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Abstract. The Trojan Horse Method (THM) was applied to the 3He+"Li interaction in order to investigate
the quasi-free 7Li(p, a)4He reaction. The three-body experiment was performed at 33 MeV corresponding
to a "Li-p relative energy ranging from 50keV to 7MeV. The extracted 7Li(p7 a)4He quasi-free cross-
section was compared with the behavior of direct data, as well as with the result of a previous THM
investigation on the "Li(p,a)*He reaction off the neutron in H. A good agreement between data sets
shows up throughout the energy range investigated, providing a very important validity test of the pole

approximation for the THM.

PACS. 24.10.-i Nuclear-reaction models and methods — 25.40.-h Nucleon-induced reactions

1 Introduction

In the last years, the Trojan Horse Method (THM) [1,
2,3,4,5,6,7,8,9,10,11,12] has proven to be a successful
indirect approach for studying charged-particle two-body
reactions relevant for astrophysics. The Trojan Horse
Method selects the quasi-free contribution of an appro-
priate three-body A + a — ¢+ C + s reaction performed
at energies well above the Coulomb barrier to extract the
relevant two-body A 4+ x — ¢ + C reaction cross-section
at astrophysical energies free of Coulomb suppression as
well as electron screening effects. The method is based on
previous studies on quasi-free (QF) scattering and reac-
tions [13,14,15,16,17], where evidence for a QF mecha-
nism at energies of few tens of MeV was observed and
justified by the high momentum transferred to the out-
going particles, due to the high @-value of the reactions
involved. When applying the method, kinematical condi-
tions are appropriately chosen in order that s be specta-
tor to the process and the z-s binding energy “enough” to
compensate for the A+a relative motion. The prescription
to calculate the accessible astrophysical energy region is
given by

Aqu =Fpy — Bz £ EIS7 (1)

where F 4, is the beam energy in the center of mass of the
two-body A-z system, B, represents the binding energy
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for the x-b system and FE,, describes their inter-cluster
motion within a chosen cutoff in momentum. A key role is
thus played by the “Trojan Horse nucleus” a, whose wave
function is required to have a large amplitude for a x — s
cluster configuration. However, a general view of the in-
fluence of its bound structure on the validity of the pole
approximation for the THM is still missing. Recently this
problem was addressed within an experimental program to
indirectly study relevant reactions destroying Li isotopes
in stellar environments. In particular the “Li(p, a)*He re-
action, key reaction in the so-called “Li problem”, was
first investigated via ?H break-up and then by picking
the proton up from >He. From the first investigation via
the 2H("Li, aa)n break-up process, very interesting results
were obtained [3,6,7,18]. Two resonances, associated with
the group of ®Be states between 19.9 and 20.2 MeV and
that around 22.2MeV of excitation energy, contributing
to the "Li-p direct cross section, could be observed also
in the indirect "Li-p excitation function [18]. Moreover,
the behavior of the THM S(E)-factor at low energy was
found to be in very good agreement with that of stan-
dard measurements in the region where screening effects
are negligible. Estimates of the bare nucleus Sy factor and
electron screening potential U, were obtained in PWIA [6]
as well as applying the more sophisticated MPWBA [5,7],
confirming the values from direct measurement, but with
smaller errors. Direct values are indeed affected by larger
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Fig. 1. Diagram representing the quasi-free A+a— c+C+s re-
action; the nucleus A interacts only with the cluster z, leaving
particle s as spectator to the process.

uncertainties due to the extrapolation procedure employed
to get them [19]. In the present paper the THM results of
the "Li(p, a)*He reaction via the "Li(3He, ac)?H three-
body experiment analysed in PWIA are presented. A 7Li-
p relative energy range (0.2-7MeV) including the men-
tioned resonances, was populated. Results may be even-
tually different due to the presence of a different “Trojan
Horse nucleus” (*He instead of 2H). Moreover a charged
spectator, as in the present case, may introduce some dis-
tortions in the exit channel. A good agreement between
direct and indirect two-body excitation functions also in
this case, would provide a very important validity test of
the pole approximation as well as of invariance of the re-
action amplitude for the two-body channel.

