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The Trojan Horse nucleus invariance for the binary reaction cross section extracted from the
Trojan Horse reaction was tested using the quasi free *He(°Li,aa)H and *He("Li,aa)*H reactions.
The cross sections for the °Li(d, a)*He and “Li(p, a)*He binary processes were extracted in the
framework of the Plane Wave Approximation. They are compared with direct behaviors as well as
with cross sections extracted from previous indirect investigations of the same binary reactions using
deuteron as Trojan Horse nucleus instead of >He. The very good agreement confirms the applicability
of the Plane Wave Approximation which suggests to the independence of binary indirect cross section
on the chosen Trojan Horse nucleus, at least for the investigated cases.

PACS numbers:

I. INTRODUCTION

The study of nuclear reactions induced by charged particles at astrophysical energies has many experimental diffi-
culties, mainly connected to the presence of the Coulomb barrier and the electron screening effect. For these reasons
several indirect methods have been developed, mainly based on direct reactions. Among them, an important role
is played by the Trojan Horse Method (THM). It has been applied to several reactions in the past decade [1-12]
at the energies relevant for astrophysical applications, which usually are far below the Coulomb barrier. In recent
years many tests have been made to deepen the knowledge of the method and extend its possible applications: the
target-projectile break-up invariance [13], the spectator invariance [14] and the possible application to neutron beams
[15, 16]. Such studies are crucial, as the Trojan Horse method has become one of the major tools for the investigation
of reactions of astrophysical interest (for a recent review see, e.g. [17]). In a recent work [14] a test TH nucleus
invariance was performed for the "Li(d,aa)n and the "Li(*He,ar)?H reactions, thus comparing results from deuteron
and ®He targets. In Ref. [14] the "Li(p,«)*He two-body cross section was deduced in the PW approach using only
a part of the collected experimental data, and compared with the direct behavior as well as with previous indirect
data from the "Li(d, ca)n [18]. 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.

The present paper will be devoted to the investigation of the TH nucleus invariance for the °Li(d,a)*He case at
energies above and below the Li-d Coulomb barrier and to the re-analysis of the "Li(p,a)*He reaction using all
available experimental data. Our aim is to show that in both cases the Plane Wave Approximation (PWA) is valid
and that the use of a different spectator particle does not influence the THM reliability, at least for the examined
cases.

II. TROJAN HORSE METHOD

The Trojan Horse Method (THM) allows one to extract the low energy behavior of an astrophysically relevant
binary reaction by applying the well known theoretical formalism of the Quasi-Free (QF) process. Both the THM
and QF processes are direct mechanisms in which the interaction between an impinging nucleus and the target can
cause the break-up of the target (TBU) or of the projectile (PBU) (see a schematic description in Figure 1). In



FIG. 1: (Color online) Schematic representation of a three-body (in the final channel) reaction used in the Trojan horse method.

particular, these processes have three particles in the exit channel, one of which can be thought as a spectator to
the binary interaction of interest. In case of TBU and referring to Fig. 1, the assumption is that of an interaction
between the impinging nucleus a and one of the clusters constituting the target (called participant, x), while the
residual nucleus, s, does not participate in the reaction. The spectator s is free from any effect due to the interaction
between the incoming nucleus and the participants, reflecting in the exit channel the same momentum distribution
for the inter-cluster (xs) motion inside b it had before the occurrence of the QF break-up.

The basic idea of the THM [19] is to extract the cross section of an astrophysically relevant two-body reaction

a+zx—c+C (1)

at low energies from a suitable three-body QF reaction (see Figures 1 and 2).

a+b—s+c+C. (2)

Under appropriate kinematical conditions, the three-body reaction a(b,cC)s is considered as the decay of the
”Trojan Horse” b into the clusters = and s followed by the interaction of a with z. If the bombarding energy E,
is chosen high enough to overcome the Coulomb barrier in the entrance channel of the reaction, the effect of the
Coulomb barrier and electron screening effects are negligible.

