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Abstract

Classical novae are stellar explosions that contribute to the nucleosynthesis of isotopes on
the proton-rich side of the valley of stability up to *°Ca. In ONe novae, the incompletely
understood reaction rate of 3°P(p,v)3'S is known to strongly influence the production rate
of several stable isotopes such as 3°Si, 3'P, and 3233315, A precise measurement of this
reaction rate has several potential implications towards matching astrophysical observables
to the physical composition of the nova site — the observed elemental abundance ratios
of O/S and S/Al have been suggested as useful ‘thermometers’ to gauge the temperature
of nova explosions, while the Si/H ratio observed is predicted to be correlated with the
degree of mixing between accreted hydrogenic matter and the heavier elements in the white-
dwarf surface. In addition, the abundance of 3°Si relative to 2®Si has been suggested as a
potential tracer to distinguish between pre-solar meteoritic grains with ONe nova origins and
grains with supernova/solar origins. We used the Super Enge Split-pole spectrograph (SE-
SPS) at Florida State University to study levels close to the proton threshold of 3'S using
the 28Si(°Li, t)3!S transfer reaction. The Silicon Array for Branching Ratio Experiments
(SABRE) was used to detect protons emitted from unbound states in 'S, in coincidence
with tritons detected at the focal plane of the SE-SPS. Decay protons from the E, = 6.636
MeV resonance in 'S were observed for the first time. The measured 3'S level structure,
proton-branching ratios and spin-parities were used to determine an updated 3°P(p,v)3'S

reaction rate.

viil



Chapter 1. Introduction

The origin of matter in the universe and its distribution has enjoyed considerable interest
as an open question in physics, in pursuit of which extensive observation and analysis of
solar and stellar spectra have been performed over many decades. This data, along with
careful measurements of isotopic abundances within the earth’s crust and other objects
in the solar system, has aided the efforts to systematically tabulate isotopic abundances
found within our Galaxy. The first attempts to arrive at a distribution of cosmic elemental
abundances were taken up by Goldschmidt, Russel and Brown, among others, and their
findings were systematized in a 1956 review by Suess and Urey [1]. In these works, the
resulting elemental /isotopic abundance pattern as a function of the atomic/mass number
was seen to have a nearly identical profile for all population I stars and interstellar media
— a pattern which was labeled the ‘cosmic abundance pattern’ (CAP). (Population I stars
refer to the younger stars in the Galaxy, that have been formed much later following the
Big Bang. Studying these stellar objects helps us identify the chemical composition of the
universe as it is today. [2])

Parallel to the emergence of the CAP, the field of nuclear astrophysics began to emerge
with some of its major goals being to understand the details of microscopic nuclear phenom-
ena taking place in different cosmic environments, and using those data to provide a coherent
explanation for the observed CAP. The field of nuclear astrophysics was summarized in detail
for the first time in a collection of seminal papers published in 1957 by Burbidge, Burbidge,
Fowler and Hoyle (B?FH), and by Cameron [3, 4, 5], which described the various processes
by which the synthesis of heavier elements took place within stars by nuclear fusion as op-
posed to their synthesis during the Big Bang. This particular hypothesis of a continuously
evolving universe with active nucleosynthesis sites proved to be extremely consistent with
astronomical observations, and to date the field has evolved to accommodate a vast majority
of newly observed stellar phenomena.

In B?FH and subsequent works, several key processes that drive nucleosynthesis were



20F ‘ Calz637]3s VI IV PV P IFORY VD RO R Y 13
K [35 laoja1]a2|az]aalas]aela7
18 Arl32 39)40ja1]a2la3laalas|a6 4
cl 36|37138 39 |40la1]a2]a3]aa i
_ 16} S pgl29 35|36|37 B8 |39}40 1
2 P |26 32|33|34[35/|36[3738 1>
€14} Si 51[32[33 ] =
- Al 282930 [31[32 -6 =
S 12} M 2728 ] IS
o Na D4 -7
=10f  Nefl7 22]2324] ]
F |20 -8
8t O 18] ]
N -9
6[CJ11 4 J . J |
5 10 15 20 25 -10

neutron number

Figure 1.1. Chart of nuclides showing a typical ONe nova reaction network. The boxes
with bold boundaries are stable nuclei. The arrows pointing down-right are beta decays,
straight-up are proton captures, and down-left are (p, ) reactions. The colour of the arrow
represents the variation rate (f) in final abundances due to the reaction. Larger values of ‘f’
indicate a more significant contribution of the reaction to the final abundance distribution.
Figure reproduced from [6].



identified at different regions in the chart of nuclides. This helped make the study of stellar
burning more systematic, since each of these processes required particular physical condi-
tions. Knowledge of these necessary physical conditions and comparisons with observed
astronomical data indicating elemental abundances in stars helped point to the possible stel-
lar environments that drive the synthesis of particular isotopes, and refine our understanding
of these processes in light of new observations. In addition, the energy scales and precision
required to measure some of the astrophysically relevant nuclear reactions were found to be
within reach of available nuclear physics experimental capabilities, which kick-started efforts
to utilize laboratory-measured nuclear reaction data in macroscopic models of various stellar
burning scenarios when possible.

Starting with early attempts by Hoyle in 1954 to predict known relative elemental abun-
dances using nuclear reaction cross-sections |7, significant progress has been made to date in
our ability to combine astronomical data, nuclear reaction inputs and inferred information
regarding the chemical/physical conditions that exist in various sites of nucleosynthesis to
generate light-curves and spectra of observed stellar objects/events, and use the results to
model the observed CAP with increasing accuracy. The precise nature of nucleosynthesis
occurring within particular sites can be quite diverse — within most main-sequence stars, as
lighter elements fuse to form heavier isotopes, the radiation pressure of the energy released
helps balance the gravitational instability of stellar matter against collapse. This process
of hydrostatic burning thus proceeds along the line of stability over longer periods of time.
By way of contrast, in explosive events such as X-ray bursts, classical novae or Type Ia su-
pernovae, nucleosynthesis proceeds via thermonuclear runaway (TNR), synthesizing a large
multitude of isotopes within a short period of time (e.g. seconds to days). For the interested
reader, the review articles [8, 9] offer a detailed summary of the history, present status, and
open problems in stellar nucleosynthesis.

Thus, the universe as we know it today can be regarded as an aggregate of several in-

teresting sites where heavier isotopes are being synthesized from lighter ones via nuclear



reactions, the rates of some of which are measurable in laboratory experiments. The iden-
tification and measurement of key nuclear-reaction cross-sections at astrophysically relevant
energy scales has hence been a major focus of nuclear astrophysics. In addition to nuclear
reaction rates, details regarding the chemical and physical conditions (temperature, density,
phase of matter, presence/absence of convection leading to mixing of matter between layers)
in the particular stellar environment, as well as initial ‘seed’ abundances of nuclei present,
are used in modern numerical models of nucleosynthesis for various stellar objects [10].

As these models improve, they’ve been better able to explain features in the observed
elemental abundance pattern. This in turn has aided in our understanding of the chemical
evolution of our Galaxy via the comparison of elemental abundances seen in stars of vary-
ing ages indicating the elemental distribution at different epochs during galactic evolution.
The theory of stellar nucleosynthesis has been robust enough to incorporate a host of new
observations such as the observation of characteristic v rays in the interstellar medium [11],
the presence of rare-earth elements in the outer layers of asymptotic giant branch stars [12],
and exotic, non-solar abundance patterns observed in some meteoritic grains (see references
within [13]). The next section will focus on a particular region of the chart of nuclides, con-
cerning the nucleosynthesis of elements up to *°Ca via thermonuclear runaway in classical

novae (see Fig. 1.1).

1.1. Classical Novae

Hydrostatic equilibrium within stars ensures a balance between gravitational attraction and
radiation pressure, which can cool the star via expansion when the pressure becomes higher.
Most nuclear burning scenarios in sun-like stars (T<<0.1GK, rich in hydrogen) are hence
determined by the timescale of proton-captures onto heavier nuclei. The beta-decay life-
times of the proton-capture byproducts are the only other important nuclear timescale in
the scenario. Since the beta-decay lifetimes are typically much faster than the mean proton-

capture timescales, nucleosynthesis in these conditions ensure that the unstable products



Mormal Star

Figure 1.2. Schematic of a binary star system leading to a classical nova explosion. Repro-
duced from [15].

decay back to the valley of stability before undergoing a proton capture again, leading to
a steady synthesis of nuclei along the valley of stability. By way of contrast, in elevated
temperature/density conditions as found in, e.g., X-ray bursts and classical novae, nucle-
osynthesis of isotopes far away from the valley of stability can occur, synthesizing nuclei up
to the proton-drip line in some cases|[14].

Classical novae occur in accreting binary stars where the donor is a hydrogen-rich star,
and the recipient is a white dwarf (see Fig. 1.2). As accreting stellar matter makes con-
tact with the recipient’s surface at high velocities, it builds up an envelope that undergoes
compression and a new series of nucleosynthetic processes can now take place at the white
dwartf’s surface. The degenerate nature of the compressed matter found in the white dwarf
prevents it from cooling via expansion as the temperature begins to rise due to nuclear re-
actions. Thus, the temperature and density at the site of accretion increases without being
regulated by expansion, and this eventually sets up convection currents and a thermonuclear
runaway (TNR) at temperatures of ~0.1-0.4GK. This TNR drives the outbursts known as
nova explosions, observed as large increases in luminosity (L > 10*Ly) that can last any-
where from a few days to a few hundreds of days. A nova explosion typically ejects 10~*

to 1075 solar masses worth of matter into the interstellar medium. After the outburst, the



binary system is left largely intact, and the phenomenon can recur with a period of 10*-10°
years [9]. The temperature and luminosity observed, and the types of nuclear reactions that
occur in novae depend on the rate of mass accretion, and the elemental composition of the
recipient white-dwarf star — CO or ONe [14]. This is discussed in more detail in the next

subsection.

1.1.1. Using numerical models to study nucleosynthesis in classical novae

CO white dwarfs are abundant in elements up to oxygen, with no significant presence of
higher Z elements. In general, nucleosynthetic activity in novae involving these white dwarfs
tends to be largely restricted to the region of A < 20, driven initially by the ‘cold” (proton-
capture limited) CNO cycles and subsequently by the ‘hot’ (S-decay limited) CNO cycles.
ONe white dwarfs possess a larger proportion of heavier seed nuclei before the nova phe-
nomenon is onset. In contrast to CO white dwarfs, the lower proportion of '2C present
in ONe novae reduces the initial activity within the CNO cycles — causing a slower rate
of energy generation at the start, allowing the build up of accreted matter over a longer
time before the TNR onset. The resultant higher density leads to higher peak temperatures
attained (T> 0.2 GK) in ONe novae in comparison with CO novae, which allows nuclear
activity in ONe novae to extend to higher Z nuclei (up to A = 40). Thus, in order to
model nova outbursts, we only require a limited number of nuclei to be studied, in the range
A < 40. The nuclear process signatures required to be studied are mostly limited to 1) (p,y)
reaction cross-sections, 2) nuclear beta-decay lifetimes (See Fig. 1.1) and 3) a few (p,«a)
reaction cross-sections.

In contrast to main-sequence stellar burning, the absence of hydrodynamic equilibrium
makes modeling novae outbursts challenging. The earliest models performed nuclear net-
work calculations (calculations that connect the production/destruction of many nuclei
in the medium at once), while varying the background temperature/density profile over

time as predicted by separately performed hydrodynamic simulations of observed outbursts



(‘parametrized one-zone’ models [14]). More recent models semi-analytically couple the nu-
merical reaction networks to temperature/density conditions predicted by analytical models
that make physical assumptions about the nature of the envelope (‘hydrostatic’ models).
The complete numerical treatment would involve numerically modeling both parts of the
problem simultaneously and coupling them. This approach, though challenging, is being
attempted more often with advancements in computational methods (see Section 3 in [14]).

Robust numerical models for nova outbursts are important because in addition to shed-
ding light on the nova phenomenon, they also allow us to: 1) predict the light curve ob-
served and its spectral composition, and 2) pick out particular reactions from the network
that have the largest impact on the synthesized isotopic abundances. Reference [16] and
similar sensitivity studies (performed under suitable assumptions regarding the mass and
initial composition of the white dwarf) have tabulated lists of nuclear reaction cross-sections
that need precise measurement in order to lower the uncertainties in the predicted isotopic
abundances within the ejected matter. To identify these important reactions, reference [16]
determines which reactions lead to the largest changes in the final model abundances when
their rates are varied within their currently-known uncertainties. In this study, parametrized
one-zone models were used for the vast majority of reactions studied. Further, the results
from these were checked for agreement with hydrodynamic models for a few select cases.
(It should be noted that in the previous decade, a more rigorous evaluation of reaction-rate
probability densities at all relevant temperature grid-points is being performed and updated
using platforms like STARLIB [17]. Utilizing a database of probability densities as a function
of physical conditions - rather than just rate uncertainties - allows for a more meaningful
coupling of this information to nuclear reaction networks that simulate nucleosynthesis, and
the interpretation of results that emerge.)

Among other results, the 2002 study [10] indicated a strong dependence of the final
abundances of heavier isotopes such as 3°Si, 3233345 and isotopes of P, Cl and Ar on the

30P(p,7)3!S reaction rate. For example, the predicted °Si and S abundances are found to



vary by factors <100 and <12, respectively, when the 3°P(p,~)3!S reaction rate is changed
up and down by a factor of 100 in the study.) The beta-decay half-life of *P (t;,, =
2.498 min) is considerably long on the time-scale of nova nucleosynthesis, which makes it a
potential bottleneck in the nova nucleosynthesis network. Consequently, precise knowledge of
this reaction rate becomes important towards understanding many astrophysical observables
during the nova phenomena including, but not limited to, the identification of presolar grain
origins [18], the temperature of the nova environment [19], and the degree to which accreted

hydrogenic matter mixes with the white-dwarf surface |20].

1.1.2. Nova nucleosynthesis: Observable astrophysics signatures

About 10 to 15 novae are observed each year by astronomers, and about 50 are estimated
to occur in our Galaxy annually [21]. Over the past several decades, we have accumulated
a considerable amount of data detailing the electromagnetic radiation arising at the site of
nova outbursts. Characteristic y-ray signatures at particular energies arising from particular
nuclear reactions have been proposed, but their detection has proven to be difficult due
to the y-ray flash reaching the earth before the visible signature [14]. ONe novae are also
thought to contribute a fraction of the 1.809-MeV galactic ~-ray background caused by
galactic nucleosynthesis of 26Al.

Outside of these precise v-ray signatures, observed nova spectra have not been easy to
interpret self-consistently. The present results show large variability in predicted elemental
abundances within ejecta, depending on the assumptions made by the photoionization codes
performing the analysis. The estimation of ejected mass in a particular nova explosion also
suffers from the same sources of uncertainty. Were these disagreements to be resolved in the
future, Optical /UV /IR spectra would allow us to differentiate between the concentration of
elements of different Z values — though not conclusions about mechanisms at the isotopic
level. Careful analysis of optical spectra for elemental signatures has nevertheless been

proposed as a useful tool towards constraining physical properties of ONe nucleosynthesis



sites, provided we could identify such sites by other means (see later discussion in 1.1.2).
The difficulties involved in gleaning isotopic information for nuclear matter at the site of the
outburst — from only looking at y-ray spectra and /or other electromagnetic signatures — force
us to look for additional astronomical observables that are sensitive to isotopic abundance
information. In this context, the observation of anomalous isotopic abundances in meteoritic
grains and the questions surrounding their paternity has garnered considerable interest in

nuclear astrophysics.

308i : Marker for novae stardust

The presence of abundance ratios that disagree with the solar/cosmic abundance pattern
(CAP) has been detected within multiple meteoritic grain samples that have fallen to the
earth. Significant deviations from the average solar abundance pattern in these grains is a
useful indicator of their possible origin outside of the solar system, and aid in their clas-
sification |22]. Presently, a subclass of these grains are thought to have originated from
novae that pre-date the solar system. It is postulated that these grains survived spallation,
cosmic-ray activity, and the energetic formation of the solar system by having been in a solid
state, preserving their oldest abundances deep within the crystal structure. Since the mea-
surements of abundances in meteoritic stardust can be performed with better precision than
astronomical measurements, it is useful to test improved nova model calculations against
their utility in classifying stardust, in addition to their ability to accurately capture features
in nova luminosity profiles.

In one of the first thorough studies performed on grain formation in classical novae,
Clayton and Hoyle [23]| in 1976 used a model for nova optical and infrared light-curves to
predict large overproduction factors for 3C, C, 180, #2Na, 26Al and 3°Si relative to solar
abundances, as characteristics of stardust with nova origins.

While the principal nova signature used to be only the lower-than-solar °Ne /??Ne abun-

dance ratio (which indicates excesses in #*Na), the first successful analysis [24] of SiC and



graphite grains from the Murchison and Acfer 094 meteorites found additional signatures
of low 2C/13C ratios, low N /!N ratios, 3°Si excesses and large 2°A1/27Al ratios in a few
meteorite samples. The findings in [24] were arrived at in comparison to the best available
1D hydrodynamic models at the time, and these grains were proposed as candidates for ONe
novae origin. However, these abundances agreed with those predicted by nova models only
when up to 95% dilution with close-to-solar abundance materials was considered prior to
grain formation in the models [24]. This assignment was debated in 2005 [25] because of the
measurement of **Ca enrichment — which points to an initial presence of **Ti, an isotope
exclusively synthesized in Type Il supernovae.

As illustrated by the case discussed above, a well-identified set of nova grain candidates
- the abundances of which match with predictions from models when treated over multiple
isotopic ratios - is an active area of research. It thus becomes important to have a larger
number of characteristic isotopic ratios simultaneously measured in samples and used as
tracers, in order to be able to differentiate between nova stardust and stardust having other
stellar origins. In addition to the ones mentioned above, isotopic ratios of 325 /315, 325 /333 and
29Gi /30Si have been discussed as potential candidates that could unambiguously differentiate
between grains with solar origin and those with their origin in ONe novae 26, 27, 22|. Figure
1.3, reprinted from [22], plots the 2*°Si abundance ratios observed in several presolar SizN,
and SiC meteorite grains. The data is divided into subgroups based on the Si, C and N
isotopic ratios present in the grains. The publication reports that 90% of grains belong to
the ‘mainstream’ group that has a slope of 1.3. To the left of this graph is a Scanning-Electron
micrograph of a presolar SiC grain, reprinted from the same publication.

Since the assignment /rejection of ONe nova paternity to candidate meteoritic grains de-
pends on the poorly understood *°P(p, v)?'S reaction rate informing 3°Si abundances among
others, a precise determination of this reaction rate is necessary. If we experimentally deter-
mine higher reaction rates than currently assumed for this reaction, it would serve to lower

the concentration of *°P available at the waiting point to 3% decay to 3°Si, instead contribut-
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Figure 1.3. (Left) Scanning electron (SE) micrograph of a 3-um presolar SiC grain, reprinted
from [22]. (Right) Silicon isotopic ratios found in several such presolar grains expressed as
delta values, defined as §°Si = 10% x [(“Si/?®Si)grain/(“Si/**Si)sun — 1]. The symbols used
classify the grains on the combined basis of C, N and Si isotopic ratios they carry, with 90%
of them falling into the mainstream group.

ing more to the nucleosynthesis of heavier nuclei such as 323334S. A pictorial representation
of the nuclear reaction network in the relevant section of the chart of nuclides is shown in

Figure 1.4.

0P (p,~v)?'S reaction rate: Elemental abundance ratios as nova thermometers

In addition to the above, in a recent publication by Downen et al.. [19] in 2013 reaction
rates adopted from the STARLIB [17] reaction-rate library were coupled with hydrodynamic
information generated by the code SHIVA |28| over 4 different nova models each utilizing
45 envelope zones. Downen et al.. identified several elemental abundance ratios that were
observed to show strong correlations with the peak temperatures attained in the simulated
ONe nucleosynthesis. Some of these — namely O/S, S/Al, O/P, P/Al — had large uncer-
tainties in these correlations, but it was observed that this uncertainty primarily arose from
the currently large uncertainty in the 3°P(p,v)3!S reaction rate. An improvement in our

estimation of this reaction rate could thus facilitate the use of observed spectral lines from

11



@ ® @O
® O @

Figure 1.4. Schematic figure showing the part within the nova nucleosynthesis reaction
network that contains the 3P (p, v)3'S waiting-point reaction. The nuclei labeled with black
rings are stable, the grey/blue ones are §~ /4 unstable. The red, violet and green arrows
represent proton capture, (p, ), and 1 decays respectively. The 3°P(p,~)3!S reaction acts
as a waiting point in the synthesis of the isotopes 3°Si, 3P, and 32:33:318,
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Figure 1.5. Plot reprinted from [19] — the solid lines show simulated ratios of final abun-
dances O/S, S/Al, O/P and P/Al as a function of peak simulation temperatures attained
in ONe nova nucleosynthesis. The uncertainties in all four cases - indicated by the dashed
lines - are dominated by the uncertainty in the 3°P(p,~)3!S reaction rate.

O, S, P, and Al isotopes in ONe nova spectra to estimate the temperature of the burning
environment. Figure 1.5, reprinted from [19], shows the dependence of the aforementioned
elemental abundance ratios to the peak temperatures attained in this study.

The following subsection describes the basic connection between laboratory measure-
ments and the reaction rate of interest, before moving on to review our current understand-
ing of the 3°P(p,~)?'S reaction by highlighting a few recent measurements. In subsequent

chapters, we discuss our laboratory setup that improved upon these measurements, e.g. [29].
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1.2. Indirect Determination of Reaction Rates

1.2.1. Experimental challenges

In order to make cross-section measurements of a reaction such as 3°P(p,~)3!S, it is not
possible to use the direct approach of letting a proton beam impinge on a 3°P target followed
by the detection of gamma rays as the short half-life of *°P (t;» = 2.498 min) makes it
impractical to synthesize targets that last long enough to perform such measurements.

Alternatively, one could perform a direct measurement in inverse kinematics, with a
radioactive ion beam of 3°P impinging on a hydrogen target, as has been done in some cases
using recoil separators [30]. When using this approach, the ability to develop high-intensity
radioactive ion beams ‘in-situ’ provides a suitable way around having to use short-lived
targets for unstable nuclei. Although the method is well suited to study reactions on short-
lived heavy nuclei, the development of radioactive beams with good intensity has proved
challenging, resulting in an inability to provide sufficient statistics in a reasonable amount
of time. Many proton-capture cross sections are quite low at the astrophysically relevant
energy scales, which makes it necessary to have a high beam intensity to collect data at
a satisfactory rate during an experiment. Developing radioactive ion beams with sufficient
intensities is an active area of research that still needs improvement to meet the required
intensities on the order of > 10'° particles per second and above needed for reactions such
as 3'P(p,v)3'S. As with many other active areas of research within nuclear astrophysics,
the Facility of Rare Isotope Beams (FRIB) [31] at Michigan State University is expected to
play an important role towards these measurements, where newly developed experimental
facilities such as SECAR [32] aim to make these direct measurements, once their operations
go into full swing.

