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Congratulations to HIAF progress!
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nuclear astrophysics

* NP, microscopic, 10-15
m, —>observation,
cosmic, 1014 m, truly
Interdisciplinary

R * For energy productlo_n
Selbes and element synthesis
' In star

xnn PP oA

August, 2022 3



Nuclear Reactions: Alchemists in the

1ol H burning | Universe
He Peaks are the birthmark of nuclear
o 8 burning physics: the magic number of the
P COSi burning nuclear shell model
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Major astrophysics process
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State of nuclei; fate of star ‘N

Qa 7.65 0* 1954, Hoyle state, large

The Triple Alpha Process
(Helium Fusion) (0amma photon) Fred Hoyle (1 o1 5'2001)
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Nuclear astrophysics in China

JUNA experiment theoretical study theoretical $tudy’ 4
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Nuclear astrophysics network
calculation

Direct in Gamow window Nuclear astrophysics and sensitivity

(underground) study

RIBLL and LEAF expefiment theoretical study

Shell model and mean field

] Reaction rate database
calculation

Direct in higher energy

CIAE experiment

In-direct measurements

Nuclear input database
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BRIF, CSR experiment

Mass data compilation in China
Nuclear decay

Shell model and mean field

CSR experiment Mass and decay rate database

calculation

theoretical study
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Major facilities in China

LAMOST
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W. P. Liu, 2022, NuSYS
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1996: new method for 8B solar neutrino cross section

This paper describes an
RIB production (d,n) or (d,p) measurement excellent experiment, one

of the first examples
where a radioactive 1on
beam has been used In
Inverse transfer reaction

Dipole Gas target

s studies.
- The topic is sufficient
X: X. Bai, WPL et al., NP A588(1995)273c important that this paper
S — | should see timely and
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Systematic studies via in-direct approach
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Gamow window

coulomb term
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LUNA I - 3.5 MV

CASPAR
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' A+
Uncertainty remained for key reactions A

Physics Reaction Current Desired

Massive star 12C(a,y)'¢O 60% 20%
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. China Jinping: CJPL
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Most silent location: CJPL
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JUNA Milestone

Aug. 2013 Jan. 2015 May 2017

Startup Project Mar. 2016 Beam on Dec. 2017

. : : ' 3 mA d
meeting inauguration On site start mA on groun

*F(p, ay)'*O

H' a6 260 keV, 150 pA

\\\\\\\\\{\\‘:‘\“3?;‘\‘“"!“[[{ i il '." { | ' IThc first ground experiment ~ ;
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Oct. 2024 April 2021 Dec. 2020 April 2019 Dec. 2018
Upgrading 25Mg, 1°F and Beam Target ready Der. Ready
commission 13C etc ready underground Acc. Ready Beam 10 mA

WPL et al., Sci. China 59(2016)2 18/125
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J U N A a c c e I a I at O r iz Jinping Underground Nuclear Astrophysics Experiment

» Accele JUNA

ration

tube Beam analyze
' Detector

t s b5
[T < ..,5,5 u,,.mnuu“

L_,L,* gl i IH JIBNSn3 .
‘ — - - : =

lab depth COZTiC beam energy (keV) beam intensity (emA) energy
m W _ g H+ He+ He2+ H+ He+ He2+ stability
(cm2g1)
LUNA 1400 2x108 50-400 50-400 3.5MV  0.3~1 0.3~0.8 0.05%

CASPAR 1500 4x109 100-1000 100-1000 1 MV 0.1 0.1 0.05%
JUNA 2400 2x10-10 50-400 50-400  100-800 2-10 2-10 1-2 0.04%
Felsenkeller 45 ~10-7 5 MV 30 uA

-~ -

WPL et al., Sci. China 59(2016)2"
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NUCL SCI TECH (2022)33:41

htipsY//doi.org/10.1007/541365-022-01030-0 > ; % i.m &- i W M IE l'ghl:
_ g Underground Nuclear Astrophysics Experiment
Dete Cto r tec h = Development of a low-background neutron detector array

Yu-Tian Li'"*@®- Wei-Ping Lin’@® - Bing-Shui Gao“** - Han Chen" -

Hao Huang' - Yu Huang® « Tao-Yu Jiae'” » Kuo-Ang Li'? + Xiao-Dong Tang'*"'@®-
Xin-Yu Wang"? - Xiao Fang’® - Han-Xiong Huang® - Jie Ren®@ - Long-Hui Ru'” -
Xi-Chao Ruan® : Ning-Tae Zhang'” « Zhi-Chao Zhang'”

