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Nuclear Astrophysics

nuclear astrophysics: Big Bang nucleosynthesis: formation of
Nuclear astrophysics is an interdisciplinary field combining nuclei with mass number A < 8.
nuclear physics and astrophysics, focused on understanding *He {Hey) > 'Be
clement formation in the universe and stellar evolution. = ([9p)
&
Several nuclear reactions, such as 12C(a, y), '2C+!2C, Bdecayl U N AN
9Fe(n, v), have not yet been accurately measured, making () o)
L p 5| D Py
them hot topics in the field.

Fusion of charged particles or particle

Nuc leosynthesis of elements heavier than iron.
capture reactions in stars: Producing

various elements from carbon to iron. s-process (He-shell interlayer of AGB stars).
Hydrogen burning: pp chain, CNO cycle. r-process (core-collapse supernovae, neutron star mergers).
Helium burning: 3a process, 2C(a, v)160 p-process: Photodisintegration and proton capture

Carbon burning: 12C(12C, p)®Na. 12C(12C, 0)2'Ne reactions occurring on heavy nuclei (e.g., in supernovae).
rp-process (accreting neutron stars)
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2C+12C fusion reactions

Evolutionary stages related to carbon—carbon fusion reactions:

1. Late stages of massive stars. 2. lgnition reactions of Type l|la supernovae.
Relevant energy range: 1.7 - 4.5 MeV. An increase 1n the fusion reaction rate of 12C+12C would
lead to a decrease in the 1gnition temperature, affecting
lggg - } _ _ the final products of a white dwarf supernova explosion
g £ € (either a neutron star or a Type Ia supernova).
& o o
e 3 5 % 3. The 2G+'2C fusion reaction is the ignition
z 50 8 2 .
o —. 3 &5 reaction for superbursts.
10 \\: Eg: 1.2-1.8 MeV
QKZ 5t \\\ \.
1
05 07 08 11 15 19 24 32 38 50 Tumino A. et al. Nature(2018)557, 687-690
E. / MeV

An agreement on the 2C 1gnition temperature and depth with model predictions relies heavily on the existence
of a strong resonancce at E_, = 1.5 MeV.
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Astrophysical S™ factor of 12C+12C fusion reaction
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Wiecher M. et al., Rev. Mod. Phys., 2025.
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1. Diret experiments are unlikely to reach low
energies due to rapidly decreasing cross-sections.

2. The hindrance effect in 12C+12C system has not
yet been confirmed experimentally or theoretically.

3. The Trojan Horse Method (THM) has been
successfully applied to study the low-energy
contribution to the 12C+12C fusion process.

4. The antisymmetrized molecular dynamics
(AMD) approach combined with the R-matrix has
been successful in yielding some fusion resonances
at stellar energies.

5. Using indirect methods to study the resonances
of 24Mg would be a good approach.




23Na+p thick-target scattering experiment

The entrance width of 12C+12C

populate to the 2#Mg" excited state,

extract the exit channel information from

excitation functions

single resonance Breit-Wigner fomula

mh’(2] +1) Ll

HE @ - By +

o(E) =

S*(E) = Ea(E)exp(2mm + 0.46MeV~1E)
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2C+12C entrance channel width

N

The astrophysical S*-factor for 12C+12C
fusion reaction

0.2=0.031 =0.027
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Experimental Setup

Collimator -300 V (CH;), & carbon target
LaBr; '
T !
BNa% beam | Collimator C target DSSD  MSQ
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LaBr; detector DSSD & MSQ1 \ MSQ2
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23Na+p thick-target scattering experiment

23Na + p reaction

A
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aars
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H | |
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23Na beam
|

(CH5),: 5.8 mg / cm?

