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◼Disco di Nebra (2000 AC)

◼Tarxien and Haghar Qim  Temples Malta (3000 AC)



Astrofisica, ovvero studio dell’Universo 
attraverso le leggi della fisica

◼ All’inizio: i primi miti (leggende di vari 
popoli in tutto il mondo)

◼ Ipotesi “varie”: Sfere infuocate, Cosmo 
perfetto,

 Solo ai primi del ‘900 la fisica stellare 
diventa una scienza vera e propria 
perché le evidenze possono esser 
confrontate con metodo scientifico.

Osservazioni → modelli → predizioni di 
comportamento



Evidenze osservative
•Le stelle emettono luce (e non solo)

•Le stelle variano i loro comportamenti nel tempo

•Le stelle si muovono 

•Le stelle nascono e muoiono

•Fenomenologie Inspiegabili: pulsar, Supernovae, Novae

•Ci siamo noi e gli atomi che ci formano!



◼Osservazioni fotometriche

◼La fotometria è una tecnica astronomica che permette di misurare il 
flusso di una sorgente astronomica (quanta energia emette per unita’ di 
tempo e di superficie).

◼Spettro elettromagnetico

Luce visibile  ed altre bande

◼Primi cenni fotometria: osservatori antichi, magnitudini stellari, 
cataloghi stellari 

◼→ osservazioni ad occhio nudo e poi telescopio.



La scala di Ipparco risultò congegnata in modo tale che una stella di 1a 
grandezza era all’incirca 100 volte più luminosa di una di 6a , con i numeri più 
piccoli che indicavano le brillantezze più intense. 

La scala così concepita, tramandataci da Tolomeo, 
non era del tutto arbitraria, poiché rispettava le 
sensazioni della nostra vista, che sono di tipo 
logaritmico e non lineare. Questo comporta che 
l’energia luminosa non produce sui nostri sensi una 
sensazione equivalente alla sua intensità, ma molto 
inferiore.

◼Dopo XIX secolo misure quantitative di luminosita’ con 

Rivelatori (lastre fotografiche, fotomoltiplicatori, CCD)



◼Da questi studi: misure massa, scoperta variabilita’ stellare, scoperta di 

ESOPIANETI.

Misura di distanza astronomiche attraverso particolari tipi di stelle (Cefeidi)



Spettroscopia

◼Quando un fascio di luce viene fatto 

passare attraverso un prisma ottico 

od un altro mezzo, viene scomposto 

nelle varie lunghezze d'onda che lo 

costituiscono, lo spettro. Lo spettro di 
luce fornisce molte informazioni sulla 

composizione chimica della sorgente 

e del suo stato fisico (temperatura, 

densità e grado di ionizzazione).

◼Effetto Doppler

◼Misura moto delle stelle, 
presenza stelle compagne o 
esopianeti, 

◼Moti galattici e/o cosmologici



◼Lo studio fisico delle stelle non puo’ prescindere dalla definizione di un modello di stella

Secondo le ipotesi della fisica.

Cosa è una stella? Una stella è un ammasso di gas (in gran parte ionizzato) ed in 

Equilibrio gravitazionale (quasi…) che brilla di radiazione elettromagnetica propria.

Per definire un modello che verifica le proprieta’ di una stella occorre che esso abbia 

alcune proprieta’:

◼ Modello a simmetria sferica

◼ Equilibrio idrostatico tra gravita’ e pressione

◼ Esiste una sorgente di energia interna alla stella che ne genera l’emissione di radiazione

◼ Esistono meccanismi di trasporto di energia dal centro della stella alla superficie.

Questi quattro capisaldi del modello stellare diventano poi 4 equazioni fondamentali che

Sono dette equazioni di struttura stellare. 



Colore Stellare
◼Le stelle appaiono di colore diverso (rosse, blu, gialle etc.).

Questo è noto dalla notte dei tempi. 

◼Corpo nero e 

Legge di Wien

◼Quindi il colore di una stella ci da’ informazioni sulla temperatura di una stella.



Il »motore» stellare
da misure geologiche e dai meteoriti si stima l’eta del sistema solare esser circa 4.6 
miliardi di anni. → l’età del sole DEVE essere almeno similare. 

Necessità luminosità del Sole costante su tempi scala del miliardo di anni….

◼Vari possibili motori:

- Termodinamico (contrazione Sole porta aumento 

Energia termica) → tempi scala 10^7 anni

- Nucleare (generazione energia per fusione

 nucleare) → tempi scala 10^9 anni



◼ L’energia derivante da reazioni di fusione 
nucleare è l’unica in grado di mantenere la 
Luminosità stellare circa costante per i 
tempi richiesti. 

◼ Come per tutti i processi nucleari si ha la 
trasformazione di alcune specie nucleari in 
altre (oltre alla produzione di energia.)

◼ Una stella è quindi un ammasso di gas che 
genera energia proveniente da fusione 
nucleare «in equilibrio»

Come si forma una stella???



Formazione Stellare

Innescata da:

◼Onde d’urto SN

◼Venti stelle massicce

◼Interazioni tra galassie

◼Bracci di spirale galattici

◼V   IR



◼Diagramma HR

Una «fotografia» delle popolazioni stellari della Galassia che è indice di quale fase 

dell’evoluzione stellare sta avvenendo. E’ un diagramma luminosità vs. Temperatura 

superficiale.



◼Fasi iniziali della vita di una stella

◼La protostella contrae lentamente 

Riscaldandosi al centro fin quando al

Centro non si accenderanno i 

processi nucleari (tempi brevi circa 10 

milioni di anni);

◼Queste stelle presentano ampia emissione in IR e spesso presentano dischi 

Planetari di accrescimento (Stelle T Tauri).



