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Lay Abstract

The goal of this work is to investigate processes that create the chemical elements of the
universe. This occurs through nuclear reactions of elements produced after Big Bang nu-
cleosynthesis. These nuclear reactions are only possible in the hot, dense environments
found in stars and explosive stellar events. One such stellar event is the classical nova,
which can produce elements as heavy as Calcium. Although a multitude of nuclear reac-
tions occur during a classical nova, only a handful have a large effect on the abundance
of elements produced. This work studies the properties of a specific nuclear reaction
that can strongly affect the abundances of elements synthesized in classical novae.
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Abstract
In classical novae, the endpoint of nucleosynthesis occurs near A ∼ 40. Currently,
observations of classical novae predict an order of magnitude enhancement of endpoint
elements, such as Ar, K, and Ca, relative to solar abundances; however, simulations
predict abundances closer to that of solar abundances.

A sensitivity study examining the effect of reaction rates on the abundances of these
elements has shown that the reaction 38K(p,γ)39Ca can change the abundances of end-
point nuclides by an order of magnitude or more. In temperatures characteristic of
this environment, this reaction rate is dominated by `=0 resonance reactions within
the Gamow window. These correspond to states in 39Ca of Jπ5/2+ and 7/2+ between
Ex = 6.0− 6.5 MeV . While a direct measurement was carried out for these states, more
precise values for the excitation energies were recommended.

In this work high resolution spectroscopic studies of 39Ca were carried out to pro-
vide more information on the various resonances that lie in the Gamow window, and
illuminate additional undiscovered states. The first study was conducted at the Maier-
Leibnitz-Laboratory (MLL), employing the 40Ca(d,t)39Ca reaction, and the follow up
study was conducted at the Triangle Universities Nuclear Laboratory (TUNL) using the
39K(3He,t)39Ca reaction. The method and apparatus are discussed in this work. Energy
levels in 39Ca with 10 keV uncertainties had uncertainties reduced to 3-4 keV. In addi-
tion, several new states were found in 39Ca from the TUNL experiment. Finally, there
is an ∼ 10 keV systematic difference between previously evaluated states and the states
measured in this work - a factor that affects the direct measurement carried out previ-
ously. This factor in combination with the results of this work show that the reaction
rate of this may be higher than previously thought, and have a higher impact on the
final abundances of elements synthesized in classical novae.

iv



Acknowledgements
First, I would like to thank my supervisor Prof. Alan Chen for his role throughout

this journey. You have been an exemplar in mentorship, and have taught me such a great
deal not only in science, but in being a scientist. I have always felt supremely lucky to
be a student of yours. You’ve generously given me innumerable opportunities to learn;
whether in a laboratory or over a beer (and sometimes both at the same time). I will
always be thankful for your patience, wisdom, and bonhomie, but I am most thankful
for your encouragement. Six years ago I had no idea of what I wanted to do and looking
back, I was a bit of a mess. You’ve helped me grow as a person, and instilled a confidence
in my own ability. It is difficult to put into words how significant that is to me, so I
hope that my utmost gratitude can give you a sense of it.

I would also like to thank Dr. Balraj Singh. You are the embodiment of perseverance,
and I can only dream that I will one day match your level of dedication. Funnily enough,
I found an e-mail in the summer of 2015 saying we might finish our project in six months;
little did we know it would take closer to six years! I will remember the work we did
in your office at the back of the lab fondly. Thank you for your personal interest in my
academic career, your help in shaping my knowledge, and for bringing us to Tandoori
Flame. I hope that we can share a meal soon.

I would be remiss if I did not give great thanks to my committee members: Prof.
Soo Hyun Byun and Prof. Iris Dillmann. Your guidance in our annual meetings was
indispensable. The dilligence in improving the thesis made by you two and Prof. Anu
Kankainen cannot be overstated. Your suggestions to the present work have substantially
improved its quality, and I can’t thank you all enough for the time and effort that you
have spent on this thesis.

Thank you to Dr. Daid Kahl, Dr. Kiana Setoohdenia, and the newly minted Dr.
Athanasios Psaltis - my academic siblings - for helping me with any questions I had, and
for the great times that we shared. I look forward to working together in the future!

To Mom, Dad, Carson, and all the rest of the family, thank you for your constant
support. It gave me great comfort to know that no matter where life led me, I always
had a home to come back to (with a tasty meal to boot).

v



I’d like to thank Melanie Demers for being the best partner I could have hoped for.
You were always there to give me a hug or a kick in the ass when I needed it most. You
are compassionate and lovely, and always know how to put a smile on my face. Thank
you for sharing your brilliance with me, for strengthening my character, and thank you
for believing in me in the times where I didn’t believe in myself.

Lastly, I’d like to thank all the friends that have I’ve met along the way. Thanks
to the friends who shared the late nights in ABB, desperately studying for the exam
the next morning. Thanks to the friends who went on road trips to play card games
competitively, or romped down the streets of an unexplored city. Thanks to the friends
who looked up at the night sky with me from the shore of a lake or the top of a mountain.
I’m glad to have met all of you; you’ve made this time in my life so much richer, and
your company means more to me than you’ll ever know.

vi



Contents

Lay Abstract iii

Abstract iv

Acknowledgements v

1 Introduction 1
1.1 Nuclear Physics Considerations . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Resonances with the Square Potential Barrier . . . . . . . . . . . . 1
1.1.2 Quantum Tunneling and the Gamow window . . . . . . . . . . . . 7

1.2 Reaction rate formalism . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.2.1 Stellar Reaction Rate . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.2.2 Non-resonant reaction rate . . . . . . . . . . . . . . . . . . . . . . 13
1.2.3 Resonant reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.3 Astrophysics Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.3.1 Introduction to White Dwarfs . . . . . . . . . . . . . . . . . . . . . 19
1.3.2 Classical novae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.3.3 Explosive Nucleosynthesis in Classical Novae . . . . . . . . . . . . 23
1.3.4 Importance of 39Ca and previous studies . . . . . . . . . . . . . . . 27

2 Experimental Methods 31
2.1 The 40Ca(d,t)39Ca experiment . . . . . . . . . . . . . . . . . . . . . . . . 32

2.1.1 The Maier Leibnitz Laboratory in Garching . . . . . . . . . . . . . 32
2.1.2 2H ion source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.1.3 The Munich MP-Tandem Accelerator . . . . . . . . . . . . . . . . 34
2.1.4 Target Chamber . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.1.5 Q3D Magnetic Spectrograph . . . . . . . . . . . . . . . . . . . . . 40
2.1.6 MLL Detector Suite . . . . . . . . . . . . . . . . . . . . . . . . . . 44

vii



2.1.7 Electronics and DAQ . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.2 39K(3He,t)39Ca Experiment at TUNL . . . . . . . . . . . . . . . . . . . . 50

2.2.1 TUNL Ion Source . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.2.2 10 MV FN Tandem Accelerator . . . . . . . . . . . . . . . . . . . . 54
2.2.3 Enge Split-pole Spectrograph . . . . . . . . . . . . . . . . . . . . . 54
2.2.4 Target Evaporation Setup . . . . . . . . . . . . . . . . . . . . . . . 58
2.2.5 TUNL detector suite . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3 Data analysis and Results 66
3.1 Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.1.1 Particle Identification . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.1.2 Peak analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.1.3 Energy calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4 Summary and Conclusions 108

Bibliography 110

viii



List of Figures

1.1 Square barrier potential, with potential of radius R0, and a repulsive
square barrier with thickness ∆R = R1 −R0, and height V1. The energy
of the particle is less than the barrier potential [1]. . . . . . . . . . . . . . 2

1.2 Resonance structures of neutron scattering: a) |A′|2/|F ′|2 b) (|A′|2/|F ′|2)/T̂ .
Properties for the potentials are described in text of [1]. Figure adopted
from [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3 Resonances of a 5 MeV neutron scattering on a potential barrier with
varying attractive potential depth. Figure adopted from [1]. . . . . . . . . 8

1.4 Schematic of Coulomb barrier, and the tunnelling effect, as well as a
simplified potential well provided by the attractive strong force. Figure
adopted from [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.5 The Gamow peak represents the kinetic energy range in which the major-
ity of nuclear reactions happen in a stellar environment. It is the overlap
between the high energy tail of the Maxwell-Boltzmann distribution and
the tunneling probability through the Coulomb barrier. Figure adopted
from [4]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.6 Nucleosynthesis pathway for accretion onto a ONe white dwarf. A network
calculation was performed for the peak temperature of Tmax = 0.408
GK. Arrow thickness and colour represent flux strength. Endpoint of
nucleosynthesis is near mass 40. Figure adopted from [13] . . . . . . . . . 25

1.7 A comparison of endpoint nuclide abundances, argon and calcium, from
model calculations and astronomical observations. On left: Adopted from
[15], model simulations show that the argon and calcium abundances are
close to solar values. On right: Adopted from [14], the observed abun-
dances of argon and calcium compared to solar values from various WD
novae compared to solar values - an order of magnitude enhancement
exists in the WD ejecta compared to solar values. . . . . . . . . . . . . . . 26

ix



1.8 Gamow window schematic with ENSDF[17] evaluated energies of 39Ca
prior to the experiments in this work, and after the DRAGON direct
measurement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

1.9 Figures from [16], data for a 38K beam energy of 27.17 MeV to produce
events from the 6.460(10) MeV resonance in 39Ca. On left: Gas density
in target as a function of center-of-mass beam energy. Blue dots denote
measured densities, while the orange line is a density profile function that
was fitted to the points. On right: Distribution of z-positions of observed
events in the gas target using γ-events in coincidence with recoil events.
Blue denotes number of measured events, while the orange line denotes a
best-fit simulation with Er = 679 keV and ωγ = 120 meV The centroid of
the distribution occurs downstream of the center of the target, suggesting
that the beam energy chosen was too high, and the resonance observed is
at a lower energy than previously thought. . . . . . . . . . . . . . . . . . . 29

2.1 Vertical Cross section of the ion source, consisting of the Atomic Beam
Source (ABS) and the Charge exchange unit. The ABS consists of the dis-
sociator in vacuum section 1, with differential pumping sections labelled
1-4. Sextupole magnets are labelled at a-d which are used for creating
polarized beams, but were not necessary for this experiment. The Charge
exchange unit consists of the Electron Cyclotron Resonance (ECR) ion-
izer, and cesium sputter. Figure adopted from [27]. . . . . . . . . . . . . . 33

2.2 Schematic of a typical tandem accelerator. Figure adopted from [3] . . . . 35
2.3 Time of Flight (TOF) system used to increase precision on beam energy.

A portion of the beam is ”peeled off" from the main beam and sent through
two precisely spaced RF deflectors labelled HFD1 and HFD2 which mea-
sure the TOF, and thus the energy of the beam particles. Figure adopted
from [29] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.4 a) Target ladder from top to bottom: 13C background target, CaF2 thick
production target, 32S implanted calibration target, CaF2 thin production
target, LiF background target, collimator. b) Target chamber in which the
target ladder is inserted. The chamber is pumped down to high vacuum
(10−6 torr). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

x



2.5 SRIM simulation of depth profile for implanted 32S target. Figure adopted
from [30]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.6 Schematic of incoming deuteron interacting with CaF2 target. a) Deuteron
interacts with the front of the target, triton loses energy passing through
the target. b) Deuteron passes through target and interacts at back of
target. Deuteron loses energy passing through the target. Different en-
ergy losses are associated with each specific particle moving through the
target. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.7 Schematic of the Quadrupole 3x Dipole (Q3D). Light reactions products
are produced from nuclear interactions in the target chamber labelled T ,
and enter into the quadrupole, labelled Q. The Quadrupole element fo-
cuses the products in the vertical direction while defocusing them in the
horizontal direction. The light reaction products then enter the momen-
tum analyzing dipoles labelled D1, D2, and D3. Finally they reach the
focal plane detector and their positions are detected. Figure adopted from
[32] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.8 A vertical cross section (side view) of the detector suite used at MLL. As
beam enters through the kapton foil on the left, it passes through 1) single
wire proportional counter 2) multiwire proportional counter 3) position-
sensitive cathode strip detector 4) plastic scintillator. Figure adopted
from [34]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.9 Schematic of the function of the cathode strip detector used at MLL.Figure
adopted from [34] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.10 Schematic of the electronics setup to process the signal from the detectors.
Figure adopted from [37]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.11 Marabou task schematic. Figure adopted from [38]. . . . . . . . . . . . . . 50
2.12 MARABOU hardware schematic. Figure adopted from [38]. . . . . . . . . 51

xi



2.13 Duoplasmatron schematic. The cathode filament introduces thermionic
electrons into region A. These are accelerated with the intermediate elec-
trode which acts as an anode, and constrained by an axial magnetic field
provided by the solenoid. The electrons interact with the incoming He-
lium atoms from the gas inlet, ionizing them. The now positively charged
Helium ions are accelerated towards the anode plate, and the intermedi-
ate electrode acts as a cathode. They are then extracted.Figure adopted
from [39] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

2.14 Schematic of the TUNL split-pole spectrograph. Two dipoles analyze the
momentum of the reaction products. Figure adopted from [43]. . . . . . . 55

2.15 Comparing spectrum from Q3D data and Split-pole data. Spectra are
both measuring tritons from the 39K(3He,t)39Ca reaction at 15◦ lab angle. 57

2.16 Target Evaporation Setup. A) Quartz crystal thickness monitor, B) Sub-
strate holder, C) Copper electrode, D) Tantalum boat containing KI. The
sputter blocker can be rotated into place from outside the bell jar. A glass
bell jar and rubber o-ring are placed atop the setup to contain the vacuum. 59

2.17 Detector suite used at TUNL. The entire setup is filled with pressurized
isobutane gas. Beamline is labelled in red. Pos 1 represents the first cath-
ode strip detector, followed by dE, a wire proportional counter. The beam
then passes through Pos 2 (a second cathode strip detector), and finally E,
the scintillator which absorbs the remainder of the beam particle’s energy.
Figure adopted from [43]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

2.18 Electroetch system: a) On left: Electroetch setup, where a stylus is at-
tached to a motor which is programmed to move in regularly spaced lines.
The stylus is also attached to a voltage source and applies electrical dis-
charge to produce the lines electrically isolating lines. b) on right: A
comparison of the electroetch line’s definition. The first line is made us-
ing a positive voltage, whereas the second is made from using a negative
voltage. A cleaner line is seen using a negative voltage. Figure adopted
from [45]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

2.19 a) Front of the cathode strip detector as a result of the electroetch process.
b) Figure adopted from [43]. Schematic of delay chips used to deliver
position information from the cathode strip detector. . . . . . . . . . . . . 64

xii



2.20 GEANT 4 position simulations from Ref. [43] for a range of proton in-
cident energies. Each histogram is a simulated position spectrum with
a focal plane at 0 mm for a range of energies 1-12 MeV. Of note is the
lack of spectrum for the 1 MeV proton. Peak broadening occurs due to
scattering from detector elements, such as the Kapton window, Mylar foil
and isobutane gas. The scattering is exacerbated at lower energies as seen
in the larger FWHM of the peak. Figure adopted from [43] . . . . . . . . 65

3.1 Energy loss curve taken from Ref. [35]. Variation of energy loss in air
versus the kinetic energy of the charged particle. . . . . . . . . . . . . . . 68

3.2 PID plot of MLL data at 20◦ spectrograph angle, units of axes arbitrary.
Top: The various species of light reaction products pass through the wire
proportional counter and end in the scintillator, depositing energy ac-
cording to Equation 3.5. When plotting the energy loss through these
detectors (∆E and E for wire proportional and scintillator respectively)
each unique particle species forms a locus of points. The particle group
to the circled in red are tritons. Bottom: A gate is set on the tritons so
that only events that fall within the red circle in the above figure are used
in the position spectrum. . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.3 PID plot of MLL data at 20◦ spectrograph angle, units of axes are arbi-
trary. Top: Various species of light reaction products also pass through
a multiwire proportional counter giving an signal labelled ∆E1. By plot-
ting the energy loss from the wire proportional counter (∆E) against the
the multiwire proportional counter (∆E1), each particle species forms a
locus of points. Bottom: The particle group of tritons can be gated on.
Only events with those energies are used in position spectrum. . . . . . . 71

3.4 TUNL PID, units of axes are arbitrary: Energy loss through the wire
proportional counter (∆E) is plotted against energy loss at scintillator
(E) Tritons are highlighted in red, and will be used in the position spectrum. 72

3.5 Triton spectrum of the 32S(d,t)31S reaction from MLL experiment. Fit
function is an asymmetric Gaussian fit in red vs. symmetric Gaussian fit
in dotted green. The former is a more accurate fit that accounts for the
low energy triton tail. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

xiii



3.6 TUNL triton position spectrum from the 27Al(3He,t)27Si reaction used
to calibrate data at the 15 degrees spectrograph angle. Red lines are
Gaussian fits, blue lines are fits using a Gaussian summed with linear
background. Energies assigned to each peak are displayed in MeV above
the peaks. Numbers in red are energy values that were used in the cali-
bration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.7 TUNL triton spectra for 27Al(3He,t)27Si at spectrograph angles between
5-15 degrees. Energy listed in MeV. Red denotes a peak used in the
calibration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.8 TUNL triton spectra for 27Al(3He,t)27Si at spectrograph angles between
20-25 degrees. Energy listed in MeV. Red denotes a peak used in the
calibration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.9 TUNL triton spectra for 27Al(3He,t)27Si at spectrograph angles between
5-15 degrees. Energy listed in MeV. Red denotes a peak used in the
calibration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.10 TUNL triton spectra for 27Al(3He,t)27Si at spectrograph angles between
20-25 degrees. Energy listed in MeV. Red denotes a peak used in the
calibration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.11 TUNL triton spectra for 27Al(3He,t)27Si at spectrograph angles between
5-15 degrees. Energy listed in MeV. Red denotes a peak used in the
calibration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

