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Background: The existence of fusion hindrance in the light heavy-ion systems of astrophysical interest is not
well established, so investigating slightly heavier cases may allow a reliable extrapolation towards the lighter
ones. The recent observation of a very high hindrance threshold in '2C +2*Mg (with a positive Q value for
fusion) at o, >~ 0.75 mb, misses a valid interpretation within current theoretical models.

Purpose: Our aim has been to search evidence for fusion hindrances in the nearby system '>C +2Mg also
having Qg > 0, and to obtain information on the underlying physics from a comparison of the two cases and
from coupled-channels calculations.

Methods: The experiment was performed in inverse kinematics using the Mg beam from the XTU Tandem
accelerator of Laboratori Nazionali di Legnaro (LNL). The targets were thin '>C evaporations isotopically
enriched to 99.9%. The fusion-evaporation residues were detected at small angles by a E-AE-ToF detector
telescope following an electrostatic beam deflector.

Results: The fusion excitation function of '2C +2*Mg has been measured down to A5 ub. The astrophysical
S factor shows a maximum at an energy where the cross section is ~0.03 mb, significantly lower than for
12C 4+ 2*Mg. This difference is confirmed by the comparison of the two S factors. coupled channel calculations
give a good account of the data, but they overpredict the cross sections below ~0.03 mb. The logarithmic slopes
of the two excitation functions are superimposable to a large extent, with visible oscillations, more noticeable
for 2C + *Mg.

Conclusions: The hindrance phenomenon is clearly observed in >C +2°Mg. The difference between the
corresponding threshold energies for '2C + 2*?*Mg might (only qualitatively) be attributed to the a-like structure
of 2*Mg. In the Jiang’s phenomenological systematics, the different behaviors of >C 4 2**Mg make the situation
more complex, and call into question the extrapolation procedure toward the lighter systems of astrophysical

interest.

DOI: 10.1103/PhysRevC.108.014602

I. INTRODUCTION

The existence of low-energy hindrance in the fusion of
light heavy-ion systems is critical for a variety of stellar
environments and the accurate knowledge of sub-barrier fu-
sion cross sections is essential for valid simulations of the
nucleosynthesis processes. Moreover, such fusion reactions
give fundamental information on quantum tunneling of many-
body systems where several intrinsic degrees of freedom are
concurring [1-3].

On one side, couplings of the entrance channel with the
low-energy collective modes of the colliding nuclei strongly
enhance fusion cross sections near the Coulomb barrier. On
the other side, the hindrance effect produces a marked de-
crease of those cross sections at lower energies, as pointed
out by Jiang et al. for the system ©Ni + 8y [4].

The energy threshold of hindrance is often characterized
by a maximum of the astrophysical S factor with decreasing
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energy [5]. This phenomenon is regarded as an interesting link
between heavy-ion fusion and astrophysics. Its existence and
the underlying physical motivations are under debate, espe-
cially for the light systems relevant for astrophysics. Simenel
et al. [6] pointed out that the Pauli exclusion principle in-
fluences the ion-ion potential. As a consequence, low-energy
fusion hindrance is produced, because the Coulomb barrier
turns out to be thicker and higher.

In recent years we studied the medium-light system
12C 4+ 2*Mg [7,8] by measuring its excitation function near
and below the barrier. This system has a positive fusion
Q value Qg5 = +16.3 MeV, and it is close to the lighter
cases of astrophysical interest. It shows interesting features,
i.e., 1) the lowest cross sections, below the enhancement
region, are well reproduced by simple tunneling through a
one-dimensional potential barrier and 2) the hindrance effect
already shows up at o >~ 0.75 ub, well above the threshold
observed in most other cases with Qg > 0.

©2023 American Physical Society
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We decided to extend the measurements to the nearby case
12C 4 2Mg (where Qfys = +18.5 MeV) to shed light on those
features by comparing the low-energy trend of the two sys-
tems, and by an overall theoretical analysis using the coupled
channels (CC) model. The same two systems '>C +2**Mg
were measured by Daneshvar et al. [9] in direct kinematics
above the energy range investigated in the present work.

