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Abstract

One of the pressing concerns in Dark Matter detection experiments is ensuring that
the potential signal from exceedingly rare Dark Matter interactions is not obscured
by background from interactions with more common particles. This work focuses on
the ways in which alpha particles from primordial isotopes in the DEAP detector
components can cause background events in the region of interest for Dark Matter
search, based on both Monte Carlo simulations and data from the DEAP-1 prototype
detector.

The DEAP experiment uses liquid argon as a target for Dark Matter interactions
and relies on the organic electroluminescent dye tetraphenyl butadiene (TPB) to shift
the UV argon scintillation light to the visible range. The light yield and pulse shape
of alpha particle induced scintillation of TPB, which is an essential input parameter
for the simulations, was experimentally determined.

An initial mismatch between simulated and measured background spectra could
be explained by a model of geometric background events, which was experimentally
confirmed and informed the design of certain parts of the DEAP-3600 detector that
is under construction at the moment. Modification of the DEAP-1 detector geometry

based on this model led to improved background rates. The remaining background



was well described by the simulated spectra, and competitive limits on the contami-
nation of acrylic with primordial isotopes were obtained. Purity requirements for the
DEAP-3600 detector components were based on this work.

The design and testing of a novel large area TPB deposition source, which will be

used to make TPB coatings for the DEAP-3600 detector, is described.
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Statement of originality

The work in this thesis is my own unless where stated otherwise.
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and energy calibration, was written by me. The initial alpha timing and spectrum
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presented here come from my own analysis done with my own code and calculations,
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The alpha scintillation measurement, including the production of the TPB films,
the setup of the dark box and scintillation chamber, and scintillation data analysis
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holes. The source test stand was built following the drawing of M. Boulay, with help
from M. Kuzniak and R. Gagnon, and the slow control system was programmed by
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Chapter 1

Introduction

1.1 Evidence for and nature of Dark Matter

In its original meaning and as the name implies, Dark Matter is matter that does
not emit electromagnetic radiation and thus cannot be directly observed in an astro-
nomical context. This is in contrast to luminous matter, i.e. stars or hydrogen gas.
Astronomers expect most of the normal matter in astronomical entities such as galax-
ies to be made up of luminous matter. Dark Matter in that context could be brown
dwarfs, planets, neutron stars or black holes, which can collectively be classified as
Massive Compact Halo Objects (MACHOs).

More recently, Dark Matter has come to mean specifically a non-baryonic type
of matter that is “dark” because it does not interact with electromagnetic radiation.
Numerous astronomical and cosmological observations today can best be explained
by the existence of such Dark Matter. The following discussion follows the work of
Bertone et al.[8] except where otherwise cited.

The rotation curves of galaxies, that is the velocity of stars in a galaxy versus their
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CHAPTER 1. INTRODUCTION 2

distance from the galaxy center, provide evidence for large amounts of non-luminous
matter within galaxies. There is a well-known relation between luminosity and mass
of stars, allowing astronomers to map the amount and location of luminous mass in

a galaxy.

200 T I 1 | I T I I U I 1 I T T

NGC 6503

100

Vo (km s7)

0 10 20 30
Radius (kpc)

Figure 1.1: Rotation curve of galaxy NGC 6503 with three parameter fit from Ref. [5].
Dashed, dotted and dash-dot curves are the visible, gas and dark matter
halo mass contributions.

Outside of the radius containing the bulk of the galaxy’s mass, the rotation curve
should fall as \/%7 according to the accepted law of gravity. However for many galaxies
whose rotation curves have been measured, such as NGC 6503 shown in Fig. 1.1, the
behaviour is flat, indicating that the luminous mass in the galaxy is surrounded by a
halo of non-luminous mass.

The rotation curves indicate a spherical or near-spherical galactic halo of Dark

Matter, though if this was the only evidence, it could as well be explained by postu-

lating changes to the law of gravity at large radii.
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Figure 1.2: False colour image of the bullet cluster. The locations from where x-ray
emissions were detected are shown in red. The x-rays come from hot gas,
which provides most of the baryonic matter in the cluster. The location
of strongest gravitational pull, attributed to the Dark Matter component
of the cluster, was determined through micro-lensing and is shown blue.
Both are drawn on top of an optical image of the cluster. The hot gas was
slowed down when the two galaxy clusters that now form the bullet cluster
collided, so that it now lags behind the dark matter, which dominates
in terms of mass. Image Credit: X-ray: NASA/CXC/M.Markevitch et
al. Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al. Lensing
Map: NASA/STScl; ESO WFI; Magellan/U.Arizona/D.Clowe et al.
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The first hint for the existence of Dark Matter was found on the next larger scale
by F. Zwicky in 1933. He found that the velocity dispersion of galaxies in galaxy
clusters is inconsistent with the amount of luminous mass in the clusters. The virial
theorem can be used to find the gravitational mass of a cluster based on the observed
distribution of radial velocities of its components. Comparing this mass to the mass
calculated based on the light emitted from the stars in the cluster, one finds that only
about 0.05% to 0.1% of the cluster’s mass is luminous.

Weak gravitational lensing studies of the mass distribution in galaxy clusters|[17]
also indicate that a large fraction of the mass in those clusters is dark. In particular
the now famous bullet cluster (Fig. 1.2), has shown that the gravitational centre of
mass sometimes does not coincide with the baryonic centre of mass. This finding
rules out many attempts at explaining the missing mass by postulating modifications
to the theory of gravity.

Some of the most convincing evidence for the existence of non-baryonic Dark
Matter can be found on a cosmological scale by studying anisotropies in the cosmic
microwave background (CMB)[37]. The CMB is relic radiation from the time shortly
after the Big Bang when matter decoupled from radiation. Fluctuations in the CMB
temperature follow fluctuations in the matter density during that time. From studying
these fluctuations and under the assumption of the standard cosmological model, the
total matter and the cold dark matter density in the universe can be inferred. The
latest results from WMAP, the experiment with the most precise measurement of the
CMB, combined with the results from large scale structure observations, indicate that
of the energy density in the universe, 4.5% is in the form of baryonic matter, 22.6%

is in the form of dark matter and 72.9% is dark energy[42].



CHAPTER 1. INTRODUCTION )

These observations require a particle that interacts gravitationally and is stable or
long-lived enough to have survived since the Big Bang. It must be non-relativistic, or
cold, at the time of structure formation and thus rather massive, to explain structure
formation, and non-baryonic, as indicated by WMAP, and electrically neutral. This
particle, called a weakly interacting massive particle (WIMP), cannot be found in the
current Standard Model of particle physics.

Various extensions to the Standard Model of particle physics predict the existence
of as yet unobserved new particles. The most favoured one of those with respect to
a dark matter candidate is the neutralino, which is the lightest stable particle in the
minimal super symmetric extensions to the standard model of particle physics.

Another viable Dark Matter candidate is the lightest Kaluza Klein particles, which

arise in theories that involve extra dimensions.

1.2 Dark Matter detection

1.2.1 Experimental overview

The existence of Dark Matter has so far only been inferred from the effect it has on
luminous matter and light in the universe. Detecting Dark Matter directly can give
valuable information regarding the particle’s mass, spin, and interaction strength.
Two basic approaches to Dark Matter detection exist: direct and indirect mea-
surements. Direct detection experiments attempt to detect the scattering of particles
from the Dark Matter halo of our galaxy off of a target nucleus in an earth-bound
experiment. Indirect detection experiments try to detect the products (e.g. neutrinos

or photons) of annihilation of Dark Matter particles with each other from areas such
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as the sun or the galactic centre, where they can become gravitationally trapped. In

addition, the possibility of the creation of Dark Matter particles at accelerator exper-

iments exists, where missing energy or momentum can give hints as to an unobserved

particle.

Indirect Dark Matter searches are often a secondary goal for experiments mainly

designed to detect neutrinos (e.g. AMANDA, IceCube[68] and ANTARES[56]), cos-

mic gamma rays (e.g. EGRET and the Fermi Gamma-ray Space Telescope), or cosmic

radiation[7] (e.g. PAMELA and ATIC)[23].

Direct detection experiments have been built or planned that rely on a variety of

signals, such as light (scintillation), charge and/or sound (phonons) to detect a nuclear

recoil event caused by scattering WIMPs.

are listed in table 1.1.

Some of the most sensitive experiments

Experiment Medium Signal Status

CDMS|[67] germanium phonon, ionization results/running
EDELWEISSI50] germanium phonon, ionization results

DAMA]I6] Nal(T1I) scintillation results/running
CRESSTI[40] CaWOy, phonon, scintillation results/running
CoGeNT([1] germanium ionization results/running
XENON3] Xenon scintillation, ionization results/running
WARP[13] argon scintillation, ionization results
LZS[53](LUX and ZEPLIN) xenon scintillation, ionization planned

DEAP argon scintillation under construction
MiniCLEAN(33] argon or neon scintillation under construction
PICASSOI61] C4F10 ionization running
COUPPI9] CF3l ionization results/running

Table 1.1: List of some of the larger Dark Matter direct detection experiments.

The current best limits on the spin-independent WIMP-nucleon cross section

come from the XENON and CDMS experiments. A controversial detection claim
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has been made by the DAMA collaboration[6], but several other experiments ex-
clude the WIMP mass and scattering cross section they claim to observe. The Co-
GeNT and CRESST experiments also find an excess over the expected number of
low energy events and cautiously state that this may be compatible with a WIMP
interpretation[4], but their excess can be explained by a more careful simulation of
surface backgrounds[46].

The upcoming class of ton-scale target mass experiments, such as DEAP-3600,
will be able to extend the sensitivity and provide a further test of some of these

claims.

1.2.2 Analysis of recoil spectra

Direct detection experiments measure dark matter recoil spectra which can be an-
alyzed to find the scattering cross section and mass of dark matter particle, given
certain assumptions as to our galaxy’s Dark Matter halo properties. The expected
recoil spectra and standard halo properties are well-described in Ref. [64] and [47],
and will be summarized here.

Using Fermi’s Golden Rule, the WIMP-nucleon scattering cross section can be
divided into a term oy that is independent of the momentum transfer and a term F2,

called the form factor, that contains the dependence on the momentum transfer q[64]:

dg? 4p?v? '

where v is the velocity of the WIMP in the lab frame, and pg = M, M4/(Mx +

M) with the mass of the target nucleus M, and the mass of the WIMP M,. The
momentum independent cross section oy can be further divided into a spin-dependent

and spin-independent component. The spin independent part, under the assumption
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that the coupling of WIMPs to protons and neutrons is of similar strength, can be
written as[64]
1
00,51 = 051—5 A? (1.2)
n
where A is the atomic mass of the target nucleus and pu, the reduced mass of the
WIMP nucleon system. og; is then a target-independent spin-independent cross
section that can be used to compare experimental results to each other or to theory.
Spin-dependent interactions are possible only in nuclei that have a net spin. Argon
has even numbers of protons and neutrons, and thus is not sensitive to spin-dependent
interactions|64].
The standard assumptions used with respect to the kinematics are a local WIMP
density of 0.3 GeVc2ecm™2, a mean WIMP velocity of 230km s~!, and a galactic

escape velocity of 600 km s™!.

In the simplest case of zero momentum transfer,
the WIMP spectrum follows from simple elastic scattering calculations, assuming a
Maxwellian velocity distribution of the WIMPs. The rate R over the observed recoil
energy FEp is:

dR Ry 2Er/Eo
o 20 e T 1.
dER “l E()’I“6 ( 3)

where, £ is the most probable energy of the incident WIMP, r = 4M, M, /(M, +
M,)?, and Ry is the total event rate. The differential rate is usually given in units of
kg~'keV~1d~!. The parameters c¢; and ¢, are constants with average values of 0.751
and 0.56 for the above quoted values for the WIMP density, mean velocity and escape
velocity.

There is a modulation of ¢; and ¢, with the time of year, as the apparent velocity
of WIMPs changes with the earth’s rotation around the sun. This modulation is

considered “smoking gun” evidence for Dark Matter interactions and could be used
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to separate the WIMP signal from a constant background event rate in experiments
that are not background-free, but demonstrate a significant rate of Dark Matter
interactions.

The experimentally expected shape of the spectrum is given by equation 1.3 mul-
tiplied by the scattering cross section and a term accounting for detector effects
such as energy threshold and energy resolution. Sample spectra are shown in figure
1.3 for argon, xenon and germanium targets, including nuclear form factors, for a
100 GeV WIMP with an interaction cross section of 1074 ¢cm? and an exposure of

365 ton-days[27].

10000 ¢ -
1000 - .
100

10 |

Events/keV

1 ;

0.1 | ]
i Argon |
0.01 - Xenon 5
. Germanium ———

0.001 : :

0O 10 20 30 40 50 60 70 80 90 100
Recoil Energy [keV]

Figure 1.3: WIMP recoil spectra in argon, xenon and germanium targets, including
nuclear form factors, for a 100 GeV WIMP with an interaction cross
section of 10~7 pb and an exposure of 365 ton-days[27].

The energy spectrum described here is featureless and exponentially falling, though
features may be introduced by the nuclear form factors and instrumental effects, as

seen in the xenon target spectrum in figure 1.3. Typical expected recoil energies are
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10 to 100 keV, and the current exclusion curves for WIMP-nucleon scattering cross
sections are pushing towards 1074 cm?. Since the total event rate and mean energy
are so small and the spectrum falls quickly with energy, detectors should be sensitive
to events as low in energy as possible, with 100 keV often quoted as the threshold

above which the event rate becomes negligible.



Chapter 2

Background in Dark Matter

experiments.

Dark Matter interactions are very rare events and transfer only small amounts of
energy to the detector. Dark matter detectors are radiation detectors and thus pro-
duce a signal when any kind of radiation interacts in their active volume. At energies
below 100 keV, the rate of background events from radioactive decays in the detector
materials and from cosmic radiation is typically many orders of magnitude larger
than the expected signal. The sources of these background events and techniques to

reduce their rate will be discussed here with a focus on the DEAP experiment.

11
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2.1 Sources of radioactive background

2.1.1 Primordial isotopes

Primordial isotopes are long-lived radioactive isotopes that were already present in the
material from which the earth was formed[26]. The most important of these isotopes
in terms of detector background are 3?Th and 23*U[32], which have long decay chains
shown in figures 2.1 and 2.2, emitting gamma radiation up to 2.6 MeV in energy, alpha
particles between 5 and 8 MeV, beta and neutron radiation. Uranium and thorium
are omnipresent in ores, and detector components can easily be contaminated if their
production processes included ores, coal or other mined materials[32].

222Rn and #?°Rn are the most notable daughters of primordial uranium and tho-
rium, due to their ability to diffuse out of the material the parent isotope was in and
into neighbouring materials. Both radon isotopes alpha-decay to polonium, a metal,
which is often ionized after the decay and adheres to dust and solid surfaces. While
the ?2°Rn chain reaches a stable isotope within several hours, 2°Pb from the ?2Rn
chain can remain on surfaces with a 22 year halflife where it provides a continuous
source of alpha emitting 2!°Po.

The alpha particles emitted are usually stopped within the bulk material and can
only cause direct backgrounds if the parent isotope is located in the active volume of a
detector or in the first few tens of micrometers of the material surrounding the active
volume. However, alpha particles can also be absorbed in certain nuclei and cause the
emission of energetic secondary neutrons in what is called an («, n) reaction, which

can propagate and interact in the active volume.
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Figure 2.1: Decay chain of primordial thorium, indicating half-lives and decay energy
(Q value). Data taken from [25], figure is author’s own work.
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Another important primordial isotope is “°K, which is often present in photomul-
tiplier glass as well as in living organisms. It decays emitting beta as well as gamma

radiation[54].

2.1.2 Cosmic radiation

Cosmic radiation consists of a constant stream of mainly protons and alpha particles
at energies that can exceed 10° GeV[58], impacting the earth’s atmosphere and creat-
ing hadronic showers, which at sea level consist mainly of muons and small numbers
of pions, protons and heavier particles. The secondary products of cosmic radiation
themselves are a source of background. They can also react with materials around
the detector to turn stable isotopes into radioactive ones.

Cosmogenically produced isotopes are created in the interaction of cosmic radi-
ation with materials on earth. The most important one for the DEAP experiment
is *Ar, a beta emitter with a half-life of 369 years and a Q-value of 565 keV/[25],
which is constantly produced from “°Ar in the atmosphere and therefore present in
the liquid argon supply of the detector. The concentration of 3*Ar in natural argon is
8.1 £0.3 -10716 g/g, leading to an activity of 1.783 4+0.006 -10~3 Bq/1[49] or 3.3 - 107
decays per kg and year. A few percent of the beta decay events will be in the energy
window of interest for WIMP search (10 to 25 keV recoil energy) and need to be
suppressed[11].

High energy muons are often the last remaining component of cosmic radiation
at locations deep underground. They can be efficiently detected using a so called
“veto detector” before they enter the detector volume, so that a subsequent signal

in the detector is known to be due to a muon passing through and is discarded, or
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“vetoed”. Muons themselves are thus not a major background concern[26]. However,
muons can impact nuclei in material surrounding the detector and create spallation

products such as neutrons, which do not registered in the veto detector.

2.2 Background reduction measures

Materials with a low specific activity (defined as the number of radioactive decays
per second per mass of material) are called radio-pure. Strategies for obtaining radio-
pure detector materials can be classified as prevention of contamination, cleaning and
waiting out the decay.

In order to prevent the accumulation of 2'Pb on detector surfaces exposed to air,
components are often built in a radon-reduced environment, such as a glove box filled
with boiled off argon or nitrogen. Radon in liquid argon and nitrogen tends to stay in
the liquid phase, so that the boiled off gas contains less radon than the liquid. Where
this is not possible, 2!°Pb can be removed by chemically dissolving or physically
removing the outer layer of a component, as will be done for the DEAP-3600 acrylic
vessel.

To prevent 2!°Pb in the bulk material, the alpha particle from which can cause
an (a,n) reaction with neutrons being emitted from the bulk, the factory where the
material is made has to be kept clean of dust, and production processes that involve
ores can sometimes be replaced in favour of such that do not.

Lead, which is a favourable shielding material against gamma radiation, is often
inadvertently enriched in 2'°Pb during production. In this case, “old lead” can be
used in the detector. This is lead that was produced many hundreds of years ago,

retrieved from for example from old water pipes or sunken ships, where the activity
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of 219Pb is strongly reduced because most of it has decayed by now.[32]

Argon that is depleted in 3*Ar can be obtained from geological underground gas
reservoirs which have not been in contact with the atmosphere for many hundreds of
years, so that most of the cosmogenically produced 3°Ar has decayed away. Efforts
are underway to procure such depleted argon for use in DEAP-3600.

In order to be certain of their level of radio-purity, all materials used to build a
dark matter detector are usually screened with high purity germanium detectors for
content of isotopes from the primordial thorium and uranium chains[54].

Cosmic radiation as a primary background source can be reduced by placing the
detector in underground caves or mines. The depth of the site is usually quoted
as the depth of water which would give the same muon attenuation. The DEAP
experiments are located at SNOLAB[22] in Sudbury, Ontario, which is currently the
deepest large underground lab with 6000 m water equivalent (m.w.e.) shielding.
Other underground labs are the Laboratoire Souterrain de Modane in France with
4000 m.w.e. and the Gran Sasso National Laboratory in Italy at 3000 m.w.e. depth.

