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Abstract

The Hoyle state is an extraordinary resonant state in Carbon-12 and a prime example
of how remarkable the nature of our universe truly is. It is famous not only for the
prediction of its existence in 1953[1] by one of the pioneers of nuclear astrophysics,
Fred Hoyle, but also for its key role in the production of atomic nuclei in stars.
The aim of this thesis is to measure the probability of successfully creating stable
Carbon-12 by gamma decay from the Hoyle state to the ground state of Carbon-12.
In stars Carbon-12 is made from fusion of three alpha-particles in what is called the
‘triple-alpha process’, a nucleosynthesis process happening inside stars.

The probability of gamma decaying from this resonant state was investigated
by populating the Hoyle state in Carbon-12 through the *C(p, p'y7)-reaction with
protons of 10.7 MeV at the Oslo Cyclotron Laboratory, using the LaBrs array OS-
CAR and the silicon-strip particle detector SiRi[2]. The goal was to reach the Hoyle
state where the triple-alpha process produces Carbon-12 and measure proton-gamma-
gamma coincidences, meaning the amount of nuclei decaying back into stable Carbon-
12 by gamma decay. Today the determined probability of decaying to stable Carbon-
12 from the Hoyle state is ~ 0.06%][3] while ~ 99.94%[3] of Carbon-12 nuclei will
split into three alpha-particles.

Using the gamma decay branching ratio, the radiative branching ratio of the Hoyle
state was determined to be I',qq/T = 7.08(85) x 10~* and the radiative width of the
Hoyle state was determined to be I';,q = 6.6(6) X 1072 eV. The previously adopted
value for the radiative branching ratio from eight measurements performed between
1961 and 1976[4 [ 6], 7, 8, 9} [10] is Tyeq/T = 4.13(11) x 1074[3]. The measurement
from this thesis is 72% larger than this adopted value. A measurement performed in
2014 by T. Kibédi et al. determined the radiative branching ratio of the Hoyle state
to be [yqq/T = 6.69(6) x 107*[11], this value is 68% larger than the adopted value.

The measurement of the radiative branching ratio of the Hoyle state from this
thesis supports the measurement performed by T. Kibédi et al. Based on the results
from this thesis, further investigation of the radiative branching ratio of the Hoyle
state is suggested. A new experiment to measure the gamma decay branching ratio
has been proposed, where the experiment will be optimised for the use of OSCAR
and SiRi. Furthermore, a study of the consequences of a larger value for the rate
of the triple-alpha process in astronomical models is suggested, as this will impact
subsequent nucleosynthesis processes as well as the lifetime of stars.
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Chapter 1

Introduction

We humans are carbon-based, oxygen-breathing lifeforms whose life and existence is
continuously sustained by our star, the sun. ‘We are made of starstuff’ is a well-
known quote from the famous astronomer Carl Sagan[I2], which is absolutely true.
The universe is filled with giant cauldrons of creation, processes which are finely tuned
by nature. Nucleosynthesis, the process of creating heavier nuclei from lighter nuclei,
happens not only in our own sun but in all kinds of stars, even the dead remnants of
stars can produce atomic nuclei.

Carbon-12 is the fourth most abundant isotope existing in our universe and is
produced at several different astronomical sites. The process behind the creation
of Carbon-12 is an example of a fine-tuned parameter of nature. Carbon-12 has a
remarkable production process but it is most famous for its resonant property, an
excited quantum state by the name of the Hoyle state. The existence, properties
and relevance of the Hoyle state and the series of fine-tuned resonances in the nucle-
osynthesis processes following the production route of carbon has been discussed by
many physisicts[13], 14, 15 B]. The interest goes beyond the physics of nature, even
as having a more philosophical or religious meaning, often mentioned as supporting
the anthropic principleE]. There are in other words many motives behind the research
of the creation and purpose of Carbon-12, but in this thesis the motivation is to
understand the nature of the Hoyle state and the nuclear properties of this quantum
state.

The Hoyle state and its nuclear properties have been studied in various ways
and methods since its prediction[I] and the experimental evidence of its existence
in 1953[16]. The process starts with the fusion of two helium nuclei, which creates
the unstable isotope Beryllium-8. A third helium nucleus fuses together with the
unstable Beryllium-8 to create Carbon-12. The probability of the superposition of
three helium nuclei to successfully become stable Carbon-12 is of utmost importance

In short the anthropic principle discusses how scientific observation of the universe would not
be possible if the laws of the nature had been incompatible with the development of sentient life. As
described by Freer and Fynbo ‘The principle relies on the fact that intelligent life exists, to assert
certain properties of the universe must exist, i.e. we exist therefore so must the [Hoyle state]’[3].
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for several branches of astronomy and nuclear astrophysics, for example astrophysical
calculations of elemental abundances and stellar evolution.

The lifespan of a star is also directly related to the production rate of Carbon-12.
This is because the rate of the triple-alpha process decides the amount of time the
star will burn helium through this process. This rate is given as

T30 = Frad exp (—an/k?T) ) (11)

where I',.,4 is the electromagnetic radiative width of the Hoyle state, @3, is the energy
released in the alpha-decay leading back to to ®Be and T is the stellar temperature[11].
If the triple-alpha reaction rate increases or decreases, the lifetime of the star will
decrease or increase, respectively. This is because the density of helium inside will
decrease faster if the probability of fusion is higher. Since the reaction rate depends
directly on the width of the Hoyle state, the function describing the probabilities of
the different decay paths, astrophysical calculations are very sensitive to its value
and precision. Therefore, it is important to know this quantity precisely. In this
thesis the radiative branching ratio and the radiative width of the Hoyle state will be
determined by measuring the gamma decay branching ratio of this resonant state.

This radiative decay branching ratio, or the radiative width, has been measured
several times before, with the first measurement performed in 1961[4]. This mea-
surement focused on the gamma-decay branch from the Hoyle state, which is the
decay-branch of highest probability. A total of 9 measurements of this decay-branch
has been done between 1961 and 2014[4, 5] 6, [7, [8, [9, [10]. All yielded quite similar
results except the result from the measurement performed in 2014[L1].

The experiment performed by T. Kibédi et al.[I1] in 2014 was performed us-
ing the same method as Obst et al.[10] used in 1976 to measure the gamma decay
branching ratio of the Hoyle state. The difference was the increased number of Nal-
detectors from four to twenty-eight, as well as the use of SiRi[2] as the particle tele-
scope. The experiment was performed at The Oslo Cyclotron Laboratory using the
Nal-scintillation array CACTUS and the particle telescope SiRi as a proton-gamma-
gamma coincidence measurement. The analysis resulted in a radiative branching
ratio I', /I" which is 68% higher than the adopted value from earlier measurements.
So far no explanation has been established to explain why T. Kibédi[I1] found such
a surprising value for the radiative branching ratio.

The purpose of this thesis work is to do a measurement of the gamma decay
branching ratio of the Hoyle state in Carbon-12 and use this measurement to calcu-
late the radiative branching ratio and the radiative width. These result will be be
compared to the adopted value from previous measurements[4, [, [6, [7, 8 9 [10] as
well as the surprising result from T. Kibédi[l1]. There is a need to confirm whether
or not a similar experiment will yield a measurement of the gamma decay branch-
ing ratio which is comparable to T. Kibédi[l1]. Not only because of the effects of
an increased radiative branching ratio has on the rate of the triple-alpha process
and continued nucleosynthesis beyond Carbon-12, but because the OCL has newly
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updated experimental equipment. The LaBrs scintillation array OSCAR has better
energy resolution, better time resolution which causes less random coincidences and
is closer to the target chamber, compared to the former Nal scintillation array CAC-
TUS. In the data analysis of the measurement using CACTUS it was not possible
to distinguish the gamma decay from the Hoyle state and the double escape peak of
the 4.44 MeV gamma decay from the first excited state in Carbon-12. With OSCAR
this is not a problem anymore and the 3.21 MeV gamma ray from the Hoyle state
will be possible to detect.

will give the reader an introduction to the concept of nucleosynthesis,
with an emphasis on the helium-burning phase. The role of Carbon-12 in this process
is briefly been touched upon in this introduction to nucleosynthesis, but a more in-
depth explanation of the triple-alpha process and the Hoyle state will be given later in
the chapter. A thorough description as to how this elusive resonance can be measured
experimentally is given in as well as the results of earlier measurements of
this measurement in [section 2.9l In [chapter 3| the experimental equipment and set-
up used in this thesis is described, in addition to describing the nuclear
reaction used. Calibration of data is also shown in [section 3.3

The analysis of the data collected during the experiment is explained in [chapter 4]
The final measurement of the gamma decay branching ratio, the radiative branching
ratio and the radiative width as well as discussion about the results and comparison
to previous measurements are presented in [chapter 5| Finally a summary and future
outlook are presented in |chapter 6| and chapter 7]







Chapter 2

The Hoyle state and the 3a-process

This chapter gives an introduction to stellar nucleosynthesis, describes the theory
behind the triple-alpha process and the Hoyle state, as well as their roles in the
nucleosynthesis process of a star. A look into whom first explained the triple-alpha
process and the mathematical problems of this description will also be explained,
as well as the explanation for these problems found by the physicist Fred Hoyle.
How the gamma decay path from the Hoyle state can be measured experimentally
is explained, along with a presentation of the previous measurements performed on
this state since its initial discovery.

2.1 Stellar nucleosynthesis

The light and heat emitted from a star originates from the fusion of atomic nuclei
as elements are being created inside the star through thermonuclear reactions. The
process releases enormous amounts of energy mainly in the form of gamma rays and
thermal heat, the light and the heat the Earth is sustained by. The star is fusing
lighter elements to create heavier elements, a process called stellar nucleosynthesis.
The starting point of this process is always the fusion of hydrogen, while the end
point varies depending on the stars mass and temperature. Stars which are over 8
times the size of our sun will for a brief period of time be able to fuse iron[I7].
When a star has fused enough of the nuclei possible with the current tempera-
ture of the star, the radiation pressure outwards will decrease and the gravitational
pressure will make the star enter a collapsing phase. In this collapsing phase the
temperature of the star will increase, increasing the probability of fusing heavier el-
ements together. This self-governing mechanism continues until the probability for
fusion becomes so low that the gravitational collapse results in the star becoming
a degenerate star, supernovae or even a black hole. Ejection of the matter created
in a star happens in several ways and is one of the essential reasons that the Earth
and other planets exists. The most efficient and energetic method is the supernovae,
where further fusion of elements can happen while matter is explosively ejected from

13
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the star.

There are several processes and astronomical environments where nucleosynthe-
sis, the creation of atomic nuclei, can take place. These processes occur through
different reaction mechanisms and on different time scales. All stars use thermonu-
clear reactions to create atomic nuclei, but they can have different nucleosynthesis
processes during their lifetime, or even after their initial death. This depends on the
stars location in the Hertzsprung-Russel diagram[l7, p.9], a method of classifying
stars based on their temperature, mass and luminosity. The thermonuclear reactions
inside stars are primarily the fusion of lighter nuclei to heavier nuclei, the process re-
sponsible for the production of elements from hydrogen to iron and nickel. The most
common thermonuclear reaction besides fusion is the s-process or slow neutron
capture-process[I7, p.505]. Initially the process starts with a single seed nucleus,
which over thousands of years can absorb a neutron and either decay back, become
a heavier istope or a different element based on the lifetime of the current nucleus.
How heavy the seed nucleus becomes depends on the amount of time it is situated
in an environment where the s-process is possible. The s-process is believed to be
responsible for approximately half of all isotopes heavier than iron and mainly the
stable isotopes[17, p.505].

Another process utilising neutron-capture is the r-process or the rapid neutron
capture process[l7, p.522][18]. The difference between the s-process and the r-
process is that the r-process happens in the matter of seconds with tens or hundreds
of neutrons captured in succession per nucleus, such that the seed cannot decay closer
to stability before the next neutron-capture. This means that the seed nucleus will
go from a medium mass to a heavy or even super-heavy mass nucleus within a very
short amount of time, creating heavy and very exotic isotopes which have never been
observed. These heavy exotic nuclei will instantly decay into the heaviest stable
isotopes we have found so far in the nuclear chart. The astrophysical environments
which is recently observed to be a r-process site are neutron star mergers such as
GW170817[19, [18, 20]. There are also processes which consists of reactions based on
(p,v)-reactions and (7, n)-reactions such as the p-process and the rp-process[17,
p.542]. The creation of atomic nuclei is a complex set of processes and these are just
three of the several processes which are known to be responsible for nucleosynthesis
of atomic nuclei in the universe.

2.2 Helium burning in stars

From their initial creation stars are continuously producing atomic nuclei through
the process of nucleosynthesis. This continues for millions of years until the moment
when fusion is no longer energetically possible, when the star will begin its phase of
death. The stars lifespan can be categorized into different periods of nucleosynthesis,
starting with the period of hydrogen burning. Over time the density of hydrogen
will decrease and the density of helium will increase, the star enters the collapsing
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phase. In this phase the equilibrium between the stars radiation pressure outwards
and the gravitational force inwards is lost, and the gravitational force will overcome
the radiation pressure. The pressure of the gravitational force on the star will make
the star contract, which increases the temperature of the stars core, making fusion of
heavier elements possible[21]. This is when the triple-alpha process becomes possible,
and through the Hoyle state of '*C, eventually the Carbon-Nitrogen-Oxygen-cycle
and helium burning including continuation of the triple-alpha process will occur in
the star.

