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

3 mins

13.8 years
We are made of star-stuff.

Carl Sagan2



• What is the origin of the elements in the cosmos?
• What are the nuclear reactions that drive the evolution of stars and stellar 

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

1) Big bang

2) Stellar quiescent burning

(pp-chain, stellar fusion, s-process)

3) Stellar explosive burning

(r-, np-, n-, p-, rp-processes)

4) Cosmic Ray spallation
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Cross section

1 barn = 10-24 cm2 = 100 fm2
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Cross section
cross section depends sensitively on:

➢ type of interaction

➢ properties of the nuclei involved

➢ reaction mechanism

and can vary by orders of magnitude, depending on the interaction

1 barn = 10-24 cm2 = 100 fm2

Reaction Force  (barn) Eproj (MeV)

15N(p,)12C strong 0.5 2.0

3He(,)7Be electromagnetic 10-6 2.0

p(p,e+n)d weak 10-20 2.0

examples:
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Behavior of cross section near threshold

~1/v

~1/v*exp(-2ph)

G.R. Satchler, Introduction to nuclear reactions
E. Segre, Nuclei and particles 

h is the Sommerfeld parameter 
E is the energy in MeV
Mi is in the unit of amu
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Cross section (Charged particle induced Reaction)
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s-wave  !



S factor: complication of nuclear 
structure
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Resonance

Resonance above the threshold Sub-threshold Resonance 14



Decay of an excited state         Resonance of reaction 

Far from resonance

Closer to resonance

At resonance energy
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Resonance

Far from resonance

Closer to resonance

At resonance energy
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Breit-Wigner formula

Resonance strength: 𝝎𝜸 =
(𝟐𝑱+𝟏)

(𝟐𝑱
𝒑
+𝟏)(𝟐𝑱

𝒕
+𝟏)

𝜞
𝒂
𝜞
𝒃

𝜞
Total width 𝜞=σ𝒊 𝜞𝒊

Identity particle
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Partial widths

Reduced width:

For proton, neutron, alpha…:

Wigner limitDimensionless reduced width<1

Descouvemont and Baye, R matrix theory, arXiv:1001.0678

a constant if there is only 1 level
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where Fl is the regular Coulomb function

and Gl is the irregular Coulomb function

For neutron,
Fl(r)=r∗jl(r)
Gl(r)=r∗nl(r)

Eg. s-wave neutron (l=0), 
P0=kR

For s−wave
charged
particle,(l=0) and 
E<<Ec, 

P0~kRexp(-2ph)

h is the Sommerfeld parameter 
E is the energy in MeV
Mi is in the unit of amu
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Penetration factors

Ecm (keV) Ecm (keV)

Fig. 2.21 from Iliadis’s book20



Particle width

Width reported in NNDC
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Partial widths
Decay constant of electromagnetic transition reduced transition probability

Weisskopf estimates in units of eV, E in MeV

multipolarity

Transitions with changed parity : E1, M2, E3
Transitions with non changed parity: M1,E2, M3
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Particle width
Gamma width (Weisskopf Estimation) 

Compare the energy dependence of the particle width (s-wave) with that of the gamma width at Ecm=0.01, 0.1, 1 MeV. 
Assume that the gamma ray decay to the ground state of 17F. 
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Scattering wave

Bound state
wave

Direct capture
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Reaction Rate

Total area of target 
nuclei per cm3 = nIσI

Reaction rate per cm3 per sec = njv nI I

I

nj: number densities of the beam particles
nI: number densities of the beam particles
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Gamow peak & Reaction rate
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JUNAScreening effect Ue: Screening 

potential

Rolfs and Rodney (1988)

Assenbaum, Langanke and Rolfs, Z. Phys. A327, 461 (1987)



The assumption of 
ideal gas is not 
always valid!
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Conclusions of a Town Meeting held at the 

University of Notre Dame 7-8 June 1999

Woosley, Heger, and Weaver, Evolution and explosion of massive stars, 
Rev. Mod. Phys. (2002)



n

eeHeH n224
41 ++→ +

(~ 25 MeV)

The first success of multi-messenger astronomy
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Broxino collaboration, Nature (2018)

First measurement of pp-chain solar neutrinos
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Weak interaction:
p+p→d+e++ne (Q=0.42MeV)

Strong interaction:
p+p→2He→p+p
2He+p→3Li→p+p+p

The p-p chain
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https://en.wikipedia.org/wiki/Beta_decay_transition
Samuel S.M. Wong (2004). Introductory Nuclear Physics (2nd ed.). Wiley-VCH. p. 200

40



Weak Interaction

p

p

p+p

Initial state: p+p (Si=0, li=0, Ji=0, +)

Final state: d=p+n (Sf=1, lf=0, Jf=1,+)

Q1: What is the transition 
mode?

