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Helium Burning

T ~ 0.2 billion Kelvin



4He

9a2z1
0.0 MeV 0

-.092 MeV

éBe

9a2z1

7.654 MeV 0’|
I

7.367 MeV

12C

Reaction rates determined by

o cluster state configurations
providing strong resonances!

2~
9.580 MeV 1- ea ~0.7

7117 Mev 1- 0_%~0.3

6.917 MeV 2*
7.162 MeV 0,%~0.8

160 >



Triple Alpha Reaction Rate Higher teoperature

Triple reaction rate was calculated using the measured [,/

—1 NACRE Present Direct y-decay

3 3 to the g. s.
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The 3a rate is partially restored, and consistent with NACRE...
Recently published in M. Tsumura, T. K. et al., Phys. Lett. B 817, 136283 (2021).

https://www2.yukawa.kyoto-u.ac.jp/ nuc2021/slides/kawabata_t.pdf



Higher density

Upscattering enhances the Hoyle state’s decay rate to the bound states of 2C
Upscattering: Low energy proton/neutron + 2C(7.654 MeV)> Higher energy neutron + 2C(g.s.)/12C(4.44 MeV)
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Influences of the uncertainty in the *°C(a,y)°0 reaction rate in Nucleosynthesis
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Multiplier on “C(a,y)"0 Rote by Buchmann (1996)




Black hole mass gap

Photodisintegration
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Teore > 6€9 K
BH Mass Gap Upper Edge of Mass Gap
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mo gap lower edge
= spin transition m
deBoer 2017
Buchmann 1996
Kunz 2002

GW: 260+1us eV ba.I‘I-lS*
deBoer2017:

11 : 140 _I""'l[ ) —]u].i[]nuddu keV'b.

60 80 100 120 14010~ %103 109 100 200 300 400 500 600 700 800
ma [Mg] (m1) [U’_ ] S300 [keV barns]

Hui Tong et al., https://arxiv.org/pdf/2509.04151
Nature volume 652, pages874—-877 (2026)




Impact on Multi-Messenger Astronomy %

A NEW ERA OF DISCOVERY

THE 2023 LONG RANGE PLAN FOR NUCLEAR SCIENCE

2003 | VERSION13
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Farmer et al (Kunz et al 2002) ":Th,is \Einrk (DeBoer etal 2017) I]pper limit of BH masses nliserved; i)y LIEOQVIRGDQKAGRA .

Farmer et al., ApJ 902:1.36(2020)
NSAC LONG RANGE PLAN (2023) 9




Holy grail for nuclear astrophysicists

Uncertainty in the °C(a,y)'°O reaction rate affects not only the
nucleosynthesis but also the explosion itself.

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 ke%ivate experimentalists to undertake the difficult task of
accurately measuring thiS rat€.=_ &

Weaver & Woosley, Phys. Rep. 227 -(-1593) 65

The fusion of “He and 12C nuclei to 20 is the most important-nuclear reaction in the

development of massive stars.
NuPECC Long Range Plan



Life of a 20 solar mass star

Fuel Primary Secondary Approximate Approximate
Products products temperature duration
(10° K)
Hydrogen “He S\ 0.02 107 yr
Helium C.O 180,%Ne 0.2 106 yr
S-process

Carbon Ne,Mg Na 0.8 103 yr

Neon OR\Y[o Al, P 1i8 3yr

Oxygen SI, S Cl,Ar,K,Ca 2.0 0.8 yr




Carbon burning

T ~ 0.6 billion Kelvin
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18 solar mass (Z=0)
Core collapse SNe

: / J | ~30 c,/o
rna e w Ny f\’.‘l/.\-’.\l/.\l""‘l’.""’.‘.‘

log(Ratio(Y_ /Y )

200 solar mass (Z=0)
Pair Instability SNe

"'5000/0

I—I—I—I-‘.‘“I—I—IK l/ \l""*n"‘-/ .\’.\./.‘*.’.“l’.'.‘l

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Atomic Number

» Decay of 22Mg 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)



nature » articles » article

Article ‘ Open access ‘ Published: 07 June 2023

w : ~ \ A metal-poor star with abundances from a pair-
' instability supernova

Qian-Fan Xing, Gang_Zhao E, Zheng-Wei Liu, Alexander Heger, Zhan-Wen Han, Wako Aoki, Yu-Qin Chen,

Nature 618, 712-715 (2023) ‘ Cite this article

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

260-M_, PISN

Si P SCl Ar KGaSc Ti V CrMnFe Co Ni Cu Zn Ga Ge

A
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Origin of Heavy elements
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The origin of heavy elements in the solar system

ABUNDANCE RELATIVE TO SILICON =10°

lon
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B2FH Synthesis of the Elements in Stars (1957)

Cameron
Nuclear Reactions in Stars and
Nucleogenesis (1957)

(FPagel, Fig 6.3)
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each process contribution is a mix of many events |


https://ui.adsabs.harvard.edu/abs/1957PASP...69..201C/abstract
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Asymptotic Giant Branch star

planetary nebula double sheli- _~inert carbon

burning _ '
red giant { helium-burning shell

— hydrogen-burning shell
double shell-

burning core

_—helium burning
ubgiant
subgian ———hydrogen-burning shell

helium-burning
star core

white dwarf _—Iinert helium
hydrogen-burning shell

! | subgiant/
o ' | red giant core

30,000 10,000 6,000
surface temperature (Kelvin)

