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Section a. State-of-the-art and objectives 
Stellar nucleosynthesis and helium burning 
Understanding stellar nucleosynthesis remains one of the forefront challenges in physics and requires detailed 
knowledge of helium burning, which is the fusion of helium nuclei. This directly depends on the 
astrophysically pivotal triple-α reaction, which produces almost all 12C in the universe, and the 12C(α,γ)16O 
reaction which produces 16O [1, 2, 3, 4, 5]. Helium burning is a key process in the burning stages of numerous 
astrophysical sites and is thus intertwined with stellar evolution and even the nucleosynthesis of heavy 
elements. The exact impact of helium burning on stellar environments is challenging to quantify as it is 
convoluted with other astrophysical uncertainties. However, what is clear is that even slight variations in 
helium burning can alter the stellar model and obscure the sensitivity to other nuclear physics [6]. The exact 
nature of the triple-α reaction in helium burning is so significant, that it lends itself to arguments of a “fine-
tuned universe” and the anthropic principle. Similarly, the 12C(α,γ)16O reaction has been dubbed the “Holy 
Grail of nuclear astrophysics” as it directly determines the ratio of 12C/16O in the universe; the two most 
abundant elements (by mass) in human bodies [2, 5, 7, 8]. 
 
In the first stage of helium burning, two alpha particles fuse to form a short-lived 8Be nucleus (see Figure 1). 
Before this 8Be nucleus decays back into its constituent α particles, it is possible that a third α particle may 
be captured to form an excited, unbound state (or resonance) in 12C. Most of the time, such an excited 12C 
nucleus will sequentially decay back into its three constituent α particles. However, there is a rare possibility 
that this 12C nucleus will radiatively decay, thus forming stable 12C. This is known as the triple-α process. In 
the subsequent stage of helium burning, denoted as 12C(α,γ)16O, a stable 12C can radiatively capture another α 
particle to form stable 16O. Helium burning dictates the life cycles of asymptotic giant branch (AGB) and 
massive stars; the latter playing a pivotal role in the chemical evolution of the galaxy by being the production 
site for most of the elements present in the universe. This is exemplified by red giants, where almost all 12C 
in the cosmos is produced through the triple-α process. In the quiescent phase of massive stars, the triple-α 
and 12C(α,γ)16O reactions are important not only for core helium burning, but in subsequent heavy-ion 
processes such as core carbon, oxygen and silicon burning [5]. Helium burning even plays an important role 
in explosive scenarios such as supernovae and x-ray bursts. 
 
The current understanding of the triple-α reaction, previously thought to be relatively well established for 
medium/high temperatures, has been thrown into disarray by recent measurements [9, 10, 11]. The accurate 
modelling of stellar nucleosynthesis therefore requires urgent, independent and novel measurements of these 
reaction rates. The overall vision of this project is to tackle significant and startling discrepancies in helium 
burning and, in the process, develop a groundbreaking, new indirect measurement method. This will not only 
help constrain the 12C(α,γ)16O reaction to the required uncertainty of < 10%, but will expand the toolbox of 
nuclear physics, thus ushering in a new paradigm of indirect methods. Obtaining new, indispensable 
knowledge of the triple-α and 12C(α,γ)16O reactions is crucial as helium burning underpins stellar 
nucleosynthesis and thus, the field of astrophysics itself. The results of this work are likely to have significant 
and wide-ranging effects on stellar nucleosynthesis and evolution. 

Background nuclear structure 
The nuclear structure properties of 12C and 16O directly determine the corresponding triple-α and 12C(α,γ)16O 
reaction rates. In particular, it is the α-cluster structure of these nuclei which dominates. Clustering is a 
phenomenon which transcends length scales in nature, corresponding to the aggregation of matter into 
substructures as opposed to existing homogenously. In nuclei, α-clustering can be envisioned as the 
preformation of nucleons into α-like substructures (see Figure 2). Modelling this phenomenon remains a 
pivotal milestone for our general understanding of nuclear physics [4]. The degree of α clustering of a state is 
revealed by its observed partial α width (Γ!) relative to the single-particle limit (Γ!,#$); the Γ!/Γ!,#$ ratio 

Figure 1: Schematic of the triple-α and 12C(α,γ) reactions in helium burning. 12C*/16O* denotes the excited state of 12C/16O. 
Triple-α  12C(α,γ)16O   

1. Resolving a discrepancy for the 𝛾-
decay branching ratio of the 
Hoyle state.

3. Comprehensive measurements at high 
energies.

5. Establishing a more consistent framework for clustering studies.

2. Other higher-lying resonances?
4. Development of new indirect methods 

to constrain subthreshold contributions.
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A saga about the radiative width of the Hoyle state

• A discrepant measurement of the 𝛾-decay 
branching ratio of the Hoyle state was reported 
by Kibédi et al. in 2020 as 𝚪!"#/𝚪 = 6.2(6) × 10$%.
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T. Kibédi ,1,* B. Alshahrani ,1,2,† A. E. Stuchbery ,1 A. C. Larsen ,3 A. Görgen ,3 S. Siem ,3 M. Guttormsen ,3

F. Giacoppo,3,‡ A. I. Morales ,4,§ E. Sahin,3 G. M. Tveten,3 F. L. Bello Garrote,3 L. Crespo Campo,3

T. K. Eriksen ,3 M. Klintefjord,3 S. Maharramova ,3 H.-T. Nyhus,3 T. G. Tornyi ,3,5,∥

T. Renstrøm,3 and W. Paulsen3
1Department of Nuclear Physics, Research School of Physics, The Australian National University,

Canberra, Australian Capital Territory 2601, Australia
2Department of Physics, Faculty of Science, King Khalid University, Abha 61413, Saudi Arabia

3Department of Physics, University of Oslo, N-0316 Oslo, Norway
4Dipartimento di Fisica dell’Universitá degli Studi di Milano and INFN-Milano, 20133 Milano, Italy

5Institute of Nuclear Research, MTA ATOMKI, Debrecen H-4026, Hungary

(Received 18 December 2019; revised 26 July 2020; accepted 22 September 2020; published 27 October 2020)

The cascading 3.21 and 4.44 MeV electric quadrupole transitions have been observed from the Hoyle
state at 7.65 MeV excitation energy in 12C, excited by the 12Cðp; p0Þ reaction at 10.7 MeV proton energy.
From the proton-γ-γ triple coincidence data, a value of Γrad=Γ ¼ 6.2ð6Þ × 10−4 was obtained for the
radiative branching ratio. Using our results, together with ΓE0

π =Γ from Eriksen et al. [Phys. Rev. C 102,
024320 (2020)] and the currently adopted ΓπðE0Þ values, the radiative width of the Hoyle state is
determined as Γrad ¼ 5.1ð6Þ × 10−3 eV. This value is about 34% higher than the currently adopted value
and will impact models of stellar evolution and nucleosynthesis.

DOI: 10.1103/PhysRevLett.125.182701

The triple-alpha reaction, which produces stable 12C in
the Universe, is a fundamental process of helium burning
stars. The entry state of the triple-alpha process, the second
excited state in 12C, is a 0þ state at 7.65 MeV. It has
attracted significant attention [1–3] since it was first
proposed in 1953 by Hoyle [4]. The existence of the state
was confirmed in the same year from the analysis of the α
spectrum from the 14Nðd; αÞ12C reaction [5]. The Hoyle
state is α unbound and the dominant decay process
(> 99.94%) is through the emission of an α particle,
leading to the very short-lived isotope 8Be, which then
disintegrates into two α particles. Stable carbon will only be
produced either if the Hoyle state decays directly to the
ground state via an electric monopole (E0) transition or by
a cascade of two electric quadrupole (E2) transitions.
Because of its unusual structure, the Hoyle state has

attracted continuous attention; see the recent review of
Freer and Fynbo [1] and other recent works [2,6,7]. The
discussion includes nuclear clustering, a spacial arrange-
ment of the three α particle clusters of which the state is
believed to be composed, and discussion on a new form
of nuclear matter, in analogy with the Bose-Einstein
condensates. The characterization of the 2þ and 4þ states
on top of the 7.65 MeV 0þ state, forming the Hoyle band
[8], together with much improved ab initio calculations [9]
are important steps forward.
The production rate of stable carbon in the Universe is

cardinal for many aspects of nucleosynthesis. The reaction
rate is closely related to the decay properties of the Hoyle

state. The triple-alpha reaction rate can be expressed as
r3α ¼ Γrad expð−Q3α=kTÞ [10]. Here Γrad is the total
electromagnetic (radiative) decay width, Q3α is the energy
release in the three α breakup of the Hoyle state, and
T is the stellar temperature. Γrad has contributions from
the 3.21 MeV E2 and the 7.65 MeV E0 transitions.
The contributions of electron conversion are negligible,
so including photon (γ) and pair conversion (π), Γrad ¼
ΓE2
γ þ ΓE2

π þ ΓE0
π . Based on current knowledge, 98.4% of

the electromagnetic decay width is from the E2 photon
emission and 1.5% is from the E0 pair decay [11]. The ΓE2

π
contribution is less than 0.1%.
The value of Γrad cannot be directly measured. It is

usually evaluated as a product of three independently
measured quantities:

Γrad ¼
!
Γrad

Γ

"!
Γ

ΓπðE0Þ

"
½ΓπðE0Þ&; ð1Þ

where Γ is the total decay width of the Hoyle state, which
includes the α as well as the E2 and E0 electromagnetic
decays.
The only absolute quantity in Eq. (1) is ΓπðE0Þ, which

has been measured 8 times [12–19]. The two most recent
measurements [18,19] are the most precise; however, they
disagree by more than 5σ. Following the recommendation
of Freer and Fynbo [1], we have adopted a value of
62.3ð20Þ μeV from the latter study.

PHYSICAL REVIEW LETTERS 125, 182701 (2020)

0031-9007=20=125(18)=182701(6) 182701-1 © 2020 American Physical Society



Kevin. C. W. LiHelium burning and nuclear clustering 3

A saga about the radiative width of the Hoyle state

• New measurement in experiment with improved 
OSCAR array yielded 𝚪!"#𝚪 = 4.0(3) × 10$%.

• A reanalysis of the previous data published by 
Kibédi et al. yielded 𝚪!"#/𝚪 = 4.5(6) × 10$%.
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Background: The radiative branching ratio of the Hoyle state is crucial to estimate the triple-α reaction rate in
stellar environments at medium temperatures of T = 0.1 to 2 GK. Knowledge of the γ -decay channel is critical
as this is the dominant radiative decay channel for the Hoyle state. A recent study by Kibédi et al. [Phys. Rev.
Lett. 125, 182701 (2020)] has challenged our understanding of this astrophysically significant branching ratio
and its constraints.
Purpose: The main purpose was to perform a new measurement of the γ -decay branching ratio of the Hoyle
state to deduce the radiative branching ratio of the Hoyle state. An additional objective was to independently
verify aspects of the aforementioned measurement conducted by Kibédi et al. [Phys. Rev. Lett. 125, 182701
(2020)].
Method: For the primary experiment of this work the Hoyle state was populated by the 12C(p, p′) reaction at 10.8
MeV at the Oslo Cyclotron Laboratory. The γ -decay branching ratio was deduced through triple-coincidence
events, each consisting of a proton-ejectile energy corresponding to population of the 0+

2 Hoyle state, and the
subsequent cascade of 3.21 and 4.44 MeV γ rays. To verify the analysis, a surrogate γ -ray cascade from the
0+

2 state in 28Si was also studied. Following the same methodology, an independent analysis of the 2014 data
published by Kibédi et al. [Phys. Rev. Lett. 125, 182701 (2020)] was carried out.
Results: From the main experiment of this work, a γ -decay branching ratio of the Hoyle state was determined as
#7.65

γ /#7.65 = 4.0(3) × 10−4, yielding a radiative branching ratio of #rad/# = 4.1(4) × 10−4. The independent
reanalysis of the 2014 experiment published by Kibédi et al. [Phys. Rev. Lett. 125, 182701 (2020)] in this work
yielded #7.65

γ /#7.65 = 4.5(6) × 10−4, with a corresponding radiative branching ratio of #rad/# = 4.6(6) × 10−4.
Conclusions: The radiative branching ratio of the Hoyle state reported in this work is in excellent agreement
with several recent studies, as well as the previously adopted ENSDF average of #rad/# = 4.16(11) × 10−4. In
this work, several issues were found in the analysis of Kibédi et al. [Phys. Rev. Lett. 125, 182701 (2020)], with
the corrected values no longer being discrepant with the ENSDF average.

DOI: 10.1103/2h2s-sbyx

I. INTRODUCTION

The production of 12C through the triple-α reaction is a cru-
cial process for our understanding of stellar nucleosynthesis
(see Refs. [1–3] for further discussions). At medium tem-
peratures, 0.1–2 GK, the triple-α reaction is predominantly
mediated by the Hoyle state: the 0+

2 resonance of 12C at Ex =
7.65407(19) MeV [4]. The existence of this resonance was
first proposed by Fred Hoyle [5] and was first experimentally
observed by Dunbar et al. [6]. The Hoyle state also plays a
fundamental role in our understanding of nuclear clustering,
and its theoretical calculation remains an indispensable test
for the development of nuclear models [3,7]. As such, the
properties of the Hoyle state continue to be of tremendous

*Contact author: wanja.paulsen@fys.uio.no
†Present address: Facility for Rare Isotope Beams, 640 S Shaw Ln,

East Lansing, MI 48824, USA.

interest for the scientific community, both theoretically and
experimentally.

Accurate evaluations for the triple-α reaction rate are
important to correctly model the subsequent stellar nucle-
osynthesis. At low temperatures, below 0.1 GK, the direct
mechanism dominates the triple-α reaction [8–10]. At higher
temperatures, beyond 2 GK, there is significant uncertainty in
the contributions to the triple-α reaction due to the presence
of complex, broad resonance structures [11,12] as well as
extremely rare radiative decay branches [13,14]. In contrast
to the low- and high-temperature regimes, the medium-
temperature regime between 0.1 and 2 GK has generally
been understood to be well constrained [2,4]. Specifically, the
nuclear properties of the Hoyle state directly determine the
triple-α reaction rate at medium-temperatures, and therefore
accurate knowledge of these properties is essential.

A recent measurement by Kibédi et al. [15] challenged our
understanding of the crucial radiative branching ratio of the
Hoyle state, with a reported value of #rad/# = 6.2(6) × 10−4.

2469-9985/2025/112(1)/015803(25) 015803-1 ©2025 American Physical Society
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Abstract

We measured the �-decay probability of the Hoyle state with a new method of triple coincidence detection of a scattered ↵ particle,
a recoil 12C nucleus, and a � ray in inelastic alpha scattering on 12C. This method successfully enabled a low-background measure-
ment and a precise determination of the �-decay probability of the Hoyle state as ��/� = [4.00 ± 0.22(sta.) ± 0.18(sys.)] ⇥ 10�4,
which is consistent with the previous literature value. Therefore, we concluded that the literature value can be reliably used in the
study of nucleosynthesis in the universe.

Keywords:
Triple alpha reaction, Hoyle state, �-decay probability, Nucleosynthesis

1. Introduction

The triple alpha (3↵) reaction is one of the most important
reactions in nucleosynthesis, because it is the doorway reaction
that bypasses the A = 5 and 8 bottlenecks and leads to the pro-
duction of heavier nuclei [1]. In the 3↵ reaction, an ↵ particle
is captured by a 2↵ resonant state in 8Be, and a 3↵ resonant
state in 12C is formed [2]. Most of the 3↵ states decay back to
3↵, however, they undergo radiative decay to the ground state
by emitting � rays or an e+e� pair with a small probability. At
normal stellar temperatures around T ⇠ 108 K, the 3↵ reaction
via the 0+2 state at Ex = 7.65 MeV in 12C, called Hoyle state,
is dominant. Therefore, the radiative-decay probability of the
Hoyle state is a very important parameter to determine the 3↵
reaction rate in the nucleosynthesis.

