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T ~ 0.2 billion Kelvin

Helium Burning

The final C/O depends directly on 
the reaction rate ratio between 3a
and 12C(a,g)16O.
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Reaction rates determined by 
α cluster state configurations 
providing strong resonances!
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https://www2.yukawa.kyoto-u.ac.jp/~nuc2021/slides/kawabata_t.pdf

Higher temperature
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Upscattering: Low energy proton/neutron + 12C(7.654 MeV)Higher energy neutron + 12C(g.s.)/12C(4.44 MeV)

Bishop et al., Nat Commun 13, 2151 (2022); Beard et al., Phys. Rev. Lett. 119, 112701 (2017); Jin 
et al., Nature 588, 57–60 (2020); p+12C experiment@JAEA(CENS)

Neutron density (1E6 g/cm3)

Higher density
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Influences of the uncertainty in the 12C(a,g)16O reaction rate in Nucleosynthesis

S(300)=170±20 keVb based on stellar model

A uncertainty 
of ~10% is 
needed! 
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Black hole mass gap

https://cococubed.com/research_pages/bh_mass_gap.shtml



Evidence of the pair-instability gap from black-hole masses

https://cococubed.com/research_pages/bh_mass_gap.shtml

LIGO–Virgo–KAGRA

Hui Tong et al., https://arxiv.org/pdf/2509.04151
Nature volume 652, pages874–877 (2026) 

GW: 

deBoer2017: 



Impact on Multi-Messenger Astronomy

Farmer et al., ApJ 902:L36(2020)
NSAC LONG RANGE PLAN (2023)LIGO 9



Holy grail for nuclear astrophysicists

The determination of the ratio C/O produced in helium burning is a problem of paramount 

importance in Nuclear Astrophysics.
W. Fowler, Nobel lecture, 1983

We hope that…will keenly motivate experimentalists to undertake the difficult task of 

accurately measuring this rate.

Weaver & Woosley, Phys. Rep. 227 (1993) 65 

The fusion of 4He and 12C nuclei to 16O is the most important nuclear reaction in the 

development of massive stars.
NuPECC Long Range Plan

Uncertainty in the 12C(a,g)16O reaction rate affects not only the 
nucleosynthesis but also the explosion itself.



Fuel Primary

Products

Secondary

products

Approximate

temperature

(109 K)

Approximate

duration

Hydrogen 4He 14N 0.02 107 yr

Helium C,O 18O,22Ne

s-process

0.2 106 yr

Carbon Ne,Mg Na 0.8 103 yr

Neon O,Mg Al, P 1.5 3 yr

Oxygen Si, S Cl, Ar, K, Ca 2.0 0.8 yr

Silicon Fe Ti, V, Cr

Mn, Co, Ni

3.5 1 week

Life of a 20 solar mass star



C/O core

4He shell

H shell

Carbon burning

T ~ 0.6 billion Kelvin

p,a,n

23Na, 20Ne,23Mg



12C(12C,n)23Mg: neutron source in Pop-III stars

~30%

~500%

Core collapse SNe

Pair Instability SNe

 Decay of 23Mg changes the electron fraction and the even-odd pattern in the production yield
 Direct measurement was performed within Gamow window Bucher et al., PRL(2015)



Our rate has been used in KEPLER to 
predict the production of Na in PISN



JUNAOrigin of Heavy elements

Based on West and Heger, ApJ(2013)



B2FH Synthesis of the Elements in Stars (1957)

Cameron 
Nuclear Reactions in Stars and 
Nucleogenesis (1957)

https://ui.adsabs.harvard.edu/abs/1957PASP...69..201C/abstract


S-process: <106-1011 cm-3

R-process: ≳1020 cm-3 



JUNAAsymptotic Giant Branch star

Stars with <10 solar mass go through the asymptotic giant branch (AGB) before 
becoming white dwarfs. Taken from Lugaro’s lecture



JUNANeutrons in Asymptotic Giant Branch

12C(p,g)13N(b+)13C
13C (p,g)14N(α,γ)18F(β+ν)18O(α,γ)22Ne(α,n)

p

He-shell burning of 
M<4M⊙AGB stars
Nn<109 cm-3

(12C,16O,Fe,..)



