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Abstract. Fusion reactions play a crucial role for several astrophysical scenarios. At the low energies
typical of such environments direct measurements of reaction cross sections are very difficult, and
even sometimes impossible. In such cases the use of indirect methods can give a substantial help.
The Trojan Horse Method (THM) is based on the quasi-free break-up of a nucleus, which can be
described in terms of a cluster structure. In such applications the independence of THM results
with different break-up schemes, was tested using the quasi free*He(°Li,aa)H and *He("Li,a)?H
reactions. Results were then compared with the direct behaviours obtained from available data as
well as with the cross sections extracted from previous indirect investigations of the same binary
reactions using a different nuclide as a Trojan Horse nucleus.

1 Introduction

Fusion reactions induced by charged particles at as-
trophysical energies have many experimental difficul-
ties, mainly connected to the presence of the Coulomb
barrier and the electron screening effect. So several in-
direct methods have been developed, mainly based on
direct reactions mechanisms (e.g. ANC [1]) . Among
them, an important role is played by the Trojan Horse
Method (THM) which is discussed extensively else-
where [2-9]. In recent years many tests have been
made to deepen the knowledge of the method and to
extend its possible applications: the target-projectile
break-up invariance [10], the spectator invariance [11,
12] and the possible application to neutron beams
[13,14]. Such studies are crucial, as the Trojan Horse
method has become one of the major tools for the in-
vestigation of reactions of astrophysical interest. In a
recent work [11] a test TH nucleus invariance was per-
formed for the “Li(d,ca)n and the "Li(3He,aa)?H re-
actions, thus comparing results from deuteron and *He
targets. In Ref. [11] the "Li(p,a)*He two-body cross
section was deduced in the Plane wave impuls ap-
proximation (PWIA) using only a part of the collected
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experimental data, and compared with the direct be-
havior as well as with previous indirect data from the
"Li(d, aa)n [15]. Agreement between the sets of data
was found below and above the Coulomb barrier. This
suggests that 3He is a good ”Trojan Horse nucleus”,
in spite of its quite high 3He— d + p break-up energy
(5.49 MeV) and that the THM cross section does not
depend on the chosen Trojan Horse nucleus, at least
for the "Li-p interaction. Here we report on a recent
investigation of the Li(p,a)*He reaction by means of
the quasi free *He(°Li,aa)H. We reconsider also the
final results of 3He("Li,ar)?H experiment with all the
available collected data.

Our aim is to show that in both cases the PWIA is
valid and that the use of a different spectator particle
does not influence the THM reliability, at least for the
examined cases.

2 Experimental procedure

The Trojan Horse Method (THM) allows one to ex-
tract the low energy behavior of an astrophysically
relevant binary reaction by applying the well known
theoretical formalism of the Quasi-Free (QF) process.
The basic idea of the THM [16] is to extract the cross
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section of an astrophysically relevant two-body reac-
tion
at+z—c+C (1)

at low energies from a suitable three-body QF reac-
tion.

a+b—s+c+C. (2)

Details of the THM are described elsewhere [3,2]. The
independence of the differential cross section extracted
from the TH reaction on the TH nucleus is called TH
particle invariance of the HOES cross section [12]. It
means that the study of a binary reaction of astro-
physical interest, a(z, ¢)C, via a QF process with three
particles in the exit channel, can proceed whatever the
spectator particle is. Hence, instead of studying the bi-
nary reaction through the a(b, cC)s reaction, one can
study it by means of the a(b’,cC)s reaction.

The present paper reports on the investigation of
the Li(d,)*He and "Li(p,«)*He reactions by means
of the THM applied to the SLi(*He,aa)H and the
"Li(®*He,ac)?H three-body reactions respectively. The

experiments were both performed at the Nuclear Physics

Institute, Nuclear Reactions Department of the ASCR
in Rez (Praha). The full description of the experimen-
tal set-up adopted is described in details in [12].