⇤First author
⇤⇤Corresponding author

Email addresses: sakanashi@ne.phys.sci.osaka-u.ac.jp
(K. Sakanashi), kawabata@phys.sci.osaka-u.ac.jp (T. Kawabata)

The radiative-decay probability was extensively measured
in the 1960s and 1970s with two methods: a 12C detection
method [3, 4, 5, 6, 7, 8] and a � detection method [9, 10]. In
the 12C detection method, the radiative-decay probability was
directly measured by detecting the 12C ground state from the
remnant of the radiative de-exitation of the Hoyle state. On
the other hand, in the � detection method, the �-decay prob-
ability was measured by detecting the � rays emitted from the
Hoyle state, and the radiative-decay probability was determined
by combining it with the e+e� pair-decay probability measured
in other experiments [11, 12, 13]. Most of the results except
Ref. [3] are consistent with each other within their uncertain-
ties, and �rad/� = 4.16(11) ⇥ 10�4 is recommended as the av-
eraged value by the experimental compilation [14]. Recently,
the radiative-decay probability was re-measured by Kibédi et
al. by detecting the two � rays from the cascade decay of the
Hoyle state populated by the 12C(p, p0) reaction [15]. Kibédi et
al. reported a new value of �rad/� = 6.2(6) ⇥ 10�4 which is 50%
higher than the recommended value in Ref. [14].

Since the report from Kibédi et al., the measurement of the

Preprint submitted to Physics Letters B September 17, 2025
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tandem accelerator significantly suppressed accidental coinci-
dence events. The present work yielded the reliable result sup-
porting the previous literature value as shown by the solid trian-
gle in Fig. 8. Thus, we conclude that the literature value of the
�-decay probability adopted in Ref. [14] can be reliably used to
calculate the 3↵ reaction rate.

Γ!/Γ	(×	10"#)

14    18    22

Figure 8: Summary of the �-decay probability reported after the study by
Kibédi et al. [15]. The solid squares and circles present the results ob-
tained from the measurements of surviving 12C and decay � rays, respectively.
The solid triangle shows the present result obtained by the ↵-12C-� triple-
coincidence method, while the solid diamond in the inset indicates the result
by the quadruple-coincidence method.

5. Summary

In summary, we measured the �-decay probability of the
Hoyle state with a new method of triple coincidence detec-
tion of a scattered ↵ particle, a recoil 12C nucleus, and a �
ray in the inelastic alpha scattering on 12C. This method en-
abled low background levels, and successfully determined the
�-decay probability of the Hoyle state as ��/� = [4.00 ±
0.22(sta.) ± 0.18(sys.)] ⇥ 10�4. By adopting the value of the
pair-decay branching ratio �⇡/� = (6.7 ± 0.6) ⇥ 10�6 from
Ref. [14], the radiative-decay probability was deduced to be
�rad/� = 4.07(28) ⇥ 10�4. This result supports the previous lit-
erature value as shown by the solid triangle in Fig. 8. Thus,
we conclude that the literature value of the �-decay probability
adopted in Ref. [14] can be reliably used to calculate the 3↵
reaction rate.
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• Together, it seems reasonable that we have closed the 
book on this saga...

However, at higher temperatures (2 GK), the triple-𝛼
proceeds through higher lying resonances, for which there is 
still significant uncertainty.
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However, an even greater source of uncertainty exists. At these high temperatures, the Gamow window 
enables the triple-α reaction to proceed through 9/+ state in 12C. Previously, the contribution from the 30+ state 
has been largely neglected as the radiative branching ratio was thought to be ,()*/, < 8.3 × 10+1(95% C.L.) 
[24]. However, recent measurements have indicated that 
this upper limit may be incorrect. The study of Tsumora et 
al. [10] yielded a branching ratio of ,()*/, = 1.3+0.0'0,. ×
10+3, however, the resolution was poor (≈ 800 keV 
FWHM) and the identification of the 30+ peak is 
questionable (see Figure 6). A slightly more precise result 
of ,()*/, = 6.4 ± 5.1 × 10+4 is given by Cardella et al. 
[11], however, the resolution is even poorer than Ref. [10], 
with only 3 observed counts corresponding to the 30+ state 
(see Figure 7). 
 
Unfortunately, the errors from both measurements are 
substantial and lead to exceedingly large uncertainties in 
the associated contribution to the triple-α rate at high 
temperatures. However, what is clear is that if the order of 
magnitude for these results is correct, the previously 
established upper limit of ,()*/, < 8.3 × 10+1(95% C.L.) 
may be completely incorrect. In the past, this has led to the 
30+ contribution to the high-temperature triple-α rate being 
underestimated and even completely neglected. In fact, if 
either of the results of Refs. [10, 11] are accurate, this 
contribution may not only be significant, but dominant at 
high temperatures, see Figure 5(b). However, the 
exceedingly large uncertainties in Refs. [10, 11] do not 
enable the 30+ contribution to be meaningfully constrained 
and new, more sensitive measurements are urgently 
required. 
 
The 12C(α,γ)16O  reaction 
The 12C(α,γ)16O reaction follows the triple-α reaction and 
plays an critical role in various burning stages and 
astrophysical sites (see Table 1 for a summary). It is notoriously difficult to experimentally access at 
astrophysically relevant energies and cannot be reliably predicted with theory. The challenge of measuring this 
reaction has thus remained at the very cutting edge of nuclear astrophysics. In the recent, leading global 
analysis of the 12C(α,γ)16O reaction by de Boer et al. (a collaborator of this project) [5], the S factor at the 
astrophysically relevant centre-of-mass energy of ;56 = 300 keV was reported as <(300	keV) 	= 	140 ± 21, 
which is composed of <70(300	keV) = 86.3, <7.(300	keV) = 45.3 and <58958:;9(300	keV) = 7 (see Figure 
8). Whilst this yields an S-factor error on the »20% level, the required level of precision for massive stars is 
»10% as the posthelium burning evolution is strongly influenced by the 12C(α,γ)16O rate. 
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Fig. 2. Excitation-energy spectra of 12C around the 3−
1 state for (a) the singles events and (b) the coincidence events in the inelastic proton scattering. The thick solid lines 

show the fit functions for the 0+
2 and 3−

1 states while the dashed lines show that for the continuum. The thin solid lines present the sum of all the fit functions.

in Fig. 1(b) presents the excitation-energy spectrum for the remaining accidental coincidence events. The excitation-energy spectrum for 
the true coincidence events was obtained by subtracting these accidental coincidence events as presented by the open histogram.

The three prominent peaks due to the 2+
1 , 0+

2 , and 1+
1 states were clearly observed in the coincidence spectrum. The two small bumps 

were also seen at Ex ∼ 10.85 and 11.5 MeV. The bump at 10.85 MeV is close to the 1−
1 state which was observed in the inelastic electron 

scattering [35], whereas no state corresponding to another bump at Ex ∼ 11.5 MeV is reported in Ref. [25]. It should be noted that the 
excitation-energy spectra at Ex ≥ 10.7 MeV are scaled up by a factor of 20 and the statistical uncertainties around Ex ∼ 11 MeV in Fig. 1(b) 
are very large. Therefore, we do not make further discussion about these two bumps here.

Figs. 2(a) and (b) show the excitation-energy spectra of the singles and coincidence events around the 3−
1 state, which were measured 

with 51% of the sensitive area of Gion optimized for Ex = 8.5–10.7 MeV. A small peak due to the 3−
1 state was observed on the continuum 

in the coincidence spectrum. The origin of this continuum is unclear. The broad 2+
2 state lies near the 3−

1 state, but this state could not 
be observed in the present coincidence spectrum because its radiative-decay probability is considered to be an order of 10−8 [23]. One 
possible origin is the 12C + d →12 C + p + n process. Because it is a three-body process, it might cause a continuous spectrum. However, 
we confirmed by a background measurement with a CD2 target that the contribution from the deuteron break-up process is smaller than 
10−8 when the SHT with the natural abundance is used. The accidental coincidence events are also unlikely to be the origin because the 
peak-to-continuum ratio in the coincidence spectrum would be the same with that in the singles spectrum if the accidental coincidence 
events caused the continuum.

Both of the singles and coincidence spectra were fitted by the two gaussian functions for the 3−
1 and 0+

2 states and a smooth function 
for the continuum in order to obtain the yields of the singles and coincidence events. The centroids and widths of the gaussian functions 
were determined to reproduce the singles spectrum, and the same values were used for the coincidence spectrum. The two different 
functions were tried to fit the continuum. One is an exponential function, and the other is the semi-phenomenological function taken 
from Ref. [36] and added by a constant offset. The measured spectra were subtracted by the fit functions for the 0+

2 state and the 
continuum, and the remaining spectra were integrated to obtain the yields of the 3−

1 state. This trick was introduced to avoid errors due 
to the disagreement in the shapes between the gaussian fit function and the measured peak.

The obtained yields in the coincidence spectrum were 71 and 116 with the semi-phenomenological function and the exponential 
function, respectively, and the reduced χ2 values for the two fits were 0.69 and 1.05. Since the semi-phenomenological function gave the 
better reduced χ2 value than the exponential function, the yield obtained with the semi-phenomenological function was adopted as the 
most probable value. The difference between the two yields was assumed to be the systematic uncertainty due to the ambiguity of the 
continuum function. Because the adopted yield is smaller than the other yield, we added this systematic uncertainty to the upper side. 
In order to estimate the systematic uncertainty on the lower side, we employed a liner function to fit the continuum. It is reasonable to 
assume that the continuum is described by a convex-downward function around the 3−

1 state because it is almost zero below the 3α-
decay threshold at Ex = 7.27 MeV and seems to rise from the threshold smoothly. Therefore, the linear function is expected to simulate an 
extreme case to give the upper limit of the continuum. However, the linear function is physically unrealistic around the 0+

2 state because 
this function becomes negative. In the present analysis, we used the linear function only for the error estimation and fitted it with the 
gaussian function to the spectrum at Ex = 8.8–10.5 MeV around the 3−

1 state. The obtained yield for the 3−
1 state in the coincidence 

spectrum was 31, and thus we estimated the systematic uncertainty on the lower side to be the difference between 71 and 31.
The statistical uncertainty of the yield as the 68% confidence interval was determined from the interval with χ2 − χ2

min ≤ 1 according 
to the standard procedure. The statistical uncertainty for the yield of the 3−

1 state in the coincidence spectrum was ±42, and thus 
the statistical peak significance was 91%. Finally, the singles and coincidence yields of the 3−

1 state were obtained as listed with their 
uncertainties in Table 1. The uncertainties were determined by the quadratic sums of the statistical and systematic uncertainties.

Similarly, the yields of the 0+
2 and 1+

1 states were also obtained by analyzing the excitation-energy spectra measured with 73% and 3% 
of the sensitive area of Gion optimized for Ex < 8.5 MeV and Ex ≥ 10.7 MeV, respectively.
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Figure 6: Excitation-energy spectra of 12C for (a) 
inclusive and (b) coincidence events from Ref. [10]. 
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FIG. 8. Green filled spectrum is the QME , obtained by evaluat-
ing the missing energy, as discussed in detail in the text. The blue
spectrum is the QK , obtained considering the scattered α beam angle
using Eq. (1). No conditions were imposed on this spectrum.

the complete event detection, we can measure the Q value us-
ing the energy conservation. We can then introduce a missing
energy Q value (QME ), given by the difference between the
total detected kinetic energy and the available beam energy.
QME = Energy(α scattered) + Energy(12C)− Energy(α beam). The
QME spectrum is plotted in Fig. 8 as full green histogram.
To evaluate the QME we need to detect and to identify also
the 12C in the correct time coincidence window. Moreover,
a condition on the linear momentum conservation was also
required to produce the plot. QME is much better resolved than
QK , partially recovering for the large kinematic spread seen by
our detectors. The FWHM of the QME peaks corresponding to
the different levels are of the order of 1.5 MeV, mainly due to
the energy resolution in CsI(Tl). The spectrum shows a slope
change in the region of the Hoyle state and a bump at large
negative Q values due to random coincidence events. We note
a small enhancement in the region of the 12.7-MeV level.
Even if the population cross section of this level is small, it
can be seen, over the background, because of the relatively
large 12C production yield. Note that the T = 1 15.1-MeV
12C level, well populated with proton beam, is practically not
populated by the interaction with α beam due to selection
rules.

The background of the QME spectrum is largely suppressed
when the coincidence with at least one γ ray is required
and the energy conservation is also applied. The elastic peak
disappears and the 12.7-MeV level becomes more pronounced
with practically no background, as shown in Fig. 9(a). The
spectrum is dominated by the 4.44-MeV level as in Fig. 6.
Figure 9(b) shows the corresponding γ -ray energy spectrum.
Comparing the two spectra, it seems that the γ -ray spectrum
is more resolved in energy. This is due to the smaller ab-
solute error performed in the measurement of the relatively
low γ -ray energy respect to the larger one, performed mea-
suring the energy deposited by the α particle in the CsI(Tl)
(30–40 MeV).

The constraint of a coincidence with a second γ ray al-
lows us to observe the decay of the Hoyle state and other
high excitation energy levels. The QME and the γ -ray total
energy spectrum observed with this constraint are shown in
Figs. 10(a) and 10(b). There is still a small contribution of

FIG. 9. (a) Missing energy Q-value spectrum measured in coin-
cidence with one γ ray. The energy conservation is applied requiring
γ -ray energy equal to the missing energy of charged particles. (b) γ -
ray energy spectrum for the events of panel (a).

the tail of the 4.44-MeV level due to spurious coincidences,
while most Compton-like events, in which the energy of the
4.44-MeV level was shared by two neighbor detectors, were
subtracted with a cut on the minimum relative angle accepted
between the two γ rays. The γ decay of the Hoyle state is well
separated by the residual 4.44-MeV contribution. Despite the
limited statistics of this experiment, some events are seen also
in the 9.64-MeV region. Few counts were also observed near
the region of the 12.7-MeV level.

C. Events kinematics

To better prove the reliability of the data we performed
further checks. The most important one is to verify by reac-
tion kinematic if the α particle and the recoiling 12C follow
the two-body kinematics. We used an extended Chamber-
lin method that includes also the γ -ray detection constraint
adding energy conservation. Figure 11 shows a kinematic plot,
in which the 12C energy (y axis) is plotted as a function of
the scattered α particle energy (x axis). Lines of different
type and colors show the expected kinematic loci. In detail,
in Fig. 11(a) all coincidence events between α particles and
12C, as shown in Fig. 8 with the green histogram, are reported.
Only the two kinematic loci of elastic and 4.44-MeV level
are clearly populated; events of the 12.7-MeV level are also
present, while other levels are overwhelmed by the back-
ground. Figure 11(b) shows the coincidence events with 2γ

FIG. 10. (a) QME and (b) total detected γ -ray energy in two
γ -ray coincidence events (green filled spectrum). The red and blue
histograms are background evaluations; see Appendix B.
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Figure 7: The (a) Q-value and (b) total detected γ-ray 
spectra for coincident events in Ref. [11]. 
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FIG. 8. Green filled spectrum is the QME , obtained by evaluat-
ing the missing energy, as discussed in detail in the text. The blue
spectrum is the QK , obtained considering the scattered α beam angle
using Eq. (1). No conditions were imposed on this spectrum.

the complete event detection, we can measure the Q value us-
ing the energy conservation. We can then introduce a missing
energy Q value (QME ), given by the difference between the
total detected kinetic energy and the available beam energy.
QME = Energy(α scattered) + Energy(12C)− Energy(α beam). The
QME spectrum is plotted in Fig. 8 as full green histogram.
To evaluate the QME we need to detect and to identify also
the 12C in the correct time coincidence window. Moreover,
a condition on the linear momentum conservation was also
required to produce the plot. QME is much better resolved than
QK , partially recovering for the large kinematic spread seen by
our detectors. The FWHM of the QME peaks corresponding to
the different levels are of the order of 1.5 MeV, mainly due to
the energy resolution in CsI(Tl). The spectrum shows a slope
change in the region of the Hoyle state and a bump at large
negative Q values due to random coincidence events. We note
a small enhancement in the region of the 12.7-MeV level.
Even if the population cross section of this level is small, it
can be seen, over the background, because of the relatively
large 12C production yield. Note that the T = 1 15.1-MeV
12C level, well populated with proton beam, is practically not
populated by the interaction with α beam due to selection
rules.