3.12 TUNL triton spectra for 27Al(3He,t)27Si at spectrograph angles between
20-25 degrees. Energy listed in MeV. Red denotes a peak used in the
calibration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

3.13 Overlay of SpecPlot predicted positions of triton peaks at 20◦ spectro-
graph angle for the 27Al(3He,t)27Si reaction on the actual data from the
experiment carried out at TUNL. The number displayed is the state of
27Si that the triton peak corresponds to. By predicting the locations of
peaks with Specplot, the position channel can be mapped to triton kinetic
energy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

3.14 TUNL triton spectra for 39K(3He,t)39Ca at spectrograph angles between
5-15 degrees. Energy listed in MeV . . . . . . . . . . . . . . . . . . . . . . 85

3.15 TUNL triton spectra for 39K(3He,t)39Ca at spectrograph angles between
20-25 degrees. Energy listed in MeV . . . . . . . . . . . . . . . . . . . . . 86

xiv



3.16 TUNL triton spectra for 39K(3He,t)39Ca at spectrograph angles between
5-15 degrees. Energy listed in MeV . . . . . . . . . . . . . . . . . . . . . . 87

3.17 TUNL triton spectra for 39K(3He,t)39Ca at spectrograph angles between
20-25 degrees. Energy listed in MeV . . . . . . . . . . . . . . . . . . . . . 88

3.18 TUNL triton spectra for 39K(3He,t)39Ca at spectrograph angles between
5-15 degrees. Energy listed in MeV . . . . . . . . . . . . . . . . . . . . . . 89

3.19 TUNL triton spectra for 39K(3He,t)39Ca at spectrograph angles between
20-25 degrees. Energy listed in MeV . . . . . . . . . . . . . . . . . . . . . 90

3.20 MLL triton spectra for 32S(d,t)31S at 15 degrees. Energy listed in MeV. . 91
3.21 MLL triton spectra for 32S(d,t)31S at 20 degrees. Energy listed in MeV. . 92
3.22 MLL triton spectra for 32S(d,t)31S at 25 degrees. Energy listed in MeV. . 93
3.23 MLL triton spectra for 32S(d,t)31S at 30 degrees. Energy listed in MeV. . 94
3.24 MLL triton spectra for 40Ca(d,t)39Ca at 15 degrees. Energy listed in MeV. 95
3.25 MLL triton spectra for 40Ca(d,t)39Ca at 20 degrees. Energy listed in MeV. 96
3.26 MLL triton spectra for 40Ca(d,t)39Ca at 25 degrees. Energy listed in MeV. 97
3.27 MLL triton spectra for 40Ca(d,t)39Ca at 30 degrees. Energy listed in MeV. 98
3.28 TUNL calibration data obtained from the 27Al(3He,t)27Si reaction. The

above plot compares the polynomial calibration fit in solid black line to
the measured points in blue dots, with channel number on the x-axis and
the radius of curvature, ρ, on the y-axis. Through the residual plot on
the bottom panel, we can see that no outlier would strongly shift the
polynomial fit and that there is no significant systematic error at work. . 104

xv



List of Tables

3.1 Compilation of experimental data for 39Ca energies (in MeV) in the 39K(3He,t)39Ca
reaction (Figure 3.14-Figure 3.19). Statistical uncertainties are shown,
systematic uncertainty added in quadrature when determining the weighted
average (WA) in final column. . . . . . . . . . . . . . . . . . . . . . . . . . 99

3.1 Compilation of experimental data for 39Ca energies (in MeV) in the 39K(3He,t)39Ca
reaction (Figure 3.14-Figure 3.19). Statistical uncertainties are shown,
systematic uncertainty added in quadrature when determining the weighted
average (WA) in final column. . . . . . . . . . . . . . . . . . . . . . . . . . 100

3.1 Compilation of experimental data for 39Ca energies (in MeV) in the 39K(3He,t)39Ca
reaction (Figure 3.14-Figure 3.19). Statistical uncertainties are shown,
systematic uncertainty added in quadrature when determining the weighted
average (WA) in final column. . . . . . . . . . . . . . . . . . . . . . . . . . 101

3.2 Excitation energies of 39Ca (in MeV) determined from triton spectra from
the 40Ca(d,t)39Ca reaction, statistical uncertainties shown. Weighted av-
erage (WA) shown in final column with systematic uncertainties added in
quadrature to statistical uncertainties of each peak. . . . . . . . . . . . . . 102

3.3 Energy values from MLL experiment analyzed with AME2003 data com-
pared to current ENSDF values for energy levels in 39Ca. Weighted aver-
age of MLL data shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

3.4 Comparison of experimental data for 39Ca energies (in MeV) to other
literature values. Values listed are weighted averages of different angles.
Values with asterisk are new states discovered in this work. Values in red
are new states discovered in the Gamow window, Ex ≈ 6.0− 6.5 MeV . . 105

3.4 Comparison of experimental data for 39Ca energies (in MeV) to other
literature values. Values listed are weighted averages of different angles.
Values with asterisk are new states discovered in this work. Values in red
are new states discovered in the Gamow window, Ex ≈ 6.0− 6.5 MeV . . 106

xvi



Chapter 1

Introduction

1.1 Nuclear Physics Considerations

This section will cover the nuclear interactions that are relevant for this PhD thesis. In
general, we have a particle incident on a target nucleus. The particle first encounters
the repulsive Coulombic force which acts as a barrier to the attractive potential at the
core of the system. The first part of this section will deal with the quantum mechanical
aspects of scattering with an incident particle on this type of system. The phenomenon
known as resonances will then be discussed, since it plays a crucial role in the nuclear
reactions in astrophysical environments. Finally the general nuclear reaction rate will
be discussed, and delving deeper, the nuclear reaction rate for resonance reactions will
be discussed.

1.1.1 Resonances with the Square Potential Barrier

To explain the quantum mechanical considerations when dealing with resonances, it is
instructive to first revisit particle scattering on the square barrier potential to define
which variables are important to the concept of resonances [1]. This is pictured in
Figure 1.1, as three regions in the system. Region I defines the attractive potential of
depth V0. Region II is the square-barrier potential, which acts to repel the incoming
particle. Finally, in Region III no potential is present.

Here we assume that the potential is radially symmetric, (` = 0, or s-wave transmis-
sion), so Schrödinger’s time independent equation for a particle is given by:

d2u

dr2 + 2m
h̄2 [E − V (r)]u = 0 (1.1)

1
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and Astronomy

Figure 1.1: Square barrier potential, with potential of radius R0, and
a repulsive square barrier with thickness ∆R = R1 − R0, and height V1.
The energy of the particle is less than the barrier potential [1].

2

http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/
http://www.biology.mcmaster.ca/


Doctor of Philosophy– Johnson Liang; McMaster University– Department of Physics
and Astronomy

where u is the radial wave function of the particle, m is the mass of the particle, r is the
radius coordinate, E is the energy of the particle, and V (r) is the potential experienced
by the particle. If one solves the Schrödinger’s equation explicitly, one obtains the
following solutions for u in each region:

For Region I, E − V > 0, we obtain:

uI = AeiKr −Be−iKr, K2 = 2m
h̄2 (E + V0) (1.2)

The solution in Region II can be written in terms of real exponentials, after some
algebra:

uII = CeikIIr +De−ikIIr, k2
II = 2m

h̄2 (E − V1) = i2κ2

= Ce−κr +Deκr (1.3)

Lastly in Region III, we again have a solution given by E−V > 0, with the solution:

uIII = Feikr +Ge−ikr, k2 = 2m
h̄2 E (1.4)

The second term in uI describes a plane wave traveling in the negative r direction,
which is analogous to the successful transmission into the positive attractive potential.
The first and second terms of uIII correspond to the plane wave reflected from the barrier
and incident wave moving towards the barrier, respectively.

We can define a quantity called the transmission coefficient given by the ratio of
the flux of transmitted particles, and incident particles. These fluxes are given by the
product of their intensities and velocity:

T̂ = jtrans
jinc

= vin|B|2

vout|G|2
= K|B|2

k|G|2
(1.5)
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where B2 is the intensity of the -r moving wave in region I (Equation 1.2) and G2 is
the intensity of the -r moving wave in region III (Equation 1.4), In order to obtain the
coefficients B and G , we can use the continuity condition on the barrier and isolate
these variables. We require that the wave function and their derivatives be continuous
at the boundaries set by R0 and R1.

The set of equations that we obtain at the boundaries are given by:

AeiKR0 +Be−iKR0 = Ce−κR0 +DeκR0 (1.6)

i
K

κ
(AeiKR0 −Be−iKR0) = −Ce−κR0 +DeκR0 (1.7)

Ce−κR1 +DeκR1 = FeikR1 +Ge−ikR1 (1.8)

−Ce−κR1 +DeκR1 = i
k

κ
(FeikR1 +Ge−ikR1) (1.9)

By adding and subtracting pairs of equations, one can isolate for the quantities of
interest, B and G, and obtain a function for the transmission probability.

T̂ = Kk

[K + k]2 + [κ2 +K2 + k2 +K2k2/κ2] sinh2(κ∆R)
(1.10)

where ∆R = R1 −R0. This can be rewritten in terms of energy by expanding further:

1
T̂

= 1√
E(E + V0)

( [
2E + V0 + 2

√
E(E + V0

]
(1.11)

+
[
E + V0 + V1 + E(E + V )0)

V1 − E

]
sinh2

[√
(2m/h̄2)(V1 − E)∆R

] )

The result is important as it shows that even if the energy of the particle coming
from the right side is less than the barrier it encounters, there is a nonzero probability
that it will reach the left side of the barrier. This is known as the tunnel effect, and is
important for how we understand charged-particle reactions in stars.

4

http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/
http://www.biology.mcmaster.ca/


Doctor of Philosophy– Johnson Liang; McMaster University– Department of Physics
and Astronomy

We can now instead consider the solutions, given the continuity conditions at the
boundary. The wave functions for the aforementioned regions are as follows:

uI = A′sin(Kr) (1.12)

uII = Ce−κr +Deκr (1.13)

uIII = F ′sin(kr + δ) (1.14)

where δ describes the phase shift that the particle experiences after entering into the
attractive potential. From here, we can find the ratio of |A′|2/|F ′|2, the relative intensity
in the interior region compared to the region exterior to the potential.

|F ′|2

|A′|2
= sin2(KR0) +

(
K

k

)2
cos2(KR0)

+ sin2(KR0) sinh2(κ∆R)
[
1 +

(
κ

k

)2
]

+ cos2(KR0) sinh2(κ∆R)
[(

K

κ

)2
+
(
K

k

)2
]

+ sin(KR0) cos(KR0) sinh(2κ∆R)
[(

K

κ

)
+
(
K

κ

)(
κ

k

)2
]

(1.15)

This ratio as a function of energy is shown in Figure 1.2. In this example, a neutron
scatters from a square barrier potential with the following properties: V1 = 10 MeV,
R0 = 3 fm, and R1 = 8 fm, and reaches an attractive potential of V0 = 50 MeV, and
V0 = 100 MeV in the solid and dashed line respectively [1]. From here, we can see that
there is an enhancement of the interior intensity at specific values of energy - that is, an
increased chance that the particle penetrates the barrier and makes it into the attractive
potential. This is the phenomenon known as resonance scattering and results from
favourable wave matching conditions at the boundaries. We see that for the V0 = 100
MeV case, there is no wave matching in the energy range shown, so a resonance does not
form, and additionally when normalized with the transmission coefficient T̂ , it is nearly
constant with energy. In the V0 = 50 MeV case, there is a clear resonance formed where
we have good wave matching conditions.
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Figure 1.2: Resonance structures of neutron scattering: a) |A′|2/|F ′|2
b) (|A′|2/|F ′|2)/T̂ . Properties for the potentials are described in text of
[1]. Figure adopted from [1]
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Alternatively, we can plot |A′|2/|F ′|2 for a neutron with E = 5 MeV, scattering from
a barrier of the same properties as previously, but vary the depth of the attractive
potential. This would allow us to probe various resonances that emerge from the good
wave matching conditions for a given neutron energy. This is shown in Figure 1.3. The
first resonance comes from good wave matching conditions with no nodes within the
region r < R0. The second resonance corresponds to a single node, the third resonance
to two nodes and so on. In general, a resonance is formed when a the wave function
passing into the potential forms a discrete quasi-stationary state within the boundaries
of the potential well, and is governed by the properties of the incoming wave, potential
and barrier. When this happens, a marked increase in the transmission (and thus cross
section of the reaction) occurs.

1.1.2 Quantum Tunneling and the Gamow window

We now apply the phenomenon of tunneling to the context of the stellar environment;
namely the tunneling effect through the Coulomb barrier into the potential well provided
by the attractive strong force for charged particle reactions. These are especially relevant
in proton capture reactions such as those described in section 1.2.

A schematic of the Coulomb barrier is shown in Figure 1.4 [1]. In the diagram a
particle with energy, E, encounters a repulsive Coulomb barrier followed by the potential
well provided by the attractive strong force at a distance, R0. The radius Rc describes
the classical turning point - where the incoming kinetic energy of the particle equals that
of the Coulomb potential energy, The transmission probability for tunneling through the
square barrier can now be applied here by splitting the barrier potential into slices of
radius dr, and integrating over the length of the barrier. This is given by:

T̂ = T̂1 · T̂2 · ...T̂n ≈ exp [−2
h̄

∫ RC

R0

√
2m|V (r)− E| dr] (1.16)

For a Coulomb potential, Vc = Z1Z0e
2/r:

T̂ ≈ exp [−2
h̄

√
2m

∫ RC

R0

√
Z0Z1e2

r
− E dr] (1.17)
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Figure 1.3: Resonances of a 5 MeV neutron scattering on a potential
barrier with varying attractive potential depth. Figure adopted from [1].
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Figure 1.4: Schematic of Coulomb barrier, and the tunnelling effect, as
well as a simplified potential well provided by the attractive strong force.
Figure adopted from [1]
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where Z0 and Z1 are the charges of the projectile and target respectively, and e is
the elementary charge. Reiterating that the energy of the incident particle is equal to
the Coulomb potential at the radius Rc, we can express the energy of the particle as
E = Z0Z1e

2/Rc. Substituting this into the integral above:

T̂ ≈ exp
(
−2
h̄

√
2mZ0Z1e2

∫ RC

R0

√
1
r
− 1
Rc
dr

)
(1.18)

This integral can be solved analytically, and yields the expression:

T̂ ≈ exp
(
−2
h̄

√
2m
E
Z0Z1e

2
[
arccos

√
E

Vc
−
√
E

Vc

(
1− E

Vc

)])
(1.19)

At low energies compared to the Coulomb barrier, we can expand arccos
√
x −√

x(1− x) ≈ π/2− 2
√
x− 2

√
x+ x3/2/3, and simplify to:

T̂ ≈ exp
(
−2π
h̄

√
m

2EZ0Z1e
2
)

= e−2πη (1.20)

This equation describes the transmission of the particle through the Coulomb barrier,
where the term on the right is the Gamow factor and the coefficient η is called the
Sommerfeld parameter.

1.2 Reaction rate formalism

This section will describe the reaction rate formalism used to determine the rate of
nuclear interactions in stars. Since the hydrostatic equilibrium of the star depends
highly on thermal pressure the rate of heat generation via nuclear reactions is of great
importance. In addition to that, the chemical abundances in a star depend directly
on the rates of the multitude of reactions that take place during the various epochs
of the star’s life. The reaction rate will be broken down into three sections: general
considerations, non-resonant reaction rates, and resonant reaction rates.
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1.2.1 Stellar Reaction Rate

We can denote a nuclear reaction with the notation: 0 + 1 → 2 + 3, where 0 and 1 are
the incoming projectile and target respectively, and 2+3 are the residual nucleus and
ejectile respectively. In a stellar plasma, the rate of this reaction is the product of the
cross section and the current density of each particle species.

The nuclear reaction cross section is the quantitative probability that the nuclei 0 and
1 will interact [1]. Qualitatively, the simplest case is the overlap between two spherical
objects. The physical cross section of that system would be σ = π(R0 + R1)2 where Ri
is the radius of each spherical object respectively. However since nuclei typically have a
wave nature associated with them, this convenient picture is not accurate. In general,
the cross section depends on the relative velocity of the target-plus-projectile system
such that σ = σ(v).

The current density of particles is defined as the number of particles per unit time and
unit area. For the interaction of particles 0+1, and assuming the interacting particles
with a non-zero rest mass (i.e not a photon), the reaction rate is given by

r01 = N0N1vσ(v) (1.21)

where N0 and N1 are the number densities of particles of species 0 and 1 respectively,
v is the relative velocity between the two interacting particles, and σ(v) is the cross
section of the interaction with respect to velocity. At this point, we need to consider
the velocity of particles in the stellar plasma. Particles will not move with a constant
velocity relative to each other, and instead there is a distribution of velocities among the
particles. This distribution can be described with a probability function, P (v), which
is the probability that a particle will be found with a specific velocity. It follows that
P (v)dv is the probability that a particle will be found between v and v + dv. This
probability function is normalized such that

∫ ∞
0

P (v)dv = 1 (1.22)
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and so the total reaction rate over all velocities can then be described by:

r01 = N0N1

∫ ∞
0

vP (v)σ(v)dv = N0N1 < σv >01 (1.23)

where < σv >01 describes the reaction rate per particle pair. Should the particle species
0 and 1 be identical, the particle pairs that are reacting given a number density N0 is:

N0(N0 − 1)
2 ≈ N2

0
2 (1.24)

the reaction rate can be expressed conveniently as:

r01 = N0N1vσ(v)
1 + δ01

(1.25)

where the Kronecker delta δ01 is unity when the particle species 0 and 1 are the same.

