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ABSTRACT

DESIGN, SIMULATION, AND PROTOTYPING OF WAVELENGTH-SHIFTING PLATE

LIGHT COLLECTOR FOR A LARGE WATER CHERENKOV DETECTOR

A wavelength-shifting plate light collector has been investigated for a proposed water
Cherenkov detector for the Long-Baseline Neutrino Experiment. Experimental prototypes were
fabricated from four different wavelength-shifting plastics and tested under uniform illumination
as well as with a point source scanner. These laboratory tests were used to study the wavelength
and position dependence of the plate’s light collection. These results were then used to develop
an optical model for the plates that was then used to estimate their effect on measuring neutrino
events in the full water Cherenkov detector simulation. These results showed that it was possible
to guide between 34% and 49% extra light to a 12” hemispherical PMT. In addition the plates

were not found to adversely affect the particle identification abilities of the detector.
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1. INTRODUCTION

1.1 Overview

The work in this thesis was aimed at designing a light collecting optic for the
Long-Baseline Neutrino Experiment (LBNE). LBNE’s purpose iS to measure new neutrino
oscillation phenomena as well as to search for the signatures of new physics, such as nucleon
decay. Several detector options were considered for LBNE and the work presented here was
intended for a large water-based detector that would have measured the light emitted by
relativistic charged particles within a 200 kt mass of water. In order to improve the energy
resolution and low energy threshold of this proposed detector, light collectors were planned that
would increase the amount of light reaching the photon detectors and thereby improve the
detector’s calorimetry abilities. However, in addition to improving the detector’s energy
resolution it was also important that the light collector was shown not to adversely affect other
measurement abilities such as distinguishing between particle types.

This introductory chapter will begin with an introduction to the physics goals of LBNE,
including neutrino oscillation and nucleon decay. Then an overview of the optical phenomena
and photon detectors relevant to the water-based detector will be covered. Later chapters will
then cover the optical properties of the studied light collector, experimental measurements, and

detailed simulations of full scale detectors with and without light collectors.



1.2 Neutrinos and Neutrino Oscillations

The main physics goal of LBNE is to measure neutrino oscillation parameters, especially
the one describing charge parity violation (CP-violation). In the Standard Model of particle
physics [1] there are four types of particles: quarks, leptons, force mediating gauge bosons, and
the Higgs boson. The quark and lepton sectors each have six particle types. For the lepton sector
there are three charged leptons and three neutral leptons. The charged leptons come in three
flavors: the electron, muon, and tau particles. Each of these charged leptons has a corresponding
neutral lepton called the electron neutrino, muon neutrino, and the tau neutrino respectively. In
all observed interactions, with the exception of neutrino oscillations, the lepton flavor is a
conserved quantity.

Neutrinos are electrically neutral spin ¥z particles that are only known to interact through
the weak and gravitational forces. The weak forces that produce visible neutrino interactions are
mediated by the W and Z bosons. As the name implies, interactions that occur through the weak
force are typically many orders of magnitude weaker than interactions that occur through the
electromagnetic interaction.

Neutrino interactions fall into two categories, which are depicted in Figure 1: charged
current interactions mediated by the W* and W™ bosons, and neutral current interactions mediated
by the Z° boson. These two types of interactions have important implications for studying
neutrinos. The charged current interactions with quarks, at tree level®, provide information about

the flavor of the neutrino because they produce a charged lepton in the final state and this lepton

! Particle cross sections can be calculated perturbatively and each level of the perturbation theory expansion is
represented by a Feynman diagram. The simplest, lowest level, and typically the most likely interactions are called



will have the same flavor as the original incoming neutrino. The neutral current interactions do
not provide information about the flavor of the neutrino but can be mistaken for a charged

current interaction inside of a neutrino detector.

e+ Ue e+ e+
. W+ : 20
[ | [ |
Uu U+ vy, U,u
Charged Current Neutral Current

Figure 1 Examples of charged current and neutral current interactions including a neutrino. In
these Feynman diagrams time flows towards the right.

Until relatively recently, due to lack of strong evidence to the contrary, neutrinos were
assumed to be massless particles. Attempts at measuring the endpoint energy of the outgoing
electrons in nuclear beta decay [2] were conducted, which required the neutrino mass to be very
small with a current experimental limit of less than 2.3 eV. However, in 1998 the Super-
Kamiokande (SK) experiment published the observation of neutrino flavor oscillation, which can
only occur if the neutrino flavors have different masses, through the observation of large
numbers of atmospheric neutrino interactions [3]. Atmospheric neutrinos are produced in Earth’s
upper atmosphere when high energy protons collide with nuclei producing charged pions, which
then decay into muons and muon neutrinos. By looking at the rate of muon neutrino interactions

versus the neutrino direction the SK group found a deficit of muon neutrinos that had been



produced on the far side of the Earth’s atmosphere. These neutrinos had a farther distance to
travel than the neutrinos produced on the near side of the atmosphere and had more time to
convert, or oscillate, into other flavors of neutrinos.

Evidence for neutrino oscillations had already been observed prior to the SK result but
was not seen as conclusive evidence. Starting in 1967, Raymond Davis of Brookhaven National
Laboratory began an experiment in the Homestake gold mine which detected electron neutrinos
produced in the core of the sun during fusion reactions [4]. His experiment used an inverse beta
decay interaction in which a chlorine nucleus can absorb a neutrino and turn into a radioactive
isotope of argon. This experiment found one third of the expected number of neutrinos coming
from the sun. Later, in the 1990s, the GALLEX and SAGE experiments measured the solar
neutrino rate using a different radiochemical technique than the Davis experiment but also found
a deficit in the number of detected neutrinos [4].

After the SK observation of neutrino oscillations in atmospheric neutrinos, the Sudbury
Neutrino Observatory (SNO) [5] conclusively measured neutrino oscillations in solar neutrinos.
The SNO experiment was a 1 kton water Cherenkov detector filled with heavy water, D,0.
Deuterium nuclei can undergo charged current interactions with solar electron neutrinos, just like
the protons in ordinary water, but can also undergo neutral current interactions. By looking at the
neutral current interactions SNO was able to determine that the total solar neutrino flux matched
the predictions of the standard solar model and that the charged current interactions with electron
neutrinos were too few. This showed that the electron neutrinos produced in the sun oscillate into

muon and tau flavored neutrinos before they reach the Earth.



1.3 Neutrino Oscillation Parameters

Neutrino oscillation, between neutrinos and anti-neutrinos, was first theorized by Bruno
Pontecorvo in 1957. Later, oscillations between neutrinos of different flavors was developed by
Maki, Nakata, and Sakata [6] in 1962 and then further developed by Pontecorvo.

When a neutrino is created or destroyed it is always in a definite flavor eigenstate:
electron, muon, or tau. However, the neutrinos propagate as mass eigenstates and the change of

basis between the mass and flavor eigenstates is given by,

Equation 1 Vo >= XiUg |vi >

where a is the lepton flavor, i is the mass eigenstate, and U, is a unitary matrix. The
wavefunction for a free particle can be calculated from the Schrodinger equation and then

Equation 1 can be re-written as,

im?c3L
2Eh

Equation 2 V(L) > = Uy exp|— 2 v, >

Now, for simplicity, consider the case of neutrino mixing where there are only two
neutrinos participating in the oscillations. The mixing matrix U can be written as a rotation

matrix with a mixing angle 6,

_ (cose —sin 9)

Equation 3 sin® cos®



In addition we will consider two flavor eigenstates A and B which can be represented by,

Equation 4 [va > = ((1))
Equation 5 |lvg >= ((1))

The probability of eigenstate B appearing when only eigenstate A is initially present is

c3L Amz]

Equation 6 Pa—sp = [(V|UUlva(L))|? = sin®20 sin® [

and the survival probability of the A state is,

c3L Amz]

Equation 7 Py_op =1— Py_og =1 — sin?20 sin? [ o

One interesting thing to note about these results is that the distance over which the flavor
oscillations occur is dependent on the mass difference squared, Am?, of the two states. The
absolute mass of the neutrinos does not play a role in oscillations. In addition, there is no
information about whether the A state or B state is the more massive particle.

There are three known flavors of neutrinos but the results given above are applicable in
cases Where neutrino oscillations can be treated as occurring between two active flavors. For
example, the survival probability of reactor anti-neutrinos over distances of a kilometer or less is

given by Equation 7 because oscillation to the third eigenstate occurs over a much longer



distance and can be ignored. This is due to Am®y, being roughly 32 times smaller than either
AmP13 01 Amps.

For the case of mixing between three neutrino flavors the mixing matrix can be written as
a product of four 3x3 matrices with three mixing angles and three complex phases. One of the
complex phases, dcp, describes the amount of CP-violation in the neutrino sector and the other
two complex phases, f1 and f,, are only relevant if neutrinos are Majorana fermions, which are
their own anti-particles. Since none of the oscillation experiments described in this thesis is
sensitive to these Majorana phases they will be presented here just for completeness. The three

flavor neutrino mixing matrix, called the Pontecorvo-Maki-Nakata-Sakata (PNMS) matrix, is

1 0 0 cos 0,5 0 e ®cPsinB,
Equation 8 Upyns = (0 cos 0,3 sin 923) 0 1 0 *
0 —sinB,3 cos6,3/ \—el®cPsin®;; 0 cos 0,3
i3
cos@;, sinf;, O elTl 0 0
—sir(; 01, cosoelz (1) 0 el’% 0
0 0 1

Now that the mixing matrix U is 3x3 the mixing between flavor eigenstates will have three mass

squared splittings: 4m®12, Am?13, and Am®ss.

1.4 Current Knowledge of Neutrino Properties

The first hint that neutrino oscillations occur was found through the deficit in the number

of ve arriving from the sun. The Super-Kamiokande and SNO water Cherenkov detectors have



measured this flux in real time in addition to the earlier GALLEX, SAGE, and Davis
radiochemical experiments. This deficit in the number of v, depends on the mixing parameters
61, and Am®1, which are sometimes called Osoiar and Am’soiar Since they first appeared in solar
neutrino measurements. More recently these parameters have been measured by the KamLAND
experiment which looked at anti-v, produced by nuclear power plants at a flux weighted distance
of 180 km. The KamLAND experiment has performed a global fit of the solar plus reactor
oscillation data and found sin?26:, = 0.87 + 0.03 and Am?2, = 7.597912x10°5 eV2 [7][8].
Currently the sign of 4m?s;, is unknown which is referred to as the neutrino mass
hierarchy. If Am?s; > 0 then v; is the least massive neutrino mass eigenstate which is called the
normal hierarchy, but if Am?®s; <0 then vs is the least massive and this is called the inverted
hierarchy?. The neutrino mass hierarchy has important implications for searches for neutrinoless
double-beta decay searches which are trying to determine whether neutrinos are of a Dirac or
Majorana nature. Determining whether neutrinos obey the Dirac or Majorana equation has
important implications for the mechanism that gives neutrinos mass. For neutrinoless double-
beta decay searches, the half-life of the decay depends on the neutrino mass hierarchy, among
other things, with the inverted hierarchy being more favorable for observations in the near future.
The NOVA experiment, which is now under construction, aims to be the first experiment to
measure the mass hierarchy. The NOVA experiment will use same v, beam as the MINOS
experiment [10] but with the detector in a different location in order to optimize the beam flux
and energy spectrum. In addition, the Daya Bay experiment is looking into how effective a large
detector placed ~50 km from the reactor complex would be at resolving the mass hierarchy [11].

Normally, reactor neutrino oscillation experiments are treated in a two neutrino framework but at

2 The designations of normal and inverted hierarchies are completely arbitrary.



this large of a propagation distance oscillations between all three flavors becomes very strong
and effects due to the mass hierarchy may become measureable.

The first clear evidence that neutrino oscillation occurs came from atmospheric neutrinos
measured by the SK detector. The disappearance of atmospheric neutrinos comes primarily from
v, -> Vv, oscillations due to the mixing angle 6,3 and SK has measured sin20,3~1 [9]. The
accelerator based experiment T2K has measured 63 and Am%s; using a method outlined in
Figure 6. T2K has measured this with a v, beam originating at J-PARC, near Tokia, Japan, which
then propagates 295 km through the Earth to the Kamioka mine where the SK detector is located.

The T2K collaboration has measured |4m?s;| = 2.51+0.10 x10™ eV, In addition, T2K has found
a best fit value of sin?6,; = 0.514%5:322 for the case of the normal hierarchy and

sin?6,; = 0.511*39%2 for the inverted hierarchy case [88]. Due to the smallness of Am?y,
compared to Am%s, the mass splitting |4m®y| is the same as |4m®s;| to within current
measurement errors. It should be noted that measuring neutrino oscillation parameters through
disappearance spectra, as in Figure 6, or through the appearance of new neutrino flavors requires
the detector to have good energy resolution in order to accurately determine the mixing
parameters.

The mixing parameter #;3 can be measured, at present, through two schemes: an
accelerator neutrino appearance measurement and a reactor neutrino disappearance
measurement. The accelerator approach is to measure v, appearance in a v, beam with a detector
located at an appropriate distance from the beam’s source. The Tokia-to-Kamioka (T2K)
experiment has recently published a measurement of 0.03 (0.04) < sin®2613 < 0.28 (0.34) for the
normal (inverted) hierarchy [12]. Three reactor based experiments have recently measured

sin?2015: Daya Bay, Double CHOOZ, and RENO. These experiments all have neutrino detectors



placed roughly 1 km from nuclear reactors with thermal outputs in the multiple gigawatt range.
These experiments search for the decrease in flux due to anti-ve -> anti-vy oscillations. This
measurement has proven to be difficult due to the smallness of 613 but all three experiments have
now reported consistent measurements (which are also consistent with the T2K experiment) with
the Daya Bay experiment reporting the measurement with the lowest error,
sin“2013 = 0.089 + 0.010 (stat) + 0.005 (syst) [13].

The mixing angles and mass squared splittings can by graphically illustrated in a plot
such as Figure 2 where the flavor content of each neutrino mass eigenstate is represented by the
length of the colored bars and the mass squared splittings by vertical distance. In this form it is
easy to see that the v; and v, eigenstates have very similar masses when compared to the o3 state.

It can also be seen that the v3 state has very little ve content.

A A
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Figure 2 A graphical representation of the neutrino masses and flavor content of the v, v,, and v3
eigenstates for the normal hierarchy (left) and the inverted hierarchy (right). The yellow fractions
indicate the ve content of each eigenstate, red indicates the v, content, and blue the v, content,
image from [72].
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In the PMINS matrix, Equation 8, the potential for CP-violation comes from the complex
phase dcp. This phase only appears in the mixing matrix when multiplied by sin 6.3 The
observation of a non-zero 63 has opened up the possibility of searching for CP-violation in the
neutrino sector. Currently there are no measurements of Jcp and global fits to all reported
oscillation data have poor sensitivity to this phase. Since dcp only appears in the PMNS matrix
when multiplied by sin 613, an experiment designed to look for dcp will necessarily need to be
sensitive to 013 as well. Short-baseline reactor experiments like Daya Bay have no sensitivity to
ocp SO at present the only practical means of trying to measure Jcp is through an experiment

looking for v, appearance in a v, beam.

1.5 Solar Neutrinos

Solar neutrinos are produced in the core of the sun both as part of fusion reactions as well
as through electron capture on fusion products. There have been a fairly large number of
experiments that have measured solar neutrinos including KamLAND [23], SK [24], Sage [25],
Gallex [26], the Davis chlorine experiment [27], Borexino [28], and SNO [29]. The WCD
planned for LBNE would have an energy threshold at best equal to the SK-2 WCD due to the
amount of the detector wall covered by photon detectors; however, at the high energy range of
the solar neutrino spectrum a large WCD would provide a very high statistics sample of solar
neutrino interactions. These solar neutrinos could be used to test for temporal variations in the
solar neutrino rate and to test for neutrino interactions in matter as they propagate through the

Earth.

11



1.6 Supernova Neutrinos

The neutrinos emitted during a supernova have an energy spectrum that roughly follows a
blackbody spectrum for particles obeying Fermi-Dirac statistics [17] which has to take account
of the temperature profile of the collapsing core. There are several models for the shape of the
neutrino spectrum but they share similar features. The peak neutrino energy is approximately
10 MeV with a high energy tail extending past 30 MeV.

Compared to the neutrino interactions originating from interactions with the beam, these
supernova neutrinos are very low energy. They will not have sufficient energy to produce muons
in the detector so all of the interactions will involve the detection of electrons, the gamma rays
produced by nuclei excited through neutral current interactions, or the detection of a positron and
neutron produced in inverse beta decay [18]. In a water Cherenkov detector the neutron can be
detected when it thermalizes and gets captured on a nucleus. In ultrapure water the neutron
usually captures on hydrogen producing a deuteron and a 2.2 MeV gamma ray [19]. This gamma
ray is not detected because a 2.2 MeV gamma does not produce enough Cherenkov light through
Compton scattering or pair production to be detected. However, a WCD can be doped with 0.1%
gadolinium salt. This has two effects: the time for the thermal neutron to capture is reduced and a
neutron capture on *>’Gd produces 8 MeV gammas which can be detected.

In a water Cherenkov detector the primary interaction for detecting supernova neutrinos

is through the inverse beta decay reaction.

Equation 9 Ve+p— et +n

12



There are currently several detectors operating that can detect supernova anti-neutrinos through
this interaction including Icecube [20] in Antartica and Large Volume Detector (LVD) [21] in
Gran Sasso Italy. In addition the SK detector has a program underway, EGADs, to study the long
term effects of adding gadolinium to its water in order to make the neutrons produced
visible [22]. Even without the gadolinium SK would be sensitive to the initial positron produced
during the interaction but would not be able to discern whether the particle was a positron

produced by an anti-neutrino or an electron produced by a neutrino.

1.7 Proton Decay

Proton decay is forbidden in the Standard Model of particle physics due to the
conservation of baryon number. However, grand unified theories that aim to unify the electro-
weak and strong forces predict various types of proton decay [30]. Historically proton decay was
the original motivation for the WCDs built in the 1980s which are best known for their
measurements of neutrinos, IMB and Kamiokande [31] [32].

Proton decay has been searched for in a number of channels including

p - et+n’

p > K"+ 7
The first decay has been searched for since the early 1980s. The last decay channel is predicted
by some supersymmetric theories that have been popular so the observation or non-observation
of this decay mode could be an important test of these theories. The current experimental limits

for the proton half-life are greater than 103 to 10% years depending on the decay mode [8].
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1.8 LBNE Design and Goals

The Long-Baseline Neutrino Experiment (LBNE) is a proposed experiment designed
with the goals of measuring Jcp, discovering or setting limits on proton decay, determining the
neutrino mass hierarchy, performing precision measurements of 6,3 and |4m?x3|, and looking for
bursts of neutrinos emitted during a core collapse supernova within the Milky Way or its satellite
galaxies [14][15]. To meet these goals LBNE originally contained three major components: a
neutrino beam, a near detector located near the source of the neutrino beam, and a far detector
located 1300 kilometers away from the beam source. The neutrino beam will provide a high flux,
pulsed source of neutrinos with a well-defined initial flavor. The near detector would be placed a
few hundred meters from the neutrino beam in order to study in detail the beam’s energy and
neutrino flavor content. The near detector would also allow for detailed studies of the neutrino
interaction cross sections used for the oscillation analyses. The far detector will be a multi-
kiloton sized detector which will measure the neutrino content of the beam after it has oscillated
through 1300 km of the Earth. In addition the far detector was to be placed 4850 feet underneath
the Earth’s surface, inside the former Homestake gold mine in South Dakota, in order to be able
to study rare processes like proton decay and bursts of neutrinos from supernova. Placing the
detector at its planned depth may not take place in the initial phases of the experiment.

The neutrino beam for LBNE, Figure 3, will originate at Fermi National Accelerator
Laboratory (Fermilab) located near Chicago Illinois. The neutrino beam will use protons from
the Fermilab Main Injector; these are then guided up a hill before being guided downward at
5.6°, this beam layout was chosen due to excavation costs and the location of the water table at

Fermilab. The neutrino beam has to be pointed downward into the Earth in order for the beam to
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exit the surface at the far detector site. The protons will be incident on a solid target, this causes
charged pions and kaons to be produced. A magnetic focusing horn, or multiple horns, will then
be used to focus pions and kaons of the desired charge into a beam which enters a decay pipe.
The decay pipe will be on the order of 250 m long in order to allow the pions and kaons to decay

into muons, electrons, and neutrinos without interacting in the surrounding soil.

Long-Baseline Neutrino Experiment

Figure 3 The layout of the beamline for the LBNE experiment as it was planned in early 2012,
image from [14].

When the positive (negative) pions decay they decay primarily into a muon and muon
anti-neutrino (neutrino). When a positive kaon decays its primary decay (branching ratio 63%) is
to a positive muon and a muon anti-neutrino. The kaons can also decay (branching ratio ~5%)
into pions or even to a neutral pion, a positron, and an electron neutrino [16]. The neutrino beam
produced through this scheme will be almost entirely composed of muon neutrinos but has a
small contamination of electron neutrinos which if not well understood could confuse the

oscillation studies since the primary channel for the CP-violation search involves muon neutrinos
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oscillating into electron neutrinos. Several beam designs had been considered for LBNE and

several candidate neutrino beam energies are plotted in Figure 4.
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Figure 4 Several neutrino beam configurations were considered for LBNE and some of them are
plotted here, note that these spectra include the effects of the neutrino cross sections as well as
being scaled by energy™, image from [15].

The beam intended for LBNE has a broad neutrino energy range compared to the T2K
and NoVA experiments which are also looking at v, to v oscillations. The neutrino oscillation
probability depends on L/E, Equation 6, which means that having a broad range of neutrino
energies in the beam is similar to having multiple detectors placed at several distances from a
monoenergetic beam source. This allows for fitting the shape of the oscillated neutrino energy
spectra for each flavor at the far detector in order to extract as many mixing parameters as
possible.

In order to understand the neutrino beam a near detector may be placed after the end of

the decay pipe. The near detector cannot be placed too close to the end of the decay pipe because
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there will be a large flux of muons produced by the pion decays. The near detector needs to be
placed far enough from these muons, and the extra neutrinos they produce when they decay, so
that a good measurement of the beam’s neutrino composition can be made. The near detector
would preferably contain material that is of the same elemental composition as the far detector so
that measurements of the neutrino interaction cross sections can be made in order to better
understand the neutrino detection rates in the far detector. Currently the plans for LBNE do not
include a near detector due to its cost.

The two far detector technologies studied were a 200 kt water Cherenkov detector
(WCD) and a 34 kt liquid argon time projection chamber (TPC). The 200 kt WCD, Figure 5, was
designed based largely on the experience of operating the 50 kt SK detector. The 34 kt liquid
argon TPC was a less conservative design because to date the largest liquid argon TPC that has
been operated is the 600 t ICARUS detector.

After a thorough study of both detector designs the project director for LBNE decided to
proceed with a 34 kt liquid argon TPC far detector. While the liquid argon TPC and the WCD
will have some overlap in detector requirements they are very different technologies. The work
in this thesis was intended for the 200 kt WCD so the detector requirements described for this

thesis were those for the WCD.
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Figure 5 The 200 kt water Cherenkov detector would have been cylindrical in shape with a dome
on top for strength which would also serve as a space to house read-out electronics, from [14].

1.9 LBNE Detector Requirements

Measurements of dcp, the mass hierarchy, and 613 utilize the v, -> v oscillations at an L/E
of 509 km/GeV at the first oscillation maximum, this result is obtained using Equation 6 and the
value of|Am2;|. One requirement for this measurement is the ability to distinguish between
muon neutrino and electron neutrino events in the far detector. The energy of the neutrinos in the
LBNE beam is a few GeV so the electrons and muons produced in the interactions will be in the
few GeV region too. At these energies electrons lose energy primarily to bremsstrahlung which
causes its energy to be deposited in a broad ‘shower’ in the detector. Muons, on the other hand,
lose energy primarily to ionization and since the muon is fairly relativistic it is near the bottom of
the Bethe-Bloch energy loss curve and is called a minimum ionizing particle. The result of this is

that the muons produce long straight tracks.
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One serious issue present when studying v, -> Ve oscillations is the neutral current
production of neutral pions, 7°. The 7° decays almost immediately to two photons (branching
ratio 98%) which then lose energy through pair production which produces showers that can look
similar to the shower produced by an electron. If the detector has poor tracking capabilities it is
possible to confuse the two gamma ray showers for a single electron track, this misidentification
is particularly relevant for WCD.

Measurements of 6,3 and |4m%s| come from the observation of muon neutrino
disappearance. Since the energy spectrum of the initial muon neutrino beam should be well
known, the muon neutrino energy spectrum at the far detector can be used to determine these two
mixing parameters. While the actual determination of mixing parameters comes from a fit to the
spectral shape and rate, intuitively the value of 6,3 affects the disappearance rate while the
distance from the neutrino beam’s source and |Am?s| affects the energy of the oscillation
minimum observed in the spectrum, Figure 6. In order to measure these two parameters the far

detector needs good energy resolution for muons and also high muon detection efficiency.

Unoscillated muon neutrino flux

Oscillated muon neutrino flux
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Figure 6 This diagram shows intuitively how the mixing parameters 623 and |4m?z3| are
determined.

19



1.10 Cherenkov Light

Cherenkov light is emitted by relativistic charged particles when they pass through a
medium with a phase velocity for light that is less than the particle’s velocity. The light is emitted
by the particle at an angle fc from the direction of the particle’s velocity. This emission angle can
be derived in multiple ways which all lead to the same results. One way to derive the opening
angle is to apply conservation of momentum and energy to the system. The particle has initial
and final momenta p and p’ initial and final energies £ and E,and the emitted photon has
momentum p, and energy E,. Due to the rotational symmetry about the particle’s velocity this

problem can be solved in the xy-plane but the result will be valid for the other possible rotations.

Equation 10 E=E+ E,

Equation 11 p=rp+py,

Equation 12 p=(p 0)

Equation 13 p' = (p—hkcos®, —hksin8,)
Equation 14 py = (hkcos6. hksin6.)

Where k is the wavenumber of the photon which is related to the photon’s angular frequency

and the index of refraction n of the medium, k = wn/c. Squaring the total energy and relating

this to the relativistic energy for a particle results in the following relation,

hZk2 h2w? Ehw

Equation 15 cosO. = 2ok T 2phk T phk@
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The final energy of the particle, E' = E — hw , is much larger than the energy of the emitted
photons so only the third term is important. The final result for the emission angle for the

photons emitted is

Equation 16 0. = cos™?

1
n(w)pB

where f = v/c. Since there is rotational symmetry about the particle’s track, the photons are
emitted in a cone about the particle’s track. When these photons are intercepted by the wall of a
detector they form rings, Figure 7, when the particle stops within the detector or filled in circles
when the particle exits the detector. Events that form Cherenkov rings, or “fully contained
events” are particularly useful for physics analyses since the energy of the initial particle can be
estimated.

In water, with an index of refraction of about 1.34, the Cherenkov opening angle is

0, = 42° for = 1, Figure 8. In principle the opening angle is a function of the emitted light’s
wavelength but over the range of wavelengths that a PMT can detect photons the opening angle

is roughly constant.
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Figure 7 Due to the cylindrical symmetry about the particle's track, Cherenkov light is emitted in
a cone about the track which then forms a ring when projected onto a detector wall.

The wavelength dependence of the Cherenkov light is harder to calculate. This has been
worked out classically in [33] and using quantum field theory in [34]. The result for the number

of photons emitted per path length per unit photon energy is given in [8] as

N _ @ G029 ~ 370 sin20 (E) eV-lcm™?
dEdx  hc c ¢

Equation 17

In terms of wavelength this is

) d2N 2maz? 1
Equation 18 dxdA A2 (1 B an('/\)z)

22



One important thing to note about this equation is that the number of photons emitted has a /42
dependence. This means that short wavelength light is emitted more strongly than long
wavelength light and the majority of the light emitted is ultraviolet and blue in color. The

wavelength dependence of the index of refraction is present in this equation but it has little effect

for water when § = 1, Figure 9.
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Figure 8 The Cherenkov opening angle for a highly relativistic charged particle in water, blue
line, and the same particle in a medium of constant index of refraction, dashed red line.

