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Fusion of 48Ca + 90,96Zr above and below the Coulomb barrier
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3INFN, Sezione di Napoli, I-80126 Napoli, Italy
4Ruder Bosković Institute, HR-10002 Zagreb, Croatia

5China Institute of Atomic Energy, 102413 Beijing, China
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Fusion-evaporation cross sections were measured in the two systems 48Ca + 90,96Zr in an energy range from well
below to well above the Coulomb barrier. The sub-barrier fusion of 48Ca + 90Zr is reproduced by coupled-channels
calculations including the lowest quadrupole and octupole vibrations of 90Zr, and using a Woods-Saxon potential
with a standard diffuseness parameter a = 0.68 fm. However, the fusion cross sections are overestimated above
the barrier. The low-energy slope of the excitation function for 48Ca + 96Zr is steeper. This implies a larger
diffuseness parameter a = 0.85 fm. Fusion cross sections are well fit in the whole energy range, and the effect
of the strong octupole vibration in 96Zr is predominant. The extracted fusion barrier distributions are reasonably
well reproduced by calculations for both systems. A comparison with previous data for 40Ca + 90,96Zr is made in
an attempt to clarify the role of transfer couplings in sub-barrier fusion.
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I. INTRODUCTION

Heavy-ion fusion dynamics at energies near and below the
Coulomb barrier has been the subject of many experimental
and theoretical studies for more than 20 years [1,2], using sta-
ble beams and, more recently, radioactive beams as well. Sub-
barrier fusion cross sections are generally dominated by strong
couplings to nuclear shape vibrations, deformations, and,
possibly, nucleon-transfer degrees of freedom. The method of
extracting fusion barrier distributions from the second energy
derivative of the fusion excitation function [3] has been a major
breakthrough in understanding the kind of couplings involved
in the various cases, thus clarifying the intimate links between
nuclear structure and reaction dynamics. However, treating
nucleon-transfer couplings correctly in theoretical models to
predict their effects on near- and sub-barrier fusion cross
sections remains a challenge.

Previous experiments on the sub-barrier fusion of 40Ca +
90,96Zr [4] showed a striking difference between the two
excitation functions and the extracted barrier distributions.
This was attributed to couplings to neutron pickup transfer
channels with positive Q values, which only exist for 40Ca +
96Zr. However, a more recent analysis [5] showed that
both sub-barrier fusion enhancements and the shape of the
barrier distributions can be reproduced within a semiclassical
model [6], which suggests that most of the isotopic difference
should be attributed to the strong octupole vibration of 96Zr.
Moreover, the “quantum molecular dynamics model” of Wang
et al. [7] predicts, for both 48Ca + 90Zr and, 48Ca + 96Zr,
sub-barrier fusion cross sections larger than for 40Ca + 96Zr,
as a consequence of the neutron richness of the systems.
The simplified model of Zagrebaev [8], which takes into
account the effect of neutron transfer in an approximate way,
reproduces the 40Ca + 90,96Zr excitation functions correctly.

The first motivation of the present work, therefore, was to
try to clarify the situation by means of further experimental
information for fusion involving 90Zr and 96Zr, but using a 48Ca
projectile, which is magic and more rigid than 40Ca (where a
strong octupole vibration exists) and which does not give rise
to any neutron transfers with positive ground-state Q values
with either zirconium isotope.

It has also been recently recognized [9] that several fusion
excitation functions in the above-barrier energy range can
be best fitted with a diffuseness parameter a of the usual
Woods-Saxon parametrization of the nuclear potential in the
range a = 0.75 to 1.5 fm, that is, much larger than the value a ≈
0.65 fm generally deduced from fits to elastic scattering data.
The fusion cross sections are systematically overpredicted
when using this lower value. The underlying reason or reasons
are not yet clear. Various suggestions have been made, among
which we cite the inability of a static potential to describe
the reaction dynamics over a broad energy range, and the
competition with dissipative reactions other than fusion (such
as deep inelastic collisions [9,10]), which might reduce the
fusion cross section and lead to the (artificial) need of a large
“effective” diffuseness to simulate this.

