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This contribution reports on the results of measurements of near- and sub-barrier fusion cross
sections in the system 3°Si+3Si performed at the Laboratori Nazionali di Legnaro of INFN.

The 3°Si beam of the XTU Tandem accelerator in the energy range of 47 - 90 MeV, was delivered
on a metallic 3°Si target (50 wg/cm?) enriched to 99.64 % in mass 30. A beam electrostatic de-
flector was used for the detection of evaporation residues.

The excitation function obtained for 3°Si+*°Si has been compared with the previous data on
288i+28Si and Coupled Channels (CC) calculations using the M3Y+repulsion potential, taking
into account the low lying 2% and 3~ excitations. Reproducing the low-energy 28Si+28Si exci-
tation function was only possible by using a weak imaginary potential, probably simulating the
oblate deformation of this nucleus. On the contrary, the data on 3°Si+3°Si are nicely reproduced
by the CC calculations without any imaginary potential (*°Si has a spherical shape).

The astrophysical S-factor does not show a maximum, so that there is no evidence for hindrance
in the measured energy range. The logarithmic derivative of the two excitation functions high-
lights the difference between the two systems. Even above the barrier the two systems behave
differently. This is best seen by comparing the two barrier distributions where the high energy
peak observed for 28Si+28Si is not found for 3°Si+30Si. This is presumably due to the stronger

couplings present in 28Si and further theoretical analyses are in progress.
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1. Introduction

Several experiments have shown that
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nuclear structure is very important in heavy
2
ion fusion dynamics near the barrier. In 10° ¢
order to clearly indicate this sensitivity, a . 10| . )
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valuable and often employed tool is the E
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. 10° ——28+30 Ch30 W=5
Well-known results were obtained by com- & A0 28428 Ch10 W=0
paring the fusion data for different nickel 'L ~28+28 Ch10 W=5
[1, 2] and calcium [3] isotopes, where the 22 24 26 28 30 32 34
influence of transfer channels in fusion re- E . (MeV)

actions was shown, or in the fusion of 10O

with different samarium isotopes [4, 5], Figure 1: Measured fusion excitation functions of
285i+28Si, 2851439Si [6] and previous data for 3°Si+30Si [7].
The lines are the results of CC calculations (see text).

where the change of the structure from
spherical vibrational to strongly deformed
nuclei was clearly observed.

A comparative study of Si+Si systems [6] has revealed the influence of transfer on the fusion of
the asymmetric case 28Si+3°Si, well explained by including one- and successive two-neutron trans-
fer channels in the coupling scheme, and highlighted a different behaviour of the two symmetric
systems 28Si+28Si and 3°Si+3Si (see Fig. 1) .

These systems are very interesting because of the different shape of the silicon isotopes: indeed
30Si is nearly spherical, whereas 28Si is strongly deformed with an oblate shape. The excitation
function of 28Si+28Si has an unusual behavior, because the cross sections are hindered just below
the barrier, but this effect disappears at lower energies. It was further surprising that the low-energy
data were well reproduced only by artificially applying a weak, short-ranged imaginary potential,
probably simulating the effect of the oblate deformation. This feature has to be further investigated
and the present study of °Si+3°Si has been very significant in this respect.

No positive Q-value transfer channels are available in 3°Si+°Si. This allows us to consider only
couplings to vibrational states, neglecting the rotational ones which instead are present in the de-
formed nucleus 28Si. This difference has an impact, as we shall see, on the energy dependence of
fusion cross sections at sub-barrier energies for the two symmetric systems.

In view of all this, it is very tempting to compare the two reactions. Unfortunately the lack of
experimental fusion data below 4 mb for 3°Si+3°Si prevented to perform a meaningful comparison
and also to obtain information on the presence of hindrance phenomenon. A fusion experiment was
then performed at the Laboratori Nazionali di Legnaro (LNL) of INFN with the purpose to extend
the data on *°Si+*°Si.

Here we present the results of this experiment on *°Si+*’Si from well below to well above the
Coulomb barrier and we compare the results with the previous data on 28Si+28Si.
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2. Experimental set-up

Fusion cross sections can be deter-
mined by direct detection of the evapo-
ration residues (ER). The ER, which are
forward peaked, must be physically sepa-
rated from the direct beam and the intense
flux of elastically scattered beam particles.
In order to achieve this separation at 0°
and at small angles, an electrostatic field
perpendicular to the direction of the parti-
cles is applied between the target and the
detection system. Such an electrostatic
beam deflector has been used in several
sub- and near-barrier experiments at LNL

and it was employed also in the study of
308i+ 30Si fusion reaction. .
This set-up is shown in Fig. 2 and allows
fast and reliable measurements of relative
and absolute cross sections. The electro-

static deflector assures the separation of . . )
Figure 2: The experimental set-up (up) and its schematic

design (down). The reaction chamber, the electrostatic de-
flector and the telescope E-TOF-AE are drawn from the left.

