
Search for the 6α condensed state in 24Mg
using 12C + 12C scattering

with the new Si detector array SAKRA

Yuki Fujikawa

A dissertation
submitted in partial fulfillment of the requirements for

the degree of Doctor of Philosophy in Science,
Department of Physics, Kyoto University

December, 2023





Abstract

Particle clustering is an important phenomenon in atomic nuclei. In particular, the alpha cluster, compris-

ing two protons and two neutrons, is the most essential cluster component due to its strongly bound nature.

The most famous alpha-cluster state is the 0+2 state at Ex = 7.65 MeV in 12C, which is called the Hoyle

state. This state is proposed to be an α-condensed state in which all the alpha clusters are condensed into the

lowest 0s orbit.

The α-condensed states with dilute density are predicted to exist even in heavier self-conjugate A = 4k

nuclei up to k = 10. We have currently achieved a certain consensus regarding the existence of the α-

condensed states in 8Be and 12C. The ground state of 8Be and the 0+2 state in 12C are considered to be the 2α-

and 3α-condensed states. The α-condensed states in 16O and 20Ne have not been established yet but several

candidate states in those nuclei are theoretically and experimentally proposed. For 24Mg, no theoretical and

experimental candidate for the 6α-condensed state has been proposed.

In the present work, we searched for the 6α-condensed state in 24Mg by measuring the 12C + 12C

scattering with the SAKRA Si detector array at Ecm = 17.5–25.0 MeV. SAKRA is a new Si detector

array specialized for pulse shape analysis with a large solid angle, which is developed for this experi-

ment. By using the invariant-mass method for the detected 3α particles, the inclusive cross sections for

the 12C + 12C → 12C(0+2 ) + X and 12C(3−1 ) + X reactions were determined. In addition, the missing-mass

spectroscopy was successfully utilized to determine the excitation energy of the residual 12C nucleus and the

exclusive cross sections for the 12C + 12C → 12C(0+2 ) + 12C(0+1 ), 12C(0+2 ) + 12C(2+1 ), and 12C(0+2 ) + 12C(0+2 )

reactions.

In both the inclusive 12C(0+2 )+ X channel and the exclusive 12C(0+2 )+ 12C(0+1 ) channel, the cross section

peaked at Ecm = 19.4 MeV, which correspond to the excitation energy of Ex = 33.3 MeV in 24Mg. This

19.4-MeV state is a candidate for the 6α-condensed state because of the agreement of the excitation energy

with the theoretical value and its decay property. In the exclusive 12C(0+2 ) + 12C(0+2 ) channel, a broad state

was observed at Ecm = 22.5 MeV, which correspond to the excitation energy of Ex = 36.4 MeV in 24Mg.

From the angular distribution of the differential cross section, the spin and parity of this 22.5-MeV state

was assigned to be 4+. In addition, a 2+ state was suggested at the low-energy side of the 22.5-MeV state.

Because their excitation energies are higher than the theoretical value of the 6α-condensed state, these states

might be excited states of the 6α-condensed state such as the 2+2 and 4+1 states in 12C.
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Chapter 1

Introduction

1.1 Nuclear Structure

The atomic nucleus is a quantum many-body system consisting of nucleons, namely protons and neutrons,

and its structure has been described by various models. One of the well-described models is a shell model, in

which a nucleus is described by a single-particle motion in a mean-field potential generated by all nucleons.

The shell model nicely explained the magic numbers, spin and parity of the ground state, and other properties

of nuclei [1–4]. On the other hand, it is well known that some states have cluster structures which cannot

be well described by the shell model. These states are better described by a cluster model, for example

a multi-center model [5, 6], in which the nucleons within the cluster are strongly coupled and the clusters

weakly interact with each other.

In order to understand the structure of atomic nuclei, it is important to examine both the shell aspect

and cluster aspect, and research on each aspect has been progressing. In addition, recently, the experimental

result was reported that suggests the existence of alpha clusters in the ground state [7], and the mechanism

of how the cluster structures are expressed is also a topic of attention.

1.1.1 Alpha particle clustering

In the cluster structures, the alpha cluster, comprising two protons and two neutrons, is the most essential

cluster component due to its strongly bound nature. The cluster structures are expected to develop around

the cluster-decay threshold energies considering the weakly interaction between the clusters. This is known

as ”threshold rule” [8] and schematically represented by the Ikeda diagram as shown in Fig. 1.1. One of the

most famous α-cluster states is the 0+2 state at Ex = 7.65 MeV in 12C, called the Hoyle state [10], which is

actually located at only 0.38 MeV above the 3α-decay threshold energy. This state was well described by

the microscopic cluster model [11–13] although the shell-model calculations could not reproduce this state.

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: Ikeda diagram showing the relation between threshold energy to each decay mode and the
cluster structure. Taken from Fig. 1 in Ref. [9]. The small circles without alphabets show alpha particles.
The threshold energy from the ground state to each decay mode is shown in the unit of MeV.
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The origin of these microscopic cluster model is the Brink-Bloch model [5, 6], and the wave function of

kα-cluster system is described in the Brink-Bloch model as

Ψ (R1,R2, · · · ,Rk) = N0A
[
ψ(α1,R1)ψ(α2,R2) · · ·ψ(αk,Rk)

]
, (1.1)

where ψ(αi,Ri) denotes the antisymmetrized wave function for the i-th alpha cluster at the spatial point

Ri. N0 is a normalization constant andA is the antisymmetrizer among the nucleons belonging to different

alpha clusters. In Ref. [11], the Schrödinger equation for dynamical motion of 3α-clusters is solved by

the generator-coordinate method (GCM), where R1,R2, and R3 are used as generator coordinates. The

resonating-group method (RGM) calculation in Ref. [13] applies the 3α RGM wave function described as

Ψ = A [χ(R1,2,3)ψ(α1,R1)ψ(α2,R2)ψ(α3,R3)
]
, (1.2)

which is similar to the Brink-Bloch model but with the addition of the wave function χ(R1,2,3) for the relative

motion between alpha clusters. Both in the GCM and RGM, the properties of the 0+2 state in 12C, for example

the excitation energy and the α-decay width, are well described. Therefore, this 0+2 state is considered to have

well developed 3α-cluster structure.

1.2 α-condensed state

The 0+2 state in 12C is proposed to be an α-condensed state in which all the alpha clusters are condensed

into the lowest 0s orbit [14]. In Ref. [14], it was suggested that the 3α-condensed state has a dilute structure

with a larger radius than the ground state by a factor of about 1.5. According to the 3α orthogonality-

condition model (OCM) calculation [15], the 3α particles occupied in the single 0s (S 1) orbit with about

70% probability as shown in Fig. 1.2. The density distribution of the alpha clusters in the ground and 0+2
states obtained by this OCM calculation is shown in Fig. 1.3(a). The 0+2 state has spatially expanded and

lower density distribution, whereas the ground state has the compact structure. Due to the dilute nature of

the 0+2 state , the momentum distribution of the alpha clusters is concentrated at k < 1 fm−1, resulting in an

exceptionally narrow distribution as shown in Fig. 1.3(b). This δ-function-like behavior of ρ(k) is similar to

the momentum distribution of the dilute atomic Bose-Einstein condensation (BEC) state. Therefore, the 0+2
state is considered to be the ideal dilute 3α-condensed state.

The α condensation affects physical properties of the dilute nuclear matter [17–20]. When the density of

the nuclear matter is decreased from the saturation density (n0 ≈ 0.16 fm−3), the nuclear matter lowers its

energy by forming localized clusters. Figure 1.4 shows the cluster fractions Xi in symmetric nuclear matter as
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Figure 1.2: Occupation of the single-α orbitals of the Hoyle state of 12C compared with the ground state [15].
Taken from Fig. 7 in Ref. [16].

(a) (b)

Figure 1.3: (a) Density and (b) momentum distribution of the alpha clusters in the ground state (solid lines)
and the 0+2 state (dotted lines) in 12C obtained by the 3α OCM calculation. (a) and (b) are taken from Figs. 2
and 7(a) in Ref. [15].
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Figure 1.4: Cluster fractions Xi in symmetric nuclear matter as a function of the total density n for various
temperatures T (indicated by the color code). Taken from Fig. 3 in Ref. [17].

a function of the total density n for various temperatures T . Since the alpha particle is tightly bound and has

high stability, the α-particle fraction Xα is approximately 1 at low temperature of about 2 MeV. According

to the generalized nonlinear relativistic mean-field (gNL-RMF) model calculation in Ref. [18], the zero-

temperature symmetric nuclear matter is in the pure BEC state of alpha particles, namely α condensation

state, below n ≈ 3 × 10−3 fm−3.

These theoretical calculations suggested the properties of the infinite nuclear matter, but it cannot be

directly investigated. Therefore, exploring the existence of the α-condensed states in various nuclei is an

intriguing endeavor to verify the theoretical predictions and to establish universal presence of dilute α-cluster

states [21, 22]. Furthermore, we expect that the ubiquity of the α-condensed states will suggest that the α

condensation manifests in the dilute infinite nuclear matter.

1.2.1 Excitation of the Hoyle state

The α-condensed state can be regarded as the ground state of relative motion between alpha clusters, which

are dilutely distributed in space. Theoretically, the 2+2 state in 12C has been considered to be an excitation

state of the Hoyle state. According to Ref. [15], the occupation probability of the single-α orbitals for the 2+2
state concentrates only on the D1 orbit with about 80%, which is quite similar to the characteristic occupation

for the Hoyle state.
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Figure 1.5: Energy levels related to the excitation states of the Hoyle state. The calculated energy levels are
denoted by the red diamonds. Taken from Fig. 1 in Ref. [24].

Recently, by the multipole decomposition analysis of the 12C(α, α′) reaction, this 2+2 state and the broad

0+3 state were identified at Ex = 9.84 MeV and Ex = 9.93 MeV in 12C [23]. Figure 1.5 shows the energy

levels related to the excitation states of the Hoyle state, where the calculated energy levels are also shown by

the red diamonds [24]. The 0+2 , 2+2 , and 4+2 states both in the theory and experiment roughly follow a J(J + 1)

trajectory, although the Jπ = 0+ bandhead seems to be fragmented into the Hoyle state and the 0+3 state.

According to Ref. [24], the 0+3 state is a monopole-excitation state which has the prominent 8Be(0+) + α

structure. Furthermore, it is mentioned that the Hoyle state gains an extra binding energy compared to the

ordinary 8Be(0+) + α rotation due to its condensed nature, resulting in the lower energy position than the

J(J + 1) line. Therefore, the 2+2 state in 12C is corresponding to the Hoyle rotational state where the relative

motion between alpha clusters in the 3α-condensed state is excited.

1.3 α-condensed states in self-conjugate A = 4k nuclei

It is theoretically expected that the kα-condensed states are located above the kα-decay thresholds, and alpha

clusters are confined in a shallow potential pocket formed by the interplay of the short-range weak nuclear

attractive interaction and the long-range repulsive Coulomb interaction. Considering the balance of these

interactions, the α-condensed states with dilute density are predicted to exist even in heavier self-conjugate

A = 4k nuclei up to k = 10 [25]. Figure 1.6 shows the predicted energies of the kα-condensed states

measured from the kα-decay threshold energies. The excitation energy of the kα-condensed state becomes

higher as the value of k increases. In a higher excitation-energy region, because the level density becomes
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Figure 1.6: Energies of the kα-condensed states measured from each kα-decay threshold energy. Taken
from Fig. 2 in Ref. [25].

higher, it is not easy to identify the α-condensed state in heavier nuclei.

1.3.1 Cases in 8Be–20Ne

We have currently achieved a certain consensus regarding the existence of the α-condensed states in 8Be

and 12C. The ground state of 8Be and the 0+2 state in 12C are considered to be the 2α- and 3α-condensed

states. These states are located slightly above the 2α- and 3α-decay thresholds, and are well described by

the microscopic alpha-cluster models [11–15, 26].

The 4α-condensed state in 16O is theoretically predicted to be the 0+6 state [27–29], and the known 0+

state at Ex = 15.097± 0.005 MeV [30] is a candidate for the corresponding state. We show the energy levels

of 0+ states in 16O in Fig. 1.7. The energy spectra are in good agreement between the experiment and the 4α

OCM calculation. In Fig. 1.8, the spectroscopic factors S 2
L are shown, which indicate the overlap between

the wave function of the 4α OCM calculation and that of the α + 12C(Lπn) channels. The S 2 factor of the

α + 12C(0+2 ) channel is dominant in the 0+6 state as shown in Fig. 1.8(f). Because the overlap between the

wave functions of the α-condensed states in different nuclei should be large, this dominance is one of the

evidences for the 0+6 state being the 4α-condensed state. Recently, in addition, it was reported that this state

decays with the almost same probability into the two 8Be ground states or the α + 12C(0+2 ) state [31]. The

α-condensed states are expected to decay into the α-condensed state in lighter nuclei considering the overlap
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Figure 1.7: Comparison of energy spectra among
experiment, the 4α OCM calculation, and the α +
12C model calculation. Taken from Fig. 4 in
Ref. [28].

Figure 1.8: Spectroscopic factors S 2
L of the α +

12C(Lπn) channels. Taken from Fig. 5 in Ref. [28].

between the wave functions. Thus, this state in 16O is a strong candidate for the 4α-condensed state.

For 20Ne, several candidates for the 5α-condensed state were experimentally proposed. In Ref. [32],

it was found that the three states at Ex = 23.6, 21.8, and 21.2 MeV in 20Ne are strongly coupled to the

candidate for the 4α-condensed state at Ex = 15.097 ± 0.005 MeV in 16O. This strong coupling between

these observed states and the 4α-condensed state is the compelling evidence that they are the candidates for

the 5α-condensed state. However, the spins and parities of these candidate states were not determined in

Ref. [32] although they could be another strong evidence of the 5α-condensed state. The spin and parity

of the α-condensed state must be 0+ because all the alpha clusters are condensed into the 0s orbit. The

other candidate for the 5α-condensed state was proposed to be the 0+ state at Ex = 22.5 MeV in 20Ne [33].

This state is not described by the shell model, and its excitation energy is close to the theoretical value of

Ex = 21.14 MeV [25]. However, because of the high level density around the expected excitation energy, it

is difficult to conclude this state to be the 5α-condensed state from the excitation energy only. In either case,

theoretical efforts to interpret the experimental data are desired to pin down the 5α-condensed state.
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1.3.2 Case in 24Mg

For 24Mg, no theoretical and experimental candidate for the 6α-condensed state has been proposed. In

Ref. [34], inelastic alpha scattering was employed to search for the 6α-condensed state. Several bump

structures were observed in the excitation-energy spectrum of 24Mg for coincidence events where 8Be, as the

2α-condensed state, was detected at the same time with an inelastically scattered alpha particle. However, it

was statistically too poor to propose candidates for the 6α-condensed state.

A tentative result for the 6α-condensed state was reported in Ref. [31]. The authors of Ref. [31] analyzed

events where 4α particles were detected under the assumption that those α particles were emitted from 16O∗

excited by the 20Ne+α→ 16O∗+8Be(g.s.) reaction. They reported that a peak was observed at Ex = 34 MeV

in 24Mg close to the theoretically predicted energy of the 6α-condensed state [25] when they selectively

analyzed events where the invariant mass of the detected 4α particles was close to that of the candidate

for the 4α-condensed state. However, the peak significance remained highly uncertain due to the statistical

limitation and potential ambiguity in assumptions made in the analysis. Thus, further measurements to

search for the 6α-condensed state are still needed.

1.4 Experimental method for research into α-condensed states

Although a method to identify the α-condensed states has not yet been established, experiments are being

actively conducted to search for the α-condensed states based on its properties. One of the most important

properties that the α-condensed states must have the spin and parity of 0+ and isospin of 0 since all the alpha

clusters are condensed into the 0s orbit. Another important property is the decay property of the α-condensed

states. The α-condensed states are expected to decay via the α-condensed states in lighter nuclei by emitting

alpha particles, since the overlap between the wave functions of the α-condensed states in different nuclei

should be large.

The reasonable reaction to populate isoscalar 0+ states is the inelastic alpha scattering off self-conjugate

A = 4k nuclei at forward angles. Because both the spin and isospin of the alpha particle are 0, the spin and

parity of the excited state is determined by measuring the transfer angular momenta ∆L. In addition, because

the inelastic alpha scattering at 0◦ selectively excites the isoscalar monopole (IS E0) transition which causes

a density change in nuclei, it is considered that the α-condensed states is effectively excited by this reaction.

However, because the IS E0 transition can populate not only the α-condensed states but the isoscalar giant

monopole resonances, additional measurements are necessary to identify the α-condensed states. Therefore,

the coincidence measurement of decay particles with the inelastic alpha scattering is a powerful method to
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explore the α-condensed states [32, 34].

One of the difficulties in searching for the α-condensed states by measuring decay particles is angular

coverage of decay-particle detectors. In the case of the inelastic alpha scattering under normal kinematic

conditions, decay particles are emitted over all solid angles in the laboratory frame because the target nuclei

are hardly recoiled. Therefore, the decay-particle detectors are required to cover large solid angle around the

target. On the other hand, heavy-ion beams are useful for measuring decay particles because decay particles

are boosted and focused on forward angles owing to the center-of-mass motion. Actually, decay-particle

measurements in heavy-ion induced reactions were utilized to search for α-cluster states [31, 35–40]. In

Ref. [39], the 12C(16O, kα) reaction was employed to search for the kα-condensed states up to k = 6, but

no experimental signatures were observed. The authors of Ref. [39] suggested that kα-condensed states

might be forbidden from decaying through the kα channels due to their low decay energies and the Coulomb

barriers. In contrast, as mentioned above, the authors of Ref. [31] attempted to determine the excitation

function of 24Mg in the 20Ne + α reaction on the basis of the thick target method, and reported the peak at

Ex = 34 MeV in 24Mg close to the theoretically predicted energy of the 6α-condensed state [25].

1.5 Experiment in the present work

In the present work, we searched for the 6α-condensed state in 24Mg by measuring the 12C + 12C scattering.

Especially, we focused on events where 3α particles were emitted from the 0+2 state in 12C because we

expected the 6α-condensed state to decay through the 3α-condensed state. Previously, the 12C + 12C →
12C(0+2 ) + 12C(0+2 ) reaction was measured in Refs. [35, 36], and the candidate for the 6α-chain state in 24Mg

was proposed. Figure 1.9 shows the excitation function for the 12C(12C, 12C[0+2 ])12C(0+2 ) reaction. However,

the excitation-energy range of 24Mg scanned in Refs. [35, 36] (Ex = 43.4–49.4 MeV) was higher than that

of the 6α-condensed state. In the lower excitation-energy domain, the effective excitation function of the
12C + 12C→ 3α + X reaction was reported from the indirect measurement of 3α particles in Ref. [40, 41] as

shown in Fig. 1.10. The effective 3α-emission yield was deduced using the following equation:

σ(3α) =
1
3

[
σα − 2σ(16O) − σ(18F) − σ(19F) − σ(19Ne) − σ(20Ne)

]
. (1.3)

A remarkable peak structure was observed at Ecm ∼ 19.5 MeV, which corresponds to the theoretically

predicted excitation energy of Ex ∼ 33.4 MeV in 24Mg. However, it was not compelling evidence of the

6α-condensed state because the 3α particles were not directly detected and their invariant mass was not

determined. In the recent measurement of the 12C + 12C → 3α + 12C reaction at Ecm = 8.9–21 MeV [42],
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Figure 1.9: (a) Excitation function for the
12C(12C, 12C[0+2 ])12C(0+2 ) reaction. (b) Angle-
averaged excitation function. Taken from Fig. 7 in
Ref. [36].

Figure 1.10: Effective 3α-emission cross section
from the fused system (24Mg). Taken from Fig. 9
in Ref. [41].

the 3α particles emitted from the 12C + 12C scattering were measured using the active-target time projection

chamber. It was reported that the excitation function of the 12C + 12C → 3α + X reaction tended to agree

with the result in Ref. [40] at energies above Ecm = 19 MeV. However, the measurement was statistically too

poor to observe the peak at Ecm ∼ 19.5 MeV, and the invariant mass of the 3α particles was not determined.

Thus, it was strongly desired to directly measure the 3α particles emitted from the 12C + 12C scattering and

to determine their invariant mass for examining their decay histories.

1.6 Contents of the thesis

In order to conduct this experiment, we developed a particle-identification method using pulse shape analysis

(PSA) and a new Si detector array SAKRA. Firstly, we describe the detail study of PSA and the development

of SAKRA in Chap. 2. The experimental details such as experimental setup, data acquisition system, and

summary of the measurement are described in Chap. 3. The analysis of the SAKRA data and the efficiency

estimation are explained in Chap. 4. The results of the measured cross sections are presented and discussed

in Chap. 5. Finally, the summary and future perspectives are given in Chap. 6.





Chapter 2

Development of SAKRA

For low-energy decay particle measurement, we developed a new Si detector array named SAKRA (Si Array

developed by Kyoto and osaka for Research into Alpha cluster states). A schematic view and photograph of

SAKRA are shown in Fig. 2.1. The characteristics of SAKRA is the specialized configuration for the pulse

shape analysis (PSA). In this chapter, we described the development of SAKRA and the PSA in detail. The

detail of the data analysis is described in Chap. 4.

2.1 Motivation for the development

In the new experiment mentioned in Sec. 1.5, we measure decay particles emitted from the resonance state

of 24Mg. For the decay particle measurement, one of the most important technique is particle identification

(PID). The generally-used methods for the PID using Si detectors are the E–∆E method and the time-of-

flight (TOF) method. The PID with the E–∆E method is performed using the correlation between the energy

deposit (∆E) of the first-layer Si detector and the total energy (E) of the second-layer Si detector. Therefore,

the E–∆E method can not be applied for the low-energy particles which can not penetrate the first layer. The

PID with the TOF method is performed using the correlation between the TOF and the energy of charged

particles. To obtain a better resolution of TOF and the performance of PID, the flight path should be suffi-

ciently long. However, the TOF method is not suitable for experiments that require to detect multiple decay

particles because the solid angle covered by detectors becomes smaller as the flight path becomes longer,

reducing the detection efficiency. Thus, we needed to develop a new PID technique and a new Si telescope

for this experiment.

13
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Figure 2.1: Schematic view and photograph of SAKRA.

2.1.1 Pulse shape discrimination

Recently, pulse shape discrimination (PSD) techniques have attracted attention to solve these problems. The

PID with the PSD techniques is performed by using the difference of pulse shapes among different nuclides

which have same energy. When a charged particle is incident on a Si detector, its energy is deposited in

the Si detector and some electron-hole pairs are excited. These charge carriers (excited electrons or holes)

are drifted along to the applied electric field in the Si detector and are finally read out as an electrical pulse

which reflects the distribution of carriers and the drift time. According to the Bethe-Bloch formula [43], the

average energy loss is roughly described as

−dE
dx
∝ AZ2

E
, (2.1)

where A, Z and E denote the mass number, the atomic number, and the energy of the incident particle,

respectively. When incident particles have same energy, the distribution of the electron-hole pairs depends

on A and Z of the incident particles. The larger A and Z of the incident particle causes the larger density

of the electron-hole pairs and the shorter range of the incident particle. The difference of the range, namely

the difference of the drift length directly affects its pulse shape. In addition, the applied electric field is

locally distorted by the plasma which is produced by ionization, and the drift of the carriers is impeded by

this plasma. Thus, the drift time of the carriers is delayed due to the plasma-erosion effect depending on the

initial density of the plasma [44]. As a result of these effects, the pulse shape depends on A and Z of the
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Figure 2.2: Schematic diagram of the SAKRA DAQ system. The blue-dashed box presents the system
already implemented for the readout of conventional modules, and the red-dashed box indicates the newly
developed part to handle the V1730 modules.

incident particle.

The PID method using the PSA with Si detectors was investigated since the 1960s [45]. In recent years,

some results of the PID using the PSA for the Z > 3 nuclides at several MeV/u were reported [46–48]. In

Ref. [49], the four light nuclides (p, d, t and α) at 3 MeV were successfully discriminated using the PSA.

In addition, it is worthy to mention the PSA using machine learning techniques. It was demonstrated in

Ref. [50] that the PSA using machine learning techniques is a useful method for nuclides heavier than 12C.

We applied the PSA for light nuclides at lower energy and developed a new Si detector array named

SAKRA which is specialized to the PSA.

2.2 Data acquisition system

For the data acquisition (DAQ) of SAKRA, we developed a new DAQ system which could handle con-

ventional modules, for example the Mesytec MADC modules, and waveform digitizers in one system.

In Fig. 2.2, we show the schematic diagram of the SAKRA DAQ system. We used the babirl DAQ sys-

tem [51, 52] as the base of the new DAQ system because the babirl DAQ system has been already imple-
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mented in our group for the readout of conventional modules shown as the blue-dashed box in Fig. 2.2. The

babirl DAQ system is a network-distributed DAQ system used as the standard DAQ system at RIBF, which

mainly consists of an event builder ”babild”, an event sender ”babies”, and a DAQ controller ”babicon”. We

used the conventional modules listed in Table 2.1. The control and the data-readout of these conventional

modules were done via VME bus and the V7768 crate controller.

Table 2.1: List of the used conventional modules.
Module type Module name
VME CPU Abaco V7768
Peak hold ADC Mesytec MADC-32
TDC CAEN V1190A
VME scaler CAEN V830
Output register A1100 VME Lupo

In addition to these conventional modules, in order to perform PSA, we needed to acquire waveforms

from Si detectors. For a waveform digitizer, we used the CAEN V1730SB flash digitizer modules. The per-

formances of V1730SB are summarized in Table 2.2. We used the optical link interface to handle the V1730

Table 2.2: Performances of the V1730SB module.
Number of channels 16
ADC resolution 14 bits
Sampling Rate 500 MHz
Dynamic range 0.5 Vpp / 2 Vpp

modules because the data-readout via VME bus did not have enough band width for acquiring waveforms

with large data size. V1730 was directly connected to a DAQ PC via the CAEN A3818 PCIe interface bridge.

Because the standard babirl DAQ system did not adapt to the optical link interface and V1730, we developed

a new event sender program with libbabies which is a framework for development of a user-custom babies

processes. For drivers of the CAEN modules, we used software libraries provided by CAEN. The newly de-

veloped part is shown as the red-dashed box in Fig. 2.2. Although only one V1730 module and one custom

babies process are drawn in Fig. 2.2, this DAQ system is scalable for multiple V1730 modules and multiple

babies processes, with the programmable number of the V1730 modules handled by one babies process.

In this DAQ system, we distribute a common trigger to all modules, and the event building is done based

on its event number, which is equals to the trigger number. The V1730 modules are dead-time free while

the conventional modules have some dead-time due to the conversion time. Therefore, the veto management

is very important in order to avoid event slips. In addition, because the V1730 modules and the conven-
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Figure 2.3: Schematic diagram of the veto circuit.

tional modules differ in the timing at which data acquisition becomes ready after the DAQ is started, we

added an extra veto signal named the DAQ veto which was cleared when all modules became ready for data

acquisition. The schematic diagram of the veto circuit is shown in Fig. 2.3.

2.2.1 ZLE firmware

V1730 has FPGAs for waveform recording and digital pulse processing (DPP), and several firmwares are

provided by CAEN. In order to suppress the data size of waveform, we installed the DPP firmware for Zero

Length Encoding Plus (DPP-ZLEplus firmware).

The ZLE algorithm is shown in Fig. 2.4. This algorithm discards samples which don’t exceed the ZLE

threshold (ZLE Thr) and suppresses the data size by recording only the number of discarded samples (NSn).

In our experiments, most channels have no hits and output only baselines rather than hit-generated pulses.

By properly adjusting the ZLE threshold, signals from non-hit channels are discarded and the data size is

significantly suppressed. In the DPP-ZLEplus firmware, a baseline value is dynamically calculated at each

channel. A calculated baseline value is also recorded with waveform at each channel for each event.

Additionally, we can record the baseline samples on the hit pulse using the Look Back/Forward Window

(LBW/LFW). The LBW and LFW are the programmable number of samples recorded before and after ZLE

threshold crossing. We set the LBW and LFW to 510 samples (maximum value) to record adequate baseline

samples for evaluating its baseline value.
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Figure 2.4: ZLE algorithm description taken from [53].

2.3 Study of the pulse shape analysis with Si detectors

In order to maximize performance of the PSA, we studied the characteristics of waveforms with various

experimental setups. There are several factors that affect the characteristics of the waveforms. In this study,

we investigated the effects of bias voltages applied to Si sensors, time constant of preamplifiers, uniformity

of Si crystals and incident sides of charged particles. In particular, because low-energy particles stopped near

the Si surface, the electric-field gradient may strongly affect pulse shapes.

2.3.1 NTD Si

We used MMM design double-sided Si strip detectors from Micron Semiconductor shown in Fig. 2.5. The

junction side of the Si sensor is divided into 16-ring strips with 6.4-mm pitch, and the ohmic side is divided

into 8-radial strips with 6.8◦ pitch. The outer radius is 135 mm, and the inner radius is 33 mm. The

sector angle is 60 degrees and its thickness is 500 µm. Hit positions are determined virtually with 128-

pixel granularity by reading out signals from the junction side and the ohmic side severally.

