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Dynamics of low-energy heavy-ion fusion
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Abstract. Preliminary data on the fusion of36S+ 96Zr are reported; the excitation function near
the barrier is intermediate between those of40Ca+ 90;96Zr. The peculiar role of the strong 3�

octupole vibration of96Zr is pointed out, in addition to the couplings to neutron transfer channels
with positiveQ-values. Recent data on40Ca+ 124Sn are also shown; for that system the fusion
barrier distribution is wide without separated peaks, similar to the case of40Ca+ 96Zr. Simpli-
fied coupled-channel calculations have been performed, including surface vibrations and sequential
neutron pick-up channels, with form factors that fit the single- and multi-nucleon transfer data for
40Ca+ 124Sn. A good agreement with the data is found.
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1. Introduction

There has been considerable interest (and discussion) in recent years about the possibi-
lity of extracting fusion barrier distributions [1] from the fusion excitation functions in
the energy range encompassing the Coulomb barrier. This procedure has actually yielded
detailed information on the fusion dynamics in several heavy-ion systems [2,3], more de-
tailed than what is possible to get from a simple analysis of the excitation functions and
from their comparison with the theoretical models.

Here I present some recent experimental results in this field, which our group has
obtained at the Laboratori Nazionali di Legnaro of INFN. The measurements of fusion-
evaporation cross sections were performed using the XTU tandem accelerator.40Ca,36S
beams with intensities�3–10 pnA; isotopically enriched targets were used, with thickness
�50–90�g/cm2, evaporated onto 15�g/cm2 carbon layers.

The evaporation residues (ER) were detected at 0Æ and at small angles by an energy time-
of-flight telescope following an electrostatic beam deflector. Beam rejection factors�107–
108 were achieved. Absolute cross section normalization was ensured by four monitor
detectors mounted in a ring perpendicular to the beam direction, each one at a scattering
angle�lab = 220, and by measuring the transmission of the beam deflector for ER (usually
around 60–70%). Particular attention was devoted to the quality of the beam and to the
statistical accuracy of the measurements, which was�1% around and over the barrier.
Excitation functions were measured at 0Æ only downwards in energy with 0.5 MeV steps
(1.0 MeV for the highest energy points). Angular distributions of ER were measured at
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selected energies around and above the barriers in the range 0Æ–7Æ with 1Æ steps. See
ref. [4] for more details.

2. Fusion with 90;96Zr targets

The results of a detailed study of the two systems40Ca+ 90;96Zr were published recently
[5]. Since the projectile40Ca is a magic nucleus, its influence on fusion was expected to
be small, whereas both targets90;96Zr have aZ = 40 subshell closure. A main difference
between the two reactions is in the neutron transferQ-values which are very positive, in
the case of96Zr only, up to the pickup of 8 neutrons. However, a further aspect was not
considered fully in that work; while the low-lying quadrupole vibrations of90Zr and96Zr
are found at similar excitation energies and are only moderately collective,96Zr has an
octupole vibration significantly stronger and lower-lying than the corresponding state in
90Zr.

Figure 1a shows the two measured excitation functions on a reduced energy scale. A
very large relative enhancement is observed for40Ca+ 96Zr at low energies. The corre-
sponding barrier distribution plotted in figure 1c has a flat and rather structureless shape
extending to very low energies. It is qualitatively different from the distribution for90Zr
(see figure 1b), which shows well defined peaks. The barrier structure and fusion excita-
tion function of40Ca+ 90Zr were explained in terms of coupling to the low-lying inelastic
excitations of90Zr (solid lines in figure 1a,b), but these couplings could not explain the
fusion of40Ca+ 96Zr. Calculations [5] indicate that sequential neutron transfer is required
to explain the observed distribution.

