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Origin of Elements
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1) Big bang

p(y)—process

2) Stellar quiescent burning

, s\ (Pb) &2} i : .
VTN i e (pp-chain, stellar fusion, s-process)
3) Stellar explosive burning

fission (r_’ vp-, V-, P-, rp-proceSSES)

r—process 4) Cosmic Ray spallation

~ e — capture

— stellar fusion

pp—chain, BBN :{‘m

What is the origin of the elements in the cosmos?
What are the nuclear reactions that drive the evolution of stars and stellar

explosions?

“Progress in Nuclear Astrophysics of East and Southeast Asia”, AAPPS bulletin(2021) 31:18



CONIFERNE

Reaction Cross Section
Reaction Rate
| | pp-chain: p+p reaction

Production of Carbon and

Oxygen: triple alpha reaction
and “C(a,y)°O

Canbomburmning - Ci~C
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Fundamental Forces
http://hyperphysics.phy-astr.gsu.edu/hbase/Forces/funfor.html
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Cross section

(number of interactions per time)

Q
Il

(number of incident particles per area per time) (number of target nuclei within the beam)

1 barn = 1024 cm2 = 100 fm?



Cross Section Estimates

cross section = area!
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Cross section

cross section depends sensitively on:

type of interaction

properties of the nuclei involved

reaction mechanism

and can vary by orders of magnitude, depending on the interaction

examples: Reaction Force o (barn) Eproj (MeV)
5N(p,a)12C strong 0.5 2.0
SHe(a,y)’Be | electromagnetic 106 2.0
p(p,e*v)d weak 10-20 2.0

1 barn = 1024 cm?2 = 100 fm?2



Behavior of cross section near threshold
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G.R. Satchler, Introduction to nuclear reactions
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Cross section (Charged particle induced Reaction)
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Experimental and theoretical nuclear astrophysics:
the quest for the origin of the elements*

William A. Fowler

W. K. Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 91125
Ad astra per aspera et per ludum

TABLE I.

DEFINITION OF THE S FACTOR (BETHE,1967)
AS A FUNCTION OF REACTION ENERGY (E)

6(E) = mx2 x P x INTRINSIC NUCLEAR FACTOR
™2 « E~1 x = DE BROGLIE WAVELENGTH/2m
P(E) = GAMOW PENETRATION FACTOR
%5 )3 2,92
o exp(—EG/E ) B, = Z5ZTA  MeV
L L
S(E) = Eo(E) exp(+Eé/E2)

(PERMITS MORE PRECISE EXTRAPOLATION FROM
S(E) { LOWEST ENERGY MEASUREMENTS IN LABORATORY
| TO VERY LOW EFFECTIVE STELLAR ENERGIES

—_——————————

Rev. Mod. Phys., Vol. 56, No. 2, Part |, April 1984



S factor: complication of nuclear

structure

o(E) = —e ?™I|S(E)

| =

“astrophysical S-factor”
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Resonance
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Decay of an excited state Resonance of reaction
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Resonance
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Particle lifetimes from the uncertainty

principle

Breit-
Wigner
line shape

-3I' -2’ -T * + +2I' +3I

E, =m,c’

0o =MyC

The Breit-Wigner distribution is similar to a gaussian
near the peak, but the tails of the curve are flatter.

ng the very short-
lived products produced in high
energy collisions in
accelerators. The uncertainty
principle in the form

AEAt > ’2‘

suggests that for particles with
extremely short lifetimes, there
will be a significant uncertainty
in the measured energy. The
measurment of the mass energy
of an unstable particle a large
number of times gives a
distribution of energies called a
Lorentzian or a Breit-Wigner
distribution.

If the width of this distribution at half-maximum is labeled I", then the uncertainty in

energy AE could be reasonably expressed as

where the particle lifetime 7 is taken as the uncertainty in time t = At.

16



Breit-Wigner formula

De Broglie wavelength

\

A? (2J+1)(1+.§m

Partial widths forincoming and outgoing channel

ldentity partlcle

rﬂrb

opwl(E) =
sw(E) = 4?1’(2;fﬂ+1)(2h+1 +T2/4
/ ;
spin factor _
resonance total width
energy
(2J+1) I,

Resonance strength: wy =

(2] +1)(2]+1) T

Total width I'=);; T,




Partial widths

a constant if there is only 1 level

For proton, neutron, alpha...: F Aﬂ — 2 Pc 7}?6

: , 3h?

