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Abstract

Fusion cross sections of the 28Si + '’Mo system have been measured near
and below the Coulomb barrier by detecting the evaporation residues at for-
ward angles. The excitation function has an overall smoother trend than what
obtained in a previous experiment, and a large discrepancy is found for the
lowest-energy region, where we observe a tendency of the S factor to develop
a maximum, which would be a clear indication of hindrance. The results have
been compared with the theoretical prediction of coupled-channels calculations
using a Woods—Saxon nuclear potential, and including the low-energy excita-
tion modes of both nuclei. Good agreement with data is found by including, in
the coupling scheme, the three lowest members of the ground state rotational
band of the oblate deformed 8Si, and two-phonons of the strong quadrupole
vibration of '“°Mo. The additional coupling, in a schematic way, of the two-
neutron pick-up between ground states (Q-value = +4.86 MeV) has a minor
effect on calculated cross sections, and does not essentially improve the data
fit. The excitation function of 28Si 4+ Mo has been compared with that of
(1) the heavier system Ni + %Mo having analogous features, and (2) several
near-by 288i, 32S + Zr, Mo systems with various nuclear structures and transfer
Q-values. The role of quadrupole and octupole excitation modes, as well as of
transfer channels, in affecting the fusion dynamics, are clarified to some extent.
Systematic measurements of fusion barrier distributions and CC calculations
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properly including transfer couplings, are necessary, in order to shed full light
on the influence of the various coupled channels on the fusion cross sections.

Keywords: heavy-ion fusion, sub-barrier cross sections, coupled-channels
model, electrostatic beam deflector

(Some figures may appear in colour only in the online journal)
1. Introduction

Heavy-ion fusion in the energy region near and below the Coulomb barrier is well known to be
strongly influenced by nuclear structure effects [1-3]. One systematically observes enhance-
ments of the cross sections that arise from couplings of the entrance channel to the low-lying
collective modes of the colliding nuclei, such as permanent deformations and surface vibra-
tions. Couplings to nucleon transfer channels are important in many cases as well, as suggested
for the first time by Broglia ef al [4] who pointed out in particular that transfer couplings with
0 > 0 lead to an enhancement of sub-barrier fusion.

When compared to inelastic excitations, a clear-cut characteristic of transfer reactions is that
the Q-value of the reaction may be negative or positive, at variance with inelastic excitations. In
the CC model [5, 6] fusion barrier distributions (BD) [7] with different shapes are obtained in
the two cases, so that contrasting trends of the excitation function are produced, that decreases
more slowly with the energy when Q > 0, whereas an overall enhancement is produced when
0O < 0 and the slope does not change appreciably.

However, in spite of the several experimental evidences, reproducing the sub-barrier excita-
tion functions within the coupled-channels (CC) model taking into account transfer couplings
quantitatively, is a complex job that only in selected cases (see e.g. reference [8]) has been suc-
cessfully finalized. In several studies, the ‘exact’ CC code CCFULL [9] has been employed,
that however only allows to include one pair-transfer channel with a macroscopic coupling
form-factor as given in reference [10].

Interesting data on 328 + 2%%Zr were obtained by the Beijing group [11, 12] and anal-
ysed using the ‘empirical coupled channels model’ [13] which proved to be very successful
in describing these systems and many others where transfer couplings play an important role.
A development of this model has been recently performed by Karpov [14] (quantum coupled
channels + empirical neutron rearrangement model) producing a good agreement with the BD,
besides excitation functions, of several S, Ca + Zr and Ni + Mo cases.

Inelastic collective excitations of different nature (multipolarity) may contribute. Two, three,
and possibly multiple phonon vibrations have to be considered, especially in medium-heavy
systems, so that the observed BD often have a complex structure giving rise to excitation func-
tions where disentangling the various contributions is not straightforward. An appreciable help
may come from the comparison of near-by systems where nuclei possessing different structures
are involved.