The helium burning phase in stars is responsible for the production of *Be, **C,
160 and *Ne through a series of remarkable coincidences. It starts with the fusion
of two helium nuclei to form ®Be. ®Be has an incredibly short life-time, but the
large abundance of helium creates a constant equilibrium concentration of beryllium
available for fusion to happen. Within the short amount of time a beryllium nucleus
exists, a third helium nucleus fuses together with ®Be. The sum of these three helium
nuclei have a Q-value of Q = —7366.59(4) keV[22], being very close to the energy
of the Hoyle state, a resonant state in 12C[16, 1] at 7.65 MeV, making it possible
to create '2C from ®Be. This superposition of nuclei can decay electromagnetically
from the Hoyle state and become stable *C. The focus of this thesis is to calculate
the radiative branching ratio as well as the radiative width of this Hoyle state in
2C by measuring this electromagnetic decay. This fusion of three helium nuclei is
called the triple-alpha process, a process which has very low probability of success.
The low probability originates from the fact that the Hoyle state is above the alpha
break-up threshold, therefore decaying mainly by alpha emission. The triple-alpha
process is also the only method of creating *C from lighter elements, thus being a
critical bottleneck in the nucleosynthesis of element[23].

The following fusion processes after the initial creation of Carbon-12 are part
of the Carbon-Nitrogen-Oxygen-cycle or the CNO-cycle, a catalytic cycle including
several different cycles producing isotopes in the mass region between Carbon and
Oxygen[17, p.369] as well as being a second source of hydrogen and helium production
in the star[I7, p.369]. If *C undergoes fusion with another helium nucleus, '°O is
created. The energy window this combination is within has no resonant state, in
fact this region has a 7.12 MeV 17 -state[15, p.410], making this process much less
probable because of the nuclear property of isospin selection rules. This means that
the probability of creating '®O from '?C is lower than the probability to create *C
from ®*Be. The result is therefore a high abundance of Carbon-12 even if there is a
massive abundance of Helium-4 available for fusion with the Carbon-12 nuclei inside
the stars environment. The next step in the chain of nucleosynthesis is fusion between
%0 and *H, creating ?°Ne. This process is hindered by the nuclear property of
parity conservation rules, meaning that newly produced '®O-nucleus will not instantly
become °Ne. This allows a concentration of ®O to build up inside the star. One
could speculate as to what our universe would look like if the resonance in *C and
nuclear properties hindering the production of O and **Ne did not exist. The
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elemental abundance of our universe would be completely different, as well as stars
having significantly shorter lives. This series of resonances is the major reason why
the Hoyle state is the subject of philosophical and religious discussion regarding the
anthropic principle or the existence of a divine being[3], 13|, 14} [15].

In the very early age of the galaxy supernovae were the main source of distri-
bution of Carbon-12 into the universd]l This was because more massive stars ca-
pable of returning Carbon-12 into the interstellar medium of the universe had yet
not evolved[I3]. The production of Carbon-12 was inside the stars core and at later
stages, in the adjoining layers of more massive stars. At the present age of our galaxy,
the production site of Carbon-12 through the triple-alpha process is mainly in ther-
mal pulses in shells of AGB stars at the end of their hydrogen burning stage[I3],
stars which are in the asymptotic branch of star-categorization. The Hoyle state and
the triple-alpha process are principal to the creation of Carbon-12 in all astronomical
environments.

2.3 The triple-alpha process

In the beginning of both the helium-burning phase and the CNO-cycle the triple-
alpha process plays an important role, the triple-alpha process is the only method of
producing elements beyond the point of ®Be, the result of fusing two helium nuclei
together. Because of this the triple-alpha process is often called a ‘bottle-neck pro-
cess’, meaning that this process is one of the slowest processes in the nucleosynthesis
of atomic nuclei inside stars. The width of this process controls how much and how
fast the subsequent processes happen.

The triple-alpha process is a two-step process originally explained by Hans Bethe[24]
as being highly improbable because it required temperatures 50 times higher than
what was known at the time[24, B]. The next physicists who tried to explain the
problems related to the temperature and this process was E. E. Salpeter[25] and E.
J. Opik[26] in 1952. The reaction can be described as

‘He + *He = ®Be (2.1)
*Be + ‘He = 2C + v

or in a more condensed notation,
3 x *He = C* — C + 7.65MeV. (2.3)

The half-life of ®Be is Ty, = 8.19 x 10~'7s[27], but only a kinetic energy of E, =
95 + 5 keV relative to the stars temperature is needed for its formation, making

IStars of our present galaxy often have heavier materials from supernovas of past stars available.
The order of processes presented here are more representative of stars in the early universe, where
matter ejected from stars had not yet reached the interstellar medium|[13].
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approximately a fraction 1 to 10° of the stars material *Be at all times[23]. Before
the beryllium nucleus can decay back into two helium nuclei, a fusion reaction with a
third alpha particle must happen in order to form '*C. The third alpha particle must
undergo fusion with the beryllium nucleus before it is split, and the combined kinetic
energy of the superposition of the three alpha-particles must match a resonant state
in '2C, namely the Hoyle state[I]. This superposition of three alpha-particle must
be close to 0.3193 MeV, luckily this is the approximate temperature inside red giant
stars[1].

The explanation of this process was initially seen as problematic because the
conversion rate of three alpha-particles to 2C versus the destruction rate would be
too low to explain the abundance of carbon[I]. In 1953 a man named Fred Hoyle wrote
a paper showing how resonances in nuclei can contribute greatly to the abundance of
specific nuclei and how the triple-alpha process happens at a much lower temperature
than the rest of the CNO-cycle does[I]. Through this he was able to solve the *C
abundance problems that E. E Salpeter and E. J. Opik had in their calculations. It
was also here he formally presented the resonance in "*C which is known as the Hoyle
state today. The properties of this resonant state which is the topic of this thesis will
be explained in the following section.

2.4 The Hoyle state

Fred Hoyle was a pioneer in the field of astrophysics and also one of the authors of one
of the most famous scientific papers in history, namely the B?FH-paper[23] written by
M. Burbigde, G. Burbigde, A. Fowler and Fred Hoyle in 1957. This article, originally
named ‘The synthesis of elements in stars’ was a scientific landmark in the field of
nuclear astrophysics as well as astrophysics, as it contained theoretical explanations
of stellar nucleosynthesis supported by astronomical and laboratory data. From its
publication and until today it has been highly influential in both astronomy and
nuclear physics.

In 1953 Fred Hoyle made a remarkable prediction regarding the triple-alpha pro-
cess and the creation of Carbon-12 in an article describing the importance of res-
onances in nucleosynthesis processes between carbon and nickel[I]. He was also
well-aware of the theoretical calculations and the abundance problems behind the
triple-alpha process by E. E. Salpeter[25] and E. J. Opik[26]. Based on the problems
behind these calculations and his studies into the possibility of resonances boosting
isotopic abundances, he presented his famous prediction: There must be a resonant
state in Carbon-12 and the energy of this resonant state had to be around 7.68 MeV.
Not only that, he argued that this state had to be a J™ = 0T so that the alpha par-
ticles were not hindered by the centrifugal barrier in the potential of the scattering
system. This would solve the abundance-problems behind the theoretical calculations
of the triple-alpha process[I].

The same year Wenzel et al. published a paper where they had experimentally
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4He u\ 4He & 12C
4He i
“Be \/ = 0.06%
~99.94%
SBe - 4H 0+ Hoyle State
e +4He 7.68 MeV
7.37 MeV  =———
5 lEZ EO0
4.439 MeV

lEZ
0+

Ground state 12C

Figure 2.1: Illustration showing the triple-alpha process and the consecutive
decay from the Hoyle state to the ground state in '2C. The probabilities presented
are current known values[3].

confirmed this resonant state at an energy of 7.65 MeV in *C[I6] using a “N(d,
a)'?C reaction. This measurement was performed to test Hoyle’s prediction. It was
for this reason and several other important contributions as a pioneer in the field of
nuclear astrophysics that this resonant state in *C was named the Hoyle state after
Fred Hoyle. Quoted from the Wenzel et al. paper: ‘We are indebted to Professor
Hoyle for pointing out to us the astrophysical significance of this level’[16].

In an illustration of the triple-alpha process and the Hoyle state, as
well as all non-negligible decay paths this superposition of three helium nuclei can
decay through is presented. Only = 0.06% successful superpositions of helium will
decay to the ground state in "*C[28, [3]. As visible in the illustration, the Hoyle state
is a spinless s-wave resonance, just above the alpha-particle decay threshold in '*C
at 7.37 MeV|[3].

The radiative decay from the Hoyle state occurs mainly by two different decay
paths, as seen in Either a two-step gamma cascade consisting of E2-
transitions through the first excited 2% state at 4.44 MeV or through a pair decay
EO-transition directly to the ground state. Only these two decay paths are non-
negligible because the Hoyle state is a J™ = 0T state. To reach the ground state of
the same J™ = 01 there can be no angular momentum transfer if the transition is
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direct and therefore not by gamma decay. The two-step gamma cascade accounts
for most of the radiative decay from the Hoyle state and consists of a 3.215 MeV
E2-transition to the J™ = 2% first excited state followed by a 4.44 MeV E2-transition
to the J™ = 0" ground state.

2.5 The radiative width of the Hoyle state

When three helium nuclei fuse together through the triple-alpha process, their com-
bined energy can possibly be in energy range of the Hoyle state around 7.65 MeV.
The superposition of those three nuclei have several decay paths to proceed through,
where some are negligible. The probability of decay is commonly described in terms
of ‘decay width’, where the total decay width of a state is the sum of ‘partial widths’
describing each of the probabilities available. The total width of the Hoyle state can
be written as

F'=Ty+TI,+T;+Tcg, (2.4)

a sum of the decay width of a-break up I'y,, gamma decay to the 4.44 MeV 2" state
I, pair production I'; and internal conversion I'cg. The decay width describing the
internal conversion electrons are negligible as seen in [Table 2.1|

This total width is useful when you want to know the probability of each decay
path, for example how probable it is for the triple-alpha process to decay back into
an alpha particle and a ®Be nucleus. A very useful quantity is the probability of
the triple-alpha process to successfully produce Carbon-12, this is defined by the
last three terms that decay to the ground state of Carbon-12 in [Equation 2.4, This
radiative width can be written as

Prag =52+ 50+ T2 + T8y + Téi- (2.5)

The radiative width is the sum of the width for decaying by gamma-emission I'}”* to
the first excited state through an E2-transition, pair-production T'¥0 to the ground
state through an EO-transition or T'E2 to the first excited state through an E2-
transition and lastly an internal conversion T'S to the ground state through an
EO-transition or T'tg to the first excited state through an E2-transition. The cur-
rent values for the decay paths and their widths can be seen in [Table 2.1, The
current known value for the total width of the Hoyle state is I' = 9.3(3) eV[3] and for
the alpha-break up the width is 'y, = I' = I, &= 9.29 eV. The known radiative width
is equal to [',qq = 6.4(8) x 1073 eV[3] or a total of 0.06% probability to successfully
decay to the ground state of *C.

Observing and measuring the widths of the different decay paths in [Equation 2.5
experimentally can be very challenging. The probability of the triple-alpha process to
produce Carbon-12 successfully is incredibly low, requiring large amounts of statistics.
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Decay type EO-transition E2-transition
vy-decay 98.4%

Pair production 1.5% < 0.09%
Internal conversion < 0.01% < 0.01%

Table 2.1: Table showing the calculated values for the probability of the different
decay-paths from the Hoyle state to the ground state in the radiative width of the

Hoyle state as seen in [Equation 2.5[11), 29].

Because it is hard to observe each term individually the radiative width has previously
been deduced experimentally using the equation[10]

Tyoq = F;‘d} X {FLEO} x [PE]. (2.6)

Here T" is the total width of the Hoyle state as given in [Equation 2.4 I',..; is the
radiative width as given in [Equation 2.5 and I'E? is the absolute EO decay width.

2 TE2 and TEY are excluded because the magnitude of these widths are negligible

as seen in [Table 2.1, The term I',,4/T" can be approximated as

Trag 22X (14 ayy) TEO
a I x( “>+ T (2.7)
r r r

where oy, is the theoretical total E2 conversion coefficient and FEO /T is the pair
decay branching ratio. The absolute EO decay width TEY can be measured directly[3]
and the EO pair decay branching ratio has been measured several times[3] with the
most recent measurement performed by T. K. Eriksen et al. at Australian National
University[30] with improved precision compared to previous measurements.

2.6 Measuring the gamma-decay branching ratio

The gamma decay branch I''? is the width of largest contribution to the radiative
width of the Hoyle state in [Equation 2.5, This gamma cascade decays through an
E2-transition to the first excited state at 4.44 MeV and then proceeds to the ground
state through another E2-transition. Measuring this transition is the objective of this
thesis and can be done using the equation

7.65
(F_EQ) Nz’ (2.8)

= N7.65 7.65 :
T Nsingles X €391 X W020 X €4.44
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This equation can be used to calculate the gamma decay branching ratio of the Hoyle
state using particle-gamma-gamma coincidences. Here NG is the net coincidence
yield, in other words, the number of particles that were measured in coincidence with
the 3.22 MeV and 4.44 MeV gamma cascade de-exciting the Hoyle state[10]. NJ5.
is the total number of particles populating the Hoyle state including the particles
that yielded gamma-gamma coincidences. €391 is the absolute photopeak efficiency
of the 3.21 MeV gamma ray from the Hoyle state to the first excited state at 4.44
MeV. €444 is the absolute photopeak efficiency for the 4.44 MeV gamma ray from
the first excited state to the ground state in *C. WS is the angular correlation
correction term, as described in [Equation 2.10]

To reduce the uncertainty of and increase the precision of the mea-
surement, a rewritten equation of the form

7.65 180
L (X _NESe) )L 1 29)
r C@ X W(’)?285<8) K N7 65 X 63.21/M X 64‘44/M '

singles

will be used. Here 6 sums over the different angle combinations between the two
detectors in the proton-gamma-gamma coincidences, Cy is the number of detector
combinations in OSCAR for the angle § and M = 30 is the number of detectors
in OSCAR. W[5°(0) is the angular correlation correction term at the angle . The
variable K is the number of terms in the sum, as this method of calculation will
calculate a gamma decay branching ratio at each angle 6. Including the term 1/K
will therefore calculate the average value for the gamma decay branching ratio. The
term N555(6) is the term NG depending on the angle §. The term NG (9) will
consist of a single peak after adjusting the data using the sum in |[Equation 2.9|
removing the issue of low statistics at each angle. The consequence of having low
statistics for the proton-gamma-gamma coincidences means that calculation of the
area of this peak becomes less precise, increasing the uncertainty of the measurement.
Ideally the efficiency terms €357 and €444 should be used to adjust the data during
sorting and the efficiency of each detector of OSCAR should be known. During this
thesis there was no source measurement performed, therefore an average value for
the efficiency of each detector was chosen. In [subsection 4.2.3] a description of how
the efficiency was measured is presented.