Reduced width: Y — ()

AC Ac 2mR2

Dimensionless reduced width<1 Wigner limit

Descouvemont and Baye, R matrix theory, arXiv:1991.0678



1 MyM;

27ty = 0.98953470 71 4 | =
Pt . R ( k ) vy 47 UZ ] \I." L :\IU M :
— 2 2

where F, is the regular Coulomb function
and G, is the irregular Coulomb function

For neutron,

For s—wave

charged Fi(p)=p*jl(p)
particle,(1=0) and G,(p)=p*nl(p)
E<<E,

Eg. s-wave neutron (1=0),

P,~kRexp(-27n) Po=kR

19



Penetration factor

Penetration factors
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: Particle width
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FIGURE 4.14. The maximum partial width I'(E) of the reaction channel '°0O + p='"F for
increasing values of the orbital angular momentum [ (R, = 4.6 fm). The energetic location of the
Coulomb barrier is also indicated. Note the logarithmic scale of the ordinate. 21



Partial widths

Decay constant of electromagnetic transition

reduced transition probability

2L+1 —

AT (i) B(wl)
hc

\

multipolarity

M@L) =

LI2L +1)!1]2 h

Weisskopf estimates in units of eV, El, in MeV

Ay (ED)fi =68 x 102 A*PES,  Aw(M1)fi=2.1x10°E]

Ay (E2)ii =49 x 107°A*°E),  Aw(M2)fi = 1.5 x 10 °A*°E>
Aw(E3)h =23 x 10 A’E], Aw(M3)h = 6.8 x 107 " A*°E/

Transitions with changed parity : E1, M2, E3
Transitions with non changed parity: M1,E2, M3



Compare the energy dependence of the particle width (s-wave) with that of the gamma width at E_,=0.01, 0.1, 1 MeV.
Assume that the gamma ray decay to the ground state of ’F.
Particle width

? A - Gamma width (Weisskopf Estimation)
10°k
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FIGURE 4.14. The maximum partial width I'{E) of the reaction channel 'O + p='"F for EY (MeV)

increasing values of the orbital angular momentum [ (R, = 4.6 fm). The energetic location of the
Coulomb barrier is also indicated. Note the logarithmic scale of the ordinate.
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Direct capture
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CROSS SECTION o (E)

(log. scale)
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Reaction Rate

SR
n;: number densities of the beam particles 722200
n,: number densities of the beam particles -;{:{{}}}53?

flux=nv *—

INCIDENT
BEAM ,
PARTICLES ] oo
T ARGET Total area of target
PARTICLES / nuclei per cm3 = ng,

Reaction rate per cm? per sec = nv n, g ’



The reaction rate for the two reactants, / and j
asine.g., | (,k)L is:
nn,o, ;v

which has units “reactions cm=3 s1”

It is often more convenient to write abundances
in terms of the mole fractions,

X
Y1=_1 n,=pN,Y,

A, (gm ](atoms](Mole]
so that the rate becomes cm® )\ Mole )\ gm

(pN,)’Y,Y, 0,V
and a termin a rate equation decribing the destruction of Imight be

Equivalent to
dY 9
d—tfz—pY,rfNA(o,jv) F... dn,

? = —n,nj (GUV> + ...

27



Stellar reaction rates

1
l 0,1

—V1 Y, p N“ < oy > reactions per s and cm3

1
Y pN, <ov> reactions per s &

[+0,; Target nucleus

this is usually referred to
as the stellar reaction rate

units of stellar reaction rate Ny<sv>: usually cm?3/s/mole

X+, mass fraction
Y,: abundance

28



Change in Abundance
‘A +a=B

A reaction is a random process with a reaction probability
(reaction rate) and follows the laws of radioactive decay:

dn

Deplefioh of isotope A =—n, A=—n 4Ya Jo, N LSOV >

dt

Formation of isotope B dn,
dt

=+n A

consequently: n, (t) = e"“

ng(t)=ng,(1- e_/“)

29



Gamow peak & Reaction rate

[ o exp (-E/KT) / o< exp (- E/KT)
GAMOW PEAK

G o exp (-b/ N ) RESONANCE
1—2
)2+ (7 2)2

Nonresonant Reaction Contributions

Ny<ov>oeT 'S/ZJGEexp(—E/kT) dE

Resonant Reaction Rate
NA< OV > oc T'3/2(x)y exp (- E/KT)

30



- The Gamow Range of Stellar Burnlng

The Gamow wrndow or the range of relevant Cross sectron
for “non- resonant processes |s calculated "

Check derrvatron in book ;

32
E - (Z’k—T) =0.122-(22224) " T>" MeV

D

AE = %EOkT - 0.2368- (22224) °17° Mev |

~ with A “reduced mass number’ and T the temperaturein GK .=



" Reaction rate from S-factor

If S-factor ~ constant over the Gamow range
the rate is calculated in terms of the S-factor

S(E)=S(Eg)
.. o

7., 1/3
_4.2487| 122K
T9

et s
ul

1/3
J S(E,)[MeV barn] e

oy >— 7.83-10"(

- Otherwise energyA depen&ence needs to be approximated!

32



I Screening effect U,: Screening
potential

fiab (E) =05 (E) /o, (E) ~exp(mnU./E) > 1
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10 .
EVQ!!!ﬂ'. Si-ignition
7= O-ignition
Ne-ignition 'z'
d C-ignition "
| -
~ 3
o -
= % :
N E
8) He-ignition o
& ‘ =
2 (D)
L -
H-ignition
7
0 2 6 8 *i 40

Woosley, Heger, and Weaver, Evolution and explosion of massive stars,

log4(pc)

Rev. Mod. Phys. (2002)

Main Seguence Stars
——t—t——+t

)‘:-:‘,.ﬂ}n Bursis \(‘),

Novae

Main Sequence Stars
1E-2 1E0 1E2 1E4 1EG6

Density [g/cm?]

