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ABSTRACT

Understanding the abundance levels of isotopes produced ixygen-neon (ONe) novae
within our galaxy requires accurate measurements of nucteeeaction rates within their
associated reaction networks. During these cataclysmiceaws, the produced radioisotope
2?Na is ejected into the interstellar medium and -decays predominately to the rst excited
state in ?°Ne leading to a characteristic 1.275 MeV -ray. To date, there has been no
astronomical observation of this characteristic -ray that can be a potential probe into the
physics occuring within novae. The production of?Na in classical novae is limited by the
2ONe(p; )?*Na nuclear reaction that is the focus of this experiment. Usinthe DRAGON
recoil separator, new measurements of tR&Ne(p; )2'Na reaction are performed at center-of-
mass energies ranging from 265.5 - 519.6 keV that reach todsthe astrophysically relevant
energy ranges. The goal is to reduce experimental uncertids in the 2°Ne(p; )?'Na reaction
rate in order to be able to constrain the astrophysical S-fear. In addition, in the frame
of this thesis a di erential cross-section measurement wamerformed of3He + p scattering
to test the performance of the new Colorado School of Minessigned and built SONIK

scattering chamber.
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PART |
SCIENTIFIC RESULT: DIRECT MEASUREMENT OF RADIATIVE PROTON
CAPTURE ON NEON-20 WITHIN THE ASTROPHYSICALLY RELEVANT
ENERGY RANGE FOR STELLAR NUCLEOSYNTHESIS IN NOVAE



CHAPTER 1
INTRODUCTION

In order to accurately predict the abundances of elements guiuced during explosive
stellar nucleosynthesis in novae, precise measurements/afious nuclear reaction rates are
required within astrophysically relevant energy ranges. fQparticular interest, is the nucle-
osynthesis of the radioisotopé?Na produced in oxygen-neon (ONe) type novae. This nova
type involves a massive oxygen-neon white dwarf in a catasiyic variable binary system.
They are estimated to compose one-third of all novae outbusswithin our galaxy [3]. The
produced radioisotope’?Na  -decays with a half-life of 2.6 years emitting a charactetis
1.275 MeV gamma-ray [4]. The relatively long half-life alles for the radioisotope to persist
long enough for the ejected nebula to become suitably trares@nt to the emitted -rays.
The radioisotope?’Na was rst suggested by Clayton & Hoyle (1974) as a potential pbe

into the nuclear physics occurring within novae [5].
1.1 Stellar evolution

Stellar evolution is a complex network of stages that desbes the potential life cycles
of stars of varying mass sizes from their initial creation inthe heart of giant molecular
clouds. The life cycles can span between millions to billisrof years depending on the initial
composition of the star, and the cycles are the process of wiiwe owe the creation of the
heavy elements in our universe. Nuclear fusion in the core das can produce elements
up to iron while cataclysmic events such as novae and supevae develop environments
suitable enough to synthesize more massive than iron elerteenOne of the motivations for
developing more accurate stellar evolution and nucleoswsis theories is to be able to explain

the observed elemental abundance levels in our universelsas shown in Figure 1.1.
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Figure 1.1 The abundance level of elements within the solarsgm as a function of atomic
mass number with abundances normalized to 1 million parts eflicon. Figure from [6].

1.1.1 Star formation

The formation of stars within our galaxy and in the universe ccurs within giant molecular
clouds composed primarily of molecular hydrogen and atomkelium. Stars form within
clouds with gas densities large enough for the gravitatioh@otential energy to overcome
the clouds internal kinetic energy generated from the clotglinternal gas pressure. This
condition of instability indicating the potential of a molecular cloud to collapse can be
described by the Jean's mass criterion shown in Equation (},lwhere k is Boltzmann's
constant, G is the gravitational constant, T is the molecular cloud temperaturem is the
mean molecular weight, and is the molecular cloud density. For typical molecular cloud
densities of approximately 100 atoms/crhand temperatures of 100 K, the associated Jean's
mass criterion indicates instability of molecular cloudsrgater than 2 10*M [7].

During the collapse of the cloud, the gravitational potentll energy is converted to thermal

energy and radiation causing the cloud material to increase temperature. As the internal



energy increases during the collapse of the molecular clomaterial, the core will eventually
reach a hydrostatic equilibrium point where the build up of nternal pressure is balanced
with the gravitational potential energy of the system. If tre star mass exceeds 0.08 solar
masses, the internal energy is suitable enough to initiatdvérmonuclear fusion within the
core which contributes to maintaining the stars hydrostati equilibrium. For molecular cloud
collapses less than 0.08 solar masses, hydrostatic equiliim is reached by the balancing of
the gravitational potential energy with the degenerate etdron pressure and the core does
not reach a suitably high temperature to support the fusionfcdhydrogen. This type of object
is known as a brown dwarf and is a class of stellar objects be®@n gas giants and stars.
During the collapse of giant molecular clouds into stars, #hclouds can fragment into dense
cores with masses comparable to stars that can form binaryastsystems. Of these systems,
cataclysmic variable types are of interest for this study ahconsist of a mass transferring
close binary system with a white dwarf primary.

kT 7

M 37 Gm 1=2 (1.1)

1.1.2 Main sequence stars

The rst and longest phase of the evolution of a star is the maisequence stage which
consists predominately of hydrogen burning in the core. The/drogen burning cycle converts
hydrogen to helium in the star's core and the cycle is based dhe two main reaction
mechanisms, the proton-proton chains (pp chains) and, fotass of suitable mass, the CNO
cycle. The pp chains consists of a series of reaction pathwatp create helium-4 within
the star and begins with the reactions shown in Equation (1)2and Equation (1.3). The
rst reaction consists of two protons fusing to create deuteum after the -decay of one of
the protons into a neutron which produces a positron and a n&#ino. This rst reaction
has a cross-section still too small to measure in current latatory settings and is instead

inferred from standard weak interaction theory [8]. The prduced deuterium then fuses



with an additional proton to produce helium-3 and a high engy gamma ray. Relative to
the initial pp reaction, the radiative proton capture on deterium has a signi cantly higher
reaction cross-section and the conversion to helium-3 iseztively instantaneous after the
initial production of the deuterium. A comparison of the reation rates for the pp reaction
and the deuterium radiative proton capture reactions sugges that the lifetime of deuterium

within the suns core is approximately 1 second [8].

H+ H!I *H+e™ + (1.2)

H+ H! 3He+ (1.3)

After the production of helium-3, there are three main availale pathways for the produc-
tion of helium-4 in the core of a star known as ppl, ppll, and pipl with relative branching
ratios of 83.30%, 16.70%, and 210 % respectively [8]. Each of the three production
mechanisms will release 26.731 MeV per helium-4 productiorcluding the initial two re-
actions, but the available energy for conversion to thermanergy will vary depending on
the pathway. This is due to the di ering amount of energy beig carried away by neutrinos
produced in the di erent pathways. The neutrino energy losgan amount to 2%, 4%, and

26% of the total energy produced in the ppl, ppll, and pplll pthways, respectively [9].

*He + *He! “He+H+ H (1.4)

The dominant reaction mechanism ppl proceeds along the pathy shown in Equation
(1.4) to produce helium-4. In this pathway, the neutrino engy loss is approximately 2%
which is driven by the initial pp reaction within the overall cycle, and correcting for energy
carried away by the neutrinos leaves 26.20 MeV of energy peroduced helium-4 atoms
available for thermal conversion within the star.

The ppll pathway is a collection of reactions that proceed aoeding to Equations (1.5),

(1.6), and (1.7). The rst reaction in the series is an radidtve alpha capture on helium-3



which requires the existing production of ambient helium-40 proceed. The beryllium-7
subsequently produces lithium-7 through the electron capte mechanism that also releases
an additional neutrino. Finally, lithium-7 undergoes a radative proton capture reaction to
produce an unstable beryllium-8 with a half-life of approxnately 5.57 eV which subsequently
decays into two helium-4 atoms [10]. After accounting for thd% neutrino energy loss, the

ppll pathway creates 25.66 MeV of energy per produced helivnatoms available for thermal

conversion within the star.

*He + ‘He! "Be+ (1.5)
‘Be+e | Li+ (1.6)
Li+ 'H! “*He+ “He (1.7)

The pplll pathway is a collection of reactions that proceed @ording to Equations (1.8),
(2.9), (1.10), and (1.11). The rst reaction in the series filows along similiarly as ppll
to produce beryllium-7. This pathway di ers from ppll by the beryllium-7 undergoing a
radiative proton capture reaction to produce boron-8. The ¢&ron-8 then undergoes * -
decay to produce beryllium-8 which, as in ppll, rapidly degs into two helium-4 atoms.
After accounting for the 26% neutrino energy loss, the pplll gthway creates 19.78 MeV of

energy per produced helium-4 atoms available for thermal meersion within the star.

*He + ‘He! "Be+ (1.8)
‘Be+H! %8B+ (1.9)
81 ®Be+e’ + (1.10)

8Be! “‘He + “He (1.11)

The pp-chains mechanism is the dominant hydrogen burning fravay at lower core tem-
peratures corresponding to stars with masses lower than apgimately 1.3M ; above this

limit the CNO cycle dominates [11]. This cycle requires the psence of some isotopes of



carbon, nitrogen, and oxygen that act as catalysts in the pduction of helium through a
series of 4 proton capture reactions and” -decay reactions. The CNO cycle is split into two
temperature regimes, cold and hot. The cold CNO cycle domires for typical star environ-
ments above about 1.3 and the hot CNO cycle becomes possible in the high temperature
and pressure environments of thermonuclear runaways such @assic novae. In each of the
cold CNO cycles, the original isotopes used are recoveredeafthe nal (p; ) reaction in
the series of reactions.

There are four main pathways that compose the cold CNO cyclestiwthe rst pathway
consisting of a radiative proton capture reaction on carbefh2. This pathway shown by
Equations (1.12) - (1.17) is known as CNO-I and was rst propes in 1939 to explain one

of the possible mechanisms for energy production within theun [12].

L+ H!I BN+ (1.12)
BN Bc+e* + (1.13)
Be+H!1 "N+ (1.14)
N+ H1T PO+ (1.15)
Bor BN+et + (1.16)
BN+ H! 2C+ “He (1.17)

The second pathway shown by Equations (1.18) - (1.23) is knovas CNO-II and was
originally proposed in 1957 as a second mechanism for mingdrogen burning in the shells
of red giant stars [13]. This pathway is only e cient at tempeatures above approximately
20 10° K [11]. The third pathway shown by Equations (1.24) - (1.29)d known as CNO-III
and was originally proposed in 1974 after measurements oeth’O(p; )**N reaction rate
turn out being lower than previously understood [14]. The logr reaction rate would allow for
the build up of 'O to support radiative proton capture reactions to generaté®F in the CNO-

Il pathway. The three pathways, CNO-I, CNO-II, and CNO-IIl, are shown in Figure 1.2.
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Figure 1.2 The reaction network pathways for the CNO-I, CNO-Il and CNO-III cycles.
Figure taken from [16]

The nal cold CNO pathway shown by Equations (1.30) - (1.35) isknown as CNO-IV.
Measurements on the'®O(p; )°F reaction in 1980 indicated the rate could compete with
the (p; ) reaction in the nal reaction of the CNO-III path in stellar t emperature ranges of
0.01 50 10° K [15].

The end result for each of the pathways is the production of aehum-4 atom with 26.731
MeV of energy to be used for thermal conversion in the star antkutrino transport. In the
stellar environments of novae or massive red giant stars,diative proton capture reactions
begin to dominate pushing the hydrogen burning process intbe hot CNO cycle shown in

Figure 1.3. Of interest is the production of neon-20 in the cle which is the parent isotope



of interest in the reaction being measured in this study.

UN+H! PO+ (1.18)
o1 N+e* + (1.19)
BN+ H1 %0+ (1.20)
Yo+ H! F+ (1.21)
YEr YO+e* + (1.22)
YO+ H1 YN+ *He (1.23)

The main sequence phase of the star is the dominant time frandeiring its evolution.
As a star reaches the end of its main sequence phase, the ultienéate of the star along
its stellar evolution is dependent on the stars initial massThe evolutionary phase enters a
post main sequence region once a star has completely exhadsall of the hydrogen in its
core. With a depleted hydrogen core, the star is no longer cdpa of sustaining a repulsive
radiative energy to counteract the star's gravitational ptential energy and material begins

to collapse in on itself.

BN+ H! O+ (1.24)
Yo+ H! YR+ (1.25)
YF1 YO+e’ + (1.26)
Yo+ tH! YR+ (1.27)
BE1 Bo+e’ + (1.28)
B0+ H1 BN+ He (1.29)

For stars of comparable mass to our sun, as the star collapskgdrogen within the outer
shells of the star can ignite moving the star along what is kma as the subgiant branch

of stellar evolution. Once the outer shell becomes fully ceective, the energy generated
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Figure 1.3 The reaction network pathways for the hot CNO cycleFigure taken from [16]

from the increased hydrogen burning within the outer shellsf the star is substantial enough
to induce rapid surface expansion of the star. After the rapidurface expansion, the star
ascends the red giant branch of stellar evolution. During #hred giant phase of the star, the
temperature of the core eventually reaches a point for hetiuto fuse. This allows for the

production of carbon-12 through the triple- process.
1.2 Stellar nucleosynthesis

There are two main types of stellar nucleosynthesis, the hgaktatic burning phases of
a star that occurs during most of its lifetime, or burning duing explosive events such as
novae and supernovae. The two modes predominately di er irhéir time scales where the
hydrostatic burning phase occurs during the stars long ewdglon while the explosive events

contain thermonuclear reactions that are rapid in nature.
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o+ H! YR+ (1.30)

E | 0 4+e* + (1.31)
70+ 141 184 (1.32)
18 4 141 180+ (1.33)

1801 19F 4 e* 4+ (1.34)
19F 4+ 141 160 + 4He (1.35)

While the hydrogen burning stage of a star produces signi caramounts of helium, it
alone does not contribute signi cantly to the production ofheavier elements. For instance,
while the CNO cycle increases the abundances of nitrogen orygen, the cyclical nature of
the process simply shifts the relative abundances back anorth along the cycle and does
not substantially contribute to the creation of new materid This is similar with higher
temperature cycles like the NeNa cycle or the MgAIl cycle where @hisotopes within the
cycle simply serve as catalysts to support the burning of hydgen within a star. These

cycles convert pre-existing isotopes back and forth alongé cycle's pathways.

‘He + ‘He! ®Be (1.36)
‘He + 8Be! 12C (1.37)
2c 1 c+2 (1.38)

Within the hydrostatic burning phases of stellar nucleosyiiesis, the helium burning
phase and beyond are what supports the creation of new heavisotopes. For instance,
in helium burning the triple- process shown in Equations (1.36) - (1.38) supports the
nucleosynthesis of carbon-12. After helium burning, a staan undergo carbon, neon, oxygen,

and silicon burning modes to create elements up to iron-56.

11



The nucleosynthesis of heavier elements by fusion in the eaf a star is limited up to iron-
56 due to the fusion of heavier than iron elements being enetigally unfavorable. This e ect
can be observed when looking at the binding energy per nuaheof various isotopes shown in
Figure 1.4. The binding energy per nucleon is a quantity that@kcribes the average energy
required to remove a single nucleon from a nucleus. The pldtthis relationship peaks near
iron-56 and begins to drop o for heavier mass nuclides. Thenplication of the separation
of the binding energy per nucleon into two regions is that atolver atomic mass numbers
(below iron-56) the attractive nuclear force dominates beteen nucleons while at higher
atomic mass numbers (above iron-56) the repulsive electragnetic force between protons
begins to dominate. This is evident in the stable nuclides dfigh Z elements containing
substantially more neutrons than protons in the nucleus.

The creation of more massive than iron elements occurs thigiu a series of neutron
capture and -decay reactions. The types of stellar neutron capture presses are known
as the s-process and the r-process which di er predominantin their capture rate. The s-
process is a slow rate process that can produce stable is@spp to lead and bismuth while
the r-process is rapid in nature requiring very high densgs of free neutrons that can produce
stable isotopes up to thorium and uranium [17]. Most elemesiproduced by neutron capture
can be synthesized by either process, but they di er primdyi in the pathways during which

nucleosynthesis occurs in each.
1.3 NeNa cycle

Beyond the hot CNO cycle, there exists a hydrogen burning cycknown as the NeNa
cycle shown by Equations (1.39) - (1.44) which requires higamperature environments. In
the environments of typical main sequence stars, tempera&s do not produce appreciable
reaction rates to support this hydrogen burning cycle. Insiad, the NeNa cycle is expected to
have appreciable reaction rates in classical novae consigtof a cataclysmic variable binary
system with an ONe rich white dwarf primary. Additionally, in globular red giant stars and

in asymptotic giant branch (AGB) stars, radiative proton cgtures on neon-20 may occur at

12
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an appreciable rate to produce signi cant amounts of sodiurfi8].

Ne+ H! ZINa+ (1.39)
INa! 2Ne+e' + (1.40)
2INe+ H! %Na+ (1.41)
Na! *Ne+e* + (1.42)
ZNe+ H! ZNa+ (1.43)
“Na+ H! ?°Ne+ *He (1.44)

During the thermonuclear runaways of ONe novae, the producth of 22Na takes place in
the neon-sodium (NeNa) cycle of stellar hydrogen burning shown Figure 1.5. Speci cally, it
develops along the cold mode of the NeNa cycle following the céian path 2°Ne(p; )?*Na( *

+ o)?!Ne(p; )?°Na. Here the progenitor of the radioisotop&?Na is the radiative proton

13
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Figure 1.5 The pathways for nucleosynthesis in the NeNa cycle,hgdrogen burning cycle
that occurs beyond the hot CNO cycle. Figure taken from [20].

capture pathway °Ne(p; )?'Na, and this reaction is the slowest of the radiative capture
reactions within the stable neon and sodium isotopes in the Na cycle. The lower radiative
proton capture reaction rate of?°Ne sets the timescale for the NeNa cycle and subsequently
limits the production of the ??Na isotope in classical novae. According to the adopted core
composition of ONe novae?’Ne is estimated to be the most abundant isotope near the
surface of the core with the exception df®O [19].

Due to the large abundance of°Ne coupled with its relatively low radiative proton
capture rate, it is worthwhile to revisit the reaction rate measurement at low energies. Near
the surface of ONe novae, peak temperatures can reach the ramgT = 0:1 0:4 GK setting
the astrophysically relevant energy range. In the reactiomeasured for this study, this range
corresponds to a center-of-mass frame energytafyy =80 300 keV, and this energy range

is also known as its Gamow window.
1.4 Existing and future measurements

One method measurements are presented is by converting m@&t cross-sections into an

astrophysical S-factor. The S-factor is a way of scaling theross-sections by the reaction

14
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Figure 1.6 The astrophysical S-factor for the ?°Ne(p; )?’Na as determined by

Mukhamedzhanov et al.. The black dotted line is the subthré®ld S-factor, the black dashed
line is the ground state transition, and the solid black linas the total S-factor calculated

from the indirect °Ne(®He; d)?*Na transfer reaction in [1]. The data points shown by open
and closed squares are from [2] representing the direct cay# to the ground state and to

the subthreshold state, respectively. Of note is the represtation of the results from Rolfs

et al. appears to be representing the energy scale incorfgctvith the measured energies
being lower when compared to the original publication. Figertaken from [1]

energy and a Sommerfeld parameter that accounts for the reémns Coulomb penetrability

factors. The astrophysical S-factorS(E), can be determined from Equation (1.45) where

is the Sommerfeld parameter equivalent to = %ﬁr‘)p =

S(E)=[ (E) EJ€ (1.45)
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This reaction rate was originally measured by Rolfs et al. J2vithin incident proton
energy ranges of 0.37 - 2.10 MeV with a resulting astrophyalcS-factor shown in Figure 1.6.
There exists large uncertainties in the measured direct cae to the ground state through
the subthreshold resonance at lower energies. The lowesergy measurement also has an
uncertainty that appears to be underestimated relative to ther measurements obtained for
this transition. One method of presenting measurements ogaction rates is by converting
reaction cross-sections into an astrophysical S-factor.

An indirect measurement for the reaction was performed in [lising the?°Ne(He; d)?!Na
transfer reaction. The transfer reaction measurement alles for the extraction of an asymp-
totic normalization coe cient (ANC) which can be used to detemine the subthreshold
resonance state's proton partial width [1]. This can then besed to indirectly determine
the astrophysical S-factor for the?°Ne(p; )2!Na reaction. The resulting indirect measure-
ment is also shown in Figure 1.6. When comparing the results froanalysis done by
Mukhamedzhanov et al. to the measurement done by Rolfs et athere exists a discrep-
ancy with the extrapolation of the S-factor to zero energy$(0). This indicates that a more
precise measurement at lower energies will improve upon cemt extrapolation estimates.

