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. A tale of nuclear reactions & stars,
example of the 2C+'2C case

. How to measure (possibly resonant) astrophysically
relevant cross-sections - observables

ll.  New experimental results on the C burning

V. Impact of resonances on stellar evolution and nucleosynthesis

Ill.  Future
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The 12C+12C (special) case
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Nucleosynthesis : The 2C+12C (special) case

Today 14 hillion years
Life on earth : @
Aoggleraion, N 11 billonyears
Solar system forms\ M@ o : In a H-rich environment elements
Star formation peak \&= 3 hilfion years _ .
Galaxy formation era\\ - such as Li, Be, and B are
Earliest visible galaxies $— 700 million years : egsny d es‘l‘royed O'l' |OW Te m pero 'I'U res
Recombination Atoms form \—— 4-1400,000 years D (|OW Q_VC”UG) ’ before fUSIOﬂ
Relic radiation decouples (CMB) (9) = : =2 reO C'I'|Ons S'I'O r'I' 'I'O plOy O rO|e.
Matter domination — 5,000 years ——
Onset of gravitational collapse ‘
Nucleosynthesis : — 3 minutes 1213
Light elements created - D, He, Li | . ’ C 'I'h e
Nuclear fusion begins - 0.01 seconds t . . .« e
0 b Gan e 15t (p-shell) nuclei with sufficiently
k-hadron t iti — : H
uugrrotons aandrrgil}troagg?r:];c?n : " negghve (p' a) Qvolues-

Electroweak transition ~
Electromagnetic and weak nuclear | ™
forces first differentiate <

Supersymmetry breaking | 12C+12C the first fusion reaction that
Axions etc.? | ; b o
needs to be considered

Grand unification transition
Electroweak and strong nuclear R0A,
forces differentiate

Inflation

Quantum gravity wall -
Spacetime description breaks down
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Burning phases in massive stars

Different burning phases
Si-ignition P In the evolution of a massive star
O-ignition !
Ne-ignition Each controled by different nuclear
Clgaltion % reactions which drive the:
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Nucleosynthesis : The 2C+12C (special) case

12C+12C may impact different stages of stellar evolution
- Explosive scenarios / type la supernovae (standard candles)
- Quiescent C burning / contracting core of a massive star

- Superbursts of X-ray binary systems (possibly)

k/j: o ) \

_—
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The 12C+12C (special) case
A key reaction: 12C + '2C (low Coulomibb Barrier)
Ec = 2.42xT523+ 0.75xTe?/6-> E5 = 1.5 £ 0.3 MeV at 5 x 108K

26

24

22

18 20

M. Heine, from A. Chieffi et al., APJ 502 (1998), 737

Experiment
Ex’rropolo’rions e

— 3/2
r = NxNy<GU>(1 + Sxy) ! (ov) = (J‘[p 1/2 k T f‘iexp - dE
B
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Reaction rates:




The 2C+12C (special) case

Nuclear
Structure /
Resonances

Certainly an
obstacle for
extrapolations

to stellar energies

SN
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Phys. Rev. Lett. 4, p. 515, (1960)
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The incomplete (yet complex) story of 12C fusion