The background of the QME spectrum is largely suppressed
when the coincidence with at least one γ ray is required
and the energy conservation is also applied. The elastic peak
disappears and the 12.7-MeV level becomes more pronounced
with practically no background, as shown in Fig. 9(a). The
spectrum is dominated by the 4.44-MeV level as in Fig. 6.
Figure 9(b) shows the corresponding γ -ray energy spectrum.
Comparing the two spectra, it seems that the γ -ray spectrum
is more resolved in energy. This is due to the smaller ab-
solute error performed in the measurement of the relatively
low γ -ray energy respect to the larger one, performed mea-
suring the energy deposited by the α particle in the CsI(Tl)
(30–40 MeV).

The constraint of a coincidence with a second γ ray al-
lows us to observe the decay of the Hoyle state and other
high excitation energy levels. The QME and the γ -ray total
energy spectrum observed with this constraint are shown in
Figs. 10(a) and 10(b). There is still a small contribution of

FIG. 9. (a) Missing energy Q-value spectrum measured in coin-
cidence with one γ ray. The energy conservation is applied requiring
γ -ray energy equal to the missing energy of charged particles. (b) γ -
ray energy spectrum for the events of panel (a).

the tail of the 4.44-MeV level due to spurious coincidences,
while most Compton-like events, in which the energy of the
4.44-MeV level was shared by two neighbor detectors, were
subtracted with a cut on the minimum relative angle accepted
between the two γ rays. The γ decay of the Hoyle state is well
separated by the residual 4.44-MeV contribution. Despite the
limited statistics of this experiment, some events are seen also
in the 9.64-MeV region. Few counts were also observed near
the region of the 12.7-MeV level.

C. Events kinematics

To better prove the reliability of the data we performed
further checks. The most important one is to verify by reac-
tion kinematic if the α particle and the recoiling 12C follow
the two-body kinematics. We used an extended Chamber-
lin method that includes also the γ -ray detection constraint
adding energy conservation. Figure 11 shows a kinematic plot,
in which the 12C energy (y axis) is plotted as a function of
the scattered α particle energy (x axis). Lines of different
type and colors show the expected kinematic loci. In detail,
in Fig. 11(a) all coincidence events between α particles and
12C, as shown in Fig. 8 with the green histogram, are reported.
Only the two kinematic loci of elastic and 4.44-MeV level
are clearly populated; events of the 12.7-MeV level are also
present, while other levels are overwhelmed by the back-
ground. Figure 11(b) shows the coincidence events with 2γ

FIG. 10. (a) QME and (b) total detected γ -ray energy in two
γ -ray coincidence events (green filled spectrum). The red and blue
histograms are background evaluations; see Appendix B.
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Fig. 3. Various 3α reaction rates with their uncertainties divided by that from NACRE [16] at T9 = 0.5–10. The black dashed-dotted line shows the 3α rate taken from 
Ref. [46]. The red dotted line shows the 3α rate when the 0+

2 state and the direct decay of the 3−
1 state are taken into account as suggested in Ref. [21]. The blue dashed 

line shows the same calculation with the dotted line but the contribution from the 2+
2 state is also considered as suggested in Ref. [23]. The black thick solid line presents 

the new calculation including all the contributions from the 0+
2 , 3−

1 , and 2+
2 states.

zero at the fully high confidence level, but the present result suggests that the 3−
1 state noticeably enhances the 3α reaction rate. Although 

it had been considered that the 3α reaction rate at T9 > 2 is significantly smaller than the estimation in NACRE, the new rate comes back 
to that in NACRE within its uncertainty.
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Appendix A

The analytical expression of the revised triple alpha reaction rate N2
A⟨σ v⟩ααα at T9 = 0.01–10 in the unit of cm6 mol−2 s−1 is approx-

imately given in Eq. (1).

N2
A⟨σ v⟩ααα = N A⟨σ v⟩αα

gs

{
3.055 × 10−10T −2/3

9 exp
[
−23.135T −1/3

9 − (T9/0.4)2
]
(1 + 187.12T9 + 4.294 × 103T 2

9 )

+4.909 × 10−14T −3/2
9 exp(−3.35/T9) + 9.551 × 10−12T −3/2

9 exp(−26.84/T9)
}

, (1)

N A⟨σ v⟩αα
gs = 2.43 × 109T −2/3

9 exp
[
−13.49T −1/3

9 − (T9/0.15)2
]
(1 + 74.5T9) + 6.09 × 105T −3/2

9 exp(−1.054/T9). (2)

Eq. (2) for N A⟨σ v⟩αα
gs taken from Ref. [16] has no physical meaning but it is convenient for the definition of Eq. (1).

Appendix B. Supplementary material

Supplementary material related to this article can be found online at https://doi .org /10 .1016 /j .physletb .2021.136283.
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consistent with earlier 12C(e,e 0)12C experiments7, but is not
observed in the recent 12C(a,a 0)12C experiments15,16. We have
searched for a 2þ resonance with the properties given in the
NACRE compilation (position at 9.1MeV, width 0.56MeV). The
ft-value (see Methods) for feeding such a resonance must be at least
a factor of 50 larger than the one for the Hoyle resonance to fit our
data. This seems unlikely, and the existence of this resonance is
therefore doubtful.
We now turn to the implications of our findings for the synthesis

of 12C in the Universe: we estimate the influence on the triple-a
reaction rate of the broad 0þ resonance and its interference with the
Hoyle resonance, and the effect of removing the assumed 2þ state.
For temperatures between 108 K and 109 K, the rate is fully domi-
nated by the Hoyle resonance and may be determined by a simple
expression depending exclusively on the properties of that reso-
nance1. The calculation of the rate outside this temperature range is
the subject of several specialized papers focusing on specific tem-
perature regions, and is a subject of considerable complication.
Details of the rate calculation are beyond the scope of this Letter; we
use an expression that is general enough to be valid for temperatures
from 107 K to 1010 K, and which includes the influence of the broad
0þ resonance (C.D., H.F. and K.R., manuscript in preparation). By
comparing our rate calculations (Fig. 3) with and without the
presence of the broad 0þ resonance, we conclude that this resonance

does not introduce a significantly increased uncertainty to the rate
despite its clear interference with the Hoyle resonance (Fig. 2).
Considering that the rates vary more than 80 orders of magnitude
over the illustrated temperature range, there is good general agree-
ment between our rates and the NACRE rate. In the most important
temperature range of 108 K to 109 K, our rate agrees with the rate
calculated from the simple expression1, whereas there is a systematic
deviation from the NACRE rate that reaches 20% at 108 K, just
beyond their quoted error band. For the lowest temperatures, and
even more so for temperatures above 109 K, our rate deviates
significantly from NACRE. The latter is due to their inclusion of
an assumed 2þ resonance at 9.1MeV, an assumption that could not
be confirmed in this work.

The triple-a reaction is crucial for various astrophysical sce-
narios. Its ratio with the rate of the subsequent 12C(a,g)16O reaction
in the temperature range between 108 K and 109 K determines the
carbon and oxygen abundances at the end of helium burning17, with
important consequences for both nucleosynthesis and late-stage
stellar evolution18. The size of the iron core in the pre-supernova
depends directly on this rate, and calls for better than 10% precision
of the triple-a rate in the 108 K to 109 K temperature range for use in
core-collapse supernovae simulations2. The carbon and oxygen
production as function of the triple-a rate is investigated in
ref. 19. The triple-a rate above 109 K is important for nucleosynth-
esis in the type II supernova shock front5,6 where, owing to the high
binding energy of 12C, the triple-a process is the first reaction to fall
out of equilibrium at relatively high temperatures of 3 £ 109 K
(ref. 20). The effect of our lower rate for these high temperatures
is estimated as a reduction (by a factor of 2–3) of themass fraction of
56Ni, and hence a reduction of the mass fraction of heavy elements
present in proton-rich supernova matter (C. Fröhlich, personal
communication). These high temperatures are also relevant for
X-ray bursts, which are explained as thermonuclear runaways in the
hydrogen-rich envelope of an accreting neutron star in a binary
system. One trigger reaction of the runaway is the triple-a reac-
tion21, which produces CNO nuclei that later serve as the material
for the main energy production in the early stage of the burst22. A
better precision of the triple-a rate is also needed to determine the
ratio of 12C to 16O produced in the special conditions of helium

Figure 3 The triple-a reaction rate from this work, r3a, relative to the value from the

current NACRE compilation3, r3a(NACRE). T9 is the temperature in 10
9 K. Solid line, our

rate including only the Hoyle resonance; dashed lines, our rate including the broad 0þ

resonance and its interference with the Hoyle resonance; and grey band, estimated error

band from NACRE3 (the uncertainty in the position of their assumed 2þ resonance is not

included). We assume that the reduced g-decay width of the broad 0þ resonance is equal

to that of the Hoyle resonance, and the dashed lines differ only in the sign of the

interference term.

Figure 2 Excitation energy spectra in 12C. The spectra are corrected for the different

b-neutrino phase-space factors, and for detection efficiencies (arbitrary units on vertical

axis). Data from 12N/12B decay are shown as the red/blue histograms. a, Comparison of
our spectra with that from the last published measurement using b-decay30 (filled circles;

error bars, 1j). The dashed-dotted curve shows the 10-MeV resonance using the

literature values before the experiment reported here. b, Our fit (solid curve), where the
7.65-MeV 0þ resonance, and a 2þ resonance at high energy, are added (the individual

components are shown with the dashed curves).
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Figure 5: Various triple-α reaction rates from (a) Fynbo et al. [3] and (b) Tsumora et al. [10], relative to the NACRE compilation [23]. 
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However, an even greater source of uncertainty exists. At these high temperatures, the Gamow window 
enables the triple-α reaction to proceed through 9/+ state in 12C. Previously, the contribution from the 30+ state 
has been largely neglected as the radiative branching ratio was thought to be ,()*/, < 8.3 × 10+1(95% C.L.) 
[24]. However, recent measurements have indicated that 
this upper limit may be incorrect. The study of Tsumora et 
al. [10] yielded a branching ratio of ,()*/, = 1.3+0.0'0,. ×
10+3, however, the resolution was poor (≈ 800 keV 
FWHM) and the identification of the 30+ peak is 
questionable (see Figure 6). A slightly more precise result 
of ,()*/, = 6.4 ± 5.1 × 10+4 is given by Cardella et al. 
[11], however, the resolution is even poorer than Ref. [10], 
with only 3 observed counts corresponding to the 30+ state 
(see Figure 7). 
 
Unfortunately, the errors from both measurements are 
substantial and lead to exceedingly large uncertainties in 
the associated contribution to the triple-α rate at high 
temperatures. However, what is clear is that if the order of 
magnitude for these results is correct, the previously 
established upper limit of ,()*/, < 8.3 × 10+1(95% C.L.) 
may be completely incorrect. In the past, this has led to the 
30+ contribution to the high-temperature triple-α rate being 
underestimated and even completely neglected. In fact, if 
either of the results of Refs. [10, 11] are accurate, this 
contribution may not only be significant, but dominant at 
high temperatures, see Figure 5(b). However, the 
exceedingly large uncertainties in Refs. [10, 11] do not 
enable the 30+ contribution to be meaningfully constrained 
and new, more sensitive measurements are urgently 
required. 
 
The 12C(α,γ)16O  reaction 
The 12C(α,γ)16O reaction follows the triple-α reaction and 
plays an critical role in various burning stages and 
astrophysical sites (see Table 1 for a summary). It is notoriously difficult to experimentally access at 
astrophysically relevant energies and cannot be reliably predicted with theory. The challenge of measuring this 
reaction has thus remained at the very cutting edge of nuclear astrophysics. In the recent, leading global 
analysis of the 12C(α,γ)16O reaction by de Boer et al. (a collaborator of this project) [5], the S factor at the 
astrophysically relevant centre-of-mass energy of ;56 = 300 keV was reported as <(300	keV) 	= 	140 ± 21, 
which is composed of <70(300	keV) = 86.3, <7.(300	keV) = 45.3 and <58958:;9(300	keV) = 7 (see Figure 
8). Whilst this yields an S-factor error on the »20% level, the required level of precision for massive stars is 
»10% as the posthelium burning evolution is strongly influenced by the 12C(α,γ)16O rate. 

M. Tsumura, T. Kawabata, Y. Takahashi et al. Physics Letters B 817 (2021) 136283

Fig. 2. Excitation-energy spectra of 12C around the 3−
1 state for (a) the singles events and (b) the coincidence events in the inelastic proton scattering. The thick solid lines 

show the fit functions for the 0+
2 and 3−

1 states while the dashed lines show that for the continuum. The thin solid lines present the sum of all the fit functions.

in Fig. 1(b) presents the excitation-energy spectrum for the remaining accidental coincidence events. The excitation-energy spectrum for 
the true coincidence events was obtained by subtracting these accidental coincidence events as presented by the open histogram.

The three prominent peaks due to the 2+
1 , 0+

2 , and 1+
1 states were clearly observed in the coincidence spectrum. The two small bumps 

were also seen at Ex ∼ 10.85 and 11.5 MeV. The bump at 10.85 MeV is close to the 1−
1 state which was observed in the inelastic electron 

scattering [35], whereas no state corresponding to another bump at Ex ∼ 11.5 MeV is reported in Ref. [25]. It should be noted that the 
excitation-energy spectra at Ex ≥ 10.7 MeV are scaled up by a factor of 20 and the statistical uncertainties around Ex ∼ 11 MeV in Fig. 1(b) 
are very large. Therefore, we do not make further discussion about these two bumps here.

Figs. 2(a) and (b) show the excitation-energy spectra of the singles and coincidence events around the 3−
1 state, which were measured 

with 51% of the sensitive area of Gion optimized for Ex = 8.5–10.7 MeV. A small peak due to the 3−
1 state was observed on the continuum 

in the coincidence spectrum. The origin of this continuum is unclear. The broad 2+
2 state lies near the 3−

1 state, but this state could not 
be observed in the present coincidence spectrum because its radiative-decay probability is considered to be an order of 10−8 [23]. One 
possible origin is the 12C + d →12 C + p + n process. Because it is a three-body process, it might cause a continuous spectrum. However, 
we confirmed by a background measurement with a CD2 target that the contribution from the deuteron break-up process is smaller than 
10−8 when the SHT with the natural abundance is used. The accidental coincidence events are also unlikely to be the origin because the 
peak-to-continuum ratio in the coincidence spectrum would be the same with that in the singles spectrum if the accidental coincidence 
events caused the continuum.

Both of the singles and coincidence spectra were fitted by the two gaussian functions for the 3−
1 and 0+

2 states and a smooth function 
for the continuum in order to obtain the yields of the singles and coincidence events. The centroids and widths of the gaussian functions 
were determined to reproduce the singles spectrum, and the same values were used for the coincidence spectrum. The two different 
functions were tried to fit the continuum. One is an exponential function, and the other is the semi-phenomenological function taken 
from Ref. [36] and added by a constant offset. The measured spectra were subtracted by the fit functions for the 0+

2 state and the 
continuum, and the remaining spectra were integrated to obtain the yields of the 3−

1 state. This trick was introduced to avoid errors due 
to the disagreement in the shapes between the gaussian fit function and the measured peak.