This article reports on the results of the experiment on
the '2C 4+ 2Mg fusion. In Sec. II the experimental setup is
described and the results are presented. Section III introduces
the CC calculations we performed, in comparison with the
experimental data. Section IV highlights the analogies and
differences with respect to '>C 4+ ?*Mg, and a final discussion
on systematic behaviors is given in Sec. V. The most relevant
results of the present work are summarized in Sec. VI, as well
as an outlook for future measurements.

II. EXPERIMENTAL

2Mg beams in the energy range 25-50 MeV, with in-
tensities >~ 2-6 pnA, were provided by the XTU Tandem
accelerator of the INFN-Laboratori Nazionali di Legnaro
(LNL). The targets were 50 ug/cm? '>C evaporations, iso-
topically enriched to 99.9% in mass 12. The setup based
on an electrostatic beam deflector, recently used for the
experiment on 'C+2**Mg fusion [8], was employed for
fusion-evaporation residue (ER) detection. A AE-E-ToF de-
tector telescope is installed downstream of the beam separator,
with two microchannel plates (MCP) detectors, and a ioniza-
tion chamber (IC) for energy loss measurements. A silicon
detector is placed in the same IC gas volume to measure the
residual ER energy.

Four silicon detectors were installed at 8),, = 16° for beam
control and normalization between the different runs. More
details can be found in Ref. [10].

Two ER angular distributions were measured at Epeyn =
43.5, 36.5 MeV in the angular range —8° to +9° in the
laboratory system (see Fig. 1). The small width difference
between the two distributions allowed us to interpolate and
extrapolate their shape to all other energies where the fusion
cross section was measured only at 6y, = 2° (3° at the lower
energies). This way we obtained the full excitation function
(see Table I).

The statistical uncertainties determine the relative errors on
the cross sections (2-3 % near and above the barrier, larger
at lower energies). As in previous measurements, we esti-
mate the error on the absolute cross section scale £7-8%
[10]. The lowest measured cross section is (5.7 & 2.2)ub. An
upper limit o < 1.5 ub can be put for the lowest energy
Epeam = 25 MeV.

Figure 2 reports the excitation function of '2C + 2°Mg (the
lowest data point is an upper limit), compared to the CC
calculations we are going to present in the next section.

III. COUPLED-CHANNELS CALCULATIONS

Coupled-channels calculations have been performed for
12C 4 %Mg using the code CCFULL [11]. A Woods-Saxon
(WS) potential was employed, with parameters close to those
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FIG. 1. ER angular distributions measured in this work, together
with Gaussian fits. Only statistical (relative) errors are plotted.

of the Akyiiz-Winther systematics [12], i.e., radius parameter
r, = 1.10 fm, and diffuseness @ = 0.60 MeV, as already used
in the analysis of '2C 4 2*Mg [7]. The depth was taken V, =
43.52 MeV to fit the cross sections in the barrier region. This
choice allows for a more meaningful comparison between the
two systems, even if the fit above the barrier for the present
system is not perfect.

12C was considered as an inert nucleus. 2Mg has a stable
prolate deformation (8, = 0.48), with the lowest 2% state at
E, = 1.809 MeV. Besides this, also the 4™ state of the ground
state rotational band was included in the coupling scheme.
The weak octupole vibration of Mg lies at E, = 6.876 MeV,
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FIG. 2. Fusion excitation function measured for '>C+2Mg
compared to CC calculations. The quoted errors are statistical un-
certainties. The open symbol is the lowest energy point of Ref. [9]
(Daneshvar 1982). It is ~#30% higher than our results at comparable
energies.
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TABLE L. Fusion cross sections of '2C +2*Mg measured in this
work. The quoted uncertainties are only statistical.

E.n. MeV) o (mb)
8.09 0.0057 £0.0022
8.25 0.017 £0.005
8.40 0.034£0.011
8.56 0.055+0.013
8.72 0.091£0.014
8.88 0.133£0.023
9.03 0.210£0.026
9.19 0.396 £0.040
9.35 0.639£0.50
9.51 1.050 £0.075
9.67 1.39+0.11
9.83 2.29+£0.13
9.99 3.62+0.11
10.14 5.27+£0.23
10.30 7.57+£0.27
10.46 10.65£0.29
10.78 20.03 £0.57
11.09 34.03+£0.75
11.41 45.64£1.18
11.73 73.9+£1.0
12.04 104.6£1.4
12.36 132.5£2.3
12.68 152.0£2.3
13.00 186.5+£2.6
13.31 211.9+£2.7
13.63 252.8+£3.5
15.68 536.0t4.4

and its effect is contained in the adjustment of the ion-ion
potential.

