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Abstract

Reliable, robust, efficient, and scalable light detectors operated at milli-Kelvin
temperature that can resolve individual photons in a scintillation event are re-
quired by the cryogenic phonon-scintillation detectors (CPSD) for next genera-
tion rare-event search experiments. This thesis demonstrates a cryogenic detector
with a scintillating crystal as the absorber, equipped with a Neutron Transmu-
tation Doped Germanium (NTD-Ge) phonon sensor and a Hamamatsu R8520-06
photomultiplier tube (PMT) with platinum underlay as the light detector. The
PMT is powered by a Cockcroft-Walton generator. In this experiment, two CPSD
modules are successfully tested, one with CaWQO, and the other with CaMoQOy as
the scintillating absorber. The detector modules were cooled down to ~ 18 milli-
Kelvin inside a dilution refrigerator. The CPSD modules are demonstrated to
be able to measure signals from the phonon channel and light channel simultane-
ously, which is critical for particle identification. The full-width-at-half-maximum
(FWHM) energy resolutions at 122.1 keV for the phonon channel are 2.17 keV
(1.8%) for CaWO, and 0.97 keV (0.79%) for CaMoO,. The FWHM resolutions at
122.1 keV vy excitation for the scintillation/photon channel are 19.9% for CaWO,
and 29.7% for CaMoOy,. At milli-Kelvin temperatures, the dark count rate of the
PMT is determined to be less than 5 Hz while the gain of the PMT is found to be
3.3 x 10°. These characteristics of the CPSD in this work compare favourably to

conventional CPSDs with cryogenic calorimeter-based light detectors currently de-



ployed in cryogenic rare-event search experiments, especially in the energy region
of interest for dark matter direct detection. The PMT is demonstrated to have
low dark count rate and high gain at milli-Kelvin temperatures, thus it remains
an effective single photon detector. From the radioactivity of a similar model of
PMT as input to a Geant4 simulation, the radioactivity introduced by the PMT
contributes only minorly (<10%) to the overall radioactive background of a hypo-
thetical CPSD module for WIMP searches. The CPSD module with PMT readout
benefits a reliable, well-tested and commercially available apparatus, while the
PMT as a photon detector at milli-Kelvin temperatures offers a much better time
resolution than cryogenic light detectors, allowing to resolve individual photons.
The technology in this study can potentially revolutionise the science reach of rare
event search experiments using CPSD (e.g. the CRESST experiment), by offering
an alternative light detector solution which is much more scalable and more con-
sistent in performance than conventional CPSDs with cryogenic calorimeter-based

light detectors, addressing two major issues that the present techniques face.
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Chapter 1

Introduction

Dark matter is one of the most profound problems in modern physics. With
~26% of the mass-energy content of the Universe consistent with non-baryonic
cold dark matter [I], the identification of the dark matter particle is likely to
open a new chapter in physics. Also, neutrinoless double-beta decay, if observed,
would establish the Majorana nature of the neutrino [2]. It would further provide
information about the absolute neutrino mass scale and the neutrino mass hier-
archy [3]. Even though this thesis focuses on the discussion of the dark matter,
experiments aiming to detect dark matter directly and those aiming to search
for neutrinoless double-beta decay share similar challenges in searching for rare

events as the signal.

1.1 Evidence of dark matter in the Universe

So far, all the evidence for the existence of dark matter has come from astronomi-
cal observations (assisted by input from particle physics and nuclear physics) and
the existence of dark matter is well established at this point. Its evidence spans
from the galaxy scale (galaxy rotation curve), galaxy cluster scale (relative move-

ments of galaxies in a cluster, colliding cluster and strong lensing), large scale

10



CHAPTER 1. INTRODUCTION 11

structure scale (structure formation), to the cosmic scale (Big Bang nucleosynthe-
sis and cosmic microwave background). It is worth mentioning that these pieces
of evidence are in different epochs of the Universe, making them more convincing.

Some of these astronomical observations are discussed in this section.

Galactic rotation curves

The galaxy rotation curve is perhaps the most direct evidence for dark matter.
A galaxy rotates around its centre. The luminosity of a galaxy declines gradually
as the radius increases. If the mass follows the luminosity (i.e., assuming similar
mass to light ratio), then beyond the radius with the majority of luminosity, the
rotation speed should be Keplerian v(r) = /G - M /r, where G is the gravitational
constant, M is the mass inside the radius, and r is the distance to the centre
(radius). Rubin and Ford, in the 1970s, used a device called DTM Image Tube
Spectrograph [4], which can be mounted on large optical telescopes to measure the
spectrum of the light in various positions of the nearby galaxies. Because of the
Doppler effect, the measured spectrum of known emission lines tells the velocity
of a particular position in the galaxy relative to the earth. The DTM Image Tube
Spectrograph has signal amplification mechanisms that make it >10 times more
efficient to detect light than previous instruments, thus shortening the observation
time by a factor of >10, which is critical for completing the survey of rotation
velocity versus radius in galaxies. The more sensitive spectrograph also enables
them to measure emission lines with a larger radius and dimmer luminosity. First,
they measured the rotation curve of the M31 Andromeda Galaxy [5], and they
found that the rotation curve remained flat in the last 4 kpc to the 25 kpc radius (1
pc = 3.26156 light-years), the outermost region they measured. Afterward, others
used the 21-cm line (radio frequency) emitted from the neutral hydrogen gas to

measure the rotation speed, which enables them to measure the rotation curve
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further away from the galactic centre than emission from optical light. Roberts
and Whitehurst were able to extend the rotation curve of M31 to 30 kpc, and the
rotation curve is found to be flat to the furthest data point [6].

For comparison, to characterize the optical radius of a galaxy, Holmberg radius
is defined as the radius of the galaxy surface region where surface brightness has an
apparent magnitude of 26.5 per square arcsecond in B filter 7], which is about 1%
of the surface brightness of the darkest night sky. In other words, the Holmberg
radius describes the radius of the galaxy where the surface luminosity becomes
very low. The Holmberg radius of M31 is found to be 15.6 kpc. In other words,
the rotation curve is flat ~ 2 times as far as its optical radius in the case of the
M31 galaxy.

This flat galaxy rotation curve to radius much beyond the luminous region
indicates a large amount of non-luminous matter distributed at a much larger
radius than luminous matter in the M31 galaxy. From then on, many rotation
curves of different galaxies have been measured (for example Galaxy NGC 6503
in Figure[I.1), and almost all of them show flat rotation curves to the outermost
region, further supporting the existence of non-luminous matter in galaxies. One
exception might be Galaxy NGC 4736, where some analysis claims this system
lacks dark matter [§]. Galaxy is the smallest-scale astronomical system where

evidence of dark matter exists.

Galaxy clusters

Zwicky, in 1933, noticed the velocity spread in the known velocities of 8 individ-
ual galaxies inside the Coma cluster of galaxies is close to 1000 km/s (standard
deviation), measured from Doppler shift of spectral lines [10, 1T, 12]. He then
applied the viral theorem to deduce that there should be much more mass inside

the Coma cluster than indicated by the luminous galaxies. It was observed that
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150 — _

Radius (kpe)

Figure 1.1: The galactic rotation curve of spiral galaxy NGC 6503. The points
indicate the measured circular rotation velocities taken at different distances from
the galactic centre. The contributions to the rotation curve due to the observed
disk and gas are shown as dashed and dotted curves, respectively. The dot-
dashed curve shows the contribution from the dark halo. The solid curve shows
the combination of these three contributions. (From Figure 1 in Reference [9])
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there were ~800 galaxies inside the Coma cluster at that time. Assuming each
galaxy has 10° solar mas, he deduced that the total mass of the cluster system
is M ~ 800 x 10? x 2 x 10?3 g = 1.6 x 10% g. Knowing the radius of the cluster
R is ~ 1 million light-years, the mean potential energy (E,) in the cluster system
(E,) =—-3/5-G-M?*/R

The viral theorem indicates the average kinetic energy (Ej)and the average

potential energy has the following relationship

(Br) = =12 (Ep) (1.1)

The average velocity spread o, (standard deviation) of galaxies in the Coma

cluster deduced from luminous mass is

oy =1\/2 (Eg) /M =80km/s . (1.2)

This value deduced from the viral theorem is much smaller than the one mea-
sured from Doppler shift (1000 km/s). In other words, the mass inside the Coma
cluster system should be 400 times more than that indicated by the luminous
galaxies. Given the speed measured, the luminous matter inside the cluster is not
enough to gravitationally bind the galaxies inside or to prevent them from flying
apart. He then postulated that there must be a large amount of “dunkle Materie”
(dark matter) in it. The modern understanding of dark matter is that it should

be invisible instead of dark.

Colliding galaxy clusters

One empirical evidence of the existence of dark matter is seen in the colliding
galaxy cluster systems (for example Bullet Cluster, 1E 0657--558), by observing

the spatial offset of the total mass relative to the luminous mass in these systems
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[13]. Figure is a composite photo from different sources, showing the Bullet
Cluster. The central features shown in pink are intergalactic hot gas in the plasma
form, which emits the X-ray detected by the Chandra X-ray Observatory. The
bright galaxies shown in yellow and white are observed by the Magellan Telescopes
and the Hubble Space Telescope. The blue features shown are the locations of
the respective majority of the mass in these two colliding clusters, and they are
deduced from weak gravitational lensing.

From general relativity, we know that the gravity field bends light. In weak
gravitational lensing, the detected shapes of background galaxies are slightly dis-
torted by the gravity field of the foreground matter, but these distortions are very
small, usually smaller than the dimensions of the background galaxies themselves.
So the gravitation field of the foreground matter is not determined by a single dis-
tortion but by using statistics to count the shapes of many background galaxies
in this weak gravitational lensing technique.

In this colliding cluster of galaxies system where the cores passed through each
other ~100 million years ago, it appears that the galaxies in this colliding system
just passed through each other without slowing down, but the hot gas got slowed
down due to interactions and created a ram wave. This leads to the displacement
of these two components. Because the hot gas makes up ~5% - 15% of the mass
of the cluster of galaxies, and the stellar component in the galaxies only makes up
1% - 2 %, one would expect the mass centre as determined by the weak lensing
would be the same as the hot gas if there was no missing mass. But surprisingly,
weak lensing shows the majority of the mass in the cluster of galaxies follows the
stellar component in the galaxies. The separation of the respective mass centre of
the galaxy cluster and the hot gas mass centre is more than 8 sigma in statistical
significance. It means an invisible non-baryonic component makes up the majority

of the mass in these two clusters of galaxies. The Bullet Cluster also disfavours
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models of Modified Newtonian Dynamics (MOND) as an alternative explanation
without dark matter [13].

Since the discovery of dark matter in the Bullet Cluster system, many more
colliding clusters with similar spatial separation of dark matter and hot gas com-
ponents have been found. Reference [14] demonstrates that using 72 colliding
clusters observed, an upper limit of non-gravitational self-interaction cross-section
per unit mass in dark matter particles has been placed at opyr/m < 0.47 cm? g1,
95% CL. The dark matter component in all these 72 colliding clusters all appears
to pass through each other without interacting or slowing down, just like the

Bullet Cluster.

Strong gravitational lensing

Unlike weak gravitational lensing, which only slightly deforms images of the back-
ground sources, strong gravitational lensing produces multiple images, arclets, or
even Einstein rings of the background sources (Figure . The foreground lens-
ing object can be a galaxy (e.g. LRG 3-757 [16]) or a galaxy cluster (e.g. Abell
370 in Figure .

The amount of mass in the foreground lensing galaxy cluster can be deduced
from the distorted image of the background source. The Einstein radius 6z, which

describes the radius of the Einstein ring in radians, can be expressed as [17]:

[AGM dpg
O = 1.3
E 62 deS ) ( )

where G is the gravitational constant, M is the mass of the foreground lensing

cluster, c is the speed of light, d; g is the distance between the foreground lensing
cluster and the background source, dy, is the distance between Earth and the fore-
ground lensing cluster, and dg is the distance between Earth and the background

source. drg, dy, and dg are angular diameter distances. It is found that the mass
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Figure 1.2: A composite image showing the Bullet Cluster (1E 0657-558) —
a system of two colliding galaxy clusters. The X-ray image capturing mainly
the intergalactic gas content of the clusters (which very substantially outweighs
the mass of the galaxies) is shown in red. The total mass inferred from the
weak gravitational lensing is shown in blue. (X-ray analysis from Reference
[15] and gravitational lensing analysis from Reference [I3]. Image Credit: X-
ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScl; Magel-
lan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/STScl; ESO WFI; Magel-
lan/U.Arizona/D.Clowe et al.)
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Figure 1.3: An image of arcs produced by strong lensing. The foreground galaxy
cluster is Abell 370. Image credit: NASA, ESA, and the Hubble SM4 ERO Team
& ST-ECF.

of the foreground lensing galaxy cluster deduced from Equation is much larger
than the mass inferred from the luminosity of the foreground galaxy cluster using
the standard mass-to-light ratio. For example, a study of the strong gravitational
lensing in the Abell 370 galaxy cluster (Figure indicates the mass-to-light
ratio of the cluster is around 102-10% solar units, as compared to the normal
mass-to-light ratio of a few solar units. Consequently, strong gravitational lensing
indicates that a large amount of dark matter exists in the Abell 370 galaxy cluster

I1s)].
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Large-scale structure

The Universe is homogeneous at scales larger than a few hundred Mpc, according
to the cosmological principle. Below this scale, the planets, stars, galaxies, clusters
of galaxies we observe today are the products of gravitational instability. The
seeds of slight overdensity in the early universe grow by gravitationally attracting
the matter nearby. The anisotropy in the cosmic microwave background was first
detected by the COBE satellite at the level of AT /T = 10~°. But this temperature
difference (thus density difference) is too small to explain the structure we observe
today if the baryon is the dominant matter component in the Universe. There
is simply not enough time for the structure to form from the observed CMB
temperature difference because of the slow gravity instability process. Unlike
baryons, non-baryonic dark matter is not subject to electromagnetic interaction;
thus, the density of dark matter does not oscillate like the photo-baryon plasma
before recombination. The structure of dark matter can grow once the Universe
has transitioned from being radiation-dominated to matter-dominated. But the
radiation pressure before recombination would prevent the growth of structure in
the baryon sector before the recombination. In other words, the dark matter in
the Universe jump-starts the structure formation process by forming gravitational
potential wells before recombination and the ordinary matter later falls into thhose
potential wells after the recombination.

Another evidence of dark matter from structure formation is from comparing
N-body simulations to observation in large-scale structure. The three galactic
redshift surveys by CfA2, SDSS, and 2dFGRS shows the cosmic web structure,
with superclusters and connecting filaments, with voids separating them as shown
in Figure [I.4l The same figure also shows the N-body simulation performed by
Millennium Simulation to compare with observation. Without non-baryonic dark

matter, the simulation could not recreate within the anticipated timescales the
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features in the observation. More specifically, the type of dark matter cannot
be hot dark matter (meaning its velocity at some point in the early universe is
relativistic). For the hot dark matter (HDM) scenario, structures smaller than
the typical length of the dark matter particle (speed times the age of the Uni-
verse) are washed out [19, 20], as the hot dark matter particles just fly past those
smaller scales. In such scenarios, structures are formed top-down, meaning super-
clusters are formed first, and galaxies are formed later as the larger structure is
fragmented into smaller structure. For cold dark matter (CDM) and warm dark
matter (WDM) scenarios, small objects are formed first, and they merge and ac-
crete into larger structures, and this process is called bottom-up. The observation
indicates that the bottom-up process is correct, favoring CDM and WDM over
HDM [21].

Big Bang nucleosynthesis (BBN)

According to the Big Bang theory, the Universe started hot and dense, and it sub-
sequently expands and cools down. When the universe is cold enough, composite
particles like protons and neutrons are formed from quarks. The Big Bang nucle-
osynthesis (BBN) started when the temperature of the universe was cold enough
(a few seconds after Big Bang) so the photons did not break apart deuterium
(binding energy 2.23 MeV) once deuterium is formed. The BBN stopped when
the universe further expanded and cooled down, so the nuclear reaction could not
continue because of the Coulomb barrier. In BBN, significant amounts of deu-
terium (through n + p — *H + v reaction), tritium (*H + ?H — 3H + p and *He
+1n — *H + p), He-3 (p + *H — 3He + v and *H + *H — 3He + n), He-4 (*H +
’H — “He + n and *He + ?H — *He + p), Li-7 (*He + *H — "Li + v and "Be +
n — ‘Li + p), and Be-7 (‘He + 3He — "Be + ) were created. Be-7 was quickly

decayed to Li-7 with 53s half-life via electron capture and tritium was decayed to
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Figure 1.4: Distribution of galaxies observed from spectroscopic redshift surveys
(left and top) and from cosmological N-body simulations (right and bottom) of
the ACDM model (A stands for the cosmological constant as a form of dark energy
and CDM stands for the cold dark matter). (From Reference [22])
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He-3 with 12.3 years half-life via beta decay. Most of the heavier isotopes in the
universe are later created in stellar nuclear reactions.

From our current understanding of the conditions during the BBN and nuclear
physics process, numerical simulation code can calculate how much the primordial
abundances of different isotopes are. As shown in Figure [I.5 the production of
the primordial isotopes depends on the density of baryons (more precisely, nu-
cleons) at that time. These calculations of primordial abundances are compared
to the primordial abundance observation from regions with low metallic contents
(any isotopes heavier than Li-7 are considered metal in this context as they are
produced in stellar processes), avoiding abundance contamination from the later
stellar processes. The observed abundance of deuterium is a lower limit of pri-
mordial abundance, as any deuterium produced in the stellar process is fused into
He-4; thus, stellar processes only destroy deuterium. As shown in Figure the
calculated primordial abundance of He-4, deuterium, He-3, and Li-7 varies with
the baryon density (shown in x-axis as baryon to photon ratio, and photon abun-
dance is well constrained by the measured present CMB temperature of 2.7255K).
The measurement of these primordial abundances thus provides a constraint on
the density of baryons, which is expressed as a fraction relative to the critical den-
sity. The baryonic content deduced from BBN concordance range (mainly from

the precise determination of primordial D/H ratio) is [23]:

0.021 < Q,h* < 0.024 (95% CL) . (1.4)

It is also worth noting that the baryonic density deduced from CMB is ,h? =
0.0223 + 0.0002, which is remarkably consistent with the value from BBN, de-
spite these processes happened in different epochs of the universe. Using the
Hubble constant Hy inferred from the Planck 2015 results [1], Hy = (67.84+1.8)

kmsec™! Mpc™" (95% CL), the baryon density €, (normalised to the critical den-



CHAPTER 1. INTRODUCTION 23

sity p.) determined by the BBN concordance range is:

0.048 < ©,<0.053 (95% CL) . (1.5)

The total matter density deduced from the CMB is €2,, ~ 0.3, and it can be
inferred that most of the mass in the Universe is in non-baryonic (more precisely,
non-nucleonic) form. This determination of the baryon density from BBN is
another crucial evidence for non-baryonic dark matter.

However, BBN has some issues. One issue is the so-called lithium problem.
Figure shows that the primordial “Li/H ratio observed is smaller than what is
expected from the D/H ratio. It is unclear at this stage whether this deviation is
due to the poor observation of the primordial lithium density or new physics [23].
Another issue is that, if primordial black holes formed before BBN, as a type of
exotic baryonic matter, they would not be included in the €2, bound in Equation
[I.5] The reason is that primordial black holes would not have a noticeable effect
on the abundances of primordial light elements. Consequently, BBN does not
rule out primordial black holes as a dark matter candidate [24]. Primordial black
holes have been probed with other methods, such as gravitational microlensing
[25]. Primordial black holes with a large range of mass scenarios (1 — 10* M)
have been excluded as the dominant component of dark matter according to a

recent study [26].

Cosmic microwave background (CMB)

Cosmic microwave background is the relic radiation of the Big Bang and it offers

one of the most precise estimates of the dark matter content in the Universe.
After the Big Bang nucleosynthesis, the temperature of the Universe is still

so hot that the photon energy is still higher than the binding energy of hydrogen

atoms, so photons ionize hydrogen atoms. In this epoch, the photons, baryons
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range (both at 95% CL). (From Reference [23])
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(mainly protons and helium-4 nuclei), and electrons are tightly coupled by con-
stant interactions, forming so-called photon-baryon plasma. As the Universe fur-
ther expands and cools down, at T ~ 3000 K (corresponding to 380,000 years
after the Big Bang), protons and electrons formed neutral hydrogen atoms, at an
epoch called “recombination”. Despite the name “recombination”, this is actu-
ally the first time stable atoms were formed. After recombination, the Universe
becomes transparent to the photons, and photons are free to propagate without
constantly scattering off electrons. These photons become the first light we can
observe from the infant universe. As the space-time expands, the photon wave-
lengths are stretched into microwave length (mm - cm), and they are called the
cosmic microwave background (CMB).

COBE first measured that the CMB has a nearly perfect black body spectrum
with a temperature of 2.73 K [27], indicating the Universe was in thermal equi-
librium when the CMB was released. COBE also observed the anisotropy of the
CMB across the sky in the level of 1 in 10° [28]. Later many earth-based experi-
ments and subsequent space observatories WMAP and Planck further refined the
observation of CMB anisotropy to higher angular and temperature precision, as
shown in the anisotropy power spectrum in Figure [1.6] This precisely measured
power spectrum of CMB anisotropy tells us a wealth of information about the
energy distribution of different compositions and the history of the Universe, in-
cluding the dark matter content. A good pedagogical material to understand the
physics of CMB anisotropy can be found in Reference [29)].

The photon-baryon plasma before recombination is like a gas, as it can be
compressed and rarefied under different forces. The theory of inflation proposes
the early universe rapidly expanded by a factor of ~ 10%° from 10736 to ~ 10732 s
after singularity [30], and density fluctuations from the quantum fluctuation before

the inflation expanded to overdensity and underdensity in the cosmic scale. The
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gravity tries to pull photon-baryon plasma into denser regions, and the radiation
pressure tries to fight this compression and rarefies the plasma, causing a process
called acoustic oscillation. The compression first happened during the acoustic
oscillation due to the gravitational pull. After reaching the compressional maxima,
the radiation pressure causes the plasma to maximal rarefaction, and this cycle
continues. Non-baryonic dark matter is not part of this plasma and it does not go
through this density oscillation, as it does not interact with the ordinary matter or
radiation through electromagnetism. The dark matter creates the gravitational
well that the plasma can fall into. The acoustic oscillation happens at all the
length scales. At recombination, the length scales with maximal compression or
maximal rarefaction correspond to the peaks in the anisotropy power spectrum
(Figure [L.6)).

The first three peaks in the power spectrum tell us different information about
the Universe. The first peak corresponds to the oscillation length scale with the
first maximal compression at recombination. Knowing the sound speed and the
recombination time, we know how much physical length the sound has traveled
in this mode. The multipole (or the angle) of this first peak then tells us the
spatial curvature of the Universe. If the Universe has negative curvature (open
universe), the first peak we observe today would appear in the higher multipole
(smaller angle). If the Universe has positive curvature (closed universe), the first
peak would appear in the lower multipole (larger angle). From the observation
of the location of the first peak in the power spectrum, it turns out that the
Universe is consistent with being flat, indicating the total matter-energy density
of the Universe is near the critical density (p. = 1.88h? x 107%¢g - cm™3).

The second peak tells us the amount of baryons in the universe. Because
the content of baryon increases the magnitude of the compressional peaks (first,

third, fifth ...) over the rarefactional peaks (second, fourth, sixth ...), due to an
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effect called baryon loading. As an analogy to understand this effect, if we release
a massive ball (corresponding to the baryonic mass) hanging vertically from a
spring, the heavier the ball, the further the ball would fall into the gravitational
well (corresponding to the compression of the photon-baryon plasma) before it
returns to the initial start position (corresponding to the rarefaction maximal).
The relative height of the first peak to the second peak tells us the extent of the
baryonic loading, thus the baryon density.

The third peak tells us the photon to matter ratio, and thus the dark matter
density at given baryon density. At the beginning of the universe, the photon
energy density dominates over the matter density. But as the universe expands,
the photon energy redshifts. At some point, the energy density of matter becomes
larger than the photon energy density. In the scenario deficient of non-baryonic
dark matter, the gravitational potential well is initially dominated by the pho-
ton energy. After photon-baryon plasma reaches the compressional maximal, the
potential well for higher peaks (thus shorter physical length) dominated by the
photon energy decays with the expansion of the universe. Without the potential
well to fight against, the photon-baryon plasma could rebound to much larger
amplitudes in the subsequent oscillations, and this effect is called radiation driv-
ing. This effect would drive up all the amplitudes in the higher peaks. Because
the potential well is eliminated in this scenario with the absence of non-baryonic
dark matter, the larger amplitude of odd-number peaks over even-number peaks
from baryonic loading is also eliminated. Observing a third peak with compara-
ble height to the second peak tells us the presence of a significant density of dark
matter.

As shown in Figure[I.7] the change of dark matter density changes the power
spectrum significantly.

The baryon content and the non-baryonic dark matter content inferred from
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the Planck 2015 results [1] are:

Qyh? = 0.02226-£0.00023 ,
(68% CL) , (1.6)

Qqmh? = 0.1186+0.0020 ,

where (2, and (24, are the baryon density and non-baryonic dark matter density,
normalised to the critical density p., respectively. The reduced Hubble constant A
is defined as h = Hy/100 km sec™* Mpc~!. Using the Hubble constant Hy inferred
from the Planck 2015 results, Hy = (67.8140.92) kmsec™ Mpc™! (68% CL), the

(2, and (24, can be inferred as:

(2, =0.0484 £ 0.0014 ,
(68% CL) . (1.7)

Qam = 0.258 £ 0.008

Equation shows that the baryon content constitutes 4.84% =+ 0.14% of
the total energy-mass density of the Universe, while non-baryonic dark matter
constitutes 25.8% + 0.8% of the total energy-mass density. In other words, over
84% of the mass density of the Universe is in the form of non-baryonic dark matter.

With compelling evidence from different phenomena at scales spanning orders
of magnitude and from different epochs of the Universe, the existence of non-

baryonic cold dark matter in the Universe is well established.

1.2 Dark matter candidates

From the astronomical observations mentioned in Section [I.1] the requirements
on non-baryonic dark matter candidates include: they should interact very weakly
(if at all) with electromagnetic radiation (otherwise they would be visible); they
should be non-relativistic (cold dark matter requirement); they should be stable
on the cosmological scale (otherwise by now they would have decayed and would

not be observed in nearby galaxies); they should have the right relic density
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after being frozen out in the early Universe; and they should be gravitationally
interacting (that is how we know about them in the first place).

There are many dark matter candidates, among which weakly interacting mas-
sive particles (WIMPs) and axions are especially well motivated and being most
actively searched for by dark matter direct detection experiments. Axions were
first proposed to tackle the strong CP problem of QCD [32]. As the experimental
technique in this thesis focuses on the detection of WIMPs, WIMPs will be dis-
cussed in more detail below. More details of the experimental search for axions

can be found in Reference [33].

WIMP

WIMPs correspond to a class of dark matter candidates, and one example is
the lightest (thus stable) superparticle in supersymmetric models, such as the
neutralino [34]. WIMPs are postulated to have a particle mass between around 10
GeV c~? and a few TeV ¢~2, and the cross-sections of WIMPs are postulated to be
roughly at the weak interaction scale. WIMPs are especially well-motivated dark
matter candidates, because an annihilation cross-section at the weak interaction
scale would produce a thermal relic density of the same order of magnitude as
observed ({24, =~ 0.25). This coincidence is the so-called “WIMP miracle” and it
is discussed below.

In the standard cosmological model, the early Universe is initially hot and
dense, and all the particles at that stage are in thermal and chemical equilibrium.
As the Universe expands and cools down continuously, the temperature of the
Universe T' (in natural units) drops and becomes comparable to the mass of the
WIMPs my. As the annihilation of WIMPs continues and there is not enough en-
ergy for lighter particles to produce WIMPs, the number of the WIMPs decreases

exponentially as a function of temperature e=""/” (Boltzmann suppressed). As
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the number of WIMPs continues to decrease and the Universe continues to ex-
pand, it gets to a stage where the Universe becomes so large and the WIMP gas
becomes so dilute that the WIMPs cease to annihilate (the mean free path for an-
nihilation is of the same order as the Hubble radius). Consequently, the number of
WIMPs asymptotically approaches a constant value — the relic density. In other
words, the WIMPs “freeze out” and chemically decouple from the particle “soup”,
so the co-moving density of WIMPs have remained roughly constant ever since.
The WIMP relic density is determined by the thermally-averaged annihilation
cross-section (o 4v), as shown by numerical calculations in Figure [1.§|

Quantitatively, the present density of WIMPs ({2w) is approximately [34]:

(1.8)

O 2 (3 x 107" ¢cm? sl>
1% ~

(0av)
Equation [I.§] shows that a larger annihilation cross-section leads to a lower
relic density. It is because a larger annihilation cross-section keeps the WIMPs in
equilibrium for longer and decouples later, when the temperature of the Universe
is lower, so the relic density is smaller.
The mass of the WIMP my, affects {2y mainly through o4v, which can be

written on dimensional grounds as [35]:

4
kipseak, S-wave annihilation
oAV = W (1.9)
4
k 16g weak, . 92 - P-wave annihilation ,
™ mW

where the parameter £k = O (1) accounts for deviations from this estimate and the
weak interaction gauge coupling gyeqr =~ 0.65. Terms higher-order in v have been
neglected in Equation[I.9) Considering both the S-wave and P-wave annihilation,
and letting k£ vary from 0.5 to 2, it is found that a single WIMP with a mass from

~100 GeV c¢=2 to 1 TeV ¢ 2 would reproduce the relic density of the same order of
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Figure 1.8: The co-moving WIMP number density and the resulting thermal relic
density of WIMPs (dashed curves) versus temperature 7' (thus time) in the early
universe. Higher annihilation cross-sections lead to lower relic densities by keeping
the WIMPs in equilibrium to later times. The solid curve labled “Ngq” shows the
number density if a particle remains in equilibrium. (From Reference [34])

magnitude as observed [35]. Multiple WIMPs could also fit the roles of cold dark
matter.
With motivations mentioned above, combined with the possibility of detecting

them with current technology, most of the current experiments of dark matter

direct detection are designed to search for WIMPs.
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1.3 Direct detection of WIMPs - signal model

This section discusses how to calculate the differential event rate of WIMPs scat-
tering off the detector’s target. In the model described here, the Earth is moving
relative to the galactic dark matter halo, with the Earth orbiting the Sun which in
turn orbits the centre of the Milky Way galaxy. Thus, with this relative movement
at a speed of O (100 kms™!), WIMPs could deposit recoil energy in a detector on
Earth by scattering off target nuclei in the detector.

In general, the differential WIMP-nucleus scattering rate dR per unit target

mass can be expressed as [34]:

1 d
dR = — 0y f, () =2

d|q*dv, 1.10

where R is the event rate, my is the mass of the target nucleus, pg is the local
WIMP density, my, is the mass of the WIMP, v is the speed of the WIMP relative
to the target nucleus, f; (v) is the speed distribution of the WIMP in the frame of
the target nucleus, d9/qjg> is the differential cross-section and ¢ is the momentum
transferred. Equation shows that the differential scattering rate per unit
target mass is proportional to the number density of target nuclei (}/my), to the
number density of the WIMP (#0/my ), to the speed that the unit target mass
sweeps through the WIMP halo (v), to the speed distribution f; (v) and to the
differential cross-section d4o/q/q2.

The differential cross-section can be written as [34]:

do _ 00
dlg®  4pde?

(Iq1) , (1.11)

where o0 is the zero-momentum-transfer cross-section, the reduced mass of the
WIMP-nucleus system is uy = mvmw/(my+myw), and F (|q]) is the form factor.

The interaction loses coherence due to the finite size of the target nucleus and



CHAPTER 1. INTRODUCTION 35

the form factor F'(|q]) takes into account this effect. The form factor is defined
separately for spin-independent and spin-dependent interactions.

