
���� ����
���� ��1����	� !�!"!1��2��"��1��������11���������
1�������$

�"��-�!  1� +��#1� �!$


�������!�1��1 �����1 ��2���������
2" �����!� !1�����1�1���1 �" ��� ���

122���1�!�!�����!���1!��1!���

OMEG15, Kyoto University, July 2--5, 2019

Method article published:
Nuclear Science and Techniques 30(8), 2019
DOI: 10.1007/s41365-019-0652-9



���	�
�

� Role of carbon burning(12C+12C) in stellar evolution

� Introduction of 12C+12C studies

� The principle of the efficient thick target method

� Results and discussion

� Summary



Role of 12C+12C in stellar evolution

A CLOUD OF GAS AND DUST collapses
because of gravitational forces. In doing
so it heats up and divides into smaller
clouds. Each one of these clouds will
form a protostar.

PROTOSTAR 
A protostar has a
dense, gaseous
core surrounded by
a cloud of dust.

1.

RED SUPERGIANT 
The star swells and heats up.
Through nuclear reactions, a
heavy core of iron is formed.       

3.

NEUTRON STAR
If the star's initial mass is between
eight and 20 solar masses, it ends up
as a neutron star.         

BLACK HOLE If the star's initial
mass is 20 solar masses or more, its
nucleus is denser and it turns into a
black hole, whose gravitational force
is extremely strong. 5.

5.

PROTOSTAR
A protostar is formed
by the separation of gas
and dust. Gravitational
effects cause its core to
rotate.

1.

PLANETARY NEBULA When
the star's fuel is depleted, its
core condenses, and its outer

layers detach, expelling
gases in an expanding shell
of gases.

WHITE DWARF
The star remains
surrounded by
gases and is dim.

5.

22 WHAT IS IN THE UNIVERSE? UNIVERSE 23

S 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 billions, 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
star's size indicates its age. Smaller stars are the
youngest, and bigger stars are approaching
their end, either through cooling or by
exploding as a supernova.

Stellar Evolution

Nebula

Small star
Less than 8 solar masses

STAR
A star is finally born. It
fuses hydrogen to form
helium and lies along
the main sequence.

2.

The evolution of a star depends on its mass. The
smallest ones, like the Sun, have relatively long and

modest lives. Such a star begins to burn helium when its
hydrogen is depleted. In this way, its external layers
begin to swell until the star turns into a red giant. It
ends its life as white dwarfs, eventually fading away
completely, ejecting remaining outer layers, and forming
a planetary nebula. A massive star, because of its higher
density, can form elements heavier than helium from its
nuclear reactions. In the final stage of its life, its core
collapses and the star explodes. All that remains is a
hyperdense remnant, a neutron star. The most massive
stars end by forming black holes.

Life Cycle of a Star

end their lives as white dwarfs. Other (larger)
stars explode as supernovae, illuminating
galaxies for weeks, although their brightness is
often obscured by the gases and dust.

STAR The star shines and
slowly consumes its
hydrogen. It begins to fuse
helium as its size increases.

2.

RED GIANT The star continues to
expand, but its mass remains
constant and its core heats up.
When the star's helium is depleted,
it fuses carbon and oxygen.

3.

Massive star
More than 8 solar masses

95% of stars

BLACK DWARF
If a white dwarf
fades out
completely, it
becomes a black
dwarf.

6.

4.

4. SUPERNOVA When the star can no longer
fuse any more elements, its core collapses,
causing a strong emission of energy.

êEvolutionary stages of a 25 M¤ star
Stage               Time Scale         T9   Density 

(g cm-3) 
Hydrogen burning  7x106 y            0.06       5   
Helium burning       5x105 y     0.23      7x102

Carbon burning 600 y     0.93       2x105

Neon burning 1 y 1.7        4x106

Oxygen burning 6 months 2.3        1x107

Silicon burning 1 d  4.1        3x107

Core collapse seconds 8.1        3x109

Core bounce milliseconds 34.8      3x1014

Explosive burning 0.1-10 s    1.2-7.0  Varies

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 Ia
supernova explosion.

Massive star
(more than 8 solar masses)

Small star (less than 8 solar masses)

êType Ia supernova
Universe, Britannica Illustrated Science Library 2008



Role of 12C+12C in stellar evolution

éAstrophysical reaction rates of
primary reaction channels of the
12C+12C, 12C+16O and 16O+16O
fusion.