A more recent measurement was performed in [21] with an R-miixt analysis to deter-
mine the relative contributions towards direct capture ando the subthreshold resonance in
regards to the total reaction cross-section. The resultin§-factor for the three transitions
of interest are shown in Figure 1.7 showing the direct capturt® the ground state, the di-
rect capture to the 332 keV state, and the direct capture to th subthreshold state (2424
keV). The extrapolation of S(0) in this work is within uncertainty of the results presened
by Mukhamedzhanov et al..

A note must be made when using the data from Lyons et al. and hotlie presented
S-factor measurement is actually a di erential S-factor masurement. This deviation is
con rmed when comparing the data points they are showing fro Rolfs et al. when referenced

back to his original work. The S-factor data presented fromylons et al. can be corrected by
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Figure 1.7 The astrophysical S-factor for the three transibins of interest with corresponding
R-matrix analysis in the?°Ne(p; )?'Na reaction as measured by Lyons et al. The data points
in solid black triangles are from [2]. The solid red lines repsent the R-matrix t on the
measured S-factor data. Figure taken from [21] and the ressilare mislabeled in that they
are actually the di erential S-factor that needs to be multplied by 4 to obtain the actual
S-factor result. In addition, several data points taken frm [2] are misrepresented.

multiplying by a 4 solid angle factor in order to yield the actual S-factor measement and
this correction was con rmed through correspondence withhe author [22]. Also of note in
this plot is that the location of some of the data points repreentative of the work from Rolfs
et al. are not in the appropriate transition region. From carespondence with the author, it
is noted that the R-matrix t does not utilize the data points from Rolfs et al.

Modern work on predicting the abundances produced in ONe rdam networks have

based reaction rate simulations on the measured S-factorstéts presented by Rolfs et al.
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[23][24]. If the reaction rate is more in line with the resu#t presented by Lyons et al., the
deviation in results can di er in areas by nearly 20% [21] inhe extrapolation to determine
the value for S(0). A compilation comparing reaction rate results is presged by [25]. Prior
measurements lack direct data on the total reaction crosgdion at low energies which is the
motivation for this experiment. At DRAGON, a total reaction measurement can be made
at energies near and within the astrophysically relevant engies. Photon detection in the
bismuth germanium oxide (BGO) array at DRAGON also allows fofurther analysis of the
direct capture and subthreshold state contributions relate to the total cross-section.
While to date, there have been no veri able observations of ¢h1.275 MeV gamma-ray
produced in galactic novae. Future space based gamma-raysebvatories such as the pro-
posed e-ASTROGRAM mission will potentially have the sensitity requirements to observe
the radioactive nuclide in an expanding nova envelope [2&nd knowledge of the accurate
2ONe(p; )?'Na reaction rate will be an important input parameter in the deailed analysis

of an event.
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CHAPTER 2
RADIATIVE CAPTURE THEORY

Various physical mechanisms are involved in the measurenef accurate radiative cap-
ture experiments, and this section serves to highlight sonoé the theoretical aspects involved.
We begin with the general formalism for capture cross-seatis, then show the Gamow win-
dow derivation with its signi cance towards setting the astophysically relevant energy range,
followed by the stellar reaction rates for nonresonant angesonant regions, then the concept
of subthreshold resonances is discussed, then the derigatiof a reaction yield is shown,
followed by the kinematics involved with beam collisions,ral nally lay out the selection
rules from conservation of angular momentum principles thaovern allowable transitions
in a nuclear reaction. The theoretical material presented ithin this section was motivated

by works in [7][9][27][28] [17] and from various lectures owiclear physics.
2.1 Cross-section

The probability of any type of nuclear interaction to occur $ characterized quantitatively
by the reaction's cross-section,. Classically, a reaction's cross-section was calculateal lve
the combined geometrical area of the two interacting nuclek. If a projectile and target

nucleus have radiiR, and R;, respectively, the classical form could be written as,

= (Ri1+ Rp)? (2.1)

As a rough order of magnitude calculation, nuclear radii canebapproximated by their

atomic number A according to the relationship,

R = R A (2.2)
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whereRy 1:23 fm [27][29]. Using a range of di erent nuclear radii, the ralear cross-section
calculated using Equation (2.1) is on the order of 16* cn? that de nes the unit the barn,
b, given by 1 b =10 ?* cm? or 10 28 m2.

In reality, the cross-section depends on more than just theegmetrical area between two
nuclides and varies based on the particle's energy, the natuof the force for the particular
reaction, and other energy-dependent e ects such as nuadleasonant captures. It is then

useful to relate the cross-section with the interaction ra&, IR, yielding the relationship,

IR = | pNAXq (2.3)

where is the nuclear reaction cross-sectiony, is the incident beam intensity,N; is the
target number density, A is the cross-sectional interaction area, anxlk is the target length.

Qualitatively, we can recast Equation (2.3) solving for theross-section to obtain,

IR

= o NAD @9

# of interactions per time
(# of beam particles per area per time)(# of target nuclei within gas target)

(2.5)

Due to the windowless gas target at DRAGON having an entrancaperture of 6 mm
[30], e ectively constraining the interaction area, the bam intensity can be combined with
the cross-sectional area termA, in Equation (2.4) into a beam current,j, = I,A = Np=t.
Here Ny, is the total number of beam particles. The interaction rate]R, can be related to
the total number of reaction recoils emitted bylR = jo = N¢=t. Inserting these relations

into Equation (2.4) results in the simpli ed form for the crass-section as,

= (Np=0(Nx,) =9

Similarly, the total cross-section can be expressed as a eliential cross-sectiond =d ,

by taking the number of particles,Ng , being emitted into a detector of areadA = r2d
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yielding the relationship,

d NI =t

1
d "~ (Ne=D(Nex)d @D

The total and di erential cross-sections are related by,

~ d
= T d (2.8)

2.2 The Gamow window

Within the stellar plasma of a nova, two main mechanisms detarine the predominant
energy at which most reactions will occur. The rst mechanis is the penetrability factor
that is dependent on the speci ¢ reaction being measured, aiit is based o of a particle's
probability of penetrating the Coulomb barrier. The secondnechanism depends on the
thermal distribution of nuclei within the plasma that uctu ates based on the novae surface
temperatures. Using both mechanisms for th&Ne(p; )?Na reaction, the relevant reaction
energies are determined by the product of the probability &ors.

The penetrability factor can be approximated by the Gamow fetor e 2 [9] while the
thermal distribution is approximated by the Maxwell-Boltzman factore =T . In the Gamow
factor, is also known as the Sommerfeld parameter [7] and is given by

YAVA -4

= (2.9)

where Z, and Z, are the respective nuclide's proton number in the reactionna is the
center-of-mass velocity. The terms in the exponential of ¢h Gamow factor can also be

represented in numerical form [7] by

1=2
2 =3L2%.7, (2.10)
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Figure 2.1 The two predominant probability factors that detemine the relevant stellar ener-
gies for the®°Ne(p; )?!'Na reaction for a ONe surface temperature of 0.4 GK. The Gamowcfa
tor (e 2 ) represents the penetrability probability shown by the orage line. The Maxwell-
Boltzmann factor (e 7) is shown by the blue line. The Gamow window is the product
of the two factors and is characterized by the green line. Theelative probability is the
unscaled value from the given factor distributions.

where is the reduced mass of the system ané is the center-of-mass energy. For the
2ONe(p; )?'Na reaction, the two probability factors along with the prodwct of the pair is
shown in Figure 2.1. The product of the two probability factos is also known as the Gamow
window or the Gamow peak representing the narrow energy regi where the reaction of
interest can occur. The distribution for the peak can be appximated by a Gaussian or an
exponentially modi ed Gaussian distribution as shown in Figre 2.2.

The Gamow factor can also be used to recast a reaction's cr@ggtion into what is
known as the astrophysical S-factor. The S-factor is a remoalization of the cross-section
that separates out the s-wave Couloumb interaction and the=E dependence and is related

to the cross-section by,

(E) =e? S(E) (2.11)
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Figure 2.2 The Gamow window of thé°Ne(p; )?*Na reaction for a ONe surface temperature
of 0.4 GK determined by the product of the two main probabiliy factors. The Gamow
window can be approximated by a Gaussian distribution as sivo by the red dashed line. A
more precise approximation for this reaction can be made agi an exponentially modi ed
Gaussian distribution as shown by the green dashed line. Thelative probability is the
scaled Gamow window by the sum of the distribution over the g&n energy range.

2.3 Stellar Reaction Rates

The cross-sections discussed above, are in general enelgyendent and can have associ-
ated resonance and non-resonance regions that depend sgigron the nuclear reaction and
isotope being measured. This nuclear cross-section enedgpendence is equivalently veloc-
ity dependent and describes the relative velocities betweéarget and projectile nuclides in a
nuclear reaction. In a stellar gas environment, the classiation of one particle as the target
or as the projectile is irrelevant due to the particles beingon ned to similar volumes with
relative velocity distribution that depends on the thermaldistribution of the nuclei in the
gaseous plasma as described the Gamow window section above.

The nuclear reaction rate for a stellar gas composed of twoalilesA and B with number

densities ofN, and Ng, respectively, in particles per cubic centimeter, that hay a relative
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velocity of v, is given by Equation (2.12), where (v) is the velocity dependent nuclear
cross-section. Here the reaction rate,, is the number of reactions expected to occur per
cubic centimeter per second. The relative velocity betweehe two reactants is characterized
by a velocity distribution with the probability that the rel ative velocity is betweenv and
v+ dv being (v)dv. The velocity distribution can then be characterized by therobability

distribution  (v) that is normalized to 1 over all velocities.

rag = NaNgvV (V) (212)

The relative velocity in a nuclear reaction is can be given bg distribution, therefore
Equation (2.12) can be re-written as Equation (2.13) wherehe expressiorhv i is the ex-
pectation value of the velocity distribution cross-sectio pair. This quantity is also referred

to as the reaction rate per particle pair [7].

'ag = NANBhVi (213)

This reaction does not take into account the possibility ofdentical nucleiA and B and
would need to be modi ed to avoid double counting particlesiithe product between the two
number densities. This can be accounted for by dividing by adtor of two from the result

or by using the more general equation utilizing a Kroneckeretta given by Equation (2.14).
NaNg

- hv i 2.14
fae = 7 . Vi (2.14)

When calculating the relative velocity distributions in stdlar plasmas, the Maxwell-
Boltzmann velocity distribution for an ideal gas can be usednd is given by Equation (2.15)
where is the reduced mass of the two reactants in the nuclear reamti, k is Boltzmann's
constant, T is the stellar temperature, andv is the relative velocity.

3=2

(v)dv = T A 2dv (2.15)

24



This expression for the probability distribution can be use to determine the expectation
value for the reaction rate per particle pair by evaluating lhe following integral,

Z,

hvi = v (v)dv (2.16)
0

Therefore, by inserting Equation (2.15) into the expectatin value equation forhv i and
by using the relationv = (2E= ), the reaction rate can be expressed in terms of the
center-of-mass energy as shown in Equation (2.17).

3=ZZ 1

ras = NaNg — T E (E)e ¢TdE (2.17)
0

2.4 Non-resonant reaction rates

From the section that introduced the concept of the Gamow watow, the reaction rate
is shown to be dependent on the ability of the nuclei to penette the Coulomb barrier as
well as the temperature distribution within the stellar enwronment. The product of the
two factors yields a curve detailing the energy region thatupports thermonuclear burning
in a speci c stellar environment. Using the expression for thastrophysical S-factor shown
before in Equation (5.2), the reaction rate equation, Equatn (2.17), can be modied to a
form that encapsulates the Gamow factor and the Maxwell-B@mann factor as shown in
Equation (2.18).

1=2 1 3=2 Z 1

8 _
ras = NaNg — T S(E)e 2 e BT dE (2.18)
0

Within energy regions with relatively at S-factor curves, the astrophysical S-factor can
be approximated as a constantSy, and pulled out of the integral in Equation (2.18). A
relatively constant S-factor is possible for direct capt@ reactions far from the e ects of
a resonant state. In this process, the tails of the resonanceaction contribute to the as-

trophysical S-factor and due to the distance from the resontastate can be estimated as
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approximately at or linear. For a constant S-factor, the reaction rate equation becomes,

Frag = NaNjp E e So e 2 e EszdE (219)

The integral term is left with just the product of the penetrability factor and the Maxwell-
Boltzmann factor which results in the Gamow peak. From the s#ion detailing the Gamow
window, it was shown that the product of these two factors cahe approximated by either a
Gaussian distribution or an Exponentially Modi ed Gaussia distribution. Using a Gaussian
distribution, the expression within the integral can be rewritten as,

2
et 3Eo E Eo

A S,

(2.20)

where Eg is the e ective energy and E is the width of the Gaussian distribution. The
e ective energy of the approximated Gamow peak and the peakidth can be determined

from,

2 1=3
E,= Ee ‘%T 2.21)
E 1=6
E=1:8 ﬁ KT (2.22)
Ec=2c 2( Z AZB)2 (223)

where is the ne structure constant, Za.z is the atomic Z-number for nuclide A and
B respectively, is the reduced mass of the two nuclei in the reactiork is Boltzmann's
constant, andT is the thermodynamic temperature. After evaluating the intgration of the
Gaussian distribution, the resulting non-resonant reaabh rate is determined to be,

'ag = NANB —_Soexp —_— (224)
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When using the Gaussian approximation for the Gamow peak, arcection factor can be
applied to account for the original asymmetric distribution observed in the Gamow peak that

p_—

turns symmetric. The area under the approximated distribubn is given bye E=2

where = 3Ey=kT. This asymmetric correction factor is only a function of and can be
approximated by F( ) 1+ -

In the case of a non-resonant reaction in an energy region aut a constant S-factor, a
second correction is necessary and can be performed by expag the S-factor into a Taylor
series arounckE = 0 with the derivatives of S in respect to the energyE. This expansion is

shown in Equation (2.25).

S(E) = S(0) + SY0)E + %SOQO)EZ + (2.25)

Inserting this expansion into Equation (2.18) and using theGaussian approximation
for the Gamow peak with the substitution = 3Ey=kT vyields the following result for the
corrected reaction rate,

4 %% hNaNg

= = — 8 g 2 2.26
laB 3 7 2.8 e € ( )

where the e ective S-factor is given by [31] [32],

89
Ed+ —_EokT 2.27
0 36 0 ( )

5  sY0) 35 15%0)
. 1+ -2 + 29 g S 1
Se =S0) 1+ * 50 B3t T 2s0

The rst term in the set of parentheses is due to the correctio for a non-constant S-
factor and the second term is from the correction factor thaarises from the asymmetric
to symmetric transformation of the distribution. Higher order terms are disregarded due to

KT for the order terms expanding akT= . The quantities of and E, are related
to the temperature T of the stellar environment and therefore the e ective S-fdor can be

expressed as a function of the temperature alone as shown iguiation (2.28).
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=3

Se = S(0) 1+ 1Tg 2+ LT+ gTo+ 4Ty o+ sTo (2.28)

Here the coe cients (; 5 can be determined from measurements as from [32] and the

temperaturesTg are listed in units of GK.
2.5 Resonant reaction rates

When calculating resonant reaction rates, the cross-secti@f a resonance peak can be
approximated using the Breit-Wigner distribution shown in Ejuation (2.29) where is the
de Broglie wavelength,J is the angular momentum of the exited state in the compound
nucleus, g is a Kronecker delta used to account for identical particles , is the partial
width for the formation of the entrance channel state, y, is the partial width for the formation
of the exit channel state,j o is the spin state of nuclideA, jg is the spin state of nuclideB,
Er is the resonance energy, and is the total width (sum of all ezrgetically allowed partial

widths, = .+ p+ ).

21+1)A+ ) .
4_(2jA +1)(2jg +1) (Er E)2+ 24

sw (E) = (2.29)

Substituting in the Breit-Wigner distribution for the cross-section in the reaction rate

equation, Equation (2.17), yields the following resonanteaction rate,

i} 7
8 1 T 2(0+1)(1+ as) a b et
ras = NaNg — — — - 5 >—€ dE
kT o 4 (2ja+1)(2js+1) (Er E)2+ 24
Psr2  Z1
= NaNg ! e BT dE (2.30)

(KT)¥2  , (Ex E)Z+ 24

where the extra energy term in the integral is accounted by #hde Broglie wavelength

P 2E leading to the relationE 2=2 2h?>= . Theterm! is

which is given by =2 h=
known as the resonance strength and is given by Equation (8)4 The Maxwell-Boltzmann

exponential term can be approximated as constant within theesonance region allowing for
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the expression in the integral to be extracted. This yieldsraintegral with an expression

that can be determined analytically as shown in Equation (31).

p_ 2 Z 1 —
2 h e ErKT Dl =2 dE

(KT )32 o (Er E)+ 2=

P52
(KT )3=2

ras = NaNg

= NaNg e Er7KT 2

3=2

2 N
NaNg = h?e Er7KT| (2.31)

When calculating resonances that have Maxwell-Boltzmann dtors and partial widths
that are approximately constant across the total width, theresonance is said to be a narrow
resonance. These resonance types have no strong dependemcéhe shape of the cross-

section distribution when determining the overall reactio rate.
2.6 Subthreshold resonances

When measuring a nuclear reaction with &-value that is larger than an excited state
of energyE,, the resonance energyHg = E, Q) is negative with the resonance peak
existing below a zero center-of-mass reaction energy. Thyge of resonance is referred to
as a subthreshold bound state (or the subthreshold reson&)and it can play a signi cant
role in astrophysical reactions. Depending on the energy tife bound state compared to
the reaction's Q-value, the tails of the subthreshold resonance can contute towards a
signi cant increase in the nuclear reaction rate in the relant stellar environments as is the
case with the®*Ne(p; )?'Na reaction.

This reaction has a subthreshold bound state with an energy 8423.8 keV compared to
the reaction'sQ-value of 2431.2 keV. The binding energy di erence betweendfsubthreshold
state and the Q-value of the reaction is only 7.4 keV. As with the resonant retion rate,
the subthreshold resonance peak structure can be modeleihgsa Breit-Wigner distribution

such that the cross-section of the subthreshold state in tii@Ne(p; )*'Na reaction is given
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by,

ONe(p; )**Na _ (23 +1) p

2
Subthreshold 4_ (21 200 + 1)(2j - + 1) (ER E)2 T 2= (2.32)

Here J is the angular momentum of the subthreshold stateJ( = 1=2"), the proton spin
state isj, = 1=2", and the *Ne spin state isj 20 = 0*. The reduced proton width near the
reaction level can be determined by using thel(n) transfer reaction that can be measured
experimentally as is done in [33]. The decay photon gamma whgd , can be determined
by measuring the lifetime of the state as it transitions to tle ground state. Capture into
this subthreshold state has two predominant modes of either decay through a proton or
from the emission of a -ray which allows for the total width of resonance to be caldated
via the sum of these two partial widths. Likewise, with the masured partial widths, the

ground-state transition structure can be plotted as is shawin Figure 2.3.
2.7 Reaction yields

In a laboratory setting, the nuclear reaction of interest isypically measured by impinging
some particle of center-of-mass enerdy, onto a target nuclei in order to measure the
outcome of the reaction through the use of various types oftéetors. The yield measurement
of a nuclear reaction as shown by Equation (2.33) is the totaumber of detected recoils or
reaction productsN, after accounting for the overall recoil detector e ciencis  divided by
the total number of incident beam ionsNy,.

The various e ciency factors folded into  can be determined through the analysis of the
experimental data and include, in our case for example, faxs such as the detector's livetime,
the e ciency of the BGO detector array, the charge state fratton of the recoils produced in
the nuclear reaction, the MCP transmission and detection eciencies, and the transmission
e ciency of ions traveling through the separator. The detemination and further discussion

of these e ciency factors will be discussed further in Char 4.
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Figure 2.3 The astrophysical S-factor of the radiative proto capture reaction on*°Ne cal-
culated by converting the cross-section values from Equah (2.32) into a S-factor. The
solid circle data points are direct capture to the ground sta measurements from [2]. Figure

taken from [9].

Ne
Y = 2.33
N . (2.33)

This expression for the reaction yield can be related to theass-section of the nuclear
reaction. For a gas target with an incident beam of energl, the target can be discretized
into perpendicular gas slabs of thicknessx and by using Equation (2.6), the yield equation

can be modi ed to describe the yield of an individual gas slaks shown in Equation (2.34).