In this work we have considered the system 28Si + %°Mo whose fusion excitation function
was first measured long ago [15]. The cross sections measured in that experiment are reported
in figure 1 as blue dots. The excitation function overall appears to be not as smooth as one
would expect. In particular, the lowest-energy point is inconceivably low—that cross section
being a factor ~600 smaller than the second-lowest one, with a c.m. energy difference of only
1.7 MeV. This is not plausible, even supposing that fusion hindrance [16, 17] shows up. The
inset shows, additionally, an unrealistic glitch around 10 mb.
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Figure 1. Fusion excitation function of 28Si 4+ Mo as measured in the present work
(red dots), and as reported in reference [15] (blue dots).The inset shows in particular
the cross section region around 10 mb, where an irregularity in the blue dots is observed
(please note that the scale is logarithmic). The reported errors are statistical uncertainties.
The lines connecting the points are only visual guides.

Further points of interest in the fusion of 28Si 4+ '"Mo come (1) from the permanently
deformed oblate shape of 28Si, (2) from the strong quadrupole vibrational nature of Mo,
and (3) from the existence of several neutron pick-up channels with large and positive ground
state to ground state Q-values (see section 3). In the heavier case of °*Ni + '“'Mo (studied at
Argonne some years go [18]) the situation of transfer channels is quite analogous with many
Q > 0 available neutron pick-ups, but in spite of this it was observed that they bring a marginal
contribution to fusion enhancement below the barrier, whereas the dominant role is played by
multi-phonon couplings of the low-lying vibrational collective mode of '®’Mo, in the whole
measured energy range down to a few pb. This was concluded from the results of CC calcu-
lations for that heavier system (see figure 3 of reference [18]), where couplings up to the 4th
phonon were found to be necessary to reproduce the data.

Hence we have decided to repeat the measurements on 28Si + Mo (with a different set-
up) in order to clarify the situation at least from the experimental point of view, because of the
several interesting features coexisting in this system.

The results have been compared to the outcomes from the ®°*Ni 4 Mo experiment. More-
over, since in the mass region of 28Si + '““Mo several other systems display different nuclear
structure situations and transfer Q-values, in the last part of this paper the excitation function
of 2Si + Mo has been compared with that of a number of near-by 28Si, 32S + Zr, Mo cases
that were previously investigated. The detailed comparison is useful to clarify the role of strong
existing quadrupole and octupole excitation modes, as well as of transfer channels, in affecting
the fusion dynamics in that mass region.

We describe in section 2, the experimental set-up and we report the results of the new exper-
iment. The following section 3 gives details of the calculations within the coupled-channel
model, and illustrates the comparison with data. The comparison with the fusion data of other
systems is performed in section 4 and the whole work is summarized in section 5.
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2. Experiment and results

2.1. The set-up

The experiment was performed using the 28Si beam of the XTU Tandem accelerator at the
Laboratori Nazionali di Legnaro (LNL) of INFN. A ™Si metallic sample was used in the sput-
ter ion source. Typical intensities of the accelerated beams were 5—7 pnA with energies in
the range 84.0-125.0 MeV. The targets were evaporations of Mo (150 pg cm~?) on car-
bon backings (15 pg cm~?) facing the beam. The target isotopic enrichment was 97.4%:; the
presence of small amounts of lighter molybdenum isotopes introduced small corrections to the
measured ER yields above the barrier, but did not affect the results at lower energies, since
100Mo is the heaviest stable molybdenum isotope, and the Coulomb barriers associated with
lighter isotopes are higher. Lower Z contaminations in the targets were unsignificant. The beam
energy loss across the carbon backing and half of the '’Mo targets was calculated (=500 keV,
depending on the energy), and was taken into account in the analysis to obtain ‘effective’ beam
energies.

The fusion-evaporation residues (ER) were detected at 0° and at small angles by using the
electrostatic deflector [21] in use at LNL. Most of the beam and beam-like particles were
separated out and stopped before entering the detector telescope consisting of two micro-
channel plate (MCP) detectors, a transverse-field ionization chamber (IC) filled with CH4, and a
600 mm? silicon (Si) detector placed in the back of the IC. The ER were identified by the
two independent time-of-flights Si-MCP, by the energy loss AE in the IC and by the residual
energy provided by the Si detector. The transmission of the electrostatic deflector was estimated
to be 0.45 4 0.02 from previous measurements for systems with similar mass asymmetries,
and confirmed by Monte Carlo calculations. Four monitor detectors were placed at 6 ~ 16°,
symmetrically around the beam direction.