Application of the THM significantly simplifies if the PWA is valid. In the PWA the triple differential cross section
in the center-of-mass of the TH reaction can be written as

d3O.TH 3) 17 ) ,
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is the kinematical factor for the triple differential cross section, IY, (k) is the Fourier transform of the overlap
function of the bound state wave functions of nuclei b, s and z, p;; is the relative momentum of the real (on-the-
energy-shell) particles, k;; is the relative momentum of particles ¢ and j when one (or both particles) is virtual
(off-the-energy-shell), E;; and p;; are the relative kinetic energy and the reduced mass of particles ¢ and j, €Q;;
is the solid angle between particles ¢ and j, F = a+ 2 = ¢+ C. M (Kyq, Pec) is the reaction amplitude, which
describes the binary sub-reaction (1) with virtual particle « in the entry channel of the reaction. Hence we can call
the M (kgq, Pec) half-off-energy-shell (HOES) reaction amplitude. As a scalar function, M (Kzq4, Pec), in contrast
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FIG. 2: Left (a): Diagram describing the QF mechanism in the case of *He-breakup. Right (b): Diagram describing the QF
mechanism in the case of SLi-breakup.

to the on-the-energy-shell binary reaction amplitude, due to the virtual character of x, depends on three kinematical
invariants kzq, pec and Ko - Pec. Here, p = p/p. However, it can be shown that in the QF kinematics k,, can be
expressed in terms of p.c, i. e. in the QF kinematics M (k.q, pcc) depends, as the on-shell binary reaction amplitude,
only on two kinematical invariants. To show it we take into account that in the PWA [9]
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Here, £, is the binding energy of b for the virtual decay b — s + z. Thus, in the TH reaction always py, =
V2 praz Eaz < kaz. In the QF kinematics, ks, = 0, and Eq. (5) reduces to

2
kaz

Ea:z: =
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— Esz- (6)

But E,; and E.c = pgc /(2 pec) are connected by the energy conservation Fu, + Q2 = E.c, where Q2 = m, + m, —
me —me. Thus in the QF kinematics one can express kg, in terms of k.c. Hence, in the QF the amplitude of the
HOES binary reaction M (kyq, pec) depends only two independent variables p.c and k.4 - Pec-

The success of THM relies on the QF kinematics (equivalent to ps ~ 0 for nuclei like *He or 2H), at which the
TH conditions are best fulfilled. The occurrence of the QF mechanism at low energies has been pointed out in a
number of works [18]. We will see how by applying the conditions on the momentum distribution of the spectator,
as discussed in Ref. [20], we can use the quite simple PW. This was already observed for the first time in Ref. [21].
It has also been verified that for spectator momenta around zero the PW gives results similar to those obtained by
more complicate approaches, as reported in Ref. [22].

Now we can introduce the HOES two-body differential cross section for the binary reaction (1)

dUHJrOESJrC (2) 2
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is the kinematical factor. It is important to underline that we have degree of freedom when defining the HOES
differential cross section because the entry channel is off-the-energy-shell, i.e. we can use as the entry momentum k.,
Or Paz- In Eq. (7) we use the latter. Then the TH triple differential cross section can be written in a factorized form



TABLE I: Experimental details of the set-up described in the text.

Detector distance (mm) angular range (deg)
PSD1 210 63-77

PSD2 210 23-37

PSD3 210 63-77

PSD4 210 113-127

in terms of the HOES differential cross section whose energy trend is the point of interest for the THM. Its absolute
value can be extracted through normalization to the direct data available at higher energies.

d3 TH A d HOES
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Thus, if the PW is valid, the HOES differential cross section for the binary sub-reaction determined from the TH
reaction does not depend on the type of the TH nucleus b = (sx):

daf+oacE—>Sc+C _ & 1 d3UTH (10)
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This independence of the HOES differential cross section extracted from the TH reaction on the type of the TH
nucleus is called TH nucleus invariance of the HOES cross section. It means that the study of a binary reaction of
astrophysical interest, a(z, c)C, via a QF process with three particles in the exit channel, can proceed whatever the
spectator particle is. Hence, instead of studying the binary reaction through the a(b, cC)s reaction, one can study it
by means of the a(b,7 cC)s, reaction, as it can be seen by comparing the lower part of the two diagrams in Fig. 2, for
example. This represents the invariance of the lower vertex describing the binary sub-reaction amplitude with respect
to changes in the upper one (break-up of Trojan horse nucleus).

