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ABSTRACT

Data Analysis and Modeling With a Hybrid Detector

Daniel Yankura
Department of Physics and Astronomy, BYU

Bachelor of Science

The goal of this research is to support the project to quantify electrons observed from nuclear
fusion reactions. For the first part of this project we developed code in MATLAB to interpret data
collected by a hybrid detector. This detector has a silicon wafer in front to discriminate agains7t
gamma rays, followed by a block of polyvinyl toluene (PVT) where the electrons are stopped, and
the energy they deposited is recorded. It was tested using Cs 137, and the detector was able to
resolve the energy of the Cs conversion electrons . For the second part of this project we created
a model of the detector using Geant4 Monte Carlo particle simulation toolkit. After verifying
that our model matched our detector’s output for low energy electrons, we ran simulations in the
multi-MeV range. This allowed us to predict its behavior with higher energy electrons. We report
that this hybrid detector is able to effectively detect electrons in the 0.5 MeV range. Furthermore,
our current simulations report that our detection system is likely to remain effective for electrons in
the multi-MeV range.

Keywords: Monte Carlo, Geant4, Electron Spectroscopy, Fusion, Polyvinyl Toluene, Conversion
Electrons
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Chapter 1

Introduction

1.1 Motivation

Over 100 years ago, Sir Arthur Eddington correctly theorized that the Sun’s energy came from

nuclear fusion reactions . Since then our understanding of nuclear fusion has advanced significantly.

In the past decade alone, billions of dollars have been spent on research into harnessing fusion as

a source of energy. Advances have been allowing for increasingly efficient fusion reactions to be

produced in laboratory experiments. Recently, the first net positive fusion reaction was achieved at

Lawrence Livermore National lab. Despite this, the physics behind fusion is not entirely understood,

and there remain a number of questions that still need answering.

One discrepancy that has arisen is between experimental and theoretical fusion rates. In lower

energy fusion reactions, experimental fusion rates have exceeded theoretical predictions by as much

as a factor of two [1]. The end goal of our research is to experimentally test theories that aim

to resolve this issue. To do this, we first need detectors that can accurately collect data from the

byproducts of fusion reactions. As part of our research, we verified the efficacy of our ∆E-E electron

detector in the 0.5 MeV range, and then used Geant4 particle simulation software to predict detector

1



2 Chapter 1 Introduction

behavior in the multi-MeV range.

1.2 Overview of Nuclear Fusion

In nuclear fusion, there are two main forces at work. The first is a repulsive force between two

atomic nuclei because of their positive charge. The second is the strong nuclear force which attracts

all atomic nucleons (protons and neutrons). The strong nuclear force is much stronger than the

repulsive coulomb force , but is only effective over much smaller distances.

Fusion occurs when two atomic nuclei have enough energy that they can overcome the repulsive

force, known as the Coulomb barrier, and get close enough that the strong nuclear force takes

over and binds them together. When two nuclei bind, they release energy usually in the form of

electromagnetic radiation, neutrons, and other heavy charged particles (protons, tritons, helions

(He-3), and alphas). It is this process which powers all stars and which will hopefully be a source of

energy for humanity in the future.

Aside from the Coulomb repulsive force, and the strong nuclear force, there are other physical

processes which affect the fusion reaction. One such process is quantum tunneling. From quantum

mechanics we know that particles behave not as well defined points of charge, but as probabilistic

wave functions. In the case of a particle interacting with a finite barrier, it is possible for the wave

function to exist on the other side of the barrier, making it possible for it to be observed on the other

side, even if it lacks the energy to overcome it.

Since the coulomb barrier is a finite barrier, we know that there is a possibility of a nuclei

tunneling through this barrier. This means that even if our nuclei do not have enough energy

to overcome the coulomb barrier, that fusion is still possible. Given enough atoms of a certain

energy in a confined environment, we can therefore predict what percentage of them will tunnel and

undergo fusion. The lower the barrier is, the greater the chance there is of tunneling.
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1.3 Overview of Electron Screening

Electrons also play an important role in fusion reactions. Since electrons have an equal and opposite

charge to that of protons they can effectively reduce the coulomb barrier. Outside of an electron

cloud, the coulomb potential is reduced to zero, and even inside the cloud the potential is reduced.

The screening effect of electrons on the nucleus increases fusion rate by lowering the energy

threshold at which fusion can occur. As the Coulomb barrier is lowered, tunneling rates would

increase as well.