The excitation function was measured at f;,, = 2° in a sequence of runs starting from the
highest nominal energy 125 MeV. The ER angular distribution was measured at Ej,, = 125
and 109 MeV in the range —7° to 4+7° with steps of one degree. Figure 2 shows the measured
distribution at 109 MeV where the statistics is better. The energy dependence of the width and
shape of the angular distribution is expected to be very small in the energy range of the exci-
tation function, and this is what we have actually observed (as in several previous experiments
on near-barrier fusion). The measured ER angular distribution for 28Si + %Mo is symmetrical
around 0° and drops by a factor ~25 at 7°.

Fusion—fission is negligible for the present system in the measured energy range, on the
basis of calculations using the code PACE4 [22] with standard parameters. Therefore, total
fusion cross sections were obtained by integrating the ER angular distributions and by the
ER yields normalised to the elastic counts into the monitors. The accuracy of the absolute
cross section scale is estimated to be 7%, (see [21] for more details), where the errors on
the transmission of the deflector, on the angular distribution measurement and on the detectors
solid angles are taken into account. Statistical uncertainties determine relative errors.

2.2. Short survey of results

All cross sections measured in this work are listed in table 1. The fusion excitation function is
shown in figure 1 with full red dots, together with the previous result [15]. It can be observed
that the present data have a much more regular behaviour, and in particular the new measure-
ment at E. ., = 65.9 MeV yields a cross section larger by a factor ~200. Most importantly,
this gives a smooth trend to the low-energy part of the excitation function. In the remaining
part of this article we shall consider for the analyses only the cross sections derived from the
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Figure 2. ER angular distribution for 28Si + '°°Mo at the beam energy 109 MeV. The
dashed line is the Gaussian fit used to obtain the total fusion cross section.

Table 1. Fusion cross sections measured in this work for 23Si 4+ '“'Mo (see text). The
quoted errors are statistical uncertainties.

Ecm (MeV) o (mb) Error (mb)
65.20 0.034 0.014
65.95 0.215 0.031
67.50 1.04 0.18
68.40 3.42 0.44
71.44 23.8 2.1
72.90 38.4 6.3
74.50 68.4 11.2
77.80 149.5 13.6
79.19 182.0 29.8
84.80 375.4 28.8
89.80 574.0 93.0
91.50 612.0 100.0
97.30 790.0 80.0

present experiment. They are reported also in figure 3(a) together with the CC calculations we
are going to describe in the following section. Panel (b) shows the astrophysical S factor.

3. Coupled-channels analysis

The CC program CCFULL [9] has been employed for the theoretical analysis of the present
data on 2Si + '"Mo. In CCFULL the number of CC equations is reduced by means of
the isocentrifugal approximation, and an incoming-wave boundary condition (IWBC) [26] is
placed inside the barrier. The effects of inelastic non-linear couplings are included to all orders,
and full account is taken of the finite excitation energies of the coupled modes. Vibrational cou-
plings are treated in the harmonic limit, and rotational coupling with a pure rotor. CCFULL
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Figure 3. Excitation function (a) and astrophysical S factor (b) measured in the present
work (red full dots), compared to CC calculations (see text for details).

includes a pair-transfer coupling between the ground states, by using the macroscopic coupling
form factor given by Dasso and Pollarolo [10].

The Woods Saxon ion—ion potential used for the CC calculations has well depth
Vo = 75.1 MeV, diffuseness a = 0.66 fm and radius parameter ro = 1.15 fm. V is deeper
than the Akytiz—Winther potential [27] (Vy = 68.3 MeV, a = 0.66 fm and ro = 1.18 fm for
the present system). This choice avoids oscillations in the transmission coefficients of high
partial waves, especially at energies above the Coulomb barrier, appearing if the potential is
too shallow, because of an incorrect application of the IWBC.

The diffuseness has not been changed, while the radius parameter has been adjusted so to
obtain a good data fit in the barrier region 0 = 10—100 mb, when all channels, including the
two-nucleon transfer (see later on) are taken into account. The nuclear structure information
on the low-lying collective modes of 28Si and '"°Mo is reported in table 2.

