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"I must not fear.

Fear is the mind-killer.

Fear is the little-death that brings total obliteration.
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ABSTRACT

The NuSol project aims to orbit a satellite fitted with a gallium-doped scintillator within 10

solar radii of the sun on closest approach. The advantage of the close proximity to the sun is a

much higher flux of neutrinos than on earth with the flux/kilogram of scintillator material to be

roughly 500 times that of the same scintillator on earth. Other advantages of a space based

neutrino detector can include off-axis measurements from the elliptic plane, high resolution

signals due to smaller detectors, and potentially cheaper detectors.

The work towards this thesis had as its main goals: determine the efficiency of the

prototype liquid scintillator using an X-ray triggered gamma ray source and simulations,

comparing the veto array prototype fail rate in the lab to the simulated veto fail rate,

demonstrate the ability to resolve low energy gammas over the neutron backgrounds that are

expected for space based scintillators, and a first examination of the gallium-doped scintillator

prototypes developed for this project.
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CHAPTER ONE

Introduction to the Research Goals of the NuSol Project

Neutrino physics is a bustling branch of research at the moment with many

unanswered questions. Some of the most interesting include; Are neutrinos Majorana

fermions, meaning that they are their own anti-particle? Do sterile neutrinos (neutrinos

that don’t exhibit a flavor eigenstate) exist? There are also stellar models in astrophysics

that can be investigated using neutrinos. Are the current solar fusion models accurate,

specifically are the rates for the the Carbon-Nitrogen-Oxygen (CNO) cycle what we would

expect from current solar models? Is the shape and density of the active fusion region a

shell as one would first think? Indeed, it is an exciting time to research particle physics,

and the NuSol project will be able to probe the interior of the sun by detecting the

neutrinos produced in the fusion processes deep in the interior of the sun and provide

insight into those more astrophysical questions.

The method of investigating these unresolved questions involves sending a neutrino

detecting satellite armed with a gallium-doped scintillator capable of distinguishing

neutrinos from background signals through a delayed coincidence measurement and sending

this craft into an elliptical orbit around the sun using gravitational assists from Venus,

hoping to get within 10 solar radii on closest approach. Earth-based detectors currently sit

at around 215 solar radii, thus a satellite that is at 10 solar radii will have a flux 21.5

squared or about 460 times as many detections per kilogram of similar scintillator on earth.

NASA has already sent a probe incredibly close to the sun, the Parker Solar Probe will

reach as close as 9.86 solar radii on closest approach in the year 2024 [1].

With this method of sending a neutrino detecting probe into an orbit that

approaches that close to the sun there are more advantages than just highly increased flux.

There is the possibility of measuring the radial dependence of the electron neutrino

oscillations with enough data. Also neutrinos oscillate between different flavor eigenstates
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and as the electron neutrinos emitted from the interior of the sun propagate through time

the probability of detecting the neutrino as an electron neutrino (as opposed to a muon or

tau neutrino) eventually settles to approximately 1/3, but so far we really only have one

distance where neutrino measurements have been carried out and that is 1 AU. Another

potential advantage to a neutrino detecting satellite is the ability to go off-axis from the

ecliptic plane and collect data at different angles as every neutrino measurement has been

done within Earth’s ecliptic plane. And finally the last advantage I will mention is the

great increase in signal to noise ratio as the detector gets closer to the sun and shrinks in

size, even some of the best neutrino detectors on Earth are usually alight with background

radiation due to their large size, so by having a small detector (or series of small detectors)

with a veto array get very close to the sun, the signal to noise ratio will be substantially

improved.

The motivation for using a gallium detector becomes clear when one looks at the

solar neutrino energy spectrum below in conjunction with the energy threshold of neutrino

interactions with gallium.

Figure 1: This is the solar neutrino energy spectrum. The energy cutoff for proton-proton fusion is about
423 keV. [2]

p+ + p+ → H2 + e+ + νe (1)
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Eppmax = 423.41± 0.03keV (2)

The most abundant neutrinos are the ones produced in the direct fusion of two

protons to form deuterium with a positron and an electron neutrino. The maximum energy

of these neutrinos is known to be 423.41 ± 0.03 keV [2], which is less than the Ga71 or Ga69

neutrino interaction threshold energy for the germanium excited state, so unfortunately

these neutrinos will not be studied with a gallium delayed coincidence. It is worth going

into detail about the neutrino interactions with gallium and the subsequent germanium

decays.

1.1 Neutrino Interactions with Gallium

Both isotopes of Gallium, Ga69 and Ga71 have about the highest cross sections of

any isotope for the solar pp neutrinos we are interested in, making it the ideal element to

add to a scintillator that will detect solar neutrinos. To show this I’ve compared the solar

energy neutrino cross section for Ga71 and Cl37, and found that the Ga71 has a cross

section about 6 times higher that that of Cl37. [2] [3]

σGa71 = 11.72(1.0± 0.023)× 10−46cm2 (3)

σCl37 = 1.91× 10−46cm2 (4)

It is worth describing the relevant neutrino interaction that we are interested in

observing, it is an inverse β-decay with the Ga69 or Ga71 nucleus where one of the neutrons

inside the nucleus absorbs the νe converting into a proton and releasing an electron. The

product Ge69 or Ge71 nucleus is in an excited state with a known probability, decaying via

gamma radiation with a known half-life and known gamma energy, the energy and half-life

for each of the nuclei is summarized below.

Gallium has a neutrino interaction with a very low threshold of 743.5 keV (mass

difference 233 keV) [2] [4] [5], but this interaction does not place the resultant germanium

nucleus into an excited state so there is no decay photon and thus this interaction is
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Table 1: Ga71 neutrino interactions

Isotope Decay Half Life Gamma Energy Energy Threshold

Ga71 → Ge71(ground state) 11.4 days 0 keV 743.5 keV
Ga71 → Ge71(1st excited state) 79 ns 174.9 keV 918.4 keV

Table 2: Ga69 neutrino interactions

Isotope Decay Half Life Gamma Energy Energy Threshold

Ga69 → Ge69(ground state) 39 hours 0 keV 2738 keV
Ga69 → Ge69(1st excited state) 5.1 µs 86.79 keV 2824 keV
Ga69 → Ge69(2nd excited state) 2.8 µs 397.9 keV 3136 keV

unsuitable for detection with a scintillator. Since clearly recovering the satellite is out of

the question, we are only interested in Ga-νe interactions that can be detected in a

scintillator, namely the events that produce excited states. Thus we are looking to detect

neutrinos of energies greater than about 918 keV.

Below is the energy diagram for the germanium nuclear states (the decay times are

lifetimes).

Figure 2: The energy levels and lifetimes of the various germanium excited states

Ga71 + νe → Ge71ground + e− (5)

EThreshold = 743.5keV (6)

This threshold is for the production of germanium in the ground state, which will

not decay via a gamma. For detection of a neutrino using the delayed pulse of the gamma
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the threshold is approximately 918.4 keV for the first excited state of the germanium

nucleus (this threshold is calculated by equation 9). I have seen some authors refer to the

threshold energy as the energy needed for the mass difference of Ga71 and Ge71 and then

introduce a term called the prompt energy, which is the energy of the electron, but I am

using the phrase threshold energy to refer to the minimum energy of the incoming neutrino

necessary to cause the interaction.

Ga71 + νe → Ge71excited + e− → Ge71ground + γ (7)

EThreshold = 918.4keV (8)

The product germanium nucleus will be in an excited state and will undergo a

nuclear decay with a known lifetime via a gamma ray with a known energy [6]. It is this

delayed gamma that is especially useful in filtering out background signals as we can use

the delayed coincidence of the electron and gamma to only look for electron signals that

occur within some time window before the gamma signal and vice-versa thus significantly

reducing the background signal. Note that the Ge71 175 KeV gamma has a half life of 79 ns

[7]

1.1.1 Calculation of Energy Thresholds

It is important to know the energy thresholds for each of the isotopes of gallium.

For the minimum energy neutrino necessary to create the product nucleus and electron, the

following equation can be used.

EThreshold =
(ΣMf )

2 −M2
a −M2

b

2Mb

(9)

For the above expression, ΣThreshold is the minimum energy of the neutrino to cause

an interaction, (Σf )
2 is the square of the sum of the masses of the final particles, Ma is the

mass of the neutrino (essentially zero), Mb is the mass of of the target Ga71 nucleus. Using

this formula gives the interaction threshold energy to be 743.5 keV. So we do not expect to

be able to reconstruct pp-cycle neutrino events in future NuSol missions.
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The inability to detect proton-proton neutrinos does not immediately spell the end

for this project, the CNO fusion cycle and its corresponding neutrinos can also be studied,

as well as the B8 neutrinos, though the flux is significantly lower for these neutrinos as the

sun is still mainly in its hydrogen burning phase. The first detection of CNO neutrinos was

incredibly recent, accomplished in 2021 by the BOREXINO team.[8]

1.2 Previous Attempts at Solar Neutrino Observation

The earliest measurements of solar neutrinos involved counting the number of nuclei

that have undergone a neutrino interaction, a method unsuitable to a satellite orbiting

close to the sun as you can imagine. For historical motivation I shall briefly discuss 3 such

counting experiments. The Homestake experiment, being the earliest, is worthy of light

discussion here. The other two of interest are GALLEX and SAGE, both are Gallium

based neutrino counting experiments and are much more relevant to the appropriate energy

regime for solar electron neutrinos.

