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1847: Robert Julius von Mayer: Il Sole riscaldato dalla caduta delle meteore

1854: Hermann von Helmholtz: Energia gravitazionale della nebula protosolare si trasforma in 
energia  cinetica di meteore

Intorno al 1850: William Thompson (Lord Kelvin): Sole creato alla formazione dalla caduta di un 
meteorite, adesso una mass incandescente  e liquida che si sta raffreddando

1859: Charles Darwin «Origine delle specie»: Il rate di erosione della «Weald valley» è 1 
inch/secolo che porta ad una età della Terra di almeno 300 milioni di anni
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Un sistema isolato nello spazio (Mercurio dista ~ 60 milioni di km)

Una massa gassosa composta da:

H al 70%
He al 28%
"metalli" 2%

Irraggia energia -> Splende!
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Contrazione
gravitazionale

bruciamento H
T > 107 K

M > 0.08 Msole

H
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Bruciamenti
C -> Ne -> O

bruciamento He
T > 108 K

M > 0.4 Msun
He H

bruciamento Si
T > 5 x 109 K
M > 15 Msun

Fe

H
He

C/Ne/O
Si

He Contrazione
(aumento di temperatura)

H

Esplosione di supernova
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8

Produzione elementi ed espulsione nel mezzo
interstellare

Formazione di stelle e pianeti
a partire da una nube di gas

Fe

H
He

C/Ne/O
Si
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part and spectrally broad absorption features (∆λ/λ ≈ 0.1–0.2) were 
observed. These rapid changes are not consistent with supernova time 
evolution and are attributed to a kilonova (see Methods and Extended 
Data Fig. 2).

Unlike supernova absorption lines, the identification of kilonova 
atomic species is not secure. The neutron-rich environment of the 
progenitors suggests that r-process nucleosynthesis is the mechanism 
responsible for the elemental composition of the ejecta. Lacking 
line identification, we included various plausible nuclear reaction  
networks in radiation-transfer models of kilonova spectrum forma-
tion. A fraction of the synthesized atoms are radioactive; while decay-
ing they heat the ejecta, which then radiates thermally. All the atomic 
species present in the ejecta have various degrees of excitation and 
ionization and thus absorb from the continuum and cause the forma-
tion of lines. The models that aim at reproducing these lines assume a 
total explosion energy, a density profile and an abundance distribution 
of the ejecta. In kilonovae, it is often envisaged that nucleosynthesis 
takes place in different regions with different neutron excesses and 
ejecta velocities; typically, a post-merger dynamical ejecta region and 
a disk-wind region.

Various models predict different emission components and different 
synthesized masses. Three models with different electron (or proton) 
fractions Ye (see Methods) are presented in ref. 16. We compare our 
spectra with a scenario in which the following three components con-
tribute to the observed spectra (Fig. 3): a lanthanide-rich dynamical 
ejecta region with a proton fraction in the range Ye = 0.1–0.4 and a 
velocity of 0.2c (orange in Fig. 3), and two slow (0.05c) wind regions, 
one with Ye = 0.25 and mixed (lanthanide-free and lanthanide-rich) 
composition (green) and one with Ye = 0.30 that is lanthanide-free 
(blue). Each of these spectra falls short of the observed luminosity by 
a factor of about 2, while other predictions5,15 have a discrepancy of 
an order of magnitude. To investigate the applicability of the model 
to the present, more luminous spectra than predicted previously, we 
have assumed that the ejecta mass involved is larger. By decreasing 
the high-Ye (0.3) wind component to 30% of the value used in the 
original model and increasing both the intermediate-Ye (0.25) wind  

component and the contribution of the dynamical ejecta nucleo-
synthesis by a factor of 2, we obtain a satisfactory representation of 
the first spectrum (Fig. 3).

Although direct rescaling of these models is not in principle correct 
(for larger masses, we expect that the spectrum of each ejecta could 
change), we can estimate that the ejected mass was about 0.03M!–
0.05M! and that the high-Ye-wind ejecta (blue line) is considerably 
suppressed, possibly because of the viewing angle pointing away 
from the GRB, a narrow jet angle or both. This also suggests that the 
ejecta has a wide range of Ye values, which may vary as a function of  
latitude.

At each successive epoch, the same components represent the 
observed spectral features in a less satisfactory way. This indicates that 
the set of adopted opacities is not completely adequate, as the cooling 
of the gas is not accompanied by lines of different ionization states, and 
that the radioactive input may also not be accurately known.