Y= N; x (2.34)

31



where Y is the individual yield of the experiment through a thin target region, is the
nuclear reaction cross-sectior\l; is the gas target number density, and x is the thickness
of the gas target slab. The gas target number density can betdemined from the ideal gas

law relationship or by using the following equation,

P
N;=9:66 104 - (2.35)

where is the molecular number of the gas target (i.e. = 2 for hydrogen gas),P is the target

gas pressure in torr, andl is the thermodynamic temperature of the gas target in Kelvin

The stopping power of a gas target is de ned agE) = Ni‘(’j—'i in units of eV cné/atom.

Using the di erential limit of the gas slab thickness ( x ! dx) and by integrating over the

entire gas target length, the total experimental yield can & determined from the expression,
4 Zg, (E)

Y = (X)Nt(X) X = . EdE (236)

The expression within the second integral is determined byepforming a change in vari-
ables fromx to E via dx = dEg—é and by inverting the expression for the stopping power
equation. In the bounds of the second integral, the value ofE is the total energy lost from
the incident beam as it traverses the entire gas target. In thcase of a constant stopping
power for small beam energy losses over the target and whee thuclear cross-section within
this beam energy can be approximated as constant, the expsas for the beam yield can

be simpli ed to the following expression,

Zg

(E)“® . _(E)

(Eo) & e (Eo)

whereE. is the mean e ective energy in the gas target given b, = E E=2. In the

Y (Eo) = E(Eo) = Nt (Ee) (2.37)

simpli cation of the results from the integral in Equation (2.38), E, in the case of a thin
target or for relatively small beam energy loss through the ective target length of x;, can

be approximated by the relation,

32



dE
E= o X (2.38)

The assumptions for a constant cross-section and stoppingvger in this formalism for the
reaction yield are suitable for reactions that proceed via mon-resonant capture mechanism
or for broad resonances. Then from Equation (2.38), the relaan cross-section can be easily
related to the experimentally measured yieldr (Eo) and the measured gas target number

density N such that,

Y (Eo)

N (2.39)

(Ee )=

In the case of a resonant cross-section and when the stopppmyver can be estimated as
constant throughout the gas target, the Breit-Wigner resonace distribution can be used in
the reaction yield equation. Using this distribution, it is dso assumed that the de Broglie
wavelength and the partial widths of the reaction are independent of thenergy over the

width of the resonance.

2) ‘e dE

Y(EO): 2_r_|—§ e, e (ER E)2+( :2)2

2 E E E E E
= " arctan >R  arctan 2 R
2 =2 =2

(2.40)

where , is the de Broglie wavelength at the resonance enerdy, is the resonance strength
given by Equation (2.45), , is the stopping power at the resonance energr is the reso-
nance energy, and is the total width of the reaction. Takingthe derivative of the resonant

yield equation in respect toEg, the maximum for the yield is found when,

E
E(r)nax = ER + T (241)
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using the trigonometric identity that arctan( x) = arctan(x) and by inserting the maxi-
mum value forEj'®, the following expression for the maximum yield of the resant reaction
is found,

2

! E E
Y(Eg™) = 2—r— arctan —  arctan ——
r

[~

! E
—arctan — (2.42)

r

Finally, for a region where the energy loss is much larger thdhe total width of the reaction
( E ), then the arctan expression converges to a value of 2 resulting in the following
expression for the maximum thick target yield representingn integral over the entirety of

the resonance region,

Y, = (2.43)

Of note is that the value for the stopping power , is typically measured in the lab frame
and can be corrected by introducing a mass ratio factor dﬁ% into the equation where
m, is the mass of the projectile nuclei andh, is the mass of the target nuclei. Also of note is
for the case where the energy loss through the target is muamaller than the width of the
reaction ( E ), the yield distribution will be Lorentzian in shape and follow the shape
of the reaction cross-section near the resonance energylvig for the resonance strength
and correcting for this lab frame stopping power value yiefdEquation (2.44) which is related
to the partial widths, total width, and angular momentum quantum numbers of the nuclear

reaction by Equation (2.45).

2
o=y, oM (2.44)
r mp+ m
_@I+DA+ a8) an (2.45)

~ (2la+1)(2js +1)
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Therefore, the resonance strength can be determined expeentally by measuring the
thick target reaction yield and the stopping power through lhe target. The measurement for
the reaction yield requires knowledge of the beam intensityeing impinged onto the target,
the number of recoils produced, and any associated e cien@prrections associated with the

determination of these values.
2.8 Kinematics

In radiative capture reactions, a nucleus A typically fusewith a proton, neutron, or an
alpha patrticle, or in general terms, a particle B to create agw nucleus C. In a non-resonant

capture reaction a photon is immediately emitted such that:

A+B ! C+ (2.46)

The energy released (required) is known as the reactiorvalue, and it is the mass
di erence between the initial and nal nuclides converted mto energy. If the Q-value is

positive (negative) the reaction is exothermic (endotherim). In this case it is given by,

Q=(ma+mg mc)c (2.47)

where the massesm;, are in atomic mass units, u, for the representative nuclidei.
The mass is related to energy by the conversion 1 u = 9394 Me\=¢. In practice, when
determining a reaction's Q-value the ground states of the nuclides are used due to the
energy level of a bound state adding (subtracting) to the redéion's Q-value if it belongs
to an excited state of the initial ( nal) nuclide. For radiative proton capture on?°Ne, the

Q-value is determined to be,

Q = (mMaope + M1y mlea)cz (2.48)

Q =2:4312 MeV (2.49)
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Conservation of energy of the radiative capture reaction ikquation (2.46) yields the

relativistic energy balance equation,

EA + EB = EC + E (250)

where Eag.c) is the total energy of the associated nuclide an is the energy of the
directly emitted photon.

The relativistic limit is checked against the classical appximation by nding the max-
imum lab frame kinetic energy of the?®Ne projectile. For this experiment, the maximum
beam velocity-squared generated was 541.6 keV/u corresporglto a relativistic lab frame
kinetic energy of T} = 10:8280 MeV. The Lorentz factor can be determined from the

Einstein relation,

T8 + me?

() — 2 — _lab

T = mc (1)) =72 ma2 (2.51)
Using the Lorentz factor, the value of = ¥ yielding the fractional beam velocity in

relation to the speed of light,c, can be used to determine the classical kinetic energy by,

1 mc? 2
1 2 Tap + MC?
1 1 me2  °
TO="m 2=m® 1 —— 2.
lab 2 C’Z 2 C2 Tl(arb) + mec2 ( 53)

The rest mass of the projectile can be represented in units FlfeV by using the conver-
sion 1 amu = 931494061 MeVKE? (Mzy. = 18622838 MeV/c?). Therefore, the maximum
classical lab frame kinetic energy is determined to b'lé;gg = 10:8185 MeV. This corresponds

to a deviation of,

T _ TS T
T T

0:000871476 (2.54)
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Converting the classical lab frame kinetic energy into theemter-of-mass frame yields
E(Cc,zﬂ = 0:519186 MeV. When compared to the relativistic center-of-magsame energy, a
fractional uncertainty of approximately 0.000871465 is froduced. Since this is the maxi-
mum beam energy being measured, at most a fractional uncarty of 0.09% is introduced
when the classical approximation is used while ignoring amglativistic contributions. As a
comparison, the charge slits introduce an uncertainty to th beam energy on the order of
0.17% while the beam energy measurement had a calculatedcfranal uncertainty on the
order of 1.31%. Therefore, for simplicity the classical appximation was used.

In inverse kinematics, the light nuclide B in the radiative apture process is estimated to
be stationary and using the classical limiE  mc? + % Equation (2.50) can be reduced

to the following expression,

MA@+ Ta+ Mg =mcP+ Tc+ E (2.55)
(mA + Mg rn(;)C2 + Tao=Tc+ E (256)
Q+Ta=Tc+ E (2.57)

where Tiac) is the lab frame kinetic energy of the associated nuclide ar@ is given by
Equation (2.47).
It is convenient to express the reaction energetics in therder-of-mass frame. By doing

so, the total energy available for the exit channel pair in t@ radiative capture reaction is,

E =Ecw + Q (2.58)

whereE is the maximum allowable photon energy produced during theeaction andEcy
is the center-of-mass frame energy of the entrance channelirp In practice, E takes on
a series of discrete energies for each unigdgey due to the discrete bound states in the

produced nuclide C.
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2.9 Selection Rules

For the ?°Ne radiative proton capture reaction, the entrance channelair nuclei have a
ground-state spin and parity ofj; = 0" andj, = 1=2" respectively. The entrance channel
consisting of the initial composite state can populate a ctinuum of total energies. Given
an entrance channel containing the two nuclide$’Ne andp, with spins i, [> and parity 1,

2, the composite system has a total angular momentum and payigiven by,

J=T+1+2=T+=% (2.59)

= 4 1) (2.60)

wherel is the orbital angular momentum quantum number detailing tle type of capture,
ie., (s, p, d, ...,)-wave forl = 0;1;2;::, with higher orbital modes becoming increasingly
less probable. The vector sung= 3 + > can be determined using the angular momentum
addition theorem givings= jj1 j2j;jj1 J2it1;:5j1+]2 L1j1+ 2. The radiative capture
reaction of interest yields the total channel spin o8 = jO 1=2j;::;;0+ 1=2 = 1=2. The
parity of the channel spin is given by ¢ = ; , = (+1)(+1) = +1. This yields the total

angular momentum and parity of the entrance channel as,

F=T+1=2 (2.61)

=( 1 (2.62)

Therefore, the allowable excited states populated iffNa in the reaction's exit channel
are constrained by the orbital angular momentum of the entrece channel pair. Due to the
2ONe beam velocities limiting the maximum range of energies nsaed and while ignoring
higher order multipolarities beyond E2, we constrain the mamum allowable orbital angular
momentum to | = 4. The total allowable angular momentum in the entrance chanel given

these constraints is shown in Table 2.1 along with their repsentative capture mode.
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For a channel consisting of only a nucleus and photon pair, duas the exit channel for

radiative capture reactions, the total angular momentum adh parity is given by,

J=T+T3 (2.63)
= 5 1) for electric (E) multipole radiation (2.64)
= 5 DM for magnetic (M) multipole radiation (2.65)

wherefzs is the nal occupied spin state of the excited nucleus proded during the reaction.
The exit channel consists of a nucleus occupying a bound statonsisting of discrete allowable
energies while the emitted photon lies in the continuum. Inhis reaction, we are primarily
concerned with the transition levels corresponding to thepim states 3/2°, 5/2*, and 1/2*
representing the level energies of 0 keV, 332 keV, and 2424 kegpectively. For photon

multipolarities up to E2 the possible values 0§ are shown in Table 2.2.

Table 2.1 Total allowed angular momentum of the entrance chael when limiting the
maximum orbital angular momentum tol = 4.

Capture Mode | s l; J;
s-wave 1=2" | 0* 1=2"
p-wave 1=2" |1 | 1=2 ;3=
d-wave 1=2" | 28 | 3=2";5=2*
f-wave 1=2" |3 | 5=2 ;7=
g-wave 1=2" | 4% | 7=2";9=2"

Table 2.2 Total allowed angular momentum of the exit channdior the E1, M1, and E2
photon emissions and the 0 keV, 332 keV, and 2424 keV level emesgn 2*Na.

Multipole 3=2" (0 keV) 5=2" (332 keV) 1=2" (2424 keV)
E1l 1=2 ;3=2 ;5=2 3=2 ;5=2 ;7=2 1=2 ;3=2
M1 1=2";3=2";5=2" 3=2";5=2";7=2" 1=2";3=2"
E2 1=2%;3=2";5=2";7=2" | 1=2";3=2";5=2";7=2";9=2" 3=2";5=2*
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With the calculated total possible angular momentum combirtéons for the entrance and
exit channel, the allowable capture modes can be determindéy conservation of angular
momentum between the channels. In this case, the allowabkates are mapped between the
results shown in Table 2.1 and Table 2.2 producing the nal Edwable capture modes shown
in Table 2.3. From these angular momentum considerations @rthe dominance of s-wave
type capture at lower energies, this indicates a lower probgity of populating the 332 keV

state within the astrophysically important energy ranges.

Table 2.3 Allowable capture modes for the transition levels interest in the 2°Ne(p; )?*Na
reaction up to the emitted E2 photon multipolarity.

Multipole | 3=2" (0 keV) | 5=2" (332 keV) | 1=2" (2424 keV)
El (p,f)-wave (p,f)-wave p-wave
M1 (s,d)-wave (d,g)-wave (s,d)-wave
E2 (s,d,g)-wave | (s,d,g)-wave d-wave

2.10 Reaction product states

The excited state level diagram of the?!Na product is shown in Figure 2.4. At ONe
relevant energies, the dominant contribution to the reactin rate is by the subthreshold
state at 2424 keV which is bound by approximately 7 keV. Beforhis study, there was no
direct measurement of the reaction rate within the astrophsical energy range oEcy =
80 300 keV. Precise measurements within this range help to vadi current reaction rate
estimates as well as aid in characterizing the subthreshadthte and its contributions relative

to the direct capture to the ground state at lower reaction eergies.

40



E.lkeV] y-decay [%] g E, [MeV]

1112.6 | 52+ | 3.544
Q2+ 2.829
7 2.798

Q6

Q=24314keV || 5 : .

. 17 15 2.425

“Ne + p :

ot '

7/24+ 1.716
5/2+ 0.332
3/2+ 0

21 Na

Figure 2.4 Excited state diagram for’!Na. The subthreshold state is shown here at 2.425
MeV and is within 7 keV of the reaction binding energy. Figureaken from [34].
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CHAPTER 3
EXPERIMENTAL METHODS

The Detector of Recoils And Gammas Of Nuclear reactions (DRAGQQ used to conduct
the experiment is located in the Isotope Separator and ACeghtor-I (ISAC-I) experimental
hall at TRIUMF Canadian National Laboratory in Vancouver, Camada. A schematic of the
experimental hall is shown in Figure 3.1. The stablé®’Ne beam produced for the reaction
was generated using the multicharge ion source (Supernamay in the oine ion source
(OLIS) facility [35]. The accelerator supports experimeistin inverse kinematics by delivering
an isotopically pure beam of?°Ne ions to DRAGON's windowless gas target. For this
experiment, the beam had an average intensity of:18 102 s ! accelerated in the 4+

charge state, and it was delivered in energies between 27 d &2 keV/u.
3.1 TRIUMF and Beam Delivery

TRIUMF is the Canadian national laboratory for research in nalear and particle physics
with the support of over 21 member universities. The laboraty currently houses the world's
largest cyclotron capable of accelerating negatively clgggd hydrogen ions up to energies of
70 to 520 MeV with a maximum ion current of 300 A [36][37]. The cyclotron can support
several facilities due to its multi-beam path capabilitiesvith future expansions anticipated
through the ARIEL 10 year construction plan. Upon the completn of this additional
facility, the scienti ¢ output for experimental nuclear physics research is expected to triple
its current output [38].

Various avenues of research are explored at the national @hatory to include nuclear
and particle physics, rare-isotope beam studies, accel@maphysics, and nuclear medicine.
There are several facility halls housed at TRIUMF, and the two SAC experimental halls
were designed to also examine experimental questions deglivith the energy production

and stellar nucleosynthesis in relevant astrophysical emenments [40]. The experiment that
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Figure 3.1 ISAC-I experimental hall schematic. Figure takerrdm [39].

is the subject of this analysis was conducted at facilitiesithin TRIUMF with a stable nuclei
beam generated using the OLIS facility.

The OLIS facility, housed in the ISAC-I hall, can produce a stble beam by using a high
voltage terminal that supports either a microwave cusp ionasirce, a surface ion source,
a hybrid surface-arc discharge ion source, or a Supernanogaulticharge ion source with
the ability to switch between sources through the use of anesitrostatic switch [35]. For
this experiment, the selected source was the Supernanogahiekh has shown from prior
experiments at DRAGON to be capable of delivering high-intesity, isotopically pure stable
beams [41]. Isotopic contamination was a source of potertiarror that set energy range
restrictions in the experimental set-up performed by Rolfet al in [2] due to unwanted
resonance reactions from th&Ne(p; )%*Na.

After production of the stable ion beam, the beam is prebuncheat 11.8 MHz before
being sent down the RF quadropole (RFQ), and this frequencylso characterizes the third

sub-harmonic of the RFQ [42]. The RFQ accelerates the beantarthe next phase of beam
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Figure 3.2 Schematic of the inner components of DRAGON's winaddess gas target. Figure
taken from [30].

delivery, the medium energy beam transport (MEBT) line whibh o ers the possibility of
inserting a thin carbon foil that can further increase the chrge state of the delivered stable
ion beam [43]. Due to the extraction of higher charge statesréctly from the Supernanogan
source, the use of the carbon foil was not necessary in thigperment. By increasing the
charge state of the ion, the acceleration voltage requiremts are reduced. After the MEBT,
the beam is injected into the drift tube linac (DTL) that can accelerate ions withA=q 7
to beam energies of:Q17 MeV/u to 1:8 MeV/u [42]. From here, the beam can enter into the
high energy beam transport (HEBT) line that feeds into eitherthe windowless gas target
of the DRAGON facility or into the multi-purpose detector aray of the TUDA-I facility.
Instead of entering the HEBT, the beam can also be directed tadilities in the ISAC-II

experimental hall via the DTL to the superconducting beam tansport line (DSB).
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Figure 3.3 SONIK scattering chamber 3-D model using SolidWask. Figure from [44].

3.2 DRAGON

The DRAGON facility is a 21 m long recoil separator with a beansuppression factor up
to the order 10 '3 when coincidences are measured [30]. The primary avenue of reska
for DRAGON is in nuclear astrophysics speci cally dealing wh direct measurements of
radiative capture reactions on either a hydrogen or heliumag target [40]. Originally, the
facility was designed to handle radiative capture reactianon beams up toA = 30, but
higher mass reactions have been performed with the main liaion being on recoils exiting

the gas target with too high of anA=qratio to be bent through the separator [45].
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Figure 3.4 Schematic of the recirculation system used by DRATGN's windowless gas target.
Figure taken from [30].

The DRAGON facility can be split into three main sections, tle head, the electromag-
netic separator (EMS), and the tail. The head section consgssof a windowless gas target
surrounded by a Bismuth Germanate (BGO) scintillator arrayand is the location where
the reaction of interest takes place. Recoil products gera¢ed from the nuclear reactions
occurring in the windowless gas target subsequently enteitd the EMS section. This section
consists of magnetic and electrostatic dipole separationttv various quadruple & sextupole
elements used for focusing. The separated recoils will thenter into the tail section, which
consists of an end detector and a dual micro-channel plate %) time-of- ight (TOF) sys-

tem. The end detector can consist of an ionization chamber(@), a double-sided silicon
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Figure 3.5 Upstream and downstream schematic of the pumpingldas and apertures for
DRAGON's windowless gas target. Figure taken from [30].
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Figure 3.6 Schematic of DRAGON's BGO array consisting of 30 individual BGO detectors
that surround the windowless gas target. Figure taken from (3.

strip detector (DSSSD), or a combination of the two in the nevwhybrid end detector. In

this measurement, the ionization chamber (IC) was utilizedlue to the better elemental
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Figure 3.7 Schematic of DRAGON's optical layout with elementsabeled within the elec-
tromagnetic separator portion. Figure taken from [46].

discrimination [47].
3.2.1 DRAGON Head

Currently, DRAGON has the capabilities of operating with eiher the original high-
density windowless gas target or the recently designed Satng Of Nuclei in Inverse Kine-
matics (SONIK) chamber. For this experiment, the original widowless gas target appara-
tus was used with a schematic shown in Figure 3.2. A 3-D model the SONIK scattering
chamber option is shown in Figure 3.3. This thesis also showsetresults of a rst test mea-

surement with the setup as an experimental contribution tohe capabilities of DRAGON.

48



MCPO : .(/REA
] M—MCP
O
Beam
—
/ i
DLC Foil .
Electrostatic
Mirror

Figure 3.8 Schematic of DRAGON's nal slit box, MCPs and lon Chanber end detectors.
Figure taken from [44].

While utilizing a windowless gas target introduces engingag challenges in maintaining a
consistent gas pressure within the central gas volume, itdeces unwanted background ef-
fects and additional errors that are introduced by using otér options such as a windowed
gas cell or implanted foil targets.