The first neutrino counting experiment was the Homestake experiment (1968) and

involved taking a 100,000 gallon tank of perchloroethylene dry-cleaning fluid (an abundant

chlorine source) and placing it roughly 1500 meters underground to insulate the fluid from

cosmic rays. The neutrinos interact with the Cl37 isotopes producing Ar37 (an unstable

isotope with a half-life of 35 days), which is removed from the liquid via Helium bubbling,

and the Ar37 is and then counted by observing the rate of beta decays. From this they were

able to determine the solar electron neutrino flux and found it to be approximately one

third of the predicted value. [9]

1.2.1 Historical Gallium Neutrino Experiments

It was known that gallium might be the best option for building solar electron

neutrino detectors by at least 1965 [10].

This led to 2 essentially concurrent experiments designed around this detail, being

GALLEX (Gallium Experiment) and SAGE (Soviet American Gallium Experiment), both
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of which relied on the inverse β decay of Ga71 to Ge71 via an electron neutrino and both

experiments used the instability of the resulting nuclei to count the number of interactions

by observing the β decay of Ge71 (which has a half-life of 11.43 days) [4]

The detector volume employed by GALLEX was a 30 ton tank of GaCl3-HCl. The

νe would interact and Ge71 would be produced, seen in the form of GeCl4, which is then

processed into GH4 (germane, a gas at room temperature) and an inert gas (xenon) is used

to store the GH4 for counting by observing the radioactive decay of the unstable Ge71. The

data from GALLEX has been analyzed by various teams, the original GALLEX

collaboration obtained the following value for the solar neutrino flux after averaging four

runs over the period May 1991 to Jan 1997. [5] [4]

P⊙ = 77.5± 6.2(stat.)+4.3
−4.7(syst.)SNU (10)

The SAGE detector volume employs 50 tons of liquid gallium metal stored 2100

meters under the Caucasus mountains in Russia [10]. The research team collects the

produced Ge71 monthly using chemical extraction. Exploiting the instability of Ge71 nuclei,

they count them by looking for the Ge71 + e− → Ga71 electron capture. The SAGE team

has gathered many data points over the lifespan of the experiment and obtained the

following value for the solar neutrino capture rate on Ga71. [11]

P⊙ = 72+12
−10(stat.)

+5
−7(syst.)SNU (11)

1.3 Detecting the Neutrino with a Scintillator

For both isotopes of Gallium, after absorbing the νe there is an electron released

with a known energy and a gamma ray that is delayed by a known half-life, so the

proposed method of actually selecting the events in the scintillator that could correspond

to the νe is using the double coincidence of the electron and gamma so that we trigger on

events that have a signal within the gamma ray half-life or some multiple of the half-life.

When it is time to analyze the data that is sent back to our home planet, we can filter for

events that meet the previous criteria as candidate νe interactions.
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A great example of using a scintillator to detect neutrinos on earth is the NOνA

(NuMI Off-axis νe Appearance) experiment, which uses 2 mineral oil based liquid

scintillators placed far from one another and thus they were able to observe neutrino

oscillations. They accomplished this by generating a beam of pions and steering them with

a magnetic field along a trajectory that includes the near detector at Fermilab where the

beam is generated and intersects the far detector, located at Ash River, Minnesota. The

beam of pions decay into a beam of muons and muon neutrinos, still traveling in the same

direction as the beam of pions. If there is an increase in the relative ratio of electron events

to muon events at the far detector when compared to the near detector, then that indicates

that some of the muon neutrinos have become electron neutrinos as they travel the roughly

500 mile distance through the Earth’s crust on their way to Ash River.
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CHAPTER TWO

Detector Information and Triggered Experiment Details

Determining the efficiency of the current version of the Liquid Scintillator (LS) was

an immediate goal for the research team. We accomplished this goal using 2 specific

radioactive isotopes that have the useful property of a 2-stage decay chain; Zn65 and Mn54.

Both of these isotopes emit an X-ray and a gamma ray isotropically with a known

probability and decay time. The decay schemes are presented below.

Figure 3: (left) Zn65 electron capture decay chain (right) Mn54 electron capture decay chain

There are 2 important things to take away from the graphs. The transition energies

after the electron capture from the excited state to the ground state of the daughter nuclei

are 1115.56 KeV for Zn65 and the 834.85 KeV for Mn54 isotopes. The branching ratio for

the Zn65 X-ray/gamma double coincidence is 50.23% for Zn65 and 100% for Mn54 with the

energy of the X-ray being 8 KeV for the zinc isotope and 5.5 KeV for the manganese

isotope. Knowing the energies and branching ratios allows the determination of the the

number of gammas rays expected in a given volume of space for a given number of X-rays

by running GEANT4 simulations. Also it is worth noting the decay times of the excited

state that releases the gamma, the excited Cu65 nucleus emits its 1.115 MeV gamma with a

lifetime of 285 picoseconds and the excited Cr54 decays via gamma ray with a lifetime of 79
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nanoseconds [12] [13]. These decays are not too slow for triggering, though some small

portion of the Mn54 gamma rays will not be captured in the time window created by the

discriminator that triggers on detection of the X-ray.

2.1 Liquid Scintillator Design

The liquid scintillator (LS) material used as a prototype for the NuSol project is the

same scintillator fluid as the NOνA experiment (NuMI Off-axis νe Appearance), which is

mineral oil based, the exact composition is detailed in table(3) below. The Nova fluid was

abundantly available to our research team thanks to a member of our department that was

actively involved in the NOνA project, so it was a clear choice at the onset of the project

for prototyping. The design and construction of this detector was a central part of the

work of my colleague, Jonathan Folkerts, as such a great deal of information concerning its

construction is documented in his thesis. [14]

Table 3: Scintillator

Material Purpose Ratio
Mineral Oil Solvent 94.63%

Pseudocumene Scintillant 5.23%
PPO Waveshifter 0.14%

bis-MSB Waveshifter 0.0016%
Stadis-425 antistatic 0.001%
Vitamin-E antioxidant 0.001%

The LS features a HAMATSU H12700A Photo-Multiplier Tube (PMT), which

produces a voltage as an output that is directly proportional to the amount of energy

deposited by optical photons that pass through it. This signal travels along cables that are

meticulously selected to have both the same resistance as every other cable so as to prevent

reflections in the wires, and an exact length (delay) such that the signal arrives at the

discriminator within 50 ns of the signal from the X-ray detector, which is the approximate

timing window created by the logic gate. The timing is crucial and allows the X-ray

detector to be used as a trigger to accept signals from the LS.
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Figure 4: (left) The Hamamatsu PMT (right) The liquid scintillator

The active volume of the detector is the cylinder of mineral oil & scintillator that is

surrounded by a tube of plastic and the radius of this inner liquid volume is 4.45 cm. The

plastic surrounding the liquid is polyethylene terephthalate (PET plastic) that is 0.635mm

thick. The PET plastic is further wrapped in an aluminum Mylar coating that is 5µm

thick to reflect optical photons back into the detector volume and hopefully into the PMT.

This scintillator is undoped with gallium and serves as a first prototype for the

future scintillators that will be studied by the research team as we find the most effective

solution for the detection of neutrinos close to the sun. I will discuss the prototyping work

that went into the gallium-doped scintillators in the final chapter of this thesis. The

gallium-doped scintillator that will be used in the CubeSat and most likely be used in the

actual probe is a GAGG(Ce) crystal (Gallium Aluminum Gadolinium Garnet with

Cerium).

It is worth showing an example of the Liquid Scintillator data before discussing the

X-ray detector
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Figure 5: An example of the LS spectrum with a monoenergetic gamma ray source and backgrounds

This data is with a 0.834 MeV isotropic gamma ray source (Mn54). The x-axis is the

11-bit number that is proportional to the amount of energy deposited in the PMT by

optical photons and the y-axis is the number of events that correspond to each bin. An

important takeaway is the pulse shape, especially around the Gaussian of the gamma, the

pulse is a Gaussian on an exponential with the exponential slope in that region being

related to attenuation. If you squint hard enough you can imagine a second exponential

decay with a steeper descent slope and a greater y-intercept, this is from actual

backgrounds such as cosmic ray showers, and there is also a peak of very low energy events

that are the result of electronics.
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2.2 X-ray Detector

Figure 6: The Scionix X-ray detector that is used as a trigger

Triggering on the X-ray requires a scintillator with sufficient energy resolution,

reliable for the detection of the target low energy X-rays 8 KeV and 5.5 KeV. We are using

a crystal CeBr3 detector manufactured by Scionix as the scintillating volume for the

detection of the X-ray, chosen for its low background.

