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Abstract

Liquid argon (LAr) as a target medium in particle detectors has many desirable proper-
ties. Particles interacting in LAr cause flashes of VUV light, which has to be shifted to
longer wavelengths before it can be detected by commercial photodetectors. This is achieved
through the use of dedicated wavelength shifting materials, such as TPB. Other materials,
usually not considered as sources of detectable photons, can also shift UV photons toward
longer wavelengths. Acrylic (PMMA) and PTFE, which are commonly used in the cryostats
that contain the LAr, have been reported to fluoresce or phosphoresce at a low-level when
excited with UV light. In an experiment looking for rare events at low energies, this low-level
photoluminescence can be a concern, since a small change to the amount or time structure

of detected light can complicate the data analysis or even cause a background event.

In this thesis, I investigate the photoluminescence response of acrylic (PMMA) and PTFE to
VUV and UV photons (from 130 nm to 380 nm). The investigated samples of these materials
stem from running dark matter detectors, and their wavelength shifting efficiency (WLSE) is
measured in comparison to that of TPB, which is extensively characterized in the literature.
The photoluminescence response of these plastics to wavelengths below 220 nm is reported
here for the first time. At the sensitivity of the setup used for this work, no photoluminescence
was detected. Limits were set on the WLSE of these plastics, relative to TPB, at a level better
than 1%. All samples were characterized at room temperature. Acrylic was additionally
studied at the cryogenic temperatures the particle detectors have during operation. At these

temperatures, WLSE limits were set at the level of 1%.

In this work, I also study the WLSE of the polymer PEN, which has been proposed as a
replacement for TPB in upcoming experiments that use LAr. The WLSE of PEN is compared
to that of TPB and the results suggest that pristine PEN presents over 50% of the efficiency
of TPB in shifting VUV photons to the visible spectral range.
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0.1 List of Abbreviations

AV acrylic vessel (here referring to the acrylic vessel of the DEAP-3600 experiment)
Bis-MSB 1,4-Bis(2-methylstyryl)benzene

BPC before plasma cleaning

LAr liquid argon

LG light guides (here referring to the acrylic light guides of the DEAP-3600 experiment)
LXe liquid xenon

MACHO massive compact halo object

PEN polyethylene naphthalate

PMMA Poly(methyl methacrylate)

PMT photomultiplier tube

PSD pulse shape discrimination

PTFE polytetrafluoroethylene

QE quantum efficiency

ROI Region of interest

RPT Reynolds Polymer Technology, the manufacturer of the AV type of acrylic
RT room temperature

SiPM silicon photomultiplier

TPB tetraphenyl butadiene

TPC time projection chamber

UV ultraviolet

UVA ultraviolet-absorbing

VUV vacuum ultraviolet

WIMP weakly interacting particles

WLSE wavelength shifting efficiency

WLS wavelength shifter



Chapter 1

Introduction

1.1 Overview

The night sky was our first window to the cosmos. Astronomers started gazing at the stars
and classifying celestial objects millennia ago. With the advance of the telescope, they looked
deeper into what seemed to be the darkness of the sky and found very distant galaxies, such
as the one in Figure 1.1. As evidenced by this galaxy, we are now able to see the light emitted

by far away objects billion of years ago.

Ficure 1.1: GN-z11 is the most distant known galaxy, at a proper distance of 32 billion

light-years and a light-travel distance of 13.39 Gly [1]. The light seen in this picture was

emitted more than 13 billion years ago, when the universe was at its early stages. Credits:
NASA/ESA/P.Oesch et al.

Telescopes advanced beyond visible light, reaching shorter and longer wavelengths and map-
ping our galaxy and the universe in different frequencies, as shown in Figure 1.2. These
telescopes, operating across the electromagnetic spectrum, have given us a new view of the

sky, but they have not allowed us to see everything that is out there in the universe: What
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about the cosmic particles that do not interact through the electromagnetic force? For in-
stance, billions of neutrinos go through our body each second and dark matter floods our

galaxy. How can we observe them?

FIGURE 1.2: The milky way seen in different frequencies. From top to bottom: radio,
infrared, optical, x-ray and gamma ray wavelengths. Figure from [2]. Credits: NASA/Mr.
Jay Friedlander et al.

To detect the neutrinos, astrophysicists have developed state of the art detectors, which
opened a new window to the sky: neutrino astronomy. By burying strings of photo detectors
deep in the ice of the south pole, the neutrino observatory IceCube (Figure 1.3), for example,
has defied common assumptions of how a telescope looks and has made great discoveries [3, 4].
Yet, the revolution of neutrino observatories and detectors has not solved the neutrino puzzle.
We still do not know what type of particle the neutrino is'. Experiments that try to answer

this question, such as the GERDA experiment, will be discussed later in this chapter.

FIGURE 1.3: Left: Picture of the IceCube laboratory (E. Jacobi/NSF). Right: Full schematic

of the IceCube Experiment, showing the laboratory at the top and the strings of photode-

tectors buried 1.5km away from the top and covering 1 cubic kilometer of ice. (Figure from
IceCube MasterClass)

What about the dark matter problem? Despite convincing evidence for the existence of dark
matter, we still do not know its nature. There are many candidates and many experiments
looking for them, especially for the weakly interacting massive particle (WIMP), but no

detection has been made?.

Tt is not yet known if neutrinos are Majorana or Dirac particles.
2The DAMA /LIBRA experiment claims the detection of WIMPs [5] but other experiments [6] have already
ruled out their results.
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What is so special about these elusive particles and why is the hunt worthwhile? These
particles together make up approximately 85% of the matter content of the universe, being
therefore five times more abundant than the matter that makes up our bodies, the planets,
and stars. That is, we have seen objects from the early time of our universe, such as the
galaxy in Figure 1.1, but we still do not fully understand these million of particles that cross

our bodies all the time.

Trying to understand and hunting these particles is not only exciting, but also challenging.
The difficulty with detection lies in their weak interaction with other particles and in the
background noise produced by other sources. In this thesis, I will focus on the light detection
and background noise in dark matter experiments that use liquid noble gases, especially liquid

argon (LAr), which is also used in neutrino detectors.

The working principle of these liquid noble gas detectors is comparable to fluorescent lamps.
While the latter are filled with a gas® that is excited by an electric current, these detectors
are filled with a liquid noble gas (usually xenon or argon), which is excited by particles
colliding with it and causing a recoil. In both cases, as shown in Figure 1.4, the excitation
produces ultraviolet light, which is later converted to visible light. In the lamp, the tube is
coated with fluorescent powders that absorb the ultraviolet light and emit visible light. The
same is true for a liquid argon detector: a fluorescent powder coating the detector shifts the
ultraviolet scintillation light to longer wavelengths, so that it can be detected by commercial
light detectors, such as photo multipliers tubes (PMTs) or silicon photo multipliers (SiPMs).
We call these fluorescent powders wavelength shifters (WLSs). The investigation of the
efficiency of the wavelength shifter polyethylene naphthalate (PEN) is one of the topics of
this thesis.

FIGURE 1.4: Left: Compact fluorescent lamp. Figure from [7]. Right: Small scale DEAP-
test vessel coated with the wavelength shifter tetraphenyl butadiene (TPB) is lit with a
265 nm ultraviolet (non-visible) LED. Figure from [8].

Comparing these liquid noble gas detectors to fluorescent lamps makes the search for elusive
particles seem easy, but it is a difficult task. WIMPs, for example, are expected to interact

weakly with the target. Their expected interaction rate with liquid argon is very low, at the

3
Usually mercury, argon, xenon, neon or krypton.
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level of one interaction per year per ton of target material (depending on the WIMP’s mass
and cross section). These detectors must thus be very sensitive. This high sensitivity also
has a drawback: they detect much more than the searched interaction. They detect parti-
cles coming from cosmic rays colliding with our atmosphere and also decays of radioactive
elements in the target and surroundings. All these interactions are backgrounds to the dark

matter signal.

Experiments deal with this background through shielding, vetoing, material screening, and
event discrimination. Event discrimination is based on an analysis that classifies recorded
events as signal or background based on event characteristics such as the distribution of
detected light. In this thesis, acrylic and PTFE samples are tested for nuisance fluorescence
that could lead to misclassification of events. These materials are commonly used in dark

matter and neutrino experiments.

Another challenge of rare event search experiments is to detect the scintillation light from
LAr (or from the corresponding target) efficiently. This involves not only the efficiency of
the light detector (including the efficiency of WLSs, investigated in Chapter 4), but also the
optical properties of the target, such as its transparency. Liquid argon itself is transparent to
its light, but impurities can contribute to the attenuation of its photons, making the target
medium less transparent to the light produced by the searched interactions. A draft of a
setup (its source characterization and simulations) for the measurement of the attenuation

length of liquid argon is presented in Chapter 5.

The next sections of this chapter discuss further the motivation for the search of dark matter

and neutrinos, and present a broad view of the experiments that look for them.

1.2 Dark matter: evidence and candidates

The dark matter puzzle has been intriguing astrophysicists since the beginning of the last
century. In 1933, the astrophysicist Fritz Zwicky inferred for the first time the existence of
a massive type of matter that does not emit light. He used the virial theorem to calculate
the mass of the Coma Cluster, then compared it to the mass inferred by its luminosity and
found that there must be some non-visible matter to account for the difference in mass. He
named this non-visible mass component ”dark matter.” Since then, there has been more
evidence of its existence, such as the galaxy rotation curves, gravitational lensing, and the
cosmic microwave background radiation. These observations showed that dark matter (DM)
accounts for approximately 85% of the mass of galaxies and large structures. However, what

type of matter is it?
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Some theories try to explain the dark matter observations without introducing a new type
of matter but rather with modifications in gravity. The best known of the modified gravity
theories, the modified Newtonian dynamics (MOND), has already been ruled out by
the Bullet Cluster observation?, which was the collision of two clusters [10]. In this collision,
an offset between the luminous (visible and x-ray) matter peak and the mass peak inferred
by gravitational lensing was observed. This offset could not be explained by MOND and
provided further evidence for dark matter as a collisionless type of particle, putting limits

on its self-interaction cross section [11].

Some other modified gravity theories were ruled out by the observations of both gravitational
waves and the electromagnetic component of the merger of a binary neutron star [12]. These
theories predicted a delay longer than the observed delay between the arrival of gravitational

waves and photons [12].

Besides the modified gravity theories, another explanation to this ”missing dark mass”, which
does not introduce a new type of particle, would be if dark matter was non-luminous or faint
baryonic matter. Examples of non-luminous or faint objects are black holes, rogue planets
and brown dwarfs. These objects make a class of dark matter candidates called massive
astrophysical compact halo objects (M ACHOSs), which can only make part of the dark
matter content, since the search by the EROS experiment for gravitational lensing caused
by MACHOs in the Magellanic clouds have put strong constraints on it [13]. However, these
constraints (combined with other cosmological observations) had left a very small window
in which a particular range of stellar-mass black holes were not excluded (see gap between
dark blue and green line in Figure 1.5). After the detection of the merger of two 30Mg black
holes by LIGO, the question as to whether dark matter could be composed of primordial
black holes (PBHs) was raised again [14]. A search for these objects using the gravitational
lensing of type la supernovae has recently constrained the possibility that PBHs make up
more than 37.2% of the dark matter [15](Figure 1.5), ruling out PBHs and other MACHOs

as the main dark matter candidates®.

As baryonic matter has been most likely excluded as the dominant form of dark matter,
astrophysicists are currently focusing on physics beyond the standard model and searching
for non-baryonic candidates. These candidates present a wide range of masses (10722 eV to
10'® GeV), as shown in Figure 1.6.

One of the lightest candidates are the axions, with a mass between 107%eV and 1073 eV.
These hypothetical particles result from a field that is introduced to explain the strong CP
problem. The strong CP problem is the fine tuning necessary to explain why QCD does

“Some studies claim that MOND is able to explain observations of the Bullet Cluster [9].
Some articles claim that these results do not fully rule out PBHs. Ref [16], for example, ”[..] critically
reviews these constraints and find several caveats on the analysis [of ref [15]].”
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not violate CP-symmetry®. In order to make QCD non-CP-violating, its violating term
would have to be abnormally small. The Peccei-Quinn mechanism was proposed to solve
this problem by promoting the CP-violating term to a field, which can naturally relax to
zero, explaining its small value. From this field arises the axion, which is a cold dark matter
(CDM) candidate.

Even though axions are very light particles, they do not constitute what is called "hot dark
matter” (HDM). HDM is excluded by large scale structure (LSS) observations, since fast-
moving particles (hot) would smear out large structures rather than clumping, favoring an
"upside down” scenario, in which big structures (such as galaxy clusters) form before smaller

ones (such as galaxies).

Axions are, despite their lightness, slow-moving particles because they are not thermally

produced, such as other DM candidates.

Neutrinos (the next in the mass scale in Figure 1.6), for example, are already ruled out
because they would be hot dark matter. On the other hand, sterile neutrinos (hypothetical
right-handed version of the neutrino) are still DM candidates, since they could be more
massive than their left-handed counterparts. The heaviness of the sterile neutrino not only
makes it a good dark matter candidate but it is also a natural way to explain the lightness

of the active SM neutrinos through the seesaw mechanism.

Furthermore, sterile neutrinos in the keV range would constitute warm dark matter (WDM),
solving the core cusp problem, which is the discrepancy between the simulated density pro-
files of CDM (cuspy) in dwarf galaxies and the observed density profiles (core). Another
motivation for a keV sterile neutrino as a DM candidate is the 3.5keV X-ray line observed
by the XMM-Newton observatory [18], which might indicate the decay of sterile neutrinos.
Figure 1.6 shows other candidates that could have mass in the keV range: axinos and

gravitinos, which would be supersymmetric particles of the axions and gravitons.

The next candidate in this figure are the weakly interacting massive particles (WIMPs).
These particles have masses between approximately 100 GeV and 1TeV and make a class
of candidates that are expected to interact through the weak force. The popularity of the
WIMPs as a DM candidate is because these particles are predicted in different theories (su-
persymmetry and extra dimensions) and just happen to be able to solve the dark matter
puzzle. They could be the lightest supersymmetric particle or the lightest Kaluza-Klein par-
ticle and if they interact through the weak force, their abundance naturally agrees with the
observed DM abundance. As CDM candidates, their properties agree with most of the dark

matter observations.

5This non violation is observed in the lack of (or very tiny) electric dipole moment of the neutron.
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WIMPs are CDM because they are slow moving particles, due to their large masses. WIMPs
were theoretically produced in the early universe and were in a thermal bath together with
other particles, being produced and annihilated. When the temperature dropped below the
energy necessary to produce particle-antiparticle pairs of WIMPs, their production ceased,
but their annihilation continued until its rate became lower than the expansion rate of the
universe. This point in time is called freeze-out and the dark matter abundance remained

approximately constant since then.

The search for dark matter (and especially WIMPs) is divided into direct, indirect and pro-
duction. The null production of supersymmetric particles in the large hadron collider (LHC)
and the null results from WIMP direct detection experiments have already set constraints

on the parameter space of WIMPs and thus on their existence, as shown in Figure 1.7.
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As current direct detection experiments have already excluded some expected mass and cross
section values of WIMPs, they are expanding their search region and setting limits on ”low-
mass dark matter” (a few GeV) [20] and light dark matter (sub-GeV) [21, 22]. This mass
range is motivated by some theoretical DM models, such as asymmetric DM [23], which
relates the abundance of dark matter to the baryon-antibaryon asymmetry. This results in
the mass of asymmetric dark matter being approximately 5 times the mass of the proton,

that is, approximately 5 GeV.

Candidate particles more massive than WIMPs are Q-balls and WIMPzillas. Q-balls are
hypothetical stable blobs of particles that, according to supersymmetric extensions of the
SM, might have been produced in the early universe [24]. WIMPzillas are super-weakly
interacting and superheavy particles which might have been produced by thermal freeze-in
rather than freeze-out like normal WIMPs [25].

In this thesis, I will focus on experiments that use liquid argon and: i) aim the direct detection
of WIMPs (some of which are also sensitive to few-GeV /sub-GeV dark matter) or ii) use LAr
as main target or veto to investigate the nature of neutrinos. The motivation for neutrino

detection is given in the next section.
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1.3 Neutrinos

Neutrinos are particles with physical properties that are both a blessing and curse. As
weakly interacting particles, neutrinos allow us to probe regions of the cosmos that we would
otherwise not have access to. On the other hand, on their weak interaction lies also the

challenge of their detection.

The first neutrinos were detected only some decades after their prediction. Then, there was
a problem: The calculated flux from solar neutrinos did not agree with the observed one.
The ”solar neutrino problem” was solved only 4 decades later with the discovery of neutrino
oscillation, which showed that neutrinos were not massless. This discovery implied physics

beyond the standard model and excited the scientific community.

Currently, there is a large number of neutrino experiments (a list with more than 100 ex-
periments is shown in [26]). Each experiment is designed to be sensitive to one (or more)
flavors of neutrinos (ve, v, v,-) from different sources, such as from the sun [27, 28], reac-
tors [28, 29], atmosphere [30], beamlines [31], supernovae [28, 29, 31] or from many sources
combined. Some of the purposes of these experiments are to obtain the information about
neutrinos’ oscillation parameters [31], mass hierarchy [29], coherent scattering [32] and detect
them as an early supernova warning [33]. Another less common proposed goal is their use

for communication in ”"unusual circumstances”, as demonstrated by [34].

The study and detection of neutrinos are important in many areas in physics and touch many
of its unsolved problems. Neutrino astronomy, for instance, plays a key role in the under-
standing of dense regions in the universe and in multi-messenger astronomy, since neutrinos
can easily penetrate very condensed regions and bring earlier (or additional) information
about an event. With the help of neutrinos, we can now not only understand better the
core of our sun [27] but also know where to look, in case a supernova happens in our galaxy,
hours before the electromagnetic radiation from the event arrives on Earth. An example of a
multi-messenger event involving neutrinos is the recent detection by IceCube of a high-energy
neutrino from a blazar in coincidence with enhanced gamma-ray activity detected by Fermi
LAT [3].

Neutrinos can also help us to understand physics beyond the standard model (BSM). Large
beamline experiments, such as DUNE [31] (discussed in Subsection 1.5.1), aim to precisely
measure some of the oscillations parameters, such as the neutrino mass hierarchy, mixing
angles and CP violating phases, which may help us to understand the matter-antimatter
asymmetry of the universe. Another open question related to neutrinos is whether they are
their own antiparticles (known as Majorana particles) and differ from their anti counterparts
only by their chirality. One experiment that aims to answer this question is the GERDA

experiment [35], discussed in Subsection 1.5.2.
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1.4 Liquid Argon: properties, mechanisms of light emission,

and scintillation photon detection

Noble liquids are often used in rare event search experiments due to their scintillating prop-
erties. This scintillation combined with other techniques enables the measurement of the
energy deposited by a particle in the scintillating target. The particle that interacts with
the target producing scintillation and/or ionization can be: i) the searched rare event, such
as the collision of a WIMP with the nucleus of the target or ii) radioactive decays and other

background events, which can produce similar light signals in the detector.

Background discrimination through pulse shape analysis is a property of liquid argon that
makes it more competitive in relation to other noble liquids. The discrimination between
nuclear and electron recoils due to their different time profiles enables background discrimi-

nation in WIMP searches, for example.

WIMPs are expected to collide elastically at a very low rate’ with the liquid argon nuclei of
the detector. This type of interaction is called nuclear recoil because the nucleus of the target
atom recoils after the collision. This interaction leads to both excitation and ionization of
argon which can produce scintillation photons. The time profiles of the scintillation signal
due to nuclear recoils is in general different than the one due to electron recoils, which are

mainly caused by background events.

Most of the background events are electromagnetic: 5 and «y-decays, for instance. Since these

particles collide with the electrons of the target atom, they lead to electron recoils.

In electron recoils, the energy of the electron or charged particle is transferred to other
electrons. In nuclear recoils, the energy of the neutron or WIMP is lost to the recoiling
of the nucleus of the target, which transfers its energy to other argon atoms nearby. This
transferred energy goes either to the recoiling of other nuclei (which might dissipate their

energy in heat) or to the excitation or ionization of other atoms, as shown in Figure 1.8.

The excited atoms (excitons) combine with other ground state atoms forming excited dimers
(excimers) that emit scintillation photons when they deexcite. The ions can also combine
with other ground state atoms and form ionized molecules. These ionized molecules can
recombine with electrons and form excimers, similar to the one formed by excitons. These

excited dimers undergo the same deexcitation process and emit scintillation photons.

There are two possible states for these excimers: a singlet and a triplet state. Each of

them has a different decay time. The singlet state decays faster (6.7ns) than the triplet

"The expected collision rate depends on the WIMP mass and cross section, as shown in Figure 2 of [36].
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FIGURE 1.8: Scintillation and ionization mechanism of liquid argon. See text for more
details. Figure from [37].

one (1500ns)[38]. The amount of singlet and triplet states is different for electron (ER) and

nuclear recoils (NR).

Therefore, the time profile of the scintillation signal is different for NR and ER, as shown
in Figure 1.9. This results in a pulse shape discrimination (PSD) power of the order of
10% [39]. In the DarkSide Experiment, a parameter called fgy is used as a pulse shape
discriminator. This parameter represents the fraction of the signal that was detected within
90ns. A background free WIMP search of DarkSide-50 using this PSD parameter is shown
in Figure 1.10. In DEAP-3600, a similar parameter called F.omp¢ is used for pulse shape

discrimination (PSD).
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FIGURE 1.9: Sample time in microseconds versus amplitude and charge integral shown in
blue. Figure adapted from [40]. There, referenced as [39].

PSD plays an important role in experiments that use LAr not only in the discrimination
of external backgrounds (from the detector’s surroundings, for instance), but mainly in the
discrimination of decays of argon’s radioactive isotope, 3?Ar. The radioactivity of ?Ar and

other properties of LAr are show in Table 1.1.

The wavelength of the scintillation light emitted by LAr is approximately 128 nm [42], which
is in the vacuum ultraviolet (VUV) spectral region. Light in this wavelength range is not
transmitted through common glasses. The glass of the windows of commercial PMTs, for

instance, is opaque to 128 nm light. The photons from LAr scintillation must be thus shifted
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FIGURE 1.10: Number of photoelectrons from scintillation signal versus foy discrimination
parameter. Only electron recoils events are shown, since no nuclear recoil was observed in
the region of interest. The dark matter search region is shown in blue. Figure from [41].

TABLE 1.1: Atomic, physical and optical properties of liquid argon

main isotope AO0Ay
atomic and atomic number 18
physical melting point (at 1 atm) 83.81K
properties boiling point (at 1 atm) 87.3K
density (at b.p.) 1.3954 g/cm?
. photon yield 40 ph/keV [38
optical : emission wavelength 128 1/1rn [4[2] |
properties attenuation length 50 cm [43], 66 cm [44], >110 cm [45]
radioactive 39 A, 1 Bq/kg (atmospheric Ar) [46]
isotopes “ 6.5 mBq/ kg (underg_rlound Ar) [47]
Kr approximately 10 = Bq/kg [46]

to higher wavelengths, in order to go through the windows of the PMTs and be detected.
For this purpose, the interface (glass window, acrylic vessel, etc) between the LAr target and

the photo detector is coated with a wavelength shifter (WLS).