The momentum transferred can be expressed as |q]° = 2u%0v? (1 — cos 6%),
where 6* is the scattering angle in the centre-of-momentum frame. The energy

transferred to the target nucleus (the energy deposited in the detector) is [34]:
E :E:M(l—cosm) (1.12)
R 2mN my ’ )

To calculate the total rate, dR is integrated over all possible speeds, and

over deposited energies between the detector threshold energy Fr and E,.. =

2030 /;my. Combining Equations [1.10 [1.11) and [1.12] we have [34]:

dR 0o fi (v)
— = F?(ER) ———. 1.1
dER ( R) 2mW,U?V £o / v dv 3 ( 3)

V>VUmin,

where v, = /mNEr/2,2, . Equation [1.13| shows that the WIMP-nucleus scatter-

ing spectrum depends on nuclear physics via F? (ER), on particle physics via o
and my, and on galactic astrophysics via py and f; (v). These different factors
are discussed separately below. For simplicity, only the spin-independent scenario
is discussed. Details about the spin-dependent WIMP-nucleus scattering scenario

are discussed in Reference [36].

Form factor

Data from electron-nucleus scattering is used to deduce the form factor FZ; (Er)

for spin-independent scattering, and this form factor is parameterised as [37]:

Fg[ (ERr) = <3qu(7“qlrl>> exp(_q232> 7 (1.14)
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where j; (.) is the spherical Bessel function of the first kind, the momentum trans-
ferred is ¢ = \/2mnEg, and r = vV RZ — 552 with R = 1.2A"2 fm and s ~ 1 fm.

A is the mass number of the target nucleus.

Zero-momentum-transfer cross-section o,

For spin-independent scattering, assuming the WIMP effective scalar coupling to
the proton and neutron are the same and the vector coupling is zero, the zero-

momentum-transfer cross-section oy g; can be expressed as [38]:

2

oo,s1 = A? (MN> Tn (1.15)
Hn

where p,, is the reduced mass of WIMP-nucleon system and o,, is the scalar WIMP-

nucleon elastic cross-section. o, is the quantity that is compared to theoretical

models, and between experiments with different target nuclei.

Local dark matter density

By fitting the dynamic properties of the Milky Way galaxy, with some assumptions
about the shape of the dark matter halo, the dark matter local density pg can
be estimated. The estimated local dark matter density is in the range 0.2-0.4

GeV e ?em™, depending on the choice of the dark matter halo profile [39].

WIMP speed distribution

Canonically, the WIMP speed distribution in the rest frame of the galactic dark
matter halo is assumed to be Maxwellian, with a truncation at the escape velocity

Vese Of the Milky Way Galaxy [40]:

i 181) = H (tne — [8]) < ( & )3/2exp(—3'77'2), (116

2 2
2mot 207
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where H (.) is the Heaviside step function, N, is a normalisation factor and o, is
the RMS speed dispersion. The speed dispersion o, is related to the local circular
speed v, by o, = \/%vc, and v, is measured to be 220 + 20 kms™! [41]. A recent
study of the high-velocity halo stars from the RAVE survey sets v, to be 492-587
kms™* (90% CL) [42].

The velocity of the detector in the dark matter halo frame, U (¢), is the vector
sum of the velocity of the Sun relative to the halo frame (~220 kms™!) and the
velocity of the Earth relative to the Sun (~30 kms™!). Note that the relative
direction of these two constituent velocities changes with a period of around one
year, resulting in the annual modulation of the signal [43]. In principle, the
velocity of the Earth’s rotation (~0.5 kms™! at the equator) is also a contributing
factor, but it is much smaller than the other two factors. By taking account of
the speed of the Earth relative to the dark matter halo, as described in Reference

[40], the integration in Equation becomes:

viy? Z<y,x<|y—z|
erf(z+y)—erf(z—y _%ye,zﬂ ’ ’
_ e ’ 2>y, < |y—=2
/ ft (U) dv = _ 2Nescvcy ] (117)
() erf(Z)ferf(x—y)f%(y+zix)efz }
V>VUmin - 2Nescvey s |y — Z| << Y 1z
0 y+z<w,
Whel‘e xr = vmi"/”c; y = |17E(t) I/’U(;, = ’Uesc/fuC and erf() lS the error functlon

To calculate the differential event rate from WIMP-nucleus interaction, all the
factors in Equation[1.13|need to be taken into account. The canonical assumptions
are Uese = H44 kms™!, a standard Maxwellian velocity distribution with v, =
220 kms !, and py = 0.3 GeVe 2 em™3.

Figure shows the differential event rates expected for three elements (Xe,
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Figure 1.9: Differential event rate spectra with three different elements (Xe, Ge
and O) in three WIMP mass scenarios (3, 10 and 100 GeV ¢~2), for WIMP-nucleus
elastic spin-independent scattering. The WIMP-nucleon elastic spin-independent
cross-section is assumed to be 1 pb (1039 ¢cm?). DRU stands for differential rate
unit and 1 DRU = 1 countkg ' keV~'day™". The recoil energy is given in the
unit keV,,, which is the energy scale for nuclear recoil. These three elements and
three WIMP masses are chosen as examples to show how different target elements
could complement the searches for WIMPs in different mass regions.
Ge and O) as the detector target in three WIMP mass scenarios (3, 10 and 100
GeV c?), for WIMP-nucleon elastic spin-independent scattering. The WIMP-
nucleon elastic spin-independent cross-section o, g1 is assumed to be 1 pb (107
rn2) for the calculations in Figure . However, as dc}f o oy,g1, these calculations
are applicable to smaller cross-sections as well.

Figure[I.9 shows that, in general, the differential event rates decrease exponen-
tially with respect to the recoil energy. Consequently, detectors need low energy
thresholds (< a few keV) to improve their sensitivity. For WIMPs with low masses,
as the energy deposited in the detector is so small, the detector needs to have a
correspondingly low energy threshold to probe it. Also, the complementary nature
of different elements to probe different WIMP masses is discussed below. First,
the kinematics of energy transfer dictates that the energy deposit is maximised
when the target nucleus has a similar mass to the incoming WIMP particle. For
low-mass WIMP (e.g. the 3 GeV ¢~ scenario in Figure , low-mass target nu-

clei (e.g. oxygen) have more gradual slopes in their differential event rate spectra

(more deposits with relatively high energy) compared to high-mass target nuclei
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(e.g. Ge and Xe). Consequently, low-mass elements are good targets for prob-
ing low-mass WIMPs. Second, for high-mass WIMPs, the relatively flat event
rate spectra and the factor of A% (Equation in the coherent WIMP-nucleus
scattering make high-mass target nuclei (e.g. Xe) optimal targets.

The above calculation provides an adequate model but it has known defi-
ciencies. One of the deficiencies is that the calculation of the WIMP-nucleus
differential event rate (thus the inverse operation of probing the WIMP-nucleon
cross-section from experimental WIMP search exposure) is based on assumptions
that are not very well verified (one example is whether the WIMP speed distri-
bution is Maxwellian [44]). However, the WIMP-nucleon cross-section calculation
from the WIMP search exposure tells us how much the direct detection field has
progressed, at least for experiments with the same target material. Comparisons
between direct detection experiments with different target elements need to bear
in mind the assumptions made.

For WIMP searches, a region of interest in the energy spectrum needs to be
defined. The lower end of the region of interest is usually the energy threshold of
the detector. Considering the higher end of the region of interest, the differential
event rate from WIMP scattering drops exponentially with increasing recoil energy
(Figure , so it eventually comes to a point when including a larger energy
range at the higher end does not make the search more sensitive to WIMPs. It is
because the detrimental effects of including more radioactive backgrounds would
outweigh the beneficial effects of having more WIMP events. The higher end of
the region of interest in WIMP searches varies between different experiments due
to the different differential event rate spectra and different radioactive background
environments. As examples, it is set at 40 keV,,, for a CaWO, experiment [45], at
201 keV,, for an Ar experiment [46], at 100 keV,, for a Ge experiment [47], and

at ~70 keV,, for a Xe experiment [48].
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The energy of the recoiled nucleus is measured through various channels de-
pending on the detector technology. The most common channels include scintil-
lation light, ionisation and phonons. More discussion of the detector technology

is in Section [L.6l

1.4 Neutrinoless double-beta decay - signal model

If neutrinos are Majorana particles, the rare nuclear transition process of neutrino-
less double-beta decay (0v33) can occur [2]. In this process, a mother nucleus with
Z protons decays to a daughter nucleus with Z+-2 protons and the same mass num-
ber A, and two electrons are emitted at the same time: (Z, A) — (Z +2, A)+2e".
Neutrinoless double-beta decay is a lepton number violation process, which re-
quires physics beyond the Standard Model. The sum of the kinetic energies of the
two emitted electrons would be equal to the atomic mass difference of the mother
isotope and the daughter isotope, and this value is called ) value for double-beta
decay. This mono-energetic peak at the () value, which is also at the end point
of the total electron energy spectrum of two-neutrino double-beta decay (2v3(),
is the signature of neutrinoless double-beta decay (shown in Figure . As an
example, the double-beta decay @ value of 3Te is found to be 2527.518(13) keV
[49]. Because of the potential mono-energetic signal from neutrinoless double-
beta decay at the () value and the continuous energy spectrum from two-neutrino
double-beta decay up to the ) value, the detector requires the best possible energy
resolution and the lowest possible background near the @) value.

In neutrinoless double beta decay detectors, the energy of the two emitted
electrons in neutrinoless double-beta decay is measured through various channels
depending on the detector technology, similarly to that in dark matter direct

detection but in a higher energy region (~2 MeV). The most common channels
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Figure 1.10: Schematic view of the total electron energy spectra of 2v35 and
OvfBp. The OvBf spectrum has been exaggerated for clarity. (From Reference

[50])
are scintillation light, ionisation and phonon channels. For example, in a cryogenic
calorimeter experiment called CUORE [51], which uses TeO, as the absorber as
well as the source of double-beta decay, the energy of the electron recoils first
creates athermal phonons in the crystal. Those athermal phonons are thermalised
in the detector, and the temperature rise from this thermalisation is read out by
a thermistor (NTD in this case). In this way, the energy deposited by the two
electrons can be accurately measured. A recent review of neutrinoless double beta
decay experiments can be found in Reference [52].

With the assumption that the main mechanism responsible for lepton number
violation in Ovf@f is through the virtual exchange of light Majorana neutrinos
(m,, < 10 MeV ¢72), the half-life of neutrinoless double beta decay (inversely

proportional to the event rate) can be written as [53]:

-1
(Tl(}g) = GOV (Qﬂﬁv Z) ‘]\401/’2 m?gﬁ ) (118)

where G,, (s, Z) is a phase-space factor that is exactly calculable [54], | Mo, |
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is a nuclear matrix element [55] and mgg is the effective Majorana mass of the

electron neutrino. mgg can be written as:

Mpg = : (1.19)

ZU;’ITLZ
%

where U,; are elements of the PMNS matrix (also called neutrino mixing matrix)

[56] and m; are the neutrino mass eigenstates.

1.5 Radioactive backgrounds in rare event search
experiments

Due to the small WIMP-nucleon interaction cross-section (current best limit
smaller than 1 zeptobarn [48]), cosmic and radioactive backgrounds for an un-
shielded detector on the surface of the Earth are many orders of magnitude
more frequent than the expected event rate from the WIMP interactions. Gen-
erally speaking, for a WIMP-nucleon cross-section of 1 zeptobarn and WIMP
mass of 50 GeV ¢ 2, the event rate is on the scale of 10 uDRU (equal to ~0.1
count kg~ ' keV ! year!) at 25 keV,, for Xe. Similarly, the long half-life of 0v33
(current best limits larger than 10%° years in some isotopes [57]) and the cor-
responding low event rate (on the scale of 1 decaykg ' year~' for a half-life of
10% years) also require a quiet radioactive environment. Consequently, major

experimental efforts are underway to minimise the radioactive backgrounds.

1.5.1 Background external to the detector

Compared to the radioactive background from the materials used to construct the
detector, backgrounds external to the detector are usually easier to handle with

passive shielding and active veto detectors (except neutrino background, Section
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. These external backgrounds usually only constitute a small part of the
total backgrounds.

To shield against cosmic rays (especially muon-induced backgrounds), detec-
tors are placed in deep (thousands of meter water equivalent) underground labo-
ratories [58], and anti-coincidence muon veto devices are usually installed around
the detector to tag the remaining few cosmic muons. Compared to the sea-level
muon flux (~1 em™2?min™") [23], the muon flux is reduced to around 10°%-107°
cm~?s7! in deep underground laboratories [58], depending on the depth of the
laboratories.

To shield against ambient radioactivity from the rock and the concrete in the
underground laboratory, several layers of shielding surrounding the detector are
needed, with steel or lead shielding often employed to attenuate the y-rays, and
water or other low-Z materials often used to attenuate neutrons. After the shield-
ing, the external radiation from the laboratory is usually reduced to an insignif-
icant level compared to the total radioactive background budget. For example,
in the LUX experiment, the shielding reduces the external y-ray flux from the
laboratory by a factor of 2 x 1071, resulting in a low-energy electron recoil event
rate of only 27 nDRU,, in the active volume. Also, the neutrons from the rock are
attenuated in LUX, and those neutrons contribute a single-scatter nuclear recoil
rate of 60 nDRU,, in the 3.4-25 keV,, energy range, for a 100-kg fiducial mass
[59].

1.5.2 Radioactive background from detector materials

With the muon-induced background and radiation from the laboratory environ-
ment reduced to low level, radioactive decays from the detector materials dominate
the total radioactive background. Materials for detector construction are screened

and only radiopure materials are chosen, and production processes are controlled
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to avoid the introduction of additional radioactive backgrounds.

In general, four types of particles produced in radioactive decays are a con-
cern for rare event search experiments: o-particles, electrons, y-rays and neutrons.
Neutrons and y-rays are more penetrating than o-particles and electrons. These
four types of particles could be classified according to different detector responses
(usually manifest as the signal ratio of two readout channels): y-rays and elec-
trons cause electron recoil (ER) backgrounds; neutrons cause nuclear recoil (NR)
backgrounds; a-particles cause their own band (e.g. this band is between the ER
and NR bands in an experiment with CaWO, target [60]).

Below is a discussion about how these four types of particles can cause events
within the region of interest (ROI) in WIMP searches. For WIMP direct detection
experiments, as discussed in Section [I.3] the signal from WIMP interaction is
single-scatter nuclear recoils with deposited energies usually below 100 keV.

Neutrons cannot be discriminated against on an event-by-event basis in WIMP
searches, if they deposit energy in the ROI through single scattering in the active
volume of the detector. Neutrons that have higher kinetic energy than the upper
energy bound of the ROI may deposit only part of the full energy into the detector
through elastic scattering and thus appear as events in the ROI.

Electrons and y-rays cause ER backgrounds. Many of the modern dark mat-
ter detectors have a certain discrimination power (usually >99% for events with
deposited energy more than a few keV) between ER and NR, so only a fraction of
ER events are leaked to the NR band. The y-rays that have higher energy than
the maximum defined by the ROI could undergo Compton scattering and deposit
only part of the total energy in the detector, thus in the energy range for WIMP
searches but still within the ER band. Electrons usually stop within ~mm range
[61], so electrons are only present not far from the source. High-energy electrons

can produce bremsstrahlung X-rays which are more penetrating.
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Alpha particles from radioactive decays usually have several MeV kinetic en-
ergy, and they deposit energy over a short distance (~tens of ym) before coming
to a full stop. If a-particles are generated in the bulk volume, the deposited en-
ergies in the MeV range are far from the energy region for WIMP searches. If
a-decays occur close to the surface of material surrounding the active volume,
the a-particles could lose part of their energy in the material, before depositing
the remaining energy in the active volume (“degraded alphas”). Consequently,
they can appear in energy range for WIMP searches near the surface of the ac-
tive volume. Similar to ER/NR discrimination, many dark matter detectors also
have certain discrimination power between a-events and NR [62]. Also, a-particles
can generate neutrons through (o,n) reactions in materials close to the detector
(Section [L.5.3)).

For Ov(3[ experiments, as discussed in Section [I.4], the signal is two electrons
with total kinetic energy at the @ value of O35 (~2 MeV). Consequently, electrons
and y-rays with energy near or higher than the @) value are major sources of
background. For a Ovf3/ experiment using a bolometric technique, o-particles
from the surface of the detector and nearby copper structures are also a major

source of background [51].

1.5.3 Common radioactive isotopes

Several radioactive isotopes in materials for detector construction are especially
relevant in the radioactive background for dark matter experiments, and they are
discussed below. Also, this section discusses how these radioactive decays generate

the four types of particles discussed in Section [1.5.2]
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1.5.3.1 U/Th chains

2381, 25U and 232Th are long-lived primordial isotopes, with a half-life of 4.5 x 10?
years, 7 x 108 years and 1.4 x 10'° years, respectively. Because of their long half-
life, these three isotopes sustain decay chains (shown in Figure , and
1.13]), where secular equilibrium is usually assumed unless indicated otherwise.
In secular equilibrium, the activity of each isotope in the same decay chain is
generally equal to the activity of the head isotope of the decay chain, except
when there is more than one decay mode. The effect from chain non-equilibrium
of these three decay chains on Dark Matter search backgrounds is discussed in
Reference [63]. 23U has an abundance of 0.72% in natural uranium, compared to
the abundance of 99.27% of 23%U.

As shown in Figure[I.11] [T.12] and [T.13] o-particles and electrons are generated

in the decay processes in the chains. y-rays can also be emitted in these processes.
Note that the intensity of a y-ray is defined as the probability of the emission of
that y-ray if the decay process happens, instead of the ratio of the number of that
v-ray to the sum of all y-rays emitted in that decay process. Consequently, the
sum of the intensities of the y-rays in a decay process is usually not unity. In the
U and Th decay chains, neutrons are generated through spontaneous fission and

(o,n) reaction.

Spontaneous fission

For some high-Z nuclei, the electrostatic repulsive force between the protons is so
large that the nuclear force can barely hold the nucleons together. As a result,
spontaneous fission can happen and the nucleus is split. Spontaneous fission
is a stochastic process, with different nuclei as fission products and emissions
of different numbers of neutrons and other particles. Table summarises the

neutron yields in spontaneous fission processes for the relevant isotopes (*32Th,
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Spontaneous fission

23 8U —>  (5.5x105 %)
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« (4.2 MeV) 21 4Pb 2 141)O
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|, B(1.0MeV) L « (7.7 MeV)
.
234Th 1 (108 keV, 12.0%) {
24d (332 keV, 1.1%)
8 (0.199 MeV) 1 (748 keV, 5.8%) 210pp
v (133 keV, 7.1%) v (77.1 keV, 9.7%) 2yr
v (633 keV, 3.7%) v (86.8 keV, 1.2%) 8 (0.0635 MeV)
v (92.4 keV, 2.1%) v (87.3 keV, 2.2%) 7 (108 keV, 22.7%)
v v (92.8 keV, 2.1%) v (242.0 keV, 7.3%) 3 (465 keV. 3.7%)
v v (302 >
v (295.2 keV, 18.4%)
234m y (: s
3 Pa ¥ (351.9 keV, 35.6%) 21 OBi
1.2 min v v (786.0 keV, 1.1%) <04
> B(23MeV) 214B; B (1.2 MeV)
v o 19.9 min v
234U Spontaneous fission B (3.3 MeV) 210
> (1.6x10° %) > Po
0.25 Myr v (609.3 keV, 45.5%)
==hOLE B (4.8 MeV) v (665.4 keV, 1.5%) 138d
v (13.0 keV, 10.0%) v (768.4 keV, 4.9%) ———> « (5.3 MeV)
v v (806.2 keV, 1.3%) 3
230 v (934.1 keV, 3.1%)
Th v (11203 keV, 14.9%) 206py,
75 kyr v (11552 keV, 1.6%) Stable
* (142'731??‘,]), o v (1238.1 keV, 5.8%)
JL v (123 keV, 7.7%) v (1281.0 keV, 1.4%)
v (1377.7 keV, 4.0%)
226Ra v (14015 keV, 1.3%)
1.6 kyr v (1408.0 keV, 2.4%)
« (4.8 MeV) v (1509.2 keV, 2.1%)
v (1862 keV, 3.6%) v (1661.3 keV, 1.0%)
v v (1729.6 keV, 2.9%)
222Rn y (1764.5 keV, 15.3%)
v (1847.4 keV, 2.0%)
38d v (2118.5 keV, 1.2%)
@ (5.5 MeV) v (22041 keV, 4.9%)
v v (2447.7 keV, 1.5%)
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47

Figure 1.11: The 238U decay chain. The half-life is given for each isotope. Branch-
ing ratio of the decays is more than 99% if no branching ratio number is given.
Decays with less than 1% branching ratio are omitted for clarity. For a-decays,
the energy given is the mean a energy. For B-decays, the energy given is the elec-

tron end point energy. y emissions with intensity more than 1% are listed with
energies and intensities. Data from [64].
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Spontaneous fission
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y (11.7 keV, 22.9%)
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Y (83.8 keV, 24.7%)
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219Rn
4.0s
o (6.7 MeV)
y (1.1 keV, 1.0%)
v (271.2 keV, 10.8%)
v v (401.8 keV,, 6.6%)
21 5Po
1.8 ms
F——— « (7.4 MeV)
\ /4
211py,
36.1 min
B (1.4 MeV)
y (404.9 keV, 3.8%)
v (427.1 keV, 1.8%)
\4 v (832.0 keV, 3.5%)
211R;
2.1 min
o (6.5 MeV)
¥ (351.1 keV, 13.0%)
\4
2077
4.8 min

——— 8 (1.4 MeV)
A\ 4

207py

stable

Figure 1.12: The 23°U decay chain. The half-life is given for each isotope. Branch-
ing ratio of the decays is more than 99% if no branching ratio number is given.
Decays with less than 1% branching ratio are omitted for clarity. For a-decays,
the energy given is the mean o energy. For (-decays, the energy given is the elec-
tron end point energy. y emissions with intensity more than 1% are listed with
energies and intensities. Data from [64].
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Spontaneous fission I
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14 Gyr 228Th 2]2Bi
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S.8yr 224 v (16205 keV, 1. s%
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\4 « (5.7 MeV) 212P 208T1
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v (209.3 keV, 3.9%) 0.145 s Y (763.1 keV, 1.8%)
v (2702 keV, 3.5%) > (6.8 MeV) 3 (8606 keV. 12.5%)
v (3280 keV, 3.0%) v 7 (26145 keV, 99.8%)
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Y (463.0 keV, 4.4%) 106 hr Pb
v (674.8 keV, 2.1%) stable
Y (7553 keV, 1.0%) [—— £ (0.57 MeV)
V(7723 keV, 1.5%) v (10.8 keV, 14.3%)
1 (7950 keV., 4.3%) v (74.8 keV, 10.3%)
§ (8357 keV. 1.6%) v (7.1 keV, 17.1%)
3 O112 keV, 25.8%) v (86.8 keV, 2.1%)
v (964.8 keV, 5.0%) ¥ (873 keV, 4.0%)
Y (969.0 keV, 15.8%) v (89.8 keV, 1.5%)
3 (1588.2 ke, 3.2%) v (238.6 keV, 43.6%)
1 (16306 keV. 1.5%) v (300.1 keV, 3.3%)

Figure 1.13: The ?*Th decay chain. The half-life is given for each isotope. Branch-
ing ratio of the decays is more than 99% if no branching ratio number is given.
Decays with less than 1% branching ratio are omitted for clarity. For o-decays,
the energy given is the mean o energy. For (-decays, the energy given is the elec-
tron end point energy. y emissions with intensity more than 1% are listed with
energies and intensities. Data from [64].
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Isotope Isotope half-life Spontaneous fission Average neutrons per
(From Ref. [64]) probability per decay spontaneous fission
(From Ref. [64]) (From Ref. [65])
232Th 1.4 x 1019 years 1.1 x 1074 2.14
iy 2.5 x 10° years 1.6 x 10711 1.81
35U 7.0 x 10® years 7.0 x 10711 1.86
238U 4.5 x 109 years 5.5 x 1077 2.01

Table 1.1: Spontaneous fission neutron yields.

2347, 285U and %®U) in the U/Th decay chains. Note that 23¥U has spontaneous
fission probability per decay four orders of magnitude larger than the other three

isotopes.

(o,n) reaction

Alpha particles emitted in the U/Th decay chains can generate neutrons through
(a,n) reactions with certain elements, with one neutron produced per (o,n) reac-
tion. The presence of low-Z elements such as fluorine near the a-emitters allows
the o-particles to participate the (a,n) reaction before losing their kinetic energy
totally, as the MeV a-particles can only travel through around tens of pum in
matter.

When an a-particle reaches a nucleus, the probability for (o,n) reaction is
a function of the threshold energy (related to the @ value), the height of the
Coulomb barrier and the kinetic energy of the a-particle [65]. Here the @ value
is defined as the difference between the binding energies of the two initial nuclei
(target nucleus and the o-particle in this case) and the two reaction products
(product nucleus and the neutron in this case). Positive ) value means the (o,n)
reaction releases energy, so there is no minimum energy required for the o-particle.
Negative () value means the a-particle needs to have at least this minimum energy
in the centre-of-mass frame for the reaction to happen. The threshold energy is

this minimum energy requirement transformed into the laboratory frame [65]:
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_Q(1+4/A)7 Q<0
Threshold Energy= (1.20)

0, Q>0,
where A is the mass number of the target nucleus.
The Coulomb barrier is the energy potential of the repulsive electrostatic force
between the a-particle and the target nucleus, and the a-particle must penetrate
or overcome this barrier to enter the target nucleus for the nuclear reaction to

happen [65].

212262
ro (A" + AY°)

Coulomb barrier = , (1.21)

where Z; = 2, Z, is the atomic number of the target nucleus, e = 1.44 MeV fm,
ro = 1.2fm, A; = 4 and A, is the atomic number of the target nucleus. Conse-
quently, (a,n) reaction is allowed energetically only if the a-particle has the kinetic
energy to: i) exceed the threshold energy; ii) overcome or penetrate the Coulomb
barrier (these two requirements are not additive). Because of the Coulomb bar-
rier, the (a,n) reaction tends to have lower cross-sections for high-Z elements than
for low-Z elements. As an example, Figure m shows the neutron yields in (o,n)
reaction for several elements that are commonly found in detector construction
materials.

The 23U, 25U and 232Th decay chains generate eight, seven, and six o-particles

per parent decay, respectively.

Radon

Among the isotopes in the decay chains, ?Rn in the 23U chain and ?*°Rn in the
232Th chain are gaseous. The half-life of 3.8 days and low chemical reactivity of

222Rn leads to its widespread presence. Airborne radon could diffuse into mate-
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4 5 6 7 8
o energy [MeV]

Figure 1.14: Number of neutrons produced per incident o-particle versus the
a-particle energy, for various elements that are commonly found in detector con-
struction materials. These elements include F (dark solid line), Al (dark dashed
line), Ti (medium solid line), C (medium dashed line), Fe (light solid line), and
Cu (light dashed line). (From Reference [63]).
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rials and radon progeny could settle on surfaces. Below 2?2Rn, the only isotope
with a long half-life is 2'Pb (22.3 years). ?*Rn (half-life 55.6 s) has no long-
lived daughters. Consequently, among radon progeny, 2!°Pb and its daughters
(21°Bi and ?'°Po) are special concerns for dark matter experiments. To mitigate
the radon contamination, de-radonized gas can be used and the components for

detector construction should limit their exposure to air.

1.5.3.2 Other radioactive isotopes
10K [64]

40K has a half-life of 1.25 x 10° years and it is a primordial radionuclide. “°K has
two decay modes. One decay mode is -decay to *°Ca (branching ratio 89.3%)
with a Q value of 1.31 MeV. The other mode is electron capture to °Ar (branching
ratio 10.7%) with an emission of 1.46-MeV y-ray (10.7%).

60Co [64]

%0Co has a half-life of 5.27 years, and it can be generated by cosmic ray neutron
interactions [66]. The decay mode of %°Co is B-decay to “Ni (branching ratio
100%) with a @ value of 317 keV. The decay also emits two y-rays at 1.17 MeV
(99.85%) and 1.33 MeV (99.98%) in close interval (~1 ps).

137Cs [64]

137Cs has a half-life of 30.1 years, and it is an anthropogenic radionuclide generated
in nuclear fission. *"Cs decays to *"Ba through p-decay (branching ratio 100%).
The decay of 3"Cs emits electrons with a mean energy of 187.1 keV, and y-rays

with 31.8 keV (2.0%), 32.2 keV (3.6%) and 661.7 keV (85.1%).
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1.5.4 Neutrino background

For future tonne-scale dark matter experiments such as LUX-ZEPLIN, the back-
ground from solar neutrinos becomes significant [67]. Neutrinos are not possible
to shield against because of their small interaction cross-sections. Neutrino sig-
nals themselves are interesting, especially for the coherent elastic neutrino-nucleus
scattering which is a standard model process not yet observed [68]. However, the
presence of solar and atmospheric neutrino backgrounds leads to the so-called
“neutrino floor” for WIMP direct detection, where the neutrino background poses
challenges in probing lower WIMP-nucleon interaction cross-sections [69].

To translate the radioactivity in different detector components into the number
of recoil events in the active volume of the detector, Geant4 [70] is widely used.
The radioactivity of the PMT in this thesis and its contributions to the total
radioactive background of a cryogenic detector module are discussed in Section

4.6l

1.6 Direct detection of WIMPs - a survey to ex-
periments

Below is a survey of the mainstream experiments using liquid noble gas detectors
and cryogenic detectors, as the dual-phase xenon experiments and cryogenic detec-
tor experiments set the best limits on the WIMP-nucleon elastic spin-independent
cross-section, for the high-mass and low-mass WIMP, respectively. More infor-
mation about the different experiments in the direct detection field can be found
in Reference [71]. As shown in Figure [1.15 the WIMP-nucleon interaction cross-
section versus WIMP mass plot shows the sensitivity of different experiments,

under the canonical assumptions similar to those described in Section [I.3]
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Figure 1.15: Parameter space of the spin-independent elastic dark matter-nucleon
cross-section (vertical axis) versus the dark matter particle mass (horizontal axis).
Figure produced with the Dark Matter Limit Plotter maintained by SuperCDMS

collaboration.
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1.6.1 Liquid noble gas detector experiments

1.6.1.1 Detector medium

Xenon

Liquid xenon has many merits as a detector medium for the direct detection of
WIMPs. It has a relatively high density of 3 gem™3, thus a detector with a
tonne-scale or more xenon target could be constructed relatively compactly. It
is a high-Z material, allowing self-shielding against some background radiation.
It has a high absolute light yield of more than 60 phkeV ™! at zero electric field
in respond to electron recoil [72], and the scintillation light has a wavelength of
178 nm [73], which can be detected by a PMT directly without a wavelength
shifter. Liquid xenon has relatively high electron drift speed (low-field mobility
2.2 x 10* em?s~' V™! [74]). Xenon is a noble gas, so it is relatively easy to use a
commercial getter to remove electronegative impurities and achieve a long electron
lifetime (usually hundreds of us). The high electron drift speed and long electron
lifetime facilitate the readout of the ionisation channel. Xenon has no long-lived
radioactive isotopes (except 13%Xe with a 2.16 x 10?! year half-life for double-
beta decay), and the ¥Kr and **2Rn contamination in xenon can be removed by

purification.

Argon

Liquid argon (LAr) emits scintillation light with a wavelength of around 130 nm
[73], which is difficult to be directly detected with PMTs, thus a wavelength shifter
(e.g. TPB) is usually needed. The scintillation light decay constants of LAr have
two well-separated components, with the fast scintillation decay time constant
measured to be 7 ns and the slow one measured to be 1600 ns [75]. Nuclear recoils

and electron recoils have a different ratio of the fast and slow scintillation decay
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components, thus the pulse shape of the scintillation can be used more effectively
for discrimination between nuclear recoils and electron recoils, compared to xenon.
Atmospheric argon contains the radioactive isotope °Ar, a product of cos-
mogenic activation, with a specific activity of ~1 Bqkg™'. 3°Ar has a half-life
of 269 years and it decays 100% through p-decay with 565 keV end-point energy
[64]. Using argon extracted from certain underground sites with low 3°Ar content
(<5% relative to the atmospheric argon) can alleviate this background [76].

Details of the liquid noble gas technology applied to the direct detection of

dark matter can be found in Refs. [77, [7§].

