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Background: Near- and sub-barrier fusion reactions between doubly magic nuclei are important benchmarks for
theoretical models to reproduce the experimental excitation functions. Here we consider the cases of '°0 + °Q,
48Ca +*8Ca, and '°Q + 2°*Pb, which have been measured previously, as well as **Ca 4 *°Zr, even though Z = 40
is not a major shell closure.

Purpose: We aim to perform a complete measurement of the excitation function of '°0Q + “¥Ca, to investigate
its behavior near and below the Coulomb barrier where no data are available. Qualitative considerations suggest
that this case should follow a trend similar to the other doubly magic systems. However, this might be disproved
by the experiment, due to the very large positive fusion Q value and/or to the possible existence of hindrance
with a high energy threshold.

Methods: The experiment was performed at the XTU Tandem of Laboratori Nazionali di Legnaro INFN. 24-42
MeV !0 beams, with intensities up to 20 pnA, and “®Ca targets of 50 ug/cm? were used. The evaporation
residues (ER) were detected by the electrostatic deflector setup PISOLO at forward angles, and identified by
their energy and two independent times of flight, between the final Si detector and two microchannel plate
(MCP) detectors.

Results: The clear separation of the evaporation residues in the E-ToF (time-of-flight) spectra allowed the
excitation function to be measured down to og,s ~ 2 ub. The results were compared with coupled-channels (CC)
calculations using the Akyiiz-Winther potential, and a small sub-barrier fusion enhancement was observed. We
extracted the logarithmic derivative of the excitation function and the astrophysical $ factor, as well as the fusion
barrier distribution where a single peak is observed, as predicted by the CC calculations. Comparing with other
investigated doubly magic systems reveals an analogous behavior down to the lowest measured energies.
Conclusions: The S factor develops a maximum vs energy, and the logarithmic derivative reaches the so-called
Lcs value, at the rather high cross section 0.8 mb. This is evidence of the fusion hindrance phenomenon whose
threshold follows the phenomenological systematics established for medium-light systems. A large positive Q
value for fusion does not play a role in the '°0 4 *8Ca system. The CC model is able to reproduce the excitation
function down to that point. At lower energies the fusion cross sections are consistent with the one-dimensional
barrier tunneling limit. In the spirit of the adiabatic model, decreasing (and vanishing) coupling strengths
reproduce the cross sections far below the barrier, while the hindrance model fails in that energy region.

DOI: 10.1103/hj5x-rlgw

I. INTRODUCTION

The study of nuclei with closed-shell numbers of both
protons and neutrons (doubly magic nuclei) has been, and
continues to be, very important for unveiling a number of
nuclear structure properties connected to the shell model.
Analogously, near- and sub-barrier fusion reactions [1,2]
between such nuclei are important starting points for theoret-
ical models trying to reproduce the experimental evidences.
The systems in which fusion excitation functions have been
measured near the barrier are 0+ '°0 (see Ref. [3] and
several other articles cited, e.g., in [1]), #¥Ca+*Ca [4], and
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160 4 208pp, [5]. We may consider also 40Ca 4+ %97r [6] even
though Z = 40 is not a major shell closure.

As expected, a limited sub-barrier cross section en-
hancement is observed for the light system 0+ '°Q. The
enhancement increases for the heavier ones. The phenomenon
of hindrance [7] shows up in BCa+*Ca and '°0 + 2P,
while its existence in '°0 + 90 is still controversial also
because of the different low-energy trends observed in
several measurements for that system. The onset of hin-
drance is observed at the lowest energies also in “°Ca+
Zr [8].

©2025 American Physical Society
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A few other doubly magic systems are not considered
in this article for various reasons, even though rather com-
plete sets of fusion data exist: (1) **Ca +2%Pb [9] leads in
the region of superheavy nuclei and it involves different dy-
namical features (e.g., quasifission); (2) for 40Ca 4+ *8Ca [10]
two-neutron transfer largely influences the sub-barrier cross
sections; (3) in the case of *°Ca+“°Ca [11] the cross sec-
tions were measured only above ~20 ub, probably preventing
the observation of hindrance.

Considering the extensive investigations on sub-barrier fu-
sion reported in literature starting from the 1980s, it is quite
surprising that no relevant data are available for '°0Q +**Ca.
Recall that a basic difference between heavy- and light-
ion systems is the sign of the fusion Q value (Qyy). For
160 4+ *¥Ca, Qyy, is as large as +18.14 MeV. Note that exper-
imental data are available for the “twin” system '°0+*Ca
[12] only far above the barrier (os,s = 470 mb).

