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Abstract

The existence of fusion hindrance is not well established in light heavy-ion systems. Studying slightly heavier cases allows
extrapolating the trend to light systems of astrophysical interest. Fusion of '>C + 28Si has been measured down to deep sub-barrier
energies, using 2®Si beams from the XTU Tandem accelerator of LNL on thin '?C targets. The fusion-evaporation residues were
detected by a detector telescope following an electrostatic beam separator, and coincidences between the y-ray array AGATA and
segmented silicon detectors DSSD were performed, where the evaporated light charged particles were identified by pulse shape
analysis. Fusion cross sections have been obtained in the wide range o~ ~150 mb — 42 nb. Coupled-channel (CC) calculations using
a Woods-Saxon potential reproduce the data above ~0.1 mb. Below that, hindrance shows up and the CC results overestimate the
cross sections which get close to the one-dimensional potential tunnelling limit. This suggests that the coupling strengths gradually
vanish, as predicted by the adiabatic model. The hindrance threshold follows a recently updated phenomenological systematics.
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1. Introduction

The phenomenon of low-energy hindrance in heavy-
ion fusion is a topic of ongoing experimental and theo-
retical interest. It was first observed for the system ®Ni
+ 39Y [1], and it is experimentally recognised by the
increasing logarithmic slope of the excitation function
(or by a maximum of the S-factor) showing up at low
energies.

From the theoretical point of view, extending the
standard coupled-channels (CC) model to describe the
hindrance effect is a theoretical challenge [2, 3, 4, 5]. A
few years ago, Simenel et al. [6, 7] pointed out that the
Pauli exclusion principle hinders the overlap of the two
colliding nuclei, thereby influencing the ion-ion poten-
tial. As a consequence, the Coulomb barrier turns out to
be thicker and higher, and low-energy fusion hindrance
is produced.

For medium-mass systems, where the fusion Q-value
is negative, hindrance has been systematically observed
at various cross-section levels and with different fea-
tures. In the case of light systems, the S-factor max-
imum becomes broader and the hindrance threshold is
more difficult to recognise. Such light systems have
positive fusion Q-value, implying that the existence of
an S-factor maximum is not algebraically necessary [8].
Indeed, the fusion hindrance is neither well-established
nor understood in those cases. This creates uncertainties
when extrapolating their trend to astrophysical energies,
where it may influence the reaction rates in stellar envi-
ronments [9].

In more detail, '>C + '°0O [10] and *C + '>C
(see [11, 12] and Refs. therein), the existence and the
features of that phenomenon are obscured by the pres-
ence of several low-energy oscillations of the S-factor.
The case of '>C + '3C [13] is completely different be-
cause no oscillations and no hindrance have been ob-
served. As the energy decreases, the S-factor tends to
develop a maximum; however, it then increases again.

In this respect, we point out that a very recent theo-
retical study [14] indicates the absence of the hindrance
effect in both '2C + '213C, where a reexamination of
their low energy behaviour is presented. Uzawa and
Hagino propose a modified fitting procedure in that en-
ergy range, and show that the resulting astrophysical S-
factors do not show any hindrance within the range of
error bars for both systems.

The oscillating behaviour of '2C + 10 was associ-

ated to the elastic a-transfer channel. Alternatively, it
1

1+ deceased

was recently suggested to arise from quasi-molecular
resonances [10]. In '>C + '2C, the pronounced oscil-
lations were initially attributed to quasi-molecular reso-
nances [15, 16] giving rise to a widespread debate about
their origin linked to the a-like nature of the two nu-
clei (see [17, 18] and Refs. therein). More recently,
it has been proposed that the oscillations are of reso-
nant origin, caused by the low-level density of the com-
pound nucleus *Mg in the relevant excitation energy
range [19].
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Figure 1: Angular distribution of ER measured at Ejgp= 43 MeV, to-
gether with the Gaussian fit, see text.

