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Ambito di ricerca gia attivato: 1
TITOLO: Astrofisica Nucleare

DESCRIZIONE: In quest’ambito viene affrontato lo studio dell’evoluzione e nucleosintesi stellare mediante lo sviluppo di modelli
teorici di carattere astrofisico e lo studio sperimentale e teorico di sezioni d’urto nucleari necessari come input ai modelli. La
descrizione idrodinamica alla base dei modelli sviluppati, con instabilita secolari magnetoidrodinamiche e/o doppio diffusive di tipo
thermohaline mixing trova anche applicazioni in ambiti oceanografici.

Tematiche gia attive:

Astrofisica Nucleare idrostatica, modelli di nucleosintesi, mescolamento e dinamica del plasma nelle fasi avanzate dell’evoluzione
stellare
Misure sperimentali di sezioni d’urto di interesse per Astrofisica Nucleare (n-TOF, ERNA, ASFIN).

Analisi della composizione isotopica dei meteoriti come vincolo alla nucleosintesi stellare.

Tematiche nuove:

Studio delle applicazioni all’'evoluzione della Galassia, con modelli chemo-dinamici multi-body ed SPH.

Studio teorico e misura sperimentale delle interazioni deboli in condizioni di ionizzazione e temperatura tipiche delle stelle
(esperimento INFN PANDORA).

Chimica del mezzo interstellare.

SSD: FIS/05, FIS/04, FIS/01, GEO/07, GEO/08
SETTORI ERC: PE2_4, PE2_3, PE2_6, PE2_5
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AGB STARS: A VERY BRIEF INTRODUCTION
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~100 Ma ~10000 a

Stage: Main sequence > > Horizontal branch > |Planetary nebula| > White dwarf
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Despite their low
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masses LMS are so
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mass return from stars
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1994);
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PRESOLAR GRAINS FROM AGR STARS
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MAIN STREAM SIC " % PRESOLAR GRAIN DATABASE

LABORATDRY FOR SPACE SCIENCES. @
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E'RN ERNA2@PG Caso scientifico

European Recoil separator for Nuclear Astrophysic|

Caratterizzazione della
composizione isotopica di

Meteoriti primitive: Condriti

determinazione di vincoli per i
modelli di nucleosintesi

meteoriti finalizzata alla l Condrule " CAls dentro le condrule l l Grani presolari
: 3 — a v\t - a Sj i . e _

Condrule

Lodders and Amari (2005)

P 3056 Sku 14,000 " va KD §
Zinner (2014)
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Evaluation of Ni/Fe isotopic ratios

by MC-ICPMS @ CIRCE lab

v’ 2018-2019 Messa a punto della metodica di
separazione chimica del campione

(3) ,_.p.f '“;

ol g varisble (4)
(2) = /\ =~ multicollector
o ) v' 2019 Misura rapporti isotopici del Ni (d%°Ni) su
i TR & campioni di Pallasiti
\\%t ‘ v' 2020 Misura rapporti isotopici del Fe (dé°Ni) su
" ) "emplelntroduction campioni di Pallasiti
s 60Ni (%o) unc (% o) MXNERALI”DE%I;%SIC[Iﬁlfévf‘BI\'IKS 2012 k
Brenham 0.9 0.1 ‘Pa1$§;¢?rgft3§ig£,%26

Mineo 0.5 0.3 peso: 52, ineo (Catania)

Le prime misure di Fe/Ni mostrano contaminazioni Fe

piu alte della media solare. Sono in corso ulteriori
analisi per le misurazioni del rapporto isotopico Fe .
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HOW DOES AN AGE STAR
WORK.?
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WE ARE LOOKING FOR A PHYSICAL MECHANISM
DRIVING...