3.1. The excitation function

Figure 3(a) shows the results of the calculations when compared to the present experimental
data (full red dots). We first notice that the sub-barrier cross section enhancement is very large
with respect to the no coupling limit (more than a factor 700, dashed black line). Including in
the coupling scheme the lowest three members of the ground state rotational band of the oblate
28Si, produces already a rather large effect (green line). The octupole vibration is very high
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Table 2. Excitation energies E,, spin and parities A", and deformation parameters (3,
[23, 24] of the lowest quadrupole and octupole modes of 28Si and'®Mo, and of the
other nuclei involved in the comparison of section 4. The /3, values have been estimated
using the radius parameter ryp = 1.20 fm. Nuclear and Coulomb deformation parameters
have been taken to be the same. The /3, parameter for 28Si is negative, given the oblate
deformed shape [25] of that nucleus.

Nucleus E, MeV) AT By
28j 1.779 2+t —0.41
6.879 3~ 0.40
100Mo 0.536 2+ 0.23
1.908 3- 0.22
329 2.230 2+ 0.31
5.006 3~ 0.54
967y 1.751 2+ 0.08
1.897 3- 0.29
07y 2.186 2+ 0.09
2.748 3- 0.21

(see table 2), its adiabatic effect is already included in the adjustment of the ion—ion potential,
and consequently the 3~ state has not been considered in the CC calculation.

By including also the vibrational collective mode of '°°Mo up to the two-phonon level (the
27T state is very low, at 0.536 MeV), we obtain the blue curve in the figure. The excitation
function is rather well reproduced, apart from small disagreements near and far below the
barrier. There is little difference from the calculations including only one phonon. The second
phonon brings a small additional enhancement at energies below the barrier, and a third phonon
has a negligible effect. The results of one- and three-phonon calculations are not reported in the
figure for clarity of presentation. For '’Mo the 3~ excitation has been explicitly considered,
because it is rather low in energy, albeit not so strong.

At this point, we have performed further calculations, including the two neutron transfer
channel (+2n) besides the collective surface modes discussed here above, using the approxi-
mate treatment of CCFULL for transfer couplings. The ground state Q-value for two-neutron
pick up from Mo to 28Si is Q = +4.86 MeV. The coupling strength F, = 0.5 MeV has been
used, adjusted to optimize the data fit.

A smaller F, results in a negligible overall effect, while a larger coupling strength produces
an increasing data under-prediction above the barrier (as expected). Anyway, it appears that
transfer coupling does not produce a large effect in the present system, see again figure 3(a),
in spite of the large positive Q-value for two-neutron pick up. This is probably so, because
the largest effect on sub-barrier cross sections is due to the strong quadrupole vibration of
100\Vo and to the deformed structure of 28Si. In this sense, the behaviour of 28Si + Mo in the
sub-barrier region parallels the excitation function of Ni + '°“Mo [18] that was found to be
dominated by the multi-phonon excitations of the strong quadrupole vibration of the common
target '°Mo.

We would like to point out the quantum diffusion approach of references [19, 20], which
was applied to study the fusion dynamics where deformed and spherical nuclei are involved.
The small effect of transfer channels in 28Si 4+ Mo may be related to the fact that after
the two-neutron transfer the resulting *°Si is a spherical nucleus and in **Mo the quadrupole
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deformation is weaker and higher in energy. Indeed, the approach of Sargsyan and co-workers,
anticipates that the neutron transfer weakly influences the fusion in cases like the present one.

3.2. The astrophysical S factor

Figure 3(b) shows the measured astrophysical S factor for 28Si + %Mo, compared to the
results of the CC calculations. The experimental S factor at the lowest energy show a tendency
to become flat. However, we have no indication of a maximum vs energy, and at least one more
data point at lower energy would be necessary to decide whether fusion hindrance shows up
or not. Actually, the phenomenological systematics of reference [28] predicts the hindrance
threshold at ~66 MeV, close to the lowest measured point at £ = 65.2 MeV. That systematics
was originally developed for stiff systems, it is not unexpected, therefore, that the hindrance
threshold for 28Si + Mo may appear slightly lower than 66.0 MeV, given the soft vibrational
nature of '“Mo.

