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Role of 12C+12C in stellar evolution

Massive star

Stellar Evolution
(more than 8 solar masses)

tars are born in nebulae, which are giant clouds of gas (mainly hydrogen)

and dust that float in space. Stars can have a life span of millions,
or even hillions, of years. The biggest stars have the '

shortest lives, because they consume their nuclear

fuel (hydrogen) at a very accelerated rate. Other

stars, like the Sun, burn fuel at a slower rate and

may live some 10 billion years. Many times, a

@Evolutionary stages of a 25 Mg, star

star's size indicates its age. Smaller stars are the .: 1 . .
youngest, and bigger stars are approaching
their end, either through cooling or by e Sta ge TI m e sca I e T9 D e n S Ity

exploding as a supernova.

- (gcm3)
@) b ¢ Hydrogen burning 7x10°y 0.06 5
Helium burning  5x10°y 0.23  7x10?

Massive star

Carbon burning 600y 0.93  2x10°

. Neon burning ly 1.7  4x10°

’ Oxygen burning 6 months 2.3 1x10’

Silicon burning 1d 4.1 3x10’

Small star Core collapse seconds 8.1 3x10°

Less than 8 solar masses

Core bounce milliseconds 34.8 3x10%
Explosive burning 0.1-10s 1.2-7.0 Varies

Life Cycle of a Star

The evolution of a st

WType la supernova

Small star (less than 8 solar masses)

The 12C+12C fusion reaction at low energies plays

important roles in the nucleosynthesis during stellar
evolution of massive stars, and is considered to

ignite a carbon-oxygen white dwarf into a type la
supernova explosion.




Role of 12C+12C in stellar evolution
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ANTop: Astrophysical S factors vs. E_,, for the 12C+12C, 12C+160, and 160+1%0 reactions.
Bottom: temperature T of stellar matter vs. Gamow-peak energy ranges for these
reactions in the thermonuclear regime. (PRC 74, 035803,2006)

12C + 12C -=>p+ 23Na (Q =2.238 MeV ) 160 + 160 > 3lp 4 p (Q = 7.678MeV ) / » ?;Wle\\
12C + 12C > o + 2ONe (Q =4.616MeV ) 160 + 160 -> 30sj + zp (Q =0.381MeV ) 'Ee:pfe?.«g\
2C+12C->n+53Mg(Q=-2599 MeV )| 160 4160 > 28] +q (Q=9.594MeV ) 55 re
12C +160 -> p + 27Al (Q=5.170 MeV ) 160 + 10 -> Mg + 20 (Q = -0.390MeV) P /1
12C + 180 -> o + *Mg (Q = 6.772 MeV ) 0 +10-> P +d  (Q=-2.409MeV) | y

12C + 160 -> n + 27Si  (Q=-0.424 MeV) °0+™0->3S+n (Q=1.499MeV )




12C+12C reaction channels: p, o, n
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Review of previous work studying °C+1%C
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Carbon burning determination project

»Direct Measurement:

> Efficient thick target 1).Particle-gamma coincidence

method NIM A 682 (2012) 12-15, PRC 97,
arXiv:1905.02054 012801(R) (2018)

»Ecn = 3.0 - 5.3 MeV 2).Solenoid spectrometer

»Direct Measurement e NIM A 871 (2017) 35-41

»Ecm = 1.7 - 3.0 MeV

> R2C+13C,BC+13C: >Indirect method: 24Mg(a, a’)
PRC 85, 014607 inelastic scattering
(2012) >Search the possible
> Set upper limit for resonances which can’t be
possibly existed directly measured
resonances of >Ecn < 1.7 MeV
12C+12C
~— _—""| »Statistical model

»Resonances 2 — 3 MeV »Calculate gamma-ray

»Cross section within branching ratios, to give total

Gamow window (1 — 3MeV): cross section

1022b ~107b

12C(12C,n)23Mg: PRL 114, 251102 (2015)



The setup of the

| o "1'2'C'(12C
0.5~1 puA 2C beam 2CC
8. 113.5° - 143

thick target method

) p)ZZNa The backward angle
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YY1 detector

Only measure proton channel

Two YY1 silicon detectors at
backward angle, covered with
Aluminum foil to stop scattered
12C and produced alpha particles

Use thick target of thickness 1mm

Detector resolution for 5.486 MeV
alpha particles is 40 keV(FWHM).

2.59%

2C(2C,p,)»3Na* Q=224 MeV
Q,=1.80 MeV

113.5°-163.5°
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The principle of the thick target method

12C Thick target ~ Imm
¢ 8 Q, IEprotom 6
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. Range o
h 5.7 um, E,=8MeV % e
12C(12CI p)23Na Q=Qn=0,1,2,3=2'238 MeV - Eexcited (23Na)
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The principle of the thick target method

Epeam=8.2MeV (Eqn=4.1MeV)
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The principle of the thick target method

Fpearn=8.2MeV (E.,=4.1MeV)

Resonance
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The S* factor of p, channels

p; channel
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The scanned S* factor of p, and p, channels
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The S* factor of p, + p; channel

Scan the 2C+'2C using *2C beam of energies E,.,,,=6.0--10.6 MeV by step 0.1 MeV.
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Particle—-gamma coincidence measurement

Ex vs. Ge (p) Ex vs. Ge (a)
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Summary

s The '2C+'2C fusion reaction is famous for its complication of molecular
resonances, and plays an important role in both nuclear structure and
astrophysics. It is extremely difficult to measure the cross sections of 2C+12C
fusions at energies of astrophysical relevance due to very low reaction yields.

** An efficient thick target method has been developed and applied for the first
time to measure the complicated resonant structure existing in 2C(12C,p)?3Na
at energies 3.0 MeV<E_,<5.3 MeV.

¢ It can provide cross sections within a range of [E, ., -AE, E,..., ] Using a single
incident energy Ep oo

s The efficient thick target method of the present work will be useful in
searching for potentially existing resonances of 12C+%2C in the energy range 1
MeV<E <3 MeV.

+** Future plan: Particle—gamma coincidence measurement for 12C(*2C,p)*3Na and
12C(12C,01)2°Ne.
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