III. THE EXPERIMENT

The present experiment was aimed at studying the °Li(d,a)*He reaction by means of the THM applied to the
SLi(3He,aa)H three-body reaction. The experiment was performed at the Nuclear Physics Institute, Nuclear Reactions
Department of the ASCR in Rez (Praha). The isochronous cyclotron provided a 17.5 MeV 3He beam with intensity
of 2 enA with a diameter of about 2 mm on target. The isotopically enriched SLiF target of about 280 ug/cm? was
placed with its normal parallel to the beam axis. The experimental setup aiming to detect the two alpha particles,
consisted of four 50x10 mm? Position Sensitive Detectors (PSD). For particle identification two 450 mm? 25 um thick
Ametek silicon detectors were placed in front of two different PSD’s as AE step of a standard AE/E telescope. The
angular positions of such detectors were chosen in order to cover the largest part of the kinematic conditions where
a strong QF contribution is expected, i.e. to cover the angular regions corresponding to low momenta of the third,
undetected particle (in our case a proton). The experimental features of the set-up are summarized in table I. The
choice of such angular ranges is crucial for the following analysis via the THM, since they were chosen within the QF
angular pairs. The signals of each detector were processed by a standard electronic chain which provided also the
experiment trigger defined by the PSD1-PSD3 and PSD2-PSD4 coincidences (logical OR).

IV. DATA ANALYSIS

The detectors used in the experimental run were calibrated both in energy and position. Standard reactions and
scatterings of the 17.5 MeV 2He beam with a gold and carbon target were used in the preliminary calibration runs
as well as alpha source. The angular calibration was performed by means of a grid, placed in front of each detector.
The angular positions of each slit in the grids was measured by means of optical methods with a spatial resolution of
about 0.2°.

The first step of the analysis is to discriminate the three body reaction of interest from all the others induced by
the interaction of the 3He beam with the LiF target. Using the standard AE/E technique (see Fig. 3), it was possible
to select the alpha particles in the telescope detector while no identification of the other alpha particle was needed
since the high Q-value (Q3=16.87 MeV) in the exit channel assures a good separation from the other possible exit
channels. The scatter plot of the detected alpha-particle energies, i.e. the so called kinematical locus (Fig. 4), for
the selected events was studied and it turns out to be in agreement with our simulations. Since the experimental
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FIG. 3: (Color online) AE/E matrix for telescope T1 with the experimental cut for *He adopted for the present analysis.
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FIG. 4: Experimental kinematic locus (solid thick circles) for 6,1=70°£1° and 0,2=70°+1° superimposed onto the result of a

simulation (thinner circles) as discussed in the text.

set-up was conceived in order to allow for a complete kinematic reconstruction, under the hypotheses that the third
undetected particle has mass number 1, all the variables of interest were calculated. By means of energy conservation,
the Q-value spectrum for the selected events was reconstructed and given in Figure 5. The position of a well separated
peak is compared with the theoretical Q-value of 16.87 MeV for the SLi(*He,aa)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 the events falling inside the Q-value peak, arising from the °Li(*He,cc)H reaction, are taken in account in the

following sections.
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FIG. 5: (Color online) Q-value spectrum for the °Li(*He,aa)H reaction. The theoretical value is around 16.87 MeV.

