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Abstract. Heavy-ion fusion reactions give fundamental information on the quantum tunnelling of many-body
systems where several intrinsic degrees of freedom are contributing. Moreover, the existence of hindrance in
the fusion of light systems is critical for a variety of stellar environments.

Hindrance is often characterised by a maximum of the astrophysical S factor with decreasing energy, and is an
interesting link between heavy-ion fusion and astrophysics. The underlying physical background is still under
debate. Recently it has been pointed out that the Pauli exclusion principle influences the ion-ion potential and,
as a consequence, low-energy fusion hindrance is produced because of the thicker and higher Coulomb barrier.
We recently performed systematic investigations on the fusion of several medium-light systems to establish
a reliable basis for the extrapolation to the lighter cases of astrophysical interest. The results obtained for
12C + 242°Mg and '2C + *°Si are discussed here. Hindrance is observed in all cases, however, with differing
features, so extrapolating to lighter systems is not straightforward. Additionally, oscillations are observed in
the sub-barrier logarithmic slopes of the 12C + 22Mg excitation functions, which complicates identifying the
hindrance threshold in those two cases.

Coupled-channels calculations for all these systems have been performed. The results show that fusion cross
sections are well reproduced by simple tunnelling through the potential barrier, at the lowest energies. An
alternative way to represent the data is discussed, which helps identifying the various channel couplings.

1 Introduction

The fusion hindrance phenomenon far below the barrier
was first observed about 20 years [1] ago for the system
%Ni + #Y. Fusion hindrance is recognized in many cases
by the trend of the logarithmic slope of the excitation func-
tion or by a maximum of the S-factor at low energies. Al-
ternatively, a comparison with standard Coupled-Channels
(CC) calculations can help to identify the phenomenon
which has been observed even in light systems, e.g. in
12C 4 2426Mg 308,

The case of ®Ni + ®Ni [2] was studied down
to =20 nb, and its behaviour is shown in Fig. 1 (top). We
see that standard CC calculations based on a Woods-Saxon
potential overpredict the low-energy cross sections. More-
over, the astrophysical S-factor develops a maximum at the
energy where the logarithmic slope L(E) reaches the value
Lcs = nm/E. This energy has often been phenomenolog-
ically taken as the threshold for the hindrance effect. The
bottom panel of the same figure shows that when moving
to lighter systems L(E) and L¢cs are two nearly parallel
curves so the crossing point (if existing) is rather undeter-
mined. As a consequence the S-factor maximum becomes
broader and the hindrance threshold is difficult to be rec-
ognized.

Please note that for such light systems having positive
fusion Q-value the existence of an S-factor maximum is
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not algebraically necessary. Indeed, the existence of fu-
sion hindrance in those cases is neither well-established
nor understood. Relevant examples are shown in Fig. 2.
In the case of '>C + 2C, it is not easy to recognise a gen-
eral trend of the S-factor, not only because the data sets
are not always in agreement with each other, but mainly
due to the presence of many resonances. They completely
disappear in '>C + '3C (centre) where, furthermore, the
trend is not compatible with the hindrance expectation [2].
On the other hand, in the case of '°0 +'%0 the experimen-
tal data might indicate the presence of a possible S-factor
maximum.

2 The systems '°C + 2*?°Mg,*’Si

Several medium-light systems have been the object of re-
cent investigations at LNL. They have as a common fea-
ture a positive Q,; and some relevant results are reported
in Fig. 3. Concerning '>C + 2*Mg we point out that fusion
hindrance shows up already at 0.75mb which is a remark-
ably high value when placed in the systematics (see the
following Fig. 6). Moreover, the lowest energy points are
well reproduced by tunnelling through a one-dimensional
barrier, see top panel of Fig. 3.