ER from the transmitted beam, while a
subsequent E-TOF-AE telescope allows th-
eir identification. This telescope is made
up of two micro-channel plates (MCP) de-
tectors, a transverse field ionization chamber and a silicon detector placed in the same gas (CH4)
volume of the chamber. The ionization chamber provides a loss of energy signal AE, while the two
MCPs yield the time of flights together with the silicon detector. In this configuration the silicon
detector measures the residual energy of the ER and provides both the trigger for data acquisition
and the start signal for the time of flight.

In Fig. 3 typical graphs reporting the time of flight (TOF) as a function of the residual energy E are
shown. A good separation of ER events from the residual beam is achieved at energies both above
and below the Coulomb barrier. Analogous two-dimensional spectra reporting the time of flight as
a function of the loss of energy (AE) and the AE vs. residual energy were used in the data analysis.
The sliding seal reaction chamber allows to measure angular distributions. In the reaction chamber
four silicon detectors are placed symmetrically around the beam direction at the same scattering
angle 6;,, = 16°. They are used to monitor the beam and normalize to the Mott scattering cross
section. During the experiment three angular distributions were measured at the energies of 58, 72
and 80 MeV in the range from -6° to +9°. The total fusion cross sections were derived by integrat-
ing those distributions, and by simple interpolations or extrapolations for all other energies where
ER measurements were taken only at 2° (or 3° for low energies).

The XTU Tandem accelerator in LNL provided *°Si beams in the energy range of 47-90 MeV, with
intensities of 15-30 pnA. The target consisted of 50 g/cm? 3°Si evaporated on 30 pg/cm? carbon
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Figure 3: The graphs report the time of flight TOF1 (ordinate) as a function of the residual energy E
(abscissa). The spectra were obtained above the Coulomb barrier (80 MeV, 6,,=527 mb, left panel) and at
a sub-barrier energy of 50 MeV (0y,,=115 ub, right panel).

backings facing the beam. The isotopic enrichment of °Si was 99.64 %, where the small amounts
of 2°Si and 28Si did not affect the fusion cross section because of their higher Coulomb barriers
with respect to 3°Si. The carbon backing and the silicon target introduced an average beam energy
loss of around 750-850 keV, which was taken into account in the analysis.

The measured energy range allowed to extend the excitation function down to 4 ub, as shown Fig. 4
(left panel). The reported errors are statistical uncertainties, which reach a minimum value of 1-
2 % at the higher energies and increase to 10-20 % at energies below the barrier. The systematic
errors on the absolute cross section are of + 7-8 %, due to the geometrical solid angle uncertainties,
angular distribution integrations and mainly to the deflector transmission ( ~4 %).

The fusion cross sections of the two symmetric sistems are reported in Fig. 4 (right panel). The two
excitation functions behave differently at low energies with a flatter slope for 22Si+28Si. A coupled
channels analysis is necessary to understand the origin of this difference.
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Figure 4: Fusion excitation function of 3°Si+3*Si compared to previous experimental data [7] (left panel)
and to 28Si+23Si system (right panel).

3. Coupled Channel calculation

A preliminary coupled-channels (CC) analysis of the sub-barrier excitation function was per-
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Figure 5: Fusion cross sections for *°Si+3*Si compared to the no-coupling Ch1 calculation and to coupled-
channels calculations at ten channels that are based on the predicted M3Y+rep potential with (Ch10 w5) and
without (Ch10 wO0) the addition of an imaginary potential (left panel). In the right panel the comparison with
288i+28Si is reported including the coupled channel calculation adopted for this system, which employs a
M3Y+rep potential with an imaginary part.

formed, using the M3Y+repulsion potential [8].

The CC calculations made use of the so-called isocentrifugal approximation, which simplifies the
calculations by reducing the number of channels. The density of the 3°Si nucleus that determines
the potential was adjusted to optimize the fit to the fusion data.

The complete CC calculation includes all one- and two-phonon excitations as well as mutual ex-
citations of the low-lying 2" and 3~ states in both projectile and target, reaching a total of 15
channels. In order to simplify the calculations, the mutual excitation of the 2% and 3™ states in the
same nucleus were ignored and so also the excitations of states above 10 MeV. These corrections
allowed to neglegt the two-phonon and mutual excitations of the 3™ states and reduced the number
of channels to 10 (refereed to as Ch10).

The 3°Si nucleus is nearly spherical, indeed the measured quadrupole moment of the 27 state is
Q> = -0.05(6) barn, which is consistent with zero. This feature makes the calculation Ch10 more
robust than in the other case because the location of minimum of channels potential is essentially
the same in all channels, as it will be explained later. The adopted coupling strengths are shown in
Table I of [6].