Below are histograms from the X-ray detector On the x-axis is the PMT Count, it is
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a number determined from the voltage output by the detector’s electronics that is directly

proportional to the amount of energy deposited by photons in the PMT. On the y-axis is

the events per bin, which represents the number of times a particular energy value was

reached, with the width of the bin being definable in software.

Figure 7: This is a close up of the Zn65 spectrum around the region that contains the 8 KeV X-ray, the
detector is at -1700V

Figure 8: This is a similar run at a lower voltage of -1500V that doesn’t use the differential discriminator to
filter out the higher energy signals
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Figure 9: This is the same data as the last histogram but limited to a smaller region to emphasize how small
the X-ray is compared to the gamma features

The combined triggering setup is shown below. Notice that the wooden blocks

under the X-ray detector are replaceable and so there are 3 repeatable positions for the

source and X-ray detector.

Figure 10: The Liquid Scintillator on the left, the X-ray detector on the right.
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2.3 Data Acquisition for Trigger Experiment

The trigger is a simple logic gate that allows a signal into the ADC from the LS

within 50 ns of a sufficient energy signal from the X-ray detector. A minimum and

maximum energy range for the X-ray detector output is chosen using a differential

discriminator so that the logic gate only triggers from the actual intended X-ray, and not

from the cascade of photons following the gamma or any other radiation source.

Figure 11: The X-ray signal that we use as a trigger (-1700 V). Notice how the majority of the signal is
from the X-ray due to differential discrimination.

The ADC feeds an 11-bit digital signal into a CAMAC interface that outputs the

data (in the form of a tree of histograms) through USB onto a computer with scientific

Linux. ROOT is used in conjunction with home brew C++ code to analyze the

histograms. A significant amount of the analysis is done by fitting these histograms, which

thankfully ROOT is designed to do. I can choose a range of x-values and a combination of

functions to fit over this range and supply it with initial function parameters. Though not

foolproof, I am able to reliably acquire close fits to the data and this is essential for

determining the efficiency of the detector.
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CHAPTER THREE

Simulation of the Liquid Scintillator

Determining the absolute efficiency of the real physical LS detector without a

simulation to extract information about the pulse shape will underestimate the total

number of gammas that could reasonably be detected. In the following sections I will

discuss the geometry and physical processes I am modeling in GEANT4 to simulate

interactions with gamma rays. A significant contribution of the GEANT4 machinery I used

was designed by Robert McTaggart, PhD of South Dakota State University, as part of his

early simulations of the satellite that will actually fly in space and detect neutrinos, most

noteworthy of which include the PMT optical photon counting routine and energy

deposition routine for the LS and veto. The scintillation properties of the LS were already

included in the satellite simulations as well as the data acquisition in the form of

histograms containing tree files that are easily read out by ROOT. Also Jonathan Folkerts

M.S. at Wichita State University was also very helpful in designing macros that efficiently

analyzed and fit data.

Below are 2 views of the simulated detector; one is with no sources, to show the

detector in all its glory, the second is to show the relative position of the isotropically

emitted gamma rays that are used to accumulate useful data.
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Figure 12: The simulated detector. The magenta disc is the PMT that detects optical photons. The thin
white semi-transparent layer around the central cylinder is the PET-g plastic. The inner part of the cylinder
is the mineral oil based liquid scintillator, it is green and more opaque than the plastic. The aluminum is
set to be invisible. There is also a second PMT on the hidden face of the cylinder

Figure 13: An example isotropic gamma ray source emitted from the BOTTOM position. The energy is
only 0.1 MeV

There is an abundance of detail that could be discussed about the way the

simulation works, but I will document the scintillation properties of the scintillating liquid,
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the optical photon counting routine that I use, the geometric configuration and material

composition of the simulated LS, and briefly mention the data acquisition.

3.1 Modeling the Nova Scintillator Fluid

For modeling the Nova fluid I needed the following properties. Its scintillation yield,

which is the number of optical photons emitted by the scintillating volume per MeV. I

needed the attenuation length, which is the rate of extinction of optical photons that

traverse through the medium. The survival probability for a photon to not be absorbed

after penetrating some depth x is given by:

P (x) = e−x/λ (12)

Where x is the distance traveled through the material and lambda is the attenuation

length. The attenuation length has been measured for our fluid and is 4 meters [14].

I needed the spectrum of emission for the material, which is the relative intensity of

each wavelength of light that is emitted by the fluid.

Figure 14: The emission profile of the scintillator

I needed the refractive index of the material to model boundary conditions where
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surfaces of different materials interact. Thankfully most of these properties are

documented in a paper that is understandably titled "Liquid scintillator production for the

NOvA experiment" [15]. Again I feel it is necessary to say that I inherited a GEANT4

simulation that had the NOνA fluid already modeled and only had to verify its properties

and arrange the geometry and create simple materials like the plastic.

3.2 Modeling the Geometry and Materials

It is important to discuss the physical placement of the LS and X-ray detectors and

the exact placement of the Zn65 source as these measurements inputted directly into the

geometry of the simulated detector. There are 3 configurations for the placement of the

source, hereafter referred to as Top, Middle and Bottom, corresponding to the 3 wooden

blocks beneath the X-ray detector. The source is taped directly onto the X-ray detector

and is approximately 2 mm away from the outer aluminum mylar coating surrounding the

LS. The source’s vertical position was measured as the height above the white polystyrene

for the center of the plastic disk encasing the source, and is converted to a vertical

displacement from the center of the detector volume with the following values: the Top

position is +2.7 cm from the center, the Middle position is -2.2cm from the center, the

Bottom position is -5.7 cm from the center.

The radius of the liquid scintillator inner volume is 4.445 cm and the length of the

LS volume is 15.2 cm. The material composition of the liquid is modeled using the

empirical formula of each of the components and their mass fractions from table (3).

The liquid volume is surrounded by pet-g plastic that is 0.0635 cm thick, for this I

am only modeling the empirical formula and the refractive index. The plastic is then

surrounded by aluminum that is 5 µm thick down the length of the cylinder. The ability to

reflect optical photons from the border surface between the aluminum back into the plastic

and thus back into the liquid was essential for modeling the number of optical photons

detected in the PMT. Reflective aluminum was not in the version of the simulation I

inherited but was an easy fix by defining the border surface between the plastic and the
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aluminum to be a polished metal-dielectric surface, this reflects optical photons and usually

in a way that preserves the angle of incidence.

The PMT is a circular disk that is 2/3 the area of the radius of the LS (2.97 cm).

Any optical photons that do not terminate within the LS volume will pass through the

ends of the detector with a roughly 2/3 chance of interacting with the PMT, the rest will

escape the world volume, this corresponds to hitting the polystyrene base in the real LS.

For isotropic monoenergetic gamma rays (and even uni-directional gammas), the

scintillation process in the LS produces a signal that is essentially composed of three

functions superimposed into one pulse shape. These functions are a Gaussian, an

exponential, and a constant. Using ROOT, a data analysis software developed by CERN,

it is simple to fit these functions and combinations of them to the pulse shape and then use

integration to determine the total number of events. In the next sections I will go into

detail for the process I used for 1 of the 3 positions, specifically running 1 million gammas

isotropically at the TOP position at 1.115 MeV for the simulation, which corresponds to a

Zn65 source at the TOP position for the real lab setup (exactly as in figure 10).

3.3 The Geometric Correction and Gamma Interaction Probability

Obtaining the portion of gamma rays that could be optimistically detected from a

given isotropic source location requires a geometric correction for the given position and an

interaction probability for the given energy, combined with the branching ratio this gives

the absolute most optimistic estimate of the probability of a gamma ray interacting within

the detector volume for a given X-ray event.

I determined the gamma interaction probability for the 1.115 MeV gamma of Zn65

by simply firing a beam of 10,000 gammas with that energy directly into the detector such

that they take shortest path and thus this is a slight underestimate since many trajectories

will take much longer paths. For these gammas I obtained that 4438 of them interact along

the shortest possible path and so the gamma interaction probability for the 1.115 MeV Zn65

gamma rays I used was 44.38+2.50
−2.47% (5σ). I performed the exact same setup with the 0.834
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MeV gamma ray of Mn54 and found the interaction probability to be 44.71+2.50
−2.47% (5σ).

