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A. Di Pietro2, J.P. Fernández-Garćıa2, P. Figuera2, M. Fisichella2, A. Foti3,5, N. Keeley6, G. Marquinez-Duran7,
I. Martel7, M. Mazzocco8,9, N.G. Nicolis1, D. Pierroutsakou10, K. Rusek11, O. Sgouros1, V. Soukeras1, E. Stiliaris12,
E. Strano8,9, and D. Torresi8,9

1 Department of Physics and HINP, The University of Ioannina, 45110 Ioannina, Greece
2 INFN Laboratori Nazionali del Sud, via S. Sofia 62, 95125, Catania, Italy
3 Dipartimento di Fisica e Astronomia, Universita di Catania, via S. Sofia 64, 95125, Catania, Italy
4 Instituto de Fisica, Universidad Nacional Autonoma de Mexico, Mexico Distrito Federal 01000, Mexico
5 INFN - Sezione di Catania, via S. Sofia 64, 95125, Catania, Italy
6 National Centre for Nuclear Research, ul. Andrzeja So�ltana 7, 05-400 Otwock, Poland
7 Departamento di Fisica Aplicada, Universidad de Huelva, E-21071, Huelva, Spain
8 Departimento di Fisica e Astronomia, Universita di Padova, via Marzolo 8, I-35131, Padova, Italy
9 INFN - Sezione di Padova, via Marzolo 8, I-35131, Padova, Italy

10 INFN - Sezione di Napoli, via Cinthia, I-80126, Napoli, Italy
11 Heavy Ion Laboratory, University of Warsaw, ul. Pasteura 5a, 02-093, Warsaw, Poland
12 Institute of Accelerating Systems and Applications and Department of Physics, University of Athens, Greece

Received: 11 May 2015 / Revised: 22 June 2015
Published online: 20 July 2015 – c© Società Italiana di Fisica / Springer-Verlag 2015
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Abstract. Angular distribution measurements were performed for the 6Li + p → 3He + 4He reaction
in inverse kinematics at incident energies of 2.7, 3.3, 4.2 and 4.8 MeV/u. The detection of both recoils
(3He and 4He) over the laboratory angle range θlab = 16◦ to 34◦ allowed the determination of the angular
distribution over a wide angular range in the center-of-mass frame (θc.m. ∼ 40◦ to 140◦). The results clarify
inconsistencies between existing data sets and are consistent with compound nucleus model calculations.

1 Introduction

The significance of the 6Li(p, 3He)4He reaction has been
demonstrated for a long time in several experimental stud-
ies. These are related not only to studies of controlled ther-
monuclear reactors based on the use of advanced fusion fu-
els [1–3], but also to fundamental astrophysical problems
like the understanding of Big Bang nucleosynthesis and
“lithium depletion”, either in the sun or in other galactic
stars [4–7].

The above reaction is reconsidered in this work as a
complementary study to our recent measurements of elas-
tic scattering and breakup modes [8] with the MAGNEX
spectrometer [9–11]. The latter is part of a systematic con-
tinuing research program of our groups, relative to the op-
tical potential at near-barrier energies with weakly bound
projectiles. In this respect the present results will be used
in future work on a global understanding of the optical
potential and relevant reaction mechanisms. Last but not
least, these data also serve to clarify the experimental sit-
uation at these energies, as several inconsistencies occur

a e-mail: apakou@cc.uoi.gr

in previous results [12–21]. Our theoretical analysis will
focus on the reaction mechanism in a compound nucleus
framework.

2 Experimental details and data reduction

The experiment was performed at the Istituto Nazionale
di Fisica Nucleare, Laboratori Nazionali del Sud (INFN-
LNS) in Catania, Italy. Beams of 6Li3+ were accelerated
by the SMP13 tandem to energies of 16, 20, 25 and 29MeV
and impinged on a ∼ 300μg/cm2 CH2 target. In the first
phase of the experiment the elastically scattered lithium
ions, directed only at forward angles, were momentum an-
alyzed by the MAGNEX spectrometer [9–11] and the cor-
responding angular distributions were reported in ref. [8].
In the second phase of the experiment a breakup measure-
ment, to be reported later [22], was undertaken. In this
measurement the 4He breakup fragment, also directed at
forward angles, was momentum analyzed by MAGNEX
and recorded in coincidence with the 2H fragment, de-
tected by a silicon detector at 5◦. In both phases of the
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Fig. 1. Two-dimensional ΔE-E spectrum collected at θlab =
20◦ for the 6Li + p → 3He + 4He reactions at a bombarding
energy of 29.0 MeV. The green spot corresponds to 3He and
the red to 4He.

