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Weiping Liu 
JUNA chief scientist 

China Institute of Atomic Energy (CIAE) 
August 26, 2022 

清华⼤学物理系复系40周年“核物理前沿与交叉”研讨会
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项⽬领域
• 深海、深地、深空、深蓝是《“⼗三五”国家科技创新规划》的战略⾼技术领域，本项⽬属于深
地⾼科技

• 核天体物理是核物理分⽀学科，是核物理与天体物理融合的交叉学科，通过加速器测量恒星中
核反应，探索星系演化和宇宙元素起源，中美欧核物理⻓程战略均建议为重点发展领域，⾯临

激烈竞争

为保持欧洲在这
⼀领域的世界领
先地位，为成功
与中国或美国的
计划竞争，未来
的欧洲地下加速
器设施必须得到
强有⼒⽀持。 

欧洲核物理发展战略



W. P. Liu, THUPhs40 2022

• Distant Galaxy in SMACS 
0723, Webb Spectrum 

• Thin horizontal section 
of a galaxy cluster 

• The pull-out image 
shows a red pixelated 
blob 

• Image is labeled 13.1 
billion years to indicate 
the age of the light 
shown 

• Below the images is a 
spectrum lplotted as a 
line graph of brightness 
vs. wavelength

⻙布发现的131亿岁的星云



August, 2022 4

Features of nuclear astrophysics research
·NP, microscopic, 10-15 m, —>observation, cosmic, 1014 m, truly 
interdisciplinary 

·For energy production and element synthesis in star

exp. the. ast. obs.

input

sim.

abnobs.
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科学前沿
• 国际基础科学若⼲未解之谜中有：暗物质、中微⼦、核天体物理，本项⽬是在深地
从事核天体物理研究

中微⼦

暗物质

核天体

三个未解之谜
1983
威廉·福勒
核反应与元素起源

2002
雷蒙德·戴维斯
⼩柴昌俊
宇宙中微⼦探测

2015
梶⽥隆章
阿瑟·⻨克唐纳
发现中微⼦震荡

2006
约翰·⻢瑟，乔治·斯穆特
CMB⿊体形式和各向异性
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Life of star
原初过程

氢燃烧

氦燃烧

平稳核燃烧

硅铁燃烧

引力坍缩

超新星爆发

星际燃烧

黑洞/中子星

PRL 77(1996)611

PRC 71(2005)052801R

PRL 2022, in press
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Nuclear Reactions: Alchemists in the 
Universe

Peaks are the birthmark of nuclear 
physics: the magic number of the 
nuclear shell model
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Elemental synthesis in nuclear chart

s-process

PRL 2022, in press

PRC 87(2013)024312
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Element synthesis network
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Nuclear astrophysics as frontier science
·基金委数理科学13个优先领域中 

–恒星的形成、演化与太阳活动 

–极端条件下的核物理和核天体物理 

·美国DOE核科学中长期规划中 
– What is the nature of the nuclear force that binds protons and neutrons into stable nuclei and rare 

isotopes? 

– What is the origin of simple patterns in complex nuclei? 

– What is the nature of neutron stars and dense nuclear matter? 

–What is the origin of the elements in the cosmos?元素起源 

–What are the nuclear reactions that drive stars and stellar explosions?驱动恒星演化
和爆发的核反应 

·
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Major facilities in China
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Lanzhou

CSR

mass, decay

Beijing

BRIF

reaction

LAMOST

observation

锦屏⼭

锦屏深地实验室 交通洞

雅砻江

Jinping

JUNA

direct exp.


LAMOST

observation

FAST

observation



Joint efforts ⽅法论

Direct in Gamow window 
(underground)

