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Nuclear processes: Provide energy for stars to resist gravitational contraction, and act 
the only mechanism for the synthesis of all elements (except hydrogen) in the universe
Research goal: The cutting-edge interdisciplinary field between micro nuclear physics 
and cosmic astrophysics, to explain the origin and evolution of cosmic elements, the 
generation and evolution of stellar energy, etc.
Nucl Phys Inputs: Nuclear mass, half-life, reaction cross section (or reaction rate), etc.

Nuclear Astrophysics
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Nuclear Astrophysics
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NP-Input: Reaction rate

l Gamow peak
The most effective energy region 
for nuclear burning (or reactions)

Peak location:
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James Webb Space Telescope (JWST)
I t  is  joint ly  developed by the NASA, the 
E u ro p e a n  S p a c e  A ge n c y  ( ESA )  a n d  t h e 
Canadian Space Agency (CSA). The main mirror 
has an effective aperture of 6.5 meters and is 
composed of 18 hexagonal mirrors. The cost 
exceeds $10 billion and takes about 25 years. 
The gold-plated surface of the Webb telescope 
is eye-catching and is referred to as the "golden 
eye" by the press.



According to the standard cosmology 
theory, during 380,000 to 150 million 
years after the Big Bang, there were 
no luminous objects during the so-
called "Dark Age". After that, the first 
generation stars formed, and the first 
generation galaxies formed about 1 
billion years later. One of the major 
scientific objectives of the Webb 
telescope is to study the "first rays of 
dawn" emitted by the first generation 
stars and galaxies in the universe.

Directly observe the first stars, seeing back into the cosmos

James Webb Space Telescope (JWST)



The oldest star in the universe

S.C. Keller et al., Nature 506(2014)463

Siding Spring Observatory

Extremely Metal Poor Stars (EMPs)

~6000 light year from Earth, formed 13.7 billion years ago, 
shortly after the Big Bang. It’s the oldest star yet found.



l Supernova burst of a 60 M⊙  first star
l After explosion, the outer light elements being ejected and the inner 

heavy elements being fallen back onto the central black hole
l Ca produced by breakout reactions from the HCNO cycle

The oldest star in the universe



A. Coc et al., Astrophys. J. 744(2012)158

The oldest star in the universe



First stars begin their lives with primordial composition and begin 
hydrogen burning via pp chains and contract until central temperature 
is high enough (~0.1 GK) to ignite the 3a-process. This bridges the mass 
5 and mass 8 gaps, such that a small amount of CNO catalyst is formed, 
X(12C) ~ 10-9, which can kickstart the CNO cycle.

R.J. deBoer et al., Phys. Rev. C 103(2021)055815

3a-process

The oldest star in the universe



 between
Breakout 19F(p,g)20Ne
& Recycling 19F(p,a)16O
Their rate ratio determines 
the breakout flux

O. Clarkson, F. Herwig, Mon. Not. R. Astron. Soc. 500(2021)2685

Model calc.: If reaction rate ratio of (p,g)/(p,a) could be enhanced 
by 7 times or more, then Ca problem can be solved! Two reactions 
need to be measured directly.

The oldest known star in the universe

3/10,000



I. Status of 19F(p,g)20Ne reaction

A. Couture et al., Phys. Rev. C 77(2008)015802

Coinc. technique can 
suppress the bk by 
10,000 times!

w/o coin.

w/ coin.

Proton beam current: 20 uA



I. Status of 19F(p,g)20Ne reaction



The newly evaluated 19F(p,g)20Ne rate is ~4 times smaller than 
that of NACRE value, which makes the Ca problem even worse!

R.J. deBoer et al., Phys. Rev. C 103(2021)055815

I. Status of 19F(p,g)20Ne reaction



II. Status of 19F(p,a)16O reaction

Channel:
l (p,a0)
l (p,a)
l (p,ag)

J.J. He et al., Sci. China-Phys. Mech. Astron. 59 (2016) 652001



II. Status of 19F(p,a)16O reaction

J.J. He et al., Sci. China-Phys. Mech. Astron. 59 (2016) 652001

No expt data in energy region of 70~200 keV ( ~ 10-12 b @70 keV), 
difficult to access in the above-ground lab. 



