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Carbon burning is a key step in the evolution of massive stars, Type 1a supernovae and superbursts in

x-ray binary systems. Determining the 12Cþ 12C fusion cross section at relevant energies by extrapolation

of direct measurements is challenging due to resonances at and below the Coulomb barrier. A study of the
24Mgðα; α0Þ24Mg reaction has identified several 0þ states in 24Mg, close to the 12Cþ 12C threshold, which

predominantly decay to 20Neðground stateÞ þ α. These states were not observed in 20Neðα; α0Þ
20Ne

resonance scattering suggesting that they may have a dominant 12Cþ 12C cluster structure. Given the

very low angular momentum associated with sub-barrier fusion, these states may play a decisive role

in 12Cþ 12C fusion in analogy to the Hoyle state in helium burning. We present estimates of updated
12Cþ 12C fusion reaction rates.

DOI: 10.1103/PhysRevLett.129.102701

In the 1950s, Sir Fred Hoyle made one of the most

sensational predictions in physics: that the abundance of

carbon in our universe mandates the existence of a 0þ

resonance state in triple-α fusion just above the 3α thresh-

old of 12C [1]. Experiments found the predicted state [2]

leading to the Hoyle-state paradigm to the center of our

understanding of massive star evolution for nearly 70 years.

The Hoyle state is a diffuse and extended state [3]

appearing in no simple nuclear structure model (e.g., the

shell model). Descriptions focus on cluster models based

on three α particles [4] and more exotic scenarios such as

Bose-Einstein condensate of α particles [5]. Despite the

extensive theoretical and experimental studies of its proper-

ties, e.g., Ref. [6], there is no consensus on its structure,

save that clustering is mandatory to its understanding. As

the flagship of cluster structures in nuclei, the Hoyle-state

paradigm was extended by Ikeda [7] to encompass light

α-conjugate nuclei with predictions that cluster structures

built from α particles (e.g., 12C) appear at the decay

thresholds of the components. Here, we address whether

such threshold cluster states in 24Mg, formed, e.g., from

two 12C nuclei, play the critical role in carbon burning in

massive stars, in analogy to how the Hoyle state controls

helium burning. An outline of the analogy we intend to

draw is presented in Fig. 1.

As with the Hoyle state, the fusion of heavy ions such as
12Cþ 12C poses a strong challenge, not only in its impli-

cations for nuclear structure but also the key role played

in the evolution of massive stars. Unlike nearly all other

heavy-ion fusion reactions, the 12Cþ 12C reaction exhibits

strongly resonant behavior [9] at and below the Coulomb

barrier down to the lowest energies explored. Such reso-

nances have been connected with similar resonant behavior

seen in 12Cþ 12C elastic and inelastic scattering, and

breakup [10–13]. One view is that such resonances are

narrow molecular “doorway” states connected to 12Cþ 12C

structures. Others conclude that the phenomenon is an

artefact of the low level density in this compound system

[14]. Even if the molecular hypothesis is accepted, the

experimental data confound a simple picture as there are

simply too many resonances. Elaborate models have been

constructed around vibrational excitations of an underlying

rotational excitation of a dumbbell-shaped 12Cþ 12C mol-

ecule or in terms of the additional degree of freedom of
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internal excitation of one or both of the 12C components
[15]. Faced with such complexity and resonances persisting
to the lowest energies, recent research has focused on brute-

force measurements of 12Cþ 12C fusion [16–19] with the
hope that such measurements can be extrapolated down to
the astrophysically important energies. However, the
confounding aspect of the resonances means that it is

still unclear if 12Cþ 12C fusion exhibits sub-barrier
hindrance in common with most other heavy-ion fusion
reactions [14]. The existence of such hindrance would
play an important role in defining the fusion probability
for three astrophysical scenarios of interest, which, in
ascending order of typical burning temperature are
(1) superbursts in low-mass x-ray binary systems [20],
(2) nucleosynthesis in massive stars [21,22], and (3) explo-
sive burning in Type Ia supernovae [23] (see typical
Gamow windows for such processes in Fig. 1). As as
example of the wider astrophysical impact, the preexplo-

sive 26Al=60Fe ratio sensitively depends on the neutron
seed inventory for carbon burning [24]; decreased carbon
fusion tends to support higher production of these impor-
tant long-lived radioisotopes in massive stars.