Direct in higher energy

In-direct measurements

Nuclear decay

Nuclear mass

Shell model and mean field 
calculation Reaction rate database

Shell model and mean field 
calculation Mass and decay rate database

Nuclear input database

Nuclear astrophysics and sensitivity 
study

LUNA, JUNA…

TRIUMF, NSCL,…

CIAE, TAMU, CNS…

RIBF, CSR, NSCL…

CSR, GSI, TRIUMF…

RECLIB…

AME…



需要超⼤曝光 High exposure

10 m
A

σ(E) = S(E)e−2πη 1
E

η = 0.1575Z1Z2 M/E

E0 = 1.22(Z2
1 Z2

2 MT2
6)1/3keV Gamow window

astrophysical s factor

coulomb term

George Gamow



需要⼤海捞针 Underground

加速器

探测器

dfd
fkjd

ksl
;fC
os
im
ic

锦屏

宇宙

束流本

探测器

探测器

屏

WPL et al., Sci. China 59(2016)2

地⾯

CJPL

25Mg(p, γ)26Al



JUNALUNA and CASPAR nuclear astrophysics

14N(p,γ)15O

3He(3He,2p)4He

F. Cavanna et al., PRL 115(2015)252501, . 

F. Ciani et al. PRL 127(2021)152701, 

V. Mossa et al., Nature 587(2020)210 , 

A. C. Dombos et al., PRL 128(2022)162701, 

22Ne(p, γ)23Na
13C(α, n)16O

D(p, γ)3He
18O(α, γ)22NeCASPAR

LUNA



Uncertainty remained for key reactions 天时
Physics Reaction Current Desired 

Massive star 12C(α,γ)16O 60%
890 keV

20%
220-380 keV

s-process 
neutron 
source

13C(α,n)16O 60%
230 keV

10%
140-230 keV

Galaxy 26Al 
source

25Mg(p,γ)26Al 20%
92 keV

5%
50-300 keV

F aboundace 19F(p,α)16O 80 %
189 keV

5 %
50-250 keV

WPL et al., Sci. China 59(2016)2

R. J. deBoer 
et al., RMP 

vol. 89, 2017

Y. P. Shen, B. 
Guo, WPL, PPNP 
119(2021)103857

G. F. Ciani et al. 
PRL 

127(2021)152701

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



Uncertainty and abundance



CJPL
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Most silent location: CJPL

19

锦屏⼭

锦屏深地实验室 交通洞

雅砻江

neutrino

double

beta decay

double

beta decay

dark matter

dark matter
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JUNA dream team
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PI

Xiaodong Tang

13C(α,n)16O


Ion source IMP

Zhihong Li

25Mg(p,γ)26Al 

CIAE

Jianjun He

19F(p,α)16O

BNU

Gang Lian
Lab. exp. sup.
CIAE

Weiping Liu

12C(α,γ)16O

Group leader

Supported by the National Natural Science Foundation of China, Grant No. 11490560, 2015 

Bao 
Quncui,CIAE 

Liangting 
Sun, IMP 

Ion source 
and acc. 

Yangping Shen, CIAE 
Jun Su, BNU 

Bing Guo 
22Ne( ,n)25Mg 

CIAE
α

Shuo Wang 
14N(p, )15O 

SDU
γ

Acc. operation
Long Zhang

Site support
Xiaopan Cheng

A1 
construc
tion
Hongwei 
Yang

Acc. installation
Arjun Li

Jun Su, BNU 

WPL et al., Sci. China 59(2016)2



JUNA funding 经费

Lab CJPL II（CNNC, Tsinghua，NSFC $3+M）

Ion source (CAS $0.65M), accelerator (CNNC 
$1.6M)

Electronics, shielding (NSFC $1.0M）

Detectors（NSFC $1.3M）

total $8+ M

NSFC $2.9+M CAS $0.65M CNNC $1.6 M

CJPL-II／Tsinghua  ～$3+M

Need to apply for JUNA II and welcome international contribution
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耐辐照反应靶技术

19F注⼊靶技术
• ⾼纯度铁衬底

• 磁控镀铬提⾼稳定性

• 耐辐照能⼒⽐传统氟
化钙靶提⾼10倍 
(10库仑→100库仑)

12C离⼦沉积靶
• FCVA离⼦沉积致
密成膜

• 12C富集99.99%

• 耐辐照达400库仑

反应层

He沉积层

Ti基层

13C同位素厚靶
• ⾼温⾼压烧结

• 最⾼耐热3550℃

• 热流密度0.5kW/cm2

• 耐辐照达400库仑

25Mg多层复合靶
• Cr+Mg+Cr三明治
结构

• 旋转蒸镀技术

• 耐辐照达300库仑

耐辐照性是国际同类最好⽔平的3-10倍
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先进探测器技术
Detector tech.

