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ABSTRACT

I discuss the feasibility of a conceptual space-based neutrino detector that utilizes

the Ice Giants as targets for galactic neutrinos. The purpose of this research stems from

the concept of wanting to find a new method of observing the Galactic Core (GC) of the

Milky way and the Supermassive black hole, Sag A*. Observations of the GC have been

made in every accessible wavelength except for the regions of space that are too dense for

photons to probe. In these regions, we may instead use neutrinos. Neutrinos from an

Active Galactic Nucleus are emitted at extreme energies, 10 GeV to EeV scales, but have

an extremely low flux measured here at earth. Neutrino telescopes such as the IceCube

Observatory have only been able to measure a handful of neutrinos that might correlate to

the GC. But using Gravitational lensing, our sun can be used as a lens which increases the

light collection power for neutrinos by a factor of 1013 , with the trade off that the

minimum focal point is located at 22 AU. This means that Uranus and Neptune are

suitable natural targets for these neutrinos to interact with and observe the effects from a

spacecraft in orbit. Initial studies use Geant4, a particle physics simulation toolbox

developed by CERN, to facilitate the propagation of energetic particles passing through the

atmosphere of Neptune. Various aspects are studied ranging from the wavelength of the

photons that are being measured at the detector, timing of the hits, and distribution of the

photons leaving the atmosphere. For each of these aspects, I modify several variables such

as particle type, energy, interaction depth, and orbital distance from the surface. I also

discuss the versatility of this neutrino detector which has the possibility of mapping out the

inner structure of the Ice Giants, in-depth studies of the neutrinos coming from the GC,

and possibilities to use this method for other cosmic neutrino sources. This detector would

be of great interest to planetary science, particle physics, and astrophysics communities.
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CHAPTER I

Introduction

This study is a branch off of the Neutrino Solar Orbiting Laboratory (νSol) project which

is based here out of Wichita State University. The νSol project, which I am also apart of,

will be a space based neutrino detector that is wanting to study the neutrinos being

generated via fusion processes in the core of our sun. By going towards the sun we can

have an increased flux of these solar neutrinos by as much as 10,000x when are at 3 solar

radii [1]. Aside from the increase in flux, there are other advantages of going towards the

sun for these neutrino detections. Studies of these neutrinos at off axis measurements,

neutrino oscillations studies while approaching the sun, and possible measurements for

more detailed values of upper limits to the neutrinos mass [2].

Now another concept that comes from the νSol project is what if we go away from

the sun while still wanting to perform neutrino experiments? The flux of solar neutrinos

will decrease by a factor 1
r2

as we move away from the sun and towards the outer planets.

Now our sun is the brightest source of neutrinos in our sky, but it is not the only

prominent source. The second brightest source is the center of the Milky Way which is

located 25,000 light years from earth [2]. Previous studies by a Senior Physics Project were

conducted by Lynn Buchele and Dr. Nick Solomey to determine what the rate of stellar

fusion neutrinos coming from the galactic core would be if they were gravitational focused

by our sun. These calculations determined that the rate of stellar neutrinos measured at

the focus would be 800-8000x that of the flux of solar neutrinos measured here on earth [3].

Two main things to note is that their calculations were only considering the neutrinos

focused from outside of the limbs of the sun like that of light being focused gravitational,

but also did not include all sources of neutrinos in the galactic core. The flux of the

neutrinos from the AGN are very low but using the results that Buchele and Solomey

calculated we see that these highly energetic neutrinos become measurable. One of the
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main drawback to the gravitational focus is that it is located around 22 AU, but that is

still within reach for real future missions.

My research aims to justify the feasibility of a space-based neutrino detector which

will utilize the Ice Giants as possible targets for galactic neutrinos. In this thesis I will

discuss the simulations I performed of neutrino interactions in the atmosphere of Neptune.

Which from these simulations, I study the distributions of both Cherenkov and scintillation

photons leaving the atmosphere. But also various parameters of the spacecraft will also be

studied such as a reasonable size of the overall craft, possible forms of power generation,

and veto rejection of background signals. The versatility of this detector can be of great

interest for different regions of science such as planetary sciences, particle physics, and

astrophyiscs which will be discussed in later chapters.

1.1 Motivation and Background

The main motivation of this research stems from the idea of wanting to find a new way to

observe and study the galactic core of the Milky Way. The galactic core (GC) has been a

hot topic for the astrophysical community, and observations have been made in every

accessible wavelength so far to better understand the chaotic environment [4]. At the

center of our galaxy resides a supermassive black hole (SMBH) named Sagittarius A, whose

characterization as a SMBH was only solidified just a few years ago [4]. Now, why did it

take so long for us to finally prove that the center of the galaxy had an SMBH? There is

difficulty that arises when trying to observe the center of our galaxy given that there is a

large amount of dust, debris, and other objects between us, and the core as can be seen

from Figure 1. But there are ways to bypass the dust and debris that is cluttering our

view, and some of the normal practice is to use telescopes in the infrared spectrum which

can peer through the dust obscuring the GC [5].
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Figure 1: Panorama view of the Milky Way in the visible spectrum [6]

Now the resolving power of telescopes and different methodologies have increased

our resolution of the GC in the recent decades as well. Current images that have been

collected in the infrared spectrum can be seen in Figure 2 which shows the orbital paths of

various stars around Sag A*. Now from the observations of the orbital periods, it was

proven that Sag A* must be a SMBH given that the periods ranged from as short as 13

years to a few thousand years [7]. These orbital period measurements lead to the findings

that Sag A* is an astonishing 4.15 · 106 M� [7]. Given that Sag A* is this massive, it seems

incredible that we still have not been able to produce an image of it clearly. Even though

we have increased our resolution, are there ways that we can peer into the black hole itself

or the immediate surroundings?

Figure 2: Infrared image of the Galactic Core of the Milky Way and observing the orbital paths of several
stars around Sag A* [7].
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Now it wasnt until 2019 that we were able to obtain the first image of a black hole,

Fig 3, which was done by the Event Horizon Telescope and collaborations with various

telescopes around the world [8]. The first image of a black hole was not in our galaxy, but

from the center of M87 which is located roughly 55 million light years from Earth [8]. But

why have we been able to get an image of the SMBH of M87 but not of Sag A*? Part of

this issue arises from the fact that even though M87 is 2000x further than the distance

from us to Sag A*, M87 is 1500x more massive [8]. Given the magnitude difference in size,

the collective resolving power of the collaboration of telescopes was able to gain the image

which is observing the radio emissions of the super-heated gas which are swirling around

the SMBH of M87 [8].

Figure 3: Super massive Black Hole located at the center of M87 gathered by the Event Horizon Telescope
collaboration.

We have used radio telescopes to look at the region of our GC to get a better

understanding of the environment and the processes that are occurring there. Figure 4 is a

new image collected of the 30 pc region surrounding Sag A* at the 1.28 GHz radio

frequency [4]. Even though both Figures 3 and 4, are observing regions that contain an

SMBH we do not see the same characteristic feature where the event horizon creates a

silhouette in the super-heated gas. This radio emission bubble which fully encircles the
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black hole obscures our line of sight meaning that we can not use the same conventional

means of observation like we did for M87. Is there a different way that we can probe

further into this unknown region?

Figure 4: Image collected of a 30 pc region surrounding Sag A* in the 1.28 Ghz radio frequency band [4]

Aside from photons which are being produced in processes around the black hole,

other particles can be ejected from this energetic environment which could be of use to us.

Most of the protons and other charged particles that are produced from these environments

can be deflected from magnetic fields which obscure the locations to which they were

created [9]. But neutrinos that are created from a Active Galactic Nucleus, would be

emitted at extreme energies and unhindered by the EM fields around them [9]. This means

that we can possibly use neutrinos to help probe the surroundings of Sag A* and to have

new techniques of observations.

1.2 Gravitational Lensing of Neutrinos

Now studies have been conducted to look at previously collected high energy neutrino

events and to see if their detected tracks align with the GC. Neutrino Telescopes such as

IceCube have only been able to measure a handful so far that might correlate to the same

region as the GC, but given the spatial resolution it is difficult to say for certain [10]. As
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seen from Figure 5, the flux of the neutrinos coming from the AGN are very low in respect

to some of the other more prominent sources such as Solar neutrinos. If we want to harness

the neutrinos coming from the AGN, we have to reduce the noise created by other sources

of neutrinos while also increasing the flux of the highly energetic contributions which can

help us probe further into the GC.

Figure 5: Neutrino Fluxes as a function of energy and their corresponding sources [11].

To increase the flux, we can use a concept known as Gravitational Lensing which

was first proposed by Einstein back in 1912 [12]. With gravitational lensing, a massive

object such as star can cause light to be deflected from its original path which is a

consequence of the General Theory of Relativity [13]. This means that massive objects can

be used similar to that of a lens in optics which can focus light down to a ring or point

depending on the observers location relative to the focal point created by the lens. Now the

the first observation of this effect occured a few years after Einstein proposed the idea, to

which during a solar eclipse some stars appeared to move or be distorted as they passed

behind the sun [14]. But more prominent observations of this effect came later in 1979

when observing what looked to be two separate Quasars separated by a very small angular

distance but with almost identical features [14]. An example of this phenomena can be
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seen in Figure 6 which was captured by the Hubble Wide View camera in 2011. The bright

ring that is created around the center point is a result of gravitational lensing around a

galaxy that lies between us and a more distant galaxy. Now the blue ring is originating

from the fainter blue portion directly above the galaxy, and because of the misalignment of

the camera, the closer galaxy, and the more distant galaxy, we only have a portion of the

ring. Another noteable feature of this image is that the ring created by gravitational

lensing is brighter than the original object meaning that we also have amplification that

occurs during the process.