The largest hurdle in our understanding of 12Cþ 12C
fusion is in accessing the extremely low cross section deep
within the Gamow window for massive stars and super-
bursts. No feasible technique permits direct measurements

with the present beam intensities and target performance.
Indirect studies of the cross section have been attempted
[25], but matching the results with existing direct mea-
surements is challenging and the applicability of the
reaction model has been challenged [26,27].
In the present Letter, we again use an indirect approach

motivated by the Hoyle-state paradigm, which plays a
critical role at the intersection of nuclear structure and

astrophysics. 12Cþ 12C fusion is mediated through even-
spin, natural-parity isoscalar states since it involves
the fusion of two identical isoscalar bosons. The
24Mgðα; α0Þ24Mg reaction is an attractive probe for studying
the mediating states since it favors the population of
isoscalar, natural-parity states. Antisymmetrized molecular
dynamics calculations predict that 0þ states associated with

cluster structures in 24Mg should be strongly populated by

the 24Mgðα; α0Þ24Mg reaction [28,29]. Finally, the relative
population of low-spin states is enhanced by using
24Mgðα; α0Þ24Mg at small angles; in the Gamow window
for massive stars, CCFULL [30,31] calculations suggest that

the l ¼ 0 and l ¼ 2 angular momenta dominate 12Cþ 12C
fusion.
A 200-MeV beam of α particles was extracted from the

Separated-Sector Cyclotron at iThemba LABS, Cape
Town, and transported down a dispersion-matched beam-
line to the target position of the K600 Q2D magnetic
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FIG. 1. Analogy between the Hoyle state in 12C as the driver of 3α fusion and candidate cluster states in 24Mg as drivers of 12Cþ 12C

fusion. Left: The Hoyle state in 12C with its associated E0 decay to the ground state, suggesting a large radial difference between the
states. The illustration to the left of the experimental state shows the Hoyle state as a bent arm of three α particles close to the 3α

threshold. To the right, the Gamow window is shown (in orange) for helium burning around T9 ¼ 0.1. Right: A subset of the excited
24Mg 0þ states that are strongly populated by 24Mgðα; α0Þ24Mg. The size of the bars is proportional to the fraction of the energy-weighted

sum rule (EWSR). On the left are schematic diagrams of the predicted 24Mg cluster structures and their breakup thresholds. (For

simplicity of presentation, the 16Oþ 8Be configuration is omitted.) The 6.432-MeV 0þ state suggested to be a highly deformed

counterpart to the 24Mg ground state is indicated along with its associated E0 decay [8]. On the right are the Gamow windows
corresponding to superbursts (pink; T9 ¼ 0.4), massive stars (green; T9 ¼ 0.6), and Type 1a supernovae (blue; T9 ¼ 1.8).
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spectrometer [32] at which an enriched 24Mg foil was
located. Data were taken at two angles, with the �4°
aperture into the K600 centered at 0° and 4°. For the 4°
measurement, the beam was stopped in a Faraday cup
located next to the aperture into the spectrometer. For the 0°
measurement (see Fig. 2) the unreacted beam and scattered
α particles both passed into the K600. The unreacted beam
passed the focal plane and was stopped in a Faraday cup.
Inelastically scattered α particles were detected at the focal
plane of the K600. In the 0° measurement, light charged

particles emitted from 24Mg excited states were detected
in the Coincidence Array for K600 Experiments (CAKE)
of double-sided silicon strip detectors.