A common workaround to both the roadblocks discussed above is to use a different
reaction (e.g. a transfer reaction), where the beam and target are chosen such that the net

effect of the reaction is the creation of resonances in the desired heavy nucleus, such as 'S,
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within the relevant energy range. This approach also allows us to utilize stable nuclei and
high-intensity beams to populate states in nuclei off of the valley of stability. The freedom
to use projectiles with larger atomic numbers Z also allows us to attain projectile kinetic
energies larger than a proton beam in an accelerator, which could help design experiments
that more easily overcome the repulsion between the projectile and target due to the Coulomb
barrier. A carefully designed transfer reaction could thus permit us to prepare short-lived 3!S
excited states ‘in-situ’ and detect their proton (and potentially ~-ray) decays to constrain
the 3°P(p,7)3!S reaction rate. As we shall see, the approach presented in this document
attempts to avoid potential difficulties of direct measurements by using a stable beam and

a stable target in a transfer reaction.

1.2.2. Reaction rates: A simple mathematical model

In order to better discuss nuclear reactions that happen during nova explosions, we must
first recognize that the majority of reactions that drive nucleosynthesis in these environments
involve the interaction of charged, quantum-mechanical particles - typically protons and
heavy nuclei. The total interaction between these particles is dominated by strong nuclear
interactions and Coulomb interactions at the energy scale kT characteristic of their thermal
motion, where 71" is the temperature of the stellar medium and £ is the Boltzmann constant.
Particles interacting at a given temperature can be assumed to have their energy population
distributed in a Maxwell-Boltzmann (MB) distribution which assumes the probability of
particles moving with kinetic energy E is proportional to Fe~#/FT [2]. This distribution peaks
at £ = kT ~ 35 keV when T ~ 0.4 GK. Were the interacting nuclei strictly classical particles
separated by a distance ‘r” having their radii at nuclear length-scales (~fm), they would need
to overcome the repulsive Coulomb interaction between them, which has a potential of the

form

- 21Z262
N r

Ve (1.1)
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which is as high as 4 MeV for the 3°P-+p system (assuming nuclear radii r = ryAY/? with
ro = 1.25 fm). Here ‘e’ is the elementary charge, and Z; and Z, are the atomic numbers
of the interacting nuclei. This would imply a very insignificant probability for the reaction
to proceed via the tail of the Maxwell-Boltzmann distribution (Probability ~ e F/FT" ~
e Ve/kT . 107°1). As we shall see, the ability of quantum-mechanical particles to tunnel
through such potential barriers increases the odds for the interaction considerably, facilitating
stellar nucleosynthesis.

When one treats the problem quantum mechanically, one can simplify the problem to
ignore the many-body correlations between constituents of the nuclei (individual protons
and neutrons), and treat the system as made up of only two particles (in our case, a proton
and a 3°P nucleus, we assume the participants are not identical here on out) interacting via a
single intermediary potential. A typical landscape of this approximate interaction potential
is shown in Fig. 1.6, as a function of the separation ‘r’ between the particle centers. This
model is commonly referred to as the Woods-Saxon potential for a single-particle interaction
[2]. The characteristic length-scales for the nuclear interaction sets the nuclear boundary
where the potential changes sign and becomes attractive, while the 1/r nature of the Coulomb
repulsive interaction dominates more and more as their separation increases. We thus expect
the two positively charged particles to experience Coulomb repulsion at large separations
‘r’.  However, at high enough temperatures that are attained in nova environments, the
relative nuclear motion in the stellar medium picks up kinetic energies large enough to
permit quantum-mechanical tunnelling of the proton into the heavy nucleus with sufficient
probability. As a result of this process, the protons are captured into the heavy nucleus to
form resonant states in 3'S that can undergo v decays, proton decays, or decays via another
particle channel if energetically allowed.

If we were to assume a classical turning point R for the interacting particles at the MB

peak, and a nuclear radius R,, the probability P that the particle penetrates the barrier
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Figure 1.6. Sketch of the typical potential landscape that exists between a pair of charged
particles such as proton (p) and 3°P, as a function of r, their radial separation. At long
range, the potential is dominated by Coulomb repulsion which falls off as 1/r. At smaller r,
the potential is attractive, and supports bound states that correspond to states in 'S, the
combined nucleus.

The combined quantum-mechanical system typically has two types of states: 1) bound
states that possess V' < 0, from which only decays via 7-ray emission are permitted to
states of lower excitation energy, and 2) resonant states, from which both ~-ray decays and
tunnelling charged-particle decays (in our case, proton decays) are allowed, each with its
own lifetime. Every lifetime 7 corresponds to a notional ‘width’ I' of the state in units of
energy with I' &~ h/7. The proton-decay lifetimes (widths) broadly decrease (increase) as
we go up in excitation energy, since the Coulomb barrier becomes thinner and thinner. The
proton-separation energy S, is also indicated.
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(also called Penetrability) can be expressed as

b e(RP )

 W(Re)P
Since the quantum-mechanical wavefunction v is finite and non-zero at r = R,,, we have a
non-zero tunnelling probability. The exact expression for P in the case of the Woods-Saxon
potential was originally derived by Bethe [33], which is recreated in [2]. At Re << R, [2],

it can be shown that P can be approximated by the simpler expression

P = exp(—2mn) (1.3)

where
. Zl 2262
T

1 (1.4)

with e being elemental charge, 2 Planck’s constant, v, the relative velocity of interaction in
the center of mass frame, and Z;, Z5 the atomic numbers.

Since the nuclear reaction cross-section for proton capture is expected to be proportional
to the ‘penetrability’ P and the characteristic ‘cross-section’ o of a particle in an MB distri-
bution by virtue of its de-Broglie wavelength A\ ( 0 oc TA? % can be shown, assuming an

ensemble of free particles),

S(E) (1.5)

where S(E) represents the astrophysical S-factor, that encapsulates all the corrections that
arise due to nuclear effects beyond what is captured in our simple model. Typically, contri-
butions to the S-factor arise from the presence of resonant states that lie close to the proton
threshold, that serve to boost/suppress the cross-section in the region around selected ener-

gies.
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All of the above discusses the problem on the basis of a single nucleus. We now expand
it to include the entire stellar system, and explicitly incorporate the Maxwell-Boltzmann
distribution. Assuming that there are Nj, Ny particles per volume of the heavy and light
reactants respecively, the total cross-section that is seen by the light nuclei in unit volume
is Nio(v), where we have expressed the cross-section above as a function of the relative
velocity v. With N, light nuclei moving at the same relative velocity v distributed in the
MB distribution, the total flux of light nuclei is seen as J = Nyv. Combining the two, we

have the reaction rate H

H = N;Nyvo(v) (1.6)

Now, we know that v is distributed in a Maxwell-Boltzmann distribution ¢(v), which in

3 dimensions takes the form

l’[/ 3/2 _ p/u2
= 4702 ( ) KT 1.7
o) = ame? (5 1) e (17)
where p is the reduced mass in the COM frame, pu = %, in amu.

Now, we estimate the ensemble average of the reaction rate H above, by performing

7 )3/2 ?

H>= _ [ s H@)d = NN, [ ame?
< H>=<ov> /0 ¢(v)H (v)dv 1 2/0 v U(U)<27rkT

. . . . . 2 .
Performing a coordinate transformation to energy units using £' = £, we obtain

$\: 1 [> e

Using our prior form for ¢ as given in equation 1.5, we can write this as
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s§\: 1 [ E b

with b = (@) n %2,

- where the exponential expression is known as the the Gamow peak

depicted in Fig. 1.7. The Gamow peak illustrates how quantum-mechanical tunnelling
couples with the Maxwell-Boltzmann distribution of particle energies, to provide a region
around a characteristic energy (also called the Gamow Energy) Eg = b? where the reaction
has a higher probability of proceeding than it would have had in a purely classical case. If
S(E) is assumed to be independent of E, the integrand in Eq 1.10 can be maximized in E

via differentiation to give the energy Ejy at which the reaction rate becomes maximum as:

bkT > 2 722\1/3
By= =5 ) = 012202} Z3T5)"*MeV (1.11)

Now, the above analysis for Fy reflects the case when there are no resonances present
in the Gamow window. The evaluated reaction rate in this case is commonly referred to as
caused by ‘direct’ or ‘non-resonant’ radiative capture, since it does not have a contribution
from the nuclear interaction via the S-factor. In case there are additional resonances in the
region, S(E) will reflect their structure, and modify the results. If we assume the resonances

are narrow and isolated, each of them can be represented by the Breit-Wigner formula as:

A2 r.r
E)=— =z Y 1.12
o(E) 47rw(E "B )2+ (T/2) ( )
where the factor w takes into account the spin degeneracy of the states, w = Mfﬁ%

where J4 p are the spins of the reactant nuclei, and J, is the spin of the resonance. I';,
represent the widths of the two decay modes of the resonance in question, which, in the case
of (p,v), would be I', and I, and I' is the total width that includes the sum of I';, I', and

widths of any other decay channels that may be energetically allowed. In the context of
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the present measurement, I' = I'; +I'y = I', + I, since these are the only decay channels
available to the 3'S states under investigation.
Inserting the above form into equation 1.9, we obtain

8§\ 1 (@ r,T, -
() —— [ & ~# BdE 1.1
<ov>= () G [ e e (1-19)

Following the argument in [2|, if we now use the slow-varying nature of the factor Ee’%,

and widths I'; , over the narrow width of the resonance, we are left with

8 \ 2 1 22 Er > 1
= — ——wl, e, E, dE 1.14
<ov>= () e B [ (114
1
8§\ 1 A2 DI, &
= — — TR E, 1.15
() Gzt (1.15)

. 2 . 27h)?2
Now, using E, ~ 227, ie B\ ~ %

/8 3 1 A’ h? r.r, o 116
<ov>=|{— GHT)E 1 W€ (1.16)
o \** , T,T, _x
= (%) thTye_kET (1.17)
1
o \ ¥/ E,

where we use the definition of the resonance strength (wy), = w% in the last step.
If there are many isolated narrow resonances in the region, the contribution due to each
can just be summed over to obtain the total resonant reaction rate. The expression above

is often represented in molar units as

or \*/? 9 E
N =Ny | —= —— 1.1
4 < ov>= Ny (,uk:T> h Z(wv)rexp < kT) (1.19)

T

where N4 is the Avogadro number.

Knowing all isolated resonance strengths and energies ((wv), and E, respectively, both
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Figure 1.7. Schematic plot showing the Gamow peak for 3°P(p,~)3'S in an astrophysical
environment at temperature k7" = 0.2 GK. Eg is the Gamow energy, and is related to the
coulomb barrier penetrability 2] between the participants. The Gamow energy Eq is shown
in a bold vertical dashed line. The end points of the Gamow window as discussed in [2] are
shown as fainter dotted vertical lines at £ = Ey £ A/2.
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in units of MeV) in the region, the reaction rate due to all resonances at a temperature of Ty
(GK) between two initial reactants having reduced mass p atomic mass units between them
is found as |2, 10]:

~1.5399 x 104

Na(ov) = (T2 Z(wv)re_ll'mwr/% [ﬂ] (1.20)

mol.s

Indirect determinations of reaction rates, thus require us to measure/constrain properties
of narrow resonances within the Gamow window experimentally - like J,, I';, values and
resonance energies F,.. Very often, one performs angular-distribution measurements to esti-
mate spin values J,, and either measures the particle widths directly, or tries to measure the
Branching Ratio (B,) I',/I" for one or both of the decay channels. In cases where one or both
of the partial widths is not measured, theoretical estimates must be relied on. For I',, widths,
these are found using vy-decay lifetime data, or theoretical estimates such as those using the
Weisskopf method. For a theoretical determination of the charged particle width, one utilizes
estimates I'y, of the state’s width using suitable evaluations of the nuclear potential. The
real charged-particle width T, is related to this theoretical estimate as I', = C%S Ty, [34]
where C is the Clebsch-Gordon coefficient, and S is the spectroscopic factor, which can be
determined from states in the mirror nuclei, or measured experimentally. It should be noted
that disagreements with estimated single-particle calculations are observed in experiment
from time to time, which point to the limitations of the simplifying assumptions we make
in this analysis. Direct reaction rate measurements, and better theoretical estimates that
include collective/many-body effects are hence an active and fruitful area of research that
has the power to help inform in detail the process of stellar nucleosynthesis in particular,
and nuclear astrophysics phenomena in general. In the absence of better informed estimates,
indirect measurements using the single-particle treatment have served as a useful starting
point.

Surveys of recent experimental results that attempt to determine the level structure of
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31S within the Gamow window for *°P(p,7)?'S consist of a wide variety of measurements that
largely utilize the single-particle approximation that assumes narrow, isolated resonances.
The prolific and continued interest in the properties of this nucleus is a testament to the
importance of this hitherto elusive reaction rate. The next section briefly reviews a few of
the recent experiments that studied the level structure of 3'S within the energy region of

interest.

1.3. Prior Studies of 3'S Resonances Near Proton Threshold

Until around 2004, astrophysicists largely relied on the theoretical Hausner-Feshbach model
to estimate the *°P(p,y)3'S reaction rate. This estimate does not take into account real
individual resonances in the energy region of interest - instead choosing to estimate the
statistically expected density of states in the region [35]. However, the assumption of a
high-enough density of states to warrant this approach is expected to be less accurate for
nuclei with smaller masses, and those that are close to shell closures and drip lines. This
makes the experimental investigation of narrow resonances in this region necessary. Nuclear
physics evaluations combining the many varied measurements of 3'S level structure have been
performed several times in the past - including in 1978 [36], 1990 [37], 1998 [38], 2013 [39],
and 2022 |40|. These evaluations have currently identified the position of thirteen resonances
of interest in the region £, = 6.130 — 6.7 MeV, and firmly determined the proton-separation
energy in 'S at 6.13065(24) MeV.

The measurements reported in these evaluations have used several experimental tech-
niques, of which a sailent few — most relevant to levels in the Gamow window — are discussed
further. The interested reader is referred to the latest evaluation [40| for details, and to the
review at reference [35] for a discussion focused on measurements predating 2014. Several
of the measurements in the literature employed transfer/charge-exchange reactions such as
328 (p,d)3S [41, 42], 32S(d,t)3'S [29, 43|, 32S(3He,a)3'S [44], 33S(p,t)3'S [45] and 3'P(3He,t)3'S

[35, 46, 47, 40]. Many of the studies prior to the mid-2000s were originally motivated by
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interests in the nuclear structure of 3!S, including the estimation of single-particle spec-
troscopic factors, and mirror-level assignments between 'S and 3'P. They still served as a
reference point that helped inform the more astrophysics-focused experimental campaigns
that began in earnest in the early years of the 21st century and offered initial estimates to
the spectrscopic properties of several of these states by mapping them to their mirror states
in 3P,

Most of these transfer-reaction measurements detected charged particles utilizing a mag-
netic spectrograph or a scattering chamber as a precision spectrometer. Many of these studies
measured angular distributions of the reaction ejectiles to ascertain spectroscopic properties
of 31§ levels using the Distorted-Wave Born Approximation, or in more recent cases, more
detailed analyses using tools like FRESCO that rely on the coupled-channels formalism [48].
An important subset among these measurements complemented the high-resolution measure-
ments of 3!S spectra, with the detection of decay protons and/or coincident y-ray emissions.
The experiment described in this thesis follows this approach closely, where decay protons,
but no ~ rays, were detected in coincidence with momentum-analyzed tritons corresponding
to states in 3!'S populated by the (°Li,t) transfer reaction. These coincident charged-particle
measurements offer spectroscopic information and branching-ratio measurements of states
in 'S above the proton threshold. Of particular importance among these, is Wrede et al.’s
2009 *'P(*He,t)?'S*(p)*°P measurement [29], which determined proton-branching ratios of
states down to F, = 6.720 MeV, just outside the Gamow window, and provided constraints
to several of the states’ spin-parity information. Two other important measurements, Parikh
[*'P(*He,t)?'S] [46] and Irvine [*2S(d,t)*'S| [43], used QQQD spectrographs to offer mea-
surements with the best resolution of the excitation energies in the region of interest — with
reported precision below 2 keV — in addition to angular distributions for their spectroscopic
properties. The only other measurements that have offered better precision involved ~-ray
detection, to be discussed later. A promising new technique that has gathered much re-

cent interest, detects both decay protons and 7 rays simultaneously. Very recent work at
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Texas A&M University by Burcher et al. [49] reports a proof-of-concept for this approach
using the Hyperion array [50] to measure 32S(p,d)*'S*(py). This measurement reported
proton-branching ratios down to E, = 6.87 MeV, with good agreement with those measured
by Wrede et al. [29]. Future upgrades to the experimental setup are expected to provide
proton-branching ratio information for 3!S states within the Gamow window, and constrain
their spectroscopic properties and v widths.

Parallel to the many charged-particle detections discussed above, there has also been
a steady pursuit of utilizing y-ray and neutron based measurements to ascertain the spec-
troscopic properties of 3'S states. Many of these studies utilize various fusion-evaporation
reactions, including 2C(**Ne,nv)3S, 160 (150,nv)31S [51, 52, 53, 54|, 2*Mg('2C,anv)3!S [55],
Mg (**Onaay)®'S [56], and ?8Si(a,nvy)3'S [40]. In addition to these, there are also trans-
fer reactions that involve the detection of neutrons and v rays such as ?H(3°P2!S)ny [51],
29Si(*He,nv)3'S and #*Si(®*He,n)3!S [57]. These measurements, many of them originally aimed
at investigating the nuclear structure of 3'S, measured ~y-ray cascades using High-Purity Ger-
manium (HPGe) arrays to make precision measurements of excitation energies corresponding
to several unknown levels in 3'S. All of them involve the fusion of heavy nuclei followed by
selective gating on the lighter fragments evaporated from the system, to identify only those
that arise from 3'S levels being populated. Of particular importance is the Gammasphere
measurement of 2*Si(a,nv)3!'S [58]. This measurement reported 10 levels in the region of
interest, determined the excitation energies to very high precision of all the 3!S states under
6.7 MeV, matched all of them to their analogs in 3!P, and used the angular distribution of
detected ~ rays to make unambiguous spin-parity assignments for them. Unlike many of the
prior fusion-evaporation measurements that selectively populated high-spin resonances, this
experiment demonstrated the ability to also populate low-spin resonances in the region of
interest [35]. The advantage to fusion-evaporation techniques lies in the ability to simulta-
neously measure properties of states in mirror nuclei, such as 3'S and 3!'P. The 2*Si(a,nv)*'S

measurement in particular is a very good illustration of the power of combining shell-model
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calculations, mirror symmetry, and ~-ray measurements towards filling gaps in our knowledge
of nuclear levels, and applying them to shine light on astrophysically important problems.
Lastly, a third family of measurements involves the use of a complicated transfer reaction
followed by mass separation to generate a steady beam of BT-unstable 3'Cl, the decay of
which creates 3!S in several excited states with high selectivity. Coincident detection of
the decayed 81 along with the decayed protons and/or v rays from states in 'S above the
proton-threshold (beta-delayed particle/vy-ray detection), allows the determination of proton
and /or y partial widths. In an early measurement using this technique [59], 3'Cl nuclei were
created by the 32S(p, 2n) fusion evaporation reaction, which was then implanted into a Car-
bon foil. The 81 particles arising from decays are detected in coincidence with protons and
~ rays emitted by 3!S resonances arising from the 8 decay. Charged particles were detected
by double-sided silicon strip detectors, and ~ rays by High-Purity Germanium detectors.
Having both these detections performed in coincidence allows for simultaneous estimation of
~v-ray and proton-branching ratios, and reconstruction of level schemes. This measurement
reported one state in the region of interest, and served as a proof-of-concept towards the
utility of S*-delayed measurements toward spectroscopy of states in this region. Further
studies that utilized similar methods were undertaken at the National Superconducting Cy-
clotron Laboratory synthesizing a 3'Cl beam using a fragment separator analyzing resultant
products from a 3°Ar(° Be, X) fusion evaporation [60, 61, 62]. A plastic scintillator was used
to record the [-decay trigger, followed by the detection of v-ray cascades in the Clovershare
array of HPGe detectors to measure v-ray transitions up to a 3'S excitation energy of 6390
keV. This left the proton-branching ratios from these resonances unknown, but suggested the
6.390 MeV state assigned as J™ = 3/2% may significantly contribute to the 3°P(p,y) reaction
rate. Very recently in 2022, there was an exciting new study [63, 64] conducted at NSCL
using the newly developed GADGET detector. GADGET stands for Gaseous Detector with
Germanium Tagging, which combined a gaseous proton detector with a Micromegas read-

out with the SeGA high-purity Germanium array. [S-delayed protons from the important
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J™ =3/2%,6.390 MeV state were detected for the first time in this experiment, offering the
first experimental observation of proton branching from states in the region. It was also con-
firmed, by virtue of the vy-ray tagging capabilities of the apparatus, that the proton emission
from this state was to the ground state in 3°P, since there were no coincident y-ray peaks
observed. Thus, f-delayed particle/y detection forms yet another active area of research
towards experimental evaluation of the 3°P(p,v)3'S reaction rate.

In this study, we synthesized 3!S excited states using a (5Li,¢) transfer reaction on a
stable 285i0, target. This particular transfer reaction was chosen for the ease of availability
of a suitable target, and of the potential to use the SNICS (Source of Negative Ions by
Cesium Sputtering) source at FSU’s John D Fox Laboratory, which was capable of delivering
sufficiently large beam currents. There had also not been any previous experimental study
performed of this nucleus using this reaction mechanism, which offered the possibility of
selectivity to states different from those seen in other measurements. A QQQD-spectrograph
measurement conducted in 1978 by Woods et al. [66] had reported cross-sections comparable
to those in (*He,t) charge-exchange reactions (~ 10 ub/sr) for (°Li,t) transfer reactions. This
information, along with the available beam intensity from the SNICS source at FSU indicated
the viability of this measurement towards recording sufficiently large statistics within the
Gamow window. Table 1.1 lists 'S states with known properties in the Gamow window
prior to the current measurement, cited from the latest nuclear data evaluation [40]. The
single-particle Wigner limit assuming the formalism in [65] is reported for all states, which
provides a theoretical estimate of the maximum proton width in each case. In addition,
proton-branching ratios are reported for states where they have been successfully measured.

During the experiment, the SNICS source provided around 100 enA of °Li** beam on
target for over 96 hours of runtime. The tritons associated with the populated 3'S states were
momentum analysed by the Super Enge Split-pole Spectrograph. The resultant 3'S excited
states were further analyzed for proton emissions coincident to the detection of momentum-

analyzed tritons, which allowed direct measurement of the states’ proton-branching ratios.
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Table 1.1. Properties of 3'S states within the Gamow window associated with ONe nova
nucleosynthesis, cited from the latest evaluation [40]. Excitation energies, adopted spin-
parity information, and known proton-branching ratio are included. For states with unknown
proton-branching ratios, the final column evaluates single-particle wigner limits assuming
L=0, C?S = 1, following the approach described by ref [65].