)
¥
s |
—
T
(]
9
-
- —
o
(@]
£
E
=

Stars with <10 solar mass go through the asymptotic giant branch (AGB) before
becoming white dwarfs. Taken from Lugaro’s lecture




Neutrons in Asymptotic Giant Branch

12C(p,y) 3N(B*)13C -
V)2F(B*v)120(aLy)Ne(a,n)

e-shell burning of
M<4M AGB stars
N _<10° cm?3




Neutron: Magic Bullet

3.5 : ; ; ' ; ' . ' . ' ;
sob|~®- M=115m,, Karakas, 16" NIC school lecture (2021) |pp = 82 ]
Lsf| & MM Sr=38 | Ba=56 _
' —f— M=5M_ LRb =37 ’Q‘
2.0F “Q“ %0‘0 * 0

1.5

[X/Fe]

1.0f

30 35 40 45 50 55 60 65 70 75 80 85

Proton number, Z

HAHAH... SUCCESS! SUCCESS! \

I’M RICH! e :
N 4 &

NOW | CAN ] T
TURN ALL THE “ﬁ,”" e
IRON IN MY, q,; w
HOUSE TO
GOLD{
(QEFWK) (EEWR) (QEWR) A/H )

Now | can turn all the iron in my house to gold?
10 billion neutrons -21E-14 gram gold >1E-12 USD



massive star

(= 8 MO)

SIGMA x ABUNDANCE (mb Si=10°)

IN massive stars

The sites of the s-process

weak s-process: core He/ shell C burning main s-process: He shell flashes in

C-burning shell
He-burning core

10°

Ll

¢ empirical oNg values of

low mass TP-AGB stars

H-burning shell

He-burning shell
(thermal pulses)

C-0O core

104 s-only isotopes;
corrections for
y r-and p-processes < 10%.
10° N, (Anders and Ebihara
V) 1982)

1 v Y, ' )

1 -Vl
10-1 ] I ) ] 1 | B L)

56 75 100 i 743 150 175 200

MASS NUMBER

TP-AGB star (~1-4 M®)

approx. steady flow
Y, x Yo, = const

l

can easily interpolate
s-contribution for s+r-nuclei
If neutron capture cross
sections are known

Adapted from Schatz’s lecture



A single (or.a few) r-process event(s)

CS22892-052 (Sneden et al. 2003)
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other, second
r-process to fill
this up ?

(weak r-process)

60 70 80 90
element number

main r-process
matches exactly solar r-pattern
conclusions ?

Cosmo
Chronometer

1 NEW:
1 CS31082-001 with U §
1 (Cayrel et al. 2001)

Age: 1613 Gyr
(Schatz et al. 2002
ApJ 579, 626)

Adapted from Schatz’s lecture’”



The origin of heavy elements from iron to uranium e,
(rapid neutron capture process)

Neutron Density~10%° cm? ﬁ&’ﬁsﬁ | GW170817

. . =
» Astrophysics sites? F g‘
» Nuclear properties?

82

e Lifetime

80 * Decay branching

* Neutron capture reaction

- Fission Termination point of r-process

Experiment+Theory+Observation
Improving the predictive power of stellar models by eliminating nuclear uncertainties



http://www.google.com.hk/url?sa=i&rct=j&q=gold&source=images&cd=&cad=rja&docid=FBKCMeySsVrK6M&tbnid=Ip3vJojhQ2YHPM:&ved=0CAUQjRw&url=http://jewellerstrade.com.au/2012/impressive-year-for-gold/&ei=j8enUcHiC83QlAWrrIGgDg&psig=AFQjCNHGjEyZAhgrsh-TBPPDvcQt8z4wLQ&ust=1370036479228195
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http://newscenter.lbl.gov/wp-content/uploads/sites/2/2017/10/ejecta_lightcurve.gif
http://newscenter.lbl.gov/wp-content/uploads/sites/2/2017/10/ejecta_lightcurve.gif

I Carbon-Enhanced Metal-Poor(CEMP) stars

Hampel et al., ApJ 831(2016)171 CS31062-050
3.5 '. ! : 5 ?
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* R-process: =10%° cm3 S-process: <10%-10! cm3

* Intermediate-process (i-process): 103-10¢ cm3

e 13C(o,n)%0 is the neutron source (AGB? Metal-poor star?...)



Impact on Galactic Chemical Evolution

2 B | | [ | | | | | [ | | | | | | [ | | | | [ i
u g {  This model matches the solar
N <+r 1 composition of Sr with yields from
1 - {4 s-and r-processes alone.
1 - ]
Y 0F —
- -4 Do we even need an i-process?
\ I -]  wgw
- | B 1 Maybe, at low metallicities?
N L[ N
— - { Coté et al. 2018 suggests
-2 —| important for the first s-
- 1 process peak (Sr, Y, Zr)
—9 [ |

. ’ h
From Kobayashi, Karakas & Lugaro (2020) Takenfr.om'Kar_akass lecture. 16" NICschooI_
https://indico.ihep.ac.cn/event/15049/overview



Gamma Ray Astronomy: ®°Fe from Supernova

———

T .—v“‘ :.. l—_ : g o = . _'.I‘Hv ;i =K ,,l:': > l T o1 = ‘-‘:‘.-.
‘ - Courtesy M. Limongi, Nov 2005 e