The rock above an underground lab can be considered the first layer of detector
shielding. Successive layers of shielding are often employed in an onion-skin type de-
sign, consisting typically of a water shield to moderate and stop low energy neutrons,
and several layers of gamma shielding made from progressively radio-purer materials.
In DEAP-3600, this is not necessary because the liquid argon is self-shielding (see
Ch. 3.3). The shielding material, in particular also the rock in underground labora-
tories, itself is a source of neutrons from neutron producing interactions with cosmic
muons, (a, n) reactions and natural fission processes of isotopes in the shielding, thus

thicker shielding is not always better in terms of final detector backgrounds.
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The types of shielding discussed so far are all passive shielding. In addition to this,
active shielding can be employed, which involves instrumenting a volume surrounding
the actual detector to detect particles travelling towards it from the outside. A
muon veto is a type of active shielding, where either a scintillator or a water volume
surrounding the detector is instrumented with photo multiplier tubes to detect the
scintillation or Cherenkov light produced when muons pass through. This signal is
then used to veto the detector. This does not remove any Dark Matter events, because
the interaction probability for WIMPs is so small that the chance of one interacting
in the veto volume and then in the active detector volume is negligible, though it can
reduce the life-time of the detector significantly if the muon rate is high.

Even when properly shielded and located in underground laboratories, additional
background suppression is necessary in all dark matter detection experiments. Of
great advantage is the possibility to discriminate events from gamma or beta radi-
ation, that is electromagnetic interactions, from the nuclear-recoil-like interactions
expected for a WIMP signal. This can significantly reduce the overall level of back-
ground, leaving only neutrons and possibly degraded energy alpha particles as a source
of background that could mimic dark matter signals.

The possibility to reconstruct the position of an event is additionally useful in
reducing backgrounds, since radiation due to environmental radioactivity tends to
enter the detector from the outside and, in a dense material such as liquid argon,
background events are thus concentrated near the outside of the active volume, while

WIMP events occur evenly throughout the detector.



Chapter 3

The DEAP detectors

3.1 Liquid argon as a detector medium

The DEAP detectors utilize liquid argon as both the absorber and detection medium
for WIMP interactions. Liquid argon is a good absorber material for Dark Matter
detection experiments because it can be purified easily and because it has a relatively
high atomic number and is thus self shielding against external radiation. It is also
relatively inexpensive so that a large target mass is financially feasible.

Liquid argon is also a good detection medium, scintillating with a competitive
light yield and producing pulse shapes that allow for the use of pulse shape discrimi-
nation methods to separate nuclear recoil events from electromagnetic recoil events.
As discussed in the previous section, the ability to separate nuclear recoil from elec-
tromagnetic recoil events is crucial for Dark Matter detection experiments.

DEAP uses a single phase detector design, where all the argon is in its liquid
phase and only the scintillation signal is measured. This is as opposed to a two-

phase design popular in experiments using xenon, where electrons separated from
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their nuclei during an interaction are drifted out of the liquid and through a gas
volume, and both the scintillation and ionization signals are measured. The two phase
design has a somewhat better position resolution, because the time difference between
the scintillation and charge signals provides information about the event position.
However, depending on the particle type and electric field strength, the scintillation
yield is reduced by 20% to over 50%][21], negatively affecting the discrimination power
against electromagnetic events.

Table 3.1 qualitatively shows a comparison of the relative merits of the noble
gases under consideration for Dark Matter detection experiments. The decay times
of the two excited states that lead to light emission in liquid argon and neon are
the most favourable out of all the noble gases for use in a single phase detector
design, allowing for sufficiently good pulse shape discrimination (PSD) using only
scintillation[12] (see next section). The decay times in Neon are 18 ns/14.9 us[59], in
Kryton 2.0 ns/91 ns[43] and in Xenon < 3 ns/34 ns[43]. The price is relevant when
experiments need many tons of target material. The interaction cross-section is pro-
portional to the square of the nuclear mass. The self-shielding power is proportional
to the density. Finally, the level of natural contamination with radioactive isotopes

determines the requirements for background reduction measures.

Gas light yield PSD Price Interaction  Radioactive self-
cross-section contamination shielding

Neon X XXXX XXX X XXX X

Argon XXX XXX  XXXX XX X XX

Krypton xx XX XX XXX X XXX

Xenon XXX X X XXXX XX XXXX

Table 3.1: Relative merits of noble gases for Dark Matter search experiments. More
x’s are better.
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3.1.1 Pulse shape discrimination

The passage of ionizing radiation through liquid argon ionizes and excites argon
atoms, which can then form strong bonds with regular argon atoms, leading to ion-
ized or excited dimers (excimers)[57]. Highly excited excimers quickly de-excite non-
radiatively to lower energies|21].

Of the four lowest energy atomic states, the potential well necessary for excimer
formation occurs for the 2P, and the 3P, states, so that two distinct excimer states
arise: a singlet state 'Y, (*P; +' Sp) and a triplet state 3%, (3P, +' Sp)[57] (see
Fig. 3.1). The decay of those excimers into the repulsive ground state is the origin of
argon scintillation light, which at a wavelength of 128 nm[16] is not energetic enough
to re-excite another argon atom and thus passes through the argon target unhindered.

The argon experiences no permanent chemical change from the interaction.

1p —/——— 11.82eV

ﬁk
5Py o~ 11.72eV
e — | N
SPy— 11.54.eV
Ar3 ) 9.45 eV
|
|
|
|
Ts Tt
|
|
|
|
V} A 4 %

Figure 3.1: Excited states of the argon atom (after [69]). Dashed lines represent
dipole forbidden transitions. Two of those states can form excited argon
dimers with a ground state atom.
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The singlet state decay is an allowed transition with a lifetime of 6.7 ns, while
the triplet state decay is forbidden and thus has a much longer lifetime of up to
1600 ns (literature values range from 1000 to 1600 ns, possibly due to differing argon
purities and temperatures)[35]. The fraction of excimers produced in the singlet and
triplet state depends on the linear energy transfer dE/dx (LET) of the penetrating
radiation[20][35]. The more energy is dissipated per unit track length, the more singlet
excimers are produced. This means that electromagnetic interactions preferentially
excite the argon excimer triplet state while nuclear recoils tend to excite the singlet
state, which is the basis for the background suppression used in DEAP and other
liquid noble gas experiments.

The large difference in decay times makes it possible to estimate the relative
fraction of singlet and triplet excimers by comparing the scintillation pulse intensity
in the first hundred or so nanoseconds to the intensity in the rest of the pulse. This
fraction is then a good estimate of the LET of the exciting particle, and thus of the

particle type.

3.1.2 Photon yield, quenching and scintillation light detec-
tion

The energy gap between the argon excimer and its ground state is too large for
non-radiative transitions[21], so one could naively expect to measure a photon for
every excimer produced. This is not the case due to the following photon reducing

processes[21, 34]:

Biexcitonic quenching occurs at high LET, when a large number of excitons are

produced in a small space and the chance of two of them colliding is considerable.
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They undergo the reaction
Ar* 4+ Ar* — Ar+ Art + e,

The ion and electron will then recombine and a photon is emitted, while the

two excimers would have each emitted one photon had they not collided.

Escaping electrons are prevalent in the low LET region where only few atoms are
ionized. If the electron becomes thermalised beyond a critical radius, it will
not recombine in the time-window of the measurement so that no photon is

detected.

Charge carrier trapping is independent of LET. It happens when, after ioniza-
tion, the electron becomes attached to electronegative impurities, most notably

oxygen, preventing recombination of electron and argon ion.

Electronic energy transfer to impurity atoms is a very effective process in lig-
uid argon by which the excitation energy of an argon atom is transferred to
an impurity atom[16][29]. Impurities such as nitrogen or water, which relax

non-radiatively, considerably quench the scintillation light[44].

Two important considerations for experiments using liquid argon arise from these
effects: The liquid argon used in the detector must be as pure as possible, and an
energy calibration done for one type of radiation will not be correct for a type of
radiation with a different LET.

The introduction of only 2% nitrogen into the argon reduces the scintillation
output by 50% [44]. DEAP-1 uses grade 5 purity argon gas that is further purified

to contain less than 0.1 parts per billion of most impurities[12].
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For practical reasons, gamma sources are usually used for detector calibration,
leading to an “electron equivalent” energy scale denoted as [keVee|. Particles with a
higher LET, such as alpha particles or recoil nuclei, produce less light for the same
energy transfer. The light is quenched and the quenching factor relates the energy
calibration for gammas to that of other particle types. An energy calibration corrected
for nuclear recoil events is denoted as [keVr|. Relevant quenching factors and other

scintillation properties of argon are summarized in table 3.2.

W value (liquid) 23.6705eV[55]
Won 19.5 £ 0.4eV|[21]
Scintillation wavelength (peak value) 128 nm
Attenuation length (own scintillation light) 66+ 3 cm[39]
Alpha quenching factor 0.7[20]
Nuclear recoil quenching factor 0.25 [28]

Table 3.2: Liquid argon properties. The W value is the average energy required to
produce one electron-ion pair and W, is the average energy required to
produce one scintillation photon.

While the liquid argon is transparent to its own scintillation light, materials
such as acrylic and glass are not. In order to detect the light then, it needs to be
shifted to a longer wavelength. The organic wavelength shifter 1,1,4,4-tetraphenyl-
1,3-butadiene (TPB) has long been the preferred material for this purpose. TPB of
about 1 pm thickness is around 100% efficient at absorbing UV light[52] and re-emits
it at 440 nm[18], where glass and acrylic are transparent and where most photo mul-
tiplier tubes are most sensitive. Additionally, the decay time of TPB is less than a
couple of nanoseconds[31] so that it does not distort the timing characteristics of the

liquid argon scintillation pulses.
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3.2 The DEAP-1 series of prototype detectors

Noble liquids have been used as detector media since the 1950s, in calorimeters and
time projection chambers, and their properties are well-studied[19]. A Dark Matter
search experiment however has new requirements concerning purity, detector size and
background discrimination power. It was therefore important for DEAP to establish
experimental procedures and background reduction techniques using a number of
prototype detectors before setting out to build a large scale detector. Several versions
of the DEAP-1 prototype detector have been built and operated at Queen’s University
and at SNOLAB since 2006 for this purpose.

A schematic drawing of the DEAP-1 detector is shown in Fig. 3.2. All versions of

acrylic sleeve stainless steel shell acrylic vacuum chamber

acrylic window LAr target volume acrylic light guide
glass window X lﬁ _] ETL 5" PMT
[ 1.
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i
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Figure 3.2: Schematic drawing of the DEAP-1 detector.

DEAP-1 have as their central interaction region a cylindrical volume of liquid argon,
28 cm long with a diameter of 15 cm, defined by an acrylic sleeve 0.36 cm thick. The

sleeve is coated on the inside by vacuum deposition with a typically 1-3 pm thick
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layer of TPB (see Sect 3.1.2).

The acrylic sleeve is surrounded by a diffuse reflector and contained in a cylindrical
stainless steel vessel with glass windows at each end. The total mass of liquid argon
inside the vessel is 7.6 kg. Acrylic light guides with photomultiplier tubes (PMTs)
at their ends are loosely attached to the glass windows. The light guides serve three
purposes: They absorb radiation from radioactive decays in the PMT glass, they
thermalize neutrons from (a,n) reactions through collisions with hydrogen atoms in
the acrylic, and they thermally insulate the PMTs from the liquid argon volume thus
allowing them to be operated at room temperature, which improves their efficiency.

An opening at the top of the acrylic and stainless steel cylinders leads to the
“neck”, a pipe through which liquefied argon is filled into the detector. For a more
detailed description of the liquid argon process system and detector hardware see
Ref. [12].

Several iterations of DEAP-1 have led to improved backgrounds:

DEAP-1 version 0: The original DEAP-1 detector was operated at Queen’s Uni-
versity in 2006. The acrylic sleeve in this iteration was sanded by hand on the inside
using P150-grit (100 micron average diameter) aluminum oxide paper in order to re-
move radioactive deposits from the decay of ?**Rn in the air. This was done in a glove
box under nitrogen atmosphere to prevent new deposits of radon daughters on the
sanded surface. TPB was evaporated onto the inside of the sleeve, and the outside
was painted with BC-620 (TiO;) reflective paint.

57 ETL 9390B (flat-face) PMTs were used to detect the scintillation light. The
waveforms from the PMTs were read out using a LeCroy WavePro7100 digitizing

oscilloscope.
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VO stands for 3 main data taking periods between November 2006 to October

2007 on surface at Queen’s University.

Version 1: In order to reduce the backgrounds measured in the VO detector, the
detector was moved to SNOLAB to be operated underground. A large rate of radon
alpha events were observed in V0, so the sandpaper to be used to sand the sleeve was
assayed for radon and the cleanest one chosen for sanding the V1 chamber. A PTFE
reflector was wrapped around the sleeve replacing the BC-620 paint, which was found
to have high radon emanation.

V1 was operated from December 2007 to December 2008

Version 2: After finding that the radon alpha rate increases after each re-fill of the
detector with liquid argon[60, 48], an activated charcoal radon trap was installed in
the argon fill line to further remove radon and daughters present in the liquid argon
supply.

The waveforms from the PMTs were read out using the CAEN V1720 digitizer
and MIDAS data acquisition system (DAQ). This allowed for a higher data taking
rate and will also be the system used in DEAP-3600.

V2 took data with the oscilloscope from March to July 2009 and with the MIDAS
DAQ from July to December 2009.

Version 3: To deal with the remaining background in the detector, at this point
believed to be from surface events (See Sect. 6), the sleeve was coated with purified
acrylic monomer at a thickness of about 100 pm[45], rather than sanded. The TPB

for coating the sleeve and windows was preheated to evaporate all contaminants with
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lower evaporation temperature.

The same Hamamatsu R5912 8 inch high quantum efficiency PMTs that will be
used in DEAP-3600 were installed, which required also replacing the light guides to
accommodate the larger spherical PMT shape.

V3 took data from March to September 2010.

Version 4: No significant reduction in backgrounds was achieved with V3, and a
new hypophesis of geometric backgrounds was developed (see Sect. 7). To reduce this
type of background new windows were machined to more tightly fit the acrylic sleeve,
and a plug was designed to fit in the neck. The sleeve was again sanded, since coating
in acrylic was a time intensive procedure and the surface background this was meant
to address was found not to be a dominant source of background.

Analysis of V4 data showed that the light yield was very unstable, and was signif-
icantly different for the two PMTs. After disassembling the chamber, no mechanical
problems were found, and the most likely explanation was bubbles of gaseous argon
trapped behind one of the windows while the detector was filled changing the optical
properties on that side.

V4 took data from November 2010 to February 2011

Version 5: Preliminary analysis of the background rate in V4 was promising, thus

a decision was made to modify the acrylic windows again to fit less tightly (to allow

for flow of argon gas) and to attempt another run. Some instability related to the

argon flow through the detector was observed, but some good data could be obtained.
V5 took data from June 2011 to April 2012.

Table 3.3 lists some properties of the different DEAP-1 detector versions that are
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relevant for the following chapters.

Detector ~ TPB thickness [um]  Light yield [pe/keVee]
on windows on sleeves

V2 2.8 1-2 24
V3 0.9 2-4 4.7
V5 0.9 4-5 3.8

Table 3.3: Summary of DEAP-1 detector version properties relevant for later chap-
ters. The light yield is for 60 keV gamma events from an AmBe source.

3.3 The DEAP-3600 detector

A drawing of the DEAP-3600 detector is shown in Fig. 3.3. The detector is under
construction at SNOLAB and expected to be operational by 2013.

The inner acrylic vessel of the DEAP-3600 detector has a radius of 85 cm and is
filled with 3600 kg of liquid argon. After a fiducial volume cut (removing events that
reconstruct near the surface of the detector) used to reduce background events from
outside the detector, the active detector mass will be 1000 kg in the central detector
region. Like the DEAP-1 vessel, the DEAP-3600 acrylic vessel will be coated on
the inside with the wavelength shifter TPB to shift the LAr scintillation light to the
visible spectrum.

Light guides 19 cm in diameter and 50 cm long are attached to the acrylic vessel.
They are long enough to absorb most of the neutrons emitted from the PMT glass and
serve as thermal insulation to allow the 255 8 inch Hamamatsu R5912 PMTs to be
operated at -30° C. Filler material between the light guides (high density polyethylene)

adds to the neutron shielding.
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Figure 3.3: DEAP-3600 detector design.
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A stainless steel shell supports the acrylic vessel and seals it from the shielding
water in the 8 m diameter shielding tank the sphere is immersed in. This volume
of water shields the detector from residual external neutrons originating from (a,n)
interactions in the surrounding rock, and also reduces the flux of external gamma
rays toward the detector. The water tank is lined with a white diffuse reflector and
instrumented with 48 Hamamatsu 1408 PMTs to detect Cherenkov light from passing
muons, and thus in addition to the passive shielding serves as an active muon veto
system.

The neck at the top of the detector is used to insert the LAr and allows access to
the interior of the vessel for cleaning, applying the TPB, and calibration. The first
50 cm of the neck consist of a piece of acrylic bonded to the vessel, the rest of the
length is made from steel. This allows liquid argon to rise into the neck.

As mentioned in section 3.1, even small amounts of nitrogen in the liquid argon
can considerably quench the scintillation light. A glove box made from a cylindrical,
stainless steel vacuum vessel is situated at the top of the neck allowing the introduc-

tion of equipment into the detector without introducing air.
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DEAP-1 background data

4.1 Automated analysis

When a photon hits a PMT’s front face, a photo electron (PE) is freed, multiplied
within the PMT and eventually, a voltage signal can be measured that is proportional
to the amount of light incident on the PMT’s front face. Every time the voltage
measured on both DEAP-1 PMTs simultaneously passes a fixed threshold, the voltage
versus time is recorded for both PMTs for 16 us. Those PMT traces are analyzed
in an offline analysis. A typical trace for a nuclear-recoil-like event between 120 and
240 PE is shown in Fig. 4.1.

For each trace, the baseline is calculated and subtracted, the location of the peak
of the pulse shape is found and the charge in the prompt and in the late time window
is calculated by integrating the voltage from -50 ns to 150 ns (PCh) and from 150 ns
to the end of the trace (LCh), where 0 ns is at the peak. The data from both PMT
traces is then combined to calculate the total number of photo electrons in the event
(TotalPE) using the known charge of a single photoelectron (SPE charge) and the

32
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location of the event along the axis of the detector (Zfit). Also calculated is the so
called “prompt fraction”, or Fprompt, the charge in the prompt window divided by

the total charge in the trace.