1.6.1.2 Dual-phase noble gas detector experiments

Dual-phase noble gas detectors operate as time projection chambers (TPCs, shown
in Figure [[.16). A particle hitting the detector medium generates scintillation
photons as well as ionisation. A prompt signal (S1) is generated by the PMT
arrays detecting the scintillation photons, while the electrons from ionisation are
drifted towards the liquid surface under the electric field of the TPC. At the liquid
surface, the electrons are extracted from the liquid phase to the gas phase. Sub-
sequently, electroluminescence from the extracted electrons happens in the xenon
gas under the high electric field. The electroluminescence generates an S2 signal,
delayed relative to S1. In this way, the z position of a particle interaction ver-
tex can be inferred from the time difference between S1 and S2, as this duration
multiplied by the electron drift speed gives the electron drift length. The z-y
position can be inferred from the hit pattern of the top PMT arrays. Thus, the
three-dimensional position of the particle interaction vertex can be reconstructed,
and a fiducial volume at the centre of the TPC with low radioactive background
can be defined for WIMP searches, making use of the self-shielding of the noble

liquid. The monolithic nature of the detector means smaller surface to volume
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Figure 1.16: Ilustration of an example event in a dual-phase xenon experiment
(e.g. the LUX experiment). A particle interaction generates electrons and scin-
tillation photons. The scintillation photons are detected by the PMT arrays as a
prompt signal (S1). The electrons are drifted to the liquid surface, then extracted
into the gas under high electric field. Afterwards, electroluminescence from the
extracted electrons happens under high electric field, measured by the PMT arrays
as a delayed signal (S2). (From Reference [79])



CHAPTER 1. INTRODUCTION 59

ratio when the experiments scale up, which increases the dark matter signal to ra-
dioactive background ratio. It is because the dark matter signal is proportional to
the mass (thus the volume) of the detector, while the radioactive background from
the detector construction materials is positively correlated with the surface area of
the detector. Also, nuclear recoil and electron recoil give different ratios of S1 to
S2, and this ratio can be used for particle discrimination. For an argon detector,
the pulse shape of S1 can be used more effectively for particle discrimination in

addition to the S1/S2 ratio, facilitating a higher rejection efficiency.

Xenon

The dual-phase xenon experiments have produced the tightest limits on the spin-
independent (SI) WIMP-nucleon cross-section in recent years. With the coming
tonne-scale dual-phase xenon experiments, this technology will be even more com-
petitive.

The Large Underground Xenon (LUX) detector is a 370-kg dual-phase xenon
time projection chamber with 250 kg active mass, and ~118 kg fiducial mass (fidu-
cial mass is analysis-dependent) [80,[8I]. A relatively high light detection efficiency
(0.117 photons detected per photon emitted), combined with lowering the analysis
threshold to require only two-PMT coincidence in S1 pulses, contributes to the
low energy threshold (1.1 keV,,) and, subsequently, the sensitivity to low-mass
WIMPs in LUX. LUX also employed various techniques for the energy calibration
of a large xenon TPC to very low energies, including using tritium for electron
recoil (ER) calibration [82], and using Deuterium-Deuterium neutrons for nuclear
recoil (NR) calibration down to 0.7 keV,, [83]. LUX recently announced the re-
sult of a WIMP search with 332 live days of data, and the result is compatible
with the background, with a four-fold sensitivity improvement over the previous

result to cross-section 2.2 x 10746 cm? at 50 GeV ¢ =2 for ST WIMP-nucleon elastic
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interaction [48]. The recent LUX WIMP result from 332 live days sets the world-
leading sensitivity for SI WIMP-nucleon cross-section for WIMP masses larger
than 7 GeV ¢ 2 (Figure [L.15).

The next-generation LUX-ZEPLIN (LZ) detector will be a 10-tonne xenon
detector with 7 tonne active mass and 5.6 tonne fiducial mass [84], located in the
same water tank used by LUX after LUX is removed. To maximise the fiducial
mass, the skin region of the TPC will be monitored by PMTs, and a detector
with liquid scintillator will be installed outside the ultra-pure titanium vessels,
along with the water tank for shielding and veto purposes. LZ is expected to start
running at 2020.

The XENONIT detector has a total mass of 3.2 tonnes of xenon, of which 2
tonnes are active and ~1 tonne is fiducial mass [85]. It is currently undergoing
commissioning, and the science run is expected to start in autumn 2016 [S6].
Its design includes features to facilitate upgrading to a larger detector (called
XENONnNT) quickly in the future.

The PandaX-II detector has 500 kg of xenon, with 329 kg fiducial mass. Re-
cently it published WIMP search results from 98.7 days of data [87], and the result
is compatible with the background, which leads to a limit on the ST WIMP-nucleon
cross-section similar to that from LUX’s 332 live days (Figure .

DARWIN is a proposed project after LZ and XENONnT, which would have
about 45.4 tonnes (50 tons) of xenon in total, of which 36.3 tonnes (40 tons) is
active [88]. It is going to probe the parameter space down to the “neutrino floor”

for relatively high-mass WIMPs for spin-independent WIMP-nucleon interactions.

Argon

The DarkSide-50 detector has an active mass 46.4 kg of argon, and the fiducial

mass is 36.9 kg. Recently it reported a WIMP search result using underground
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argon with a low 3°Ar content (0.73 mBqkg ') with data of 70.9 live days (Figure
[46]. The experiment demonstrated powerful pulse shape discrimination by
using the fraction of S1 light detected in the first 90 ns of the pulse to discriminate
against ER events.

The ArDM-1t detector has a total mass of around two tonnes of LAr. Al-
though it is operating with atmospheric argon and is thus dominated by the 3?Ar
background, its recent result indicates that pulse shape discrimination against ER
events can be efficiently achieved with tonne-scale LAr detectors [89)].

Both the DarkSide and ArDM collaborations are actively developing SiPMs to

replace PMTs as the light detector, with the aim to improve light yield [89} 90].

1.6.1.3 Single-phase noble gas detector experiments

For single-phase noble gas detectors, only the scintillation light from particle in-
teractions is read out, thus this type of detector could not use the signal ratio
of ionisation to scintillation for particle discrimination. However, argon detectors
could still effectively use pulse shape discrimination in the scintillation signal to
discriminate against the radioactive background. The hit pattern and time dif-
ference between signals in different PMTs are used to reconstruct the vertex of
the particle interaction, but with a much lower accuracy compared to dual-phase
detectors, limiting the definition of a fiducial volume to make use of the self-
shielding of the noble gas. Because there is no need to provide any high voltage,
light detectors (e.g. PMTs) can be placed evenly on the surface of a spherical
volume. Hence larger photocathode coverage and subsequently higher light yields

can usually be achieved compared to dual-phase noble gas detectors.
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The XMASS-I detector has a total mass 835 kg of liquid xenon, instrumented by
642 PMTs. It has reported a large photocathode coverage (>62%) and a high
light yield of 14.7 & 1.2 photoelectron - keV™" [91]. Recently it reported results
on searching for inelastic WIMP-nucleus scattering on 2Xe [92] and Bosonic
super-WIMPs [93]. However, the difficulty of constructing event vertex with in-
formation of hit pattern of PMTs prevents XMASS-I from defining a large fiducial
region [94]. This, combined with the difficulty of using pulse shape discrimination
to discriminate against the electron recoil background [95], makes the XMASS-I

detector not as competitive as its dual-phase counterparts.

Argon

The DEAP-3600 detector has a total mass of 3600 kg of liquid argon, of which
~1000 kg is fiducial mass [96]. Atmospheric argon with a high content of 3?Ar is
used, thus good pulse shape discrimination against the ER is critical for a WIMP
search. The experiment is being commissioned, and a physics run is expected

later in 2016.

1.6.2 Cryogenic detector experiments

Cryogenic detectors are usually solid state detectors operated at milli-Kelvin tem-
peratures in a *He/“He dilution refrigerator, equipped with sensitive phonon sen-
sors, e.g. superconducting transition-edge-sensors (TES) or neutron transmuta-
tion doped Ge (NTD-Ge) sensors. As a first order approximation, because the
heat capacity is minimised at such low temperatures, the tiny energy deposit from
a particle interaction in the absorber crystal will cause a measurable temperature
change that will be picked up by a TES or NTD-Ge sensor. Besides the phonon

channel, the signal from another channel (either the ionisation channel or the
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scintillation light channel) is usually read out simultaneously, and the signal ra-
tio of the two channels can be used for event type discrimination. Compared to
noble gas detectors, cryogenic detectors are relatively difficult to scale up due to
practical difficulties (e.g. consistency in detector performance between different
detectors). Also, the cryogenic experiments currently consist of individual detec-
tor modules with smaller than 1 kg detector mass each, thus the surface to volume
ratio is roughly unchanged even when the experiments scale up. As mentioned
before, the external radioactive background is positively correlated with the sur-
face area of the detector, and the WIMP signal is proportional to the mass (thus
the volume) of the detector. A relatively high surface to volume ratio, compared
to the monolithic detectors in noble gas experiments, makes it difficult for the
experiments with cryogenic detectors to minimise the backgrounds from detector
construction materials. However, cryogenic detectors usually feature better elec-
tron/nuclear recoil discrimination power (e.g. >99.99% in CDMS II [97]) than
liquid noble gas detectors (e.g. 99.6% in LUX [98]). Consequently, cryogenic de-
tectors could tolerate more electron recoil events in the fiducial region. Moreover,
cryogenic detectors have been demonstrated to achieve very low energy thresholds
(< 1keV) [99,45]. The low energy threshold, coupled with the availability of low
atomic mass target, makes cryogenic detectors very suitable for probing low-mass
WIMPs, given that liquid noble gas experiments are more competitive in the high
mass range. Details of cryogenic detector technology are described extensively in

Refs. [100, 10T, 102].

1.6.2.1 Cryogenic germanium detector experiments

Cryogenic germanium detectors measure the signals from particle interactions
in the phonon channel and ionisation channel simultaneously, and use the ratio

of signals (ER has a higher ionisation yield than NR) in these two channels to
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discriminate NR from ER. The particle interaction generates ionisation that is
collected and read out by electrodes on the surface of the Ge crystal. One issue
with such detectors is that ERs which happen near the surface (“surface events”)
have lower ionisation yields than those in the bulk volume of the detector. Hence
those surface ER events could be mistaken as NR. To reject the surface events
and thus define a fiducial volume, the upgraded germanium detectors feature in-
terleaved electrodes on the surface of the crystal (Figure , so that ionisation
from surface events is collected at the electrodes nearby, and the ionisation from
bulk events is collected at the electrodes further away. The detectors with inter-
leaved electrodes are called FID (Full InterDigit) detectors by the EDELWEISS
experiment [103] and iZIP (interleaved Z-sensitive Ionization Phonon) detectors
by the CDMS experiment [104].

The EDELWEISS-III experiment has 40 germanium FID detectors, each with
800 g total mass of which 600 g is fiducial, and it uses NTD-Ge as the phonon
sensor (Figure[L.17). Thus, the experiment has a total fiducial mass of 24 kg [107].
It recently reported a low-mass WIMP search with 582 kg days fiducial exposure
from 8 FID detectors [105], with a null result (not shown in Figure [1.15]).

The SuperCDMS detectors have two operation modes — normal iZIP and high
voltage; both use TES as the phonon sensor. The CDMS low ionisation threshold
experiment (CDMSlite) biases the iZIP detector in relatively high voltage, and
uses the resulting Neganov-Luke effect to amplify the signals, to lower down the
energy threshold. Recently, it published a low-mass WIMP search result from one
detector module that has an electron recoil energy threshold as low as 56 eV, with
a 70 kg days exposure [99]. It sets the world’s best limit on the SI WIMP-nucleon
cross-section for WIMP masses between 1.5 GeVc¢ ™2 and 3.5 GeVc ™2 (Figure
. SuperCDMS Soudan has 15 detectors, each with 0.6 kg detector mass. It

reported on the low-mass WIMP search result, from 577 kg days exposure [10§].
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Figure 1.17: Schematic view (top) and photo (bottom) of the FID detector in the
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EDELWEISS experiment. As shown in the schematic view, ionisations generated
by a particle recoil in the skin region (red) of the detector are collected at the
electrodes nearby; ionisations generated by a particle recoil in the bulk region

(green) of the detector are collected at the electrodes further away. The photo

shows an NTD-Ge sensor at the middle of the detector top surface and the circular

electrodes. (Figures from [105] [106])



CHAPTER 1. INTRODUCTION 66

SuperCDMS SNOLAB is the next phase development for the CDMS program.
It will feature a cryostat that could accommodate 400 kg detector modules and
the initial deployment will include ~30 kg of Ge and ~5 kg of Si detectors, and
both iZIP and high voltage detectors will be used [109]. Also, EDELWEISS will
install some detectors in the SuperCDMS cryostat [110], which has extra capacity
intended for future deployments.

Both EDELWEISS and CDMS are actively working on using the Neganov-
Luke effect to amplify the signals, to lower the energy threshold by improving
the signal-to-noise ratio [I11), [T2]. The mechanism is that under a relatively
high electric field (tens of volts across the crystal), the electron-hole pairs released
in ionisation are accelerated and more phonons are generated in the electron-
hole drifting process. Thus, the signal originally in the ionisation channel gets
amplified in the phonon channel. However, because the amplified signal in the
phonon channel is proportional to the signal in the ionisation channel, and the
amplified signal is one order of magnitude larger than the original phonon signal,
the discrimination power against ER is lost as the discrimination relies on the

signal ratio of the two channels.

1.6.2.2 Cryogenic phonon-scintillation detector experiments

Cryogenic phonon-scintillation detectors (CPSD) measure the phonons and the
scintillation photons from particle interactions simultaneously to discriminate NR
against ER. CPSD will be discussed more in detail in Section

The CRESST-II experiment features 18 detector modules with a total mass of
5 kg, using CaWOy as the absorber (schematic shown in Figure . As shown
in Figure [I.15] recently it reported on a low-mass WIMP search using 52 kg days
exposure from a single detector module with an energy threshold for nuclear recoils

of 307 eV, and it sets the world best limit on SI WIMP-nucleon cross-section for
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Figure 1.18: Schematic view of the cryogenic phonon-scintillation detectors
(CPSD). A particle interaction in the target crystal generates phonons and scintil-
lation photons. The phonons are read out by a thermistor (transition-edge-sensor
or TES in the case of CRESST experiment), while the scintillation photons are
detected by a nearby calorimeter-based light detector with thermistor readout
(TES for CRESST experiment).
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WIMP masses below ~1.5 GeV ¢™2 [45].

The CRESST-III experiment plans to significantly decrease the mass of the
individual absorbers (potentially to ~24 g) to lower the heat capacity and, sub-
sequently, further decrease the energy threshold of the detector to 100 eV [113].
With a 1000 kgdays exposure (from 100 modules of the 24-g detectors) and a
factor of 100 reduction in ER background compared to the current level, the sen-

sitivity of the experiment will be close to the “neutrino floor” for WIMP masses

from 1 GeVe2 to 6 GeV e 2.

1.7 Overview of cryogenic phonon-scintillation
detectors

Cryogenic phonon detectors can determine the energy deposits by ionising radia-
tion very precisely when operating at temperatures below 100 mK. Much better
than any of the mainstream ionisation detectors, an energy resolution of bet-
ter than 2 eV at 5.9 keV has been demonstrated by cryogenic phonon detectors
[TO0]. In addition, by simultaneously recording the energy deposited through the
phonon channel and the scintillation photon channel, cryogenic detectors can have
powerful particle type discrimination [I14], 1T5]. In cryogenic phonon scintillation
detectors (CPSD), the phonon channel is usually read out by a phonon sensor (e.g.
TES or NTD-Ge) attached to the scintillating absorber, and the scintillation pho-
tons are usually measured by a light detector in the vicinity of the absorber, being
not in direct contact. The potential of this technique has been demonstrated by
results searching for WIMPs from the CRESST experiment [116], 45], as mentioned
in Section [L.6.2.2

Due to fundamental losses, the majority of the deposited energy in a scintillator

is converted to phonons and, in general, less than 10% of the energy is converted
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to scintillation [I17]. Thus, the phonon channel is used for precisely measuring
the energy deposited in the interaction and scintillation light channel senstivity
is critical for the the discrimination power of the CPSD [I18]. Even though it is
always a priority for a scintillation light detector to have high photon detection
efficiency, it is very challenging to achieve this goal at milli-Kelvin temperature.
Installing the light detector close to the scintillator crystal can maximise the
light collection efficiency, thus improving the photon detection efficiency. As the
operation of the cryogenic calorimeter rerquires the crystal itself to be cooled down
to milli-Kelvin temperature, so far the only solution devised was to use another

phonon detector specially configured for detecting visible photons.

Cryogenic calorimeter-based light detector

Calorimeters equiped with superconducting transition edge sensors (TES) can
achieve a sensitivity to a few scintillation photons in principle [I19]. To achieve the
optimal sensitivity of the TES, it is necessary to stabilise their operating tempera-
ture precisely within the phase transition edge between the superconducting state
and the normal state. A superconducting quantum interference device (SQUID)
is used to read out the signal from a TES. An example of light detectors using
TES for the CRESST experiment achieve an energy threshold of 3 keV (energy
deposited in the CaWOQ, crystal) [I120] and demonstrate an energy resolution of
180 eV at 5.89 keV, which corresponds to the K,-line of *Mn [121]. However,
it is very challenging to produce TES sensors reliably with the same properties
of phase transitions. As a result, despite the excellent performance individual
detectors can reach, their wider-spread adaption remains limited due to the lack
of reproducibility and consistency in performance, and the specialist knowledge
needed for production.

The development of other types of cryogenic calorimeter-based light detectors
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can be found in the following references: NTD-Ge detector [122, [123], 124], NTD
or TES detectors with Neganov-Luke amplification [125, 126], magnetic metal
calorimeter [I127], phonon-mediated kinetic inductance detectors [12§].
Sensitivity to the tiny temperature changes caused by the interaction of par-
ticles or photons is the primary advantage of cryogenic phonon detectors. But
the detector is also very responsive to other kinds of energy deposition as an in-
tegrating device. Mechanical vibrations around the cryogenic detector can cause
excessive background noise [I124]. The background noise determines the detector
threshold in the cryogenic calorimeter-based light detector and, consequently, af-
fects the experiment sensitivity reach. Another disadvantage is the poor timing
resolution of the CPSD caused by the relatively large time constant (~ 1 — 10 ms)

of such a calorimeter-based light detector [124], 120, 121].

PMT as scintillation photon detector

Given the practical difficulty in the cryogenic calorimeter-based light detectors,
photomultiplier tubes (PMTs) can potentially provide the most scalable solution
to detect visible photons at milli-Kelvin temperatures. PMTs have many mer-
its: they are mature and commercially available, thus the performance could be
guaranteed by the manufacturer; they are relatively easy to use and handle, thus
scalable, and one particle physics experiment has used more than ten thousand
PMTs [129]; they are becoming increasingly better regarding to radiopurity, due
to the campaigns in the liquid noble gas experiments to lower their radioactivity
[130), [131]. PMTs are currently the preferred option for detecting scintillation pho-
tons for these following reasons: i) high quantum efficiency for photon detection
(20%—40%), ii) fast (~10 ns) responsivity, iii) large photon sensitive area (from 1
inch to as large as 12 inches), iv) ruggedness, and v) reliability and reproducibility

of operation. Consequently, major research efforts in the last decade have directed
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to improve the performance of PMTs (e.g. quantum efficiency) and widen their
operational temperature range. Numerous studies have demonstrated the oper-
ation of low-temperature PMTs at liquid noble gas temperatures [132], [133] [134]
and they are currently widely deployed in the relevant experiments (see [135]
and reference therein). Recently, it has been demonstrated that low-temperature
PMTs can detect single photons reliably when cooled close to the liquid helium
temperature [136, 137, 138].

Operating a detector in the photon counting mode has one main advantage
compared to an integrating light detector, which is the much better signal-to-
noise ratio, especially in low frequency. The dark pulse from the PMT caused by
the spontaneous emission of electrons from the photocathode and dynodes [139],
which are noise in the photon counting mode, usually become mush less severe.
In addition, if tagging for true events can be performed by another independent
detector instantly (e.g. the phonon detector of the CPSD), the impact of the
dark pulse can be alleviated significantly. PMT readout has another advantage
regarding the timing resolution for the scintillation measurement, as the timing
characteristics of the signal detected by the PMT is almost totally decided by the
scintillation decay time characteristics (typically <1 ms). Consequently, the pile-
up between events, a potential problem for the relatively slow cryogenic detectors,
can be alleviated by the improvement in time resolution of the detector.

Overall, this provides strong motivation for testing PMT as a cryogenic light
detector for CPSD. In this thesis, two CPSD modules were successfully tested
(Figure . First module used a CaMoO, scintillator crystal as the absorber,
the other module later switched the absorber to CaWQO,. Both calorimeters were
read out by the same NTD-Ge sensor in the phonon channel and the scintillation
channel was read out by the same cryogenic PMT from Hamamatsu (R8520-06-

PT). At milli-Kelvin temperatures, the scintillation decay of the CaMoO, and



CHAPTER 1. INTRODUCTION 72

CaWOQy crystals were measured in this experiment, as will be discussed in Section
4.2.2

The cold-temperature PMT working at milli-Kelvin temperatures in this the-
sis could replace a whole detector component in CPSD experiments for rare event
searches (e.g. CRESST), the scintillation light readout with a much more reli-
able system which is consistent in performance and scalable. While the scintil-
lation detector in CRESST can be very good, judging from published material,
there is widespread in detector performance, usually linked to the light detec-
tor. Consequently, replacing it with the cold PMT could potentially improve
the science reach of the CRESST experiment significantly. The phonon chan-
nel in CRESST experiment in principle could also be replaced by the successfully
demonstrated NTD-Ge technology used in EDELWEISS. This thesis demonstrates
a complete cryogenic phonon-scintillation detector system, to demonstrate that a
cold-temperature PMT as an integrated component in the CPSD works well.

This thesis contains material from two papers published by the author [140

141].
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Experimental apparatus

2.1 Overview of the experiment setup

The CPSD module consisted of two separate detectors close to each other (Figure
: a cryogenic calorimeter with a scintillating crystal as the absorber (Section
and a low-temperature PMT (Section [2.3). The calorimeter and the PMT
respectively measure the phonon and scintillation signals, simultaneously from
the energy deposit caused by a particle. The module was installed inside an
Oxford Instruments Kelvinox400 *He/*He dilution refrigerator (Figure and
Figure , which cooled the detectors to mK temperatures for operation. The
PMT was powered by a Cockcroft-Walton generator (CWG), and the CWG was
installed in the still stage of the dilution refrigerator (reasons discussed below).
The CPSD module was read out by custom-made electronics (Section [2.5).

The CPSD module in this experiment uses an NTD-Germanium sensor as
the readout for calorimeter channel, and a PMT as the readout for scintilla-
tion/light channel. The following requirements are needed for the design of the
experiment setup: i) dimensionally, the coldest space available in the Oxford In-

struments Kelvinox400 3He/*He dilution refrigerator in use (below the mixing

73
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Figure 2.1: Schematic view of the CPSD module with a low-temperature PMT as
light detector
chamber stage) has cylinder shape with a diameter of around 90 mm and height
of around 250 mm. The calorimeter and PMT need to be installed in the coldest
stage for operation; ii) electrically, the operation of PMT requires high voltage
biasing. Manufacturer recommendation for the PMT biased voltage at room tem-
perature is ~900 V between cathode and anode, but the PMT might need higher
than the recommended voltage at milli-Kelvin temperatures. The danger of high
voltage discharge should be mitigated; iii) thermally, the heat conducted and gen-
erated by the detector module should not prevent the dilution refrigerator from
cooling close to the base temperature (around 10-15 mK), for the optimal oper-
ation of the calorimeter. Also, a stable heat bath is needed for the calorimeter;
iv) in consideration of signal integrity, the biasing, excitation and signal readout
should have as little interference/crosstalk to each other as possible; v) the phonon
collection and light collection needs be optimised to increase signal size; vi) price
is also an important factor.

The experiment setup is shown in Figure[2.2] Below is a brief review in general
how the experiment setup addresses the requirements above, while the detailed
discussion of the calorimeter is in Section [2.2]and the light detector in Section [2.3]

To address requirements (i) and (vi), small crystals (dimensions smaller than
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Figure 2.2: The experimental setup in the Oxford Instrument Kelvinox400
3He/*He dilution refrigerator. The main components of the dilution refrigera-
tor are annotated on the right side, while the main components specific to this
experiment are annotated on the left side.
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Figure 2.3: Schematic view of the high-voltage delivery and monitoring system,
and the readout systems of the PMT and phonon detector. The temperatures
on the right side show the temperatures that the different components were heat-
sunk to. These are nominal values, not actual measurements. The JFETs were
weakly heat-linked to 4.2 K but they were heated to about 120 K with a heater
for optimal performance.
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10 mm) and one-inch PMT are chosen for this study, which is suitable for this
stage of feasibility study.

For requirement (ii), with the constraint from requirement (iii), it is easy to
calculate that a voltage divider at the mixing chamber stage generates too much
heat, because cooling power provided by the dilution refrigerator at around 20 mK
is around 15 uW. Consequently, the option of using voltage divider at the PMT
base is ruled out. Alternatively, it is possible to provide the individual voltages
required by the PMT from a power supply on the air side. However, the required
high-voltage vacuum feedthrough and the long high-voltage cable from the air
side all the way to the coldest stage is not desirable, especially the required biased
voltage at milli-Kelvin temperatures is potentially higher (later confirmed) than
that recommended by the manufacturer. A high-voltage delivery system based on
Cockcroft-Walton generator is chosen for this experiment. The Cockeroft-Walton
generator was installed in the still stage of the dilution refrigerator, generating the
different voltage required by the PMT, and the different voltages were delivered
to the PMT through laminated cable with individual tracks. In this way, the high
voltage was confined in the area between the still stage and the PMT, and no
high voltage feedthrough was needed. A small AC voltage (a few volts) from a
function generator is all needed to be provided on the air side.

For requirement (ii) (iii) and (iv), laminated cable is used for the delivery
of high voltage and readout of heat channel (Figure . Laminated cable is
flat, thus it is easier to be heat anchored compared to coaxial cable. Also, it
is proven to be enough to prevent the high voltage discharge and to prevent
crosstalk between challenge. These laminated cables are also being extensively
used in EDELWEISS-III experiment.

For requirement (iii), a large detector housing made from copper was used, and

the detector module was heat sunk to this copper housing. The copper housing
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provides mechanical support, works as a heat bath as well as shield the ambient
radioactivity.

For requirement (v), the PMT was located close to the scintillation crystal
(as the absorber of the calorimeter) but not touching, to maximise the phonon
collection and light collection. Also, to increase light collection efficiency, the inner
surface of the cavity where the CPSD module locates were lined with reflective
foil, and the detector geometry and the surface conditions of the crystal were

optimised with the help of optical simulation.

2.2 Calorimeter setup

The calorimeter setup is shown in Figure[2.4] The scintillating absorber was either
a CaMoOy, crystal (5.0%9.5x9.5 mm?) or CaWOy, crystal (3.3x8.4x9.7 mm?). A
thin layer (250 nm thickness) of gold film (area 6.2x2.2 mm? for CaMoO, and
3.0x3.0 mm? for CaWQ,) was evaporated on the crystal top to thermalise the
phonons in the absorber created by an energy deposit from a particle and help
collect those phonons. A neutron transmutation doped germanium (NTD-Ge)
thermistor (1.5x1.5x0.5 mm?) was glued on the gold film with a thin layer (25
um thickness) of Araldite adhesive. A string of thin Teflon fibres was placed on
top of the adhesive before it was cured to prevent physical touching between the
the gold film and the NTD-Ge, which could create a short across the electrodes
in the NTD-Ge thermistor.

The energy deposit from a particle creates athermal phonons and they get
collected and thermalised in the thin gold film, causing a heat up in the crystal,
the gold film and, eventually, the NTD-Ge. The temperature rise of the NTD-Ge

is measured by the change of its resistance according to:
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Figure 2.4: Schematic view of the calorimeter with an NTD-Ge sensor as the
phonon sensor.

R(T) = Ryexp (?)1/2 : (2.1)

where R is the resistance of the NTD-Ge, T is temperature, and Ry as well as T
are constants which are specific to individual NTD-Ge sensors. For the NTD-Ge
in this experiment, a generic calibration gives Ry = 5.52 {2 and T, = 2.99 K.
Several strings of thin gold wires (25 ym diameter) were bonded to the two gold
electrodes on two strips on the top surface of the NTD-Ge. The other end of the
gold wires was connected to landing pads on a printed circuit board (PCB) with
silver paint. The PCB was bolted to the copper housing. The gold wires provided
electric connections for readout as well as thermal connections for the operation of
the calorimeter, as the heat generated by the energy deposit could be transferred
to the heat bath. Solder at very low temperature becomes a superconductor
and, in the superconducting state, it has very low thermal conduction, which is
undesirable for the thermal connection between the calorimeter and heat bath. As
silver paint remains non-superconducting even at the lowest temperatures, silver
paint is used instead of solder. As shown in Figure 2.5 the PCB with landing
pads was mounted in an NOSV copper (a type of copper with low hydrogen
content, reasons discussed later) housing structure in a horizontal orientation.

The horizontal PCB was connected to another PCB on the vertical side, which
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Figure 2.5: Calorimeter setup in NOSV copper housing. The inner surface of
the copper housing was lined with reflective foil for light collection purpose. The
calorimeter was suspended in the copper housing structure with nylon fibres, and
the tension of the nylon fibres could be adjusted with tensioning screws. Thin gold
wires (25 ym diameter, too thin to be visible in photos) connected the calorimeter
to the landing pads of the horizontal PCB with silver paint. The horizontal PCB
is connected to the vertical PCB, which had a receptacle array for the laminated
cable.

was mounted in the same copper structure. The vertical PCB featured a receptacle
array to provide connectivity for the custom-made semi-flexible laminated cable,
which connected the NTD-Ge sensor to the cold JFETs. A cable made from several
long PCBs connected the cold JFETs to room temperature readout electronics.
The cabling scheme for the phonon channel is shown in Figure 2.3l The JFETSs
were weakly heat-linked to the 4.2-K stage but they were heated up to 120 K
for optimal performance [I142] and the box containing JFETs was covered with
aluminium tapes to mitigate the thermal radiation from this warm part (Figure
. The cables were well heat sunk at different temperature points in the dilution
refrigerator. All the surfaces of the rectangular CaMoQO, crystal were polished,
while five faces of the rectangular CaWQy crystals were roughened to improve the
light collection efficiency (details in Section . The calorimeter was suspended
in the copper housing structure with nylon fibres and the tension of the nylon

fibres could be adjusted with tensioning screws.
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2.2.1 Heat capacity

As a first-order approximation, the temperature rise AT of the calorimeter result-
ing from the energy deposit E of a particle follows:
E

AT = — 2.2
= 22)

where C' is the heat capacity of the calorimeter. Thus, the heat capacity of the
calorimeter is important for the signal size resulting from the energy deposit of a
particle and, consequently, the performance of the calorimeter such as its energy
resolution and energy threshold. The heat capacities of the major components
in the two calorimeter modules with a CaMoO, crystal and a CaWQy crystal,
respectively, are listed in Table 2.1 The NTD-Ge sensor dominates the heat
capacity of the calorimeter at <20 mK temperature, and its heat capacity is at
least 20 times as large as the absorber crystal. In other words, the absorber
crystal can be enlarged to ~20 times bigger before its heat capacitance starts to

have significant effects on the heat capacitance of the calorimeter.

2.3 Light detector setup

The PMT used in this experiment was a Hamamatsu R8520-06-PT 10-stage Bial-
kali PMT with platinum underlay. The photocathode of a normal Bialkali PMT
becomes too resistive when it is cooled down to low temperature, leading to posi-
tive charge accumulation in the cathode and, thus, a decrease of the PMT quan-
tum efficiency. The Pt underlay of the cathode remains conductive at the lowest
temperature, solving the charge accumulation issue. However, the presence of the
Pt underlay also decreases the room-temperature quantum efficiency of the PMT
to ~15%, compared to ~ 30% of a similar PMT model with Al strips designed for

liquid xenon temperature in a dark matter experiment [I43]. The Pt underlay in
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CaMoO,4 module

Components Dimensions (mm?) Etezgﬁll?mgt(?g/ri{ I>(
NTD-Ge sensor 1.5 x 1.5 x 0.5 45.0 33.8
Araldite T x 0.66% x 0.025 x 2 7.6 5.7
Gold film on crystal | 6.2 x 2.2 x 0.00025 4.6 3.5
CaMoQOy crystal 9.5 x 9.5 x 5.0 1.8 0.7
NTD-Ge gold pads Negligible
Total heat capacity of calorimeter (pJ/K) | 59.0 [ 43.7

CaWQO, module

Heat capacity (pJ/K)

Components Dimensions (mm?) At 90 mK T AL 15 mic
NTD-Ge sensor 1.5 x 1.5 x 0.5 45.0 33.8
Araldite T x 0.66% x 0.025 x 2 7.6 5.7
Gold film on crystal | 3.0 x 3.0 x 0.00025 3.0 2.3
CaWOQy crystal 8.4 x 9.7 x 3.3 2.1 0.9
NTD-Ge gold pads Negligible
Total heat capacity of calorimeter (pJ/K) | 57.7 | 42.7

Table 2.1: Heat capacity of the major components in the calorimeters with
CaMoO,4 and CaWOQ, as the absorber, respectively.

this PMT is not visible through inspection by eye, while Al strips in PMTs for
liquid xenon temperature are in the form of thin strips in a cross shape, which
indicates the Pt underlay covers the whole photocathode area. The PMT faced
the scintillating crystal with a gap, which is required for the optimal operation of
the calorimeter, as thermalization should only be through the gold wires bonded
to the NTD-Ge for the best performance.

