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JUNAOrigin of Heavy elements

Based on west and Heger, ApJ(2013)



JUNAPioneering works

B2FH(1957)
S factor =3.9x103 MeV*barn 



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<1013 cm-3

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



JUNA

Neutron: Magic Bullet

s-process
• He-shell burning of M<4M⊙

AGB stars or massive stars
• Nn<1013 cm-3



JUNAS-process stars

Neyskens et al. (2015)

Determine the s-process temperature using Zr and Nb abundances
The derived temperature supports 13C as the s-process neutron source



JUNACarbon-Enhanced Metal-Poor(CEMP) stars

• R-process: ~1020 cm-3  S-process: <1013 cm-3

• Intermediate-process (i-process): 1014-1016 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)



JUNA

Taken from Lugaro’s lecture



JUNA

Taken from Lugaro’s lecture



JUNA13C(a,n)16O in AGB stars

~0.1 GK
~0.2-0.3 GK

B.Guo, …, M. Lugaro, … et al.,ApJ756(2012)193



JUNA
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Complicated Reaction
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Faestermann et al. PRC(2015)



JUNAImportance of the threshold state

P. Descouvemont PRC(1987)



JUNA

• Ground based experiments are limited by cosmic rays

• Errors (~70%) are too large to constrain contribution of threshold state 

地面实验极限

13C(a,n)16O measurements
S-process

i-process
S-process

i-process



JUNA

Indirect approaches:

• Systematic error is difficult to be correctly evaluated
• Inconsistency of direct measurements limits the precision of extrapolation
• Need direct measurement at low energies to validate the results 

Asymptotic Normalization Coefficient (ANC)
See deBoer (2020) for a summary

Trojan Horse Methode (THM)
Trippella & Cognata (2017)

Mukhamedzhanov et al (2017)

x2.5



JUNA
First Underground Measurement

0.2 GK
0.35 MeV

0.1 GK
0.19 MeV

• First measurement of the higher energy part of the Gamow 
window of s-process 

• Max. 150 pmA beam on > 100 targets Ciani et al. (2021)



JUNAFirst Measurement in the Gamow window 
of s-process

0.2 GK
0.35 MeV

0.1 GK
0.19 MeV

• Extrapolation needs ANC of the threshold state and higher energy data
• Inconsistency among the data sets is the major systematic uncertainty

Ciani et al. (2021)



JUNAReaction Rate Uncertainty
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JUNAReaction Rate Uncertainty
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JUNAImpact to s process nucleosynthesis

• Low-LUNA rate favors more 13C surviving in the 13C-
pocket (0.1GK)

• The leftover 13C provides extra neutrons from 
13C(a,n)16O during the following thermal pulse (0.2 
GK), affecting 60Fe, 205Pb, and 152Gd

M=2 Mʘ

Z= 0.02



JUNA

+20%/-12% in Reaction Rate at 0.1GK requires
+/- 5% in the s-process yield→could be large for r-process yield

Fraction of Change in Reaction Rate at 0.1 GK 
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Impact on s-process nucleosynthesis

Observed solar abundance = s-process + r-process + p-process

Guo et al. (2012)



JUNAImpact on s/i-process nucleosynthesis

Large variations (up x50) are found in low-mass low-
metallicity models, if protons are mixed and burnt at very 
high temperatures

1/2     1/1.5 Heil08  x1.5      x2

Cristallo et al., (2018)

1E13 n/cm3



JUNAJinping Underground Nuclear Astrophysics

Beam Intensity Energy,keV

H+ 10 70-400

He+ 10 70-400

He++ 2-5 140-800

2400 m overburn (6700m w.m.), the deepest underground lab by now



JUNAJUNA projects (2015-2021)

CIAE，W.P. Liu
12C(a,g)16O

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

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

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

J. Su et al., Science Bulletin, 67(2022)2L.Y. Zhang et al, PRL127(2021)152702

19F(p,a)16O

25Mg(p,g)26Al

CIAE, G. Lian
Accelerator and 
Infrastructure



JUNA

Courtesy from W.P.Liu



JUNA

Courtesy from W.P.Liu



JUNALow background neutron detector

24x3He counter + High Density PE + Borated PE

Good fortune



JUNAEfficiency calibration w 51V(p,n)51Cr

JUNA,  Y.T. Li, T.Y.Jiao, B.S. Gao, W.P.Lin et al. arXiv:2111.12552, accepted by NST



