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Abstract. The Trojan Horse Method (THM) represents the indirect path to determine the
bare nucleus astrophysical S(E) factor for reactions between charged particles at astrophysical
energies. This is done by measuring the quasi free cross section of a suitable three body process.
The basic features of the THM will be presented together with some applications to demonstrate
its practical use.

1. Introduction
All nuclei have positive charge and any fusion process requires considerable energy to take place,
due to the Coulomb repulsion between like charges. This is a critical issue in nuclear astrophysics
that makes the study of all nucleosynthesis processes at the relevant temperatures extremely
challenging. The Coulomb repulsion is indeed responsible for the exponential decrease of the
cross section o(FE) at those temperatures. For this reason, the behavior of o(FE) at low energy
is usually extrapolated from higher energies (usually E>100 keV) by means of the astrophysical
S(E)-factor

S(E) = Ea(E) exp(2mn), (1)

with 7 the Coulomb parameter of the colliding nuclei, and exp(27n) the inverse of the Gamow
factor that removes the energy dependence of o(F) due to the barrier tunneling. However, even
an easier extrapolation can be source of additional uncertainties for o(E) due, for instance, to
the presence of unexpected resonances.

Another critical issue in the laboratory measurement of nucleosynthesis processes is
represented by the electron screening effect. Indeed both target and projectile are usually
embedded in neutral/ionized atoms or molecules and their electron clouds are responsible for a
reduction of the Coulomb barrier. This, in turn, leads to an increased cross section for screened
nuclei, o4(E), compared to the cross section for bare nuclei o,(E) [1, 2]. Therefore, the so called
screening factor, defined as

fiab(E) = 05(E)/op(E) =~ exp(mnU./E) (2)

where U, is the so-called ”electron screening potential” [1, 2], has to be taken into account to
determine the bare nucleus cross section.
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In the stellar plasma, the cross section op(E) is related to the bare nucleus cross section by a
similar enhancement factor:

fo(E) = 0p(E)/0p(E) = exp(mnUpi/ E) 3)

that can be calculated once the plasma screening potential U, is known, depending on important
properties of the plasma such as the Debye-Hiickel radius. A measurement of U, which is needed
to calculate o4(E) from Eq. 2, would also help to better understand U,.

Low-energy fusion reactions measured so far have indeed shown the exponential enhancement
according to equation (2)[2]. However, the deduced U, values are larger than the adiabatic
limit, provided by the atomic models as the difference between the electron binding energies
of the separate atoms in the entrance channel and that of the composite atom [2, 3]. This
disagreement in laboratory experiments is yet to be justified, and prevents the effects under
astrophysical conditions to be fully understood.

A week point in the laboratory approach - and thus in the deduced U, value - is the necessity
to make an assumption for the energy dependence of o4(E) at ultra-low energies. Thus, indirect
techniques ([4] and references therein) such as the Trojan Horse Method (THM) ([5] and
references therein) , have been introduced to overcome all these difficulties. In particular, the
THM provides a successful alternative path to determine oj(E) for reactions between charged
particles. Here we recall the basic ideas of the THM and we show some recent results.