Charge0,1 = PCh0,1 + LCh0,1 (4.1)
1
TotalPE = —(Charge0 + Chargel) (4.2)
spe

Charge0 — Chargel
Zfit =L - 4.3
Charge(0 + Chargel (43)

PPEO + PPE1

Fprompt = il (4.4)

Charge0 + Chargel
where L is the length of the detector chamber, spe is the SPE charge and 0 and 1

stands for the two PMTs.
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Figure 4.1: Typical nuclear-recoil-like PMT trace. The liquid argon scintillation pulse
is drawn in black.
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4.2 Run types

The following types of data runs were normally taken with DEAP-1:

PSD Data is taken with a tagged ??Na source irradiating the detector. An additional
PMT coupled to a plastic scintillator behind the source provides the tag. A
triple coincidence between the back PMT and the two DEAP PMTs is required
for a signal to be fed to a single channel analyzer, which passes only events in
the energy window of interest to be written to file. This way, only events from

gamma interactions in the region of interest are recorded for PSD studies.

22Na full spectrum This is an energy calibration run where the full spectrum of
the #2Na source is recorded. It is similar to PSD runs but events of all energies

are recorded.

Neutron The detector is irradiated by an americium-beryllium source which emits
neutrons and 60 keV gammas. These runs are used for energy calibration and

to find the mean Fprompt value of the nuclear-recoil-like events.

Physics Data is taken without any source near the detector. This data is used to

study backgrounds and for calculating WIMP cross section limits.

Pulser Pulser runs use a random pulse generator to trigger readout of the PMTs.

This data is used to evaluate electronic noise.

Flasher A dedicated, pulser driven LED source is used to illuminate each PMT.

This data is used to evaluate the SPE charges.

Engineering Data taken to test new electronics components. Not used for data

analysis.
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4.3 PSD and background data

DEAP relies on pulse shape discrimination (PSD) to separate nuclear recoil from
electron recoil events. The pulse shape discrimination parameter Fprompt is shown
in Fig. 4.2 versus TotalPE or energy for events from a Neutron run. Two populations
of events are visible forming the nuclear recoil band at an Fprompt of about 0.8
and the electron recoil band at an Fprompt of about 0.3. The width of the bands
increases toward lower TotalPE due to lower statistics, so that they start to leak into

each other.

Ty (keV )

10 20 40 60 80 100 120 140 160
III|III|III|III|III|III|III|III|III

0 50 100 150 200 250 300 350 400 450 500
Number of detected photo electrons

Figure 4.2: The discrimination parameter Fprompt versus TotalPE for events from a
Neutron calibration run (V2 data).

In order for the DEAP-3600 experiment to succeed in obtaining a competitive
WIMP limit, or in detecting a statistically significant WIMP signal, the background

rate, that is the event rate in the nuclear recoil band at low energies, must be low
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enough. The collaboration aims for less than 0.6 background events in a three year
run in the region of interest.

The region of interest (ROI) for WIMP search is a two dimensional window in
Fprompt and TotalPE. The Fprompt window is chosen based on the desired recoil
acceptance. The exact Fprompt value this corresponds to in DEAP-1 is different for
each version of the detector. The TotalPE window has a lower limit at about 120 PE
due to statistical considerations, and we usually choose the upper limit as twice the
lower one.

The DEAP-1 physics run data showed a number of event populations in the nuclear
recoil band, which will be the topic of the following chapters.

Figures 4.3 and 4.4 show the events in the nuclear recoil band for DEAP-1 V2,
V3 and V5, one with Fprompt versus TotalPE and one with Zfit versus TotalPE. For
all three detector versions, nuclear-recoil-like events occur at all energies from the
detector energy threshold up to about 8 MeV.

Several event populations emerge in these plots, labelled A to D. Note that the
livetimes are different for the different data sets and quoted for each one on the plot
in days.

The populations A in each plot at 5000 to 8000 TotalPE will be shown to be full
energy alpha decays from radon. Alpha particles have an Fprompt value similar to
neutrons, and thus are in the nuclear recoil band. Radon can enter the argon supply
by emanating out of storage tanks and the gas handling system.

The radon chain alpha particles all have energies in excess of 5 MeV, much more
than the WIMP events the experiment is designed to detect. Full energy alpha events,

located in the active liquid argon volume from which all scintillation light reaches the
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Figure 4.3: Fprompt vs. TotalPE for all nuclear-recoil-like events in the center of the

detector. Events below the dotted line are from electromagnetic interac-
tions and were removed. The band drops to lower Fprompt with higher
event energy due to saturation of the PMTs.
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Figure 4.4: Zfit vs. TotalPE for nuclear-recoil-like events. The dashed line corre-
sponds to the approximate location of the windows at low energies. These
are not at constant Zfit at higher energies due to saturation of the PMTs.
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wavelength shifter, can thus be readily discriminated based on their energy. Full
energy alpha events are the topic of chapter 5. Despite not presenting a source of
background in the region of interest directly, they are the key to understanding the
dominant source of background in V2 and V3, and by quantifying their contribution to
the high energy spectrum one can put constraints on the level of surface backgrounds.

Surface alpha events come from alpha emitters on the surface and in the first
80 pm of the acrylic vessel. Alpha particles from these isotopes lose some of their
energy on their way out of the acrylic and/or the TPB, so that only a fraction of
their original energy is available to excite the argon. These “surface backgrounds”
have an energy spectrum stretching all the way from zero to the full energy of the
alpha particle, and thus need to be understood and if possible reduced to guarantee
the success of the experiment. Surface backgrounds dominate the background rate in
V5, in particular event population C was found to be due to these, and are discussed
in chapter 6.

Population B in figure 4.4 was found to be mainly from geometric alpha events,
from what we call gap alphas, which occur when alpha particles excite the liquid
argon outside of the active volume, in an area of the detector from where not all light
can reach the PMTs. The visible event energy is then lower than it should be and
the spectrum can again stretch down to the energy region of interest. V2 and V3
background is dominated by those events and they are discussed in chapter 7.

Population D events reconstruct outside of the detector and are poorly understood.
They might be due to scintillation in the oil used to couple the PMTs to the light

guides or Cherenkov radiation in the PMT or window glass.



Chapter 5

High energy background events

5.1 Timing coincidence tags indicative of radon
daughters

Event population A from Fig. 4.3 was expected to be due to alpha decays from the
radon chain. Re-printed in Fig. 5.1 are parts of the primordial uranium and thorium
chains (see Sect. 2) starting at the radium isotopes.

A few isotopes in these chains have short half-lives suitable for coincidence tagging,
whereby one looks for pairs of events within a time window less than a few times the
half-life of the intermediate isotope, and “tags” them. The presence of such tagged
pairs can confirm the origin of these events and allows one to directly determine the
radon decay rate in the detector.

When performing such a timing coincidence analysis one looks for the number N,

events that are correlated in time out of a certain total number of pairs of events (Ny;)

40
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Figure 5.1: Decay chains of ?**Ra and ??Ra.
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which contains mostly uncorrelated events (N,). Each set of high energy nuclear-
recoil-like events subsequent in time is considered a pair. The number of tagged
event pairs (IV,,) contains both correlated and uncorrelated events that occurred
within the tag time window At due to random coincidences (N,.).

The number of expected random coincidences N, can be calculated using a well

known equation,
N, = N, - (1 — e Ne2/T) (5.1)
= (Na — Ne) - (1 — exp{—(Naz — N) - At/T}) (5.2)

where T’ is the total time over which the data was taken.

Only Ny and Ny, are immediately known. If there are about three times more
uncorrelated than correlated events, N, is small and N, can be approximated by
the total event number, N,;, without introducing a large error. The number of real
coincidences can then be easily found as the difference between the number of tagged
and the number of random coincidences.

A situation might arise where most of the events under consideration are expected
to be real coincideces, so that the above approximation is not valid and the full
equation needs to be evaluated. The number of actually correlated events, written in

terms of only known quantities, is
N. = (Nigg — N,) /€ (5.3)
= (Ntag — (Nat — N¢) - [1 — exp{—(Nau — N.)/T - At}]) /e (5.4)

where € is the tag efficiency. This equation has no analytic solution, however an



CHAPTER 5. HIGH ENERGY BACKGROUND EVENTS 43

iterative solution can be found:

Nc(l) = (Ntag — Nau - (]- - exp{_Nall/T ) At}))/E (55)
N = (Niag = (Naw = NV) - (1 = exp{—(Naw = NV) /T - At})) /e (5.6)
(5.7)

NI = (Nyag — (Nay = N9 - (1 = eap{—(Nauw — N"™V)/T - At})) e (5.8)

With a convergence criterion of a change smaller than 0.1 events per step, this con-
verges after 6 to 11 iterations in our data. I used this method in the analysis of all
background data.

I calculate the uncertainty using only the first step:

N,
€Npgn = Nigg — Nag - (1 — exp{— T“ - At}) (5.9)
ONp ONp
ANg)? = (—2AN,,,)> “AN,;)> 1
€(ANgn) (ang tag)” + (aNau all) (5.10)
= Niag + (&2 (e 41 At — 1)) Ny (5.11)

When choosing the tag time window, one has to weight the expected number of
random coincidences against the chance of missing some real coincidences. Making
the time window long will lead to nearly all real coincidences being tagged, but a lot
of random coincidences will be included as well. The percentage of real coincidences

missed for a time window At and an isotope with a half life of 7y 5 is

N
1] —e= — — 7At-ln(2)/7'1/2 5.12
€ N, e (5.12)
Both #2°Rn and ?22Rn decays can be tagged, due to the relatively short half-lives
of their daughter polonium isotopes. The 2°Rn tag time window I use is 0 < At <

0.5 s, which has an efficiency of about 90%. The *??Rn tag has a time window of

0.5 < At < 500 s with corresponding efficiency of € = 85%. The lower limit was
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chosen to exclude ?*°Rn events. All radon event numbers quoted are corrected for
random coincidences and tag efficiency. The number of ??Rn coincidences in the

220Rn tag time window is negligible.

5.2 Rates of 2°Rn and ?*2Rn in DEAP-1

Using the method described above on the populations A in Fig. 4.4, the radon decays
in every background run were tagged. As shown in Fig. 5.2, the rates were stable
over many months and were not affected by the switch from V2 to V3 indicating a

sustained source of radon.
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Figure 5.2: Run by run tagged radon decay rates. V2 runs are to the left and V3
runs to the right of the gap.

The average rates for each run are presented in Tab. 5.1. Data in V3 was taken

with high and low voltage on the PMTs to increase the dynamic range. Numbers
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are quoted for both separately to make comparison with the spectra fits in the next

subsection easier.

Version Run time (d) *??Rn tags 2?*Rn tags ?**Rn rate [107°Hz] ??°Rn rate[10~°Hz]

V2 34.8 349 £22 == 11.6 £0.7 2.56 £0.21
V3LV 14.0 199 +17 27 £5 16.3 £1.4 2.23 £0.43
V3 HV 378 599 +29 62 £8 18.3 £0.9 1.90 £0.24
V5LV 134 135 £13 16 +4 11.6 £ 3.5 1.5 £0.3

Table 5.1: Number of tagged radon decays in DEAP-1 V2, V3, and V5. LV and HV
stand for low voltage and high voltage runs respectively.

5.3 Is it really radon?

One might wonder what evidence there is that the tags in the above subsection indeed
count radon events. One way to verify this is to look at the timing spectrum between
the high energy events. I fitted two regions in time indicative of ?*°Rn and ???Rn
with an exponential function, and the lifetimes fitted out are consistent with those of
218Po and 2'%Po. The timing spectra and their fits are shown in Fig. 5.3.

Another thing I looked for is the electron signal from the decay of 22Bi to 2!?Po
followed by an alpha. If the above tags are really from the radon chains, such events
should be present. The lifetime of the 22Po is only 300 ns, so that these two events
will appear in the same pulse shape in our data. Looking at all the high energy pulse
shapes in a subset of runs, I found a number of such pulses consistent with what was
expected from the number of tagged ?2°Rn decays in the same data set.

I also looked for signatures of ??Ra in the data, being the parent of ??°Rn. If
radium was decaying to radon in the active detector volume, each ??°Rn — ?'°Po tag

should be preceded by another alpha event within less than 3 s. The rate of these
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triple coincidences is consistent with random coincidences, and the energies of the
events found is not consistent with ??*Ra. I thus conclude that there is no ?**Ra in
the active volume of the detector. There is evidence for ?**Ra being present outside
the active volume, as shown in Sect. 7.3.

Finally, the tagged events form peaks in energy consistent with radon and daugh-

ters, which is the subject of the next subsection.

5.4 High energy spectra

It is desirable to have a well-resolved high-energy alpha spectrum to look for signs
of surface backgrounds (see Chapt. 6), like 2'°Po decays from under the TPB, which
serves to assess to cleanliness of the acrylic sleeve.

In all versions of DEAP-1, the spectra in TotalPE are not well resolved. This
is mainly due to the following two effects: The full energy alpha pulses saturate
the PMTs and/or the read out electronics, and the light yield is a function of event
position along the axis of the detector. In V3, an additional problem is that the two
PMTs saturate at different event energies. The saturation causes the light yield to
drop by about 60%, compared to the gamma calibration. This problem was partially
addressed by operating the PMTs at lower gain (low voltage, or LV, data sets) to
reduce the saturation at high energies, at the cost of losing sensitivity to low energy
events. Since the PMTs are not sensitive to single photo-electrons when operated
this way, the TotalPE variable does not indicate the actual number of singe photo-
electrons in a pulse anymore. The spectra shown in this section all come from LV
data sets.

The saturation of the PMTs is shown in Fig. 5.4 for V3. The high energy alpha
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Figure 5.4: Average pulse shapes of full energy alpha pulses in V3, as well as neutrons
and alpha pulses at mid and low energies. Pulse shapes are normalized to
have the same intensity in the tail. The peak is more and more truncated
at higher energies because of PMT saturation.

peak is clearly truncated compared to the lower energy alpha and neutron pulse
shapes. Extrapolating energy calibrations done with gamma sources to high energy
alphas is questionable due to this effect. The dependence of light yield on event
position, or “zfit”, was already known for gamma sources, but extrapolating the
shape of the dependence from gamma events to alpha events is again a questionable
procedure, especially for V3.

In the absence of calibration sources for high energy alpha events, the tagged
events were used for calibration. The first and the second event from each tag have
well known energies; the tagged events can therefore be used to get both an energy and
a zfit-dependence calibration for full energy alphas. For V3, a radon spike supplied a

large number of events which allowed for a good energy and zfit calibration. For V2,
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Figure 5.5: Energy versus Zfit before (red) and after (black) correction.

the zfit calibration found from gamma sources was used, but the energy calibration
was done using tagged alpha events. For V5, I used the tagged events to do both the
energy calibration and the zfit correction.

The zfit correction can most drastically be seen by looking at the corrected and
uncorrected zfit versus charge plot, as shown in Fig. 5.5 for V3 data after the radon
spike. The three peaks from ?*?Rn and its daughters are clearly visible. The zfit
variable was adjusted to shift the distributions such that they are centred on position
zero. Other features will be discussed in the following section.

The peaks formed by tagged events for V3 are shown in Fig. 5.6; V2 and V5 data
looks similar. The ??2Rn and ?'®Po spectra seem to have a second peak each due to

random coincidences.
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The energy calibration used for V2 data is the following:

Total PE
0.962 — 0.0013 - Z fit 4+ 0.0005 - Z fit?

While TotalPE is fine to use as a variable for V2, the stronger PMT saturation in

E[MeV] =6.625-10"" (5.13)

V3 pulse shapes led me to look at the charges in the prompt and the late windows
separately. The resolution is better when only the charge in the prompt window is
used. In addition, because the PMTs have different saturation curves, the two sides

of the detector have to be treated differently. The calibration found is:

E[MeV] = 0.367 - (z +y + 4.085 - —2) — 5.728 (C=Y < —0.04) (5.14)
Tr+y r+y
r—y r—y
E[MeV]=0367- (x+y—3511- 22 03)—5728 (2> 0.04) (5.15)
Tty T+y

where the variables in the data were abbreviated to x=PCh0 and y=PChl (see
Sect. 4.1). In V5, TotalPE with a zfit correction leads to a good energy resolution

again, but the two sides of the detector still need to be treated differently:

E[MeV] = —1.95+0.00944 - (Total PE — (—1.5- (Z fit +5.4)%*) +10) (Zfit < 1.5)

(5.16)

E[MeV] = —1.95+0.00944 - (Total PE — (—0.5 - (Z fit — 12)?)) (Zfit > 1.5)

(5.17)

Both the alpha particle and the recoil nucleus interact in the liquid argon. The

energies of the recoil nuclei are all around 100 keV which is less than 2% of the alpha

energies, and the recoil energy is additionally quenched. It is therefore not taken into
account here.

The fully calibrated full energy alpha spectra are shown in figures 5.7, 5.8 and 5.9.

I did a fit to the spectra assuming that all events above 5.2 MeV are due to decays
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Figure 5.7: Spectrum of full energy alphas in DEAP-1 V2 (midas).

of 222Rn, 218P. 214Pg 220Rp and 216Po.!

The full fit function used is

R(E) —A-n- 67(2375.5)2/202 + A-n- 67(3676.0)2/20'2 + A- 2 . 67(177.7)2/20’2_’_ (518)
n

B-n- 6—(w—6.3)2/2c72 +B-n- 6—(95—6.8)2/202 (5'19)
There are 4 fit parameters: The number of ??2Rn and ??°Rn events, A and B, the
resolution o, the resolution of the highest energy peak o’ (V2 and V3 only) and the
211Po scaling factor 7. The variable n accounts for the binnning, it is MeV /bin for

each histogram. The energies of the peaks were fixed. The number of 2'*Po events

!The rate of 22°Rn is much lower than that of 222Rn and the decays of 22Bi and ?'2Po are split,
so that only very few events due to these two isotopes are expected in the data; they are therefore

disregarded in the fit. The rate of 2'°Po is strongly suppressed because of the comparatively long
22 year halflife of 210Pb.
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had to be reduced by a scaling factor . The missing ?!4Po events can be found at low
energies, the evidence and explanation for this is discussed in Sect. 6.3.1. The results

of the fits are summarized in Tab. 5.2.

x?>/NDF  222Rn number ?°Rn number resolution (¢/E) 2Po divider n

V2 1.3 350 £15 73 £9 0.033 £0.002 3.4 £0.4
V3 1.1 181 £10 36 £6 0.025 £0.002 2.9 £04
V5 1.0 165 £9 21 £4 0.023 £0.001 4.0 £0.7

Table 5.2: Fit results for full energy alpha spectra. For an overview of corresponding
event rates, see Tab. 5.1.

5.5 Rate of unaccounted for events

The majority of the event rate in the nuclear recoil band at high energies could be
identified as coming from decays of ?*Rn, ?2°Rn and their daughter isotopes. To see
if any other sources of alpha particles could be contributing to the high energy events
in V2 and V3, the total number of tagged events was compared to the number of
high energy events. Each tagged event is followed by three more alpha events down
the decay chain. The polonium however is suppressed by a factor of 7, as fitted out.

All events accounted for by the tags are then
Niag = (2+1/n) - Nagapn + (2 +1/1) - Nagorn (5.20)

Tab. 5.3 shows the total number of high energy events accounted for with the tagging,
Niqg, the counted number of high energy events, Neoun:, and the difference between
the two as Nynaccountea- In all cases, Nyjaccounteq 18 consistent with zero and allows
for a high energy event rate not caused by radon and daughters of no more than

3.6 -107° Hz at 1 ¢ confidence level.
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V2 midas V3 low voltage V3 high voltage

Nitotai 985 £31 516 £23 2097 +46
Niqg 976 £51 529 +40 2078 £87
Nunaccountea 6 £60 -13 £44 19 +£99

Table 5.3: Comparison between the tagged and the total number of high energy alpha
events.