Q2: If Si of the p+p channel is 1, what are the choices for lf ?
What is the transition mode of the weak interaction ?
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Fermi’s Golden Rule

▪ r(E): statistical factor representing the density of final states
▪ vi: relative velocity in the incident channel
▪ <f|Hb|i>: transition matrix element between the initial (p+p) 

and final state (d+e++ne) resulting from the weak interaction 
represented by Hb

𝑑𝜎 =
2𝜋

ℏ

𝜌 𝐸

𝑣𝑖
𝑓 𝐻𝛽 i

2

42



Statistical factor: r(E)

Assuming a zero rest mass for the 

neutrino and neglecting the recoil 

energy of the deuterium, the total 

energy E is shared between the 

electron and neutrino,

i.e., E = Ee + En = Ee + cpn
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𝜎 =
𝑚𝑒

5𝑐4

2𝜋3ℏ7
𝑓 𝑤 𝑔2𝑀𝑠𝑝𝑖𝑛

2 𝑀𝑠𝑝𝑎𝑐𝑒
2

f(W): a measure of the total 
phase space available for 
the reaction (W=E/mec2+1)

𝑀s𝑝ⅈn
2 =

2𝐽 + 1

2𝐽1 + 1 2𝐽2 + 1
= 3

Sum over the final states

Average over the initial states

g: Strength of weak interaction
can be determined by allowed GT 
transition, eg. 6He decay (0+->1+)
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Space matrix
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~1010 years

➢ Find the reaction
rate from JINA
REACLIB and 
obtain the two plots 
on the left side.

➢ Estimate the new life 
time of the Sun

➢ Will the Sun be 
stable with such a 
change in the p-p 
reaction rate?
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4He core

8Be







12C

e+,e-






16O





T ~ 0.2 billion Kelvin

Helium Burning

The final C/O depends directly on 
the reaction rate ratio between 3

and 12C(,)16O.
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Reaction rates determined by 
α cluster state configurations 
providing strong resonances!
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➢ Calculate the 8Be equilibrium abundance in stellar helium burning as a 
function of stellar temperature (0.1 Gk—10 Gk)
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G/G=4.16(4)E-4

Gp/G=6.7(6)E-6

G=9.3(9) eV

w=3.87(39) meV

Kelly, Purcell and Sheu, NPA(2017)

53



Number density of alpha particle
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12C(e,e’)12C*(7.654) →Gp=62.3±2 meV
PRL 105, 022501 (2010)

Courtesy of Z.F. Luo
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Z.F. Luo et al., Phys. Rev. C 109, 025801 (2024) 56



Roberson et al., PRC15, 1072 (1977)

Alburger, PRC16, 1394 (1977)
57



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)

Neutron density (1E6 g/cm3)

Higher density
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x3
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Helium Burning (C,O/18O,22Ne)

Hydrogen Burning (4He/14N)time

Carbon Burning (Ne,Mg/Na)

Neon Burning (O,Mg/Al,P)

Oxygen Burning (Si, S/Cl,Ar,K,Ca)

Silicon Burning (Fe/Ti,V,Cr,Mn,Co,Ni)

 +  + a 12C +  16O

3- process 4- processVS.
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Influences of the uncertainty in the 12C(,)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.
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https://en.wikipedia.org/wiki/Supernova
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 64



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(,)16O reaction rate affects not only the 
nucleosynthesis but also the explosion itself.
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• 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

 12C

66

➢ E1 transition requires isospin mixing leads to 
similar strength o to E2



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

1 barn=10-24 cm2

Extrapolation
10-6 in  !!!

12C(,)16O

NSAC Long Range Plan (2023)

Beam induced background
+natural background

67

S factor

10-11 b

10-17 b



Ecm=1.254 MeV
Ecm=0.945 MeV   

Difficulties in direct measurement: 12C(,)16O (1974-)

Kunz et al. PRL 86(2001)3244 68



A challenging task

69
Rolfs and Rodney, Cauldrons in the cosmos, (1988)



12C(,)12C at Notre Dame

0.5 mA 

12C(,)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 

ANC plays the key role to fix the 

strengths of the subthreshold states 

and direct capture
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Bound state wave function and Whittaker function
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Subthreshold resonance:
From 12C(6Li,d)16O to 12C(,)16O

C. R. Brune et al., Phys. Rev. Lett. 83, 4025 (1999).

2+

1-

2+
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16N b-delayed  decay

16N

16O*

b-decay

Lifetime = 7.13 s

16O

-ray
~100%

~500

0.002
12C



10-5

9.58 1-

12C+ threshold

7.12 1-

Baye & Descouvemont predicted the 

interference peak in 1988 !!!

NPA458(1988)445
74



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
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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 et al, PRL(2022), ApJ(2023)76
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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



Comparison of underground laboratories
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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
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Jinping Underground Nuclear Astrophysics(JUNA) projects (2015-2021)

CIAE，W.P. Liu
12C(,)16O

BNU, J.J. He
19F(p,)16O
19F(p,)20Ne

CIAE, Z.H. Li
25Mg(p,)26Al

IMP, X.D. Tang
13C(,n)16O

CIAE, G. Lian
Accelerator and 
Infrastructure

Su et al., Science Bulletin(2022)

Zhang et al., PRL(2021)

19F(p,)16O

25Mg(p,)26Al new resonance ！

Zhang et al, 
Nature (2022)

19F(p,)20Ne

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

13C(a,n)16O

Wang et al, 
PRL (2023)