Because a short GRB was detected in association with a gravitational- 
wave trigger, we evaluated the expected contribution of the GRB  
afterglow at the epochs of our observations. Nine days after the 
GW170817 trigger, an X-ray source was discovered by the Chandra 
X-ray observatory at a position consistent with the kilonova and 
with a flux of about 4.5 × 10−15 erg cm−2 s−1 in the energy range 
0.3–8 keV. This source could be delayed X-ray afterglow emission 
from GRB170817A produced by an off-beam jet23, which may account 
for the otherwise small probability of having an aligned short-GRB 
jet within such a small volume24. This X-ray emission is consistent 
with different scenarios: a structured jet with an energy per solid 
angle decreasing with the angular distance from the axis, viewed at 
large angles (see, for example, ref. 25), a cocoon accelerated quasi- 
isotropically at mildly relativistic velocities by the jet26,27 or a simple 
uniform jet observed at large angles. All these situations produce an 
optical afterglow much fainter than that of the kilonova (see Methods). 
On the other hand, if we assume that the early (0.45 days after the 
gravitational-wave event) optical flux that we measured is afterglow 
emission, we estimate an X-ray flux of more than 10−12 erg cm−2 s−1 
and a 6-GHz radio flux density of approximately 10 mJy at the same 
epoch. These estimates are not consistent with the absence of X-ray and 
radio detections at the corresponding epochs28,29.

Our long and intensive monitoring and wide range of wavelength 
coverage allowed the unambiguous detection of time-dependent kilo-
nova emission and full sampling of its time evolution. Our obser-
vations not only confirmed the association of the transient with the 
gravitational wave, but, combined with the short-GRB detection, 
also proved beyond doubt that at least some short-duration GRBs 
are indeed associated with compact star mergers. Furthermore, this 
first detection provides important insights into the environment of 
merging neutron stars. The location of the gravitational-wave coun-
terpart is only about 2 kpc (projected distance) away from the centre 
of an early-type galaxy. This offset is typical for short GRBs (see, for 
example, ref. 30) and is consistent with predictions from theoretical 
models of merging neutron stars (see, for example, ref. 31). Moreover, 
the location of the counterpart does not appear to coincide with any 
globular cluster, which suggests a field origin for this neutron-star 
binary or a relatively low-velocity ejection from a globular cluster. The 
nearest possible globular clusters are more than 2.5″ (corresponding 
to 500 pc) away from the source position32. The formation channel 
of this event could be explored with future modelling and simula-
tions. Finally, since this GRB was rather under-energetic (isotropic 
γ-ray output of about 1046 erg) and probably off-axis with respect to 
the line of sight, we conclude that there may be a large number of 
simi lar nearby off-axis short bursts at frequencies lower than those 
of γ-rays that are also gravitational-wave emitter candidates but were 
not followed up. The present event has demonstrated how the search 
of the randomly oriented parent population of short GRBs can be 
made effective by coordinated gravitational interferometry and multi- 
wavelength observations.
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Figure 3 | Kilonova models compared with the AT 2017gfo spectra. 
X-shooter spectra (black line) at the first four epochs and kilonova models: 
dynamical ejecta (Ye = 0.1–0.4, orange), wind region with proton fraction 
Ye = 0.3 (blue) and Ye = 0.25 (green). The red curve represents the sum of 
the three model components.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

GW170817 and its kilonova
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I fotoni raggiungono la Terra dopo 8 minuti se partono dalla superficie, ma quelli che 
vengono prodotti dalle reazioni nucleari impiegano circa 100.000 anni a raggiungere 
la superficie del Sole

I neutrini impiegano pochi secondi ad uscire dal Sole e 8 minuti ad arrivare a noi
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While it is never safe to affirm that the future of Physical Science has no marvels in 

store even more astonishing than those of the past, it seems probable that most of 

the grand underlying principles have been firmly established and that further 

advances are to be sought chiefly in the rigorous application of these principles to 

all the phenomena which come under our notice. It is here that the science of 

measurement shows its importance — where quantitative work is more to be 

desired than qualitative work. An eminent physicist remarked that the future truths 

of physical science are to be looked for in the sixth place of decimals.