éTop: Astrophysical S factors vs. Ecm for the 12C+12C, 12C+16O, and 16O+16O reactions.
Bottom: temperature T of stellar matter vs. Gamow-peak energy ranges for these
reactions in the thermonuclear regime. (PRC 74, 035803,2006)

12C + 16O -> p + 27Al   (Q = 5.170 MeV ) 
12C + 16O -> α + 24Mg (Q = 6.772 MeV ) 
12C + 16O -> n + 27Si    (Q = -0.424 MeV ) 

12C + 12C -> p + 23Na  (Q = 2.238 MeV ) 
12C + 12C -> α + 20Ne  (Q = 4.616MeV ) 
12C + 12C -> n + 23Mg (Q = −2.599 MeV ) 

16O + 16O ->  31P + p (Q = 7.678MeV )
16O + 16O -> 30Si + 2p (Q = 0.381MeV ) 
16O + 16O -> 28Si +α (Q = 9.594MeV )
16O + 16O -> 24Mg + 2α (Q = -0.390MeV)
16O + 16O ->  30P + d (Q = -2.409MeV )
16O + 16O ->  31S + n (Q = 1.499MeV )
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12C(12C,a)20Ne  (Q=4.62 MeV)
12C(12C,n)23Mg (Q=-2.62MeV)

Light particle: a, p, n 

Gamma: 440 keV (p channel)

1634 keV (a channel)

Fusion residue: 20Ne, 23Na …

no success under barrier
23Mg: decay spectroscopy
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Gamow Window:

Ec.m.=1 – 3MeV

l Measurements at low energies suffered from 

low yield, low efficiency and poor selectivity. 

l New methods are needed!

12C+12C reaction channels: p, ⍺, n



Review of previous work studying 12C+12C 
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ØIndirect method: 24Mg(α, α’) 
inelastic scattering
ØSearch the possible 
resonances which can’t be 
directly measured
ØEcm < 1.7 MeV

ØDirect Measurement: 
1).Particle-gamma coincidence
NIM A 682 (2012) 12–15, PRC 97, 
012801(R) (2018)
2).Solenoid spectrometer
NIM A 871 (2017) 35–41
ØEcm = 1.7 – 3.0 MeV

ØEfficient thick target 
method

arXiv:1905.02054
ØEcm = 3.0 – 5.3 MeV
ØDirect Measurement

ØResonances 2 – 3 MeV
ØCross section within 
Gamow window (1 – 3MeV): 
10-22b ~10-7b 

Ø12C+13C,13C+13C:
PRC 85, 014607 
(2012) 
Ø Set upper limit for 
possibly existed 
resonances of 
12C+12C

ØStatistical model
ØCalculate gamma-ray 
branching ratios, to give total 
cross section

12C+12C

Carbon burning determination project

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



The setup of the thick target method

• 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).

The backward angle
θLab: 113.5� - 163.5�
θcm: 122.5� - 166.3�

Solid angle calibrated 
by mixed alpha source

2.59%



The principle of the thick target method
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II. THE 12C(12C,p)23Na EXPERIMENT65

The 12C(12C,p)23Na reactions were measured by experi-66

ments in the center of mass energy range of 3 MeV to 5.367

MeV using thick targets. A 12C beam with an intensity up to68

1 pµA was provided by the 10 MV FN Tandem accelerator69

at the University of Notre Dame. A gas stripper system was70

used to enhance the intensity of the 2+ charge state. The beam71

energies were determined by measuring the magnetic field of72

an analyzing magnet after the accelerator. The magnet was73

calibrated using the 27Al(p,n) and 12C(p,p) reactions.74

The setup for the present experiment is shown in Fig. 1.75

Two 500 µm thick YY1-type silicon detectors from Micron76

Semiconductor Ltd were placed at backward angles from77

113.5� to 163.5� in the lab frame. For the 12C+12C fu-78

sion reaction at energies below the Coulomb barrier, the79

most important two reaction channels are 12C(12C,p)23Na80

and 12C(12C,↵)20Ne. Each detector was covered with a 12.781

µm-thick Al foil in the front to completely stop the ↵ parti-82

cles emitted from the 12C(12C,↵)20Ne reaction. One detector83

surface was perpendicular to the beam direction covering the84

angular range 143.5� to 163.5�, and the other detector surface85

held a 54.4� angle with respect to the beam direction cover-86

ing from 113.5� to 143.5�. Each wedge-shaped YY1 detector87

was segmented into 16 strips on the front side. Thus the an-88

gular resolution for charged particles was about 1.8�. The de-89

tectors were calibrated using a Am-Cd mixed ↵ source. The90

energy resolution for an individual strip was about 40 keV91

(FWHM) for 5.486 MeV ↵ particles. The total solid angle of92

silicon detectors was determined to be 2.59% of 4⇡. A 12C93

beam with an intensity of ⇠0.5-1 pµA was used to bombard94

a natural graphite target having a thickness of 1 mm.95

III. THE PRINCIPLE OF THE THICK TARGET METHOD96

Considering a reaction,97

A+ a ! B + b+Q (1)98

where Q is the reaction energy which means the energy pro-99

duced or absorbed by this reaction. The Q-value for reaction100

A(a,b)B is the total kinetic energy difference between the ini-101

tial and final states. It could be determined by102

Q = (
Ma

MB
�1)Ea+(

Mb

MB
+1)Eb�2

p
MaMbEaEb

MB
cos(✓)