2. Features of the Trojan Horse Method

The THM ([5, 6] and references therein) makes use of a suitable A + a—c + C + s two-to-
three body process to measure the astrophysical A + x—c + C two-body reaction of interest by
establishing a relation between the two reactions based on the nuclear reaction theories. The
three-body process is chosen in such a way that target a (or equivalently the projectile) has a
wave function with a large amplitude for a x — s cluster configuration, = being the target (or
equivalently the projectile) of the two-body reaction. The selected part of the three-body phase
space is the one where the quasi free kinematics applies: the other cluster s remains spectator
to the process, and A + x—c + C can be regarded as an half-off-energy-shell (HOES) two-body
reaction, usually referred to as a quasi-free reaction. Since the three-body process occurs at an
energy above the Coulomb barrier, the main feature is the real suppression of both Coulomb
barrier and screening effects in the HOES two-body cross section. Nevertheless, the quasi-free
A+ process can occur even at very low sub-Coulomb energies because the A+ a relative motion
is compensated for by the x — s binding energy. This is indeed a different approach to the THM
[5] compared to the original idea of Baur [7], where the initial velocity of the projectile A is
compensated for by the x — s intercluster motion. In that framework a quite large momentum of
the order of 200 MeV /c or more is needed. But the relative yield of the experimental momentum
distribution at such momenta can be very small, in particular for a 1=0 inter-cluster motion (for
example p-n motion inside 2H or a-d motion inside Li). This would make very critical the
separation from other competitive reaction mechanisms. Moreover, the theoretical description
of the tails of the momentum distribution is a hard task, their shape being very sensitive to it.
In our approach to the THM, the intercluster motion is only needed to determine the accessible
astrophysical energy region. It corresponds to a cutoff in momentum distribution of s of few
tens of MeV/c. In this framework, the so called ”quasi-free two-body energy” is given by:

Mg
Fop=——"—F 4 — B,_g. 4
QF My + M A r—S ()

where F 4 represents the beam energy, m, and m, are the masses of x and A particles
respectively, and B;_s is the binding energy for the z — s system.
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In the Impulse Approximation, based essentially on the assumption that the interaction of the
spectator with particles C and c is neglected, the three body-cross cross section can be factorized
as:

dSO' ) do HOES
dEd0.dag © EE [#a(Paa)l] <dQC.m.> (5)

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 [29]; ¢, (psz) is proportional to the
Fourier transform of the radial wave function x(r) for the z — s inter-cluster relative motion;
(do/dQem )HOFS is the half-off-energy-shell (HOES) differential cross section for the binary
reaction at the center of mass energy E. ., given in post-collision prescription by

Ec.m. = EcC - Q2b . (6)

Here, Q9 is the Q-value of the binary reaction and E.c is the relative energy of the outgoing
particles ¢ and C, which spans the accessible astrophysical region defined above.

The factorization of Eq.5 is strictly valid in Plane Wave Impulse Approximation, which
changes only the absolute magnitude but not the energy dependence of the two-body cross
section.

3. Experimental ingredients

In THM experiments, the decay products (¢ and C') of the virtual two-body reaction of interest
are usually detected and identified by means of telescopes (silicon detector or ionization chamber
as AE detector and PSD as E detector) placed in a phase space region where quasi free
kinematics is dominant. After the selection of the reaction channel, a critical point is the
separation of 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 is very
sensitive to the reaction mechanism is the shape of the experimental momentum distribution
®(ps) of the spectator. To reconstruct the experimental ®(ps) distribution, the energy sharing
method [8] can be applied for each pair of coincidence QF angles: the quasi-free coincidence
yield with a cutoff in relative energy of few hundreds of keV at most is divided by the kinematic
factor, providing a quantity which is proportional to the product of the momentum distribution
for the spectator with the differential two-body cross section (see Eq.5). The window is chosen
in such a way that the differential two-body cross section in this range can be considered almost
constant. Thus, the quantity defined above represents essentially the momentum distribution
for the spectator that in PWIA can be compared with the Fourier transform of the radial x — s
bound state wave function.

Data analysis is limited to the region where the agreement between the two distributions exists.
Usually a window of few tens of MeV /c is chosen not to move too far from Eqp, according to
the prescriptions reported in [14].

Therefore, ((do/dQem)TOFS can be extracted from the three-body coincidence yield by simply
inverting Eq.5. The Coulomb barrier in ((do/dQe,) 9" is suppressed [9] and this is due to
the virtuality of particle z. 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 Li(n,a)?H reaction
[10].