For investigating effects of uniformity of Si crystals, we compared the PSA with a Neutron Transmutation

Doped (NTD) Si crystal and that with a normal Si crystal. The NTD Si crystal has good uniformity thanks

to its doping method. At the neutron transmutation doping process, a natural Si crystal is irradiated with
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neurons in a nuclear reactor, and 31P isotopes are created via the 30Si(n, γ)31Si(β−)31P reactions. The created
31P isotopes work as n-type donor impurities.

2.4 Performance test with mono-energetic particles

We conducted a test experiment at the tandem accelerator facility in the faculty of maritime sciences, Kobe

University to acquire a dataset of nuclide-tagged waveforms of mono-energetic protons, deuterons and alpha

particles. For acquiring waveforms of protons and deuterons, we used 1H and 2H beams accelerated to about

3 MeV by the tandem accelerator and measured Rutherford scattering off gold foil. Waveforms of alpha

particles were obtained with alpha particles at 3.18 MeV emitted from 148Gd isotopes in the mixed alpha

source.

In this test experiment, we examined two types of preamplifiers (CAEN A1442B and Mesytec MPR), two

types of Si crystals (NTD Si crystal and normal Si crystal), and two types of particle-incident sides (the ohmic

side and the junction side). The specifications of two types of preamplifiers are summarized in Table. 2.3.

In Table. 2.4, the configurations of the experimental setup were summarized. At each configuration, we also

investigated how the performance of the PSA changed with the bias voltage applied to the Si detector.

Table 2.3: Specifications of Mesytec MPR-16/32 and CAEN A1442B preamplifiers.
Mesytec MPR-16/32 CAEN A1442B

Energy range 25 MeV 40 MeV
Output voltage ±4 Vdiff ±4.5 Vdiff

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

Table 2.4: Summary of the experimental configurations. k is the index of the configuration.
k Preamplifier Si crystal incident side
1 CAEN A1442B NTD ohmic
2 CAEN A1442B normal ohmic
3 CAEN A1442B NTD junction
4 Mesytec MPR NTD ohmic

2.5 Digital pulse processing

A waveform data contains ADC values at each clock and a baseline value calculated by the DPP-ZLEplus

firmware. The peak ADC value in each event is calculated from the maximum amplitude of the waveform
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Figure 2.6: Data of the mixed alpha source. (a) Typical baseline-subtracted waveforms. (b) Peak ADC
histogram.

after subtracting the baseline, and the clock value when the ADC value peaks is also saved as PeakClk.

2.5.1 Digital filter

Typical baseline-subtracted waveforms of the mixed (241Am, 244Cm, 148Gd) alpha source at k = 1 config-

uration are shown in Fig. 2.6(a), and the peak ADC histogram is shown in Fig. 2.6(b). The three types of

waveforms and peaks correspond to the alpha particles of 5.46 MeV emitted from 241Am, 5.78 MeV emitted

from 244Cm, and 3.18 MeV emitted from 148Gd, respectively. In Fig. 2.6(b), the peak ADC resolution for

the 3.18-MeV alpha particles emitted from 148Gd was 1.49% (sigma). In order to improve the peak ADC

resolution, we applied the Finite Impulse Response (FIR) filter described as

yn =

L∑
k=0

hkxn−k, (2.2)

where yi and xi are the output and input values for the FIR filter, hk is a filter parameter. The passband

of the FIR filter are determined by the parameter set {h0 . . . hL}. We calculated FIR parameter sets with

the Digital Filter Design Services on the Web page [54]. To reduce a high-frequency noise, we designed a

low-pass filter (LPF) with a cutoff frequency of 1.5 MHz and a filter length of 401. Figure 2.7(a) shows the

filtered waveforms of the same samples as in Fig. 2.6. The peak ADC histogram calculated from the filtered

waveforms is shown in Fig. 2.7(b), and the peak ADC resolution for the alpha particles at 3.18 MeV was

slightly improved to 1.38% (sigma).
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Figure 2.7: Data of the mixed alpha source. (a) Typical filtered waveforms. (b) Peak ADC histogram.

In addition, we designed a digital shaping filter by imitating the analog circuit of a shaping amplifier. The

analog circuit of the shaping amplifier consists of a CR–RCn circuit, The CR/RC circuit is a high-pass/low-

pass filter and a differentiation/integration circuit. Therefore, we constructed the digital shaping filter with

one numerical differentiation section and the three LPFs designed above. The waveforms filtered by the LPF

and the shaping filter are shown in Fig. 2.8(a). The peak ADC resolution of 148Gd peak in Fig. 2.8(b) was

1.14% (sigma), and the improvement from the resolution in Fig. 2.7(b) was 17%. For energy calibration, we

used this peak ADC value calculated from a shaped waveform.

2.5.2 Pulse shape analysis

For the PSA, we used the waveform read out from the junction side of the Si detector. We show typical

waveforms at the k = 4 configuration in Fig. 2.9(a) and those averaged over 2000 events at the same config-

uration in Fig. 2.9(b). Each waveform after subtracting each baseline was normalized to have a maximum

amplitude of 1. The time was aligned such that the clock corresponding to an amplitude of 0.1 was set to

t = 0. The blue, black, and red dots correspond to the waveforms of proton, deuteron, and alpha, respectively.

As the PSA parameter, we used the peak-to-peak amplitude of the differential waveform, named Amax. To

differentiate the waveform, we use the triangle filter described as

yn =

∑L
k=1 xn+k −

∑−1
k=−L xn+k

L
, (2.3)
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Figure 2.8: Data of the mixed alpha source. (a) Typical waveforms filtered by the LPF and the shaping filter.
(b) Peak ADC histogram.
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Figure 2.9: Waveforms at the k = 4 configuration. (a) Typical one-event waveforms. (b) Averaged wave-
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alpha, respectively. The each differential waveform is shown by the solid lines.
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where yi, xi, and L denote the output value, the input value, and the length of the triangle filter, respectively.

The differential waveforms are shown in Fig. 2.9 by the solid lines.

2.6 Comparison between the experimental configurations

We show the waveforms at various k configurations averaged over 2000 events as the dotted lines and their

differential waveforms as the solid lines in Fig. 2.10(k-a). The normalization, the time alignment, and the

notation of the colors are same in Fig. 2.9. The Amax spectra are shown in Fig. 2.10(k-b) with the same color

notation. Each Amax spectrum was scaled to an integrated value of 1.

In order to compare the PID capability, we evaluated the figure of merit (FoM) defined as

FoMi– j =

∣∣∣µi − µ j
∣∣∣

2.35
(
σi + σ j

) , (2.4)

where µi and σi are the mean and the sigma of the Gaussian function fitted to the Amax spectrum at each k

configuration. Generally, the PID capability is thought to be sufficient at FoM > 0.75 [46]. In Table 2.5, we

summarized the FoM for various nuclides pair at each configuration. For example, the FoMp–α in Fig. 2.10(1-

Table 2.5: FoM for various nuclides pair at each configuration.
k p–α p–d d–α
1 1.55 0.47 1.04
2 0.49 0.14 0.33
3 0.06 0.03 0.03
4 3.41 0.95 2.40

b) is 1.55, and it suggests that this PSA has sufficient capability for the p–α discrimination. Comparing

Figs. 2.10(1-b) and (2-b), it corresponds to the comparison of Si crystals, and the Amax distribution of each

nuclide in Fig. 2.10(1-b) is narrower than that in Fig. 2.10(2-b). It is considered that the better uniformity of

the NTD Si crystal results in its small position dependence of the electric field and good PID performance

than the normal Si crystal. In regards to the k = 3 configuration, the waveforms in Fig. 2.10(3-a) and the

Amax spectra in Fig. 2.10(3-b) have little difference among the three nuclides. Near the junction side, the

electric-field gradient is larger than the ohmic side, and the drift time and the collection time of carriers

become shorter. As a result, it is considered that the difference in the initial distributions of carriers produced

by different nuclides is inefficiently reflected in the pulse shape. In particular, low-energy particles such as

those in this study stop at a few µm from the Si surface, so the junction-side incidence has no PID capability.

As shown in Fig. 2.10(4-b), at the k = 4 configuration, the difference in the Amax peak positions among the
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Figure 2.10: Comparison between the experimental configurations. (k-a) Waveforms averaged over 2000
events and their differential waveform are shown by the dotted and solid lines, respectively. (k-b) Amax
spectra. The notation of the colors are same as Fig. 2.9.
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three nuclides is the largest, and the FoM is also the largest. In Fig. 2.10(4-a), the difference in the pulse

shape between the nuclides appears not only in the rise shape but also in the decay shape. This difference

in the decay shape does not appear at other configurations using the CAEN A1442B preamplifier, thus it is

considered that the decay-time constant of the preamplifier strongly affects the PID capability. In addition,

the FoMp–d at only the k = 4 configuration is larger than 0.75. Since the FoMp–d is smaller than the FoMp–α

and the FoMd–α in any configurations, the isotopic identification is considered to be more difficult than the

atomic number identification.

According to the above results, we concluded that the k = 4 configuration was the most suitable experi-

mental setup for our measurements. For all subsequent measurements, we utilized the k = 4 configuration.

2.7 Performance test with continuous energy particles

Following the investigation of the PID performance for mono-energetic particles in Sec. 2.4, we studied

the energy dependence of the PID performance. A test experiment was conducted at the CYRIC cyclotron

facility in Tohoku University to acquire a continuous energy dataset of nuclide-tagged waveforms containing

several nuclides. In order to produce several nucllides with continuous energy, we used a 11B + 12C breakup

reaction with a 11B beam at 83 MeV bombarding a 100-µg/cm2-thick natC target. Emitted decay particles

were detected with a two-layer Si detectors array. The first layer was a 100-µm-thick ∆E detector and the

second layer was a 500-µm-thick E detector. The waveforms of the output signals from the second-layer Si

detector were used as the continuous energy dataset. According to the results in Sec. 2.6, we utilized the

MPR-16 preamplifier, the ohmic-side injection, and the NTD Si crystal.

In order to tag each waveform by the nuclides, the PID by the E–∆E method was performed at each

event. We show the E–∆E correlation in Fig. 2.11. The loci corresponding to each nuclide which stopped

in the second layer were clearly identified, and punch-through events which particles penetrated the second

layer were observed. We identified the following nuclides in Fig. 2.11(a): p, d, t, 3He, 4He, 6He, 6Li, and 7Li.

The PID functions described as E = [0]+ [1]/∆E for each nuclide are also shown in Fig. 2.11(a) by the solid

lines. To avoid contamination of the punch-through events, we decided the energy cutoff for each nuclide

to be 6.0, 7.0, 8.0, 20.0, 25.0, and 25.0 MeV for p, d, t, 3,4He, 6He, and 6,7Li, respectively. In Fig. 2.11(b),

the selected events for each nuclide to perform the PSA are plotted on the E–∆E correlation using the same

colors as the each PID function.

We applied the triangle filter given by Eq. (2.3) to nuclide-tagged waveforms and obtained the correlation

between Amax and energies for each nuclide. The Amax–E correlations are shown in Fig. 2.12 using the same
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Figure 2.11: Correlation between the measured energies in the first layer (∆E) and the second layer (E). (a)
Overlaid with the PID functions described as E = [0] + [1]/∆E. (b) Scatter plots of selected events for each
nuclide to perform the PSA.

colors as the PID functions. The yields of protons and α particles are much higher than other nuclides,

and that of 3He, 6He, 6Li, and 7Li are very low. However, it is possible to find out the energy-dependence

trend of Amax and its difference among the different nuclides. For any nuclide, Amax decreases with energy

in the low-energy region, and after a certain energy, it turns to increase with energy. The minimum value

of Amax and the associated energy depend on the nuclide, and this energy tends to be smaller as the atomic

number is smaller. The energy dependence of the decreasing part is almost the same for all nuclides, thus

two low-energy nuclides that are both in the decreasing region, for example 4He and 6Li at 3 MeV, can not be

distinguished by our PSA. The energy dependence of the increasing part differs among nuclides. However,

the difference in this dependence is small among isotopes with the same atomic number, which may make

the isotopic identification more difficult.

We quantitatively evaluated the energy dependence of the p–α discrimination capability based on the

FoMp–α. We show the Amax spectra at E = 2.0, 2.5, 3.0 ± 0.05 MeV in Fig. 2.13(a)–(c). Each Amax spectrum

was scaled to a integrated value of 1. The FoMp–αs are also indicated in Fig. 2.13. The FoMp–α decreases

with energy, and the FoMp–α at E = 2.0 MeV is 0.87. In Fig. 2.12, Amax of proton is almost the same as

that of alpha below 2.0 MeV. Therefore, the lower-energy limit for p–α discrimination using Amax is around

2.0 MeV.
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Figure 2.13: Amax spectra at (a) E = 2.0 ± 0.05 MeV, (b) E = 2.5 ± 0.05 MeV, and (c) E = 3.0 ± 0.05 MeV.
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2.8 Design of SAKRA

The schematic view of SAKRA was shown in Fig. 2.1. SAKRA has a lampshade configuration and consists

of 5 segments MMM design Si detectors from Micron Semiconductor described in Sec. 2.3.1. The total

number of the read-out strips is 80 (16 × 5) on the junction sides and 40 (8 × 5) on the ohmic sides. The

configuration of SAKRA is similar to CAKE at iThemba Labs [55] and SABRE at Florida State Univer-

sity’s John D. Fox accelerator laboratory [56], but SAKRA is specialized for the PSA based on the results

in Sec. 2.6. SAKRA is constructed with the NTD Si detectors and the ohmic-side incidence configuration.

In addition, SAKRA can be used in various facilities or scattering chambers, and in consideration of exten-

sibility to multi-layered configurations in future experiments, its frame was designed not to interfere with

punch-through particles.

2.9 Performance of SAKRA

In order to evaluate the PID performance at all junction-side strips of SAKRA, we conducted a test experi-

ment at the JAEA tandem accelerator facility (mentioned in detail in the next chapter). Nuclide-tagged data

were obtained by measuring the Rutherford scattering off gold foil using the four-nuclide (p · d · 3He · 4He)

beams at 5 MeV and 9 MeV. We had planned to obtain four nuclides with several energies between 1 MeV

and 9 MeV using gold foils of several different thicknesses. However, since the thickness of the gold foil was

different from the nominal value, the obtained p and d energies became in a narrower range than expected.

Fortunately, the acquired data contained a continuous energy distribution, probably due to scattering from

the aluminum target frame, and we also used this continuous energy data as nuclide-tagged data.

We show the Amax–E correlations at Ch. 7 on the junction side of segment 0 and segment 1 in Figs. 2.14(a)

and (b). Comparing Figs. 2.14(a) and (b), although the minimum value of Amax for each nuclide depends

on the individual segment, the energy-dependence trend and the energy with minimum Amax are almost the

same between the two segments. We checked the Amax–E correlations at all 80 channels of SAKRA, and

confirmed that the lower-energy limit for the p–α discrimination using Amax is around 2 MeV at all channels.
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Experiment

We measured the 12C + 12C resonance scattering at the energy range of Ebeam = 35.0–50.0 MeV. The

experiment was conducted at the R5 beam line in the Tokai Tandem accelerator facility of the Japan Atomic

Energy Agency (JAEA). A 12C beam bombarded the natC target with a thickness of 100 µg/cm2, and decay

particles were emitted from 24Mg resonance states. We detected the decay particles by the Si detector array

SAKRA.

3.1 Summary of the measurement

This experiment was conducted in the two periods, March (March 29–April 1, 2022) and April (April 18–

21, 2022). In the first beam-time period, we scanned the beam energy in 1.0 MeV steps from 35.0 MeV to

50.0 MeV, corresponding to the excitation energy in 24Mg from 31.4 MeV to 38.9 MeV. The beam energies

utilized in the second beam-time period were selected within the region where structures were observed in

the preliminary results of the first beam-time period. We summarize the utilized beam energy and the rough

measurement time of the physics run in Table 3.1. At Ebeam = 35.0–40.0 MeV in the first beam-time period

and at all beam energies in the second beam-time period, we acquired data with the minimum-bias trigger

for about 10 minutes.

Table 3.1: Summary of the measurement.
Period Beam Energy (MeV) Energy step (MeV) Measurement time (hours)

Mar.
35.0–37.0 1.0 2.0
38.0–50.0 1.0 2.5

Apr.
38.4–39.6 0.4 4.0
40.5–46.5 1.0 3.5
40.0–46.0 2.0 1.0

31
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Figure 3.1: Schematic exterior and plane view of the JAEA tandem accelerator facility. Taken from
Ref. [57].

3.2 Facility and Beam line

The JAEA tandem accelerator facility is located in Tokai-mura, Ibaragi prefecture, Japan. A schematic

exterior and a plane view of the JAEA tandem accelerator facility are shown in Fig. 3.1. In this tandem ac-

celerator, negative ions from the ion source were accelerated through a negative ion (low-energy) accelerator

tube for the positive high voltage terminal. At the end of the negative ion accelerator tube, the ions through

an electron stripper and the charge stae of the ions were transformed to positive. The positive ions were

accelerated again at a positive ion (high-energy) accelerator tube for the ground terminal. Finally, in our

experiment, a 12C5+ beam was transported to the target in the R5 beam line. It is an advantage of the tandem

accelerator that the tuning of the accelerator is relatively easy when we changed the beam energies because

the tandem accelerator is a linear and electrostatic accelarator. Because we needed to frequently change the

beam energies for scanning the excitation energy of 24Mg, we conducted this experiment at this facility.

3.3 Experimental setup around the scattering chamber

A schematic view and a photograph of the setup in the scattering chamber are shown in Fig. 3.2. A 12C beam

came from the left side and bombarded a target mounted on the target ladder at the center of the scattering

chamber. In order to detect decay particles effectively, we placed SAKRA at the forward angle because

decay particles emitted from 24Mg resonance state are boosted and focused on forward angles. By applying
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Figure 3.2: Schematic view and photograph of the setup in the scattering chamber.
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Figure 3.3: Schematic diagram of the signal processing.

the PID method with the PSA, SAKRA could be installed closer to the target and cover a large solid angle.

The design value of the horizontal distance between the target and SAKRA’s pentagonal frame was 20 mm.

In order to suppress electrical noises, the MPR-16/32 preamplifiers were also installed in the scattering

chamber. The signals from the Si detectors were separated to the junction-side signals (16 ch) and the ohmic-

side signals (8 ch) immediately after the read-out connector on each Si detector. The junction-side signals

and the ohmic-side signals were amplified by respective preamplifiers. Output signals from the preamplifiers

were taken out of the scattering chamber via feed-through flanges.

We had prepared two natC targets with different thicknesses, which were 100 µg/cm2 and 30 µg/cm2, to

control the event rate during the beam time. However, we used the 100-µg/cm2-thick target only in the all

measurement. The isotope abundance of 12C was assumued 98.9% (natural abundance).

3.4 DAQ system

The DAQ system used in this experiment was described in Sec. 2.2. A schematic diagram of the signal

processing is shown in Fig. 3.3. The junction-side signals were converted to single-ended signals with

the MDU-16 modules and digitized by V1730s. The ohmic-side signals were sent to the Mesytec MSCF-

16 shaping amplifiers. The peak heights of shaper-out signals were recorded by the MADC-32 peak-hold

ADCs. In the first beam-time period, because we made a mistake in the configuration of MADC-32, the input

dynamic range of MADC-32 was insufficient. Therefore, we modified it in the second beam-time period,
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and thus the input dynamic range of MADC-32 was different in the two beam-time periods. The MSCF-16

modules were also equipped with timing-filter amplifiers and constant-fraction discriminators. The timing-

out signals were recorded by the V1190 TDC, and were sent to the CAEN V2495 FPGA module for the

trigger production.

3.4.1 Trigger production

The trigger signal was generated from the timing signals from the ohmic side using V2495. In Fig. 3.4,

we show the schematic diagram of the trigger production in V2495. All 40 timing signals were input to

V2495 and added by 6-stages of 8-bits adders. The output value of the last adder was the multiplicity of

the timing signals at those time. In order to generate logical signals, the multiplicity value was input into

the comparators with threshold values from 0 to 5. The output signals of the comparators (Multi. ≥ 1–6

signals) were output from V2495 as NIM signals for monitoring these rates and sent to the multiplexer for

generating the multiplicity trigger. The trigger multiplicity k was selected by the Multi. selector, which was

the programmable register and could be changed remotely. During the beam time, we used the Multi. 1

trigger for the minimum-bias measurement and the Multi. 3 trigger for the physics measurement.



36 CHAPTER 3. EXPERIMENT

0 5 10 15 20 25 30
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

50

100

150

200

250

300

350

400

Energy (MeV)

m
ax

A
 = 50.0 MeVbeamE(a) 

3
0 5 10 15 20 25 30

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

100

200

300

400

500

600

700

Energy (MeV)

m
ax

A

 = 43.0 MeVbeamE(b) 

3

Figure 3.5: Amax variation due to the bias shortage comparing at (a) Ebeam = 50.0 MeV and (b) Ebeam =

43.0 MeV in the first beam-time period.

3.5 Bias voltage of SAKRA

The bias voltage was applied to each of SAKRA’s 5 Si detectors separately via respective preamplifiers. For

improving the PID performance, the bias voltages were tuned to be just slightly above the full-depletion

voltage, avoiding excessive voltage, for each Si detector. However, in the middle of the first beam-time

period, we noticed the shortage of the bias voltages. Figures 3.5(a) and (b) show the correlations between

Amax and energies for the same junction-side strip at (a) Ebeam = 50.0 MeV and (b) Ebeam = 43.0 MeV in

the first beam-time period. The measurement at Ebeam = 50.0 MeV was taken at the beginning of the first

beam-time period, and the measurement at Ebeam = 43.0 MeV was later. Comparing Figs. 3.5(a) and (b), the

Amax value actually became lower at Ebeam = 43.0 MeV. This is probably because SAKRA was placed at the

forward angle, which caused radiation damage and increased the leak current. As a result, because the rising

edge of waveform became dull, the Amax value varied and the low-energy particles could not cross over the

trigger threshold.

Due to this bias shortage, the experimental data from some Si sensors were unreliable at some beam

energies in the first beam-time period. After realizing this bias shortage, we verified the bias voltages by

cautiously monitoring Amax on every run, and increased the bias voltage if it was deficient.
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Data analysis

4.1 Energy calibration

The energy calibration was performed with a mixed alpha source, which contains 241Am (5.46 MeV), 244Cm

(5.78 MeV) and 148Gd (3.18 MeV). The junction-side channels were calibrated using the peak ADC value

calculated from shaped waveforms as described in Sec. 2.5.1. Figure 4.1(a) shows the total energy spectrum

of a total of the 16 junction-side channels in the segment 0. The calibration of the ohmic-side channels was

simply performed using the peak ADC value recorded by MADC-32, but the calibration parameters differed

in the two beam-time periods due to the difference in the input dynamic range. Figure 4.1(b) shows the energy

spectrum of a total of the 8 ohmic-side channels in the segment 0. To quantify the resolution of SAKRA, the
148Gd peak was analyzed at all the junction-side and ohmic-side channels. Table 4.1 summarizes the energy

resolution of all the channels at sigma, the best and worst resolution for the junction and ohmic sides of each

segment.

One concern is energy shifts due to the bias voltage change during the beam time. To investigate energy

shifts, we acquired calibration data using the mixed alpha source at all bias voltages used during beam time.

As a result of analyzing these data, no energy shift was confirmed at least for the 148Gd peak at 3.18 MeV.

Table 4.1: Summary of the energy resolution of the 148Gd peak at sigma.

Segment
Junction side Ohmic side

total best ch worst ch total best ch worst ch
(keV) (keV) (keV) (keV) (keV) (keV)

0 21.71 18.27 14 23.23 0 25.92 24.31 0 27.31 6
1 21.52 19.21 11 23.89 14 26.39 22.93 4 27.79 7
2 21.90 20.02 13 23.76 15 28.28 22.33 6 54.09 7
3 22.34 19.00 11 24.57 0 42.05 30.17 0 45.24 5
4 21.56 18.67 11 23.20 1 36.70 31.85 6 41.58 4

37
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Figure 4.1: Energy spectra of the mixed alpha source. (a) Junction side and (b) ohmic side.

4.2 Junction-side data reduction

Examples of raw waveforms and baseline-subtracted waveforms are shown in Figs. 4.2(a) and (b). Waveform

data were processed as described in Sec. 2.5, and several values (Peak ADC, PeakClk, Baseline, Energy, and

Amax) were obtained for each waveform. Figure 4.2 contains the following types of the waveforms: Prompt

(Black), Accidental (Red), Noise or Cross-talk (Blue), Pileup (Magenta), Overflow (Green), and Falling

(Cyan) events. Falling events are waveform tails of hit pulses outside the recording period and are easily

eliminated by PeakClk. We identified events with a PeakClk of less than 100 as the Falling events. Overflow

events are also easily identified. Peak ADC values for the overflow events are close to or about the same

as baseline values. Events with a difference of less than 200 between baseline and peak ADC values were

identified as the Overflow events.

In order to distinguish the other types of waveforms, we used the integrated value of each waveform

(I). We show the correlation between the integral and the peak ADC in Fig. 4.3(a). Figure 4.3(b) is the

enlarged view of the dashed-box region in Fig. 4.3(a). The vertical locus around 15000 ch of the peak ADC

in Fig. 4.3(a) corresponds to the Overflow events. The two oblique loci in Fig. 4.3(a), and the upper one

corresponds to the Pileup or Falling events because these types of waveforms have larger amplitude at earlier

clocks than the Prompt events. This locus with I > 1.5 × 103 × peak ADC was selected as the Pileup events.

Because the waveform of Noise or Cross-talk event oscillates around its baseline, the integral value is about
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Figure 4.2: Examples of acquired waveforms. (a) Raw waveforms and (b) baseline-subtracted waveforms.

0. Therefore, the locus around 0 of the integral in Fig. 4.3(b) corresponds to the Noise or Cross-talk events.

We identified events with an integral value less than 2 × 105 as the Noise or Cross-talk events. Events that

were not identified as the Falling, Overflow, Pileup and Noise or Cross-talk event were identified as the

Prompt and Accidental events. The event types and the gate conditions are summarized in Table. 4.2.

Table 4.2: Summary of the event types and the gate conditions.
Event type Gate condition

Falling PeakClk < 100
Overflow Baseline − peak ADC < 200

Pileup Integral > 1.5 × 103 × peak ADC
Noise or Cross-talk Integral < 2 × 105

Prompt and Accidental otherwise

4.3 Ohmic-side data reduction

The data from the ohmic sides is only the ADC and TDC information for each channel. To eliminate events

due to low-energy noise or cross-talk, we needed to decide the low-energy threshold. In addition, because

the dynamic range of MADC-32 was insufficient in the first beam-time period, we had to lower the high-

energy threshold compared to the second beam-time period. Figures 4.4(a) and (b) show an example of

the ohmic-side energy spectra at Ebeam = 38.0 MeV taken in the first and second beam-time periods. The
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Figure 4.3: Correlation between integral and peak ADC. (b) Enlarged view of the dashed-box region in (a).

black and red spectra represent all the events and the TDC-hit gated events, respectively. Since the dip

around 0.5 MeV in the TDC-hit gated spectrum corresponds to the energy threshold set to the MSCF-16

modules, we decided the low-energy threshold at 0.5 MeV. The overflow peak is observed around 15 MeV

in Fig. 4.4(a), and the overflow energies vary channel by channel depending on the gain. Therefore, the

high-energy threshold for the first beam-time period was determined to be the lowest overflow energy of

14.8 MeV. For the second beam-time period, the high-energy threshold was determined by the energy range

of MPR-16/32 preamplifier, which was nominally 25 MeV. Because it was found that the preamplifiers were

not saturated even above 25 MeV as seen in Fig. 4.4(b), the high-energy threshold for the second beam-time

period was determined to be 30.0 MeV.

4.3.1 Reduction of synchronous noise and cross-talk

We eliminated low-energy noises using the TDC-hit gate and the low-energy threshold, but some events with

high multiplicity remained. Figure 4.5 shows a typical energy correlation between neighbor strips in the

segment 0. The wedge-shaped locus corresponds to true events because alpha particles emitted from same
12C are considered to have similar energy.

In Fig. 4.6, we show another energy correlation in the segment 3. Although the wedge-shaped locus is

observed also in Fig. 4.6, almost all the events are concentrated in the very low-energy region with the same

energy. One of the origins of the high-multiplicity events is these synchronous noises which occur in many
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Figure 4.4: Example of the ohmic-side energy spectra in the (a) first and (b) second beam-time periods. The
black and red spectra represent all the events and the TDC-hit gated events, respectively.
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Figure 4.5: Typical energy correlation between
neighbor strips at the ohmic side in the segment 0.
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Figure 4.7: Energy distributions at each multiplicity in (a) the segment 0 and (b) the segment 3.

strips at the same time with almost same pulse height. We consider that the synchronous noise is attributed to

data transfer. The energy distributions at various multiplicities in the segments 0 and 3 are shown in Fig. 4.7.

