the assumption that the Na quenching factor would be 0.3, SABRE aimed
to reach recoil energies that would be equivalent to 1keV,., or ~3keV,,.. Six energies were
initially chosen between 3 and 30keV,,. Sufficient data for these energies were gathered
before the beam time was over, so an additional position was selected for the Nal(Tl)
detector in order to measure 6 additional recoil energies. The Nal(T1) second position was

chosen to maximize the diversity in the recoil energies measured below 15 keV,,..

6.2.2 Choosing the proton energy

The proton energy was chosen to optimize the event rate for neutron-induced nuclear recoils
while reducing as much as possible the spread in the recoil energy for a given neutron
detector. There are several ways in which the chosen proton energy affects this spread. The
relative spread in the recoil angle and the spread in the recoil energy is smaller for larger

angles. This is due to the finite detector size and the characteristics of the recoil energy’s

IThese calculations were performed by me while Dr. Jingke Xu developed the data acquisition software
for the measurement.
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angular dependence. Because six different energies were to be measured at a time, the energy
of the proton beam was chosen to obtain a large angular spread between different detectors
for the recoil energies of interest. A calculation of the event rate and the quenching factor
uncertainty was performed to choose the optimal proton energy as well as other parameters.

Because the neutron energy is dependent on the scattering angle off the LiF target, the
position of the Nal(T1) detector with respect to the beam line had to be specified before
determining the proton energy. There is some evidence that the v background from the LiF
target is lower at a 15° scattering angle [134]. However, the neutron flux is slightly forward-
peaked, and the v background can be strongly suppressed with time-of-flight cuts. Therefore,
the differential cross-sections as a function of proton energy for the "Li(p,n)"Be reaction for
both angles were digitized from [135], shown in Figure The total cross-sections for elastic
and inelastic neutron scattering off Na were also digitized from [136].

For different neutron energies, the recoil angle was calculated for several energies of
interest, and a weight was given to the neutron elastic-scattering cross-section based on the
differential scattering cross-sections at that angle, as determined by [136]. A polynomial fit
to these values was applied so that the total elastic cross-section could be weighted by the
differential cross-section for the desired recoil energies. For each incident neutron energy, the
weighted cross-section for the neutron elastic scattering was multiplied by the “Li(p,n)"Be
cross-section at the proton energy that would produce that neutron. This produces, in
effect, a “combined cross section” for the interaction in which an incident proton results
in a neutron-induced elastic-scattering event of a desired energy in the Nal(T1) detector.
Because elastic scattering is desired, the inelastic scattering cross section for the chosen
incoming neutron energy should be low—this was taken into account when choosing the
proton energy. A higher proton energy will produce neutrons with energy high enough to
excite ?*Na to an excited state (the first excited state is 440 keV). It was later decided that the

detector would be placed on the beam-line to simplify calculations. For a Nal(T1) detector
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Figure 6.3: (Top) 0°-incidence "Li(p,n)"Be cross-section as a function of proton energy, from
Burke et al. [I35]. (Middle) The ratio of the Burke data to other measurements. (Bottom)
The errors on the Burke data.

on the beam line, the combined elastic-scattering cross sections for several recoil energies of
interest as a function of the incident proton energy are shown in Figure

From this calculation, it can be seen that an energy of 2.44 MeV has multiple advantages.
The peak in the combined cross-section is the highest and is fairly broad at this energy. The
combined cross section falls off slowly as the proton energy decreases, which is important
because the proton may lose some energy in the LiF target before it interacts with the "Li.
Finally, higher neutron energies have a higher cross-section for inelastic scattering, which

would produce some unwanted background.

6.2.3 Choosing the LiF thickness

As protons travel through the LiF target, they continuously lose energy predominantly due
to interactions with electrons in the material, as described in Equation in Appendix
[Al This energy loss causes a spread in the proton energy at the time when it undergoes
the "Li(p,n)"Be reaction, thereby broadening the incoming-neutron energy spectrum. To

demonstrate this effect, the stopping power for protons in LiF, defined as the energy loss
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Figure 6.4: Combined cross section of a neutron-induced Na recoil of the recoil energy given
in the legend as a function of the incoming proton energy for an on-beam Nal(T1) detector.
The "Li(p,n)"Be cross section and neutron-elastic-scattering cross sections are combined to
calculate the probability that a proton with a given energy will produce a neutron-induced
nuclear-recoil in the Nal(Tl) detector with the desired energy. From this calculation, a
proton energy of 2.44 MeV was chosen for the measurement.

of the particle as a function of distance traveled, is given as a function of energy in Figure
. A 2.5-MeV proton in LiF has a stopping power of ~100 MeV c¢m?/g. Since the stopping
power is approximately constant over this energy range, the energy loss over a 0.5-mg/cm?
target is 100 MeV cm?/gx0.0005 g/cm? = 0.05 MeV, or 50keV.

The rate of the "Li(p,n)"Be reaction directly scales with the target thickness, since the
interaction length for this reaction and the proton-penetration depth are long compared to
the thickness of the target. Therefore, the LiF target needed to be as thick as possible given
an acceptable amount of spread. In this measurement, the budgeted spread was ~5%, since
the aim for the total spread was 20%, and some spread would be introduced from the finite
size of the detectors. To calculate this spread in the neutron energy, a Geant4 simulation
was done. Unfortunately, Geant4 does not model the "Li(p,n)”Be reaction. To accommodate
for this, the "Li(p,n)"Be reaction was assumed to have an equal probability of occurring as

a function of proton depth, and the energy of the protons were tracked as a function of

235



depth in the LiF. The resultant 0° neutron energy was calculated according to a relativistic
kinematic calculation. A histogram was filled with the outgoing neutron energy as a function
of depth in the LiF, weighted by the "Li(p,n)"Be cross-section as a function of proton energy
from [135], since the interaction probability to emit a neutron is dependent on the proton
energy (Figure ) This histogram was integrated to produce a neutron-energy spread as a
function of the LiF thickness. In order to predict the spread in neutron energy for LiF targets
of various thicknesses, a target much thicker than the one eventually used was simulated.
For the 2.44-MeV proton chosen (as described in Section , the energy of the outgoing
neutron was found to be 690keV with a spread of 4% at the full-width-half-maximum for a

LiF target 0.5 mg/cm? thick, as shown in Figure .

6.2.4 Choosing the detector positions

The choice of detector positions, given the proton energy and LiF thickness, was a com-
promise between event rate and the spread in the nuclear-recoil energy. The finite size of
the detectors introduces some spread in the nuclear-recoil energy which can be mitigated by
placing the detectors farther apart. However, doing so decreases the event rate. A calcula-
tion of the expected event rate and the nuclear-recoil spread for given detector positions was

performed.

The event rate calculation

The event rate of the nuclear recoils is the product of neutron flux incident on the Nal(T1)
detector and the cross section for a recoil at an angle that will be detected by a given neutron
detector. The flux of neutrons at the distance of the Nal(T1) detector from the LiF, ®,,, is
the product of the flux of protons into the LiF target and the chance that a neutron will be

emitted in the solid angle of the detector:

do > DA, 62)

q)n - Rp <d_Qp
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Figure 6.5: Stopping power for protons in LiF as a function of proton energy, from the NIST
pstar database [I37]. From the stopping power listed for a ~2.5-MeV proton, ~100 MeV
cm?/g, the expected energy loss of the proton over a 0.5-mg/cm? target is small: about
50keV. The stopping power of the material is therefore approximately constant over this
range, making the proton mean energy loss linear with distance traveled through the target.

where R, is the rate of incoming protons in protons/s, (j—gp) is the differential cross-section
0

of the "Li(p,n)"Be reaction at 0° scattering angle, D is the LiF target depth in g/cm?, A,
is Avogadro’s number, my; is the LiF mass in a.m.u., and z; is the distance from the LiF
target to the Nal(T1) detector in cm. The event rate for recoils into a neutron detector with
recoil energy Egr, Rg, is:

d NyarA
Ry, = ® o Nal<1ND

n 3 5 ¢tND
R dQn,EL 3 ’
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Figure 6.6: Results of the simulation to determine the LiF target thickness for a 2.44-MeV
proton. (Top) Histogram of the neutron energy as a function of depth in the target, weighted
by the “Li(p,n)"Be cross-sections from [I35]. The z-axis is counts. (Bottom left) Distribution
of neutron energies as a function of LiF thickness. This plot was achieved by integrating
over the top plot. (Bottom right) Projection of bottom-left plot at a LiF thickness of 0.5
mg/cm?, showing the expected neutron-energy spread at that thickness. This thickness is
what was used in the measurement.

238



do

98, g (0) is the differential cross-section for neutron elastic scattering for the given

where
scattering angle 6, Ny, is the number of Nal molecules in the crystal, Axp is the cross-
sectional area of the neutron detector, z is the distance from the Nal(Tl) detector to the

neutron detector, and enp is the detection efficiency of the neutron detector, which was

assumed to be a constant 30%F for this calculation.

The energy spread calculation

The energy spread in the nuclear recoils is a product of two factors: the angular spread
and the spread of the incoming neutron energy. The uncertainty in the quenching factor
is also dependent on photon statistics, which in turn is a function of the light yield of the
detector. The uncertainty in the quenching factor was calculated as a function of the detector
positions, given the previously discussed neutron-energy spread and the measured light yield
of the Nal(T1) detector.

To calculate the angular spread, the minimum and maximum scattering angles were cal-
culated given the positions for the Nal(Tl) and neutron detectors. A Geant4 simulationﬂ
showed that the mean angular spread was approximately 1/3 of the maximum angular dif-
ference given the finite detector sizes. A linear fit was done with the Monte Carlo data to
obtain the angular resolution as a function of the maximum angular difference for a given
geometrical configuration.

To calculate the spread in the recoil energy of the Na nucleus, the dependency of the
recoil energy on experimental parameters was derived from relativistic kinematics (equations

derived from other relations in [138]):

Er = \/p?,, + m%, cosh(¢) — tanh ¢ |p, cos(0,) — /P2, + m2 Sinh({)} , (6.4)

2Based on the typical peak quantum efficiency of PMTs.
3performed by Dr. Jingke Xu.
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where ( is the center-of-mass rapidity:

2 2
DPem + pcm + mNa
MNa

¢(=In (6.5)

Pem 18 the momentum of the neutron and the Na nucleus in the center-of-mass frame, my,
is the mass of the Na nucleus, 6, is the neutron scattering angle in the lab frame, m,, is the
mass of the neutron, and p,, is the momentum of the neutron after the collision in the lab

frame, which has the form:

V/m2 + p2,, cos(6,,) sinh(¢) % cosh(¢)\/p2,, — m2 sin(6,)? sinh(¢)?

by = A RIS : (6.6)
and
» _ <2mnmNa + 2mNaTk>2 - 4m121m2Na (6 7)
e 4((mp +mua)? + 2mnaTy) .

where T}, is the kinetic energy of the incoming neutron. The spread in the nuclear recoil
energy Fr depends on the spread in T} as well as the spread in the scattering angle of
the neutron, 6,,. The analytical form of the partial derivatives of Er with respect to these
variables were calculated based on the equations above and combined with the spread in 7T},
and 6, to obtain an expected spread in Eg before photon statistics. Finally, a quenching
factor of ) = 0.3 or 0.2 in Na was assumed to predict the spread due to a poisson distribution
of photons with mean number of photons detected, (N,) = LQEg, where L is the light yield
and @ is the assumed quenching factor. This spread was combined with the others to
determine an overall spread in the recoil energy, as well as an uncertainty in the quenching
factor. In choosing the detector positions, the goal was to achieve a relative quenching-factor
uncertainty of less than 30% at the lowest energies, and a rate greater than 0.01 Hz for each
detectmﬂ A table of the parameters calculated, including the energy spread, and which ones
were chosenP] is shown in Table [6.1]

40.01 Hz would give a few thousand events over two days of beam time.
5These values were used for the first six positions measured. The second set of six recoil energies were
chosen during the measurement to achieve more energies without moving the neutron detectors.
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Table 6.1: Calculated event rates and recoil-energy spreads for various detector configu-
rations, assuming a beam current of 100 nA with a bunch-selection ratio of 1:6, a neutron
detector efficiency of 0.3 and a Na quenching factor of 0.3 or 0.2 (for the purposes of applying
Poisson statistics). These calculated quantities were used to choose the detector positions
for the Na quenching-factor measurement. Here, x; is the distance from the LiF target to
the Nal(T1) detector, and x5 is the distance from the Nal(Tl) detector to the neutron de-
tector. AER/Er and AQ/Q are the calculated relative spread in the recoil energy and the
quenching factor, respectively. A designator of “Y” indicates that this position was used in
the measurement for position configuration 1.

Er Ang. | ND | xo | Event | AER/ | AQ/Q | AQ/Q | Used?
(keV,,,) | (deg) | size | (cm) | (cm) | Rate Er Q=0.3 | Q=0.2
(in) (Hz)
3 18 27 50 70 0.028 0.16 0.37 0.44 Y
3 18 27 100 70 0.007 | 0.12 0.35 0.42
3 18 57 50 150 | 0.038 0.15 0.36 0.43
3 18 57 100 150 | 0.009 0.11 0.35 0.42
3 18 57 50 200 | 0.021 0.11 0.35 0.42
3 18 57 100 | 200 | 0.005 0.07 0.34 0.41
6 25 27 50 70 0.026 0.11 0.26 0.31
6 25 27 100 70 0.007 | 0.09 0.25 0.30
6 25 57 50 150 | 0.035 0.11 0.26 0.31
6 25 57 100 150 | 0.009 0.08 0.25 0.30
6 25 57 50 200 0.02 0.08 0.25 0.30 Y
6 25 57 | 100 | 200 | 0.005 | 0.06 0.24 0.29
10 33 2”7 50 70 0.024 | 0.09 0.20 0.24 Y
10 33 5”7 50 150 | 0.033 0.09 0.20 0.24
10 33 57 50 200 | 0.018 0.07 0.19 0.23
15 41 27 50 70 0.019 0.07 0.16 0.20
15 41 57 50 150 | 0.026 0.07 0.16 0.19 Y
20 48 27 50 70 0.018 0.06 0.14 0.17 Y
20 48 57 50 150 | 0.024 | 0.06 0.14 0.17
20 48 5”7 50 200 | 0.013 0.05 0.14 0.17
30 60 27 50 70 0.012 0.05 0.12 0.14
30 60 57 50 150 | 0.017 | 0.05 0.12 0.14 Y
30 60 57 50 200 | 0.009 0.04 0.11 0.14
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The distance between the LiF target and the Nal(Tl) target was chosen to be 50 cm.
For a larger distance, the neutron flux would be unsuitably low. For a smaller distance, the
angular spread would be too high. Given this distance, the event rate and spread in E'r were
plotted as a function of the distance between the neutron detectors and the Nal(T1) detector.
Two sizes of neutron detector were available for the experiment, a 5.1-cm (2”) detector and
a 12.7-cm (5”) detector. It was determined that the trade-off between event rate and energy
spread was optimized at 150 cm for the 5” detectors and 70 cm for the 2”7 detectors. For the
6-keV,,, recoil, we chose to place the detector at a further distance (200 cm) to decrease the

spread at the cost of some event rate.
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6.3 Experimental setup

Twelve recoil energies at twelve different scattering angles were measured, as shown in Table
[6.2] The details about the detectors, their positioning, and the electronics are given in this
section.

Table 6.2: Detector information and positions for position configurations 1 (Top) and 2
(Bottom). The “flight distance” for the neutron detectors (ND) refers to the distance from
the Nal(T1) detector to the neutron detector, while for the Nal(T1) detector it is the distance
from the LiF target to the Nal(Tl) detector. The neutron detectors are cylindrical Eljen
detectors with EJ-301 as the scintillator and EJ-510 as the reflector. The detector size
given for the neutron detectors is both the diameter and length of the cylindrical scintillator
volume, while the size given for the Nal(T1) detector is the length of each side of the cube.

Detector | Detector | Scattering | Recoil energy Flight
size (cm) | angle (deg) (keV,,) distance (cm)

Nal(T1) 2.5 0 20
0 91
ND1 12.7 59.1 29.0 150
74.2 43.0 135
ND2 12.7 41.3 15.0 150
54.4 24.9 122
ND3 12.7 24.9 5.7 200
31.1 8.8 164
ND4 5.1 47.9 19.4 70
84.0 51.8 52
ND5 5.1 32.2 9.1 70
64.6 33.3 41
ND6 5.1 18.2 2.9 70
41.1 14.3 33

6.3.1 The NalI(TIl) detector

The Nal(T1) detector consisted of a 25-mm cubical Nal(Tl) crystal optically coupled to
a 76-mm super-bialkali Hamamatsu R6233-100 PMT. The crystal was grown at Radiation

Monitoring Devices Inc. with high-purity Astro-grade Nal powder from Sigma Aldrich, shown
in Figure 4.4 The crystal has a T1 concentration of ~0.1%, similar to the DAMA/LIBRA
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crystals [41]. The small crystal size was chosen to minimize the probability of neutron
multiple scattering.