With the PMT located close to the sensitive calorimeter at the lowest temper-
ature stage of the cryostat, the high voltage delivery system of the PMT should
not introduce too much heat and prevent the calorimeter from reaching its opti-
mal performance at low temperature, or create excessive noise in the calorimeter
signal channel. To achieve this, the PMT was powered by a high voltage delivery
system with a 25-stage Cockecroft-Walton generator (CWG) (Figure [144].
As shown in Figure 2.3 a hermetic seal feedthrough connected a small air-side

AC signal through a twisted wire pair to a transformer with a winding ratio of
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25:600, which ramped up the AC voltage initially. The transformer was installed
at the 4.2-K stage, inside the inner vacuum chamber (IVC). Inside electrically
grounded shielding, another twisted wire pair connected the AC voltage from the
transformer to a 25-stage Cockcroft-Walton generator, which transformed the AC
low voltage to different DC high voltages at different stages of the generator. The
CWG was made from a printed circuit board with capacitors (470 nF) and diodes
(low leakage) soldered on, as shown in Figure and Figure The Cockeroft-
Walton generator was mounted at the still level of the dilution refrigerator, which
was about 700 mK. The still level was chosen as it provides enough cooling power
to heat dissipated by the diodes and the attenuator resistors. The high voltage
generated by the CWG was monitored from outside the cryostat after be atten-
uated by a resistive voltage divider, with room-temperature resistance values of
1 M and 1 G2, which are soldered on the same PCB of the CWG. The CWG
generated the different suitable DC high voltages in its stages, and these high
voltages were then passed through a custom-made semi-flexible laminated cable
with individual tracks for different voltages and connected to an array of pins
soldered on the side of a PCB below the PMT. As a PMT base, that PCB had
an array of receptacles connecting to the PMT pins, and it delivered the different
DC high voltages individually to the PMT pins. As mentioned, only a small AC
voltage (few volts) from a function generator was needed from the air side and any
high voltage feedthrough was avoided (around 2-3 kV voltage is needed to power
the PMT, as discussed later in this session). Also, the presence of high voltage
was confined in a small space below the still stage between the CWG and PMT,
avoiding long cryogenic high voltage cables from room temperature to the still
stage. There was no need for voltage dividers at the mixing chamber level of the
dilution refrigerator near the PMT because the CWG generated various voltages

for the cathode, grid, dynodes and anode of the PMT. As mentioned before, the
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Figure 2.6: Schematic of the 25-stage Cockcroft-Walton generator (CWG) based
high-voltage power supply. The connections of the power supply to the various
stage of the PMT are also shown. For clarity, only the first few and last few
stages of the CWG are shown. The power supply to the PMT follows the voltage
distribution ratio recommended by the PMT manufacturer [145]. Top right corner
shows an attenuator consisting of two resistors as a voltage divider, R; and Rs
(R; = 1GQ and Ry = 1 MQ at room temperature), for high-voltage monitoring
purpose. As shown at bottom right corner, a high-pass filter consisting of a resistor
R3 (0.67 MQ) and a capacitor Cy (1 nF) enables powering the anode of the PMT
with DC voltage, while the high-frequency signal (single photoelectron pulse) from
the PMT anode could be readout.

heat dissipated by voltage dividers (>1 mW) is calculated to be excessive for the
mixing chamber level of the dilution refrigerator (cooling power ~400 uW at 100
mK and ~15 yW at 20 mK) and the calorimeter. Consequently, the absence of the
voltage dividers at the mixing chamber stage is essential for the cryostat to reach
the required milli-Kelvin temperatures and for the operation of the calorimeter.
The signal of the PMT was carried by a coaxial cable from the PMT base PCB,
all the way to the readout electronics located outside the cryostat at room tem-
perature. The PMT itself is thought to generate only an insignificant amount of
heat from electron multiplication and no heat generated by the PMT itself has
been observed at mK temperatures.

No detrimental effect on detector operation has been found while running the
CWG, especially on the signal of the low-temperature calorimeter, which was sen-
sitive and co-located. The use of a semi-flexible laminated cable for the calorimeter
readout and for the delivery of high voltages to the PMT was demonstrated to be

enough to shield any detrimental effects from the operation of CWG and enough
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Figure 2.7: The 25-stage Cockcroft-Walton generator board (PCB dimensions:
72 x 48 mm?) heat-sunk to the still stage of the dilution refrigerator. A semi-
flexible laminated cable carried the voltages from different stages of the CWG
with individual tracks, to deliver them to the different stages of the PMT.
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to prevent high voltage discharge, even though the delivery of the high voltages for
the cathode/dynode/anode stages of the PMT was adjacent to the readout cables
of the calorimeter. The CWG was driven at 23 kHz frequency, well above the
NTD-Ge modulation frequency in the calorimeter (500 Hz or 1 kHz), also above
the typical bandwidth of the readout system based on SQUID for transition-edge
sensors (TES) in the CRESST experiment [146]. Also, no temperature rise was
observed on the calorimeter from the introduction of the PMT readout system
into the cryostat or the operation of the PMT and the calorimeter was able to
cool down to as low as 13 mK when the PMT was on.

The PMT in this experiment is recommended by the manufacturer to be biased
up to 950 V between cathode and anode at room temperature. However, it was
observed that, at milli-Kelvin temperatures, this recommended bias potential is
not enough to multiply the photoelectrons to be well separated from the noise of
the readout electronics. The PMT was thus biased to 2-3 kV to have a good single
photoelectron response at milli-Kelvin temperatures (Section . The reason for
the need of this much higher voltage is unknown. It could be due to the secondary
electron emission efficiency of PMT dynodes dropping significantly at milli-Kelvin
temperatures compared to room temperature, or it could be due to the decrease
of electron collection efficiency resulting from dynode shape deformation at low
temperature. However, even at such high voltage, no electric breakdown was

observed during the PMT operation at milli-Kelvin temperatures.

2.4 Detector assembly

Compared to the well-shielded environment against comics rays and the stable
environment found in an underground laboratory, there are additional challenges

when operating cryogenic detectors in an above-ground laboratory, including am-
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Figure 2.8: Detectors in copper housing. The image on the left shows different
components separated, with the back reflector shown in bottom left corner, the
PMT inside the copper housing with a PCB as mounting base shown in the
upper middle corner, and the calorimeter with the scintillating absorber shown
in the bottom right corner. The image on the right shows the detectors after
assembly, which shows (from the top to the bottom) the back reflector, calorimeter
component and the PMT with PCB mounting component.

bient radiation and vibration. These issues were addressed by providing copper
housing structures with a relatively large mass around the detectors. As shown in
Figure 2.1 and Figure the two detectors mentioned above were housed inside
copper structures which provided mechanical support, shielded the detector from
ambient radiation and provided cooling power as a heat bath. The copper housing
structures were heat-sunk to the mixing chamber stage in a dilution refrigerator,
which is the lowest temperature stage in the cryostat. NOSV copper with low hy-
drogen content was used for constructing the housing structures, as below 20 mK
the slow heat leak by ortho-para conversion of hydrogen in copper prevents the
cryostat from further cooling down to base temperature [I47]. The inner surface

of the copper housing is covered with VM2000 highly reflective foil (manufactured

by 3M) to improve light collection efficiency [148].
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2.5 Data acquisition

Two separate custom-made DAQ systems were deployed to read out the phonon

channel and the light channel, respectively.

2.5.1 Phonon channel DAQ

The aim of the phonon channel DAQ was to measure the resistance between
the two electrodes of the NTD-Ge thermistor over time, as the resistance change
corresponded to energy deposit. The excitation was a square-wave current of fixed
amplitude with a modulation frequency of 500 Hz or 1 kHz. To capture the whole
square-wave modulation waveform, the data were digitised at a rate of 100 kHz.
With a constant-amplitude excitation current, the readout voltage amplitude was
proportional to the resistance of the NTD-Ge sensor. A modulated excitation
signal instead of a DC signal was used to mitigate the voltage offset effects in
the low-frequency region of the readout system. Different from the EDELWEISS
experiment, which also uses NTD-Ge as the thermistor and has a similar readout
scheme in the phonon channel, there was no firmware triggering in the phonon
channel in this experiment and the DAQ in this experiment recorded continuously
during data taking. The data rate was around 670 Mbyte/hour. The only pulse
identification of the phonon channel signal was during offline data analysis, which

will be described in Section B.1l

2.5.2 Light channel DAQ

The light channel data were collected by another custom-made data acquisition
system. To resolve individual photons, the data from the PMT were digitised with
5 ns intervals at the ADC, which corresponds to a clock frequency of 200 MHz.

However, with such short times, it was quite challenging for the Spartan-6 FPGA
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in the electronics to manipulate the data. To circumvent this, 8 consecutive data
points were always grouped and the subsequent manipulation was performed on
groups of 8 data points instead of on individual data points. The grouping lowered
the required frequency to 25 MHz, which was more readily achievable given the
limitations of the FPGA chosen. The groups of 8 data points kept updating the
pre-trigger region, which was a ring buffer with enough capacity to accommodate
data in the pre-trigger region length required. Besides updating the pre-trigger
region, the average of the group of 8 data points was compared to the threshold
level, which was set by the user. Once the average value was larger than the
pre-set threshold, the triggering condition was met and an output FIFO (a type
of data buffer) started to transfer the pre-trigger region data and the post-trigger
data to a computer and, finally, the data was stored on disk. Because the average
value of the group of 8 data point was used, there were maximum 40 ns between
the triggering point and the natural rising edge of the analogue signal.

In this experiment, two different modes of data taking were used for CaWQO,
data and CaMoQO, data respectively, mainly because CaMoO, has a too long
scintillation decay time constant (~3.41 ms) for continous recording in the PMT
channel. For CaWQ, data taking, a fixed length of pre-trigger and post-trigger
data were recorded. With this method, a continuous record was produced, cap-
turing a scintillation event, including the baseline as well as the photoelectron
spikes. An example of these records is shown in Figure 2.9 However, because
a large amount of data needed to be transferred from the memory of the dig-
itizer, this had the disadvantage of creating dead time in the data acquisition.
For CaMoO, data, instead of recording a fixed length of data once triggered, the
triggering condition was configured so that the trigger would send a reset signal
when the 8-point average dropped below the threshold for at least two consecutive

8-point groups, and this marked the end of the post-trigger region. In this way,
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only the photoelectron spikes and a small fraction of the baseline data in the pre-
trigger region were recorded, as shown in Figure 2.9, With this method, so-called
“dead-time free” data acquisition was achieved by a decrease in data rate and
this applies to scintillators with longer decay time constants than that allowed by
the capacity of data buffer on board. In a short time, usually more than dozens
of photons are emitted by a typical scintillation event, but that depends on the
energy deposit of the incoming particle and the time constants of the scintillation
of the crystal used.

The data taking parameters in firmware, including digitized time interval,
record length, length of pre-trigger region, cutoff frequencies of the low-pass filters
on the data used in triggering and on the data recorded on disk, the trigger mode
and the threshold level could be set by the user through the interface of the control
software, Oxrop. Oxrop has developed by the Oxford research group over many

years.

2.6 Light detection optimisation

The number of photons detected by the PMT is critical for the performance
of the CPSD, including threshold, energy resolution and discrimination power.
Consequently, the number of photons detected Nyeecteq i @ quantity that needs
to be maximised and it is the product of three factors: the absolute scintillating

yield, the light collection efficiency, and the quantum efficiency of the PMT.

Ndetected - Nscintillated * Neollection * QE . (23)

The absolute scintillating yield is a property of the scintillation crystal, affected
by the production process of the crystal (~28 phkeV_' for CaWOy, at 9 K [I17]).

The quantum efficiency of the PMT, currently estimated at ~15% at 420 nm
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Figure 2.9: Top, a typical event of a 122-keV y quantum measured by the light
detector in the CPSD module with CaWO, as the absorber, in the “fixed-length”
DAQ mode. Bottom, a typical record of an individual photon pulse measured by
the light detector after subject to a low-pass filter with 50 ns time constant in the
CPSD module with CaMoQO, as the absorber, in the “dead-time free” DAQ mode.
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wavelength, has the largest potential to improve significantly, as it is much lower
than the quantum efficiency of current mainstream PMTs at 25%-30%. However,
the improvement of PMT quantum efficiency requires efforts and resources that are
beyond the scope of this thesis. Compared to the two factors above, it is relatively
easy to carry out optimisation for the light collection efficiency by adjusting the
geometry of the detector, the reflector on detector housing surface and surface
conditions (e.g. surface roughness) of the scintillation crystal.

An acceptable energy resolution of the light channel was obtained by the first
detector module which used a CaMoO, crystal with polished surfaces as the scin-
tillating absorber. Afterwards, as a second detector module, we changed the
absorber to a CaWQ, crystal with five faces roughened to get a better light chan-
nel response. The improvement was three-fold. Firstly, according to the man-
ufacturer, the spectral sensitivy of the Hamamatsu R8520-06-PT Bialkali PMT
overlaps better with the emission spectrum by the CaWQ, crystal (peak at 420
nm) than that of the CaMoO, crystal (peak at 540 nm), as shown in Figure [2.10]
However, the VM2000 reflective foil has lower reflection efficiency for the low
wavelength component of the CaWQ, emission, as shown in Figure [2.11] Because
the scintillation photons were reflected multiple times on average before they were
captured by the PMT photocathode, the light collection efficiency of photons with
a specific wavelength had a power law dependence of the reflection efficiency. For
example, with a reflection efficiency X for photons with a specific wavelength,
and N as the average number of times a photon gets reflected before reaching the
light detector, the light collection efficiency of photons of that wavelength is X*.
Secondly, the roughened surface is known increased the light collection efficiency
[149], as fewer photons were trapped inside the crystal by total internal reflection,
especially in the configurations of no optical coupling between the scintillation

crystal and the light detector as in this experiment. As the light attenuation coef-
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Figure 2.10: Luminescence spectra of CaWO, and CaMoO4 measured at T' = 8 K
for excitation with 31 eV VUV photons (red, from [I17]), and the typical spectral
response of an R8520-06-Pt PMT (black).

ficient of CaWQ, in the range of 0.03-0.3 cm™!, depending on the crystal growth
process and the treatment later on, a significant fraction of scintillation photons
are self-absorbed by the crystal if they remain trapped inside the crystal due to
total internal reflection. In the CaWOQ, crystal, the side facing the PMT was
polished. On the opposite side, the area with the gold film evaporated on was
also polished while the rest of that face was roughened. Thirdly, the detector ge-
ometry in the CaWQO, module was carefully optimised with optical modelling and
experimental validation at room temperature (described below). Overall, there
were around 2.8 times as many photons detected in the CaWQO, detector module
(~170 photons for 122 keV) as in CaMoO, detector module (~60 photons for 122
keV), even though the absolute scintillating yields (27-28 phkeV. ) are similar

for these two crystals at milli-Kelvin temperatures [117].
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Figure 2.11: Luminescence spectra of CaWQO, and CaMoO, measured at T =
8 K for excitation with 31 eV VUV photons (red, from [I17]), and the measured
reflectivity spectra of VM2000 foil (black, from [150])
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Optical Modelling

A simulation of the light collection efficiency in the CaWO, setup was carried
out with the aim of improving the light collection efficiency. The simulation
output was confirmed with experimental data at room temperature. The level of
modelling was only meant to reveal general trends in the light collection, but not
give a perfect prediction of light collection. The modelling method is similar to
that in Reference [I51].

ZEMAX ray-tracing software was employed to model the light transport in
the detector module. The non-sequential mode in the software was chosen for the
simulation, which means light rays being traced do not have predefined sequence
of surfaces that they must impinge upon. In this mode, the rays may hit any
part of any objects in the simulation, and they can hit the same object multiple
times. Physical positions and properties of the objects, as well as the directions of
the rays determine the ray trajectories. In this way, the total internal reflections,
polarisation effects and ray splitting at the interfaces are all taken into account
in the simulation, along with the standard reflection, refraction and absorption of
light.

Figure shows an example of the optical model, which corresponds to ge-
ometry Scenario C discussed below. As shown, the geometry model is a CaWO,
crystal floating inside a cuboid cavity without any suspension. Mirrors are on five
sides of the cavity, and the remaining side is modelled as the PMT window and
the photocathode. To eliminate uncertainty at the surface, the scintillation source
was simulated as a volume with the shape of the CaWOQOy crystal, but with dimen-
sions 0.001 mm less than the actual geometrical sizes of the scintillation crystal
(3.3 x 8.4 x 9.7 mm?®). The scintillation photons were set to be not polarised and
they were distributed isotropically. In each simulation run, 100,000 photons with

fixed wavelength 420 nm (emission peak of CaWQ,) were traced, as they were
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randomly distributed in the volume of the crystal. The number of photons leads
to a statistical error £0.3% in the simulation. The isotropic approximation with
an average dispersion curve and CaWO, refractive index n = 1.96 at 420 nm
were adopted for the simulation, because of the negligible effects from the small
anisotropy of calcium tungstate (n. —n, = 0.02) on the final results. The absorp-
tion coefficient o of the CaWOQy, crystal was taken as 0.11 cm™!, and this value was
obtained from the measured transmission spectra after correcting it for multiple
reflections, as discussed in Reference [152]. The bulk scattering coefficient o of
the CaWOQ, crystal was taken as 0.06 cm™!, determined by previous studies of the
crystal [153]. The PMT window was modelled as 1 mm thick, made of synthetic
silica with refractive index n = 1.47. The inner surface of the PMT window was
modelled to be an ideal absorber, for the calculation of the light collection effi-
ciency. The diffused surfaces of the crystal were modelled as Lambertian diffuser.
The mirrors in the model take the reflectivity of the VM2000 reflective foil (0.986)
and the mirrors were modelled as specular reflectors. The result of the simulation
was the fraction of the number of photons generated in the scintillation source
that reaches the inner surface of the PMT window.

Three geometry scenarios were modelled and the modellings were confirmed
with real scintillation data at room temperature: A) control geometry, where the
PMT-scintillator distance is 26 mm, and the gap between the scintillator and the
back reflector is 2 mm; B) PMT-scintillator distance is shortened to 9 mm, and the
gap between the scintillator and the back reflector is 19 mm; C) PMT-scintillator
distance is 9 mm, and the gap between the scintillator and the back reflector is
shortened to 3 mm. It is expected that the shortening of the gap between the
PMT and the scintillator and that between the scintillator and the back reflector
would improve the light collection efficiency, as photons would be reflected fewer

times on average before entering the PMT window. The results of the simulations
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Figure 2.12: 2D (left) and 3D (right) illustration of the three-dimensional optical
model used in simulations. In the left image, the scintillation crystal is represented
by the red rectangle. The light rays shown are absorbed in the photocathode
behind the PMT quartz window. For illustration and clarity only two light rays
in the left image are shown, Ray A (blue) and Ray B (green). Ray A is an example
of light propagation that involves a large number of reflections in the cavity before
getting absorbed in the photocathode. Ray B has simpler tracks before getting
absorbed in the photocathode. In the right image, the crystal is shown in red,
and the PMT window is shown in grey, below which is the photocathode. The
reflective foils are as modelled as mirrors and in the right image they are shown
in green. The ray in the right image is Ray C, and its tracks are shown in three-
dimensional space.

agree with this expectation (Figure[2.13]). These simulation results were confirmed
experimentally with the scintillation response of the detector at room temperature

with a °"Co source as excitation.

More discussion about other potential methods to improve light detection is

in Section B.1.11

2.7 Helium permeation and cryostat cooldown
procedure

Helium is known to be able to permeate into PMTs through their glass bulb,
especially through the synthetic silica glass window of the PMT in this study [154].
The synthetic silica glass window transmits photons down to a wavelength of 160

nm. The presence of residual helium gas inside the PMT causes the degradation
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Figure 2.13: Black bar: light collection efficiency simulated. Red bar: the light
collection efficiency measured at room temperature, by excitation of the detector
module with a 5"Co source. Normalisation are applied to the experimental results
relative to the simulated result in the control geometry A for comparison. See
discussion for the geometry of different scenarios. Figure published in [140].
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Figure 2.14: Schematic view of the wet 3He/*He dilution refrigerator.

of PMT performance, including an increase of dark current, an increase of after
pulse and causing voltage breakdown. Hence caution is needed when helium is
present around PMTs. In order to cool down the dilution refrigerator to milli-
Kelvin temperatures, an important step is the introduction of helium gas as a heat
exchange gas into the inner vacuum chamber (IVC) space (Figure where the
PMT is located because of the low boiling point of helium at 4.2 K. Unlike other
gases which liquefy at much higher temperatures and lose the capability of heat
conduction when the dilution refrigerator cools down, helium remains effective as
a heat exchange gas from room temperature down to 4.2 K.

The solution to this issue lies in the fact that the permeation coefficient of

the helium through glass (including synthetic silica) depends exponentially on the
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temperature [155]:

K(T) = Fyexp(—12%) 2.4)

where k is the permeation coefficient, 1" is temperature, ky is a constant, () is
the activation energy of permeation, and R is the gas constant. The exponential
dependence was confirmed experimentally down to 175 K [I56]. An estimation
using the permeation coefficient measured at 175 K already indicates the helium
permeation rate drops to an acceptable level when the temperature is around 175
K.

Instead of using the usual cool down procedure in which helium is introduced
at room temperature, we devised a way to introduce helium exchange gas only
after the cryostat was cooled down to around 77 K, but still successfully cooled
down the cryostat to milli-Kelvin temperature. From room temperature to the
boiling point of nitrogen (77 K), nitrogen heat exchange gas instead of the usual
helium heat exchange gas was introduced to the IVC. Only after the cryostat
reached a temperature of about 77 K was nitrogen gas pumped out and replaced
by the helium heat exchange gas in the IVC. Then the normal procedure of cooling
a dilution refrigerator was resumed, which include filling the main bath with
cold helium gas first, and then with liquid helium, to cool it down to 4.2 K.
Subsequently, the helium exchange gas was pumped out, and then the 1-K pot (a
device which pumps the helium vapour to cool down using helium evaporation)
started to operate. Later the 3He/*He mixture was condensed in the still and the
mixing chamber and circulation of the inner *He/*He circuit started, cooling down
the cryostat to the base temperature. In the condensing step, so-called “reverse
condensing” through the still line was adopted, because the lack of a helium
cold-trap in this cryostat increases the possibility of blockage in the capillary.
Condensing through the wide still line gets the contamination in the mixture

frozen out on the wall of the still line wall first, before the mixture enters the
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capillary, and thus decreases the chance of blockage in the capillary. No effects
from residual helium gas in the energy spectrum of the PMT were observed when
it was operated at milli-Kelvin temperatures and later at room temperature. In
this way, with only a small change in the sequence of exchange gas introduction,
the dilution refrigerator could be cooled down successfully without affecting the
PMT and without costing significantly more regarding helium, efforts or time than
a normal cool down.

Alternative cooldown procedure without introducing the helium exchange gas
after the cryostat is cooled down to 77 K was tried out but without success.
Instead of introducing helium exchange gas into IVC, circulation of inner *He /*He
circuit was carried out with the intention to cool down the various components
in the inner circuit, but it was found that this cooldown method is not efficient
enough to cool down the cryostat in a reasonable time.

Because the PMT was mainly operated at milli-Kelvin temperatures in this
study, at such low temperature even helium freezes out if there is any residual
gas in the PMT. Consequently, the residual helium gas might not have significant
effects on the PMT operation at milli-Kelvin temperatures within reason. How-
ever, the residual helium gas would cause performance degradation of the PMT
at room temperature later, limiting the possibility of diagnostic operation of the

PMT at room temperature.

2.8 5%7Co source

In this experiment, a ®*"Co source was placed externally to the cryostat to charac-
terise the detector module. Considering the decay time constants of the calorime-
ter was in the range of tens milliseconds to a few hundreds of milliseconds, the

distance of the radioactive source to the detector was decided so that the event
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Figure 2.15: Decay scheme of 5"Co. Besides the three prominent vy lines of 136.5
keV, 122.1 keV and 14.4 keV, there are y lines at higher energy with intensities at

sub-percent levels. (From Reference [157])

rate is ~1 Hz, in order to avoid pulse pile-up. °"Co has a half-life of 271.8 days,

and its decay scheme is shown in Figure [2.15]



Chapter 3

Data analysis

In this chapter, the offline data analysis for the cryogenic phonon-scintillation de-
tectors (CPSD) is discussed. The analyses of phonon channel and light channel
data are discussed in Section and Section [3.2] respectively. In Section [3.3] the
analysis of coincident signals from the two channels is discussed. The light yield
analysis (for discrimination) is discussed in Section [3.4] Finally, the characteri-
sation of the PMT including its dark count rate and single electron response is
explained in Section [3.5] Unless specified otherwise, these data were taken using
y-rays from a 5"Co source placed next to the cryostat. The decay scheme of 5"Co
(Figure leads to the emission of y-rays of several energies, with 122 keV and
then 136 keV having the highest intensities. Figure shows a typical event of
energy deposit in the absorber by a 122-keV y quantum, measured by the light
detector and the phonon detector in the CPSD module with CaMoQO, as the ab-
sorber. Figure shows a typical event for the energy deposit by a 122-keV vy

quantum in the CPSD module with CaWQ, as the absorber.

103
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Figure 3.1: A typical event of energy deposit in the absorber by a 122-keV vy
quantum, measured by the light detector (top) and the phonon detector (bottom)
in the CPSD module with CaMoQ, as the scintillating absorber. The signal of the
light detector shown in this figure contains a group of individual photons shown in

Figure after the grouping procedure (Section [3.2.1.1)), as each spike represents
a photoelectron pulse. The signal of the phonon detector has been demodulated

(Section [3.1.1)).
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Figure 3.2: A typical event of energy deposit in the absorber by a 122-keV vy
quantum, measured by the light detector (top) and phonon detector (bottom) in
the CPSD module with CaWO, as the scintillating absorber. The data of the
light detector captured the photon signal spikes as well as the baseline noise. The

data of the phonon detector has been demodulated (Section [3.1.1]). Note the 100
times difference in scale of the time axis. Figure published in [140].
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3.1 Phonon channel analysis

Unlike the light channel, in which two different DAQ modes were used for the
CaMoQO, and CaWO, data, respectively, the phonon channel DAQ mode was
the same for both the CaMoO, and CaWQ, data. Consequently, the analysis
of phonon channel data is the same for CaMoO, and CaWOQO, absorbers. As
mentioned in Section [2.5.1] to eliminate the effects of the voltage offset introduced
by the electronic readout system, a readout scheme with modulated signal was
employed. The modulated signal is the starting point for offline analysis of phonon
channel data (Figure . The aim of the phonon channel analysis is to extract
the amplitude of signal pulses caused by energy deposits. Because the amplitude
of a signal pulse at the output of the analogue electronics is in the millivolt range
(Figure and Figure , while the modulated amplitude is in the few volt
range (Figure , precision is critical to improving the energy resolution of the
phonon detector.

The data analysis for the phonon channel starts with demodulation of the

signal (Section [3.1.1]), after which a pulse finding algorithm (Section [3.1.2)) is

applied. Data quality cuts (Section [3.1.3) are then applied to select pulses to
construct a template pulse (Section [3.1.4). A high-pass filter (Section [3.1.5) is

then applied to both the candidate pulses and the template pulse. Finally, the
filtered template pulse is fitted to the filtered candidate pulses (Section |3.1.6]) and
filtered baseline (Section 3.1.7)), resulting in the final energy spectrum and the

baseline energy resolution of the phonon detector, respectively.

3.1.1 Demodulation

The first step of the phonon channel analysis is the demodulation of the raw

signal (Figure . The general idea of demodulation is to calculate the area of



CHAPTER 3. DATA ANALYSIS 107

signal traces, relative to the voltage offset. The aim of the demodulation is to
extract the amplitude of the modulated signal over time precisely, as the change
of amplitude of the modulated signal is proportional to the change of temperature,
thus proportional to the energy deposit according to Equation 2.2 Due to the
resistance of the NTD-Ge (~MQ typically) and the parasitic capacitance of the
detector/cabling /readout system (~hundreds of pF typically), a resistor-capacitor
low-pass was formed and, consequently, the square-wave excitation transformed
into a series of exponential rises and falls with an RC time constant. The area
of the signal trace, rather than the extreme values (maxima and minima) of the
signal trace, is chosen to estimate the amplitude of the modulated signal. This
is because the changing RC time constant could exceed the modulation period,
preventing the modulated signal trace from reaching the plateau region. Thus, the
area is a more stable estimation of the modulation amplitude than the extreme
values.

As shown in Figure [3.4] a record in the phonon channel is defined as a dataset
with ~327 periods of modulated signal (in the same way as a record was written
to disk by the DAQ), with the number of periods depending on the record length
and modulation frequency chosen in data taking. A data file incorporates all the
records during a session of data taking. As a specific case, with a modulation
period of 1 ms, a record contains ~327 ms of data, and the data file contains ~ 1
hour of data. As mentioned in Section [2.5.1] the data acquisition for the phonon
channel was continuous during data taking.

To calculate the area of the signal trace relative to the voltage offset, first an
estimation of the voltage offset of the modulated signal in a record is required. The
time-varying voltage offset was inevitably introduced by the readout electronics
due to the changing environment and the voltage offset is what the readout scheme

using modulated signal was designed to mitigate. In this step, the data points D[]
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Figure 3.3: A section of the modulated signal in the phonon channel of a CPSD
module, with a modulation frequency of 1 kHz. The horizontal red line shows the
voltage offset level calculated from the whole signal trace in a record (including
the region from 4 ms to 327 ms, which is not shown). The dark grey area between
the data points and the offset level in one period is calculated by summing the
successive slices like the light grey trapezium between two consecutive data points.
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Figure 3.4: Data structure of the phonon channel. As an example, a record
contains ~ 327 periods of signal trace, and a data file contains ~10800 records.
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Figure 3.5: Histogram of the offset level estimated from records.

between the signal trace crossing the zero value twice are regarded as one period.
These points are averaged to get an estimation of the voltage offset of that period,
Alj]. However, the potential existence of an energy deposit signal in a record
could distort this estimation of the offset by a sudden decrease of the modulation
amplitude in a half period at the start of the pulse. Thus, an algorithm is used
to select out among one record 10 consecutive A[j] with the smallest variance,
and the average of these 10 values of A[j] is taken as the estimate of offset of
the record. Because the variance of A[j] in a pulse is bigger than those outside
a pulse, choosing the 10 periods with the smallest variance mitigates the concern
from the presence of a pulse. As shown in Figure the offset estimated is very
small (~1 mV), but this step is still important because of the small pulse height
(~ mV) from an energy deposit and the precision required.

Since the time interval of two consecutive raw data points in the modulated
signal was chosen to be 10 us, this known quantity is used to estimate the modu-

lation period. The indices of the points when the signal trace crosses the voltage
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offset each time are marked. The period T could be estimated from the time
difference of these crossing points. 7' =2-10 (i,, —i1)/(n— 1) us , where i, is the
index of the n'® switching data point, i, is the index of the first switching point.
The factor of 2 originates from the fact that two crossings complete one cycle of
modulation. The modulation period was a constant in a specific data file.

The amplitude of the modulation signal is calculated by the definite integration
of signal trace minus the voltage offset over the modulation period. As shown in
Figure |3.3, a trapezoidal rule is employed for the integration of the body of data
points in a half period. As shown in Figure for the beginning and the end of
a half period, because the signal trace crosses the offset level, the trapezoidal rule
is not applicable and the triangle area is used in the integration instead. For each
half period of modulation, it could form a complete cycle of modulation with the
half period before and the half period after it, respectively (Figure . Thus, in
each modulation period, two demodulated data points instead of only one could
be extracted, except for the first period and last period of the data file. Because
the rising edge of a pulse, resulting from an energy deposit, was fast (from a few
ms to about 10 ms), getting twice as many demodulated data points leads to
greater detail in the reconstruction of a pulse.