experiment a parallel measurement of the angular distri-
bution of the 6Li + p → 4He + 3He reaction, reported
herein, was performed using one telescope of the DINEX
array [23]. The telescope was set at a distance of 15.5 cm
from the target, covering an angular range of θlab = 16◦ to
34◦. The ΔE stage of the telescope was a DSSSD silicon
detector, 48μm thick, with an active area of 5×5 cm2 and
16 strips per side. The E stage was a silicon pad, 530μm
thick. The solid angle of each strip was determined by
an elastic scattering measurement performed with a gold
foil target at the lowest energies, where the scattering can
be considered as pure Rutherford. The gold foil measure-
ments, together with measurements performed with a car-
bon foil 240μg/cm2 thick, were used for energy calibration
purposes. The carbon target measurements were also used
to estimate the background due to carbon in our CH2 tar-
get.

An angular distribution measurement was performed
at each energy by detecting both reaction products, 4He
and 3He. It was thus possible to span a wide angular range
in the center of mass frame (θc.m. = 40◦ to 140◦, corre-
sponding to θlab = 16◦ to 34◦). The 3He ejectiles were
well resolved via the ΔE-E technique, as can be seen
from fig. 1, where a two-dimensional spectrum is shown
(green spot). On the other hand, while the 4He products
were also well resolved with the same technique, the 4He
peak from the two-body reaction under study (red spot
in fig. 1) sat on top of a continuous background. This
originated from the 6Li projectile breakup on hydrogen
and carbon as well as from fusion reactions on the car-
bon of the CH2 target. This background was estimated
by placing windows to the left and right of the “peak” in
the two-dimensional spectrum. Cross sections obtained in
the overlapping angular regions (see table 1) where data
exist from both reaction products (4He and 3He) are in

Table 1. Angular range in the center of mass frame, spanned
by detecting 3He and 4He reaction products. The overlapping
angular range is also indicated where it exists.

θc.m. (deg)

Elab (MeV)/isotope 3He 4He Overlap

29.0 89–138 51–103 89–103

25.0 96–140 50–100 96–100

20.0 97–141 47–103 97–103

16.0 101–143 45–94 –

dσ
/d
Ω

 cm
(m

b/
sr

)

θcm(deg)

 p(6Li,3He)4He, Elab=16 MeV

Elwyn et al.(13)

Lin et al.(12)

present data

theory

fitted data

Fig. 2. Present angular distribution data for the 6Li +
p → 3He + 4He reaction at a bombarding energy of 16 MeV
(2.7 MeV/u) are compared with previous data [12,13] and with
compound calculations performed with the code MECO [33].

agreement to within 5%, giving support to the accuracy
of the background subtraction. Normalization of the data
was effected via the integrated beam charge, recorded in
the Faraday cup. The accuracy of the beam charge inte-
gration was tested in the first phase of the experiment via
the Rutherford scattering of 6Li on hydrogen recorded in
MAGNEX [8]. The assigned error in the differential cross
sections due to statistics is less than 0.3% and the rest is
due to a 5% error in the estimation of the target thick-
ness, 5% in the measured integrated beam charge and 7%
due to the solid angle measurement. The results at the
four energies are presented in figs. 2, 3, 4 and 5 and are
compared with previous measurements. At the two higher
energies the agreement with the Gould et al. data [18] is
good, at 20MeV the agreement worsens, while at 16MeV
the inconsistency between the two existing sets of data
of Elwyn et al. [13] and Lin et al. [12] is partly clarified
by the present results. The new data at backward angles
seem to agree well with the Lin et al. data, while at for-
ward angles they seem to be located between the previous
two measurements.

