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Experimental nuclear astrophysics
... 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 CREATION OF ELEMENTS



Direct measurements
➢ Very small cross section values reflect in a faint statistic;
➢ Very low signal-to-noise ratio makes hard the investigation 

at astrophysical energies;
➢ Instead of the cross section, the S(E)-factor is introduced
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Direct measurements

Several efforts have been made in the 
last years in order to improve the 
signal-to-noise ratio for low-energy 
cross section measurement.

➢ Longer measurements

➢ Higher beam currents

➢ 4π detectors

➢ Pure targets

➢ Underground laboratories



Electron screening 
Due to the electron cloud surrounding the 
interacting ions the projectile feels a reduced barrier

Theory.vs.Experiment→ 
Far to be understood…
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Indirect methods

Beyond the extrapolation procedure, indirect and innovative experimental methods are highly 
demanded to address missing or incomplete aspects led by the complexity of nuclear reactions in 

stars.

The basic idea of using an indirect method in order to measure a cross section of interest for 
nuclear astrophysics is to overcome the experimental problems related to the low-energy regime 

typical of an astrophysical scenario using peculiar nuclear properties or dynamics that can provide 
information about the nuclear reaction of interest.

Among the others, the main indirect methods developed in the last decades are:
• Trojan Horse Method

• Asymptotic Normalization Coefficient
• Coulomb Dissociation

• Surrogate Reaction Method
• Life-time measurements

• Nuclear structure and spectroscopy measurements



The Trojan Horse Method
The idea of the THM is to extract the cross section of an
astrophysically relevant two-body reaction A+x→c+C at low
energies from a suitable three-body reaction a+A→c+C+s

Quasi free kinematics is selected

✓ only x - A interaction

✓ s = spectator (ps~0) 

EA > ECoul →

• NO coulomb suppression

• NO electron screening 

• NO centrifugal barrier

- THM Review paper→ Spitaleri C. et al., Prob. of Fund. Mod. Phys., 1991
                                          Tumino A. et al., An. Rev. Nuc. and Part. Sci. 2021



Theoretical Approach
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In the Plane Wave Impulse Approximation (PWIA) the cross section of the three body reaction can be factrorized as:

Three body measured
cross section

Calculated
kinematical factor

Fourier trasform for 
the x-s intercluster

motion

Astrophysically relevant two
body cross section

The TH-nucleus is chosen because of: 
• its large amplitude in the a=x⊕s cluster configuration;
• its relatively low-binding energy;
• Its known x-s momentum distribution |Φ(pS)|

2 in a.

𝐸𝐴𝑥 =
𝑚𝑥

𝑚𝑥 +𝑚𝐴
𝐸𝐴 − 𝐵𝑥𝑠

Bx-s plays a key role in compensating for the beam energy
thanks to the x-s intercluster motion inside a, it is possible to 
span an energy range of several hundreds of keV with only one
beam energy



Measurement with THM

MgAl cycle in massive stars

It is ignited at temperatures > 0.03 GK and it is 
important to determine the abundances of 
medium mass nuclei

26Al/27Al abundance ratio

26Al abundance is used to estimate the number of Galactic 

neutron stars and, therefore, of neutron star mergers 

(sources of GW). The 26Al/27Al is generally estimated, so it is 

influenced by 27Al abundance predictions

27Al: an ingredient in multimessenger astronomy

Up to one order of 
magnitude uncertainty

The most recent review [Iliadis et al. (2010)] shows that for most low-energy 
resonances only an upper limit is known 
→ These resonances are the most influent for astrophysics 
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» Channel selection
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» Three-body yield determination
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Measurement with THM
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Results of THM

In the last 30 years the THM has been applied to several reaction of astrophysical interest in different 
scenario, ranging from BBN to Novae Explosion.

Variuos TH nucleus has been used, such as:
d, 3He, 6Li, 9Be, 14N, 16O, 20Ne

In order to study proton-induced, alpha-induced, neutron-induced and heavy particle-induced
reactions

Perfect method for study neutron-induced reaction 
cross sections with radioactive ion beams!!!!



Recent results of THM
Application of THM with RIBs and 
neutron induced reactions

Hou et al. (2015)
Kawabata et al. (2017)
Lamia et al. (2017)
BELICOS (preliminary)
ENDF/B-VII
Barbagallo et al. (2016)



Recent results of THM

LETTERRESEARCH
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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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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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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

Coef 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 f 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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1.5 month beam-time

Nearly 100%LNS-made experiment

Future perspectives: 

Chieffi & Limongi in ASFIN PG

Starting 07/2018

Blue => hindrance
Red => Caughland & Fowler 1988
Black => Godbey 2019



Fusion hindrance effect
• Heavy-ion sub-barrier fusion hindrance is one of the links between nuclear physics and astrophysics

• Fusion hindrance has been recently observed even in medium-light systems

• Consequences for the dynamics of stellar evolution have to be clarified  by further experimental and 
theoretical work. 

