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Abstract. The Trojan Horse Method is an indirect technique to measure nuclear reactions of astrophysical
relevance at the energies of interest, free of Coulomb suppression and electron screening effects. Its basic
features in the framework of the theory of direct reactions will be discussed and the physics case of the 12 C+12 C
fusion will be addressed.

1 Introduction

2 Basic ideas of the Trojan Horse Method

Coulomb repulsion between like charges is a critical issue in nuclear astrophysics, being responsible for the exponential decrease of the cross section σ(E) of the relevant
nuclear reactions at astrophysical energies. Thus, its behaviour at these low energies is quite often extrapolated
from the higher energies by means of the astrophysical
S(E)-factor
S (E) = Eσ(E) exp(2πη),
(1)

The THM makes use of an appropriate three-body reaction
A + a → c + C + s performed in quasi free (QF) kinematics at energies well above the Coulomb barrier to extract
the cross section of a charged particle two-body process
A + x → c + C in the Gamow energy window. This is done
applying the theory for direct reactions, under the assumption that the nucleus a is described in terms of the x ⊕ s
cluster structure. In most of the applications performed so
far, where a = deuteron, its obvious p ⊕ n clusterization
was assumed [7–10].
The QF mechanism can be sketched using a pole diagram (see Fig.1) (Shapiro et al. 1968) with two vertexes referring to a break-up (upper vertex) and to the
A + x → c + C process (lower vertex), with s as spectator. The high energy in the A + a entrance channel ensures
that the two body interaction takes place inside the nuclear
field, without experiencing either Coulomb suppression or
electron screening effects. The A + a relative motion is
compensated for by the x − s binding energy, determining
the so called "quasi-free two-body energy" given by

with η the Coulomb parameter of the colliding nuclei, and
exp(2πη) the inverse of the Gamow factor that removes
the Coulomb dependence of σ(E). However, extrapolation
can be source of additional uncertainties for σ(E) due, for
instance, to the presence of unexpected resonances. In the
laboratory measurement of nucleosynthesis processes, another critical issue is represented by the electron screening
effect that leads to an increased cross section for screened
nuclei, σ s (E), compared to the cross section for bare nuclei σb (E) [1, 2]. Therefore, the so called screening factor,
defined as
flab (E) = σ s (E)/σb (E) ≈ exp(πηUe /E) ,

(2)

where Ue is the so-called "electron screening potential”
[1, 2], has to be taken into account to determine the bare
nucleus cross section. Indeed, this is the key parameter to
determine a reaction rate and the only way to get it measured is via indirect methods [3–5] and references therein).
They make use of direct reaction mechanisms, such as
transfer processes (stripping and pick-up) and quasi-free
reactions (knock-out reactions). In particular, the Trojan Horse Method (THM) ([3, 6] and references therein)
has been successfully applied many times in the last two
decades to reactions connected with fundamental astrophysical problems. Here we present some of the basic
ideas of the THM.
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E QF =

mx
E A − Bx−s .
m x + mA

(3)

where E A represents the beam energy, m x and mA are the
masses of x and A particles respectively, and Bx−s is the
binding energy for the x− s system. This can be retained as
a prescription to determine the best value of the beam energy to populate the relevant EQF . A cutoff in the momentum distribution reflecting the Fermi motion of s inside
the Trojan-horse a, defines the range of energies around
EQF accessible in the astrophysical relevant reaction. In
the Plane Wave Approximation, the three body-cross cross
section can be factorized as:

HOES
dσ
d3 σ
∝ [KF |ϕa (p sx )|2 ]
(4)
dEc dΩc dΩC
dΩc.m.
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three-body coincidence yield by simply inverting eq.5. In
a final step, the HOES cross section has to be related to the
relevant on-energy-shell (OES) cross section by applying
the corresponding corrections. In a heuristic approach this
consists essentially in replacing the Coulomb suppression
in the HOES cross section, by means of the penetrability
factor:
1
Pl (kAx R) = 2
(6)
Gl (kAx R) + Fl2 (kAx R)
with Fl and Gl regular and irregular Coulomb wave functions. It was demonstrated that there is no Coulomb barrier
in the two-body amplitude extracted from the TH reaction
[9, 14, 15] and this is due to the virtuality of particle x.
This seems to be the only consequence of off-energy-shell
effects as suggested by the agreement between HOES and
OES cross-sections for the 6 Li(n,α)3 H reaction [16]. This
procedure does not allow us to extract the absolute value
of the two-body cross section. However this is not a real
problem since the absolute magnitude can be derived from
a scaling to the direct data available at higher energies.
For resonant two-body reactions, (dσ/dΩc.m. )HOES has to
be worked out to determine the corresponding on-energyshell (OES) S(E) factor. The corresponding theoretical
formalism has been recently developed in a very rigorous way [17] leading to the so called modified R-matrix
approach that accounts for HOES effects due to the virtual nature of particle x. By fitting the experimental THM
cross section, the reduced width amplitude γ for entrance
and exit channels, energy levels and energy shifts can be
deduced and used to determine the astrophysical S(E) factor, since these parameters are the same in both direct and
THM data. In this way, an exact parameterization of the
astrophysical S(E) factor can be obtained overcoming the
extrapolation. If the resonance parameters of a single level
in the relevant energy region are known, they can be fixed
in the fitting procedure to obtain directly the astrophysical
S(E) factor in absolute units.
Several test studies have been performed in the past years
to validate the THM [35], such as the invariance of the
two-body reaction amplitude with changing the Trojan
Horse nucleus hiding the participant cluster x [19–21], or
the use of momentum distributions from Distorted Wave
Born Approximation instead of the simple PWA shape,
providing same results within experimental errors [42, 44].
The THM has been applied to many reactions of astrophysical interest connected to fundamental problems in
different scenarios, from BBN nucleosynthesis [7, 23–40]
to AGB and more explosive sites [41–50]. In the last years,
reactions involving heavier systems, such as 12 C and 16 O
have been investigated [51, 52].