0.01

IAON] ABiaug

1

0.1

(s STV
el iU

RanAe
a

Conclusions of a Town Meeting held at the
University of Notre Dame 7-8 June 1999




The first success of multi-messenger astronomy

36



1 99,77 % 0,23% | _
panLpﬁ—::rEH+e++ut,J Lpanwe +p*—=2H + v,

10~° %

84,92 % |

2H + p* = 3He + Y —-%He+p+—>“He+e++U

l 15,08 %

| 0,1%
3He + “He » 'Be + Y ——

)

7Be I 99,9 %

‘Be + e~ = 'Li + v,

| |

3He + 3He — He + 2p* 11 + p* = “He + “He

{ 8Be* — 4He + 4He
; ppllI




CVENIS Per Gay x 100U 1 X IV,

-

First measurement of pp-chain solar neutrinos
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5 O o The p-p chain

O QO
o ®? 94 “0
{ te) O : :
(g) @/\@ C Strong interaction:
O
O ® p+p—=>2He>p+p
e Q  2He+p=23Li2p+p+p
SICHPNEN ©

Weak interaction:
p+p—=2>d+et+v, (Q=0.42MeV)

39



The Fermi decays (AI = 0) are often referred to as the "superallowed" decays while Gamow-Teller (AI = 1) decays

are simple "allowed" decays.

Forbidden decays are those which are substantially more improbable, due to parity violation, and as a result have long

decay times.

Now the angular momentum (L) of the B + v systems can be non-zero (in the center-of-mass frame of the system).

Below are the Observed Selection Rules for Nuclear Beta-Decay:[°!

Transition L Al
Fermi 00
Gamow-—Teller 00,1
first-forbidden (parity change) 110,1,2
second-forbidden (no parity change) 2 1,2, 3
third-forbidden (parity change) 3/12,3,4
fourth-forbidden (no parity change) |4 | 3,4,5

Each of the above have Fermi (S = 0) and Gamow-Teller (S = 1) decays.

So for the "first-forbidden" transitions you have

+§':I+6:>AI:0,1Fermi

I
!

I

and

[l
e~
Wy
[l

I +

Armr
0
0

udu

udd
n

udd Ve

udu

p

https://en.wikipedia.org/wiki/Beta_decay_transition

14+1= AI=0,1,2 Gamow-Teller Samuel S.M. Wong (2004). Introductory Nuclear Physics (2nd ed.). Wiley-VCH. p. 200



Weak Interaction

Initial state: p+p (5,=0, 1.=0, J.=0, +)

Q1: What is the transition
mode?

Final state: d=p+n (S,=1, 1=0, J.=1,+)

Q2: If S, of the p+p channel is 1, what are the choices for |, ?
What is the transition mode of the weak interaction ?

41




Fermi's Golden Rule

" p(E): statistical factor representing the density of final states

= v;:relative velocity in the incident channel

- <f/Hﬂ/i>: transition matrix element between the initial (p+p)
and final state (d+e*+v,) resulting from the weak interaction

represented by H 5

42



Statistical factor: p(E)

- | | | |
g
'_g = =
o p+p —= d+e*+v
Aﬂ!
!
;" ELECTRON
------------------ NEUTRINO

= - "
= s ~
v
2 . E=0.42MeV
> . R
o E,=0.263MeV -
A : 9
= -
o : v
— 0 ...... I l v l .‘,

0 01 0.2 0.3 0.4

ELECTRON ENERGY E, (MeV)

dN

p(E) =

dE

dn, 167°V?

d =
e JE c3h®

Assuming a zero rest mass for the
neutrino and neglecting the recoill
energy of the deuterium, the total
energy E Is shared between the
electron and neutrino,

le,E=E,+E =E_ +cCp,

Pz(E = Ee)zdpe == p(Ee)dpe

43



The differential cross section can now be written as

2n 1 1672

do 3h6 gzMszpin Mszpace pg (E == Ee)zdpe ’

=hv,-c

and the total cross section is obtained by integration over the total range of
electron momenta:

2n 1 162 . s
(). g AJS2 in M? ace J‘ p:(E i Ee)zdpe .
h v, 63h6 P P o
Introducing the new variable
E 2
W= +emgc ’
m®c

one arrives at an integral transformation:

E (m CZ)S W
pe(E — E,)*dp, = = (W: — 1)'A(W — W)W, dW, "
0 1



FUNCTION f (W)

m2c*

0 = 2377 f(W)gzMs?pinMsgpace

200 |- Sum over the final states

(2] +1)
i MZ. = = 3
5 P2+ D(2)+ 1)