The obtained yields in the coincidence spectrum were 71 and 116 with the semi-phenomenological function and the exponential 
function, respectively, and the reduced χ2 values for the two fits were 0.69 and 1.05. Since the semi-phenomenological function gave the 
better reduced χ2 value than the exponential function, the yield obtained with the semi-phenomenological function was adopted as the 
most probable value. The difference between the two yields was assumed to be the systematic uncertainty due to the ambiguity of the 
continuum function. Because the adopted yield is smaller than the other yield, we added this systematic uncertainty to the upper side. 
In order to estimate the systematic uncertainty on the lower side, we employed a liner function to fit the continuum. It is reasonable to 
assume that the continuum is described by a convex-downward function around the 3−

1 state because it is almost zero below the 3α-
decay threshold at Ex = 7.27 MeV and seems to rise from the threshold smoothly. Therefore, the linear function is expected to simulate an 
extreme case to give the upper limit of the continuum. However, the linear function is physically unrealistic around the 0+

2 state because 
this function becomes negative. In the present analysis, we used the linear function only for the error estimation and fitted it with the 
gaussian function to the spectrum at Ex = 8.8–10.5 MeV around the 3−

1 state. The obtained yield for the 3−
1 state in the coincidence 

spectrum was 31, and thus we estimated the systematic uncertainty on the lower side to be the difference between 71 and 31.
The statistical uncertainty of the yield as the 68% confidence interval was determined from the interval with χ2 − χ2

min ≤ 1 according 
to the standard procedure. The statistical uncertainty for the yield of the 3−

1 state in the coincidence spectrum was ±42, and thus 
the statistical peak significance was 91%. Finally, the singles and coincidence yields of the 3−

1 state were obtained as listed with their 
uncertainties in Table 1. The uncertainties were determined by the quadratic sums of the statistical and systematic uncertainties.

Similarly, the yields of the 0+
2 and 1+

1 states were also obtained by analyzing the excitation-energy spectra measured with 73% and 3% 
of the sensitive area of Gion optimized for Ex < 8.5 MeV and Ex ≥ 10.7 MeV, respectively.
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Figure 6: Excitation-energy spectra of 12C for (a) 
inclusive and (b) coincidence events from Ref. [10]. 
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FIG. 8. Green filled spectrum is the QME , obtained by evaluat-
ing the missing energy, as discussed in detail in the text. The blue
spectrum is the QK , obtained considering the scattered α beam angle
using Eq. (1). No conditions were imposed on this spectrum.

the complete event detection, we can measure the Q value us-
ing the energy conservation. We can then introduce a missing
energy Q value (QME ), given by the difference between the
total detected kinetic energy and the available beam energy.
QME = Energy(α scattered) + Energy(12C)− Energy(α beam). The
QME spectrum is plotted in Fig. 8 as full green histogram.
To evaluate the QME we need to detect and to identify also
the 12C in the correct time coincidence window. Moreover,
a condition on the linear momentum conservation was also
required to produce the plot. QME is much better resolved than
QK , partially recovering for the large kinematic spread seen by
our detectors. The FWHM of the QME peaks corresponding to
the different levels are of the order of 1.5 MeV, mainly due to
the energy resolution in CsI(Tl). The spectrum shows a slope
change in the region of the Hoyle state and a bump at large
negative Q values due to random coincidence events. We note
a small enhancement in the region of the 12.7-MeV level.
Even if the population cross section of this level is small, it
can be seen, over the background, because of the relatively
large 12C production yield. Note that the T = 1 15.1-MeV
12C level, well populated with proton beam, is practically not
populated by the interaction with α beam due to selection
rules.

The background of the QME spectrum is largely suppressed
when the coincidence with at least one γ ray is required
and the energy conservation is also applied. The elastic peak
disappears and the 12.7-MeV level becomes more pronounced
with practically no background, as shown in Fig. 9(a). The
spectrum is dominated by the 4.44-MeV level as in Fig. 6.
Figure 9(b) shows the corresponding γ -ray energy spectrum.
Comparing the two spectra, it seems that the γ -ray spectrum
is more resolved in energy. This is due to the smaller ab-
solute error performed in the measurement of the relatively
low γ -ray energy respect to the larger one, performed mea-
suring the energy deposited by the α particle in the CsI(Tl)
(30–40 MeV).

The constraint of a coincidence with a second γ ray al-
lows us to observe the decay of the Hoyle state and other
high excitation energy levels. The QME and the γ -ray total
energy spectrum observed with this constraint are shown in
Figs. 10(a) and 10(b). There is still a small contribution of

FIG. 9. (a) Missing energy Q-value spectrum measured in coin-
cidence with one γ ray. The energy conservation is applied requiring
γ -ray energy equal to the missing energy of charged particles. (b) γ -
ray energy spectrum for the events of panel (a).

the tail of the 4.44-MeV level due to spurious coincidences,
while most Compton-like events, in which the energy of the
4.44-MeV level was shared by two neighbor detectors, were
subtracted with a cut on the minimum relative angle accepted
between the two γ rays. The γ decay of the Hoyle state is well
separated by the residual 4.44-MeV contribution. Despite the
limited statistics of this experiment, some events are seen also
in the 9.64-MeV region. Few counts were also observed near
the region of the 12.7-MeV level.

C. Events kinematics

To better prove the reliability of the data we performed
further checks. The most important one is to verify by reac-
tion kinematic if the α particle and the recoiling 12C follow
the two-body kinematics. We used an extended Chamber-
lin method that includes also the γ -ray detection constraint
adding energy conservation. Figure 11 shows a kinematic plot,
in which the 12C energy (y axis) is plotted as a function of
the scattered α particle energy (x axis). Lines of different
type and colors show the expected kinematic loci. In detail,
in Fig. 11(a) all coincidence events between α particles and
12C, as shown in Fig. 8 with the green histogram, are reported.
Only the two kinematic loci of elastic and 4.44-MeV level
are clearly populated; events of the 12.7-MeV level are also
present, while other levels are overwhelmed by the back-
ground. Figure 11(b) shows the coincidence events with 2γ

FIG. 10. (a) QME and (b) total detected γ -ray energy in two
γ -ray coincidence events (green filled spectrum). The red and blue
histograms are background evaluations; see Appendix B.
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Figure 7: The (a) Q-value and (b) total detected γ-ray 
spectra for coincident events in Ref. [11]. 
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FIG. 8. Green filled spectrum is the QME , obtained by evaluat-
ing the missing energy, as discussed in detail in the text. The blue
spectrum is the QK , obtained considering the scattered α beam angle
using Eq. (1). No conditions were imposed on this spectrum.

the complete event detection, we can measure the Q value us-
ing the energy conservation. We can then introduce a missing
energy Q value (QME ), given by the difference between the
total detected kinetic energy and the available beam energy.
QME = Energy(α scattered) + Energy(12C)− Energy(α beam). The
QME spectrum is plotted in Fig. 8 as full green histogram.
To evaluate the QME we need to detect and to identify also
the 12C in the correct time coincidence window. Moreover,
a condition on the linear momentum conservation was also
required to produce the plot. QME is much better resolved than
QK , partially recovering for the large kinematic spread seen by
our detectors. The FWHM of the QME peaks corresponding to
the different levels are of the order of 1.5 MeV, mainly due to
the energy resolution in CsI(Tl). The spectrum shows a slope
change in the region of the Hoyle state and a bump at large
negative Q values due to random coincidence events. We note
a small enhancement in the region of the 12.7-MeV level.
Even if the population cross section of this level is small, it
can be seen, over the background, because of the relatively
large 12C production yield. Note that the T = 1 15.1-MeV
12C level, well populated with proton beam, is practically not
populated by the interaction with α beam due to selection
rules.

The background of the QME spectrum is largely suppressed
when the coincidence with at least one γ ray is required
and the energy conservation is also applied. The elastic peak
disappears and the 12.7-MeV level becomes more pronounced
with practically no background, as shown in Fig. 9(a). The
spectrum is dominated by the 4.44-MeV level as in Fig. 6.
Figure 9(b) shows the corresponding γ -ray energy spectrum.
Comparing the two spectra, it seems that the γ -ray spectrum
is more resolved in energy. This is due to the smaller ab-
solute error performed in the measurement of the relatively
low γ -ray energy respect to the larger one, performed mea-
suring the energy deposited by the α particle in the CsI(Tl)
(30–40 MeV).

The constraint of a coincidence with a second γ ray al-
lows us to observe the decay of the Hoyle state and other
high excitation energy levels. The QME and the γ -ray total
energy spectrum observed with this constraint are shown in
Figs. 10(a) and 10(b). There is still a small contribution of

FIG. 9. (a) Missing energy Q-value spectrum measured in coin-
cidence with one γ ray. The energy conservation is applied requiring
γ -ray energy equal to the missing energy of charged particles. (b) γ -
ray energy spectrum for the events of panel (a).

the tail of the 4.44-MeV level due to spurious coincidences,
while most Compton-like events, in which the energy of the
4.44-MeV level was shared by two neighbor detectors, were
subtracted with a cut on the minimum relative angle accepted
between the two γ rays. The γ decay of the Hoyle state is well
separated by the residual 4.44-MeV contribution. Despite the
limited statistics of this experiment, some events are seen also
in the 9.64-MeV region. Few counts were also observed near
the region of the 12.7-MeV level.

C. Events kinematics

To better prove the reliability of the data we performed
further checks. The most important one is to verify by reac-
tion kinematic if the α particle and the recoiling 12C follow
the two-body kinematics. We used an extended Chamber-
lin method that includes also the γ -ray detection constraint
adding energy conservation. Figure 11 shows a kinematic plot,
in which the 12C energy (y axis) is plotted as a function of
the scattered α particle energy (x axis). Lines of different
type and colors show the expected kinematic loci. In detail,
in Fig. 11(a) all coincidence events between α particles and
12C, as shown in Fig. 8 with the green histogram, are reported.
Only the two kinematic loci of elastic and 4.44-MeV level
are clearly populated; events of the 12.7-MeV level are also
present, while other levels are overwhelmed by the back-
ground. Figure 11(b) shows the coincidence events with 2γ

FIG. 10. (a) QME and (b) total detected γ -ray energy in two
γ -ray coincidence events (green filled spectrum). The red and blue
histograms are background evaluations; see Appendix B.
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Fig. 3. Various 3α reaction rates with their uncertainties divided by that from NACRE [16] at T9 = 0.5–10. The black dashed-dotted line shows the 3α rate taken from 
Ref. [46]. The red dotted line shows the 3α rate when the 0+

2 state and the direct decay of the 3−
1 state are taken into account as suggested in Ref. [21]. The blue dashed 

line shows the same calculation with the dotted line but the contribution from the 2+
2 state is also considered as suggested in Ref. [23]. The black thick solid line presents 

the new calculation including all the contributions from the 0+
2 , 3−

1 , and 2+
2 states.

zero at the fully high confidence level, but the present result suggests that the 3−
1 state noticeably enhances the 3α reaction rate. Although 

it had been considered that the 3α reaction rate at T9 > 2 is significantly smaller than the estimation in NACRE, the new rate comes back 
to that in NACRE within its uncertainty.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

The authors are grateful to the RCNP cyclotron crews for the stable operation of the cyclotron facilities. The authors also thank Prof. S. 
Kurosawa from Tohoku University for his kind support in the development of Gion with the GAGG scintillators and Prof. Y. Funaki from 
Kanto Gakuin University for the fruitful discussion on the α cluster structure in 12C. M. T. appreciates the support of Grant-in-Aid for JSPS 
Research Fellow JP14J01256. This research was supported by JSPS KAKENHI, Grants No. JP15H02091 and No. JP19H05604, and Fonds De 
La Recherche Scientifique - FNRS Grant Number 4.45.10.08.

Appendix A

The analytical expression of the revised triple alpha reaction rate N2
A⟨σ v⟩ααα at T9 = 0.01–10 in the unit of cm6 mol−2 s−1 is approx-

imately given in Eq. (1).

N2
A⟨σ v⟩ααα = N A⟨σ v⟩αα

gs

{
3.055 × 10−10T −2/3

9 exp
[
−23.135T −1/3

9 − (T9/0.4)2
]
(1 + 187.12T9 + 4.294 × 103T 2

9 )

+4.909 × 10−14T −3/2
9 exp(−3.35/T9) + 9.551 × 10−12T −3/2

9 exp(−26.84/T9)
}

, (1)

N A⟨σ v⟩αα
gs = 2.43 × 109T −2/3

9 exp
[
−13.49T −1/3

9 − (T9/0.15)2
]
(1 + 74.5T9) + 6.09 × 105T −3/2

9 exp(−1.054/T9). (2)

Eq. (2) for N A⟨σ v⟩αα
gs taken from Ref. [16] has no physical meaning but it is convenient for the definition of Eq. (1).

Appendix B. Supplementary material

Supplementary material related to this article can be found online at https://doi .org /10 .1016 /j .physletb .2021.136283.
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consistent with earlier 12C(e,e 0)12C experiments7, but is not
observed in the recent 12C(a,a 0)12C experiments15,16. We have
searched for a 2þ resonance with the properties given in the
NACRE compilation (position at 9.1MeV, width 0.56MeV). The
ft-value (see Methods) for feeding such a resonance must be at least
a factor of 50 larger than the one for the Hoyle resonance to fit our
data. This seems unlikely, and the existence of this resonance is
therefore doubtful.
We now turn to the implications of our findings for the synthesis

of 12C in the Universe: we estimate the influence on the triple-a
reaction rate of the broad 0þ resonance and its interference with the
Hoyle resonance, and the effect of removing the assumed 2þ state.
For temperatures between 108 K and 109 K, the rate is fully domi-
nated by the Hoyle resonance and may be determined by a simple
expression depending exclusively on the properties of that reso-
nance1. The calculation of the rate outside this temperature range is
the subject of several specialized papers focusing on specific tem-
perature regions, and is a subject of considerable complication.
Details of the rate calculation are beyond the scope of this Letter; we
use an expression that is general enough to be valid for temperatures
from 107 K to 1010 K, and which includes the influence of the broad
0þ resonance (C.D., H.F. and K.R., manuscript in preparation). By
comparing our rate calculations (Fig. 3) with and without the
presence of the broad 0þ resonance, we conclude that this resonance

does not introduce a significantly increased uncertainty to the rate
despite its clear interference with the Hoyle resonance (Fig. 2).
Considering that the rates vary more than 80 orders of magnitude
over the illustrated temperature range, there is good general agree-
ment between our rates and the NACRE rate. In the most important
temperature range of 108 K to 109 K, our rate agrees with the rate
calculated from the simple expression1, whereas there is a systematic
deviation from the NACRE rate that reaches 20% at 108 K, just
beyond their quoted error band. For the lowest temperatures, and
even more so for temperatures above 109 K, our rate deviates
significantly from NACRE. The latter is due to their inclusion of
an assumed 2þ resonance at 9.1MeV, an assumption that could not
be confirmed in this work.

The triple-a reaction is crucial for various astrophysical sce-
narios. Its ratio with the rate of the subsequent 12C(a,g)16O reaction
in the temperature range between 108 K and 109 K determines the
carbon and oxygen abundances at the end of helium burning17, with
important consequences for both nucleosynthesis and late-stage
stellar evolution18. The size of the iron core in the pre-supernova
depends directly on this rate, and calls for better than 10% precision
of the triple-a rate in the 108 K to 109 K temperature range for use in
core-collapse supernovae simulations2. The carbon and oxygen
production as function of the triple-a rate is investigated in
ref. 19. The triple-a rate above 109 K is important for nucleosynth-
esis in the type II supernova shock front5,6 where, owing to the high
binding energy of 12C, the triple-a process is the first reaction to fall
out of equilibrium at relatively high temperatures of 3 £ 109 K
(ref. 20). The effect of our lower rate for these high temperatures
is estimated as a reduction (by a factor of 2–3) of themass fraction of
56Ni, and hence a reduction of the mass fraction of heavy elements
present in proton-rich supernova matter (C. Fröhlich, personal
communication). These high temperatures are also relevant for
X-ray bursts, which are explained as thermonuclear runaways in the
hydrogen-rich envelope of an accreting neutron star in a binary
system. One trigger reaction of the runaway is the triple-a reac-
tion21, which produces CNO nuclei that later serve as the material
for the main energy production in the early stage of the burst22. A
better precision of the triple-a rate is also needed to determine the
ratio of 12C to 16O produced in the special conditions of helium

Figure 3 The triple-a reaction rate from this work, r3a, relative to the value from the

current NACRE compilation3, r3a(NACRE). T9 is the temperature in 10
9 K. Solid line, our

rate including only the Hoyle resonance; dashed lines, our rate including the broad 0þ

resonance and its interference with the Hoyle resonance; and grey band, estimated error

band from NACRE3 (the uncertainty in the position of their assumed 2þ resonance is not

included). We assume that the reduced g-decay width of the broad 0þ resonance is equal

to that of the Hoyle resonance, and the dashed lines differ only in the sign of the

interference term.