MNIENSTHE CE

reaction technology publication world best |JUNA

12C BGO+LaBr down to 891 down to 552 keV
keV

25Mg BGO array Atomic ST resolution17 11 %
X8 52(2018)140 %

13C 3He array NST33(2022) 41, Exptripolation Self consisitent

X24 cover story

Charged particle 170 keV down to 100 keV
array

JUNA2022




, High durability target

3-10 times better than previous targets
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JUNA in DOE long range plan 2023

2023 LONG RANGE PLAN FOR NU

2023 | VERSKIN1.1

Various experimental facilities in Asia are involved in
e all areas of experimental nuclear physics, including

Oeo of the techecioges dissussed m Chaptor & o
rmmwohn n:—'.'mh Lota l)t'l!l'v, CUMD, wil ta sitea

e those under construction. These facilities include the

al fac
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Isotope Accelerator Complex for Online Experiment
(RAON) in Korea; the Stawell Underground Phys-
ics Laboratory (SUPL) in Australia; and the Jinping
Underground Laboratory for Nuclear Astrophysics
el (JUNA) facility, the Beijing Radioactive lon Beam Fa-
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19F(p,7)?°Ne: confirm CNO break,

NIC, 2023

<+ CNO Cycle1
e CNO Cycle2
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«--++ Hot CNO Cycle
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Solution: 1°F(p,g)2°Ne rate one order large?
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Experiment setup

LN, Dewar

2 mA proton and 19F target

with high durability target

(200C)
BGO array and PMT Cu shroud
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Cu +Pb + Cd Shield ubo 7

Molecular o
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BGO array with high
efficiency (60%) and

resolution (11%)

NIC, 2023
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(P, 7) e Implications Q= . Jinping Underaround Nuclear Astrophysics Experiment

Rate / NACRE
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Article Nuclear astrophysics

Measurement of "F(p, y)*’Nereaction Underground route to
suggests CNO breakout infirststars grasping the oldest stars

- - Marco Pignatari & Athanasios Psaltis
https://doi.oraf10.1038/541586-022-05230-x  Liyong Zhang', Jianjun He'™, Richard J. deBoer’, Michael Wiescher’™, Alexander Heger’, 4J

: ~ Daid Kahl®, Jun Su’, Daniel Odell®, Yinji Chen’, Xinyue LT, Sanguo Wang®, Long Zhang', Nuclear-fusion experiments performed deep under Earth'’s
SNCRiRc: 28Ry 2072 Fugiang Cao', Hao Zhang', Zhicheng Zhang®, Xinzhi Jiang', Luohuan Wang', Ziming Li', P PE e '

Accepted: 11 August 2022 Luyang Song', Hongwei Zhao®, Liangting Sun®, Qi Wu®, Jiaging Li®, Baoqun Cui’, Lihua Chen’, surface reveal one pOSSi ble scenario that could have resulted

Ruigang Ma’, Ertao Li®, Gang Lian’, Yaode Sheng', Zhihong Li’, Bing Guo’, Xiaohong Zhou®, in the chemical abundances found in an ancientstarinthe
Yuhu Zhang®, Hushan Xu®, Jianping Cheng' & Weiping Liu™ Mi Iky Way. See p.656

N Check forupdates

L. Y. Zhang, J. J. He*, ..., WPL*, Nature 610(2022)656, Selected as news and views P _—
NIC, 2023 . | 25 |
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25Mg(p,y)%6Al: gamma astronomy REg :z v vicie

BT, 2021
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&3 hEIRFaERI SR JUNA vs. LUNA
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JUNA result of 25M g(p, )26Al

JUNA2021 A (SClence Grou'nd Slal‘e |

LUNA2012 -

lliadis 1996

Around 0.1 GK,
‘ Total
Champagne1983 S !4l .0 F : —————— JUNA = REACLIBX 2.3 or LUNAX 1.2 -