JUNAEffect of angular distribution

JUNA,  Y.T. Li, T.y.Jiao, B.S. Gao, W.P.Lin et al. arXiv:2111.12552, accepted by NST



JUNANatural background

1/265

1/4

LUNA, Csedreki NIMA (2021)
JUNA,  Y.T. Li, T.y.Jiao, B.S. Gao, W.P.Lin et al. arXiv:2111.12552, accepted by NST



JUNAJUNA high intensity accelerator

14.5 GHz ECR： 1 pmA He++

2.45 GHz ECR:      10 pmA He+
2.45GHz ECR by IMP

L.T. Sun

B.Q. Cui



JUNAHighest beam current

JUNA Limit

JUNA Limit

Preparation + Beam time: Feb. 27 to Mar. 16, 2021



JUNA13C-enriched thick target

Max.940W

500W on target
drill a hole of~2 mm

• 2mm-thick, max. power ~500W 

• Will use beam wobbler to reduce the beam 

power density



JUNA

Deuterium impurity in the He2+ beam 

• Impurity analysis Using D(d,p)t reaction :
𝑰
𝑫+

𝑰
𝑯𝒆𝟐+

=(7.1±0.7)×10-6

1.25 emA He2+ mixed with 9 pnA of Deuterium
• Estimating D2

+ /4He+ ~ 10−9

H. Chen et al., Sci. China-Phys. Mech. Astron. 61, 052021 (2018)



JUNAJUNA accelerator

14.5 GHz ECR： 1 pmA He++

2.45 GHz ECR: 5-10 pmA He+

4He2+

H2
+

H. Chen et al.,

Sci. China-Phys. Mech. Astron. 61, 052021 (2018)



JUNABeam induced background

Yield at Ea=250 keV using He+ is 0.05(8) cnts/Coulomb, being consistent 
with the zero 

Dominated by 13C(d,n)14N



JUNA

Ratio of the counts of inner to outer rings

• Beam on 13C target
• Ratio of inner-ring counts/outer-ring counter is sensitive to 

energy and angular distribution
• He2+ w slit agrees with He1+, which is nearly free of Deuterium 



JUNAConsistent measurement at Ea=0.8-2.52 MeV

Dr. W.P.Lin, Sichuan University

T.Y. Jiao IMP



JUNACross section of 13C(a,n)16O

Consistent measurement from pb to b
Min xsec: 1.9+/-0.3 pb
Ground：60+/-40 pb 
LUNA:   1.1+/-0.2 pb (world record)
Wide energy range
JUNA: 0.24-1.9 MeV
LUNA: 0.23-0.3 MeV

• JUNA data analyzed by B.S. Gao (IMP)
• SCU data analyzed by W.P. Lin(SCU)

Lin & Gao



JUNAS-factor of 13C(a,n)16O 

0.2 GK
0.35 MeV

0.1 GK
0.19 MeV

• Cover almost the entire Gamow window for i-processs (0.2-0.3 GK)
• Extrapolation needed for s-process (0.1 GK)

Reduced with of threshold state
and screening potential (Ue) are 
treated as free parameters



JUNA
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JUNABackground suppression

• Suppress the alpha background using the coincidence
of fast and slow neutron signals

• Suppress the natural neutron background using water
• Suppress the gamma background using Cu
• Drop the background from 4 cnts/hr to 0.4 cnts/hr

water

Plastic detector

3He detector

HP O-free Cu







Seeking the truth in a deep underground

Accelerator is installed in a underground 
lab, helping us understand the Universe

Excellent detectors probe the microscopic 
world, helping us examine the stellar 
evolution

Weiping Liu (CIAE)
Feb. 2021



JUNASummary

• Consistent direct measurement in Ecm=0.24-1.9 
MeV cover almost the entire Gamow-window of 
i-process 

• Resolving the inconsistency 
• A more reliable reaction rate: 13% at 0.2 GK, 
16% at 0.1 GK

• Constraining ANC of threshold state and 
screening potential  

• 2023: continue the measurement of 13C(a,n)16O 
and start other difficult measurement such 
as 22Ne(a,n)25Mg



JUNA



JUNA

Jinping Underground Nuclear Astrophysics （JUNA）

13C(a,n)16O experiment 
(2/27/2021-3/16/2021）

Thank NSFC, CAS,TSU, SJTU and 
Yalong hydropower for their 
supports