The windowless gas target used at DRAGON has a constant prass regulation range
of 0.2 to 10 Torr within the chamber's e ective length of 12 0:4 cm through the use of
a series of roots blowers, and it can be operated with eitheydrogen or helium gas [30].
While the geometrical distance between the the entrance anditeapertures is only 11 cm,
the e ective length is expected to be larger due to a non-zemressure existing immediately
outside of the gas cell. The apertures are designed to restrthe ow of gas exiting the

central gas volume.
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Figure 3.9 MCP TOF vs separator TOF for events in the 442 keV COMneasurement.
Coincidence events are shown by the black data points and tlmed data points represent
events that pass the "golden” recoil gate.

Immediately outside of the apertures, gas owing out of theantral gas volume is collected
by the rst stage of roots blowers and is recirculated throulg a liquid nitrogen (LN2) cooled
zeolite cleaning trap in order to maintain the gas purity bedre returning back to the central
gas volume. The recirculation process for the gas target thugh the roots blowers and the
LN2 zeolite trap is shown in Figure 3.4. The roots blowers and gieculation system gives
the gas target the ability to maintain a uniform pressure prde throughout the central gas
volume.

Beyond the rst stage of roots blowers is a series of seven lwmolecular pumps that
di erentially pump any residual out owing gas both upstrean and downstream of the
primary gas cell. The turbomolecular pump system maintaina downstream vacuum of less
than 10 © Torr which is critical due to the potential degradation of tre EMS suppression

factor caused by charge changing reactions occurring in asybstantial residual gas [30].
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The entrance and exit apertures for the gas target cell haveGamm and 8 mm diameter
respectively, with the driver for the increase in diameterfahe exit aperture being the need
to compensate for the recoil divergence angle. The upstreaand downstream pumping
tubes are tapered with angles toward the target in order to @ount for the incident beam
convergence and the cone angles of the produced recoils. sTtapering accounts for a
5 mrad upstream half-angle focusing requirement and the 20raad downstream half-angle
acceptance [30]. Figure 3.5 shows a schematic of the pumpinbes and apertures upstream
and downstream of the windowless gas target.

Within the gas target cell, there are two ORTEC Ultra Cam silicsm surface barrier
detectors with surface areas of 150 niimounted at a 30 and 57 angle below the primary
beam axis. The two detectors share a common rectangular ft@ollimator and are positioned
to view the central portion of the gas target. The detectors easure the elastic scattering
rate of the incident beam interacting with the gas target. Wih the ability to monitor
the gas pressure within the gas target, the uctuations witin the elastic scattering rate
measured by the two surface barrier detectors can charadias the uctuations within the
actual beam current. This is due to the elastic scattering ta of the beam particles with the
gas target being proportional to the incoming beam intensit This allows for a methodology
for normalizing the beam current for an experiment consistg of several runs. The location
of the two elastic scattering monitors can be seen in FigureZ3.

Surrounding the windowless gas target is a BGO detector agraonsisting of 30 closely
packed scintillation detectors shown in Figure 3.6. The-ray detector array is used to
measure the prompt -rays emitted during radiative capture reactions producedither from
emissions from excited recoil nuclei or from the direct capte emissions. The detectors have a
hexagonal shaped cross-section to optimize the packing gedry allowing for approximately
90% coverage of the total solid angle. The total e ciency ofhie array is dependent on the
geometrical coverage, the incident beam energy, and othecfors like the branching ratios

with the recoil product, the emitted energy, and multiplicity e ects from cascades within
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the recoils. For this experiment, the BGO array e ciency is @lculated for each reaction

energy by performing a series of Monte Carlo simulations ngi GEANT3.

3.2.2 DRAGON EMS

In inverse kinematics, recoil products from radiative capire reactions exit the gas target
with the same momentum as the incident beam but with di erentenergies. Due to the
relatively low reaction cross-section expected (order ofano-barns), the number of beam
particles per unit time will be of several magnitudes more fanse than the number of recoil
products. This introduces a challenge to e ectively suppss the beam from the recoils
throughout the EMS. To achieve adequate beam suppressiohetEMS consists of two sets
of magnetic and electric dipoles built in series with variaioptical and diagnostic elements
for focusing. The EMS uses ten magnetic quadrupoles and foommragnetic sextupoles for
focusing of the optics throughout the separator. In additio, several steerers are employed
and the layout of the electric & magnetic dipoles, magneticugdrupoles & sextupoles, and

the other optical elements are shown in Figure 3.7.
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Trec - Tbeam (3-4)
Myec

Due to the inverse kinematic nature of the particle acceletar, the recoil products pro-
duced in the nuclear reactions occurring in the windowlessag target exit the head of
DRAGON with approximately the same momentum as the beam paidles. The recoil nuclei
have di erent masses than the beam particles which correspads to them having di erent

kinetic energies with the relation between the two energieshown by Equation (3.4). The
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recoil nuclei exiting the gas target also consist of a dishution of charge states with the
most populated charge state accounting for approximately53 50% of the recoil particles
[48].

In the EMS separator design, the rst dipole was selected todamagnetic in order to allow
for the selection of a singular recoil charge state exitindgi¢ gas target. The recoils with the
selected charge state that exit the rst magnetic dipole the enter the rst electrostatic
dipole for further mass discrimination. The separation ofecoils from beam patrticles is
possible from the exploitation of the Lorentz force law whitgoverns the motions of charged

particles within an applied electric and/or magnetic eld described by Equation (3.5).

F=qE+v B) (3.5)

In the Lorentz force law,q is the charge state of the ionE is the electric eld, v is the
velocity of the ion, andB is the magnetic eld. Within the magnetic dipole, it can be assmed
that the applied electric eld is zero. Then by calculating he velocity component that is
perpendicular to the magnetic eld, the radius of curvaturefor the ion traveling through
magnetic dipole can be determined by equating the Lorentzrie with the centripetal force
to yield,

_ MyecVr
M'mag = GiB]

(3.6)

wherer g is the magnetic dipole radius of curvaturem is the mass of the recoil iony,

is the recoil ion velocity component that is perpendiculard the applied magnetic eld, and
B is the applied magnetic eld. As the momentum of beam and red@articles is essentially
the same, the rst magnetic dipole only selects the chargeae of both to be transported
to the rst electric dipole. Similarly, in the electrostatic dipoles, the magnetic elds can be
assumed to be zero. From a similar relation, the radius of cature from an applied electric

eld is given by,

53



m recV?2
gEj

lNelec =

(3.7)

wherer ¢ is the electric dipole radius of curvature andt is the applied electric eld. In both
cases for constructing the radius of curvature in the eledstatic and magnetic dipoles, the
radius of curvature is a known quantity due to the design cotsints of the actual dipoles.
For the two magnetic dipoles used in the EMS, the bending radior the rst and second
dipoles in the set are 1.00 m and 0.813 m respectively, and fbe two electrostatic dipoles
the bending radii for the rst and second dipoles in the set & 2.00 m and 2.5 m respectively
[30].

An additional bene t in having the electrostatic dipole comeafter the magnetic dipole
aside from the charge state discrimination, is that the majty of recoil particles that enter
into the electrostatic dipole have the same charge state arile trajectories through the
dipole only depend on the particle energy and thus the partes mass. Also, with de ned
trajectories from just one charge state there is less scatigg on the electrostatic dipole
surfaces. The more massive recoil ions compared to the beaartigles will have a larger
radius of curvature through the electrostatic dipole and tarefore by tuning to the recoils
through the dipole allows for mass discrimination betweerhé recoil particles from the beam
particles. Throughout the beam optics line exist charge anehass slits with opening widths
that can be varied to shield out primary beam particle compants. The sequence of mag-
netic dipoles (M) and electrostatic dipoles (E) corresporag to the pattern of M{E{M{E
was deliberately chosen in contrast to the pattern of M{E{EM due to the latter pattern
being capable of transmitting beam particles that had undgone two charge-changing col-
lisions vice the three charge-changing transmissions nesary for the former pattern [30].
Therefore, by choosing the M{E{M{E pattern one would expecta more bene cial beam

suppression factor compared against the other dipole patte
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Figure 3.11 IC anode strip 1 vs total IC counts approximating @k vs E spectrum for the
541.6 keV/A energy measurement. All single events measured time detector are shown
by the black data points. All coincidence events are shown byé red data points. Golden
recoil events indicating reaction products are shown by thmagenta data points. The cluster
within the black boundary is produced from primary beam jiter. The cluster within the
blue boundary is leaky primary beam. The cluster within the geen boundary is are the

recoils produced from the reaction.
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3.2.3 DRAGON Talil

After separation of the recoils from the primary beam in the EN8, the particles enter
into the tail of DRAGON shown in Figure 3.8. The recoils rst interact with the MCP
system consisting of a set of two micro-channel plate detecs that interact minimally with
heavy ions. After exiting the MCP system the recoils enter théocal plane at DRAGON's
end detector. For this work, the ionization chamber was seaited as the end detector due to
its better energy resolution measurements and recoil paste identi cation when compared
against the DSSSD for heavier recoil ion#( 20).

Before entering the end detectors, the recoil particles tgraverse the MCP system. The
MCPs are constructed from a 2d array of small diameter glasapmillaries on the order of 10

m [49]. The MCP detector system produces secondary electsdoy a recoil ion's interaction
with a diamond-like carbon (DLC) foil producing secondarylectrons that are subsequently
re ected by an electrostatic mirror into the MCP detector. Hectrons that are re ected o
of the electrostatic mirrors into the MCP can produce up to 10secondary electrons at its
anode. The MCP system also consists of two separate MCPs witlie measurement times
between the two detectors used to calculate the recoil's TO#rough the MCP detector
system chamber.

When operational, the MCP detector system makes local TOF msarements allowing
for an additional method for particle identi cation with hi gh timing resolution. The MCP
TOF, coupled with a separator TOF measurement, allows for théetermination of a particle
identi cation gate as shown in Figure 3.9. The particles witin this gate are also termed the
golden recoils from the nuclear reaction being measured.

After passing through the MCP, the recoils will enter into a havy ion end detector
consisting of the IC, and a schematic of the IC detector is siwa in Figure 3.10. The
IC detects heavy ions that transit through the DRAGON separtor by fully stopping the
particles within the gas volume with a chamber length of 25 cniThe IC is separated from

the beam line by a thin entrance window consisting of eitherthin 130 g/cm? Mylar Im or
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a grid-supported 55 g/cm? polypropylene Im [47]. The opening into the chamber is 50 mm
in diameter and the gas volume within the chamber is typicall lled with isobutane. The
choice of isobutane as the gas volume material is due in pad its high rate of energy loss
per gas volume pressure while being contained in the chambsr only a thin window [50].
A thin window coupling the end detector to the beam line is neked in order to minimize
energy loss and straggling of the recoil particles prior tangering the active gas volume.
The ions entering the detector lose energy proportional tcheir stopping power in the
gas volume which depends on the energy, mass, and nuclearrgbaof the ions. For low
energies ( 1), the stopping power can be approximated by the non-relaistic Bethe

formula shown by,

2meVv?
I

dE _ 4nz?

2
ax mevz( hc)“In

(3.8)

where ‘g—'f( is the stopping power,z is the charge state of the particle being stopped in the
gas volume, is the ne structure constant, h is the reduced Planck constant¢ is the speed
of light, me is the electron rest massy is the velocity of the particle,| is average excitation
and ionization potential of the gas volume, and is the electron density of the material given

by,

(3.9)

where N, is the Avogadro number,Z is the atomic number of the gas material, is the
density of the gas material, andn, is the atomic mass of the gas material.

Within the chamber, a homogeneous electric eld of 50 V/cm is gerated by equipo-
tential electrodes and wires surrounding the gas volume [4®Vithin the chamber are three
anode strips in two 10 cm and one 5 cm sections that collect el®ns to create a signal.
The space above the anodes contains a Frisch grid that is ustdshield the anode from

the gas volume. Di erent anode strips within the detector dbw for an approximation of a
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dE vs E distribution to further discriminate particles measured n the chamber as shown in
Figure 3.11. Separation from the residual beam particles amecoils of interest is possible in
the IC due to their di erent particle energies and nuclear carge. The stopping power in the
IC gas volume is proportional to the incident particle enengand varies with nuclear charge
and thus the beam particles and recoils will deposit energy erently and have a di erent

path length within the IC.

58



CHAPTER 4
ANALYSIS METHODS

During the S1363 experiment, four incident beam energies stiable 2°Ne nuclei were
measured ranging fronk,,, = 276:6 keV/u to E o = 541:6 keV/u. The laboratory frame
energies correspond to center of mass energiekeby = 265:5 keV to Ecom =519:6 keV,
respectively. The following sections describe the methodsed to perform an analysis on the

data collected from the experiment.
4.1 Beam Normalization

During the experiment, the incident beam current measuredhd-araday cups (FC) is used
to determine the total number of beam particles that interacwith the molecular Hydrogen
in DRAGON's gas target. Elastic scattering interactions wih the beam and the target are
measured by a pair of silicon surface barrier detectors anied at 30 and 57 below the beam
line axis. Throughout the course of several runs examininge nuclear reaction at a speci c
reaction energy, the number of elastic scattering events amured by the surface barrier
detectors before and after a FC current measurement can beedsto develop a Rutherford
normalization parameter (also known as the absolute normation factor, R) for each run

[51]. The R factor for an individual run can be determined by,

_ 7(l=0) tPyg
R= TP 4.1)

where | is the beam current measured o of FC4 which is the rst Faradg upstream of
the target, 1 is the beam transmission, t is the time window for the surface barrier
measurementPy; is the gas target pressureq is the charge state of the beam particles is
the elementary electric chargelN is the number of scattered protons measured within the

time window t, and E is the beam energy in units of keV/u.
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Due to the value ofl being a current measurement immediately upstream of the gas
volume, the current has to be corrected for the transmissidiess (1) through the target.
The transmission loss, T, is determined after each new beam energy adjustment or as
needed, and the measurement is accomplished by taking theioaof the current measured
immediately downstream of the gas target to the current meased immediately upstream
of the gas target. This measurement is also performed with aampty gas target to avoid
the ensemble of charge state changing reactions to skew themhstream current readings.
The charge state,q, of the incoming beam particles is used to scale the measuraatrent
appropriately to number of beam particles. For this experimnt, the incident beam charge
state is 4 for all of the reaction energies measured. The time window,t, selected for the
elastic scattering comparison is 120 s. The elastic scaitggy measurement takes place in the
time window immediately after a FC4 reading where the currens expected to be relatively
constant.

The R-factor can be determined for runs spanning di erent beam engies when ac-
counting for the principle that Rutherford scattering is drectly proportional to the target
thickness (thus the gas target pressure), and is inverselygportional to the incident beam

energy squared. TheP=EZ,,. makes theR-factor invariant for runs composed of di erent

eam
gas pressures and incident beam energies with the exceptodmesonances that are estimated
to be broad when compared to the beam energy spread [51]. Withet calculated normal-
ization factors for a series of runs, an average normalizai factor, R, can be computed by
taking the weighted mean of theR-factors for a given beam energy. From th& constant,

the total number of incident beam particlesNpeam, iNto the gas target volume is given by,

Npeam = RNp—- (4.2)

whereR is the determined average R-factor constant for an incidefiteam energyE. The
value for the pressure,P, is given by the average pressure during the course of a yield

measurement, andN, is the total number of proton particles scattered into the sdace

60



barrier detectors during a yield measurement. While this e@tion can calculate an R-
factor that is invariant with regards to gas target pressurand incident beam energy, for the
purposes of this analysis the R-factor is calculated sepsely for each of the reaction energies
measured in order to reduce uncertainties. The overall me&tfactor with uncertainties for

each of the beam energy measurements is shown in Table 5.3.
4.2 Stopping Power

The stopping power of the ion beam particles through the gasfget can be measured
directly at DRAGON with knowledge of the e ective target length of the gas cell volume.
This was measured in a previous experiment by replacing thateance and exit apertures
with ones having 1.5 mm diameter openings in order to develapwell de ned pro le within
the gas cell while gas ows out of the target. From an analysisf the measured ratio of
energy loss to the geometrical length of the gas target, theeetive length was determined
to be 123 0:4 cm for the 6 mm entrance and 8 mm exit aperture con guration52].

During the tuning procedures of DRAGON, standard proceduresito rst measure the
actual beam energy delivered to the target from the ISAC fddy operations team. This is
done by measuring the magnetic eld in the rst magnetic dipte (MD1) that is required
to bend the beam to the Faraday cup downstream of MD1 with and iihout gas in the gas
target. The beam energy can then be determined from the measd magnetic eld strength

and the relation is shown by Equation (4.3) [53].

Bw, ° 1 E ?
A 2ucz A

E
£ = o (4.3)

where cnyg iS a constant that characterizes the e ective bending radaiof MD1, E is the
kinetic energy of the incident beamA is the atomic mass of the beam particleqj is the
charge state of the ion patrticle that is curved through MD1, us the atomic mass unit, and
c is the speed of light. The constanty,, was measured to be 48.07 (7) [MeV F] with

more details in [53]. The second term in the beam energy eqiget is a relativistic correction
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factor which is negligible for the energies measured in thexperiment.

If there is di culty bending the beam through the rst magnetic dipole when the gas
target is evacuated, a series of magnetic eld measurementan be collected for various
target pressures. The y-intercept of a linear t to a plot of he magnetic eld value from
MD1 versus the target pressure can be used to determine thea@@ressure magnetic eld
and thus the beam energy without gas in the target. An examplef this type of linear tis
shown in Figure 4.1. In addition to determining the zero presse beam energy, the slope of
the linear t is proportional to the stopping power. The units of pressure can be converted

into the target thickness of the gas via,

21P

At = Xeff Nigt = Xett L ==
tgt eff INtgt eff 760T

(4.4)

where Ay is the target thickness,xess is the e ective length of the gas target,Ny is the
target number density, is the molecular multiplier constant and is = 2 for molecular
Hydrogen, P is the gas pressure in Torr, andl is the gas temperature in Kelvin. The
slope of beam energy versus target thickness gives the stimgppower in units of [eV cnd].
The measured values for the stopping power were used in thealysis and in the setup
of the GEANT3 simulation runs. Stopping powers for the incidenbeam energies for this

experiment are shown in Figure 4.2 compared against resultsrgrated by SRIM [54].
4.3 BGO Calibration

The initial calibration of the BGO array was performed by pl&ing a2**Cm/3C source
near the detectors while in place around the gas target witkesults shown in Figure 4.3. The
244Cm produces an alpha particle that impinges onto th&*C mixed into the source material
initiating a **C(;n )'%0 reaction. The high energy alpha particle populates excitain
levels in'®0 that predominately de-excite via 6.13 MeV -rays. From the spectra, a single
escape peak can be clearly identi ed in some of the detectdraninels but is ignored for the

initial rough calibration. A calibration script is run on each of the detectors in the array
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Figure 4.1 The measured beam energy for the 541.6 keV/u runs @ahted from a linear t
of the MD1 magnetic eld measurements against the target gggessure. Figure taken from
[55]
where an operator manually selects the 6.13 MeV peak preseuhtin each spectrum. The
script then adjusts the detector's bias in order to shift thepeak to the appropriate channel.
This method is not ideal because detectors are typically tsad to their nominal operational
voltage then adjusted with an ampli er to adjust the peak to @iannel location. For the
general usage of DRAGON this method is estimated to be su ci@ due to only requiring a
coincidence signal to assist in recoil particle identi cabn in the end detectors. A software
threshold can be applied to the detectors to reduce electriomoise or radioactive ion beam
induced signals in the lower channels.

For the purpose of this experiment, the resulting BGO spedrwould be of interest in
order to measure the -rays emitted in the direct reaction oreaiexcitation of >!Na. There-

fore, the energy resolution of the spectra was improved byrée increasingly higher delity
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Figure 4.2 The measured stopping power for S1363 incident beanergies shown by the red
data points. The dash-dotted blue line represents resultegerated using SRIM-2013.

calibrations to reduce the uncertainty in the measured-ray transitions. In the rst case, a
rough calibration is performed using a 1.275 MeV charactstic peak produced by the -
decay of a??Na source. In the latter two cases, the calibration was perimed by identifying
1.461 MeV and 2.615 MeV peaks generated from naturally ocdag background radiation
40K and 2°8T| respectively.

An issue with the initial calibration in this experiment is that it is performed just once
before the span of the experiment without any further checksr recalibrations. The S1363
experiment was performed over the period of approximatelywvb weeks and it is expected
that the initial calibration may drift or oscillate. This is evident in the 2**Cm/*3C source
spectra performed at the end of the experiment shown in Figuee4.