None of the CC calculations performed with the WS potential is able to reproduce the trend
of S. Including the two-neutron coupling yields a slightly better result at the lowest energies.
We can imagine that, in order to fit the data, a shallower potential should be used, as the M3Y
+ repulsion interaction introduced by Esbensen and Misicu [29, 30], or that one should fol-
low the suggestion of Simenel er al [31] that the Pauli exclusion principle gives rise to a short
range repulsion in the ion—ion potential. Alternatively, the adiabatic model [32—34] is a suc-
cessful approach to account for hindrance, where a quenching of the coupling strengths inside
the touching point of the two nuclei is introduced. We remark also that the quantum diffusion
model mention in the previous section has been recently extended to deep sub-barrier fusion
of medium-light and light systems [35]. The hindrance phenomenon has been correctly repro-
duced in several cases. The application of such theoretical approaches is anyway beyond the
scope of this work.

4. Comparison with ¢°Ni + %Mo and near-by systems

4.1. The case of ©°Nj + %Mo

The comparison of the present system with ®*Ni + '®Mo is interesting because of the common
molybdenum target with its strong quadrupole vibrational mode, and in view of the many
Q > 0 transfer channels existing in that heavier system (see table 3), in close analogy with
the case of 28Si 4+ '“Mo. The fusion excitation function of ®“Ni + '"Mo was measured a
few years ago [18] down to a cross section around 2 b, looking for coupling and hindrance
effects in that soft medium-mass system. It was found that the threshold for fusion hindrance
was not reached, and multi-phonon excitations are predominant in the sub-barrier cross section
enhancement, originating from the strong quadrupole mode of '’°Mo that gives an increasing
contribution up to the level of four phonons.

We point out that CCFULL treats vibrational modes in the harmonic limit, and this may
not be a good approximation, especially for heavy systems. On the other hand, above the two-
phonon level spectroscopic information on the vibrational mode of '°°Mo is very limited. With
this kind of warnings in mind, anyway, the very nice data fit leaves little space for the possible
effect of transfer couplings in **Ni + °“Mo.

It appears that we find a similar situation in 28Si + Mo, as discussed in the previous
section. In this lighter system we observe that two phonons of the '°’Mo vibration, are already
‘enough’ to reproduce the fusion data, as actually might have been qualitatively expected. Rel-
atively to each other, the two excitation functions are different. They are compared in figure 4,
where the quantity E X oy is reported vs the energy distance from the barrier evaluated using

8
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Table 3. Ground state Q values (in MeV) of one- to four-neutron pick up reactions for
the systems discussed in section 4.

SyStem an Q2n Q3n Q4n
288j + N0z -350 —-220 -7.96 —897
288j 4 %07r +0.62 +4.77 +3.13 +5.60
328 4 Nz -333 —-123 —-6.59 —-6.32
328 4 %7 +0.79 4574 +451 +7.66
R84+ 10Mo 4035 +5.84 +4.18 +7.25
288i 4 1Mo  40.18 +4.86 +2.81 +5.19
ONj 4+ 100Mo  —047  +420 4240 +5.23
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Figure 4. Fusion excitation functions of 28Si + Mo and “Ni + Mo [18]. The
two energy scales are corrected by taking account of the AW Coulomb barrier for each
system.

the AW potential. The inset is the same plot in a linear scale better showing that the energy
scale normalisation according to the AW barrier is a good choice, because the data of the two
systems essentially coincide above the barrier. However, from the logarithmic plot one imme-
diately realises that the near- and sub-barrier fusion enhancement of the heavier system is much
larger. The previous considerations (mainly based on the CC results) lead us to conclude that
the difference can be almost entirely ascribed to the multi-phonon excitations of '°°Mo.

4.2. The near-by systems and the ion—ion potentials

The sub-barrier fusion of several systems involving nuclei near 8Si and/or '°°Mo has been
investigated by various groups. We shall consider and comparatively analyse in this section
the experimental excitation functions of selected systems, and we shall see to what extent the
various observed trends can be linked to different nuclear structure properties, and transfer
couplings. We chose to include in this comparison the systems 28Si + *°Zr [36], 28Si + *°Zr
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Figure 5. Fusion excitation functions in linear scale of *8Si + '°°Mo and of the other
systems considered for comparison. The reported systems are 28Si + “°Zr [37], 32S +
10Mo [38], 328 + 20%Zr [11], 28Si + *Zr [36], besides 2*Si + *"Mo.

