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(Some) open questions

o

’Li produced in Big Bang Nucleosynthesis
Elements in the Sun beyond He (metallicity)
r process (Main & Weak 2)
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The role of s-process,
an example
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s process, what matters?

* Reaction rate of the two main neutron
sources 13C(a,n)0 and 2Ne(a,n)3 Mg

% (n,y) cross sections with small (5%) uncertainty

*

(n,y) cross sections of branching-point
isotopes and B-decay rates

*

Stellar models

*

Stellar enhancement factors
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Path

HEVISWEROIE VIOIBISHNEShEI@S] The s process: Nuclear physics, stellar models, and observations, Vol. 83, 2011

.

Sample Half-life (yr) Q value (MeV) Comment

3N} 100.1 B_.0.066 TOFE work in progress (Couture, 2009), sample with low enrichment

Se 2.95 X 10° B, 0.159 Important branching, ci ains s-process temperature in massive star{

SIKr 2.29 X 10° EC, 0322 Part of ™Se branching e =

$Kr 10.73 B, 0.687 Important branching, constrains neutron density in massive stars

9Zv 64.02 d B, 1125 Not feasible in near future, but important for neutron density low-mass
AGB stars

ale’ 2.0652 B, 2059 Important branching at A = 134, 135, sensitive to s-process temperature in
low-mass AGB stars, rement not feasible in near future

35¢s 2.3 x10° B, 0.269 So far only activation measurement at kT = 25 keV by Patronis et al. (2004)

47Nd 10981 d B, 0.896 Important branching at A = 147/148, constrains neutron density in low-mass
AGB stars

%7Pm 2.6234 B, 0.225 Part of branching at A = 147/148

¥ Pm S368.d R 2464 Not feasible i _the near future

151Sm 90 B~. 0.076 Existing TOF measurements, full set of MACS data available (Abbondanno!
et al., 2004a; Wi k et al., 2006¢)

Sy 8393 B 1978 Complex branching at A = 154, 155, sensitive (o temperaturc and M
density

155Ey 4753 B~.0.246 So far only activation measurement at kT = 25 keV by Jaag and Kippeler
(1995)

153Gd 0.658 EC, 0244 Part of branching at A = 154, 155

160 0.198 B, 1.833 Weak sensitive branching, very challenging experiment

193 Ho 4570 EC, 0.0026 Branching at A = 163 sensitive to mass density during s process, so far only
activation measurement at k7" = 25 keV g and Kippeler (1996b)

0Tm 0.352 B_.0.968 Important branching, constrains neutron density in low-mass AGB stars

T Tm 1921 B 0.098 Part_of branching at A = 170.171

197a 1.82 EC, 0.115 Crucial for s-pros contribution to '%Ta, nature’s rarest stable isotope

185w 0.206 B, 0432 Important branching, sensitive to neutron density and s-process temperature in
low-mass AGR stars.

! 3.78 B, 0763 Determines 2Pb/2%TI clock for dating of early Solar System

massimi@bo.infn.it

510¢

ALMA MATER STUDIORUM

UNIVERSITA DI BOLOGNA



13C(a,n)'40
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13C(a,n)'40

< Main neutron source in low-mass AGB stars

at temperature ~ 90-100 MK T

o Gamow window ~ 150 -230 keV
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13C(a,n)'40

< Main neutron source in low-mass AGB stars

at temperature ~ 90-100 MK T

o Gamow window ~ 150 -230 keV
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| EXPERIMENTAL SETUP

PSD3,

PSDZI/\%?\

AE2

Baur PLB 178 (1986) 135

Spitaleri, in Problems of Fundamental Modern
Physics I, World Sci. (1991) 21

Spitaleri et al., PAN 74 (2011) 1763

Typel & Baur, Ann. Phys. 305 (2003) 228
Mukhamedzhanov et al., JPG 35 (2008) 014016

<
<
BEAM °Li

Measurement of the the sub-Coulomb 13C(a,n)®0 reaction through the
13C(°Li,n10)d reaction in the quasi-free kinematics regime @ Florida State

University.

