
Nuclear astrophysics
experiments with 

Trojan Horse Method
Giovanni Luca Guardo

on behalf of the AsFiN group



... 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 SYNYHESIS OF ELEMENTS

Experimental Nuclear Astrophysics



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

LUNA MV



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

Theory.vs.Experiment
→ Far to be 

understood…
Stellar Plasma

S
( E

) (
M

eV
b)

3He + 2H → p + 4He



Indirect Methods

❖ Coulomb dissociation
G. Baur et al. Annu. Rev. Nucl. Part. Sci. 46,321,(1996)

to determine the absolute S(E) factor of a radiative capture reaction A+x→B+
studying the reversing photodisintegration process B+ →A+x

❖Asymptotic Normalization Coefficients (ANC)
A.M. Mukhamedzhanov et al.:  PRC 56,1302,(1997)

to determine the S(0) factor of the radiative capture reaction, A+x→B+ studying a 
peripheral transfer reaction into a bound state of the B nucleus

❖Trojan Horse Method (THM)
C. Spitaleri, Problems of Fundamental Modern Physics, II, (World Sci.,1991), p. 21.  

C. Spitaleri et al.,  Phys. of  Atomic Nuclei, 74  (2011)  1725
to determine the S(E) factor of a charged particle reaction A+x→c+C



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 papers→ Spitaleri C. et al., PAN, 2011
Tribble R. et al., Rep. Prog. Phys. 2014
Spitaleri C. et al., EpJ A, 2019
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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.

Theorethical Approach

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



Virtual nature of x particle →A+x interaction is off–energy shell

Cross section of the bare nucleus but NO absolute value →
normalization to direct data available at higher energies

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

where:
- Mi (pxaRxa) describes the transfer amplitude for the QF-process; 
- γxa and γCc represents the reduced partial widths for the 

resonant excited states that are the same of the direct 
measurements

THM Cross Section

La Cognata et al., ApJ, 777, 143, 2013



Study of the 17O(n,α)14C 
reaction: extension of the 

Trojan Horse Method to 
neutron induced reactions 



•Inhomogeneus Big Bang Nucleosinthesys (IBBN)
The reaction 17O(n,α)14C represents one of the main channel for 14C 

production, a key element for the 22Ne production via
14C(α,γ)18O(n,γ)19O(β)19F(n,γ)20F(β)20Ne(n,γ)21Ne(n,γ)22Ne

•Weak component s-process
17O(n,α)14C and 17O(α,n)20Ne since they act as a neutron poison and a 

recycle channel during s-process nucleosinthesys in massive stars
(M>8MSUN)

Astrophysical Scenario
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(M>8MSUN)

Astrophysical Scenario

Temperature → 0.8<T8<11 K
Energy range→ ~0-100 keV



Status of the Art

•R. M. Sanders, Phys. Rev., 104, 1434 (1956)
INVERSE REACTION 14C(α,n)17O

* P.E.Koehler & S.M.Graff, Phys. Rev., C44(6), 
2788 (1991)  

oH. Schatz et al., Astroph. J., 413, 750 
(1993)

Δ J. Wagemans et al., Phys. Rev., C65(3), 34614 
(2002)

F. Ajzenberg-Selove, Nucl. Phys., A475, 1 (1987)

Subthreshold Level

Ec.m. (keV) 18O* (MeV) Jπ

-7 8.039 1-

75 8.125 5-

166 8.213 2+

236 8.282 3-Available in literature

Suppressed due to the centrifugal barrier



Preliminary Study

This allows then to determine the 
experimental apparatus:

14C detection→ 6°<θC<10°

α detection→15°<θα<20°
→23°<θα<31°

Black points: kinematic calculations
Red points: kinematic calculations + |ps|<5 MeV/c

17O+2H, Ebeam=43.3 MeV

Deuteron as source of virtual 
neutrons!!



Experimental Setup

2H

n
17O

p

14C

α

➢The reaction 17O(n,α)14C was studied via the 
2H(17O,α14C)p ,  Vcoul=2.3 MeV;
➢The deuteron is the TH nucleus. Strong cluster 
n+p; B=2.2 MeV, |ps|=0 MeV/c .

