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ABSTRACT

Lepton-Catalyzed nuclear fusion: Calibration and Integration
of Facilities for Fusion Product Measurements

Isaac Willden
Department of Physics and Astronomy, BYU
Bachelor of Science

Muon-catalyzed fusion occurs when a muon replaces an electron in a hydrogen molecule,
which reduces the Bohr radius of one of the atoms, increasing the probability of fusion. Past
work shows that muons were ejected after catalyzing p-d fusion, carrying ~5.5 MeV—near the Q-
value of the reaction. After observing this phenomenon, Jones hypothesized in 1986 that electrons
could catalyze such reactions as well. Other work demonstrates this with a proton beam on deuter-
ated graphite, finding ~5.5 MeV electrons, similar to the muons. A facility has been constructed
to investigate the effects of a 4 keV deuteron beam onto a titanium hydride target. This thesis
discusses the equipment built to detect fusion products from these reactions and the calibration
methods used. After preliminary testing, it was determined that a higher deuteron flux would be
necessary to increase the likelihood of experimentally observing fusion events. To address this, a
higher-current ion source has been designed, is under development, and is nearly ready for testing.

Keywords: nuclear, fusion, instruments, spectrometer, neutron, gamma, AE-E, electron, spec-
troscopy, hydrogen, deuterium, lepton-catalyzed, muon-catalyzed, electron-catalyzed
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Chapter 1

Introduction

Before physicists proposed nuclear fusion as the Sun’s method of generating energy, a common
idea was that the Sun was a burning ball of coal [1]. The concern with this was, with the Sun’s
size and luminosity, it should only last for a few thousand years. Geological evidence clearly
pointed to a sun that was at least millions of years old. In 1920, Arthur Eddington postulated that
the Sun’s energy is produced by nuclear fusion. [2] This explanation was incomplete, since the
energy required to classically overcome the Coulomb barrier for p-p fusion is hundreds of keV.
This corresponds to billions of degrees, which is orders of magnitude greater than the Sun’s actual
temperature of 15.8 million Kelvin (on the order of 1 keV). [3] [4].

To help solve this discrepancy, Edwin Salpeter later proposed that the Coulomb barrier may
be reduced by electron screening in stellar plasmas. [6] This is demonstrated in figure 1.1. This
partially accounts for the energy discrepancy by lowering the effective Coulomb barrier, allowing
fusion to occur at lower energies. Decades earlier, George Gamow also shed light on stellar fusion
by applying quantum physics, producing the Gamow factor (see figure 1.2). [7] This factor is the
probability that a nucleus will quantum tunnel through the Coulomb barrier and fuse with another
nucleus, releasing energy. This bypasses the classical barrier, further explaining how the Sun is

able to generate its energy.
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Figure 1.1 Qualitative demonstration of Coulomb screening. Note the difference in height
on the right side of the potential when electrons are present, screening the nuclei. (Based

on Rolf’s figure 4.8 [5])

WYorv
Potential V  e—
Wave Function ¥ s

Figure 1.2 Demonstration of quantum tunneling through the Coulomb barrier. Note the
exponential decay within the barrier and the attenuated wave function after the barrier,
indicating a small but nonzero probability of tunneling. (Based on image found on Uni-

versity of Sheffield’s teaching webpage [8])
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Figure 1.3 A MATLAB demonstration of the Gamow peak with arbitrary units. It is the
combination (multiplication) of the Maxwell-Boltzmann distribution and the tunneling
probability (Gamow factor) as functions of energy. Note that the maximum of the Gamow
peak is the most probable energy for fusion to occur in the system (also see Rolf’s figure
4.6 [5]).

Hans Bethe expanded on this idea in 1939. Bethe took the Maxwell-Boltzman energy distribu-
tion for the Sun, combined it with the Gamow tunneling factor, and created a model for the reaction
probability as a function of particle energy (see figure 1.3) [9]. This gives a distinct peak in prob-
ability that is significantly above the average particle energy. The majority of fusion events in the
Sun occur at this energy, known as the Gamow peak. Below this peak energy, particle density is

high, but tunneling probability is too low for frequent reactions. At higher energies, the tunneling

probability is higher, but there are too few particles for a significant reaction rate.