The last section of a record usually cannot form a half period, as the exact
duration of a record is 327.67 ms, which is not an integer number of modulation
periods. Thus, the data points in the last section of a record are chained to the
beginning of the subsequent record and used in the demodulation process in the
next record. In this way, the data are bridged between different records and the
continuity of the demodulation process is ensured.

A section of the signal after the demodulation process is shown in Figure [3.8]
and each data point in it corresponds to the amplitude of modulated signal at

that time. All the subsequent analysis is applied to the demodulated data as it
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Figure 3.6: A section of the modulated signal in the phonon detector, in which
the offset voltage (horizontal red line) is between the voltages of two consecutive
points (z = 0.39 ms and = 0.4 ms). The usual trapezoidal rule for integration
is not applicable in this section, and the triangle area is used for the integration
instead. The area Al (yellow) is assigned to the earlier half period, and the area
A2 (green) is assigned to the latter half period.
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Figure 3.7: A section of the modulated signal in the phonon detector. The areas
A1 (yellow) and A2 (green) form a complete period thus a demodulated data point
could be calculated from the combination of Al and A2. Also, A2 (green) and
A3 (blue) form another complete period thus another demodulated data point
could be calculated from them. In this way, instead of typically only one, two
demodulated data points could be calculated from every period of modulation.
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Figure 3.8: The demodulated signal trace after its signal polarity is inverted
(dark). The trace in blue shows the estimated baseline. The trace in red shows
the threshold for the pulse finding algorithm, which corresponds to baseline plus
4 times standard deviation in the baseline region. It is shown that the baseline
and the threshold of the pulse finding algorithm correctly adjust for the change
in the signal trace.

contains the information of the resistance of NTD-Ge versus time, which is all
needed for event reconstruction in the phonon channel. For ease of discussion,

the demodulated signal is inverted so that an energy deposit leads to a pulse with

positive amplitude.

3.1.2 Pulse finding

After the demodulation process, a pulse finding algorithm is employed to identify
pulses. As discussed in Section there was no triggering in the firmware level
of the phonon channel, thus the pulse finding is the only process to identify energy

deposits.
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Pulse finding algorithm

The pulse finding algorithm evaluates the demodulated data points one by one in
sequence. The time of the current data point under evaluation is ¢t = 0 for ease of
discussion. The algorithm first calculates the average and the standard deviation
of the data values from ¢ = —100 ms to ¢ = —15 ms, which is designated as the
pre-trigger baseline region, as shown in Figure The reason for not using the
signal trace between ¢ = —15 ms and ¢t = 0 for baseline calculation, is to avoid
the rising edge of a pulse affecting the calculation of the average and the standard
deviation of voltage in the pre-trigger baseline region. The average of the pre-
trigger baseline region represents the baseline level and the standard deviation
of the voltage represents the noise level in the pre-trigger baseline region. The
reason for using time instead of the number of data points to define pre-trigger
baseline region is that modulation frequency could be changed by the user, but
the pulse shape is decided by the physics of the calorimeter. Thus, the modulation
frequency (and, consequently, the number of data points) could be changed from
data file to data file by the user, but the pulse shape over time remained the same
in the same data run.

The criterion of pulse finding is that each of four consecutive data points from
t = 0 has a larger value than the average plus 4 times the standard deviation of the
voltage in the pre-trigger baseline region. 4 times the standard deviation of the
voltage above baseline level as the threshold is chosen in order to stay above the
noise and further optimisation to lower the threshold may be possible by applying
a low-pass filter first. Using 4 times the standard deviation of the voltage above
baseline level instead of a fixed value as threshold level is to adjust for the changing
noise environment usually present when operating a calorimeter. Both the baseline
level and the noise level slowly changed during data taking, due to the slowly

changing environment, such as the liquid helium level in the main bath of the
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cryostat, the operation of pumps and the changing room temperature. Requiring
the values of four consecutive data points instead of one data point larger than
the threshold is because the pulse from a real energy deposit in the calorimeter
usually has a plateau region (see Figure and it decays much more slowly than
a noise spike. Consequently, requiring four consecutive data points instead of one
data point could select true pulses while avoiding noise spikes. If the triggering
condition is not met, the algorithm moves to the next data point and calculates the
average and the standard deviation of voltage in the relevant pre-trigger baseline
region (now moving one point forward) with the same rules and it evaluates the
trigger condition again. If the criterion is met, the algorithm finds a pulse. The
algorithm then searches for the maximum point in the pulse by evaluating the
values of the data points in sequence from ¢t = 0 and it records the timestamp of
the maximum point as the timestamp of the pulse. The algorithm searches for the
maximum point until a data point in the signal trace returns to below the average
plus 3.5 times the standard deviation of voltage in the pre-trigger baseline region,
or there has been no update of the timestamp of the maximum location for 300ms,
whichever comes first. The end of maximum point search also marks the start of
the searching for the next pulse. The interval between 100ms before the maximum
point and 300 ms after the maximum point is defined as the range of the pulse
for further investigations and operations. The timestamp of the maximum point
instead of the natural onset of the pulse is adopted as the timestamp of the pulse
because the presence of the noise makes it difficult to determine the onset point
precisely. However, in contrast, the maximum point is very well defined. The
time difference between the maximum point and the natural onset of the pulse
is similar between different pulses because it is determined by the physics of the
calorimeter, thus the timestamp of the maximum point is a good representation

of the timestamp of the pulse.
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If the signal amplitude returns to below the baseline level plus 3.5 times the
standard deviation of voltage in the baseline region, before 300 ms following the
maximum point of a pulse, the signal trace is still at the decaying baseline of the
earlier pulse (Figure when the search for a new pulse begins. For the data
point under consideration (the first point that drops below the average plus 3.5
times the standard deviation of voltages in the pre-trigger baseline region of the
old pulse), which is now the new ¢t = 0, the originally defined ¢ = —100 ms to
t = —15 ms interval would incorporate a region of decaying baseline from the old
pulse. Incorporating decaying baseline would incorrectly elevate the estimated
baseline level and the standard deviation of voltages in the pre-trigger baseline
region of the new pulse. To address this issue, if the point under evaluation for
pulse searching is in the region of 300 ms following the maximum point of an old
pulse, the pre-trigger baseline region for the new pulse is shortened to t = —25ms
to t = —15 ms for the estimation of baseline level. The standard deviation of
voltage in the pre-trigger baseline region is replaced by that of the old pulse
(noise level does not change in hundreds of ms scale). As a result, the baseline
level and the threshold level follows the decaying baseline closely (shown as the

blue line and the red line in Figure .

Pulse finding efficiency

To investigate the pulse finding efficiency, the pulse finding algorithm is applied
to a group of simulated pulses. The simulated pulses are generated by scaling
the template pulse of 122 keV (Section to different pulse energies, with
the baseline noise added. The simulated pulses are generated separately for the
CaMoQO, and CaWOQO, modules, as these two modules have different pulse heights
and noise levels. Figure [3.10] shows the pulse finding efficiency with respect to the

pulse energy. Because of the lower noise level and higher pulse heights, the phonon
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Figure 3.9: An example pulse from a 122-keV y quantum measured in the phonon
channel of the CPSD module with CaMoQO, as the absorber. The signal trace is
the solid black line. The estimated baseline level is the blue line. The calculated
threshold for the pulse finding algorithm is the red line. The signal trace in the
t = —100 ms to ¢ = —15 ms region is the designated pre-trigger baseline region,
and signal in this region is used for the estimation of baseline level and the noise
level. The region between the signal trace surpassing the baseline level plus 4
times the standard deviation of voltage in the pre-trigger baseline region and the
signal trace subsiding to below the baseline plus 3.5 times the standard deviation,
is the designated maximum search region. The period after the maximum search
region is the start of the searching for the new pulses.
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Figure 3.10: The analysis pulse finding efficiencies versus the pulse energy, for
the phonon channel of the CPSD with CaMoO, and CaWQ, as the absorber,
respectively. The pulse finding efficiency is obtained by applying the pulse finding
algorithm to simulated pulses with baseline noise. The statistical errors are ~2%.

channel of the CaMoO,4 module has higher pulse finding efficiency than that of
the CaWQO, module. The pulse finding efficiency can potentially be improved fur-
ther, especially in the low-energy region, which is important for low-mass WIMP
searches. However, given the main goal of this experiment is to characterise the
detector modules with a *’Co source, the pulse finding algorithm is sufficient for
the goal of this stage.

After the pulse finding process, the maximum point minus the baseline level of
a pulse gives the first estimation of the pulse height and a preliminary pulse height

spectrum is constructed (Figure [3.11)). This estimation is preliminary mainly
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Figure 3.11: Preliminary pulse height spectra in the phonon channel of the CPSD
module with CaMoQO, as the absorber, before (dark) and after (red) the data
quality cuts. The pulse height is estimated by subtracting the pre-trigger baseline
level from the maximum value of the pulse. The pulses with pulse height around
0.0205 V correspond to 122-keV energy deposits, and the pulses with pulse height
around 0.023 V correspond to 136-keV energy deposits.

because the maximum point value is plagued by the electronic noise in a single

data point.

3.1.3 Data quality cuts
3.1.3.1 Contaminated pulses with poor pulse height estimation

Several effects could make the pulse height estimation incorrect, which means that
the estimated pulse height calculated by using the maximum minus the baseline
level would be unusually far from the true pulse height. Also, if the contaminated
pulses are selected to construct the template pulse, they could distort the template

pulse.
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Figure 3.12: An example of a pulse with a decaying baseline measured in the
phonon channel of the CPSD module.

Decaying baseline

As shown in Figure if another pulse happened on the tail of the previous
pulse, the baseline of the new pulse would decay and it is then difficult to estimate
the new pulse height correctly. The decaying baseline is a more serious problem
after a high energy (MeV) energy deposit, e.g. a cosmic muon, as it takes longer

for the calorimeter to return to the base temperature.

Pile-up

Sometimes overlapping with the decaying baseline effect, the pile-up effect is two
or more energy deposits happen very close to each other in time (Figure . In
this case, the pulse height estimation of at least one pulse involved is incorrect, or
the second pulse is not identified by the pulse finding algorithm. Due to shielding
by the thick copper walls of the detector holder, the pile up rate was relatively
small. Deterioration of the energy resolution was still observed, especially with
a relatively high rate of y-rays from the >’Co source (~1 Hz) and the slow decay

time of the calorimeter (~25 ms). The pile-up effect would be negligible in dark
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Figure 3.13: An example of pile-up pulses measured in the phonon channel of the
CPSD module.

matter experiments but significant in the calibration with a radioactive source.

3.1.3.2 Data quality cuts

After the pulse finding process, an array of candidate pulses are found and, sub-
sequently, various data quality cuts are employed with the aim of constructing
a good template pulse. Because a single event with pile-up pulses or decaying
baseline could already distort the template pulse constructed significantly, data
quality cuts are necessary to ensure that the template pulse constructed is free
from those distortions and that the template pulse is a true representation of the
standard response of the phonon detector to energy deposits.

The data quality cuts discussed in this section are used for selecting pulses
for the construction of the template pulse. However, they are not used for con-
structing the final energy spectrum due to their low efficiency (~30%). It is found
that the goodness of fit for the template pulse against candidate pulses from the

data is an effective way of identifying and discarding non-standard (contaminated)
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calorimeter events with a higher efficiency (~50%).

The procedure of data quality cuts is as follows: First, find a parameter that
indicates the difference between good pulses and contaminated pulses; Second, find
the distribution of that parameter for uncontaminated pulses (usually Gaussian).
Third, set a critical value for the parameter above or below which pulses will be
flagged as the contaminant type. The critical value can be some factor times the
standard deviation around the mean in the Gaussian distribution.

Parameters of data quality cuts investigated in this section are as follows and
the order in which these parameters are presented is the same as data quality cuts

are performed.

Baseline gradient (BG)

The pre-trigger baseline region is defined from 100 ms before the pulse maximum
to 15 ms before the pulse maximum. The decaying baseline has a much larger
value in baseline gradient than the one resulting from noise. The baseline gradient
also identifies potential periods over which the baseline was rising or falling due

to the short-term temperature fluctuation, which is undesirable if present.

Voltage ratio parameter (Rp) [158]

The maximum of a pulse is defined as the principal maximum. The voltage
difference parameter, D,,.., is defined as the largest voltage difference other than
the pulse in the principal maximum, as shown in Figure |3.14] The voltage ratio
parameter Rp = Dinaz/ Obasetine, Where opaserine 1 the standard deviation of voltage
in the pre-trigger baseline region. The algorithm is detailed in Reference [I58]. In
the presence of pile-up, D,,.. becomes very large relative to the standard deviation
of voltage in the pre-trigger baseline region. D,,., is comparable to the noise level

without pile-up, as in this case D,,,, is only the maximum point in noise minus
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Figure 3.14: Ilustration of the voltage ratio parameter D,,,, calculated from an
event with two pile-up pulses. The principal maximum is at around 44560 ms in
the record.

the minimum point in noise. So Rp could be used to flag pile-up pulses or any

large temperature fluctuation in a short time.

Rise time (RT)

The rise time is defined as the time during which a pulse rises from 1/e of the
pulse height to the maximum. Contaminated pulses which escape the initial cuts

can be identified by an abnormally short or long rise time.

Right baseline minus left baseline (RML)

In an uncontaminated pulse, the signal will exponentially decay back to the base-
line level after a particle interaction. Hence, in the region to the right of the pulse
after the signal decay, the signal value should be similar in the region before the
start of the pulse in an uncontaminated pulse. The RML should be close to zero
or slightly above zero, taking into account noise and the signal pulse might not

decay to baseline level but close to it. However, in a decaying baseline or other
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contaminated pulse types, the RML may be far from zero. Here the left baseline is
the same as the pre-trigger baseline and the right baseline is defined as the region

between 215 ms after the maximum point to 300 ms after the maximum point.

Standard deviation of voltage in baseline region (Gpaseline)

The standard deviation of voltage in the pre-trigger baseline region is used to
identify especially noisy baselines around which the pulse shape or the baseline

level measurement becomes unreliable because of the abnormally high noise level.

Integral over pulse height (IOPH)

Integral is defined as the signal trace minus the pre-trigger baseline level inte-
grated over time between 15 ms before the maximum point and 300 ms after the
maximum point. As the calorimeter is a linear system in the energy region of in-
terest, the integral over pulse height gives information about the pulse shape. For
example, particles hitting the NTD-Ge directly instead of the absorber give dif-
ferent pulse shapes compared to the majority of pulses originating from particles

hitting the absorber due to different thermalisation processes involved [103].

Decay time (DT)

The decay time is defined as the time during which the pulse decays from maxi-
mum to 1/e of pulse height. Contaminated pulses may be identified by an abnor-

mally short or long decay time.

Results of data quality cuts

As mentioned, the aim of the data quality cuts is to produce a good template
pulse. The effects on the template pulse from choosing different critical values

are investigated. Figure shows that if there are no data quality cuts, the
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constructed template pulse has some deviations from a signal pulse with an expo-
nential decay back to the baseline, as would be expected from the thermal model
of the calorimeter. Data quality cuts improve the shape of the template pulse,
by removing these deviations. In Figure 2 Sigma means the critical values
chosen in this scenario of the data quality cuts are up + 20p, where up and op
are the mean value and the standard deviation of the Gaussian distribution of
the parameter under investigation, respectively. In general, any pulses with a
value of the parameter outside the range [up — 20p, up + 20p| are flagged as the
contaminant type. The definition for 1 Sigma scenario is similar. Figure [3.15
shows that the difference in the resulting template pulse between 2 Sigma and 1
Sigma scenarios is negligible, which indicates the resulting template pulse is not
sensitive to the critical values chosen in this range. As a result, critical values
corresponding to the scenario of 2 Sigma cuts are chosen for data quality cuts
finally used.

As shown in Table [3.1] the reduction of the pulses by the data quality cuts is
decreasing in general. For example, in the CaMoQO,4 module, the first cut reduces
~29% of the original pulses, while the second cut reduces ~22% of the original
pulses, which is ~28% of the pulses left after the first cut. The later cuts reduce

far less. It indicates that the data quality is improved by the cuts.

3.1.4 Template pulse construction

After the various data quality cuts in Section [3.1.3] a preliminary pulse height
spectrum in the phonon channel could be constructed from the pulses remaining,
as shown in Figure [3.11] The pulse height is estimated simply by the difference
between the maximum and the pre-trigger baseline level of the pulse. From this
preliminary energy spectrum after various data quality cuts, pulses for the con-

struction of the template pulse are selected from the bin with the maximum bin
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Figure 3.15: The template pulses constructed from three data quality cut scenarios
(no cuts, 2 Sigma cuts and 1 Sigma cuts) for the phonon channel of the CPSD
with CaMoOy, (top) and CaWOy (bottom) as the absorber, respectively. 2 Sigma
means the critical values chosen for the cuts are pup 4+ 20p, where pup and op are
the mean value and the standard deviation of the Gaussian distribution of the
parameter under investigation, respectively. The definition for the scenario of 1
Sigma cuts is similar.
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Cut parameter Percentage of the original pulses (100%) left
after the cut
CaMoOQOy CaWO0O,

BG 1% 7%

Rp 49% 54%

RT 45% 51%
RML 39% 45%
Obaseline 37% 43%
I0PH 33% 40%

DT 31% 32%

Table 3.1: Percentage of the original pulses (as 100%) from pulse finding process
left after different cuts for the phonon channel of the CPSD with CaMoO, and
CaWOQy as the absorber, respectively. The sequence of cut parameters in the table
is the same as that of the cuts performed in the analysis.

contents. Because the calibration source *’Co predominantly emits 122-keV vy
photons, those selected pulses correspond to the 122-keV energy deposits. After
removing the baseline from those pulses by subtracting the average voltage in the
pre-trigger baseline region from the voltage of the signal trace, the template pulse
is then constructed by the average of those pulses. The template pulse corresponds
to the standard response of the phonon detector to a 122-keV y photon.

Because the alignment of the pulses in the averaging process is by referring
to their respective maximum point, the maximum point of the template pulse is
biased up as shown in Figure [3.16] The reason for this bias is as follows. For a
specific data point in a pulse not near the maximum, the chances for that point
to fluctuate up or down due to electronic noise are equal, thus the averaging
process in template pulse construction is unbiased. However, for those points
near the peak of the pulse in the plateau region, because their values are close
to each other, only those that fluctuate up become the maximum points in the
pulses. The averaging process for template pulse construction only picks up the
fluctuated-up point for the maximum point in the template pulse, because the

different pulses that are used to construct the template pulse are aligned by the
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Figure 3.16: The plateau region of the constructed template pulse. Left, un-
corrected for the positive bias at ¢t = 100 ms point (maximum point). Right,
after manually corrected for the positive bias at the ¢ = 100 ms point (maximum
point). There are a few points next to the maximum point with similar voltage
values, which support the choice of 4 consecutive points above threshold level as
the trigger condition in the pulse finding process (Section [3.1.2)).

maximum point. That is why the template pulse has such a positive bias. This
positive bias artefact is manually corrected with the result of a smoothed pulse
shape as shown in Figure [3.17]

After the template pulse is constructed, a function described by Equation

is fitted to the template pulse to get an analytical description of the template

pulse for later steps.

a + bt + ct?, t<t
V(t) = (3.1)

a+bt+ct? + Arexp (L) + Agexp (L) + Asexp (L), t>1,

where V' (t) is the voltage of the signal trace with respect to time ¢, a is the baseline
level, b is the baseline gradient, and c is the baseline quadratic factor, A;, As and
As are the amplitudes of the exponential with 71, 7 and 73 as time constants,
respectively, and ¢; is the timestamp of the pulse start. Since the construction of

the template pulse is from those pulses with baseline removed, the baseline value
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Figure 3.17: The template pulse (in black solid line) constructed from 122-keV en-
ergy deposits measured by the phonon detector in the CPSD module with CaMoO,
as the absorber. A function described in Equation [3.] is fitted to the template
pulse trace and the fitted function is in dotted red line.

should be zero. There might still be a gradient term and a quadratic term for the

baseline, so setting the baseline as a + bt + ct? is a preemptive measure and those

three factors are found to be very close to zero.

3.1.5 High-pass filter

A high-pass filter is employed in this step to improve the signal-to-noise ratio of
the data. In the view of frequency analysis, the signal of the pulse has a spe-
cific frequency distribution and the noise has a different frequency distribution.
A digital filter could be used to exploit this difference to improve the signal-to-
noise ratio, which is critical to improving the energy resolution of the detector.
The digital filter is used to attenuate the data in a specific frequency range, pur-
posely in the frequency range where the noise dominates in the data. A two-pole

Butterworth high-pass filter with variable cutoff frequency is applied to both the
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candidate pulses and the template pulse. In implementing the high-pass filter, an
infinite impulse response (IIR) digital filter is chosen. The algorithm first gener-
ates the feed-forward coefficients A [0] , A[1] , A[2] and feed-backward coefficients
BI1] , B[2] of the two-pole Butterworth high-pass filter, according to the cutoff

frequency selected. The filtered data point y [i] is generated according to:

ylil] = A0]-x[i]+ A[1]-x[i — 1|+ A]2]-z[i — 2|+ B[1]-y[i — 1]+ B[2]-y[i — 2],
(3.2)
where z [i] is the original data point before the filter is applied.

The template pulse in the analytical form is sampled at the same frequency
as the raw data because digital filters are only applicable to the discrete points.
Then the points in the template pulse go through the IIR filtering process. The
resulting template pulse after the high-pass filtering is shown in Figure [3.18]

The IIR filtering process is then applied to the raw signal trace. Because the
pulse finding process in Section [3.1.2] records the timestamps of the pulses, and
the high-pass filter does not change the time locations of the pulses, candidate
pulses after being filtered could be located by the original pulse timestamp. The
candidate pulse after filtering is shown in Figure [3.18

The optimal cutoff frequency is determined by comparing how the cutoff fre-
quency affects the energy resolution and it is found that cutoff frequencies of 7
Hz for the CaWQO, module and 6 Hz for the CaMoO, module produce the best

energy resolutions (Figure |3.19)).

3.1.6 Template pulse fit

At this point, filtered candidate pulses as well as a filtered template pulse have

been constructed (Figure [3.18]). The next step is to use the filtered template
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Figure 3.18: The template pulse (left) and a candidate pulse (right) with 122 keV
energy deposit measured in the phonon channel of the CPSD module with
CaMoQy as the absorber, after a two-pole Butterworth high-pass filter with the

cutoff frequency of 6 Hz is applied to them.
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Figure 3.19: The FWHM energy resolutions versus the cutoff frequency of the
two-pole Butterworth high-pass filter, for the phonon channel of the CPSD with
CaMoQO4 and CaWOQ, as the absorber, respectively. The red dots represent the
sampling points, and the black lines between the red dots are just for guidance.
The green lines on the upper and lower sides of the black lines represent the

statistical error of the FWHM energy resolution.
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pulse to fit the filtered candidate pulses. At this step, all the pulses identified by
the pulse finding algorithm (Section before the data quality cuts (Section
are used. After the high-pass filter process in Section , the template
pulse consists of discreet points, due to the requirement of digital filters. To be
used as a fitting function, the values between the discrete points in the template
pulse are generated using a linear interpolation. Template pulse fitting means
the pulse shape is fixed, and the only two fit parameters are the amplitude factor
and the time offset. Two variables in the fitting result have been examined and
compared to find the best representation of the amplitude. One is the amplitude
factor resulting from the fitting and the other one is the maximum point value of
the fitted pulse. It is found that the amplitude factor is more precise than the
maximum point value, but only by an insignificant margin. Following the template
fit, the Chi-squared of the fit is used for a goodness of fit cut. This is the only
cut used in selecting the pulses for the final energy spectrum, as all the previous
data quality cuts were only used for improving the construction of the template
pulse. Compared to the previous data quality cuts (~30% pulses retained) in
Section [3.1.3] the goodness of fit (Chi-squared) cut has higher efficiencies (~53%
pulses retained for CaMoQO, and ~50% for CaWQ,) while producing better energy
resolution (FWHM resolution <1 keV at 122 keV energy for CaMoQy). As the
bin with the largest count in the pulse height spectrum corresponds to 122 keV
and the calorimeter system is found to be a good linear system, the pulse height
is then translated to the recoil energy measured in the detector. The translation
of pulse height to recoil energy is the final step of extracting the energy spectrum
for the phonon channel.

The final energy spectra for the phonon detectors are shown in Figure for
CaMoOy4 and Figure for CaWQy in Section 4.1]

The ~50% reduction in the number of pulses by the goodness of fit (Chi-
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Figure 3.20: The efficiencies of Chi-squared (goodness of fit) cut in the phonon
channel of the CPSD with CaMoO, and CaWOQO, as the absorber, respectively.
This efficiency is obtained by applying the high-pass filter and the template pulse
fitting algorithm to simulated pulses. The statistical errors are ~2%.

squared) cut is a superposition of the presence of contaminated events and the
intrinsic efficiency of the goodness of fit cut. The intrinsic efficiency of the cut is
defined as the ratio of the number of uncontaminated pulses remained after the
cut to the original number of uncontaminated pulses. To estimate the intrinsic
efficiency of the cut, the analysis algorithm is applied to simulated pulses. The
generation of simulated pulses is discussed in Section [3.1.2] As shown in Figure
[3.20] Chi-squared cut efficiency is around 87%90% for CaMoQy, and it is ~77% for
CaWOy. The Chi-squared cut efficiency shows only a very weak (in the CaMoQOy
case) or no (in the CaWQ, case) dependence on the pulse energy. The reason
for the weak dependence on the pulse energy is that the Chi-squared of the fit is

mainly decided by the noise level but not the pulse height.
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3.1.7 Baseline energy resolution

After the template fit, the baseline energy resolution is estimated from the tem-
plate pulse fitted to the data. The baseline energy resolution is defined as the
energy resolution of the detector when the deposited energy is zero. Baseline
energy resolution is an important parameter to characterise the detector, as it
describes what the detector energy resolution is for low energy deposit.

The baseline resolution of the heat detector is estimated by using the same
procedure of extracting the pulse heights in recoil events, but the procedure is
applied to the periods of the signal trace that are not triggered by the pulse find-
ing algorithm in Section [3.1.2] corresponding to a baseline period without recoil
events. The procedure of the estimation for baseline energy resolution includes a
high-pass filter to the signal trace as well as to the template pulse (Section ,
and afterwards a template pulse is fitted to all the periods which are at least 400
ms away from any triggered pulses. The fitted energy spectrum of the baseline
region is a Gaussian distributed with the mean around zero and the full-width-
half-maximum of the Gaussian is then the baseline energy resolution.

The baseline energy spectrum is shown in Figure for CaMoO, data and
Figure [£.4) for CaWO, data in Section [4.1]

3.1.8 Summary of phonon channel analysis

In summary, as shown in the Figure [3.2I] the phonon channel analysis goes
through the following steps: First, the raw data gets demodulated and then a
pulse finding algorithm identifies and locates all the pulses. Afterwards, an array
of data quality cuts are applied to the candidate pulses identified in the pulse find-
ing process, and the pulses that remain after the data quality cuts are averaged
to construct a template pulse. All the candidate pulses identified in the pulse

finding process and the template pulse both go through the same high-pass filter
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Figure 3.21: A flow diagram showing the different steps in the phonon channel
analysis, which is from the modulated raw data to the final energy spectrum.

and then the filtered template pulse is fitted to the filtered pulses. After a single
cut based on the fit quality, the final energy spectrum of the phonon detector is

produced.

3.2 Light channel analysis

The main goal of the analysis of data from the light channel is to count the number
of photons in a scintillation event precisely and accurately, as the difference in
light yield (number of photons per unit deposited energy) is used for event type
discrimination (ER versus NR). As described in Section [2.5.2] two modes of data
taking were employed for the light channel: a fixed-length mode for the CaWOQO,
data and a “dead-time free” mode for the CaMoQO, data. Unlike the phonon
channel, the difference in the DAQ modes in the light channel means the analysis

is significantly different between the CaWOQO, data and CaMoQO, data.

3.2.1 CaMoO,4 data with “dead-time free” DAQ mode

For the “dead-time free” mode for the CaMoQO, data, because of the trigger rules
described in Section [2.5.2] each record usually contains one or two photoelectron
pulses and a very short (~150 ns) pre-trigger region (Figure 2.9). The general
strategy of the analysis is to group the records into scintillation events according

to their timestamps first, then estimate the baseline voltage in each scintillation
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event from all the records in that group. With the baseline voltage established,
the photon counting algorithm estimates the number of photons in each record.
Thus, the number of photons detected in a scintillation event is the sum of the
number of photons from all the records in that scintillation event. Details of each

analysis step are described below.

3.2.1.1 Photon grouping

As the first step, the algorithm groups the records into scintillation events accord-
ing to the timestamps of the records. The algorithm evaluates the records one by
one in sequence and the grouping rule is as follows: if the difference of timestamps
in two consecutive records is no larger than 7 ms, these records are assigned to
the same scintillation event; if their time difference is larger than 7 ms, the earlier
record marks the last photon in the earlier scintillation event and the later record
is considered to be the first photon in a new scintillation event. This grouping
rule also takes care of dark counts, as they appear isolated in time and are usu-
ally separated by more than the time constants (like the 7 ms here) chosen for
grouping scintillation events. The grouping criterion of 7 ms was chosen because
the CaMoQ, scintillation slow decay time constant is 3.41 ms (Table [4.2]). It has
been checked that this choice is suitable using simulations of scintillation events
and dark pulses (Section and the study of the energy resolution of the
scintillation events. The timestamp of the first record in a scintillation event is

taken as the timestamp of that scintillation event.

3.2.1.2 Baseline estimation

The algorithm then estimates the pre-trigger baseline voltage of individual records.
The pre-trigger baseline voltage of a record is estimated as the average voltage

value of IV consecutive data points with the least variance (the value N is chosen
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Figure 3.22: Illustration of the process of averaging the pre-trigger baseline volt-
ages from the records in the same scintillation event. In this way, even though
each event only gets a short pre-trigger baseline region, the averaging process es-
tablishes a baseline with enough statistics. Also, the standard deviation of the
voltage in the baseline regions is calculated from all the data points used for
the baseline estimation process from multiple records instead from an individual
record.
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with respect to the pre-trigger length set by the user in the DAQ). Because of the
small number of data points (small statistics) in the pre-trigger baseline region
in each record, it is difficult to construct the baseline for each record reliably. To
alleviate this issue, the pre-trigger baseline voltages estimated from the individual
records in the same scintillation event are averaged (Figure and this aver-
age value replaces the pre-trigger baseline voltage calculated for the individual
records as the estimated pre-trigger baseline voltage. In this way, even though
the majority of the baseline data points are not recorded on the disk, we still have
a good estimation of the pre-trigger baseline voltage for the records, as shown in
Figure [3.23] Also, as a representation of the noise level, the standard deviation of
the voltage in the pre-trigger baseline regions within a scintillation event is esti-
mated from the multiple records in a scintillation event instead of from individual
records. To do this, the standard deviation of all the data points used for the
baseline estimation is calculated with respect to the averaged pre-trigger baseline

voltage calculated above.

3.2.1.3 Photon counting

After obtaining a good estimation of the pre-trigger baseline voltage level, the next
step is to count the number of photoelectron pulses in the signal. Precision in
taking account of every single photoelectron pulse is important as for N photons
detected on average for a specific energy, an averaged error of one photon in
counting the photons means the energy resolution (o) deteriorates approximately
by 1/N. In this study, for 122-keV energy deposits from y quanta, the light
detector detects an average of ~60 photons in CaMoQOy, and ~170 photons in
CaWQy. An error of one photon corresponds to a deterioration of the energy
resolution (o) by approximately /60 (~1.6%) for CaMoO, data and approximately

1170 (~0.6%) for CaWO, data. In general, a pulse finding algorithm based on the
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Figure 3.23: A typical event of a 122-keV y quantum measured by the light
detector of the CPSD module with CaMoO, as the absorber. The black vertical
lines are individual photoelectron pulses. The green horizontal line represents the
estimated baseline level (Section [3.2.1.2). The red horizontal line represents the
calculated offline analysis threshold for initial pulse finding. (Section .
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Figure 3.24: Example of a photoelectron pulse after the inversion of polarity, for
ease and clarity of discussion in the photon counting section. The green horizontal
line represents the estimated baseline level (Section [3.2.1.2)). The red horizontal
line represents the calculated offline analysis threshold for initial pulse finding

(Section 3.2.1.3)).

peak and trough method is used to search for the individual photoelectron pulses.
For ease and clarity of discussion, the polarity of the signal of the light channel

is inverted in this section (as shown in Figure [3.24)), so a photoelectron pulse

corresponds to a pulse with positive amplitude.