The enclosure used in the quenching measurement|is shown in Figure This enclosure
was designed to seal the crystal in a light-tight environment that would also protect the
crystal from moisture. Another design consideration was the desired minimization of material
in the path of the neutron, to avoid multiple-scattering of the neutron in detector materials.
Finally, the components of the detector were chosen to maximize the light yield, so that
low-energy recoils would be detected with a high efficiency.

The enclosure consisted of a stainless-steel can with nominal 1/16” wall thickness with a
flange welded on one end and a sealed cap on the other. The middle section of the enclosure
was machined down to 0.5 mm to minimize the material between the LiF target and the
crystal. The can was sealed with a cover-plate with a 1/8” viton o-ring. The cover-plate
contained two half-inch bulkhead feedthroughs for high-voltage and two for signal cables,
as well as a gas feedthrough which could be used to pump and purge the enclosure. The
cover-plate also contained three threaded holes where stainless-steel rods could be affixed to
hold the inner components.

The inner components of the detector were held in place in the center of the enclosure, as
shown in Figure Three stainless-steel sleeves were placed on the rods to set the vertical
location of the PMT holder. The PMT holder consisted of a PVC piece that cradled the
curved bulb of the phototube, a teflon cover plate for the PMT with a crystal-sized hole
in the center, and three Teflon screws that held the pieces together around the PMT. The
crystal was held in place with an aluminum holder designed to have a minimal mass while
holding the crystal firmly in place. It consisted of a square piece with a square hole in which
the crystal sat, and three legs extending to the rods. The aluminum holder was held in place

in turn by another set of sleeves and a set of springs that pressed everything together.

6The enclosure was designed by Allan Nelson, Dr. Jingke Xu, and myself and constructed by Allan Nelson
for an initial measurement of the Na quenching factor conducted in 2013. Modifications for this measurement,
including the construction of the new aluminum holder, were performed by myself. The packaging of the
crystal was done by Dr. Xu and myself, and the leak-testing and initial light-yield tests were done by Dr. Xu.
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Before packaging, the crystal was found to have suffered degradation due to moisture
exposure since a previous, preliminary quenching measurement conducted in the previous
year. The crystal had yellowed and cracked at the edges. The crystal was sent to RMD to be
polished, and the yellow material was removed. This process restored the crystal to a state
of high clarity. The crystal was polished smooth on one face, while the other faces were left
rough. The crystal was coupled to the PMT with a transparent optical gel from Cargille Labs
with a refractive index of 1.52 (number 081160). No light-guide was used in this experiment
in order to maximize the light collection. A piece of Lumirror reflector was made into a
5-faced box and wrapped around the crystal, and was further sealed in place with 4-5 layers
of Teflon tape inside the reflector, and 2-3 layers outside. The Lumirror served as a back-up
reflector for the Teflon tape. The PMT had a high peak quantum efficiency of ~35% and a
fast rise-time, making it a suitable choice for this experiment.

During the assembly, all parts were cleaned with ethanol and were assembled in a
nitrogen-filled glove box with a humidity level between 0.6% and 1% relative humidity.
After assembly, the enclosure was pumped overnight and purged with nitrogen for several
cycles. The enclosure was also leak-tested with a helium leak-tester and was found to be
acceptably leak-tight. In Princeton, the light yield was initially tested to be ~19p.e./keV,,,

measured with a 37Cs source.

6.3.2 The proton beam and the LiF target

The proton beam comes from an 11-MV FN Tandem accelerator. Negative ions are produced
by cesium-sputtering, which are accelerated to high energy and passed through a thin carbon
foil terminal. The foil strips electrons from the ions in the beam, leaving the beam positively
charged. This positively charged beam then accelerates away from the terminal and exits
the accelerator at even higher energy [139).

The protons produced by this accelerator, incident on a LiF target, cause the emission

of neutrons through the "Li(p,n)"Be reaction (Q-value: —1.644 MeV). Ignoring energy loss
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Figure 6.7: Enclosure used for the SABRE Na quenching measurement. (Top) The internal
components to the enclosure. (Bottom) The internal components as they are inserted into
the stainless-steel can. Both pictures were taken through the window of the glove box used
for assembly.
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in the target, the neutrons emitted at a nominal scattering angle of 0° have an energy of
690 keV.

The beam was separated into time-bunched pulses by a three-part pulsing system with
a timing resolution of 2ns and an intrinsic period of 101.5ns. The pulse-selecting system
consists of a buncher, a sweeper, and a pulse selector. The buncher alternately accelerates
and decelerates the beam as it passes through using an alternating high voltage, thereby
bunching the beam into pulses. The sweeper uses another alternating voltage to sweep away
protons not in the bunches. The pulse selector, which is upstream of the buncher, deflects
the beam from reaching the buncher on a separate timer. The pulse-selector can be used to
allow only one out of every n pulses to pass through, effectively increasing the period [139].
The beam cross section was 3mm in diameter. The beam was also highly stable, with a
variation in proton energy of around 1keV,,,.

The energy of the beam, 2.44 MeV, was chosen to increase the event rate while reducing
the spread in the nuclear recoil energy, as was described in Section |6.2.2

A higher pulse frequency can lead to a higher neutron event rate, but it may also cause
pileups in the NalI(T1) scintillation time window, especially since the scintillation time of
Nal(T1) is 200-300 ns. Based on the calculation of the neutron flux in Section [6.2.4] a pulse
separation of 609ns was thought to be enough to reduce the pileup rate. Based on this
assumption, the bunching ratio for the pulser was set at first to 1 in 6, for an effective pulse
period of 609 ns, but was later changed to 1 in 8, for a pulse period of 812 ns, after a higher
event rate than expected was observed (see Table . Each pulse carried ~1x10* protons.

The LiF target was deposited on a 0.4-mm tantalum backing, which stops the proton
beam and minimizes the v background. Incoming protons lose energy as they travel through
the LiF target, leading to a broadening of the outgoing neutron energy spectrum. The
LiF target thickness was chosen to be 0.52mg/cm? LiF in order to compromise between the
event rate and the spread in the neutron energy, as was described in Section|6.2.3, The mean

neutron energy for a target thickness of 0.52mg/cm? was calculated to be 690keV with a
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spread of 4% at the full-width-half-maximum. At that thickness, and with a bunching ratio
of 1in 8, the neutron flux was calculated to be around 300 neutrons/s at the Nal(T1) detector
for the first position configuration and about 100 neutrons/s in the second.

A ¢22-cm, 22-cm—long, cylindrical polyethylene collimator with a ¢2.5-cm hole was used

to prevent neutrons from traveling directly from the LiF target to the neutron detectors.

6.3.3 The neutron detectors

Two types of neutron detectors were used for the measurement: 5.1-cm Eljen 510-20x20-9/301
and 12.7-cm Eljen 510-50x50-1/301 liquid-scintillator detectors. Both types have the reflec-
tor EJ-510 and the liquid scintillator EJ-301, a xylene-based scintillator with organic fluors.
This scintillator has pulse-shape discrimination capability, which allows for the selection of
events induced by desired particle types. A typical light-yield response of these detectors
was measured to be ~1p.e./keV,.

The angles chosen for the neutron detectors, between 18 and 84 degrees, allowed for data
to be collected for Na nuclear-recoil energies between 3 and 52 keV,,.. The detector distances
were chosen to maximize the event rate while maintaining a recoil energy uncertainty due to
finite detector size of less than 5%. Their positions are summarized in Table [6.2] and their

performance is summarized in Section [6.3.5]

6.3.4 Placing the detectors

The Nal(Tl) detector was placed on the beam-line axis to maximize the event rate. The
Nal(T1) detector was placed 50 cm from the LiF target in the first position configuration and
91 cm in the second configuration, as described in Table [6.2 The 50 cm position was chosen
in order to produce a high event rate while keeping the total angular spread below 5%. The
91 cm position was chosen to measure a variety of recoil angles with the existing neutron

detector positions. The placement of the detectors was done with the aim of producing a
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positional uncertainty of around 1cm for each detectoxﬂ The procedures for placing the
detectors and measuring their positional uncertainty are described below.

A self-leveling laser was used to establish the location of the beam line. The laser was
situated at the height of the beam. This laser produces both a horizontal and vertical line.
The horizontal location of the beam line at the back of the room (where the beam enters the
room) was previously marked by the SCENE collaboration. This mark, along with the LiF
target and a similar mark on a beam in front of the LiF target, were used to align the laser
horizontally with the proton beam line. Tape marked with the vertical location of the beam
line was also placed on a wall on the side of the room and a pipe on the other side. These
marks were used to align the laser vertically with the beam. Some of the marks used to align
the laser are shown in Figure [6.8] The laser projected a vertical plane on the floor. A long
piece of tape was placed on the floor along this line, and a pen was used to mark the line. A
plumb-bob was used to mark the location of the front of the holder for the LiF target along
this line. A caliper was used to measure the depth of the LiF target in the holder, and this
distance was marked on the tape to reflect the horizontal location of the LiF target. This
location was used as the origin for further measurements.

The desired x and y coordinates for the central locations of the detectors were calculated.
The y positions along the beam line were marked for each detector. A large T-square and a
meter stick were used to draw perpendicular lines along the floor at each of these locations.
The desired positions for the detectors were marked (see Figure . The positions of these
markers were measured with a 2-m—long meter stick and a tape measure, both the distance
from the target as well as the x and y positions to confirm the accuracy of the marker
placement. The marker locations are shown in Table [6.3]

The Nal(Tl) detector was held by a mount provided by Fermilab, shown in Figure
and Figure [6.11], which consisted of a tripod with a custom enclosure for the detector. The

enclosure consisted of a ring of wooden panels held together with a metal ring in the middle,

"This effort was led by myself with help from Shawn Westerdale and Dr. Henning O. Back.
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Figure 6.8: Aligning the laser. The laser was aligned with two pieces of tape at beam height
on either side of the beam (Top left and top right) and a vertical line in front of (Bottom
left) and behind the beam, as well as the target itself (Bottom right). The marks had been
previously made by the SCENE collaboration.

A

Figure 6.9: The markers denoting the desired detector positions. The central axis was
marked using the laser level such that it was parallel to the beam line. The detector locations
along this axis were marked. A T-square was used to draw a second axis for each detector
emanating from the beam line.
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Table 6.3: Measured marker positions for the first position configuration. The calculated
distances use the subtracted x and y values, while the measured distances were measured
directly with a long ruler.

Detector Nominal x (cm) | y (cm) | Distance from | Distance from

ID Energy (keV,,) Nal (calculated) | Nal (measured)
Nal(T1I) N/A 0.0 50.00 50.00 50.00

1 30 130.05 | 125.15 150.20 150.3

2 15 98.33 | 163.25 149.98 150.00

3 6 84.35 | 231.25 199.92 200.20

4 20 -52.10 | 96.85 70.07 70.05

) 10 -38.05 | 108.75 70.00 70.05

6 3 -21.50 | 116.63 70.01 70.00

a floor on the bottom, and a clamp at the top. The floor was connected to a metal tube
which fit in the tripod. The tripod held the tube in place with a set screw. The detector
was marked so that it could be oriented such that the flat crystal face was perpendicular to
the beam line and that one rod was on the beam line behind the crystal while the other two
straddled the beam line.

The tripod had a circular ring in the center, which was used to align the detector with
the floor. The diameter of the ring was measured to be 10.8cm. A mark was made along
the beam line at half this distance away from the central mark denoting the desired position
for the front of the ring. The mount was aligned with this mark with a plumb-bob. First,
the center of the mount was aligned with the beam by eye. The plumb bob was held along
the edge of the circle and was moved slowly along the edge to assure that the point closest
to the target in the y direction was on the beam axis. Holding the plumb-bob at this point,
the mount was aligned in the y direction with the mark. The stand was taped down to the
floor with duct tape.

To measure the final location of the Nal(T1) detector, a circle made of stock paper was
cut with the diameter of the ring, and a hole was punched in the center. Three marks were
made on the floor with the plumb-bob around the perimeter of the ring. The paper circle

was aligned with these points, and the center was marked through the hole. This was used to
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Figure 6.10: The experimental setup for the quenching measurement. The Nal(T1) detector
in the red box sits in a custom height-adjustable mount in a tripod. Behind it is the LiF
target, the source of neutrons. The polyethylene collimator that blocks the beam of neutrons
from passing directly from the LiF target to the neutron detectors is the white circle enclosed
in the red box behind the Nal(T1) detector. On either side of the Nal(Tl) detector are the
neutron detectors, in the bright green boxes. The 5.1-cm detectors are shown on the right,
while the 12.7-cm detectors are shown on the left. In this picture, the 12.7-cm detector
positions are being marked using a plumb-bob as described in the text.

mark the central position of the stand. This same procedure was repeated when the detector
was later moved to 91 cm from the LiF target.

However, it was later noticed that the tube that fit into the tripod had a diameter that was
~4mm smaller than the inner diameter of the tripod. The set screw that holds the detector
in place, therefore, offsets the detector by a small amount with respect to the tripod that was
aligned with the floor. This offset was estimated to be ~2mm. However, the detector had
already been moved to its second location by the time this was discovered, so the orientation
of the stand during the measurement is unknown. It was therefore conservatively estimated

that the total uncertainty in the Nal(T1) detector position was 1 cm.
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Figure 6.11: The Nal(T1) detector in its mount. The locations of the crystal and the PMT
are marked in red and green, respectively. In the picture is Dr. Henning O. Beck, who
provided equipment for the detector setup and helped with their installation.
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Figure 6.12: (Left) The 5.1-cm Eljen 510-20x20-9/301 neutron detectors on their mounts.
(Right) The 12.7-cm Eljen 510-50x50-1/301 detectors on their mounts. The location of the
scintillator cell and the PMT are marked with the red and green arrows.

The neutron detectors were mounted on detector mounts provided by Fermilab. The
stands consisted of a tripod with a PVC tube connected to the side. A cap with a tapped
hole wherein a holder could be affixed was also available for the 5.1-cm detectors. The
12.7-cm detectors could sit directly in the tube. Because the floor was slightly uneven, the
detectors were aligned with the beam in the vertical direction using the laser level.

The 5.1-cm detectors were taped to a holder that screwed into the cap for the PVC tube
on the detector mounts, as shown in Figure|6.12] The cap was taped down with duct tape to
secure it and prevent rotation. The stand was placed in the approximately correct location
by eye. The detector was turned to face the laser that had previously been aligned with
the proton beam. The z position of the detector was set to the laser height by aligning the
laser with the machined lines on the front of the detector, which formed concentric circles
about the center of the detector. The stand was then turned so the neutron detector would
face the Nal(Tl) detector. A plumb-bob was held in the approximate center of the 5.1-cm
detector while the position of the stand was adjusted to be directly over the mark on the
floor, as shown in Figure[6.13] The legs of the detector mounts were taped down to the floor

to secure their locations.
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Figure 6.13: Centering the 5.1-cm detectors above the floor marks. In the picture is Shawn
Westerdale and myself.

Using a ruler, the length of the cylinder containing the neutron detector was measured
to be 4.45 cm. Including the flange, the length was measured to be 5.21 cm. The thickness of
the face was assumed to be 0.16 cm. A line was marked 2.67 cm from the face of the detector
along the curved wall, to represent the center of the scintillator volume. A string holding
a plumb-bob was tied loosely around the marked line, so that the height of the plumb-bob
could be adjusted. The looseness of the loop assured that the plumb-bob would hang from
the center in the radial direction. The height was adjusted to just above the floor, and the

actual location of the center of the 5.1-cm detector was marked using the plumb-bob (see

Figure [6.14]).

255



Figure 6.14: Marking the location of the 5.1-cm neutron detectors using a plumb-bob. The
central location along the cylinder’s z axis was measured and marked. A string with a plumb-
bob on one end was tied around the detector loosely at this location, and the plumb-bob
was allowed to hang from the center. The height was adjusted so the plumb bob was just
above the floor, and the position of the detector was marked.

The placement of the 12.7-cm detectors was more complicated due to their center being
directly above the PVC tubes. The PVC tubes were oriented above one of the legs of the
tripod for stability. Because of this, the center of the detector could not be directly aligned
with the floor. Because the outer diameter of the neutron detector flange was 15.2cm, a
mark on the floor was placed 7.6 cm from the centering mark in the direction of the Nal(T1)
detector, to mark the desired position of the side of the neutron detector. The detectors
were placed on the mounts and temporarily secured with electrical tape. The heights were
approximately adjusted by the laser (at the time, there was no mark at the vertical center
of the detector).

The 12.7-cm detector mounts were placed so that the edge of the detector lined up with
the 7.6-cm mark on the floor using a plumb-bob. The detector was rotated so that the

center of the detector was along the neutron path by eye. One person held the plumb-bob
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against the detector while another stood at the position where the Nal(T1) detector would
be located. This person directed the plumb-bob holder to center the plumb-bob in the
azimuthal direction around the detector. Once the plumb-bob was in position, the detector
stand was moved until the plumb-bob was aligned with the secondary mark on the floor.
The legs of the stand were taped down to the floor for stability. The detectors were removed
from their mounts for the night before the run to keep them out of harm’s way. The next
day, the center of the detector was marked in the vertical direction by measuring 6.35cm
(half the height of the scintillator cell) down from the top. The mount height was adjusted
until this line was aligned with the laser, and the detectors were taped securely to the mount
to keep them in place.