The focal plane was calibrated using well-known states

in 24Mg and the CAKE using a 228Th source. Excitation-
energy spectra gated on the various decay channels were
constructed using the CAKE particle identification and
excitation energy-decay energy loci. The experimental
apparatus was simulated using GEANT4 [33] to extract
the CAKE efficiency. Excitation-energy spectra for inclu-
sive and exclusive data were generated, including a back-
ground subtraction for the inclusive spectrum [32].
Coincidence spectra for the α-particle and proton decays

to the ground and first excited states of 20Ne (23Na) are
shown in Fig. 3. Branching ratios for charged-particle
decays were extracted by comparing the number of counts
in the coincidence spectra relative to the equivalent peak in
the inclusive spectrum. Since J ¼ 0 states decay isotropi-
cally, the angular correlation functions for this case are
simple and do not require correction for factors such as
the maximum ejectile scattering angle. A number of over-
lapping states must be included in the determination of the
branching ratios because of the high level density. More
details will be provided in a future publication.
Jπ ¼ 0þ levels in ðα; α0Þ reactions may be identified by

comparing the 0° and small-angle spectra [34,35], and we

have recently reported a number of Jπ ¼ 0þ states in 24Mg
using this method [34]. Our focus here is on a subset of

states at or above the threshold for breakup into 12Cþ 12C:
Ex ¼ 13.78ð3Þ, 13.88(3), 15.31(4), and 15.75(4) MeV
[36]. These states are strongly populated in the
24Mgðα; α0Þ24Mg reaction. Their population as % EWSR
and the branching ratio for breakup into the available
channels are presented in Table I.

FIG. 2. Diagram of the K600 and the CAKE in 0-degree mode.
In this experiment only four of the possible five CAKE detectors
were used. The configuration shown is that used in the present
experiment.
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Strikingly, the Jπ ¼ 0þ levels at Ex ¼ 13.78ð3Þ and

13.88(3) MeV lie close to the 12Cþ 12C, 16Oþ 2α, and
16Oþ 16Be thresholds, while two other strongly populated

Jπ ¼ 0þ states at 15.31(4) and 15.75(4) MeV have energies
within the Gamow window for superbursts and massive
stars (see Fig. 1). This is in accord with the antisymme-
trized molecular dynamics calculations of Chiba and
Kimura [28], which predict that cluster states related to

the 12Cþ 12C and 16Oþ 2α configurations should be
strongly populated through components of these configu-

rations in the 24Mg ground state.
While we cannot directly prove that the reported 0þ

states represent the clustered configurations, there is strong
evidence that these states have a peculiar structure. Despite
comprehensive data on resonance scattering measurements

of α particles from 20Ne [38–40], there is no evidence for

population of these four Jπ ¼ 0þ states. Our coincidence
data show these states predominantly decay via the α0

channel (see Table I). The nonobservation of these states in
resonance scattering must be due to small α-particle widths

to the 20Ne ground state and, by extension, the other partial
widths must also be small since the α0 channel dominates.
The usual reasons for a narrow width—low penetrability
through the Coulomb and angular-momentum barrier, and
isospin selectivity—cannot explain the small widths since
the energies are relatively high, there is no angular-
momentum barrier, and the states must be isoscalar since

they are strongly populated in 24Mgðα;α0Þ24Mg. Instead,
the relatively narrow width of these states must be due to
peculiarities of their structure. The binuclear fusion in the
Harvey prescription [41–44] models the two colliding
nuclei in their lowest states colliding along the z axis.
The oscillator quanta perpendicular to the z axis are frozen
and the z oscillator quanta are varied to satisfy the Pauli
exclusion principle. There are different relative configura-

tions for the fusion of two oblate 12C nuclei. Some

configurations populate 24Mg states which have a small

overlap with the 20Ne ground state, resulting in reduced
α-particle decay widths.

