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Abstract

The triple-alpha reaction is one of the most important processes in the nu-
cleosynthesis. In this reaction, an α particle is captured by the 2α resonance
of 8Be, and form a 3α cluster state with weakly bound α particles. Most
of the 3α resonance states decay to three α particles, but a tiny fraction of
them decays to the ground state in 12C via radiative processes of γ decay
or e+e− pair emission. Therefore, the γ-decay probability is an important
parameter that directly determines the amount of 12C produced in the nu-
cleosynthesis. Several measurements of γ-decay probability were performed
by 1976, and the γ-decay probability Γγ/Γ = 4.09(10) × 10−4 [1] from the
Hoyle state has been widely accepted.

Recently, a striking result of the radiative decay-decay probability of the
Hoyle state was reported from a measurement of the two γ rays from the
cascade decay of the Hoyle state. The new value of Γγ/Γ = 6.2(6)×10−4 [2]
is 50% higher than the literature value in Ref. [1]. Most of the old data were
taken by measuring 12C nuclei surviving after the radiative decay of the
Hoyle state. The authors of Ref. [2] claimed that such measurement might
not be appropriate and the discrepancy between the new and old results
should be due to the different experimental methods. In order to solve this
puzzle, it is necessary to measure surviving 12C nuclei and γ rays at the
same time.

The aim of this research is to solve the recently reported discrepancy in
the γ-decay probability of the Hoyle state. In this study, we conducted the
first experiment combining the 12C-detection method and the γ-detection
method. We populated the Hoyle state in 12C by the α+12C scattering using
an α particle beam at Ebeam = 25 MeV at the tandem accelerator facility of
Horia Hulubei National Institute for R&D in Physics and Nuclear Engineer-
ing, Romania (IFIN-HH), and emitted charged particles were detected by a
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DSSD and γ rays by the ROSPHERE detector array [?]. This method en-
abled the α+12C+γ triple-coincidence measurement, and successfully deter-
mined the γ-decay probability of the Hoyle state as Γγ/Γ = 4.00(27)×10−4.

Various measurement have been employed to solve the puzzle of the γ-
decay probability of the Hoyle state [3–7], and all these studies excepted
Ref. [4] yielded results consistent with the previous literature value adapted
in Ref. [1], but contradicts the new value by Kibedi et al. [2]. Moreover,
our measurement using a novel approach also yielded results supporting the
previous literature value. Therefore, we concluded that the puzzle on the
γ-decay probability of the Hoyle state is now finally solved, and the previous
literature value can be reliably used in the study of nucleosynthesis in the
universe.



Chapter 1

Introduction

1.1 Stellar Evolution and Nucleosynthesis

How did the world we live in come into existence? Exploring the origin of
the elements that make up the countless stars in the universe, the materials
that form the Earth, and even our own bodies has long been a fundamental
question for humanity. The key to unraveling this mystery lies in the process
of nucleosynthesis, which occurs during cosmic phenomena such as stellar
evolution and supernova explosions. In 1920, British astronomer Arthur Ed-
dington first suggested that the energy source of the Sun could be the fusion
of hydrogen. Later, in 1939, Hans Bethe demonstrated that elements are
produced in stars through nuclear reactions and proposed the proton-proton
chain reaction and the CNO cycle, thereby establishing the understanding
that nuclear fusion reactions are the source of stellar power.

In this chapter, we will explain the mechanisms of nucleosynthesis driven
by nuclear fusion reactions, tracing the process of stellar evolution.

1.1.1 Big Bang Nucleosynthesis

Nucleosynthesis in the early universe is explained by the theory of Big Bang
Nucleosynthesis (BBN) [8]. This theory describes the process by which light
elements such as hydrogen, helium, and lithium were formed through nu-
clear reactions that began just a few minutes after the birth of the universe.
The idea that nuclear reactions are not only a source of stellar energy but
also play an important role in nucleosynthesis was first proposed by George
Gamow and Ralph Alfer in 1948 [9]. Although the assumption that nu-

6
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cleosynthesis progresses via neutron capture reactions was incorrect, it was
groundbreaking as the first theoretical study linking cosmology and nucle-
osynthesis. Subsequent studies have improved the BBN model and made it
consistent with observations of primitive elements.

According to the Big Bang theory, the universe initially existed in a state
of extremely high temperature and density, and reached its present state
through continuous expansion and cooling. Immediately after the birth of
the universe, the thermal energy E was extremely high so that even strongly
interacting elementary particle, quark and gluon, interacted weakly due to
asymptotic freedom, and the universe is filled with quark-gluon plasma.
As the universe expanded and cooled, quarks and gluons were confined in
protons and neutrons. At t = 1 second, the thermal energy E exceeded the
mass-energy difference between neutrons and protons (mn − mp)c

2 = 1.24

MeV, and statistical equilibrium was maintained by β± decays and their
inverse processes. At t = 2 seconds, the thermal energy E decreased further
(T = 1010 K) and the proton and neutron were released from the equilibrium.
These protons and neutrons could combine to form deuteron. However,
at this stage, the equilibrium was maintained between the deuterons and
proton-neutron pairs because deuterons were disintegrated by high-energy
photons. Therefore, nucleosynthesis was suppressed until the temperature
decreased sufficiently.

After t = 3 minutes, the thermal energy decreased to about 0.1 MeV, al-
lowing deuterons to exist stably, and nuclear reactions began. The deuterons
continuously captured protons and neutrons, producing 3H, 3He, and 4He
(α particles). However, there is no bound state of the nucleus with mass
number A = 5, and 8Be formed by fusion of two α particles is extremely
short-lived and decays back to the two α particles. As a result, nucleosyn-
thesis was stuck at this stage, and only a small amount of A = 7 nuclei
were produced by reactions involving 3H, 3He, and 4He, in addition to light
nuclei up to 4He. The fact is that these bottlenecks in the BBN nucleosyn-
thesis, known as the “A = 5 and 8 bottlenecks”, was one of the mysteries of
astrophysics in the first half of the 20th century.

After t = 20 minutes, nucleosynthesis stopped because there was insuf-
ficient energy to continue the nuclear reaction. At this point, the universe
consisted mostly of proton and α particles, with only a few other nuclei
produced up to A = 7.
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1.1.2 Nucleosynthesis in Stars

The next phase of nucleosynthesis began several hundred million years after
the BBN. The light elements produced in the BBN, primarily hydrogen and
helium, gradually gathered together due to gravity, and formed gas clouds.
As these gas clouds underwent gravitational contraction, they heated up
and reached a temperature sufficient for a fusion reaction. For stars with
masses greater than 0.1M⊙, the central temperature reached about 107K

and hydrogen burning began.
The hydrogen burning occurs mainly through the proton-proton chain

reactions and the CNO cycle, in which hydrogen nuclei are fused into he-
lium. The energy released in this process increases the internal pressure,
temporarily halting gravitational contraction and stabilizing the star as a
main-sequence star. This stable phase continues until the hydrogen in the
core is depleted.

At the end of the main-sequence phase, nuclear fusion ceases as the core
runs out of hydrogen, and the energy supply is cut off. As a result, the
core begins to contract under its own gravity. The contraction increases the
core’s temperature, and if the star is heavier than 0.5 M⊙, the temperature
rises to about 108K, triggering the next stage of nuclear fusion: helium
burning. In helium burning, the triple-alpha process fuses three helium
nuclei into carbon. During the helium burning, as 12C accumulates in the
core, it captures an α particle to produce 16O. On the other hand, If the star
is lighter than 0.5 M⊙, its core temperature does not reach 108 K, preventing
nuclear fusion and resulting in the formation of a white dwarf. However, it
is believed that white dwarfs composed of helium do not exist in the present
universe because stars with such low mass would have lifetimes longer than
the current age of the universe.

After helium in the core runs out due to the triple-alpha reaction, the
core begins to contract again. However, if star is lighter than about 8 M⊙,
its core is supported by electron degeneracy pressure and does not reach the
temperature required to ignite carbon-carbon fusion (carbon burning). As
a result, the outer layers, which contain synthesized carbon and oxygen, are
ejected, leaving behind a white dwarf composed of carbon and oxygen.

On the other hand, massive stars heavier than 8 M⊙ proceed to sub-
sequent stages of evolution, which involve the burning of heavier elements
such as carbon and oxygen. If the stars are sufficiently massive, they even-
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tually reach to the synthesis of elements up to iron. However, since iron
cannot release energy through nuclear fusion, it marks the end of the stellar
fusion process. As a result, gravitational contraction accelerates, leading to
a supernova explosion. During the explosion, elements heavier than iron are
produced via the r-process, and the outer layers of the star are ejected into
space. The materials ejected by supernova explosions enrich the interstellar
medium, where they contribute to the formation of the next generation of
stars and planets.

1.1.3 Heavy Element Nucleosynthesis

Supernova Nucleosynthesis

Supernova explosions occur during the final stages of the evolution of mas-
sive stars heavier than 8M⊙. During the gravitational collapse of the stellar
core, an extremely high-temperature and high-density environment is cre-
ated, triggering a supernova explosion where elements heavier than iron are
synthesized. The extreme physical conditions in supernovae enable nucle-
osynthesis processes that do not occur during normal stellar evolution.

Approximately half of elements heavier than iron are synthesized through
the rapid neutron-capture process, known as the r-process. In the r-process,
intense neutron flux leads to the rapid successive capture of neutrons by
nuclei, forming neutron-rich unstable nuclei. These nuclei capture addi-
tional neutrons before undergoing β decay, resulting in the formation of
extremely neutron-rich unstable isotopes. Subsequently, these unstable nu-
clei undergo a series of β decays, producing heavy elements such as gold (Au)
and uranium (U). The r-process is the primary mechanism explaining the
cosmic origin of many heavy elements in mid-shell regions between neutron
magic numbers. Recent observations, such as the neutron star merger event
GW170817 [10], have confirmed its occurrence.

On the other hand, proton-rich nuclei (called p-nuclei) are synthesized
through the rapid proton capture process, known as the rp-process. In this
process, nuclei rapidly capture protons under extremely high proton flux
conditions, repeatedly undergoing β+ decay and proton capture to increase
their mass. However, the rp-process is limited by α decay, preventing the
synthesis of nuclei heavier than 104Te.

Furthermore, the p-process can also occur through photodisintegration
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reactions (γ, n) involving neutron-rich nuclei initially produced in the r-
process, leading to the synthesis of p-nuclei heavier than A = 104. In the
extreme environments of supernova explosions, there multiple nucleosynthe-
sis processes can occur simultaneously, leading to the production of a wide
variety of elements.

s-process

The slow neutron capture process (s-process) is another primary nucleosyn-
thesis mechanism for synthesizing elements heavier than iron. This process
occurs mainly during the asymptotic giant branch (AGB) phase of stellar
evolution, within the helium-burning layers of red giant stars. A important
feature of the s-process is that the timescale for neutron capture is much
longer than the timescale for β decay. This allows nuclei to evolve along the
neutron-rich side of the ”valley of stability” up to 208Pb.

In the s-process, neutrons are primarily supplied by the (α, n) reactions
of 13C and 22Ne. The neutron flux produced by these reactions is relatively
low, and the stable conditions inside the star enable a stepwise capture of
neutrons by nuclei. When a nucleus captures a neutron and becomes unsta-
ble, it undergoes β decay, increasing its proton number and transforming
into a heavier element. The s-process begins with seed nuclei, primarily
56Fe, which capture neutrons successively to produce elements up to 208Pb.
This series of reactions efficiently produces stable heavy elements around
the neutron magic numbers. The s-process accounts for approximately 50%
of the elements heavier than iron observed in the universe. Therefore, the
neutron capture cross-sections of stable isotopes involved in the s-process
have been systematically studied [11].

1.2 Triple-alpha Reaction

The triple-alpha reaction plays an important role in nucleosynthesis because
it is the only process that can produce 12C from light elements beyond the
A = 5 and 8 bottlenecks. Because the triple-alpha reaction is a three-body
reaction, it proceeds much more slowly than many other fusion reactions.
Therefore, the triple alpha reaction is an important factor in determining
the overall speed of heavy element synthesis in stars.
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As proposed by Salpeter in 1952 [12], the triple-alpha reaction is de-
scribed by a two-step nuclear reaction. First, two α particles fuse to form
the 8Be resonance state. Although 8Be has an extremely short lifetime of
10−16 seconds, it can occasionally capture a third α particle before decaying
back into two α particles, leading to the formation of the 3α resonance state
as an excited state of 12C. Most of these 12C resonance states decay back to
the original three alpha particles. However, with a slight probability, the ex-
cited 12C nucleus de-excites to its ground state, resulting in the production
of stable 12C.

At typical stellar temperatures of 108 K, the triple-alpha reaction pro-
ceeds mainly through the Hoyle state, the 0+2 state at Ex = 7.65 MeV of 12C.
The Hoyle state lies only 0.28 MeV above the 3α breakup threshold, making
it critical for enhancing the reaction rate in stellar interiors. Furthermore,
in extremely high-temperature environments exceeding 109 K, recent stud-
ies have reported the importance of higher-lying states such as the 2+2 and
3−1 states, which also contribute significantly to the nucleosynthesis in the
universe [3, 13].

1.3 Hoyle State

The triple-alpha reaction in stellar interiors is significantly enhanced by
a resonance reaction. In this context, Fred Hoyle predicted the existence
of a resonance state in 12C at an energy level suitable for promoting the
triple-alpha reaction reaction, which was later experimentally confirmed [14,
15]. The prediction and discovery of this state was considered a significant
achievement in both astrophysics and nuclear physics, and was later named
the “Hoyle state” [16].

1.3.1 Historical Background

The process of 12C production via the triple-alpha reaction had been dis-
cussed and theoretically calculated even before Hoyle’s prediction of the
resonance state [17]. However, stellar model calculations at that time re-
vealed that the triple-alpha reaction was an extremely rare process, and
astrophysicists to propose various theoretical hypotheses to resolve this is-
sue.
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In 1953, Fred Hoyle explored the significance of resonance reactions in
nucleosynthesis from carbon to nickel, and predicted the existence of a reso-
nance state near the alpha-particle decay threshold of 12C [15]. Furthermore,
in 1957, Hoyle and Schwarzschild conducted calculations of stellar evolution
from the main sequence to the red giant phase based on the triple-alpha
reaction rates known at the time [18]. This paper systematically demon-
strated the process of heavy element synthesis within stars by comparing
theoretical predictions with experimental results. However, these calcula-
tions indicated that the 12C produced by the triple-alpha reaction would
rapidly convert into 16O, leaving little 12C remaining in the stellar core. To
address this issue, Hoyle argued that the production rate of 12C through the
triple-alpha reaction needed to be at least comparable to or greater than the
rate of 12C consumption via alpha capture leading to 16O formation. This
calculations supported his earlier prediction for the resonance state [15].

On the other hand, a great deal of work was done by nuclear physicists
on the energy levels of 12C. Their main interest was whether A = 4N nuclei
show an α cluster structure. It had long been known that the alpha particle
has the highest binding energy, and other A = 4N nuclei were also known to
have similarly high binding energies. Thus, a key question was whether these
nuclei were composed of equal numbers of protons and neutrons or multiple
alpha clusters. In particular, the detailed energy level structure of 12C was
investigated to determine whether its excited state could be described as a
resonance state consisting of three alpha particles. In 1953, the same year
Hoyle made his prediction, Wenzel et al. reported the observation of a reso-
nance state at 7.68 MeV in 12C using the 14N(d, α)12C reaction [14]. Further
investigations involving gamma-ray coincidence measurements [19] provided
a detailed determination of the energy level structure of 12C, including the
Hoyle state. Moreover, the angular distributions of differential cross sections
obtained by electron inelastic scattering [20] were analyzed, suggesting that
the spin and parity of the Hoyle state were 0+. Around the same period,
Millar et al. used nuclear emulsions to observe the motion of 8Be emitted
from the photodisintegration of 12C, reporting a lifetime of (5±1)×10−14 s.
This lifetime was found to be approximately 106 times longer than the typ-
ical crossing time of 8Be and an alpha particle, confirming that the second
step of the triple-alpha reaction could sufficiently occur [21].

These series of studies provide strong evidence for the existence of the
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Hoyle state and its important contribution to the triple alpha reaction, and
are widely accepted as major achievements in both nuclear physics and as-
trophysics [16].

1.3.2 Decay Width of the Hoyle State

The level scheme of 12C currently known is shown in Fig. 1.3.1. The Hoyle
state (Ex = 7.65 MeV) lies 0.28 MeV above the 8Be + α threshold, which
corresponds to the peak of the Gamow window at a typical stellar tempera-
ture of 2.5×108 K [22]. At higher temperatures exceeding 109 K, the Gamow
window shifts to higher energies, making higher excited states, such as the
3−1 state shown in Fig. 1.3.1, more significant. Almost all of the Hoyle state
undergoes α decay. However, it also exhibits rare electromagnetic decay
modes, including γ decay (0+2 → 2+1 → 0+1 ) and positron-electron (e+e−)
pair decay (0+2 → 0+1 ). The reaction rate of the triple-α process, ⟨ρv⟩, can
be expressed using the decay widths and the resonance energy Er of the
Hoyle state [23] as :

⟨ρv⟩ ∝ ΓαΓrad

Γ
× T

−3/2
9 exp

(
−11.605Er

T9

)
. (1.1)

Here, Γ, Γα, and Γrad(= Γγ + Γe+e−) represent the total width, α decay
width, and radiative decay width of the Hoyle state, respectively, where
Γγ and Γe+e− denote the γ decay width and the e+e−–pair decay width.
Since the radiative decay of the Hoyle state is extremely rare, it can be
approximated that Γ ≈ Γα, indicating that the reaction rate ⟨ρv⟩ is highly
sensitive to Γrad.

Direct experimental measurement of Γrad is challenging. Therefore, it
has been determined by measuring each parameter in Eq. (1.3).

Γrad =

[
Γrad

Γ

]
×
[

Γ

Γe+e−

]
× [Γe+e− ] , (1.2)

=

[
Γγ

Γ

]
×
[

Γ

Γe+e−

]
× [Γe+e− ] + [Γe+e− ] . (1.3)

Here, Γrad/Γ represents the radiative-decay probability of the Hoyle state,
while Γ/Γe+e− denotes the e+e−–pair decay probability.

The value of Γγ/Γ was extensively measured between the 1960s and 1970s
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[24–31], and a recommended value of Γγ/Γ = 4.09(11)×10−4 is provided by
the experimental compilation [1]. Details of the measurement methods are
described in Sec. 1.4.

During the same period, Γ/Γe+e− was determined by measuring the e+e−

pairs emitted from the Hoyle state using a magnetic pair spectrometer and
scintillation detectors [32–34]. Currently, a weighted average of three inde-
pendent results give a recommended value of Γe+e−/Γ = 6.7(6)× 10−6 [1].

The decay width Γe+e− has been estimated using the ratio of the elastic
to inelastic form factors obtained from electron scattering measurements of
12C, a method initially proposed by Crannell et al. [35]. Multiple measure-
ments have been reported using this technique [36–38]. The most recent
measurement in 2010 reported a value of Γe+e− = 62.3(20)µeV [39], which
has been recommended in [1].

Using these results, the radiative decay width has been calculated as
Γrad = 3.87(39) meV, which is widely accepted today. The 10% uncertainty
in Γrad is primarily due to discrepancies among the individual measurements
of Γe+e−/Γ.

Figure 1.3.1: Level diagram of 12C
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1.4 γ-decay Probability of Hoyle State

1.4.1 Research Method

Once the existence of the Hoyle state was experimentally confirmed, the
γ decay probability Γγ/Γ actively measured, as it is a critical parameter
governing the reaction rate of the triple-alpha process. The γ decay of the
Hoyle state can be identified by detecting either the two emitted γ rays or
the surviving 12C nucleus.

