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Outline

ÅThe importance of precise nuclear astrophysics experiment in 
the multi -messenger era

ÅStatus of important reaction rates and opportunies

ü
12C(a,g)16O: nucleosynthesis of massive star, black hole mass 
distribution

ü
12C+12C: stellar evolution( Mup), superburst puzzle 

ü
59Fe stellar decay half life: gamma ray astronomy

üOpportunity with HIAF : Origin of elements heavier than Fe

ÅOutlook



Origin of Elements
Other isotopes  (2H,3He,6Li,7Li)<0.00001

3 mins

13.8 years
We are made of star -stuff.
   Carl Sagan 



Multi -Messenger Astronomy  probes nuclear processes via E&M, Weak, Strong,  and Gravitational  
interactions,  allowing us to  see deeper  into  stars  and further  into  space

Optical 
Observation
(E&M)
James Webb 
Telescope

Radio Wave
(E&M)
FAST

Cosmic Ray
(strong)
DAMPE

άProgress in Nuclear Astrophysics of East and Southeast Asiaò, AAPPS bulletin(2021) 31:18

X-Ray Observatory    
(E&M)    

Neutrino Observatory    
(Weak)    Optical Observatory    

(E&M)    Chandra,Insight



Nuclear 
Experiment

Nuclear 
Theory

Nuclear 
Uncertainty

Model 
Uncertainty

Multi -Messenger
(Visiblelight, X-ray, Neutrino, 

Gravitational waveetc.)

Precise knowledge of  the  critical  nuclear physics inputs  and reliable  stellar  models are 
urgently  needed to  decipher  the  encoded messages correctly .
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The first success of multi-messenger astronomy
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"for pioneering contributions to astrophysics, in 
particular for the detection of cosmic neutrinosò 

2002 Nobel prize in physics

Homestake
C2Cl4 (Davies)

Experiment Detector 
medium

Observation

/prediction

Homestake 37Cl 0.33¤ 0.03

Kamiokande water 0.57¤ 0.07

KAMIOKANDE -II
H2O (Koshiba)

Solar Neutrino òProblemó
New discovery beyond standard model in particle physics 

J. Bahcall (1934-2005)
 standard solar model



Solar Neutrino òProblemó
ÅSolar model

ÅImportant cross sections: 3He(3He,2p)4He, 3He(4He,g)7Be, 
7Be(p,g)8B

ÅUnknown neutrino physics -neutrino oscillation???

"Most  likely,  the  solar  neutrino  problem has nothing  to  do with  
particle  physics. It  is a great  triumph  that  astrophysicists  are 
able to  predict  the  number of  8B neutrinos  to  within  a factor  of  
2 or  3...ò

Howard Georgi and Michael  Luke  (1990)
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S factor of 7Be(p,g)8B

8B(7Be+p)
p

7Be

Direct measurement (<MeV/u)

Coulomb Dissociation (~100 Mev/u) 

Asymptotic Normalization 
Coefficient (ANC) (<10MeV/u)

S17(0) = 20.5(7) eV b
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Gagliardi says. άBut at the same time we have started a new sub-discipline within 
nuclear astrophysics, which was not our goal. It is particularly rewarding to see 
other people pick up what you have been doing and emulate it.έ

1997-2003 Texas A&M University



Solar metallicity problem
üDetermination of the solar CNO neutrino source and test the predictions of the solar metallicity 

(abundance of elements heavier than 2) in the standard solar model. 

üBOREXINO results suggest a higher metallicity than predicted by CNO predictions. 

arXiv:2307.14636v1

Neutrino flux
metallicity of C+N

Nuclear Physics is the 
biggest uncertainty !
7Be(p,g)8B (5.5%Ą3.4%) 
14N(p,g)15O (7.2%Ą8.4%)

Haxton, Roberson and Serenelli, arxiv: 1208.5723 v1 (2012)



Helium Burning

4He core

8Be

a

a

a

12C

e+,e-

g
g

a

16O

g

g

T ~ 0.2 billion Kelvin

The final C/O depends directly on the reaction 
rate ratio between 3a and 12C(a,g)16O.
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Fuel Primary

Products

Secondary

products

Approximate

temperature

(109 K)