To mark the actual z-y locations of the detectors, a circular piece of stock paper the same
diameter as the PVC tube holding the detector was made. A small hole was punched in the
center of the paper. The plumb-bob was held against the tube at three locations around the
diameter, and the corresponding positions on the floor were marked. The circular paper was
aligned with these three points (see Figure , and the center of the circle was marked
through the previously punched hole.

However, this location corresponded with the center of the bottom of the PVC pipe.
The detector mounts were later found to be slightly non-vertical. After the measurement,
but before moving the neutron detectors, the effect of this non-vertical alignment of the
tube was measured. The laser level was removed from its alignment with the proton beam.
For each detector, the laser level was placed on the floor some distance from the mount in
two positions. The first position was to the side of the detector, with the vertical beam
aligned parallel with the axis in the x direction that corresponded with the given detector,
but passing through the center mark on the floor. For the second position, the T-square
and meter stick were placed on the floor to measure a point the same distance away from
the proton beam line as the detector, but with a different y position. In this case, the laser

beam was aimed at the center mark.
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For both the Nal(Tl) detector and the neutron detectors, the “center” of the detector in
the x and y directions were marked by a person straddling the vertical beam and holding a
ruler up to the detector. The distance between this mark and the laser beam was noted for
all three 12.7-cm detectors. It was estimated that this process introduced a 1-cm uncertainty
in the 12.7-cm detector positions. Because the 5.1-cm detectors were aligned with the floor
directly and not through the mounts, no adjustment due to the tilt of the mounts was
needed. For all of detectors, the difference between the initial desired positions and the
actual positions were measured in the x and y directions. These differences were used as an
adjustment to note the final positions of the detectors. The final distances between detectors
were also measured along the floor after the detectors were removed. These values, along
with the final positions of the detectors in z-y coordinates, are shown in Table [6.4

The polyethylene collimator was centered in front of the LiF target in order to block
neutrons from traveling directly to the neutron detectors. A movable cart was placed just
in front of the LiF target. The collimator was too high on this cart. The height difference
was measured between the central hole and the vertical location of the LiF target, and the
collimator was cut such that the hole would be level with the LiF target. The collimator was
raised to approximately the correct height by placing it on thin stainless steel sheets. These
sheets were also used as shims to level the collimator. The laser level was used to center the
collimator, as shown in Figure [6.15] The vertical offset of the collimator was —0.3 cm with
respect to the LiF target. Also, the collimator was placed about 0.6 cm away from the target

in the beam direction, since the target was receded into its holder.
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Table 6.4: The final detector positions with their uncertainties. The x and y values are the
positions from the LiF target, with y being along the beam axis. For each neutron detector,
the recoil angle and energy and the distance from the Nal(T1) detector are shown for position
configuration 1 in the top row and position configuration 2 in the bottom row. The distance
from the Nal(T1) detector to the neutron detectors was a measured value. The uncertainty
for the 12.7-cm detectors is higher than the 5.1-cm detectors because of the non-level mounts,
as described in the text. The uncertainty in the Nal(T1) detector positions was also higher
than that of the 5.1-cm detectors because the set-screw in the mount offset the detector
slightly from the mount.

The Nal(Tl) Detector
Position configuration | z (cm) | y (cm) | Uncertainty (cm)
Nal(T1) Pos 1 -0.2 50.0 1
Nal(T1) Pos 2 -0.5 91.0 1

The Neutron Detectors

Det. |  (cm) | y (cm) | Uncertainty | Recoil | Recoil | Dist. from
ID (cm) angle | energy | Nal(Tl) (cm)
(deg) | (keVy)
ND1 | 131.1 128.7 1 59.1 29.0 150.3
74.2 43.0 134.6
ND2 | 98.8 162.7 1 41.3 15.0 148.8
54.4 25.0 121.1
ND3 | 84.6 2324 1 24.9 5.7 200.0
31.1 8.8 163.3
ND4 | —52.1 96.9 0.5 47.9 19.4 69.9
84.0 51.5 51.8
ND5 | —37.3 | 108.9 0.5 32.2 9.1 69.6
64.6 33.2 40.7
ND6 | —22.0 | 116.0 0.5 18.2 2.9 69.7
41.1 14.3 32.7
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Figure 6.15: Using the laser level to center the polyethylene collimator with respect to the
LiF target. The collimator had to be cut on one side to be at the correct height.

Single photoelectron for ND6 *Am Calibration for ND6 2/ ndf 4.047/ 845
po 0.2659 = 0.0390
10* E pl 56.02 = 1.64
p2 108+1.2
10 p3 3.285+0.613
-0.1895 = 0.0309
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Figure 6.16: Sample spectra from the neutron-detector calibrations for ND6. On the left
is the calibration of the single-photoelectron response with mean 37.2 ADC counts and
x?/NDF= 334/130, performed by looking at the tails of large pulses. Here, the single-
photoelectron response is ~45 ADC counts. On the right is the energy spectrum when
exposed to a 24! Am source, scaled to units of photoelectrons. Here, the 60-keV ~ peak can
be seen at around 56 photoelectrons.

6.3.5 The electronics and data acquisition
Testing the detectors

Five 5.1-cm neutron detectors and three 12.7-cm detectors were available for the measure-
ment. The detectors were tested for their gainﬂ Three of each type of detector were selected

for the measurement. The results of tests of the neutron detectors are shown in Table [6.5]

8The preliminary tests of the neutron detectors were performed by Dr. Jingke Xu and Shawn Westerdale.
The light-yield values reported here are from subsequent analysis done by me.
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Table 6.5: Initial tests of the neutron detectors for the measurement. The detectors were
evaluated for the separation of the single photoelectron (s.p.e.) peak from the pedestal (small
fluctuations in the baseline causing false signals smaller than a single photoelectron) in ADC
counts, the quantum efficiency, and the light yield in photoelectrons (p.e./keV..) to select
the optimal detectors for the measurement. The light yield was measured with an 2*'!Am

source.

Det. 1D Serial Voltage | s.p.e. | Separation | Light yield
number (V) (counts) (p.e./keVe,)
12.7-cm detectors
ND1 | 5079-01-01a | 1000 29 Good 1.58 + 0.05
ND2 5079-01-02 1000 16 1.57 +£ 0.20
ND3 5079-01-03 1000 28 Good 1.64 £+ 0.05
5.1-cm detectors
ND4 3900-01-02 1300 50 Fair 1.07 £ 0.03
ND5 3205-02-01 1360 31 Good 0.95 + 0.04
ND6 3900-01-01 1460 41 Good 0.94 £+ 0.11
N/A 3900-01-04 1500 NONE NONE N/A
N/A 3205-02-02 1400 70 Bad N/A

The electronics

The electronics scheme was designed to digitize the signals from neutron-induced scintillation
events in the Nal(Tl) and the neutron detectors, as well as the signal from the accelerator
(hereafter referred to as the proton pulser)’] This would allow for an accurate determination
of the event energy and timing, as well as the particle type through pulse-shape discrimi-
nation. The scintillation time for Nal(T1) is 7 ~ 230 ns, while the scintillation time for the
neutron detectors is much shorter. In order to capture the entirety of the scintillation signals,
a region of 8 us was digitized with 2 us before the trigger. A series of logical operations were
performed to select windows of time in which events happened in all three locations: the
proton pulser, the Nal(T1) detector, and one of the neutron detectors.

The electronics scheme used for the measurement is shown in Fig. [6.17 The modules
themselves are shown in Figure|6.18| and the final configuration for the detector signals and

their thresholds are shown in Table 6.6 The PMT signal from the NalI(Tl) detector was

9The initial design of the electronics was done by myself with input from Dr. Jingke Xu. This design was
modified right before the run by Dr. Xu.
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Table 6.6: Results from the final tests of the detectors before the measurement.

Det. | Voltage/max Amplifier Discriminator/ Rate | s.p.e.
ID voltage (V) level (mV) (kHz) | (mV)
Nal(Tl) | 1350/1500 | Gran Sasso FE | Phillips 711/11 | 051 | ~7
ND1 1200/1500 Phillips 779 Lecroy 621 AL/67 1 ~25
ND2 1200/1500 Phillips 779 Phillips 711/40 1 ~15
ND3 1150/1500 Phillips 779 Phillips 711/50.8 1 ~20
ND4 1450/2000 Phillips 779 Phillips 711/57.6 1 ~25-30
ND5 1550/2000 Phillips 779 Phillips 711/31.4 1 ~20

ND6 1600/2000 Phillips 779 Phillips 711/12 0.8 ~20
Proton - LeCroy 621 AL/423 - -

amplified with a x10 front-end amplifier module developed at LNGS while the neutron-
detector signals were sent to a Phillips 779 x10 amplifier. Amplified signals from both
detectors were sent to a LeCroy 428F linear fan-out. One copy of each signal was digitized
with a CAEN V1720E digitizer (12 bit, 250 MS/s, 2-V range), while the other copy was used
to produce a trigger for the digitizer. The signals to be used for the trigger first went to low-
threshold discriminators (Phillips 711 and LeCroy 621 AL), whose discrimination levels were
set at 1.5 p.e. in order to reach a low energy threshold while reducing the random coincidence
rate. The Phillips 711 had a minimum threshold of 10 mV, so most channels were sent there.
Neutron Detector 1 and the proton pulser were sent to the LeCroy 621 AL, which had a
minimum threshold of 30mV. The discriminator outputs for the neutron detectors were
combined by a NIM logical fan-in whose OR output was subsequently combined with the
Nal(T1) discriminator output in a logical AND (NIM 375L). The coincidence window for this
AND logic was set to 400ns to conservatively include the neutron-coincidence events with
the longest time of flight. Subsequent triggers within the acquisition window were discarded.
The signal from the pulsed proton beam was not used in the trigger, but was recorded for
off-line analysis. Due to the degradation of the proton-pulser signal in long transmission

lines, the signal was fed through a discriminator before being digitized.
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Figure 6.17: Electronics scheme for the measurement. The Nal(T1) signal was fed through
a front-end amplifier module developed at LNGS. The Nal(Tl) and neutron detectors with
lower gain were passed through a Phillips 711 discriminator with a threshold of 10 mV, while
other neutron detectors and the proton pulse selector were passed through the LeCroy 621
AL discriminator with a higher threshold equivalent to 1-2 photoelectrons in the neutron
detectors.
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Figure 6.18: (Top) The electronics modules used in the quenching measurement. (Bottom)
Testing the electronics modules. The Nal(T1) detector and the some of the neutron detectors
can be seen on the table on the left.
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A basic online analysis was performed to show the scintillation waveforms, the coincidence
event rate, and the time-of-flight spectra for all neutron detectors. The waveform data from

all channels were saved to disk to be used for offline analysis, as discussed in Chapter

6.3.6 Measurement Summary

Data were collected in the first position configuration for 26 hours and in the second position
configuration for 20 hours, giving approximately 1,000-4,000 coincidence events per energy.
A list of the runs with the beam parameters is shown in Table[6.7] Each day, a calibration of
the light yield was performed with ! Am and !33Ba sources placed ~15cm from the Nal(T1)
detector. These are Runs 12-14, 27-28, and 57-58. In addition to this light-yield calibration,
a beam-on calibration of the light yield was performed by observing the inelastic scattering
of neutrons with 271, as described below. A final determination of the detector light yield
was done in this manner in Runs 59-63. A measurement of the trigger efficiency in the

Nal(T1) detector was also performed, as described in Section [6.3.6]

Table 6.7: Run log for the SABRE Na quenching measurement. “Current” is the accelerator
beam current. The proton energy was determined by a script written by Notre Dame to
calculate the beam energy.

Run Date/ Duration | Current E, Bunch | Rate Notes
time (nA) (MeV) | ratio | (Hz)
1 9/18 12:27 | 2:02:34 24.5 2.4395 1:6 70
2 19/18 14:39 | 1:58:34 25 2.4400 1:6 85
3 19/1816:37 | 2:18:11 26 2.4400 1:6 90
4 19/18 18:59 | 2:30:02 27 2.4400 1:6 85
5 [9/18 21:32 | 1:15:32 23.5 2.4400 1:6 70
6 |9/1822:52 | 2:08:56 21 2.4400 1:6 65
7 9/19 1:15 | 2:00:25 20 2.4400 1:6 60
8 9/19 3:30 | 2:06:43 20 2.4400 1:6 55
9 9/19 5:30 | 1:49:16 20 2.4400 1:6 55
10 | 9/19 7:20 1:28:35 20 2.4400 1:6 25
11 | 9/198:51 | 2:12:59 16 2.4400 1:8 45

12 [ 9/19 11:16 | 0:09:25 - - - - T53B,

Continued on next page...
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Run Date/ Duration | Current E, Bunch | Rate Notes
time (nA) (MeV) | ratio | (Hz)
calibration
13 [ 9/1911:33 | 0:08:02 - - — — 21 Am
calibration
14 | 9/19 11:46 | 0:06:43 - - — — 241 Am
calibration
FE amp
only
16 | 9/19 12:37 | 2:15:21 17 2.4400 1:8 70
17 | 9/19 14:54 | 0:49:56 17 2.4400 1:8 70
18 | 9/19 15:55 | 0:17:22 17 2.4410 1:8 65
19 |[9/19 16:36 | 5:16:34 17 2.4410 1:8 25 | Pos. Cfg. 2
20 | 9/19 21:56 | 2:17:22 20 2.4406 1:8 28
21 | 9/20 00:10 | 2:26:16 19.5 2.4406 1:8 27
22 | 9/20 02:37 | 1:44:35 20 2.4406 1:8 29
23 | 9/20 04:21 | 2:07:55 20 2.4406 1:8 28
24 | 9/20 06:30 | 3:26:41 20 2.4406 1:8 28
25 | 9/20 09:57 | 2:48:19 20.5 2.4405 1:8 30
26 | 9/20 12:46 | 2:10:59 21 2.4404 1:8 28
27 |1 9/20 15:08 | 0:11:47 - - - = 2 Am
calibration
28 |1 9/20 15:25 | 0:09:42 - — — - 133Ba
calibration
29 | 9/20 15:52 | 0:15:19 - - - — | Trigger Eff.
30 | 9/20 16:09 | 0:27:41 - - — — Trigger Eff.
31 | 9/20 16:37 | 0:25:46 - - - — | Trigger Eff.
32 19/20 17:02 | 0:25:25 - - - — | Trigger Eff.
33 9/20 17:28 | 0:24:41 — - - - Trigger Eff.
34 | 9/20 17:53 | 0:20:42 - — — — | Trigger Eff.
57 | 9/2202:27 | 0:04:18 - — — - 241 Am
calibration
58 | 9/22 02:34 | 0:03:31 - - - - 133Ba
calibration
59 19/2202:55 | 0:06:36 15 2.440(7) | 1:10 - Beam-On
calibration
60 | 9/2203:02 | 0:14:13 15 2.440(7) | 1:10 - Beam-On
calibration
61 | 9/2203:20 | 0:16:32 15 2.440(7) | 1:10 - Beam-On
calibration
62 | 9/2203:37 | 0:25:13 15 2.440(7) | 1:10 - Beam-On
calibration

Continued on next page...
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Run Date/ Duration | Current E, Bunch | Rate Notes
time (nA) (MeV) | ratio | (Hz)
63 |9/2204:02 | 0:29:17 15 2.440(7) | 1:10 - Beam-On
calibration

Calibrating the light yield

Calibrations of the light yield of the Nal(T1) detector were performed in two different ways.
The first was in-beam, observing the 57.6keV v ray that comes from the first excited state
of 21, which can be induced through inelastic scattering of the neutrons with an iodine
nucleus; the energy of the recoiling nucleus is very small in comparison, as will be described
in Section [7.2.3] The second was a series of separate source calibration runs performed by
placing either a ¥3Ba or ! Am source near the detector and measuring the location of the
full-energy peaks in the v spectra.

The light yield of this detector was observed to decrease over the run due to some degra-
dation of the crystal from moisture exposure, and possibly also a degradation of the optical
coupling. The cause of this exposure is unknown, but one possibility is damage to the gas
feedthrough during shipping, or a leak caused by the bulkhead feedthroughs on the enclosure.
Another possibility is a shock during shipping that may have displaced the crystal slightly.
In any case, the degradation of the crystal necessitated an accurate determination of the
light yield of the detector as a function of time. The in-time measurement of the 57.6 keV

peak was used to calibrate our detector performance in our analysis, as discussed in Section
[[.2.3
Measurement of the trigger efficiency

In the data acquisition setup, the acquisition of an event is dependent on the discriminator
output for the Nal(Tl) signal; the signal can have a small amplitude, which may cause the

discriminator not to fire. It is necessary to understand the efficiency of the discriminator’s
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response to small pulsed’] hereafter referred to as the “trigger efficiency.” After the data
were collected for the measurement of the quenching factor, a separate run was conducted to
measure the trigger efficiency of the Nal(Tl) detector at low energies. Ideally, to perform such
a measurement, the Nal(T1) detector signal would be observed at random times along with
the output of the discriminator, but this method would produce a large amount of empty
signal. In order to increase the chance that an event would be observed in the Nal(T1I)
detector, sources were placed near the detector and a second detector was used as a trigger
in the hopes that coincident signals would also occur in the Nal(T1) detector.