The first step of the analysis is to discriminate the
three body reaction of interest from all the others in-
duced by the interaction of the 3He beam with the
LiF target. This was achieved via the standard AE/E
technique together with the investigation on the scat-
ter plot of the detected alpha-particle energies, i.e. the
so called kinematical locus for the selected events was
studied and it turns out to be in agreement with our
simulations. By means of energy conservation rules,
the Q-value spectrum for the selected events was re-
constructed. The position of a well separated peak is
compared with the theoretical Q-value of 16.87 MeV
for the Li(*He,r)H reaction. The agreement, within
the experimental uncertainties, is a signature of our
good calibration and a precise selection of the three-
body channel. Only these events falling inside the Q-
value peak were taken in account in the following anal-
ysis.

3 Data Analysis and results

The next step of the THM data analysis is the study
of the reaction mechanisms feeding the exit channel.
This is a necessary step to disentangle the QF events
from those ascribed to other mechanisms producing
the same ejectiles in the final state. In particular, for
our case, the study of the Enq, Eqp and Eq, rela-
tive energies allows one to obtain information on the
presence of excited states of ®Be and ®Li respectively.
After removing this contribution as discussed in [12]
the QF events are selected by studying the spectator
particle momentum distribution.

¢*(p,)(arb. units)

p«(MeV/c)

Fig. 1. Momentum distribution for p inside 3He obtained
as reported in the text. The FWHM is about 62+6 MeV /c.

The most sensitive variable to the involved reac-
tion mechanisms is the momentum distribution shape
|o(ps)|?. Thus, the tests to discriminate the QF con-
tribution from all the others are based on the study of
this quantity. In order to extract the experimental mo-
mentum distribution of the spectator, |¢(ps)|Z,,, the
energy sharing method can be applied to each pair of
coincidence detectors, selecting narrow energy and an-
gular windows, AF,,, and Af.,,. The center-of-mass
angle, 0., is defined in [17]. The obtained momentum
distribution for proton in *He is shown in Fig. 1. The
solid line reported in the figure represents the Fourier
transform of the Eckart function with a FWHM about
62+6 MeV /c, thus confirming the presence of the QF
mechanism. This result is consistent with what has
been observed for the *He nucleus in [18,19] as re-
gards the correlation between the transferred momen-
tum (¢; ~ 250 MeV/c in the present case) and the
width at half maximum of the experimental momen-
tum distribution (see Fig. 2 for clearness). Accord-
ing to the prescription adopted in [20], data in the
Ips] < 35 MeV/c range were chosen and used in the
further analysis.

The results were compared with recent results [18,
19] on distortion effects in reactions induced by light
nuclei. The expected FWHM of the p momentum dis-
tribution in ®*He is around 64+5 MeV/c. In Figure
2 the good agreement of these results (black dots) is
shown thus confirming what was observed for 3He in
[18,19] (solid line).

In the standard THM analysis, the half-off-energy-
shell two body cross section is derived by dividing the
experimental three-body one by the product of the

kinematic factor and |¢(ps)|Z,, [2], i.e.:
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Fig. 2. Full width of the momentum distribution for p
inside *He obtained as reported in the text compared
with the behaviour (solid line) and data (open circles) re-
ported in [18,19]. Results from present data are shown as
a full circle for the SLi(*He,aa)H and full triangle for the
"Li(®*He,oir)*H reaction.

where [(do/d$2)em]%f7 is the half-off-energy-shell dif-
ferential cross section for the a(z,c)C two body re-
action at the center of mass energy E.,, and KF con-
tains the final state phase-space factor, function of the
masses, momenta and angles of the outgoing particles.

The width of the momentum distribution, |¢(ps)|?
was set to the experimentally measured value in or-
der to account for the distortion effects arising at low
transferred momenta [18,19].

The first validity check that standard THM pre-
scriptions do recommend is to reproduce both the
angular distribution as well as the direct excitation
function both below and above the Coulomb barrier.
This is done by comparing the distributions measured
with direct methods to the one measured by means of
THM. The latter should be normalized to the direct
data.

In the present case the angular distribution was
extracted for E.,, = 2.940 MeV which was also inves-
tigated in direct measurements present in literature
[22]. In Figure 3 THM data are compared with direct
data extracted from [22] (shown as a solid line) and a
nice agreement shows up in the angular range where
overlap is present.