Figure 6: The Cosmic Horseshoe which was taken by the Hubble Wide View Camera in 2011 which depicts
the light coming from a distant galaxy being focused by a nearby galaxy. Since the alignment was off by 2.5
degrees, we get a partial ring[3]

Now if we can use our sun as a lens, why have we not taken advantage of this yet?

For light, the gravitational focus due to our sun is an astonishing 550 astronomical units

which is the minimum focal distance of light passing the exact surface of the sun [13]. Even

though the focus of our sun is located at 550 AU, the light collection power of our sun is a

staggering 1011 with an angular resolution down to 10−10 arcsecs [15]. This type of

magnification and angular resolution would allow us to gain valuable knowledge about

celestial bodies and imaging exoplanets [15]. Now to give context to the distance we would

have to go, Voyager 1 has been traveling for more than 40 years and has only traveled to
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155 AU [16]. So, using our sun as a lens for light is not a task that can be done easily given

the distance that we have to travel is further than any object that we have sent into space

so far. But this same concept can be applied to neutrinos as well.

Neutrinos have a very small finite mass, but given that it is non-zero there are

differences as to how the deflection of their path occurs vs that of photons. But for the

case of the particles passing outside of surface of the sun, the resulting equation that

governs their deflection are the exact same which follow Equation 1 [17]. Where M is the

mass of the sun in Geometrized units where M = 1.48km while b is the impact parameter

also in units of distance [17].

∆φOUT =
4M
b (1)

One of the main factors that help with neutrinos and gravitational lensing is that

the sun is mostly transparent to neutrinos, allowing them to pass through the interior

similar to that of Figure 7 [17]. Because they are able to pass through the sun, this means

that their deflection is much greater and allows for the smallest focal point to be around 22

AU [17]. On top of the reduction in focal length, the "light" collection power for neutrinos

is larger than that of photons and is on the order of 1013 which enhances our flux signal

significantly [3, 15]. A plot of the normalized focal lengths can be seen in Figure 8, which

helps illustrate how the assumed density of the solar interior and impact parameter alter

the resulting focus. By multiplying normalized focal lengths by 550 AU, one can get back

the smallest value of the neutrino gravitational focus previously mentioned.
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Figure 7: Depiction of Neutrino Gravitational Lensing of the Sun.

Another factor that has to be accounted for is that the distribution of the neutrinos

that are focused at 22 AU would not be the same as seen from Figure 5. This comes from

the fact that as the neutrino energies increase, their resulting cross-section also increases

meaning that they have a higher chance to interact with matter. Now this has

consequences when the neutrinos are passing through the core of the sun, their probability

of transmission depends both on their energy and their impact parameter. A plot of these

probability of transmissions can be seen in Figure 9, which each plotted line shows a

neutrino at a different energy starting from 10 GeV to 106 GeV by factors of ten [17]. Now,

these probability transmissions were calculated over 20 years ago so their overall accuracy

might be out of date depending on how much the studied cross sections of neutrinos with

hydrogen and helium have changed in that time frame.
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Figure 8: Normalized focal length f
f(b=R) as a function of the normalized impact parameter b

R [17].

Figure 9: Transmission probability in function of b, the impact parameter,for a neutrino energy Eν= 10
GeV, 102 GeV, 103 GeV, 104 GeV, 105 GeV, 106 GeV (solid lines, from left to right); the Gaussian density
profile ρ(r) =exp (−5r

R )2 is the dotted line [17].
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CHAPTER II

Ice Giants as Targets for Galactic Neutrinos

2.1 Examples of Neutrino Detectors

Given that neutrinos interact only through the weak interaction, detection of these particles

can be rather difficult. But various experiments around the world use different methods to

achieve detections of these ghost particles. Depending on the type of research that is being

conducted, detectors can range from large vats of water, scintillating materials, or naturally

occurring media for the particles to interact with. Super-K is a neutrino detector that uses

a 50-kilotonne vat of water that detects Cherenkov radiation from neutrino interactions

[18]. This detector is lined with thousands of photomultiplier tubes (PMTs) which increase

the spatial resolution of where these Cherenkov bursts are being created [18]. This detector

was also used to collect data of solar neutrinos and was able to construct an image of our

sun using these particles. Figure 10 shows the result of their data collection, and this gives

a useful and valuable concept that the same practice may be used for the GC.

Figure 10: Image of the sun produced by Super-K from solar neutrino events [1]
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Now, a few examples of detectors that use naturally occurring media can be seen

with IceCube, ANITA, and ARA. All three of these detectors are located in the South Pole

and utilize the vast amounts of ice for their neutrino detection processes. The detectors for

IceCube are placed into holes that are located 1.5 to 2.5 km below the surface, but the

overall observatory encompasses 1 cubic km [19]. This detector has been able to measure

neutrinos at energies in the PeV scale which is much higher than any particle energy that

we can produce on earth so far [19]. Just like Super-K, IceCube measures the Cherenkov

radiation that is created by the charged particles but this time through the ice media. But,

both ANITA and ARA measure neutrino interactions in the ice via the Askaryan effect.

The Askaryan effect is a version of Cherenkov radiation but instead of a burst of visible

light that is produced it is a burst of radio waves [20]. Now this effect does not happen for

low energy neutrino interactions, but actually requires energies over 10 PeV for it to occur

and must be in a dense but optically transparent media such as ice [21]. More will be

discussed about the Askaryan effect later in this paper for other possible studies that can

occur.

For an example of a detector that utilizes a scintillating material for neutrino

detections we can look here within our own department at the νSol project. As previously

stated, νSol will be a space-based neutrino detector but will be measuring solar neutrinos

at distances of around 3-10 solar radii from the sun. Now the scintillating material that

this detector will use is a GAGG:Ce crystal that has a large scintillation yield but with the

added benefit of gallium within the crystal structure. Gallium is of importance for the

detection of neutrinos because of a useful interaction process which can create a double

coincidence pulse. This coincidence pulse is used to identify that a neutrino interacted with

the detector while also helping to reject the excess background signals [2]. With the flux at

3 solar radii being 10,000x more than the flux measured on earth, this means that for a 100

kg detector volume at this orbital distance would be the equivalent of a 1 kton detector

located on earth [2]. This tells us that for a space based detector, we can achieve similar

detection rates that we experience on earth with the fraction of the mass and be able
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perform measurements that we can’t do on earth.

2.2 Benefits of Ice Giants for Galactic Neutrinos

As previously mentioned in Chapter I, by using our sun as a lens for neutrinos, the

minimum focal point comes down to around 22 AU. This means that Uranus is a wonderful

candidate to measure the galactic neutrinos that are deflected from the sun [17]. But also

given the variability of the focal lengths depending on the density approach taken and how

much the neutrinos are deflected from the sun, Neptune is also a great candidate for these

interactions. Now, we can use some of the information mentioned about current neutrino

detection processes and the type of interaction media for this study. Given that the earth

is too close to the sun to utilize the gravitational focus, we then have to take a detector out

to 22 AU.

Just like IceCube, ANITA, and ARA, we can use a natural media for these energetic

neutrinos to interact with, which would be the Ice Giants themselves. Because Neptune

and Uranus are primarily made of gases such as hydrogen, helium, and methane it would

seem that they would not make for good media for the neutrinos to interact with given

that they do not form a dense target. But, as previously mentioned as the energy of the

neutrino increases, we also have an increased cross-section which means a higher chance for

the neutrinos to interact with matter. Which this can be seen in Figure 11 that shows the

resulting neutrino-nucleon cross sections for these ultra high energy neutrinos. Meaning

that even if the media is a low nucleon density, there is still a marginal chance of these

interactions taking place. Also, the size of the planets are an added benefit because they

can add to the total effective area that we can observe these neutrino interactions.

Experiments on earth have made the mention that in order to observe some of the highly

energetic neutrino processes, we would need hundreds to thousands of cubic km of water or

similar mass to observe these interactions [21]. Now Neptune alone has a total volume of

6.254 · 1013 km3 which is more than suitable for the galactic neutrinos to propagate through

and interact [22].
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Figure 11: Total charge current cross sections of neutrinos at ultra high energy [23]

Now the neutrino interactions within the atmosphere of the Ice Giants can be

observed given the interaction seen in Equation 2. Where l stands for the corresponding

leptons, e, µ, and τ , while N would be the neutron in the nucleus and X is the converted

proton [24]. Now the leptons that are created during the process would then continue on

through the atmosphere, and given the energy ranges of the incoming neutrinos the leptons

should have almost an identical trajectory. By using a spacecraft that is orbiting the

planet, we can look to observe these energetic particles passing through the planet in

several ways. We can observe the Cherenkov radiation, scintillation, and possibly the

delayed fluorescence which would correlate to these initial galactic neutrinos.

νl + N −→ l− + X (2)

2.3 Alignment of the Ice Giants with the Galactic Core

Even though Neptune and Uranus both fall within the focal range of the gravitational lens

of our sun, we know that these planets are not stationary and are not always aligned with

the GC. This means that as the planets are orbiting the sun, they will slowly start moving

into the gravitational lens and the flux of galactic neutrinos would then start to increase.
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Now, how often does this occur and is it different for both of the planets?