- Average over the initial states

100~

g: Strength of weak interaction
R R A can be determined by allowed GT

ENERGY E(c.m.) [MeV] - 6 v +
f(W): a measure of the total transition, eg. "He decay (0"->17)

phase space available for
the reaction (W=E/m_c%+1) 45




Space Matrix M.~ [y en’
0

p+p-=>dfre+v at Ecm=0.007 MeV

U[r] 0.12 \

4 COULOMB . 5
/ BARRIER o
@ 0.08
ﬂ = mffffﬂ..._ I}; o : EE'—E'SU;;IEE?EUE function
g o —— deuterium wave function
GROUND- |-2.22MeV
STATE Ef NL[LE.&R 0.04
DEUTERUM _~ POTENTIAL
0.02
Vo |
- Ro= NUCLEAR

40
r {fm)




Contents lists available at SciVerse ScienceDirect

Physics Letters B

wiww elseviar.comd locate 'physleth

Near threshold proton-proton fusion in effective field theory

Jiunn-Wei Chen®®, C.-P. Liu®*, Shen-Hsi Yu*®

S11(0) = (3.99 4+ 0.14) x 10~*> MeV b,
INOERNOEET RN E 2
S (0) = S11(0)(170 £ 2) MeV 2.

SH(O)
2

S(E) ~ S(0) + 5’(0) E - E*+--



The p+p reaction

H(p,e*v)2H is a reaction based on weak interaction mechanism
4 » Find the reaction
4 . . D Q2E.10-25 2 ‘ rate from JINA
the S factqr is calculated: S=5-10-4% MeV bam e
y obtain the two plots
on the left side.

> Estimate the new life
time of the Sun

» Will the Sun be
stable with such a
change in the pp

0.1 1 . ] 1 reaction rate!

»
—

=z
—

o

=
o
A
>

©
\Y;
<
=

temperature [GK] temperature [GK]

48

What would be the life time of hydrogen with strong interaction S=5-10-> MeV-barn?
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Helium Burning

_. 14V
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N

T ~ 0.2 billion Kelvin

49



4He

9(12%1
0.0 MeV 0

-.092 MeV

éBe

9(12%1

7.654 MeV 0’|
I

7.367 MeV

12C

Reaction rates determined by

o cluster state configurations

providing

7.162 MeV

strong resonances!

2~
9.580 MeV 1- ea ~0.7

7117 MeV 1- 6,%~0.3
6.917 MeV 2*
0,%~0.8

160

50



The (aaa) reaction as a two-step process

' |
first step! T,,(Be) = 9.7-10-17 s

Q=0.092 MeV sge g+ 1086V

pure a cluster configuration
‘He+q,

fast capture = equilibrium between capture and decay
2R, 2-1.3-4" AT fm

v DEC" "~ 3.8.10% fm/s
Y7
3/2 0
Application of Saha Equation N(CBe)=N2 -1’ 27 -e(_”]
For calculating 8Be equilibrium: ’ kT

Interaction time: 7 ~107" s << 7(*Be)




Case of typical He-burning: T=0.1GK = T4=0.1; p=10° g/cm?

_1.068]

N(SBe): 6-107 . N2, _e{ T,

N(*Be)~4.4-107 . N?




Second step: Resonant capture by ®Be

Er=0.287MeV_~ |7.654 MeV _ 0* - 3
The Hoyle resonance! g s

Q=7.367 MeV
SBe+q

y le*el| |T/T=6.7(6)E-6

4.439 MeV | 2* '=9.3(9) eV

1 3/2 _(11.605-1:}]
NA<crv>:1.54-10“-a)7/-[ ] YR

0T wy=3.87(39) meV
v 04
Wy = (2J + 1) . rff? . FOHF 120 Kelly, Purcell and Sheu, NPA(2017)
Lo Decay by sequential E2 y transitions

or internal e* e~ pair conversion
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v =N, P )jf .NA<SBe(a,;/)12C>

/ (04 \
Number density of alpha particle

Step 1 Step 2

_1.068J

N(SBe)z 6-107-N2-T,7" -e[ &

_(3-331J
N,(*Bela,y)’C)=126.4-(1,)"* - * ©
1 1.605-(0.092+0.278)J

7 — . .NS.T_S.Q( 1o
aoa 1+5 o 9

4.294 3
aca :1-38'1015'PS'(XQT'T‘;S'Q[ & J lems7]




Important resonance parameters

. Hoyle state
Gamow window ~ 2 x 108 K E (keV) 1 In
E.3287keV|]  [|7652 03 The 3a reaction proceeds via 3a resonancCe=
E..=1Q . . &
o, QeTseTkev g" - 3a-process rate: (o) X wy exp(——
Qokey | Bera a30f | 2 hT
ato y e-e
0 07
12C
Wy = Farrad N Fa:Frad N Frad
[ Fa: + Frad 1+ Frad/ra: <
~ l_‘rad
\ 2C(e,e)1?C*(7.654) 2T =62.312 peV
- r PRL 105, 022501 (2010)
Lo, = rad « T, (EO0) ) I'..q/T 1S a key parameter to precisely determine