Interior Moss

%

N\
S 22Ne(a,n)*>Mg
&

Interior Mass
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Galactic Radioactivity

E=1809.03 (+0.08)
FWHM,,,<1.3 (95%)
87 122,93 (20.15)

Flux 10™* ph cm@ s keV ™" rad™

1805 1810 1815
Energy (keV)

Diehl R et al 2006 Astron. Astrophys. 449 1025-31

E=0.07 (+0.30)
FWHM=2.76 (+0.00)
1=0.44 (+0.09)

Mean Intensity (10 ph cm™s'rad'keV"')

-5 0 5
Energy offset from *°Fe line (keV)

Wang W et al 2007 Astron. Astrophys. 469 1005-12
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#. MeV Gamma-Ray Observatory (MeVGRO)

GCK

LECA

HECA

/---design and recent development  courtesy of x.L. wang (HEP)

Aim to observe ~0.3~3MeV (extendable to Key Scientific objectives:

100 MeV) gamma-rays in wide-field 1. Exploration of Supernova Explosion Mechanism
-Energy spectrum: nuclear lines and continuum 2. Tracing Heavy Element Formation and Evolution
-Imaging 3. Indirect Search of Dark Matter

-Timing

-Polarization

i/i Gamma-ray converter tracker(GCK)

* 50 layers DSSD
« Converter and tracker

_. | Low Energy Calorimeter(LECA)
%/ « 3D CZT (2 layer)
" * Precise energy measure, Compton camera

= " High Energy Calorimeter(HECA)
« Scintillators(CeBr3 or new material)
* Absorber, high energy measure
Anti-concident Detector (ACD)
- * PSD+MAPMT, Veto for charge particles

i\ | Cosmic burst monitor(CBM)
Nk © LaBr3+SiPM array

Sensitivity (erg cm™2 s 1)

w0
Energy (MeV)




60Fe found on Earth!

2.80 million years
ago, a near-Earth
supernovae might

affect the climate

on Earthl!

Simulation by B. Fields

Log10 Density ¢ )

-1.3
a4 a3 a7 18 1.3 L7
r(AJ)

A. Wallners doi:10.1038/naturel7196 Knie, K. et al. Phys. Rev. Lett. 93, 171103 (2004); Fimiani, L. et al., Phys. Rev. Lett. 116,
151104 (2016); Breitschwerdt et al., Nature(2016); Wallner et al., Nature(2016)
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First humans lived 2.8 million
years ago, jawbone shows

5 March 2015 Last updated at 15:19 GMT EEE

Scientists have found a jawbone that they say proves the first
humans were alive much earlier than we thought.

30



°OFe/2°Al abundance puzzle

Prediction : %Fe/2%Al = 0. 45
Observation: ®Fe/26Al = 0.15*0. 04
- - By, X

Model Ingredients:

» Initial Mass Function and birth rate

» Stellar evolution (nuclear reactions, convection, mixing...)
» Stellar Wind Model(s) (Mass loss during evolution)

» Nucleosynthesis Yields (depends on nuclear physics)

» Explodability (explode as SNe or collapse to black holes)

»r

= B 1
. T, - 5 K
o - == -— -
T ol SRR )
™ i . e

Diehl, Lugaro, Heger, Sieverding, Tang ‘et al., PASA (2021), 38 e062



°OFe nucleosynthesis

10 e e P e i I
CourtesyM Limongi, Nov . .
2005 Carbon shell burning

| ->->- T0.26K

T 1GK

Interior Moss

N

ol R Calculation using NUNET; Flux in log scale

Interior Maoss

Important nuclear reactions or decays
« Neutron sources: 2Ne(a,n)?°Mg

Ground state decay 44.5 days
» 12C(0,7)'°0, 2C+12C, >%Fe(n,y), ®°Fe(n,y)

Diehl, Lugaro, Heger, Sieverding, Tang et al., PASA (2021), 38 e062




®,

Type | bursts

superburst

credits: NASA/CXC/M. WEISS
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How does the carbon fusion reaction to trigger the explosion?

r=0d

t =80d

4U 1608-522

12 14

lgy(gem™=)

Keek et al. (2007), Astron. & Astrophys. 479: 177
Cooper, Steiner and Brown, ApJ (2009)




How to get precise reaction rates?

o 12C(a' )160
° 12C+12C



Level Scheme of 160

E: [kel] J
E:_,,, (keV] - 10957 Q-
795 10367 . [A
2685 ) 9847 rM

8872 2”

OS8O rrvrrrreririisiices L
G L L rraEd

fem {KeV) e 3resonances

* 1 direct capture
25
067

e

LT
Ll
‘[3(‘-

431

D'

L7117 1
BT yhi
6130 3
6049 0*

=
E2

160

resonance
(sub threshold)

Complicated reaction mechanism
Can cluster-EFT predict the sign of interference?
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Recommended S fa
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=

Publication Year

:
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107 |
2107 |
>
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5
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g |
2 |
=

S(E1)=86.3 keVb; S(E2)=45.3 keVb; S(cascade)=7 keVb

2

3

4 5
Center of Mass Energy (McV)

+18

Total S factor = 140 & 21 e —11(model

] keVb.

ctor of 2C(a.,y)e0O

5(300 keV) (keV b)