核反应 
reaction

采⽤技术

technology

发表⽂章

publication

国外记录

world best

我们达到

JUNA

12C BGO+LaBr down to 891 
keV

down to 552 keV

25Mg BGO array

X8

Atomic ST
52(2018)140

resolution17 
%

11 %

13C 3He array
X24

NST33(2022) 41, 
cover story

Exptripolation Self consisitent

19F Charged particle 
array

170 keV down to 100 keV



HPGe and BGO background in CJPL-I 2016-2019 本底测量

Duration Contents

15, Mar. - May Gamma

May - July Gamma with shielding

Aug. - Oct. BGO

Oct. - Dec. Neutron

16, Nov.-17. Jan. BGO, LaBr

17-19 Neutron

HPGe

BGO

Y. P. Chen, J. Su et al., Sci. China Phys 60. (2017)
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极低本底获得——全⾯的本底控制

离⼦源

• ⾼纯电离激发

• 专⽤He2+离⼦源

加速段

• 选⽤低本底材料

• 提⾼传输效率（>90%）

传输段

• 磁分析：过滤氘等束流杂质

实验终端

• 铅、铜、镉等复合材料屏蔽

• ⾼纯度同位素靶（99.99%）

• 波形甄别技术

• 多重数反符合探测技术
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强流加速器技术

离⼦源 加速段

实验需求

地下空间⼩

毫安级⾼流强

…

技术突破

紧凑永磁结构

微波耦合⾼效电
离激发

…

• 国际深地最强流离⼦源
• 国际重离⼦加速器⼤会特邀报告

发明专利ZL202010190409X

实验需求

克服空间电荷
效应

能量精确可调

…

技术突破

短间隙⼤孔径加
速

⾼稳定⾼压供给

…

• 束流强度 10 mA，传输效率 90%
• “世界最强流深地加速器”

发明专利ZL201810075232.1

离⼦源

螺线管
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国际最强流深地核天体物理JUNA experiment 
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cosmic

µ bkg


( cm-2 s-1 )

beam energy（keV） beam intensity（emA）
energy stability

H+ He+ He2+ H+ He+ He2+

LUNA 2×10-8 50-400 50-400 --- 0.3~1 0.3~0.8 --- 0.05%

CASPAR 4.4×10-9 100-1000 100-1000 --- 0.1 0.1 --- 0.05%

JUNA 2×10-10 50-400 50-400 100-800 10 10 2 0.04%

JUNA

ECR Ion source

Accele
ration 
tube Beam analyze

Detector
HV platform

WPL et al., Sci. China 59(2016)2



25Mg(p,γ)26Al physics 伽⻢天⽂反应

Z. H. Li et al., Sci. China Phys 58. 082002(2015), J. Su et al., Science Bulletin, 67(2022)2



JUNA vs. LUNA

本实验意⼤利

LUNA

52 days (S+N)， 370 C

signal：410 

strength：2.9±0.6×10-10 eV

15days(S+N)，1008 C

signal：1225
strength：3.8±0.4×10-10 eV

25Mg(p,γ)26Al

中国

JUNA

beter resolution！

J. Su, Z. H. Li*,.…, WPL*, Science Bulletin, 67(2022)2, cover paper



Results and implication 最精确

JUNA underground JUNA ground

BRIF in-direct

J. Su, Z. H. Li*,.…, WPL*, Science Bulletin, 67(2022)2,cover paper

IF>20



key reaction for F in 
star

destroy：

☑ 19F(p, α)16O

☐ 19F(α, p)22Ne

☐ 19F(p, γ)20Ne

☐ 19F(α, γ)23Na


production：

☐ 15N(α, γ)19F

☐ 14N(α, γ)18F


J.J. He et al., Sci. China-Phys. Mech. Astron. 59 (2016) 652001
L.Y. Zhang, J. Su, J. J. He*, …, WPL*, 19F(p,αγ)16O, PRL127(2021)152702. editor suggestion



19F(p,α )16O data γ
19F+p

⏟E cal.

40K 208Tl

• 19F implatation+ Cr coding，long durabilty with 2 mA 

• L.Y. Zhang, Y.J. Chen, J.J. He* et al., Nucl. Instr. Meth. B 496(2021)9

L.Y. Zhang, J. Su, J. J. He*, …, WPL*, 19F(p,αγ)16O, PRL 127(2021)152702. editor suggestions



19F(p,αγ)16O reaches Gamow window

JUNA2021

L.Y. Zhang, J. Su, J. J. He*, …, WPL*, 19F(p,αγ)16O, PRL 127(2021)152702. editor suggestions



13C(a,n)16O中⼦源反应进展 neutron source reaction

1.2

1.2

beam

target

energy

 B. Gao, …, Y. D. Tang*,…, WPL*, 13C(α,n)16O, PRL in press, 2022



13C(α,n)16O status

Fast n: 1X Liq. Scint.