Figure 2 Excitation energy spectra in 12C. The spectra are corrected for the different

b-neutrino phase-space factors, and for detection efficiencies (arbitrary units on vertical

axis). Data from 12N/12B decay are shown as the red/blue histograms. a, Comparison of
our spectra with that from the last published measurement using b-decay30 (filled circles;

error bars, 1j). The dashed-dotted curve shows the 10-MeV resonance using the

literature values before the experiment reported here. b, Our fit (solid curve), where the
7.65-MeV 0þ resonance, and a 2þ resonance at high energy, are added (the individual

components are shown with the dashed curves).
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Figure 5: Various triple-α reaction rates from (a) Fynbo et al. [3] and (b) Tsumora et al. [10], relative to the NACRE compilation [23]. 
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consistent with earlier 12C(e,e 0)12C experiments7, but is not
observed in the recent 12C(a,a 0)12C experiments15,16. We have
searched for a 2þ resonance with the properties given in the
NACRE compilation (position at 9.1MeV, width 0.56MeV). The
ft-value (see Methods) for feeding such a resonance must be at least
a factor of 50 larger than the one for the Hoyle resonance to fit our
data. This seems unlikely, and the existence of this resonance is
therefore doubtful.
We now turn to the implications of our findings for the synthesis

of 12C in the Universe: we estimate the influence on the triple-a
reaction rate of the broad 0þ resonance and its interference with the
Hoyle resonance, and the effect of removing the assumed 2þ state.
For temperatures between 108 K and 109 K, the rate is fully domi-
nated by the Hoyle resonance and may be determined by a simple
expression depending exclusively on the properties of that reso-
nance1. The calculation of the rate outside this temperature range is
the subject of several specialized papers focusing on specific tem-
perature regions, and is a subject of considerable complication.
Details of the rate calculation are beyond the scope of this Letter; we
use an expression that is general enough to be valid for temperatures
from 107 K to 1010 K, and which includes the influence of the broad
0þ resonance (C.D., H.F. and K.R., manuscript in preparation). By
comparing our rate calculations (Fig. 3) with and without the
presence of the broad 0þ resonance, we conclude that this resonance

does not introduce a significantly increased uncertainty to the rate
despite its clear interference with the Hoyle resonance (Fig. 2).
Considering that the rates vary more than 80 orders of magnitude
over the illustrated temperature range, there is good general agree-
ment between our rates and the NACRE rate. In the most important
temperature range of 108 K to 109 K, our rate agrees with the rate
calculated from the simple expression1, whereas there is a systematic
deviation from the NACRE rate that reaches 20% at 108 K, just
beyond their quoted error band. For the lowest temperatures, and
even more so for temperatures above 109 K, our rate deviates
significantly from NACRE. The latter is due to their inclusion of
an assumed 2þ resonance at 9.1MeV, an assumption that could not
be confirmed in this work.

The triple-a reaction is crucial for various astrophysical sce-
narios. Its ratio with the rate of the subsequent 12C(a,g)16O reaction
in the temperature range between 108 K and 109 K determines the
carbon and oxygen abundances at the end of helium burning17, with
important consequences for both nucleosynthesis and late-stage
stellar evolution18. The size of the iron core in the pre-supernova
depends directly on this rate, and calls for better than 10% precision
of the triple-a rate in the 108 K to 109 K temperature range for use in
core-collapse supernovae simulations2. The carbon and oxygen
production as function of the triple-a rate is investigated in
ref. 19. The triple-a rate above 109 K is important for nucleosynth-
esis in the type II supernova shock front5,6 where, owing to the high
binding energy of 12C, the triple-a process is the first reaction to fall
out of equilibrium at relatively high temperatures of 3 £ 109 K
(ref. 20). The effect of our lower rate for these high temperatures
is estimated as a reduction (by a factor of 2–3) of themass fraction of
56Ni, and hence a reduction of the mass fraction of heavy elements
present in proton-rich supernova matter (C. Fröhlich, personal
communication). These high temperatures are also relevant for
X-ray bursts, which are explained as thermonuclear runaways in the
hydrogen-rich envelope of an accreting neutron star in a binary
system. One trigger reaction of the runaway is the triple-a reac-
tion21, which produces CNO nuclei that later serve as the material
for the main energy production in the early stage of the burst22. A
better precision of the triple-a rate is also needed to determine the
ratio of 12C to 16O produced in the special conditions of helium

Figure 3 The triple-a reaction rate from this work, r3a, relative to the value from the

current NACRE compilation3, r3a(NACRE). T9 is the temperature in 10
9 K. Solid line, our

rate including only the Hoyle resonance; dashed lines, our rate including the broad 0þ

resonance and its interference with the Hoyle resonance; and grey band, estimated error

band from NACRE3 (the uncertainty in the position of their assumed 2þ resonance is not

included). We assume that the reduced g-decay width of the broad 0þ resonance is equal

to that of the Hoyle resonance, and the dashed lines differ only in the sign of the

interference term.

Figure 2 Excitation energy spectra in 12C. The spectra are corrected for the different

b-neutrino phase-space factors, and for detection efficiencies (arbitrary units on vertical

axis). Data from 12N/12B decay are shown as the red/blue histograms. a, Comparison of
our spectra with that from the last published measurement using b-decay30 (filled circles;

error bars, 1j). The dashed-dotted curve shows the 10-MeV resonance using the

literature values before the experiment reported here. b, Our fit (solid curve), where the
7.65-MeV 0þ resonance, and a 2þ resonance at high energy, are added (the individual

components are shown with the dashed curves).
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in this presentation.)
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FIG. 6. Angular distributions of the double-differential cross
section at Ex = 8–12 MeV for various excitation-energy bins in
12C. The thick solid lines show the fits to the data from multipole
decomposition. In each panel, the contributions from L = 0 (thin
solid), L = 1 (dot-dashed), L = 2 (dashed) and L = 3 (dotted) are
also displayed. Contributions from other multipoles are not displayed.

In the calculations with the 3α RGM model and the α-
condensate model, we assumed that there were no excitation-
energy dependences of the transition densities. The well-
known 3−

1 state at Ex = 9.64 MeV and the 1−
1 state at Ex =

10.84 MeV are clearly seen in Figs. 8(d) and 8(b), respectively.
In addition to these, one sees the broad 0+ strength at Ex =
9.93 ± 0.03 MeV with a width of 2.71 ± 0.08 MeV, and
the 2+ strength at Ex = 9.84 ± 0.06 MeV with a width of
1.01 ± 0.15 MeV, even though the MDA uncertainties in the
L = 0 and L = 2 strengths are large at Ex = 9.64 MeV
because of the strong 3−

1 state at about the same energy.
Following conventional procedures, the positions and widths
of these states were obtained by fitting each with a single
Gaussian function. The 2+ state, predicted by several theories
[2,3,6,9], has been confirmed. The B(E2) value obtained by
integrating the L = 2 strength distribution from 9 to 11 MeV
and multiplying a factor of e2/4 is 1.6 ± 0.2 e2 fm4. This
value is consistent with the result of the peak-fitting analysis
reported earlier in the paper.
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FIG. 7. Excitation-energy spectra from 12C(α,α′) at θlab = 0 ◦,
3.7 ◦. The hatched regions were constructed from the results of the
MDA. The cross-hatched region is L = 0, the right-hatched is L = 2,
the left-hatched is L = 3, and the vertical-hatched regions represent
contributions from other multipoles.

VI. DISCUSSION

The newly found 2+
2 state is located at Ex =

9.84 ± 0.06 MeV with a width of 1.01 ± 0.15 MeV, both values
close to those predicted by many α-cluster model calculations
[2,3,6,9], using 2+ wave functions strongly coupled to the
Hoyle state. This correspondence strongly suggests that the
2+

2 state has a highly developed 3α structure, and is inferred
to be an excited state of the Hoyle state. It is noted that
the existence of the 2+

2 state at 9.6 MeV in 12C has been
discussed by Zimmerman et al. [32]. This 2+

2 state at 9.6 MeV
would correspond to the 9.84 MeV 2+

2 state in 12C, which
is reported in this paper. The astrophysical NACRE [12]
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FIG. 4. (Color online) The spin-2 strength function [S2(Ex)]
extracted from the multipole decomposition analysis [17] (data
points) compared with the R-matrix line shapes [Eq. (1)] associated
with different channel radii and excitation energies.

9.75(0.15) MeV and a width of 750(150) keV, with a reduced
width close to the Wigner limit.

IV. DISCUSSION

The fact that an identical component is required for
both proton and α inelastic scattering data strongly suggests
the existence of a new state in 12C. The high resolution
measurements demonstrate that the feature cannot be attributed
to tails on the peaks arising from features of the response
function of the spectrometer focal plane detectors nor other
similar phenomena. It is likely that this new state is the missing
2+ excitation of the Hoyle state. The width of the structure is
consistent with a 2+ “alpha particle” state. Higher and lower
spin states would have a much narrower and broader widths,
respectively. Moreover, universally cluster model calculations
only show a 2+ state to lie in this region, and even shell-model
calculations offer no other alternatives.

The separation between this new state and the Hoyle state is
2.10(0.15) MeV. This can provide an estimate of the moment
of inertia of the structure and thus the arrangement of the α
particles. The charge radius of 4He has been determined to be
Rα = 1.673(1) fm [22]. For two α particles separated by their
charge radii 3h̄2/I = 4 MeV. The first excited state of 8Be (2+)
lies at 2.9 MeV and thus would indicate a separation of the
two clusters of 1.2(2Rα). If three α particles separated by this
latter distance were arranged in a linear fashion then 3h̄2/I =
1.0 MeV (microscopic cluster models indicate 0.8 MeV [24]),
and in a triangle 2.75 MeV (rotated around an axis of symmetry
passing through one α particle and bisecting the other two).

The ground state of 12C has an oblate structure which has been
ascribed a 3α D3h point symmetry [23]. The energy of the
corresponding 2+ state is 4.4 MeV, which would indicate that
the separation of the α particles is 0.8(2Rα).

The experimental 0+–2+ separation of 2.10(0.15) MeV
excludes a linear arrangement and is less than 2.75 MeV.
If the triangular arrangement is relaxed a little such that the
separation of one pair of particles is increased then a structure
between a chain and triangle is reached (a bent chain). In
this instance the bending angle of the chain would be ∼75◦

(i.e., closer to the triangle limit). Indeed an isosceles shape was
suggested in three-body calculations of Ref. [25]. Other cluster
models predict energy separations of 1.6 to 2.8 MeV [13].

In a recent calculation [26] the structure of the Hoyle state
appears as a loose assembly of α particles, something like
a Bose gas. This model indicates a 2+ excitation would lie
2.3 MeV above the Hoyle state—very close to the present
observation. A similar view of the state emerges in the Bose-
Einstein condensate calculations in Ref. [27].

Of course, direct measurements confirming the 2+ nature
are important. Studies of the emission pattern of the α-decay
products could, in principle, provide such evidence. An
analysis of the correlations between the scattered α particle
and the α particle from the 12C → 8Be+α decay have proved
inconclusive [28] and higher resolution measurements are
required. On the other hand, studies of the 12C(γ ,3α) reaction
do indicate significant 2+ strength in the current region [29].
It is clear that there is a need for further direct measurements.

V. SUMMARY

A combined analysis of proton and α-particle inelas-
tic scattering, both performed at a scattering angle which
coincides with a minimum in the dominant background
contribution, demonstrates the existence of a new state in 12C at
9.75(15) MeV [# = 750(150) keV]. It is believed that this state
is the missing 2+ excitation of the 7.65 MeV Hoyle state. The
present measurements indicate the state has a well-developed
α-cluster structure and that the α particles are arranged in either
an open triangular structure or a loose assembly of α particles.
This analysis would appear to exclude a linear arrangement
associated with the 3α chain.
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Fig. 4. Decomposition of the optimal fit which only includes previously established 
resonances: the 0+

2 and 0+
3 states constructively interfere in the α0 channel (see 

Fig. 3). Panels (a) - (e) correspond to the inclusive ejectile yields for the employed 
12C(α, α′)12C and 14C(p, t)12C reactions at various measurement angles and beam 
energies.

0+
2 and 0+

3 states. In the second, interference involving the 0+
"

state was omitted whilst the 0+
2 and 0+

3 states were still permit-
ted to interfere. The optimized fit for the first parameterization is 
presented in Fig. 5, which produces a significantly improved de-
scription of the data, particularly at Ex ≈ 9 MeV. The 1σ bands 
on Fig. 5 show the systematic dispersion of lineshapes correspond-
ing to different permutations of interference and channel-radii. The 
decomposition of the fit reveals contributions from the 2+

2 state 
which are comparable to the broad monopole strength at Ex ≈ 10
MeV for the measurements of 12C(α, α′)12C and 14C(p, t)12C at 
θlab = 0◦—a result consistent with the present charged-particle 
decay data and Ref. [13]. Furthermore, the fit reveals the over-
all monopole strength to be double peaked in the region Ex =

Fig. 5. Decomposition of the optimal fit which includes the previously established 
0+

2 and 0+
3 states as well as the additional 0+

" resonance at Ex ≈ 9 MeV. Panels (a) 
- (e) correspond to the inclusive ejectile yields for the employed 12C(α, α′)12C and 
14C(p, t)12C reactions at various measurement angles and beam energies.

9 − 11 MeV for the 12C(α, α′)12C reaction (θlab = 0◦), in agree-
ment with Ref. [13]. The additional 0+

" state has best fit param-
eters of Er = 9.566 +− 0.018(stat) +− 0.104(syst) MeV with %(Er) =
3.203 +− 0.061(stat) +− 0.599(syst) MeV. The second parameterization, 
which omitted possible interference involving the 0+

" state, yielded 
Er = 9.379 +− 0.013(stat) +− 0.050(syst) MeV with %(Er) = 4.565 +−
0.022(stat) +− 0.107(syst) MeV with %FWHM = 2.066 +− 0.005(stat) +−
0.098(syst) MeV [35].

There is no consensus on the number and properties of the 
monopole states in this astrophysically important excitation-energy 
region. This is due to the variety of analysis methods used to 
describe the data, some of which do not include the strong thresh-
old effects or interference. However, there is a rough similarity 
between the additional 0+

" state in this work to a structure in 
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Constraining the 12C(𝛼, 𝛾)16O uncertainty to ≈ 10%

7

Addressing the call for comprehensive 
measurements at higher energies over a 
wide range:

Phase 1:
Direct measurement in the off-resonance 
region at Ecm ≈ 4.7 MeV, and up to Ecm ≈ 6.1 
MeV.

Phase 2:
Direct measurement in the off-resonance
region at Ecm ≈ 3.5 MeV.

analysis a good example is the β-delayed α emission data.
Possible failings of the deconvolution method have been
discussed by Buchmann, Ruprecht, and Ruiz (2009) and are
described further in Sec. VI.D.