LUNAZ2012 . : I ‘ - IC S Ground sate
JUNA2021 : [

Kankainen2011

}

Transfer reaction Direct measurement

JUNA = REACLIBX 2 or LUNAX 1.3 7

Y. J. Li, Z. H. Li, E. T. Li, X. Y. Li, T. L. Ma, Y. P.
Shen, J. C. Liu, L. Gan, Y. Su, L.-H. Qiao, et al., Phys.
Rev. C 102, 025804 (2020).
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JUNA underground VU\EWelielbile} ). Su, Z. H. Li*,...., WPL*, Science Bulletin, 67(2022f2,cover paper



13C(a n)160 neutron source reaction for heavy elements At
b - % Exp.: Jan. 27-Feb. 16, 2021 025 MeY L2OMY ey in'o
‘:&% B. Gao, IMP

rt@ Pl: X. D. Tang, IMP
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B. Gao, ..., Y. D. Tang®,..., WPL*, 13C(a,n)160, PRL 129(2022)132701




Lin, Nov. 3, 11:10-11:35

13C(a,n)1O neutron detection
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13C(a,n)1°0 results

Tg 0.1 0

2 0.3

O Drotleff
¢ LUNA

¢ JUNA

— LUNA best fit —— low LUNA

- JUNA fit

SCU2022 1

04 05 06 07 08 09 1 11 1 08
0.6

3 04

¢ Heil £ o
A Harissopulos g o

- 3 0.8

4 SCU 50.6

Al
.‘ -
lcl
Wl

3

i |

»
vl

.
--'.

S T ® or.
‘A IT

£ (MeV)

0.8 1

B. Gao, ..., Y. D. Tang?,..., WPL", 13C(a,n)16O, PRL 129(2022)132701

Ec.m.(MeV)

~

P e / \

N\

N

- /"" \\

§_ /] \\ T9 = 01
I

2_ ’ |ii| i. 1

E__ / { 1||I| i 1\“.1“

- /4 To = 0.2
%—— // ."\ ' 9 —_—

T T . o

A 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

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 57

-

hour,+2.5 MeV eff.

25%, good S/N



Resolve conflict In30 years research

Recent studies of the low-energy range of the BC(a;7)'90 reaction rate at the deep under-
ground accelerator facilities of LUNA in Italy (83) and JUNA in China (84) have removed most

of the uncertainties in the extrapolation of the previous higher-energy data [the NACRE II com-
pilation (85)]. The low-energy data match well the prediction of a recent R-matrix analysis (86)
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B. Gao, ..., Y. D. Tang”,..., WPL"*, 13C(a,n)0O, PRL 129(2022)1 32701+ e =5

B. Guo*, Z. H. Li,..., WPL", Astrophys. J. 756(2012)193.



Big question, big impact, big challenge RS2k WP Shon. CIAE
Exp.: Feb. 26-Apr. 18, 202

« All M > 0.55 Mo massive star, mid massl/m - ( >(E)

up to Fe: Holy grail ! e -
» Gamow window Ec.m =300 keV, gxtremely : 10.36
. -
low cross section 10-17 bagas ' 085
- * Model need 10% precision, now only
60% or poor

QO T T T T T T T T T1]

Mass Gap 3

s d s ot s a oy AL AR R AL LALA

0.5 L 1.5 2 2.5 3 3.5
R. J. deBoer et al., RMP vol. 89, 2017 E. .. (MavVv)

B. Guo, Z. H. Li, ..., WPL,, APJ756, 193 (2012); Y. P. Shen, B. Guo, ..., WPL, PRL 124, 162701(2020)
R. Farmerl,2., M. Renzo3, S. E. de Mink et al., APJ 902, L36, 2020 ...




12C(a,y)10 : more sensitivit
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Counts per 500 keV

12C(a,y)10 : submitted
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JUNA results from

Run-1

Reaction Quantities Beb:’;glraeta JUNA data Publication
Holy grail Lowest energy/keV 891 952 I :
n preparation
12G(a,y)'°0 Cross section/b 10-11 10-12
Energy range/keV 230-300 240-1900
neutron source SIS PRL 129(2022)132701
C(a,n)1°0 S-process 50% 20%
Science Bulletin
26
S aoundance ety 21% 8% 67(2022)2
Mg(p,y)°A cover paper
F abundance Lowest energy/keV 189 72 PRL 127(2021)152702
19F(p,ay)160 Uncertainty 80%, LA Editor suggestion
Ne isotope ratio .
180(,y)22Ne Uncertainty 47/2+18 keV | 474.1+x1.1 keV | PRL 130(2023)092701
CNO breakout Nature 610(2022)656
19F(p,v)20Ne Lowest energy/keV 300 200 ——— F