Because of these various features, it was proposed to
study slightly heavier systems [20], to provide a reli-
able starting point for the extrapolation to lighter ones
in the expected energy range of hindrance. We recently
investigated the cases 2c 4+ 24’26Mg [21, 22] and '2C
+ 39Si [23]. It was observed that the hindrance energy
thresholds for these systems follow the empirical esti-
mate of Ref. [24], updated from the original formula-
tion on the basis of those recent results and the newly
published ones on 160 + 48Ca [25]. The threshold for
12C + 2*Mg corresponds to the rather large fusion cross
section ~0.9 mb, however, the observed oscillations and
the corresponding experimental uncertainties make that
identification somewhat doubtful for this system.

In this work, we present the results of the experimen-
tal study of '?C + 28Si, intending to identify its hin-
drance threshold. This information will be essential
to recognise how adequate is the extrapolation of the
trend to the astrophysically relevant cases, the more so
if cross-sections far below the barrier will be available.
Previous fusion data on '?C + 28Si are available only



above the barrier [26, 27, 28, 29, 30].

We have used two different setups to investigate the
fusion excitation function far below the barrier, where
the cross sections for '2C + 2*Mg, 3°Si seem to reach the
one-dimensional potential tunnelling limit. The excita-
tion function of '>C + 28Si was measured at Laboratori
Nazionali di Legnaro (LNL) INFN, using the electro-
static deflector setup [31] for the high-energy part, and
the AGATA +y-ray spectrometer [32] and segmented sil-
icon detectors (DSSD) for the identification of evapo-
rated light charged particles, at the lower energies.

Sect. II describes the experimental set-ups and meth-
ods of data analysis, and shows the results that are then
compared in Sect. III with CC calculations. Systematic
trends are discussed in Section IV comparing with near-
by systems and concerning the astrophysical aspects of
the results as well. Section V presents the conclusions
of the present work.

2. Experimental set-ups

The 28Si beams of the XTU Tandem at LNL were
employed, with currents 15-30 pnA, in the energy range
29.5-54 MeV. Thin '?C targets ~50 ug/cm® were used,
with isotopic enrichment of 99.8%, to minimise the
beam energy corrections and straggling effects that may
increase the unwanted background. In the measure-
ments with the electrostatic separator set-up of LNL, the
evaporation residues (ER) were detected using a AE—FE
gas-silicon detector and large position-sensitive micro-
channel plates (MCP) detectors. The beam control and
yield normalisation to the Rutherford cross section were
ensured by four silicon detectors placed at 6;,,=16° in
the scattering chamber (see Ref. [31] for further details).

The ER angular distribution was measured at E;,;,=
43 MeV in the 6, range from -7° to +8°, and it is
reported in Fig. 1. It is well fitted by a single Gaus-
sian curve (red line), and it allowed us to extrapolate its
shape to the other energies where the fusion yield was
measured at only 8;,,=2° (or 3° at low energies). The fu-
sion cross section was obtained by integrating that dis-
tribution. Standard PACE4 calculations [33] anticipate
that the shape of the angular distribution does not appre-
ciably vary with energy in the measured range. This has
been validated by several previous measurements (see
e.g. Refs. [34, 23]). The systematic error on the cross-
section scale is estimated to be +7-8% as in previous
experiments with that setup [31].

Following the technique introduced by Jiang et
al. [35], we extended the fusion excitation function
down to very small cross sections, using the y-ray track-
ing spectrometer AGATA [32] and two annular Dou-
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Figure 2: (top panel) Events detected in an intermediate ring (6 ~29°)
of the forward DSSD. Protons and « particles are identified through
pulse shape analysis (psa), plotting the maximum of the signal deriva-
tive (Inayx) vs their energy E. (bottom panel) Energy spectrum of the
corresponding « particles. Several particle groups populating differ-
ent states in the 30Ar residual nucleus can be observed.

ble Sided Silicon strip Detectors (DSSD) (4" diameter)
placed 5 cm upstream and downstream of the target.
Their thicknesses were 0.5 and 1.5 mm, respectively,
and have been used to detect coincident events between
the evaporated light charged particles and the prompt y-
rays emitted from the various residual nuclei (see Fig. 2
of Ref. [36]).