A misalignment in the calibration slope is introduced in thelower energy portion of
the spectrum due to only a singular calibration point being sed at high energy. For this
experiment, the gamma energies of interest are in the 2.368.951 MeV range. The measured

peak to expected value deviation per detector in the BGO aryas shown in Figure 4.5 using
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Figure 4.3 The?*Cm/3C source gamma spectrum from the initial calibration measad
before the S1363 experiment. The two distinct photopeakspeesent the 6.13 MeV charac-
teristic -line from the source and the rst escape peak at 5.62 MeV.

a ??Na source producing a 0.511 MeV and 1.275 MeV characteristidine. This source was
measured towards the end of the experiment along with th&*Cm/3C source. Of the 30
detectors, only 12 detectors were able to resolve the 0.51dVkannihilation peak from the
electronic noise introduced despite the applied 150 keV #shold.

If there exists only an o set in the energy calibration within this energy range it would be
expected that the di erence in the two peaks would remain catant. However, in Figure 4.6
there exists an increased peak di erence between the two pts from the expected suggesting
an incorrect calibration slope within this energy range. Fahe 18 detectors with no measured
0.511 MeV peak, the software threshold of 150 keV serves a®wadr limit in the di erence.
From the resulting increase of the energy spectra in thé*Cm/*3C source observed towards

the end of the beam runs, the 2 MeV region of interest may haveén further underestimated
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Figure 4.4 The?*Cm/*3C source BGO array gamma spectra measured at the conclusidn o
the S1363 experiment. There is an observed shift in the engrgpectrum by approximately
700 keV from the initial calibration shown above.

during the course of the experiment. The remainder of this son serves to highlight the

methods used to develop nal BGO spectra with a signi cantlybetter resolution.
4.3.1 First Calibration

The rst set of calibrations served to improve the calibraton in the lower energy regime
to be able to resolve the photopeaks from background radiati in the singles spectra shown
in Figure 4.7. The shifting spectra over the timeline of the geriment coupled with the
nonlinearities observed in the lower energy region make it cult to resolve any expected
background peaks. To correct for this, the”?Na calibration source measured at the end
of the experiment is used. For detectors able to resolve thbaracteristic 0.511 MeV and
1.275 MeV emissions, a two point calibration was calculatednd a single point calibration
was performed on the detectors unable to resolve the anndtion peak from the applied

threshold. The resulting®Na spectrum is shown in Figure 4.8.
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Figure 4.5 ??Na source 0.511 MeV and 1.275 MeV photopeak locations measuby indi-
vidual detectors within the BGO array. The expected locatio for the characteristic -lines
based o the ?’Na decay scheme is shown by the solid black. The mean of the mead
peak locations for each detector is shown by the dashed bldoie.

4.3.2 Second Calibration

After the rst calibration, two background peaks produced fom natural °K and 2%8T]
radiation are resolvable as shown in Figure 4.9 . A singles nse@ement spanning the entire
period of the experiment is performed for each detector in ¢hBGO array. This allows
for a two point calibration for each detector near the energyegion of interest. While
this calibration signi cantly reduced the uncertainty from the prior calibration methods, an
observed broadening due to the detector experiencing chahro set oscillations over time
would signi cantly impact an energy dependent transition ével ratio analysis.

To characterize this broadening an overall singles measurement was performed on a
per run basis. The resulting centroid locations for the chacteristic gamma lines generated
from the two background radioisotopes are shown in Figure €.bn a per run period and an
oscillating behavior is clearly observed. Here each run sggaa period of nearly an hour with

a few exceptions where run measurements are cut short for aiesy of reasons. The period

67



1.6
—— Expected Difference
------ Difference Mean

» - 30 Difference

1.2

% 1.0 s
=

Energy ( )
o
')
"
~
—t
——
r—%—o—‘q
|
|
———i
!
: ]
A N
——
—
—
e
T
1
|
»—%0—1
i
|
i
!
0—:—4

0.6

0.4

0.2

5 10 15 20 25 30
Detector Number

Figure 4.6 Photopeak energy di erence from the measurééNa source 0.511 MeV and 1.275
MeV lines in the individual detectors within the BGO array. The expected energy di erence
from the 1.275 MeV and the 0.511 MeV photopeaks (0.764 MeV) isasvn by the solid black
line. The di erence between the measured locations of theS.1 MeV and 1.275 MeV peaks
are shown in blue. The di erence between the measured 1.27%Wlpeak and the applied
threshold is shown by the black points and serves as a lowanii for the measured energy
di erence due to the non-observable 0.511 MeV photopeak bgibelow the threshold. The
measured mean for the detectors in the BGO array is shown bydldashed red line.

of oscillation is approximately 24 hrs indicating a tempetare dependency on the detectors
or electronics. The oscillations create a broadening e eetith a 125 keV FWHM on the
2.615 MeV line as characterized in Figure 4.11. The nal caliaition seeks to minimize this

broadening by taking into account the oscillating nature othe spectra over time.
4.3.3 Final Calibration

In order to resolve the periodic drift observed in the deteot array, a nal calibration set
is performed on a per detector and a per run basis. This accaed for 8940 calibration sets
(30 detectors 298 runs) with the resulting background spectrum shown in Fige 4.12. The
reduction in the centroid spread is shown in Figure 4.13 inditing a measurable decrease in

the BGO uncertainty by nearly an order of magnitude. The restihg broadening e ect after
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Figure 4.7 Original background spectrum measured over theter span of the S1363 experi-
ment. There are no readily identi able peaks and the expeatidocations of two characteristic
background gamma lines of interest are shown by the verticlhes.

correcting for the oscillating nature of the measured speacdm is shown in Figure 4.14.
4.4 BGO Resolution

In order to reduce the uncertainty of the transition ratio aralysis performed at each of
the di erent energy runs, the resolution of the BGO array is dtermined within the area of
interest using the 2.615 MeV peak produced from backgrourf®Tl. This energy is near
the median value for the range of expected peak centroids been 2.365 - 2.951 MeV for
the range of beam energies being measured. The resolutiomisasured using singles data
collected over 298 runs after applying the nal calibration As a comparison, a resolution
measurement using BGO events collected in coincidence i®ddo validate the result.

As a point of reference, during the commissioning of DRAGON, ¢hresolution was mea-
sured to be on average 7% at an energy of 6.13 MeV and 12.5% at 86V [30]. The energy
resolution of a detector can be approximated by a power lawlationship, and using a t

against the commissioning data the resolution within this r@a of interest can be approxi-
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Figure 4.8 First calibration spectrum of a?2Na source. The calibration utilized the 0.511
MeV and 1.275 MeV photopeaks emitted from the source. A sum gde of the two charac-
teristic photopeaks can be observed in the array spectrumarel.786 MeV.

mated as seen in Figure 4.15. Within the energy range of 2.365.921 MeV, the expected
energy resolution range is 8.99 - 8.47%.

The background singles spectrum used for the resolution dysis is shown in Figure 4.16
with a spectrum baseline determined using an asymmetric Easquares (ALS) algorithm
from [56]. An exponentially decaying baseline was estimatéa the region with the applied
threshold, but did not translate well due to the observed deation in threshold locations per
detector. This is done for two main reasons, the applied satireshold varied throughout
the experiment between 100 - 250 keV and the original caliiran set the threshold to
correspond to an energy range of 150 - 550 keV for the di eredetectors. Both factors
introduce a smearing e ect to the exponentially decaying lekground created from electronic
noise increasing the uncertainty of a t within this region. Therefore, the ALS algorithm

was used in the energy range excluding the annihilation peak
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Figure 4.9 Background spectrum after the rst calibration oer the entire span of the S1363
experiment. Photopeaks are resolvable for an annihilatiqggeak (0.511 MeV), for**K gamma
decay (1.461 MeV), and for%Tl gamma decay (2.615 MeV).
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Figure 4.10 Oscillating energy spectrum of the BGO array thrgghout the span of the S1363
experiment. The uncertainties in the centroid locations igstimated to be 10% of the peak
FWHM. The shaded gray array represents a 3 con dence interval in the weighted mean.
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Figure 4.11 Oscillating energy distribution measured for #1 BGO array after the rst cal-
ibration. A FWHM broadening of 86 keV and 125 keV is measured in ¢hspectrum near
energies of 1.4 MeV and 2.6 MeV respectively.
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Figure 4.12 Background spectrum after the nal calibration wer the entire span of the
S1363 experiment. The given spectrum is corrected for thediar o set determined below
and shows a signi cant reduction in jittering relative to prnor calibrations.
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Figure 4.13 Energy spectrum of the BGO array after applying # nal calibration over the
entire span of the S1363 experiment. The errors in the ceniddocations is estimated to be
10% of the peak FWHM. The shaded gray array represents a 3con dence interval in the
weighted mean.

The corrected spectrum is shown in Figure 4.17 with the peaksquuced by the back-
ground “°K and 2°8T| radiation tted to a Gaussian distribution. The shaded region repre-
sents a 3 con dence range and the measured resolutions were determiinto be 114%:2%
and 92'%:7% respectively. From the coincidence data, using the sameacacteristic emissions
the measured resolutions shown in Figure 4.17(b) are:5%,7% and 101"%:3% respectively.
From Poisson statistics, the error is proportional to the sgare root of the number of events
observed in the correct peak, therefore the higher relativencertainty in the 2.615 MeV
peak and when comparing singles to coincidence results kely due to the lower number of
observed events measured over the same time period. The tesults are within each others
error and within error to the approximated power law resolubn relationship. The measured
singles data resolution will be used for the remainder of thanalysis due to the higher statis-
tics. When applying the resolution to the photopeaks near thmeasured 2.615 MeV energy,

a power law approximation is used to scale to the respectivaergies accordingly.
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Figure 4.14 Energy spectrum distribution of the BGO array a#r applying the nal cali-

bration. A FWHM broadening of 13.0 keV and 14.7 keV is measured the spectrum near
the energies 1.49 MeV and 2.64 MeV respectively. Near the egeregion of interest for the
S1363 experiment (B{2:9 MeV), there is nearly a reduction of an order of magnitude irhe
uncertainty.
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Figure 4.15 Power law approximation of the BGO array energy selution using commission-
ing resolution measurements at DRAGON. The subthreshold tresition energy is shown by
the star marker. The characteristic background line from®Tl is shown by the plus marker.

4.5 Photopeak e ciency

When measuring the relative ratios of the transition regionsf interest, the overall photo-
peak e ciency needs to be characterized for the BGO array. Tik is accomplished by doing a
series of 11 simulations in GEANT3 within the 2.0 - 3.0 MeV eneygange at 0.1 MeV inter-
vals. This energy range was selected to encompass the thnemsition photopeaks of interest
with emitted gamma ray energies between 2.365 - 2.951 MeV. Batmulation run consisted
of approximately 1¢ generated gamma rays at the speci ¢ energy with the resultingho-
topeak e ciency shown in Figure 4.18. Within the energy range fointerest, the photopeak
e ciency can be approximated using a linear t with the coe cients ofm = 0:0347 and
b=0:3474.

In the transition ratio analysis, this linear t is used to carect for the number of counts
observed in each of the photopeaks. Given that there are tleebservable photopeaks at

these energies, the transition ratio can then be determinadging Equation (4.5), whereN
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Figure 4.16 The singles data spectra from the BGO array over g¢hspan of experiment
S1363. An asymmetric least squares baseline is shown in soliack that is used to retrieve
the peak areas. The corrected singles spectrum is shown iramge after subtracting the
original spectra by the baseline correction. (a) is the repsentative linear plot and (b) is a
log plot that clearly shows the transitioning baseline valeis throughout the spectra.
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Figure 4.17 (a) The corrected singles spectrum and (b) the cected coincidence spectrum
from the BGO array using an asymmetric least squares basadinThe peak centroids from
the background4®K and 2%TI radiation are tted to a Gaussian distribution to recover the
measured FWHM to determine the detector array's average restin.
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Figure 4.18 Simulated photopeak e ciency for the BGO array. Wihin this energy range,
the e ciency can be approximated by a linear t shown by the sdid black line. The black
dashed line represents the average BGO array e ciency with 2 MeV soft threshold for the
four reaction energy measurements (for-ray energies between 2.4 and 3.0 MeV).

is the corrected photopeak count for transition ANy, IS the corrected photopeak count
total for all of the transitions, NQg.c is the measured photopeak count for transition A, B,
or C, and apg.c Is the photopeak e ciency for transition A, B, or C. In the caseof this
study, transitions A, B, and C correspond to the subthresholdransition, the direct capture

to the 332 keV state, and the direct capture to the ground st&t, respectively.

Na (NR= )

Now  (N§= a) + (NG= o) + (NZ= ) (4.5)

4.6 True Coincidence Summing

Taking measurements of radiative capture reactions with saade schemes that can gen-
erate two or more -rays from a single reaction introduces potential coincitdeee summing
correction factors. Coincidence summing occurs whenevermtor more -rays are deposited

into a single detector crystal within the detector's resolwmg time causing the combination
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of events to be registered as a single energy measurement.e True coincidence summing
(TCS) correction factor is purely geometry dependent and cabe signi cant if the detector
is located very near to the source [57]. In the case of this dysis, whenever direct capture
occurs to either the subthreshold state or the 332 keV statthere is an emission of two -rays
with a total energy corresponding to what would be registedeas a ground state transition.
The summing correction can be measured experimentally byraparing the measurement
yields of the di erent transitions at increasing detector éstances; however, for this analysis,
direct measurement of the summing correction factor is notgssible and has to be simulated.
Two methods are implemented in order to simulate the total ¢éocidence summing cor-
rection. The rst method is based o a mathematical summing orrection derivation for a
simple decay scheme described in the TCS section in [57]. st method, the measured
recoil count within the subthreshold peak or the high energpeak from the direct capture

to the 332 keV state can be represented by,

Nget = A1 A1 (4-6)

where Nget is the measured number of events within the photopeald is the number of
emitted characteristic -rays, ; is the Full Energy Peak (FEP) e ciency, and 1, is the
total e ciency for measuring the secondary -ray in the coincident cascade scheme. For
the two possible TCS pathways in this reaction, Equation (%) shows that the actual count
within the peak (A ;) gets subtracted by an amount proportional to the actual coot and
the probability for emission of the secondary -ray anywhere within the spectrum. This
subtraction is due to the secondary -ray summing with an event within the photopeak that
is then measured in the total energy photopeak. Letting theciual photopeak count be
represented byN ., = A ; the TCS factor is simply N 2,,=Nge: Which yields,
N der 1

= 4.7
Ndet 1 T2 ( )
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Figure 4.19 Simulated correction factor calculated using éhtotal -ray e ciency for each of
the BGO detectors within the region of interest to determinghe true coincidence summing
correction. The data points represent the weighted averagd the correction factor for each
individual detector in the array. The weighting accounts fothe varying detector distances
from the extended gas target.

This suggests that the TCS factor is only dependent on the tat e ciency measurement for
the secondary -ray in the cascade scheme. For this experiment, the seconga -rays of
interest will have energies between 272 to 527 keV. Therefptige total e ciency containing
this energy range is simulated in GEANT3 by modeling a mono-ergetic extended gas source
at various energies within this range. The TCS factor is caltated for each detector using
Equation (4.7) from the resulting e ciency with the weighted mean of the measurements
used to represent the correction factor for the BGO array. Téweighted mean accounts for
the varying location of the detectors in the BGO array relatre to the extended gas target.
The weighted mean results are then tted to characterize theorrection factor within the
272 to 527 keV energy range as is shown in Figure 4.19. To detarenthe correction factor
for the direct capture to the ground state, the counts that wee added to the total energy

peak are subtracted to get the true count and the TCS factor idetermined by,

80



TCs,, = Neew Airvz Asrs (4.8)

max N dg]tax

whereN ™ is the number of measured events in the total energy peak,, r is the number
of events subtracted from the subthreshold photopeak, anl 5 4 is the number of events
subtracted from the high energy photopeak from the direct gdaure to the 332 keV state.
Using Equation (4.7) and Equation (4.8), the TCS correctiondctors are calculated with the
results shown in Table 4.1.

The second method for calculating the TCS correction factas by determining the FEP
e ciency peak for each detector within the BGO array. In thismethod, the FEP e ciencies
are related to the probabilities of a characteristic -ray being detected and appearing in
the full energy photopeak. Therefore, the entire BGO deteat array with a single detector
probability of measuring an event in one coincident photod ( ;) has an expectation value

of measuring an additional event from the second coincidephotopeak ( ;) of,

Pao i
< p>= P (4.9)
1 1

ol

i
where the summation is over all 30 detectors in the BGO array, is the FEP e ciency
of the rst coincident photopeak for the i-th detector, and |, is the FEP e ciency of the
second coincident photopeak for thé-th detector. This expected value for the additional

-ray detection gets applied to the measured subthreshold gle or high energy photopeak
from the DC! 332 keV transition to determine the amount of events that eretl up in the

total energy photopeak. The TCS correction factor for a givetransition is then given by,

TCS=1+ < ,> (4.10)

For this TCS correction factor, the expectation value depafs on the FEP e ciency curve
for each of the detectors in the BGO array. This was simulatetbr each of the detectors

using GEANTS3 with the resulting t shown for one of the detectos in Figure 4.20. The
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TCS correction factor for the total energy photopeak is detenined in a similar manner as
described in the rst method. The resulting TCS correction dctors using this method are
shown in Table 4.1.

The TCS correction factor for the actual BGO array is expecteto be between the two
simulated results. This is due to the total -ray e ciency being smaller for the individual
detectors due to an applied 150{250 keV hard threshold to t@GO array. The hard thresh-
old cuts o counts within the actual spectrum yielding a smdkr e ciency when compared
to the simulation. This e ect is di cult to characterize in t he simulation due to the origi-
nal background calibration introducing uncertainty within the hard threshold energy range.
For the purposes of this analysis, the average of the TCS cection factors using the two

di erent methods is used to determine the nal results.

Table 4.1 Summing correction factors for S1363.

ECOM

0.520 MeV

0.442 MeV

0.319 MeV

0.266 MeV

Total E cien

cy Method

DC! 0 keV

0.669 (54)

0.812 (66)

0.938 (76)

0.921 (75)

DC! 332 keV

1.020 (83)

DC! 2424 keV

1.026 (83)

1.024 (83)

1.020 (83)

1.018 (83)

FEP E cien

cy Method

DC! 0 keV

0.778 (58)

0.867 (65)

0.921 (50)

0.896 (48)

DC! 332 keV

1.025 (56)

DC! 2424 keV

1.023 (51)

1.024 (53)

1.025 (56)

1.025 (55)

Ave

rage

DC! 0 keV

0.723 (79)

0.839 (93)

0.929 (93)

0.908 (91)

DC! 332 keV

1.022 (98)

DC! 2424 keV

1.024 (95)

1.024 (96)

1.022 (98)

1.021 (98)
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Figure 4.20 Simulated Full Energy Photopeak (FEP) -ray e ciency for the number 5 de-
tector in the BGO array. The shaded gray band represents a &on dence interval. The
FEP for all of the BGO detectors can be used to estimate the trueoincidence summing

correction.

4.7 Recoil Detection E ciency

In the determination of the reaction yield at a speci ¢ inciggnt beam energy, various e -
ciency corrections need to be included in the calculationrdm an experimental perspective,

the measurement yield is given by,

Y = (4.11)

whereN, ¢ is the number of recoils measured in the end detectoid is the number of incident
beam particles, and is the total e ciency correction parameter. At DRAGON, the recoils
measured in the end detectors can be analyzed as either sasgkevents or as coincidence

events and both methods have their own associated e ciena&nd can be determined from,
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— trans det  sing
sing = IC CSF sep MCP MCP live (4.12)

— trans det coinc
coinc — BGO CSF sep MCP MCP live (4.13)

where g is the overall e ciency of the singles events, «inc IS the overall e ciency of
the coincidence events,gco Is the e ciency of the BGO array within the spectrum energy
range that the recoils are counted in, ¢ is the e ciency of the ionization chamber, csr
is the charge state fraction of the recoil ion selected foransmission through DRAGON's
separator, se, Separator transmission through DRAGON, {25 is the transmission fraction

sing
live

through the MCP system, & is the MCP detection e ciency, is the live time of the
detector electronics when measuring singles events, arfd™ is the live time of the detector
electronics when measuring coincidence events. The totadiency and individual e ciency
factors speci c to this analysis are shown in Table 4.2.