V. IDENTIFICATION OF THE QF CONTRIBUTION

The next step of the THM data analysis is the study of the reaction mechanisms feeding the exit channel. This is
a necessary stage 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 E,q, Eop and E,, relative energies allows one to
obtain information on the presence of excited states of ®Be and °Li respectively. From such analysis different states
of 8Be were recognized as horizontal loci in Figure 6. In particular the contribution of the 25.2 MeV (J7=2%) state
corresponds to a [ = 2 resonance in the ®Li-d system at 2.8 MeV must be carefully evaluated. A contribution at
about 1.7 MeV in the a-p relative energies, Eo3, can be attributed to the presence of the ground state of the °Li.
This last contribution is clearly related to Sequential Mechanism for which the formation of °Li produces in the exit
channel the same particles of interest for our application (o, @ and p). Such mechanism causes then a background
for the experimental data and should be removed before proceeding to further analysis. Moreover according to [23]
the Final State Interaction (FSI) is relevant for Fa3 (or equivalently Ej3) around 1.9 MeV. For this reason and in
order to discard the sequential mechanism shown above, we restricted our analysis only to data with both E;3 and
Es3 larger than 2.5 MeV, thus ensuring that the sequential decays are not present and that FSI contribution in the
following analysis is negligible.

A. Evidences for QF mechanism

Among all the available observables, the most sensitive to the involved reaction mechanisms is the shape of the
momentum distribution |p(ps)|?. Thus, the tests to discriminate the QF contribution from all the others are based on
the study of this quantity. In order to extract the experimental momentum distribution of the spectator, |¢(ps) EIP,
the energy sharing method can be applied to each pair of coincidence detectors, selecting narrow energy and angular
windows, AFE.,, and Af.,,. The center-of-mass angle, 0.,,, is defined following [24]. The E.,, cut, AE.,,=100 keV,
is displayed in the E.,, vs. ps 2D spectrum for 6., = 90 + 5° (Fig. 7).

Keeping in mind the factorization of Eq. (10), since [(do /dS2).m]7OFS is nearly constant in a narrow energy and 0.,
window, one can get the shape of the momentum distribution of the undetected proton directly from the coincidence
yield divided by the kinematical factor. After this test we can stress the role of the proton as a spectator to the QF
process. The obtained momentum distribution for proton in *He is shown in Fig. 8. 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 [25, 26]
as regards the correlation between the transferred momentum (¢; ~ 250 MeV/c in the present case) and the width at
half maximum of the experimental momentum distribution (see Fig. 9 for clearness). According to the prescription
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FIG. 6: (Color online) Relative energy two-dimensional plot. The level associated to °Li is marked with a red line.
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FIG. 7: (Color online) Relative energy vs. ps two-dimensional plot for 6., = 90 = 5°. The red box shows the narrow energy
cut adopted.

adopted in [20], data in the |ps| < 35 MeV/c range were chosen and used in the further analysis.

The results were compared with recent results [25, 26] on distortion effects in reactions induced by light nuclei. The
expected FWHM of the p momentum distribution in *He is around 6445 MeV /c. In Figure 9 the good agreement of
these results (black dots) is shown thus confirming what was observed for >He in [25, 26] (solid line).

VI. RESULTS

In the standard THM analysis, the two body cross section (Eq. (10)) is derived by dividing the experimental three-
body one by the product (A3/A2) |12, (pss)|? (which is calculated by means of a Monte Carlo simulation). The width of
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FIG. 8: Momentum distribution for p inside *He obtained as reported in the text. The FWHM is about 62+6 MeV/c.
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FIG. 9: 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) reported in [25, 26]. Results from present data are shown as a full circle for the °Li(*He,aa)H
and full triangle for the "Li(*He,cr)*H reaction (see section VII). A nice agreement is evident.

the momentum distribution was set to the experimentally measured value in order to account for the distortion effects
arising at low transferred momenta [26]. The first validity check that standard THM prescriptions do recommend is
to reproduce 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.