- Ty=e— El E2 - — Total
Lo b L=
-_*:“*_‘_“_'_' :—n-'—'_'_ T ® —
_I _-l [ Fﬁ
Feg®, FT_'
A [ N NI B PR R A AR 1N
0 100200 300400 50 100150200 0 200 400 600

ANC plays the key role to fix the
strengths of the subthreshold states
and direct capture

deBoer et al.,, RMP(2017)




New measurement of ANC of 1©O(g.s.) leads to larger S(E2)

"B@50MeV
by HI-13 tandem

Self-supported C target

" C("B, TLi)0,,

Faraday Cup and AE-E Telescope

» S(E2) increases from 45 keVb to 7017 keVb - Total S factor = 162 keVb (err TBD)
» The updated '?C(a, y)°0 reaction rate decreases the lower and upper edges of the black

hole mass gap about 12% and 5%, respectively.
Shen -+ DeBoer::: Tang:* et al, PRL(2022), ApJ(2023)



Challenging the tiny cross-sections

JUNA®@China
Jinping
Underground

Laboratory
(2400 m rock shielding)

Labor'afor'y for‘Under‘gr‘ound

>

é Nuclear Astrophysics LUNA @

3 Gran S

) < ran oasso

> / .

= Background at ground / &\\%‘ : I'I'Clly
on D N 1400m rock shielding
400 kV \ ,/

Background under ground

(1480 m roc shielding)




JUNA: The highest-intensity accelerator in the deepest underground lab




Jinping Underground Nuclear Astrophysics(JUNA) projects (2015-2021)

: BNU, J.J. He CIAE, Z.H. Li IMP, X.D. Tan CIAE, G. Lian
CIAE, W.P. Liu 4 ) E A p [he e g Accelerator and
12C(ct, ')160 igzg:;)zl:ﬁe 25Meg(p,7)26Al 13C(a,n)160 Infrastructure

S factor (MeV-b)

S "
10 {“ °

L7 19F(py)20Ne min | o N
IOEE'I(I 220 240 260 280 300 320 340 360 380 ' 13&(8,“)160

E, (keV)

**=**" 19F(p,0)160
ey @ 1

UNAZ2021

107

ol 18F(afy)22Ne & 5

EL.Bn (MeV) 08

Zhang et al., PRL(2021)

Zhang et al, B.S. Gao et al, Wang et al,

Su et al., Science Bulletin(2022) Nature (2022) PRL (2022) PRL (2023)
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I Gamow peak of 3C(a,n)1°0 for i-process
(CT?))Z( 5 )1/2 ! /OOOU(E)EeXp(— E)dE

T/ RT3 kT

'E 3
0.9 — __
— O

0.8 — ) d Drotleff ¢ Heil
ERp= ol | § LUNA & Harissopulos
S E (E; $ JUNA I scu
5 06— ST — LUNA best fit — low LUNA
B F IR — JUNA fi
g 0.5 — < RETE |
I — 11_ '
2 04— ~
2 — ; I
e —
© 03—
O] —

0.2 :_ T9=O (] 2

0.1—

:l 1 | | | 1 1 1 1 | | | | | | “I 1 1 | | I I | | | | | | | q-lhl T = 5, 3 iy
%.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
Ecm (MeV)

* Cover almost the entire Gamow window for i-processs (0.2-0.3 GK)
e Uncertainty drops from 60% to 15%, disagree with the upturning trend
B.S. Gao et al, PRL (2022)



L2C(a, v)'%0 : from Run 1 to Run 2

Borated Pb shicld  ring clectrode cryotrap
Polyethylene

y YP Shen i

-.
Xp. 'Li(ay)"'B 5
l C(a,y)'°O "B(a,y)"*N ClAE ’

B C(en)‘0  EEA "O(ay)Ne,,,, AVANg TS
run 1 (2021)
E.,=552 keV

E~736.6keV 4 gy

500 keV

Counts per

run 2 improve

Target C to e R
Diamond E. (keV)
4n BGO detector array target  Cupipe 1 2mm aperture 28mm aperture BGO
40% larger BFUN 2 prel rplnary ii:g"‘?;i:“;m
* 48X 60X60X120 mm BGO for g detection 180 and 13C much eV T BT
reduced I 15059 70k
* full efficiency 85 % @7700 keV S/N from 1:1 to Eafxziilmm
Baad.

® Qut layer for anti coincidence, inner for -signal hit:
24 % @7700 keV

® Background 0.048/h @6-10 MeV

nithips < ; 6000 7000 8000 900 10000 11000 12000 1300%[ 1\4}]000
o 12 : : v g 13 -5 . ke
99. 99% C. d1am9nd with Mo backing, C < }O\ o Courtesy of W.P. Liu




S* (MeV*b)

1.E+20

1.E+19

1.E+18

1.E+17

1.E+16

1.E+15

1.E+14

12C+12C Fusion Reaction (1960-)

B Becker A Patterson
¢ Aguilera + Spillane
i B Jiang(2018) - == =« CF(1988)

= hindrance (2007) SPP(2007)
e CC-M3Y+Rep(Upper limit) = WP(2018)

THM(2018) Corrected_THM(2019)
»  ND(2020) = Stella(2020)