Albert Michelson in 1894
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1896: scoperta della radioattività nei sali di Uranio di Bequerel

1896 - 1897: identificazione degli elementi radioattivi polonio e 
radio (Pierre e Marie Curie)

1897: scoperta dell’elettrone J.J. Thompson
1897: identificazione dei raggi alpha, beta e gamma
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Legge di Geiger Nuttal sul decadimento alpha 1911
Descrizione di Gamow del decadimento alpha 1928

Teoria del decadimento beta Fermi 1933
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L' ATOMO (dal greco ἄτομος - àtomos =  indivisibile)

è la più piccola parte di ogni elemento esistente in natura

che ne conserva le caratteristiche chimiche
Le origini della teoria atomica risalgono al 500 a.C.

Filosofi greci atomisti (Leucippo, Democrito, Epicuro):
Materia costituita da particelle molto piccole, indivisibili.
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500 a.C. 1808

materia composta da 
atomi, “sfere”

John DaltonFilosofi greci
1897

J.J. Thomson

scopri l’elettrone
“modello atomico

a panettone”

1911 1913
E. Rutherford N. Bohr

modello atomico 
“planetario” con 
nucleo centrale 

positivo

modello 
atomico con 

orbitali 
elettronici
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Particella Simbolo Carica
(C)

Massa
(kg)

Elettrone e- -1,6 × 10−19 9,1 × 10−31

Protone p +1,6 × 10−19 1,672 × 10−27

Neutrone n 0 1,675 × 10−27

𝟗. 𝟏×𝟏𝟎!𝟑𝟏 =
𝟗. 𝟏

𝟏𝟎. 𝟎𝟎𝟎. 𝟎𝟎𝟎. 𝟎𝟎𝟎. 𝟎𝟎𝟎. 𝟎𝟎𝟎. 𝟎𝟎𝟎. 𝟎𝟎𝟎. 𝟎𝟎𝟎. 𝟎𝟎𝟎. 𝟎𝟎𝟎

La massa di un protone è circa 1800 volte più grande della massa di un elettrone!

!
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1920   Eddington “Ciò che succede al Laboratorio Cavendish
potrebbe non essere troppo difficile nel Sole”

conversione 4 H → He come sorgente di 

energia per le stelle...T troppo bassa!



Nuclear Astrophysics PTCO

REAZIONI DI FUSIONE NELLE STELLE

Come funzionano le stelleA. Caciolli

30



Nuclear Astrophysics PTCO

REAZIONI DI FUSIONE NELLE STELLE

Come funzionano le stelleA. Caciolli

31

“Se l’energia della particella incidente è 
minore della barriera Coulombiana del 
nucleo bersaglio, è impossibile avere
reazioni di fusione.”

[Isaac Newton]

“Falso.”
[George Gamow]

Barriera CoulombianavsEnergia cinetica
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1928 Gamow Effetto tunnel: fusione possibile anche se la 
temperatura sembra troppo bassa

1 ogni miliardo di scontri produce una reazione nucleare nel Sole
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1936 - 1938  Atkinson, Bethe, Critchfield
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1938 – 1939: Bethe, Weizsacker
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Tasso di fusione:

4H → He + 2b+ + 2ne + 26.7 MeV

Massa di H bruciata per unità di tempo:

Tempo scala del bruciamento:

consistente con l'età della Terra!

𝑡 =
10%𝑀⊙

𝑀 ∼ 10%&𝑎𝑛𝑛𝑖

𝑁 =
𝐿⊙

26.7𝑀𝑒𝑉 =
2.4 ⋅ 10'( ⁄𝑀𝑒𝑉 𝑠

26.7𝑀𝑒𝑉 ∼ 10')
𝑓𝑢𝑠𝑖𝑜𝑛𝑖

𝑠

𝑀 = 4𝑀*+,-,./ ⋅ 𝑁 ∼ 6.4 ⋅ 10%0
𝑔
𝑠 = 640𝑀𝑖𝑙𝑖𝑜𝑛𝑖𝑑𝑖𝑡𝑜𝑛𝑛𝑒𝑙𝑙𝑎𝑡𝑒𝑎𝑙𝑠𝑒𝑐𝑜𝑛𝑑𝑜!
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1920 Aston: M(He) < 4 M(H)

Eddington: conversione 4 H → He come sorgente di energia per 
le stelle ...T troppo bassa per superare la barriera Coulombiana!

