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Sub-barrier fusion of **S + %Ni and other medium-light systems
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Sub-barrier fusion cross sections of 3*S + *Ni have been measured down to ~3 ub. The logarithmic slope of
the fusion excitation function has a steep rise in the barrier region with decreasing energy and saturates at lower

energies. The data can be reproduced within the coupled-channels model using a Woods-Saxon potential with
a large diffuseness. The slope saturation is analogous to what has been observed for 3¢S, Ca + “¥Ca, while for
heavier systems the slope increases steadily below the barrier.
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I. INTRODUCTION

Heavy-ion fusion cross sections in the energy region near
the Coulomb barrier result from a balance of several concurring
effects. Some of these enhance the fusion probability (cou-
plings to internal degrees of freedom of the colliding nuclei and
to nucleon transfer channels), whereas others cause a limitation
to fusion (competition with deep inelastic or quasi-fission
channels) especially for heavy and/or symmetric systems. A
further type of limitation has been reported in recent years in
the deep sub-barrier region where experimental fusion cross
sections systematically fall below the predictions of standard
coupled-channels (CC) calculations. This phenomenon is
known as “fusion hindrance” and is commonly represented by
using the logarithmic derivative (slope) L(E) = dIn(Ec)/dE
which is very sensitive to the trend of the excitation function
at very low energies.

This fusion hindrance has first been observed in °Ni + Y
[1] and later on in several other cases [2—6]. It was suggested
that it is a general phenomenon of heavy-ion interaction at far
sub-barrier energies [2] (see also the systematics of Ref. [3]).
For medium-mass systems the slopes, below the barrier, reach
and overcome the value Lcg expected for a constant astrophys-
ical S factor S(E) [4,7], implying the presence of a maximum
of S(E) as a function of the energy. For instance, this was ob-
served for 8Ni + %8Ni [8], ®*Ni + *Ni [9], and for the lighter
system 28Si 4+ %*Ni [10]. The crossing of L¢s or, equivalently,
a maximum of S(E), was associated to the onset of hindrance.
However, the hindrance observed in recent experimental stud-
ies of medium-light systems [11,12] was not strong enough to
generate a maximum of S(E) in the measured energy range.

Misicu and Esbensen [13,14] suggested that a shallow
pocket of the ion-ion potential develops inside the barrier,
due to the saturation properties of nuclear matter. Thus, the
barrier is thicker than with standard potentials of Woods-
Saxon type [15] and fusion cross sections are smaller. Good
fits were obtained for the excitation function of *¥Ni 4 ®Ni
and %Ni+%Ni at deep sub-barrier energies. On the other
hand, the same data have been successfully reproduced by
describing the low-energy compound nucleus (CN) formation
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as a two-step process, that is, capture in the two-body potential
pocket followed by penetration of an adiabatic one-body
potential [16,17]. The concept of “decoherence” [5,18] has
been also applied to the case of '°O + 2%8Pb low-energy fusion.
Measuring fusion cross sections smaller than ~10-20 nb
seems to be necessary to discriminate between these different
models.

The energy threshold for hindrance appears to be related
to structural properties of the colliding nuclei. In spite of
extensive theoretical and experimental systematic work on
a broad mass range, basic questions are still pending. For
example, in light systems such as various C+ C and O+ O
cases with positive Q values for CN formation, L(E) and Lcs
are nearly parallel at low energies, and no clear evidence of
a maximum in the S factor shows up. Medium-mass systems
with Q > 0 (where both colliding nuclei have masses in the
range A ~ 30-60) have been the object of various recent
studies. The possible role played by a positive Q value in the
behavior of the excitation function at far sub-barrier energies
[2] has been studied since a reliable extrapolation of this role
for light systems would be of great astrophysical interest.