Approximate

duration

Hydrogen 4He 14N 0.02 10 million years

Helium C,O 18O,22Ne

s-process

0.2 1 million years

Carbon Ne,Mg Na 0.8 1000 year

Neon O,Mg Al, P 1.5 3 year

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

Silicon Fe Ti, V, Cr

Mn, Co, Ni

3.5 1 week

Life  of  massive star̂~20 solar  mass̃



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

A. Heger & S. Woosley, ApJ.. 567(2002)532, 
Woosley, Heger and Weaver, Rev. Mod. Phys. 74, 1015

<~ 10 (~10, ~100) (~100,~1000)

>
~

1
0

0
0

A slide from my Ph.D. defense

A pair -instability 

supernova is a type 

of supernova predicted 

to occur when pair 

production. The 

explosion is trigged by 

the 16O+16O fusion 

reaction.

https://en.wikipedia.org/wiki/Supernova
https://en.wikipedia.org/wiki/Pair_production
https://en.wikipedia.org/wiki/Pair_production


Impact on Multi -Messenger Astronomy

Farmer et al., ApJ 902:L36(2020)
NSAC LONG RANGE PLAN (2023)LIGO 16



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 thatéwill 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.



Courtesy M. Limongi, Nov 2005

60Fe 
(T1/2=2.6 My)

60Fe from Supernova
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26Al
60Fe

Diehl R et al 2006 Astron. Astrophys. 449 1025ð31 Wang W et al 2007 Astron. Astrophys. 469 1005ð12

26Al (T1/2=0.717 Myr)

Galactic Radioactivity

Integral
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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 Е60Fe/26Al = 0.45
ObservationЕ60Fe/26Al = 0.15 ¤0.04

60Fe/ 26Al abundance puzzle

Model Ingredients:
üInitial Mass Function and birth rate
üStellar evolution (driven by nuclear energy, convection?)
üStellar Wind Model(s) (Mass loss during evolution)
üNucleosynthesis Yields (depends on nuclear physics)
üExplodability (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

ÅNeutron sources: 22Ne(a,n)25Mg

ÅStellar decay rate of 59Fe 

Å12C(a,g)16Oε12C+ 12Cε59Fe(n,g), 60Fe(n,g)

T~0.2GK
T~ 1GK

60Fe nucleosynthesis

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



24credits:NASA/CXC/M. WEISS

Type Ia X-ray burst



Superburst: ignited by Carbon burning

Ashes from rp   process (He burning) 

deposit in the outer crust.

Crust processes

(EC, pycnonuclear fusion)

Ącrust heating and cooling

Ącrust conductivity

Picture by E. Brown (MSU)

ashes

Key problem: With the standard rate 

(CF88), the crust temperature is too 

low to ignite the carbon fuel! L

1
 k

m

24O+24O
34Ne+34Ne

éé..
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Superburst Puzzle: the crust is too cold to ignite the carbon burning! 
How to ignite the carbon?

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?

Å 12C(a,g)16O
Å 12C+ 12C
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Å 3 resonances 

Å 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
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A fundamental challenges for nuclear astrophysics : 
Measure reaction rate at extremely low energies

1 barn=10-24 cm2

Extrapolation
10-6 in s !!!

12C(a,g)16O

NSAC Long Range Plan (2023)

Beam induced background
+natural background

29

S factor

10-11 b

10-17 b



Ecm=1.254 MeV
Ecm=0.945 MeV   

Difficulties in direct measurement: 12C(a,g)16O (1974-)

Kunz et al. PRL  86(2001)3244 30



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

0.5 mA a

12C(a,g)16O at Stuggart

16 N

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 

ANC plays the key role to fix the 

strengths of the subthreshold states 

and direct capture



ANL red

TRIUMF blue

Azuma et al., PRC(1994); Tang et al., PRL(2007), PRC(2010)

f-wave decays to 

6.13 MeV (3-)

p-wave decays to 

9.58 MeV (1-) and 

the interference 

peak

Another 16N decay experiment is needed to resolve the tension!

Courtesy of N. Xu



New measurement of ANC of 16O(g.s.) leads to larger S(E 2)

üS(E2) increases from 45 keVb to 70±7 keVb Ą Total S factor = 162 keVb (err TBD)
ü  The updated 12/όʰΣ ʴύ16O reaction rate decreases the lower and upper edges of the black 

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

Background at ground

Background under ground

E
ve

n
t/
d

a
y 

  
  

  

Ecm
                  

CASPAR @ South Dakota
 (1480 m rock shielding) 

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

LUNA @ 
Gran Sasso
Italy
1400m rock shielding



Comparison of underground laboratories
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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
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