1.1 Lepton-Catalyzed Fusion

In a separate vein, Frank was the first to propose muon-catalyzed fusion (UCF) in 1947 after

observing unexplained reactions in radiographic emulsion [10]. Muons have the same charge as
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electrons but about 207 times the mass, so muons form smaller orbitals around nuclei, allowing the
nuclei to come closer together. This boosts the tunneling probability, even at low energies. Alvarez
was the first to pursue this experimentally in 1957. [11] After catalyzing p-d fusion reactions, the
muon is ejected instead of the expected gamma ray at 5.5 MeV—the Q-value of the reaction (see
the first reaction in table 1.1). The ejection of high-energy leptons is the evidence this work is
looking for.

With this foundation crafted by his predecessors, Steven Jones explored muon-catalyzed fusion
[12]. After observing uCF, he conjectured that since muons and electrons both belong to the
lepton family, electrons might be able to catalyze fusion also. A few experiments involving nuclear
fusion have measured high-energy particles that disagree with theoretical predictions, but may be
explained by lepton-catalyzed fusion.

M. Lipoglavsek’s team investigated this catalyzation in 2017 when they studied proton-deuteron
fusion using a 260 keV proton beam [13]. They implanted graphite with deuterium and observed
not only 5.6 MeV gamma rays, but 5.6 MeV electrons. These electrons may occur when an ex-
cited nucleus interacts with a nearby electron, transferring its energy through the electron instead
of through gamma emission. LipoglavSek presented this as evidence for electron-catalyzed fusion
in these p-d reactions.

Later, in 2024, Czerski et. al. obtained adjacent results when investigating the deuteron-
deuteron fusion reaction [14]. Using a 6-16 keV deuteron beam at 40 A on a ZrD?2 target, they
measured an energy spectrum in a silicon detector and found the results consistent with a 0-23
MeV electron/positron source spectrum. This maximum of 23 MeV is approximately the Q-value
of the D(d,y)*He fusion reaction (see the fourth reaction in table 1.1).

In another experiment, Forbes’ team loaded titanium foils with deuterium, then exposed the

foils to a 950 eV argon ion beam [15]. The team detected some charged particles from 32—-40 MeV
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and several counts below 11 MeV. The origin and energies of these particles are still uncertain and
not demonstrated by current models.

Holmlid and Olafsson later reported high-energy charged particles after irradiating hydrogen-
loaded targets with a nanosecond laser [16]. Based on time-of-flight and decay measurements,
they interpreted the signals as muons produced in laser-driven nuclear processes. The reported
particle energies were much higher than the energy of the incident laser pulse. These results
and interpretations have been disputed, with other authors claiming the signals are instrumental
artifacts and not evidence of muons [17]. In any case, if the results are legitimate, this experiment
may still be evidence for anomalous high-energy nuclear events.

In summary, various researchers over the last century have found that fusion rates at low en-
ergies are significantly higher than predicted estimates and that some fusion experiments yield
unexpected high-energy products. The hypothesis of this work is that electron-catalyzed fusion is
one of the reasons for this anomaly. This thesis seeks to examine this hypothesis, which may lead

to important insights into the nature of fusion reactions, particularly the reactions within the Sun.

1.2 Experimental Goals

Past work demonstrates anomalous fusion yields at low energies, especially in conductive en-
vironments where electrons are present [18]. The goal of this work is to build on these discoveries
to gain further understanding of these fusion processes.

There are 31 models for the atomic nucleus and their reactions [19], but few work well for
nuclei of atomic mass less than 20 amu. Accurately predicting fusion rates of light nuclei at low
energies remains challenging. These reactions are often studied at very high temperatures, such as
in tokamak reactors, but this work seeks to investigate these reactions at low energies.

These experiments will explore the reactions of proton-deuterium fusion using a 4 keV deuteron

beam onto a titanium hydride (TiH,). This is the H(d,}/)3He reaction. The proton and deuteron
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should combine, producing Helium-3 and emitting a “5.5 MeV gamma ray that can be measured.
These experiments will search for 75.5 MeV electrons similar to what Lipoglavsek observed. [13]
If observed, such electrons could be further evidence for electron-catalyzed fusion.