Challenge & Strategy



Advantage of underground g detection

Deep underground Lab can reduce 
the background of g-rays caused by 
cosmic-rays by over 10,000 times! 
The impact of thermal neutron flow 
will also be reduced by 1000 times!

C. Broggini et al., Annu. Rev. Nucl. Part. Sci., 60(2010)53



LUNA achievements

14N(p,g)15O

3He(3He,2p)4He

22Ne(p,g)23Na : F. Cavanna et al., PRL 
115(2015)252501

D(p,g)3He: V. Mossa et al., Nature 587(2020)210
13C(a,n)16O: F. Ciani et al., PRL 127(2021)152701

C. Broggini et al., Annu. Rev. Nucl. Part. Sci., 60(2010)53



China Jinping Underground Lab(CJPL)
2010.12.12日正式启用

~2400 m

~17 km

Beijing

Sichuan



2 order of mag.

LUNA

CJPL

Depth, meters water equiv. (km)

C
os

m
ic

-r
ay

 
 fl

ux
 (c

m
-2

s-1
)

China Jinping Underground Lab(CJPL)



Weiping Liu
PI    12C(a,g)16O

Xiaodong Tang
PI     13C(a,n)16O

Zhihong Li
PI   25Mg(p,g)26Al

Jianjun He
PI      19F(p,a)16O

Gang Lian
PI  Platform

 

JUNA（Jinping Underground 
laboratory for Nuclear Astrophysics）

Jinping Underground laboratory for 
Nuclear Astrophysis (JUNA) project



JUNA (Jinping Underground laboratory for Nuclear Astrophysics)

The JUNA project

Yalong River



Facility comparison

Cosmic  bkg
( cm-2 s-1 )

Beam energy（keV） Intensity（emA）
H+ He+ He2+ H+ He+ He2+

LUNA 210-8 50-400 50-400 --- 0.3~1 0.3~0.8 ---

CASPAR 410-9 100-1000 100-
1000 --- 0.1 0.1 ---

210-10 50-400 50-400 100-800 10 10 2

Q. Wu, L.T. Sun et al., NIMA 830(2016)214

Acceleration 
tube

Beam analyze
Detector



L.Y. Zhang, S.W. Xu, J.J. He* et al., NIMB 438 (2019) 48
L.Y. Zhang, Y.J. Chen, J.J. He* et al., NIMB 496 (2021) 9

19F@40 keV

Atom Probe Tomography, APT

R&D stable 19F implanted targets

Implant Energy 40 keV
Cr protective foil 50 nm
Backing Iron
Target loss 5% per 100 Coul



JUNA experiment campaign 



JUNA experiment campaign 

g-ray @6130 keV
Resol.: ~6%, Effic.: ~60%



L.Y. Zhang, J. Su, J.J. He* et al., Phys. Rev. Lett. 127(2021)152702

JUNA experiment campaign 



 (Contamination 11B, 13C, 18O, D)

JUNA measurement of 19F(p,ag)16O

L.Y. Zhang, J. Su, J.J. He* et al., Phys. Rev. Lett. 127(2021)152702
L.Y. Zhang et al., Phys. Rev. C 

106(2022)055803



Energy point:  Ec.m. = 72.4 keV; Beam current:  ~1 mA

Machine Time:  46.5 h;  Challenge: deuteron contam.

Net counts: 30  26 (80% err)

L.Y. Zhang, J. Su, J.J. He* et al., Phys. Rev. Lett. 127(2021)152702

JUNA measurement of 19F(p,ag)16O



(by deBoer & Wiescher)

GEANT4 simulation

JUNA measurement of 19F(p,ag)16O

L.Y. Zhang, J. Su, J.J. He* et al., Phys. Rev. Lett. 127(2021)152702



u  Lowest energy region achieved
u  Firstly covering full AGB Gamow window
u  Expt data differ significantly with predictions

0.1 ~ 0.5 GK

Ø 11-keV resonance
Ø Sub-threshold state
Ø Underlying a-cluster 2+

 state

By GEANT4 simulation

L.Y. Zhang, J. Su, J.J. He* et al., Phys. Rev. Lett. 127(2021)152702

JUNA measurement of 19F(p,ag)16O
S(E) = E(E)exp(2)



Our JUNA rate deviates significantly from the previous expectations 
by a factor of 0.2–1.3, and the associated uncertainties are reduced 
remarkably. At 0.1 GK, the uncertainty is reduced to about 10%.