Initial pulse finding

The pulse finding threshold is set as the pre-trigger baseline voltage plus five
times the standard deviation of the voltage in the pre-trigger baseline regions
calculated for the scintillation event, as described in Section |3.2.1.2] This pulse
finding threshold is set so that as few noise spikes as possible are mistaken for
photoelectron pulses, while the algorithm still finds the majority of the photoelec-

tron pulses. From the start of the record, the algorithm evaluates the data points
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in the signal trace one by one in sequence, and it marks the pulse if the data
point under consideration D[i] meets the following three criteria simultaneously:
(i) DJi] is larger than the pulse finding threshold; (ii) D[¢] is larger than D[i — 1]
plus the standard deviation of the voltage in the pre-trigger baseline regions; (iii)
Dii] is larger than D[i — 2]. If the signal trace meets those three criteria simulta-
neously, a pulse is found and the array index ¢ — 1 is marked as the start of the
photoelectron pulse. The end of the photoelectron pulse is marked as the signal
trace returns to be a value smaller than the pulse finding threshold. After the end
of a photoelectron pulse, the algorithm moves on to the next data point in the
signal trace and compares its value to the analysis triggering conditions to see if
it is the start of the next photoelectron pulse, and so on. The time position of
the maximum point between the start and the end of the photoelectron pulse is
marked as the timestamp of the photoelectron pulse and the pulse height is taken
as the voltage difference between the voltage of the data point representing the

maximum and the pre-trigger baseline voltage.

Separating overlapping pulses

For photons arriving in quick succession (pile-up), the algorithm also tries to
resolve two overlapping photoelectron pulses. Due to the very different time scales
and different signal topologies between the light and the phonon channels, it is
not possible to apply the method involving the voltage ratio parameter (Section
that was successful in the phonon channel to the light channel. Due to
the scintillation decay characteristics of the CaMoQO, crystal (Equation , which
also applies to CaWOQy), at the start of a scintillation event there is a significant
probability that two photons arrive so close to each other in time that the signal
trace does not return to below the threshold level between the signals of these two

photoelectron pulses. The initial pulse finding procedure above would mistakenly
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regard these two photons as one, so the algorithm tries to correct it as follows. For
the photoelectron pulses longer than three data points, the algorithm searches for
all the extreme values between the start and the end of the photoelectron pulse.
As shown in Figure the algorithm evaluates the local minima one by one, as
comparing each to a threshold (called “split threshold”) set by the baseline voltage
and the two local maxima adjacent to the local minimum. The split threshold
is set as the smaller of two values calculated by 0.65M; + 0.35B, ¢ = —1,+1,
where B is the pre-trigger baseline voltage, M_; is the voltage of the adjacent
local maximum before the local minimum and M is the voltage of the adjacent
local maximum after the local minimum. If the following two conditions are
met simultaneously, the local minimum point is regarded as the split point of
two photoelectron pulses and a pile-up event is flagged: i) the value of the local
minimum point is lower than the split threshold, which means the signal trace
returns closer to the baseline than the split threshold; ii) the two adjacent local
maximum points are at least 3 data points apart. This split point marks the end of
the first photoelectron pulse and the start of a second photoelectron pulse. If the
conditions are not met, there is no pile-up discovered for the local minimum under
consideration, and the algorithm moves on to evaluate the next local minimum

inside the pulse region.

Overshoot

Overshoot height and overshoot integral are also calculated after each single pho-
toelectron pulse. They correspond to the points below the pre-trigger baseline
voltage at the end of the pulse (for a positive polarity pulse), if there are any.
The start of the overshoot region is the point where the signal trace is below the
baseline after the end of the photoelectron pulse and the end is the point where

the signal trace returns to above the baseline. Also, peak height and the integral
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Figure 3.25: A diagram showing how the process of separating overlapping pulses
works. The split threshold level for a local minimum (¢ = 0) is deduced from the
voltages of the two adjacent local maxima and the baseline voltage. If the voltage
of a local minimum is smaller than the split threshold and the two adjacent local
maxima are at least 3 data points apart, the local minimum is taken as the split
point and the pulses are separated.
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of data points below the baseline voltage before the photoelectron signal are also

calculated, if they are present, to further characterise the photoelectron signal.

Remove ringing

Ringing at the end of a photoelectron pulse, if it is present, might be mistakenly
regarded as new photoelectron pulses by the algorithm. Consequently, the fol-
lowing measures are taken to alleviate this issue. If the peak position (maximum
point for positive polarity pulse) of a photoelectron pulse is no more than four
data points away from the peak position of the adjacent photoelectron pulse, the

latter photoelectron pulse is taken as a false photoelectron pulse.

Peak integral

After removing the falsely assigned photoelectron pulses, the list of photoelectron
pulses is regarded as containing the true photoelectron pulses. The voltages of
data points with the baseline removed between the start and the end of a photo-
electron pulse are then summed for each photoelectron pulse, and this gives the
peak integral of the photoelectron pulse. The distribution of this peak integral
could be used as a cross-check for the baseline estimation.

The number of photons in a scintillation event is the sum of the number of

photoelectron pulses in the individual records grouped in that scintillation event.

3.2.1.4 Scintillation decay

In this experiment, a study has been performed to measure the scintillation decay
time constants of a CaMoO, crystal at milli-Kelvin temperatures for the first time
[141]. The study of scintillation properties of slow scintillator crystals is discussed
in detail in [IT7]. Because of its capability of resolving individual photons, the low-

temperature PMT in this experiment is very suitable for studying the scintillation
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properties of crystals from milli-Kelvin temperatures to temperatures of a few
Kelvin. With the “dead-time free” data acquisition mode, there is in principle no
upper limit on the scintillation decay time constant under study. After the photon
grouping, the timestamp of the first record in the group is taken as the start time
of the scintillation event. The difference between the timestamp of a record with
a single photoelectron pulse and the start time of the scintillation event is then
the arrival time of that specific photon relative to the start of the scintillation

event. In this way, we can study how the scintillation intensity evolves over time.

3.2.1.5 Scintillation and dark pulse simulation

To investigate the effects of the photon grouping algorithm discussed in Section
a simulation of the scintillation and dark pulse is employed. Because,
in the simulation, the number of energy deposits and the number of scintillation
photons generated by each of those energy deposits are known quantities, it is
easy to compare the results from the analysis algorithm to the “simulated truth”
to investigate the performance of the photon grouping algorithm. Two sources of
signals from the PMT are simulated: scintillation photons and dark pulses from
the PMT. The general approximations of this simulation include: i) the PMT
has perfect gain and zero electronic noise, i.e. it detects every photoelectron
generated in the cathode and every dark pulse, and there are no spurious events
from electronics noise; ii) the PMT readout system has zero time resolution, i.e. it
could distinguish two photons (or dark pulses) arriving infinitely closely in time.
With these two approximations, the only relevant quantity is the arrival times of
the scintillation photons and dark pulses, so the arrival timestamps are the only
data generated by the simulation.

The algorithm of the simulation is shown in Figure [3.26] and it is detailed as

follows.
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Figure 3.26: A flow diagram showing the simulation algorithm for the scintillation
photons and the dark pulses.
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Scintillation photon simulation

The simulation algorithm generates the scintillation photons for one second, be-
fore moving to the next second. With a frequency of energy deposits of R, Hz,
there are, on average a number of R, energy deposits in one second. The actual
number of energy deposits k, that happen in a specific second follows the Poisson
distribution, P(k,, R,.) = RI;%JRT The simulation algorithm first generates the
number of energy deposits in a specific second by generating a random integer
with probability following the Poisson distribution. If the result is k, = 0, i.e.
there are no energy deposits in a specific second, the simulation algorithm then
moves to next second and restarts the process of generating the number of energy
deposits. If k. > 0, the simulation then generates the arrival times for each of the
energy deposits according to a uniform distribution between 0 and 1. As the ab-
sorber under evaluation is CaMoQ, and the excitation is y-rays from ®*’Co, around
90% of all energy deposits are 122-keV y quanta; the other 10% are from 136-keV
v quanta. With around 60 photons detected for each 122-keV y quantum, there
would be a difference of around only seven photons between the average number
of scintillation photons detected for 122-keV and 136-keV y quanta. Hence, it is
reasonable to simplify the simulation to assume that the energy deposits are all
with the same energy, i.e. 122 keV. The average number of scintillation photons

detected in each energy deposit is D. For each energy deposit, the simulation

algorithm generates a random integer number of photons detected N, according

to the Poisson distribution P(N, D) = 2 NJ\?r 2. The algorithm then generates a
random arrival time for each of the IV photons relative to the arrival time of cor-
responding energy deposit according to a probability distribution described by
the sum of two exponential functions fitted to the scintillation decay curve, as

described by Equation [4.2] The simulated photons are sorted by their arrival

times in ascending order, in the same way the real photons were recorded with
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the DAQ. The absolute arrival time of a simulated scintillation photon is the sum
of the start time of the second under consideration, the arrival time of the radi-
ation energy deposit relative to the start of the second and the arrival time of
the scintillation photon relative to the energy deposit. Because the scintillation
process could last for many milliseconds, it is possible that the scintillation pho-
tons from the tail of an earlier radiation energy deposit could arrive later than the
scintillation photons at the beginning of the radiation energy deposit. Thus, all
the simulated photons from different radiation energy deposits are sorted again

in ascending order according to their absolute arrival times.

Dark pulse simulation

The simulation of dark pulses is also on a second-by-second basis, i.e. the sim-
ulation generates the dark pulses for one second, before moving on to the next
second to generate more dark pulses. With a dark count rate of R; Hz, the actual
number of dark pulses k; that happen in a specific second follows the Poisson

kd —R
R %e™"d

distribution P(kq, Rq) = —4 o

If the random number generated is k; = 0,
the simulation algorithm then moves to next second and restarts the process of
generating the number of dark pulses in the new second. If k4 > 0, the simulation
then generates the arrival time for each of the dark pulses relative to the start
of the second, according to a uniform distribution between 0 and 1. The arrival
times of the dark pulses are then sorted into ascending order. The absolute arrival
time of a simulated dark pulse is the sum of the start time of the second under

consideration and the arrival time of dark pulse relative to the start of the second.

Combination of the simulated scintillation photons and dark pulses

To combine the simulated scintillation photons and dark pulses, the combination

of these two groups are sorted in ascending order according to their absolute
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Simulation Energy Average Dark Simulation
input deposit rate | number of count length (s)
parameters (Hz) photons per | rate (Hz)
event
Quantity 1.1 60 5 3600
Simulation Number of | Number of | Number
output energy scintillation | of dark
variables deposits photons pulses
Expectation 3960 237,600 18,000
Result 3983 239,096 17,859

Table 3.2: The input parameters and output variables of the simulation in this
study. The input parameters are taken from the estimation of the CaMoQO, data.

arrival times. In a real PMT readout system, it is impossible to differentiate a
real photon signal from a dark pulse on a pulse-by-pulse basis. In the simulation,
signals from the scintillation photons and dark pulses are combined and their

difference is invisible to the photon grouping algorithm under test.

Validation of the simulation

To validate the simulation, the total number of scintillation photons and dark
pulses generated in the simulation is checked, as shown in Table 3.2l The input
parameters are taken from the estimation of the CaMoO, data, and these input
parameters are used throughout this section. Also, the scintillation decay curve
generated by the simulation is compared to the measurement, as shown in Fig-
ure [3.27] The time intervals between consecutive dark pulses generated by the

simulation are shown in Figure [3.28

Time criterion for the photon grouping algorithm

The scintillation photon and dark pulse simulations are employed to study the
time criterion for the photon grouping algorithm. As discussed in Section [3.2.1.1]

the records with single photoelectron pulses in the light channel are grouped into
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Figure 3.27: The scintillation decay curves of CaMoQO, at a temperature of 18

mK. The simulation is shown in black and the measurement is shown in red. The
simulation includes the scintillation photons and the dark pulses.
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Figure 3.28: The time interval between consecutive dark pulses in the simulation.
The dark count rate is set at 5Hz. The exponential decay is expected for a uniform
distribution of dark pulses in time [159].

the same scintillation event if the interval between two consecutive photons is
not larger than a pre-set criterion, t.. The value of t. is not trivial, because if
t. is too small, the scintillation photons happening at the end of the scintillation
event could be mistakenly omitted, as illustrated in Figure As the slow
scintillation decay time constant of CaMoOy is ~3.4 ms at 18 mK [I41], the time
interval between consecutive photons at the end of the scintillation event becomes
very long. Figure [3.32 shows that with t. = 2ms, for scintillation only simulation
data (no dark pulse simulated) and an average of 60 detected photons for each
energy deposit, the photon grouping algorithm falsely detects a significant number
of scintillation events in the pedestal region (number of photons less than 20).
Because the simulated data is scintillation only, practically there should not be any
scintillation events with such a small number of photons, as the number of photons
in each scintillation event follows a Poisson distribution with an average number

of 60. If ¢, is too large, the photons from two or more scintillation events could
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be mistakenly taken as from the same scintillation event (Figure , especially
when random dark pulses could function as a “bridge” to connect photons from
two scintillation events. Also, a photon from an earlier scintillation or a dark
pulse could be grouped with the photons from a scintillation event (Figure ,
leading to errors in estimating the number of photons and errors in the scintillation
timestamp (timestamp of the first photon in the group taken as the timestamp
of the group) and later difficulty in the study of coincident signals between the
phonon channel and the light channel. Eventually, ¢, is chosen to be 7 ms. With
t. = 7ms, only less than around 0.25% of the photons are eventually assigned to
the pedestal region (Table . Moreover, the grouping criterion of 7 ms gives the
best energy resolution after the grouping process. Figure ~ and Table
[3.3] show how the grouping criterion affects the number of photons in the grouping

result.

3.2.2 CaWQ04 data with “fixed-length” DAQ mode

For the fixed-length mode in CaWOQO, data, because the data are recorded in a
fixed-length time window for each triggered event, most of the photons in the
scintillation event are recorded within that time window. The number of photons
in that fixed-length record is used to estimate the number of photons in the
detected scintillation event. This DAQ mode has the advantage of eliminating
the possibility of the firmware mistakenly failing to trigger on a real photon, as
is possible in the “dead-time free” mode. However, it creates a dead time after
each triggered event, as the data rate generated in this DAQ mode is more than
the maximal data transfer rate allowed between the front-end electronics and the
computer. Consequently, the data fill up the FIFO in the front-end electronics.
Only after the FIFO becomes empty as the data stored in it are transferred to the

computer, the data taking of a new event can be started. The fixed-length mode
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Figure 3.29: A scintillation event measured in the light channel of the CPSD
with CaMoQ, as the absorber at 18 mK, excited by a 5"Co source. As the slow
scintillation decay time constant of CaMoQy is ~3.4 ms at 18 mK, the time interval
between consecutive photons at the end of the scintillation event becomes very
long. If the grouping time criterion is too short, the photons at the end of the
scintillation event would be mistakenly omitted.
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Figure 3.30: Example of two scintillation events (start at ¢ = 0 and ¢ ~ 40 ms)
mistaken as one due to a long grouping criterion in the photon grouping algorithm.
The photons are measured in the light channel of the CPSD with CaMoQO, as the
absorber at 18 mK, excited by a 5"Co source.
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Figure 3.31: Example of a photon from an earlier scintillation event or a dark pulse
(shown in ¢t = 0) mistakenly grouped with photons from a later scintillation event
(t ~ 17 ms). Because the timestamp of the first photon in the group is taken
as the timestamp of the scintillation event, the mistake of grouping a photon
from an earlier scintillation event or a dark pulse causes errors in the timestamp
estimation of the later scintillation event. They are measured in the light channel
of the CPSD with CaMoQy as the absorber at 18 mK, excited by a ®*’Co source.
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Figure 3.32: Histograms of the number of photons per grouping calculated by
the photon grouping algorithm, from scintillation only simulation data (left) and
scintillation plus dark pulse simulation data (right). The red lines show the Gaus-
sian functions fitted to the data. The grouping criterion is a 2-ms time interval.
There is a significant population in the pedestal region in the scintillation only
simulation data, which is due to the photon grouping algorithm with a too short
grouping window.
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Figure 3.33: Histograms of the number of photons per grouping calculated by the
photon grouping algorithm, from scintillation only simulation data (left) and scin-
tillation plus dark pulse simulation data (right). The red lines show the Gaussian
functions fitted to the data. The grouping criterion is a 4-ms time interval.
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Figure 3.34: Histograms of the number of photons per grouping calculated by the
photon grouping algorithm, from scintillation only simulation data (left) and scin-
tillation plus dark pulse simulation data (right). The red lines show the Gaussian
functions fitted to the data. The grouping criterion is a 7-ms time interval.
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Figure 3.35: Histograms of the number of photons per grouping calculated by
the photon grouping algorithm, from scintillation only simulation data (left) and
scintillation plus dark pulse simulation data (right). The red lines show the Gaus-
sian functions fitted to the data. The grouping criterion is a 10-ms time interval.
In the scintillation only simulation data, there is only a very small population of
photons in the pedestal region.
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Grouping  Simulation Gaussian| FWHM | Percentage | Percentage
crite- type mean resolu- of photons of double
rion tion in pedestal events

region
Scintillation 57.8 31.8% 3.5% 1.0%
2 ms
only
Scintillation 57.9 31.7% 3.5% 1.0%
+ dark pulse
Scintillation 59.4 30.4% 0.97% 2.0%
4 ms
only
Scintillation 59.5 30.4% 0.95% 2.0%
+ dark pulse
Scintillation 60.0 29.8% 0.25% 2.3%
7 ms
only
Scintillation 60.1 29.9% 0.25% 2.3%
+ dark pulse
Scintillation 59.9 28.7% 0.08% 2.6%
10 ms
only
Scintillation 60.0 28.2% 0.08% 2.6%
+ dark pulse

Table 3.3: The results of the photon grouping analysis with different grouping
criterion (2 ms, 4 ms, 7 ms or 10 ms), applied to the scintillation only simulation
data as well as the scintillation plus dark pulse simulation data. The input pa-
rameters to the simulation are taken from Table 3.2l The FWHM resolutions are
that in the Gaussian peaks. Percentage of photons in pedestal region is relative
to the total number of scintillation photons generated. The percentage of double
events is relative to the total number of energy deposits generated.
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would not be suitable for crystals with a longer scintillation decay time constant
(e.g. CaMoQy) than the record length allowed by the data storage capacity of the

FIFO in the front-end electronics.

3.2.2.1 Baseline estimation

The actual method of baseline estimation is different between data analysis for
the CaMoQ, data and that for the CaWQ, data. Due to the fixed-length DAQ
mode deployed for taking data with a CaWOQy scintillator, each record already
captures the majority of the signal traces in a scintillation event. As a result,
there is no need to group the records. Also in the CaWO, data, the majority of
the data points in a record are baseline data points between photoelectron pulses,
and there is a long pre-trigger baseline region. Three different methods are tested

for the estimation of the baseline level:

90% baseline

First the algorithm ranks the data points according to their values, then the
average of the largest 90% (negative polarity for pulses) of the data points is
taken as an estimation of the baseline level and the standard deviation of these

data points is taken as the standard deviation of the baseline region.

First 1/16 baseline

In the fixed-length DAQ mode, the pre-trigger baseline region could be chosen
to be long, unlike the short pre-trigger baseline required by the “dead-time free”
DAQ mode in the CaMoO, data. The first 1/16 section of the record is taken
as the pre-trigger baseline region. The average and the standard deviation of the
data points in this first 1/16 section are calculated as estimations for the baseline

level and the standard deviation of voltages in the baseline region, respectively.
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Baseline without pulses

The algorithm could also search preliminarily for any pulses. If a data point
exhibits a value smaller than both of the two data points before it and both of
the two data points after it, it is marked preliminarily as a pulse minimum point
(negative polarity pulse). The region between three data points before and eight
data points after this minimum point is defined as the pulse region. The pulse
height is provisionally estimated as the value of the pulse minimum point minus
the 90% baseline calculated above. This process detects more pulses than there
actually are, but it is appropriate as, in this process, we try to find the baseline
region without pulses for more accurate baseline estimation. After the pulses are
found, a new baseline is estimated from the data points where there are no pulses.
The standard deviation of data points in the baseline region is also calculated
from these points.

Eventually, the 90% baseline value is adopted as the baseline level for the
subsequent analysis and the standard deviation among the data points selected
in the baseline without pulses process is adopted as the standard deviation of the
baseline. This combination is proven to provide good estimations of the baseline
level and the noise level, as confirmed by the precision achieved in the photon

counting in the later stage.

3.2.2.2 Photon counting

The photon counting for the CaWO, data is similar to that for the CaMoQO,
data, as described in Section |3.2.1.3] The only difference is how the pulse finding
threshold is calculated. It is chosen as the smallest value among these three values
(negative polarity pulses): (i) baseline level minus one bit ADC value; (ii) baseline
minus 5% the average from pulse heights calculated in Section[3.2.2.1} (iii) baseline

level minus five times the standard deviation of voltages in the baseline region.
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3.2.2.3 Scintillation decay

For the CaWOQ, data, because a record captures most of the photoelectron pulses
in a scintillation event, the first photoelectron pulse marks the start of the scintil-
lation event. The arrival times of the other photons are calculated relative to the
first photoelectron pulse. The distribution of the arrival times could be fitted with
Equation [4.2] Because of the limit on the maximum number of data points in a
record, imposed by the finite capacity of the FIFO (data buffer) in the front-end
electronics, there is a limit to the maximum arrival time of the photons that could

be captured by the DAQ.

3.2.2.4 Statistical test

Two scintillation events could accidentally happen very close in time and create
a record with the photon signal from these two scintillation events. This type of

event could be discriminated by statistics, as discussed in [160].

3.3 Coincident signals

As discussed in Section [1.7] one of the main features in CPSD technology is the
ability to measure the phonon and the light signal simultaneously and, subse-
quently, the ability to perform particle discrimination through the signal ratio of
the two. To demonstrate this feature, a study of coincident signals from these two
channels is performed. The phonon channel and light channel have separate data
acquisition systems as discussed in Section and this gives rise to the necessity

for data synchronisation.
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3.3.1 Timestamp

For the phonon channel data, because the modulation frequency is constant and
the data taking by the phonon channel DAQ is continuous, the number of demod-
ulated data points since the beginning of data taking corresponds to the duration
since the start of data taking. As the modulation frequency is constant, the in-
terval between two consecutive demodulated data points corresponds to a period
that is the inverse of the modulation frequency times two, where the factor of
two is from the demodulation process described in Section [3.1.1 As mentioned in
Section because of the difficulty in determining the onset of a pulse, the time
position of the pulse maximum point is taken as the timestamp of a pulse. There
is an approximately constant time offset between the maximum point position
and the real onset of the pulse.

For the light channel, the timestamps of records made by the DAQ are used
for both the CaWO, data and the CaMoQO, data. For the CaWOQ, data taken with
fixed-length trigger mode, the photons from a scintillation event are contained in
the same record, so the timestamp of the record is taken as the timestamp of
the scintillation event. For the CaMoQO, data taken with “dead-time free” trigger
mode, the timestamp of the first photon in the group after photon grouping is

used as the timestamp of the scintillation event, as discussed in Section [3.2.1.1]

3.3.2 Synchronisation

Because of the modulation scheme used (Section , the phonon channel has
a time resolution of ~0.5 ms after demodulation, with the highest modulation
frequency deployed (1 kHz). The phonon channel and the light channel of the
CPSD should detect the signals from the same energy deposit simultaneously
better than 0.5 ms in the physics level [103], 161, 117]. Thus, all the discrepancy

between the timestamps of the two channels about the same energy deposit is
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from errors introduced at the later stages of the signal chain. This understanding
is used to synchronise the two channels.

After the timestamps of the phonon channel events and the light channel
events are obtained, the timestamps from the two channels are plotted side by side
for visual inspection. Due to the time pattern of when energy deposits happen,
it is easy to notice how the timestamps of the two channel should be aligned.
As an example, it is easy to notice the time offset of the stamps for the two
channels, from the beginning section of the plot (Figure , which is introduced
by the DAQ systems and the time difference between the pulse maximum and the
real onset of pulses in the phonon channel. This offset is manually compensated
by adding a time offset to the timestamp of every event in one of the channels
(phonon channel chosen). After aligning the timestamps at the beginning of the
data taking period, it is found that the relative difference of the timestamps
between the two channels drifts over time. This drifting is understood to be
introduced by the data acquisition systems. The exact frequencies of modulation
in the phonon channel and the data sampling in both channels are controlled by
crystal oscillators in the electronics and the oscillation frequency of the crystals
are affected by temperature. Two methods are investigated to overcome this time-
drifting effect. As the first method, a linear time drifting factor is calculated by
the ratio of how much the timestamps have been drifted at the end of the data
taking, relative to the duration of the whole data taking. Then, every timestamp
in one of the channels (phonon channel chosen) is corrected by the calculated
linear time drifting factor. After this correction, the timestamps between the two
channels are found to be well aligned throughout the data taking. The second
method is to align a small section (chosen to be 30 seconds) of timestamps at a
time. As the time drifting effect is only significant in the longer term (around

6 microseconds drifted per second on average), by adding another time offset to



CHAPTER 3. DATA ANALYSIS 165

every timestamp in one of the channels (phonon channel chosen) in a small time
window, the timestamps in the two channels could be aligned. The value of the
offset is decided through a search algorithm, which searches the time offset value
from —50 ms to 50 ms with a 0.03-ms step size, so a maximum number of phonon
channel timestamps are aligned with the timestamps in the light channel. If there
are two or more time offset values with the same number of aligned phonon channel
timestamps, then the one which minimises the sum of the difference between the
aligned timestamps of the two channels is chosen. The first method was found
to work better for the CaMoO, data and was applied to this data. The second
method is found to work better for the CaWQ, data, and the second method is
applied to CaWQ, data.

After all the corrections in the timestamps of the two channels are performed,
the coincidence window for the two channels is set as 2 ms (i.e. if the timestamps
of the events in the two channels are closer than 2 ms), they are taken as being in

coincidence. The results of the study of coincident signals are presented in Figure

and Figure in Section [4.3

3.4 Light yield

The light yield is defined as the number of photons detected by the light channel
divided by the energy measured in the phonon channel of the CPSD, normalised
to electron recoil events. Because nuclear recoil events produce only a small pro-
portion of light (described by the quenching factors for different nuclei) compared
to electron recoils, the light yield can be used to discriminate between nuclear re-
coil events and electron recoil events. No neutron source has been applied in this
experiment, so only electron recoil events are investigated. The quenching fac-

tors for different nuclei of CaWO, have been well measured [162]. For the CPSD
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Figure 3.36: A section of the timestamps (horizontal lines) of events detected by
the phonon channel (left) and the light channel (right) of the CPSD module with
CaMoQy as the absorber, at the beginning of data taking. The timestamps are
in the Unix time format, i.e. the time since 1 January 1970, but they are in the
unit of nanoseconds. It is easy to notice that a time offset exists between the
timestamps of the two channels, as notated by “Delta t” in the figure.
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module, the efficiency to discriminate electron recoils against nuclear recoils is
illustrated by the 90% upper and lower boundaries of electron recoil band in the
light yield plot.

Because the light channel in the CPSD with CaWO, as the absorber has a
much better energy resolution than that of the CaMoOy, only the CaWQO, data
is used in the study of discrimination power with light yield in this work.

The procedure to obtain the 90% upper and lower boundaries of the electron
recoil band is discussed as follows.

The energy resolution of the phonon channel (op) of the CPSD is parame-

terised by:

op(E)=vVa+b-E+c-E?, (3.3)

where F is the energy measured by the phonon detector in the unit of keV, a, b,
and c¢ are coefficients. The fitting of the data points in energy resolutions with
Equation [3.3]is shown in Figure [3.37]

The energy resolution of the light channel (o) of the CPSD is described by

the Poisson distribution as follows:

UL(E) - % O'L(122 keV),
ou(B) = \/N(12; keV) N%zkl;\e/\/) B o(122keV), (3.4)

oL(E) = \/ 5oz - 01(122 keV),

where o7 (122 keV) is the energy resolution of the light channel for the energy
deposits by 122-keV y quanta, N(E) is the number of photons detected by the
light detector for electron recoil events with energy E. The assumption in this
equation is that the number of scintillation photons detected is proportional to
the deposited energy. As not enough low-energy deposits happenedin the exper-

iment, it is not possible to explore the non-proportionality effect of the CaWQOy,
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Figure 3.37: The energy resolution (o) squared versus the energy measured by
the phonon channel of the CPSD module with CaWQO, as the absorber. The
curve is described by Equation fitted to the data, while the energy resolution
is measured at the various energy points of the phonon channel with CaWQO, as
the absorber under the excitation of 5"Co y-source. The x? of the fit is 0.70, the
degree of freedom is 2, and the corresponding p-value is 0.71.
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scintillation [I63]. The normalised light yield LY is described as:

LY(E) = =% (3.5)

where Fj, is the energy measured in the light channel and Ep is the energy mea-
sured in the phonon channel by the CPSD with CaWQ, as the absorber for elec-
tron recoil events.

The error of the light yield is described by:

O'p(E)
Ep

covr, p(F)
Ep-Ep

EL\/(O'L(E)

E) =
ouv(E) Ep Er

)2+ ( )22 —2 (3.6)

The covariance of the signals between the phonon and the light channels

covr, p(F) is calculated as follows:

cov, p(122 keV)
o1 (122keV) - op(122keV) ’

COUL,p(E) = O'L(E) . O'p(E) . (37)

where the covariance at 122 keV, cov, p(122keV), is estimated by events with 122
keV energy deposit, as shown in the scatter plot of coincident signals between the
light channel and the phonon channel of the CPSD (Figure in Section .

Finally, o1y (F) multiplied by 1.645 is the value for 90% confidence level. Thus
1+ (1.645 - oy (F)) marks the 90% boundary values for the electron recoil band

in the light yield plot. The result of the light yield plot is shown in Figure [4.19]

3.5 PMT characterisation

The characteristics (dark count rate, single electron response and gain) of the
PMT at milli-Kelvin temperatures are important to the application of the PMT

as a light detector at this temperature and are discussed in the following.
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3.5.1 Dark count rate

Dark count rate is one important characteristic of the PMT and its value at milli-
Kelvin temperature for application in rare-event searches, especially when a small
number of photons are expected from a signal. A dark current event in the PMT
is defined as a signal pulse at the output of the PMT when there are no photons
hitting the PMT cathode. In this study, there was no “dark run” when there was
no light source shining on the PMT cathode. The scintillation photons from the
CaMoQy4 or CaWO, crystal were shining on the PMT cathode under the excitation
of external radiation during the experiment. Even without calibration source, the
scintillation photons were still present, as there were ambient radioactivity and
cosmic muons in the above-ground laboratory as the excitation for scintillation.
However, the phonon detector can be used as a veto to search for the intermittent
periods without scintillation photons, so a study of dark count rate is still possible.
The CaMoQOy data rather than the CaWOQO, data are used for the study of dark
count rate for several reasons: i) compared to the CaWO, data, there were fewer
scintillation photons in the CaMoO, data on average for each energy deposit,
as discussed in Section which means fewer scintillation photons could be
mistakenly identified as dark pulses; ii) lower number of scintillation photons per
energy deposit detected in the CaMoO, data means that for a specific number
of photons detected, the corresponding phonon signal is larger, leading to higher
veto efficiency. Also, the phonon channel in the CaMoO, setup had a lower noise
level, leading to a higher veto efficiency as well; iii) the DAQ in the CaMoOy
data was in the “dead-time free” mode as discussed in Section which means
the dark count estimation is more straightforward, without the need to take into
account the significant dead period, as in the CaWQ, data.

There is a report about spontaneous electron emission from a cold metal sur-

face [I59]. The electron emission from a cold metal surface is reported as a group
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of electrons (“electron burst”) emitted from the cold surface from time to time.
Consequently, the grouping of pulses in the light channel is avoided in the dark
count rate estimation, as it is difficult to know whether the group of pulses is from
a scintillation event or an “electron burst”.

