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Abstract. The elastic scattering and the SHe angular distributions were measured in
"Li 4+ "Li reaction at two energies, Ei.p, = 20 and 25 MeV. FRDWBA calculations have

been performed to explain the measured *He data. The calculations were very sensitive
to the choice of the optical model potentials in entrance and exit channels. The one-step

proton transfer was found to be the dominant reaction mechanism in *He production.
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1. Introduction

There have been several studies aimed at understanding the interactions between
lithium nuclei at energies close to and far above the Coulomb barrier [1-6]. Reac-
tions between these nuclei are very complex, since a variety of reaction mechanisms
are competing. Compound nucleus formation was found to be dominant through
the study of various exit channels for the system °Li + SLi [1-3], whereas both di-
rect and compound nucleus mechanisms were found to be present for “Li("Li, t/a/)
[4]. In the present work, we have concentrated on “Li(Li,°He) reaction channel to
understand the reaction mechanism.

Since the outgoing He in this reaction is a loosely bound unstable nucleus,
it would be interesting to explore the possibility of producing it through the
"Li("Li,%He) reaction. The large positive Q value (Q = +7.279 MeV) of this reac-
tion can be exploited in separating SHe from other reaction products and initiating
further secondary reactions. A number of experiments have been reported using
the low energy ®He beams [7-10] in recent times. The ("Li,°He) reaction on various
targets was also used in the past [11-15] to extract the spectroscopic information.
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However, a good understanding of the reaction mechanism is necessary in order to
make use of this reaction as a tool to study these aspects.

In the study of °Be("Li,®Li)®Be at Ep, = 2-4 MeV [16], it was observed that
the principal mechanism is direct transfer of a neutron from the °Be nucleus to
the “Li nucleus. It is expected that the reaction "Li(7Li,°He)®Be will also be of
the direct type and can proceed through the transfer of a proton. However, no
clear confirmation of this argument has been provided in the earlier studies. The
cross-sections of SHe channel obtained in “Li + “Li at energies of 3-4 MeV turned
out to be small and the angular distributions were found to be almost isotropic or
only slightly directed forward [17,18]. This reaction has also been studied at Fj.p
= 22 MeV, which is well above the Coulomb barrier [5], in which the measured
angular distribution data for °He was not explained satisfactorily by the DWBA
calculations assuming one-step proton transfer. Further, “Li can be considered as an
alpha and triton cluster, which means that two-step processes like "Li("Li,*He)'°Be
(“He,®Be)®He and "Li("Li,*He)'°Be (*He,%He)®Be are also possible, in addition to
one-step proton transfer. Recently, Rosenthal et al [4] described various direct
nuclear reaction channels in “Li + “Li at Ej,, = 2-16 MeV. In that paper, it
was concluded that the ("Li,®He) reaction proceeded predominantly as a direct
proton transfer. With a motivation to understand the reaction mechanism of He
production in "Li("Li,%He) reaction in detail, measurements have been performed
at two energies, Fi,p, = 20 and 25 MeV in the present work.

2. Experimental details

The experiment was performed using the “Li beam at energies Ep,, = 20 and 25
MeV, from the 14UD BARC-TIFR Pelletron accelerator, Mumbai. The target
used was " LiF of thickness ~100 ug/cm?, evaporated onto a carbon backing with
a thickness of ~50 ug/cm?. Two telescopes (AE-E) of silicon surface barrier (SSB)
detectors were placed on one of the movable arms inside a 1 m diameter scattering
chamber. The detector thicknesses were 50, 40, 1000 and 1500 pm for AE1, AE2, E1
and E2 detectors respectively. A monitor (single SSB of thickness 2000 pum) detector
was fixed at 20° with respect to the beam direction for monitoring the beam quality
and the variation in the target thickness when the target was rotated. The solid
angles of both the telescopes were determined accurately by measuring the elastic
(Rutherford) scattering from 2°°Bi target of known thickness. The beam intensity
was measured using a precision current integrator. The angular distributions of
charged particles were measured in the angular range of 6,5, = 10° to 40°. In
figure 1, the He spectrum measured at 6., = 30° and Ej., = 25 MeV is shown.
As can be seen from this figure, due to the presence of '°F in the target material, the
6He populating the 2%, 3.04 MeV state of Be is merging with the **F(7Li,®He)?°Ne
(27, 1.63 MeV state) and it could not be separated. This is true for data at all the
measured angles. Hence, we have considered data corresponding to the transitions
to the ground state only, for further analysis. The 12C(7Li,°He)!3N reaction arising
due to the 12C backing has relatively large negative Q value (Q = —8.032 MeV)
and it does not appear in the region of spectra considered.
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Figure 1. Measured energy spectra of °He in "Li+"*'LiF reaction at @, =
30°, Elap = 25 MeV. While the two peaks on right are clearly identified as due
to "Li("Li,°He)®Be(g.s.) and F("Li,*He)?°Ne(g.s.), the shaded region shows
the F("Li,He)*Ne (2%, 1.63 MeV) state merging with a relatively broad
"Li("Li,He)®Be (27, 3.04 MeV) state.