The effect of electrons on the Coulomb barrier is shown in Fig. 1.1. The dashed line shows the

Coulomb Barrier with no electrons present. The solid line is the Coulomb barrier when electrons

are present. As shown, the potential is reduced at all points, and is zero outside of the electron cloud

where the net charge of the atom is now zero. At any point along the potential quantum tunneling is

possible. However, as the energy of an incoming particle increases, so does its chance of tunneling.

The reduced potential from electrons also increases the probability of tunneling.

However, there are still a number of unanswered questions. Laboratory experiments with

accelerators have yielded fusion rates higher than theoretical expectations, with experimental rate

sometimes being twice as high as theoretical [2–4]. This implies that there is another factor at play

that is lowering the coulomb barrier even more.

The prevailing theory is that electrons play an even larger role in fusion than previously theorized.

The discrepancy between experimental and theoretical rates could be explained if the electron was

somehow closer to the nucleus. The Bohr model of the atom predicts that electrons can only exist in

specific orbitals. The radius of these orbitals are determined by the charge and mass of the nucleus

and the electron in the orbital. Quantum mechanics however would allow for the electron to exist

closer. If an electron were to get caught in the potential well formed by two approaching nuclei, it

could get closer to the nucleus than it would be in the lowest orbital possible. This would lower the

Coulomb barrier even further than electron screening normally would. [5]
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Figure 1.1 Diagram of Coulomb barrier borrowed from Rolfs’s Cauldrons of the Cosmos
[6]. When two nuclei approach each other, the repulsive force increases. As shown, the
presence of electrons reduces the Coulomb barrier, thereby reducing the energy needed for
fusion to occur.

1.4 Detector Overview

Since we can not observe fusion reactions directly we can only learn about them by observing their

byproducts. Fusions reactions can result in the release of gamma rays, neutrons, and even electrons.

Previous students in the Laboratory Nuclear Astrophysics Research group (LNAR) helped design

and build a ∆E-E detector for heavy particle energy spectroscopy. It could effectively discriminate

energetic protons, tritons, helions, and alphas. However, it was ineffective at detecting electrons

because the ∆E-E detectors were too thin to recognize an electron above the background noise.

Furthermore, this stop detector would not have been large enough to stop multi MeV electrons. This

detector design was modified however, as part of our experiments, to work effectively as an electron

detector. A top-view picture of our detector is included below in Fig. 1.2.

The new ∆E-E detector has three main components to it: a thin silicon wafer, a block of

polyvinyl toluene (PVT) , and four photo-multiplier tubes (PMTs). At the end of the detector is



1.4 Detector Overview 5

the block of PVT. The PVT is what stops the particles, and scintillates, producing visible light [7].

At one end of the block are the four PMTs. The light produced from the PVT is picked up and

measured by the PMTs. Measuring the energy of the light allows us to deduce the energy of the

electron stopped by the PVT.

However, the PVT is also highly effective at detecting gamma rays, which can be emitted

by a number of outside sources including building materials and cosmic rays. To filter out this

background noise we placed a thin silicon wafer in front of our PVT. This wafer is sensitive to

electrons, but not gamma rays. When a particle deposits energy on the silicon wafer it signals our

system to start recording, allowing us to record data from the electron event, while filtering out

unwanted noise from background radiation.

Figure 1.2 A top view of the detector used. The chamber on the left was where radioactive
sources could be placed. Above the chamber is a turbo-pump used to achieve a better
vacuum. To the right is the metal casing that enclosed the polyvinyl toluene (PVT), with the
silicon wafer being placed in the tube between the chamber and the PVT. Photo-multiplier
tubes (PMTs) are built into the right side of aluminum box
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1.5 Research Overview

As mentioned in our overview of electron screening , the prevailing theory is that during fusion,

the probability functions of an electron, and two nuclei can overlap during fusion. This would

allow the electron to get closer to the nuclei than it could in the electron cloud . In this situation,

instead of emitting a gamma ray as a fusion byproduct, an electron of equivalent energy would be

emitted [8]. For a fusion reaction involving a proton and deuterium, we would normally expect to

observe p+d → 3He+ γ (5.6 MeV). With this new model for electron screening we would instead

see p+ d → 3He+ e−. However, now the electron would have 5.6 MeVs of energy minus the

binding energy. The ultimate goal of our research is to detect these catalyst electrons to determine if

this theory is viable or not.

Our research was divided into two parts. First, we tested our detector with two radioactive

isotopes, Cs 137 and Sr 90. These sources undergo β− decay which can emit electrons. This

allowed us to ensure that the detector could in fact work with electrons. However the electrons

emitted by these sources are at a much lower energy than those produced through fusion reactions.