Wavelength shifters are compounds that absorb photons and re-emit them at an equal or
larger wavelength. They are key elements in liquid argon experiments. Tetraphenyl Butadi-
ene (TPB) is the WLS mostly used in LAr-based experiments [41, 48-53]. TPB presents a
high quantum efficiency in converting VUV light into blue visible light [54, 55]. Figure 1.11-a
shows the light emitted by LAr and the re-emission spectrum of TPB, which matches the
acrylic transmittance of the DEAP acrylic vessel and the quantum efficiency of the DEAP
PMT, shown in Figure 1.11-b.
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FIGURE 1.11: a) Emission spectra of: liquid xenon (LXe) [56], liquid argon (LAr) [42], Ar
gas [42], and TPB. The emission spectrum of TPB was measured with the spectrometer
described in Subsection 2.3.1 and is shown here without correction. The corrected spectrum
is shown in Subsection 2.3.3.2. b) Quantum efficiency of the Hamamatsu R8778 PMT
used in LUX [57]; quantum efficiency of the Hamamatsu R5912-HQE PMT used in DEAP-
3600 [58] and transmittance of a 110mm thick sample of RPT acrylic used in the acrylic
vessel of DEAP [59]. ¢) Spectrum of the deuterium lamp used in the setup described in
Subsection 2.3.1. d) Response of the S20 cathode of the PMT used in the same setup.
Transmittance of: the optical fiber [60], the MgFs window of the PMT, and the acrylic
filter. The transmittance of the lens is flat above 200 nm and is not shown here. Also shown
is a shaded area to indicate the wavelength region the setup (Subsection 2.3.1) is sensitive
to.
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1.5 Liquid argon in dark matter and neutrino experiments

Because liquid argon has many advantageous properties, such as high photon yield (40
ph/keV [38]) and time structure allowing for pulse shape discrimination, several rare event
search experiments use (or plan to use) LAr as the primary target, such as in ArDM [48],
DarkSide [41], DEAP [58], MicroBooNE [50], ProtoDUNE [52] and DUNE [31]. Besides
being used as the primary target, LAr can serve as a scintillator and shielding medium of a
veto system, such as in GERDA [35].

LAr detectors are usually classified into: i) single-phase or dual-phase detectors, depending
on whether only a liquid phase or also a gaseous phase of argon is used for detection; ii) time
projection chambers (TPCs) or calorimeters, depending on whether the electrons from the

ionization of the target are detected or only scintillation is detected.

In TPCs, the electrons from the ionization of LAr are drifted by a strong electric field before
they recombine. These electrons produce a second (late) signal. This signal allows for a better
position reconstruction, additional background discrimination and the possibility to search
for low-mass or sub-GeV dark matter (in addition to common WIMPs). The disadvantage
of a TPC is that they need high voltage for the electric field. The DarkSide-20K, which is
the future LAr-based experiment of the joint collaboration of DarkSide-50 and DEAP-3600,
will be a dual-phase TPC.

TPCs can also be single-phase, such as in Icarus or MicroBooNE [50]. The ProtoDUNE
experiment includes both single-phase and double-phase LAr detectors as testing and devel-

opment for the DUNE experiment, which is described below.

1.5.1 DUNE

DUNE is the Deep Underground Neutrino Experiment planned to be constructed in the U.S.
by a collaboration from 30 countries. DUNE will be composed of two neutrino detectors: a
near one, located close to the neutrino source at Fermilab, and a very large far detector, which
will receive a beam of neutrinos 1300 km away from Fermilab. These detectors, with a total
mass of approximately 70k ton of LAr, will be the largest LAr detectors ever constructed.
The construction of DUNE involves not only the effort of building the far and near detectors,
but also of upgrading the accelerator of Fermilab, to produce the ”world’s highest-intensity

neutrino beam” [31].

The physical goals of DUNE are to study neutrinos and proton decays. The detectors will
be LAr TPCs, which will detect the electrons and VUV scintillation produced by an event
in liquid argon. The VUV scintillation detection design is still under development. The
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characterization of a possible WLS for the VUV light detection in DUNE was done as part
of this thesis and is described in Chapter 4.

1.5.2 GERDA

The Germanium Detector Array (GERDA) is an experiment located at the Gran Sasso
National Laboratory (LNGS) that searches for a signal from neutrinoless double beta de-
cay (0vB3p) of the isotope "®Ge. The observation (or non-observation) of neutrinoless double
beta decay is crucial in understanding whether neutrinos are Majorana particles and if lepton
number violation occurs. If neutrinos are Majorana particles, their masses can be naturally
explained through the seesaw mechanism. Furthermore, lepton number violation could ex-

plain the observed matter-antimatter asymmetry.

The advantage of searching for (Ovf3f3) in germanium is that both detector and medium
are the same. Another advantage of germanium detectors is their good energy resolution,
which enables enhanced background suppression. The germanium crystals must be, how-
ever, enriched: The detectors used in the phase II of GERDA were enriched from 7.8% to
approximately 87% [35].

GERDA (phase II) presented recently a background free search [35]. The experiment claims
to be the first (0v(35) experiment ”"that will be background-free up to its design exposure.”
In addition to the background suppression due to its good energy resolution, GERDA relies
on both pulse shape discrimination and a veto system to suppress background. The veto
system and the germanium crystals inside it are shown in Figure 1.12. The veto and the

assembly of the detectors are described below.

The germanium detectors make an array of seven strings individually covered by nylon and
immersed in liquid argon, which is used as a both passive and active veto®: The LAr volume
shields the detectors from decays happening on the walls of the cryostat and LAr scintillates
when a particle has enough energy to excite it. This scintillation light is detected by two light
detection systems that form a cylindrical volume around the array (shown in Figure 1.12):
i) a curtain of wavelength shifting fibers coupled to silicon photomultipliers (SiPMs) and ii)
PMTS placed at the top and bottom of the cylindrical volume®.

Both light detection systems are coated with TPB to shift the VUV light from LAr to the
visible region; also the nylon covers are coated. If a particle produces a signal in both crystals
and LAr, the event is vetoed, since a neutrinoless double beta decay should create a signal

only in the crystals. The expected signal is a monoenergetic peak at 2039keV [35].

81n addition to cooling the detectors to their working temperature, below 87 K.
9The PMTs are placed a bit further away so that their radioactive decays do not reach the crystals.
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b,

FIGURE 1.12: LAr veto system from the GERDA experiment. The numbers indicate: (1)

the PMTs, (2) the wavelength shifting fibers, (3) the SiPMs, (4) two thin copper cylinders

(with their inner surface covered by reflectors), and (6-7) two slots for calibration sources.
Figure from [35].

In this thesis, a material for improvements in vetoing and wavelength shifting in GERDA
(as proposed by [61]) or LEGEND was investigated in Chapter 4. Furthermore, a draft of a
setup (its source characterization and simulations) for the measurement of the attenuation
length of liquid argon in the test stand at TUM (used for tests for GERDA) is presented in
Chapter 5.

1.5.3 DEAP-3600

DEAP-3600 is a single-phase liquid argon detector located approximately 2 km underground
at SNOLAB. The experiment was designed to detect the spin-independent scattering of
WIMPs on argon nucleons with a cross section sensitivity of 1076 cm? (projected sensitivity
for a 100 GeV/c?> WIMP mass with an exposure of 3 tonne-years [58]). DEAP stands for
”Dark matter Experiment using Argon Pulseshape discrimination”. In DEAP, WIMPs are
expected to interact with the LAr target and produce a nuclear recoil signal, which can
be discriminated from other background events by the pulse shape discriminator Fpromp

described in Section 1.4.

The DEAP detector currently contains approximately 3300 kg of liquid argon inside a spher-
ical acrylic cryostat. The spherical acrylic vessel (AV) is shown during construction in Fig-

ure 1.13. Its inner surface was sanded and coated with TPB to shift the VUV scintillation
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light from liquid argon to the blue spectral region (similarly to the prototype shown in Fig-
ure 1.4). The wavelengths involved are shown in Figure 1.11-a. The neck, which gives access

to the inside of the cryostat, was not coated with TPB.

FIGURE 1.13: Left: Spherical acrylic vessel (85cm of diameter and 5cm thick). Right:
45-cm-long cylindrical light guides attached to the acrylic vessel.)

Cylindrical acrylic light guides (LG) are attached to the spherical AV (as shown in Fig-
ure 1.13). These 45-cm-long LGs give the 255 PMTs access to viewing the target. The LGs
were produced by Spartech and its acrylic was chosen by its superior transmittance. The
AV was produced by Reynolds Polymer Technologies (RPT) from custom made ultra-low-
radioactivity acrylic. The acrylic (poly(methyl methacrylate), also known as PMMA) used
in both LGs and AV is of type UVA (ultraviolet absorbing). The transmittance of the RPT
acrylic used in the AV is shown in Figure 1.11-b, together with the quantum efficiency (QE)
of the Hamamatsu R5912-HQE PMTs used in DEAP. In this figure, we see that most of the
light wavelength shifted by the TPB can be transmitted through the acrylic, but none of the
light emitted directly by liquid argon can be transmitted.

Figure 1.14 shows a cross section of the experiment. The acrylic vessel, light guides, the
PMTs that look the target and neck veto are shown inside the steel shell, which is inside a
water tank used as muon veto (not shown in the figure). The approximately 3300 kg of LAr
is shown inside the spherical part of the AV, which is coated with TPB. The acrylic flow
guides that cool the LAr are shown inside the neck. Both the flow guides and neck are not
coated with TPB. Since the AV is not completely filled with LAr, the bare acrylic of the
neck and flow guides are in contact with argon gas and droplets of argon that condensates

on their surface.

Watching the detector’s target through an acrylic vessel had already been proven to be
successful by the Sudbury Neutrino Observatory (SNO) Experiment [62]. One of the greatest

advantages of acrylic lies on the combination of its optical and thermal properties: After
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FIGURE 1.14: Cross section of the DEAP-3600 detector components. Figure from [49].

approximately 50 cm of acrylic, the combined transmittance of the LGs and the AV is still
above 90% and the thermal gradient is large enough to enable the operation of the PMTs
at approximately 270K [58], while the inner part of the cryostat is at LAr temperature.
Furthermore, acrylic is a good neutron shield and can be produced with high radiopurity
levels [58].

One drawback of acrylic is Cherenkov light being produced in it. To minimize the amount
of this light seen by the PMTs, the type of acrylic chosen was the UVA one, which contains
additives to absorb UV light. The main focus of this thesis is to investigate whether this
additive or any other additives or impurities in the acrylic used in DEAP fluoresce when
excited by UV light.

1.6 Nuisance photoluminescence in plastics and its impact on

rare event search experiments

Many rare event search experiments surround their scintillating target with plastics, such as
acrylic (PMMA) [58, 62, 63] or polytetrafluoroethylene (PTFE) [41, 48, 64, 65], materials that
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have been reported to photoluminesce at a low level when excited by UV or visible light [66—

10

75, 75-81]. This nuisance photoluminescence™ was described as background fluorescence in

different contexts [66, 67, 71, 72] and has become now a concern in dark matter experiments.

In the DEAP detector, the fluorescence of acrylic would mainly affect two types of events
that produce UV light: i) radioactive decays that happen in droplets of LAr on the inner
surface of the neck, which produce VUV light that reaches the bare (without TPB coating)
acrylic of the neck and ii) Cherenkov light (UV-Vis) produced in acrylic by particles from

radioactive decays in or close to the AV and LGs.

In both cases, there is some evidence that acrylic is wavelength shifting some of this UV
light to the visible range. For instance, the neck veto of the AV (shown in Figure 1.15) is

triggered more than expected from simulation (since the neck is not coated with TPB!!) .

FIGURE 1.15: The neck veto wavelength shifting fibers are shown surrounding the AV neck
before being coupled to R7600-300 PMTs and covered by filler blocks. Figure from [58].

One way to explain this excess would be if acrylic shifted some of the VUV scintillation light
(produced by decays in droplets of LAr in the neck) to a wavelength range where the acrylic

is transparent, so that the light could reach the neck veto.

Another example is the energy spectrum of Cherenkov events in the acrylic. The observed
spectrum is shifted to higher energies than predicted by simulation, indicating that more of
the Cherenkov spectrum is visible to the PMTs than expected. If acrylic fluoresces, it could
shift part of the non visible Cherenkov light to the visible range. The Cherenkov spectra
produced in acrylic by electrons with energies from 200keV to 300keV was calculated by
[75] and is show in Figure 1.16.

OPphotoluminescence is classified as fluorescence or phosphorescence, depending on the types of the excited
states (singlet or triplet), which have different time decays (short - ns scale - or long).

"The neck veto was originally designed to tag events that happen in the neck and that could have a
degraded light collection due to the geometry of the neck. However, the neck was not coated with TPB.
Instead, the geometry of the flow guides inside the neck was optimized so that the reconstruction of alpha
decays in the neck was out of the region of interest for the WIMP search. The neck veto is therefore currently
used to veto Cherenkov events that happen in the neck and have a visible light component
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F1GURE 1.16: Calculated Cherenkov spectra in acrylic for electrons with energies from 200
(1), 250 (2) and 300 (3) keV. Figure from [75].

Only a small part of the Cherenkov light yield is in the visible region. This means that
a small wavelength shift from the UV to the visible range could increase significantly the

amount of the light yield in the DEAP sensitive region, shown in Figure 1.11-b.

The wavelength shifting of Cherenkov and UV light produced in acrylic has recently been
reported by [75]. The authors investigated the luminescence of acrylic in the context of
Cherenkov detectors for use in Tokamaks. They excited acrylic samples with both a run-
away electron beam and a KrCl excilamp (222nm light). In both cases, the UVA acrylic
samples emitted blue light. The emission spectra presented two components: one peaked at

approximately 400 nm and the other one at 490 nm.

To the best of my knowledge, no paper has reported the photoluminescence response of
acrylic (or of PTFE) to wavelengths shorter than 222nm (used in Ref. [75]). That is, the
photoluminescence response of acrylic and PTFE to vacuum ultraviolet light (VUV), which
is relevant for liquid noble experiments, has not yet been described in the literature. There is,
however, a large number of papers that investigated the fluorescence of acrylic when excited

by long-wave UV or visible light [66-73] (at room temperature).

In [66-72], they measured the fluorescence response of PMMA in order to determine which
materials are most suitable for electrophoresis chips and chips for other lab devices. These
papers refer to the fluorescence of PMMA as either autofluorescence or background fluores-
cence and compare it to the fluorescence of borosilicate glass (microscope slides or BoroFloat)
or fused silica microscope slides. These glasses are used as references due to their low fluo-

rescence background.

References [66, 67] show that PMMA autofluoresces more than the glass reference sample
and that it is one of the less florescent plastics among the investigated ones. Reference [69]
measured the fluorescence emission of PMMA excited by a 532 nm laser. The spectrum peaks

at 630 nm and they were not sensitive to wavelengths lower than 600 nm. References [71, 72]
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show that the autofluorescence of PMMA is comparable to the one of a glass microscope
control. In [73], the authors measured the emission spectrum of pure PMMA for an excitation

wavelength of 355 nm. The emission spectrum peaked at 450 nm.

The plethora of literature indicating the fluorescence of PMMA motivates the question
whether the acrylic used in the vessel and light guides in DEAP fluoresces or not. No claim
can be made based on literature data, though. Different manufacturers may use different
processes to produce PMMA acrylic and this might result in different levels of fluorescence
[67]. Reference [72], for instance, measured different levels of background fluorescence of
acrylic within the same class of acrylic (same monomer unit PMMA). The authors stated
that fluorescent plastics (polymers) usually have aromatic or double bonds conjugated struc-
tures, since fluorescence light is usually emitted as a result of w — 7* energy transitions. This
means that polymers like ABS and PETG are expected to fluoresce more than PMMA, which

has no aromatic structure or conjugated double bonds [72], as show in Figure 1.17.

PMMA

FIGURE 1.17: Molecular structure of PMMA. Figure from [82]

Since the polymer matrix of PMMA is not supposed to fluoresce like other plastics, the
fluorescence of acrylic could be due to impurities, additives, lab processes, defects, color
centers, and surface contaminants. In order to understand the origin of fluorescence in
acrylic, we can consider the fluorescence of optical glasses: Reference [83] states that "the
fluorescence in optical glass is generated by point defects like color centers, which are known

to be originated by rare earth elements, and certain impurities”.

Color centers have been known to be produced in glasses by radiation damage [84]. The
same is true for acrylic irradiated with ultrashort laser pulses [85]. Reference [85] shows that
the color centers formed in acrylic (after exposure to ultrashort laser pulses) emit a broad
spectrum of light (from 420nm to 650 nm) when excited by a 443 nm laser. As the energy
calibration of the DEAP detector is done with a pulsed LED and radioactive sources, it is
important to determine if they could lead to color center production in the acrylic of the
AV and LGs. If so, it is also necessary to understand whether these color centers could

fluoresce enough to affect the light collected in DEAP. Data analysis of the number of events
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triggering the neck veto before and after calibrations is still ongoing'? and will try to answer

this question.

The investigation of PTFE photoluminescence was done in the context of the Large Under-
ground Xenon (LUX) dark matter experiment. The LUX detector is a TPC double-phase
detector filled with liquid xenon (LXe). The inner part of the TPC is lined with PTFE pan-
els. The PTFE used is type 8764 by Technetics [86]. The LXe scintillation photons (shown
in Figure 1.11-a) are detected directly by VUV-sensitive PMTs immersed in the LXe (the

PMT response function is shown in the same figure, in b).

The delayed photoluminescence of PTFE in liquid xenon detectors has been proposed by
[87] as a way to explain the slower component of the ”electron train” observed in XENON10
and ZEPLIN-III [87]. Reference [87] states that this slow component could be a background
in the low-energy analysis of XENONIT and LUX experiments. The LUX detector also
observed certain phenomena in the detector that could be attributed to the fluorescence of
PTFE [88]. Furthermore, fluorescence or phosphorescence of PTFE has been observed by
[76-81, 89]. If PTFE phosphoresces, that is, if it re-emits delayed light, this could complicate
the analysis of noble liquid experiments that use PTFE, since the delay in the re-emitted

light can make its correlation to the original event more difficult.

In this context, the main goal of this thesis is to test the photoluminescence of these plastics
(PMMA and PTFE), with focus on the batches used in the DEAP and LUX experiments.

2 As the analysis is still ongoing, no section of this thesis was dedicated for describing it.
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Photoluminescence response of
acrylic (PMMA) and PTFE to UV

light at room temperature

The objective of these measurements is to determine whether the acrylic (PMMA) and PTFE
used in DEAP and LUX, respectively, shift UV light to the visible range (at RT) to the degree

that it becomes an issue in these experiments.

2.1 Sensitivity goal

To create a background in the DEAP detector, the fluorescence of acrylic must be able to
generate events in the energy region of interest (ROI). The events with the highest number
of photons in the detector are alpha decays in the LAr, so even if the wavelength shifting
efficiency of acrylic is very low, enough visible light could be created to place the event in
the ROI. The energy ROI goes up to approximately 100keV. If an 8.8-MeV alpha decay
happens in a droplet of LAr in the neck of the AV, and if all the VUV light is shifted by
acrylic (rather than by TPB), the wavelength shifting efficiency of acrylic must be on the
order of 0.1/8.8 MeV (approximately 1%) relative to that of TPB to move this event into the

ROL
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Therefore, the main goal of these measurements is to test, at room temperature (RT), the
response of PMMA and PTFE to VUV light at the level of 1% (or less) of the fluorescence
yield of TPB. This sensitivity target is also extended to the response to near and middle
UV, since these plastics could also shift Cherenkov light, as discussed in Section 1.6. To
quantify and set limits on the wavelength shifting efficiency of the specific batches of acrylic

and PTFE, their light yield is compared to the fluorescence yield of a TPB sample.

2.2 Samples

As discussed in Section 1.6, even if the polymeric matrix of a plastic is not expected to
fluoresce, a sample can still present a low level of photoluminescence due to impurities,
additives, lab processes, defects, color centers and surface contaminants [67, 72, 79, 90].
Since the UV light does not penetrate far into the material, surface contamination can have
a significant influence on the fluorescence measurement. Many common contaminants, such
as oil from fingerprints, can fluoresce [91]. The investigated samples were therefore obtained
out of the same batches used in the detectors, and cleaned using the same procedures. The

measured samples and their cleaning procedures are described in this section.

Investigated samples:

e RPT acrylic: RPT stands for Reynolds Polymer Technologies, the manufacturer of
this UVA acrylic (PMMA). The sample was cut from the same acrylic batch used to
form the acrylic vessel of DEAP (shown in Figure 1.13). Samples with different surface

finishings were tested and are listed below.

— smooth: The surface was polished to optical quality and then cleaned by ultra-
sonic cleaning in ultra-pure water with Alconox detergent, followed by ultrasonic
cleaning in just ultra-pure water. The fluorescence response was measured, then
the samples were cleaned again in the following way: ultrasonical bath in distilled

water with industrial detergent, then in distilled water, then air plasma cleaned.
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— rough: One of the clean smooth samples of RPT acrylic was sanded with the same
sandpaper used in the resurfacing of the AV of DEAP. Both smooth and sanded
samples are shown in Figure 2.1.

— with bond: A rectangular prism piece of RPT acrylic with the same bond used to
join the parts of the acrylic vessel of DEAP. This bond also consisted of PMMA.

This sample has a different geometry than the RPT smooth and rough.

e Spartech acrylic: This acrylic is also type UVA and is produced by Spartech. This
sample stems from the same acrylic batch from which the DEAP light guides are made

(shown in Figure 1.13).

— smooth: The surface polishing and cleaning procedures were the same used for
the smooth RPT acrylic.

— rough: Sanded Spartech acrylic using the same procedures described for RPT
acrylic rough.

— with bond: A rectangular prism piece of Spartech acrylic. See description of RPT

with bond for more details.

e Sandpaper: A piece from the same batch of sandpaper used in the resurfacing of the

AV of DEAP and also used to sand the samples investigated here.
e SNO acrylic: An acrylic sample from the vessel of the SNO experiment.

e PTFE: This PTFE is type 8764 of Technetics [86] and the sample stems from the
same batch of material used in the reflector panels of LUX (shown in Figure 1.13).
The sample was cleaned with pure acetone in an ultrasonic bath and then kept under

vacuum for one day. The sample can be seen in Figure 2.4.

FIGURE 2.1: a) sample of RPT (UVA) acrylic (smooth). b) Sanded (rough) sample of RPT
acrylic.

Reference samples
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e TPB: A layer of TPB vacuum evaporated on glass. The glass used as the substrate was
sonicated in isopropanol and dried with a nitrogen gun. The thickness of the sample
was determined using a test sample (evaporated together with the original sample) and
a profilometer. The thickness value is the average of three measurements done with the
profilometer. The TPB sample is shown in Figure 2.2. The TPB thickness of the first
sample (sample 1) was 1.93+0.03 pm. To ensure that the measurements were always
done in comparison to a pristine TPB sample, a second sample with a 1.2+0.2 pm thick

layer of TPB was later evaporated on glass (sample 2).

e Aluminium plate: This sample was cleaned in a plasma cleaner in order to remove
surface impurities and oils that could fluoresce. This sample was measured before and

after being plasma cleaned.

e Glass plate: Borosilicate microscope slide glass. This sample was sonicated in acetone

and dried with a nitrogen gun.

e Stock acrylic: This sample was sonicated in isopropanol and dried with a nitrogen gun.