Slow n: 24X 3He tubes

 B. Gao, …, Y. D. Tang*,…, WPL*, 13C(α,n)16O, PRL in press, 2022



13C(α,n)16O: solve the uncertainty

 B. Gao, …, Y. D. Tang*,…, WPL*, 13C(α,n)16O, PRL in press, 2022

• mA thick target, 
differential method to 
pin down thickness 

• magnetic removal of 
He2+，cover 0.4 MeV 
to 0.8 MeV (JUNA)，
cover i-process; to 1.2 
MeV tandem, 
calibration of eff. , 
cross check other 
date 

• n background 5/
hour，2.5 MeV eff. 
25%, good S/N

JUNA2021 SCU2022



恒星中⼦源30年探寻30 years research

原⼦能院 
间接测量

锦屏深地 
直接测量

The significant reduction in uncertainty is fantastic. Now I believe that 
the work is a major achievement in experimental nuclear astrophysics 

…

the new underground and new above ground measurements are 
smoothly continuous over a large energy range, thereby providing a 
much improved and more precise s-factor than previously available

 B. Gao, …, Y. D. Tang*,…, WPL*, 13C(α,n)16O, PRL in press, 2022 
B. Guo*, Z. H. Li,…, WPL*, Astrophys. J. 756, 193 (2012). 



Big question, big impact, big challenge 圣杯

Buchmann (1996)

• All M > 0.55 M⊙ massive star,  mid mass 
up to Fe: Holy grail !

• Gamow window Ec.m.=300 keV, extremely 
low cross section 10-17 barn

• Model need 10% precision, now only 
60% or poor

R. J. deBoer et al., RMP vol. 89, 2017
B. Guo, Z. H. Li, …, WPL,, APJ 756, 193 (2012) 
Y. P. Shen, B. Guo, …, WPL, PRL 124, 162701(2020)



12C(α,γ)16O procedure

High purity 12C gas Made FCVA target

13C
12C

= 1.1 × 10−4

Beam durability test For data taking

Indirect measurement Ground high energy 
direct test

Underground 
background by Cnat 

target

Underground data 
taking

Target 
procedure

Experiment 
procedure

⾼耐辐照12C⾼
纯同位素靶研发

Hammer 
2005 

JUNA 
2021

辐照量 
C

90.6 280

靶厚衰减 
%

20 25

制备⽅法 离⼦注⼊ 过滤阴极
真空电弧 
(FCVA)

L. H. Wang et al., enriched 12C targets, NIMB, 2021, accepted 



12C(α,γ)16O ：more sensitivity 最灵敏

Collimators

4He2+ Beam

Liquid-Nitrogen
Cryotrap

−300 V

Target

Cu (5 mm)
Pb (100 mm)
Cd (1 mm)

LaBr3

BGO

• FCVA implantation CTi thick 
targets

• durability >280 C @800 keV 
He2+, with only 25% loss

• BGO+LaBr3 (Lanthanum 
bromide) veto

• wide energy search for best S/
N, 552 keV is best, other 
suffer from   
contaminations

• sensitivity of 10-12 b @Ec.m. = 
552 keV

18O(α, γ)22Ne



12C(α,γ)16O ：more sensitivity, near Gamow window

552

Preliminary

Bayesian method



New excitement from JUNA 19F(p, )18Ne：  CNO break out，explain Ca in oldest known star𝛾

L. Y. Zhang, J. J. He*, …, WPL*
New study of the key CNO break-out reaction 19F(p, 

γ)20Ne in first stars 
Nature 2022 accepted

13.6 billion years old

13.1 billion years old

Nature 506 (2014) 463

SMSS0313-6708 13.5 B Yr

13.1 B Yr

JWST

new resonance ！

“warm” CNO

5-7 times increase！

explain Ca abn in oldest star！

Aug. 11, 2022
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JUNA Milestone

43

Aug. 2013

Startup 
meeting

Jan. 2015

Project 

inauguration

May 2017

Beam on 
ground

Mar. 2016

On site start

Dec. 2017

3 mA on ground

April 2019

Target ready

Acc. Ready

Dec. 2020

Beam 

underground

Mar. 2021

25Mg, 19F and 

13C data ready 

Dec. 2021

Project 

commission

Dec. 2018

Der. Ready


Beam 10 mA

WPL et al., Sci. China 59(2016)2
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取得杰出物理成果
发表四篇国际顶级物理学期刊⽂章

