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... Everything starts from the B2FH review paper of 1957,  
                                                                       the basis of the modern nuclear astrophysics 
 
this work has been considered as the greatest gift of astrophysics to modern civilization 
 
 
 
 
 
 
 
 
 
 
 
 
 
The elements composing everything from planets to life were forged inside  
earlier generations of stars! 
 
Nuclear reactions  responsible for both ENERGY PRODUCTION and NUCLEOSYNTHESIS 
  



Astrophysical energies are determined by the Gamow peak: the most 
effective energy region for thermonuclear reactions  

The Gamow energy E0 = f(Z1, Z2, T) 
 varies depending on the reaction and/or the 
temperature, usually from tens to hundreds 
of keV, but also MeV. 

Nuclear Astrophysics to measure relevant two body cross sections at 
astrophysical energies 



Astrophysical 
energies 

- Cross section ∼ picobarn due to the Coulomb barrier between the interacting nuclei  
 
⇒  Low signal-to-noise ratio  
 
⇒  access to low energy usually via extrapolation  
from higher energies using the          

ASTROPHYSICAL FACTOR 
  

S(E) = σ(E) E exp(2πη) 
 
S(E) is a smoothly varying function of the energy 
than the cross section σ(E)  
 
…but large uncertainties in the extrapolation 

- Electron screening that enhances the behaviour  
of the bare S(E)  
 
 
à  Direct measurement straightforward but challenging at low energy and altered by  
electron screening 
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Great interest in a wide range of stellar burning scenarios in carbon-rich environments 
such as  late evolutionary stages of stars with more than 8 M¤  

       superbursts from accreting neutron stars 
       ignition conditions of Sne Ia  

  
Carbon burning temperature from 0.4 to 1.2 GK  à Ecm from 1 to 2 MeV 
 
Principal reactions:  
 12C(12C,α)20Ne            + 4.617 MeV  
 12C(12C,p)23Na            + 2.241 MeV 
12C(12C,n)23Mg            - 2.599 MeV 
12C(12C,γ)24Mg            +13.933 MeV 
12C(12C,2α)20Ne          -0.113 MeV   
 

The most frequent results of the interaction  

Considerable efforts to measure the 12C+12C cross section at astrophysical energies 
                M.G. Mazarakis & W.E. Stephensen, Phys. Rev. C 7 1280 (1973) 
                 K. U. Kettner et al., Phys. Rev. Lett. 38, 337 (1977) 
                 H.W. Becker et al., Z. Phys. A 303, 305 (1981)  

L. Barron-Palos et al., Nucl. Phys. A 779, 318 (2006) 
E.F. Aguleira et al.,Phys. Rev. C 73, 064601 (2006)  
 T. Spillane et al., Phys. Rev. C 73, 064601 (2006)  

 T. Spillane et al., Phys. Rev. Lett. 98, 122501 (2007) 
B. Bucher et al., Phys. Rev. Lett. 114, 251102 (2015) 

C.L. Jiang et al., Phys. Rev. C 97 012801 (2018) 
… ... ...      
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extrapolations differ by 
3 orders of magnitude 

large uncertainties 
in astrophysical models  

of stellar evolution 
and nucleosynthesis 

Resonances at nearly every 300 keV down to Ecm = 2.14 MeV. They would increase the 
present nonresonant reaction rate of the alpha(proton) channel by a factor of 5(2) . 

No definite conclusion! 
à Thus, further measurements extending down to at least 1 MeV would be extremely important. 



Entrance	channel:	

A+a	

Several 
reaction 

mechanisms 
link the two 

channels 

Reaction	products	

C+c+…	

The reaction theory is needed to select only one reaction mechanism. However, nowadays  
powerful techniques and observables for careful data analysis and theoretical investigation. 
 