'

FIGURE 2.2: Left: A layer of TPB vacuum evaporated on glass. Right: Measurement of
the thickness of TPB using a profilometer.

2.3 Measurements with VUV and middle-UV excitation light

If acrylic or PTFE fluoresces, its fluorescence level is expected to be low and commercial
fluorescence setups are usually not sensitive enough to detect it. Furthermore, most of these
devices do not provide VUV excitation light. The challenge in VUV measurements is due to
the following factors: i) the vacuum level along the optical paths must be below 103 mbar,
therefore optical components must be vacuum compatible, ii) all the optical components must

transmit VUV light, which is absorbed by standard optical parts, iii) since the VUV light is
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not visible to the human eye, alignment of components can be more difficult. Therefore, a
VUYV fluorescence setup was optimized for measuring low-intensity fluorescence in order to

reach the target sensitivity. This setup is described in the next subsection.

2.3.1 Setup

The idea of this setup is to excite the samples with VUV to far UV light and measure
the fluorescence response in the range from 360 nm to 800 nm, as shown in the ”fluorescence
sensitive region” of Figure 1.11-d. The fluorescence measurement setup is shown in Figure 2.3.
It consists of a Cathodeon deuterium lamp, a VM-502 vacuum monochromator, a sample

holder, and a light detection assembly.

-4
Acton VM-502 LOMI 2T Vacuum
Monochromator T | pump

’
:

e acrylic
filter

2 Sample
holder

¥
Sample

Cathodeon Cambridge Ltd
M""’ deuterium lamp

FIGURE 2.3: Scheme of the fluorescence measurement setup. Light from the deuterium lamp

is directed through an entrance slit toward the monochromator, which reflects the desired

wavelength toward an adjustable exit slit and onto the sample. An optical lens observes the

sample and the optical fiber guides the photons to the photodetectors. The whole system is
under vacuum.

The flange and sample holder were designed to maximize the light detection efficiency. The
sample holder, shown in Figure 2.4, was built to accommodate the different dimensions of
the samples' in such a way that the illuminated area on the surface of each sample was at
the same position relative to the incoming beam and the lens. The sample holder head is
adjustable such that the incidence angle can be varied. An adapter made of black plastic was

placed behind the samples (without changing the relative geometry) in order to suppress the

Lexcept for the rectangular prism samples. For these samples, an extra adapter was built.
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light transmitted through the TPB and acrylic samples to be back-reflected by the aluminium

sample-holder surface.

FI1GURE 2.4: The PTFE sample placed in the movable sample holder.

The monochromator chamber is connected to a vacuum system composed of a prepump and
a turbomolecular pump. A pressure gauge is connected to the monochromator chamber at
the end of a tube. The gauge was installed in such a way that light possibly generated by
it was unlikely to reach the sample. A pressure down to 107 mbar could be reached. The

typical operating pressure was 10~% mbar.

The cathodeon deuterium lamp provides light from 112nm to 400 nm. The spectrum up to
250 nm is shown in Figure 1.11-c. The monochromator is used to select a specific wavelength
from this spectrum and to guide it into the sample through an exit slit. The impact point of
the photon beam on the sample is observed by a lens. If a sample fluoresces when excited by
the incident light, part of the emitted photons will be collected by the optical lens. If their
wavelengths match the transmittance of the fiber (shown in Figure 1.11-d), they are then

transmitted through an optical fiber toward the light detector.

Two exchangeable photon detectors are in the light detection assembly: i) a QE65000 Ocean
Optics spectrometer, and ii) a PMT with an S20 cathode. A thin acrylic window is used
in front of the PMT to absorb light from reflections of the excitation beam. The PMT
was operated in photon-counting mode. Figure 1.11-d shows the transmission and detection
efficiencies of the components in the setup as a function of wavelength. The shaded area

shows the fluorescence sensitive region of the setup.

The data aquisition system (DAQ) depends on the photodetector being used. The Spectra-
Suite software from Ocean Optics was used to acquire the data from the spectrometer at

a resolution of approximately 0.8nm [92]. The data acquisition for the PMT consisted of
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a Canberra 2128 constant fraction discriminator connected to a Wenzel Elektronik counter

which outputs the number of pulses above the threshold.

2.3.2 Sources of background in fluorescence setups

When measuring low levels of fluorescence, stray light and fluorescence of components in the
setup, other than the sample to be measured, can pose a strong constraint on how well the
low level of fluorescence can be measured. One of the sources of stray light comes from the
monochromator. Monochromators are known to transmit a small amount of light outside
their narrow nominal bandwidth at a level of typically 0.1% of the transmittance of the
narrow selected band [93]. In diffraction grating monochromators, this stray light usually

arises from imperfections of the grating.

Stray light from the monochromator can be avoided by using filters. However, filters can also
fluoresce at a low-level. Background fluorescence of filters is a source of noise in fluorescence
microscopy [94], for instance. Another source of background fluorescence are the optical
components of the light detection assembly, such as the optical lens and fiber. The low-level

fluorescence of optical glasses is a known source of background in optical devices [83, 95]

If the setup has no room light immunity, background light can also add to the noise in the
setup. This background light can be ambient light that reaches the optical components of
the setup or devices that produce light inside the setup. In contrast to the aforementioned
sources of noise, the background light can be easily dealt with? by taking a dark (background)
measurement, which can be later subtracted from the total light yield in the measurement

of a sample.

To check for stray light and sources of fluorescence other than from the sample, an inves-
tigation of stray light and background fluorescence was done for each set of measurements

(Subsection 2.3.5 and Subsection 2.4.2.1).

2 Assuming its level is low and constant.
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2.3.3 Stability and calibration measurements

In this section, the systematic errors and the stability of the setup will be discussed, the
energy resolution of the excitation light and the wavelength-dependent response of the spec-

trometer will be measured, and a correction for the spectra will be derived.

2.3.3.1 Stability of the excitation light and photodetector

PMTs have a dark count rate due to thermionic release of photoelectrons from the photo-
cathode. This rate depends on the temperature of the PMT and on the bias voltage applied,
as well as on the time since the PMT was turned on. To guarantee that the dark rate of
the PMT is stable during the time of one run of measurements, the dependence of the dark
rate of the PMT on time was measured. The details of the measurements are described in
Appendix A, Section A.1. These measurements show that the PMT is stable within min-
utes after being turned on. Nevertheless, the warm-up time of the PMT was defined as
one hour and a systematic error of the dark rate, Usgft:l()%, was derived from the stability

measurements, in order to conservatively account for any possible systematic effects.

The stability of the lamp and of the TPB sample were also investigated (see Section A.1

for more details). The lamp was found to be stable after 40 min. A systematic error of

Lamp __

syst =1.4%, was also conservatively derived to account for any

the intensity of the lamp, o
possible systematic effects. The degradation of TPB when exposed to the most intense VUV
wavelength (160 nm) of the deuterium lamp was tested for 2.5h. The sample did not degrade,

showing that the sample does not degrade during the time the measurements take (1h and

the sample is exposed to the most intense wavelength only for 10 min).

An investigation of the dead time of the data acquisition is presented in Section A.1. The
dead time is negligible for the measurements of the plastic samples and is higher for TPB,
which has a bright fluorescence response. Here, the dead time varied, depending on the
intensity of the light, between 0.03% and 14.2% (being mostly below 2% and reaching 14.2%

at the peak of the intensity of the deuterium lamp, 160 nm).

To investigate how the vacuum level affects the intensity of the excitation light, I calculated

the dependence of the intensities of light from 70 nm to 250 nm on the air pressure, p. First,
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I calculated the linear attenuation coefficient, y for values from 10 mbar to 1 x 107 mbar, as

shown in Equation 2.1.

1(p) = po,(p) x oabs x Na/ Mo, (2.1)

where po,(p) is the pressure-dependent density of molecular oxygen in air (since nitrogen
does not absorb VUV light), o,ps is the absorption cross-section of molecular oxygen [96],

N, is the Avogadro number and Mg, is the molar mass of molecular oxygen.

The intensity of the UV light (relative to the intensity without attenuation) at a distance d
from the source is calculated by Equation 2.2 for each pressure p and shown in Figure 2.5

for different levels of vacuum and considering a distance between light source and sample of
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FIGURE 2.5: Relative intensity of the excitation light vs. wavelength for different values of
pressure inside the chamber. The y axis are shown with different scales.
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Figure 2.5 shows that the intensity of the excitation light is not strongly dependent on the
vacuum level for values below 10™3mbar. Therefore, the minimum vacuum level for the

fluorescence measurements was set as 5 x 10’4mbar.

2.3.3.2 Calibration of the spectral response of the Ocean Optics QE65000 spec-

trometer

A halogen lamp with absolutely calibrated intensity was used to measure the wavelength-
dependent response of the Ocean Optics QE65000 spectrometer together with its optical
fiber and lens. The spectrum of the lamp was measured with the spectrometer. The lens
attached to the optical fiber of the spectrometer was at a distance of approximately 30 cm

from the lamp. Four independent measurements were taken to build the average.

By comparing the measured spectra to the reference spectrum of the lamp, it is possible to
derive the wavelength-dependent response of the spectrometer, fiber and lens. This response
can be used to correct the spectra of wavelength shifters measured with this spectrometer,
such as TPB. Since the intensity of the halogen lamp is very low at wavelengths below 300 nm,
the correction was derived in the range from 300 nm to 950 nm, as shown in Figure 2.6. The
dark gray line shows the mean value of the 4 measurements and the shaded area shows one

standard deviation from the mean.
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FiGURE 2.6: Convoluted wavelength-dependent detection response of the Ocean Optics
QE65000 spectrometer, its optical fiber and lens.
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As a comparison, the spectrum of the lamp without lens was measured and no difference was

observed. Therefore, the transmittance of the lens is probably flat above 300 nm.

Figure 2.7 shows the emission spectra of TPB before (blue) and after (magenta) the wavelength-
dependent response correction. As a comparison and cross-check, the same sample was
measured with a Cary Eclipse spectrophotometer (described in Subsection 2.4.1) with an ex-
citation wavelength of 260 nm (this device does not provide a good signal at lower excitation
wavelengths and its lowest excitation wavelength is 190nm). Both the spectrum measured
with this setup (black line) and the corrected spectrum measured with the Ocean Optics
match. However, the spectrum published in [54], which is often used as reference for TPB,

seems to be shifted to the left.

o TPB Ocean Optics (non corr) - )Lexc:.laonm
. TPB Ocean Optics {corr) - Ag,.:160nm
TPB Benson et al.- A,,,:160nm
e e TPB Cary Eclipse - Aqc: 260 nm

—_
o0
(=]

—_
B
o

Intensity [AU]

120

100

80

60

40

20

450 0 . 550 600
Emission wavelength [nm]

FIGURE 2.7: Fluorescence emission spectra of TPB. In dashed blue: non-corrected spectrum

measured with the Ocean Optics spectrometer for 160 nm excitation light. In magenta: the

same spectrum after corrections. The error bars come from the uncertainty in the correction

factors. In dashed black: spectrum of the same sample measured with the Cary Eclipse

spectrophotometer with 260 nm excitation light, which coincides perfectly with the one in
magenta. In green: Spectrum of TPB excited with 160 nm, from [54].

It is not clear if this shift could be dependent on the batch of TPB and substrate or if the

spectrum measured by [54] was not properly corrected for the response of the spectrometer.
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In addition to TPB, the wavelength shifter 1,4-Bis(2-methylstyryl)benzene (Bis-MSB) was
measured. Its spectrum was also corrected for the calibrated response of the spectrometer
and compared to the spectrum measured with the Cary Eclipse spectrophotometer. These
measurements are described in Section A.2. The spectrum measured with the Cary Eclipse
and the one measured with the Ocean Optics (after correction) also match. Furthermore,
the relative photon yield of the WLSs TPB and Bis-MSB measured with the spectrometer

match the values measured with the PMT (see Section A.2 for more details).

2.3.3.3 Slit width and energy resolution

The energy resolution of the band of excitation light depends on the slit widths of the
monochromator. In these measurements, the slits were wide open to allow more light to go
through, since very low-levels of fluorescence were expected. To investigate the broadness
of the selected bandwidth of excitation light, the spectra of the excitation light of selected
(nominal) wavelengths of 210 nm, 250 nm, 280 nm and 300 nm were measured with the spec-
trometer. Lower wavelengths were not measured because the spectrometer is not sensitive

to light below 190 nm.

The lens used in the setup to collect the light into the fiber does not observe the incident
light directly, but sees the excitation light that is reflected by the sample. Therefore, PTFE
was used to reflect the excitation light, directing part of it into the lens. Figure 2.8 shows

the spectra of the light reflected by PTFE.

The position of the peaks roughly agree with the nominal wavelength. The peaks can appear
slightly shifted due to the wavelength-dependent response of the spectrometer (not charac-
terized below 300nm) and the wavelength-dependent reflectance of PTFE. The peaks were
fitted by a gaussian and the standard deviations of the fits will be added as error bars in the

results presented at the end of this section.

2.3.4 Procedures

All the samples were placed in the sample holder with the same geometry relative to the

excitation slit and light detector for a set of measurements at a given angle.
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FIGURE 2.8: Spectra of the excitation light of nominal wavelengths 210, 250, 280 and 300
reflected by PTFE.
In order to guarantee the stability and reproducibility of the measurements (investigated in
Subsection 2.3.3.1), all the sample measurements followed the same procedures and require-
ments: i) The pressure inside the monochromator chamber and flange was less than 5 x
10~*mbar; ii) The lamp was turned on 40 minutes before starting the measurements; and iii)

the PMT was turned on at least 60 minutes before starting the measurements.

During the warm-up time of the lamp, the emission slit of the monochromator was closed to
prevent the samples from degrading®. Then, the slit was opened 5 mm wide and the emission

from the sample was measured for the selected excitation wavelength.

The spectrometer measured the fluorescence spectra and the PMT measured the wavelength-
integrated fluorescence intensity of the samples. The spectrometer was set up to record each
spectrum 10 times with 10s illumination time each. The output spectrum is the average of
those measurements after background subtraction. For the wavelength-integrated measure-
ments, the optical fiber was coupled to the PMT. For a single measurement, the PMT rate
was recorded ten times over a 50s window. The same procedure was used to measure the
background (dark count and background light), which was taken at the beginning and at the

end of the measurement of a sample, with the slits closed.

Two sets of wavelength-integrated measurements were done. In the first one, all the acrylic

and reference samples (listed in Section 2.2) were excited with light of wavelengths 130 nm

3TPB, for instance, is known to degrade with time when exposed to UV light.
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and 160 nm, under an incidence angle of 39.5°. These measurements were done without the

acrylic filter in front of the PMT window.

Then, a second set of measurements was done with the filter, in order to extend the range
to higher wavelengths (note that the PMT is sensitive to light above approximately 180 nm,
as shown in Figure 1.11). The filter was used to absorb the excitation light reflected by the
sample and stray light from the monochromator. For this set of measurements, the RPT and
Spartech acrylic were plasma cleaned and measured with excitation wavelengths of 130 nm,
150 nm, 160 nm, 170 nm, 180 nm, 210 nm, 250 nm, 280 nm and 300 nm and under incidence
angles of 39.5° and 12.5°. The PTFE, TPB (sample 2) and aluminium samples were also

measured with these excitation wavelengths and under the same angles.

The first set of measurements was mainly done as an investigation of stray light and back-

ground fluorescence, which is described in the next subsection.

2.3.5 Stray light and background fluorescence investigation

To measure the level of stray light in the setup, the monochromator was set to pass either
130 nm or 160 nm, and the chamber was re-pressurised to atmospheric pressure, while keeping
the samples inside the setup and the lamp on. In this configuration, the VUV excitation light
is absorbed by the oxygen in the air (see Figure 2.9), and only stray light above approximately

180 nm reaches the sample.

The light detected in these measurements is composed of: i) stray light above 180 nm re-
flected by the samples, ii) photoluminescence induced in the sample by stray light, and iii)
background light and dark count (here called dark rate). The last contribution was inde-
pendently measured and can be subtracted from the VUV filtered light level to learn about
the level of stray light (contributions i and ii). Table 2.1 shows the signal yield in the VUV
filtered measurements, and the percentage of stray light (contributions i and ii) and dark
rate (contribution iii) relative to the total signal detected in the sample measurements (that

is, in the measurements of the sample with the excitation light impinging on it).

Table 2.1 shows that TPB yields the highest absolute VUV filtered signal, which indicates

that TPB fluoresces when excited by stray light. However, this component is negligible when
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FIGURE 2.9: Upper plot: Attenuation length of the VUV light in air (these values were

calculated using the attenuation coefficient of Equation 2.1). Bottom: Relative intensity of

VUV light reaching the sample at a distance of 20 cm from the source when the chamber is
filled with air (see Equation 2.2 for details).

sample Exc. wavelength:130 nm Exc. Wavelength:160 nm
VUVfilt. (Hz) +0  SL +0 (%) Dark rate o (%) VUVfilt. (Hz) +0  Sl+o (%) Dark rate +0(%)
TPB 116.41+3.39 0.21 +0.01 0.04 £ 0.01 148.81 + 3.74 0.06 + 0.00 0.01+0.00
RPT 17.27 +3.34 3.84 £5.26 15.36 £ 3.86 16.59 +3.34 1.28 +2.18 6.39+1.58
RPT (rough) 3841+£3.35 19.52+4.00 11.49+279 4515+3.35 12.29+1.95 5.66+ 1.35
RPT (w. bond) 19.67 +3.36 4.48+18.68 72.79+22.59 23.38 £3.38 9.42 £ 9.48 35.93+10.29
Spartech 24.36 + 3.41 1.9 +6.87 32.96 £5.79 21.32 +3.37 0+ 0.00 17.14 + 3.08

Spartech (rough) 62.22+3.40 32.51%4.56 15.89 £2.92 68.40 £3.42 21.27 £2.39 9.06 + 1.56
Spartech (w. bond) 2541 + 3.37 6.2 +10.43 48.96 + 14.98 26.86 + 3.36 3.21 + 3.56 16.78 +3.28

SNO 31.73+3.40 3.81+13.89 87.17%25.62 3429+344 B856+1095 66.94+19.50
sandpaper 46.37 £3.34 5853+1283 44.61+9.34 57.92+3.37 69.88+12.08 37.01+7.61
Aluminium 56.17 £ 3.39 29.66 £ 4.92 23.47£3.54 67.62£3.37 20.33 £2.57 11.78 £1.75

Sample holder 43.25+3.37 26.78+9.46 53.41 £9.16 4549 £3.38 17.21 £5.05 29.73£3.94
empty flange 21.32+3.37 4.63+16.02 67.25+17.64 22.00 £3.35 4.27 + 9.87 41.44 +9.2

TABLE 2.1: Signal yield in the VUV filtered measurements normalized by the recording

time of the measurements, and percentage of the signal detected in the sample measurement

that is due to stray photons (SL) and due to dark rate. All the values are shown for the
excitation wavelengths 130 nm and 160 nm.
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considered relative to the total fluorescence signal induced by the nominal wavelength (see
the small SL value). By comparing the SL values of TPB at 130 nm and at 160 nm, one can
see that the relative contribution of the stray light is smaller at 160 nm, where the intensity
of the deuterium lamp peaks. For samples that had a very low light response, the difference
is not very pronounced. This might indicate that the level of stray light is roughly constant,
and that the samples with a low light yield are only reflecting this stray light (contribution i
rather than ii). Note that the rough samples yield a higher VUV filtered signal. This increase
might be due to their higher reflectivity, since the SL values are also higher (10-35% against

approx 0-9% for the smooth samples).

The level of background fluorescence can be roughly estimated with the measurements of
the aluminium sample, of the empty sample holder and the empty flange. Out of the light
detected from the aluminium sample, 20 to 30% is due to stray light and 11 to 23% is due to
dark rate (see SL and dark rate (%) values in Table 2.1). The rest can be either fluorescence
of the lens induced by the excitation light reflected by the aluminium or fluorescence of any
impurity in the sample (which is unlikely, since it is plasma cleaned). The light yield due
to stray light or fluorescence of the lens are expected to be higher for an aluminium sample

than for an acrylic sample, since aluminium reflects the excitation light better.

Most of the light detected in the measurements of the sample holder and of the empty flange
is stray light or dark rate, as shown by the SL and dark rate (%) values. The total signal yield
of their measurements done without filtering the excitation light is very low (not shown in
the table). The total signal yield is consistent (within errors) with zero after the subtraction
of the VUV filtered signal for 130 nm light and at the level of 0.01% of the photon yield of
TPB for 160 nm light. This means that background fluorescence from possible contamination
in the chamber is negligible. That is, there is no other significant source of background in
the setup in addition to stray light and the possible low-level fluorescence of the lens, which

are expected sources of backgrounds, as discussed in Subsection 2.3.2.

In the VUV filtered measurements of acrylic with the filter in front of the PMT, the signal
was similar to the dark rate. That means that the amount of stray light that goes through the
filter in these measurements is negligible. The VUV filtered measurements of PTFE (with

acrylic filter) corresponded to 48% of the total amount of light detected in the measurements
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of PTFE excited with 160 nm. Therefore, also with filter, there is a non-negligible amount
of stray light being detected by the PMT when measuring PTFE. This is expected, since the
amount of reflected stray light depends on the reflectance of the sample and PTFE is highly

reflective.

2.3.6 Data analysis and discussion

2.3.6.1 Spectrometer measurements

The emission spectra of TPB, PTFE and RPT acrylic excited with 160 nm light were back-
ground subtracted and the spectrum of TPB was corrected for the response of the spectrom-

eter. The average spectra are shown in Figure 2.10.
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FI1GURE 2.10: Emission spectra of the TPB, PTFE, and RPT acrylic measured with 160 nm
excitation light at an incident angle of 39.5°. The error bars (shown in gray) come from the
uncertainty of the response function of the spectrometer.

To better evaluate whether a low-level of fluorescence was detected, the distribution of the
intensities of the spectrum of RPT acrylic from 300 nm to 600 nm were plotted in a histogram
and compared to the distribution of the intensities of the spectrum of TPB from 650 nm to
950nm (above the wavelengths emitted by TPB, where no fluorescence is expected). This

comparison is shown in Figure 2.11.
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FIGURE 2.11: 1D Histograms: Distribution of the intensities of the spectrum of TPB from
650 nm to 950 nm (left) and RPT from 300 nm to 600 nm (right).

The shapes of the distributions are very similar and their mean values agree within one
sigma. Therefore, no fluorescence response significantly above the noise was detected from

the RPT acrylic. The same is true for the PTFE sample.