Figure 12: Orbital crossing of Neptune and Uranus which will be opposite of the Sun from the galactic core
in 2032-2033 and 2065-2067 respectively [25]

It can be seen from Figure 12 that Uranus and Neptune will not be in the

gravitational focus at the same time and are separated by several decades. Uranus will pass

through the focus first around 2032 and will not spend as long in this focus due to its

shorter orbit. On the other hand, Neptune will pass through the focus around 2065 and

given the longer orbit would give us additional time to make measurements. But this does

not occur for an additional 40 years from now. We could possibly take advantage of both

occurrences given the separation in time of when they pass through and we can observe the

different flux properties at both planets. If we were to miss these windows of opportunity,

we would not get a chance again until 2116 and 2229 respectively [22, 26]. But there also

could be other sources that we can look at during the times that the Ice Giants are not

aligned to the GC.
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CHAPTER III

Simulations of Neptune’s Atmosphere

Before we can go through and produce an image similar to that of Figure 10, we must first

perform simulations to determine what type of signals we can get out of the atmosphere of

Neptune. For the simulations that were performed, I used a C ++ toolbox called GEANT4

(for GEometry ANd Tracking), which was developed by CERN [1]. Now GEANT4 is used

to facilitate the propagation of particles through matter and the interactions that will

occur [27]. This toolbox has a variety of options that can be modified to help suit the type

of interactions one is wanting to study. Which you may make complex geometries, custom

physics lists, but also can implement standard C++ code to help organize the structure.

But given how modular this toolbox can be, we have to make sure that the portions of the

code that we implement will be accurate for the interactions we are wanting to study. As I

go through the code I have implemented and modified, I will give explanations to why

these portions were added.

Now to manipulate the results of my simulation I used the ROOT Data Analysis

Framework. ROOT is another library that was developed by CERN which can work

conjointly with GEANT4 to illustrate data. Results that are produced from GEANT4 can

be exported as .root files which can be modified in ROOT using C code commands. The

information from GEANT4 were put into NTuples which are arrays of data that have

various pieces of information for each specific index of the array. By using C commands we

can call portions of the array to grab information such as timing, wavelength, positions, or

any other data that we have previously told the program to store into these arrays.

Another important piece of technology that was needed for this project was

Beoshock. Beoshock is the High-Performance Computing (HPC) cluster here at Wichita

State [28]. Now the HPC cluster has many subsections which are of great use for research

projects here at the university, but one of the main aspects that helped with my research
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was that we were able to put GEANT4 onto this cluster. Now there are 760 CPU cores, 2

GPUS, and depending on the cluster you are requesting you may have access up to 1.5 Tb

of RAM [28]. I will go into more detail later in this chapter when discussing why we needed

to use this type of computing power for these Neptune simulations.

3.1 Atmosphere and Detector Construction

When creating geometries in the simulation there are a variety of different objects that one

may choose for their program that will suit their needs. For my case I have a very simple

situation when it comes to the construction of Neptune’s atmosphere and our spacecraft

detector. We can not simulate the entire atmosphere so we are only worried about a chunk

of the atmosphere near the surface to do some of these initial simulation studies. This

means that we can create a box that is 1 · 106 km3 to illustrate an small portion of the

atmosphere. Now when creating what the atmosphere is made up of, we have to create our

own material in the program using other predefined materials. Now the composition of

Neptune’s atmosphere is 80% Molecular Hydrogen, 19% Helium, and around 1% Methane

by volume [22]. When creating user defined materials in GEANT4, we can not use volume

fractions and instead have to use mass fractions. This means I had to go through and

convert the volume fractions previously mentioned with the atmosphere to their according

mass fractions which I have provided in Appendix A. Other characteristics can be defined

to our new material to increase the accuracy of our results such as the current state of

matter for the material, but also the temperature, which both alter the energy deposition

as a particle passes through that material.

For our detector that is "orbiting" Neptune in this case, the material that it is

constructed out of is of no importance for our detections in the simulation since we count

the number of photons that pass into its volume. But the shape and size of the effective

area is what we are more interested in, because that will give information on the light

collection power of our device. So this was given a cylinder shape with the circular endcaps

pointing towards the planet, now the size of the detector is one of the parameters that was
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modified throughout the course of the data collection to determine what size we need to

acquire adequate data from these bursts. But the reason for a circular aperture was to

mimic a camera lens or telescope to be closer to that of realistic cases, and not more ideal

cases of encompassing as much area as possible.

3.2 Approximations of the Atmosphere

Now, one of the more notable peculiar features is that with GEANT4 if you are wanting to

simulate optical processes you must define various optical properties for them to work

accordingly [27]. This means if you don’t know information about the index of refraction,

attenuation length, and scintillation properties then the program will not produce optical

photons [27]. But given that we have not been back to the Ice Giants since the Voyager

missions, we have not been able to do these additional tests to acquire those properties

meaning that we have to make certain assumptions. The first property that we can go

through and approximate is that since the atmosphere is 80% Molecular Hydrogen, then

we can use the index of refraction of hydrogen gas for our atmospheric material that we

have defined. We may use Equation 3 to find the index of refraction at various

wavelengths, where n is the index of refraction, and λ is the wavelength in units of

micrometers [29]. Using this equation we can determine the index of our material at

various wavelengths and program that into GEANT4. This piece of information alone is

enough to allow Cherenkov radiation to initiate, but not scintillation. That is because

Cherenkov radiation is only dependant upon the velocity of the charged particle and the

index of refraction of the media.

n − 1 =
0.0148956

180.7− λ−2
+

0.0049037

92− λ−2
(3)

The next characteristic that we had to assume is the attenuation length of the

atmosphere. Certain groups have performed calculations to determine the mean opacities

of giant planets and ultracool dwarfs [30]. From the opacities that they had calculated, I

was able to determine a reasonable value for the attenuation coefficient of the atmosphere.
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Now the tables that they produced were separated out depending on the metallicity of the

sun for that region, temperatures, densities, and pressures. Based on the pressure and

density of Neptune’s atmosphere, I was able to find a value for the Rosseland mean opacity,

κR, of 9.989*10−3 cm2

g [22, 30]. In Appendix A, I show how I go from this mean opacity to

the attenuation coefficient that was used for my simulations. If I did not go through and

define this value, it would be given a default value of infinity which would not give us

accurate results for the simulation studies.

Because we also want to look at the scintillation that is being emitted during these

simulations, then we need to make an assumption about how many photons per MeV are

produced but also the spectrum of wavelengths. Again since many studies have not been

conducted with Neptune’s atmosphere, then we can use some information about our own

atmosphere as first approximations. These scintillation properties can be studied more in

depth, which I will discuss later in this thesis. For the scintillation properties of our

atmosphere, it is minimal light that is produced around 4 photons per MeV [31]. Figure 13

shows an intensity spectrum of the light produced from fluorescence in earth’s atmosphere.

Now I used a program called GetDataGraphDigitizer which is used to pixel count graph

images to get the data that was used to produce the figure. After defining the X, and Y

axis and outling the spectrum lines, the program then prints out the corresponding data

points needed to reproduce the image. I was then able to take those values and put them

into GEANT4 as the spectrum of the scintillation that would be produced.
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Figure 13: Air fluorescence spectrum of earth’s atmosphere[31]

Another important thing to note is that GEANT4 does have neutrinos built into the

simulation, but they do not have any form of interaction capabilities. They are created in

the form of byproducts of reactions to carry away the excess energy and momentum, and

can technically be shot into the system but nothing will occur. Similar measures could be

taken to simulate the type of reactions that would occur for a neutrino interacting with

elements which is done in the νSol code, but for the purpose of my code I do not take that

same approach. I will assume that the leptons that are produced carry away all of the

energy from the interaction. This means that I only have to worry about firing each of the

possible leptons, e−, µ−, and τ−, through the atmosphere and observe the effects of their

propagation.

3.3 Running the Simulations

Running the simulation is fairly straightforward with the use of batch files. The batch file I

originally started with came from Jonathan Folkerts whom I work with on the νSol project.

Now this batch file helps when one is wanting to automate their code to perform multiple

simulation runs that will alter the parameters that you are wanting to study. When this

batch file is called, information regarding the new parameters will be updated in the source
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and macro files before the simulation runs.

Now the parameters that I looped over to gather all of my data were particle type,

particle energy, interaction depth, and orbital distance from the surface of the mock

atmosphere. Now the first three parameters are placed into a macro file that updates our

particle gun for the new variables. The last parameter must be updated in the source file

since that alters the position of our detector. This must be done in CSatMainVolume.cc

which holds the placements and dimensions of the geometries that are built for the

simulation. The entire contents of this .cc file is placed within the batch file and as the new

orbital parameters is chosen, that value will be assigned to our detectors z component.

Once that has been done, the batch file will then move the .cc file back to our source folder

location to update and overwrite the previous version of the file. After that is completed,

the batch program will perform a "make" command that will compile the new code before

the simulation initiates.

Now, between my data collection runs I will make modifications to the batch file

while keeping all the previous information the same but this time changing my detector

array. To look at the total distribution of the Cherenkov and scintillation light that is

being emitted from the atmosphere I created a 100x100 array of 1 km wide detectors. As

the photons pass through the volume of these detectors, their interaction is recorded as a

hit and I grab the information regarding the position of the detector, wavelength of the

photon, and timing of when the photon interacted. Figure 14 shows the mock atmosphere

located on the right, while the array of detectors that I previously mentioned is on the left

at some fixed orbital distance away from the atmosphere.
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Figure 14: GEANT4 visualization of Neptune’s Atmosphere and detector arrays

When I begin to look at more specific cases of what our spacecraft would observe, I

create one dimensional arrays that span the 100 km width of the atmosphere to simulate

the orbital transit of our spacecraft. The size of the detector array will vary depending on

the diameter of the detector, but in each case they are equally spaced across the entire

width of the atmosphere. Once my detector array is set up for the data collection run, I

execute the batch file in the command line and the simulations will run in the background

of the computer until it has iterated through each of the loops that I previously mentioned.

