Nucleosynthesis Beyond the Iron Peak
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OUTLINE

« Brief introduction to neutron capture processes and their
corresponding stellar sites

« Neutron «producers» (a,n reactions)
* Moderate neutron «consumers» (S-process)
e Compulsive neutron «consumers» (r-process)

« «Back-to-stability»: weak interactions (EC,p-,p*)
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Main s-process (A=90) Weak s-process

ASYMPTOTIC GIANT BRANCH STARS QUIESCENT BURNINGS OF MASSIVE STARS

Earth radius

Earth-Sun distance

Main r-process (A=130) Weak r-process

NEUTRON STARS MERGERS? EXPLOSIVE PHASE OF MASSIVE STARS?
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Neutron production: 13C(a,n)*O and %’Ne(a,n)* Mg
LUNA experiment

Laboratory for Underground

Nuclear Astrophysics




He-burning in massive stars

| 30—°C
| 2C(a,y)°0
“N(a,y)*F(B*)*O(a,7)**Ne

T= 1 Myr

When T~3x108 K the “’Ne(a,n)>>Mg is efficiently activated

The resulting neutron density is low (~10° n/cm?)...
...similar to the s-process in AGB stars!!!

Core He-burning in massive stars provide the so-called
WEAK COMPONENT of the s-process



Shell C-burning in massive stars

12C(12C,)2°Ne ~50%
12C(1°C,p)°Na =~50%
12C(12C , n)23M g

T~ 1Kyr
All (a,n) channels are activated:
13C(a,n)t0 - 17O(a,n)*°Ne _
180(a,n)?*Ne - 2!Ne(a,n)?*Mg The resulting neutron
- 2Mg(a,n)?8Si density is higher:

26Mg(a,n)>’Si 1011-1012 n/cm?



Comparison to solar distribution
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Comparison to solar distribution

N

e gty T e e e

: - mixed
or—only in Sneden+2008

e ®

— L ]

™ L ]

Lon Ch
P ) (L

=+

=
'l

[al T0F 1
||

70 80 90 100110120130140150160170180190200210220230
Mass Number A

Prantzos+ 2020



Comparison to solar distribution

Tessler+2021
(n.v)
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Comparison to solar distribution

Tessler+2021 Taioli+2022
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Facilities for the s-process =2 (n,y)@n_TOF up to ... yesterday

Sweeping
magnets

Spallation
target




Facilities for the s-(i-)process =2 (n,y)@n_TOF (2022 campaign)
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Facilities for the s-process: CN@LNL

Activation measurements of isotopes of interest for the s-process

0°-90° INTEGRAL
NEUTRON SPECTRUM

. 3.50E+05 H ® Thi k
‘ PROTON BEAM | 51 pm Al foil |

3.00E+05
| ‘ kT =28.35 + 0.29 keV ‘

m pTOF 3170 keW [begring]
® pTOF_3170 keV (end)
Gaussian Fil

(368,77 £ 2.52) keV

2.50E+05

2.00E+05 4

dN_JdE,, (keV")

AN fAE, (ke )

1.50E+05

1.00E+05

5.00E+04

31'?5
Enargy (ke\}
0.00E+00 — —=
i 0 50 100 150 200 250 300
Energy (keV)

E, = 3.17 MeV ; S A ‘
LW S e

| R =0992 |

.

| Detector
+Ill

-.:EFJ-‘__‘

"y, Well reproduce
up Maxwell-Boltzmann
T

T T T T v 1 = i
= This work N ; - j i T) spectrum

* Feinberg et.al. (2012) "Broad"

" mmaormam o -zkew || Mastinu, P.F, Martin-Hernandez, G. Praena, J., 2009.Nucl.Instrum.Methods.A 601, 333.

Maxwell-Boltzmann (kT = 28 keV)

o
@
I

dN,/dE (arb. units)
o
N
1

o
[
L

150 200
Energy (keV)




Facilities for the s-process: PANDORA

X-ray SDD detector X-ray pin-hole

camera

Superconducting
Magnets

1) B-decay measurements in

. plasmas;
PANDORA consists of: 2) ..

1) Superconducting Magnetic Plasma Trap;
2) HpGe Array;
3) Plasma Diagnostics System.