Experiments will also explore deuterium-deuterium fusion using a similar setup with TiD, in-
stead of TiH,. These experiments are expected to observe high-energy neutrons, protons, and
gamma rays (table 1.1 lists the possible fusion branches and energies for these reactions). Addi-
tionally, if high-energy electrons are observed, further work will investigate their energy spectrum,
rates, and potential origins. If such electrons are consistently found at “24 MeV, it may be addi-

tional evidence of catalysis.

Reaction Shorthand Ratio 0 (MeV) Product Energies (MeV)
H+'H — y+°He H(d,y)’He ~1 5.494 y: ~55
H+’H— p+*H D(d,p)T ~0.5 4.033 T: 1.01, p: 3.02
H+’H —n+>He D(d,n)’He ~0.5 3.269 3He : 0.82, n: 2.45
H+’H — y+*He D(d,y)*He ~107°-10"% 23.846 y: ~23.9

Table 1.1 Fusion reactions and their approximate branching ratios, total Q-values, and
product energies for p—d and d—d fusion. For the first and last rows, due to conservation
of momentum, nearly all the energy is transferred to the gamma rays.

In order to measure these fusion products, the facilities include several spectrometers that can
run simultaneously. During an experiment, each detector sends signals to an eight-channel CAEN
digitizer operating at 250 MS/s with 12-bit resolution [20]. When the CAEN receives a signal
from a detector above a programmed voltage threshold, it is triggered and digitizes the event.
These events are stored and processed on the computer.

These facilities can be repurposed for a wide variety of future experiments. The diverse se-

lection of detectors enables measurement of various nuclear products, with energy ranges (MeV
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scale) sufficient for many nuclear reactions. Additionally, the flexible chamber design allows for
relatively rapid adjustments to accommodate experimental needs.

This thesis discusses the setup and calibration of these detectors for measuring particles and
determining their energies. Each detector is designed to measure a different type of particle.
The main detectors are the high-energy Electron Spectrometer, gamma ray spectrometer, AE-E
charged-particle spectrometer, and Neutron Pseudo-Spectrometer. A large plastic scintillator (the
Veto) sits above the chamber for detecting background events.

The Electron Spectrometer is especially important, since it is designed to search for electrons
ejected from p-d or d-d fusion. If high-energy electrons are measured, their energies will be an-
alyzed to determine if they are consistent with the electron-catalyzed fusion mechanism. The
gamma-ray spectrometer’s precision will help determine how much fusion is occurring in the p-d
and d-d experiments. The AE-E charged-particle spectrometer is for heavier charged particles and
can distinguish between them, such as alphas, protons, and tritons. This is important for verifying
fusion, since d-d fusion should produce protons and tritons. The Neutron Pseudo-Spectrometer,
though not calibrated to measure energies, is also useful for verifying and measuring fusion rates
for d-d fusion since about 50% of reactions produce a neutron.

Outlined in Chapter 2, this thesis discusses the calibration of the AE-E, electron, and gamma
spectrometers using various radioactive samples that emit particles of known energies. Chapter 2
also discusses the Graphical User Interface (GUI) in Octave designed for analyzing and display-
ing experimental data for all detectors during and after experiments. Chapter 3 summarizes and

concludes these results.



Chapter 2

Instrument Setup

To investigate electron-catalyzed fusion, there is a wide array of spectrometers. Gamma, neu-
tron, charged-particle, and high-energy electron detectors are arranged as shown in figures 2.1,
2.2,and 2.3. A basic CAD rendering of the setup is shown in figure 2.4.

An 8-channel CAEN waveform digitizer collects data from each detector. It has an input volt-
age from -1 to 1 V, which is digitized as a 12-bit number from -2047 to 2047. Like an oscilloscope,
this device constantly scans the voltage. When it detects a voltage above a set threshold, the device
is triggered and saves 8192 data points, each 4 nanoseconds apart.

The detectors often measure a Gaussian-like pulse or a jump with an exponentially decaying
tail. The height of this pulse is often proportional to the energy of the event. Calibration involves
converting this pulse height to a usable energy in keV or MeV. The most common method is to
take a radioactive source that emits particles of a known energy, then use a linear relationship to
convert from voltage to energy.