The hindrance threshold for '>C + 2°Mg is signifi-
cantly lower than for '>C + ?*Mg. Actually, the two ex-
citation functions essentially coincide above the barrier,
however, the cross sections of '2C + 2°Mg start to be larger

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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Figure 1. (top) The classical case of *Ni + ®Ni where fusion
hindrance clearly shows up [2]. (bottom) Logarithmic derivative
vs energy for light and medium-heavy systems [3].

than for '2C + >*Mg from the barrier down, until they are
a factor 4-5 larger at the lowest energies. This enhance-
ment can hardly be ascribed to nuclear structure differ-
ences. Anyway, a maximum vs energy of the S-factor is
observed for both systems (centre panel of Fig. 3).

The logarithmic derivatives of the two excitation func-
tions are shown in the right panel and are very similar to
each other. They are characterized by oscillations in the
sub-barrier energy region. They are clearly recognisable
even if the experimental uncertainties are rather large for
12C + 2*Mg. The observed peaks appear at essentially the
same energies for the two systems (see Ref. [7] for details).

Oscillations that might have an analogous origin have
been observed in various lighter systems like '2C + '>C
(see Fig. 2) or '2C + '90. Several interpretations were pro-
posed, including exotic nuclear structures like molecular
states, and, more recently, it was suggested [4] that the
level density in the compound nucleus might play a deci-
sive role.
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Figure 2. Astrophysical S-factors for the light systems '2C + 2C
(top) [5], 12C + 3C (centre) [6] and '°O +'°O (bottom) [4].

Fig. 4 shows on the top panel the level density p vs
compound nucleus (CN) excitation energy E, for >+*°Mg
+ 12C and 3C + ?*Mg according to Refs. [8, 9]. The dots
represent the CN excitation energies at the correspond-
ing Coulomb barriers. One sees that the level density for
2Mg + 2C is larger than for >*Mg + '>C. This is in agree-
ment with the previous observation that the oscillations are
somewhat more damped in the first system. The level den-
sity for 13C + ?*Mg is predicted to be much larger, so it
would be quite interesting to obtain experimental data also
for this case. In the same figure (bottom panel) an analo-
gous plot is shown for '>C + 1213C and '2C + ?°Ne where
the dots are the experimental values as reported in [10].
One sees that the level density of the CN for '2C + '2C is
much lower than for '2C + '*C. This parallels the observa-
tion (see Fig. 2) that oscillations are only observed in the
first system.

The fusion of '?C + 3%Si is not a relevant process for
astrophysics, but it is important to establish its behaviour
below the barrier [11]. This system was studied a few
years ago and the results are shown in Fig. 5. The excita-
tion function is reported in the top panel, where it is com-
pared with CC calculations performed with the CCFULL
code [14]. The inset shows the lower energy points which
are slightly overestimated by the CC results. The loga-
rithmic slope and the S factor (bottom panel) have been
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Figure 3. Fusion excitation functions (top), S-factors (centre)
and logarithmic derivatives of >+?*Mg + '2C (bottom) [7].

extracted and we have convincing phenomenological evi-
dence of the hindrance effect.

We see from the systematics of Fig. 6 (top panel) that
the system '2C + *Si with Qy,s = +14.1 MeV has a { pa-
rameter very close to the lighter cases important for stel-
lar evolution. '>C + **Mg (Qpus = +16.3 MeV) is even
closer to them. There is a relevant difference between its
hindrance threshold and the one observed for '2C + 2Mg
(Qfus = +18.5 MeV). The evidence from these three sys-
tems makes the extrapolation to the lighter cases rather un-
certain.

Going to the bottom panel, we point out that the cross
section at the hindrance threshold in 1>C + 2*Mg is very
high (o73=~0.75 mb), the largest observed so far among the
cases where an S-factor maximum shows up clearly. In
the nearby system '>C + °Si the corresponding threshold
cross section is about a factor 10 smaller. The same is
true for '>C + 2°Mg whose threshold is even lower. The
underlying reason why this is so is still unclear.