The suppression of the Coulomb barrier has been tested also in scattering processes. In
particular, we have address the study of the p + p elastic scattering through the 2H(p, pp)n
reaction [11, 12]. The p+ p system is the simplest system where Coulomb and nuclear forces co-
exist and are coherent. Coherence means interference, which is destructive due to the opposite
sign of the two forces. Interference is responsible for the deep minimum in the free p + p
cross section shown in Fig.1 as solid line as a function of the p — p relative energy E,,. The
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Figure 1. THM two-body cross section (black and colored symbols) vs.pp relative energy [11]. Solid line
represents the theoretical OES p-p cross section [13]. The dashed-dotted line is the calculated HOES cross section
[11].

extracted p — p HOES cross section is shown as black and colored symbols. The dashed-
dotted line represents the calculated HOES p — p cross section as reported in [11] where the
Coulomb amplitude is strongly suppressed compared to the nuclear one. We observe a striking
disagreement between the THM (HOES) and the free p — p (OES) cross sections throughout the
region of the interference minimum, which is missing in the THM data. Instead, the calculated
HOES p — p nicely fits the THM data. A full account of the work is reported in [11, 12]. The
good agreement provides conclusive evidence of the suppression of Coulomb effects in the THM
method.

Thus, in a final step, to relate the HOES excitation function to the relevant on-energy-shell
(OES) one, Coulomb corrections have to be considered. If one looks at the angular distributions
no correction is needed because once the energy is fixed, it would mean to introduce simply a
scaling factor. Thus, the OES data are directly comparable with HOES ones projected onto the
emission angle of C' (or ¢) in the C' — ¢ center of mass system, 6., , as given by [15]:

(VA __VX) ’ (VC__ VC) (7)
[va — vx|[ve — vc|

0...,. = arccos

where the vectors va, vy, Ve, Ve are the velocities of projectile, transferred particle and outgoing
nuclei respectively. These quantities are calculated from their corresponding momenta in the
lab-system, where the momentum of the transferred particle is equal and opposite to that of s
when the quasi-free break-up takes place in the target, otherwise a little different formula has
to be used [15]. If HOES data are projected onto the E¢. axis, Coulomb suppression has to be
introduced before comparison with OES data. In a simple approach this is done by means of
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Table 1. Two-body reactions studied via the THM with measured two-to-three TH reaction
and relevant references for each reaction

Direct reaction TH reaction ref
"Li(p,a)*He "Li(d,a a)n [18]
"Li(p,c)*He "Li(*He,o )?H [19]
6Li(d,a)*He SLi(°Li,a or)*He [20]
SLi(p,a)>He 6Li(d,a 3He)n [21]
"B(p,a)*Be "B(d *Be a)n [29]
B(p,ar)"Be "B(d,"Be a)n 30, 31, 32]
9Be(p,a)°Li 9Be(d,%Li a)n 33, 34, 35]

*H(*He,p)*He  °Li(*He,p o)*He [36]
*H(d,p)*H *H(°Li,t p)*He [37]
N(p,a)t2C BN(p,a'?C)n [38]
180(p,a)"N 80(p,a'®N)n [39, 40]
"H(p,p)'H “H(p,pp)n 11, 12]
*H(d,p)*H “H(*He,t p)'H  [41, 42, 43, 44, 45]
*H(d,n)*He  ?H(*He,*He n)'H 41, 42, 44]
YF(p,a)'50 H(YF,a'%0)n [46]
70 (p,) "N *H('0,0MN)n [47]
He(2C,"2C)*He  SLi(*C,a'?C)’H [48]
n(°Li,t)*He 2H(Li,t*He)'H [10, 49]
UB(p,a)®Be H(M'B,a®Be)n [51]
BC ()60 6Li(3C,n'0)2H [52]

the penetrability factor: .
PP = G B + P (hac ) .

with F; and Gj regular and irregular Coulomb wave functions and R the so called cutoff radius
[21], which is usually chosen as the sum of the radii of nuclei A and . 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.