Excitation Energy in 3'S J" Branching ratio | Single-particle Wigner limit
(MeV) (r,/T) (V)
6138.3(6) (7/2+4) 2.E-65
6157.7(3) (5/2,7/2) 2E-31
6255.1(3) 1/2+ 7.E-11
6279.10(13) 3/2+ 2.E-09
6326.8(5) (3/2) 3.E-07
6357.06(22) (5/2-) 3.E-06
6375.6(3) 9/2- 1.E-05
6390.46(16) 3/2¢ | 0.025% 4,[63] 2.E-05
6392.16(22) (5/2+) 2.E-05
6392.93(20) 11/2(4) 3.E-05
6402(2) (7/2-) 4.F-05
6541.6(4) 3/2(-) 0.0074
6582.4(20) (5/2-,7/2-) 0.021
6634.64(23) 9/2(-) 0.063
6720(1) 5/2 25% 7 ,0[29] 0.28
6749(2) 3/2+ 57% 7 45]29] 0.44
6796(25) 0.83
6832.7(3) 11/2(-) 1.30
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The subsequent chapter shall describe in more detail, the experimental setup utilized towards

the current measurement.
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Chapter 2. Instrumentation

The 28Si(°Li, t)3!S*(p)°P reaction was studied at Florida State University (FSU)’s John D.
Fox Superconducting Accelerator Laboratory using the Super Enge Split-Pole Spectrograph
(SE-SPS) which was originally located at the Wright Nuclear Structure Laboratory (WNSL)
at Yale University. Following the closure of the WNSL in 2011, the setup was transported
to FSU in 2013 and reassembled with a few upgrades in the subsequent years. A simplified
schematic of the original design’s operation is shown in Fig. 2.1. The typical measurements
made with the SE-SPS are performed in regular kinematics, with a light beam impinging on
a heavy target. At suitable energy scales, we expect multiparticle transfers to occur between
the beam nuclei and the target nuclei, to produce one light and one heavy reaction product.
For a review of the utility and range of transfer reactions used to study nuclear astrophysics
phenomena, the interested reader is directed to this 2016 review [34].

The light products carry the bulk of the momentum forward, and move into the SE-SPS
where they are momentum analyzed by the magnetic fields and focused onto a detector
placed along the focal plane (the focal plane detector, hereafter). The position of the light
particles detected at the focal plane can be calibrated to a high degree of precision to the
momentum of the detected particle. In turn, this allows us to use energy conservation to
determine the excitation energy of the heavy product synthesized, that is stopped in the
target due to the low momentum transferred to it.

These heavy reaction products may decay via particle emission if their excitation energy
is larger than the particle-emission threshold. The emitted decay particles can then be
detected at backward angles by semiconductor charged-particle detectors placed in the target
chamber, in time coincidence with the light reaction products detected at the focal plane.
The segmented nature of the semiconductor detectors used to detect the heavy product’s
charged-particle decay, allows us to identify the decay particle’s angular distribution with
respect to the beam axis [67]. This angular distribution can be used to constrain specific

spectroscopic properties (i.e. the spin, parity, and branching ratio) of the excited state of
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the heavy product which undergoes the charged-particle decay.

When the SPS was moved from Yale to FSU, the detector systems were given upgrades.
In particular, the silicon detector array used at Yale, YLSA (Yale Lampshade Array) was
redesigned to its present form, SABRE — the Silicon Array for Branching Ratio Experiments
[68]. The signal processing capabilities also received a major overhaul, moving from use
of shaping amplifiers, Analog-to-Digital converters (ADCs) and Time-to-Digital converters
(TDCs) to digitizer units, offering improved timing resolution and detection of lower energy
particles seen by SABRE. The next few sections detail a few experimental capabilities at
the FSU John D. Fox Laboratory that were used in making the reported measurement, and

discuss the efforts at LSU that went into their development where relevant.

2.1. SNICS Beam Source for °Li, and the FSU Tandem van de Graaff Accelerator

As described in previous sections, the measurement at hand requires us to accelerate charged
particles, specifically 6Li, to kinetic energies that are large enough to cause the reaction to
proceed, and for astrophysically relevant states in 'S to be populated. In order to accomplish
this, we utilized the FSU Tandem van de Graaff accelerator, which is shown in Fig. 2.2 along
with all the other sailent elements of the beamline at the John D. Fox laboratory at FSU. (For
a light review that discusses the Tandem van de Graaff and its applications in various fields,
the curious reader is referred to reference [69] and citations within.) Negatively charged
SLi ions are synthesized by an NEC SNICS II source (Fig. 2.2, lower right corner), which
stands for National Electronics Corporation Source of Negative Ions by Cesium Sputtering.
This source works by having hot, vaporized cesium metal strike a negatively-biased %Li rod
that then releases %Li atoms off its surface via the eponymous sputtering process. The
dramatically low electron affinity in cesium atoms causes the relatively more electronegative
SLi atoms that pass through it to become negatively charged °Li~ ions. (SNICS IT is dedicated
for use with production of negative-ion beams of solid elements — to produce gaseous beams,

the laboratory also has in place an RF-discharge source, which is the pink feature to the
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Figure 2.1. Schematic of the SE-SPS setup used to study the 2*Si(Li, t)3!S*(p)3°P reaction.
The SLi beam (red line) accelerated by the Tandem Van de Graaff accelerator impinges on
the 87.6-ug/cm? thick natural SiO, target (green), and the spectrograph selects the tritons
by momentum, focusing them on the focal plane detector. The magnetic field B is fine-
tuned so as to focus the tritons corresponding to the population of astrophysically relevant
excited states in 'S onto the focal plane. Coincident charged-particle decays of the heavy
product 3'S get detected by SABRE (shown in blue) at backward angles from the beam,
whose energies and angular distributions can then be studied to constrain their properties.
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lower-right in Fig. 2.2). For further discussion of SNICS, the reader is referred to the review
article at [70] and references therein.

The stream of negative SLi~ ions generated in the SNICS II source is then momentum
analyzed and injected to the Super-FN Tandem van de Graaff accelerator, which can support
a terminal voltage of up to +9MV. The terminal, in essence, is a large positively-charged
sphere maintained at its constant high potential by a carefully designed feedback mechanism.
The terminal rests inside a large tank of Sulfur Hexafluoride (SF¢) gas. SFg is well-known
to possess a high dielectric strength |71], and a similarly large dielectric breakdown limit,
which offers good protection against excessive leakage of the terminal potential through the
medium. The large positive charge of the terminal accelerates the incoming %Li~ ions via
the beamline into the center of the terminal, where they pass through a carbon stripper foil
which completely ionizes most ions to Li** at the energies used in this experiment. Owing to
the positive charge experiencing repulsion from the terminal, these °Li** ions get accelerated
once more from the terminal ‘in tandem’, increasing their energy. The total kinetic energy
of the charged-particle beam can be calculated as Epeqm = €Viandem (Z41) + Einjection, Where
Einjection 1s the kinetic energy at injection, Z is the final charge-state of the beam (Z = 3 in
our case) and Vigngem is the terminal potential.

The positively-charged beam is subsequently taken through several stages of beam optics
that serve to keep the beam from diverging, and direct it to the desired target chamber. A
high degree of stability (<0.1%) in the Tandem’s terminal potential (and thus, the beam
energy) is achieved by using a high-resolution bending/analyzing magnet (HRBM) at its
exit, and feeding back to the control system regulating the Tandem’s potential an error
signal derived from beam currents detected on either side of the selection slit in the HRBM.
On its way to SE-SPS target chamber, the beam passes through the Superconducting Linear
Accelerator (LINAC), which is unused for the present measurement. The LINAC could be
used in applications that require beams with a higher kinetic energy than those capable of

being provided solely by the Tandem van de Graaff accelerator.
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Figure 2.2. Floor layout at the FSU John D. Fox laboratory, showing key features that are of
relevance to the beamline used in the present experiment. The LINAC was not used in the
experiment. The pink box next to the SNICS source to the bottom right is the RF-discharge
source used to synthesize beams of gaseous elements. This element is also unused in the
present experiment. Reproduced from [72].

35



2.2. Super Enge Split-Pole Spectrograph

The successful development of particle accelerators such as the Tandem van de Graaff accel-
erator capable of producing beams of well-defined energy and stability in the 1960s made it
important to develop spectrometers that could fully exploit the precision afforded by these
beams. The design and development of the Split-Pole Spectrograph (SPS) by Harald A.
Enge was intended to meet this demand, with the original design providing a momentum
resolution of 2 x 107 [73]. True to its name, the Super Enge Split-pole Spectrograph (SE-
SPS) utilizes a magnet split into two pole pieces with a field-free region in between (Fig. 2.1).
Charged particles emerging from the irradiated target experience the field’s (é) magnetic
Lorentz force (ﬁ), and are bent in circular trajectories within the two poles — resulting in
the separation of the particles to a high precision based on their momenta. If the particle
has mass m and charge ¢, moving at velocity v, the force acts perpendicular to its trajectory
forcing it to move in a circular trajectory of radius p. At the energy ranges of interest, the

equations governing the motion of the charged particle within a single magnetic region are

found as |73, 74]:

F=qixB (2.1)
Bp =" = 2k (2.2)

where E is the non-relativistic kinetic energy of the particle. The quantity Bp is labeled the
magnetic rigidity, and is directly proportional to the particle’s momentum for a particular
m and q. The chief operating principle of the SPS is contained within the expressions above.
At constant magnetic field, particles with a larger momentum move in trajectories with
larger radii of curvature p. All additional corrections in the design — including the split
pole and the differing pole shapes — aid in minimizing higher-order aberrations within the
spectrograph caused by various effects such as fringe fields at the magnet boundaries, and

effects of kinematic broadening. The existence of two split poles with a field-free region in
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between is crucial to the design of the SPS, with the fringe-field regions being deliberately
designed to focus particles of a given species horizontally to second order with additional
vertical focusing.

The current FSU Super Enge SPS [75] weighs about 35 tons, has an acceptance of 12.8
msr (one of the largest of its kind, which gives it the ‘super’ in its name), and is capable
of a maximum magnetic field of 16.3 kG. The geometry of its design permits a range of
51 — 92 cm for p. For a particle with momentum p detected at focal-plane position x, the
SPS has a resolving power close to the original design with dp/p = 1/4290, and a dispersion
D = Ax/Ap =~ 1.96. (Quantities Az, Ap represent the full width at the base of each
position, momentum peaks). The installation of the spectrograph at its present location
in the John D. Fox Laboratory began in the Spring of 2016, with the first successful in-
beam test completed in June 2018, using only the focal plane detector. The first successful
test using both the focal plane detector and SABRE was completed in September 2019 as
discussed below [68].

2.3. Focal Plane Detector and Electronics

At the exit of the spectrograph a chamber houses a position-sensitive ionization detector
positioned along the focal plane, where the outgoing momentum-analysed particles are fo-
cused (Fig. 2.3). The focal plane detector is equipped with capabilities to perform particle
identification, and redundant position measurements along two planes that allow corrections
to the recorded position spectra to higher orders.

At its core, the focal plane detector is an ionization chamber with 6.35-micron aluminized
mylar foils as its entrance and exit windows, holding isobutane gas within its volume at
typical pressures of 100 — 300 Torr. Charged particles traverse the active volume of the
detector at an angle of 45 degrees to the plane of the entrance/exit windows, ionizing the
isobutane gas. Field shaping elements are used to create a highly uniform vertical electric

field in this active volume, i.e. the drift region. The drift region is defined by a cathode
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plate that spans the entire extent of the detector’s bottom, biased field-shaping wires on all
four sides that are biased through a voltage divider, and a Frisch grid at the top of the drift
region. The cathode plate is held at a negative potential with respect to the Frisch grid,
while the Frisch grid itself is held at ground potential. The field-shaping wires on the sides
serve to ramp up the potential smoothly and linearly through the entire volume of the grid
— from the negative cathode plate to the grounded Frisch grid.

Above the Frisch grid sits two wire assemblies (front and rear) each with three anode
wires, that are typically biased at a large positive voltage with respect to ground, in order to
significantly increase the field density close to the wires. Above the two sets of anode wires
are pick-up pads, which are connected to delay-line chips. The pick-up pads are separated
into strips angled at about 45° relative to the sides of the detector, which makes them
parallel to particle trajectories. The pick-up pads are 0.09" wide each, and 1.4" long along
their length, with a gap of 0.01" between successive pads, and are used for position sensing
as described below. For additonal details about the position-sensitive ionization chamber
and the field shaping wires, see references |76, 77, 78§|.

When the momentum-selected particles emerging from the magnetic pole pieces enter
the detector, they ionize the gas as they move through the uniform-field drift region. After
electrons produced via this ionization pass through the Frisch grid, the positive-biased anode
wires attract the electrons towards them with the electric field increasing with approach as
1/r, causing a Townsend avalanche of more electrons within the gas as they are accelerated
towards the anode wires. This induces a signal in both the anode wires and the pick-up pads
above them. The signals in each pick-up pad gets transmitted to the two ends of the focal
plane via 50-ns delay-line integrated circuits that possess 10 taps, each tap thus offering a
delay of 5 ns per pad. There being 440 pick-up pads in total along the detector’s length,
the overall time delay between signals reaching opposite ends of the delay-line spans a range
of up to 2.2 us, and the time difference between the delay-line signals at the ends of the

detector can thus determine the particle position to high precision (= 0.5mm, or 1 ns) [76].
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Figure 2.3. Simplified diagram of the focal plane detector, showing the position of various
signal sources labelled by color. Not to scale.
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The position of detected particles along the focal plane as determined using the delay-line
readouts can be directly related to their momenta, and thus their kinetic energy, which in
turn is related to the excitation energy of the state populated in the heavy reaction product.

At the same time, the cathode plate attracts the positively charged ions of the ionized
gas towards it, capturing a measurement of particle energy loss (AFE) within the gas. The
induced signals on the anode wires are also read out and provide a redundant measurement
of the same quantity. After the charged particle from the spectrograph exits the detector via
the exit window, it is stopped in a thick plastic scintillator. The scintillator bar is attached
to photomultiplier tubes on either end, providing a measurement of the residual energy (F)
of the particle after its passage through the ionization chamber. Combining the position,
AF and FE information recorded over multiple events, it becomes possible to perform particle
identification by exploiting the Bethe-Bloch equation, which relates the energy loss AFE of
a particle with mass A, charge Z, and initial kinetic energy E in a medium [77]| with the

approximate relationship given by

AE < AZ*/E (2.3)

Figure 2.4 gives an example spectrum from a prior Split-pole spectrograph measurement
that performed particle identification using this approach.

The plastic scintillator also performs the important function of providing a fast readout
signal that is generated within a few nanoseconds of the particle traversing through the
focal plane detector, which is crucial for precisely timing the event. As will be seen in
detail subsequently, this nearly instantaneous scintillator readout of the residual energy
event unobstructed by inherent delays due to gas ionization and delay-line timescales, proves
vital towards engineering a time-coincidence logic that automatically selects events in other
detectors within a fixed time-window of the arrival of the charged particle to the focal plane.

To perform two separate position measurements, the detector has two sets of pick-up

pads and delay-line chips, one set closer to the entrance window and another close to the
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exit window. Combining position information from these two planes (which also possess
separate anode wires) during post-processing can provide particle trajectory information for
particular energies, which can be used to correct for higher order kinematic aberration effects
than those accounted for by the spectrograph offering improved resolution of the measured
particle momenta.

In a typical experimental setup, signals from all the different parts of the focal plane
detector system are read out for further analysis using suitable preamplifiers. The output
signals from the photomultiplier tubes coupled to the scintillator are preamplified by ORTEC
113 scintillation preamplifiers [79] before they are sent to the data-acquisition system. Sig-
nals from delay-line readouts are preamplified by Canberra/Mirion 2003BT charge-sensitive
preamplifiers [80], followed by pulse-shaping using a timing-filter amplifier (TFA) such as
ORTEC 474 [81]. Use of TFAs in this manner allows finer control of the signal’s shape be-
fore it gets processed by CAEN digitizers that calculate their arrival time to high precision
using a digital constant-fraction disciminator algorithm, as will be discussed later. Care-
ful pulse shaping and noise suppression aimed at achieving precise timing recorded by the
digitizers is an important component of recording a reliable focal-plane spectrum.

Signals arising from the focal-plane gas-ionization chamber’s cathode plate and anode
wires are similarly preamplified and passed through ORTEC 474 timing-filter amplifiers prior
to their being sent to CAEN digitizers. The choice of preamplifier used with these signals is
less critical than for those for the scintillator and delay-line signals, since there is relatively
less of a demand on these signals to have very precise timing characteristics. Models such as
ORTEC VTI120B fast-timing preamplifiers [82], Canberra/Mirion 2003BT charge-sensitive
preamplifiers [80] and other preamplifiers have been successfully used for these signals in
prior experiments, with the emphasis in each case placed on achieving the best possible
separation between particle energy-loss (AE) signals arising from different particle groups
entering the detector, which is also a function of other variables such as the particle kinetic

energy, the isobutane gas pressure used, and the bias applied to the detector components.

41



10 Cathode vs Scintillator PMT2

hode vs Front Position
00~ - T T

Cathode

alphas

.. fiitons

deuterons

Figure 2.4. Sample particle ID spectra using cathode signals as AE versus focal-plane
position (left), and the same cathode signals versus the scintillator readouts as the F signal
(right), for a measurement using a 2"Al target and a *He beam. Reproduced from [76].

2.4. SABRE: The Silicon Array for Branching Ratio Experiments

When the SPS was in use at Yale, YLSA, the five-detector, lampshade-shaped silicon semi-
conductor array was used to detect charged-particle decays of the heavy product. The five
segments of YLSA were YY1 Si detectors manufactured by Micron Semiconductor Ltd. The
lampshade design was chosen to allow the best possible geometric efficiency given the shape
of a single detector. The total solid-angle coverage of YLSA was ~ 14% of 47 [76]. Dur-
ing the design of SABRE performed in 2016, YLSA’s main features were retained — the
lampshade design with the beam passing through its central axis, and oriented at backward
angles upstream of the target. However, the redesign incorporated new 400um-thick MMM
model Si-strip detectors from Micron, which have a larger surface area in comparison to
YY1’s arising from a larger outer radius, and a smaller inner radius (see Fig. 2.5). The
resulting mount design was optimized using Monte Carlo simulations to maximize solid-
angle coverage with respect to the target position by former LSU graduate student Dr. Erin
Good, and adjusted subsequently by then LSU post-doctoral fellow Dr. Kevin Macon. The
optimized design combined with the increased surface area of the detectors more than dou-
bled SABRE’s solid-angle coverage as compared to YLSA, allowing about 30% geometric
efficiency in detecting coincident events with respect to the focal plane (see Fig. 2.5).

Two different types of MMM detectors were purchased for SABRE. Both possess identical
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external geometry, but differ in their thickness, and in the depth of their so-called ‘dead layer’.
The dead layer of a semiconductor detector in operation under reverse bias, is the region
of semiconductor (silicon in our case) that does not form a part of the depeletion region of
the P-N junction. A charged particle entering the detector only causes an increase in the
reverse leakage current (leading to its detection) when it arrives at the depeletion region.
This means that the dead layer only serves to degrade the incoming charged particle’s energy
without providing measurable current [77]. The first set of MMM detectors purchased has a
nominal thickness of 400 pum, with a dead-layer thickness of 500 nm. Using particle energy-
loss tables [83], this can be verified to be a 90 keV minimum kinetic energy for protons
before they reach the depeletion region and produce measurable current - making up a
particle detection ‘threshold’ in energy. This set, owing to its thickness, is better suited
for measurements involving higher-energy charged particles for which loss in the dead layer
results in a relatively small correction to their energy.

For measurements that prioritize precise detection of low-energy charged particles in
SABRE, the second set of MMM detectors are better suited since they come with a nominal
thickness of 500 um and a dead-layer thickness of 50 nm, which translates into a proton
energy threshold of only 10 keV. As will be seen subsequently, it is this set that was utilized
in the measurements described in this thesis in the interest of optimizing the apparatus for
the best chance at reliably detecting proton decay events with energies < 240 keV expected
to be deposited in the silicon detectors.

The YY1 detectors used by YLSA had 16 annular segments along the junction side that
parametrized the polar angle 6 corresponding to the detection, and a single segment in the
ohmic side, providing no finer parametrization along azimuthal angle ¢. The MMM detectors
retain the 16 annular segments in the junction side, but possess 8 sector-shaped segments
along the ohmic side that also provide angular information along the azimuthal angle ¢
for each particle detection. The segments along 6 in the MMM detectors have larger radii,

subtend larger solid angles around the target in comparison to the YY1 detectors, and cover
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a wider overall angular range. While this increases the angular position uncertainty along 6
for particles detected in each segment, it allows for larger statistics to be gathered in each
angular bin and a wider angular range to be covered, which enhances SABRE’s capability
in measuring particle angular distributions. In particular, for the present measurement, we
use SABRE to measure the angular distributions for the decay particles in time coincidence
with precisely-timed focal plane events from the scintillator that correspond to excitation
energies of the heavy product undergoing the charged-particle decay. Analysis of these
angular distributions can then provide us with further information about the spectroscopic
properties of the heavy product’s quantum state that leads to the decay, such as their spin
and /or their branching ratios. As indicated by Monte Carlo simulations of the current design,
SABRE covers an angular range in the polar angle 6 of approximately 110 to 165 degrees in
the lab frame.

Signals from SABRE are preamplified using LSU-designed preamplifier boxes [84] that are
attached to the target chamber, which also carry the reverse-bias voltage that gets applied to
each of SABRE’s MMM detectors. Each preamplifier box contains up to 72 charge-sensitive
preamplifier chips with a gain of 27 mV /MeV [85]. After preamplification, signals are sent to
Mesytec MDU-16 modules [86], which add a differential linear-amplification stage to the tail
pulse generated by preamplifier chips. These modules are capable of applying a global gain to
all 16 input channels that is variable via a rotary switch on the front panel. LEMO outputs
from the MDU-16s are then sent via LEMO-MCX cables to CAEN digitizers. Ribbon cables
transporting preamplified signals between the preamplifier boxes and MDU-16 modules act
as a significant source of noise to SABRE signals. Sufficient shielding of these cables, and
careful elimination of ground loops makes up a significant part of configuring SABRE for

effective detection of low-energy charged particles.
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Figure 2.5. 3D rendering of the lampshade-shaped SABRE array (top left), along with the
junction-side (left bottom) and the ohmic-side (middle) views of the segmented Micron MMM
Si-strip detectors used in its design. On the right, is a photograph of SABRE mounted onto
the lid of the target chamber, prior to being lowered into the chamber for a measurement,
reproduced from [87].
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2.5. Signal Processing and Data Acquisition Using CAEN Digitizers

2.5.1. Introduction: analog vs digital signal processing

Traditionally, raw signals from a detector are usually preamplified before being sent over
longer signal lines so as to reduce distortions due to attenuation/dispersion. Considerable
thought also goes into signal processing to gather physically meaningful data, which typically
involves extracting the pulse’s properties such as its charge content (integral of current over
time in a current pulse), the pulse amplitude (pulse height in the case of a preamplified
voltage pulse), and/or their timing with respect to other detected pulses.