I determined the geometric correction by running 10,000 gamma rays isotropically

with an energy of 0.1 MeV, this energy is sufficient to pass through the aluminum but will

interact in the LS volume greater than 90% of the time, so that I can count the number of

events in the PMT and use that portion as the geometric efficiency. For the Top position

the simulated detector volume counted 4093 events and thus the geometric correction is

40.93+2.48
−2.43% (5σ). For the Middle position there were 3,994 events detected in the

simulated detector and so the geometric efficiency is 39.94+2.47
−2.42% (5σ). And finally for the

Bottom position 3,984 events out of 10,000 were registered as depositing energy in the LS

and thus the geometric correction for this position is 39.84+2.50
−2.47% (5σ).

I have conveniently summarized these values that are useful to the efficiency

calculation in the table below.

Table 4: Geometric Correction and Interaction Probability

Position Correction
Top 40.93 ± 2.48 %

Middle 39.94 ± 2.47 %
Bottom 39.84 ± 2.50 %

Interaction Probability(Zn65) 44.38 ± 2.50 %
Interaction Probability(Mn54) 44.71 ± 2.50 %

3.4 Pulse Shape Analysis for each position

The pulse shape for isotropic gamma rays for the simulated LS is more than just a

Gaussian, but the Gaussian is the only part of the real data that can be resolved over

background since the other constituent functions in the pulse shape (a constant and an

exponential) can easily be mistaken for the background. The way to get around the

background is to determine the portion of the pulse shape that is accounted for by the

Gaussian by integrating over the Gaussian for each of the three positions. The number of

events under the Gaussian of the real data can then be divided by this portion to

determine the total number of gammas detected in the real LS.
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Figure 15: Histogram of simulated data from the Top position for 1 million 1.115 MeV gammas emitted
isotropically. The X-axis is the number of optical photons counted in the PMT. The bin size is 1 optical
photon per bin

So the Gaussian portion of the pulse shape is given by:

Gaussian portion =
integral over the Gaussian

integral over the whole pulse

Gaussian integral =

∫ ∞

−∞
A·e(−

1
2
x2/σ2) dx

Pulse integral =

∫ Transition point

0

C dx +

∫ ∞

−∞
A·e(−

1
2
x2/σ2) dx +

∫ ∞

Transition point

eB·e(−D·x) dx

With A = 48.03 representing the peak of the Gaussian; B = 5.255 is the natural

logarithm of the y-intercept; D = -0.001192 is the exponential decay rate; C = 39.0301 is

the constant fit; and of course σ = 368.3 is the standard deviation of the Gaussian. Note

that I am integrating over all x for the Gaussian, this will ever so slightly increase the

Gaussian integral and thus the Gaussian portion is minimally increased. This has the effect

that the number of gammas detected is actually lower since we are dividing the real LS

data by this portion to recover the full signal, therefore the final efficiency values for each

position are slightly more pessimistic by this approximation. Also note that I am

integrating the constant over the region 0 to 1400 but I am fitting it only from 50 optical
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photons out to 1400 since there is a large spike at very low PMT counts and the

corresponding region of real LS signal would be dwarfed by the backgrounds. Also note

that I am integrating over the exponential fit from 1400 to +∞ though the fit itself for the

Gaussian plus exponential region is from 1400 to 4400. A final note is that for the

uncertainties I am getting the standard error on the standard deviation and then

integrating over the Gaussian with the adjusted parameters. I then take the percent error

of the Gaussian ( at the 5σ level) and apply it to each of the other fitting functions as a

first order estimate to the uncertainty.

Evaluating these integrals gives 44,341±1200 events for the Gaussian integral,

30,282±820 events for the exponential, and 54,642±1480 events for the constant region of

the pulse. This gives the Gaussian portion for the Top position with isotropic 1.115 MeV

gamma rays to be 0.3430±0.013. This means that we can divide the integral of the

Gaussian of the real LS data for this configuration by this value to determine the total

number of gammas detected in the real LS.

Now to determine the Gaussian portion for the Middle and Bottom positions for

the Zn65 source, and also the Gaussian portion for the Mn54 source at the Top position

Figure 16: Histogram of simulated data from the Middle position for 1 million 1.115 MeV isotropically
emitted gammas. The X-axis is the number of optical photons counted in the PMT. The bin size is 1 optical
photon per bin
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Using the exact same integrals as in the previous section but now with the

parameters as given by the fit functions for the Middle position gives 48,639±1330 events

for the Gaussian, 28,036±767 events for the exponential decay, and 53,022±1450 events for

the constant region. This gives the value for the Gaussian portion for the Zn65 at the

Middle position to be 0.3750±0.015 (5σ).

Figure 17: Histogram of simulated data from the Bottom position for 1 million 1.115 MeV isotropically
emitted gammas. The X-axis is the number of optical photons counted in the PMT. The bin size is 1 optical
photon per bin

For the Bottom position integrating the Gaussian gives 28,256±834 events, the

integral over the exponential yields 27,734±819 events, the events under the constant

region number to be 49,992±1476. This gives the Gaussian portion for the Zn65 positioned

at the Bottom to be 0.2666±0.011. It is worth noting the most significant differences in

the three positions, such as the increasing mean of the Gaussian peaks as the source moves

closer to the PMT. The widening of the constant region, which follows from the increasing

mean. The lower number of events for the Bottom position is somewhat peculiar, perhaps

the geometric efficiency simulations I ran has some effect present for gammas of higher

energies such that at lower positions, there are less optical photons detected in the PMT,

even though for the 0.1 MeV gammas there was little difference in geometric efficiency

between the three positions.
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Now for the simulation of the Mn54 source. The research team felt it was only

necessary to do the trigger experiment for the Mn54 source for one position.

Figure 18: Histogram of simulated data from the Top position for 1 million 0.834 MeV isotropically emitted
gammas. The X-axis is the number of optical photons counted in the PMT. The bin size is 1 optical photon
per bin

For the 0.834 MeV gamma ray source located at the Top position, integrating over

the Gaussian yields 49,558 ±823 events. The exponential integral yields 26,762±444

events, and the constant region accounts for 69,154±1150. Thus the Gaussian portion for

the Mn54 gamma ray is 0.3407±0.008.

For convenience I have summarized the Gaussian portion for each of the four

configurations in the table below

Table 5: Gaussian Portion for each Position

Position Gaussian Portion
TOP 0.3430±0.013

MIDDLE 0.3750±0.015
BOTTOM 0.2666±0.011
TOP(Mn54) 0.3407±0.008
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CHAPTER FOUR

Efficiency of Liquid Scintillator Gamma Detection

It is vital to know the gamma ray detection efficiency since a gamma ray is emitted

from the excited Ge nucleus after the Ga to Ge neutrino capture process. Originally, our

research team obtained pessimistic values for the efficiency of the detector, but through the

use of GEANT4 simulations we were able to improve the fitting techniques to show that

our detector was appreciably more efficient than it was first shown to be.

Figure 19: Just for reference, here again is the trigger setup without a dark box. The pieces of wood below
the X-ray detector can be removed so there are 3 repeatable positions for the source and X-ray detector.

4.1 Method for Determining the Efficiency at Each Position

To determine the gamma detection efficiency for each position I will use the

proceeding procedure. I will integrate over the pulse shape for the X-ray (a nearly perfect
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Gaussian) to determine the number of X-rays out of the triggered events. I will also

integrate over the Gaussian for the real LS data, keeping in mind that this detector has a

more complicated pulse shape as shown in simulations. Using the number of X-rays

detected I can obtain the number of gammas that would be expected to interact in the LS

volume by running both a geometry simulation and a simple gamma interaction probability

simulation, with these I would obtain 2 multiplicative factors and along with the branching

ratio, will have the number of gammas expected for a given number of X-rays detected.

Finally I will integrate over the simulated detector data, breaking it up into 2

regions (a Gaussian plus exponential region and a constant region) using careful fitting to

determine what portion of the pulse is accounted for by a Gaussian for each of the three

positions. I will carefully go through this procedure now for the Top position with Zn65 as

a trigger source. Below are 2 histograms, one for the X-ray detector, and one for the LS

detector. These histograms were created from the same run.
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(a)

(b)

Figure 20: Data for the Zn65 source at the Top position(a) Histogram of PMT counts for the X-ray detector
(b) Histogram of PMT counts for the LS where each event is triggered by an event in the X-ray detector

4.2 Determining the efficiency for each position

4.2.1 Efficiency of the Top position

Armed with the geometric correction and gamma interaction probability it is time

to actually obtain the efficiency for the Top position exactly as described in section 4.1.

Integrating over the Gaussian of the X-ray using the following integral (A is the Gaus1Peak
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and σ is the Gaus1StDev from the fits):∫ ∞

−∞
A·e(−

1
2
x2/σ2) dx

Integrating using the fit parameters (20a) gives 1.21963 x 106 +12,800
−12,700 X-rays out of

the 3,343,296 events that triggered data collection. Using the geometric correction, gamma

interaction probability, and branching ratio for Zn65:

(40.93+2.48
−2.43%)(44.38+2.50

−2.47%)(50.23%) = 9.124+1.1
−1.0%

This is the portion of the time that a gamma ray could optimistically be detected

within the LS volume for each X-ray that is emitted from the source at the Top position,

thus the number of gammas expected is 111,280+1720
−1630.