γ-Detection Method

The γ-decay probability of the Hoyle state measured using the γ-detection
method is given as :(

Γγ

Γ

)7.65

=
N7.65

020

N7.65
singles × ϵ3.21 ×W 7.65

020 × ϵ4.44
. (1.4)

Here, N7.65
singles represents the total number of Hoyle states populated, N7.65

020

denotes the number of the γ-decay events where the two γ rays were detected
in coincidence, ϵ is the detection efficiency for the 4.44-MeV and 3.21-MeV γ

rays, and W 7.65
020 is the correction factor for the angular correlation coefficient

for the two γ rays.
In 1961, Alburger et al. experimentally measured the γ-decay probabil-

ity Γγ/Γ for the first time [24]. They populated the Hoyle state using the
10Be(3He, p)12C reaction and performed proton–γ–γ coincidence measure-
ments by detecting protons with a CsI detector and γ rays with two NaI
detectors. Although they reported the γ-decay probability as 3.3(9)10−4, its
systematic uncertainty is as high as about 30%. Their measurements suf-
fered from significant systematic uncertainities due to contamination of the
excitation-energy spectrum from 11B in the target and the correction factor
for the angular correlation between the two γ rays W 7.65

020 was not taken into
account.

The second measurement using the γ-detection method was conducted
in 1976 by Obst et al. [31]. They populated the Hoyle state using the
12C(p, p′)12C reaction and performed proton–γ–γ coincidence measurements
by detecting protons with a Si detector and γ rays with four NaI detectors.
Additionally, they measured the cascade γ decay (0+2 → 2+1 → 0+1 ) from the
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4.98-MeV excited state of 28Si using the same detection system. Since this
excited state decays by sequentially emitting two γ rays of 3.20 MeV and
1.78 MeV with nearly 100% probability, the relationship described in Eq.
(1.5) was obtained.

(
Γγ

Γ

)4.98

= 1 =
N4.98

020

N4.98
singles × ϵ1.78 ×W 4.98

020 × ϵ3.20
. (1.5)

By taking the ratio of Eq. (1.4) to Eq. (1.5), the γ-decay probability
Γγ/Γ can be expressed in the simplified form shown in Eq. (1.6).

(
Γγ

Γ

)7.65

=
N7.65

020

N4.98
020

×
N4.98

singles
N7.65

singles
× ϵ1.78

ϵ4.44
× ϵ3.20

ϵ3.21
× W 4.98

020

W 7.65
020

. (1.6)

Here, since ϵ3.20/ϵ3.21 ≈ 1, the gamma-ray detection efficiency for these
energies does not need to be determined. Similarly, as W 4.98

020 /W 7.65
020 ≈ 1,

the correction factor for the angular correlation between the two γ rays
can also be neglected. Thus, the advantage of this approach is that the
detection efficiencies only for the 1.78-MeV and 4.44-MeV γ rays are required
to calculate the γ-decay probability of the Hoyle state. This method has
been adopted in subsequent measurements using the γ-detection method.

12C-detection method

The radiative-decay probability of the Hoyle state measured using the 12C-
detection method is given by Eq. (1.7).

(
Γrad

Γ

)7.65

=
N7.65

12C

N7.65
singles × ϵ

. (1.7)

Here, N7.65
single represents the yield of the Hoyle states, N7.65

12C denotes the num-
ber of radiative decays where a surviving 12C was detected in coincidence, ϵ
is the coincidence detection efficiency for the scattered particle and surviving
12C. In general, compared to the γ-detection method, this method detects
only charged particles, resulting in higher detection efficiency. Therefore,
a lot of measurements using the 12C-detection method were conducted in
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1960s and 1970s [25–30].
A difficulty of this method is the treatment of significant background

caused by 3α-decay events of 12C and neutron emission events from 13C

contaminants in natC target. In 1960s, two experiments were conducted
using the 12C-detection method [25, 26]. They populated the Hoyle state
using the 14N(d, α)12C and 10B(3He, p)12C reactions respectively, and both
the scattered particle and the surviving 12C were detected with Si detectors.
To reduce the background from 3α decay, the surviving 12C was momentum-
analyzed by the magnetic spectrometer before detecting. Although both
experiments successfully eliminated most of the α-particle background using
momentum analysis and ToF measurements, background events of 11B and
13C due to target contamination remained. The excited state of 13C at
Ex = 7.67 MeV decays by neutron emission, transforming into 12C, which
can be detected in coincidence with the scattered particle. The kinematics
of this state are very similar to those of the Hoyle state, and the angular
resolution of these experiments was insufficient to separate them. As a result,
the measurement of N7.65

12C suffered from significant systematic uncertainties.
In the measurements conducted during the 1970s, the 12C(p, p′)12C and

12C(α, α
′
)
12
C reactions were used [27,28,30]. The scattered particle and the

surviving 12C were detected using Si detectors. Compared to Ref. [25, 26],
the angular resolution was improved by positioning the detectors further
from the target. As a result, although the 13C background could not be
completely eliminated, the high signal-to-noise ratio (S/N) allowed for pre-
cise measurements.

It should be noted that the 12C detection method provides the radiative-
decay probability while the γ-ray detection method directly gives the γ-
decay probability. The radiative-decay probability is the sum of the e+e−

pair-production-decay probability and γ-decay probabilities as Γrad/Γ =

Γe+e−/Γ + Γγ/Γ. The e+e− pair-production-decay probability was recently
reported as Γe+e−/Γ = 8.2(5)× 10−6 [40] whereas Γe+e−/Γ = 6.7(6)× 10−6

was adopted in the previous compilation [1]. The weighted averaged value
between these two values of Γe+e−/Γ = 7.6(4) × 10−6 was used to deduce
Γγ/Γ from Γrad/Γ in this work.
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Summary of the Previous Measurements

A summary of the previous experimental results is presented in Fig. 1.4.1.
In the 1960s, the first measurements of the γ-decay probability Γγ/Γ were
affected by significant experimental uncertainties due to several technical
difficulties. However, by the 1970s, improvements in measurement tech-
niques allowed for more precise determinations of Γγ/Γ, yielding consis-
tent results with each other. Therefore, the recommended value of Γγ/Γ =

4.09(11)×10−4 provided by the experimental compilation [1] has been widely
accepted.

Figure 1.4.1: Summary of the measured Γγ/Γ values in 1960s and 1970s. In
addition, new striking data by kibedi ware also plotted.

1.4.2 Recent Measurements

Recently, the radiative decay probability was re-measured by Kibédi et al.
using the detection of two γ rays from the cascade decay of the Hoyle state
populated by the 12C(p, p′)12C reaction [2]. The newly reported value of
Γγ/Γ = 6.1(6)× 10−4 is approximately 50% higher than the literature value
from Ref. [1]. They employed the same experimental and analytical tech-
niques as Obst et al. [31], with improved gamma-ray detection efficiency and
energy resolution compared to previous experiments. The reason for the sig-
nificant discrepancy in the measured Γγ/Γ remains unclear. Kibédi et al.
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claimed that the 12C-detection method might not be suitable for determining
the γ-decay probability, as high counting rates could introduce accidental
coincidences from the 3α decay, complicating coincidence measurements.

1.4.3 Aim of This Research

The purpose of this research is to solve the recently reported discrepancy in
the γ-decay probability of the Hoyle state. Previous studies employed the
two completely different methods, suggesting systematic differences between
the two methods might arise.

In this study, we will conduct the first experiment combining the 12C-
detection method using a Si detector and the γ-detection method using the
ROSPHERE gamma-ray spectroscopy array. To address the statistical limi-
tation of the γ-detection method, the Si detector will be placed closer to the
target to increase the yield. Although placing the Si detector closer to target
will prevent the use of the ToF method, coincidence measurements with the
γ rays are expected to effectively suppress background events from 3α decay
and 13C contaminants. Additionally, the use of a DC beam is expected to
suppress accidental coincidence events, addressing the issue highlighted in
Ref. [2].

This novel approach, which directly compares the systematic differences
between the two detection methods, aims to conclusively solve the puzzle
about the γ-decay probability of the Hoyle state.



Chapter 2

Development of PSD method
with Si detector

2.1 Aim of Research

In nuclear experiments, the identification of emitted particles is an essen-
tial process. Currently, two methods are widely used for the identification of
charged particles: the E-∆E method and the Time-of-Flight (ToF) method.
The E-∆E method involves injecting charged particles into both a trans-
mission and a non-transmission detector, and identifying particles by using
energy correlations in both detectors. While this method provides good
particle identification capability for particles that can penetrate the first de-
tector, it can not be applied to low-energy particles that can not penetrate
the first detector. In the measurement of nuclear reactions related to astro-
physical phenomena, it is necessary to discriminate low-energy protons and
α particles from other particles. For example, a 3 MeV α particle penetrates
to a depth of only about 12 µm in Si. It is challenging to prepare a large-area
detector thin enough for such low-energy particles to pass through. On the
other hand, the ToF method determines particle mass by using a correlation
between the detected energy and the time it takes for a particle to travel
from the reaction point to the detector. However, to achieve high particle
identification (PID) resolution with the ToF method, it is necessary to have
a sufficiently large distance between the target and the detector. In such
cases, the solid angle of the detector is significantly reduced, making it diffi-
cult to apply this method to experiments with limited statistics. Therefore,

20
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conventional particle identification methods pose challenges when attempt-
ing to detect and identify low-energy charged particles with a large solid
angle, which makes it difficult to conduct certain physics experiments.

To overcome the limitations of conventional PID methods, this research
focuses on particle identification based on waveform analysis using Si detec-
tors. In this method, differences in the signal waveforms output from the
detector are used to identify the type of particles. In recent years, several
studies have demonstrated the usefulness of particle identification using en-
ergy and waveform information measured by detectors [41–44]. Additionally,
the advancement of digitizing modules and DAQ systems has made it easier
to implement waveform analysis methods in nuclear experiments Given this
background, waveform analysis methods may offer a novel solution to chal-
lenges previously considered difficult to address with conventional methods.

The aim of this study is to explore experimental setups that achieve
optimal particle identification performance and validate waveform analysis
methods as a basis for applying these techniques in future experiments.

2.2 Principle of Si Detectors

2.2.1 Properties of Semiconductors

In materials with a crystal structure, the energy levels that electrons can
occupy form a band structure consisting of three regions: the valence band,
the forbidden band, and the conduction band. The valence band refers
to energy levels where electrons are tightly bound to specific crystal sites,
while the conduction band refers to energy levels where electrons can move
freely through the crystal. The energy gap where no electrons exist between
these two bands is called the forbidden band. Semiconductors have a narrow
forbidden band width of about 1 eV, allowing electrons to be easily excited
to free electrons, which makes them useful as radiation detectors.

Doping impurities to a semiconductor alters its energy band structure.
When a pentavalent impurity is doped to tetravalent Si, one extra electron
is introduced, forming impurity levels near the conduction band within the
forbidden band, which raises the Fermi level of the semiconductor. Con-
versely, when a trivalent impurity is doped, one electron in the valence
band is missing, forming impurity levels near the valence band within the
forbidden band, which decrease the Fermi level of the semiconductor. Semi-
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conductors doped with pentavalent and trivalent impurities are referred to
as N-type semiconductors and P-type semiconductors, respectively.

2.2.2 PN Junction

When a P-type semiconductor and an N-type semiconductor are joined,
holes move to the N-type semiconductor, and electrons move to the P-type
semiconductor. This movement of carriers continues until the Fermi levels of
the P-type and N-type semiconductors are aligned at the junction interface.
Due to this charge movement, the N-type semiconductor becomes positively
charged, and the P-type semiconductor becomes negatively charged. As a
result, a contact potential Vc develops across the PN junction, forming a
depletion layer where no free carriers exist (upper left of Fig. 2.2.1). When
radiation enters this region, electrons are excited from the valence band to
the conduction band, generating electron-hole pairs that can be read out by
the electric field. Applying a reverse bias voltage to the PN junction causes
the carriers to overcome the potential barrier at the junction and recombine,
which extends the depletion layer (right of Fig. 2.2.1). The voltage at which
the entire detector becomes a depletion layer is called the full-depletion
voltage. At this voltage, the entire detector becomes a sensitive region,
allowing accurate readout of the energy of the incident radiation.

2.2.3 Structure of Si Semiconductor Detectors

Simply pressing a P-type semiconductor and an N-type semiconductor to-
gether does not work effectively because the junction interface will have
gaps larger than the lattice spacing. In general, Si semiconductor detectors
are constructed by doping an N-type (or P-type) bulk semiconductor with
a high concentration of P-type (or N-type) impurities. The doped surface
is referred to as the Junction surface, and the opposite surface is called the
Ohmic surface. When electrons move toward the P-type side forming a de-
pletion layer, the carriers distribute deep into the bulk side becuse the bulk
side has a low concentration of carriers. As a result, the spatial charge ρ(x),
potential ϕ(x) , and electric field E(x) distributions along the depth of an
Si detector are represented as shown in Fig. 2.2.1, forming a non-uniform
electric field within the detector.

When a charged particle enters a fully depleted Si detector, electron-hole
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Figure 2.2.1: Spatial charge distribution ρ(x), electric field E(x), and po-
tential distribution ϕ(x) along the depth of an Si detector. The left diagram
shows a P-type impurity doped into an N-type bulk semiconductor. The
right diagram illustrates the expansion of the depletion layer when a reverse
bias voltage is applied.
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pairs are generated along its trajectory. Due to the internal electric field,
the electrons and holes move to the electrode, and the signals are read out.
At this time, the energy loss of the charged particle follows the Bragg curve,
reaching a maximum just before the particle comes to stop. Therefore, the
output signal waveform of the Si detector is strongly correlated with the
magnitude of the electric field near the stopping position of the particle.
Since the electric field near the Junction surface is stronger compared to the
Ohmic surface, charge readout is faster, resulting in superior time resolution.
For this reason, conventional experiments using Si detectors generally inject
particles from the Junction surface. On the other hand, it is expected that
the waveform differences between particle types will be more significant at
the Ohmic surface due to the smaller internal electric field. In the following
chapters, the Junction surface will be referred to as the Front surface, and
the Ohmic surface will be referred to as the Rear surface.

2.3 Study of Waveform Characteristics of Si De-
tector

As the first stage in the development of a Pulse Shape Disctimination (PSD)
method based on waveform analysis, we investigated the waveform charac-
teristics of the Si detector. The experiment was conducted using the tandem
electrostatic accelerator at Kobe University, where waveforms of 3 MeV pro-
tons (p), deuterons (d), and α particles were obtained. By comparing the
different types of Si detectors, particle incidence surface, and preamplifier
combinations, we explored the optimal experimental setup for achieving ef-
fective particle identification.

2.3.1 Test Experiment

The experiment was carried out from October 26 to November 1, 2020, at
the p45 beamline of the Kobe University tandem electrostatic accelerator
facility. In this experiment, a tandem Van de Graaff electrostatic acceler-
ator with a maximum terminal voltage of 1.7 MV was used to irradiate a
target with 3.03 MeV p and d beams. A 0.17 µm gold foil was used as the
target, and scattered particles were detected by the Si detector via Ruther-
ford scattering. Additionally, a triple-mixed α source owned by Research
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Center for Nuclear Physics (RCNP) was placed at the target position, and
the emitted α particles were directly incident on the Si detector for detec-
tion. The α particles emitted from 148Gd in the triple-mixed source have
an energy of 3.182 MeV, which is approximately equal to the energies of the
p and d beams accelerated by the tandem electrostatic accelerator. The Si
detector was placed at 180 mm from the target and at an angle of 30 degrees
relative to the beam axis. The output signals from the detector were ampli-
fied by two charge-integrating preamplifiers, and waveforms were recorded
using CAEN V1730SB 500 MS/s flash digitizers. To generate triggers, the
signal from the Rear surface was split into two and input into the MSCF-16.
By adjusting the Constant Fraction Discriminator (CFD) threshold in the
MSCF-16, triggers were set to be generated when one or more particles with
energies above 1 MeV were detected. When a trigger signal was input to the
V1730SB, waveform data for all channels were recorded over a period of 8
µs.

To achieve optimal particle identification performance, measurements
were conducted by varying the particle incidence surface (Front, Rear), the
type of Si detector (Nomal and NTD), and the type of preamplifier (MPR-
16, A1442B). The particle identification performance for each combination
was compared. Table 2.1 shows the four experimental setup combinations.

Table 2.1: Experimental setup combinations which used the test experiment
Incident side Si type Preamplifier

(a) Rear NTD-Si A1442B
(b) Front NTD-Si A1442B
(c) Rear Normal-Si A1442B
(d) Rear NTD-Si MPR-16

2.3.2 NTD–Si

Neutron Transmutation Doping (NTD) is a method for producing N-type
semiconductors by placing a Si single crystal in a nuclear reactor and irradi-
ating it with neutrons for a specific period. Natural Si single crystals consist
of three isotopes: 28Si (92.23% natural abundance), 29Si (4.67%), and 30Si
(3.10%). When neutrons irradiate this crystal, the 30Si(n, γ)31Si(β)31P reac-
tion produces 31P within the crystal, uniformly doping the crystal with 31P,
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an N-type impurity. The N-type semiconductor material produced by this
method is called NTD–Si and exhibits a crystal uniformity that cannot be
achieved by conventional impurity-doping methods. Non-uniformity of N-
type impurities can distort the electric field distribution within the detector
and potentially affect the output waveforms. Therefore, in this experiment,
we compared the performance of NTD-type and Normal-type Si detectors
of the same design and evaluated the usefulness of NTD-Si in waveform
analysis.

Figure 2.3.1 shows a schematic diagram of the MMM-design double-sided
Si strip detectors used for PSD testing, manufactured by Micron Semicon-
ductor Ltd. The readout electrodes are divided into 16 arc-shaped strips on
the Front surface and 8 radial strips on the Rear surface. The perimeter of
the detector is surrounded by a thin electrode called a guard ring. In the
below discussion, the largest strip on the Front surface is referred to as Ch
0, and the smallest strip as Ch 15. On the Rear surface, the strip closest to
the bonding wire of the guard ring is referred to as Ch 0, and the farthest
strip as Ch 7.

Figure 2.3.1: Schematic diagram of the Si detector. The Junction surface
(left) is divided into 16 arc-shaped strips, and the Rear surface (right) is
divided into 8 radial strips.

2.3.3 Preamplifier

In this experiment, two types of charge-integrating preamplifiers were used:
the MPR-16 manufactured by Mesytec and the A1442B manufactured by
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CAEN. The specifications of the preamplifiers used for the measurements are
shown in Table 2.2. The gain of the preamplifiers was set to 160 mV/MeV
and 100 mV/MeV, respectively, and signals from both surfaces of the Si
detector were input. The bias voltage for the Si detector was applied to the
detector surface via the preamplifier, while the rear surface of the detector
was grounded by shorting the voltage input terminal of the preamplifier to
50 Ω.

Table 2.2: Specifications of the two preamplifiers used in the measurements.
Mesytec CAEN
MPR-16 A1442B

Output amplitude 0 to ± 4 V 0 to ± 4.5 V
Gain 160 mV/MeV 100 mV/MeV

Polarity inverted not inverted
Number of channels 16 32

Rise time 12 ns @ 0pF <10 ns @ 0 pF
Decay time 25 µs 50 µs

Vias Voltage ± 400 V max ± 400 V max

2.4 Digital Signal Processing

2.4.1 Noise Filtering

Figure 2.4.1 shows the waveform of the α particle obtained from Ch 8 on the
Front surface of the NTD–Si detector using the setup in Table 2.1(d), along
with the histogram of the peak ADC values. The average signal level in the
time window between 600 and 800 ns was defined as the baseline for each
event, and the value corresponding to the maximum difference between the
ADC channel and tje baseline was defined as the peak amplitude. Under
these conditions, the energy resolution for the 3.18 MeV α particle from
148Gd was 1.8% (sigma).