Finally, our differential cross sections were fitted to a
sum of Legendre polynomials (

∑
L BLPL(cos θ)) with five

terms. Variations of the fits with four or seven terms do
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Fig. 3. As in fig. 2, but for a bombarding energy of 20MeV
(3.3 MeV/u). The previous data are from ref. [18].
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Fig. 4. As in fig. 2, but for a bombarding energy of 25MeV
(4.2 MeV/u). The previous data are from ref. [18].

not change appreciably the reaction cross section results,
not more than 10%. Although a change in the shape at the
more forward and backward angles does occur, this can-
not be verified as the data are limited to the angular range
between θc.m. = 40◦ to 140◦. The fits are represented in
figs. 2, 3, 4 and 5 by dot-dashed lines. The resulting reac-
tion cross sections for the 6Li+p → 3He+4He reaction are
included in table 2 (the mean of the three fits with the de-
viation of the mean) and are shown as a function of energy
in fig. 6. Previous measurements [7,12,13,16–21] between 2
to 5MeV/u are also displayed on fig. 6, and are compared
with our results. The new results reveal previous inconsis-
tencies and combined with the Lin et al. and Tumino et al.
data [7,12] could indicate the possible presence of a broad

d
/d


 cm
(m

b/
sr

)

cm(deg)

 p(6Li,3He)4He, Elab=29 MeV

present data

Gould et al.(18)

theory

fitted data

Fig. 5. As in fig. 2, but for a bombarding energy of 29 MeV
(4.8 MeV/u). The previous data are from ref. [18].

Table 2. Cross sections for the 6Li + p → 3He + 4He reaction:
present measurement, σpres

meas; calculation of compound produc-
tion of 3He and 4He with the MECO code, σMECO; and the
absorption cross section (σtot − σbreak) from CDCC calcula-
tions, σCDCC, [8].

Elab (MeV) σpres
meas (mb) σMECO (mb) σCDCC (mb)

29.0 95 ± 2 90 110

25.0 131 ± 6 114 133

20.0 140 ± 8 145 162

16.0 111 ± 2 114 131

resonance at Ep = 3.7MeV. This resonance is suggested
for the first time. It should be noted that the Jeronymo
et al. and Abramovich et al. results [17, 19] appearing in
fig. 6 are evaluated cross sections and not original exper-
imental data. From the comparison it is obvious that the
evaluation is valid only at the larger energies above 3MeV.

3 Theoretical framework

Absorption cross sections were determined as follows. The
experimental elastic scattering data, 6Li+p → 6Li+p [8],
were reproduced in a Continuum Discretized Coupled
Channel (CDCC) calculation framework. Details of the
calculations can be found in ref. [8], while we give here
just the points pertinent to this work. An α + d cluster
model of 6Li was adopted, with all the parameters of the
model including continuum discretization and truncation
described in detail in ref. [24]. The 3+ resonance was taken
into account and was treated as a momentum bin with a
width of 0.1MeV. The central parts of the 6Li + p en-
trance channel potentials were derived as previously [25]
from empirical p+α and p+d optical potentials by means
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Fig. 6. Present reaction cross section measurements as a func-
tion of energy, designated by the boxes, compared with previ-
ous values [7,12,13,16–21]. It should be noted that the data of
refs. [17, 19] are evaluated data and not original experimental
data.

of the Watanabe single-folding method. The empirical po-
tentials were obtained from previous p+d and p+α elastic
scattering studies at E = 2.52 to 5MeV/u [26–32]. These
p + d and p + α elastic scattering data were fitted by sim-
ple volume Woods-Saxon form factors for both real and
imaginary parts for the p + α system and a real volume
and a surface imaginary term for the p+d system. In this
way total reaction cross sections and breakup cross sec-
tions were determined. Further, absorption cross sections
were calculated as the differences between total reaction
and breakup cross sections. The results are included in ta-
ble 2. It is obvious that the measured values exhaust most
of the absorption cross section, indicating that the most
prominent reaction in this energy range is the one under
study. Subsequently, the present data were compared with
a compound mechanism framework.