Charged particle detection (instead of neutron)
Measurement at ~ 10 — 60 MeV kinetic energy (>> Coulomb barrier)

No electron screening

Istituto Nazionale di Fisica Nucleare

Model dependent (from indirect to direct)

&
Normalization needed
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PRL 109, 232701 (2012) PHYSICAL REVIEW LETTERS

week ending
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Measurement of the —3 keV Resonance in the Reaction
13C(a, 7)'90 of Importance in the s-Process

M. La Cognata,"* C. Spitaleri,"? O. Trippella,"* G.G. Kiss,"* G. V. Rogachev,” A. M. Mukhamedzhanov,® M. Avila,’
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(Received 3 July 2012; revised manuscript received 10 August 2012; published 4 December 2012)
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Concurrent Application of ANC and THM to assess the *C(a, 1)'%0 Absolute Cross
Section at Astrophysical Energies and Possible Consequences for Neutron Production
0. Trippella"2 and M. La Cognalu‘

in Low-mass AGB Stars "
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HYSICAL REVIEW LETTERS 127, 152701 (2021)

Direct Measuremen of the BC(qp)
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Deep-underground measurement

Energy range 230 —300 keV

Drastically reduced uncertainties

First time providing data directly inside the s-
process Gamow peak
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Eur. Phys. J. A (2020) 56:75
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Special Article - New Tools and Techniques

A new approach to monitor '*C-targets degradation in situ for
BC(a, n)1%0 cross-section measurements at LUNA
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Collaboration with Atomki & HZDR
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Abstract
Low-mass asymptotic giant branch stars are among the most important polluters of the interstellar medium. In their
interiors, the main component (4 2 90) of the slow neutron capture process (the s-process) is synthesized. the most
. 3, 6 . Ny
important neutron source being the 3C(a.n)'°0 reaction. In this paper, we review its current experimental status,

discussing possible future synergies between some experime _ .
Moreover, in order to determine the level of precision needed t 2 , MI— 1;5 l:fe |[Fe|/H]|_ |0 1? IFUII‘IS :
oD2 aDip5 oREF

sensitivity study, carried out with the FUNS evolutionary stella
the rate ;Ip 10 a factor of 2 with respect (0 a reference case
appreciably affect s-process distributions for masses above 3 3 1.5
the differences are always below 5%. The situation is cor
environment: this occurs in FUNS models w ith M <3 M
13C(@.n)"®0 reaction rate leads to nunncghglhlc variations of
(such as rubidium) and neutror
licity models if protons are n
. ay vary by

larger peaks for some elements
are found in low-mass, low-meta '
the surface abundances of the heavier clements ma
r reactions, nucleosynthesis, abundances
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nTOF

There is some interest in measuring the
inverse reaction at n_TOF (a first attempt
with gas detector failed, and a new setup is
being developed).

By using the detailed balance (i.e., time-
reversal invariance theorem) the reaction
cross section of 13C(a,n)1e0 is deduced
from the measurement in the reverse
direction 120(n,o)13C.

A single measurement could provide data
in a large energy region.
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2Ne(o,n)25Mg

< Main neutron source in massive stars

T

< Gamow window: threshold ~ 300 keV
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NTOF

2Ne(o,n)25Mg

< Main neutron source in massive star

< Gamow window: threshold ~ 300 keV
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» Large uncertainty in extrapolations at low energy

Background on surface labs. too high (only upper limit in Gamow window)
Non negligible 2Ne(a.y) branch

Py,
INFN S
15 108>
ALMA MATER STUDIORUN

Istituto Nazionale di Fisica Nucleare INFNZOZZ’ 9_11 May 2022’ LNGS mass|m|@b0|nfn|t UNIVERSITA DI m[v)llm;/\/\(