Another important thing to note about Equation 18 is that for constant S the amount of
light emitted per unit length is constant. This means that the total amount of light detected for a
single particle is directly related to the track length. Once the type of particle has been identified
it is then possible to estimate the energy of the particle when it interacted inside the detector.
Since the number of detected photons is a Poisson random variable, detecting more photons will
result in better energy resolution for the detector. There are several ways to improve the light
detecting properties of a WCD. One is the increase the fraction of the detector walls covered by
photon detectors. This turns out to be costly since large-area single-photon detectors tend to be
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expensive. Another option is to increase the photon detection efficiency of the detector, this relies
on the current state of the art of the photon detectors. A third option is to guide extra photons to
the PMT with an auxiliary optic to the photon detectors, this option is investigated for this thesis.
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Figure 9 The Cherenkov emission spectrum in water for a highly relativistic, 5 ~ 1, charged
particle. For the case of a constant index of refraction, dashed red line, the spectrum follows a

1//12 distribution.

1.11  Photomultiplier Tube Overview

Photomultiplier tubes (PMTs) were the photon detector planned for the LBNE WCD due
to their low cost per photocathode area. Photomultiplier tubes have four main components which
are shown in Figure 10; an evacuated glass bulb, a photocathode, a dynode stack, and pins to
apply voltages to the dynodes and provide for readout of the anode. When light is incident on the
photocathode photoelectrons are produced which may then be guided to the dynode stack by an

applied electric field where they are amplified into an easily measureable signal.
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Figure 10 Layout of a hemispherical photomultiplier tube (PMT).

The glass used in PMTs for neutrino detectors is usually chosen to have low potassium
content since the decay of “°K will cause the glass to scintillate and emit photons into the
detector which could mimic a low energy neutrino signal. However, reducing the potassium
content of the glass can cause undesirable mechanical properties [43]. For the same reason the
glass is usually chosen to have low uranium and thorium concentrations, the main reason for not
selecting low thorium or uranium ingredients would be cost. The bulbs used in the PMTs for
WCDs have a roughly spherical shape. The exact shape of the bulb is determined my many
factors including the physical strength of the bulb, the surface area over which photons may be
detected, and the shape of the electric field that guides the photoelectrons to the dynode stack.
This last factor is very important to the PMT’s performance. Since there is a potential difference

between the photocathode and the first dynode, electrons will drift through the vacuum tube for a
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distance of several inches which results in a propagation time of several 10s of nanoseconds. The
electric field needs to be shaped so that the difference in drift times for photoelectrons excited
from different points of the photocathode are as equal as possible and preferably on the scale of a
nanosecond or less. The transparency of the glass used for the PMT bulb has a strong effect on
the final PMT’s sensitivity to ultraviolet photons; the glass typically used for PMT bulbs is fairly
opaque to photons with wavelengths shorter than about 300 nm. Special glasses are sometimes
used for PMT bulbs which are more transparent to ultraviolet light but these glasses are more
expensive to use. In addition since this short wavelength ultraviolet light is very prone to
Rayleigh scattering it can be beneficial to not detect it as it will make the shapes of the
Cherenkov rings less distinct.

The photocathode is deposited on the inside surface of the PMT bulb. This photocathode
has a probability of emitting a photoelectron when a photon is incident upon it; this is called the
PMTs quantum efficiency (QE). For detecting visible wavelength photons and long wavelength
ultraviolet the photocathode material needs a low work function. Alkali metals are commonly
used in photocathodes and are often used two at a time, along with antimony, in bi-alkali
photocathodes [44].

Electrons excited from different points on the photocathode will drift along the electric
field lines to the first dynode. Each point on the dynode will have a different probability to
amplify the photoelectron; the probability of the dynode stack to amplify a photoelectron is
called its collection efficiency (CE) which is a function of the position from which the
photoelectron originated on the bulb.

The amplification in the dynode stack is provided through secondary emission. When the

photoelectron drifts from the photocathode to the first dynode it acquires energy. By the time the
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photoelectron reaches the first dynode it has acquired sufficient energy to cause the first dynode
to emit multiple secondary electrons. These secondary electrons are then guided to a second
dynode where they are further amplified and so on. The 10” PMT used in the tests at CSU had
ten dynodes.

The ultimate probability of the PMT to detect a photon is given by the product of the QE
and the CE. Since all of the wavelength dependence of the photon detection efficiency (PDE) is
contained within the QE it is common to refer to the PMT’s QE when what is really being
discussed is the PDE. Which quantity is really being discussed is usually clear because if a

physical PMT is being used then the relevant quantity is PDE = QE*CE.

1.12 PMT Operating Characteristics

As described in section 1.10, a PMT has a wavelength dependent PDE. The PMT
considered for LBNE, R11780, has sensitivity to photons of wavelength longer than 300 nm. The
detection efficiency peaks between 350 and 400 nm with a quantum efficiency of ~30% [45]

[46]. The QE curve for this photocathode material is given in Figure 11.
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Figure 11 Quantum efficiency curves for new high quantum efficiency photocathodes (red line)
and standard bi-alkali photocathodes (black line), plot from [45].

In addition to emitting photoelectrons after absorbing photons the photocathode can emit
electrons due to thermionic emission. These electrons will be guided to the dynode stack and be
multiplied exactly like a photoelectron. The signals due to thermionic emission are called dark
counts because even in total darkness the PMT will emit pulses whose size is consistent with
photon detections. In addition to the photocathode, the materials in the dynode stack may also
contribute to the amount of thermionic emission in the vacuum tube. However, only thermally
emitted electrons that impact the first dynode will be amplified to a photoelectron scale output
pulse. Since the majority of the thermionic emission comes from the photocathode, the dark

count rate of a PMT is roughly proportional to the area of the photocathode.
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The dark count rate of a PMT is history dependent. A PMT that is exposed to bright light
will have a high dark count rate when the PMT is placed into a light tight box. This dark count
rate will decrease over time until it reaches the asymptotic value due to thermionic emission.
During the tests for this thesis exposure of the PMT to fluorescent lighting in the laboratory was
kept to a minimum by only using low intensity red lighting while the PMT was removed from
the light-tight testing box. This measure kept the dark count rate near its minimum value during
the tests.

The photocathode does not absorb all photons incident upon it. Photons which pass
through the photocathode may hit the dynode stack, produce a photoelectron, and this
photoelectron may then be amplified. Since the photon travels through the vacuum tube much
faster than a photoelectron drifting along the electric field, this leads to pre-pulsing where the
signal precedes the main photoelectron signal by roughly 10 ns. While pre-pulses are not
desirable in a detector which locates vertices through timing, pre-pulses do represent true photon
detections.

During the multiplication of a signal inside the dynode stack residual gasses inside the
vacuum tube may be ionized. These ionized gasses may then cause additional signals many 10s
of nanoseconds after the original, true signal [47]. This effect is called afterpulsing and is not
desirable since it leads to an increase in the measured charge which makes counting the true
number of photons present more difficult.

A photoelectron generated at the photocathode may somehow miss impacting the PMT’s
dynode stack, circle around, and then hit the first dynode. This leads to an effect called late
pulsing because the photoelectron has traveled a slightly longer path length than typical

photoelectrons [48]. Late pulsing occurs on a timescale of a few nanoseconds.
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1.13 Mechanical Issues of PMTs

A PMT that is meant to be used underneath large amounts of water must be tested to
ensure that it will handle the pressure that it experiences in the detector. Since PMTs must resist
atmospheric air pressure, PMTs that are placed under just a few feet of water are unlikely to be
damaged due to the small increase of pressure on the tube. However, in a detector that is many
10s of meters deep the PMT experiences pressures many times higher than normal atmospheric
pressure, this can cause the PMT to implode [49]. If the implosion is violent enough, either due
to the volume of water displaced by the PMT or the pressure of the water on the tube at the time
of the implosion, the shockwave produced can travel to nearby PMTs and cause further
implosions. This can cause a chain reaction where all of the PMTs in a detector can be destroyed.

Such an implosion event occurred in the SK detector in 2001 [50]. Following upgrades
and maintenance, the detector was being refilled with water. When it was roughly 50% full a
PMT on the bottom of the detector imploded and caused almost all of the PMTs underneath the
waterline to be destroyed. This event is the reason that the SK phase I, 111, and 1V detectors had
40% photocathode coverage while the phase Il detector had only 20% photocathode coverage.
After the phase Il detector was run for some time the destroyed PMTs were replaced which
returned SK to its original sensitivity and energy resolution.

The SK inner detector has a diameter of 34 m and a height of 36 m while the LBNE
WCD would have been 62 m wide and have had a height of 80 m. Since the LBNE 200 kt WCD
was planned to be taller than the SK detector the chance of a catastrophic implosion event had to
be studied carefully. One means of reducing the chance of such an event was to use a smaller

PMT. Super Kamiokande uses 20” wide PMTs while LBNE was planning to use a 12” diameter
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PMT. LBNE was also looking into the use of acrylic pressure housings to make implosions
unlikely and blast shields that would eliminate the chance of the implosion shockwave to cause
nearby PMTs to implode.

Due to the chance of PMT implosions the light collectors planned for LBNE,
section 1.13, were required not to touch the PMT. In principle the wavelength-shifting plate
studied in this thesis could guide more photons to the PMT if there were a good optical coupling
between the plate and PMT, however these extra photons did not justify the extra risk produced
while installing the plates in the detector. Also, it could be possible for a technician to damage a
PMT while mounting the plate to a PMT so we planned to have to PMT and plate separated by a

gap which would make installation less risky.

1.14 Light Collectors in a Water Cherenkov Detector

Light collectors were planned for LBNE that would increase the amount of light at the
PMT by 42%. The motivation for this level of light collection was based on financial concerns
and the desire to match the performance of the SK detector in its phase Il configuration (SK2). In
addition, since the reconstructed energy of a particle is directly related to the number of photons

detected as described in section 1.10, gathering 42% extra light will increase the detector’s

energy resolution by v1.42 =~ 1.19 or by 19%. This increased energy resolution would have a
direct impact on the measured neutrino oscillation parameters.

The cost for the PMTs planned for LBNE was approximately $3,000 each, perhaps with
some cost reduction due to ordering on the order of 30,000 units. Within the LBNE budget there

was a maximum allowable cost of PMTs which then set the total number of PMTs that could be
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purchased. In addition, as was explained in section 1.11, the PMTs planned for LBNE had a new
higher efficiency photocathode material that detects roughly 50% more photons than the PMTs
used in SK. This new photocathode then meant that only 13% of the detector walls needed to be
covered by PMTs for SK2-like performance. However, even with this reduction in the number of
needed PMTs additional cost saving were needed so a generic ‘light collector’ was assumed to be
possible which would guide 40% more light to the PMTSs. The cost of the light collectors was to
be on the order of $100 per unit which is considerably less than 42% of the cost of a PMT. Three
different light collector options were studied for their potential costs, the amount of extra light
that the PMT would detect due to their use, and their effect on the physics capabilities of the
detector.

One light collector option, which was studied at Caltech, was a wavelength-shifting film
(WLS film) applied to the PMT bulb [36]. Since the spectrum of Cherenkov light is strongly
peaked at less than 300 nm while the PMTs sensitivity peaks between 350 and 400 nm, a suitable
fluorescent coating applied to the front face of the PMT could increase the number of Cherenkov
photons detected. In practice there are a range of issues that would need to be solved for a
wavelength-shifting film to be practical. The film would have to remain well adhered to the glass
PMT bulb for over ten years while submerged in ultrapure water. The fluorescence photons are
emitted isotropically in the film and a large number of photons are re-emitted back into the water
volume where they can be detected by other PMTs. Fluorescent dyes also have a decay time over
which they re-emit longer wavelength photons, this decay time was on the order of a few
nanoseconds for the WLS film studied, this decay time could affect vertex finding. In
simulations it was shown fairly early that WLS films could only increase the number of detected

photons by roughly 5%. Since this was well below the desired 40% not much effort was spent on
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developing the WLS films. However, the films were still considered an option to enhance the
light collection when used in conjunction with one of the other two light collector designs in the
event that they could not be made to perform adequately.

Another light collector option, studied at Drexel, was a metalized reflector. The reflectors
studied included Winston cones with a parabolic reflecting surface and cones with a reflecting
surface of ellipsoidal shape. The reflecting cones planned would have been made from molded
plastic of a few millimeters thickness. The reflecting surface of the cone would be coated with a
layer of reflective metal. For LBNE aluminum and silver coatings were considered. Aluminum
has a higher reflectivity over the full Cherenkov spectrum than silver, but is not compatible with
ultrapure water. Coatings can be applied or grown over the aluminum which protects the
aluminum from the water but when these were used in the SNO heavy water detector many of
the reflecting elements did not survive contact with the water. Silver has good stability in
ultrapure water but since the detector site is in a former mine there is the chance that sulfur in the
air could react with the silver and reduce the cone’s reflectivity. A reflecting cone has the benefit
of not significantly increasing the photon’s path length to the PMT so there were no timing
effects expected due to their use. The main drawback of a reflecting cone is that they do not
direct light to the PMT over the full 2z steradians of a hemispherical PMT; this is due to
Liouville’s theorem which says that phase space is conserved [37]. The cone is very good at
collecting light along its central axis but the light collection then falls off at higher incidence
angles. At these higher incidence angles the photons are reflected out into the water volume of
the detector where they can be detected by other PMTs. Since the cone has cylindrical symmetry
it may be possible for the cones to reflect light in ways that can appear like a Cherenkov ring. In

addition, since the cone is mounted to the widest point of the PMT and projects into the water
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volume, for high incidence angles the cone can shadow the PMT from photons that would
otherwise reach it. These effects on how the photons reach the PMT would have an effect on the
appearance of Cherenkov rings but it was not determined how this affect would impact particle
identification for LBNE.

The third light collector option, and the one that the rest of this thesis will focus on, was a
wavelength-shifting plate (WLS plate). A WLS plate is a sheet of fluorescent plastic that has a
hole cut in the center for accepting a PMT. The plastic is doped with fluorescent dyes that absorb
Cherenkov light and re-emit the photons at a longer wavelength. These wavelength shifted
photons are emitted isotropically which allows some fraction of them to be trapped within the
plate by total internal reflection. These trapped photons then have some chance of reaching the
PMT at the center of the plate. The WLS plate has potential issues in common with the WLS
films; the fluorescent dyes have a decay time constant which may affect the detector’s vertex
resolution and the plates re-emit light back into the detector volume where they may be detected
by other PMTs. In addition to the fluorescent decay constant there will be an additional
propagation delay for the photons trapped within the plate to reach the PMT.

Wavelength-shifting plates have been used in the IMB-3 detector, where they guided 50%
more light to the PMTs [38] [39], and studied but not used in [40] [41]. In the early 1990s the
IMB detector was dismantled and many of its components, including its PMTs and WLS plates,
were reassembled to form the SK outer detector. The SK outer detector is used to tag events that
were not fully contained within the inner detector volume. The plates used in these detectors
were a square acrylic plate with a width of 25”. The acrylic was doped with 50 mg/L bis-MSB
which absorbs photons between 280 and 400 nm and re-emits photons with a peak wavelength of

425 nm [39].

34



Outside of neutrino physics, light collection with wavelength-shifting panels has been
studied for its potential use in solar energy conversion [42]. In principle a large sheet of
wavelength-shifting plastic can be used to collect light from the sun. In air roughly 75% of the
wavelength-shifted photons are trapped within the plastic. A strip of solar cells can then be
attached to the edge of the plate to absorb the trapped photons and produce an electric current.
These light collecting plates are called luminescent solar concentrators and are attractive because
they would use a relatively small amount of semiconducting material. Since they would be used
in a high light level environment under steady illumination (on the nanosecond time scale) their
design is considerably different than plates suitable for use in a neutrino experiment where

photo-degradation is relatively unimportant and nanosecond timing characteristics are important.
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2. MATHEMATICAL MODELING OF LIGHT COLLECTORS

In this chapter I will calculate the parameters important for a WLS plate such as the
fraction of fluorescence light captured by the plate and the amount of the captured light that
reaches the PMT. The light collecting properties of circular and square WLS plates will be

calculated.

2.1 Total Internal Reflection

When a light ray passes from one medium into another, Figure 12, it will be refracted

according to Snell’s law:

Equation 19 n, sin®; = n,sin0,

where 6, and 6, are the incidence angles measured with respect to the surface normal and n; and
n, are the indices of refraction in the respective media. For this thesis I will work under the
convention that if there are two media then the medium with subscript 1 will have the higher
index of refraction. As the incidence angle 6, increases it will reach a point where the outgoing
light ray will be parallel to the material’s surface and 6, = 90°. If the incidence angle is greater
than this value Snell’s law cannot be satisfied and the light undergoes total internal reflection
(TIR). The smallest incidence angle at which TIR occurs is obtained by inserting 6, = 90° into

Snell’s law:
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Equation 20 0, = 6, =sin

For materials with smooth, clean, isolated surfaces TIR results in complete reflection of the
incident light. For the case of the LBNE light collectors, TIR is beneficial because light can be
guided to a PMT without reflection losses and without the use of reflective coatings which may

degrade with time in water.

nz

n

©1

Figure 12 According to Snell’s law, a light ray passing between medium 1 and 2 will undergo
refraction at the boundary. For the illustrated case the index of refraction for medium 1 is greater
than for medium 2, n; > n,.

When guiding TIR light over multiple reflections, for the purpose of light collection, it is
desirable for the light guide to have parallel faces, Figure 13. For the case of parallel faces the
TIR light will propagate from the creation site of the photon, a, reflect down the guide at the
original incidence angle until it reaches the end of the guide, b, where it may be detected. If the
faces of the light guide are not parallel, as in part B of Figure 13, then a photon created at point ¢

and reflecting at near the critical angle will have a chance of ‘leaking’ out of the light guide at
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points d and e before reaching the photodetector. So while it may seem at first that a WLS plate
with a curved cross section might work well at directing photons towards a photodetector or
PMT, the curved surfaces actually create a means for photons to escape the plate without
reaching the detector. For this reason this thesis will focus on WLS plates which have parallel

faces.

Photodetectors

I aarAVey |

Figure 13 Light guiding for solids with parallel faces and curved faces, a 2-D projection of the
solid is shown.

2.2 Estimating the Fraction of Photons Guided to the PMT

In order to estimate the light collection of a WLS plate a number of factors must be taken
into account. First, when a photon is incident on the WLS plate it has a probability Pw.s(4) of
being absorbed by the fluorescent dye in the plastic. Since the base plastic used for the WLS
plates is not perfectly transparent, the base plastic itself may absorb the photon which leads to

losses. Also, depending on the concentration of the dye in the plastic, the photon might not be
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absorbed at all. Once a photon has been absorbed there is a probability for the excited dye
molecule to emit a photon at a longer wavelength. The probability for the dye to emit a new
photon is called the quantum yield (QY). According to the Kasha-Vavilov rule [51] the QY of the
dye should be independent of the excitation wavelength. Fluorescent dyes typically used in
wavelength-shifting and scintillator applications, like POPOP (1, 4-bis(5-phenyloxazole-2-
yl)benzene), bis-MSB (p-bis-(0o-methylstyryl)-benzene), and PPO(2,5-Diphenyloxazole), tend to
have quantum yields greater than 0.75, or 75% probability of the re-emission of a photon, but
with the exact value depending on the solvent, or base plastic, present and the concentration of

wavelength shifter [52][53][54].

Once the new longer wavelength photon has been emitted its propagation direction is
assumed to be random which leads to a fraction of the light, Frr, being trapped within the plastic
by TIR. The light trapped by TIR then propagates through the WLS plate. Some of the light will
travel directly to the inner hole of the plate. Once at the inner hole the photons may be
transmitted to the PMT bulb or be reflected. The probability of a wavelength shifted photon

reaching the PMT directly from the absorption point is Fo.

Light that does not reach the PMT directly from the absorption point will travel to the
edge of the WLS plate where a reflective material may be attached. The reflected photons will
then have another chance of reaching the PMT. The fraction of photons that travel from the
absorption point, reflect once off the edge of the plate, and then reach the PMT is F;. Similarly,
light that doesn’t reach the PMT after one reflection from the outer edge of the plate may reflect

a second time and then reach the PMT, F», and so on.
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The total fraction of the incident photons that reach the PMT is given by:

Equation 21 Fotal = Pwis (D) * QY * Fryg * Y52, Fj

In principle, since the reflectivity of the reflector on the outer edge of the plate is not perfect and
due to geometrical factors that reduce the chance of F; with large i from reaching the PMT, the
summation will only need to be performed over a finite number of terms. The number of terms
needed will have to be deduced on a case by case basis as will be done in sections 2.7, 2.8, and

2.12.

For applications a more relevant number would be how many more photons reach the
PMT due to the addition of the WLS plate. Experimentally this will simply be given by the
fractional difference between the number of photons detected with the WLS plate, PEpmr+plate,

and without the, PEpyr, the WLS plate:

L= PEpMT+plate"PEpmT

Equation 22

PEpMT

Depending on the experiment being conducted, the plate may be excited using a single
wavelength or with a continuous spectrum light source. In order to calculate what the light
collection would be, the fraction of incident photons reaching the PMT must be integrated over
the entire surface of the WLS plate and PMT. Since the number of photons reaching the PMT
when a plate is added is the sum of the PMT alone contributions and the plate contributions,

PEpmt+plate = PEwLs + PEpwr, Equation 22 simplifies to:
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Equation 23 L= twis

PEpmT

For the case of uniform illumination the number of photons detected by the PMT is:

Equation 24 PEpyr(A) = flux = [ QE(A, X)CE(X)dA

where CE is the position dependent collection efficiency of the PMT, QE is the quantum
efficiency which may also be position dependent, and A is the cross-sectional area of the PMT.

The number of photons reaching the PMT through the plate will be:

Equation 25 PEwrs(A) = flux * [ Frorar (A, X)QE(X)CE(X")dA’

where the CE is evaluated at the position x” on the PMT where the plate guides its photons, Aemis
is the emission wavelength of the WLS plate, and 4 is the area of the WLS plate. For simplicity
I will assume that the WLS plate is mounted so that it guides its photons to a place on the PMT
where the collection efficiency takes on a constant value. This should not be too far from true
because it would make little sense to couple the WLS plate to a position on the PMT that was not

very sensitive to detecting photons. Equation 23 then simplifies to:

L= QEO\emis)thotaIO\'i)dA’
QEaveApMT

Equation 26

This is as far as the equation can be simplified until the geometry for the WLS plate is chosen.
However, even at this point it can be seen that a very high light collection can be obtained by

designing a plate that has a high Fyw and choosing a fluorescent dye so that QFE (Aemis) IS very
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large. In practice this means that a fluor can be chosen so that short wavelength ultraviolet light

gets wavelength shifted to a wavelength where the PMT is very sensitive.

The following sections will calculate the parameters needed in order to evaluate

Equation 26 for different geometries and assumptions.

2.3 Light Trapping within the WLS Plate

The WLS plate studied for LBNE was based on sheets of plastic doped with fluorescent
dyes. When light is incident on the plastic some of the photons may be absorbed by the
fluorescent dye and re-emitted at a longer wavelength. Since the molecules in plastic have fairly
random orientations it is assumed that the dye molecules in the plastic are also oriented randomly
and that on average the wavelength shifted photons will be re-emitted isotropically. Since the
wavelength shifted photons are emitted in random directions some fraction of the photons will be
trapped inside the plastic by TIR. The fraction of wavelength shifted light trapped within a flat
piece of plastic whose width is very large compared to its thickness is most easily computed in a

spherical coordinate system:

21 B¢ .
. sin 6d0d o
Equation 27 Frr = fozn o
fo fo sin 8d6dq

f09c sin@ dé
B fon sin 6 do

- o [2)
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2
Equation 28 Frr= [1-— (ﬁ)

ng

This result can also be found in [42] in the context of luminescent solar concentrators. It should
be pointed out that this result is only valid for thin sheets® of material away from any edges, the
region near the edges of a plate would have to be treated different based on the geometry present.
Three plastics were under consideration for the WLS plates; acrylic with an index of refraction of
1.49, polystyrene with an index of refraction of 1.59, and polyvinyltoluene (PVT) also with an
index of refraction of 1.59. In air these plastics would trap between 74% and 78% of the
wavelength shifted photons. When immersed in water, with an index of refraction of around 1.34
at the emitted wavelength, the acrylic plate (PVT plate) would capture 44% (54%) of the

wavelength shifted photons through total internal reflection.

2.4 Fresnel Reflection at Plastic-Water Interfaces

In principle, photons at an incidence angle slightly less than the critical angle for TIR will
also be reflected within the plate. The equations for reflection at the interfaces are given by the
Fresnel equations [67] which are polarization dependent. For photons initially within the plate,

with index of refraction n, and n; < n,, are:

_ 2
Equation 29 R, = R, = [n1 cos 81— ny cosez]

n, cos 01+ n, cos 0,

% In this case thin would mean that the plate is much wider than the thickness of the plastic, otherwise this
calculation must be performed in 3-D for a particular geometry, and that the thickness of the plate is larger than the
coherence length of the absorbed and emitted spectra otherwise the light’s path cannot be treated with ray tracing.
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Equation 30 R, = Ry = [nz cos 0 nlcosﬁz]

nq cos 6+ n, cos 04

where Ry is the reflection coefficient for light polarized parallel (s-polarization) to the plastic’s
surface, R is the reflection coefficient for light polarized perpendicular (p-polarization) to the
surface and the indices of refraction and angles with respect to normal are as in Figure 12. For
unpolarized photons, which we assume is the case for the wavelength shifted photons in the
plastic, these two equations would then be averaged together in order to find the reflection
coefficient of the plastic and water (or other medium) interface. The reflection coefficients in
Equation 29 and Equation 30 as well the reflection coefficients for randomly polarized photons
are plotted in Figure 14 for a single reflection at the plastic-air interface. For incidence angles
smaller than 35° the reflection coefficient is less than 1% and the reflection coefficient only

reaches 10% at an angle of 53° which is just 4.4° from the critical angle.

The WLS plates studied are roughly 1 cm thick and 10s of centimeters wide. This means
that photons reflected at the plastic-water interface through ordinary Fresnel reflection are
unlikely to travel significant distances within the plate. Since the reflection coefficient is already
small for a single reflection, the probability of a photon undergoing multiple reflections and
propagating through the plate is very small. Figure 15 plots the probability for a photon to
remain inside the plate after undergoing three reflections and the plastic-water interface. Since
the photon’s probability of staying within the plastic only reaches the 10% level less than a
degree away from the critical angle, the amount TIR light trapped by the plastic will be estimated
by Equation 28 when determining the performance of the WLS plates in this chapter. However,
the Geant4 simulations described in later sections do include the possibility of photons traveling

through the plate at incidence angles less than the critical angle.
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Reflection Coefficient for Photons Inside Plastic Submerged in Water
Single Reflection at Interface
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Figure 14 The reflection coefficient at a PV T-water interface with the photon initially inside the

plastic.

Reflection Coefficient for Photons Inside Plastic Submerged in Water
Three Reflections at Interfaces
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Figure 15 The probability for a photon to remain inside a piece of PVT after reflecting from the
plastic-water interface three times. Note change in horizontal scale between this plot and

Figure 14.
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2.5 Two Dimensional Approximation for Simplifying Calculations

For the calculations that follow within this chapter the photons trapped within the WLS
plate will be treated as if they are propagating entirely within a 2-D plane. This simplification is
only of importance when the photons reach the inner hole of the plate. Once at the inner hole the
incidence angle of the photons on that surface will determine whether the photon can be
transmitted through the surface or reflected by TIR. Calculating the true 3-D incidence angle for
the photons can be done but the results do not allow for the necessary integrals to be computed
explicitly. Since the ray tracing simulations of the WLS plates in later chapters do treat the
photon propagation in all three dimensions, the calculations in this chapter will use a 2-D
approximation. While this prevents the exact results obtained from being compared
quantitatively to the simulation and experimental results, the qualitative results of the two
dimensional calculations are useful for understanding how the plate functions and what the

desirable geometric features of the plate are.