Recent development in underground nuclear astrophysics
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Green lights for JUNA Run-2

CJPL IAC highly recommend JUNA
and gave green lights for next 5 years
and support for A1 fine tuning

 High density radiation hard target and
gas target

* High resolution and efficiency neutron
and gamma detector

Improved ion source
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test result for diamond target | gaé-iel_hrge; ;_



19F(p,'Y)20NE— Fit 1: sub, 11 keV/

» Fit2:11 keV
Fit 3: sub
 JUNA expernment

JUNA Run-2 Exp.: 2024-2026

* From Run-1 to lower energy

S factor (MeV b)

. °C(a, y)'°0, precision from 1s to 3s
13 16
¢« “C(a,n) "0, full coverage of s-process

.« YF(p,7)*’Ne, cover 80-150 keV with high precision I

*  Drotief et al,

Harms et al.
S— R-Mihlx calculation

. “N(p, 20, Solar neutrino

« Using gas target 50 mlgli ulﬂﬂx .

e 22Ne(a, n)zSMg, weak s-process n source Li 'ﬁ e

v!/ M?&;E?&?X.ﬁ‘:&s
« SHe(a, v)'Be, solar neutron, Li problem, 80-380 keV | 'so‘o‘ "800 70001200 7400
uener !I
17 18
« Others — O(P:V) F_
17 14 o Ei’;"g" RGBFIAGBE HRBE
¢« 'O(p,x)"*N, 170 over abundance xens

» 7O(p,7)'°F, Hisotope ratio, 65 keV resonance
» 2°Al(p,7)*'Si, BRIF ISOL 26Al implantation target

» 19B(a, n)!°N, search for new resonance
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JUNA and Super JUNA coverage

H burning He burning N source
1ZC(p,Y)13N 160 Q Y ZONe

20Ne(a,y)24Mg 25Mg(a,n)28Si

180(a,y)22Ne  P6Mg(a,n)29Si

C\O burning
12C4+12C
12C+160
160)+160

y astronomy

2>Mg(p,Y)*°Al

26Al(p,y)?*"Si
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2024-2030 JUNA and Super-JUNA

JUNA Super-JUNA JUNA Exp. Super-JUNA
EXp.

2024 ground test run (p,9)

Run-2 exp. R&D
2025 Run-2 Ground test and (a,n) and (a,q)

fabrication gas target

2026 Run-2 Setup and test cont.
2027 Upgrade Test run Test run (p,g) test

Run-3 exp. Run-4 exp.
2028 Run-3 Run-4 cont. (a,g), (a,n) Exp.
2029 Run-3 Run-4 cont. (a,g), (a,n) Exp.
2030 Run-3 Run-4 cont.




Future study of nuclear astrophysics N

Underground, LUNA, CASPAR, JUNA,...
Explosive process, RIBLL, RIBF, FRIB, TRIUMF, BRIF....
Mass, ESR, CSR, RI-Ring,...

Decay, RIBF, RIBLL, BRIF, ISOLDE,...

S — process

\

p(y) —process \

Neutron capture, CERN n-tof, CSNS, ....

V~— process

Novel approach, SLEGES, Laser facilities,... \

VP — process

Theory, simulation, ... O\ 15n) soplis e | .
rp— process el e fission
Space based, gamma observatory,... Ni) 20 et e - rocess

e — capture

Future: FRIB, RAON, FAIR, HIAF, ELI-NP, g FT ——— stellarfusion
BISOL,..., will open up new opportunities! ' CNO-cycle

pp—chain, BBN m




’+

JUNA is an advanced deep astrophysics platform. China, follow Italy and United
States and others, started to carry out direct measurement of key astrophysical
reactions, which leading the nuclear astrophysics to the stage of precision
numerical simulation stage

JUNA summary

JUNA 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

From JUNA Run-1, 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, and the discrepanc‘ies of neutron source reactions was resolved

JUNA Run- 2 will start:-by the end of 2024, welcome to join JUNA CW
~_and submlt your proposals deep underground! . . -

bl . & s e
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