However, the diffuseness parameter a determines the slope
of the potential in its tail, that is, in the region of the Coulomb
barrier where fusion takes place. Hence a is directly connected
to the width of the barrier (see [10] and references therein),
and it determines the rate of change of the fusion cross
section below the “lowest” barrier in the picture of a barrier
distribution that arises as a consequence of channel couplings.
As a matter of fact, one can show [11] that the width of
the barrier is roughly proportional to a−1/2. It is also worth
noting that the diffuseness parameter can, of course, influence
the coupling strengths. To first order, they are proportional
to the deformation length and to dVNucl/dr . However, at the
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Coulomb barrier dVNucl/dr + dVCoulomb/dr = 0, so that as
long as the other potential parameters are changed to keep the
barrier height fixed, changing a has, in fact, little effect on the
couplings strengths near the barrier.

When lowering the energy in the sub-barrier region,
fusion excitation functions usually show an exponential
decrease [12]. However, recent studies [13,14] of deep
sub-barrier fusion cross sections have revealed somewhat
unexpected effects, beyond the known approximations of the
Wong formula. Usually, the logarithmic derivative d ln(Eσ )/dE
shows a steep rise in the barrier region with decreasing
energy and then levels off around the energy where the barrier
distribution vanishes. For a number of systems, however, it
has been found that the derivative continues increasing at even
lower energies, implying so-called hindrance effects, whose
origin is a matter of current discussion [15–20].

One notices that a large diffuseness parameter a, as invoked
to fit the data of several systems above the barrier, would
produce a steep decrease of the fusion cross section below the
lowest barrier, provided that the “lowest barrier” has been
clearly identified with the help of the barrier distribution
representation (but identification of the “lowest barrier” is not
always obvious). The second motivation of the present study
has been, therefore, to try to reproduce the excitation functions
of 48Ca + 90,96Zr over the whole measured energy range within
a Coupled Channels (CC) model employing a nuclear potential
of Woods-Saxon (WS)shape. Here the specific aim was to
deduce information on the diffuseness a needed for the two
systems. Fitting the sub-barrier fusion cross sections with the
same parameter a used in the high-energy region would give
us confidence that modeling the fusion dynamics on the basis
of a static WS nuclear potential is correct.

A preliminary and brief account of the data reported in this
paper was presented in Ref. [21]. Here the analysis has been
extended and completed. The description of the experimental
setup and procedures in Sec. II is followed by a discussion of
the low-energy trends of the two excitation functions in Sec. III.
Then the results of coupled-channels calculations are presented
in Sec. IV, fusion barrier distributions are discussed in Sec. V,
and a brief comparison is made with the aforementioned cases
40Ca + 90,96Zr in Sec. VI. Section VII is a summary of the
main results of the present work.

II. EXPERIMENTAL

The experiments reported here used 48Ca beams produced
by a sputter ion source. A metallic calcium sample, enriched to
�65% in mass 48, was sprayed with ammonia and the resulting
CaH− ions were injected into the XTU Tandem accelerator of
the Laboratori Nazionali di Legnaro of INFN. Beam intensities
on target were �3–7 pnA in the energy range 133–174 MeV
(from ≈7%–8% below to ≈17%–18% above the Coulomb
barriers).

The 90◦ analyzing magnet of the XTU Tandem defined
the beam energy to better than 1/800 [22]. Hysteresis effects
were minimized by changing the energy only downward in
the measurements of the excitation functions, and by using
the same ion charge state (10+) in the relevant range from

160 to 133 MeV. A fluorescent quartz was employed to focus
the beams to the same position on the targets for each run.

The targets were evaporations of metallic 90Zr (50 µg/cm2)
and of 96ZrO2 (50 µg/cm2) on carbon backings (15 µg/cm2)
facing the beam. The isotopic enrichments were 99.4% and
95.6%, respectively. The targets were placed in a Ø = 100 cm
scattering chamber. The beam energy losses in the carbon
backings (�180 keV) and in the targets were taken into account
in the data analysis.

Four silicon detectors monitored the beam by measuring
the Rutherford scattering from the target. They were placed
above and below and to the left and right of the beam at the
same scattering angle θlab = 16◦. The observed variations of
the relative yields in these monitors, owing to small changes
of beam focusing and position in the various runs, permitted
appropriate corrections to the fusion-evaporation residue cross
sections.