0‘0

3

*

0’0




22Ne(a,n)*Mg ? " ES

2 — 17— L= o
— — 11.093 MeV
— 25Mg+n
10.615 MeV
w?Ne  aopgey ca
LY e omev
ZGMg

C ALMA MATER STUDIORUM

INFN2022, 9-11 May 2022, LNGS massimi@bo.infn.it



2Ne(a,n)**Mg

Physics Letters B 768 (2017) 1-6
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Neutron spectroscopy of 26Mg states: Constraining the stellar

source 22Ne(«, n)%?°Mg
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n+2>Mg
° ° 26[\] ( , ')26M 'ZGM ( ) ')ZGM 'ZGM (d'd’)ZGM
22Ne(a,n)?*M international effort Sovimn ot
(°Li,d)*Mg

ChETEC “B*O.pFMe

3 191 keV
\ 203 keV

PHYSICAL REVIEW C 103, 015805 (2021) 211 keV

2 278 keV
334 keV
S 469 keV
! 706 keV
s 722 keV 7/

Reevaluation of the 22Ne(«, y)2*Mg and 2>Ne(a, r)2*Mg reaction rates b
e

Philip Adsley ©,">3" Umberto Battino®,* T Andreas Best,>® Antonio Caciolli,”* Alessandra Guglielmetti ©,’

Gianluca Imbriani ®,>° Heshani Jayatissa,'” Marco La Cognata®,!! Livio Lamia,'>!-!3 Eliana Masha®,’
Cristian Massimi ©,'%!5 Sara Palmerini ©,'%!7 Ashley Tattersall ©,** and Raphael Hirschi' %

E. EM DY) OV v F, T, Integrate o . %
(MeV) (keV) Jr V) (eV) (eV) (eV) (V) resonance? 0.1 D = X ///‘
10.6963(4) 81.6(4) 4+ 3.5(18) x 1074 3.0(15) 0 No L= L fl f i

0.6 0.8

Fractional Contribution

11.084(1) 469(1) 2+ 5.7(1.5) x 1071 3.0(15) 0 No
11.321(1) 706(1)  0+/1-  37(@4)x 1075 4.2(11) x 10~ No 0 0.2 0.4 1
11.441204)  826.46(5) 3= 3.9(10) x 10°  5.50(14) x 1076 3.0(15)  1.47(8) x 10° Yes
11.46574(6)  851.00(6) 3- 55(17)x 10 7.924)x 10 3.0(15)  6.55(9) x 10° Yes Temperature (GK)
11.5080(9) 893.3(9) 1~ 3.5(6) x 10~ 124)x 107 3.0(15)  1.27(25) x 10° Yes
11.5260(15)  911.3(15) 1- 13@)x 107 43(11)x 107*  3.015)  1.80(25) x 10° Yes T T 497 keV
11.630(1) 1015.3(14)  1- 71(15) x 10° 24(5) x 107 3.0(15)  13.5(17) x 10° Yes .
11.749(5) 1133(6) 1~ 5.9(8) x 1072 203)x 1072 3.0(15)  6409) x 10° Yes 548 keV
11.787(3) 1172(3) 1- 2.509) x 1072 8(3) x 1073 3.0(15)  24.5(24) x 10° Yes 706 keV
11.828(1) 1213(1) 2+ 2.5(3) x 1074 1.8(1) x 101 3.0(15)  1.10(25) x 10° Yes 893 keV
11.863(3) 1248(3) ir 1.5(10) x 1072 3.0(15)  2.45(34) x 10* Yes 1213 keV
11.880(3) 1265(3) ir 1.9(19) x 107" 6.30(63) x 102 3.015)  3.0(15) x 10° No e