S"(E)=0c(E)E exp(@ + 0.46EJ

JE

0.5 1.5 2.5 3.5 4.5 55 6.5
E (MeV)
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Gamow peak [MeV]
2.0 2.5

hydrostatic burning D1M*
) D1S
SLy4
SkM*
SIIT -

Hindrance — - —-—

0.6 0.8 1.0
temperature |GK]|

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




Test of hindrance and upper limit of 12C+'2C based on systematics

— CC-M3Y+Rep = DC-TDHF
---+ SPP --= "*C+'*C(KNS)
===-THM -==+Hindrance

) |
:

| N.T.Zhang(IMP)

D. Tudor (IFIN-HH)

. Y Py . 4
YL 3 s ad
ey e SR
" 31, ) 4 o .
« T

N.T. Zhang and D. Tudor et al., PLB(2020) Ecm. (MeV) L. Trache (IFIN-HH)



High Intensity+Time Projection Chamber
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High Intensity beam up to 200 puA

Ultra sensitive tracking detector
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» Complementary to LUNA-MV underground experiment and other experiments



1stpeak 2nd peak rare earths 3rd peak fissioning
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Important nuclear physics inputs
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Mumpower, R. Surmana, G.C. MclLaughlin, A. Aprahamian, PPNP 86 (2016) 86—-126



Fission: Ending Point of R-process

S~ process

p(y)—process
-

v— process \\ (Pb)

N\ X

N
Vvp— process .
\ \

N (Sn) 58
\

rp — process \ fission
\\
N <
RS L
(Ni) 2 r— process
2
(Ca)2o g ~ e— capture

— ————— stellar fusion

28
——CNO -cycle

op—chain, BBN Neutions 2

“Progress in Nuclear Astrophysics of East and Southeast
Asia” , AAPPS bulletin(2021) 31:18
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Y. W. Hao, Y.F. Niu et al., APJ, 933, 3 (2022)
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Important Nuclear Physics inputs >
Neutron star merger light curve
11 [ 1 ' ] ' T ] ' ] ]
Md 10-° P with sf —
= 100 - without sf --- —
Fm 10~ >
o i 1ﬂ = —
Es = o
‘ 10"E ® 10°F y
T o = £
| 2= § 10 ;
=
Bk y _dE} 1GE = =
10— 3
@ 5 [ R
Cm T 107§ :
154 156 58 6o 07" —
. 0 = 1 10 100 1000

N time [d]

Fission properties of A=254 isotopes are important for the
understanding of the light curve of neutron star mergers.
Zhu et al., arXiv:1806.09724v1



The r-process

Temperature: ~1-2 GK

Density: 300 g/cm3~60% neutrons!) neutron capture timescale: ~0.2 |5
Rapid neutron —
capture B-decay

~
Seed
Equilibrium favors

(y,n) photodisintegration “waiting point”

Proton number

Neutron number

Adapted from Schatz’s lecture




Waiting point approximation

Definition: ASSUME (n,y)—(y,n) equilibrium within an isotopic chain

How good is the approximation? (n,y) flow = (y,n) flow
This is a valid assumption during most of the r-process 0y @ capure O _capture
BUT: freeze-out is neglected (Z A) (Z, A+1)
Freiburghaus et al., ApJ 516 (1999) 381, showed agreement (Y,n) \ knock-out

with dynamical models

Consequences
In (n,y)—(y,n) equilibrium the isotopic abundances obey:

n(ov) Y(A)

2, Y(A+1)

Y(Z,A+1) G(ZA+1)[A+1 2nh2]3/2 (Sn>
exp

=N,
Y(Z,A) 2G(Z,A) | A mykT| kT
* Time independent * Independent of the neutron-capture rate
— the whole chain acts as one nucleus in the network so during most of the r-process,
— only the slow B decays are followed dynamically n-capture rates do not matter!

Adapted from Schatz’s lecture



Why phase space favours the free neutron

(1) Count the guantum states Counting places to be

One guantum state per phase-space cell Ax-Ap = h L]» 7 I\
3/2 ) 0
1 m, kT (0
A= ~ 55 fm, n E—=( - ) .‘
\J 2mmy, kT VE 21h? IR VS "‘
Ng = quantum concentration: 1 neutron per A° cell = 6x103 cm™ (T = 1) L = .(.
Each free neutron has a volume 1/n, to itself, cut into A® cells: (> ] (Z.A+1)
1/nn nQ 9 0 K | /
Wf = = ~ 6 X 10 Wb d= 1
ree yE n oun free: ny/n, = 6x10° cells bound: 1 state

box = 1/n, = (10° fm)® but lower by S,

(2) Free energy decides: F=E -TS

ng Same reason, everyday examples
AF capture = —Sn t kT 1nn_ - a Ve aYa )
_ s n Sun’s surface Puddle r-process
=S, energy gained by binding  +KkT In(ny/n,): entropy lost H ionized, 10¢ K | | water evaporates (v.n) beats
’ . capture
AF < 0: capture wins (bound) AF > 0: (y,n) wins (free) \1 eV «iso eV/ \below 100 C/ (BB keV < 2 MeV