5.6 Discussion and summary

The events from population A in figure 4.4, which is the highest energy population in
the nuclear recoil band, were studied using timing coincidence and energy spectrum
analysis. The timing between these high energy events is indicative of ?*?Rn and
220Rn, the decay rate of which was determined through tagging, that is counting
event pairs within the expected timing coincidence window. The rate was monitored
throughout the data taking runs from DEAP-1 V2 through V5 and found to be stable
at 107* Hz and 10~° Hz respectively, which indicates a sustained source of ?*2Rn and
220Rn, probably from emanation out of the argon process systems.

The tagged events were used to calibrate the data not just for energy but also to
correct for PMT saturation effects, leading to high energy spectra with good resolu-
tion. Comparison of Tab. 5.1 and Tab. 5.2 shows excellent agreement between the
tagged and the fitted number of radon decays for both V2 and V3 and for both radon
isotopes.

In V5, the tagged number of events is 20% lower than the fitted number of events,
and the timing spectra are distorted. The reason for this is so far not understood, the
best explanation is that there was a problem with the clock recording event times.

Additionally, the tagged radon rate in V5 fluctuates by a factor of 3 between runs.
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The new tighter windows and neck plug (see Sect. 3.2) were probably influencing the
flow of isotopes in and out of the active volume, which could have lead to tag chains
being broken.

The high energy spectrum was found to be dominated by decays from ??2Rn and
220Rn and their daughter isotopes. Contributions to the high energy spectrum not

from 22Rn or 22°Rn could be excluded at the 3.6 - 10~° Hz level.



Chapter 6

Surface backgrounds in DEAP-1

Surface backgrounds are events from alpha particles or nuclear recoils emitted from
the surface or in the first 80 pm of the acrylic vessel, or the TPB. These alphas lose
some of their energy on their way out of the acrylic and/or the TPB, so that only a
fraction of their original energy is available to excite the argon. Events due to surface
backgrounds thus have an extended energy spectrum from zero up to the full energy

of the alpha particle.

6.1 Monte Carlo simulation of surface background

spectra

In order to understand the background spectra, I simulated the energy loss of alpha
particles from different isotopes placed at various locations in the detector. The
energy loss calculation done by the Monte Carlo simulation is based on SRIM[70]

tables. SRIM outputs the energy loss at a discrete set of energies; my simulation

57
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interpolates these values linearly for energies in between. The angle under which the
alpha is emitted is random and I assume the alpha travels in a straight path along
the original direction; straggling or possible reflection at interfaces is not taken into
account. All surfaces are assumed to be perfectly smooth.

The thickness of the TPB layer is drawn randomly from a double gaussian distri-
bution to describe both decays on the windows and on the sleeve. The two gaussians
are centred at the mean thickness of TPB on the acrylic sleeve and on the windows
respectively, and both have a width corresponding to the variation in typical TPB
layer thicknesses as measured with a profile meter. The mean TPB thicknesses for
each version of DEAP-1 are shown in table 3.3.

In chapter 9, it will be shown that TPB scintillates and that the pulse shape is
such that many events enter the Fprompt region of interest. Scintillation of the TPB
is taken into account in the simulation.

If starting in the acrylic, a maximum depth of 80 pm is used, since that is larger
than the maximum distance the highest energy radon-chain alpha particle can travel
in acrylic. Depending on the start location and angle, the alpha particle could lose
some energy in the acrylic, the TPB and the liquid argon. The acrylic does not
scintillate strongly enough to have an appreciable effect here!. The apparent energy
of the event in DEAP-1 is calculated based on the energy loss in TPB Ej,, and the

energy loss in the argon Ej,,, and the light yields in TPB and argon €, and €, :

1
Eap — €_<€tpb ' Etpb + €lar - Elar) (61)

lar

The expression in the bracket calculates the total number of photons produced, and

it is divided by the light yield in liquid argon since we interpret all event energies

'No scintillation signal above background was observed for uncoated acrylic windows in the
experiments described in Chapt. 9.
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like only liquid argon is scintillating. An event of mixed origin could in principle be
discriminated to some degree from its different pulse shape, but in practice this has
not worked very well. For practical reasons, I used the corresponding photo-electron
yields for €4, and €.

I simulated primordial thorium and uranium distributed evenly throughout the
acrylic and the TPB, as well as all polonium isotopes in the bulk acrylic, on the
acrylic surface and in the TPB. The geometry and some of the possible paths the

alpha particle can take are shown in Fig. 6.1.

d1Aady

uodsy |adl
:j'\
k\

Figure 6.1: Sketch of possible paths that lead to light emission for an alpha particle
emitted in the bulk acrylic (a), on the acrylic surface (b), and on the TPB
inner surface (c). Labels on the paths correspond to labels in figures 6.2
and 6.3

The simulated spectra of 21°Po alphas from the bulk and the surface of the acrylic
shown in Fig. 6.2. The spectra are not folded by the detector’s energy resolution.
The bulk acrylic spectrum has a feature F1, from alphas that lose some energy in the
acrylic and then are stopped completely in the TPB. The remaining spectrum is nearly

constant up to about 5 MeV. The surface acrylic spectrum has a sharp peak (F2)
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which is also from alphas completely stopped in the TPB. The following continuum
corresponds to more and more energy loss in the liquid argon. The spectrum ends
at F3 just below the actual energy of the ?!°Po alpha; the gap is the amount of
energy even an alpha going straight out into the liquid argon loses in the TPB. The

double peak structure is due to the difference in TPB thickness on the sleeve and the

windows.
£ =
% - —— 210Po on acrylic surface
a [ |r F3
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Figure 6.2: Simulated spectra of '°Po alphas from the surface (solid line) and the
bulk of the acrylic (dashed line). The arrow indicates the full energy of
the alpha. The detector energy resolution is not included.

Fig. 6.3 shows the simulated spectrum of 2!4Po on the TPB surface that faces
the argon. Notable features are indicated on the figure. F1 is again only TPB
scintillation from alpha particles travelling toward the acrylic. This feature peaks at
around 50 keV, the rest of the energy is lost in the acrylic. The peak at F2 is from

alphas going sideways through the TPB and loosing all of their energy there. F3 is
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the peak from alphas going into the liquid argon. The relative height of features F3

and F1 depends on the surface structure of the TPB.
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Figure 6.3: Simulated spectrum of 2'“Po alphas on the TPB inner surface. The arrow
indicates the full energy of the alpha.

6.2 Effect of a rough surface

In the ideal situation of a smooth surface, alpha particles emitted isotropically on the
surface have a 50% probability of entering the bulk material and a 50% probability of
entering the adjoining material. The effect of a rough surface can be understood using
the model of a sinusoidal surface profile H(x) = A - sin(k - ) with amplitude A and
wavelength L = 27 /k, as shown in Fig. 6.4. Besides entering the bulk and leaving the
surface completely, there is now a possibility of leaving the surface and then entering

the bulk after some distance. For a smoothly varying surface, the probability to enter
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Figure 6.4: First approximation of a rough surface.

the bulk material is still 50%, but the probability to be free of the surface is lowered
and depends on the amplitude and wavelength.

The probability for leaving the surface completely is given by P =< o > /2,
where < ;s > is the average of that angle over the whole surface, or in the case of the
sinusoidal surface profile, the average from —L/4 to L/4. Taking the horizontal as 0°,
the minimum angle needed to leave the surface is determined by the surface slope at
the emission location, which is just the derivative. The maximum such angle is formed
by the line connecting the emission location to the maximum elevation opposite of
the flank where the emission takes place, which in the range under consideration is

located at x = —?—lL. Thus

o dH()
Qmin = | arctan( o )| (6.2)
= | arctan(Ak - cos(kx))| (6.3)
Qnaz = T — arctan(zt:_—h;(;)) (6.4)
=7 — arctan(A(lx_jigékm))) (6.5)

and

Qout = Umaxr — OUmin (66)



CHAPTER 6. SURFACE BACKGROUNDS IN DEAP-1 63

So that

21 LA A(l — si
Prree = —— [ — arctan( (1= sin(kz))

L2r ) 1 Y ) — |arctan(Ak - cos(kx))||dz  (6.7)

This can be numerically integrated. For example for A = 5um and L = 10 um,
Piree = 0.252. If the average L for a surface is larger than the range of the emitted
particle in the medium, Py, is an underestimate.

For isotopes on the acrylic surface, the above considerations mean that some alpha
particles can travel a short distance through the TPB and then enter the acrylic again,
leading to an event below the minimum energy found in the simulation. This is a
particular concern for DEAP-3600, since these events might then be in the energy
region of interest.

A surface scan of a piece of sanded acrylic similar to the DEAP-3600 acrylic is
shown in Fig. 6.52. The fraction of events that leave the surface and then enter
the bulk material was calculated by taking each point of the scan and finding the
probability of a particle emitted isotropically from there to hit the surface again.
This fraction was found to be below 1%.

Similar considerations can be made for isotopes on the TPB surface, where a
fraction of less than 50% of the decays will lead to a full energy event from the alpha
particle losing all its energy in the liquid argon. The TPB surface is a lot rougher
than the acrylic surface, as indicated by the fact that the full energy alpha spectra
show only about 1/4 of the expected #%Po rate. This will be further discussed in
Sect. 6.3.1.

2Scan data provided by Slav Florian.
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Figure 6.5: Surface profile of a piece of sanded acrylic.
6.3 Comparison of simulated and measured spec-

tra

6.3.1 The missing ?'*Po

The fits to the high energy spectra indicate that the *%Po peak has only 1/4 of
expected events. The missing 2'4Po events might show up at low energies if the 2'4Po
adheres to the TPB surface and the alpha particle goes into the TPB. These events
are made up of light from the TPB scintillation and light from the recoil nucleus in
the LAr.

The rate of high energy events in V5 is (4.4 4 0.3) - 10~ Hz, composed of 1 part
22Rn alphas, 1 part 2®Po alphas and 1/4 part 2'*Po alphas. According to the rough

surface model, if 1/4 of the alpha events go into the liquid argon, making a high
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energy event, then 1/2 of them go into the TPB making a low energy event, and
another 1/4 travel partially through argon and partially through TPB, making an
intermediate energy event.

To get the rate expected in the low energy peak then, one calculates

RHE 1

Rovapo,Le =

where the 0.37 is the efficiency of the zfit cut used on the low energy data. This leads
to an expected low energy rate of (3.6 & 0.2) - 1075 Hz.

The measured rate of events in the low energy peak presumed to come from 2'4Po
is 3.9 - 107° Hz, in excellent agreement with the expectation.

The low energy spectrum including the peak from 24Po on the TPB will be

discussed in the context of the low energy background rate (Chapt. 8).

6.3.2 A limit on ?'Po from the acrylic bulk

Acrylic is made from small beads of material, which provide a large surface area for
210Po from radon in the air to adhere to, or directly from liquid monomer, which is
easily permeated by radon. Once made into acrylic, the bulk of the matter is expected
to be enriched in 2!°Po. For DEAP-3600, it is important to know the rate of these
events.

The simulated spectrum of ?'°Po from the acrylic bulk is shown in Fig. 6.2. No
reliable energy calibration is available for the data between about 1 and 5 MeV, so
fitting the spectrum to the data to obtain the 2'°Po contamination is not possible.
However, the probability for an event to present in a certain energy range per 2!°Po
decay can be calculated and used to correct the integrated rate in the same energy

range of the measured spectrum, using start and stop energies in the calibrated low
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energy and high energy regions.

For 1400 to 4400 PE (350 keV to 4.5 MeV), the probability is (7.8 +0.2) - 1072,
where the uncertainty is due to the uncertainty in the energy calibration. The event
rate in a zfit range of -10 to 2 (11.3 cm), corresponding to an acrylic volume of
4.3 cm?, is (8 +2) - 107% Hz. The total rate of *'°Po decays in that volume is then
(140.1) - 107* Hz/cm?®. This leads to a limit of (5 +0.5) - 107 g/g.

The simulated spectrum scaled to this rate is drawn together with the high energy

spectrum in figure 5.9.

6.3.3 A limit on ?'Po from the acrylic surface

The simulated spectrum of 2!°Po from the acrylic surface has a peak at around 5 MeV
that can be used to match the simulated spectrum to the observed high energy spec-
trum. Care must be taken when comparing the simulated spectra to data, to ac-
curately determine how the scintillation from the TPB is interpreted in the energy
calibration of the data. The high energy alphas have a lower light yield than the low
energy events, so the additional TPB scintillation is interpreted in terms of that light
yield here.

The high energy spectra from all detector versions could be fit this way, but the
excess of events observed around 5 MeV in V2 and V3 spectra will be shown to be
dominated by geometric background events. The red line in figure 5.9 shows the fit
of the simulated spectrum of 2°Po on the acrylic surface to the high energy spectrum
from V5. The fit returned a scaling factor of 5-107° on the simulated spectrum with
108 simulated decays. With a lifetime of 1160814 s for that data set, the total rate of

these decays was (4.6 £1.1)107® Hz/cm?.
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6.4 Discussion and summary

Spectra from the alpha decay of primordial isotopes and their daughter products
on various detector surfaces were simulated. The simulations are basic in the sense
that they simulate the energy loss in various materials of alpha particles travelling
straight lines along their original trajectory, disregarding straggling or the production
of sputtering products. Surfaces are assumed to be smooth, though the effect of a
rough surface was studied analytically. This simple approach was sufficient to identify
significant inconsistencies in the original surface background hypothesis for detector
V2 and V3, and then to describe much of the data taken with V5.

The simulated spectra indicate that isotopes on the surface of the acrylic or the
TPB cannot cause events below a minimum energy given by the scintillation from
the alpha particle passing the thickness of the TPB. This however is only a first order
approximation.

Fitting these simulated spectra to the V5 background data allowed me to obtain
competitive limits on the contamination of the acrylic chamber’s bulk ((5 £ 0.5) -
107 g/g) and surface ((4.6 £1.1)107® Hz/cm?) with #'°Po, as well as explain part
of the low energy spectrum, which will be discussed in chapter 8.

The 2'°Po limits obtained are upper limits in the sense that all events in a given
energy range were assumed to be due to this source. For ?'°Po in the acrylic bulk,
remaining geometric events from the windows and neck (see Chapt. 7) could have
leaked into the cut region used to obtain the limit, and some ?'*Po events are known
to occur in the same region.

For 21°Po on the surface, the small excess of events around 5 MeV that the fit is

based on could also all be due to geometric events, though their zfit distribution is
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more consistent with the surface background model.

Most of the event rate from surface backgrounds would appear at the windows,
since they have the most surface area per bin along the axis of the detector. Indeed,
population B in the background data from DEAP-1 versions 2 and 3 has just those
properties (compare Fig. 4.3). This observation, and the absence of any other expla-
nation at that time, led to the hypothesis that event population B was indeed due to
surface backgrounds.

The simulated spectra however do not match this data. The simulated spectra all
have some rate in the high energy region discussed in the previous chapter, where the
rate not from 2?2Rn, ??°Rn and their daughters was found to be less than 3.6-107> Hz.
According to the simulation results, in order to explain the low energy rate in V2
and V3, a rate far exceeding this would have been observed above 5 MeV, making
the original hypothesis that they are due to surface backgrounds seem unlikely. In
addition, the more careful treatment of the surfaces of the V3 detector chamber
resulted in only minor improvement to the background rates (see Chapt. 8), and the
small excess of events in the high energy spectra around 5 MeV (presumed to be from
210Pg on the acrylic surface[48]) in the high energy alpha spectrum also remained.

These inconsistencies prompted much of the detailed analysis of radon spectra
and background event distributions, which eventually led to the discoveries outlined

in chapter 7, and the subsequent improvement of the detector for V5.



Chapter 7

Geometric backgrounds

While the DEAP-1 data from V2 and V3 did not match any of the simulated surface
background spectra, it did have striking similarities with Monte Carlo simulations of
radon decays in the liquid argon, done by M. Kuzniak. There, too, a population of
events appeared which were clustered near the window and centre of the detector and
had an extended energy spectrum. These events came from decays in gaps, areas of
the detector from where not all light could reach the active volume, so they appeared
to have some amount of energy from zero to full energy, depending on the location
of the decay. We call these alphas appearing at lower than full energy “gap alphas”,
and the class of backgrounds “geometric backgrounds”.

Since taking more physics data in V3 was not deemed useful due to the high
background level, the theory of geometric low energy backgrounds was instead tested
by purposefully injecting *?Rn gas into the detector. This will be referred to as “the
spike”.

Fig. 7.1 shows the rates of 222Rn, 2'8Po and 2'*Po versus the time since the spike.
The rate initially increased by a factor of about 900. As before, the 2'*Po peak is

69
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Figure 7.1: Fitted number of events in each radon daughter peak after the spike.

suppressed in comparison to the ?*?Rn peak, and with the higher statistics here one

can see that the 2'8Po is also slightly suppressed.

7.1 Full energy radon spectra after the spike

The radon spectra measured two and nine days after the spike are shown in Fig. 7.2.
Each peak has an excess of events towards lower energies. This is the excess that was
previously believed to be evidence of 2°Po decaying on the acrylic vessel behind the
TPB[48].

If this hypothesis had been correct, there would be no such excess in the spectrum
recorded after the spike. The spike data provides a template spectrum of ??2Rn that
can be fit to the normal run data and subtracted, as shown in Fig. 7.3. The difference

spectrum shows the two peaks corresponding to the ?*°Rn alphas, and no excess of
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events at 5 to 5.5 MeV. This excess is thus a feature of the 222Rn spectrum as observed
in DEAP-1 and not related to 2'°Po from below the TPB. The slight offset between

the spectra is due to energy calibration drift over time.
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Figure 7.2: Alpha spectra 2 days and 9 days after the spike

7.2 Correlation in rate between full energy and
low energy events

Shown in Fig. 7.4 is Zfit versus energy at high and low energies after the radon spike.
In the first plot, energies are Zfit corrected and Zfit is converted to cm. The second
plot shows the raw Zfit variable against approximate energy, corrected for the alpha

quenching factor. In the high energy plot, a leakage of events down to lower energies
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Figure 7.3: The alpha spectrum in V3 before the spike, fit with the spectrum after
the spike.

is visible at the center and the windows of the detector. This leakage reaches all the
way down to zero energy and is the cause for the low-energy tails of the peaks shown
in Fig. 7.2.

The events below 50 keV and far out Zfit are from population D in figure 4.4.
Their rate did not increase after the radon spike.