The angular correlation term W3° describes the angular dependency of the emis-
sion of gamma rays in the cascade from the 7.65 MeV 0" Hoyle state and the 4.44
MeV 27 state. This angular correlation term is the most difficult quantity to obtain
in because of the low yield of particle-gamma-gamma coincidences. The
gamma cascade from the Hoyle state is a 07 — 2% — 0" transition. The 3.21 MeV
gamma ray emitted from the 0" Hoyle state at 7.65 MeV is emitted with an isotropic
angular distribution, however this gamma ray produces a certain spin orientation of
the 27 state, this results in a non-isotropic distribution of the 4.44 MeV gamma ray
, creating an angular correlation between the two gamma rays. The angular correla-
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tion correction between two gamma rays in a 0t — 27 — 07 cascade can be written
as[10]
Woa0(0) = AgPo(cos @) + Ay Py(cos 0) + Ay Py(cosb),
(2.10)
P=1,  P=

(3cos®@—1), Py==(35cos"f—30cos®6+3),

N =
0|

where 6 is the angle between two detectors, Fy, P, P, are Legendre polynomials and
Ap, Ay, Ay are values fitted to the data. This Wog(#) has to be calculated for all
possible angles 6 between all detectors used in the measurement.

2.7 Alternative solution for the angular correla-
tion correction

An alternative method to measure the gamma decay branching ratio of the Hoyle
state is to eliminate the dependency of an angular correlation correction Wy in
by utilizing the angular correlation of a 07 — 2% — 0% cascade from
a state in 2®Si, which is similar to the gamma-cascade from the Hoyle state. This
method was used by Obst et al. in their measurement of the gamma decay branching
ratio in 1976[10]. In level schemes with selected levels for *C and ?*Si
are shown. The gamma transitions marked in red is the initial gamma decay of
the two cascades which are similar. The gamma-cascades have the same type of
0t — 2% — O*-transition, as well as the first gamma ray having almost identical
energy. The very useful property of this 4.98 MeV state in ?®Si is that the gamma
decay intensity is equal to I,(E2) = 0.9983(see [section 2.8) which is approximately
equal to one. This means that the gamma decay branching ratio is approximately

equal to one. We can write this gamma decay branching ratio on the same form as
the branching ratio for the Hoyle state in so that

E2 4.98 498
- — 49 > 1.98 =1 (2.11)

Here the Ngs® is the net particle-gamma-gamma coincidence yield, NG5 is the yield
of particle-gamma-~gamma coincidences, €39 is the absolute photopeak efficiency of
the first gamma ray, €; 75 is the absolute photopeak efficiency of the second gamma
ray and W50° is the angular correlation of the second gamma ray with respect the
first gamma ray. Because it is equal to one, we can implement the equation into the
radiative gamma-decay branching ratio for the Hoyle state, as given in [Equation 2.9
This is done by dividing [Equation 2.9| by [Equation 2.11} this combined equation

becomes




Section 2.8 Efficiency calculations 23
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Figure 2.2: Illustration comparing the level scheme for 12C and 2%Si, highlighting
the comparable gamma transitions in red and the following gamma transitions in
black. The break-up threshold for the triple-alpha process is also shown. The
figure is inspired by Figure 1 in Obst et al.[10].

7.65 7.65 4.98 4.98
Iy NGY  Nengles €178 €320 _ Woso
= X (2.12)

r NG NS eaan T e WY

The advantage of this combined equation is in the last two terms. Firstly, the ratio

of absolute photopeak efficiency €390/€3.21 & 1.0 therefore there is no need to measure

this efficiency. Secondly and also the biggest advantage is the cancellation of the

angular correlation coefficients from the term Wgsoe /W55 ~ 1.0. By implementing

the gamma-decay branching ratio of the 4.98 MeV 0* state in *Si the potential

problem with low statistics in the angular distribution is removed. In addition to

the particle-gamma-gamma coincidence and proton singles measurements of *C and

28Gi, only the photopeak efficiencies of the 1.78 MeV and 4.44 MeV are needed to
deduce the gamma decay branching ratio of the Hoyle state.

2.8 Efficiency calculations

The absolute photopeak efficiency describes the efficiency of a detector to detect a
gamma ray emitted by a source. It is defined as the ratio of the number of counts
recorded by the detector to the number of gamma rays emitted by the source in all
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directions, this can be written as

Ndetected (2 1 3)

N, emitted

In this thesis the detector set-up used has 57% of 4m-angle coverage around the
source[31], making the detection efficiency as high as possible. As the calculation
of the gamma decay branching ratio of the Hoyle state will be performed directly
using [Equation 2.9 and |[Equation 2.12] the absolute photopeak efficiency is needed
at the four energies €173, €320, €321 and €444. The absolute photopeak efficiency is
usually determined using a radioactive source of known activity, emitting gamma rays
in the energy range where the efficiency is needed. This method makes it possible
to use [Equation 2.13| directly. In this thesis an approximation to this method was
used, where the ratio between particles populating the excited states at the needed
energies and the particle-gamma coincidences was used as input to [Equation 2.13|
This is possible because the 4.44 MeV 27" state, 4.98 MeV 01 and 1.78 MeV 27 states
in '2C and ?8Si respectively have a radiative width equal to one and decay through
E2 gamma ray transitions mainly.

To show that this is indeed possible we can calculate this for all the required
states. Beginning with the 4.98 MeV 07T state in ?®Si, the branching ratio is

( P?d>4'98 — I,(E0) + Ix(E0) + I, (E2) + I,(E2) + [x(E2) = 1, (2.14)

where the intensities for decay through pair creation are presented by I.(E0), I.(E2),
K-shell electron capture intensities presented by I (EOQ), Ix(E2) and gamma decay
intensities is presented by I, (E2). Here we can express I (E0) and I(E0) such that

Q.. (E0)
Qx (E0)’

Ix(E0) = 2(E0/E2)ax (E2)L,(E2),  I,(E0) = Ix(E0) (2.15)

where ¢3-(E0/E2) is the ratio between E0 and E2 K-shell electron capture transitions,
ak(E2) = Ik /I, is the conversion coefficient for E2-transitions from the K-shell and
a,(E2) is the conversion coefficient for internal pair formation. The contribution from
further shells such as o, (E2) are of the order of 107 and was therefore omitted in all
calculations[32]. €2,(E0) and Qg (EO0) are electronic factors for the EO pair creation
decay and K-shell electron capture. We can then write the radiative decay width of
the 4.98 MeV 07 state as

(rlcad)él-gg 1= [V(EQ){qi(EO/EQ)aK(Em (1 + g;((i%))) 1

+ a.(E2) + aK(E2)}, (2.16)
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sorting this to solve for I, (E2) gives us
I,(E2) = {1 + an(E2) + ax(E2)

+ qu(E0/E2)ar (E2) (1 + %) }_ . (2.17)

The values of the terms presented in [Equation 2.17 are as presented in [Table 2.2[32].
Inserting for the values found in the table results in an intensity for the E2 gamma
ray transition of

4.98 _
[+9%(E2) = 0.9983, (2.18)

which means that assuming that the majority of decay from the 4.98 MeV 0" state
in ?°Si is from E2 gamma ray transitions is acceptable. Using the same method of
solving for the intensity /,(E2) in the radiative width to calculate the intensity for
the 4.44 MeV 2% in "C results in

1

I4(E2) = = 0.9987. 2.19
v (E2) 1+ a-(E2) + ax(E2) (2.19)

This calculation also supports the assumption that majority of decay from the 4.44
MeV 27 state in 2C is from E2 gamma ray transitions. Notice that there is a lack of
EO-transition terms in [Equation 2.19| because the only possible decay from this state
is a 27 — 0*-transition. Same procedure for the 1.78 MeV 2F state in *Si where the
intensity of the K2 transitions can be written as

1
IM(E2) = = 0. . 2.2
) = T T a0 (2:20)

Which again supports the assumption that the majority of decay through this state
is by E2 gamma ray transitions.

The argument that the majority of decay from these states happen through
gamma decay, the absolute photopeak efficiency can be defined as the ratio of the
number of protons detected in coincidence with a gamma ray to the number of pro-
tons populating the excited state in the target. The terms €444, €321, €390 and €q.78
can therefore be written as

4.44 1.78 4.98
1 _ N20 1 _ N20 d 1 _ N02 ~1
X €444 = 1 ag X €178 = 77175~ an X €320 = 77708 ~ 1 X €3.21-
singles singles singles

(2.21)
These equations will be used to estimate the absolute photopeak efficiency in the
data analysis in [subsection 4.2.3 and the results are presented in [chapter 5]
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Term ?8$1(3.20 MeV) S (1.78 MeV) 12C(4.44 MeV)
Qs 6.213 x 10

Qx 2.960 x 107

o (E2) 8.70(13) x 10~* 2.080 x 10~* 1.322 x 1072
ak(E2) 3.14(5) x 1076 8.580 x 1076 1.584 x 1077

Table 2.2: Table showing the values of the terms presented in [Equation 2.17

[Equation 2.19| and [Equation 2.20[32].

2.9 Previous measurements

The radiative width of the Hoyle state has been deduced through various measure-
ments several times since the state was experimentally observed in 1953[16]. The
gamma decay branching ratio have been measured a total of nine times[4, [5] [6] [7],
8, 9, 10, 11]. In an overview of the results from these measurements can
be seen, as well as the current adopted value calculated from all measurements per-
formed before Kibédi (2019)[11]. Seeger (1963)[33] can be considered as an outlier[3],
and Kibédi (2019)[11] is the most recent result and has not yet been included in the
adopted value.

The values presented in used several different methods for observation
and measurement of the radiative branching ratio of the Hoyle state. The first ex-
perimental value measuring the gamma decay from the Hoyle state was performed
by Alburger et al. (1961)[4], performed using proton-gamma-gamma coincidences by
populating the Hoyle state through a 12Be(?’He, p)12C—reaction with a beam energy
of 2.2 MeV and two 5 inx5 in Nal-detectors.

The second measurement that observed proton-gamma-gamma triple coincidences
was from Obst et al. (1976)[10]. This measurement was the first to publish a spec-
tra where the 3.21 MeV gamma ray de-exciting from the Hoyle State was observed
directly[34]. The Hoyle State was populated through the *C(p, p’) reaction with a
proton beam energy of 10.48 MeV and the scattered protons were measured at 150°.
The gamma rays were detected by four Nal scintillator crystals placed at angles per-
pendicular to the beam line. Even if Obst et al. were the first to publish the direct
observation of the 3.21 MeV gamma ray in their spectra they did not include any
scale on the axis in their spectra, merely labeling the axis with “counts”. The amount
of proton-gamma-gamma coincidences obtained by Obst et al. would have been very
useful to compare with the present measurement.

The value from Kibédi et al. is measured at 68%[11] higher than the current
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Figure 2.3: Figure showing all previous measurements of the ratio between the
radiative width and the total width of the Hoyle state. Literature data from
Alburger (1961)[4] , Seeger (1963)[33] which is omitted from the adopted value,
Hall (1964)[5], Chamberlin (1974)[6], Davids (1975)[7], Mak (1975)[8], Markham
(1976)[9] and Obst (1976)[10]. Kibédi (2019)[11] is also omitted from the adopted
value due to the gap of time between Obst (1976)[10] and Kibédi (2019)[11]. Figure
is originally from Kibédi (2019)[11] and has been modified with permission.

adopted value, marking a clear and sudden change in the series of measurements
done on this ratio. The measurement was performed at the Oslo Cyclotron Lab-
oratory in 2014 using the previous scintillation array stationed at the lab named
CACTUS, which consisted of 28 Nal scintillation detectors, using SiRi[2] as the par-
ticle telescope. The measurement was performed using similar experimental set-up
and analysis techniques as Obst et al.[10] used in 1976, as explained in
and [section 2.7
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It is still not understood clearly why the measurement from Kibédi et al. is so
different from earlier measurements. However, it shows that there is a need to remea-
sure the radiative branching ratio to investigate the discrepancy between previous
results, which is the goal of this thesis work.



Chapter 3

Experimental set-up and energy
calibration

This chapter will give a description of how the experiment for the present work was
done. Details about the detectors, the cyclotron as well as the calibration of the
detectors will be explained thoroughly.

3.1 The Oslo Cyclotron Laboratory (OCL)

The experiment was performed at the Oslo Cyclotron laboratory, using the MC-
35 Scanditronix cyclotron. This is one of the few cyclotrons available in Norway,
located at the University of Oslo. It is used by several research fields and for different
applications. The main fields of research are nuclear physics, nuclear chemistry and
nuclear medicine. In is an outline of the OCL and its different research
stations. A typical experiment in basic nuclear research consists of a light ion beam
being accelerated in the MC-35 Scanditronix cyclotron before being guided out into
the beamline. The available beams at the OCL are positively charged light ions such
as protons, deuterons, *He and He. After the beam has exited the cyclotron it will
be guided through the beamline by several magnetic dipoles D and quadrupoles Q,
used for bending and focusing the beam, respectively. At the end of the beamline
a target chamber is located, with the particle telescope SiRi[2] and the scintillation
array OSCAR.