12C: 15.7 mg / cm?2

ML RRAF

Department of Physics

Py energy spectrum of carbon and (CH,),

target

e (CH2)y, target

mes (C target

II|III|III|IIII]FI

].l]!.I..ll.l].I]lllll]illllltl!lllllll

3200 3400 3600 3800 4000 4200 4400 4600 4800
Ec,m_ (kE‘:V)

iniz &

SUSTech



23Na+p thick-target scattering experiment: y effieciency

y efficiency:

W. K. Nan, et al., 35, 208 (2024)

440 keV: 28.2 %; 1634 keV:12.6 %

60Co y source and Geant4 simulation LaBr; array efficiency curve
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23Na+p thick-target scattering experiment

AE-E two—dimension particle
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main exit channels: p, p;, 0, O
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Excitation fuctions and R - matrix fitting

The excitation functions were carefully ~€xcitation function of p4, py,a,0, decay channels from the 2*Na+p
analyzed by performing a simultaneous entrance system

multl—Channel R—matrlx Excitatiog Energy in *Mg [MeV] Excitation Energy in *Mg [MeV] Excitation Energy in Mg [MeV]
146 148 15. 152 154 156 158 160 162 146 148 150 152 154 156 158 160 162 146 148 150 152 154 156 158 160 162
F T I':" I"* T LB Ej'l"l"'l I L L B
3 Po, G = 180° | | Po, Gy = 150°
The deduced 2*Mg resonance 5 ot
parameters from the best R-matrix fit é o
are list in (W. K. Nan, 2025). 3 wof-
40;— j\ﬁ;w
Only O+7 2+7 4+ etc" resonant States in . :Isl R R v m;-*éu Jé.iqué.L-i“ Jé.LG'J Luléfé; = 411'” _.;1{2___, ;&'.l4l - L4.Iﬁ' . S R TR v T
24Mg are accessible through the h R e — S AR
. : r E , By = 180° = 1, O = 135°
identical 12C+12C two-boson system : = H ‘ ot 3
5 3
and the astrophysical S facvtor is : “F |

dominated by the 0" and 2+ states.

.FI——I.;I |
_}

do/dQ2 [mb/Sr]
T

I S T N A S N S | APl EPEPETE IFEFEPE IPEPITS IP AT AT SPENSTE APETETS APATSE A APAr | b - . . --I- Lo s 800
3 3.2 3.4 36 38 4 4.2 4.4 4.6 3 3.2 3.4 36 38 4 42 4.4 4.6 3 3 2 3 4 3 6 3 S 4.2 4.4

W. K. Nan, et al., 862, 139341 (2025) Bon. [MeV] Een. [MeV] VeV

EARHEAY

: Department of Physics
R HiTI fﬂ $ T SUSTech



Astrophysical S™ factor of 12C+12C fusion reaction
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AMD predicts a 2+ state with a 0.2
(dimensionless reduced width) = 0.029 at
E... =1.5MeV.

The uncertainty mainly comes from directly
measured data points provided by Spillane
at al. near 2.45 MeV.

The THM measurement is successful in
exploring the resonances, however the
number of resonance is seemingly more
than expectation the identical 12C+12C two-
boson system. The 22Na+p channel used in
this work has a similar problem.




Conclusion

1+ The ?3Na + p thick-target kinematics method 1s
used to explore the key resonances 1n 24Mg related to
carbon-carbon burning process. By applying y-charged
particle coincidence method, the excitation functions
for the pronton o emission channels are obtained.

2+ The resonance parameters are deduced through
simultaneous multi-channel R-matrix analysis. The 0+
and 2" states exposed in the most relevant excitation
energy of 24Mg are particular interesting, which
arrowed for the evaluation of the partial cross sections
to the different 12C+12C exit channels.
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Tumino2018:

12C(14N, 020Ne)2H and 12C(14N, p23Na)2H
from 0.8 to 2.7 MeV
four channels: py, p;, 0, O

(arbitrary units)
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Tumino A. et al. Nature(2018)557, 687-690
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This work

Y. Taniguchi, M. Kimura. 12C + 12C fusion S-factor from a full-
microscopic nuclear model. Phys. Lett. B, 2021, 823, 136790.
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