The evaporation residues (ER) were separated from the
background of beam and beam-like particles at 0◦ and nearby
angles by means of an electrostatic deflector [23]. The beam
ions were stopped at the exit of the deflector, whereas ER were
detected by an energy time-of-flight telescope consisting of a
microchannel plate detector and a 300 mm2 silicon surface-
barrier detector. The beam rejection factor of the setup is �108,
with an effective solid angle �25 µsr. ER angular distributions
were measured for the two systems at Elab = 166 and 150 MeV
(and also at 142 MeV for 48Ca + 96Zr) in the range −4◦–+5◦,
with 1◦ steps, in addition to the 0◦ excitation functions. No
significant variation with energy of the width of the angular
distribution was observed. Figure 1 shows two typical time

FIG. 1. Time of flight vs energy spectra measured for
144.2-MeV 48Ca + 96Zr (top) and 139.8-MeV 48Ca + 90Zr (bottom);
see text.
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FIG. 2. Fusion-evaporation cross sections for 48Ca + 90,96Zr.

of flight versus energy spectra measured at 0◦. In the upper
panel one notices the group of ER clearly separated from
the energy-degraded beamlike particles. The ER cross section
at that energy (144.2 MeV) is 97 mb, and ≈5000 ER were
registered in a run of around 30 min duration. In the lower
panel, the ER are highlighted by the circle. Here σER is 360 µb,
and only 20 ER were detected in 2 h. The spectrum is, in any
case, very clean. The dashed line indicates a group of events
probably produced by fusion of the 48Ca beam with the carbon
backing of the target.

Since fusion-fission is negligible for the present systems
(see also Ref. [4]), total fusion cross sections were derived from
the normalized 0◦ ER yields, from the angular distributions,
and from the transmission of the electrostatic deflector T =
0.70 ± 0.05 measured for the similar cases 40Ca + 90,96Zr [4].
This value was independently checked by Monte Carlo
simulations for the present systems. Absolute cross sections
have a systematic uncertainty ±14% (see Refs. [22,24]),
whereas relative errors are mainly determined by statistics.
Figure 2 shows the measured fusion cross sections for 48Ca +
90,96Zr. Only statistical uncertainties are reported. The cross
sections are listed in Tables I and II.

III. LOW-ENERGY TRENDS

The low-energy behavior of the excitation functions is best
displayed and compared by plotting the logarithmic derivative
d ln(Eσ )/dE of the cross section versus energy. This is shown in
Fig. 3 for 48Ca + 90,96Zr. Each plotted value of the derivative
has been simply obtained from two adjacent points of the
excitation function, and the quoted errors follow from the
statistical (relative) uncertainty of the two points considered.

The present data do not extend into the deep sub-barrier
energy range; nevertheless, considering the low-energy excita-
tion functions allows interesting observations at the qualitative
level. Already from Fig. 2, one notices that the excitation
function for 48Ca + 96Zr is visibly steeper at the lowest
measured energies. This is amplified in the representation of
the logarithmic derivatives of Fig. 3. The data for 48Ca +

TABLE I. Fusion cross sections for 48Ca + 90Zr. Quoted errors
are statistical uncertainties only.

Ec.m. (MeV) σER (mb) Ec.m. (MeV) σER (mb)

90.7 0.16 ± 0.05 99.0 127.2 ± 1.8
91.2 0.36 ± 0.08 99.5 141.9 ± 1.8
91.7 0.89 ± 0.10 100.0 157.7 ± 1.6
92.2 1.89 ± 0.17 101.0 186.3 ± 1.9
92.7 3.50 ± 0.27 102.0 214.0 ± 2.3
93.1 6.80 ± 0.56 102.9 241.9 ± 2.6
93.6 11.8 ± 0.70 103.9 269.1 ± 2.2
94.1 17.7 ± 1.1 104.9 295.7 ± 3.1
94.6 25.6 ± 1.5 105.9 322.8 ± 3.5
95.1 33.7 ± 0.8 106.9 347.9 ± 3.4
95.6 43.3 ± 0.9 107.8 374.5 ± 4.0
96.1 54.0 ± 1.0 108.8 402.0 ± 4.0
96.6 65.3 ± 1.3 109.8 426.5 ± 4.1
97.1 77.1 ± 1.5 110.8 455.0 ± 5.0
97.6 89.0 ± 1.7 111.8 479.8 ± 5.2
98.0 100.9 ± 1.8 113.1 516.9 ± 5.8
98.5 113.8 ± 1.7