2 Plane-Wave Impulse Approximation

In the phase space region where the QF mechanism is
expected to be present, the Impulse Approximation [20,
21] can be applied, which describes the quasi free A+a —
¢+ C + s reaction by a Pseudo Feynman diagram (see
fig. 1).

A pole of the diagram refers to the break-up of the
target nucleus a into the clusters x and s, and the other
one contains the information on the virtual A+x — ¢+ C
two-body process. In order that this description be valid,
the following conditions have to be fulfilled [20]:

— The momentum transfer sufficiently high or equiva-
lently the associated wavelength sufficiently smaller
(less than 1fm). Consequently the A — x interaction
can be considered confined.

— The incident center-of-mass energy higher than the
binding energy of clusters z-s.

In the Plane-Wave Impulse Approximation (PWTA) the
cross section of the three-body reaction can be factorized
into two terms corresponding to the two poles of fig. 1 [22,
23] and it is given by

d3o
dE.d2.d2c

do of f
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where

— [(do/d$2) em]°77 is the off-energy-shell differential cross
section for the two body A(z,c)C reaction at the
center-of-mass energy FE.,, given in post collision pre-
scription by

Ecm = Ec—C - Qva (3)

where Qo is the two body @Q-value of the A+x — c+C
reaction and F.¢ is the relative energy between the
outgoing particles ¢ and C.

— KF is a kinematical factor containing the final-state
phase-space factor and it is a function of masses, mo-
menta and angles of the outgoing particles:

K - Maame pep? Kpsx B pcc> .pc}l @
(27T)5h7 PAa HBx me Pc

— &(py) is the momentum distribution of the spectator
particle. In PWIA it is given by the Fourier trans-
form of the radial wave function x(r) for the z-s
inter-cluster motion, usually described in terms of
Hankel, Eckart and Hulthén functions depending on
the z-s system properties. Within momentum values
of 40-50MeV /¢, its shape cannot be distinguished
by those ones associated with more sophisticated ap-
proaches.

In the experimental work reported in the present paper,
the validity conditions of the IA appear to be fulfilled. In-
deed 3He has a quite high energy of 33 MeV (610 MeV /c
in momentum) corresponding to an associated de Broglie
wavelength of 0.32fm, much smaller than the 3He mean
square radius of 1.95fm. Once measured the three-body
cross-section, one can extract the cross-section for the
A + z interaction from eq. (2), under the assumption
that off-energy-shell effects are negligible. However, this
assumption has to be verified from comparison with di-
rect data.

3 The experiment

The "Li(*He, ar)?H experiment was performed at the Nu-
clear Physics Institute of ASCR in Rez, near Prague. A
33 MeV 3He cyclotron beam was delivered onto an isotopi-
cally enriched lithium fluoride target ("Li ~ 95%). Two
silicon AFE-FE telescopes for a’s identification, consisting
of 20 um AFE- and 1000 ym position-sensitive E-detector,
were placed on opposite sides with respect to the beam di-
rection covering the laboratory angles 94.6° to 109.4° and
44.3° to 59.7°. The angular ranges were chosen in order
to cover momentum values ps of the undetected deuteron
ranging from about —100MeV/c to about 100MeV/c.
This assures that the bulk of the QF contributions for the
break-up process of interest falls inside the investigated
regions, allowing also to cross check the method outside
the relevant phase-space regions. The trigger for the event
acquisition was given by the coincidences between the two
telescopes.
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Fig. 2. Example of AE-F 2D-plot; the graphical cut to select
the a-particles is shown as full line.
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Fig. 3. Locus of events in the F, vs. E, plane. The correlated
group of events corresponds to ®Be excited states, feeding the
two a’s in the exit channel.