The signal to noise ratio is approximately 1%, which allows to set a limit on the light
yield of PTFE and RPT acrylic relative to TPB, assuming that these samples emit light at
roughly the same wavelength range of the emission from TPB. If they emit light at shorter
wavelengths, the limit is weakened, since the spectrometer is less sensitive, as shown in

Figure 2.6. If they emit light between 500 nm to 600 nm, the limits are below 1%.

2.3.6.2 Wavelength-integrated measurements

The PMT rate of a sample excited with a certain wavelength was determined by averaging the
rates from the 10 individual measurements and correcting it for the dead time of the counter.
The uncertainty on the rate is given by the statistical and systematic errors. The statistical

error is the standard deviation of the 10 measurements. As described in Subsection 2.3.3.1,

Lamp

syst and due to

the measurement has a systematic error due to the stability of the lamp, o

the stability of the PMT, o[ .

The sample rate is then background subtracted: For the first set of measurements (without

acrylic filter), the rate of the VUV filtered measurement was subtracted; For the second set
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of measurements (with acrylic filter), the rate of the dark measurement was subtracted, since

VUV filtered measurements could only be done for part of the excitation wavelength range.

After these corrections, the mean rates of the measurements of the plastic samples were
divided by the mean rate of the TPB sample* measured at the same angle and with the
same excitation wavelength. The errors are propagated and the ratios result in the relative
photon yield. Note that the term ”photon yield” of a sample will be often used throughout
this thesis an does not imply that the measured samples fluoresce, but rather mean the
amount of light detected while measuring them. The relative photon yield for the first set of

measurements (without acrylic filter) and their errors (2 standard deviations) are shown in

Table 2.2.
RPT acrylic 0.1504 + 0.0302 0.0839 + 0.0112
RPT acrylic (rough) 0.1769 + 0.0353 0.0867 + 0.0099
RPT acrylic (with bond ) 0.0120 + 0.0300 0.0118 + 0.0100
Spartech acrylic 0.0942 + 0.0313 0.0475+ 0.0122
Spartech acrylic (rough) 0.1373 + 0.0458 0.0660 + 0.0105
Spartech acrylic (with bond) 0.0427 + 0.0529 0.0452 + 0.0148
SNO acrylic 0.0065 + 0.0416 0.0047 + 0.0106
sandpaper used in DEAP 0.0001 + 0.0013 0.0000 + 0.0001

TABLE 2.2: Relative photon yield of acrylic from different batches and/or surfaces, and of

the sandpaper. All the samples were excited with 130 and 160 nm light under an incidence

angle of 39.5°. Values are relative to the fluorescence yield of TPB measured in the same
conditions.

By subtracting the rate of the VUV filtered from the rate of the sample measurements, the
sample rate was corrected for both stray light and dark measurement. Therefore, the non zero
values of the photon yield of smooth and rough RPT and Spartech acrylics either indicate
that they fluoresce or indicate that the lens fluoresces when excited with light reflected by

the samples, as discussed in Subsection 2.3.5.

The acrylic samples with bond and the SNO acrylic presented very low photon yield, consis-
tent with zero within errors. This could be either due to their different geometry (described
in Section 2.2) which led to uncertainties in their positioning in the sample holder or because
they fluoresce less than the other acrylic samples. The sandpaper also did not yield any

light, which proves that it does not fluoresce. Note that the sandpaper is black and may

4Sample 1 was used for the first set of measurements and sample 2 for the second. The efficiency of the
samples were roughly the same.
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not reflect enough light to induce fluorescence of the lens. These samples, which presented
low photon yield, were not further measured. Furthermore, the limits on the WLSE of the
acrylic samples with bond and the SNO acrylic will not be presented together with the final

results, since there is an uncertainty on the positioning.

In the second set of measurements, the excitation wavelength range was extended to 300 nm,
an acrylic filter was used to absorb the reflected excitation light (and most of the stray
light), the acrylic samples were plasma cleaned, and PTFE was also measured. At excitation
wavelengths above 180 nm, it is not possible to assess the level of stray light with the VUV
filtered measurements. Therefore, the photon yield was corrected only for the dark measure-
ment. The relative photon yield and its dependence on excitation wavelength is shown in

Figure 2.12.

o
T

[ Angle of incidence: 39.5 ° Angle of incidence: 12.5 ©

N
o

[ *PTFE

[ & RPT acrylic

r 4% RPT acrylic (rough}

[~ = Spartech acrylic

[ o Spartech acrylic (rough)
glass

no

aluminium

Photon yield relative to TPB [%)]
I

i o = e I L
140 160 180 200 220 240 260 280 300 140 160 180 200 220 240 260 280 300
Excitation wavelength [nm] Excitation wavelength [nm]

FIGURE 2.12: Photon yield vs. excitation wavelength of plastics and reference samples
(see legend) relative to TPB at different angles of incidence: 39.5° on the left and 12.5°
on the right. The two-standard-deviation error bars on the relative photon yield include
the statistical and systematic errors. The error bars of the excitation wavelengths are the
standard deviation of the gaussian fits of the distribution of excitation light.

The wavelength dependence may be mostly due to the dependence of the sensitivity on the

wavelength, since the measurements are most sensitive® at wavelengths around 160 nm (the

"That is, the greatest signal to noise ratio when measuring a fluorescent sample, such as TPB.
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highest intensity of the lamp). Furthermore, the sensitivity depends on the transmittance
of the acrylic filter and on the reflectance of the sample, both of which are wavelength-
dependent. Samples that are more reflective (such as PTFE) reflect more excitation light
and more stray light, which can either induce the fluorescence of the lens or be transmitted by
the filter and be detected. The latter seems to be the case for 280 nm and 300 nm excitation
light, since the filter presents a small bump in its transmittance around these wavelengths,

as shown in Figure 1.11.

These bumps in the transmittance of acrylic at approximately 260 nm to 320 nm seem to
be common for UVA acrylic’. Two possible explanations are: i) acrylic has two separated
absorption bands in the UV due to unsaturated systems [97] and the bump appears in between
these bands; or ii) acrylic fluoresces at a low-level when excited with light between 260 nm
to 320nm. In the second case, the bump would appear because the UV-VIS spectrometer
(used to measure the transmittance of the filter) would detect the fluorescence light instead

of the excitation light and interpret it as less absorbance to this excitation wavelength.

Even though the wavelength dependence may be mostly related to the sensitivity at different
wavelengths, the wavelength dependence of the WLSE of TPB and of the possible fluorescence
of the samples may also play a role. Note that the photon yield of the glass sample decreases
at 280 nm and 300 nm while the photon yield of the acrylic samples increases. Also note that
the glass may also fluoresce and its cleaning process was not so rigorous like the one for the

other samples (see Section 2.2 for more details).

To better observe the angle dependence of each measurement between 130 nm and 250 nm and
the differences between the rough and smooth samples, the relative photon yield measured
at both angles were plotted together in this wavelength range and separated by sample.
This is shown in Figure 2.13 for PTFE and in Figure 2.14 for acrylic. The measurements of
aluminium at both angles are shown in Figure 2.13. Since these measurements agree within

errors, only one measurement of aluminium is shown in the other figures.

As evidenced by these figures, the angle dependence of the relative photon yield is minor: The

relative photon yield of acrylic measured at different angles are mostly consistent within errors

5 1 contacted some manufactures, whose datasheets of UVA acrylic also showed these bumps in the trans-
mittance, and none of them could explain the reason for the bumps.
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FI1GURE 2.13: Photon yield of PTFE relative to TPB. Lines and shaded area are shown to
guide the eyes through the measured data points and error bars.
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FIGURE 2.14: Photon yield of RPT and Spartech acrylic relative to TPB for different

excitation wavelengths and angles of incidence (see legend). In a) the RPT acrylic before

(BPC) and after plasma cleaning are shown, in b) the RPT acrylic after plasma cleaning and

sanding, in c) the Spartech acrylic before (BPC) and after plasma cleaning are shown and

in d) the Spartech acrylic after plasma cleaning and sanding are shown. In all the figures,

the measurement of aluminium at 39.5° is shown. Lines and shaded area are shown to guide
the eyes through the measured data points and error bars.
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as well as the photon yield of PTFE measured with the most intense excitation wavelengths
(150nm to 170nm). The slight disagreement for some excitation wavelengths can be either
due to the angle dependence of reflected light, which is most relevant for PTFE, or due to

differences in the angular distribution of light emitted by the samples.

Together with the measurements of the smooth acrylic sample, the measurements of the
smooth samples of the first set of measurements (before plasma cleaning) are shown in
Figure 2.14. Note that the acrylic samples yield less light after plasma cleaning. This could
be due to fluorescent surface contamination, such as oils, present on the samples before
cleaning. The photon yield of the aluminium sample, for instance, was 5 times higher before
plasma cleaning (not shown in the figure). One concern about plasma cleaning is that it could
damage the organic bonds of PMMA (or of the potentially fluorescent substance present in
it) due to energetic-particle and/or VUV-photon impact. However, we did not observe less
light yield from the samples irradiated for a long time in comparison to a new sample. That
is, VUV did not seem to degrade the samples. Furthermore, if the organic bonds were
superficially damaged, the sanding of the sample would eliminate this surface and expose a

non degraded surface to the excitation light.

Figure 2.14 shows that the rough samples presented higher photon yield. This increase could
be due to: i) effects coming from the different path of excitation light after reaching the
surface, which could, for instance, result in more reflected stray and excitation light; ii)
less angle-dependence of the light emission distribution; or iii) due to the aforementioned
resurfacing, which removes any possibly degraded surface. Note that fluorescence of residue

from the sandpaper as a cause of the enhanced photon yield has already been excluded.

2.3.7 Results: Upper limits on the wavelength shifting of acrylic and
PTFE relative to TPB

The spectrometer did not detect any fluorescence emission from acrylic or PTFE within its
sensitivity, which is of 1% in the wavelength range of light emitted by TPB. Therefore, any

fluorescence signal at this range must be below the 1% level.
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The measurements with the PMT have a better signal to noise ratio, since the PMT integrates
the signal over a range of wavelengths. The noise (dark rate) to signal ratio” is approximately
7 x 1075 for 160 nm excitation light (and a bit higher for other wavelengths). The light yield®
of the aluminium reference sample relative to TPB varies from 1 x 1074 to 5 x 107, showing
that the low-level background fluorescence and stray light in the setup are only slightly above
the dark rate. However, the photon yield of the plastic samples are roughly in the same order
of magnitude. Thus, it is not possible to decouple the low-level background fluorescence and

stray light in the setup from the possible low-level of light emitted by the plastics.

Therefore, the relative photon yield and their uncertainty are used to derive upper limits on
the WLSE of these plastics relative to TPB. The 95%-confidence-level limits are the sum of
the mean relative photon yield and the 2 standard deviations, which include statistical and
systematic errors. These results are shown in Figure 2.15 against the excitation wavelength

(from 130nm to 250 nm).
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FiGURE 2.15: 95% CL upper limit on the wavelength shifting efficiency of PTFE, RPT

acrylic, and Spartech acrylic relative to TPB for different excitation wavelengths. Also

shown are the limits based on the photon yield of RPT and Spartech acrylics before plasma
cleaning (BPC). Lines are shown to guide the eyes through the measured data points.

The upper limits on the fluorescence of acrylic were calculated using the photon yield of the

rough samples. These results lead to more conservative limits, since the fluorescence light

"That is, dark rate divided by the light yield of TPB excited with 160 nm light.
8For excitation wavelengths from 130 nm to 250 nm.
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emitted by the rough samples should be less dependent on the angle? and if the sample was
degraded after plasma cleaning, a new surface was exposed to the VUV light after sanding.
Even though the relative photon yield of RPT acrylic before plasma cleaning would lead
to a slightly higher limit than the ones presented in Figure 2.15, they were not taken into
account, since its higher photon yield could be due to superficial contaminations, which are

not present in the AV of DEAP, since the AV was resurfaced (sanded).

The upper limits presented here refer to the wavelength shifting efficiency (WLSE) as de-
fined!® in [54], which is dependent on the thickness of the WLS. The thickness-dependent

WLSE of TPB can be found in [54, 55].

These results are valid for an emission spectrum similar to the one of TPB. If this is not
the case, the results must be corrected for the wavelength-dependent sensitivity of the setup,
shown in Figure 1.11. This correction was not done, because no emission spectrum of PTFE

or acrylic was detected by the spectrometer.

The limits on the WLSE of acrylic for 280 nm and 300 nm excitation wavelengths were one
or two orders of magnitude higher than the limits for the wavelength range shown here. This
is mainly because the setup is not sensitive to these wavelengths (due to the intensity of the
lamp and transmittance of the filter). Therefore, the response of acrylic and PTFE to UV
light of wavelengths higher than 250 nm will be investigated with the setups of Section 2.4

and Chapter 3.

2.3.8 Conclusion

The photoluminescence response of acrylic and PTFE to VUV light was tested at the level

of 1073 of the wavelength shifting efficiency of the TPB reference sample.

9The dependence of the relative photon yield on the angle and wavelength were more thoroughly discussed
in the previous section.

10T his definition is different from the intrinsic quantum efficiency, since it does do not take absorption and
surface effects into account.
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These results set stringent limits on the wavelength shifting efficiency of these plastics when
excited by UV light from 130 nm to 250 nm and for an emission spectrum similar to the spec-
trum of TPB. The limiting factors of the sensitivity were i) stray light from the monochro-
mator and ii) fluorescence of the optical lens, induced by excitation light reflected by the
samples. It was also shown that the cleaning procedure of the plastics may play an important

role in the level of photoluminescence.

The next step is to cross-check if these limits remain the same at LAr and LXe temperatures.
Measurements at low temperatures and with a UV LED were done for this reason. They are

described in Chapter 3.
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2.4 Measurements of acrylic with UV light above 190 nm

2.4.1 Setup

The Cary Eclipse Fluorescence Spectrophotometer, shown in Figure 2.16, was used to mea-

sure the response of acrylic to UV light from 190 nm to 380 nm.

ol wavalength rwage ‘goatop-lash method of raking &
Photmsemsitie samples are PN measuroment. The waveiergth
doss ot change whie 8

FIGURE 2.16: Cary Eclipse Fluorescence Spectrophotometer

In this setup, the samples are excited with a selected wavelength of light from a xenon lamp
and the spectrum of the light emitted by the sample is measured by a photodetector. The

setup has room light immunity and the recorded spectrum is already corrected for it.

This device is more sensitive than the VUV setup at these wavelengths because the intensity

of the xenon lamp is higher than the intensity of the deuterium lamp in this range.

Another motivation for using this setup was the fact that some collaborators from DEAP
measured the fluorescence of the acrylic samples with this setup. They suggested that flu-
orescence light from acrylic was observed for excitation light below 230 nm. These results

were cross-checked.

2.4.2 Procedures

Similarly to the measurements done with the VUV setup, the light yield of acrylic is compared

to the fluorescence of TPB. To allow for the direct comparison, the conditions for all the
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measurements should be the same. The voltage of the photodetector was always 600 V!,
but the widths of the excitation (exc.) and emission (em.) slits varied for each sample, in
order to increase the sensitivity for the samples that yield less light. Therefore, the relation
between slit width and light yield is investigated in Subsection 2.4.2.2. Different excitation
and emission filters - that is, filters that are placed before and after the slits - were also used

for each measurement. Their effect on the light yield is characterized in Subsection 2.4.2.1.

The samples were placed inside the spectrophotometer in two different ways: ”front face”

(as shown in Figure 2.17) and "back face”. Figure 2.18 shows these configurations.

FIGURE 2.17: Cylindrical acrylic sample placed inside the Cary Eclipse Fluorescence Spec-
trophotometer.

B it slit
B oyt slit

45°

FIGURE 2.18: Scheme of two possible positioning of the samples: Front face is shown on
the left and back face is shown on the right.

All the acrylic and reference samples listed in Section 2.2 were measured with this setup.
The incidence angle was approximately 40°. The angle and the position of the the sample

could not be very precisely controlled, since the sample did not fit inside the sample holder.

At higher voltages, the photodetector saturated when measuring TPB.
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As it will be shown later, this is not the main source of uncertainty. Thus, no improvements

were made to mitigate this problem.

Before starting the measurements of acrylic and TPB, some reference samples were measured
in order to understand the sources of stray light and background fluorescence in the setup.

This investigation is discussed in the next subsection.

2.4.2.1 Stray light and background fluorescence investigation

In Subsection 2.3.2, I discussed how monochromators transmit a low level of light outside
the selected bandwidth. The measurements with the VUV setup showed that this stray light
can limit the sensitivity of the setup at some excitation wavelengths. To absorb most of the

stray light, excitation filters can be used between the light source and excitation slit.

In order to characterize the stray light and sensitivity of the Cary Eclipse spectrophotometer,
I measured the glass and aluminium samples described in Section 2.2 with and without
exc. filter. The emission spectra of these samples excited with 260 nm light are shown in
Figure 2.19. The spectrum of a standard xenon flash lamp is also shown for comparison.
Both spectra without exc. filter are similar to the spectrum of the xenon lamp. This indicates

that stray light is present in measurements without excitation filter.

The spectrum of the glass sample measured with excitation filter shows that there is some
fluorescence from the glass in addition to stray light. This fluorescence extends from 360 nm
to 680 nm and will be used to determine the relation between detected light and slit width
in Subsection 2.4.2.2. The spectrum of the aluminium reference sample measured with filter
shows that most of stray light is absorbed by the excitation filter, which absorbs light above

395 nm. The light detected in the measurement without filter is thus only stray light.

In order to investigate the effect of the filters on the measurements, I divided the measure-

ments into four excitation and emission wavelength ranges, using different sets of filters:

e Excitation wavelengths from 250 nm to 380 nm and emission spectrum from 430nm
to 680 nm. The measurements in this range were done using an exc. filter with high

transmittance from 250nm to 395 nm and an emission filter from 430 nm to 1100 nm.
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FiGUrE 2.19: Top: Fluorescence emission spectra of a glass sample excited with 260 nm

light, using 5-5nm slit width. The measurement with exc. filter (250-395nm) is shown

by the dotted gray line and without filter is shown in solid gray. The dashed purple line

shows the spectrum of a xenon flash lamp. Bottom: Fluorescence emission spectra (with

and without filter) of a plasma cleaned aluminium sample for an excitation wavelength of
260 nm and 5-5nm slits.

e Excitation wavelengths from 250 nm to 380 nm and emission spectrum from 390 nm to
680 nm. Same exc. filter of the previous range, but with an emission filter from 360 nm

to 1100 nm. These measurements are referred as Em. filter 2.

e Excitation wavelengths from 190 nm to 240 nm and emission spectrum from 360 nm to
680 nm. For this excitation range, no excitation filter was available and the emission
filter with transmittance in the range 360 nm to 1100 nm was used. These measurements

are referred as no exc. filter.
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e Excitation wavelengths from 250 nm to 300 nm and emission spectrum from 360 nm
to 480nm. Neither excitation nor emission filters were used and the excitation and
emission wavelength range were therefore constrained by stray light and second order

peaks These measurements are referred as no filters.

A common acrylic sample and the aluminium reference were measured using these 4 different
ranges. The results are shown in Figure 2.20 and Figure 2.21. The emission spectrum for

each excitation wavelength is shown in a different color.
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F1GURE 2.20: Fluorescence spectra of a stock acrylic sample for different filters and exci-

tation/emission wavelength ranges. Upper left: These measurements were done with the

250-395 nm exc. filter and the 430-1100 nm em. filter. The exc. and the em. slits were both

20nm open. Upper right: no exc. filter and the 360nm to 1100 nm emission filter. Slits

5-2.5nm. Bottom left: 250-395nm exc. filter and 360 nm to 1100 nm emission filter. Slits
20-10 nm. Bottom right: no filters. Slits 5-5nm

Figure 2.20 and Figure 2.21 show that the spectra of the same sample vary for different sets
of filters and the spectra of aluminium and acrylic are similar for a given set of filters. This
indicates that the filters autofluoresce. Therefore, the light detected in the measurements

with filters (left plots) may be due to the fluorescence of the filters induced by the excitation
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FIGURE 2.21: Measurements of the plasma cleaned aluminium sample. Upper left: These

measurements were done with the 250-395 nm exc. filter and the 430-1100 nm emission filter.

The exc. and the em. slits were both 10 nm open. upper right: no exc. filter and the 360 nm

to 1100 nm emission filter. Slits 1.5-1.5nm. Bottom left: 250-395 nm exc. filter and 360 nm
to 1100 nm emission filter. Slits 10-5nm. Bottom right: no filters. Slits 1.5-1.5 nm.

light (directly or reflected by the sample) and light detected in the measurements without

exc. filters (plots on the right) are mostly stray light.

Note that the slits of the measurements shown in Figure 2.20 and Figure 2.21 were wide open
(in comparison to the results shown in Figure 2.19) and that the intensities are not equivalent
in the plots, since the slit width varies. By setting the slits to be wide open, we expect the
detector to be more sensitive to the fluorescence light of the samples. However, mostly stray
light or autofluorescence of the filters is detected. This means that if acrylic fluoresces,
this fluorescence might be at the level or lower than the stray light of the monochromators
and autofluorescence of the filters used in the Cary Eclipse spectrophotometer. The spectra

shown in Subsection 2.4.3.1 also support this assertion.
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2.4.2.2 Relation between slit width and light yield

In order to compare the light detected in the acrylic measurements to the fluorescence yield
of TPB, the relation between the slit width and the light yield must be understood, since the
slits were more open in the measurements of acrylic. This relation should be roughly linear.
That is, increasing the size of one slit should equally increase the amount of light reaching
the sample or reaching the detector. This does not seem to be the case for the Cary Eclipse
spectrophotometer. Figure 2.22 shows that the increase of the signal from fluorescence is

much higher than the increase of the slit width.
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FIGURE 2.22: Emission spectra of the TPB reference sample excited with 260 nm light.

Measurements were done with different exc. and em. slit widths (see legend), an exc. filter

transmissive from 250 nm to 395 nm and an emission filter transmissive from 360 to 1100 nm.
The photodetector saturated for the largest slit width.

The relation between slit width and light yield can be measured with TPB only for small slit
widths, since the photodetector saturates for larger slits. To determine the relation between
slit width and light yield for larger slits, the low-level background fluorescence from the glass
sample was used. This relation is shown in the inset of Figure 2.23. It was not possible to
determine the relation for larger slit widths because the signal saturates. A linear relation
for larger slit widths will be thus assumed and this assumption will be the most relevant

uncertainty in these measurements.
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FIGURE 2.23: Fluorescence spectra of a glass plate excited with 260 nm light. Measurements
were done with different exc. and em. slit widths (see legend), an exc. filter transmissive
from 250 nm to 395 nm and an emission filter transmissive from 360 to 1100 nm.

2.4.3 Data analysis and discussion

2.4.3.1 Fluorescence emission spectra

I compared the measurements done with the Cary Eclipse at TUM to the ones done by other
DEAP collaborators at Queen’s University. The measurements of the Spartech acrylic done
at TUM with excitation wavelengths from 200 nm to 300 nm and without excitation filters are
shown in Figure 2.24. The emission spectra measured with different excitation wavelengths
are shown in different colors. Also shown are the measurements of the aluminium reference

sample and the spectrum of a standard xenon lamp.