For a light ray incident on a cylinder, such as the inner edge of a WLS plate Figure 16, it
is convenient to define two angles A and B. The angle B is measured with respect to the z-
direction which is parallel to the direction of the central axis of the cylinder. The angle A is
measured from the surface of the cylinder and lies in the rb-plane of the cylinder. For two
dimensional calculations the angle A is used in the form y = 90° - A. In this form y is the angle
between the light ray and the surface normal of the inner hole of the WLS plate in the plane of

the plate.
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Figure 16 The 3-D geometry of a light ray striking the inner hole of a WLS plate.

2.6 Fraction of Photons Intercepted by the PMT

In order to calculate the number of photons reaching the PMT we need to consider a
WLS plate illuminated by a point source of illumination, Figure 17. The WLS plate is
illuminated at point a, at a distance »’ from the center of the hole, which has radius r, and the
wavelength shifted photons then make an angle f with the line connecting the point source and
the center of the inner hole. The photons are produced uniformly in angle g and photons that
reach the inner hole of the WLS plate have an incidence angle y. The first step in calculating the
fraction of photons intercepted by the PMT is to express the incidence angle in terms of £, this

can be done with the law of sines.
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r r/ r/ r/

Equation 31 = =

sin 3 - sinm - sin(m—y) - siny
Equation 32 y = sin™? [r:' sin B]
b
¥
£ n
Y @ B a

Figure 17 The 2-D geometry used for calculating the amount of light intercepted by the PMT
from a light source at point ‘a’.

This can be solved for g which gives,

Equation 33 B = sin7?! E sin y]

The maximum angle that g can take is determined by the critical angle for TIR.

Equation 34 Brax = Sin~! E sin ec]
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Since the wavelength shifted light is uniformly distributed in £ the fraction of the photons that

are intercepted by the PMT is given by

. ffrnax dB
Equation 35 F, = Bsmax
fthtaldB

Equation 36 F; =

- r .
sin~! [— sin GC]
Brotal rs

where i is the number of times that the light has reflected off the outer edge of the plate and Siotal
is the range of angles that light is scattered or reflected into. It should be noted that Equation 35
and Equation 36 do not have any explicit ‘i* dependence on their right hand sides. The ‘i’
dependence is present in »” and S Which will vary depending on how the light reflects within

the plate. For the case of no reflections off the outer edge of the plate, Fo, Siotal = 2.

Equation 37 F, = %sin‘l [5 sin ec]

When an edge reflector is used then the light is spread over a restricted range of angles and will
be dealt with on a case-by-case basis. For the special case of a plate optically coupled to the PMT
and there is no TIR at the interface then this result can be used with sin 8, = 1. Since Fo has no
contribution from reflections off the outer edge of the WLS plate the equation will be the same
for all of the plate geometries studied, however, the range of positions that Fo will need to be

integrated over, Equation 26, will change.
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2.7 Circular Plate with Specular Edge Reflector

The simplest useful WLS plate design that can be calculated is the case of a 2-D circular
plate with a smooth, specular reflector applied to the outer edge of the plate. For this design light
can reach the PMT through three paths; light can reach the PMT directly from the emission
point, light can reflect off the outer edge of the disk and then get intercepted by the PMT, and
light can undergo TIR at the inner hole of the plate reflect off the outer edge of the disk and then
be intercepted by the PMT. This last process can occur to the light either before or after first

reflecting from the plate’s edge. An estimate of the size of this third effect will now be made.

The amount of light that reflects off the inner hole of the plate will can be calculated by
finding the total fraction of angles subtended by the inner hole and then subtracting the Fq light
that does not undergo TIR. The fraction of light that has not reflected from the outer edge of the
disk but does undergo TIR at the inner hole of the plate is,

PerdB

Equation 38 F = ——— —F
q glance foﬁt"taldﬁ 0

where 8’ = sin™(r /). Now to get a sense of the scale of the effect it is useful to look at Fytance/ Fo.

- F ance in~1(r I
Equation 39 glance _ _Sin-_C/r) __ 4

. r .
Fo sm‘l(;sm GC)

For an inner hole radius of r = 5 and an illumination point »’= 6" that this ratio is 0.17 and for

large r’ a Taylor series expansion can be used to show that
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Fglance n;
—gance o1 _ 1

Equation 40 r'>r

Fo n;

For a typical plastic in water this asymptotic value is 0.12. Since light undergoing this type of
path is more than 5 times smaller than F, and impossible to treat using spherical surface

approximations this light will not be treated in the subsequent calculations.

In order to calculate the amount of light that reaches the PMT after reflection once off the

outer edge of the plate, F1, | will make use of the mirror equation:

Equation 41 % = —+ —

Where f is the focal length of the mirror, do is the distance of the illumination point a in
Figure 18 from the edge of the plate, and d; is the distance from the edge to the image of the
illumination point. For a circular mirror f = R/2 with R being the radius of the outer edge of the
plate. The distance of the point source a, in Figure 18, from the edge of the plate is do= R-r".

With these two substitutions the mirror equation becomes:

Equation 42

This can be solved for the distance of the image source b from the edge of the plate

Equation 43 d, = %
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Figure 18 The 2-D geometry used for calculating F1, the amount of light reaching the PMT after
reflecting a single time from the specular edge reflector placed on the disk’s outer edge.

At this point it is useful to think about a few special cases of illumination points and plate
sizes. If the illumination point a is at a distance R/2 from the edge of the plate, or »’=R/2, the
image source produced will be located at infinity and the reflected light rays will be traveling
parallel to each other. Ignoring TIR for the moment, the hole in the middle of the plate should
then intercept r/R of the photons that are reflected off the outer edge of the plate. So even though
the image formed is located very far away from the PMT, the PMT will intercept a large fraction

light because they are reflected into a very narrow range of angles.

For the situation drawn in Figure 18 the illumination at point ‘a’ and the image formed,
point b, are on different sides of the edge reflector. However, if d; becomes positive then the

image will be less than a distance R from the center of the disk. This can only happen when the

denominator in Equation 43 is positive which means that ' < R/2. This requires that the inner
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hole of the PMT be less than half as wide as the full disk’s width, » < R/2. This case is
interesting because if the image source is brought in very close to the PMT then there is a good
chance for much of its light to be intercepted by the PMT. However, if the inner hole of the plate

is very small then the PMT will not be able to intercept many photons.
The distance to the image source from the center of the disk is " = R — d;. Since d;
is usually negative, r” is typically outside of the physical plate.

Rr/
2r'-R

Equation 44 r' =

In this form the image source b acts a lot like the point source of illumination in Figure 17 so
Equation 36 can be used to find the fraction of the reflected light that gets intercepted by the
PMT. The remaining point is to determine the range of angles, S Which the photons are

reflected into. Considering the geometry depicted in Figure 18:

Equation 45 Biotal = 2sin1 R

rr

With St @and »” now determined the fraction of light that reflects from the edge reflector once

and gets intercepted by the PMT is,

!
. —q1|r<(2r'=R) .
Friresin 1[ (Rr, )smec]

. _q[2r'-R =
sin 7

Equation 46 F, =
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where 7’ is, as before, the distance of the illumination point from the center of the disk and ¢ is
the reflectivity of the edge reflector. The condition on the range of »’ that are allowed comes
from the inverse sine function in the denominator, since its argument must lie between +1 and -1

values of »’ much smaller than the outer radius of the disk would otherwise result in a non-

physical angle. In practice this restricts this analysis to plates with r >

R/3. For the 127
diameter PMT used in the LBNE simulations this requirement would restrict the outer diameter
of the plate to 36”, which was larger than the spacing between PMTs would have physically
allowed, so these other cases are not considered here. The quantities Fo, F1, and Fo+ F; are
plotted in Figure 19 for the case of a 10” diameter PMT, a 30” diameter plate with n; = 1.59,
n,=1.34, and ¢=0.9. For this particular case the fraction of light reaching the PMT varied

between 15% and 25%.

Light Reaching PMT From a Point Source of lllumination
Plates with Inner Radius 5" and Width 30"

——3Square Plate, No Reflections From Edge

0.5 ——3Square Plate, One Reflection From Edge
——Square Plate, Two Reflections From Edge
——Square Plate, Sum of All Three Contributions
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Figure 19 The fraction of light intercepted by a 10” PMT placed in a 30” diameter circular WLS

plate with a specular edge reflector, dash-dotted lines, and a 30” wide square WLS plate, solid
lines.
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The denominator in Equation 46 is the term that adjusts the ‘brightness’ or the range of

angles over which the rays are reflected. Without this term no light would be collected for a point

source of light at ' = R/2 when intuitively the PMT should intercept roughly r/R of the

photons. That this occurs can be verified by letting r' = 25+ 6 in Equation 46 and then for

small ¢ the numerator and denominator can be Taylor expanded with sinx = x which results

in:

Equation 47 Fq (r' = E) ~ lims_o [er e RLS]

R%2+R8 2§

Then upon simplifying and saving terms of order ¢ the limit to evaluate is:

. ,_E)N . résin®; _ rsinB;
Equation 48 F; (r =7 = limg_, s - R

If TIR is ignored, sin 8, = 1, this is the expected amount of light to be intercepted by the PMT.

Now that F; has been determined it must now be modified in order to put it into a more
useful form for integrating, this modified form will be called F;’. First, the reflector on the edge
of the disk will not be perfectly reflective; instead it will have a reflectivity ¢. In addition, since
the PMT intercepts some of the wavelength shifted photons the amount of light reflecting off the
edge of the disk must be reduced by a factor of 1 - Fy, this prevents double counting some of the
photons. The fraction of the incident photons that reflect once off the outer edge of the disk and

then reach the PMT is F1’ given by
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_1[r (err’ R) sin Gc]

!
. _q1|2r-R
sin 1[—r, ]

; sin
_1rsinB¢
r/

w =

Equation 49 F'\ = Frre (1 — isin

Now, all of these calculations have been for a point source of illumination. In order to determine
the effectiveness of the circular WLS plate Fo and F;’ must be integrated over all positions in
order to gauge the plate’s performance. For the purposes of this calculation the amount of light
guided to the PMT by the plate will be compared to the amount of light gathered by the PMT
without a plate. The total amount of additional light collected by the plate can then be calculated
from Equation 26 resulting in:

2 R
QEemis)QY J; ' J; [Fo+ Frq]rrdride
QEaveTU'2

Equation 50 L=

w| =

Where QF(Zemis) 1S the quantum efficiency of the PMT at the average WLS emission wavelength,
QE..e is the average quantum efficiency of the PMT over the incident wavelengths, and QY is the
quantum yield of the WLS material. The integral over F, can be performed explicitly but the
integral over F;” would be too complicated to be particularly useful so this equation has been
numerically calculated for a range of plate widths and is plotted in Figure 20 for the simple case
of QE = QEae= QY = 1. The light collection of the circular WLS plate is fairly linear as the

width of the plate is varied.
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Light Collection For Circular Plates
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Figure 20 The total amount of extra light reaching the PMT for a circular WLS plate for the
cases of a specular edge reflector, a diffuse edge reflector, and no edge reflector.

2.8 Circular Plate with Diffuse Edge Reflector

In the previous section | calculated the light collection of a circular plate with a specular
edge reflector, however the circular plate is also interesting to analyze with a diffuse edge
reflector. Since the edge reflector does not change the amount of light reaching the PMT directly

from the illumination point, the previous equation for Fo remains the same:

Equation 51 F, = (%) Fog sin~? rsin 6¢

rs/

Since a diffuse edge reflector will scatter some of the TIR light out of the plate upon reflection,

two other quantities that are important for the plate with a diffuse edge reflector are the amount
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of light lost at each reflection, ¢;, and the amount of light remaining trapped in the WLS plate, r;.

For the light directly reaching the PMT these quantities are:

Equation 52 Go=1—FpRr

Equation 53 ro = Frir — Fo

Once photons reach the outer edge of the plate they are reflected from a perfectly diffuse
reflector with reflectivity e. Since the reflection is perfectly diffuse, each point on the edge
reflector will act as a point source emitter of photons. The reflected photons will be reflected into
2n steradians and only some fraction of them will remain trapped by TIR. Since the edge
reflector acts as a line of isotropic point emitters, Figure 21, the fraction of the reflected photons
that remain trapped by TIR is the same as for fluorescent emission and Equation 28 applies for
the TIR at the reflector. In principle the derivation for this particular case of light trapping has

extra factors of %2 in the numerator and denominator which cancel.

Point Source of
[llumination

Diffuse Edge
Reflector

Figure 21 A circular WLS plate with a diffuse edge reflector can be treated as if the photons
reflected from the outer edge are radiating isotropically into 2z steradians.
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Since the diffuse edge reflector is a uniform distance R from the central axis of the WLS
plate the calculation of the fraction of light intercepted by the PMT for the i reflection is
obtained by use of Equation 36 for a point emitter located on the surface of the WLS plate with
the exception that the point source is now located at R instead of a variable distance »’. In
addition, since the amount of light reaching the reflector depends on how much light was
previously lost or absorbed by the PMT, the amounts of light detected by the PMT, remaining

trapped within the plate, and lost from the plate after the i reflection is:

Equation 54 Fi = (%) Frigri-q sin™ %
Equation 55 Gi = (1 —Fripri_y
Equation 56 r; = (1 — F)Frrig

In principle light that reflects off the reflector and remains trapped inside the WLS plate can
undergo many reflections before being either absorbed due to non-unity of the reflection
coefficient of the reflector, lost by not being trapped by TIR after a diffuse reflection, or
intercepted by the PMT*. Due to the iterative nature of the calculation, both the numerical
integration of Fo over the surface area and the additions of the F; have been computed
numerically and plotted in Figure 20. Since the amount of light remaining trapped within the
WLS plate is tracked at each stage, an upper and lower limit on the maximum light collection of
the plate can be had by adding r; to the calculation of the light collection using slightly modified

forms of Equation 21:

* In addition the re-emitted light can be absorbed by the plastic. However, according to the datasheets supplied by
the vendors, the absorption lengths for the plastics tested were greater than 400 cm so this effect was not taken into
account in these calculations. This absorption length was included in the simulations presented in chapters 6 and 7.
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Equation 57 Fupper = Pwrs(D) * QY * Frpg * (XL, Fi + 1)

Equation 58 Flower = Pwis() * QY * Fpg * (XiL, Fy)

Then once these limits are obtained they can be integrated over the surface area in order to obtain
limits on the light collection L. For Figure 20, n =8 and n = 16. As can be seen for this number

of iterations the calculation does not change appreciably.

2.9 Comparison of Two Edge Reflectors on a Circular Plate

As can be readily seen in Figure 20, a circular plate guides ~16% more light to the PMT
when it has a diffuse edge reflector than when it has a specular edge reflector. In this regard the
circular plate appears to be a special case as this behavior was not seen in simulations, discussed
in chapter 6, with any other plate geometry. This enhanced performance when using a diffuse
edge reflector on a circular plate is more due to the inefficiency of the specular edge reflector
than to any good effects of the diffuse reflector. The problem with the specular edge reflector
arises because of the rotational symmetry of the circular plate. Any photon that does not reach
the PMT directly from the source (Fo) or from the first reflection off the specular edge (F;) will
continue to reflect from the edge and miss being intercepted by the PMT, Figure 22. The diffuse
reflector, on the other hand, randomizes the photon direction at each reflection which provides
multiple opportunities for the PMT to intercept it. The drawback however is that at each

reflection the fraction of photons lost from the plate is 1 — Frr which then reduces the number of
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photons available for the PMT to eventually detect. In addition, in a full WCD, these lost photons
would be emitted into the water volume of the tank. Once emitted into the detector they could
then propagate to other PMTs and lead to reduced sharpness of the detected Cherenkov rings, or
worse, the possible mimicking of low energy events. In practice a black guard ring could be
placed in front of the WLS plate, masking off a few millimeters of the plate adjacent to the edge

reflector, in order to prevent these extra photons from being emitted.

Plate geometries other than circles do not benefit from having a diffuse edge reflector;
this will be discussed more in later sections of this chapter. This can be understood conceptually
in two related ways. First, a circular plate has greater rotational symmetry than any other two
dimensional shape so it provides the least guiding to the photons when a specular reflector is
used. Any other shape will have less rotational symmetry which provides them with a greater
chance of reflecting the photons towards the PMT. Second, a plate with several straight edges
and corners will produce multiple image sources relatively close to the PMT which increases the
chance of the photons to be detected. It turns out that having multiple image sources, or less
rotational symmetry, is a much more efficient means of guiding photons to the PMT than

reflection off a diffuse surface, except for the special case of a circular plate.
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Figure 22 For a circular WLS plate with a specular edge reflector, a photon which does not
intercept the inner hole after zero or one reflection from the outer edge will never intercept the
inner hole and have a chance of reaching the PMT.

2.10 Effect of Diameter on Circular Plate’s Light Collection

The total light collection of a circular WLS plate, Figure 20, increases approximately
linearly with plate diameter. That the light collection should increase proportionally to the plate
width rather than area can be seen by integrating the equations for Fo and F; which were used in

sections 2.7 and 2.8.

For the case of a specular edge reflector the equation for the total light collection is:

QE (emis)QY (Aine) [27 [X[Fo+ Fry]rrdrrde

r=
QEgpenr?

Equation 59 L=

R
3

62



Fo and F’; are given by Equation 37 and Equation 49 respectively. The integral over Fq can be

computed analytically which gives:

_ QEQemis)Q¥(hind) fo " Jy (3)Prir[sin = (F52C)|rrdride

T/
QEayemr?

Equation 60 Lo

. — i 9 ! !
— 2 FTIR QE(Aemis)QY(Ainc) er [Sln ' (r SIT'r} C)] rdr

o QEpenr?

[ . _.rsinéd )
(2 Frig QEAemis)QY (M) | |R? Sin™ —p—= + 7sin 6.VR? — 12 — 126,
o~ QE,,mr? 2

QEaveT

Squation 61 1, = (F S 000 ) (1) gt (12) 4 gng (-1 -6

This represents the extra light gathered by the circular WLS plate without any reflections from
the outer edge of the plate and the three terms in the square bracket come from the integration
over the surface area and contain all of the dependence on the plate outer radius R. The first term
in the square brackets looks at first like a term proportional to area but for R somewhat larger
than the PMT radius r the inverse sine term behaves as 1/R, so overall the first term is
proportional to R. The second term is also roughly proportional to R and the third term is a
constant. In addition, the quadratic behavior of the first two terms largely cancels so the overall
result is nearly linear. So overall the light guided to the PMT without any reflections from the

outer edge of the plate will be roughly linear with plate width.
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Integrating Equation 59 over the F’; term is difficult but looking at the expression for F’;

can give us an idea of what the result would look like:

Frire(1—Fg)sin™ [ (2! R)sme]

. 2r/ -R
sm—l[ 7 ]
r

Equation 62 F =

w | =

The integration is carried out over the variable »’ which is in the range r <r»’<R. From
Figure 23 it can be seen that an approximation for F’; can be obtained by assuming that the

fraction of light collected is independent of »’ and given by a constant value of:

r sin GC

Equation 63 F' = Fyre (1 — Fy)) ——=

This approximation will be a constant roughly equal to the maximum value of F’;. Now this can

easily be integrated over the area of the plate:

2 R
QE(Aemis)QY [, " J, Fryrrdride

QEayemr?

r =

Equation 64 L, = g

R rsinf.1 ,,,
_ 2 QE(Aemis)QY fr [FTIRS(1 - FO) R C] rdr
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QEaverz
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Equation 65 L, = (QEO‘emiS)QY;;::(l_FO) Sinec) [(?) — r] r> g
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The reason that the amount of reflected light intercepted by the PMT is linear with plate width is
due to the fact that the overall light level at the PMT is proportional to 1/R. As the edge reflector
gets farther from the PMT it is less effective at directing photons to the PMT. Combining the
results for Lo and L; shows that a circular WLS plate with a specular edge reflector should

increase the light level linearly at the PMT as the plate’s width is increased.

Fraction of Light Intercepted By the PMT After One Reflection From Specular Edge Reflector
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Figure 23 The fraction of light captured by the PMT after one reflection from the edge of a
circular WLS plate with a specular edge reflector plotted as a function of illumination position
for several different choices of plate radius R along with an approximation from Equation 63.

Now, for the case of a circular WLS plate with a diffuse edge reflector the total amount of
light reaching the PMT without reflecting off the outer edge will be the same whether there is a
specular or diffuse edge reflector. Therefore the result for Lo in Equation 61 applies to a circular
WLS plate with a diffuse edge reflector. Now all that remains to analyze is the amount of light
reaching the PMT from the edge reflector. The fraction of light reaching the PMT after reflecting

from a diffuse reflector is given by Equation 54 which is repeated here:

_1 rsinB¢

Equation 66 F, = (%) FrrTi—1 Sin

65



Notice that the only »’ dependence in this equation comes from r;.; which is the amount of light
remaining trapped within the plate after ‘i’ reflections from the outer edge. For a single reflection

from the outer edge ro = Frir- Fo which leads to the integral:

e in @ . _1(rsin @
. QE(Aemi )QYfznfREFTIR Frir—Friresin 1 (2520 ] sin—1 (E222) /ar' d
Equation67 L; = emis 0 ‘rm [ i ( ! )] ( R )
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Equation 68 L, = 4QE (emis)QY sin ™ (72 P 1 —Zsin =1 (=55 [ ar”
QEayemr?

Equation 69

2QE (lemis)QY sin (R 2€)F 1 | [r2 R? i .
L1=< = - ——1—1T—rsm‘1(%)—%sm9c\/R2—rz+9C]

QEayeT

Since the inverse sine function behaves as 1/R the leading term in this equation is roughly
proportional to R. The other terms are roughly proportional to R or to -1/R. This means that while
the light collection will be roughly proportional to R there will be a non-linear dependence in the
light collection but this non-linear dependence will have the opposite curvature from what would
be expected for light collection due to surface area, i.e. the light collection will be concave down
with increasing width rather than concave up. This slightly concave down behavior can be seen

in Figure 20 for the total light collection of circular plates.

Now let us consider the higher order terms in the light collection for a circular plate with
a diffuse edge reflector. As was pointed out before, the »” dependence of F; comes from the ri;
term. However, for reflections other than the first reflection the amount of light remaining in the
plate will depend only weakly on Fy and will be more dominated by losses due to total internal

reflection. In this case:
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Equation 70 F; « Fil €lsin

As before, this has a 1/R behavior and once this is integrated over r’dr’ the result will be that the
amount of reflected light reaching the PMT will only increase linearly with the plate width.
Overall each of the terms in the light collection for a circular WLS plate with a diffuse edge
reflector is either linear in R, constant, or of a concave down nature and the light collection

should not increase in proportion to surface area.

2.11 Light Collection by Plates with Straight Edges

In the previous sections a WLS plate with a curved edge reflector was analyzed and it
turns out that for the circular geometry considered that much of the mathematics needed could be
done reasonably well by hand. For the case of an edge reflector which is composed of straight
sections some of the calculations are greatly simplified, however, the integrations necessary
needed become much more difficult to carry out even numerically. Since full three dimensional
ray tracing simulations will be carried out in later chapters, in this chapter I will cover the aspects
of the behavior of straight edge reflectors in a more qualitative manner in order to give an

intuitive feeling for their behavior.

A first instructive example of a WLS plate with a straight edge reflector is the semi-
infinite plate depicted in Figure 24. The WLS plate has a specular edge reflector attached to its

edge and the plate extends infinitely far in all other directions, or at least far enough into the
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other directions so that reflections off those edges can be completely ignored. This semi-infinite
WLS plate has a hole cut into it for placing a PMT. Now, consider the point source of light
illuminating the plate in Figure 24. Every position that the point source illuminates, half of the
emitted wavelength-shifted photons will be reflected from the edge reflector, on average. The
reflected rays can be traced back to an image source located outside of the plate and the same
distance from the edge reflector as the real source. In addition, the path length for the photons
traveling from the real source, reflecting from the reflector, and then intercepted by the PMT is
exactly the same as the path length from the image source to the PMT. This means that the flux
of the reflected photons will be the same as the flux of photons from the imaginary source
outside of the plate, up to a correction for the reflectivity of the reflector. Since the fluxes are
essentially the same, the straight edge reflector has effectively doubled the light collection area
of the WLS plate. Another point of note is that since the path length of the photons from the real
source and the image source are the same, the propagation time for the photons to reach the PMT

will be identical for the two sources.

Point Reflected Image

Source of Point Source
L 'Y

Reflected
Shadow of

PMT

Reflector

Figure 24 A semi-infinite WLS plate with a straight, specular reflector on one edge can help
explain why placing a single reflector on the outer edge of a plate will greatly increase its light
collection.
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2.12 Light Collection of a Square WLS plate Illuminated by a Point Source of Light

After the semi-infinite plate already discussed, the simplest WLS plate with a straight
edge reflector is a square plate with a PMT located at its center. For this case the plate has four
reflective edges and it is possible for photons to reflect off multiple edges of the plate before
finally reaching the PMT. In Figure 25 a square WLS plate with a half width R is illuminated at
point b with a point source of light, the point b is centered a distance R from two of the edges of
the plate. Wavelength shifted photons are then emitted. The fraction of emitted photons that
reach the PMT without reflecting off the edge of the PMT are Fq and the fraction of photons that
reflect from i edge reflectors before reaching the PMT are Fi. As before, 1 will ignore reflections

off the inner hole of the plate.

o
C

\Specular Reflector

Figure 25 The geometry used for calculating the light collection of a square WLS plate.
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The fraction of light directly captured by the PMT will be the same as the case for a circular

WLS plate:

Equation 71 Fy, = %sin‘1 [5 sin Gc]

The photons that reflect off the edge reflectors then lead to the formation of three image sources
located at points c. Since the brightness of the image sources is only changed by the reflectivity,
¢, and the distance of the point sources from the edge reflector can be calculated with simple
plane geometry, the fraction of light reaching the PMT after a single reflection from the edge of

the plate is:

Equation 72 F, = i[sin‘1 ( —sin Gc) + 2sin™? (

r )
2R-17 VRZ 4112 Sin ec)]

Note that this equation is only true for the case of the real source b being equidistant from two of
the plate edges. These image sources will also produce other image sources after reflecting an
additional time off the plate edges, points d in Figure 25. There are actually four image sources
marked d because the geometry results in some of them occurring at identical positions. Also
there are other image sources due to two reflections that are not on the figure because these
sources would be influenced by the light interacting at the inner hole. The fraction of the photons

reaching the PMT after two reflections from the plate edge is:

Equation 73 F, = %sin_l ————sin#,

V(2R-r1)2+R2
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This is the highest number of reflections for which the values of F; can be calculated without
taking account of losses due to the PMT absorbing photons and photons that have undergone TIR

at the inner hole of the plate.

Fo, F1, and F, have been plotted in Figure 19, in order to compare its light collection to a
circular WLS plate, and in Figure 26 for just the case of a square WLS plate with a width of 30”,
an inner hole diameter of 10”, and edge reflector reflectivity ¢ = 0.9, a plate index of refraction of
n = 1.59, and the plate is immersed in a medium with the index of refraction of water n = 1.34.
For light that has reflected once off the outer edge of the plate, red line, the square and circular
WLS plates perform about the same, Figure 19. However, the square plate also directs a
significant fraction of the photons towards the PMT once the light has reflected twice from the
outer edge. There are two important effects due to this extra light; the square plate can collect
significantly more light than a circular plate and these extra photons have traveled further
through the plate they will arrive at the PMT later than the Fo and F; photons. Timing plays a
significant role in reconstructing events in a water Cherenkov detector and these effects will be

studied in chapter 7.