The maximum entry at each multiplicity is normalized to 1 for comparing among different multiplicities. In

the multiplicity = 1 events in the both segments and the multiplicity = 2 events on the segment 0, the energy

distributions are uniform over wide energy range. However, in the higher multiplicity events, the energy

distributions are concentrated at very low energies, especially in the segment. 3. These events are due to the

synchronous noises. In order to remove the synchronous noises, we excluded the rear-side hits if energies

on multiple strips are similar (|Ei − E j| < 0.12 MeV) and both of the energies are lower than 1.5 MeV. The

result of the synchronous-noise reduction is shown in Fig. 4.8. Because the concentration at low energies in

Fig. 4.8(a) and the high multiplicity events in Fig. 4.8(b) are hardly found, the synchronous-noise reduction

was successfully worked. However, in Fig. 4.8(b), low-energy events remained at multiplicity = 2–4.

These low-energy events are considered to be cross-talk events. In the analysis, we observed two types of

cross-talk events as seen in Fig. 4.9. In Figs. 4.8(a) and 4.9(a), the well-known cross-talk events are seen at

very low energy in the y-axis and relatively higher energy in the x-axis. These cross-talk events are induced

on the Si sensor or circuit board by incident particles with higher energies. Therefore, we excluded hits with

energies below 1 MeV if hits with high energy (E > 10 MeV) were included in the same segment. The other

type of the cross-talk events between Ch. 0 and Ch. 7 in the segment 0 is seen in Fig. 4.9(b). Because Ch. 0

and Ch. 7 are located at both edges of the rear side of the Si sensor, these cross-talk events are considered
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Figure 4.8: Result of the synchronous-noise reduction in the segment 3. (a) Energy correlation. (b) Energy
distribution.
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Figure 4.9: Energy correlation after the synchronous-noise reduction. (a) Correlation between neighboring
strips in the segment 2. (b) Correlation between Ch. 0 and Ch. 7 of the rear side in the segment 0.
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to be induced through the guard ring on the Si sensor. However, these events could not be reliably separated

from true events, thus we didn’t exclude this type of the cross-talk events.

4.4 Hit position determination

In Sec. 4.2 and Sec. 4.3, we analyzed front-side and rear-side hits separately, and created lists of strips on

the both sides excluding invalid hits. In this section, we will combine the strips on both sides in the same

segment to determine the hit position and energy of particles.

4.4.1 Energy validation

When multiple particles are incident on the same segment detector, the number of the hit strips on front and

rear sides may be different, but the summed energy detected on each side should be the same. Considering

the energy resolution of SAKRA, we set the following restriction to validate the consistency in energy on

the front and rear sides: ∣∣∣∣∑ Efront −
∑

Erear

∣∣∣∣ < Max(Nfront,Nrear) × 0.21 MeV, (4.1)

where
∑

Efront and
∑

Erear are the summed energy detected on the front and rear sides, and Ni denotes the

length of the list for each side, respectively. Figure 4.10 shows the correlation between total energy in the

front- and rear-side strip lists, where Figs. 4.10(a) and (b) are data from the first and second beam-time

periods. In Fig. 4.10(a), the events in the red-dashed box contain overflow strips of the rear side.

4.4.2 Channel combination

Data sorting to search for channel combinations between the front and rear sides was conducted by consider-

ing the 6 types of strip combinations shown in Fig. 4.11. The red pixels are the hit positions, and the yellow

strips are the hit channels on the front or rear side. Figure 4.11(a) is named FR hit, where a pair of front and

rear channels is triggered by 1 particle only. In Fig. 4.11(b) or (c), named FRR hit or FFR hit, 2 particles hit

the same strip on the front or rear side and hit separate strips on the other side. Figure 4.11(d) or (e), named

FRRR hit or FFFR hit, is similar to the FRR or FFR hit, but 3 particles hit the same strip on the front or rear

side. With these 5 types, we can decode the multi-hit strips and determine the energies of the particles from

individual hit strips. On the other hand, we cannot logically resolve the hit pattern shown in Fig. 4.11(f),

named FFRR hit. On a FFRR hit, 2 front strips and 2 rear strips are triggered, but it is not possible to discern

whether there are 3 or 4 particles, and even assuming there are 3 particles, the hit pixels and particle energies

cannot be assigned correctly.
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Figure 4.10: Energy correlation between total energy contained in the front- and rear-side strip lists (log
scale). (a) Data of the first beam-time period. (b) Data of the second beam-time period.

At first, the FR hit pattern was searched in the front and rear strip lists, and energy differences between the

front and rear strips was calculated. If a combination of front and rear strips satisfying the energy restriction,∣∣∣∣∑ Efront −
∑

Erear

∣∣∣∣ < 0.21 MeV, (4.2)

it was determined that a single particle had hit both the front and rear strips. If no FR hit satisfying Eq. (4.2)

was found in the front and rear strip lists, the remaining 5 types of the combination in Fig. 4.11 were applied

to the lists. If the strip combination with the smallest energy difference between
∑

Efront and
∑

Erear among

the 5 types satisfied Eq. (4.2), the combination was adopted. If the adopted combination was not in FFRR

hit, the decomposed pixels were used as the hit positions and energies of the particles. After that, the front

and rear strips included in the adopted combination were removed from the front and rear strip lists, and the

data sorting was iterated from the first step until the length of the front or rear strip list became zero.

4.5 Particle identification with pulse shape analysis

As described in Sec. 2.5.2, we used Amax as a PID parameter and performed PID by the correlation between

Amax and kinetic energies of decay particles. Typical examples of the correlation are shown in Fig. 4.12. As

we can see in Fig. 4.12, there are mainly 3 types of loci, and the value of Amax differs for each channel even

for the same type of locus. Thus, we choose these loci manually for all the segments and all the channels of
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(a) FR (b) FRR (c) FFR

(d) FRRR (e) FFFR (f) FFRR

hit pixel hit strip unresolved hit

Figure 4.11: Schematic diagrams of the 6 types of combinations. (a) FR hit, (b) FRR hit, (c) FFR hit, (d)
FRRR hit, (e) FFFR hit, and (f) FFRR hit (not decomposed).
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Figure 4.12: Correlation between Amax and kinetic energies of decay particles at (a) Ch. 14 in Seg. 0, and
(b) Ch. 10 in Seg. 0.

SAKRA. Figure 4.13(a) shows manually drawn lines for each channel, and the boxes in Fig. 4.13(b) present

the PID region determined based on the drawn lines. The loci in the blue, red, and green boxes correspond to

charged particles with Z = 1, Z = 2, and Z ≥ 3, and the dominant isotopes in the individual loci are proton,

alpha, and 12C, respectively. The red-dashed line in Fig. 4.13(a) is calculated by scaling the x-axis twice

from the red-solid line, and the locus in the red-dashed box in Fig. 4.13(b) is precisely on the red-dashed

line. It means that this locus is corresponding to 8Be, namely, 2α particles detected in the same junction-side

strip with almost same energy. At lower kinetic energy than 5 MeV, alpha particles cannot be separated from
12C. In this PID procedure with the PSA, we identified particles that belong to only one PID region as p,

α, or 12C, and particles that belong to several PID regions were identified as multi-PID particles, tagged as

{α, 12C} or {p, α, 12C}.

4.6 Timing gate

In order to reduce accidental coincidence events, we employed the timing gate. However, there were some

problems in TDC data, and we corrected these problems.
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Figure 4.13: PID using the correlation between Amax and kinetic energies of decay particles. (a) Overlaid
with the manually drawn lines for the individual loci. (b) Overlaid with the boxes presenting the PID region.
The blue, red, and green lines or boxes correspond to charged particles with Z = 1, Z = 2, and Z ≥ 3,
respectively.

4.6.1 TDC offset correction

At first, we found that the TDC data had different offsets for individual channels. We show the TDC data

taken with a pulse generator in Fig. 4.14(a), where the x-axis denotes the channel of TDC and the y-axis

denotes the difference between the TDC value at each channel and that at Ch. 0. A pulse was input to the test

pulser input of the preamplifiers, and the output signals of the preamplifiers were amplified by the MSCF-16

timing filter amplifiers, and the timing out signals were recorded by the V1190 TDC. Because the test pulse

was internally distributed to each channel, the output timings should be almost the same. However, as shown

in Fig. 4.14(a), the timings differed for each channel. After the all beam times had finished, we tried to find

the cause of the timing differences by observing the signals with an oscilloscope. As a result, we found that

the analog signals from the preamplifiers were output at the same timing but the timing outputs from the

MSCF-16 were different for individual channels. Although we used the same configuration of the CFD plug

in modules in the MSCF-16, it might be considered that there were individual differences in the CFD circuit

of each channel. Therefore, we adjusted the TDC offsets for each channel as shown in Fig. 4.14(b).



4.6. TIMING GATE 49

0 5 10 15 20 25 30 35 40
40−

30−

20−

10−

0

10

20

30

0

2

4

6

8

10

12

14

16

18

20

22

310×

TDC channel number

T
D

C
 d

if
fe

re
nc

e 
(n

s)

(a)

0 5 10 15 20 25 30 35 40
40−

30−

20−

10−

0

10

20

30

0

2

4

6

8

10

12

14

16

18

20

310×

TDC channel number
T

D
C

 d
if

fe
re

nc
e 

(n
s)

(b)

Figure 4.14: TDC data taken with a pulse generator. The y-axis shown the difference between the TDC
value at each channel and that at Ch. 0. (a) Before the offset correction. (b) After the offset correction.

4.6.2 TDC reference determination

The V1190 TDC module needs a timing reference channel because V1190 has a jitter with width of about

25 ns, and we usually use the same signal as the trigger signal for the reference. However, because the trigger

signal was generated using the timing signals, the trigger signal had different offset depending on the channel

that generated the trigger. Therefore, it was necessary to determine the TDC reference by analysis using the

TDC data of each channel.

We decided to use the TDC value closest to the average of TDC values as a reference. In order to reduce

the accidental hits, we discarded these hits using a statistical measure, the interquartile range (IQR). The IQR

is calculated by Q3 − Q1, where the Q1 and Q3 denote the first and third quartiles, respectively. Data below

Q1 − 1.5 × IQR or above Q3 + 1.5 × IQR are typically identified as outliers. Also in our case, outliers were

identified with the same restriction, and the average of the TDC values was calculated excluding outliers.

Since we were interested in the multi-α particle events, the TDC reference was selected from particles tagged

as the FR hit and identified as α or multi-PID particles.
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Figure 4.15: Excitation-energy spectrum of 12C reconstructed from the detected 3α particles in the 12C +
12C→ 3α + X reaction at Ebeam = 44.5 MeV. The green spectrum shows the Gaussian function representing
the broad states in 12C whereas the red spectrum is the Landau distribution function representing the other
backgrounds. The sum of two spectra is also shown by the blue spectrum.

4.7 Reconstruction of kinematics

Assuming that the reaction point was at the center of the target, we obtained 4-vectors of decay particles. In

the reconstruction of kinematics, only decay particles identified not to be alpha particles were deliberately

excluded from the analysis in order to prevent loss of low-energy alpha particles.

4.7.1 Invariant mass analysis

In the event involving 3α particles emitted from the same 12C nucleus, these particles were boosted along

the velocity of the center of mass, and likely to hit a single Si segment. In order to identify the decay events

via the 3α-condensed state in 12C, we reconstructed the invariant mass of the 3α particles detected in the

single Si segment, and determined the excitation energy of the parent 12C. Figure 4.15 shows the excitation-

energy spectrum of 12C reconstructed from the detected 3α particles in the 12C + 12C → 3α + X reaction

at Ebeam = 44.5 MeV. In Fig. 4.15, the two prominent peaks due to the 0+2 state at Ex = 7.65 MeV and

the 3−1 state at Ex = 9.64 MeV are observed on the continuous spectrum due to the broad 0+3 and 2+2 states

in 12C [23] and the other backgrounds. The backgrounds were mainly originated from events in which the

PID was incorrect, while contribution from accidental coincidence events was negligible. The continuous
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Figure 4.16: Excitation-energy spectra of the residual 12C for (a) 12C + 12C → 3α + 12C, (b) 12C + 12C →
12C(0+2 )+ 12C, and (c) 12C+ 12C→ 12C(3−1 )+ 12C reactions. The spectrum in the hatched area is downscaled
by a factor of 0.5.

spectrum was fitted by the combination of a Gaussian function representing the broad 12C states and a Landau

distribution function representing the backgrounds. The green and red spectra show the Gaussian and Landau

distribution functions, respectively, whereas the blue spectrum is the sum of them. The parameters of the

two functions were determined to reproduce the experimental spectrum. The yields for the 12C + 12C →
12C(0+2 ) + X and 12C + 12C → 12C(3−1 ) + X reactions were estimated by subtracting the blue spectrum from

the measured spectrum.

4.7.2 Missing mass analysis

In addition, in order to exclusively identify reaction channels, we determined the excitation energy of the

residual 12C nucleus by estimating the missing mass of the reaction from momenta of the detected 3α

particles. Figure 4.16(a) shows the excitation-energy spectra of the residual 12C for all the events pre-

sented in Fig. 4.15, whereas Figs. 4.16(b) and (c) are the excitation-energy spectra for the selected events

in which the excitation energy in Fig. 4.15 is close to those of the 0+2 and 3−1 states, respectively. Although

a little continuous background was observed below the prominent 3 peaks corresponding to the 0+1 , 2+1 ,

and 0+2 states of the residual 12C nuclei in Fig. 4.16(a), there was almost no continuum background in
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Figure 4.17: Accepted (not ignored) probability as the function of rear-side energies. (a) Typical channel
and (b) another channel under the bias shortage.

Figs. 4.16(b) and (c) after the invariant masses of the detected 3α particles were selected. The yields for

the 12C + 12C → 12C(0+2 ) + 12C(0+1 ), 12C(0+2 ) + 12C(2+1 ), and 12C(0+2 ) + 12C(0+2 ) reactions were determined

from Fig. 4.16(b).

4.8 Efficiency estimation

To estimate the detection efficiency for each reaction channel, the Monte Carlo simulations were performed

in the following three steps. In all the steps of the simulation, we assumed that two 12C nuclei were emitted

from the 12C + 12C reaction. If the 12C nucleus was excited to the 0+2 or 3−1 states, it would sequentially

decayed to 3α particles via the α+8Be(g.s.) channel. The two-body decay in each step isotropically occurred

in the rest frame of the parent nucleus. The simulations took into account the energy resolution of SAKRA,

and recorded the generated events when the multiplicity was larger than 2, similar to the experimental trigger

condition. In addition, to reflect the effect of bias shortages (described in Sec. 3.5), generated particles were

ignored according to the energy- and channel-dependent probabilities obtained from the experimental data.

Examples of the probability are shown in Fig. 4.17. We analyzed the simulated data in the same manner as

the experimental data, and estimated the efficiency of 3α detection and 12C reconstruction for each reaction

channel.
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Figure 4.18: Efficiency at each angular bin for 12C + 12C → (a) 12C(0+2 ) + 12C(0+1 ), (b) 12C(0+2 ) + 12C(2+1 ),
(c) 12C(0+2 ) + 12C(0+2 ), and (d) 12C(0+2 ) + 12C(3−1 ) reactions at Ebeam = 44.5 MeV. The efficiency using all 5
segments and each single segment of SAKRA is shown by solid and dashed lines.

Step 1: Efficiency at each angle for individual reaction channels

In the first step, all the solid angles were divided into polar angular bins with a width of θcm = 4.0◦, and the

efficiency for individual reaction channels at every beam energy was estimated in each angular bin in order

to determine the differential cross section. We assumed that the differential cross section was constant within

one angular bin. For example, we show the efficiency for 12C+ 12C→ 12C(0+2 )+ 12C(0+1 ), 12C(0+2 )+ 12C(2+1 ),
12C(0+2 )+ 12C(0+2 ), and 12C(0+2 )+ 12C(3−1 ) reactions at Ebeam = 44.5 MeV in Figs. 4.18(a)–(d). The efficiency

using all 5 segments and each single segment of SAKRA is shown by the solid and dashed lines.

In each reaction channel, experimental data at beam energies where the maximum value of the efficiency

at each angular bin using reliable segments of SAKRA was below 5% were excluded from the analysis due

to large statistical errors. If the number of the reliable segments was 4 or 3, this threshold was downscaled

to 4% or 3%. Figure 4.19 shows the maximum value of the efficiency at each angular bin as a function of

Ecm. The parent 12C that decays into 3α particles is in the (left) 0+2 and (right) 3−1 states, and the residual 12C



54 CHAPTER 4. DATA ANALYSIS

M
ax

 E
ff

ic
ie

nc
y

0

0.1

0.2
0.3

0.4

0.5

0.6 )
1
+C(012) + 

2
+C(012(a) 

0

0.1

0.2

0.3
0.4

0.5

0.6 )
1
+C(212) + 

2
+C(012(b) 

0
0.1

0.2

0.3

0.4

0.5
0.6 )

2
+C(012) + 

2
+C(012(c) 

17 18 19 20 21 22 23 24 25
0

0.1
0.2
0.3
0.4
0.5
0.6 )

1

-C(312) + 
2
+C(012(d) 

 (MeV)cmE

M
ax

 E
ff

ic
ie

nc
y

0

0.1

0.2

0.3
)

1
+C(012) + 

1

-C(312(a) 

0

0.05

0.1

0.15 )
1
+C(212) + 

1

-C(312(b) 

0

0.02

0.04

0.06
)

2
+C(012) + 

1

-C(312(c) 

17 18 19 20 21 22 23 24 25
0

0.01

0.02

0.03 )
1

-C(312) + 
1

-C(312(d) 

 (MeV)cmE

Figure 4.19: Maximum value of the efficiency at each angular bin as a function of Ecm. The parent 12C
that decays into 3α particles is in the (left) 0+2 and (right) 3−1 states, and the residual 12C is in the (a) 0+1 , (b)
2+1 , (c) 0+2 , and (d) 3−1 states, respectively. The dashed lines and open symbols correspond to the results from
the first beam-time period, and the solid lines and solid symbols represent those from the second beam-time
period. The cross symbols represent the results using each single segment of SAKRA. The circle, rectangle,
and triangle symbols denote that the number of the used reliable segments was 5, 4, and 3, respectively. The
beam energies in the hatched areas were excluded from the analysis.
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Figure 4.20: Angular acceptance for each reaction channel at each beam energy. The parent 12C that decays
into 3α particles is in the (top) 0+2 and (bottom) 3−1 states, and the residual 12C is in the (a) 0+1 , (b) 2+1 , (c) 0+2 ,
and (d) 3−1 states, respectively. The open arrows correspond to the results from the first beam-time period,
and the solid arrows represent those from the second beam-time period. The red-horizontal lines represent
the angular acceptance of each reaction channel.

is in the (a) 0+1 , (b) 2+1 , (c) 0+2 , and (d) 3−1 states, respectively. The dashed lines and open symbols correspond

to the results from the first beam-time period, and the solid lines and solid symbols represent those from the

second beam-time period. The cross symbols represent the results using each single segment of SAKRA. The

circle, rectangle, and triangle symbols denote that the number of the used reliable segments was 5, 4, and 3,

respectively. For comparison with the threshold value of 5%, which is shown by the dotted-horizontal lines,

the maximum values in the measurement with the number of the reliable segments was 4 or 3 are multiplied

by a factor of 5/4 or 5/3. The beam energies in the hatched areas were excluded from the analysis. With

this restriction, the 12C(3−1 ) + 12C(3−1 ) channel was excluded at all beam energies, and the 12C(3−1 ) + 12C(0+2 )

channel was accepted only at a few beam energies. Considering this low efficiency, we decided to exclude

the 12C(3−1 ) + 12C(0+2 ) channel at all beam energies.

The angular acceptance was determined to include only those angular bins where their efficiency ex-

ceeded 1%. Figure 4.20 shows the angular acceptance of each reaction channel at each beam energy. The
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red-horizontal lines in Fig. 4.20 represent the angular acceptance for each reaction channel. In general, the

angular acceptance in the center-of-mass frame declines as the beam energy decreases because the decay

particles are emitted over a wider angular range in the laboratory frame at the lower center-of-mass energy.

Thus the angular acceptance of each reaction channel was determined at the lowest beam energy. It should

be noted that the 12C(0+2 )+ 12C(0+2 ) reaction at Ecm = 18.5 MeV was excluded in order to enlarge the angular

acceptance for this reaction. For example, the angular acceptance for the 12C + 12C → 12C(0+2 ) + 12C(0+1 ),
12C(0+2 ) + 12C(2+1 ), and 12C(0+2 ) + 12C(0+2 ) reactions were 44◦ ≤ θcm ≤ 144◦, 52◦ ≤ θcm ≤ 144◦, and

68◦ ≤ θcm ≤ 140◦, respectively.

Step 2: Averaged efficiency over the angular acceptance for the exclusive reactions

In the second step, the averaged efficiency over the angular acceptance ∆Ωcm for individual reaction channels

was estimated at each beam energy. The second simulation was conducted using the measured angular

distributions of the differential cross sections for the individual reaction channels obtained in the first step.

Figure 4.21 shows as an example the measured angular distribution of the differential cross sections for the
12C(0+2 ) + 12C(0+1 ) channel at Ecm = 25.0 MeV and the simulation data generated based on the measured

angular distribution. In the simulation, the differential cross sections between the data points were estimated

by the spline interpolation functions, and the experimental data outside the angular acceptance decided in

the first step were also used to determine the spline interpolation functions.

The angular averaged efficiency is shown in Fig. 4.22. For comparison between beam energies, the

efficiency for the measurements with the 3 or 4 reliable segments are multiplied by a factor of 5/4 or 5/3,

similar to Fig. 4.19. At some energies, even though these energies were not excluded in the previous step, the

efficiency for the 12C(0+2 )+12C(3−1 ) channel was 0 because there was no yield for this channel at these energies

in our experiments. The efficiency of all reaction channels depends almost smoothly on Ecm, whereas some

fluctuations or dips are seen in the 12C(0+2 ) + 12C(0+1 ) and 12C(0+2 ) + 12C(2+1 ) channels. This is considered to

depend on whether a peak of the angular distribution overlaps the boundary of the angular acceptance.

The cross sections integrated over the angular acceptances were obtained by using the total yields deter-

mined from Fig. 4.16(b) and the angular averaged efficiency. For comparing the cross sections of various

reaction channels with the different angular acceptances, the obtained cross sections were normalized by a

factor of 4π/∆Ωcm.
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Figure 4.21: Example of (a) the measured angular distribution of the differential cross sections and (b)
the generated simulation data. The hatched areas show the outside of the angular acceptance, and the open
circles in (a) represent the differential cross sections outside the angular acceptance. The solid and dashed
lines in (a) show the spline interpolation functions without and with the differential cross sections outside
the acceptance.

Step 3: Averaged efficiency over all the solid angles for the inclusive reactions

In the third step, the averaged efficiency over all the solid angles for the inclusive 12C+ 12C→ 12C(0+2 , 3
−
1 )+

X → 3α + X reactions was estimated. In this simulation, the 0+1 , 2+1 , and 0+2 states were taken into account

as the final states of the residual 12C nuclei. The population of the residual states was determined from

the exclusive cross sections for the various reaction channels obtained in the second step. However, unlike

in the second step, the angular distributions of the differential exclusive cross sections were assumed to be

isotropic, because the angular acceptances ∆Ωcm were different between the reaction channels. The averaged

efficiency over all the solid angles for the inclusive reactions is shown in Fig. 4.23. In Fig. 4.23(b), a kink

structure is seen at Ecm ∼ 21.0 MeV because the 12C(3−1 ) + 12C(2+1 ) channel was taken into account only at

beam energies larger than Ecm = 21.0 MeV, but the energy dependence of the efficiency for the 12C(3−1 ) + X

channel is monotonous, and in Fig. 4.23(a), the efficiency for the 12C(0−2 ) + X channel is almost constant.

Finally, the total cross sections of the inclusive reactions were obtained by using the yields estimated from

Fig. 4.15 and the averaged efficiency over all the solid angles.
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Figure 4.22: Angular averaged efficiency. The reaction channels in each panel and the notation of the
symbols are same as Fig. 4.19. The beam energies in the hatched areas were excluded from the analysis. The
12C(3−1 )+ 12C(0+2 ) and 12C(3−1 )+ 12C(3−1 ) channels were omitted because these channels were not used in the
analysis.
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Figure 4.23: Averaged efficiency over all the solid angles for the inclusive (a) 12C + 12C→ 12C(0+2 ) + X →
3α + X and (b) 12C + 12C → 12C(3−1 ) + X → 3α + X reactions. The notation of the symbols are same as
Fig. 4.19.

4.9 Cross section for the 12C + 12C elastic scattering

In order to evaluate the accuracy of the present analysis, we compared the differential cross sections for the
12C+ 12C elastic scattering at θcm = 90◦ with the previous result reported in Ref. [58] shown in Fig. 4.24. In

our experiment, because the physics measurement was conducted with the trigger condition of Multi. ≥ 3,

the 12C + 12C elastic scattering could not be measured in the physics run. Thus, we analyzed the data from

the minimum bias measurement for obtaining the cross sections for the 12C + 12C elastic scattering. If two

detected particles were identified as 12C and they satisfied the two-body kinematics, the event was identified

as the 12C+ 12C elastic scattering. In case of the elastic scattering at θcm = 90◦, both 12C nuclei are scattered

on the same angle of θcm = 90◦. Therefore, considering the angular straggling, we selected the events which

both 12C nuclei were scattered on 85◦ ≤ θcm ≤ 95◦. Figure 4.25 shows the present result of the differential

cross sections for the 12C + 12C elastic scattering at θcm = 90◦. Comparing Figs. 4.24 and 4.25, the energy

dependence of the cross sections, for example two peak structure around Ecm = 20 MeV, is similar between

the present and previous result, but the absolute value of the present result is about 10 times smaller than that

of the previous result.

We considered that this inconsistent result was caused by excessive trigger rate during the minimum bias

measurements. Figure 4.26 shows the event time stamp distribution at (a) minimum bias measurement (Trig.
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Figure 4.24: Previous result of the differential cross sections for the 12C+12C elastic scattering at θcm = 90◦.
Taken from Fig. 7 in Ref. [58].

17 18 19 20 21 22 23 24 25
2−10

1−10

1

10

 (MeV)cmE

 (
m

b/
sr

)
Ω

/dσd

Figure 4.25: Present result of the differential cross sections for the 12C+ 12C elastic scattering at θcm = 90◦.
The notation of the open and solid symbols is same as Fig. 4.19.
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Figure 4.26: Event time stamp distribution at the (a) minimum bias measurement (Trig. Multi. = 1) and (b)
physics measurement (Trig. Multi. = 3).

Multi. = 1, see Sec. 3.4.1) and (b) physics measurement (Trig. Multi. = 3). In Fig. 4.26(a), the event rate was

approximately 300 counts/0.1 s for the first 0.5 seconds, then suddenly dropped to about 100 counts/0.1 s

and was limited to this event rate. This limitation was due to the V1730 busy, which was issued when the

data buffer of V1730 was full. For the minimum bias measurements, the event rate was so high that the

data transfer rate of V1730 was insufficient, and V1730 could not maintain data acquisition without dead

time. On the other hand, in case of the physics measurement shown in Fig. 4.26(b), these drop-off in the

event rate did not occur. Therefore, we concluded that this discrepancy was peculiar to the minimum bias

measurements and that normalization based on the cross section of the elastic scattering was not necessary

for the results of the physics measurements.





Chapter 5

Result and discussion

5.1 Inclusive cross section

Figure 5.1 shows the inclusive cross sections for the 12C + 12C → 12C(0+2 , 3
−
1 ) + X → 3α + X reactions as a

function of the center-of-mass energy Ecm of the initial 12C + 12C system. The open symbols correspond to

the results from the first beam-time period, and the solid symbols represent those from the second beam-time

period. The cross symbols on the dotted line denote the cross sections acquired with each single segment

of SAKRA. The cross sections acquired by using the reliable segments of SAKRA at each beam energy are

also shown. The circle, rectangle, and triangle symbols on the solid line indicate that the number of the

used segments was 5, 4, and 3, respectively. The vertical error bars include the statistical errors only. It

was found that the absolute values of the cross sections systematically fluctuated among the five segments of

SAKRA although the energy dependence of the cross section obtained by each single segment was similar.

Therefore, we took the cross sections with all reliable segments of SAKRA as the result values and treated

these fluctuations among the single segments as the systematic uncertainties. In Fig. 5.2, we show the

results of the inclusive cross sections as the symbols and the systematic uncertainties as the gray bands. The

horizontal axis of Fig. 5.2 takes into account the energy loss of the 12C beam within the target at each beam

energy, and this ambiguity is shown as the horizontal error bar.