Both TUM and Queen’s measurements (not shown here) evidence that the Cary Eclipse
spectrophotometer detects a high signal when set to its most sensitive setting (wide open
slits from 5nm to 20nm and voltage medium or high). The high-intensity spectra of the
acrylic sample is very similar to the one of the aluminium reference sample. This shows that
the detected light is not coming from the fluorescence of the acrylic sample. The spectra
reproduce very well the spectrum of a xenon lamp, which indicates that the signal is stray

light, as investigated in Subsection 2.4.2.1.

Figure 2.25 shows the spectra of the Spartech and RPT acrylics measured using the front

face configuration, without excitation filter and with excitation light from 200 nm to 300 nm.
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FIGURE 2.24: Fluorescence measurements of the Spartech acrylic sample for excitation

wavelengths from 200nm to 300 nm. These measurements were done using the back face

position. Also shown are the measurements of an Aluminium plate and the spectrum of a
xenon lamp.

In these spectra, a broad peak appears for excitation wavelengths above 250 nm (blue). This
peak, unlike the others, cannot be explained by stray light (see the spectrum of the xenon
lamp) and was not present in the spectrum of aluminium. However, this peak did not
appear in the back face measurements, even though acrylic is transparent above 390 nm.
This disappearance could be due to less light collection after changing the position of the

sample. All the following spectra shown here were measured in the front face configuration.

Figure 2.26 shows the spectra of RPT acrylic measured with different filters. The peak that
appears in the upper left plot at approximately 445 nm does not appear in the measurements
of the bottom left plot, which were done with another emission filter. Therefore, this peak
is not from the fluorescence of the sample and might be related to the filter. The peak
observed in the bottom left plot may also be related to the filter, since it also appears in the

measurements of glass and aluminium done with the same filter.

The peak shown in the bottom right plot, at around 395 nm, is not explained by stray light
(see xenon flash lamp spectrum in the same plot). This peak does not appear in the spectra
of glass and aluminium and is the same observed in Figure 2.25. The wavelength range of this
peak is partially in the sensitive region of DEAP. The peak only appears for some excitation

wavelengths (the highest intensity occurs when the sample is excited with approximately



o8

2 1000
= = Aluminium SPARTECH
_‘G_‘J 800 = Exc. Wavelength{nm)
= E - xenon lamp 00
— 800 —
E —210
E 220
700 — o3
= i — 240
600 — H — 250
E i 260
500 — ik 270 K
E i . —280 i
400 — W —200 : i
E to—a300 |
300 — ‘-.-_\_3191‘_‘ e !
200 £
100 —
a —
_gv 1000 — —
77 = Aluminium RPT
QCJ 900 — ... - xenon Iamp Exc. Wavelength{nm)
b= = 200
—  B00F— —210
= —220
700 — —230
= — 240
600 — — 250
= 260
= 270 |
500 =— L
= R 15 ;
400 — S B A {
300 X
200 [ " B Y RS
= = B i PN U e /
100 _ S
— T e e e gl = e U :
= - : e ot e e _ e
n oo e ey by Py T n B e T
gzo 340 360 380 400 420 440 460 480 500 520

Emission wavelength (nm)

FiGURE 2.25: Upper plot: Front face fluorescence measurements of Spartech acrylic for

excitation wavelengths from 200 nm to 310 nm (without filters). Bottom: Fluorescence mea-

surements of RPT acrylic using the same settings described above. Also shown in both plots
are the measurements of an Aluminium sample and the spectrum of a xenon lamp.

280 nm light). The other peak observed in the same plot, at approximately 430 nm, partially
appears in the measurements of aluminium. This peaks is also observed in the spectrum of
the xenon lamp, as shown in Figure 2.28, and in the spectra of the sandpaper, as shown in

Figure 2.27. Therefore, it is not coming from the fluorescence of the acrylic sample.

The fluorescence measurements of the Spartech acrylic sample are shown in Figure 2.28 and
are very similar to the measurements of RPT acrylic. The results of the samples with bond

and the SNO acrylic sample are also very similar and are not shown here.

The measurements the rough RPT sample are shown in Figure 2.29. They slightly differ
from the previous results of smooth RPT and Spartech (Figure 2.26 and Figure 2.28). The
shape of the peaks of the measurements with filters seem to be distorted and the peak of

the measurement without filters almost disappeared, being much smaller than the peak at
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to 1100 nm emission filter. Slits 2.5-2.5nm. Bottom left:250-395 nm exc. filter and 360 nm

to 1100 nm emission filter. Slits 20-10nm. Bottom right: no filters. Slits 10-5nm.
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F1GURE 2.28: Fluorescence emission spectra of a Spartech acrylic sample measured with

different filters and excitation/emission wavelength ranges. Upper left: These measurements

were done with the 250-395 nm exc. filter and the 430-1100 nm em. filter. The exc. and the

em. slits were both 20 nm open. Upper right: no exc. filter and the 360 nm to 1100 nm em.

filter. Slits 2.5-2.5nm. Bottom left: 250-395 nm exc. filter and 360 nm to 1100 nm emission
filter. Slits 20-10nm. Bottom right: no filters. Slits 10-5 nm

approximately 425 nm. The intensity of this peak for the rough Spartech also decreased, as
shown in Figure 2.30. This difference could be due to the fluorescence of some superficial

contamination which was decreased by the process of sanding.

In general, the measurements without excitation filter (upper right plots) showed that the
sensitivity of the Cary Eclipse spectrophotometer is strongly constrained by stray light for
measurements with excitation wavelength below 250 nm, for which there are no excitation

filters.

The fluorescence emission spectra of the TPB reference sample are shown in Figure 2.31 and
Figure 2.32. Figure 2.32 shows the spectra taken without exc. filter, which are noisy due
to stray light. The spectra of Figure 2.31 show that if there is any fluorescence from the

filters, its level is very low, compared to the fluorescence of TPB, since none of the peaks
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FI1GURE 2.29: Fluorescence emission spectra of the rough RPT acrylic sample measured with

different filters and excitation/emission wavelength ranges. Upper left: These measurements

were done with the 250-395nm exc. filter and the 430-1100 nm em. filter. The exc. slit

was 20nm open and the em. slit was 10nm open. Upper right: no exc. filter and 360 nm

to 1100 nm em. filter. Slits 2.5-2.5nm . Bottom left: 250-395 nm exc. filter and 360 nm to
1100 nm emission filter. Slits 10-10nm. Bottom right: no filters. Slits 10-5 nm

that appeared in the previous measurements with filters has appeared in the measurement

of TPB. Note that the slits are only 2.5 nm open for the measurements of TPB.

2.4.3.2 Relative photon yield

The relative photon yield is calculated for each excitation wavelength by dividing the inte-
grated spectrum obtained in the measurements of acrylic by the integrated emission spectrum
of TPB. Here, again, relative photon yield means the relative amount of light detected in the
measurements. The spectra were integrated from 390 nm to 680 nm, which is the region of
interest of these measurements (based on the sensitivity of the photodetection system used
in DEAP). In order to avoid the integration of the peaks attributed to the fluorescence of
the filters, the range of integration of the spectra from acrylic was divided in two: From

390 nm to 490 nm, the spectrum measured without filters was integrated; from 490 nm to
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F1GURE 2.30: Fluorescence emission spectra of the rough Spartech acrylic sample measured
with different filters and excitation/emission wavelength ranges. Upper left: These measure-
ments were done with the 250-395 nm exc. filter and the 430-1100nm em. filter. The exc.
slit was 20 nm open and the em. slit was 10 nm open. Upper right: no exc. filter and 360 nm
to 1100 nm emission filter. Slits 2.5-2.5nm open. Bottom left: 250-395nm exc. filter and
360nm to 1100 nm emission filter. Slits 10-10 nm. Bottom right: no filters. Slits 10-5 nm.
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FIGURE 2.31: Fluorescence spectra of TPB (sample 1) for the excitation wavelengths from
250nm to 350 nm. These measurements were done with an exc. filter 250-395nm and an
emission filter of range 360 nm to 1100 nm. Both slits were 2.5 nm open.



63

= s00] .
@ - TPB - no exc. filter
E 700; Agyo(nm)
oL —190
o - 200
400 210
300; —220
100 E | A 240

400 450 500 550 60 650
Em. Wavelength (nm)

FIGURE 2.32: Fluorescence spectra of a TPB (sample 1) for the excitation wavelengths
from 190 nm to 240 nm. These measurements were done without any exc. filter and with an
emission filter of range 360 nm to 1100 nm. Both slits were 2.5 nm open.

680 nm, the spectra measured with the 360 nm to 1100 nm exc. filter were integrated. Note
that the measurements without filters were not done for wavelengths above 490 nm because
of second order peaks. Following the integration, the values were corrected for the slit width,

as explained Subsection 2.4.2.2. The results are shown in the next subsection.

2.4.4 Results

The relative photon yield is shown in Figure 2.33. No error bars were calculated, since the
uncertainty in the extrapolation of the relation between slit width and light yield could not be
assessed, as described in Subsection 2.4.2.2. These results are not limits on the fluorescence
of acrylic relative to TPB. They are rather an estimate of the sensitivity of the Cary Eclipse
spectrophotometer to low-level fluorescence and an estimate of at which level the light yield
of acrylic was tested. All the estimated values for excitation light from 230 nm to 360 nm are
below 1.2% and most of them are below 0.4%. In addition to the uncertainty in the relation
between slit width and light yield, other sources of uncertainties in these measurements were:
the geometry, as described in Subsection 2.4.2, possible fluorescence of the filters, and stray

light.
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FiGURE 2.33: Estimates of the level at which the fluorescence of acrylic was tested relative
to the fluorescence yield of TPB.

No clear fluorescence emitted by acrylic was measured. The only peak, among the noise,
which could not be explained by either stray light or fluorescence of the filters, was the broad
385 nm peak shown in Figure 2.25. This peak was observed only in the emission spectra of
the acrylic samples and not in the spectra of the glass and aluminium reference samples. The
excitation wavelengths for which this peak presents the highest intensity also matches the
ones for which the measurements with the VUV setup presented the highest values. More
measurements with a different setup and at low temperature were therefore done. They are

described in the next chapter.



Chapter 3

Fluorescence response of acrylic
(PMMA) to UV light at

temperatures from 300 K to 4 K.

The main objective of these measurements is to set limits on the efficiency at which acrylic,

compared to TPB, shifts UV light to the visible range when cooled to LAr temperature.

These measurements also aim to determine whether the wavelength shifting efficiency of the
acrylic sample is dependent on the temperature. In case the acrylic sample fluoresces, its re-
emission could increase at lower temperatures, since thermal non-radiative transitions would
be suppressed. To better assess the dependence on temperature, the response of acrylic and

TPB were measured down to 4 K.

These measurements were done with an optical cryostat at Queen’s University as a joint

effort from DEAP collaborators to characterize the fluorescence of acrylic.

3.1 Setup

The idea of this setup is to cool down the samples to temperatures between room temperature

and 4K, excite them with UV light at a number of specific temperatures, and observe the

65
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FiGURE 3.1: Schematic of the setup. Only the external chamber of the cryostat is shown,
with the PMTs coupled to the large windows and the LED-filter set coupled to the shutter
on the side. See text for details.

possible fluorescence response with a photodetector. A schematic of the setup is shown in

Figure 3.1.

The samples are cooled inside a closed-cycle cryostat (shown in Figure 3.2), which is composed
of three nested chambers that are cooled by a helium compressor. The inside of the cryostat
can be viewed from four sides through fused silica windows, which have nominal transmission
above 90% between 200nm to 1000nm [98]. Two photodetectors view the inside of the
cryostat from opposite sides. They are R6095 bialkali and super bialkali Hamamatsu PMTs.
A 280nm LED from Roithner Lasertechnik GmbH, together with a bandpass filter, are
attached to a third window. An LED-filter holder was made to steadily attach the LED and

filter to a shutter, an then to the cryostat, as shown in Figure 3.1.

To place the samples inside the cryostat and ensure that the geometry (the position of the
sample relative to the light source and PMTs) is always the same for both acrylic and refer-
ence samples, a sample holder was used. This sample holder was designed to fit the samples

inside the cryostat, while minimizing how much the samples would have to be machined. A
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FIGURE 3.2: Left: Front view of the optical cryostat inside the glove box (Figure from [99]).
Right: View of the large window and shutter on the side.

TPB sample placed in the sample holder inside the 4 K chamber is shown in Figure 3.3. The
sample holder is at 8° from the axis of the LED and is open at the back part of the sample.
Therefore, fluorescence light emitted in the visible region can be seen by both PMTs, as

shown in Figure 3.1.

Fi1cUre 3.3: Front and side view of the sample and sample holder inside the 4 K chamber.

The spectral response of the bialkali PMT (PMT-2 in the schematic) is from 300 nm to 650 nm
[100], which is similar to the ones used in DEAP. The spectral response of the super bialkali
PMT (PMT-1 in the schematic) may be similar!. Yet, an acrylic filter was placed in front of
this PMT (inside a sleeve) to filter out possible reflected 280 nm light. The transmittance of
the acrylic filter was measured with a UV-Vis Perkin Elmer spectrophotometer and is shown
in Figure 3.4. Even though the filter presents a bump in the transmittance at approximately

270 nm, it filters out most of the 280 nm light. The PMT-1 covers approximately 8% of the

The datasheet of this PMT was not found.
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solid angle and the PMT-2 covers slightly more, since there is no filter between the window

and the PMT.
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FIGURE 3.4: Transmittance of the acrylic filter coupled to the PMT-1.

The light output of the LED peaks at 280 nm, but it also presents a visible broad component.
To filter out this component, a 280 nm bandpass filter from Edmund Optics with a FWHM
of approximately 10nm and transmittance above 50% at 280nm was used. The LED was
used in a pulsing mode. For this purpose, a pulser based on the circuit of reference [101] was
used. This pulser has a nominal rise time and pulse width of only a few ns. The LED pulser
is fed with DC voltage and an AC square signal from an Agilent function generator. This
pulse also triggers the data aquisition (DAQ), as shown in Figure 3.1. The outputs of both
PMTs are read by a PXI digitizer from National Instruments. A LabView program is used

to read the data and set the time length of an event and its trigger conditions.

3.2 Procedures

The samples were placed in the sample holder inside the cryostat, at an angle of incidence
of 82°. Then, we closed the cryostat and turned the vacuum pump on. After the pressure
in the cryostat reached 10-°mbar, the compressor, the PMT and the voltage output of the
LED were turned on. We set the temperature in the cryostat with a temperature controller.
Measurements started after the target temperature was reached and was stable within +0.5 K.

The samples were measured at these temperatures (K): 300, 250, 210, 163 (LXe), 120, 100,
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87 (LAr), 77, 50, 20, 10, 6, 4. At the time a measurement started, the PMT and LED were
already on for at least 2 hours. As an investigation of the stability of the setup (mainly of
the LED), measurements at RT (290 K to 300 K) were done at the beginning and at the end

of the measurements.

To allow for direct comparison between the acrylic and the reference, the settings of the
pulsed LED, PMT and DAQ were the same for all the measurements. The PMTs operated
in photon-counting mode with a voltage of 1250 V, provided by a CAEN N1470 high voltage
power supply. The DC voltage of the LED pulser was 16.3V and the AC square signals
were generated with a frequency of 50 Hz and a peak to peak amplitude of 3V. The data
acquisition was triggered synchronous to the LED by a square function. A pretrigger of 10%
of the event window was used. Each event was recorded for 10 ps and 45000 to 112500 events
were recorded at each temperature. Both the reduced data (calculated by the online analysis
of the LabView software) and the raw traces were saved for an offline analysis. The pulse
finding threshold of the online analysis was set as 4 standard deviations above the average
baseline. This threshold is less than 6% of the average amplitude of a single photoelectron

pulse (see Section B.1 for details).

After the LED was turned on, it was kept on all the time until all the measurements were
finished. The degradation of the sample due to exposure to UV light is negligible, since the
frequency of the LED is 50 Hz and the pulse time is less than 5ns. The measurement of each

sample took approximately 5 days.

To investigate whether the setup was light-tight, the measurements of the dark rate of the
PMTs were done inside a dark box and were then compared to the measurements of the
PMTs in the setup with the LED off. The rates in both configurations were similar, proving

that no ambient light was reaching the PMTs.

To ensure that the PMT was operating in photon-counting mode and that the pulse finder
of the online analysis was identifying and integrating the pulses correctly, we did some tests
with a pulsed visible LED and with the UV LED pulsing light on TPB at a low voltage.
These tests are described in Appendix B, Section B.1. The spectrum of the pulses detected

by the super bialkali PMT in these measurements is shown in Figure 3.5.
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F1GURE 3.5: Single-photoelectron spectrum of the super bialkali R6095 Hamamatsu PMT
when measuring fluorescence from TPB excited with single-photon pulsed UV light. Also
shown are the gaussian fit and the spectrum obtained with pulsing a visible LED in single-
photon mode.
The single-photoelectron peak obtained after removing the noise was fitted with a gaussian,
with a mean at 13.99 (integrated ADC counts), which is the charge value equivalent to one

photoelectron. The single-photoelectron spectrum obtained with the visible LED is also

shown for comparison.

The measured samples are described below.

3.2.1 Samples

A disc of the RPT acrylic (described in Section 2.2) was cut? and then sanded with the same
sandpaper used in DEAP (see Section 2.2 for more details). After sanding, the sample was

sonicated in isopropanol, sonicated in distilled water, and dried with a nitrogen gun.

The TPB reference sample was newly vacuum evaporated on a sanded piece of acrylic. Its
thickness was approximately 0.4 pm, which was measured with a profilometer. Its fluores-
cence emission spectrum was measured with the Cary Eclipse spectrophotometer described
in Subsection 2.4.1. The spectra measured with excitation light from 250 nm to 355 nm are

shown in Figure 3.6, together with the spectra of the TPB reference from Section 2.3, which

2with a machine that does not use oils and without touching the front surface of the sample.
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consisted of a 1.2pm TPB layer vacuum evaporated on glass. The integrals of the spec-
tra measured with 280 nm excitation light are compared. The comparison showed that the
WLSE of the new sample is 78+8% of that of the old sample. The uncertainty comes from

the dependence of the WLSE on the angle of incidence.
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FIGURE 3.6: Fluorescence emission spectra of TPB evaporated on glass (ref. sample of
Section 2.3), and of TPB evaporated on sanded acrylic. The spectra were measured with
excitation light from 250 nm to 355 nm.

3.3 Data analysis

As in the previous chapter, the goal is to compare the light intensity detected from the acrylic
to that detected from the TPB sample. The light intensity is determined by summing the
charge of the pulses detected by the PMT-1 within a short (or long) window around the time
the LED is fired. The charge sum is normalized to the number of LED flashes and corrected

for the acceptance of cuts, before the comparison between samples.

The online analysis implemented in the DAQ LabView software calculates the charge integral
of each pulse of an event. First, it calculates the mean value of the baseline in each event
(using the 10% pretrigger fraction) and its standard deviation. Then, it sums the amplitudes
of samples that are 4 standard deviations above the mean baseline and corrects it for the
baseline. In order to ensure that the analysis threshold is the same for all the measurements,
the standard deviation of the baseline must be roughly constant. These values were analyzed

and they vary less than 2%.
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Within 4 standard deviations, one sample of the baseline in each 30000 will be above the
threshold. Since the sample time is 0.4 ns/sample, a minimum pulse width of 2ns is used
to cut single samples that are above threshold. This is also used to cut the baseline noise

generated by the pulser, which is described in the next subsection.

3.3.1 Baseline noise investigation

The pulser electronic is part of the same circuit board that provided the bias voltage to the
PMT. Pulsing the UV LED was found to introduce noise to the baseline of the signal from
the PMT that was not there when the pulser was turned off. As an investigation of this
noise, measurements were taken with the same geometry as show in Figure 3.1, but with the
shutter closed. In this configuration, photons from the LED could not reach the PMT, and
only the additional electronics noise on the baseline was recorded. A trace of the noise is

shown in Figure 3.7.
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FicUure 3.7: Trace of the baseline noise produced when the UV LED is pulsed and the
shutter is closed. The points in magenta show the samples above the pulse finding threshold.
The other points show the samples that additionally pass minimum pulse width cuts.

The amplitude of the electronic noise induced by the pulser is above the pulse finding thresh-
old. The pulse finder of the online analysis therefore cannot distinguish between the noise
and a pulse. This noise is thus cut in an offline analysis. Figure 3.7 suggests that most of
the noise can be cut by requiring a pulse to have a minimum width of 2ns, if the noise has

always the same shape. This was further investigated and is shown in Figure 3.8. In this
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figure, we see that: i) the baseline noise is constant, that is, its shape does not change for
different runs; and ii) the noise that survives the pulse width cut (>=2ns) has an average
amplitude only slightly above the pulse finding threshold, which is approximately 400 ADC.
Therefore, the mean amplitude of this noise summed to 4 standard deviations will be used
as an extra threshold cut: To be considered a pulse, the maximum amplitude of the pulse
must be higher than this new threshold value. The leakage of this cut, that is, noise being

considered as a pulse is less than 0.01%.
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FIGURE 3.8: Left: 2D histogram of the baseline noise traces (amplitude vs. time) for 15000
events taken from 3 noise runs. Right: 2D histogram of the noise that survives the pulse
width cut (>=2ns).

The acceptance of the cut was calculated by analyzing the data taken using the pulsed
visible LED. The noise in this data is almost negligible, since the voltage necessary to pulse
the visible LED is much lower (approximately 4.5V). By applying this maximum amplitude
threshold cut to the data, the total charge integral decreased by only 0.16%, that is, the

acceptance of the cut is 99.84%.

Furthermore, the noise does not contribute significantly to the integrated charge of the pulses,
since the noise with higher amplitude happens before the fluorescence pulses and the noise
that happens in the time window of the pulses averages out to zero. More details on how

the cuts affect the data are given in Appendix B, Section B.2.
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3.3.2 Integration window

The recorded time of each event was 10 s and the LED was fired 1 s after the beginning of
the event. The pulse arrival time distributions from TPB and RPT acrylic measured at 300 K
are show in Figure 3.9. These distributions do not significantly change with temperature.
Therefore the data at 300K is taken as a representative sample (see Section B.2 for more
details). The distributions are shown before (in magenta) and after applying the cuts (in

gray or black). Note that the distributions measured for RPT before cuts are mostly baseline
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FI1GURE 3.9: Arrival time distributions of the pulses detected in the measurements of TPB

(45000 events) and RPT acrylic (112500 events) at 300 K. All the pulses identified by the

pulse finder of the online analysis are shown in magenta. In gray, only the ones that pass

the cuts are shown. In black (overlaying the one in gray) are the pulses that pass the cuts

and are within the integration window (50 ns after pretrigger for TPB and the entire window
after the pretrigger for RPT).

More than 98% of the pulses from TPB arrive in the first 50ns after the pretrigger time3.