Light Reaching PMT From a Point Source of lllumination
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Figure 26 The Fo, F1, F2, and Fo+ F1 + F; light collected by a 30” wide square WLS plate.
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2.13 Other Possible Edge Treatments

In the previous sections | have considered three options for the outer edge of the WLS
plate; a specular reflector, a diffuse reflector, and implicitly through calculating the Fo light a
plate with a blackened outer edge has been considered. Other treatments are also possible, for
example a realistic scenario is that the edge reflector is neither perfectly specular nor diffuse
which will be treated later in ray tracing simulations. In addition to these options an interesting
option is an edge reflector which results in backscattering of the incident photons. Backscattering
photons are used in many fields. In optics laboratories corner cube reflectors are used to reverse
the direction of laser beams. Road signage and markings also make use of backscattering. The
paint used for painting yellow and white stripes on roads contains small glass beads which reflect
light. Road signs are made to contain tiny corner cube reflectors so that the sign is brighter when
illuminated by an automobile’s headlights. Reflective tape containing arrays of tiny corner cube

reflectors is also available.

Backscattering results in the reflected photons traveling in the opposite direction from the
photon’s original direction. For a WLS plate the backscattered photons produce an image source
at the same point as the real point photon source. This type of edge treatment will result in a
doubling in the amount of light reaching the PMT as compared to a WLS plate with a blackened
outer edge. However, this estimate assumes that the retro-reflective covering on the edges can
backscatter all photons incident upon it. In reality a corner cube reflector will only be able to
reflect over a certain range of angles. For a corner cube reflector constructed of mirrors only
25% of the photons would be backscattered assuming that all incidence angles are equally likely.
Due to this reduction in the acceptance, a backscattering edge reflector would increase the
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performance of a WLS plate with blackened edges by less than a factor of two. Since a diffuse
edge reflector doubles the performance of a circular plate and a specular edge reflector more than
doubles the performance of a square plate there seems to be little practical use for a WLS plate

with retro-reflectors mounted around its edges.
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3. PROTOTYPES AND MANUFACTURING

In this chapter | will discuss the materials used for the WLS plates that were
manufactured and tested. The optical properties, such as the absorption and emission spectra,
will be presented. In addition, physical degradation of the plates due to handling will be

discussed.

3.1 Plastics for Use in WLS Plates

Three base plastics were considered for the WLS plates; polyvinyl toluene (PVT),
polystyrene (PS), and ultraviolet transparent acrylic (UVT). Each of these materials has desirable
features and undesirable features which must be considered when making a final choice of base
plastic. The experimental prototypes tested had their base plastics chosen due to the
recommendation of the manufacturers and availability at the time of the order. For example, the

EJ299 plastic was purchased because the material was available off-the-shelf from the Eljen.

Wavelength-shifting plastics have been developed by manufacturers primarily for use as
light guides in calorimeters for high energy physics experiments [55]. In these calorimeters
scintillators would be coupled to wavelength-shifting plastic bars which would then guide the
light to a PMT located some distance away. This method allows for multiple scintillators to be
read out by a single PMT or for the reduction of non-scintillating material within the detector

volume. These light guides could be several meters in length; therefore maximizing the
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attenuation length was a primary concern in the design of commercial WLS plastics. For the
LBNE light collectors, which would be less than a meter wide, a different optimization of the

optical properties of the WLS plastic would be needed.

Many plastics emit scintillation light when ionizing radiation passes through them. If a
WLS plate was manufactured from standard scintillator plastic, or any plastic that scintillates,
then radioactive decays near the plate could introduce spurious light into the WCD. Since the
scintillation light would only be partially trapped within the WLS plate by TIR, some of the
scintillation light could reach PMTs some distance from the plate. It is possible that some
fraction of these radioactive decays could be mistaken for low energy neutrino events. For this

reason the WLS plates were made from non-scintillating plastics.

Polyvinyl toluene based plastics are produced by several companies for use as a
scintillator plastic in physics experiments. PVT contains aromatic rings which are typically
responsible for scintillation in organic scintillators [56]. Since the scintillation light from the
PVT is quickly reabsorbed by the plastic, a fluor is added in order to shift the scintillation
emission to a longer wavelength. The addition of a wavelength shifter then shifts the wavelength
of the emitted photon to longer wavelengths in order to achieve a balance between matching the
PMT quantum efficiency and the plastic’s absorption. PVT-based plastics meant for
wavelength-shifting applications have an additional chemical, or chemicals, are added to the
plastic in order to quench the scintillation emission but not the fluorescence emission [65]. The
quenching of scintillation light in organic scintillator has been studied [83][84] but the identity of
the extra ingredients in the WLS plastics was not made available to us so all of its possible
impacts on the plate’s performance are not known. PVT has an index of refraction of 1.59 for
blue light, 400 to 500 nm, [57][58] which results in Fr;z = 53.8% in water. PVT is transparent
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to photons of wavelength greater than 380 nm but rapidly becomes opaque at shorter

wavelengths, Figure 27 [59].
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Figure 27 The transmission spectrum for a 60 mm thick sample of polyvinyltoluene, from [59].

Polystyrene (PS) is manufactured for use as a plastic scintillator, both for applications
similar to PVT as well as for scintillating optical fibers, and has lower scintillation efficiency
than PVT [61] which makes it attractive as a possible WLS plate material. The index of
refraction of PS is similar to PVT [60] so the light trapping efficiency would also be
Frir = 53.8% in water. PS is more transparent to ultraviolet light of wavelengths near 350 nm
than PVT, Figure 28 [59]. The density of PS and PVT is 1.03 g/cm®. The important parameters of

each plastic tested are summarized in Table 1.
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Table 1 Properties of plastics tested. The material BC499x15 uses the same dopants as BC499-
76 but at 15 times greater concentrations. Except for the final column, measured time constant,
these values have been obtained from the datasheets provided by the manufacturers. The

measurement of the time constants will be described in chapter 5.

WLS Plastic Density | Index of | Absorption | Emission | Time Measured
(glcm®) | refraction | range (nm) | peak (nm) | constant time
(ns) constant
(ns)
Bicron BC482a™®  11.03 1.59 350-470 494 12 7.0
Bicron BC499-76 1 11.03 1.59 260-400 425 2.1
Bicron BC499x15 ! 11.03 1.59 260-400 425 2.2
Eljen EJ299 (%] 1.21 1.49 260-400 425 1.9 2.4

Ultraviolet transparent acrylic (UVT) is a non-scintillating plastic and has excellent

transparency down to 325 nm, Figure 29, which would allow more ultraviolet light to be

wavelength shifted and guided to a PMT. One drawback of UVT is that its index of refraction is

1.49 [62] which results in a trapping efficiency of F;;z = 43.7% in water which immediately

results in 23% poorer light collection than a PVT or PS based plastic. In addition acrylic has a

higher density than the other two plastics considered, 1.21 g/cm®.
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Figure 28 The transmission spectrum for a sample of 30 mm thick polystyrene, from [59].
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Figure 29 The transmission spectrum for two UVT acrylic samples, from [66]. The samples were
9.5 mm thick. The different curves show the effect of different levels of UV exposure on the
transparency of acrylic samples. The solid curves show the transmission spectrum for samples
that were not exposed to UV light.

For the WLS plate prototypes that were tested, rectangular sheets of material were cast to

the desired thickness. During casting the temperature of the material was reduced slowly [63] in
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order that internal stresses did not build up in the plastic; however the exact cooling schedule

was not supplied by the vendors.

3.2 Plate Mounting Considerations

The total weight and density of WLS plates would be an important consideration when
designing a WCD making use of these light collectors. The PMT mounting scheme that was
planned for LBNE was to hang the PMTs on stainless steel cables which would be hung from the
top of the detector volume [14]. This mounting scheme was inspired by the Irvine-Michigan-
Brookhaven (IMB) experiment’s PMT mounting system, Figure 30. In LBNE the PMTs would
be mounted to the stainless steel cables, Figure 31, with the detector fully empty of water. In a
detector which is 80 m tall there would be 94 PMTs mounted to each cable. Assuming a circular
WLS plate of inner radius 12”, outer radius 25” and a thickness of 0.5” each PVT or PS WLS
plate would have a mass of 3.2 kg which would increase the total mass hanging from the
stainless steel cables by 300 kg. For acrylic the mass per WLS plate would increase to 3.7 kg and
the total mass for 94 plates would be 350 kg. Since the center of mass of the plates would be
offset from the cables, the plates would also add to the torque on the cables at each PMT

mounting location.
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Figure 30 The mounting scheme used in IMB, figure from [38], has the plate secured to the
cables through pins located along the top and bottom edges of the plate.

Figure 31 The PMT mounting scheme planned for the walls of the LBNE WCD used stainless
steel cables to string columns of PMTs between support structures, image from [14].
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Once all of the PMTs would be hung from the cables, the WCD could be filled with
water. Once immersed in water the PMTs become buoyant, the 10” PMT used for tests at CSU
required the addition of 25 pounds of weight in order to fully submerge it under water. The
PMT’s buoyancy changes the torques on the cables as well. Studies of the effects of filling the
WCD with water were not undertaken but if the project had gone forward, serious consideration
would have to have been given to this problem when selecting the plastic from which to make

the plates.

It should be noted that other PMT mounting schemes are possible in a WCD. For
instance, the SK detector has its PMTs mounted to a steel frame, Figure 32 [64]. The effect of the
weight of WLS plates on the PMT mounts must be considered in the context of a particular
detector so the ideal choice of base plastic for the LBNE WCD could possibly be different than

what would be chosen for a detector structurally more similar to SK.

The datasheets from the vendors indicate that the coefficient of linear expansion for PVT
is in the range 74x10°® °C™ to 78x10°°C™ [57] [58]. The EJ299-15 acrylic WLS plastic was
stated as having a coefficient of linear expansion in the range 60x10° °C™ to 90x10°°C™ [62]. In
principle the coefficient of linear expansion could be important because the WCD would be
assembled at ambient temperature but once filled with water would be cooled to just above
freezing in order to minimize the growth of microorganisms. During this cooling down period
the size of the plates would change by roughly 0.15%, for a 30” wide WLS plate the width would
change by approximately 1.1 mm. Depending on how the WLS plates were mounted this change
in dimensions would need to be planned for. Since the coefficients of linear expansion are in the
same range for PVT and acrylic, this quantity would not have been an important factor in

choosing the base plastic for the plates.
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Bottom Module

Figure 32 PMT mounting scheme used by Super-Kamiokande which uses a rigid steel frame for
the PMT mounts, picture from [64].

3.3 Desirable Characteristics of Fluorescent Dyes

The fluorescent dye used in the WLS plates needs to be chosen with several issues in
mind. From a manufacturing point of view there are a range of issues including the ease with
which the dye can be incorporated into the plastic and how does the high temperatures of the
plastic during casting affect the dye’s quantum yield [68]. In practice these considerations limit

the number of practical fluorescent dyes to a fairly small number. From a user’s point of view the
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three most important quantities for the fluorescent dye are its absorption spectrum, its emission

spectrum, and its time constant.

In order to know the preferred absorption and emission spectra for a fluorescent dye in a
WLS plate it is important to understand the optics of ultrapure water. Ultrapure water has an
attenuation length of ~100 m at 420 nm while the red and ultraviolet regions of the spectrum
have significantly greater attenuation. Figure 33 plots the absorption length of photons in
ultrapure water as a function of wavelength and Figure 34 shows the spectrum of Cherenkov
light after it has traversed a range of path lengths. As can be seen, the short wavelength
ultraviolet and infrared light gets attenuated very rapidly leaving light with wavelengths in the

range of 300 to 500 nm available for detection.

Absorption and Rayleigh Scattering Lengths in Water
Values Used in WCSIim Package, Based on Super Kamiokande
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Figure 33 The absorption length and Rayleigh scattering length in water, as used in the LBNE
detector simulation which is based on the experience of the Super Kamiokande experiment.
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Cherenkov Spectra After Traveling Through Different Lengths of Water
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Figure 34 The Cherenkov spectrum after the light has traveled through different lengths of water.

Photons in water may also Rayleigh scatter. The scattering length for photons in ultrapure
water has a 4™ dependence [67] and the values assumed for the LBNE WCD are plotted in
Figure 33. In Figure 35 the fraction of photons that have Rayleigh scattered after different
propagation distances has been plotted. As can be seen, photons of wavelength less than 300 nm
will Rayleigh scatter after only a short distance, for reference the width of the WCD would have
been 62 m. Rayleigh scattered photons, if detected, would have the effect of making Cherenkov
rings from all particles look more diffuse. In principle Mie scattering also occurs but in ultrapure
water this is a factor of 10 smaller than Rayleigh scattering and has not been studied in depth for

the WCD detector.
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Probability of a Photon Rayleigh Scattering After Passing Through a Length of Water
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Figure 35 The probability of a photon Rayleigh scattering in pure water. After even short
distances of a few meters the short wavelength ultraviolet light is likely to Rayleigh scatter. In a
WCD this leads to a reduction in the sharpness of the rings.

The highest light collection with a WLS plate will result when the plate absorbs and
wavelength shifts the largest number of photons and since the Cherenkov spectrum has a 4
dependence, Figure 9, this means wavelength-shifting a large amount of ultraviolet light. The
downside of this approach is that a large amount of Rayleigh scattered light will be detected. So,
for detectors where particle identification is important, the WLS plate should not wavelength
shift photons with wavelengths much shorter than 300 nm. The exact value of the shortest
wavelength to accept would need to be determined from detailed simulation studies, which were

not completed for the LBNE WCD due to the far detector technology down selection.

The emission wavelength of the dye needs to occur at a wavelength where the PMT has
high quantum efficiency in order for the plates to greatly increase the amount of light detected by
the PMTs. For the PMTs planned for LBNE this condition puts the most useful range of emission

wavelengths between 350 nm and 450 nm. In practice 350 nm is too short of an emission
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wavelength because there would not be a broad enough absorption spectrum in order to produce
a WLS plate with high light collection. Also, if the absorption spectrum is broad and captures
enough of the Cherenkov spectrum, it is possible to produce a useful WLS plate with an

emission wavelength greater than 450 nm.

An additional consideration for the emission spectrum of the fluorescent dye is the water
transparency. Since short wavelength light gets Rayleigh scattered and long wavelength light
gets absorbed, there is a portion of the spectrum where water has a maximum transparency and
for ultrapure water this turns out to be near 420 nm. If the fluorescent dye has its emission
centered near this wavelength then wavelength shifted light that is not captured by total internal
reflection will be very likely to propagate through the volume of the detector where it may be
detected, both by neighboring PMTs and PMTs widely separated from the emission point.
Detecting this re-emitted light would cause a loss of sharpness in the shape of the Cherenkov
rings, would introduce timing related issues®, and might possibly be able to mimic a low energy
neutrino event. Choosing a fluorescent dye with a longer wavelength would cut down the amount
of re-scattered light that would be detected, however it would also reduce the light collection due

to a mismatch between the PMT QE and the emission wavelength.

Once the fluorescent dye absorbs a photon it takes some time to de-excite. The de-

excitation of the dye molecule can be described by a fluorescence time constant t:

Equation 74 P= et/

T

® The effects of this re-emitted light are included in the simulation and reconstruction studies of chapter 7 however
these studies did not specifically look into varying the amount of light re-emitted into the detector.
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where P is the probability of the molecule de-exciting and emitting a photon, t is the time after
the absorption of the photon, and 7 is the fluorescence time constant for the decay. Since vertex
reconstruction in a WCD is based on timing, it would seem that the florescence time constant
would need to be as short as possible. However, the uncertainty in the photon detection times for
the R11780 PMT was 1.29 ns [46] so using a fluorescent plastic with a time constant shorter than
this would not provide any clear benefit. In addition, since the plate shapes with higher light
collection, like a square plate with a specular edge reflector, delay the arrival time of the photons
by several nanoseconds through the course of multiple reflections from the edge of the plate, the

time constant would only need to be on the timescale of a few nanoseconds.

In principle the absorption spectrum, emission spectrum, and the fluorescence time
constant are independent of each other, however the effective decay time measured for a given
dye will depend on all three of these parameters. If the absorption and emission spectra have
considerable overlap, Figure 36, then the measured time constant will increase. If photon
emission happens at a wavelength where the WLS plate may also absorb photons then the photon
may have an additional delay before it is re-emitted at another even longer wavelength. It is
possible for multiple absorptions and re-emissions to occur before the photon is emitted at a
wavelength where it may propagate through the plastic without being re-absorbed, this leads to
an increase in the measured, or effective, decay time of the dye. A simple Monte Carlo
calculation was written to look at this effect using the absorption and emission profiles as in
Figure 36 for various degrees of overlap between the absorption and emission spectra for
hypothetical dyes with 2.0 ns decay constant. As the amount of overlap increases, the measured
decay time of the dye also increases, Figure 37. Therefore, it is desirable for the fluorescent dye

to have minimal overlap between the absorption and emission spectra.
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Figure 36 A fluorescent dye will have an overlap between its absorption region (blue) and its
emission spectrum (red). The amount of overlap will affect the light trapping through total
internal reflection and the plate’s timing characteristics.

In chapter 5 | will discuss the results of timing measurement performed on the WLS
plates. The measured decay time, or as it will be called here the timing spread, in these tests was
due to a combination of the fluorescent decay time of the plastics, the overlap between
absorption and emission spectra as well as geometrical factors to be discussed later. Therefore
the timing spreads presented are actually “effective decay times” which will be longer than the

fluorescent decay time.
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Time Distributions of Photons Emitted by Fluorescent Dye
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Figure 37 A simple Monte Carlo experiment shows that as the amount of overlap between a
fluorescent dye’s absorption region and emission spectrum increases the effective decay time of
the material also increases. For this simulation a fluorescent time constant of 2.0 ns was used.

3.4 WLS Plate Materials Tested

A total of four WLS plastics were tested for use in WLS plates. Three of the plastics,
which were purchased from Bicron®, used a PVT base material to which fluorescent dyes were
added. One of the plastics, BC482a [58], used a dye that absorbs light between 350 nm and
470 nm. The peak emission wavelength for this plastic occurred at 494 nm. While this plastic’s
absorption spectrum did not at first appear well matched to the Cherenkov spectrum and the peak
emission wavelength was not well matched to the PMT’s quantum efficiency, its absorption

range made it well suited to testing with light emitting diodes at single wavelengths.

® Owned by Saint Gobain
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Another PVT based plastic, Bicron BC499-76 [57], was designed as a WLS material for
collecting Cherenkov light. This material is stated by the datasheet to collect light between
260 nm and 400 nm. BC499 has its peak fluorescence emission at 425 nm. A visual test with
395 nm and 405 nm LEDs showed that a large fraction of the UV light was passing through this
plastic without being wavelength-shifted. Therefore an additional PVT based plastic was custom
ordered from Bicron. This custom plastic used the same dopant formula as BC499-76 but at

fifteen times higher concentration, in this paper this plastic is designated BC499x15.

A fourth WLS plastic, this time with an acrylic base material, was obtained from Eljen.
This plastic, EJ299-27 [62], is based on the formula of the WLS plates in the Super-Kamiokande
WCD outer detector. This material also claims to absorb between 260 nm and 400 nm and has its

peak emission at 425 nm. Table 1 summarizes the optical properties of these four WLS materials.

3.5 Reflective Materials for Outer Edge of Plate

In order to guide greater numbers of photons to the PMT, a reflective material was placed
on the outer edge of the WLS plates. Two materials were tested for use as an edge reflector. A
metalized Mylar tape with an acrylic based adhesive backing, Uline part number S-15881SIL,
was used for the majority of tests. In tests with the WLS plates submerged in water for over a
month the tape remained well adhered to the plastic and showed no visual degradation of the
reflective layer was seen. It was found through simulations and hand calculations that Tyvek’

works as a good reflector for plates with a circular shape. However, since Tyvek is a diffuse

" Tyvek is a polyethylene fabric which is highly reflective and diffuse.
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reflector, it would cause extra light to be emitted from the plate and into the WCD volume as
compared to a specular edge reflector. This is because at each reflection from this diffuse surface
there is a chance for the light to be scattered at an angle which does not result in total internal

reflection. This is covered effect is described for a circular WLS plate in section 2.8.

3.6 Material Degradation

A common issue with scintillator grade PVT and PS is the development of crazing [68]
which results in the surface of the scintillator developing regions with a large number of micro-
cracks roughly perpendicular to the plastic’s surface. These micro-cracks can reflect light rays
incident upon them resulting in attenuation of light propagating through TIR. Crazing has been
studied in PS scintillator where it was found to be caused by temperature shock, low molecular
weight organic solvents, and physical bending of the material. Acrylic sheet has been found to be

fairly resistant to crazing [69].

During the tests of the WLS plates two of the plastics developed crazing while the other
two did not, Figure 38 and Figure 39. The WLS plastics were always handled while wearing
nitrile rubber gloves, since the oils from skin are known to cause crazing, but this precaution did
not prevent crazing for two of the WLS plastics. The two plastics that developed crazing were
BC482a and BC499, both PVT based plastics. The regions of crazing on the BC499 plate are
roughly hand sized, concentrated around the periphery of the plate, and was related to the
handling of the materials. The BC482a plate developed crazing over the majority of its surfaces

but this crazing also began as roughly hand and finger sized regions that were related to
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handling. The other two plastics, EJ299 and BC499x15, did not develop crazing. The EJ299
material has an acrylic base while the BC499x15 has a PVT base. The BC499x15 plate was
handled in the same manner as the other two plastics obtained from Bicron so it is unclear why

that material did not craze.

Figure 38 The PVT based BC499 plastic developed crazing which was roughly hand sized and
located in places that the plate had been touched with gloved hands.
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Figure 39 Crazing that developed on the surfaces of the BC482a plate. The top picture shows the
plate illuminated from the direction of the camera. At this angle the crazing is not visible except

at the point that has been circled. Once the plate is illuminated from the side, bottom picture, the
surface crazing becomes apparent.
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In addition to the causes of crazing given above, certain materials which are in contact
with the plastic can also lead to crazing. It has been found that wrapping scintillator plastics in
aluminized Mylar can lead to crazing [70]. Since one of the edge reflector materials used in this
work was aluminized Mylar tape, this would need to be investigated by future projects looking to
use WLS plates. The aluminized Mylar tape features an acrylic based adhesive which may act as
a barrier for preventing or reducing crazing but this would need to be studied through long term

aging tests.

3.7 WLS Plate Manufacture

The sheets of plastic arrived from the vendors with adhesive-based contact paper attached
to their surfaces. This paper serves to protect the surface of the plastic from scratches as well as
from ambient ultraviolet light. The sheets of plastic were first cut roughly to size on a band saw.
Then the resulting disks were mounted to a rotary table attached to a milling machine where the

outer edge was trimmed to 20” diameter.

After cutting the outer edge perpendicular to the flat faces of the plastic sheet, the inner
hole of the plate was cut at a 7° angle from vertical. Originally we had planned to mount the
WLS plates to the PMT with a transparent optical room temperature vulcanizing (RTV)
compound and had chosen to mount the plates near the widest part of the PMT. However, later
we learned that this portion of the PMT was relatively insensitive to photons, had unusual timing

characteristics, and we were told not to physically couple the plates to the PMT [71]. As a result
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the first WLS plate prototype was cut with its inner hole at a 7° angle and for consistency all

later plates were cut to the exact same dimensions.

For the majority of the tests the plates were used with the edges of the plates as they left
the milling machine. The milling left a slightly rippled surface on the outer and inner radii. Since
simulations had shown that a diffuse outer edge reflector performed better on a circular plate
than a specular edge reflector, this roughness from the milling machine was considered unlikely
to have an adverse effect on the outer edge of the plate. The inner edge of the plate would be
fully immersed in water which greatly reduced the refraction due to the slightly rippled surface
so the inner edge was also left as it left the mill. Later tests were done where the plate’s
performance was measured with the outer edge as from the mill and then polished smooth, this

resulted in no difference to the circular plate’s overall light collection.

The polishing of the plate’s edges was performed by hand by wet-sanding the machined
edge with silicon carbide sandpaper backed with a hard rubber block. The polishing began with
220 grit sandpaper to remove the tool marks left by the mill. Once the tool marks were removed
the edges were then sanded with 320, 400, 600, and then 1500 grit sandpaper. Then edges were

sanded until they showed little visible haze due to residual scratches left by the sandpaper.

3.8 A Note about WLS Plate Mass Production

If LBNE had decided to use the 200 kton WCD as its far detector and if WLS plates had

been chosen as its light collector then a rough calculation shows that ~29600 plates would be
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needed for 10% photocathode coverage®. Assuming that a single WLS plate could be milled from
a sheet of plastic in 30 minutes it would take a single full time worker seven and a half years to
produce all of the plates for LBNE. In order to speed up production two main plans had been
considered. The first would be to cast the plates to the desired shape. This work would have been
done at the factory that produced the plastic, either Bicron or Eljen, and then the main work at
CSU would be to attach the outer edge reflector to the plate. The second option would have been
to cast to the plates to nearly the desired size and then clean up just the inner hole on a dedicated

mill at CSU.

& The true photocathode coverage of the LBNE detector would have been 10% but the higher QE of the
photocathode and the extra light gathered by the light collectors would have increased this to an effective value of
20% coverage, see section 1.13.
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4. UNIFORM ILLUMINATION TESTS

The prototype WLS plates were tested experimentally in two specially designed test
fixtures. One of these fixtures scanned a small light source across the surface of the plate while
monitoring the amount of light reaching a PMT at the center of the plate and this will be the topic
of chapter 5. This chapter will cover the other test setup which was designed to measure the light
collection of the WLS plates when they were illuminated uniformly. Measurements of the light
collection of the WLS plates under uniform illumination were conducted at multiple wavelengths
in order to characterize the spectral response of the plates. Tests were also conducted in order to
determine the best placement of the plate relative to the PMT. The results of these tests were
used in developing a realistic simulation model for the WLS plates that could then be used to
judge the effects of the plates on the performance of the LBNE WCD; this will be the topic of

chapter 7.

4.1 Experimental setup for single wavelength measurements

Tests of the WLS plates under uniform illumination were carried out in a modified
55 gallon drum filled with water, Figure 40. The drum consisted of a leak-tight polyethylene
liner which was then covered with low reflectivity plastic. A multimode optical fiber with a core
diameter of 62.5 um was used to transport light of a single wavelength from a light source to the
testing drum. The bottom of the drum had multiple Tyvek surfaces to reflect and diffuse the light

from the optical fiber such that once the light reached the top of the drum it was of fairly uniform
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intensity and at normal incidence to the WLS plate surface. The PMT and WLS plate were
mounted at the top of the tank facing downward toward the light source. The testing drum was
placed inside of a light tight box in order to perform measurements of the WLS plate’s light

collection.

Figure 40 Test arrangement of WLS plates for uniform illumination. The PMT (a) and WLS
plate (b) sat at the top of the drum facing downward. The entire WLS plate sat below the water
level. Tyvek surfaces at (c,d) diffused light from the optical fiber located near (e) upward
towards the PMT and WLS plate. The walls of the drum were lined with low reflectivity black

polyethylene.

Both light-emitting diodes (LEDs) and a filtered xenon flash lamp were used as light
sources for measurements. Single wavelength LEDs were used for testing the light collectors at

wavelengths of 375 nm, 395 nm, 405 nm, 420 nm, and 465 nm. While LEDs with shorter

98



wavelength than these were commercially available it was felt that due to their high cost it would
be preferable to purchase a xenon flash lamp in order to test at shorter ultraviolet wavelengths.
The xenon flash lamp used was an Ocean Optics PX-2 which produced a continuous spectrum
with some emission features, Figure 41, in the 300 nm to 400 nm region of the spectrum. Band
pass interference filters with a transmission window of 10 nm, full-width half-maximum, were
used to select particular wavelengths for use in testing. The holders used to hold the light

sources, filters, and fibers in alignment are diagrammed in Figure 42.
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Figure 41 The emission spectrum of the Ocean Optics PX-2 pulsed xenon light source [85].