The measurements were performed at four 8Si beam
energies with this setup, i.e., E;;, = 50, 34 MeV, to over-
lap with points taken with the electrostatic deflector, and
at the very low energies of 31 and 29.5 MeV.

Nickel absorbers of calibrated thickness were placed
in front of the two DSSD (15um for the forward one,
and 2um for the backward one) to stop the scattered
beam, target recoils, and the electrons coming from the
target. Particle identification by pulse shape analysis
was made possible by installing both DSSD with the
ohmic side facing the target [37]. Fig. 2 (top panel)
shows the good separation obtained between evaporated
protons and a-particles down to rather low energies.
The direct population of states in the exit channels can
then be observed, fixing an emission angle, by project-
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Figure 3: (top panel) Two-dimensional excitation energy vs Doppler-
corrected y-ray energy spectrum for proton events at Ej,,=50 MeV.
(bottom panel) Zoomed matrix for the 2p evaporation channel Ar
excitation energy (Eoxc.) vs y-ray energy at Ej,p=31 MeV, where the
few fusion events are clearly identified. The total fusion cross section
at this energy is (296+113) nb.

ing this matrix onto the energy axis. This is shown in
the bottom panel of Fig. 2, for the a-particles selected
in the top matrix.

The energy of the evaporated particle, when associ-
ated with its emission angle, yields the total excitation
of the system. By correlating this excitation energy with
the y-ray energy, one can identify the events belonging
to a certain evaporation channel. Fig. 3 shows this cor-
relation matrix obtained at E;,;, = 50 MeV, where all
events detected by the two DSSD have been considered
(top panel). This representation is useful even at very
low energies, as shown in the bottom panel of the same
figure for E;;,=31 MeV, where the eight fusion events
populating 3¥Ar by 2p evaporation (corresponding to
the indicated cross section of ~200 nb) are very cleanly
identified. In the measured energy range, the evapora-
tion channels observed in coincidence events were 1p,
2p, 1pln, la and lalp.

For each experimental run/energy, the ER level
schemes provided us with the number of y-particle co-
incidence events associated to each y transition feed-
ing the corresponding ground states. Subsequently,
those yields were normalised using 1) the AGATA effi-

102 [
10" [
100 [

Ke]
E 10" [

g 102 12C + &g

10° —CCc2', 3 :

/Y no coupling

10° K | | | | | | |
9 10 1 12 13 14 15 16

E _ (MeV)

c.m.

Figure 4: Measured excitation function of >C + 28Si, compared to
CC calculations. The red dots are the points measured with the elec-
trostatic deflector set-up. The blue dots refer to the measurements
performed the AGATA + DSSD combination. See text for more de-
tails.

ciency vs y-ray energy in the used geometry, obtained
by a measurement with a '>’Eu performed just after
the experiment, and 2) the DSSD detectors’ efficiencies.
These are determined by their angular coverage (~26%
of 4m), by kinematics and by the electronic thresholds.
The sum of all such normalised yields of coincident
events, plus those directly feeding the ER ground states
(see e.g. Fig. 2), is then proportional to the fusion cross
section measured in the considered run.

The normalisation between different runs was en-
sured by two 50 mm? silicon monitor detectors, in-
stalled at 6;,,=12° at around 50 cm from the target. Fi-
nally, the absolute cross section scale was fixed, tak-
ing as reference the energy points at E;,;,=50,34 MeV
that was measured also using the electrostatic deflector
set-up, whose absolute efficiency is well known for the
present system (and several others). Normalising this
way the excitation function to the electrostatic deflector
results, takes into account also the possible contribution
of pure neutron evaporation channels that are not obvi-
ously observed in the AGATA-DSSD coincidences, and
actually not even in the y-ray singles spectra at any en-

ergy.