Next, we attempted to improve the energy resolution by introducing
digital signal processing. In conventional experiments without waveform
analysis, the Si detector signal is amplified by a preamplifier, and noise
reduction is performed by selecting specific frequency bands using a CR–
RCn shaping circuit. In this study, a Finite Impulse Response (FIR) filter
was introduced to implement the CR–RCn circuit in software. The FIR



CHAPTER 2. DEVELOPMENT OF PSD METHOD WITH SI DETECTOR28

Figure 2.4.1: Signal waveform of Ch 8 on the Front surface of the Si detector
amplified with the Mesytec MPR-16 (left) and the histogram of the peak
ADC channels (right).

filter applies convolution to the input signal x[n] with a filter length N to
produce the output signal y[n]:

y[n] =

N∑
k=0

h[k]x[n− k] (2.1)

Here, h[k] represents the weights applied to each input signal, allowing for
signal processing with specific frequency characteristics by appropriately set-
ting these weights. The parameters necessary for filter design were obtained
using a web-based digital filter design program developed by the Yamada
Laboratory at the National Institute of Technology, Ishikawa College [45].

In this analysis, a high-pass filter (HPF) with a low cutoff frequency of
0.25 MHz and a low-pass filter (LPF) with a high cutoff frequency of 1.5
MHz were designed. Filtering was performed by applying the HPF once,
followed by the LPF three times. The filter length was set to N = 401,
and a Hamming window was used to adjust the frequency characteristics.
The Hamming window is one of the window functions used in FIR filter
design and enhances frequency resolution by emphasizing specific frequency
regions.

Figure 2.4.2 shows the waveform and histogram of the peak ADC values
after applying the filters to the signal shown in Figure 2.4.1. As a result,
the energy resolution for the 3.18 MeV α particle from 148Gd improved to



CHAPTER 2. DEVELOPMENT OF PSD METHOD WITH SI DETECTOR29

1.3% (sigma), demonstrating the effectiveness of digital signal processing for
noise reduction.

Figure 2.4.2: Waveform (left) and histogram of the peak ADC channels
(right) after applying an HPF once and an LPF three times to the signal
shown in Figure 2.4.1.

2.4.2 Development of PSD Method

In this experiment, since charge-integrating preamplifiers were used, the
differential signal of the acquired waveform is expected to reflect the current
signal of the Si detector. Therefore, waveform differentiation was performed
using a triangle filter. The triangle filter is a differentiation filter expressed
by the following equation, where the filter length L is used:

yi =

(∑L−1
k=0 xi+k

)
−
(∑−1

k=−L xi+k

)
L

(2.2)

Here, L represents the filter length, which is a free parameter that can change
the frequency characteristics of the digital filter. For subsequent analyses,
L = 20 was used to calculate the PID parameter, the value that provides
the best particle identification performance. In this analysis, waveform used
in the calculation was normalized by its maximum amplitude, setting the
signal baseline to 0 and the maximum value to 1.

Figure 2.4.3 shows the averaged differential waveforms for 5,000 events
of p, d, and α particles obtained using the MPR-16 preamplifier. It was
found that the amplitude and the rise time of the differential waveforms
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varied depending on the particle type. Therefore, the maximum amplitude
of the signal was defined as Amax and used as the PID parameter for PSD.

Figure 2.4.3: Averaged differential waveforms for p, d, and α particles ob-
tained by applying a triangle filter to the acquired waveforms. The maxi-
mum amplitude Amax is defined as the PID parameter for PSD.

The separation power Rx/y, a measure of PID capability, is defined as
follows:

Rx/y =
|µx − µy|
2(σx + σy)

(2.3)

Here, µx and σx represent the mean and standard deviation of the distri-
bution of the PID parameter for each particle, which is obtained by fitting
with a Gaussian function. When the separation power Rx/y equals 1, it
means that approximately 97.7% of the particles are correctly identified if
the two peaks of particle x and particle y follow Gaussian distributions and
have equal counts. In the subsequent analyses, the separation power will
be used to evaluate the PID performance for each setup and determine the
optimal configuration.
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2.5 Comparison of PSD Performance for Each Ex-
perimental Setup

Figure 2.5.1 shows the Amax distributions for p, d, and α particles obtained
using the four setups listed in Table 2.3. Table 2.3 presents the separation
power Rx/y calculated using Eq. (2.3). In the setup shown in Figure 2.5.1(a)
as the basis for comparison, good separation was achieved between p/α
and d/α particles with different atomic numbers Z. However, while some
differences were observed in the Amax distributions for p and d particles,
which have the same atomic number, good separation was not achieved.

Particle incidence surface

Regarding the particle incidence surface, comparing Figures 2.5.1(a) and (b)
shows that when particles are incident on the Front surface, the differences
in Amax values for each particle become smaller. When particles are inci-
dent on the Front surface, the electron-hole pairs generated by each particle
experience a stronger electric field compared to the Rear surface, resulting
in faster time response. However, due to the reduced impact of differences
in stopping positions and electron-hole pair distributions on the rise time of
the signal, waveform analysis is less effective in this case.

Type of Si detector

Regarding the type of Si detector, comparing Figures 2.5.1(a) and (c) re-
veals that when using Normal-Si, the variance of Amax increases, and suffi-
cient separation is not achieved compared to NTD-Si. This is likely because
Normal-Si has poorer crystal uniformity compared to NTD-Si, distorting the
detector’s electric field distribution and increasing variations in the output
waveform.

Preamplifier

Regarding the preamplifier, comparing Figures 2.5.1(a) and (d) shows that
the MPR-16 provides higher PID performance. This is likely because the
MPR-16 has a wider frequency bandwidth compared to the A1442B. As
shown in Figure 2.4.1(a), signals obtained using the MPR-16 exhibit a
damped oscillation structure after the initial rise. This structure does not
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appear in the setup shown in Table 2.3(a), resulting in differences in Amax

depending on the preamplifier used. Therefore, the wider frequency band-
width of the MPR-16 makes it advantageous for waveform analysis.

In conclusion, setup (d) was confirmed to be optimal for particle discrim-
ination using waveform analysis. Therefore, future experiments utilizing
waveform analysis will performed with setup (d).

Figure 2.5.1: Amax Distributions of p, d, and α particles obtained from four
setups shown in Table 2.1.

Table 2.3: Rx/y obtained from four setups shown in Table 2.1.
Rp/α Rd/α Rp/d

(a) 1.76 1.18 0.55
(b) 0.09 0.01 0.09
(c) 0.42 0.28 0.09
(d) 4.05 2.89 1.14
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2.6 Evaluation of PSD Method for Low-Energy
Particles

In the measurements conducted at the Kobe University tandem electrostatic
accelerator facility, the optimal setup conditions for PSD were determined
using 3 MeV p, d, and α particles. Subsequently, waveform information
of charged particles with continuous energies below 6 MeV was acquired,
and the PID capability was evaluated using the PSD method. In this mea-
surement, p, d, t, and α particles with continuous energies emitted from the
breakup reaction of 11B + 12C were detected by Si detectors, and waveforms
were recorded.

2.6.1 Experimental Setup

The experiment was conducted from November 3 to November 18, 2020, in
the 4th target room at the Cyclotron and Radioisotope Center (currently the
Advanced Quantum Beam Science Center) of Tohoku University. An 11B
beam accelerated to 85.9 MeV by the AVF cyclotron was irradiated onto
a 12C target with a thickness of 0.97 mg/cm2 installed in the scattering
chamber.

Since the beam energy was sufficiently high compared to the decay
thresholds of p, d, t, 3He, and α particles in 12C, various nuclear particles
were emitted through the breakup reaction. Two Si detectors were stacked
and placed behind the target to acquire the labels of the detected particles
by applying the E–∆E method. The second detector was an NTD-Si detec-
tor, similar to the one used in Sec. 2.3.1, while the first detector was also an
NTD-Si detector with a thickness of 100 µm. The Si detectors were arranged
so that the particles were incident from the rear surface. The output signals
were amplified by the MPR-16 and sent to the V1730SB digitizer. A trigger
was generated when a signal was detected on the rear surface of the second
Si detector, and waveforms for each strip were recorded for 8 µs.

2.6.2 Analysis and Results

PID using the E–∆E method was conducted for PSD. The energy corre-
lation of particles measured on the front surface of the two Si detectors is
shown in Fig. 2.6.1(a). According to the energy correlation of the two Si



CHAPTER 2. DEVELOPMENT OF PSD METHOD WITH SI DETECTOR34

detectors, p, d, t, and α particles up to 30 MeV were detected by the sec-
ond Si detector. On the left side of each structures, events where particles
penetrated both Si detectors are distributed.

For subsequent analysis, PSD was performed for low-energy patricle be-
low 6 MeV measured by the second Si detector to prevent contamination
from penetrating events. To exclude accidental coincidences, conditions were
applied to the energy and position of the detected particles. Specifically,
signals were considered to originate from the same particle if the absolute
difference between the energy measured on the front surface Ef and the rear
surface Er of each Si detector was within 0.5 MeV. Furthermore, particles
whose detection positions did not match the geometric conditions of the ex-
perimental setup were removed. Fig. 2.6.1(b) shows the E–∆E correlation
of the two Si detectors after appropriate event selection. The lines in the fig-
ure represent PID functions created to align with the correlation curves for
p, d, t, and α particles. Events were selected where the absolute difference
between dE and the PID function was within 0.2 MeV, and the particles
were labeled as p, d, t, and α accordingly.

Next, the PID parameter Amax was calculated from the signal waveforms
obtained by the second Si detector using Eq. (2.2). The correlation between
energy and Amax for Ch 8 of the second Si detector is shown in Fig. 2.6.2.
Figure 2.6.3 shows the distribution of Amax and the average waveforms of
each particle type at energies E = 3.0, 2.0, and 1.5 MeV for the Si detector.
In the energy region below 6 MeV, the event count for d and t particles
is fewer than 100 counts per 0.2 MeV, resulting in large statistical errors.
Therefore, only the data for p and α particles were used to evaluate the
separation performance.

At E = 3.0 MeV, a separation performance comparable to that in
Fig. 2.5.1 was achieved. However, as the energy decreases, the separation
performance degrades. In the energy region below 2 MeV, the peaks of p

and α particles increasingly overlap, leading to a significant deterioration
in separation power. In general, as particle energy decreases, the effect of
noise increases and separation power decreases. Furthermore, the difference
between the average waveforms of p and α particles decreases with decreas-
ing energy. At E = 1.5 MeV, there is almost no discriminable difference
between the waveforms of these particles. At lower particle energies, the
difference in the range of each particle species in the Si detector is smaller,
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and consequently the difference in the electric field at the stop position is also
smaller. For this reason, no difference in particle waveforms was observed
at low energies. Therefore, for the experimental setup used in this study,
it was concluded that PSD using the PID parameter Amax can accurately
separate p and α particles down to an energy threshold of approximately 2
MeV.

2.7 Summary of PSD development

In this chapter, PSD method for Si detectors were developed as a new PID
method to replace the E–∆E and the time-of-flight (ToF) method. By ex-
ploring experimental setups with great PID capability for low-energy light
particles, it was found that injecting particles from the rear surface of NTD-
Si detectors is essential for PSD. Furthermore, it was determined that using
a preamplifier with a wide frequency bandwidth and high sensitivity to dif-
ferences in the current signals from the Si detector for each particle type is
crucial.

In the experimental setup used in this study, sufficient separation of p

and α particles was achieved down to 2 MeV. However, using a preamplifier
with faster response characteristics could enable particle identification in
lower energy regions, indicating that further development is necessary.
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Figure 2.6.1: (a) Energy correlation measured at Ch 8 on the front surface
of the two Si detectors. (b) Energy correlation after appropriate event selec-
tion. Events around each PID function are labeled as p, d, t, and α particles.

Figure 2.6.2: Correlation between energy and Amax in the second Si detector.
The color of the dots corresponds to the colors of PID function shown in
Fig. 2.6.1(b).
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Figure 2.6.3: (a) the distribution of Amax and (b) the average waveforms of
each particle type at energies E = 3.0, 2.0, and 1.5 MeV for the Si detector.
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Experiment

To determine the γ-decay probability from the Hoyle state, we conducted
a coincidence measurement of scattered α particles, recoil 12C, and decay
γ-rays. A 4He2+ beam at 25.0 MeV was irradiated to a natural C target,
and emitted charged particles were detected using a Si detector, while γ-rays
were detected using the LaBr3:Ce and CeBr3 array (ROSPHERE). Signal
waveforms from the Si detectors were acquired with digitizers, and particle
identification was performed with the waveform analysis described in Chap.
2.

3.1 Facility and beamline

The experiment was conducted at the Horia Hulubei National Institute for
R&D in Physics and Nuclear Engineering (IFIN-HH) in Romania [46]. Fig-
ure 3.1.1 shows the tandem accelerator facility at IFIN-HH. A negative ion
beam extracted from the duoplasmatron ion source is accelerated by a ter-
minal voltage of up to 9 MV applied to the high voltage terminal located at
the center of the tandem accelerator. After conversion to positive ions via a
charge stripper at the terminal, the beam is further accelerated. This beam
is delivered to one of the seven beamlines following selection by an analyzing
magnet. In this experiment, a 4He2+ beam at 25.0 MeV was extracted by
applying a terminal voltage of 8.33 MV. The 4He2+ beam was transported to
the scattering chamber on beamline 1, where the 12C(4He,α12Cγ) reaction
was measured using a detection system described later. Since the tandem
accelerator produces a DC beam, a reduction of accidental coincidences is
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expected compared to measurements using RF accelerators.

Figure 3.1.1: Schematic view of the tandem accelerator facility at IFIN-HH

3.2 Setup around Scattering chamber

Figure 3.2.1 provides an overview of the experimental setup. A 4He2+ beam
at 25.0 MeV was irradiated to the natC target, and emitted charged particles
were detected using the Si detector, while γ-rays were detected using the
LaBr3:Ce and CeBr3 array (ROSPHERE). The details of each component
of the setup are described below.

Figure 3.2.1: Overview of the experimental setup
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3.2.1 Target

In this experiment, a target ladder as shown in Fig. 3.2.2 was prepared to
allow for easy target changes during the beamtime. The ladder holds five
target cells. Each cell is sized at 13 mm × 25 mm, with a 10 mm diam-
eter hole at the center. For the primary measurements, a natural carbon
(natC) target with a thickness of 49 µg/cm² was employed. Since natC con-
tains approximately 1% of the 13C isotope, a 13C target with a thickness
of 30 µg/cm² was used to subtract the 13C background contributions. An
empty cell (without a mounted target) was also employed to evaluate the
background originating from sources other than the target. Furthermore, a
plastic scintillator was mounted on the ladder as a viewer for beam tuning
before and during beamlime.

Figure 3.2.2: Target ladder used in the experiment. Measurements were
conducted by switching between natC, 13C, and empty targets.

3.2.2 Si detector

Scattered α particle and recoil 12C were measured with a ring-shaped double
sided Si strip detector (DSSD) Design S1 by Micron Semiconductor Ltd.
shown in Fig. 3.2.3. The inner and outer radii of the sensitive area are 24
mm and 48 mm, respectively, while the thickness is 500 µm. The junction
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side of the detector is divided into 4 sector-shape segments (segment 0–3)
with a central angle of 90◦, and each segment is divided into 16 arc-shaped
strips with a pitch of 1.5 mm. On the other hand, the ohmic side is separated
into 16 radial sectors. These radial sectors were treated as segment 4 in the
analysis. The DSSD was placed at 40-mm downstream of the target covered
θlab = 31.0◦–50.2◦ and its ohmic side faced the target for PSD. The arc-
shaped strips on the junction side were connected to read-out connectors
on the PCB board via narrow readout lines fabricated on wedge-shaped
regions on the detector surface. Therefore, when charged particles hit the
wedge-shaped regions, their positions cannot be measured correctly. This
effect was accounted for in the detection efficiency simulations conducted in
Chap. 4.

The leakage current of the DSSD was continuously monitored during
beamtime. At the beginning of the beamtime, a voltage of +170 V was
applied to the ohmic side of the DSSD, and the leakage current was approx-
imately 5 µA. However, this current gradually increased to around 8 µA
after the three-day measurement. This increase in leakage current caused a
voltage drop due to the resistor inside the preamplifier, which reduced the
effective voltage applied to the DSSD. To compensate for this, the applied
voltage was increased to +180 V in the latter part of the beamtime. After
that, the leakage current stabilized around 8 µA with small fluctuations.

Figure 3.2.3: Schematic view of the DSSD Design S1. The segment and
channel identification number of each strip was defined as shown in the
figure.
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3.2.3 ROSPHERE

The ROmanian array for SPetroscopy in HEavy ion REactions (ROSPHERE)
[47] is the large γ-ray detectors array installed in Beamline 1 at the Tandem
Accelerator Facility. ROSPHERE can be install up to 25 LaBr3:Ce and
CeBr3 units. Figure 3.2.4 shows the structure of each units. This detector
uses cylindrical LaBr3:Ce and CeBr3 crystals with a diameter of 76 mm
and a height of 76 mm, coupled with PMTs manufactured by Hamamatsu.
The crystals are shielded by two types of BGO detectors named Canberra
and Ortec. These BGO consists eight BGO crystals, each connected to a
PMT, but there readout lines are combined into one. The BGO shield works
as a Compton suppressor to eliminate unwanted γ rays that are not fully
absorbed by the LaBr3:Ce and CeBr3. Unfortunately, in this experiment,
the energy threshold for the BGO signal was set at about 0.8 MeV, which
prevented the detection of 511–keV γ rays emitted from electron-positron
pair production by high-energy γ rays. Therefore, the BGO data was not
used in this analysis.

14 LaBr3:Ce and 10 CeBr3 units were employed in the experiment. Table
3.2.3 shows the configuration of each unit used, and Figure 3.2.3 presents
an overall view of ROSPHERE modeled with Autodesk Fusion 360. CAD
files for all components used in ROSPHERE were prepared and used for
simulation in Geant4 [48].

3.2.4 Scattering chamber

For this experiment, a scattering chamber was constructed using a cylindri-
cal SUS frame with a width of 106 mm and a diameter of 220 mm, along
with two hemispherical aluminum lids. Figure 3.2.6 shows an cross-sectional
side view of the scattering chamber and equipment designed for this exper-
iment. The scattering chamber was designed to be as compact as possible
in order to increase the solid angle of ROSPHERE.

The 4He2+ beam was irradiated to the target through a cylindrical colli-
mator with an aperture of 3 mm and a length of 83 mm, positioned upstream
of the scattering chamber. To monitor the beam spot, a web camera was
installed inside the scattering chamber. This setup enables real-time mon-
itoring of the beam position on the viewer without opening the scattering
chamber.
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Figure 3.2.4: Schematic view of the detector units. LaBr3:Ce and CeBr3
crystals are covered by two types of BGO shields. Taken from Fig. 1 of
Ref. [47].

Figure 3.2.5: 3D model of the ROSPHERE assembly, created using Au-
todesk Fusion 360.
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ID Name Type BGO θ (◦) ϕ (◦) dt−det (mm)
1 +A1 LaBr3:Ce Ortec 37 0 174.7
2 +A2 CeBr3 Ortec 37 72 174
3 +A3 LaBr3:Ce Canberra 37 144 202.5
4 +A4 LaBr3:Ce Ortec 37 216 174.7
5 +A5 CeBr3 Ortec 37 288 174
6 +B1 CeBr3 Ortec 70 36 181
7 +B2 LaBr3:Ce Canberra 70 108 209.5
8 +B3 LaBr3:Ce Ortec 70 180 181.7
9 +B4 LaBr3:Ce Ortec 70 252 181.7
10 +B5 CeBr3 Ortec 70 324 181
12 C2 LaBr3:Ce Canberra 90 288 200.5
13 C3 LaBr3:Ce Canberra 90 216 200.5
14 C4 LaBr3:Ce Canberra 90 144 200.5
15 C5 LaBr3:Ce Ortec 90 72 171.7
16 -B1 LaBr3:Ce Canberra 110 36 209.5
17 -B2 CeBr3 Ortec 110 108 181
18 -B3 CeBr3 Ortec 110 180 181
19 -B4 CeBr3 Ortec 110 252 181
20 -B5 CeBr3 Ortec 110 324 209.5
21 -A1 LaBr3:Ce Canberra 143 0 202.5
22 -A2 LaBr3:Ce Canberra 143 288 174
23 -A3 CeBr3 Ortec 143 216 174
24 -A4 LaBr3:Ce Canberra 143 144 202.5
25 -A5 CeBr3 Ortec 143 72 174

Table 3.1: Configuration of LaBr3:Ce and CeBr3 units. Polar angle θ, az-
imuthal angle ϕ, and distance from target to detector dt−det of each unit
were also tabulated.
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Additionally, a target moving device was installed at the bottom of the
scattering chamber to adjust the target position. The target position in
the scattering chamber can be seamlessly adjusted with the insertion rod
attached to the target ladder. For installing this target moving device, one
LaBr3 unit at the bottom of ROSPHERE (ID:11) was removed.

