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Merrill 1952: 
s-star contains Tc
(Z=43 T1/2= 4 Gyr)

• Known at the time that Tc is an «artificial» element
• Aritificial = someone has to make it
• Meril 1952: «it is surprising to find an unstable

element in stars […] (1) A stable isotope (of 
technitium) actually exixts although not yet found
an Earth; or (2) s-type stars somehow produce 
technitium as they go along; or (3) s-type stars
represent a comparativly transient phase of stellar 
existence»
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B2FH: the 
birth of 
nuclear 
astrophysics
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Nucleosintesi
Primordiale

1-20 min
dopo BB

BBe

Li
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Nucleosintesi fino al Fe
tipica dei processi quiescenti

Reazioni di 
fusione tra 
particelle 
cariche

Second European Summer School on Experimental Nuclear Astrophysics  - St. Tecla, Sept. 28th – Oct. 5th 2003

Stage reached Timescale Tcore (109 K) Density (g cm-3)

H burning 7x106  y 0.06 5

He burning 5x105 y 0.23 7x102

C/O burning 600 y / 6 months 0.93 – 2.3 2x105 – 1x107

Si melting 1 d 4.1 3x107

Explosive burning 0.1 – 1 s 1.2 - 7 varies

Stellar mass (M�) Stage reached

< 0.08 no thermonuclear fusion

0.1 -0.5 H burning

0.5 - 8 He burning

8 - 11 C burning

> 11 all stages

Evolution stages of a 25 M� star

à SUPERNOVA EXPLOSION (type II) M ³ 8 M�

CORE STELLAR BURNING (QUIESCENT)
Main parameters:  

1) mass Þ central 

temperature

2) chemical composition  

Þ nuclear processes

T, r
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Nucleosintesi fino al Fe
tipica dei processi quiescenti

Reazioni di 
fusione tra 
particelle 
cariche
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Nucleosintesi fino al Fe
tipica dei processi quiescenti

nucleosintesi oltre Fe tipica degli stadi evoluti (spesso) esplosivi
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Reazioni di 
fusione tra 
particelle 
cariche

Nucleosintesi fino al Fe
tipica dei processi quiescenti

nucleosintesi oltre Fe tipica degli stadi evoluti (spesso) esplosivi

Reazioni di 
cattura 

neutronica

• S-process (lento)
• R-process (rapido)
• i-process (lento)
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La fisica nucleare delle stelle

ü TASSO DI PRODUZIONE DI ENERGIA e

Il Q-valore:  Q=[(mA+mB)-(mC+mD)]c2

e = rQ/r

(energia prodotta per singola reazione)

ü TASSO (RATE) DI REAZIONE r
(numero di reazioni per unità di tempo e volume)

Ni = densità numerica delle specie interagenti
v = velocità relative
f(v) = distribuzione della velocità nel plasma
s(v) = sezione d’urto della reazione

unità: MeV g-1 s-1

ò=ñá vσ(v)φ(v)vdσv

Per la reazione : A(B,C)D cioè A+B-->C+D

r = !
!"#!"

N$ N% σν
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La fisica nucleare delle stelle
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Il Q-valore:  Q=[(mA+mB)-(mC+mD)]c2
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r = !
!"#!"
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Misurate 
dall’A.N. 
sperimen-
tale

Usate 
nelle 
simulazio
ni di 
nucleosin
tesi per 
spiegare 
le 
osservazi
one dagli 
A.N. 
teorica



ASTROFISICA NUCLEARE @ UniPGSara Palmerini

Attività e tesi sperimentali
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Gli
acceleratori
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Un esperimento di fisica nucleare
(un po’ semplificato)

fascio/beam

bersaglio
target

ACCELERATORE

DAQ
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Un esperimento di fisica nucleare
(un po’ semplificato)

H

12C

ACCELERATORE

DAQ

Notazione : 

1+2 --> 3+4 o 1(2,4)3          

e.s. 12C+p-->13N + g

12C(p,g)13N

Se volessimo studiare la reazione
12C(p,g)13N ad esempio avremmo:

13N

g
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Un esperimento di fisica nucleare
(un po’ semplificato)

H

18O

ACCELERATORE

DAQ

Notazione : 

1+2 --> 3+4 o 1(2,4)3          

e.s. 18O+p-->15N + a

18O(p,a)15N

Oppure se volessimo studiare la reazione
18O(p,a)15N ad esempio avremmo:

15N

a
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Un esperimento di fisica nucleare
(un po’ semplificato)

12C

4He

ACCELERATORE

DAQ

Notazione : 

1+2 --> 3+4 o 1(2,4)3          

e.s. 12C+4He-->16O + g

12C(a,g)
16O

Cinematica inversa e gas target per 
12C(α,γ)16O

16O

g
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• Reazioni di cattura 
neutronica:
• REPERIRE TARGET O FASCIO 

ACCELERATO DI NEUTRONI

• Reazioni tra particelle cariche:
• LA REPULSIONE COULOMBIANA
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Misurare reazioni di fusione tra particelle cariche

Perché una reazione avvenga deve 

verific
arsi l’eff

etto tunnel
Massima  
probabilità che 
avvenga 
la reazione
dipende da T
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Misurare reazioni di fusione tra particelle cariche

Np = numero di ioni proiettili 

in genere, intensità del 

fascio stabile 1014 pps

Nt = numero di atomi 
bersaglio tipicamente 1019

atoms/cm2

s = sezione trasversale di 
reazione (data dalla 
natura) tipicamente, 10-

15 barn (1 barn = 10-24 

cm2)

e = efficienza di rilevamento 
in genere, 100% per 
particelle cariche ~ 1% per i 
raggi
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Reazioni con 
neutroni

Non c’è barriera 
coulombiana:

le sezioni d’urto di cattura 

neutronica possono essere 
misurare

DIRETTAMENTE 

alle energie di interesse 
astrofisico

…basta riprodurre 

quest’ultime in laboratorio

E0 ~ kT = energia di interesse

(e.g. T ~ 1-6x108 K  Þ E0 ~ 30 keV)

<sv> ~ const = <sTvT> 
v
1

µs
• Non c’è problema di barriera 

coulombiana
• Le sezioni d’urto possono essere 

misurate direttamente alle 
energie di ’’astrofisiche’’
• ….basta avere i neutroni 

all’energia giusta

Misurare reazioni di cattura neutronica
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2 proposte di tesi sperimentali

• Misura della sezione d’urto delle 
reazioni 26Al(p,a)24Mg e/o 
26Al(n,a)23Mg alle energie tipiche 
della nucleosintesi stellare

• Misura della sezione d’urto delle 
reazioni 19F(p,a)16O alle energie 
tipiche della nucleosintesi stellare
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Iter 
dell’
esperi-
mento 
(lavoro 
tesi)

Detector 
calibration

Particle 
identification

Reaction channel
selection

QF process 
selection

C-M energy 
spectra

Reaction rate 
extraction

Selezione problema 
«astrofisico»

progetto 
esperimento

misura (allestimento 
e data taking)

15 20 25 30 35
 (deg)det.Aq

40-

20-

0

20

40

 (d
eg

)
de

t.A
f

0 5 10
X (MeV)

0

5

10
Y 

(M
eV

)
iX-QA

1Y=

3- 2- 1- 0 1
Q (MeV)

0

1000

2000

3000

4000

5000

C
ou

nt
s

0%

25%

50%

75%

100%

0.1 1
10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101 27Al(p, �)24Mg

Temperature (GK)

Re
ac

tio
n 

Ra
te

 R
at

io

27Al  @ 80 MeV
From LNS Tandem

CD2 target

24Mg

4He



ASTROFISICA NUCLEARE @ UniPGSara Palmerini

Attività e tesi teoriche
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Stelle del braccio asintotico (AGB) delle giganti e processo s

Molecular 
Cloud

Meteorite

Presolar grains

Despite their low masses LMS 
are so numerous to 
contribute for 75% to the 
total mass return from stars 
to the ISM (Sedlmayr 1994);

dysprosium, europium, tungsten, and lead. Refractory elements,
such as aluminum, titanium, vanadium, and zirconium, are
believed to have condensed into SiC (Lodders and Fegley,
1995, 1997, 1999). However, Verchovsky and coworkers
(Verchovsky et al., 2004; Verchovsky and Wright, 2004) argued
on the basis of the grain-size dependence of elemental concen-
trations that implantation played amajor role not only for noble
gases but also for relatively refractory elements, such as strontium
and barium. These authors identified two components with
different implantation energies: the low-energy component is
implanted from the stellar wind and has the composition of
the AGB envelope; the high-energy component is implanted

during the planetary nebula phase from the hot remaining
white dwarf star and has the composition of helium-shell mate-
rial. The 134Xe/130Xe ratio found in the grains confirms their
conclusion that most s-process xenon in SiC originated in the
envelope (Pignatari et al., 2004a).