β− decay typically produces electrons in the 0.5 MeV range. A fusion reaction between two

deuterium nuclei has three possible outcomes. One of these results in a 23.5 MeV photon being

emitted (the most energy for any fusion reaction). Therefore the highest energy electrons we would

expect to observe would be 23.5 MeV.

In order to test our setup without procuring a high energy electron source, we made a model of

our detector using Geant4’s particle simulation software. We calibrated our model by comparing its

output to that of our detector, and then simulated the same process but with higher energy electrons.

At higher energy levels, a number of issues can occur with data collection. The main concern

is detector efficiency. In the multi-MeV range, electrons may not be stopped by the PVT . If an

electron passes completely through our detector, no information can be collected. Electrons that

are stopped could produce gamma rays . The PVT should detect gamma rays unless they escape



1.5 Research Overview 7

our detection system early, which would result in more lost data. The lower our detector efficiency

(number of electrons detected over number reaching detector), the longer it would take to collect

data. By testing our model with electrons in the multi-MeV range we can predict if this will be an

issue, before testing our detector with an actual source.



8 Chapter 1 Introduction



Chapter 2

Methods

To test our detector’s capabilities, we tested it with Cesium 137 and Strontium 90. The sections

below detail how data was collected and digitized using our detector setup. We also detail the

post-processing methods used to create electron spectrum plots. Lastly, we created a model of

our detector with Geant4 simulation software. This model enabled us to predict our detector’s

effectiveness with higher energy electrons.

2.1 Data Collection

There are two components of the detector that collect data. The first is the silicon wafer between

the target chamber and the PVT. The silicon wafer is insensitive to gamma rays. This allows us to

discriminate electrons in a strong field of gamma rays, such as those produced through β− decay of

Cs137, or those from background radiation. When an electron hits the wafer it deposits some energy

without stopping entirely. This energy is converted into an electrical signal which is recorded by

our digitizer. This then signals the rest of the detector to start recording. When the electron hits the

PVT it is stopped, the PVT scintillates, and the subsequent light produced is measured at the other

end of the block where four PMTs are placed. The data from the PMTs is then passed through the

9
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digitizer, and recorded along with the data from the silicon wafer.

Prior to recording data, a series of steps were followed to prepare the detector. After installing

the source in the detector chamber, the chamber was evacuated to a pressure in the 10−6 Torr

range. LN2 vapor was used to cool the silicon wafer to reduce its inherent background noise. Once

preparations were complete, we had to run the detector between 800 - 1100 seconds, to collect

enough data to create an electron spectrum plot for our source.

2.2 Post-Processing of Data

In order to create an electron spectrum plot , the data needs to be processed. As shown in Fig. 2.1,

the detector records multiple inputs from a single electron event. The top plot is the energy recorded

in the silicon wafer over time. The bottom plot is a logic gate that tells when the detector started

and stopped recording. The second and third plot are both the energy deposited in the PVT . The

second is recorded with a low gain for higher energy electrons. The third is the same but with a

high gain filter for lower energy events.

The most important of these four plots are the second and third. We wrote a script in MATLAB

that went through each event, and from these two plots found the energy deposited from each event.

This code can be found in Appendix A.1. False events did occur occasionally. This could happen

when the energy deposited was too low to get an energy curve, or where background noise was

detected in coincidence with an electron hitting the silicon wafer. These were filtered out during

post-processing by our MATLAB script.

For each event, we found the energy by measuring the peak of each pulse which is proportional

to the energy deposited in the PVT. Pulse height data was plotted as histograms with the abscissa

representing energy, and the ordinate showing the count of pulses at a particular energy. The

abscissa in the plots are plotted using arbitrary units and are not calibrated. Two of the spectrum’s
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Figure 2.1 Single electron event. Top plot is the energy deposited in the silicon wafer as a
function of time. The second and third are the energy deposited in the PVT. The second is
recorded with a lower gain for high energy events, and the third with a high gain for lower
energy events. The fourth plot is a logic pulse that indicates a waveform was recorded.

we produced are shown below in Figs. 2.2 and 2.3. These isotopes have been very well studied,

and electron spectrum plots of them are readily available. By comparing ours to known sources,

we have verified that our detector can achieve high enough resolution to detect the features of an

electron’s spectrum.
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Figure 2.2 Electron spectrum generated for Cesium 137
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Figure 2.3 Electron spectrum generated for Strontium 90
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2.3 Geant4

After verifying that our detector can accurately detect electrons in the 0.5 MeV range, the next step

was to verify that it could work for electrons in the multi-MeV range, as this is what we would

expect to be emitted by hydrogen fusion events. Due to difficulties in creating an electron source

like this, it was necessary to first model our detector. With this model we were able to test detector

behavior at higher energies before investing in a higher energy electron source.