Both types of light sources were used in a pulsed mode during testing. The xenon flash
lamp produced pulses of light 5 ps in duration and could not be varied by the user but the pulse
rate of the flash lamp could be set between 0 and 200 Hz. The light collectors were tested at a

pulse rate between 100 and 150 Hz in order to keep data collection times as short as possible®

® Including the opening and closing of the light-tight box, a set of measurements took more than three hours to
complete. The pulse repetition rate of the light source was set as high as possible in order to shorten the time needed
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while avoiding the highest pulse rates possible. Once the light from the flash lamp was filtered,
propagated through the system, and finally reached the PMT, less than 10 photoelectrons (pe)
were detected at the top of the drum within each pulse, the details of the measurements are
described in sections 4.3 and 4.4.

LED Fiber Optic
\ Cable

— D == -

Brass Alignment
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Bandpass Filter
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“Filter Holder

Figure 42 Tests with an LED light source used a machined brass alignment sleeve to couple the
LED to the fiber, top drawing. For tests using the xenon flash lamp a plastic holder was
fashioned to hold the bandpass filter, the flash lamp, and the optical fiber in alignment, bottom

drawing.

The LEDs could be flashed at much higher rates than the xenon lamp and were flashed at
10 kHz. In addition there was much greater flexibility in the pulse width since that was
determined by a setting on the voltage source used to drive the LED. Typical pulse widths used
when using the LEDs were between 30 ns to 100 ns. The LED light sources typically resulted in

light levels at the top of the drum of tens of pe per pulse. The response of the WLS plates was

for a set of measurements thereby reducing the chance of environmental effects from changes in the room
temperature.
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measured between 375 nm and 405 nm using both LEDs and the filtered xenon lamp. The results

were consistent even though the light levels and pulse durations were considerably different.

The light sources were flashed using a SRS DG535 pulse generator. The xenon flash
lamp was triggered by applying a TTL signal that caused the lamp’s internal power supply to
discharge. The LEDs were powered directly by the pulse generator using square waves of

adjustable duty factor and amplitude.

Based on using the LBNE water Cherenkov detector simulation, described in chapter 7,
the WLS plates and PMTs would see between 0 and 10 photons during a neutrino interaction, the
measurements in the testing drum needed to be conducted at low light levels so that the results
would be directly applicable to the planned detector. A competing concern with the
measurements was photon counting statistics. The detected number of photons is a Poisson
random variable so the standard deviation of a set of measurements at a single light level would
be equal to the square root of the average number of photons. This means that in order to keep
the fractional uncertainty on the measured photon levels low, a high light level is desirable. In
order to keep the light level reasonably low the light source was not efficiently coupled to the
optical fiber used to guide the light to the testing drum. The optical fiber, Thorlabs part number
M31L02, was directed at the light source which was a located a few millimeters away in the
case of the LEDs and roughly a centimeter in the case of the xenon lamp in order to provide

space for mounting the interference filters.

In order to verify that a constant light level was present in the testing drum throughout a
set of measurements, a monitor PMT was used when testing. The monitor PMT was a 28 mm

diameter Hamamatsu R268. The fiber optic that was mounted to the light source was then run
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into a 90/10 splitter, Thorlabs FCMM625-90A-FC, which was designed to operate at 850 nm.
Tests using an LED showed that the splitter worked as an approximately 75/25 splitter at 405 nm
and the low intensity side of the splitter was fed into the monitor PMT. It was found that the
output of the light sources did not drift throughout a set of measurements so there was no need to

try to account for drifts in light levels.

The light sources and monitor PMT were located in a light tight box immediately
adjacent to the box holding the testing drum; this was done in order to be certain that all of the
photons were reaching the PMT and WLS plate from the desired direction. A fiber optic feed
through was used to connect the fiber from the splitter to the fiber attached to the bottom of the

testing drum.

At the bottom of the testing drum were two Tyvek surfaces. The first Tyvek surface,
Figure 43, faced towards the fiber and away from the PMT and reflected light towards a second
Tyvek surface. This second Tyvek surface reflected the light towards the PMT. The size of the
two Tyvek surfaces was arrived at through trial and error and was kept constant throughout all of
the tests. The Tyvek surfaces were attached to rigid polyethylene backing material using stainless
steel screws. Adhesives were not used since they could leach chemicals into the water that could
harm its transparency to ultraviolet light. The walls of the drum were lined with low reflectivity

black polyethylene. The reflectivity of this material was measured at CSU to be 5% in air [73].

The PMT and the WLS plate sat at the top of the testing drum facing downward towards
the light source, Figure 40. The PMT mounted to the top edge of the testing drum while the WLS

plate was mounted to hooks whose length were adjusted in order to vary the placement of the
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plate relative to the PMT. Since large PMTs are sensitive to magnetic fields, the orientation of the

PMT relative to the light tight box was kept constant throughout all tests.

Figure 43 At the bottom of the testing drum sat a diffuse light source. An optical fiber
illuminated a 4” diameter circle of Tyvek which then reflected light towards the 20” diameter
circle of Tyvek. This final Tyvek surface then reflected the light toward the PMT.

The testing drum was filled with water so that the entire PMT photocathode was
submerged and the back surface of the WLS plate at least 1” below the surface of the water.
Early tests had the drum filled with deionized water but this was found to degrade fairly quickly.
WLS plates that were left in the deionized water for more than a week would develop a layer of
clear ‘slime’ which would settle on their top side, the side facing away from the light source.
This layer of slime could be as thick as 2 mm. It was not determined what was causing the
growth of this slime but it was observed that particulate matter from the inside of the light tight
box would settle on the water surface and possibly provide food for microorganisms. While the

presence of this biological growth did not appear to affect the light collector measurements later
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measurements had the drum filled with tap water with the aim of slowing the growth through the
presence of small amounts of chlorine. When using tap water the drum remained free of growth
for over a month but would eventually develop biological growth. It should be noted that the

crazing described in section 3.6 occurred before tap water was used in the drum.

The high voltage for the PMT operation was supplied by two SRS PS350 supplies. The
10” Hamamatsu R7081 PMT used for the light collector tested was always operated at 1585 V
which produced a gain of 10’ electrons per detected photon. The voltage applied to the monitor
PMT was changed depending on the light level it was detecting. The light reaching the monitor
PMT was of much higher intensity than the light level in the testing drum because no diffusing
optics were used with the monitor PMT. The voltage applied to the monitor PMT was adjusted at
the beginning of a test so that the signal would be at roughly half of the readout electronics’ scale
so that any changes in the light level would be readily seen. Once a set of measurements was
begun the voltage applied to the monitor PMT was not adjusted. Typical voltages used for the

monitor PMT were in the range of 600 to 1500 Volts.

Readout of the PMTs utilized a CAEN V792N charge to digital convertor (QDC). A logic
signal was applied to the QDC'’s trigger input and as long as the logic level was ‘on’ the QDC
integrated the signals applied to the input channels. For this particular QDC the ‘on’ signal, or
integration gate, was a negative voltage NIM logic signal. An example of an integration gate and
the signal to be integrated are shown in Figure 44. The QDC input channels have a small
constant current applied to them so that even if no signal is applied to an input channel a non-
zero QDC output would result. In addition, the value obtained for that channel depended on the
length of the integration gate since Q=I*t where Q is the integrated charge, | is the bias current

applied to the channel, and t is the width of the integration gate. Before making a measurement
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of a PMT signal with the QDC a pedestal measurement was made in order to determine the

charge measured for a particular integration gate width.
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Figure 44 An integration gate, yellow, is applied to the QDC in order to integrate the signal,
green, within the specified time.

The integration gate widths varied greatly between measurements utilizing the LED and
xenon light sources. When using the LED light sources integration gates of roughly 100 ns were
used. The xenon flash lamp emits photons over many microseconds following the TTL trigger
signal. For the measurements reported here an integration gate width of 3 us was used. In
principle a wider integration gate would have enabled measuring more photons from the xenon
light source but would have pushed the pedestals past the useful range of the QDC. The QDC
used had a single trigger input which meant that the reference and 10” PMTs were measured

using the same integration gate.
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4.2 Light Uniformity at Top of Testing Drum

In order to measure the uniformity of the light at the top of the testing drum, near where
the PMT and plate would be mounted, a holding fixture was machined, Figure 45. This fixture
held a 17 diameter Thorn EMI Electron Tubes™® 9125B PMT. In order to measure the light over a
small region, the front of the PMT was masked by the holder so that only a 3/8” diameter circular
area of the PMT photocathode was exposed to light. The holder could position the PMT over the
center of the drum as well as 4, 8”, and 10 from the center of the drum, 10” from the center of

the drum would be at the outer edge of the circular light collectors.

The light level was measured at the top of the drum using the xenon light source and
bandpass filters with wavelengths of 355 nm and 405 nm, the detected light level was too low at
wavelengths shorter than 355 nm to enable the drum to be profiled further. The results, scaled to
the maximum light level obtained for each wavelength, are plotted in Figure 46. The light level
dropped off by 20% at the edges of the testing drum and the distribution was similar for both

wavelengths.
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Fixture for

holding PMT

Figure 45 In order to measure the distribution of photon levels, a small PMT was positioned at

several points across the top of the drum.
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Figure 46 The light level uniformity measured at the top of the testing drum.
have been scaled to unity at the center of the drum.
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In principle it should have been possible to correct tests of the circular WLS plates for the
non-uniformity of the light levels at the top of the testing drum. Such a correction would have to
assume that the light collection of the circular WLS plate was rotationally invariant. WLS plate
shapes other than a circular one would need to have their light collection fully characterized with
a 2-D point source scanner in order to correct for the testing drum’s non-uniformity. Such a 2-D
scanner had been planned but due to the decision to build a liquid argon detector rather than the
200 kton WCD it was decided that we should not spend the additional money needed to construct

the 2-D scanner and only the 1-D scanner of chapter 5 was constructed.

4.3 Light Collector Measurement Procedure

Now that the test setup has been fully described I will now describe the test procedure. A
series of light collector measurements began by choosing the wavelength of light needed for the
tests. Once a light source appropriate for the tests was set up, the light tight box containing the
light source was sealed shut. Then the PMT, without a light collector, mounted into the testing
drum and the light tight box sealed. With both light tight boxes sealed, the lights in the room
were turned off so that if the boxes are not completely light tight the light leak would be greatly
reduced. The next step was to turn on the PMTs’ high voltage and then check the signals on the
oscilloscope. The most important thing to check was that the signals from the PMTs fell within
the integration gate. Once the timing of the integration gate and the PMT signals had been set
then the PMT signal cables were attached to the QDC and a sample spectrum acquired. At this

point, since each LED and filter allows a different light level to reach the PMTs, the voltage
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applied to the reference PMT needed to be adjusted so that its integrated charge fell within the

middle range of the QDC response.

Once the light level had been set, the light source was turned off and dark counts obtained
from both PMTs and saved to a file. The dark count rates of these PMTs was very low, ~100 Hz
for the reference PMT and ~3 kHz for the 10” PMT, so this test was used to verify that the signal
cables are correctly attached to the QDC and that there are no significant light leaks in the light
tight boxes. Next the light source was turned on and allowed to warm up for at least a minute.
Once the light source was warm a ‘PMT alone’ measurement was made of both the 10” PMT
mounted in the testing drum and the reference PMT. Next the voltage to the PMTs was turned off
and the light tight box holding the testing drum opened. When opening the box the fluorescent
lights in the room were left off since UV light can change the dark count rate of the PMT by
exciting the photocathode material. If additional light was needed in order to safely move the
PMT and WLS plates, a red light is used to provide the illumination. Tests in the lab had shown
the red light to have little effect on the dark count rate of the 10” PMT. At this point the 10” PMT
was removed from the testing drum and placed in a foam holder. Next a light collector was
placed into the testing drum, the PMT remounted, and the light tight box resealed. Then, with the
high voltage turned on, dark count spectra were taken in order to verify that the box had no
significant light leaks, then then light source turned on, warmed up, and then ‘PMT plus plate’

QDC data collected.

Once the first WLS plate is tested it is removed from the test setup and replaced with
another plate. After all of the plates had been tested one by one, just the PMT was placed back

into the box and a second ‘PMT alone’ set of data acquired.
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4.4 Data Analysis

After the data from a series of tests had been collected the data was uploaded to the HEP
group’s computing cluster so that it could be accessed at a later time for analysis. The first step of
the data analysis was a visual check of the dark count spectra. Since the dark count rates of these
PMTs were very low, this was mostly to check that the pedestal position was constant between
all of the tests. A shift in the pedestal location would indicate that something in the data
acquisition chain had changed and that the data might not be reliable. Once the pedestals had all
been checked, the reference PMT response with the light source on was checked in order to
ensure that the light level was constant between all PMT alone and PMT plus plate tests. If the
light level varied too much then the series of tests was repeated the next day, because a series of
tests took several hours it was not practical to repeat the tests the same day. Once the light levels

were determined to be constant then the mean QDC level of the 10” PMT was measured.

The light level detected by the 10” PMT was measured by fitting a function, Figure 47, to
the QDC spectrum when the light level was less than 15 pe; this was the case for all of the
measurements using the xenon light source. Since photon counting statistics follows a Poissonian
distribution, the fitting function used was a sum over many Gaussians with the area under each

Gaussian given by a Poisson distribution:
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Where j was the number of pe detected in a given measurement, n was the mean number of
photons for all measurements in the histogram, G was the gain of the QDC in QDC bins per pe, x
was the QDC bin, Xeq Was the QDC bin of the pedestal, oo was the width of the pedestal, and o1
was the width of the 1 PE peak. The Gaussian functions were used to model the electronics noise
for the case of j = 0, which was fit to the pedestal location, and a convolution of the electronics
noise and the intrinsic gain fluctuations of the PMT itself for j>0. The mean number of

photoelectrons was allowed to vary freely between 0 and 20 pe.
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Figure 47 A histogram of the charge measured by the PMT and QDC is fit with a Poissonian
distribution which has been smeared by Gaussian functions in order to determine the light level.

The gain of the PMT varied from day to day since the temperature in the testing room
was not constant; however throughout the couple hours needed for a complete set of tests the
gain was constant. Typical values for the gain varied from 14.3 to 16.3 QDC bins with a mean
value of 15.2 QDC bins. When fitting a test run’s data, the gain was first allowed to vary over

this range until the best fit was obtained for the PMT alone data. Once the best fit gain was
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obtained, all of the fits for a testing day’s measurements were allowed to vary by 1% of that
average value. The gain of the PMT was only used in the curve fitting, for a single day’s tests the
PMT gain was essentially constant and would divide out during the light collection calculation.
The mean value of oo was 3.4 QDC bins and a; was 6.9 QDC bins and both were allowed to vary
by + 20% during the fits. The pedestal location was found by eye when checking the dark count
spectra, in the fits the pedestal location was allowed to vary by £ 2 QDC bins. Since the highest
light level measured during the tests was 15 pe, the fit was carried out to j =30. These fit
parameters were allowed to vary over a small range during the fits in order to allow the least

squares fitter some flexibility in finding the most appropriate value of the number of pe.

When using the LED light sources the light level was larger than 15 pe per LED flash.
For these cases the light level was determined using a single Gaussian fit to the charge
histograms, Figure 48. In principle the shape of the histogram should be Poissonian but due to
the size of oy and o7, at these light levels the shape of the distribution was dominated by the

Gaussian functions in Equation 75.

Once the light levels were all fit, the dark spectra for each test was fit using the same gain
as the data using illumination, this determines the mean number of dark counts ngark. The dark
count rate was fit for each step of the tests because each time the door to the light tight box was

closed there is the chance of introducing a very small light leak.
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Blue to Green Light Collector at 405nm in Water
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Figure 48 The light level in the drum was high enough with the LED light sources that the charge
histograms become Gaussian. For these cases a single Gaussian was used to extract the light
level.

4.5 Estimates of Errors

Each of the sets of data used for the light collection measurements used 90,000 individual
measurements of the PMT with a WLS plate and 60,000 events with just the PMT in the testing
drum. Since both dark counts and photon counting follow Poisson statistics, the statistical
uncertainty on the measurements of the dark count rate, g, , and the illuminated light level, o;;;,

are given by:

ng
60000

Equation 77 oy = /%n.ﬁ
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Where n,; was the average number of dark counts in an integration window and n;; was the
average number of photoelectrons detected when the PMT, or the PMT and plate, was under
illumination. To get the actual light level in the testing drum, the dark count rate of the PMT has
to be subtracted from the light level under illumination leading to the uncertainty on the mean pe

level o,,:

Equation 78 Ope = /oﬁ + o}
_ Ng iy
B \[ (60000) + (90000)

When using the xenon light source n; ~ 0.02, which would be a dark count rate of
6.7 kHz, and for just the illuminated PMT™ 0.4 < n;; < 15. While the vast majority of the
statistical uncertainty on the measurement of the light level came from the measurement of the
PMT under illumination, however, the calculation of the errors for the light collection used both
contributions. Overall the uncertainty of the measurement of the light level varied in the range

0.002 < 0y, < 0.013 which is less than half a percent of the mean number of pe.

The uncertainty in the light level measurement due to the positioning of the PMT and
plate was estimated by measuring the light level in the drum repeatedly. The EJ299 WLS plate
and the 10” PMT were tested eight times in a one day period. Before beginning each of these
measurements the light tight box was opened, the PMT signal cable disconnected, the PMT and

WLS plate were removed from the drum and placed in their holders, then the WLS plate was

1 For the PMT + WLS plate case ny; would be between 0 and 30% higher.
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rotated a random amount and placed back into the drum, followed by remounting the PMT and
cables, and then the light tight box resealed. This procedure followed all of the steps used when
switching between different light collectors in a normal testing run. These tests were carried out
using the xenon flash lamp and a filter with a central wavelength of 320 nm. The mean light
levels, standard deviations in the light levels, and fractional uncertainties are provided in Table 2.

The fractional uncertainty of the light level due to positioning effects was measured to be 0.013.

Table 2 The mean light levels, variations in light levels, and fractional uncertainties obtained
during the repeatability tests.

Mean Light Level | Standard Deviation of | Fractional Uncertainty
at 320 nm (pe) Light Level (pe) of Light Level Due to
Positioning Effects

Without WLS Plate | 0.35 .0052 0.015

With WLS Plate 0.44 .0056 0.013

In principle, the error on the light level measurement with the PMT and no WLS plate
should be different than with the WLS plate since there are less components being shifted about.
The mean illuminated light level was measured four times following the same procedure as given
above with the exception that there was no WLS plate present. The parameters measured in this
repeatability test are listed in Table 2. The fractional uncertainty of the light level due to
positioning effects was measured to be 0.015 which was not too different than the PMT plus

WLS plate case.
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4.6 Calculation of Light Collection

When measuring the light collection of the WLS plates at light levels less than 15 pe the

light level measured for the PMT was:

Equation 79 PEpMT = njj —ng

where nj; and ng were both measured with just the 10” PMT mounted in the testing drum. The

light level measured for the PMT and plate was:

Equation 80 PEpMT+plate = Niip — Ng

where nj; and ng were both measured with the PMT and plate mounted in the testing drum. Once
these two light levels had been determined the light level increase due to the addition of the plate

was:

Equation 81 I = [EeMT+platePEPMT 4 )0,
PEpMT

When measuring the light collection at light levels higher than 15 pe a single Gaussian
was fit to the QDC histogram. This single Gaussian yielded a mean QDC value for the

distribution and then the light level with the PMT alone was:

Equation 82 QDCpmr = Xin — Xq
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where X;; was the mean value of the fit when the PMT alone was illuminated, &, is the mean

value for the dark counts. Then for the PMT plus WLS plate the mean QDC value was:

Equation 83 QDCPMT+plate = Xin — Xg

where x;; and x; are now measured with the PMT and plate in the drum. Once these mean QDC

values were obtained the light level increase was:

L= QDCPMT+plate_QDCPMT * 100%

Equation 84
QDCpmT

In principle the PMT gain could be used to convert between PE levels and QDC bins but since

the light level increase involves division this conversion factor would have had no effect.

In practice L can be greater than or less than zero. When L is greater than zero then it is
guiding extra photons to the PMT. However, when L is less than zero the plate is blocking
photons that would have otherwise reached the PMT. For photons whose wavelength is too long
to be wavelength-shifted by the plastic the amount of the shadowing should be less than 2%

since the reflectivity of a single surface of plastic in water at normal incidence would

N2
beR = (M> ~ 0.3%(acrylic) or 0.7%(PVT), the n’s now refer to indices of refraction

ni+n,

as in section 2.1.

The standard plate shape chosen for testing the different WLS plastics was a 20” diameter
circular plate with a hole cut in the middle to accept the PMT and the outer edge covered in

reflective Mylar tape. The light level increase measured for the UV to blue wavelength-shifting
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plastics is plotted in Figure 49. All of this data was collected using the filtered xenon light
source. Note that the lines connecting the data points are simply cubic spline fits to the data and
are not simulation predictions. The BC499 plastic increased the light level at the PMT by
roughly 10% when illuminated with light of 300 nm to 400 nm in wavelength. For the same

illumination wavelengths the BC499x15 and EJ299 WLS plates increased the light level by

roughly 20%.
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Figure 49 The light level increase at the PMT due to the addition of the WLS plate, as a function
of wavelength.

The blue to green wavelength-shifting plastic, BC482a, was tested using both the LED
and xenon light sources, these two light sources are marked differently on Figure 49 since the
errors were only measured using the xenon light source due to time constraints. In the 400 nm to
465 nm range of illumination the BC482a plate guided roughly 20% extra light to the PMT. In
addition it was found that this plate wavelength-shifted photons of wavelength shorter than

350 nm and delivered a positive light level increase at these illumination wavelengths.
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4.7 Effective Quantum Efficiency

The light level increase due to the addition of a WLS plate is straightforward to measure
at single wavelengths but when considering light of a continuous spectrum it is more convenient

to use an effective quantum efficiency, QE, (. The effective quantum efficiency is defined as:

Equation 85 QEMerr = QEM)pmr * [1 + L]

Intuitively the effective quantum efficiency is convenient because it allows the PMT and WLS
plate to be treated as a single photon detector with a certain spectral response. The QE,¢ for a
R7081 10” PMT and several WLS plate materials is plotted in Figure 50. The quantum efficiency

of the PMT was obtained from reference [45].
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Figure 50 The effective quantum efficiency of various PMT and plate combinations.
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4.8 Calculated Performance of Plates llluminated by a Cherenkov Light Source

The spectrum of unattenuated Cherenkov light emitted by singly charged particles is

given by the Frank-Tamm formula [8],

. d?N 2mna 1
Equatlon 86 T }\—2(1 - BZ?)

where N is the number of emitted photons, A is the wavelength of the emitted photons, « is the
fine structure constant, S is the velocity of the particle, and n is the index of refraction of the
medium. The Cherenkov spectrum in water has been plotted using this equation in Figure 9.
Using the effective quantum efficiency, the amount of extra light reaching the PMT due to the

plates when illuminated by a Cherenkov spectrum will be:

_ ] [(f:%) QEesr(¥)|d
o I [(;j—aNx) QEO\)]dA

Equation 87 L * 100%

This equation has been computed for all four WLS plate materials and is listed in Table 3.

Table 3 The calculated light level increases for 20 diameter circular WLS plates made from
different WLS plastics.

Material BC499 BC499x15 EJ299 BC482a BC482a +
BC499x15
L¢ (%) 59+/-09 |13.1+4/-10 12.3+/-0.9 |9.0+4/-0.8 19.3 +/-0.8
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In addition to the four WLS plate materials a combination of the BC499x15 and BC482a
plates has been considered. In this configuration the UV to blue wavelength-shifter BC499x15
would be placed closest to the light source with the blue to green wavelength-shifter BC482a
placed behind it. The two plates would be separated by a small water gap. Using this
combination of plates a broader region of QE., is enhanced when compared to the PMT and a
single WLS plate. The light level increase at the PMT with two WLS plates has been calculated

by combining the measurements from the individual plate measurements.

4.9 Effect of Edge Roughness

The tests with the 20” diameter circular WLS plates described in sections 4.6 through 4.8
were conducted on WLS plates which had had their outer edge cut on a milling machine, which
left a lightly rippled surface, and then covered in reflective Mylar tape. After the tests of the four
WLS plates had been completed it was decided to test the effect of this rough outer edge on the
light collection of the EJ299 plate. This plate had its edge reflector carefully peeled away and
then the outer edge was sanded smooth by hand with 220 grit silicon carbide sandpaper. After the
tool marks were removed, the surface was smoothed further using 320, 400, 600, and then
1500 grit sandpapers. The surface left by the 1500 grit sandpaper was smooth but in reflected
light showed a slight haze indicating that there were still some very fine scratches present. After
this hand polishing was complete the surface was cleaned with a slightly damp paper towel and

then had a new Mylar edge reflector attached.
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The light collection of the EJ299 WLS plate before and after polishing the outer edge was
measured at 395 nm using an LED light source. The light level increase, Equation 81, when the
plate had a rough outer edge was 26% +/- 1%. After polishing the edge of the plate the light

collection was 26% +/- 1% which showed no measureable change in the overall light collection.

4.10 Modified Plate Shapes

As was shown in chapter 2, a square WLS plate will guide much more light to a PMT
than a circular plate of the same width. Simulations, which will be described in chapters 6 and 7,
also showed that circular WLS plates have lower light collection than other shapes of similar
widths. It was decided to modify one of the circular WLS plates into a square WLS plate in order
to verify the predicted performance. The EJ299 acrylic plate was chosen for modification since
the material was less brittle than the PVT based plates and could be clamped to the table of a
milling machine with less fear of damage. The plate was modified in several stages by milling
flat edges onto the previously circular plate. The resulting shapes, Figure 51, can be thought of as
the intersection between a 20” diameter circle and a square of edge length d. After the WLS plate
had been removed from the mill, its edges were polished using the procedure outlined in section

4.9.
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Figure 51 The 20” diameter EJ299 plate was modified by milling flat sections onto four sides of
the plate. The resulting shape is the intersection of a 20” diameter circle and a square of width d.

The light collection of the modified EJ299 WLS plate is shown in Figure 52. The light
collection was measured with edge lengths of 20” (circular), 19.5”, 19.0”, 17.0” and 14.2”,
which is almost a square. In addition the plates were each tested with one of their curved edges
pointing towards the door of the light tight box and with this curved edge at an angle of 15°, 30°,
and 45° to the door. These tests at multiple angles were performed in order to average out any
angular response in the 10” PMT’s collection efficiency and the light level increases reported
here are the averages for the four measurements. The light collection increased from 26% for the
circular plate to a maximum of 32% for an edge length of 17”. The light collection of the plate
after being cut into a nearly square shape was 23% which is slightly less than was obtained using

the 20” diameter circle. However, it should be pointed out that the prediction for higher
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performance for the square compared to the circular plate assumed that both would have equal

widths. These results will be compared to optical simulations in chapter 6.
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Figure 52 Effect of plate shape on light collection. The plates tested were the shape defined by
the intersection of a square and a circle, Figure 51. The circle had a constant diameter of 20” and
the width of the square was varied. The error bars include experimental and statistical errors.