But, Figure 15 illustrates the visualization of one of these simulation runs after the an

electron is fired at a depth of 10 km and we may observe the burst of photons, which

correspond to the green tracks. Another portion to note about the particles that are being

fired, is that they are initiated at varying depths but traveling through the center of the

atmosphere to look at some of the more ideal cases which can be seen in Figure 15.
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Figure 15: GEANT4 visualization of an electron fired at a depth of 10 km

As I previously mentioned in the chapter, the Beoshock cluster was utilized for

performing these simulations. The reason for this arised when I noticed that when trying to

perform the simulations on my own computers that there is a memory leak in the code that

accumulates rapidly at higher energies. Investigations into the whereabouts of the memory

leak could not provide a specific location but seemed to be generated from the underlying

GEANT4 installation source files. Because of this memory leak, which on occasion

exceeded 500 Gb for some of the high energy runs, I was only able to run one particle at a

time through the atmosphere. This is why the Beoshock cluster was used since I had access

to up to 1.5 Tb on one of their high memory clusters. Even with running one particle at a

time, the batch files could take as long as 10 days to execute through the entire loop series.
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CHAPTER IV

Results of Simulations

As I previously mentioned in Chapter III, the simulations were ran over several loops for

different particle types, particle energies, interaction depths, but also orbital distance. By

looping over each of the parameters, this helps us to characterize and understand what

type of signals we can see from the galactic neutrino interactions. Given the amount of

parameters and subtopics that I studied, not all plots generated will be put into this thesis.

Additional plots can be accessed in Appendix B using the link to a GitHub repository,

where the plots are organized out by folders with corresponding names of the subsections

studied. This chapter will present the data collected on the electrons which gave the most

prominent signals for each of the cases, but also I will outline some interesting behaviors

that can be seen from the muon and tauon distributions as well.

4.1 Total Cherenkov Hit Distributions

Before going into what our simulated spacecraft would be able to detect from these

simulations, I first wanted to understand how the entire photon distribution appears as it

leaves the atmosphere. Now we would not be able to see these entire distributions with our

detector since they encompass the entire 100x100 km face. But they help us to understand

the behaviors in each of the instances. The figures that are produced in this subsection

look at the total hit distribution of the Cherenkov photons and how that distribution looks

at the various energies from 10 GeV to 10 TeV. Each of the figures are produced with 5

subplots to show how the distribution looks at the various orbits, and for each particle

energy there are multiple graphs that correspond to the different starting depths in the

atmosphere. Again, the initial particles are always starting at X = Y = 0 and transverse

directly out of the atmosphere in the +z direction which is towards of our detector arrays.
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4.1.1 Electrons 10 GeV −→ 10 TeV

10 GeV Data

Figure 16: Cherenkov hit distributions at various orbits generated by a 10 GeV electron at a depth of 10km.
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Figure 17: Cherenkov hit distributions at various orbits generated by a 10 GeV electron at a depth of 20km.
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100 GeV Data

Figure 18: Cherenkov hit distributions at various orbits generated by a 100 GeV electron at a depth of 10km.
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Figure 19: Cherenkov hit distributions at various orbits generated by a 100 GeV electron at a depth of 20km.
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Figure 20: Cherenkov hit distributions at various orbits generated by a 100 GeV electron at a depth of 30km.
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1 TeV Data

Figure 21: Cherenkov hit distributions at various orbits generated by a 1 TeV electron at a depth of 10km.
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Figure 22: Cherenkov hit distributions at various orbits generated by a 1 TeV electron at a depth of 20km .
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Figure 23: Cherenkov hit distributions at various orbits generated by a 1 TeV electron at a depth of 30km.
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Figure 24: Cherenkov hit distributions at various orbits generated by a 1 TeV electron at a depth of 40km.
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10 TeV Data

Figure 25: Cherenkov hit distributions at various orbits generated by a 10 TeV electron at a depth of 10km.
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Figure 26: Cherenkov hit distributions at various orbits generated by a 10 TeV electron at a depth of 20km.
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Figure 27: Cherenkov hit distributions at various orbits generated by a 10 TeV electron at a depth of 30km.
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Figure 28: Cherenkov hit distributions at various orbits generated by a 10 TeV electron at a depth of 40km.
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Figure 29: Cherenkov hit distributions at various orbits generated by a 10 TeV electron at a depth of 50km.
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Figure 30: Cherenkov hit distributions at various orbits generated by a 10 TeV electron at a depth of 60km.
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There was a slight issue that arose with the detectors that were immediately on the

face of the atmosphere. Given how small the Cherenkov cone is, the photons were able to

pass between some of the detectors resulting in a low hit count. But for the various orbits

we are able to see larger hit counts and how the distributions begin to change the further

from the planet that we get. We will see that when we look at the simulated detector of

our craft that we get very noticeable signals at the surface of the planet.

As we increase the energy of the incoming electron, we can see a more defined circle

appears in our hit collections. The circle is caused by the energetic electron passing

through the atmosphere and the Cherenkov photons are emitted in a conical shape around

the path of the charged particles i.e the electron. Then we can see these diffusive behaviors

emanating from the initial ring which is partially a result of the electron slowing down as it

is traversing through the media. As the electron is started deeper and deeper into the

atmosphere that defined ring begins to fade but still creating a hot spot along the initial

trajectory. Other interesting behaviors can be seen in Figure 29, which we can clearly see

two rings formed in the 200 and 300 km orbits. That means that we had instances where

the electron interacted in such a way that we had two energetic charged particles along the

initial trajectory but able to produce their own Chernekov rings.

4.1.2 Muon and Tauon Distribution Examples

Now there are some interesting cases to show with the muon and tauon particles given that

they are unstable and will eventually decay in flight. It can be see in Figures 31 that the

muon creates a well defined Cherenkov ring but does not cause the same burst of photons

across the entire face like the electron distributions. Figure 31 is starting at a depth of

60km, but if we move an additional 10km deeper into the atmosphere while keeping the

same energy we get the result of Figure 32. This sudden burst of photons is a result of the

muon decaying into an electron near the end of the atmosphere and gives results very

similar to that of Figure 19.
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Figure 31: Cherenkov hit distributions at various orbits generated by a 100 GeV muon at a depth of 60km.
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Figure 32: Cherenkov hit distributions at various orbits generated by a 100 GeV muon at a depth of 70km.
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Figure 33: Cherenkov hit distributions at various orbits generated by a 100 GeV tauon at a depth of 10km.

43



Figure 34: Cherenkov hit distributions at various orbits generated by a 1 TeV tau at a depth of 10km.

44



The tauon distributions also give very interesting results given that their lifetime is

on the order of picoseconds and can decay into hadrons and other leptons. When looking

at Figure 33, even though our initial particle was sent through (0,0) on the plot, we get

well defined rings that are centered over 10 km from the initial path. But fainter rings can

still be made out of the distributions showing how far off some of the other charged

particles made it before leaving the atmosphere. When the energy is increased by another

factor of 10, we get Figure 34 where the mean in the x and y comes back to values more

closely centered with the origin. But given this extra energy we seem to get even more

rings that begin to appear in the distributions as well. The slight variations in the types of

distributions for the further orbits can be contributed to different decay modes happening

for that run specifically.

4.2 Total Scintillation Hit Distributions

Similar to the plots that were seen above, I also wanted to study how the scintillation

distributions looked given the same particles and their energies. One the of main

differences that will be seen comes from the number of entries given that the scintillation

properties are set to 4 photons per MeV to be closer to that of earths atmosphere. But

these plots help to understand how the distribution of the scintillation photons will vary

from what we have seen previously in the Cherenkov case. Again the plots will go from 10

GeV to 10 TeV, and will be created with 5 subplots for each of the orbits that were looked

at. Instead of showing all the starting depths that were available I will be showing the

cases that were closest to the surface that gave the most signals. This is because the

behavior does not change drastically like it did for the Cherenkov cases. But the rest can

be viewed in the GitHub repository that I previously stated.

4.2.1 Electrons 10 GeV −→ 10 TeV
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10 GeV Data

Figure 35: Scintillation hit distributions at various orbits generated by a 10 GeV electron at a depth of 10km.
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100 GeV Data

Figure 36: Scintillation hit distributions at various orbits generated by a 100 GeV electron at a depth of 10km.
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Figure 37: Scintillation hit distributions at various orbits generated by a 100 GeV electron at a depth of 20km.
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1 TeV Data

Figure 38: Scintillation hit distributions at various orbits generated by a 1 TeV electron at a depth of 10km .
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Figure 39: Scintillation hit distributions at various orbits generated by a 1 TeV electron at a depth of 20km.
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10 TeV Data

Figure 40: Scintillation hit distributions at various orbits generated by a 10 TeV electron at a depth of 10km.
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Figure 41: Scintillation hit distributions at various orbits generated by a 10 TeV electron at a depth of 20km.
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Now the plots presented above show interesting results that are drastically different

from the Cherenkov cases presented earlier. Part of this is that with scintillation, the

photons are emitted isotropically in all directions whereas the Cherenkov photons are

emitted mostly in the same direction as the charged particle. But we can also see that in

Figure 41, that even 100km from the surface of the planet that some of the bins only get as

much as 14 photons passing through a 1 square kilometer segment. Meaning it would be

rare to see a large number of photons created from the scintillation process if the yield is

similar to that of earth, but examples will be seen later for our simulated detector.