Two Faraday cups were installed downstream of the DSSD. The first is
a cylindrical Faraday cup with a length of 328 mm and an inner diameter of
30 mm, and further downstream, there is a disk-shaped Faraday cup with a
diameter of 7 mm.

Downstream of the DSSD, a cylindrical Faraday cup with a length of
328 mm and an inner diameter of 30 mm, as well as a circular Faraday
cup with a diameter of 7 mm, were installed. These two Faraday cups
were electrically connected and the beam current was readout as a single
unit in this experiment. The readout beam current was input to a current
integrator, digitized, and converted into NIM signals. Then, the NIM signals
were counted to measure the total beam current.

Figure 3.2.6: Cross-sectional side view of the scattering chamber and equip-
ments.
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3.3 Signal processing and data acquisition (DAQ)
system

In this experiment, all data were acquired using flash digitizers only. Figure
3.3.1 shows a schematic diagram of the signal processing and DAQ sys-
tem used in this experiment. Signals from the DSSD were amplified using
Mesytec MPR-16 or MPR-32, and the differential signals from the preampli-
fier were converted into unipolar signals by Mesytec MDU-16. The unipolar
signals were then input into channels 2 to 15 of six CAEN V1730SB 500 MS/s
flash digitizers, and waveform data during 1,600 ns and timestamps were
acquired using the DPP-PHA firmware commercially provided by CAEN.
Meanwhile, the output signals from ROSPHERE were directly input into
two V1730SBs, where the integral values of the waveforms and timestamps
were recorded using the DPP-PSD firmware purchased from CAEN. Addi-
tionally, the NIM signals from the current integrator were input into the
available channels of V1730SB.

The signal from segment 4 of the DSSD were splitted into two lines. One
line is connected to V1730SB directly, and the other is to a Mesytec MSCF-
16 module for generating time reference signals. MSCF-16 is a multi-channel
shaping/timing amplifier with constant fraction discriminators. The thresh-
old was set around 8 MeV to eliminate low-energy α particles emitted from
the Hoyle state. Then, the 16 timing outputs were sent to a Programmable
Logic Unit V2495, where the time reference signal was generated by combin-
ing the 16 timing signals through logical OR operation. The time reference
signal was inputted to channel 0 (Ch 0) of each digitizer. In addition, the
busy signals output from each digitizers for DSSD were input into V2495
for vetoing the time reference signal.

3.3.1 Data acuisition condition

DAQ for DSSD
Data size of the waveform data acquired by the digitizers is very large, which
limits the event acquisition rate due to data transfer speed. To achieve high
event acquitision rates in the experiment, it is necessary to reduce the data
size per event. Although the DSSD has 80 strips, signals are only induced
on several strips of them. Therefore, it is inefficient to acquire waveform
data from all strips in response to one event.
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Figure 3.3.1: Schematic diagram of signal processing and DAQ system.
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To solve this problem, self-trigger mode was implemented on the digi-
tizers for the DSSD by the DPP-PHA firmware in this experiment. Each
channel of the digitizer is equipped with a digital discriminator, which gen-
erates a self-trigger signal when the input signal exceeds a certain threshold
value. The threshold value is remotely controlled, and set 0.5 MeV. When
this self-trigger signal coincides with the time reference signal on Ch 0, the
waveform of the corresponding channel was recorded. Coincidence window
between Ch 0 and any channels was set within 2 µs.

In this configuration, when a particle of 8 MeV or higher was detected
on the ohmic side, the waveform data of all channels where a particle of 0.5
MeV or higher hit were recorded.

DAQ for ROSPHERE
On the other hand, although self-trigger mode was also implemented on
the digitizers for ROSPHERE, the coincidence requirement with Ch 0 was
not applied. Consequently, all signals input to the DAQ for ROSPHERE,
including the reference signal, were independently recorded for each channel.
Synchronization of the acquired data between the DSSD and ROSPHERE
could be confirmed by matching timestamps for the time reference signal
input to Ch 0 (details are provided in Sec. 4.1). This asynchronous trigger
system allows the spare channels on the digitizers to be used as scalers.
The NIM signal from the current integrator was input into the digitizers
and counted. The details of the firmware used in V1730SB are described in
Appendix A.

3.4 Summary of the experiment

This experiment was conducted from May 22 to May 29, 2022, using natC,
13C, and empty targets. These targets were replaced in cycles of 6 hours,
1 hour, and 0.5 hours, respectively. Consequently, the total measurement
time for the natC target accumulated to 89 hours, with an average beam
current of 1.1 pnA and an average DSSD event rate of 6 kHz. The average
event rate for each LaBr3(Ce) and CeBr3 detectors of ROSPHERE was 1.5
kHz.

The beam spot on the viewer was checked in each cycle to ensure beam
spot stability. Figure 3.4.1 shows an image of the beam spot at the beginning
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of the experiment captured by the web camera. The beam spot displayed
a rectangular shape about 2.5 mm in width and 1.5 mm in height. It was
desirable for the beam spot size to be smaller than the 1.5 mm strip pitch
of the DSSD, but due to the limited time available for beam tuning, a
compromise had to be made. Therefore, the measurements were conducted
while maintaining the spot shape and size of the beam spot throughout the
beamtime.

Figure 3.4.1: An image of the beam spot at the beginning of the experiment.
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Data analysis

As described in Sec. 3.3, signals from the DSSD and ROSPHERE were
input into ten V1730SB modules, and the pulse height, waveform (only
for the DSSD), and timestamp were recorded for each channel. Details of
the firmware used in the V1730SB are described in Appendix A. Using
the obtained information on energy, time, channel number, and waveform,
coincidence events of scattered α particles and recoiled 12C were selected,
and the γ decay probability from the Hoyle state was determined using
the 12C-detection method. Furthermore, coincidence events of scattered α

particles, recoiled 12C, and γ rays were selected, and the γ decay probability
from the Hoyle state was determined using the α+12C+γ triple-coincidence
method.

4.1 Event building

First, event building was performed using timestamps. In this experiment,
time information was not acquired using a TDC. Instead, digital timing filter
processing of the acquired signals was performed internally by the V1730SB,
and the time information were output as timestamps. Therefore, all time
information in this experiment was calculated using timestamps.

As described in Sec. 3.3.1, a common reference signal was input into
Ch 0 of the V1730SB, and the coincidence of events among channels was
selected using the timestamp difference tdiff between each channel and Ch 0.
Figure 4.1.1 shows the time difference spectra of (a) the DSSD (Board 0–Ch
2) and the reference signal, and (b) the ROSPHERE (Board 6–Ch 2) and
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the reference signal. In Fig. 4.1.1(a), a peak due to true coincidence events
is observed around 600 ns, with accidental coincidence events distributed
around it. Events within 500 ns including this peak were built as the same
event. On the other hand, in Fig. 4.1.1(b), a peak corresponding to true
coincidence events was observed around −250 ns, and events within 300
ns including this peak were built. The triple peak structure observed here
originates from differences in the types of particles incident on the DSSD.

Figure 4.1.1: Time difference spectra of (a) the DSSD (Board 0–Ch 2) and
the reference signal, and (b) the ROSPHERE (Board 6–Ch 2) and the ref-
erence signal

4.1.1 Time offset correction

It was found that the time information of the built data had different offsets
for each channel. Figure 4.1.2(a) shows the distribution of the timestamp
difference tdiff between all 64 strips on the junction side of the DSSD and the
reference signal for particles with energies above the trigger threshold of 8
MeV. While the width of the distribution for each channel was around a few
nanoseconds, the position of the distribution varied for each channel. Since
the same reference signals were input into each board, the cause of the offset
was assumed to exist in the digital signal processing of each channel. As
the amplitude of this offset did not vary within a single run, time correction
was performed assuming a constant delay for each channel. Figure 4.1.2(b)
shows the tdiff distribution after correcting each channel so that the time
corresponding to the peak became 0 ns. Since the amplitude of the offset



CHAPTER 4. DATA ANALYSIS 52

varied randomly for each run, this time correction was applied to each run
individually. As a result, the time resolution of the DSSD for particles above
8 MeV obtained in this experiment was 1.5 ns (sigma).

Figure 4.1.2: Distribution of the timestamp difference tdiff between all 64
strips on the junctionside of the DSSD and the reference signal. (a) Before
offset correction, (b) After offset correction.

4.2 Data analysis of Si detector

4.2.1 Energy calibration

The energy calibration of the DSSD was performed using a triple mixed
α source consisting of 239Pu (Eα = 5.139 MeV), 241Am (Eα = 5.474 MeV),
and 244Cm (Eα = 5.789 MeV). The noise filtering process described in Sec.
2.4 was applied to the acquired waveforms, and the pulse height was used
for energy calibration. Figure 4.2.1 shows the energy spectra of α particles
emitted from the triple mixed α source measured using (a) all 64 strips on the
junction side and (b) all 16 strips on the ohmic side of the DSSD. The energy
resolution for the 5.139 MeV α particles emitted from 239Pu was 16.9 keV
on the junction side and 26.6 keV on the ohmic side. The energy resolution
was worse on the ohmic side due to the larger sensitive area per channel
and higher signal noise level compared to the junction side. During the
experiment, the leakage current of the DSSD increased from approximately
5 µA to 8 µA by the middle of the beam time, leading to an adjustment of
the bias voltage from 170 V to 180 V. Therefore, calibration data using the
α source were acquired immediately after the beam time at both voltage
settings.



CHAPTER 4. DATA ANALYSIS 53

A comparison of the pulse height of the 239Pu α source in the two voltage
settings showed that the gain shift of up to 7.1 keV.

Figure 4.2.1: Energy spectra of α particles emitted from the triple mixed α
source. (a) Sum of the 64 strips on the Junction side and (b) sum of the 16
strips on the ohmic side.

4.2.2 Determination of hit position

When a charged particle hit the DSSD, signals are induced on both the junc-
tion side and the ohmic side. By appropriately combining the signals from
both sides, the detection position of the charged particle can be determined.
The DSSD used in this experiment has the junction side divided into four
fan-shaped segments with a central angle of 90 degrees. Each segment is
further divided into 16 arc-shaped strips on the junction side and 4 strips
on the ohmic side. Based on this structure, the hit position of the particle
was determined by combining the signals from the junction and ohmic sides
for each segment.

For a given segment, let NF be the number of strips on the junction side
where signals were induced, and EF,i be the energy obtained on the i-th
strip (1 ≤ i ≤ NF). Similarly, let NR be the number of strips on the ohmic
side where signals were induced, and ER,j be the energy recorded on the j-th
strip (1 ≤ j ≤ NR). The energies EF,i and ER,j are sorted in descending
order. Since the 12C(0+2 ) state excited by the 12C(α, α′ 12C(0+2 )) reaction
almost entirely decays into three α particles [49–51], hit patterns with N ≤ 3

were considered for the analysis. Figure 4.2.2 illustrates schematic examples
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of several hit patterns for segment 0. In the subsequent analysis, an event
where NF strips on the junction side and NR strips on the ohmic side induced
signals is referred to as an NF–NR event.

Figure 4.2.2: Examples of hit patterns when one or more particles entered
segment 0. The pixels where particles hit and the strips where signals were
induced are shown in orange and yellow, respectively.

1–1, 2–2, 3–3 event (NF=NR)

As shown in Figures 4.2.2(a) and (b), when the number of hit strips on
the junction side and the ohmic side are equal, the N particles hit different
strips. Under this condition, the energies detected on the junction and ohmic
strips intersecting the pixel where the particle hit should match. Figure 4.2.3
shows the correlation of the energies detected on individual strips for (a) 1–1
events and (b) 2–2 and 3–3 events on the junction and ohmic sides. Since
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the energies EF,i and ER,j are sorted in descending order, the strips can
be paired sequentially. In Fig. 4.2.3(a), a continuous distribution up to
the beam energy of 25.0 MeV is observed, while in Fig. 4.2.3(b), many
low-energy particles below 6 MeV are detected. These low-energy particles
correspond to α particles originating from the α decay of the 12C(0+2 ) state.
The coincidence condition was set as :

|EF,i − ER,j | < 0.3MeV, (4.1)

considering the energy resolution of the DSSD. This condition was applied
to each of the N particles, and only events satisfying all conditions were
selected. As a result, 1.9% of all 1–1 events and 6.1% of all 2–2 and 3–3
events were rejected.

The characteristic structure shown in the red box in Fig. 4.2.3(a) corre-
sponds to events occurring only on Ch 0 and Ch 15 of each segment on the
junction side. Since the DSSD used in this experiment did not have a guard
ring, it is possible that a sufficient electric field was not formed at the edges
of the detector, leading to incorrect energy readings for the particles. All
these events were excluded from the data analysis by the condition described
in Eq. (4.1).

2–1, 3–1, 1–2, 1–3 event

As shown in Fig. 4.2.2(c), when multiple particles hit a single strip on one
side, the total energy on the junction side and the total energy on the ohmic
side should match. Figure 4.2.3(c) shows the correlation between the total
energy on the junction side and the total energy on the ohmic side for 2–1
and 3–1 events. Considering that the total energy on the junction side (or
ohmic side) corresponds to the sum of the energies of multiple particles for
2–1 and 3–1 events (or 1–2 and 1–3 events), the coincidence condition was
set as :

|
NF∑
i=1

EF,i − ER,1| < 0.6MeV (4.2)

|EF,1 −
NR∑
j=1

ER,j | < 0.6MeV. (4.3)

As a result, 3.7% of the 2–1, 3–1, 1–2, and 1–3 events were excluded from
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the analysis.
In the case of 2–1 and 1–2 events, a continuous structure shown in the

red box in Fig. 4.2.3(c) was observed in the energy range E = 16–18 MeV
and 20–22 MeV, corresponding to the ground state and second excited state
of 12C. These events are considered to be misidentified as 2–1 or 1–2 events
due to partial energy deposition in neighboring strips when particles hit
near the boundary of each strip in the DSSD. Therefore, among the events
satisfying the condition in Eq. (4.2), those in which signals were induced
across neighboring strips on the junction side (or the rear side) and whose
energy corresponded to the ground or excited states of 12C were treated as
single-particle events (1–1 events) in the subsequent analysis.

3–2, 2–3 event

As shown in Fig. 4.2.2(d), when three signals were detected on one side and
two signals on the other side, multiple combinations of hit positions for the
three particles were possible. Therefore, the energy ordering alone could not
uniquely determine the combination of strips where the three particles hit.

As the initial coincidence condition, the total energy on the junction
side and the total energy on the ohmic side were required to match. Figure
4.2.3(d) shows the correlation between the total energies on the junction
and ohmic sides. The coincidence condition was set as :

|
NF∑
i=1

EF,i −
NF∑
j=1

ER,j | < 0.9MeV (4.4)

Among the three particles, one particle should be classified as a 1–1
event, while the remaining two particles should be classified as a 2–1 (or 1–
2) event. The junction and ohmic hit strips were paired using the following
procedure :

1. Select any one signal from the junction side and any one signal from
the ohmic side, and apply the coincidence condition in Eq. (4.1).

2. Combine the remaining two signals on the junction (or ohmic) side
with the remaining one signal on the ohmic (or junction) side, and
apply the coincidence condition in Eq. (4.2) (or Eq. (4.3)).
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Among the all six combinations of junction and ohmic strips, the one that
satisfied both conditions was adopted. However, if multiple combinations
satisfied the conditions, the event with the smallest energy difference on the
left side of Eq. (4.2) was selected. As a result, 3.8% of the 3–2 and 2–3
events did not satisfy both conditions and were excluded from the analysis.

Figure 4.2.3: Energy correlations between the junction and ohmic sides for
various hit patterns: (a) 1–1 event, (b) 2–2, 3–3 event, (c) 2–1, 3–1 event,
(d) 3–2 event.

4.2.3 Particle identification with PSD

The waveforms output from the DSSD were recorded using a digitizer with
a sampling rate of 500 MHz for a duration of 1600 ns. To perform particle
identification, the identification parameter Amax was calculated from the
acquired waveforms using the method described in Sec. 2.4. Figure 4.2.4
shows the correlation between the energy and Amax for Segment 0–Ch 8
on (a) the junction side and (b) the ohmic side. Similar structures were
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obtained on both sides, and the events inside the colored boxes were iden-
tified as protons and deuterons (blue), α particles (red), and 12C (orange).
However, previous studies have reported that even when using NTD-Si, it
was impossible to distinguish α particles and 12C below 6 MeV [52]. In
the black box region of the figure, the discrimination between α particles
and 12C could not be achieved. The trigger threshold for this experiment
is shown by the gray dashed line in Fig. 4.2.4(b). The CFD threshold of
the MSCF-16 was set so that only α particles with energies above 8 MeV
would trigger the data acquisition. However, due to waveform differences
among particle types, the pulse height of the fast signal generated within
the MSCF-16 varied, effectively shifting the trigger threshold depending on
the particle type.

In the region above 8 MeV, a discrete structure originating from scattered
α particles emitted from the target was observed, with the corresponding
12C states indicated by the arrows in Fig. 4.2.4(b). The continuous lo-
cus in the higher Amax region above this discrete structure corresponds to
background events caused by beam particles scattered by the upstream col-
limator. Although these background particles are also α particles, they hit
the DSSD at a smaller angle than the scattered α particles from the target,
resulting in shorter signal rise times and increased Amax values.

To select scattered α particles, PID functions represented by the red
dashed lines in Fig. 4.2.4(a) were created for each strip and used in the
coincidence analysis described in Sec. 4.4.3. The particles within the black
box correspond to signals of the particles emitted from excited states of 12C,
and detected in coincidence when inelastically scattered α particles from
the target triggered the data acquisition. Since the energy of α particles
emitted from the excited states of 12C and the ground state 12C emitted
after γ decay is below 6 MeV, the waveform analysis method used in this
experiment could not distinguish between them. However PID functions
represented by the black dashed lines in Fig. 4.2.4(a) were created for each
strip to differentiate the 12C and α particles from other particles, and used
in the analysis described in Sec. 4.4.3.

As described in Sec. 3.2.2, the leakage current of the DSSD increased
during the first half of the beam time, leading to an increase in the applied
bias voltage during the latter half of the experiment. Since the waveform
characteristics of each particle are changed by both the applied bias voltage
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and leakage current, the correlation between Amax and energy was monitored
during the experiment to keep it as stable as possible by adjusting the bias
voltage. In the offline analysis, a PID function was generated for each run
to correct for the shift in Amax values, and the corrected Amax value was
defined as A

′
max.

Figure 4.2.4: Correlation between Amax and energy on the (a) junction side
and (b) ohmic side.