Recent data exist for 28Si + 3°Si (having O = +14.3 MeV)
[19] and, in particular, for 2TA14+%Sc (having Q =
+9.63 MeV), where fusion hindrance has been reported [20].
The excitation function was measured to cross sections as
low as 300 nb, but this was still not sufficient to reveal a
clear maximum in the S-factor representation. Nevertheless,
experimental cross sections are smaller than standard CC
predictions at low energies, confirming the occurrence of
fusion hindrance in that system with positive Q value. The
two cases °S 4+ *Ca [21] and *3Ca + *3Ca [12] with Q values
of +7.55 MeV and -3 MeV, respectively, were also studied.
The structure of the colliding nuclei is similar (very stiff and
neutron rich), and the trend of the two excitation functions is
very similar, since in both cases the logarithmic slopes saturate
below the L¢s value. It follows that no significant effect can
be attributed to the sign of the Q value.

In this framework, we have decided to study the system
368 + ®4Ni, with a heavier and softer target (**Ni) with respect
to the cases cited above. Our aim has been twofold, i.e., to
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verify if a fusion hindrance is observed in this system, and
whether this is associated with a maximum of the § factor
as a function of the energy. The fusion excitation function of
368 + 64Ni was originally measured [22] several years ago, but
fusion cross sections were determined down to about only o >~
50 ub. We have extended the measured cross section range
to lower energies and a preliminary analysis of the present
experiment was reported in Ref. [23].

In this article, the setup and the results are presented
in the following section, while calculations within the CC
model using a Wood-Saxon potential are described in Sec. III.
A comparison with the results obtained for 3¢S+ *Ca,
48Ca+*Ca, and for other nearby systems is performed in
Sec. IV. Section V concludes this work with a short summary.

II. EXPERIMENT AND RESULTS

The experiment was performed using the °S beams of
the XTU Tandem accelerator of LNL in the energy range
Eip =~ 81 to 130 MeV. The beam intensity was between 7 and
15 pnA, and the target was a ®*Ni evaporation (99.6% enriched
in mass 64), 50 g /cm? thick, on a 20 1g/cm? carbon backing.
Evaporation residues (ER), emitted near 0°, were detected
using the electrostatic deflector setup described in Ref. [21].
The ER angular distribution for °S + ®*Ni has been measured
at Ep,p = 91.0 MeV (the Akyiiz-Winther [24] Coulomb barrier
is 90.4 MeV) in the angular range —10° to 4+10° in steps of
1°. This distribution is shown in Fig. 1(a). Fusion-fission is
negligible for the present system so fusion cross sections were
derived from the normalized 0° ER yields integrated over the
angular distribution and corrected for the transmission T of
the electrostatic deflector (T = 0.72 derived from systematic
measurements performed for similar systems). The absolute
cross-section scale is estimated to be accurate within ~+7%.

The present fusion cross sections and the previous data
for 3°S 4 %Ni are in fair agreement by applying a suitable
normalization coefficient [see the Fig. 1(b)]. One cannot go
beyond this qualitative comparison since the beam incident
energy, in the older measurements, was not known with the
present accuracy resulting from the recalibration of the XTU
Tandem accelerator [25]. We will concentrate on the present
data in this article.

The fusion cross sections of S 4 %4Ni are listed in Table 1.
The excitation function appears to decrease smoothly in the
sub-barrier region. The fusion excitation function is plotted
in Fig. 2(a), together with the CC calculations discussed in
Sec. III.

Extracting fusion barrier distributions (BD) [26] from the
data greatly helps in revealing the fusion dynamics in the
vicinity of the barrier, since CC effects effectively split
the unperturbed barrier into a manifold or a continuous
distribution of barriers, whose structure depends on the type
of couplings [27] involved. Figure 2(b) shows the BD for
365 4+ %Ni obtained by means of a double differentiation of
Eoyy,s vs. energy using the three-point difference formula [26]
with an energy step AE ~ 2 MeV. At first glance the BD shows
only one main peak without a complex structure, as it is the
case for stiff systems. However, the distribution is unusually
wide (4-5 MeV). This indicates that it might be composed
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FIG. 1. (Color online) (a) ER angular distributions for *¢S 4 *Ni,
365 +48Ca, and *®Ca+*%Ca. (b) Fusion excitation function of
368 + %Ni. Previous data reported in Ref. [22] (open circles) have
been normalized to the present results in the energy region above the
barrier.

of various unresolved peaks originating from the low-lying
quadrupole vibration in *Ni (see Sec. III).