AF =0 = Saha balance: S, =kT In(ng/n,) =2 MeV

Knobs: hotter (ng o« T32) — free  more neutrons (n, 1) — bound

Binding > KT, yet the dilute free state wins: e?? states

larger S,, — bound

Numbers: To =1, n, = 10** cm™3



Deriving the (n,y)—(y,n) Saha equation

@ couiibrium, u(y) = 0 u(Z,A) + iy = p(Z, A+ 1)
e Boltzmann gas m;kT 32 Ui — ’miC2
g ni = Gi Znhz eXp kT

e Divide: u's cancel

n(Z,A+1) G(ZA+1)[my,, 2nk?]* (my + m, — my,,)c?
nZ,Mn, GZA) g, |mem, kT | &P %

Jn = 2 (neutron spin %2) Myt1 A+1

m,m, Am
° Substitute A “
(my +m, —m )c2=S n(Z,A+1)=Y(Z,A+1)
A n A+1 n n(Z,A) Y(Z,A)

Y(Z,A+1)  GZA+1D)[A+12mR2]" S,
Y(Z,4) " 26z,4) | 4 mykr| °°P

kT
G = 2 (2J+1) exp(—E/KT): nuclear partition function. No cross section appears!

Standard statistical-mechanics derivation



Waiting point approximation continued

In the approximation of continuous Sn and abundances
Y, the maximum abundance in an isotopic chain occurs
for

Y(Z,A+ 1)
Y(Z,A)

For a given temperature and neutron density one can
solve for Sn (assuming A=A+1 and G = 1):

2 [m kT
21h?

=1

S, = kT In

nn

~ 11.604

Snin MeV; To9in 10°K; nnincm™3

T. 3
A ° [E In(Ty) — In(n,,) + 78.460]

Sn

4 captures win (Sn > Sn°)

B~ — next element

waiting point o

(y,n) wins (Sn < Sn?)

neutron number

Example: To=1, nn=10** cm™
gives Sn = 2.0 MeV

— The r-process runs at a fixed neutron separation energy (for given conditions)



X Equilibrium r-process path laboratory

Equilibrium-path controls

IMRSN cooling r-process (T9~1.5)

t=7.646e-02 s. Default lecture example:
equilibrium path is strongly neutron rich.

sl

Temperature T9

1.51
| L1
logl0 density [g cm™-3]

5.84
I |
Neutron abundance Yn

0.386
| L
Right figure: proton number Z
50

| 1

Al

Path range
I z

Z min 20

4 Zmax 100

M Match WinNet movie statistical-factor convention

Calculate ‘ Savefigure‘

Standard relation:

Y(Z,N+1)/Y(Z,N) = n_n lambda_T"3
x [(A+1)/A]"™(3/2) G_(N+1)/(2 G_N)
x exp[S_n(Z,N+1)/(kT)]

The path selects the maximum relative
abundance in each Z chain.

nn =rho x NA x Yn=1.593e+29 cm™
kT=kB xT9 x 10°K = 0.1298 MeV

AT® = [2nR? / (mu KT) ]2
Sn* = —kT In(nn AT*/ 2)

Approximate Sn* = 1.537 MeV
Displayed chain peak: Z=50, N=100

Al

Y min (absolute): 1E-12 =

* Fixed WinNet snapshot: 254

Show snapshot l Match snapshot to inputs |

M WinNet abundance background Load WinNet run| Beta-decay table:

Nuclear chart and equilibrium path

REACLIB

N

| [Half-life

WinNet: snapshot 254 (fixed)
t=7.6461e-02s

T9 = 1.507

rho = 6.8529e+05 g/cm?
logl0({rho) = 5.8359

¥n = 0.386, Ye = 0.205450
nn = 1.5927e+29 cm~*

100 +

10°

102

n;fnb

107

10°¢

Proton number Z

—— Selected Z=50

1078

WinNet number abundance Y

10710

10-12

equilibrium path

75

100 125 150

Neutron number N

AeEd Q=

175 200

log1g (Y/Y max)

|°g 10 (Y/Y max)

Isotopic chain Z=50

Equilibrium logie (Y/Ymu) ¥ == 1.0e-12 for this Z

-17.5

-15.0

-12.5

-10.0

- 7.5

- 5.0

- 2.5

- 0.0

60 70 80 920 110

Neutron number N

Z=50: reference beta decay (REACLIB)

10!

=10 4

-12

—o~ Beta half-life
=+~ Equilibrium log:o (Y/Ymae)
== path: N=100

Table values; excludes in-medium weak rates and other decay medes
Missing entries are unknown, not stable

L 100

L 101

L 10—2

L 10—3

50 60 70 80 20
Neutron number N

100 110

Sn [MeV]

Half-life t¥% [s]



X Equilibrium r-process path laboratory

Equilibrium-path controls

MRSN near freeze-out (T9~1.0)

t=1.249e-01 s. Equilibrium is becoming less
reliable; compare with a full network.