3.1.1 OSCAR

Oslo Scintillator Array, or OSCARJ36], is a national infrastructure funded by The Re-
search Council of Norway. OSCAR consists of 30 large volume LaBr;(Ce) inorganic
scintillator crystals, shown in [Figure 3.2 It is stationed at the Oslo Cyclotron Lab-
oratory and was officially opened in January 2019, during the experiment performed
for this thesis. The cylindrical large volume detectors are 3.5 inches in diameter and

29
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Figure 3.1: Outline of the OCL laboratory and its stations used for different
research purposes, marked as red circles[35].

8 inches in height, making the absorption of high energy gamma rays ideal. OSCAR
has an energy resolution of ~ 2.7% — 4.3% at 662 keV gamma rays, and supreme
timing properties with an intrinsic time resolution of < 1 ns[37]. The detectors are
mounted on a icosahedron-shaped frame around the target chamber with a distance
of 16.3 cm from the target, having a 57% of 47 angle coverage[31] at the time of the
experiment performed for this thesis.

3.1.2 SiRi

SiRi(Silicon Ring)[2], shown in |[Figure 3.3al is a semiconductor detector used for
particle identification through the AE-E telescope method. The detector system

is designed for measurement of particle energy, time and discrimination between
different charged light particles. Typically this is protons, deuterons, tritium or
helium from transfer or scattering reactions. The telescope consists of eight two-
layered trapezoidal shaped detectors. The thin front detector, AE, is segmented into
8 curved pads covering mean scattering angles 6 between 40° and 54° in increments of
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Figure 3.2: Picture of OSCAR fully closed around the target chamber.

2° per pad. If the detector is placed in backwards angle compared to the trajectory of
the beam, the mean scattering angles 6 will be between 126° and 140° in increments
of 2° per pad. The thick E-detector is not segmented, but by requiring that only one
AE pad fires each event, pile-up events will be rejected[2)]. shows the
mounted telescope system within the target chamber. The front delta E detector has
a thickness of 130 pum, while the E-detector has a thickness of 1550 pm.

3.1.3 Digital electronics and data acquisition

All events collected during the experiment performed during this thesis contain in-
formation about the energy and timing of signals from different detectors. When
a particle hits the AE-layer of SiRi charge carriers are collected, forming an elec-
tric pulse which passes through the digital pulse processors. Similarly when photons
hit the active volume of LaBrs-detectors of OSCAR, the gamma ray is converted
into photons in the visible spectra and creating multiplied electrical signals which
passes through the digial pulse processors. All detectors from SiRi and OSCAR are
connected to the Multichannel Digital Gamma Finders (DGF) of type PIXIE-16,
manufactured by XIA, the newly installed digital data acquisition system of OCL.
Each detector of SiRi and OSCAR has its own channel, meaning that there are in
total 64 channels for the AE-layer and 8 channels for the E-layer of SiRi. Since OS-
CAR consists of 30 LaBrs-detectors each detector has its own channel. Both layers
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(b)

Figure 3.3: The particle telescope SiRi seen from above in and
mounted in the target chamber in backwards position in

of SiRi were sampled with a frequency of 250 MHz, while the detectors of OSCAR
are sampled with 500 MHz. The signals are stamped with energy and time values,
passed through a net of optic cables, and stored in a computer disc in the control
room of OCL.

All incoming data is processed by a validator that accepts or rejects events to
prevent the mass storage of data that is not of interest during the experiment. During
the experiment performed for this thesis the firing of the AE-layer of SiRi was chosen
as the initiation of an event and all other detectors are digitally delayed to make them
arrive after the detection of a particle in the AE-layer. In an illustration
of the data acquisition is presented.

3.2 Proton-gamma-gamma experiment

The main experiment of this thesis work was done between the 28th of January
2019 and 8th of February 2019 at the Oslo Cyclotron Laboratory. The goal of the
experiment is to measure the gamma decay branching ratio of the Hoyle state in **C,
using a *C(p, p'yy)-reaction with a beam energy of 10.7 MeV. The protons emitted
at angles between 140° and 126° relative to the beam line were detected by SiRi
in coincidence with two gamma rays. The photons from the Hoyle state and the
first excited state of *C were detected by OSCAR. A figure illustrating the principle
behind the experiment can be seen in Some beam time was also spent
on a SiOy + '2C-target for the alternative calculation method of the gamma decay
branching ratio, as explained in The reaction channel was *Si(p, p'y7),
with the same detection principle as for ““C.

To populate the Hoyle state a beam energy of approximately 10.5 MeV is ideal,
as one can deduct from the cross-section measured by C. Davidset al.[38] presented
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Figure 3.4: Illustration of the Data Aquisition System (DAQ) at OCL. Dig-
ital Gamma Finder (DGF) sample the detector signals from AE and E from
SiRi(subsection 3.1.2)) and OSCAR (subsection 3.1.1|) and stamp them with a time
and energy value in an event, and send them through optic fiber cables to be stored
in a data storage disc.

in |[Figure 3.6, During the experiment performed by Kibédi et al. at OCL there was
no significant difference in cross-section between a beam energy of 10.5 MeV and 10.7
MeV, therefore a beam energy of 10.7 MeV was chosen in 2014. Part of the reason
this was tested was that a higher proton energy would shift the inelastically scattered
protons well above the detecting threshold for the AE detector in SiRi[I1].

J. Swint et al.[39] has investigated the differential cross-sections for populating
states in '2C by inelastic scattering of protons at a series of angles and energies, as
seen in [Figure 3.7 The highest cross-section with a beam energy of 10.7 MeV is
at the angle § = 25.54°, while the lowest cross-section is at the angle § = 105.23°.
When SiRi is in backwards position the angle coverage was as earlier mentioned
126° — 140°, while in forward position the angle coverage is 40° — 54°. The low
probability of detecting the desired proton-gamma-gamma-coincidences makes large
amounts of statistics the highest priority, however, using SiRi in backwards position
was chosen despite the low cross-section. This was to avoid large amounts of random
coincidences and pile-up, where the largest component is the elastically scattered
protons from the ground state of *C, which mainly travels in forward direction. The
(p, a)-channel is an example of a highly populated channel which was less populated
with the current set-up[10].

The considerably low beam energy of 10.7 MeV means that the protons emitted



34 Experimental set-up and energy calibration Chapter 3

LaBr;

Backscattered
proton
\ ; 1
Beam Yz
Target
SiRi

Figure 3.5: Illustration showing the initial beam hitting the target and the
subsequent emittance of a proton and two gamma rays being detected by SiRi and

OSCAR.

from the Hoyle state are not energetic enough to penetrate the first layer of the
particle telescope, thus being stopped in the AE. This means that there is little
possibility of removing background from the spectra. Thin targets were used to
compensate for this problem, making the energy resolution of the particle spectra
higher. However, the different channels could have been separated using the AE-E
method of SiRi, so both forwards and backwards angles could have been used with a
higher beam energy.

3.2.1 Target preparation

There were two main targets used during the experiment. The target used for direct
measurements (see of the Hoyle state consisted of 180 ug of self-supporting
Carbon-12 while the target used for a measurement using 2*Si (see con-
sisted of 140 pug of self-supporting SiOy with a thin layer of 30 ug *C on the front
side of the target.

The targets were provided by the Australian National University (ANU) and were
mounted on aluminum frames from ANU. A total of 14 billion events were analysed
from the data that was collected using the 'C target and 1.3 billion events were
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Figure 3.6: Figure from C. Davids et. al.[38] showing the total cross-section
for populating the Hoyle state by inelastic proton scattering in the energy range
8.85 — 10.81 MeV. The point marked "RICE” at around 11.6 MeV was obtained
by J. Swint et al.[39].

analysed from the data using the SiO,+'?C target.

3.3 Energy calibration

When a detector registers a signal, this signal is stored with a certain pulse height
and time stamp. An experimental set-up can have many detectors, often signals from
several detectors will be stored within nearly the same time-stamp. The character-
istics of one detector is rarely the exact same as other detectors, even if both are of
the same type. This is why calibration is necessary for all detectors included in an
experimental set-up. This is done as a mathematical fitting between specific points
of the raw data and information that is already known. This can be experimental
data from a reliable nuclear database or through kinematic calculations of expected
particle energies.

3.3.1 Particle telescope SiRi

We assumed a linear connection between the raw signals and the true energy of the
signals for the particle telescope, SiRi[2]. Therefore the data was calibrated using a
linear equation such that

E = gain x channel + shift, (3.1)
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Figure 3.7: Figure from J. Swint et al.[39] showing the differential cross-sections
for populating states in 2C by inelastic scattering of protons for several energies
as well as emitted angle of the proton ejectile.

where channel is the raw signal in a specific channel and F is the channel converted
into energy, usually denoted in units of keV or MeV. To find the calibration parame-
ters shift and gain a linear mathematical fitting must be done in this case. Specific
characteristic points in the data were chosen as the calibration points, in this case
the wise choice would be to choose the protons emitted from the excited states in the
isotope they have inelastically collided with. The energy of the emitted proton, based
on the incoming proton energy, can be predetermined using kinematic calculations,
together with the energy these emitted protons will deposit in the different layers of
the particle telescope. The particles energy loss in the medium it interacts with can
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be described by the Bethe-Bloch formula[40)] given as

dF 9 9 7 22 2MeY?0* Winax 9 C
— % = 27rNaremeC pZE |:h’1 (T — 26 — 0 — 22 s (32)

where each of the terms are described as follows:
e 1. : classical electron radius = 2.817 x 10~ 3cm
v : v/c of the incident particle v = 1/4/1 — /32

e m, : Electron mass

0 : Density correction
e N, = Avogadro’s number = 6.022 x 10%

C' : Shell correction term

I : Mean excitation potential

Winaz » Maximum energy transfer in one collision
e 7 : Atomic number of absorbing material

e A : Atomic weight of absorbing material

e p: Density of absorbing material

e 2 : Charge of incident particle in units of e

As seen in one can differentiate the energy loss in a medium of
same density based on the charge and the mass of the particle traveling through the
matter. This principle is what the SiRi detector utilizes by having a detector that
is segmented into two layers. In the current work the only particle channel that
was of interest was the (p, p’)-reaction, however it can also be used to identify several
different channels, differentiating between the outgoing particles. A typical plot using
both layers of the particle telescope can be seen in showing the calibrated
data from the SiO, + '?C-target where the signals from the AE-E detector can be
seen along the y- and x-axis, respectively. The particle signals that are mainly visible
here are from protons and deuterons, as no other channels are strongly populated in
this reaction. Several peaks can be seen in the ‘banana-shaped’ plot for the protons,
these correspond to states in the different ions present in the target material. The
area consisting of signals from the (p,p’)-reaction include protons populating the
nuclei 2C, %0 and ?®Si. To identify excited states from these nuclei in the spectra
one can begin with the fact that energy and momentum is conserved, this means that
we can use kinetics calculations to calculate what the incoming and outgoing particle
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energies will be. The different peaks can be identified roughly by the fact that the
protons populating the nuclei with the largest mass will lose the least energy in the
collision with the nucleus, resulting in the proton detected having an energy close to
the initial energy. The protons populating the ground state in 2*Si will therefore leave
the least energy in AE and the most in E. We can therefore roughly sort the peaks by
the mass of the nuclei involved in the reaction. The corresponding particle energies
for these states for both AE and E can be calculated using Qkinz[41], a kinematics
calculation program designed for OCL. Using these facts means that it is possible
to identify all states visible in the particle spectra. However, for the excited states
the most secure method is to also gate on the detected proton peaks and compare
with the signals from the OSCAR-array to identify the gamma rays from the different
excited states in the nuclei.

AE-E particle spectra
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Figure 3.8: AE-E plot of the particle telescope SiRi for the SiOy 4+ '2C target.
Different reaction channels and the ground state of three isotopes are marked by
red arrows.