All detectors point to the center of the metal vacuum chamber (fig. 2.1) to measure the radi-
ation sources for calibration or fusion products from the ion beam experiments. The chamber is
electrically grounded, but to measure the ion current on the target, the target holder (figures 2.2 and

2.3) is isolated from ground and connected to an electrometer. The target is attached to a Conflat
8



Electron
Detector

Vacuum
Pump

Chamber Gamma Detector

Figure 2.1 General birds-eye diagram of the chamber and detector setup. The target is
placed in the center of the chamber under microtorr pressures. Physically above this setup
is the veto panel (not shown), for measuring cosmic background noise.

Electron Detector

Target

Gamma
Detector

lon Gun

Figure 2.2 Closer look at the target holder and spectrometer setup in the chamber. The
target can be rotated to any angle needed. Note the electron detector and AE — E are
inside the chamber and under vacuum, while the gamma, neutron, and veto detectors are
outside the chamber.
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Electron
. Detector

I\

lon Gun

Figure 2.3 Picture of the inside of the chamber with a few components labeled. Note the
beaded wire from the target holder. This goes to the electrometer to measure the beam
current on the target.

(CF) rotary feed-through, allowing one to change the angle of the target even if the chamber is
under vacuum.

To reach vacuum pressure, the chamber utilizes a Varian 300DS scroll roughing pump and a
Pfeiffer High Pace 300 turbo pump. The chamber has an MKS 925 Pirani gauge and a Varian
UHV24 ion gauge to measure the pressure in the chamber. The chamber consistently pumps down
to the uTorr range during testing.

Table 2.1 includes a list of the main components of the experimental setup, including their
dimensions and materials.

This chapter discusses each calibrated detector, including the methods used to calibrate them,
the results, and some discussion. Afterwards, this chapter discusses the other equipment used in

the facilities and the unified GUI developed for data processing.
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Figure 2.4 CAD rendering of the main chamber setup. Note the turbo pump on the left,
the electron detector in the back, the neutron detector on the right in light blue, and the
gamma detector partly hidden behind that. The ion gun and veto panel are not shown
here. The STEP files for this had to be recovered from older unusable files. See appendix
I for details on this file recovery.
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Component

Dimensions / Geometry

Material / Type

Vacuum Chamber

30.5 cm diameter, 10.5 cm

depth

Aluminum

Veto Spectrometer

2000 cm? area, 37.5 cm from

target

Plastic scintillator

Neutron Pseudo-Spectrometer

16.5 cm diameter, 23 cm

length

Polyvinyl toluene (PVT) with
Li-Gd-Borate (LGB)

Gamma Spectrometer

8 cm diameter, 66 cm length

high-purity germanium

(HPGe)

AE-E Spectrometer

300 mm? active area, 8 mm
apart; AE: 26 um thick; E: 130

um thick

Two silicon SBDs, 13 V re-

verse bias

Electron Spectrometer

2000 mm? active area, 300

Silicon detector and PVT

um thick; and 10 liter PVT | scintillator
scintillator [21]
Target 1 x 1 in, 45° from beam Titanium

Table 2.1 The primary components of the experimental setup with their dimensions and

materials.

2.1 High-Energy Electron Spectrometer

Measuring high-energy electrons is essential for identifying electrons potentially ejected by
electron-catalyzed fusion. This would demonstrate electron catalysis if the detected electrons have

similar energies to the gamma rays from p-d or d-d fusion.
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Electron ]

Gate PVT  4PMTs

Figure 2.5 Simple diagram of the Electron Spectrometer. The electron enters the SBD
gate before the PVT scintillator. The PMTs then record the pulse of light emitted in the
PVT

The Electron Spectrometer can measure such high-energy electrons. This device has two main
components: a silicon surface barrier detector (SBD) gate and a 10-liter polyvinyl toluene (PVT)
scintillator (Eljen model EJ200) [21]. The SBD gate serves as a trigger device to filter out gamma
rays and heavy charged particles. Since this gate is inefficient for detecting gamma rays and it
absorbs heavy charged particles, high-energy electrons are expected to be the only particles that
are both detected by and pass through the gate. After the electron passes through the gate, it
enters the PVT scintillator, which absorbs the electrons, emitting light that is measured by four
photomultiplier tubes (PMTs). The PVT scintillator will also emit light when other particles enter,
such as gamma rays, but the gate allows the system to ignore these events. This is portrayed in
figure 2.5.

The two signals from the gate and the PMTs go through delay amplifiers and a coincidence
gate to ensure that only PMT pulses from electrons make it through to the digitizer (see appendix

B for the block diagram and code).