4 Data analysis and results

The energy and position calibration of the telescopes was
performed using data acquired in preliminary runs of the
3He + '¥7Au elastic scattering. A standard three-peak
source was also used. In order to identify the channel of
interest and to choose the kinematical conditions where
the quasi-free process is dominant, « loci were selected
in the AE-E two-dimensional plots. An example of the
AE-FE plot is shown in fig. 2, with the graphical cut to
select the a-particles. The kinematics were reconstructed
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Fig. 4. Coincidence events in the a-a vs. a-d relative energy
plane.

under the assumption of a deuteron as third particle, lead-
ing to the locus of events in the FE,, vs. F, plane shown in
fig. 3. It reproduces very well the one calculated by using
a three-body kinematical calculation. At least three cor-
related groups of events can be recognized in the figure,
corresponding to excited states of 8Be, which decay into
the two a’s in the exit channel. The first group from the
left is fed by the 16.6 and 16.9MeV states, the second
one is due to the states between 19.9 and 20.2 MeV, while
the third one corresponds to the 22.2 and 22.9 MeV levels.
These states have all isospin 7' = 0 and natural parity. The
Q-value spectrum for these events shows a peak at about
12MeV, which refers to the a+a+d channel of interest
whose calculated @-value is 11.85 MeV. However, the Q-
value for the “Li(p, a)*He two-body reaction (17.35 MeV)
is larger than the excitation energies of the 8Be states con-
tributing to the first group of events. Thus these states will
not appear as resonances in the “Li-p excitation function.
The resulting spectra make us confident on the quality of
the performed calibration, and on the possibility to well
identify the a+a+d channel. Another representation of
the coincidence events is given by projecting them onto
the 2D-plot of relative energies for any two of the three
final particles. The 2D-plot for a-a vs. a-d relative ener-
gies is shown in fig. 4. In this representation very clear
horizontal loci show up, corresponding to the groups of
8Be states recognized in fig. 2. As expected, neither ver-
tical nor diagonal loci associated with the excitation of
611, seem to be present, because no a decaying states can
contribute in this a-d relative energy region.

The 8Be excited states can be populated via quasi-
free mechanism or via sequential decay. A way to investi-
gate the reaction mechanism involved and to disentangle
quasi-free coincidence events from other, is to investigate
the behavior of the coincidence yield depending on the
deuteron momentum p, for all coincidence events, in the
whole angular range covered by the detectors. Relative
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Fig. 5. Coincidence yield projected onto the "Li-p energy axis
(Eem) for different ps ranges: 0MeV/c < |ps| < 30MeV/c (a),
30MeV/c < |ps| < 60MeV/c (b) and |ps| > 60MeV/c (c).

energy Frp;, spectra (Ery;, corresponds to the E.,, vari-
able of eq. (2)) divided by the phase-space contribution
were reconstructed for different ranges of the deuteron mo-
mentum p,;. Within 0 MeV/c < |ps| < 30MeV/c (fig. 5a)
and 30MeV/c < |ps|] < 60MeV/c (fig. 5b) momentum
ranges, the coincidence yield appears to be quite high in
particular close to the E7y;_, resonant window. Moving a
bit far in momentum (|ps| > 60 MeV/c), the coincidence
yield drastically decreases as shown in fig. 5c.

A strong correlation between coincidence yield and
deuteron momentum p, shows up, a necessary condition
for the dominance of the quasi-free mechanism in the re-
gion approaching zero deuteron momentum. But in case of
resonances in the low p, region, this result might be not a
sufficient condition, since the correlation can be partially
depending on the resonant behavior, regardless of its se-
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Fig. 6. Experimental deuteron momentum distribution. The
full line represents the shape of the theoretical Hulthén func-
tion in momentum space.

quential decay- or quasi free-origin. An observable which
turns out to be more sensitive to the reaction mechanism is
the shape of the experimental momentum distribution for
the deuteron. The experimental momentum distribution
was reconstructed in Plane-Wave Impulse Approximation
(PWIA) by applying the energy sharing method [24] to
our coincidence data selecting “Li-p relative energy win-
dows of 100keV. The “Li-p relative energy was calculated
in post collision prescription from eq. (3). Data were ana-
lyzed in PWIA, applying the factorization of eq. (2), and
taking as @(p;) the Fourier transform of the radial wave
function for the p-d intercluster motion inside 3He, de-
scribed in terms of a Hulthén function

(e—ar o e—br)

with parameters a = 0.2317fm~! and b = 1.202 fm ! [18].
Dividing the three-body coincidence yield by the kine-
matical factor, we are left with a quantity proportional
to the product of the momentum distribution with the
differential "Li-p two-body cross-section. Since in the re-
stricted relative energy ranges of 100keV, the differen-
tial two-body cross-section can be considered constant,
the quantity above reflects the behavior of the experimen-
tal momentum distribution in arbitrary units. The result
is reported in fig. 6. The full line superimposed onto the
data represents the shape of the theoretical Hulthén func-
tion, which is normalized to the experimental maximum.
A quite good agreement shows up, making us confident
that in the experimentally selected kinematical region,
the quasi-free mechanism gives the main contribution to
the 3He + "Li reaction and it can be selected without

abla+b) 1
r

?(r) = 2m(a — b)?