4.3 Simulated Detector Size

Now that we have looked at how the distributions of the Cherenkov and scintillation

photons appeared as they left the atmosphere. We can now begin to look at the different

cases of what our simulated detector would be able to see as it "transits" across the face of

the planet. But also, how do the signals change as we increase the size of the detector. The

detector sizes that I used were 1, 2, 5, and 10 meters so that I had values that were easily

divisible with my range but also stopped at 10 meters given that any larger would not be

realistic. For each of the plots that I made, the bin structure was constructed so that every

bin corresponded to the size of the detector that was being used. An example would be

that for a 40,000 meter range, a 10 meter detector would then have 4,000 bins for that plot.

But the plots that are seen in this section will be from the 10 GeV and 10 TeV cases only,

this is so we can see essentially the weakest and strongest signals respectively and how the

results change from each of the detector sizes.

4.3.1 Positions of Cherenkov Hits
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1 Meter Detector

Figure 42: Position distribution of Cherenkov photons as seen from a 1 meter sized detector generated from a 10 GeV electron at a depth of 10km.
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Figure 43: Position distribution of Cherenkov photons as seen from a 1 meter sized detector generated from a 10 TeV electron at a depth of 10km.
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2 Meter Detector

Figure 44: Position distribution of Cherenkov photons a 2 meter sized detector generated from a 10 GeV electron at a depth of 10km.
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Figure 45: Position distribution of Cherenkov photons as seen from a 2 meter sized detector generated from a 10 TeV electron at a depth of 10km.
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5 Meter Detector

Figure 46: Position distribution of Cherenkov photons as seen from a 5 meter sized detector generated from a 10 GeV electron at a depth of 10km.
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Figure 47: Position distribution of Cherenkov photons as seen from a 5 meter sized detector generated from a 10 TeV electron at a depth of 10km.
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10 Meter Detector

Figure 48: Position distribution of Cherenkov photons as seen from a 10 meter sized detector generated from a 10 GeV electron at a depth of 10km.
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Figure 49: Position distribution of Cherenkov photons as seen from a 10 meter sized detector generated from a 10 TeV electron at a depth of 10km.
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4.3.2 Positions of Scintillation Hits

10 Meter Detector

Figure 50: Position distribution of Scintillation photons as seen from a 10 meter sized detector generated from a 10 GeV electron at a depth of 10km.
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Figure 51: Position distribution of Scintillation photons as seen from a 10 meter sized detector generated from a 10 TeV electron at a depth of 10km.
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4.3.3 Discussion of Detector Size Results

For most of the detector sizes, we received very large signals when we were near the surface

of the planet and the incoming electron having 10 TeV of energy. Now as we begin to look

at the 10 GeV cases, we can see that most of the detectors did not receive adequate signals.

In Figure 42, we see that the 1 meter case only receives at most 3 photons while it is at the

surface and even as we go out to the further orbits there is nothing that would be a

measurable signal. But with the 2 meter case, we have a few detectors that are receiving

over 100 photons while at the surface of the planet but once we go to further orbits we

again lose that signal that we had before. The 5 meter detector had an interesting segment

that it received less hits than the 2 meter detector. But I believe that this was a statistical

outlier that would go away with more simulation runs. The largest signals for this lower

energy can be seen in Figure 48, which shows that for the 10 meter case that while we are

at the surface of the planet we had detections reach over 2000 photons while some of the

other bins in the immediate vicinity are getting several hundred. Even though it was able

to get those detections at the surface, the signals drop again as we move to those further

orbits.

Like I mentioned before, the detectors all received adequate signals at the surface

when we have the 10 TeV energy for the electron. Even for 1 and 2 meter case we had a

few detectors reaching tens of thousands of photon detections. But as we move to the

further orbits we can see that we do begin to see more photons but mainly only a handful

that might correlate to something measurable. The interesting portion appears from the 5

and 10 meter cases, because we start to see these defined peaks beginning to appear even

more as we go further and further out in the orbits. Now these peaks are measurable

signals especially if we are using sensitive equipment to measure the photons that these

events are generating. One thing to note is that these peaks correlate to the Cherenkov

rings that were seen in the previous 2D hit maps, and as we move further out the rings will

continue to widen.
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I presented only the 10 meter data for the scintillation plots because if this sized

detector can’t measure reasonable signals then neither will the smaller ones. Again when

we look at the weaker signal created by the 10 GeV electron, we can see that we get

essentially no measurable signal from the scintillation process at any orbit. Then jumping

to the 10 TeV energy, we do begin to see detections over 200 photons for detectors that are

localized to the initial trajectory of the electron. But they are drastically different from the

Cherenkov plots that we saw previously, but could still be a measurable signal for the

larger energies.

4.4 Timing of Detections

Another portion of data that was collected during these runs were the timings of when the

photons hit the detectors. I wanted to see how does the timing of these hit distributions

vary from the different initial starting depths, the orbits that they are measured at, but

also from the different energies as well. Now for Cherenkov radiation, the photons are

continuously generated as the charged particle is moving through the media. This means

that they should be instantly created with no delay. Whereas with scintillation, even

though it can be a burst of light as a particle ionizes the surrounding environment, there

can be some finite time for the material to scintillate. Now a delay can be programmed

into Geant4 to account for materials that have a certain decay time, but for this material it

was kept to a brief time of 20ns which seems to be the default time for most of the

materials I have encountered. One of the main purposes of looking at these timing

distributions was to see how quickly do these events processed so we can create certain

criteria that will be discussed later.

4.4.1 Timings from Cherenkov Hits
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100 GeV Timings

Figure 52: Timing of Cherenkov photons as seen from a 10 meter sized detector generated from a 100 GeV electron at a depth of 10km.
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Figure 53: Timing of Cherenkov photons as seen from a 10 meter sized detector generated from a 100 GeV electron at a depth of 20km.
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10 TeV Timings

Figure 54: Timing of Cherenkov photons as seen from a 10 meter sized detector generated from a 10 TeV electron at a depth of 10km.
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Figure 55: Timing of Cherenkov photons as seen from a 10 meter sized detector generated from a 10 TeV electron at a depth of 20km.
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4.4.2 Timings from Scintillation Hits

100 GeV Timings

Figure 56: Timing of Scintillation photons as seen from a 10 meter sized detector generated from a 100 GeV electron at a depth of 10km.
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Figure 57: Timing of Scintillation photons as seen from a 10 meter sized detector generated from a 100 GeV electron at a depth of 20km.
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10 TeV Timings

Figure 58: Timing of Scintillation photons as seen from a 10 meter sized detector generated from a 10 TeV electron at a depth of 10km.
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Figure 59: Timing of Scintillation photons as seen from a 10 meter sized detector generated from a 10 TeV electron at a depth of 20km.
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4.4.3 Discussion of Timing Data

Now as we look between both of the process types, we can see common occurrences

between them. Especially when the detectors are right at the surface of the planet, the

timings are almost identical for when they measure the first hits. As we move from 10 GeV

to 10 TeV, we have increased our energy by 1000 but the timing does not change at all.

But, as we move the particle by an additional 10km into the atmosphere, we see that the

timings are then shifted by 33 microseconds which again does not change with the energy

of the particles. Now this shift in time makes sense when we remember that the timings

are from when the particle is created in the simulation to when they are measured at the

detector. But also, as we move to further and further orbits, the time between creation and

detection increases by roughly 330 microseconds for every 100km added. Then the

distribution in the times begin to get wider and wider which correlates to the extra time it

takes to reach some of the further detectors.

4.5 Wavelengths Measured at Detectors

When it comes to measuring the photons that reach our detector, one of the characteristics

that I wanted to study is what wavelengths of photons are created from the Cherenkov

radiation. Typically Chernekov radiation is seen to be blue light especially for the cases

where it is observed in water, but what does the full spectrum look like in these

interactions? Another portion that I wanted to study was if there was any correlation with

the positions of the photons and their corresponding wavelengths. The plots in this

subsection look at some of the previous data that I have presented but looking more

specifically at their measured wavelengths. When presenting how the distribution of

wavelengths and corresponding positions vary, I break the wavelengths into ranges for Red,

Green, and Blue. But again, I will only present a few cases given that the spectrum does

not vary much, but the rest can be found in the GitHub repository. This time I will not

present any information on the scintillation portion of the data given that the spectrum of

wavelengths is what I had programmed in given Figure 13.
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4.5.1 Wavelengths of Cherenkov Hits

100 GeV Wavelengths

Figure 60: Wavelengths of Cherenkov photons as seen from a 10 meter sized detector generated from a 100 GeV electron at a depth of 10km.
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Figure 61: Wavelengths of Cherenkov photons as seen from a 10 meter sized detector generated from a 100 GeV electron at a depth of 20km.
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10 TeV Wavelengths

Figure 62: Wavelengths of Cherenkov photons as seen from a 10 meter sized detector generated from a 10 TeV electron at a depth of 10km.
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Figure 63: Wavelengths of Cherenkov photons as seen from a 10 meter sized detector generated from a 10 TeV electron at a depth of 20km.
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4.5.2 Distribution of Hit Positions and Wavelengths

100 GeV Tauon

Figure 64: Cherenkov photon positions with corresponding color range caused by a 100 GeV Tauon starting
at a depth of 10km and seen from 300km above the surface of the atmosphere. Full distribution can be seen
in Figure 33.

100 GeV Muon

Figure 65: Cherenkov photon positions with corresponding color range caused by a 100 GeV Muon starting
at a depth of 60km and seen from 300km above the surface of the atmosphere. Full distribution can be seen
in Figure 31.
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10 TeV Electron

Figure 66: Cherenkov photon positions with corresponding color range caused by a 10 TeV Electron starting
at a depth of 10km and seen from 100km above the surface of the atmosphere. Full distribution can be seen
in Figure 25.