Carbon, nitrogen, and silicon isotopic, as well as inferred
26Al/27Al ratios in a large number of individual grains
(Figures 3–5), have led to the classification into different popu-
lations (Hoppe and Ott, 1997): mainstream grains (!93% of
the total), minor subtypes AB, C, X, Y, Z, and nova grains. Most
of presolar SiC is believed to have originated from carbon stars,
late-type stars of low mass (1–3 M") in the thermally pulsing
(TP) asymptotic giant branch (AGB) phase of evolution (Iben
and Renzini, 1983). Dust from such stars has been proposed
already one decade prior to identification of SiC to be a minor
constituent of primitive meteorites (Clayton, 1983a; Clayton
and Ward, 1978; Srinivasan and Anders, 1978). Several pieces
of evidence point to such an origin. Mainstream grains have
12C/13C ratios similar to those found in carbon stars (Figure 6),
which are considered to be the most prolific injectors of carbo-
naceous dust grains into the ISM (Ferrarotti and Gail, 2006; Gail
et al., 2009; Tielens, 1990).Many carbon stars show the 11.3 mm
emission feature typical of SiC (Speck et al., 1997; Treffers and
Cohen, 1974). Finally, AGB stars are believed to be the main
source of the s-process (slow neutron-capture nucleosynthesis)

14
N

/15
N

12C/13C

Mainstream ~93%

Nova grains

X grains      ~1%C grains
AB grains   4–5%

Y grains ~1% Z grains       ~1%

Solar

S
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Figure 3 Nitrogen and carbon isotopic ratios of individual presolar SiC
grains. Because rare grain types were located by automatic ion imaging,
the numbers of grains of different types in the plot do not correspond to
their abundances in the meteorites; these abundances are given in the
legend. The grain plotted as a question mark in this figure and in
Figures 4 and 5 has both nova and SN signatures (Nittler and Hoppe,
2005). The analysis of solar wind implanted into Genesis samples
showed that the Sun’s nitrogen isotopic ratio is different from the
terrestrial ratio (Marty et al., 2011). Both are indicated in the figure.
Source: Presolar database (Hynes and Gyngard, 2009).

(a)

(b)

1 µm

(c)

Figure 2 Secondary electron micrographs of (a) presolar SiC, (b)
presolar graphite (cauliflower type), and (c) presolar graphite (onion
type). Photographs courtesy of Sachiko Amari and Scott Messenger.

Presolar Grains 185
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Thermal 
pulse

TDU

He burning

He burning

H-burning shell

13C pocket

Time

12C(p,g)13N(β+ ν)13C

C-O (unburning) core

20%12C 79%4He

13C(a,n)16O                   slow n capture (s-process)

13C(p,g)14N*               F  producation +

slow neutron captures

s-process

HOW DOES AN AGB STAR WORK?
M≤3M¤
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He burning

Credits S. Cristallo

M≤3M¤

HOW DOES AN AGB STAR WORK?
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Nucleosintesi da cattura neutronica
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Iter di un lavoro….anche di tesi
1. Osservazione di 
abbondanze inaspettate 
sia in stelle che grani

2. Calcoli di evoluzione 
e nucleosintesi stellare 
con codici già esistenti 
o sviluppati ad-hoc

2.5 Ricerca di nuovi input 
provvisti dalla Fisica 
Nucleare o ’’segnalazione 
di nuovi casi di studio’’

3. Nuove previsioni 
per la nucleosintesi

4. Riproduzione dei 
vincoli osservativi e 
comprensione dei 
meccanismi di 
nucleosintesi
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Un esempio: abbondanze isotopiche dello Ba (da processo s) nei 
grani presolari di origine AGB

Siamo vicini ad N=82
ÞDecadimenti
ÞStati isomerici
ÞBranching della nucleosintesi
ÞSezioni d’urto «piccole» 
ÞSezioni d’urto difficilmente 

misurabili

ÞInput nucleari quasi tutti 
determinati teoricamente
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Un esempio: abbondanze isotopiche dello Ba (da processo s) nei 
grani presolari di origine AGB: STEP 1 aggiorniamo gli input nucleari
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  ST�3M