Figure 1. Pole diagram of the a + A → C + c + s quasi free
reaction.

where KF is a kinematical factor containing the final state
phase-space factor. It is a function of the masses, momenta and angles of the outgoing particles [5]; ϕa (p sx ) is
proportional to the Fourier transform of the radial wave
function χ(r) for the x − s inter-cluster relative motion;
(dσ/dΩc.m. )HOES is the half-off-energy-shell (HOES) differential cross section for the binary reaction at the center
of mass energy Ec.m. given in post-collision prescription by
Ecm = EcC − Q2b .

(5)

Here, Q2b is the Q-value of the binary reaction and EcC is
the relative energy of the outgoing particles c and C. Using
the PWA does not change the energy dependence of the
two-body cross section but only its absolute magnitude.
In a typical THM experiment the decay products (c and
C) of the virtual two-body reaction of interest are detected
and identified by means of telescopes (silicon detector or
ionization chamber as ∆E step and position sensitive detector as E step) placed at the so called quasi free angles.
After the selection of the reaction channel, a critical point
is to disentangle the quasi free mechanism from other reaction mechanisms feeding the same particles in the final
state, e.g. sequential decay and direct break-up. An observable which turns out to be very sensitive to the reaction
mechanism is the shape of the experimental momentum
distribution of the spectator. In order to reconstruct the experimental p s distribution, the energy sharing method [11]
is applied for each pair of coincidence QF angles, selecting c-C relative energy windows of 50 to 100 keV. The extracted experimental momentum distribution is then compared with the theoretical one and further data analysis is
limited to the data lying in the region where the agreement
between the two distributions exists (usually within few
tens of MeV/c). The theoretical upper limit for the relative
momentum p xs between x and s (in the
 laboratory system
p xs = p x = −p s ) is given by κ xs = 2 µ xs Bxs that represents the on-energy-shell (OES) a = (x s) bound state
wave number [12].
In the initial idea by [13], the cutoff in p s was much higher,
of hundreds of MeV/c, because it was needed to compensate for the A + a relative motion. However, this condition
is not suitable from the experimental point of view for a
number of reasons already pointed out [3, 6]. Therefore, it
is possible to derive the HOES ((dσ/dΩcm )HOES from the