1928 Gamow: probabilità effetto tunnel

1936 - 1938  Atkinson - Bethe and Critchfield: catena pp
1938 - 1939  Weizsacker – Bethe: Ciclo CNO

1946 Hoyle: teoria della nucleosintesi nell'evoluzione stellare

1952 Merril: scoperta del 98Tc  (T1/2 = 4.2 x 106 anni) nelle stelle,
dimostrazione di nucleosintesi recente



Carta dei nuclidi di Segré

N

Z

Nella carta di Segré, i nuclei sono organizzati sulla base del loro 
numero atomico Z e del numero di neutroni N

0

1

2

3

4

5

6

0 1 2 3 4 5 6 7 8 9 10



Nuclear Astrophysics PTCO

NUCLEOSINTESI OLTRE IL PICCO DEL FERRO: PROCESSO S E R
Astrofisica nucleare sperimentaleA. Caciolli

39



Nuclear Astrophysics PTCO

ASTROFISICA NUCLEARE: UNA RECERCA INTERDISCIPLINARE
Astrofisica nucleare sperimentaleA. Caciolli

40

Nuclear 
astrophysics

Nuclear 
physics Neutrino 

physics

Cosmology

Observational 
astronomy

Stellar 
Models

Meteoritic grains
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Nreazioni / t
σ =

Nproiettili / t Nbersagli/ A

→ Fascio molto intenso
→ Buona risoluzione energetica

ACCELERATORE
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Nreazioni / t
σ =

Nproiettili / t Nbersagli/ A

ACCELERATORE

BERSAGLIO
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Nreazioni  / t
σ =

Nproiettili / t Nbersagli/ A

ACCELERATORE

BERSAGLIO
PRODOTTI DI 
REAZIONE

a, p, n, g, ...
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ACCELERATORE

RIVELATORE

Nreazioni / t
σ =

Nproiettili / t Nbersagli/ A

BERSAGLIO
PRODOTTI DI 
REAZIONE

α, p, n, γ, ...
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In ogni esperimento il sistema di rivelatori utilizzato 
vedrà sia la radiazione emessa dalla reazione che si sta 
studiando sia la radiazione dovuta all’ambiente in cui è 
posto l’esperimento!

In aggiunta … utilizzando un acceleratore possiamo 
inviare il fascio su superfici in cui ci sono elementi su 
cui si possono creare reazioni non volute che possono 
creare un disturbo nel sistema di rivelazione



Basso rapporto segnale-rumore
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COME RIDURRE QUESTO FONDO? – LABORATORI SOTTERRANEI

Fisica Nucleare Underground A. Caciolli
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LABORATORI NAZIONALI DEL GRAN SASSO

- 1400 m rock overburden (=3800 m.w.e.)
- Flux attenuation: n 10-3

μ 10-6

- underground area 18000 m2

- support facilities on the surface

https://www.lngs.infn.it/en

Currently 1100 scientists from 29 different Countries are 
taking part in the experimental activities of LNGS

LNGS research activities range from neutrino physics to dark
matter search, to nuclear astrophysics, and also to earth
physics, biology and fundamental physics

https://www.lngs.infn.it/en
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LNGS (1400 m rock shielding º 4000 m w.e.)

Radiation LNGS/surface

Muons
Neutrons

10-6

10-3

LUNA 1
50 kVLUNA 2

400 kV

~ 1400 m

LUNA 
MV



courtesy: C Broggini

Antonino Zichichi
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Underground measurements

“Some people are so crazy that they actually venture into deep mines to 
observe the stars in the sky"

De origine animalium – Aristotele

Nuclei in the Cosmos I / 1990 / Baden/Vienna, Austria

Why are we not going
into the Gran Sasso?

Gianni 
Fiorentini

Claus Rolfs

Enrico 
Bellotti
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Underground measurements

Matthias Junker

Uwe Greife
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LUNA II GAS TARGET

𝑝, '𝐻𝑒, 0𝐻𝑒 𝛾



LUNA II SOLID TARGET

𝑝, '𝐻𝑒, 0𝐻𝑒

LNGS target 
production

GAMMA detector



LUNA II SOLID TARGET

CHARGED PARTICLE 
detector



LUNA partnerships and collaborations

66



67



68

For more information
https://www.pd.infn.it/eng/luna/

Antonio Caciolli – antonio.caciolli@unipd.it

«The amazing thing is that every atom in your body came from a star 
that exploded. And, the atoms in your left hand probably came from 
a different star than your right hand. It really is the most poetic thing
I know about physics: You are all stardust.»

Lawrence M. Krauss

https://www.pd.infn.it/eng/luna/
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