During its operation at Yale, the SPS used conventional electronics based on NIM and
VME standards for data acquisition [76]. Analog shaping amplifiers were used with peak-
sensing Analog-to-Digital (ADC) and Time-to-Digital (TDC) converters that recorded en-
ergy and timing signals, respectively, arising from the focal plane detector and YLSA. Data
was readout over a VME bus and transferred to a computer via an ethernet link. Coinci-
dent detection was ensured using a suitably tailored ‘gate’ pulse, which was triggered by a
fast pulse from the spectrograph’s focal plane detector (typically the scintillator signal) and
stayed open for a long enough time duration to ensure no correlated event in other detectors
was missed during the interval. NIM logic (‘veto’) was also utilized in this system to avoid
recording new data when prior events were still being processed by the data-acquisition sys-
tem (DAQ). While this approach was able to attain dead times of less than 5% during some
experiments |76, there was potential for improvement vis-a-vis maximum data-acquisition
rates and the lower limit on pulse energies measurable above noise. Since charged-particle
captures to resonant states close to the particle thresholds are important towards better
understanding of astrophysical phenomena, it becomes crucial to develop and improve ex-
perimental capabilities to reliably detect low-energy charged-particle decays. Particle decays
from states closer to emission thresholds in astrophysically important nuclei are typically

associated with smaller proton-branching ratios I',/T". This makes it important to develop
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experimental capabilities that can reliably detect the small number of expected particle
decays from these states, and clearly separate them from random background counts.

Progress in semiconductor electronics over the past decades, especially with regard to
Field-Programmable Gate Arrays (FPGA) [88, 89| have offered additional improvements to
the workflow discussed above. Since the fastest timescale seen in the SE-SPS’s detector
pulse waveforms is ~ 10™%s, available programmable logic switching at that timescale can
now digitize each received signal to then process the waveforms using a suitable algorithm and
dispatch /store the processed results to a data-acquisition system. These new modules, aptly
named digitizers, greatly simplify the signal chain involved in the data-acquisition process,
encapsulating the shaping amplifier+ADC/TDC system in a single digital unit. FPGAs can
be regarded as a collection of semiconductor logic blocks that re-wire interconnections be-
tween themselves at power-on by reading once from a user-defined lookup table. In essence,
this creates a circuit capable of re-wiring itself at startup. The digitizer clock sets up the
sampling interval of the internal ADC, and assigns timestamps to each detected event. In-
terfacing the FPGA to a high-level computer allows manipulation of contents of the lookup
table, which helps fine tune pulse-shaping and detection parameters at the per-channel level
so as to allow for optimization of the signal processing routine. Once the optimization is
performed, the FPGA system behaves identically to the analog system in detecting signals
and transmitting their properties to the data-acquisition computer over a suitable commu-
nication interface — with the added benefits of fine-grained control for each channel via
a software interface leading to less physical manipulation of cables/components, and easy
addition /removal of custom digital filtering stages to the signal-processing chain. Digitizing
waveforms this way also offers better correction for pileup events via deconvolution of wave-
forms when possible, and the possibility of monitoring real-time waveforms using software,
without having to physically move cables.

Depending on the kind of signals involved, there are well-established filtering algorithms

that can generate energy /timing information from the signals such as Trapezoidal Filtering
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[90], and Charge Integration [91]. Trapezoidal filtering essentially transforms long-tailed
energy pulses from a preamplifier into a shorter trapezoidal-shaped signal whose height is
a robust measure of the pulse amplitude [90]. Performing a similar transformation as an
analog shaping amplifier, this algorithm is useful in processing energy pulses such as those
output by SABRE and the anode/scintillator signals from the focal plane detector (see Fig.
2.6 right).

In other applications, we require precise timing information from a sharp, narrow pulse.
The energy information contained in these pulses would now be better represented by the
pulse integral instead of the height, owing to its shorter duration (see Fig. 2.6 left). An
example of this situation is the analysis of signals arising from the ends of the focal-plane
delay-lines, the timing of which needs to be known to high precision in order to maximize
position resolution of the spectrograph. The energy information in these signals is auxiliary
and less important in the analysis.

In order to generate preamplifier-signal triggering information in Trapezoidal Filtering,
it is sufficient to utilize a second-derivative filter like RC-CR2 [77|. However, for shorter
pulses for which numerical derivatives could degrade the signal amplitude, performing a
digital Constant-Fraction Discrimination (digital CFD, which mimicks the methods of analog
Constant-Fraction Discrimination) can offer a sharper precision for pulse arrival timing via
interpolation to arrive at the zero-crossing [77]. Digital CFD also has similar resistance as
analog CFD to jitter in the recorded timestamp caused by distortions in pulse-shape across
energy. The charge-integration algorithm utilized in the present setup uses CAEN’s PSD
(Pulse Shape Discrimination) firmware, the features of which are very close to the discussion
in Ref. [91, 92].

One major challenge in utilizing digitizers for data analysis arises from the comparatively
larger volume of data that they generate, at much higher rates than conventional electronics.
The CAEN v1730/25 digitizer modules used with SABRE generate independent trigger

timestamps for every channel, as opposed to the use of a gate pulse to achieve efficient
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Figure 2.6. Schematic of digital pulse processing under various FPGA algorithms. Left: The
PSD (Pulse Shape Discrimination) algorithm shown uses leading-edge detection for trigger
timing (shown in red), and calculates the energy by numerically integrating the input (in
blue) over the long-gate’s duration. Right: In the case of the PHA (Pulse Height Analysis)
algorithm, the TT (timing-threshold) filter signal is the numerical second-derivative of the
input. This generates the time trigger at the first zero-crossing after the TT signal exceeds
threshold. The conversion of the input to the trapezoidal profile is detailed in [90]. The
energy of the pulse is estimated by the height of the trapezoid. Images sourced from [93].

rejection of uncorrelated events. Thus, there is a need to sort through recorded data and
match timestamps to study and analyse correlated events periodically during the course of
an experiment, to provide feedback on the quality of data being gathered. The capability to
tailor the FPGA structure offers the possibility of rejecting events that are not in suitable
coincidence. This feature, if carefully implemented, is capable of allowing reduction in data

throughput and offer faster post-processing. This shall be the focus of Section 2.5.3.

2.5.2. Developing a fully digitized data-acquisition system for coincident mea-

surements

In order to develop a robust, improved data-acquisition scheme that incorporated all com-
ponents of the FSU SE-SPS, several alternative approaches were initally explored. The first
scheme implemented used conventional electronics, and only handled signals from the focal

plane detector. This data-acquisition system (DAQ) utilized NSCLDAQ [94], a software

49



widely used in low-energy nuclear physics experiments, developed at the National Supercon-
ducting Cyclotron Lab (NSCL) at Michigan State University. Under this scheme, all the
different focal plane detector signals arising from various ADC/TDC modules were encapsu-
lated into a suitable readout program that utilized a Wiener VM-USB module to interface
data transfer between the VME ADC/TDC modules and the computer via a USB link. The
program saved all focal plane data in binary format while offering capabilities to generate
real-time spectra using NSCL SpecTcl [94]. This was the status of the project when the
author started working on incorporating SABRE into the DAQ scheme in Summer 2018.
The original goal was to retain conventional electronics for the focal plane detector while
extending the program to additionally handle, in real time, the coincident data generated
by CAEN digitizers connected to SABRE.

During the development and testing of the NSCLDAQ-based integrated DAQ system, a
few issues emerged. First, the large event rates encountered (> 2 kHz per channel) when the
digitizers operated at sufficiently low discriminator thresholds demanded excellent software
optimization for both the proprietary CAEN libraries [95] that made up the backend, and
NSCLDAQ data structures and eventbuilder that made up the frontend. This often trans-
lated into the experience of encountering bugs in either component that were not always
simple to isolate, and increased development times. Second, the integration of conventional
and digitizer-based DAQ systems in a single program led to difficulties when attempting
repeated reconfigurations of FPGA settings during the course of an experiment. Due to
these reasons, this appoach was de-prioritized in Fall 2019 in pursuit of a simpler approach
that used digitizers for all signals, both from the focal plane detector and SABRE. It bears
mentioning here that many of these issues were subsequently resolved, with much invaluable
assistance from Dr. Ron Fox at NSCL. As of Fall 2021, well-developed C++ data structures
that encapsulate capabilities derived from CAEN’s CAENDigitizer libraries [95] to generate
derived classes representing sources and triggers were developed and bench tested at LSU

for CAEN Digitizer models 1730 and 1725, running firmwares DPP-PHA and DPP-PSD. In
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order to aid with editing the digitizer parameters in real time, a Tcl [96] front-end was also
developed.

The new approach sought to eventbuild in post-processing, using data recorded by
CAEN’s proprietary digitizer frontend CoMPASS [93]. This had the advantage of encapsu-
lating all the software control components into one unit, with the focus of all the subsequent
development resting on analyzing the gathered data. To encapsulate all signals into a single
CAEN CoMPASS [93| graphical frontend, dedicated tests that processed focal plane detec-
tor signals using digitizers were performed and a one-to-one comparison with data processed
via analog electronics was done to validate performance when making the transition from
the well-characterized TDC/ADC system. CAEN digitizers of different models, running
both DPP-PSD and DPP-PHA firmware had already been well interfaced using CoMPASS
by CAEN, and this method quickly evolved to become capable of performing tests with
real data in order to benchmark the overall setup, and ensure the central logic involved in
accurately identifying coincidences was fleshed out.

Upon performing a few tests using just the focal-plane signals, it was found that the
use of a single digitizer running the digital CFD based PSD firmware |92| would be suitable
for all the signals arising from the focal plane detector: delay-line outputs, anode/cathode
readouts, and scintillator pulses from the two Photomultiplier tubes (PMT). This particular
setup also provided the additional advantage of individual timestamps on each focal-plane
signal. This capability provided more fine-grained information about signal timings within
the focal plane, compared to the conventional ‘gate’-based acquisition which assigned one
timestamp for all focal-plane signals within the gate.

A handful of ROOT [97] macros to perform post-processing and eventbuilding of recorded
timestamped data were originally developed during Fall 2019, so as to periodically gener-
ate histograms to assess an experiment’s progress. The author was part of a small team
of LSU and FSU graduate students and post-doctoral fellows involved in developing this

post-processing algorithm, which has since evolved to incorporate varied applications. In
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Sept-Oct 2019, the all-digitized DAQ approach discussed above was to be used in an in-
beam commissioning run of the SE-SPS+SABRE apparatus to study the F(p,a)0(a)?C
reaction populating excited states in O with well-known a-branching ratios. In preparation

for this test, the following studies were performed:

e The focal-plane position resolution obtainable using digitizers running PSD firmware
on delay-line readouts was verified to be comparable to that obtained using the VME-
bus based system in use previously. The best available focal-plane energy resolution
achieved is currently about 30-keV FWHM at 5.486 MeV using either approach when
using a 2! Am radioactive source. The resulting focal-plane spectrum is shown in Fig.
2.7, where the two intense o decays separated by around 40 keV in energy, are visibly

resolved.

e The dead-layer thickness present in each of the MMM-type detectors was measured
at LSU in Summer 2019, and verified to be close to the nominal value of ~ 50 nm as

provided by the manufacturer.

e The combination of preamplifier chips used and V1730/25 digitizers were also verified
to lead to no significant degradation in energy resolution when signals with low pulse
heights were detected using the system at low rates. In a bench test using input signals
sent through the same preamplifier circuits as used by SABRE, the energy resolution
generated by the trapezoidal filter stayed constant at ~ 25 keV when the input pulse
height was lowered in small steps to well below (down to mean ~250 keV) the detection

threshold set for the timing-trigger RC-CR2 filter at ~ 400 keV.

To expand on the final bullet-point above, the differential nature of the RC-CR2 filter
used for channel self-triggering was sensitive to shape distortions (particularly rise-time dis-
tortions) seen in the preamplifier output. As the input pulse’s energy was lowered below the
RC-CR2 detection threshold set at 400 keV, the variability in pulse-shapes cause the trigger

condition to be met for a small subset of pulses with distortions amplified by the RC-CR2
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Figure 2.7. Focal-plane spectrum from an ?*!Am source recorded using a CAEN v1730
digitizer running DPP-PSD, showing clear resolution of the two decay a peaks with an
energy difference of roughly 40 keV. Subsequent tests revealed the best focal-plane resolution
attainable using digitizers to be ~30 keV at this energy, which was comparable to the results
found using the analog DAQ setup that preceded the digitizers. Figure courtesy of Dr. Kevin
Macon.

filter. When these detected pulses are shaped to measure their energy, the trapezoidal filter
used for the purpose does not lead to distorted energy measurements even when pulses are
detected below the set threshold. (see Fig. 2.8). The absence of a sharp cut-off at a chosen
threshold highlights the importance of setting RC-CR2 detection thresholds as low as possi-
ble when detecting low-energy signals. In turn, this requires careful elimination of as much
hardware noise in the system as is attainable.

A basic implementation of the eventbuilder macro, the central logic of which shall be
discussed subsequently, was used to successfully analyze data from the Sept-Oct 2019 mea-
surement, the results of which are discussed in detail in [68, 87]. Briefly, this test involved
the coincident detection of light reaction products at the focal plane and decay particles in

SABRE from excited states in 1°0O with 100% a-branching ratios populated by the reaction
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YE(p,a)'®0. One key takeaway from this experiment was the need to fully implement, and
exploit the digitizers’ capability to perform real-time selection of coincident events to be
written to disk, which the author was subsequently tasked with implementing in full. The

following key conclusions emerged during this study:

e The absence of any hardware coincidence capabilities in the setup meant that signals
in SABRE were only resolved above the noise floor when they had an energy deposit
larger than ~ 1000 keV. This was not all that surprising, due to the large rates of
background particle detections seen in SABRE channels due to beam backscattering

from the target at close proximity.

e Another difficulty that became apparent during several tests before and after this mea-
surement, was the instability observed when writing large data throughputs recorded
over more than 120 channels. Discriminator thresholds lower than 100 LSB in DPP-
PHA led to hardware or software overheads becoming unsustainable, and programs

and /or kernels crashing during data acquisition.

e As an indication of the limits of hardware capabilities observed during this experiment,
the most optimized DAQ setup free from software crashes during the 'F(p,a)'%0(a)?C
study required every SABRE channel see an event rate not more than 1000 Hz, when
thresholds were set low enough (100 LSB) to reliably detect ~1 MeV a-particles. Lower
discriminator thresholds caused the trigger rates to increase further, leading to hard-

ware/software instabilities.

e The successful determination of well-known a-particle branching ratios in %0 [68, 87|
demonstrated that the digitized focal plane, the eventbuilder logic, and the signal
processing pipeline distributed across multiple channels had been implemented suc-

cessfully.

The next section shall describe in detail the tests that were performed at LSU to set up

digitizer coincidence logic, and how it was then incorporated into the SE-SPS+SABRE setup.
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Figure 2.8. Digitizer resolution vs pulse height, as recorded with a CAEN v1730 digitizer
running the PHA algorithm. As evidenced by the greyscale bar (right), events begin to be
lost when the pulse-height is of the order of the FPGA discriminator threshold set for the
RC-CR2 filter. The pulse heights on the X-axis have been calibrated to energy (E) units of
MeV using an 24! Am radioactive source.

The first successful experiment that used this scheme was performed in February /March 2020
[87], followed by several successful measurements demonstrating its viability.
2.5.3. Trigger validation with CAEN digitizers: General principles

When considering the use of coincidence logic to cut down the throughput of recorded data

from SABRE, there are several important design considerations to keep in mind:

e The fast-triggering scintillator signals emerge later in time than their coincident SABRE
events. This means that implementing a simple GATE logic around SABRE signals,

triggered by the arrival of a scintillator event is not straightforward.
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e An in-principle solution to the above could be to delay all 120 channels from SABRE,
to have them arrive later than the scintillator signals which could then be used to
gate the SABRE signals. This step, though simple in principle, would be expensive to
implement and fraught with risks of introducing new sources of electronic noise into
SABRE’s signal-processing chain. This was rendered doubly important by the addi-

tional goals involved in using SABRE to reliably detect low-energy charged particles.

e A good majority of software/hardware instability that was encountered during the
commissioning run, were seen to be correlated with scenarios that involved the internal
buffers of the digitizer being filled to capacity before they were read out by the computer
interfaced with them. This indicated self-trigger rates filling up the digitizer’s internal
buffers at a faster rate than the rest of the system was capable of having them be read
out. In addition to pointing to the need for some form of coincident triggering (that
could lower input trigger rates seen by the digitizers), this also pointed to the potential

utility in increasing readout rates of events from the digitizers.

The last bullet-point discussed above, was accomplished by a series of hardware upgrades

and changes made to the computer system used to control the data acquisition:

e Firstly, valuable computing power was freed up by changing the format of data written
to disk from ROOT trees, to binary data. The benefits to this step were readily
apparent when examining system-load statistics. There was some cost incurred in
overhauling the initial step in the eventbuilding pipeline to design it to parse binary
data. However, there was also the added benefit of being able to sort events more
efficiently in time, owing to CoMPASS storing events from every channel in separate

binary files during data acquisition.

e Secondly, the Random Access Memory (RAM) in the Computer was upgraded to 64
GB, the maximum permissible value by the PC motherboard. While the effects of

this step were less clear-cut, it had a significant impact in the overall workflow of an
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experiment in permitting simultaneous analysis of previously recorded events while

new data was being recorded.

e Lastly, and significantly, the data storage drive in the computer was upgraded from a
standard hard-disk drive (HDD) offering read-write speeds capped at 80-200MB/s, to
an NVMe M.2 solid-state drive that offered a dramatically larger sustained read /write
speed at over 3 GB/s. This upgrade helped to temporarily push data-acquisition rates
to as high as 10kHz per SABRE channel prior to the development of trigger validation
schemes. The CONET2 optic-fiber link had a nominal data rate limited at 8O0MB per
second [98], which was close to the lower end of the HDD read/write rate. This upgrade
had the effect of smoothing out a large share of instabilities that were seen to occur

surrounding disk access/write speeds in the lead-up to a software crash.

Despite the above fixes, there was still the important problem of implementing coincident
triggering between the focal plane detector and SABRE, which was addressed by inspecting
possible methods to exploit the inherent separation of control in CAEN digitizers, which
is split between Mezzanine boards that digitize incoming data and identify self-triggering
events, and the digitizer motherboard, which deals with the internal logic of the digitizer
module, making decisions on what events are discarded and kept (see Fig. 2.10). A white
paper released by CAEN [99]| had already discussed several use cases of this nature, which
eventually lead to a fruitful consultation with CAEN and the introduction of GUI features
in CoMPASS that had hitherto required direct manipulation of digitizer registers. The core
logic of the solution used, was identical to those described in Reference [68, 87| and several
subsequent measurements.

Every digitizer channel configured to self-trigger continuously monitors voltage levels at
its input - sampling them in intervals of the local clock units. The clock unit for CAEN 1730
is 2 ns (extendable to 2 ps via interpolation if digital CFD is used), and the clock unit for
CAEN 1725 is 4 ns. This continuously monitored stream is processed in real time to generate

two other streams, one of which serves to identify the time at which an event occurs (RC-
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CR2, or digital CFD, as discussed in the caption to Fig. 2.6 - the timing-threshold filter),
while the other is configured to make energy measurements from the original pulse. The
clock tick corresponding to the trigger event is used to center the acquisition window that
is sent to the energy measurement algorithm.

All of the above processing takes place at the Mezzanine level in every digitizer. Each time
a trigger is registered in the Mezzanine on one of its channels via an RC-CR2/digital CFD
zero crossing, or an over-threshold in leading-edge discrimination, it sends a synchronized
logic pulse of user-configurable width (Tsr) called the ‘Trigger Request’ or the ‘Shaped
Trigger’ in CAEN’s documentation. The motherboard is in turn tasked with validating this
trigger request with a logic signal of its own called the ‘Trigger Validation (TRG _VAL)’. If
the motherboard responds to a trigger request with a trigger validation signal in response, the
recorded data is written to the local memory in each Mezzanine, and transferred out of the
digitizer into the DAQ computer at the next polling interval. In the default mode of operation
for a digitizer that had been under use during the commissioning run, the TRG_VAL is
always held at 1 - which validates every self-trigger to be written to the digitizer’s limited local
memory, saturating it when the input trigger rate becomes unsustainably large. However,
the TRG VAL is also user-configurable to be sourced from a LEMO connection in the front
panel of the digitizer labeled TRG _IN. (For other possible configurations, the curious reader
is directed to the reference at [99]).

Figure 2.9 (adapted from [99]) describes the communication channels between digitizer
mezzanines and the motherboard. Figure 2.10 is a timing diagram demonstrating how the
trigger validation scheme works in practice.

As evident from the discussion above, the logic of trigger validation is perfectly tailored
to the first concern raised in the beginning of this section, whereby fast-triggering scintillator
signals are tasked with validating SABRE signals that arrive before them in time. If one
configures every one of the SABRE digitizer channels to send to their motherboards trigger

requests of suitably large width Ts7, one only needs to then configure each motherboard’s

o8



ChO MCX input f : f .

Self Trigger in ChO -
TRG_REQ(496ns) -
TRG_HOLDOFF(1ps) : : L .
TRG_VAL(1ps) from TRG_IN : - : .

0 500 1000 1500 2000 2500 3000 3500

Time elapsed in ns

Figure 2.9. Timing diagram indicating the underlying logic involved in digitizer trigger
validation. Three tail pulses (labeled ‘Ch0 MCX input’) from SABRE numbered 1, 2, and
3 reach MCX channel 0 of the digitizer, and register self-triggers in the Mezzanine labeled
‘Self trigger in ch0’. Corresponding to events 1 and 3, a trigger request ‘TRG_REQ’ of
width 496 ns is sent to the digitizer motherboard, and a trigger holdoff “TRG_HOLDOFF’
signal which is 1 us wide is used to reject any new self-triggers that may arrive at channel
0 while events 1 and 3 are being processed. Tail pulse 2, hence, is discarded without a self-
trigger since it arrives within the trigger holdoff duration of event 1. The trigger requests
‘TRG_REQ’ sent to the motherboard cause the tail pulses to be processed to calculate their
energies, written to the local memory in the Mezzanines and readout by the DAQ Computer,
if the motherboard receives a validation trigger in its external trigger input TRG _IN, labeled
‘TRG_VAL’. As shown in Fig. 2.13, we source this external signal ‘TRG_IN’ from the fast
scintillator triggers from the focal plane detector, to set up the coincidence condition with
SABRE. Event 1 gets processed and written to disk since it receives a validation for its

trigger request, while event 3 is discarded since no TRG VAL arrived in time to validate its
TRG_REQ.
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Figure 2.10. Sketch describing the flow of logic between CAEN Digitizer Mezzanines and
the Motherboard during the trigger validation operation discussed in text. Figure adapted
from the full logic diagram published in Reference [99], to only show the particular logic
implemented as part of the experiment. Readers curious about other coincidence schemes
are pointed to this reference for more details.