The setup is shown in Fig. [6.19 A Bicron 76-mm Nal(Tl) detector was set up at
a reasonable distance away from the 25-mm Nal(Tl) detector. A **Na source was placed
directly between the two detectors, which produced back-to-back 511-keV ~ rays. **Ba
and 2! Am sources were also put near the 25-mm detector opposite the 76-mm detector to
increase the event rate. The 76-mm detector was used as a trigger for the measurement
with a high threshold. The 25-mm detector signal from the amplifier and, separately, from
the discriminator were fed into the digitizer to measure the efficiency of the trigger for
low-energy recoils. The correction to the quenching-factor measurement as a result of this

trigger-efficiency measurement is discussed in Section [7.4.2

10Dr. Hugh Lippincott recommended this measurement be conducted.
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25-mm Nal(T1) Detector
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Figure 6.19: Setup for the trigger-efficiency measurement of the 25-mm Nal(T1) detector.
The analog signal from the Nal(T1) detector was compared to the output of the discriminator
to determine the response as a function of pulse amplitude. A ??Na source was placed between
the Nal(T1) detector and a separate 76-mm Bicron Nal(T1) detector so that the back-to-back
511-keV,,, v rays could be detected by both detectors. The signal was fed both directly into
the digitizer and also through the discriminator, while the Bicron detector was used as a
trigger to reduce the acquisition of data with no pulses. Additional sources were placed near
the 25-mm detector to increase the event rate.

269



Chapter 7

Measurement of the Na
Nuclear-Recoil Quenching Factor:

Analysis and Results

7.1 The data acquisition

The scintillation lifetime of Nal(T1) is 200-300ns. The voltage waveforms from the PMTs
in the Nal(Tl) and neutron detectors were digitized in 4-ns samples in an 8-us window for
each trigger. Triggers that occurred within an acquisition window after a previous trigger
were ignored. The waveform from the proton pulse selector was fed through a discriminator,
whose signal was digitized as well. The waveforms from each channel were stored in binary
format for later analysis.

The data acquisition software used for the measurement, called dagman, was written by
Dr.Ben Loer for the Darkside-10 detector and modified by Dr. Jingke Xu. This software
analyzes the pulses in the different channels and produces relevant metadata about each
event. For this analysis, the pulse integral corresponding with the event energy was of

particular interest. The peak amplitude of the pulses was also determined for an evaluation of
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the trigger efficiency of the discriminators. The timing of the pulses and the pulse shapes were

also analyzed for the selection of neutron-induced nuclear-recoil events among background'}

7.1.1 Features of the waveforms

A typical waveform of a neutron-induced nuclear-recoil event is shown in Figure [7.1} Each
event contains eight waveforms: one from the Nal(Tl) detector, six from the neutron detec-
tors, and one from the proton pulse selector. Each channel has a baseline with some amount
of variation and drift. Due to the discrete nature of scintillation events, which can consist of
a small number of single photoelectrons detected over a long scintillation time, the Nal(T1)
and neutron channels can contain a number of pulses that comprise a single scintillation
event. The signal is also complicated by some electronic ringing that was observed, as can
be seen in Figure [7.1] The origins of this ringing are unknown, but their effects on the

calculated pulse integral and the baseline were mitigated in the analysis.

7.1.2 The baseline algorithm

An accurate determination of the waveform baseline is necessary to determine the other
quantities of interest. The baseline of each acquisition window was established using an
algorithm that identified possible pulses and areas of ringing and excluded them. After
excluding these regions, a moving average was used to establish the baseline, with a linear
interpolation in pulse and ringing regions, as can be seen in Figure [7.1]

The stability of the baseline was important for calculating the energies of events, since
any integral over the baseline should be 0 if the baseline is interpreted correctly. If a “non-

zero” cumulative integral over the baseline is observed, the estimate of the event energy will

! An initial analysis to determine the quenching factors, including a Monte Carlo fit, was done by me while
Dr. Jingke Xu worked on pulse-shape analysis and, with Shawn Westerdale, on a neutron energy/angular
spectrum for the simulation input to refine the analysis. While I was on maternity leave, Dr. Xu performed a
complete analysis independently (with some reference to my Monte Carlo code) for publication in [I]. Upon
my return, I performed a complete, independent analysis of the quenching factors based on my prior work
and following the approach of Dr. Xu, as reported here.
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Figure 7.1: (a) Typical waveforms for a 20keV,, nuclear-recoil event. Signals are present
in the Nal(Tl) detector (Top left) and Neutron Detector 4 (Center). The Nal(T1) waveform
is shown in (b). This event contains both scintillation pulses (marked with purple arrows)
and electronic ringing (marked with an orange arrow), which can be seen around the 2.5-us
mark. The extrapolated baseline is shown in red, while the waveform baseline-subtracted
integral is shown in blue. Pulses are outlined with green boxes, and the peak is highlighted
with a magenta-colored line.
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be skewed. The baseline algorithm was tested such that the integral over the baseline did
not vary by more than 10-20 count-samples. The trigger threshold for the Nal(T1) detector
was around 20 ADC counts, so a variation in the baseline of less than 20 count-samples over
the acquisition window would be less than the smallest possible scintillation pulse. Typical
pulse integrals in the energy range of interest are ~2,000-10,000 count-samples, so the drift

in the baseline can contribute less than 1% to the energy uncertainty.

7.1.3 Finding pulses

The pulse-finding algorithm incorporates a discriminator search. Pulses begin and end when
the baseline-subtracted waveform crosses a threshold which is a certain multiple of the base-
line variance. Pulses that overlap or are too close together are separated by finding the
point between the peaks that is closest to the baseline. Pulses with a small width are com-
bined. The software also requires that pulses be a certain width before recording them. The
thresholds for these operations are set in a configuration file.

The Pulse object contains relevant data about the pulse, including the maximum baseline-
subtracted amplitude, the integral, and the timing information of the pulse. The most
important timing variable is the half_max_time variable (¢/2), which is defined as the time
at which the signal first drops below half the peak amplitudeﬂ This value was used as the

official “start time” of the pulse for purposes of time-of-flight calculations.

7.1.4 Creating event objects: the TOF module

The TOF (short for Time-of-Flight) module was custom-written for this measurement by
Dr. Jingke Xu to take a list of pulses for each event and create an event object with useful
metadata about each event. The liquid-scintillator neutron-detector channels, the Nal(T1)-

detector channel, and the proton pulse selector were each processed differently.

2The pulses have a negative amplitude.
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Because the trigger occurs when the second coincident channel (which should be the
neutron detectors in a true neutron-recoil event) fires, the neutron-detector event should
begin near time 0. Pulses in the neutron channel were searched for between —0.1 and 0.1 ps.
If a pulse was found in this region, all subsequent pulses for the next 4 us were combined
with it to produce a scintillation event. A new TOF object with type Pulse was created,
its integral being the sum of all the pulse integrals in the 4-us window of that channel. t; /o
of the TOF object is the half-max-time of the first pulse found within the search window.
Nal(Tl) events were processed similarly, except that the search window began at —1 us.

The proton pulse selector, which is periodic, has an unknown but constant offset in time
from the Nal(Tl) and neutron channels. Therefore, a pulse needed to be chosen as the
one that was associated with the events in a consistent way. Choosing the nearest pulse to
ti12 = 0 or the nearest pulse before time 0 arbitrarily splits the events in half. Therefore,
an offset variable was created to choose the nearest pulse to a certain point in time, so that

neutron- and ~-induced events could be clustered together in a time-of-flight analysis, as

discussed in Section

7.2 Creating the energy spectrum

For each of the measured recoil angles, an electron-equivalent energy spectrum of neutron-
induced nuclear-recoil events was created with the measured data. This was done to find
the electron-equivalent energy of the nuclear recoils with known recoil energy. This section

describes the process by which these spectra were generated.

7.2.1 Finding the single photoelectron

In order to quantify the light detected in a nuclear-recoil event, the response of the Nal(T1)
detector to single photoelectrons (s.p.e.) should be well understood. The s.p.e.spectrum

is created by searching for single photoelectrons in the tails of larger pulses using a low-
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Single photoelectron spectrum for Run 1

¥2/ ndf = 68.73 / 47

PO 3.406e+04 = 1.700e+03

14000

12000 p2 4.387 = 0.049
10000 p3 4968 = 17.0
pd 39.52+ 0.06

8000 p5 17.21+ 0.09

6000

4000

2000

| | | |
20 40 60 80 100
Pulse integral absolute-value (counts-samples)

%

Figure 7.2: The single photoelectron (s.p.e.) spectrum for Run 1. A double-gaussian was fit
to the spectrum to determine the s.p.e. mean. Here, p0 and p2 are the amplitude and width,
respectively, of the pedestal gaussian (the mean, pl, was fixed at 0). p3, p4, and p5, are the
s.p.e. amplitude, mean, and width, respectively.

threshold discriminator search. The sharp scintillation signals that can be seen in Figure
at later times could be single photoelectrons of the kind used to generate the s.p.e. spectra.
Such a search will find single photoelectrons along with larger multiples and large variations
in the baseline. A spectrum of this kind should therefore contain three features. The most
noticeable will be a spread around the mean of the s.p.e., and a “pedestal” centered around
0, which is a result of the normal variation in the baseline. There should also be spreads
for pulses with n photoelectrons, where n > 1, but these features should be small if the
integrating window is far enough away from the main pulse.

The dagman software was used to produce a spectrum of single photoelectron pulses, as
shown in Figure[7.2] A fit was performed with a gaussian centered at 0 for the pedestal and
a second gaussian for the s.p.e.response. This fit was performed for each run separately.

The s.p.e. was ~39.20 ADC counts with a variance of 0.08.
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7.2.2 Selecting events

Because of the low discriminator threshold, the above-ground location, and the character-
istics of the beam, the measurement was subject to a large background, especially at low
energies. Though the neutron-induced recoils were clearly visible even without cuts, the
lower-energy recoils were obscured by low-energy backgrounds. Several cuts were used in the
creation of the recoil-energy spectra to clean the signal.

In the generation of the energy spectrum for a given neutron detector, the first require-
ment was that the TOF module found an event in all three detectors: the Nal(Tl), the
neutron detector of interest, and the proton pulse selector. If the event passed this basic
cut, it was analyzed for additional characteristics. It was also required that for each detector
(both the NaI(Tl) and neutron detectors) a clean baseline of 0.2 us preceded the triggering
pulse, to assure that the triggering pulse was not part of a larger, preceding event.

Due to the well-known energy of the neutron before and after its interaction in the Nal(T1)
detector, the timing information of the events could be used to reject random-coincidence
and v backgrounds. Because the proton-pulse signal had an undetermined time offset from
the Nal(Tl) and neutron detectors, the time difference between the Nal(T1) detector and the
proton pulse for neutron events had to be resolved by comparing ¢;/, of each event to t /o of
a prominent peak due to the essentially instantaneous v background, shown in the red box
in Figure [7.3] The time difference between the NalI(Tl) detector and the proton pulse was
approximately 43ns in the first position configuration and 86ns in the second. The time
difference between the neutron detector and the proton pulse was dependent on the neutron
detector, because they were placed at different distances, but typically fell in the 100-200 ns
range.

To establish the cuts, for each detector a spectrum of the timing information was made
with the time difference between the Nal(T1) detector and the proton pulse on the z axis
(TOF1) and the time difference between the neutron detector and the proton pulse on the
y axis (TOF2). A typical time-of-flight plot is shown in Figure [7.3] The brightest region in
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the bottom left (shown in a red square) is the background of coincident «ys coming from the
proton pulser, as well as from single v rays that come from the proton pulser and interact
in both detectors. The region in the blue box contains the neutron events. The horizontal
line of events passing through the v peak corresponds with v rays that travel directly to the
neutron detector from the LiF target in coincidence with random background in the Nal(T1)
detector. Similarly, the vertical line through the v peak is caused by v rays traveling directly
to the Nal(T1) in coincidence with random events in the neutron detector. The vertical line
through the neutron region is caused by neutrons from the LiF hitting the Nal(TIl) and
an unrelated random event occurring in the neutron detector. The diagonal line passing
through the v peak is caused by events that happen simultaneously in the neutron and
Nal(Tl) detectors not caused by the proton beam, but rather by independent events like
cosmic-ray showers.

The neutron region on these plots was confirmed with a calculation of the expected time
of flight; neutrons with an energy of ~690keV should traverse the distance from the LiF
target to the Nal(T1) detector in ~40ns in the first configuration and ~80ns in the second
configuration. Subtracting the time of flight of the neutron peak and the v peak for TOF1
yields transit times that match the calculated ones. Similarly, TOF2 matches the expected
values based on the expected neutron energy. Conservative cuts were used to maximize the
acceptance of neutron events. The time-of-flight cuts used for the different detectors are
shown in Table [7.1]

The shape of the scintillation pulses in Nal(Tl) and in organic liquid scintillators are
different for different types of events. Pulse-shape discrimination can therefore be used to
separate neutron elastic-scattering events from other backgrounds. PSD was applied with
conservative cuts in both the neutron detectors and the Nal(T1) detector. For both detectors,
the F50 parameter, defined as the fraction of the pulse integral that occurred within the first

50ns of the pulse, was used as the PSD parameter.
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Figure 7.3: Typical time-of-flight plot. The x axis, TOF1, is the time difference between
the Nal(Tl) detector and the proton pulse, while the y axis, TOF2, is the time difference
between the neutron detector and the proton pulse. Both values have an arbitrary offset
but can be re-centered by observing the ~ peak, the bright region in the red square. The
neutron events are in the blue square. A detailed description of the features of this plot are

in the text.

Table 7.1: Time-of-flight cuts for the different measurements of the Na quenching factor.
The time of flight for the Nal(T1) detector is TOF1, while the time of flight for the neutron
detectors is TOF2. The timing information for the v peak is also shown, which was essentially
the time at which the proton pulse was fired.

Detector | TOF position 1 (us) | TOF position 2 (us)
ID Min \ Max Min \ Max
Nal(Tl) | —0.15 —0.09 —0.11 —0.05
1 0 0.04 0.02 0.07
2 0 0.05 0.01 0.05
3 0.04 0.09 0.04 0.09
4 -1.0 —0.06 —0.08 —0.03
5 -1.0 —0.06 —0.09 —0.04
6 -1.0 —0.05 —0.09 —0.06
Gamma TOF1= —0.176,
peak time TOF2= —0.16
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The F50 parameter is shown against the energy deposited in the neutron detector for
one of the detectors in Figure[7.4l TOF cuts were applied to this figure so that the neutron
elastic-scattering events, shown in the red box, could be seen more easily. Events with higher
F50 are faster events; because nuclear recoils from neutrons have a slower scintillation profile
than electron recoils from s (see Appendix , the v band appears closer to F50=1 than
the neutron events. The low-energy signals with F50 around 1 (the single red pixel) are due
to Cherenkov radiation, which are not true scintillation events, but are near-instantaneous
flashes of light from relativistic charged particles traveling through the medium.

Nal(T1) has a slow scintillation time, ~230ns. Therefore, the F50 parameter can also
be used to reject fast Cherenkov radiation, which would have a F50 parameter close to 1E|
Because of this, events with an F50 parameter higher than 0.45 in the Nal(T1) detector were
rejected, as can be seen in Figure [7.5] The nuclear- and electron-recoil bands were too close
to separate without losing many of the neutron elastic-scattering events. The cuts used on
the F50 parameter for both the Nal(T1) and neutron detectors are summarized in Table [7.2]

After the time-of-flight and PSD cuts, cuts were made on the energy of the events in the
neutron detectors to isolate the neutron events as shown in Figure [7.4] The energy cuts are

summarized in Table [7.2]

3The pulse-finding algorithm gives some buffer to the beginning of the pulse, so some pulses with a smaller
width than 50ns will have an F50 parameter slightly smaller than 1, as can be seen in Figure This
means that fast pulses may produce a broad spread in F50 close to F50=1.
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Figure 7.4: Pulse-shape discrimination in Neutron Detector 3, position configuration 1 (nom-
inal recoil energy 15keV,,) after the application of TOF cuts. The F50 parameter is the
fraction of the pulse that occurs within the first 50ns. The cuts on this parameter and
the energy in the neutron detector are shown in the red box. The electron recoil band sits
slightly higher in F50. Cherenkov events are characterized by the single red pixel at F50=1.

Table 7.2: Cuts used on the energy spectra after the application of the time-of-flight cut.
The Nal(Tl) detector had only a PSD cut, while the neutron detectors had both a PSD cut

and an energy cut.