JUNANeutron: Magic Bullet

Now I can turn all the iron in my house to gold?
10 billion neutrons1E-14 gram gold1E-12 USD

Ni

Co

Fe

Au

Karakas, 16th NIC school lecture (2021) 



The sites of the s-process
weak s-process: core He/ shell C burning

in massive stars

main s-process: He shell flashes in

low mass TP-AGB stars

C-burning shell

He-burning core

massive star

(≳ 8 M☉)

H-burning shell

He-burning shell

(thermal pulses)

C–O core

TP-AGB star (~1–4 M☉)

approx. steady flow

𝑌𝑛 ∝ 𝑌𝜎 𝑛,𝛾 ≈ const

can easily interpolate

s-contribution for s+r-nuclei

if neutron capture cross

sections are known

Adapted from Schatz’s lecture
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A single (or a few) r-process event(s)

40 50 60 70 80 90
-2

-1

0

1

element number

CS22892-052 (Sneden et al. 2003)

solar r
Cosmo

Chronometer

NEW:

CS31082-001 with U

(Cayrel et al. 2001)

Age: 16  3 Gyr

(Schatz et al. 2002 

ApJ 579, 626)

+-

other, second

r-process to fill

this up ?

(weak r-process)

main r-process

matches exactly solar r-pattern

conclusions ?

Adapted from Schatz’s lecture



How were the heavy elements from iron to uranium made?

The origin of heavy elements from iron to uranium 
(rapid neutron capture process)

铁

金 铀

• Mass

• Lifetime

• Decay branching

• Neutron capture reaction

• Fission

Experiment+Theory+Observation
Improving the predictive power of stellar models by eliminating nuclear uncertainties

Neutron Density~1020 cm-3

 Astrophysics sites?
 Nuclear properties?

GW170817

Termination point of r-process

http://www.google.com.hk/url?sa=i&rct=j&q=gold&source=images&cd=&cad=rja&docid=FBKCMeySsVrK6M&tbnid=Ip3vJojhQ2YHPM:&ved=0CAUQjRw&url=http://jewellerstrade.com.au/2012/impressive-year-for-gold/&ei=j8enUcHiC83QlAWrrIGgDg&psig=AFQjCNHGjEyZAhgrsh-TBPPDvcQt8z4wLQ&ust=1370036479228195
http://www.google.com.hk/url?sa=i&rct=j&q=gold&source=images&cd=&cad=rja&docid=FBKCMeySsVrK6M&tbnid=Ip3vJojhQ2YHPM:&ved=0CAUQjRw&url=http://jewellerstrade.com.au/2012/impressive-year-for-gold/&ei=j8enUcHiC83QlAWrrIGgDg&psig=AFQjCNHGjEyZAhgrsh-TBPPDvcQt8z4wLQ&ust=1370036479228195
http://newscenter.lbl.gov/wp-content/uploads/sites/2/2017/10/ejecta_lightcurve.gif
http://newscenter.lbl.gov/wp-content/uploads/sites/2/2017/10/ejecta_lightcurve.gif


JUNACarbon-Enhanced Metal-Poor(CEMP) stars

• R-process: ≳1020 cm-3  S-process: <106-1011 cm-3

• Intermediate-process (i-process): 1013-1016 cm-3

• 13C(a,n)16O is the neutron source (AGB? Metal-poor star?...)



JUNA

Impact on Galactic Chemical Evolution

Taken from Karakas’s lecture. 16th NIC school
https://indico.ihep.ac.cn/event/15049/overview

Côté et al. 2018 suggests 
important for the first s-
process peak (Sr, Y, Zr)



Courtesy M. Limongi, Nov 2005

60Fe 
(T1/2=2.6 My)

Gamma Ray Astronomy: 60Fe from Supernova
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26Al
60Fe

Diehl R et al 2006 Astron. Astrophys. 449 1025–31 Wang W et al 2007 Astron. Astrophys. 469 1005–12

26Al (T1/2=0.717 Myr)

Galactic Radioactivity

Integral
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MeV Gamma-Ray Observatory (MeVGRO)
---design and recent development

Aim to observe ~0.3~3MeV (extendable to 

100 MeV) gamma-rays in wide-field

-Energy spectrum:  nuclear lines and continuum

-Imaging

-Timing

-Polarization

Key Scientific objectives:

1. Exploration of Supernova Explosion Mechanism

2. Tracing Heavy Element Formation and Evolution

3. Indirect Search of Dark Matter

Courtesy of X.L. Wang (IHEP)



Earth orbit

Sun

Simulation by B. Fields

2.80 million years 
ago, a near-Earth 
supernovae might 
affect the climate 
on Earth!