2.1.1 Methods

This spectrometer was calibrated with Cs-137, which has a conversion electron peak at 624

keV [22]. To increase the instrument range, it was also calibrated with a Y-90 source that emits
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electrons at energies from 0 to 2.28 MeV [23]. Using the spectra from these sources, one can find
the voltage channel corresponding to 2.28 MeV. The calibration factor is therefore 2.28 divided by
the corresponding voltage channel.

The uncertainty in the Y-90 calibration factor was found using a Kurie plot. This takes the
spectrum N(E) and normalizes it according to equation 2.1, where p is the momentum of a beta
particle, F(Z,E) is the Fermi function which accounts for the coulomb force between the beta
particle and the nucleus, and K(E) is the normalized beta spectrum. In this case, F(Z,E) ~ 1
works as a reasonable approximation for calibration purposes. The result linearizes the end of
the spectrum, allowing one to plot a line of best fit (see figure 2.6). The x-intercept of this line
then becomes the endpoint of the spectrum. Using the uncertainty in the line slope and intercept,
one can estimate the uncertainty of the position (see appendix B for the code used). The result
is a voltage channel that can be used for the calibration factor and the corresponding uncertainty

values.

KE)=]——rt— @2.1)

2.1.2 Results

Figures 2.7 and 2.8 show the calibration results with energies in MeV. In the Y-90 data,
the spectrum fell off at around channel 165 + 5, which corresponds to 2.28 MeV. Therefore, the

calibration factor is 2.28/165 ~ (1.38 £0.1) x 1072 MeV/channel.

2.1.3 Discussion

Data from both Cs-137 and Y-90 electron sources establishes the calibration factor for the high-

energy Electron Spectrometer. The high energy of the spectrum from Y-90 leads to a relatively
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Figure 2.6 Kurie plot for the Electron Spectrometer calibration data. Note that the plot

is fairly linear towards the tail end of the spectrum. The point where the line of best fit

crosses the x-axis is the point determined to be the end of the spectrum. This was plotted

using the optimized calibration channel of 165, with the end of the spectrum found to be
2.279 MeV.
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Figure 2.7 The Cs-137 electron spectrum measured by the high-energy Electron Spec-
trometer. The peak on the right was used for calibration.
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Figure 2.8 Electron spectrometer calibration data from Y-90. The spectrum falls off to 0
around 2.28 MeV.

wide range for the spectrometer. With the current setup, it can detect energies up to 30 MeV, well
above the gamma energies from both p-d and d-d fusion. This means it should be able to detect
any electrons ejected after catalyzing fusion reactions.

There is some underlying uncertainty in this method, both in the binning and in determining
which channel corresponds to the end of the spectrum at 2.28 MeV. Also, since there was no
calibration source of electrons higher than 2.28 MeYV, it is uncertain if the calibration factor holds at
higher energies. Despite the uncertainties, this device can reasonably detect electrons, distinguish
them from other particles, and determine their approximate energy with an uncertainty of ~0.16
MeV. This detection capability is critical for experiments to find the ejected electrons, much like it

was for Lipoglavsek [13].
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2.2 Gamma Spectrometer

A high-purity germanium spectrometer sits outside the chamber for gamma spectroscopy. To
minimize noise and prevent damage, the Gamma Spectrometer needs to be cooled via conduction
through a copper rod in liquid nitrogen for 24 hours before operation. This spectrometer is impor-
tant for measuring the gamma rays from p-d or d-d fusion to verify that fusion is occurring in the

chamber and to estimate the fusion rates.

2.2.1 Methods

Cobalt-60 is a suitable calibration sample since it has two peaks in its gamma energy spectrum:
1.17 MeV and 1.33 MeV [24]. These two points make it possible to collect data and find the m
(slope) and b (y-intercept) calibration parameters for the spectrometer. The equations in 2.2 give
these values, where P and P, are the found peaks from the channel data. Using the last equation
from 2.2, where E, is the energy of an event in channels and Ejz.y is the energy in MeV, one can
convert from channels to MeV.

_ 1.33-1.17

m=—————, b=117—m- Py, Emvev =m-Eq+b 2.2)
P, —P

2.2.2 Results

Figure 2.9 shows the energy histogram of a few thousand events from the Co-60 sample on the
Gamma Spectrometer. Note the two very distinct peaks that can be used for calibration.