As the target thickness was not precisely determined, the measured cross-sections
at the forward-most angles (0..,. < 20°) have been normalized to the optical
model calculations. The calculations are found to be least sensitive to the choice of
potential parameters in this angular region.

3. Results
3.1 Elastic scattering angular distribution

The measured elastic scattering angular distribution data were analysed using the
optical model. There are a set of potentials available in the literature [6] for ®7Li
+ 67Li systems for Ei,, = 540 MeV. It is to be noted that these global potentials
were tested for "Li 4+ 7Li system only for Ej,, = 816 MeV. This is the first time
that these potentials are tested for Ej,;, = 20 and 25 MeV.

All the optical model calculations were performed using the code ‘FRESCO’ [19]
by taking into account the proper symmetrization due to the identical nature of
target—projectile nuclei. From the set of potentials given in ref. [6], only a few
potentials were found to fit the data satisfactorily. These potentials are listed in
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Table 1. Optical model potential set taken from ref. [6] for "Li + "Li at Enp
= 20 and 25 MeV. The t sign is used to represent the depths of the potentials
for 25 MeV. However, the geometrical parameters of the potentials are the
same for both energies.

Family Vo TR ar Ws /Wy 1 ar re
(MeV) (fm) (fm) (MeV) (fm) (fm) (fm)
S-GL-2 4.0t 0.994 1.467 3.7t 1.467 0.473 1.25
S-GL-3 4.9 1.234 1.618 11.9 1.246 0.534 1.25
S-GL-5 16.7 0.562 1.557 12.1 1.232 0.567 1.25
17.1f 10.4f
S-GL-6 28.7 0.122 1.752 13.4 1.197 0.591 1.25
29.61 11.51
V-GL-1 7.3 1.086 1.310 6.3 1.651 0.311 1.25
6.7t 5.31
V-GL-2 18.9 0.612 1.434 6.6 1.636 0.345 1.25
17.4F 5.71
V-GL-3 34.0 0.173 1.617 7.9 1.589 0.397 1.25
32.51 6.91
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Figure 2. Elastic scattering angular distribution for “Li 4+ "Li system at
Flapr = 20 MeV. The lines indicate the optical model calculations using the
potentials from ref. [6] (given in table 1).

table 1. In figures 2 and 3 the measured elastic scattering angular distributions are
shown along with the optical model calculations for 20 and 25 MeV respectively.
3.2 "Li("Li,SHe) angular distribution

3.2.1 One-step proton transfer

In figure 4, the He angular distribution data corresponding to the population of
8Be (g.s., 0%, 0.0 MeV) is shown. The optical model potentials which described the
elastic scattering data satisfactorily (shown in figures 2 and 3) were first used in
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Figure 3. Same as figure 2 but for Ej,, = 25 MeV.