TRG _IN input to receive a validation logic signal synchronized with high precision to ev-
ery scintillator pulse observed. This drastically cuts down the number of SABRE events
that get stored into the digitizer internal memory buffers, and renders the data throughput
significantly more manageable than in a configuration without a trigger-validation scheme
present.

One expects the scintillator to fire at random at rates close to 500Hz when idle under
bias without being subject to any beam - this rate arising from the room background. One
expects this background rate to be uncorrelated with the background rate in SABRE -
making any spurious events written due to their mutual validation a purely random event.
This random background can be determined from the event rate seen at large time differences
away from the time coincidence peak between SABRE and the scintillator signals. One final,
yet important point to mention in this regard is about the digitizer parameter labeled “Trigger
Holdoff (TRG _HOLDOFF)’. This is a user configurable parameter that can be set to a fixed
value To in time in order for a channel to reject any new trigger that gets detected within an
interval of t = Tyo from the original trigger. In the event of large rates of data throughput

or background, carefully setting the trigger holdoff can be a powerful method to limit the
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maximum trigger rate seen by each digitizer channel, over and above the improvement offered
by trigger validation.
The following subsection describes the first successful bench test that demonstrated the

viability of the scheme described above.

2.5.4. Bench testing: Proof of concept

Immediately following the commissioning experiment, attention was focused on bench test-
ing a trigger-validation scheme that demonstrates the capability of late-arriving scintillator
triggers to validate SABRE triggers, thereby helping to cut down recorded data rates. In
order to mock up a scenario similar to in-beam running conditions, the setup shown in Fig.
2.11 was wired at LSU. A large scintillator bar of Nal coupled to a photomultiplier tube
was connected to an ORTEC PMT base capable of providing both tail shaped energy sig-
nals and fast timing signals corresponding to every particle-detection event. Linear fan-out
NIM modules were used to split the energy signals in two, sending them to CAEN1725/30
digitizer inputs channels 1 and 2, programmed with DPP-PHA firmware in anticipation of
the primary application with SABRE at FSU. When data acquisition is attempted with this
configuration, the considerable size of the Nal bar succeeds in quickly building up a profile
of the laboratory’s ambient ~-ray spectrum. This is the red histogram in Fig. 2.12, which
we take as the reference spectrum.

Our aim at this stage is to introduce a series of background events at a large event rate
into one of the channels, and use trigger validation logic to retrieve the original spectrum.
As shown in Fig. 2.11, Channel 1 was left undistubed to only see events from the Nal
detector, while Channel 2 had fanned into it counts from a Berkeley Electronics PB-5 pulser
the tail-pulse profile of which were configured to broadly match that of the Nal detector’s
energy output. Both Channels 0 and 1 were validated by a NIM pulse generated by delaying
the fast timing output of the Nal detector by 2 us.

The first point that was verified was the complete rejection of any coincident events
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between channels 1 and 2 when the digitizer coincident window Tsr was set to a value
smaller than 2 pus. When the coincident window was set to a value that was large enough to
overlap with the delayed validation pulse sent to TRG_IN, say at 3 us, the plots shown in
black and green in Fig. 2.12 result for Channels 1 and 2, respectively. (The trigger holdoff
was set to a value of 6 us, as per the recommendation Tyo = 2T7g in reference [99] under
the section ‘double coincidences’.) As expected, Channel 1 without any background events
fanned-in almost matches exactly with the reference room background gathered over the
same duration. In spite of the highly intrusive 100 kHz trigger rate, it can be seen that
Channel 2 traces well the broad features in the room background - with the only difference
observed arising from a constant dead-time due in part to the excessively large background
rates injected. (Both channels have some events at the lowest energy end missing, but this is
likely explained by a drop in the amplitude of the timing output seen for low-energy events
- which does not register the TRG VAL as TRUE/1/HIGH in these cases.)

Trigger holdoffs are started by all events including backgrounds, which can then have
the effect of having a randomly placed background pulse receiving a validation in lieu of an
Nal signal. During an experiment, we expect the rate of such random coincidences to be
lower, since the background rate is also expected to be a random Poisson process with a fixed
mean rate. This effect, combined with other possibly unaccounted-for sources of deadtime in
the system, makes a constant multiplicative correction factor necessary to extract branching
ratios accurately during an experiment when background rates are high. As will be seen in
subsequent chapters, this factor is determined by utilizing a reference state(s) with a well
known branching ratio, which is analyzed using the same logic as those from states with
unknown branching ratios. This bench test, hence, successfully established the viability of
using digitizers for coincident detection using external digitizer trigger validation — the next

subsection will discuss the full data-acquisition setup that was utilized during the experiment.
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Figure 2.11. Bench-test setup at LSU that was used to study the elimination of a a simple
high-frequency background using trigger validation in CAEN V1725/30 digitizers running
DPP-PHA. The fast-timing output from the PMT attached to a Nal detector recording
ambient ~-ray spectrum in the room, was used as the TRG_VAL signal for all digitizer
channels, one of which had a high-background rate fanned in. As seen in Fig. 2.12, the
validation was able to successfully retrieve salient features of the reference spectrum - losing
a fixed fraction of the events to incurred deadtime effects.

2.5.5. Data-acquisiton setup

The final setup used in the experiment had the layout shown in Fig. 2.13. The gate-
delay generator furthest to the left in this figure is used to start/stop the acquisition via a
button press that triggers a NIM-level transition in this module’s output. This transition
is propagated through digitizers via LEMO cables that chain their TRG-OUT and S-IN
connectors left to right, and serves to synchronously set to zero the internal timestamps in
every digitizer at the start of every data-acquisition run.

The digitizer furthest to the right in Fig. 2.13 has a TRG-OU'T connector unused in the
start-stop propagation described above, and receives focal-plane signals. Hence, its TRG-
OUT connector is instead used to propagate the logical-OR. of self-triggers seen by its input
channels connected to the focal-plane scintillator readout. This signal, which typically has
two short pulses in rapid succession arising from the two scintillator readouts, is smoothed

using a second gate-delay generator to a single pulse with a width of 2 us, and a logic fan-out
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Figure 2.12. (Red) Ambient y-ray spectrum recorded using the Nal detector in Fig. 2.11
and a single digitizer channel, with no additional logic. This spectrum is used as a reference
to compare against those recorded with additional coincidence conditions imposed on the
digitizer.

(Black) Ambient v spectrum recorded by Channel 1 in Fig. 2.11 over the same run duration
as the reference histogram - with added trigger validation from the Nal’s timing output.
Since there is no high-frequency background fanned in to this channel, it is almost identical
in statistics to the reference histogram.

(Green) Ambient 7 spectrum recorded by Channel 2 in the setup in Fig. 2.11, which uses a
shaped-trigger window of Tgr = 3 us to accept the trigger validation signal arriving with a
delay of 2 us. Features of the spectrum are retained, with a fraction of events (proportional
to the injected background ‘noise’ rate) in Channel 2 being lost due to the trigger holdoffs
Tyo arising from the high-frequency background. Ty = 6us is used in both Channel 1 and
2 in the Black and Green plots.
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unit is used to send the resulting pulse to the TRG-IN LEMO connectors of all the other
digitizers. This is the validation signal "EXT TRG_ 1IN’ in Fig. 2.12.

MCX connectors that connect the outputs from various detectors to the inputs of each
digitizer are not shown for ease of depiction in Fig. 2.13, but are listed in the figure. Digitizers
are interfaced to the data-acquisition computer via a CAEN A3818 bridge on a PCle v3.0
slot. The green cables above, propagate the digitizer clock signals from the master board
at the left end down the daisy-chain. For details of clock management and synchronization
between digitizers, the interested reader is referred to the references at [93, 98|.

This setup, coupled with all the other instruments described earlier in this chapter, was
used to measure the two reactions that are the focus of this thesis, viz. 2C(°Li,a)*N*(p)13C
and 28Si(°Li,t)3S*(p)3°P. The following chapter discusses in detail the steps taken to set up
and calibrate the combined system of detectors and DAQ towards making these measure-

ments.
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Figure 2.13. Sketch depicting the overall digitizer setup used in the experiment. See text for
a detailed description.
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Chapter 3. Experiment and Data Analysis

The previous section described in detail the apparatus that was used to study proton-
branching ratios in 3!S states in the astrophysically relevant region described in this work.
The SE-SPS+SABRE system was set up to perform coincident measurements of two differ-
ent transfer reactions, ?C(°Li,a)"*N*(p)'*C and *Si(°Li,t)*'S*(p)*"P. For ease of reference,
these two reactions shall be referred to as the *N measurement and the 3!S measurement,
respectively.

Both measurements involved a °Li*™ beam generated by the SNICS negative-ion source,
accelerated to a kinetic energy of 27 MeV using the FSU Tandem van de Graaff accelerator
operated at a terminal potential of about 7.975 kV. In the 'S measurement, the beam
bombarded a natural SiO, target of thickness 87.6 pg/cm?. This target (which will be
referred to as the ’thick Si’ target from here on) was self-supported, but showed a visible
amount of carbon deposition on its surface from previous experiments - presumably arising
from the various contaminants present in the target chamber vacuum such as sealant and
pump oil vapor. The beam intensity of the °Li beam was observed to stay roughly constant
throughout the course of the experiment at 100 enA on beam stop BS3, which was the closest
beamstop to the target.

The YN measurement used the same beam impinging on a natural ?C target of thickness
100 pg/cm?. Several resonances in N just above the proton-separation energy have all been
measured previously to have well-known proton-branching ratios close to 100%. Monte Carlo
simulations of SABRE indicated that decay protons from the lowest proton-unbound state in
N at E, = 7.967 MeV deposit an energy in the range of 180-240 keV in SABRE. In contrast,
the lowermost 'S resonance at E, = 6.636 MeV that was aimed for was expected to deposit
protons in SABRE with mean energies in the range 250-340 keV, which would lead to signals
with larger amplitudes in SABRE’s segments under identical conditions. One of the goals
of the current measurement was to sufficiently minimize electronic noise as to perform an

accurate measurement of the F,("*N) = 7.967 MeV resonance’s proton-branching ratio. This
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would allow us to obtain a sufficiently robust gauge on the noise floor in SABRE, and estimate
the detection threshold for the 3!S measurement. In order to minimize corrections due to
time-dependent sources of error, the N measurement was performed in the middle of the
31S measurement. Methods adopted towards signal validation and noise reduction permitted
us to set digitizer detection thresholds as low as 60 LLSB for each channel in SABRE, but not
lower. After applying gain-matching corrections, this corresponds to a detection threshold
in the range 100 — 130 keV for the RC-CR2 filter in each SABRE channel, which ensured
that no tail pulses recorded by SABRE at the lowest desired limit of 180 keV would have a
missed digitizer self-trigger.

The SE-SPS was setup to have its opening aperture at 3° from the beam axis. The
target-chamber aperture slits that opened into the spectrograph were opened horizontally
to +/- 1.73° in order to allow for a sufficiently fine triton momentum resolution at the focal
plane, without sacrificing too heavily on the triton flux that entered the SE-SPS. A wider
horizontal entrance aperture into the SE-SPS would have led to more counts in the focal
plane with poorer resolution between states, while a smaller entrance aperture than the
one chosen ran the risk of not collecting sufficient statistics within the experiment runtime.
This constraint was, however, not present when making the decision regarding the vertical
entrance slits since the SE-SPS is oriented horizontally and with its momentum-selected
tritons constrained to high precision to move along the horizontal plane. Hence, the vertical
slits were opened to the maximum allowable value of + /- 2.19° i.e. 76.4 mrad. In sum, the
entrance aperture to the SE-SPS from the target chamber spanned a solid angle of 4.62 msr.
In order to bring to focus states in 'S in the range £, = 6 — 8 MeV, the magnetic field was
set to a value of B = 13.495 kG. The N data used a magnetic field setting of 9.68268 kG
which placed the first proton unbound state with E,(**N)=7.967 MeV close to the center of
the focal plane detector.

The focal plane detector was filled with isobutane gas to a pressure of 170 Torr using the

adjacent gas-handling system. Both pairs of anode wires in the focal plane detector were
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Table 3.1. Leakage currents observed in each MMM segment of SABRE during the experi-
ment. Care was taken to keep a close eye on these numbers during the course of the run, so
as to avoid recording data in the event of sudden fluctuations.

SABRE Detector ID Leakage current (pA)
at experiment start | at experiment end
1 1.53 2.29
2 1.52 2.84
3 1.36 1.90
4 1.45 2.10
5 1.28 1.80

positively biased to +1600 V, and the cathode plate at the bottom was biased negatively to
-700 V. The scintillator PM'Ts were biased at -1800 V.

All 5 MMM detectors in SABRE were biased to a voltage of -60 V during the experiment,
and the reverse leakage currents in each of the detectors were monitored closely during the
course of the experiment, so as to avoid any large changes to the physical properties of the
depeletion region arising from the beam scattering due to the beam moving out of focus,
or hitting a neighbouring component such as the target frame. When the leakage current
showed large increases, the beam was stopped and fine-tuned - and SABRE leakage currents
were allowed to return to the nominal values before resuming data acquisition. Table 3.1 lists
the leakage currents seen by each of the SABRE detectors before and after the experiment.

The 3!S measurement originally planned on utilizing a thinner (20 pg/cm?) 28SiO, target
that had been enriched to more than 99% in **Si (this target shall heretofore be referred to
as the ’thin Si’ target). However, during the course of the experiment this target proved too
fragile to withstand the vacuum cycling performed to insert SABRE into the target chamber.
Nevertheless, roughly 30 hours of data was gathered on the thin Si target that only recorded
focalplane tritons at a slightly different magnetic field (B = 13.770 kG) compared to the

thick Si target data, which shifted the visible peaks to the left by a few channels. This offset
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was corrected during data analysis so as to align the two spectra prior to comparing their
structures. This proved very useful in both gauging the degree of carbon contamination
present in the thick Si target, as well as in cross-checking the structure of peaks that were
observed in the 2¥Si(6Li,t)*'S reaction during studies with either target. Data using the thick
Si target were collected for a total 105.7 hours of °Li beam on target along with the detection
of decay protons in SABRE. Beam on target for the YN measurement was undertaken for a
period of 2.12 hours which, though considerably shorter than the extent of data acquisition
in 3!S, ensured sufficient statistics were gathered. This was because of the much larger cross
section observed in the 2C(°Li,a)!N reaction in comparison to the 28Si(°Li,t)*'S transfer.
Lastly, some data was also gathered on the 2C target under the same field settings as the
31S (B = 13.495 kG), in order to better identify contamination effects due to the built up
carbon in the thick Si target and record positions of known states populated in 12C(°Li,d)'%O

for calibration.

3.1. Data Acquisition with CoMPASS, and Event Building

All 8 of the CAEN 1725 digitizers running DPP-PHA firmware connected to SABRE, and
the CAEN 1730 digitizer running the DPP-PSD firmware connected to the focal plane de-
tector were interlinked via daisy chains to record data using CAEN’s proprietary software
CoMPASS. The data-acquisition computer connected to the digitizers via CAEN’s fiber-optic
PCle bridge A3818. The four parallel fiber-optic links were distributed to different sections
of the digitizer daisy-chain in order to evenly distribute the data throughput seen by each
link.

CoMPASS allows the user to have a single GUI interface to manipulate all the FPGA
parameters on the digitizer chain, and receives recorded hits by digitizers in the form of event
structures that contain the following information: the board index (referred to as ‘Board’),
the channel index within the board (‘Channel’), the timestamp of event detection in units

of picoseconds (‘Timestamp’), the energy recorded by the ADC (‘Energy’), and a 32-bit flag
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register (‘Flag’) that identifies any internal errors/warnings that might be associated with
the recorded event, such as a pile-up. The DPP-PSD firmware also records the integral of
the signal across the short gate as ‘EnergyShort’.

The Timestamp parameter in DPP-PHA increments in units of 4 ns, in keeping with the
design of the CAEN 1725 digitizers running this firmware. The timestamp parameter in the
v1730 digitizer running DPP-PSD uses the digital Constant-Fraction Discriminator(CFD)
to determine the event self-trigger, which extracts additional precision (down to 2 ps) in
the reported timestamp by interpolating between the samples nearest to the CFD signals’
zero-crossing. 'This capability of the 1730 digitizer plays a significant role in making the
digitized focal-plane system viable. Data from CoMPASS can be saved to the hard-disk
in either binary format, comma-separated variables, or as ROOT trees. In the interest of
maximizing processing power spent on data-acquisition, this experiment saved all data in
binary format, which allowed us to circumvent system overheads from additional computation
required by the other formats. In addition, all data were recorded during the experiment
to an NVMe Solid-state Hard Drive (Model: Seagate FireCuda 510 PCle Gen3) that had
been benchmarked to achieve large sequential read/write speeds. These precautions were
taken over and above the use of FPGA coincidence logic to bring down the data-throughput
rate seen by the part of the digitizer array recording signals from SABRE. Data acqusition
was performed in intervals of 1 hour, each followed by a quick diagnostic evaluation of the
recorded data to ascertain the quality of the focal-plane spectra, and the presence of a
sensible number of coincidences in SABRE.

An important step involved in post-processing the recorded data to identify coincidences
is to query it, and identify signals that are in time coincidence to each other, which correspond
to different components of the same beam-on-target event recorded simultaneously across
detectors. This process is commonly referred to as event building, and is performed in this

case via the following steps:

e First, the scintillator signals and SABRE signals are time-shifted forward by about
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1000 and 500 nanoseconds respectively, compared to signals from all the other de-
tectors. This offset was arrived at empirically by comparing observations in many
experiments that preceded the current one, and is required to appropriately ’center’
the fast scintillator/SABRE signals with respect to all the other recorded signals that
are expected in coincidence with them. The physical reason behind this offset is the
extremely fast time response of plastic scintillators and semiconductor detectors to the
charged particle causing the self-trigger, in comparison to the slower time-scales in

other detectors caused by gas ionization, drifts, avalanches, and delay-lines.

Next, the time-shifted signals are analyzed in software, and data structures are formed
for events that are within a trial time window 7, of the others. 7., is commonly referred
to as the eventbuilding time window, and is characterized by the slowest timescale in
the apparatus that cannot be corrected for by offsets - typically, this is set by the delay-
line signals from either end. A suitably ubiquitous signal such as the anode readout
from one of the back wires (‘anodeBack’), is used as a mandatory readout to consider
an group of coincident signals an ‘event’. Detecting the back anode means that the
only other potential region for the particle to be stopped is in the exit mylar window of
the focalplane, which is very unlikely. (A time window of 7., = 8us or above was found
to be sufficient as a starting estimate, which was then lowered in steps subsequently to
obtain a sharp selection of time-correlated events along with a background region just

wide enough to provide an estimate of random coincidences in the system).

At the end of each of the iterations above, histograms are plotted of time differences
between various signal groups and relative time offsets between channels and the width
Tep Of the eventbuilding window are varied until there are no features present in the
histograms that are cut off by the edges of the eventbuilding window. At this stage,
the data are grouped into new data structures that possess names better suited for

plotting, and saved into ROOT files called the ‘analyzed” ROOT Trees.
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e The last, and final stage of eventbuilding, involves reading the shifted, analyzed, ROOT
files, forming particle-identification gates in suitably selected channels, and where rel-
evant, improving the time-coincidence precision by setting up tighter timing gates to
reduce background counts. In our case, these fine-time coincidences are set up in all

SABRE channels as will be described in detail in subsequent sections.

e The coincidence window used in eventbuilding all data was fixed at 7., = 2.0us, with
any further reduction of background accomplished by setting up additional gates during

further analysis.

The next subsection will describe the steps undertaken to perform particle identification and
generate the focal-plane triton and alpha spectra of relevance to the 'S and N measure-

ments, respectively.

3.2. Focal-plane Analysis, Calibration and Particle Identification

As discussed before, the two sets of delay lines at the front and back of the focal plane detector
detect the position of the particle along two parallel planes at the exit of the spectrograph,
both lines lying near the focal plane of the SE-SPS. In either delay line, the position of the
detected particle is calculated by subtracting the timestamps of the signals detected on the
low-rigidity side of the focal plane detector from that detected on the high-rigidity side, and
dividing the result by two. This value is converted to the position in millimeters by utilizing
the measured average delay per chip on either side, which yields a conversion factor of 0.476
mm,/ns on the back plane, and 0.505 mm/ns on the front plane.

To identify events that have a correlated position between the two planes, we plot a
histogram between the front-plane position and the back-plane position. This histogram
was used to identify and eliminate all the events that have one or the other side firing on
noise in the detector. Figure 3.1 shows this cut applied to both the N and the 3!S data.

Following this selection of good events that have correlated signals between both the
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Figure 3.1. Two dimensional histograms plotting the front and back positions recorded in
all the analyzed, eventbuilt events from the N dataset (left) and the 'S dataset (right).
The pink enclosed curve represents the graphical cut — all the events that are inside the cut
are selected for further analysis. The 3'S dataset shows more prominent detector artifacts,
likely arising from the much longer duration of data gathered in this dataset.

front and back planes in the focal plane detector, we use coordinates x; and x5 along both
of these loci to generate the position of the detected particle along the real focal plane,
which is the locus with the best focus of detected particles for a chosen reaction of interest.
Details of this operation are discussed in Appendix A. This also requires us to identify events
arising from only the particles of interest in a given reaction — specifically, a particles
arising from 2C(°Li,), and tritons arising from 2Si(°Li,t). In order to do this particle
identification, we plot histograms between a suitably selected Energy-loss (AE) signal from
one of the components of the gas-ionization chamber in the focal plane detector, and the
residual energy signal (F) recorded by the scintillator. It has been observed empirically
during several previous measurements [68, 76| that plotting the focal-plane position against
energy-loss AF signals is also very useful towards grouping detected particles by their mass
and charge, as discussed in Eq 2.3. We select the anode energy signal detected in the back-
plane as the reference AF signal, and plot it against the left scintillator signal and the
focal-plane position w4,, calculated from x; and x to obtain the plots shown in Fig. 3.2.
We choose the left scintillator in particular since the focal plane detector is oriented closer

to the left of the scintillator bar, which increases the likelihood of light output on the left
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side to be from signals arising from particles that exit the ionization chamber.

Having plotted AE versus F signals, as well as AE versus focal-plane position signals, we
first draw a particle-identification gate in the AE vs E histogram guided by both histograms.
This is our initial particle-identification cut - we identify particle groups from their expected
positions in AE vs F as well as the structure of the position spectrum seen in AE vs 24,4
histograms. By plotting the AE vs x4, histogram after the AE vs E gate has been applied,
we perform finer particle selection by gating out features from other particle groups that
leak into the position-independent AE vs E graphical cut. Combining both of these gates,
we obtain the full position spectrum of observed a particles in the *N reaction, and tritons
arising from the 3!S reaction as shown in Figs. 3.3c and 3.3d. Every peak in these spectra
corresponds to a populated excited state in the heavy nucleus (1N, 3'S or a contaminant)
that is created in the reaction. The next subsection discusses the calibration process of the
focal plane detector that relates the focal-plane position z,,, detected to the p parameter of

the SE-SPS and the excitation-energy E, of the populated nucleus.