I " T,(E0) “the 3a rate. 55

Courtesy of Z.F. Luo



Measurement of I'_ /T

Field clamp (a) a-particles in Si
e}

. =
Multipole
(Sextupole & Octupole)

IS
o

I‘I||IIH|||I|’|II\|II|I

=

Multipole

Sextupole

Counts (34.2 keV™)

TexPPACS
Sliding vacuum seal

10MeV/u

Enriched 2C N
target AE-E BE = - = 0.5 ‘ 10'*' IIOtSJ]ﬂ[Tl
telescope Target v ' . ’

Dimensions in mm Excitation energy in '°C (MeV)

ANGULAR RANGE

[aq/T X 10* = 4.0 + 0.3 (stat. ) = 0.16 (syst.) Z.F. Luo et al., Phys. Rev. C 109, 025801%(2024)




Measurement of ', /T, .
[, /T

Roberson et al., PRC15, 1072 (1977)

(6.7 -

3 BAFFLE

= 0.6) x 10~

coiL

Alburger, PRC16, 1394 (1977)
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Triple Alpha Reaction Rate Highertenperature

Triple reaction rate was calculated using the measured [,/

—1 NACRE Present Direct y-decay

3 3 to the g. s.
My =2meV Iy =44 meV taken from

©e)

e
n

<
N

1

<
W

e
)

_'f-'\
'vn
ol
p—
e
=
o
=
Q
o
(]
p—
X
o
-
~
=
o
L
o=
Z.

@
[N

Present [0 + 37 + 23]

1

T,

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)

1:10° He C S0 Frroe

a\.se:ﬂ« a 4 *-\.\ 45 ' I Neutrondensrty(}Eé-g,/cm_-_j

o \ : : -
N 4of | =~ Sum- -

i 35

30

A}
lllIllllIll

,* - Hoyle state —

Low-energy i .

2.+ neutron
1

(nz,ng)

A )
A )
lllllllllllllllll/

Raté enhancement (R)
N
(6))

S —
P e —

—

llllllllll

0,*- Ground state

|

lllllllllllllllllllllllllllllllllllllll

7 8 9 10

Temperature (GK)
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Bishop et al., Nat Commun 13, 2151 (2022); Beard et al., Phys. Rev. Lett. 119, 112701 (2017); Jin et al., Nature 588, 57—60 (2020)



Impact of the uncertain “C(a.,y)°O rate

107" : : : : : - e [ate Stellar Evolution
determines Carbon
— and/or Oxygen phase

—--—-—'_--—-.
-
-

* Type la Supernova
02k 3 central carbon burning
of C/O white dwarf
M =13 M,
\*He e Type Il Supernova
:g g:z ________ shock-front nucleosynthesis
9 T . | AL in C and He shells of
3.9e+14 4.1e+14 4.3e+14 4.5e+14 pre-supernova star

Time (s) 60
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time Hydrogen Burning (“He /'“N)

1

Helium Burning (C,0/'80,%?Ne)

at+ta+ta=—» 2C+a— '°0

3-a process

Carbon Burning (Ne,Mg/Na) ’

!

| Neon Burning (O,Mg/Al,P)

T — /|

Oxygen Burning (Si, S/Cl,Ar,K,Ca)

¥

Silicon Burning (Fe /Ti,V,Cr,Mn,Co,Ni)

VS. 4-o process



Influences of the uncertainty in the 2C(a,y)!®O reaction rate in
Nucleosynthesis

Ll 1 I Ll T T 1 l Ll L L] T I T T L) T I T T L

| ... 18 A“ﬁ-~A Heger, Woosley, ¢ Boyse (2002) |

A uncertainty |
of ~10% is 8 10
needed! :

]
S£300) 170+20 keVb based on stelleé
% 4 ﬁ‘””

1 1 I 1 1 1 1 I 1 1 1 1 I 1 I

0.5 1 0 135 2.0 2.5
Multiplier on “C(a,y)"0 Rate by Buchmann (1996)




Black hole mass gap

low mass stars i massive stars i very massive stars

<~10 - (¥10,~100) | (100, ~1OQ@j

A pair-instability
supernova is a type
of supernova predicted
to occur when pair
production. The
explosion is trigged by
the 160+1°0 fusion
reaction.

helium photodisintegratton

=
f=
=]
Famy
o
=
o
a
i)
o
o]
E
e
o
o
o
0
o
b
E
=
o
=
E
a
o
=
o
=

000T ~ < supermassive stars

direct black hole formation o
direct black hole formation

fallback
*1,] no remnant - complete disruption

black hole black hole =

30 100
initial mass (solar massesy

A. Heger & S. Woosley, ApJ.. 567(2002)532,
Woosley, Heger and Weaver, Rev. Mod. Phys. 74, 1015 A slide from my Ph.D. Fense



https://en.wikipedia.org/wiki/Supernova
https://en.wikipedia.org/wiki/Pair_production

Impact on Multi-Messenger Astronomy

A NEW ERA OF DISCOVERY

THE 2023 LONG RANGE PLAN FOR NUCLEAR SCIENCE

2003 | VERSION13

|
-3 , -2 -1 ] 1 ‘ 2 3

0[1ZC(U.Y)160] &

Farmer etal (Kunzetal 2002) :lTh‘is \Einrk (DeBoer etal 2017) flpper limit ofeBH masses nl')‘served;vi)y LIEOJVIRGD;KAGRA B '

Farmer et al., ApJ 902:L36(2020)
NSAC LONG RANGE PLAN (2023) 64




Holy grail for nuclear astrophysicists

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 keenly motivate experimentalists to undertake the difficult task of
accurately measuring this rate.