◼Sequenza principale

◼Corrisponde alla fusione nucleare al centro della stella di 4 idrogeni che diventano

Elio. La modalità con cui questa si realizza dipende dalla massa della stella. Massa >3 MO

ciclo CNO.  Massa <3 Mo catena protone-protone

◼Ciclo CNO molto veloce → grandi stelle «vivono» poco

◼Catena pp molto lenta → stelle piccole vivono tanto (Sole)



Cosa succede quando la stella «finisce» il combustibile??

Un po’ come un fuoco non bene alimentato prova a «bruciare « carburante non 
Tanto efficiente ovvero quanto era risultato dalla prima fase di fusione nucleare

Successivamente la stella quindi reagisce ai 
cambiamenti e prova a bruciare quanto 
rimane dalla 
Fase precedente di evoluzione cioè l’elio. 
Dove? Nella parte centrale della stella 
mentre la fusione dell’idrogeno si sposta in 
una parte un po’ piu’  periferica.

Per prima cosa la stella brucia l’idrogeno in una 
zona piu’ periferica del nucleo. Questo
Causa una espansione (con relativa rarefazione 
della parte esterna). La stella diventa una
GIGANTE ROSSA



A seconda della massa iniziale della stella
Diversi sono i percorsi dell’evoluzione 
Stellare
Stelle tipo solare   0,01<M/MO<3
Stelle massicce M/MO >3

Diversa sarà il loro percorso, diversa la 
Loro fine e diverso sarà cio’ che 
producono



Percorso stelle piccola massa



Percorso stelle grande massa



Betelgeuse

Eta carinae

Betelgeuse è, come molte delle 
Stelle molto evolute, una stella 
Variabile. Negli ultimi mesi la sua 
Luminosità è diminuita di 1.5 Mag.
(più che dimezzata). Questo è un
Comportamento tipico di stelle 
Molto vecchie nelle ultime fasi della
Loro vita (meno di 1000000 anni)
Comportamento Simile Eta Carinae.



Come si formano gli elementi chimici? 

Una stella di grande massa (25 MO) 
attua al suo interno differenti 
fusioni nucleari, producendo 

energia e formando gli elementi 
fino al ferro. Esso non può essere 

trasformato in niente altro e 
rimane “inerte”

Quando poi la stella esplode come 
SN essa disperde nella Galassia 

tutti gli elementi prodotti dentro di 
essa.

Elementi più pesanti del ferro 
(Au, Ag, Pt, U) prodotti in fasi 

molto brevi di esistenza 
stellare  più rari (e preziosi).



Da dove derivano i 90 elementi naturali? Come 
Vengono prodotti?

Sun: H, He

Earth: Fe, Si, O, Mg

U            
 Li

Una abbondanza «universale» degli elementi?

Au 

Meteorites: Fe, Ni



Come si formano gli elementi chimici che vediamo oggi?? 



Siamo polvere di stelle?

E noi?

Composizione tessuti viventi:

• H prodotto nel Big Bang (inizio 
universo)

• C prodotto nelle giganti rosse

• O prodotto nelle giganti rosse

• N prodotto in stelle grande massa                 
(ciclo CNO)

• Fe prodotto in stelle grande massa

Se non ci fosse 
stata una SN 5 

miliardi di anni fa …

“It is the stars, the stars above us govern our 

conditions”  (King Lear, W. Shakespeare)



◼Small Mass Star (Sun)
◼Massive Star 

Le abbondanze chimiche degli elementi sono misurate nel 
sistema solare o in regioni ad esso prossime e vengono poi 
ASSUNTE come universali. Esse vengono misurate nel Sole, 
Sulla Terra, suelle meteoriti o in stelle attraverso differenti 
metodi. Sono visibili molte caratteristiche peculiari nella curva 
che ne deriva.



◼ L’unica energia disponibile nel plasma 
stellare è quella derivante dall’agitazione 
termica:

◼ Nel core Solare: T=1.5x107 K  -> E=kT~ keV

◼ In stelle massicce: T~ 109 E~ 500-1000 keV

Sono possibili reazioni nucleari con temperature così «basse»? Con quale 
probabilità e velocità di reazione?

Ad es. Repulsione p+p corrisponde a una  repulsione (elettrostatica) di 500 
keV (500 VOLTE più grande dell’energia termica media al centro del Sole).

Quindi per fare interagire 2 nuclei (carichi +)  in un laboratorio occorre 
TANTA energia 

=> ACCELERATORE DI PARTICELLE

  



7   ->



Dalle condizioni cinematiche
(angolo, energia) e dal tipo di 
Particelle rivelate si ricostruisce 
Quanto è accaduto nella camera di 
reazione (come se ricostruissimo un 
tiro di biliardo dai suoi esiti)
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If the incoming energy of the incident 
particle is larger than the Coulomb barrier 
energy ………      

the TH nucleus x can be brought into nuclear 
field of nucleus a and the cluster b induces
the virtual reaction

virtual two body reaction

a + b → c + d

x

a

b

break-up

s

d

c

NO Coulomb-suppression

NO Screening effects

C. Spitaleri et al., PRC 64(2001)068801
C. Spitaleri et al., PRC 69(2004)055806
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An increase in the 12C +  12C fusion rate from 
resonances at astrophysical energies
A. Tumino1,2* , C. Spitaler i2,3, M. La Cognata2, S. Cherubini2,3, G. L. Guardo2,4, M. Gulino1,2, S. Hayakawa2,5, I. Indelicato2,  
L. Lamia2,3, H. Petrascu4, R. G. Pizzone2, S. M. R. Puglia2, G. G. Rapisarda2, S. Romano2,3, M. L. Sergi2, R. Spartá2 &  L. Trache4