B. Ground state transition

The largest contribution to the 12Cðα; γÞ16O cross section at
low energy (Ec:m: ≈ 300 keV) is the ground state transition.
This is illustrated in Fig. 6.1 The E1 and E2 multipolarities
dominate the low-energy cross section in nearly equal
amplitudes as discussed in Sec. III. At higher energies, high
order multipolarities could become significant, although this
has not yet been observed. A prime candidate is the ground
state E3 decay of the broad 3− level at Ex ¼ 11.49 MeV.
The separation of the ground state capture cross section into

E1 and E2 multipolarities (σE1 and σE2) dates back to Dyer
and Barnes (1974). As discussed in Sec. V, at that time σE1
was thought to dominate the low-energy cross section, which
was determined by decay through the 1− subthreshold state
and its interference with the unbound level at Ex ¼ 9.59 MeV.
The E1 cross section was also easily isolated experimentally
by measuring at 90° where σE2 and the interference terms are
zero (see Sec. V.A). This then also greatly simplifies the
mathematics of the analysis, which at the time was usually a
three level R-matrix fit. Complications arose when it was
found that σE2 was also significant (see Sec. V.B). From an
experimental standpoint, the immediate difficulty was that
there is no angle where σE1 is zero and σE2 is not, therefore σE2
must be deduced indirectly. The traditional technique is to
measure the differential cross section at several angles,
spanning a wide angular range, and then perform a fit to a
theory motivated function representing the angular distribu-
tion. If only E1 and E2 multipolarities contribute to the cross
section, the differential cross section can be written as (Dyer
and Barnes, 1974)

4π

!
dσ
dΩ

"
ðE; θγÞ

¼ σE1ðEÞ½1 −Q2P2ðcos θγÞ%

þ σE2ðEÞ
#
1þ 5

7
Q2P2ðcos θγÞ −

12

7
Q4P4ðcos θγÞ

$

þ 6 cosϕðEÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σE1ðEÞσE2ðEÞ

5

r
½Q1P1ðcos θγÞ

−Q3P3ðcos θγÞ%; ð91Þ

where Pn cosðθγÞ are the Legendre polynomials, Qn are the
geometric correction factors (Rose, 1953), and ϕ is the
difference in phase between the E1 and E2 transition matrix
elements. The phase difference can be written as

cosϕ ¼ cos½δα1 − δα2 − tan−1ðη=2Þ%; ð92Þ

where δα1;2 are the angular momentum l ¼ 1 and 2α scattering
phase shifts [see Eq. (25)] and η is the Sommerfeld parameter.
As discussed in Sec. IV.D, Eq. (92) is very general and is a
consequence of Watson’s theorem. It is also fully consistent
with the R-matrix formalism used here. This simply illustrates
the connection between the scattering cross section, from
which the phase shifts can be extracted, and the capture cross
section. Since the scattering cross section is large, the phase
shifts can be easily and accurately measured and used to
constrain cosϕ up to an overall sign (Brune, 2001). If σE1 is
then determined from measurements at 90°, then σE2 is
essentially the only undetermined quantity. In principle this
provides a straightforward way of obtaining σE2 but there are
complications. The main issue is that σE1 is much larger than
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FIG. 6. The total 12Cðα; γÞ16O S factor (dashed black line)
compared to the ground state transition (red line) based on the
R-matrix analysis of this work. The ground state transition
dominates at stellar energies. Ec:m: ¼ 300 keV is indicated by
the vertical black line. Experimental measurements of the ground
state transition have reached as low as Ec:m: ≈ 1 MeV.
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FIG. 7. Comparison of predicted E1 (dashed black line),
E2 (solid red line), and the sum of the cascade transitions
(dot-dot-dashed blue line) cross sections. Over much of the
low-energy range covered by most measurements, the broad
resonance corresponding to the E1 decay of the 1− level at
Ex ¼ 9.59 MeV dominates over the E2 contribution. This has
made the experimental determination of the E2 cross section
extremely challenging.

1While the E1 constructive solution is shown here, this statement
is true even for a destructive E1 solution, since the E2 cross section
still dominates over the cascade transition contributions. There is no
E2 interference pattern that has been considered viable that makes its
contribution of similar magnitude or smaller than the cascade
contributions.

R. J. deBoer et al.: The 12Cðα; γÞ16O …

Rev. Mod. Phys., Vol. 89, No. 3, July–September 2017 035007-39

R. J. deBoer et al. (2017)
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Phase 1: Off-resonance region at Ecm ≈ 4.7 MeV to Ecm ≈ 6.1 MeV.
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High energy cross section 
dominated by E1 and E2 multipoles

Reproduced with permission from
R. J. deBoer.

Preliminary results inconclusive 
Reproduced with permission 
from R. J. deBoer.

Figure 2: (Left) A decomposition of the total cross section, with the o↵-resonance regions highlighted in green. The
ratio between the di↵erential cross sections at ✓lab = 45� and 135� are shown. (Right) Preliminary, inconclusive results
from a previous measurement from collaborators which has similar goals to that of this proposed study.

7.12 MeV. Therefore, measuring the cross sections at high energies is not only significant for
constraining the high-temperature case, but also enables the constraint of the subthreshold
contributions which dominate the 12C(↵, �)16O at medium temperatures at Ecm ⇡ 300 keV.

Finally, new, independent data over a wide range of ↵-particle energies is crucial because
there are currently significant discrepancies between current data, with many data sets re-
quiring normalisation factors to be comparable with each other [2]. These normalisation
factors are sometimes significant, ranging from ⇡25–300 %. Furthermore, some of these dis-
crepancies are so significant (exhibiting di↵ering energy dependence) that the data have been
excluded from leading global analyses (e.g., the measurement of Kettner et al. [3] in the
global analysis by deBoer et al. [2]). Modern, precision measurements at Ecm > 3 MeV are
therefore crucial to resolve the significant discrepancies in this region.

7 Experimental Techniques and Equipment

7.1 Main apparatus

In this experiment, the 12C(↵, �)16O cross section will not only be measured at the o↵-
resonance regions of primary interest, but also at the peaks of resonances to provide high
statistics for the normalisation to be robustly determined. The ↵-particle beam will be
supplied by the tandetron at iThemba LABS to irradiate thin, enriched 12C targets. These
targets are su�ciently thin (with areal densities of 22 and 24 µg/cm2) such that cooling of the
targets is not required, with the beam passing through toward the lead shielded beamstop.
To detect the coincident �-ray decays, a total of 15 LaBr3(Ce) detectors will be used (see
Fig. 3). 12 of these detectors will be fitted on the AFRODITE frame at the tandetron, with
4 detectors each at ✓lab = 45�, 90� and 135�. The final 3 LaBr3(Ce) detectors will be placed
on the tabletop at the same polar angles of ✓lab = 45�, 90� and 135�. The LaBr3(Ce) will
be placed at 18.5 cm away from the target (as dictated by the existing AFRODITE frame).
The yields estimated in this proposal are all at 18.5 cm.

7.2 Calibration of LaBr3(Ce) detectors

At the beginning and end of the beamtime, a natural aluminium target will be irradiated
with protons at energies of Ep = 992, 1800, and 2046 keV, using the 27Al(p, �)28Si reaction
to provide a wide range of �-ray energies (ranging from E� ⇡ 1–10.9 MeV). A constant
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Achieved sufficient signal-to-
background for angular 
distributions (even in the off-
resonance region).

A precise time-dependent energy 
calibration is required!

Phase 1: Off-resonance region at Ecm ≈ 4.7 MeV to Ecm ≈ 6.1 MeV.

3 4 5 6 7 8 9
 [MeV]labE

1−10

1

10

210

310

410

, C
ro

ss
 s

ec
tio

n 
fo

r g
ro

un
d-

st
at

e 
tra

ns
iti

on
 [n

b]
σ

High energy cross section 
dominated by E1 and E2 multipoles

Reproduced with permission from
R. J. deBoer.

Preliminary results inconclusive 
Reproduced with permission 
from R. J. deBoer.

Figure 2: (Left) A decomposition of the total cross section, with the o↵-resonance regions highlighted in green. The
ratio between the di↵erential cross sections at ✓lab = 45� and 135� are shown. (Right) Preliminary, inconclusive results
from a previous measurement from collaborators which has similar goals to that of this proposed study.

7.12 MeV. Therefore, measuring the cross sections at high energies is not only significant for
constraining the high-temperature case, but also enables the constraint of the subthreshold
contributions which dominate the 12C(↵, �)16O at medium temperatures at Ecm ⇡ 300 keV.

Finally, new, independent data over a wide range of ↵-particle energies is crucial because
there are currently significant discrepancies between current data, with many data sets re-
quiring normalisation factors to be comparable with each other [2]. These normalisation
factors are sometimes significant, ranging from ⇡25–300 %. Furthermore, some of these dis-
crepancies are so significant (exhibiting di↵ering energy dependence) that the data have been
excluded from leading global analyses (e.g., the measurement of Kettner et al. [3] in the
global analysis by deBoer et al. [2]). Modern, precision measurements at Ecm > 3 MeV are
therefore crucial to resolve the significant discrepancies in this region.

7 Experimental Techniques and Equipment

7.1 Main apparatus

In this experiment, the 12C(↵, �)16O cross section will not only be measured at the o↵-
resonance regions of primary interest, but also at the peaks of resonances to provide high
statistics for the normalisation to be robustly determined. The ↵-particle beam will be
supplied by the tandetron at iThemba LABS to irradiate thin, enriched 12C targets. These
targets are su�ciently thin (with areal densities of 22 and 24 µg/cm2) such that cooling of the
targets is not required, with the beam passing through toward the lead shielded beamstop.
To detect the coincident �-ray decays, a total of 15 LaBr3(Ce) detectors will be used (see
Fig. 3). 12 of these detectors will be fitted on the AFRODITE frame at the tandetron, with
4 detectors each at ✓lab = 45�, 90� and 135�. The final 3 LaBr3(Ce) detectors will be placed
on the tabletop at the same polar angles of ✓lab = 45�, 90� and 135�. The LaBr3(Ce) will
be placed at 18.5 cm away from the target (as dictated by the existing AFRODITE frame).
The yields estimated in this proposal are all at 18.5 cm.

7.2 Calibration of LaBr3(Ce) detectors

At the beginning and end of the beamtime, a natural aluminium target will be irradiated
with protons at energies of Ep = 992, 1800, and 2046 keV, using the 27Al(p, �)28Si reaction
to provide a wide range of �-ray energies (ranging from E� ⇡ 1–10.9 MeV). A constant
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Phase 2: Off-resonance region at Ecm ≈ 3.5 MeV   

11

analysis a good example is the β-delayed α emission data.
Possible failings of the deconvolution method have been
discussed by Buchmann, Ruprecht, and Ruiz (2009) and are
described further in Sec. VI.D.

B. Ground state transition

The largest contribution to the 12Cðα; γÞ16O cross section at
low energy (Ec:m: ≈ 300 keV) is the ground state transition.
This is illustrated in Fig. 6.1 The E1 and E2 multipolarities
dominate the low-energy cross section in nearly equal
amplitudes as discussed in Sec. III. At higher energies, high
order multipolarities could become significant, although this
has not yet been observed. A prime candidate is the ground
state E3 decay of the broad 3− level at Ex ¼ 11.49 MeV.
The separation of the ground state capture cross section into

E1 and E2 multipolarities (σE1 and σE2) dates back to Dyer
and Barnes (1974). As discussed in Sec. V, at that time σE1
was thought to dominate the low-energy cross section, which
was determined by decay through the 1− subthreshold state
and its interference with the unbound level at Ex ¼ 9.59 MeV.
The E1 cross section was also easily isolated experimentally
by measuring at 90° where σE2 and the interference terms are
zero (see Sec. V.A). This then also greatly simplifies the
mathematics of the analysis, which at the time was usually a
three level R-matrix fit. Complications arose when it was
found that σE2 was also significant (see Sec. V.B). From an
experimental standpoint, the immediate difficulty was that
there is no angle where σE1 is zero and σE2 is not, therefore σE2
must be deduced indirectly. The traditional technique is to
measure the differential cross section at several angles,
spanning a wide angular range, and then perform a fit to a
theory motivated function representing the angular distribu-
tion. If only E1 and E2 multipolarities contribute to the cross
section, the differential cross section can be written as (Dyer
and Barnes, 1974)

4π

!
dσ
dΩ

"
ðE; θγÞ

¼ σE1ðEÞ½1 −Q2P2ðcos θγÞ%

þ σE2ðEÞ
#
1þ 5

7
Q2P2ðcos θγÞ −
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7
Q4P4ðcos θγÞ

$

þ 6 cosϕðEÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σE1ðEÞσE2ðEÞ

5

r
½Q1P1ðcos θγÞ

−Q3P3ðcos θγÞ%; ð91Þ

where Pn cosðθγÞ are the Legendre polynomials, Qn are the
geometric correction factors (Rose, 1953), and ϕ is the
difference in phase between the E1 and E2 transition matrix
elements. The phase difference can be written as

cosϕ ¼ cos½δα1 − δα2 − tan−1ðη=2Þ%; ð92Þ

where δα1;2 are the angular momentum l ¼ 1 and 2α scattering
phase shifts [see Eq. (25)] and η is the Sommerfeld parameter.
As discussed in Sec. IV.D, Eq. (92) is very general and is a
consequence of Watson’s theorem. It is also fully consistent
with the R-matrix formalism used here. This simply illustrates
the connection between the scattering cross section, from
which the phase shifts can be extracted, and the capture cross
section. Since the scattering cross section is large, the phase
shifts can be easily and accurately measured and used to
constrain cosϕ up to an overall sign (Brune, 2001). If σE1 is
then determined from measurements at 90°, then σE2 is
essentially the only undetermined quantity. In principle this
provides a straightforward way of obtaining σE2 but there are
complications. The main issue is that σE1 is much larger than
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FIG. 6. The total 12Cðα; γÞ16O S factor (dashed black line)
compared to the ground state transition (red line) based on the
R-matrix analysis of this work. The ground state transition
dominates at stellar energies. Ec:m: ¼ 300 keV is indicated by
the vertical black line. Experimental measurements of the ground
state transition have reached as low as Ec:m: ≈ 1 MeV.
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FIG. 7. Comparison of predicted E1 (dashed black line),
E2 (solid red line), and the sum of the cascade transitions
(dot-dot-dashed blue line) cross sections. Over much of the
low-energy range covered by most measurements, the broad
resonance corresponding to the E1 decay of the 1− level at
Ex ¼ 9.59 MeV dominates over the E2 contribution. This has
made the experimental determination of the E2 cross section
extremely challenging.

1While the E1 constructive solution is shown here, this statement
is true even for a destructive E1 solution, since the E2 cross section
still dominates over the cascade transition contributions. There is no
E2 interference pattern that has been considered viable that makes its
contribution of similar magnitude or smaller than the cascade
contributions.

R. J. deBoer et al.: The 12Cðα; γÞ16O …

Rev. Mod. Phys., Vol. 89, No. 3, July–September 2017 035007-39

R. J. deBoer et al. (2017)
10.1103/RevModPhys.89.035007

• The off-resonance region at Ecm ≈ 3.5 
MeV is particularly sensitive to the 
direct, external capture to the 
subthreshold states.
[deBoer et al.,Rev. Mod. Phys., Vol. 89, No. 3]

• Aim to employ ~ 20 𝜇A of current.

• Possibly a water-cooled, implanted 
target (perhaps improve enrichment).
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Phase 2: At Elab ≈ 4.7 MeV, PSD/TOF crucial
• Neutron-induced reactions (in the LaBr3 crystals) can contaminate the cascade 

photopeaks of interest.

• Neutron-induced gamma-ray emission (upstream) may be mitigated a high-Z 
material such as using tantalum.

• Detecting both gamma rays in the cascade (not necessarily both events in the full-
energy photopeak) will be the approach.
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• Will attempt to measure the full cascade in the off-
resonance region.

• Pulse-shape discrimination (PSD) being developed for 
the large-volume 3.5” x 8” LaBr3(Ce) detectors.

• Time difference (i.e. time of flight) between events 
may be an important gate!
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A massive team effort!
A special thank you to local staff and students!

14



Kevin. C. W. LiHelium burning and nuclear clustering

New indirect approach for 12C(𝛼, 𝛾)16O

15

ANCs are often employed to constrain 
subthreshold (sub-Coulomb transfer often 
understood to be most reliable)

Addressing the call for new indirect methods 
to verify current indirect methods.

• Extension of R-matrix theory to direct 
reactions

• There must be correspondence between 
resonance scattering and direct reactions.
Interference form cannot be constrained... 
but the same reduced widths.

analysis a good example is the β-delayed α emission data.
Possible failings of the deconvolution method have been
discussed by Buchmann, Ruprecht, and Ruiz (2009) and are
described further in Sec. VI.D.

