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Sub-barrier fusion excitation for the system 7Li + 28Si
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The sub-barrier fusion excitation functions are measured for the first time for the system 7Li + 28Si by the
characteristic γ -ray method in the energy range Elab = 7–11.5 MeV. The results show an enhancement, below
the barrier, by about a factor of two when compared with the one-dimensional barrier penetration (1D BPM)
model. Introduction of coupling with the rotational 2+ state (1.779 MeV) of the target improves the fit somewhat,
but still an enhancement of about 25–40% remains.
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Exploring the structure and reaction mechanism with
loosely bound stable projectiles or with radioactive ion beams
(e.g., halo/skin nuclei), at sub- and near-barrier energies,
appears to be an interesting and challenging problem at the
present time. Recent theoretical studies [1–6] have yielded
new insights into the fusion reaction dynamics leading
to enhancement/suppression of fusion, weakening of usual
threshold anomaly found with tightly bound projectiles, and
appearance of new type of break-up threshold anomaly around
the barrier energy. The interplay among fusion, loose structure,
breakup to the continuum, and transfer channels are considered
to be responsible for the above phenomena.

Precise measurements exist for the fusion of loosely bound
stable projectiles with heavy targets like 165Ho, 206,208Pb,
209Bi [7–11]. Most of these experiments found appreciable
enhancement of complete fusion (CF) compared to the one-
dimensional barrier penetration model (1D BPM) calculation
at the sub-barrier energy region. However the roles of the
breakup and other nonelastic channels are not explicitly and
unambiguously discerned. In the medium mass range there
have been some recent experimental investigations [12–17]
where only the total fusion could be measured owing to
limitations of the techniques used. Most of these studies were
done at energies above the Coulomb barrier and observed
that TF is not affected by breakup. However Beck et al. [15]
reported some small enhancement of 6Li induced fusion with
59Co at energies very close to the barrier.

The experimental attempts for the sub- or near-barrier
fusion studies in the light mass region (A ∼ 20–50) are rare.
Most of the recent investigations [13,18–20] are pursued at
well above the barrier energies. The fusion cross sections
were found not to be hindered by breakup and agree well
with 1D BPM predictions. Reference [13] showed that fusion
excitations induced by stable weakly bound projectiles like
6,7Li and 9Be, at energies above the barrier, are almost similar
to those produced by strongly bound nuclei 11B and 16O. But
this observation is in contradiction to the findings of Figuiera
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et al. [18], where it has been shown that a hindrance to fusion
cross section is systematically larger for reactions induced
by weakly bound projectiles (e.g., 9Be) than for those with
strongly bound nuclei (e.g., 11B and 12C). Of all the existing
studies, only one experiment [20] measured the total fusion
cross section by the time of flight technique, at energies very
close to but above the nominal barrier. Here also total fusion
was seen not to be affected by the break-up process. However,
the deduced reaction cross section, even nearest to the barrier
energy, was found to be larger than the fusion cross section.

Most of the above works showed neither enhancement nor
suppression of excitation function in the near-barrier energies.
Moreover, none of these experiments explored the fusion
behavior below the Coulomb barrier. In this perspective we
present, for the first time, an experimental measurement of
fusion cross section for the system 7Li + 28Si, at sub-barrier
energies, and extend it to just above the barrier. This study is
complementary to our earlier work [21] for the same system,
measuring excitation function at energies well above the
barrier, where some sort of suppression was observed beyond
twice the barrier energy.

To measure the total fusion (TF) cross sections for
7Li + 28Si, an experiment was done at 3 MV Pelletron accel-
erator of Institute of Physics (Bhubaneswar) with 7Li (2+, 3+)
beam (8–30 pnA) at energies, Elab = 7, 8, 8.5, 10, and
11.5 MeV. A self-supported thin target of 28Si (175 µg/cm2)
was used. A specially designed small thin walled target
chamber made of stainless steel (in the 0◦ beam line) was used
to measure the fusion cross section using the characteristic
γ -ray method. The γ -rays emitted from the evaporation
residues were detected using a HPGe detector placed at 125◦
with respect to the beam direction. A long insulated metallic
cylinder with proper electron suppressor was used as Faraday
cup and standard current integrator was employed to measure
the incident beam current. Efficiency runs were taken both at
the beginning and at the end of the main experiment with a
number of standard sources (152Eu, 133Ba, 207Bi) spanning the
energy range 81–1770 keV.

Some of the important residues in the fusion of 7Li + 28Si
detected are 30Si, 32S, 33S, and 30P. Their characteristic
γ -ray cross sections are shown in Fig. 1. The solid lines
show CASCADE [22] predictions. The agreement between
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FIG. 1. σγ vs Ec.m. for 7Li + 28Si. Theoretical CASCADE predic-
tions are shown by solid lines.

experiment and the compound nuclear evaporation estimation
is apparent for data at energies above the Coulomb barrier,
but at the Coulomb barrier and below, the γ -ray augmentation
is noticeable. These cross sections (σγ ) were extracted after
analyzing the γ -ray spectra and using relevant efficiencies,
beam and target specifications as described in Ref. [21]. To
subtract/correct for γ -rays arising out of beam impingement
on the slit, beam line, or the Faraday cup, one additional spectra
was taken with a beam using a Ta-frame having a hole in place
of the target position.