ex D.A. Bromley et al., PRL 4, 365, (1960) ex T. Spillane et al., PRL 98, 122501, (2007)
ex E.Almqvist et al., PRL 4, 515, (1960) ex PL. Marley et al., JMPE 17, 2040, (2008)
th B. IMANISHI et al., PLB 27, 267, (1968) ex C.L. Jiang etal.,, NIM A 682, 12, (2012)
ex J.R. Patterson et al., APJ 157, 367, (1969) th H. Esbensen et al,, PRC 91, 064613, (2013)
th G.J. Michaud, E.W. Vogt, PRC 5, 350, (1972) ex X.Fang etal., JP 420, 012151, (2013)
ex M. Mazarakis, W. Stephens, PRC 7, 1280, (1973) ex C.L.Jiang etal., PRL 110, 072701, (2013)
th R.G. Stokstad et al., PRL 37, 888, (1976) th A.A. Aziz et al., PRC 91, 015811, (2015)
ex P.R. Christensen et al., NP A 280, 189, (1977) ex B.Bucher et al., PRL 114, 251102, (2015)
ex W. Gaister et al., PRC 15, 950, (1977) ex J.M. Munson et al., PRC 95, 015805, (2017)
ex M.D. High, B. C‘ujec, NIM A 282, 181, (1977) ex M. Heine et al., NIM A 903, 1 (2018)
ex K.-U. Kettner et al., PRL 38, 377, (1977) ex C.L.Jiang et al., PRC 97, 012801, (2018)
ex S.K. Korotky et al., PRC 20, 1014, (1979) th A. Torres, M. Wiescher, PRC 97, 055802, (2018)
ex K.A. Erbetal., PRC 22, 507, (1980) ex A. Tumino et al., Nature Letter (23.05.2018)
th  R.H. Lemmer et al., PRL 44, 26, (1980) ex J.Zickefoose et al., PRC 97, 065806 (2018)
ex H.W. Becker et al., ZP A 303, 305, (1981) th K. Godbey et al., PRC 100, 024619 (2019)
th Y. Suzuki, K.T. Hecht, NPA 388, 102. (1982) ex A.M. Mukhamedzhanov et al., PRC 99, 064618 (2019)
ex B. Cujec etal., PRC 39, 1326, (1989) ex C. Beck et al., EPJA 56, 87 (2020)
ex P. Rosales et al., RMD 49, 88, (2003) th A. Bonasera, J.B. Natowitz PRC 102, 061602, (2020)
ex E.F. Aguilera et al., PRC 73, 064601, (2006) ex G. Fruet et al., PRL 124, 192701 (2020)
ex R. Perez-Torres et al., PNCNP 69, 1371, (2006) ex Y.d.Lietal, CPC44,115001 (2020)
ex L. Barron-Palos et al, NP A 779, 318, (2006) ex W.P. Tan et al., PRL 124, 192702 (2020)
th L.R. Gasques et al., PRC 76, 035802, (2007) ex N.T. Zhang et al., PLB 801, 135170 (2020)
ex D. Jenkins et al., PRC 76, 044310, (2007) th Y. Taniguchi, M. Kimura, arXiv, 2106.04321v1 (2021) PLB (2021)
ex C.L.Jiang etal., PRC 75, 015803, (2007) 2022: Lee & Diaz-Torres Phys. Lett. B, Monpribat et al. A & A,
4‘:‘ N\ Adsley et al. PRL ...
e
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Direct and indirect methods / Why ¢

charged particles == Coulomb barrier

v Coulomb potential
Ecuul ™~ ZIZZ % Ehcir. - kT [k'E'.I'h"]
(MeV) || [~~~
[ ry P
nuclear

well *a,, j

energy available: from thermal motion

T~ 15x10° K (e.g. our Sun) = kT ~ 1 keV

during static burnings: kT <« E_,

reactions occur through TUNNEL EFFECT

==p tunneling probability P oc exp(-E:'n])|

Maxwell-Boltzmann tunnelling through
distribution Coulomb barrier . .
g e ) c© L et 50
2 ~ /
E R
g‘ Gamow peak non-nuclear origin ~ nuclear origin
£ STRONG energy WEAK energy
E — dependence dependence
. o
KT E, energy ASTROPHYSICAL S(E)-FACTOR
g
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Indirect methods

Trojan Horse Method

The X-section of a A(x,b)B reaction determined by selecting the quasi-free
contribution of a A(a,b)B reaction,
where a = xs has a cluster structure.

Hypothesis: s, spectator / quasi free process, potential

For 12C+12C : 12C(™N, a?°Ne)?H and ?C('*N, pZNa)?H
— |lots of resonances observed with corresponding spins 0, 2+, 1-, 3-, &
— Normalization to direct data.

Direct :
]2C+ ]QC 9 23NO* + p
12C+ 12C = Ne* + a

SN

Indirect :

14N

12C

>
d

a,p

]2C 24Mg* <

A. Tumino et al. Nature 2018
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Indirect methods

Trojan Horse Method

The X-section of a A(x,b)B reaction determined by selecting the quasi-free
contribution of a A(a,b)B reaction,
where a = xs has a cluster structure.