The measured recoils counted in a singles analysis are reggisd in DRAGON's end
detectors while the ones in a coincidence analysis also neesignal from the BGO spectrum.
Inserting the di erent e ciencies into Equation (4.11) results in the following singles and

coincidence yield equations,

Vo = Nrec? (4.14)
" Np e csrosep S UL, o9 .
ve
v - Nige™ (4.15)
coinc — trans det coinc '

Nb BGo CSF sep MCP McP iive
whereN g9 js the total number of recoils measured in singles events ahg2™ is the total
number of recoils measured in coincidence events. The BGOaency, gco, can be a mea-
sured quantity, but for the experiment performed in this anbysis the e ciency is determined
from simulation and is discussed in the associated section.
The charge state fraction, csg, depends on the nuclear reaction being measured and

the incident beam energy. The beam particle ions and recodns exit the gas target as a
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distribution of charge states due to the nuclear reactionsd charge changing reactions that
occur within the central gas volume. Of the exiting recoilsthe magnetic dipoles will be
typically tuned for the selection of the most dominant charg state within the distribution.
The remaining recoil ions do not have the required magnetiegidity to be curved into the
focal plane by the magnetic dipoles and instead are directedo the charge slits at the charge
selection stage. The loss of recoils at the charge selectsate must then be accounted for in
the yield measurements. For the purposes of this work, theraeempirical formula derived
by Liu et al. in [48] was used to determine the charge state frions at the reaction energies
of interest. It is noted that within the derivation of the CSF equation by Liu et al., the is no
indication of what the associated uncertainties are for thdéted parameters and there is no
recommendation on how to characterize the potential systatic errors associated with using
their equation. Due to this, a 10% uncertainty was assumedrfeharge state fraction values
obtained by using the semi-empirical formula. Recent anadis on charge state fractions in
[58] have provided more accurate representations for thetihg parameters used within the
semi-empirical formula. These updated tting parameters i@ used in this work to calculate
the charge state fraction at di erent reaction energies meared.

The separator transmission e ciency, sep, is limited by the DRAGON's acceptance of
recoils into a half angle cone less than 20 mrad [30][59]. Timaximum recoil angle for S1363
was 5.941 mrad and is well below the maximum angle toleranc&herefore, the canonical
value for the separator transmission was adopted for the reimder of the this analysis where

sep = 0:999 5007 [34].

The MCP transmission e ciency, [, is predominately based o of the geometric
coverage of the electrostatic grids [60]. The transmissianciency through the MCP can
be determined experimentally by measuring the ratio of theotint rate of the ionization
chamber with and without the MCP detectors inserted into thebeam line. From an earlier
measurement by Vockenhuber et al., the MCP transmission westermined to be 78 0:6%.

This transmission e ciency depends on dimensions of the elgostatic mirrors being used
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for a speci c run, and for experiments with set-ups using lger electrostatic mirror wires in
comparison to the measurement performed by Vockenhuber dt @he transmission can be
signi cantly lower. A transmission percentage of 6@ 1:0% was observed in a con guration
using large wires in the analysis performed in [44].1t is kam that in this work the thinner
wires were present and for the purposes of this analysis, a M@ransmission e ciency of
7682 0:77% was used that is based o a measurement performed roughlyear before the
S1363 experiment [61].

The MCP detector e ciency, V&5, can be measured by taking the ratio of the total
counts measured by both the MCP and IC detectors against théaé counts measured in just

the IC as shown by,

N - N
mcp;ic _ Ntot mcp 1c _ trans (4.16)
Nic Niot 1c

where Nycp:ic is the IC vs MCP TAC 2D pulse height spectrum total number of gnal
event counts andN ¢ is the total event counts measured in the IC signal peak. The P
detector e ciency is dependent on the reaction and beam engies and can be measured from
the data collected from the experiment. The e ciency of the MCP detectors is expected to
increase to nearly 100% for recoil ions with masses Af> 20 assuming the foils are hole
free [60]. This may not have been the case for this experimeshte to the measured MCP
detection e ciencies ranging from 43% to 67% with the e cierties for each incident beam
energy shown in Table 5.3.

*ng g coinc depends on DRAGON's data acqui-

The singles and coincidences livetime;,, lve 1

sition (DAQ) system and the yield measurement. The singlesvent live time of the DAQ
is de ned as the fraction of the sum of all active measuremetime over the total runtime.
For Poisson statistical events, the singles live time can ke ned as,

e =1 T (4.17)
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where is the sum the busy time in the DAQ were events cannot be regested andT is
the total runtime for a given series of runs. For the coincidee live time, the calculation is
determined by the DRAGON's coincidence matching algorithmhat sorts the start and stop
times for all of the events in both the tail and head DAQ systes1 The matching algorithm
then sums the total time when either DAQ was busy and removesries for when the two

busy times overlap in both DAQs [44]. This can be expressed, as

X .
coinc =~ ( ih” it) ( ih&& it) (4-18)

i
where, " & !isthei™ busy time component of the head and tail DAQ systems, respégly,
the operation jj is the OR operation selecting when either of the DAQ systemseabusy,
and the operation && is the AND operation selecting when both othe DAQ systems are
simultaneously busy. Using the calculated coincidence busgne, .uinc, the coincidence live
time can be determined similarly to the singles live time bysing Equation (4.17).

The ionization chamber e ciency, ¢, can be determined in a similar manner as the
calculation performed for the MCP detector e ciency and is &0 dependent on the yield
measurement. The IC e ciency can be determined by measuringttenuated beam runs or
from recoil events which was the case for this analysis. Theiency is calculated by taking
the ratio of the total counts measured between both the MCP ahthe IC against the total

number of events measured in the MCP as shown by Equation (9)1

N ) N
mcp;ic _ Ntot MCP IC _ Itg;ms (4.19)

Nwmcp Nt mcp
where Nycp:ic IS the IC vs MCP TAC 2D pulse height spectrum total number of gjnal
event counts andNycp is the total event counts measured in the MCP TAC signal peak.
For the purposes of this analysis, the IC e ciency was not ugkas only the results from
coincidence event measurements were part of this analysiéowever, as a point of potential

future comparison the IC e ciency was calculated to be betwen 78% to 90% for the given
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reaction energies.
4.7.1 BGO Array E ciency

The e ciency of the BGO array varies depending on the radiatte capture reaction and
the specic -photons emitted. Due to this variability in the -array e ciency, the BGO
array cannot be determined from a single independent measuanent and must be calculated
for each new experiment. The BGO e ciency can be measured frothe experimental
data collected during the runs if there is adequate separati between recoil and residual
beam patrticles (also called leaky beam) in the heavy-ion @stor measurements. In this
case, the e ciency is calculated by comparing the ratio of aderved single recoil events and
recoil events measured in coincidence. In the experimentrfigmed in this analysis, there
was no discernible separation between the recoils and thakg beam which disallows this
methodology. Instead, the e ciency was calculated via simation.

GEANT3 was used in order to simulate the BGO -array e ciency for DRAGON for
the four reaction energies measured during this experimeniThe GEANT3 software is a
Fortran code that is based o Monte Carlo methods that deterrimes the transport of particles
through de ned materials and geometries. In order to accutaly model particle transport
throughout the DRAGON facility, the -array was split into three primary components for
modeling using the software. The three primary componentsadeled were the windowless
gas target, the upstream & downstream pumping tubes, and thiedividual BGO detectors
surrounding the gas target. Within the simulation the gas taget and pumping tubes are
surrounded by lead shielding and are representative of theald blocks placed around the gas
target during the experiment. The model of DRAGON's BGO arrayis then incorporated
into a larger simulation including the DRAGON separator andend detectors. More details
of the construction of the detector geometries and materigkelection can be found in [62].

In order to accurately simulate the nuclear reaction of intest, the decay scheme of the
daughter nuclei as well as capture probabilities into eachxeted level should be known. For

this experiment, the relative probabilities are determing from an analysis of the transition
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ratios for the three characteristic photopeaks of interestin order to minimize the uncer-
tainty of the simulated BGO e ciency for the lowest two reaction energies, a larger set of
runs (approximately 500 simulations) containing more po#se permutations was performed.
This allowed for permutations between the measured ratio kees while varying within the
minimum and maximum values of their uncertainties. Two of tk capture states are in near
alignment at the lowest two energy levels and several pernaitons consisting of possible
individual contributions to the total sum peak are used in tke simulations.

The highest energy measurement for the reaction in this exp@ent is near the lowest en-
ergy measurement made by Lyons et al. [21]. The outcome of tB&O e ciency simulation
based o the transition ratios analysis was compared againa series of input les containing
the ratios and varying by the uncertainties determined by Lgns et al. In this comparison,
the calculated e ciencies from the two di erent input seledions for the transition ratios
are within 0.1% of each other. This serves as a validation nietd that the transition ratio
analysis produces adequate representations of the prolaias required to characterize the
nuclear reaction of interest in this analysis.

One factor that must be assessed when calculating the BGO eency is any gamma
multiplicity e ects that exist in the reaction. For the ?°Ne(p; )?*Na reaction, of the three
characteristic photopeaks of interest representing the réict capture to the ground state,
direct capture to the 332 keV state, and direct capture to thesubthreshold state, two have
a gamma multiplicity factor of two. For this experiment, thesecondary -rays have energies
below 1 MeV with the highest reaching an energy of 527 keV due the low energy -ray
emitted from the direct capture into the subthreshold state Typically, when calculating
the overall BGO e ciency, a soft threshold cut is applied nea 100{250 keV depending on
what was applied during the experiment. The resulting speatm above the soft threshold
cut is then used for determining the e ciency. In the case oftiis experiment, the original
calibration skewed a signi cant portion of the low energy rgime up into the 500 keV range

leading to an increase in uncertainty of the detected recsikt lower energy levels. In order
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to circumvent this e ect seen at lower energy ranges, a largsoft threshold cut was selected
above 2 MeV which allows for the -ray multiplicity within the reaction to be ignored for

the energies measured.

4.8 Particle Identi cation

Particle identi cation (PID) is the process of separating ot the recoil particles of interest
from the leaky beam within the measured data set. Leaky beanvents from the primary
beam arrive to the end detectors despite the beam suppressicapabilities of DRAGON.
The separation of recoils from the leaky beam is a non-triigask that can be performed
either from a singles analysis or a coincidence analysis.

When performing PID from singles events, di erent particlesvith di erent atomic masses
entering into the ionization chamber will lose energy accding to their stopping power in the
isobutane gas volume. This will develop particle distribubn clusters in a di erential energy
loss versus total energy loss 2D pulse height spectrum pldtat can potentially be used to
identify unique particle types. Due to the stopping power deending on the incident recoil
and leaky beam energies as well as their nuclear charge, tleparation between particle
clusters in the IC is expected to decrease at lower reactiomexgies. In the case of this
analysis, there was no signi cant separation between clustcenters for single events alone
as can be seen in Figure 4.21(a). From the gure, there is no sigant separation between
the recoil events and the singles events in order to con ddptdetermine which cluster belongs
to which particle type. A comparison of the 2D pulse height gxtrum of the di erent anode
strips against di erent iterations of each other did not pra@ide any signi cant improvement
when compared against the result shown in Figure 4.21(a). Cegaring the two di erent
reaction energies shown in Figure 4.21(a) and Figure 4.21(Ithe cluster separation between
recoils and leaky beam particles decreased with a decreas¢hie beam energy as expected.

Particle identi cation of the recoils identi ed as coincidence events was done by using the
separator time of ight (TOF). The separator TOF is a measurernent of the time di erence

between measuring -rays in the BGO array from an event registering in the heavyon end
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Figure 4.21 IC anode strip 1 vs total IC counts approximating @E vs E spectrum for the
(a) 460.6 keV/A and (b) 541.6 keV/A energy measurements. All sgie events measured in
the detector are shown by the black data points. All coincidere events are shown by the

red data points. Golden recoil events indicating reactionrpducts are shown by the magenta
data points.
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Figure 4.22 MCP TOF vs separator TOF 2D pulse height spectrunof events measured in
coincidence during the yield measurement for the 460.6 keV/@nergy. All of the coincidence
events are shown by the black data points and the golden recevents are shown by the red
data points.

detector. A 2D pulse height spectrum of the MCP TOF versus theseparator TOF can
produce a tightly bundled cluster of events associated witthe recoil particles. In ROOT,
de ning bounds to isolate the particles is called creatingcuts’, and the cuts associated
with the particle cluster identi ed in the MCP TOF versus separator TOF 2D pulse height
spectrum are classi ed the golden recoil events as shown irgkre 4.22. For all of the energies
measured, the clustering of the golden recoils was easilyemt able with the background

not contributing signi cantly in the identi cation of the r ecoil particles.
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Table 4.2 Total e ciency factors for S1363 with a 2 MeV soft tlmeshold cut.

Ecowm 0.520 MeV | 0.442 MeV| 0.319 MeV | 0.266 MeV
coinc 0.064 (7) | 0.048 (5) | 0.060 (6) | 0.040 (4)
ganc (2 MeV) | 0.330 (6) | 0.322 (9) | 0.317 (9) | 0.313 (10)
CSF 0.413 (41) | 0.449 (45) | 0.447 (45)| 0.432 (43)
sep 0:999%50z
trans 0.7682 (77)
det 0.665 (1) | 0.487 (1) | 0.605 (1) | 0.430 (1)
coinc 0.902 (8) | 0.879 (9) | 0.904 (9) | 0.867 (8)
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CHAPTER 5
RESULTS

The following section describes in detail the results for .1S1363 experiment for the four
di erent reaction energies measured, beginning with the gid measurement followed by the
total S-factor measurement, extraction of the ground stateansition S-factor, and estimation
of the remaining capture transition S-factors. The resultare determined after applying the
analytical methods discussed in the prior section. The natesults are presented against
results published from prior experiments in literature coering the same nuclear reaction

and similar reaction energies.
5.1 Yield Measurements

The total number of recoils for each beam measurement is detened by applying the
correction factors discussed in the prior chapter to the tal count registered in the BGO
array above a soft threshold cut. For the results shown, the# threshold cut was selected to
be above 2.0 MeV predominately to avoid any uncertaintieswolved in the errors introduced
in the lower energy range of the spectrum from the original Baration. When extracting
the total capture cross-section, the choice of threshold emy is arbitrary as long as it is
above approximately 750 keV to avoid the gamma multiplicityregion and area of original
calibration errors. The results of di erent choices for thesoft threshold cuts above 750 keV
produces results within agreement of each other but with vging uncertainties due to the
decreasing number of recoil events at a higher energy cut.

The coincidence vyield at the beam energies measured is cited from Equation (4.15)
with the resulting yield measurement, total number of rects, correction factors, and other
properties for the reaction energies shown in Table 5.3. Iheé same table, the measured res-

olution for each of the transition photopeaks is shown. Theesolution is determined for each
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Figure 5.1 The full BGO spectrum for the 519.6 keV center-of-ass energy run triggering
o patrticle recoils in the IC. The vertical lines represent he locations of the expected-lines
at this beam energy.

photopeak by assuming a power law relationship between thed calibration measurements
performed as described in the BGO resolution section.

From the yield measurement, the reaction cross-section cée calculated from Equa-
tion (5.1) where N, is the gas targets number density anca; is the e ective target length

determined to be 123  0:4 in [30].

Ycoinc
= 51
Nox, (5.1)

The remaining BGO spectra in this analysis are coincidenceeasurements with applied
particle identi cation gates (golden recoils). A coincidace measurement di ers from a sin-
gles analysis predominately by the observed recoil evensalbeing tagged with an associated
gamma in the BGO array. The coincidence spectrum of the BGO &y has lower statistics
comparatively but has a signi cant increase in recoil partile discrimination. After apply-

ing the golden recoils gate, the resulting BGO spectrum regsents the unique signature
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Figure 5.2 The full BGO spectrum for the 441.9 keV center-of-ass energy run triggering
o particle recoils in the IC. The vertical lines represent he locations of the expected-lines
at this beam energy.

associated to the reaction of interest from which the totalumber of recoils is retrieved.
5.2 Total S-factor

The original intent of the S1363 experiment using DRAGON wat measure the total
capture cross section for thé°Ne(p; )?'Na reaction. The design of DRAGON makes it more
suited for total capture cross-section measurements as @ged to measuring capture into
the di erent transition modes. This is due to the recoil sepaating abilities of the EMS that
focuses all transition mode products from a given nuclearaetion into the focal plane of
the end detectors. The total capture cross-section for theaction energies measured in this
analysis can then be calculated from the tabulated informain in Table 5.3 and by using
Equation (5.1).

When analyzing astrophysical reaction rates, the cross-sieas are normalized by the re-
action energy and a Sommerfeld parameter. The resulting va is known as the astrophysical

S-factor, S(E), and can be determined from Equation (5.2) where is the Sommerfeld pa-
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Figure 5.3 The full BGO spectra for the 319.0 keV center-of-rsa energy run triggering o
particle recoils in the IC. The vertical lines represent théocations of the expected -lines at
this beam energy.
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Figure 5.4 The full BGO spectra for the 265.5 keV center-of-rsa energy run triggering o
particle recoils in the IC. The vertical lines represent théocations of the expected -lines at
this beam energy.
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Figure 5.5 The total astrophysical S-factor measured for th81363 experiment with data
points from this work shown by the solid red triangles. Restd from Lyons et al. [20] and
Rolfs et al. [2] are shown by the solid green circles and sobtlie squares, respectively, as a
comparison. The dash-dotted blue line is the total capture-gactor extrapolation determined
in the analysis by Rolfs et al. The dashed brown line is the tat capture S-factor determined
by the indirect 2°Ne(®He; d)?*Na transfer reaction from Mukhamedzhanov et al. [1].

rameter equivalent to = Zozh—lezp % HereZ, and Z, are the target and projectile atomic

number and is the reduced mass of the combined system.

S(E)=[ (E) EJ¢ (5.2)

The total S-factor measurement is shown in Figure 5.5 with the@bulated results shown
in Table 5.4. The total reaction measurements are compared tesults produced by Rolfs
et al., Lyons et al.,, and Mukhamedzhanov et al. [2][21][1]. hE total S-factor results from
the S1363 experiment are bounded by the total S-factor exfalation results determined
by Mukhamedzhanov et al. and Rolfs et al with the exception ahe 319.0 keV center-of-
mass measurement. The 319.0 keV center-of-mass measurdrakso had larger than normal

beam current uctuations between the separate runs and is ¢hleading contributor to the
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Table 5.1 Expected gamma line measurements from given nwlgeaction energy. All
energies are shown in MeV. The columns highlighted in gray atiee observed -lines above
the 2 MeV threshold.

Ecom E E  0:332| Subthreshold| E =~ 2:424 | 0:332
0.520 | 2.951 2.619 2.424 0.527 0.332
0.442 | 2.873 2.541 2.424 0.449 0.332
0.319 ] 2.750 2.418 2.424 0.326 0.332
0.266 | 2.697 2.365 2.424 0.273 0.332

uncertainty at this data point. This measurement uncertaity may be the cause of the
observed deviation in the 319.0 keV data point when compagrto literature values for the
total S-factor result. The nature of the remaining data poits measured in this work suggests
a total S-factor extrapolation to zero energy that lies beteen the two published extrapolation
results from Rolfs et al. and Mukhamedzhanov et al.. Within te astrophysically relevant
energy ranges, the measurements performed within this apsis do not deviate signi cantly
from the prior results and the resulting ONe reaction rates arexpected to be in agreement

with literature results.
5.3 Ground State Transition S-factor

Photodeposition on the BGO array allows for further analysi of the radiative proton
capture reaction cross-sections into the di erent transion states. From the measured spec-
trums for the di erent center-of-mass reaction energies &19.6 keV (Figure 5.1), 441.9 keV
(Figure 5.2), 319.0 keV (Figure 5.3), and 265.5 keV (Figure 5,4he highest energy centroid
due to the -ray emission from the direct capture to the ground state iseadily identi able.
For each of the reaction energies measured, the expecterhy emission lines are identi ed in
Table 5.1 with the gray highlighted columns representing theharacteristic 's above 2 MeV
for the spectrum energy range of interest in this analysis. &ansition ratio analysis is then

performed on the nal calibrated BGO spectrum for each reaan energy in order to extract
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Figure 5.6 The BGO spectra for the 519.6 keV center-of-masseegy run in the region of
interest after applying recoil gates. A triple-Gaussian tshown by the solid black line is
performed to determine the relative contributions of the DC 0 keV state with the primary

peak consisting of a combination of the remaining two transons that are not resolvable.
The light shaded regions represents up to a 3 con dence region.

the relative capture contributions to each state in order taneasure the direct capture to the

ground state reaction cross-section.
5.3.1 Transition Ratios

In order to calculate the transition ratios using the nal cdibrated spectra for the four
reaction energies measured, a triple-Gaussian t is perfoed on the highest two center-
of-mass energies of 519.6 keV and 441.9 keV and a double-Geuns t is performed on
the lowest two center-of-mass energies of 319.0 keV and B6keV. The double-Gaussian
t for the two lowest reaction energies is due to the proximi of the -ray emissions from
the subthreshold state and the direct capture to the 332 keVtate not allowing suitable
discrimination between the two peaks. The measured BGO rdgton determined in the
associated section is used as the standard deviation inpuirfthe Gaussian distributions

tting parameters with the centroid resolutions of interes shown in Table 5.3 . In order
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Figure 5.7 The BGO spectra for the 441.9 keV center-of-masseegy run in the region of
interest after applying recoil gates. A triple-Gaussian tshown by the solid black line is
performed to determine the relative contributions of the DC 0 keV state with the primary
peak consisting of a combination of the remaining two tran$ons that are not resolvable.
The light shaded regions represents up to a 3 con dence region.

to characterize the uncertainties of the resulting ratiosthe tted distributions are varied
by the uncertainties determined in the BGO resolutions angsis and by the uncertainties
determined in the BGO calibration analysis. The former acemts for errors in the FWHM
estimations for the detector array while the latter accourst for errors in the energy o set
from the nal calibration.