Now to integrate over the Gaussian of the LS data (20b) and use the pulse shape

analysis to recover the number of gammas detected in the LS volume. The integral over the

Gaussian produces 22,276+5990
−4500 events and using the Gaussian portion from table 5 gives a

value of 66,257+18000
−13600 gammas detected in the LS for the Zn65 source at the TOP position,

thus the measured value of the efficiency for the Top position is 59.54+22.8
−17.2% (5σ).
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4.2.2 Efficiency of the Middle position

(a)

(b)

Figure 21: Data for the Zn65 source at the Middle position(a) Histogram of PMT counts for the X-ray
detector (b) Histogram of PMT counts for the LS where each event is triggered by an event in the X-ray
detector

Using the previously determined values for the geometric efficiency and gamma

interaction probability in table (4), we find that for every X-ray detected in the X-ray

detector, we would expect to see a gamma ray 8.903% of the time.

(39.94+2.47
−2.42%)(44.38+2.50

−2.47%)(50.23%) = 8.903+1.1
−1.0%
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Thus out of the 4.828 x 106 +14200
−14300 X-rays (integral over the X-ray detector Gaussian)

(21a) that are triggered on, we would expect to see around 420,990 +4,630
−4,240 gammas in the

LS. Integrating over the Gaussian of the LS (21b) produces 120,200+9400
−9010 events and using

the Gaussian portion from table (5) we determine that 320,533+28200
−27200 gamma rays have

been seen in the LS, thus the efficiency for the Middle position is 76.13+6.69
−6.51% (5σ).

4.2.3 Efficiency of the Bottom position

(a)

(b)

Figure 22: Data for the Zn65 source at the Bottom position(a) Histogram of PMT counts for the X-ray
detector (b) Histogram of PMT counts for the LS where each event is triggered by an event in the X-ray
detector
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As before, using the geometric efficiency and gamma interaction probability in table

4 we expect to see a gamma ray in the LS 8.881% of the time that an X-ray is detected in

the X-ray detector.

(39.84+2.47
−2.42%)(44.38+2.50

−2.47%)(50.23%) = 8.881+1.0
−1.0%

The integral over the Gaussian of the X-ray (22a) pulse produces 1.037 x 106 +14,000
−14,000

X-rays, and using the expected percentage of gamma detection in the LS for each X-ray

(8.881%) we expect to see as many as 91,360+15300
−15300 gammas if the detector were 100%

efficient. Integrating over the Gaussian of the LS (22b) gives 16,192+3320
−3020 events, and using

the Gaussian portion from table 5, we find there were 60,735+12700
−11300 gammas detected in the

LS. Thus the efficiency of the Bottom position for the Zn65 source is 66.48+17.6
−16.7% (5σ) .

4.2.4 Efficiency of the TOP position with Mn54

Now to get the efficiency of detecting a gamma ray of a different energy. The

previous 3 efficiencies were for a 1.115MeV gamma ray from the Zn65 source, it was

reasonable to try and obtain the efficiency for a different source, but the low energy of the

Mn54 X-ray provides a challenge. As seen in the first histogram below, the Gaussian of the

X-ray intersects the dark peak of the X-ray detector even with the detector at its

maximum negative voltage of -1750V.
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(a)

(b)

Figure 23: Data for the Mn54 source at the Top position(a) Histogram of PMT counts for the X-ray detector
(b) Histogram of PMT counts for the LS where each event is triggered by an event in the X-ray detector,
note that p0, p1, p2, p3, p4 are the Gaussian peak height, Gaussian mean, standard deviation, natural log
of the y-intercept of the exponential background, and decay rate of the exponential respectively

The expected portion of gammas detected for the Mn54 for each X-ray emitted

isotropically is found in the same way as for the Zn65 source. That is, just combine the

geometric efficiency, the gamma interaction probability, and the branching ratio for the

gamma, remembering that the Mn54 branching ratio is approximately 100%.

(40.93+2.48
−2.43%)(44.71+2.50

−2.47%)(99.999%) = 18.33+2.1
−2.1%
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Thus about 18.33% of the time an X-ray is detected in the X-ray detector, we

expect a gamma ray would be detected in the LS. Integrating the Gaussian of the X-ray

over all PMT counts (23a) gives 413,533 +97,400
−87,200 X-rays that the liquid scintillator is

triggering on, therefore we would expect 75,801+19,900
−18,200 gammas in the LS. Integrating over

the Gaussian of the LS (23b) produces 10,369+9,770
−6,570 events and using the Gaussian portion

of 0.3407 to correct for the pulse shape yields 30,434+28700
−19300 gammas detected in the LS. So

we see that the efficiency of detecting the 0.834 MeV gamma of Mn54 using its 5.5 KeV

gamma at the Top position is 40.15+39.3
−27.2% (5σ).

I have organized the detector efficiency for each of the 4 configurations analyzed in

the table below.

Table 6: Detector Efficiency for each Position

Position/Source Detection Efficiency
TOP 59.54+22.8

−17.2%

MIDDLE 76.13+6.69
−6.51%

BOTTOM 66.48+17.6
−16.7%

TOP(Mn54) 40.15+39.3
−27.2%

4.3 Energy Resolution of Liquid Scintillator

The detector efficiency isn’t the only valuable metric about the LS, there is also the

detector energy resolution. The resolution is calculated from the following formula:

Resolution =
FWHM

PeakMean
(13)

The full width at half maximum (FWHM) is the width of the distribution at half of

its maximum value and is directly proportional to the standard deviation, FWHM =

2
√

2ln(2)σ. The mean of the peak is simply the mean of the Gaussian. Technically I would

have to derive a calibration curve that connects the PMT count x-axis to the real energy

value of the gamma ray being resolved, but this would only slightly change the value of the
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resolution as the x & y intercepts of calibration curve are not significant compared to the

PMT counts of the peak mean.

I obtained values of the energy resolution of the detector for sources at the three

positions, Top, Middle, and Bottom and tabulated the resolutions in the table below.

Table 7: Energy Resolution for each Position

Position Energy Resolution
TOP 36.89±6.14%

MIDDLE 41.19±2.26%
BOTTOM 41.05±5.76%
TOP(Mn54) 34.38±19.2%

The uncertainties in the above table are at the 5σ level.
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CHAPTER FIVE

Veto Array Simulations with Cosmic Ray Showers

Detecting neutrinos with a scintillator in space is tricky but can be made at least

possible with a veto array system in place surrounding the detector to filter out

background signals. Essentially, whenever there is a signal in the veto array that most

likely is a background event, reject any events in the scintillator coincident with the veto.

It is necessary to have a prototype veto array for testing in conjunction with the prototype

liquid scintillator in the lab dungeon at Wichita State, as well as a simulated version of

that veto for comparison. It is also necessary to at least roughly simulate the cosmic ray

showers the veto is experiencing. I have performed rudimentary simulations toward the

very end of my term as a master’s student with a goal of providing insight into the veto

array successes and fails.

5.1 Construction of the Veto Array and Lab Tests

The veto array prototype was designed by Mark Christl with NASA Marshall Space

Flight Center as part of the NIAC phase II grant. It is a rectangular box composed of

scintillating plastic wrapped in vinyl tape fitted with PMTs with a hollow cavity just large

enough to nest the LS and its polystyrene base snugly inside. Below are some pictures of

the veto array with the LS prototype.
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Figure 24

The Veto Array with the LS inside, with a dark cover over the LS. There is an ultraviolet flashlight shining

on the scintillating plastic

Figure 25

The Veto Array Has 8 total PMTs, pictured here are the 4 that eventually went on the bottom

The scintillating plastic is Eljen Technology EJ-200, which was ordered in the form

of 6 rectangular slabs. The slabs were assembled in Marshall Space Flight Center along

with 4 of the PMTs (Hamamatsu H7260A-mod3), and the team at WSU along with Mark

Christl finished assembling the veto array once the LS was lowered inside of it.
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5.1.1 Veto Array Lab Tests

Tests to determine the veto success rate were performed using a 3-fold coincidence

with the LS and 2 plastic paddle scintillators, one paddle being directly above the veto,

and the other paddle being below the table where the combined LS and veto rested. All 8

veto PMTs are combined into a single signal. A veto fail is when there is a sufficient signal

in the LS PMT but not in the veto PMTs. 40,000 events were collected with this 3-fold

coincidence and the veto failure rate was analyzed as the LS voltage threshold was

adjusted. The results are shown below.

Figure 26

The veto fails decrease drastically as the LS threshold is raised (This graph was produced by Jonathan

Folkerts)

For sufficient thresholds, the veto success rate is as high as 99.5+0.3
−0.9% at the 5σ level.