4.11 Plate Position Relative to PMT

The 10” PMT used was not uniformly sensitive to detecting photons and photons that
were incident near the widest portion of the PMT were less likely to be detected than photons
incident directly in front of the dynode stack. This means that the position of the WLS plate
relative to the PMT should have a large effect on the light level increase seen by the PMT. In the
testing drum it was possible to adjust the offset between the PMT and plate by raising or
lowering the mounts for the WLS plate. The offset between the PMT and plate was measured as

in Figure 53. The light level increase was measured at 395 nm with the 14.2” wide square EJ299
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plate and at 405 nm with the circular BC482a plate. It can be seen, Figure 54, that when the WLS
plate was mounted near the widest portion of the PMT that the light level increase was much
smaller than when the plate was offset from the PMT by 1.5”. For this reason all of the tests
described in this chapter, with the exception of this section, were conducted with an offset of

1.5”.

Side view of PMT with
WLS plate
Edge reflector
Photocathode \" T "
gtotatiore I\ Offset is measured
WLS plate from the back of the
WLS plate to the
middle of the PMT

Figure 53 A schematic showing how the WLS plate sits relative to the PMT. The offset between
the PMT and plate was measured from the back face of the plate to the middle of the PMT.
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Light Collection as a Function of Offset from PMT
Single Wavelength Measurements in Water
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Figure 54 The light collection of a WLS plate as a function of offset from the widest part of the
PMT. The light collection was measured for a circular BC482a plate at 405 nm and for the
square EJ299 plate at 395 nm. The measurements on the square plate include statistical errors
only.

4.12 Effect of Crazing

Two of the WLS plates developed crazing after light collection tests had begun, these two
were the plates made from BC499 and BC482a. The tests of the WLS plates under uniform LED
illumination occurred before the crazing was noticed and the tests using the xenon light source
were made after the crazing was visible. These two light sources overlap in wavelength between
380 nm and 405 nm. Figure 49 shows that in tests of the BC482a plate the mean light level

increase at 405 nm was 20.6% before the crazing began and 17.3% after the crazing was seen.

The BC499 plate was also measured with the LED light sources before it began crazing

and the xenon light source after the crazing began, however the tests were not performed at the
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exact same wavelengths. Tests before crazing showed the BC499 plate to produce a light level
increase of 9.7% at 375 nm and 9.9% at 395 nm. After the crazing was noticed the plate had a
light level increase of 13.5% +/- 2.4% at 380 nm. The plate should perform very similarly at

375 nm and 380 nm given the 10 nm width of the bandpass filter’s transmission spectrum.

Given the size of the errors present in these tests, there was no clear effect on the light

collection of the WLS plates from the crazing.
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5. POINT SOURCE SCANS

5.1 Introduction

The uniform light source tests described in chapter 4 were useful for determining the
average light collection properties of the WLS plates but provided no information about the
response of the plate at any one point on its surface. This information would prove to be very
useful for determining whether the WLS plate optical model in the LBNE WCD simulation was
realistic. For this reason | designed and built an optical scanner that illuminated the plate over a
~1 mm? area that could be scanned in one direction across the plate. In addition, the WLS plate
model in the LBNE WCD simulation took a very long time to perform the ray tracing of all of
the wavelength-shifted photons that were produced, very detailed scans of the position dependent
response of the WLS plates could be used to build a lookup table based model for the plates. For
each region on the plate there would be probability distributions describing the chance of a
photon to be guided to the PMT, for the photon to exit the plate with a particular direction, and if
the photon reached the PMT then it would be delayed by some amount of time based on the
decay time of the plastic and the details of the photon’s path through the plastic. All of these

probabilities could have been measured with a suitably designed scanner.

Due to budgetary and time constraints the original scope of measurements needed from
the scanner was reduced greatly. It was decided that the scanner would just be used as a tool to
validate and improve the ray tracing simulations. In addition, due to the complexity of building

an optical scanner that could operate under water, it was decided to perform all of the optical
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scans in air and then compare the observed response to simulated plates in air. Instead of using
the 10” Hamamatsu PMT as a photon detector for the scanner tests it was decided that a 17
diameter PMT would be scanned in polar angle around the inner hole of the WLS plate in order
to map where the photons exited from the inner edge of the plate. In addition, large
hemispherical PMTs are known to have an angular dependence to their transit time and transit
time spread [46], the large PMT would introduce timing effects into the scans that would be hard
to compare with the simulations*?. For these reasons it was decided to build a 2-axis optical
scanner; one axis would scan the light source across the WLS plate surface while the other axis

would scan a small PMT around the inner edge of the plate.

5.2 Setup for Point Source Scans

The point source scanner that was built is pictured in Figure 55. A multimode optical
fiber was mounted to a linear translation stage and scanned radially outward from the center of
the plate. The optical fiber*® had a numerical aperture of 0.275 and was positioned within 0.08”
of the plate during scans. This resulted in an illuminated region with a diameter of 0.05” or less.
Figure 56 shows the amount of light reaching the scanner PMT as the fiber was scanned across,

and eventually off, a WLS plate. From the decrease in the light reaching the PMT as the light

12 The LBNE WCD simulation did not produce a validated PMT model that included all known timing effects of the
PMT so all simulations used a 10” PMT model that did not include position dependent transit times and transit time
spreads. In addition the collection efficiency of the PMT was modeled as uniform.

3 Thorlabs part number M31L02
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source is scanned off the outer edge of the plate, it can be seen that the light source was less than
1.3 mm in diameter.

PMT scanned arouné
inner edge of plate

. ,

Optical fiber scanned
along plate surface

Figure 55 The optical scanner consisted of a linear translation stage which scanned an optical
fiber across the WLS plate in one dimension and a small PMT mounted to a rotation stage that
mapped out the exit positions for the wavelength-shifted photons.
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Figure 56 The mean number of photons reaching the scanner PMT for different PMT angles and
illumination positions measured with respect to the edge of the inner hole of the plate.
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A 1”7 diameter Thorn EMI Electron Tubes 9125B PMT was mounted to a rotation stage
located at the center of the WLS plate’s inner hole. This PMT was scanned across the inner edge
of the plate in order to map out the exit positions for the wavelength-shifted photons. When
collecting timing data the pulse width for the LED light source had to be set as narrow as
possible in order to get a good measurement of the decay time of the plastic’s fluorescence. This
meant that the number of photons present was very low and the full 1”” diameter face of the PMT
had to be exposed during timing scans. When collecting data with the full PMT face exposed an

angular step size of 22.5° was used.

When detailed scans of the light collection of the WLS plates were performed, and no
timing information recorded, the PMT had a '4” wide slit placed in front of it. This only allowed
light from a small region of the plate’s inner edge to reach the PMT thus enabling higher
resolution information about the exit points of the photons. Scans using the masked off PMT
used an angular step size of 2.5° so are easy to distinguish from coarser timing scans with the full

PMT face exposed which used a step size of 22.5°.

The light source used for the scanner measurements was an LED with an emission
wavelength of 395 nm powered with a SRS DG535 pulse generator. When performing scans of
just the light level at the PMT a 10 ns wide 3.9 V pulse was applied to the LED and a 120 ns
wide integration gate was applied to the QDC. When performing timing measurements a 4.6 ns
wide 3.9 V high pulse was applied to the LED. This was the narrowest pulse that would allow
sufficient photons to reach the PMT so that measurements could be made in a reasonable amount
of time. For timing measurements it was desirable to use light levels at the PMT of less than 1 pe
per pulse in order to keep saturation effects to a minimum, this will be discussed more in

section 5.4. The light from the LED was fed into a 75/25 fiber optic splitter. The scanner was
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placed into a light tight box and used one output from the splitter. The other splitter output was
fed into the neighboring light tight box holding the testing drum so that the 10” PMT could be
used as a monitor of the light levels present during tests. The LED light source itself was located
in the same light tight box as the scanner, the arrangement of the feedthroughs on the light tight
box made this the only simple arrangement to use. The LEDs were placed inside a small

cardboard box which was then wrapped in heavy black plastic.

Measurements of the light level at the inner edge of the WLS plate used a Caen V792N
QDC to measure the total charge from the PMT. Timing measurements used a Philips Scientific
778 amplifier, a LeCroy 623B leading edge discriminator, the QDC, and a Caen V1290N time to
digital (TDC) converter. A flow diagram showing the processing of the electrical signals is
shown in Figure 57. Measurements of the timing properties of the plate must be corrected for the
average number of photons reaching the PMT so the light level had to be measured at every point
that a timing measurement was performed. To enable this, the PMT signal was connected to the
amplifier which had two output channels. One of the outputs was connected to the QDC and the
other connected to the leading edge discriminator. The minimum threshold for the discriminator
was -30 mV so the gain of the amplifier was adjusted so that the discriminator would trigger on
single photon signals at a voltage of -35 mV, the minimum threshold voltage of the discriminator
was avoided since electronics often behave oddly at the extremes of their operating ranges. The
output of the discriminator, as well as a reference timing pulse from the pulse generator, were

connected to two channels of the TDC.
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Figure 57 The electrical signals from the PMT were amplified using a variable gain amplifier
with a fan out of two. One amplifier output was processed with a discriminator and a TDC while
the other output was measured using a QDC.

5.3 Extraction of Plate Properties from Data

There are several effects which must be accounted for when fitting for the timing
properties of the WLS plate. First, the dye in the plate has a fluorescence time constant, t, which
defines the time over which the fluorescent molecules emit photons. In principle the probability

for the molecule to emit a photon can be described by an exponential decay:

Equation 88 {Pe = %eXp(— Y1) t=0

P, =0 t<0

In practice the light takes multiple paths to the PMT which smears out the timing properties so
the timing spread is greater than or equal to the fluorescent time constant of the plastic’s dye. As
is diagrammed in Figure 58, for a single illumination point, a diffuse edge reflector introduces a
spread in optical path lengths between the creation and detection points for the wavelength-

shifted photons. This spread in optical path lengths is reflected in the variations in the timing
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spreads measured by the scanner. In addition, the measured response of the plate was not a pure
exponential decay because the PMT has a transit time spread and the LED emits photons over a
finite amount of time. These effects are accounted for by convolving the exponential fluorescent
decay with a Gaussian function with a mean value of to, called the propagation time in this work

since it defines the mean arrival time of the photons, and standard deviation of o:

—(t— 2
Equation 89 P, = L exp (t to)]

oV/2T 202

The final function to fit to the timing data is the convolution of Py and Pe:

Equation 90 P= f_’:o P;(t — u)P,(u)du

Diffuse Edge
Reflector \

Figure 58 Light that is incident on a WLS plate at the point marked with a red x may undergo
multiple reflections from a diffuse edge reflector before reaching the PMT at the point marked
with the blue x.
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The convolution as written in Equation 90 did not work well in the Matlab least squares
fitting function, however by applying the convolution theorem an equivalent form for P is

obtained, which did work with the fitter:

Equation 91 P = ifft( fft(P,) * fft(P;)) + d

where fft and ifft are the fast Fourier and inverse fast Fourier transforms respectively, “*” is
ordinary multiplication, and d is the dark count rate of the PMT. The dark count rate of the PMT
was estimated by counting the number of events between 500 and 700 ns after the LED flash.
Including the dark count rate is important when the PMT is pointed in a direction where the
photon intensity was very low because the signal to noise ratio was worse and the fit to the

exponential tail would be strongly influenced by the dark counts. An example of the fit of the

convolution P to timing data is given in Figure 59.

Timing Fit for Circular BC482a Plate

107, : ' ' 1 |
H—Data
[| == Convolution Fit
[ ==+Gaussian Fit
| ==1Exponential Fit .
g 10°- | i ]
i3] [ ‘ ]
0 : [fy ]
S fi
E I T
: / ML
) (v
o : [
i
i
i
]
i
[
L
I L i l ' : : ‘

Figure 59 An example of timing data obtained with the WLS plate scanner and fits to the data.
The dash dotted lines are fits to restricted regions of the data; a Gaussian is fit to the peak and
leading edge of the data and an exponential is fit to the tail. Using parameters from these initial
fits, a convolution of a Gaussian and an exponential is then fit to all of the data.
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In practice fitting Equation 92 to the timing data presents several difficulties. First, initial
guesses of to, 7, and ¢ must be provided, which is normal for a fitting routine, but for this
particular function they needed to be specified very close to the final fit value or else the fit
would fail. This was accomplished by fitting a single Gaussian function to the data near the peak
in the arrival times, this Gaussian chose the initial guesses for o and t, and then an exponential
was fit to just the tail of the timing distribution, this exponential picks the initial guess for z for

the convolution fit. An example of these initial trial fits is shown in Figure 59.

In order to test the reproducibility of the scans performed on the scanner, the EJ299 plate
was scanned three times. Between each scan the plate was rotated by ~10° counter clockwise and
then re-measured. The plate was rotated because in principle the dye concentration in the plate
might not be uniform, the roughness on the milled inner and outer edges of the plates may not be
uniform, and localized crazing induced effects could lead to a rotational dependence of the plate
behavior. Some of this data is plotted in Figure 60 which shows that the light level measured by
the scanner changed by less than 5% for the higher light levels and by less than 10% for the

lower light levels.

5.4 Saturation Effects

Measurements of the timing properties extracted from TDC data are sensitive to the

number of photons being detected. The discriminator used for these measurements is an updating
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discriminator** and is only useful for measuring the arrival time of the first photon detected. This
discriminator will remain in an ‘on’ state for a set amount of time after the last photon in a time
interval is detected; note that this is subtly different than just correcting for a discriminator dead
time because the second photon changes the output of the discriminator in a way that effectively
increases the dead time for some events. If more than two photons were detected by the PMT
then only the first one would register with the discriminator and TDC, this had the effect of
decreasing the measured 7z and tp, as the light levels increased. This saturation effect was

measured with the PMT, discriminator, and TDC as well as modeled using a Matlab Monte Carlo

simulation.
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Figure 60 The EJ299 circular plate was tested three times on the scanner with the plate rotated
10° between scans.

4 A discriminator switches to a high logic state once it is triggered and then stays in a high state for a set amount of
time before falling to its low output state. An updating discriminator stays in a high output state until a set amount of
time after the last input above its threshold level. Therefore the length of time that an updating discriminator stays in
a high logic state depends on the amount of time between signals that are above its threshold level.
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In order to model this effect on the measured timing properties a simple Monte Carlo
simulation was written. In this simulation a mean number of photons was chosen and then a
random number of photons drawn from a Poisson distribution with that mean value. The photons
were given an initial arrival time of 30 ns which was then smeared by a random time drawn from
a Gaussian distribution with a standard deviation of 2.0 ns; this modeled the transit time spread
of the PMT and the width of the LED flash. Next the photon times were delayed by a random
amount of time drawn from an exponential distribution with a decay time of 2.0 ns, in order to
model the ultraviolet to blue wavelength-shifting plastics, or 7.0 ns to model the blue to green
wavelength-shifting plastic. Once simulated, the data was then fit using the same methods used
for experimental data as outlined in section 5.3. An example of the simulated data and a fit to it is

plotted in Figure 61.

Simulated TDC Response
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Figure 61 Simulated photon timing for a PMT with a transit time spread of 2.0 ns and a plastic
with a fluorescent decay time of 7.0 ns. The fits are obtained using the same least squares fitting
routine that is used for real TDC data.
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In order to experimentally characterize the shifts in measured timing properties the
scanner was used to illuminate the WLS plates at a point 12 mm away from the PMT, this was
the closest the light source could be positioned to the PMT, and the light level adjusted by
varying the voltage applied to the LED. Then for a number of light levels the timing properties

were extracted from the TDC data.

The shift in the fitted value of 7 is plotted in Figure 62 for both the Monte Carlo and
experimental data. As can be seen a linear fit works well for describing the change in the
measured value of r as a function of the light level. For the ultraviolet to blue
wavelength-shifting plastics the slope of the linear fit was -0.127 ns/pe for BC499, -0.16 ns/pe
for BC499x15, -0.180 ns/pe for EJ299, and -0.21 ns/pe for the simulated 2.0 ns decay constant.
These fit values, as well as their 68% confidence intervals, are listed in Table 4. The light level
present when scanning a WLS plate varied between 0 and 0.5 pe so the shift in the measured t
for these materials would be less than 0.1 ns. For the BC482 plastic the slope of the fit
was -1.24 ns/pe and for the simulation with a 7.0 ns decay time the slope of the fit
was -1.22 ns/pe. When scanning the BC482 plastic the light level at the PMT could shift the
measured value of T by 0.6 ns, or 8.5%, so this effect should be corrected for when plotting the
timing spread data. For consistency between plate materials it was decided to correct 7 for the
ultraviolet to blue wavelength-shifting plastics using a correction of -0.16 ns/pe, which was the
average of the three slopes found, and for the BC482 plastic a correction factor of -1.2 ns/pe was

used.
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Table 4 The fit values and confidence intervals obtained from the linear fits in Figure 62.

Material Slope (ns/pe) 68% Confidence Intercept (ns) 68% Confidence
Limit on Slope Limit on Intercept
(ns/pe) (ns)

BC499 -0.127 0.0095 2.07 0.019

BC499x15 -0.158 0.010 2.22 0.029

EJ299 -0.180 0.0081 241 0.025

2 ns Simulation | -0.21 0.017 2.08 0.049

BC482 -1.24 0.061 7.01 0.060

7 ns Simulation | -1.22 0.055 6.72 0.094
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Figure 62 The fitted decay constant was measured and simulated for many light levels, the
change in the timing spread as a function of pe level was fit well by a line. Clockwise from the
top left are the data and fits for BC499, BC499x15, a simulated 2 ns decay constant, a simulated
7 ns decay constant, BC482, and EJ299. The error bars on the data points are the 68% confidence
limits in the timing spreads and the error bars on the fits are the 68% confidence range in the fit
values and include only statistical errors.

The value of the linear fits evaluated at O pe provided the best estimate of the timing

spread of the plastics since the electronics should be providing no effects due to the count rates.
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For the ultraviolet to blue wavelength-shifting plastics the timing spread was found to be 2.1 ns
for BC499, 2.2 ns for BC499x15, and 2.4 ns for EJ299 while the simulation with a 2 ns true
decay constant™ was found to have a 2.1 ns timing spread from the fit. The blue to green
wavelength-shifter BC482 had a decay time of 7.0 ns while the simulation with a 7 ns timing
spread was fit with a decay constant of 6.7 ns. The values of these intercepts, as well as their

68% confidence intervals, are listed in Table 4.

The mean value of the Gaussian in the convolution fit, to, also shifts due to the light level
present, Figure 63, and was measured using the same data as the fits for z as described above.
The experimentally determined value of t, increased as a function of the light level, for less than
0.5 pe, which makes little sense intuitively. A higher light level should lead to t, decreasing since
the discriminator only detects the arrival time of the first photon, with a higher number of
photons present the arrival time of the first photon will shift towards earlier times. Since the
measured effect changed in a step-wise manner as the output voltage of the pulser was increased
this effect was likely due to a feature of the pulse generator. The simulations show the expected
decrease in the fitted value of ty as the light level was increased and could be fit well with a
parabola. The shift in ty due to a light level of 0.5 pe was found to be 0.5 ns or less for both the
experiment and the simulation. In addition to the size of the effect, since the experimental and

simulations do not agree it was decided not to correct for this effect when plotting scanner data.

15 Note that the simulated decay times are exact numbers.
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Propagation Time as a Function of Light Level
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Figure 63 The mean value of the Gaussian used in the convolution fit, the propagation time, was
measured and simulated for a range of light levels. The change in propagation with light level
seen in the experimental data did not agree with the simulation predictions.

The width of the Gaussian used in the convolution fit, o, was also fitted as a function of
light level. This parameter did not vary much as a function of the light level, Figure 64, the true
width of the Gaussian used in the simulations was 2.0 ns. For the experimental data the width
was 2.8 ns at 0 pe and 2.6 ns at 1 pe while in the simulation the width was 2.0 ns at 0 pe and
1.8 ns at 1 pe and both showed the same qualitative behavior. Since the light level at the PMT
varied from 0 to ~0.5 pe this would have resulted in most a 1 ns change in the plotted values, this

effect was not corrected for when plotting the data.
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Variation of Width of Gaussian Due to Light Level
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Figure 64 The width (one standard deviation) of the Gaussian used in the convolution fit as a
function of light level at the PMT.

5.5 Scans of the Four Circular WLS Plate Prototypes

Now that the scanner hardware has been described and known systematic timing effects
discussed | will now present the results of WLS plate measurements with the scanner. The data
obtained with the scanner is plotted as in Figure 65. Each colored bubble represents a
measurement with the radial position of the dot corresponding to the distance of the illumination
from the inner edge of the WLS plate and its angle representing the angle between the
illumination and the direction the scanner PMT was facing. The plots of the data do not represent
the response of the plate with the light source scanned across the surface in two dimensions; the

light source can only be scanned along a single dimension.
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Figure 65 The PMT located at the center of the plate was scanned along the inner edge of the
WLS plate by an angle ¢ away from the illumination point, left, and this angle corresponds to the
angle of the plotted data, right side of figure. The distance of the illumination point, »’, from the
inner edge of the WLS plate corresponds to the distance of the plotted data point from the inner
edge of the disk, right.

The light level at the scanner PMT was measured for all scans. When scaled to the
maximum light level seen during a given scan a relative detection efficiency can be plotted. The
highest light level seen was with the PMT facing the illumination, 6 = 0°, and with the light
source positioned closest to the PMT. The light level seen for all other scan positions was well
below this maximum so it is more convenient to plot the base 10 logarithm of the detection

efficiency, Figure 66, this allows more of the plate’s response to be seen.
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Figure 66 A comparison between the detection efficiency (left) and the logarithm of the detection
efficiency (right).

When the relative detection efficiency of all four circular WLS plate prototypes is
compared, Figure 67, they are all seen to have fairly similar light guiding properties. The relative
detection efficiency was highest when the PMT was facing the light source and lowest when
facing 180° from the light source. If the edge reflector were perfectly specular no light would be
seen at 6 = +/-180° so this is an indication that there was a diffuse component to the reflection
from the edge or photons are scattering within the plastic. It can be seen that the BC499x15 plate
has a higher detection efficiency when the PMT is facing 180° from the light source, the reason

for this is not known but could be due to either or both of the reasons given above.
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Figure 67 The logarithm of the relative detection efficiency for all four circular WLS plate
prototypes.

The propagation time of photons within the circular prototypes was similar for all four
tested materials, Figure 68. The propagation time was defined as the mean value of the Gaussian
function used in the convolution fit to the timing data, section 5.3. The point at 6 = 0° and with
the light source closest to the PMT was used as at =0 ns reference point for these plots. Light
reaching the PMT at an angle of 180° to the light source took 6 ns to propagate through the plate.

In plastic, with an index of refraction of 1.5, light will travel 1.2 m in 6 ns which indicates that
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light reaching the PMT at 6 = 180° has reflected many times from the outer edge of the 0.508

meter diameter plate.

Propagation Time Propagation Time
BC499 <107 BC499x15 «107°
8¢ 6 8t 6
ef 5 6 5
4t 4t
£ 2 4 £ oL 4
S S
= 0O = 0
2 s % 3
a -2 o -2r
> >
4t 2 41 2
6t Bt
1 1
-8t -8r
0 -10 -5 0 5 10 0
X Position (in) X Position (in)
Propagation Time Propagation Time
EJ299 %107 BC482 % 107
8, 6 8, 6
6 5 6 5
4r 4¢
£ ol 4 S 2t 4
§ 5
= 0Or = Of
2 0 3 7] 3
a -2r o -2
> >
-4+ 2 -4 2
-6+ 61
1 1
-8+ 8t
-10 -5 0 5 10 0 - o 0
X Position (in) X Position (in)

Figure 68 The propagation time for all four WLS plate prototype materials; the color scale is in
units of nanoseconds.

The timing spread’® for the three ultraviolet to blue wavelength-shifting plastics was
qualitatively similar; the shortest timing spread was seen when the PMT was facing the

illumination and the longest timing spreads were seen when the light source was positioned away

18 This timing spread includes the contributions of the fluorescent decay time of the plastic as well as scattering
within the plate and PMT transit time spread.
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from the inner edge of the plate and the PMT at 6 =60° to 90°, Figure 69. The detection
efficiency for this orientation was relatively high and indicates that the light reaching the PMT
was traveling over a large range of path lengths to reach the PMT and probably contains a large
contribution of light that has scattered in the plastic or undergone diffuse reflection at the outer
edge. It should be noted that the ultraviolet to blue WLS plate with the longest timing spread in
this region, BC499x15, also showed response consistent with extra scattering or diffuse
reflection in the relative detection efficiency plots, Figure 67. The BC482 plate showed
somewhat different timing spread response than the ultraviolet to blue wavelength-shifting
plastics. This plate had its longest timing spread over a wider range of & values than the

ultraviolet to blue wavelength-shifting plastics.

The width of the Gaussian used in the convolution fit was also plotted for all four circular
WLS prototypes, Figure 70. The plates show qualitatively similar behavior in that the smallest
width was seen when the PMT is pointed towards the illumination and the widest widths when
the PMT was facing away from the light source. The change in the width was on the order of a

nanosecond for all four plates but was roughly half a nanosecond longer for the BC482 plate.

The light level seen by the reference PMT during plate scans is plotted in Figure 71. The
light level seen by the BC499 plate seems to show a time dependence. The plates were scanned
with the PMT at 6 =-180° and the light source closest to the inner edge of the plate. The PMT
was then rotated through to 6 = +180°. Next the PMT was repositioned to 6 = -180° and the light
source moved 1” further from the plate inner edge, and so on. For the BC499 plate the light level

started out high but by the end of the scan had fallen off by 6%, this might have been due to
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changes in the temperature of the room during the scan'’. However, the other circular plates
tested show similar amounts of variation in the reference PMT level so it is not possible to be
certain whether this was a systematic effect due to temperature effects. While the maximum to
minimum light levels during the four scans varied by 3.5% to 6% the standard deviation of the
light levels seen at the reference PMT varied by 0.012 pe or less so the light level was considered
constant enough. No corrections were applied to the scanner data based on the light level at the

reference PMT.
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Figure 69 The timing spread for all four WLS plate materials; the color scale is in units of
nanoseconds. Note that the color scale for the BC482 plate is different than the other plates.

7 During all of the scanner tests the facilities crew was working on the neighboring equipment rooms which were
open to the outside air. As a result there were large temperature changes during these tests.
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Figure 70 The width of the Gaussian function used in the convolution fit to the TDC data; the
color scale is in units of nanoseconds.
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Figure 71 The relative light levels seen by the reference PMT during the timing scans.

5.6 Comparison of Edge Reflectors on Circular WLS Plates

The circular BC499x15 WLS plate was tested without and then with an edge reflector in
order to measure how the Mylar edge reflector changed the light collection and timing properties
of the plate. The relative detection efficiency is plotted in Figure 72. Without the edge reflector

half of the PMT scan angles had a relative detection probability of less than 0.01. Once the edge
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reflector was added the lowest relative detection efficiency increased to ~0.03 and the response

of the plate became much more uniform.
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Figure 72 The logarithm of the detection efficiency of the BC499x15 WLS plate without an
outer edge reflector (left) and with a Mylar edge reflector (right).

The propagation time for the photons did not vary due to the presence of the edge
reflector, Figure 73. The propagation time was essentially a fit to the leading portion of the
timing distribution so will be mostly sensitive to the shortest paths between the light source and
PMT, due to this reason the propagation time is similar with and without the edge reflector.
However, the timing spread, Figure 74, changed greatly due to the presence of the reflector. For
scan angles with the PMT pointed well away from the illumination, the edge reflector increased
the decay time by 2 ns. Adding the edge reflector increased the number of times that the photons
may bounce off the outer edge of the plate which had the effect of increasing the timing spread.
This was particularly evident at large angles away from the light source because the photons that

bounce many times from the edge of the plate make a larger contribution to the signal.
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Figure 73 The propagation time for the BC499x15 WLS plate without an outer edge reflector
(left) and with a Mylar reflector (right).
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Figure 74 The measured timing spread for the BC499x15 plate without an outer edge reflector
(left) and with a Mylar edge reflector (right).

The width of the Gaussian function in the convolution fit did not change greatly due to

the edge reflector, Figure 75.
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Figure 75 The width of the Gaussian used in the convolution fit for a plate without an edge
reflector (left) and with an edge reflector (right).