In particular the Trojan Horse Method already successfully applied to more than 30 
astrophysical relevant reactions   

For review see: 
R. Tribble et al., Rep. Prog. Phys. 77 (2014) 106901 
C. Spitaleri et al., EpJ 2016 

Quite straightforward experiment, no Coulomb suppression, no electron screening but … 



 12C(12C,α)20Ne and 12C(12C,p)23Na reactions via the Trojan Horse Method applied to the 
12C(14N,α20Ne)2H and 12C(14N,p23Na)2H three-body processes 
                                                                                                                    2H from the 14N  as  spectator s 
 
Observation of 12C cluster transfer in the 12C(14N,d)24Mg* reaction         (R.H. Zurmȗhle et al. PRC 49(1994) 5)  

QUASI-FREE MECHANISM 

ü  only 12C - 12C interaction 

ü d = spectator   

E14N =30 MeV> ECoul 

NO Coulomb suppression 

NO electron screening 

C. Spitaleri et al., Phys. Rev. C 63, 005801 (2001) 
R. Tribble et al. Rep. Prog. Phys. 77 106901 (2014) 
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Direct breakup 



PWIA hypotheses: 
 
 ● beam energy  >  a = x ⊕ s breakup Q-value 
 ● projectile wavelength k-1 << x – s intercluster distance 
  
 
               
è the 3-body cross section factorizes:  

KF  kinematical factors  
 
⏐Φ⏐2 momentum distribution of 
s inside a 
 
dσoff/dΩ Nuclear cross section 
for the A+x→C+c reaction 
 

A + a → c + C + s  à à à      A + x → c + C 

but  No absolute value of the cross section à normalization to direct data available at 
higher energies 

A. Tumino et al., PRL 98, 252502 (2007) 

d3σ
dΩcdΩCdEc

∝  KF ⋅ Φ(
sp )

2 dσ off

dΩ    

dσoff/dΩ à dσ/dΩ (on shell)  
the penetration factor Pl has to be introduced: 



Standard R-Matrix approach cannot be applied to extract the resonance parameters à 
Modified R-Matrix is introduced instead 

In the case of a resonant 
THM reaction the cross 
section takes the form 

Mi(E) is the amplitude of the transfer reaction (upper vertex) that can be easily calculated 
à The resonance parameters can be extracted 

The A + a(x+s) → F*(c + C) + s process is a transfer to 
the continuum where particle x is the transferred 
particle 

Advantages: 
§  possibility to measure down to zero energy 
§  No electron screening 
§  HOES reduced widths are the same entering the OES S(E) factor  (New!) 

a 

A 

x 
s 

F* 
C 

c 



20Ne+α+d and 23Na+p+d reaction channels reconstructed 
when detecting the ejectile of the two-body reactions 
(either α (black dots) or p (green dots)) in coincidence 
with the spectator d particle.  
No detection of 20Ne or 23Na quite low energy à too 
high detection threshold 

E14N=30 MeV	
Particle identification supplied by silicon telescopes: 
38 µm silicon detector as ΔE- and  1000 µm Position 
Sensitive Detector (PSD) as E-detector 

T2  (8° - 30°) 

12C	
14N	beam	

T1  (8° - 30°) 



α0+20Ne+d	α1+20Ne*+d	p0+23Na+d	p1+23Na*+d	



Comparison between the experimental momentum distribution and the theoretical one 

Solid line: momentum distribution of d inside 14N from the Wood-Saxon 12C-d 
bound state potential with standard geometrical parameters 
r0=1.25 fm, a=0.65 fm and V0=54.427 MeV  
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On-the-energy-shell bound state wave number ((see I.S. Shapiro, 
Soviet Physics Uspekhi Vol. 10, n. 4 (1968) and earlier works): 
(2µd12CBd12C)1/2=181 MeV/c.  
Staying within this value is the condition for the QF mechanism to 
be dominant 

Plane Waves reliable also because: 
 
-  pd < (2µd12CBd12C)1/2=181 MeV/c à Proved that the 

shape of the momentum distribution is insensitive 
to the theoretical framework used for its 
derivation (agreement between PWA and DWBA)  

 
-  the 14N beam energy of 30 MeV corresponds to a 

quite high momentum transfer qt=500 MeV/c 
giving an associate de Broglie wavelenght of 0.4 fm 
(< 3 fm=12C+d) 



dE
dσ

ϕ
σ 2

s
3 )(pKF 
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d

=

Red lines and bands: R-matrix fits for all channels at the same time  
	Reduced widths for known levels are used as free parameters to reproduce their total and 
partial widths as in Abegg & Davis, PRC 1991   à à à 
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FIG. 1. THM integrated coincidence yield for the four chan-
nels (a) ↵0

20Ne, b) ↵1
20Ne, c) p023Na and d) p123Na projected

onto the Ec.m. variable (black dots). Error bars account for
statistical and background subtraction, when applicable, com-
bined in quadrature). Middle light red lines and bands on top
of experimental data represent the result of the modified R-
matrix fits and related uncertainties.