(]
11.895(4) 1280(4) 1= 2002)x 107 4.1(4) x 107! No =1 T
11.911(1) 1297(3) 1= 344)x 1073 1.4(1) 1.909.8) 3.0(15)  5@2)x 10° Yes a3
11.953(3) 1338(3) 2% 3.4(4) x 1073 1.60(13) 32(1.7) x 107" 3.0(15) 2(1) x 10* Yes < -
12.050(1) 1436(3) 2* 6.0(7) x 1073 47(3) LIG)x 1070 3.0(15)  4(1) x 10 Yes c
12.141(1) 1526(3) 1- 1.0(2) x 1073 2.4(2) 1.7(5) 3.0(15)  1.5(2) x 10* Yes 8 4
12.184(5) 1569(7) 0+ L1Q2)x 107 1.21(29) x 10! 0.90(11) 3.0(15)  3.3(5) x 10* Yes =
12.270(5) 1658(7) o+ 8.9(1) x 1073 2.12) x 10 2.2(4) x 10* 3.0(15)  7.309) x 10* Yes g i
12.344(2) 1728(4) 0t 54()x 107 157(10) x 10> 6.30(12) x 10> 3.0(15)  3.5(5) x 10* Yes o

=
“Resonance energy is taken using the state observed in Ref. [17] and assuming a single resonance. g -

i

Only natural-parity states in 26Mg contribute
INFN -
0.1 0.25 0.5 0.75 1
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2Ne(a,n)**Mg

s+ LUNA-MYV scientific proposal: started in 2020, first measurements in 2022

% Novel high-efficiency, energy sensitive detector array (3He + liquid scinfillator)
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22Ne(a,n)**Mg

s+ LUNA-MYV scientific proposal: started in 2020, first measurements in 2022
< Novel high-efficiency, energy sensitive detector array (3He + liquid scintillator)
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PSD VS Energy
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Characterization of
detectors and gas
target ongoing
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2Ne(o,n)25Mg

ASFIN aims at measuring the inverse reaction 22Mg(n,a)22Ne with an
indirect method based on Trojan Horse Method (feasibility studies ongoing)
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Explosive burning (massive stars) Quiescent and explosive nucleosynthesis in
massive stars are constrained by a few
nuclear reactions:

12C(a,n)
Core region 12C(]2C'p)23Nq
::;ffrn and ‘2C(‘2C,a)2°Ne

12C + 160

... and others

)

Supergiant star

Hydrogen

Quiescent 4He and heavy lon burnings
result in massive stars with convective shells
at different densities: onion structure /v

Type la
INFN Supernovae

it Nazionaledi iscs Nusee INFN2022, 9-11 May 2022, LNGS massimi@bo.infn.it UNIVERSITA DI BOLOGNA

Credit: NASA
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12C + 12C
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+ Reaction rate determines the late phase of stellar evolution

< Gamow window below Coulomb barrier ~ 1- 2 MeV
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12C+12C “BEFORE”
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12C+12C Beam-induced background background
Carbon target

Eur. Phys. J. & (2018) 54: 132 THE EUROPEAN . . .
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Regular Article - Experimental Physics
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Elastic scattering
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reaction studies of astrophysical interest

Two-step proton o 0
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% Detailed study of the background ” —
< Study of suitable 12C carbon targets - Morales-Gallegos et al 2015 J. Phys.: Conf. Ser. 578 012002
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% Study of suitable 12C carbon targets - Morales-Gallegos et al 2015 J. Phys.: Conf. Ser. 578 01200
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12C+12C

PHYSICAL REVIEW C 97. 065806 (2018)

Measurement of the
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Direct measurements of the
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towards astrophysical energies s cross
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12C+12C

12C(12C,a)2°Ne

12C(12C,p)23Na

via the Trojan Horse Method applied to
12c(14N’a20Ne)2H

12¢(14N,p23Na)?H

three-body processes

Direct breakup
N d >

12c

Mg

4

20Nle, 23Na
ap
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1ZC+12C

12C(12C,a)2°Ne

12c(12c’p)23Na

via the Trojan Horse Method applied to
12c(14N’a20Ne)2H

12¢(14N,p23Na)?H

three-body processes

Direct breakup

+* Model to extract
y direct cross section

P
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12C+12C

12c(12c’a)20Ne

12c(12c’p)23Na

via the Trojan Horse Method applied to
12c(14N'a20Ne)2H

12¢(14N,p23Na)?H

three-body processes

Direct breakup
N d >

sso0r ZONC,ZSNG
3ooof a,p
T5)2500
2
Q2000 ‘:‘ Normalization to
<t .
15001 direct data
woor
41000? : ‘:‘ Model to extract