4.2.4 Energy spectrum obtained by DSSD

Figure 4.2.5(a) shows the energy spectrum obtained from all 16 strips of
segment 0 for events identified as scattered α particles. Since the junction
side of the DSSD is divided concentrically, the strip number on the horizon-
tal axis corresponds to the scattering angle of the α particles. In the energy
spectrum from Ch 8 shown in Fig. 4.2.5(b), peaks corresponding to scat-
tered α particles from the ground and excited states of 12C were observed.
Additionally, multiple peak structures were observed, which are considered
to correspond to scattering from 13C, 16O, and 27Al. These impurities are
suspected to have contributed to the spectrum due to the following reasons:

1. Scattering from the 1% 13C contained in the natC target.

2. Scattering from H2O adsorbed on the surface of the natC target.

3. Scattering from the edge of the target cell made of 27Al due to the
beam halo.
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The 5/2− state of 13C (Ex = 7.67 MeV) and the 2− state of 16O
(Ex = 8.87 MeV) have scattered α particle energies that are very close
to the Hoyle state of 12C at specific scattering angles, making it difficult
to distinguish kinematically. Therefore, for the 13C impurity, background
subtraction was performed using the measurement from a 13C target. For
the 16O impurity, coincidence events with recoil particles were selected, and
background events were eliminated based on the energy of the recoil par-
ticle. Since the contribution from 27Al impurities was minimal, it was not
considered in the analysis. The details of the background event subtraction
procedure are described in Sec. 4.4.3.

Figure 4.2.5: (a) Energy spectrum obtained from each strip of segment 0
and (b) energy spectrum obtained from Ch 8.

4.2.5 Correction of beam position on target

Based on the measured energies and hit positions of the scattered α par-
ticles, the excitation energy of the recoiled 12C was calculated using the
kinematics of α+12C scattering. For this calculation, the energy measured
on the junction side, which has relatively better energy resolution, was used.
The particle’s position was determined using the central coordinates of each
matrix of the DSSD.

The excitation energy spectra obtained from each strip on the ohmic side
are shown in Fig. 4.2.6(a). The peak energy varies across different strips,
indicating a position-dependent effect. Since the strips on the ohmic side
are divided radially, if the beam position on the target coincides with the
center of the DSSD, the strips should be rotationally symmetric, and the
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excitation energies should match. However, the observed shifts in excitation
energy suggest that the alignment between the beam axis and the DSSD
was not perfectly accurate or that the beam position on the target shifted
during the beam time.

Figure 4.2.6: Excitation energy spectra obtained from each strip on the
ohmic side (a) before and (b) after correcting the beam center position.

To determine the actual beam center position, a detailed analysis was
conducted. Figure 4.2.7(a) shows a schematic view of the DSSD as seen
from upstream of the beam. Assuming the center of the DSSD as the origin,
the beam center position (x, y) was systematically shifted within the range
of x = −5.0 to +5.0 mm and y = −5.0 to +5.0 mm with a step size of 0.1
mm. For each shift, the excitation energy of the ohmic side strips relative
to junction side Ch 8 was calculated. The difference in excitation energy
among the strips, Ediff , was then defined using Eq. (4.5).

Ediff = |Ex,0 − Ex,3|+ |Ex,4 − Ex,7|+ |Ex,8 − Ex,11|+ |Ex,12 − Ex,15| (4.5)

Here, Ex,i represents the excitation energy calculated using junction side
Ch 8 and ohmic side Ch i. For a one-hour run during the beam time,
the values of Ediff calculated for various beam positions are shown in Fig.
4.2.7(b). In this figure, the magnitude of Ediff is plotted along the z-axis,
and the beam center position during this run was determined as (x, y) =

(0.20mm, 2.49mm), where Ediff was minimized. Beam position analysis
was conducted for a total of 83 runs, and no systematic variations in the
beam position were observed during the beam time. Therefore, we deter-
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mined that the excitation energy deviations were due to alignment errors in
the experimental setup. The average values across the 83 runs, (x0, y0) =

(0.06mm, 2.28mm), were adopted as the beam center position for this exper-
iment. Additionally, the standard deviations (σx, σy) = (0.35mm, 0.22mm)

were considered as systematic uncertainties for the detection efficiency of the
DSSD. The excitation energy spectra obtained from each strip on the ohmic
side after correcting the beam center position are shown in Fig. 4.2.6(b).
This correction successfully aligned the excitation energies of the ohmic
strips to converge on the discrete energy levels of 12C.

Figure 4.2.7: (a) Schematic view of the DSSD from the upstream side of the
beam. (b) Magnitude of Ediff for various beam center positions.

4.2.6 Yield for the Hoyle state

The γ decay probability from the Hoyle state of 12C is given by Eq. (4.6).
Here, NH represents the number of events where 12C was excited to the Hoyle
state, Nγ is the number of events in which the excited 12C emitted two γ rays
and decayed to the ground state, ϵSi is the detection efficiency for coincidence
measurement of scattered α particles and recoiled 12C using the DSSD, and
ϵγ is the detection efficiency for emitted γ rays using ROSPHERE.

Γγ

Γ
=

Nγ

NH

1

ϵSi · ϵγ
(4.6)

In this section, we determine the total number of events in which 12C is
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excited to the Hoyle state NHoyle. Through the previous analysis, the energy
and detection position of scattered α particles were accurately determined,
and an excitation energy spectrum of 12C was generated. Figure 4.2.8(a)
shows the correlation between the excitation energy around Ex = 7.65 MeV
and A

′
max for scattered α particles. The peak structure corresponding to

the Hoyle state in the red box and several background events are observed.
On the lower excitation energy side near A

′
max = 0, a peak structure corre-

sponding to the excited states of 13C is present (blue box). On the higher ex-
citation energy side, a continuous distribution (yellow box) is visible, which
originates from the tail of broad states in the higher excitation energy region
of 12C. Additionally, in the A

′
max > 0.1 region, a continuous distribution of

background events due to α particles scattered from the upstream collimator
directly entering the DSSD is observed.

Figure 4.2.8(b) shows the A
′
max distribution for the energy range Ex =

7.4–7.9 MeV obtained during one cycle for the natC target and an empty
target. The histogram for the empty target is scaled so that the peak near
Amax = 0.032 matches in height. To maximize the yield NHoyle, it is neces-
sary to count the Hoyle state peak over the widest possible range. However,
for Amax > 0.015, the background contribution becomes significant, posing
a large systematic uncertainty for spectral fitting. To mitigate this issue,
events attributed to the Hoyle state were gated in the range Amax = −0.02

to 0.015.

Figure 4.2.8: (a) Correlation between the excitation energy of scattered
α particles around Ex = 7.65 MeV and A

′
max. (b) A

′
max distribution for

Ex = 7.4–7.9 MeV.

Figure 4.2.9 shows the result of fitting the excitation energy spectrum
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gated in the range Amax = −0.0–0.015 for the natC target. The fitting
components included a measured spectrum for the 13C target (blue line),
the empty target (green line), a Gaussian function for the Hoyle state of 12C
(purple line), and a Gaussian function for the broad higher excited state
(yellow line). The fitting was performed using two methods:

a. The measured spectra for the 13C and Empty targets were scaled to
minimize the reduced chi-square (χ2

red).

b. The spectra were scaled using the beam intensity irradiated on the
13C and Empty targets.

In both cases, all parameters for the two Gaussian functions corresponding to
the Hoyle state and the higher excited state were treated as free parameters.

Figure 4.2.9: Result of fitting the excitation energy spectrum for the natC
target. The blue, green, purple and yellow line are corresponding the 13C
target, empty target, Hoyle state, and the broad higher excited state, re-
spectively.

As a result, a better agreement was observed in Fig. 4.2.9(a), whereas
the peak structure from 13C was not reproduced accurately in Fig. 4.2.9(b).
As described in Sec. 3.4, data acquisition for one cycle required 7.5 hours
in this experiment. During a single cycle, factors such as shifts in the beam
spot and fluctuations in A

′
max could have affected the peak structure of 13C.

Therefore, method (a), which provided a better fit, was adopted to determine
the value of NHoyle. The reason for the slightly larger value of χ2

red obtained
by method (a) was that the gaussian function could not perfectly reproduce
the actual peak shape corresponding to the Hoyle state. Hence, the value
of NHoyle was obtained by subtracting the number of events corresponding
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to the fitted components for 13C, the empty target, and the higher excited
state from the total events in the range Ex = 7.4–7.9 MeV in Fig. 4.2.9(a).
The difference in NHoyle values obtained from the two fitting methods was
treated as a systematic uncertaintyσsys. in the spectral fitting for a single
data acquisition cycle.

Table 4.2.6 summarizes the results of the same analysis conducted for
a total of 15 cycles. Here, f13C and fEmpty are the scaling factors used for
the 13C and Empty target spectra in Fig. 4.2.9(a), calculated based on the
beam intensity. As a result, the total number of events in which 12C was
excited to the Hoyle state NHoyle was determined to be NHoyle = (7.63±0.09

(sys.))× 106 counts.

Cycle Charge Yield χ2
red f13C fEmpty σsys.

(nC) (counts) (%)
1 29,477 325,985 4.19 1.18 0.69 0.42
2 24,353 267,629 4.21 1.21 0.74 0.50
3 42,190 409,096 4.31 1.03 0.85 0.06
4 49,269 510,669 3.57 1.10 0.78 0.48
5 59,643 633,314 4.61 1.09 0.88 0.52
6 44,159 475,486 4.85 0.97 1.83 0.17
7 46,727 570,247 5.01 1.36 0.89 0.54
8 50,263 564,811 4.48 1.19 0.73 0.68
9 46,020 560,915 4.62 1.21 1.19 1.77
10 52,016 560,385 6.40 1.00 1.04 0.89
11 44,537 523,814 6.95 1.11 1.55 1.49
12 38,611 577,008 6.09 1.38 1.42 2.13
13 50,905 623,510 6.96 1.27 0.78 2.15
14 45,366 542,653 6.34 1.26 1.12 2.72
15 39,486 489,220 4.23 1.39 1.50 1.98

Total 663,022 7,634,742 1.17

Table 4.1: Summary of the results of the spectral fitting conducted for a
total of 15 cycles.

To simulate the detection efficiency ϵSi for the coincidence measurement
of scattered α particles and recoiled 12C using the DSSD, the differential
cross section for α+12C scattering in this experiment was determined. In
nuclear scattering experiments, the differential cross section is given by the
following equation:
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dσ

dΩ
=

Y

N0 · n ·∆Ω
(4.7)

where Y is the number of detected particles, N0 is the number of incident
particles on the target, n is the areal density of 12C nuclei in the target, and
∆Ω is the solid angle of the detector.

The DSSD used in this experiment can be divided into 256 matrices by
combining the strips on the junction and ohmic sides, allowing the number of
Hoyle state excitations to be determined for each matrix. The solid angle for
each matrix was calculated using its area and the distance between the beam
center and the center of each matrix. The total integrated beam charge of
663,022 nC and the thickness of the natC target of 49 µg/cm2 were used in
the calculations.

Figure 4.2.10 shows the angular distribution of the differential cross sec-
tion dσ/dΩ in the center-of-mass (CM) frame calculated for each matrix.
The red curve represents the result of fitting the differential cross section
with a high-order polynomial function, which was used for the simulation
of the DSSD detection efficiency described in Sec. 4.4.1. Similar analyses
were performed for the ground state and the first excited state of 12C, and
their angular distributions in the CM frame were obtained.

Figure 4.2.10: Differential cross section determined using each matrix of the
DSSD for (a) 12C(α, α′)12C(0+2 ) (b) 12C(α, α′)12C(2+1 ) (black points) and
12C(α, α)12C (red points).
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4.3 Data analysis of ROSPHERE

4.3.1 Energy calibration

For the energy calibration of ROSPHERE, a 56Co source was used. 56Co
decays to 56Fe via electron capture with a half-life of 77.27 days, emitting
γ rays with energies up to 3.6 MeV. This γ–ray source is suitable for en-
ergy calibration in the high-energy region. As described in Appendix A,
the signal waveforms acquired by the V1730SB were processed using the
DPP-PSD firmware, which calculates and outputs the integral value of the
waveform. The energy calibration was performed by fitting the peaks of
known γ rays from the QDC spectrum to determine the peak centroids and
deriving a linear conversion formula between the QDC channels and energy.
The gamma-ray energies and intensities from 56Co used for the calibration
were obtained from the National Nuclear Data Center (NNDC) [53].

Figure 4.3.1(a) shows the gamma-ray energy spectrum obtained using a
LaBr3:Ce detector (ID = 2). The peaks at Eγ = 1.238, 1.771, and 2.598 MeV
were fitted with single gaussian functions, as no nearby gamma-ray peaks
were present. However, the peak around 3.2 MeV consisted of multiple
γ rays with energies Eγ = 3.202, 3.254, and 3.273 MeV. Therefore, the
region was fitted using the sum of three gaussian functions, as shown in Fig.
4.3.1(b). The mean values and heights of the three gaussian peaks were
constrained to match the gamma-ray energies and intensity ratios listed in
Table 4.2. The same analysis was conducted for all 24 detectors, resulting
in an energy resolution for the 3.254 MeV gamma-ray of 0.94% (sigma) for
the best detector (ID = 21) and 1.49% (sigma) for the worst detector (ID
= 6).

Table 4.2: Gamma-ray energies Eγ and intensity ratios Iγ of 56Co used for
the fitting.

Eγ Iγ
(MeV) (%)
1.238 66.46
1.771 15.41
2.598 16.97
3.202 3.209
3.254 7.923
3.273 1.876



CHAPTER 4. DATA ANALYSIS 68

Figure 4.3.1: (a) Gamma-ray energy spectrum of 56Co obtained with
LaBr3:Ce detector (ID = 2) and (b) Magnified view around 3.2 MeV.

4.3.2 Correction of Doppler effect

In this experiment, as illustrated in Fig. 4.3.2, a triple coincidence measure-
ment of scattered α particles, recoiled 12C, and γ rays was performed. Since
the recoiled 12C has momentum, the energy of the γ rays emitted from 12C
is shifted due to the doppler effect. Therefore, an analysis was conducted to
correct for the energy shift caused by the Doppler effect.

Figure 4.3.2: Schematic view of the α+12C+γ triple-coincidence measure-
ment method.

Consider the case where a γ ray is emitted in the zx plane from a 12C
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nucleus moving along the z-axis with velocity v. Let E′
γ be the energy

of the γ ray in the rest frame of 12C and θ be the angle between the z-
axis and the emitted γ ray. The four-momentum of the γ ray in the rest
frame can be expressed as p′µ =

(
E′

γ

c ,
E′

γ

c cos θ,
E′

γ

c sin θ, 0
)
. The energy com-

ponent of the four-momentum after a Lorentz transformation is given by
p0 = γ

(
p′0 − v

cp
′1) , where γ is the Lorentz factor. Therefore, the energy of

the γ ray in the laboratory frame, Eγ , is described by the following equation:

Eγ = γE′
γ

(
1− v

c
cos θ

)
. (4.8)

Since the emission of γ rays from the Hoyle state of 12C is rare, the 4.44-
MeV γ ray emitted from the first excited state of 12C was used to evaluate
the Doppler shift correction. The first excited state of 12C was identified
based on the A

′
max parameter, as shown in Fig. 4.2.4. A coincidence window

of 60 ns between 12C and the γ rays was set to select the coincident γ rays.
Figure 4.3.3 shows the correlation between the angle θ and the γ ray

energy Eγ for the 4.44-MeV γ ray emitted from the first excited state of
12C before and after applying the correction described by Eq. (4.8). After
the correction, the energy resolution for the 4.44 MeV absorption peak was
evaluated for a single run. The best detector (ID = 21) achieved an energy
resolution of 0.82% (sigma), the worst detector (ID = 6) achieved 1.35%
(sigma), and the overall energy resolution was 0.97% (sigma).

Figure 4.3.3: Angular dependence of the γ-ray energy (a) before and (b)
after the doppler shift correction.
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4.3.3 Correction of gain shift

Figure 4.3.4(a) shows the time variation of the energy spectrum for the 4.44-
MeV γ ray emitted from the first excited state of 12C over a 48-hour period
from May 26 to May 27, 2022. The vertical axis represents the total number
of triggered entries, which is approximately proportional to the elapsed time.
In both days, the γ-ray energy reached its maximum in the morning and its
minimum in the evening, which is considered to be caused by temperature-
dependent variations in the scintillator’s light emission characteristics. To
correct for this effect, the linear correlation between the peak ADC and
energy obtained in Sec. 4.3.1 was adjusted by scaling the linear coefficient
for each run to ensure that the mean value of the full absorption peak
corresponded to 4.44 MeV. At this time, it was assumed that no significant
energy shifts occurred within each run.

After the gain shift correction, the time dependence of the γ-ray energy
was corrected, as shown in Fig. 4.3.4(b).

Figure 4.3.4: Time dependence of the γ-ray energy (a) before and (b) after
gain correction.

Based on this analysis, the all γ-ray spectrum for the 4.44-MeV γ ray
emitted from the first excited state of 12C was constructed for the entire
experiment. The energy resolution for the 4.44 MeV peak was determined
to be 0.94% (sigma). This result is consistent with the energy resolution for
the 4.44 MeV peak determined in a single run in Sec. 4.3.2, indicating that
the gain shift correction was successfully applied during the beam time.
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4.4 α+12C coincidence

In this section, the selection of coincidence events between scattered α par-
ticles and recoiled 12C is described to determine the number of γ-decay
events from the Hoyle state Nγ , and the detection efficiency of the DSSD
ϵSi. To eliminate background events originating from the 3α decay of the
Hoyle state, kinematic and timing conditions were applied. The detection
efficiency under these conditions was determined using Monte Carlo (MC)
simulations.

4.4.1 MC simulation

To determine the simultaneous detection efficiency ϵSi for scattered α parti-
cles and recoiled 12C with the DSSD, a MC simulation was performed. The
implemented process was described in four steps below. The parameters
used in the simulation are summarized in Table 4.3.

Step 1: α beam irradiation

In this step, the process leading up to the scattering of the α beam within
the 12C target was calculated. Initially, a 25 MeV α beam with a certain
energy and angular spread was defined just before the target. The initial
position on the incident plane was determined to reproduce the spot size
observed with the viewer shown in Fig. 3.4.1. The α beam penetrated
the target while experiencing energy loss and straggling effects at a certain
point, and scattered to the 12C. The depth of the scattering point within the
target was assumed to be uniformly distributed. The values for straggling
and energy loss in the target were calculated using the physical calculator of
LISE++ [54]. First, the energy loss of α particles in a 49 µg/cm2 natC target
was obtained for each incident energy, and a fitted formula was derived.
Next, considering that the range of the particle within the target varies
depending on the scattering point and scattering angle, the actual energy
loss values were calculated by scaling the fitted formula.

Step 2: α+12C scattering on the target

In this step, the kinematic calculations for the α+12C scattering at the
scattering point within the target were performed. The four-momentum
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of the α beam obtained in Step 1 was given as the initial value, and the
four-momentum of the scattered α particle and the recoil 12C excited to the
Hoyle state were analytically calculated for a certain scattering angle in the
center-of-mass (CM) frame. At this time, the scattering angle in the CM
frame was determined based on a weighted random distribution to reproduce
the angular distribution of the differential cross section shown in Fig. 4.2.10.

Step 3(a): γ decay of the Hoyle state

In this step, the process in which the recoil 12C excited to the Hoyle state
undergoes γ decay and exits the target was calculated. The four-momentum
of 12C obtained in Step 2 was given as the initial value, and the decay
process was calculated, where two γ rays of 3.21 MeV and 4.44 MeV were
sequentially emitted, leading 12C to its ground state. At this time, it was
assumed that the two γ rays were emitted isotropically in the rest frame of
12C. Furthermore, the 12C penetrated the target while experiencing energy
loss and straggling, and the four-momentum of 12C at the point where it
exited the target was determined.