Det. | Detector size (cm) | Energy min (p.e.) | F50 cut

Min | Max

Nal(T1) | 2.5 \ - | 0 045
1 12.7 40 0.55 | 0.8

2 12.7 40 0.55| 0.8

3 12.7 50 0.55 | 0.82

4 5.1 10 0.5 | 0.84

) 5.1 10 0.5 | 0.85

6 5.1 4 0.6 | 0.90
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Figure 7.5: Pulse-shape discrimination in the Nal(T1) detector applying no cuts. The F50
parameter is the fraction of the pulse that occurs within the first 50ns. Events above the
red line, which include Cherenkov radiation (the narrow peak at F50=1) and any other non-
scintillation light, were rejected. The neutron-induced nuclear recoils are indicated with the
pink arrow. The electron recoil band is indicated with the orange arrow, which points, in
particular, to the 57.6-keV.,. 7 from the 271 first excited state.
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Figure 7.6: Time of flight from the proton pulser to the Nal(T1) detector vs.energy for all
detectors. The blue box corresponds with neutron elastic-scattering events, while the red
box corresponds with inelastic-scattering events that excite 271 to the first excited state of
57.6keV. v rays coming from the LiF target when being struck by the proton beam are
indicated with the orange arrow.

7.2.3 Making the light-yield correction

As discussed in Section [6.3.6] two different measures of the light yield were performed. The
first was an in-run calibration by observing the inelastic scattering of neutrons on 2“1, which
produces a 57.6-keV ~ ray, and the second a series of separate source runs performed daily
with 133Ba and 2*' Am sources.

Incoming neutrons can scatter inelastically off an '>"I nucleus, causing it to excite to
the 57.6-keV state and also to recoil. The 57.6keV is released as a v ray when the nucleus
decays to the ground state. Because the '*’I nucleus is very massive compared with 23Na,
the recoil energy of the nucleus is very small for the same neutron scattering angle compared
with a Na recoil. For example, for a 690-keV neutron, a 33-degree scatter will induce a
nuclear recoil of 10keV,,, for 23Na, but 1.7keV,,, for '2"I. Therefore, the skewing of the peak
due to the kinetic energy of the iodine recoil itself is small. This effect was estimated to be

at or below 1% by a Geant4 simulation. The average iodine recoil energy was 4.25keV,,..
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Figure 7.7: Time of flight from the proton pulser to the neutron detector (TOF2) vs. energy
observed in the Nal(T1) detector for coincidences with neutron detector 1 (a nominal 30 keV,,,
recoil). The blue circle is around the neutron-induced elastic-scattering events. The blue
band corresponds to the TOF2 cut isolating neutron events. The red band represents the
57.6-keV.. 7 events from inelastic scattering of a neutron off 1*”I. Though the intersection of
the blue and red bands in the figure represent 57.6-keV = events wherein the neutron goes on
to hit the given detector, all events with TOF1 matching that of a neutron scattering event
in the Nal(T1) were accepted for the light-yield calibration. Figure made by Dr. Jingke Xu
for [1I] and modified for this work.

Assuming a quenching factor of 0.09 for iodine, as reported by DAMA, the recoil of the
nucleus should contribute 0.4keV,. to the calibration. The detection of the 57.6-keV ~ ray,
therefore, provides a convenient mono-energetic signal for the purposes of calibrating the
light-response to electron recoils.

The in-run observation of the 21 excited state was done on a run-by-run basis. For each
run, the energy was plotted for all Nal(T1) events that had the correct time of flight from the
LiF target, which corresponds to the red square/band in Figures and , respectively.
A gaussian plus flat background was fit to the spectrum, as shown in Figure for Run 1.
The mean of this gaussian was taken to correspond with the light yield in p.e. for the time

at the middle of the run. A linear fit of this data was taken to obtain the light yield as a
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Figure 7.8: Light-yield calibration fit for Run 1 using the 271 first excited state. Here, a
gaussian+-constant is fit to the energy spectrum. p0 is the gaussian amplitude, pl is the
gaussian mean, p2 is the gaussian spread, and p3 is the constant.
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Figure 7.9: Light yield of the Nal(T1) detector as a function of time in hours, based on the
on-beam light-yield calibration from observing neutron inelastic-scattering events with '271.

function of time, as shown in Figure [7.9] Higher-order polynomial fits were tried, but the
higher-order coefficients were too small to be significant, so the linear fit was used.

The source calibration was done by hanging a 2**Am or 3®Ba source about 15cm away
from the Nal(T1) detector at the level of the crystal. Simulated spectra for these runs were
generated with Geant4. A fit was created by smearing the simulated spectra with a gaussian

and scaling it to match the data. Because the Nal(T1) scintillation response is non-linear

284



with energy, the simulated spectra were not fit over the whole energy range, but rather at
the lowest-energy peak that could be resolved.

A few-percent systematic difference in the light yield between the two measurements
(between 3% and 5% for '3*Ba) was observed; the source calibrations showed a lower light
yield than the real-time calibration with 27I. One potential reason for this difference stems
from the position distribution of the scintillation events; the s from the first excited state of
12T are evenly distributed throughout the crystal, whereas the vs from the external sources
will interact within a few mm of the crystal edge. This effect can cause a systematic decrease
in the light yield, as the light yield may be position dependent, especially since some cracks
in the crystal remained after the polishing before the run.

The recoil-energy spectra were corrected for the changing light yield event-by-event in
the offline analysis. As the energy spectrum was filled, the integral of the pulse was divided
by the s.p.e.mean for the run, as well as the light yield at the time of the event according

to the calibration fit, to produce an energy spectrum in keVe,.

7.2.4 The nuclear recoil energy spectra

After the data was processed, the cuts were applied, and the pulse integral was scaled with
the s.p.e. and light-yield correction, the energy spectra were created for all 12 nuclear recoil

angles. The spectra are shown in Figures and for position configurations 1 and 2,

respectively.

7.3 Simulating the energy spectra

In principle, the recoil energy of the events in each detector can be calculated from kinematics.
However, the finite detector sizes and the spread in the incoming neutron energy complicate

matters and introduce some uncertainty in the mean energy. Therefore, it was necessary to
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Figure 7.10: Experimental energy spectra for all 6 recoil angles in position configuration 1.
The detector ID and nominal energy in keV,, is listed at the top of each plot.

simulate the neutrons’ paths through the detectors to create an expected recoil spectrum

that could be compared to the observed one.
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Figure 7.11: Energy spectra for all 6 recoil angles in position configuration 2. The detector
ID and nominal energy in keV,,. is listed at the top of each plot.

7.3.1 (Generating the incoming neutron energy and angular spec-

tra

The Geant4 package was used to simulate the incoming neutron energy spectrum. While

the simulation described in Section provided an approximate energy spectrum of the
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neutrons leaving the LiF target at a 0° angle from the proton beam, this simulation provided
a more sophisticated, angular-dependent estimation of the neutron spectrum.

In order to characterize the behavior of protons moving through the LiF, 2.44-MeV
protons were sent into the LiF target with a 0.52-mg/cm? thickness. The protons were
tagged each time they traveled a small but defined distance through the LiF. This provides
a more accurate estimation of the proton’s chance to interact than the approach used in
Section [6.2.3 The angle between the proton’s velocity and the beam line as well as the
proton energy at this position were recorded. For a large sampling of scattering anglesEL a
large number of neutrons were generated in a cone about the proton’s velocity vector. The
neutron was assumed to escape the LiF without interacting, so the neutron’s outgoing energy
was calculated based on the proton energy and the scattering angle using the relativistic
kinematic calculation in Section [6.2.4, The neutron energies were entered into a histogram,
weighted with the "Li(p,n)"Be differential cross sections digitized from [I35]. The resulting
energy and angular spectrum was saved in a histogram and used as input for the main
simulation. This spectrum is shown in Figure

A simulation was conducted by generating neutrons with this spectrum in front of the
polyethylene collimator. This was to reduce the simulation time in the main simulation
by determining a maximum-starting-angle cut without biasing the simulation. Neutrons
were observed at the distance of the Nal(TIl) detector to determine how many neutrons
would make it past the collimator to potentially interact in the detector as a function of
the starting angle. It was found that less than 2% of events in the crystal were caused by
neutrons with a starting angle greater than 6°. Of these, many do not pass a time-of-flight
cut because they interact in the PMT coupled to the Nal(T1) crystal, losing much of their

energy before scattering in the crystal.

4The angle between the initial proton velocity vector and the final neutron velocity vector.
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Figure 7.12: Simulated energy and angular spectrum of the neutrons leaving the LiF target.
The z-axis scale is counts, proportional to the probability of a neutron emission at that
energy and angle.

7.3.2 The simulation

The simulation used the Geant 4.9.6 package. A framework and user interface were written
by Dr.Jingke Xu. The framework allows for the generation of neutrons with the energy
and angular spectra simulated previously. The neutrons are tracked as they travel through
the detector setup. Events in which energy is deposited in both the crystal and one of the
neutron detectors are recorded with information about each interaction including the particle
type, the incoming energy, and the deposited energy.

The detector geometry, shown in Figure |[7.13] was constructed from scratch using the
G4NistManager for materials. The detectors and the collimator were simulated. The Nal(T1)
and neutron detectors were simulated as completely as possible using drawings for the neu-
tron detectors and our own measurements for all the parts of the Nal(Tl) detector. The
neutrons were generated with a maximum angle cutoff of 6°, as determined by the collimator

simulation.
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Figure 7.13: The geometry for the simulation of the Na quenching measurement in the first
position configuration. The polyethylene collimator is shown in white on the right. The
Nal(T1) detector is shown in its enclosure (red). The 5.1-cm detectors are shown near the
bottom of the figure, while the 12.7-cm detectors are at the top. The scintillator volume in
the neutron detectors is in blue, while a gas bubble is in green.

7.4 Evaluating the quenching factors

Fitting simulated spectra accurately requires that the statistics of the simulated spectra be
at least 10 times higher than that of the data [140], so ~50-100,000 events were simulated
for each detector. The simulated spectra were created with the intent to fit them to the
data with the quenching factor as a fit parameter. For the majority of the data energy
spectra, the peaks were well separated from noise with the TOF and PSD cuts, but some
of the lower-energy events were affected by a loss in trigger efficiency. This loss had the
effect of skewing the energy spectrum upwards. Therefore, two different techniques were
needed to evaluate the quenching factors for the higher-energy recoils and those affected by

the trigger-efficiency loss. The two techniques are described in the following sections.
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7.4.1 Standard method

For the high-energy events, the general approach was to create a simulated energy spectrum
and use it as a fit function to the energy spectrum of the data.

The main challenge was to establish which simulated events to include in the fit. The
simulation included energy depositions from neutrons, 2*Na and '?7I nuclei, and v and 3
backgrounds. 27 recoils are subject to a stronger quenching effect than 2*Na, so the electron-
equivalent energy for these events is low. They were not observed in the data, and so were
not included in the simulated spectrum. Electron-recoil events from fs and ~s have no
quenching effect, and so could be combined with the ?*Na, events with appropriate scaling.
However, this combination would have to be done on an event-by-event basis, reevaluated
with every potential quenching factor, and would require too much computational time to
implement. It was instead established that electron-recoil events constituted a very small,
low-energy background that would have a negligible effect on the simulated spectrum.

Finally, the simulation also produced multiple-scattering events. It was established that
the multiple-scattering background was smooth, featureless, and small compared with the
rate for single-scattering events, and so these were ignored in the fit. It was also established
that fitting while including these events did not significantly change the resultant location of
the simulated energy peak. The single-scattering and multiple-scattering spectra are shown
in Figure [7.14]

The energy spectra, once created, were fit to the data using three fit parameters. These
parameters are referred as p0, pl, and p2, respectively in Figure The first, p0, was
the quenching factor. The second, pl, was an arbitrary amplitude adjustment to match
the height of the two spectra. The third, p2, was the spread of a gaussian convolved with
the simulated spectrum representing photon statistics adjusted by the Fano-factor of Nal.
The Fano-factor is a material-dependent parameter describing the difference in the energy
resolution from predictions due to pure Poisson statistics, which is due to the discrete nature
of the electron levels. Because the Fano factor is not well-known in Nal(T1), it was used as
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Figure 7.14: (Left) Simulated single and single4+multiple-scattering energy spectra for one
scattering angle, shown in red and black, respectively. The 23Na nuclear-recoil events are
contained in the peak around 15keV,,. The iodine recoils are shown in the sharp peak
around 3-4keV,,.. (Right) Spectrum of simulated events that are excluded by using single-
scattering events only, equivalent to the subtraction of the two curves in the left figure. These
events include the peak from iodine scattering and the multiple-scattering background. The
multiple-scattering background was found to be featureless and smooth over the energy
region of interest. It was also small compared with the single-scattering peak, and was
therefore not used in the fit.

a fit parameter. The fits for the scattering angles that were not affected by trigger-efficiency
loss are shown in the figure.

The error of the fit was evaluated by varying the fit range and observing the variation in
the quenching parameter. In addition to this systematic error, an error of 1.5% was added
for the v calibration of the light yield, and 3-12% for the positions of the detectors. The
errors are described in detail in Section[7.4.3] The results of these fits are shown, along with
the low-energy recoils, in Tables and respectively.
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Figure 7.15: Fits of the Monte-Carlo-simulated spectra of single-scattering neutron-recoil
events to the data gathered at the Notre Dame pulsed-neutron facility. This method of
fitting the Monte Carlo with the data was u%% for nuclear recoils above 10keV,,, in energy.
The fit parameters are as follows: p0 is the quenching factor, pl is an amplitude adjustment,
and p2 is the effective Fano-factor, which represents the spread of the simulated spectrum.
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Figure 7.16: Trigger-efficiency curve for the Na-quenching measurement, evaluated from the
runs described in Section [6.3.6]

7.4.2 Evaluating the fit for low-energy recoils

The low-energy recoil spectra were obscured by a loss in trigger efficiency. Because the
recording of scintillation events was dependent on the digitization of the signal through the
discriminators, if a pulse fell below the threshold of the discriminator, a nuclear-recoil event
with low energy could be missed. The response of the discriminators should be dependent
on the pulse amplitude, but the threshold is not a hard cutoff. The trigger efficiency as
a function of amplitude was evaluated in a separate measurement by observing random
scintillation events at the same time as the discriminator output, to see what fraction of
events triggered the discriminator (see Section . For each event, the peak amplitude
of each pulse was evaluated, and it was determined whether a signal from the discriminator
followed. Pulses that occurred within an already firing discriminator signal were ignored.
The results of this trigger-efficiency measurement are shown in Figure [7.16] Events with
an amplitude of less than 20 ADC counts were almost uniformly missed. This effect biases the
energy spectra strongly for recoil energies less than 6 keV,,, and slightly for recoil energies less
than 10keV,,., and necessitated a different analytical approach for evaluating the quenching

factors for these energies.
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In the peak-matching method, an amplitude spectrum of the data was created and cor-
rected bin-by-bin with the trigger-efficiency curve when the trigger efficiency was greater
than 10%, as shown in Figure[7.17, From this corrected spectrum, a peak could be resolved
for all but the lowest energy measured (2.9keV,,). The peak was determined by fitting a
gaussian to the spectrum, varying the fit range and binning and taking the mean value. The
variation in this fit was added to the error in the observed energy.

For amplitudes between 27 and 81 ADC counts, a histogram of the energies (see Figure
7.17) was made by projecting the amplitude-energy histogram of the neutron events for each
position configuration. The spectrum for position configuration 1 and a projection for 41
ADC counts are shown at the top of Figure [7.I§ A gaussian was fit to each projection
to determine the peak energy as a function of the peak amplitude. A linear fit to these
projections was used to determine the peak energy for each neutron detector, as shown in
the bottom of Figure [7.18 This method was confirmed to produce the correct peak energy
for the higher energies, thus validating this method. The peak energy was then compared to
the simulated energy to produce the quenching factor. Using this method on higher-energy
recoils produced quenching factors within 3% of the values produced by the Monte Carlo-fit
method.

For the lowest recoil energy, the apparent peak in the spectrum was within the energy
range for which the trigger efficiency was significantly less than unity. The upper limit of
the peak amplitude was taken to be 22 ADC counts, below which the trigger efficiency is
less than 0.5. This amplitude corresponds with an energy of 0.65 £+ 0.01keV,. in position
configuration 1, according to Dr. Jingke Xu’s analysis. The upper bound was used as a limit
for the observed energy, which was compared with the simulated peak energy to produce a
limit on the quenching factor.

Combining these results with the ones from the standard analysis, the quenching values

are shown in Tables and [7.4 The analysis was performed separately by Dr. Jingke Xu
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Figure 7.17: Fits for the peak-matching method of fit for low-energy events. The green curve
is the collected data. The blue curve is the trigger-efficiency curve with arbitrary scale. The
black curve is the data adjusted for the trigger efficiency. The red curve is a gaussian fit to
the adjusted data.

and myself; my values are shown here, while Dr. Xu’s values are in [I] and in Table[7.5] The

error analysis is discussed in Section [7.4.3]
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Table 7.3: 23Na quenching factors from this analysis using the energy-spectrum fit method
(described in Section. These values are consistent with the analysis done by Dr. Jingke
Xu described in [1I] and reproduced in Table . The simulated energy is the peak energy
of the simulated spectrum, while the observed energy is the peak energy of the data. The

50 60 70 80
Peak Amplitude (ADC counts)

50 60 70
Peak Amplitude (ADC counts)

quenching factor shown is a result of the Monte Carlo fit to the data in percent.