After this data was taken, the gain on the amplifiers was halved (see appendix F ) in order to
obtain a range of over 30 MeV. Additional data resulted in final peaks at channel 107.5 and 122,

which correspond to m = 0.011 MeV/channel and b = —0.0125 MeV.
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Figure 2.9 Co-60 calibration data from the Gamma Spectrometer. Note the two distinct
peaks, which correspond to 1.17 MeV and 1.33 MeV respectively.

Octave’s plotting tool was used to determine the FWHM of these pulses manually. The left

peak has a FWHM of 40 keV and the right peak has a FWHM of 30 keV.

2.2.3 Discussion

These peaks provide two calibration points to accurately convert signals to energies in MeV.
The limitations to this measurement come from the digitization and binning of the data. However,
the low widths indicate a relatively high precision in the Gamma Spectrometer, allowing one to
distinguish between close peaks.

The conservative FWHM of 40 keV is taken as the energy uncertainty for this device. With this
resolution, the Gamma Spectrometer is able to distinguish between the energies of gamma rays on
the MeV scale. Much like with the other detectors, these measurements are important to verify p-d

and d-d fusion in future experiments.
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2.3 dE-E Charged-Particle Spectrometer

The AE-E is made of two surface barrier detectors (SBDs) to form a telescope. This spectrom-
eter is set inside the vacuum chamber close to the target. These SBDs are reversed biased, which
makes them sensitive to charged particles. This is used to measure charged particles heavier than
electrons, such as protons and tritons, which are expected products from d-d fusion.

An incoming charged particle deposits some kinetic energy into the first window SBD (26-
um-thick Ortec SBD), generating a voltage pulse with a height proportional to this energy. It
deposits its remaining kinetic energy into the thicker second diode (130-um-thick Ortec SBD).
These energies are amplified and filtered, then recorded by the CAEN. See appendix A for more
on this.

The sum of these two energies is the total energy of the incoming particle. The relationship
between these two energies indicates the kind of particle it is, as demonstrated in figure 2.10. Heav-
ier particles tend to deposit more energy in the first detector, for example, while lighter particles

deposit less.

2.3.1 Methods

The AE-E can measure charged particles such as protons at 3 MeV and tritons at “1 MeV,
which are d-d fusion products of interest. An Americium-241 source was used to calibrate this
spectrometer since it emits alpha particles at 5.5 MeV [26]. This gives an appropriate range to
measure these fusion products.

A Monte Carlo program (Geant4) simulated the setup to find the expected energies deposited
from Am-241. Python code mapped the spectrometer calibration data to the simulation results
via equation 2.3, where the m and b values are the slopes and y-intercepts for the calibration and

simulation data (see appendix A for the code and appendix H for related work).
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Figure 2.10 Plot demonstrating the AE-E system [25]. On the top, a charged particle
deposits energy on the two SBDs. The plot of these energies is shown below. Note that
different types of particles bunch up in different regions of the plot. Heavier particles
generally are further away from the origin. This allows the classification of measured
particle types as well as energies.

AEpey = (AE — bara) - — + bgim (2.3)

From this, the code obtained calibration parameters m and b to alter the digitized AE val-
ues. AE was modified with equation 2.4. The final parameters m = Mgy, /Mya, and b = —bgyey -

Mgim /Maata + bsim Were derived from equation 2.3.

AEpe, =m-AE+b (2.4)

2.3.2 Results

Figure 2.11 shows the simulation data and the remapped calibration data together. This was
the result of about 10,000 alpha samples from both simulation and real-world data.
The E SBD was already reasonably calibrated to fit the simulation data, meaning it has calibra-

tion parameters of m ~ 1 and b ~ 0.
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Figure 2.11 Am-241 calibration data measured by the AE-E. This is mapped to have the
same slope as the Geant4 simulation data. Both are shown for comparison. Note that the
dE is the AE, which is the thinner front SBD, while the E is the back SBD.

The AE had calibration parameters of m = 3.29 keV/channel and b = —569.6 ke V.

Using these parameters, one can collect a signal from the spectrometer, multiply it by m and
add b to obtain the actual energy of a given event.