A relatively narrow peak structure is observed at Ecm = 19.4 MeV in both Figs. 5.2(a) and (b), while the

broad structure is observed at Ecm = 20.0–22.0 MeV in Fig. 5.2(a) only. It should be noted that the narrower

state at Ecm = 19.4 MeV had been previously observed in indirect measurements of the 3α emission from

the 12C + 12C reaction [40] as shown in Fig. 1.10. The present work showed that this state decayed to the

3α particles via the 0+2 and 3−1 states in 12C by the direct measurement. This is strong evidence that this

narrower state is a multi-α cluster state because the 0+2 and 3−1 states are known as the spatially developed

3α-cluster states. This 19.4-MeV state actually couples with the 0+2 state as the 3α-condensed state, and its

63
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Figure 5.1: Inclusive cross sections for the (a) 12C + 12C → 12C(0+2 ) + X → 3α + X and (b) 12C + 12C →
12C(3−1 ) + X → 3α + X reactions. The open symbols corresponding to the results from the first beam-time
period, and the solid symbols represent those from the second beam-time period. The cross symbols on the
dotted line denote the cross sections acquired with each single segment of SAKRA. The circle, square, and
triangle symbols on the solid line indicate the cross sections obtained using the 5, 4, and 3 reliable segments,
respectively. The dotted and solid lines are shown to guide the eye.
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Figure 5.2: Inclusive cross sections for the (a) 12C + 12C → 12C(0+2 ) + X → 3α + X and (b) 12C + 12C →
12C(3−1 ) + X → 3α + X reactions. The notation of the symbols is same as Fig. 5.1.
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energy of Ecm = 19.4 MeV, corresponding to the excitation energy of Ex = 33.3 MeV in 24Mg, is close to

the theoretical value of the 6α-condensed state predicted in Ref. [25]. It is, therefore, reasonable to consider

this state as a candidate for the 6α-condensed state. However, we could not determine the spin and parity of

this candidate in this analysis.

5.2 Exclusive cross section

As in Sec. 5.1, the exclusive cross sections acquired by using each single segment or the reliable segments of

SAKRA are shown in Fig. 5.3, and the results of the exclusive cross sections are shown in Fig. 5.4 along with

the gray bands of the systematic uncertainties. Figures 5.4(a), (b), and (c) show the exclusive cross sections

for the 12C + 12C → 12C(0+2 ) + 12C(0+1 ), 12C(0+2 ) + 12C(2+1 ), and 12C(0+2 ) + 12C(0+2 ) reactions, respectively,

as in Fig. 5.3. The energy dependence of the measured cross sections exhibits different behavior for each

reaction channel. This indicates the successful separation of the reaction channels in the present analysis.

The peak at Ecm = 19.4 MeV, which is a candidate for the 6α-condensed state, is observed in the
12C(0+2 )+12C(0+1 ) channel in Fig. 5.4(a), but is not in the 12C(0+2 )+12C(0+2 ) channel in Fig. 5.4(c). This result

appears to contradict the expectation that the overlap of the wave functions between the 6α-condensed state

and 12C(0+2 )+12C(0+2 ) should be larger rather than that between the 6α-condensed state and 12C(0+2 )+12C(0+1 ).

A plausible explanation of this result is that the 12C(0+2 )+12C(0+2 ) channel is hindered by the Coulomb barrier

due to the low decay energy as pointed out in Ref. [39].

A broad peak is observed around Ecm = 22.5 MeV in the cross-section spectrum for the 12C + 12C →
12C(0+2 ) + 12C(0+2 ) reaction shown in Fig. 5.4(c). This energy corresponds to the excitation energy of

36.4 MeV in 24Mg. This broad state ought to be a multi-α cluster state as well as the narrow state found at

Ecm = 19.4 MeV. Because the 12C(0+2 )+ 12C(0+2 ) channel should be strongly coupled with the 6α-condensed

state, this broad state should be akin to the 6α-condensed state. This state is inferred to be an excited state

of the 6α-condensed state such as the 2+2 and 4+1 states in 12C [24] since its excitation energy is 3.1 MeV

higher than the theoretical value of the 6α-condensed state [25]. In the 12C case, the excited states of the

3α-condensed state with Jπ = 2+ and 4+ were theoretically predicted at 1.4 and 3.5 MeV above the 3α-

condensed state [24], and their experimental counterparts were reported in Refs. [23, 59, 60].

5.2.1 Angular distribution of the differential cross sections

To investigate the spins and parities of the observed states, the angular distributions of the differential cross

sections were analyzed. In the present analysis, because the spins and parities of the two 12C nuclei were
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Figure 5.3: Exclusive cross sections for the 12C + 12C→ (a) 12C(0+2 ) + 12C(0+1 ), (b) 12C(0+2 ) + 12C(2+1 ), and
(c) 12C(0+2 ) + 12C(0+2 ) reactions with each single segment or the reliable segments of SAKRA. The notation
of the symbols and the lines are same as Fig. 5.1.
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Figure 5.4: Exclusive cross sections for the 12C + 12C→ (a) 12C(0+2 ) + 12C(0+1 ), (b) 12C(0+2 ) + 12C(2+1 ), and
(c) 12C(0+2 ) + 12C(0+2 ) reactions. The notation of the symbols are same as Fig. 5.1.
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determined to be 0+ by the invariant mass analysis and the missing mass analysis, the relative angular mo-

mentum L between the two 12C nuclei was equal to the angular momentum transfer ∆L. ∆L might be

extracted from the angular distributions of the differential cross sections for the 12C + 12C reaction. Assum-

ing an existence of 0+ resonance state in 24Mg, it is expected that the contribution of L = 0 component will

be large at that resonant energy and the angular distribution might be constant with θcm.

In Ref. [36], the similar analysis was performed by fitting the angular distributions with the formula

dσ
dΩ

(θcm) =

∣∣∣∣∣∣∣∑l

aleiϕ(l)Pl(cos θcm)

∣∣∣∣∣∣∣
2

, (5.1)

where Pl(x) denotes the Legendre polynomial of order l, and the partial-wave amplitudes al and their phases

ϕ(l) were the fit parameters. Following Ref. [36], we used this formula (5.1) as a fitting function. Figure 5.5

shows the angular distributions of the differential cross sections for the 12C + 12C → 12C(0+2 ) + 12C(0+1 )

reaction at the five energies around Ecm = 19.4 MeV as the symbols and the best-fit results as the red lines.

The left and right panels of Fig. 5.5 show the fitting results using a single l value and multiple l values up to

five, respectively. If the reaction process is classical two-body scattering, the angular distribution should be

dominated by the grazing angular momentum lgr given implicitly by

E =
lgr(lgr + 1)ℏ2

2µR2
gr

+
Z1Z2e2

Rgr
, (5.2)

where Rgr is the sum of the nuclear radii, namely r0(A1/3
1 + A1/3

2 ). However, the experimental results varied

irregularly with Ecm as shown in the left panels of Fig. 5.5, and these results may suggest that there exist

complicated reaction processes. At Ecm = 19.4 MeV, its diffraction pattern is best fitted by the Legendre

polynomial of order 8 although the enhancement of the diffraction amplitude at θcm = 90◦ is not reproduced.

This result means that the cross section around Ecm = 19.4 MeV is dominated by the L = 8 component

which is very close to the grazing angular moment of lgr = 8.8, and it does not suggest the L = 0 component

populating the 6α-condensed state with Jπ = 0+. This is due to the fact that contamination from continuous

components was quite large as seen in Fig 5.4(a), and it obscures the L = 0 component even if the 19.4-

MeV state is the 6α-condensed state. The enhancement of the differential cross section around θcm = 90◦

also indicates that the cross section around Ecm = 19.4 MeV is dominated by the continuous components

with several multipolarities components because this enhancement is not reproduced with a single Legendre

polynomial but only by introducing several partial waves. The best-fit results with Eq. (5.1) using up to

five contributing partial waves (l = 0–8) are shown in the right panels of Fig. 5.5. The contribution from the

L = 0 component was suggested at Ecm = 19.4 MeV, but its fraction was so small that we could not explicitly
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Figure 5.5: Angular distributions of the differential cross sections for the 12C + 12C → 12C(0+2 ) + 12C(0+1 )
reaction at the five energies around Ecm = 19.4 MeV shown as the symbols. The notation of the symbols are
same as Fig. 5.1. The best-fit results with the single and multiple l values in Eq. (5.1) are shown by the red
line in the left and right panels, respectively. The l values taken into account are indicated in each panel.
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demonstrate the existence of the 0+ resonance. Therefore, the subtraction of the continuous components is

necessary to determine the spin and parity of the small peak on the continuous spectrum. However, its yield

was statistically too poor to reliably perform this analysis, and we could not determine the spin and parity of

this state.

On the other hand, as shown in Fig. 5.6, the angular distributions of the cross sections for the 12C+12C→
12C(0+2 ) + 12C(0+2 ) reaction at the four energies around Ecm = 22.5 MeV were well represented with a single

Legendre polynomial of order 4. It is reasonable to consider that the spin and parity of the broad state around

Ecm = 22.5 MeV is 4+. At lower energies, it is difficult to reproduce the angular distributions with a single

Legendre polynomial due to the enhancement around θcm = 90◦. In the left panels of Fig. 5.7, the best-fit

l value is indicated in each panel, and the squared Legendre polynomials of order 2 or 4 are plotted by the

dashed or thin solid lines, respectively. The angular distributions at Ecm = 21.4, 21.7, and 21.9 MeV were

fitted with Eq. (5.1) taking contributions from l = 2 and 4 into account as shown in the right panels of Fig. 5.7

by the thick solid lines. The angular distributions are better fitted by incorporating both the L = 2 and L = 4

components into account than by utilizing a single Legendre polynomial. It is a signature that a 2+ state

exists at the low-energy side of the broad state around Ecm = 22.5 MeV although the 2+ resonance could not

be separated from the broad 4+ state in the energy spectrum in Fig. 5.4(c). These spin-parity assignments are

consistent with our speculation that this broad structure is due to excited states of the 6α-condensed state.

Considering the difference of the excitation energy and their spins and parities, these states might be excited

states of the 6α-condensed state in similar to the 2+2 and 4+1 states in 12C.

It is also essential to compare the present results with theoretical calculations for further clarification

regarding the internal structures of the observed states. However no microscopic calculations for the 6α-

condensed state are available at present. Therefore, theoretical efforts are strongly desired to properly inter-

pret the present results and to establish the 6α-condensed state.
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Figure 5.6: Same as Fig. 5.5, but for the 12C + 12C→ 12C(0+2 ) + 12C(0+2 ) reaction around Ecm = 22.5 MeV.
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Figure 5.7: Same as Fig. 5.5, but for the 12C+12C→ 12C(0+2 )+12C(0+2 ) reaction at the low-energy side of the
22.5-MeV state. (Left panel) Squared Legendre polynomials of order 2 and 4 are plotted by the dashed and
thin solid lines. (Right panel) Legendre polynomial fits taking contributions from l = 2 and 4 into account
are plotted by the thick solid lines.



Chapter 6

Summary

Structures of atomic nuclei have been described with various nuclear pictures. One of the successful models

is a shell model, in which nucleons occupy single-particle orbits in the mean-field potential generated by all

nucleons. On the other hand, it is known that there exist cluster states in which several nucleons atrongly

correlate with each other to form clusters. These states are described by a cluster model where the clusters

weakly interact with each other. In the cluster structure, one of the most interesting states is the α-condensed

states in which all the alpha clusters are condensed into the lowest s orbit, and the α-condensed states have

a dilute structure with a larger radius.

The α-condensed states are predicted to exist in the self-conjugate A = 4k nuclei up to k = 10. It is theo-

retically expected that the kα-condensed states are located above the kα-decay thresholds, and alpha clusters

are confined in a shallow potential pocket formed by the interplay of the short-range weak nuclear attractive

interaction and the long-range repulsive Coulomb interaction. Exploring the existence of the α-condensed

states in various nuclei is an intriguing endeavor to verify the theoretical predictions and to establish universal

presence of dilute α-cluster states. The ubiquity of the α-condensed states will suggest that the α condensa-

tion manifests in the dilute nuclear matter. In the present situation, the existence of the α-condensed states

is established only in 8Be and 12C. In case of 16O and 20Ne, several candidate states are theoretically and

experimentally proposed although they have not been established yet. However, for 24Mg and heavier nuclei,

no candidates of the α-condensed states have not been proposed.

In the present work, we measured the 12C + 12C scattering using the SAKRA detector in order to search

for the 6α-condensed state in 24Mg. The Si detector array SAKRA was newly developed for this experiment

and specialized for the PSA. The experiment was conducted at the JAEA tandem accelerator facility. We

utilized a 12C beam with an incident energy of Ecm = 17.5–25.0 MeV to survey the excitation-energy range

of 31.4–38.9 MeV in 24Mg. For identifying the decay events of the excited states of 24Mg via the 0+2 or 3−1

73



74 CHAPTER 6. SUMMARY

state in 12C, we reconstructed invariant mass of 12C with 3α particles detected in one segment of SAKRA,

and successfully identified 3α particles emitted from the 0+2 or 3−1 state. Then, we obtained the inclusive

cross sections for the 12C + 12C → 12C(0+2 or 3−1 ) + X → 3α + X reactions. In addition, we determined the

excitation energy of the residual 12C nucleus using the missing mass method, and exclusively obtained the

cross sections for the 12C + 12C→ 12C(0+2 ) + 12C(0+1 ), 12C(0+2 ) + 12C(2+1 ), and 12C(0+2 ) + 12C(0+2 ) channels.

The inclusive cross sections for the 12C + 12C → 12C(0+2 or 3−1 ) + X → 3α + X reactions peaked at

Ecm = 19.4 MeV, which corresponds to the excitation energy of 33.3 MeV in 24Mg. This 19.4-MeV state

was observed in the direct measurement of the 3α emission from the 12C + 12C reaction for the first time,

and was found to decay via the 0+2 and 3−1 states in 12C. This fact is strong evidence that the 19.4-MeV state

is a multi-α cluster state. This 19.4-MeV state actually couples with the 0+2 state as the 3α-condensed state,

and its energy is close to the theoretical value of the 6α-condensed state. These results suggest that this

state is a candidate for the 6α-condensed state. This peak was also observed in the exclusive 12C + 12C →
12C(0+2 )+12C(0+1 ) reaction, but not in the 12C+12C→ 12C(0+2 )+12C(0+2 ) reaction although the 6α-condensed

state should have a larger overlap with the 12C(0+2 )+12C(0+2 ) channel than with the 12C(0+2 )+12C(0+1 ) channel.

This could be explained by an inference that the 12C(0+2 ) + 12C(0+2 ) channel is suppressed by the Coulomb

barrier due to its low decay energy. In the 12C(0+2 ) + 12C(0+2 ) channel, we found a broad structure around

Ecm = 22.5 MeV, corresponding to Ex = 36.4 MeV in 24Mg. This broad state ought to be a multi-α cluster

state as well as the narrow state found at Ecm = 19.4 MeV.

To provide further clarification regarding the internal structure of these observed states, the spins and

parities of these states are required. The angular distributions of the cross sections were analyzed to gain an

insight into the spin and parity. Although the spin and parity of the 19.4-MeV state could not be resolved

due to the continuous components, those of the broad 22.5-MeV state were assigned to be 4+. In addition,

a signature of the 2+ state was suggested at lower-energy side of the broad state. Considering the excitation

energy which is 3.1 MeV higher than the theoretical value of the 6α-condensed state, this broad state might

be akin to the α-condensed state like the Hoyle band states known as the 2+2 and 4+1 states in 12C.

It is also essential to compare the present results with theoretical calculations. However no microscopic

calculations for the 6α-condensed state are available at present. Therefore, theoretical efforts are strongly

desired to properly interpret the present results and to establish the 6α-condensed state.
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O. Lopez, L. Morelli, A. Olmi, M. Pârlog, S. Piantelli, G. Poggi, D. Santonocito, A. A. Stefanini,
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Appendix A

Data tables of cross sections

A.1 Inclusive cross section

Table A.1: 12C(12C, 12C[0+2 ]→ 3α)X

reaction at the first beam-time

period.

17.5 0 5.36 × 10−1 2.27 × 10−2

1 4.85 × 10−1 2.15 × 10−2

2 4.72 × 10−1 2.21 × 10−2

3 4.12 × 10−1 2.14 × 10−2

4 4.63 × 10−1 2.08 × 10−2

18.0 0 8.47 × 10−1 2.95 × 10−2

1 7.53 × 10−1 2.83 × 10−2

2 7.80 × 10−1 2.69 × 10−2

3 7.24 × 10−1 2.70 × 10−2

4 7.20 × 10−1 2.75 × 10−2

18.5 0 8.78 × 10−1 2.69 × 10−2

1 7.90 × 10−1 2.49 × 10−2

2 8.23 × 10−1 2.47 × 10−2

3 7.44 × 10−1 2.39 × 10−2

4 7.83 × 10−1 2.33 × 10−2

19.0 0 9.23 × 10−1 2.30 × 10−2

1 7.99 × 10−1 2.18 × 10−2

2 8.42 × 10−1 2.17 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.

Table A.1 : (Continued)

3 7.62 × 10−1 2.08 × 10−2

4 7.23 × 10−1 2.05 × 10−2

19.5 0 1.05 2.65 × 10−2

1 9.56 × 10−1 2.50 × 10−2

2 9.44 × 10−1 2.50 × 10−2

3 8.78 × 10−1 2.44 × 10−2

4 – –

20.0 0 7.97 × 10−1 2.55 × 10−2

1 8.01 × 10−1 2.57 × 10−2

2 8.11 × 10−1 2.56 × 10−2

3 6.80 × 10−1 2.31 × 10−2

4 – –

20.5 0 1.02 2.55 × 10−2

1 1.03 2.60 × 10−2

2 1.11 2.57 × 10−2

3 – –

4 – –

21.0 0 1.50 2.91 × 10−2

1 1.44 2.93 × 10−2

2 1.38 2.78 × 10−2

3 – –

4 – –

21.5 0 1.73 3.06 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.
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Table A.1 : (Continued)

1 1.58 2.98 × 10−2

2 1.51 2.89 × 10−2

3 – –

4 – –

22.0 0 1.32 2.87 × 10−2

1 1.20 2.88 × 10−2

2 1.17 2.70 × 10−2

3 – –

4 – –

22.5 0 1.33 3.17 × 10−2

1 1.15 3.13 × 10−2

2 1.18 3.04 × 10−2

3 – –

4 – –

23.0 0 1.10 3.00 × 10−2

1 1.01 2.95 × 10−2

2 9.20 × 10−1 2.79 × 10−2

3 – –

4 – –

23.5 0 1.51 4.28 × 10−2

1 1.43 4.22 × 10−2

2 1.42 4.27 × 10−2

3 1.26 4.10 × 10−2

4 1.33 3.99 × 10−2

24.0 0 1.77 4.51 × 10−2

1 1.66 4.43 × 10−2

2 1.67 4.31 × 10−2

3 1.43 4.07 × 10−2

4 1.53 3.96 × 10−2

24.5 0 1.83 4.27 × 10−2

1 1.75 4.46 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.

Table A.1 : (Continued)

2 1.63 4.30 × 10−2

3 1.53 4.13 × 10−2

4 1.55 3.92 × 10−2

25.0 0 1.74 4.53 × 10−2

1 1.58 4.58 × 10−2

2 1.53 4.29 × 10−2

3 1.41 4.17 × 10−2

4 1.59 4.14 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Table A.2: 12C(12C, 12C[0+2 ]→ 3α)X

reaction at the second beam-time

period.

19.0 0 9.23 × 10−1 5.31 × 10−2

1 8.50 × 10−1 5.47 × 10−2

2 7.21 × 10−1 5.10 × 10−2

3 7.81 × 10−1 4.90 × 10−2

4 7.80 × 10−1 4.78 × 10−2

19.2 0 8.60 × 10−1 1.80 × 10−2

1 8.00 × 10−1 1.78 × 10−2

2 6.79 × 10−1 1.64 × 10−2

3 7.12 × 10−1 1.68 × 10−2

4 7.08 × 10−1 1.68 × 10−2

19.4 0 1.08 2.17 × 10−2

1 9.58 × 10−1 2.14 × 10−2

2 8.26 × 10−1 1.96 × 10−2

3 8.92 × 10−1 1.96 × 10−2

4 8.80 × 10−1 1.97 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.
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Table A.2 : (Continued)

19.6 0 1.04 2.20 × 10−2

1 9.16 × 10−1 2.10 × 10−2

2 8.82 × 10−1 1.99 × 10−2

3 8.25 × 10−1 1.96 × 10−2

4 9.22 × 10−1 2.07 × 10−2

19.8 0 8.45 × 10−1 2.03 × 10−2

1 8.01 × 10−1 1.98 × 10−2

2 7.47 × 10−1 1.92 × 10−2

3 5.97 × 10−1 1.74 × 10−2

4 7.05 × 10−1 1.86 × 10−2

20.0 0 8.54 × 10−1 4.15 × 10−2

1 8.42 × 10−1 4.26 × 10−2

2 7.69 × 10−1 3.81 × 10−2

3 5.85 × 10−1 3.30 × 10−2

4 6.47 × 10−1 3.64 × 10−2

20.2 0 1.00 2.41 × 10−2

1 9.41 × 10−1 2.42 × 10−2

2 8.81 × 10−1 2.30 × 10−2

3 7.67 × 10−1 2.08 × 10−2

4 8.76 × 10−1 2.29 × 10−2

20.8 0 1.54 2.65 × 10−2

1 1.36 2.60 × 10−2

2 1.29 2.44 × 10−2

3 1.19 2.35 × 10−2

4 1.39 2.51 × 10−2

21.0 0 1.51 4.80 × 10−2

1 1.38 4.82 × 10−2

2 1.30 4.52 × 10−2

3 1.13 4.25 × 10−2

4 1.35 4.67 × 10−2

21.2 0 1.62 2.65 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.

Table A.2 : (Continued)

1 1.50 2.66 × 10−2

2 1.36 2.53 × 10−2

3 1.21 2.38 × 10−2

4 1.52 2.57 × 10−2

21.8 0 1.47 2.62 × 10−2

1 1.34 2.55 × 10−2

2 1.24 2.50 × 10−2

3 1.12 2.25 × 10−2

4 1.35 2.54 × 10−2

22.0 0 1.37 4.60 × 10−2

1 1.23 4.66 × 10−2

2 1.08 4.39 × 10−2

3 9.70 × 10−1 3.99 × 10−2

4 1.14 4.30 × 10−2

22.2 0 1.28 2.47 × 10−2

1 1.23 2.47 × 10−2

2 1.15 2.37 × 10−2

3 1.00 2.21 × 10−2

4 1.19 2.34 × 10−2

22.8 0 1.12 2.46 × 10−2

1 1.03 2.49 × 10−2

2 9.68 × 10−1 2.30 × 10−2

3 8.55 × 10−1 2.11 × 10−2

4 1.03 2.30 × 10−2

23.0 0 1.11 4.55 × 10−2

1 1.09 4.58 × 10−2

2 9.39 × 10−1 4.27 × 10−2

3 8.92 × 10−1 4.12 × 10−2

4 1.11 4.50 × 10−2

23.2 0 1.28 2.65 × 10−2

1 1.22 2.74 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.
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Table A.2 : (Continued)

2 1.16 2.59 × 10−2

3 9.70 × 10−1 2.33 × 10−2

4 1.17 2.57 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Table A.3: 12C(12C, 12C[3−1 ]→ 3α)X

reaction at the first beam-time

period.

17.5 0 1.21 1.32 × 10−1

1 7.56 × 10−1 1.09 × 10−1

2 1.10 1.24 × 10−1

3 1.40 1.55 × 10−1

4 1.20 1.35 × 10−1

18.0 0 1.53 1.52 × 10−1

1 1.33 1.35 × 10−1

2 1.56 1.50 × 10−1

3 1.50 1.77 × 10−1

4 1.61 1.54 × 10−1

18.5 0 1.56 1.39 × 10−1

1 1.34 1.14 × 10−1

2 1.70 1.26 × 10−1

3 1.69 1.46 × 10−1

4 1.49 1.37 × 10−1

19.0 0 3.13 1.35 × 10−1

1 2.50 1.15 × 10−1

2 3.00 1.26 × 10−1

3 3.06 1.40 × 10−1

4 2.78 1.34 × 10−1

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.

Table A.3 : (Continued)

19.5 0 5.32 1.67 × 10−1

1 3.90 1.43 × 10−1

2 4.01 1.52 × 10−1

3 5.25 1.71 × 10−1

4 – –

20.0 0 3.38 1.49 × 10−1

1 2.56 1.32 × 10−1

2 2.96 1.40 × 10−1

3 3.61 1.56 × 10−1

4 – –

20.5 0 4.58 1.54 × 10−1

1 4.58 1.55 × 10−1

2 4.66 1.53 × 10−1

3 – –

4 – –

21.0 0 5.74 1.61 × 10−1

1 5.26 1.55 × 10−1

2 4.76 1.46 × 10−1

3 – –

4 – –

21.5 0 6.39 1.80 × 10−1

1 5.13 1.61 × 10−1

2 4.65 1.55 × 10−1

3 – –

4 – –

22.0 0 6.30 1.76 × 10−1

1 5.20 1.67 × 10−1

2 5.08 1.61 × 10−1

3 – –

4 – –

22.5 0 5.49 1.93 × 10−1

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.
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Table A.3 : (Continued)

1 4.42 1.82 × 10−1

2 4.72 1.81 × 10−1

3 – –

4 – –

23.0 0 8.74 2.01 × 10−1

1 6.46 1.79 × 10−1

2 6.30 1.75 × 10−1

3 – –

4 – –

23.5 0 1.08 × 101 2.64 × 10−1

1 8.32 2.32 × 10−1

2 9.24 2.39 × 10−1

3 1.12 × 101 2.72 × 10−1

4 9.82 2.47 × 10−1

24.0 0 1.03 × 101 2.44 × 10−1

1 8.06 2.18 × 10−1

2 8.95 2.34 × 10−1

3 1.15 × 101 2.65 × 10−1

4 1.05 × 101 2.44 × 10−1

24.5 0 1.20 × 101 2.53 × 10−1

1 9.03 2.24 × 10−1

2 9.78 2.32 × 10−1

3 1.18 × 101 2.57 × 10−1

4 1.11 × 101 2.43 × 10−1

25.0 0 1.20 × 101 2.51 × 10−1

1 9.04 2.17 × 10−1

2 1.00 × 101 2.28 × 10−1

3 1.22 × 101 2.64 × 10−1

4 1.07 × 101 2.38 × 10−1

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Table A.4: 12C(12C, 12C[3−1 ]→ 3α)X

reaction at the second

beam-time period.

19.0 0 3.40 3.36 × 10−1

1 3.27 2.71 × 10−1

2 2.48 2.86 × 10−1

3 3.85 3.30 × 10−1

4 3.80 3.21 × 10−1

19.2 0 4.01 1.18 × 10−1

1 3.35 1.07 × 10−1

2 2.80 1.00 × 10−1

3 3.79 1.21 × 10−1

4 4.14 1.25 × 10−1

19.4 0 5.19 1.38 × 10−1

1 4.29 1.23 × 10−1

2 4.09 1.24 × 10−1

3 5.40 1.44 × 10−1

4 5.46 1.48 × 10−1

19.6 0 4.66 1.37 × 10−1

1 3.77 1.22 × 10−1

2 3.77 1.21 × 10−1

3 4.54 1.37 × 10−1

4 5.02 1.44 × 10−1

19.8 0 3.73 1.23 × 10−1

1 3.14 1.13 × 10−1

2 3.12 1.14 × 10−1

3 3.37 1.21 × 10−1

4 3.59 1.24 × 10−1

20.0 0 3.15 2.38 × 10−1

1 2.89 2.23 × 10−1

2 2.87 2.15 × 10−1

3 2.93 2.18 × 10−1

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.
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Table A.4 : (Continued)

4 2.97 2.26 × 10−1

20.2 0 5.03 1.42 × 10−1

1 3.93 1.26 × 10−1

2 4.12 1.25 × 10−1

3 4.50 1.37 × 10−1

4 5.04 1.48 × 10−1

20.8 0 5.08 1.38 × 10−1

1 4.08 1.25 × 10−1

2 3.80 1.21 × 10−1

3 4.33 1.27 × 10−1

4 5.35 1.43 × 10−1

21.0 0 4.91 2.43 × 10−1

1 4.35 2.21 × 10−1

2 3.72 2.17 × 10−1

3 4.19 2.27 × 10−1

4 5.23 2.49 × 10−1

21.2 0 5.80 1.51 × 10−1

1 4.49 1.37 × 10−1

2 4.55 1.33 × 10−1

3 5.13 1.45 × 10−1

4 5.97 1.57 × 10−1

21.8 0 6.35 1.47 × 10−1

1 5.35 1.37 × 10−1

2 5.27 1.34 × 10−1

3 5.94 1.44 × 10−1

4 6.72 1.54 × 10−1

22.0 0 5.45 2.66 × 10−1

1 4.88 2.46 × 10−1

2 4.84 2.41 × 10−1

3 5.97 2.68 × 10−1

4 5.95 2.72 × 10−1

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.