3 The 12 C+12 C fusion at astrophysical
energies
The 12 C+12 C fusion plays a key role in a broad range of
scenarios in carbon rich environments. In particular, it determines star evolution and nucleosynthesis of intermediate mass and massive stars (≥8 M ) [53]. It influences also
the lower stellar mass limit for carbon ignition. This limit
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separates the progenitors of white dwarfs, novae and type
Ia supernovae, from those of core-collapse supernovae,
neutron stars, and stellar mass black holes; it constrains
superbursts model with neutron and strange stars, in particular if resonances are found to contribute in the Gamow
peak [54]; it influences the weak component of the s process, which produces the elements between Fe and Sr. Carbon burning during the hydrostatic phase takes place from
0.8 to 1.2 GK, corresponding to center-of-mass energies
from 1 to 3 MeV. In that sub-Coulomb energy region, the
cross section falls rapidly below the nanobarn range. That
is why the measurement of the cross section below a center of mass energy Ecm of 2 MeV was never performed.
The compound nucleus 24 Mg is formed at an excitation
energy above the particle decay threshold. Alpha, proton
and neutron are the dominant evaporation channels, leading respectively to 20 Ne, 23 Na and 23 Mg, which can also be
produced in excited bound states. Below 2.5 MeV there is
not enough energy to feed 23 Mg even in its ground state
and α and p channel are the only relevant ones at low energies.
The 12 C+12 C fusion cross section at the relevant energies was thus determined from the indirect measurement of the 12 C(12 C,α)20 Ne and 12 C(12 C,p)23 Na reactions via the THM applied to the 12 C(14 N,α20 Ne)2 H and
12
C(14 N,p23 Na)2 H three-body processes in the quasi-free
(QF) kinematics regime, where 2 H from 14 N is spectator
to the 12 C+12 C two-body processes [52]. The experiment
was performed at the INFN - Laboratori Nazionali del Sud
in Catania, Italy. A 14 N beam accelerated at 30 MeV by
the SMP TANDEM was delivered onto a 100 µg/cm2 C
target with a beam spot on target smaller than 1.5 mm.
The experimental setup consisted of two telescopes (38
µm silicon detector as ∆E- and 1000 µm position sensitive
detector (PSD) as E-detector) placed on both sides with
respect to the beam direction in symmetric configuration
(two on each side), covering angles from 7◦ to 30◦ . The
ejectile of the two-body reactions (either α or p) was detected in coincidence with the spectator d particle. The
angular regions covered by the detectors were optimized
for the QF kinematics of the break-up process of interest,
and the investigated range of deuteron momentum values
was feasible to check the existence of the QF mechanism.
Several steps are involved in the data analysis (see [52])
and after their completion the two-body cross section of
astrophysical relevance was extracted for four channels:
20
Ne+α0 , 20 Ne+α1 , 23 Na+p0 and 23 Na+p1 . The yield for
the 20 Ne+α1 channel is shown in Fig. 1 (black solid dots)
projected onto the 12 C+12 C relative energy variable, Ecm .
A modified one-level many-channel R-matrix analysis was
carried out including the 24 Mg states reported in [52]. According to the results of [55] at Ec.m. ≤3 MeV, and monitoring the decrease of the penetration factors for the relevant
states, the fraction of the total fusion yield from α and p
channels other than α0,1 and p0,1 was neglected in the modified R-matrix analysis with estimated errors at Ec.m. below
2 MeV lower than 1% and 2% for the α and p channels,
respectively. The result for the 20 Ne+α1 channel is shown
in Fig. 1 as middle solid purple line with light purple band
arising from the uncertainties on the resonance parame-
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Figure 2. HOES two-body cross section for the 20 Ne+α1 channel
(black filled dots). Solid purple line plus shading from R-matrix
calculations including uncertainties of the resonance parameters.

ters, including correlations.
The resonance structure observed in the excitation functions is consistent with 24 Mg resonance energies reported
in the literature with some tendency for the even J states
to be clustered around 1.5 MeV and this might be a sign of
intermediate structure of 24 Mg associated with a 12 C+12 C
molecular configuration. The THM reduced widths thus
entered a standard R-matrix code and the S(E) factors for
the four reaction channels were determined.
The results are shown in Fig. 2 for the 20 Ne+α1 in terms
of modified S(E) factor, S(E)∗ , [56]. The black middle
line and the grey band represent the best fit curve and the
range defined by the total uncertainties, respectively. The
grey band is the result of R-matrix calculations with lower
and upper values of the resonance parameters provided by
their errors.
The resonant structures are superimposed onto a flat nonresonant background taken from [57] . Normalization to
direct data was done in the Ec.m. window 2.5-2.63 MeV
of the 20 Ne+α1 channel where a sharp resonance corresponding to the level of 24 Mg at 16.5 MeV shows up and
available data [57–60] in this region are the most accurate among those available in the full overlapping region
with THM data. The resulting normalization error is 5%.
All the existing direct data below Ec.m. = 3 MeV are shown
as blue filled circles [57], purple filled squares [58], blue
empty diamonds [59], red filled stars [60] and green filled
triangles [61]. Except for the data from [57], their low
energy limit is fixed by background due to hydrogen contamination in the targets. Disregarding these cases, agreement between THM and direct data is 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, rather a nearby one at 2.095
MeV about one order of magnitude less intense in the
20
Ne+α1 channel (see Fig. 2) and with similar intensity
in the 23 Na+p1 one. The present result is in agreement
with spectroscopy studies of [62, 63] with a deep at 2.14
MeV and no particularly strong α state around 2.1 MeV.
Further agreement is found with the unpublished exper-
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Figure 3. THM astrophysical S(E)∗ factor for the 20 Ne+α1
channel (black solid line). The grey band represents the region
spanned by R-matrix calculations with lower and upper values
of the resonance parameters. Available direct data in the investigated Ec.m. range are reported as purple filled squares [58], blue
empty diamonds [59], red filled stars [60], blue filled circles [57]
and green filled triangles [61].
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