High-energy recoils, standard method

Recoil Simulated Observed Quenching
angle | energy (keV,,) | energy (keV,.) | factor (%)
41.1 14.31 £+ 0.53 221 +£0.05 | 159+0.9
41.3 15.03 £ 1.79 236 £0.03 | 15.8 £2.0
47.9 19.36 £+ 0.92 3.13 £ 0.04 16.6 = 1.1
54.4 25.04 4+ 0.80 4.27 4+ 0.06 172+ 1.2
59.1 28.99 4+ 0.71 537+ 0.08 | 189+ 1.0
64.6 33.21 £1.94 6.43 + 0.15 198+ 1.4
74.2 43.01 £+ 0.92 8.62 £+ 0.12 204 £+ 1.0
84.0 51.51 £ 1.70 10.424+ 0.15 | 204 +£ 1.8
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Table 7.4: 2Na quenching factors from this analysis using the peak-matching method (de-
scribed in Section. The simulated energy is the peak energy in a simulated distribution.
The observed energy is the energy derived from the peak amplitude after a trigger-efficiency
correction. These values are consistent with the analysis done by Dr. Jingke Xu described
in [I] and reproduced in Table [7.5] The limit for the 2.9-keV,, recoil was evaluated by
Dr. Jingke Xu.

Low-energy recoils, peak-matching method

Recoil Simulated Observed Quenching
angle | energy (keV,,) | energy (keV..) | factor (%)
18.2 2.93 £ 0.41 < 0.65 £ 0.01 < 222
24.9 5.70 £ 0.26 0.76 = 0.17 13.4 + 3.0
31.1 8.82 £ 0.38 1.29 4+ 0.10 147+ 1.4
32.2 9.08 £ 0.69 1.42 + 0.12 156 + 1.9
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Table 7.5: The Na quenching factors from Dr. Jingke Xu’s analysis, and modified from [I].
Quenching factors were evaluated by spectral fits between observation and simulation above
10keV,,, and by comparing the peak energy positions at lower energies after correcting for
the trigger-efficiency loss.

Dr. Jingke Xu’s quenching values, from [1].

Scattering Simulated Na Observed recoil | Quenching
angle (deg) | recoil energy (keV,,.) | energy (keV..) | factor (%)
18.2 29+ 0.7 <0.65 < 22
24.9 5.7+ 0.7 0.76 &+ 0.4 13.3 £ 1.8
31.1 88 +1.2 1.13 + 0.5 1294+ 14
32.2 91+12 1.46 + 0.5 16.2 + 1.2
41.1 14.3 + 2.4 221 +09 159 £ 1.9
41.3 150+ 14 2.36 £ 0.8 16.0 £ 1.0
47.9 19.4 +£ 1.6 321+ 1.0 16.8 £ 0.9
54.4 249 +£ 24 4.10 £ 1.5 171+ 1.0
59.1 29.0 £ 1.9 5.36 £ 1.9 18.8 £ 0.8
64.6 33.3 £ 2.8 6.19 + 2.1 191+ 1.1
74.2 43.0 + 2.2 8.53 £ 2.7 204 + 0.8
84.0 51.8 £ 2.6 10.59 + 4.5 20.7 + 1.0

7.4.3 Error analysis

The error on the quenching factors comes from statistical and systematic sources, which
were added in quadrature. The statistical error of the fit from the spectrum-fit method
was determined by varying the fit range and taking the maximum variation of the resulting
quenching factors. For the peak-matching method, the error in the fit to the energy spectrum
was used. For higher energies, the two methods produced a slightly different value for the
quenching factor (<3%). This difference was also included as a statistical uncertainty and
added in quadrature for all energies.

The systematic error on the simulated energy is determined by the uncertainty in the
recoil angle from the detector positions and the uncertainty in the mean of the incoming
neutron energy. A conservative estimate for the latter was placed at 10keV, which is small
compared to the simulated 4% spread in the nominal energy of 690keV. The error for the

positions was determined by assuming a displacement of the detectors by the amounts shown
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Table 7.6: Uncertainty in the recoil energy (AER) as a function of the angular uncertainty.

Recoil energy (keVi,,) | Recoil angle (deg) | AEg(keV,,)

2.9 182 £ 1.2 0.4
5.7 249 £ 0.6 0.3
8.8 31.1 £ 0.7 0.4
9.1 322 £ 1.2 0.7
14.3 41.1 £ 0.7 0.5
15.0 41.3 £ 2.6 1.8
19.4 479 £ 1.1 0.9
24.9 544+ 0.9 0.8
29.0 09.1 £ 0.7 0.7
33.3 64.6 £ 2.1 1.9
43.0 74.2 £0.7 0.9
51.8 84.0 £ 1.6 1.7

in Table in directions that would maximize and minimize the recoil angle displacement,
Af. The larger of the two were taken as the uncertainty in the angle. The resultant un-
certainty in the recoil energy was calculated analytically using the relation in Equation [6.4]
The values for the angular uncertainties and the resultant uncertainties in the recoil energy
are shown in Table [Z.6

The uncertainty in the observed energy comes primarily from the uncertainty in the light
yield, and the uncertainty in the s.p.e. mean. The standard deviation for the s.p.e. mean was
taken as the uncertainty, which was 0.14%. The residuals in Figure were taken as the
uncertainty in the light yield, which added another 1.4% uncertainty. The difference between
the peak-matching method and the Monte Carlo method for high-energy recoils was at most
3%, so this difference was included in the error as well.

For the peak-matching method, there was additional uncertainty added to account for
the variance in the peak amplitude as a function of the fit range and binning and the residual

error in the linear fit of the peak amplitude to the peak energy.
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Figure 7.19: Previous observations of non-linearity in the electron-recoil scintillation output
in Nal(T1). (Left) an observed non-linearity by Moses [141], with a peak around 10keV..
(Right) ~ calibrations by DAMA /LIBRA, observing no non-linearity in the scintillation
output.

7.4.4 QOther considerations

A non-linearity in the scintillation output for electron recoils in Nal(Tl) has been observed
by Moses [141]. However, DAMA/LIBRA claims to see no non-linearity in the output for
their crystals by observing several v full-energy peaks in their background [41]. The results
of both of these observations are summarized in Figure [7.I9] Though these observations
disagree, it is worth noting that the DAMA/LIBRA calibration does not have any points
in the region where the non-linearity is most pronounced, around 10keV... The quenching
factors, should such a non-linearity exist, should be adjusted given that the calibration in
our measurement was done at 57.6keV,... The difference could be on the order of 20%. The
adjusted quenching values are shown in Table[7.7] These values were determined by deriving
an adjustment factor for each energy based on the curve in Figure [7.19| and the relative light

output at 57.6keV,,.
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Table 7.7: Quenching Factors adjusted for the non-linearity of the electron-recoil scintillation
efficiency in Nal(T1). The adjustment factors were derived by digitizing the curve for Nal(T1)
on the left of Figure and comparing with the relative light output at 57.6 keV,..

Recoil | Adjustment | Non-linearity adjusted
energy factor quenching factor

2.9 1.07 <20.7

5.7 1.17 11.5

8.8 1.22 12.0

9.1 1.22 12.8

14.3 1.18 13.5

15.0 1.18 13.4

19.4 1.14 14.6

25.0 1.1 15.6

29.0 1.08 17.5

33.2 1.06 18.7

43.0 1.03 19.8

51.5 1.01 20.2

7.5 lodine recoils

In choosing the scattering angles to be measured in this experiment, the observation of 271
recoils was not prioritized. The height and width of the expected iodine signal could be
predicted from simulations combined with the Na spectrum. A 3¢ upper limit of 0.065 on
the I quenching factor at 10keV,, was set based on the absence of an observed iodine

peak above 0.65 keVeeﬂ This upper limit is lower than DAMA’s reported 0.09 [53].

7.6 Channeling effect

It has been theorized that a channeling effect in Nal(T1), as described in Section [2.3.5
could account for some of the disagreement between the DAMA/LIBRA observation and
exclusions from other experiments. The orientation of the lattice in the crystal used in this
measurement is unknown, so a sensitive measurement of a potential channeling effect could

not be made. However, because 12 different recoil angles were measured, there was some

5This limit was set in Dr. Jingke Xu’s analysis and was not checked by me.
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Figure 7.20: Results of the Na quenching measurement, along with previously measured
values from other experiments. The new quenching factors show a strong energy dependence,
and fall between previous measurements from [54] and [55] at low energy. They are also
statistically consistent with these previous measurements.

possibility that such an effect may be observed. The quenching values measured followed a

continuous trend with no major outliers, so no channeling effect was observed.

7.7 Relation to other measurements

The new quenching factors for Na, along with those of the previous measurements, are shown
in Figure [7.20] Comparisons between measurements are complicated by the observed non-
linearity in Nal(T1) electron recoil response, which some other experiments do not account
for in their reported values. Different experiments use different calibration sources, making
a direct comparison difficult. The quantities shown for the SABRE measurement in Figure
[7.20] are the non-adjusted values.

The quenching factors show a strong energy dependence, and fall between previous mea-

surements at low energies. Because of the large uncertainties in previous measurements, the
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SABRE measurement is consistent with these values, but has a much lower uncertainty. The
SABRE measurement constitutes the most precise measurement of the Na quenching factor

to date.
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Chapter 8

Measurement of the Na

Nuclear-Recoil Quenching Factor:

Implications for WIMP Dark Matter

Within the Standard Halo Model (SHM), the scale of the energy spectrum for WIMP dark-
matter interactions is uniquely determined by the WIMP mass (m,) and the WIMP-nucleon
cross section. The quenching factor, which determines the observed energy scale, therefore
factors heavily in the determination of the WIMP parameters that are compatible with the
observed DAMA /LIBRA modulation spectrum. The comparison of DAMA /LIBRA with
other null experiments is dependent on this value.

Generally, when comparisons are made between direct-detection experiments, the Stan-
dard Halo Model (SHM) is assumed, but there is some evidence that this model may not
accurately describe the astrophysical state of our galaxy [32]. Furthermore, the nature of the
dark-matter /nucleus interaction is also not well-established. However, due to the large num-
ber of alternative models, the implications for the DAMA /LIBRA parameter-space preferred

regions are only evaluated in the SHM here.
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DAMA /LIBRA uses the 59.5-keV . peak of the 24! Am spectrum to calibrate their detector
light yield. This energy is very close to the energy of our 57.6-keV.. calibration. Therefore,
there is no adjustment needed to correct the quenching factors reported in Table [7.3| and
for the non-linearity in the Nal(Tl) electron-recoil response in order to apply the new
quenching results to the DAMA /LIBRA spectrum, since all of their results are reported in
keV,. as defined by their calibration at 59.5keV...

8.1 Calculation of the WIMP dark-matter event rate

The WIMP dark-matter elastic-scattering event rate is derived here following the derivations
of |32, 28], 142].

In the standard WIMP model, a WIMP of mass m, scatters off of a nucleus with mass
M, causing the nucleus to recoil with energy Er = (u3v*/M)(1 — cos Oy ), where p, is the
WIMP-nucleus reduced mass, equal to m,M/(m, + M). v is the relative velocity, and 6.,
is the scattering angle in the center-of-mass frame. The differential rate of WIMP-nucleus
interactions per unit detector mass, typically given in units of cpd/kg/keV,,., is therefore:

dR ny , do B 2&

— (Eg,t,m,,0) = V=) =
(B 1y, ) = o) = 2

> do
==X d* t)—(q* 8.1
= & | dwiwnG@o, s

Umin

where n,, = p,/m, is the WIMP number density, f(v,t) is the probability distribution func-
tion for the WIMP velocity, v as a function of time, t. ¢ = \/2M E is the momentum transfer
of the interaction, and (%(q?, v) is the velocity-dependent differential cross section. In this
analysis, p, is the mean dark-matter density in the local neighborhood, 0.3 GeV /em? [143].

In typical cross-section models, ;%‘2((127 v) is expressed by:

@(qmax - Q)a (82)
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where o(q) is an effective cross-section, discussed later, O(gmax — ¢q) is the Heaviside step-
function, and gmax = 2pt,v is the maximum momentum transfer for a collision of velocity v.

The differential event rate can therefore be expressed as:

dR a(q)px
—— (LR, = 5 5 min)t ) .
dER( R, U, My, 0) 2mx,u§<77(v ) (8 3)

where v,,;, is the minimum velocity that can produce a recoil of energy Eg, which is equal

MER
2
2p3

of the WIMPs in the lab frame at time ¢, and is given by:

to for elastic scattering. 1(vmin,t) is an expression denoting the mean inverse speed

n(vminat) = /> ' dSUf(Z’ t) (84)

The total rate in a direct-detection experiment between two energies £ and Es is depen-
dent on detector characteristics in addition to the nuclear and astrophysical characteristics
of the WIMP-nucleus interaction. Typically, detectors have a detection efficiency, e(E’), for
a given electron-equivalent energy, E' = Q(FER)FEgr, where Q(ER) is the quenching factor and
E'r is the recoil energy. The detection efficiency is the chance that a detector will detect an
event with quenched energy E'.

Detectors also have an energy resolution, og(E’) which denotes the spread in the mea-
sured energies of events. CID(E’ , By, Eg) is a response function denoting the chance that a
recoil of energy Fr and with quenching factor Q(Eg) is observed between electron-equivalent
energies F; and Fy. If the observed energy E’ is normally distributed about E’ with a stan-

dard deviation og(E"), the response function can be expressed as:

1 Ey — E E,—F
O(E B\, E) == |erf | ——~ ) —erf | —— ]| . 8.5
5 =5 ot (5 77) o (e &9
In the case of DAMA/LIBRA, the energy resolution reported by the collaboration is

op(E') = 0.448VE’' + 0.0091E" where E’ is the quenched energy in keV,.. [41]. Though
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DAMA reports an energy-dependent efficiency, they claim that their modulation spectrum
is already adjusted for this efficiency, and therefore in this analysis of the DAMA rate, e¢(E’)
is taken to be equal to 1.

The rate per unit mass of detector between energies F; and Es, then, can be expressed

in the following way [142]:

R(t,my,0) = / dERe(E)O(E', By, Es) —2—o()n(Vanin, 1)- (8.6)
0 2leux

The forms for the velocity distribution and the effective cross-section are discussed in the

following sections.

8.2 The Standard Halo Model

8.2.1 The velocity distribution

The SHM assumes an isothermal, isotropic, spherical dark-matter halo with a Maxwellian
distribution of velocities with velocity dispersion ¢, in the galactic rest-frame. The distribu-

tion of velocities in the galactic rest frame, f(v) is assumed to be:

3/2
_ 2 2
! L) e V20T for | < Ve,

fovy=4 M= (s (8.7)

0, otherwise.
where the normalization factor is:

Nue = erf(z) — 2%622. (8.8)

Here, 2z = Vese/Ug, Where vy = \/gav = 235 km/s is the most probable speed of the WIMP

at the radius of the solar system [32].
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The velocity distribution in the lab frame is dependent on the lab velocity with respect
to the galactic rest frame, v,,s. This velocity is dependent on the Sun’s velocity relative to
the galactic rest-frame, v, and the Earth’s velocity relative to the Sun, Vg. In galactic-
frame coordinates, X is the direction toward the Galactic Center, y is the direction of the
disk rotation, and z is the North Galactic Pole. In these coordinates, vo = (11,247,7)
km/s [142]. The magnitude of Vg is taken to be 29.8 km/s [142], while its directional vector
is defined with £; and é,, the directions of the Earth’s velocity at the Spring Equinox (March

21) and the Summer Solstice (June 21), respectively, defined according to [142] as:

&, = (0.9931,0.117, —0.01032) (8.9)

£ = (—0.0670,0.4927, —0.8676). (8.10)
With this, the velocity of the lab with respect to the dark-matter halo is:
Vobs = V@ + | Vgl [é1 cosw(t — t1) + éasinw(t —11)], (8.11)

where w = 27 /year and t¢; is March 21.
If one additionally defines x = vy, /0o, and y = vons/Vo, the mean-inverse speed in the

lab frame becomes:

——_ for z <y, z < |y — 2|

2Neslc@oy [erf(x +y) —erf(z—y) - \%ye—ﬂ forx >y, x < |y — 2|

n(vmina t) =

Ny [erf(z) —erf(r —y) — Z(y+2— x)e_zﬂ for ly—z|<z<y+z

0 fory+z<zx
(8.12)
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8.2.2 The effective cross section

The effective cross section, o(q), consists of a spin-independent (SI) component and a spin-
dependent (SD) component:

o(q) = os1 + osp. (8.13)

The spin-independent cross-section is given by the zero-momentum-transfer cross-section,
oos1, and an energy-dependent form factor, F'(q), that accounts for the finite size of the
nucleus:

os1 = oos1F(q) (8.14)

The spin-independent zero-momentum-transfer cross-section is given by:

4/132< |

— Zf,+ (A= 2)f.)7, (8.15)

00,81 =

where f,, again, is the WIMP-nucleus reduced mass, Z is the number of protons, A is the
atomic mass, and f, and f,, are the WIMP couplings to the proton and neutron, respectively.
Commonly, it is assumed that f, ~ f,, so that the spin-independent cross-section coherently

scales with A2, such that the cross section at zero-momentum transfer is

2
1
00,81 = —§ao,pA2, (8.16)
p

where p1, is the WIMP-proton reduced mass and oy, is the WIMP-proton cross-section
(which is the same as the WIMP-neutron cross-section) at zero momentum transfer. There-

fore, the total spin-independent cross-section is given by:

2
i
os1(q) = UQPM—;(AQFQ(Q). (8.17)

p
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The most realistic shape for the nucleus is considered to be the Fermi distribution [28]:

p(r) = po [ 1+ eﬂf]_l, (8.18)

where pg, a, and ¢ are constants in r that depend on the nucleus. However, there is no
analytical expression for the form factor for a distribution of this kind. One traditional form
factor which is a close approximation to the Fermi distribution is the Helm distribution,
which assumes a uniform spherical nucleus [28]. This analytical fit to the Fermi distribution
breaks down for large A and large Er, but does provide a good fit for the energies of interest

to the DAMA modulation, as shown in Figure 8.1} The Helm distribution is given by:

252 /98I0 (q1n) — g1y cO8(qry)

() , (8.19)

F(q)y =3e71

where s is the nuclear skin thickness, and is generally taken to be 0.9fm, and r, is the
effective radius of the nucleus. In this analysis, the fit to the nuclear radius outlined in [2§]

and the following form for r,, are used:

7
Tn = \/02 + §7T2a2 — bs?, (8.20)
where
c=(1.23AY% —0.6) fm, (8.21)

and ¢ = 0.52 fm.