Figure 2 shows that the CC calculation gives a very good
account of the data in a large energy range, however, we
observe that it starts overpredicting the experimental cross
sections at the level of ~0.03 mb. This means that the hin-
drance threshold for this system is significantly lower than for
12C 4+ 2*Mg where it was observed at ~0.75 mb. This point
deserves a more detailed discussion that is presented in the
next section

The upper cross section limit determined at the lowest
measured energy for the present system gives a convincing
indication that the no-coupling limit (pure tunneling a one-
dimensional barrier) would reproduce the cross sections at
still lower energies, as already observed for '2C 4 **Mg.

IV. COMPARISON OF 2C + %-**Mg

This difference between the two systems is confirmed from
the comparison of the two S factors, reported in Fig. 3. The
S factor maximum for '>C 4 *Mg appears much lower in
energy than for '>C 4 2*Mg. It is also clear that the S factor
maximum of '>C 4+ ?°Mg is significantly narrower.

The different positions of the hindrance threshold for the
two systems are indicated also by the results of the CC
calculations described above, which well reproduce the ex-
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FIG. 3. S factor of >C 4-2%?*Mg. The Y scale is arbitrarily mul-
tiplied by a factor different for the two systems. The lines are the
results of the CC calculations discussed in the previous section.

perimental S factors down to ~8.4 MeV and ~9.9 MeV for
12C 4 2Mg and '2C 4 **Mg, respectively.

The upper panel of Fig. 4 shows the excitation functions
of the two systems. The energy scale is not normalized to the
Coulomb barrier which differs (in the c.m. system) by only =~
100 keV in the two '2C + Mg systems. As a matter of fact, the
two excitation functions essentially coincide above the barrier.
However, we note that the cross sections of '2C + 26Mg start
to be larger than for '2C +2*Mg from the barrier down, until
they are a factor 4-5 greater at the lowest energies.

The reason for this relative enhancement can be hardly
ascribed to nuclear structure differences. The target '>C is
common to the two systems. *Mg has a larger prolate de-
formation with respect to 2°Mg (8, = 0.60 vs 0.48), and the
lowest 27 states are found at E, = 1.369 MeV in **Mg and at
E, = 1.809 MeV in 2®Mg. The octupole excitation is weak
and very high in energy in both cases, anyway at higher
excitation in >*Mg. For both systems, all one- and two-nucleon
transfer channels have negative (and comparable) Q values.
Only the a-transfer channels leading to 28Si or 3°Si have pos-
itive Q values (42.618 MeV and +3.277 MeV, respectively).

In view of this, the smaller fusion cross sections of
2C+2Mg are possibly due to the very high hindrance
threshold observed in this system. We consider now the lower
panel of Fig. 4 where we report the logarithmic derivatives
(slopes) of the two excitation functions, which have been
obtained as the incremental ratio between every second cross
section point. They are very similar to each other and are
characterized by oscillations in the sub-barrier energy region,
with peaks appearing at essentially the same energies for the
two systems. Lc¢g is the value of the slope for which the
S factor develops a maximum vs energy.

The highest-energy peak for '>C +2*Mg overcomes the
Lcs value, and corresponds to the adopted threshold hindrance
energy of that system. On the other hand, a further peak
appears at the lower energy ~ 9 MeV and we have some
indication that a third peak might display slightly below the
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FIG. 4. Fusion excitation functions (top) and corresponding
logarithmic derivatives (bottom) for '2C +2%2*Mg. The Ly values
for the two systems are essentially overlapping.

lowest measured energy. Concerning '2C +2°Mg, the two
corresponding higher energy peaks (see Fig. 4) appear to be
“damped”, just reaching Lcg, while the lowest-energy slope
increase is much more pronounced, clearly crossing the Lcg
line. That is where the hindrance threshold has been identified
for this system.