Table A.4 : (Continued)

22.2 0 5.57 1.39 × 10−1

1 4.85 1.33 × 10−1

2 4.87 1.33 × 10−1

3 5.14 1.36 × 10−1

4 5.77 1.43 × 10−1

22.8 0 6.57 1.45 × 10−1

1 5.40 1.34 × 10−1

2 5.33 1.32 × 10−1

3 5.93 1.40 × 10−1

4 6.80 1.49 × 10−1

23.0 0 8.60 2.84 × 10−1

1 7.24 2.62 × 10−1

2 6.89 2.60 × 10−1

3 7.83 2.69 × 10−1

4 9.04 2.88 × 10−1

23.2 0 9.40 1.57 × 10−1

1 8.07 1.47 × 10−1

2 7.51 1.41 × 10−1

3 8.43 1.49 × 10−1

4 9.31 1.60 × 10−1

Ecm
Seg.

σ error

(MeV) (mb) (mb)
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Table A.5: 12C(12C, 12C[0+2 ]→ 3α)X reaction using reliable segments of SAKRA.

17.5 17.41 8.75 × 10−2 4.87 × 10−1 9.47 × 10−3 4.71 × 10−2

18.0 17.91 8.75 × 10−2 7.69 × 10−1 1.24 × 10−2 5.21 × 10−2

18.5 18.41 8.50 × 10−2 8.12 × 10−1 1.10 × 10−2 5.12 × 10−2

19.0 18.91 8.50 × 10−2 8.15 × 10−1 8.85 × 10−3 7.30 × 10−2

(Mar.) 8.17 × 10−1 9.57 × 10−3 –

(Apr.) 8.03 × 10−1 2.33 × 10−2 –

19.2 19.11 8.50 × 10−2 7.55 × 10−1 7.66 × 10−3 7.58 × 10−2

19.4 19.32 8.25 × 10−2 9.33 × 10−1 9.09 × 10−3 9.81 × 10−2

19.5 19.42 8.25 × 10−2 9.64 × 10−1 1.25 × 10−2 7.17 × 10−2

19.6 19.51 8.50 × 10−2 9.20 × 10−1 9.20 × 10−3 7.76 × 10−2

19.8 19.72 8.47 × 10−2 7.51 × 10−1 8.42 × 10−3 9.63 × 10−2

20.0 19.92 8.25 × 10−2 7.65 × 10−1 1.01 × 10−2 9.48 × 10−2

(Mar.) 7.80 × 10−1 1.24 × 10−2 –

(Apr.) 7.35 × 10−1 1.74 × 10−2 –

20.2 20.17 8.00 × 10−2 9.05 × 10−1 1.02 × 10−2 8.89 × 10−2

20.5 20.42 8.00 × 10−2 1.06 1.48 × 10−2 5.13 × 10−2

20.8 20.67 8.00 × 10−2 1.36 1.12 × 10−2 1.28 × 10−1

21.0 20.92 8.00 × 10−2 1.40 1.30 × 10−2 1.25 × 10−1

(Mar.) 1.44 1.66 × 10−2 –

(Apr.) 1.33 2.08 × 10−2 –

21.2 21.17 8.00 × 10−2 1.45 1.14 × 10−2 1.61 × 10−1

21.5 21.42 7.75 × 10−2 1.61 1.71 × 10−2 1.14 × 10−1

21.8 21.67 7.75 × 10−2 1.31 1.11 × 10−2 1.33 × 10−1

22.0 21.92 7.75 × 10−2 1.20 1.26 × 10−2 1.29 × 10−1

(Mar.) 1.23 1.63 × 10−2 –

(Apr.) 1.16 1.99 × 10−2 –

22.2 22.17 7.75 × 10−2 1.18 1.07 × 10−2 1.05 × 10−1

22.5 22.43 7.50 × 10−2 1.22 1.81 × 10−2 9.76 × 10−2

22.8 22.68 7.50 × 10−2 1.01 1.05 × 10−2 9.85 × 10−2

23.0 22.93 7.50 × 10−2 1.02 1.29 × 10−2 9.31 × 10−2

(Mar.) 1.02 1.68 × 10−2 –

(Apr.) 1.02 2.02 × 10−2 –

Ecm (MeV) E′cm (MeV) ∆E′cm (MeV) σ (mb) ∆σstat (mb) ∆σsyst (mb)

Continued.
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Table A.5 : (Continued)

23.2 23.18 7.50 × 10−2 1.17 1.15 × 10−2 1.16 × 10−1

23.5 23.43 7.25 × 10−2 1.40 1.87 × 10−2 9.75 × 10−2

24.0 23.93 7.25 × 10−2 1.62 1.91 × 10−2 1.33 × 10−1

24.5 24.43 7.25 × 10−2 1.67 1.89 × 10−2 1.29 × 10−1

25.0 24.93 7.00 × 10−2 1.58 1.96 × 10−2 1.20 × 10−1

Ecm (MeV) E′cm (MeV) ∆E′cm (MeV) σ (mb) ∆σstat (mb) ∆σsyst (mb)

Table A.6: 12C(12C, 12C[3−1 ]→ 3α)X reaction using reliable segments of SAKRA.

17.5 17.41 8.75 × 10−2 1.09 5.90 × 10−2 2.42 × 10−1

18.0 17.91 8.75 × 10−2 1.48 6.89 × 10−2 1.09 × 10−1

18.5 18.41 8.50 × 10−2 1.54 5.94 × 10−2 1.51 × 10−1

19.0 18.91 8.50 × 10−2 2.83 5.47 × 10−2 5.67 × 10−1

(Mar.) 2.81 5.89 × 10−2 –

(Apr.) 2.97 1.46 × 10−1 –

19.2 19.11 8.50 × 10−2 3.53 5.16 × 10−2 5.56 × 10−1

19.4 19.32 8.25 × 10−2 4.80 6.10 × 10−2 6.58 × 10−1

19.5 19.42 8.25 × 10−2 4.53 8.02 × 10−2 7.77 × 10−1

19.6 19.51 8.50 × 10−2 4.28 5.94 × 10−2 5.67 × 10−1

19.8 19.72 8.47 × 10−2 3.31 5.37 × 10−2 2.84 × 10−1

20.0 19.92 8.25 × 10−2 2.96 5.94 × 10−2 3.18 × 10−1

(Mar.) 3.03 7.30 × 10−2 –

(Apr.) 2.84 1.02 × 10−1 –

20.2 20.17 8.00 × 10−2 4.45 6.11 × 10−2 5.15 × 10−1

20.5 20.42 8.00 × 10−2 4.54 8.94 × 10−2 9.23 × 10−2

20.8 20.67 8.00 × 10−2 4.47 5.88 × 10−2 6.64 × 10−1

21.0 20.92 8.00 × 10−2 4.85 6.78 × 10−2 6.63 × 10−1

(Mar.) 5.22 8.90 × 10−2 –

(Apr.) 4.35 1.05 × 10−1 –

21.2 21.17 8.00 × 10−2 5.13 6.49 × 10−2 6.89 × 10−1

21.5 21.42 7.75 × 10−2 5.32 9.60 × 10−2 9.06 × 10−1

Ecm (MeV) E′cm (MeV) ∆E′cm (MeV) σ (mb) ∆σstat (mb) ∆σsyst (mb)

Continued.
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Table A.6 : (Continued)

21.8 21.67 7.75 × 10−2 5.86 6.43 × 10−2 6.33 × 10−1

22.0 21.92 7.75 × 10−2 5.43 7.46 × 10−2 5.54 × 10−1

(Mar.) 5.48 9.73 × 10−2 –

(Apr.) 5.35 1.16 × 10−1 –

22.2 22.17 7.75 × 10−2 5.21 6.13 × 10−2 4.18 × 10−1

22.5 22.43 7.50 × 10−2 4.81 1.08 × 10−1 5.59 × 10−1

22.8 22.68 7.50 × 10−2 5.95 6.28 × 10−2 6.70 × 10−1

23.0 22.93 7.50 × 10−2 7.43 8.08 × 10−2 1.09

(Mar.) 7.10 1.08 × 10−1 –

(Apr.) 7.87 1.23 × 10−1 –

23.2 23.18 7.50 × 10−2 8.53 6.75 × 10−2 8.10 × 10−1

23.5 23.43 7.25 × 10−2 9.85 1.12 × 10−1 1.16

24.0 23.93 7.25 × 10−2 9.83 1.08 × 10−1 1.35

24.5 24.43 7.25 × 10−2 1.08 × 101 1.08 × 10−1 1.29

25.0 24.93 7.00 × 10−2 1.07 × 101 1.07 × 10−1 1.34

Ecm (MeV) E′cm (MeV) ∆E′cm (MeV) σ (mb) ∆σstat (mb) ∆σsyst (mb)
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A.2 Exclusive cross section

Table A.7: 12C(12C, 12C[0+2 ]→ 3α)12C(0+1 )

reaction at the first beam-time

period.

17.5 0 6.74 × 10−1 1.92 × 10−2

1 6.08 × 10−1 1.82 × 10−2

2 6.21 × 10−1 1.83 × 10−2

3 5.61 × 10−1 1.85 × 10−2

4 6.02 × 10−1 1.87 × 10−2

18.0 0 8.57 × 10−1 2.21 × 10−2

1 7.71 × 10−1 2.09 × 10−2

2 7.94 × 10−1 2.12 × 10−2

3 7.37 × 10−1 2.12 × 10−2

4 7.40 × 10−1 2.09 × 10−2

18.5 0 9.74 × 10−1 2.18 × 10−2

1 8.80 × 10−1 2.09 × 10−2

2 9.07 × 10−1 2.09 × 10−2

3 8.32 × 10−1 2.10 × 10−2

4 8.38 × 10−1 2.05 × 10−2

19.0 0 8.40 × 10−1 1.65 × 10−2

1 7.17 × 10−1 1.52 × 10−2

2 7.57 × 10−1 1.56 × 10−2

3 6.92 × 10−1 1.55 × 10−2

4 6.43 × 10−1 1.46 × 10−2

19.5 0 9.32 × 10−1 1.84 × 10−2

1 8.33 × 10−1 1.75 × 10−2

2 8.44 × 10−1 1.76 × 10−2

3 7.79 × 10−1 1.71 × 10−2

4 – –

20.0 0 8.00 × 10−1 1.88 × 10−2

1 7.81 × 10−1 1.87 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.

Table A.7 : (Continued)

2 7.92 × 10−1 1.88 × 10−2

3 6.75 × 10−1 1.76 × 10−2

4 – –

20.5 0 9.12 × 10−1 1.75 × 10−2

1 8.93 × 10−1 1.73 × 10−2

2 9.58 × 10−1 1.75 × 10−2

3 – –

4 – –

21.0 0 1.18 1.92 × 10−2

1 1.11 1.87 × 10−2

2 1.06 1.80 × 10−2

3 – –

4 – –

21.5 0 1.35 2.05 × 10−2

1 1.25 1.97 × 10−2

2 1.19 1.92 × 10−2

3 – –

4 – –

22.0 0 1.03 1.91 × 10−2

1 9.52 × 10−1 1.83 × 10−2

2 9.12 × 10−1 1.80 × 10−2

3 – –

4 – –

22.5 0 9.27 × 10−1 2.05 × 10−2

1 8.03 × 10−1 1.91 × 10−2

2 8.42 × 10−1 1.94 × 10−2

3 – –

4 – –

23.0 0 7.22 × 10−1 1.78 × 10−2

1 7.02 × 10−1 1.76 × 10−2

2 6.09 × 10−1 1.63 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.
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Table A.7 : (Continued)

3 – –

4 – –

23.5 0 1.17 2.89 × 10−2

1 1.12 2.84 × 10−2

2 1.13 2.87 × 10−2

3 9.98 × 10−1 2.78 × 10−2

4 1.00 2.71 × 10−2

24.0 0 1.29 2.92 × 10−2

1 1.25 2.88 × 10−2

2 1.19 2.80 × 10−2

3 1.07 2.76 × 10−2

4 1.09 2.70 × 10−2

24.5 0 1.34 2.89 × 10−2

1 1.32 2.89 × 10−2

2 1.21 2.74 × 10−2

3 1.16 2.79 × 10−2

4 1.17 2.75 × 10−2

25.0 0 1.24 2.86 × 10−2

1 1.19 2.85 × 10−2

2 1.07 2.67 × 10−2

3 1.01 2.62 × 10−2

4 1.12 2.73 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Table A.8: 12C(12C, 12C[0+2 ]→ 3α)12C(0+1 )

reaction at the second beam-time

period.

19.0 0 8.25 × 10−1 3.89 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.

Table A.8 : (Continued)

1 8.07 × 10−1 3.86 × 10−2

2 6.79 × 10−1 3.55 × 10−2

3 7.19 × 10−1 3.76 × 10−2

4 6.60 × 10−1 3.57 × 10−2

19.2 0 7.85 × 10−1 1.32 × 10−2

1 7.33 × 10−1 1.27 × 10−2

2 6.19 × 10−1 1.16 × 10−2

3 6.39 × 10−1 1.22 × 10−2

4 6.47 × 10−1 1.22 × 10−2

19.4 0 9.81 × 10−1 1.59 × 10−2

1 8.76 × 10−1 1.49 × 10−2

2 7.66 × 10−1 1.39 × 10−2

3 7.91 × 10−1 1.45 × 10−2

4 7.96 × 10−1 1.44 × 10−2

19.6 0 9.49 × 10−1 1.60 × 10−2

1 8.40 × 10−1 1.50 × 10−2

2 8.01 × 10−1 1.47 × 10−2

3 7.35 × 10−1 1.43 × 10−2

4 8.20 × 10−1 1.50 × 10−2

19.8 0 8.30 × 10−1 1.56 × 10−2

1 7.75 × 10−1 1.50 × 10−2

2 7.13 × 10−1 1.44 × 10−2

3 6.16 × 10−1 1.40 × 10−2

4 6.90 × 10−1 1.47 × 10−2

20.0 0 8.76 × 10−1 3.22 × 10−2

1 8.52 × 10−1 3.18 × 10−2

2 7.70 × 10−1 2.99 × 10−2

3 6.03 × 10−1 2.78 × 10−2

4 6.57 × 10−1 2.88 × 10−2

20.2 0 1.01 1.79 × 10−2

1 9.38 × 10−1 1.71 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.
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Table A.8 : (Continued)

2 8.69 × 10−1 1.65 × 10−2

3 7.74 × 10−1 1.61 × 10−2

4 8.68 × 10−1 1.68 × 10−2

20.8 0 1.26 1.82 × 10−2

1 1.13 1.72 × 10−2

2 1.06 1.67 × 10−2

3 9.83 × 10−1 1.62 × 10−2

4 1.13 1.73 × 10−2

21.0 0 1.15 3.15 × 10−2

1 1.10 3.10 × 10−2

2 1.00 2.97 × 10−2

3 8.80 × 10−1 2.82 × 10−2

4 1.06 3.10 × 10−2

21.2 0 1.25 1.76 × 10−2

1 1.19 1.74 × 10−2

2 1.07 1.63 × 10−2

3 9.66 × 10−1 1.58 × 10−2

4 1.21 1.77 × 10−2

21.8 0 1.11 1.67 × 10−2

1 1.02 1.61 × 10−2

2 9.31 × 10−1 1.53 × 10−2

3 8.28 × 10−1 1.45 × 10−2

4 1.04 1.64 × 10−2

22.0 0 1.05 3.09 × 10−2

1 9.40 × 10−1 2.90 × 10−2

2 8.42 × 10−1 2.76 × 10−2

3 7.24 × 10−1 2.57 × 10−2

4 8.79 × 10−1 2.85 × 10−2

22.2 0 9.61 × 10−1 1.59 × 10−2

1 9.31 × 10−1 1.58 × 10−2

2 8.63 × 10−1 1.52 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.

Table A.8 : (Continued)

3 7.78 × 10−1 1.46 × 10−2

4 8.84 × 10−1 1.55 × 10−2

22.8 0 7.15 × 10−1 1.41 × 10−2

1 6.73 × 10−1 1.37 × 10−2

2 6.33 × 10−1 1.33 × 10−2

3 5.39 × 10−1 1.22 × 10−2

4 6.69 × 10−1 1.37 × 10−2

23.0 0 7.08 × 10−1 2.65 × 10−2

1 6.82 × 10−1 2.60 × 10−2

2 6.17 × 10−1 2.50 × 10−2

3 5.98 × 10−1 2.45 × 10−2

4 7.32 × 10−1 2.72 × 10−2

23.2 0 9.22 × 10−1 1.70 × 10−2

1 9.11 × 10−1 1.69 × 10−2

2 8.77 × 10−1 1.67 × 10−2

3 6.94 × 10−1 1.48 × 10−2

4 8.74 × 10−1 1.66 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Table A.9: 12C(12C, 12C[0+2 ]→ 3α)12C(2+1 )

reaction at the first beam-time

period.

17.5 0 1.47 × 10−2 3.06 × 10−3

1 1.57 × 10−2 3.14 × 10−3

2 1.95 × 10−2 3.51 × 10−3

3 2.23 × 10−2 3.88 × 10−3

4 1.43 × 10−2 3.06 × 10−3

18.0 0 2.51 × 10−2 4.66 × 10−3

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.
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Table A.9 : (Continued)

1 2.20 × 10−2 4.32 × 10−3

2 1.24 × 10−2 3.21 × 10−3

3 2.52 × 10−2 4.76 × 10−3

4 1.92 × 10−2 4.10 × 10−3

18.5 0 9.10 × 10−2 7.15 × 10−3

1 9.19 × 10−2 7.20 × 10−3

2 7.95 × 10−2 6.67 × 10−3

3 8.32 × 10−2 7.13 × 10−3

4 7.29 × 10−2 6.52 × 10−3

19.0 0 1.36 × 10−1 7.49 × 10−3

1 1.35 × 10−1 7.39 × 10−3

2 1.26 × 10−1 7.22 × 10−3

3 1.09 × 10−1 6.83 × 10−3

4 1.02 × 10−1 6.59 × 10−3

19.5 0 1.68 × 10−1 8.77 × 10−3

1 1.34 × 10−1 7.94 × 10−3

2 1.33 × 10−1 7.83 × 10−3

3 1.16 × 10−1 7.35 × 10−3

4 – –

20.0 0 1.59 × 10−1 9.24 × 10−3

1 1.49 × 10−1 9.08 × 10−3

2 1.63 × 10−1 9.32 × 10−3

3 1.11 × 10−1 7.83 × 10−3

4 – –

20.5 0 1.58 × 10−1 8.74 × 10−3

1 1.65 × 10−1 9.07 × 10−3

2 1.75 × 10−1 8.80 × 10−3

3 – –

4 – –

21.0 0 2.60 × 10−1 1.09 × 10−2

1 2.64 × 10−1 1.10 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.

Table A.9 : (Continued)

2 2.70 × 10−1 1.08 × 10−2

3 – –

4 – –

21.5 0 2.77 × 10−1 1.12 × 10−2

1 2.42 × 10−1 1.05 × 10−2

2 2.52 × 10−1 1.05 × 10−2

3 – –

4 – –

22.0 0 2.72 × 10−1 1.09 × 10−2

1 2.31 × 10−1 1.01 × 10−2

2 2.29 × 10−1 9.87 × 10−3

3 – –

4 – –

22.5 0 3.39 × 10−1 1.32 × 10−2

1 3.24 × 10−1 1.31 × 10−2

2 2.88 × 10−1 1.22 × 10−2

3 – –

4 – –

23.0 0 2.98 × 10−1 1.19 × 10−2

1 2.62 × 10−1 1.13 × 10−2

2 2.65 × 10−1 1.13 × 10−2

3 – –

4 – –

23.5 0 2.81 × 10−1 1.49 × 10−2

1 2.77 × 10−1 1.49 × 10−2

2 3.08 × 10−1 1.56 × 10−2

3 2.53 × 10−1 1.49 × 10−2

4 2.98 × 10−1 1.55 × 10−2

24.0 0 4.33 × 10−1 1.70 × 10−2

1 4.14 × 10−1 1.67 × 10−2

2 4.48 × 10−1 1.75 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.



96 APPENDIX A. DATA TABLES OF CROSS SECTIONS

Table A.9 : (Continued)

3 3.28 × 10−1 1.54 × 10−2

4 3.84 × 10−1 1.62 × 10−2

24.5 0 3.97 × 10−1 1.58 × 10−2

1 4.27 × 10−1 1.65 × 10−2

2 4.09 × 10−1 1.61 × 10−2

3 3.32 × 10−1 1.49 × 10−2

4 3.50 × 10−1 1.51 × 10−2

25.0 0 3.54 × 10−1 1.57 × 10−2

1 3.25 × 10−1 1.50 × 10−2

2 3.36 × 10−1 1.51 × 10−2

3 2.54 × 10−1 1.35 × 10−2

4 2.96 × 10−1 1.45 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Table A.10: 12C(12C, 12C[0+2 ]→ 3α)12C(2+1 )

reaction at the second

beam-time period.

19.0 0 1.16 × 10−1 1.63 × 10−2

1 1.03 × 10−1 1.52 × 10−2

2 1.08 × 10−1 1.56 × 10−2

3 9.42 × 10−2 1.49 × 10−2

4 1.28 × 10−1 1.74 × 10−2

19.2 0 1.51 × 10−1 6.33 × 10−3

1 1.38 × 10−1 6.06 × 10−3

2 1.24 × 10−1 5.77 × 10−3

3 1.34 × 10−1 6.15 × 10−3

4 1.14 × 10−1 5.65 × 10−3

19.4 0 1.80 × 10−1 7.72 × 10−3

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.

Table A.10 : (Continued)

1 1.55 × 10−1 7.14 × 10−3

2 1.32 × 10−1 6.56 × 10−3

3 1.26 × 10−1 6.58 × 10−3

4 1.28 × 10−1 6.62 × 10−3

19.6 0 1.66 × 10−1 7.79 × 10−3

1 1.43 × 10−1 7.14 × 10−3

2 1.46 × 10−1 7.14 × 10−3

3 1.40 × 10−1 7.24 × 10−3

4 1.43 × 10−1 7.40 × 10−3

19.8 0 1.96 × 10−1 8.89 × 10−3

1 1.85 × 10−1 8.54 × 10−3

2 1.83 × 10−1 8.46 × 10−3

3 1.35 × 10−1 7.57 × 10−3

4 1.67 × 10−1 8.47 × 10−3

20.0 0 1.95 × 10−1 1.85 × 10−2

1 2.01 × 10−1 1.85 × 10−2

2 1.64 × 10−1 1.66 × 10−2

3 1.48 × 10−1 1.71 × 10−2

4 1.81 × 10−1 1.86 × 10−2

20.2 0 1.58 × 10−1 8.80 × 10−3

1 1.51 × 10−1 8.59 × 10−3

2 1.59 × 10−1 8.75 × 10−3

3 1.27 × 10−1 8.23 × 10−3

4 1.54 × 10−1 8.97 × 10−3

20.8 0 3.29 × 10−1 1.27 × 10−2

1 3.10 × 10−1 1.22 × 10−2

2 2.84 × 10−1 1.17 × 10−2

3 2.65 × 10−1 1.16 × 10−2

4 2.97 × 10−1 1.25 × 10−2

21.0 0 3.47 × 10−1 2.34 × 10−2

1 2.94 × 10−1 2.12 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.
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Table A.10 : (Continued)

2 3.19 × 10−1 2.21 × 10−2

3 2.90 × 10−1 2.20 × 10−2

4 3.26 × 10−1 2.33 × 10−2

21.2 0 3.36 × 10−1 1.25 × 10−2

1 3.13 × 10−1 1.19 × 10−2

2 2.89 × 10−1 1.15 × 10−2

3 2.48 × 10−1 1.11 × 10−2

4 3.11 × 10−1 1.26 × 10−2

21.8 0 2.92 × 10−1 1.06 × 10−2

1 2.71 × 10−1 1.04 × 10−2

2 2.79 × 10−1 1.05 × 10−2

3 2.45 × 10−1 1.03 × 10−2

4 2.72 × 10−1 1.07 × 10−2

22.0 0 2.93 × 10−1 1.92 × 10−2

1 2.49 × 10−1 1.80 × 10−2

2 2.53 × 10−1 1.80 × 10−2

3 2.20 × 10−1 1.71 × 10−2

4 2.21 × 10−1 1.71 × 10−2

22.2 0 2.90 × 10−1 1.01 × 10−2

1 2.91 × 10−1 1.02 × 10−2

2 2.68 × 10−1 9.76 × 10−3

3 2.22 × 10−1 9.10 × 10−3

4 2.79 × 10−1 1.01 × 10−2

22.8 0 3.28 × 10−1 1.06 × 10−2

1 3.24 × 10−1 1.06 × 10−2

2 3.02 × 10−1 1.03 × 10−2

3 2.64 × 10−1 9.77 × 10−3

4 3.08 × 10−1 1.05 × 10−2

23.0 0 3.27 × 10−1 1.97 × 10−2

1 3.15 × 10−1 1.97 × 10−2

2 2.97 × 10−1 1.88 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.

Table A.10 : (Continued)

3 2.63 × 10−1 1.80 × 10−2

4 3.24 × 10−1 1.99 × 10−2

23.2 0 3.22 × 10−1 1.08 × 10−2

1 2.95 × 10−1 1.04 × 10−2

2 2.88 × 10−1 1.01 × 10−2

3 2.60 × 10−1 9.96 × 10−3

4 2.85 × 10−1 1.02 × 10−2

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Table A.11: 12C(12C, 12C[0+2 ]→ 3α)12C(0+2 )

reaction at the first beam-time

period.

17.5 0 – –

1 – –

2 – –

3 – –

4 – –

18.0 0 – –

1 – –

2 – –

3 – –

4 – –

18.5 0 – –

1 – –

2 – –

3 – –

4 – –

19.0 0 2.45 × 10−3 1.73 × 10−3

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.
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Table A.11 : (Continued)

1 2.38 × 10−3 1.69 × 10−3

2 3.61 × 10−3 2.09 × 10−3

3 1.24 × 10−3 1.24 × 10−3

4 0.00 0.00

19.5 0 5.93 × 10−3 2.42 × 10−3

1 1.01 × 10−3 1.01 × 10−3

2 1.03 × 10−3 1.03 × 10−3

3 1.03 × 10−3 1.03 × 10−3

4 – –

20.0 0 5.83 × 10−3 2.20 × 10−3

1 1.40 × 10−2 3.49 × 10−3

2 5.23 × 10−3 2.14 × 10−3

3 7.68 × 10−3 2.56 × 10−3

4 – –

20.5 0 7.22 × 10−3 2.18 × 10−3

1 1.18 × 10−2 2.79 × 10−3

2 1.81 × 10−2 3.36 × 10−3

3 – –

4 – –

21.0 0 1.67 × 10−2 3.05 × 10−3

1 2.31 × 10−2 3.57 × 10−3

2 1.90 × 10−2 3.16 × 10−3

3 – –

4 – –

21.5 0 3.84 × 10−2 4.19 × 10−3

1 2.81 × 10−2 3.60 × 10−3

2 3.44 × 10−2 3.92 × 10−3

3 – –

4 – –

22.0 0 5.83 × 10−2 5.07 × 10−3

1 4.04 × 10−2 4.24 × 10−3

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.

Table A.11 : (Continued)

2 5.46 × 10−2 4.92 × 10−3

3 – –

4 – –

22.5 0 6.21 × 10−2 5.81 × 10−3

1 6.14 × 10−2 5.75 × 10−3

2 6.04 × 10−2 5.71 × 10−3

3 – –

4 – –

23.0 0 6.79 × 10−2 5.91 × 10−3

1 5.70 × 10−2 5.43 × 10−3

2 5.25 × 10−2 5.23 × 10−3

3 – –

4 – –

23.5 0 5.55 × 10−2 6.68 × 10−3

1 5.34 × 10−2 6.52 × 10−3

2 5.97 × 10−2 6.94 × 10−3

3 4.12 × 10−2 5.95 × 10−3

4 4.66 × 10−2 6.12 × 10−3

24.0 0 3.61 × 10−2 5.15 × 10−3

1 2.71 × 10−2 4.45 × 10−3

2 3.66 × 10−2 5.23 × 10−3

3 3.56 × 10−2 5.25 × 10−3

4 2.68 × 10−2 4.46 × 10−3

24.5 0 3.29 × 10−2 4.74 × 10−3

1 2.87 × 10−2 4.43 × 10−3

2 3.26 × 10−2 4.71 × 10−3

3 3.12 × 10−2 4.76 × 10−3

4 2.09 × 10−2 3.82 × 10−3

25.0 0 4.78 × 10−2 5.98 × 10−3

1 4.59 × 10−2 5.78 × 10−3

2 4.21 × 10−2 5.53 × 10−3

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.
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Table A.11 : (Continued)

3 3.82 × 10−2 5.52 × 10−3

4 4.71 × 10−2 5.93 × 10−3

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Table A.12: 12C(12C, 12C[0+2 ]→ 3α)12C(0+2 )

reaction at the second

beam-time period.

