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Abstract. Trojan Horse method plays an important part for the measurement of several charged particle in-

duced reactions cross sections of astrophysical interest. In order to better understand its cornerstones and the

related applications to different astrophysical scenarios several tests were performed to verify all its proper-

ties and the possible future perspectives. The Trojan Horse nucleus invariance for the binary reactions d(d,p)t,
6,7Li(p,α)3,4He was therefore tested using the appropriate quasi free break- ups, respectively. In the first cases

results from 6Li and 3He break up were used, while for the lithium fusion reactions break-ups of 2H and 3He

were compared. The astrophysical S(E)-factors for the different processes were then extracted in the framework

of the Plane Wave Approximation applied to the different break-up schemes. The obtained results are compared

with direct data as well as with previous indirect investigations. The very good agreement between data coming

from different break-up schemes confirms the applicability of the plane wave approximation and suggests the

independence of binary indirect cross section on the chosen Trojan Horse nucleus also for the present cases.

Moreover the astrophysical implications of the results will also be discussed in details.

1 Introduction
Fusion reactions induced by charged particles at astro-

physical energies have many experimental difficulties,

mainly connected to the presence of the Coulomb barrier

and the electron screening effect. So several indirect meth-

ods have been developed, mainly based on direct reactions

mechanisms (e.g. ANC [1, 2]) . Among them, an impor-

tant role is played by the Trojan Horse Method (THM),

usually applied at the energies of astrophysical interest,

which is discussed extensively elsewhere [3–12, 12–18].

THM allows one to extract the low energy behavior of

a binary reaction by applying the well known theoretical

formalism of the Quasi-Free (QF) process, in the simplest

cases . The basic idea of the THM is to extract the cross

section in the low-energy region of a two-body reaction

with significant astrophysical impact:

A + x → c +C (1)

from a suitable QF break-up of the so called Trojan Horse

nucleus, e.g. a=x ⊕ s where usually x is referred to as

the participant and s as the spectator particle. We refer

to previous papers and references therein for an extensive

discussion on THM and its theoretical formalism [20].

Many tests have been made to fully explore the po-

tentiality of the method and extend as much as possible
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Table 1. Physical cases for which the Trojan Horse particle

invariance was investigated. The relevant reference for each

reaction is reported in the last column.

Quasi-free process Trojan Horse particle ref.

6Li(6Li,αα)4He 6Li [23]
6Li(3He,αα)H 3He [23]
7Li(d,αα)n d [23, 25]
7Li(3He,αα)2H 3He [23, 25]
2H(6Li, pt)4He 6Li [24]
2H(3He,pt)H 3He [26]

its applications: the target/projectile break-up invariance

[21], the spectator invariance [22–24] and the possible use

of virtual neutron beams [25, 27]. In recent works [22, 23]

the spectator invariance was extensively examined for the
6Li(6Li,αα)4He and the 6Li(3He,αα)H case as well as the
7Li(d,αα)n and 7Li(3He,αα)2H reactions, thus comparing

results arising from 6Li and 3He and deuteron and 3He

break-up respectively [23]. Agreement between the sets

of data was found below and above the Coulomb barrier.

The results already obtained are reported in table 1 with

all the complete references.
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2 Study of the d(d,p)t reaction

The idea of the present paper is to see whether the same

can hold also for the d(d,p)t binary reaction, studied via

the quasi free 2H(6Li, pt)4He and 2H(3He,pt)H reactions

after 6Li and 3He break-up, respectively.

In Fig. 1, the different break-up schemes of interest

are depicted. On the left side we report the QF break-up

process which proceeds through 6Li, while on the right it

is displayed the one which goes through 3He. The two
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Figure 1. Sketch of the processes discussed in the text. Left

(a): the quasi-free reaction involving the 6Li break-up is shown.