CC calculations with a WS 
potential overpredict the 
excitation function

Fusion hindrance in the light heavy-ion systems of astrophysical 
interest is not well established nor understood

CC calculations performed with CCFULL, using the 
nuclear structure of the two colliding nuclei

A.M.Stefanini et al., EPJ Web of Conf. 279, 11013 (2023)

The physics underlying the hindrance phenomenon is not yet clarified. Recent theoretical 
developments imply the influence of the Pauli exclusion principle, or an adiabatic approach 
where the ion-ion interaction evolves from a two-body to a one-body potential.
Q-value role cannot be neglect!! 

C.Simenel et al., PRC95, 031601(R) (2017)
T. Ichikawa, PRC92, 064604 (2015)



Fusion hindrance effect

Sketch of the g-array AGATA with two annular DSSD 
detectors upstream and downstream of the target

beam

Measuring fusion cross sections at astrophysical energies using
AGATA and Si detectors for g-particle coincidences

Next planned experiment: 
fusion of 16O + 12C

Fusion mechanism study for 
13C+16O, 12,13C+19F, … using target 

activation method 

In collaboration with IFIN-HH (A. Spiridon) @BeGa station



Asymptotic Normalitation Coefficient

The ANC method relies on the asymptotic behavior of the nuclear wave function 
at large distances from the core, where the Coulomb and nuclear interactions 
become negligible.

The method involves comparing the bound state wave function of a two-body 
subsystem with the scattering wave function of a third particle interacting with 
the nucleus.
The bound state wave function describes the internal structure of the two-body 
system, while the scattering wave function characterizes the interaction between 
the third particle and the nucleus.



Recent results of ANC



Surrogate reaction method

In the Surrogate Nuclear Reaction technique, a different reaction is used to 
populate the same compound nucleus (final-state nucleus) as the reaction of 

interest. This surrogate reaction is usually chosen because it has similar entrance 
channel properties as the reaction of interest.

In the surrogate reaction, the projectile interacts with the target nucleus to form a compound nucleus in an 
excited state.

Although the compound nucleus is formed via a different reaction pathway, it shares similar properties 
with the compound nucleus produced in the direct reaction.

J.D. Cramer, H.C. Britt Nucl. Sci. Eng., 41 (1970), p. 177



Surrogate reaction method

Only at ANL: 
HELIOS solenoid

and high intensity radioactive beam 85Kr 
→ Surrogate reaction: (d,p) instead of (n,gamma)

Contribution by the gamma 
group: gamma detection in the 

solenoid →MoU in preparation

Nucleosynthesis s-process: 
85Kr branching

NEW SOLENOID SOON @LNL



One-proton transfer reactions
(p,g) reactions at deep sub-coulomb energies often play a role in several astrophysics scenarios → rp-process, 
novae synthesis, XRBs …
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• If there are resonances very close to 
the Sp, the Gamow factor can hinder
the cross section of several orders of 
magnitude→ exp. difficulties!

• We can estimate the resonance
strenght with an indirect technique
based on the SF taken from (d,n) or 
(3He,d) reactions:

𝝎𝜸 =
𝟐𝑱𝑹 + 𝟏

(𝟐𝒋𝒑 + 𝟏)(𝟐𝒋𝒕 + 𝟏)

𝚪𝒑𝚪𝜸

𝚪

But near the threshold Gp <<Gg, and therefore Gp determine the resonance strenght!

Gp and C2S are connected one another! 𝚪𝒑 =
𝟐ℏ𝟐

𝝁𝑹𝟐 × 𝑷𝒍× 𝑪𝟐 𝑺 × 𝜽𝒔𝒑
𝟐

SF → reaction rate estimate for several (p,g) reactions



Recent results of proton transfer reaction

An example of transfer reaction useful both for nuclear structure and astrophysics is the 
32S(3He,d)33Cl reaction at moderately-high bombarding energies
→ we can determine the C2Sp avoiding to detect neutrons as in the (d,n) case 
→ useful to understand the r.r. of the 32S(p,g)33Cl reaction (rp-process)

TAU-DEU experiment at LNL (CN accelerator) with the OSCAR hodoscope

The 32S(3He,d)33Cl transfer reaction
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Nuclear lifetime measurements

26Al and 22Na are produced in largest amount useful for identification & 
study novae outbursts as proposed by F. Hoyle and  D. Clayton (1974)

1275-keV line is ideal to

- localize the source

- study stellar properties: 

initial luminosity

accretion rate, …
C. Fougères et al., 

AGATA experiment 5th September 2023

AGATA

3.7 10-8 MSUN

New

observatories

The lifetime of nuclear states directly affects the transition probabilities governing nuclear 
reactions, which in turn influence the reaction rates and the astrophysical processes they govern



Conclusions & perspectives

A - INFN has a long history on Indirect Methods for Astrophysics with different approach
and several outstanding results over the years;

B - This expertise covered various astrophysics scenarios, giving new cross section values at
Gamow energy;

C -  Open the path to the application with radioactive beam measurements;

D – New detectors and approach are under development to face new quests in 
multimessenger era 

Methods complementary to direct measurements
(Multi Diagnostic Experiments)
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