For most stellar environments, the kinetic energies is from their thermal motion and
thus the reactions are named thermonuclear reactions. The probability distribution of
this motion is well described by the Maxwell-Boltzmann distribution if we assume that
the temperature is high enough such that particles are ionized [2], but have not reached
relativistic velocities, and that the densities are sufficiently low such that we do not have
degenerate matter (see subsection 1.3.1. This is given by:

P (v)dv =
(
m01

2πkT

)3/2
e−m01v2/(2kT )4πv2dv (1.26)

where the Boltzmann constant is k = 8.6173 × 10−5 eV/K, T is the temperature of
the plasma, and m01 is a quantity described as the reduced mass, given by m01 =
m0m1/(m0 +m1). This is a convenient variable for considering the system in a centre-
of-mass frame.

We can then transform this to be in terms of energy, since E = 1
2m01v

2 and dE/dv =
m01v:

P (v)dv = 2√
π

1
(kT )3/2

√
E e−E/kTdE (1.27)
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and a final expression for the nuclear reaction rate can be written as:

NA < σv >=
( 8
πm01

)1/2 NA

(kT )3/2

∫ ∞
0

E σ(E) e−E/kTdE (1.28)

where we have defined NA as Avogadro’s Number = 6.022×1023. In this expression, the
most complicated variable is undoubtedly the cross section. If the cross section is found,
a numerical integration can be used to solve the reaction rate equation for a given
environment and reaction. However a further complication occurs when considering
the resonance phenomenon. At lower energies, the transmission through the Coulomb
barrier, and thus the cross section, can vary significantly if there is good wave matching at
particular energies (as discussed in the resonance phenomenon section). These resonant
cross sections behave much differently than the comparatively simpler non-resonant cross
sections, and require special treatment since resonance phenomena strongly affect the
total reaction rate.

1.2.2 Non-resonant reaction rate

We now dive deeper into the calculations of the non-resonant reaction rates. These re-
action rates deal with two-nuclei interactions called direct reactions, and typically occur
between projectiles with higher incident energies in comparison to resonant reactions.
When considering the de Broglie wavelength of the incident particle, one finds that the
wavelength of the projectile is closer to that of a nucleon than a nucleus. Thus, the
nuclei interact peripherally, with only one or two nucleons at the surface of the target
nucleus. Examples include transfer reactions, knock-out reactions, etc. Features of di-
rect reactions are single-step transitions from initial to final state which quickly proceed
on the scale of 10−22 s [3].

Here it is useful to describe the quantity known as the astrophysical S-factor, S(E).
The S-factor is formulated to include all strictly nuclear effects. It is defined such that:

σ(E) = 1
E
e−2πηS(E) (1.29)

where the term e−2πη is the Gamow factor discussed earlier and describes the s-wave
transmission probability when the energy of the particle is much lower than the Coulomb
barrier. By defining the astrophysical S-factor such that it does not contain the 1/E
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term, it does not depend strongly on energy, and varies smoothly and slowly. This is
compared to the reaction cross section, σ, which can vary strongly due to the exponential
behaviour of the Coulomb penetration, especially at lower interaction energies. This
makes the astrophysical S-factor a better tool for extrapolating to those lower energies.
Expressing the reaction rate with this factorization of the cross section yields:

NA < σv >=
( 8
πm01

)1/2 NA

(kT )3/2

∫ ∞
0

e−2πηS(E)e−E/kTdE (1.30)

Here I will reiterate the exponent of the Gamow factor:

−2πη = −2π
h̄

√
m01
2E Z0Z1e

2 (1.31)

An important result that arises from the integrand of this expression is the appearance
of the phenomenon known as the Gamow peak. The Gamow factor goes to zero at lower
energies with a e−

√
1
E dependence, and increases at higher energies; denoting that as the

energy increases, the tunneling probability also increases and vice versa, approaching zero
at small energies. Meanwhile, the factor arising from the Maxwell-Boltzmann probability
distribution goes as e−E/kT ; denoting that the probability of finding a particle at a certain
energy is lower as that particular energy increases, approaching zero at higher energies.
If we assume the astrophysical S-factor is constant or sufficiently slowly varying for the
time being, then the integrand is maximized at the maximum of the product of these
two terms. This is the definition of the Gamow peak: a narrow range of energy where
the reaction rate is maximized, and most of the nuclear reactions happen. This concept
is pictured schematically in Figure 1.5.

The centroid of this peak can be determined by taking the derivative of this product
with respect to energy and setting it equal to zero. This yields:

π

h̄
Z0Z1e

2
√
m01

2
1

E
3/2
0
− 1
kT

= 0 (1.32)

Finding the maximum of this peak yields:

E0 =
((

π

h̄

)2
(Z0Z1e

2)2
(
m01

2

)
(kT )2

)1/3

(1.33)
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Figure 1.5: The Gamow peak represents the kinetic energy range in
which the majority of nuclear reactions happen in a stellar environment.
It is the overlap between the high energy tail of the Maxwell-Boltzmann
distribution and the tunneling probability through the Coulomb barrier.
Figure adopted from [4].
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Thus, E0 is the most effective temperature that induces nuclear reactions in a stellar
plasma. We can also approximate the Gamow peak as a Gaussian function with centroid
at E0, and 1/e width ∆ defined as:

∆ = 4√
3
√
E0kT (1.34)

Within the boundary of this width - that is an energy window E0−∆/2 to E0 + ∆/2
- is the energy range in which the majority of the nuclear reactions happen.

1.2.3 Resonant reactions

For non-resonant reactions, a smoothly varying astrophysical S-factor worked well for
describing the cross section. In resonant reactions, the S-factor would vary strongly at
resonance energies due to reasons outlined in previous sections. Here we will consider
isolated and narrow resonances. The first condition requires that the resonance be well
separated from other resonances such that they do not overlap. The second is that it
must be narrow such that the partial widths are approximately constant over the total
resonance width.

The cross section of an isolated resonance is well described by the one-level Breit-
Wigner formula[1]:

σBW (E) = λ2

4π
(2J + 1)(1 + δ01)
(2j0 + 1)(2j1 + 1)

Γ0Γ1
((Er − E)2 + Γ2/4) (1.35)

where ji are the spins of the target and projectile, J and Er are the spin and energy
of the resonance. δ01 is a Kronecker delta; when the particles are of the same species
δ01 = 1, else δ01 = 0. Γi are the partial widths of the entrance and exit channel (0 and
1 respectively) of the resonance. Γ is the total width.

To explain the variables listed in the Breit-Wigner equation, first we must examine
what qualitatively happens in the nucleus during resonant reactions. The incident par-
ticle enters the vicinity of the larger target nucleus with a de Broglie wavelength that
is similar to that of the target nucleus. Because of this, the incident particle interacts
with the entire nucleus, in contrast to the higher energy particle in the non-resonant
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reaction section [3]. In a successful reaction, the incident particle fuses with the tar-
get nucleus and forms a compound nucleus. While in this state, the excess energy is
distributed among all the nucleons. Although there may be enough energy to eject a
particle from the nucleus, since it is distributed among the entire nucleus, it remains
stable for long time compared to the direct reaction, but will eventually decay. The
result is that the decaying state has an imprecise energy by the uncertainty principle.
The energy is distributed in probability by:

Γ ≈ h̄/τ (1.36)

where τ is the lifetime of the state. These typically range from 10−14 − 10−20s and
less [3], leading to widths that are of scale Γ << 1 MeV. The total width tells us the
width of the probability distribution of all outcomes or channels in the reaction. Partial
widths describe the widths of each individual reaction and decay channel, and the sum
of the partial widths yields the total width. The cross section of any given reaction is
proportional to the partial widths involved in that reaction,

The compound nucleus can exhibit quasi-stationary quantum states (as outlined in
the subsection 1.1.1) with discrete energies, spins and parities. The cross section of a
reaction shows a marked increase when the excitation energy of the compound nucleus
matches that of a quasi-stationary quantum state’s resonance energy. We can now see
that in the Breit-Wigner formula for resonances, the last term depends on the resonance
energy of the state, the partial widths for the reaction channels, as well as the total
width.

Additionally, the ability to form a resonant state is subject to selection rules. These
are given by the angular momentum and parity conservation laws:

J0 ⊕ J1 ⊕ ` = J (1.37)

where J is the spin of the resonant state, Jx are the spins of the incident particle and
target, and ` is the orbital angular momentum. The parity of the system must also be
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conserved such that:

π(J0)π(J1)(−1)` = π(J) (1.38)

where π(J) is the parity of the final resonant state, π(Jx) are the parities of the incident
particle and target.

This time, we would like to substitute the Breit-Wigner formula for resonance cross
sections into the cross section variable of Equation 1.28.

NA < σv >=
( 8
πm01

)1/2 NA

(kT )3/2

∫ ∞
0

E

(
λ2

4πω
Γ0Γ1

((Er − E)2 + Γ2/4)

)
e−E/kTdE (1.39)

=NA

√
2πh̄2

(m01kT )3/2ω

∫ ∞
0

Γ0Γ1
(Er − E)2 + Γ2/4e

−E/kTdE (1.40)

where we have used the definitions:

ω = (2J + 1)(1 + δ01)
(2j0 + 1)(2j1 + 1) λ2 = h2

p2 = h2

2mE (1.41)

We can now make some assumptions for certain variables in the equation. For narrow
widths, the Maxwell-Boltzmann portion is relatively constant at E = Er. The partial
widths are also approximately constant over the energy width of the resonance. The
integral can then be calculated analytically.

NA < σv >=NA

√
2πh̄2

(m01kT )3/2 e
−Er/kTω · 2Γ0Γ1

Γ

∫ ∞
0

Γ/2
(Er − E)2 + Γ2/4e

−E/kTdE

=NA

√
2πh̄2

(m01kT )3/2 e
−Er/kTω · 2Γ0Γ1

Γ · π

=NA

( 2π
m01kT

)3/2
h̄2e−Er/kTωγ γ = Γ0Γ1

Γ (1.42)

The term ωγ is an important quantity known as the resonance strength, and is
proportional to the area under the resonance cross section. Quantitatively this is the
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product of the resonance cross section evaluated at Er and the total width Γ of the
resonance:

Γ · σB(Er) = Γ · λ
2
r

π
ω

Γ0Γ1
Γ2 = λ2

r

π
ωγ (1.43)

The reaction rates for narrow resonances are specifically dependent on the resonance
strength and the energy, experimentally measurable quantities.

1.3 Astrophysics Considerations

In this section we will explore the environments that produce the chemical elements that
are present in the universe today. In this thesis, we will be mainly concerned with the
nucleosynthesis that occurs in a classical nova, occuring on the surface of white dwarf
stars. The properties of the white dwarf will be discussed, as well as how the classical
nova unfolds.

1.3.1 Introduction to White Dwarfs

For main sequence stars with a mass between 0.4− 11 M�, the star will eventually fuse
hydrogen in its core to helium. For stars on the larger end of this range (larger than 2.2
M�, the ashes of helium burning - carbon and oxygen - are present. During this part of
the star’s evolution its thin hydrogen-rich envelope will be shed, revealing the electron
degenerate core. The expanding shell will go on to form the planetary nebula, a sublime
pattern of gas which is suffused with colour from re emitting the light of the dying star,

The central degenerate core goes on to become the white dwarf, a compact stellar
object of high density and supports itself through electron degeneracy pressure. The
following section will describe properties of the white dwarf.

In general, the mass of a white dwarf will depend on the mass of the progenitor star,
as well as if it was in a binary system or not. In general, we can separate them into
three classes of white dwarfs based on their final composition prior to entering the white
dwarf phase: Helium white dwarfs (He-WD), Carbon-Oxygen white dwarfs (CO-WD),
and Oxygen-Neon white dwarfs (ONe-WD) [5].
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The Helium white dwarf (He-WD) mainly consists of helium and has shed its hydrogen-
rich envelope. These stars have a lower mass relative to the other two, and their pro-
genitor star has an initial mass of M < 2.2M�. These stars typically do not reach
the helium core flash1(He-flash) during their evolution, thus the composition is chiefly
helium. One last consideration is that the wind mass loss is not strong enough to fully
remove the hydrogen-rich envelope for isolated He-WDs. Thus, it is thought that they
lose their envelope via mass transfer in a close binary. The masses of these WDs are
between 0.15M� −MHe−Fl, the upper limit being the mass of the He core at onset of
the He-flash, MHe−Fl ≈ 0.45− 0.5M�.

CO-WDs mainly consist of carbon and oxygen, and have also shed their hydrogen-rich
envelope. The initial mass of a single progenitor star for this is typically M < 6− 8M�,
and in binaries, this can reach up to 10M�. The evolution of these progenitor stars leads
to helium burning through the triple-α process, which is responsible for the carbon-
oxygen composition; however, these stars are not massive enough for carbon burning.
The CO-WD mass is between MHe−Fl −MC−ign, the lower limit as the mass of the
core prior to the He-flash, and the upper limit as the core mass at the onset of carbon
ignition, MC−ign = 1.1M�.

ONe-WDs originate from the largest progenitor stars compared to the others. Single
stars have an initial mass between 9− 10M�, and in binaries can range from 9− 12M�.
These stars lose their envelopes in the Super-AGB phase, and can undergo carbon
and oxygen ignition, creating oxygen and neon respectively, and with trace amounts
of magnesium and sodium. The WDs that result from these stars are typically between
1.1M� − 1.38M�.

Generally in interacting binary systems, each respective white dwarf can form from
progenitor stars with a larger initial mass compared to the single star case. This can be
explained as follows: As a star evolves, it grows considerably during some phases. If the
companion star (also referred to as secondary star or donor star) expands in this way, its
outer shell can be siphoned onto the primary star. This ultimately affects the evolution
of both stars through mass and angular momentum changes.

1The helium core flash is a runaway thermonuclear event that occurs with the synthesized helium
from hydrogen burning. The helium produced will sink to the core and form an electron degenerate core.
Upon ignition through the triple-α process - the process in which three α particles are combined into
Carbon - thermonuclear runaway will occur. This process occurs in a timescale of a few seconds but can
produce luminosities comparable to an entire galaxy (1011L�) [6]
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White dwarfs have run out of their respective nuclear fuel to generate thermal pressure
against the collapsing force of gravity. The supporting pressure is generated through
electron degeneracy pressure of the electrons that exist in the plasma of the white dwarf
[6]. This arises as a consequence of the Pauli exclusion principle: no two identical
fermions (electrons in this case) can occupy the same quantum state in the same quantum
system. As thermal pressure is removed due to lack of nuclear reactions, the electrons
in this system are increasingly pushed to lower energy states. Since no two fermions
can occupy the lowest energy states, they are unable to lower their energies due to this
exclusion principle. There are 2 major consequences to this interaction:

The first consequence is that there is an upper limit to the mass of a white dwarf,
named the Chandrasekhar limit. This occurs when the electrons are required to reach
velocities higher than the speed of light to upkeep the necessary electron degeneracy
pressure. This mass is accepted to be approximately 1.44 solar masses [7], and indeed
there have been no observations of white dwarfs exceeding this mass.

The second consequence is that the structure of the degenerate gas is largely uncou-
pled from the thermal energy of the system [8]. We can define the energy of the highest
energy electron arising from electron degeneracy pressure as the Fermi energy. The en-
ergy of this particle is independent of thermal energy, and can be observed if the system
was at T = 0 K. As a result, if the temperature increases, gas will not expand until
the temperature is high enough to surpass the Fermi energy. This will be an important
detail when considering the thermonuclear runaway in the classical nova.

1.3.2 Classical novae

To understand the occurence of the classical nova, first we must explore the physics of
a binary system, and the gravitational interactions of the gas within it.

For the interest of classical novae, we begin with the discussion of binary star systems
which consist of a primary white dwarf star, typically a CO or ONe white dwarf, and a
secondary main sequence star. In these configurations, the mass of the secondary star
can be influenced by the gravitational force of the white dwarf primary. The consequence
is that mass from the secondary star overflows its Roche lobe, and is siphoned to the
primary white dwarf. This mass transfer from secondary star to primary star can be
stable if the ratio of masses between the secondary to primary star is less than 0.8. If
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the ratio is greater than 0.8, the mass from the secondary star is quickly transferred to
a common envelope between the two stars until the ratio of less than 0.8 is achieved [9].

For a nova to occur within the timescale of the age of the universe - approximately
14 billion years [10], mass transfer from the secondary star to the primary star must
occur at a rate of at least 10−11M�/yr, and typical accretion rates are between 10−10 −
10−9M�/yr. The accretion of mass onto the white dwarf primary from the secondary
star leads to energy production and eventually the classical nova outburst. We will now
explore the evolution of the classical nova.

When matter from the outer shell of the secondary star exceeds the Roche lobe en-
closing it, that matter accretes onto the white dwarf primary. For higher mass secondary
stars that can overfill their Roche lobe during their evolution in the red giant phase, the
envelope expansion drives the mass towards the white dwarf primary. For low mass
secondary stars which do not evolve in this way, mechanisms such as magnetic stellar
wind and/or gravitational wave radiation can dissipate orbital angular momentum be-
tween the primary and secondary star, decreasing the distance between the two objects
and adjusting the position of the Roche lobe enclosing the secondary star. If the radius
of the secondary star exceeds the limit of the Roche lobe, then mass transfer from the
secondary towards the white dwarf primary occurs. With regards to the angular mo-
mentum of the accreted matter, if the white dwarf has a slow rotation, it can directly
flow onto the surface; however if this is not the case, the material will instead form a
disk around the white dwarf primary [9]. In order to have inflow onto the surface of the
white dwarf, the material must dissipate its angular momentum via molecular collisions
and shockwaves.