The compound nucleus decay was calculated with the
equilibrium statistical model of nuclear reactions. For this
purpose, the statistical model Monte Carlo code MECO
(Multisequential Evaporation COde) was employed [33].
The code treats asymmetric mass divisions involving nu-
cleon emission up to completely symmetric ones in a uni-
fied framework according to a generalized Weisskopf evap-
oration formalism [34, 35]. The only input parameters in-
troduced into the code were the above mentioned absorp-
tion cross sections. An excitation energy spread consistent
with the beam energy loss through the target, which was
less than 2.5%, was taken into account. No discrete struc-
ture was considered in the level schemes of the participat-
ing nuclei. Level densities were calculated in a Fermi gas
model adopting an energy-independent level density con-
stant α = A/8. Variations of the level density constant in
the range A/7.0 to A/9.0 affect the 3He production cross
section by less than 1%. Our calculations take into ac-
count 7 particle decay modes involving n, 1H, 2H, 3H, 3He,
4He and 5He emission. Gamma decay is considered as a

competing emission mode in the form of dipole E1 transi-
tions with a Lorentzian strength function and parameters
quoted in ref. [33]. Angular distributions of the emitted
particles were calculated using orbital angular momentum
values from the transmission coefficient array, responsible
for the decay under consideration. The calculations pre-
dict exit channels involving 3He + 4He and 1H + 6Li with
a cross section ratio of σ(3He)/σ(1H) ∼ 7, 9, 6 and 4.5 for
projectile energies of 16, 20, 25 and 29MeV, respectively.
At the highest energy the 1H + 2H + 4He channel has just
opened.

At each bombarding energy 3He angular distributions,
plotted as the solid curves in figs. 2, 3, 4, and 5, were
constructed by sorting the Monte Carlo events of cor-
related 3He + 4He pairs. The angular distributions show
the anisotropy expected for compound nucleus decay. At
backward angles the agreement with the present data is
very good, indicating the strong presence of the compound
mechanism and precluding the validity of the Elwyn et
al. data [13] both in shape and intensity. However, com-
paring the theoretical predictions and the experimental
data it is apparent that there is a broad peak centered
at approximately θc.m. = 50◦ that is not explained by
the MECO compound calculations and which becomes
more pronounced as the bombarding energy increases.
This peak could be due to a direct reaction component.
To test this hypothesis we carried out coupled reaction
channels (CRC) calculations for the 6Li(p,3He)4He reac-
tion using the code FRESCO [36]. The calculations were
loosely based on those of Werby et al. [37] and included the
exchange mode: 6Li(p,4He)3He. The results were in rough
qualitative agreement with the shape of the measured an-
gular distributions although the peak was shifted to larger
angles compared to the data (the calculated angular dis-
tributions also had pronounced peaks at θc.m. = 0◦ and
180◦ where we do not have data). However, it was found
that the results were very sensitive to details of the input
to the calculations, particularly the exit channel 3He+4He
optical potential, which are poorly known. Therefore it is
not possible to come to a more definite conclusion than
that a direct reaction contribution is a plausible explana-
tion for the broad peak in the measured 3He+4He angular
distributions.

4 Discussion and summary

Angular distribution measurements were performed in in-
verse kinematics for the 6Li + p → 4He + 3He reaction at
2.7, 3.3, 4.2 and 4.8MeV/u. Both reaction products were
observed, allowing the determination of the angular dis-
tribution over a wide angular range (θc.m. ∼ 40◦ to 140◦).
The results clarified some of the inconsistencies in existing
data sets and were compared with theoretical calculations
for determining the reaction mechanism. It was found that
the 6Li + p → 4He + 3He reaction exhausts almost all the
absorption from the elastic channel, while it proceeds at
least by 85% via a compound mechanism. Further, the
excellent agreement of the compound model calculations
with the data at backward angles, which take into account
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absorption cross sections extracted from the 6Li + p elas-
tic scattering channel support the interconsistency of all
data recorded and analysed in this experiment. Last but
not least we should mention the observation of a possible
new broad resonance centered at Ep ∼ 3.7MeV.

We warmly acknowledge the TANDEM operator staff of LNS
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leading to these results was partially funded by the European
Union Seventh Framework Programme FP7/2007-2013 under
Grant Agreement No. 262010-ENSAR.
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