The THM cross section is corrected for the penetrability factor (below the Coulomb barrier) which also make it
possible the comparison of half-of-shell and on-shell data [27]. The penetrability factor is, as usual, described in terms
of the regular and irregular Coulomb functions [3]. In particular, due to the presence 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
was taken into account to get the THM data. For each contribution two different normalization coeflicients were
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FIG. 10: (Color online) Excitation function for the ®Li(d,a)*He reaction extracted by means of THM. The indirect data
(red squares) are normalized and compared with direct ones from [28] (black dots), [29] (black squares),[31] (blue circles),[32]
(triangles). The agreement is clearly evident both below and above the Coulomb barrier.

determined by comparison with the direct data (following the same procedure reported in [6]).

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 literature [28-31] (Figure 10). The agreement is very good throughout
the whole energy range after normalization 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 relevant for astrophysical implications for the °Li depletion [33] but
it provides a strong validity test for THM. In fact, as in [6], 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 TH nucleus invariance of the QF mechanism [14]. Tt is assumed, in fact, that
changing the spectator particle in the QF process (on which is founded the THM) does not give any change to the
binary reaction of interest. If we zoom in the energy range 0.4 — 1 MeV in the present data, we can compare data for
the SLi(d,a)*He arising from the °Li(®He,ac)H reaction (present work) with the ones extracted from °Li(°Li,aa)*He
[3, 13] (see Fig. 11). The agreement is very good within the experimental errors.

VII. THE "LI(P,a)*HE REACTION VIA DEUTERON AND *HE BREAK-UP

The “Li(p,a)*He reaction was already studied with the same method extensively discussed before for 6Li(d,a)*He.
Again a test on the TH nucleus invariance was performed and results from the deuteron and 3He break-up are
compared. In Ref. [18] the "Li(p,a)*He was studied through the deuteron break-up while in [14] *He break-up was
investigated. The two different break-up schemes are reported in Figure 12. The same standard analysis already
presented in this paper was performed for the "Li(p,a)*He (as reported in [14]), studied through the 3He break-up
via the "Li(®He,ac)?H three-body reaction. Here, results with the total collected events are presented. A re-analysis
of the experimental momentum distribution for the relative d-p motion in >He is reported in Fig. 13

The line superimposed onto the experimental data is again the Eckart function. The very good agreement confirms
that the QF mechanism is the dominant process in the selected phase space region. As in the previously examined
case, only events with |ps| < 30 MeV/c are used for the further analysis. In Fig. 14 the number of events projected
onto the E.,, axis is shown as a function of the spectator momentum interval. We can clearly see how going from
plot a), corresponding to events with |ps| < 20 MeV/c, the number of events is greatly decreasing, until becoming
negligible for conditions far-away from QF ones (plot ¢)). This is taken as one of the most evident signatures of the
quasi free mechanism.

In Fig. 15 the comparison of the direct and indirect excitation functions is presented in the whole explored energy
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FIG. 11: (Color online) Excitation function for the ®Li(d,a)*He reaction extracted by means of THM. The present data (red
circles) are compared with the ones extracted from the SLi break-up (blue circles, [3]). The TH nucleus invariance test is clearly
fulfilled. The two data-sets were normalized to direct data separately.

(a) (b)

FIG. 12: Different break-up schemes adopted for studying the “Li(p,a)*He reaction. On left (a) the process is studied after
3He break-up while on the right (b) after deuteron break-up .

range. The full dots represents the indirect data while the direct ones [29, 32, 34] are reported for comparison and
normalization. The agreement is evident throughout the whole energy range. The data extracted through d break-up
from [18] are shown in Figure 16 as empty circles superimposed onto the full dots. We can see that both resonances
are reproduced and the agreement within the whole excitation function is very good also in this case. This gives a
further validity test of the TH nucleus invariance in a different 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 reported in [35].
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FIG. 13: Momentum distribution for p inside *He obtained as reported in the text.

VIII. CONCLUSION

In this paper a full investigation of the ®Li(*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 SLi(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 extracted by means of *He break-up in the “Li(*He,a)?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 [14]).

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