19.0 0 0.00 0.00

1 0.00 0.00

2 0.00 0.00

3 8.02 × 10−3 8.02 × 10−3

4 0.00 0.00

19.2 0 7.10 × 10−4 7.10 × 10−4

1 3.53 × 10−3 1.58 × 10−3

2 0.00 0.00

3 0.00 0.00

4 4.38 × 10−3 1.79 × 10−3

19.4 0 1.53 × 10−3 1.08 × 10−3

1 3.89 × 10−3 1.74 × 10−3

2 7.79 × 10−4 7.79 × 10−4

3 6.43 × 10−3 2.27 × 10−3

4 4.76 × 10−3 1.94 × 10−3

19.6 0 2.75 × 10−3 1.37 × 10−3

1 2.73 × 10−3 1.37 × 10−3

2 3.40 × 10−3 1.52 × 10−3

3 2.09 × 10−3 1.21 × 10−3

4 5.65 × 10−3 2.00 × 10−3

19.8 0 4.62 × 10−3 1.74 × 10−3

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.

Table A.12 : (Continued)

1 4.63 × 10−3 1.75 × 10−3

2 5.92 × 10−3 1.97 × 10−3

3 3.46 × 10−3 1.55 × 10−3

4 4.78 × 10−3 1.81 × 10−3

20.0 0 2.36 × 10−3 2.36 × 10−3

1 9.70 × 10−3 4.85 × 10−3

2 4.82 × 10−3 3.41 × 10−3

3 0.00 0.00

4 1.00 × 10−2 5.00 × 10−3

20.2 0 8.77 × 10−3 2.34 × 10−3

1 1.04 × 10−2 2.51 × 10−3

2 7.35 × 10−3 2.12 × 10−3

3 8.47 × 10−3 2.35 × 10−3

4 8.29 × 10−3 2.30 × 10−3

20.8 0 1.30 × 10−2 2.61 × 10−3

1 1.42 × 10−2 2.69 × 10−3

2 1.45 × 10−2 2.69 × 10−3

3 1.02 × 10−2 2.29 × 10−3

4 1.53 × 10−2 2.79 × 10−3

21.0 0 1.70 × 10−2 5.37 × 10−3

1 6.65 × 10−3 3.32 × 10−3

2 1.82 × 10−2 5.47 × 10−3

3 1.92 × 10−2 5.80 × 10−3

4 1.92 × 10−2 5.79 × 10−3

21.2 0 2.69 × 10−2 3.41 × 10−3

1 1.83 × 10−2 2.79 × 10−3

2 2.17 × 10−2 3.04 × 10−3

3 2.03 × 10−2 2.97 × 10−3

4 1.38 × 10−2 2.44 × 10−3

21.8 0 5.07 × 10−2 4.37 × 10−3

1 4.33 × 10−2 4.04 × 10−3

Ecm
Seg.

σ error

(MeV) (mb) (mb)

Continued.
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Table A.12 : (Continued)

2 4.38 × 10−2 4.05 × 10−3

3 3.80 × 10−2 3.82 × 10−3

4 4.09 × 10−2 3.96 × 10−3

22.0 0 5.26 × 10−2 8.11 × 10−3

1 5.13 × 10−2 8.02 × 10−3

2 3.13 × 10−2 6.26 × 10−3

3 4.68 × 10−2 7.69 × 10−3

4 5.90 × 10−2 8.70 × 10−3

22.2 0 5.70 × 10−2 4.52 × 10−3

1 5.54 × 10−2 4.44 × 10−3

2 5.69 × 10−2 4.50 × 10−3

3 5.61 × 10−2 4.52 × 10−3

4 6.92 × 10−2 4.99 × 10−3

22.8 0 7.77 × 10−2 5.35 × 10−3

1 6.08 × 10−2 4.76 × 10−3

2 5.73 × 10−2 4.62 × 10−3

3 4.76 × 10−2 4.26 × 10−3

4 5.58 × 10−2 4.54 × 10−3

23.0 0 6.47 × 10−2 9.24 × 10−3

1 5.55 × 10−2 8.46 × 10−3

2 5.60 × 10−2 8.55 × 10−3

3 5.44 × 10−2 8.49 × 10−3

4 4.90 × 10−2 8.05 × 10−3

23.2 0 5.43 × 10−2 4.65 × 10−3

1 5.19 × 10−2 4.45 × 10−3

2 4.82 × 10−2 4.36 × 10−3

3 5.13 × 10−2 4.53 × 10−3

4 4.18 × 10−2 4.04 × 10−3

Ecm
Seg.

σ error

(MeV) (mb) (mb)
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Table A.13: 12C(12C, 12C[0+2 ]→ 3α)12C(0+1 ) reaction using reliable segments of SAKRA.

17.5 17.41 8.75 × 10−2 6.14 × 10−1 8.32 × 10−3 4.08 × 10−2

18.0 17.91 8.75 × 10−2 7.81 × 10−1 9.51 × 10−3 4.94 × 10−2

18.5 18.41 8.50 × 10−2 8.87 × 10−1 9.41 × 10−3 5.80 × 10−2

19.0 18.91 8.50 × 10−2 7.32 × 10−1 6.40 × 10−3 7.04 × 10−2

(Mar.) 7.30 × 10−1 6.93 × 10−3 –

(Apr.) 7.39 × 10−1 1.67 × 10−2 –

19.2 19.11 8.50 × 10−2 6.85 × 10−1 5.54 × 10−3 7.10 × 10−2

19.4 19.32 8.25 × 10−2 8.43 × 10−1 6.59 × 10−3 8.81 × 10−2

19.5 19.42 8.25 × 10−2 8.48 × 10−1 8.84 × 10−3 6.32 × 10−2

19.6 19.51 8.50 × 10−2 8.30 × 10−1 6.71 × 10−3 7.77 × 10−2

19.8 19.72 8.47 × 10−2 7.27 × 10−1 6.61 × 10−3 8.19 × 10−2

20.0 19.92 8.25 × 10−2 7.60 × 10−1 7.64 × 10−3 9.18 × 10−2

(Mar.) 7.63 × 10−1 9.25 × 10−3 –

(Apr.) 7.55 × 10−1 1.35 × 10−2 –

20.2 20.17 8.00 × 10−2 8.94 × 10−1 7.56 × 10−3 8.91 × 10−2

20.5 20.42 8.00 × 10−2 9.22 × 10−1 1.01 × 10−2 3.31 × 10−2

20.8 20.67 8.00 × 10−2 1.11 7.67 × 10−3 1.04 × 10−1

21.0 20.92 8.00 × 10−2 1.09 8.42 × 10−3 9.57 × 10−2

(Mar.) 1.12 1.07 × 10−2 –

(Apr.) 1.04 1.36 × 10−2 –

21.2 21.17 8.00 × 10−2 1.14 7.60 × 10−3 1.18 × 10−1

21.5 21.42 7.75 × 10−2 1.26 1.14 × 10−2 8.38 × 10−2

21.8 21.67 7.75 × 10−2 9.86 × 10−1 7.07 × 10−3 1.09 × 10−1

22.0 21.92 7.75 × 10−2 9.32 × 10−1 8.18 × 10−3 1.06 × 10−1

(Mar.) 9.65 × 10−1 1.07 × 10−2 –

(Apr.) 8.86 × 10−1 1.27 × 10−2 –

22.2 22.17 7.75 × 10−2 8.85 × 10−1 6.89 × 10−3 7.06 × 10−2

22.5 22.43 7.50 × 10−2 8.57 × 10−1 1.14 × 10−2 6.36 × 10−2

22.8 22.68 7.50 × 10−2 6.46 × 10−1 6.00 × 10−3 6.63 × 10−2

23.0 22.93 7.50 × 10−2 6.73 × 10−1 7.55 × 10−3 5.49 × 10−2

(Mar.) 6.78 × 10−1 9.96 × 10−3 –

(Apr.) 6.68 × 10−1 1.16 × 10−2 –

Ecm (MeV) E′cm (MeV) ∆E′cm (MeV) σ (mb) ∆σstat (mb) ∆σsyst (mb)

Continued.
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Table A.13 : (Continued)

23.2 23.18 7.50 × 10−2 8.56 × 10−1 7.33 × 10−3 9.26 × 10−2

23.5 23.43 7.25 × 10−2 1.09 1.26 × 10−2 8.01 × 10−2

24.0 23.93 7.25 × 10−2 1.18 1.26 × 10−2 9.71 × 10−2

24.5 24.43 7.25 × 10−2 1.24 1.26 × 10−2 8.12 × 10−2

25.0 24.93 7.00 × 10−2 1.13 1.23 × 10−2 9.22 × 10−2

Ecm (MeV) E′cm (MeV) ∆E′cm (MeV) σ (mb) ∆σstat (mb) ∆σsyst (mb)

Table A.14: 12C(12C, 12C[0+2 ]→ 3α)12C(2+1 ) reaction using reliable segments of SAKRA.

17.5 17.41 8.75 × 10−2 1.73 × 10−2 1.49 × 10−3 3.47 × 10−3

18.0 17.91 8.75 × 10−2 2.07 × 10−2 1.89 × 10−3 5.28 × 10−3

18.5 18.41 8.50 × 10−2 8.38 × 10−2 3.11 × 10−3 7.98 × 10−3

19.0 18.91 8.50 × 10−2 1.20 × 10−1 2.91 × 10−3 1.55 × 10−2

(Mar.) 1.22 × 10−1 3.19 × 10−3 –

(Apr.) 1.10 × 10−1 7.10 × 10−3 –

19.2 19.11 8.50 × 10−2 1.32 × 10−1 2.68 × 10−3 1.40 × 10−2

19.4 19.32 8.25 × 10−2 1.44 × 10−1 3.11 × 10−3 2.31 × 10−2

19.5 19.42 8.25 × 10−2 1.38 × 10−1 4.00 × 10−3 2.17 × 10−2

19.6 19.51 8.50 × 10−2 1.47 × 10−1 3.28 × 10−3 1.05 × 10−2

19.8 19.72 8.47 × 10−2 1.74 × 10−1 3.77 × 10−3 2.38 × 10−2

20.0 19.92 8.25 × 10−2 1.54 × 10−1 3.89 × 10−3 2.94 × 10−2

(Mar.) 1.46 × 10−1 4.45 × 10−3 –

(Apr.) 1.79 × 10−1 8.02 × 10−3 –

20.2 20.17 8.00 × 10−2 1.50 × 10−1 3.88 × 10−3 1.31 × 10−2

20.5 20.42 8.00 × 10−2 1.66 × 10−1 5.12 × 10−3 8.50 × 10−3

20.8 20.67 8.00 × 10−2 2.97 × 10−1 5.43 × 10−3 2.48 × 10−2

21.0 20.92 8.00 × 10−2 2.79 × 10−1 5.33 × 10−3 3.66 × 10−2

(Mar.) 2.65 × 10−1 6.29 × 10−3 –

(Apr.) 3.15 × 10−1 1.00 × 10−2 –

21.2 21.17 8.00 × 10−2 3.00 × 10−1 5.34 × 10−3 3.32 × 10−2

21.5 21.42 7.75 × 10−2 2.57 × 10−1 6.20 × 10−3 1.81 × 10−2

Ecm (MeV) E′cm (MeV) ∆E′cm (MeV) σ (mb) ∆σstat (mb) ∆σsyst (mb)

Continued.
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Table A.14 : (Continued)

21.8 21.67 7.75 × 10−2 2.72 × 10−1 4.70 × 10−3 1.71 × 10−2

22.0 21.92 7.75 × 10−2 2.45 × 10−1 4.77 × 10−3 2.61 × 10−2

(Mar.) 2.44 × 10−1 5.94 × 10−3 –

(Apr.) 2.48 × 10−1 8.02 × 10−3 –

22.2 22.17 7.75 × 10−2 2.71 × 10−1 4.42 × 10−3 2.83 × 10−2

22.5 22.43 7.50 × 10−2 3.17 × 10−1 7.41 × 10−3 2.62 × 10−2

22.8 22.68 7.50 × 10−2 3.06 × 10−1 4.65 × 10−3 2.56 × 10−2

23.0 22.93 7.50 × 10−2 2.86 × 10−1 5.26 × 10−3 2.87 × 10−2

(Mar.) 2.75 × 10−1 6.65 × 10−3 –

(Apr.) 3.05 × 10−1 8.61 × 10−3 –

23.2 23.18 7.50 × 10−2 2.90 × 10−1 4.61 × 10−3 2.23 × 10−2

23.5 23.43 7.25 × 10−2 2.84 × 10−1 6.79 × 10−3 2.10 × 10−2

24.0 23.93 7.25 × 10−2 4.02 × 10−1 7.45 × 10−3 4.73 × 10−2

24.5 24.43 7.25 × 10−2 3.84 × 10−1 7.04 × 10−3 4.04 × 10−2

25.0 24.93 7.00 × 10−2 3.14 × 10−1 6.61 × 10−3 3.90 × 10−2

Ecm (MeV) E′cm (MeV) ∆E′cm (MeV) σ (mb) ∆σstat (mb) ∆σsyst (mb)

Table A.15: 12C(12C, 12C[0+2 ]→ 3α)12C(0+2 ) reaction using reliable segments of SAKRA.

17.5 17.41 8.75 × 10−2 – – –

18.0 17.91 8.75 × 10−2 – – –

18.5 18.41 8.50 × 10−2 – – –

19.0 18.91 8.50 × 10−2 1.90 × 10−3 6.35 × 10−4 2.57 × 10−3

(Mar.) 1.96 × 10−3 6.94 × 10−4 –

(Apr.) 1.57 × 10−3 1.57 × 10−3 –

19.2 19.11 8.50 × 10−2 1.75 × 10−3 5.05 × 10−4 2.08 × 10−3

19.4 19.32 8.25 × 10−2 3.49 × 10−3 7.45 × 10−4 2.32 × 10−3

19.5 19.42 8.25 × 10−2 2.32 × 10−3 7.73 × 10−4 2.46 × 10−3

19.6 19.51 8.50 × 10−2 3.38 × 10−3 6.90 × 10−4 1.38 × 10−3

19.8 19.72 8.47 × 10−2 4.80 × 10−3 8.11 × 10−4 8.84 × 10−4

20.0 19.92 8.25 × 10−2 7.24 × 10−3 1.05 × 10−3 4.29 × 10−3

Ecm (MeV) E′cm (MeV) ∆E′cm (MeV) σ (mb) ∆σstat (mb) ∆σsyst (mb)

Continued.



104 APPENDIX A. DATA TABLES OF CROSS SECTIONS

Table A.15 : (Continued)

(Mar.) 8.34 × 10−3 1.35 × 10−3 –

(Apr.) 5.55 × 10−3 1.67 × 10−3 –

20.2 20.17 8.00 × 10−2 8.81 × 10−3 1.07 × 10−3 1.11 × 10−3

20.5 20.42 8.00 × 10−2 1.27 × 10−2 1.66 × 10−3 5.46 × 10−3

20.8 20.67 8.00 × 10−2 1.37 × 10−2 1.21 × 10−3 2.00 × 10−3

21.0 20.92 8.00 × 10−2 1.87 × 10−2 1.51 × 10−3 4.97 × 10−3

(Mar.) 1.98 × 10−2 1.92 × 10−3 –

(Apr.) 1.69 × 10−2 2.46 × 10−3 –

21.2 21.17 8.00 × 10−2 2.12 × 10−2 1.40 × 10−3 4.91 × 10−3

21.5 21.42 7.75 × 10−2 3.40 × 10−2 2.30 × 10−3 5.20 × 10−3

21.8 21.67 7.75 × 10−2 4.57 × 10−2 1.95 × 10−3 5.42 × 10−3

22.0 21.92 7.75 × 10−2 5.11 × 10−2 2.24 × 10−3 9.65 × 10−3

(Mar.) 5.08 × 10−2 2.79 × 10−3 –

(Apr.) 5.15 × 10−2 3.79 × 10−3 –

22.2 22.17 7.75 × 10−2 6.29 × 10−2 2.23 × 10−3 7.31 × 10−3

22.5 22.43 7.50 × 10−2 6.16 × 10−2 3.39 × 10−3 9.62 × 10−4

22.8 22.68 7.50 × 10−2 6.35 × 10−2 2.28 × 10−3 1.18 × 10−2

23.0 22.93 7.50 × 10−2 5.96 × 10−2 2.56 × 10−3 6.77 × 10−3

(Mar.) 5.96 × 10−2 3.26 × 10−3 –

(Apr.) 5.95 × 10−2 4.15 × 10−3 –

23.2 23.18 7.50 × 10−2 5.25 × 10−2 2.13 × 10−3 5.87 × 10−3

23.5 23.43 7.25 × 10−2 5.46 × 10−2 3.14 × 10−3 8.27 × 10−3

24.0 23.93 7.25 × 10−2 3.60 × 10−2 2.45 × 10−3 6.41 × 10−3

24.5 24.43 7.25 × 10−2 3.25 × 10−2 2.24 × 10−3 6.11 × 10−3

25.0 24.93 7.00 × 10−2 4.79 × 10−2 2.82 × 10−3 5.77 × 10−3

Ecm (MeV) E′cm (MeV) ∆E′cm (MeV) σ (mb) ∆σstat (mb) ∆σsyst (mb)
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A.2.1 Angular distribution

Table A.16: Angular distribution for the
12C(12C, 12C[0+2 ]→ 3α)12C(0+1 )

reaction using reliable segments

of SAKRA.

17.41 46 7.23 × 101 1.26 × 101

50 8.12 × 101 7.09

54 5.26 × 101 4.12

58 6.67 × 101 3.83

62 4.88 × 101 3.01

66 2.75 × 101 1.98

70 6.31 9.74 × 10−1

74 7.55 1.04

78 8.53 1.04

82 2.50 × 101 1.84

86 5.13 × 101 2.60

90 7.23 × 101 3.05

94 6.29 × 101 2.94

98 2.78 × 101 1.95

102 9.69 1.14

106 9.30 1.16

110 9.57 1.21

114 2.76 × 101 2.08

118 6.48 × 101 3.31

122 8.57 × 101 4.05

126 6.90 × 101 4.00

130 8.90 × 101 4.99

134 1.43 × 102 7.76

138 1.49 × 102 1.05 × 101

142 1.08 × 102 1.61 × 101

17.91 46 3.60 × 101 8.74

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.16 : (Continued)

50 6.81 × 101 7.03

54 6.00 × 101 4.87

58 8.32 × 101 4.86

62 7.32 × 101 4.19

66 5.86 × 101 3.27

70 4.05 × 101 2.75

74 1.68 × 101 1.73

78 1.37 × 101 1.50

82 4.74 × 101 2.81

86 1.12 × 102 4.32

90 1.24 × 102 4.45

94 1.07 × 102 4.34

98 5.07 × 101 2.89

102 1.45 × 101 1.55

106 2.09 × 101 1.90

110 4.49 × 101 2.88

114 6.97 × 101 3.69

118 8.41 × 101 4.15

122 8.38 × 101 4.44

126 8.50 × 101 4.78

130 1.14 × 102 6.22

134 9.24 × 101 6.63

138 6.57 × 101 7.49

142 6.40 × 101 1.33 × 101

18.41 46 1.16 × 102 1.23 × 101

50 1.30 × 102 7.76

54 9.71 × 101 5.35

58 1.02 × 102 4.82

62 9.07 × 101 4.06

66 4.38 × 101 2.49

70 1.24 × 101 1.29

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.16 : (Continued)

74 2.04 5.09 × 10−1

78 9.10 1.05

82 3.93 × 101 2.22

86 7.95 × 101 3.10

90 1.09 × 102 3.66

94 8.07 × 101 3.17

98 4.30 × 101 2.31

102 1.06 × 101 1.16

106 1.94 5.01 × 10−1

110 1.17 × 101 1.30

114 4.07 × 101 2.39

118 8.47 × 101 3.63

122 1.10 × 102 4.26

126 1.15 × 102 4.72

130 1.48 × 102 5.97

134 1.90 × 102 7.89

138 2.32 × 102 1.19 × 101

142 8.15 × 101 1.06 × 101

18.91 46 5.67 × 101 6.73

(Mar.) 50 5.88 × 101 4.31

54 5.58 × 101 3.45

58 5.28 × 101 2.95

62 4.33 × 101 2.46

66 3.09 × 101 1.86

70 2.50 × 101 1.64

74 1.10 × 101 1.02

78 1.37 × 101 1.13

82 5.97 × 101 2.41

86 1.24 × 102 3.42

90 1.64 × 102 3.91

94 1.27 × 102 3.49

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.16 : (Continued)

98 6.37 × 101 2.43

102 1.55 × 101 1.22

106 1.12 × 101 1.04

110 2.64 × 101 1.64

114 3.76 × 101 2.00

118 4.17 × 101 2.23

122 5.47 × 101 2.64

126 7.15 × 101 3.28

130 8.81 × 101 3.90

134 1.10 × 102 5.13

138 1.27 × 102 7.40

142 8.87 × 101 9.85

18.91 46 4.52 × 101 1.43 × 101

(Apr.) 50 5.15 × 101 9.56

54 5.04 × 101 7.13

58 4.34 × 101 5.85

62 2.70 × 101 4.27

66 3.62 × 101 4.45

70 2.15 × 101 3.54

74 7.48 2.00

78 1.60 × 101 2.92

82 6.08 × 101 5.85

86 1.49 × 102 8.96

90 1.61 × 102 9.29

94 1.26 × 102 8.34

98 7.25 × 101 6.24

102 1.41 × 101 2.83

106 9.68 2.35

110 2.43 × 101 3.84

114 4.34 × 101 5.23

118 3.84 × 101 5.23

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.16 : (Continued)

122 6.42 × 101 7.13

126 8.33 × 101 8.88

130 1.02 × 102 1.08 × 101

134 1.00 × 102 1.28 × 101

138 1.35 × 102 2.03 × 101

142 1.08 × 102 3.00 × 101

19.11 46 3.46 × 101 4.05

50 3.15 × 101 2.57

54 4.07 × 101 2.14

58 4.37 × 101 2.01

62 5.08 × 101 1.96

66 4.15 × 101 1.62

70 2.36 × 101 1.26

74 7.41 6.71 × 10−1

78 1.54 × 101 9.73 × 10−1

82 5.28 × 101 1.83

86 9.49 × 101 2.41

90 1.15 × 102 2.70

94 9.73 × 101 2.49

98 6.02 × 101 1.94

102 1.93 × 101 1.12

106 7.13 6.89 × 10−1

110 2.92 × 101 1.43

114 5.11 × 101 1.96

118 6.63 × 101 2.31

122 7.62 × 101 2.64

126 7.01 × 101 2.71

130 7.12 × 101 3.10

134 1.03 × 102 4.39

138 1.57 × 102 7.35

142 1.26 × 102 1.07 × 101

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.16 : (Continued)

19.32 46 4.74 × 101 4.83

50 4.44 × 101 3.34

54 3.65 × 101 2.26

58 3.70 × 101 2.04

62 4.36 × 101 1.96

66 4.98 × 101 1.87

70 4.74 × 101 1.91

74 2.72 × 101 1.40

78 1.06 × 101 8.85 × 10−1

82 5.28 × 101 2.01

86 1.33 × 102 3.01

90 1.90 × 102 3.83

94 1.51 × 102 3.44

98 5.51 × 101 1.96

102 1.07 × 101 9.31 × 10−1

106 2.63 × 101 1.46

110 5.76 × 101 2.19

114 7.53 × 101 2.61

118 6.54 × 101 2.56

122 5.71 × 101 2.46

126 5.57 × 101 2.67

130 8.37 × 101 3.61

134 1.41 × 102 5.68

138 1.74 × 102 7.97

142 1.39 × 102 1.25 × 101

19.42 46 7.68 × 101 9.38

50 7.38 × 101 5.73

54 4.22 × 101 3.86

58 5.30 × 101 3.76

62 5.51 × 101 3.32

66 6.05 × 101 3.20

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.16 : (Continued)

70 6.30 × 101 3.30

74 2.80 × 101 2.02

78 8.44 1.09

82 5.32 × 101 2.84

86 1.33 × 102 4.15

90 1.99 × 102 5.40

94 1.46 × 102 4.44

98 4.90 × 101 2.50

102 8.74 1.07

106 3.11 × 101 2.13

110 6.83 × 101 3.21

114 6.23 × 101 2.97

118 6.21 × 101 3.32

122 5.68 × 101 3.19

126 5.70 × 101 3.40

130 8.13 × 101 4.38

134 1.16 × 102 5.72

138 1.15 × 102 7.49

142 8.45 × 101 9.69

19.51 46 6.67 × 101 6.31

50 6.76 × 101 4.23

54 5.28 × 101 2.70

58 5.20 × 101 2.46

62 5.50 × 101 2.24

66 5.78 × 101 2.11

70 5.01 × 101 2.03

74 2.23 × 101 1.29

78 8.66 8.54 × 10−1

82 4.62 × 101 1.94

86 1.16 × 102 2.89

90 1.69 × 102 3.77

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.16 : (Continued)

94 1.25 × 102 3.15

98 4.47 × 101 1.83

102 1.16 × 101 9.90 × 10−1

106 2.55 × 101 1.51

110 5.31 × 101 2.17

114 6.37 × 101 2.39

118 6.81 × 101 2.65

122 6.32 × 101 2.74

126 8.63 × 101 3.36

130 1.08 × 102 4.15

134 1.36 × 102 5.51

138 1.30 × 102 6.62

142 9.87 × 101 9.92

19.72 46 8.16 × 101 7.11

50 8.54 × 101 4.59

54 8.60 × 101 3.56

58 6.64 × 101 2.70

62 4.63 × 101 2.02

66 3.08 × 101 1.56

70 1.72 × 101 1.18

74 8.17 8.01 × 10−1

78 8.34 8.14 × 10−1

82 3.05 × 101 1.58

86 7.08 × 101 2.30

90 9.11 × 101 2.72

94 7.73 × 101 2.50

98 3.51 × 101 1.66

102 8.46 8.30 × 10−1

106 1.07 × 101 9.40 × 10−1

110 2.06 × 101 1.33

114 3.42 × 101 1.73

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.16 : (Continued)

118 4.80 × 101 2.16

122 7.78 × 101 2.91

126 1.01 × 102 3.44

130 1.48 × 102 4.75

134 1.59 × 102 5.74

138 1.43 × 102 6.85

142 1.54 × 102 1.40 × 101

19.92 46 1.15 × 102 1.18 × 101

(Mar.) 50 1.36 × 102 8.11

54 1.10 × 102 6.00

58 9.35 × 101 4.89

62 4.87 × 101 3.30

66 2.95 × 101 2.39

70 1.65 × 101 1.81

74 5.28 9.06 × 10−1

78 1.50 × 101 1.58

82 4.21 × 101 2.72

86 5.93 × 101 2.90

90 7.19 × 101 3.28

94 6.35 × 101 3.05

98 3.52 × 101 2.23

102 1.24 × 101 1.31

106 6.82 1.02

110 1.42 × 101 1.45

114 3.43 × 101 2.36

118 4.74 × 101 2.90

122 8.34 × 101 3.98

126 1.26 × 102 4.93

130 1.89 × 102 7.00

134 1.41 × 102 6.55

138 9.15 × 101 6.04

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.16 : (Continued)

142 8.75 × 101 8.98

19.92 46 7.01 × 101 1.26 × 101

(Apr.) 50 1.12 × 102 1.07 × 101

54 9.59 × 101 7.09

58 7.04 × 101 5.45

62 4.46 × 101 4.04

66 2.19 × 101 2.63

70 1.94 × 101 2.55

74 4.13 1.10

78 9.95 1.79

82 2.91 × 101 3.17

86 6.60 × 101 4.40

90 7.56 × 101 4.96

94 6.22 × 101 4.38

98 3.49 × 101 3.24

102 1.67 × 101 2.29

106 8.65 1.70

110 9.12 1.69

114 4.04 × 101 3.78

118 4.98 × 101 4.42

122 9.10 × 101 6.34

126 1.30 × 102 7.72

130 1.88 × 102 1.10 × 101

134 1.66 × 102 1.19 × 101

138 1.30 × 102 1.31 × 101

142 1.75 × 102 2.67 × 101

20.17 46 4.07 × 101 5.04

50 8.73 × 101 5.05

54 8.50 × 101 3.55

58 7.89 × 101 3.14

62 7.16 × 101 2.68

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.16 : (Continued)

66 8.20 × 101 2.79

70 4.84 × 101 2.18

74 8.68 8.86 × 10−1

78 1.58 × 101 1.23

82 5.57 × 101 2.33

86 7.61 × 101 2.48

90 9.50 × 101 3.05

94 8.87 × 101 2.94

98 5.48 × 101 2.17

102 2.10 × 101 1.40

106 8.46 8.91 × 10−1

110 5.44 × 101 2.29

114 9.54 × 101 3.07

118 9.90 × 101 3.44

122 8.75 × 101 3.27

126 1.29 × 102 4.26

130 1.41 × 102 4.80

134 9.35 × 101 4.66

138 1.03 × 102 6.04

142 2.89 × 102 1.99 × 101

20.42 46 1.24 × 101 3.74

50 3.33 × 101 4.37

54 7.63 × 101 5.37

58 4.88 × 101 3.78

62 6.19 × 101 3.90

66 9.50 × 101 4.84

70 7.10 × 101 3.91

74 2.64 × 101 2.27

78 1.15 × 101 1.46

82 5.59 × 101 3.20

86 1.20 × 102 4.32

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.16 : (Continued)