(2)103

where Ma,Mb and MB are the masses in amu of the beam,104

ejectile, and residual particles, respectively; Ea is the beam105

energy, and Eb is the energy of the ejectile particle b; ✓ is106

the outgoing angle of b. Values of Eb could be measured by107

detectors.108

The principle of the thick target method for109
12C(12C,p)23Na is shown in Fig. 2. An infinitely thick110

target (i.e. thickness much greater than beam range inside the111

target material) is used in the method. The 12C beam particles112

with incident energy Ebeam bombard the target. As they113

collide with the target nuclei, they continuously lose energy114

until they either react with a target nucleus or stop within a115

distance of a few µms under the front surface of the target.116

The range of the 12C beam in the 12C target is about 5.7117

and 7.1 µm for Ebeam= 8 and 10 MeV, respectively. When118

the 12C(12C,p)23Na reaction happens, the actual energy of119

the 12C beam is unknown. Protons produced at backward120

angles can easily penetrate through the target surface with an121

insignificant energy loss, and reach silicon strip detectors.122

The energies and outgoing angles of these protons are123

recorded by detectors. Two examples of protons, m and n,124

are shown in Fig. 2. Since the range of 12C beam in the 12C125

target was really small, the outgoing angles of protons (e.g.126

(180-✓m), (180-✓n)) were only determined by strip numbers127

of detectors. The Q-value is known for each individual128

proton group (Q= 2.24 MeV for p0, Q=2.24-0.44=1.80129

MeV for p1, etc.), from the measured proton energies in130

the silicon (accounting for energy loss in the Al degrader131

foil) and outgoing angles (180-✓m, or 180-✓n), the actual132

reaction energy (E0
m, E0

n) can be reconstructed by solving133

Eq. 2. Therefore, a range of reaction energies [Ebeam-�E,134

Ebeam] is scanned with a single, constant beam energy. The135

effective width of the scan, �E, usually spans from 500 to136

800 keV depending on the clear identification of the reaction137

for events from each channel. It will be discussed later using138

the measurement result of 12C(12C,p1)23Na.139

The kinematic calculation of the 12C(12C,p)23Na reaction140

is shown in Fig. 3. The emitted protons are labeled as pi141

corresponding to the ith excited state (i= 0, 1, 2, 3 . . . ) pop-142

ulated in the heavy residual 23Na nucleus. For example, p0143

corresponds to 23Na in its ground state, and p1 for the first144

excited state, etc. Note that p0 and p1 possess significantly145

more energy than any of the other proton groups (e.g. p2, p3,146

p4, p5, etc.). The ↵-channel has similar rules with emitted ↵147

particles and heavy residual 20Ne nuclei.148

The target yield derivative dY/dE is computed for each149

reaction energy bin after normalizing the count by the to-150

tal number of incident 12C particles. The cross section for151

the 12C(12C,pi)23Na reaction is then calculated from the ex-152

tracted dY/dE using the following equation153

�(E) =
1

"

MT

fNA

dY

dE

dE

d(⇢X)
(3)154

where " is the detection efficiency which is the geometric155

efficiency determined by an ↵ source, MT is the molecular156

weight of the target nucleus, f is the molecular fraction of the157

target nucleus, NA is Avogadro’s number, and dE/d(⇢X) is158

the stopping power, calculated with the SRIM code [20].159

For ease of comparison to other experimental data sets, the160

measured cross sections from above are converted into S⇤ fac-161

tors [7] which are defined by the following equation162

S⇤ = �Ec.m.exp(
87.21p
Ec.m.

+ 0.46Ec.m.) (4)163

where � is the cross section and Ec.m. is the energy in the164

center of mass frame.165

12C(12C, p)23Na

E’beam

Q, Eproton, θ

Q=Qn=0,1,2,3=2.238 MeV - Eexcited (23Na)

Q0=2.238 MeV
Q1=2.238-0.44=1.798 MeV
Q2=2.238-2.076=0.162 MeV
……



The principle of the thick target method

Ebeam=8.2MeV (Ecm=4.1MeV)



The principle of the thick target method
Ebeam=8.2MeV (Ecm=4.1MeV)
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Scan the 12C+12C using 12C beam of energies Ebeam=6.0--10.6 MeV by step 0.1 MeV.
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Thick target yield of the 12C(12C, p)23Na
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Ecm=3.0 MeV
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Particle(p,α) and gamma ray coincidence spectra

Particle–gamma coincidence measurement



Summary

v The 12C+12C 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 12C+12C
fusions at energies of astrophysical relevance due to very low reaction yields.

v An efficient thick target method has been developed and applied for the first
time to measure the complicated resonant structure existing in 12C(12C,p)23Na
at energies 3.0 MeV<Ecm<5.3 MeV.

v It can provide cross sections within a range of [Ebeam -∆E, Ebeam ] using a single
incident energy Ebeam.

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

v Future plan: Particle–gamma coincidence measurement for 12C(12C,p)23Na and
12C(12C,a)20Ne.
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