96Zr probably show the expected low-energy plateau below
E � 90 MeV, at the level of �2.2 MeV−1 for the logarithmic
slope (with the three lowest points being the same within the
experimental errors). As for 48Ca + 90Zr, it is less clear from
the data whether the curve levels off at the lowest energies,
where the logarithmic derivative is �1.7 MeV−1, that is,
≈25% smaller than the saturation value for 48Ca + 96Zr. The
difference in the low-energy trends between the two systems is
not obvious a priori. One might point to the possible influence
of neutron-transfer channels. However, apart from couplings
to inelastic excitations (see next section), neutron-transfer

TABLE II. Fusion cross sections for 48Ca + 96Zr. Quoted errors
are statistical uncertainties only.

Ec.m. (MeV) σER (mb) Ec.m. (MeV) σER (mb)

88.6 0.095 ± 0.040 98.1 149.4 ± 2.8
89.1 0.28 ± 0.07 98.6 161.5 ± 2.9
89.6 0.83 ± 0.11 99.1 174.9 ± 2.9
90.1 2.59 ± 0.25 99.6 189.1 ± 3.2
90.6 4.73 ± 0.31 100.1 203.9 ± 3.4
91.1 8.73 ± 0.40 100.6 215.7 ± 3.5
91.6 13.5 ± 0.65 101.1 230.0 ± 3.3
92.1 18.9 ± 0.6 101.6 244.9 ± 4.4
92.6 25.2 ± 0.9 102.1 257.4 ± 2.7
93.1 31.5 ± 1.0 103.1 289.9 ± 3.2
93.6 41.8 ± 1.2 104.1 325.1 ± 3.4
94.1 49.8 ± 1.5 105.1 349.4 ± 4.4
94.6 60.5 ± 1.7 106.1 381.0 ± 4.1
95.1 73.0 ± 2.4 107.1 407.4 ± 4.5
95.6 85.7 ± 2.7 108.1 433.5 ± 4.6
96.1 96.6 ± 3.1 109.1 464.9 ± 4.8
96.6 108.4 ± 3.0 110.1 494.0 ± 5.1
97.1 121.0 ± 2.7 111.1 522.0 ± 5.2
97.6 134.9 ± 2.8 112.1 552.0 ± 5.7
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FIG. 3. Logarithmic derivatives of the excitation functions.

channels are not expected to play a role in the present cases,
since no transfer channel with positive Q value exists in either
system. Only proton pickups can have positive Q values for
48Ca + 90Zr. All this calls for further measurements at deeper
sub-barrier energies, which, unfortunately, are not possible
with our present setup.

IV. COUPLED-CHANNELS CALCULATIONS

Coupled-channels calculations have been performed with
the code CCFULL, where the WS parametrization of the
nuclear potential is adopted. A detailed description of the
program, its physical background, and some inherent approx-
imations can be found in Ref. [25]. In particular, coupling
strengths are taken into account to all orders, and higher
phonon states may be included by treating vibrational cou-
plings in the harmonic limit. A point should be made here:
using the harmonic limit may generate some problems in
associating the results of calculations to the real structure of the
colliding nuclei (usually far from being harmonic oscillators),
the more so when two- and possibly three-phonon excitations
appear to influence the fusion cross sections considerably [26].
This is actually the case for the present systems involving
zirconium isotopes, which are heavy and relatively soft with
respect to quadrupole and octupole vibrations.