E/Vb E/Vb

Figure 1. The fusion excitation functions and barrier distributions for40Ca+ 90;96Zr
[5]. The CC calculations for90Zr (solid) and96Zr (dashed) including the inelastic
excitations of the Zr nuclei are shown. Taken from [3].
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Figure 2. The fusion excitation functions for36S+ 96Zr and for40Ca+ 90;96Zr in a
reduced scale.

In this context, it seemed important to us to try to assess experimentally the effect of
the strong octupole vibration of96Zr on fusion. That is surely one reason for the relative
enhancement of40Ca+ 96Zr compared to40Ca+ 90Zr, since, qualitatively speaking, one
expects that the octupole shape strongly favours sub-barrier fusion. It is worthwhile point-
ing out, more is general, that there is little clear-cut available data in the literature about
the influence of octupole vibrations on fusion, probably because either they are too high in
energy, or their role is mixed up and surmounted by lower-lying quadrupole vibrations.

The case of96Zr is a promising one, since the 3� state is relatively low and very strong
(� = 0:34). The system36S + 96Zr was considered, where, in comparison with40Ca
+ 96Zr, we have a similar rigid projectile structure (the rather strong 3� state of40Ca is
high in energy, and its effect on fusion is anyway taken into account), but no transfer chan-
nels with positive or even slightly negativeQ-values are available. Hence, we expect for
36S+ 96Zr less sub-barrier fusion and, possibly, a barrier distribution with sharp and sep-
arated peaks, at variance with the case of40Ca+ 96Zr; the effect of the octupole coupling,
if any, may be better isolated.

A preliminary experiment has been performed for36S+ 96Zr, and the measured cross
sections are shown in figure 2, together with the previous results for the two Ca+ Zr
systems. The36S+ 96Zr cross sections are found to be intermediate between those of the
other two systems, nearer to the40Ca+ 96Zr excitation function. A more detailed study
of 36S+ 96Zr will be performed at LNL soon, with small energy steps and high statistical
accuracy, to enable us to extract the barrier distribution from the second derivative of the
excitation function.

3. The case of40Ca+ 124;(116)Sn

Large multinucleon transfer cross sections were measured for40Ca+ 124Sn [6] a couple
of years ago, as well as, more recently, for40Ca+ 96Zr [7]. A proton-rich projectile (40Ca)
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Figure 3. The fusion excitation functions for40Ca+ 124;(116)Sn.

collides with neutron-rich targets, hence theQ-values for neutron pick-up channels are
very positive in both cases, ranging from� +5 MeV to� +12 MeV for the transfer of up
to 8 neutrons. It is interesting to point out that the angle- andQ-integrated cross sections
for each individual transfer channel are very similar in the two systems.

The measurement of fusion-evaporation cross sections of40Ca+ 124Sn was recently
performed at LNL, in the relevant energy range near the Coulomb barrier. The resulting
evaporation residue (ER) cross sections are plotted in figure 3; since the fusion–fission
cross sections are estimated to be very small (only a few mb at the highest energies),
the data can be considered total fusion cross sections with little uncertainty. At selected
energies, ER yields were also measured for the40Ca+ 116Sn systems. These are reported
in figure 3 too, with a small shift of the energy to compensate for the Coulomb barrier
difference between the two cases.

The two excitation functions overlap almost perfectly. We know that the nuclear struc-
tures of124Sn and116Sn are very similar; theQ-values for neutron pick-up in40Ca+
116Sn are positive (� 2–3 MeV), although not so large as in the reaction with124Sn. One
may argue that either such transfer processes do not influence at all the fusion dynamics,
or that their effect (if significant) is very similar in the two cases. An analogous situation
was found in the study of40Ar + 112;116;122Sn by Reisdorfet al [8]. It is possible, for
40Ca+ 124Sn only, to extract the barrier distribution from the data. The case of40Ca+
116Sn needs a more detailed experimental study, i.e. many more points around and below
the barrier.