The lowest-measured energy (corresponding to o =~
2.8 ub) is well below the threshold for hindrance Etehrfp,
predicted by the phenomenological systematics [28] (see
Table II). In fact, one knows that hindrance usually shows up at
an energy lower than E;" (see, e.g., Ref. [20]). This point will

TABLE 1. Fusion cross sections of **S + %Ni. Quoted errors are
statistical uncertainties only.

Ecm. (MeV) ogr (mb) Ecm (MeV) opr (mb)
51.63 0.0028 £ 0.0013 57.39 71.56 +2.09
51.95 0.0070 £ 0.0016 58.03 92.48 +2.05
52.27 0.013 £ 0.002 59.12 139.1+£2.8
52.59 0.031 £ 0.005 60.40 201.0 + 4.4
5291 0.063 % 0.008 61.61 2594 +39
53.23 0.158 £ 0.016 62.96 312.0+£59
53.55 0.323 £ 0.032 64.30 379.7+ 6.3
53.87 0.639 + 0.055 65.64 446.5 £3.9
54.51 2.01 £0.12 68.78 5483+ 9.6
55.08 6.41 £0.29 70.70 590.3 £ 8.9
55.72 17.14 £ 0.43 76.46 6724 +13.3
56.75 35.06 £1.22 82.86 788.9 £ 359
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TABLE II. Lowest measured energy E,, and the corresponding cross section o, compared with the threshold energy thr:'p as estimated
in Ref. [28], with the lower limit of the barrier distribution Egp, and with the threshold indicated by CC calculations E.. (see text).

System Ein MeV) Omin (UD) Egp (MeV) E;":p (MeV) E.. (MeV)
368+ Ni 51.63 2.86 +1.28 ~53 55.11 ~54.5
%S +48Ca 36.87 0.62 £ 0.35 ~39 41.06 ~40.5
BCa+8Ca 46.35 0.58 £0.39 ~48 51.46 ~48.3

be discussed in more detail in Sec. IV, where a comparison is
done with the systems %S + *¥Ca and **Ca +*8Ca.

We know that fusion hindrance is expected to show up
below the low-energy limit of the BD, where CC effects
effectively vanish. With some degree of arbitrariness, we can
identify this lower limit with the energy where the BD reduces
to 0.01 MeV~! (see the recent work on 8Ni + >*Fe [6]). This
reference point is listed in the fourth column of Table II, and
we notice that it is &2 MeV lower than the threshold energy
of the systematics [20,28].

We have also examined the logarithmic slope L(E) of
the excitation function, which is a more effective way [1]
of analyzing its behavior at very low energies. Figure 3(a)
shows the experimental L(E) values and the dashed line is the
slope L¢s for a constant astrophysical S factor. The behavior
of 3S 4+ %Ni (Q = —8.5 MeV) differs from that of heavier
systems such as the Ni+ Ni (with Q < 0) where the slope
L(E) crosses L¢s [2,4], corresponding to a maximum of
the S factor. The slope of 3¢S 4 %Ni has a steep increase
around the barrier and approaches Lcs at low energies, but
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FIG. 2. (Color online) (a) The fusion excitation functions of
368 +%Ni is compared with conventional CC calculations. (b) The
experimental and theoretical barrier distributions are shown.

then a saturation shows up. This differs from what is shown
in Ref. [23], where the result came from a preliminary data
analysis. In Fig. 3 there is no clear evidence for a maximum
of S(E), and we are faced with the question whether fusion
hindrance is observed in °S + %Ni. We try to give an answer
in the next section by comparing with CC calculations.

III. COUPLED-CHANNELS ANALYSIS

We have compared the measured cross sections with
standard CC calculations performed with the CCFULL [29] code
where the Woods-Saxon geometry for the nuclear potential
is used. The Akyiiz-Winther potential [24] (AW) and the
low-lying collective states of target and projectile have been
the starting point of our calculations. Excitation energies, spin
and parities, and deformation parameters of these states are
listed in Table III. The AW parameters have been slightly
modified (essentially the depth V,) to match the centroid of the
experimental BD with the couplings included. The resulting
potential is identified as “AW” in Table IV, with a barrier
height 0.4 MeV higher than with the original AW parameters.
One-phonon 2% and 3~ vibrations of projectile and target were
included in the calculations as well as all possible mutual
excitations. Since the quadrupole state of ®Ni is rather strong,
two-phonon excitations of this kind were included too. The
calculated cross sections are compared with experimental data
in Fig. 2 (see the dot-dashed line). A good fit is obtained
near the barrier, but the data are strongly overpredicted below
~54.5 MeV, i.e., slightly below the threshold energy for fusion
hindrance expected from the systematics (fifth column of
Table II). The energy where the BD vanishes is not far away
(see again Table II).