The rate of events leaking down from the full energy alpha bands at the sides and
the center of the detector increased after the spike. The factor by which it increased
is not the same for all energy windows. Fig. 7.5 shows the tagged number of 22Rn
decays versus time, as well as the rate in two low energy windows of interest, 120-
240 PE and 240-480 PE. The background in these low energy windows decreases at

the same rate as the 2??Rn.
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Figure 7.4: Zfit versus energy at high (top) and low (bottom) energies after the radon
spike. The coloration indicates the number of events per bin. In the high
energy plot, a leakage of events down to lower energies is visible at the
center and the windows of the detector. This leakage reaches all the way
down to the detector energy threshold. Below 50 keV, another population
of events at further out zfit emerges, the hot spot events.
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Figure 7.5: Full energy radon rate and event rate in two low energy windows versus
time after the radon spike. Theoretical decay curves are also drawn. The
low energy rate decreases similarly to the full energy rate, indicating that
these low energy events are in fact caused by radon decays.

At the beginning of the spike, the low energy rate starts increasing at the same
time, possibly even before the high energy rate does, though the statistics is too low
to say for sure. A faster rise is expected if the radon takes some time to reach the
active liquid argon volume and until it is there, only low energy events from what are

at that point gap alphas in the neck of the detector can be seen.
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7.3 Correlation in timing between full energy and
low energy events

Alpha emitting isotopes can drift in and out of areas with low light collection effi-
ciency. We thus expect there to be real timing coincidences between high and low
energy events and between low and low energy events, in addition to the high-high
energy event correlations discussed in Sect. 5.1, though the time constants may be
altered. A low energy event from, for example, ??Rn in the neck may be followed
by a high energy event, another low energy event, or no event at all, depending on
whether the 2'®Po drifted into the active volume, stayed in the neck, or drifted up
the neck so high that the visible energy of the decay is below the experiment’s energy
threshold.

I define the high energy region as TotalPE > 3500 and the low energy region as
200 < TotalPE < 3500, and consider only events with -8<Zfit<3. I then tag events
less than 1000 s apart in time, requiring the order of events to be a) high energy —
low energy, b) low energy — high energy, c) low energy — low energy. The longer
tag time window was chosen to accommodate the altered time constants. The results
are shown in Tab. 7.1. In each situation, the tagged number of events is two to four
times higher than the expected number of random coincidences.

The timing spectrum between events where both partners are in the low energy
window is shown in Fig. 7.6. A double exponential fit to this spectrum returns a
half-life of 55418 s for the faster component, consistent with the half-life of 2?°Rn.
This indicates that ??4Ra is present in the neck. After the ??Ra decays, the 22°Rn

does not have much time to drift out of the neck or to a region with much worse
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order of energies total number tagged expected

of such pairs if random

high — low 445 192 55
low — high 445 217 55
low — low 783 370 167

Table 7.1: Timing correlations between high and low energy background events in
DEAP-1 V3.

light collection efficiency, thus nearly every low energy event from 2?*Ra is followed
by another low energy event from 2?°Rn, and the timing is not distorted. Should
221Ra be inside of the active volume, its contribution to the energy spectrum would
seem like a statistical fluctuation in between the ?22Rn and 2!%Po peaks. The lack
of tags between high energy events however indicates that no #**Ra is in the active
volume.

Based on the constant and half-life from the fit (Fig. 7.6), 20 ?*Ra coincidences
are expected to occur with a timing of less than 100 s. Many of the events tagged
with less than 100 s timing are not 2?Ra coincidences, due to the second component
in the timing spectrum. A real ??Ra event is followed by ??°Rn, which in turn is
followed by 2'%Po in less than 0.5 s. Out of all double coincidences with a timing of
less than 100 s, 8 are followed by another event in less than 0.5 s. This is a little less
than half of what was expected, however, there are two possibilities for the 21%Po to
not be visible: it could drift to an area from where no light can reach the PMTs or it

could adhere to a wall and emit the alpha into the wall.
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Figure 7.6: Timing spectrum between pairs of low energy events. The thick line is a
double exponential fit to the spectrum, fit parameters are shown in the
box. Data is from V3.

7.4 Extrapolation of background rate in the ab-
sence of gap alphas

Using the radon spike data, I was able to estimate the expected background in the
energy region of interest without gap alphas. Fig. 7.7 shows the Zfit distribution
of events in the 120-240 PE region of interest. The distribution before the spike is
dominated by the hot spots (at zfit of -21 and 16) and has some neck gap alphas
events (at zfit of -5). After the spike, the window gap events at zfit of -14 and 12
increase in rate and dominate over the hot spot events. The center peak increases by

a factor of 42.
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Figure 7.7: V3, Zfit distribution in the ROI before and after the spike. After the
spike, the rate in the center increased by a factor of 42.

The shape of the distribution after the spike can be used as a template to the
zfit distribution of gap alphas. Fig. 7.8 shows a fit of the ROI distribution before
the spike, using the scaled distribution after the spike, plus two gaussians for the hot
spot events, and a constant offset. Assuming the hot spot events are unaffected by
the spike because they are from outside the detector, and that we can get rid of the
window gap and center events by closing the gaps in a new chamber, we should have a
background rate at 96% recoil acceptance of less than 40 pHz between -10 < zfit < 4,
several times less than in V3.

The prospect of a very low background region motivated the modification of V3
to include tighter fitting windows and a plug at the top of the neck to reduce the gap

alpha event rate.
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Figure 7.8: V3, Zfit distribution of ROI events, fitted with the distribution after the
spike (blue dashed line) and two extra Gaussians (red dash-dot line). The
distribution after the spike is dominated by gap alphas and thus serves
as a model for their effect. The events described by the red line are an
unknown background from outside the detector chamber.

7.5 Results of the gap alpha reduction measures

in DEAP V5

In V3, there was a population of events in the centre of the detector at a mean
Fprompt of 0.69, attributed to gap alphas from the neck. As Fig. 7.9 shows, these
events are replaced in V5 by a population of events evenly distributed along the
detector axis, at a mean Fprompt of 0.79.

The zfit distribution for events between 35 to 70 keVee is shown again in Fig. 7.10,

and the energy spectrum of events in the central detector region for V2, V3 and V5
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Figure 7.9: Zfit vs. Fprompt for events between 50 and 150 keVee, V3 and V5.
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Figure 7.10: Comparison of the Zfit distribution of events in the 35 to 70 keVee energy
region at 80% recoil efficiency, V3 and V5.

is shown in Fig. 7.11

The V3 and V5 spectra have a peak at around 70 keVee and around 85 keVee
respectively. These peaks have been shown to be from ?'*Po adhering to the TPB
surface (see Sect. 6.3.1). The peaks are at different energies because of the difference
in TPB thickness. The V2 and V3 spectra shows a continuum of events going to
higher energies, which is suppressed in V5 as a result of the modification to the
detector neck.

Fig. 7.9 also shows that the the hot spots on each side of the detector remain in
the V5 background data. An additional population of events apparently outside the
detector emerges at an Fprompt of 0.95. The rate of these events fluctuates strongly,

and the fluctuations are related to the thermodynamics of the detector, as seen in
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Figure 7.11: Spectra of the high Fprompt events (80% recoil efficiency) in the center
region of the detectors V2, V3 and V5.

Fig. 7.12. There is a clear correlation between spikes in the argon pressure and spikes
in the rate of hot spot events. The argon pressure rises every time liquid nitrogen is
topped up. Those very high Fprompt events might be from cavitation in the liquid
argon. The runs with an unusually high rate of these events were excluded from

analysis.

7.6 Discussion and summary

A new hypothesis as to the origin of the background rate in V2 and V3, called geomet-

ric backgrounds, was developed and tested by spiking the V3 detector with ?22Rn. The
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Figure 7.12: Fluctuation of the background rate (solid black) and liquid argon pres-
sure (dashed red).

matching increase and subsequent rate of decrease between low energy background
and radon rates, and the location of the background events after the spike, corrobo-
rated the idea that the gap towards the neck and the gap between the acrylic windows
and sleeve (compare Fig. 3.2) allowed for degraded energy radon alpha events. Tim-
ing coincidences in excess of what was expected for random coincidences were also
found between high and low energy events. In particular, the timing spectrum among
low energy events is consistent with the decay of ?**Ra in the neck of the detector.

The gap alphas were found to cause an excess of events at the low energy tail of
each peak in the high energy alpha spectrum.

The reduction in background with the modification of the acrylic chamber to in-

clude a plug in the neck and tighter fitting windows was final proof of the hypothesis,
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but led to erratic background rates linked to frequent changes in the thermodynamic
properties of the detector, possibly from movement of the new windows and from
impedance of the argon flow through the stainless steel vessel containing the cham-
ber, leading to sonoluminescence. In all detector versions up to and including V3,

geometric background dominated the total background rate in the region of interest.



Chapter 8

DEAP-1 low energy background

8.1 Background spectrum

The low energy spectrum of the lowest background detector, V5, is shown in Fig. 8.1
and 8.2. The events in that spectrum are due to three main sources: PSD leakage,
window leakage and 2'“Po on the TPB surface.

The PSD leakage rate was found from tagged *Na PSD runs under the assumption
that the ratio between the number of events in the gamma band and the number of
leakage events is the same for 2?Na runs and for background runs. For each bin in
energy, the number of events above the fprompt fraction used to make the background
spectrum, Nyg fp>0.72, Was divided by the number of events in the electron recoil
band (N, fp<0.5) to get the leakage probability Pe.;. This was then multiplied by
the number of events in the gamma band of the background data, Ny, rp<05 to get

the actual expected number of leakage events for each energy bin.

NNa,fp>0.72

Nleak - ' Nbg,fp<0.5 (81)

NNa,fp<0.5
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Figure 8.1: Low energy background spectrum, 854+5% recoil efficiency.
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Figure 8.2: Low energy background spectrum, 504+5% recoil efficiency.
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The data for this is shown in Fig. 8.3, together with an exponential fit and the
uncertainties on the fit. There are not enough events in the PSD runs to track the
leakage to higher energies than shown, necessitating the description through a fitted

line.

—— PSD leakage

—— window leakage
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Figure 8.3: PSD and window leakage.

At around 25 keVee, the background is dominated by leakage from the unidenti-
fied events near the windows. This component was found by fitting the sum of two
gaussians and a constant to the zfit distribution in the given energy bin, and then
integrating only the sum of the gaussians over the zfit range of the data cut (com-
pare Fig. 7.10). The uncertainty shown is due to the fitted out uncertainty of the
parameters of the gaussians. Again, the leakage in each energy bin was fitted with

an exponential function similar to the PSD leakage.
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The functions describing the PSD and window leakage were added and the uncer-
tainties were added in quadrature, to produce the green band in Fig. 8.1.

Starting at around 60 keVee, the background is dominated by TPB and LAr
scintillation from 2'“Po decaying on the TPB surface. The spectrum of this was
simulated (see Sect. 6). The simulation outputs the energy lost by the alpha in TPB,
Erpg, for a given TPB thickness. The visible energy F,,, is then calculated similar
to equation 6.1, where not the alpha particle but the recoil nucleus loses energy in

the liquid argon:

E, e
Eapp = t:lb b + q- Er,lar (82)

with ¢ the quenching factor for nuclear recoils. All parameters have uncertainties

associated with them. The parameters and errors are quoted in Tab. 8.1. The light

parameter value uncertainty
Eipb 200 PE/MeV 50 PE/MeV
€lar 2400 PE/MeV 240 PE/MeV
q 0.25 0.03

Table 8.1: Parameter values used to calculate the TPB scintillation spectrum of 2'*Po.

yield in TPB and liquid argon is taken for DEAP V2, since the same PMTs were used
in DEAP V2 and to do the measurement of the TPB scintillation. This assumes that
optical effects on the light yield due to the difference in the DEAP-1 geometry and
the geometry of the setup used to measure the TPB scintillation are negligible. The
increase in light yield in the subsequent DEAP version was attributed to the larger
light guides and more efficient PMTs, thus the same factor applies to liquid argon
and TPB scintillation, leaving the apparent energy of the TPB scintillation event the

salne.
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The energy of the recoil nucleus is about £, ;,, = % - Boipha = 149 keV.

The TPB thickness has only a small effect on the spectrum between the 4 and
5 pm of its range. A value of 4.5 ym was used in the simulation.

The simulated spectrum has a peak that is a bit lower in energy than the peak in
the data when using best estimated values for all parameters. The purple band shown
is Fapp + AE,,,, with the uncertainty calculated by standard error propagation. This
increase by one sigma yields a good match to the data.

The normalization of the TPB scintillation spectrum was found based on the rate
of full energy alpha events (see Sect. 6.3.1), and multiplied by the efficiency of the
zfit cut used for the low energy spectrum shown here (37%). The uncertainty on the
normalization is dominated by the uncertainty on the number of high energy events
but also includes the uncertainty on the zfit cut efficiency and the uncertainty of the
211Po reduction factor.

The simulated event rate due to 2!°Po from the acrylic bulk, normalized to give
the right number of events at intermediate energies (see Sect. 6.3.2) lies two orders
of magnitude below the limit of the plot and does not contribute significantly to the
observed event rate.

In principle, 2'°Po decays from the surface of the TPB also contribute to the low

energy spectrum. The number of these events can be estimated as:

Natopo = T222Rn (G_t/mop” “ Totopb + t)/i; (8.3)

with 7920, the constant rate of ??2Rn decays in the detector and ¢; and ¢, the start
and end times of the background runs counted from the time when the detector was

filled with liquid argon. This works out to fewer than 2 events.
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8.2 DEAP-1 background rates

Analyzing the data to set a limit on the WIMP-nucleon cross-section requires the
knowledge of the background rate in the ROI. I will first define the ROI for the 3
detector versions.

The standard TotalPE ROI is 120-240 PE. To judge the success of background
reduction efforts, comparing the same TotalPE region however is not appropriate,
because the background spectrum is not flat and each detector version has a different
light yield. Changes in rate might be just due to looking at a different range of the
spectrum. To compare backgrounds in different chambers, one has to look at the
same range of energies. All calculations are thus also done for an energy range of
50-100 keV.

Due to differences in PMT response, the nuclear recoil band is not at the same
Fprompt value for each detector version, which means that choosing a common
Fprompt window would mean retaining different percentages of nuclear recoil events.
To make the numbers comparable, one needs to chose an Fprompt window for each
detector version such that a given percentage of nuclear recoil events are retained
each time. A 50% recoil efficiency is the easiest and least error prone choice, it
means choosing an Fprompt range from the mean of the nuclear recoil distribution
to Fprompt = 1.

The nuclear recoil distribution is obtained by irradiating the detector with neu-
trons from an AmBe source. A sample distribution is shown in Fig. 8.4. The peak
of the nuclear recoil band is modelled by a gaussian with adequate precision for this
purpose. The recoil band is not perfectly straight in energy, its mean shifts due to the

actual physics of the interaction[20] as well as due to energy dependent PMT effects.
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Figure 8.4: Fprompt distribution showing peaks for electron recoil and nuclear recoil
events in DEAP-1 V3 at 120-240 PE.

The mean and standard deviation of the nuclear recoil band’s Fprompt distribution
is thus specific to the TotalPE window chosen.

The mean Fprompt values are determined in two TotalPE ranges for each detector
version. Tab. 8.2 shows the gaussian fit values for all versions of the detector in the

TotalPE region of interest, and Tab. 8.3 in an energy region of 50-100 keV electron

equivalent.
mean standard deviation energy window [keV]
V2 0.798 +£0.002 4.47-1072 50-100
V3 0.712 +£0.002 6.25-1072 26-52
V5 0.807 £0.004 5.7-1072 30-60

Table 8.2: Fprompt peak values of the nuclear recoil band in the energy ROI. Energies
are given as electron equivalent.
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mean standard deviation TotalPE window
V2 0.798 +0.002 4.47-1072 120-240
V3 0.733 +£0.001 4.35-102 240-480
V5 0.816 +0.003 4.3-1072 200-400

Table 8.3: Fprompt peak values of the nuclear recoil band in an energy range of
50-100 keV (electron equivalent).

A cut is usually necessary in zfit to exclude events from outside the detector.
Again, due to different PMTs, no universal zfit cut can be used for all detector
versions. Zfit scans were done that correlate the real position of a source with the
zfit parameter (see Appendix A). Based on this, the zfit cut corresponding to any
desired range in real detector length can be found.

Tab. 8.4 shows the backgrounds in the same TotalPE range. Tab. 8.5 shows the

background in the same energy range.

Emin Emax [keV] Zmin Zmax background rate [uHz]

V2 50 100 -6 3 AT £4
V3 26 52 -7.5 2.0 23 £3
V5 38 76 -8.0 2.0 10 £4

Table 8.4: Background rates at 120-240 PE, 50% recoil efficiency, along 10 cm of the
detector (-5 cm to 5 cm).

PEmin PE max Zmin Zmax background rate [pHz|

V2 120 240 -6 3 47 £4
V3 240 480 -7.5 2.0 30 £3
V5 200 400 -8.0 2.0 ==

Table 8.5: Background rates at 50-100 keV (electron equivalent), 50% recoil efficiency,
along 10 cm of the detector (-5 ¢cm to 5 cm).

The comparison of background rates is a multi-dimensional problem, since cuts
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on Zfit, energy and Fprompt are necessary. To get a more complete picture, the

background rates are shown versus the recoil efficiency in figure 8.5.

0.001 ———
r V5 —+—
[ V3 —<—
V2 —x— ¥

I
4

0.0001

1e-05

Background rate [Hz/kg] at 50 to 100 keV

0 0.2 0.4 0.6 0.8 1

Recoil acceptance

Figure 8.5: Background rates at 50-100 keV versus recoil efficiency.

For the V5 detector, the distribution of background events in Zfit and Fprompt
is shown in Fig. 8.6 and 8.7.

8.3 WIMP-nucleon scattering cross section limit

The background in all versions of DEAP-1 is too high to obtain a competitive limit
on the WIMP-nucleon scattering cross section. For completeness, it was neverthe-
less calculated based on the background free region between 45 and 65 keVee in V5

(Fig. 8.2) and is shown in Fig. 8.8, assuming the standard Dark Matter analysis as
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Figure 8.6: Distribution of V5 background events in Fprompt and energy. The 50%

and 85% recoil efficiency cuts are indicated by the bars. The gamma band
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Figure 8.7: Distribution of V5 background events in Zfit and energy. The Zfit cut
applied to the data in the low energy spectrum (Fig. 8.1) is indicated by
the bars.
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Figure 8.8: WIMP-nucleon cross section exclusion plot, showing for each WIMP mass
the highest interaction cross section allowable from DEAP-1 V5 data (at
90% confidence level). The exposure is 71 kg-days.

summarized in Ref. [47].
The limit from V2 data is a factor of about four higher and can be found in H.
Lippincott’s thesis [48]. A better limit for V5 data could have been obtained in the

absence of the window events.

8.4 Implications for DEAP-3600

The discovery of geometric backgrounds informed the design of the DEAP-3600 neck
and the prevention of areas with low light collection efficiency is now a critical design
criterion in similar experiments, such as MiniCLEANI[33]. Geometric backgrounds

will thus be strongly reduced in DEAP-3600.