Carbon burning powers scenarios that influence the fate of stars, 
such as the late evolutionary stages of massive stars1 (exceeding 
eight solar masses) and superbursts from accreting neutron stars2,3. 
It proceeds through the 12C +  12C fusion reactions that produce an 
alpha particle and neon-20 or a proton and sodium-23—that is, 
12C(12C, α )20Ne and 12C(12C, p)23Na—at temperatures greater than 
0.4 ×  109 kelvin, corresponding to astrophysical energies exceeding a 
megaelectronvolt, at which such nuclear reactions are more likely to 
occur in stars. The cross-sections4 for those carbon fusion reactions 
(probabilities that are required to calculate the rate of the reactions) 
have hitherto not been measured at the Gamow peaks4 below 2 
megaelectronvolts because of exponential suppression arising from 
the Coulomb barrier. The reference rate5 at temperatures below 
1.2 ×  109 kelvin relies on extrapolations that ignore the effects of 
possible low-lying resonances. Here we report the measurement of 
the 12C(12C, α0,1)

20Ne and 12C(12C, p0,1)
23Na reaction rates (where 

the subscripts 0 and 1 stand for the ground and first excited states 
of 20Ne and 23Na, respectively) at centre-of-mass energies from 2.7 
to 0.8 megaelectronvolts using the Trojan Horse method6,7 and 
the deuteron in 14N. The cross-sections deduced exhibit several 
resonances that are responsible for very large increases of the 
reaction rate at relevant temperatures. In particular, around 5 ×  108 
kelvin, the reaction rate is boosted to more than 25 times larger than 
the reference value5. This finding may have implications such as 
lowering the temperatures and densities8 required for the ignition 
of carbon burning in massive stars and decreasing the superburst 
ignition depth in accreting neutron stars to reconcile observations 
with theoretical models3.

We measured the 12C(14N, α20Ne)2H and 12C(14N, p23Na)2H three-
body processes in the quasi-free kinematic regime using the Trojan 
Horse Method (THM). The THM is an indirect technique with which 
to measure low-energy nuclear reactions unhindered by the Coulomb 
barrier and free of electron screening. The experimental and analysis 
procedures are detailed in Methods sections ‘THM basic features’, ‘One-
level many-channel THM formalism’, ‘Experimental setup and channel 
selection’ and ‘Deuteron momentum distribution’. The experiment was 
performed at INFN, Laboratori Nazionali del Sud, Italy. A 30-MeV 14N 
beam accelerated by the MP Tandem accelerator was delivered onto a 
carbon target. The detection setup consisted of two silicon telescopes, 
devoted to the detection of α–d and p–d coincidences. The occurrence 
and the dominance of the quasi-free mechanism5 was indicated by the 
agreement between the shapes of the experimental and the theoretical 
d momentum distributions (Extended Data Fig. 1).

The THM experimental yields projected onto the 12C–12C relative 
energy variable, the centre-of-mass energy Ecm, are shown as black dots 
in Fig. 1a (20Ne +  α0), Fig. 1b (20Ne +  α1), Fig. 1c (23Na +  p0) and Fig. 1d 
(23Na +  p1). A smooth four-body background due to 16O +  α +  α +  d 
was subtracted from the THM yields for the 20Ne +  α0,1 channels. Error 
bars display the statistical errors and account for background subtrac-
tion uncertainty, when applicable, combined in quadrature.

A modified one-level many-channel R-matrix analysis was  
carried out including the excited states of the 24Mg nucleus reported  
in Extended Data Table 19–13. The fraction of the total fusion yield 
from α and p channels14,15 other than α0,1 and p0.1 was neglected with 
estimated errors at Ecm <  2 MeV lower than 1% and 2% for the α and 
p channels, respectively (see Methods section ‘Modified R-matrix 
analysis’).

The results are shown in Fig. 1a–d as red lines and with light-red 
shading indicating the uncertainties on the resonance parameters, 
including correlations. Agreement with experimental data is fair and 
confirmed by the reduced χ2 (that is, χ 2) values of 0.73 for 20Ne +  α0, 
1.06 for 20Ne +  α1, 0.54 for 23Na +  p0 and 1.34 for 23Na +  p1. The reso-
nance structure observed in the excitation functions is consistent with 
24Mg level energies reported in the literature, with some tendency for 
the even-J states to be clustered11 at about 1.5 MeV. The THM-reduced 
widths thus entered a standard R-matrix code16 and the S(E) factors 
(see Methods section ‘Astrophysical S(E) factor’) for the four reaction 
channels were determined.

The results are shown in Fig. 2a (20Ne +  α0), Fig. 2b (20Ne +  α1), 
Fig. 2c (23Na +  p0) and Fig. 2d (23Na +  p1), in terms of the modified S(E) 
factor15,17, S(E)* , (see Methods section ‘Astrophysical S(E) factor’). The 
black line and grey shading in each panel represent the best-fit curve 
and the range defined by the total uncertainties, respectively. The grey 
shading is the result of R-matrix calculations with lower and upper 
values of the resonance parameters provided by their errors after being 
combined with the normalization one. Excursions from the midline 
range from 11% to 20%.

The resonant structures are superimposed onto a flat nonresonant 
background15 of 0.4 ×  1016 MeV b. Unitarity of the S matrix is guar-
anteed within the experimental uncertainties. Normalization to direct 
data was done in the Ecm window 2.50–2.63 MeV of the 20Ne +  α1 chan-
nel, where a sharp resonance corresponding to the 16.5-MeV level9 of 
24Mg appears and available data15,18–20 in this region are the most accu-
rate of those overlapping with THM data. By scaling to the resonance by 
means of a weighted normalization, the resulting normalization error is 
5%, shown as grey shading in Fig. 2a–d, combined in quadrature with 
errors on the resonance parameters.