5.7 Scans of Modified Plate Shapes

Scans were made of the EJ299 plate in a 20” diameter circular shape, a 14.2” wide square
shape, and a modified shape with an edge length of d = 17 as described in Figure 51. For these
scans the light source was centered on the rounded edge of the modified shape and at the corner
of the square plate. The relative detection efficiency generally increased once the plate was
modified from a circular shape, Figure 76. The outer edge shapes have the effect of guiding light
to certain PMT scan angles and away from others. For the modified shape this leads to low
detection efficiency at 6 = +/- 90° while for the square plate the detection efficiency is low at

0 = 180°.
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Figure 76 The logarithm of the relative detection efficiency for the three of the plate shapes
tested. The data points represent the direction that the PMT faced rather than the illumination
point, Figure 65.

The propagation time for the photons was between 0 and 5.5 ns for all three plate shapes,
Figure 77, but the angular dependence was quite different between them. The circular plate had a
propagation time that varied smoothly as a function of 6 while the square and modified shapes
have local minima times at 6 = +/-120°. The presence of corners on these plates makes it possible

for the photons to reach the PMT at these angles faster than would be possible for a circular

plate.
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Figure 77 The propagation time for the three of the plate shapes tested.

The timing spread for the photons decreased as the plate shape was modified, Figure 78.
For the circular plate the maximum timing spread was 6.0 ns while for the other plate shapes it
was closer to 4.5 ns. In addition the timing spread became much more uniform after modifying
the plate’s shape. However, when interpreted in conjunction with the relative detection efficiency
plot, Figure 76, the average timing spread for the plate would be higher for the square plate than
for the circular plate. The circular plate may have a long timing spread at large PMT angles from
the light source but the detection efficiency for those angles was low. For the square plate the

timing spread for large PMT angles was smaller than for a circular plate but the detection

157



efficiency was higher so these optical paths with large timing spreads will contribute more to the

average timing spread of the square plate than for the circular plate.
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Figure 78 The measured timing spread for the three plate shapes tested.

The square and circular WLS plates had similar Gaussian widths while the modified plate
shape showed non-uniformities, Figure 79. At scan angles slightly less than 90° the modified
plate shape had a Gaussian width for its timing that was a factor of 2 wider than other nearby
scan angles. This would be due to the presence of equally probable optical paths to the PMT with

path lengths differing by roughly 20 cm.
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Figure 79 The width of the Gaussian used in the convolution fit for the three WLS plate shapes
tested.
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6. SIMULATIONS OF PLATE PROTOTYPES IN TEST SETUPS

The main goal for the WLS plate development was to design and prototype a light
collector that would guide 42% extra light to a PMT. However, in addition to this main goal,
reliable simulations were needed in order to demonstrate that known properties of the plates,
such as timing degradation, would not adversely affect the WCD performance. In order to test a
WLS plate model in the WCD simulations, the topic of chapter 7, | wrote stand-alone
simulations of all test fixtures built at CSU for testing the plates. These simulations were used to

develop an optical model of the plates that would then be used in the full WCD simulation.

6.1 Optical Parameters Used in Geant4

The Geant4 toolkit [74] contains a wide variety of features that are needed in order to
simulate a particle physics experiment. The package includes libraries for simulating, among
many other processes, the decays of particles, energy loss processes, electric and magnetic fields,
and optical processes. Geant4 does not simulate optical processes from basic principles, rather
the user supplies a list of optical parameters for the materials being simulated and then uses a ray
tracing algorithm to propagate the photons through the materials and applies the Fresnel
equations at interfaces between materials. Some of the optical processes simulated by Geant4
include scintillation, Cherenkov radiation, transition radiation, scattering, optical absorption,
wavelength-shifting (fluorescence), and various types of reflection. These processes must be

switched on by the programmer for the process to occur in the simulation.
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To specify an optical material in Geant4 the user provides an array of optical properties
and an array of the corresponding photon energies. Some of the basic properties to specify are

the index of refraction, absorption length, and the reflectivity of surfaces®.

A wavelength-shifting material is defined by supplying absorption and emission spectra.
The absorption length in this case refers to the absorption of a photon which may then result in
the emission of a longer wavelength photon. Once a photon is absorbed it will be re-emitted at a
longer wavelength specified in the emission spectrum unless a quantum yield for the material has
been specified. The quantum yield is the probability that an absorbed photon will be re-emitted.
If not defined the quantum yield is assumed to be 1 but can be defined as any value between 0
and 1. The quantum yield is a single constant and is not wavelength dependent. The time that the
photon is emitted can also be defined by supplying a time constant for the decay as well as the
probability distribution that the decay should obey. If detailed timing information is desired then
the decay should be set to ‘exponential’. If detailed timing is not needed then a delta function
decay profile can be chosen where the wavelength-shifted photons are always emitted at one
time constant away from the absorption time, this is the default setting in Geant4. In Geant4 the

direction of the re-emitted photon is completely random, as is the polarization.

Once a material’s optical properties have been defined, optical components are
constructed from these materials. Geant4 has a wide variety of built in geometric shapes for
constructing objects. More complicated shapes can be built using simple geometric shapes and

then using the intersections and unions between them.

'8 This is reflectivity in addition to Fresnel reflection (section 2.4) which is handled automatically once the index of
refraction is specified.
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The surfaces of the objects can be defined as having a roughness by supplying a
parameter called ‘sigma alpha’, o,. When using this parameter the surface is assumed to be
composed of a large number of randomly oriented facets. The normal vectors of these facets are
Gaussian distributed about the average normal vector of the object’s surface and o, is the

standard deviation of that distribution, in radians.

An object’s surface may defined as being specular or diffuse, in transmission and
reflection. To define a diffuse reflection in Geant4 an energy dependent reflectivity must be
defined along with the specular spike, specular lobe, and backscatter constants. Each of these
constants takes a value between 0 and 1. The specular spike constant, SS, defines what fraction
of the reflection from the surface is specular, reflected angle equals the incidence angle, and the
specular lobe constant, SL, defines the fraction of the reflectance that is distributed in a lobe
about the incidence angle, Figure 80. The backscatter constant, BS, defines how much light is
reflected back along the direction of the incident photon. A diffuse lobe constant, DL, is defined
implicitly as DL = 1-SL-SS-BS. Diffuse reflection results in photons being reflected about the

normal vector of the surface according to Lambert’s law [75].

6.2 Initial trial values of optical properties used in simulations

In order to properly simulate the wavelength-shifting plates the optical properties of the
wavelength-shifting plastics, the Tyvek used in testing setups, and the reflective Mylar tape used
as an edge reflector needed to be defined. The Mylar tape was at first assumed to be perfectly

specular and to have a reflectivity of 0.9 at all wavelengths, which would be true for a solid
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aluminum reflector with a clean surface. Optical constants for the reflectance from Tyvek were
found in [76]. According to this paper the reflectivity of Tyvek was 0.9, SS=0, SL=0.2, BS=0,

and DL=0.8.

Incident Light Specular Spike

Backscatter Diffuse Lobe

Specular Lobe

Figure 80 Reflection from a surface in Geant4 consists of four components: specular spike,
specular lobe, backscatter, and diffuse lobe.

The datasheets for the wavelength-shifting plastics contained some information for
defining an optical material in Geant4 but the information was incomplete. The datasheets
provided the index of refraction, which were 1.59 for the PV T-based plastics and 1.49 for the
acrylic EJ299. The emission spectra of the plastics were also supplied along with time constants
for the fluorescence. The optical properties provided by the datasheets are summarized in

Table 5.

None of the datasheets provided sufficient information on the absorption spectra of the

plastics, the datasheet for BC482a was the only one to include a plot of the absorption spectrum
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for the plastic. However, this plot did not provide any units for the absorption or the thickness of
the material tested. For this reason a literature search was conducted to see if an absorption
spectrum for BC482a, with units, had been published. A spectrum for this Bicron plastic could
not be found but a spectrum for a very similar material EJ280 was found [77], Figure 81. The
transmission spectrum was taken from this plot with an overall constant multiplying the terms in

the array which adjusted the dye concentration of the plastic due to Beer’s law [78],

Equation 92 T = 10-¢d = 10-d

Where T is the fraction of transmitted light, ¢ is the extinction coefficient, ¢ is the molar
concentration, d is the path length, and o is the absorption coefficient. The dye concentration for
the simulated plastic was chosen by simulating the plastic at one wavelength and then comparing
the light collection of a WLS plate to the experiment. Once the dye concentration was chosen,
the light collection of the plate at all other wavelengths could be compared to the experimental

results.

The absorption spectrum for the ultraviolet to blue wavelength-shifting plastics was not
provided on the datasheets. During a phone call with a Bicron representative we were told that
the absorption spectrum of BC499 would be similar to the scintillator plastic BC408 [63]. A
literature search was conducted which led to the absorption spectrum of BC408, Figure 82,
which while not containing any units did provide a shape and range for the wavelength-shifting
absorption. As before the absorption spectrum entered into the simulation was multiplied by an
overall constant in order to adjust the dye concentration of the plastic and this could be tuned to

experimental measurements.
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Figure 81 The transmission spectum of EJ280 which is similar to Bicron’s BC482a. Taken from
[77].
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Figure 82 The absorption spectrum for BC408 was found in [81].

The attenuation length for light in the WLS plastics was not given on the datasheets, only

the absorption length at the central emission wavelength was provided. In order to properly
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simulate the absorption of incident light due to the base plastic’s transparency the absorption
spectrum (absorption not leading to fluorescence) for the PVT and PS base plastics was found in
[59], Figure 27 and Figure 28. This reference provides both the transmission spectrum of the
plastics as a function of wavelength as well as the thickness of the samples tested. This allows
for extracting the needed absorption coefficients through Beer’s law. Similarly the absorption

coefficients for UVT acrylic were obtained from the transmission spectrum in [66], Figure 29.

The emission spectra for BC499 and BC482a were taken from the Bicron datasheets,

Figure 83. BC499x15 and EJ299 were modeled as having the same emission spectrum as BC499.
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Figure 83 The emission spectrum of BC408, which is similar to the emission spectrum of BC499
(left) and the absorption and emission spectrum for BC482a (right). Both plots from Bicron
datasheets [82][58].
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6.3 Comparison of simulation predictions with testing drum results

Before comparing the results of tests with the results of the Geant4 simulations it was
important to compare the distribution of light in both the testing drum as well as the simulated
testing drum in order to verify that the simulation closely matches the experiment. As was
described in section 4.2, a 1” PMT was scanned across the top of the testing drum, Figure 45, to
measure the uniformity of the light level. In the testing drum simulation, with no light collector
or 10” PMT present, the positions of all of the photons passing out of the top of the drum were
recorded. The simulated light level was then binned as a function of radial distance, r, from the
central axis of the drum and then scaled in order to correct for total area that the light was

incident upon.

The simulated light level was then compared to the measured distribution while varying
the simulated Tyvek reflective properties, Figure 84. With the exception of the curve with the
Tyvek simulated as perfectly specular, o, was set to 0.1. As can be seen, only certain reflective
properties can lead to the uniformity of light that was actually measured. The constants for the
reflectivity of Tyvek found in [76] come close to the measured distribution but the drum was best

modeled by treating the Tyvek as having a perfectly diffuse, Lambertian reflectance, Figure 85.
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Figure 84 The light level at the top of the testing drum was simulated for a variety of reflective
properties. All curves have been normalized to a maximum value of 1.
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Figure 85 The agreement between the light level uniformity in the testing drum and the
simulation was best when the Tyvek surfaces were treated as perfectly diffuse. The lines
connecting the points are only present to guide they eye and the error bars are the statistical only.

With the testing drum performance adjusted to be close to the measured light distribution,

the performance of the WLS plates was then compared to the simulations using the optical
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constants found in the literature (section 6.2). The BC482a plate matched the expected
performance quite well between 375 and 465 nm, Figure 86, but at shorter wavelengths the
prototype plate had unexpectedly high light collection. A search through the literature on green
light emitting wavelength-shifting dyes yielded two candidate dyes whose absorption and
emission spectra closely match the BC482a plastic. One dye is called ‘K27’ [79], the absorption
spectrum for this dye, Figure 87, shows an absorption peak in the short 300 nm range where the
BC482a prototype plate has increased light collection. The other dye, Y-7, also has an absorption

peak in the 300 nm to 350 nm range and the correct emission spectrum, [80].
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Figure 86 Comparisons of the lab tests of the BC482a WLS plate to the tuned and un-tuned WLS
plate model. The lines connecting the simulation data points are present simply to guide the eye
and are not predictions of the simulation.
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The initial simulation of the BC499 plate did not match the experiment as well as the
BC482a plate. The measured performance of the BC499 plate was relatively high further into the
short wavelength ultraviolet than was expected, Figure 88. In addition the simulation did not

match the spectral shape well.
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Figure 87 Two examples of blue to green wavelength-shifting dyes which have absorption from
300 to 350 nm. The spectrum on the left is for Y7, from [80] and the spectrum for the K27 dye,
on the right, from [79].
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Figure 88 The simulation of the BC499 plate using values found in the literature for BC408
scintillator and tuned to match the experimental light collection at 395 nm. The experimental
data points have error bars which include both experimental error (section 4.5) as well as
statistical errors.
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6.4 Adjustment of absorption properties of the WLS materials

The main motivation for simulating the light collectors in the test setups was to develop
an optical model of the WLS plates that could then be used in the full WCD simulation. The
important thing was for the optical model of the WLS plates to match the results of chapters 4
and 5 so that if a photon of a particular wavelength were incident on a plate then it would have
the same probability of reaching the PMT in the simulation and experiment. To meet this goal the
wavelength-shifting absorption spectrum of the WLS plate materials needed to be adjusted in

order for the simulated plates to agree with experiment.

The tuning of the WLS plates’ absorption spectrum was performed manually by running
the testing drum simulation at single wavelengths and comparing the resulting light collection to
experiment. Then the absorption spectrum of the plastic was adjusted one wavelength at a time
until the simulated light level increase matched the experiment reasonably well. Since the
experiments have errors of a couple of percent, it was not necessary for the simulation to match
the experiment perfectly. The performance of the tuned WLS plate models is compared to
experiment in Figure 86 and Figure 89. The absorption lengths used for the simulated plates are

in Figure 90.
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Figure 89 Comparison of the tuned simulations to the measurements of the UV to blue
wavelength-shifting plates, the error bars include statistical as well as experimental errors.
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Figure 90 The absorption lengths obtained after tuning the WLS plate models.

6.5 Comparison of point source scans with simulation
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While the testing drum simulation was useful for tuning the wavelength dependence of
the WLS materials, since the distribution of light was fairly uniform, it was not particularly
useful for tuning the reflective properties of the WLS plate edge reflectors. In order to measure
the reflective properties of the edge reflector, the exit points of the photons on the inner edge of
the plate needed to be studied using a point source of light. Tuning the properties of the edge
reflector was handled by comparing scanner measurements to simulations of the WLS plate and
PMT being illuminated by a light source of 1 mm diameter at various points across the surface of
the plates. The measurements and simulations of the square WLS plate and the modified shape,
made by superimposing a 17” wide square on a 20” diameter circle, were particularly useful
because light reflecting from the corners of the plate light underwent multiple reflections from
the edge before the light reached the PMT. These multiple reflections made these WLS plates

particularly sensitive to the edge reflector properties.

The scanner data with the light source positioned closest to the inner hole of the plate was
used for tuning the edge reflector properties. At this position there are large amounts of light
reaching the PMT directly from both the illumination point and the edge reflector so this scan
point is very sensitive to both the absolute reflectivity of the edge reflector and the degree of

diffuse reflection present.

As can be seen in Figure 91 and Figure 92 the scanner data was best matched by an edge
reflector which had between 0 and 20% diffuse reflection. Figure 93 shows scanner data from the
14.2” wide square plate with the light source located 4.5” from the inner edge of the plate, at this
position the data is less sensitive to the reflective properties of the outer edge but is still

consistent with a diffuse component to the reflection of ~20%.
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Figure 91 shows the light collection of the square WLS plate, as measured using the point
source scanner, compared to the simulated performance for a variety of edge reflector properties,
and Figure 92 shows the same for the 17” wide modified plate shape. It was found that the best
match between experiment and simulation was obtained for edge reflector properties of SS = 0.8,
SL=0,DL=0.2, BS =0, sigma alpha = 0.1, and overall reflectivity of R = 0.9. The scanner data
is not completely consistent with these reflector properties however; portions of the data favor
less diffuse reflection being present. Simulations have shown the modified and square plate
shapes to have higher performance with a specular edge reflector than a diffuse edge reflector so
it was chosen to use a 0.2 diffuse lobe constant since this would represent a more conservative

estimate of the plate’s light guiding capabilities.
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Figure 91 Good agreement was obtained between the point source scanner measurements of the
14.2” wide square WLS plate and the simulated response for an edge reflector having 0 to 20%
diffuse reflection.
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Figure 92 Good agreement was obtained between the point source scanner measurements of the
17” wide WLS plate and the simulation for an edge reflector having 20% diffuse reflection.
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Figure 93 Good agreement was obtained between the point source scanner measurements of the
14.2” wide square WLS plate and the simulated response when the light source was located near
the outer edge of the plate.

The light guiding characteristics of the square WLS plate when illuminated close to its

outer edge is shown in Figure 93. For this measurement the light source was 4.5” from the inner
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edge of the plate and centered on the plate’s corner. This data is consistent with the reflective
properties given above but there is less sensitivity to the diffuse reflection at this illumination

point.

6.6 Comparison of fully tuned plate model to light collection of modified shapes

Once the edge reflector properties were tuned to scanner measurements, the light
collection of the modified WLS plate shapes in the testing drum was compared to the
simulations. While these testing drum measurements do have some sensitivity to the edge
reflector properties they were not useful for actually tuning the simulation because multiple
values of reflector properties can match the measured performance. The simulated plate
performance is compared to experiment in Figure 94. As can be seen the simulated plate does not
match experiment well if the edge reflector is simulated as perfectly specular. However, once the
tuned edge reflector is used, the simulated light collection for the modified plate shapes matches

experiment well.

6.7 Plans for characterizing the WLS plastics

As part of the WLS plate characterization, we had begun trying to obtain the absorption
spectra for all of the plastics tested. This had been discussed with Minfang Yeh of Brookhaven

National Laboratory. He seemed interested in assisting us with this characterization work and
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since his lab had developed scintillators for particle physics experiments including Daya Bay,
LENS, and SNO+ he would have been very familiar with our needs. In addition, Jeff Brack and
Ben Gookin had begun testing the absorption lengths of the WLS plastics at single wavelengths
at CSU. There were plans to test the full absorption range of the plastics under very low light
conditions. Both of these plans for characterizing the plastics were stopped due to the decision to
move ahead with a liquid argon detector for LBNE rather than a water Cherenkov detector. Due
to this change, developing an optical model for the WLS plates that was based purely on

laboratory measurements of optical properties was not pursued.
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Figure 94 The experimental light collection of the modified WLS plate shapes in the testing
drum. Simulations best match the data when there is ~20% diffuse reflection from the outer edge
of the plate.
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7. RESULTS OF WLS PLATES IN THE FULL WATER CHERENKOV DETECTOR

SIMULATION

I will begin this chapter with an overview of how particle identification and
reconstruction are accomplished in a water Cherenkov detector (WCD). After this background
material has been covered | will move on to describing the simulation tools developed by the
LBNE collaboration and how | entered the WLS plate optical model into these tools. With the
plates in the full detector simulation the impact of the WLS plates on reconstructed particle

properties will be investigated.

7.1 An Overview of Particle Identification in Water Cherenkov Detectors

When a neutrino interacts inside a WCD it can produce a charged particle that is above
the threshold for Cherenkov emission (section 1.9). For simplicity consider the situation drawn
in Figure 95, for this case the photon detectors are mounted on a flat wall. The charged particle
emits light which then propagates to the wall. Since the light is emitted from the particle at an
angle 4. from the velocity direction, the light is emitted in a cone about the particle’s track. As
the particle travels through the medium it loses energy and eventually drops below the threshold
speed for Cherenkov emission. If it drops below threshold before it encounters the wall then a
ring is projected onto the wall. If the particle passes through the wall before dropping below
threshold then a filled in circle is projected onto the wall. The first case of a non-filled in ring is
the desired signal because the energy of the particle can be estimated from the number of
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photons detected. If the particle’s track is not fully contained then only a lower limit for the

particle’s energy can be obtained.
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Figure 95 A charged particle inside a WCD emits a Cherenkov ring which is detected on the wall
of the detector with PMTs. When the time of flight is subtracted from the photon detection times
then the correct vertex should be the point which results in the timing residuals being most
strongly peaked.

The shape of a Cherenkov ring can be used to identify the original particle. Charged
particles heavier than electrons such as muons, pions, and protons are near the minimum energy
loss on the Bethe-Bloch curve when they begin emitting Cherenkov light. Since these particles
are massive compared to the atomic electrons that they are colliding with, the direction of the
particle changes little in the collisions and the outer edge of the Cherenkov ring is sharp. In
addition muons and pions decay to other particles which may be above Cherenkov threshold and
provides another means of identifying the particle type.

Electrons also lose energy through ionization of atomic electrons but due to their lower
mass they scatter more during the process. This means that the path of the electron through the

medium is less straight than for heavier particles like muons, this will make the resulting
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Cherenkov ring have diffuse edges. In addition, electrons produce gamma rays through
bremsstrahlung when they scatter. These gamma rays then travel some distance and ionize
electrons which may be capable of emitting Cherenkov light. This additional light will act to
make the ring less sharp then it would otherwise be. The overall effect is that electron Cherenkov
rings are diffuse rings centered on the Cherenkov opening angle 6c. The difference in ring shapes

for electron and muon rings is shown in Figure 96 and Figure 97.
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Figure 96 Angular distributions of photon detections in a 200 kton water Cherenkov detector.
The vertex was located at the exact center of the detector and the momentum direction was
perpendicular to the detector barrel. The angle is measured as in Figure 99.
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Figure 97 On the left is a Cherenkov ring produced by a 500 MeV muon and on the right is the
ring from a 500 MeV electron. The outer edge of the muon Cherenkov ring is much sharper than
the outer edge of the electron Cherenkov ring.

While gamma rays are electrically neutral they can produce electrons above the
Cherenkov threshold. For gamma rays above a few MeV pair production is the primary
mechanism for energy loss. For gamma rays below a few MeV the primary mechanism is
Compton scattering off atomic electrons while for energies well below the MeV scale ionization
is the primary means of energy loss [8]. The result of these processes, which lead to energetic
electrons and positrons, is that gamma rays produce diffuse Cherenkov rings that are
indistinguishable from electron Cherenkov rings, which has several consequences. One
consequence is that short-lived isotopes produced inside the detector, through interactions with

cosmic rays, can emit high-energy gamma rays that then produce low energy electron neutrino-
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like signals inside the detector. Another consequence is that when a high energy n° is produced
inside the detector it almost immediately decays into two gamma rays. The gamma rays can have
different energies and are separated by an angle .. If the opening angle is very small, the two
gamma ray Cherenkov rings can overlap and look exactly like a single electron ring. Another
troublesome case is that for a large opening angle one of the photons will have very low energy
and may not be easy to detect, this would look like a single electron-like event. Since the main
signal of interest for LBNE was the appearance of electron neutrinos at the far detector site, n°s
mimicking an electron signal were a major potential problem. Neutral pions can be produced
through neutral current interactions with any neutrino flavor so they would be produced by a
muon neutrino beam even in the absence of neutrino oscillations so this fake electron-like signal
must be kept to a minimum through careful design.

The results given above for Cherenkov light emission are technically only true for
particles that lose energy only through Cherenkov emission. This is roughly true for particles
other than electrons and gamma rays which behave different. Real particles also lose energy
through ionization as they interact with the electrons in a material. It is possible for the particle to
transfer enough energy to these electrons that they are removed from their original atom or
molecule; these electrons are called delta rays. It is possible for the incident particle to impart
enough energy so that the delta ray also emits Cherenkov light but since the delta ray will be
traveling in a direction different than the incident particle their Cherenkov rings will not overlap,

they will only intersect.
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7.2 Event Reconstruction in Water Cherenkov Detectors

For a water Cherenkov detector the first step in the reconstruction process is to look at the
raw PMT hits and find time windows where there were a sufficient number of PMT signals to be
a neutrino event. After this search for hits has been completed the next step is to reconstruct the
vertex. The principle behind finding the vertex, or the location of a neutrino interaction, is quite
simple and is diagrammed in Figure 95. The Cherenkov photons emitted by the particle are
emitted in a cone about the particle’s velocity vector and reach the walls of the detector, at
distance 1;, after a time t; = nl;/c for the i photon emitted. Since each photon will travel to a
different point in the detector they will each have a different path length and detection time. Each
PMT in the detector records the time at which the photons are detected and assuming that all of
the photons originate from a common vertex, the propagation time for each photon can be
subtracted from the detection time. A suitable algorithm will search a range of different possible
points in the detector and will find the point that causes the PMT detection time minus the
propagation time to be most strongly peaked at one time. This point is the reconstructed vertex
[35].

Once a reconstructed vertex has been found all of the PMT hits can be re-plotted in a
spherical coordinate system centered on this vertex, called the Hough sphere. This is useful
because the Cherenkov cone will intersect the Hough sphere with the cylinder’s axis at a right
angle to the surface of the sphere and their intersection should form a circle with the Cherenkov
opening angle .. A Hough transform is then used to find the center of the ring. The Hough

transform, diagrammed in Figure 98, finds the intersection of circles, of opening angle &, drawn
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around each PMT hit. The vector between the reconstructed vertex and the center of the
Cherenkov ring is the reconstructed particle’s velocity, or momentum, direction.

After finding the momentum direction, all of the PMT hits will be at an angle 8 from the
momentum direction, Figure 99. The distribution of PMT hits as a function of & is used for
particle identification as described in section 7.2. For a given particle type the number of photons
detected gives an estimate of the particle’s energy. This reconstructed energy needs to be
corrected for attenuation in the water since the propagation distance for the photons will vary

with the location of the vertex and the momentum direction of the emitting particle.

Reconstructed
Center of
Cherenkov Ring

Figure 98 Once the PMT hits (red dots) have been projected onto the surface of a sphere centered
on the reconstructed vertex, circles of radius . are drawn about each hit. The intersection of the
circles is used to find the center of the Cherenkov ring.
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Figure 99 Using the vertex location and the momentum direction obtained from applying a
Hough transform, the angle of the PMT hits from the particle’s track can be determined.

This outline of a particle reconstruction algorithm deals only with the particle actually
detected inside the detector but what is really needed are the energy, momentum, and flavor of
the incident neutrino. For neutrinos that originate from a neutrino beam the angle between the
detected particle and the neutrino’s momentum direction can be measured and the kinematics
worked out based on the type of interaction that is believed to have occurred. The number and
types of detected particles are used to determine the type of neutrino interaction that occurred,
however, for a water Cherenkov detector not all of the particles produced may be seen due to the
velocity threshold and the charge of the produced particle. In general, determining the properties

of the incident neutrino is a complicated topic worthy of many separate theses.
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For the purposes of this work the important results are that charged current interactions
produce charged leptons in the detector. These charged leptons have the same flavor as the
incident neutrino which allows for measuring the fluxes of electron and muon flavored neutrinos,
tau particles are very short lived and have a relatively high energy threshold for production so
they would have been difficult to study in the LBNE WCD. Water Cherenkov detectors are fairly
poor at determining the charge of the lepton so it is not well suited to separating neutrino events
from anti-neutrino events unless the topology of the event provides additional clues.