3.2.1. Focal-plane Position Calibration

Having identified particles and their positions along the focal plane, we calibrate the focal-
plane position against the particle-trajectory radius p described in Section 2.2. The calibra-
tion is performed using the analysis code Split Pole ANalysis Code (SPANC) [100] that takes
as its input observed position centroids and excitation energies for peaks corresponding to
well known states in reactions to identify a polynomial relationship between the measured
position z,,, and the radius parameter p. As long as the type and energy of the detected
particles in the focal plane detector can be well identified, the radius parameter p can be cal-
culated for focal plane peaks populated by any reaction, including ones that are not directly
under study.

To perform calibrations for our present experiments, known states in the reactions

12C/(SLi,d) 10 (E, = 0.0, 6.049 and 8.872 MeV), 60O(°Li,d)*Ne (E, = 0.0, 1.634, 5.621,
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5.788 and 6.725 MeV) and #Si(°Li,d)*?S (E, = 2.231, 3.778 and 5.006, 5.796 MeV) that
were selected via the deuteron particle groups shown in Fig. 3.2 were used. A third-order
calibration polynomial was able to fit the p values calculated by SPANC to a p-value of
0.954 at a position resolution of 0.4 mm for each peak included. This calibration process
provided us with a direct one-to-one relation between the observed focal-plane position 4,4
and the excitation-energy of the populated nucleus in each reaction. Figures 3.4 and 3.5
show the result of applying the calibration to the focal-plane position, and label several
known resonances in 1*N and 3!S. The presence of non-linear corrections arising from detector
artifacts was noted during the calibration, and have been accounted for in subsequent analysis

as a systematic error in the reported excitation energies.

3.3. SABRE: Calibration and Analysis

After satisfactorily calibrating the focal-plane position against the excitation-energy spectra
of the nuclei of interest as described in the previous subsection, we now include coincident
proton-decay information captured in SABRE from all the states populated in the heavy
reaction product with excitation energies £, lying above their proton thresholds S,. The
first step to incorporate the data from SABRE into the analysis, is to individually gain-match
each channel in SABRE so as to obtain a clear relationship between the energy deposited by
particles in SABRE and the ADC readout from each digitizer channel. To accomplish this,
we use the approach described in detail by Reese et al. [101] by utilizing internal correlations
between all coincident energy signals detected on the junction- and ohmic-sides of a silicon
detector. The central logic to this mode of analysis is the recognition that semiconductor
detectors work by the release of free electron-hole pairs in the depeletion region of a PN-
junction in reverse-bias, the number of pairs being proportional to the energy lost by the
charged particle detected within the region. In addition, energy signals detected in the
majority of coincident events in SABRE have the most charge collection observed between

a single segment on either side of the MMM detector, localizing the particle’s coordinates to
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cuts in (c) and (d) eliminate leaked events from other reaction channels.
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Figure 3.3. Histograms (a) and (b) plot the AE signal against the focal-plane position after
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the angular element corresponding to their intersection.

The number of new electron-hole pairs generated by the incoming charged-particle’s
interaction with the depeletion layer will be equal, and will create a correlation between
the charge-collection observed by the preamplifiers wired to channels on each side, and the
signal size sent to the corresponding digitizer channels. If one now looks through a large
dataset of the detector subjected to a measurement and identifies all correlated events that
have only one channel firing on either side - one could generate experimentally, the unknown
correlations S;; between energy signals detected by every pair (4,j) of detector segments on
the two sides. Reese et al. [101] demonstrate how this correlation matrix S;; could then be

unwrapped to calculate the scale factors s; corresponding to every channel that satisfies

where i = 0 to 15 for the 16 MMM segments on the junction side (‘rings’), and i = 0 to 7 for
the 8 MMM segments on the ohmic side (‘wedges’). F is the true value of the detected energy
in keV, A; is the raw uncalibrated energy value output by the digitizer channel processing

signals from the element. Correlations S;; satisfy

Sij = Si/Sj (32)

If correlations S;; are found with uncertainties AS;; for every ring-wedge pair 7, in a
detector, the individual factors s; and s; could be now found by arbitrarily fixing one of the

24 per the MMM (say s;—q for the Oth ring), and minimizing x? expressed as

Sij — 2
¥ = Z <Tja> (3.3)

i,J
This leads to a calibration for all channels in a single MMM detector segment of SABRE

that depends on the fixed value chosen for the selected segment. To convert these calibration

constants s; to those that convert the detected ADC readouts A; to a physical unit like keV,
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we utilize a radioactive source with known properties for its decay byproducts. In our
case, we use an 2*'!Am source to scale all the calculated constants to the correct energy by
detecting the a-particle decay line with £ = 5.486 MeV. Specifically, the innermost rings in
SABRE were fixed to 1.0 when minimizing the x? function, and then scaled by a constant
value k so as to have the calibrated energy value to be 5486 keV. The innermost rings are
expected to have detected « particles with the least energy loss from their passage through
the source, since the radioactive source is placed at the same point as the beamspot during
an experiment run. Figure 3.6 illustrates the progression of signals measured by SABRE ring
channels at each progressive step of the internal gain-matching algorithm. The interested
reader is referred to the original reference for more details [101]. The calibration factors
s; were observed to not show large changes over time. Figures 3.6¢c, 3.6d calibrate 2‘'!Am
a-decay data using factors s; calculated using SABRE data gathered over 48 hours later.
Small fluctuations caused by the use of time-shifted factors s; this way are visible in these
plots, over and above the systematic shift in energy resolution over channels seen due to the
polar-angle dependent energy loss in the target experienced by the « particles.

The other important step after gainmatching energy signals, is to select events in SABRE
that have the closest time correlation with light particles detected at the focal plane — «
particles for the N measurement, tritons for the 3'S measurement. This is accomplished
in two steps: First, we repeat the eventbuilding process over many iterations, while adding
variable offsets in each iteration to the detection timestamp of every SABRE channel with
respect to the scintillator validation trigger, until the relative time offsets are most aligned
and close to zero. This leads to a very prominent At = 0 correlation pattern, as shown
in Fig. 3.7. Second, we use a graphical cut to select only those events within the central
correlation pattern as coincident particle-decay events that arise from the transfer reaction
of interest. Eventbuilding is typically performed over a slightly larger time window than
the width of the correlation gate used, because the region of the time-difference spectrum

between SABRE and the scintillator signals that is far removed from the central coincidence
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2LAm data shown in (a) but with only internal calibrations within each MMM detector
applied (d) **'Am data with both internal calibration and scaling to keV /ch applied using
the knowledge that the 2*!Am alpha decay spectrum peaks at an energy of 5486 keV. This
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Figure 3.7. Two dimensional histograms plotting the arrival time difference (x-axis) between
signals on 80 SABRE ‘ring’ channels and the focal-plane scintillator for the N dataset (left)
and the 3'S dataset (right). The y-axis in each histogram represents the index of a ‘ring’
channel in each bin. The pink graphical cut in the middle encloses all the coincident events
detected. The red and blue gates are used to determine the random background coincidences.

pattern provides a very robust measure of the background counting rate in SABRE due
to accidental /random overlaps encountered between the various logic signals that perform
trigger validation. During the course of data analysis for our measurements, the random
background encountered by SABRE signals for the 3'S measurement is calculated by aver-
aging signals detected on both sides of the central coincidence pattern, using graphical cuts
of the same size as the central cut but offset in position in either direction (see Fig. 3.7.)
The backgrounds arising in the "N measurement were estimated using only one side of the
central coincidence pattern, since the large trigger rates recorded in the scintillator caused
some correlated events to leak in the other direction.

After both the above steps, it is now of interest to plot the excitation energy of the heavy
nucleus that undergoes decay (i.e. the calibrated focal-plane position spectrum), against the
calibrated energy deposited due to the coincident charged-particle events in SABRE. There is
a strong correlation observed in these 2D histograms, with states above the charged-particle
emission thresholds showing coincident peaks that increase in energy deposited in SABRE as
they go towards higher excitation energies — as one would expect due to energy conservation

(see Fig. 3.8). Another feature of interest that is visible in the 3'S dataset, is a second set of
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correlated counts parallel to the gated feature, at lower SABRE energies. These correspond
to protons detected in SABRE from decays to excited states in 3°P - the first two of which
are not resolved because decays from a given excited state in 'S state to either of these
30P excited states are expected to be only 30 keV apart in energy. (Note: A measurement
capable of detecting the y-ray decays from these states in coincidence with the protons could
in principle differentiate them, but this was not performed in this experiment.) Decays to
the third excited state in 3°P were clearly resolved from those to both the ground state and
the first two excited states.

Gating around these diagonal features in the F, versus SABRE energy histograms finally
gives us all the focal-plane events that were detected with a coincident charged-particle
(proton) decay. These gates will also include some contribution from random background
events, but it is possible to account for their presence by using the gates away from the central
coincidence pattern shown in Fig. 3.7. The resulting background has the structure shown
in Fig. 3.8 (¢) and (d) with a large contribution of background events caused by high cross-
section (°Li,t) transfer reactions on 2C and '60O. These populate states that are particle
bound, but since they cause so many scintillator validation triggers to emerge correlated
with them, also cause a more significant number of random correlations with SABRE events
— the randomness of their correlation being borne out in there being no SABRE energy
dependence seen for these states, which show up as nearly uniform vertical lines in the 2D
histograms (Fig. 3.8(b) and (d)). During the analysis to calculate branching ratios, we
subtract this random background from the observed coincident events, as will be discussed

in the subsequent section.

3.4. Angular Distributions: Spin Assignments and Branching Ratio Measure-

ments

Now we have constructed two sets of events, as depicted in the one-dimensional histograms

in Figs. 3.9 and 3.10. These are focal-plane events detected from all tritons and « particles
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Figure 3.8. Plots showing energy deposited in SABRE by coincident decay protons against
their focal-plane position. The gated events in (a) and (b) correspond to the decay MN* —
1BC + p and 31S* — 30P91+23 4 ¢ respectively. For (b) the violet, red, and green gates
represent decays to the ground state, the pair of the first two excited states, and the third
excited state in 3°P, respectively. Histograms (c¢) and (d) show the same information as
in (a) and (b), respectively, but with the timing correlation gates in Fig. 3.7 moved away
from the central coincidence pattern, representing the background count rate arising due to
correlations between random backgrounds seen by the scintillator and SABRE.
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Figure 3.10. Calibrated focal-plane singles spectrum for the 28Si(°Li,t)31S*39P91+23 reaction
(blue) zoomed in on the region of interest. Also shown is the background-subtracted coin-
cident spectrum representing decays to the ground state (violet), first- and second-excited
states (red), and the third-excited state (green) of 3°P — all scaled up by a factor of 6.
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arising from states in 3!S and N in the respective datasets plotted in blue, which shall
be referred to as the ‘singles’ histograms. A subset of these events also have coincident
proton emissions detected in SABRE that can be differentiated from random backgrounds
in aggregate, which are shown by the other histograms. Every peak in these histograms
corresponds to events from a particular excited state in 3'S and '“N as indicated by the
focal-plane calibration. These shall be referred to as ‘coincident histograms’ for decay to the
ground/n'" excited states in '3C and 3°P from here on.

The first step in investigating these states to determine their properties, is to fit these
peaks with suitably chosen profiles that can allow us to differentiate between peaks that are
not resolved by the focal plane detector where necessary. In the case of the N dataset,
a modified form of the Crystal Ball function [102] suggested in reference [103] was found
to fit several of the higher statistics singles peaks well. In the case of the 3'S data, simple
Gaussian profiles were chosen for each state studied in order to keep the parameter space more
tractable. The resolution observed in the singles spectrum (= 50keV FWHM) was not fine
enough to permit its use as the primary identifier of resonances observed - the ‘coincident’
spectrum was hence used to separate and identify features in the singles spectrum. The
present analysis has a persistent source of uncertainty in potentially missing unresolved
states in the singles spectra that lead to no statistically significant number of proton decays
detectable by SABRE.

For the singles histograms, we also must account for effects that arise due to the presence
of background counts, determined by modeling the background as a linear, quadratic or broad
peak. In order to keep the size of the parameter space low, the focal plane was divided into
domains to analyze a single group of peaks at a time, taking care to match their boundaries
for continuity by suitably adding peaks outside the domain with parameters fixed from their
best-fit results in the neighboring domain. In any given domain, the fit function f(z) could

be modeled as
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N

flw) = Fi(x) + Fy(x) (3.4)

i=1

where F;(&;x) is a Gaussian, or a modified Crystal ball function, and the sum is over the
number of peaks in the fitted region. The vector of parameters is & = (A, u, o) for a Gaussian
with mean u, standard-deviation o, and integral A. For a modified Crystal ball profile, there
is & = (A, p, 0, k) with the additional shape parameter k in each profile [103]. F,(x) models
the profile of the background, which is assumed to have a constant value in the case of
analyzing singles data in the 3'S dataset. The value of the constant background was estimated
from the number of counts recorded per position bin within the region E,(3'S) = 7.35 — 7.45
MeV where the reported level density is low. This estimated background was cross-checked
between data recorded from both SiOs targets having different thicknesses, and was found to
be in agreement. For the 1*N dataset, the background of the singles spectrum was assumed
to have linear, quadratic, or broad Gaussian profiles as discussed before.

No background function was found necessary to fit the 3!S coincident histograms to
achieve satisfactory fit qualities, while resonances with higher E, values in **N were found
to have background counts with well-identified profiles — similar to the singles spectrum.
The entire range of SABRE’s polar angle 6 coverage, spread across 16 junction side strips,
was subdivided into 8 (or 4) angular bins consisting of counts combined from 2 (4) successive
strips each, and 8 (4) different coincident histograms were created that plotted focal-plane
spectra having coincident SABRE counts detected within the particular angular bin.

The contribution P(i) arising from the i-th peak to the total counts observed in each

position domain, was calculated as

P(i) = =LN, (3.5)

where A, is the integral of f(z) in the whole domain, A; the integral of the i-th peak, and
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N, is the total histogram counts within the domain. (Appendix B evaluates the integral of
the modified Crystal Ball function in terms of all the other parameters.) This procedure
is undertaken to systematically estimate the contribution from each state and from the
background feature within a multi-peak structure composed of several unresolved resonances.
Calculating the contribution in all 9 cases — Ps for the singles histogram, and P(i) for the
eight coincident histograms corresponding to each SABRE angular bin — allows us to now
determine the angular correlation parameter W (6) for the n'" angular bin |67, 76, 87, 104]

as

W), = 2

(3.6)

where d{) is the solid angle subtended by the n'* angular bin in the center-of-mass frame of
the reaction. This quantity df) is calculated from a Monte Carlo simulation that accounts
for the reaction kinematics and energy losses in the target for all the interacting particles.
This simulation also allows us to identify the mean angular position of the various detector
components in the reaction center-of-mass frame, which is used in plotting measured W (0)

as a function of . Uncertainty propagation is performed by assuming no correlations:

vowon () (7 (3) e

where the uncertainty in each peak contribution (using the notation P to represent either

P, or Ps) is found as

oA\ oAy, \ oN,\’
pP=PrP — .
7 \/<Ai)+(Aw)+<NC) (38)
where errors 0 A; and oA, are found from the fit results varying them as parameters, o N,

is estimated as the square root of the total number of counts in the histogram within the

position domain chosen, and o§2 is estimated from the uncertainty observed in the Monte
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Carlo simulation.
For unbound states in *N and 3!S that have well-defined spins, it is possible to directly
relate the angular distribution of W (0) to the orbital angular momentum L of the charged-

particle (proton) decay as given below, the derivation of which is described in detail in [67]:

W(0) ~ |Pp(cosh)|? (3.9)

Since the spins of both the byproducts of the decay are well known, obtaining constraints
on the decay orbital angular momentum allows us to constrain the spin/parity information
of the parent nucleus’ excited state. An important assumption that must be true for the
validity of this method, is that the light reaction product detected in the focal plane detector
must be constrained to very forward polar angles #. This assumption being met preserves
the azimuthal symmetry of the problem, making () independent of the azimuthal angle
¢ (or equivalently, the magnetic spin substates M), and allows for the simple description of
Eq 3.9 to be sufficiently accurate. This assumption is true in our case, as we have configured
the SE-SPS to have its entrance window at 6 = 3(2)° in the lab frame.

The above relation can be used to calculate the charged-particle (proton) branching ratio
of the state, by integrating the best-fit W (6) over all space. Following the procedure adopted

in similar previous studies, we expand equation 3.9 in the Legendre-polynomial basis, as

W)= > AjP;(cost) (3.10)

j=0,2,4,.2K
where only even terms are allowed for index j because of the symmetry of Eq. 3.9 under
the transformation cos(f) — —cos(f) forcing odd orders of Legendre polynomials to have
zero for their coefficient A;. Fits are performed to the angular distribution of W (6) using
the general parametrization above in increasing values of K until a good fit is found for
K = K,in. When choosing the best-fit W () curve, care is also exercised to ensure its value

stays positive in the entire angular range, within uncertainty. Matching terms of the same
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order between Eqs. 3.9 and 3.10 then gives us L = K,,;,/2, while the relation

/ P(6)dQ =0 (3.11)
all space,L#£0

gives us the experimentally-measured value of the branching ratio (B, ,,) for charged-particle
‘7 decays as

)

Bym = / W (0)dQ = 47 Aq (3.12)
all space

which is equal to the true branching ratio (B,) in the absence of dead-time effects and other
experimental corrections. As discussed before, the existence of dead-times arising from
various factors during the experiment may add a correction factor to the expression above,
which is determined by measuring several well-known branching ratios to good precision
under the same experimental conditions.

The scale factor calculated for measured states in *N was found to be in good agreement
with the scale factor in the 'S measurement, when three precisely determined 3'S branching
ratios in the current measurement were cross-checked with two different prior measurements
that used different transfer reactions to synthesize the excited states [29, 49]. The final
measured proton-branching ratios B, will have the form:

FP

B, = T = C xBpm (3.13)
where the normalization factor C' will be determined by comparison against previously mea-
sured states having well-constrained branching-ratios. Figure 3.11 shows the results of the
above analysis performed on the E, = 9.388 MeV state in “N. Details pertaining to this cal-
culation and those done for other observed states in N, as well as their utility in measuring
the factor C' and influence in measuring unknown branching ratios of 3!S will be discussed
in the next chapter. The next chapter will also tabulate the spin-assignments and proton-

branching ratios measured for all the observed excited states of 3!S, by studying their decays
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to the ground state of 3°P in all cases, and and to excited states of 3°P where applicable.
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Figure 3.11. (a) Fits extracting peak contribution from the £, = 9.388 MeV state in the
1N singles histogram. The red histogram represents the fit residuals, and the dotted line
represents the linear background function. The solid red shaded region represents the 95%
confidence interval for the final fit curve. (b) Represents the same plot as (a) but made for
focal-plane events coincident with a single angular bin in SABRE. (c¢) Shows the best-fit
estimate of W (#) using K,,;, = 4 and L = 2 over four angular bins, which yields the value
Ay = 0.048(5) for the leading coefficient in Equation 3.10. The abbreviation ‘doF” is used
to denote the number of degrees of freedom entering the fit. The subsequent chapter will
discuss these results in greater detail.
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Chapter 4. Results
4.1. States Populated in 2C(°Li,a)""N*(p)*C

The preceding chapter discussed details of the framework adapted to extract spin-parity
assignments and proton-branching ratios of resonances populated by transfer reactions and
identified along with their coincident proton decays by the SE-SPS+SABRE system. This
section describes the application of this method to the C(°Li,a)N*(p)'3C reaction mea-
suring nuclear excited states in '“N, the properties of which are well known in literature. We
can identify the following resonances from Fig. 3.9, listed by their E, values: 7.967 MeV,
8.065 MeV, 8.490 MeV, 8.960/8.980 MeV, 9.129 MeV, 9.388 MeV, 9.70 MeV, 10.101 MeV
and 10.534 MeV. All of these states are proton unbound, since the proton theshold in *N
is at S, = 7551 keV [105]. In the interest of simplicity, we focus our attention on only the 9
resonances above, since at higher E, values, other decay channels begin to participate - in
particular, decays to the first-excited state in '3C above E,(1*N) = 7.551 + 3.0894 ~ 10.640
MeV.

When studying these resonances, the same procedure was adopted as described in the
previous chapter. Spin-parity assignments and proton-branching ratio measurements were
made under two different sets of assumptions to compare results. The first set assumed that
the coincident histograms had no structured background that needed an explicit Fj, function
as part of its fit function, meaning that any background is determined from the coincident
spectrum produced with the off-correlation gates applied (Fig. 3.7). Under the second set of
assumptions, the same background functional form was used to fit the coincident histogram,
as had been used to fit the singles histogram. The full set of 16 angular bins available
in SABRE were combined to yield angular distributions with 4 and 8 bins as described
previously. Unless the data warranted fits that used a term in the correlation value W (0)
larger than L = 2, all fits were performed by subdividing coincident histograms into 4 angular

bins, so as to have larger statistics available within each bin. The correction factor C' was
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Table 4.1. Properties of 4N states above the proton threshold, measured with the reaction
RC(OLi,a) " N*(p)'3C. The evaluated uncertainties in the excitation energy include a uni-
form systematic uncertainty of 10 keV arising from non-linearities observed during detector
calibration. The error-bars quoted in the branching-ratio measurements represent 1o about
the mean, and are quoted assuming a scale factor C' = 1.65(7) applied uniformly to all states
as discussed in Section 3.4.

Index E.(*N) in keV Le J" Branching ratio(I',/T)
Lit |[105]  This work Lit [105] This work Lit |105] This work
0 | 7966.9(5) | 7976(10) | 2 | 2= | 17273~ | 0.993(2) | 0.74(0.19)
1| 8062(10) | 8052(15) | 2 | 1- | 127,37 | 0.99947(12) | 1.22(0.33)
o | s490(2) | 8s11(10) | 1| 4= | ot1t2t 0.79(8) | 0.84(0.08)
3| 8980(3) | 8986(10) | 2 | 2¢/5% | 17,23~ | unknown | 0.97(0.08)
4 | 9120(5) | 9128(11) | 2 | 3+ | 17273 0.80(9) | 0.66(0.12)
3 o+ 3+ 4F 0.70(0.31)

5 | 9388(3) | 937912) | 2 | 2 | 17273 1.0 1.0(0.1)
6 | 9703(4) | 9708(11) | 2 | 1t | 17,273 | 0.9999959(10) | 0.95(0.07)
71 10101(15) | 10100(10) | 1 | 2+,1% | 0T,1%27 | 0.999983(5) | 0.97(0.09)

$ | 10534(20) | 10540(11) | 2 | (17) | 1-,27.3- 1.0 1.3(0.3)

@Assigned in this work

calculated separately for each state chosen, by dividing the expected B, value reported in the

literature with the observed B, ,, values. The observed values of C' were broadly consistent

between different N states, with a weighted average value of 1.65(0.07). This average was

adopted as the overall correction factor for this reaction. Figure 4.4 (b) shows a comparison of

measured B, values with this average correction applied, against those previously measured

in literature. The results assuming this average correction factor are also given in Table 4.1,

and details for individual states are discussed below.
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4.1.1. States at F, = 7.967/8.062 MeV

The two resonances with £, = 7.967/8.062 MeV are resolved within the resolution of the
present experiment, and are important towards constraining the lower-energy threshold for
proton detections in SABRE. In the center-of-mass frame, these states are 416 and 511 keV
above the proton-emission threshold [S,(**N) = 7.551 MeV], respectively. When accounting
for energy-loss effects due to target thickness, the kinematics, and the angular spread in
SABRE’s segments using our Monte-Carlo simulation (87|, decay protons from the E, =
7.967 MeV state were expected to deposit lab-frame energies in the range 160-250 keV in
SABRE, which made their detection challenging. This was also lower than the detection
threshold for the lowermost resonance expected to be seen from the 3!S nucleus, as shown
in Fig. 4.4(a).