Existing direct data below Ecm =  3 MeV are shown as red filled 
circles15, purple filled squares18, blue empty diamonds19, blue filled 
stars20 and green filled triangles21 in Fig. 2. Their low-energy limit is 
mostly fixed by the background due to hydrogen contamination in the 
targets18–21 and the higher S(E) values for the p1 channel in some of 
them19–21 were attributed to Coulomb excitation of 23Na contamina-
tion in the targets or collimators15,20. Disregarding these cases, agree-
ment between THM results and direct data are apparent within the  
experimental errors, except for the direct low-energy limit around  
2.14 MeV, where THM data do not confirm the claim of a strong  
resonance; instead, there is a nearby resonance at 2.095 MeV, about one 
order of magnitude less intense in the 20Ne +  α1 channel (see Fig. 2b) 
and with similar intensity in the 23Na +  p1 one (see Fig. 2d). The present 
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result is in agreement with spectroscopy studies9,22 that report a dip 
at 2.14 MeV and no particularly strong α state at around 2.1 MeV. 
Further agreement is found with unpublished experimental data down 
to Ecm =  2.15 MeV for the 12C(12C, p0,1)

23N reactions23. Our result is 
also consistent within experimental errors with the total S(E)*  from 
a recent experiment at higher energies24, which was calculated at the 
overlapping Ecm =  2.68 ±  0.08 MeV.

The reaction rates for the four processes were calculated from the 
THM S(E)*  factors using the standard formula4 and summed to obtain 
the total 12C +  12C reaction rate. Its numerical values are given in 
Extended Data Table 2 (see Methods section ‘Numerical values of the 
12C +  12C reaction rate’). We recommend an analytical expression for 
the reaction rate and for its upper and lower limits, based on the same 
formulae as reported in the REACLIB library25. This expression is valid 
in the temperature range 0.1 GK ≤  T ≤  3 GK with an accuracy better 
than 0.7% (χ= . 0 12 ), which refers to the maximum difference between 
the analytical function and the centroids of the experimental points. 
This is given by:

∑ ∑σ= = + +

+ + + +

= =

− − /

/ /

N v f a a T a T

a T a T a T a T

exp[

ln( )
(1)

A i i i i i i

i i i i

1

3

1

3
1 2

1
3

1 3

4
1 3

5 6
5 3

7

Parameters aij with 1 <  i <  3 and 1 <  j <  7 are given in Table 1, with 
subscripts ‘u’ and ‘l’ for the upper and lower limits. They result from  
a fit performed using the NUCASTRODATA toolkit (http://www.
nucastrodata.org/).

The total THM reaction rate was divided by the reference rate5. The 
resulting ratio is shown in Fig. 3. The black line represents the rate from 
the present work, with the grey shading defining the region fixed by the 
total uncertainty (Methods section ‘Numerical values of the 12C +  12C 
reaction rate’), whereas the red line refers to the reference rate5.

The light-blue shading shows the temperature range relevant for 
superbursts (about 0.4–0.5 GK), the light-red shading highlights typical 
temperatures for hydrostatic carbon burning in massive stars (about 
0.6–1.0 GK in the core and up to 1.2 GK in the shell, depending on the 
stellar mass), whereas the light-green shading marks the temperatures 
of explosive carbon burning (about 1.8–2.5 GK). As shown in Fig. 3, 
the reaction rate changes below 2 GK with an increase with respect 
to the reference non-resonant one5 from a factor of 1.18 at 1.2 GK 
(* * *P <  0.001) to a factor of more than 25 at 0.5 GK (* * * *P <  0.00001).  
The latter increase, mainly due to the resonances around Ecm =  1.5 MeV,  
supports the conjectured fiducial value3 required to reduce the  
theoretical superburst ignition depths in accreting neutron stars by a 
factor of 2 for a range of realistic parameters and core neutrino emissivities.  
This change matches the observationally inferred ignition depths and 
can be translated into an ignition temperature below 0.5 GK, com-
patible with the calculated crust temperature. In other words, carbon 
burning can trigger superbursts. A similar decrease in temperature is 
obtained by using the crust Urca shell neutrino emissivities26, recently 
invoked to explain the cooling of the outer neutron star crust, while 
thermally decoupling the surface layers from the deeper crust. Under 
this hypothesis, a revision of current superburst models and predicted 
light curves is required and our finding could represent the missing 
heat source in the standard carbon ignition scenario.

In the hydrostatic carbon burning regime, the present rate change 
will lower the temperatures and densities at which 12C ignites in mas-
sive post-main-sequence stars. We make use of stellar modelling8 for 
core carbon burning of a star of 25 solar masses to determine that the 
ignition temperature and density would decrease to 10% and 30% 
respectively. This would reduce the neutrino losses, thus causing the 
carbon burning stage to occur for a lifetime (of the carbon burning 
phase) longer by up to a factor of 70. The new rate would also affect 
abundances of species that are the main fuel for subsequent evolution-
ary phases. However, such abundances are influenced also by the ratio 
of the α to p yields if it deviates from unity. From the present experi-
ment, the average value of this ratio is around 2. In particular, at 0.8 GK 
this ratio is 1.6 ±  0.4, and it becomes 2.2 ±  0.6 at 2 GK. The 12C +  12C 
rate is also the most important nuclear physics input governing the 
minimum stellar mass Mup required for hydrostatic carbon burning to 
occur. Mup is fundamental to our understanding, for instance, of the 
evolution of supernova progenitors and the white dwarf luminosity 
functions. From the present result, we consider that the present value 
of Mup will not be strongly affected, in contrast to what has been pre-
dicted27,28 when assuming a much larger increase (up to nine orders 
of magnitude) in the reaction rate, but it is worth noticing that stel-
lar models are also very sensitive to small changes of this parameter. 
However, a sound evaluation of Mup requires a better understanding 
of the ratio of the initial mass to the final core mass.