After this preamble, we show in Table III the relevant
information on the low-lying excitations of 48Ca, 90Zr, and
96Zr. The quadrupole vibrations of 90,96Zr are both weak and
lie at comparable energies. The 5− state of 90Zr was included
in the CC calculations by renormalizing the nuclear coupling
strength of the 2+ state [27]. The octupole vibration in 96Zr
is significantly stronger and lower in energy than in 90Zr. The
magic nucleus 48Ca is very rigid; in the calculations, only the
relatively strong 3− state was included in the coupling scheme.
The effect of its high excitation energy is nearly adiabatic,
that is, a renormalization [28] of the nuclear potential occurs,
producing a lower Coulomb barrier, with little influence on the
shape of the fusion barrier distribution.

TABLE III. Excitation energies Ex , spin and parities
λπ , and deformation parameters βλ [29,30] (see text).

Nucleus Ex(MeV) λπ βλ

48Ca 3.832 2+ 0.11
4.507 3− 0.23

90Zr 2.186 2+ 0.09
2.748 3− 0.22

(2.319 5− 0.12)
96Zr 1.751 2+ 0.08

1.897 3− 0.27

For both systems, obtaining reasonable fits to the excitation
functions requires target vibrations of quadrupole and octupole
character to be included up to the two-phonon level for each
mode, as well as mutual excitations of the type 2+ ⊗ 3−,
(2+)2 ⊗ 3−, 2+ ⊗ (3−)2, and (2+)2 ⊗ (3−)2. Mutual excita-
tions between projectile and target states are also taken into
account. For 48Ca + 96Zr only, the three-phonon state (3−)3

has a non-negligible effect at low energies.
The parameters of the Akyüz-Winther (AW) potentials [31]

are reported in Table IV together with those of the modified
potentials used in the present CC calculations that include the
low-lying vibrations of projectile and target. The analysis with
CCFULL was performed along the following lines. First, a good
fit to the slope in the sub-barrier energy region was searched
for, determining (qualitatively) the value of the diffuseness
parameter a. After this, the height of the barrier was slightly
varied with respect to the AW value (ro was varied and
Vo consequently), to achieve a good fit near and below the
Coulomb barrier. It turns out that the adiabatic effect of the
high-lying 3− state of 48Ca brings the “effective ” barrier very
near to the original AW value in both systems.

We consider first 48Ca + 96Zr. The calculation reproduces
the data below and above the barrier (see Fig. 4, upper panel),
only by adopting a diffuseness parameter a = 0.85 fm, larger
than the AW value. This is in agreement with the systematics of
Newton et al. [9]. The logarithmic derivative of the calculated
excitation function, shown in Fig. 3, closely resembles the data
trend.

TABLE IV. Parameters of the Akyüz-Winther potential [31] (first
line for each system) and those employed in our CC calculations
(second line, see text) together with barrier heights, radii, and
curvatures resulting from the previous potentials.

System Vo (MeV) ro (fm) a (fm)

48Ca + 90Zr 73.7 1.18 0.68
113.9 1.12 0.68

48Ca + 96Zr 73.3 1.18 0.68
127.8 1.05 0.85

Vb (MeV) Rb (fm) h̄ω (MeV)
48Ca + 90Zr 96.9 11.08 3.58

98.3 10.95 3.76
48Ca + 96Zr 95.9 11.21 3.51

97.5 10.82 3.25
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FIG. 4. Measured fusion cross sections of 48Ca + 90,96Zr, in
comparison with CC calculations.

In the case of 48Ca + 90Zr (lower panel of Fig. 4)
the standard diffuseness a = 0.68 fm gives a good fit to
the data at near- and sub-barrier energies, by including the
aforementioned vibrational couplings (solid line). The loga-
rithmic derivatives of data and calculation for 48Ca + 90Zr are
shown in Fig. 3, where the agreement can be better appreciated.
However, the cross sections are overpredicted above the barrier
(see Fig. 4) by 12%–13%, which is still (marginally) within the
overall accuracy of the absolute cross section scale. Correcting
for this disagreement would require a larger diffuseness [9],
but the good fit at low energies would be lost.