Weaver & Woosley, Phys. Rep. 227 (1993) 65

The fusion of “He and 1°C nuclei to 0O is the most important nuclear reaction in the

development of massive stars.
NuPECC Long Range Plan




Level Scheme of 160

Lid

ﬁo

Ey lkeV) I Mem eV e 3resonances
10957 sk _
_ * 1 direct capture
10367 [ 25
g%é‘éJ:fﬂ‘fr'f!/fffa’//ffff/f%.f G:.GEIS T
BA72 2" e
%tﬂ
’]OE
403
717 1 o
(BaTT— =
resonance
6130 3 (sub threshold)
6049 0
= . . .
Complicated reaction mechanism
, » E1 transition requires isospin mixing leads to
D L

similar strength o to E2
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A fundamental challenges for nuclear astrophysics :
Measure reaction rate at extremely low energies

NSAC Long Range Plan (2023)

12C(a,y)10
10° 10°—
107 - 4
h ,f('/m i'\ : |
10° 107
10-10
o Bea’m mduced background
s — e - —— 7 ————————————————————— - —
) #hatural background =
© 10" / 2100
x 10%L | Extrapolation i
ot | [108ina « Dyer " Oyer
}.-' + Redder |« Redder
10"|5 / « Kremer | = Kremer
1 0.16 z « Ouellet s Ouellet \
‘[ * Kunz [« Kunz S(E)=E*exp(2nn)*c(E)
10" Ellcomponent —Fit —Fit 2nn=31129*z *2.*(m_/E})
10'18llll[lllllllll[lllllllllllllllllll 1IllllllII||lIlI|IIIl|Illlllllll\llll
0 05 1 15 2 25 3 35 0 05 1 15 2 25 3 35
E m.(MeV) E. m.(MeV)

1 barn=10-24 cm?
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counts/channel

Difficulties in direct measurement: 12C(a,y)0O (1974-)

Ereignisse/Kanal
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Kunz et al. PRL 86(2001)3244
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A challenging task

= EXTRAPOLATION_{_ DIRECT EXPERIMENTAL

'_- _____

> ME ASUREMENTS

¥
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N ™ TAlL OF BROAD
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I .

i
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Rolfs and Rodney, Cauldrons in the cosmos, (1988) -
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Recommended

1970

1980
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300 keV
BE
ok
10"
10-2_
=107
>
2107
g
Q
S
W

:

Publication Year

2010

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.

S factor
-|'_I—T="_-|—' EI - E2 + ":F*r—' ITu:rtal .
i I|—| —_.__'-:*_-' T ! — -
-_I-:-| H————+——— :_hll—.-—| __'H T |
_I _- 1 e |
| | Lae 1 FT_| —
100200 300 &( Iﬁlﬂlléﬂlléﬂlﬂéﬂl 0 | LL{IZH] |

|
0 100 200 300 400 400 600
5(300 keV) (keV b)

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

deBoer et al.,, RMP(2017)



Bound state wave function and Whittaker function

/'— \ E p Channel radivs (a)
w2k =
Igp r] ﬁpj' —pl+1/ i ( Br ) (}"' > RV) & 10 2 -.:L‘“

+ Both tails dominated by Coulomb interaction->same solution

» ANC describes the absolute magnitude of the tail of the overlap function and
is determined by the complicated internal n-n interaction

» by;, obtained with potential model, strongly depends on geometric parameters



Subthreshold resonance:

From 12C(6Li,d)0 to 12C(a y)1°0

10°C 107 . - . . 5

F - = 2C(Lid)0

. 10' -

I T\\ = 0E E

f \ = 0F E

I .\\ E 1§ ;

ol E

o 107 .

> = E

g0 i f

= [+ Dyer . 1015— -

.+ Redder Qé - - i

| = Kremer © 100:_ _:

+ Ouellet \ : -

"« Kunz S(E)-‘-E*exp(Znn)*G(E) : :
—Fit Pmn=31{29*z *z.*(m_/E\) 107 3.0 30 ' 10 5.0

) IR N | I I T I LV E (MeV)

0 0.5 1 1.5 2 2.5 3 3.5

E _ (MeV) ™~ FIG. 2.

C.R. Brune et al., Phys. Rev. Lett. 83, 4025 (1999).