3 Systematic trends

The ratio of measured fusion cross sections o, to the cal-
culated ones in the no-coupling limit is plotted in Fig. 7
vs the energy distance from the barrier for the systems
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Figure 4. Level densities vs compound nucleus excitation energy
for 22°Mg + '2C and *C + %*Mg (top) and for '2C + '213C, 12C
+ 2Ne (bottom) as predicted in Refs. [8, 9]. The dots on the
right panel are experimental data.
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Figure 5. (top) The excitation function compared to standard CC
calculations and (bottom) the trend of the astrophysical S-factor
for 12C + %°Si [11, 12].

2C+2Mg, 12C+%08i, ¥Ca+*8Ca and Ni+>*Fe. In all
these cases the hindrance effect has been observed.

We notice that the sub-barrier enhancement is larger
for the two heavier systems. While it is seen that for the
two lighter cases the ratio decreases to one at the lowest
energies, this does not show up for the two heavier ones.
Atleast for °C + 2*Mg, '2C + 3Si, and at deep sub-barrier
energies, fusion cross sections are well approximated by
tunnelling through a one-dimensional barrier.
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Figure 6. Threshold energies for hindrance (top) and fusion
cross section at hindrance threshold (bottom) vs the parameter
(=Z,Z,u""* for medium-light systems [13]. The open dots for
the lightest cases are obtained by extrapolations from higher en-
ergies.
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Figure 7. The ratio of the experimental cross sections to no-
coupling calculations is plotted vs the energy distance from the
barrier, for four systems [11, 15-17]. The vertical arrows indi-
cate the corresponding hindrance threshold (figure reported from
Ref. [17]).

Qualitatively, we can deduce that, at very low energies,
the coupling strengths tend to vanish. This behaviour is
predicted by the adiabatic model inside the touching point
and it produces hindrance in that region where the concept
of a two-body potential loses its meaning [18, 19].

4 An alternative data representation

Fig. 8 shows the fusion excitation function of three
medium-heavy systems where the hindrance effect was
recognized several years ago [2, 15, 20]. As a reference,
the figure also reports the result of the “no coupling” cal-
culation (dashed line), that is, the excitation function ob-
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Figure 8. Fusion excitation functions and astrophysical S factors
of ®Ni + *Ni [2] (a), **Ni+>*Fe [15] (b) and '°O + 2%Pb (c) [20],
compared to CC calculations.
tained by pure tunnelling through a one-dimensional bar-
rier.

Using the parabolic approximation of the barrier, one
obtains the Wong formula [21] which is well approxi-
mated, below the barrier, by the expression

2

hwR 2
E0jus(E) = —Lexp [%(E - vh)} (1)

where R), is the barrier radius and w is the frequency re-
lated to the parabolic barrier. The energy derivative of that
expression at sub-barrier energies is given by

2n 2r 2n

exp [%(E - Vb):| % - ﬂEo—fus
2
Therefore, in the Wong approximation, the sub-barrier
excitation function and its slope are proportional to each
other, related by the quantity 2 /fiw. This suggests to plot,
for the same systems, the first derivative d(Eo)/dE vs Eo
(see Fig. 9). This representation removes the effect of the
varying Coulomb barrier when comparing different cases.
The figure shows that the behaviour of the three systems
(top panel) '°0 + 2%8Pb, Ni + >*Fe and **Ni+%Ni is very
similar, even if they strongly differ in the mass asymmetry
and for their nuclear structure. The slopes saturate at high

d(Eopus) hwRZ
dE 2
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Figure 9. Plot of d(Ec)/dE vs Eo for '°0 + 2%Pb [20], ¥Ni +
Fe [15], and **Ni + ®Ni [2] (top) and for **Ca,*S + “Ca [16,
22] (bottom).

energies where the transmission coefficient T, is one (R,
only weakly depends on E in the measured energy ranges).
In the bottom panel of Fig. 9, we see the analogous plot for
48Ca,S + MCa [16, 22] involving very stiff nuclei. The
two data sets are very close to each other. The systems
considered in Fig. 9 are therefore good starting points to
look at the trend of other cases where inelastic excitations
and/or nucleon transfer channels have a strong influence
on the sub-barrier fusion cross sections.