3Pretrigger time was considered to be 1.07 ps, since no pulse arrives before that.
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This is shown by the black line in the upper plot of Figure 3.9. The decay time of the
fluorescence emission by TPB is a few nanoseconds [102]. However, there is also evidence of
long-lived states of TPB, which lead to a low-intensity tail toward longer times (of the order
of microseconds) [103]. Therefore, pulses that arrive later could be delayed photons from
TPB (in addition to afterpulsing and a few dark counts). It is, however, unclear whether
280 nm light is able to induce the delayed florescence of TPB. Reference [103] states that the
delayed component might be related to the ionization of TPB by VUV light, and says that
the ionization potential of TPB is not known. To better understand the decay components of
TPB, an average pulse of TPB measured at 87 K was fit from 1 s to 5 ps with two exponential
functions: one with a short decay constant and one with a longer constant. This is shown in

Figure 3.10.
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FIGURE 3.10: Average pulse (average intensity of light detected vs. time) of TPB fit by
two exponential functions. Fit parameters are described in Appendix B.

More details on the rise time of the pulser and the afterpulsing of the PMT would be necessary
to decouple the decay constants of TPB from the features of the PMT and LED pulser.
Therefore, the light yield by TPB will be integrated only for the first 50 ns after the pretrigger

time, since it leads to more conservative limits on the relative photon yield.

Figure 3.9 shows that most of the pulses from the measurements of RPT acrylic are detected
right after the pretrigger time. The decay time of the possible fluorescence light emitted by
acrylic should be of the order of nanoseconds, given that acrylic has been reported to fluoresce
and not phosphoresce. The late pulses can be either dark counts or afterpulsing. To obtain

the light detected in the measurements of acrylic, the time window will be integrated for
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both 50ns and approximately 9 ps after the pretrigger time. For all the measurements, the

1 ps pretrigger window will be used to measure the dark counts.

3.3.3 Relative photon yield

The pulses that passed all the cuts and occurred within the integration window were inte-
grated. The distribution of the integrated ADC counts for the TPB sample measured at
different temperatures is shown in Figure 3.11. The average of the distribution is at approx-
imately 100 integrated ADC counts, which represents an average of 7 photoelectrons per
event. Figure 3.12 shows the 87 K TPB data from Figure 3.11 (normalized for the number of
events) together with the corresponding data for the RPT acrylic sample. In the measure-
ments of acrylic only approximately 10% of the events have a pulse, and most pulses are of

single photoelectron size.
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F1cUrE 3.11: Integrated ADC counts of the measurements of TPB. Each histogram shows
the integrals of 45000 events measured at a different temperature.

The number of dark counts expected for each integration window (50 ns for TPB and 9 ns for
RPT) is low (the dark rate is approximately 100 Hz). It represents less than 1% of the light
detected in the measurements of acrylic and is close to zero in the measurements of TPB.

Therefore, the measured charge integrals will not be corrected for the dark rate.
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FIGURE 3.12: Integrated ADC counts (after cuts) per event of: TPB (integration time of
50ns) and RPT acrylic (integration time of 9 us) measured at 87 K. Also shown are the dark
counts during the measurements of TPB and RPT (scaled for the same integration times).

Figure 3.13 shows the average pulses of TPB and RPT acrylic at 4 different temperatures.
The average pulses show how much light intensity is observed on average as a function of time.
For the RPT sample, the typical light intensity at all times increases slightly toward lower
temperatures. To better observe this increase, the average pulse at 300 K was subtracted
from the average pulses at lower temperatures (210 K, 87 K and 4 K). The residuals are shown
in Figure 3.14. The residual values above 1.2 us (approximately 150 ns after pretrigger time)
are statistical fluctuations. The inset shows that the increase of the light intensity at lower

temperatures happens in the first hundred nanoseconds.

In order to determine the statistical uncertainty on the photon yield of the sample?, the
number of events was divided into 10 sets of measurements. The mean of each set of mea-
surements was calculated and the uncertainty on the mean photon yield is the standard
deviation of the 10 values. To assess the systematic uncertainty from the instability of the
LED, measurements at RT were done at the beginning and at the end (5 days later) of one
cryostat run. These measurements agree within one standard deviation (see more details in

Section B.2). Therefore, no systematic error will be derived from the instability of the LED

“The term ”photon yield” of a sample is used here in the same way it was used in the previous chapter:
It does not imply that the measured samples fluoresce, but rather mean the amount of light detected while
measuring them.
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or of the setup. The light detected in the measurements of RPT acrylic at different temper-
atures is shown in Figure 3.15. The increase of the light intensity toward lower temperatures

is again evidenced.
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FIGURE 3.15: Photon yield of RPT acrylic (integration window of 50ns) vs. temperature.
The error bars show one sigma statistical uncertainty.

The mean values of photon yield are corrected for the acceptance of the maximum amplitude
threshold cut and divided by the mean photon yield of TPB measured at the same temper-
ature. The statistic errors are propagated. The photon yield in the measurements of RPT
acrylic for integration times of 50 ns and 9 ps relative to the photon yield of TPB are shown

in Figure 3.16.

To compare the relative photon yield at RT measured with this setup to the values previously
measured with the VUV fluorescence setup (Section 2.3, Figure 2.12), the efficiency of the
TPB sample used in these measurements was corrected for the efficiency of the TPB sample
measured before (as described in Subsection 3.2.1). The errors on the correction were propa-
gated and the resulting relative photon yield of the RPT acrylic rough sample at RT is 1.1232
+ 0.1207. The relative photon yield of the same sample previously measured at RT and with
280 nm excitation light was 0.4984 + 0.0682. Since the surface of the sample is rough, the
dependence on the angle of incidence is not strong (as also shown in Figure 2.12). Therefore,
it is possible to compare the values of photon yield of acrylic in both measurements, and the
value measured previously can be used to constrain the photon yield of RPT measured at

RT with the setup of this chapter.
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FIGURE 3.16: Photon yield of RPT acrylic relative to the photon yield of TPB [%] versus

temperature. The values calculated by integrating the entire window are shown in magenta

and the ones for the 50 ns window in green. Lines and shaded area are shown to guide the
eyes through the measured data points and error bars.

The difference between the values of the previous chapter and the current one might be
due to stray/reflected light and background fluorescence, since most of the light seen at RT
with this setup might be: i) the visible component of the LED that is not absorbed by the
bandpass filter; ii) reflected 280 nm light that is not absorbed by the acrylic filter; and
iii) background fluorescence of the 6 windows that are in between the LED and the PMT.
Therefore, the difference between the values of relative photon yield at RT can be accounted
for this background. The relative photon yield of RPT after correcting for this background
is shown in Figure 3.17. The error bars include the statistic error of the measurements of
both RPT and TPB, and the uncertainties on the correction of TPB’s efficiency and on the

background correction.

This background correction does not account for all the sources of background light described
here. It only accounts for the background light that is in excess of the light observed in the
previous measurement. Since the background fluorescence and stray light levels of this setup
have not yet been well characterized and their level seem to be above the level of fluorescence
expected from the sample, it is not possible to decouple the background light of the setup
from the possible low-level of light emitted by acrylic. Therefore, the relative photon yield

shown in Figure 3.17 and the two sigma uncertainty will be used to derive upper limits on the

®Measurements done by other collaborators from DEAP with the same setup showed that the bandpass
filter (which was from the same manufacturer of the bandpass filter used in these measurements) did not fully
eliminate the visible component of the LED.
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FIGURE 3.17: Photon yield of RPT acrylic relative to TPB [%] versus temperature (after

corrections, see text for details). The values calculated by integrating the entire window are

shown in magenta and the ones for the 50 ns window in green. Lines and shaded area are
shown to guide the eyes through the measured data points and error bars.

WLSE of RPT acrylic relative to TPB. Although the relative photon yield calculated for the
long integration window (9ps) might include afterpulsing and dark counts, these values will
be used to set the limits, since they include possible delayed fluorescence and are therefore

more conservative. The limits are shown in the next section.

3.4 Results

Figure 3.18 shows the 95%CL upper limit on the WLSE of RPT acrylic relative to that of

TPB for excitation with 280 nm light and at temperatures from 4K to 300 K.

The limits on the WLSE increase toward lower temperatures because the light detected in the
measurements of RPT acrylic increases toward lower temperatures, as shown in Figure 3.15.
The same trend (increasing photon yield at low temperatures) was observed in the measure-
ments after the compressor was turned off and while he cryostat was warming up (decreasing
of photon yield at higher temperatures). The 95%CL limit on fluorescence of acrylic at LAr
temperature is 0.99% of the fluorescence yield by TPB. These limits are valid for 280 nm
excitation light and for an emission spectrum similar to the one of TPB, as described in Sub-

section 2.3.7. If the emission spectrum of TPB changes at lower temperatures, as described
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FIGURE 3.18: 95%CL upper limits on the wavelength shifting efficiency of RPT acrylic
relative to TPB at different temperatures and excited with 280 nm light. See text for details.

in [104], the efficiency with which the PMT detects the light emitted by TPB can slightly
change. Since the light detected in the measurements of TPB at different temperatures is
constant within 3%, this did not seem to affect the measurements. Furthermore, the limits
are directly comparable to the light yield in DEAP, since the spectral response of the PMT
in DEAP (together with the acrylic vessel and light guides) is similar to the one of the PMT

with the acrylic filter used in this setup.

3.5 Conclusion and discussion

The fluorescence of the RPT acrylic used in the acrylic cryostat of DEAP was tested at LAr
temperature. At the sensivity of the setup, no photoluminescence from the acrylic sample
was detected and a limit was therefore set on its wavelength shifting efficiency relative to that
of TPB. When comparing the RT results presented in this chapter to the ones described in
Section 2.3, we see that the VUV setup had better sensitivity at RT, although the intensity
of the deuterium lamp was low at 280 nm. The lower sensitivity of the optical cryostat for
these measurements could be attributed to stray light and the possible fluorescence of the

windows of the cryostat. The level of stray light is determined by the ratio between the
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transmitted visible light and the intensity of the selected wavelength (280nm). This ratio
seems to be higher for the LED with the bandpass filter than for the deuterium lamp with
the monochromator. Background fluorescence of this setup was also probably higher than
in the VUV setup, since the optical cryostat has a total of 6 windows between the LED
and the PMT. Despite this, these measurements allowed limits on the WLSE of acrylic at
LAr temperature to be set at a level better than 1% relative to TPB, and to measure the

dependence of the WLSE of the RPT acrylic on the temperature, between 300 K and 4 K.

The WLSE of RPT acrylic seems to be related to the temperature, since the light detected
increased at lower temperatures. This effect cannot be attributed to stray light or the
fluorescence of the outer windows of the cryostat, since the LED and the outer chamber of
the cryostat are always at RT. Another explanation for this increase could be the fluorescence
of the window of the inner chamber, which is at the same temperature of the sample. A
measurement of the empty cryostat, to check for this possibility, has been planned, but has

not yet been accomplished due to time constraints.

As a continuation of the work of this thesis, time-resolved measurements of PTFE with
the optical cryostat have been suggested and the VUV setup at TUM will be upgraded to
cool down the samples to liquid nitrogen temperature, so that the wavelength range of the

measurements at low temperature can be extended to the VUV.



Chapter 4

Relative wavelength shifting
efficiency of polyethylene

naphthalate

Polyethylene naphthalate (PEN) is a polymer with scintillating and wavelength shifting prop-
erties. Its scintillation yield was reported by [105] as comparable to the photon yield of or-
ganic scintillators. The current increasing interest of the scientific community in this plastic
is not only because of its high scintillation yield, but also due to its emission in the visible
(blue) spectral region, good mechanical properties, low radioactivity [106], easy availability

and low cost compared to other scintillators and WLSs [105].

PEN has been proposed by [61] as a self-vetoing material to be used in the GERDA experi-
ment and has been investigated, during the work done for this thesis, as a substitute of the
wavelength shifter TPB in future LAr-based detectors. This investigation was done together

with the other authors of [107], as a continuity of the work started by one of the authors.

PEN absorbs UV light and it is mostly transparent to visible light [108]. Its photolumines-
cence response to UV light was measured by [109] and [108]. The first reference showed that
while the shape of the emission spectrum of PEN does not significantly change, its wavelength

shifting efficiency increases at low temperatures (measured down to 93K). Reference [108]

84
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showed that the wavelength shifting efficiency of PEN (similarly to its absorption) increased

at lower excitation wavelengths (measured down to 50 nm).

The increase in the WLSE of PEN at low temperatures and when excited with VUV light,
together with its high scintillation photon yield, indicates that its efficiency in shifting 128 nm
photons to the blue spectral region at LAr temperature might be high. However, none of
the aforementioned references reported the absolute values of its WLSE or QE. That is, it is

not yet known how efficient PEN is, compared to other well established WLSs.

Therefore, measurements of the WLSE of PEN relative to TPB were done with the setup
described in Subsection 2.3.1. TPB is a suitable reference for these measurements because it
is widely used as wavelength shifter in LAr-based experiments [8, 41, 50-53] - which allows
for direct efficiency comparison - and its WLSE and QE are described in the literature

54, 110, 111].

Since the PEN sample is a plastic film and TPB is a powder, a rough PEN sample was
measured in order to obtain relative WLSE results that depend less on possible differences
in the angular distributions of light emitted by TPB and PEN. The samples are described

in more details in the next section.

4.1 Samples

e TPB: A 1.2+0.2 pm layer of TPB vacuum evaporated on glass. See Section 2.2 for more

details.

e PEN: A 125um thick film of PEN type Teonex R Q83, produced by Teijin DuPont
Films. The sample was sonicated in isopropanol, then it was dried with a nitrogen
gun, sonicated in distilled water and dried with a nitrogen gun again. For better
comparison to the TPB sample evaporated on glass, the same type of glass was used
behind the PEN sample during the measurements. The glass was sonicated in acetone,

dried with a nitrogen gun, sonicated in isopropanol, and dried with a nitrogen gun.

e PEN rough: The same sample of PEN was sanded, cleaned again using the procedures

used for the smooth sample and measured again (also with a glass plate).
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4.2 Procedures and data analysis

The procedures are similar to the ones described in Subsection 2.3.4. The measurements were
done under two angles of incidence (39.5° and 12.5°), and with the excitation wavelengths:
120nm, 130 nm, 150 nm, 160 nm, 170 nm, 190 nm, 210 nm, 230 nm, 250 nm and 250 nm. The
measurements were done with both photodetection assemblies of Subsection 2.3.1: The PMT
with the acrylic filter was used for the wavelength-integrated measurement, and the Ocean
Optics spectrometer was used for the wavelength-resolved measurement. Since the photon
yield of PEN is much higher than that of the plastic samples from the previous chapters, the
spectrometer can be used, in addition to the PMT, to obtain the photon yield of the sample

relative to TPB.

In the wavelength-integrated measurements, the emission of both PEN and TPB are mea-
sured with the PMT and then compared: The relative photon yield and its uncertainty are
obtained for each excitation wavelength as described in Subsection 2.3.6.2. These values are
then corrected for the spectral response of the photodetection assembly. This correction is
minor (approximately 1%), since the spectral response of the light detector (with filter) is
mostly flat above 380nm and the emission spectrum of PEN is very similar to the one of

TPB.

In the wavelength-resolved measurement, the spectra of PEN and TPB are measured with
the spectrometer. First, the spectra are corrected for the wavelength-dependent response
of the spectrometer assembly. Then, the spectrum of PEN is integrated and divided by
the integrated spectrum of TPB. This is done for each excitation wavelength. The error
bars in the relative photon yield come from the uncertainty of the response function of the
spectrometer and from the relation between signal to noise, which is strongly dependent on

the excitation wavelength.

In both measurements, the error bars on the excitation wavelength are the standard deviation

of the gaussian fits of the distribution of excitation light, as described in Subsection 2.3.3.3.
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4.3 Results and discussion

The spectra of PEN and TPB excited with 160 nm light are shown in Figure 4.1. The spectra
measured with 130 nm excitation light are similar, but are not shown here, since the best
signal is obtained with 160 nm excitation light (where the intensity of the deuterium lamp

peaks).
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FIGURE 4.1: Fluorescence emission spectra of TPB and PEN (scaled to the same amplitude)
excited with 160 nm light. The error bars come from the uncertainty of the response function
of the spectrometer

The photon yield of the rough and the smooth PEN samples, measured with the PMT and
with the spectrometer, is shown in Figure 4.2 relative to TPB for excitation wavelengths from
120 nm to 250 nm. The wavelength-integrated photon yields (A) agree within errors with the
values measured under the same angle of incidence with the spectrometer (O) at almost all
excitation wavelengths. The agreement is better for the excitation wavelengths from 150 nm
to 170 nm, where the spectrometer is most sensitive. In this region, the photon yield of PEN
rough (shown in blue) measured at different angles also agree within errors. The same does
not happen for PEN smooth (shown in gray), which may indicate its dependence on the

angle of the measurement.

The rough sample seems to yield more light than the smooth one, since its relative photon

yield was higher for both angles of incidence, as shown in Figure 4.3.
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to TPB and measured with: the PMT (A), and with the spectrometer at 39.5° (m) and at
12.5° (). The 2-standard-deviations error bars include statistical and systematic errors.
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FIGURE 4.3: Photon yield of PEN (rough and smooth) relative to TPB measured under
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The observed increase in the photon yield of the rough sample can be attributed to: i) an
asymmetry in the direction of light emitted (forward/backward), since only one surface was
sanded and the sample was not optically coupled to the substrate; ii) the difference between
the angular distributions of light emitted by PEN and TPB (in this case, the angle measured
might have been unfavorable for collecting light emitted by PEN smooth); and/or iii) the
removal of a thin degraded layer by the process of sanding the film. The last is especially
important when exciting the sample with VUV, since VUV does not penetrate deep in the
sample and a slightly degraded layer could be enough to significantly decrease the wavelength

shifting efficiency of the film.

Note that the error bars of the wavelength-integrated photon yield (A) are smaller. This is
because its signal to noise ratio is better than that of the wavelength-resolved ones. There-
fore, the wavelength-integrated results will be used to infer the WLSE of PEN relative to
TPB. The photon yield of PEN rough (smooth) excited with 130 nm light was 50.42+2.12%
(33.06+0.45%) of the photon yield of TPB.

For the results presented in [107], the relative photon yield presented here was conservatively
corrected for the measurements of PEN relative to TPB done with an integrating sphere.
This correction was done in order not to overestimate the relative WLSE of PEN due to the
possible forward/backward asymmetry aforementioned or due to differences in the angular
distribution of light emitted by TPB and by PEN. This correction is described in detail in
[107] and lowers the values of relative photon yield of PEN presented here by 15% (for the

smooth sample) and by 45% (for the rough sample).

4.4 Conclusion

The wavelength shifting of a PEN film relative to TPB was investigated and its emission

spectrum was measured with VUV excitation light.

The photon yield of the samples after sanding was higher than before sanding, reaching
over 50% of the fluorescence yield of TPB when excited with 130nm light. In addition
to the angle dependence of the light emitted by the smooth sample, a possible asymmetry

in the forward and backward emission of light by the rough sample, and the removal of a
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degraded layer by sanding were considered as possible causes of the increase in the photon
yield. Therefore, pristine samples (preferably from different manufacturers and types) of
PEN should be investigated and their exposure to UV light should be controlled, since PEN

has been reported to degrade [112].

In order to mitigate possible angle dependence of the measurements due to differences in the
angular distributions of the fluorescence emitted by TPB and PEN, the next measurements
should be done either with an integrating sphere or at a few more angles, systematically
investigating the effects. It is also necessary to test the dependence of the WLSE of PEN on
film thickness and test it at LAr temperature, since its efficiency is reported to increase by

approx. 30% at low temperatures [109].

The efficiency of TPB does not seem to increase at lower temperatures (as shown in Sub-
section 3.3.3). Therefore, if the increase in the efficiency of PEN at low temperatures is
confirmed, and the efficiency of pristine PEN at RT reaches the value of 50% (or higher)
of the photon yield of TPB (as measured for the rough samples), PEN can be considered a
strong candidate in substituting TPB in future large-scale LAr-based experiments, such as

DUNE [31].



Chapter 5

Simulation of a setup for in-situ
attenuation length measurements of

LAr scintillation photons

In order to guarantee high efficiency of light detection in a scintillator, it is necessary to know
well - and if necessary optimize - its optical properties, especially the transparency of the
target to its scintillation photons. The characterization and simulation of a setup to measure

the transparency of liquid argon to its photons is the focus of this chapter.

5.1 Attenuation length: overview and literature

The attenuation length is defined as the distance at which the probability that a particle
has not been absorbed in a certain material has dropped to 1/e. In this case, the particles
are the scintillation photons from LAr and the medium is also LAr. The dependence of the
intensity of the particles on the distance for a certain material and energy is described by

the Equation 5.1.

-d
I =Iy.eXat (5.1)
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where Ij is the initial intensity, d is the distance traveled in the material and A,y is the

attenuation length.

The transparency of liquid argon to its own scintillation photons has been measured by
several experiments. The authors of [44] measured the attenuation length of the scintillation
photons in liquid argon and obtained the value of 66+3 cm. The value found by [43] in the
ArDM detector was 50 cm. Reference [45] set a lower limit of 110cm on the attenuation

length of the scintillation from pure liquid argon.

The values reported in the literature disagree, because the attenuation length of LAr depends
on the amount of impurities present in the measured sample. Liquid argon itself does not
absorb its own scintillation light. However, impurities such as nitrogen, oxygen, methane
and xenon absorb the VUV photons from the scintillation of LAr [113][43]. Therefore, the
attenuation length in a certain sample of liquid argon gives information about its contami-
nation level. Since the contamination level is not only dependent on the source of the LAr,
but also on the environment where it is applied, the measurements of attenuation length
should be ideally done in-situ. Measurements of the attenuation length of LAr photons in

the GERDA experiment were done and a value of 12.35 cm was found [114].

The setup described here aims to measure the attenuation length of the scintillation photons

from liquid argon in the TUM LAr test stand using a triggered source.

5.2 TUM Liquid Argon Test Stand

The TUM LAr Test Stand is located at an underground laboratory, which is at a depth of
10 m.w.e (meters water equivalent) at TUM (Garching-Forschungszentrum). The test stand
is composed of a cryostat, a lock and glove box, as shown in Figure 5.1. The cryostat is
shielded with lead and has a capacity of approximately 800 kg of LAr. A detailed schematic
drawing of the cryostat is shown in Figure 5.2. This test stand is used for the development
and test of the LAr veto used in the GERDA experiment [53]. The possible deployment of
the attenuation measurement setup in the GERDA experiment is also a motivation for these

measurements and for the development of the setup.



FIGURE 5.1: TUM LAr test stand: In the figure, the lock part inside the glove box and the
upper part of the cryostat below the glove box are shown.
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FIGURE 5.2: Schematic drawing of the cryostat (Figure from [53]). Also shown in the
scheme are the fibers used in the LAr veto in the GERDA Experiment.
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5.3 Selecting a source for attenuation length measurements

in LAr

As the light to be measured in this experiment is the scintillation light from liquid argon, a
source is necessary to induce scintillation of LAr. In this section, radiation sources for the

use in the attenuation length setup are discussed.