This graph was produced by Jonathan Folkerts for a document that is currently awaiting

publication titled NIAC Phase-2 Final Report for Astrophysics and Technical Lab Studies

of a Solar Neutrino Spacecraft Detector. Perhaps the voltage threshold is too high for the
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detection of germanium decay gammas that are on the energy scale of less than 400 keV.

For both the LS and any future detector prototypes there needs to be tests done to

determine what the energy of a particle/signal would need to be to overcome the threshold

that gives the various veto rates. Also simulations of the real cosmic backgrounds in space

will need to be performed to determine what scintillator PMT threshold and what veto

fail% is acceptable for detection of neutrinos.

5.2 Simulation of the Veto Array with Cosmic Ray Showers

Figure 27

Veto Scintillating Plastic Spectrum (EJ-200)

Table 8: EJ-200 Simulation Properties

Property Value
Light Yield (photons/MeV) 10000
Most Probable Wavelength 425 nm

Decay Time 2.1 ns
Empirical Formula C5.17H4.69

Density 1.023 g/cm3

The EJ-200 plastic scintillator is modeled in a similar manner to the liquid

scintillator fluid, with a scintillation yield, a photon emission spectrum, an empirical

formula, and a density. This scintillator is a hollow rectangular prism (internal volume is
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6" x 6" x 13"), the walls are 0.5" thick and the inner and outer surface of the veto plastic

is encased in aluminum that is 1 mm thick, to prevent optical photons from spilling out of

the veto into the LS.

Figure 28

The simulated veto detector. The 8 rectangles on the ends of the detector are PMTs. Inside the inner

region is the LS with its polystyrene base. The white disc is the LS PMT but is actually a graphical glitch

due to transparency layers, the LS also appears to be in front of its base due to a similar layer problem.
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Figure 29

The simulated veto detector with a single low energy electron coming in from the side. Notice how there is

no contamination of light in the inner region from the veto.

The real difficulty in simulating the veto array was the actual cosmic ray showers

that the combined veto and LS were experiencing. To simulate these we used the Cosmic

Ray Library (CRY). For some unknown reason, the CRY library was incompatible with the

version of GEANT4 we were using to simulate our detectors, but we programmed a

workaround that imports the particle information (particle type, energy, direction, and

location) into the particle gun such that the simulation fires these particles without using

commands. Note that with cosmic ray showers there are some events consisting of multiple

particles generated at one instant and this is accounted for by using vectors of particles

that are fired from the list of imported particles. This workaround would not have been

possible without the vector based C++ code written by Jonathan Folkerts that is used by

the particle gun.

Below are some views of the detector with the cosmic rays being fired from a surface

above the detector.
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Figure 30

A visualization of the cosmic ray showers that are being simulated. They are emitted from a square plane

.5 meters above the center of the world volume.

Figure 31

A close up of the detector being hit by a charged cosmic ray shower particle. The shower particle

intersected the upper middle of the veto in this picture.

The preceding pictures of the veto bathed in the simulated cosmic ray showers
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featured 300 total events with only one event actually intersecting the detector volume. It

would be straightforward to optimise this so that significantly less events fly off into

oblivion but the events that do not interact essentially do not contribute to the computing

time of simulating these cosmic ray showers and only when there is scintillation or energy

deposition do the threads actually stop to process anything for a significant time, so

optimization of the trajectories is unnecessary.

5.3 Simulated Veto Fail Rate

My goal with the cosmic ray shower simulations is to produce a graph or series of

graphs similar to figure (26) by requiring that at least a certain number of optical photons

are detected in the LS PMT before counting the event as a potential veto fail or success.

This is almost exactly like adjusting the LS voltage threshold required for triggering the

veto.

In addition to the LS threshold, it is a simple extension of this idea to consider

adjusting the voltage threshold for the veto. By lowering the threshold number of photons

required to be detected in the sum total of the veto PMTs for an event to be considered a

veto success, the veto fail rate decreases significantly. This would correspond to adjusting

the threshold of the veto itself so that it fires more readily, which would inherently decrease

the number of veto fails but any real detector will have some small electronics background

that could potentially be a signal that is large compared to a very low threshold, thus

providing unnecessary vetoes.

Below is a chart that shows how the veto fail rate decreases with an increasing LS

PMT threshold in the simulated veto, similar to (figure 26). Note that I am adding all of

the optical photons detected in all 8 PMTs into one value that is proportional to the

combined signal of the veto PMTs. So a veto threshold of 1000 means that I am vetoing all

events with greater than 1000 optical photons detected in the veto PMTs.
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Figure 32

The Simulated Veto Fail Rate as the LS Threshold increases. The veto PMT threshold is 1000.

The lowest veto fail rate on the above graph is 5.38% when the LS PMT threshold

is greater than 600. This threshold could potentially be too high for the detection of the

delayed gamma rays that are emitted from the excited germanium nucleus.

I decided to confirm that a 600 optical photon threshold is most likely too high by

running the 397 keV that is the highest energy gamma released for the relevant neutrino

interaction and the peak of this gamma ray coincidentally lies at around 600 PMT counts

(see figure below).
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Figure 33

The highest energy gamma that is released by the excited germanium nucleus is 397 keV and the peak of

this gamma is right around 600 PMT counts

As the above graph suggests, a PMT threshold of between 300 and 450 should

provide enough of the gamma ray signal to fit a Gaussian to the pulse, but still provide a

decent veto with the fail rate being between 8.96% and 6.97%. This is for the most strict

veto threshold, requiring over 1000 optical photons to be detected in the veto for a signal

to be vetoed from the LS.

For lower veto thresholds, the fail rate will decrease since the veto will reject events

from being counted in the LS that would otherwise have been accepted by the higher

threshold. Below I have graphs that show the veto fail rate as a function of LS threshold

for 2 more veto thresholds.
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Figure 34

The Simulated Veto Fail Rate as the LS Threshold increases. The veto PMT threshold is 100.

Figure 35

The Simulated Veto Fail Rate as the LS Threshold increases. The veto PMT threshold is 10.

The veto fail rate is as low as 2.99% with the veto PMT threshold lowered all the

way to 10 optical photons and as low as 3.59% with the threshold at 100 optical photons.

A 10 optical photon threshold is low enough to remove any charged particle that passes
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through the veto with enough energy to cause a scene in the enclosed scintillator, but any

real, non-simulated detector will have electronic backgrounds or other very low energy

backgrounds that could be above the voltage signal corresponding to 10 photons detected,

so a threshold this low is more than likely unreasonable as the veto could potentially

remove a desired signal from the neutrino detector. However, there is such a small

improvement over the 100 photon veto PMT threshold that the diminishing returns

outweigh the increase in veto success rate.

I have tabulated the veto fail rate for every configuration I examined in the appendix

The main takeaway from these simulations concerning the combined veto array and

liquid scintillator is that the a successful veto array setup requires careful consideration of

which combination of veto fail rate and PMT thresholds are sufficient to provide both a

robust signal and minimal backgrounds. The overall study performed here can be

extrapolated to the final scintillator (the GAGG crystal) and its corresponding veto array

for both the CubeSat mission that will orbit the Earth and the demonstrator mission that

will orbit the sun.
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CHAPTER SIX

Neutron Backgrounds for the CubeSat in Low Earth Orbit

An essential part of the work that will be done in the near future for the research

team will be finishing the design of the CubeSat that will launch into Low Earth Orbit

(LEO) along a trajectory that goes over the poles where the Earth’s magnetic field

strength is at a minimum, thus allowing the prototype veto array and gallium-loaded

scintillator to be exposed to the real backgrounds of space with no atmosphere or magnetic

fields to shield from cosmic rays. The cosmic rays will interact with the outer material of

the CubeSat to produce neutrons and gammas that, being neutral particles, are able to

deposit energy into the inner scintillator without producing a coincident veto signal. Thus

neutrons could potentially be a source of backgrounds of the worst type, able to bypass the

veto, however the simulations I have done show that the energy spectrum of neutrons

measured on the ISS produce a background signal that is exponential in nature and doesn’t

interfere much with resolving the gammas of the low energies associated with the gallium

neutrino capture.

To simulate neutrons I used data from the ISS, a differential energy spectrum that

can be integrated to find the relative abundance of background neutrons as a function of

their energy ([16]). This data was collected by a neutron detector on-board the ISS. These

neutrons are actually not the cosmic rays themselves but rather a result from cosmic rays

interacting with the body of the ISS itself, creating cosmic ray showers in the space station.

I am able to manually create an energy spectrum for particles in GEANT4 by using

linear interpolation on the energy spectrum from the ISS and inputting this energy

distribution into the macro that runs the particle gun. I then fire this energy spectrum

from a sphere 30 cm away from the center of the detector volume uniformly using the

GEANT4 cosine distribution for spheres.

For the actual energy spectrum expected for the neutrons generated from cosmic
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rays, I get the following histograms for the optical photon count in the PMT and the

energy deposition in the LS.