4.5.3 Discussion of Wavelength Data

By looking through Figures 60 to 63 we can see a common trend appearing for the

wavelengths of Cherenkov photons. The most common wavelengths that are measured

come from the UV and blue portion of the spectrum while tapering off as we transition to

the red portion of the spectrum. Which this can be seen as well when we start looking at

Figures 64 and 66. Now in these 2D hit maps, the photons are plotted with their measured

position and colored for the region of the spectrum that they belong to. The reason for

producing these 2D hit maps was to see if there was any correlation to the wavelength

spectrum and where they are measured position wise. But each of the plots presented seem

to show that there is no correlation that certain wavelengths will be at different positions

in the distributions. Then for the chaotic plots like that of Figure 64, many of the outer

portions of the distribution are random for what wavelengths of colors are measured there.

In Figure 66, we have this nice transition from the center ring that is produced by the

electron and transitioning down while the wavelength fractions stay constant.
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CHAPTER V

Detector Design

Another study of this research is looking into various parameters of the spacecraft, such as

power generation, overall size of the detector, but also concepts governing the detection

process. As previously mentioned, the alignment of the Ice Giants with the Sun and GC is

relatively short with a duration only lasting 1-2 years. Now, a full dedicated mission out to

the Ice Giants for only this sole purpose would not receive traction especially when stating

that it will operate for only a few years for data acquisition. But if we piggy back onto

other large scale missions that are already planning to go out to the Ice Giants in these

time frames, then we can still perform our measurements but at the cost of the size of our

spacecraft. I will discuss in this chapter that even with a small scale spacecraft, such as a

CubeSat, we can still perform the necessary measurements of these neutrino events.

5.1 Concept of Detection Process

As described in the previous chapter, the simulated detector appears to get very noticeable

signals the closer that it gets to the planet. Now similar to the νSol detector, we need to

have some form of detection process that will be able to distinguish between these neutrino

events and capable to reject background signals. Even though this detector will be

collecting data on the dark side of the planet, there are other processes that can occur in

the atmosphere that create background signals. The main contributions can be from

lightning and auroras similar to what we can experience here on earth. The processes will

produce either very specific wavelengths of light, or even a wide array of wavelengths that

we can use to our advantage when trying to reject these signals.

Given the variety of different sources of light that can be produced between the

neutrino events and natural occurrences in the atmosphere, we need a detector similar to

that of Figure 67. Now this detector would have multiple CCD cameras and sensors to look
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Figure 67: Schematic of detection process to distinguish between neutrino events and background signals.

at all possible wavelengths that are coming out of the atmosphere and that are incident on

our device. Lightning events would produce a large amount of photons across all

wavelengths, but have very prominent signals in the infarred spectrum. Thus meaning if

the detector were to see signals in all of the sensors but also a large signal in the IR sensor

then we would reject that event because it did not come from a neutrino interaction.

Similar ideas can be applied to the Auroras since they can produce a wide array of

wavelengths, but we would have to study and characterize precisely the type of signals that

they would emit.

For the Cherenkov radiation that is created during these neutrino interactions, we

saw that they produced a large amount of light from the UV to blue portion of the

spectrum. Even though there were still photons produced in the green and red portion of

the spectrum, we can apply filters to each of our sensors to only look at certain

wavelengths to help with these rejection rates. Now for the scintillation photons that were

created in the simulation, their wavelengths corresponded to what I had programmed in

using the spectrum from Figure 13. So this means that we would still need to go through

and characterize the actual emission spectrum, but that will be discussed more in the next

chapter about future work. Another process which was not looked at in the simulations but

can also be a contributing factor could be delayed Fluorescence that is caused by these
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neutrino interactions. The elements in the atmosphere could be put into an excited state

and at some time later will return to the ground state but in that process will emit energy

in the form of light. This can be used in tandem with the other processes to be identifiers

to help prove that the signals that we saw were from these galactic neutrinos.

In combination with the sensors looking at the wavelengths of the photons that are

coming into the detector, we can also use the timing of the detections as well. This means

that we can create triggers that when certain sensors receive a signal, that we begin to look

at our other sensors to see when and if they get signals and the timing between the initial

event and the later ones. Now, a layout can be seen in Table 1 which outlines some of the

characteristics between the processes that I have mentioned, and possible selection criteria

that can applied with them.

Table 1: Identification markers for possible detection and rejection of signals

Process Type Spectrum Timing Direction Selection Criteria
Cherenkov Blue Prompt Forward Cone Initiate with Blue Signal
Scintillation TBD Fast Isotropic Delayed Signal to Observe
Fluorescence TBD Slow Isotropic Delayed Signal to Observe
Lightning All Wavelengths Prompt Isotropic Veto with large IR
Aurora TBD Continuous Isotropic Veto Events with continuous hits

Currently, we can see from the simulations that there was no difference to when the

Cherenkov and scintillation photons were measured. But these timings might become more

apparent as we begin to study the actual properties of the atmosphere.

5.2 Size of the Detector

Part of what the results of the simulations showed was that we start to get appreciable

detections with a detector that is around 5 to 10 meters in diameter. But even telescopes

like Hubble only have primary mirrors that are around 2.4 meters wide [32]. I also

mentioned that this type of craft would possibly be something the size of a CubeSat, so

how does any of this information match together? Well, our primary craft would have a

structure that is similar to a 3U CubeSat meaning that it would be about 30cm x 10cm x

10cm. This would be the housing for our primary detector system that I previously
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discussed, battery packs, electronics, and any other science payload that we wish to have.

To achieve the light collection power of a 5 to 10 meter size detector, we can use a concept

that is being pursued by the Jet Propulsion Laboratory (JPL).

JPL’s idea is to encapsulate their satellites within an inflatable bubble to create an

artificial environment, but half of the bubble will be coated with a reflective layer [33]. The

reflective layer has a multipurpose functionality to it, given the larger area that it creates

and being able to reflect light, it can enhance the intensity of the sunlight when the

spacecraft is further from the sun. This allows some satellites or other spacecrafts to still

use solar as a form of power generation for their electrical systems for some deep space

missions [33]. Also, it can be used for communications systems since it would act as a large

dish which enables the spacecraft to easily capture and transmit radio signals to and from

earth. In both instances, this system helps to reduce the overall mass of the craft given

that it does not have to take either a massive form of power generation or a larger

conventional radio transceiver.

For our case, we can use the same concept to increase our light collection power and

allows us to gather a significant portion of the light leaving the atmosphere. A diagram of

this concept can be seen in Figure 68, where the CubeSat would reside at the center of this

bubble environment, and as light rays enter the bubble they will hit the reflective layer and

be redirected to our detector. We can also use the concept just like JPL had planned with

radio communications. Whenever we need to send information to the larger spacecraft in

the region, we can orient our craft and use the bubble as a radio dish. Another benefit of

this balloon structure is that if it is filled with a gas like CO2, then we can have greenhouse

effects and can keep a temperature controlled environment for our electronics. This bubble

system then allows us to have a very small spacecraft with immense light collection power,

meaning we do not need a telescope more massive than Hubble in order to perform these

experiments.
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Figure 68: Diagram of reflective bubble environment redirecting the incoming light rays back to the CubeSat.

5.3 Power Generation

Given that this will be a smaller CubeSat that is running things such as communications,

flight computer, GPS system, and CCD cameras with other optical devices, we will not be

requiring a large amount of power consumption. But, using the standard form of power

generation using solar panels would not be ideal in our case when we are orbiting Uranus

or Neptune. The solar irradiance measured here at earth is roughly 1100 Watts
m2 , but will

continue to reduce by a 1
r2 as we move away from the sun. Given that Neptune is 30x the

distance from the sun to the earth, we will have a reduction of 1
900

which would not be

enough to power our CubeSat. As I previously mentioned, the bubble environment

surrounding a small satellite can increase the light collection for solar power but we would

only be in the line of sight of the sun for half of the orbit. Now this can still contribute to

our power generation, but given the design that I mentioned for the CubeSat, the sunlight

would then be focused on our optical sensors. A possible way to still use this without

damaging our equipment would be to have a solar panel on an actuator that would cover

the sensors when we are in the path of the sunlight. Then as we move towards the dark

side of the planet then it would reopen and allow for data collection.
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Another reliable source of power generation can be from an electrodynamic tether

(EDT). An EDT utilizes the magnetic field of the planet and the process of induction to

power a spacecraft [34]. As our spacecraft orbits the planet, it will be traversing through

the magnetic field lines and with a conductive tether attached to our craft a current will be

induced in the tether which can charge our batteries. Studies have shown that with a 10

kilometer tether attached to a craft that is orbiting earth can produce on average 1kW of

power [34]. Now this tells us that for every meter a tether can produce 0.1W of continuous

power, but what about when we are orbiting Neptune? The magnetic field of Neptune is 27

times that of earth, meaning that the previous ratio I mentioned would then be 2.7 Watts
m

[35]. This type of power generation on its own would be sufficient to power our CubeSat,

especially if the majority of our components are powered down when we are on the sun

facing side of the planet.

One benefit, which can also be seen as a disadvantage of this EDT system is that

the induction will cause an opposing force on our craft as seen from Equation 4. As we use

the EDT system to supply power, this will cause the current to move towards our craft and

the imposing force will be negative. Over time this can degrade the orbit of our detector

until it falls into the planet.