1. the formation of the ™C pocket, 2. a deep (non convective) mixing accounting for
whose resulting s-process nucleosynthesis the large 80 depletion and 26Al enrichment found
reproduces the isotopic abundances in MS-SiC in group 2 oxide grains
X grains
Convective envelope " 10—2§ T

Convective envelope

8 e
© e e o o¢
= 0% ° e Al CR
3 (@) S | V2 By,
o o © . .
o — ~ o2
£ = o | tw
5 Q ® 4 . !
:) “v‘; 10 E . ° =
© [} [ ]
= AN F . ]
v U o £ ; . ]
7] S [o)
2 o = e T = R
P Nof 107 . 1 ofé 1072
= Mainstream ~93% o rains 4-5% Bcj 10_2 T — — g
Thermal v rains A rains  ~1% ; o ‘o ° E
pu|Se = ° rains ~ :eNova y;ins rains ~1% : Group4
13C pocket . ‘ ‘ 2 o cow
2 e : 3L sedeg ey
8 o' R -
e 3L ‘Cg Group 3 ° *e
o of = °
e : | jo)
Sl 0 . S, H-burning shell ® ok : |
/ oo© % A v
\j C-O core L ;?; Cool B p 1075 i i i
i | ] 0g! Bottom Process 10° 10% 10° 102 107
10° 10 102 3 ¢
2T A1/%8Al

A.D. 1308 ==

uni p Sara Palmerini Kick-off Meeting FisGeo UniPG






THE MHD
MODEL BY
NUCCI § BUSSO
2014
(AP),F8F,141
2014)

A.D. 1308
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The full MHD equations

88—'(;+V-(,0V):O (1)
p[%+(V-V)V—ch+V‘Pi|
—MAV+VP+$BX(VXB):O (2)
B
E—Vx(va)—vaB:O 3)
V-B=0 (4)

|:8€ } Vp, 5
ol—+vV-V)e|+PV-v—V - -«kVT)+ —(V xB)"=0.
ot 4

(5)

Their “simple” analytical solution

_ dw(r) (k)

O 7 (6)

B, = ®E !, [£ = —(k+2w() + ). (7)
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THE MHD
MODEL BY
NUCCI § BUSSO
2014
(AP),F8F,141
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MAGNETIC EXTRA- MIXING AND

T

Density (g/cm3)
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N&B conditions are satisfied;
the exact analytical solutions of
the MHD equations are held;
the formation of 13C-pocket is
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MAGNETIC
EXTRA-
MIXING
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THE SLOW NEUTRON-CAPTURE PROCESS

The s process is responsible for the production of about half the abundances of elements heavier than iron in the Galaxy.

Neutron sources in AG® stars

s-process peaks
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The *°Kr Brawclfliwg...arouwd N
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The *°Kr Brawchiwg...arouwal N = 5

the ratio of Sr isotopes depends on their own cross sections, but also
on those of 88°Kr, on the branching ratio to 8°Kr™

- We NEED new nuclear physics measurements on the chains
departing from 8*Kr , proceeding through 8°Kr™, 8Rb, 8Rb and 8687Sr.

/VZ nuclear input

* &Krb.r.=0.6, (60% of the n flux to
the 85Krm) K1

* &Krb.r. =0.4, (40% of the n flux to
the 85Kr™) K0.3 -> more 88Sr

e Same effect occurs with the
84Kr(n,y) in K1 and a «new» &Krm
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ADDING “WIND”

The advection of magnetic bubble in
the stellar envelope may allow the

existence of C-rich domains, isolated by

magnetic tension, even when the

average envelop composition is still O-
rich.
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ADDING “WIND”

The advection of magnetic bubble in
the stellar envelope may allow the
existence of C-rich domains, isolated by

LOOP BREAKING,

OUTFLOW, MIXING
SiC FORMATION
>

magnetic tension, even when the
average envelop composition is still O-

rich.
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The Cs Branchings
and Ba nucleoy nthests
.around N = 82
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KADONIS 1.0

* (n,y) theoretical
Hauser—Feshbach
computations TALYS
2008 for unstable
nuclei

* rates for weak
interactions from
Takahashi & Yokoi
(1987)
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The Cs Branchings

Ba isotopic ratios are sensitive to the (n,y) cross sections (only
theoretical values exist) and f—decay of 134Cs and 13>Cs at T > 2

108K.
1500 i i i
2M® V2
1000 —
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R . ]
~ il 1 | le
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o . o
: o [ :
) |
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V2 nuclear input

o decay rate of 134Cs
enhanced by a factor
of 8 respectto TY
1987 (see next talk)

o Similar effects would
be induced by
variations in the 13°Cs
neutron-capture
cross section

p




The 12+125Cg Branchings

and Ba wueleo Y nthests
o 13Cs (B) t,, ~2 yr (lab.)