Step 3(b): 3α decay of the Hoyle state

In this step, the process in which the Hoyle state decays into three α par-
ticles and exits the target was calculated. The Hoyle state is allowed to
decay through two mechanisms: the sequential-decay process, where an α

particle is emitted, leading to the ground state of 8Be, followed by the decay
of 8Be into two α particles, and the direct-decay process, where three α par-
ticles are emitted simultaneously. However, since the direct-decay process
is extremely rare with a reported branching ratio of < 0.043% [49–51], only
the sequential-decay process was considered in this simulation. The four-
momentum of 12C obtained in Step 2 was given as the initial value, and both
decay steps were assumed to occur isotropically in the center-of-mass (CM)
frame. Furthermore, the three α particles penetrated the target while expe-
riencing energy loss and straggling, and the four-momentum of the particles
at the point of exiting the target was determined.
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Step 4: α and 12C detection on the DSSD

In this step, the process of detecting the α and 12C emitted from the target
by the DSSD was calculated. The DSSD was defined 40 mm downstream
from the target and positioned considering the beam-center shift relative to
the center of the Si detector, as described in Sec. 4.2.5. Using the four-
momentum of each particle emitted from the target, the hit position and
energy on the DSSD were determined. At this time, due to the beam-
center shift relative to the center of the DSSD described in Sec. 4.2.5, the
center of the 16 × 16 = 256 pixels of the DSSD was taken as the particle
detection position, and the emission angle for each pixel was determined.
The detected energy on the DSSD was determined considering the energy
resolution of the DSSD to reproduce the actual experimental conditions.
However, since a thin layer of aluminum was evaporated on both sides of
the DSSD as electrodes, the charge generated by the particle in the Al layer
was not collected, making the Al electrode a dead layer. As described in
Sec. 4.4.2, the thickness of the dead layer was evaluated, and the energy
loss within the dead layer was subtracted from the detected energy.

Table 4.3: Parameters used in the MC simulation
Beam energy 25.0 MeV

Beam energy spread 0.025 MeV
Beam angular spread 0.57 deg.

X-axis spread of beam spot 0.6 mm
Y-axis spread of beam spot 0.4 mm
X-axis offset of beam spot 0.20 mm
Y-axis offset of beam spot 2.49 mm
Distance between target 40 mm

Thickness of Al layer 0.55 µm
Energy resolution 0.9%

4.4.2 Dead layer

In the DSSD used in this experiment, the dead layers consist of a 0.50 µm
(nominal value) Al electrode for signal readout and a P-type impurity B+

layer implanted on the junction side. Since the particles were incident from
the ohmic side in this experiment, the energy loss while passing through the
Al electrode on the ohmic side could not detected. Therefore, the thickness
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of the dead layer td was varied in the simulation, and the dead layer thickness
was determined by comparing with experimental data. The coincidence
events between scattered α particles and the first excited state of 12C were
used for the comparison between experiment and simulation.

Figure 4.4.1 shows the distribution of the total detected energy Etotal =

Eα +E12C (MeV). Since the beam energy in this experiment was 25.0 MeV,
the expected value should be Etotal = 25.0 − 4.44 = 20.56 MeV. However,
due to the energy loss in the dead layer on the ohmic side and the energy loss
in the natC target, the observed Etotal value decreased. The spread in Etotal

mainly originates from the angular resolution and the energy resolution RE

of the DSSD. Among the total 15 data acquisition cycles, (a) Cycle 2 with
the highest Etotal value and (b) Cycle 8 with the lowest Etotal value were
compared with the simulation. The values of td and RE were determined
by minimizing the reduced chi-square value. The red points in the figure
represent the simulated data used for the fitting.

Figure 4.4.1: Distribution of Etotal in (a) Cycle 2 and (b) Cycle 8. The red
points represent the results of spectrum fitting using simulation data.

As a result of the fitting, td was determined to be 0.52–0.58 µm, which
was systematically larger than the nominal value of 0.50 µm. This discrep-
ancy could be due to insufficient bias voltage applied to the DSSD, possibly
leaving an undepleted region near the Ohmic side. In such a case, variations
in the leakage current of the DSSD during the beam time could affect the
effective voltage applied to the DSSD, causing the mean value of Etotal to
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change cycle by cycle, making it difficult to determine the actual dead layer
thickness. Therefore, in this experiment, the actual dead layer thickness
was evaluated using the mean and standard deviation of td determined for
each cycle, resulting in td = 0.550 ± 0.025 µm. The error in td represents
a systematic error and was considered as a systematic uncertainty when
evaluating the detection efficiency in Sec. 4.4.4.

4.4.3 Event selection

When the Hoyle state of 12C undergoes γ decay (12C event), a clear kine-
matic correlation can be observed between the scattered α particle and re-
coiled 12C. On the other hand, when the Hoyle state decays into three α

particles (3α event), the decay α particles are detected over a wide area of
the DSSD. To eliminate background events originating from this 3α decay,
kinematic and timing conditions between the scattered α particle and 12C
were applied to select the 12C events.

Time correlation between α and 12C

First, among the particles detected in coincidence with the scattered α par-
ticle, only 1–1 events were used for the analysis as candidate events for the
12C event. Figure 4.4.2 shows the correlation between the detection times
tα and t12C for the scattered α particle and the candidate 12C events. The
time difference between the scattered α particle and the 12C or decay α par-
ticles is typically less than 10 ns at a typical energies. However, the actual
distribution of t12C ranged widely from 0 ns to 50 ns.

As described in Appendix A, the particle detection time in the DSSD
was obtained using a TTF filter, where the time walk due to slew effects was
already corrected, and no energy dependence on t12C was observed. However,
a moving average of 32 samples (64 ns) was applied during the preprocessing
for the TTF filter, and this large number of samples may have degraded the
timing resolution. Therefore, to avoid missing true 12C coincidence events,
the events within the red frame in the figure were selected. Additionally,
to estimate the number of accidental 12C coincidence events, the number of
events within the black frame was counted and considered in the analysis
described in Sec. 4.4.3.
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Figure 4.4.2: Correlation between detection times of the scattered α particle
and 12C

Angular correlation between α and 12C

Figure 4.4.3 shows the correlation of the polar angle θ between the scattered
α particle and (a) 12C or (b) decay α particles obtained using the simulation.
The 12C events exhibit a clear correlation, while the decay α events are
widely distributed across the entire DSSD area. To remove this background,
events within the black dashed line region shown in the figure were selected.
Additionally, 12C events located outside the region correspond to cases where
12C particles entered areas of the DSSD dedicated to signal readout, as
illustrated in Fig. 3.2.3. Since the emission angles of the detected particles
could not be accurately determined for these events, they were excluded
from the analysis.

Figure 4.4.4 shows the difference in azimuthal angle ϕ between the scat-
tered α particle and 12C or decay α particles, obtained from the simulation.
Since the scattered α particle and the recoil 12C should be detected on the
same plane, a structure around ϕ = 180◦ is expected for the 12C events.
However, due to the beam center being shifted relative to the center of
the Si detector in this experiment, peak structures were also observed near
ϕ = 165◦ and 195◦. Therefore, a gate condition of 165◦ < ϕ < 205◦ indicated
by the black dashed lines was applied to include these peaks.
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Figure 4.4.3: Correlation of the polar angle θ between the scattered α par-
ticle and (a) 12C and (b) decay α particles.

Figure 4.4.4: Difference in the azimuthal angle ϕ between the scattered α
particle and 12C or decay α particles.
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Energy correlation between α and 12C

Figure 4.4.5(a) shows the energy correlation between the scattered α par-
ticle and 12C obtained from simulations, represented by red points. The
energy correlation between the scattered α particle and one of the decay α

particles from the 3α events is shown by the black points. In the low-energy
region of 12C, the 12C events are buried under the overwhelming background
from 3α events. Furthermore, in this energy region, it was not possible to
discriminate between 12C and α particles using PSD, making the identifica-
tion of low-energy 12C events infeasible. Therefore, to ensure the detected
particle is 12C, a gate was applied to the events within the black dashed
region shown in the figure, selecting only α+12C coincidence events.

Figure 4.4.5(b) shows the energy correlation between the scattered α

particle (Kα) and the recoil particle (Kr) from the experimentally measured
coincidence events. As in Fig. 4.4.5(a), the gate condition determined from
the simulation is indicated by the black dashed lines. While a significant
number of background events from 3α decay are observed in the low-energy
region, a continuous distribution of events was also observed within the gate.

Figure 4.4.5: Energy correlation between the scattered α particle and the
recoil particle for (a) simulation. and (b) experiment.

When 12C undergoes sequential 3α decay, the relative momentum be-
tween the two α particles emitted from 8Be becomes extremely small. As
a result, multiple particles can enter the same pixel of the DSSD (multi-α
events), and the sum of the energies of multiple α particles is detected. The
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probabilities for two and three α particles entering the same pixel were de-
termined in the simulation to be 3 × 10−3 and 6 × 10−6, respectively. The
probability of a two-α event is an order of magnitude higher than the γ

decay probability of 12C.
Figure 4.4.6 shows the energy correlation between the scattered α parti-

cle and the two α particles emitted from 8Be obtained from the simulation.
The two-α events are distributed within the gate condition used to distin-
guish between single α and 12C particles, indicating that this gate condition
cannot completely eliminate two-α events.

Figure 4.4.6: Energy correlation between the scattered α particle and two
α particles from 8Be in the simulation.

Background subtraction

By applying the kinematic conditions determined in Sec. 4.4.3 to the ex-
perimental data, candidate events for the 12C events were selected. Figure
4.4.7(a) shows the correlation between the excitation energy of 12C and A

′
max

for the candidate 12C events. Within the red box in the figure, corresponding
to the region Ex = 7.40–7.90 MeV and A

′
max = -0.025–0.025, a total of 1986

candidate 12C events were observed. Additionally, a structure attributed
to 13C was observed on the low excitation energy side (blue box), while a
broader tail structure (yellow box) was visible on the high excitation energy
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side. Moreover, a structure due to multi-α events was observed in the re-
gion of larger A

′
max values. Since these three types of background could not

be removed using kinematic conditions alone, the background contribution
within the red box was determined using spectrum fitting.

Multi-α events can not be separated from 12C events using the energy
conditions determined in Sec. 4.4.3. However, it may be possible to dis-
tinguish between 12C events and multi-α events using the waveform of the
output signals from the DSSD. When the detected energy is similar, the
energy of individual α particles in a multi-α event is lower than the en-
ergy of 12C in a 12C event. Since the characteristics of the DSSD output
waveform vary depending on the particle energy, the signal waveform when
two α particles hit the DSSD may differ from the signal waveform when a
single 12C hits. Figure 4.4.7(b) shows the correlation between the detected
energy and A

′
max for Ex = 7.40–7.90 MeV. On the high-energy side, 12C and

multi-α events are completely separated. However, as the energy decreases,
the difference in A

′
max diminishes, and below 2.8 MeV, no clear separation

in A
′
max is observed.

Figure 4.4.7: (a) Correlation between the excitation energy of 12C and A
′
max,

and (b) correlation between the detected energy and A
′
max for Ex = 7.40–

7.90 MeV.

Therefore, spectral fitting was performed for recoil particle energies Kr ≥
2.8 MeV to estimate the background contribution from multi-α events. Fig-
ure 4.4.8 shows the results of spectral fitting of the A

′
max distribution for

(a) 3.0 ≤ Kr < 4.5 MeV and (b) 2.8 ≤ Kr < 3.0 MeV. Here, the 12C events
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were fitted with a Gaussian distribution shown by the purple line, while the
distribution function for the multi-α background was fitted with an expo-
nential distribution represented by the black line. However, since the actual
background distribution is unknown, not only an exponential model but also
linear and quadratic functions were used for fitting. The mean and standard
deviation of the background contribution were estimated from the results
of these fits. As a result of the analysis, the number of multi-α background
events within the red box in Fig. 4.4.7(a) was estimated to be 241±16 (sta.)
± 39 (sys.) counts.

Figure 4.4.8: Distribution of A′
max and the fitting results for (a) 3.0 ≤ Kr <

4.5 MeV and (b) 2.8 ≤ Kr < 3.0 MeV.

Next, the background contribution from 13C and the tail of the high exci-
tation energy states of 12C was evaluated. Figure 4.4.9 shows the excitation
energy distribution of 12C for A′

max = −0.025 to 0.025 in (a) 3.0 ≤ Kr < 4.5

MeV and (b) 2.8 ≤ Kr < 3.0 MeV. At this time, the number of background
events from accidental coincidences was subtracted from the spectrum. The
fitting functions used were the experimental spectrum measured with a 13C
target (blue), a Gaussian function corresponding to the Hoyle state (pur-
ple), and a broader Gaussian function corresponding to higher excited states
(yellow). The sum of these three fitting functions is shown as the red line.
To minimize the reduced chi-square value (χ2

red), the scaling factor for the
experimental spectrum obtained with the 13C target and the parameters
(centroids, widths, and heights) of the two Gaussian functions for the high-
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excitation states were optimized.

Figure 4.4.9: Excitation energy distribution of 12C fitted using spectrum
fitting for (a) Kr ≥ 3.0 MeV and (b) 2.8 ≤ Kr < 3.0 MeV.

As a result of the fitting, the number of background events from 13C and
the high-excitation state tails within the red box in Figure 4.4.7(a) was deter-
mined to be 656± 26 (sta.) and 359± 19 (sta.) events, respectively. There-
fore, the total background contribution from 13C and the high-excitation
states in the red box of Fig. 4.4.7(a) was determined to be 1015± 32 (sta.)
counts.

Based on these results, after subtracting the three background compo-
nents, the yield of 12C events in the red box of Fig. 4.4.7(a) was determined
to be: Y = 730± 57 (sta.) ± 39 (sys.) counts.

4.4.4 γ–decay probability determined with the α+12C coin-
cidence events

Coincidence detection efficiency of the α+12C pair with DSSD

By applying the kinematic conditions determined in Sec. 4.4.3 to the simu-
lation, the coincidence detection efficiency of the α+12C pair ϵSi was deter-
mined. The error in ϵSi was evaluated using the systematic uncertainty of
the dead layer.

Using the obtained ϵSi, the γ decay probability Γγ/Γ of the Hoyle state
was determined using the particle coincidence method. The parameters
used for the calculation of Γγ/Γ are summarized in Table 4.4.4. In this
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analysis, the coincidence detection efficiency significantly decreased due to
the exclusion of background 3α events. Moreover, the value of td introduced
a significant uncertainty in both the coincidence detection efficiency and
Γγ/Γ.

The obtained value of Γγ/Γ = 4.30(52) × 10−4 supports the previous
study [1]. However, the large uncertainty prevented the exclusion of either
result with sufficient confidence.

ϵSi Ytotal YH Γγ/Γ
(Counts) (Counts) (10−4)

0.219± 0.020 (sys.) 7,634,742 730 4.30± 0.34 (sta.) ± 0.40 (sys.)

Table 4.4: The obtained Γγ/Γ and parameters used for its calculation.

4.5 α+12C+γ coincidence method

In this section, the yield of triple coincidence events was determined by
selecting γ-ray coincidence events with ROSPHERE for the α+12C particle
coincidence events. The response of ROSPHERE to γ rays was simulated
using Geant4, and the detection efficiency of ROSPHERE was determined
from both experimental data and simulations. Using the obtained yield
and detection efficiency, the γ decay probability of the Hoyle state was
determined with the triple coincidence method.

4.5.1 Simulation with Geant4

To determine the γ-ray detection efficiency ϵγ in this experiment, the re-
sponse of ROSPHERE to γ rays was simulated using Geant4 [48]. Geant4
is a software framework designed to simulate particle transport through
matter. It mainly consists of the following three components. ”Primary-
GeneratorAction” defines the generation method of primary particles. ”De-
tectorConstruction” defines the geometry and materials used for the de-
tectors. ”PhysicsList” defines the physical processes of particles interacting
with matter. The structure of the Geant4 simulation used in this calculation
is described below.
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PrimaryGeneratorAction

To simulate the γ rays emitted from the Hoyle state, single-energy γ rays
of 4.44 MeV and 3.21 MeV were defined as the primary particles. A total
of NH events were generated for each γ-ray energy, with isotropic emission
from the center of the target.

DetectorConstruction

In this experiment, it was necessary to account for the attenuation of γ

rays caused by the scattering chamber placed inside ROSPHERE. There-
fore, ROSPHERE, the scattering chamber, the target ladder, the DSSD and
its readout board, and the web camera were defined in the simulation. How-
ever, the flat cables connecting the DSSD readout board to the feedthrough
were excluded from the simulation since their exact positions could not be
determined during the experiment. The flat cables contribute approximately
one-tenth the material thickness and one-fifth the solid angle compared to
the SUS chamber, making their effect negligible in the simulation.

The shapes of all objects were managed using 3D CAD software, and
CADMesh was used to import CAD files into the Geant4 geometry. CADMesh
is a library that allows the direct import of complex models created in 3D
CAD software into Geant4 geometries.

The elements used for each object were retrieved using the G4NistManager
class, which references standard elements defined in the NIST database [55].
When a compound was used for a component, it was defined by combining
the elements with the appropriate composition ratios. Table 4.5.1 shows the
density and composition ratios of the compounds used for each object.

Object Compound Density (g/cm3) Composition ratio
ROSPHERE LaBr3(Ce) 5.08 La 24.9, Br 74.6%, Ce, 0.5%
ROSPHERE CeBr3 5.10 Ce 25%, Br 75%
ROSPHERE BGO 7.13 Bi 21.1%, Ge 15.8%, O 21.1%

Chamber SUS 8.00 Fe 73.66%, Cr 18.20%, Ni 8.10%, C 0.04%
PCB board FR4 1.85 C 23.0%, O 38.5%, H 27.5%, Si 11.0%

Table 4.5: density and composition ratios of the compounds used for each
object
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PhysicsList

To simulate the electromagnetic interactions between γ rays and matter,
the ”PenelopeEMPhysics” model was used, which handles the transport of
electrons, positrons, and photons. Geant4 provides three models for electro-
magnetic interactions: ”PenelopeEMPhysics”, ”EmStandardPhysics”, and
”EmLivermorePhysics”. Previous studies have performed γ-ray detection
simulations using these models with LaBr3(Ce) and CeBr3 detectors, re-
porting minimal model dependence in the detection efficiency in the MeV
energy region [56, 57]. In the PenelopeEMPhysics model, the physical pro-
cesses for γ rays, electrons, and positrons are defined as follows:

1. γ ray : Photo electric effect, Compton scattering, Pair production

2. electron : Ionisation, Universal fluctuation, Bremsstrahlung

3. Positron : Ionisation, Universal fluctuation, Bremsstrahlung, Annihi-
lation

Here, the ”Universal fluctuation” refers to the statistical fluctuation in the
energy loss of charged particles as they pass through a material.

Event generation

In Geant4, when a generated particle moves through the simulation space, its
path is divided into multiple short segments called steps. Information such as
the particle’s position, momentum, and interactions is recorded at each step.
Therefore, the energy deposited by a particle in the scintillator is calculated
as the sum of the energy losses over all steps within the scintillator.

Figure 4.5.1(a) shows the expected energy spectrum for 4.44-MeV γ

rays detected by ROSPHERE, represented by the black line. In this en-
ergy region, the cross-section for pair production is relatively large, and the
resulting positron annihilation produces 511 keV annihilation γ rays that
may escape the detector, leading to the formation of single (double) escape
peaks. Since these annihilation γ rays are mostly absorbed by the BGO
detectors surrounding the scintillator, the single (double) escape events can
be excluded by using the BGO detectors. However, in this experiment, the
detection threshold of the BGO detectors was set around 0.8 MeV, which
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prevented this exclusion. Since the simulation did not account for the en-
ergy resolution of the LaBr3(Ce) and CeBr3 detectors, a Gaussian energy
resolution function R(Eγ) = ∆Eγ/Eγ was manually applied to the events,
and the energy spectrum obtained after applying the resolution is shown by
the red line in Fig. 4.5.1(a). The energy resolution was determined to follow
the relationship R(Eγ) ∝ 1/

√
E. In subsequent analyses, the experimental

γ-ray spectrum will be fitted using a simulated spectrum with appropriately
evaluated energy resolution to determine the yield of the γ rays.

Figure 4.5.1: (a) Simulated energy spectrum for 4.44-MeV γ rays detected
by ROSPHERE (black line) and after applying energy resolution (red line).
(b) Comparison between the experimental (black line) and simulated (red
line) 4.44-MeV γ-ray spectra.