To estimate the dark count rate, a relatively long period before (set as 20 ms)
and after (set as 80 ms) every individual pulse detected by the phonon channel
is taken as a “scintillation period”. The timestamps of events in the phonon
channel are adopted from those after the synchronisation process in the study of
coincident signals (Section [3.3)). The “scintillation period” (80 ms) may contain
a longer period than the actual period within which scintillation happens (the
slow scintillation decay time constant for CaMoO, is ~3.4 ms at 18 mK), but
it decreases the possibility of scintillation photons at the tail of a scintillation
event contaminating the samples used for dark count rate estimation. Also, an
overly long period does not bias the estimation of dark count rate as the dark
pulses are distributed randomly in time. The setting of 20 ms before the pulse in
the phonon channel is a pre-empting measure to ensure the photons at the start
of the scintillation is captured in the “scintillation period”. The region outside
the “scintillation period” is taken as the “dark period”, which is used for dark
count rate estimation. All the individual pulses of the photon channel in the
“dark period” are taken as dark pulses. The dark count rate is estimated as
the number of pulses in the “dark period” divided by the duration of the “dark
period”. Because the detection efficiency of the phonon channel is not 100%, there
might still be “scintillation periods” mistakenly taken as “dark periods” by failing
to identify a pulse in the phonon channel. Consequently, this estimation gives
only an upper limit of the dark count rate of the PMT. The result of the dark

count rate estimation is presented in Section [4.5.1]
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3.5.2 Single electron response (SER) and gain

Because of the various processes involved, mainly the secondary electron emission
in the various dynode stages, the response of the PMT readout system to a single
photoelectron is a random process. The gain of the PMT is related to the DC
bias voltage applied to the PMT), as is its dark count rate. Typically, the higher
the bias voltage, a PMT gets higher gain and higher dark count rate. Thus, for
the study of single electron response, the same set of the CaMoO, data in the
dark count rate study is chosen.

For the CaMoO, data, to increase the signal-to-noise ratio for triggering pur-
pose, in the firmware level the signal went through a low-pass filter with a 50-ns
time constant. The low-pass filter integrated the signal, thus the noise (bipolar)
was significantly attenuated while the signal pulse (monopolar) was only modestly
attenuated. The integral of the pulse is unchanged by the low-pass filter, as con-
firmed by a simulation. The tail of the pulse might not be recorded on the disk
(Figure because, in the “dead-time free” mode, the DAQ stopped writing
the data to disk after the 8-sample average dropped below the threshold for at
least two 8-sample groups to decrease the data rate (Section . To overcome
the tail truncation issue, the analysis algorithm selects those photoelectron pulses
with a signal trace of 30 ns before and 100 ns after the peak recorded on the disk.
The signal trace is integrated over this period, which corresponds to the charge
collected on the PMT anode. The integration of the pulse region over time forms
the “SER” region at z ~ 0.2V ns in Figure [£.20] After confirming the signal trace
also has enough length in pre-trigger baseline region in the record, the algorithm
also integrates the same length of the signal trace in the pre-trigger baseline region
to characterise the electronic noise level. The integration of pre-trigger baseline
region forms the “pedestal” region in Figure [4.20]

From the single electron response, the gain of the PMT can also be extracted.
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Figure 3.38: Examples of the signal trace recorded on disk for the light channel
of the CPSD with CaMoO, as the absorber. Due to the “dead-time free” DAQ
mode, some of the signal traces have been truncated at the tail (left), which is
not applicable for the study of the single electron response (SER). The algorithm
selects those with a complete signal trace without truncation (right) for the study
of SER.

The readout electronics has a gain Gecrronics = 11 and it has an input impedance
R = 33.3 Q. The charge (Q) collected from the anode of the PMT is calculated
as Q@ = [V(T) - dT/(R - Gejectronics)- Because only a single photoelectron starts
from the photocathode, the PMT gain is the ratio of ) to the charge of a single

electron.



Chapter 4

Results and discussion

This chapter discusses the results obtained with the cryogenic phonon-scintillation
detectors (CPSD) equipped with PMT readout. The y quanta emitted by a "Co
source were used for calibration and characterisation of the detectors. The detailed

analyses behind these results were discussed in Chapter [3]

4.1 Phonon channel results

CaMoQO,

Figure shows the energy spectrum of the phonon channel of the CPSD with
CaMoQO, as the absorber excited by a 5"Co y-source. The peaks at 122.1 keV
and 136.5 keV are most prominent, as they correspond to the detection of the y
quanta from a 57Co source with the full energy deposited in the absorber. The
few events with higher than 136.5 keV energy measured may be explained by
ambient radioactivity and cosmic rays. To the left of the 122.1-keV and 136.5-
keV peaks, there is a population of events continuously extending to lower energy
due to Compton scattering, as some of the y quanta lose part of their energy

by Compton scattering on the components surrounding the CPSD, including the

174
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cryostat and the detector copper housing, before depositing the remaining energy
in the absorber crystal. Also, Compton scattering may happen inside the absorber
crystal, as the y-ray deposits only part of the energy in the absorber crystal. The
peak at x = 104.6 keV is explained by X-ray escape. The mechanism is that the
incoming y-ray ionises an inner-shell electron and then the hole left behind is filled
by an outer-shell electron which has higher energy potential. The difference of
energy potentials between these two electrons is released as an X-ray, which is
characteristic for the electron shell of the atom. With some probability, the X-ray
does not interact with the absorber crystal before leaving it. Thus, the energy of
the X-ray is not measured by the phonon channel. The horizontal axis value of the
escape peak in the energy spectrum (Figure is the energy difference between
the incoming y-rays and the corresponding outgoing X-rays. As an example, the
escape peak at = 104.6 keV is the result of 122.1 keV of the y-rays from °"Co
minus the 17.5 keV of the X-rays from the K, line of molybdenum. The same
mechanism applies to the 136.5-keV y-rays from °"Co as well, but the intensity of
136.5-keV y-quanta is lower than that of 122.1-keV quanta, thus the escape peak
corresponding to 136.5 keV minus the K, line of molybdenum is not prominent
above the continuous background. The intensity of the X-ray escape peak depends
on the intensity of the incoming vy-rays, the geometry of the absorber crystal as
well as the energy of the characteristic X-rays. If the characteristic X-ray deposits
its energy in the absorber, the phonon channel still measures the full energy of
the incoming y-ray. The energy resolution (full-width-at-half-maximum, FWHM)
for the phonon channel is found to be (0.97 £0.03) keV (statistical) at 122.1
keV for the CaMoO, data, corresponding to a relative resolution (FWHM) of
(0.80 £0.02) % (statistical). The overall cut efficiency for the goodness of fit in
the template fit is 53.0% for CaMoQ, data.

The baseline energy spectrum of the phonon channel of the CPSD with CaMoO,
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Figure 4.1: Energy spectrum of the phonon channel of the CPSD with CaMoQOy
absorber, excited by a 57Co y-source. The FWHM energy resolution at 122.1 keV
is found to be (0.97 + 0.03) keV (statistical), corresponding to a (0.80 £ 0.02) %
(statistical) relative resolution (FWHM). The escape peak A corresponding to the
122.1 keV minus K, of molybdenum is less prominent than the escape peaks in
CaWO0y, as the K line of molybdenum is less energetic, thus this characteristic
X-ray is less likely to escape from the absorber crystal. Other escape peaks are
too weak to identify. Figure published in [140)].



CHAPTER 4. RESULTS AND DISCUSSION 177

250
200~
[ -
c 150
3 - FWHM = 650 eV
© -
100—
50—
0: I B vl Ly Ly Ly |
2 15 -1 -05 0 05 1 15 2

Energy [keV]

Figure 4.2: The energy spectrum of the baseline region, detected by the phonon
channel of the CPSD with a CaMoO, absorber. The red line represents a fit of a
Gaussian function to the data. The FWHM baseline energy resolution is found to
be (0.65 £ 0.01) keV (statistical). The x? of the Gaussian fit is 11.82, the degree
of freedom is 19, and the corresponding p-value is 0.89.

as the absorber is shown in Figure 4.2|and the baseline energy resolution (FWHM)
is determined to be (0.65 £ 0.01) keV (statistical).

CaWO,

Figure [4.3| shows the energy spectrum of the phonon channel of the CPSD with
CaWOQy, as the absorber excited by a °"Co y-source. Except for the peaks at
122.1 keV and 136.5 keV and the continuous Compton scatter population, there
are more features in the lower energy range. The escape peaks at 62.7 keV and
54.7 keV correspond to 122.1 keV minus the energy taken away by the K, and
Kg characteristic X-rays of tungsten, respectively. An indication of energy loss
caused by K, of tungsten from 136.5 keV, resulting in an escape peak at around
77.2 keV, is also visible. Due to the continuous background (Compton scattering,

etc.), further features are difficult to identify. The energy resolution (FWHM) for
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Figure 4.3: Energy spectrum of the phonon channel of the CPSD with CaWQO,
absorber, excited by a *"Co y-source. The FWHM energy resolution at 122.1 keV
is found to be (2.17 +0.04) keV (statistical), corresponding to a (1.78 £ 0.03)%
(statistical) relative resolution (FWHM). The escape peaks A (122.1 keV minus
Kg line of the tungsten), B (122.1 keV minus K, line of the tungsten), and C
(136.5 keV minus K, line of the tungsten) are more prominent than those in the
CaMoQy. The reason is that tungsten K, and Kg characteristic X-rays have higher
probabilities of escaping without depositing energy in the absorber crystal, due
to the relatively high energy of these two characteristic X-rays. Figure published
in [140].
the phonon channel with the CaWO, absorber is (2.17 £ 0.04) keV (statistical) at
122.1 keV, corresponding to a 1.8% relative resolution (FWHM). The overall cut
efficiency by the goodness of fit in the template fit is 50.0% for CaWO, data.
The baseline energy spectrum of the phonon channel with CaWQO, absorber
is shown in Figure [£.4. Even though a single Gaussian function is found to not
fully describe the baseline energy spectrum, such effect is negligible for the sub-
sequent analysis, as discussed below. Two scenarios of fitting are evaluated for

this spectrum: fitting with one Gaussian function and fitting with the sum of two

Gaussian functions. Table [4.1] summarises the results of these two fit scenarios.
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Figure 4.4: The energy spectrum of the baseline regions, detected by the phonon
channel of the CPSD with a CaWQO, absorber. The width of this energy spectrum
is the baseline energy resolution. Two scenarios of fitting are assessed: fitting
with single Gaussian function (shown in red line) and fitting with the sum of two
Gaussian functions (shown in red line). Table shows the parameters and the
results of the fits.

The scenario of fitting with one Gaussian function leads to a large X*/ndr value
(9035/33) and a small p-value (3.8 x 107%), which indicates the single Gaussian
function poorly describes the spectrum. The scenario of fitting the spectrum with
the sum of two Gaussian functions results in a smaller x*/ndr value (33-79/35) and a
larger p-value (0.53), which indicates it better describes the spectrum.

The cause of this feature in the baseline energy spectrum is discussed as follows.
As shown in Figure[4.4and Table[d.1], the baseline energy spectrum is better fitted
by a sum of two Gaussian functions than by a single Gaussian function. When
fitted by the sum of two Gaussian functions (G (E) and Gs (F)), Gy (E) has
a scale factor of 439.6 £ 22.7 and a Sigma of (0.50 £ 0.02) keV, while G (E)
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Fit Results of the fit
scenario Scale Mean Sigma x> Degree p-value
factor (keV) (keV) of
freedom
(ndf)
One 451.4 -0.015 0.551 | 90.35 38 3.8 x 107
Gaussian +7.5 +0.007 | £0.006
function
Sum of 439.6 -0.026 0.50
two +22.7 | £0.009 | £0.02 33791 35 0-53
Gaussian 33 0.12 1.04
functions +25 +0.12 +0.27

Table 4.1: The results of two fit scenarios: using a single Gaussian function or
using the sum of two Gaussian functions to fit the baseline energy spectrum of
the phonon channel of the CaWO, module (Figure [£.4). Only statistical errors
are included.

has a scale factor of 33 & 25 and a Sigma of (1.04 £ 0.27) keV. It means G (E)
represents relatively short periods of baseline regions with a larger noise level, than
the baseline regions represented by G (E). Baseline regions with |E| > 1.7 keV in
Figure |4.4] are almost exclusively distributed within the Gy (E), as G; (E) < 1 for
|E| > 1.7 keV. Those baseline regions with |E| > 1.7 keV are selected and plotted
along with the standard deviation of the baseline energy distribution versus time,
as shown in Figure[4.5] The standard deviation of the baseline energy distribution
represents the baseline noise level which is found to vary over time. Figure [4.5
shows baseline regions with |E| > 1.7 keV (exclusively distributed in Gs (E))
coincide with local maximums in baseline standard deviation curve, indicating
Go (F) represents the baseline regions with elevated noise level.

The effect of fitting with a non-single Gaussian function for subsequent analy-
sis is discussed as follows. From the fit with one Gaussian function, the standard
deviation is (0.551 £ 0.006) keV. From the fit with the sum of two Gaussian func-
tions, the variance is defined as the second central moment. Thus, the variance

of the mixture (sum) of two Gaussian functions can be deduced as:
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Figure 4.5: Standard deviation of the baseline energy distribution versus time
(shown in black line) and baseline regions with |E| > 1.7 keV (exclusively from
G2 (E), shown in red dots). The vertical coordinates of the red dots are adjusted
individually for clarity.
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where a; and ay are respectively the scale factor of G; (E) and G, (E), o7 and
o9 are respectively the standard deviation of Gy (E) and Gy (E), and pq and po
are respectively the mean of Gy (E) and G (E). Using results in Table 4.1} it is
found that 02, guyssian = 0-307 keVZ. From the covariance matrix of numerical

fitting and the error propagation deduced from Equation the error on the

2

02,0 Gaussian 18 0.014 keV?. In comparison, the variance from the fitting with a

single Gaussian function is (0.304 & 0.007) keV?. The difference on baseline energy
resolution resulted from these two scenarios of fitting is small (~0.5%). Besides
representing the energy resolution of the phonon channel of the detector when it
approaches zero energy deposit, the baseline energy resolution is also used in the
parameterisation of the phonon-channel energy resolution as a function of energy
(Section [3.4). Figure shows the difference of the parameterisation due to the
different baseline energy resolutions resulted from the two fitting scenarios. It is
shown that the difference of the parameterisation is negligible. As a result, the
deviation of the baseline energy spectrum to a single Gaussian distribution does

not have significant impacts on the characterisation of the detector module.

Comparison

Compared with 1.4 keV (FWHM) at 122.1 keV reported for a phonon detector
that uses CaWQ, as the absorber for the CRESST experiment [164], the energy
resolution of the phonon channel of the CPSD with CaWQ, absorber achieved in
this study (2.17 keV FWHM) is inferior. However, the energy resolution measured
in the phonon channel of the CPSD with CaMoQO, absorber in this study is better

than the resolution of a calorimeter with magnetic metal phonon sensors for the



CHAPTER 4. RESULTS AND DISCUSSION 183

/>\ 1 4 . I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I 1 -
q) - =
< ] . N
% 1.2 3 One Gaussian }/ -
3 : Two Gaussians / -
Qo ] J/ o
S 084 yd 2
O ] / L
2 . // C
S 06 | 3
5 . ~ C
= ] 1A -
@ 0.4 - —
o e :
5 0.2 - —
o . C
w 0.0 - -

I LI I LU I LU I LI I LI I LU I LI I )
0 20 40 60 80 100 120 140
Phonon channel energy (keV)

Figure 4.6: The energy resolution (o) squared versus the energy measured by
the phonon channel of the CPSD with CaWQO, as the absorber. The energy
resolution data points are measured at the various energy points of the phonon
channel, with CaWOQj, as the absorber under the excitation of a > Co y-source. The
red data point at zero of the horizontal axis (hidden behind the green data point)
represents the baseline energy resolution obtained from a single Gaussian function
fit scenario, and the red curve is the corresponding fitted curve using this baseline
energy resolution. The green data point at zero of the horizontal axis represents
the baseline energy resolution obtained from the sum of two Gaussian functions fit
scenario, and the green curve is the corresponding fitted curve using this baseline
energy resolution. Both red and green curves are described by Equation fitted
to the data.
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neutrinoless double-beta decay experiment [I65]. The combination of all CPSD
parameters at this proof-of-principle stage is far from optimal, as this was not the
priority. However, optimising the phonon channel should be achievable, given the
excellent energy resolution demonstrated in the phonon channel in many examples
of cryogenic detectors (see Reference [100] and references therein).

The cause of the higher noise level and thus inferior energy resolution of the
phonon channel of CaWQ, data compared to the CaMoO, data is not clear.
They use the same NTD-Ge sensor as the NTD-Ge sensor was installed on the
CaMoO, crystal, dismantled after the CaMoQO4 run finished and later installed
on the CaWQ, crystal for the CaWO, run. The main suspect is the nylon fibres
which suspend the calorimeter in the detector holder were not tightened enough
in the CaWQy setup, thus it introduced extra noise in the phonon channel of the

CaWO, data.

4.2 Light channel results

4.2.1 Light channel energy spectrum

The light channel of the CPSD typically has an energy resolution an order of mag-
nitude worse than that of the phonon channel because, for the initial excitation
energy, only a few percent are emitted as scintillation photons and contribute as
a useful signal to the light channel. It is particularly interesting to evaluate the
quality of the scintillation response measured by the PMT at milli-Kelvin temper-
atures, as this is directly related to the discrimination power of the CPSD. After
the data analysis process discussed in Section [3.2] a histogram of the number of
photons detected by the PMT channel with the CaMoO, absorber (Figure
shows a broad peak at number of photons N =~ 60, corresponding to energy de-

posited in the absorber by 122.1-keV or 136.5-keV y-rays from ®7Co, as the energy
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resolution of the light channel is not good enough to resolve these two closely
spaced lines. Because the 122.1-keV and 136.5-keV lines are too closely spaced for
the light channel to resolve, the resulting energy peak is broader than it would
be if there were only one energy, thus the width of the broadened peak is an
inaccurate representation of the light channel energy resolution. To investigate
the energy resolution of light channel, the study of the coincident signals between
the phonon channel and the light channel is used to select the scintillation events
corresponding to 122.1keV energy measured by the phonon channel. The resulting
histogram of the number of photons, corresponding to 122.1-keV energy deposits
is shown in Figure [4.8] The relative energy resolution for the light channel of the
CPSD with the CaMoQO, absorber is determined to be (29.7 £ 0.3)% (statistical)
with 122.1-keV vy excitations.

In Figure [4.9] the histogram of the number of photons in CaWO, data shows
a major peak at the number of photon N = 170, due to the full energy deposits of
122.1-keV and 136.5-keV y quanta in the absorber. As with CaMoQy, the energy
resolution of the photon channel is not good enough to resolve the two lines. Also,
there is a peak at the number of photons N = 80, corresponding to the escape lines
of tungsten and the energy resolution is not good enough to resolve the individual
lines. Again, the coincident signals between the phonon and the light channel are
used to select the scintillation events corresponding to the full energy deposit by
122.1-keV y quanta in the absorber. The FWHM energy resolution of the light
channel with a CaWOy absorber is (19.9 + 0.2)% (statistical) at 122.1 keV with
y excitation (Figure . Comparing this result to other experiments, the best
energy resolution at 122.1 keV for CaWQO, has been measured to be 14.6% at
room temperature, for a PMT in optical contact with the scintillator [166]. When
CaWO, was used in CPSD applications, a cryogenic light detector has achieved

an energy resolution equal to 17% [120]. Nonetheless, typical energy resolutions
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Figure 4.7: Histogram of the number of photons detected in the light channel of
the CPSD with a CaMoO, absorber, excited by a >"Co y-source. The peak at
x ~ 60 is due to the 122.1-keV and 136.5-keV y quanta from °"Co, and the two
lines are not resolved by the light channel. Figure published in [140].
in Dark Matter search experiments are 20% [167]. When compared with light
detectors based on cryogenic calorimeter, the light channel with PMT readout
of the CPSD with a CaWQ, absorber in this work shows a competitive energy
resolution.

The CaWOQ, data shows a larger number of photons detected by the PMT, thus
a better energy resolution than that of the CaMoO,. As discussed in Section [2.6]
although the two crystals have quite similar absolute light yields of scintillation

at cryogenic temperatures, CaWQO, has a better spectral overlap of its emission

spectrum and the PMT spectral sensitivity than that of CaMoO, [117].

4.2.2 Scintillation Decay

The scintillation decay curves of CaWO, and CaMoQy scintillators at ~18 mK,

measured by the PMT channel of the CPSD ([2.10)), can be characterised by the
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Figure 4.8: Histogram of the number of photons detected in the light channel of
the CPSD with a CaMoQ, absorber, excited by 122.1-keV y quanta. The 122.1-
keV y quanta are selected by the energy measured at the phonon channel, with the
study of the coincident signals between the light channel and the phonon channel
of the CPSD. The FWHM relative energy resolution is found to be (29.7 & 0.3)%
(statistical). The x? of the Gaussian fit is 10.1, the degree of freedom is 15, and
the corresponding p-value is 0.81.

sum of two exponential functions as follows:

y(t) = Ayexp(—7;'t) + Agexp(—7,'t) + yo (4.2)

where y is the intensity of the scintillation light (number of scintillation photons
emitted per unit time), ¢ is time since the start of the scintillation, Ay is the
amplitude of the fast scintillation decay component, 7 is the fast scintillation
decay time constant, A is the amplitude of the slow scintillation decay component,
7, is the slow scintillation decay time constant, and y, is a constant (accounting
for the random dark pulses). The two exponential functions represent the fast
and slow decay modes, corresponding to the relaxation of excited states in the
scintillator. Table shows the values of the parameters, after fitting Equation
to the scintillation decay curves in Figure .11

The two scintillation decay curves show significant differences. First, the slow
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Figure 4.9: Histogram of the number of photons detected in the light channel
of the CPSD with a CaWQ, absorber, excited by a 3"Co y-source. The peak at
x = 170 corresponds to the absorber detecting the full 122.1-keV and 136.5-keV
v quanta from *’Co, and the two lines are not resolved by the light channel. The
peak at x = 80 corresponds to the escape lines of tungstate. Figure published in
[140].

Table 4.2: Parameters of scintillation decay kinetics in CaWO, and CaMoQOy
crystals at ~18 mK obtained from fitting the decay curves in Figure by

Equation

Crystal | Ay | 75 (us) | As 7 (us) | yo
CaWO, | 460 | 12.8(6) | 2600 | 382(2) |58
CaMoO, | 2500 | 40.6(3) | 158 | 3410(30) | 0
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Figure 4.10: Histogram of the number of photons detected in the light channel of
the CPSD with a CaWQ, absorber, excited by 122.1-keV y quanta. The 122.1-keV
v quanta are selected by the energy measured at the phonon channel, with the
study of the coincident signals between the light channel and the phonon channel
of the CPSD. The relative energy resolution (FWHM) is found to be (19.9 4+ 0.2)%
(statistical). The x? of the Gaussian fit is 21.2, the degree of freedom is 31, and
the corresponding p-value is 0.67.
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Figure 4.11: CaWO, (left) and CaMoO,(right) scintillation decay curves, both
measured at ~18 mK by the light channel of the CPSD with excitation from a
57Co source. The red lines are described in Equation fitted to the data. Figure
published in [140].
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decay component dominates in CaWOy,, while the fast decay component is quite
small, as shown by the amplitudes of the two components. In contrast, the fast
decay component dominates at the begin the CaMoQ, scintillation decay curve,
and slow decay component emerges only later when the fast decay component
vanishes. Second, the slow decay component of the CaWOQ, is about one order of
magnitude shorter than that of CaMoO,4. The model of emission centres [168, [141],
which is developed for tungstate and molybdate crystals, could explain both of

these features.

4.3 Result of coincident signals

4.3.1 Scatter plots and energy spectrum plots of coinci-

dent signals

Figure shows the scatter plot with energy measured in the phonon channel
(horizontal axis) versus the number of photons measured in the light channel
(vertical axis) in the CPSD module with the CaMoO, absorber, with the excitation
from a 57Co y-source. Electron recoil events induced by y interactions form the
diagonal band. Nuclear recoils induced by neutron and massive particles have
much less light yield and these events will subsequently create a separate band
with much smaller gradients in the scatter plot (not visible here as only a °"Co
y-source was deployed near the detectors). Most of the points are in the diagonal
band, which indicates good coincidence between the two channels. The population
of 122.1-keV and 136.5-keV energy deposits are visible.

Figure shows a similar scatter plot for the CaWO, data. Most of the
points lie near the diagonal band. In addition to the 122.1-keV and 136.5-keV
energy deposits, the population from 55-keV and 63-keV escape lines of tungstate

are also visible.



CHAPTER 4. RESULTS AND DISCUSSION 191

100 T T T T | T T T T I
2 [ camoo, R
5 80 - TE. -
- ",
a ¢ B 20 AL
E GO B . :’ % ":;3': "-. . -: N
E | ety B
- 40 LR O e _
..g ot 2:3. * ' .
o - s T et
o TN
3 20+ % - -
% L '-.5{;“:.-::" 1
: O ‘3‘;3“.‘: ) 1 4 | 1 1 1 L | 1 1 1 L | 1 1 1 L

0 50 100 150 200

Phonon detector, keV

Figure 4.12: Scatter plot of energy measured by the phonon channel (horizontal
axis) versus the number of photons measured by the light channel (vertical axis)
in the CPSD with a CaMoQ, absorber, exposed to a "Co y-source. The diagonal
band corresponds to electron recoil events induced by y quanta from the 5"Co
source, and the 122-keV and 136-keV lines are visible. Figure published in [140].

Figure [4.14] shows the energy spectrum measured in the phonon channel over-
lapping with the histogram of the number of photons measured in the light channel
of the CPSD with CaMoQO, absorber as another way to plot the same events in
the scatter plot. Compared to Figure there are very few events with a low
number (<20) of photons detected in the light channel in Figure indicating
the majority of events with a low number of photons shown in Figure [4.7] are
not caused by energy deposits from y quanta. They are probably caused by dark
counts in the PMT and artefacts in the photon grouping algorithm.

Figure [4.15] shows similar histograms for coincident signals of the CPSD using

the CaWOy absorber. It also shows very few events with a low number (<20) of

photons compared to Figure [4.9]
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Figure 4.13: Scatter plot of energy measured by the phonon channel (horizontal
axis) versus the number of photons measured by the light channel (vertical axis)
in the CPSD with a CaWO, absorber, exposed to a *’Co y-source. The diagonal
band corresponds to electron recoil events induced by y quanta from the 5"Co
source. Prominent lines at 122 keV and 136 keV, corresponding to full energy
deposits of the y quanta from the *’Co source are visible. Also, the population
corresponding to escapes lines of the tungstate is visible at = 55 keV and = =
63 keV. Figure published in [140].
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Figure 4.14: The energy spectrum measured by the phonon channel (black) and
the histogram of the number of photons measured by the light channel (red),
in the CPSD with CaMoO, absorber. The events represented are those with
corresponding signals in both channels in the coincidence window.
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Figure 4.15: The energy spectrum measured by the phonon channel (black) and
the histogram of the number of photons measured by the light channel (red), in
the CPSD with CaWQ, absorber. The events represented are those with corre-
sponding signals in both channels in the coincidence window.
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4.3.2 Anti-correlation between phonon and light channel

As discussed in detail in Reference [118], anti-correlation between the energy mea-
sured by phonon and light channel can be used to improve the energy resolution of
the detector module. The procedure discussed in Reference [118] is applied to this
experiment as discussed below. Assuming there are no blind channels (channels in
which the energy deposited to the crystal do not contribute to the readout signal,
such as photons escaped from the detector module if there are any), or a fixed frac-
tion of the total energy is lost in blind channels, the cause of the anti-correlation
is described as when the energy detected by light channel fluctuates up (more
photons detected by light detector), the phonon channel tends to fluctuate down
accordingly (fewer photons get absorbed in the crystal and contribute to phonon
channel signal), and vice versa. In other words, the fluctuations between the two
channels are anti-correlated. Consequently, by combing the signal from the two
channel in an appropriate way, the energy resolution can be improved compared
to that from a single channel, because the effect of the energy fluctuations between
the two channels is significantly mitigated.

As shown in Figure [4.16] the energy correction by combing the signal between
the two channels is performed through rotation of the coordinate in the scatter
plot. Assuming a rotation angle ¥, the projections of the events on the rotated

phonon coordinate and rotated light coordinate can be described as:

Phonony = Phonon - cos § 4 Light - sin @ , (4.3)

Light, = —Phonon - sin 6 + Light - cos § . (4.4)

One cause for anti-correlation in CPSD module is position-dependent light

collection efficiency. The anti-correlation is prominent when the amplitude of



CHAPTER 4. RESULTS AND DISCUSSION 195

Light
"

=
.

Phonon

Figure 4.16: A schematic view of using the anti-correlation between phonon chan-
nel and light channel for energy correction, to improve the energy resolution. The
ellipse represents the monochromatic events (e.g. events from 122-keV y-rays from
7Co source) in the scatter plot. By a rotation of coordinate in the scatter plot,
in which the value in the rotated phonon channel Phonongy coordinate is derived
from the combination of the values in the original phonon channel coordinate and
original light channel coordinate, the energy resolution from the phonon channel
can be improved.
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Figure 4.17: Zoom-in view of the scatter plot about the population of 122-keV
events from "Co in the CaWQO, module. A very weak anti-correlation between
the phonon channel and light channel is visible and the Pearson product-moment
correlation coefficient is -0.20, deduced from the events between 119.5 keV and
124.5 keV in the phonon detector coordinate.
fluctuations between the two channels is much larger than the intrinsic energy
resolution of the detectors. However, as shown in Figure[4.17] the events from 122-
keV y-rays show a relatively weak anti-correlation trend (correlation coefficient
-0.20) in the scatter plot. It indicates that the amplitude of fluctuations between
the two channels is comparable or smaller than the intrinsic energy resolution
of the detectors. One can also see from Figure that the rotation angle ¥
(meaning shown in Figure [4.16]) is quite small, and the exact value is discussed
below.

Nonetheless, energy correction using the anti-correlation between the phonon
channel and the light channel is still possible. To search for the correct rotation

angle 0, the energy resolution in the projected Phonony axis is evaluated. The

rotation angle # which results in the best energy resolution in Phonony axis is
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adopted as the correct rotation angle. To implement this method, the value of
rotation angle 6 varies between 0° to 9°, and an energy spectrum in the Phonony
axis for each rotation angle is produced by using Equation to project the data
points to the Phonony axis. By using a Gaussian function to fit the 122-keV peak
in each energy spectrum, the FWHM energy resolutions are evaluated, as shown
in Figure [4.18 The optimal rotation angle 6 for CaWO, module is determined to
be 1.15°, leading to an FWHM energy resolution of (2.09 & 0.05) keV (statistical)
at 122.1 keV, a 3.7% improvement compared to the energy resolution obtained by
phonon detector only (2.17 keV).

An alternative method to evaluate the rotation angle by fitting a negative
slope line to the monochromatic event populations [I18] (e.g. 122-keV events
from ®7Co) has been tried out. However, due to the large spread in the monochro-
matic populations in the scatter plot, this method does not work very well in this
experiment.

It is difficult to evaluate quantitatively how the anti-correlation would improve
the energy resolution in the scenario with an improved light collection (thus im-
proved light channel energy resolution). The extent of anti-correlation between
on several factors, such as the position-dependent light collection in the crystal
and the process of energy escaped to insensitive channels (such as light escape

from the module or get absorbed on the reflector).