... VD'/LV\/d N — 8;2. o @ 3 102K the decay rate of 13*Cs is enhanced
by a factor of about 200. (TY 1987)

13483 L 4 13°Ba

2.5 —

n, = 10°® electrons/cm”®

N
|

Half life (years)
o
|

i+ ——HFFD

—— Bare nucleus potential

0.5 —— No bound state decay
—— Takahashi & Yokoi (1087)
o 1 1 IllIlII 1 1 IllIlII -l—_L.llIIIII
1 10 109
Thermal Energy (keV)
Taioli et al 2021 ArXive2109.14230
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n—capture elements
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800 I I I I T 800 I T T I I
— [FaH] =+0.1 — [FaH] =+0.1
. 600 — [FeH]= 0.0 o 600 — [Fe] = 0.0 _
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Figure 12. Same as Figure 11, but for models of 3 M, stars.
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Figure 13. Same as Figure 12, but for the test models V2, with tentatively modified nuclear inputs (see Section 3).
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TIME OF FUIGHT
Bébéfen 7
‘1.4 GeV
v/ 140Ce, 88Sr, 89Y misure di /R | N
sezioni d’urto di cattura in y“Cinde N\
.50 MeV" Ao B :
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. . . . TOF
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MEASUREMENT

Direct break-up
AST ROPH’YS!CAL

RELEVANT X &b
REACTIONS
INDUCED BY

The cross section of the
a+b—>c+d
two-body reaction (not involving photons)

can be determined from the quasi-free

contribution of an appropriate three-body
reaction:

ALPHA 3 2-body reaction aEx S ctd+s
PROTONS AND e _>c+d l
NEUTRONS AT Ec e e qéa:.éc/ﬁi\/ecf coith x =b @ s (cluster)

B raies can
v 450;/:4/757 Cd/rg“;"‘;fams TH nucleus breaks up inside the nuclear
l__lo e ene ’

v Measurements a deep —pb—Covilomb energes | field of nucleus a
= . IA

are possible as the THM cross sect ongs
not damped by the penelration of the .d’/
Cotlomb barrier, 6eing £ a virtual pardicle.

THE GAMOW
PEAK USING THE
TROJAN HORSE
METHOD

v b interacts with a

v' s is considered to be spectator to
the reaction

&v / d Z( ribble et al.
Fronr he experirent ava/éc(azeoa/e /}roag/z [Tribble et al. 2015]
/d3(7 o a+b—>c+d %i'{s
4 2—bod
AV Fl N KF|¢(pS) 10 >\ crossy
ASSIIZIN dE dQ2 dQ Q ‘
—— - g &2 Seclion
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STUPYNG NEUTRON AND PROTON CAPTURE REACTIONS OF
UNSTABLE NUCLEIBY THE THM IN RIBS FACILITIES....

..STARTING FROM 2CAL*

N 2 TRIUMF

LNS

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali del Sud

26A1%(n,)3Na via 26A1*(d,a23Na)p
26A1*(n,p)%6Mg via 26Al*(d,p?®Mg)p

v Only events occurring at the energy of
P interest can be selected

26A1*(n,a)23Na

@ oo

26Al(n,p)2eMg 26A1*(p,0)23Mg @) AHe
[ JONT—— O /p
26A|

v Two-rays events will be singled out to select
reactions with p.=0 (QF contribution is
maximum)