Main r-process

Magneto-rotationally driven SuperNovae
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10
75 R -~ - .
5 Gamma-Ray Bursts. gamma-rays are produced when Observer
| v Pict d the jet (close to the light speed) breaks: a .
(Imaginary Picture) . out from the stellar envelope $ *
.1 e . -
25 : .
= -
0

Z

ﬁrﬁé:0.03144\6'1\,\_ | Magnetars il €

about 100km

_ Ablack hole, accretion disk and jetare
formed by the gravitational collapse of

r ae tell. 2
Y. =031 -035 g ‘h? S e_ SRS * Avéry massive star (more than 20 solér mass),
s = 15 — 20kx /bar - p AR "y, © whose outer envelope (hydrogenand helium) has
R Kyoto University, T. TOTANI -~ : : been removed i o

p=00c

v — driven wind
-
\".

Y. = 0.04

N \cutron Star Merqgers

: . central object:  acoretion disk
dynamic ejecta HMNS or BH

(GW170817 ->Kilonova emission)




MRD SNe
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Weak r-process

Neutino coling and « Standard Supernovae?

Neutrino-driven wind

e Low B MHD-Snhe?

Vet Vet

-

« NSMs wind ejecta?

Explosion and
_nucleosynthesis

a, p, nuclei
a, n, nuclei

Neutrino-
driven “wind"”




Facilities for the r-process: POLIFEMO

(POLYcube detector system For Experimental Multimessenger astrOnomy)

Example of the effect on the r-process yield of the -
delayed neutron emission.

The effect of P,, is sizeable.

Thank to the availability of a high efficiency
neutron counter (polycube), successfully used in
the past in the 8Li(a,n)B measurement, and of
the FRAISE facility for the production of short
lived radioactive nuclei, LNS can play an
important role in the accurate determination of
P

n-




Facilities for the r-process: SPES

Superconducting
Linac ALPI

neutron
generation

Hall for ‘

e

:/---.E-_p---

fimedical

] - t ! ] - - .'.' & ._/
] : 7 : irterest

Experimental hall
Low Energy R.1.B.

Radio Frequency Target lon
Quadrupole Source Complex




Theoretical support: sensitivity studies for the r-process

Neutron-capture rates (n. v) n-capture in Wind... ...and Dynamical Ejecta

Uncertainty of a factor 100

Dynamical (equatorial)

— Spiral-wave wind

Disk wind (v-driven) Dynamical (polar)

Isotopes with half-life > 1s

— Disk wind (viscous)
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A very hot-topic: Kilonovae lightcurves
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They depend on:

1. numerical relativity (NR) simulations;

2. heating rate ¢ (and thus from nucleosynthesis);
3. opacities



Facilities for the r-process: PANDORA

X-ray SDD detector X-ray pin-hole

camera

Superconducting

1) B-decay measurements in

plasmas;
PANDORA consists of:

2) plasma opacity measurements
2) HpGe Array; in conditions similar to

’
kilonovae ejecta

1) Superconducting Magnetic Plasma Trap;

3) Plasma Diagnostics System.



Facilities for the r-process: PANDORA

X-ray SDD detector X-ray pin-hole

camera

Superconducting
Magnets

ForY, 0.25and T typical of blue-kilonova
emission, selenium plasma as one of the
most favored for the experiment.

Plasma species

PANDORA consists of: .

Electron fraction Ye

1) Superconducting Magnetic Plasma Trap;

2) H pGe Array; Tungsten \}w tiel(-nlilllm as a potential source of kilonova nebular
. N emission observed by Spitzer

3) Plasma Diagnostics System.

Kenta Hotokezaka,'>* Masaomi Tanaka,”-* Daiji Kato,>-® Gediminas Gaigalas’



Facilities for the r-process: PANDORA

Further theoretical support: kilonovae lightcurves code to test opacities and yields
Ph.D. Thesis of Matteo Bezmalinovich
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1) B-decay measurements in

plasmas;
PANDORA consists of:

2) plasma opacity measurements
2) HpGe Array; in conditions similar to
kilonovae ejecta

1) Superconducting Magnetic Plasma Trap;

3) Plasma Diagnostics System.