4.4 Light yield plot

Figure shows the scatter plot with energy measured in the phonon channel
(horizontal axis) versus the light yield (ratio of the number of photons to the
phonon signal) for the CaWQO, data. Because the light yield is normalised rela-

tive to those in the electron recoils, the light yield for the energy deposits from
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Figure 4.18: FWHM energy resolution in the Phonony axis versus the rotation
angle 6 in the CPSD module with CaWQ, as the absorber. The red dots represent
the sampling points, and the black lines between the red dots are just for guidance.
The green lines on the upper and lower sides represent the statistical error of the
FWHM energy resolution.
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the 57Co y-source is distributed around one. Because no neutron source has been
deployed in this experiment, there are no events in the nuclear recoil band in this
light yield plot. The lines show the 90% confidence level upper bound and lower
bound for the electron recoil event population, which means 80% of the electron
recoil events are expected between these two lines. Because the light channel has
an energy resolution that is one order of magnitude worse than that in the phonon
channel, these two 90% confidence lines are mainly decided by the light channel
performance, which means the light channel performance decides the discrimina-
tion power between electron recoils and nuclear recoils in the CPSD. Compared to
a cryogenic calorimeter-based light detector, there is minimal baseline noise in the
low-temperature PMT as a light detector because photon counting of the PMT is
a digital readout. The digital readout scheme means that, even though the light
detector based on a PMT in this work has a slightly inferior energy resolution
compared to the best light detector based on cryogenic calorimeter at the energy
of 122.1 keV,., its energy resolution could become more competitive in the low-
energy region. As shown in Figure [4.19] below 40 keV, the lower bound for the
electron recoil events in this work is tighter than the CRESST 2015 result, which
implies that better discrimination between nuclear and electron recoils could be
achieved. For WIMP searches, the region of interest for energy deposits in CaWQO,
is below 40 keV [45]. It should be noted that the tighter constraint on electron
recoil band compared to the CRESST 2015 result is partly due to not taking the
non-proportionality of the CaWOQ, scintillation into account because not enough
low energy events exist in this data set. In contrast, the non-proportionality ef-
fects are included in the CRESST 2015 result. Also, the energy resolution of the
light detector in this work is not verified in the low-energy region. The extrapola-
tion of energy resolution to the low-energy region in this work uses op, = AVEL

relation (o, is the energy resolution of the light detector, A is a factor, Ey, is the
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energy detected by the light detector), but this relation has not been verified. In

contrast, the CRESST light detector follows op, = \/AO + A1EL + AyFE? ) where
Ay, Ay and A, are different factors [169).

The tighter boundaries of the electron recoil band below 40 keV shown in
Figure demonstrates the CPSD with a PMT as the light detector can be
better than the existing CRESST detectors in terms of discrimination power, while
the performance of PMTs is much more consistent and reliable than the cryogenic
calorimeter-based light detectors. These features make the cold PMT in this thesis
a very attractive alternative solution to the scintillation light detection in CPSD
experiments for rare event searches. The cold PMT can potentially revolutionise
the CPSD experiments for rare event searches, as the performance consistency
issue make it difficult for those experiments to scale up as quickly as the liquid
noble gas experiments do. However, the intrinsic radioactivity of PMTs (detailed
discussion in Section causes more concerns than the cryogenic calorimeter-
based light detectors, which needs to be evaluated before they can be applied in

CPSD rare event searches.

4.5 PMT characterisation results

4.5.1 Dark count rate result

The upper limit of the dark count rate is found to be (4.97 £ 0.04) Hz (statistical),
as shown in Table This rate is relatively low and it is important for the
application of the cold PMT as a light channel readout in a rare-event search
experiment. For the application of the cold PMT in CPSD in dark matter searches,
or as the light detector to detect Cherenkov light for the purpose of an alpha
veto in a TeOy cryogenic experiment in neutrinoless double-beta decay (Section

5.2.2)), the number of photons detected for a signal will be only a few, so low
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Figure 4.19: Scatter plot of light yield (vertical axis) versus the energy measured
by the phonon channel (horizontal axis) in the CPSD module with CaWOy, as the
absorber, exposed to a 5"Co y-source. No neutron source was applied, thus there
is no nuclear recoil population. The upper and lower 90% confidence level lines
are shown in black, which means 80% of the electron recoil events are expected be-
tween these two lines. For comparison, the upper and lower 90% confidence level
lines from the CRESST 2015 results are shown in red [45]. No effects from scintil-
lator non-proportionality are included in the light yield analysis of this work, while
the CRESST 2015 result takes into account the scintillator non-proportionality
effect. Also, the energy resolution of the light detector in the low-energy region
in this work is not verified.
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Table 4.3: The parameters in the dark count rate estimation. Because the veto
efficiency by the phonon channel in not proven to be 100%, only an upper limit
of the dark count rate can be determined.

Number of pulses | Duration
Whole data file 336,549 3544.3 s
Veto period 320,807 376.8 s
Dark period 15,742 3167.5 s
Dark count rate 4.97(4) Hz

dark count rate would ensure high efficiency and good rejection power in particle

identification.

4.5.2 Single electron response result and gain of the PMT

As shown in Figure , the single electron response (SER) peak centred at = ~
0.2 Vns is well separated from the pedestal region centred at x = 0 by electronic
noise. After fitting a Gaussian function to the SER region of the histogram, the
voltage integral from the single photoelectron pulse is found to be 0.196 V ns, with
a width (o) of 0.081 V ns. This corresponds to a single photoelectron resolution (o)
of 41%. After taking into account the input impedance and the gain of the readout
electronics, the gain of the PMT is determined to be 3.3 x 10°. This demonstrates
that the PMT and the readout electronics in this work have the capabilities to

detect the majority of single photoelectron pulses above the electronic noise.

4.6 PMT intrinsic radioactive background

4.6.1 Radioactivity comparison

As discussed in Section [I.5 the components used to construct the detector need
to be low in radioactivity, as the expected signal from dark matter is rare (gen-
erally speaking, <0.1 count kg ' keV ™! year™!). Even though the radioactive con-

taminations in the scintillation crystals have been the dominating factor in the
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Figure 4.20: Histogram of the voltage integral in the photoelectron pulse region
and the pre-trigger baseline region in the records at milli-Kelvin temperatures.
The entries in the pedestal region around zero in the horizontal axis are from
the voltage integral over the pre-trigger baseline regions. The entries with higher
voltage integral (centred at x ~ 0.2 V ns) are from the photoelectron pulses. The
red curve shows a Gaussian function fitted to the data. A low-pass filter with 50
ns time constant was applied to the signal trace at the firmware level of the DAQ).
This signal includes readout electronics gain (~11).
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radioactivity in CPSD [164], the latest development in the purification of scintilla-
tion crystal during the crystal growth process and the proposal to reduce the size
of the scintillation crystal could change this [I70} I7I]. Also, the introduction of
PMTs into CPSD technology is a new concept, thus the radioactivity contribution
from the PMT needs to be evaluated. The radioactivity of a similar PMT model
(Hamamatsu R8520-06-Al) has been measured by the XENON100 collaboration
[172, 173]. Even though the PMT model in the XENON100 experiment has Al
strips rather than the Pt underlay in the PMT used in this thesis, the radioactiv-
ity of XENON100 PMTs is used as a first approximation for the evaluation here.
The average contaminations of 238U, #2Th, 4K, °°Co and ¥"Cs for the R8520-
06-Al PMTs installed in XENON100 are (0.25 + 0.04), (0.5 + 0.1), (8.1 £ 0.9),
(0.75£0.08) and 0.17 mBq/PMT, respectively. The intrinsic radioactivity of the
most radiopure CaWQy, crystal ever published — TUM40, and that of R8520-06-
Al PMTs are shown in Table .4, Note that unlike the conventional ways of using
v-ray spectroscopy or ICP-MS to measure the radioactivity, TUM40 was instru-
mented and operated as a calorimeter at the CRESST cryostat, so its dark matter
search data is also used to measure the o-events (> 2 MeV) from the U/Th chains.
Because a-particles cannot travel far from the source, practically all the measured
a-particles are from the internal contamination of the crystal. The calorimeter
directly measures the radioactivity of all the o-emitters inside the crystal. With
this information, the intrinsic radioactivity of the -emitters in the U/Th chains
can be deduced. The intrinsic radioactivity of the TUM40 crystal, combined with
the cosmogenic activation of W isotopes, accounts for ~50% of the total ER back-
ground in the energy region for WIMP search (below 40 keV) in CRESST [171].
Table [4.4] shows that, compared to the TUM40 crystal, the R8520-06-A1 PMT
has similar radioactivity levels in the 23®U early chain and in the U chain. The

235U activity of the PMT is deduced from the measured contamination of **U,
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assuming a 0.72% natural abundance of ?3°U. The PMT has a much higher ac-
tivity in the ?*®U late chain (a factor of ~10) and the **Th chain (a factor of
~100). The amount of radioactivity in the ?3*U early chain of the crystal is of the
same order of magnitude as that of the *?Th chain of the PMT. Consequently,
comparing the sum of the radioactivity of isotopes in the U/Th chains, the PMT
is only a factor of ~6 larger than that of the crystal, much smaller than the factor
of ~100 difference in the activity of the 2*?Th chain. Even though the PMT has
higher intrinsic radioactivity than the TUM40 crystal, the following section con-
firms that the PMT contributes only a relatively small proportion of radioactive
backgrounds in the energy range for WIMP search (below 40 keV) compared to
the total ER background measured in CRESST, mainly due to the fact that PMT

is an external component relative to the crystal.

4.6.2 Monte Carlo simulation

To assess how much the R8520-06-Al PMT radioactive contaminations contribute
to the background of WIMP searches with a CPSD module, a Geant4 Monte
Carlo simulation (version 10.2) [70] is carried out. The radioactivity of the PMT
in Table [4.4] is taken as input to the simulation. As shown in Figure [{.21] the
geometry model in the simulation includes a CaWOQO, crystal with the dimensions
of 32 x 32 x 40 mm?® (~249 g, TUM40 dimensions [I70]), placed at a distance of
9 mm from the window of the R8520-06 PMT with the 32 x 32 mm? side of the
crystal facing the PMT. The PMT model in the simulation includes a synthetic
silica window, an Al seal ring, a Kovar alloy body and stem, ten stainless steel
dynode electrodes, and a borosilicate glass stem (PMT mass model from Reference
[173]). The model also includes an outer copper shielding structure with 10 mm
thickness and a gap of ~5 mm to the PMT and the crystal. The space that is

not crystal, PMT structures or copper shielding in the simulation is modelled as
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Chain| Isotope| decay | TUM40 unit TUM40 249 g R&8520 PMT
mode | activity (uBq/kg) | activity (uBq) activity
(uBa/PMT)
WU | o | (LOLE0.02)x10° | 251 £ 5 250 + 40
SITL B[ () @) )
PPal B[ (a) (a) (b)
20 [ o | (LOSE0.03)x10° | 260 £ 7 )
Z0Th | o | 558 E54 130+13 (b)
22Ra o |43.0+9.9 10.7+2.5 (b)
sy | CORn | @ | 381449 05E12 (b)
®Po | o | 43.1L 9.9 107£25 ()
P |5 | (a) @ 0)
ALISE
214}]?; 5 A4+ 4.9 11.8+1.2 EE%
210pp B |7 1.7777 (b)
M | | () @ (b)
Py | o | 17840 TAE10 (b)
U | o | 395 %44 98+ 1.1 115+ 138
T p | () 0 )
By | o | 232+ 44 58T L1 (b)
ZTAc | B | 98 £ 20 245 (b)
TR | o | 105 £ 19 26.1 % 4.7 (b)
250 [Ra | o | 104£7 259 L7 ()
219
e 107+ 7 2.6+ 1.7 EE;
Pb | B [(a) (a) (b)
21B§ o 1057 26.1 £ 1.7 (b)
T B [ (a) (a) (b)
#2Th o 9.2+23 2.3+0.6 500 £ 100
“Ra | B |[(a) (a) (b)
Ac | B [(a) (a) (b)
TL | o | 152 £ 41 38L 10 ©)
2TRa | o« |10.8E8.1 19£20 (b)
ssorpy | R0 | o | 8434 2.0L08 (b)
216pg o | Not measured Not measured | (b)
Pb | B [(a) (a) (b)
21234 « (A 19779 (b)
22, 5 15.8 £ 2.8 3.0+ 0.7 gEg
B @ @ (h)

Table 4.4: The radioactivity of U/Th chains of TUM40 CaWOQ, crystal and R8520-
06-Al PMTs. The symbol (a) means the 3-decay cannot be identified individually
but it is in equilibrium with the short-lived a-decay. The symbol (b) means the
radioactivity of the isotope is in secular equilibrium of the head isotope in the
decay chain. (Adapted from Refs. [I71} 172, [173])
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Figure 4.21: The geometry model in the Geant4 simulation. The grey shaded
cuboid shows the CaWO, crystal. The PMT with dynode electrodes inside is
shown on the lower left side of the figure. The crystal and PMT are surrounded
by an outer copper shield.
vacuum, as would be the case inside a dilution refrigerator and inside a PMT.
To investigate the electron recoil backgrounds, three million decays for each
relevant radioactive isotope in the PMT are simulated, with the exception of 30
million decays for °K. To simulate the nuclear recoil backgrounds, three million
neutrons are emitted from the PMT in the simulation. The corresponding sta-

tistical uncertainty is roughly 1% for the number of particles ending up in the

energy region for dark matter search.
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Figure 4.22: The electron recoil backgrounds from an R8520-06-A1 PMT deposited
in the CaWOQy crystal in the energy range for WIMP search. The backgrounds
are classified with their origin isotopes or decay chains, and different proportions
are stacked in the figure. The contributions from isotopes in the 2**U decay chain
and %°Co are too small to be visible in the figure.

4.6.2.1 Electron recoil backgrounds

The Livermore low-energy electromagnetic models were employed to simulate the
production, propagation and absorption of electrons and vy-rays in the detector,
down to the energy of 250 eV. Physics processes including Compton scattering,
photoelectric effect, Rayleigh scattering, electron-positron pair conversion, ioni-
sation, and bremsstrahlung production are implemented in the electromagnetic

model. The ER background results of the simulation are shown in Figure [4.22

and Figure [4.23]
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Figure 4.23: The electron recoil backgrounds in the energy range for WIMP search
of a CaWQy crystal. The curve for the CRESST experiment with TUM40 as the
target crystal is the measured total ER backgrounds in the detector module [I71].
The PMT total contribution is from the Geant4 simulation in this thesis.

Figure [4.22] shows that the major contribution from the PMT to the ER back-
grounds in the energy range for WIMP search is from “°K contamination (~50%).
Smaller contributions are from isotopes in ?*2U (~26%) and #***Th (~8%) decay
chains. “°K is mainly found in the borosilicate glass and the Kovar alloy of the
PMT.

Figure [4.23| shows that the ER background in the energy range for WIMP
search contributed by the R8520-06-Al PMT is one order of magnitude smaller
than the total ER rate measured in the CRESST experiment with TUM40 as
the target crystal [I71]. The average ER rate for CRESST with the TUM40
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crystal is (3.51 £0.09) DRU in the energy range for WIMP search (1-40 keV),
while the average rate originating from the R8520-06-A1 PMT is (0.26 + 0.03)
DRU (statistical). In the energy range for WIMP search, the ER background
contributed from the PMT is only ~7.5% relative to the total ER background in
CRESST with TUM40 crystal. As a conclusion, the introduction of a PMT to
CPSD only causes a minor increase of ER background in the energy range for

WIMP search, with TUMA40 as the target crystal.

4.6.2.2 Nuclear recoil backgrounds

As discussed in Section[I.5 neutrons originating from the detector components can
be produced through (o,n) reactions and spontaneous fissions. The neutron pro-
duction rates and energy spectra from the R8520-06-A1 PMTs in the XENON100
experiment has been simulated with the SOURCES-4A code in Refs. [174, [175].
As shown in Table [£.5] the neutron production rate for one PMT is calculated
to be (1.14+0.14) x 1078 neutrons per second (equal to ~0.36 neutrons per year),
with inputs from the measured radioactivity and the mass model. Even though
the aluminium seal weighs only 0.1 g, it is calculated to account for ~53% of the
total neutron production because of its high ?3*Th contamination and large (o,n)
cross-section.

Figure [4.24] shows the simulated differential rate of nuclear rate neutrons orig-
inating from the PMT, deposited in the ROI of the CaWQ, crystal. The average
NR rate originating from the PMT in the ROI is (1.53 & 0.19) x 10 DRU
(statistical), which is 6 orders of magnitude smaller than the ER rate in the
CRESST experiment with TUM40. Information about the neutron background

in the CRESST experiment could not be found.
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PMT 238U con- Neutrons Neutron | 232Th con- | Neutrons | Neutron
compo- tamination | produced rate from | tamination | produced | rate from
nent (mBq/PMT) per 2*U | 233U (incl. | (mBq/PMT) per #*Th 22T
(incl. 2357) disinte- | chain (n/s)
235U) dis- | chain (n/s) gration | per PMT
integration | per PMT
Kovar 0.0446 | (1.2£0.2) | (5.4%2.1) 0.1 (1.0£0.2) | (1.0£0.2)
alloy +0.016 x1076 x10~H1 x1076 x 10710
Borosilicatel ~ 0.173 (1.1£0.2) | (1.91+0.35) 0.20 (1.5+0.3) | (3.0+0.6)
glass +0.004 x107° x107? +0.01 x107° x107?
Aluminium| 0.00030 | (L.4%£0.2) | (4.3£2.1) 0.218 | (2.8£0.5) | (6.1£L1)
seal +0.00014 x107° x10712 +0.012 x107° x107?
SS 0.023 (1.5£0.3) | (3.5£L5) 0.077 | (2.3£0.4) | (L.8£0.9)
electrodes +0.009 %1076 x107H +0.04 %1076 x10710
Synthetic 0.000178 (2.240.4) (3.940.7) 0.00212 (2.1£0.4) | (4.540.8)
silica %1076 x10713 %1076 x 10712
Whole Subtotal from #%U (2.0+£0.4) | Subtotal from *?>Th (9.4+1.3)
PMT chain (incl. 2%U) x107? chain X107
Total neutron rate (1.1440.14)x 1078
(n/s) per PMT

Table 4.5: Neutron production rates from different components of the R8520-06-
Al PMT. The radioactive contamination and the neutron production rate are from
Refs. [172,[174]. The natural abundance of 23U (0.72%) is used. In the screening
results [I72], the sum of the radioactivity of different components in PMTs before
production is larger than the PMT finally produced, by a factor of 5.6 for the 23U
chain and a factor of 1.7 for the 232Th chain. Consequently, for the calculations in
the table, the contamination from the component screening result is scaled down
proportionally to produce the measured average radioactivity of the PMTs. Using
the measured radioactivity from components (without scaling down), the neutron
rate would be (2.7140.30)x 1078 (n/s) per PMT.
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Figure 4.24: The differential nuclear recoil rate spectrum in the ROI (region of
interest) of the CaWOQy crystal for the neutrons originating from the R8520-06-Al
PMT.
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Figure 4.25: The average numbers of photons detected from electron recoil and
nuclear recoil off different nuclei in CaWQy, in the energy region of WIMP search.
The light detection efficiency measured in this thesis (~1.39 photoelectrons per
keVee) and the light quenching factors measured in Reference [176] are used.

4.6.3 Electron recoil leakage

To compare the electron recoil background and the nuclear recoil background,
this section discusses the electron recoil discrimination and leakage, and the cor-
responding nuclear recoil acceptance. Using the light detection efficiency in this
thesis (~1.39 photoelectrons per keV,,) and the light quenching factors for CaWO,
measured in Reference [176], the average numbers of photons detected from elec-
tron recoil and nuclear recoil off different nuclei in CaWQ, are shown in Figure

4,251
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Because the number of detected photons is discreet, Poisson Statistics is used.
The CRESST experiment uses 50% acceptance in the oxygen nuclear recoil band
to define the ROI [116, 45]. However, this is not always possible with PMT
readout because of the discreet nature of the detected photons. As a simplification,
the acceptance rule used in this calculation is to keep the nuclear acceptance
close to but above 50% of the oxygen band. Figure shows the resulting ER
leakage integrated over the ROI, in comparison to the NR background. The ER
rate before discrimination is the sum of the ER rate measured in CRESST with
TUMA40 and that contributed by the PMT resulted from the Geant4 simulation.
It is shown that in the low energy region, the ER leakage is high, which is due
to the small number of detected photons and the resulting difficulty to perform
discrimination. As a result, the ER backgrounds, mainly from the CaWO, crystal,
is the dominating factor throughout the different analysis threshold scenarios.

In conclusion, from the radioactivity measurement of a similar PMT model
as input to a Geant4 simulation, ER background originating from the PMT is
only ~7.5% relative to the total ER background in CRESST with TUM40 crystal,
in the energy range for WIMP search with CaWOQO, as the target material. The
NR background originating from the PMT is several orders of magnitude smaller
than the ER leakage after discrimination, depending on the analysis threshold.
The ER backgrounds originating from the CaWQ, crystal is still the dominating
contribution factor to the background of WIMP search with CPSD, even with the

current most radiopure crystal.

4.6.4 Potential improvement of PMT radioactivity

The latest Hamamatsu R11410 3-inch PMTs have lower normalised activity (mBq
per cm? photo-sensitive area) than the R8520 PMTs, with a factor of five reduction

of the *°K and °Co normalised activities [I30]. Also, active scintillation shielding



CHAPTER 4. RESULTS AND DISCUSSION 215

10™

\

10° 41—
1 2

T |||||I'I'|

Q 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1

>.‘ - -
T 10° 3
I 3 ——ER leakage 3
] 4 — NR background [
€ 104 3
3 E F
L ] [
o 10°+ 3
o 3 E
k= ] i
g 10°3 3
ge i -
C . L
>

o

(@)

X

O

®

0

| |
3 4 5 6 7 8 9 10 11 12 13
Analysis threshold (keV)

o
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is possible to alleviate the effect of the PMT radioactivity further [I77]. Finally,
coincidence between crystals can also alleviate the effect of PMT radioactivity, as
dark matter interacts only once in a time with the detector due to its small inter-

action cross-section, but radioactive backgrounds could interact multiple times.



Chapter 5

Outlook and conclusions

5.1 Future improvement

5.1.1 Light detection

As discussed in Section 2.6}, the number of photons detected by the PMT is critical
to the performance of the discrimination power of the CPSD. The number of
photons detected is the product of the number of photons scintillated from the
crystal, the light collection efficiency and the quantum efficiency of the PMT.

To generate a larger number of scintillation photons from the crystal, the
scintillation light yield of the crystal needs to be optimised. Heating up the
CaWOQy crystal in an oxygen-rich atmosphere is demonstrated to improve the
light yield by decreasing the absorption of scintillation light [178].

To improve the light collection efficiency, the geometry of the detector setup
may be optimised. A crystal in triangular prism shape with the surfaces roughened
in a configuration with truncated cone reflector is demonstrated to have as high
as 57% light collection efficiency [I51]. The VM2002 reflecting foil used in the
CRESST experiment has a higher reflectivity than the VM2000 reflecting foil

used in this experiment [I79]. Currently, the calorimeter is suspended inside

217
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the detector housing with Nylon fibres. There is very little information about the
reflectivity of Nylon for the 420-nm light. PTFE shows a good reflectivity for light
near this wavelength [I80], so it may be beneficial to use PTFE fibres to suspend
the calorimeter. Finally, two PMTs sandwiching the scintillating crystal may help
to increase the light collection efficiency, as adopted in several Nal experiments
[T81], [182], but cautions are needed about the radioactive background from PMTs.

The most significant improvement potential in light detection is likely to be in
the PMT quantum efficiency, given the estimated low quantum efficiency (15%)
of the PMT in this study. The platinum underlay in this PMT is a thin layer
on the photocathode made from Bialkali and this is the main difference between
this PMT and those with thin aluminium strips in a cross shape attached to the
cathode. The PMTs with Al strips show a higher quantum efficiency of around
30% [143]. It should be explored whether the PMTs made for higher temperatures

work at milli-Kelvin temperatures as well.

5.1.2 Powering multiple PMTs

Powering multiple PMTs with a single CWG has yet to be demonstrated, but
it is important to the deployment of CSPD with the PMT as the light channel
readout for the next-generation rare-event search experiments. Different PMTs in
the same model, even in the same production batch, have different gains. Biasing
those PMTs with the same potentials will generate different single photoelectron
responses. Considering that a photon counting method is used and the PMT in
this study was already biased to a voltage around 3 times the voltage recom-
mended by the manufacturer without breakdown, it is possible to have a voltage
so that even the PMT with the lowest gain in the group can have a good sin-
gle photoelectron response. Also, assigning PMTs with similar gains to the same

CWG could alleviate the issue. The number of PMTs that could be powered by
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a CWG is determined by the size of the capacitors in the CWG.

5.2 Potential applications

5.2.1 CRESST upgrade

For the CRESST experiment, the possibility of replacing the cryogenic calorimeter-
based light detectors with low-temperature PMTs demonstrated in this work
would not only provide light detectors with consistent and stable performance,
which can be better than the existing light detectors in CRESST (demonstrated
in Section , but it would also free up half of the readout SQUID channels
originally used for the cryogenic calorimeter-based light channels. These available
SQUID channels could then be deployed to accommodate more phonon channels,
subsequently the number of detector modules thus the exposure rate of the dark
matter search could be doubled without major effort in upgrading the SQUID
readout systems. Even though the CRESST 2015 result already set the world
best limit for WIMPs with masses smaller than 1.5 GeV ¢ 72, the result only based
on the exposure from a single detector module [45]. This highlights the difficul-
ties in obtaining consistent and reliable performance in cryogenic detectors. As
a result, combining the possibility of doubling the number of detector modules
and the consistent and reliable performance from PMTs, replacing the cryogenic
calorimeter-based light detector with PMTs can potentially improve the science

reach of CRESST significantly.

5.2.2 TeO; neutrinoless double-beta decay experiment

TeO, OvfS experiments use cryogenic detectors operated at milli-Kelvin temper-
atures to measure the electron energy in S/ decay. For the next-generation of

a TeOs neutrinoless double-beta decay experiment, it is necessary to suppress or
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discriminate the background to probe down to the inverse neutrino mass hierarchy
[51]. The main background in such TeOs experiments is alpha particles, and the
signal of double-beta decay is electrons. Because an alpha particle has a much
larger mass than an electron, for the same kinematic energy around the @) value
(~2.53 MeV for 139Te), the electron emits Cherenkov light in the TeO, crystal while
the alpha particle does not. TeO, crystals only emit a relatively small amount of
scintillation photons than Cherenkov light, especially with light quenching effect
for the alpha particles [I83]. Consequently, the detection of Cherenkov light could
be deployed in background discrimination, as demonstrated in Refs. [I84) [I85].
TeO, neutrinoless double-beta decay experiments operate phonon detectors with
NTD-Ge as the thermistor at milli-Kelvin temperatures, and the current genera-
tion experiment CUORE already has 988 channels installed [51]. It requires light
detectors that are scalable and can detect a small number of Cherenkov photons
(~130 emitted) between 350 nm to 600 nm at milli-Kelvin temperatures [186].
PMTs demonstrated in this work have the right characteristics for this applica-
tion. Additionally, the fast response of a PMT is one of the advantages over the
cryogenic calorimeter-based light detector in this application. The dark count rate
of PMTs needs attention, as the dark pulses could mistake an alpha background
event as a beta signal. An increase of the average number of photons detected for
beta events could alleviate this concern, as the number of photons resulting from
dark pulses of the PMT is typically low. However, the radioactivity of PMT is a

big concern for this application.

5.3 Conclusions

Cryogenic detectors with capabilities of simultaneously detecting phonon and light

signals from particle interactions in a scintillating absorber may be a good tech-



CHAPTER 5. OUTLOOK AND CONCLUSIONS 221

nical route for rare-event search experiments, including dark matter search and
neutrinoless double-beta decay search experiments. In this thesis, CPSD modules
with a PMT as the light detector for scintillation photons is tested. Two modules
with CaMoQO, and CaWO, scintillators are characterised respectively and they
demonstrated promising performance characteristics for CPSD with an NTD-Ge
as the phonon sensor, and a PMT to detect scintillation photons. With excita-
tion from a %"Co source, the data show that the detector modules in this study
compares competitively with other CPSDs currently deployed in experiments for
rare-event searches, especially in the energy region of interest for dark matter di-
rect detection. The detector module in this thesis maintains the major features of
conventional CPSD, i.e. resolving power, high sensitivity, and particle discrimi-
nation ability. With the photon counting and grouping algorithm, the energy res-
olutions (FWHM) for 122.1 keV excitation for the light channel based on a PMT
readout are 29.7% and 19.9% for CaMoO, and CaWQ, respectively. With pulse
height estimation from the template fit after a high-pass filter is applied to the
data, the energy resolutions for excitation with 122.1 keV for the phonon channel
of the CPSD are 0.97 keV (0.79%) and 2.17 keV (1.8%) for CaMoO4 and CaWO,
respectively,. The use of a PMT as the light detector offers hugh improvement of
time resolution of the CPSD, compared to the cryogenic calorimeter-based light
detector. The PMT is able to perform single-photon counting and consequently
the detection module can determine the start time of the event by the response
time in the PMT, typically in ~ns scale. The duration in the light channel is de-
termined by the slow scintillation decay time constant of the crystal in use. The
slow scintillation decay time constant were found to be (3410 & 30) ps in CaMoOy
and (382 £ 2) ps in CaWO,. Furthermore, the ionisation density affects the time
profile recorded by the PMT, thus there are additional possibilities for discrimi-

nation between electron and nuclear recoils with pulse shape analysis, which can
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be used for particle identification and rejection.

The dark count rate of the PMT in this study is determined to be below 5
Hz while the gain of the PMT is 3.3 x 10° at milli-Kelvin temperatures, which
demonstrates that the PMT remains as an effective light detector for photon
counting purpose at milli-Kelvin temperatures.

The cold PMT in this thesis could also potentially be applied to TeOs neu-
trinoless double-beta decay experiment, as veto detectors for alpha particles by
detecting the Cherenkov light in beta events. However, the radioactivity of the
PMT in this application needs to be evaluated and addressed.

The cold PMT in this thesis can potentially revolutionise the CPSD exper-
iments in rare event searches, by offering an attractive alternative solution to
detect the scintillation light in CPSD, as the PMT is easy to use, scalable, consis-
tent in performance and its performance can already be better than the existing
cryogenic calorimeter-based light detectors in CPSD experiments, especially in
the low energy range.

The simulation results indicate that the radioactive backgrounds originating
from a similar PMT model increase the total radioactive backgrounds for WIMP
search with CPSD only minorly (<10%), and the crystal of the CPSD is still the
dominating contribution factor in the total background budget.

In summary, this thesis presented a novel cryogenic phonon-scintillation detec-
tor, with a PMT working at milli-Kelvin temperatures as the light detector, and
demonstrated this technology is promising for future cryogenic rare-event search

experiments.



Appendix A

R8520-06-Pt PMT

room-temperature properties

The single electron response, gain, dark count rate of the R8520-06-PT PMT at

room temperature are discussed in this appendix.

A.1 Single electron response and dark count rate
at room temperature

Similar to the single electron response (SER) at milli-Kelvin temperatures, the
SER at room temperature is shown in Figure [A.T] This set of data was taken
during the room-temperature verification of the optical modelling, as mentioned
in Section [2.6 with a CaWOy, crystal as the scintillator excited by gamma quanta
from an external 5"Co source. The bias voltage was set at 788 V. The SER peak
at room temperature centres at x ~ 0.12 V ns, while the pedestal region centred
at © &~ 0 is caused by electronic noise. After fitting a Gaussian function to the
SER region of the histogram, the voltage integral from the single photoelectron

pulse is found to be 0.123 V ns, with a width (o) of 0.057 Vns. This corresponds
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to a single photoelectron resolution (o) of 46%. After taking into account the
input impedance and the gain of the readout electronics, the gain of the PMT is
determined to be 2.1 x 10°. The histogram shows, in addition to the SER peak,
a satellite feature at = > 0.25 V ns, roughly at twice the value of the centre of
the Gaussian for the single electron peak, indicating they are caused by double
photoelectrons.

Because of lacking the phonon channel as veto at room temperature and the
constant presence of scintillation light from the CaWQy crystal, no dark count rate
is estimated from data at room temperature. This is because it was a delicate
setup and removing the scintillator crystal would have been too risky. Also, from
the application viewpoint of this low-temperature PMT technology, the dark count
rate at room temperature is not as important as that at low temperature.

The manufacturer gives gain~ 3 x 10° at 800 V, dark count ratex 1000 Hz at

800 V at room temperature for this model of PMT [I87].
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Figure A.1: Histogram of the voltage integral in the photoelectron pulse region
and the pre-trigger baseline for recordings at room temperature. The entries in the
pedestal region around zero in the horizontal axis are from the voltage integral
over the pre-trigger baseline regions. The entries with higher voltage integral
(centred at x &~ 0.12V ns) are from the single photoelectron pulses. The red curve
shows a Gaussian function fitted to the data. This signal includes the readout
electronics gain (~11).
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