The four 0þ states in 24Mg are expected to have strong
12Cþ 12C cluster components along with other components

such as 16Oþ 2α=8Be since they lie close to these cluster
thresholds [7]. The parallel with the Hoyle-state paradigm
where the states appear at the breakup threshold is clear

and, indeed, a 0þ state also appears at the threshold for
20Neþ α breakup. However, the marked difference from
the Hoyle state is that the 13.78(3)- and 13.88(3)-MeV

states can only contribution to 12Cþ 12C fusion through
their high-energy tails, which are expected to contribute
weakly since these states are rather narrow. In addition, the
Coulomb barrier is rather high compared to the resonance
energy so the possibility of a “ghost” contribution is small.
In practice, the 15.31(4)- and 15.75(4)-MeV states are in

the Gamow window for 12Cþ 12C fusion in superbursts and
massive stars and could play a critical role, based on their
suspected structural properties.
We have evaluated the impact of these potential reso-

nances on carbon fusion rates following Mori et al. [45],
comparing to the rates of Caughlan and Fowler [46]

(Fig. 4). We assumed a reduced width of θ
2 ¼ 0.1, a

typical value for cluster states (see, e.g., Ref. [47]). By

scaling the interaction radius of 12Cþ 13C scattering by

ð12=13Þ1=3 [48], we find R ¼ 7.2 fm. The cross sections
were numerically integrated in energy including energy
dependence of the partial widths. There is an enhancement
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FIG. 4. The ratio of the 12Cþ 12C fusion rate calculated in the
present Letter (see text for details) to the reference rates of
Caughlan and Fowler [46]: the solid black curve shows the

impact on the 12Cð12C; αÞ20Ne reaction rate and the broken red

curve that for (12Cð12C; pÞ23Na). The parameters used in the
calculation were Γ ¼ 10 keV for both states, with R ¼ 7.2 fm

(see the text). The reduced width was taken to be θ2 ¼ 0.1 and the
carbon width for the states was computed using this value along
with the penetrability corresponding to the resonance energies in
Table I.

TABLE I. Properties of the four Jπ ¼ 0þ states in 24Mg

discussed in the present Letter including the % EWSR from

the 24Mgðα; α0Þ24Mg reaction and their branching ratio into α0,
α1, p0, and p1 decays. The excitation energies include systematic
uncertainties not present in the analysis in Ref. [34]. The
uncertainties in breakup fractions only include the statistical
errors. There is systematic uncertainty of around 10% due to the
choice of the background in the inclusive spectrum. This results
in a scaling of the overall branching ratios but does not change in
the relative branching.

Ex (MeV) % EWSR Bα0
Bα1

Bp0
Bp1

Bp>1

13.78(3) 1.7(3) 88(2) 22(1)
13.88(3) 2.6(5) 61(1) 13(1) 12(1)
15.31(4) 1.9(4) 45(2) 10(1) 7(1) 7(1)
15.75(4) 1.1(2) 87(4) 5(1) 4(1)

PHYSICAL REVIEW LETTERS 129, 102701 (2022)

102701-4



of up to an order of magnitude in the 12Cð12C; αÞ20Ne
reaction rate with a more modest increase in the
12Cð12C; pÞ23Na rate.
The impact of these new resonances on nucleosynthesis

in massive stars and Type Ia supernovae is likely to be
strongly influenced by the markedly different alpha-particle
and proton branching. At higher energies, the average α∶p
ratio is 13∶7. In the present study, we find that α-particle
production is enhanced compared to protons. The effect of
the branching on the s process is somewhat complex (see
Refs. [21,22]) and dedicated astrophysical simulations are
required. Of particular interest is the production of the

long-lived radioisotopes 26Al and 60Fe; synthesis of these
elements in massive stars depends sensitively on the
neutron seed generation that is strongly modified by carbon
fusion.
In conclusion, we have sought to determine whether the