Figure 36

The PMT counts for neutrons emitted uniformly from a sphere 30 cm away from the center of the LS

volume with energy spectrum measured by the ISS

Figure 37

The LS energy deposition for neutrons emitted uniformly from a sphere 30 cm away from the center of the

LS volume with the energy spectrum measured by the ISS

For completeness, below are the PMT count and LS energy deposition histograms

for monoenergetic neutrons fired directly at the detector. The monoenergetic case serves as
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a comparison to the full neutron background spectrum.

Figure 38

The PMT counts for 2 MeV neutrons emitted directly into the LS volume

Figure 39

The LS energy deposition for 2 MeV neutrons emitted directly into the LS volume

The backgrounds have an exponential nature, and as the detector efficiency section

of this thesis suggests, so long as the Gaussian of the gamma ray can be resolved, pulse

shape analysis can determine the number of gammas detected even when there is an

additional exponential or constant background introduced. I will demonstrate this by
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running gammas emitted from within the detector and show that they can be resolved with

this particular background spectrum.

Below I have a combined run of the ISS energy spectrum neutrons and a 0.5MeV

gamma ray emitted isotropically from within the LS volume. I am running 100,000 of both

gammas and neutrons and then merging their histograms. It is important to note that with

the 30 cm radius sphere I have chosen and the position of the isotropic gamma ray source,

the relative rates between the gamma and neutron are about 1 to 1.

Figure 40

The combined run for gammas and background neutrons PMT count
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Figure 41

The combined run for gammas and background neutrons LS energy deposition.

As can be seen from the above histograms, the 0.5 MeV gamma is clearly resolvable

over the neutron background when a roughly equal number of gammas and neutrons are

emitted with this configuration. It is important to note that I am not modeling the actual

relative rates of background neutrons, merely I am showing that with similar rates, the

gammas that are expected from the decay of the excited germanium nuclei are resolvable.

The removal of neutral backgrounds that bypass the veto is one important feature of a

delayed coincidence trigger, since it is unlikely that a neutron will be in the right timing

window for a false signal using a delayed coincidence method.
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CHAPTER SEVEN

Gallium Loaded Solid Scintillators

The actual detection of neutrinos requires gallium (or some other nucleus with a

high cross section for solar energy neutrinos), yet getting gallium into the LS scintillator

proved to be a technical challenge just for the earth based prototype, not to mention the

engineering feasibility of a liquid detector in a spacecraft orbiting close to the sun. The

first prototype gallium-doped scintillator produced was a direct sequel to the LS that uses

the NOνA fluid with dissolved gallium(III)oxide. However it turned out that the maximum

concentration of gallium(III)oxide we could get dissolved in the liquid without suspension

was unexpectedly low, details of this measurement are found in the NIAC phase II report.

The overall method of determining the concentration involves the digestion of mineral oil

using a series of acids and potassium permanganate. The result is a concentration of less

than 0.0005% The determination of the concentration and the cooperation with the

chemistry department was spearheaded by Jonathan Folkerts.
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Figure 42: (left) Gallium(III)oxide dissolved in the NOνA fluid (right) The same mixture after heating and
settling.

Due to the exceptionally low concentrations of gallium dissolved in the fluid at its

saturation, a mineral oil based liquid scintillator is unfeasible for the detection of neutrinos

using gallium and a design shift towards different scintillators was necessary.

7.1 Gallium-Doped Plastic Scintillators

Also produced for prototyping were 2 plastic scintillators doped with gallium using

2 separate gallium sources and using EJ-290 scintillator acquired from Eljen Technology.

The first method of gallium doping involves suspension of gallium nanoparticles produced

via ultrasonic vibration as follows; 99.999% pure liquid gallium metal is placed in a sealed

mason jar with ethanol at a ratio of 1mL of ethanol per 2 grams of gallium metal and then

placed in a very warm ultrasonic bath for at least 100 minutes or until no visible clumps of

gallium mud. The gallium nanoparticles are then extracted after the ethanol dries (each

nanoparticle has a thin layer of gallium oxide preventing recombining back into liquid

metal). We examined a small sample of dried particles under a microscope and determined

them to be smaller than the 44 µm iron dust particles that were used in the fabrication of
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models of the iron-epoxy shield for the cubesat.

Figure 43

The gallium nanoparticles in ethanol under a microscope. The scale was generated using a separate image

of a standardized particle with size 44 µm

The nanoparticles are mixed with the polyvinyl toluene that is part of the EJ-290

crafting procedure. The gallium doped polyvinyl toluene is then mixed with the other 2

ingredients to EJ-290 as normal in the procedure, then the resulting mixture is placed into

a vacuum chamber to remove all air bubbles in the still liquid mixture. The EJ-290 now

cures for 2 weeks in a water bath maintained at 40 centigrade and with an atmosphere of

argon gas to prevent oxidation during the curing process.
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Figure 44: (left) The mixed EJ-290 scintillator with gallium nanoparticles (right) The mixed scintillator
subjected to vacuum treatment

The final result is a dark grey scintillator with a gallium concentration of just over

1% by mass. Clearly the attenuation length for this scintillator is much lower than the 4

meter attenuation that is modeling the liquid scintillator fluid and this will need to be

measured eventually.

Another solid plastic scintillator was produced for future testing using the same

gallium(III)oxide that we originally attempted to dissolve in the mineral oil based liquid

scintillator. The gallium(III)oxide (a white powder) is again mixed with the polyvinyl

toluene and then added to the other components of EJ-290 and poured into a vase for

casting, the mixture is the then subjected to a vacuum treatment to remove any remaining

air bubbles. The now homogeneous liquid cures into its solid plastic form in a water bath

maintained at approximately 40 Celsius under an inert argon gas layer to prevent

oxidization.
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Figure 45: (left) The mixed EJ-290 scintillator with gallium(III)oxide (right) The mixed scintillator subjected
to vacuum treatment

The result is an opaque-white scintillator with the final concentration of gallium

being approximately 1.31%. For good measure, here is a picture of both gallium-doped

scintillators side-by-side. Creation of the gallium-doped plastic scintillators was a group

effort shared by the entire graduate student team (Jonathan Folkerts, Jarred Novak, Brian

Doty, and Trent English).

58



Figure 46

Both gallium-doped scintillators with a regular sticky note for scale

To show off the scintillation properties and relative attenuation of the 2 scintillators,

here are pictures of them with an ultraviolet flashlight shining into their depths with the

camera in roughly the same relative position.

Figure 47: (left) The gallium oxide scintillator under a UV flashlight (right) The gallium nanoparticle
scintillator under UV.

Notice how the gallium(III)oxide-doped scintillator clearly has a longer attenuation
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length than the nanoparticle-doped scintillator and is thus more suited to scintillation

detection.

Both of these solid plastic scintillators have been produced with minimal problems

and there are plans to measure the attenuation length of the scintillators by slicing off a

few very thin slices and using some specialized piece of equipment in the chemistry

department that is designed for measuring the attenuation of solids, but no testing in the

lab has been performed yet at the time of writing this thesis. However, some rudimentary

simulations of the EJ-290 gallium-doped scintillators have been performed with a few

selected attenuation lengths and this is discussed in a coming section.

7.2 Modeling the Gallium Doped EJ-290

The Scintillation properties of the EJ-290 are readily available on their website. [17]

Figure 48

The relative intensity of emitted photons as a function of wavelength.

I have compressed the information relevant to the simulation into the following

table.

I use the above properties along with the emission spectrum to model the EJ-290

scintillating plastic and I use the mass fraction of gallium or gallium oxide to create the

gallium-doped Eljen plastic. The result is 2 very similar scintillators. Without any actual

information on these new mixture’s scintillation yield, I have modeled them using the same
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Table 9: EJ-290 Simulation Properties

Property Value
Light Yield (photons/MeV) 9000
Most Probable Wavelength 423 nm

Decay Time 3 ns
Empirical Formula C5.17H4.67

Density 1.02 g/cm3

scintillation properties as the default Eljen provided scintillation properties in table (9)

except the empirical formula is now altered by the concentration of gallium or

gallium(III)oxide. Also note that I am using the exact same geometric configuration of the

scintillators as the liquid scintillator and its surrounding plastic and aluminum-Mylar

casing. The advantage of using the same geometry is more than just avoiding having to

take precise measurements, using the same geometry also allows for a more direct

comparison to the previous work on the liquid scintillator detector.

7.3 Attenuation Length Study for Gallium-Doped Plastic Scintillators

I’ve done simulations with both gallium-doped scintillators at 8 sample attenuation

lengths with the exact simulated particle configuration that corresponds to a Zn65 source at

the Middle position. So a 1.115 MeV gamma ray isotropic gamma ray source located -2.2

cm below the center of the world volume and 2 mm away from the outer radius of the

detector.