The THM cross section obtained according to the
standard prescription is then corrected for the pen-
etrability factor (below the Coulomb barrier) which
also make it possible the comparison of half-of-shell
and on-shell data [21]. The penetrability factor is, as
usual, described in terms of the regular and irregular
Coulomb functions [2]. In particular, due to the pres-
ence of the /=2 resonant state in the entrance Li-d
channel, a function describing the non-resonant (=0
term as well as one describing the [=2 term were taken
into account to get the THM data [12]).

The measured cross section, extracted by the THM,
is compared, after normalization, in the E.,,, = 0.4—5
MeV energy range with several data sets present in
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Fig. 3. Angular distribution for the °Li(d,a)*He reaction
extracted by means of THM (full circles). The indirect
data are compared with direct ones (solid line) from [22]
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Fig. 4. Excitation function for the SLi(d,a)*He reac-
tion extracted by means of THM. The indirect data (red
squares) are normalized and compared with direct ones
from [22] (black dots), [23] (black squares),[24] (blue cir-
cles),[25] (triangles). The agreement is clearly evident both
below and above the Coulomb barrier.

literature [22-25] (Figure 4). The agreement is very
good throughout the whole energy range after nor-
malization of the indirect to direct data. Moreover the
resonance at about 3 MeV (corresponding to the 25.2
MeV, 2%, energy level in ®Be) is clearly reproduced.
The investigation of this energy range is not rele-
vant for astrophysical implications for the %Li deple-
tion [26] but it provides a strong validity test for THM.
In fact, the excitation function extracted in an indi-
rect way does indeed reproduce the direct data both
below and above the Coulomb barrier. Another inter-
esting aspect of this analysis is the possibility to study
the TH nucleus invariance of the QF mechanism [11].
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Fig. 5. "Li(p,a)*He excitation function (full circles) ex-
tracted by means of the THM using *He as Trojan Horse
nucleus, compared, after normalization, with data ex-
tracted from d break-up (open symbols) in the whole en-
ergy range.

If we focus in the 0.4 — 1 MeV energy range, we can
compare data for the °Li(d,a)*He extracted from the
SLi(*He,a)H reaction (present work) with the ones
extracted from SLi(6Li,aa)*He [2,10] (black stars in
figure 4). The agreement is very good within the ex-
perimental errors and extensively discussed in [12].
The "Li(p,a)*He reaction was already studied with
the same method discussed before for SLi(d,a)*He.
Again a test on the TH nucleus invariance was per-
formed and results from the deuteron and 3He break-
up are compared. In Ref. [15] the "Li(p,a)*He was
studied through the deuteron break-up while in [11]
3He break-up was investigated. The same standard
analysis already presented in this paper was performed

for the "Li(p,a)*He (as reported in [11]), studied through

the *He break-up via the "Li(*He,ar)?H three-body
reaction. Here, results with the total collected events
are presented.

In Fig. 5 the data extracted through d break-up
from [15] are shown in Figure as empty circles su-
perimposed onto the full dots arising from the present
work. We can see that both resonances are reproduced
and the agreement within the whole excitation func-
tion is very good also in this case. This gives a further
validity test of the TH nucleus invariance in a dif-
ferent case and simultaneously above and below the
Coulomb barrier. Also at lower energies the behaviour
is coherent with data extracted from d break-up as re-
ported in [27].

4 Conclusion

In this paper a full investigation of the 5Li(*He,aa)H
reaction is presented. The QF contribution is extracted

and the THM applied to retrieve information on the
TH nucleus invariance of the 5Li(d,a)*He cross section
at energies above and below the Coulomb barrier. A
good agreement with the direct data is achieved as
well as with THM data from ®Li break-up is found in
the whole energy range. The TH particle invariance
is also validated for the "Li(p,a)*He cross section ex-
tracted by means of *He break-up in the "Li(*He,aa)?*H
three-body reaction. Also in this case the agreement
with direct data as well as with THM data obtained
from the deuteron break-up is evident (see [11]).

We conclude that the PWIA is valid in both cases
and that the use of a different spectator particle does
not influence the THM result.
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