Below 0.4 GK the rate experiences a huge increase by up to a factor  
of 800 owing to the lowest-energy resonances occurring around  
Ecm =  1 MeV. It has been conjectured that the existence of such low- 
energy resonances might shift the ignit ion curve of type Ia  
supernovae to lower central densities3. This should be assessed  
for the various progenitor scenarios. Much additional work is needed 

Table 1 |  Coefficients of the analytical function of the 12C +  12C reaction rate using equation (1)

aij f1 f2 f3 f1u f2u f3u f1l f2l f3l

ai1 1.22657 ×  102 9.03221 ×  101 2.28039 ×  102 1.22687 ×  102 9.03982 ×  101 2.28056 ×  102 3.21570 ×  102 6.08741 ×  102 3.14593 ×  103

ai2    0.557112 − 8.35888 − 1.16039 ×  101    0.557664 − 8.35720 − 1.15681 ×  101 − 0.815182 − 1.42976 ×  101 − 2.26169 ×  101

ai3 − 905657 ×  101 − 6.17552 ×  101 − 2.40364 ×  102 − 9.05616 ×  101 − 6.17282 ×  101 − 2.40343 ×  102 3.17671 ×  101 3.43845 ×  102 1.36110 ×  103

ai4 − 6.83561 ×  101 − 1.07514 ×  102 − 9.21375 ×  101 − 6.83178 ×  101 − 1.07358 ×  102 − 9.21156 ×  101 − 4.22173 ×  102 − 1.11874 ×  103 − 5.16494 ×  103

ai5 1.42906 ×  101 7.20344 ×  101 1.25411 ×  102 1.42891 ×  101 7.20835 ×  101 1.25484 ×  102 5.23691 ×  101 1.73098 ×  102 7.85965 ×  102

ai6 − 2.43583 − 1.37501 ×  101 − 3.25984 ×  101 − 2.46506 − 1.38060 ×  101 − 3.24417 ×  101 − 6.35869 − 2.33743 ×  101 − 1.29447 ×  102

ai7    9.32623 − 1.91793 ×  101 − 1.10903 ×  102    9.35304 − 1.91920 ×  101 − 1.10961 ×  102 1.34509 ×  102 3.60334 ×  102 1.60224 ×  103

Coe cients of the analytical function (equation (1)) of the 12C+ 12C reaction rate and of its upper and lower lim its. They result from a  t of the numerical values given in Extended Data Table 2 using the 

reaction rate parameterizer from the NUCASTRODATA toolkit (http:/ / www.nucastrodata.org/ ).
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Fig. 3 | 12C +  12C reaction rate ratio. Ratio between the total THM 
12C +  12C reaction rate (black line) and the reference one4 (red line). The 
grey shading defines the region spanned owing to the ± 1σ uncertainties. 
The coloured shading marks typical temperature regions for carbon 
burning in different scenarios: light blue for superbursts from accreting 
neutron stars, light red for hydrostatic carbon burning in massive stars 
and light green for explosive carbon burning; comparison with the red line 
(non-resonant assumption) gives ***P <  0.001 in the region of hydrostatic 
burning and ****P <  0.00001 at superburst temperatures.
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Fig. 1 | Excitation functions from THM experimental yields. The 
quasi-free cross-section for the four channels 20Ne +  α0 (a), 20Ne +  α1 (b), 
23Na +  p0 (c) and 23Na +  p1 (d) is projected onto the Ecm variable (black 
dots). Error bars denote ± 1σ uncertainties and account for background 

subtraction (combined in quadrature). Red lines and light-red shading 
represent the results of the modified R-matrix fits and the related 
uncertainties, respectively.
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Fig. 2 | 12C +  12C astrophysical S(E)*  factors. The THM S(E)*  factors for 
the four channels 20Ne +  α0 (a), 20Ne +  α1 (b), 23Na +  p0 (c) and 23Na +  p1 (d)  
are shown as black lines. The available direct data in the Ecm range 
investigated are reported as red filled circles14, purple filled squares17, 

blue empty diamonds18, blue filled stars19 and green filled triangles20. The 
upper and lower grey lines mark the range arising from ± 1σ uncertainties 
on resonance parameters plus the normalization to direct data in the 
20Ne +  α1 channel at Ecm =  2.50–2.63 MeV.
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An increase in the 12C +  12C fusion rate from 
resonances at astrophysical energies
A. Tumino1,2* , C. Spitaleri2,3, M. La Cognata2, S. Cherubini2,3, G. L. Guardo2,4, M. Gulino1,2, S. Hayakawa2,5, I. Indelicato2,  
L. Lamia2,3, H. Petrascu4, R. G. Pizzone2, S. M. R. Puglia2, G. G. Rapisarda2, S. Romano2,3, M. L. Sergi2, R. Spartá2 &  L. Trache4

Carbon burning powers scenarios that influence the fate of stars, 
such as the late evolutionary stages of massive stars1 (exceeding 
eight solar masses) and superbursts from accreting neutron stars2,3. 
It proceeds through the 12C +  12C fusion reactions that produce an 
alpha particle and neon-20 or a proton and sodium-23—that is, 
12C(12C, α )20Ne and 12C(12C, p)23Na—at temperatures greater than 
0.4 ×  109 kelvin, corresponding to astrophysical energies exceeding a 
megaelectronvolt, at which such nuclear reactions are more likely to 
occur in stars. The cross-sections4 for those carbon fusion reactions 
(probabilities that are required to calculate the rate of the reactions) 
have hitherto not been measured at the Gamow peaks4 below 2 
megaelectronvolts because of exponential suppression arising from 
the Coulomb barrier. The reference rate5 at temperatures below 
1.2 ×  109 kelvin relies on extrapolations that ignore the effects of 
possible low-lying resonances. Here we report the measurement of 
the 12C(12C, α0,1)

20Ne and 12C(12C, p0,1)
23Na reaction rates (where 

the subscripts 0 and 1 stand for the ground and first excited states 
of 20Ne and 23Na, respectively) at centre-of-mass energies from 2.7 
to 0.8 megaelectronvolts using the Trojan Horse method6,7 and 
the deuteron in 14N. The cross-sections deduced exhibit several 
resonances that are responsible for very large increases of the 
reaction rate at relevant temperatures. In particular, around 5 ×  108 
kelvin, the reaction rate is boosted to more than 25 times larger than 
the reference value5. This finding may have implications such as 
lowering the temperatures and densities8 required for the ignition 
of carbon burning in massive stars and decreasing the superburst 
ignition depth in accreting neutron stars to reconcile observations 
with theoretical models3.