This accretion forms a hydrogen-rich layer of gas on the surface of the white dwarf
primary. As compressional heating increases the energy on this layer nuclear processes
begin and the base layers of the accreted material become hot and degenerate. Hydrogen
burning proceeds first through the pp-chain, and as temperature increases the CNO
cycle takes over [11] . In the final stages of thermonuclear runaway, the hot CNO cycle
(subsection 1.3.3) is the dominant process of nuclear burning. Compressional heating
as well as the energy released by nuclear reactions both work to heat the accreted
material; however, due to the quasi-decoupling of pressure and thermal energy present
in degenerate matter, the accreted material does not expand and thermonuclear runaway
occurs.
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During the runaway, the hot CNO cycle is the prevalent form of energy generation. A
consequence of this is that the energy rate is limited by the time scales of the β+-decay
nuclei. When the temperature of this region exceeds 108 K, the majority of CNO nuclei
have picked up a proton and become unstable to β+ decay. Since the material cannot
expand due to degeneracy, convection becomes the main source of heat transfer. This
has the effect of circulating unburned C, N, O, Ne, and Mg nuclei to the hotter burning
shells, which sustains the nuclear energy generation at temperatures higher than 108K.
This process means that proton capture reactions can compete with beta decay, and
proton rich nuclides away from stability can be synthesized.

The lifetimes of these nuclei are longer than the convection turnover time of ∼ 100
s [11], so β+-unstable nuclei are able to reach the cooler, outer areas of the envelope
before decaying. This decay is a source of intense energy which serves to lift degeneracy
and allows the material to expand with temperature. This expansion is what halts the
thermonuclear runaway. As it expands, the β+-unstable nuclei decay and release energy
into the non-degenerate, expanded material, rapidly raising the temperature throughout
the shell. This shuts off convection by flattening the temperature gradient.

1.3.3 Explosive Nucleosynthesis in Classical Novae

A classical nova typically ejects between 10−5 − 10−4M� [12] of accreted material with
a mean velocity of ∼ 103 km/s into the surrounding area. Since these operate far from
equilibrium, their isotopic abundances will be distinct to material processed through
normal stellar burning.

As material accretes onto the surface of the white dwarf, the compressional heating
and proton induced nuclear reactions continually raise the temperature. On the base
layer, the degenerate matter is unable to expand, eventually leading to the thermonu-
clear runaway process [1]. During the accretion pp-chain reactions are responsible for
energy generation. If CNO cycle catalysts are present, then at higher temperatures the
CNO cycle will take over. During the final stages of the thermonuclear runaway, at
temperatures between T = 0.1− 0.4 GK, the hot CNO cycle takes over. An important
point to reiterate is that the nucleosynthesis in hydrostatic conditions does not apply in
the thermonuclear runaway environment. The main differences are: 1) proton capture
reactions compete with β+ decays, and 2) the temperature and density of the system
change drastically with time. Thus a different treatment is required [11].
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As stated previously, the main burning process during the thermonuclear runaway is
the hot CNO cycle. The sequence of reactions in this cycle are as follows [1]:

Hot CNO1 Hot CNO2 Hot CNO3
12C(p,γ)13N 15O(β+, ν)15N 15O(β+, ν)15N
13N(p,γ)14O 15N(p,γ)16O 15N(p,γ)16O

14O(β+, ν)14N 16O(p,γ)17F 16O(p,γ)17F
14N(p,γ)15O 17F(β+, ν)17O 17F(p,γ)18Ne

15O(β+, ν)15N 17O(p,γ)18F 18Ne(β+, ν)18F
15N(p,α)12C 18F(p,α)15O 18F(p,α)15O

In each cycle, a catalytic group of C, N, and O isotopes undergoes proton induced
reactions and subsequent β+ decays in order to ultimately release a helium nucleus. This
avenue of energy generation will depend highly on the abundance of CNO catalysts, and
the abundances of these CNO catalysts remains constant until T > 0.4 GK wherein
breakout reactions (15O(α, γ)19Ne and 14O(α,p)17F) would pull these catalysts out of
the CNO cycle permanently. Breakout reactions, however, do not occur in classical
novae, since peak temperatures in the hottest classical novae only reach T ≈ 0.418 GK.

The hot CNO-cycle is thought to generate roughly 70% of the energy in the classical
nova burning. At temperatures and densities characteristic of classical novae, (p,γ) and
(p,α) reactions will be faster than compared to β+ decay half-lives. This means that the
completion of each hot CNO cycle will be limited by the speed of β+ decay processes and
the rate of energy generation from these cycles depends directly on the β+ decay steps in
each CNO cycle. In the hot CNO1 cycle, the 14O and 15O (p,γ) reactions would lead to
the production of 15F and 16F respectively, which are both unstable by proton emission.
Thus, the destruction of 14O and 15O are via β+ decay and the energy generation rate
is limited by the β+-decay half-lives.

While the HCNO1 cycle occurs via a 12C seed nuclei, the HCNO2 and HCNO3 cycles
proceed with 16O seed nuclei. In the temperature range of T = 0.1− 0.4 GK, the dom-
inant destruction mode of 18F is by a (p,α) reaction, acting orders of magnitude faster
than both the 18F(p,γ)19Ne and 18F(β+, ν)18O reactions. This means that the HCNO2
and HCNO3 cycles are also closed cycles in that they preserve the number of catalytic
seed nuclei in the burning environment. The difference between these two HCNO cycles
is the temperature in which they operate; at T > 0.23 GK, the 17F(p,γ)18Ne reaction
outcompetes the β+ decay and gives rise to the HCNO3 cycle, which bypasses 17O.
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Figure 1.6: Nucleosynthesis pathway for accretion onto a ONe white
dwarf. A network calculation was performed for the peak temperature of
Tmax = 0.408 GK. Arrow thickness and colour represent flux strength.
Endpoint of nucleosynthesis is near mass 40. Figure adopted from [13]

Heavier nuclei (A ≥ 20) can be formed from the mixing of the white dwarf material
with the accreted envelope. This mixing can occur from various methods such as 1)
convective mixing, 2) shear mixing, and 3) Kelvin-Helmholtz instabilites [11]. These
can contribute to dredging up the white dwarf material into the burning shell. The
dredged material contains the seed nuclei in the Neon - Silicon mass range [8] which are
the precursors for synthesizing elements up to A ∼ 40 in ONe WD novae. Hydrogen
burning with Ne and Na catalysts are another closed cycle (NeNa cycle) that burns
hydrogen into helium, however at peak temperatures of ONe novae (T > 0.25 GK), the
destruction mechanisms of 23Na - (p,γ) and β+ decay - become equal in rate. Once a
seed nucleus reaches 24Mg from the 23Na(p,γ)24Mg proton capture reaction, it leaves the
NeNa cycle and forms heavier elements via proton captures and subsequent β+ decays.
Figure 1.6 shows the nucleosynthesis pathway of an ONe nova with peak temperatures
of 0.408 GK. The endpoint of these reactions theoretically ends at the A ∼ 40 region,
and indeed several observations of spectroscopic abundances in nova shells show Si, S,
Cl, Ar, and Ca, with no observed overproduction of elements heavier than Ca [8].

Astronomical observations of elemental abundances for Ar and Ca in ONe novae
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Figure 1.7: A comparison of endpoint nuclide abundances, argon and
calcium, from model calculations and astronomical observations. On left:
Adopted from [15], model simulations show that the argon and calcium
abundances are close to solar values. On right: Adopted from [14], the
observed abundances of argon and calcium compared to solar values from
various WD novae compared to solar values - an order of magnitude en-
hancement exists in the WD ejecta compared to solar values.

ejecta show an overall enhancement with respect to solar values by a factor of ∼ 10
[14]. In contrast, hydrodynamic simulations with nuclear reaction rate networks produce
abundances of Ar and Ca close to solar values [15]. Figure 1.7 shows this discrepancy
between these works. This discrepancy is the main motivation behind the spectroscopic
studies conducted in this work.

One clue into resolving this discrepancy comes from a sensitivity study performed by
Iliadis et. al. [2]. In this work, the rates of various reaction rates were varied about their
uncertainty one reaction at a time and the impact of that variation on the abundances of
nuclides was observed. These uncertainties are typically a factor of 100 as an upper limit
and 0.01 as a lower limit for reaction rates determined with Hauser-Feshbach calculations.
The Hauser-Feshbach method is an averaging method to find cross sections in excitation
energy ranges with high level density. In the environments of classical novae, the cross
section is dominated by isolated, well separated, single resonances. Thus the maximum
uncertainty - the upper and lower limits of the possible rates - is typically used. When
varying the 38K(p,γ)39Ca reaction rate about its uncertainty, it was observed that the
abundances of 38Ar, 39K, and 40Ca changed by a factor of 24, 58, and 57 respectively
[16]. It should be noted that these isotopes are stable and in the case of potassium and
calcium, the most abundant isotopes of that element.
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Figure 1.8: Gamow window schematic with ENSDF[17] evaluated ener-
gies of 39Ca prior to the experiments in this work, and after the DRAGON
direct measurement.

1.3.4 Importance of 39Ca and previous studies

The 38K(p,γ)39Ca reaction operates via `=0 resonance reactions within the Gamow
window in classical nova peak temperatures. The Gamow window for this reaction at a
temperature of 0.4 GK is 0.321-0.614 MeV, with a Gamow peak of 0.468 MeV. Combining
this with the Q-value of the reaction Q = 5.7709(1) MeV, the most astrophysically
important resonance energies in 39Ca that will be populated by this reaction are between
6.0-6.4 MeV. There are a handful of states that lie within this region. Since the nuclear
interactions are at a low energy, ` = 0 transfer reactions will be the most dominant.
Given the Jπ of 38K and proton are 3+ and 1/2+, states with Jπ = 5/2+ and 7/2+ are
the most important. This condition is met for exactly three states: 6.451(2), 6.286(10),
and 6.157(10), which have Jπ = 5/2+. Figure 1.8 shows these states schematically.

The first attempts to directly measure this reaction rate were carried out by the
DRAGON (Detector of Recoils and Gamma-rays of Nuclear reactions) collaboration
at TRIUMF [18]. The reaction proceeds via resonance reactions within the Gamow
window at nova temperatures (0.4 GK). The objective of the experiment was to find
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resonance strengths of three ` = 0 resonances lying within the Gamow window in order
to ultimately deduce the reaction rate of this astrophysically important reaction. Given
the spin and parity of 38K and a proton in their ground state (3+ and 1/2+ respectively),
reactions proceeding through resonant states in 39Ca with a spin and parity of 5/2+ or
7/2+ would likely be the most dominant. These resonances were at energies of: 6.157(10),
6.286(10), and 6.460(10) MeV in the 39Ca nucleus before the experiment. During the
DRAGON experiment, the resonance strength of only the 6.460(10) MeV state was
determined to be ωγ = 120+50

−30(stat.)
+20
−60 meV, and upper limits were determined for the

other two states. In addition, the 6.460(10) MeV state was observed at an energy of
6.450+2

−1(stat.)±1(sys.) MeV instead. The large uncertainties associated with resonance
energies could affect the measurement process as follows: The radioactive 38K ion beam
produced at the ISAC-1 facility [19] impinged on a windowless hydrogen gas target of
the DRAGON setup [20]. A beam energy was selected for each resonance such that
the beam would impinge on the gas target and produce that resonant reaction within
the gas target. To handle the beam energy width, a gas pressure and temperature of
10.6 mbar and 298 K respectively [16] were chosen so that the stopping power effects
would cause the distribution of resonant events to be centered in the gas target. If the
resonance energies are of large uncertainty then the centroid of this distribution can
occur off the center of the gas target. The data set on the right side of Figure 1.9 shows
how this can manifest. The centroid of the distribution of event positions (blue dots)
on the z-axis (direction of beam) is downstream of the center of the gas target. A best-
fit simulation (orange line) shows that the resonance observed is at a beam energy of
Er = 679+2

−1(stat.)±1(sys.) keV instead of the previously evaluated value of Er = 689±10
keV [21]. Worse yet, the resonance could be totally missed if the energy of the beam is
too high or low. The energy window that can be covered by the gas detector is seen in
the left plot of Figure 1.9, and is approximately 30 keV wide.

Further spectroscopic studies were done in response to this measurement. A γ-ray
measurement was carried out by Hall et. al. [22] with Gammasphere ORRUBA Dual
Detectors for Experimental Structure Studies (GODDESS) and a 39Ca charged particle
reaction study was carried out by Setoodehnia et. al. [23] using the 40Ca(3He,α)39Ca
reaction. The latter used the same detector system that will be described in subsec-
tion 2.2.5. The results from these works will be compiled in the results section.

The work in this thesis is motivated by the need to increase the precision on these
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Figure 1.9: Figures from [16], data for a 38K beam energy of 27.17
MeV to produce events from the 6.460(10) MeV resonance in 39Ca. On
left: Gas density in target as a function of center-of-mass beam energy.
Blue dots denote measured densities, while the orange line is a density
profile function that was fitted to the points. On right: Distribution of z-
positions of observed events in the gas target using γ-events in coincidence
with recoil events. Blue denotes number of measured events, while the
orange line denotes a best-fit simulation with Er = 679 keV and ωγ = 120
meV The centroid of the distribution occurs downstream of the center of
the target, suggesting that the beam energy chosen was too high, and the
resonance observed is at a lower energy than previously thought.
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39Ca states in order to further understand the nucleosynthesis in classical novae. We
carried out the 40Ca(d,t)39Ca, and the 39K(3He,t)39Ca reactions in order to populate
states in 39Ca.
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Chapter 2

Experimental Methods

Two reactions to populate states in 39Ca were explored in two separate experiments.
The first is the 40Ca(d,t)39Ca reaction performed at the Maier Leibnitz Laboratory in
Garching, Germany. The (d,t) reaction was chosen as it is a one nucleon transfer, making
the angular distribution analysis more straightforward. The (d,t) reaction has also been
studied in past, populating the 39Ca states of interest [24]; however, the uncertainties
associated with these excitation energies are large (15-30 keV).

The second experiment performed in this work is the 39K(3He,t)39Ca reaction at
Triangle Universities Nuclear Laboratory (TUNL), in North Carolina, USA. This exper-
iment was chosen since it has the advantage of being non-selective in the states of 39Ca
that it populates. This reaction was last measured in [25]; however, the experimenters
did not study the states in 39Ca of astrophysical interest.

In both cases, a major factor in the feasibility is the availability of target and beam.
At the very least, the target must be stable to radioactive decay. Another decider is
the availability and properties of the chemical element that must be used to produce
the target. One particular hurdle that had to be overcome was the risk of oxidation in
targets, which will be discussed in this section. When considering the beam, the strength
of the beam current is important. A high current is desired to be able to gather the
necessary statistics within a reasonable time frame. This depends on the facility’s ability
to produce a particular beam. Deuteron and 3He are beams that have been historically
producible with good beam strength and stability.
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2.1 The 40Ca(d,t)39Ca experiment

2.1.1 The Maier Leibnitz Laboratory in Garching

The purpose of this experiment was to obtain precise energies for the astrophysically
important resonances of 39Ca for endpoint nucleosynthesis in classical novae. This sec-
tion covers the experimental setup and descriptions of the apparatuses used for the
40Ca(d,t)39Ca experiment carried out at the Maier Leibnitz Laboratory. These include:
the 2H ion source, the 14 MV MP-Tandem accelerator, the target chamber and fabrica-
tion of targets, the Q3D spectrograph, and finally the various detectors used.

2.1.2 2H ion source

The purpose of this section is to explain the production of negatively charged deuterons
before they are accelerated through the MP-Tandem accelerator. A diagram is located
in Figure 2.1.

Neutral, molecular deuterium D2 is moved into the dissociator as an atomic jet created
by adiabatic expansion through an aluminum nozzle cooled to 80K. The main purpose of
the dissociator is to separate the molecular deuterium into atomic deuterium by electron
impacts onto the deuterium molecules. This is achieved by applying a 13.5 MHz radio
frequency (RF) field from a high frequency AC circuit within the cold deuterium plasma
[26]. This causes the electrons to oscillate in a helical orbit. These electrons impact
the molecular deuterium, and break the molecular bonds with an efficiency of 77± 5%.
At the 10 mm diameter entrance aperture of the Electron Cyclotron Resonance (ECR)
ionizer, a beam of 5× 1015 atoms/s can be seen.

Next, the beam of deuterons passes through an additional pumping stage, which
reduces the scattering of the beam from residual gas and enhances the beam intensity
by about 20%. It then passes to the ECR ionizer.

The main purpose of the ECR ionizer is to remove the existing electrons from the
neutral deuterium atoms. This will be important when moving to the cesium vapour jet
in the next stage. An axial magnetic mirror field is applied by two pancake coils and the
magnetic field forms a minimum-B structure. This minimum-B structure has a minimum
magnetic field of 87.5 mT in the middle of the ECR chamber, while having maxima of
140 and 160 mT at the edges. This axial field confines the plasma to the chamber,
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Figure 2.1: Vertical Cross section of the ion source, consisting of the
Atomic Beam Source (ABS) and the Charge exchange unit. The ABS
consists of the dissociator in vacuum section 1, with differential pumping
sections labelled 1-4. Sextupole magnets are labelled at a-d which are used
for creating polarized beams, but were not necessary for this experiment.
The Charge exchange unit consists of the Electron Cyclotron Resonance
(ECR) ionizer, and cesium sputter. Figure adopted from [27].
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while a radial field is supplied by a set of 6 Iron-Neodynium-Boron (FeNdB) sextupole
magnets. A 2.45 GHz RF field is also applied to the plasma, which resonantly accelerates
electrons that are in the vicinity of the 87.5 mT magnetic field. Collisions between these
electrons and the deuterium atoms ionize the deuterium, producing positively charged
ions of deuterium. The efficiency of ionization is a few percent. The deuterium beam
is then extracted from the plasma in two steps by three electrodes, and focused by an
einzel lens and two deceleration electrodes before reaching the cesium vapour jet target.