Figure 4.5.1(b) shows the 4.44-MeV γ-ray spectrum from the first excited
state of 12C obtained from the analysis described in Sec. 4.3.3, represented
by the black line. For comparison, a simulated spectrum with an energy
resolution of 0.94% (sigma) for the 4.44-MeV γ rays was created. The re-
sults of a fitting by this spectrum with height as a free parameter are shown
by the red lines. The three peak structures and the continuous distribu-
tion corresponding to Compton scattering are well reproduced. However,
a systematic deviation can be observed in the low-energy tail of the total-
absorption peak. This discrepancy is likely due to the limitations in fully
replicating the experimental conditions in the simulation. Therefore, this
deviation was considered as a systematic uncertainty in the detection effi-
ciency for subsequent analyses.
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4.5.2 Detection efficiency of γ ray

The detection efficiency ϵγ for 4.44-MeV γ rays in ROSPHERE was deter-
mined from both experimental data and simulations. Since the decay of the
Hoyle state proceeds as 0+2 → 2+1 → 0+1 , the first emitted 3.21 MeV γ ray is
emitted isotropically relative to the beam axis. The subsequently emitted
4.44-MeV γ ray is correlated with the emission angle of the 3.21 MeV γ ray.
However, due to the isotropic nature of the 3.21 MeV emission, the angular
distribution of the 4.44-MeV γ ray relative to the beam axis also becomes
isotropic.

Figure 4.5.2(a) shows the total-absorption efficiency ϵγ,sim. for 4.44-MeV
γ rays obtained from the simulation for each of the 24 detectors. RO-
SPHERE consists of four or five detectors positioned at θ = 37◦ (+A), 70◦

(+B), 90◦ (C), 110◦ (−B), and 143◦ (−A) relative to the beam axis. The
variation in detection efficiency among detectors is primarily due to differ-
ences in the distance from the target to the scintillator (see Table 3.2.3 for
the distances). However, even for detectors placed at the same distance,
slight variations in detection efficiency were observed due to the attenua-
tion of γ rays by objects inside ROSPHERE. The simulated total-absorption
efficiency for 4.44-MeV γ rays in ROSPHERE was evaluated by summing
the detection efficiencies of all detectors, resulting in ϵγ,sim. = 2.65%.

Figure 4.5.2: Total-absorption efficiency for the 4.44-MeV γ rays obtained
for each of the 24 detectors. (a) Simulation. (b) Experiment.

Next, to estimate the detection efficiency of ROSPHERE ϵγ,exp. from
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the experimental data, the decay events from the first excited state of 12C
obtained from the analysis described in Sec. 4.3.3 were used. Figure 4.5.1(b)
shows the total-absorption efficiency for 4.44-MeV γ rays obtained for each
of the 24 detectors. Compared to the simulation results, the individual
variations caused by the setup are consistent. However, the total-absorption
efficiency for Group C, located at θ = 90◦, is lower than expected. This
discrepancy arises from the magnetic quantum number distribution in the
2+1 state, which is excited via α inelastic scattering, leading to a non-isotropic
angular distribution of the γ rays emitted from the E2 transition. It has
been reported in previous studies [34, 58] that the angular distribution of
γ rays emitted by the E2 transition can be well described by the angular
distribution function Wγ(θ) given by Eq. (4.9).

Wγ(θlab) = 1 + A2P2(cos θ) +A4P4(cos θ) (4.9)

Here, Ai represents the coefficients of the i-th order Legendre polynomial
Pi(cos θ), describing the anisotropy of the angular distribution, and θ de-
notes the emission angle of the γ rays relative to the beam axis. The angu-
lar distribution Wγ(θ) is normalized so that the average intensity equals 1.
Therefore, a scaling parameter ”k” was introduced, and kWγ(θ) was used
as the fitting function.

To properly evaluate the effect of the angular distribution due to the E2

transition, it is necessary to remove the effects of individual detector effi-
ciency variations caused by the experimental setup. Therefore, to extract the
effect of the angular distribution, the ratio of detection efficiencies between
the experimental data and the simulation (ϵγ,exp./ϵγ,sim.) was calculated.
Figure 4.5.3 shows (a) the ratio ϵγ,exp./ϵγ,sim. for each of the 24 detectors
and (b) the correlation between ϵγ,exp./ϵγ,sim. and the angle θ. This scat-
ter plot was fitted using the function kWγ(θlab), where Wγ(θ) describes the
angular distribution.

The result of the fitting, shown by the red line in Fig. 4.5.3(b), deter-
mined the angular distribution of γ rays emitted from the first excited state
of 12C as :

Wγ(θlab) = 1 + 0.077(58)× P2(cos θ)− 0.621(12)× P4(cos θ) (4.10)

The residuals between the measured ϵγ,exp./ϵγ,sim. and the fitted function
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for each detector represent the individual detector variations that were not
reproduced in the simulation. Therefore, the standard deviation of these
residuals, σ = 0.04, was considered as the systematic uncertainty in the
detection efficiency.

Wγ(θlab) = 1 + 0.077(58)× P2(cos θ)− 0.621(12)× P4(cos θ) (4.11)

By considering this angular distribution of the emitted γ rays, the detec-
tion efficiency of each detector for isotropically emitted γ rays from the
Hoyle state was evaluated. The total-absorption efficiency for the entire
ROSPHERE detector system was determined to be ϵγ,exp. = 2.41 ± 0.09%.
Additionally, the ratio of detection efficiencies between the experimental
data and the simulation was determined to be ϵγ,exp./ϵγ,sim. = 0.91± 0.03.

Figure 4.5.3: (a) Ratio of detection efficiencies ϵγ,exp./ϵγ,sim. for each of the
24 detectors, and (b) correlation between ϵγ,exp./ϵγ,sim. and the angle θ.

4.5.3 Event selection for triple-coincidence events

In the particle-coincidence method described in Sec. 4.4.3, background
events from the 3α decay were suppressed by applying energy conditions
on the recoil particles, selecting candidate events for the γ decay of the
Hoyle state. However, under these conditions, the uncertainty in the thick-
ness of the dead layer on the DSSD surface introduced significant errors in
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determining the γ-decay probability. Additionally, background events from
the excited states of 13C could not be kinematically eliminated, further con-
tributing to the uncertainty in the yield of the α+12C coincidence events.
On the other hand, since neither of these background sources emits γ rays,
they can be removed by requiring a γ-ray coincidence.

Therefore, in the analysis of triple-coincidence events, no energy restric-
tion, indicated in Fig. 4.4.5, were applied to the recoil particles. Among the
events where the Hoyle state was excited, those satisfying the angular cor-
relation conditions of the scattered and recoil particles shown in Fig. 4.4.3
and 4.4.4 and where a γ ray was detected by ROSPHERE were selected as
candidate γ decay events.

Time correlation between α and γ

Figure 4.5.4(a) shows the time difference spectrum tγ − tα between the γ

rays detected by ROSPHERE and the scattered α particles for the candi-
date γ decay events from the Hoyle state. A sharp peak corresponding to
true coincidence events was observed between the two dashed lines, while a
continuous distribution from accidental coincidence events was seen in the
other regions. The region marked by the black arrows was defined as ”true
events”, and the region marked by the blue arrows as ”accidental events”.
The γ-ray spectra for both were compared in Fig. 4.5.4(b). The accidental
event spectrum was scaled to account for the time window used for the true
events. In the true event spectrum, both the total-absorption and single es-
cape peaks of the 4.44 MeV and 3.21 MeV γ rays were observed. In contrast,
the accidental event spectrum showed a continuous background distribution
with a peak at 1.44 MeV, attributed to the self-decay of 138La.

Background estimation

By applying the α+12C+γ triple-coincidence condition, the background
events from the 3α decay of the Hoyle state and the excited states of 13C
were effectively eliminated. Figure 4.5.5(a) shows the energy correlation be-
tween the scattered α particle and the recoil particle coincident with a γ

ray in the energy range 2.6 ≤ Eγ ≤ 4.6 MeV. Compared with Fig. 4.4.5,
the single-α events originating from the continuous distribution of 3α de-
cay, previously observed inside the black box, were no longer present. On
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Figure 4.5.4: (a) Time difference tγ − tα between γ rays and scattered α
particles. (b) γ-ray energy spectra for true and accidental events.

the other hand, within the purple box, events corresponding to the excited
states of 16O (Ex = 8.87, 9.59 MeV) emitting γ rays and being detected
as triple-coincidence events were observed. These events were completely
removed by applying a gate to the region indicated by the red line in the
figure.

Figure 4.5.5(b) shows the excitation energy spectrum of the triple-coincidence
events after applying the gating condition from Fig. 4.5.5(a). The red line
represents the spectrum obtained using the natC target, while the black line
corresponds to the spectrum obtained using the 13C target. Compared to
Fig. 4.4.7, a clear peak for the Hoyle state is observed with a significantly
improved signal-to-noise ratio (S/N). Using the spectrum obtained with the
13C target, it was determined that 6 background events originating from
13C were present in the Ex = 7.4–7.9 MeV region. These background events
were subtracted from the number of triple-coincidence events obtained in
the following analysis.

Yield of triple-coincidence events

To determine the yield of triple-coincidence events, the γ-ray spectrum was
created after subtracting accidental events, and it was fitted using the sim-
ulated γ-ray spectrum. In the simulation, as shown in Table 4.2.6, it was
assumed that all Hoyle states, corresponding to the total number of excited
events NH , underwent γ decay and generated NH isotropically emitted 4.44
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Figure 4.5.5: (a) Energy correlation between the scattered α particle and
the recoil particle coincident with a γ ray of Eγ ≥ 2.6 MeV. (b) Excitation
energy spectrum of the triple-coincidence events.

MeV and 3.21 MeV γ rays, respectively. Therefore, the scaling factor of the
simulated γ-ray spectrum is proportional to the γ decay probability of the
Hoyle state.

Since the statistics of the γ rays in the triple-coincidence events were
limited, and the uncertainty in each bin was assumed to follow a Poisson
distribution, the maximum likelihood method was used for the optimization.
The definition and detailed fitting procedure using the maximum likelihood
method are described in Appendix B.

Figure 4.5.6(a) shows the experimental data and the fitted simulated
spectrum, represented by black and red lines, respectively. The simulated
spectrum includes both the 4.44 MeV and 3.21 MeV γ rays. The fit was
performed within the energy range of Eγ = 2.6–4.6 MeV, indicated by the
shaded gray region. The log-likelihood function logL was calculated while
varying the scaling factor f of the simulated data. The results are shown
in Fig. 4.5.6(b). By fitting this distribution with a quadratic function
(red line), the scaling factor that maximized the log-likelihood function was
determined to be f = 3.08× 104 with a statistical uncertainty of 0.17× 104.

Particle-coincidence efficiency with DSSD

The particle-coincidence efficiency in the triple-coincidence analysis was re-
evaluated. As discussed in Sec. 4.4.3, the same angular correlation con-
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Figure 4.5.6: (a) γ-ray energy spectrum from the experimental data and
the fitted simulation. (b) Log-likelihood function logL as a function of the
scaling factor f .

ditions between the scattered α particle and the recoil particle, as shown
in Figures 4.4.3 and 4.4.4, were applied. However, in the triple-coincidence
method, since the detection requires a coincidence with a γ ray, the scat-
tered α particle and 12C are not distinguished on the DSSD. Therefore, by
applying the gate condition shown by the red line in Figure 4.5.5(a), 12C
particles with energies as low as 1.0 MeV could be detected.

A simulation was conducted considering these two gating conditions, and
the detection efficiency was determined to be ϵSi = 0.846.

While the variation in dead layer thickness introduced significant sys-
tematic uncertainty in the detection efficiency in the particle-coincidence
method, it had no impact in the triple-coincidence method due to the
broader energy acceptance for 12C.

4.5.4 γ-decay probability with triple-coincidence

Based on the above analysis, the γ-decay probability Γγ/Γ of the Hoyle state
was estimated using the triple-coincidence method. The γ-decay probability
of the Hoyle state is given by Eq. (4.6). On the other hand, the scaling factor
f determined in Fig. 4.5.6 is expressed as :

f =
Nγ

NH
× 1

ϵγ,sim.
(4.12)
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Therefore, the γ-decay probability Γγ/Γ can be rewritten using f as
shown in Eq. (4.13).

Γγ

Γ
= f × 1

ϵSi · ϵγ,exp./ϵγ,sim.
(4.13)

Here, the previously determined values ϵγ,exp./ϵγ,sim. = 0.91±0.03 (sys.) and
ϵSi = 0.846 were used. The maximum likelihood fitting was performed for
five different energy regions, and the scaling factor f and the ratio Γγ/Γ were
determined. Table 4.5.4 summarizes the parameters used in the calculation
of Γγ/Γ.

Fitting region f Γγ/Γ
(MeV) (10−4) (10−4)
4.2–4.6 2.99± 0.35 (sta.) 3.89± 0.46 (sta.)± 0.16 (sys.)
3.8–4.6 3.07± 0.30 (sta.) 3.99± 0.39 (sta.)± 0.16 (sys.)
3.4–4.6 3.08± 0.27 (sta.) 4.00± 0.35 (sta.)± 0.16 (sys.)
3.0–4.6 3.13± 0.21 (sta.) 4.11± 0.27 (sta.)± 0.16 (sys.)
2.6–4.6 3.08± 0.17 (sta.) 4.00± 0.22 (sta.)± 0.16 (sys.)

Table 4.6: The obtained Γγ/Γ and the parameters used for its calculation.

As a result of the analysis, Γγ/Γ was estimated in five energy regions, and
it was found that the values remained consistent across these regions. This
consistency is attributed to the good agreement between the model function
generated in the simulation used for the maximum likelihood method and the
actual spectrum. In this experiment, as shown in Fig. 4.5.1, the spectrum
of the 4.44-MeV γ ray from the first excited state of 12C was well reproduced
by the simulation. Additionally, as shown in Fig. 4.5.6, the shape of the
spectrum containing the 4.44 MeV and 3.21 MeV γ rays in a 1:1 ratio was
also reasonably reproduced.

The variation in the values of Γγ/Γ across the energy regions is attributed
to the shape of the fitting function. Therefore, the variance in the Γγ/Γ

values among the different energy regions was considered as a systematic
uncertainty.

Based on the results of this analysis, the γ decay probability in this
experiment was determined using the data from the most statistically sig-
nificant energy region of Eγ = 2.6–4.6 MeV as Γγ/Γ = 4.00(27)× 10−4.



Chapter 5

Discussion

In this study, a new method combining a DSSD and a large LaBr3 detector
array was adopted to solve the puzzle on the γ-decay probability of the Hoyle
state. This method enabled the α+12C+γ triple coincidence measurement,
and successfully determined the γ-decay probability of the Hoyle state as
Γγ/Γ = 4.00(27)× 10−4. The triple coincidence measurement could resolve
discrepancies among results obtained by conventional methods measuring
either the surviving 12C or de-excitation γ rays. During the same period
as our measurement, several research groups conducted re-measurements of
the γ-decay probability [4–7], and some of their results have already been
published. This chapter discusses the puzzle on the basis of the recent re-
measurements including this work.

5.1 Recent results

Kibédi et al. pointed out that the 12C detection method might be affected
by a significant amount of backgrounds originating from the 3α decay of
12C. Several experiments including this work with different methods were
immediately conducted to verify the result, and the Γγ/Γ values were re-
ported as summarized in Fig. 5.1.1. Below, an overview of each experiment
and its results are presented.

5.1.1 12C-Detection Method

As described in Sec. 1.4, the 12C-detection method involves simultaneous
detection of the scattered beam particles and the 12C nucleus surviving after

95



CHAPTER 5. DISCUSSION 96

Figure 5.1.1: Summary of the γ-decay probability values reported after the
study by Kibédi et al.

the γ-ray emission. The Γrad/Γ value is estimated from the yield ratio of
the scattered particle to the surviving 12C nucleus. This method has been
widely used in previous measurements due to its high detection efficiency
achieved by detecting only charged particles with Si detectors. However,
a difficulty of this method is huge backgrounds caused by 3α-decay events
of 12C and neutron emission events from 13C contaminants in natC target.
Recently, four research groups employed this method to determine Γγ/Γ.

Tsumura et al. (2020) [3]

In Ref. [3], Tsumura et al. measured inelastic scattering of protons and
12C under inverse kinematic conditions, and reported the radiative-decay
probability of the Hoyle state as well as those of the 1+1 and 3−1 states for the
first time since the work by Kibedi et al. [2]. A 12C beam accelerated by the
AVF cyclotron at Research Center for Nulcear Physics, Osaka University was
irradiated onto a thin solid hydrogen target developed by the authors, and
the recoil protons were detected with a DSSD-GAGG telescope. The PID of
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the recoil protons was performed using the E–∆E method. The excitation-
energy spectrum of 12C was constructed from energies and angles of the
recoil protons. 12C after the γ decay of the Hoyle state was momentum-
analyzed by the Grand Raiden (GR) spectrometer, and detected with the
focal-plane detector, which consisted of the two multiwire-drift chambers
(MWDCs) and two plastic scintillators (PS1, PS2). Because a large number
of α particles also reached the focal plane, the plastic scintillators were
designed to discriminate 12C from α particles by anti-coincidence between
them. Namely, the thickness of PS1 was optimized so that 12C stopped at
PS1 but α particles penetrated PS1 and hit PS2. The accidental coincidence
events were eliminated by utilizing the kinematical correlation between 12C
and recoil proton.

As a result, the yield of the recoil protons exciting the Hoyle state was es-
timated to be 2.06(3)×107, while that of the coincidence events between the
surviving 12C and recoil proton was 957(79). The α+12C detection efficiency
for this experiment was estimated via MC calculations to be 0.109(19), re-
sulting in the radiative-decay probability of Γrad/Γ = 4.3(8) × 10−4, which
corresponds to the γ-decay probability of Γγ/Γ = 4.2(8) × 10−4. The ac-
curacy of the radiative- and γ-decay probabilities was limited by significant
systematic uncertainty in the detection efficiency. This arose from the small
angular and momentum acceptances for the 12C and α-particle pair, as the
experimental setup was optimized for the 3−1 state rather than the Hoyle
state.

Luo et al. (2023) [5]

Luo et al. measured inelastic scattering of α particles and 12C under nor-
mal kinematic conditions and determined the radiative-decay probability of
the Hoyle state [5]. An isotope-enriched 12C target was bombarded by α

particles at 40 MeV accelerated by the K150 cyclotron at the Cyclotron In-
stitute in Texas A&M University. The scattered α particles were detected
with a DSSD telescope, while the recoil particles were momentum-analyzed
by a Multipole–Dipole–Multipole (MDM) spectrometer, and subsequently
detected with the Texas Parallel-Plate Avalanche Counter System (TexP-
PACS) placed downstream.

As a result, the yield of the scattered α particles exciting the Hoyle
state was determined to be 1.570(37) × 106, while that of the coincidence
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events between the scattered α particle and surviving 12C was 291(21). The
α+12C detection efficiency was evaluated as 0.95(3) by MC simulations with
Geant4, and its uncertainty was estimated using the experimental data for
the 12C(2+1 ). Finally, the radiative-decay probability was determined to be
Γrad/Γ = 4.00(27) × 10−4, which corresponds to the γ-decay probability of
Γγ/Γ = 3.93(34)× 10−4. This value was more than 5σ away from the result
by Kibedi et al. and supported the previous literature value.

Dell’Aquila et al. (2024) [6]

Dell’Aquila et al. determined the radiative-decay prorbability using a trans-
fer reaction [6] instead of inelastic scatterings employed by Tsumura et

al. [3] and Luo et al. [5]. A deuteron beam at 2.7 MeV accelerated by
the CN Van de Graaff accelerator at the IFIN Institute was irradiated onto
a melamine (C3H6N6) target, and the 14N(d,α)12C reaction was used to
populate the Hoyle state. The scattered α particles and recoiled 12C were
measured using two double-layer Si detector telescopes. Si detector tele-
scopes placed at backward (90◦) and forward angles (64.8◦), respectively.
The anti-coincidence condition between the two layers in both forward and
backward detectors was imposed to eliminate background particles due to
other contaminant reactions. Events where the Hoyle state was populated
were identified by selecting the energy detected with the backward detector.
Thanks to the kinematic correlation between the forward and backward par-
ticles, 12C from the radiative decay of the Hoyle state could be energetically
distinguished from the 3α decay even without PID in the forward detector.