(5)
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Fig. 7. Quasi-free data from the present experiment (full dots),
direct cross-section (full line) from [19,26,27] and previous
quasi-free data from *H break-up (open squares) [18].

significant interference with contaminant sequential decay
processes. The further analysis was performed by consid-
ering coincidence events with a neutron momentum rang-
ing between —30 and 30 MeV/c. Following the PWIA ap-
proach, the two-body cross-section was derived dividing
the selected three-body coincidence yield by the result of
a Monte Carlo calculation reproducing the behavior of the
KF®(ps) product (see eq. (2)). The geometrical efficiency
of the experimental setup as well as the detection thresh-
olds were accounted for in the calculation. An error cal-
culation for the “Li-p relative energy was also performed
giving a value ranging from 80 to 120keV, the minimum
estimate corresponding to the phase space region where
the lens effect is more efficient [25]. In the extracted off-
energy shell "Li-p two-body cross-section, penetrability
effects were included before the comparison with direct
data [19,26,27]. Both s and p waves in the entrance chan-
nel had to be considered, the s-wave describing the non-
resonant behavior, while the p-wave being responsible of
the resonant contributions. Thus Coulomb as well as [ = 1
centrifugal barrier were accounted for in the procedure.
In order to perform the comparison, direct data were in-
tegrated over the same 6., angular region covered in the
present experiment (50°-70°), .,,, being the emission an-
gle for one outgoing a-particle in the a-a center-of-mass
system [4,7,8,11]. The comparison is shown in fig. 7, where
full dots represent our data, while the behavior of direct
data from [19,26,27] is shown as full line, both sets aver-
aged out at the same energy bin of 100keV comparable
with the uncertainty. The normalization to the direct data
was performed in the "Li-p relative energy region between
2 and 3MeV. Our former data via 2H break-up [18] are
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also reported in the figure as open squares. Data sets agree
quite well throughout the investigated range, including the
resonant regions. It is important to underline that with a
single normalization parameter it was possible to repro-
duce the direct cross section over a wide “Li-p relative
energy range. The good agreement validates the pole ap-
proximation for this experiment together with the PWIA
approach and, importantly, the present results with 3He
as “Trojan Horse nucleus” agree with the previous investi-
gation of the "Li(p, )*He reaction off the neutron in 2H.
Therefore the invariance of the reaction amplitude for this
two-body process is confirmed within the experimental er-
rors.

5 Conclusions

The "Li(p, a)*He reaction was investigated by selecting
the quasi-free contribution to the 3He("Li, aa)2H three-
body reaction performed at 33 MeV. The two-body cross-
section was deduced in PWIA approach and compared
with the direct behavior as well as with previous indirect
data from the "Li(d, «a)n [18]. The good agreement be-
tween the sets of data suggests that >He is a good “Trojan
Horse nucleus”, in spite of its quite high binding energy
(5.85MeV) and that the validity of the pole approxima-
tion, at least for the "Li+p interaction, is not “Trojan
Horse nucleus” dependent. Although the present analysis
in PWIA does not include Coulomb distortions due to the
charged spectator, these effects seem not so important.
The possibility to employ the simple PWIA is a relevant
result, because it allows to simplify the theoretical formu-
lation. However, from recent THM investigations [7,11,
12] it comes out that more sophisticated approaches can
be needed at sub-Coulomb energies in order to extract the
cross-section of astrophysical interest. An important effect
to be considered is the Coulomb distortion in the parti-
cle wave functions of the two-body exit channel. Further
investigation of this experimental work with theoretical
approaches based on the DWBA formalism is thus needed
in order to better understand these important aspects.

This work was supported in part by OTKA T49245 and
IN64269.
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