The situation is better represented in Fig. 5, where the solid
line is the same calculation reported in Fig. 4, and the dashed
line is the calculation with a = 0.90 fm, that is, the value used
in Ref. [4] for 40Ca + 90Zr. The value of ro was adjusted to
give the same barrier Vb = 98.3 MeV as for the solid line. The
dashed line clearly fails to reproduce the sub-barrier energy
dependence of the excitation function. Conversely, keeping
a = 0.68 fm and varying the Coulomb barrier, through ro

and Vo, to get a good fit above the barrier (dashed-dotted

FIG. 5. Fusion excitation function of 48Ca + 90Zr in a slightly
expanded view with respect to Fig. 4. The solid line is the
same calculation reported in Fig. 4; the dashed line uses a larger
diffuseness, but the barrier is not varied. The dashed-dotted line keeps
a = 0.68 fm and the barrier is increased to best fit the high-energy
data points (see text).

line) leads to a large underprediction of the sub-barrier cross
sections. This cannot be compensated for by introducing
additional channels in the coupling scheme, since three-
phonon excitations have very little effect, and the Q values
for all transfer channels are large and negative in this system.

As a partial conclusion, we may say that both 48Ca + 90Zr
and 48Ca + 96Zr require a diffuseness parameter of the WS
potential significantly larger than the AW value to achieve a
good fit to the fusion cross sections above the barrier. The
physical reasons behind this observation should certainly be
investigated [9] further. However, there is a difference between
the two systems below the barrier. For 48Ca + 96Zr, the “large”
a = 0.85 fm allows one to reproduce correctly the sub-barrier
cross sections, but this is not the case with 48Ca + 90Zr, where
a standard value a � 0.68 fm is required. Moreover, the AW
potential used in the CC calculations for 48Ca + 96Zr has a
smaller radius parameter ro than for 48Ca + 90Zr (1.05 versus
1.12 fm). This is not the result of a χ2 fit, but the trend is
the same as noted by Newton et al. [9] for 40Ca + 90,96Zr.
Presently, we have no physical explanation for these isotopic
effects.

V. BARRIER DISTRIBUTIONS

The fusion barrier distributions for 48Ca + 90,96Zr have been
obtained [3] by double differentiation of Eσfus with respect
to the energy, using the three-point difference formula [4]
with an energy step �E = 2 MeV. They are shown in Fig. 6,
normalized to unity. Concerning 48Ca + 90Zr, the shape of
the distribution is clear, with two main peaks around 94 and
98 MeV. It is very similar to what is obtained for 40Ca +
90Zr [4]. The calculation marked “1-phonon ” (that is, one
quadrupole phonon and one octupole phonon; dashed line)
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FIG. 6. Fusion barrier distributions of 48Ca + 90,96Zr, in compari-
son with CC calculations (see text). The ordinate is the second energy
derivative of Eσfus divided by πR2

b , where the barrier position Rb is
derived from the AW potential [31].

reproduces the separation between the two main peaks reason-
ably well, but it gives too much strength to the lower energy
one. This calculation clearly underestimates the sub-barrier
fusion cross sections (see previous section). The solid line
is derived from the corresponding two-phonon calculation of
Fig. 4. It gives a better overall fit to the experimental distribu-
tion, even if the distance between the two main peaks is too
small.

The distribution of 48Ca + 96Zr has (at least) two peaks
of comparable weight in the low-energy part, a hint of
some structure around 96–97 MeV, and a high-energy bump
at �102 MeV. This shape with various well-defined peaks
is quite different from the result for 40Ca + 96Zr studied
previously [4]. The structure and overall shape of the present
complex distribution are well reproduced only by the inclusion
of three octupole phonons in 96Zr, although the barrier around
93–94 MeV is calculated ≈1.5 MeV too high. The high-energy
peak is well reproduced. The calculation with two phonons
misses completely the shape of the distribution.

FIG. 7. Comparison of fusion cross sections of 40,48Ca + 90,96Zr.

VI. COMPARISON WITH 40Ca + 90,96Zr

Let us consider the present data for 48Ca + 90,96Zr and
the older results [4] for the two systems involving 40Ca as
the beam and the same zirconium targets. We compare the
excitation functions in the usual plot with reduced energy and
cross sections scales, shown in Fig. 7 (see also Ref. [21]). The
case of 40Ca + 96Zr clearly stands out from the others, both
from the point of view of sub-barrier fusion enhancement and
with respect to the slope of the excitation function in the same
energy range, which is much flatter. The present observations
do not agree with the predictions of Ref. [7].