Total cross sections measured using °Li (upper panel)

and 'Li (lower panel) beams for the 6.92-MeV 27 state of
'°0 (O) and the 7.12-MeV 1~ state (O, °Li beam only). The
solid curves are DWBA calculations normalized to the data; the
dashed curve is described in the text.
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N f-delayed o decay

Lifetime = 7.13 s

[-decay

105 /'
12C+q, threshold
(04
/@ 7121
0.002

Baye & Descouvemont predicted the
interference peak in 1988 !l ‘ 7
NPA458('|988)445 100.0 05 10 11:;5(Mc%.')0 25 30 35

&
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Another '°N decay experiment is needed to resolve the tension!

10°E
= ANL red f-wave decays to
_ TRIUMF blue 6.13 MeV (3f)
10 '
— p-wave decays to /
- 9.58 MeV (1-) and
Jus _ the interference
£ [ peak
S ¢
o L
Q
10% £
101
1_||||| ||I+ |||||||||||||||..+|||
0 0.5 1 1.5 2 2.5 3 3.5

E{:. m

Azuma et al., PRC(1994); Tang et al., PRL(2007), PRC(2010)
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New measurement of ANC of 1©O(g.s.) leads to larger S(E2)

"B@s50MeV
by HI-13 tandem

Self-supported C target

/ . 2C("B, "Li)'°O,,

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 et al, PRL(2022), ApJ(2023Y6



Challenging the tiny cross-sections

JUNA®@China
Jinping
Underground

Laboratory
(2400 m rock shielding)

Laborafor'y for‘Under‘gr‘ound

>

(1)

g Nuclear Astrophysics LUNA @

3 @~ __, Gran Sasso
b Background at ground q/’&\: oL \ Ttaly

S
>,
- ’
P 2 Y

& 4
-
\\ w" /
1\ " LNGB (1400 m rock shielding = 4000 m w.e.)
!

1400m rock shielding

Background under ground

(1480 m roc shielding)
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Comparison of underground laboratories
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JUNA: The highest-intensity accelerator in the deepest underground lab

ST

1
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| BRSO E
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> The 3r°' underground accelerator faC|I|ty after LUNA and CASPAR -
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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 fhe 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
: o

JUNA2021

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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12C(a,y)'%0 : better sensitivity

- Ec.m.=552 keV—s— I:)xp, ‘ —] ‘l.l(a,*{)"“l‘? Bloom(1957)
B °C(o,y)0 B "B(ay)“O @2500 keV
[ ]

B "C(e,n)0 = "O(ay)*Ne,,,,
(a,n) (0, 7)™Ne, Larson(1964)

o @2101 keV

13(.‘({1_.:1)160

Jasczak(1970)
e @1600 keV

Redder(1984) Hammer(2005)
@940 keV @891 keV

° o JUNA(2021) |
@552 keV
()

8000 = 12000 -
E_ (keV) 1950 1960 1970 1980 1990 2000 2010 2020 2030

1.11% B¢

Factor 10°

FCVA implantation CTi thick targets with enriched
12C sample

10710

been'o BGO+LaBrs (Lanthanum bromide) veto

| Background is dominated by *°0(a,y)%*Ne
0 05 1 15 2 25 3 35 4 contaminations

Kunz’s thesis E, .. (MeV) S
' Sensitivity: 10-7b> 1072 b @Ecm. = 552 keV

11

107
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A great progress towards stellar energies

Sg.s. MeV b)

R-matrix w JUNA ——— } R-matrix w JUNA ———
R-matrix w/o JUNA —— : R-matrix w/o JUNA ——
JUNA(2022) —e— | JUNA(2022) t—e—

Redder(1987) | Redder(1987)
Kunz(2001) F—e— Kunz(2001) F—e—

Fey(2004) w/ EuroGam | Fey(2004) w/ EuroGam
Fey(2004) w/ GANDI F—~—i : Fey(2004) w/ GANDI F—~—

Plag(2012) ! Plag(2012)
Ouellet(2006) F=— ) f Ouellet(2006) H——=—i

Dr. Yangpin Shen, ypshen@ciae.ac.cn, fermi09@me.com 33



12C(a.,y)!0 reaction rate

[MeV — b]. o 1"

NA <O-U> — 69103 _]'{')—2,.’3 .ngf

S,y ~0.17 [MeV 5]

3201 -

NA <O-U> ~1.2- 108 _ ]‘{'}—2,"3 o 173

Only very crude estimate!
E-T dependency needs to be considered!
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S* (MeV*b)

1.E+20
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1.E+17
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1.E+15

1.E+14 -
0.5

12C+12C Fusion Reaction (1960-)

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

= hindrance (2007) SPP(2007)
e CC-M3Y+Rep(Upper limit) = WP(2018)
THM(2018)
»  ND(2020)

= Stella(2020)

S*(E)=oc(E)Eexp %

Corrected_THM(2019)

1.5 2.5 3:5 4.5 5:5
E (MeV)

6.5
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Gamow peak [MeV]
2.0 2.5

hydrostatic burning D1M*
D1S
SLy4
SkM*
SIIT -
THM
Hindrance

0.6 0.8 1.0

temperature |GK]|

Taniguchi & Kimura, Phys. Lett. B 849 (2024) 138434



THM: Carbon burning can trigger superbursts

Superbursts
Explosive burning

«©Q
[s0]
(TR
O
S
=
T
=
C

0.10 0.15 0.20 0.30 0.50 0.70 1.00 1.50 2.00 3.00
T (GK)

