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R-matrix studies of
the 12C + 12C reaction
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Astrophysical Motivation

The carbon-carbon fusion 1s an
intriguing topic i1n nuclear
astrophysics.

* Evolution of massive stars
* X-ray superbursts
* Supernovae (type Ia) ...

https://www.asianscientist.com/2016/05/in-the-lab/type-ia-supernovae-radioactive-cobalt-57/
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2025: Recent resonant studies of *“ 12C+!12C fusion reaction” via TTIK

approach

2Na+p-->2*Mg*-->23Na+p
-->2Ne+a
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Ec.m.>3 MeV

Weike Nan et al, Physics Letters B 862, 139341 (2025)
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INDIRECT APPROACH

Indirect measurement with THM down to 1 MeV

3.5

A. Tumino et al, Nature 557, 687—-690 (2018).
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An increase in the “C + 1“C fusion rate
from resonances at astrophysical energies

A, Tuminag E. C. Spitaleri, M. La Cognata, 5. Cherubind, &. L. Guardo, M. Guling, 5. Hayakawa, 1.
Incelicato, L, Lemda, H. Fetrascy, B G, Fzzroene, 5 M. B, Puglia, GG, Rapisarda, 5. Roemana, M
Sorgi, B Sparta & L. Trache

Wature $57, 6BT-690 (2008) Downlesd Citatian +



Direct reactions
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R2C(13C,n)**Mg reaction

2C(13N,p)**Mg reaction

2C(*“N, d)**Mg reaction

2.N Nuclear Physics A238 (1975) 120 —140; © North-Holland Publishing Co., Amsterdam
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EVIDENCE FOR CRITICAL ANGULAR MOMENTA
IN THE FORMATION OF 26Al VIA THE N+ '*C CHANNEL
C. VOLANT, M. CONJEAUD, S. HARAR, S. M. LEE !, A. LEPINE tt
and E. F. DA SILVEIRA ttt

Service de Physique Nucléaire a basse énergie,
CEN Saclay, BP2, 91190 Gif-sur-Yvette, France

Received 8 August 1974
(Revised 11 October 1974)

Abstract: States in 2°Ne have been studied through the '2C(!4N, 5Li)?°Ne reaction. Excitation

functions have been measured from 20 MeV to 60 MeV in steps of 5 MeV at different angles
for 2°Ne states up to 10 MeV excitation energy. States of Mg have been also populated
using the *2C('*N, d)?“Mg reaction; excitation functions of 2*Mg states up to 9 MeV excita-
tion energies as well as angular distributions at 35 MeV bombarding energy have been obtained.
Comparisons of data with Hauser-Feshbach calculations show clearly that the compound
nucleus mechanism is the main process for both '2C(**N, ®Li)?°Ne and 2C(**N, d)?**Mg
reactions. Strong evidence has been provided for inhibition of the 2°Al compound nucleus
formation for angular momenta higher than critical values. The location of the yrast line in
the 26Al nucleus is discussed.

C. Volant et al., Nucl. Phys. A 238, 120 (1975).



12C(14N,d)?**Mg reaction 2°Al compound nuclei are formed
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Fig. 2. A deuteron energy spectrum from the **C(**N, d)**Mg reaction at 35 MeV incident energy

and 7° in the laboratory system.

C. Volant et al., Nucl. Phys. A 238, 120 (1975).
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Compound or Direct transfer reaction?

Volume 149B, number 4,5 PHYSICS LETTERS 20 December 1984

OBSERVATION OF DIRECT '2C TRANSFER IN THE 2c(*N, d)?*Mg REACTION

K.P. ARTEMOV, V.Z. GOLDBERG, M.S. GOLOVKOV, L.P. PETROV,
V.P. RUDAKOV, LN. SERIKOV, V. A. TIMOFEEV
I.V. Kurchatov Atomic Energy Institute, Moscow, USSR

and
H.U. GERSCH and E. HENTSCHEL
Central Institute for Nuclear Research, Rossendorf, GDR

Received 22 August 1984

The d—« angular correlation has been measured for the reaction 12¢ (14N, d)“Mg*(a)mNeg.stl. It was found that the
correlation function corresponding to the 2*Mg* nucleus a-decay from the 13.45 MeV(6+) state is well fitted by a squared
Legendre polynomial of the sixth order. It means that this level is populated by a direct 2C nucleus transfer.

K. P. Artemoy, V. Z. Goldberg, Phys. Lett. B 149, 204 (1984).



COUNTS PER CHANNEL

Compound or Direct transfer reaction?

o 12C(14N,d)24Mg*(a+2°Ne)
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K. P. Artemoy, V. Z. Goldberg, Phys. Lett. B 149, 204 (1984).
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Fig. 2. The d—q angular correlation function for the reaction
120(14N, )™ Mg*[u}mﬂtg_m_ comresponding to the decay of
13.45 MeV (6*) **Mg state. The solid line shows the calculated
correlation function for the direct process and the dotted line

that for the compound-nuclear process. .



Ecm[MeV]

The main reaction channels of 12C+!2C reaction are

12C+12C>23Na+p+2.2 MeV 12C+12C>20Ne+a+4.6 MeV
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DIRECT VS INDIRECT APPROACH (*C+12C)

E.. >2.3 MeV
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T. Spillane et al., Phys. Rev. Lett. 98, 122501 (2007).
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A. Tumino et al, Nature 557, 687-690 (2018).
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Trojan Horse Method

The THM 1s an indirect technique with which to measure low-energy nuclear reactions
unhindered by the Coulomb barrier and free of electron screening.

The THM 1s a two-step reaction

Direct breakup > proceeding through the intermediate

d resonance.

1) The first step 1s the transfer

q D reaction a + 4 — s + Cx populating

- — the resonance state Cx*, which on the

24 2)The second stage decays into the
g™ EGNE; %Na two-body channel b + B

The 2*Mg decay into p+>*Na and a+’’Ne were studied using the Trojan Horse Method
applied to the three-body processes, where 2H from “N acts as a spectator.

11

A. Tumino et al, Nature 557, 687—690 (2018).
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The study reported in Ref. [*] provides the reaction cross section,
together with information on the spin-parity, spectroscopic factors,
and etc. The next step was to understand how these results are
consistent with general picture of available information on the
states of >*Mg.

[*]A. Tumino et al, Nature 557, 687—-690 (2018).



R-matrix1| analvsis
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S-factor(b)

R-matrix analysis

23
Na-l-pu 2‘3Na+p1
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S-factor(b)

R-matrix analysis
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S-factor(b)

R-matrix analysis

2004 The R matrix analysis enable us to specify
1020 F——r—————— - R — level parameters of the spins were suggested.
N “oa = ™ |~ [A.Tuming] | ]
— [Fit]
mwf  The reduced widths of many states in
24Mg are close to the Wigner limit. This
10" F means they can be considered as 2C+12C
' cluster states.
1D1T B
:  Similar cluster states were already
observed at higher energies in the °C +
10" 2C gsystem (D.A. Bromley et al., Phys.
Rev. Lett., 4, 365 (1960).
10"
: * We can consider it as a hint that such
states also exist at lower energies.
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Conclusion

* The pioneering study of the '>C(1*N,d) reaction has provided new and
important results for the study of the >C+!?C system.

* Further investigation of the reaction mechanism is needed for better
understanding of the (1*N,d) process.

* The available results are consistent with each other and indicate the
presence of an interesting cluster structure near the '2C+!?C threshold.
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