Before being sent to the MP-Tandem accelerator, the ions must be negatively charged,
so two electrons must be picked up by the now positive deuterium ions. This is where the
Cesium vapour jet target is used [28] . The Cs reservoir is kept at 310 ◦C [27]. Through
expansion of the Cs vapour through a slit nozzle, a supersonic jet is formed. About
30% of the jet makes it to the charge exchange region, where the positively charged
deuteron ions pass through. In this region the deuterium will pick up two electrons from
the cesium jet. Because Cesium has a low ionization energy of 3.89 eV, it is ideal for
providing electrons for the double charge exchange. After passing the charge exchange
region, the jet will reach a condensation surface kept at 35 ◦C where it will condense to
a liquid and be recirculated into the jet. For a deuteron beam kinetic energy of 400-500
eV/nucleon, the efficiency of double charge transfer was noted to be 22 %. [27].

2.1.3 The Munich MP-Tandem Accelerator

At the end of the ion source, the kinetic energy will not be high enough to populate
the states of interest in 39Ca between 6-6.5 MeV. The purpose of the MP-Tandem is to
accelerate the deuterons to the adequate kinetic energy of 24 MeV.

The operating principle is as follows: as the negatively charged ion beam enters the
tandem - in our case D− - it is accelerated towards the positive high voltage terminal.
The energy gained by each particle in the beam is given by Ek = e · V as the deuterons
are pulled towards the positive terminal. Located within the positive terminal is a foil
stripper which will remove electrons [29], leaving the ion carrying a net positive charge.
In the case of a deuteron beam, it strips all electrons, leaving the deuteron with a
charge of +1. The beam of particles is then accelerated away from the positive terminal,
gaining a kinetic energy Ek = Ze · V . For deuterons the total amount of energy gained
is Ek = 2e · V .
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Figure 2.2: Schematic of a typical tandem accelerator. Figure adopted
from [3]

The beam is then accelerated through a series of electrically insulated tubes kept in
high vacuum. In the middle of the structure is the positive terminal which is brought
to the nominal voltage by 3 pelletron chains [29]. These chains are made of pellets of
conductive material connected by an insulating material and configured into a rotating
belt. A single chain can deliver 100 µA of current, through up-charging, and another
100 µA through down-charging as the chain makes contact with the terminal. A total
of 600 µA can be delivered from all 3 chains. To maintain a stable voltage without
coronal discharging, the terminal is surrounded by an insulating gas. The gas used is a
combination of 30 % SF6 and 70% N2. After the negatively charged deuteron beam is
accelerated towards the positive terminal, the electrons from the deuterons are stripped
using a carbon foil, and are now positively charged. These positively charged deuterons
are now accelerated away from the terminal.

It is of utmost importance that the energy of the deuterons of the beam is well
known, and well constrained. For this reason there is a conventional analyzing magnet
with subsequent slit pair as well as a time of flight (TOF) system employed to precisely
measure the energy of deuterons exiting the tandem [29]. The momentum and therefore
energy of the beam is calculated from the B-field produced by the analyzing magnet
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Figure 2.3: Time of Flight (TOF) system used to increase precision on
beam energy. A portion of the beam is ”peeled off" from the main beam
and sent through two precisely spaced RF deflectors labelled HFD1 and
HFD2 which measure the TOF, and thus the energy of the beam particles.
Figure adopted from [29]

which is measured with a nuclear magnetic resonance (NMR) probe in the magnet’s
operating region, and the radius of curvature ρ of the particles as they are bent through
the magnet, which is measured with the subsequent slits. The magnetic field can be
determined to a precision of order 10−4, since the field of even high-quality iron magnets
may have varying fields away from the location that the NMR probe reads out the
magnetic field. The positions determined from the current on the slits can be found
with a precision of a few parts in 104 due to asymmetries in the beam profile and
changes in the ion source conditions.

The TOF system employs a set of two electrostatic deflectors to peel off a fraction of
100 nA from the main beam and send it through two identical high frequency resonators
separated by a carefully measured distance of L = 14711.89±0.03 cm. The time of flight
information can provide energy values to a precision of 1.5× 10−5 with 20 MeV protons,
and can typically give values for energy resolution on the order of ∆E/E = 2× 10−4

2.1.4 Target Chamber

After being accelerated by the MP-Tandem, the deuteron beam will then collide with
various thin target foils where nuclear reactions of interest will happen. This section will
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(a) (b)

Figure 2.4: a) Target ladder from top to bottom: 13C background tar-
get, CaF2 thick production target, 32S implanted calibration target, CaF2
thin production target, LiF background target, collimator. b) Target
chamber in which the target ladder is inserted. The chamber is pumped
down to high vacuum (10−6 torr).

discuss the targets and related equipment.

A target ladder is shown in Figure 2.4. The fabrication details of the 40Ca produc-
tion target which produces the reactions of astrophysical interest will be discussed in
subsection 2.2.4. 30 µg/cm2 of natural calcium fluoride (CaF2) was evaporated onto an
isotopically pure 12C backing of 12 µg/cm2. Care was taken in choosing the compounds
used for the target and backing. SpecPlot simulations (see section 3.1) of the focal plane
had shown that tritons from the 13C(d,t)12C is a potential contaminant in the focal
plane spectrum, hence the use of the isotopically pure 12C backing which does not con-
tribute tritons to the spectrum. Another contaminant are tritons from the 16O(d,t)15O
reaction which can occur from an unavoidable oxidation of metallic calcium. SpecPlot
simulations showed these would produce large peaks on the focal plane, and can also
change the thickness of the target to an unknown degree. To that end, we chose to use
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Figure 2.5: SRIM simulation of depth profile for implanted 32S target.
Figure adopted from [30].

CaF2 to avoid oxidation.

A 32S target was fabricated in order to calibrate the focal plane position axis to the
energy of the residual nucleus. A 32S target was chosen since: 1) it was accessible and
already at the facility, stored in a target closet; 2) the similar mass would mean both
this target and the 40Ca production target would exhibit similar kinematic broadening;
3) the thicknesses of this target and the production target were similar so energy loss
patterns would be similar between them; 4) 31S, the residual nucleus of the (d,t) reaction,
has a well studied level structure, and peaks of tritons from energetically separated
states would appear in our focal plane given our experimental parameters; 5) the nature
of implanted targets means that there will likely be very few contaminants. The 32S
calibration target was fabricated through the ion implantation technique. The target
was prepared at the Lennard-Hendricks Laboratory at Western University in Ontario,
Canada [30]. The goal of the implantation method is to embed 32S nuclei into a carbon
foil with a well defined abundance vs. penetrative depth profile. A beam of 32S was
accelerated by a Tandem Van de Graaff accelerator and deposited in a layer of 40 µg/cm2

99% isotopically pure 12Cmounted on a glass slide. The abundance vs. penetrative depth
profile was chosen to be a Gaussian distribution. To that end, the incident beam energy
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and dose were varied to create the depth distribution. The dose, D, is calculated from
the total charge qc from the relation:

qc = D × q × e× aperture area (2.1)

Using SRIM simulations [31] for stopping power and ranges of ions in matter, the
optimal incident energies and doses were determined to produce a target with a Gaussian
depth distribution. Incident beam energies of 100, 90, 80, 70, and 60 keV were chosen,
and the thickness of the target can then be calculated by:

∆x = D ·M
NA

(2.2)

where M is the molar mass of 32S in units of g/mol, while NA is Avogadro’s number. A
Rutherford backscattering measurement was performed to quantify the thickness of the
target, yielding a value of 11.7(5) µg/cm2. The results of the SRIM simulation can be
seen in Figure 2.5

The ion-implanted foil can then be floated off the glass slide into distilled water and
picked up by the target frame. More details and figures of the floating process can be
found in the evaporation method section. The target was then stored in 2011 at the
MLL until used by our experiment in 2017.

Five targets were mounted onto the target ladder along with a collimator. These
targets are listed in Figure 2.4 and fastened to the ladder. Once the ladder is loaded, it
is inserted into a chamber downstream of the tandem as seen in Figure 2.4. The chamber
is sealed and slowly pumped down to a pressure of 5× 10−6 torr so the foils do not tear.
The ladder structure is convenient, as a motor is located beneath the target ladder
which allows it to move in the vertical direction into a smaller vacuum sealed cylinder
that can be independently vented. This allowed us to change the target without needing
to break vacuum to open the target chamber. The target ladder can also be rotated
to accommodate the movement of the Q3D spectrograph downstream. The benefit of
this rotation is that at higher Q3D angles the count rate (which typically get poorer at
higher Q3D angles) are increased, as the target will have a higher effective thickness.
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The effective thickness is given by:

∆xeff = ∆x
cosθ

(2.3)

where δx is the thickness, and θ is the angle of rotation. The downside, however, is
that the energy resolution of states will become worse due to straggling in a thicker
target. As the deuterons interact with the target, it can potentially undergo the nuclear
reaction of interest in the front of the target or the back. A schematic of this is shown in
Figure 2.6. If the tritons created from the reaction are formed in the front of the target,
closer to the tandem, the triton will pass through the target. The energy loss from the
triton passing through the target will be different than if the reaction were to happen at
the back of the target since the deuteron will pass through the target instead, yielding a
different energy loss. These effects will be manifested through a wider full width at half
maximum of the peaks in the triton spectra we will observe.

After the target there is a carbon Faraday cup located at the 0◦ position. Carbon was
chosen as the Faraday cup material since 1) it has low thermal conductivity, so it does not
overheat during use 2) it is low Z, so when the beam impinges on it, not many electrons
are ejected from the carbon. This is important because allows us to gain an accurate
measure on the current of the beam passing through the target. The amount of light
reaction products interacting with the Faraday cup is negligible compared to the number
of deuterons simply passing through any given target with no nuclear interactions, so
the cup reading can be used as a measurement of the beam current. The beam current
throughout this experiment was typically 200-600 enA.

2.1.5 Q3D Magnetic Spectrograph

In order to obtain high precision excitation energies of 39Ca, the kinetic energies of
the reaction products from the reaction of interest must be known to a high precision.
Therefore, if we know the energy of the beam, the Q-value of the reaction, and we exper-
imentally find the energy of the triton from the reaction, we can deduce the excitation
energy of the 39Ca that is populated - signifying the resonance energy in 39Ca.

To this end, a Quadrupole-Dipole-Dipole-Dipole (Q3D) magnetic spectrograph is
employed. The purpose of this instrument is to apply magnetic fields to momentum
analyze the tritons coming from the experiment.
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Figure 2.6: Schematic of incoming deuteron interacting with CaF2 tar-
get. a) Deuteron interacts with the front of the target, triton loses energy
passing through the target. b) Deuteron passes through target and inter-
acts at back of target. Deuteron loses energy passing through the target.
Different energy losses are associated with each specific particle moving
through the target.
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Figure 2.7: Schematic of the Quadrupole 3x Dipole (Q3D). Light reac-
tions products are produced from nuclear interactions in the target cham-
ber labelled T , and enter into the quadrupole, labelledQ. The Quadrupole
element focuses the products in the vertical direction while defocusing
them in the horizontal direction. The light reaction products then enter
the momentum analyzing dipoles labelled D1, D2, and D3. Finally they
reach the focal plane detector and their positions are detected. Figure
adopted from [32]
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The operating principle of a magnetic spectrograph is as follows: The Lorentz force
on a particle of charge q and velocity v is given by:

~F = q · ~v × ~B (2.4)

Since the magnetic force acts perpendicularly to the velocity of the particle, it will do
no work on the particle, meaning the kinetic energy of the particle will remain the same
through travel through the magnetic field. These fields are generally perpendicular to
the direction of motion, and cause a centripetal acceleration:

mv2

ρ
= qvB (2.5)

where ρ is the radius of curvature that the particle travels. The product Bρ is colloquially
referred to as the magnetic rigidity, and is given by:

Bρ = mv

q
(2.6)

As reaction products of varying energies are moving through a magnetic field of a
known value, their trajectories will be bent according to their momentum to charge ratio.
For tritons, their positions on the focal plane will then give information on the momenta,
and thus their kinetic energies.

After light reaction products are generated from the target chamber, they will pass
through to the Q3D located directly downstream as seen in Figure 2.7 [32, 33]. The
first section the particles pass through is the quadrupole magnet. The quadrupole mag-
net acts to defocus charged particles in the horizontal direction and focus the charged
particles in the vertical direction. The end result is a horizontal plane of the reaction
products. The dipole magnets create a homogenous magnetic field to bend the particles
and momentum analyze the particles based on their momentum-to-charge ratio through
the mechanisms outlined above. Once momentum is analyzed, the particles are finally
focused on the focal plane upon entering the detector suite.

There are a few considerations taken to optimize the separation of the momentum
analyzed particles, and therefore the energy resolution. The energy resolution can be
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thought of as the ability to resolve two particles of slightly different momentum to charge
ratio. Quantitatively, the resolution p

∆p it is defined as:

p

∆p = DR

MHx0
(2.7)

where R is the nominal radius of curvature, D is the nondimensional dispersion, MH is
the magnification in the median plane, and x0 is the target spot size in the dispersive
plane [32]. The design of the successive dipole magnets allows for a greater degree of
dispersion, which aids the overall energy resolution. Another factor is the effect of kine-
matic broadening. This effect arises when two tritons produced from the population of
the same state appear to have different energies due to a difference in emission angles.
Kinematic broadening is corrected through a multipole element, which creates a simul-
taneous dipole, quadrupole, sextupole, octopule, and decupole field. Overall, the energy
resolution from the Q3D is reported to be ∆E/E = 2× 10−4, which is on par with the
energy resolution of the tandem. A schematic view of the Q3D is shown in Figure 2.7.

To maximize the statistics, the full acceptance angle into the Q3D of 13.9 msr was
used. The tradeoff, however, is the loss of resolving power due to aberrations.

2.1.6 MLL Detector Suite

Once the momentum of the light reaction products has been analyzed, we need to detect
them in order to 1) separate the tritons from other light reaction products such as
deuterons, protons and α particles and 2) determine the positions of the tritons from
the reactions in the target.

This section will cover the detector suite used in the experiment which is composed of
a series of wire proportional counters, a position sensitive cathode strip detector, and a
scintillator. These instruments are all housed in a sealed container filled with isobutane
gas. The combination of these elements is used to fulfill the purposes listed above, and
a schematic diagram of the detector is shown in Figure 2.8 [34].

The operational principle of a wire proportional counter is as follows: as a particle
enters the detector chamber, it deposits energy into the surrounding isobutane gas, which
ionizes it, creating multiple ion electron pairs [35]. An anode wire is present, which is
held at a high positive voltage, along with cathode strip foils on each side of it, held
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Figure 2.8: A vertical cross section (side view) of the detector suite
used at MLL. As beam enters through the kapton foil on the left, it
passes through 1) single wire proportional counter 2) multiwire propor-
tional counter 3) position-sensitive cathode strip detector 4) plastic scin-
tillator. Figure adopted from [34].
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Figure 2.9: Schematic of the function of the cathode strip detector used
at MLL.Figure adopted from [34]

at ground. When the liberated electron is in the presence of the anode wire, it will be
accelerated towards the wire, ionizing additional ions. This multiplicative ionization is
known as an electron avalanche[36]. The charge induced by the positive ions generated
from the electron avalanche is the main contributor behind the signal detected from the
charged particle passing through. A schematic of this process can be seen in Figure 2.9.

A powerful capability of these detectors is that the amount of charge induced is
proportional to the energy deposited by the incident particle. This means that it can be
used as a means of particle identification.

The position-sensitive cathode strip detector operates as follows: 255 electrically
isolated cathode strips that are 3.5 mm in width and separated by 0.5 mm are arranged
to cover 890 mm of the 1800 mm curved focal plane of the Q3D [37]. The particles pass
through the focal plane at an angle of 40◦ − 50◦ which will induce charge in about 6
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strips. The cathode strips closest to the ionization event will have the highest induced
charge, and a ”center-of-mass" calculation can be used to find the position at which the
charged particle passed the focal plane.

Finally, a plastic scintillator is located at the end of the detector setup. These are
generally composed of a scintillating material which is connected to a photomultiplier
or a light guide. As radiation passes through the scintillator, it excites the atoms and
molecules in the material, and light is emitted [35]. This light is picked up by the
photomultiplier tube which turns it into a photoelectric current that is amplified by an
electron multiplier system. Due to its fast timing properties, it acted as part of a trigger
for data acquisition. It also took energy measurements of the light reaction products for
use in particle identification.

When a particle reaches the detector setup after the Q3D, it firsts passes through
the 25 µm thick Kapton foil at the front of the detector housing. As it moves through
the detector, it ionizes the isobutane gas held at a pressure of 500 mbar [34]. It then
passes through the single wire proportional counter, consisting of a cathode foil and
anode wire, depositing an amount of energy ∆E1 which can be detected by the device
as explained above. The gold plated tungsten anode wires in the experiment were all
nominally set to 1300 V, and adjusted as needed by ∼ 50 V during the experiment. The
particle then moves through a cathode foil, a gas filled region, and then another cathode
foil. Both foils of aluminized mylar are of thickness 2.9 µm. It then passes through a
two-wire proportional counter, depositing an amount of energy defined by ∆E in the
same fashion as the previous wire proportional counter. During the experiment, this
detector was also used to center the detector, since both wires should theoretically have
the same amount of charge induced. It then passes through the cathode strip detector
where it induces charge on the nearest strips, giving position data on the particle. After
passing one last cathode strip foil, it reaches the plastic scintillator where the rest of the
energy, E is deposited and detected.