Hoyle-state paradigm can be extended to fusion in other

α-conjugate systems such as 12Cþ 12C. From a study of

the 24Mgðα; α0Þ24Mg reaction at very forward angles, we

identified four 0þ states in 24Mg near the 12Cþ 12C breakup
threshold. We argue that some or all of these states have a
12Cþ 12C cluster structure. There are clear parallels with
the historical prediction of the Hoyle state since Cooper,
Steiner, and Brown [20] posited the existence of a low-
energy resonance at around Ecm ¼ 1.5 MeV, the region
where two 0þ states are observed in the present Letter, in
12Cþ 12C fusion to solve discrepancies between observa-
tional and theoretical superburst studies. The observed
states predominantly decay by α-particle emission, with
implications for the s process in the carbon-burning shell of
massive stars. While the two 0þ states are only a subset of
potential resonances in the relevant Gamow windows, their
unusual structure may mean that they play the critical role.
Further studies are warranted to characterize their proper-
ties in more detail, but the value of interpreting these
resonances in the Hoyle paradigm is clear from the present
Letter.
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[6] T. Kibédi, B. Alshahrani, A. E. Stuchbery, A. C. Larsen, A.

Gorgen et al., Phys. Rev. Lett. 125, 182701 (2020).
[7] K. Ikeda, N. Takigawa, and H. Horiuchi, Prog. Theor. Phys.

Suppl. E68, 464 (1968).
[8] J. Dowie et al., Phys. Lett. B 811, 135855 (2020).
[9] B. Back, H. Esbensen, C. Jiang, and K. Rehm, Rev. Mod.

Phys. 86, 317 (2014).
[10] D. A. Bromley, J. A. Kuehner, and E. Almqvist, Phys. Rev.

Lett. 4, 365 (1960).
[11] E. Almqvist, D. A. Bromley, and J. A. Kuehner, Phys. Rev.

Lett. 4, 515 (1960).
[12] K. A. Erb, R. R. Betts, S. K. Korotky, M. M. Hindi, P. P.

Tung, M.W. Sachs, S. J. Willett, and D. A. Bromley, Phys.

Rev. C 22, 507 (1980).
[13] B. R. Fulton, S. J. Bennett, J. T. Murgatroyd, N. S. Jarvis,

D. L. Watson, W. D. M. Rae, Y. Chan, D. DiGregorio, J.

Scarpaci, J. S. Suro Perez, and R. G. Stokstad, J. Phys. G 20,

151 (1994).
[14] C. L. Jiang, B. B. Back, H. Esbensen, R. V. F. Janssens,

K. E. Rehm, and R. J. Charity, Phys. Rev. Lett. 110, 072701

(2013).
[15] K. A. Erb and D. A. Bromley, Phys. Rev. C 23, 2781 (1981).
[16] T. Spillane, F. Raiola, C. Rolfs, D. Schürmann, F. Strieder,

S. Zeng, H.-W. Becker, C. Bordeanu, L. Gialanella, M.

Romano, and J. Schweitzer, Phys. Rev. Lett. 98, 122501

(2007).
[17] J. Zickefoose, A. Di Leva, F. Strieder, L. Gialanella, G.

Imbriani, N. De Cesare, C. Rolfs, J. Schweitzer, T. Spillane,

O. Straniero, and F. Terrasi, Phys. Rev. C 97, 065806

(2018).
[18] G. Fruet, S. Courtin, M. Heine, D. G. Jenkins, P. Adsley

et al., Phys. Rev. Lett. 124, 192701 (2020).
[19] W. P. Tan, A. Boeltzig, C. Dulal, R. J. DeBoer, B. Frentz, S.

Henderson, K. B. Howard, R. Kelmar, J. J. Kolata, J. Long

et al., Phys. Rev. Lett. 124, 192702 (2020).
[20] R. L. Cooper, A.W. Steiner, and E. F. Brown, Astrophys. J.

702, 660 (2009).
[21] M. Bennett, R. Hirschi, M. Pignatari, S. Diehl, C. Fryer, F.

Herwig, A. Hungerford, K. Nomoto, G. Rockefeller, F. X.

Timmes, and M. Wiescher, Mon. Not. R. Astron. Soc. 420,

3047 (2012).
[22] M. Pignatari, R. Hirschi, M. Wiescher, R. Gallino, M.