These considerations and the evidence of Ref. [13] may
suggest that the fusion excitation function of '°0Q +*8Ca will
follow a trend similar to the other doubly magic systems.
However, this might be disproved by experiment, possibly due
to the very large positive fusion Q value and/or to the possible
existence of hindrance with a high energy threshold, as ob-
served in the medium-light case **Mg + '>C [14], a situation
still not reproduced by theoretical models.

According to the estimate of the phenomenological anal-
ysis of Ref. [1], the hindrance threshold of 0 +*3Ca is
expected to be around E. . = 18.8 MeV (Ei = 25 MeV).
We note that few-nucleon transfer Q values are all large and
negative for this system, apart from two-proton stripping (Q =
—0.55 MeV). It follows that only coupling to « stripping
(Q = 40.52 MeV) might enhance the low-energy fusion cross
section to a significant extent.

We found it attractive to measure the fusion excitation
function of this doubly magic '°0 +*¥Ca system from well
below to above the Coulomb barrier, since its behavior will
constitute a missing benchmark for current models of the hin-
drance phenomenon. The sudden model of hindrance implies
a repulsive core in the interaction due either to the nuclear
incompressibility [15] or to the Pauli exclusion principle [16].
On the other hand, the adiabatic model [17,18] suggests that
the coupling strengths should decrease to zero, especially
near the point of contact between nuclei. This is due to the
transition from a two-body potential to a one-body potential
in the overlap region.

Note that the experimental uncertainties in the S factor at
low energies in the **Mg + '2C [14] reaction did not discrim-
inate between calculations based on the sudden and adiabatic
models. Our purpose has been to clarify this point by an
experiment on '°0Q +*Ca with smaller statistical errors and
reaching the lowest possible cross section. Furthermore, ob-
serving hindrance in 0 +*Ca, and thereby determining
its energy and cross section thresholds, will enable a more
reliable extrapolation to the light systems relevant for astro-
physics.

This paper is organized as follows: after this Introduction,
Sec. IT illustrates the experimental setup and the method used
to obtain the fusion cross sections. In Sec. III we present
the results of coupled-channels (CC) calculations. We also

compare these results with the astrophysical S factor and the
logarithmic derivative of the excitation function, extracted
from the data. The following Sec. IV is dedicated to the fit
of low-energy cross sections using an empirical approach and
the hindrance model. In Sec. V the present data are compared
with those other doubly magic systems, and in Sec. VI we
update the phenomenological systematics of hindrance thresh-
old for medium-light systems. Section VII summarizes and
concludes this article.

II. EXPERIMENT

The experiment was performed at the XTU Tandem accel-
erator of the INFN-Laboratori Nazionali di Legnaro, using
160 beams with intensities up to 20 pnA, in the energy
range 24-42 MeV. Thin targets of 50 ug/cm?> **CaF, were
employed, evaporated on a 10 ug/cm? carbon layer. The iso-
topic enrichment of **Ca was ~97% in mass 48. The small
contamination by lower-mass stable calcium isotopes in the
target had a negligible effect on the fusion cross sections due
to higher Coulomb barriers in the laboratory system. The
fusion-evaporation residues (ER) were detected and identified
at 2°-3° forward angles, using the LNL electrostatic beam
deflector setup. A detector telescope installed downstream,
consisting of two microchannel plates (MCP) followed by a
silicon detector, measured the ER energy and two times of
flight (ToF).

Four silicon detectors were used for beam control and
normalization between the different runs by measuring the
Rutherford scattering. They were placed above and below, and
to the left and right of the beam at the same scattering angle
Oy = 20.3° (for more details see Ref. [19]).

The ER angular distribution was measured at Epe,p, = 30
MeV covering the 6, range from —6° to +8°. The angular
distribution was fit with a Gaussian curve (see Fig. 1). By inte-
grating the angular distribution, the ratio of the yield at 6, =
2° (3° at the lower energies) to the total ER yield was obtained
(see Ref. [6]). No significant variation with energy of the
width of the angular distribution is expected in the measured
energy range, as observed in previous measurements (see, €.g.,
Refs. [20,21]). This was confirmed by pace4 calculations [22]
performed for the present system across the measured energy
range. Therefore, the same Gaussian width was employed for
all energies where the fusion cross section was measured only
at O, = 2° (3°).

The relative errors on the cross sections are determined by
the statistical uncertainties (2% near and above the barrier
and larger, up to 50%, at the lowest energies). The absolute
error on the cross-section scale was estimated to be +7-8%
[19]. The lowest measured cross section is 2.8 = 1.45 ub and
an upper limit o < 2.4 ub was determined for the lowest en-
ergy, Epeam = 24.25 MeV. The measured excitation function
is shown in Fig. 2, and the corresponding cross sections are
listed in Table I.