There is no doubt that there is something special about
that system. Identifying the reason(s) why this is so is an
interesting challenge. Originally, one associated the exper-
imental evidence with the availability, solely for 40Ca +
96Zr, of neutron-transfer channels with large and positive Q
values [4]. Later, the dominant effect of the strong octupole
vibration in 96Zr was suggested [5]. However, we note that the
excitation function for 48Ca + 96Zr (with no positive Q-values
for transfer) is very similar to those for 40,48Ca + 90Zr. We
also pointed out, in the previous section, that the three barrier
distributions of 48Ca + 96Zr and 40,48Ca + 90Zr have a clear
peak structure, at variance with the case of 40Ca + 96Zr. This
leads us to conclude that the octupole vibration of 96Zr is not
the major factor in the dynamics. One may argue that, since
40Ca (but not 48Ca) has a well-known and strong octupole
vibration, its combination (coupling) with the corresponding
excitation of 96Zr produces most of the effect, in a way that is
not taken into account by the calculations of Ref. [4]. In any
case, a strong influence of few- and multineutron transfer on
fusion cannot be ruled out. The cumulative effect of several
transfer channels, each giving a small contribution, might
explain the evidence, especially at very low energies.

A step further in the comprehension of the dynamics might
be achieved by measuring the intermediate case 40Ca + 94Zr,
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where Q values for neutron transfer are still positive and large,
but where the octupole vibration of 94Zr is weaker and higher
lying than in 96Zr. In any case, one faces the continuing
difficulty of performing full CC calculations where transfer
couplings are explicitly taken into account.

VII. SUMMARY

Fusion-evaporation cross sections were measured in the
two systems 48Ca + 90,96Zr in an energy range from well
below to well above the Coulomb barrier. The analysis of
the preliminary data [21] has been extended and completed.
The excitation functions have been compared with the results
of CC calculations [25]. One- and two-phonon octupole and
quadrupole vibrations of 90,96Zr were considered; it was
necessary to consider even the three-phonon state of the strong
and low-lying octupole vibration of 96Zr to achieve good
agreement with the data.

The low-energy slope of the excitation functions is directly
related to the barrier width and hence to the diffuseness a of
the WS potential used. For 48Ca + 90Zr, the AW value a =
0.68 fm gives a good fit to the data, whereas a larger value
a = 0.85 fm is needed for 48Ca + 96Zr. Indeed, the excitation
function of 48Ca + 96Zr is steeper, as seen better in a plot of
the logarithmic derivative of the cross section versus energy.
Different values of d ln(Eσ )/dE show up for the two systems
at the lowest energies, although it is not entirely clear, for
48Ca + 90Zr, whether we have reached the expected low-energy
plateau.

In the high-energy part of the excitation functions, the cross
sections of 48Ca + 96Zr are very well fitted by calculations,

which, however, overpredict the 48Ca + 90Zr data by 12%–
13%. Such a discrepancy follows the trend discussed by
Netwon et al. [9] for several systems where diffuseness
parameters much larger than a ≈ 0.68 fm were shown to be
needed to reproduce above-barrier fusion cross sections. Here,
a large diffuseness for 48Ca + 90Zr would bring the calculated
cross sections very close to the data above the barrier, but
the good fit at low energies would deteriorate. The underlying
reason(s) must be clarified, as should the validity of the CC
model based on a static nuclear potential with a WS shape [9].
Fusion data at deep sub-barrier energies [14] for 48Ca + 90,96Zr
would be very interesting.

The barrier distribution for 48Ca + 90Zr, extracted from the
data, is very similar to that of 40Ca + 90Zr. The distribution of
48Ca + 96Zr is wider, but it shows clear structures (peaks), at
variance with the case of 40Ca + 96Zr. In a reduced plot of the
excitation functions for these four systems, the sub-barrier data
for 40Ca + 96Zr show a very large enhancement with respect
to all other cases, which are bunched together. This evidence
makes the phenomenological correlation to positive-Q-value
transfer channels very plausible.
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