We measured the 12C(14N, α20Ne)2H and 12C(14N, p23Na)2H three-
body processes in the quasi-free kinematic regime using the Trojan 
Horse Method (THM). The THM is an indirect technique with which 
to measure low-energy nuclear reactions unhindered by the Coulomb 
barrier and free of electron screening. The experimental and analysis 
procedures are detailed in Methods sections ‘THM basic features’, ‘One-
level many-channel THM formalism’, ‘Experimental setup and channel 
selection’ and ‘Deuteron momentum distribution’. The experiment was 
performed at INFN, Laboratori Nazionali del Sud, Italy. A 30-MeV 14N 
beam accelerated by the MP Tandem accelerator was delivered onto a 
carbon target. The detection setup consisted of two silicon telescopes, 
devoted to the detection of α–d and p–d coincidences. The occurrence 
and the dominance of the quasi-free mechanism5 was indicated by the 
agreement between the shapes of the experimental and the theoretical 
d momentum distributions (Extended Data Fig. 1).

The THM experimental yields projected onto the 12C–12C relative 
energy variable, the centre-of-mass energy Ecm, are shown as black dots 
in Fig. 1a (20Ne +  α0), Fig. 1b (20Ne +  α1), Fig. 1c (23Na +  p0) and Fig. 1d 
(23Na +  p1). A smooth four-body background due to 16O +  α +  α +  d 
was subtracted from the THM yields for the 20Ne +  α0,1 channels. Error 
bars display the statistical errors and account for background subtrac-
tion uncertainty, when applicable, combined in quadrature.

A modified one-level many-channel R-matrix analysis was  
carried out including the excited states of the 24Mg nucleus reported  
in Extended Data Table 19–13. The fraction of the total fusion yield 
from α and p channels14,15 other than α0,1 and p0.1 was neglected with 
estimated errors at Ecm <  2 MeV lower than 1% and 2% for the α and 
p channels, respectively (see Methods section ‘Modified R-matrix 
analysis’).

The results are shown in Fig. 1a–d as red lines and with light-red 
shading indicating the uncertainties on the resonance parameters, 
including correlations. Agreement with experimental data is fair and 
confirmed by the reduced χ2 (that is, χ 2) values of 0.73 for 20Ne +  α0, 
1.06 for 20Ne +  α1, 0.54 for 23Na +  p0 and 1.34 for 23Na +  p1. The reso-
nance structure observed in the excitation functions is consistent with 
24Mg level energies reported in the literature, with some tendency for 
the even-J states to be clustered11 at about 1.5 MeV. The THM-reduced 
widths thus entered a standard R-matrix code16 and the S(E) factors 
(see Methods section ‘Astrophysical S(E) factor’) for the four reaction 
channels were determined.

The results are shown in Fig. 2a (20Ne +  α0), Fig. 2b (20Ne +  α1), 
Fig. 2c (23Na +  p0) and Fig. 2d (23Na +  p1), in terms of the modified S(E) 
factor15,17, S(E)* , (see Methods section ‘Astrophysical S(E) factor’). The 
black line and grey shading in each panel represent the best-fit curve 
and the range defined by the total uncertainties, respectively. The grey 
shading is the result of R-matrix calculations with lower and upper 
values of the resonance parameters provided by their errors after being 
combined with the normalization one. Excursions from the midline 
range from 11% to 20%.

The resonant structures are superimposed onto a flat nonresonant 
background15 of 0.4 ×  1016 MeV b. Unitarity of the S matrix is guar-
anteed within the experimental uncertainties. Normalization to direct 
data was done in the Ecm window 2.50–2.63 MeV of the 20Ne +  α1 chan-
nel, where a sharp resonance corresponding to the 16.5-MeV level9 of 
24Mg appears and available data15,18–20 in this region are the most accu-
rate of those overlapping with THM data. By scaling to the resonance by 
means of a weighted normalization, the resulting normalization error is 
5%, shown as grey shading in Fig. 2a–d, combined in quadrature with 
errors on the resonance parameters.

Existing direct data below Ecm =  3 MeV are shown as red filled 
circles15, purple filled squares18, blue empty diamonds19, blue filled 
stars20 and green filled triangles21 in Fig. 2. Their low-energy limit is 
mostly fixed by the background due to hydrogen contamination in the 
targets18–21 and the higher S(E) values for the p1 channel in some of 
them19–21 were attributed to Coulomb excitation of 23Na contamina-
tion in the targets or collimators15,20. Disregarding these cases, agree-
ment between THM results and direct data are apparent within the  
experimental errors, except for the direct low-energy limit around  
2.14 MeV, where THM data do not confirm the claim of a strong  
resonance; instead, there is a nearby resonance at 2.095 MeV, about one 
order of magnitude less intense in the 20Ne +  α1 channel (see Fig. 2b) 
and with similar intensity in the 23Na +  p1 one (see Fig. 2d). The present 
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result is in agreement with spectroscopy studies9,22 that report a dip 
at 2.14 MeV and no particularly strong α state at around 2.1 MeV. 
Further agreement is found with unpublished experimental data down 
to Ecm =  2.15 MeV for the 12C(12C, p0,1)

23N reactions23. Our result is 
also consistent within experimental errors with the total S(E)*  from 
a recent experiment at higher energies24, which was calculated at the 
overlapping Ecm =  2.68 ±  0.08 MeV.