To ensure proper calibration, the total deposited energy was plotted on a histogram to find the
resolution (figure 2.12). The position of the peak was around 5500 keV. The most common alpha
energy from 2*' Am is 5.49 MeV, so this matches expectation. The FWHM of this peak is 313
keV, which can be attributed primarily to electronic noise and secondarily to a natural spread in
alpha energy as it exits the source. The FWHM divided by the peak’s position is 0.057, which is a

normalized resolution factor.

2.3.3 Discussion

AE-E now has calibration factors, allowing the computer to convert the signals from this in-

strument into energies. The resolution of about 300 keV is sufficient for measuring particles in
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Figure 2.12 Histograms showing the total energy (AE+E) from the simulation and the
calibration data. Note the peak around 5500 keV, as expected.

the MeV range, such as the ~ 3 MeV proton from d-d fusion. This system is now able to distin-
guish between particles of different masses and characterize their energies. This will allow one to

identify particles from reactions and verify fusion.

2.4 Neutron Pseudo-Spectrometer

The Neutron Pseudo-Spectrometer utilizes a 125 mm diameter x 125 mm thick PVT cylinder
interspersed with lithium gadolinium borate (LGB) crystals (see figure 2.13). A neutron entering
the detector is thermalized by a proton in the PVT, releasing a pulse of light, often called the
"thermal pulse." The neutron is then slowed down by the LGB crystals and captured, releasing
a large pulse of light that dies off exponentially—the "capture pulse." These scintillations are

received by a PMT, which sends a voltage signal to the Nuclear Instrumentation Modules (NIM
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Neutron

PVT w/ LGB PMT

Figure 2.13 A diagram of the neutron detector. The LGB crystals are interspersed within
the PVT disk. The neutron enters this, gets thermalized by a proton, and is relatively
slowly captured by the LGB crystals. The PMT sees the resulting light pulses from this
process.

modules). These process the analog signal before sending it to the CAEN to be digitized and
processed by the computer (see appendix D). An example signal is shown in figure 2.14.

The author and his collaborators made multiple attempts to calibrate the neutron detector. The
first attempt was with Californium-252, which was also used to test the code used to process the
neutron pulses. The data revealed a neutron energy spectrum; however, the shape was difficult to
distinguish and did not give conclusive calibration data. The second attempt was to use a student-
made Farnsworth Fusor as a 2.54 MeV neutron source. The difficulty here came from the strong
electric fields from the wires delivering high voltage to the device. This interfered with the signal
through the BNC cable, so this data was unusable.

The neutron detector is not yet calibrated, but reactions like d-d and p+7Li will provide mono-

energetic neutrons to do that.

2.5 Veto

The Veto detector is a large plastic scintillator paddle detector set above the vacuum system
to detect background phenomena. If the energy detected by this device was significantly above
background voltage, the system did not save any triggers from the other detectors but attributed it

to external particles, such as from local nuclear processes or cosmic rays.
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Figure 2.14 A sample neutron signal. An energetic neutron deposits energy in the hydro-
gen of the PVT, releasing light that is measured by a PMT. The thermalized neutron is
then captured by the LGB crystals in a distinct slower process.

There was no need to distinguish the actual energy of these particles, so this detector did not

need calibration (see appendix C for more).

2.6 Beam Current

To measure the current of the ion beam, the target holder was isolated from ground and con-
nected via BNC to a Keithley Electrometer 610B. This electrometer was also connected to an HP
3457A Multimeter to digitally display the current as a voltage reading. The voltage reads from 0
to 1 volt, which corresponds directly to the reading on the electrometer. The digital multimeter
was linked via a Prologix GPIB-Ethernet Controller to the lab network, allowing the data to be
collected and plotted in Octave. This allowed remote recording of the beam current (see appendix

E).
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Figure 2.15 The target holder with one of the targets attached via kapton tape. Note the
discoloration where the ion beam hit the target.

2.7 Ion Gun

The ion gun is the PerkinElmer 04-303 controlled by the 11-065 ion gun Control. This gun
was capable of generating a beam of ions from O to 5 keV. The current from this gun on the beam
target maximized around 25 (A, but 18-20 A was far more stable for operation.