The model of our detector was created using Geant4 simulation software. We first started by

implementing the crucial components of the detector, namely the aluminum box the PVT is housed

in, the silicon wafer, and the reflective Mylar wrapping surrounding the PVT [A.3]. Most of these

materials are commonly used in detectors, and as such there were predefined properties for them

in Geant4. These included optical properties and densities. PVT however, was not included in

Geant4’s material library. As such, we took steps to approximate its properties.

We contacted Eljen Technology [9], the manufacturer of the PVT we used, and they generously

provided us with the optical data they collected. This data primarily included indexes of refraction

for a number of different wavelengths. Other properties of the PVT , such as scintillation constant,

and density were already known. To extrapolate these data points to predict optical data for both

shorter and longer wavelength photons, we used the Sellmeier equation. The Sellmeier equation [10]

is a formula that relates index of refraction to wavelength for certain materials. The most common

form of the equation is expressed as such.

n2(λ ) = 1+∑
i

Bi

λ 2/λ 2 −Ci

In the Sellmeier formula, n(λ ) is the index of refraction as a function of wavelength λ . Bi and

Ci are two constants that can be experimentally derived. We wrote a script using MATLAB, that

took the provided data and approximated the constants Bi and Ci [A.6]. In Fig. 2.4, we plotted the
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data provided along with the Sellmeier curve for our approximated indices of refraction. We then

used these extrapolated values, along with the density and scintillation constant, to define a custom

material in Geant4. The code that defines this custom material can be found in A.4.

Figure 2.4 Index of refraction vs wavelength for PVT. The curve was derived using the
Sellmeier equation, while the data points were provided by the manufacturer of the PVT

We first compared our model to the data we collected on our real detector using Cs 137. Geant4

allows users to define a volume as a sensitive region. When defined as such, Geant4 records how

many times the volume was hit, how much energy was deposited by each event, and how many

photons passed through the material. We began by defining the polyvinyl toluene as the sensitive

region [A.2].

Since Cs 137 emits conversion electrons at 0.625 MeV, we simulated 5 million electrons with

this energy hitting our detector. From this simulation we created two key plots [A.5]. The first was

a histogram of the energies deposited in our PVT as seen in Fig. 2.5. This plot demonstrated that on
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average an electron hitting the PVT deposited about 0.6 MeV. Furthermore, our simulation showed

that 93.5% of electrons simulated deposited energy in the PVT.

Figure 2.6 is a histogram of the photon energies generated in the PVT. The first important

feature of this plot is that the peaks we generated match those of our Cs137 test as seen in Fig. 2.2.

The matching of the peaks indicates that our model is properly simulating the electron spectrum

of Cs137. Figure 2.2 does have some additional features from Cs137 β ’s that we do not simulate.

Furthermore, from this plot can also determine the total number of photons being generated. By

dividing the number of photons by the number of electrons we can get an estimated efficiency of

our model since this tells us what percentage of results will yield a measurable photon. This was

calculated to be 12.6%. From our lab experiments we found that our detector is able to record

8.94% of all electrons that reach our detector. Since it is expected that not all photons will be

recorded by our PMTs, the ideal efficiency of our model appears to be in agreement with the actual

efficiency of our detector.

However, if a catalyst electron were to be emitted from a deuterium-deuterium fusion reaction,

we would expect it to be about 23.5 MeV. We ran our simulation the same as before, but now with

the energy of the electrons set to 23.5 MeV. A side view of our detector simulation is shown below

in Fig. 2.7. We also made plots of the energy deposited in the PVT, and the energy of the generated

photons, as seen in Figs. 2.8 and 2.9.

In addition to determining the wavelength that would be emitted, we calculated the PVT’s

effectiveness at stopping or slowing electrons. As reported earlier, for 0.625 MeV electrons,

93.469% of the simulated electrons deposited energy in the PVT. However, for the 23.5 MeV

electrons, 99.997% of electrons deposited energy in the PVT. Furthermore, with the lower energy

electrons we saw a scarcity of photons as only 12.6% of electron events generated a photon.

However, with the 23.5 MeV electrons we see a multiplicity of photons, with each electron event on

average generating 12.98 photons.
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Figure 2.5 Simulated electron spectrum for Cs 137 conversion electrons. The peak around
600 corresponds to 600 KeV. This simulation recorded energy deposited in PVT
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Figure 2.6 This is a histogram of the energy of photons generated by electrons being
stopped by the PVT
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Figure 2.7 Detector Simulation with high energy electrons (23.5 Mev). Red lines are
electron paths, with green being the electromagnetic radiation they emit.