B. Ground state transition

The largest contribution to the 12Cðα; γÞ16O cross section at
low energy (Ec:m: ≈ 300 keV) is the ground state transition.
This is illustrated in Fig. 6.1 The E1 and E2 multipolarities
dominate the low-energy cross section in nearly equal
amplitudes as discussed in Sec. III. At higher energies, high
order multipolarities could become significant, although this
has not yet been observed. A prime candidate is the ground
state E3 decay of the broad 3− level at Ex ¼ 11.49 MeV.
The separation of the ground state capture cross section into

E1 and E2 multipolarities (σE1 and σE2) dates back to Dyer
and Barnes (1974). As discussed in Sec. V, at that time σE1
was thought to dominate the low-energy cross section, which
was determined by decay through the 1− subthreshold state
and its interference with the unbound level at Ex ¼ 9.59 MeV.
The E1 cross section was also easily isolated experimentally
by measuring at 90° where σE2 and the interference terms are
zero (see Sec. V.A). This then also greatly simplifies the
mathematics of the analysis, which at the time was usually a
three level R-matrix fit. Complications arose when it was
found that σE2 was also significant (see Sec. V.B). From an
experimental standpoint, the immediate difficulty was that
there is no angle where σE1 is zero and σE2 is not, therefore σE2
must be deduced indirectly. The traditional technique is to
measure the differential cross section at several angles,
spanning a wide angular range, and then perform a fit to a
theory motivated function representing the angular distribu-
tion. If only E1 and E2 multipolarities contribute to the cross
section, the differential cross section can be written as (Dyer
and Barnes, 1974)

4π
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where Pn cosðθγÞ are the Legendre polynomials, Qn are the
geometric correction factors (Rose, 1953), and ϕ is the
difference in phase between the E1 and E2 transition matrix
elements. The phase difference can be written as

cosϕ ¼ cos½δα1 − δα2 − tan−1ðη=2Þ%; ð92Þ

where δα1;2 are the angular momentum l ¼ 1 and 2α scattering
phase shifts [see Eq. (25)] and η is the Sommerfeld parameter.
As discussed in Sec. IV.D, Eq. (92) is very general and is a
consequence of Watson’s theorem. It is also fully consistent
with the R-matrix formalism used here. This simply illustrates
the connection between the scattering cross section, from
which the phase shifts can be extracted, and the capture cross
section. Since the scattering cross section is large, the phase
shifts can be easily and accurately measured and used to
constrain cosϕ up to an overall sign (Brune, 2001). If σE1 is
then determined from measurements at 90°, then σE2 is
essentially the only undetermined quantity. In principle this
provides a straightforward way of obtaining σE2 but there are
complications. The main issue is that σE1 is much larger than
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FIG. 6. The total 12Cðα; γÞ16O S factor (dashed black line)
compared to the ground state transition (red line) based on the
R-matrix analysis of this work. The ground state transition
dominates at stellar energies. Ec:m: ¼ 300 keV is indicated by
the vertical black line. Experimental measurements of the ground
state transition have reached as low as Ec:m: ≈ 1 MeV.
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FIG. 7. Comparison of predicted E1 (dashed black line),
E2 (solid red line), and the sum of the cascade transitions
(dot-dot-dashed blue line) cross sections. Over much of the
low-energy range covered by most measurements, the broad
resonance corresponding to the E1 decay of the 1− level at
Ex ¼ 9.59 MeV dominates over the E2 contribution. This has
made the experimental determination of the E2 cross section
extremely challenging.

1While the E1 constructive solution is shown here, this statement
is true even for a destructive E1 solution, since the E2 cross section
still dominates over the cascade transition contributions. There is no
E2 interference pattern that has been considered viable that makes its
contribution of similar magnitude or smaller than the cascade
contributions.

R. J. deBoer et al.: The 12Cðα; γÞ16O …

Rev. Mod. Phys., Vol. 89, No. 3, July–September 2017 035007-39

R. J. deBoer et al. (2017)
10.1103/RevModPhys.89.035007
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Resonant scattering in a nutshell

16

“A transmission line (waveguide) junction”
E.P. Wigner, Nuclear Reactions and Level Widths, 
American Journal of Physics 17, 99-109 (1949)
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Resonant scattering vs “direct” reaction

17
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Current status quo:

1. Conflicting results for
observables such a resonance 
energies and widths.

2. Simple fits with Lorentzians vs. 
multi-level, multi-channel 
formalism.

K.C.W. Li, F.D. Smit, P. Adsley et al. Physics Letters B 827 (2022) 136928

Fig. 4. Decomposition of the optimal fit which only includes previously established 
resonances: the 0+

2 and 0+
3 states constructively interfere in the α0 channel (see 

Fig. 3). Panels (a) - (e) correspond to the inclusive ejectile yields for the employed 
12C(α, α′)12C and 14C(p, t)12C reactions at various measurement angles and beam 
energies.

0+
2 and 0+

3 states. In the second, interference involving the 0+
"

state was omitted whilst the 0+
2 and 0+

3 states were still permit-
ted to interfere. The optimized fit for the first parameterization is 
presented in Fig. 5, which produces a significantly improved de-
scription of the data, particularly at Ex ≈ 9 MeV. The 1σ bands 
on Fig. 5 show the systematic dispersion of lineshapes correspond-
ing to different permutations of interference and channel-radii. The 
decomposition of the fit reveals contributions from the 2+

2 state 
which are comparable to the broad monopole strength at Ex ≈ 10
MeV for the measurements of 12C(α, α′)12C and 14C(p, t)12C at 
θlab = 0◦—a result consistent with the present charged-particle 
decay data and Ref. [13]. Furthermore, the fit reveals the over-
all monopole strength to be double peaked in the region Ex =

Fig. 5. Decomposition of the optimal fit which includes the previously established 
0+

2 and 0+
3 states as well as the additional 0+

" resonance at Ex ≈ 9 MeV. Panels (a) 
- (e) correspond to the inclusive ejectile yields for the employed 12C(α, α′)12C and 
14C(p, t)12C reactions at various measurement angles and beam energies.

9 − 11 MeV for the 12C(α, α′)12C reaction (θlab = 0◦), in agree-
ment with Ref. [13]. The additional 0+

" state has best fit param-
eters of Er = 9.566 +− 0.018(stat) +− 0.104(syst) MeV with %(Er) =
3.203 +− 0.061(stat) +− 0.599(syst) MeV. The second parameterization, 
which omitted possible interference involving the 0+

" state, yielded 
Er = 9.379 +− 0.013(stat) +− 0.050(syst) MeV with %(Er) = 4.565 +−
0.022(stat) +− 0.107(syst) MeV with %FWHM = 2.066 +− 0.005(stat) +−
0.098(syst) MeV [35].

There is no consensus on the number and properties of the 
monopole states in this astrophysically important excitation-energy 
region. This is due to the variety of analysis methods used to 
describe the data, some of which do not include the strong thresh-
old effects or interference. However, there is a rough similarity 
between the additional 0+

" state in this work to a structure in 
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In short: can one predict these excitation spectra?
More conservatively: a consistent framework for analysis?

3. Wigner-Eisenbud vs Brune parametrisation?

• In the former case: for each Jpi block, what resonance is the natural 
boundary condition satisfied? Often not published.

A key practical advantage of the Brune parametrisation is its reduced 
dependence on arbitrary choices by the analyst.

• If the transformation required is not feasible, then functionally, the results may 
likely become relegated to being rough guides for global analyses

CANDIDATE FOR THE 2+ EXCITED HOYLE STATE . . . PHYSICAL REVIEW C 84, 054308 (2011)

10
-2

10
-1

1
10 (a) 8.125 MeV

10
-1

1
10 (b) 8.375 MeV

10
-1

1

10 (c) 8.625 MeV

10
-1

1

10 (d) 8.875 MeV

1

10 (e) 9.125 MeV

1

10
(f) 9.375 MeV

10

10 2 (g) 9.625 MeV

dσ
/d

Ω
dE

(m
b/

sr
 M

eV
)

10

(h) 9.875 MeV

1

10
(i) 10.125 MeV

1

10
(j) 10.375 MeV

1

10
(k) 10.625 MeV

1

10
(l) 10.875 MeV

1

10 (m) 11.125 MeV

1

10 (n) 11.375 MeV

1

10

0 2.5 5 7.5 10

1

10 (o) 11.625 MeV

θc.m. (deg)

1

10

0 2.5 5 7.5 10

1

10 (p) 11.875 MeV

θc.m. (deg)

FIG. 6. Angular distributions of the double-differential cross
section at Ex = 8–12 MeV for various excitation-energy bins in
12C. The thick solid lines show the fits to the data from multipole
decomposition. In each panel, the contributions from L = 0 (thin
solid), L = 1 (dot-dashed), L = 2 (dashed) and L = 3 (dotted) are
also displayed. Contributions from other multipoles are not displayed.

In the calculations with the 3α RGM model and the α-
condensate model, we assumed that there were no excitation-
energy dependences of the transition densities. The well-
known 3−

1 state at Ex = 9.64 MeV and the 1−
1 state at Ex =

10.84 MeV are clearly seen in Figs. 8(d) and 8(b), respectively.
In addition to these, one sees the broad 0+ strength at Ex =
9.93 ± 0.03 MeV with a width of 2.71 ± 0.08 MeV, and
the 2+ strength at Ex = 9.84 ± 0.06 MeV with a width of
1.01 ± 0.15 MeV, even though the MDA uncertainties in the
L = 0 and L = 2 strengths are large at Ex = 9.64 MeV
because of the strong 3−

1 state at about the same energy.
Following conventional procedures, the positions and widths
of these states were obtained by fitting each with a single
Gaussian function. The 2+ state, predicted by several theories
[2,3,6,9], has been confirmed. The B(E2) value obtained by
integrating the L = 2 strength distribution from 9 to 11 MeV
and multiplying a factor of e2/4 is 1.6 ± 0.2 e2 fm4. This
value is consistent with the result of the peak-fitting analysis
reported earlier in the paper.
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FIG. 7. Excitation-energy spectra from 12C(α,α′) at θlab = 0 ◦,
3.7 ◦. The hatched regions were constructed from the results of the
MDA. The cross-hatched region is L = 0, the right-hatched is L = 2,
the left-hatched is L = 3, and the vertical-hatched regions represent
contributions from other multipoles.

VI. DISCUSSION

The newly found 2+
2 state is located at Ex =

9.84 ± 0.06 MeV with a width of 1.01 ± 0.15 MeV, both values
close to those predicted by many α-cluster model calculations
[2,3,6,9], using 2+ wave functions strongly coupled to the
Hoyle state. This correspondence strongly suggests that the
2+

2 state has a highly developed 3α structure, and is inferred
to be an excited state of the Hoyle state. It is noted that
the existence of the 2+

2 state at 9.6 MeV in 12C has been
discussed by Zimmerman et al. [32]. This 2+

2 state at 9.6 MeV
would correspond to the 9.84 MeV 2+

2 state in 12C, which
is reported in this paper. The astrophysical NACRE [12]
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Fig. 4. Decomposition of the optimal fit which only includes previously established 
resonances: the 0+

2 and 0+
3 states constructively interfere in the α0 channel (see 

Fig. 3). Panels (a) - (e) correspond to the inclusive ejectile yields for the employed 
12C(α, α′)12C and 14C(p, t)12C reactions at various measurement angles and beam 
energies.

0+
2 and 0+

3 states. In the second, interference involving the 0+
"

state was omitted whilst the 0+
2 and 0+

3 states were still permit-
ted to interfere. The optimized fit for the first parameterization is 
presented in Fig. 5, which produces a significantly improved de-
scription of the data, particularly at Ex ≈ 9 MeV. The 1σ bands 
on Fig. 5 show the systematic dispersion of lineshapes correspond-
ing to different permutations of interference and channel-radii. The 
decomposition of the fit reveals contributions from the 2+

2 state 
which are comparable to the broad monopole strength at Ex ≈ 10
MeV for the measurements of 12C(α, α′)12C and 14C(p, t)12C at 
θlab = 0◦—a result consistent with the present charged-particle 
decay data and Ref. [13]. Furthermore, the fit reveals the over-
all monopole strength to be double peaked in the region Ex =

Fig. 5. Decomposition of the optimal fit which includes the previously established 
0+

2 and 0+
3 states as well as the additional 0+

" resonance at Ex ≈ 9 MeV. Panels (a) 
- (e) correspond to the inclusive ejectile yields for the employed 12C(α, α′)12C and 
14C(p, t)12C reactions at various measurement angles and beam energies.

9 − 11 MeV for the 12C(α, α′)12C reaction (θlab = 0◦), in agree-
ment with Ref. [13]. The additional 0+

" state has best fit param-
eters of Er = 9.566 +− 0.018(stat) +− 0.104(syst) MeV with %(Er) =
3.203 +− 0.061(stat) +− 0.599(syst) MeV. The second parameterization, 
which omitted possible interference involving the 0+

" state, yielded 
Er = 9.379 +− 0.013(stat) +− 0.050(syst) MeV with %(Er) = 4.565 +−
0.022(stat) +− 0.107(syst) MeV with %FWHM = 2.066 +− 0.005(stat) +−
0.098(syst) MeV [35].

There is no consensus on the number and properties of the 
monopole states in this astrophysically important excitation-energy 
region. This is due to the variety of analysis methods used to 
describe the data, some of which do not include the strong thresh-
old effects or interference. However, there is a rough similarity 
between the additional 0+

" state in this work to a structure in 
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A unified framework is needed to integrate the efforts of 
independent studies and to provide a coherent description.
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recoil nucleus, which subsequently decays, represented as

A + a → B + b (B → C + c), (1)

for the target (A), projectile (a), recoil (B), ejectile (b), and
decay products from the recoil (C and c). The intrinsic line
shape observed for excitations of a particular spin and parity
is given by

Nab,c(E ) = Pc

∣∣∣∣∣∣

N∑

λ,µ

G
1
2
λabγµcAλµ

∣∣∣∣∣∣

2

, (2)

where γ is the reduced-width amplitude and Aλµ is an element
of the level matrix. Subscript ab denotes the A + a → B + b
reaction channel and subscript c denotes the B → C + c de-
cay channel. Pc is the penetrability of the decay channel and
the feeding factor, Gab, captures the population strength and
excitation-energy dependence for the incoming reaction chan-
nel (see Ref. [7] for details). The total width of the µth level
is expressed as a sum over the decay-channel widths

#µ(E ) =
∑

c′

2γ 2
µc′Pc′ (ℓ, E ), (3)

where γ 2 is the reduced width and c′ is a summation index
over the decay channels. The penetrability for decay chan-
nel c, with an orbital angular momentum of the decay, ℓ, is
expressed as

Pc(ℓ, E ) = kac

Fl (η, kac)2 + Gl (η, kac)2
, (4)

where Fl (η, kac) and Gl (η, kac) are the regular and irregular
Coulomb functions, respectively; k is the wave number, ac is
the fixed channel radius and η is the dimensionless Sommer-
feld parameter [26].