-l

Temperature T9
1.00
| I
log10 density [g cm™-3]
5.30
l il
Neutron abundance Yn
0.237
l EE
Right figure: proton number Z
50
I 1
Path range
{z min|20 4 Z max 100 2

M Match WinNet movie statistical-factor convention

Calculate | Save figure

Standard relation:

Y(Z,N+1)/Y(Z,N) = n_n lambda_T"3
x [(A+1)/A]"(3/2) G_(N+1)/(2 G_N)
x exp[S_n(Z,N+1)/(kT)]

The path selects the maximum relative
abundance in each Z chain.

nn =rho x NA X Yn = 2.868e+28 cm™
kKT=kB X T9 X 10°K = 0.0863 MeV

AT® = [2n#? / (mu kT)]>2
Sn* = —kT In(nn AT>/ 2)

Approximate Sn* = 1.116 MeV
Displayed chain peak: Z=50, N=102

Y min (absolute): 1E-12 '

Fixed WinNet snapshot: 312 B

Show snapshot | Match snapshot to inputs l

M WinNet abundance background Load WinNet run| Beta-decay table: IREACUB

Nuclear chart and equilibrium path

| [Half-life

WinNet: snapshot 312 (fixed)
100 - t = 1.2487e-01s
T9 =1.001
rho = 2.0115e+05 g/cm®
logl0(rho) = 5.3035
Yn = 0.237, Ye = 0.254404
nn = 2.8683e+28 cm™*
80 A
N
T 60 -
Q
E
=
c
c 554
S Z=50
o -
<4
Q.
40 -
p ) e
-
—t ] w— equilibrium path
- —— Selected Z=50
= T T T T T T T T
0 25 50 75 100 125 150 175 200

Neutron number N

100

102

10~4

10°6

108

10—10

10—12

|

=nj/np

winNet number abundance Y

'0910 (Y/Ymax)

10910 (Y/Ymax)

Isotopic chain Z=50

Equilibrium Jogso (Y/Yeme)
inNet 1095 (YY)

Each distribution normalized to its own chain maximum
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T T T T T
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Z=50: reference beta decay (REACLIB)

100

—o— Beta half-life

—o— Equilibrium 10g:o (Y/Yma)
= WinNet 109w (Y/Yma)
== path: N=102

Tble values; excludes in-medium weak rates and other decay modes.
Missing entries are unknown, not stable.

N

J

f 10!
10°
- 1071
F 1077

L 10—3

T T T T T

50 60 70 80 90
Neutron number N

100

110

Sp [MeV]

Half-life t' [s]



X Equilibrium r-process path laboratory

Equilibrium-path controls

Y min (absolute): [ 1E-12

MRSN after freeze-out (T9~0.5)

t=2.697e-01 s. Diagnostic only: captures and

photodissociations are no longer in
equilibrium.

Fixed WinNet snapshot: 462

]
=i

Show snapshot l Match snapshot to inputs |

| M WinNet abundance background Load WinNet run| Beta-decay table: [REACUB

Nuclear chart and equilibrium path

| [Half-life

Temperature T9 100 - FeYetaiags e
T9 = 0.4999
0.50 lmolf)(z'.ws()>2€>e4+3c;;§3 glcm’
O rho) =
N Yn = 4 42¢.08, Ye = 0.349059
IoglO density [g cm"-3] nn = 6.6648e+20 cm
4.40
| T
Neutron abundance Yn 80 -
4.42e-08
1§
Right figure: proton number Z
50
| JEE
N
Path range % 60 -
| o]
(Z min 20 %/ Zmax 100 = £
2
® Match WinNet movie statistical-factor convention ~ § | £=50
o
|
Calculate | Save figure a:
Standard relation: 40 1
Y(Z,N+1)/Y(Z,N) = n_n lambda_T"3
x [(A+1)/A]"(3/2) G_(N+1)/(2 G_N)
x exp[S_n(Z,N+1)/(kT)]
The path selects the maximum relative
abundance in each Z chain. s
nn = rho X NA X Yn = 6.665e+20 cm™ 20 + ]
kT =kB X T9 X 10°K = 0.0431 MeV —
—
AT® = [2m7 / (mu kT)J2 - .
Sn* = —kT In(nn AT3/ 2) = — equilibrium path
:_- —— Selected Z=50
Approximate Sn* = 1.269 MeV T T T T T T T T T
e 0 25 50 75 100 125 150 175 200

Displayed chain peak: Z=50, N=102

AEd Q=

Neutron number N
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|
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Each distribution normalized to its own chain maximum
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High Intensity heavy ion Accelerator (HIAF)

-----
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Booster Ring: High Energy Fragment Separator:
Circumference: 569 m Length: 192 m > Spectrometer Ring
Rigidity: 34 Tm Bp=25Tm '
Aaccumulation
Cooling & acceleration

Spectrometer Ring:
Circumference: 277.2 m
o ~ Rigidity: 15 Tm
Electron cooler
Stochastic cooler

a 45 GHz FECR
a 28 GHz SECRAL
a 2.45 GHz ECR

| Superconducting lon Linac:
Length: 180 m

Energy: 25 MeV/u (238U34)

CW mode: 10 ppA with A/Q=2~5
Pulse mode: 1.0 emA with A/Q=2~7

Fast ramping operation
Repetition rate:3 Hz



High Intensity heavy ion Accelerator _ China Initiated Accelerator Dirven
facility 2 sub-critical System

(HIAF: 2018. 12-2025. 12) (CIADS, 2021. 7-2027. 12)
- - Design Particle _proton

. = Energy 500 MeV

CW Beam current SmA
Beam power 2.5 MW
Operation mode CW&Pulse
Beam loss <1W/m
Reactor power 7.5 MWt

.~ | Cryogenic

|||||

o i

™ iLinac: Superconducting linac
Length:100 m
Energy: 17~22 MeV/u(U3%* ~46+)

A




Spectrometer Ring for mass measurement

Equalizing Ring

g TOF2 Electron Cooler
i == U ai‘e?ﬁﬁw&? IS E e R PR

Courtesy of M. Wang (IMP)
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Mass measurement using Schottky Mass Spectrometry