As seen in Fig. 4.1, both these states strongly favor an L = 2 distribution, and a
spin assignment of J* = 17 to 37, which agrees with both their reported spin assignments
[J7(E, = 7.967 MeV) =27, J"(E, = 8.062 MeV) = 17] in the literature [105]. In addition,
the observed proton-branching ratios also agree to within 1.5 standard deviations with the re-
ported values of B,(E, = 7.967 MeV) = 99.3(2)% and B,(E, = 8.062 MeV) = 99.947(12)%
[105], which allows us to constrain SABRE detection thresholds for protons at E, 4, down
to 160 keV.

4.1.2. State at £, = 8.490 MeV

The state at 8.490 MeV has a best-fit x*/doF = 2.9 when using an L = 1 distribution,
which leads to a measured B, =0.84(8) that is in agreement with the reported proton-
branching ratio of B, =79(8)% to 1 standard deviation. This state has been assigned a
spin of J™(E, = 8.490MeV) = 4~ in the literature, which is in agreement with an L = 4
assignment. Using 8 angular bins to fit the decay distribution in SABRE leads to a fit with
x?/doF = 3.9 for the L = 4 distribution, but it suggests unphysically large values for the

measured B, and therefore the L = 1 assignment is used for this state. It is remarked that
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this state coincides with a region in the focal plane detector with non-linearities observed in
its position/energy readouts, which is also reflected in its measured excitation energy showing
substantial deviation from reported values. This is also a potential source of uncertainty in

the assignment made to its J™ value.

4.1.3. Doublet at £, — 8.96/8.98 MeV

The 9.129 MeV state described below forms a shoulder to a larger resonance that has the
excitation energy E, = 8.96 MeV, which could be either (or both) of the N states reported
with E, = 8.964(2) MeV, or E, = 8.980(3) MeV, separated by an energy gap less than
the resolution observed in this experiment. Proton decays from this state strongly favor
an L = 2 assignment as seen in Fig. 4.2, when using 4 angular bins, but the resultant
spin assignment J = 17 to 3" does not agree with that assigned to either state (2% and 5T,
respectively). When we repeat our analysis with 8 angular bins as shown in Fig. 4.3, no
higher L assignment leads to a better fit without W (6) values being negative. Further, while
B,(E, = 8.964MeV) =81(5)%, the B, of the 8.980 MeV state is unknown. Therefore, we did

not use this state’s properties in arriving at the normalization constant C.

4.1.4. State at £, = 9.129 MeV

The fit using the L = 1 assignment for the 9.129 MeV state leads to both the central value of
the fit W (0) and its 95% confidence intervals (CI) being entirely negative when cos() > -0.2,
and is hence not used for spin assignment. The state supports L = 2 and L = 3 assignments
when requiring the constraint W (#) > 0 to be true within the CI bounds. Both L = 2 and
L = 3 assignments lead to B, values in agreement with the reported B, of 80(9)% [105]
within 1 standard deviation. The fit using L = 2 leads to a spin assignment of J™ =1 — 3~
which agrees with with the spin of the reported J™ = 3% for this state, but disagrees with
its parity. We hence choose the L = 3 assignment for this state which leads to a J™ =2 —4F

assignment in agreement with literature and report a measured B, = 70(30) %.
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4.1.5. State at £, = 9.388 MeV

The 9.388 MeV resonance fits an assignment of L = 2, in agreement with the reported B, of
100% [105] within 1 standard deviation, and identifies a parity assignment of J™ =1 — 3~

in agreement with the reported values at J™ = 27.

4.1.6. State at I, = 9.703 MeV

For this resonance, the best fit L when using 4 angular bins is L. = 2, which leads to a
measured B, = 95(7)% that agrees with the reported B, of 99.999959(10)% [105] within 1
standard deviation. This assignment matches the spin assignment of J™ = 11, but identifies
it as a negative-parity state. When fit using 8 angular bins, no higher-L distribution provides
an improved x? without having fit W (6) values be negative, while also simultaneously leading
to agreement on the assigned J™ values to literature. Since the selection of L = 2 provides
a good fit with the smallest number of parameters in W (), and partial agreement on J” to

the literature, we use L = 2 as the assignment for this state, indicating J™ =1 — 37.

4.1.7. State at £, = 10.101 MeV

The best-fit scenario for this resonance is indicated in Fig. 4.2. While an L = 2 assignment
offers a much better quality of fit than L = 1, both calculations are consistent with the
assignment of B, — 99.9983(5)% from the literature, up to 1.5 and 1 standard deviations,
respectively. We choose the L = 1 assignment since it agrees with the J™ = 17,2 assignment
in the literature [105]. In this evaluation [105], there is a state reported with E, = 10.079(10)
MeV that has an unspecified proton-branching ratio, and a tentative spin-assignment of 3.
Even though this resonance has not been reported in prior 2C(°Li, o) N measurements, the
observed shoulder in the singles histogram in our measurement has E, = 10.081(1) MeV,
in agreement with its anticipated position. The contribution seen due to this state in the
coincident histograms was found to be small, and we do not report estimates to its B, and

JT.
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Figure 4.1. Angular distributions in SABRE of proton decays from excited states in 4N
with E, =7.967-8.490 MeV. The legend includes the L-assignment to each decay, and the
branching-ratio (B,) calculated by multiplying the best-fit Ay value by a constant factor
AnC, where C' = 1.65(7) is arrived at empirically by using all states that have a B, known
in literature. The same normalization factor C' is applied to the plots in Figs. 4.2 and 4.3.

4.1.8. State at £, = 10.534 MeV

The best-fit scenario for this resonance is indicated in Fig. 4.2. There is a clear indication of
preference towards L = 2 assignment, which agrees with the tentative J™ = (17) assignment
reported in literature [105]. The measured branching ratio is consistent with the reported
100% in literature within one standard deviation.

Figure 4.4(b) shows the comparison between the branching ratios observed in this exper-

iment for a few states with those evaluated by the reference at [105].
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Figure 4.2. Angular distributions in SABRE of proton decays from excited states in 4N
with F, =8.964-10.534 MeV (right). The same normalization factor C' applied to the plots

in Fig. 4.1 is used here to arrive at B, values.
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Figure 4.3. Angular distributions in SABRE of proton decays from excited states in 4N
with E, =8.490, 8.96/8.98 MeV, 9.129 MeV and 9.703 MeV using 8 angular bins. The same
normalization factor C' applied to the plots in I'ig. 4.1 is used here to arrive at B, values.
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Figure 4.4. (Left) Plot showing the simulated range of energies deposited in SABRE arising
from proton decays of near-threshold states in **N and 'S nuclei. The bands show the range
between one sample standard deviation of all simulated events. (Right) Plot comparing
measured proton-branching ratios in N with those reported by the evaluation by Ajzenberg-
Selove (1991) [105]. The X-axis represents the peak index as listed in the first column of
Table 4.1. The error-bars used for the measured B, values (red) are 1.50 about the mean.

4.2. States Populated in **Si(°Li,t)3'S*(p)3'P91+23

We observed proton decays from excited states in 3'S populated via the 28Si(°Li,t)3!S reac-
tion, to the ground state, as well as the first three excited states in 3°P. The proton decays
from unbound states in 'S to the first and second excited states in 3°P were not resolved
from each other, since they are separated by only 30 keV in excitation energy |E,(*°P) = 677
and 708.7 keV, respectively|. Decays to the third excited state in 3°P were resolved at large
excitation energies in 3'S [E,(3!S) > 8.3 MeV|. Tables 4.2, 4.3, 4.4, and 4.5 and Figs. 4.6,
4.7, 4.8 and 4.9 summarize the results for proton decays to the ground state. Table 4.6 and
Figs. 4.10, 4.11 and 4.12 summarize the results for decays to the first three excited states in
30p.

The correction factor C' applied to the dataset was calculated by comparison against
precisely measured B, values in two prior experiments from three states with E,(*'S) =
7.199, 7.744 and 8.071 MeV [49, 29]. In addition, these states were well separated across

the E,(*'S) spectrum, and had tightly constrained B, ,, values in the present study, which
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Figure 4.5. Plots showing a sample Multi-Gaussian fit performed during calculations, using
the E,(3'S) = 7.8-8.3 MeV region populated in the 2Si(5Li,t)3'S*(p)3°P9!+23 reaction.

(a) Singles histogram (blue), with the fit function (red), assumed background (dotted, black),
fit residuals (grey), individual peaks and their indices as listed in Tables 4.4, 4.5 (assorted
colours) are shown.

(b) Background subtracted coincident histogram for decays to *°P# with the same conventions
as the singles histogram. There are no coincident fit peaks corresponding to the two cyan
peaks in the singles histogram with centroids at x=-164 and x=-160, and thus these states
are not reported in this study. The latter corresponds to a contaminant from ?C present in
the target.
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Table 4.2. Properties of 3!S states above the proton threshold at E,(3!'S) = 6.6 — 6.92 MeV, measured using the reaction
28Gi(°Li,t)3'S*(p)®°PY. The evaluated uncertainties in the excitation energy have included in them a uniform systematic uncer-
tainty of 10 keV arising from non-linearities observed during detector calibration. The error-bars quoted in the branching-ratio
measurements represent lo about the mean, and are quoted assuming a scale factor C' = 1.80(0.35) applied uniformly to all
states as discussed in Section 3.4.

Index 315 Excitation Energy(keV) L JT B,, (I, /T)
[40] [29] This work [40] [29] This work [29] [49]  This work
1 | 6634.64(23) | 6636.8(13) | 6646(11) 9/2(7) 9/2- 3/27-9/2- 0.10(0.25)
2 6720(1) | 6719.8(20) 5/2 | (1/27-9/27) 0.25709%
3 6749(2) 6749(2) | 6746(12) 3/2t | 7/27-9/2= | 1/2+-3/2F | 0.5710%7 0.05(0.01)®
4 6796(25) | 6796(25) 11/2-
6832.7(3) | 6833.4(3) 11/2(-) 11/2-
6 6836(2) | 6836.5(18) | 6837(11) (1/2t-9/27) | 1/2% - 3/2+ | 0.4875%" 0.04(0.01)®
7 6869(2) 6872(2) | 6869(10) 11/2 >1/2- 1/27-5/27 | 0377593 0.08(0.02)*

?Uncertainties do not include large systematic uncertainties due to background subtraction in singles spectrum
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Table 4.3. Properties of 3!S states above the proton threshold at E,(3!'S) = 6.92 — 7.5 MeV, measured using the reaction
28Gi(°Li,t)3'S*(p)3°PY. The same uncertainties and normalization apply to this table as described in the caption to Table 4.2.

Index 1S Excitation Energy(keV) L JT B,, ([T, /T)

[40] [29] This work [40] [29] This work [29] [49] This work
8 6936(2) | 6938.1(29) 1/2% - 5/2F @ 1.2570-09
9 6959(2) 6961(3) | 6952(10) | 0 (1/2%) 1/2+ 1/2+-3/2% | 046701 <0.33
10 6972(2) | [6975(3)] | 6975(10) | 0 1/2+ 1/2+-3/2t | <0.38 1.1(0.3)
11 | 7010(10) 7016(10) | 1 1/27 -5/2- 0.301017
12 7036(2) | 7035.4(20) (3/2F - 5/2%) | (1/2%);3/2 1.0570 0
13 7037(2) 7038(4) (3/2% - 5/2%) 5/2% 0.93%0-15
14 | 7050.1(8) | [7053(2)] | 7050(10) | O | (1/2% -5/2%) 5/2% 1/2% -3/2% | 0.3670% 1.30(0.27)
15 7074(10) | 0 1/2+ - 3/2F 0.21(0.04)
16 | 7150.0(8) 7143(10) | 0 | 1/2% -5/2F 1/2% - 3/2F <0.09
17 | 7157.5(11) | 7156.5(17) 3/2F - 5/2F b 1.047508 | 0.3075:92
18 7196(2) | 7196.1(2) | 7205(12) |1 >1/2= | 1/27-5/27 | 0.6770% 0.68(0.15)
19 | 7302.4(5) | 7302.7(7) 11/2+ <0.13

oJm = (1/2F - 5/2%)
bjm = (3/2+ - 5/2%)
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Table 4.4. Properties of 3!S states above the proton threshold at E,(3!S) = 7.5 — 8.05 MeV, measured using the reaction
28Si(°Li,t)3'S*(p)®°PY. The same uncertainties and normalization apply to this table as described in the caption to Table 4.2.

Index 31S Excitation Energy(keV) L JT B,,(Tp,/T)
[40] [29] This work [40] [29] This work [29] [49] This work
20 7501(3) 7501(3) @ 0.5870 03
21 7517(3) 7519(3) | 7532(11) | 1 @ 1/27-5/27 | 1.5710% 1.0(0.2)
22 7584(2) 7585(3) a 0.5519-70
23 7699(3) | 7699.1(28) (1/2t -5/2%) | (5/2%) 0.5710 1%
24 7725(3) | 7725.0(21) (1/2-3/2,5/2%) | 1/2~ <0.47
25 TT44(3) TT44(3) | 7740(10) | 1 >5/2F | 1/27 - 5/27 | 1.007008 | 0.887005 | 0.67(0.22)
2 1/2+ - 7/2F 1.1(0.5)
26 TT74(3) TT74(3) (1/2F - 5/2%) @ 0.9210-88
27 7907(3) 7905(3) 1/2% a 0.34703a | 0.27093
28 7932(3) 7932(3) a 1.221043
29 7945(3) 7945(3) | 7942(10) | 1 @ 1/27 -5/27 | 1.2915:3 0.78(0.16)
30 | 7973(3) | 7973(3) | 7987(10) | 2 3/2 | 1/2+ - 7/2+ | 0621011 0.70(0.18)
31 8015(3) | 8015.2(29) b 0.67103
32 8022(3)
33 8030(3) 8030(3) a 1.187018
34| 8044.5(12) | 8045(27) | 8046(10) | 0 | 1/2+-5/2* b | 1/2%, 3/2F | 0.66701 0.88(0.29)

oJT =(1/2% - 13/27)
bJT=(1/2% - 5/2T) 106



Table 4.5. Properties of 3!S states above the proton threshold at E,(3!S) = 8.05 — 8.6 MeV, measured using the reaction
28Gi(°Li,t)3'S*(p)®°PY. The same uncertainties and normalization apply to this table as described in the caption to Table 4.2.

Index 31S Excitation Energy(keV) L J" B,, (T, /T)

[40] [29] This work [40] [29] This work [29] [49] This work
35 | 8060(3) | 8060(3) <0.36
36 | 8071(3) | 807L(3) | 8063(10) | 2 a 1/2+ - 7/2% | 1077032 | 0.427005 | 0.5(0.2)
37 | 8122(2) | 8106(10) 1/2+ - 5/2+ a 1.087083
38 | 8130(2) | 8131(3) | 8147(10) | 1 >1/27 | 1/27-5/27 | 0.7170 13 1.1(0.23)
39 | 8178(3) | 8177.7(29) b 1.00790 12
40 | 8210(2) | [8209(3)] a <0.33
41 | 8229(3) | 8229(3) | 8240(10) |1 a 1/27-5/27 | 0.8610% 0.69(0.14)
42 | 8268(10) | 8268(10) 1/2+ - 5/2F ¢
43 | 8330(8) | 8330(8) | 8341(12) | 2 o 1/2+ - 7/2% | 1.1670% 0.61(0.18)
44 | 8386(3) | 8379(9) a 0.9015-1¢
45 | 8424(3) | 8418(5) | 8424(11) | 1 |1/2F-5/2% ¢ 1/2=-5/2- 0.41(0.08)
46 | 8460.8(4) 8461 (13/27) | 13/2-
AT | 8498(4) | 8501(5) | 8490(12) | 2 1/2+ 1/2+ | 1/2%-7/2% 0.53(0.24)
48 8515(14) | 1 1/2=-5/2- 0.81(0.20)
49 | 8563(2) | 8562(8)

eJm =(1/2% - 13/27)
bJm =(5/2% - 13/27)
¢Jm =(1/2% - 5/2%)
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Table 4.6. Properties of 'S states with E,(3'S) > 7.5 MeV, measured using the reaction 2*Si(Li,t)3'S*(p)3*°P*23. The same
uncertainties and normalization apply to this table as described in the caption to Table 4.2.

Index 31S Excitation Energy(keV) By, o (Tpt/T) By, (T, /T)
[40] [29] This work [29] This work | This work
20 | 7501(3) | 7501(3) <0.02
21 | 7517(3) | 7519(3) | 7532(11) | <0.08 <0.02
22 | 7584(2) | 7585(3) <0.05
23 | 7699(3) | 7699.1(28) <0.02
24 | 7725(3) | 7725.0(21) 0.4810-39
25 | TT44(3) | 7744(3 7740(10) | <0.03 | 0.12(0.03)
29 | 7945(3) | 7945(3 7942(10) | <0.03 <0.02
30 | 7973(3) | 7973(3 7987(10) | 0.70%39% | 0.36750%
36 | 8071(3) | 8071(3 8063(10) | <0.62 | 0.2873%
38 | 8130(2) | 8131(3 8147(10) | 0.05%3%2 | 0.0870:52
41 | 8229(3) | 8229(3 8240(10) | 0.4010%5% | 0.13(0.03)
43 | 8330(8) | 8330(8 8341(12) | 0.13%595 | 0.06(0.04) | 0.04(0.01)
45 | 8424(3) 8424(11) 0.71(0.14) | 0.04(0.03)
47 | 8498(4) 8490(12) 0.431015 <0.1
48 8515(14) 0.107593 | 0.227008
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made it meaningful to use them to characterize the detection efficiency. The inverse-variance
weighted average value of C' over these three states was 1.80(0.35), which was applied to all

the measured 3!S branching-ratios, the results from which are discussed below.

4.2.1. F, = 6.64 MeV

The resonance with E,(*'S) = 6.64 MeV had only 67(5) counts in its coincidence spectrum
that were recorded above background. For this reason, the coincident spectra from this
state were not fit with Gaussians, but decay events above background were counted for
each individual angular bin and used to determine the angular correlation factor W (6) and
the L assignment. The additional assumption that the proton decays in this region arise
from only the well-characterized 9/2(-) resonance in the region is made. There has been a
recent publication describing a measurement of the 32S(d,t)?'S transfer reaction using a Q3D
spectrograph that reports an additional state detected with unknown properties at F,(3'S)
= 6.648 MeV [106]. The newly observed state was seen to be a shoulder to the previously
known state very close to the limit of detection under the experimental conditions. We do
not include this tentative state in our analysis.

In the present measurement, the observed angular distribution showed comparable fit
quality for the L = 2 and L = 3 distributions. If we choose the L = 3 distribution since
it agrees with the reported J = 9/2(—) assignment under the latest evaluation [40], it
provides us with a measured value of 0.10(0.25) for this resonance’s proton-branching ratio
at x?/doF = 2.3. With the L = 2 distribution, we obtain x?/doF = 1.9 and B, = 0.24(0.09)
which is only marginally better in fit quality than the L = 3, while providing a spin estimate
that disagrees with J=9/2(-). The fit using L = 4 distribution strongly appears to overfit
the data, and leads to an unphysically large estimation of B, under the scaling constant C
used.

We remark here that the possibility of the angular distribution possessing contributions

from more than one state, or a state that is not the one previously identified J=9/2(-),
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Figure 4.6. Angular distributions in SABRE of proton decays from excited states in 3!S with
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Figure 4.7. Angular distributions in SABRE of proton decays from excited states in 3!S with
E, =6.9 — 7.2 MeV to the ground state in 3°P.
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Figure 4.8. Angular distributions in SABRE of proton decays from excited states in 3!S with
E, =7.5—8.1 MeV to the ground state in 3°P.
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Figure 4.9. Angular distributions in SABRE of proton decays from excited states in 3!S with

8240 keV

0.07
F L=0 BR,=0.92(0.18) x2/(doF=3)=17
0.06—
= L=1 BR,=0.69(0.14) x2/(doF=2)=0.25
005 L=2 BR =0.64(0.15) x2/(doF=1)=0.1 2
C = ,=0.64(0.15) x*/(doF=1)=0. /
0.04f=
c =
g8
0.03—
0.01—
ol L L P P |
0 0.2 0.4 0.6 0.8 1
cos(0)
8424 keV
0.085E" L=0 BR,=0.52(0.1) X?/(doF=3)=14
0.04—
= L=1 BR,=0.41(0.084) X?/(doF=2)=2.6
0.035—
= L=2 BR,=0.31(0.092) X?/(doF=1)=2.9
0.03F
0.025i
c =
=S AE
0.02
0.015;
0.01;//
0.005;
oft L | L P P |
0 0.2 0.4 0.6 0.8 1
cos(0)
8515 keV
0.08 L=0 BR,=1.1(0.22) x2/(doF=3)=
E = ,=1.1(0.22) X%/(doF=3)=2.5
0.07—
= L=1 BR,=0.81(0.2) x%/(doF=2)=0.12
0.06—
= L=2 BR,=0.95(0.35) ¥2/(doF=1)=0.0012
0.05—
c F |
Ul%l 0.04— %
0.03;/
0.02f—
0.01—
i L L L L !
0O 0.2 .6 0.8 1

(f)

E, =8.1—8.6 MeV to the ground state in 3°P.