For the same attenuation as the NOνA fluid (4 m) I obtain very similar histograms

to the LS PMT count histograms. Please note that for these histograms I am using a bin

size of 10 optical photons per bin.
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Figure 49

Gallium Nanoparticle EJ-290 with 4000 mm Attenuation

Figure 50

Gallium Oxide EJ-290 with 4000 mm Attenuation

As expected, these scintillators perform very similarly to each other as the only

difference between the two models is the empirical formula, still there are slight differences

in the generated fit parameters, for instance the standard deviations differ by about 5%,

but this shows that for the resolution of gamma rays, the choice of dopant doesn’t affect

the resolution of the gamma rays without modeling the attenuation of light. It might also

be a bit much to assume that the scintillation properties of the material are identical to

default EJ-290 but without detailed studies modeling them as equal is a good first order
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approximation.

As for actually lower attenuation lengths that are closer to the opaque scintillators I

ran the same test particle configuration with attenuation lengths of 1000, 500, 200 and 125

mm. The 2000 and 1000 mm attenuation lengths are in the appendix as it is only necessary

to show the 500 mm and 125 mm attenuation lengths here. Below are the 500 mm

attenuation histograms.

Figure 51

Gallium Nanoparticle EJ-290 with 500 mm Attenuation

Figure 52

Gallium Oxide EJ-290 with 500 mm Attenuation

The effect of worse attenuation can be seen by noting the ratio of the events under
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the Gaussian to the events under the exponential. We would expect the exponential to be

more pronounced for worse attenuation as more light will be absorbed by the material and

that is exactly what we see. Comparing the gallium oxide simulated data for 4000 mm and

500 mm, we see that the ratio of the events in the Gaussian to the events in the

exponential is approximately 2 to 1 (7529 to 3897) for the 500 mm attenuation and the

ratio of the Gaussian to exponential for the 4000 mm attenuation is approximately 3.4 to 1

(6062 to 1759). Thus for resolving signals over background the 4000 mm attenuation is

markedly superior, but the short 500 mm attenuation is still comparable to the long 4000

mm attenuation, only worse by a factor of about 1.7.

At a more extreme attenuation length of only 125 mm, the Gaussian is no longer

easily resolvable, with the fitting functions attempting to fit one exceptionally wide

Gaussian over most of the data set instead of a small Gaussian over a long exponential tail.

Figure 53

Gallium Oxide EJ-290 with 125 mm Attenuation

7.4 Future Gallium-Doped Scintillator Work

The gallium concentration for the gallium-doped Eljen plastic is quite low and the

attenuation is on the short side, so the logistics of using one of these scintillators would be

tricky. However as mentioned previously, the research team has decided on a different
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gallium-doped scintillator for the actual detection of neutrinos. We decided on a

GAGG(Ce) crystal (Gd3Al2Ga3O12), which is approximately 22% gallium by mass.

Figure 54

Sample GAGG Crystals. Notice the clarity of the crystal and thus the long optical attenuation length.

Image credit: https://www.meta-laser.com/scintillation-detector/ce-gagg-scintillation-detector.html

Simulations of the GAGG crystal will be done by another graduate student at

Wichita State in preparation for a Fermilab beam test where the detector will be placed in

front of a known particle beam.

It is worth mentioning that the GAGG crystals have a very long attenuation for

light that is more comparable to the clear liquid scintillator and their light yield is on the

order of 50,000 photons/MeV, about 5 times that of the NOνA fluid. One might wonder

why these crystals were not considered at the onset of this project, but these crystals are

fairly new, only being publicly available within the last 5 years.

CHAPTER EIGHT
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Conclusion and Statement of Contributions

8.1 Statement of Contributions

The NuSol project is a large and expanding group of graduate students, professors,

and scientific/engineering contributors, so it is worth directly laying out my direct

contributions. I sorted the majority of my work into three categories: work that I am the

direct main contributor, work where I am adapting another person’s code or graph or

whatever it may be into my research, and work that is entirely or almost entirely done by

another member of the team.

8.1.1 Original Contributions

Determining the efficiency of the liquid scintillator was the main contribution I

made to the project in the first year of my involvement. While I had another grad student

with me on the project (Jonathan Folkerts) it is fair to say that the X-ray trigger

experiment was conducted by me with supervision and the efficiency analysis was done

entirely by me in ROOT/c++.

The geometry of every simulation was constructed entirely by me as well as

modeling any materials besides the NOνA fluid. I also model reflections on the surfaces of

materials such as aluminum. So everything in the veto simulation except basic physics

processes and certain counting routines that were already in place from Robert McTaggart.

The simulations of the veto array to determine the fail rate were done by me, as well

as the simulations of the neutron background and Gallium-doped scintillators.

8.1.2 Collaborative Contributions

Correcting an error in the energy thresholds of Ga69 and the lifetime of the excited

Ga71 was a group effort. The an error was overlooked for a couple years and copied at least

twice and when it was time to copy it again I decided to check the original sources and

could not find the original values, but us graduate students found a formula to actually
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calculate the thresholds for our reactions of interest. The error with the lifetime of the

Ga71 interaction was misread from an adjacent energy level decay, we originally thought

the half-life of the Ge71 first excited state was 20 ms, but this is a spin-forbidden transition

from the ground state of Ga71.

Simulations of the liquid scintillator were made easier thanks to Robert McTaggart

of South Dakota State University, who had a similar scintillator simulation for the future

demonstrator mission, I was able to modify these simulations to get a head start.

Crafting the Gallium-doped scintillators was a team effort shared by the graduate

students, though modeling them with simulation was done entirely by me. The initial

attempt at gallium(III)oxide dissolved in the LS was mostly done by my colleague

Jonathan Folkerts, but I shared the burden of the digestion process.

8.1.3 Contributions of Others

The veto fail rate for the lab veto was entirely determined by others, namely

Jonathan Folkerts with the help of Mark Christl and Nick Solomey (I just extended this

analysis using my simulations).

The majority of the physics processes and several of the data acquisition techniques

for the simulations were already created by Robert McTaggart for his simulations of the

demonstrator mission.

8.2 Conclusion

Breakthroughs in neutrino physics are often made with very large detectors that

employ nucleus counting techniques to detect solar neutrinos or very large detectors that

use scintillation but on neutrinos produced by man made methods. The NuSol project is

different in that it will provide insight on solar neutrinos using a relatively small scintillator,

a new approach only possible with a space based neutrino detector close to the sun.

The analyses of the prototype neutrino detectors, veto array, and neutron

backgrounds are essential steps towards the mission being considered technically ready, and
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the work done over the course of this thesis should provide such an analysis, as well as

provide a comparison for the future iterations of the prototypes developed by the research

team.
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APPENDIX

Quick Reference Data. Efficiency, Resolution, Veto Fail Rate

Table 10: Detector Efficiency for each Position

Position/Source Detection Efficiency
TOP 59.54+22.8

−17.2%

MIDDLE 76.13+6.69
−6.51%

BOTTOM 66.48+17.6
−16.7%

TOP(Mn54) 40.15+39.3
−27.2%

Table 11: Energy Resolution for each Position

Position Energy Resolution
TOP 36.89±6.14%

MIDDLE 41.19±2.26%
BOTTOM 41.05±5.76%
TOP(Mn54) 34.38±19.2%
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Table 12: Veto Fail Rate Vs. LS Threshold for VetoPMT threshold > 1000

LS Threshold PMTcount Number of Fails/502 Veto Fail Rate
10 247 49.2+10.93

−10.85%

50 107 21.31+10.38
−7.66 %

100 91 18.13+10.04
−7.01 %

150 72 14.34+9.51
−6.13%

200 55 10.96+8.90
−5.20%

250 49 9.76+8.65
−4.83%

300 45 8.96+8.47
−4.57%

450 35 6.97+7.95
−3.87%

600 27 5.38+7.47
−3.23%

Table 13: Veto Fail Rate Vs. LS Threshold for VetoPMT threshold > 100

LS Threshold PMTcount Number of Fails/502 Veto Fail Rate
10 183 36.45+11.15

−9.86 %

50 77 15.34+9.66
−6.37%

100 67 13.35+9.35
−5.87%

150 51 10.16+8.74
−4.96%

200 38 7.57+8.12
−4.09%

250 35 6.97+7.95
−3.87%

300 32 6.37+7.78
−3.64%

450 25 4.98+7.33
−3.06%

600 18 3.59+6.81
−2.41%
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Table 14: Veto Fail Rate Vs. LS Threshold for VetoPMT threshold > 10

LS Threshold PMTcount Number of Fails/502 Veto Fail Rate
10 140 27.89+10.87

−8.77 %

50 58 11.55+9.02
−5.37%

100 51 10.16+8.74
−4.96%

150 40 7.97+8.74
−4.23%

200 31 6.18+7.72
−3.56%

250 28 5.58+7.53
−3.32%

300 25 4.98+7.33
−3.06%

450 19 3.78+6.89
−2.51%

600 15 2.99+6.56
−2.10%
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