[371, 2S 4 99%7Zr [11], and 32S + %Mo [38], besides 28Si + '°°Mo that is the object of the
present work.

Table 2 reports the nuclear structure information of all involved nuclei. The corresponding
neutron transfer Q-values are shown in table 3. The main difference between the two projec-
tiles is that *8Si has a permanent oblate deformation [25] (see previous section), while 32S
is a vibrational-like nucleus where, however, the quadrupole mode is rather high in energy
(at 2.230 MeV, see table 2). In both cases the octupole state lies above 5 MeV, so that a simple
re-normalisation of the ion—ion potential is produced in the coupling [39], without affecting
the shape of the barrier distribution and, consequently, of the overall excitation function.

Concerning the Zr and Mo cases, *°Zr is a semi-magic stiff nucleus, *°Zr is characterised by
a strong octupole vibration at a relatively low energy, and '%’Mo is a strong vibrational nucleus
having the quadrupole mode at only 536 keV. All data are taken from references [23, 24].

From the point of view of the transfer couplings on fusion, we can see from table 3 that
for the systems 28Si + ?°Zr and 32S + °°Zr only pick-up channels with negative Q-values are
available, while several large and positive transfer Q-values exist for all other cases.

We show in figure 5(a) the excitation functions of the considered systems, in linear scale.
The plotted quantity is E X g Vs center-of-mass-energy. The excitation functions are linear
above the barrier, according to the classical expression Eogs = WR%(E — V). Here a direct
comparison of the several systems is obviously not possible, because the data are spread around
by the different Coulomb barriers. We take account of this in panel (b) of the same figure,
where, using the AW potential [27], the energy scales are modified relative to 28Si + *°Zr
chosen as reference case. The abscissa for 28Si + “Zr is not changed, while for each of the other
systems it is shifted by the quantity E — AV, where AV}, is the difference of the Coulomb
barrier with respect to 28Si + %°Zr. An analysis of this kind was performed in reference [40]
for various Ca + Zr systems.

Additional small shifts have been applied to the modified energy scale of the systems involv-
ing 328, i.e. +2.2, + 1.4 and +1.3 MeV for 32S + *Zr, *2S 4 %Zr and 2S + 1Mo, respectively.
Those shifts were determined in the E — AV, region ~74-78 MeV, corresponding to cross
sections ~80-300 mb (above the barrier), in such a way that all excitation functions get as
close as possible to each other, and to that of 28Si + *°Zr.

The need for such adjustments may originate from (1) the re-normalisation of the potential
due to high-energy modes in some cases (the octupole vibration in 3 is stronger than in 28Si,
thus producing lower Coulomb barriers), and (2) possible differences in the beam energy and/or
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Figure 6. Fusion excitation functions of the same systems of figure 5. Here the cross
section scale is logarithmic, and the inset shows the detail of the low-energy part. The
symbols for the various systems are the same as in figure 5.

in the absolute cross section scales owing to the fact that the experiments were performed at
various accelerators, and using different set-ups. In any case we point out that the AW potential
[27] was proposed to fit the experimental data of many heavy-ion systems, so that variations
of the parameters for near-by systems having different nuclear structure properties are not
unexpected, especially if strong collective modes are involved, as in some of the cases we are
analysing.

4.3. Comparison and discussion

The excitation functions resulting from correcting for the different AW barriers and from the
small additional energy shifts are shown in figure 5(b). We notice first that the excitation func-
tion of 2Si + *°Zr (and of 3?S + %Zr at the highest energies) rises more rapidly than the
others, even if all excitation functions obviously approximately coincide in the reference region
~74-78 MeV (please note the linear scale). Lower above-barrier cross sections are indeed
expected in the CC model for the systems where several Q > 0 transfer channels exist (see e.g.
figure 4(b) of reference [8]). This is so also for 28Si + '®Mo, while for 32S + °'Mo the data
do not extend high enough in energy to come to a conclusion.

The same data shown in figure 5(b) are plotted in figure 6 in logarithmic scale. The low-
energy part of the excitation function is reported in the inset, in more detail. Here we see that the
excitation functions of the two systems involving *Zr, that is 28Si,32S 4 °°Zr, almost coincide
with each other near and below the barrier. This originates from the potential adjustments we
have applied above the barrier, which well ‘compensate’ for the different structure of 28Si and
323, and from the fact that both systems have only large negative Q-values for neutron transfer.