CHAPTER 8. DEAP-1 LOW ENERGY BACKGROUND 96

The dominant surface background contribution in DEAP-1 is 2'*Po on the TPB.
The spectrum has a peak at around 100 keVee, or 400 PE. The position of this peak
is sensitive to the thickness of the TPB layer. For a 3 to 4 um thick layer, the limit
on radon contamination is the following:

DEAP-3600 is expected to achieve a light yield of greater than 8 PE /keVee. The
214Po spectrum would thus peak at about 800 PE, which is well above the 240 PE
or 30 keV upper limit of the energy region of interest. Some of these events will leak
into the energy region of interest due to imperfect energy resolution though. With
the current energy resolution, a fraction of p = 6 - 107° 21*Po surface events leak into
the 15 to 30 keV region. The energy resolution gets better with higher light yield, so
assuming the current energy resolution of 15% gives a conservative limit. A fraction
of ¢ = 1.35 - 1073 events on the detector surface leak into the fiducial volume[10],
and assuming all 2'4Po can reach the detector surface, which is again a conservative

assumption, about 3/4 of radon decays lead to a *%Po surface event. Thus

3 0.1
R =€-p-—Rp, < — 8.4
ROI = € P 4R 3 (8.4)
so that a radon decay rate of
Rpn < 2-107°Hz (8.5)

is required to meet the background goal for DEAP-3600. The subsequent decay of
210Pg on the TPB surface will lead to events at higher energy, since the energy loss is
higher for this lower energy alpha, thus the peak will be at higher energy and fewer
events will leak into the region of interest than for 2“Po.

The target thickness for TPB on DEAP-3600 is about 0.9 pum (see Chapt. 10). At
this thickness, the 2!4Po alpha loses a minimum of about 100 keV in the TPB, which

would appear as about 10 keV in addition to the visible 48 keV contribution from the
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recoil nucleus. The peak would thus be at around 60 keV leading to a limit on the

radon rate of
Rpn, < 1-107*Hz. (8.6)

Simulations never include all possible effects, and tails in distributions are often un-
derestimated. The design goal for DEAP-3600 is Rg, < 1-1075Hz[14], for a safety
factor of ten.

A thicker TPB layer shifts the 2'*Po spectrum to higher energies and thus loosens
the purity requirement, but makes the transmission of light to the light guides less
efficient.

The next strongest contributor to the background spectrum is PSD leakage. The
higher light yield in DEAP-3600 will strongly reduce the PSD leakage. The expected
leakage is indicated by the blue line in Fig. 8.1.

Finally, the simpler optical interface between the light-guides and the PMTs in
DEAP-3600 is expected to eliminate the window event population, so that all the
dominant contributions to the background spectrum in DEAP-1 can reasonably ex-
pected to be absent in DEAP-3600.

Another background observed in DEAP-1 is from 2!°Po in the acrylic vessel. Based
on the rate observed at intermediate energies (see Sect. 6.3.2), the rate at low energies
is so small that it comes in two orders of magnitude below the other backgrounds.
The acrylic for DEAP-3600 is produced under much stricter quality control in place
and will thus have an even lower contamination with 2'°Po. A complete summary of

purity requirements for the acrylic can be found in Ref. [14].



Chapter 9

TPB scintillation under alpha

particle excitation

The wavelength shifter TPB is used in DEAP-1 and DEAP-3600 to shift the argon
scintillation light (at 128 nm[16]) to the visible spectrum, so that it can penetrate
the acrylic light guides and reach the PMTs. It was previously unknown if TPB
scintillates under alpha particle excitation and if so, what the scintillation efficiency
is and what the pulse shape looks like.

Alpha particles from the primordial thorium and uranium chain can enter the
TPB from deposits on the acrylic surface and from contaminations in the acrylic
up to about 80 um away from the TPB. These alpha particles will deposit varying
amounts of energy in the TPB, depending on their original energy when emitted, the
angle with which they enter the TPB and the depth from where they come in the
acrylic. Should the TPB scintillate, some fraction of these events might appear in the
energy region of interest for DEAP, so knowing the scintillation light yield is important

to determine the expected background rate. If they are also in the Fprompt window
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of interest, they cannot be discriminated using pulse shape discrimination methods,
and could be a dangerous source of background.

Initial experiments done by R. Mathew in our lab showed that TPB does indeed
scintillate under alpha particle excitation[51]. The plan for studying the TPB scin-
tillation more systematically was to produce TPB films of various known thicknesses
of the order of a few micrometers, to irradiate those films with an alpha source and
to measure the scintillation response using the same type of PMT that was used on
DEAP-1 at the time.

The following sections in this chapter are a reproduction of a published paper

(Ref. [62]).

9.1 Production of thin TPB films of known thick-

ness

9.1.1 Apparatus

TPB films of thicknesses in the order of 2-4 pym were produced by evaporating crys-
talline scintillation quality TPB powder from American Chemicals LTD under vacuum
onto glass or polished acrylic plates. The TPB was evaporated from a quartz glass
crucible 1 ¢m high and 1 cm in diameter located at the bottom of the chamber. The
crucible was heated to the target temperature of approximately 200° C by means of a
heating wire wrapped around it (see figure 9.1). An OMEGA resistance temperature
sensor was clipped to the heating wire near the crucible and its readout was coupled
to the power supply of the heater to maintain a constant temperature. The glass or

acrylic plates were held on a rack 17.8+0.3 cm above and centred on the crucible.
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Installed at the same height and on each side of the rack were two quartz crystal

deposition monitors to monitor the thickness of the deposited film.

substrate

deposition /

monitor — I 1

temperature

sensor \ : crucible

<— heating wire

Figure 9.1: Diagram of the TPB evaporation system.

9.1.2 Method of evaporation

The glass plates (radius 6 cm) and acrylic plates (radius 10 c¢m, thickness 1.9 cm)

were prepared for evaporation by the following steps:
1. Washed with tap water and detergent and rinsed with tap water.
2. Wiped with isopropanol.
3. Wiped with a mixture of 20% ethanol and 80% ultra pure water.
4. Wiped with aluminum foil.
5. Rinsed with ultra pure water.

6. Blown dry with nitrogen or argon gas.
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Step 4 was introduced after observing that the TPB distribution on the cleaned plates
showed signs of the surface treatment, possibly due to surface charges accumulated
during wiping. The TPB surface on all substrates used for these measurements was
very smooth and powdery white under visual inspection. This indicated that the
TPB formed either very small polycrystalline structures or did not crystallize at all.
Coatings produced two months later with the same procedure again showed clear
signs of surface treatment in the form of visible local thickness variations for yet
unknown reasons.

To calibrate the deposition monitors, two test depositions on glass plates were
performed evaporating 0.36440.005 g and 0.255+0.005 g of TPB respectively. During
those test depositions, small glass pieces were also installed at the same height of the
plates to get TPB films at positions further out than the radius of the plates. The
deposition on both glass plates was started when the vacuum in the evaporator was
at 5 -107° mbar. The pressure rose to up to 1 -107* mbar during the evaporation
process.

For the measurement of the light yield, two TPB coatings were done. For coating
A, 0.41040.005 g of TPB was evaporated on an acrylic plate at 5 -10~° mbar pressure
in the evaporator. An evaporation temperature of 212°C was necessary to evaporate
all the TPB in the very packed crucible. For coating B, 0.28440.005 g TPB was

evaporated at a pressure of 2 -10~* mbar and a temperature of 200°C.

9.1.3 Deposition monitor calibration

The thickness of the TPB film across the substrate is a function of the radial distance

from the axis of the crucible. To correlate the deposition monitor readings with the
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thickness at the position of the light yield measurement, the TPB film on the glass
substrate was scratched with a scalpel and the depth was measured using a Dektak
8M stylus profile meter from Veeco Instruments. A sample scratch profile is shown

in Fig. 9.2. There was no indication that the glass beneath the TPB was damaged.

Depth [um]
T

3 | | | | | | | | |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

stylus position

Figure 9.2: Typical profile meter scan of a scratch in the TPB film. The TPB thick-
ness was determined by subtracting the average depth of the valley (stylus
position 800 to 1200) from the average height of the TPB (position 1500
to 9000). The length of the scan is 500 pum

The scratch depths across the substrates, shown in Fig. 9.4, show a radial thickness

variation consistent with the distribution developed by Chaleix et al.[15]:
v d

Ve iy — ¢

pg( )<7,2 + d2)3/2

where v, and vy are the rates of evaporation and deposition, d is the source-substrate

Vg =

(9.1)

distance, r is the radial distance from the axis of the crucible to a point on the
substrate and p is the density of the TPB film. The geometric factor g(6) depends
on the evaporation conditions. For conditions with a volume right above the crucible

where the probability of interaction between TPB molecules is very high, followed by
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a volume where the molecules move in straight lines, the geometric factor is given

by[15]
P (1 + er 38ym 4 B2 2
P T ()G S SRS RS W o)
g 14 2y/mea? (1 + erf(2))
where
B = gcosw) (9.3)

and 0 is the angle between the axis of the crucible and a line from the crucible to

axis of |
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Figure 9.3: Geometry of the TPB evaporation system.

u

a point on the substrate, as shown in Fig. 9.3. The fit paramater %, which depends
on the vapour temperature at the boundary where the TPB molecules start moving
without collisions, was found to be 0.284+0.013 for the substrate with 0.364 ¢ TPB
evaporated and 0.22440.004 for the substrate with 0.255 g TPB evaporated.

The density of the TPB film enters into the mass distribution equation (eq. 9.1).
It was fitted from the scratch measurement data to be 1.16+0.04 g/cm®. The un-
certainty takes into account the additional constraint that the deposition monitor
readings, which also depend on the density of the TPB layer, had to be within errors

of the scratch test measurement. This result is also consistent with the TPB density
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Figure 9.4: The variation in TPB thickness with radial distance from the crucible
axis for the two test depositions on glass. The light thin points are results
from the profile meter measurement, while the darker bold boxes are the
readings from the deposition monitors. Dashed curves are best fits with
the distribution from ref. [15].

estimated from the mass of the substrate before and after evaporation.

Since the deposition on sample A was done at a different temperature, the pa-
rameter = differed significantly from the above. It was fitted from the deposition
monitor readings to be 0.36+£0.02 and the function was then used to calculate the
TPB thickness at all locations where scintillation data were taken. The readings on
the deposition monitors for the coating of sample B were not consistent with the
above thickness distribution function, but instead indicated a uniform thickness dis-
tribution, as would be expected for an evaporation pressure high enough to not allow

for a region of collision-less movement of the TPB molecules.
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9.2 Method of measuring TPB scintillation pulses

Acrylic plates were used as a substrate for the light yield measurement because acrylic
is also the material covered with TPB in the DEAP experiment. The acrylic plates
were installed in the scintillation chamber shown in figure 9.5. The chamber consists
of a stainless steel cylinder sealed on the bottom with a plain acrylic plate and on the
top with the TPB coated acrylic plate. It was viewed by a 5”7 PMT (ETL 9390B),

optically coupled to the top of the acrylic plate with a 1 mm thick silicone pad.

Dark Box '
5" PMT : |J__|
: \/\/\

HYV Supply
Oscilloscope

ESilicone Pad
' _Acrylic Plate
o

241 : :‘ |:|
Am
76 mm P

152.4 mm ' Vacuum Pump

Pressure Gauge

Figure 9.5: Diagram of the setup used to determine the light yield of a TPB film
under alpha particle excitation.

A 22 Am alpha source (5.49 MeV alpha energy) with a collimator of 44° opening
angle could be placed at arbitrary positions and heights inside the chamber. In order
to not degrade the energy of the alpha particles, the chamber was evacuated to a
pressure of typically 5 - 1072 mbar.

The light yield was measured with the 2*!Am source irradiating different points

on the TPB coatings, either pointing straight up or fixed at an angle 6 of 47°, leading
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to the alphas travelling distances of 1.8 to 6.5 ym through the TPB. The PMT was
moved for each measurement such that the source was always aligned with the PMT’s
centre. The PMT signals were read out with a LeCroy WavePro 7100A oscilloscope
and the traces were saved to file for offline analysis. Two pulse height spectra are

shown in Fig. 9.6.

4.5 +0.3 um TPB
1.8+03 um TPB ..........

| | N " l
10 20 30 40 50 60
number of detected photo electrons

rate [counts/second]
© - N WA L O 9 ®
L N N R

)

Figure 9.6: Background subtracted spectra and gaussian fits for alpha particles going
through 4.540.3 pm (solid dark line )and 1.8+0.3 um (dotted lighter line)
of TPB. The peaks at approximately 5 PE are from background.

The energy loss of the alpha particles going through the TPB was simulated using
SRIM]70] tables. The largest and smallest simulated energy loss for the pathlengths
studied were 0.18 and 0.69 MeV. The TPB density of 1.16+0.04 g/cm?, found previ-

ously, was assumed in the simulation.



CHAPTERY9. TPBSCINTILLATION UNDER ALPHA PARTICLE EXCITATION107

9.3 Results: TPB light yield and pulse shape

The light yield measured for different pathlengths through the TPB is presented in
Fig. 9.7. The average of these measurements is 71 PE/MeV with a standard deviation
of 11 PE/MeV. The geometric acceptance of the PMT is 35%. Assuming a PMT
efficiency of 23%[24] at 420 nm, the peak wavelength of TPB, 832+210 photons are
emitted per MeV energy deposit. The uncertainty on this number does not include

the uncertainty on the PMT efficiency, which is not quoted in the data sheet.

100

> 80

(]

=

‘é 60

=

0]

= 40

= L

.on .

3 20 L Coating A —x¢—

- Coating B —8—

0 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 1 2 3 4 5 6 7 8
Pathlength [um]

Figure 9.7: The measured light yield for different pathlengths the alpha particles had
through TPB. The dashed lines represent the mean and standard devia-
tion of the data. The points with the larger error bars on the pathlength
variable were measured with the alpha source inclined at 47°.

The zero-suppressed scintillation pulse shape for two measurements is shown in
Fig. 9.8. There is a region of fast decay followed by a region of slow decay, which were

/7 where A is a constant

fit separately with a simple exponential decay function A-e~
and 7 is the lifetime. The fitted lifetimes are 11 45 ns and 275 10 ns. There are no

significant differences in the pulse shapes for different TPB thicknesses.
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The so called "fast to total” or “Fprompt” parameter, which is the ratio of the
pulse intensity in a fast time window and the total pulse intensity, is often used
to discriminate electromagnetic interactions in noble liquid detectors from nuclear
recoils. Using a fast time window of 50 ns before to 100 ns after the peak position,
which is the standard window used in DEAP, and a total integration time of 1 us this
parameter is 0.67+0.03 for alpha inducted TPB scintillation.

10
4503 um TPB ——

1.8 £0.3 um TPB —

1 : -"- Flthne -
Neutrons in DEAP-1 ......
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0.1

e = S AN S— el AL LT L
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Figure 9.8: The solid curves are averaged pulse shapes of alpha induced TPB scin-
tillation for data taken at TPB thicknesses of 1.8 ym and 4.5 pm. The
dashed line shows best fit to the slow component of those traces. The dot-
ted curve is the average neutron induced liquid argon scintillation pulse
shape as measured in DEAP-1. It was normalized to have the same peak
height as the TPB pulses.
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9.4 Discussion

The theoretical thickness distribution curve describes the measured radial TPB thick-
ness distribution well, even though the pressure in the evaporator as well as the dis-
tance between the TPB surface and the substrate change during evaporation. We
therefore believe this method of deposition monitor calibration to be reliable for de-
termining the TPB thickness at radii other than where it was directly measured.

The measured photon yield of 8824210 photons is a factor of 5 smaller than that
measured by Hull et al.[38] for alpha scintillation in a TPB monocrystal. The light
yields for coating A and B are consistent within errors, indicating that the pressure in
the evaporator during the evaporation process has no significant influence on it. The
two data points at 6.1 and 6.6 pm pathlength seem to be lower than the ones taken
at shorter pathlengths. These points were measured with the source inclined by 47°,
so that this effect is not caused by increased absorption in a thicker TPB layer. The
other points measured with an inclined source do not show a reduced light yield. It
is possible that the energy loss simulation becomes inaccurate for longer pathlengths.
The TPB coatings were frequently exposed to fluorescent lighting in the lab without
a noticable change in light yield over 3 months.

The main source of error on the light yield measurement comes from the uncer-
tainty in the energy loss. This uncertainty is due to the uncertainty in the relative
position between the alpha source and the the axis of the crucible during evaporation,
and the uncertainty in the parameter ¢ in the radial mass distribution equation. In
future work, this error can be significantly reduced by developing a more advanced
substrate positioning system in the evaporator and in the scintillation chamber.

Excitation of TPB with photons excites short lived singlet states[52, 63], which
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have PMT signals with an Fprompt parameter of 1. The measurement of a 275 ns
compontent indicates that alpha particles excite a triplet state, next to a short lived
singlet state. This leads to the lower Fprompt parameter. The measured 11 ns for
the singlet state has a large uncertaintly, since the shape is convolved with the time
resolution of the PMT.

The Fprompt parameter of 0.67 measured here is very close to the Fprompt of
0.75 measured in the DEAP-1 detector for neutron events in liquid argon. WIMP and
neutron signals are expected to have the same pulse shape and the average neutron
pulse shape measured in DEAP-1 is shown in figure 9.8 for comparison. TPB scin-
tillation from alpha decays could therefore lead to background events with Fprompt
values similar to those of WIMP events. However, the liquid argon scintillation life-
times of 6.7 ns for the singlet and 1600 ns[35] for the triplet component are much
different from the TPB scintillation lifetimes measured here, suggesting that an im-
proved pulse shape discrimination can be developed. In future work, we plan to study

whether the scintillation pulse shape and light yield are temperature dependent.

9.5 Conclusion

We have shown that TPB scintillates under alpha particle excitation with a light
yield of 8824210 photons/MeV and a pulse shape that consists of a fast and a slow
component. This measurement will help understand surface alpha backgrounds in ex-
periments using TPB and can be used to evaluate pulse shape discrimination methods

for discriminating surface alpha from nuclear recoil events.
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Chapter 10

The DEAP-3600 TPB evaporation

source

10.1 Design of the evaporation source

10.1.1 Objectives for the evaporation source

The inside of the DEAP-3600 acrylic vessel will be coated in TPB (see Sect. 3.1.2)
by thermal evaporation, as has been successfully done for the DEAP-1 acrylic sleeve.
The TPB coat should be done in such a way that the light conversion efficiency will
be the highest possible and uniform all over the vessel. The conversion efficiency
directly influences the light yield of the experiment and thus critically affects the
pulse shape discrimination against electromagnetic background events. Literature
values for the optimum coating thickness range from 0.07[18] (for 185nm light) to
0.2 mg/cm?[52](for 58 nm light). The efficiency falls by roughly 10% when moving

0.03 mg/cm? in either direction.

112
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Uneven coating thickness, and thus conversion efficiency, would lead to a worsening
of the event position reconstruction power and thus affects the achievable background
discrimination power, though calibration of this effect is possible using a uniform
light source at the centre of the vessel. It should also not be possible for any TPB
to be in the vessel but not adhere to the wall, since this would lead to visible light
emission from locations other than the surface of the acrylic vessel, with unpredictable
consequences for the position reconstruction power.