20 Chapter 2 Methods

Figure 2.8 Simulated electron spectrum with high energy electrons (23.5 Mev). These are
the energies deposited in the PVT.
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Figure 2.9 Histogram of the energies of photons created by 23.5 MeV electrons being
stopped by the PVT
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Chapter 3

Results & Conclusions

We started by testing our detector with both Cs 137 and Sr 90 as our electron sources. Both sources

were tested in a vacuum, and electron spectrum plots were made for both (Figs. 2.2 & 2.3). As

shown, the peaks of our electron spectrum plots match those of other experiments [11]. This

demonstrates that our detector is able to detect electrons in the 0.5 MeV range, and it is sensitive

enough to pick up the features of the electron’s spectrum.

A model was then made using Geant4 particle simulation software. To test our model’s efficacy,

we ran simulations that would allow us to compare our results to that of our Cs 137 test. We

tested this model by bombarding it with 0.625 MeV electrons, the energy of conversion electrons

associated with Cs 137 Beta decay. We created an electron spectrum plot as before (Fig. 2.5), and

calculated the energies of the photons that were emitted (Fig. 2.6).

The simulations for lower energy electrons match our Cs137 experiments on our detector.

Our two spectrum plots (Figs. 2.2 & 2.6) have peaks that match, showing that our simulation is

working properly. Furthermore, our simulation has an efficiency that roughly matches our real

world experiments demonstrating that our model is being properly simulated.

After this calibration test, the model was then tested with electrons at 23.5 MeV. This is the

expected electron energy from a deuterium + deuterium fusion reaction. We chose this for our

23
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simulation since it was the highest energy electron that could be produced from a fusion reaction.

With electrons at this energy range, our simulation predicts that our PVT would stop 99.997% of

electrons that reach it. Furthermore, each electron that hits it would on average generate 12.98

photons. From the work of previous students, we know that this PVT effectively scintillates for

photons up to 9 MeV. Our simulation predicts that the majority of our generated photons would

be below this threshold, meaning that this detector would potentially work for electrons in the

multi-MeV range. If this is the case, then our detector could be used to detect catalyst electrons

emitted from fusion reactions.



Chapter 4

Future Work

There are still some imperfections with our model that need to be resolved. Our simulations for

0.625 MeV electrons show that the PVT is being simulated properly. However, the model is not

providing the needed resolution for lower energy photons. This means that at this time we do not

know what the lower end of the photon energy spectrum looks like. With better resolution we could

better predict detector efficiency, because we could better predict how many photons will have too

low of an energy level for our PVT to scintillate.

It is possible however, that these simulation improvements show that this detector design is

too inefficient for high energy electrons. If that is the case, then a different detector design may

be needed. A more efficient design could be one that does not have to stop the electron in order

to collect data. A time of flight detector is a potential solution to this issue. Instead of stopping

the electron, this detector would have two small detectors (similar to the Si wafer in ours) that an

electron could pass through. The energy of the electron could then be derived by recording the time

it takes to travel between the two detectors. For future research in this area, it may be necessary

to experiment with a detector design such as this one, especially since its efficiency would be less

dependent on electron energy.

25
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Appendix A

Appendix Title

A.1 Electron Spectrum Code

MATLAB code used to process detector data, and create electron spectrum plots

Figure A.1

27
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Figure A.2
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Figure A.3

A.2 Geant4 Macro File

Macro file used to run Geant4 simulation
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Figure A.4
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Figure A.5
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A.3 Geant4 Geometry File

Geometry file of detector for Geant4 Simulation

Figure A.6
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Figure A.7
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A.4 Geant4 PVT File

File used to define custom material for PVT

Figure A.8

A.5 Root Commands

Running the Geant4 script generated a root file that we could extract information from. To create

a plot of energy deposited in PVT, the root file was opened in a root script, and the following

command was used:

t−> Draw(”et[1]”)

et[1] tells root to grab energies deposited in the first sensitive surface, which in this case was the

PVT. Similarly, to create a histogram of photon energies, we used the following root command:

t−> Draw(”k”,”vlm == 1&&pdg == 22”)
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k is the vector of energies of all particles, vlm==1 tells it to look at the PVT, and pdg==22 tells it to

plot just photons.

A.6 Sellmeier Code

MATLAB code written to approximate two coefficients of Sellmeier equation. This was then used

to extrapolate index of refraction of PVT for different wavelengths.

Figure A.9
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