In order to fit the data at low energies it is necessary
to change drastically the potential parameters. Keeping the
requirement to reproduce the centroid of the BD and using the
same coupling scheme as mentioned above, the diffuseness

TABLE III. Excitation energies E,, spin and parities A", and
deformation parameters §; [30,31] (see text) of states included in CC
calculations.

Nucleus E, (MeV) AT B,
%3 3.291 2+ 0.16
4.192 3~ 0.38
BCa 3.832 2F 0.11
4.507 3~ 0.23
%Ni 1.346 2+ 0.18
3.560 3~ 0.20
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parameter has been varied in the CC calculations, until a
reasonable agreement with the data was found. The radius
parameter r, and the depth V,, have been adjusted consequently.
The results are shown in Fig. 2 (solid and dashed lines) and
the new potential parameters are listed in Table IV (second
line). A very large diffuseness parameter is needed (around
a = 1.2 fm), and the difference between the results with one
and two quadrupole phonons of ®Ni is not so significant
in the excitation function. However, reproducing the overall
shape of the BD requires two-phonon couplings, since the
calculation with only one phonon yields a BD which is too
narrow with respect to the data. Additionally, the calculated
two-peak structure is not clearly seen in the experimental BD.
In spite of the large experimental errors at the lowest energies,
the calculation witha = 1.2 fm reproduces fairly well the trend
of L(E) and of the S factor (see Fig. 3), although it seems to
overestimate the slope around ~54-55 MeV.

All this indicates the presence of a suppression of fusion
probability. It is actually known that the WS potential is
generally not able to reproduce the low-energy fusion cross
sections, with the standard AW parameters [24]. As a matter
of fact, the very large diffuseness used here produces a
broadening of the potential barrier (see the curvatures iw in
Table IV), thus simulating a shallow potential, whose physical
interpretation has been proposed in a recent theoretical model

52 54 56 58 6036 38 40 42 44 46 4846 48 50 52 54 56

[13,14] of the hindrance phenomenon. Therefore, a detail
search for the “best” diffuseness has little importance in the
context of the present article.

IV. COMPARING WITH NEARBY SYSTEMS

The fusion of the two systems *°S +*8Ca and “*Ca + **Ca
was studied at LNL in recent years down to very small
cross sections [12,21]. Figure 1 shows the experimental ER
angular distributions for these two cases, and we give in
Tables V and VI the measured cross sections which were
not reported numerically in the original articles. The two
excitation functions are very similar to each other. They are
plotted in Fig. 4 together with the fusion barrier distributions
extracted from the data in a similar way as for 3°S + ®Ni
(see above). The analogous behavior of 3°S, “Ca+ *¥Ca is
highlighted in the representation of the logarithmic derivative
(slope) versus energy, shown in Fig. 3. The two slopes, after
a sharp increase just below the Coulomb barrier, saturate with
decreasing energy, even if the experimental uncertainties are
large in the low-energy range. The slopes remain below the Lcg
value, and, consequently, no maximum of the § factor shows
up. The early hypothesis that the slope saturation may be due to
the positive Q value of S + *3Ca has been contradicted by the
parallel trend observed for “Ca + *8Ca. The saturated slope is

TABLE IV. Parameters of the modified Akyiiz-Winther potential [24] (see text) and those employed in our CC calculations, together with

resulting barrier heights, radii, and curvatures.