As a result, the yield of the α particles to populate the Hoyle state at
the backward detector was determined to be 1.25(3)×105, while that of the
coincidence events with the surviving 12C detected by the forward detector
was 53.

The experimental setup was designed to achieve a coincidence efficiency
of 100%, and thus no systematic uncertainty had to be considered for the
efficiency. Finally, the radiative-decay probability was determined to be
Γrad/Γ = 4.1(6)× 10−4.

This experiment employed a unique method that imposed strong con-
straints on the momentum vectors of the α particles and 12C, allowing the
complete elimination of α particles from 3α decay without PID. However,
the small solid angle of the Si detectors reduced the yield, leading to large
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statistical uncertainties of 15%.

Rana et al. (2024) [7]

Rana et al. followed the commonly used method where inelastically scat-
tered proton and recoil 12C were detected under the normal kinematic con-
ditions [7]. A proton beam at 11 MeV accelerated by the K130 cyclotron at
the Variable Energy Cyclotron Centre, Kolkata was irradiated onto a natC
target, and the scattered protons were detected with a Si detector telescope
placed at backward angles centered at 125◦. This telescope consisted of a
thin (∼ 20µm) single-sided Si strip detector a ∆E detector and a DSSD
with as an E detector. Trigger signals were generated using a ∆E detector,
and the protons populating the ground and first excited states of 12C were
excluded from the trigger by appropriately setting energy thresholds. The
recoil particles were detected with a DSSD placed 25 cm from the target
and centered at 18◦, and PID was performed using the ToF method.

As a result, yield of the scattered protons exciting the Hoyle state was
reported as 4.37(2)× 106, while that of the coincidence events between the
scattered proton and surviving 12C was 1501(39). The α+12C detection ef-
ficiency was calculated to be 85% through MC simulations, and systematic
uncertainty was estimated to be smaller than 1.5% by comparing experi-
mental results for the ground and first excited states of 12C. Finally the
radiative-decay probability was determined to be Γrad/Γ = 3.97(30)× 10−4.

5.1.2 γ-Detection Method

As described in Sec. 1.4, the γ-detection method involves simultaneous
detection of the scattered particles populating the Hoyle state and two de-
excitation γ rays with respective energies of 4.44 and 3.21 MeV. The γ-decay
probability is estimated from the yield ratio. In γ-ray detection, the prob-
ability of full absorption of γ rays in the MeV energy range is low, making
it challenging to increase the yield of γ–γ coincidence events. Moreover,
the interaction between γ rays and the scintillator is probabilistic, and the
angular correlation between the two γ rays further complicates the accurate
determination of the coincidence detection efficiency. For these reasons,
only a limited number of studies have reported results using the γ-detection
method. However, Kibédi et al. reported a 50% larger value of the γ-decay
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probability than the previous literature value [1] by using this method [2],
and this result strongly motivated verification experiments using the same
approach. Recently, Rana et al. measured the γ-decay probability using this
method [7].

Rana et al. (2024) [7]

Rana et al. reported the γ-detection experiment in the same paper [7] with
their the 12C-detection experiment described in the previous section. To
detect γ rays, 50 BaF2 detectors were newly installed around the scattering
chamber, and the natC target was replaced with a thicker one to enhance the
yield. Since recoil 12C stopped in the target, 12C could not be detected in
this setup. The scattered α particles were detected with the two Si telescopes
and each telescope consisted of a thin SSSD and thick DSSD. Trigger signals
were generated when one of the SSSDs detected a charged particle. This
condition was different from the 12C-detection experiment, which required
coincidence between the SSSD and DSSD, because energies of the scattered
protons were lower than those in the 12C-detection experiment due to the
thick natC target. Two γ rays were detected by different BaF2 detectors,
and events with a total detected energy near 7.65 MeV were selected.

As a result, the yield of the scattered protons populating the Hoyle state
was determined to be 1.93(2) × 109, while that of the coincidence events
between the scattered protons and two γ rays was 665(29) events. This
statistics was three times higher than that in Kibédi et al. [2].

The simultaneous detection efficiency of the two γ rays was calclated as a
product of the detection efficiencies for the 3.21-MeV and 4.44-MeV γ rays to
be 2.330(7)% × 1.747(7)% = 0.0407(2)%. The angular correlation between
the two γ rays emitted from the cascade decay of the Hoyle state was taken
into accout by introducing a correction factor. The detection efficiency and
the correction factor were estimated using MC simulations with Geant4. The
accuracy of the simulation was experimentally verified using the 4.98 MeV
state of 28Si. This state undergoes a 100% 0–2–0 cascade decay, allowing
the experimental detection efficiency to be determined from the ratio of
singles and coincidence events. The difference between the experimental and
simulated detection efficiencies was smaller than 1%. Finally the γ-decay
probability was determined to be Γγ/Γ = 3.95(28)× 10−4.
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5.1.3 Complete Detection Method

The complete detection method involves the simultaneous detection of the
scattered beam particles, recoiled 12C, and the two emitted γ rays. This
method combines two conventional detection methods, and provides a direct
approach to resolving the possible systematic bias due to the measurement
method noted by Kibédi et al. This method can significantly suppress back-
ground levels by detecting all the four particles emitted from the two-body
reaction populating the Hoyle state. However, this method is statistically
challenging due to low detection efficiency for two γ rays and use of thin
targets for detecting low-energy charged particles. Therefore, no attempt at
implementing the coplete detection method had been reported. Recently,
using this method, Caldera et al. measured the γ-decay probability of the
Hoyle state [4].

Cardella et al. (2021) [4]

Cardella et al. addressed the issue of extremely low yields by using the
large solid-angle charged-particle and γ-ray detector CHIMERA. CHIMERA
consists of 1,192 Si-CsI(Tl) telescopes covering 94% of the 4π solid angle.
A-64 MeV α beam accelerated by the Superconducting Cyclotron at INFN-
LNS in Catania was irradiated onto a natC target placed at the center of
CHIMERA. Charged particles were identified using the E–∆E method and
the ToF method.

The yield of the Hoyle state was determined from the number of the
events in which the scattered α particle and the decay 3α particles from
the Hoyle state were detected in coincidence. The production of the Hoyle
state was identified by the invariant mass of the 3α particles. The detection
efficiency for the decay 3α particles was evaluated by the MC simulation.

To select the quadruple coincidence events between the scattered α par-
ticle, the two γ rays, and the surviving 12C, event selection based on the
missing energy (QME = Eα+E12C−Ebeam) and the γ-ray energies was em-
ployed. By requiring QME ∼ 7.65 MeV and detection of two γ rays at 4.44
and 3.21 MeV, the yield of the quadruple coincidence events was determined
to be 12.0(38).

The energy resolution of the CsI(Tl) detectors was approximately 10%
for few-MeV γ rays, and full absorption events could not be distinguished
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from single escape events. The coincidence detection efficiency of the two γ

rays was calculated using the single-energy detection efficiencies for the 4.44-
MeV and 3.21-MeVγ rays obtained via Geant4 simulations. Since CHIMERA
covers nearly the entire 4π solid angle, no angular correlation correction
had to applied. The accuracy of the simulations was verified using the
first excited state of 12C, and the systematic uncertainty was estimated
to be approximately 1%. From these analyses, the γ-decay probability
Γγ = 1.8(6)× 10−3 was determined.

5.1.4 Comparison with resent studies

Several experiments using different methods, including this work, were con-
ducted to verify the γ-decay probability. As a result, the γ-decay probability
measured by conventional methods converged to the previous literature val-
ues. Our results obtained using the 12C-detection method also followed the
same value.

On the other hand, the first measurement of quadruple coincidence
events was conducted using the large solid-angle detector CHIMERA. The
reported γ-decay probability was significantly larger than both the previous
literature values and the result by Kibédi et al. As a possible explanation
for this large γ-decay probability, they suggested the existence of an Efimov
state [59] near the Hoyle state with a large γ-ray decay width. However, if
this hypothesis were correct, a similar increase in the γ-decay probability
should be observed in all other measurements as well. Moreover, It should
be noted that the values were possibly overestimated due to the following
reasons. In the total γ-energy spectrum of the quadruple coincidence events
obtained in this experiment, a sharp peak structure corresponding to acci-
dental coincidences from the 4.44-MeV γ ray was observed. The background
correction for accidental coincidences performed in this analysis failed to
eliminate the sharp peak structure around 4.44 MeV, but this issue was not
addressed in the paper. Therefore, the background subtraction was likely
insufficient, leading to an overestimation of the γ-decay probability.

We measured the γ-decay probability using the triple coincedence method.
This method involves the simultaneous detection of the scattered beam par-
ticle, recoil 12C and one of the emitted γ rays from the Hoyle state. Similar to
the complete detection method, this method also provides a direct approach
to resolving the systematic bias in the measurement method. However, the
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triple coincidence measurement is still challenging in similar to the com-
plete detection due to the use of thin targets and low γ detection efficiency,
and there have been no successful measurements by using this method. In
this experiment, we realized the triple coincidence method by combining the
following three techniques.

Charged particle detection with large solid-angle DSSD

We placed a DSSD 40 mm downstream of the target, enabling simultaneous
detection of scattered α particles and recoiled 12C nuclei over a large solid
angle. This setup allowed us to obtain 7.6 × 106 single events as shown
in Table 4.2.6. Taking into account the coincidence detection efficiency of
the DSSD, this method achieved the highest yield compared to the recent
experiments using the 12C detection method [3, 5–7]. The DSSD is divided
into concentric rings, providing high angular resolution for the scattering
angle θ of emitted charged particles. This capability enabled the complete
kinematic elimination of background events originating from the 2+1 state
at Ex = 4.44 MeV of 12C. Furthermore, the compact measurement system
with the DSSD increased the angular acceptance of the γ-ray detection.

Particle identification using the PSD method

In the recent experiments using the 12C detection method, particle identifi-
cation was performed using the E–∆E method and the ToF method. In this
study, we attempted at particle identification using a novel approach called
the PSD method. By acquiring waveforms from the DSSD and calculat-
ing the discrimination parameter Amax, we successfully identified scattered
α particles from protons and 12C. The systematic uncertainty in spectral
fitting for single events after particle identification was approximately 1%,
comparable to experiments that employed the E–∆E method. On the other
hand, the PSD method could not distinguish between low-energy α particles
and 12C. To discriminate between this α particles and 12C, the high-energy
condition shown in Fig. 4.4.5 was applied. Consequently, as described in
4.4.3, the detection efficiency of the DSSD significantly decreased, which
make it difficult to accurately determine the Γγ/Γ value using the 12C de-
tection method. This issue was resolved by taking coincidences with γ rays.
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γ-ray detection with ROSPHERE

In this study, we used ROSPHERE to measure γ rays emitted from the
Hoyle state with high detection efficiency and energy resolution of LaBr3
detectors. The γ-ray detection efficiency was higher than that of Rana et

al. [7], and yielded sufficient triple coincidence event. A similar study by
Cardella et al. achieved even higher γ-ray detection efficiency using CsI(Tl)
detectors. However, the energy resolution was oas low as 10%, which re-
sulted in large systematic uncertainties and compromised the reliability of
the experimental results. The background yield for triple coincidence events
was determined through the analysis in Sec. 4.5.3. Despite presence of
significant background from α particles originating due to accidental coinci-
dence with 3α decay, an excellent S/N ratio was achieved, as shown in Fig.
4.5.4 (b). This can be attributed to the use of a DC beam in this study.
In contrast, the experiment by Cardella et al. employed an RF beam, and
γ-decay events were difficult to identify because they were buried in a large
accidental background.

5.2 Conclusion

Various measurement approaches have been employed to solve the puzzle
of the γ-decay probability of the Hoyle state. In studies utilizing the 12C-
detection method [3,5–7], background events originating from 3α decay were
properly handled in each experiment, and all these studies yielded results
consistent with the previous literature value adapted in Ref. [1], but con-
tradicts the new value by Kibedi et al [2]. Similarly, studies employing
the γ-detection method [7] followed the analysis method of Kibédi et al.,
also supporting the previous literature value. Furthermore, a measurement
combining these two methods was attempted [4], but the evaluation of the
background was ambiguous and the reliability of the data remained in doubt.
In contrast, our study achieved high yields and low background levels using
a novel approach, which yielded results supporting the previous literature
value.

Triple coincidence method represents a direct approach to resolving the
systematic bias in the measurement method. Therefore, we concluded that
the puzzle on the γ-decay probability of the Hoyle state is now finally solved,
and the previous literature value can be reliably used in the study of nucle-
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osynthesis in the universe.



Chapter 6

Summary

In this thesis, the γ-decay probability of the Hoyle state has been measured
using the α +12 C + γ triple-coincidence measurement. The aim of this
research was to solve the recently reported discrepancy in the γ-decay prob-
ability of the Hoyle state. We populated the Hoyle state in 12C by the α+12C
scattering using an α particle beam at Ebeam = 25 MeV at the tandem accel-
erator facility of IFIN-HH, and emitted charged particles were detected by a
DSSD and γ rays by the ROSPHERE LaBr3 detector array [?]. The charged
particle detection with a large solid-angle DSSD and particle identification
using the PSD method increased the experimental yield. Furthermore, γ-
ray detection with ROSPHERE suppressed significant background from α

particles originating due to accidental coincidence with 3α decay, achieving
an excellent signal-to-noise ratio. This method enabled high yields and low
background levels, and successfully determined the γ-decay probability of
the Hoyle state as Γγ/Γ = 4.00(27)× 10−4.

Various measurement have been employed to solve the puzzle of the γ-
decay probability of the Hoyle state [3–7], and all these studies excepted
Ref. [4] yielded results consistent with the previous literature value adapted
in Ref. [1], but contradicts the new value by Kibedi et al. [2]. Moreover,
our measurement using a novel approach also yielded results supporting the
previous literature value. Therefore, we concluded that the puzzle on the
γ-decay probability of the Hoyle state is now finally solved, and the previous
literature value can be reliably used in the study of nucleosynthesis in the
universe.
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Appendix A

Setting of digitizer

In this experiment, a CAEN V1730SB 500 MS/s flash digitizer was used to
acquire all data. The V1730SB is equipped with an FPGA that allows users
to select and write firmware tailored to their objectives, enabling various
types of digital pulse processing (DPP). Six V1730SB units with DPP-PHA
firmware were installed for the Si detectors, while four V1730SB units with
DPP-PSD firmware were used for ROSPHERE. This appendix describes the
specifications of each firmware and the settings applied in this experiment.

A.1 DPP-PHA firmware

The DPP-PHA (Pulse Height Analysis) firmware is designed for real-time
analysis optimized for measuring the energy of input signals. By applying
two programmable filters to the input signal, it can extract both energy
and timing information in real-time. Figure A.1.1 shows a schematic of the
signal processing flow in the DPP-PHA firmware.

To extract energy information from the input signal, a trapezoidal filter
was applied. The trapezoidal filter can be described using the input signal
x[n], the output signal Vout[n], the filter length L, and the delay sample
count M , as shown in the following equation:

Vout[n] =
1

L

L−1∑
i=0

x[n− i]− 1

L

L−1∑
i=0

x[n− i−M ] (A.1)

By appropriately setting the filter length L and the number of the delay
sample M , the input pulse was converted into a trapezoidal signal with an
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amplitude proportional to the pulse height (energy), as shown by the green
signal in Fig. A.1.1. The average of multiple samples within the flat-top
region of this output signal was taken as the peakADC value.

However, in this analysis, a FIR filter was applied to the acquired wave-
form to implement a CR-RCn circuit in software and extract the pulse height
of the output waveform. Using the FIR filter yielded better energy resolu-
tion compared to the trapezoidal filter. Further details on the FIR filtering
process are described in Sec. 2.4.

To extract timing information from the input signal, a Trigger and Tim-
ing Filter (TTF) was applied. The TTF, shown as the red signal in Fig.
A.1.1, performs the second derivative of the input signal. To prevent false
triggering caused by high-frequency noise, the input signal was smoothed
using a moving average filter over 32 samples before applying the TTF.
The output signal of the TTF is bipolar, similar to a CFD, and its zero-
crossing point is independent of signal amplitude. Therefore, the detection
time (Time tag) was determined as the time of the first zero-crossing point
after the TTF output exceeded a preset threshold. The threshold was set
to avoid false triggering caused by noise.

Figure A.1.1: Signal processing schematic of the DPP-PHA firmware. Re-
produced from Fig. 4.4 of ref. [60].

A.2 DPP-PSD firmware

The DPP-PSD (Pulse Shape Discrimination) firmware is designed for an-
alyzing the shape of input signals to identify different types of radiation
or particles. The DPP-PSD firmware can calculate both the total and de-
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layed partial integrals of the waveform, making it widely used for neutron-
γ discrimination with organic scintillator detectors. Figure A.2.1 shows a
schematic of the signal processing in the DPP-PSD firmware.

As indicated by the green line in Fig. A.2.1, two types of gates (long
gate and short gate) were applied to the detector’s output signal. The total
integral and the delayed partial integral of the waveform were calculated
before and after the trigger.

The trigger timing was determined by implementing a classical CFD
method on a digital signal. The input signal was attenuated by a constant
fraction f , inverted, and delayed by a fixed time d, before being summed
with the original signal. Since the output signal is bipolar, the zero-crossing
point was used both as the start time for the long and short gates and as
the particle detection time (Time tag).

Figure A.2.1: Signal processing schematic of the DPP-PSD firmware. Re-
produced from Fig. 2.6 of ref. [60].



Appendix B

Maximum Likelihood
Method

B.1 Definition of the Likelihood Function

Let the observed data be denoted by x1, x2, . . . , xn, and assume these data
points follow a probability distribution f(xi; θ) characterized by the param-
eter θ. If each data point is independently obtained, the likelihood function
L(θ) for the entire dataset is defined as :

L(θ) =
n∏

i=1

f(xi; θ) (B.1)

The likelihood function L(θ) is a function of the parameter θ and rep-
resents the probability of obtaining the observed data given the parameter
θ.

B.1.1 Log-Likelihood Function

Since the likelihood function becomes complex to compute as the number
of data points increases, the log-likelihood function logL(θ) is often used to
simplify calculations. The log-likelihood function is expressed as :

logL(θ) =

n∑
i=1

log f(xi; θ) (B.2)
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B.1.2 Derivation of the Maximum Likelihood Estimator

The maximum likelihood estimator θ̂ is obtained by maximizing the log-
likelihood function logL(θ) with respect to the parameter θ. Specifically, θ̂
satisfies the condition:

∂ logL(θ)

∂θ

∣∣∣∣
θ=θ̂

= 0 (B.3)

Solving this equation provides the parameter estimate θ̂.

B.1.3 Error Estimation of Parameters

The statistical error of the parameter θ̂ obtained by the maximum likelihood
method can be evaluated using the inverse of the Fisher information I(θ).
The Fisher information is defined as :

I(θ) = −E

[
∂2 logL(θ)

∂θ2

]
(B.4)

The variance of the parameter error σ2 is then calculated as :

σ2 = I(θ̂)−1 (B.5)

When the log-likelihood function can be approximated by a quadratic func-
tion of the form:

logL(θ) = −a(θ − θ̂)2 + C (B.6)

it follows that at the maximum likelihood estimate θ̂:

logL(θ̂) = C (B.7)

and at one standard deviation from the estimate:

logL(θ̂ ± σ) = C − 1

2
(B.8)

Therefore, the points where logL(θ) decreases by 0.5 from its maximum
value correspond to the ±1σ error range.
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