Two separate calibrations were done for the particle telescope because there are
two different isotopes of interest. Firstly the AE-detectors were calibrated using the
different states of interest in both '*C and ?*Si. In a histogram shows the
particle spectra for events that had E-detector multiplicity mult = 0 or mult = 1.
The events containing mult = 0 are protons which are stopped in the AE-layer
of the detector, while mult = 1 means that the proton penetrated the AE-layer
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Figure 3.9: Left panel: Histogram showing a portion of the data collected in the
AE-detector strips from the ?C-target. The different states have been marked
with red arrows. Right panel: The level scheme for the first few levels of 2C and
their gamma decay transitions, red arrows highlight the gamma decay transitions
of interest.

and also deposited energy in the E-layer. The right panel of shows the
different excited states populated by the protons, and the corresponding level scheme
and gamma-decay transitions from these excited levels. The two levels of interest
are the 7.65 MeV Hoyle state and the first excited state 4.44 MeV in '2C, therefore
these two points were used for calibrating the AE-layer of SiRi. In [Figure 3.10
the particle spectra with both multiplicities for the SiOy+'?C-target as well as the
corresponding gamma decay scheme for the populated levels of 2Si are shown. As
seen in the text boxes in the left panel there are several nuclei whose excited levels
have been populated by the protons. In the right panel red arrows mark the gamma
ray transitions of interest in the data analysis, as explained in [section 2.7} The levels
these gamma ray transitions originate from are the 1.78 MeV 21 and the 4.98 MeV
0" states. These were chosen as the calibration points for the AE-layer of SiRi, along
with the 6.69 MeV 0" state as a middle point between the two states. The 1.78 MeV
2% was chosen as an approximate value because the peak including this state is quite
broad in the spectra presented in |Figure 3.10

3.3.2 Problems with the particle telescope SiRi

During the experiment, the threshold of the E-detector of SiRi[2] was set to an un-
usually high value, causing all protons with an energy lower than 2 ~ 3 MeV to be
discarded in the E-detector. However, the associated signal in the AE-layer is still
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2Si+ ®0 + !2C proton singles spectra
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Figure 3.10: Left panel: Histogram showing a portion of the data collected in
the AE-detector strips from the SiOs+!2C-target. The different states have been
marked and identified with red arrows and text boxes. Right panel: The level
scheme for the identified levels of 28Si and their gamma decay transitions, red
arrows highlight the gamma decay transitions of interest.

recorded. This means that we cannot subtract background from the particle spectra,
and there was no data from the E-detectors used in the analysis. The consequences
of this is not fully understood, but as long as peaks are well separated in the spec-
tra an analysis is possible. Because of this threshold there are states which should
have been recorded in the E-detector which are only visible in the AE-detector. One
example of this is the first excited state of '2C at 4.44 MeV. Kinematic calculations
of the recoiling proton energy using Qkinz[41] show that this state will penetrate the
AE-layer of the detector and be stopped in the second E-layer. However, as shown
in this state is not visible in the AE-E spectrum. The same problem of
missing states can be seen in the data for 2®Si, where a 0% state at 4.98 MeV should
have been visible in the E-detector as shown in as well as the 4.62 MeV
0" state which has only partly penetrated the AE-layer.

There is also a ground state visible at approximately 9.2 MeV in the E-detector
from an unknown element. No specific element has been discovered as a contaminant
in the target or elsewhere in the data, but it is clear that it is much heavier than 2%Si
from the fact that the protons detected from inelastically colliding with this nucleus
lost very little energy, meaning that the nucleus had very little recoil. This causes
the detected protons total energy to be close to the beam energy of 10.7 MeV. An
investigation into the possible mass ranges using Qkinz[41] yielded around ™Ge to
1277 as possible elements, not considering the probability of the specific element being
present in the data. As this element is not visible elsewhere in the data, the cause and
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origin of this peak was not investigated further in this thesis. In all files pad number
8 is missing because of a faulty connection, the data from the associated AE-pad is
still intact but had to be discarded.

AE-E particle spectra
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Figure 3.11: Matrix showing the AE-E spectra for the 2C-target where the
different excited states has been pointed out with red arrows. The missing 4.44
MeV 27 state is also pointed out.

3.3.3 Photon detector array OSCAR

For the LaBrs array OSCAR a polynomial of second order was used for calibrating
the signals in the detectors. The formula used to calibrate the raw signal into energy
Eis

E = gain, x channel® + gain, x channel + shift, (3.3)

where gain,, gain, and shift are parameters chosen through the mathematical fit.
Since the fit is a second order polynomial it is important to choose calibration points
in the region of interest, as the accuracy of the calibration will decrease outside of the
chosen region of the mathematical fit. For the current data, the region of interest is a
gamma ray energy between 1.78 MeV and 4.44 MeV. These transitions are presented
in |[Figure 3.9 and |Figure 3.10]
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Figure 3.12: Matrix showing the AE-E spectra for the SiOs + 2C-target where
the different excited states in 28Si has been pointed out with red arrows. The 4.62
MeV 471 state and the 4.98 MeV 07 state are missing.

In a calibrated histogram showing the energy of all LaBrs-detectors
for a set of data using the 2C-target can be seen, together with two panels showing
the level schemes for the visible gamma ray transitions. A variety of these peaks were
used as calibration points, chosen over the whole energy range. It is clearly visible
in this spectra that 27Al is a strong background component from protons hitting the
frame of the target, however, this contaminant also gave calibration points over a wide
range of energies. Another component which can contribute to background or peaks
in the photon spectra is the internal radiation of the LaBrs-detectors themselves[42].
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Figure 3.13: Left panel: Histogram showing the energy of all LaBrs-detectors for
a set of data using the 2C-target, arrows point to the different identified states.
One peak from '3®La originating from the internal radiation[42] of the LaBrs-
detectors of OSCAR is present at 1436 keV. Right panel: Level schemes and the
relevant states and transitions visible in the spectra is shown in the two boxes as
well as arrows pointing to the respective gamma ray transitions. 27Al originates
from protons hitting the frame of the target and is a contaminant in the spectra,
however it was also used for calibration.






Chapter 4

Data analysis

This chapter explains the process behind the analysis of the data collected in the
experiment performed in this thesis. The most important concepts in the analysis will
be explained in detail, such as how the proton-gamma-gamma coincidences are sorted
and how a background subtraction is performed on the photon spectra. The analysis
behind each term in the radiative width of the Hoyle state as given in [Equation 2.12
is explained thoroughly.

The data analysis is based on the sorting of the information behind what is called
an event. An event contains all the information recorded by the data acquisition
system during a time interval At and is defined by the corresponding time stamp
provided by the trigger. One can sort the information from a single event using
different methods, for example gating on time or energy. One can define what triggers
an event by the triggering of a signal in a detector. What was selected to detect the
gamma cascade from the Hoyle state is a triple coincidence consisting of a proton-
gamma-gamma coincidence, naturally the triggering of an event in this experimental
set-up was the detection of a particle in SiRi[2].

4.1 Photon spectra

OSCAR is needed to observe the gamma-cascade emitted from the Hoyle State in
coincidence with the proton. The events that we are interested in are events where
there is a single signal from each of the gamma rays emitted from the Hoyle state.
To investigate the average multiplicity of LaBrs behind an event, a sorting of the
multiplicity was done on a portion of the data. This is presented in which
shows the multiplicity of LaBrs-detectors per event. From it is clear that a
substantial amount of the events are recorded with a multiplicity equal to one. These
events are not relevant to this analysis and will therefore not be used. What is relevant
is the events with multiplicity larger than one, however, events with multiplicity larger
than two will have an increasing possibility of random coincidences with increasing
multiplicity. To make sure all events of interest are recorded, a series of requirements

45
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for each signal was performed before acceptance: For the data collected using the
2C_target an event should have one signal in the energy range of the 3.21 MeV
gamma ray, one signal in the energy range of the 4.44 MeV gamma ray and the angle
between these two detectors is checked so that the event is sorted in the appropriate
spectra. The angle between the two detectors is important because of the angular

correlation coefficienct, as explained in [section 2.6|
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Figure 4.1: Histogram showing the multiplicity of LaBrs-detectors per event.

Another method used in the analysis of this data was to present the detector
signals in a matrix. We can build a matrix showing the photon energy in each of
the detectors along the axes. By sorting the signals of the first detector along the
x-axis and the other detectors along the y-axis we make sure not to record the signal
from the same detector twice in the same matrix. Even if there is some degree of
asymmetry in the plot, this will not have any impact as all events from all detectors
are recorded there only once.

This matrix M can be defined as a function which can have several types of
constraints such that

M(t,E,m), (4.1)

where t denotes a time constraint, £ an energy constraint and m a LaBrs multiplicity
constraint. As for the multiplicity constraint it will be m > 1 for all measurements
of the proton-gamma-gamma coincidences using OSCAR.

4.1.1 Subtraction of random coincidences

A substantial percentage of the events recorded by OSCAR are from materials other
than the target material which is activated during the experiment, these signals are
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grouped into components called background or contamination. Background can be
categorized into two components: Constant background and background in coinci-
dence with true events. Examples of constant background is the internal radiation
from the LaBrs-detectors of OSCAR consisting of signals from **La and **7Ac[42).
Examples of background which is in coincidence with true events is gamma ray sig-
nals from 27Al, originating from the frame that the targets are mounted upon. The
cross-section of *"Al is very high and the target frame is thick, resulting in high levels
of background from aluminum even if only a tiny fraction of the beam hits the frame.
This type of background comes with the beam pulse, as the peak structure along
the axes in show. Contamination is a term used for unwanted presence of
isotopes in the target which results in peak structures from this nuclei in the data.
Background events, random or in coincidence, as well as signals from contamination
nuclei are signals that are unwanted in the data and should be removed if possible.
Background which is not in coincidence with true events can be removed. By
using the method of sorting the signals from the LaBrs-detectors into a matrix, we
can investigate the timing between the detectors of OSCAR. A matrix containing the

timing between two LaBrs-detectors can be seen in [Figure 4.2]

Time difference between two Labr3—detectors

400

3

100

Time signal [ns] of LaBr_detector

-100
-100 0 100 200 300 400
Time signal [ns] of LaBr3 detector

Figure 4.2: Matrix showing the timing between events giving signals in two
LaBrs-detectors.

In there are several characteristics marked in red circles. The signal
at around zero for both detectors are the true coincidence with the proton for the
events, in other words the prompt-prompt-prompt coincidences, this is marked as
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Peak Signal p —v1 — 72

P prompt-prompt-prompt coincidence
P prompt-prompt-delayed coincidence
P prompt-delayed-delayed coincidence
Py delayed-delayed-delayed random

Table 4.1: Table showing the points which are marked in and the
characteristics of these points corresponding to their appearence in time.

P,. The area marked as P, are the signals from the other detector or detectors from
different beam bursts compared to the first one, this peak is thus a prompt-prompt-
delayed coincidence. The point Pj lies along the diagonal and is therefore a proton in
coincidence with two gammas from a different beam burst, since all LaBrs-detectors
are delayed in time. The peak Pj is therefore a prompt-delayed-delayed coincidence.
The last peak Py is, following the earlier arguments, is defined as a delayed-delayed-
delayed coincidence where both protons and gammas are from different beam bursts.
An overview of the different points and their corresponding signal appearance in time
can be seen in [Table 4.1]

These characteristic points can be used to remove random coincidences from the
total spectrum of the LaBrs-detectors. This is because the marked areas can be
defined as nearly constant background, as is also visible in the matrix in
in further delayed peaks. By using the defined points P, P», P; and P, as time
constrictions when filling matrices with events we can remove the undesired random
coincidences. We can now define an equation which produces a matrix where all
random coincidences are removed:

Meean = M(t = P) — M(t = Py) — M(t = Py) + M(t = P,). (4.2)

The reason that M(FPy) is added and not subtracted from M., is that the same
background is subtracted through the points M(t = P,) and M(t = P3). This is
to avoid subtracting too much information from the matrix, as we are measuring a
quantity with very low statistics.

4.1.2 Photon spectra

A coincidence matrix for a large portion of the data taken with a '*C-target can be

seen in and in for the SiOy + 12C-target. This matrix has
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no energy constraints and random coincidences have been subtracted according to
Fquation 4.2, Even with a background-subtraction large amounts of signals from the
aluminum frame are visible in both gamma-gamma matrices. These coincidences are
marked with ?"Al as we assume that most of the frame consists of the isotope 2Al. A
possible consequence of this is a surplus of aluminum events in the peaks of interest
for the analysis, resulting in a larger peak area or increased amount of background
in the spectra. To calculate the number of proton-gamma-gamma coincidences the
signals presented in the gamma-gamma matrices in |[Figure 4.3 and |[Figure 4.4] are
needed, making signals from aluminum a possible disturbing component in the data
analysis. To reduce this source of uncertainty a gate was required on the area of
interest in the gamma-gamma matrix, which was used to fill spectra with protons
in coincidence with these gamma rays. The result is a proton spectra where the
aluminum coincidences are either non-existent or dispersed in the background. This
means that disturbance or possible contribution to the background in the analysis
from aluminum will be minimal, even if the ideal situation is that aluminum was not
present in spectra.

There are also large amounts of coincidences between two 4.44 MeV gamma rays in
Figure 4.3 These coincidences cannot originate from the proton-gamma-gamma co-
incidences, as there is only a single 4.44 MeV gamma ray in the gamma cascade from
the Hoyle state. These 4.44 MeV coincidences originate from the LaBrs-detectors
detecting photons from events where protons populating the 4.44 MeV 27T state are
not detected by SiRi. These events containing two 4.44 MeV gamma rays in coin-
cidence will not affect the amount of proton-gamma-gamma coincidences from the
Hoyle state, since the gating on the gamma-gamma matrix will be used to sort a
spectra containing only the protons, as explained earlier in this section. The protons
in coincidence with the two 4.44 MeV gamma rays will not be registered at the energy
of the proton originating from the Hoyle state.

4.2 The gamma decay branching ratio

The following sections describe the data analysis methods used to calculate the dif-
ferent terms in the gamma decay branching ratio of the Hoyle state. As a reminder,

in [section 2.6| the ratio is given as

7.65 180
ah - (o ) ) & % 1 (43)
r Cg 07285 ) K N7 65 X 63.21/M X 64.44/M '

singles

As described in [ection 2.7, removing the dependency of the angular correlation
coefficient using ?*Si the branching ratio becomes

7.65 7.65 4.98
(F'y) ~ Noso Nsmgles €L7s €320 Woso

T — A74.98 7.65 7.65"
r Nozo Nmngm €4.44 €3.21 ngg

(4.4)
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Figure 4.3: Coincidence matrix of the data collected on the '2C-target. The
data is sorted by gating on protons populating the Hoyle state, random coinci-
dences are subtracted according to The gamma-gamma coincidences
from the Hoyle state are shown in white circles. Background coincidences from
proton-gamma-gamma coincidences 27Al is shown in red circles. Unmarked peaks
originate from coincidences from different cascades or nuclei.