The resulting Gaussian distribution ts are shown in Figure %, Figure 5.7, Figure 5.8,
and Figure 5.9 for the center-of-mass energies 519.6 keV, 84kV, 319.0 keV, and 265.5 keV,
respectively. In order to determine the associated traniin ratios for the di erent reaction
energies, the areas of the individual Gaussian distributecentriods are rst corrected by
the measured photopeak e ciencies determined in the assated section. The individual
capture ratio is then calculated by dividing its individual area contribution by the total

area of the distribution as shown by Equation (4.5). The redting transition ratios for the
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Figure 5.8 The BGO spectra for the 319.0 keV center-of-masseegy run in the region of
interest after applying recoil gates. A double-Gaussian thlown by the solid black line is
performed to determine the relative contributions of the DC 0 keV state with the primary
peak consisting of a combination of the remaining two transons that are not resolvable.
The light shaded regions represents up to a 3 con dence region.

Table 5.2 Transition ratios for the four reaction energies gasured in S1363.

Ecom [keV] 519.6 441.9 319.0 265.5
DC! 0keV | 0:095%9:3 | 0:1539%535 | 0:240%:055 | 0:192°%:339
DC! 332 keV | 0:269%532 | 0:253%:025
DC! 2424 keV| 0:636%375 | 0:593% 3¢

0:760:9:9%% | 0:8089:12

di erent reaction energies are shown in Table 5.2.
5.3.2 DC! 0 keV S-factor

The ground state transition reaction cross-section is thenalculated by applying the
transition ratio results to the total cross-section meas@ment. The measured cross-section
is then converted to the direct capture to the ground state $actor with results shown in

Figure 5.10. Data points are plotted using results from Rolfst al. and Lyons et al. in
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Figure 5.9 The BGO spectra for the 265.5 keV center-of-masseegy run in the region of
interest after applying recoil gates. A double-Gaussian tlsown by the solid black line is
performed to determine the relative contributions of the DC 0 keV state with the primary
peak consisting of a combination of the remaining two tran$dns that are not resolvable.
The light shaded regions represents up to a 3 con dence region.

order to compare with measurements from this work. There isigshgreement between the
extrapolation to zero values from the Rolfs et al. and Lyonstal. analysis for the DA 0
keV measurement; however, results from this analysis are line with the more recent R-
Matrix t results from Lyons et al. indicating a higher than originally expected contribution

of the direct capture to the ground state at lower energies.
5.3.3 BGO Resolution Comparison

As an aside to the transition ratio analysis, the center-of-ass reaction energy of 319.0
keV allows for a validation to the measured BGO resolution prmed in the associated
section. This is due to the subthreshold state and direct cayre to the 332 keV state
having -ray lines that approximately overlap. While the subthreshidl state emission line
is not dependent on beam energy, the  331.9 keV line is energy dependent. In the case

of the 319.0 keV center-of-mass energy run, the total energyailable to the exit channel
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Figure 5.10 The astrophysical S-factor measured for the DQ0 keV transition in the S1363
experiment with data points from Lyons et al. and Rolfs et alshown as a comparison. The
red dashed line is R-Matrix t provided by the analysis by Lyas et al. in [21]

reaction is 2.750 MeV. This allows for an emission of a 2.418 Wie -ray which is within
6 keV of the subthreshold state emission. Due to the proxinyitof the transitions, the
overall peak produced by the two can be used to measure thealksion within this region.
From the transition analysis, the measured resolution at #2.424 MeV peak was:9(17)%.
This measurement is in agreement with the singles and coidence resolution measurements

indicating the energy response of the detectors being acately characterized.

5.4 Subthreshold and DC ! 332 keV Transition S-factors

From the transition analysis, the direct capture into the sbthreshold state and the direct
capture into the 332 keV state are measurable from the highesvo reaction energies. For
the lowest two reaction energies measured, these two staggs not resolvable from the BGO
spectrum due to the proximity of the characteristic -ray lines; however, the contributions
due to the sum of the two transition states can be calculatedThe S-factor capture state

results in [2] and [21] are converted in to ratios to comparegainst results from this analysis.
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Figure 5.11 The ratios of the di erent capture modes at di erat reaction energies for S1363.
The (a) ratio of the ground state transition against the totd and the (b) ratio of the ground
state transition against the other two transitions of inteest in this analysis. Results from
[2] and [21] are converted into ratios for comparison.
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Figure 5.12 The astrophysical S-factor measured for the DC332 keV transition in the
S1363 experiment with data points from Lyons et al. and Rolfst al. shown as a comparison.
The red dashed line is R-Matrix t provided by the analysis byLyons et al. in [21]

Ratios for the direct capture to the ground state against theeaction total and for the direct
capture to the ground state against the sum of the subthreshibstate and the direct capture
to the 332 keV state are shown in Figure 5.11(a) and Figure 5.1)( respectively. The
results from this work suggests an increasing contributioof the ground state with lower
reaction energies. The converted ratios for the results fro[22] suggest a relatively constant
contribution to the ground state transition for the energy anges considered in said analysis.
The converted ratios from [2] have large uncertainties mailg it di cult to assess a trend
for the ground state transition with varying energy.

The direct capture to the 332 keV state is shown in Figure 5.12if the highest two
reaction energies with results from Rolfs et al. and Lyons @l. shown for comparison. The
results from this work are in agreement with the two publishe results. The two published
results shown here have di erent zero energy extrapolatisnwith Rolfs et al. suggesting a
constant S-factor and Lyons et al. suggesting a linearly deasing S-factor for this transition

state. The two measured data points from this work for this tansition state are not su cient
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Figure 5.13 The astrophysical S-factor measured for the DC2425 keV transition in the
S1363 experiment with data points from Lyons et al. and Rolst al. shown as a comparison.
The red dashed line is R-Matrix t provided by the analysis byLyons et al. in [21]

enough to select which extrapolation method may be more acaie.

For the subthreshold transition S-factor at the two lowest eaction energies, the S-factor
is estimated by applying the direct capture to the 332 keV sta as measured by Lyons et
al. This estimation can be subtracted out of the remaining gaure contributions in the
subthreshold plus theE Es3 kev photopeak. The results of the subthreshold transition
S-factor using this estimation for the two lowest energy mearements along with the two
higher energy measurements are shown in Figure 5.13.

Of note, if the direct capture to the 332 keV state results fnm Rolfs et al. are used to
estimate the subthreshold S-factor for the lowest two reaon energies, it is expected that
the resulting subthreshold measurement to be lower than whas currently shown. The
S-factor results for the subthreshold state measured in thiwork are consistently lower than
the measurements presented in literature for similar reaioh energy regimes; however, other
than the energy range between 450{600 keV there is disagremmmin the measured data

points between all published results for this transition stte.
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Table 5.3 The measured experiment parameters for S1363. Megements include the reac-
tion yield, number of recoils, gas target number density, veous correction factors, beam/re-
coil characteristics, the stopping power, and BGO peak rdstions for each reaction energy.

Ecowm 519.6 keV| 441.9 keV| 319.0 keV| 265.5 keV
Yeoine [ 10 5] 187(21) | 79.6(96) | 8:40(216) | 3:17(68)
N coine 705 (27) | 296 (17) | 128 (11) | 33 (6)
N [ 10] 430 (3) | 459(3) | 457 (4) | 4.60(3)
cone (2 MeV) 0.330 (6) | 0.322 (9) | 0.317 (9) | 0.313 (10)
CsF 0.413 (21)| 0.449 (22)| 0.447 (22)| 0.432 (22)
det 0.665 (1) | 0.487 (1) | 0.605 (1) | 0.430 (1)
goinc 0.902 (8) | 0.879 (9) | 0.904 (9) | 0.867 (8)
sep 0:999'%002
ans 0.7682 (77)
R £ [ 109 6:20(7) | 6:11(8) | 134(29} | 2:21(14)
dE=dx [eV/10%°/cm?] | 88.5 (15) | 92.5 (15) | 88.6 (15) | 85.3 (14)
Pavg [Torr] 6.673 (49)| 7.124 (51)| 7.105 (63)| 7.144 (44)
Recoil Charge State 6+ 6+ 5+ 4+
BGO array resolution ts
2424 keV 9.20% 9.20% 9.20% 9.20%
(E -332) 8.95% 9.03% 9.20% 9.28%
E keV 8.54% 8.62% 8.79% 8.83%

1The R-coe cient for the 319.0 keV run is larger due to a higher surface tarrier pre-scalar value that was
corrected before the 265.5 keV run [63]
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Table 5.4 S-factor measurements for the four reaction energ measured in S1363.

Ecom [keV] 519.6 441.9 319.0 265.5
Total S-factor [keV.b] | 12.7 (14) | 13.4 (16) | 13.5(35) | 21.9 (47)
DC! 0keV [keV.b] | 0:876'%:23% | 1:7217%:332 | 3:13593%2 | 3:8174:9%
DC! 332 keV [keV.b] | 3:500% a5 | 3:471%557

DC! 2424 keV [keV.b]| 8:285%:133 | 8:139:3%°

105012814 | 18:12345%7
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PART I
SCIENTIFIC RESULT: ELASTIC SCATTERING IN INVERSE KINEMATICS OF
PROTONS FROM HELIUM-3 USING THE SONIK DETECTOR
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CHAPTER 6
SONIK

A new elastic scattering detector was designed to t in placef the existing windowless
gas target at DRAGON and to utilize the existing gas re-circation and pumping infras-
tructure. The detector, shown in Figure 3.3, is known as the &ttering Of Nuclei in Inverse
Kinematics (SONIK) chamber and was designed and constructeat the Colorado School
of Mines. SONIK was commissioned in July 2015 with two elasticattering experiments
(51687), the rst of which measured the elastic scatteringf@lpha particles from helium-3
(He(; )3He). The second experiment measured the elastic scattering pfotons from
lithium-7 (“Li(p; p)’Li) with results discussed in [44].

In this analysis, an experiment was performed to measure tledastic scattering of pro-
tons from helium-3 ¢He(p; p*He) with an incident helium-3 beam energy of 995.6 keV/A
corresponding to a center-of-mass energy of 751.2 keV. Thastit scattering measurement
was performed with gas target pressures of 1.3 Torr and 2.0rfoThe data for the analysis
was collected during the pretest setups for the S1687 expeent at TRIUMF conducted in
June of 2018. The elastic scattering reactiofHe(p; p)*He has been the subject of numer-
ous experimental and theoretical analyses with several p@ming low energy measurements
within the same energy regime measured in this analysis. Theotivation behind performing
a similar analysis using SONIK is to assess the capabilitiektbe detectors and to potentially
characterize sources of systematic uncertainties.

The SONIK chamber consists of a windowless extended gas targerrounded by 30
individual collimated silicon charged particle detectors The distance between the center
of the beam axis to the collimated silicon detectors was fabated to be 17 cm with two
apertures within the telescope assembly. The rst consistsf a 2 mm wide rectangular

slit aperture set at 6 cm from the beam center line with a thiokess of 3.18 mm. The
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Table 6.1 The laboratory angles of the elastic scattering tectors and their corresponding
observation point.

Observations Points
1 2 3
225 25 30 (225 25 30 | 225 25 35
35 40 45 | 35 40 45 | 40 45 55
55 60 65 | 55 60 65 | 60 65 75
90 120 135

Angles ()

second consists of a 1 mm diameter circular aperture with aittkness of 1.5 mm that sits
immediately in front of the silicon detector. Given these dnensions, the telescope assembly
subtends a solid angle of = 0 :027 msr with the elastic scattering detectors assuming
no volumetric e ects within the gas target. Figure 6.1 showshte telescope assembly with
the designed distances from the center of the beam line. Faer design information can be
found in [44].

Of the 30 elastic scattering detectors, there are three set$ 8 common angles ranging
from lab angles of 25 {65 , two sets of the 30 viewing angle, and four unique angles at 75
90, 120, and 135. The angles are machined to view into one of three possibleadraction
areas for SONIK known as observation points 1{3 and are shown Figure 6.2. The three
observation points look at a di erent z-coordinate (beam axis coordinate) within the gas
target with observation point 1 being the furthest upstream This separation along the
beam axis between the di erent observation points will intoduce slight deviations in the
interaction energy due to the stopping power within the gasarget. A table of each angle

within each of the three observation points is shown in Tabl6.1.

112



b

Feedthrough } Observation
S point

SECTION A-A Slit aperture

Detector Removable circular
housing aperture Telescope

Figure 6.1 Schematic of a SONIK detector assembly with dimesis in mm. Figure taken
from [44].

6.1 Elastic Scattering Yield

In the laboratory frame, the di erential cross-section of a elastic scattering experiment
can be related to the reaction yield as shown in Equation (6.3vhere is the lab frame
angle of the elastic scattering detectory is the reaction yield as measured by an individual
detector, N, is the number density of the gas target, is the subtended sdid angle of
the detector & detector assembly, andess Is the e ective target length as viewed by the
detector. For a thin beam incident on an extended gas targethe e ective target length of

a slit-hole aperture combination can be calculated by,

left = — (6.1)
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Figure 6.2 Schematic of the SONIK chamber with the location ofhe three observation
points with dimensions in mm. Figure taken from [44].

wheres is the width of the slit collimator (2 mm for SONIK), dess is the distance from the
center of the beam line to the silicon detector (17 cm for SON)Kand f is the distance
from the slit collimator to the silicon detector (11 cm for SMIK). Due to the ratio of the
e ective target length against the detector distance to thecenter of the beam line meeting
the condition les =Catt 1, the solid angle can be approximated as identical for eat
point along the lengthles [7]. Therefore, the product of the e ective target length ad the

solid angle can be given by,

sr?
sin fd eff

lers =

(6.2)

wherer is the radius of the circular aperture and the solid angle isxgn by = r 2=cf; .
This expression for the product of the e ective target lendt and solid angle can be inserted

into the di erential cross-section resulting in the form slown in Equation (6.4). This equation
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Figure 6.3 Schematic of an azimuthal view of the SONIK chamberitlv the location of the
three observation points and the orientation of the detects surrounding the beam line.
Figure taken from [44]

for the di erential cross-section for a thin beam and slit-ble combination was derived in
[7] and the approximation is estimated to be valid up to a marium beam diameter of

approximately 3 mm. It is also noted that the equation does rnaharacterize any slit edge

e ects expected from the thickness of the slit aperture.

d Y

- = 6.3
d N et 63)
d _ Y sin fdeff

@ TN s 64
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The yield measurement of an elastic scattering reaction abasvn by Equation (6.5) is
the total number of scattered protons detected by the silicodetectors after accounting for
the overall detection e ciencies . divided by the total number of incident helium-3 ionsNy.
The incident helium-3 ions are corrected for the beam trangssion into the gas target. The
various e ciency factors folded into . include the detectors livetime and the e ciency of

the silicon detectors which for the purposes of this analygsare set to 100%.

Ne
Y = 6.5
N . (6.5)

6.2 G-Factor Simulation

In the derivation of the di erential cross-section equatia (Equation 6.3), the e ective
target length given by Equation (6.1) is based o the assumjn of a thin beam, thin
apertures, and that the detector solid angle is approximalye constant throughout the target.
This approximation is stated to be valid for a su ciently small ratio (< 10 ?) between the
e ective target length and the detector length [7]. For SONIKs geometry, this ratio ranges
from4:9 10 2to2:2 10 ? for detector angles ranging between 22 and 60. This suggests
that the approximation for the detector length being constat throughout the e ective length
of the interaction area may not be valid.

The detector solid angle as observed along the length of thedm line also deviates
between the upstream and downstream interaction areas. Ehis due to the varying extent
of the line of sight created by the detector angle with a 3-diensional gas target that will
increase the observational volume more upstream. This etelbecomes more prominent for
thicker beams and for shallower detector angles. As the detecangle rotates towards the
perpendicular, the di erences in the upstream and downsteen observational volumes even
out due to equal gas target volumes being illuminated both @tream and down stream. At
the other extreme, as the detector angle approaches the zenogle with the beam axis, the

observed theoretical volume approaches to the entire beamlyme upstream of the detector.
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Figure 6.4 The ratio of the simulated e ective detector lendt (dets ) and the design length
for SONIK (d =17 cm) over a range of beam radii. The two extreme detector gtes (225
and 60) in this analysis are shown by the solid circle points with th solid dashed line
representing unity.

For a thick beam, the e ective detector length increases rafive to a pencil thin beam
due to the volume centroid being below the beam center line @mweighted more upstream
as the detector angle decreases. The volume centroid is belihe primary beam axis due
to the detector line of sight observing more of the target vame at larger distances from
the detector. The deviation from the design detector lengtfior SONIK compared to the
simulated e ective detector length is shown in Figure 6.4. Ithis plot, the deviation between
the simulated detector length and design length increasegiwan increase in the beam radius.
The deviation is also more prominent for shallower detectangles, but still at our beam
radii (3 mm) will be 0.2%.

For this analysis, in order to reduce the uncertainty attriluted to using the derived equa-
tion and to account for these e ects it was decided to simulat the G-factor as seen by
each individual detector. The calculated G-factor for SONIKis then used to measure the

di erential cross-section of the elastic scattering reaain. The e ective G-factor was deter-
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mined through simulation of the geometries of the SONIK chandy and detector assemblies
in Python [64].
The G-factor incorporates the geometrical e ects of a detemr and aperture assembly

that can be related to the scattering yield and therefore thei erential cross-section via,

d _Ysin

(6.6)

d NG

where (g—) is the lab frame di erential cross-section,Y is the scattering yield, is the
detector angle relative to the beam lineN, is the gas target number density, ands is the
G-factor. The G-factor for a detector assembly can include uitiple scattering events and
the e ect of scattering cross-section variations over snangular range deviations accepted
by the detector [65]. For the simulation constructed for tts analysis, these e ects are not
modeled and only the geometrical factors are determined. &hmultiple scattering e ects
within the scattering energy for this experiment is deternmed to be negligible in an analysis
performed by [66] shown in Figure 6.5. The multiple scatter@ne ect only becomes signi cant
at 3He projectile energies below 332 keV/u. The pre-test S1687 exjment was measured

at a *He projectile energy of 994.55 keV/u.
6.2.1 Simulation Methods

The 3-Dimensional simulation constructed in Python was de&med from the ground up
with vectorization principles in mind. The various algorihms used within the model are
compiled as vectorized universal function (ufuncs) utiling the Numba Python library [67].
A vectorized ufunc can then operate on Scipy and Numpy multitlthensional arrays on an
element-by-element basis that takes a set number of inputa@ produces a single output [68]
[69]. The compiled ufunc can then be used to do common opeaats on millions of elements
or rays as in the case for this analysis.

In this simulation, ufuncs were created to support the genation of rays and to perform

operations on the rays within the detector environment. A rg for the purpose of this anal-
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Figure 6.5 The Geant4 simulated G-factor over a range of beamezgies for either*He or
“He. The drop in the G-factor below a total beam energy of 1 MeV ggests an energy region
with signi cant multiple scattering e ects. Figure from [66].

ysis, is a line segment that joins a generated beam particletlva point on the surface of the
silicon charged particle detector. In order to generate theys, a collection of beam particles
and detector points are created by sampling a uniform distsution. During this step of gen-
erating points, the detector elements are also rotated in ape to the appropriate detector
angle within the same ufuncs. This reduces the amount of calto separate operations on
arrays and reduces processing time.