Using the representation of d(Eo)/dE vs Eo we now
consider the two systems reported in the top panel of
Fig. 10. It is well established that in the case of °Ca +
9%7r [23] nucleon transfer couplings with Q > 0 produce
large cross section enhancements. This is reflected in the
different behaviour with respect to OCa + 97r [24]. It
is evident from Fig. 10 that for the system where transfer
couplings are dominant, a smaller derivative d(Eo)/dE is
observed with respect to the other case ( “°Ca + *°Zr).

We plot in Fig. 10 (right panel) the behaviour of four
other systems where %+%Ni are involved. We know that
the near- and sub-barrier fusion of **Ni + Mo are
dominated by couplings to the low-lying quadrupole ex-
citation of %Mo [25, 26], up to the fourth phonon level,
while for the two other cases ®*Ni + °>%Zr [27] the impor-
tant coupled channels are the (weak) quadrupole vibration
of 2Zr and the (strong) octupole vibration of *°Zr. Despite
their different nature, all these vibrational modes produce
fusion excitation functions that, in the d(Eo)/dE vs Eo
representation, have an evident overlap.

The different situations observed in the two panels of
Fig. 10 can be explained based on CC model. Indeed, in
the lower part of this figure, a simplified view of the pre-
dicted barrier distributions [28] for channels with Q > 0
(left) and Q < O (right) is shown. The bottom part is

a qualitative picture showing the barrier distribution pre-
dicted by the CC model when Q > 0 or Q < 0 channels are
involved. The uncoupled barrier is reduced appreciably by
the coupling interaction when Q > 0, even if it is reached
by only a small fraction of the incident flux. The barrier
is less lowered by couplings to channels with Q < 0, but
it is reached by most of the flux, and the net effect is to
produce a simple shift in barrier height, in this case. In
other words, the transmission function will be smoother
for Q > 0 couplings, with respect to Q < 0, in particular
when the data are plotted in logarithmic scales. The lowest
effective barrier will have the largest (smallest) weight for
negative (positive) Q values, and d(Eo)/dE will be corre-
spondingly larger (smaller).
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Figure 10. Plot of d(Ec)/dE vs Eo for “°Ca + %0%Zr [23, 24]
(left) and for +Ni + %Mo [25, 26] and *Ni + *2%7Zr [27]
(right).

5 Summary

The phenomenon of fusion hindrance has been presented
and discussed. In the light systems of astrophysical inter-
est like C+C, O+0 and C+O the existence of fusion hin-
drance is not well established. To clear up their behaviour
recent measurements on 2>*Mg, 3°Si + '2C have been per-
formed, and the results have been presented here. These
three medium-light systems have positive fusion Q-values
(similar to the lighter cases) and the hindrance effect shows
up at different cross-section levels. In '>C + 2*Mg the hin-
drance threshold is particularly high compared to the avail-
able systematics. The underlying reason is not yet clarified
and further experimental investigation is necessary.

What we also observe is that far below the barrier, one-
dimensional tunnelling calculations reproduce the excita-
tion functions, as if the coupling strengths decrease and
tend to vanish. This is not the case with heavier systems
where near- and sub-barrier cross section enhancements,
being overall larger, are observed even at the lowest mea-
sured energies.

A comparative analysis of several systems has been
performed using the representation d(Eo)/dE vs Eo. This
is quite promising because not only it removes the effect
of the different Coulomb barriers but it also differentiates
the effects of transfer couplings from those of inelastic ex-
citations. The behaviour of various medium-light C + Mg,
Si systems indicates that the representation d(Eo)/dE vs
Eo may be complicated by the existence of cross section
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oscillations. Further experiments using y-particle and ER-
particle coincidences are in progress.
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