The device had both physical and electronic deflection methods. To ensure nominal alignment,
a glass lid was placed on the chamber to observe the beam on the titanium target. Afterwards, to
verify alignment, the current was maximized as a function of beam angle, which indicated that the
beam was incident on the target or target holder. Alignment was further verified by observing the
discoloration on the titanium, clearly caused by the ion beam itself (see figure 2.15). All of this

discoloration was located around the center of the target.
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Figure 2.16 Block diagram of the overall lab setup showing how the data from the detec-
tors is digitized and sent to the computer.

2.8 Integration into a Graphical User Interface (GUI)

The OneProgram Octave software reads the data from files created by the CAEN and plots the
relevant detector data onto various histograms in a GUI (see figure 3.2). It also displays the live
beam current from the electrometer and saves it to a CSV file. The code analyzes each channel
from the CAEN data to process all the detector waveforms.

This program works on live data, with some processing delay, as well as previously obtained
data to view later (see appendix G for the code).

Figure 2.16 demonstrates how all of the data from the detectors is digitized by the CAEN and

processed on the computer. All of this processed data is then displayed on the GUI.



Chapter 3

Conclusion

In summary, this thesis discussed the setup and calibration of multiple spectrometers and the
Graphical User Interface (GUI) to process and display instrument data. The AE-E charged-particle
spectrometer, electron spectrometer, and gamma spectrometer are arranged and calibrated to mea-
sure fusion products for future experiments. Various radioactive sources with known energies pro-
vided anchor points to convert from signal voltage to energy. Other equipment, such as the beam
current measurement system, neutron pseudo-spectrometer, and veto panel, also aids in monitoring
the experiments.

Though there is uncertainty in the detectors, as shown in table 3.1, their resolution is high
enough to verify the presence and energies of products from p-d or d-d fusion. If the AE-E and
gamma spectrometers measure particles close to the expected energies (see table 1.1), this is evi-
dence of fusion occurring.

The facilities are now ready for experiments using the 4 keV ion beam on 7iD, or TiH, to
search for these electrons. It will be important to collect data from all detectors both with and
without the ion beam for comparison. After several hours of data with the ion beam, the facility is
expected to measure fusion products as well as ejected electrons with the Q-value of the reactions.

Due to the chamber’s broad measurement capabilities and modular design, it will be possible to use
27
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Detector Uncertainty

Electron 160 keV
Gamma 40 keV

AE-E 313 keV

Table 3.1 Detector energy uncertainties. Note the neutron detector is not here since it was
not successfully calibrated.

for other experiments beyond only p-d and d-d fusion. For example, proton-boron and deuterium-
tritium fusion could be performed and measured with these facilities.

As shown in figure 3.2, data has already been collected from the deuterium ion beam onto a
hydrated titanium target. Several runs are now complete, both for hydrated and deuterated targets,
each typically a few hours at a time. To this point, no significant fusion reactions have been mea-
sured at the expected energies. In order to increase the probability of fusion events, the beam time
and/or beam current must be increased. To address this, the author has designed and is building
a new deuterium ion gun intended to have beam currents in the milliampere range instead of the
microampere range (see appendices J and K for development details). Since this is based on the
DC-25 from Oxford Applied Research used by Forbes’ team, this is expected to have 100-1000
times the current of the original gun, which would aid significantly in the experiments [15]. This
development process has included 3D CAD design, ion-optics simulations, and physical construc-
tion of the system. It is nearly ready to be installed on the chamber and tested (see figure 3.1.

If the detectors find evidence of fusion and measure 5.5 MeV or 23.9 MeV electrons, this
could be evidence for electron-catalyzed fusion occurring in metal. This would provide a possi-
ble explanation for the various anomalous high-energy events other researchers have observed in
low-energy nuclear research. This may also reveal more about how electrons interact with nuclei
in fusion events. The energies used in these experiments are on the same order as the particles

that undergo fusion in the Sun. Although the physical environments are different, the underlying
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Figure 3.1 The nearly complete ion gun with and without the shell. Note the two grids for
ion acceleration. The cylinder houses magnets and the filament for generating a plasma.
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Figure 3.2 Sample of detector data after a long run of the ion beam displayed in the
unified GUI. This was deuterium on a hydrated titanium target. Black and green are data
points, while red are the vetoed data points (events in coincidence with the veto panel).
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nuclear reactions are similar. Thus, a better understanding of these reactions will lead to greater

insight into the nuclear processes within the Sun.
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