4.2.1 Proton singles yield

The term describing the total number of protons which populated the excited states
we are determining the gamma decay branching ratio from are the terms

N7.65 and 4.98 (45)

singles singles*

These are defined as the total number of protons populating the Hoyle state at 7.65
MeV in 'C and the 4.98 MeV state in 2%Si. The terms are therefore the sum of all
protons that are emitted in coincidence with the gamma cascades we want to detect
as well as all protons emitted in coincidence with other decay paths, such as the
a-breakup. Calculating these terms from the data is uncomplicated and straightfor-
ward. By sorting the calibrated data such that a histogram containing all events that
populated only the AE layer in the SiRi-detector we get a histogram such as shown
in [Figure 4.5, which shows data from the '2C-target. Also shown in this histogram is
an enlarged section around the Hoyle state at 7.65 MeV. The red shaded area is the
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Figure 4.4: Coincidence matrix of the data collected on the SiOg+'2C-target.
The data is sorted by gating on protons populating the 4.98 Mev 0 state in

2881, random coincidences are subtracted according to The gamma-
gamma coincidences from 28Si are shown in white circles. Background coincidences
from proton-gamma-gamma coincidences 27Al is shown in red circles. Unmarked
peaks originate from coincidences from different cascades or nuclei.

fit used to calculate the term N7-%5 = 3.44 x 108.

singles

The same procedure is used to calculate the proton singles in the term NG & =

7.6 x 10° from the ?®Si-target. The red shaded area of shows the fit that
was used to calculate the proton singles of the 4.98 MeV 07 state in 2%Si.

4.2.2 Proton-gamma-gamma coincidence yield

The proton-gamma-gamma coincidence yield is the term describing the amount of
emitted protons which resulted in a specific gamma cascade from the excited nucleus.
In the case of '2C this is protons populating the 7.65 MeV Hoyle state in coincidence
with a 3.21 MeV gamma, followed by the 4.44 MeV gamma from the first excited
state. For 28Si this term describes the protons populating the 4.98 MeV excited state
in coincidence with a 3.21 MeV gamma and the following 1.78 MeV gamma from the
first excited state. The term describing the proton-gamma-gamma coincidence yield
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12C Singles proton spectra for AE
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Figure 4.5: Singles particle spectra from the AE-detector from '2C data. The
area around the Hoyle state is marked and magnified to show which peak is in-
cluded in the calculation of the number of proton singles.

in |[Equation 4.3|1is

o NERO) ) 1
(Z m) K “5)

020

The terms describing the proton-gamma-gamma coincidence yield of **C and *Si in

quation 4.4{ are
4.98 7.65
Ngsoo and  Nysg.

Since these three terms describe a proton in coincidence with two gamma rays, the
method of calculating these terms is through gating on these gamma rays both in
energy and in time. In a gamma-gamma matrix containing data from
the '?C target is shown. The red circles mark the area in the matrix where there
is coincidence between a 3.21 MeV gamma and a 4.44 MeV gamma, which is the
gamma cascade from the Hoyle state that we want to measure. By requiring a single
gamma ray in the 3.21 MeV energy region and a single gamma ray in the 4.44 MeV
region when sorting the events we will create a histogram containing the protons
which came in coincidence with the measured gamma rays in the gated area.
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2si+ 0+ ’C proton singles yield
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Figure 4.6: Singles particle spectra from the AE-detector from 28Si+!2C data.
The area around the 4.98MeV 0T state is marked and magnified to show which
peak is included in the calculation of the number of proton singles.

This gating was done in the sorting of the gamma-gamma matrix and the back-
ground subtraction of the LaBrs-detectors. This means that the term N5 is also
background subtracted according to the same method as the LaBrs-detectors. The
resulting histogram showing the protons that were emitted in coincidence with the
detected gamma rays using [Equation 4.4] can be seen in |[Figure 4.8, The proton-
gamma-gamma coincidences sorted to be used in can be seen in
ure 4.9, By comparing [Figure 4.9 and |Figure 4.8| a significant difference of two
magnitudes can be seen in number of counts in the 4.44 MeV and 7.65 MeV peaks.
This difference originates from the correction according to both the angular corre-
lation W58(0) between the two gamma rays, but also according to the number of
detector combinations Cy for each angle and the total number of angles K used in
the sum. These variables will adjust the proton-gamma-gamma coincidences N5 (6)
to be the average number of proton-gamma-gamma coincidences in a given detector
angle combination between two detectors of OSCAR. As expected there will be no
counts for protons corresponding to the ground state of *C in neither or
Figure 4.9, The 4.44 MeV peak is significantly reduced compared to the 4.44 MeV
peak in the singles proton yield spectra showed in [Figure 4.5 However, this state is
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Figure 4.7: Left panel: A section of the coincidence matrix shown in
The red circles show the coincidences between the 3.21 MeV and 4.44 MeV photons
originating from the Hoyle state. Right panel: Level scheme showing the excited
levels and the gamma ray transitions visible in the gamma-gamma matrix for *2C.

strongly populated as described in [subsection 4.1.2] which is the reason why there
are still a large amount of counts even after gating on the coincidence area. The 7.65
Hoyle state peak is reduced to nearly nothing, this is as expected when the currently
measured probability of decaying to the ground state is ~ 0.06%][28].

The gamma-gamma matrix for **Si is shown in Red circles mark
the area where the 3.20 MeV gamma ray and the 1.78 MeV gamma ray are in coin-
cidence. This will also be the area gated on when sorting for protons which are in
coincidence with these gamma rays. The proton-gamma-gamma coincidence yield is
shown in [Figure 4.11] The proton-gamma-gamma coincidence yield histogram has
several proton peaks in coincidence with the two gamma rays from the 4.98 MeV
state, with the most populated peak being the 4.98 MeV state itself. These other
peaks originate from other states in *®Si which are heavily populated and emits two
gamma rays in coincidence with the emitted proton. There is also a wide unknown
peak in the area around the 4.98 MeV state, the origin of this peak is so far not
known. Because the peak is quite broad there are reasons to believe this might be
from the frame which the target is mounted upon, thus originating from an excited
state in >’Al. The SiRi-detector in itself is also made of silicon, which also makes it
a possible source of this broad peak.
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Hoyle state triple coincidence proton yield
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Figure 4.8: Triple-coincidence yield proton spectra from '2C data requiring a
single gamma ray in the 3.21 MeV energy region and a single gamma ray in the
4.44 MeV energy region. The area around the Hoyle state is marked and magnified
to show which peak is included in the calculation of the proton-gamma-gamma
coincidence yield, the red shaded area shows the area of interest. The area obtained

in this sorting will be used as the term N3 in [Equation 4.4

4.2.3 Absolute photopeak efficiency

The absolute photopeak efficiency is needed at the following energies:

€178, €320, €321 and €qa4,

where €391, €444 are from 12C and €399, €1 75 are from 2®Si. As mentioned in
the absolute photopeak efficiency is normally calculated using [Equation 2.13| and a
radioactive source of known activity. There was no such measurement done during
the experiment performed for this thesis, so two other methods were used to estimate
the efficiency. The first method, as explained in [section 2.8| used protons populating
states decaying mostly by gamma decay to estimate the ratio of detected and emitted
gamma rays, by using the ratio between gamma rays detected and protons populating
the state. This method was used on two sets of data and the resulting efficiencies were
compared to each other. The first set of data was the data for the SiO,-target collected
for this thesis, and the second set of data was a calibration run populating *Si
through the (p,p')-reaction using a beam energy of 16 MeV, collected in November
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Hoyle state triple-coincidence proton yield formation
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Figure 4.9: Triple-coincidence yield proton spectra from '2C data requiring a
single gamma ray in the 3.21 MeV energy region and a single gamma ray in the
4.44 MeV energy region. The data is also adjusted for the angular distribution
as described in [subsection 4.2.4] The area around the Hoyle state is marked and
magnified to show which peak is included in the calculation of the proton-gamma-
gamma coincidence yield, with the red shaded area showing the fit of the peak.

The area from this sorting will be used in

and December of 2019. A second set of data was used to compare the efficiencies
because the data collected for this thesis had several states in 2%Si missing in the E-
detector, as described in [subsection 3.3.2l A beam energy of 16 MeV on a ?*Si means
that all states used for the estimation of the efficiency are visible in the E-detector,
making it much easier to properly gate on states and remove background in the
spectra. The second method used a function for the absolute photopeak efficiency of
OSCAR made by F. Bello[43], constructed by measuring several different radioactive
sources at several energies.

The resulting measured efficiency for €75, €320, €321 and €444 are presented in

[Table 4.2l The measurements of the absolute photopeak efficiency in per-

formed during this thesis have been included in the measured absolute photopeak
efficiency graph made by F. Bello[43] in [Figure 4.12| The fit to the data does not
include the efficiencies from 2%Si and '2C, these are added afterwards.

In the direct method of calculating the gamma decay branching ratio of the Hoyle
state(seesection 2.6|) the absolute photopeak efficiency of OSCAR at €391 and €444 are
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Figure 4.10: Left panel: A portion of the coincidence matrix shown in[Figure 4.4]
The red circles show the coincidences between the 3.20 MeV and 1.78 MeV photons
originating from the 4.98 MeV 0% state in 28Si. Right panel: Level scheme showing
the excited levels and the gamma ray transitions visible in the gamma-gamma
matrix for 28Si.

used directly, as seen in For the method using the 4.98 MeV 07 state
in ?®Si as a method of canceling the angular correlation coefficient (see
two of the efficiency terms can be estimated to be equal to one. This can be seen
from where the ratio between the efficiency of two states are given as

B0 1. (4.7)
€3.21

These two efficiency values should be nearly identical, which means that approximat-
ing this ratio to be equal to one is a good estimate.

In this thesis a single average value for the efficiency of all detectors of OSCAR
is estimated at each required energy. To estimate the error in this method an in-
vestigation of the difference in efficiency in each detector was conducted. This was
done by using the LaBrs-detectors as signal triggers for the data, to investigate the
angular distribution of the chosen gamma ray transition as well as the efficiency of
each detector in OSCAR. The 4.44 MeV gamma ray from the 4.44 MeV 2" state in
2C is an E2-transition and has an angular distribution which is not isotropic. The
resulting angular distribution is shown in the upper figure of [Figure 4.13] where the
measurements are plotted together with a previous measurement of the angular distri-
bution of this gamma ray transition using the *C(p, p’)-reaction with a beam energy

of 10.5 MeV, performed by T. K. Eriksen[44]. In the bottom panel of [Figure 4.13| a
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2Si+ '®0 + !2C triple coincidence proton yield formation
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Figure 4.11: Triple-coincidence yield proton spectra from 28Si data gated on
coincidences in The area around the 4.98 MeV 0% state is marked
and magnified to show which peak is included in the calculation of the proton-
gamma-gamma coincidence yield, the red shaded area shows the area of the fit.

The area from this sorting will be used in

normalisation of the signals from the detectors of OSCAR has been calculated with
an error band. From the error band in an uncertainty of

Ae = +3.8% (4.8)

is calculated using the quadratic error[45](root-mean-square) of the normalised points.
This uncertainty will be used for all estimated values for the absolute photo peak
efficiency. In principle one could weigh the probability of each detector of OSCAR
to detect a gamma ray of 4.44 MeV at a specific angle with the angular distribution
presented in to obtain the A€y 44 of each detector. This Aey 44 could
be used to adjust the efficiency of each detector in OSCAR, making the measured
efficiency more precise. This was not done due to time restrictions during this thesis.

The absolute photopeak efficiency was measured using two different methods,
yielding three different sets of results as shown in [Table 4.2 There is a relatively
good agreement between the three different sets of results, except for the absolute
photopeak efficiency at 3.20 MeV using the data obtained during this thesis (column
containing £, = 10.7 MeV). This efficiency was measured using the 4.98 MeV 07 state
in *®Si. The results using the measured efficiency curve shown in and the
measured value at £, = 16.0 MeV in are in good agreement. The reason
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Figure 4.12: Graph showing the measured absolute photopeak efficiency curve
of OSCAR made by F. Bello[43], included are the measured absolute photopeak
efficiency values from the column ‘Measured (p, p’) at E, = 16.0 MeV’ in[Table 4.2

The points from are not included in the fit.

is most likely that using data from an experiment where the protons were energetic
enough to be detected in both layers of the particle telescope SiRi made it easier to
gate on different states as well as remove background, as discussed in [section 2.8
Either way the results shows that the method of using states with gamma decay
branching ratio nearly equal to one gives a good estimate of the absolute photopeak
efficiency. The challenging part of this method is to estimate an uncertainty for the
efficiency, which was estimated to be €.por = £3.8% for all values for the absolute
photopeak efficiency as shown in [Equation 4.8 As this thesis work is based on
proton-gamma-gamma coincidences, using a single value to describe the efficiency of
all combinations of LaBrs-detectors has the consequence of an increased uncertainty.
As shown in the detectors of OSCAR have an efficiency which deviate
from the measured distribution by > 10%, except for a single detector which deviates
by 13.5%.

4.2.4 Angular distribution for a 07 — 27 — 0"-transition

The angular correlation correction term for the 0t — 2% — 0T -transition from the
Hoyle state to the ground state in '*C, as shown in will be calculated
using an angular distribution made from the data collected during this thesis experi-
ment. The result is compared to an angular distribution for the same 07 — 2% — 07-
transition done by B.M. Alshahrani[34] using the previous scintillator array stationed
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Figure 4.13: Top: Graph showing the signals from the 4.44 MeV 2% state in

12C using all detectors of OSCAR and a measurement of the angular distribution

of this state from T. K. Eriksen[44]. Bottom: The signal from each detector in

OSCAR is normalised to the angular distribution from T. K. Eriksen[44]. An error

band calculated from the quadratic error or root-mean-square of the normalised

points is drawn to estimate the error Ae in the efficiency, as seen in [Equation 4.8

at OCL, named CACTUS. CACTUS had a > 50% of 47 angle coverage, while the
angle coverage of OSCAR is 57% of 4x[31], making it possible to use this angular
distribution as a comparison to the current data. The angular correlation distribu-
tion for the 0t — 2+ — O*-transition from the Hoyle state in '*C calculated using
the data collected during this thesis is presented in In the upper figure
the theoretical and experimental distribution made by B.M. Alshahrani34] are also
shown as a comparison. In the bottom panel the normalised proton-gamma-gamma
coincidences are shown, together with an error band where the uncertainty is cal-
culated using the quadratic error[45] (root-mean-square) of the normalised points,
showing an error band of AW55%(0) ~ £19%. The uncertainty which is used in the
calculation of the gamma decay branching ratio of the Hoyle state in is the
uncertainty at each point of the experimental values of W55°(6).