‡
‡
‡

‡‡
‡
‡

‡

1.0 1.5 2.0 2.5 3.0
1015

1016

1017

1018

1019

1020

Ec.m. HMeVL

SHE
L*
HM
eV
bL

aL 20Ne+a0

Ú
Ú

Ú
Ú Ú

Ú
Ú

Ú
Ú Ú

ËË

Ë

Ë

Ë

Ë
Ë
Ë
Ë

ËËË
Ë
Ë
ËË
ËË
ËËËËË
ËËËËËËËË

Ë

ËË

Ë

Ë

Ë

Ë
Ë
Ë
Ë

ËËË
Ë
Ë
ËË
ËË
ËËËËË
ËËËËËËËË

Ë
‡

‡ ‡ ‡

‡

‡ ‡ ‡¯
¯
¯¯ ¯̄¯̄ ¯̄¯

¯
¯¯ ¯̄¯̄ ¯̄

Ì Ì Ì Ì‡

‡ ‡ ‡

1.0 1.5 2.0 2.5 3.0
1015

1016

1017

1018

1019

1020

Ecm HMeVL

SHE
L*
HM
eV
bL

bL 20Ne+a1

‡

‡

‡

‡

‡

‡

‡

‡

1.0 1.5 2.0 2.5 3.0
1015

1016

1017

1018

1019

1020

Ec.m. HMeVL

SHE
L*
HM
eV
bL

cL 23Na+p0

Ú

Ú

Ú
Ú Ú

Ú

Ú

Ú
Ú Ú

ËË

Ë

ËËËËË
Ë
Ë
Ë
Ë
ËË
Ë
Ë

ËË

ËË

ËË
ËËË
ËËË
Ë
Ë

ËË

Ë

ËËËËË
Ë
Ë
Ë
Ë
ËË
Ë
Ë

ËË

ËË

ËË
ËËË
ËËË
Ë
Ë

¯ ¯ ¯
¯
¯
¯̄
¯
¯¯̄

¯ ¯ ¯
¯
¯
¯̄
¯
¯¯̄

Ì Ì Ì Ì
‡

‡

‡

‡
‡ ‡ ‡ ‡‡ ‡ ‡ ‡

1.0 1.5 2.0 2.5 3.0
1015

1016

1017

1018

1019

1020

Ec.m. HMeVL

SHE
L*
HM
eV
bL

dL 23Na+p1

FIG. 2. S(E) factor obtained using the THM resonance pa-
rameters (black middle line). The upper and lower gray lines
mark the range arising from errors on resonance parameters
plus normalization to direct data from [12] (red filled cir-
cles) combined in quadrature. Other available direct data
in the Ec.m. range are reported as purple filled squares [6],
blue empty diamonds [8], blue filled stars [9] and green filled
triangles [10].
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bined in quadrature). Middle light red lines and bands on top
of experimental data represent the result of the modified R-
matrix fits and related uncertainties.
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FIG. 2. S(E) factor obtained using the THM resonance pa-
rameters (black middle line). The upper and lower gray lines
mark the range arising from errors on resonance parameters
plus normalization to direct data from [12] (red filled cir-
cles) combined in quadrature. Other available direct data
in the Ec.m. range are reported as purple filled squares [6],
blue empty diamonds [8], blue filled stars [9] and green filled
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tained in ? ]. In the case of an isolated resonance with
only one value of li, lf , Si and Sf contributing, (orbital
angular momenta and channel spins for the initial i and
final f channels), it takes the form:

The background-subtracted d2’ dEc:m: d d cross
section is displayed as full symbols in Fig. 1. The
error budget affecting experimental data comprises
statistical, back- ground subtraction, and angular
integration uncertainties. The horizontal error bars give
the width of the -13C relative-energy bins. Figure 1
clearly shows the presence of several resonances in the
13C- relative energy spectrum at 3keV,810 keV, and 1 :
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reaction is obtained by selecting the quasi-free (QF) con-
tribution to a suitable A(a, cC)s reaction that is mea-
sured. In QF kinematics, particle a, chosen for its x� s

cluster structure, is used to transfer the participant clus-
ter x for the reaction with A, while the other constituent
cluster s remains spectator to the A(x, c)C sub-process.
... In the case of a multi-resonance A(x, c)C reaction, a
modified R-matrix approach has been developed by A.M.
Mukhamedzhanov [21] to extract the reduced widths �

from the THM reaction yield. This differs from the stan-
dard R-matrix (Lane Thomas 1958) as it considers the
half-off-energy-shell (HOES) character of the TH cross
section. In this framework, assuming that the A(x, c)C

reaction of interest proceeds via isolated non-interfering
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formulas  	

 
 
IMPORTANT: reduced widths are the same for the extraction of the S(E) factors à 
From the fitting of the experimental THM cross section they can be obtained and used to 
deduce the OES S(E) factor. 
 

34 levels enter the R-matrix fit with energy and spin taken from the literature. Total 
and α0-reduced widths are known for almost all levels, while the other widths are taken 
as free parameters.  



	

Normalization to direct data done in the Ecm window 2.50–2.63 MeV of the 20Ne + α1 

Agreement between THM and direct data within the experimental errors except around 2.14 
MeV, where THM data do not confirm the claim of a strong resonance;  
nearby one at 2.095 MeV about one order of magnitude less intense in the 20Ne + α1 channel and 
with similar intensity in the 23Na + p1 one 
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Methods

Gamow peak: It defines the energy window corresponding to the maximum of the reaction

rate. It is achieved with the convolution of the Maxwell velocity distribution and the tunneling

probability. Its central energy E0 and its width � depend on temperature as:

E0 = 0.1220(Z2
1Z

2
2

M1M2

M1 +M2
T 2)1/3 (MeV ) (2)

� = 0.2368(Z2
1Z

2
2

M1M2

M1 +M2
T 5)1/6 (MeV ) (3)

where Zi and Mi are the charges and masses of interacting ions and T the temperature in GK

of the astrophysical scenario of interest. More details can be found in [24].

S(E) astrophysical factor: it is introduced to remove the dominant energy depen-

dence of the cross section between charged particles at astrophysical energies due to the

Coulomb barrier penetration. The S(E) factor is defined through the relationship:

S(E) = E�(E) exp(2⇡⌘) (4)

where �(E) is the energy dependent cross section and exp(2⇡⌘) is the inverse of the Gamow

factor, with ⌘ the Sommerfeld parameter depending on the charges Z1, Z2 of the colliding

nuclei and on their relative velocity v in the entrance channel, ⌘ = Z1Z2e2/(~v). For s-wave

non resonant reactions, the S(E) factor is nearly independent of energy and is the conventional

quantity that is used to extrapolate to low energies. For the 12C+12C reaction, it is customary

to use the so called modified S(E) factor, S(E)⇤, which displays resonances more clearly. It is

defined as

S(E)⇤ = E�(E) exp(87.21E�1/2 + 0.46E) (MeV b) (5)

where the exponential term is the inverse of the Gamow factor with a correction arising from

the second term in the Coulomb barrier approximation [30]. In particular, the numerical factor
A.  Tumino et al., Nature 557, 687 (2018) 	
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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 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

Coefficients of the analytical function (equation (1)) of the 12C+12C reaction rate and of its upper and lower limits. They result from a fit 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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Color shadings mark typical regions for C-burning  

Compared to CF88, the present rate increases from a factor of 1.18 at 1.2 GK to a 
factor of more than 25 at 0.5 GK 

A.  Tumino et al., Nature 557, 687 (2018) 	

	



First measurement of the 12C(12C,α)20Ne and 12C(12C,p)23Na via the Trojan 
Horse Method with 2H from 14N  as spectator s 
 
First measurement of the 12C(12C,α)20Ne and 12C(12C,p)23Na  at astrophysical 
energies 
 
Clear evidence of resonant behaviour, also around 1.5 MeV, with a stronger 
contribution around 900 keV. This behaviour dominates the reaction rate 
from 0.4 to 1.2 GK. 
 
Need to rerun the astrophysical codes for hydrostatic C-burning 
C-burning missing heat source for superbursts? 
What about M_up? 
Ignition conditions of Sne Ia? 
 
A lot of application to do in the near future … 
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