Knie, K. et al. Phys. Rev. Lett. 93, 171103 (2004); Fimiani, L. et al., Phys. Rev. Lett. 116, 

151104 (2016); Breitschwerdt et al., Nature(2016); Wallner et al., Nature(2016)
A. Wallners doi:10.1038/nature17196

Lunar sample

Deep Sea Crust

60Fe found on Earth!
Ice sample 
Antarctica

cosmic ray
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Prediction ：60Fe/26Al = 0.45
Observation：60Fe/26Al = 0.15±0.04

60Fe/26Al abundance puzzle

Model Ingredients:
 Initial Mass Function and birth rate
 Stellar evolution (nuclear reactions, convection, mixing…)
 Stellar Wind Model(s) (Mass loss during evolution)
Nucleosynthesis Yields (depends on nuclear physics)
 Explodability (explode as SNe or collapse to black holes)

26Al

60Fe

Diehl, Lugaro, Heger, Sieverding, Tang  et al., PASA (2021), 38, e062



Courtesy M. Limongi, Nov 
2005

Calculation using NUNET; Flux in log scale

Important nuclear reactions or decays

• Neutron sources: 22Ne(a,n)25Mg

• Stellar decay rate of 59Fe (Ground state decay 44.5 days + Excited state decay)

• 12C(a,g)16O，12C+12C，59Fe(n,g), 60Fe(n,g)

T~0.2GK
T~ 1GK

60Fe nucleosynthesis

Diehl, Lugaro, Heger, Sieverding, Tang  et al., PASA (2021), 38, e062



33credits: NASA/CXC/M. WEISS



Superburst Puzzle: the crust is too cold to ignite the carbon burning! 
How does the carbon fusion reaction to trigger the explosion?

Keek et al. (2007), Astron. & Astrophys. 479: 177

Cooper, Steiner and Brown, ApJ (2009)

4U 1608-522

+

Picture by Ed Brown (MSU)



How to get precise reaction rates?

• 12C(a,g)16O
• 12C+12C

35



• 3 resonances 

• 1 direct capture

Level Scheme of 16O

resonance

(high lying)

resonance

(sub threshold)

E1E1
E2 DC

resonance

(sub threshold)

E2
Complicated reaction mechanism

a 12C

36

Can cluster-EFT predict the sign of interference? 



12C(a,a)12C at Notre Dame

0.5 mA a

12C(a,g)16O at Stuggart

16N

16N decay at ANL ANC method by Brune et al.
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deBoer et al., RMP(2017) 

S(E1)=86.3 keVb; S(E2)=45.3 keVb; S(cascade)=7 keVb

Total S factor = 

Recommended S factor of 12C(a,g)16O 

ANC plays the key role to fix the 

strengths of the subthreshold states 

and direct capture



New measurement of ANC of 16O(g.s.) leads to larger S(E2)

 S(E2) increases from 45 keVb to 70±7 keVb Total S factor = 162 keVb (err TBD)
 The updated 12C(α, γ)16O reaction rate decreases the lower and upper edges of the black 

hole mass gap about 12% and 5%, respectively.
Shen … DeBoer… Tang… et al, PRL(2022), ApJ(2023)
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Challenging the tiny cross-sections

Background at ground

Background under ground

Ev
en

t/
d

ay
   

   
 

Ecm

CASPAR @ South Dakota
(1480 m rock shielding) 

JUNA@China
Jinping 
Underground 
Laboratory
(2400 m rock shielding)

LUNA @ 
Gran Sasso
Italy
1400m rock shielding



Beam Intensity(pmA) Energy,keV

H+ 10 70-400

He+ 10 70-400

He++ 1-1.25 140-800

 The 3rd underground accelerator facility after LUNA and CASPAR
 2400 m overburn (6700m w.m.), the deepest underground lab by now

JUNA: The highest-intensity accelerator in the deepest underground lab



Jinping Underground Nuclear Astrophysics(JUNA) projects (2015-2021)

CIAE，W.P. Liu
12C(a,g)16O

BNU, J.J. He
19F(p,a)16O
19F(p,g)20Ne

CIAE, Z.H. Li
25Mg(p,g)26Al

IMP, X.D. Tang
13C(a,n)16O

CIAE, G. Lian
Accelerator and 
Infrastructure

Su et al., Science Bulletin(2022)