2.1.7 Electronics and DAQ

This section will cover the electronics DAQ associated with the detectors listed above,
most importantly those associated with the position sensitive cathode strip detector.
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Figure 2.10: Schematic of the electronics setup to process the signal
from the detectors. Figure adopted from [37].
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Each cathode strip in the detector suite is given its own preamplifier and pulse shaper.
Events are recorded when they show a multiplicity of 3-7. The multiplicity is defined
by the number of strips that fire in the event. Since the focal plane is offset by 40− 50◦

degrees relative to the Q3D exit [37], a charged particle will come in at an angle not
perpendicular to the focal plane inducing charge in multiple cathode strips as it passes
through. The advantage to this is twofold: firstly, it allows us to generate a coincidence
trigger that will be explained below. Secondly, it improves the resolution of the position
spectrum. If it were only to arrive perpendicularly to the focal plane the resolution of
the position spectrum would be limited to the size of a single cathode strip; however
with multiple strips firing, the final position of the charged particle can be interpolated
from the composite signal .

To carry out this multiplicity determination task, an application specific integrated
circuit (ASIC) is used. When a cathode strip signal above the discriminator threshold
is measured, a logic signal is sent to the ASIC. If the required number of strips are fired
in coincidence, the ASIC will determine that it is indeed a true event. This is used as a
first level of background subtraction.

A second coincidence test between the position signal, the energy-loss signal from
the anode wires, and energy-rest signal from the scintillator is carried out. This test
takes place during the pulse shaping and multiplicity test which takes 2.5 µs to carry
out. This is the second level of background subtraction. A schematic of the DAQ can
be seen in Figure 2.10.

We will now discuss the MARABOU[38] (MBS And Root a Based Online-Offline
Utility) system, the data acquisition and analysis system used at MLL. It consists of
a front end, which is responsible for data readout, event building, and data transport
based on the Multi Branch System (MBS); and a back end, responsible for setup, run
control, histogramming, data analysis, and data storage using the ROOT data analysis
framework[38]. The ROOT back end is used to control the MBS front end, and allows
for online analysis during the experiment. Figure 2.11 shows a schematic for tasks in
the MARABOU system.

On the hardware side, a VME-CAMAC (Versa Module European - Computer Aided
Measurement and Control) interface is used. The purpose of the CAMAC system is to
allow a variety of different modular crate electronics used in the experiment to interface
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Figure 2.11: Marabou task schematic. Figure adopted from [38].

on a common back plane. This then connects to two computers; one which reads the data
and writes to memory, the other processor takes data from the VSB port of the memory
and sends the formatted events to the Linux host. Figure 2.12 shows a schematic of
the hardware configuration as used in the experiment. A schematic of the hardware is
shown in Figure 2.12.

2.2 39K(3He,t)39Ca Experiment at TUNL

This section will describe the 39K(3He,t)39Ca experiment at TUNL. This experiment was
carried out to follow up on the previous study and confirm the existence of the states
discovered. The (3He,t) reaction tends to populate states non-selectively in Jπ, and it
has not been measured in the energy region of interest, so undiscovered states in 39Ca
will hopefully be observed in this work.

2.2.1 TUNL Ion Source

While the purpose of the ion source - to generate negatively charged beam ions - is the
same in both experiments, the methods and tools used are very different. The two major
components used at TUNL are: 1) the duoplasmatron and extractor, and 2) the sodium
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Figure 2.12: MARABOU hardware schematic. Figure adopted from
[38].
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vapor oven. These are analogous to the ECR ionizer and Cesium Vapour jet respectively
that were used in the MLL experiment.

The working principle of the duoplasmatron will be discussed first; a figure of the in-
strument is shown in Figure 2.13. The purpose of this apparatus is to generate positively
charged ions of 3He which will then undergo two electron pickup in the sodium oven.
To that end, the duoplasmatron creates two stages of discharge. The first stage creates
a discharge of electrons via thermionic emission from a hot cathode filament (typically
made of tungsten) set to a positive voltage in region A. The electrons are guided to-
wards the helium gas inlet by a combination of a strong axial magnetic field, and a funnel
shaped intermediate electrode placed between the hot filament cathode and grounded
anode. The intermediate electrode is biased to a voltage that is about half of the fila-
ment cathode voltage. This helps constrict the discharge further along the axis from the
entrance to exit aperture. The electrons then reach the gas inlet where it interacts with
the helium gas and ionizes it, producing the second discharge. As the electrons from the
first stage of discharge deposit the kinetic energy to the helium atoms, they slow down
and migrate across the magnetic field lines. The result is that the plasma in this region
has a positive potential and helps to push the positive helium ions out of the anode
in region B. The intermediate electrode now acts as a cathode and positively charged
helium ions are accelerated towards the grounded anode and enter the extraction region.

The duoplasmatron used in this experiment is described now. The cathode filament is
heated resistively and is biased to a voltage between +30-70 V [40] relative to the anode
electrode which is kept at ground. In addition to the components listed in Figure 2.13,
a soft iron probe takes the place of the intermediate electrode, and is biased to a voltage
of about half of the filaments. The probe is a pencil-shaped containment vessel and is
surrounded by the source head magnet. The anode electrode is held at ground, and is
composed of copper with a molybdenum insert. After the ionized gas passes through the
anode, it in a steel plasma expansion cup and is extracted with an electric field created
by an applied voltage of about -19 kV.

After the beam has formed, it enters the sodium vapor oven[41]. This instrument will
facilitate charge-exchange and convert the positively charged helium ions into negatively
charged ions for the tandem to accelerate. This is accomplished via a two electron pickup
from the sodium vapour. The sodium oven is composed of four elements: heat shield,
heating element, sodium oven and charge exchange canal [40]. The heat shield protects
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Figure 2.13: Duoplasmatron schematic. The cathode filament intro-
duces thermionic electrons into region A. These are accelerated with the
intermediate electrode which acts as an anode, and constrained by an ax-
ial magnetic field provided by the solenoid. The electrons interact with
the incoming Helium atoms from the gas inlet, ionizing them. The now
positively charged Helium ions are accelerated towards the anode plate,
and the intermediate electrode acts as a cathode. They are then ex-
tracted.Figure adopted from [39]
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the instruments exterior to the element from the intense heating. The sodium oven is
surrounded by the heating element, which radiatively heats it with infrared radiation.
There is a hole in the oven which leads to the charge-exchange canal, and this is where
the ions can undergo double electron pickup.

2.2.2 10 MV FN Tandem Accelerator

The tandem uses two pelletron charging chains which are described in the subsec-
tion 2.1.3. Much of the operating principles are similar to that used in the MLL; however
it does not have the liner or TOF system for energy stabilization. It instead is regulated
by a corona needle assembly, which draws current from corona discharge. In ”GVM"
(Generating Volt Meter) setting, the control grid receives the signal from the corona dis-
charge and adjusts based on the error signal which is the difference between the terminal
voltage setpoint and signal from the voltmeter reading the actual terminal voltage. This
was the typical mode used in this experiment.

2.2.3 Enge Split-pole Spectrograph

An Enge Split-pole spectrograph was employed for this experiment. The principle of
this instrument is the same as that of the Q3D; by exploiting the Lorentz force, we can
apply a magnetic field onto the moving charged reaction particles generated from the
beam interacting with the target, which momentum analyzes the particles on a focal
plane. However the difference between the Split-pole and the Q3D lies in the details and
capabilities of each instrument.

The description ”Split-pole" is because there are two separate dipole pieces sur-
rounded by a single coil [42]. A schematic view of the spectrograph is found in Fig-
ure 2.14. The purpose of the split is to provide second-order double focusing over a
larger range of energies. For vertical focusing, the goal is to achieve the highest collect-
ing power in the instrument rather than achieving an exact image of the source. Low
momentum particles are able to converge easily after being focused in the entrance of the
first dipole. High-momentum particles however are not immediately focused by the first
dipole. The split is designed in a way such that high-momentum particles experience
stronger focusing forces moving across the split, where it interacts with the surrounding
coil, which allows for a wider total range on the momentum.
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Figure 2.14: Schematic of the TUNL split-pole spectrograph. Two
dipoles analyze the momentum of the reaction products. Figure adopted
from [43].
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During this experiment the dipoles provide a vertical magnetic field of strength 11.5
- 11.6 kG. This magnetic field strength was chosen to maximize the coverage of astro-
physically interesting energy levels in 39Ca. The solid angle of aperture for maximum
acceptance for the spectrograph is 6.1 msr; however in order to maximize the energy
resolution of the device, the acceptance solid angle was kept at 1-2 msr (depending on
if higher statistics were required).

An advantage of this instrument is the large momentum coverage, and thus the range
of energies able to be detected at a given magnetic field strength. The resolution of each
instrument can also be comparable. We had attempted to measure the 39K(3He,t)39Ca
reaction at MLL in 2019, however a tandem chain had malfunctioned, causing an early
end to our experiment, and only the 15◦ spectrograph angle could be measured. These
data are shown in Figure 2.15, and uses both the same KI target and the same energy
of 3He beam. This comparison of resolution also depends on the focal plane detector,
and sources of energy loss in the detector suite; however it is meant to illustrate that
the split-pole energy resolution is indeed comparable to the Q3D.
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Figure 2.15: Comparing spectrum from Q3D data and Split-pole data. Spectra are both measuring tritons from
the 39K(3He,t)39Ca reaction at 15◦ lab angle.
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2.2.4 Target Evaporation Setup

This section will discuss the target evaporation process used to fabricate the production
targets used in this experiment composed of potassium iodide (KI). Metallic potassium
oxidizes violently, and so a compound is required for stability. Potassium fluoride (KF)
was considered, since a KF target of similar thickness to a KI target would have more
potassium in it due to the mass ratio. Given a target thickness of 100 µg/cm2, a KI
target would have 23.5 µg/cm2 of potassium, while a KF target would have 67.3 µg/cm2

of potassium.

This was ultimately not chosen as the target since the fluorine content introduced
a much larger contaminant background to the triton spectra compared to the iodine
content. Thin natural carbon foils were obtained from Arizona Carbon Foil (ACF)
metals with thickness specifications of approximately 20 ± 2 µg/cm2. Foils were floated
off their glass slide into distilled water. From the water, they were picked up using the
TUNL target frames. As they dried off in atmosphere, care was taken to make sure
water droplets did not collect and rupture the foil.

After drying, they were taken to the evaporator and placed on the substrate holder.
While there are 16 slots, due to the geometry of the evaporation, the middle 8 slots are
optimal for keeping a consistent thickness among all the targets. This is because the
flux of the evaporating particles has a 1/r2 dependence, so by arranging the foils only
on the middle we can mitigate that effect. KI in powder form is loaded into a tantalum
boat which is clamped in place by copper electrodes on either side. A sputter blocker is
put above the boat until the evaporation is ready to begin.

A quartz crystal thickness monitor is also put into one of the substrate holder’s slots.
A quartz crystal is subject to the piezoelectric effect; that is the relationship between
mechanical deformation and voltage applied [44]. If an alternating current is applied
to the crystal, it will induce well quantified oscillations in the quartz crystal. Since the
frequency of oscillation depends partially on the thickness of the crystal, a change in
oscillation frequency can be used to deduce the thickness of the layer built up on the
crystal. This allows us to measure thickness down to the Angstrom range.

A glass bell jar with a rubber o-ring is used to house the setup. To pump out the air
from the enclosure, a roughing pump as well as a diffusion pump are used. A pressure of
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Figure 2.16: Target Evaporation Setup. A) Quartz crystal thickness
monitor, B) Substrate holder, C) Copper electrode, D) Tantalum boat
containing KI. The sputter blocker can be rotated into place from outside
the bell jar. A glass bell jar and rubber o-ring are placed atop the setup
to contain the vacuum.
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8×10−5 Torr is needed to have a clean evaporation, and can take several hours to slowly
evacuate, using the combination of the two pumps.

Once the chamber has been evacuated, the KI is ready to be evaporated. This is done
by passing a current of approximately 62 A through the copper electrode and tantalum
boat. The resistivity of tantalum is high such that resistive heating is induced and the
material inside vaporizes. Once the necessary temperature is reached, the sputter cover
is removed, and the thickness is closely monitored, adjusting the current through the
boat to control the flux. A thickness of 320.5 nm was deposited onto the carbon backing,
corresponding to 100 µg/cm2.

A target of nat. Aluminium (100% 27Al) was used as a calibration target for this
experiment. This target was found in a closet of previously used targets and unfortu-
nately the specifications of the Aluminium thickness and carbon backing thickness is
not known. Work is currently being done to deduce the thickness of the target. This
target was chosen as a calibration target because Specplot simulations show that well
separated triton peaks of known energies appear in our energy range of interest.

2.2.5 TUNL detector suite

Much of the same principles used in the MLL experiment are employed here, such as the
use of wire proportional counters and position sensitive cathode detectors. A schematic
of the detector suite is found in Figure 2.17. The focal plane detector consists of two
position-sensitive avalanche counters, a gas proportionality counter (energy deposition
labelled ∆E), and a residual energy scintillator (energy deposition labelled E). These are
contained within a chassis that is filled with isobutane held at 200 Torr, and separated
from the vacuum of the spectrograph by a 12.7 µm Kapton entrance window [43].

After the particles pass through the entrance window, they encounters the first
position-sensitive avalanche detector. The detector consists of two cathode foils made
of aluminized mylar, and five high voltage anode wires. The cathode foil closest to the
entrance of the detector has been separated into cathode strips via an electroetching
technique [45]. It is essential that the cathode strips are of the same width and are
well electrically isolated from each other. The electroetching technique makes use of an
electric discharge to remove the aluminium coating from the mylar foil to etch borders
between the cathode strips. To etch the lines, the aluminized mylar foil is first stretched
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Figure 2.17: Detector suite used at TUNL. The entire setup is filled
with pressurized isobutane gas. Beamline is labelled in red. Pos 1 repre-
sents the first cathode strip detector, followed by dE, a wire proportional
counter. The beam then passes through Pos 2 (a second cathode strip
detector), and finally E, the scintillator which absorbs the remainder of
the beam particle’s energy. Figure adopted from [43].

61

http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/
http://www.biology.mcmaster.ca/


Doctor of Philosophy– Johnson Liang; McMaster University– Department of Physics
and Astronomy

Figure 2.18: Electroetch system: a) On left: Electroetch setup, where
a stylus is attached to a motor which is programmed to move in regularly
spaced lines. The stylus is also attached to a voltage source and applies
electrical discharge to produce the lines electrically isolating lines. b) on
right: A comparison of the electroetch line’s definition. The first line is
made using a positive voltage, whereas the second is made from using a
negative voltage. A cleaner line is seen using a negative voltage. Figure
adopted from [45].

out on a frame to eliminate shifts in cathode positions that would have been introduced
in stretching an etched foil. A tungsten tipped stylus is attached to a copper assembly
as pictured in Figure 2.18a. The stylus is held at a voltage of -15 V, since interestingly,
the negative voltage gives a better edge definition when etching as seen in Figure 2.18b.
Each strip is 2.54 mm wide with each etched line being 0.03-mm wide. The mylar
strips themselves were 0.3 µm thick single-sided aluminized mylar. As a particle passes
through the position detector, the same ionization and electron avalanche as described
earlier occurs.

The induced charge on the cathode strips are then transferred to a set of delay line
chips. The principle of operation is as follows: The charge is collected on the cathode
strip on a point on the length of the focal plane. The charge is then sent out in both
directions of the length of the focal plane on a set of ”taps"[43]. These taps induce a 5
ns delay, and by looking at the arrival time of each signal, the location of the induced
charge can be deduced. The delay line consists of 20 delay chips with 10 taps per chip.
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The total delay across the line is 1 µs. The uncertainty in the delay per tap is 1.5 ns,
which is quite high. This can result in non-linearity in the delay to position conversion
[46].

The gas proportionality counter consists of a 12.7 µm diameter anode wire held at
1000 V, and two grounded cathode plane foils. The front cathode plane is simply the
other side of the first position detector. These function in the same way as the wire
proportional counter as described in the MLL detector suite section subsection 2.1.6.

A scintillator is located at the end of the detector to obtain the residual energy
deposited. The scintillator paddle used here is a Saint-Gobain BC-404 organic plastic
scintillator [43]. The operating principle of this device is the same as the scintillator
used in the MLL detector suite, see subsection 2.1.6 . To maximize the amount of
light collected along the scintillator, a wrapping of Tyvek and Aluminum foil has been
employed. While Tyvek wrapping has been demonstrated to produce a higher light
output compared to aluminum, the former is not able to withstand the pressurised
environment of the detector, so aluminum foil was chosen to create a sealing surface.

Conventionally a light guide is used to transfer the light produced from the scintil-
lator; however, light guides can add significant weight and length to the detector. The
design choice in this detector is instead to employ optical fibers to gather the light to a
Photomultiplier tube. The fibers are 1-mm diameter Bicron BCF-91A which also shifts
the wavelength of the scintillated light (380-495 nm) from the BC-404 to the green spec-
trum (490-570 nm). Eight 1-mm deep grooves spaced 5 mm apart were machined onto
the scintillator and the fibers were placed and secured into the groove using BC-600
optical cement. The spacing used had been shown to maximize the light collection on
the scintillator.

The dynode signal from the PMT provides precise timing information, and acts as a
trigger to generate an event count. A count from the E detector triggers a gate for the
DAQ to begin taking data for a 10 µs interval.