To calculate this angular correlation distribution the proton-gamma-gamma co-

180
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Extrapolated Measured (p, p’) Measured (p, p')
Term

efficiency at £, = 10.7 MeV at £, = 16.0 MeV
€18 0.1323(4) 0.126(4) 0.134(5)
€590 ~ €391 0.101(4) 0.0112(4) 0.105(4)
€4.44 0.0869(4) 0.075(2) 0.082(3)

Table 4.2: Table showing the results for the three different calculations of the
absolute photopeak efficiency for several different energies. The column ‘Ex-

trapolated efficiency’ is calculated using measurement from OSCAR made by F.
Bello[43].

incidences must be sorted by the two OSCAR detector identifications and the angle
between them. There are in total 30 LaBrs-detectors used in OSCAR, totaling 435
different detector combinations with approximately 11 different angles between the
detector pairs as seen in [Table 4.3] Since the analysis consists of proton-gamma-
gamma coincidences the events are required to have a single gamma in the energy
range of the 3.21 MeV gamma ray, a single gamma in the energy range of the 4.44
MeV gamma ray from the gamma cascade originating from the Hoyle state and a
proton populating the Hoyle state. These events were then sorted so that all events
sharing the same approximate angle between two detectors were stored in the same
spectra. The angular correlation coefficient was calculated at a total of eleven differ-
ent angles, as seen in [Table 4.4] where the symmetrical angles of # were combined to
increase the statistics at each angle. The experimental W5 () presented in
was used to calculate the results presented in [chapter 5

When calculating the gamma decay branching ratio using the 4.98 MeV 07 state
in %®Si as presented in [Equation 4.4 the dependence on the angular correlation

correction is removed. The gamma decay branching ratio of this state is also a
0" — 27 — 0% transition, making it equal to the angular correlation correction term
for the cascade from the Hoyle state. The term in is given and estimated
as

4.98
W020

7.65
WO2O

~ 1. (4.9)

The angular distribution for the 0© — 2* — 0*-transition presented in
fits well with the theoretical and experimental angular distribution made
by B.M. Alshahrani[34], except for the region around 180° where there is a clearly
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Figure 4.14: Upper figure: Graph showing the resulting experimental angular
distribution and fit for a 07 — 2% — O*-transition calculated from the data
collected for this thesis. The theoretical angular distribution and the distribution
made by B.M. Alshahrani[34] are also present in the same figure. Bottom figure:
The proton-gamma-gamma, coincidences are normalised to the fit of the angular
distribution. An error band calculated from the quadratic error is fitted to the
normalised points.

an increase in the slope for the angular distribution from this thesis. The measured
angular distribution at the 180° has the largest uncertainty, similarly to the experi-
mental distribution from B.M. Alshahrani[34]. The uncertainty at all experimental
points are from a Gaussian fit to the data sorted for the specific angle, the calcula-
tion of this uncertainty can be seen in Appendix [A.1.1] The measurement at 142°
is an outlier compared to the rest of the angles, this is clearly visible in the bottom
panel of where it is almost 60% larger than the mathematical fit to the
experimental data. The experimental point at 142° from B.M. Alshahrani34] is also
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The gamma decay branching ratio

Number of Number of
0 [°] 0 [°]

combinations combinations
37.0 50 101.0 50
42.0 30 109.0 60
64.0 20 116.0 20
71.0 60 138.0 30
79.0 50 142.0 50

180.0 15

Table 4.3: Table showing the approximated angles 6 between two detectors of
OSCAR as well as the number of detector combinations for each angle. These

values correspond to the term Cjy in as described in

63

larger than the fit to the data and the theoretical angular distribution, however, the
experimental value from this thesis is much higher. The reason for this is not yet

understood.

The opposite trend can be seen in the points at 101°, where the data is at a 20%
lower value than the fit to the data. The experimental points in are calcu-
lated from Gaussian fits of spectra containing proton-gamma-gamma coincidences for
each angle. As mentioned in the deciding factor of the angular correlation
distribution is the amount of statistics. Some peaks in the proton-gamma-gamma
spectra for each angle were wider than others, making a mathematical fit quite diffi-

cult.
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Experimental Theoretical B. Alshahrani
6 [°] Osymmetrical |°]

Waso™ (6) W' (6) s’ (6)
101.0 79.0 1.10(13) 1.12 1.18(35)
109.0 71.0 0.85(8) 0.91 1.00(35)
116.0 64.0 0.63(4) 0.71 0.58(34)
138.0 42.0 0.62(6) 0.66 0.85(34)
142.0 37.0 0.79(10) 0.79 1.04(34)
180.0 2.69(53) 2.36 2.28(44)

Table 4.4: Table showing all angles between the detectors of OSCAR and the
associated angular correlation correction term for the 07 — 2T — 0T-transition
from this thesis. Most angles were summed together with their symmetrical part
to increase statistics, this is possible because the angular distribution function is
mirrored around 90°. The angular correlation correction terms from the experi-
mental and theoretical values of the angular distribution presented in
made by B.M. Alshahrani[34] is also included. For explanations of uncertainty

calculations see Appendix



Chapter 5

Results and discussion

This chapter will present the final measurements of the gamma decay branching ratio
of the Hoyle state as well as the resulting radiative width of the Hoyle state. Following
is a discussion about the current results and a comparison to previous results. All
calculations of uncertainties are explained in Appendix

5.1 The gamma decay branching ratio of the Hoyle
state

As a reminder the gamma decay branching ratio of the Hoyle state in

and [Equation 4.3 was given as

7.65 180
I (X _NgRe) 1L 1 -
r C@ (’)7285<0) K N7 65 X 63‘21/M X 64.44/M ’

singles

When using the radiative width of the 4.98 MeV 0% state in **Si as a method of
removing the dependency on the angular correlation correction term, the gamma
decay branching ratio of the Hoyle state can be written as seen in [Equation 2.12| and

quation 4.4| as

7.65 7.65 4.98 4.98
(&) _ N020 Nsmgles €1.78 « €3.20 W()20 (5 2)
— 498 7.65 7.65 :
F N020 Nsnlg]es 6444 63.21 WOQO
R NG 1L Af7.65 A74.98 7.65
1 __“Vo20 V) )} L . . :
The measured yield terms Z o xwg235 @ | & Ngso”s Noso~ and singles terms Ng: oo,

Ngfges can be seen in [Table 5. . The calculation of uncertainties have been described
in detail in Appendix [A.I] Combining the results from [Table 5.1}, [Table 4.2] and

65
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by using resulted in a gamma decay branching ratio of

FE2 7.65
(%) = 7.08(85) x 107%. (5.3)

Calculating the gamma decay branching ratio of the Hoyle state using the 4.98 MeV

0% state in 2%Si, as seen in [Equation 5.2 resulted in the value

E2 7.65
F’Y _ -3

We observe that there is a major discrepancy between the gamma decay branching

ratio measured using only the Hoyle state of *C in [Equation 5.3 and the measured
value using the gamma decay branching ratio of the 4.98 MeV 0% state in %Si in

Equation 5.4 The values disagree by nearly a factor two and the result using 2°Si
is one magnitude of order larger than all previous measurements of this value[4],

o, 6 [7, 8, @, 10, 11]. Because of this the result in is regarded as
being highly unlikely to represent a possible physical value. As the theory states in
lsection 2.7] the two measurements of the gamma decay branching ratio of the Hoyle
state should theoretically be nearly the same value, therefore this result was not used
for calculating the radiative width of the Hoyle state or the rate of the triple-alpha
process.

The origin of this discrepancy is most likely caused by the threshold problems
with the particle telescope SiRi, as described in [subsection 3.3.2. Events registered
as having a signal which is beneath the threshold of the E-detector are assumed to
deposit energy only in the front layer, or AE-layer, of SiRi. If the signal is registered
at the threshold limit, some of these signals will be registered in the E-layer and
others in the AE-layer of SiRi. As the E-detector could not be used in the analysis
of this thesis due to the threshold issue, events containing proton-gamma-gamma
coincidences could be lost. Another problem is the gain of events regarded as back-
ground events because the data analysis had to be done using the AE-layer of SiRi,
yielding particle spectra where background could not be subtracted. The problem is
therefore suspected to be in the ratio between the yield protons and singles protons
populating the 4.98 MeV 0% state in ?®Si. This is the same state which is used in the
measurement, of the absolute photopeak efficiency at 3.20 MeV in [subsection 4.2.3]
which yielded a result which is highly unlikely to represent a possible value for this
efficiency of OSCAR at this energy. It is likely that the same problem is occurring
in the calculation determining the gamma decay branching ratio of the Hoyle state
using this 4.98 MeV 0% state in 2*Si.

Another possible origin of this discrepancy is the broad peak observed in the
proton-gamma-gamma yield spectra in [Figure 4.11] The origin of this peak is not

understood but suspected to originate from aluminum or possibly from the silicon
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Term Value
B s
N 1093.55(7)
Nosty 4.70(10) x 10°
Niingis 3.4399(2) x 10°
Ningles 7.6949(3) x 10°

Table 5.1: Table showing the calculated terms representing the yields and singles
of the 7.65 MeV 01 Hoyle state in 2C and the 4.98 MeV 0T state in 2°Si from
[Equation 5.]]and [Equation 5.2 See Appendix[A.1.3|for explanations of uncertainty
calculations.

of SiRi[2] itself. This peak should be present in the spectra for the singles protons
populating the 4.98 MeV state in [Figure 4.6, however no such broad peak is visible.
This could mean that the peak is in the background of the singles spectra and is thus
only disturbing the spectra containing the proton-gamma-gamma coincidence yield

in [Figure 4.11} decreasing the value of Ngs® in [Equation 5.2,

The presence of aluminum is evident in the gamma-gamma matrices as seen in
[Figure 4.3 and [Figure 4.4 where several strong peaks are observed. It is also probable
that the large amount of background present in the particle spectra for **Si as seen
in are signals from aluminum. Kinematics calculations using Qkinz[41]
show that “"Al has a high abundance of possibly populated states in the energy region
of the 4.62 MeV 0% and the 4.89 MeV 07 states in 2Si. The presence of signals from
these states in 2"Al can disturb the particle spectra, especially in the front AE-layer
where background cannot be subtracted.

The resulting gamma decay branching ratio presented in has an
uncertainty which is quite large. The source of this uncertainty is in the value of the

angular correlation correction term ng'ﬁ‘r’ in as well as the efficiency
terms €391 and €444. These values are the largest quantitative source of uncertainty
in this thesis work. This uncertainty is also affecting the uncertainty of the radiative
gamma branching ratio in and the radiative width of the Hoyle state in
Equation 5.8, making these uncertainties much larger than previous measurements.
How these uncertainties were calculated is described in Appendix and discussed
in the next sections.

The reason that the angular correlation distribution is the biggest contributor for
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this is that the uncertainty is large at each point of the measured angular correction
correlation term W5%(0)(See Appendix for calculation of this uncertainty).
The measurement of the gamma decay branching ratio using the method of incor-
porating the gamma decay branching ratio of the 4.98 Mev 0% state in *C would
remove this source of uncertainty entirely. Unfortunately this measurement did not
yield a good measurement using this method, as seen in and discussed

previously in this chapter.