Zhang et al., PRL(2021)

19F(p,a)16O

25Mg(p,g)26Al new resonance ！

Zhang et al, 
Nature (2022)

19F(p,g)20Ne

B.S. Gao et al, 
PRL (2022)

13C(a,n)16O

Wang et al, 
PRL (2023)

18F(a,g)22Ne
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JUNAGamow peak of 13C(a,n)16O for i-process

T9=0.2

• Cover almost the entire Gamow window for i-processs (0.2-0.3 GK)
• Uncertainty drops from 60% to 15%, disagree with the upturning trend

B.S. Gao et al, PRL (2022)



12C(α,γ)16O ：from Run 1 to Run 2

run 1 (2021)

run 2 preliminary 

• 48X 60X60X120 mm BGO for g detection

• full efficiency 85 % @7700 keV

• Out layer for anti coincidence, inner for signal hit: 
24 % @7700 keV

• Background 0.048/h @6-10 MeV

• 99.99% 12C diamond with Mo backing, 13C < 10-5

run 2 improve

Target C to 
Diamond

BGO
40% larger

18O and 13C much 
reduced

S/N from 1:1 to 
5:1 

Y.P. Shen

CIAE

Courtesy of W.P. Liu

Ecm=552 keV

Ecm=579 keV
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10-22 b                     10-7 b

12C+12C Fusion Reaction (1960-)

São Paulo Potential

CF88

THM

cTHM
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Taniguchi & Kimura, Phys. Lett. B 849 (2024) 
138434

~5
~1000



1) No Hindrance found 

2) Other models provide the right trend

N.T. Zhang and D. Tudor et al., PLB(2020)

Test of hindrance and upper limit of 12C+12C based on systematics

D. Tudor (IFIN-HH)

N.T.Zhang(IMP)

L. Trache (IFIN-HH)
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High Intensity+Time Projection Chamber

Max. 70puA on target
-10        5          0       5        10

LEAF-DTL (Low Energy Accelerator Facility)

 LINAC: High Intensity beam up to 200 puA

 Time Projection Chamber: Ultra sensitive tracking detector

 Complementary to LUNA-MV underground experiment and other experiments

Low Energy Accelerator Facility (LEAF)@IMP, CAS Infrared image





mass

Beta half life neutron capture

beta delayed neutron

Important nuclear physics inputs

M.R. Mumpower, R. Surmana, G.C. McLaughlin, A. Aprahamian, PPNP 86 (2016) 86–126

FRIB



Fission: Ending Point of R-process

Y. W. Hao, Y.F. Niu et al., APJ, 933, 3 (2022)

“Progress in Nuclear Astrophysics of East and Southeast 
Asia”, AAPPS bulletin(2021) 31:18



Fission properties of A=254 isotopes are important for the 
understanding of the light curve of neutron star mergers.  

Important Nuclear Physics inputs

Zhu et al., arXiv:1806.09724v1

Neutron star merger light curve



The r-process

Temperature: ~1–2 GK

Density: 300 g/cm³ (~60% neutrons!) neutron capture timescale: ~0.2 µs

Seed

Rapid neutron

capture
β-decay

(γ,n) photodisintegration

Equilibrium favors

“waiting point”

P
ro

to
n

 n
u

m
b

er

Neutron number

Adapted from Schatz’s lecture



Waiting point approximation

Definition: ASSUME (n,γ)–(γ,n) equilibrium within an isotopic chain

How good is the approximation?

This is a valid assumption during most of the r-process

BUT: freeze-out is neglected

Freiburghaus et al., ApJ 516 (1999) 381, showed agreement 

with dynamical models

Consequences

In (n,γ)–(γ,n) equilibrium the isotopic abundances obey:

𝑌 𝑍, 𝐴 + 1

𝑌 𝑍, 𝐴
= 𝑛𝑛

𝐺 𝑍, 𝐴 + 1

2𝐺 𝑍, 𝐴

𝐴 + 1

𝐴

2𝜋ℏ2

𝑚𝑢𝑘𝑇

3/2

exp
𝑆𝑛
𝑘𝑇

• Time independent
– the whole chain acts as one nucleus in the network

– only the slow β decays are followed dynamically

• Independent of the neutron-capture rate
so during most of the r-process,

n-capture rates do not matter!