500

a

T N G S U ML SO IR
200 400 600 800 1000 1200
E  (ADC channel)

direct cross section 1()1;L

Nature volume 557, pages687—-690 (2018) Published: 23 May 2018 m
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Anincrease in the ’C + 1C fusion rate from
resonances at astrophysical energies

A Tumino2#, C. Spitaleri®®, M. La Cognata?, S. Cherubini**, G. L. Guardo*, M. Gulino'?, S. Hayakawa®’, 1. Indelicato?,
Lamia®®, H. Petrascu®, R. G. Pizzone?, S. M. R. Puglia?, G. G. Rapisarda?, S. Romano®?, M. L. Sergi?, R. Spartd” & L. Trache*
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STELLA @ IPN ORSAY
12C+12C international effort = NoTrRE DAME Univ.

PHYSICAL REVIEW LETTERS 124, 192701 (2020)

Advances in the Direct Study of Carbon Burning in Massive Stars

G. Fruet,’? s, Courtm "**" M. Heine ) G Jenkins,? p. Adﬁ]ey A. Brown R. Canavan,®” w, N. Catford,®

E. Charon,* D. Curien,'? 5. DC[]d Negra,” J Dl iprat,’ F. Hamm ache,” J. Lesrel G. Lotay A. Meyer D. Montandn 123
LMOIS M. Moukaddam,’ j, Nj 11, Zs. Podoly ° P H. Regan, %7 L Ribaud,” M. Rj ° M. R

Measurements based on
y-ray + particle spectroscopy
In coincidence
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Silicon detector array + HPGe

y-ray + particle spectroscopy
in coincidence
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Present situation unclear
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12C+12C

LUNI/

Laboratory for Underground
Nuclear Astrophysics

LUNA aims at measuring down to E=1500 keV through

detection of de-excitation y-rays of residual nuclei (*°Ne or .
23Na) and/or detection of emitted particles (GASTLY ?)

Several tasks are being afforded:

1) 12C target production and characterization, with "
particular emphasis on the strategy to reduce and
guantify residual H and D impurities that cause beam
induced background lead thickniess

guaranteed
in every direction

2) Setup for gamma measurement: a new ultra pure HPGe
with 158% efficiency is being tested at LNGS

@
E
3
3
8
€
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@
£
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&
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— ulg 15cm Pb g Setup B — ugSewpC |

2
ML AL AL AL L I L

3,

2-a) A proper shielding is being developed and the use of
ancillary Nal detectors is under evaluation

(IR ;.
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Conslusions

Many intriguing open questions in Nuclear Astrophysics.
Common international effort required to address some of these puzzles.

Neutron source in Red Gianft Stars:

13C(a,n) well characterised, possible some future activities @ n_TOF & perhaps LUNA)
22Ne(a,n) fair knowledge, ongoing activities (ASFIN & LUNA)

Heavy-lon burning in Red SUpergiants stars:

12C + 12C still far from being accurately constrained, ongoing activities (ERNA, LUNA).
After Normalization to LUNA data, ASFIN data will provide S(E) in the whole
Gamow window

<R
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Backup 3C(a,n)
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The *Clar.m)'*O reaction is considered the main neutron source for the s process in low mass asymptotic
giant branch (AGB) stars. In the Gamow peak, the cross section sensitively depends on the 1/2+ subthreshold

state of 70 (E, = 6.356 MeV). In this work, we determined

the astrophysical S factor through an evaluation

of the @ spectroscopic factor and the corresponding asymplotic normalization factor (ANC) of the 6,356 MeV/
state using the transfer reaction "C('Li.0)'"0 at two different incident energies. Our result confirms that the

the 1/2° state is dominant at astroph

= 0.09 GK is slightly

al energies. Our
o

lation of RE), but two times

Tower than adopted in the Nuclear Astropl

larger than the one obtained in a recent ANC measurement.