18F(a,)22Ne
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➢ FCVA implantation CTi thick targets with enriched 
12C sample

➢ BGO+LaBr3 (Lanthanum bromide) veto

➢ Background is dominated by 
18
𝑂(𝛼, 𝛾)22𝑁𝑒

contaminations

➢ Sensitivity: 10-11b→ 10-12 b @Ec.m. = 552 keV

Ec.m.=552 keV

12C(,)16O ：better sensitivity

Kunz’s thesis

Factor
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A great progress towards stellar energies

Dr. Yangpin Shen, ypshen@ciae.ac.cn, fermi09@me.com 83



12C(,)16O reaction rate

84
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10-22 b                     10-7 b

12C+12C Fusion Reaction (1960-)



86
Taniguchi & Kimura, Phys. Lett. B 849 (2024) 138434

~5
~1000



➢ Increase in the 12C + 12C fusion rate from resonances at astrophysical energies
➢ This change matches the observationally inferred ignition depths and can be translated into 

an ignition temperature below 0.5 GK, compatible with the calculated crust temperature

THM: Carbon burning can trigger superbursts

Tumino et al., Nature (2018)87



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)88



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

89



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)90



Impact on 60Fe in massive stars

➢Enhanced 60Fe production provided by the hindrance fusion rates would further 
enhance the already overpredicted 60Fe abundance in the galaxy

➢Enlarge the discrepancy: [Perdition: 0.45 vs. Observation: 0.15± 0.04]

➢Our result rules out such a scenario

Gasques et al. (2007)

20 Solar Mass 60 Solar Mass
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Impact to Superburst model

If the rate can not be as that high, there 
must be some physics missing in the 
superburst model.

•Unknown process to heat up the crust to 
higher temperature.
•Carbon burning is not the one triggered
the superbust!

Communication with Ed. Brown(MSU)
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20Ne+

Light particle: p, n, 
Gamma: 440 keV (p channel)

1634 keV ( channel)

Fusion residue: 20Ne, 23Na …

no success under barrier
23Mg: decay spectroscopy
8Be: very challenging
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Y.J.Li, X.Fang+, Chin. Phys. C(2020), DOI: 10.1088/1674-1137/abae56

Why do some channels vanish at lower energies?
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Particle- coincidence at lower stellar energies

➢Particle-γ coincidence technique pushed the measurement down to sub-nb level
➢Only detect p1 and 1 channels

Jiang et al. (2012), Jiang et al. (2018)
Heine et al. (2018), Tan et al. (2021), 
Fruet et al. (2021)

Beam<2puA
Ecm=2.16 MeV

Fruet+ PRL(2020)

Beam<15puA
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Carbon fusion project at LUNA-MV

Massive lead shield and radon flushing → push sensitivity to
better than 100 reactions/day
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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 and other experiments

Low Energy Accelerator Facility (LEAF) Infrared image

Y.Z. Li’s talk in OMEG pre-Symposium



• Combining the new upper limits with the empirical lower limit and the prediction of TDWP, the 12C+12C 
S* factors are better constrained despite the unknown resonances within the unmeasured energy range.

• Revision is needed if there are currently unknown relatively strong resonances

New rate
Y.J.Li, X.Fang+ (2020), DOI: 10.1088/1674-1137/abae56
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(i) Why do predictions of helioseismology disagree with those of the standard solar model?
(ii) What is the solution to the lithium problem in Big Bang nucleosynthesis? 
(iii) What do the observed light-nuclide and s-process abundances tell us about convection and dredge-up in 

massive stars and AGB stars? 
(iv) What are the production sites of the γ-ray emitting radioisotopes 26Al, 44Ti and 60Fe? 
(v) What is the origin of about 30 rare and neutron deficient nuclides beyond the iron peak (p-nuclides)? 
(vi) What causes core-collapse supernovae to explode? 
(vii)What is the extend of neutrino-induced nucleosynthesis (ν-process)? 
(viii)What is the extend of the nucleosynthesis in proton-rich outflows in the early ejecta of core-collapse 

supernovae (νp-process)? 
(ix) What are the sites of the r-process? 
(x) What causes the discrepancy between models and observations regarding the mass ejected during 

classical nova outbursts? 
(xi) Which are the physical mechanisms driving convective mixing in novae? 
(xii)What are the progenitors of type Ia supernovae? 
(xiii) What is the nucleosynthesis endpoint in type I X-ray bursts? Is there any matter ejected from those 

systems? 
(xiv) What is the impact of stellar mergers on Galactic chemical abundances? 
(xv) What are the production and acceleration sites of Galactic cosmic rays? 
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Summary
Interdisciplinary feature of nuclear 
astrophysics demands the close 
collaborations among astronomers, 
astrophysicists, and nuclear 
physicists and among the facilities. 
As we demonstrated in the paper, 
NO single facility or model will 
answer all the quests in our field. 
How to be successful in nuclear 
astrophysics? Here are the advises 
from Willy Fowler: seek for truth, 
work hard, and help people

Progress in nuclear astrophysics of east and southeast Asia
Aziz et al. AAPPS Bulletin (2021) 31:18, https://doi.org/10.1007/s43673-021-00018-z 102