113




7740 keV 7987 keV
m 0.041
0.014f— L=0 BR,=0.12(0.032) x%/(doF=3)=0.94 E L=0 BR,=0.42(0.085) x%/(doF=3)=1.7
n 0.035—
0.012— L=1 BR,=0.086(0.037) x%/(doF=2)=0.36 0035 L=1 BR,=0.36(0.079) x?/(doF=2)=0.33
.01 L=2 BR,=0.14(0.1) X?/(doF=1)=0.43 0.025F L=2 BR,=0.3(0.11) X?/(doF=1)=0.18
0.008]— E
518k gl% 002
0.006]— [ 0.015}—///
0.004— % 0.01—
0,002/ o.oosf
ol L L1 L L ot L L1 L L1 !
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 1
cos(0) cos(0)
(a) (b)
8063 keV 8147 keV
0.04 0.009
E L=0 BR,=0.38(0.08) ¥*/(doF=3)=2.6 F L=0 BR,=0.08(0.018) x%/(doF=3)=1.6
0.035— 0.0081—
0035 L=1 BR,=0.28(0.076) x%/(doF=2)=1.1 0.007]— L=1 BR,=0.0036(0.1) x%/(doF=2)=0.2
0.025 L=2 BR,=0.11(0.13) ¥*/(doF=1)=0.26 0'006? L=2 BR,=0.041(0.077) X2/(doF=1)=0.08
E 0.005—
gl% 002/= %l%o 0045 /
0.015]— =
= 0.003—
0,005;7 0.001; %
ot L 1/ L L ot L R A L !
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 1
cos(0) cos(0)
(c) (d)
8240 keV 8341 keV
0.016~ 0.01—
F L=0 BR,=0.13(0.028) x%/(doF=3)=2.8 L L=0 BR,=0.053(0.013) X2/(doF=3)=3.5
0.0llij r
ook L=1 BR,=0.12(0.03) ¥*/(doF=2)=3.9 0.008 L=1 BR,=0.027(0.013) X2/(doF=2)=0.42
0.01F L=2 BR,=0.02(0.042) x%/(doF=1)=0.4 [ L=2 BR,=0.056(0.036) X2/(doF=1)=0.024
= 0.006(—
5|So.008 518 I
0.006]= 0.004—
S —— L
0.004— F
[ 0.002—
0.002— r
[ R L !
% 02 % t

(e)

(f)

Figure 4.10. Angular distributions in SABRE of proton decays from excited states in 3!S
with E, = 7.7 — 8.4 MeV to the first and second excited states (taken together) in 3°P. Only
cases with a sufficiently large number of counts are shown.
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Figure 4.11. Angular distributions in SABRE of proton decays from excited states in 3!S
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Figure 4.12. Angular distributions in SABRE of proton decays from excited states in 3!S
with F, = 8.4—8.6 MeV to the third excited state in 3°P. Only cases with a sufficiently large

number of counts are shown.
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is not ruled out by the current measurement. The measured branching ratio is reported
assuming the other states do not contribute significantly. Nevertheless, the counts observed
in the present experiment represent reliable detection of decay protons from this region in
excitation energy, since the detection threshold of the setup has already been quantified to

be lower than their expected energy.

4.2.2. £, = 6.7-6.9 MeV

The presence of two strong contaminant peaks arising from 2C(°Li,t)?O at E,('°0) =
5.183 and 5.240 MeV render it difficult to resolve the singles spectrum in this energy region.
Nevertheless, fitting the coincident spectrum clearly resolves states at F,(*'S) = 6.837(11)
MeV, 6.869(10) MeV and 6.746(12) MeV whose angular distributions either match with the
spins reported in the latest evaluation or with the measurement in [29]. The branching ratios
assigned to all three of these states are identified as tentative due to the strong background

from the °0O states that were poorly resolved in the singles spectrum.

4.2.3. E, = 6.95-7.5 MeV

Seven 3'S states were resolved in this region, whose measured properties show broad agree-
ment with prior measurements. Fits to the 8 angular bin distribution are reported for two
states in this region, due to the difficulty involved in consistently fitting them when using four
angular bins. The relatively structureless region in the singles spectrum around E,(315) =
7.35-7.45 MeV observed in this measurement showed agreement with the singles spectrum
from a prior 3 P(®He,t)?'S study [29], and was used to estimate the background counting rate
when fitting the singles spectrum. The weakly-populated broad peak in the singles spectrum
around E,(*'S) = 7.27-7.35 MeV showed a strong correlation with coincident spectra arising
from events outside of the 2Si(°Li,t)?1S*(p)30P91 23 gates — in particular, from other iso-
topes of Si present in the target. The proton-branching ratios from resonances in this region

are not reported here because of the dominant background.
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The normalized B, , value of 0.68(0.15) measured for the strongly-populated resonance
at E,(*'S) = 7.20 MeV showed good agreement with its previous measurement by Wrede et
al. [29] of 0.67%0%,. Under the current calibration and resolution, it is not clear whether the
resonance observed at F,(*'S) = 7.050(10) MeV in the present measurement corresponds
to the state at F,(3'S) = 7.037(2) MeV or the one at 7.050(1) MeV. Under the assumption
that the observed state corresponds to the one measured at F,(*'S) = 7.036(7) MeV, the
measured B, ;, of 1.3(0.3) when renormalized to unity agrees within one standard deviation
with both measurements made on it before [49, 29]. The measured value being larger than
1.0 is attributed to the level density in this region, and the uncertainty arising from poor
resolution of peak features when performing multi-Gaussian fits. Due to the same sources of
error, this state was not used to cross-validate the choice of scale-factor C' adopted in this

measurement.

4.2.4. £, = 7.5-7.8 MeV

In agreement with the two previous measurements reporting proton decays from this state,
the state at E,(**S) = 7.740 MeV reported a measured proton-branching ratio of B, , =
1.1(0.5) when the L = 2 distribution was used to fit its features. This also leads to a spin
assignment in agreement with reported spin values. The angular distribution from this state
also had a good quality fit with an L = 1 distribution, which leads to a measured B, , =
0.67(0.22). Both of these values agree within uncertainty with the measurement made by
Burcher et al. [49], and are within 1 and 1.5 standard deviations, respectively, of the previous
measurement, made by Wrede et al. [29], which reported B,, = 1.00(0.06). This provides
an additional cross-check of the correction-factor used when reporting the branching ratios.

In addition to this resonance, a significant proton decay branch to 3°P**?2 from the state
at E,(31S) = 7.58 MeV was observed. At first glance, this strongly suggests the identification
of proton decays from a previously unmeasured state in the region - since there was not a

similar observation by Wrede et al. [29]. However, the presence of a strong contaminant
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peak [E(""Ne) = 2.795 MeV from O(°Li,t)'°Ne]| in the singles spectrum prevented us from
further analysis of this state. It is remarked that a measurement identical to the present
measurement that uses a self-supporting 2®Si target would minimize the distortion due to
this background state and potentially permit the measurement of proton branching around
E.(?1S) = 7.58 MeV.

Lastly, strong proton decay branching to 3°PY was observed from the highly-populated
state at E,(31S) = 7.532(11) MeV. Both L = 1 and L = 2 assignments provided a good fit
to the decay angular distribution in SABRE, and indicate B, , values consistent with prior

measurements [29], with improved precision.

4.2.5. F, = 7.8-8.3 MeV

As many as six excited states were resolved in this energy region. As the presence of a
contamination peak from the background reacton '2C(°Li,t)'®O populating the F,(*°0) =
6.176 MeV resonance obscured the features in the singles spectrum, we do not report on
states around E,(31S) = 7.75-7.85 MeV. In agreement with previous observations [49, 29,
the decay branches to the first- and second-excited states in 3°P showed large strength in the
region F,(3!S) = 7.8-8.1 MeV. Finally, the proton-branching ratio observed to 3°P¢ from the
resonance at E,(31S) = 8.07 MeV was used to calculate the scaling-factor C. The currently
observed value of B, , = 0.5(0.2) showed good agreement with the measurement in [49] that

reported B, , = 0.427008.

4.2.6. L, = 8.3-8.6 MeV

This region was the furthest from the proton emission threshold among all the states ob-
served. There were predominantly three peaks in the singles spectrum that were fit using
four states based on the coincident spectra. While it is likely that the level density in this
region is even higher, the results reported here correspond to only what was resolved with the

energy resolution available in the experiment. The coincident spectra corresponding to de-
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cays to different excited states in 3°P showed identifiable differences in their structure, which
allowed for resolution of two states around E,(*1S) = 8.48-8.51 MeV. Strong proton decay
branches were observed to the first- and second-excited states of 3°P from the resonances
at E,(31S) = 8.424 and 8.490 MeV. A large decay branch to the third excited state in 3°P
was observed for the resonance at E,(*'S) = 8.515 MeV. Many of these measurements are
reported for the first time, and could prove useful as reference states with well-constrained
B, values for subsequent measurements that study the same nucleus.

The next section will briefly discuss the impact of the current measurement on the esti-

mate of the P (p,7)3'S reaction rate.
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Figure 4.13. (Top) Comparison of measured proton-branching ratios from excited states in
31S to the ground state of *°P seen in this measurement (blue) against previous measurements
by Wrede et al. [29] (red) and Burcher et al. [49] (green). Thin grey lines are drawn
corresponding to the mean E,(3!S) values reported in [29] to guide the eye. (Bottom) The
same plot as above, but for proton-branching ratios from excited states in 3!S to the first
two excited states of 3°P.
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Chapter 5. Influence on Reaction Rate, Future Prospects

In order to examine the impact of the measurement discussed in the previous chapters on
the 3P (p,7)3!S reaction rate, a careful literature survey was performed to obtain the most
up-to-date information regarding the proton and ~-ray partial widths, and spin assignments
estimated for all narrow resonances in the Gamow window FE,(*'S) = 6.1-6.8 MeV. The
findings are summarized in Table 5.1. Evidence of strong isospin mixing of the E,(3!S)
= 6390 keV state with the 7' = 3/2 TAS had been determined experimentally by Bennett
et al. in 2016 [60], which provided an unambiguous constraint on this state’s parity as
J™ = 3/24. This s-wave resonance is presently understood to be the dominant contributor
to the reaction rate, located in the middle of the Gamow window at ONe nova burning
temperatures (7" = 0.1 — 0.4 GK). For this level, we adopt the resonance strength assigned
to it in the latest peer-reviewed measurement [63].

In the year following the measurement by Bennett et al., Kankainen et al. [51] used the
GRETINA array to experimentally constrain several resonance strengths in the 3°P(p,v)3!S
reaction. This measurement detected the angle-integrated cross-section of the 3P (d,n)*'S
proton-transfer reaction, and compared the results against predictions from a finite-range
adiabatic approximation model that used a USDA Hamiltonian for positive parity states,
and the WBP Hamiltonian for negative parity states to determine the spectroscopic factors,
(28, corresponding to each resonance in the Gamow window. They observed about an order
of magnitude lower single-particle strength than those predicted by the shell model for the
three dominant negative-parity states participating in the reaction, and provided an updated
list of resonance strengths over many states in the Gamow window guided by the experiment.
For the other important resonances that were not observed experimentally, they reported
theoretical estimates calculated in a previous publication [107]. We adopt the values listed
in this publication [51] for our reaction rate calculations with the exception of the recently
updated 6390 keV state.

For the E,(*'S) = 6.636 MeV resonance, we assume that its properties are identical to
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the previously measured J™ =9/2- state. (There has been a recent Q3D measurement [106]
that indicated a neighboring state at F,(3'S) = 6.648 MeV with as-yet unknown properties).
The spin of this state has been identified in several measurements including coupled-channel
angular distribution measurements using *P(3He,t)3!S [46], and **Si(a,ny) using Gamma-
sphere [58], which identified this resonance as the mirror to the E, = 6796-keV state in
3P, To estimate its resonance strength, we use the v width quoted in references [47, 54| of
3.3(7) meV, which is derived from the mirror state’s lifetime, reported in the 1998 Evaluation
[38]. Finally, for the states with E, = 6700 — 6800 keV, their properties reported in refs.
[29, 107] are adopted, and spins are matched where known to those reported in the latest
evaluation [40]. Since the present measurement reported B, values with large uncertainties
arising from subtracted contaminant peaks in the singles spectrum at this F, range, the B,
values reported by Wrede et al. [29] were adopted.

Figure 5.1 shows the 3°P(p,7)3!S resonant rate arising from states with the properties
listed in Table 5.1, and Table 5.2 lists the contribution from the updated B, measured
for the F, = 6.636-MeV resonance in this work alongside the total resonant reaction rate.
The E, = 6.636-MeV resonance is observed to not contribute significantly to the total
resonant reaction rate even when its measured B, value is varied within the full range of
its uncertainty. This behavior is consistent with this resonance’s larger L value (which
causes a higher centrifugal barrier to proton capture) and location in the tail of the Gamow
peak at temperatures relevant to nova nucleosynthesis. We remark here, in passing, that
sensitivity studies on single-zone Type-I X-ray burst models such as [108] have indicated
a well-constrained *°P(p,7)?'S reaction rate at temperatures up to 2 GK to be important
towards predicting the isotopic composition of the burst ashes. In particular, changing this
reaction rate by a factor of 100 was found to change the isotopic composition of A = 31
elements in the burst ashes by a factor as high as 3. Even though the present reaction
rate uncertainty has not been identified as the most significant source of uncertainty in the

simulated burst ash composition, the updated reaction rate could have a significant impact
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in future work on results from these models, if the contributions from states with E, > 6.7
MeV are accounted for. To estimate the reaction rate at higher temperatures than shown in
Figure 5.1, measured properties of states with larger F, values than those included in Table
5.1 would be necessary. B, measurements such as those performed in this work and in other
recent efforts [49, 29|, as well as better constraints on the spins and ~-ray widths of these
states would be important towards achieving this end.

To summarize, the present measurement shows broad agreement with several previous
proton-branching ratio measurements using transfer reactions. In many cases, the compar-
atively high amount of statistics gathered here permit us to improve upon the precision of
B, of several states. The independently determined normalization factor for the branching-
ratios was in agreement between the two reactions studied. Decay protons from the E, =
6.636-MeV state were detected for the first time using SABRE, as were decay protons from
states on the highest end of the excitation energy range in 3'S. The key scope for improve-
ment in the current measurement is the minimization of contaminants in the target that can
be accomplished by using an enriched self-supporting Si-28 target, which minimizes the pres-
ence of both 2C and O, which were observed to interfere with the recorded 3!S spectrum
at several positions. Such a study will be beneficial towards systematically exploring proton
branching from states even closer to the proton threshold assuming sufficiently low electronic
noise in the setup, since this would help limit the contaminant peaks from 9O (%Li,t)!"Ne
populating states at E,(!Ne) = 1.51, 1.54 and 1.62 MeV immediately next to the E, —
6.636-MeV resonance.

Experimental determination of the proton-branching ratios of many of these states in the
Gamow window, especially for those with low L values, would serve to improve the precision
of the estimated reaction rate. In addition, systematic uncertainties associated with the
focal plane detector’s position detection, and the loss of resolution arising from the use of
a comparatively thick target and larger entrance aperture to the spectrograph can also be

addressed by a longer experimental campaign. Another important consideration for future
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Figure 5.1. Resonant contribution to the 3°P(p,y)3'S reaction rate due to all states in Table
5.1. Contribution from the resonance at E,(3'S) = 6.636 MeV measured in this work is
highlighted as a blue dashed curve.

work could be a better constraint on the I', for states with £, = 6.636 MeV and above,
that improve from the current estimates using lifetime measurements only in a few cases.
More generally, the cross-section observed for the (°Lijt) reaction on the order of several
ub /sr is comparable to that observed in more commonly used charge-exchange reactions like
(®He,t), which makes it another arrow in the quiver that could prove useful towards studying

resonances in proton-rich nuclei away from stability.
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Table 5.1. Properties of states in 3'S adopted to calculate the resonant reaction rates in Fig.
5.1, and Table 5.2.

B0l | B (L] 0 | (D) r, o
keV | keV eV keV

6255.3 | 125 | O 1/2 9.5 x 10715 [107]
6279 | 148 | O 3/2 1.387 x 10713 [107]
6327 | 196 | 1 3/2 3.607 x 10719 [51]

6357.3 | 227 | 1 5/2 < 1.4 x 1072 |51]

6390 | 259 | 0| 3/2 |0.00025[63] | 4.90 x 1074 [63] | 8.161x107% [63]

6392 | 261 | 2| 5/2 4.8 x 1071 [51]
6541.9 | 411 | 2 | 7/2 1.7 x 1077 [51]
6636.8 | 506 | 3 | 9/2 0.10! 3.30x 107 [47] 6.05 x 1077

6720 | 589 | 2 | 5/2 [40] | 0.25[29] | 4.00 x 104 [107] 1.0 x 10~

6749 | 618 | 0 | 3/2 [40] | 0.57[29] | 6.30 x 104 [107] 2.39 x 1074

6796 | 665 | 2 | 5/2[29] | 0.6875 [29] | 2.00 x 10~ [29] 1.38 x 10~

I This work
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Table 5.2. Resonant contribution to the 3P (p,7)3'S reaction rate from the E, = 6.636-MeV
state observed in the current measurement, and the total evaluated reaction rate assuming
states with properties listed in Table 5.1.

Temperature | Contribution from E, = 6.636 MeV | Total Resonant Rate
GK cm?/(mol.sec) cm? /(mol.sec)
0.1 8.67E-23 3.30E-10
0.15 1.50E-14 7.77E-07
0.2 1.74E-10 5.47E-05
0.25 4.42E-08 7.19E-04
0.3 1.68E-06 3.94E-03
0.35 2.19E-05 1.34E-02
0.4 1.46E-04 3.60E-02
0.45 6.26E-04 9.12E-02
0.5 1.97E-03 0.23
0.55 4.97E-03 0.56
0.6 1.06E-02 1.26
0.65 0.02 2.59
0.7 0.03 4.88
0.75 0.05 8.47
0.80 0.08 13.73
0.85 0.11 20.99
0.90 0.15 30.54
0.95 0.20 42.59

1 0.25 57.29
1.1 0.37 94.84
1.2 0.50 142.95
1.3 0.65 200.53
1.4 0.80 266.00
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Appendix A. Kinematic and Tilt Correction in the SE-SPS Focal

Plane Detector

As discussed in Chapters 2 and 3, the focal plane detector in the SE-SPS is designed to
perform charged-particle position detection over two parallel planes, with values z; and xs.
Knowledge of particle position over these two planes can be used to identify the particle’s
trajectory in every event, which can in turn be used to identify the plane of maximum focus,
or the true focal plane of the reaction. The position along this true focal plane is labeled in
the text as x4 Figure A.1 sketches the geometry of the focal plane detector, and indicates
the locus of the true focal plane as a blue dotted line. In performing this analysis, we
borrow the same convention followed by Shapira et al. [109]. By using the known geometric
separation S between the two planes and modeling the true focal plane as a line in the same

plane as x; and 9, one can determine the parameters (H,«) of the line’s equation

1 1
T+
1+ ctg’a 1+ tg’a

y—H=0 (A1)

The point of intersection between the focal plane with the above parametrization and a
particle detected at x; and x5 in the front and back planes respectively, is derived by Shapira

et al. as

Swzycos(o) — H(xg — x7)

- Scos(a') — (xg — x1)sin(a)

TE ;S >0,0<a <90° (A.2)

Once the position spectrum of the reaction of interest has been identified in the focal
plane, one can plot particle trajectories in a family of planes parallel to the front and back
planes by calculating Eq A.2 using trial values for H and « such as 0 < H < S and a = 0.
The resulting 2D histogram that plots trial zz values for different H’ values and o = 0 is
shown for the 2C(°Li,a)'N reaction in Fig. A.2(a). Here H' = H/S is the normalized
position of the trial plane between the two planes, with H' = 0(1) corresponding to the

back (front) plane. Corresponding to each state in this histogram is a diagonal pattern that
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Figure A.1. Schematic diagram showing the position of the true focal plane (blue) with
respect to the detection planes. The four arrows represent particle trajectories from the
SE-SPS exit, with one of them highlighted in cyan to label its points of intersection with the
two detection planes. Figure adapted from [109]. See text for details.
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Figure A.2. (Left) 2D Histogram plotting particle position xp along different trial planes
satisfying « = 0 and H = H'S. Each diagonal pattern corresponds to a state populated in
12C(5Li,a) "N, showing changes in focus as the particle traverses the focal plane. (Right)
The same histogram on the left, overlaid with numerically evaluated positions of best focus
(black circles) and the best-fit line passing through them (red) representing the estimated
true focal plane.
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changes its width over different H’ values, coming to a minimum in each case between the
two planes. This is the position of maximum focus for this state i.e. its position in the true
focal plane. The focal plane equation in Eq A.1 is calculated by finding the equation to
the line connecting the points of maximum focus across several isolated states through the
length of the focal plane detector. The position zr along this plane of maximum focus is
labeled as 4,4, and is subsequently calibrated against the radius parameter p of the SE-SPS
as discussed further in Chapter 3. Figure A.2(b) shows the positions of maximum focus
identified for a few chosen states, and the best-fit line through them that is an estimate of
the true focal plane. Typical parameters found in this experiment are H = 28.8154 mm,
o/ = 0.04951 rad for the case indicated in A.2(b). We use S = 42.8625 mm as known from

the detector’s geometry.
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Appendix B. .Integral of the Modified Crystal Ball Function

We have the modified Crystal Ball function suggested by S Das [103].

_(a-p)?
2A 26 202 7$>M—k0-
V 4TTO

flxip,ok) =

k2 k(z—p)

It has a simple exponential falloff after k standard deviations to the left of mean, and the
remaining functional form is that of a gaussian. At the junction, the function takes the value
~exp(-k?/2).

When we integrate this over —oo to +00, we have:

o0 p—ko A K2 | k(t—p) oo A (t—p)?
tﬁ:/ eﬂ‘oﬁ+/ e 202 dt B.1
I AN ko V202 (B

= () + (1)

Let’s evaluate these simple integrals..

k
p—ko A K2 | B(t—p) Aez k(t—p) 01 t=p—ko
(I) = [ 2 + o dt — |:6 o —]
o V2mo? V2ro? kli=—oo
k2
Aez [ k(p—ko—p) O k(—o0—pu) a}
= —F— | & o kx — — € o —
V2mo? k k
k2
Aer [ 42 o k(—oo—p) O
= —— e " x——e o -
V2mo? k k
k2
Ae2

- (B.2)

Now onto the more mysterious (II), we have

& A t—w)?
17 :/ e 202 dt
( ) n—ko \/27T02

Making a variable transformation s = (t—pu)/v/20, we have /20ds = dt, and t : p—ko —
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oo becoming s : —k:/\/§ — o0 i.e.

(1) — /°° AV20 o

e *ds
k/v2 V2To
A

o A 2 k 2
= —e Tds = —— e P 2dp B.3
/—k’/\/i ﬁ V2T J o ( )

where in the last step we make the substitution p = —v/2s.

Now, we know from the definition of the Error function that

2 T
erf a:):—/ e tdt
=7,
1 xXr 1 * 2
= — [l+4ef|[ — :—/ e V12t B.4
et ()] == L B

since

1 ¢ 1
—/ e V1Rt = = (B.5)

21 J o 2

Comparing (3) and (4), we get

A k
which gives us the final answer,
+oo At A k
)t = ——=+ = |1 terf| —= B.7
[ = Gma 5 v (35) B0

which tends to the Gaussian integral A as kK — oo, as expected. For finite k, the integral
adds a correction to the Gaussian integral A by a function of k which is readily evaluable
numerically. ROOT’s TMath::Erf() was used to cast this integral as a parameter of the
fit function, which also was able to provide uncertainties in this quantity during the x?
minimization process.
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