The evaporation source for the TPB must thus be designed to meet the following

objectives:

1. The TPB layer produced should be on average 0.1 mg/cm? (or 0.9 um) thick,

2

over the roughly 10 m* surface area of the acrylic vessel. This means the

evaporation source must be able to hold 20 cm?® of TPB crystals.
2. Tt must not be possible for the crystalline TPB to fall out of the source.
3. The TPB thickness must not vary by more than 30% across the sphere.
4. On a microscopic scale, the thickness variation must be as small as possible.
5. There must be no pinholes, that is small areas without TPB cover.

6. The coating produced must be structurally stable enough to withstand being

cooled down to liquid nitrogen temperature without flaking off.

A common way to make an evenly coated substrate is by rotating the substrate
over the evaporation source. This is not possible with the DEAP vessel. Uniform

thickness must thus be ensured through the geometrical design of the source.
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There are two good places to deploy the source from: The intersection between
the neck and the acrylic sphere, or the center of the acrylic sphere. We consider
a spherical deposition source, called “the sphere”, suspended in the center of the
DEAP-3600 vessel (see Fig. 10.3). A cylindrical crucible in the center of the sphere
holds the TPB, which can exit through a number of holes in the sphere. The TPB
pressure inside the sphere should be high enough to ensure random motion, so that
the TPB molecules exit the holes in random directions. Once the TPB molecules exit
the sphere, the pressure should be low enough that they move in a straight path until
hitting the substrate. The sphere is heated by a heating wire wrapped around it and
the crucible in the center is heated radiatively from the sphere.

The design does not include a shutter, which I show will not be necessary to ensure
a uniform thickness distribution. Another reason shutters are commonly used is to
prevent the deposition of material other than the evaporate from being evaporated
from the source and subsequently deposited on the substrate. Polonium isotopes in
the TPB in particular are a concern here. This source will need to be heated up and
kept just below the TPB evaporation temperature for some time, immediately before
being deployed, to evaporate any polonium or other impurities with a lower vapour
pressure than TPB. By not evaporating all the TPB from the source, impurities with
a much higher vapour pressure will be left behind rather than be deposited on the
vessel.

According to Hlawacek et al. [36], there is “a severe lack of understanding of
the basic growth mechanisms” for layers of organic materials, and no certain way to
address list items 4 to 6 is known. However, based on what is known about coatings

with inorganic substances, and my experience in the lab, keeping the evaporation
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rate and the pressure low leads to smooth and mechanically stable coatings. An
evaporation rate of 1-2 A /s worked well for DEAP-1 TPB coatings. A rule of thumb
for the vacuum is that the mean free path of the evaporant should be at least twice
the distance from the source to the substrate.

TPB coatings produced this way were found to be stable when immersed in liquid

nitrogen|41].

10.1.2 Vacuum requirements

TPB is a large molecule, shown in Fig. 10.1. Analytic calculations of its mean free

path can only be approximations. With a diameter d = 1220 pm for the TPB

/

Figure 10.1: TPB molecule (from Wikipedia).

molecule, the approximate mean free path )\ versus pressure p at a temperature

T = 200°C is shown in Fig. 10.2. The equation used is

RT
e —
V21 d2N 4P

Typical pressures I have used in the evaporator used for DEAP-1 are between 103

(10.1)

and 107° mbar, and the calculated mean free paths are consistent with observations



CHAPTER 10. THE DEAP-3600 TPB EVAPORATION SOURCE 116

of the TPB’s behaviour. To get a mean free path of about 2 m, a bit over twice the
distance between the source and the acrylic vessel if the source is in the center, a

pressure of a few times 107% mbar is necessary.
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Figure 10.2: Approximate mean free path versus pressure for TPB.

10.1.3 Can a reasonable evaporation time be reached with
this design?

The crucible in the center of the proposed source is similar in geometry to the one
we use to coat the DEAP-1 detector parts with TPB. With the DEAP-1 crucible, we
can reach a peak deposition rate R of 25 A/s about r=15 to 20 cm above the crucible.

Due to the geometry of the crucible, this rate is only spread over an opening angle of
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roughly 100°. The total area receiving the above mentioned rate is then
Agep =17 27 - (1 — cos()) (10.2)
=9-107%m’

Once a critical pressure within the sphere of the evaporation source is reached,
the mass coming out of the sphere must be about equal to the mass emitted from
the crucible per second. The acrylic sphere has a radius of 85 cm, thus an area of
about 9 m?2, about 100 times more than the above. The deposition rate on the acrylic
sphere is then 100 times less, or 0.25 A/s. At that rate, it would take 11 hours to
deposit 1 pym of TPB. This is a reasonable time frame for the deposition, especially
considering that this is an upper limit, since the larger DEAP-3600 crucible can be

expected to support a higher evaporation rate.

10.1.4 How big should the holes be?

The mean free path of a TPB molecule in the sphere should be only a fraction of
the sphere’s radius a to guarantee random motion. The critical pressure p needed to

achieve a given mean free path A is (equation 10.1 rearranged)
R, T
~ AV2rd2N,
For a mean free path of 0.01 m at 200°C, the pressure required is 0.04 Pa.

D (10.3)

Assuming the ideal gas law, the number of atoms needed to maintain the critical

pressure is

N=2_ (10.4)

R,V

— 10.5
ky AV27d? N, (105)
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with
(10.6)

the volume of the sphere.

The time it takes for that many atoms to be emitted initially can be estimated
based on the experience we have with the DEAP-1 evaporator. The total mass de-
posited per second at 0.25 A/s is Raep - Adep - p=5-10""kg/s, with p = 1.16 g/cm?.
One TPB molecule weights about 6-10725 kg, leading to the number of atoms emitted
per second of 8 - 10'7.

Assuming that we get to the above deposition rate in 60 minutes and that the

increase in rate is roughly linear, this leads to a rate function of

satoms
2

R(t) =3-10" ot (10.7)

S

Linearity is a good approximation at the beginning, and becomes more inaccurate as
the deposition rate approaches the final rate. Heating up the crucible takes about an
hour, heating up faster leads to uneven evaporation. The number of atoms emitted

up to a time t is

1 14 atoms .2

Nemitted(t) - 5 3-10 (108)

52
This does not take into account that some of those atoms will leave through the holes.

We want the number of atoms leaving the sphere per unit time to be equal to or
smaller than the number of atoms emitted from the crucible, to maintain the pressure
required for random motion. The number of atoms hitting an area A of the wall of

the sphere is

=-—<v>-A (10.9)
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The mean velocity < v > is given by

2 2k T
<v>=—F

VTV om

This allows the calculation of the maximum area of holes to maintain the pressure.

(10.10)

Should the evaporation rate go higher, N/V rises and thus more atoms will hit holes.
Should the rate go lower, the TPB in the sphere will quickly drain and random motion
can no longer be guaranteed.

The excess thickness behind each hole in the upper hemisphere if no shutter is
used can be estimated based on the number of atoms leaving the crucible during the
heat up before random motion is reached, and the area on the acrylic vessel visible
from each hole. Atoms that hit a wall during heat up are assumed to scatter in a
random direction, so those molecules, should they exit through a hole eventually, will
have a random distribution and do not contribute to non-uniformity.

Table 10.1 lists relevant parameters calculated for a 11 cm diameter sphere, in-
cluding the maximum radius each hole should have for 20 holes. It shows that the

excess thickness accumulated without a shutter is negligible.

Parameter value
Evaporation rate from crucible 8-1017%
Radius of sphere 0.055 m
Mean free path required 0.0055 m
Max total area of holes in sphere 2.8 1073 m?
Radius of each hole for 20 holes 6.7 mm
Percentage of surface in holes 7.4%
Time needed to reach random motion <10 s
Excess thickness behind holes without shutter 5103 A
Deposition rate on acrylic vessel 0.3 A/s

Table 10.1: Hole size calculation for a spherical evaporation source of 11 cm diameter
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10.1.5 Heat load on the acrylic vessel

The evaporation source will be kept at 200°C for an extended period of time, raising
the question how much the acrylic sphere will be heated up radiatively from this.
The heat transfer from a heated specular sphere at the centre of a diffuse reflecting

sphere can be calculated as (equation 6-23 in [65]):

Ayo(TH = T
Q:ll(+12)

T4 ( é ) (10.11)
This works out to 46 W.

There are about 1000 kg of acrylic in the acrylic vessel, with a heat capacity of
1.25 kJ/(kg K), so 1.25 - 10° J are needed to heat the vessel by 1 K. At 46 W heat
transfer, it will take 2.7 - 10* s or 450 minutes to heat the vessel by 1 Kelvin.

Heating up of the acrylic vessel is thus not a concern.

10.2 The prototype evaporation source

I built a prototype evaporation source shown in figures 10.3 and 10.4. The sphere is
11 c¢m in diameter and consists of two hemispheres made of aluminum, held together
by a screw when the source is closed. A screw with a hole near its end, coming up
through the top of the upper hemisphere, allows for the source to be suspended by a
stainless steel wire. The copper crucible in the centre has a 2 c¢m inside radius and
is 2.4 cm high. There are three small holes near the top of the crucible, 120° apart,
where copper wires are attached. The three wires are tied to the top of the upper
hemisphere, such that the crucible is suspended inside the sphere.

The size of the copper crucible is determined by the volume of TPB required

to coat the detector with the desired thickness. The sphere in turn must be large
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Figure 10.3: Prototype TPB evaporation source.

enough to contain the crucible, and small enough to fit through the neck of the
DEAP detector, which is 20 ¢m in diameter. Less crucial considerations are the
power required for heat up and the ease of handling and testing the source. The
11 cm diameter was chosen because it fulfilled the size requirements and because a
suitable sphere of that size was commercially available.

The sphere has 20 holes 13 mm diameter, located at the points where the vertices
of a dodecahedron inside the sphere would touch it. This way, the holes are spaced
evenly on the sphere. Initial calculations done by C. Gilmour([30] indicated that 18
holes was the minimum number necessary to reach the required coating uniformity,
though more holes lead to better uniformity. Twenty holes is the maximum number

that can be distributed evenly on a sphere using a basic geometric object as guide
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and there was no reason to complicated the drilling by using more holes.

Due to the geometry of the hole alignment, there are hexagonal areas free of holes.
The holes are aligned in such a way that one such hole-free area is at the bottom of
the sphere, so that any TPB that might fall out during the deployment phase will be
contained within the source and be evaporated during heat up. Another such area is
at the very top, which prevents excess TPB thickness from accumulating on the top
hemisphere of the acrylic vessel during heat up before random motion is reached inside
the sphere. The calculations show that such an excess is expected to be negligible,
but this design gives additional confidence that no shutter is needed.

A nichrome heating wire wrapped in kapton tape is wound around the sphere
and held in place by the washers of screws screwed into the sphere. The kapton
tape serves to electrically insulate the heating wire from the sphere. The nichrome
wires on the top and the bottom hemisphere are joined by a terminal plug so that
the hemispheres can be separated and joined again easily if necessary. The total
resistance of the nichrome wire is 4.6 €).

The source is instrumented with two PT-100 resistive temperature sensors, one on
the outside of the copper crucible near its top, and one on the inside of the aluminum

sphere near the equator.

10.3 The evaporation source test system

A test system was built from CF10 vacuum components, as sketched in Fig. 10.5, for
the purpose of verifying the isotropy of TPB emission from the prototype source, and
to gain experience with the heat up characteristics and general handling (installation,

filling with TPB, electrical connections) of the source.
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Figure 10.4: Inside of the TPB evaporation source, showing the copper crucible.

The test system is built in the shape of a cross with a 6-way cross in the centre,
where the source is suspended. Quick access windows at the front and back arm
of the 6-way cross allow easy access to the source. The left, right, top and bottom
arm of the 6-way cross are connected to a nipple followed by a 4-way cross each.
Each 4-way cross has a deposition monitor inside, and connected to its arms are
a quick access window and an instrumentation feedthrough to access and to read
out the deposition monitors. A pressure gauge is installed in the right arm and

additional vacuum feedthroughs for the power supply (3-pin, of which 2 are used)
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vacuum pump

quick access door deposition monitor

instrumentation 4 way cross
feedthrough (behind)

Figure 10.5: Sketch of the evaporation source test stand.
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and temperature sensor read out (24-pin, of which 12 are used) are installed at the
top.

Each piece of vacuum tubing is 15” long, so that the total diameter in the horizon-
tal and vertical directions is 75”7, 5”7 more than the DEAP-3600 vessel. This system
allows a direct measurement of the TPB deposition only at 4 points, however, more
measurements can be taken by installing glass strips along the sides of the vacuum
tubing, which can be removed after each evaporation to measure the thickness of the
TPB layer. That way, the TPB thickness at the desired radius can be inferred.

The inside of the vacuum tubing is covered in aluminum foil that was cleaned with
isopropanol. The foil prevents build up of TPB on the vacuum system, which would
be hard to clean once the layer became thick enough to compromise the attainable
vacuum through its outgassing.

The three temperature sensors (two on the evaporation source and one on the
vacuum system near the source) are each connected to a 4-strand kapton-insulated
in-vacuum wire on the vacuum side using 96.5-3-0.5 Sn,Ag,Cu solder with a melting
point of 217 °C, followed by stranded copper wire on the air side. They are read out
by the DEAP-3600 slow control system which was being tested in our lab at the time
the evaporation source was tested.

The nichrome heating wire on the source is connected with “crocodile clips” to
gauge 8 insulated copper wire going up to the vacuum side of the power feed through.
On the air side, the electrical connection is continued with stranded copper wire
plugged into a variable power source. The DEAP-3600 slow control system controls
the power source based on the readings from the temperature sensors. When the

temperature on the copper crucible reaches a user defined set point, the computer
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program reduces the power by a user defined percentage.

10.4 Test results

10.4.1 Heat up characteristics of the source

Before the first evaporation, the source was heated up empty to verify that the ra-
diative heating of the crucible worked and that the final crucible temperature was
maintained. A stable temperature is necessary to guarantee high enough evaporation

rates for random motion inside the sphere throughout the evaporation process.
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Figure 10.6: Heat up curve for the empty crucible. Pressure spikes coincide with the
times when the power was increased.

The temperature of the deposition source during empty heat-up is shown in
Fig. 10.6. Notice how closely the copper crucible follows the temperature of the

sphere. The pressure in the vacuum system is shown as well. Each time the power is
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increased, the pressure in the vacuum system rises abruptly, and then decreases again
slowly.

The power was initially reduced to 0 W when the temperature set point was
reached and turned back to full power when the temperature dropped below the set
point again. This led to temperature fluctuations of about 10 °C on the aluminum
sphere and of about 4 °C on the copper crucible. Lowering the power by 50% instead
lead to temperature fluctuations of less than 2 °C on the sphere and less than 1 °C

on the crucible.

10.4.2 Summary of test depositions

I did three test evaporations to quantify the properties of the prototype source. The
temperature, coating thickness and pressure during the evaporations are shown in

figures 10.7, 10.8 and 10.9.

First evaporation

For the first evaporation, glass sample slides washed with isopropanol were attached
to the aluminum beam holding the deposition monitors at the top and bottom, and
held by teflon pieces at the monitor position in the left and right arm as well as half
way between the source and the monitor in the left arm.

The evaporation was started at a pressure of 1-10~7 mbar and with 9.4 £0.1 g
of 2 year old non-scintillation quality TPB in the crucible. It rose to 5-107° mbar
immediately after turning on the power to the heating wire.

In the beginning, the power was set at around 55 W up to a temperature of

110%rcC, then increased to 75 W up to 140%rcC and finally to 95 W. After about
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Figure 10.7: Temperature, pressure and thickness versus time of day during first evap-

oration. The top thickness monitor was slightly shaded by a piece of
aluminum that came off the side of the vacuum tubing, causing a lower
reading.
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50 minutes, the deposition rate was at 1 121/ s at a crucible temperature of 173 °C.
The temperature set point was thus set to 175 °C. The deposition rate fluctuated
between 0.7 A/s when the power was reduced to 50% and 1.1 A/s when the power

was at 100%.

Second evaporation

For the second evaporation, glass sample slides washed in the ultrasonic cleaner first
with acetone and then with ultra pure water were again attached to the aluminum
beam at the top and the bottom, as well as placed at several locations along the left
and right arm held by aluminum clamps. At the location of the right and bottom
monitor, I placed acrylic disks 15 cm in diameter. One disk was sanded and the other
optically polished. The polished disk had several small thin pieces of acrylic attached
to it with vacuum grease, which were removed after the evaporation to facilitate
profile meter scanning of the coating thickness.

The second evaporation was started at a pressure of 4-107% mbar and with 4.2 g
of fresh A&C chemicals scintillation quality TPB in the crucible. The pressure was
higher than before because of the extra outgassing from the old TPB on the sides of
the test system, and the outgassing from the extra acrylic pieces.

The power was ramped up in steps in the same way as before. The temperature
set point was again 175°C on the crucible.

After the second evaporation, the aluminum with the TPB from the first two

evaporations was replaced with fresh aluminum foil.
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Third evaporation

The previous evaporations were done in a rest gas atmosphere determined by the out-
gassing of stainless steel and aluminum. In order to more closely mimic the situation
in the DEAP-3600 vessel, 150 g of 3 mm diameter acrylic beads from Fire Mountain
Gems were put into the test system; 25 g in the left and the right arm and 100 g in the
bottom arm. The area of acrylic was chosen to give a ratio of vacuum system volume
over acrylic surface area similar to the DEAP-3600 acrylic vessel (V/A = 28.6). For
the test system, V = 1.1 -10° cm? so an area of A = 3.8 - 10® cm? was needed. For
beads of 0.3 mm diameter, that makes 3300 beads. The beads have holes through
them increasing the surface area, but only about 1700 were put in the system, so that
the volume to area ratio is approximately correct.

Glass slides were again placed at various distances from the source along the arms.
The slides were backed with aluminum foil.

The third evaporation started at a pressure of 2-10~° mbar and with 6.3 g of fresh
A&C chemicals scintillation quality TPB in the crucible.

The TPB was taken from a new container and had a different structure than the
TPB from the same company used during the second evaporation. Rather than a
powder with fine crystals, it consisted of many long thin crystals and had a lower
density, so that only 6.3 g would fit into the crucible.

The heat up characteristic was slightly changed, a temperature of 185°C was
necessary to get the desired deposition rate of 1 ;1/ s. The power was also increased
to 120 W, which led to stronger than before temperature fluctuations each time the

temperature set point was tripped (8°C on the sphere and 3°C on the crucible).
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10.4.3 Uniformity and quality of the coatings

The glass slides coated in TPB during the first and second evaporation are shown
in figure 10.10 while being illuminated by UV (254 nm) light. The top slide in the
second evaporation shows clear signs of surface treatment where the ultra pure water
ran off during cleaning. The other coatings are very uniform on visual inspection.

The uncoated area on the bottom slide from the first evaporation was due to shading.

Figure 10.10: The TPB coated glass slides from the top and bottom evaporator arm
for the first and second evaporation, photographed while being illumi-
nated by UV (254 nm) light.

The glass slides held by teflon during the first evaporation had no TPB on them,
while the teflon and the surrounding surfaces did. The glass slides held in aluminum
clamps during the second evaporation also had no TPB on them, except on small areas
closes to the aluminum. Both acrylic pieces had a visible coating, as did the glass

slides that were attached to the aluminum beams holding the deposition monitors.
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In subsequent evaporations, the glass slides were backed by aluminum foil, but
again no TPB stuck to them.