F =

∫ l

0

I(l)×B(l)dl[34] (4)

Since the tether we would have for this type of craft would only be a few meters

long, the resulting force should be less than 0.5N [34]. Which this is a minuscule force

acting on our spacecraft, meaning that it should take a few years to degrade our orbit. But

orbital studies would need to be conducted to determine how long it would actually take

our craft to fall into the planet. Even though our orbit will be decaying over time, this has

a benefit to us because as we get closer to atmosphere the signals seen by our detector will

continue to increase.
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CHAPTER VI

Future Work and Refinement of Results

With most forms of results that are produced, there is always some way that they can be

refined to to achieve more accurate results for the situations being studied. In some cases,

additional funding needs to be acquired for separate studies to further advance the main

research goal. For my research in particular there are several areas that we can study

further to achieve more accurate results of the simulations that were conducted. Some of

the things that I will discuss in this chapter are supplemental studies that need to be

conducted to understand Neptune’s atmospheric characteristics, determining the source of

the memory leak in the simulations, additional statistics that can be collected from the

simulations, and possible refinements to the original studies that produced Figure 9.

6.1 Neptune’s Atmosphere Studies

Even though we have only been out to the Ice Giants once, we can still do some

preliminary testing of Neptune’s atmosphere here on earth. One of the main characteristics

that would need to be determined are the scintillation properties of the gas mixture that

makes up the atmosphere of Neptune. We can acquire a gas mixture that follows the same

volume fraction as previously mentioned with hydrogen, helium, and methane through a

company located here in Wichita called Matheson Gas. They make custom gas mixtures

and can easily bottle together a mixture with the corresponding volume fractions that we

need, plus various departments here at the university already order through them.

Once this gas mixture is acquired, we then need a containment unit that can house

the mixture but can also be used for our scintillation measurements. This type of device

can be seen in Figure 69, which is a depiction of the measurement scheme that produced

the spectrum and scintillation yield that I initially used for the simulations. We would fill

this container with our gas mixture that we acquired while bleeding out the excess air so

87



we can have only our gas mixture in the volume and no other contaminants. Then, we can

pass particles of different energies through the chamber and observe the photons that are

produced through scintillation similar to that of the original paper for earth’s atmosphere.

We can possibly use the Fermilab beamline when the νSol project takes their detector

volume there later this year, so we can have well defined energy ranges to look at. To

determine the type of wavelengths that are produced from the scintillation, a spectrograph

could be attached to the housing where it states "detector" and we observe the different

wavelengths and their corresponding intensities. But before we can do any of this, funding

needs to be acquired, and once that is acquired we can plan exact methods that can be

followed to perform the measurements.

Figure 69: Depiction of the scintillation measurement device that produced the spectrum from Figure 13
[31].

We can perform auxiliary studies with the gas mixture to further prove the the

accuracy of our simulation studies. These studies would include looking into the actual

index of refraction, and the attenuation length of the gas media. Now both values were
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assumed for the initial simulations from calculations on gaseous opacity’s or from the

assumption that the index in contributed primarily from the hydrogen gas. But by

verifying both of the values, this can be useful to determine if our initial assumptions of

the atmosphere were accurate. For measuring the index of refraction of the media, we

could have a clear plastic housing that we can fill with our gas mixture but large enough

that we can place an acrylic cube at the center of it. By shining a laser with an incidence

angle of 0◦ to the surface of the housing, this will allow the laser to pass into the housing

and gas mixture without any bending occurring. Then we can take measurements of the

angle of refraction as the laser passes into the acrylic cube, and we can then determine the

index of refraction of the gas media. Measurements can also be made to measure the

attenuation length by having a long housing that can be filled with the gas mixture and

measuring the intensity of the laser beam at different distances.

Another portion that would be beneficial to understand would be additional

research into auroras in Neptune. We would have to go through and look for observational

research about the auroras of Neptune and how often do they seem to occur. But they will

not be in the same locations like we have with earth given that the magnetic field produced

within the planet is off center from the core, but also tilted as much as 46.9 degrees from

the rotational axis [22]. After that, we can then look into additional studies of the

wavelengths that are produced from these auroras so that we can have a more accurate

model for our simulations.

6.2 Refinements to Simulations

For better understanding of the results that were produced from the simulations, we need

more statistics of these runs in general. This was not done with my current simulations

because of the severe memory leak that occured when running the code. Meaning that the

code needs to be optimized and precisely identify the location of the memory leak before

additional simulations can be ran. Once this issue is fixed, we can then implement some of

the information that was found from the previous section with scintillation properties,
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attenuation length, and index of refraction of the mixed media.

When running the new simulations, we do not have to repeat measurements with

different sized detectors given that I determined a 5-10 meter size detector is suitable for

this type of mission. But also, for orbits that are over 100km from the atmosphere the

results of the simulations did not see any noticeable signals the further out that we went.

Meaning that for future simulations, we want to focus our attention to the 100km and

under portion to see how those signals will increase as our spacecraft falls into the planet.

But this can also be put in tandem with looking at how the signals change when the

incoming particle is not propagating in the orbital plane of the spacecraft.

Another interesting portion that can be added to the simulations would be

implementing code that would mimic our detection process that was discussed in Section

5.1. Meaning that we can create a detector within GEANT4 looks at specific wavelengths,

timings, and is able to reject background signals that enter the detector. Then a Monte

Carlo simulation can be ran to randomize between neutrino events, lighting, and even

auroras in the atmosphere and see how well the detector can reject those background

signals. The lightning and aurora portions can be implemented with a class called General

Particle Source (GPS) which can create complicated sources within the GEANT4

simulation over various surfaces/volumes, energies, and directions.

6.3 Neutrino Studies

I mentioned back in Chapter II that as the neutrinos pass through the interior of the sun,

there is a probability of transmission that depends both on the impact parameter and the

energy of the neutrino. By comparing the flux of neutrinos coming from the AGN with the

probability of transmission as they pass through the solar interior we can see that a

majority of the UHE neutrinos would not be focused in the range of Neptune or Uranus.

But those results were calculated and published more than 20 years ago now, and the

realm of neutrino physics has expanded and more studies have been put into understanding

their interactions. Their results still provide valuable concepts that can be applied to
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studies just like this one, but a portion of the future work can be put into this theoretical

framework. We can then attempt to understand if any new processes of neutrinos would

have any contributing factors to the transmission of these neutrinos through the solar

interior. Once that it complete, we can recreate Figures 8 and 9 with our own findings.
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CHAPTER VII

Versatility of the Detector

The primary motivation of this research was to find new ways that we can observe the GC

of the Milky Way and probe Sag A* in more detail than before. But first I had to

determine if it was possible to observe these neutrino events leaving the atmosphere of

Neptune, and what type of distributions do they produce. Now this type of detector can be

used in more ways than just to image the GC, but still requires these highly energetic

neutrinos and gravitational lensing to do so. In this chapter, I will discuss the versatility of

this spacecraft which can possibly be used to map out the inner structure of the Ice Giants,

image various Pulsars that align with our sun, but also to conduct studies of neutrino

oscillations and refinements of the upper limit to the mass of the neutrinos.

7.1 Mapping the Interior of the Ice Giants

One of the main areas of science that could benefit from this type of detector would be in

the realm of planetary sciences. There is great interest that comes with studying the outer

planets, especially when we are wanting to determine how the structure of the core

compares to our current predictions. Now a current model of the structure of Neptune can

be seen in Figure 70 which illustrates that the core should be a mixture of rock and ice,

while the mantle is more of water/ice media. Gathering images of the inside of the planet

is difficult given the large distance that light would have to travel through the planet. But

also, sending probes into Neptune would present another challenge given that the winds of

Neptune can reach upwards of 2000 km/hour [35]. Thus determining a new method of

observation would provide a valuable resource that can be applied to both of the outer

planets.

An alternative form of studying the inner core of the Ice Giants can be from these

energetic neutrinos that come from the GC or other prominent neutrino sources. Now the
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Figure 70: Sketch of the Internal Structure of Neptune produced by NASA

electron simulations showed that we would only get noticeable signals if they were

produced in the last 50 km of the atmosphere given the amount of energy they would

deposit as they transverse through the media. Meaning that the electron neutrinos

interactions would not be able to measure the inner structure of the planets. But the muon

and tauon particles that were sent through and tested have measurable results while being

produced at much greater depths than that of the electrons. Given the longer lifetime and

lower rest mass of the muon, we can use this particle to possibly probe deeper into the

planets core while still being able to measure the signals from our craft orbiting the planet.

As we saw from Figures 31 and 32, these muons can be created deeper into the atmosphere

but their resulting decays then produce large amounts of photons near the surface of the

atmosphere similar to the main electron simulations that I studied. If a muon neutrino

with enough energy interacted with the core of the planet, then we can see this delay effect

in the outer portion of the atmosphere when the resulting muon decays into an electron.

My initial simulations only produced a chunk of the atmosphere for these observations, but

to further test the concept a much deeper atmosphere can be created while also taking into
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account the layers of Neptune or Uranus’s atmosphere.

Now another very interesting concept that can possibly be used to map out the

inner structure of the core comes from the Askaryan effect. As previously mentioned in

Chapter II, the Askaryan effect is a form of Cherenkov radiation but produces radio waves

instead of visible light. Now as these ultra-high energy neutrinos interact with the ice

media in the core of the planet, a cascade effect can occur that would allow for a burst of

radio frequencies to be emitted from the interaction. Just like the Cherenkov radiation

that was studied for this research in the visible light spectrum, we could also have these

rings of radio waves that we could look for at the same time. One of the main draw backs

to this process is that this only occurs for energies above 10 PeV. Given that these UHE

neutrinos are very unlikely to pass through the inner core of the sun, it would be extremely

rare to measure these type of radio bursts. But if refinements to those neutrino studies

demonstrate that there is a probability of them being measured in the range of Uranus or

Neptune, then this process becomes a viable option that we can use.