The observed oscillations remind us of the S factor behav-
ior in 2C 4 '°0 [13] and '>C + '2C (see [14] and references
therein). We point out that in those systems the oscillations
are clearly observable in the S factor (cross section) trend,
while in the present cases, they show up in the first deriva-
tives of the excitation functions vs energy (see again Fig. 4,
lower panel), while they are less evident in the corresponding
S factors. Fusion oscillations in '2C 4 'O were associated
to the elastic «a-transfer channel, and they were recently
suggested to arise from quasimolecular resonances [13]. In
12C 4 12, the more pronounced oscillatory behavior was ini-
tially attributed to quasimolecular resonances [15,16]. This
gave rise to a vast debate about their origin linked to the «-like
nature of the two nuclei (see [17-19] and references therein).
More recently, it has been proposed that the oscillations are of
resonant origin, caused by the low level density of the com-

work, Daneshvar et al. pointed out that comparing with direct
channel behavior would perhaps provide some insight into the
nature of those phenomena.

The oscillations we observe in the same two systems below
the barrier may be related to what was observed at higher en-
ergies. In any case, an unambiguous theoretical interpretation
is still needed, which should as well account for the strong
similarity between the two cases below the barrier.

V. SYSTEMATICS

In this section, beyond the issues we have just discussed
concerning the oscillatory behavior of the excitation function
slopes, we try to obtain information from the trend of the
hindrance phenomenon in several medium-light systems.

In Fig. 5 we have placed the adopted threshold energies
of 12C +2*Mg, Mg in the phenomenological systematics of
Ref. [21]. The ordinate E; is the adopted hindrance thresh-
old energy for each system which is characterized by the
parameter {=Z,Z,u'/?, where u is the reduced mass. All
the plotted systems have positive fusion Q values. The case
of 2C+73%Si is also reported [22]. The phenomenological
formula of Ref. [21] is represented by the blue line in the
figure.

The ¢ parameters of the two systems discussed in this work
are near the lighter cases relevant for stellar evolution. The
threshold difference between them can clearly be seen, and
makes quite uncertain the extrapolation to the lighter systems.
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VI. SUMMARY AND OUTLOOK

The fusion of '>C 4+ ?°Mg has been measured from above
to far below the barrier at LNL. The basic motivations were to
investigate whether the anomalously high threshold energy of
hindrance at o, ~ 0.75 mb, observed in '2C + 24Mg, shows
up also in this system, and, on the other side, whether fusion
cross sections at very low energies are reproduced by simple
tunneling through a one-dimensional potential barrier, as ob-
served in the nearby system.

The experiment was performed in inverse kinematics using
the 2°Mg beam from the XTU Tandem accelerator of LNL.
The ER were detected at small angles using a E-AE-ToF
detector telescope downstream of an electrostatic beam sep-
arator. The fusion excitation function was measured down to
a few ub.

CC calculations have been performed using a WS poten-
tial only slightly modified with respect to the previous case
of '2C +2*Mg. This gives a very good account of the data,
however, the CC results start overpredicting the measured
cross sections at ogs & 0.03 mb which is then adopted as
the hindrance threshold. This is much lower than what was
observed with 24Mg, and this difference is confirmed in the
comparison of the two astrophysical S factors.

As a consequence, the cross sections of '>C+ 2°Mg are
larger than for '2C +2*Mg in the whole sub-barrier energy
range (by a factor 4-5 at the lowest energies). The logarithmic
derivatives of the two excitation functions are quite similar
to each other, both showing an oscillatory structure below
the barrier. When comparing their energy trend vs the L¢g
value, one notices that the peaks in the slope of '>C + **Mg

are higher and better structured than the corresponding ones
in 12C 4 2°Mg. This situation brings a certain degree of un-
certainty in the identification of the energy threshold for
hindrance in the two systems, even if the phenomenon is
clearly present in both cases.

This uncertainty is reflected in the reliability of an ex-
trapolation of the threshold to the lighter systems important
for astrophysics, when a systematic of several medium-light
systems is examined. A necessary step forward is to correctly
explain the (almost identical) oscillations observed in the
logarithmic slope of the excitation functions of both
12C+26Mg and 12C +24Mg-

Interesting further data might come from the study of
12C 4-288i, given the a-like structure and the oblate defor-
mation of this silicon isotope. A full comparison with the
behavior of '>C 4 3°Si (spherical) [22] would complete the in-
formation on low-energy fusion dynamics in this mass region
linking fusion of heavier nuclei to lighter systems relevant for
astrophysics.
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