GEANT4 [47] simulations were done by Ref. [43] to estimate the energy resolution
with the Full Width at Half Maximum (FWHM). As a charged particle travels through a
detector it scatters on elements that are on the trajectory of the particle. This ultimately
degrades the detector resolution, and increases the FWHM. This is shown in Figure 2.20
The elements that could cause scattering include: the Kapton window, curved to simulate

63

http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/
http://www.biology.mcmaster.ca/


Doctor of Philosophy– Johnson Liang; McMaster University– Department of Physics
and Astronomy

Figure 2.19: a) Front of the cathode strip detector as a result of the
electroetch process. b) Figure adopted from [43]. Schematic of delay chips
used to deliver position information from the cathode strip detector.
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Figure 2.20: GEANT 4 position simulations from Ref. [43] for a range of
proton incident energies. Each histogram is a simulated position spectrum
with a focal plane at 0 mm for a range of energies 1-12 MeV. Of note is
the lack of spectrum for the 1 MeV proton. Peak broadening occurs due
to scattering from detector elements, such as the Kapton window, Mylar
foil and isobutane gas. The scattering is exacerbated at lower energies as
seen in the larger FWHM of the peak. Figure adopted from [43]

the bending from the pressure differential during operation, the isobutane gas, and all
cathode foils. A test simulation was used to test which scattering element would have
the largest impact on the FWHM. In this simulation, a beam of 7-MeV α particles
impinged the front face of the detector at an angle of 43.5◦(9.5◦). The simulation showed
that when all elements were in place, a FWHM resolution of 0.48(2) mm was seen.
To test the contribution of each element, each individual element was removed to see
the effect on the FWHM. Removing Mylar foils and isobutane gas did not affect the
FWHM within statistical fluctuations; however when the Kapton foil was removed the
FWHM became 0.06(2) mm. The Kapton window is therefore responsible for limiting
the detector resolution, however, there must be an interface to separate the vacuum of
the spectrometer and the pressurized environment of the detector, so the Kapton window
cannot be removed.

The kinematic broadening effect is introduced when there is a dependence between
the focal plane image and the entrance angle. This can be solved by displacing the
detector in the direction of the beam.
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Chapter 3

Data analysis and Results

3.1 Data Analysis

The following section will discuss the data analysis method used in each experiment.
The major sections are: particle identification, peak fitting, and the calibration process
to determine the energies.

3.1.1 Particle Identification

After coming out of the spectrograph, many different light reaction products will be
present. These are typically α particles, tritons, deuterons or protons. Since we only
want to see the events that produce tritons, we need a way to separate them from the
other light reaction products. This section will discuss the Particle Identification (PID)
technique used in the experiment. PID is carried out using the energy deposited in the
wire proportional counter (∆E1), multiwire proportional counter (∆E), and the plastic
scintillator (E). As a light charged particle produced from the nuclear reaction passes
through the isobutane gas it interacts with the gas primarily through Coulomb forces
with the electrons of the gas. When the particle passes, it will interact simultaneously
with several of these electrons, imparting an impulse to each of the electrons. This can
result in excitation or ionization. The latter is what allows the detection of the particle
in the two wire proportional counters. When the gas is ionized in this way, it comes at
the expense of energy in the charged particle. The amount of energy that is deposited
into the gas (and thus the magnitude of ionization events) is then proportional to the
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stopping power of the particle through the gas. The linear stopping power is given by
[36]:

S = −dE
dx

(3.1)

As the speed of the charged particle decreases, the stopping power, S, increases. The
formula that describes this is known as the Bethe formula[48]:

dE

dx
= 4πe4Z2

m0v2 NB (3.2)

where

B = z

[
ln

2m0v
2

I
− ln

(
1− v2

c2

)
− v2

c2

]
(3.3)

and Ze is the charge of the particle, m0 is the mass of the electron, v is the velocity of
the charged particle, N is the number density of the absorber atoms, z is the atomic
number of the absorber atoms, and c is the speed of light. In non-relativistic conditions,
the variable B varies slowly with v, so dE/dx varies as 1/v2. This makes sense since a
charged particle with lower velocity (and hence kinetic energy) has more time to impart
the impulse and interact with the electric field of the electrons. Figure 3.1 shows the
hyperbolic relationship between dE/dx vs E.

This relationship can be used to distinguish individual nuclides in the cocktail of
light reaction products from each other. Since the properties of the absorber atoms will
remain the same, we can look at the variables unique to the charged particle:

dE

dx
∝ Z2

v2 (3.4)

If we substitute the kinetic energy of the moving charged particle, E = 1
2Mv2, then

this proportionality becomes:

dE

dx
∝MZ2 1

E
(3.5)
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Figure 3.1: Energy loss curve taken from Ref. [35]. Variation of energy
loss in air versus the kinetic energy of the charged particle.
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Thus the energy loss from the moving charged particle into ionization of isobutane
gas can be characterized by the mass times the charge squared. This is a product that
is unique to each species of particle in the cocktail of light reaction products.

A particle that deposits more energy in the wire proportional counter will cause more
electron ionization events, thus creating more ion pairs. This in turn will induce a larger
current in the wire proportional counter, which will allow us to differentiate between each
species of particle. If energy losses from the wire proportional counter and scintillator
are plotted against each other (∆E vs E), then each species of particle forms a locus of
points as seen in Figure 3.2.

Tritons of interest can be selected with a ”gate" in analysis software, which will allow
only particles that have a unique energy profile to be analyzed. This particular gate
is called the ”proton" gate due to its resemblance to a canonically spherical proton. It
should be noted that the shape of these loci are due to the momentum analysis of the
Q3D. Since the Q3D only allows particles in a certain range of momenta to pass through,
Thus, since the reaction products are not in a continuous energy range, the result is that
the particle groups appear as circular blobs. An additional gate can also be drawn using
the energy deposited in each of the the wire proportional counters ∆E vs. ∆E1. Using
the same principles as previously, we can draw a ”banane" gate due to its resemblance
to a (German) banana. This is seen in Figure 3.3. A plot ∆E vs E was used to select
tritons from the TUNL 39K(3He,t) reaction. This plot is shown in Figure 3.4 with tritons
highlighted in red.

It should be noted that these tritons are from all nuclear reactions in the target
in addition to the calcium. This includes the isotopically pure 12C backing, fluorine,
and any elements that could have collected via oxidation. This will be apparent in the
position spectrum that we obtain in the coming sections.

3.1.2 Peak analysis

The increased cross section resulting from forming a resonant state manifests as local
peaks of increased count on specific positions in the triton position histogram. The-
oretically, these peaks should take the form of the Breit-Wigner distribution, but due
to contributions from random error, these distributions more closely resemble Gaussian
distributions.
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Figure 3.2: PID plot of MLL data at 20◦ spectrograph angle, units
of axes arbitrary. Top: The various species of light reaction products
pass through the wire proportional counter and end in the scintillator,
depositing energy according to Equation 3.5. When plotting the energy
loss through these detectors (∆E and E for wire proportional and scin-
tillator respectively) each unique particle species forms a locus of points.
The particle group to the circled in red are tritons. Bottom: A gate is
set on the tritons so that only events that fall within the red circle in the
above figure are used in the position spectrum.
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Figure 3.3: PID plot of MLL data at 20◦ spectrograph angle, units of
axes are arbitrary. Top: Various species of light reaction products also
pass through a multiwire proportional counter giving an signal labelled
∆E1. By plotting the energy loss from the wire proportional counter
(∆E) against the the multiwire proportional counter (∆E1), each particle
species forms a locus of points. Bottom: The particle group of tritons
can be gated on. Only events with those energies are used in position
spectrum.
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Further, in the peaks from the MLL data, there is an asymmetry with the Gaussian
distribution, namely that there is straggling at the lower triton energies within a given
peak. This asymmetry can be seen in Figure 3.5. Recalling that charged particles
of higher energy will lose less energy when moving through a medium, higher energy
particles that move within the CaF2 target will be subject to less energy loss than their
lower energy counterparts within a single peak. This results in a low energy tail. The
function that fit the peaks well is a Gaussian function modified by an exponential. This
is given by:

f(x) = Ce−
1
2 (x−µ

σ )2
×

e
λ(x−µ), for x < µ

1, for x ≥ µ
(3.6)

where the expression to the left of the curly brace is the typical Gaussian distribution,
with channel number x, mean µ, width σ, and intensity C. The latter three variables
are fitted to the data in order to minimize χ2. On the right of the curly braces is the
exponential modification that is applied asymmetrically about the mean, with a variable
λ which is fitted to the data. Figure 3.5 shows a comparison of this asymmetric Gaussian
fit vs. a conventional Gaussian fit for a triton peak in the 32S target. Most importantly,
it shifts the centroid to a more accurate position in the peak.

Lastly, in the MLL data there was a large background that could not be satisfactorily
described with a global polynomial function. Thus, a linear background was applied
under the peak of interest when fitting, sampling only the region of interest near the
peak.

To fit the data for the MLL experiment we used a conventional χ2 minimization
procedure. These seek to minimize the χ2 test of goodness of fit defined by:

χ2 =
nbins∑
i=1

(
yi − f(x; a0...ak)

σi

)2
(3.7)

where the ak are the adjustable parameters for the fit function f(x; a0, , , ak), yi is the
measured value for the ith bin, and σi is the uncertainty of the measured value for the
ith bin.

73

http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/
http://www.biology.mcmaster.ca/


Doctor of Philosophy– Johnson Liang; McMaster University– Department of Physics
and Astronomy

Figure 3.5: Triton spectrum of the 32S(d,t)31S reaction from MLL ex-
periment. Fit function is an asymmetric Gaussian fit in red vs. symmetric
Gaussian fit in dotted green. The former is a more accurate fit that ac-
counts for the low energy triton tail.
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A ROOT [49] macro was created in order to fit n peaks that are overlapping. The
same χ2 condition was applied for the fitting; however, a sum of n exponentially modified
Gaussian functions was used as the descriptive function instead.

For the TUNL data, a different approach was taken. The peaks were fitted instead
with the quadratic approximation, a Markov Chain Monte Carlo (MCMC) algorithm,
using the R programming language developed by Refs. [43, 50]. Initial guesses were
provided by the user on the parameters of the Gaussian function (mean, intensity, back-
ground, and area of interest), and a normal distribution is created for each variable with
mean equal to the guess, and width of ten channels. The normal distributions are then
sampled in order to create n Gaussians. These are then used to create a probability
distribution function (PDF) of each variable, each which converges on a target distri-
bution. These target distributions are well approximated as normal distributions, and
each centroid yields the value of each respective variable. An example of the final fit is
shown in Figure 3.6

3.1.3 Energy calibration

We have identified the positions of the centroids for the Gaussians in the triton po-
sition spectra produced by targets - calibration and production - in the experiments
performed. Since the positions of increased cross sections represent reactions occurring
at the resonance energy (via momentum sorting in the spectrograph), the energy related
to that position needs to be known. The peaks of the calibration spectrum are what
will be used to convert the position axis of the spectrum into a value of triton energy.
Candidates for calibration targets were chosen based on whether the triton producing
reaction could produce well separated and previously precisely measured states in the
residual nucleus. The properties of the calibration targets used in each experiment are
explained in previous sections (subsection 2.1.4 and subsection 2.2.4).

The calibration was done using a Markov Chain Monte Carlo (MCMC) algorithm
[51]:

• First, we take one of the observed centroids obtained from the fitted Gaussians in
a given triton spectrum and create a normal distribution N (xobs, σ) where µ is the
mean of the normal distribution and σ is the standard deviation. We repeat this
for all data points used in the calibration.
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• Next, we define a polynomial of degree N that relates magnetic rigidity to the
observed centroids, ρ = θ0x

0
i +θ1x

1
i ...θNx

N
i , where xi is the observed centroid, and

θN are coefficients to be fitted. This is defined as the kinematic equation; for this
work, a 3rd degree polynomial was used.

• Random samples from the normal distributions produced in the first step are then
used to solve the kinematic equation, This produces one set of values for the coeffi-
cients. This is repeated 50000 times and the values of the coefficients are plotted in
a histogram, yielding a probability distribution function for each coefficient. The
form of these PDFs are well described by normal distributions as well, and the
mean values determined give the value of each respective coefficient.

From this process, the magnetic rigidity, and thus the energy of the tritons from that
peak can be determined. Runs using the calibration target and background target were
taken before and after a series of runs with the production target. This was done to
monitor the energy drift of the beam by observing if the positions of peaks shifted before
and after the run.

From the TUNL experiment, the triton position spectra from the 27Al(3He,t)27Si
calibration reaction are shown in Figure 3.7-Figure 3.12. This is followed by the triton
position spectra from the 39K(3He,t)39Ca production reaction in Figure 3.14-Figure 3.19.

From the MLL experiment, the triton position spectra from the 32S(d,t)31S calibration
reaction are shown in Figure 3.20 - Figure 3.23. The triton position spectra of the
40Ca(d,t)39Ca reaction are shown in Figure 3.24-Figure 3.27.

This is followed by the compiled energies from the TUNL experiment in Table 3.1,
the compiled energies from the MLL experiment in Table 3.2. Finally the results from
the experiments of this work are compared against the results from Setoodehnia et al.
[23], and Hall et al. [22] in Table 3.4, and their weighted averages are taken.
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Figure 3.7: TUNL triton spectra for 27Al(3He,t)27Si at spectrograph
angles between 5-15 degrees. Energy listed in MeV. Red denotes a peak
used in the calibration.
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Figure 3.8: TUNL triton spectra for 27Al(3He,t)27Si at spectrograph
angles between 20-25 degrees. Energy listed in MeV. Red denotes a peak
used in the calibration.
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Figure 3.9: TUNL triton spectra for 27Al(3He,t)27Si at spectrograph
angles between 5-15 degrees. Energy listed in MeV. Red denotes a peak
used in the calibration.
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Figure 3.10: TUNL triton spectra for 27Al(3He,t)27Si at spectrograph
angles between 20-25 degrees. Energy listed in MeV. Red denotes a peak
used in the calibration.
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Figure 3.11: TUNL triton spectra for 27Al(3He,t)27Si at spectrograph
angles between 5-15 degrees. Energy listed in MeV. Red denotes a peak
used in the calibration.
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Figure 3.12: TUNL triton spectra for 27Al(3He,t)27Si at spectrograph
angles between 20-25 degrees. Energy listed in MeV. Red denotes a peak
used in the calibration.
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SpecPlot

SpecPlot is a code developed by staff at TUNL in the R language to simulate the
positions of tritons on the focal plane after passing through the spectrograph. The
code takes in the parameters of the experiment such as the magnetic field, beam energy,
and reaction, and it is able to calculate the bending radius of a reaction product that
is sorted through the spectrograph. Then, using the known excitation energies of the
residual nucleus, it is able to plot where resonance peaks would occur on the focal plane.
For our data, the tritons from different excited states are shown in Figure 3.13 where the
SpecPlot simulation result of the 27Al(3He,t)27Si calibration reaction at 20◦ is overlaid
on the respective triton spectrum. Once several peaks are matched to states in 27Si, a
polynomial fit can be made to convert the triton position spectrum to a triton energy
spectrum. This polynomial fit can then be used to deduce the energies of tritons in the
production target, and thus the energies of the residual nucleus that are being populated
in the resonance.

Figure 3.13: Overlay of SpecPlot predicted positions of triton peaks
at 20◦ spectrograph angle for the 27Al(3He,t)27Si reaction on the actual
data from the experiment carried out at TUNL. The number displayed is
the state of 27Si that the triton peak corresponds to. By predicting the
locations of peaks with Specplot, the position channel can be mapped to
triton kinetic energy.
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Figure 3.14: TUNL triton spectra for 39K(3He,t)39Ca at spectrograph
angles between 5-15 degrees. Energy listed in MeV
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Figure 3.15: TUNL triton spectra for 39K(3He,t)39Ca at spectrograph
angles between 20-25 degrees. Energy listed in MeV
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Figure 3.16: TUNL triton spectra for 39K(3He,t)39Ca at spectrograph
angles between 5-15 degrees. Energy listed in MeV
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Figure 3.17: TUNL triton spectra for 39K(3He,t)39Ca at spectrograph
angles between 20-25 degrees. Energy listed in MeV
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Figure 3.18: TUNL triton spectra for 39K(3He,t)39Ca at spectrograph
angles between 5-15 degrees. Energy listed in MeV
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Figure 3.19: TUNL triton spectra for 39K(3He,t)39Ca at spectrograph
angles between 20-25 degrees. Energy listed in MeV
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Table 3.1: Compilation of experimental data for 39Ca energies (in MeV)
in the 39K(3He,t)39Ca reaction (Figure 3.14-Figure 3.19). Statistical un-
certainties are shown, systematic uncertainty added in quadrature when
determining the weighted average (WA) in final column.

5◦Ex
(keV)

10◦Ex
(keV)

15◦Ex
(keV)

20◦Ex
(keV)

25◦Ex
(keV)

WA Ex

(keV)

6.586(5) 6.579(2) 6.589(4) 6.592(4) 6.593(3) 6.587(3)
6.556(8) 6.546(5) 6.557(4) 6.557(4) 6.560(3) 6.556(3)
6.504(3) 6.500 (3) 6.513(5) 6.510(7) 6.515(3) 6.507(3)
6.478(5) 6.477(7) 6.497(7) 6.483(6)
6.433(4) 6.432(3)

6.441(4) 6.444(3) 6.449(3) 6.445(3)
6.422(3)

6.403(3) 6.404(2) 6.409(3) 6.415(3) 6.406(2) 6.407(3)
6.390(5) 6.389(2) 6.390(3) 6.396(4)

6.371(3)
6.356(5) 6.353(3) 6.355(4) 6.354(2)

6.300(5) 6.292(3) 6.301(2) 6.298(4)
6.271(2) 6.277(2) 6.273(3) 6.263(5) 6.273(5) 6.273(3)

6.250(3)
6.204(4) 6.208(4) 6.203(13) 6.204(3) 6.204(3)
6.166(3) 6.175(3) 6.187(8)

6.158(3) 6.151(2) 6.155(2) 6.163(2) 6.170(2) 6.160(3)
6.146(2)
6.091(2) 6.090(3) 6.093(2) 6.097(2) 6.096(2) 6.094(2)

6.033(2) 6.040(5) 6.038(2) 6.036(2)
6.022(4) 6.015(3) 6.014(3) 6.026(3) 6.023(2) 6.020(3)
5.998(3) 5.996(5)
5.876(2) 5.869(7) 5.879(2) 5.890(2) 5.887(1) 5.883(3)
5.847(2) 5.849(4) 5.855(2) 5.861(2) 5.860(2) 5.844(3)

5.820(3) 5.817(2) 5.812(1) 5.815(3)
5.805(1) 5.801(2) 5.804(2) 5.804(3)

5.740(7) 5.740(2) 5.747(3) 5.743(4)
5.720(1) 5.720(2) 5.724(2) 5.703(2) 5.735(2) 5.720(5)
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Table 3.1: Compilation of experimental data for 39Ca energies (in MeV)
in the 39K(3He,t)39Ca reaction (Figure 3.14-Figure 3.19). Statistical un-
certainties are shown, systematic uncertainty added in quadrature when
determining the weighted average (WA) in final column.