All other cases are gathered in a well separated group below the barrier, with relatively small
differences between the various systems. For all of them several Q > 0 pick-up channels exist
(see table 3). However, we cannot conclude that transfer couplings fully explain the situation
appearing from figure 6. Indeed, we have seen the CC results for 28Si + '"’Mo in section 3
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where most of the cross section enhancement is calculated to come from the strong quadrupole
vibration of '°”Mo (besides the coupling to the rotational states of 8Si). It is reasonable to guess
that this happens for 32S + Mo as well.

For the other two systems 28Si, 32S + °°Zr Q > 0 transfer couplings may also be important.
On the other hand, a strong enhancement may be produced by the strong (and relatively low)
octupole vibration of *Zr (see table 2). This was already observed in the comparison of the
various Ca + Zr systems carried out in reference [40], see figure 1(d).

Apart from the case of 28Si + %Mo that we have analysed in some detail in section 3, it is
hard, for the other systems, to disentangle, from the comparison of the excitation functions only,
the concurring effects of collective vibrational modes from the possible influence of O > 0
transfer channels. A step further would be done by comparing the various BD, as it was done
in the original papers reporting the experiments on 28Si + °%%Zr [11]. For the other cases,
however, the excitation functions available in the literature do not have sufficiently small energy
steps and high statistical accuracy, so to allow extracting meaningful BD [7]. This is so also for
28Si + '99Mo, where the new data points whose measurement has been reported in this article
are relatively few, and spread in a rather wide energy range. The need for CC calculations
where (multi)-nucleon transfer couplings can be explicitly included, is also strongly felt.

5. Summary and conclusions

The fusion excitation function of the system 28Si + '°Mo near and below the Coulomb barrier
has been measured in a new experiment, because previous data show some irregular behaviors,
and the cross section at the lowest energy appears to be unreasonably small. The present data
show an overall trend smoother than in the previous experiment, and in particular a large dis-
crepancy is found for the lowest-energy region, since the present excitation function is a factor
~200 larger than the previous result.

CC calculations have been performed using the code CCFULL, including the low-energy
excitation modes of both nuclei. The agreement with data is good, when the three lowest rota-
tional excitations of 28Si, and two-phonons of the strong quadrupole vibration of Mo are
considered. A negligible further enhancement is obtained if three phonons of the quadrupole
vibration are included. Several neutron transfer channels with Q > 0 exist, in particular the
two-neutron pick-up between ground states has a large and positive Q-value = +4.86 MeV,
however, schematically coupling this additional channel in CCFULL has a minor effect on the
calculated cross sections, and the data fit is not essentially improved. The analogy with the
case of the heavier system ®°Ni + Mo [18] has been highlighted. In that case four phonons
of the collective mode of '°’Mo have to be considered for a good data fit, while the influence
of transfer couplings was found to be of minor importance, as for 28Si 4 '°Mo.The present
data do not allow locating the hindrance threshold which is probably pushed down in energy
by the strong rotational and vibrational couplings. It would be interesting to perform further
calculations within the quantum diffusion approach [35] that has demonstrated to be able to
describe the hindrance effect in several cases.

In the last part of this work, we have compared the excitation function of 28Si + Mo
and the published data of several near-by 28Si, 32S + Zr, Mo systems where different nuclear
structure situations and transfer Q-values are found. This mass region is interesting because of
the existence of strong octupole (°°Zr) and quadrupole (*°Mo) collective modes, of the neutron
shell closure at N = 50 and the consequent semi-magic nature of *°Zr, and of large positive
neutron transfer Q-values for several of the considered systems.

The comprehensive comparison contributes to clarify how all such features influence fusion
cross sections near and below the Coulomb barrier, even if the concurring effect of different
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modes does not allow to recognize their relative importance in many cases, by only this sim-
ple, yet detailed, comparison of the various excitation functions. The need of more systematic
experiments dedicated to the extraction of fusion BD is evident, as well as of CC calculations
able to accurately include transfer couplings, in order to take further steps to clarify the physics
underlying heavy-ion sub-barrier fusion in the considered mass range.
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