The reaction rates for the four processes were calculated from the 
THM S(E)*  factors using the standard formula4 and summed to obtain 
the total 12C +  12C reaction rate. Its numerical values are given in 
Extended Data Table 2 (see Methods section ‘Numerical values of the 
12C +  12C reaction rate’). We recommend an analytical expression for 
the reaction rate and for its upper and lower limits, based on the same 
formulae as reported in the REACLIB library25. This expression is valid 
in the temperature range 0.1 GK ≤  T ≤  3 GK with an accuracy better 
than 0.7% (χ= . 0 12 ), which refers to the maximum difference between 
the analytical function and the centroids of the experimental points. 
This is given by:
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+ + + +
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Parameters aij with 1 <  i <  3 and 1 <  j <  7 are given in Table 1, with 
subscripts ‘u’ and ‘l’ for the upper and lower limits. They result from  
a fit performed using the NUCASTRODATA toolkit (http://www.
nucastrodata.org/).

The total THM reaction rate was divided by the reference rate5. The 
resulting ratio is shown in Fig. 3. The black line represents the rate from 
the present work, with the grey shading defining the region fixed by the 
total uncertainty (Methods section ‘Numerical values of the 12C +  12C 
reaction rate’), whereas the red line refers to the reference rate5.

The light-blue shading shows the temperature range relevant for 
superbursts (about 0.4–0.5 GK), the light-red shading highlights typical 
temperatures for hydrostatic carbon burning in massive stars (about 
0.6–1.0 GK in the core and up to 1.2 GK in the shell, depending on the 
stellar mass), whereas the light-green shading marks the temperatures 
of explosive carbon burning (about 1.8–2.5 GK). As shown in Fig. 3, 
the reaction rate changes below 2 GK with an increase with respect 
to the reference non-resonant one5 from a factor of 1.18 at 1.2 GK 
(***P <  0.001) to a factor of more than 25 at 0.5 GK (****P <  0.00001).  
The latter increase, mainly due to the resonances around Ecm =  1.5 MeV,  
supports the conjectured fiducial value3 required to reduce the  
theoretical superburst ignition depths in accreting neutron stars by a 
factor of 2 for a range of realistic parameters and core neutrino emissivities.  
This change matches the observationally inferred ignition depths and 
can be translated into an ignition temperature below 0.5 GK, com-
patible with the calculated crust temperature. In other words, carbon 
burning can trigger superbursts. A similar decrease in temperature is 
obtained by using the crust Urca shell neutrino emissivities26, recently 
invoked to explain the cooling of the outer neutron star crust, while 
thermally decoupling the surface layers from the deeper crust. Under 
this hypothesis, a revision of current superburst models and predicted 
light curves is required and our finding could represent the missing 
heat source in the standard carbon ignition scenario.

In the hydrostatic carbon burning regime, the present rate change 
will lower the temperatures and densities at which 12C ignites in mas-
sive post-main-sequence stars. We make use of stellar modelling8 for 
core carbon burning of a star of 25 solar masses to determine that the 
ignition temperature and density would decrease to 10% and 30% 
respectively. This would reduce the neutrino losses, thus causing the 
carbon burning stage to occur for a lifetime (of the carbon burning 
phase) longer by up to a factor of 70. The new rate would also affect 
abundances of species that are the main fuel for subsequent evolution-
ary phases. However, such abundances are influenced also by the ratio 
of the α to p yields if it deviates from unity. From the present experi-
ment, the average value of this ratio is around 2. In particular, at 0.8 GK 
this ratio is 1.6 ±  0.4, and it becomes 2.2 ±  0.6 at 2 GK. The 12C +  12C 
rate is also the most important nuclear physics input governing the 
minimum stellar mass Mup required for hydrostatic carbon burning to 
occur. Mup is fundamental to our understanding, for instance, of the 
evolution of supernova progenitors and the white dwarf luminosity 
functions. From the present result, we consider that the present value 
of Mup will not be strongly affected, in contrast to what has been pre-
dicted27,28 when assuming a much larger increase (up to nine orders 
of magnitude) in the reaction rate, but it is worth noticing that stel-
lar models are also very sensitive to small changes of this parameter. 
However, a sound evaluation of Mup requires a better understanding 
of the ratio of the initial mass to the final core mass.

Below 0.4 GK the rate experiences a huge increase by up to a factor  
of 800 owing to the lowest-energy resonances occurring around  
Ecm =  1 MeV. It has been conjectured that the existence of such low- 
energy resonances might shift the ignition curve of type Ia  
supernovae to lower central densities3. This should be assessed  
for the various progenitor scenarios. Much additional work is needed 

Table 1 |  Coefficients of the analytical function of the 12C +  12C reaction rate using equation (1)

aij f1 f2 f3 f1u f2u f3u f1l f2l f3l

ai1 1.22657 ×  102 9.03221 ×  101 2.28039 ×  102 1.22687 ×  102 9.03982 ×  101 2.28056 ×  102 3.21570 ×  102 6.08741 ×  102 3.14593 ×  103

ai2    0.557112 − 8.35888 − 1.16039 ×  101    0.557664 − 8.35720 − 1.15681 ×  101 − 0.815182 − 1.42976 ×  101 − 2.26169 ×  101

ai3 − 905657 ×  101 − 6.17552 ×  101 − 2.40364 ×  102 − 9.05616 ×  101 − 6.17282 ×  101 − 2.40343 ×  102 3.17671 ×  101 3.43845 ×  102 1.36110 ×  103

ai4 − 6.83561 ×  101 − 1.07514 ×  102 − 9.21375 ×  101 − 6.83178 ×  101 − 1.07358 ×  102 − 9.21156 ×  101 − 4.22173 ×  102 − 1.11874 ×  103 − 5.16494 ×  103

ai5 1.42906 ×  101 7.20344 ×  101 1.25411 ×  102 1.42891 ×  101 7.20835 ×  101 1.25484 ×  102 5.23691 ×  101 1.73098 ×  102 7.85965 ×  102

ai6 − 2.43583 − 1.37501 ×  101 − 3.25984 ×  101 − 2.46506 − 1.38060 ×  101 − 3.24417 ×  101 − 6.35869 − 2.33743 ×  101 − 1.29447 ×  102

ai7    9.32623 − 1.91793 ×  101 − 1.10903 ×  102    9.35304 − 1.91920 ×  101 − 1.10961 ×  102 1.34509 ×  102 3.60334 ×  102 1.60224 ×  103