✓ Experiments performed at ISNAP at the University of 
Notre Dame (USA) and LNS of Catania;

✓ Ebeam(17O)= 43.5 MeV;

✓ Target thickness CD2 150 µg/cm2;

✓ IC filled with 50 mbar isobutane gas;

✓ Angular position to cover the QF angular region

✓ Symmetric set-up in order to increase the statistic.



Data Analysis: Channel Selection

2H(17O,α14C)p  ->  Qvalue=-0.407 MeV

» Selection of the events
with carbon in the final
state

» Presence of a peak
centered at the 
expected value

» Comparison between
experimental and 
simulated kinematical
locus 



Data Analysis: Sequential Mechanisms

» Presence of vertical loci corresponding
to 18O;
» Presence of 15N levels but far
from the zone of interest;
»Absence of horizontal loci from 5Li.
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1) The experimental yield of the                     
Ec.m.(MeV)=Eα14C-1.818  has been studied;

2) Spectra are obtained with different condition 
on the undetected proton momentum;

3) The yield is enhanced around low-neutron 
momenta and decrease for  40<|pp|<60 MeV/c;

4) The coincidence yield appears strongly 
influenced by the p-n momentum distribution 
in the deuteron (having its maximum at 0 
MeV/c). 

Data Analysis: QF Selection
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Theoretical Hulten Function
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By following the PWIA approach it is possible to 
extract the experimental momentum distribution:

Data Analysis: QF Selection

DWBA calculation (FRESCO code)
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By following the PWIA approach it is possible to 
extract the experimental momentum distribution:

Data Analysis: QF Selection

DWBA calculation (FRESCO code)



ℓ=1 distribution: will
be compared with
the available data

ℓ=2 distribution: no data 
present in literature

ℓ=3 distribution: no data 
present in literature
(suppressed in direct

measurements)

After the study of the 3-body 
channel and the QF selection, it
is important to study the 2-
body one. The angular range
covered in the experiments in 
the c.m. system allows one to
study the angular distributions

Gulino et al., PRC 87, 012801 (2013)

Data Results: Angular Distributions



Ecm (keV) Γn (eV) Γα (eV) ΓTOT (eV) Γwag. (eV)

-7 0,01±0,001 2362±307 2362±307 2400

75 0,05±0,006 36±5 36±5 -

166 86±11 2171±282 2257±293 2258±135

236 1714±446 13021±3386 14735±3832 14739±590

Guardo et al., Phys. Rev. C, 95, 025807, 2017

Data Results: R-Matrix Fit



Possible impact 
on stellar 

nucleosynthesis?

Data Results: Astrophysical Rate



Recent Results of THM

Three open channels:
• 19F(p,α0)16O
• 19F(p,απ)16O
• 19F(p,αγ)16O



Recent Results of THM

FACTOR up to 5 in 
reaction rate!



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.

N A T U R E | www.nature.com/ nature
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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

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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14N beam @LNS TANDEM

1.5 month beam-time

Nearly 100%LNS-made experiment

Future perspectives: 

Chieffi & Limongi in ASFIN PG

Starting 07/2018



Recent Results of THM

THM successfully applied to RIBs

Experiment in CNS RIKEN and Texas A&M



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)



Advantages of THM

A - It is possible measure the bare nucleus cross section sb ( or the bare nucleus
Astrophysical Factor Sb(E) ) at  Gamow  energy for reactions involving charged 
particles and neutron.

No extrapolation 

B - It is possible to measure   excitation function in  a “ relatively” short time  
because typical order of magnitude for a three- body cross- section is mb; 

C - One of the few ways to measure the electron screening effect; comparison 
with direct data;

D - Application to the  radioactive beam measurements;



Main limitations of THM
A- Preliminary study of quasi-free mechanism and 

tests of validity are necessary.

- Presence of different 3-body reaction mechanisms

(Sequential Decay – Quasi-Free)

B- No absolute cross section is measurable:

-The excitation functions  at energies above/below  Coulomb 

barrier must be known from direct measurements;

C- Measurements  with high angular and  energy resolutions are needed;

D-Theoretical analysis is needed:

- PWIA, MPWBA     

TH Method is complementary to direct measurements
as well as other indirect methods.
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