Typical radiation sources that can produce excimers in LAr are beta, alpha and gamma
sources. Due to the Cherenkov light produced by most beta emitters, beta sources will not
be investigated here. Alpha sources produce localized light in LAr, since the penetration
depth of alphas is very small. This is an advantage, since localized light production leads to
less uncertainties in the distance between the interaction point (where the scintillation light
was produced) and the detectors. However, using an open source inside the cryostat could
lead to the contamination of the LAr and alpha sources are usually not encapsulated (since

the alphas would be shielded by the encapsulation).

In this context, only an alpha source was investigated, a Po-210 source with rolled foils
manufactured by Eckert & Ziegler. This Po source is called AFR source (alpha source for
research) and is safe against contamination and suitable for high vacuum and low temperature
applications. The projected range! in LAr of the 5304.38keV alphas emitted by the Po
source is approximately 7.3 x 1073 g/cm2 [115]. The penetration depth in LAr is therefore
approximately 52 pm. Any other gamma or alpha emission of Po-210 has a branching ratio

below 0.00112 %.

Another possible source is a gamma emitter. Since medium and high energetic gammas
penetrate deep in liquid argon, only low energetic gamma sources will be investigated. Also,
only sources that produce particles with an attenuation length not longer than the one
of the 59.54keV gamma of Am-241 will be investigated. This energy corresponds to an
attenuation length of 1.53cm in LAr, which is calculated by Equation 5.2, where p, is
the mass attenuation coefficient and p is the density. In Figure 5.3, the mass attenuation

coefficients in LAr for energies from 10 to 100 keV are shown. The data was taken from the

17 average value of the depth to which a charged particle will penetrate in the course of slowing down to
rest. This depth is measured along the initial direction of the particle.” [115]
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NIST website [116] and used in the calculation of the attenuation lengths shown in the same

figure.

Aatt = —— (5.2)
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FIGURE 5.3: Left: Mass attenuation coefficients of photons with Energy from 10 to 100

keV in liquid argon. Data from NIST [116]. Right: Attenuation length of photons with

Energy from 10 to 100keV in liquid argon. The density of LAr used in the calculation of the
attenuation length was 1.3954 g/cm?.

The gamma sources that are investigated here fulfill the following requirements: Emission of
gammas below 60keV with branching ratio (BR) above 5%, no beta emission or other high
energetic gammas (with significant BR) and half-life long enough to do the measurements.
The low energetic gamma sources that fulfill these requirements are Te-125m, Re-186m and
Am-2412. The half-lives, emission energies and branching ratios of these sources are shown

in Table 5.1.

The Te-125m source is the least energetic gamma source from the table and therefore produces
the most localized scintillation light in liquid argon, with an attenuation length of 0.43 cm.
It must be, however, neutron activated. The problem of the neutron activation is that pure

Te-124 is necessary in order to be activated. Tellurium has other isotopes that are beta

Zselected data from the energy-ordered list of principal gamma rays from nuclei whose parent or grand-
parent half-life exceeds 1h [117]
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Te-125m (NA) 57.4d 35.4919 6.67
Re-186m (NA) 200000y 40.35 5.04
Re-186m (NA) 200000y 59.009 17.83

Am-241 4322y 59.5412 35.9

TABLE 5.1: Half-lives, emission energies and branching ratios of low energetic gamma emit-
ters that fulfill the requirements described in this section. Data taken from [117].

emitters, such as Te-128 and Te-130, which are the most abundant ones. Therefore, Te-125m
is not a suitable source. Re-186m can also be obtained with neutron activation. Its main
gamma emission is very similar to the gamma emission of Am-241, which does not need to be
neutron activated and is easily available. Therefore, this source will be further investigated

in the next subsection.

5.3.1 Characterization of the americium source

Am-241 is obtained from Pu-239. Pu-239 is irradiated with neutrons and decays through a
beta decay generating Am-241. This process is done in nuclear reactors and Am-241 sources

are commercially available.

In order to avoid contamination of the LAr in the cryostat by the source, the source was
encapsulated with a thin layer of stainless steel. Its radioactivity was measured before and
after encapsulation with the low background germanium detector, which is very sensitive to
low energies due to its thin entry window. These measurements are described in Section C.1.
The radioactivity of the source was estimated to be 24.28+0.11 kBq and the percentage of

the gammas that are attenuated by the encapsulation is approximately 50%.

5.4 Triggered detection of scintillation light from liquid argon

with an americium source

As shown in the previous section, the attenuation length of the 59.54keV Am-241 gammas
is 1.53 cm in liquid argon. The probability of finding a particle at a certain distance from

the source is described by the Equation 5.3.
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P(d) = e3art (5.3)

—

59.54keV Am-241 gamma (35.9% BR)

26.35keV Am-241 gamma (2.4% BR)
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F1cURE 5.4: Distance from the source versus percentage of Am-241 gammas that have
interacted up to this distance. This is shown for two gamma energies and the average
accounts for the branching ratios.

Therefore, the fraction of gammas that interact with LAr at a certain distance from the
source is 1 — P(d) and is shown in Figure 5.4. This figure shows that the percentage of
gammas from americium that were attenuated in LAr reaches 99.5% at a distance of 8 cm.
In this figure, only the 59.54keV and 26.35keV gammas are shown, because there are no
other gammas emitted with a significant branching ratio (all of them are below 0.2%). The
average fraction of gammas that interact at a certain distance is very close to the fraction of
59.54 keV gammas that interact at this distance. Therefore, I will only consider this gamma

line in the next simulations.

In order to determine the attenuation in LAr, the distance between scintillation production
(gamma interaction) and light detection (distance to the photodetector) must be well known.
Therefore, a constrained active volume will be used. That is, gamma interactions outside

this active volume will not be taken into account and the ones within the active volume will
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trigger the measurement. The possible active volumes, trigger thresholds and photodetectors

are discussed in the next sections.

5.4.1 Detection of scintillation photons from LAr with SiPMs

To detect the scintillation light from LAr, two types of silicon photomultipliers (SiPMs) will
be used: the "trigger” SiPMs and the "far” SiPMs. The trigger SiPMs (two or three) will
be located very close to the source (at a distance from 1cm to 2cm). The SiPMs used
will be the 4th generation of the Hamamatsu VUV-MPPC silicon photodetectors, which are
sensitive to the VUV region and have a quantum efficiency of approximately 14% at 128 nm.
These SiPMs are suitable for cryogenic temperatures and the S13374 series is very radio-pure
compared to other SiPMs. They are available with an active area of 6 mm?, 9 mm? or 36 mm?.

The selected SiPM for these measurements were the S13370 series with a photosensitive area

of 36 mm?.

The far SiPMs will be placed further away from the source (at distances from 4 cm to 38 cm)
in order to measure the attenuation of the LAr scintillation photons. The far SiPMs are
arrays of 9 Ketek SiPMS bonded at the surface of a quartz holder sputtered with aluminium,
as shown in Figure 5.5. As there are a few of them available, each array will be placed
at a distance, so that the scintillation light produced by the source can be simultaneously

detected at different distances.

F1cURE 5.5: SiPM arrays before being attached to the fibers for the GERDA LAr veto.
Each array is composed of 9x9 mm? Ketek SiPMs.

The area of each SiPM is 9mm?, so the SiPM array has a total area of 81 mm?. These arrays

are the same used in the LAr veto in GERDA and they are not sensitive to VUV photons.
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Therefore, a special window coated with TPB must be designed for the use of the SiPM
arrays in the attenuation measurements. The resulting efficiency of these SiPMs in detecting

VUV photons is calculated in Equation 5.4

€tot = QEgipvi(ArpB) X €rpB X Twindow (5.4)

where QEs;py (Arpp) is the quantum efficiency of the SiPM at the emission wavelength of
TPB, erpp is the wavelength shifting efficiency of TPB multiplied by a geometrical factor
and T indow 1S the transmittance of the window. The transmittance of the window was
assumed to be 90% and the wavelength shifting efficiency of TPB assumed to be 100%. As
TPB emits fluorescence light isotropically, I will assume that 50% of the fluorescence photons
go in the direction of the SiPMs. Therefore, erpp is equal to 0.5. The quantum efficiency of

the Ketek SiPMs at the emission wavelength of TPB is 43%, resulting in €, equal to 0.19.

5.4.2 Simulation of the production and detection of scintillation photons

in LAr

A toy Monte Carlo 2D simulation was done in order to verify the feasibility of the attenuation
measurements using an americium triggered source and the SiPMs. The toy simulation
estimates how many photons will be detected by each SiPM at different distances from
the source for the distribution of gamma interactions in LAr shown in Figure 5.4. This

information is necessary in order to determine:

1) The optimal active volume (AV') used to trigger the measurement (as discussed in Sec-

tion 5.4).
2) The optimal distance between the trigger SiPMs and the source.
3) The distances between the far SiPMs and the source.

4) The relation between the attenuation of scintillation photons and the number of detected

photons.

5) The trigger threshold of the trigger SiPMs.
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In this simulation, 100K pseudo-random numbers are produced according to the probability
density function of one gamma emitted by the source to interact with LAr at a distance
d. The distribution of these numbers is shown in the first plot of Figure 5.6. The possible
radiuses of active volumes investigated here were 0.2, 0.3, 0.4 and 0.5cm. The fraction of
gammas that interact within the AV is shown in purple on the first plots of Figure 5.6 to

Figure 5.9 and vary from 0.12 to 0.28.
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FI1GURE 5.6: Left: 100K gammas distributed according to the distance at which they interact
in LAr. The fraction of gammas that interacted in the active volume AV is shown in purple.
The active volume considered here is a hemisphere of radius 0.2cm and centered at the
source. Middle (right): Mean number of photons detected by the trigger (far) SiPM per
gamma that interacted in the AV for the values of LY of 20 and 40 ph/keV. The value of
attenuation length of the scintillation photons in LAr used in the simulation was 20 cm.

In this simulation, these gammas come only from the front part of the source and are dis-
tributed in a semi-circle around it. The distance between the production of scintillation by
the gamma in LAr and detection by the SiPM depends on the interaction distance from
the source and the angle of emission within the semi circle. These distances are taken into
account in the solid angle correction in order to know how many photons reach the SiPM.
The number of scintillation photons produced per keV in LAr is 40, according to [38]. This
number may also be dependent on the sample of LAr, since an increased content of oxygen
leads to less recombination and less light yield. The number found by [114] that best fit the

data was 1600 photons per MeV. In the simulation, two values of light yield in LAr were
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used: 20 and 40 ph/keV. The number of photons that reach the SiPM, N7, per 59.54keV

gamma emitted by the source is calculated by Equation 5.5.

NS = Eyx LY x Qeorr x P(d) (5.5)

where E, is 59.54keV, LY is either 20 or 40 ph/keV, Q¢ is the solid angle correction and
P(d) is the fraction of photons that have not been attenuated while traveling the distance
from the source to the SiPM, as shown in Equation 5.3. The value of 20 cm for the attenuation
length of LAr scintillation photons was assumed and other values will be later investigated.
The solid angle correction was calculated in different ways for the trigger and far SiPMs.
As the trigger SiPMs are very close to the source and have a square shape, the solid angle
correction was given by the ratio of the solid angle of a square plate® divided by 4, as shown

in Equation 5.6.

0O Qs 4arccos™ 11:&25“2 (5.6
corr = Qtot = e . )
oo SiP M sidesize (5.7)

2 x distance

The solid angle correction for the far SiPMs was calculated by dividing the total area of
the SiPMs by the area of the sphere with radius equal to the distance. Note that this
correction leads to a simple estimation and does not take the rectangular shape of the SiPMs
neither their area distribution in the sample holder into account. These factors must be later

considered for better estimations.

After calculating the number of photons that reach the SiPM, the number of photons that

are detected by the SiPM are calculated as shown in Equation 5.8.

NI = NI x €0y (5.8)

3Adapted from ”Solid Angle of a Rectangular Plate” - Richard J. Mathar
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where €4 is the detection efficiency of the SiPMs. ¢, of the trigger SiPMs is simply their
quantum efficiency at 128 nm and €, of the far SiPMs was calculated in Equation 5.4. The
mean number of detected photons by each SiPM (trigger SiPM in magenta and far SiPM
in cyan) at different distances and for the LY of 20 or 40 ph/keV is shown in Figure 5.6 to

Figure 5.9. Each figure shows these numbers for different active volumes (AV').
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FIGURE 5.7: Left: 100K gammas distributed according to the distance at which they interact
in LAr. The fraction of gammas that interacted in the active volume AV is shown in purple.
The active volume considered here is a hemisphere of radius 0.3cm and centered at the
source. Middle (right): Mean number of photons detected by the trigger (far) SiPM per
gamma that interacted in the AV for the values of LY of 20 and 40ph/keV. The value of
attenuation length of the scintillation photons in LAr used in the simulation was 20 cm.

Figure 5.6 to Figure 5.9 show that the mean number of detected photons per gamma that
interacted in the AV does not significantly increase for larger AV's. This indicates that the
AV will not be well defined, since the trigger SiPMs will detect roughly the same number
of photons for interactions happening within 0.5 cm from the source. The active volumes
and the number of photons detected in each SiPM are further investigated in Section C.2.
The closer the trigger SiPM is, the more photons it detects. Therefore, the distance of the
trigger SiPM to the source will be chosen as 1cm. The pile-up probability is low, since
the radioactivity of the source is low and approximately half of the gammas are attenuated
by its steel encapsulation. The rate of the 59.54 keV gammas (main gamma emission) that
exit the front part of the encapsulation of the source was calculated in Section C.1 and is

approximately 2 kHz.
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FIGURE 5.8: Left: 100K gammas distributed according to the distance at which they interact
in LAr. The fraction of gammas that interacted in the active volume AV is shown in purple.
The active volume considered here is a hemisphere of radius 0.4cm and centered at the
source. Middle (right): Mean number of photons detected by the trigger (far) SiPM per
gamma that interacted in the AV for the values of LY of 20 and 40ph/keV. The value of
attenuation length of the scintillation photons in LAr used in the simulation was 20 cm.
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FIGURE 5.9: Left: 100K gammas distributed according to the distance at which they interact
in LAr. The fraction of gammas that interacted in the active volume AV is shown in purple.
The active volume considered here is a hemisphere of radius 0.5cm and centered at the
source. Middle (right): Mean number of photons detected by the trigger (far) SiPM per
gamma that interacted in the AV for the values of LY of 20 and 40ph/keV. The value of
attenuation length of the scintillation photons in LAr used in the simulation was 20 cm.
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Note that the number of detected photons shown in Figure 5.6 to Figure 5.9 is the mean
number for a single SiPM. In order to determine the the trigger threshold, it is necessary to
understand the minimum and maximum number of photons detected by each trigger SiPM.
This investigation is described in Section C.2. The trigger threshold was set as two photons,

that is, the SiPMs should trigger the measurement if both of them detect two photons.

In the plots on the right of Figure 5.6 to Figure 5.9, we see that the number of photons
detected by the far SiPMs is only above one for the array placed at a distance of 4 cm from
the source and for the LY of 40 ph/keV. These results were calculated for an attenuation

length of 20 cm. The results for different attenuation lengths are shown in Figure 5.10.

@ 2r C
E F g .
£ 18 att length LAr: 15cm a att length LAr: 20cm
; 16 -
§ b a Am-241 20ph/keV - Far SiPMs
£ LE \ g Am-241 40ph/keV - Far SiPMs
& r
o b £
g F
e =
3 06 \ C \
RN =L
ME AR 3 N

o2

att length LAr: 40cm att length LAr: 60cm

Nph detected per interacted gamma
o
I

0 5 10 15 20 25 30 35 5 10 15 20 2530 35
Distance between SiPM and the source [cm] Distance between SiPM and the source [cm]

FIGURE 5.10: Mean number of photons detected by the far SiPMs (per gamma that in-

teracted within the AV) at different distances from the source and for different values of

the attenuation length of scintillation photons from LAr. The AV considered here was
0.5 cm(radius).

These estimations show that the mean number of detected photons by the far SiPMs is
always below one for distances above 5cm. Smaller distances were not investigated due to
the complicated angular correction that would be necessary to account for the rectangular

shape of the array which is 7.56 cm long and not fully covered by the SiPMs (less than 14%
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of the area of the array is covered by the SiPMs). Since the arrays are large to be placed
at smaller distances, the use of square SiPMs (instead of small SiPMs distributed in an
array) for the distances between 1 and 4 cm is recommended. The advantage of the SiPM
arrays is that a few of them can be placed at different distances from the source, allowing
for simultaneous detection at different distances. However, their total photodetection area is

small and 1-inch PMTs coated with TPB would detect approximately 5 times more photons.

5.5 Summary

In this chapter, radioactive sources for the use in the attenuation measurements of scintil-
lation photons from LAr were discussed. An americium source was characterized, photode-
tectors and methods were suggested, and a simple simulation was done in order to test the
feasibility of these measurements at the TUM LAr test stand with the available SiPM arrays,

the Hamamatsu VUV SiPMs and a triggered source.

The 2D simulation estimated how many photons will be detected by each SiPM at different
distances from the source. 28.01% of the gammas interact within 0.5 cm from the source and
a mean number of approximately 10 photons are detected per interaction within this volume.
For a trigger SiPM placed 1cm away from the source, a threshold of 2 photons can be set

for an active volume of 0.5 cm radius.

The mean number of photons detected by the far SiPMs is below one for all the cases
considered and distances above 5cm. The use of larger photodetectors could improve this
value. Furthermore, the arrays are large to be placed at smaller distances, thus the use of
single larger square SiPMs, such as the VUV Hamamatsu SiPMs, for the distances between

1 and 4 cm is recommended.

The estimates of this chapter indicate that the attenuation length measurements at the TUM
LAr test stand using the characterized americium source and the suggested photodetectors is

feasible. A more sophisticated simulation for better estimations is suggested in Section C.3.



Chapter 6

Summary and outlook

In this master’s thesis, I investigated the wavelength shifting of scintillation photons from
liquid argon in two contexts. The first one is related to the undesired wavelength shifting of
VUV photons by detector materials that are usually not expected to fluoresce, and whether
this could cause a background in the LAr and LXe-based experiments that use these materials
in their cryostats. The second one is related to the efficiency of a wavelength shifter that has

been proposed as a replacement for TPB in upcoming LAr-based experiments.

The materials investigated in the first context were acrylic and PTFE, focusing on the batches
from DEAP and LUX experiments, respectively. The question as to whether PTFE and
acrylic shift UV light was not only motivated by some phenomena observed in these experi-
ments but also by the extensive literature on the photoluminescence of these materials (both
discussed in Section 1.6). Despite this broad literature, the photoluminescence response of

these plastics to VUV light had not yet been reported!.

The work I present in this thesis is the first investigation of the photoluminescence of PTFE
and acrylic excited with VUV light. The lack of literature for excitation with VUV light
may be due to the difficulty of combining VUV fluorescence setups with high sensitivity to
low levels of fluorescence. In this context and for this master’s thesis, a VUV fluorescence
setup was optimized, its stability was investigated, and its wavelength-resolved photodetector

was calibrated. After these improvements, the sensitivity of the setup achieved the target

'To the best of my knowledge.
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of measuring the photoluminescence response of the plastics at a level better than 1% of
the WLSE of TPB. This value represents the level of fluorescence necessary for acrylic to
create a background event in the DEAP detector. The limits set on the wavelength shifting
efficiency of the acrylics used in DEAP and the PTFE used in LUX, excited with VUV light
at RT, are approximately 0.2% of the WLSE of TPB. The limiting factors of the sensitivity
were thoroughly investigated and were found to be stray light from the monochromator and
fluorescence of the optical lens. It was also found that the cleaning procedure of the materials

may play an important role in their photon yield.

In addition to VUV light, T also investigated whether acrylic shifts UV light of longer
wavelengths. This investigation is relevant because particles traversing acrylic can produce
Cherenkov light and there is evidence that acrylic shifts part of the UV Cherenkov light
to the visible range. The response of acrylic and PTFE to UV light with wavelengths up
to 300nm was investigated and described in Section 2.3. The response of acrylic to UV
light up to 380 nm was investigated and described in Section 2.4. In this section, some evi-
dence that acrylic fluoresces when excited with 280 nm light was presented. This was further

investigated with an optical cryostat at Queen’s University (described in Chapter 3).

With the optical cryostat, the time-resolved fluorescence response of acrylic to UV light was
measured at low temperatures for the first time. The temperatures measured included 87K
(LAr) as well as RT and lower temperatures (down to 4K). A limit below 1% was set on
the WLSE of acrylic, relative to that of TPB, at LAr temperature. The dependence of the
photon yield of acrylic on temperature was measured and an increase of the intensity with
decreasing temperature was observed. In order to exclude sources of background fluorescence
and confirm whether this increase is due to the higher fluorescence yield of acrylic at low
temperatures, further measurements were suggested. Time-resolved measurements of PTFE
with the optical cryostat were also planned and have not yet been accomplished. These
measurements could exclude or confirm the suspects of [87] and were suggested as a follow-

up of the work done together with the other collaborators from Queen’s University.

Regarding the possible causes of fluorescence of acrylic, I raised the question (in Section 1.6)
as to whether the energy calibrations done in DEAP with pulsed LEDs and radioactive

sources could generate color centers in acrylic that would later fluoresce when excited by UV
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light. To answer this question, I started analyzing the data from DEAP before and after
calibrations. This analysis is still ongoing and is therefore not described in detail in this

thesis.

In the context of wavelength shifters for the detection of scintillation photons from LAr, I
measured the WLSE of a polymer (PEN) that has been proposed as a competitive alternative
to TPB in future LAr-based experiments. The spectrum of PEN excited with VUV light and
its WLSE relative to that of TPB were measured. The photon yield of PEN reached 50% of
the photon yield of TPB excited with 130 nm light. Further measurements were suggested in
order to assess the angle dependence of this value and investigate the degradation of PEN, the
dependence of its WLSE on film thickness and temperature, and the variability of the WLSE
for different types and manufacturers. In the context of photon detection of scintillation light
from LAr, the measurement of the attenuation length of the LAr of the TUM LAr Test Stand
was planned. Possible sources and photodetectors for these measurements were considered

and a first feasibility simulation was done.

Although the results of this thesis set stringent limits on the photoluminescence of PTFE
and acrylic at RT, and limits on the WLSE of acrylic at LAr temperature, they do not
fully exclude the possibility as to whether these plastics could cause a background in dark
matter experiments. In order to completely answer this question, the VUV fluorescence
setup at TUM will be upgraded to enable low-temperature measurements of low levels of
photoluminescence (as well as the low-temperature measurements of the WLSE of PEN).
This future work and the results presented in this thesis are especially important for the
development of future rare event search experiments based on liquid scintillators that emit
VUV light [31, 118, 119], and may also be of interest for the background analysis of ongoing
experiments that use acrylic or PTFE surrounding their target, such as DEAP [58], LUX
[64], DarkSide [41], Xenon [65], ArDM [48] and SNO [62]. Furthermore, due to the possible
wavelength shifting of Cherenkov light, they might also be relevant for future experiments

that will use acrylic vessels, such as JUNO [63].
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Appendix to the Chapter 2

A.1 Stability measurements and dead time estimation

Dark rate stability

I measured the dark rate of the PMT 50 times within approximately 2.5 hours. Each 10
measurements were done in a row and their averages are shown in magenta. The error bars

show one standard deviation.
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FIGURE A.1: Blue: Dark rate of the PMT versus amount of time the PMT was on (min).
Magenta: Average of each 10 measurements done in a row and one standard deviation.