Since one has very similarQ-values for few- and multi-nucleon transfer channels in40Ca
+ 96Zr, 124Sn, it is interesting to compare their behaviour as far as fusion is concerned.
Figure 4 shows the excitation functions in a reduced energy scale (top): the sub-barrier
cross sections of40Ca+ 96Zr are significantly larger. The two barrier distributions are
reported in the lower part of figure 4. As in the case of40Ca+ 96Zr, no defined peak is
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Figure 4. The reduced fusion excitation functions of40Ca+ 124Sn,96Zr (top), and the
corresponding barrier distributions (down).

seen in the distribution for40Ca+ 124Sn and an overall bump-like shape is observed for
both systems.

The distribution for40Ca+ 96Zr extends slightly farther down in energy. The underlying
reason(s) are not clear at this level, and a consideration of theQ-value and angle-integrated
transfer cross sections for the two systems does not help in this respect. Actually the mass
andZ distributions of Ca-like ejectiles are very similar in the two systems, as stated above;
the yields of corresponding nuclides rarely differ by more than a factor two. Hence, the
mechanism leading to larger sub-barrier fusion cross sections in40Ca+ 96Zr might be
looked for elsewhere. A possibility, supported by calculations, is the very strong octupole
vibration of96Zr at�1.8 MeV; the corresponding excitation in124Sn is much less collec-
tive and is found at�2.6 MeV.

4. Analysis with simplified coupled-channel calculations

Simplified coupled-channels (CC) calculations have been performed for40Ca+ 124Sn with
the code CCMPH [9], which allows for multi-phonon and multinucleon transfer modes to
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Figure 5. The fusion excitation function of40Ca+ 124Sn, (top), and the corresponding
barrier distribution (down), compared with the results of coupled-channel calculations
(see text).

be coupled in. As far as inelastic excitations are concerned, the lowest 2+ and 3� states
of 124Sn have been included, together with the strong octupole vibration of40Ca, although
it lies rather high in energy. The Aky¨uz–Winther potential has been used, with a slightly
larger diffusivitya = 0:76 fm. The mutual excitations of the Ca and Sn states have been
considered too.

Sequential transfer of up to four neutrons has been included in the coupling scheme.
The form factors for single-neutron pick-up are the same as used in ref. [6], which lead
to a good agreement with the experimental transfer cross section andQ-value distribu-
tion. They were derived following Quesadaet al [10] and include a set of transitions from
six shell model states in123Sn (1h11=2; 2d3=2; 3s1=2; 2d5=2, 1g7=2; 1g9=2) to four states in
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41Ca (1f5=2; 2p1=2; 2p3=2; 1f7=2). Here the single form factors have been combined into
one effective form factor, as a quadratic sum of the individual ones. This effective one-
neutron form factorF1n is close to 3 MeV at the barrier radius. For the2n; 3n and4n pick-
up channels, whoseQgs are lage and positive, the prescription of Brogliaet al [11] has been
used, which leads toF2n =

p
2�3=2F1n; F3n =

p
3�13=6F1n andF4n = 73=12F1n. In

the CCMPH calculations, zeroQ-values (close to the optimumQ-values) were attributed
to all of these channels.

The results of the CCMPH calculations are shown in figure 5. The fusion excitation
function is in good agreement with the data, and it shows that large enhancements are pro-
duced both by inelastic excitations and by neutron transfer channels; the role of proton
stripping channels should be investigated as well. However, the calculated barrier distribu-
tion looks like shifted in energy with respect to the ‘experimental’ one, although having an
overall correct shape.

We see, anyway, that the complete and detailed sets of data obtained for40Ca+ 124Sn
(and for other few cases as well) are suitable for a unified treatment of all the reaction chan-
nels. It seems particulary interesting to me the use of form factors that fit the experimental
transfer data, for the coupled-channel calculation of fusion at low energies.

The simplified CC approach we have followed in the analysis of the present40Ca+
124Sn system suffers from various approximations, and hence no defined conclusion should
be drawn out of it. But I feel it is a step in the right direction, in order to better understand
the dynamics of low-energy fusion.
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