[ ®
I -
10"
3
o]
E
a
k=) -
é 102 ;[1] E, =20 MeV E i
FLi(Li, *He)®Be(g.s., 0.0 MeV)
r e Data 1
Both entrance and exit channel : V-GL-3 |
[ —— — Bothentrance and exit channel : SGL-6 1
------------ Entrance: V-GL-3, Exit: V-GL-1
P S R S S B I I I I

20 40 60 80 20 40 60 80
ec.m. (deg)
Figure 4. The measured 5He angular distribution data at Ej., = 20 and 25
MeV are compared with predictions of the optical model for various entrance
and exit channel potentials. See text for the details of the calculations.

the finite range DWBA (FRDWBA) calculations. All the FRDWBA calculations
were carried out in post-formulation including the full complex remnant term. The
potentials used to generate the "Li — ®He + p and ®Be — 7Li + p bound states
wave functions are adopted from ref. [4] and are given in table 2. To start with,
same potentials for both the entrance (“Li + "Li) and the exit (‘He + ®Be) channels
were used in the calculations. Two results (one from volume (V-GL-3) and other
from surface (S-GL-6) absorption) are shown in figure 4 for both the measured
energies. In addition, as suggested in ref. [4], we have used the deepest available
potential (V-GL-3) for the entrance channel and the shallowest available potential
(V-GL-1) for the exit channel (all potentials are provided in table 1). The results
of these calculations for both the energies are shown in figure 4.

Pramana — J. Phys., Vol. 72, No. 2, February 2009 367



V V Parkar et al

Table 2. New potential parameters used in FRESCO for calculations of elas-
tic, one-step and two-step transfer angular distributions.

System FElab Vo TR aRr Wo T ar Tc
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

Optical model potentials

"Li + "Li 20 157.5 1.30  0.76 9.33 285 0.63 1.20
(present work) 25 157.8 1.22  0.75 10.46 281 063  1.20
5He + ®Be 31.0 174.0 1.50 1.08 5.84 2.81 0.88 2.34
(present work) 34.6 174.0 1.56  0.88 5.84 281 088 234
4He + 12C

Ref. [22] 41 199.1 1.26  0.65 42.17 1.26  0.65 1.25

Bound state potentials

SHe + p - a 097  0.65
Li+p - a 097  0.65
‘He + t - Gaussian form (ref. [23])
Li+ ¢ - a 1.25  0.65
‘He + *He — a 1.25 0.65
SHe 4+ “He - a 1.25  0.65
‘He + 2n - a 1.25  0.65
8Be + 2n — a 1.25 0.65
The optical model potentials have the volume Woods—Saxon form with R, = r;,;A;/ 3,

where x = cor Ror I.
The bound optical model potentials have a volume Woods—Saxon form with the
geometrical parameters given in the above table. Here,

Rp = rr(AMs +AM3 ).

cluster

2The depth (Vo) of bound state potentials were adjusted to give the correct separation
energies.

As can be seen from figures 2—4 that, although the elastic scattering angular
distribution data could be explained satisfactorily by the global set of parameters
of ref. [6], the “He angular distribution data could not be explained by using any
combination of entrance and exit channel potentials listed in table 1. The calculated
angular distribution differs significantly in the shape and the magnitude from the
measured data. This propelled us to search for new entrance and exit channel
potentials. We started with the potential parameters of "Li + °Be (Ej., = 24
MeV [20]) as initial parameters in search program of FRESCO [19] and searched for
better potentials to explain the measured elastic scattering data (see table 2). For
the required outgoing channel °He + ®Be potentials, we have adopted the potentials
of SLi + “Be (Elap, = 32 MeV) from ref. [21] as the starting set. These are also listed
in table 2. The radius and diffuseness parameters of this exit channel potential have
to be modified to reproduce the first dip in the 5He angular distribution data. The
required orbital quantum numbers and the spectroscopic amplitudes (vVC2S) for
the calculations were the same as those given in ref. [4]. In figure 5 both the elastic
and one-step transfer calculations along with the data for two measured energies are
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Table 3. Orbital quantum numbers (N, L, J), binding energies (BE), and
spectroscopic amplitudes (v C2S) of the cluster bound states used in transfer
calculations.

Mechanism Nucleus Core Cluster BE (MeV) N L J VC2S Ref.