Adapted from Schatz’s lecture

(n,γ) flow  =  (γ,n) flow

(Z, A) (Z, A+1)

n(n,γ) capture

(γ,n) knock-out

nn⟨σv⟩Y(A) λγ Y(A+1)



Why phase space favours the free neutron

① Count the quantum states

One quantum state per phase-space cell  Δx·Δp ≈ h

Each free neutron has a volume 1/nn to itself, cut into λ³ cells:

② Free energy decides:  F = E − TS

Δ𝐹capture = −𝑆𝑛 + 𝑘𝑇 ln
𝑛𝑄
𝑛𝑛

−Sn: energy gained by binding      +kT ln(nQ/nn): entropy lost

ΔF < 0: capture wins (bound)    ΔF > 0: (γ,n) wins (free)

ΔF = 0 ⇒ Saha balance:  Sn = kT ln(nQ/nn) ≈ 2 MeV

Counting places to be

n

λ³

free: nQ/nn ≈ 6×10⁹ cells
box = 1/nn ≈ (10⁵ fm)³

(Z,A+1)

bound: 1 state
but lower by Sn

vs

Same reason, everyday examples

Sun’s surface

H ionized, 10⁴ K

1 eV ≪ 13.6 eV

Puddle

water evaporates

below 100 °C

r-process

(γ,n) beats 

capture

86 keV ≪ 2 MeV

Binding ≫ kT, yet the dilute free state wins: e²² states

Knobs:  hotter (nQ ∝ T3/2) → free     more neutrons (nn ↑) → bound     larger Sn → bound
Numbers: T₉ = 1, nₙ = 10²⁴ cm⁻³

𝜆 =
ℎ

2𝜋𝑚𝑛𝑘𝑇
≈ 55 fm, 𝑛𝑄 ≡

1

𝜆3
=

𝑚𝑛𝑘𝑇

2𝜋ℏ2

3/2

nQ = quantum concentration: 1 neutron per λ³ cell ≈ 6×10³³ cm⁻³ (T₉ = 1)

𝑊free =
1/𝑛𝑛
𝜆3

=
𝑛𝑄
𝑛𝑛

≈ 6 × 109 𝑊bound ≈ 1



Deriving the (n,γ)–(γ,n) Saha equation

1 Equilibrium, μ(γ) = 0 𝜇 𝑍, 𝐴 + 𝜇𝑛 = 𝜇 𝑍, 𝐴 + 1

2 Boltzmann gas 𝑛𝑖 = 𝐺𝑖
𝑚𝑖𝑘𝑇

2𝜋ℏ2

3/2

exp
𝜇𝑖 −𝑚𝑖𝑐

2

𝑘𝑇

3 Divide: μ's cancel
𝑛 𝑍, 𝐴 + 1

𝑛 𝑍, 𝐴 𝑛𝑛
=
𝐺 𝑍, 𝐴 + 1

𝐺 𝑍, 𝐴 𝑔𝑛

𝑚𝐴+1

𝑚𝐴𝑚𝑛

2𝜋ℏ2

𝑘𝑇

3/2

exp
𝑚𝐴 +𝑚𝑛 −𝑚𝐴+1 𝑐2

𝑘𝑇

4 Substitute

𝑔𝑛 = 2
𝑚𝐴+1

𝑚𝐴𝑚𝑛
≈
𝐴 + 1

𝐴𝑚𝑢

𝑚𝐴 +𝑚𝑛 −𝑚𝐴+1 𝑐2 = 𝑆𝑛
𝑛 𝑍, 𝐴 + 1

𝑛 𝑍, 𝐴
=
𝑌 𝑍, 𝐴 + 1

𝑌 𝑍, 𝐴

(neutron spin ½)

𝑌 𝑍, 𝐴 + 1

𝑌 𝑍, 𝐴
= 𝑛𝑛

𝐺 𝑍, 𝐴 + 1

2𝐺 𝑍, 𝐴

𝐴 + 1

𝐴

2𝜋ℏ2

𝑚𝑢𝑘𝑇

3/2

exp
𝑆𝑛
𝑘𝑇

G = Σ (2J+1) exp(−E/kT): nuclear partition function.   No cross section appears!