The spin-dependent form factor for the WIMP takes the following form:

323G

USD(Q) - 27 11 [aispp(Q) + apanspn(q> + aisnn(qn ) (822)
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Figure 8.1: Nuclear form factors for Na (Left) and I (Right), from [28]. The Fermi distribu-
tion is shown as a solid line, while the Helm distribution is shown with a dashed line with
rn = 1.14AY% and s = 0.9 fm.

where J is the total spin of the nucleus, G is the Fermi constant, a, and a,, are the WIMP-
nucleon couplings to the proton and neutron, respectively, in units of 2¢/2Gp. The S (q) are
the nuclear-structure functions specific to the dark-matter target.

a, and a,, can be related to the isoscalar (ag) and isovector (a;) couplings, as follows:

ap = Qp + ap, (823)

a1 = Ap — Qn. (824)

It is useful to define a unit-less parameter, y = ¢b/2, where b = 1.6864 fm. In this form, the

nuclear-structure functions used in this analysis for 2*Na are:

Sq(y) = 0.0380 — 0.1743y + 0.3783y* — 0.3430y° (8.25)
SN (y) = 0.0647 — 0.3503y + 0.9100y* — 0.9858y* (8.26)
SNa(y) = 0.0275 — 0.1696y + 0.5077y* — 0.6180y°, (8.27)
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as calculated in [144]. From the same source, the structure functions for 2 are:

Sio(y) = e72(0.0983 — 0.4891y + 1.1402y — 1.4717y> + 1.1717y*

—0.56467° + 0.1583y° — 0.0239y" + 0.0015y%) (8.28)
SE(y) = e72(0.1199 — 0.6184y + 1.5089y* — 2.0737y> + 1.7731y*

—0.90367° + 0.2600y° — 0.0387y" + 0.0024y°) (8.29)
ST (y) = e72(0.0366 — 0.1950y + 0.5049y* — 0.7475y> + 0.7043y"

—0.3930%° + 0.1219y° — 0.0192y" + 0.0012y®). (8.30)

In traditional analyses of the WIMP parameter-space regions in the SHM, the spin-
independent cross-section is evaluated separately from the spin-dependent ones. This ap-
proach will be used in the following sections, such that no mixing of WIMP-nucleon inter-

action types is considered.

8.3 Results for the Standard Halo Model

The implications of the new energy-dependent quenching factor measurements on the
prospects for a WIMP-dark-matter explanation of the DAMA /LIBRA signal were evaluated
for the SHM[| through the process described in Sections and The new quenching
factors were fit with a square-root plus a constant below Er = 43keV,,., as shown in Figure
B.2l The quenching factor was set to @ = 0.20 for higher energies. The DAMA/LIBRA
iodine quenching value of 0.09 was used. The combined DAMA-DAMA /LIBRA modulation
data were fit in 0.5keV,, bins below 10keV,, to the prediction for a SHM WIMP with the
WIMP mass and the WIMP-nucleon cross-section as free parameters. Though typically

only spin-independent cross-sections are considered when comparing experiments, because

!These evaluations were performed with a fitting code written by myself.
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of the lightness of the Na target, spin-dependent interactions were considered as well, to
which heavier targets may not be as sensitive.

Three separate evaluations were made with no mixing of the cross-section types: a spin-
independent WIMP-nucleon cross-section, o g1, a spin-dependent cross-section with the pro-
ton, 0osp,p, and a spin-dependent cross-section with the neutron, o sp . The x? were eval-
uated for each fit, creating confidence regions at 1o, 30, and 50 for the SHM WIMP and the
DAMA data.

The best fits to the DAMA /LIBRA spectrum below 10 keV,, with both DAMA’s reported
quenching values and the SABRE values are shown in Figure 8.3l The best fit to the data in
both cases is a 65-GeV WIMP, with a secondary maximum around 10 GeV. The ~10-GeV
WIMP fits much better with the DAMA data using the DAMA quenching value than with
the SABRE values.

The DAMA/LIBRA parameter space regions evaluated for their reported quenching val-
ues are shown in the top plot in Figures and the left plots in [8.5] while the regions with
the new quenching factors are shown on bottom and the right, respectively. These plots
were generated by performing a x? fit of the predicted modulation in the SHM with the
36-bin DAMA data below 10keV,, [40]. The regions shown correspond with the 1o (red),
30 (blue), and 5o (green) contours. The parameter-space regions using DAMA’s quenching
values match well with the published regions in the literature, e.g. those in [142], validating
the calculation.

Also shown in the Figures and is the mass-dependent cross-section limit curve
based on the total rate observed by DAMA, shown in magenta. This curve was defined by
the region at which the theoretical rate is higher than the rate observed by DAMA in one or
more bins, assuming that the entire signal is attributable to WIMPs and not to background.
A second, more stringent limit curve, shown in black, required that no bin have a rate higher
than 0.3 cpd/kg/keV,. from 2-6keV,.. This requirement was based on DAMA’s estimation

of the fraction of their signal not attributable to background, shown in Figure DAMA
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Figure 8.2: Fit for the new quenching factors. The fit follows the form @ = pov Er + p1
below Er = 43. For higher energies, a value of Q=0.20 was used. The top figure shows the
fit to the quenching values assuming a linear scintillation response, while the bottom figure

adjusts for the non-linearity of NaI(T1) described in Section [7.4.4]
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Figure 8.3: Local best-fits for the DAMA/LIBRA modulation spectrum at ~10GeV and
~65 GeV for a spin-independent WIMP, using the DAMA /LIBRA-reported quenching fac-
tors of 0.3 for Na and 0.09 for I in the green and magenta curves, and the new quenching
values for Na in the blue and red curves, with and without the adjustment for the NalI(T1)
non-linearity. The best fit for the high-mass WIMP did not change substantially (since the
DAMA iodine quenching factor was used), but the fit for the low-mass WIMP has signifi-
cantly worsened. The x?/NDF for the light-WIMP fit went from 18.7/14 to 34.9/14 from
the green curve to the red curve. The fit is even worse if the non-linearity of the Nal(T1l)
scintillation response is taken into account, with a x?/NDF of 40.0/14.
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DAMA SI parameter space regions with QNa=0.3
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Figure 8.4: DAMA /LIBRA spin-independent parameter-space regions of interest, as evalu-
ated by this analysis. The contours shown are the 1, 3, and 50 regions in red, blue, and
green, respectively. Also shown is the 3¢ limit curve based on the total rate of the DAMA
signal, in magenta. Above this line, the dark matter would produce too high of a rate in
at least one energy bin. A more stringent limit barring the total dark-matter rate from ex-
ceeding 0.3 cpd/kg/keV,, between 2 and 6 keV,, is shown in black. The overlap between the
total-rate limits and the higher-mass region prompted the interest in a light-WIMP picture.
The values for the old quenching factors are shown in contour lines in the top figure, while
the regions for the new values are shown with filled regions in the bottom-left figure. The
parameter-space regions for the non-linearity-adjusted quenching values are shown in the
bottom-right figure. The light-WIMP no longer fits the data well—the 1- and 3-0 regions
for the light WIMP (~10 GeV) have disappeared.
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Figure 8.5: DAMA /LIBRA spin-dependent parameter-space regions of interest, as evaluated
by this analysis. The contours shown are the 1, 3, and 50 regions in red, blue, and green
respectively. Also shown is the 3o limit curve based on the total rate of the DAMA signal,
in magenta, and the limit curve based on a requirement that the dark-matter total rate not
exceed 0.3 cpd/kg/keV,. between 2 and 6 keV,,, in black. The top figures show the regions
with the old quenching values, the new quenching values are used on the middle, and the
new quenching values adjusted for the Nal(T1) non-linearity are shown on the bottom. The
left figures show the couplings to the proton, while the right figures show the coupling to
the neutron.
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Figure 8.6: DAMA /LIBRA reported background and maximum signal. The background is
extrapolated down to their software threshold by fitting a line to the data at higher energies
and a gaussian to the K peak assuming a K concentration of 13ppb. This fit is shown
in red. The green curve is the quoted maximum possible dark-matter signal, which DAMA
claims is 0.25cpd/kg/keV,, between 2 and 4keV,.. Note that in DAMA’s convention, keV
refers to the electron-equivalent energy, which is referred to as keV,, in this text. Figure

from [51].

claims that the rate unattributable to background is 0.25 cpd/kg/keV.. on average between
2 and 4keV,. [51], but they do not give this value as a function of energy. From the figure,
it was estimated that the maximum value in this window was 0.3 cpd/kg/keV,.. where the
signal crosses the software energy threshold of 2 keV,..

In the SI case, the conflict between the high-mass WIMP region, in which most of the
interactions are with 27, and the limit curve based on the total rate, prompted initial
interest in the light-WIMP region around and below 10 GeV. However, the new quenching
values heavily disfavor the light-WIMP region; the 1 and 30 contours have disappeared
entirely at low mass, meaning the low-mass region no longer fits the data to within 3¢. This

increases the tension of the DAMA /LIBRA result with other null experiments in the SI case,
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Table 8.1: Dark-matter best-fits to DAMA/LIBRA modulation data, with new and old
quenching values.

Quenching factors | my (GeV) | oogi(em?) | x* | NDF
DAMA 65.5 1.41x107% | 16.8 | 14
9.8 2.13x107° [ 18.7 | 14
SABRE 65.0 1.37x107% | 169 | 14

11.5 2.67x10°" [34.9] 14
SABRE (non-linearity adjusted) 65.1 1.37x107%" [ 16.9 | 14
11.4 3.25x107%0 1 40.0 | 14

since the high-mass region is already in strong tension with other null experiments, and much
of recent attention had been paid to the low-mass region, where other experiments had set
less stringent limits. The limit based on the total rate from the black curve also heavily
disfavors the high-mass WIMP, making a simple spin-independent WIMP very unlikely as
an explanation for the DAMA modulation.

For the spin-dependent case, shown in Figure [B.5] the favored region shifts to slightly
higher mass from the old quenching values to the new ones. For the coupling with the proton,
the low-mass WIMP still has a good fit with the data which is not completely eliminated by

their total rate.

8.4 Conclusions

The calculation of the preferred parameter-space regions in the SHM highlight the impor-
tance of understanding the Na and I quenching factors before drawing any conclusions about
dark matter from the DAMA/LIBRA modulation signal. The quenching factors measured
by SABRE imply a profound difference in the DAMA modulation’s implications for the
dark-matter mass and cross section compared to what is generally assumed.

The picture for reconciling DAMA with conflicting experiments remains complicated,
even in light of the new quenching values reported in this study. Though comparisons

between experiments of different targets generally assume the standard WIMP interaction
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model and the SHM, and though the prospects for a reconciliation in this model are not
promising, the assumptions that are integral to the model are not necessarily true. As
mentioned in Chapter [2] there is some evidence from high-resolution N-body dark-matter
simulations that the SHM may not accurately reflect the local WIMP velocity distribution,
especially at the high-velocity tail, which is important for light WIMPs [32]. In addition,
some have theorized that alternate WIMP models may help reconcile the conflict between
DAMA/LIBRA and other experiments.

Ultimately, an independent dark-matter measurement with Nal(T1) is needed to resolve
the question of whether the DAMA /LIBRA modulation signal can be attributed to dark
matter. The SABRE collaboration will continue the effort to perform such a measurement
and to further elucidate other open questions about the relevant parameters that affect it
(like the quenching factors in Na and I). With continued effort, SABRE may be able to

resolve the long-standing controversy surrounding the DAMA /LIBRA result.
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Appendix A

Principles of Scintillation

This appendix is a review of scintillation mechanisms and effects that occur in both organic
liquid scintillators and in inorganic scintillators like Nal(T1l). The information here follows

the arguments in Knoll [29] with, where listed, some from Birk [36].

A.1 Radiation in matter

Charged particles in a medium lose their energy by interacting with the electrons in the
material. The differential energy lost over a differential path length in the material, dE/dz,
is known as the stopping power, which depends on the particle type. The classical expression
describing this energy loss is known as the Bethe formula, and is as follows:

dE 4ret 22

= NB
dx mov?

(A.1)

Y

where e is the electron charge, z is the integer charge of the particle, mq is the electron rest
mass, v is the particle speed, N is the number density of the absorber atoms in the bulk

material, and B is a parameter defined as:

2 2 2
B=Z7 {ln Qm;v —In (1 - U—) - U—} : (A.2)



Z is the atomic number of the absorbing material, and I is an experimentally defined pa-
rameter intrinsic to the absorbing material. For non-relativistic particles, only the first term
in Equation is significant.

Neutral particles like vs and neutrons do not lose their energy continuously and smoothly
like charged radiation. Rather, they undergo “catastrophic” events like scattering or absorp-
tion that cause them to lose part or all of their energy in short bursts. These events produce
or release secondary charged radiation that deposits energy in the material in the manner
described above.

Scintillation occurs when electrons are excited to higher energy states, or alternately when
ionization results in recombination to excited energy states, and the electrons subsequently
fluoresce by de-excitation to the ground state. Scintillation is triggered either directly by
charged radiation traveling through the scintillating material and exciting electrons, or indi-
rectly through the catastrophic event mechanism mentioned above. For example, a neutral
particle like a neutron or a WIMP could scatter off the nucleus of an atom in the material,

which recoils and causes ionization in the surrounding material.

A.2 Organic liquid scintillators

A.2.1 Scintillation mechanism

In organic liquid scintillators, energy imparted to individual molecules serves as the primary
scintillation mechanism. In one large subset of liquid scintillators, the m-electrons have energy
levels like those shown in Figure [A.I] Incident radiation excites individual molecules to a
variety of different energy states, most of which de-excite non-radiatively to the Sjg excited
singlet (spin 0) stateﬂ From there, the molecule can decay to the ground state via prompt

fluorescence, releasing an optical photon with an energy of around 3—4 eV. Sometimes, the Sig

IThe first integer refers to the spin-excitation state, while the second refers to the vibrational state of the
molecule. The S stands for singlet, while T" stands for the triplet (spin 1) state.
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state can transition through intersystem crossing to a much longer-lived triplet (spin 1) state,
Ti. From here, the molecule can decay directly with a longer wavelength and a long decay
time through phosphorescence, or it can be re-excited to Sip and de-excite through delayed
fluorescence. This latter process needs to be initiated by an energy deposition from another
source. Often, this takes the form of bi-molecular interactions, in which two molecules in
the triplet excited state interact to excite one to the Sig state and de-excite the other to the

ground state.

A.2.2 Pulse-shape discrimination

Prompt fluorescence in organic scintillators is very fast, on the order of several ns. Delayed
fluorescence and phosphorescence contribute to the total scintillation light by producing a
long tail in scintillation pulses. Not only does the proportion of light that goes to delayed
fluorescence and phosphorescence depend on the number of molecules in the triplet state,
but the chance that delayed fluorescence will occur through a bimolecular interaction also
depends on the triplet-state population. The concentration of triplet states along the ion-
ization track in turn depends on the stopping power for the incident particle, dE/dx. For
organic scintillators, the slow component fraction should be highest for particles with large
stopping power, like o particles, and lowest for particles with lower stopping power, like
electrons.