The objective of the simulation is to then determine which em points are within the
line of sight of the detector as well as how many detector elemts are observed by the beam

point. The distribution of beam points within the line of sight can then be used to calculate
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Figure 6.6 The e ective target length times the e ective solil angle versus a selection of
beam radii. The simulated results shown by the solid circlemre compared with the calcu-
lated values shown by the solid lines using the equation prided in [7]. The colors shown
correspond to the di erent detector angles.

the e ective volume of the gas target. The collection of dettor points observed for each
beam point within its line of sight can be used to characterizthe e ective solid angle over
the interaction area. Using these two calculations the G-faar can then be calculated by,

Veft  eff .
= =—""sin (6.7)

r's

G

where Vg is the e ective target volume, ¢ is the e ective solid angle, is the detector
angle, andry is the beam radius. The e ective target length times the sali angle as given
in Equation (6.2) from [7] can be related to the G-factor by,

&

sin (6.8)

letr =

where deviations with the simulation result and the derive@quation can be seen in Figure 6.6

and Figure 6.7. The deviations between the two methods increes as the beam radius
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Figure 6.7 The ratio of the simulated result and the calculatk value using the equation
provided in [7] versus the beam radius. The solid black cied show the ratio for all detector
angles. The black dashed line indicates unity to visualizdn¢ location of perfect agreement
between the simulated results and the calculated values ogithe thin beam approximation

in [7]

increases as is expected due to the equation only being valid to a beam diameter of
approximately 3 mm [7]. As the beam radius decreases, the tweethods should converge if
the assumptions made in the equation hold for the geometricarrangement in SONIK. As

shown from the plots, this is not the case for the shallower gles and suggests that using
the equation alone would introduce potential errors in the nal di erential cross-section

measurement.

When creating the circular detector surface, the angle and dais-squared values of a
detector point are sampled uniformly relative to the centeiof the disk and are used to
determine the points location in Cartesian coordinates. Fahe cylindrical beam volume,
the angle, radius-squared, and beam point along the primamgxis are sampled uniformly
and are used to transform the point's location into Cartesia coordinates. The choice of

uniformly sampling points within the beam volume and detedr surface is merely due to

convenience and other distributions could be easily simiéal. Regardless of distribution
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choices, the simulation is only characterizing the geometal factors associated with the
scattering reactions and therefore the di erent distributon choices should converge to a
similar result for a common e ective radius. The selected ocodinate system is in Cartesian
coordinates with the origin corresponding to the primary ba&m axis.

After the points are generated, the slit aperture is constrided using the 8 vertices of
the cuboid and rotating it in space to correspond to the apppriate detector angle. For the
aperture cuboid, the two faces perpendicular to the ray créad by the center of the detector
and the origin are the aperture openings while the remaininfpur faces are the slit edges.
The rst check within the simulation is to assess if any of theays intersect with any of the
slit edges. These rays are not within the line of sight of theedector, but may generate false
positives within the model.

In order to determine if the ray intersects with a slit edge, e fast ray triangular intersec-
tion algorithm derived in [70] was modi ed to incorporate o a vectorized ufunc. The four
slit edges can then be characterized by 8 triangular surfac@and checked for intersections
with generated rays. If a ray is determined to intersect wittone or more of the triangular
surfaces, it is rejected from the list of beam points to be imted into subsequent checks.

For the next check, the plane passing through the long diagals of the cuboid and
parallel to the slit width direction is constructed, and theintersection point of the remaining
rays with this plane is determined. The nal check determing if this intersection point
lies within the slit aperture cuboid or outside of it. If the mint lies within the cuboid it
is determined that the corresponding ray is within the line bsight of the detector. The
beam point that is associated with the selected ray is thenated for future e ective volume
calculation. During this line of sight check and for a given éam point, the detector points
that correspond to valid rays are collected and the centroidf these points is determined.

The solid angle per beam point is then calculated by,

Nrays é
Nt I?

(6.9)
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where is the solid angle per beam point within line of sight of the detector,N,,ys is the
number of rays from the individual beam point within line of ght of the detector, Ny is
the total number of rays generated out of the beam poin# is the area of the detector, and
r is the distance from the beam point to the centroid of the dettor observational area. The
overall e ective solid angle from the simulation is then defrmined by taking the mean of
the set of

With the collected beam points within the line of sight of the @tector, the volume is
determined by calculating the 3-dimensional convex hull @he set of points using the quick
hull algorithm from [71]. The e ective target volume compugd using the quick hull algorithm
is an approximation that is expected to converge to the realective target volume as the
number of discrete beam elements becomes su ciently largelhe volume extracted from
the convex hull can then be applied with the e ective solid agle using Equation (6.7) in
order to calculate the G-factor for the di erent detector amgles as shown in Figure 6.10 and
Figure 6.11. The thin beam results from these plots indicatemgreement with the results
from S. Paneru [66] shown in Figure 6.8 and Silverstein [65]thin uncertainties while also
showcasing that as the beam radius increases the G-factorgbes to deviate from the thin
beam result.

For the purpose of this analysis, the calculated G-factor oc@sponding to a 3 mm beam
radius is selected to determine the di erential cross-saon. The choice of this beam radius
is due to the entrance aperture into SONIK's gas target being 6im in diameter which
represents the maximum geometrical radius assuming no sigant beam divergence within
the gas volume. From a parameterization analysis shown in kige 6.9, the choice of beam
radius did not signi cantly vary the nal measurement for the di erential cross-sections.
The resulting G-factor is then used to calculate the lab frasndi erential cross-section for
each of the detector angles. The lab frame di erential crossection is then transformed into

the center-of-mass di erential cross-section via,
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Figure 6.8 G-factor results from a multiple scattering simaition using Geant4 by S. Paneru.
Figure from [66].

d d d
— = — — (6.10)
d d d
where g'— is the center-of-mass di erential cross-sectiong— is the ratio of lab frame
and center-of-mass solid angles, andg— is the lab frame di erential cross-section. The

values forg— and the corresponding center-of-mass angles are shown irbl€a6.3.

6.3 Results

The following section discusses the results of the elasticattering experiment using

SONIK. The resulting number spectra measured for each of théaree observation points
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Figure 6.9 Dierential cross-section parameterization coparison for multiple beam radii.
The solid blue line represents our data with analysis baseda dthe maximum beam radius
of 0.3 cm. The solid red line represents our data using the sheat beam radius of 10% cm
simulated in the model. The solid orange band between the ldwand red lines represents our
data over 100 iterations of geometrical spaced beam radiitiveen the two extremes. The
data points in black are taken from [72] for a proton lab framenergy of 0.99 MeV. The data
points in green are taken from [73] for a proton lab frame ergyr of 1.00 MeV.

Table 6.2 The SONIK elastic scattering experiment beam paragters and gas target char-
acteristics for the two target pressures analyzed.

Target Pressure (Torr) 1.976 (28)| 1.289 (17)
trans 0.803 0.826
Npeam ( 10') 1.95 (5) | 7.54 (16)
Target Number Density (#/cm 3 10'°) | 12.6 (2) 8.2 (1)
Target Temperature (Kelvin) 302.7 (2)
Beam COM Energy (keV) 751.2
Beam Proton Energy (keV) 1002
Beam Charge State 1+
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Figure 6.10 The simulated G-factor for SONIK at di erent detetor angles and beam radii.
The solid circles correspond to the simulated results for drent beam radii. The solid black

line bounded by the shaded gray area represents the G-factesult and associated error from
a GEANT4 analysis performed by S. Paneru. The solid dash linetise calculated G-factor

using the rectangular slit and circular aperture equation erived in [65]. The dashed-dotted
black line is the resulting G-factor after converting from he thin beam equation in [7] and
is approximately 3% o from the other methods.

and the two gas target pressures selected (1.3 Torr and 2.0rfljoare shown in Figure 6.13,
Figure 6.14, and Figure 6.15. Within the various spectra, somé the centroid peaks overlap
due to the surface barrier detectors not being calibrated. df the purposes of this analysis
the scattering energy is not needed due to the di erential ass-section measurement being
dependent primarily on the interaction rate observed in e&icdetector. In observation point
1, the detector response corresponding to the 48etector angle has a measured distribution
that is broader than the other angles. This broadening is du® electronic noise potentially
introduced during the assembly of the detectors during thenstallation phase of SONIK
before the experiment. Also of note, within observation poir2 the 45 detector angle is
missing due to an error in the data acquisition system not stimg this measurement during

the test phase portion of the experiment.
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Figure 6.11 The simulated G-factor for all detector angles ev a range of beam radii. The
solid circles correspond to the simulated results for SONI&'geometry. The solid black line
bounded by the shaded blue area represents the G-factor riksand associated error from a
GEANT4 analysis performed by S. Paneru. The dashed black ling the calculated G-factor
using the rectangular slit and circular aperture equation erived in [65]. The dashed-dotted
black line is the resulting G-factor after converting from ke thin beam equation in [7].

The overall beam parameters and gas target characteristiosed in calculating the di er-
ential cross-section are shown in Table 6.2 for both targetgssures. The number of elastic
scattering events is measured after performing a baselingbsraction to remove background
noise with an example shown in . The resulting detector courgnd parameters used for
calculation of the di erential cross-section are shown fagach observation point in Table 6.3
for both gas target pressures.

The resulting center-of-mass di erential cross-section®r all of the measured pressures
and observation points are shown in Figure 6.16, Figure 6.1 hdFigure 6.18. Within these
plots there is a comparison with the simulation results withthe calculated results using the
thin beam approximation in [7]. The plots have published rests for further comparison at
a similar scattering energy from [72] and [73]. The resultsrfthe two di erent pressures and

three observation points are averaged to determine the nali erential cross-section results
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Figure 6.12 Baseline t and background subtraction for the 60detector angle and obser-
vation point 1 at a gas target pressure of 1.3 Torr. The dashegd line represents the t
to the background. The solid blue represents the Gaussiansttibuted centroid t summed
with the background. The solid yellow band represents the wertainty in the t.

shown in Figure 6.19(a) and Figure 6.19(b).
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Table 6.3 The SONIK elastic scattering experiment di erental cross-section results.

Detector Angle 22.5 25 30 35 40 45 55 60

G-factor ( 10 ®m.sr) | 8.40 (9) | 8.42(7) | 8.46 (6) | 8.46 (6) | 8.45(5) | 8.41 (4) | 8.39 (10)| 8.39 (9)

COM Angle 134.98 129.97 119.97 109.97 99.97 89.97 69.97 59.97

d =d 0.270 0.276 0.289 0.305 0.326 0.354 0.436 0.500

Pressure = 2.0 Torr

— Counts 2432 (50)| 2068 (46)| 1704 (41)| 1388 (38)| 1224 (35)| 1085 (33)| 1024 (33)| 1126 (34)

g Yield ( 10 B 12.5(4) | 10.6 (4) 8.8 (3) 7.1 (3) 6.3 (2) 5.6 (2) 5.3 (2) 5.8 (2)
O g— (mb/sr) 454 (16) | 426 (16) | 413 (16) | 386 (15) | 382 (16) | 374 (16) | 410 (18) | 477 (21)
N Counts 2366 (49)| 2010 (45)| 1612 (40)| 1375 (37)| 1241 (35) - 1027 (33)| 1111 (34)

g' Yield ( 10 %) 12.2 (4) | 10.3 (3) 8.3 (3) 7.1 (3) 6.4 (2) - 5.3 (2) 5.7 (2)
O g— (mb/sr) 442 (16) | 414 (15) | 390 (15) | 382 (15) | 387 (16) - 411 (18) | 470 (20)
™ Counts 2254 (48)| 2101 (46) - 1473 (39)| 1197 (35)| 1121 (34)| 1041 (33)| 1116 (34)

g Yield ( 10 1) 11.6 (4) | 10.8 (4) - 7.6 (3) 6.2 (2) 5.8 (2) 5.4 (2) 5.7 (2)
O g— (mb/sr) 421 (15) | 432 (16) - 410 (16) | 373 (15) | 387 (16) | 417 (18) | 472 (20)

Pressure = 1.3 Torr

— Counts 6105 (78)| 5020 (71)| 4307 (66)| 3365 (58)| 3071 (56)| 2604 (52)| 2697 (53)| 2696 (55)

g Yield 8.1 (2) 6.6 (2) 5.7 (1) 4.4 (1) 4.1 (1) 3.4 (1) 3.6 (1) 3.6 (1)
o 3— (mb/sr) 449 (13) | 407 (12) | 411 (12) | 369 (11) | 378 (12) | 354 (11) | 425 (14) | 449 (15)
N Counts 5812 (76)| 5227 (72)| 4191 (65)| 3441 (59)| 3034 (55) - 2527 (52)| 2775 (56)

g Yield 7.7 (2) 6.9 (2) 5.5 (1) 4.6 (1) 4.0 (1) - 3.3 (1) 3.7 (1)
O g— (mb/sr) 428 (13) | 424 (13) | 400 (12) | 377 (12) | 373 (12) - 398 (14) | 463 (16)
™ Counts 5786 (76)| 5490 (74) - 3589 (60)| 3088 (56)| 2844 (54)| 2525 (50)| 2887 (58)

g Yield 7.6 (2) 7.3 (2) - 4.7 (1) 4.1 (1) 3.8 (1) 3.3 (1) 3.8 (1)
O g— (mb/sr) 426 (13) | 445 (13) - 393 (12) | 380 (12) | 386 (12) | 398 (14) | 481 (16)
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(a) 1.3 Torr

(b) 2.0 Torr

Figure 6.13 From SONIK observation point 1, the elastic scattang of protons from *He
measured number spectrum incident at a given detector anghath a gas target pressure of
(a) 1.3 Torr and (b) 2.0 Torr with an incident beam energy of 99.55 keV/u.
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(a) 1.3 Torr

(b) 2.0 Torr

Figure 6.14 From SONIK observation point 2, the elastic scattang of protons from 3He
measured number spectrum incident at a given detector anghdth a gas target pressure of
(a) 1.3 Torr and (b) 2.0 Torr with an incident beam energy of 98.55 keV/u.
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(a) 1.3 Torr

(b) 2.0 Torr

Figure 6.15 From SONIK observation point 3, the elastic scatting of protons from 3He
measured number spectrum incident at a given detector anghath a gas target pressure of
(a) 1.3 Torr and (b) 2.0 Torr with an incident beam energy of 98.55 keV/u.
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(a) 1.3 Torr

(b) 2.0 Torr

Figure 6.16 From SONIK observation point 1, the {He(p; p)°He) elastic scattering reaction
measured di erential cross-sections at a gas target presswf (a) 1.3 Torr and (b) 2.0 Torr.
The data points in black are taken from [72] for a proton lab &me energy of 0.99 MeV. The
data points in green are taken from [73] for a proton lab framenergy of 1.00 MeV. The
data points in red are results from this experiment using thehin beam equation in [7]. The
data points in blue are results for this experiment utilizig the simulate G-factor.
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(a) 1.3 Torr

(b) 2.0 Torr

Figure 6.17 From SONIK observation point 2, the {He(p; p)°He) elastic scattering reaction
measured di erential cross-sections at a gas target presswf (a) 1.3 Torr and (b) 2.0 Torr.
The data points in black are taken from [72] for a proton lab &me energy of 0.99 MeV. The
data points in green are taken from [73] for a proton lab framenergy of 1.00 MeV. The
data points in red are results from this experiment using théhin beam equation in [7]. The
data points in blue are results for this experiment utilizig the simulate G-factor.
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(a) 1.3 Torr

(b) 2.0 Torr

Figure 6.18 From SONIK observation point 3, the {He(p; p)3He) elastic scattering reaction
measured di erential cross-sections at a gas target presswf (a) 1.3 Torr and (b) 2.0 Torr.
The data points in black are taken from [72] for a proton lab &me energy of 0.99 MeV. The
data points in green are taken from [73] for a proton lab framenergy of 1.00 MeV. The
data points in red are results from this experiment using théhin beam equation in [7]. The
data points in blue are results for this experiment utilizig the simulate G-factor.
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(a) Zoomed in view

(b) Full angular range

Figure 6.19 The average di erential cross-section pointsifthe (*He(p; p)*He) elastic scat-
tering reaction at a center-of-mass energy of 751.2 keV ocesponding to a proton lab frame
energy of 1.002 MeV for (a) a zoomed in view and (b) the full antar range. The data
points in black are taken from [72] for a proton lab frame engy of 0.99 MeV. The data
points in green are taken from [73] for a proton lab frame ergyr of 1.00 MeV.
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CHAPTER 7
SUMMARY AND CONCLUSION

This work presented the results from experiment S1363 fordtradiative proton capture
reaction ?°Ne(p; )?!Na performed using the DRAGON facility at TRIUMF. A total of four
reaction energies were measured ranging from center-ofsm&nergies of 265.5 keV to 519.6
keV. The lowest reaction energy measurement (265.5 keV) liesthe astrophysically relevant
energy range and the second lowest reaction energy measwsi(319.0 keV) lies near the
energy boundary characterized by ONe novae surface tempernags. The low energy nuclear
reaction measurement in this analysis represents the rstfasuch measurements for the
2ONe(p; )?'Na radiative capture reaction and allows for a direct reactiorate measurement.

The low energy measurement determined in this analysis isthin measurement uncer-
tainties to the total S-factor result in the work presentedn [2]. Of note, the results within
this work for the total S-factor measurement are consistelgt lower than results presented
in prior experiments performed by Rolfs et al. and Lyons et alThe data measured in this
work suggests a potential increase in capture through theits of the subthreshold resonance
state that is dependent on the extrapolation of a total captte t through the lowest mea-
sured reaction energy. The total reaction measurement permed at DRAGON is expected
to have an uncertainty lower than the results measured fromhe transition analysis due to
the facility being speci cally designed to measure total @ils regardless of the associated
capture mode.

The astrophysical S-factor for the direct capture to the gnend state presented in this
work is within measurement uncertainties with an R-matrix aalysis performed by Lyons et
al.. At the lower reaction energies, the S1363 results aragéitly lower than the estimates
given by the R-matrix t which may be indicative of capture into this mode being lower

than the extrapolation to zero energies presented in theirosk.
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For the astrophysical S-factor of the direct capture to the & keV state, only two mea-
surements could be determined for the higher two reaction emgies. This was due to the
di culty of discriminating the associated photopeak from the subthreshold state at the lower
two measurement energies. The two S1363 data points are inregment with results pre-
sented in literature; however, the data points do not provid any con rmation towards the
characterization of this direct capture mode at lower eneigs. The results presented in Rolfs
et al. extrapolate a constant direct capture to zero energewhile the results from Lyons et
al. indicates a roughly linear decrease in the S-factor to ¢hzero energy extrapolation.

The astrophysical S-factor measurements for the direct ciype to the subthreshold state
are consistently lower than the results presented by Rolf¢ al. and Lyons et al. One
point of note for the measurements characterizing capturato the subthreshold state is that
there is signi cant variation in the results throughout the low energy spectrum between the
published works. This makes it di cult to accurately charaderize the contributions of the
subthreshold state at lower energies and in the extrapolath to zero energies.

This thesis also presented an alternative methodology foaltbrating the BGO array at
DRAGON through the use of the measured background spectrumA rough calibration of
the BGO array is suitable enough to produce the required-ray response to measure recoil
events in coincidence to measure a total reaction crossts@t. This work sought to expand
on the typical experimental methods performed at DRAGON toriclude a higher delity
transition ratio analysis. From this new calibration methal, a transitions ratio analysis was
able to extract capture cross-sections into the three captel modes of interest.

In addition to the primary portion of this thesis, an analyss was presented on elastic scat-
tering results from one of the preliminary SONIK detector expriments in order to assess the
detectors capabilities. The experiment measured the elasscattering reactionp(*He;® He)p
in inverse kinematics at a center-of-mass energy of 751.2/k&or the purpose of the analysis,
a new simulation was developed to determine the G-factor theharacterizes SONIK's unique

detector assembly geometry. The simulation performed is a@udo-deterministic approach
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to determining the geometrical factors for a detector assdily and serves as a potential
model for veri cation and validation of results measured usg a Monte Carlo method. The
simulation also showcased the dependency of the geometri@afactor with the beam radius
through the gas target volume. When the results generated frothe G-factor simulation are
compared to results generated using a derived equation forr@ctangular slit and circular
aperture combination, the results from the model are in moref an agreement with pub-
lished results. Future analyses may benet in performing aelastic scattering experiment
at a constant beam energy with a variable entrance apertura iorder to fully characterize

the geometric components of SONIK's G-factor.
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