Bennett, M. Beard, C. Fryer, F. Herwig, G. Rockefeller, and

F. X. Timmes, Astrophys. J. 762, 31 (2013).
[23] E. Bravo, L. Piersanti, I. Domínguez, O. Straniero,

J. Isern, and J. A. Escartin, Astron. Astrophys. 535, A114

(2011).
[24] L. R. Gasques, E. F. Brown, A. Chieffi, C. L. Jiang, M.

Limongi, C. Rolfs, M. Wiescher, and D. G. Yakovlev, Phys.

Rev. C 76, 035802 (2007).
[25] A. Tumino, C. Spitaleri, M. La Cognata, S. Cherubini, G.

Guardo, M. Gulino, S. Hayakawa, I. Indelicato, L. Lamia,

H. Petrascu et al., Nature (London) 557, 687 (2018).
[26] A. Mukhamedzhanov, X. Tang, and D. Pang, arXiv:

1806.05921.

PHYSICAL REVIEW LETTERS 129, 102701 (2022)

102701-5

https://doi.org/10.1086/190005
https://doi.org/10.1103/PhysRev.92.649
https://doi.org/10.1016/j.ppnp.2014.06.001
https://doi.org/10.1016/j.ppnp.2014.06.001
https://doi.org/10.1016/S0370-2693(96)80001-3
https://doi.org/10.1103/PhysRevLett.87.192501
https://doi.org/10.1103/PhysRevLett.87.192501
https://doi.org/10.1103/PhysRevLett.125.182701
https://doi.org/10.1143/PTPS.E68.464
https://doi.org/10.1143/PTPS.E68.464
https://doi.org/10.1016/j.physletb.2020.135855
https://doi.org/10.1103/RevModPhys.86.317
https://doi.org/10.1103/RevModPhys.86.317
https://doi.org/10.1103/PhysRevLett.4.365
https://doi.org/10.1103/PhysRevLett.4.365
https://doi.org/10.1103/PhysRevLett.4.515
https://doi.org/10.1103/PhysRevLett.4.515
https://doi.org/10.1103/PhysRevC.22.507
https://doi.org/10.1103/PhysRevC.22.507
https://doi.org/10.1088/0954-3899/20/1/015
https://doi.org/10.1088/0954-3899/20/1/015
https://doi.org/10.1103/PhysRevLett.110.072701
https://doi.org/10.1103/PhysRevLett.110.072701
https://doi.org/10.1103/PhysRevC.23.2781
https://doi.org/10.1103/PhysRevLett.98.122501
https://doi.org/10.1103/PhysRevLett.98.122501
https://doi.org/10.1103/PhysRevC.97.065806
https://doi.org/10.1103/PhysRevC.97.065806
https://doi.org/10.1103/PhysRevLett.124.192701
https://doi.org/10.1103/PhysRevLett.124.192702
https://doi.org/10.1088/0004-637X/702/1/660
https://doi.org/10.1088/0004-637X/702/1/660
https://doi.org/10.1111/j.1365-2966.2012.20193.x
https://doi.org/10.1111/j.1365-2966.2012.20193.x
https://doi.org/10.1088/0004-637X/762/1/31
https://doi.org/10.1051/0004-6361/201117814
https://doi.org/10.1051/0004-6361/201117814
https://doi.org/10.1103/PhysRevC.76.035802
https://doi.org/10.1103/PhysRevC.76.035802
https://doi.org/10.1038/s41586-018-0149-4
https://arXiv.org/abs/1806.05921
https://arXiv.org/abs/1806.05921


[27] A. M. Mukhamedzhanov, D. Y. Pang, and A. S. Kadyrov,
Phys. Rev. C 99, 064618 (2019).

[28] Y. Chiba and M. Kimura, Phys. Rev. C 91, 061302(R)
(2015).

[29] Y. Taniguichi and M. Kimura, Phys. Lett. B 823, 136790
(2021).

[30] K. Hagino, N. Rowley, and A. Kruppa, Comput. Phys.
Commun. 123, 143 (1999).