DOI: 10.1103/PhysRevC.77.042801 PACS number(s): 25.70.Hi, 25,55 Hp, 26.20.~f, 27.20.4n

Nearly half of the heavy elements observed in the universe
are produced by a sequence of slow neutron capure ections.
the so-called s-process nucleosynthesi of
1-3 solar masses at low temperatures, ‘m lesmpuon of
this process critically depends on the neutron flux from the
13C(a. )0 reaction [1],

rect

the “Clat, m)'°0 tion have
been performed down to 270 keV [2]. whereas in asymptotic
giant branch(AGB) stars at temperatures around 10° K, the
Gamow peak is at Eqr, ~ 190 keV. R-matrix extrapolations [3]
of the cross sections measured at higher energies then have
10 be performed and have to include the contribution of the
1/2* state of 7O which lies at 6.356 MeV (3 keV below
the a +'* C threshold). This contribution strongly depends on
the a-spectroscopic factor S, of this state. With values S,
~0.3-0.7 deduced from a nuclear model [4] and considered
in the s-process modeling, a rise of the astrophysical S factor
is expected when the energy decreases. This rise is compatible
with the experimental data of Drotleff et al. [2] but their error
bars are too large to derive definite conclusions.

From the analyses of the experimental results of Kubono
et al. [5] on the *C(°Li.d)"O transfer reaction, performed
at the incident energy of 60 MeV, two different results are
deduced: one by Kubono er al. [5], S, ~0.011, and the
other one by Keeley ef al. [6], S, ~ 0.4, which lies within
the theoretical values [4]. In addition to these controversial
analyses, the new study of the contribution of the 1/2* state
1o the total 3C(a, n)®0 reaction rate by a °Li("*C.d)"’0
asymptotic normalization factor (ANC) measurement [7] led
to an astrophysical S factor at the energy of 190 keV ten times
smaller than the value adopted in the Nuclear Astrophysics

*Present address: Dipartimento di Fisica e Astronomia, Universitd
di Catania and Laboratori Nazionali del Sud - INFN, Catania, ltay.
“Corresponding author: hammache@ipno.in2p3.fr

0556-2813/2008/77(4)/042801(5) 042801-1
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Compilation of REaction rates (NACRE) [] but five times
larger than the value deduced by Kubono ef al. Consequently,
it appeared highly desirable to perform a new determination
of this S, factor.

In this article, we report on a study of the 6.356 MeV
state and of three other excited states at 3.055 MeV(1/27),
4.553 MeV (3/2"), and 7.380 MeV (5/2°) by means of the &
transfer reaction '*C(’Li.)!70. Two incident energies, 28 and
34 MeV, were used to check the direct mechanism character
of our transfer reaction. The use of "Li instead of °Li reduces
possible multistep effects 9] and the transfer cross sections to
Tow spin states arc enhanced because of the nonzero  angular
‘momentum in "Li as observed when comparing the transfer
reactions (“Lid) and ("Li.t) on '*C [10,11]. Moreover, an
estimate of the systematic errors associated with the DWBA
be evaluated from the comparison of the results
ofdifferent reaciions involving different angular momenta and
performed at different energies.

‘The experiment was performed with a "Li** beam at the
Orsay TANDEM. Two self-supporting enriched "*C targets,
with 72(4) and 133(7) ug/em? of 1°C and an initial purity of
909%, were used. A 12C target of 80(4) jugfem’ was also used
for calibration and background subtraction. Despite a rather
low gas pressure in the reaction chamber (<10~ mb), a 1C
buildup was observed during the whole experiment ending
with an amount of '2C in the enriched *C target about twice
its initial value. This building up was of least consequence as
shown in the analysis described below and was however duly
‘monitored. Note that a more enriched target would not have
brought a big improvement.