The glass slides from the ends of the arms, which did have TPB coats, were
scratched with a scalpel and the scratches scanned with a profile meter. The acrylic
pieces attached to the larger acrylic plate were removed and the intersections also
scanned. Figures 10.11, 10.12 and 10.13 show images of the surfaces together with

the profile scans of those surface.
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Figure 10.11: Scan across the scratch on top slide from first evaporation.

Tables 10.2, 10.3 and 10.4 summarize the deposition monitor readings and scratch
scan data, and extrapolate the coating thicknesses found to 85 cm radius. The data
is shown again in Fig. 10.14 with a linear fit.

The aluminum foil covering the inside of the vacuum system was inspected after

the second evaporation. Clear shading effects where visible at creases, which had no
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Figure 10.12: Scan across the roughest part of the TPB surface (top slide from first

evaporation).
Sample distance from source [cm] thickness [um] extrapolated to 85cm [pm]
top monitor 62 +3 1.18 0.631+0.04
left monitor 75 £2 1.29 1.00 £0.05
right monitor 75 £2 1.58 1.23 £0.07
bottom monitor 75 £3 1.6 1.24 +0.07
top glass 68 £3 1.4 +£0.1 0.90 £0.10
bottom glass 82 £3 0.8 £0.1 0.74 £0.11

Table 10.2: Coating thicknesses from the first TPB evaporation. The top monitor
was shaded slightly by a piece of aluminum. The bottom glass slide was
shaded by the deposition monitor. The expected thickness was 0.9 ym
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Figure 10.13: Scan across the TPB surface on the acrylic sample (second evapora-

tion).
Sample distance from source [cm] thickness [um] extrapolated to 85cm [pm)]
top monitor 62 +3 1.02 0.54 +0.04
left monitor 75 £2 0.69 0.54 £0.03
right monitor 75 £2 0.64 0.50 £0.03
bottom monitor 75 +3 0.66 0.51 £0.03
top glass 68 £3 0.9 £0.1 0.58 £0.08
bottom glass 82 +3 0.55 0.1 0.51 +0.10
right acrylic 78 +2 0.5 £0.1 0.42 £0.09

Table 10.3: Coating thicknesses from the second TPB evaporation. The expected
thickness was 0.43 pm
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Sample distance from source [cm] thickness [um] extrapolated to 85cm [pm]
top monitor 64.7 £2 1.04 0.60 £0.04
left monitor 73.50 2 0.87 0.65 +0.04
right monitor 76.5 +2 0.71 0.58 £0.03
bottom monitor 73+£2 0.79 0.58 £0.03

Table 10.4: Coating thicknesses for the third TPB evaporation. The expected thick-
ness was 0.60 pm
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Figure 10.14: Measured TPB thicknesses for the monitors and glass samples from
the three evaporations. x?/NDF are 5, 0.7 and 0.8 (first to third). The
expected thickness is indicated by the thick short bars.
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TPB cover on the side facing away from the source. This indicates that the TPB
molecules were moving in straight lines. The quick access doors at the ends of the
arms did have a very thin layer of TPB, as would be expected if the mean free path
is about the length of the vacuum system arms.

After the second evaporation, the areas of aluminum foil closest to the source that
also had the “shiny” side facing the source were free from TPB. This is likely due to
re-evaporation and could be part of the reason for the excess thickness (see Fig. 10.14)
observed. If this TPB was re-evaporated perfectly isotropically towards each sensor, it
would merely have caused a common increase in the thickness reading on all sensors.
There was however no clear line-of-sight from these areas to the sensors. TPB re-
evaporating would most likely have hit the vacuum system at another location or
the sphere, from where it would have been emitted towards only one or two sensors.

Thus, this effect is most likely to increase any non-uniformity, rather than obscure it.

10.4.4 Discussion

The heat-up test showed that the radiatively heated copper crucible follows the tem-
perature of the aluminum sphere and that the necessary temperature and stability
can be achieved without any modification to the original design.

Upon increasing the power supplied to the heating wire, the temperature first
increases quickly, but then the increase slows down as the power radiated at the
given temperature approaches the power supplied. At about 93 W, this equilibrium
point is around 180°C.

The power could be set to 93 W from the beginning, but this would lead to a

large spike in pressure and the TPB would reach its evaporation temperature in well
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under an hour. Experience with the DEAP-1 evaporator showed that heating up
much quicker than an average of 3 °C/minute leads to TPB only evaporating from
the outside of the crucible, leaving a column of unevaporated TPB in the centre. The
evaporation rate then drops significantly until the column crumbles, which can take
several minutes. By heating up slowly, the TPB later evaporates evenly and changes
in the evaporation rate are avoided.

The power should be adjusted so that the equilibrium is reached near the de-
sired evaporation temperature. Using more power leads to undesirable temperature
fluctuations, as seen during the third evaporation.

During the first evaporation, the readings of the top monitor and the bottom glass
slide TPB thickness were a bit low, which after opening the evaporator was found to
have been caused by shading. In the case of the top monitor, a piece of aluminum foil
had come lose. The glass pieces was shaded by the deposition monitor in the bottom
arm. Excluding those two points, a standard deviation of 15% was reached, twice as
good as the design goal.

All shading problems were then resolved, and the other two evaporations had
standard deviations of 10% and 5%. The uncertainties of the average thicknesses
in the last two evaporations are at the level of the fluctuations between individual
monitor readings.

The improvement in the third evaporation can be attributed to letting the de-
position monitors cool down before taking the final reading. The readings on the
deposition monitors decreased as the system cooled down. This was not observed
in the DEAP-1 evaporator and may be due to the larger radiative heat load of the

aluminum sphere heating up the monitors. This is also at least part of the reason
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why the average thickness for the first two evaporations was higher than expected.

The additional radiative heat load may also be to blame for the continued failure
to coat glass samples not in good thermal contact with any metals.

On a microscopic scale, the coated glass slides showed excellent uniformity with
no pinholes but occasional spikes. The acrylic coats were rougher with occasional
deep holes that could be from scratches in the acrylic.

The pressure of several times 10~° mbar at which the evaporations were performed
is about a factor of 10 higher than the calculation of the mean free path indicated
would be needed. The observations of TPB distribution in the test system indicate
that the mean free path of TPB at this pressure is about the length of the arms of
the test system. The mean free path calculation was of course only an approximation
to begin with, and the quality of the coatings indicates that the pressure used here

is adequate.

10.5 Conclusions

A thermal evaporation source was designed, built and tested that produces uniform
coatings of the organic wavelength shifter TPB over the surface of a 85 cm radius
sphere, without the need to rotate the sphere or the source. To the author’s best
knowledge, such a system is not commercially available or previously described in
literature. The prototype evaporation source performs better than the design speci-
fication, producing coatings that are uniform within a few percent on a macroscopic
scale, as well as smooth on a microscopic scale.

Some uncertainties remain. The environment of the source, in terms of radia-

tive properties and rest gas compositions, will be different in the DEAP-3600 vessel.
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Instead of being surrounded by shiny metal not far from the source, it will be sur-
rounded by acrylic nearly a meter away, which may change the relationship between
the input power and the rise in temperature. The outgassing atmosphere the TPB
molecules travel through was matched as closely as possible to the final system by
putting acrylic beads into the test system, but is likely not perfectly matched. The
addition of the beads did not change the behaviour of the TPB significantly though,
so this is not a big concern.

Testing the source in the 20” test vessel (a small scale mock-up of the DEAP-3600
acrylic vessel) would provide even more realistic environmental conditions and should
be done if possible.

The distribution of thicknesses could effectively only be tested at 4 angles from the
source, due to the continued failure to coat samples in the arms closer to the source.
This could possibly be remedied by devising a better thermal coupling between those
samples and the vacuum tubing. The source was not kept at the exact same rotation
angle for each evaporation, remedying this uncertainty to some extend.

A lot remains unknown about the properties of TPB in thermal evaporations. The
sudden failure to produce even coatings in the DEAP-1 evaporator (see chapter 9) is
still unexplained. Recent literature indicates that even coatings can only be achieved
with fresh TPBI[2], but the first evaporation here was done with 2 year old TPB and
the coatings produced were smooth. The TPB additionally seems to have differences
from batch to batch.

The tests done here indicate that the source design will produce TPB coatings
adequate for DEAP-3600. The smoothness of the coating can be tested by comparing

the light transmission from e.g. an LED light on the evaporation source before and
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after the evaporation using the PMTs. In case a problem is detected, the re-surfacer
(used to remove the innermost layer of acrylic from the acrylic vessel) can be used to
remove the TPB coat and another coating can be produced. I do not foresee this to

be necessary.
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Conclusion

Dark Matter detectors meant to probe the parameter space down to ever lower WIMP-
nucleon cross-sections require an ever more careful understanding of expected back-
grounds, so that they may be modelled and if possible mitigated. In this work, the
background in three iterations of the DEAP-1 prototype detector was investigated
and found to be largely due to alpha decays from radon and its daughters interacting
in previously unconsidered ways.

The most obvious contribution to events in the nuclear recoil band, though not
strictly a WIMP background because of their high energy, were decays of ?*?Rn,
220Rn and daughters in the active liquid argon volume of the detector. The presence
of these could be verified by analyzing the high energy spectrum and through timing
coincidence analysis. Their decay rate was monitored throughout the three iterations
of DEAP-1 and found to be stable around 2 - 10~* Hz and 2 - 10~ Hz respectively.
Contributions to the high energy spectrum not from ??2Rn or ?2°Rn could be excluded
at a level above 4.3 -107° Hz (1 ¢ C.L.), indicating that purification efforts can be
focused on these contaminants, and providing an upper limit for the high energy

143



CHAPTER 11. CONCLUSION 144

contributions of other background sources.

A less likely albeit more dangerous contribution to the background, because also
at the right energy for WIMPs, are surface alpha events. These happen when an
alpha emitter decays on or near the inner detector surface. The hypothesis put
forward in previous works that the main contribution to the background rate in
DEAP-1 version 2 and 3 were surface backgrounds was shown to be incorrect. The
new hypothesis put forward here, that radon alpha decays in low light collection
areas of the detector (gap alphas) contributed most of the background in the nuclear
recoil band, in particular at the WIMP energy region of interest, could be verified by
studying the detector response after a radon spike.

Detector version 4/5 had an improved geometry informed by the new hypothesis
as to the origin of background events, and showed a significant reduction in the back-
ground rate. Simulated surface background spectra match the remaining observed
background, and the complete event rate in the nuclear recoil band and energy region
of interest could be explained within statistics, though one contribution, the window
events, are still poorly understood. The low level of surface backgrounds found, and
the complete description of the observed spectrum, gives confidence in DEAP-3600
reaching the required low background level and informs the purity requirements of
the argon and acrylic used in this detector.

The prevention of gap alpha events in DEAP-3600 is an ongoing effort in the
collaboration, and a concern for similar experiments.

DEAP-1 was built for the triple and often conflicting purposes of understanding
backgrounds in a liquid argon detector, determining the pulse shape discrimination

power possible in liquid argon, and prototyping components for DEAP-3600. This
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necessitated more careful and elaborate calibration and run selection than one would
want in a production detector, and often the amount of good quality data left in the
end was not as much as one could hope for. Yet, it was possible to understand most
of the observed backgrounds and to mitigate some of them.

Understanding surface alpha events necessitated understanding the response of
the TPB wavelength shifter to alpha particle excitation, and after gaining so much
experience with it, designing the TPB deposition source for DEAP-3600 was a natural
extension. The prototype source that was built and tested in a custom built test stand
exceeded expectations for the level of coating uniformity produced. Further testing of
the source should focus on determining why some surfaces do not get coated. Testing
on a small scale detector mock up is planned to study and if necessary adjust the
heat-up protocol in the pure acrylic radiative and outgassing environment. Work also
needs to be done in assessing the radio purity requirements of the source, and in

developing a mechanism to lower it into the acrylic vessel.
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Appendix A

DEAP-1 data quality and

calibration

This is a summary of basic detector characteristics relevant for background analysis.
A basic property of any particle detector is the energy calibration. In scintillation
detectors, the light yield relates the number of photons produced, or in this case the
number of detected photo electrons, to the energy deposited in the scintillator. The
light yield of the 60 keV peak from an AmBe source in DEAP-1 is shown in figures
A.1 and A.2 versus time.

The apparent drop in light yield from V3 to V5 cannot be taken at face value,
because the single photo electron charge was not determined with the same method,
and there are indications that the SPE charge in V3 was too low.

The drop of the light yield from the beginning of the V5 run to the end however
is real. The first suspect when light yields drop is a progressive “poisoning” of the
liquid argon through the slow addition of air, i.e. nitrogen, which would quench the

scintillation light. This would also lead to a shorter observed triplet lifetime. As

155
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Figure A.1: Light yield as function of time in V3.

Fig. A.3 shows, this is not the case. The triplet lifetime was stable over time.

The other two possible reasons for a drop in light yield are degradation of the
TPB and degradation of the optical properties of the acrylic. No such degradation of
the TPB was observed in the previous versions of the detector. Acrylic light guides
made from the same material is the ones used in this version of DEAP-1 were in fact
observed to turn from clear to yellow-tinted over the course of a few months.

The light yield is a function of deposited energy. This is discussed in E. O’'Dwyers
thesis[60].

The location of an event along the axis of the detector, Zfit, can be determined
by the fraction of light that the left and the right PMT observe. The light yield is
somewhat dependent on the location of the event. This dependence is calibrated by

moving a ??Na source along the side of the detector and determining the number of
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Figure A.2: Light yield as function of time in V5.

photo electrons corresponding to the 511 keV peak at each source location. The Zfit

variable is calibrated at the same time. The calibration for V2 is:

PE = 1363 + (0.73 - Zfit — 1.08)?

Z[em] = 1.19 - Zfit 4+ 0.39
The calibration for V3 is:

PE = 2263 + (1.01 - Zfit — 0.33)?

Zlem] = 1.13 - Zfit + 2.56
The calibration for V5 is:

PE = 2020 + (1.01 - Zfit + 0.27)?

Z[em] = 1.03 - Zfit 4 3.2

(A.5)

(A.6)
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Triplet lifetime in V5. Only statistical uncertainties are shown. There
are systematic uncertainties related to the baseline correction and PMT
behaviour, which cause the triplet lifetime measured with the left PMT
to be different from that measured with the right PMT.

The range of any Zfit cut is translated into a liquid argon cut volume or surface

area using these Zfit calibrations.
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Figure A.5: Zfit calibration V3.
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Data cleaning cuts for background

rumns

The following data cleaning cuts are applied for V2:

e HPromptPEn > 0 and HLatePEn > 0 (for n = 0 and 1). This cuts away noise

events with no or negative charge.

e Abs(MinBin0 - MinBinl) < 25. This removes events where the peaks in the

two PMTs are far apart in time

e PmtCutlDn == 7 (for n = 0 and 1). This removes events with double peaks

and events where the baseline or peak finding algorithm failed.

e Fprompt > 45.0/TotalPE + 0.35 and Fprompt < 1.0 . This removes electron

recoil events.

Runs used in the analysis are: 10035, 10055, 10057, 10080, 10081, 10083, 10087,

10089, 10098, 10137, 10175. For a total run time of 3,008,606 s.
162
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The following data cleaning cuts are applied for V3:

e HPromptPEn > 0 and HLatePEn > 0 (for n = 0 and 1). This cuts away noise

events with no or negative charge.

e Fprompt < 10.0/sqrt(TotalPE + 500.0) + 0.12 and Fprompt > 0.3 and Fprompt

< 1 This removes electron recoil events.

e PmtCutIDn == 7 (for n = 0 and 1) This removes events with double peaks and

events where the baseline or peak finding algorithm failed.

e Abs(Edgel - Edge0) < 30. This removes events where the peaks in the two

PMTs are far apart in time

e Edgel > 640 and Edgel < 680 and Edge0 > 640 and Edge0 < 680. This removes

events with peaks far away from the trigger time.

Runs used in the analysis are: High voltage runs: 11056, 11057, 11068, 11077, 11078,
11086, 11091, 11099, 11135, 11139, 11141, 11145, 11146, 11162, 11163, 11167. For a
total run time of 3,269,814 s. Low voltage runs: 11151, 11153, 11158, 11164, 11168.

For a total run time of 1,210,024 s.

The following data cleaning cuts are applied for V5:

e HPromptPEn > 0 and HLatePEn > 0 (for n = 0 and 1). This cuts away noise

events with no or negative charge.

e EventCutID == 1. This removes events with double peaks and events where

the baseline or peak finding algorithm failed.
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e Fprompt > 11.0/sqrt(TotalPE + 400.0) + 0.13 and (Fprompt > 0.4 if TotalPE
> 3000) and Fprompt > 0.2 and Fprompt < 1. This removes electron recoil

events.

e Abs(MinBinl - MinBin0) < 20. This removes events where the peaks in the

two PMTs are far apart in time

e MinBin0 > 650 and MinBin0 < 685. This removes events with peaks far away

from the trigger time.

Runs used in the analysis are: High voltage runs: 13155, 13147, 13161, 13186, 13187,
13249, 13250, 13267, 13271, 13290, 13314. For a total run time of 2304639 s. Low

voltage runs: 13148, 13167, 13188. For a total run time of 1160814 s.



Appendix C

Some notes on TPB evaporation

TPB comes in the form of a white crystalline powder, in either scintillating or non-
scintillating quality. We typically use the non-scintillation quality TPB for initial
testing of the evaporation setup, then use the scintillating-quality TPB for produc-
tion evaporations. The nominal TPB evaporation point is at 207-209°C [66], but
the deposition monitors typically starts to register material deposited on them at a
crucible temperature of about 160°C.

The geometry of the evaporator used to make the TPB coatings for DEAP-1 is
shown in Fig. C.1.

It consists of a cylindrical vacuum chamber with electrical feed throughs in the
base for resistive heating and read out of the temperature sensor and deposition
monitors. A pressure of better than 10~% mbar is necessary for the TPB to travel
more than a couple of centimetres.

The quartz crucible is heated by a nichrome wire wrapped around it in a spiral,
and the temperature sensor is clamped to the nichrome wire. Because the sensor is not
directly attached to the crucible, it might not reflect the actual crucible temperature
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Figure C.1: Sketch of the evaporator setup for evaporating onto planar surfaces such
as the DEAP-1 windows, and onto the cylindrical acrylic sleeve.

and could be up to about 5°C off.

Heating up the TPB in the crucible should not be done too quickly, as this will
lead to the TPB touching the crucible evaporating away quickly, leaving a cylinder of
partially melted TPB in the centre. The evaporation rate then drops to zero, because
the heat transfer from the warm crucible wall through vacuum to the TPB block is
not good enough for further evaporation. In the worst case, the evaporation has to
be stopped so that the TPB cylinder can be physically broken up. Otherwise, the
cylinder can fall over and evaporation takes place again, but not in a uniform manner.
Small explosions where TPB crystals are ejected from the crucible are also possible
when heating up too quickly.

Taking at least 40 minutes to an hour to reach 200°C reliably prevents any of the

above mentioned problems.