The main contributions to fusion come from channels
like pn + 33S, dn + 32S, αp + 30Si for E � 9 MeV and
pn + 33S, αp + 30Si, αn + 30P, dn + 32S for E � 9 MeV.
Some of the prominent identified γ -rays are 1.263 MeV
(30Si), 2.230 + 2.235 MeV (32S + 30Si), 1.967 MeV (33S),
0.677 MeV(30P). The contributions of the observed channels
are almost about 85–80% of the total fusion cross section
for the 7Li + 28Si system, in the energy region 7–11.5 MeV,
respectively. The total fusion cross section was extracted as the
ratio of the total experimentally measured γ -ray cross sections
and the corresponding branching factor Fγ . As there were
overlapping γ -rays and weak transitions Fγ was estimated
theoretically, following a procedure used in Refs. [23,24] as
the ratio of the total theoretical γ -ray cross sections and the
corresponding theoretical fusion cross section, both obtained
from a statistical model calculation using the code CASCADE.
The uncertainty in the measurement of the fusion cross section
was estimated to be about 16% for all energies, except for the
lowest energy, where it was nearly 20%, owing to a very poor
yield.

The estimated projectile energy loss in the half thickness
target is about 134 keV at 7 MeV and 125 to 102 keV in the high
energy regime 8–11.5 MeV. The intrinsic energy resolution
and uncertainty in beam energy calibration yields an error
of about 30 keV. These factors were taken into account and
fusion cross sections were plotted as a function of effective
projectile energy in Fig. 2. The effective projectile energy was
also used in the other figures. The overall resulting uncertainty
in projectile energy is also shown. The one-dimensional barrier
penetration model (1D BPM) estimates were found out using

FIG. 2. Experimental fusion excitation function and theoretical
predictions.

the coupled channel code CCFULL [25] in the no coupling
mode, and are shown in Fig. 2 for comparison. The input
optical model parameters (V0 = 130 MeV, r0 = 0.97 fm and
a0 = 0.63 fm) were extracted as described in Ref. [21]. It is
seen that below the nominal barrier (Vb = 6.79 MeV) the the-
oretical prediction underestimates the experimental excitation
function and the difference is more near the barrier, pointing
to the effective role of coupling in this region. Sub-barrier
enhancement with respect to 1D BPM is apparent and it is more
prominent just below the barrier. The experimental results are
also compared with Wong’s phenomenological prediction [26]
using the input parameters like, barrier and barrier radius from
the prescription of Vaz et al. [27] and curvature from Wong
parametrization. These values are respectively 6.74 MeV (Vb),
8.18 fm (Rb), and 3.24 (h̄w).

As expected, the Wong formulation overestimates the
fusion excitation well below the barrier owing to assumption
of parabolic nature of the potential, whereas the shape of real
nucleus-nucleus potential may be asymmetric and broad at
lower energies. Our experimental observations are somewhat
similar to the recent findings of Penionzhkevick et al. [11] for
6He + 208Pb having large enhancement and of Beck et al. [15]
for 6Li + 59Co yielding small enhancement. We have explored
the effects of rotational coupling employing the exact coupled
channels calculation with CCFULL where the rotational state 2+
(1.779 MeV) of 28Si (with g.s. deformation β2 = −0.407) was
coupled to the g.s. The results are also shown in Fig. 2. Though
it yields a reasonable fit to the experimental data there is still
a 25–40% underprediction in the sub-barrier energy range
Ec.m. = 5.6–6.4 MeV. The effect of the projectile deformation
is seen to be small and is not shown. It is possible that other
types of coupling, e.g., transfer and/or breakup are responsible
for the remaining discrepancy.

A recent observation [28] at sub-barrier energies showed
that the product of the fusion cross section (σ ) and the c.m.
energy (E) for 60Ni + 89Y falls much faster than the usually
accepted exponential falloff. They analyzed this steep falloff
in terms of the logarithmic derivative (L) of the product
σE defind by L(E) = dln(σE)/dE = (1/σE)[d(σE)/dE].
Their results showed a continuous increase with decreasing

027601-2



BRIEF REPORTS PHYSICAL REVIEW C 78, 027601 (2008)

FIG. 3. Experimental slope function L(E), extracted from mea-
sured fusion cross-section alongwith the theoretical prediction from
Wong model (solid line).

bombarding energy in contradiction to theoretical prediction
with Wong’s prescription [26]. This discrepancy was attributed
by Hagino et al. [29] to a deviation of the parabolic shape
of potential assumed by Wong [26], from the asymmetric
shape of the Coulomb barrier and was explained by using a
large diffuseness of the ion-ion potential. To investigate the
nature of the fall of σE for our system we have plotted in
Fig. 3 the experimental values of L obtained from consecutive
fusion data points together with the Wong prediction. Here
also we find increasing L with decreasing E below the barrier
while the theoretical prediction saturates to a constant value

below the barrier. However the increase is not that steep as is
observed by Jiang et al. [28].

To summarize, we have experimentally found the excitation
function for 7Li + 28Si at near- and mostly sub-barrier energies,
for the first time, employing the usual characteristic γ -ray
method. Below the barrier our results show some sort of
enhancement when compared with the 1D BPM prediction.
Introduction of coupling to target rotational motion improves
the fit with experiment to some extent. Recently Shrivastava
et al. [30] advocated in their work on 7Li + 65Co that neutron
transfer is more probable than all other possible direct
reactions and hence an n-transfer followed by fusion may be a
possibility. Sub-barrier enhancement owing to n-transfer (with
positive Q-value) has been shown by Zagrebaev [5] for the
fusion of 6He with 206Pb. However Pakou et al. [31] pointed out
in their work on the direct and compound contribution in the
reaction 7Li + 28Si that d-transfer is the dominant mechanism
at near-barrier energies. These imply that the picture is not yet
clear. So it is necessary to do a detailed theoretical analysis
(utilizing a more realistic coupled reaction channels model)
introducing these possible couplings for a better and complete
understanding of the phenomenon.
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