3. Coupled-channels calculations

The fusion excitation function was calculated with
the CCFULL code [? ] using the coupled-channels
(CC) formalism employed in several heavy-ion fusion
reactions analyses in recent years. CCFULL takes into
account channel couplings to all orders and uses the



so-called rotating frame [39] or isocentrifugal [40] ap-
proximation, which considerably reduces the number of
channels, thus simplifying the calculations. A Woods-
Saxon potential with parameters V,=44.6 MeV, r,=1.06
fm and a=0.61 fm was used to fit the experimental data
near the barrier.

In the calculation, '2C was considered inert, while
the lowest quadrupole and octupole excitations of 28Si
were included, with the adopted deformation parame-
ters $,=—0.41 [41] and 53=0.40 [42], respectively. The
quadrupole deformation parameter of 23Si is negative,
since this nucleus is oblate [43]. The mutual excitation
of both 2* and 3~ states was neglected because of its
very high excitation energy.

We show in Fig. 4 the obtained excitation function,
where the quoted errors are only statistical uncertain-
ties, together with the results of CC calculations. The
high-energy points are in agreement with previous re-
sults obtained by Jordan et al. [26]. The experimen-
tal cross sections are well reproduced by the calculation
down to ~10 MeV. Below this energy, we have clear ev-
idence of the hindrance phenomenon, and that the three
lowest energy points approach and appear to follow the
no-coupling limit.

To be noted that the low-energy behaviour of '>C +
288 has been evidenced, even if the experimental un-
certainties are rather large, only thanks to the measure-
ments performed with the AGATA spectrometer.
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Figure 5: The logarithmic derivative of the energy-weighted excita-
tion function for 2C + 28i, compared with the results of CC and
no-coupling calculations. The Lcs line represents the slope expected
for a constant S-factor, for each energy.

Fig. 5 shows the logarithmic derivative (slope) of the
excitation function obtained from the measured cross
sections, as the incremental ratio of two near-by points.

The slope increases with decreasing energy and touches
the L¢g line at around 11 MeV. A decrease is then ob-
served, followed by a pronounced crossing at ~10.1
MeV. This is the energy that we can associate to the
hindrance threshold in '2C + 28Si.

In the same figure, we report the results of the CC
calculations and the no-coupling limit. The theoretical
curves yield a flat trend for the slope in the plotted en-
ergy range, as actually expected. They are close to each
other, as a consequence of the rather high energies of the
28Si coupled excitations. The experimental trend is well
reproduced by the calculations; however, not where hin-
drance shows up (and possibly around 11 MeV). This is
expected, since one knows that a potential of WS shape
is not able, in general, to fit cross sections in the hin-
drance region [2].

4. Comparison with nearby systems

We refer to Fig. 6, where the abscissa is the energy
with respect to the Coulomb barrier produced by the
Akyliz-Winther (AW) potential [44]. We note the sim-
ilarity between the logarithmic derivatives of the three
systems shown there. With decreasing energy, the three
cases exhibit small oscillations followed by a larger
slope increase that we associate with the onset of hin-
drance, at similar E/V, values. '>C + >*Mg [21] (not
shown here), has an analogous trend, but the experimen-
tal uncertainties prevent clear-cut deductions.

din(Ec)/dE (MeV™)

Figure 6: Logarithmic derivatives of the energy-weighted excitation
functions for '2C + 288i (in red), ">C + 2°Mg (blue dots) [22] and ">C
+30s; (. open green dots). The three Lcs lines are close to each other.

In all cases, besides the occurrence of hindrance,
smaller slope oscillations are systematically observed,
whose origin still lacks a realistic explanation.
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Figure 7: Ratio of the experimental fusion cross sections to the results
of no-coupling calculations vs the energy distance from the Coulomb
barrier, for the four indicated systems [45, 23, 25], and for 12C +
288i. The vertical arrows mark the hindrance threshold for the differ-
ent cases (see also Ref. [46]).