Hypothesis: s, spectator / quasi free process, potential

For 12C+12C : 12C('“N, a®®Ne)2H and 2C(“N, p%Na)2H
— |lots of resonances observed with corresponding spins 0, 2+, 1-, 3-, &
— Normalization to direct data.
See also A. M. Mukhamedzhanov PRC 99 (2019), EPJA (2022)
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b d .
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A7 A. Tumino et al. Nature 2018
—
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Direct measurement

40
T84zt % e 12C+ 12C = BNa + p, Q= 2.24 MeV
1 ;:::’ ::: py OB 12C+ 12C = 20Ne + g Q= 4.62 MeV
2ol 6.72:0" - 4.43:('/2;2 Pio 23Mg+n ’ .
385 —="1Pg 9 12 12 23 =
P s fms D C+ 12C = Mg + n, Q =-2.62 MeV
s r - S— ¥
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= \\ = 3 z.ssxvzi &
> [ Y e Detection of y-rays:
0 ke - .
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Carbon burning: '%C + 12C, direct measurments

Situation in 2019

:I | L | | R P | | ] | L T 11 | T 11 | T T 1 | T 1 l: . .
o o rawsmisssp | MOSTlY single particles
107 = ¢ Mazarakis 1973 (p)
— B High 1977 (y) ] or Y
18 | 4 Becker 1981 (p) ]
10 = *  Aguilera 2006 (y)
= V  Spillane 2007 (y) ] .
§ 1077 L - _A Jenezmsenaence) | Exfremely sensitive to
) = J— —  Hindrance 1 background
=, 10% L _
5 =
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- i ~ 096K different trends
14 |
107 e —
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Challenges for sub-nb cross section 2C+12C direct

measurements

Data taking — months, years, stability of the exp. setup
Beam intensity (~ 10 puA)

Target system (thin vs thick)

Detection efficiency (Ge, LaBrs(Ce))

Background (H and D) reduction (subtraction, coincidences)

SN
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STELLA (Stellar Laboratory)

A ’roolbox for the meosuremen’r of fusion reactions of astrophysics interest

h « Andromede facility, Orsay, France
4 MV, ECR source, 10 puA
" ([ \k\» - Gamma detection
y ‘1 ],—,——/—-:"' - - .
€ °

ﬁ ST, - 36 LaBr; detectors, UK FATIMA
Hm‘_‘.--"—..?:_~ &~ (P.Reganetal)

[‘ Particle detection
=28 « Annular DSSD, MICRON chip

IPHC & Univ. York (D. Jenkins et al)

New PCB design / ceramics (IPHC)
AQ ~ 24 % of 4r.

Target developments

* 1000 rpm, self-supporting, d = 5,2 cm
150-200 nm (IPHC, GANIL)

‘ IPHC and GANIL collaboration
o

M. Heine et al. NIM A 2018
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Direct measurement of the STELLA collaboration
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- 8/'I|0M° ZTF' - - = hindrance model - - 8/10Mg M , { - = hindrance model -
- — - ¢ € —
1 J’I 1 | 11 1 1 I LI I Ll 1 1 I 11 1 1 I | N ] I L1 1 1 I 11 1 1 l 1 1 1 I lllll 'I I L1 1 1 l I l L I 1 I I 1
1 15 2 25 3 35 4 4.5 5 5.5 1 15 2 2.5 3 4 4.5 5 55
E, [MeV] E,., MeV]

« Reliable excitation functions over 8 orders of magnitude, down to
2.1 MeV and the 100 pb range.

« Three regimes:
i. Moderate sub-barrier E: validation of the experimental concept
ii. Deep sub-barrier E: hindrance regime (observed in numerous other systems)
. Gamow window - 25 Mg E: another (resonant?e) regime ¢

g G. Fruet, S.C., M. Heine et al, Phys. Rev. Lett. 124 (2020)
e =N
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Hindrance ¢

« Incompressibility of the nuclear matter "
S. Misicu, and H. Esbensen, Phys. Rev. Lett. 96 (2006). 10 —

« Neck formation

T. Ichikawa, K. Hagino and A. Iwamoto et al., Phys. Rev. C75 EIO' —
(2007), Phys. Rev. Lett. 103 (2009).

« Pauli repulsion

C. Simenel et al., Phys.Rev. C 95, 2017.
K. Godbey et al., Phys.Rev. C100, 2019.

U LR P
5 64N + Ni
107 Q=-48.8 MeV

;i §
enhancement

—

102

10'3_—

4|
AL — Standard CCH
105 - calculations
o 6L/LYS 1 v 1y
84 88 92 96 100

E (MeV)