System Potential V, (MeV) r, (fm) a (fm) Vi, (MeV) rp (fm) hw (MeV)
38 + “Ni “AW” 58.0 1.18 0.66 58.5 10.27 3.47
CC 208.1 0.80 1.2 58.5 9.59 2.65
%S +4Ca “AW” 65.8 1.15 0.65 43.3 9.90 3.35
CcC 164.6 0.90 0.95 433 9.54 2.82
BCa+®Ca “AW” 54.7 1.18 0.66 52.2 10.27 3.23
CC 84.9 1.05 0.90 51.9 10.03 2.76
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FIG. 4. (Color online) Fusion excitation functions of (a) 3¢S +
“Ca and (b) ¥Ca+*Ca recently measured at LNL. Cross sec-
tions are reported with only statistical uncertainties. Barrier dis-
tributions derived from the excitation functions are shown in
panels (c) and (d).

not very different from the case of 3°S 4 *Ni, however, nearby
systems like various Ni+ Ni cases [8,9] and the recently
measured *8Ni +>*Fe system [6] display a totally different
behavior.

In this respect, it is interesting to compare in more detail
368 + %4Nj with 3°S + *8Ca and %*Ni 4 *Ni [9] (each member
of this “triplet” has one of the two colliding nuclei in common
with another member). We show in Fig. 5 the logarithmic
slopes versus the experimental fusion cross sections. This
representation is only useful to compare the various systems
with one another in the same frame, by eliminating trivial
Coulomb barrier differences.
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FIG. 5. (Color online) Logarithmic slopes versus experimental
fusion cross sections for the three indicated systems.
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TABLE V. Fusion excitation function of 3°S + *8Ca.

Ecm (MeV) ogr (mb) Ecm (MeV) or (mb)
36.87 0.00062 £ 0.00035 43.52 124.6 +3.1
37.39 0.0025 + 0.0006 44.02 150.9 £3.9
37.90 0.0088 £ 0.0020 45.05 2133 +52
38.41 0.0296 + 0.0042 47.10 323.1+£8.2
38.93 0.104 £ 0.014 48.82 423.1+£17.7
39.44 0.333 £ 0.025 50.53 5334+£72
39.95 1.107 £ 0.077 52.24 612.2+9.7
40.46 3.232+£0.219 53.96 699.0 + 134
40.97 8.571 £ 0.538 55.67 799.6 + 14.8
41.47 16.61 +0.76 57.39 8404 + 14.7
41.99 3547 £ 1.48 59.10 9152+ 113
42.50 60.79 & 2.56 60.81 972.7 £ 12.1
43.00 83.83 £2.20

There is a recognizable trend when going from 3¢S 4 “8Ca
to S +%Ni, and to ®*Ni+ %Ni, i.e., the slope increases
less sharply between ~100 mb to 0.1 mb (i.e., near and
slightly below the barrier). This is probably a consequence
of the increasing softness of the systems, leading to wider
barrier distributions. At cross sections smaller than 0.1 mb the
experimental errors are rather large, nevertheless a saturation
shows up for the two lighter systems. The “plateau” between
~1 and 100 ub appears to be a common feature of medium-
light systems (see also **Ca+*8Ca), while only a hint of
saturation may be inferred for %*Ni + *Ni.

One may argue that extending the measurement of fusion
of 38 +48Ca and S + %*Ni to lower energies the slope L(E)
would resume increasing, finally crossing Lcs and producing
a maximum of the S factor. Indeed, the two lowest-energy
points of ®*Ni 4 %Ni are crucial to establish the trend at far
sub-barrier energies. Such measurements in the 10- to 100-nb
region are obviously very difficult but badly needed in order
to clear up the low-energy fusion dynamics.

The solid lines in Figs. 3 and 4 are the results of the
CC calculations performed for 3°S +*8Ca and *8Ca + *3Ca,
which were described in detail in the original articles [12,21].

TABLE VI. Fusion excitation function of **Ca + *8Ca.