In the case of an isolated resonance, the corresponding line
shape corresponds to a single-level approximation [27] of the
form

Nab,c(E ) = Gab #c

(E − Er − &)2 + 1
4#2

, (5)

where Er is the resonance energy and & ≡ &11 is expressed
as a sum over the decay channels, and

&λµ =
∑

c′

−(Sc′ − Bc′ )γλc′γµc′, (6)

where Sc and Bc are the shift factors and boundary condition
parameters, respectively. For this work, the natural boundary
condition, Bc = Sc(Er ), was employed. The shift factors are
expressed as

Sl (E ) =
kac[Fl (η, kac)F ′

l (η, kac) + Gl (η, kac)G′
l (η, kac)]

Fl (η, kac)2 + Gl (η, kac)2
,

(7)
where F ′

l and G′
l are the derivatives of the regular and irregular

Coulomb functions, respectively.
As this study is focused on precisely extracting the physical

total width of the 3−
1 resonance, it is important to understand

the nuances between the various width definitions relevant
to R-matrix analyses. For the case of an isolated resonance,
the full width half-maximum (FWHM) for the intrinsic line

shape of a resonance is referred to as the physical (or intrinsic)
total width. The physical total width is model independent and
corresponds to the ENSDF definition of the total width. The
formal total width [Eq. (3)] is a highly model-dependent R-
matrix quantity, which is correlated with, yet distinct from the
physical total width. This is predominantly due to the energy
dependence of the energy shift (&) in Eq. (5). However, for
a given formal total width, the corresponding physical total
width can be well approximated by what is known as the
observed total width, defined as

#obs,µ(E ) =
∑

c′ 2γ 2
µc′Pc′ (ℓ, E )

1 +
∑

c′ γ 2
µc′

dSc′
dE

∣∣
E=Er

. (8)

This approximation is valid under the aforementioned natural
boundary condition, and the approximation of the shift factor
to be linear in the vicinity of the resonance energy (known as
the Thomas approximation [27]) as:

&µ(E ) ≈ &µ(Er ) + (Er − E )
∑

c′

γ 2
µc′

dSc′

dE

∣∣
E=Er

. (9)

As long as the shift factor and penetrability vary slowly over
the resonance range, the observed total width well approxi-
mates the physical total width for a Breit-Wigner resonance.
The formal total width is therefore a fundamentally different
quantity from the observed total width and the physical total
width (FWHM) of an isolated resonance; the latter two widths
converging when the Thomas approximation is accurate. This
Thomas approximation is poor for highly clustered reso-
nances located near particle threshold (an example is given in
Sec. II C 1). In such cases, the corresponding shift factors are
significantly nonlinear across the range of the resonance and
the reduced widths are large, which further amplifies the effect
of the &λµ parameter [see Eq. (6)]. In general, the formal
total width should therefore not be compared with the physical
width observed for a resonance (although these quantities can
be very similar under certain conditions). This feature for this
parametrization of R-matrix theory has been detailed in the
seminal work of Lane and Thomas [27] as well as in more
recent studies such as Refs. [28,29]. It is therefore standard
practice for only the physical resonance properties (i.e., the
observed parameters) to be stored in evaluated nuclear data
libraries such as the ENSDF. This ensures the portability of
results between different analyses (e.g., for ENSDF evalua-
tions), which often employ different channel radii to produce
formal parameters which cannot be directly compared. This
is particularly appropriate for R-matrix parametrizations, for
which there is no particular correct channel radius. Instead,
there is a range of channel radii (related to the physical
particles sizes of the partition) which enable data to be well
parameterized. In the context of R-matrix cross-section cal-
culations for nuclear astrophysics, it is standard to treat the
ENSDF parameters as observed parameters. These evaluated
quantities can then be transformed to their formal counterparts
for any particular channel radius for subsequent calculations.
For completeness, the R-matrix formalism discussed thus
far, that requires the choice of arbitrary boundary condition
and channel-radius parameters, corresponds to the Wigner-
Eisenbud parametrization of R-matrix theory. Alternative
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cay channel. Pc is the penetrability of the decay channel and
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is expressed as a sum over the decay-channel widths
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where γ 2 is the reduced width and c′ is a summation index
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expressed as

Pc(ℓ, E ) = kac
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, (4)

where Fl (η, kac) and Gl (η, kac) are the regular and irregular
Coulomb functions, respectively; k is the wave number, ac is
the fixed channel radius and η is the dimensionless Sommer-
feld parameter [26].

In the case of an isolated resonance, the corresponding line
shape corresponds to a single-level approximation [27] of the
form
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parameters, respectively. For this work, the natural boundary
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l are the derivatives of the regular and irregular

Coulomb functions, respectively.
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total width of the 3−
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to R-matrix analyses. For the case of an isolated resonance,
the full width half-maximum (FWHM) for the intrinsic line

shape of a resonance is referred to as the physical (or intrinsic)
total width. The physical total width is model independent and
corresponds to the ENSDF definition of the total width. The
formal total width [Eq. (3)] is a highly model-dependent R-
matrix quantity, which is correlated with, yet distinct from the
physical total width. This is predominantly due to the energy
dependence of the energy shift (&) in Eq. (5). However, for
a given formal total width, the corresponding physical total
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observed total width, defined as
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This approximation is valid under the aforementioned natural
boundary condition, and the approximation of the shift factor
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the Thomas approximation [27]) as:

&µ(E ) ≈ &µ(Er ) + (Er − E )
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. (9)

As long as the shift factor and penetrability vary slowly over
the resonance range, the observed total width well approxi-
mates the physical total width for a Breit-Wigner resonance.
The formal total width is therefore a fundamentally different
quantity from the observed total width and the physical total
width (FWHM) of an isolated resonance; the latter two widths
converging when the Thomas approximation is accurate. This
Thomas approximation is poor for highly clustered reso-
nances located near particle threshold (an example is given in
Sec. II C 1). In such cases, the corresponding shift factors are
significantly nonlinear across the range of the resonance and
the reduced widths are large, which further amplifies the effect
of the &λµ parameter [see Eq. (6)]. In general, the formal
total width should therefore not be compared with the physical
width observed for a resonance (although these quantities can
be very similar under certain conditions). This feature for this
parametrization of R-matrix theory has been detailed in the
seminal work of Lane and Thomas [27] as well as in more
recent studies such as Refs. [28,29]. It is therefore standard
practice for only the physical resonance properties (i.e., the
observed parameters) to be stored in evaluated nuclear data
libraries such as the ENSDF. This ensures the portability of
results between different analyses (e.g., for ENSDF evalua-
tions), which often employ different channel radii to produce
formal parameters which cannot be directly compared. This
is particularly appropriate for R-matrix parametrizations, for
which there is no particular correct channel radius. Instead,
there is a range of channel radii (related to the physical
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parameterized. In the context of R-matrix cross-section cal-
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Some open questions:

What lineshape for inclusive spectra, 𝑁)*,,(𝐸), appears to have the appropriate 
degrees of freedom, and yields results which are quite consistent.

How to treat 𝛾-ray channels on the same (or compensated) footing, such that 
subthreshold states can be described in a single framework?
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Uncertainty quantification: 
Bayesian analysis via Markov 
Chain Monte Carlo

Preliminary
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16O(p,p’)16O with a self-supporting ice target

python (or C++) 
frontend, with a 
C++ backend

Preliminary testing results with a new code: DIPR

Currently treating 𝛾-ray channels as particle 
channels. Above particle threshold, this is 
often negligible, but below?

A. Tamii, H. Matsubara et al.
https://www.rcnp.osaka-u.ac.jp/Divisions/np1-
a/thesis/Matsubara_PhD2010.pdf
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(as a demonstration, simply flipping the sign 
with respect to fit on the left)

A. Tamii, H. Matsubara et al.
https://www.rcnp.osaka-u.ac.jp/Divisions/np1-
a/thesis/Matsubara_PhD2010.pdf
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Global analysis with other data sets
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5.1.2 R-matrix Fit: ↵0 decay mode of 16O
The focal spectra from the Li2CO3 target, with ring-dependent energy gates
upon the ↵0 decay line, are fitted with R-matrix Voigt lineshapes. These
spectra are displayed over various excitation energy ranges on Figures 5.13 -
5.16. The extracted parameters from the fit are summarised in Table 5.2.

From the ↵0 decay mode spectrum, the total width of the 15.097(5) MeV
0+ state is observed to be 164(5) keV (assuming the ↵0 decay mode dominates
the resonance). This agrees well with the 166(30) keV value listed in literature.
The 162(4) keV total width of this state (obtained from the singles spectrum),
suggests that the ↵0 decay mode should completely dominate the decay of this
resonance. There appears to be, however, a strong ↵1 decay mode from this
resonance with respect to the ↵0 decay mode (see Section 5.1.3).
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Figure 5.13: The complete ↵0 decay mode spectrum of 16O from the Li2CO3 target. The
resonance highlighted in purple is a resonance proposed to fit the excitation energy region,
which was initially suggested by Wakasa et al. [45]. The fit converged with �2

reduced = 1.37
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5.1.3 R-matrix Fit: ↵1 decay mode of 16O
The focal spectra from the Li2CO3 target, with ring-dependent energy gates
upon the ↵1 decay line, are fitted with R-matrix Voigt lineshapes. These
spectra are displayed over various excitation energy ranges on Figures 5.17 -
5.20. The extracted parameters from the fit are summarised in Table 5.3.
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Figure 5.17: The complete ↵1 decay mode spectrum of 16O from the Li2CO3

target. The fit converged with �2
reduced = 1.10.
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Figure 2. Rotational band structure of the: ground-state band, the Hoyle band and the bending

vibration band in
12

C [25].

vibrational excitation of a “di�use gas” of three alpha-particles [11].

The U(7) model also predicts the 1
�

state at 10.84 MeV to be the vibrational bending mode

with a rotational band including the 1
�

and a degenerate 2
±

states. We are searching [26, 27]

for the third 2
+

of
12

C that is predicted by the U(7) model to lie near the observed 2
�

state at

11.8 MeV.

3. Future Tests of the ACM

We propose a new research program in Nuclear Structure studies to be performed at the ELI-NP

facility near Bucharest, Romania, with a newly proposed electronic readout TPC (eTPC) and a

Silicon Strip Detector (SSD) [27]. We propose to measure of the multi-alpha decay of
12

C and
16

O with a TPC detector. Such measurements of multi-alpha decay of
12

C were also performed

in the past with Silicon Strip Detectors (SSD) [22, 23, 24] hence similar measurements with SSD

are also considered for the ELI-NP. We emphasize that the measurements we discuss in
12

C and
16

O are considered as typical examples of studies in nuclear structure that can be performed

with our proposed detectors at the ELI-NP and such measurements in other light nuclei will

lead to new perspective on the clustering phenomena in light nuclei.

4. Conclusions

In conclusion the ACM appears to open a new chapter in cluster physics of light nuclei and

it presents an opportunity for further experimental investigation of light nuclei. We refer the
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FIG. 5. (Color online) Carbon-12 excitation energy spectra.
(a) Projection of the data in Fig. 4 onto the vertical axis (dots). The
fit to the data (blue line) is shown together with the polynomial
background (red line) and the proposed peak (shaded region).
The vertically displaced spectrum is extracted from the previously
reported 9Be(4He,12C) measurements (see Fig. 1 in Ref. [20]).
(b) Projection of the data in Fig. 4 onto the horizontal axis (dots).
The fit to the data (blue line) is shown together with the polynomial
background (red line) and the proposed peak (shaded region).
(c) Excitation energy spectrum for events not proceeding via the
decay to the 8Be ground state.

It is clear that, for the two reactions measured here, there
is a component in the spectrum that cannot be accounted for
by previously known states. It is possible that it arises from
a single broad resonance with a width of 1.7(0.2) MeV at
13.3(0.2) MeV or that it is several unresolved states.

IV. ANGULAR CORRELATIONS

In order to gain an insight into the nature of the proposed
new state in 12C we have examined the distribution pattern
of α particles in the decay. Formally, this technique is called
angular correlations. This method may most simply be applied
when the initial- and final-state particles are all spin zero,
and hence, it has been applied to the 12C target data only.
In this case a model-independent analysis is possible [17]. In
the correlation analysis, it is necessary to define two angles:
θ∗ and ψ . The angle θ∗ defines the center-of-mass emission
angle of the 12C nucleus in the 12C(α,12C∗)α reaction. Then
ψ defines the angle of emission of the first α particle from the
decay of the excited 12C nucleus, within the 12C center-of-mass
frame. Both angles are measured with respect to the beam axis.
Using the Dalitz plot in Fig. 4, it is possible to place event
selection windows around the various loci that determine both
the excitation energy and the origin of the particles detected.
Using this procedure, the angular correlation plots shown
in Figs. 6(a)–6(d) were created for the 0+, 7.65-MeV; 1−,

(a) (c)

(b) (d)

FIG. 6. (Color online) Angular correlation plots for states of
known spin and parity. (a) 7.65 MeV, 0+, (b) 10.84 MeV, 1−, (c)
9.64 MeV, 3−, and (d) 14.08 MeV, 4+.

10.84-MeV; 3−, 9.64-MeV; and 4+, 14.08-MeV states, re-
spectively. These spectra illustrate the key features of angular
correlations. The correlation structure in the θ∗-ψ plane is
governed, to first order, by

W (θ∗,ψ) ∝ |PJ [cos(ψ + $ψ)]|2, (9)

where a small change in ψ , $ψ , is related to a small change
in θ∗, $θ∗, via

$ψ = $θ∗ lg − J

J
, (10)

where J is the spin of the state and lg is the dominant entrance
channel angular momentum, usually called the grazing angular
momentum [17]. PJ is a Legendre polynomial of order J .
Hence, at θ∗ = 0, the correlation pattern should follow an
intensity given by |PJ [cos(ψ)]|2. Away from 0◦, the periodicity
remains the same, but there is a shift in phase that is roughly
linear with the change in angle $θ∗. This gives rise to a series
of sloping ridges. The gradient of the ridges $θ∗/$ψ is given
by J/(lg − J ). Hence, both the periodicity and the gradient
may be used to extract the spin of the 12C state decaying to
8Begs + α. For a spin-zero state, as with the state at 7.65 MeV,
the gradient should be zero. Figure 6(a) shows a series of
horizontal bands cut by the experimental acceptance. The
correlations for the 1− and 3− states are shown in Figs. 6(b)
and 6(c), respectively. The ridges referred to above can most
clearly be seen for the 3− state. In order to characterize
the periodicity, the data are typically projected parallel to
the ridges onto the ψ axis. The angle at which the data are
projected then provides one determination of the spin of the
state. For the 12C(4He,4He) reaction at 30 MeV, we estimate
that the grazing angular momentum is 9 h̄. The optimum angles
for the projection of the data for the 1−, 3−, and 4+ states
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(a) Projection of the data in Fig. 4 onto the vertical axis (dots). The
fit to the data (blue line) is shown together with the polynomial
background (red line) and the proposed peak (shaded region).
The vertically displaced spectrum is extracted from the previously
reported 9Be(4He,12C) measurements (see Fig. 1 in Ref. [20]).
(b) Projection of the data in Fig. 4 onto the horizontal axis (dots).
The fit to the data (blue line) is shown together with the polynomial
background (red line) and the proposed peak (shaded region).
(c) Excitation energy spectrum for events not proceeding via the
decay to the 8Be ground state.
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• Algebraic Cluster Model (ACM) predicts rotation-
vibration structure in 12C.

• Currently, the broad 4+ (rotational excitation?) at ~13 
MeV has only been observed at Notre Dame tandem
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4+ rotational excitation of the Hoyle state
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• The 4
+ nature of the broad resonance at Ex ⇡ 13 with � = 1.7(2) MeV has been

questioned due to a supposed lack of interference with the narrower 4
+ state

at Ex ⇡ 14.1 MeV with � = 272(6) keV.
The 4+ nature of the broad resonance 
at Ex ≈ 13 MeV with 𝚪 = 1.7(2) MeV has 
been questioned due to a supposed 
lack of interference with narrower 4+

level at Ex ≈ 14.1 MeV with 𝚪 = 272(6)
MeV.

A preliminary multi-level fit shows no 
such consistency. The interference 
depends on the decay channels of the 
levels!



Kevin. C. W. LiHelium burning and nuclear clustering

Future approach at IJCLab focused on E1: 15N(3He, d)16O
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ANCs are often employed to constrain 
subthreshold (sub-Coulomb transfer often 
understood to be most reliable)

Addressing the call for new indirect methods 
to verify current indirect methods.

• Extension of R-matrix theory to direct 
reactions

• There must be correspondence between 
resonance scattering and direct reactions.
Interference form cannot be constrained... 
but the same reduced widths.
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• The interference contribution to
the inclusive 1

�
1 lineshape:

� / (�1�2)
2.

• The relative population strength
between 1

�
1 and 1

�
2 states

also a↵ects the lineshape.

• The proposed measurement angles
will provide this range in
relative yields.

Approved at IJCLab: 15N(3He, d)16O at 25 MeV
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Blind simulation and analysis
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• Blind simulation with random
✓2↵(1

�
1 ) Wigner ratios.

- Estimated 2
�
1 and 2

+
2 strengths

from Ebeam = 11 MeV data.

- Linear instrumental background.

• By analysing just the predicted 5
�

spectrum, the ↵0 reduced width
can be extracted with < 10% error.
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