23N a/26|v|g

.27A|(n’a)24Na

D,/CD, gas
2’Al(n,p)?>’"Mg

a/p

67| beam @ 5AMeV Epeam 113MeVv 60MeV
27Al(p,0t)24M 10 A T PNa/**Mg Eem SHIEN; SHES
PV I (M ] T T S N M M
(p 8 | TSRS 400 mbar €D, | 17.5mm 68mm
hitpsdoi. mgn? 1140/epjpls13360-021-01872-4 PHYSICAL JOURNAL PLUS
-] 1000 mbar D, | 51 mm
The 27Al(pv nz)z“Mg reaction at astrophysical energies

studied by means of the Trojan Horse Method applied to
the 2H(?7Al, @**Mg)n reaction
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STUDIO DEI DECADIMENTL BT IN PLASMI
MAGNETIZ ZATI

PANDORA: Plasmas for Astrophysics, Nuclear Decays Observation and Radiation for INFN
Archaeometry > A New ECRIT — ECR lon Trap for B-decay measurements in plasmas i

MAIN GOAL: Make [f—decay measurements in plasmas of astrophysical

interest: many isotopes can change their lifetime of several order o
Plasmas for : y isotop g f f f
] magnitude when ionized!!
Astrophysics,
Nuclear
Decays 176Lu  3.78x10° 88-400 mm) CcOSMO-CHRONOMETER Be
. H ,
ObseNathn and 134Cg 2.06 >600 - reprod.uctlon ofit3:1e two
s-only isotopes 134Ba, 85Kr
Radiaﬁon for “Nb 2.03x10* >700 136Ba in suitable
proportions 134-1 35CS
Archaeometry
T = Solving the puzzle about the the exact contribution of s-
e Sl processing to **Mo: B-decay or binary stars
-\ i 5= .
{ B Experiments driving feasibility study carried out in the frame of an international partnership:
2/ = INFN-Pg
v L '-,\
o R SN » *  ATOMKI - Debrecen (Hungary) = multi-diagnostics setups
o \:.-1 __?H . LPSC-Grenoble (France) =2 radio-isotopes injection
Yo/ “‘{H Ay = Max Planck Institute — Inst. Plasma Physics (Germany) = Optical Spectroscopy of magnetoplasmas
LJ‘ N *  GANIL (France) = theoretical studies on multi-ionisation
PO, S Laboratori . University Jyvaskyla (Finland) = lon Cyclotron Heating studies
c Naz‘u;;lali del Sud = GSI- Darmstadt (Germany) = Vaporizing ovens
- atania

. INAF: the spectropolarimeter SARG was moved from TNG-Canary Island to LNS
>30 Researchers and Technologists INFN involved in 2020 with > 15 FTE, 2 Nat. Labs and 2 Sections
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STUDIO DEI DECADIMENTL BT IN PLASMI
MAGNETIZ ZATI

L’esperimento PANDORA e basato su una
trappola magnetica in grado di confinare
plasmi ad alta temperatura (fino a 108 K) e
densita dell’ordine di 10 cm-3, contenenti
isotopi radioattivi multi-ionizzati al fine di
studiarne la variazione del decadimento B in
condizioni astrofisiche. Tale variazione e

predetta teoricamente (bound-state § decay)
ed e stata finora osservata in forma
preliminare per pochi isotopi in condizioni di
massima ionizzazione (in un esperimento
allo Storage Ring del GSI, effettuato sul ®’Re
totalmente ionizzato, la vita media e
collassata di 9 ordini di grandezza).

La probabilita di una interazione debole e
funzione dello stato di plasma attraverso un
fattore P,,, in cui possiamo immaginare di far
confluire tutti i termini dipendenti
dall’ambiente, dalle condizioni che inducono la
ionizzazione alla densita delle cariche
(elettroni) nel plasma circostante (entro un
raggio di Debye, anche per plasmi di
conducibilita elettrica quasi infinita, la
condizione di neutralita elettrica non vale).

Il progetto Pandora potra fornire in particolare
la dipendenza del decadimento dalla
ionizzazione.
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