JUNA measurement of 19F(p,ag)16O

L.Y. Zhang, J. Su, J.J. He* et al., Phys. Rev. Lett. 127(2021)152702



JUNA measurement of 19F(p,ag)16O



Role of (p,ag) & (p,a0) channels

Conclusion:
In the region of 50 ~ 200 keV, (p,a0) dominates the total cross 
section and hence the rate (< 0.12 GK) !

L.Y. Zhang et al., Phys. Rev. C 
106(2022)055803



Around 100 keV region, no obvious resonance peak was observed! 
In progress…

Si array

Prel
im
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@Hefei, China

ER = 113 keV

Y.J. Chen et al., NIMA (2023)



JUNA measurement of 19F(p,g)20Ne

One-day @JUNA equiv. to hundred days @ND!

Proton beam current: ~1 mA (JUNA)

JUNA ND
Beam current 1 mA 20 uA
Detector BGO HPGe+NaI
Det. efficiency
(@Eg = 6 MeV)

60% ?



JUNA measurement of 19F(p,g)20Ne



lMeasured down to the lowest energy of Ec.m.=186 keV
lObserved a new resonance at 225 keV for the first time

JUNA measurement of 19F(p,g)20Ne



JUNA measurement of 19F(p,g)20Ne



       S(E) = E(E)exp(2) R-matrix calculations
DeBoer, Wiescher, Odell

JUNA measurement of 19F(p,g)20Ne

Gamow region of 
First stars

S(E)



u 7.4 times larger than previous 
estimation at 0.1 GK; 200 times 
larger around 0.01 GK

u 3 times more precise at 0.1 GK

Reaction rate ratio
19F(p,g)20Ne / 19F(p,ag)16O

JUNA measurement of 19F(p,g)20Ne



Astrophysical implications:
u Reproduce the observed 40Ca abundance, and verified the hypothesis that 

calcium comes from a key breakout reaction of CNO cycle, revealing the 
origin of calcium in the first stars. 

u Support the faint supernova model 

JUNA measurement of 19F(p,g)20Ne

L.Y. Zhang, J.J. He*, R.J. DeBoer, M. Wiescher* et al., Nature 610(2022)656



JUNA measurement of 19F(p,g)20Ne



Recommended Books

W.D. Arnett and J.W. Truran Nucleosynthesis
The University of Chicago Press, 1968

H. Reeves Stellar evolution and Nucleosyntheis
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J. Audouze and S. Vauclair               An introduction to Nuclear Astrophysics
D. Reidel Publ. Company, Dordrecth, 1980

D.D. Clayton Principles of Stellar evolution and nucleosynthesis
The University of Chicago Press, 1983

E. Böhm-Vitense Introduction to Stellar Astrophysics, vol. 3
Cambridge University Press, 1992

C.E. Rolfs and W.S. Rodney Cauldrons in the Cosmos
The University of Chicago Press, 1988 
(…the “Bible”)

C. Iliadis                                           Nuclear Physics of Stars 
                                                          Weinheim, Wiley, 2007



Recommended Books

Chinese version of 
Nuclear Physics of Stars

Translated by Jianjun HE





JUNA
Super JUNA

400 kV
800 kV

The future



l Relative measurement to:
(p,ag) strength of 323-keV resonance g(p,ag) = 23.10.9 eV (3.9%)

(p,ag) 323
213 225

g(p,g1)=2.090.21 meV; g(p,g0)=1.070.21 meV
g(p,gtot)=3.160.33 meV

323-keV resonance:

NACRE value: g(p,gtot)=53 meV

JUNA measurement of 19F(p,g)20Ne



Remarks

lWe measured the 19F(p,ag)16O cross section down 
to ~70 keV at JUNA, covering the full Gamow 
window of astrophysics interests.

l New and precise reaction rate was determined 
based on the solid experimental ground.

l In the 50 ~ 200 keV region, (p,a0) dominates the 
total cross section and hence the rate below 0.12 
GK! This channel still needs future experimental 
investigations.