» Increase in the *2C + 2C fusion rate from resonances at astrophysical energies
» This change matches the observationally inferred ignition depths and can be translated into
an ignition temperature below 0.5 GK, compatible with the calculated crust temperature

Tumino et al., Natures{2018)



2c(tec, n)23M9: neutron source in Pop-III stars
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» Decay of 2>Mg changes the electron fraction a
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nd the even-odd pattern in the production yield

» Direct measurement was performed within Gamow window Bucher et al., PRI§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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Test of hindrance and upper limit of 12C+'2C based on systematics

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

=
E

N.T.Zhang(IMP)

D. Tudor (IFIN-HH)

{7 ) 1A
7 e v, DAy
g oA W
o MVEEe e (1 v

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



60Fe Abundance (X1E-4)

'15 r

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Impact on °OFe in massive stars
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» Enhanced ®°Fe production provided by the hindrance fusion rates would

in the galaxy

» Enlarge the discrepancy: [Perdition: 0.45 vs. Observation: 0.15+ 0.04]
» Our result rules out such a scenario
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o Superburst model

e can not be as that high, there
in the

up the crust to

Communication with Ed. Brown(MSU)
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E.(MeV)

ENERGY RANGE
IVESTIGATED
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-5 2O0Ne+QL Fusion residue: 2°Ne, *Na ...

no success under barrier
23Mg: decay spectroscopy
8Be: very challenging



Why do some channels vanish at lower energies?
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Particle-y coincidence at lower stellar energies
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Jiang et al. (2012), Jiang et al. (2018)
Heine et al. (2018), Tan et al. (2021),
Fruet et al. (2021)

Fruet+ PRL(2020)

» Particle-y coincidence technique pushed the measurement down to sub-nb level
» Only detect
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Carbon fusion project at LUNA-MV

8 °C+12C - v measurements

—— wig 15cm Pb

Massive lead shield and radon flushing = push sensitivity to
better than 100 reactions/day
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Figure 9a: Environmental background in HPGe detectors in different shielding configurations

= wg 15cm Pb wg Setup B = u/g Setup C

P,- 1000 reactions/day P, - 100 reactions/day P,- 10 reactions/day

Counts per keV per day

«, - 10 reactions/day

Counts per keV per day

1650 1 1830 1641 1650
E, (keV)

Figure 9b: Visualization of a hypothetical reaction yield (solid) on top of the background levels
of shielded setups from Fig, 9a (dotted).
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High Intensity beam up to 200 puA
Ultra sensitive tracking detector

» Complementary to LUNA-MV and other experiments

Y.Z. Li’s talk in OMEG pre-Symposium
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e Combining , the 12C+12C
S* factors are better constrained despite the unknown resonances within the unmeasured energy range.
* Revision is needed if there are currently unknown relatively strong resonances o8
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(i) Why do predictions of helioseismology disagree with those of the standard solar model?

(i) What is the solution to the lithium problem in Big Bang nucleosynthesis?

(iii) What do the observed light-nuclide and s-process abundances tell us about convection and dredge-up in
massive stars and AGB stars?

(iv) What are the production sites of the y-ray emitting radioisotopes 2°Al, *Ti and ®°Fe?

(v) What is the origin of about 30 rare and neutron deficient nuclides beyond the iron peak (p-nuclides)?

(vi) What causes core-collapse supernovae to explode?

(vii)What is the extend of neutrino-induced nucleosynthesis (v-process)?

(viii)What is the extend of the nucleosynthesis in proton-rich outflows in the early ejecta of core-collapse
supernovae (vp-process)?

(ix) What are the sites of the r-process?

(x) What causes the discrepancy between models and observations regarding the mass ejected during
classical nova outbursts?

(xi) Which are the physical mechanisms driving convective mixing in novae?

(xii)What are the progenitors of type la supernovae?

(xiii) What is the nucleosynthesis endpoint in type | X-ray bursts? Is there any matter ejected from those
systems?

(xiv) What is the impact of stellar mergers on Galactic chemical abundances?

(xv) What are the production and acceleration sites of Galactic cosmic rays?
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Summary

S~ process

p(y)—process

V— process \ (Pb)

fission

r— process

™ e—capture

— stellar fusion

pp—chain, BBN '{'m

Interdisciplinary feature of nuclear
astrophysics demands the close
collaborations among astronomers,
astrophysicists, and nuclear
physicists and among the facilities.
As we demonstrated in the paper,
NO single facility or model will
answer all the quests in our field.
How to be successful in nuclear
astrophysics? Here are the advises
from Willy Fowler: seek for truth,
work hard, and help people

Progress in nuclear astrophysics of east and southeast Asia
Aziz et al. AAPPS Bulletin (2021) 31:18, https://doi.org/10.1007/s43673-021-00018-z 102