Right (b): the 3He break-up is reported.

experiments are discussed extensively elsewhere, in par-

ticular the 2H(6Li, pt)4He reaction in [24, 29] and the
2H(3He,pt)H in [34]. In both cases the standard prescrip-

tions of the THM, as discussed in [20, 28], to extract the

energy trend of the S(E)-factor were applied. Therefore

the binary cross section is extracted from the measured

three-body one, in both experiments. The momentum dis-

tributions adopted for the data extractions were treated as

prescribed in [31] and fitted with a Hänckel function for

the 6Li break-up (most suitable for the 6Li case, as dis-

cussed in details in [30]) and with the Eckart function for

the 3He case.

The averaged results for the d(d,p)t reaction after 6Li

break-up (red dots, see [24] for details) are then compared

(see figure 2) with the ones extracted from 3He break-up

(see [34],). Data, expressed in the form of the astrophys-

ical S(E)-factor for the binary d(d,p)t reaction, were ex-

tracted from the measured three-body cross section ac-

cording to the standard THM prescriptions [20] and in

the framework of the Plane Wave Impulse Approximation.

We can point out that the errors in the 6Li break-up case

are much larger than in the case of 3He breakup. This is

mainly due to the presence of the sequential mechanism in
7Li, already discussed in [29] that decreases the number

of the QF events. Also the normalization errors and errors

connected to the penetrability factor are fully included in

Figure 2. Averaged astrophysical S(E)-factor for the d(d,p)t re-

action measured via THM after 6Li break-up ( dots) and after
3He break-up(triangles), extracted from [34] clearly showing the

Trojan Horse particle invariance.

the error bars shown in the pictures. Polynomial fits were

then performed on the data giving S0= 75 ±21 keV·b in the

case of the 6Li break-up, while for 3He one obtains S0= 58

±2 keV·b. The results are in agreement, within the ex-

perimental errors, also with previous direct measurements

[32, 33]. Coherent results from both the considered break-

up schemes (as in figure 1) are achieved, not only in terms

of the S(E)-factors but also for the electron screening ef-

fect.

3 Study of 6Li(d,α)4He

The present experiment was aimed to study the
6Li(d,α)4He reaction by means of the THM applied to

the 6Li(3He,αα)H three-body reaction (see figure 3). The

measured cross section, extracted by the THM, is com-

pared in the Ecm = 0.4 − 5 MeV energy range with several

data sets present extracted from 6Li break-up (Figure 4).

The agreement is very good throughout the whole energy

range after a separate normalization of the indirect to di-

rect data. Moreover the resonance at about 3 MeV (cor-

responding to the 25.2 MeV, 2+, energy level in 8Be) is

clearly reproduced in the data set arising from 3He break-

up.

The investigation of this energy range is not relevant

for astrophysical implications for the 6Li depletion [6] but

it provides a strong validity test for THM. In fact, as in

the excitation function extracted in an indirect way does

indeed reproduce the direct data both below and above

the Coulomb barrier. Another interesting aspect of this

analysis is the possibility to study the pole invariance of

the quasi-free mechanism [22]. It is assumed, in fact,

that changing the spectator particle in the quasi-free
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Figure 3. Sketch of the 6Li(d,α)4He processes discussed in the

text. Left (a): the quasi-free reaction involving the 6Li break-up

is shown. Right (b): the 3He break-up is reported.

Figure 4. Excitation function for the 6Li(d,α)4He reaction ex-

tracted by means of THM. The indirect data (circles) arising from
6Li break-up are compared with those extracted from 3He (trian-

gles). The agreement is clearly within the experimental errors.

process (on which is founded the THM) does not give

any change to the binary reaction of interest. This effect

has been already explored in the case of the 7Li(p,α)4He

reaction [22]. In the case of the 6Li(d,α)4He reaction

we can see that in the energy range 0.4 − 1 MeV we

can compare data for the 6Li(d,α)4He arising from the
6Li(3He,αα)H reaction (present work) with the ones

extracted from 6Li(6Li,αα)4He [4, 21] (see Fig. 4). The

agreement is very good within the experimental errors.

This strengthens a lot the present knowledge of the Trojan

Horse Method and makes the application of the method

more straightforward even with a simplified approach.
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