Trojan-Horse Method (THM)

M. La Cognata et al., Astrophys. J. 739 (2011) L54
M. La Cognata et al., Astrophys. J. 805 (2015) 128

2H(19F,a0
16O)n

ER = 113 keV



I. Lombardo et al., Phys. Lett. B 748 (2015) 178
I. Lombardo et al., J. Phys. G: Nucl. Part. Phys. 40 (2013) 125102

ER = 113 keV



I. Indelicato et al., Astrophys. J. 845(2017)19

2011

2017

Green: 2011
Red: 2017

ER = 113 keV

ER = 251 keV



I. Indelicato et al., Astrophys. J. 845(2017)19



JUNA

总结

l 在锦屏深地，我们将CNO循环中的19F(p,g)20Ne突破反
应推进到186 keV能区, 并发现了一个位于225 keV的新
共振态。

l 新的反应率比NACRE推荐的要大得多，在0.1 GK温度
处大4.7~7.5倍，在0.01 GK温度处大200多倍。不确定
度比之前理论外推小好几个数量级。

l 基于新的反应率，模型研究显示出从“温”CNO循环
中一个较强的突破，这是之前从未预想到的。并且，
可以解释第一代恒星中Ca等元素的丰度，强烈支持大
质量Pop III恒星的弱超新星演化模型，有力排除了其
他演化假设。

l 期待这一结果能够对未来JWST对宇宙早期恒星丰度观
测产生影响。



JUNA

Borexino Collab., Nature 562(2018)505

未来研究课题

8/19

太阳金属丰度：
早期光谱观测：Z = 1.7~2.0%
日震学：Z = 1.8%
2009年光谱观测：Z = 1.3%

Z = 1.3%

Z = 1.7%



JUNA

3He(3He,2p)4He

14N(p,g)15O

3He(a,g)7Be

7Be(p,g)8B

7Be(p,g)8B

10/19

模型精度要求2%
深地实验室环境

未来研究课题



JUNA宇宙中已知最老的恒星

典型温度：~ 0.1 GK

M. Wiescher et al., Annu. Rev. Nucl. Part. Sci. 60 (2010) 381



JUNA

225 keV

213 keV

锦屏实验测量

R.J. deBoer et al., PRC103(2021)055815



JUNA锦屏实验测量



JU N AScientific motivation

J.J. He et al., Sci. China-Phys. Mech. Astron. 59(2016)652001



JU N A

F-overabundance in AGB stars

Standard AGB models cannot explain the observed F-overabundance 
phenomenon. Nucleosynthesis model needs precise cross section data 
relevant to 19F production and destruction reactions.

Scientific motivation



JU N A

Nucleosynthesis network & reactions
Scientific motivation



JU N A

Channel:
l (p,a0)
l (p,a)
l (p,ag)

19F(p,a)16O + 8.11 MeV

Reaction Scheme
Scientific motivation



JU N A

Status
Scientific motivation



First stars: Hydron burning

p-p Chains                                   CNO cycles

I l i a d i s 
2017



First stars: Hydron burning
triple-a process produce 12C and CNO cycles started

Iliadis 2017



Hydrogen or silicon burning?

https://cococubed.com/images/astro101/massive_star_onion.pn
g

Ca can also be produced in the Si shell, and 
ejected together with iron via supernova burst 

Ca can be produced during hydrogen burning via 
proton capture reactions (no iron produced)

Observe the elemental abundance of first stars



Our Sun
Core temperature @Sun: 
0.016 GK

E.G. Adelberger et al., Rev. Mod. Phys. 83(2011)195



Possible sources of Fluorine

v-spallation on 
      Woosley & Haxton, Nature 334, 45 (1988)

      Meynet & Arnould, A&A 355, 176 (2000)

      A. Jorissen et al., A&A 261, 164 (1992)



Key reactions relevant to 19F

where,



Possible sources of Fluorine

v-spallation on 
      Woosley & Haxton, Nature 334, 45 (1988)

      Meynet & Arnould, A&A 355, 176 (2000)

      A. Jorissen et al., A&A 261, 164 (1992)



Fluorine overabundance 
in AGB stars

Lugaro et al. 2004

Standard AGB models cannot explain the observed F overabundance 
phenomenon. Nucleosynthesis model needs precise cross section 
data relevant to 19F production and destruction reactions.

M. Lugaro et al., ApJ 615 (2004) 934



Time

Origin of Elements in the Cosmos

C.E. Sagan: We are made of star stuff.



Couture’s phD thesis (2005) 

I. Status of 19F(p,g)20Ne reaction