90 1.34 × 102 4.79

94 1.19 × 102 4.33

98 7.08 × 101 3.34

102 1.63 × 101 1.67

106 2.57 × 101 2.10

110 8.23 × 101 3.74

114 1.27 × 102 4.84

118 1.07 × 102 4.51

122 8.35 × 101 4.11

126 1.18 × 102 5.41

130 9.41 × 101 5.04

134 5.63 × 101 4.29

138 8.47 × 101 6.46

142 1.58 × 102 1.42 × 101

20.67 46 2.12 × 101 3.35

50 6.21 × 101 4.21

54 4.94 × 101 2.62

58 3.71 × 101 2.04

62 7.96 × 101 2.68

66 1.57 × 102 3.72

70 1.40 × 102 3.63

74 4.86 × 101 2.04

78 1.25 × 101 1.06

82 7.13 × 101 2.51

86 1.39 × 102 3.26

90 1.93 × 102 4.15

94 1.61 × 102 3.62

98 7.63 × 101 2.52

102 1.18 × 101 1.02

106 4.28 × 101 1.91

110 1.57 × 102 3.93

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.16 : (Continued)

114 1.96 × 102 4.53

118 1.19 × 102 3.51

122 4.65 × 101 2.24

126 7.59 × 101 3.12

130 8.63 × 101 3.55

134 4.40 × 101 2.98

138 5.87 × 101 4.05

142 1.85 × 102 1.13 × 101

20.92 46 9.37 3.12

(Mar.) 50 1.55 × 101 3.03

54 2.65 × 101 3.08

58 1.77 × 101 2.25

62 8.53 × 101 4.50

66 1.94 × 102 7.01

70 1.53 × 102 6.01

74 6.14 × 101 3.51

78 1.25 × 101 1.51

82 7.08 × 101 3.64

86 1.67 × 102 5.05

90 2.14 × 102 6.03

94 1.99 × 102 5.83

98 9.62 × 101 3.96

102 1.40 × 101 1.54

106 5.01 × 101 2.87

110 1.67 × 102 5.41

114 2.13 × 102 6.15

118 1.32 × 102 5.05

122 3.55 × 101 2.69

126 2.71 × 101 2.40

130 4.50 × 101 3.44

134 2.31 × 101 2.67

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.16 : (Continued)

138 5.31 × 101 4.91

142 8.91 × 101 8.38

20.92 46 8.09 3.62

(Apr.) 50 3.06 × 101 5.50

54 1.71 × 101 2.67

58 2.01 × 101 2.69

62 8.16 × 101 4.90

66 1.72 × 102 7.31

70 1.52 × 102 7.03

74 4.70 × 101 3.60

78 9.28 1.67

82 6.00 × 101 4.24

86 1.48 × 102 6.27

90 2.00 × 102 7.85

94 1.70 × 102 7.07

98 8.18 × 101 4.90

102 1.22 × 101 1.96

106 4.27 × 101 3.54

110 1.53 × 102 6.99

114 2.07 × 102 8.31

118 1.17 × 102 6.52

122 3.74 × 101 3.78

126 2.76 × 101 3.37

130 4.21 × 101 4.59

134 2.66 × 101 4.20

138 4.89 × 101 7.14

142 1.24 × 102 1.79 × 101

21.17 46 8.24 1.94

50 2.50 × 101 2.68

54 1.48 × 101 1.33

58 1.70 × 101 1.34

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.16 : (Continued)

62 9.79 × 101 2.89

66 1.90 × 102 4.19

70 1.61 × 102 4.02

74 6.09 × 101 2.17

78 1.49 × 101 1.19

82 6.37 × 101 2.31

86 1.68 × 102 3.64

90 2.34 × 102 4.57

94 1.80 × 102 3.87

98 7.72 × 101 2.57

102 9.81 9.11 × 10−1

106 5.96 × 101 2.22

110 1.73 × 102 3.92

114 2.29 × 102 4.70

118 1.40 × 102 3.81

122 3.51 × 101 1.95

126 1.86 × 101 1.45

130 4.59 × 101 2.59

134 3.37 × 101 2.65

138 2.90 × 101 2.80

142 1.35 × 102 1.09 × 101

21.42 46 1.21 × 101 3.50

50 2.52 × 101 3.71

54 7.01 1.50

58 1.83 × 101 2.27

62 1.07 × 102 5.13

66 2.08 × 102 7.51

70 1.99 × 102 7.06

74 1.01 × 102 4.75

78 2.61 × 101 2.32

82 8.03 × 101 3.76

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.16 : (Continued)

86 1.91 × 102 5.35

90 2.77 × 102 6.96

94 2.20 × 102 5.96

98 7.65 × 101 3.53

102 1.90 × 101 1.77

106 9.78 × 101 4.14

110 2.00 × 102 5.80

114 2.26 × 102 6.51

118 1.25 × 102 4.83

122 3.38 × 101 2.66

126 1.49 × 101 1.78

130 3.61 × 101 2.97

134 2.52 × 101 2.72

138 1.77 × 101 2.67

142 7.78 × 101 9.05

21.67 46 2.21 × 101 3.41

50 3.18 × 101 2.91

54 8.59 1.01

58 2.67 × 101 1.70

62 1.14 × 102 3.14

66 1.69 × 102 3.99

70 1.47 × 102 3.98

74 6.19 × 101 2.29

78 2.30 × 101 1.43

82 6.58 × 101 2.39

86 1.06 × 102 2.79

90 1.52 × 102 3.71

94 1.24 × 102 3.18

98 7.03 × 101 2.48

102 2.56 × 101 1.46

106 5.59 × 101 2.21

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.16 : (Continued)

110 1.37 × 102 3.54

114 1.95 × 102 4.34

118 1.44 × 102 3.73

122 5.38 × 101 2.42

126 1.39 × 101 1.25

130 3.66 × 101 2.22

134 4.10 × 101 2.67

138 3.80 × 101 3.34

142 7.30 × 101 6.96

21.92 46 4.01 × 101 6.19

(Mar.) 50 4.68 × 101 5.17

54 1.30 × 101 2.08

58 6.98 × 101 4.32

62 1.78 × 102 6.94

66 1.87 × 102 7.47

70 9.52 × 101 5.18

74 3.83 × 101 3.01

78 2.86 × 101 2.51

82 6.24 × 101 3.47

86 6.08 × 101 3.15

90 6.63 × 101 3.55

94 6.13 × 101 3.22

98 5.15 × 101 2.96

102 3.55 × 101 2.51

106 3.58 × 101 2.53

110 1.01 × 102 4.18

114 2.19 × 102 6.68

118 2.10 × 102 6.59

122 8.67 × 101 4.35

126 1.68 × 101 1.97

130 5.47 × 101 3.92

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.16 : (Continued)

134 6.22 × 101 4.50

138 3.99 × 101 3.86

142 6.50 × 101 7.36

21.92 46 3.44 × 101 7.51

(Apr.) 50 4.24 × 101 6.54

54 1.31 × 101 2.28

58 5.10 × 101 4.22

62 1.65 × 102 7.18

66 1.57 × 102 7.09

70 1.00 × 102 5.98

74 2.98 × 101 2.92

78 2.32 × 101 2.66

82 4.48 × 101 3.54

86 5.39 × 101 3.82

90 6.34 × 101 4.57

94 5.66 × 101 3.99

98 5.09 × 101 3.80

102 3.14 × 101 3.08

106 2.52 × 101 2.75

110 9.24 × 101 5.33

114 1.93 × 102 8.21

118 1.98 × 102 8.26

122 9.14 × 101 5.96

126 2.36 × 101 3.10

130 4.99 × 101 4.99

134 7.01 × 101 6.87

138 6.67 × 101 8.61

142 1.08 × 102 1.64 × 101

22.17 46 5.89 × 101 5.22

50 4.37 × 101 3.41

54 1.17 × 101 1.14

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.16 : (Continued)

58 8.03 × 101 2.89

62 1.79 × 102 3.95

66 1.60 × 102 3.84

70 7.49 × 101 2.72

74 1.14 × 101 9.62 × 10−1

78 2.86 × 101 1.60

82 3.90 × 101 1.80

86 3.63 × 101 1.69

90 3.42 × 101 1.79

94 3.56 × 101 1.68

98 4.21 × 101 1.87

102 3.33 × 101 1.74

106 1.18 × 101 1.00

110 6.14 × 101 2.32

114 1.72 × 102 3.98

118 2.16 × 102 4.53

122 1.25 × 102 3.72

126 2.48 × 101 1.72

130 4.42 × 101 2.52

134 9.69 × 101 4.32

138 1.01 × 102 5.37

142 1.17 × 102 8.23

22.43 46 5.55 × 101 8.28

50 4.03 × 101 5.43

54 1.72 × 101 2.68

58 5.88 × 101 4.51

62 1.48 × 102 7.33

66 1.81 × 102 8.82

70 9.37 × 101 5.63

74 1.53 × 101 2.16

78 1.45 × 101 2.16

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.16 : (Continued)

82 3.43 × 101 2.83

86 6.61 × 101 3.80

90 1.02 × 102 4.92

94 7.99 × 101 4.16

98 3.80 × 101 2.84

102 1.84 × 101 2.08

106 1.50 × 101 1.92

110 7.15 × 101 3.95

114 1.64 × 102 6.15

118 1.75 × 102 6.68

122 8.22 × 101 4.78

126 1.66 × 101 2.20

130 4.48 × 101 3.77

134 6.64 × 101 4.96

138 6.28 × 101 5.30

142 5.90 × 101 7.05

22.68 46 2.50 × 101 3.47

50 2.31 × 101 2.57

54 1.36 × 101 1.26

58 6.36 × 101 2.61

62 1.19 × 102 3.48

66 9.90 × 101 3.35

70 5.31 × 101 2.33

74 1.20 × 101 9.97 × 10−1

78 4.62 6.54 × 10−1

82 2.76 × 101 1.56

86 6.31 × 101 2.28

90 9.33 × 101 3.02

94 6.69 × 101 2.38

98 3.14 × 101 1.72

102 7.33 8.14 × 10−1

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.16 : (Continued)

106 1.27 × 101 1.08

110 4.92 × 101 2.13

114 1.04 × 102 3.18

118 1.36 × 102 3.86

122 8.76 × 101 3.12

126 3.14 × 101 1.93

130 2.60 × 101 1.97

134 3.88 × 101 2.74

138 5.84 × 101 4.09

142 9.90 × 101 7.59

22.93 46 2.78 × 101 5.93

(Mar.) 50 1.99 × 101 3.97

54 1.62 × 101 2.59

58 1.05 × 102 6.00

62 1.62 × 102 8.47

66 9.49 × 101 6.42

70 3.70 × 101 3.51

74 8.37 1.61

78 8.35 1.58

82 3.38 × 101 3.14

86 5.74 × 101 3.62

90 8.84 × 101 4.51

94 6.38 × 101 3.57

98 3.67 × 101 2.69

102 1.53 × 101 1.88

106 5.15 1.07

110 2.73 × 101 2.37

114 8.21 × 101 4.25

118 1.68 × 102 6.59

122 1.39 × 102 6.43

126 3.73 × 101 3.16

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.16 : (Continued)

130 1.44 × 101 2.03

134 2.93 × 101 3.18

138 4.70 × 101 4.40

142 9.88 × 101 8.70

22.93 46 3.21 × 101 7.79

(Apr.) 50 1.33 × 101 3.69

54 1.74 × 101 2.72

58 8.37 × 101 5.58

62 1.27 × 102 6.77

66 8.33 × 101 5.79

70 2.82 × 101 3.19

74 5.26 1.28

78 1.06 × 101 1.84

82 3.54 × 101 3.30

86 5.37 × 101 4.00

90 9.00 × 101 5.51

94 6.67 × 101 4.52

98 2.91 × 101 3.08

102 1.70 × 101 2.35

106 7.36 1.57

110 2.89 × 101 3.06

114 9.24 × 101 5.68

118 1.52 × 102 7.56

122 1.33 × 102 7.63

126 4.05 × 101 4.20

130 1.64 × 101 3.04

134 5.41 × 101 6.16

138 7.71 × 101 8.73

142 1.22 × 102 1.53 × 101

23.18 46 6.84 × 101 5.78

50 4.52 × 101 3.55

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.16 : (Continued)

54 2.09 × 101 1.61

58 1.20 × 102 3.70

62 1.62 × 102 4.13

66 9.00 × 101 3.24

70 2.66 × 101 1.71

74 4.69 6.57 × 10−1

78 1.58 × 101 1.26

82 3.09 × 101 1.69

86 6.29 × 101 2.40

90 7.73 × 101 2.75

94 7.17 × 101 2.58

98 3.80 × 101 1.91

102 1.85 × 101 1.39

106 7.12 8.52 × 10−1

110 2.10 × 101 1.46

114 1.02 × 102 3.26

118 1.97 × 102 4.71

122 1.79 × 102 4.80

126 4.89 × 101 2.67

130 4.06 × 101 2.61

134 9.44 × 101 4.29

138 1.17 × 102 5.96

142 1.75 × 102 9.69

23.43 46 9.15 × 101 9.70

50 1.06 × 102 8.14

54 3.12 × 101 3.43

58 1.69 × 102 7.73

62 2.43 × 102 9.93

66 1.35 × 102 6.97

70 3.48 × 101 3.36

74 1.65 × 101 2.38

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.16 : (Continued)

78 2.30 × 101 2.64

82 4.22 × 101 3.34

86 6.09 × 101 3.61

90 9.09 × 101 4.47

94 6.87 × 101 3.68

98 4.56 × 101 3.12

102 2.70 × 101 2.42

106 1.81 × 101 1.98

110 2.55 × 101 2.29

114 1.31 × 102 5.41

118 2.37 × 102 7.33

122 1.90 × 102 7.04

126 4.48 × 101 3.35

130 7.47 × 101 4.88

134 1.47 × 102 7.08

138 1.06 × 102 6.76

142 1.37 × 102 1.03 × 101

23.93 46 1.03 × 102 9.45

50 1.09 × 102 7.68

54 3.01 × 101 3.16

58 1.44 × 102 6.89

62 2.20 × 102 9.16

66 1.42 × 102 7.00

70 5.57 × 101 4.10

74 5.81 × 101 4.34

78 3.26 × 101 3.05

82 3.57 × 101 3.08

86 8.92 × 101 4.56

90 1.39 × 102 5.49

94 9.24 × 101 4.01

98 2.83 × 101 2.35

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.16 : (Continued)

102 2.84 × 101 2.34

106 5.23 × 101 3.13

110 5.90 × 101 3.42

114 1.21 × 102 4.86

118 2.20 × 102 6.83

122 1.60 × 102 5.99

126 3.13 × 101 2.75

130 1.03 × 102 5.18

134 1.73 × 102 7.22

138 1.21 × 102 7.23

142 1.13 × 102 8.21

24.43 46 1.36 × 102 1.10 × 101

50 1.64 × 102 9.08

54 3.96 × 101 3.44

58 1.09 × 102 6.12

62 1.79 × 102 8.66

66 1.14 × 102 5.98

70 9.80 × 101 5.35

74 7.85 × 101 4.80

78 2.61 × 101 2.75

82 3.21 × 101 2.83

86 1.09 × 102 5.10

90 1.79 × 102 6.19

94 1.05 × 102 4.10

98 3.13 × 101 2.46

102 2.36 × 101 2.05

106 7.14 × 101 3.62

110 9.62 × 101 4.28

114 1.18 × 102 4.71

118 1.56 × 102 5.56

122 1.17 × 102 4.89

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.16 : (Continued)

126 4.09 × 101 3.08

130 1.35 × 102 5.76

134 2.40 × 102 8.54

138 1.34 × 102 7.01

142 1.16 × 102 8.33

24.93 46 1.10 × 102 9.49

50 1.36 × 102 8.45

54 2.36 × 101 2.71

58 4.66 × 101 4.15

62 8.31 × 101 6.11

66 8.03 × 101 5.18

70 9.78 × 101 5.36

74 1.05 × 102 5.59

78 4.48 × 101 3.82

82 3.34 × 101 3.16

86 1.31 × 102 5.82

90 2.31 × 102 7.43

94 1.48 × 102 5.12

98 3.31 × 101 2.59

102 3.62 × 101 2.66

106 1.13 × 102 4.72

110 1.14 × 102 4.75

114 7.92 × 101 3.95

118 7.86 × 101 3.97

122 5.10 × 101 3.43

126 2.23 × 101 2.34

130 1.27 × 102 5.71

134 1.94 × 102 7.53

138 9.73 × 101 6.24

142 6.61 × 101 6.17

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)
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Table A.17: Angular distribution for the
12C(12C, 12C[0+2 ]→ 3α)12C(2+1 )

reaction using reliable segments

of SAKRA.

17.41 54 0.00 0.00

58 1.78 1.78

62 8.30 × 10−1 8.30 × 10−1

66 1.89 9.47 × 10−1

70 0.00 0.00

74 2.10 7.41 × 10−1

78 1.29 5.28 × 10−1

82 2.71 7.25 × 10−1

86 3.02 7.32 × 10−1

90 2.44 6.30 × 10−1

94 3.11 7.13 × 10−1

98 1.49 4.98 × 10−1

102 1.15 4.35 × 10−1

106 1.73 5.47 × 10−1

110 1.43 5.06 × 10−1

114 8.07 × 10−1 4.03 × 10−1

118 4.33 × 10−1 3.06 × 10−1

122 8.14 × 10−1 4.70 × 10−1

126 3.33 × 10−1 3.33 × 10−1

130 1.02 7.19 × 10−1

134 1.95 1.38

138 2.13 2.13

142 0.00 0.00

17.91 54 4.59 4.59

58 3.07 2.17

62 0.00 0.00

66 3.29 1.24

70 2.52 8.91 × 10−1

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.17 : (Continued)

74 1.99 7.52 × 10−1

78 1.63 6.17 × 10−1

82 2.20 6.94 × 10−1

86 2.05 6.50 × 10−1

90 1.33 5.03 × 10−1

94 9.62 × 10−1 4.30 × 10−1

98 2.22 6.42 × 10−1

102 1.55 5.47 × 10−1

106 2.03 6.41 × 10−1

110 2.03 6.78 × 10−1

114 4.71 × 10−1 3.33 × 10−1

118 1.56 6.36 × 10−1

122 2.99 × 10−1 2.99 × 10−1

126 3.65 × 10−1 3.65 × 10−1

130 9.93 × 10−1 7.02 × 10−1

134 5.15 2.31

138 0.00 0.00

142 0.00 0.00

18.41 54 5.40 3.82

58 7.86 2.62

62 4.88 1.47

66 5.30 1.18

70 1.93 6.42 × 10−1

74 5.29 9.82 × 10−1

78 5.82 9.57 × 10−1

82 8.70 1.14

86 9.68 1.17

90 1.32 × 101 1.31

94 9.21 1.13

98 8.83 1.10

102 6.65 9.80 × 10−1

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.17 : (Continued)

106 3.28 6.98 × 10−1

110 2.38 6.13 × 10−1

114 2.05 5.90 × 10−1

118 3.17 7.69 × 10−1

122 8.23 1.32

126 8.33 1.43

130 1.23 × 101 2.00

134 9.08 2.27

138 1.17 × 101 3.70

142 1.11 × 101 5.54

18.91 54 9.46 3.35

(Mar.) 58 6.06 1.75

62 5.32 1.25

66 5.58 9.86 × 10−1

70 7.31 1.07

74 7.74 9.91 × 10−1

78 6.62 8.41 × 10−1

82 1.18 × 101 1.11

86 1.53 × 101 1.25

90 1.73 × 101 1.33

94 1.43 × 101 1.19

98 1.19 × 101 1.11

102 1.12 × 101 1.10

106 7.03 9.00 × 10−1

110 6.24 8.56 × 10−1

114 4.92 7.79 × 10−1

118 5.28 8.35 × 10−1

122 7.65 1.09

126 9.60 1.31

130 1.23 × 101 1.64

134 1.97 × 101 2.82

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.17 : (Continued)

138 1.73 × 101 3.77

142 1.55 × 101 5.16

18.91 54 0.00 0.00

(Apr.) 58 5.76 4.07

62 3.35 2.37

66 4.02 2.01

70 3.58 1.79

74 8.73 2.52

78 8.58 2.29

82 1.13 × 101 2.60

86 1.12 × 101 2.58

90 2.14 × 101 3.56

94 1.53 × 101 2.95

98 1.16 × 101 2.66

102 1.08 × 101 2.62

106 6.25 2.08

110 5.61 1.98

114 5.16 1.95

118 3.19 1.60

122 7.94 2.81

126 1.15 × 101 3.64

130 9.95 3.76

134 2.62 × 101 8.73

138 6.39 6.39

142 1.50 × 101 1.50 × 101

19.11 54 3.40 1.52

58 1.69 6.88 × 10−1

62 5.95 1.02

66 5.24 7.64 × 10−1

70 5.11 7.16 × 10−1

74 7.50 7.86 × 10−1

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.17 : (Continued)

78 1.03 × 101 8.42 × 10−1

82 1.21 × 101 9.25 × 10−1

86 1.63 × 101 1.04

90 1.81 × 101 1.10

94 1.85 × 101 1.10

98 1.45 × 101 1.02

102 1.06 × 101 8.93 × 10−1

106 8.52 8.09 × 10−1

110 6.17 7.03 × 10−1

114 5.81 7.00 × 10−1

118 7.03 8.07 × 10−1

122 1.05 × 101 1.09

126 1.15 × 101 1.24

130 1.84 × 101 1.76

134 2.10 × 101 2.50

138 2.38 × 101 4.14

142 1.61 × 101 5.10

19.32 54 7.24 2.29

58 5.81 1.37

62 7.63 1.25

66 5.93 8.47 × 10−1

70 9.01 1.03

74 1.09 × 101 9.87 × 10−1

78 1.33 × 101 1.03

82 1.23 × 101 9.90 × 10−1

86 1.37 × 101 1.02

90 1.41 × 101 1.04

94 1.53 × 101 1.12

98 1.19 × 101 9.83 × 10−1

102 1.12 × 101 9.92 × 10−1

106 1.04 × 101 9.60 × 10−1

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.17 : (Continued)

110 9.74 9.65 × 10−1

114 6.72 8.27 × 10−1

118 7.23 8.83 × 10−1

122 8.16 1.03

126 1.15 × 101 1.33

130 1.57 × 101 1.73

134 2.35 × 101 2.77

138 3.08 × 101 5.13

142 2.78 × 101 6.96

19.42 54 6.53 2.92

58 8.42 2.11

62 3.84 1.16

66 6.52 1.21

70 1.31 × 101 1.68

74 1.07 × 101 1.35

78 1.22 × 101 1.35

82 1.14 × 101 1.33

86 1.18 × 101 1.32

90 1.26 × 101 1.35

94 1.16 × 101 1.30

98 1.17 × 101 1.31

102 1.25 × 101 1.41

106 1.31 × 101 1.43

110 9.90 1.25

114 8.39 1.20

118 6.77 1.10

122 5.73 1.06

126 1.10 × 101 1.65

130 1.64 × 101 2.11

134 1.51 × 101 2.54

138 2.20 × 101 4.24

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.17 : (Continued)

142 3.03 × 101 7.83

19.51 54 5.74 1.91

58 7.23 1.54

62 5.11 1.00

66 7.83 9.64 × 10−1

70 1.18 × 101 1.19

74 1.11 × 101 1.01

78 1.15 × 101 9.87 × 10−1

82 1.04 × 101 9.68 × 10−1

86 1.11 × 101 9.77 × 10−1

90 8.30 8.17 × 10−1

94 9.44 8.96 × 10−1

98 9.36 9.05 × 10−1

102 1.22 × 101 1.04

106 1.35 × 101 1.13

110 1.27 × 101 1.11

114 1.08 × 101 1.05

118 6.31 8.43 × 10−1

122 8.07 1.03

126 1.25 × 101 1.39

130 1.83 × 101 1.87

134 2.65 × 101 2.93

138 3.54 × 101 5.06

142 3.59 × 101 6.66

19.72 54 8.06 2.33

58 8.48 1.63

62 7.90 1.13

66 9.65 1.09

70 1.44 × 101 1.27

74 1.39 × 101 1.10

78 9.72 9.11 × 10−1

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.17 : (Continued)

82 9.18 8.92 × 10−1

86 7.26 7.97 × 10−1

90 6.68 7.09 × 10−1

94 6.19 7.19 × 10−1

98 8.16 8.47 × 10−1

102 1.11 × 101 9.70 × 10−1

106 1.31 × 101 1.07

110 1.48 × 101 1.19

114 1.18 × 101 1.10

118 9.80 1.04

122 7.80 1.01

126 1.01 × 101 1.21

130 2.20 × 101 2.09

134 3.07 × 101 2.91

138 6.51 × 101 7.24

142 7.54 × 101 1.15 × 101

19.92 54 6.67 2.72

(Mar.) 58 4.68 1.56

62 7.14 1.52

66 7.09 1.29

70 1.27 × 101 1.62

74 1.30 × 101 1.50

78 1.01 × 101 1.30

82 9.65 1.27

86 5.35 9.46 × 10−1

90 3.15 6.86 × 10−1

94 6.00 9.87 × 10−1

98 8.76 1.16

102 1.39 × 101 1.47

106 1.31 × 101 1.48

110 1.16 × 101 1.42

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.17 : (Continued)

114 1.04 × 101 1.40

118 5.89 1.02

122 4.67 1.04

126 7.07 1.29

130 1.74 × 101 2.22

134 3.08 × 101 3.48

138 5.21 × 101 6.52

142 4.54 × 101 8.44

19.92 54 0.00 0.00

(Apr.) 58 5.63 2.52

62 8.16 2.35

66 6.22 1.72

70 1.06 × 101 2.11

74 1.12 × 101 1.97

78 1.66 × 101 2.40

82 8.59 1.72

86 5.34 1.33

90 2.17 8.22 × 10−1

94 3.74 1.13

98 9.26 1.75

102 9.07 1.75

106 1.13 × 101 2.03

110 1.61 × 101 2.52

114 9.95 2.03

118 4.04 1.28

122 6.81 1.89

126 1.15 × 101 2.57

130 1.79 × 101 3.66

134 4.47 × 101 7.16

138 1.03 × 102 1.85 × 101

142 8.74 × 101 2.26 × 101

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.17 : (Continued)

20.17 54 7.73 2.33

58 4.63 1.24

62 6.72 1.08

66 5.08 8.47 × 10−1

70 7.34 9.48 × 10−1

74 6.27 7.60 × 10−1

78 8.00 8.78 × 10−1

82 1.03 × 101 1.00

86 8.42 8.97 × 10−1

90 7.01 7.94 × 10−1

94 8.13 8.92 × 10−1

98 8.36 8.92 × 10−1

102 9.68 9.83 × 10−1

106 6.97 8.39 × 10−1

110 6.09 8.07 × 10−1

114 5.85 8.36 × 10−1

118 6.51 8.85 × 10−1

122 5.15 8.58 × 10−1

126 6.81 1.05

130 1.61 × 101 1.82

134 2.71 × 101 2.68

138 7.73 × 101 7.51

142 8.53 × 101 1.15 × 101

20.42 54 2.30 1.62

58 3.43 1.30

62 7.28 1.46

66 5.36 1.20

70 5.54 1.07

74 7.42 1.13

78 6.68 1.16

82 7.67 1.17

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.17 : (Continued)

86 1.13 × 101 1.42

90 1.66 × 101 1.72

94 1.51 × 101 1.65

98 9.64 1.31

102 6.06 1.01

106 4.33 8.66 × 10−1

110 4.59 9.17 × 10−1

114 8.67 1.34

118 9.78 1.51

122 9.90 1.53

126 1.49 × 101 2.03

130 2.69 × 101 2.92

134 3.41 × 101 3.63

138 7.58 × 101 8.58

142 6.76 × 101 1.03 × 101

20.67 54 2.75 × 101 3.58

58 1.91 × 101 2.34

62 1.29 × 101 1.41

66 8.70 1.02

70 6.58 8.29 × 10−1

74 7.15 7.62 × 10−1

78 6.40 7.71 × 10−1

82 8.45 8.67 × 10−1

86 1.41 × 101 1.09

90 1.42 × 101 1.11

94 1.47 × 101 1.18

98 9.68 9.19 × 10−1

102 7.70 8.35 × 10−1

106 6.91 8.14 × 10−1

110 7.62 8.80 × 10−1

114 7.68 8.75 × 10−1

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.17 : (Continued)