The rough algorithm sketched out above is suitable for particles of moderate or high
energy, say electrons with 10 MeV or more kinetic energy. For low energy solar neutrino
interactions with energies of around 10 MeV or less this algorithm would work but a better
estimate of the positron’s energy can be had by looking carefully at the shape of the ring in
addition to number of photons detected. Since the number of photons detected is small the
statistical fluctuations in the reconstructed energy are relatively large, however the “diffuseness”
of the ring is also related to the positron energy. By measuring the ring diffuseness as well as the
number of photons a better estimate of the positron’s energy is obtained for these low energy

solar neutrino interactions.

7.3 WCSim and WCSimAnalysis

The simulation developed for LBNE used the WCSim simulation which used the Geant4
libraries [74]. WCSim was a C++ based simulation originally developed for a water Cherenkov
near detector for T2K experiment. However, this detector was never constructed and the

simulation code was later used as the starting point for the LBNE WCD simulation. The
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simulation modeled all of the relevant particle physics processes within the detector and then

tracked the resulting photons.

The walls of the simulated detector were lined with spherical PMTs with a uniform
photocathode on the hemisphere facing into the detector volume. The quantum efficiency and
transit time spread of the PMTs had been adjusted by the LBNE simulation group to match the
performance expected of the 12” diameter R7081 PMTs based on the supplied datasheet. The
collection efficiency of the PMTs was modeled as completely uniform. It should be noted that
the last version of the LBNE WCSim code included collection efficiency and timing properties
that were derived from measurements made within the collaboration but as these additions were

never validated they were not used in this thesis.

When a photon was detected by the simulated PMTs the hit time and PMT identification
were recorded and the hit time smeared by the expected transit time spread. The WLS plates
entered into this simulation were 27” wide square plates and had a thickness of % inch. The
absorption and emission spectra used the tuned values that were described in section 6.4. The
fluorescent decay constants for the plastics used the values determined in section 5.4 and listed in
Table 5. The WLS plate was offset from the widest portion of the PMT by 42 mm. This value
was arrived at by scaling the best performing offset obtained in Figure 54 by 20% to account for
the change in PMT diameter between the in-house tests and the PMT that would be used in the

WCD.

The WCSimAnalysis [86] package, developed for LBNE at the University of Cambridge,
was used to conduct some basic analyses of the simulated data, in particular studies of vertex and

direction resolution. The WCSimAnalysis package reconstructed the vertex location of an event
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using the concepts described in section 7.2. The software estimates the location of the vertex by

using a figure of merit (FOM) given by,

L 2
Equation 93 FOM = 0.25 * Y exp [W]

where the time of flight of each hit, tof; , is subtracted from the mean time of flight of the hits,
tofmean. The vertex location is varied in order to maximize FOM and once FOM has been

maximized the code reports the reconstructed vertex location as well as the FOM.

In order to find the direction of the particle WCSimAnalysis performs a Hough transform

as outlined in section 7.2.

Table 5 Properties of plastics tested. The BC499-76 with 15 times extra dye was a custom
ordered material.

Plastic Index of Absorption Emission peak | Time constant | Time
refraction | range (nm) (nm) (datasheet) constant
(datasheet) (datasheet) (datasheet) (measured)
Bicron BC482a 1.59 350-460 494 12 ns 7.0ns
Bicron BC499-76 | 1.59 260-400 425 5ns 2.1ns
Bicron BC499x15 | 1.59 260-400 425 5ns 2.2 ns
Eljen EJ299 1.49 260-400 425 1.9ns 2.4 ns
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WCSimAnalysis could only perform reconstruction on single particle events and
therefore was not ready for use in answering the question of whether the WLS plates would have
an effect on n° reconstruction. Due to the state of the reconstruction it was decided that the
analysis for this thesis should only focus on studying the effect of the WLS plates on the lowest
level reconstructed variables. | decided to avoid any analysis that would propagate the errors due
to one reconstructed variable into other reconstructed variables because that would require
simulating a full range of beam events in order to be realistic. For this thesis only monoenergetic
events with either electrons or muons were studied. The variables studied were vertex resolution,
direction resolution, overall light collection, and ring shape using a criterion developed for this

thesis and described later.

7.4 Result of plates on vertex resolution

The WCSimAnalysis package was used to determine the effect of the WLS plates on
vertex resolution in a 200 kton WCD. For these tests, 250 MeV electrons were created at two
different vertex locations within the water Cherenkov detector. This energy was chosen because
it would generate a fairly large number of PMT hits while also not taking an excessive amount of
time to simulate or reconstruct. In general the simulation of events was faster than their
reconstruction. Simulating these 250 MeV electron events took a few hours and their
reconstruction took less than a day. One of the vertex locations, called the ‘center vertex’, was
located at the physical center of the detector and had its momentum direction perpendicular to

the barrel of the detector. This vertex location produces a Cherenkov ring which mostly
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illuminates the barrel of the detector rather than the endcaps. Also the photons will arrive at the
barrel of the detector with little timing spread between them and so represents a ‘sweet spot” in
the detector where the reconstruction would be expected to work very well. The second vertex
location, called the ‘end cap vertex’, had its vertex at x=20m, y=0m, and z=30m and a
momentum direction of (0,1,0). This vertex had its Cherenkov ring projected on the barrel and
one endcap of the WCD and there was a large timing spread between the different PMT hits.
This vertex location should be more representative of a typical neutrino interaction and
Cherenkov ring than the ‘center’ vertex. The ‘center’ and ‘end cap’ vertices are diagrammed in

Figure 100.

62 m

30 m

=> 8om

Z
y L y

Figure 100 Diagram showing the WCD detector from above (left) and from the side (right) and
depicting the two vertex locations used in this study. The blue arrow marks the location and
direction of the ‘center’ vertex while the red arrow marks the location and direction of the ‘end
cap’ vertex.
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A total of 1000 electron events were created at each of these two vertices and each
detector configuration. It was found that the distance between the reconstructed and truth vertex
was strongly dependent on the final FOM, Figure 101. This was also true for the reconstructed
direction, Figure 102. Due to this the analysis of the vertex and direction resolution only
included events for which FOM >45. Since the FOM is maximized about the truth vertex
location, a small FOM indicates that the software did a relatively poor job in finding most likely
position of the vertex. The cut value for the FOM was set at 45° based on a visual inspection of
Figure 101 and Figure 102 which showed that the small values of FOM corresponded to events
clustered at very large distances from the truth vertex. An inspection of these vertex locations
showed them to have been scattered about the detector and far away from the true vertex location
further indicating that the software had not been successful at finding the global maximum for

FOM.
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Figure 101 Distance from the truth vertex for 1000 250 MeV electron events with a vertex at the
center of the WCD.
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The WCSim simulation was run in configurations with and without WLS plates. The
simulation was run at four different photocathode coverages in order to see the detector response
for a range of number of detected photons. Detectors were simulated using 5%, 10%, 12%, and
14% photocathode coverage without WLS plates. The 10% photocathode coverage corresponded
to the planned 200 kton WCD but without any light collectors. The 14% photocathode coverage
detector was simulated because it should detect the same amount of light as the planned 10%
coverage detector with 40% extra light guided to the PMTs by a light collector. The 5% and 12%
photocathode coverage detectors were simulated to check that trends seen in the 10% and 14%
coverage detectors were consistent and also to see if there was a threshold photocathode

coverage where the detector performance changed drastically.
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Figure 102 The angle between the truth momentum direction and the reconstructed direction for
1000 250 MeV electron events with a vertex at the center of the WCD.

Simulations with square WLS plates were run at a 10% photocathode coverage with uv to
blue ‘BC499’ plates based on the BC499x15 prototype, with blue to green BC482a plates, as
well as with a combination or ‘sandwich’ of both plates. Only square plates were simulated

because it was the shape that would guide the most photons to the PMT for a given plate width.
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In the sandwich configuration a BC499 plate was placed 42 mm in front of the widest
part of the PMT, then a BC482a plate was placed behind this, closer to the widest part of the
PMT. There was a 1 mm gap between the surfaces of the two plates in order to optically isolate
the plates from each other. If the two plates were optically coupled to each other light that was
captured by the BC499x15 plate could then be further wavelength shifted by the BC482a plate,
this new photon could then be emitted at an angle that would not undergo total internal reflection
and would then be lost from the WLS plate. Due to this effect, placing a small gap between the
two WLS plates resulted in higher light collection than was achievable when optically coupling

the two materials together.

In the planned 200 kton WCD only 40% of the light that was detected would have arrived
at the PMTs through a light collector. This means that the majority of the detected light would
have reached the PMT without the extra optical path length introduced by the light collectors.
For the case of the WLS plates the extra light that was guided to the PMTs would have
undergone 1 to 6 ns of extra propagation time, as measured by the scanner in chapter 5, before
being detected. In addition, the fluorescent decay time will also lead to a multiple nanosecond
long delay in the photons reaching the PMT. Both of these effects will result in the reconstructed
vertex being pushed away from the detector wall in order to fit this delayed light and the prompt,
direct PMT hits to a common vertex. A comparison of the PMT hit times for light reaching the
PMTs directly and reaching the PMTs through the WLS plates can be seen in Figure 103. For a
specific plate material and shape the propagation delay and timing spread should result in a
systematic shift in the vertex location, this systematic shift needs to be subtracted when

accessing the effects of the plates on the vertex resolution.
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Timing Response of 200 kton Detector
500, 500 MeV Muons
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Figure 103 Raw timing of a detector with a square sandwich WLS plate added, the photons that
had been wavelength-shifted (red line) shows delayed response compared to the direct PMT hits
(blue line).

The light level detected for each detector configuration was computed based on the total
number of photons detected, Table 6 and Table 7. The total amount of light detected, without any
timing cuts, will be directly related to the path length over which the charged particle was above
the Cherenkov threshold. This would in turn provide an estimate of the particle’s energy and
detecting more photons will result in measuring the energy of the particle with a smaller error.
The light levels seen by each detector configuration have been normalized to the 10%
photocathode coverage detector without WLS plates. The planned WCD detector was a 10%
coverage detector with the addition of light collector so it made sense to normalize all the light

levels to this baseline.
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Table 6 Light collection, vertex resolution, and direction resolution for 1000 250 MeV electron
events with a truth vertex located at the center of the detector and with the momentum in the y
direction, perpendicular to the barrel of the detector.

Configuration |Change in Light \ertex Change in Direction Change in

Level (%) |Resolution (cm) \Vertex Resolution (°) | Direction
Resolution (%) Resolution (%)

5% no plate  |-50.0 114.8 65.7 9.8 40

10% no plate |0 69.3 0 7.0 0

12% no plate |20.6 62.4 -10.0 6.8 -2.9

14% no plate [41.6 54.8 -20.9 6.8 -2.9

10% with|22.5 68.8 -0.7 7.3 4.3

BC482a plate

10% with|35.1 72.6 4.8 7.2 2.9

BC499 plate

10% with|49.2 73.8 6.5 6.8 -2.9

sandwich plate
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Table 7 Light collection, vertex resolution, and direction resolution for 1000 250 MeV electron
events with a truth vertex located near the end cap of the detector and with the momentum in the
y-direction, perpendicular to the barrel of the detector.

sandwich plate

Configuration |Change in Light \ertex Change in Direction Change in

Level (%) |Resolution (cm) \ertex Resolution (°)| Direction
Resolution (%) Resolution (%)

5% no plate  |-50.4 55.3 34.2 8.8 1.1

10% no plate |0 41.2 0 8.7 0

12% no plate (19.8 39.0 -5.3 7.5 -13.8

14% no plate [41.0 35.6 -13.6 7.2 -17.2

10% with|19.7 43.5 5.6 7.6 -12.6

BC482a plate

10% with|31.0 43.2 4.9 7.7 -11.5

BC499 plate

10% with|34.3 45.8 11.2 9.0 3.4
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Table 6 summarizes the vertex and direction resolution for the water Cherenkov detector
with the vertex at the center of the detector and Table 7 summarizes these for the end cap
vertices. A histogram showing the distribution of reconstructed minus truth vertex® distances is
given in Figure 104 for vertices at the center of the WCD. It can be seen that for the cases
without a WLS plate the vertex and direction resolution improved as the amount of light
collected increased. One thing to note is that the vertex resolution worsened by between 30% and
60% when the photocathode coverage was reduced from 10% to 5%. As a comparison, when the
photocathode coverage was increased from 10% to 14% the vertex resolution improved by 14%
to 20%. This indicates that if a future WCD wants to observe 250 MeV electrons using
photocathode coverage of less than 10% this would need to be studied very carefully as the

vertex resolution decreases rapidly as PMTs are removed.

Distance of Reconstructed Vertex From True Vertex
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14% coverage
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Distance (cm)

Figure 104 Histogram of the distance of the reconstructed vertex from the truth vertex, this data
used the vertex at the center of the detector. A total of 1000 250 MeV electron events were
simulated.

19 The truth vertex is the position where the simulated interaction was located.
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While adding the WLS plates does increase the light level at the PMTs, due to the
delayed timing of the collected photons they do not improve the vertex resolution of the detector.
The vertex resolution of a detector with plates was 0 to 20% worse with plates than a 10%

coverage detector without plates.

It should be pointed out that vertex resolution is generally not a particularly important
quantity on its own. Its main importance is in determining whether an event has occurred within
the fiducial volume of the detector. Apart from this the vertex resolution is important due to the
fact that it is the very first step of the reconstruction process and degradation in vertex resolution

may feed down in to other reconstructed variables, such as particle identification.

7.5 Direction Resolution

The direction of the track with respect to the beam direction is important for
reconstructing the energy of CCQE neutrino events as well as reconstructing the ° mass in
certain neutral current events. An example of the reconstructed momentum direction is given in
Figure 105. The direction resolution of the detectors without WLS plates was found to generally
improve with higher photocathode coverage. The direction resolution of detectors with WLS
plates however was more complicated. For the vertices at the center of the detector the BC499
and BC482a plates worsened the direction resolution by 3 to 4% while the sandwich plate
improved the resolution by the same amount when compared to the 10% coverage detector

without plates. For the end cap vertices the BC499 and BC482a plates improved the direction
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resolution by 12% which was roughly the performance obtained with a 12% coverage detector.

The sandwich WLS plate however worsened the direction resolution by 3%.

In addition to the timing effects mentioned earlier in this section, the two WLS plates
have different sensitivities to attenuation of light in the detector. Water has its maximum
transparency to light at 420 nm which is in the absorption range of the BC482a plate but not the
BC499 plate. Since the BC499 plate preferentially wavelength-shifts light that has propagated
short distances, it will pull the reconstructed vertex direction towards the closest detector wall.
The combination of timing effects and different sensitivities to attenuated light make the

direction resolution of the detector with WLS plates complicated.

Reconstructed Direction

T T T

5% coverage

—10% coverage
12% coverage
—14% coverage

160}

140+

E’ 120k ---BC499 plate, 10% coverage
® ; ==-BC482 plate, 10% coverage
5 100 & X ===-Combination plate, 10% coverage
(9] %
2 8ok A J
®
o 60- A 1
it X

40+ v X 4

20+ \, ]

I = B .
0 5 10 15 20 25 30 35 40
Angle from Truth Direction (deg)

Figure 105 The angle separating the truth and reconstructed momentum directions for 1000
250 MeV electron events. The vertex was located at the center of the WCD.

These results for the direction resolution are very mixed for the WLS plates and no firm
conclusions can be drawn from this set of events. The ability to determine the direction of a track
is very important for neutrino event reconstruction so this would need to be simulated in much

greater detail if a future experiment were looking to use WLS plates in a WCD.
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7.6 Particle Identification

For a water Cherenkov detector trying to study electron neutrinos one of the main
concerns is separating CCQE electron events from neutral current n° events. Doing this requires
a being able to separate single electron Cherenkov rings from two gamma ray rings as covered in
section 7.1. The reconstruction package developed for LBNE was not at the point where it could

be used to study events with two Cherenkov rings.

WCSimAnalysis was also not developed to the point that it could be used to look at the
effect of the WLS plates on separating muon and electron CCQE events, however | was able to
write a program that looked at features of the Cherenkov rings in order to perform a basic single
ring particle identification study. This is of interest because the neutrino begins as a nearly pure
muon neutrino beam which then oscillates into an electron neutrino enriched beam by the time it
reaches the far detector. Being able to separate muon neutrino events from electron neutrino
events is of interest both for 613 and dcp measurements, which need high electron event purity, as

well as 8,3 measurements which depend on being able to study muon disappearance.

In practice separating muon neutrino events from electron neutrino events is fairly
simple. Once a reconstructed vertex and direction have been obtained, all of the photon hits are
histogrammed about the momentum direction as depicted in Figure 106. The distribution of hits
for an electron event will be fairly symmetrically distributed about 42° while a muon event will
have a sharp edge at 42° with relatively little light scattered outside the ring. This suggests that

an asymmetry parameter defined by,

Equation 94 A = (Lin — Lout)/(Lin + Lout)
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can be used to separate electron and muon events; Li, is the number of photons at an angle less

than 42° and Loy IS the number of photons outside 42°. Muon events will have a large A

parameter while electrons will have an A parameter roughly equal to zero.

300

250

200

150

100

Photon Detections / 1 deg

50

o

X

-

(=]
w

1GeV, Center of Tank

T T T

IIHMIHIIIII|IIII|HI\‘IHI|

LA L B B N B L B BB

]

1

—— With LC, Electron

—— With LC, Muon

Ll\lllllllll'lllllJJ

20 40

60

.80.

100

Angle (deg)

il L
120 140 160 180

Figure 106 A comparison of the shape of muon and electron Cherenkov rings. Muon rings have a
sharp edge at ~42° while electron rings are fairly symmetric about 42°.

A total of 500 events were simulated for both 500 MeV outgoing electrons and 500 MeV

outgoing muons in each detector configuration. The photons detected for each event were then

histogrammed about the truth vertex and momentum direction. Then asymmetry parameter was

calculated for each event, Figure 107.

201



Asymmetry of Muon and Electron Rings About 43 Degrees
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Figure 107 The asymmetry parameter was calculated for 500 500 MeV electrons and 500
500 MeV muons and shows a clear separation in the two types of events.

Since muon and electron events will each have a distribution of A values it is necessary to
determine a cut value for A in order to estimate the particle identification abilities of each
detector configuration. A typical optimization procedure is to maximize the efficiency,

Figure 108, of identifying the correct lepton times the purity of correct lepton sample,

Equation 95 B(A) = P(A) *E(A)

Where P is the purity of the selected electron-like events and E is the efficiency at collecting
those events. Using this optimization of the asymmetry cut, Figure 109, the purities in Table 8
were calculated. As can be seen, for this sample of 500 mono-energetic events, electron events
can be separated from muon events with near 100% purity. In addition, for all of the tested cases,

the electron event detection efficiency was 100%. It would be expected that if the samples were
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not mono-energetic that these numbers would be less favorable for all detector configurations
since low energy muon events would scatter readily enough to look like higher energy electron
events. However, based on this limited study it cannot be concluded whether the WLS plates
have any effect on particle identification. In order to perform a more realistic study of particle
identification, neutrinos would need to be studied using the LBNE neutrino beam energy
distribution. However, as | pointed out in section 7.2, for this thesis I chose to only focus on
individual reconstructed variables without propagating the errors of one reconstructed variable

through to another variable so this work only used mono-energetic electrons and muons.

Efficiency and Purity of Electron Events for Various Cut Values
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Figure 108 The efficiency and purity for collecting electron events was calculated for a range of
asymmetry cut values. This particular plot shows the results using a 13% coverage detector

without WLS plates and a 10% coverage detector with BC499 plates for vertices at the center of
the detector.
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Figure 109 The asymmetry cut value was chosen by maximizing efficiency times purity. This
particular plot shows the results using a 13% coverage detector without WLS plates and a 10%
coverage detector with BC499 plates for vertices at the center of the detector.

Table 8 Electron event purities for an asymmetry cut chosen by maximizing efficiency times
purity. The electron detection efficiency for all cases turned out to be 100% for these samples.

Configuration \ertex Location Asymmetry Cut Purity
10% no LC Center of WCD 238 99.8
13% no LC Center of WCD .326 99.8
10% BC482a Center of WCD 262 99.8
10% BC499 Center of WCD 226 100
10% Sandwich Center of WCD 262 99.8
10% no LC Near End Cap 418 99.8
13% no LC Near End Cap 470 99.4
10% BC482a Near End Cap .386 99.8
10% BC499 Near End Cap .386 99.8
10% Sandwich Near End Cap .398 100
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7.7 Qualitative Observations about Ring Shapes

WLS plates have two features that can affect particle identification in a water Cherenkov
detector. The first is that they re-emit wavelength shifted photons into the detector. For plastic in
water, about 50% of the photons get trapped by total internal reflection. This means that 25% of
the photons will be emitted from the front surface of the plate and the other 25% from the back
face of the plate. The light emitted from the back of the plate can simply be absorbed by a sheet
of black material mounted behind the plate. The light that scatters forward into the tank can
propagate to another PMT and cause noise that makes particle identification based on ring shape
more difficult. In principle this forward scattered light will be delayed from the prompt non-
scattered light and can be dealt with through timing cuts. However, if the photons scatter toward

nearby PMTs then a timing cut may not be able to remove the effects.

The second impact that WLS plates can have on ring shapes is due to Rayleigh scattering
in the water. Rayleigh scattering has a 1/A* dependence so short wavelength ultraviolet light will
scatter to a much greater extent than longer wavelength light. If the WLS plate is highly sensitive
to this scattered light it could hurt the particle identification performance of the detector, relative
to a detector with just PMTs. However, since the PMTs themselves are sensitive to this Rayleigh
scattered light, a WLS plate that is highly insensitive to this light could be used to improve the
particle identification capabilities of the detector. As will be discussed shortly, the BC482a plate
does have the effect of increasing the sharpness of the outer edge of a muon Cherenkov ring and
some studies were begun in order to try to determine an ideal absorption range for a WLS plate.
However, a competing issue with changing the plate’s sensitivity to short wavelength light is the
total light collection of the plate. In order to meet the light collection requirements for LBNE the
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short wavelength photons could not be sacrificed in order to improve particle identification.
Also, in order to properly assess the impact of the WLS plate’s absorption spectrum on particle
identification, a more sophisticated reconstruction package would have been needed this would
include the effects of broad-band neutrino energies, vertex, and momentum direction effects into

the particle identification results.

In a water Cherenkov detector, a muon produces a Cherenkov ring with a sharp outer
edge at roughly 42° from the momentum direction of the muon. This sharp outer edge can be
used to see how much of an effect the WLS plates have on particle identification. If the outer
edge becomes less sharp then it means that the particle identification abilities of the detector
have been hurt. While this test is fairly crude it seems reasonable to assume that the sharpness of
the outer edge of a muon ring is a tougher test for accessing the plate’s effect on particle
identification than more diffuse rings like the ones made by electrons. Figure 110 shows how a
WLS plate can affect the outer edge of the muon ring. It can be seen that for an ultraviolet to blue
wavelength shifter, the wavelength shifted photons have a somewhat less sharp outer edge and
there is a good deal of scattered light that gets detected well away from the main portion of the

ring.
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Figure 110 Once binned according to opening angle the PMT hits can be used to estimate the
potential impact of the WLS plates on particle identification. Each set of curves have been
normalized so that they have equal amplitudes at the peak in the distributions.

If the ratio of photons reaching the PMT directly to wavelength shifted photons is taken
then the effects are clearer, Figure 111 and Figure 112, when this ratio is greater than one for
angles larger than 42° then it means the rings have become less sharp. For the case of no timing
cuts, Figure 111, the ultraviolet to blue wavelength shifter causes the rings to become less sharp.
For the case of BC482a the outer edge of the ring has become more sharp due to this plastic’s
insensitivity to Rayleigh scattered light. It should be noted that BC482a's sensitivity to photons

with wavelengths shorter than 350 nm was not known when this simulation was run.
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Figure 111 The ratio of the number of photons reaching the PMT through the WLS plate and
reaching the PMTs directly helps make the effects of the WLS plates on Cherenkov rings more
clear. No timing cut was applied to this data.

If a 30 ns timing cut is applied to the same set of muon events, Figure 112, the effect of
the plates on the ring shape becomes much less. For a 30 ns timing cut the BC499 plate has little
effect on muon ring sharpness. The BC482 plate however sharpens the outer edge of the muon
rings. While the results of analyzing the asymmetry of electron and muon rings did not show any
obvious effect due to the plates, these qualitative observations seem to indicate that the plates

may improve particle identification of single ring events.
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Figure 112 The ratio of the number of photons reaching the PMT through the WLS plate and
reaching the PMTs directly helps make the effects of the WLS plates on Cherenkov rings more
clear. A 30 ns timing cut was applied to this data set.

7.8 Total Light Collection

The requirements for the LBNE light collectors specified that they should guide 42%
extra light to the PMTs, which would then improve the detector’s energy resolution by 19%
according to Poisson statistics. This specification was based on the idea that the extra light would
recover the performance of a detector with greater PMT coverage. The results of this chapter
show that this is not a good assumption for 250 MeV electron events; for this case extra WLS
photons did not recover either the vertex resolution or the direction resolution. For the case of
particle identification between 500 MeV electron and muon events nothing definite can be said
except that the WLS plates did not make the detector obviously worse. However, since energy
reconstruction is based on the number of detected photons the energy resolution of the detector

should scale proportional to the square root of the number of detected photons. Due to this, the
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energy resolution of the simulated detectors would increase due to the extra light gathered by the

WLS plates.

This study did not look into the effects of the WLS plates on low energy, <100 MeV,
electron neutrino events such as solar or supernova neutrinos because initial tests showed that
WCSimAnalysis® did a poor job of reconstructing the vertices for these events. In principle the
reconstruction of these events could turn out quite different than higher energy events. Due to the
low total number of photons detected, for these low energy events collecting extra photons could

result in significantly different detector performance than with PMTs alone.

20 \WCSimAnalysis was designed to study neutrino beam generated events so the reconstruction algorithms were not
optimized for small numbers of photons.
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8. CONCLUSIONS

Wavelength-shifting (WLS) plates have been previously used in water Cherenkov
detectors. They were first used by the IMB-3 experiment to improve the low energy threshold of
the detector. Later WLS plates were used in the Super Kamiokande outer detector. This outer
detector is used as a veto for particle interactions beginning outside of the inner detector. While
WLS plates have been used in water Cherenkov detectors (WCD) they have not previously been
studied and reported in much detail. The work has analyzed the WLS plates mathematically,
through simulations, and laboratory experiments and represents a unique source of information
about this form of light collector. This work was performed with the goal of producing a light
collector that was capable of increasing the light level seen by a large hemispherical PMT by
42% and such a WLS plate was designed.

The WLS plates were studied analytically for circular plates with a diffuse edge reflector,
circular plates with a specular edge reflector, and square plates with a specular edge reflector. It
has been shown that the light collection of these three designs increases linearly with plate width
rather than in proportion to plate area. These results are in agreement with optical simulations
that were carried out.

Prototype WLS plates were manufactured from four different wavelength-shifting
plastics and studied with a uniform illumination source of light and with a point source scanner.
These results were used to fine tune optical models of the plates. These tuned WLS plate models
were then used in the LBNE collaboration’s full water Cherenkov detector simulation in order to

determine the expected light collection and timing effects due to the plates. In addition studies of
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the plates on particle identification, vertex resolution, and momentum reconstruction were
carried out.

It was found that the best performing WLS plate would combine a ultraviolet to blue
wavelength-shifting plastic and a blue to green wavelength-shifting plastic. This combination of
materials was expected to guide between 34% and 49% extra light to a 12” PMT depending on
the location of the neutrino interaction, which would increase the detector’s energy resolution by
16 to 22%. The WLS plates were found to degrade vertex resolution by less than 10%. In
addition, Monte Carlo studies of the effects of the plates on particle identification showed no
degradation in the ability to distinguish between mono-energetic electrons and muons due to the
plates. It was also seen that a blue to green WLS plate has the effect of sharpening the edges of
muon Cherenkov rings indicating that the plates may have beneficial effects on particle

identification.
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