Figure A.1 shows that the mean dark rate versus time is stable within approximately +10%
within 2.5 hours. Thus, the PMT does not need to be turned on a long time before starting
109
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the measurements and its warm-up time was defined as one hour. From the spread of mean

values versus time, a systematic error of the dark rate, o2 was derived.

syst?

Lamp stability

In order to investigate the stability and warm-up time of the deuterium lamp, I turned the
PMT on at first and then the lamp 70 minutes later. TPB was used as a reference sample,
since the fiber is positioned in such a way that it only sees light coming from the samples.
The excitation wavelength was 160 nm. The rate of the PMT was measured 50 times within

approximately 2.5 hours, as shown in Figure A.2.
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FicURE A.2: Blue: Rate measured from the measurement of TPB versus amount of time
the lamp was on (min). Magenta: Average of each 10 measurements done in a row and one
standard deviation.

This figure shows that the lamp takes approximately 30 minutes to be warm and stable.

From the spread of mean values versus time, a systematic error of the intensity of the lamp,

Lamp

szst

, was derived. These measurements also show that TPB does not seem to degrade
when exposed to the most intense VUV wavelength (160nm) of the deuterium lamp! for

approximately 2.5 hours.

!The power of the incident light at this wavelength is not known.
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Dead time

The pulses of the PMT and of the constant fraction discriminator (CFD) measured with an
oscilloscope are shown in Figure A.3. The time grid is 200 ns/div. The pulse width of the
PMT is approximately 20 ns and the one of the CFD is approximately 400 ns. Since the rate
of the PMT when measuring TPB goes from a few kHz to some hundreds of kHz (at the
strongest excitation wavelength, 160 nm), the rate must be corrected for the dead time of
the counter due to the pulsed width from the CFD. This correction is very small for most of
the measurements and is only significant (above 2%) for measurements of an efficient WLS,

such as TPB for high-intensity excitation wavelengths, such as from 150 nm to 180 nm.

C1 s ) imebase 80ng] [Trigger [C2]
10.0 mvidiv 1.00 Vidiv 200 ns/div] Auto 600 mY
5.00 mV ofst] -1.500 V ofst 500 8 250 MS/s]Edge  Positive

4177 k¥ 4177 k¥

F1cURE A.3: The pulse of the PMT is shown in yellow. The pulse of the constant fraction
discriminator is shown in magenta.

A.2 Calibration measurements and cross-checks

As a second cross-check of the calibration of the Ocean Optics spectrometer, I measured
the spectrum of the wavelength shifter 1,4-Bis(2-methylstyryl)benzene (Bis-MSB) excited
with 160 nm light, corrected it for the calibrated wavelength-dependent response of the spec-
trometer (Figure 2.6), and compared it to the spectrum measured with the Cary Eclipse
spectrophotometer. The spectra are shown in Figure A.4 (A): before correction is shown in
yellow, after the calibration correction is shown in magenta, and measured with the Cary
Eclipse spectrophotometer with 260 nm excitation light is shown in black. The spectrum
measured with the Cary Eclipse spectrophotometer coincides with the one measured with

the Ocean Optics after the wavelength-dependent response correction.
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FIGURE A.4: (A): Emission Spectra of BisMSB. The spectrum shown in black was measured

with the Cary Eclipse spectrophotometer and coincides with the one in magenta. The

spectrum measured with the Ocean Optics spectrometer is shown before and after corrections

in yellow and magenta respectively. (B): Wavelength shifting efficiency of BisMSB relative
to TPB, measured with both the spectrometer and the PMT.

To verify whether the relative integration of spectra measured with the spectrometer (after

applying the calibration corrections) is consistent with the wavelength-integrated relative

photon yield measured with the PMT (corrected for its quantum efficiency dependence),

the photon yield by Bis-MSB was measured with both the spectrometer and PMT. Then,

its WLSE (relative photon yield) was compared to TPB (also measured under the same

conditions). This is shown in Figure A.4 (B) and the results agree within errors.
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Appendix to the Chapter 3

B.1 PMT and DAQ settings

In order to set the optimal operating voltage of the PMTs for these measurements, the
dark count, the signal amplitude and the single-photoelectron spectrum of the PMTs were

characterized at different voltages (V): 1000, 1100, 1200 and 1250.

For these tests, a visible (blue) pulsed LED was used. The PMT was coupled via a sleeve to
a dark box, as shown in Figure B.1, and it detected only the light of the pulsed LED. The

voltage on the LED was low, in order to pulse it at a single-photon mode.

FIGURE B.1: Pulsed LED and PMT inside the dark box.

These tests were done for both PMTs, but here only the results of the super bialkali PMT

are shown.

For different voltages applied to the PMT, the baseline remained constant while the mean
charge integral of a pulse increased almost 3 times, as shown in Figure B.2. Also, the single-

photoelectron spectrum became more separated from the noise pedestal. The dark rate also
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increased almost 3 times, but it was still very low at a voltage of 1250V (less than 100 Hz
for the super bialkali PMT). As dark rate in these measurements will be negligible due to
the small integration window, the higher voltage (1250 V) was chosen in order to have pulses

with higher amplitude and more clearly separated from the baseline and noise.
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F1GUuRE B.2: Upper plot: 2D histogram of the baseline (amplitude vs. time) for approx.
30000 events for a PMT voltage of 1000V (on the left) and 1250V (on the right). Bottom:
Charge integrals of the pulses for a voltage of 1000V (left) and 1250V (right).

The pulse finding threshold of the online analysis was set as 4 standard deviations from
the mean baseline. The distribution of the pulse amplitudes of the visible LED pulsed in
single-photon mode is shown in Figure B.3, (A). In (B) the pulses of 45000 recorded events

that were identified by the pulse finder of the online analysis are shown versus arrival time.

To ensure that the PMT did not saturate when measuring TPB and check whether the pulses
were being correctly integrated for the PMT and DAQ settings, some tests were done with
TPB excited by the UV LED, as shown in Figure 3.1. The saturation of the pulses was less
than 0.01% for the measurements of TPB at RT. The UV LED was also pulsed with a low
voltage to produce single photons. The spectrum of the pulses detected by the super bialkali

PMT in these measurements is shown in Figure 3.5 and described in Section 3.2.
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FIGURE B.3: (A): Amplitude distribution of pulses (or samples) above the pulse finding
threshold. (B): Pulse amplitude vs. pulse arrival time for 45000 events. The line in orange
and the arrow indicate the pulse finding threshold.

B.2 Systematics, pulses and cuts

Stability investigation: Measurements at RT

Measurements of TPB at room temperature were done in the beginning of the cryostat run
(at 300K) and a long measurement was also taken at the end of the run (at 290K). The
45000 events recorded at 300K were divided into 20 sets of measurements and the mean
values of the integrated ADC counts for each individual set was added to the histogram of
Figure B.4 (A). Mean values (using the same number of events to calculate the average) of
the measurements done at 290 K and for a shorter run at 286 K are also shown in the same
histograms. The runs with more statistics (20 values or more of mean photon yield) agree

within errors. The same is true for RPT, shown in (B).

Pulse arrival time distributions and average pulses at different temperatures

As an investigation of the dependence of the pulse arrival time on the temperature, the
pulse arrival time distributions of each sample (RPT and TPB) were plotted at different
temperatures (300 K, 210K, 87K and 4 K). These distributions are shown in Figure B.5 and
Figure B.6. After applying the cuts, these distributions are roughly the same at different

temperatures (see mean values in the statistic boxes).
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Ficure B.5: Time distributions of the pulses detected in the measurements of TPB at

300K, 210K, 87K and 4K. All the pulses identified by the online analysis are show in

magenta. In gray, only the ones that pass the cuts are shown. In black are the pulses after

cuts and within the integration window (50ns after pre-trigger, from 1.07 to 1.12us). They
partially overlay the ones in gray.
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FicUrRE B.6: Time distributions of the pulses detected in the measurements of RPT at

300K, 210K, 87K and 4 K. Pulses before applying cuts in magenta and after cuts in gray.

The pulses within the integration window are shown in black and partially overlay the ones
in gray.

The average pulses (average light intensity as a function of time) of both RPT and TPB
measured at 300K, 210K, 87K and 4K are shown in Figure B.7.

As discussed in Subsection 3.3.3, the amplitude of the average pulse of RPT increases in the
first nanoseconds at lower temperatures. The parameters of the exponential fit of the average
pulse of TPB measured at 87K (Figure 3.11) are shown in Table B.1 and the fit function in
(Equation B.1).

parameter | value | error
first Do 181.34 | 0.07
exponential D1 -153.77 | 0.07
second Do 6.64 0.24
exponential p1 -1.43 0.13

TABLE B.1: Parameters of the exponential fit of the average pulse of TPB.

f(x) = exp(po + p1 * x) (B.1)
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FIGURE B.7: Average pulses (after cuts) of TPB (blue) and RPT (green) measured at
300K, 210K, 87K and 4 K.

Average pulses before and after cuts.

The average pulses of TPB and RPT are shown Figure B.8 before (dashed line) and after
(solid line) cuts for 4 temperatures and for the first 300 ns after pretrigger. The effect of each

cut on the average pulse of RPT is shown separately in Figure B.9.

As discussed in Subsection 3.3.1, the minimum pulse width requirement of 2 ns is able to cut
the high amplitude noise around 1.05ps (as shown in the left plot), but it is not able to cut
the noise around 1.13 ps, which is then cut by the maximum amplitude threshold cut (shown

on the right).
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pulse of RPT. In the left plot, the pulses are shown before
width cut (solid). In the plot on the right, the pulses are

shown after pulse width cut, but before maximum amplitude cut (dashed) and after this cut
(solid).
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Appendix to the Chapter 5

C.1 Americium source characterization

Radioactivity measurements

The activity of this source was measured three times. Once with the FoPra germanium
detector, once with the low background LoAx germanium detector and one more time with
the same detector after encapsulation. The spectrum measured with the FoPra detector
during a livetime of 88.8s is shown in Figure C.1. Also shown are the background spectrum

corrected for the livetime and the net spectrum corrected for the background.

In order to know the efficiency of this detector for the 59.54keV gamma from Am-241, the
calibration data of one previous measurement done with the same detector was used. In these
calibration measurements, a Barium (Ba-133) and a Cobalt (Co-60) calibration sources were
used. The spectrum of the Ba source is shown in Figure C.2. The gamma lines with energy
81keV, 276.4keV and 302.9keV can be clearly seen in the net spectrum shown on the right.
Of special interest is the 81 keV line. The efficiency was calculated for all the peaks of the Ba
and Co sources that could be clearly seen in the spectra due to their higher branching ratios.

The calibration efficiencies (not corrected for the geometry) are shown in figure Figure C.3.

Since the geometry of the measurement of the calibration sources and of the Am source

was the same, no correction for the geometry was done. However, there is no calibration
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FicUure C.1: Left: Spectrum of the Am-241 source measured by the FoPra germanium
detector. Also shown is the background spectrum corrected for the livetime. Right: Net
spectrum of the Am-241 source corrected for the background.
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FiGUrRe C.2: Left: Spectrum of the Am-241 source measured by the FoPra germanium
detector. Also shown is the background spectrum corrected for the livetime. Right: Net
spectrum of the Am-241 source corrected for the background.
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Figure C.3: Calibration Efficiency: Ratio between the detected and expected number of
decays versus energy. This is valid for the geometry used to screen the calibration source.

data point at approx. 60keV. The relation between efficiency and energy above approx.
200 keV is dominated by Compton scattering and can be fitted by an exponential. At lower
energies outside the Compton dominated region, the efficiency is low due to the window of
the germanium detector. As there is only one point at this region, no fit can be applied.
I will therefore assume the same efficiency of the 81 keV gamma of the Barium calibration
source and calculate an estimation of the activity of the Am-241 source. This results in the
value of 16.56 kBq. This is probably an underestimated value, since the efficiency of the
59.54keV gammas from Am-241 is lower than the efficiency of the 81keV gamma from the

Barium source. Furthermore, typical activities this source is 37 kBq [120].

We also measured the activity of this source with the low background LoAx germanium
detector. This detector is also more suitable for this measurement, because its window is
thinner than the one of the FoPra detector. The source was measured close and far from the
detector. An Am-241 calibration source was also measured. The activity of this source is
347 kBq (measured in 2017). To avoid pile-up, the calibration source was measured in the

far position. The far position measurements are compared and shown in Figure C.4.

The peaks were fitted, as shown in the insets of Figure C.4 and the integral of the fits were
corrected for the background and then compared. This lead to the value of 24.28+0.11 kBq
for the activity of the americium source. This value agrees with the underestimation of 16.56

kBq measured with the FoPra detector if the efficiency at 60keV is 2.13% instead of 3.12%.
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FicUure C.4: Left: Spectrum of the Am-241 source measured by the LoAx germanium

detector. Also shown is the background spectrum corrected for the livetime and the fit of

the 59.54keV peak in the inset. Right: Spectrum of the Am-241 source measured by the

LoAx germanium detector. Fit of the 59.54 keV peak is shown in the inset. In this plot, the

scale is 10x bigger and the background cannot be seen. Both sources were placed in the
same position.

This value is also lower than the typical value of 37 kBq for this type of source [120]. This
lower obtained value might be due self-absorption inside the source foil and surrounding

material.

Attenuation of the 59.54 keV gamma in the LoAx entry window

We can also use the measurement of the calibration source, in order to estimate the attenu-
ation of the entry window of the LoAx1 detector for a 60 keV gamma. The entrance window
is a carbon fiber layer with a thickness of 1.06 mm '. Furthermore, there is a 0.3um thick
layer of boron. The distance between the far position and the window is 13cm and the
distance between the far position and the germanium detector is 13.5 cm. The radius of the
germanium detector is 3.53 cm and the size of the source was taken to be 0.2 cm of radius

and 0.5 cm thick. The solid angle correction is therefore 0.0185. Its geometry with relation

to the detector is a very small cylinder shown in green in figure Figure C.5.

The detected rate is 1679 Hz. As the detection efficiency at this energy is dominated by the

attenuation of the window, we can calculate the attenuation by dividing the rate of detected

"nformation about the components and geometry of the detector was taken from the Geant4 simulation.
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F1cURE C.5: Schematic of the LoAx Detector. The sample is a very small cylinder at the
front of one detector and is shown in green, indicated by the arrow.

gammas by the activity of the source corrected for the solid angle factor and branching ratio.
This leads to the value of 0.729+0.002. That is, approx. 27% of the 59.54keV gammas are
stopped by the window or do not fully deposit their energy in the germanium detector. A
previous measurement of the detection efficiency of the LoAx1 detector for the 59.54 keV
americium line had resulted in approx 31% efficiency [121] for the source placed 1 mm away
from the top of the detector and not corrected for the solid angle. The correction of the value

from [121] leads to an attenuation of 20%, which is similar to the value calculated above.

We can also use the measurement of the close non encapsulated source in order to cross-check
the attenuation of the window at this energy. The distance between the close position and
the window is negligible and the distance between the close position and the germanium
detector is 0.5cm. The solid angle correction is 0.43. the detected rate is 1593 Hz. The
activity of the source was found to be 24.28+0.11 kBq by the far measurements. This leads
to the value of 0.4249+0.0022 for the ratio of detected/expected number of counts. That is,
approx. 58% of the gammas are stopped by the window or do not fully deposit their energy
in the germanium detector. This value disagrees with the results presented in [121]. This
could be due to uncertainties on the position of the source which leads to uncertainties in the
solid angle correction. These uncertainties are more significant for the close measurement in

comparison to the uncertainties of the far measurements.
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Encapsulation of the source

In order to avoid contamination of the LAr in the cryostat by the source, the source was
encapsulated with a thin layer of stainless steel. The source was measured again with the
LoAx detector at the close and far positions. The spectra measured before and after the

encapsulation of the source at the far position are shown in Figure C.6.

—— Am - encapsulated (far pos.) Am - non encapsulated (far pos.)

=
(=

Events/s

Background spectrum

Background spectrum

Events/s
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0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Energy (keV) Energy (keV)

Ficure C.6: Left: Spectrum of the Am-241 source measured with the LoAx germanium

detector after encapsulation. Also shown in both plots is the background spectrum corrected

for the livetime. Right: Spectrum of the Am-241 source measured with the LoAx germanium
detector before encapsulation.

Both 59.54 keV peaks of the Figure C.6 are corrected for the background and integrated. The
ratio of the integration values gives information about the attenuation of the gammas from
the source by the encapsulation. The ratio for the far measurements is 0.4800+0.0032. That
means that 52.00+ 0.32% of the gammas are stopped by the stainless steel front window.
The ratio of the close measurements is however lower, 0.4071+0.0015. This value means that,
according to the close position measurement, 59.29+0.15% of the gammas are stopped by the
front window of the encapsulation. Both spectra measured before and after the encapsulation

of the source at the close position are shown in Figure C.7.

The disagreement between the measurements at close and far positions can be due to the fact
that the encapsulation at the side part of the source is thicker and also due to the slightly
further away positioning of the source in the close measurement, since the encapsulation is

lmm thick. The thickness of the stainless steel window can also be derived by the ratio
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FiGure C.7: Left: Spectrum of the Am-241 source measured with the LoAx germanium
detector at close position after the encapsulation. Right: Spectrum of the Am-241 source
measured with the LoAx germanium detector at close position before encapsulation. Back-
ground is very low in comparison to the signal and cannot be seen in the scale of the plot.

of intensities before and after encapsulation. We will calculate an approximation of it as a

cross-check.

Estimation of the thickness of the stainless steel encapsulation layer

Stainless steel is composed mainly by iron, a minimum weight percentage of 10.5% of
chromium and different amounts of carbon and in some cases molybdenum or nickel [122, 123].
We will consider here only the iron and chromium contents. The total attenuation length in

stainless steel is calculated as shown in Equation C.1, which results from Equation 5.1.

Fe \Cr
total _ )‘att‘Aatt

)‘att (Cl)

~ yFe Cr
Aatt + Natt

The attenuation lengths of a 59keV gamma in Fe and Cr, AL and \(), are calculated as
shown in Equation 5.2. The values of the mass attenuation coefficients for 59keV are 1cm?/g
in chromium and 1.26 cm?/g in iron [116]. The density of stainless steel varies from 7.7 to 8
g/em®. We will use the value of 8 g/cm?, which translates into 0.84 g/cm? of chromium and

7.16 g/cm? of iron. This leads to a total attenuation length of 1.014mm. Now, we can use
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Equation 5.1 to calculate the distance at which the intensity has dropped to 0.4800+0.0032

of its original value, as shown in Equation C.2.

I <wotar

—_—= exatt = 048 (CQ)
Iy

Using this equation, we find the value of 0.744+0.007 mm for the thickness of the stainless steel
front window. If we use the ratio given by the close measurement, it results in a thickness of

0.911+0.004mm. Therefore, both results are in good approximation to the nominal thickness

of Imm.

Event rate after encapsulation

The rate of the 59.54keV gammas (main gamma emission) that exit the front window,
R}%ﬁ can be calculated by multiplying the activity of the source (corrected for the BR)
before encapsulation by the fraction of gammas that go through the front window, as shown

Equation C.3.

R%%% = R, x BRpqin % Ffr(mt X (1 - Attwindow) (C3)

where R, is the radioactivity of the source before encapsulation, BR,,4n is the branching
ratio of the 59.54 keV gamma, F'f,.op; is the fraction of gammas that are emitted by the source
in the direction of the front window and Att,;nqdow 1S the attenuation caused by the stainless
steel front window, that is, the fraction of gammas stopped by the steel. The BR4n is
0.359 [124], Ffront was taken to be equal to 0.5 and Attyindow equal to 0.5929£0.0015. This
results in a rate of 1.774+0.010 kHz. If we use the Att,indow from the far measurement, this
rate is 2.092+0.017 kHz. We will use this rate in order to calculate the pile-up probability,

since it is more conservative
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C.2 Active volume and threshold

To determine the optimal active volume and threshold, it is necessary to understand the
minimum and maximum number of detected photons for the production of photons (gamma
interaction) in different parts of the AV. This investigation is done in Figure C.8 to Fig-
ure C.11 for active volumes of radius ranging from 0.2 to 0.5cm and number of detected

photons calculated for the values of LY of 20 and 40 ph/keV.
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Ficure C.8: Number of photons detected by one trigger SiPM for a gamma that interacted

at the edges of the AV (close and far positions) and for a gamma that interacted at the

center of the AV. The plot on the left shows these values for the LY in LAr equal to 20

ph/keV and the one on the right shows these values for LY=40ph/keV. The AV considered
here has a radius of 0.2 cm.

The close interaction means that the gamma was emitted by the source in the direction of
the SiPM and interacted at the edge of the AV. The far interaction means that the gamma
was emitted in the opposite direction of the SiPM and interacted at the edge. The middle
interaction means that the gamma interacted very close to the source, that is, at the center
of the AV. These figures show that the minimum number of detected photons for a trigger
SiPM placed 1 cm from the source and an AV radius of 0.5 cm is two. Therefore, for a 1 cm
distant trigger SiPM, the minimum threshold of 2 photons can be set. Note that for an active
volume of 0.2 cm radius a value of 3 photons could be set as threshold. As the AV of radius

0.5 cm is the one with the highest mean number of detected photons and still allows for the
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Number of photons detected by one SiPM for an A.V. interacted gamma

F1cUrRE C.9: Number of photons detected by one trigger SiPM for a gamma that interacted
at the edges of the AV (close and far positions) and for a gamma that interacted at the
center of the AV. The plot on the left shows these values for the LY in LAr equal to 20
ph/keV and the one on the right shows these values for LY=40ph/keV. The AV considered

Number of photons detected by one SiPM for an A.V. interacted gamma

F1cURrE C.10: Number of photons detected by one trigger SiPM for a gamma that interacted
at the edges of the AV (close and far positions) and for a gamma that interacted at the
center of the AV. The plot on the left shows these values for the LY in LAr equal to 20
ph/keV and the one on the right shows these values for LY=40ph/keV. The AV considered
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Figure C.11: Number of photons detected by one trigger SiPM for a gamma that interacted

at the edges of the AV (close and far positions) and for a gamma that interacted at the

center of the AV. The plot on the left shows these values for the LY in LAr equal to 20

ph/keV and the one on the right shows these values for LY=40ph/keV. The AV considered
here has a radius of 0.5 cm.

detection of 2 photons in the far interaction position with relation to the SiPM, this will be

considered as the optimal radius of the AV.

C.3 Next Steps

A more sophisticated 3D simulation is necessary for a better estimation of the relation be-
tween the attenuation length and the number of detected photons. This simulation, should
also take into account: i) the reflectivity of the cryostat, ii) the geometry of the far SiPM
arrays and iii) The effect of dark rate and background on the measurements. This simulation
could provide a better estimation of the number of photons detected by the SiPMs. It is also
necessary to determine the total charge and charge distribution pattern for the chosen AV
and to check the probability that an event that does not happen in the AV is tagged as an

event within the AV.
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