5.2 The radiative width of the Hoyle state

The radiative width of the Hoyle state can then be calculated using [Equation 5.3|and
the equation presented in given as

Prag _ D" X L+ 0ter) | T
r r r’

(5.5)

where ay,; = 8.77 x 1074[32] is the theoretical total E2 conversion coefficient. The
radiative width of the Hoyle state as seen in is given as

Tyoq = F’"F“d} X {FLEO} x [TE0]. (5.6)

In both [Equation 5.5 and [Equation 5.6| the terms describing the pair decay from the
Hoyle state are the pair decay branching ratio IT'™°/T" as well as the width of pair
decay T'E?. The values for these terms were chosen to be identical to the values in the
measurement performed by T. Kibédi et al.[I1]. This follows the recommendation
by Freer and Fynbo[3] and it is also the reasonable choice because the result of this
thesis will be compared to the results of T. Kibédi et al. The values are therefore
chosen to be I'E0 = 62.3(20) peV[3] for the absolute value of the EO-transition and
E /T = 6.72(60) x 1075[3] for the pair decay branching ratio. Inserting these values
as well as the result of the gamma decay branching ratio from the
radiative branching ratio of the Hoyle state becomes

Frad
r

Inserting this result as well as previously described values into |[Equation 2.6 the
resulting radiative width of the Hoyle state is then

=7.1(10) x 107*. (5.7)

[eq = 6.6(6) x 1072 eV. (5.8)
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5.3 Comparison to previous measurements

We observe that the value of the radiative branching ratio of the Hoyle state in this
thesis is 72% larger than the adopted value at T',oq/T = 4.13(11) x 10~* from eight
previous measurements presented in [Figure 5.1J4, [l 6, [7, 8] @, [0, [II]. The result
is also consistent with the recently measured value of T'yeq/T" = 6.9(6) x 107* from
T. Kibédi et al.[11] as seen in m The amount of proton-gamma-gamma
coincidences were N§0° = 1093.55(7) which is 5 times larger than the amount of
proton-gamma-gamma coincidences obtained using CACTUS in the measurement
performed by T. Kibédi et al.[I1](when the proton-gamma-gamma coincidences are
not corrected for the angular correlation). This is a testament as to how efficient
OSCAR is compared to CACTUS, where OSCAR consists of 30 LaBrs-detectors and
CACTUS consisted of 28 Nal-detectors. There is also a significantly large uncertainty
in the current measurement compared to previous measurements, which is discussed
in [section 5.11

The result from this thesis was obtained using OSCAR, the new scintillation array
consisting of 30 LaBrs-detectors. The measurement performed by T. Kibédi et al.[11]
used the scintillation array CACTUS, consisting of 28 Nai-detectors. This means
that there are now two measurements performed with different scientific equipment
supporting this raised value for the radiative branching ratio of the Hoyle state. The
fact that this thesis supports the measurement of T. Kibédi et al.[T1] suggests that
further investigation into this measurement is needed. Such a drastic increase in the
radiative branching ratio of the Hoyle state compared to the previously adopted value
increases the radiative width of the Hoyle state by 73% compared to the previously
adopted value of T',.,q = 3.82(37) X 1073 calculated using the adopted value for the
radiative branching ratio as presented in As the triple-alpha process of
the Hoyle state is what is called a ‘bottle-neck” process, a change in a value related
to this process has the potential to affect nucleosynthesis processes succeeding the
triple-alpha process. A direct consequence of this is a reduction in the period of time
the star is in the phase of helium-burning, effectively reducing the life-time of the
star itself. The raised value will also have an impact on models for stellar evolution
and nucleosynthesis processes. An investigation into the effects of this raised value
for the triple-alpha process would be highly interesting to study further.
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Alburger (1961) — ——
Seeger (1963) —O—
Hall (1964) ®
Chamberlin (1974) P
Davids (1975) P
Mak (1975) ——
Markham (1976) —@—
Obst (1976) —@—
Adopted value: 4.13(11) @
Kibédi (2019) ——
This work (2020) ®
0 1 2 3 4 5 6 7 8 9
[rag/l [x1074] fe=4

Figure 5.1: Figure showing the measurement from this thesis as shown
in compared to all previous measurements of the ratio be-
tween the radiative width and the total width of the Hoyle state. Litera-
ture data from Alburger(1961)[4] , Seeger(1963)[33] which is omitted from the
adopted value, Hall(1964)[5], Chamberlin(1974)[6], Davids(1975)[7], Mak(1975)[g],
Markham(1976)[9] and Obst(1976)[10]. Kibédi(2019)[I1] is also omitted from
the adopted value due to the gap of time between Obst (1976)[10] and Kibédi
(2019)[11]. Figure is originally from Kibédi (2019)[11] and has been modified with
permission.
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Summary

In this thesis the gamma decay branching ratio of the Hoyle state in >C has been
measured experimentally using proton-gamma-gamma coincidences. The aim was
to perform a measurement using modern equipment and technology and compare
the results with previous measurements, where the newest measurement is in dis-
agreement with previous measurements. The previous measurements that were of
interest was the adopted value from several experiments performed between 1961
and 19764, 5, 6, [7, [8, 9, [10] at T, /T = 4.13(11) x 10~*[11] as well as the newer mea-
surement performed in 2014 by Kibédi et al.[T1] which yielded a value 68% higher
than the previous adopted value at ', /T = 6.9(6) x 10~*[11].

The Hoyle state was populated through a 12C(p, p'y7y)-reaction with a beam energy
of 10.7 MeV at the Oslo Cyclotron Laboratory in January and February 2019 using
the LaBr3 array OSCAR and the silicon strip-detector SiRi. Events were defined as
the detection of protons, such that a successful event was the detection of a proton
populating the Hoyle state in coincidence with two gamma rays of energy 3.21 MeV
and 4.44 MeV deexciting from the Hoyle state. The data analysis consisted of two
separate methods of analysis, focused on proton-gamma-gamma coincidences using
OSCAR and gating on energy in the front layer of SiRi. The first method was to
calculate the gamma decay branching ratio of the Hoyle state directly using a ratio
between the proton-gamma-gamma coincidences and the total amount of protons
populating the Hoyle state, with corrections including the angular distribution of the
gamma cascade and the absolute photopeak efficiency of OSCAR itself. The second
method consisted of using the gamma decay branching ratio a 4.98 MeV 0" state in
8Gi, having identical value for the first gamma ray in the gamma cascade and equal
angular distribution transition as the branching ratio for the Hoyle state. Combining
these equations removes the dependency on the angular correlation correction term
without impacting the outcome of the calculation.

The measurement resulted in a radiative branching ratio of I'?/I" = 7.1(10) x
10~*, which is 72% larger than the adopted value from measurements performed be-
tween 1961 and 1976[4] [5 6, [7, 8, O [10] and is consistent with the newly obtained
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measurement from Kibédi et al.[I1]. The method using the 4.98 MeV 0F state in
?8Si resulted in a gamma decay branching ratio of IP2 /T = 8.50(47) x 107? and was
regarded as being an unphysical value which were not used to calculate other proper-
ties of the Hoyle state. The radiative width resulted in a value T',.q = 6.6(6) x 1073
eV which is 73% larger than the value calculated using the previously adopted value
for the radiative branching ratio. A method to estimate the absolute photopeak ef-
ficiency of OSCAR was tested during this thesis, where states in *C and ?*Si with
gamma decay branching ratio nearly equal to one was used. The efficiency was esti-
mated using the ratio between protons populating a state yielding a specific gamma
ray energy, and the protons populating the state itself. The method yielded results
which were in agreement with previous measurements of the absolute photopeak effi-
ciency of OSCAR and was used as an alternative to source measurements. An angular
distribution for the 0t — 2% — 0*-transition from the Hoyle state was calculated,
resulting in an angular distribution which agrees with a theoretical and previously
measured distribution by B. M. Alshahrani[34] for most angles.

The result of this thesis supports the measurement performed by Kibédi et al.[11].
This is therefore the second measurement supporting a raised value for the gamma
decay branching ratio of the Hoyle state. The Hoyle state and the triple-alpha process
is a ‘bottle-neck’ process, meaning that an adjustment in the rate of this process can
have consequences for several succeeding nucleosynthesis processes. The raised value
will have an impact on models of stellar evolution and nucleosynthesis, as well as
directly affect the life-time of stars, effectively reducing the period of time the star is
in the helium-burning phase.
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Future outlook

The motivation for the present work was to perform a measurement of the gamma
decay branching ratio of the Hoyle state using newer and more modern technology
and compare the result to previous measurements. This was successfully performed
and the results suggest that further investigation into this gamma decay branching
ratio is needed. Therefore a new measurement of the gamma decay branching width
of the Hoyle state was planned during the final analysis of this thesis. Problems
and new ideas being discussed during the analysis of the data have been taken into
account during the planning, as well as optimization for the use of OCL, SiRi[2] and
OSCAR.

The largest difference is the beam energy which will be raised from 10.7 MeV to
16 MeV. A test run has been performed to check that the Hoyle state is reasonably
populated at this beam energy. This means that the protons emitted from the Hoyle
state will be recorded in both layers of the particle telescope SiRi, making it easier to
remove background in the particle spectra, both in time and energy. Another impor-
tant factor is the use of a tantalum frame to mount the Carbon-12 target, essentially
removing the aluminum-background from the gamma ray spectra from OSCAR. The
target will consist of Carbon-12 and Silicon-28. A source measurement to measure
the efficiency of the absolute photopeak efficiency for gamma rays of energy 3.21 MeV
and 4.44 MeV will be done using “°Co. Doing a source measurement will reduce the
uncertainty in the efficiency, which was one of the largest sources of uncertainty in
this measurement. The equipment that was damaged or problematic during the ex-
periment of this thesis will be fixed or changed. This includes experimental challenges
caused by detectors being wrongly adjusted, which in itself would solve problems such
as the missing connection in one of the E-detectors of SiRi. The settings of the SiRi-
detector would also be adjusted to detect particle energies appropriate for the protons
emitted from the Hoyle state. The aim of this new experiment will be to measure the
gamma decay branching ratio for the Hoyle state in >C directly and with the use of
S to simplify correction terms, hopefully yielding similar results. Another goal is
to do a angular correlation calculation of the 07 — 2* — 07 gamma cascade from
the Hoyle state to the ground state in '*C using signals from the LaBrs-detectors
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themselves, this requires enormous amounts of statistics.

If the results from this planned measurement supports the findings of the present
work and the measurement by T. Kibédi et al.[11] it would be interesting to further
investigate the consequences of this raised value in stellar models. It is already
known that an increased value for the radiative width of the Hoyle state will lead
to an increased rate of triple-alpha production yielding '>C, thus shortening the life-
time of stars[I1]. Studying this through stellar models will give an estimate as to
how much this will impact the stars life-time as well as how this will impact the later
nucleosynthesis production paths such as the production of °0O and **Ne, the next
bottle-neck processes in the nucleosynthesis of stars.

The measurement performed by T. Kibédi et al.[11] and the measurement obtained
in this thesis show how improvement of equipment can shed a new light on physical
phenomenon such as the Hoyle state, which has been vigorously studied over many
years. The results from this thesis support an exciting oddity in the field of nuclear
physics and shows that the accurate determination of the triple-alpha rate remains a
challenge in the research of low energy nuclear physics.
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Appendix A

Data analysis

A.1 Calculation of uncertainty

A.1.1 Uncertainty of a Gaussian function

A Gaussian function can be expressed as

f(z) = Pyexp [_% (33 ;ZPl)

where F,, P; are real constants and P, is real and non-zero. The constant P, can be
expressed as

(A1)

b _ FWHM
* 7 2y/2log2

where FW HM is the full-width half maximum of the peak of the Gaussian function.
The area of a Gaussian function can be written on the form

(A.2)

A:POP2\/ 2. (AS)

The uncertainty of can be calculated using the following equation for
an uncertainty between a relation Z = AB or Z = A/B[45]:

-G w

Inserting for the uncertainties of each parameter AF, and AP, the uncertainty of the
area of a Gaussian function becomes

AA:\/(A?]ODO)QJr (AP]?)QXA. (A.5)
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A.1.2 Uncertainty of the angular distribution for a 07 —
27 — 0"-transition

The angular distribution for a 07 — 2% — 0*-transition is calculated and included
in the gamma decay branching ratio as the term Wy in (Also seen in
I[Equation 4.3| and [Equation 5.1)). This term has different values for different angles
0 between detectors, where each value has an uncertainty. By calculating the un-
certainty using the error band as presented in the upper half of at each
angle we can calculate the total uncertainty. The equation used for calculating the
uncertainty for a relation Z = A + B[45] is

(AZ)? = (AA)? + (AB)% (A.6)
Using the angles as presented in we have the equation
AWz = ﬂt{(Ach?’fr’o)2 + (AWfie0)* + (AWTigh)* + (AW55%)? (A7)

1/2
AW + <Awf8-8%>2} C(A8)

However, in [Equation A.11|the uncertainty is needed in the form of

(AWJ¢85)2 _ (AWfo??o>2+ (AW_%S%)+ <AW_7250)+ <AW_73250) (A.9)

W5t Wit Wiee% Wi, WS
2 2
N (AW174§.50) N ( Ang'Si”o) .
WS Wi
(A.10)

A.1.3 Uncertainty in the gamma decay branching ratio

The uncertainty in the gamma decay branching ratio as calculated directly using *C
as seen in [Equation 2.9 Also seen in [Equation 4.3| and [Equation 5.2)) can be written

by using |[Equation A.4|as

2
ANGS  N? [ ANZS AWES\?
A(TE2/1)765 — & {<M> 4 | =singles ) ( 020 ) (A.11)
7 Ngé%?COTT v.6 67285

singles

N (ﬂ)Q N <A€4'44)2}1/2 x (T2 T)760. (A.12)

€3.21 €4.44

The term N3, is the area of the Gaussian fit (see Appendix[A.1.1)) from the term
K
N7-65

7.65
> W in [Equation 2.9 The term (AW‘;V%)2 is calculated in Appendix 77 and
=1 0 020
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the uncertainty estimate for the absolute photopeak efficiency for the terms (%)2

and (2544)2 can be seen in Appendix .
When incorporating the gamma decay branching ratio of 4.98 MeV 0% state in
8Si into the gamma decay branching ratio of the Hoyle state as seen in [Equation 2.12|

(also seen in [Equation 4.4] and [Equation 5.2)) the uncertainty can be written as

2
ANT:65 2 A N7'.65l ANL98Y 2
A(FE2/F)7'65 -+ {( 020 ) + singles + < 020 ) (A13>
K N, 072%5 N, ;.Sgles N, (;12%8
2
ANl Aerzs )’ Aega\ V2
4| —ngles _|_<_~)+( )} < (TE2/T)7-65
( Niﬁﬁzes ) €1.78 €4.44 (T5°/T)
(A.14)

A.1.4 Uncertainty in the radiative branching ratio and ra-
diative width

The uncertainty in the radiative branching ratio can be calculated by using
[tion A4l such that

The uncertainty for the radiative width of the Hoyle state as presented in[Equation 5.8
using the calculated uncertainty for the radiative branching ratio [lkquation A.15 and

for a relation Z = AB and Z = A/B in [Equation A.4| was calculated using the

equation

AT,q/T\?  [ATEO/TN? 7 ATEON\ Y12
Al'yvqq = Il:{ (m) + ( TR0 /T + TR0 X ['yad- (A.16)
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