• 19F(p,γ)20Ne：《Nature》杂志成果：⾸次解释最古⽼恒星钙丰度

疑难

• 19F(p,αg)16O：物理评论快报编辑推荐成果：排除氟丰度超出的核

物理不确定性

• 25Mg(p,γ)26Al：科学通报封⾯成果：取得最精确的伽⻢射线源的产

⽣率

• 13C(α,n)16O：物理评论快报：解决30多年的中⼦源强度的分歧

• 12C(α,γ)16O：国际最⾼灵敏度：70年来⾸次使圣杯反应接近天体能

量窗⼝

• 成果在国际天⽂⼤会、国际核天体物理⼤会、亚太物理会议报告

《Nature》接收函
IF=69.504

科学通报
IF=20.577

物理评论快报
IF=9.185

物理评论快报（编辑推荐）
IF=9.185
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总书记在2021年两院院⼠⼤会
表扬的我国⼗⼤战略⾼技术进展

世界最强流深地核天体
物理加速器成功出束

海⽃⼀号 
万⽶海试 奋⽃者号 

成功坐底

北⽃导航
系统开通

中国空间站天
和核⼼舱发射

⻓征五号
遥三发射

太湖超级
计算机

墨⼦号 
密钥分发 天鲲号 

试航成功

华⻰三代 
核电技术



International recognition
• J. C. Mather, 2006 Nobel Prize Winner, JWST chief 

scientist, “And congratulations on your new 
measurements; they seem quite important.” 

• R. Diehl, INTEGRAL spokes person,  “This is great news 
and a big achievement: Congratulations!” 

• M. Wiescher, former JINA chair, “There's no question that 
you're in the lead.” 

• T. Kajino, BUAA/NAOJ professor, “The JUNA achievement 
in the first year is really great by producing several 
important results with the world highest precision.”



激发国际深地核天体物理发展 simulating effect
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LWPL* et al., Sci. China 59(2016)2

J. Su, Z. H. Li*,.…, WPL*, Sci. Bull., 67(2022)2


L.Y. Zhang, J. Su, J. J. He*, …, WPL*, PRL 127(2021)152702

B. Gao, …, Y. D. Tang*,…, WPL*, PRL in press, 2022


L. Y. Zhang, J. J. He*, …, WPL*, Nature 2022 accepted


F. Cavanna et al., PRL 115(2015)252501

G. F. Ciani et al. PRL 127(2021)152701

V. Mossa et al., Nature 587(2020)210 


A. C. Dombos et al., PRL 128(2022)162701



Future plan from 2023

Reaction Desired with max. 10 
emA beam

12C(α,γ)16O 1X10-13 b limit
450 keV

13C(α,n)16O 10%, , 10-13 b
150 keV

22Ne(α,n)25Mg gas target
14N(p,γ)15O

Jan. 2015

Project start

May 2017

Beam on ground

April 2021

Exp. Phase 1

Dec. 2020

beam 

underground

2023

Exp. Phase 2

Detector

Target

Ion source

Accelerator

Signal

Background

Analysis

Improvement

Reaction Achieved with ca. 1 
emA beam

12C(α,γ)16O 1X10-12 b limit
552 keV

13C(α,n)16O 10%, 10-12 b
230-600 keV

25Mg(p,γ)26Al 5%
92 keV

19F(p,αγ)16O
19F(p,γ)20Ne

5 %,72-344 keV, PRL
5 %,188-344 keV

CJPL-II A1, Aug. 2022



JUNA未来：⾛向卓越 Future

400 kV
p, 
2020-
one of best

α

4 MV
12C, 16O
2023-
top class



• JUNA is becoming an advanced deep astrophysics platform. 
China, follow Italy and United States, to be third to carry out 
direct measurement of deep core astrophysical reactions 

• Accurately measured key nuclear astrophysical reactions. 
Compared with previous experiment, beam intensity is higher, 
detector efficiency, target exposure, sensitivity and energy 
coverage are greatly improved, 

• Gamma-ray astronomical reaction has reached the highest 
precision, and the astrophysical holy grail reaction has achieved 
the highest sensitivity, new resonances revealing the origin of 
heavy element abundance in the oldest stars in JWST, and the 
discrepancies of neutron source reactions was resolved. 

• Welcome to join JUNA collaboration and submit your proposals 
deep underground!

JUNA summary 重⼤研究成果总结

explain Ca abn in oldest star！
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