3
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Mass measurement using Schottky Mass Spectrometry

[ N L AR R B B LA LR
BD:- 201 7 78+ 203Hgg80+  200mpA 79+ _
: / 202,79+ \ \.
< 60r o '|| 207gj81+ °0°PbB1+ L |
D) I 200H 78+ 12021479+ n
X 40f 206P|y80+ "9 Hg / \
o [ | 201 A 479+
TRy ) |
v
s ' |
J ot -
| _2[]'_ / / 7 + 200A 79+ ]
o 03T |79+ / 205p|y80+ / 207Pp81+ ? \ :
L -40¢ 208p81+ / \ 2THg"™* ]
= ! 204mp80+ 203780+
_60; 202T|79+ 204py80+ '
_ B Aref = 0.82 i
80: Xvaita = 1.13 ]
L RIS I DA T TR N T TR N T NN TN T S T RN S SN N S R S R
804 805 806 807 808 809 810

Courtesy of M. Wang, X.L. Yan (IMP) f,, (kHZ)

1 ME (22Au)exp = -24357 keV £ 11 keV
1ME(®2AU)AME = -24353 keV * 23 keV

o(m) 11 keV

~5.8x 1078
m 202 u >8x10

Highest precision!

L.X. Chen et al., Nucl. Phys. A 882(2012)71 es



First Scientific Achievement

O High precision spectrometer ring SRing

The new nuclide °3Hf was discovered for the first time.

Approximately 35 new nuclear masses were simultaneously determined.

Proton number

82 1

)]
o

N
[og]
1

N
o
1

Mass Precision

[l stable nuclides

Our work (measured for the first time)

1 3

UNEDF1 prediction

MNuclei with known mass
Nuclei with unknown mass (AME extrapolation)

HIRFL-CSRe (31)

HIAF-SRing -2¢La setting
B HIAF-SRing -153.184Hf setting

Pb

New isotope (133Hf)

o
-

Sn

Ca Predicted : 7000~9000
B Discovered : ~3400
: Mass known : ~2550
O <100 keV : ~2400
He . . .
2 8 20 28 50 82

Neutron number

N=82

1 Discovered isotope e
—— Discovered boundary 156W 15-,W 158W 159W 160W

Bl New isotope
O  observed in other exp. 155Ta 156Ta 157Ta 158Ta 159Ta
154|_hc 155Hf 156Hf 157Hf 158Hf
150Lu 151Lu 152Lu 153Lu 154Lu 155Lu 156Lu 157Lu
148, | 149 150 151 152 153 154 155 156

Yb Yb Yb Yb Yb Yb Yb Yb Yb
147Tm 148Tm 149Tm 150Tm 151_|_rn 152Tm 153Tm 154Tm 155Tm




High Rlgidity Beam Line (HIRIBL)

Production of secondary radioactive ion beams (15 T*m, will upgrade to 25 T*m)

N =

\/ S06 PF4
(MFO0)

TQlO TQl1
MF4
= = X 4
¢ Eﬂ%ﬁéﬁ 3 Dipole Magnet Slit /\ . TOF3
j . K%ﬁg —  Quadrupole Magnet A  Degrader * TOF2
: 3 1R  AE
[} Sextupole Magnet Beam Dump . ﬁLEf;Tq ,}JJ%%
XmaEcEO.Sm ® }iF_\‘ZﬁE‘, 3 Octupole Magnet Scintillator Screen . ﬁ’zﬁﬁjﬁl\lj%ﬁ

Production Target " %IJ%Hﬁ 1 Correction Magnet W Beam Position Monitor © [03MP Guad Camera
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Evaluation of Review Committee

O HIAF provide excellent beams for several
commissioning experiments:

* First discovery of the extremely short-lived new
nuclide ?*2Fm (half-life: 4.17 ps).

* First observation of isomeric states in the neutron-
deficient nuclides 1°Tm and °8Lu.

* Highest precision of relative mass measurement
accuracy of 10-8 for short-lived nuclei

* Discovery of the new nuclide **3Hf, with ~35 new
masses measured for the first time in SRing.

O These results demonstrate that HIAF are
fully capable of consistently producing
high-impact scientific outputs.

Ready for User Operation and Glolbal Collaboratiomn

EREARRERIRE
BREETMEFRE (HIAF)
AREFENIRERTIZNKEL

EREAR RN
BRAEBFIMEREE (HIAF)
SRR SRR R T ZAR TR

202644 A 288, PEN¥RERHEFAFAAER (LEHE)
EABMNEREARRERZE—BAEE T EBRE (HIAF) X
MHEXA A ZBLERBTERTZMR, $RATRT (HIAFESHE XA
AT MAOMEAR) RE, FHT (HIAFKSHER KR 8 BMRE),
RFFRELNUR, BRI EHE, PRERDT:
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Conclusions

» Precise nuclear astrophysics experiments play a key role in the multi-messenger era
Solar neutrino and metallicity problems
12C(a,y)%0 : impact on nucleosynthesis and black mass gap
12C+12C : superburst ignition problem

More demands are coming
from the new multi-messenger observations

> To achieve the best understanding, we need both direct and indirect methods, joint
efforts of various facilities, and interdisciplinary collaborations among nuclear
physics, astrophysics and astronomy