We might also be able to create a collaboration with the ANITA and ARA groups

who currently use this process, and discuss how they were able to simulate these neutrino

interactions. With these simulations of the radio bursts, we would then begin to have an

idea of at which points in the orbits it would be more likely for us to detect these radio

signals. Also, our balloon environment would again bring another benefit to the overall

craft given that it would be able to capture/redirect these radio signals for us to measure.

7.2 Imaging Pulsars

Now the GC and the sun are two of the most prominent neutrino sources in our sky, but

they are not the only sources that we can attempt to observe. Determining the origin of

these neutrino sources can be a challenge as mentioned from the Ice Cube experiment

which tried to find a correlation between their detected neutrino tracks and the GC. But

other ideas have also looked into the correlation between gamma ray bursts and neutrino

events as well. Because the same processes that can create these highly energetic neutrinos
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would also create a large amount of gamma rays, meaning that we can look for these

gamma ray sources to find additional sources of UHE neutrinos. We can use images like

Figure 71 to find various gamma ray sources and to begin a search for other neutrino

sources that can be used with gravitational lensing.

Figure 71: Figure produced from the Fermi Gamma Ray Telescope with overlaying Celesial Equator, Ecliptic,
and corresponding dates of earth’s transit [25, 36].

When looking over Figure 71, the red portions of the picture correspond to gamma

ray measurements that have been made over a five-year span. We can see that a large

majority correspond to the galactic equator where the UHE neutrinos that I previously

studied are being emitted from. But there are other portions that are off the galactic

equator and are still very prominent in their signal strengths. Now the Ecliptic line that

passes through the image has corresponding dates of where earths position is located

during its orbit. The earth passes the galactic center near the beginning of December, but

if we look back towards the May-June time frame we see other sources that fall almost

perfectly on the Ecliptic line. These two bright sources from the top to the bottom are the

Geminga and Crab Pulsars respectively. Studies have suggested that while Pulsars emit

these highly energetic gamma ray bursts, they would also emit muon neutrinos in the TeV

energy range given the energetic charged pions that this environment can produce [37].
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The rate of measuring neutrinos coming from the Crab Pulsar on earth would be on

the order of 0.009 km−2yr−1 [37]. This rate is much lower than the solar and galactic

neutrinos by orders of magnitude, but using the gravitational focus of our sun we might be

able to bring back that flux to something more reasonable. We saw that for earth’s transit

that it would align with these Pulsars about half an orbit after the alignment with the GC.

This means that Neptune and Uranus would follow the same concept suggesting that they

should be aligned with these Pulsars around 2147 and 2074 respectively. Now if researchers

miss the chance to measure the galactic neutrinos that they still have these other sources

which can be observed using the gravitational focus of our sun.

7.3 Neutrino Measurements

This type of detector could also be used to perform measurements of the characteristics of

these neutrinos as well. One of the main studies that could be performed would be

determining what fraction of the neutrino interactions occured from the electron, muon, or

tau neutrinos. These type of measurements would provide data needed for neutrino

oscillation experiments that would have a theoretical framework of the type of neutrinos

being produced from the energetic environments we are aligned with. Then given that we

have very precise measurements of the distances from these sources, we would have an idea

of what fraction of neutrino flavors that we should measure in the atmosphere. This again

would tie into the concept of data that can be useful for refining the upper limit of the

mass of the neutrino.

But similar to the information I mentioned about the Askryan effect, we could look

for evidence of these radio signals emitting from the core of the planet. There could be

very rare occurrences of these PeV level neutrinos interacting with the core and causing

these burst of radio signals. But if we begin to detect large amounts of radio signals

emanating from the core of the planet, this would suggest that neutrinos of the PeV scale

could pass through the interior of the sun which goes against the current theoretical

models that were seen from Figure 9.
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CHAPTER VIII

Conclusion

Now this research is the first stepping stone into a possible mission out to the Ice Giants to

conduct these neutrino experiments. But, before we can do that we must continue with our

preliminary studies and simulations to better refine the results that our spacecraft would

measure. This type of detector would open up new opportunities for neutrino experiments

given the limitations that all current detectors are fixed at earth. While νSol will be the

first space-based neutrino detector, it will only be focused on the solar neutrinos as it flies

towards the sun. The detector concept laid out in this thesis would be the first space-based

neutrino detector wanting to go away from the sun, and focus on these galactic neutrinos

and other prominent sources.

8.1 Simulation Studies

The results seen in this thesis and from the additional plots demonstrate that electron

interactions through the atmosphere do produce significant amount of Cherenkov radiation

and are well behaved along the initial trajectory. Muon and Tauon distributions do present

interesting behaviors given their resulting decays, low amount of Cherenkov radiation

emitted, and can deviate from the initial trajectory. Now the muons do have the benefit

that they can be produced much deeper than that of the electron, but their resulting decay

into an electron allows for these bursts of photons near the surface which can be measured.

The simulations demonstrated that a light collection size of 5 to 10 meters would be

sufficient to measure these neutrino events even at "low" energies. On the other side, if

Neptune has similar scintillation properties to that of earth then it seems that our detector

would not be able to measure those signals. By looking at the other characteristics that

were studied, we were able to find information that can be useful for our detection and

rejection process when trying to characterize the timing and wavelengths of the Cherenkov
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events. It was also useful to find that there was no correlation that different color regions

would be measured in different locations, so we don’t have to worry about the spreading of

the colors similar to that of a prism.

8.2 Detector Concepts

The concepts that were laid out for our detector design present valuable information that

allows for this type of craft to be possible. By creating a rejection process scheme, the

detector can filter out background signals that could be caused by natural events in the

atmosphere but also making sure that we can characterize these neutrino events. Given

that the light collection size is an astonishing 5 to 10 meters it seemed that the spacecraft

would need to be a massive structure in order to perform the measurements. But using the

bubble environment that is being studied by JPL, this brings the detector to a feasible

mass and within our reach to perform a demonstrator mission. But also, by utilizing the

magnetic field of Neptune as a continuous source of power, we don’t have to rely on solar

or radioactive sources that would add additional mass.

8.3 Versatility

As mentioned previously, the versatility of this craft opens up wonders for different regions

of science such as planetary, astrophysics, and particle physics. Given that this concept

could be applied to imaging any prominent neutrino source, we have the possibility of

creating images similar to that of Figure 10 for various stellar objects. Also, by having an

increase of neutrino events from these stellar sources we can acquire more data relating to

neutrino oscillation measurements and refinements to upper limit to the neutrinos mass.

One of the main takeaways that can be used with this detector is the possibility of

mapping out the inner structure of the Ice Giants. As I mentioned before, the muons can

be produced at greater depths of that of the electrons meaning that they can be used to

probe the inner structure of the planets. In tandem to the muons, if neutrinos of 10 PeV

and above interact with the core we can utilize the Askaryan effect and measure the radio
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bursts emanating from the center of the planet. These measurements would give some of

the first direct insights into the structure of the Ice Giants.

8.4 Future Work

If we can acquire additional funding, I can continue the work to refine the results of the

simulations and perform lab measurements involving Neptune’s atmosphere. I first need to

determine the source of the memory leak in the code, which I plan to do that during the

summer and have different tests planned out for how I will locate the source. But I hope to

continue research on this project to develop a demonstration mission for this detector.
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APPENDIX A

Calculations

A Calculations for Research

A.1 Mass Fraction Calculations

We will assume that we have a 1000 m3 chunk of our mixed gas. From the total volume, we

want to find the volumes corresponding to our elements. Our volume fractions were 80%

Hydrogen, 19% Helium, and 1% Methane [22]. Taking their respective fractions and

multiply it by the total volume we get:

Volume H2 = 1000m3 ∗ 0.8 = 800m3 (A.1)

Volume He = 1000m3 ∗ 0.19 = 190m3 (A.2)

Volume CH4 = 1000m3 ∗ 0.01 = 10m3 (A.3)

We can go through and calculate the mass corresponding to each of them for their

respective volumes. The density of hydrogen is 0.08375 kg
m3 , density of helium is then

0.179 kg
m3 , and methane is 0.675 kg

m3 .

Mass H2 = 800m3 ∗ 0.08375 kg
m3

= 67kg (A.4)

Mass He = 190m3 ∗ 0.179 kg
m3

= 34kg (A.5)

Mass CH4 = 10m3 ∗ 0.675 kg
m3

= 6.75kg (A.6)
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Total Mass = (67 + 34 + 6.75)kg = 107.75kg (A.7)

Now the corresponding mass fractions are as follows.

Mass Fraction H2 =
67

107.75
≈ 62.2% (A.8)

Mass Fraction He =
34

107.75
≈ 31.5% (A.9)

Mass Fraction CH4 =
6.75

107.75
≈ 6.3% (A.10)

A.2 Attenuation Coefficient

Now the Rosseland mean opacity that was given in the table was 9.989*10−3 cm2

g [30]. We

need to account for the density of our atmosphere which is 0.45 kg
m3 , and we will multiply

the two values together [22].

9.989 · 10−3 cm2

g ∗ 0.45 kg
m3

∗ (1000g
1kg ) ∗ ( 1m3

1003cm3
) = 4.49505 · 10−6 1

cm (A.11)

Then for the attenuation length that was used for the simulations, we take the

inverse of this value.

cm

4.49505 · 10−6
≈ 2200meters (A.12)

107



APPENDIX B

GitHub Link to Extra Plots

B GitHub Link to Extra Plots

The link to the GitHub Repository is attached here:

https://github.com/NeuGravIGMission/NeptuneNeutrinoPlots.git
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