Input nucleari presi dalla letteratura al 2015 
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Input nucleari presi dalla letteratura al 2015 Input nucleari presi dalla letteratura nel 2021

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

o Similar effects would be 
induced by variations in 
the 135Cs neutron-
capture cross section
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Un esempio: abbondanze isotopiche dello Ba (da processo s) nei 
grani presolari di origine AGB: STEP 2 cerchiamo la soluzione nella 

fisica stellare e non nella nucleare
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Nuovo fenomeno: mixing e 
vento magnetico
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3 proposte di 
tesi teoriche

• La nucleosintesi del Ba «spiegata» da nuove
stime e misure della vita media del 134-137Cs 
nei plasmi stellari

• Abbondanze e rapporti isotopici di C e Al 
nella stelle AGB, la soluzione: nuovi modelli
di nucleosintesi o migliori input nucleari?

• Sintesi degli elementi con A>180: 
competizione e complementarietà del 
processo s e del processo r
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Spettroscopia di 
massa e 

composizione
isotopica di grani

presolari

dysprosium, europium, tungsten, and lead. Refractory elements,
such as aluminum, titanium, vanadium, and zirconium, are
believed to have condensed into SiC (Lodders and Fegley,
1995, 1997, 1999). However, Verchovsky and coworkers
(Verchovsky et al., 2004; Verchovsky and Wright, 2004) argued
on the basis of the grain-size dependence of elemental concen-
trations that implantation played amajor role not only for noble
gases but also for relatively refractory elements, such as strontium
and barium. These authors identified two components with
different implantation energies: the low-energy component is
implanted from the stellar wind and has the composition of
the AGB envelope; the high-energy component is implanted

during the planetary nebula phase from the hot remaining
white dwarf star and has the composition of helium-shell mate-
rial. The 134Xe/130Xe ratio found in the grains confirms their
conclusion that most s-process xenon in SiC originated in the
envelope (Pignatari et al., 2004a).

Carbon, nitrogen, and silicon isotopic, as well as inferred
26Al/27Al ratios in a large number of individual grains
(Figures 3–5), have led to the classification into different popu-
lations (Hoppe and Ott, 1997): mainstream grains (!93% of
the total), minor subtypes AB, C, X, Y, Z, and nova grains. Most
of presolar SiC is believed to have originated from carbon stars,
late-type stars of low mass (1–3 M") in the thermally pulsing
(TP) asymptotic giant branch (AGB) phase of evolution (Iben
and Renzini, 1983). Dust from such stars has been proposed
already one decade prior to identification of SiC to be a minor
constituent of primitive meteorites (Clayton, 1983a; Clayton
and Ward, 1978; Srinivasan and Anders, 1978). Several pieces
of evidence point to such an origin. Mainstream grains have
12C/13C ratios similar to those found in carbon stars (Figure 6),
which are considered to be the most prolific injectors of carbo-
naceous dust grains into the ISM (Ferrarotti and Gail, 2006; Gail
et al., 2009; Tielens, 1990).Many carbon stars show the 11.3 mm
emission feature typical of SiC (Speck et al., 1997; Treffers and
Cohen, 1974). Finally, AGB stars are believed to be the main
source of the s-process (slow neutron-capture nucleosynthesis)
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Figure 3 Nitrogen and carbon isotopic ratios of individual presolar SiC
grains. Because rare grain types were located by automatic ion imaging,
the numbers of grains of different types in the plot do not correspond to
their abundances in the meteorites; these abundances are given in the
legend. The grain plotted as a question mark in this figure and in
Figures 4 and 5 has both nova and SN signatures (Nittler and Hoppe,
2005). The analysis of solar wind implanted into Genesis samples
showed that the Sun’s nitrogen isotopic ratio is different from the
terrestrial ratio (Marty et al., 2011). Both are indicated in the figure.
Source: Presolar database (Hynes and Gyngard, 2009).

(a)

(b)

1 µm

(c)

Figure 2 Secondary electron micrographs of (a) presolar SiC, (b)
presolar graphite (cauliflower type), and (c) presolar graphite (onion
type). Photographs courtesy of Sachiko Amari and Scott Messenger.
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