Ecm (MeV) ogr (mb) Ecm (MeV) ogr (mb)
46.35 0.00058 £ 0.00039 51.95 53.35+0.88
46.75 0.0019 +£ 0.0008 52.35 77.97 £ 1.65
47.15 0.0048 £ 0.0012 52.75 97.48 £ 1.10
47.55 0.0127 £ 0.0025 53.15 111.8 £2.2
47.95 0.0327 £ 0.0044 53.55 136.6 = 1.1
48.35 0.105 £ 0.015 53.95 151.7+£2.8
48.75 0.328 + 0.040 54.35 1727+ 1.5
49.15 0.569 £ 0.057 54.75 1945+ 1.8
49.55 1.28 £0.12 55.15 220.7+3.9
49.95 4.48 £0.20 56.35 276.2 +£3.7
50.35 9.35+0.29 57.55 3544 £53
50.75 16.12 £ 0.37 58.75 409.4 £ 6.4
51.15 26.12 £ 0.56 60.75 505.5+5.6
51.55 36.62 £0.93
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They follow the same philosophy reported for 3¢S + %Ni
in this work. Tables III and IV list the properties of low-
energy quadrupole and octupole vibrations included in the CC
calculations, and the parameters of the WS ion-ion potentials,
respectively, for each system. The diffuseness parameter
needed to fit the low-energy data, is substantially larger for
365 + %Ni (a ~ 1.2 fm) with respect to the other two systems
(a = 0.90-0.95 fm). Qualitatively, this can be appreciated
from Figs. 2 and 4, where the deviation of the experimental
excitation function of ¢S + %Ni from the CC predictions using
the AW potential starts at larger cross sections and is much
more clear-cut than observed for 3¢S, 48Ca + *8Ca.

Only with very large diffuseness parameters it is possible
to reproduce the low-energy part of the excitation functions,
and this indicates the presence of the hindrance phenomenon.
When comparing (Table II) the energies E.. below which the
CC calculations fail to reproduce the data with the ones, Egp,
at which the BD essentially goes to zero, one can note that
these values are lower than the threshold energies for hindrance
indicated by systematics (Ej,"), as qualitatively expected. It
has been suggested [20] that a high neutron excess might push
fusion hindrance to lower energies. Indeed, 3°S + %Ni is a
neutron-rich system with N — Z = 12. This does not differ
very much from the cases of 3°S, ¥¥Ca 4+ *8Ca, where N — Z =
12 and 16, respectively. Very recently, the system “°Ca +*3Ca
(with a smaller neutron excess) has been investigated [32]
and an S-factor maximum was observed without any slope
saturation.

The barrier distributions of 3¢S, *8Ca + *8Ca are shown in
Figs. 4(c) and 4(d) respectively. Both systems are very stiff, and
one main peak dominates the distribution. However, a second
small peak on the right of the main one may be identified
in “Ca+“*8Ca [see Fig. 4(d)]. This second peak remains
unexplained within the CC calculations performed here, and
its possible cause has been the subject of a recent work [33].

V. SUMMARY

New data on sub-barrier fusion of S +%Ni have been
presented. The fusion excitation function has been extended to
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cross sections around 3 ub well below the expected threshold
for fusion hindrance. The BD has been extracted from the
data; most of the strength is in a wide peak near the nominal
barrier, probably originating from couplings to the low-lying
quadrupole vibrations in ®Ni. Standard CC calculations using
the AW potential overestimate the data already close to the
barrier. The low-energy part of the excitation function can
be reproduced only using a very large diffuseness for the
WS potential. This can be regarded as evidence of fusion
hindrance. The low-energy limit of the BD and the energy
where the measured cross sections fall below the standard CC
calculations are lightly lower (1-2 MeV) than the threshold
energy for hindrance indicated as an upper limit by the
systematics.

The logarithmic derivative L(E) of the excitation function,
which is sensitive to its detailed behavior at very low energies,
has been examined. With decreasing energies below the
barrier, it saturates slightly below the Lcg value, in analogy
with the cases of %S and *8Ca + *8Ca. We can qualitatively
argue that nuclear structure (coupling) effects are still active
down to the lowest measured energies, so observing the
crossing of L(E) with Lc¢g requires extending the experiments
to still lower energies.

A detailed comparison of the three systems S + %Ni,
368 +48Ca, and **Ni + *Ni strengthens this indication, since
the trend of L(E) for 3°S+%Ni at very low energies
differs from ®*Ni 4 *Ni (or from 73Ni + *Fe and **Ni + 8Ni)
because the slope keeps increasing below the barrier above
L¢s in these heavier systems, and no (intermediate) saturation
shows up. The reason why this is so, appears to be connected
to different nuclear structure situations, but it is awaiting a
quantitative theoretical explanation.
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