5◦Ex
(keV)

10◦Ex
(keV)

15◦Ex
(keV)

20◦Ex
(keV)

25◦Ex
(keV)

WA Ex

(keV)

5.687(2) 5.684(2) 5.670(3) 5.682(5)
5.589(3) 5.574(3)

5.546(2) 5.547(1)
5.533(1) 5.532(1) 5.535(2) 5.531(3) 5.533(2)
5.521(1) 5.520(4) 5.523(2) 5.521(3)
5.482(1) 5.489(2) 5.487(1) 5.495(2) 5.499(1) 5.490(3)
5.447(6) 5.446(6) 5.456(2) 5.452(3)
5.399(1) 5.407(1) 5.404(1) 5.415(1) 5.416(1) 5.408(3)
5.362(1) 5.373(5) 5.368(2) 5.376(2) 5.375(2) 5.370(3)
5.320(1) 5.318(2) 5.321(2) 5.335(3) 5.326(2) 5.323(3)

5.245(3)
5.229(3) 5.239(2) 5.229(3) 5.233(4)

5.208(4)
5.157(3) 5.153(2) 5.168(2) 5.165(1) 5.161(3)

5.133(2) 5.137(1) 5.130(1) 5.142(1) 5.143(1) 5.137(3)
5.114(1)
5.069(1) 5.082(1) 5.076(1) 5.083(2) 5.088(1) 5.079(3)
5.051(4)

5.005(3)
4.919(1) 4.935(2) 4.926(1) 4.934(1) 4.930(1) 4.928(3)

4.898(3) 4.789(2)
4.762(2)

4.580(3)
4.489(1) 4.502(2) 4.494(1) 4.498(2) 4.500(1) 4.496(2)

4.363(2) 4.348(1) 4.357(1) 4.356(1) 4.355(3)
4.025(2) 4.032(2) 4.026(2) 4.035(2) 4.027(2) 4.029(2)

4.045(4)
3.965(8) 3.965(2) 3.961(2) 3.966(2) 3.965(2) 3.964(2)
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Table 3.1: Compilation of experimental data for 39Ca energies (in MeV)
in the 39K(3He,t)39Ca reaction (Figure 3.14-Figure 3.19). Statistical un-
certainties are shown, systematic uncertainty added in quadrature when
determining the weighted average (WA) in final column.

5◦Ex
(keV)

10◦Ex
(keV)

15◦Ex
(keV)

20◦Ex
(keV)

25◦Ex
(keV)

WA Ex

(keV)

3.947(3) 3.949(3) 3.948(2) 3.942(4) 3.948(4) 3.947(3)
3.893(4) 3.903(3) 3.897(2) 3.905(2) 3.902(2) 3.901(2)
3.824(2) 3.829(2) 3.825(2) 3.833(2) 3.830(2) 3.828(2)
3.727(2) 3.761(2)

3.705(4)
3.637(3) 3.643(4) 3.641(3) 3.644(3) 3.649(2) 3.643(3)
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Table 3.2: Excitation energies of 39Ca (in MeV) determined from triton
spectra from the 40Ca(d,t)39Ca reaction, statistical uncertainties shown.
Weighted average (WA) shown in final column with systematic uncertain-
ties added in quadrature to statistical uncertainties of each peak.

15◦Ex (keV) 20◦Ex (keV) 25◦Ex (keV) 30◦Ex (keV) WA Ex (keV)
6.511(4)

6.471 (5) 6.475(2) 6.474(2) 6.475(3) 6.474(1)
6.446(5) 6.445(2) 6.446(2) 6.446(1)
6.413(2) 6.413(1) 6.411(1) 6.412(1) 6.4120(6)
6.302(1) 6.299(1) 6.302(2) 6.301(1)
6.162(2) 6.1613(7) 6.162(3) 6.1595(6) 6.1604(6)

6.098(1)
6.090(1)
6.015(3)

3.2 Results and Discussion

The uncertainty in the energy for the MLL data is determined through the following
process: The statistical uncertainty comes from the error associated with the χ2 min-
imization fit. The systematic uncertainty results from a discrepancy in the evaluated
energies in 31S produced by the 32S target. These discrepancies emerge from conflicting
evaluated data sets that were averaged in ENSDF [21][17] and span ≈ 4 keV. A previous
treatment by Fry et. al.[52] shifted the energy down 2 keV (the value that would be be-
tween the discrepant measurements) and attached a 2 keV uncertainty when calibrating
with 31S states.

The uncertainty in the TUNL data is determined through the following process: The
uncertainty of the MCMC sampling is combined in quadrature with the experimental
error when determining the channel number in the triton peak centroid. This error is
propagated through Monte Carlo sampling through the reaction kinematic equations [43].
The energy values from this sampling is well approximated with a normal distribution,
and the standard deviation is the uncertainty.

The sources of systematic uncertainties in the TUNL data are: 1) ±10% thickness on
the evaporated KI and Al targets [23], which affects the energy of the outgoing triton by
up to 1.2 keV, 2) uncertainties in the Q value of the reactions taking place with the 39K
and 27Al nuclei, which are 0.1 and 0.6 keV respectively, and 3) uncertainty in the beam
energy, as the terminal voltage varied up to 0.002 MV during the runs at a given angle.
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For a 3He beam, this amounts to an error of ±6 keV. Adding these uncertainties in
quadrature yields a total systematic uncertainty of 6.2 keV for each individual peak, the
dominant uncertainty being from the drifting terminal voltage. Statistical uncertainties
for each peak were on the order of 2-4 keV, yielding a total uncertainty of 6-7 keV when
added in quadrature.

In the calibration process for each experiment, attention was paid to ensure there were
no outliers affecting the polynomial fit. Figure 3.28 shows the experimentally measured
points with blue points, and the calculated fit in the solid black line. The reduced χ2 of
these fits are typically between 2-3. Measured calibration points that were outliers were
excluded from the fit as they may have been contaminants or mislabeled peaks.

The weighted average of peak measurements at each angle was taken to obtain a final
value. These final values typically had uncertainty of approximately 2-5 keV. During the
weighted average, the reduced χ2 of the energy values were observed to be below the
critical χ2 needed for a 95% confidence level. A weighted average was only taken when
three or more consistent measurements were found at various angles.

When comparing the resonance levels obtained in these works to ENSDF compiled
data for 39Ca [17], we notice that our work is systematically higher than the ENSDF
averages. This can be attributed to more precise recent measurements of the masses of
39Ca which ultimately affects the Q-value used during the deduction of each energy level
measured. In the most recent Atomic Mass Evaluation conducted in 2016 (AME2016)
[53], the mass excess of 39Ca was reported as -27282.702 (596) keV. The mass excess
found in the AME2003 [54] was -27274.4(1.9) keV showing that there is an approximately
8.3 keV difference in these masses. The effect of using the newer, ”lighter" mass is
that the Q-values of reactions producing 39Ca are larger, and the deduced energies are
systematically higher than the older compiled values from the previous measurements
of 39Ca resonances. Additionally, when the older AME2003 is used in the analysis we
find that the deduced energies fall within 1 σ of the previous literature values, which is
tabulated in Table 3.3.
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Figure 3.28: TUNL calibration data obtained from the 27Al(3He,t)27Si
reaction. The above plot compares the polynomial calibration fit in solid
black line to the measured points in blue dots, with channel number on the
x-axis and the radius of curvature, ρ, on the y-axis. Through the residual
plot on the bottom panel, we can see that no outlier would strongly shift
the polynomial fit and that there is no significant systematic error at
work.

Table 3.3: Energy values from MLL experiment analyzed with
AME2003 data compared to current ENSDF values for energy levels in
39Ca. Weighted average of MLL data shown.

Ex MeV (MLL + AME2003) Ex MeV (ENSDF) [17]
6.4592(6) 6.451(2)
6.431(2) 6.432(2)
6.4003(4) 6.405(10)
6.289(1) 6.286(10)
6.1507(1) 6.157(10)
6.0869(5) 6.094(10)
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Table 3.4: Comparison of experimental data for 39Ca energies (in MeV)
to other literature values. Values listed are weighted averages of different
angles. Values with asterisk are new states discovered in this work. Values
in red are new states discovered in the Gamow window, Ex ≈ 6.0 − 6.5
MeV

This work
MLL data

This work
TUNL data

ENSDF
(2018)

Setoodehnia
et al. [23]
(2019)

Hall et al.
[22] (2020)

Weighted
average

6.587(3) 6.580(10) 6.579(7) 6.5911(66) 6.586(3)
6.556(3)* 6.556(3)
6.507(3) 6.514(10) 6.5092(27) 6.508(2)

6.474(1) 6.483(6) 6.460(10) 6.4722(20) 6.4714(19) 6.4733(10)
6.446(1)* 6.445(3)* 6.451(2) 6.447(1)

6.4243(18) 6.4243(18)
6.412(6) 6.407(3) 6.405(10) 6.4075(14) 6.408(1)

6.354(2)* 6.345(2)
6.301(1) 6.298(4) 6.286(10) 6.301(1)

6.273(3)* 6.2693(22) 6.271(2)
6.204(3)* 6.204(3)

6.1741(12) 6.1741(12)
6.1604(6) 6.160(3) 6.157(10) 6.154(5) 6.1567(16) 6.1599(7)

6.094(2) 6.094(10) 6.083(7) 6.0937(19) 6.093(1)
6.036(2)* 6.036(2)
6.020(3) 6.008(10) 6.001(4) 6.013(6)
5.883(3)* 5.883(3)
5.844(3) 5.851(10) 5.849(3) 5.8499(19) 5.848(1)
5.815(3)* 5.815(3)
5.804(3) 5.786(10) 5.7861(24) 5.793(6)
5.743(4) 5.738(3) 5.7358(36) 5.739(2)
5.720(5) 5.720(10) 5.720(5)
5.682(5) 5.673(10) 5.668(3) 5.6829(18) 5.679(4)
5.533(2)* 5.533(2)
5.521(3)* 5.521(3)
5.490(3) 5.486(10) 5.4834(14) 5.485(2)
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Table 3.4: Comparison of experimental data for 39Ca energies (in MeV)
to other literature values. Values listed are weighted averages of different
angles. Values with asterisk are new states discovered in this work. Values
in red are new states discovered in the Gamow window, Ex ≈ 6.0 − 6.5
MeV

This work
MLL data

This work
TUNL data

ENSDF
(2018)

Setoodehnia
et al. [23]
(2019)

Hall et al.
[22] (2020)

Weighted
average

5.452(3)* 5.452(3)
5.408(3) 5.400(10) 5.405(3) 5.3960(14) 5.399(3)
5.370(3) 5.364(10) 5.3632(16) 5.365(2)
5.323(3)* 5.323(3)
5.233(4) 5.223(4) 5.2260(22) 5.227(2)
5.161(3) 5.151(2) 5.151(2) 5.1539(24) 5.153(2)
5.137(3) 5.129(10) 5.1253(24) 5.130(4)
5.079(3) 5.070(10) 5.076(4) 5.0705(15) 5.073(2)
4.928(3) 4.929(10) 4.9244(24) 4.926(2)
4.496(2) 4.488(10) 4.493(2) 4.494(1)
4.355(3) 4.332(10) 4.339(3) 4.3403(7) 4.341(2)
4.029(2) 4.0207(17) 4.0207(17) 4.0170(7) 4.019(2)
3.964(2) 3.9518(8)
3.947(3) 3.9499(7) 3.9498(7)

3.9357(7) 3.9362(22) 3.9375(8) 3.9365(6)
3.901(2) 3.8911(9) 3.8901(5)
3.828(2) 3.8236(15) 3.8217(17) 3.8203(10) 3.822(2)
3.643(3) 3.6396(8) 3.6396(8) 3.6386(6) 3.6392(4)

The values found in both works in this thesis fall within 2-3 σ of contemporary
measurements by Setoodenhia et al. [23] and Hall et al. [22].

Of note is the existence of the 6.446(1) MeV state in the MLL data, corresponding to
the 6.445(3) MeV state observed in the TUNL data. This corresponds within 2 σ to the
state observed in the DRAGON measurement of 6.450+0.002

−0.001(stat.) ± 0.001(sys.) MeV,
as opposed to the 6.474(1)/6.483(6) MeV state observed in the MLL and TUNL data
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respectively. This is further supported by the following observation in the DRAGON
experiment: Given a 38K beam energy meant to populate the 6.460(10) MeV state,
the reactions had occurred downstream of the center of the gas target, denoting that
the resonance strength found must be of a lower energy state than 6.460 MeV. In the
analysis of this state, a maximum likelihood method was used to ascertain the energy
and resonance strength of 6.450+0.002

−0.001(stat.) ± 0.001(sys.) MeV. A simulated bismuth
germanate detector (BGO) hit pattern using these values is shown in Figure 1.9 as a
black solid line. This resonance strength was obtained independently of the the spin and
parity.

In the data obtained in Setoodehnia et al. [23], a potentially astrophysically impor-
tant state with spin parity 5/2− was found at an energy of Ex = 6.4722(20) MeV using
the Distorted Wave Born Approximation (DWBA) code FRESCO [55] to determine the
spin and parity through the angular distribution of this state. In addition to this, a
γ-ray measurement performed by Hall et al. [22] had also found a state of similar energy
at Ex = 6.4714(19) MeV. In our work, we have found an excited state that agrees with
these contemporary measurements in the MLL data with Ex = 6.474(1) MeV, and in the
TUNL data with Ex = 6.483(6) MeV, In the case that the DRAGON measurement did
not measure this astrophysically important 5/2+ state at approximately 6.4734(20) MeV
(weighted average of the measurements by [23], [22], and this work), then there could
be a significantly higher proton capture rate than what was concluded in the DRAGON
direct measurement. Further, the new states found in Table 3.4 will contribute to the
overall proton capture rate, but the extent of this contribution is not known until angular
distribution work is done.

Several new states were also found and were observed in multiple angles, many
of which fall within the Gamow window. Future work will include determining the
spin/parity of the found states, using the code FRESCO. At this time, shell model cal-
culations can be done for low lying states or the ground state, but do not reach the
excitation energies of proton unbound states (A. Brown, Priv. Communication). There
could be future work in this regard.
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Chapter 4

Summary and Conclusions

The properties of 39Ca plays a large role in the 38K(p,γ)39Ca reaction rate; a key reaction
that affects the final abundances of endpoint nuclides synthesized during classical novae
as identified by the sensitivity study of Ref. [1]. The uncertainty in this reaction rate can
alter the final abundances of endpoint nuclides: Ar, Ca, and K by up to two orders of
magnitude. In temperature ranges specific to classical novae, the 38K(p,γ)39Ca reaction
rate is dominated by ` = 0 transfer reactions within the Gamow window.

Prior to the direct measurement performed with DRAGON, there were three reso-
nances that fit this criteria according to an older ENSDF evaluated dataset of 39Ca ex-
cited states at Ex = 6.160(10), 6.286(10), and 6.460(10) MeV, with a spin parity of Jπ =
5/2+. The direct measurement attempted by the DRAGON collaboration then found the
level that was assumed to be Ex = 6.460(10) MeV at 6.450+0.002

−0.001(stat.)0.001(sys.) MeV
instead. Meanwhile the states at Ex = 6.160(10) and 6.286(10) remained unobserved in
the direct measurement. One possible reason is the large uncertainty associated with
each state. Since the hydrogen gas target can only span an energy window of approx-
imately 30 keV, the resonance could be missed if the actual energy of the resonance is
much higher or lower than the assumed value. To add to this issue, there is a systematic
shift in the energy levels of 39Ca due to newer mass measurements in 39Ca[53] [54]. This
further contributes to the possibility that the state was unobserved due to an inaccurate
beam energy.

In this work, we performed two transfer reactions to study the states in 39Ca using
the 40Ca(d,t)39Ca reaction at the MLL in Garching, Germany and the 39K(3He,t)40Ca
reaction at TUNL in North Carolina, USA. The results of these experiments revealed
new states in 39Ca as well as reduced the uncertainties of known values by a factor of 3
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in most states. These values are corroborated with measurements from Refs. [23] and
[22], and agree within 2 σ.

A significant outcome from this work was the discovery of a new state at 6.446(1)
MeV and 6.445(3) MeV from the MLL and TUNL experiments respectively. The energy
of this new state falls within 2σ of the energy of the state wherein a resonance strength
measurement was done by DRAGON. Separate energy levels were found at 6.474(1)
MeV and 6.483(6) MeV in the MLL and TUNL experiment which agree within 2 σ of
the values observed by Refs. [23] and [22].

Further analysis of the present data set includes angular distribution calculations
using the DWBA code FRESCO [55] to find the spins and parities of the new states
discovered. This information can be used to calculate theoretical reaction rates in order
to estimate the impact of this reaction rate on the overall abundance of endpoint nuclides.
Depending on this future work, a remeasurement of the 38K(p,γ)39Ca direct reaction in
the Gamow window energy range may be required.
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