4. Applications

The THM was applied already many times to charged particle reactions connected with
fundamental astrophysical problems [16], from Big-Bang to stellar nucleosynthesis. A list of
reactions studied by means of the THM is given in Table 1 together with the relevant references.
In particular, low-energy cross sections for reactions producing or destroying Lithium isotopes
are fundamental for several astrophysical problems yet to be solved, e.g. understanding Big
Bang nucleosynthesis and the ”Lithium depletion” in the Sun or in other galactic stars. As for
the solar ”Lithium problem”, the present Lithium abundance on the solar surface corresponds
to a mass fraction of about 7.0x10~'! [53]; this value needs to be compared with the meteoritic
value of about 9.9 x 107°. Since the proto-solar nebula is assumed to be homogeneous at
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Figure 2. THM bare nucleus S(E) factor for the 5Li(p,a)*He reaction (red solid dots from [28] and black solid
dots for [21]. Direct data represented with open symbols as described in [28]. The blue and red ones refer to the
most recent direct experiment reported in [55, 56]. The solid line represents the polynomial fit to the THM bare
nucleus S(E) factor as reported in [28].

the beginning of the solar system, the Sun has clearly depleted Lithium by a factor 140. An
experimental program was undertaken to study p-capture reactions on %7Li, main responsible
for their destruction [17, 18, 21, 22, 23, 24, 25, 26, 27, 28]. The extracted astrophysical S(E)
factors were compared with those from direct measurements and found in fair agreement in the
energy range where screening effects are negligible. Recently, an updated reaction rate for the
Li(p, a)3He reaction has been determined using direct data of [55, 56] for a more accurate
normalization in the energy region below 300 keV (see [28] for the detailed description). The
new normalization returns a S(0)=3.44 £ 0.39 MeV b, with an S(E) factor shown in Fig.2 as red
solid dots from [22, 28] and black solid dots from [21]. Direct data are given as open symbols
as described in [28]. The blue and red ones refer to direct data of [55, 56]. The solid line
represents the polynomial fit to the THM bare nucleus S(E) factor as reported in [28]. Fitting
the low-energy data below E.,;,,=70 keV with the screening function (Eq.2) and leaving U, as
free parameter, this provides U,=350+100 eV. The new reaction rate deviates from 5% to 15%
with respect to the value reported in the Nacre compilation [54] as the temperature decreases
from 1 down to 1073 T9 (see [28] for details). Astrophysical implications of these results have
been investigated performing calculations on PMS models for 5Li and on the solar ”Lithium
problem” for “Li. A full account is reported in [28] and [24] respectively. In particular for
the "Li(p,a)3He case, it appears that the THM cross section does not significantly change the
surface Lithium abundance for the present Sun, with respect to previous results reported in the
NACRE compilation [54] because of the small discrepancy between the two rates. The Lithium
problem for the Sun is not solved and the observed Lithium surface abundance is not reproduced
by the model.

However, uncertainties on these nuclear reaction rate are now so small to move the ”Lithium
problem” to astrophysics. Other input parameters such as original metallicity, helium
abundance, convection efficiency and stellar mass have much larger uncertainties that seriously
affect any comparison between theory and observations and need to be better constrained.
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Figure 3. THM bare nucleus S(E) factor for the “Li(p,a)*He reaction (black solid dots from [18]. Direct data
represented with open symbols as described in [26]. The red and blue open circles refer to the most recent direct
experiment reported in [55] and [56] respectively. The solid line represents the polynomial fit to the THM bare
nucleus S(E) factor as reported in [26].

Recently, the new direct data by [55, 56] have been used for a better normalization also in the
"Li(p,a)*He channel [26]. The new normalization of the THM S(E) factor is shown in Fig.3 as
black solid dots. Red and blue open circles represent data from [55] and [56] respectively. The
other open symbols refer to direct data of [59]. The solid line represents the polynomial fit to the
THM bare nucleus S(E) factor as reported in [26]. The new S(0) turns out to be S(0)=53 + 5
keV b, while the fit of the low energy region including the screening function (Eq.2) returns a U,
value of U,=4254+60eV. The udated S(0) value deviates by 4% when compared with the previous
normalization in [18], while Ue deviates by about 23%. The new reaction rate experiences a
variation with respect to the Nacre one [54] from about 13% at around T9=10"3 to about 5% at
higher temperatures and astrophysical calculations need to be readdressed for several scenarios.
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