Coe cients of the analytical function (equation (1)) of the 12C+ 12C reaction rate and of its upper and lower lim its. They result from  a  t of the numerical values given in Extended Data Table 2 using the 

reaction rate param eterizer from  the NUCASTRODATA toolkit (http:/ / www.nucastrodata.org/ ).
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Fig. 3 | 12C +  12C reaction rate ratio. Ratio between the total THM 
12C +  12C reaction rate (black line) and the reference one4 (red line). The 
grey shading defines the region spanned owing to the ± 1σ uncertainties. 
The coloured shading marks typical temperature regions for carbon 
burning in different scenarios: light blue for superbursts from accreting 
neutron stars, light red for hydrostatic carbon burning in massive stars 
and light green for explosive carbon burning; comparison with the red line 
(non-resonant assumption) gives * * *P <  0.001 in the region of hydrostatic 
burning and * * * *P <  0.00001 at superburst temperatures.
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Fig. 1 | Excitation functions from THM experimental yields. The 
quasi-free cross-section for the four channels 20Ne +  α0 (a), 20Ne +  α1 (b), 
23Na +  p0 (c) and 23Na +  p1 (d) is projected onto the Ecm variable (black 
dots). Error bars denote ± 1σ uncertainties and account for background 

subtraction (combined in quadrature). Red lines and light-red shading 
represent the results of the modified R-matrix fits and the related 
uncertainties, respectively.
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Fig. 2 | 12C +  12C astrophysical S(E)*  factors. The THM S(E)*  factors for 
the four channels 20Ne +  α0 (a), 20Ne +  α1 (b), 23Na +  p0 (c) and 23Na +  p1 (d)  
are shown as black lines. The available direct data in the Ecm range 
investigated are reported as red filled circles14, purple filled squares17, 

blue empty diamonds18, blue filled stars19 and green filled triangles20. The 
upper and lower grey lines mark the range arising from ± 1σ uncertainties 
on resonance parameters plus the normalization to direct data in the 
20Ne +  α1 channel at Ecm =  2.50–2.63 MeV.
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Prima Estrapolazione teorica –> nostra misura → dati sperimentali nella zona di

Interesse astrofisico



neutrone A+1

fissione

A+1

A+1

A+1
A

A-1
…

Nucleo bersaglio
numero di massa = A

Cos’è n_TOF (neutron_Time Of Flight)? 

Come produciamo i fasci di neutroni utilizzati per gli esperimenti?

I protoni accelerati dal sincrotrone PS ad una energia di 20GeV vengono fatti urtare con un bersaglio di 

piombo. Le reazioni innescate producono un gran quantitativo di neutroni (alcune centinaia per ogni protone), 

per via di un processo fisico chiamato spallazione. Produzione circa 300 n per ogni protone.

La tecnica del tempo di volo per misurare
l’energia dei neutroni

flight path length L

detector

sampleProton beam

Spallation target

tstart
(neutron production)

tstop
(particle or g-ray detection)

N-TOF @LNS



• Per la Nucleosintesi stellare ed esplosiva: tutti gli elementi chimici più pesanti del ferro presenti 

nell'universo, vengono prodotti in reazioni nucleari indotte da neutroni all’interno delle stelle e in 

eventi esplosivi come la fusione di stelle di neutroni e l'esplosione di supernove. 

Perché studiare le reazioni con i neutroni è importante?

  

• Nelle centrali nucleari:  I neutroni innescano le reazioni di fissione nucleare, necessarie per la 

produzione di energia elettrica. Saranno presenti in grande quantità nei futuri reattori a 

fusione

• Sono utilizzati per per terapie innovative contro i tumori, come la BNCT (Boron Neutron 

Capture Therapy)
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Measurements, Detectors and Facilities for Nuclear 
Astrophysics, Experiments with RIB 

Director of the school

C. Spitaleri (Catania)

Scientific Committee
M. Aliotta (Edinburgh)
M. Busso  (Perugia)
A. Coc  (Orsay)
M. El Eid (Beirut)
T. Kajino  (Tokyo)
K.L. Kratz  (Mainz)
S. Kubono  (Tokyo)
K. Langanke (Darmstadt)
Weiping Liu (CIAE)
J. Josè (Barcelona)
T. Motobayashi (Tokyo)
A. Mukhamedzhanov (TAMU)
E. Nappi (Bari)
O. Straniero  (Teramo)
G. Rogachev (TAMU)
C. Rolfs (Bochum) 
L. Trache (Bucharest)
R. Tribble  (BNL & TAMU)
M. Wiescher (South Bend) 

Local Committee 
R.G. Pizzone (chair)
L. Lamia (scientific secretary)
G. Agnello
M. La Cognata
P. Litrico
S. Palmerini
V. Potenza 
S. Romano
R. Spartà
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CATANIA

Formiamo i nuovi astrofisici nucleari della comunità internazionale

European Summer School on Experimental Nuclear Astrophysics: 2001 – 2024 
(and beyond)
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