The absolute (and constant) amount of *C and the final
amount of 2C i the 1*C targets were deduced from o energy
loss measurements on all targets and by comparing the ratio
between 28 MeV elastically scattered 'Li particles at 21°
from the '2C nuclei in '>C and "*C targets [see Figs. 1(a)
and 1(b)] measured in a run at the end of the experiment.

©2008 The American Physical Society
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Backup 2C+12C

12C+12C> °Ne + a

12C+12C> 2Na+ p
12C+12C> Mg + v
12C+12C> Mg+ n
12C+12C> %0 + 2al
12C+12C> 180 + %Be

Istituto Nazionale di Fisica Nucleare

Q=4.62 MeV
Q=2.24 MeV
Q=13.93 MeV
Q=-2.62 MeV
Q=-0.12 MeV
Q=-0.21 MeV

INFN2022, 9-11 May 2022, LNGS
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Backup 12C+12C

12C+12C> Ne + a

9

INFN

Istituto Nazionale di Fisica Nucleare

Q=4.62 MeV

y-rays and a particles energies for excited states for

Jp
0+

2+

4+

12¢(12C, a)2%Ne (Q = 4.617 MeV)

Main vy transitions

(MeV)
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4.24 - 1.63
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4.96 > 1.63
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Eu.—max (Mev)

(EM = 2 MeV)
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Backup 12C+12C

12C+12C> BNa+ p

Q=2.24 MeV

y-rays and p particles energies for excited states for

ul

~
N

prd

1/2

9/2+

3/2¢

Z
il
=
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12¢(12¢, p)23Na (Q = 2.241 MeV)

Main vy transitions

(MeV)
Po
0.44 >0
0.44 P1
2.07 > 0.44
1.63 P2
2395044 23950
1.95 2.39 Ps
2.64 0
2.64 P
2.70 > 2.07 2.70 — 0.44
0.62 2.26 Ps
298 5044 29850
2.54 2.98 Pe
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Backup 2C+12C

different burning phases

£ : O-ignition
characterize the evolution
e (i Ne-ignition
of a ,massive” star
i C-ignition
each burning phase is controlled l
. - He-ignition
by different nuclear reactions,

which govern the:

» energy production "

» time scale

H-ignition

» nucleosynthesis

<R
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Backup 2C+12C

+ keyreactions at each stage of
stellar burning

Main  secondary T Time Main

Fuel  product Product (10°K)  (yr) Reaction

CNO

14N 0.02 107 4H4He

H /He
180, 22Ne 3 Het > 12C
He o,C S 0.2 10°  Saggyeo

c“ /M Na 08 100 ‘"catc
20Ne(y,a) 0

/o Mg ALP 15 3 S
o Si,S 2 20 08  tos%o
S| Fe urooni 35 002 3siga).

 |n astar of 811 Solar masses, a
carbon flash lasts just
milliseconds.

Different shells"ora mdssive star

shortly before core collapse  In astar of 25 Solar masses
carbon burning lasts about 600

ST
INEN years. K i
15 1082
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Backup
charged particles == Coulomb barrier

v Coulomb potential
ECDU| = ZIZZ 4 Eklr. el kT (ke\/)
(MeV)
f ro r
nuclear
well Y

Maxwell-Boltzmann tunnelling through

distribution Coulomb barrier
& = exp(-E/KkT) « exp(- JE7E )
=
=]
0
[=)
5 Gamow peak
X
-
=
w
-
kT EO enerqgy
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energy available: from thermal motion

T~ 15x10° K (e.g. our Sun) = kT ~1keV

kT b Ecoul

during static burnings:

reactions occur through TUNNEL EFFECT

== tunneling probability Poc exp(-Zmr])I

1 3\

E exp(-2nn) S(E)
%(_/ H_)
non-nuclear origin  nuclear origin
STRONG energy ~ WEAK energy

dependence  dependence

alE)=

\

ASTROPHYSICAL S(E)-FACTOR
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