[31] K. Hagino and N. Takigawa, Prog. Theor. Phys. 128, 1061
(2012).

[32] R. Neveling et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 654, 29 (2011).

[33] S. Agostinelli et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 506, 250 (2003).

[34] P. Adsley, V. O. Nesterenko, M. Kimura, L. M. Donaldson,
R. Neveling et al., Phys. Rev. C 103, 044315 (2021).

[35] P. Adsley et al., Phys. Rev. C 96, 055802 (2017).
[36] The uncertainties on these energies are more conservatively

estimated than those reported in Ref. [34] since we have not
used the high-energy states reported in Ref. [37] in the
excitation-energy calibration.

[37] K. Van Der Borg, M. Harakeh, and A. Van Der Woude,
Nucl. Phys. A365, 243 (1981).

[38] R. Abegg and C. A. Davis, Phys. Rev. C 43, 2523 (1991).
[39] C. A. Davis, Phys. Rev. C 45, 2693 (1992).
[40] V. Tokić et al., Acta Phys. Pol. B 48, 319 (2017).
[41] M. Harvey, Proc. 2nd Int. Conf. on Clustering Phenomena

in Nuclei (Faculty of Physics, Astronomy and Applied
Computer Science, Krakow, Poland, 1975).

[42] M. Freer and A. C. Merchant, J. Phys. G 23, 261 (1997).
[43] M. Freer, Rep. Prog. Phys. 70, 2149 (2007).
[44] B. Joshi, A. K. Jain, D. Biswas, B. John, Y. Gupta, L. Danu,

R. Vind, G. Prajapati, S. Mukhopadhyay, and A. Saxena,
Pramana 88, 29 (2017).

[45] K. Mori, M. A. Famiano, T. Kajino, M. Kusakabe, and X.
Tang, Mon. Not. R. Astron. Soc. 482, L70 (2019).

[46] G. R. Caughlan and W. A. Fowler, At. Data Nucl. Data
Tables 40, 283 (1988).

[47] Y. Kanada-En’yo, T. Suhara, and Y. Taniguchi, Prog. Theor.
Exp. Phys. 2014, 073D02 (2014).

[48] Y. J. Li, X. Fang, B. Bucher, K. A. Li, L. H. Ru, and X. D.
Tang, Chin. Phys. C 44, 115001 (2020).

PHYSICAL REVIEW LETTERS 129, 102701 (2022)

102701-6

https://doi.org/10.1103/PhysRevC.99.064618
https://doi.org/10.1103/PhysRevC.91.061302
https://doi.org/10.1103/PhysRevC.91.061302
https://doi.org/10.1016/j.physletb.2021.136790
https://doi.org/10.1016/j.physletb.2021.136790
https://doi.org/10.1016/S0010-4655(99)00243-X
https://doi.org/10.1016/S0010-4655(99)00243-X
https://doi.org/10.1143/PTP.128.1061
https://doi.org/10.1143/PTP.128.1061
https://doi.org/10.1016/j.nima.2011.06.077
https://doi.org/10.1016/j.nima.2011.06.077
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1103/PhysRevC.103.044315
https://doi.org/10.1103/PhysRevC.96.055802
https://doi.org/10.1016/0375-9474(81)90297-9
https://doi.org/10.1103/PhysRevC.43.2523
https://doi.org/10.1103/PhysRevC.45.2693
https://doi.org/10.5506/APhysPolB.48.319
https://doi.org/10.1088/0954-3899/23/3/002
https://doi.org/10.1088/0034-4885/70/12/R03
https://doi.org/10.1007/s12043-016-1331-6
https://doi.org/10.1093/mnrasl/sly188
https://doi.org/10.1016/0092-640X(88)90009-5
https://doi.org/10.1016/0092-640X(88)90009-5
https://doi.org/10.1093/ptep/ptu095
https://doi.org/10.1093/ptep/ptu095
https://doi.org/10.1088/1674-1137/abae56