As shown in the previous section, the comparison of the excitation functions of 28Si+?8Si and
308i+30Si indicates a different behavior at energies below the Coulomb barrier. The reason for this
was found [6] in the CC analysis for the two systems and originates in the shape of the two silicon
isotopes. Indeed, the deformation makes the channel potentials for the excited states of the two
nuclei very different. In the case of 28Si the minimum of the potential for the 2 state is shifted to
a smaller separation distance than the one observed in the entrance potential. In the case of 3°Si the
minimum of all channel potentials are located essentially at the same separation distance. Since the
incoming-wave boundary condition IWBC) is imposed at the minimum of the entrance channel
potential, this implies that for the system 28Si+28Si the fusion in the 2* channel is cut off at an
energy that is higher than the minimum of the 2" channel potential, causing a suppression of the
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Figure 6: Barrier distribution extracted for °Si+3’Si (left panel) and 28Si+?3Si (right panel) system, with
energy steps of 1.0 MeV (red points) and 1.5 MeV (blue points).

calculated cross sections at low energies. By applying a weak imaginary potential it was possible to
reproduce the low-energy data. On the contrary, beacuse of the spherical shape of 3*Si, the IWBC
is imposed at the minimum of each channel potential, providing a more consistent treatment of
the fusion in the different reaction channels. As a consequence, there is no need for an imaginary
potential at low energy. This is shown in Fig. 5 where the results of CC calculation without and
with the imaginary potential are reported. One sees that there is essentially no difference between
the two calculations.

4. Barrier distribution

The evaluation of the barrier distribution [9] for the 3°Si+**Si system and its comparison with
the one of 28Si+28Si is very useful in order to obtain more information on the role of the deformation
of 28Si. The barrier distributions were obtained using the three-point difference formula [10], with
two energy steps of 1.0 MeV and 1.5 MeV, and a meaningful difference between the two cases has
been observed. The 3°Si+3°Si system shows a single well-defined peak at low energies (Fig. 6, left
panel), while a double-peak structure appears for 28Si+28Si with a clearly defined peak at higher
energies (Fig. 6, right panel). These dissimilar behaviours arise from the different structures of the
two nuclei and from the stronger couplings present in 22Si+28Si due to the oblate shape of 23Si.

5. Hindrance

The hindrance phenomenon is a suppressions of fusion cross sections with respect to standard
CC calculations, occurring far below the Coulomb barrier [11, 12]. The investigation of this effect
usually makes use of two representations of the excitation functions, i.e. the astrophysical S-factor
[13] and the logarithmic derivative L(E), which allow to reveal the presence of hindrance without
using model calculations. Indeed, the S factor shows a maximum vs. energy in the presence of
hindrance at the energy where the logarithmic slope L(E) reaches the value Lcs expected for a
constant astrophysical S factor.
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Figure 7: In the left panel the logarithmic derivative of the excitation function of the two symmetric systems
is reported, where L¢g (black line) is the slope expected for a constant astrophysical S-factor. The S-factor
extracted from experimental data for both cases is reported in the right panel.

The investigation of hindrance in the 3°Si+3°Si fusion reaction is interesting also because the Q-
value for the fusion of this system is positive. It has been pointed out that in such cases the S
factor does not necessarily develop a maximum [12]. In the case of 308i+30Si the S factor does
not show any maximum vs. energy (see Fig. 7, right panel), even if it appears to saturate at the
lowest measured energies. The logarithmic derivative does not cross the L¢g curve (left panel).
This allows us to conclude that there is no evidence of hindrance down to around 4 ub.

The 28Si+?8Si system shows a different behavior of the S factor and the slope. Indeed, there is
evidence of hindrance at energies slightly below the Coulomb barrier [6] but the effect disappears
at lower energies. On the other hand, the logarithmic derivative saturates far below the barrier.

6. Summary

The fusion excitation function of 3°Si+3’Si has been measured in a wide energy range down
to 4 ub. In this range there is no evidence for hindrance, when observing the logarithmic slope
and S-factor. The comparison with 28Si+28Si shows that the two systems behave differently both
near the barrier (the high energy peak observed in the barrier distribution of 28Si+?3Si is not found
for 39Si+30Si) and farther below, where the regular trend of the heavier system can contrasted with
the unusual one of 28Si+?8Si. The weaker couplings in 3*Si+3°Si and its spherical shape make the
difference. This is confirmed by coupled-channels calculations using the M3Y potential that are in
good agreement with experimental data. At variance with the case of 28Si+28Si, the addition of a
weak short-ranged imaginary potential is not necessary to reproduce the sub-barrier energy fusion
cross sections.
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