Standard statistical-mechanics derivation



Waiting point approximation continued

In the approximation of continuous Sn and abundances 

Y, the maximum abundance in an isotopic chain occurs 

for

𝑌 𝑍, 𝐴 + 1

𝑌 𝑍, 𝐴
= 1

For a given temperature and neutron density one can 

solve for Sn (assuming A ≈ A+1 and G = 1):

𝑆𝑛 = 𝑘𝑇 ln
2

𝑛𝑛

𝑚𝑢𝑘𝑇

2𝜋ℏ2

3/2

𝑆𝑛 =
𝑇9

11.604

3

2
ln 𝑇9 − ln 𝑛𝑛 + 78.460

Sn in MeV;  T9 in 10⁹ K;  nn in cm⁻³

→ The r-process runs at a fixed neutron separation energy (for given conditions)

Sn

neutron number

Sn⁰ ≈ 2 MeV

β⁻ → next element

waiting point

captures win (Sn > Sn⁰)

(γ,n) wins (Sn < Sn⁰)

Example: T9 = 1, nn = 10²⁴ cm⁻³
gives Sn ≈ 2.0 MeV









High Intensity heavy ion Accelerator (HIAF)

Superconducting Ion Linac: 
 Length: 180 m 

 Energy: 25 MeV/u (238U34+)

 CW mode: 10 pμA with A/Q2~5

 Pulse mode: 1.0 emA with A/Q2~7

Booster Ring:
 Circumference: 569 m

 Rigidity: 34 Tm

 Aaccumulation

 Cooling & acceleration

Spectrometer Ring:
 Circumference: 277.2 m

 Rigidity: 15 Tm

 Electron cooler

 Stochastic cooler

iLinac

Spectrometer Ring

Booster Ring

HFRS

Fast ramping operation

Repetition rate：3 Hz

Ion Sources:
 a 45 GHz FECR

 a 28 GHz SECRAL 

 a 2.45 GHz ECR

High Energy Fragment Separator:
 Length: 192 m

 Bρ = 25 Tm



High Intensity heavy ion Accelerator 
facility 

(HIAF: 2018.12-2025.12)

0.8 AGeV, 3×1010ppp 238U35+

1.75AGeV, 7.5×1010ppp 78Kr19+
2.6~3.0AGeV, 1.0×1011ppp 16O6+

China Initiated Accelerator Dirven 
sub-critical System

(CiADS, 2021.7-2027.12)

Ready for User Operation and Global Collaboration 
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Spectrometer Ring for mass measurement

Courtesy of M. Wang (IMP)
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Mass measurement using Schottky Mass Spectrometry

bandwidth18 kHz

Courtesy of M. Wang (IMP)
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Mass measurement using Schottky Mass Spectrometry

𝜎(𝑚)

𝑚
~
11 𝑘𝑒𝑉

202 𝑢
~5.8 × 10−8

ME (202Au)exp = -24357 keV ± 11 keV

ME(202Au)AME =  -24353 keV ± 23 keV

L.X. Chen et al., Nucl. Phys. A 882(2012)71

Highest precision!

Courtesy of M. Wang, X.L. Yan (IMP)



First Scientific Achievement

 High precision spectrometer ring SRing

• The new nuclide 153Hf was discovered for the first time. 

• Approximately 35 new nuclear masses were simultaneously determined.
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Production of secondary radioactive ion beams (15 T*m, will upgrade to 25 T*m)

HIgh RIgidity Beam Line (HIRIBL)

Courtesy of M. Wang (IMP)



Evaluation of Review Committee

 HIAF provide excellent beams for several 
commissioning experiments:

• First discovery of the extremely short-lived new 
nuclide 242Fm (half-life: 4.17 μs).

• First observation of isomeric states in the neutron-
deficient nuclides 156Tm and 158Lu.

• Highest precision of relative mass measurement 
accuracy of 10-8 for short-lived nuclei

• Discovery of the new nuclide 153Hf, with ~35 new 
masses measured for the first time in SRing.

 These results demonstrate that HIAF are 

fully capable of consistently producing 

high-impact scientific outputs.
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Conclusions
 Precise nuclear astrophysics experiments play a key role in the multi-messenger era

Solar neutrino and metallicity problems
12C(a,g)16O : impact on nucleosynthesis and black mass gap

12C+12C : superburst ignition problem

 The studies of 12C(a,g)16O and 12C+12C are not yet satisfied. More demands are coming 
from the new multi-messenger observations

 To achieve the best understanding, we need both direct and indirect methods, joint 
efforts of various facilities,  and interdisciplinary collaborations among nuclear 
physics, astrophysics and astronomy