The analogy between the behaviour of '>C + 28Si and
other nearby cases at low energy can be appreciated in
Fig. 7, where the ratio of the measured cross section
to the calculated one in the no-coupling limit is plot-
ted vs the energy distance from the barrier. This rep-
resentation was already used in Ref. [21]. One sees
that fusion enhancement is larger for the relatively heav-
er ¥Ca + %Ca [45], as expected because the coupling
strengths scale with the factor Z;Z,. Therefore, the ratio
O exp/ T noc could not be observed below a certain limit.
For 0 + “8Ca, the enhancement is rather small, very
similar to the systems '>C + 2*Mg, *°Si. This is due
to the limited effect of the channel couplings, given the
doubly magic nature of the two nuclei.

The present case '?C + 28Si has an enhancement
larger than the other systems cited here above. The
very small cross sections that could be measured for this
case allow showing that the enhancement ratio reduces
to one at the lowest energies (even if errors are rather
large). The trend at even lower energies is unknown,
and the question is: do the cross-sections follow the no-
coupling limit or go below that, taking into account that
the significance of a two-body potential becomes ques-
tionable at the very low energies where the ion-ion dis-
tances are smaller than the touching point? This is an
interesting issue that warrants further investigation.

Fig. 8 reports the systematics of the fusion hindrance
threshold for light and medium-light systems as recently
presented in Ref. [25]. The red curve is the recent fit of
that systematics [25] already including '>C + ?8Si, and
the blue dashed line is the original fit of Jiang et al. [24].
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Figure 8: Threshold energies for hindrance in light systems, includ-
ing the present case >C + *8Si. The uncertainties are smaller than
the symbol size for some of the reported points (see text for further
details).

The open symbols represent, with increasing system pa-
rameter £, "B+ 1°B, 1>C + '2C, >C + '°0 and '°0 +
160, which were obtained by extrapolating the corre-
sponding data from higher energies, with the hindrance
model [46]. The new fit line differs from the previous
one, in particular, in the region of astrophysical systems,
predicting for them a higher hindrance threshold. Even
if it seems to be a minimal variation, it may lead to sig-
nificant changes in the value of the S-factors/reaction
rates extrapolated to the astrophysical energy range, in
particular for reactions occurring in the late evolution
of massive stars and in type-la supernovae [47], modi-
fying the nucleosynthesis processes and thus the abun-
dance of many isotopes. The specific consequences of
those (possibly reduced) astrophysical reaction rates de-
pends on the details of the stellar environment and goes
beyond the scope of the present work.

5. Summary

We have presented the results of the experimental
study of fusion near and below the barrier of the heavy-
ion system '?C + 8Si. The measurements were per-
formed at LNL 1) by the electrostatic beam deflec-
tor set-up and 2) by the y-ray tracking spectrometer
AGATA [32] in coincidence with two annular DSSD de-
tecting the light charged particles evaporated from the
compound nucleus “°Ca. The combination of the two
methods allowed us to measure a wide range of fusion
cross sections from above the barrier down to very small
values ~42 nb.



Particle identification was performed by pulse shape
discrimination in the DSSD [37]. The direct population
of states in the exit channels could be observed in the en-
ergy spectrum of the evaporated particles (a’s and pro-
tons), by selecting an emission 6 angle. Several groups
of particles are observed with good energy resolution.

CC calculations using a WS potential are able to re-
produce the cross section down to about E.,,~10.1 MeV,
corresponding to oo =15 pub, where the hindrance phe-
nomenon shows up. This is also clearly indicated by
the trend of the logarithmic derivative of the excitation
function. The behaviour of nearby systems, as far as
that slope is concerned, is quite similar, showing small
oscillations above the hindrance threshold.

This similarity also shows up for the trend of the
excitation functions at very low energies, that is, the
cross sections are consistent with the simple tunnelling
of a one-dimensional potential barrier. Whether, at still
smaller energies, the cross sections follow that limit or
turn out to be even lower should be clarified by further
experimental investigations. Significant consequences
may follow for the lighter systems relevant for astro-
physics. Indeed, the hindrance effect in those cases
would reduce the reaction rate of carbon and oxygen
burning in the astrophysical environments.
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