Neutrons interact primarily with atomic nuclei rather than electrons. In many organic
scintillators, the primary scattering interaction is with hydrogen. As can be seen in Figure
A.2] at the 10-keV level, protons have a higher stopping power than electrons, so neutrons

should produce a slower scintillation pulse than electrons and ~s.
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Figure A.1: Excitation scheme for organic scintillators with m-electronic structure. Molecules
are excited into a number of different spin/vibrational states, which quickly de-excite to the
S1o state non-radiatively. Prompt fluorescence occurs when the molecule de-excites to the
lowest-energy singlet (spin 0) state. Longer-lived phosphorescence occurs when molecules
transition to the triplet (spin 1) state, Tjp and de-excite from there. Delayed fluorescence

can also occur if the molecule is re-excited to Sy before it has a chance to phosphoresce.
Figure from [29].
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Figure A.2: Stopping power of electrons (Top) and protons (Bottom) in toluene, an organic
scintillator similar to pseudocumene, the scintillator used by the DarkSide experiment in
their neutron veto. Graphs from [137].
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A.3 Inorganic scintillators like Nal(T1)

A.3.1 Scintillation mechanism

Unlike organic liquid scintillators, the scintillation mechanism in inorganic crystals depends
on the excited states of the crystal lattice itself, rather than for individual molecules. In a
perfect crystal, electrons can be found in one of two energy regions: the low-energy valence
band, where they are bound to their lattice sites, and the conduction band, where they are
free to move throughout the crystal. Between them is a “forbidden” band of disallowed
energy states. If a crystal is intentionally doped with impurities, several activator sites will
become available in the forbidden band. A charged particle moving through the crystal would
produce electron-hole pairs, exciting electrons to the conduction band. When this happens,
the hole will drift to an activator site and ionize it if it has a lower ionization energy than
the bulk material. Meanwhile, the electron is free to move to an ionized activator and fall
into the site, producing a sometimes-excited neutral activator. In other cases, the electron
and hole move together in a bound state called an exciton. The exciton can travel to an
activator, exciting it. If this activator can transition to the ground state, an optical photon
can be emitted. Because the scintillation wavelength is longer than what is required to excite
an electron to the conduction band, doped crystal scintillators are transparent to their own
scintillation light. Because the creation of the excited activator states takes some time, the
scintillation times of inorganic scintillators are typically longer than organic scintillators—on

the order of several hundred ns.

A.3.2 Ionization quenching

The theory of ionization quenching in NaI(T1) is outlined here as described in [36]. The
Murray-Meyer model of scintillation efficiency relates the scintillation efficiency of a crystal

to the stopping power of different kinds of radiation. According to this model, the theoretical
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Figure A.3: Scheme for the scintillation mechanism in Nal(T1). Dopants create activator sites
between the conduction and valence bands. Electron-hole pairs created by radiation traveling
through the crystal travel to the activator sites in an excited state. If the transition to the
activator ground state is allowed, the activator de-excites, releasing a scintillation photon.
Figure from [29].

scintillation efficiency in Nal(Tl), dL/dE, as a function of dF/dx is given by:

dL aK4E

4E ™ T+ ak Z1m (43)
dx

where aK is an adjustable parameter based on the properties of the crystal and is best

/

fit to 2mg keV~! cm™2 based on experimental results. oy

is the quantum efficiency of
the energy transfer from the lattice to the activator, which is numerically independent of
dE/dx when dE/dr < 20keV cm?/mg, but is dependent on dFE/dx for higher stopping
powers. fg, is also dependent on the thallium dopant concentration. The predictions of the
model for different thallium concentrations are shown in Figure [A.4l The relationship of

the scintillation efficiencies for various particles, according to this model, is complicated and

energy dependent.

A.3.3 Pulse-shape discrimination

In Nal(T1) and other inorganic crystal scintillators, a slow component of scintillation has been

observed, which may result from the reactivation of “trap” stateﬂ [36]. The proportion

2 Activator excited states that are forbidden from decaying to the ground state.
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Figure A.4: Calculated scintillation efficiency in Nal(T1) as a function of stopping power,
dE/dx, for different concentrations of Tl by weight (C), using the Murray-Meyer model.

Figure from [145].

of scintillation that goes to this slow component (7=1.5 us in Nal(T1) [36]) is dependent on
the stopping power for the incident radiation. Therefore, pulse-shape discrimination can be
used to some extent in Nal(T1) to distinguish between electron and nuclear recoils. In Figure
[A.5] the stopping power for electrons and Na ions in Nal are shown. For the latter, the plot
was generated by retrieving the proton stopping power from [137] and scaling the z-axis for
the difference in mass using Equation Because the stopping power only depends on
the particle velocity and charge, and because, like a proton, a Na ion likely has a charge of
z = 41, this method produces an approximate measure of the stopping power for Na ions,
may be ionized by a nuclear recoil. A higher level of ionization would produce an even higher
stopping power. The difference in stopping power between the electrons and the Na ions

contributes to the differences in the pulse shapes.
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Figure A.5: (Top) Stopping power, dF/dz, for electrons in Nal(T1) as a function of electron
energy, from [137]. (Bottom) Stopping power for Na ions in Nal, derived from the graph for
protons from [137] and a scaling following the Bethe formula (Equation |A.1]) as described in
the text.
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Appendix B

List of Abbreviations

ACDM The A-cold-dark-matter model, a model parametrizing the
amount of dark energy (in the form of a cosmological constant),

dark matter, and baryonic matter in the universe.

ABC Allegheny Bradford Corporation.

AC Analog current.

ADC Analog-to-digital converter.

a.m.u. Atomic mass units.

ASME American society of mechanical engineers.

BBN Big-bang nucleosynthesis.

Bq Unit describing a decay rate of 1 s71.

BR Branching ratio.

CAEN CAEN Technologies, an electronics company.

CDMS Cryogenic dark-matter search, a series of cryogenic bolometric

dark-matter detectors.

CDO Compact dark objects.
CMB Cosmic-microwave background.
COBE Cosmic background explorer, a satellite mapping the CMB.
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CoGeNT

COUPP

CP
cpd
CRESST

CRH

CVD
DAMA

DAMA /LIBRA

DC
DMM

dru

dru..

EAG
ETFE
ETL
eV

Coherent germanium neutrino technology, a germanium-based
detector.

Chicagoland observatory for underground particle physics, a
bubble-chamber dark-matter detector.

Charge-parity.

counts per day.

Cryogenic rare-event search with superconducting thermometers,
a dark-matter experiment.

Clean-room H, the clean room on top of the DarkSide-50 water
tank.

Chemical vapor deposition.

Dark matter, a Nal(Tl) dark-matter direct-detection collabora-
tion.

Dark Matter: large sodium-iodide bulk for rare processes, a
direct-detection dark-matter experiment.

Direct current.

Dark-matter measurement mode.

Unit equal to counts per day per kg of detector per keV of energy
in the recoil-energy spectrum.

Unit equal to counts per day per kg of detector per keV,.. of
energy in the recoil-energy spectrum.

Evans Analytical Group.

Ethylene tetrafluoroethylene, a fluorine-based plastic.

Electron Tubes Limited, a phototube manufacturer.
Electron-volt, the energy required to raise an electron by one volt
of potential. Can also be used to describe a mass equivalent to
leV/c2
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eV

eV,
GDMS
HEPA
HV
ICP-MS
ID
KIMS
KK
KMM
LAB
LEP

"Li(p,n)"Be
LKP

LNGS

LSP

LUX

LVDS
LY
MACHO

m.w.e.

NAIAD

Unit of electron-equivalent energy, used to define the scintillation
response of detectors in a way that is independent of the type of
incident radiation.

Unit of nuclear-recoil-equivalent energy:.

Glow-discharge mass spectroscopy.

High-efficiency particulate arrestance, a type of air filter.
High-voltage.

Inductively coupled plasma mass spectroscopy.

Inner-diameter.

Korea invisible mass search, a CsI(T1) dark-matter experiment.
Kaluza-Klein.

Potassium-measurement mode.

Linear alkyl-benzene, an organic liquid scintillator.

Large electron-positron collider at CERN, the Conseil Européen
pour la Recherche Nucléaire.

Li-p,n reaction “Li+p —8Be+n.

Lightest Kaluza-Klein particle.

Laboratori Nazionali del Gran Sasso.

Lightest supersymmetric partner particle.

Large underground xenon experiment, a liquid-xenon dark-
matter experiment.

Low-voltage differential signaling.

Light-yield.

Massive compact halo object.

Meters-water-equivalent.

Nal advanced detector, a discontinued Nal(Tl) dark-matter

direct-detection experiment.
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Nal(T1)
ND
NDF
NIM

OD
OFHC

OPERA

pPC

p-e.
PICASSO

PIXE
PMT
PNNL

ppb
PPC

ppm
PPO
ppt
PSD
p.s.i.g.
PTFE
PVC

Thallium-doped sodium-iodide, a common scintillator.

Neutron detector.

Number of degrees of freedom.

Nuclear instrumentation module, an electronics module stan-
dard.

Outer diameter.

Oxygen-free, high-conductivity. A type of low-radioactivity cop-
per.

Oscillation project with emulsion-tracking apparatus, a neutrino
detector at LNGS.

Pseudocumene, an organic liquid scintillator.

Photoelectron.

Projet d’Identification de candidats supersymétriques sombres,
a bubble-chamber dark-matter experiment.

Particle-induced X-ray emission.

Photomultiplier tube.

Pacific Northwest National Laboratory.

Parts per billion by mass.

P-type point contact, a type of ionization-charge—collecting de-
tector.

Parts per million by mass.

(2,5) diphenyl-oxazole, a wavelength shifter.

Parts per trillion by mass.

Pulse-shape discrimination.

Pounds per square-inch (gauge pressure).
Polytetrafluoroethylene, commonly known as Teflon.

Polyvinyl chloride, a type of plastic.
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QCD Quantum chromodynamics.

QE Quantum efficiency.

RMD Radiation Monitoring Devices, Inc.

S1 Primary scintillation signal in a TPC detector.

S2 Secondary scintillation signal in a TPC detector that provides a

measure of the ionization.
SABRE Sodium-iodide with Active Background REjection.
SCENE Scintillation efficiency of noble elements, experiment measuring

the scintillation properties of argon and xenon.

SD Spin-dependent.

SHM Standard-halo model.

SI Spin-independent.

SIDIS SABRE-in-DarkSide insertion system.

SIMPLE Superheated instrument for massive particle experiments, a

bubble-chamber dark-matter detector.

SM Standard model of particle physics.

SNOLAB Sudbury neutrino observatory.

s.p.e. single-photoelectron.

SPPUSA Stainless Plate Products USA Inc.

SUSY supersymmetry.

TMB Trimethyl-borate.

TOF Time of flight.

TPC Time-projection chamber, a type of direct-detection detector

that measures a scintillation and ionization signal.

VB Vertical Bridgman method of crystal growth.
WIMP Weakly-interacting massive particle.
WMAP Wilkinson microwave anisotropy probe.
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Appendix C

List of Symbols

> = &

€1, &2

Hx

The alpha particle.

The beta particle.

The gamma particle.

Uncertainty or spread, E.g. Af/6 is the fractional spread in the
scattering angle.

Detector efficiency.

Directional vectors describing the Earth’s velocity around the
Sun.

The center-of-mass rapidity in a relativistic kinematic calcula-
tion.

Mean inverse velocity at time ¢.

The baryon density normalized to the black-body photon density.
The Heaviside step function equal to 1 if x > 0 and 0 otherwise.
Scattering angle.

The cosmological constant.

The muon.

WIMP-nucleus reduced mass.
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Hp

Perit
DM

Px

o(Er), 0(q)

0o

00,8D,p

00,SD,n

00,81

OF

OSD,p

0SD,n

Os1
0-7)
ddE_UR(Ua ER)

ccll_gn,EL(9>

WIMP-proton reduced mass.

The neutrino.

The sneutrino, the supersymmetric partner to the neutrino.
The critical density needed for a flat universe.

The dark-matter density.

The local WIMP density.

Standard deviation.

Velocity-independent WIMP-nucleus cross section.
Velocity-independent WIMP-nucleon cross section at zero mo-
mentum transfer.

Velocity-independent, spin-dependent WIMP-proton cross sec-
tion at zero momentum transfer.

Velocity-independent, spin-dependent WIMP-neutron cross sec-
tion at zero momentum transfer.

Spin- and velocity-independent WIMP-nucleon cross section at
zero momentum transfer.

Energy resolution.

Velocity-independent, spin-dependent WIMP-proton cross sec-
tion.

Velocity-independent, spin-dependent WIMP-neutron cross sec-
tion.

Spin- and velocity-independent WIMP-nucleon cross section.
WIMP velocity dispersion.

Energy- and velocity-dependent WIMP-nucleus interaction cross
section.

Differential neutron elastic-scattering cross section at scattering

angle 6.
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Qb;QDM

Differential cross section of the "Li(p,n)"Be reaction at 0° incident
angle.

Decay time or scintillation time.

Response function of a detector for quenched energy, E' =
Q(ERr)ER, between energies F; and Fs.

Neutron flux.

Symbol for the generic Weakly Interacting Massive Particle
(WIMP). Or the neutralino.

Weighted sum of the squared errors of a distribution, equal to

X2 = ;(mn —T)/0,.

Ohm (unit).

Fraction of the critical density for baryons and dark-matter, re-
spectively. €2 with other subscripts represents the fraction of the
critical density for the species in the subscript.

The axion. Or mass number.

Avogadro’s number, 6.02 x 10%3.

Cross-sectional area of the neutron detectors in the SABRE Na
quenching measurement.

Isoscalar /Isovector couplings.

The speed of light in a vacuum, equal to ~ 3.0 x 103 m/s.
Deuterium. Or LiF depth in the SABRE Na quenching measure-
ment.

Nuclear recoil energy.

Maximum possible nuclear recoil energy for a scattering event
with a WIMP-velocity v.

Nuclear form-factor.

Helm distribution.

338



F50

Hy

Pulse-shape discrimination parameter describing the fraction of
the pulse integral occurring in the first 50 ns.

Axion decay constant.

WIMP coupling to the proton/neutron.

Normalized WIMP velocity /speed distribution.

Normalized WIMP velocity distribution in the Galactic rest
frame.

The gravitational constant, equal to 6.7x107* N m? kg=2.
Fermi constant, equal to (v/2g)/(8mw) = 1.166 x 107> GeV~2,
where ¢ is the weak-interaction coupling constant and myy is the
mass of the W boson that mediates the interaction.

The gravitino, the supersymmetric partner to the graviton.

The Hubble constant, describing the rate of expansion of the
universe.

The Hubble parameter, where Hy = 100hkm s~! Mpc!.
Reduced Planck constant, equal to h/2m = 1.05x 10734] s, where
h is the Planck constant.

Natural iodine.

Total nuclear spin.

Natural potassium.

Light yield.

Scintillation response of xenon to nuclear recoils.

The Solar mass.

The WIMP mass.

LiF mass in a.m.u.

Mass of species .

Normalization factor in f (v).
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Pg

R

Pem

to

Number of observed photons in a scintillation event.

Number of Nal molecules in the crystal in the SABRE Na
quenching measurement.

WIMP number density.

Probability of a neutron-scattering event with energy Fr in the
Nal(T1) detector in the SABRE Na quenching measurement.
Center-of-mass momentum.

Momentum of particle z.

Ionization quenching factor.

The Q-value of a nuclear decay, which is equal to the difference
in mass between the reactants and products.

Momentum transfer, ¢ = /2M Eg, where Ep is the recoil energy
and M is the target nucleus mass.

R-parity, equal to (—1)38+L%25 where B is the baryon number,
L is the lepton number, and s is the spin.

Total rate in a dark-matter detector.

Rate of incoming protons in the Notre Dame quenching measure-
ment.

Differential nuclear-recoil event rate.

Effective nuclear radius.

Nuclear structure functions.

Time-averaged WIMP-interaction rate in a detector as a function
of recoil energy.

WIMP-interaction modulation amplitude.

Nuclear skin-thickness.

Kinetic energy.

Peak WIMP modulation time (~June 1st).
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t1/2

(O
Vesc

Umin(ER, mX, M)

Vobs

X

X2

Half-max time, the time at which a scintillation pulse signal
reaches half its peak amplitude. This quantity is used as a mea-
sure of the start-time of the pulse.

Earth’s velocity relative to the Sun.

WIMP velocity /speed.

Most probable WIMP speed, around 235 km/s.

Sun’s velocity relative to the Galactic rest frame.

Galactic escape velocity.

Minimum WIMP velocity required to produce a nuclear recoil
with energy Er, WIMP-mass m,, and nuclear mass M.
Velocity of the observatory with respect to the Galactic rest
frame.

Unit-less factor equal to vy /To-

Distance from LiF target to Nal(Tl) detector in the SABRE Na
quenching measurement.

Distance from Nal(Tl) detector to a neutron detector in the
SABRE Na quenching measurement.

Measure of the “He density, equal to p(*He)/py, where p, is the
baryon density.

Unit-less factor equal to v,ps/Up.

Atomic number.

Unit-less factor equal t0 ves./7y.
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