118 1.33 × 101 1.26

122 1.93 × 101 1.58

126 2.76 × 101 1.91

130 5.73 × 101 3.22

134 7.32 × 101 4.02

138 1.44 × 102 9.30

142 1.35 × 102 1.19 × 101

20.92 54 1.17 × 101 3.12

(Mar.) 58 1.62 × 101 2.91

62 8.82 1.70

66 8.39 1.44

70 9.74 1.42

74 1.06 × 101 1.31

78 9.05 1.28

82 1.09 × 101 1.39

86 1.83 × 101 1.73

90 1.88 × 101 1.80

94 1.28 × 101 1.45

98 1.53 × 101 1.59

102 1.02 × 101 1.32

106 9.69 1.34

110 9.35 1.32

114 7.14 1.16

118 1.01 × 101 1.48

122 1.65 × 101 1.90

126 3.82 × 101 3.04

130 5.33 × 101 3.90

134 8.06 × 101 5.85

138 1.08 × 102 9.22

142 6.02 × 101 8.19

20.92 54 2.11 × 101 5.86

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.17 : (Continued)

(Apr.) 58 2.39 × 101 4.70

62 1.22 × 101 2.48

66 8.76 1.87

70 7.63 1.63

74 8.05 1.52

78 1.08 × 101 1.82

82 1.04 × 101 1.78

86 1.06 × 101 1.71

90 2.22 × 101 2.59

94 1.84 × 101 2.31

98 1.29 × 101 1.94

102 8.66 1.64

106 1.01 × 101 1.81

110 1.02 × 101 1.92

114 1.13 × 101 2.05

118 1.15 × 101 2.17

122 1.78 × 101 2.75

126 3.47 × 101 4.03

130 6.38 × 101 6.26

134 8.23 × 101 8.44

138 1.63 × 102 1.87 × 101

142 1.16 × 102 2.19 × 101

21.17 54 1.92 × 101 2.74

58 1.36 × 101 1.74

62 9.44 1.11

66 7.80 9.60 × 10−1

70 8.91 9.40 × 10−1

74 5.76 6.79 × 10−1

78 6.10 7.51 × 10−1

82 7.52 8.15 × 10−1

86 1.60 × 101 1.14

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.17 : (Continued)

90 2.06 × 101 1.32

94 1.89 × 101 1.31

98 1.08 × 101 9.71 × 10−1

102 7.19 8.04 × 10−1

106 7.43 8.36 × 10−1

110 1.06 × 101 1.07

114 1.01 × 101 1.02

118 1.03 × 101 1.08

122 1.32 × 101 1.25

126 2.73 × 101 1.93

130 5.59 × 101 3.16

134 8.30 × 101 4.38

138 1.50 × 102 9.30

142 1.64 × 102 1.41 × 101

21.42 54 2.28 × 101 4.31

58 1.97 × 101 2.93

62 1.55 × 101 2.19

66 8.17 1.40

70 7.31 1.22

74 1.09 × 101 1.37

78 1.11 × 101 1.42

82 9.25 1.27

86 1.39 × 101 1.48

90 1.15 × 101 1.42

94 1.31 × 101 1.50

98 1.09 × 101 1.32

102 1.30 × 101 1.48

106 1.11 × 101 1.43

110 7.91 1.18

114 7.39 1.23

118 1.49 × 101 1.79

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.17 : (Continued)

122 2.14 × 101 2.18

126 2.80 × 101 2.53

130 4.47 × 101 3.58

134 6.33 × 101 4.59

138 8.93 × 101 7.89

142 9.95 × 101 1.23 × 101

21.67 54 2.94 × 101 3.54

58 2.62 × 101 2.25

62 1.70 × 101 1.46

66 9.24 1.02

70 5.22 7.24 × 10−1

74 5.82 7.10 × 10−1

78 1.05 × 101 9.67 × 10−1

82 1.14 × 101 1.01

86 1.15 × 101 9.76 × 10−1

90 1.12 × 101 1.01

94 1.24 × 101 1.07

98 1.36 × 101 1.04

102 1.05 × 101 9.62 × 10−1

106 9.68 9.45 × 10−1

110 5.99 7.49 × 10−1

114 7.11 8.62 × 10−1

118 1.81 × 101 1.44

122 2.75 × 101 1.76

126 4.35 × 101 2.40

130 4.90 × 101 2.73

134 5.71 × 101 3.37

138 9.23 × 101 6.56

142 1.12 × 102 1.08 × 101

21.92 54 3.32 × 101 5.13

(Mar.) 58 2.89 × 101 3.39

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.17 : (Continued)

62 1.59 × 101 2.14

66 7.86 1.41

70 1.73 6.12 × 10−1

74 5.18 9.80 × 10−1

78 1.10 × 101 1.48

82 1.54 × 101 1.65

86 1.90 × 101 1.75

90 2.08 × 101 1.94

94 2.27 × 101 2.02

98 1.83 × 101 1.81

102 1.03 × 101 1.42

106 5.32 1.00

110 2.89 7.46 × 10−1

114 8.94 1.33

118 1.58 × 101 1.81

122 2.79 × 101 2.42

126 3.17 × 101 2.79

130 3.84 × 101 3.47

134 3.66 × 101 3.43

138 4.99 × 101 5.61

142 5.46 × 101 7.72

21.92 54 3.28 × 101 6.57

(Apr.) 58 2.84 × 101 4.15

62 2.05 × 101 2.93

66 6.78 1.60

70 2.94 9.80 × 10−1

74 5.89 1.32

78 1.08 × 101 1.88

82 1.24 × 101 1.92

86 1.86 × 101 2.27

90 1.87 × 101 2.46

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.17 : (Continued)

94 1.66 × 101 2.24

98 1.63 × 101 2.20

102 1.11 × 101 1.87

106 4.60 1.23

110 3.17 1.00

114 8.50 1.73

118 1.47 × 101 2.33

122 2.95 × 101 3.32

126 4.21 × 101 4.49

130 3.94 × 101 4.77

134 3.51 × 101 4.78

138 6.06 × 101 9.71

142 7.57 × 101 1.55 × 101

22.17 54 3.63 × 101 3.45

58 2.95 × 101 2.31

62 1.64 × 101 1.38

66 7.99 9.23 × 10−1

70 4.34 6.20 × 10−1

74 9.37 8.93 × 10−1

78 1.24 × 101 1.08

82 1.43 × 101 1.12

86 1.62 × 101 1.17

90 1.67 × 101 1.17

94 1.75 × 101 1.24

98 1.69 × 101 1.18

102 1.69 × 101 1.23

106 9.67 9.35 × 10−1

110 5.12 6.84 × 10−1

114 7.61 8.51 × 10−1

118 1.84 × 101 1.40

122 3.44 × 101 1.93

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.17 : (Continued)

126 4.27 × 101 2.36

130 4.72 × 101 2.71

134 3.99 × 101 2.70

138 6.05 × 101 4.94

142 7.59 × 101 8.71

22.43 54 5.44 × 101 6.70

58 5.30 × 101 5.38

62 3.04 × 101 3.46

66 1.77 × 101 2.48

70 1.21 × 101 1.87

74 2.02 × 101 2.22

78 2.62 × 101 2.60

82 2.09 × 101 2.14

86 1.13 × 101 1.52

90 9.60 1.46

94 1.49 × 101 1.89

98 2.13 × 101 2.17

102 2.23 × 101 2.24

106 2.27 × 101 2.25

110 7.41 1.33

114 6.84 1.25

118 2.62 × 101 2.76

122 5.28 × 101 3.96

126 5.20 × 101 3.92

130 4.37 × 101 3.88

134 3.33 × 101 3.83

138 2.90 × 101 4.65

142 2.96 × 101 6.98

22.68 54 5.07 × 101 3.90

58 3.79 × 101 2.51

62 1.97 × 101 1.56

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.



A.2. EXCLUSIVE CROSS SECTION 127

Table A.17 : (Continued)

66 9.43 1.06

70 1.01 × 101 9.96 × 10−1

74 1.60 × 101 1.24

78 2.16 × 101 1.47

82 1.85 × 101 1.31

86 1.16 × 101 9.81 × 10−1

90 8.69 8.91 × 10−1

94 1.36 × 101 1.10

98 1.82 × 101 1.28

102 2.29 × 101 1.49

106 1.90 × 101 1.35

110 1.28 × 101 1.11

114 9.44 9.73 × 10−1

118 2.56 × 101 1.72

122 4.39 × 101 2.28

126 6.22 × 101 2.89

130 5.40 × 101 2.84

134 4.00 × 101 2.86

138 3.93 × 101 4.19

142 4.39 × 101 6.09

22.93 54 4.90 × 101 5.89

(Mar.) 58 3.05 × 101 3.90

62 2.81 × 101 3.51

66 1.22 × 101 1.97

70 8.65 1.64

74 1.52 × 101 1.96

78 2.09 × 101 2.32

82 2.13 × 101 2.14

86 1.95 × 101 2.02

90 2.27 × 101 2.28

94 2.25 × 101 2.16

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.17 : (Continued)

98 1.78 × 101 1.83

102 2.20 × 101 2.29

106 1.50 × 101 1.86

110 8.68 1.41

114 7.22 1.26

118 2.13 × 101 2.31

122 3.94 × 101 3.31

126 4.19 × 101 3.54

130 3.65 × 101 3.40

134 2.33 × 101 3.09

138 1.76 × 101 3.26

142 2.68 × 101 5.85

22.93 54 4.65 × 101 7.09

(Apr.) 58 3.50 × 101 4.31

62 1.84 × 101 2.87

66 1.21 × 101 2.14

70 9.68 1.80

74 1.24 × 101 2.03

78 2.08 × 101 2.67

82 2.22 × 101 2.62

86 2.65 × 101 2.91

90 1.82 × 101 2.44

94 2.10 × 101 2.51

98 1.91 × 101 2.37

102 1.93 × 101 2.55

106 1.78 × 101 2.54

110 9.75 1.84

114 7.28 1.59

118 2.34 × 101 3.02

122 3.69 × 101 4.02

126 5.77 × 101 5.23

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.



128 APPENDIX A. DATA TABLES OF CROSS SECTIONS

Table A.17 : (Continued)

130 5.18 × 101 5.18

134 3.71 × 101 5.19

138 1.71 × 101 4.41

142 5.68 × 101 1.34 × 101

23.18 54 4.03 × 101 3.37

58 3.11 × 101 2.25

62 1.58 × 101 1.44

66 9.94 1.08

70 6.66 8.26 × 10−1

74 1.08 × 101 1.04

78 1.53 × 101 1.26

82 2.34 × 101 1.49

86 2.68 × 101 1.62

90 2.77 × 101 1.65

94 2.61 × 101 1.57

98 1.96 × 101 1.34

102 1.77 × 101 1.32

106 1.17 × 101 1.12

110 8.08 9.32 × 10−1

114 1.16 × 101 1.13

118 1.76 × 101 1.46

122 3.21 × 101 1.98

126 4.57 × 101 2.58

130 4.46 × 101 2.66

134 3.81 × 101 2.77

138 3.24 × 101 3.36

142 6.62 × 101 7.80

23.43 54 3.89 × 101 4.93

58 2.39 × 101 3.17

62 1.37 × 101 2.16

66 1.04 × 101 1.81

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.17 : (Continued)

70 6.89 1.44

74 5.44 1.16

78 1.13 × 101 1.64

82 1.75 × 101 1.88

86 2.26 × 101 2.22

90 3.29 × 101 2.66

94 2.73 × 101 2.27

98 2.00 × 101 1.95

102 1.20 × 101 1.59

106 1.01 × 101 1.48

110 5.01 1.04

114 1.10 × 101 1.61

118 1.53 × 101 1.94

122 2.34 × 101 2.42

126 4.89 × 101 3.91

130 4.46 × 101 3.67

134 4.17 × 101 3.81

138 4.49 × 101 5.49

142 8.21 × 101 1.15 × 101

23.93 54 3.46 × 101 4.51

58 3.44 × 101 3.76

62 2.67 × 101 2.85

66 3.48 × 101 3.23

70 2.07 × 101 2.42

74 1.90 × 101 2.21

78 2.31 × 101 2.28

82 2.73 × 101 2.33

86 4.03 × 101 2.74

90 4.49 × 101 3.02

94 3.91 × 101 2.63

98 3.10 × 101 2.39

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.17 : (Continued)

102 2.10 × 101 1.98

106 2.03 × 101 1.94

110 2.37 × 101 2.14

114 3.19 × 101 2.59

118 3.37 × 101 2.69

122 3.12 × 101 2.75

126 3.88 × 101 3.17

130 4.38 × 101 3.46

134 4.61 × 101 3.84

138 4.24 × 101 4.65

142 4.32 × 101 6.59

24.43 54 1.36 × 101 2.66

58 1.38 × 101 2.23

62 2.76 × 101 2.81

66 2.80 × 101 2.75

70 2.92 × 101 2.85

74 1.83 × 101 2.11

78 2.34 × 101 2.28

82 3.08 × 101 2.41

86 4.06 × 101 2.77

90 4.38 × 101 2.81

94 4.00 × 101 2.55

98 2.76 × 101 2.14

102 2.88 × 101 2.31

106 2.62 × 101 2.15

110 2.38 × 101 2.02

114 2.93 × 101 2.41

118 2.98 × 101 2.46

122 1.59 × 101 1.85

126 1.50 × 101 1.86

130 3.67 × 101 3.12

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.17 : (Continued)

134 4.62 × 101 3.62

138 6.79 × 101 5.89

142 7.27 × 101 8.23

24.93 54 7.87 2.03

58 1.15 × 101 2.06

62 1.47 × 101 2.09

66 1.99 × 101 2.47

70 2.22 × 101 2.57

74 2.40 × 101 2.58

78 1.99 × 101 2.22

82 2.18 × 101 2.16

86 4.33 × 101 3.05

90 5.01 × 101 3.16

94 3.70 × 101 2.55

98 1.98 × 101 1.88

102 1.98 × 101 1.97

106 2.30 × 101 2.07

110 1.93 × 101 1.92

114 2.31 × 101 2.19

118 1.75 × 101 1.95

122 1.05 × 101 1.62

126 4.92 1.07

130 2.22 × 101 2.45

134 4.61 × 101 3.91

138 5.65 × 101 5.25

142 5.30 × 101 7.36

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)
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Table A.18: Angular distribution for the
12C(12C, 12C[0+2 ]→ 3α)12C(0+2 )

reaction using reliable segments

of SAKRA.

18.91 70 0.00 0.00

(Mar.) 74 0.00 0.00

78 1.98 1.14

82 4.83 × 10−1 4.83 × 10−1

86 7.01 × 10−1 4.95 × 10−1

90 2.90 × 10−1 2.90 × 10−1

94 2.68 × 10−1 2.68 × 10−1

98 0.00 0.00

102 0.00 0.00

106 0.00 0.00

110 0.00 0.00

114 0.00 0.00

118 0.00 0.00

122 0.00 0.00

126 0.00 0.00

130 0.00 0.00

134 0.00 0.00

138 0.00 0.00

18.91 70 0.00 0.00

(Apr.) 74 0.00 0.00

78 3.87 3.87

82 0.00 0.00

86 0.00 0.00

90 0.00 0.00

94 0.00 0.00

98 0.00 0.00

102 0.00 0.00

106 0.00 0.00

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.18 : (Continued)

110 0.00 0.00

114 0.00 0.00

118 0.00 0.00

122 0.00 0.00

126 0.00 0.00

130 0.00 0.00

134 0.00 0.00

138 0.00 0.00

19.11 70 0.00 0.00

74 0.00 0.00

78 1.44 7.20 × 10−1

82 7.71 × 10−1 4.45 × 10−1

86 0.00 0.00

90 5.19 × 10−1 3.00 × 10−1

94 1.58 × 10−1 1.58 × 10−1

98 0.00 0.00

102 0.00 0.00

106 0.00 0.00

110 1.69 × 10−1 1.69 × 10−1

114 0.00 0.00

118 0.00 0.00

122 0.00 0.00

126 0.00 0.00

130 0.00 0.00

134 0.00 0.00

138 0.00 0.00

19.32 70 7.63 × 10−1 7.63 × 10−1

74 8.72 × 10−1 6.17 × 10−1

78 9.57 × 10−1 5.52 × 10−1

82 1.27 5.18 × 10−1

86 3.36 × 10−1 2.38 × 10−1

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.18 : (Continued)

90 4.90 × 10−1 2.83 × 10−1

94 0.00 0.00

98 1.34 × 10−1 1.34 × 10−1

102 1.34 × 10−1 1.34 × 10−1

106 1.33 × 10−1 1.33 × 10−1

110 0.00 0.00

114 0.00 0.00

118 1.94 × 10−1 1.94 × 10−1

122 0.00 0.00

126 3.02 × 10−1 3.02 × 10−1

130 0.00 0.00

134 0.00 0.00

138 0.00 0.00

19.42 70 0.00 0.00

74 0.00 0.00

78 9.11 × 10−1 6.44 × 10−1

82 0.00 0.00

86 5.14 × 10−1 3.63 × 10−1

90 2.36 × 10−1 2.36 × 10−1

94 4.26 × 10−1 3.01 × 10−1

98 2.01 × 10−1 2.01 × 10−1

102 0.00 0.00

106 0.00 0.00

110 0.00 0.00

114 0.00 0.00

118 0.00 0.00

122 0.00 0.00

126 0.00 0.00

130 0.00 0.00

134 8.59 × 10−1 8.59 × 10−1

138 0.00 0.00

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.18 : (Continued)

19.51 70 0.00 0.00

74 3.40 × 10−1 3.40 × 10−1

78 2.33 × 10−1 2.33 × 10−1

82 3.37 × 10−1 2.38 × 10−1

86 6.97 × 10−1 3.12 × 10−1

90 5.19 × 10−1 2.59 × 10−1

94 2.33 × 10−1 1.65 × 10−1

98 2.19 × 10−1 1.55 × 10−1

102 4.32 × 10−1 2.16 × 10−1

106 1.04 × 10−1 1.04 × 10−1

110 2.21 × 10−1 1.56 × 10−1

114 0.00 0.00

118 0.00 0.00

122 0.00 0.00

126 0.00 0.00

130 0.00 0.00

134 0.00 0.00

138 0.00 0.00

19.72 70 4.58 × 10−1 4.58 × 10−1

74 9.14 × 10−1 5.28 × 10−1

78 1.13 4.63 × 10−1

82 9.93 × 10−1 3.75 × 10−1

86 7.83 × 10−1 3.20 × 10−1

90 3.36 × 10−1 1.94 × 10−1

94 1.03 × 10−1 1.03 × 10−1

98 1.91 × 10−1 1.35 × 10−1

102 9.89 × 10−2 9.89 × 10−2

106 0.00 0.00

110 0.00 0.00

114 0.00 0.00

118 0.00 0.00

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.18 : (Continued)

122 1.63 × 10−1 1.63 × 10−1

126 2.11 × 10−1 2.11 × 10−1

130 2.96 × 10−1 2.96 × 10−1

134 4.79 × 10−1 4.79 × 10−1

138 8.72 × 10−1 8.72 × 10−1

19.92 70 0.00 0.00

(Mar.) 74 1.54 8.87 × 10−1

78 1.64 7.33 × 10−1

82 1.62 6.59 × 10−1

86 7.24 × 10−1 4.18 × 10−1

90 1.08 4.83 × 10−1

94 6.12 × 10−1 3.53 × 10−1

98 5.80 × 10−1 3.35 × 10−1

102 3.73 × 10−1 2.64 × 10−1

106 1.89 × 10−1 1.89 × 10−1

110 0.00 0.00

114 4.23 × 10−1 2.99 × 10−1

118 2.40 × 10−1 2.40 × 10−1

122 0.00 0.00

126 3.19 × 10−1 3.19 × 10−1

130 8.78 × 10−1 6.21 × 10−1

134 0.00 0.00

138 1.12 1.12

19.92 70 0.00 0.00

(Apr.) 74 1.05 1.05

78 0.00 0.00

82 1.59 9.20 × 10−1

86 0.00 0.00

90 0.00 0.00

94 8.01 × 10−1 5.66 × 10−1

98 7.65 × 10−1 5.41 × 10−1

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.18 : (Continued)

102 0.00 0.00

106 0.00 0.00

110 0.00 0.00

114 0.00 0.00

118 0.00 0.00

122 0.00 0.00

126 0.00 0.00

130 3.45 1.99

134 0.00 0.00

138 0.00 0.00

20.17 70 7.41 × 10−1 5.24 × 10−1

74 7.72 × 10−1 4.46 × 10−1

78 1.40 4.93 × 10−1

82 9.00 × 10−1 3.68 × 10−1

86 1.06 3.74 × 10−1

90 1.10 3.66 × 10−1

94 4.51 × 10−1 2.26 × 10−1

98 2.14 × 10−1 1.51 × 10−1

102 5.33 × 10−1 2.38 × 10−1

106 2.22 × 10−1 1.57 × 10−1

110 2.33 × 10−1 1.65 × 10−1

114 1.26 × 10−1 1.26 × 10−1

118 2.96 × 10−1 2.10 × 10−1

122 5.15 × 10−1 2.97 × 10−1

126 1.46 5.54 × 10−1

130 6.07 × 10−1 4.29 × 10−1

134 4.51 × 10−1 4.51 × 10−1

138 8.20 × 10−1 8.20 × 10−1

20.42 70 1.98 1.14

74 1.26 7.26 × 10−1

78 6.40 × 10−1 4.53 × 10−1

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.18 : (Continued)

82 2.47 8.22 × 10−1

86 1.93 6.81 × 10−1

90 1.99 6.62 × 10−1

94 6.54 × 10−1 3.77 × 10−1

98 7.96 × 10−1 3.98 × 10−1

102 4.26 × 10−1 3.01 × 10−1

106 0.00 0.00

110 4.50 × 10−1 3.18 × 10−1

114 0.00 0.00

118 0.00 0.00

122 0.00 0.00

126 7.32 × 10−1 5.18 × 10−1

130 2.83 1.15

134 1.88 1.09

138 2.05 1.45

20.67 70 0.00 0.00

74 1.01 4.11 × 10−1

78 8.56 × 10−1 3.49 × 10−1

82 1.16 3.88 × 10−1

86 1.67 4.31 × 10−1

90 1.44 3.85 × 10−1

94 2.07 4.52 × 10−1

98 7.87 × 10−1 2.78 × 10−1

102 5.83 × 10−1 2.38 × 10−1

106 2.00 × 10−1 1.41 × 10−1

110 3.05 × 10−1 1.76 × 10−1

114 2.26 × 10−1 1.60 × 10−1

118 2.46 × 10−1 1.74 × 10−1

122 2.74 × 10−1 1.94 × 10−1

126 1.58 5.26 × 10−1

130 1.81 6.38 × 10−1

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.18 : (Continued)

134 3.41 1.08

138 2.74 1.23

20.92 70 1.00 7.09 × 10−1

(Mar.) 74 1.57 7.03 × 10−1

78 1.32 5.90 × 10−1

82 1.94 6.86 × 10−1

86 2.91 7.78 × 10−1

90 2.35 6.77 × 10−1

94 1.89 5.99 × 10−1

98 2.20 6.35 × 10−1

102 1.14 4.64 × 10−1

106 5.56 × 10−1 3.21 × 10−1

110 5.85 × 10−1 3.38 × 10−1

114 3.99 × 10−1 2.82 × 10−1

118 0.00 0.00

122 1.07 5.36 × 10−1

126 1.53 6.85 × 10−1

130 1.55 7.76 × 10−1

134 4.20 1.48

138 3.09 1.55

20.92 70 8.66 × 10−1 8.66 × 10−1

(Apr.) 74 5.64 × 10−1 5.64 × 10−1

78 1.88 9.41 × 10−1

82 2.56 1.05

86 1.13 6.51 × 10−1

90 1.05 6.08 × 10−1

94 1.36 6.81 × 10−1

98 1.27 6.36 × 10−1

102 1.01 5.84 × 10−1

106 3.34 × 10−1 3.34 × 10−1

110 7.20 × 10−1 5.09 × 10−1

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.18 : (Continued)

114 0.00 0.00

118 1.28 7.38 × 10−1

122 1.44 8.30 × 10−1

126 5.73 × 10−1 5.73 × 10−1

130 7.64 × 10−1 7.64 × 10−1

134 5.44 2.43

138 3.60 2.54

21.17 70 8.87 × 10−1 4.44 × 10−1

74 1.44 4.80 × 10−1

78 1.37 4.33 × 10−1

82 2.06 4.86 × 10−1

86 3.37 5.96 × 10−1

90 3.87 6.12 × 10−1

94 1.79 4.11 × 10−1

98 2.06 4.40 × 10−1

102 1.79 4.10 × 10−1

106 1.05 3.17 × 10−1

110 3.84 × 10−1 1.92 × 10−1

114 5.30 × 10−1 2.37 × 10−1

118 1.14 × 10−1 1.14 × 10−1

122 6.79 × 10−1 3.04 × 10−1

126 9.90 × 10−1 4.04 × 10−1

130 1.63 5.77 × 10−1

134 4.27 1.10

138 1.48 8.55 × 10−1

21.42 70 1.14 6.57 × 10−1

74 2.64 8.81 × 10−1

78 2.08 7.35 × 10−1

82 5.75 1.11

86 4.59 9.36 × 10−1

90 7.38 1.17

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.

Table A.18 : (Continued)

94 6.65 1.08

98 4.57 8.80 × 10−1

102 1.82 5.48 × 10−1

106 1.05 4.28 × 10−1

110 5.44 × 10−1 3.14 × 10−1

114 3.77 × 10−1 2.66 × 10−1

118 0.00 0.00

122 7.10 × 10−1 4.10 × 10−1

126 8.30 × 10−1 4.79 × 10−1

130 9.94 × 10−1 5.74 × 10−1

134 2.17 9.71 × 10−1

138 3.84 1.57

21.67 70 1.38 4.89 × 10−1

74 1.44 4.55 × 10−1

78 3.17 6.48 × 10−1

82 5.45 7.71 × 10−1

86 7.11 8.32 × 10−1

90 9.68 9.78 × 10−1

94 7.41 8.34 × 10−1

98 4.98 6.78 × 10−1

102 3.50 5.67 × 10−1

106 2.23 4.65 × 10−1

110 1.93 × 10−1 1.37 × 10−1

114 1.99 × 10−1 1.41 × 10−1

118 7.77 × 10−1 2.94 × 10−1

122 1.34 4.05 × 10−1

126 1.74 5.01 × 10−1

130 4.44 9.06 × 10−1

134 5.46 1.14

138 5.16 1.43

21.92 70 6.62 × 10−1 4.68 × 10−1

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)

Continued.
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Table A.18 : (Continued)

(Mar.) 74 1.90 7.18 × 10−1

78 5.24 1.17

82 6.41 1.19

86 9.85 1.37

90 1.23 × 101 1.55

94 8.06 1.22

98 7.33 1.16

102 3.66 8.18 × 10−1

106 9.21 × 10−1 4.12 × 10−1

110 1.87 × 10−1 1.87 × 10−1

114 7.99 × 10−1 4.00 × 10−1

118 6.89 × 10−1 3.98 × 10−1

122 9.85 × 10−1 4.93 × 10−1

126 4.37 1.09

130 2.86 9.53 × 10−1

134 4.15 1.31

138 2.44 1.22

21.92 70 1.70 9.82 × 10−1

(Apr.) 74 3.42 1.29

78 4.09 1.36

82 5.39 1.44

86 7.26 1.55

90 1.02 × 101 1.87

94 1.15 × 101 1.95

98 7.27 1.55

102 2.92 9.73 × 10−1

106 9.86 × 10−1 5.69 × 10−1

110 3.27 × 10−1 3.27 × 10−1
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Table A.18 : (Continued)

138 4.26 2.13

23.18 70 2.97 6.64 × 10−1

74 1.11 3.94 × 10−1

78 1.72 4.43 × 10−1
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90 5.64 7.97 × 10−1

94 4.01 6.34 × 10−1

98 3.14 5.82 × 10−1
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74 1.19 5.94 × 10−1

78 2.18 7.28 × 10−1

82 2.76 7.98 × 10−1

86 5.44 1.13

90 6.18 1.21
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130 1.99 8.11 × 10−1

134 3.97 1.25
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74 1.29 5.79 × 10−1
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90 6.09 1.15
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98 2.20 6.95 × 10−1

102 1.70 6.02 × 10−1

106 2.27 6.84 × 10−1

110 2.47 7.14 × 10−1

114 4.86 1.01

118 6.45 1.20

122 9.34 1.48

126 8.87 1.48

130 7.56 1.48

134 4.25 1.18

138 4.58 1.38

E′cm θcm dσ/dΩ ∆dσ/dΩstat

(MeV) (deg) (µb/sr) (µb/sr)
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Figure A.1: Angular distributions of the differential cross sections for the 12C + 12C → 12C(0+2 ) + 12C(0+1 )
reactions.
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Figure A.2: Angular distributions of the differential cross sections for the 12C + 12C → 12C(0+2 ) + 12C(2+1 )
reactions.
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Figure A.3: Angular distributions of the differential cross sections for the 12C + 12C → 12C(0+2 ) + 12C(0+2 )
reactions.
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