C.LJiang et al., Phys.Rev. Lett.89 (2002); Phys.Rev.Lett.93 (2004)

b 4'\ For a review, see for ex. B. Back et al., Rev.Mod.Phys. 86 (2014)
—m—t
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Molecular resonances ¢

"We must still realise that the subsequent escape of a-rays

necessitates a separate concentration process for the excess energy and that in
particular we cannot draw any decisive conclusion from these phenomena about the
presence of such particles in nuclei under normal conditions. » N. Bohr, Nature 137 (1936)

E*

-7 0 7-7
on 7 T T
? Be C 0 Ne Mg .... (a =
00 000 0000 COCO COOCO0 ol iy
(7.28) (14.44) (19.96) (28.47)
* -7 (B7)=(0.48,22°) | (8,7)=(0.76,35°)
© ©° ©00 @00 Te [
(716) (11.89) (21.21) . e
(1404) .
® (o ()9
(473) Ge AN =6,
(13.93) e w GQ)
®' : 0.25 fi
(9.3 @ = - (.
0.00 0.04 0.08 0.12 0.16 (fm?)
1.5fm

lkeda diagram Microscopic view

lkeda et al., Prog.Theo.Phys.Suppl. Eé68 (1968) / J.-P. Ebran, E. Khan, T. Niksic, D. Vretenar PRC 90(2014); Nature 487(2012) /
Y. Chiba & M. Kimura, PRC 91, R.
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Molecular resonances ¢

"We must still realise that the subsequent escape of a-rays

necessitates a separate concentration process for the excess energy and that in
particular we cannot draw any decisive conclusion from these phenomena about the
presence of such particles in nuclei under normal conditions. » N. Bohr, Nature 137 (1936)

< .. (C) Qﬂ'y_'_@]SO_'_q)AN- 5000— 0* states identified from
+ =g 1 C differential cross section
Z 9 e o N 4000—
38, Vo] C
+ 03 & T r
05 8 = ) 2 3000—
. 0715 S F
A E -
03 N l 024 3 2000:
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5 1000_—
OELI_J »
n ] . ‘ v b by by by b b b by by by
30 10 15 20 25 30 6 8 10 12 14 1gx[Me\1/]8 20 22 24 26 28
Energy (MeV)

New experimental results

2“Mg(a,a’) - look for candidate
Jm=0* 12C+12C cluster configurations

3 signatures: Energy, spinPaity, branching
Y. Chiba & M. Kimura, PRC 91, R / P. Adsley, M. Heine, D. Jenkins, SC at al. Phys. Rev. Lett. 129 (2022)
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Impact of recent results on stellar evolution and

nucle NEC code + one layer model

1§_I I I I _Ig 0.104
) - 3
E B n 0.05+
L1007 E e
% = = 0.004
V<10'2é— ?; ;E—o.os-
< - ] Z 0101
~ 10% — 8*‘, ALY
% - = LSy —e— CF88
B B o0 N —=— Hin
104 S SIS —0.20+ —v— HinRes
;q: - —— CF88 model ;éﬂ R85 Na
- — — Hinmodel =~ ~0-2>7
10°F — . - HinRes model B N
.i(l)-1 l — 1 — 0-30 Element
T [GK]
Normalized reaction rates Abundances obtained at the end of C-burning phase
4-_" \ E. Monpribat, S. Martinet, S.C, M. Heine et al, A&A 660 (2022)
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Thanks!

M. Heine, E. Monpribat, J. Nippert, D. Curien, T. Dumont et al, IPHC, Strasbourg, France
P.H. Regan, M. Rudigier, W. Catford et al., Univ. Surrey, UK and the FATIMA collaboration
D. Jenkins et al, Univ. York, UK

P. Adsley, Texas A&M, USA

G. Meynet, S. Martinet, S. Ekstrom, S. Tsiatsou Obs. and Univ. Geneva, Switzerland

A. Choplin, Université Libre de Bruxelles, Belgium

S. Della Negra, F. Hammache, N. de Séréville et al. [JCLab, Orsay, France

C. Stodel et al., GANIL, Caen, France

A. Tumino (INFN, LNS Catania, Italy)

W. Tan and M. Wiescher (Univ. Notre Dame, USA)

G. Imbriani, LUNA collaboration (INFN Napoli, Italy), LUNA
CL. Jiang, KH Rehm, Argonne National Laboratory, USA
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