One-step  "Ligs. (3/27) “He P 9.975 1 1 3/2 077 [24]
®Begs. (07)  "Li P 17.255 1 1 3/2 1.00 -

Two step  'Ligs. (3/27) *He t 2.467 2 1 3/2 1.084 [4]
Begs. (07)  TLi t 17.251 2 1 3/2 0556 @ [4]
YBes 37 (27)  "Li t 13.881 2 1 3/2 0040 [4]
8Begs. (0F)  “He ‘He —0.092* 3 0 0 1216 [4]
Beys. (07)  ®He “He 7.413 3 0 0 0742 [4]
Bes 37 (27)  SHe ‘He 4.043 3 0 0 0721 [4
SHegs. (07)  *He 2n 0.972 2 0 0 1.00 -
Beys. (07)  ®Be 2n 8.477 2 0 0 1.00 —
Bess7 (27) ®Be 2n 5.107 2 0 0 1.00 -

*Instead of the negative BE, a very small BE = 0.009 MeV was used in the CRC
calculation.

shown. A very good reproduction of both the elastic and transfer data confirmed
the reliability of the optical model potentials employed and showed the dominance
of one-step proton transfer for the description of this channel. It is interesting to
note that the radius and diffuseness (rg, ar) parameter values obtained for the
real potential of the He + ®Be (exit channel) are significantly larger than the ones
found for “Li + "Li (entrance channel) system. This feature could be related to the
large deformation (dumb bell shape) expected for the ®Be nucleus involved in the
exit channel.

3.2.2 Two-step transfer

As mentioned in §1, in addition to one-step proton transfer, multistep processes
for populating the He + 8Be channel are also possible. The sequential transfer
paths of triton-a and triton-2n transfers are shown schematically in figure 6. These
two-step sequential transfer calculations were performed in the framework of the
coupled reaction channels (CRC) method using the code FRESCO. The prior and
post-interactions were used for the first and second steps of the sequential transfers,
respectively. Apart from the potentials used in one-step proton transfer, additional
potential for the intermediate state “He+'"Be was required. It was taken as the
same as that of He+12C from ref. [22]. Also the required binding potentials are
given in table 2. These two-step transfer calculations corresponding to the transfer
steps shown schematically in figures 6A and 6B, were performed for two measured
energies and results are shown in figure 7. The quantum numbers and spectroscopic
amplitudes (vVC2S) used in the two-step calculations are given in table 3. Due to
the lack of knowledge about the reliable cluster spectroscopic amplitudes and the
binding potentials, the absolute magnitude of the two-step transfers are uncertain
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Figure 5. Both elastic and *He angular distribution data at two measured
energies are compared with the FRESCO (elastic and one-step proton transfer)
calculations by using the new set of potentials given in table 2.
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Figure 6. Schematics of two-step transfer calculation populating °He + 5Be
channel. Two possibilities considered are shown in (A) and (B).

and have been renormalized by a factor of 40 and 35 for the cases shown in figures
6A and 6B respectively. In figure 7 a comparison is made between one-step proton
transfer and two-step transfer calculations. As can be seen from the figure, the
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Figure 7. The ®He angular distribution data at two measured energies is
shown along with one-step transfer and two-step transfer calculations of figures
6A and 6B. See text for details.

one-step and two-step calculations corresponding to t-a sequential transfer are in
good agreement at larger angles 8 > 50°. On the other hand, two-step t-2n sequen-
tial transfer shows a large discrepancy in shape with the measured data. Angular
distribution data at larger angles are very much required in order to draw any
definite conclusions on these aspects. From the present data it is clear that the
measured angular distributions are consistent with the dominant one-proton trans-
fer process.

4. Summary

In summary, the "Li("Li,"Li) and “Li("Li,°He) angular distributions have been mea-
sured at Ej,p = 20 and 25 MeV. Various optical model potentials of ref. [6] have
been examined for describing the measured elastic scattering angular distribution
data. It was found that although some of the global potentials of ref. [6] reproduce
the elastic scattering angular distribution reasonably well, they fail to explain the
6He angular distribution data. The new potentials determined in the present work
for the entrance and the exit channels could reproduce both the elastic and $He
angular distribution data well. This suggests that, there exists a strong depen-
dence of the FRDWBA angular distribution on the used optical model potentials.
The contribution from one-step transfer is found to be the dominant one for the
description of "Li("Li,®He) reaction. The two-step sequential transfer is very weak
and the small effect due to this process is seen at backward angles.
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