III. COUPLED-CHANNELS CALCULATIONS

The present data were analysed with the CC code ccfull
[23]. The calculations were performed using the standard
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FIG. 1. ER angular distribution measured for '°0+*Ca at
Ep = 30 MeV, together with a Gaussian fit. Only statistical errors
are reported. The full line is the Gaussian fit to the data, having a
width (standard deviation) o = (5.25 + 0.17)°.

Akytiz-Winther parametrization of the ion-ion potential [24],
with a well depth Vy = 52.34 MeV, radius parameter r, =
1.17 fm, and diffuseness a = 0.63 fm. The resulting Coulomb
barrier is V, = 23.0 MeV in the center-of-mass (c.m.) frame.
160 is considered inert since its lowest excitations lie above
6 MeV. The lowest quadrupole and octupole excitations of
#8Ca were included in the CC calculations, and the coupling
parameters are reported in Table II.

The CC calculations well reproduce the data down to o ~
0.8 mb, and the cross-section enhancement with respect to the
no-coupling calculation is small, as expected for the present
medium-light and stiff system. Nevertheless, one can note
that the CC results start overestimating the experimental data
below that cross section (see Fig. 2), even though the effect
is limited. That is the point where the hindrance phenomenon
shows up.

102 [ ]
5 10" | ]
£ Y e 160 4+ %8Ca
2100
£10° ] 1
107 | ]
i —CC-AW 24,3
102 [ ff """"" no coupling 4
103 f , , , , ,
18 20 22 24 26 28 30
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FIG. 2. Fusion excitation function of '°0Q+ **Ca measured in
this work.

TABLE 1. Fusion cross sections of '°0Q + **Ca measured in this
work. Statistical uncertainties are quoted, while the absolute cross
section scale is estimated to be accurate within +7%. We indicate
with E the center-of-mass energy.

E (MeV) & (mb) E (MeV) & (mb)
18.20 <0.00024 23.82 1124 £ 35
18.57 0.0028 £ 0.0015 24.57 1783 £+ 5.8
18.94 0.0055 & 0.0039 25.32 253 + 6
19.32 0.016 + 0.009 26.07 311 £ 7
20.07 0.213 £ 0.059 26.82 370 + 8
20.44 0.467 £ 0.092 27.57 436 £ 9
20.82 130 + 0.19 28.32 506 + 10
21.57 6.19 £ 0.51 29.07 542 + 10
22.32 217 +£ 1.3 29.82 597 + 10
23.07 60.8 & 2.0 30.57 697 £ 12
31.32 733 + 13

It is interesting to note that the lowest 4-5 energy
points agree with the no-coupling limit. This behavior is
similar to what was observed for the two lighter systems
12C 4 2*Mg, °Si [14,21]; however, in the present case, the
evidence is beyond doubt (see Fig. 4, top panel).

The small statistical errors on the cross sections allowed us
to obtain the fusion barrier distribution that is shown in Fig. 3
(top panel). Its shape is essentially that of a single barrier,
with evidence of a further small peak at energies higher than
the main one. The CC calculations give a good account of
the data. We note that the couplings produce a small shift
toward low energies with respect to the no-coupling result,
without any change of shape. The small peak(s) showing up
at high energies might be due to inelastic/mutual excitations
not included in the coupling scheme.

The bottom panel of Fig. 3 shows the logarithmic derivative
(slope) of the energy-weighted excitation function, approxi-
mated by the incremental ratio using every other experimental
point, with an energy step AE.;, = 0.75 MeV (1.5 MeV
in the higher energy range). One sees that, with decreasing
energy, the data trend is a steady increase up to the L¢g value
(evidence of hindrance), followed by a decline at the very
lowest energies. The same panel of Fig. 3 shows, however, that
the CC calculations are not able to reproduce this behavior of
the low-energy derivative.

We also extracted the astrophysical S factor from the mea-
sured cross sections. This is reported in Fig. 4, bottom panel,
together with the CC and no-coupling results. The ordinate is

TABLE II. Excitation energies E,, spin and parities A™, reduced
transition probabilities, and deformation parameters B, [25,26] for
the lowest quadrupole and octupole modes of **Ca. The B, values
are obtained using the radius parameter y = 1.20 fm, and nuclear
and Coulomb deformation parameters were taken to be the same.

Nucleus E. (MeV) AT B(EA) + (W.u.) B
BCa 3.832 2+ 1.79(60) 0.106(3)
4.507 3~ 9(2) 0.235(1)
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FIG. 3. Fusion barrier distribution (top panel), and logarith-
mic derivative of the excitation function of '°Q+*Ca (bottom
panel), compared to the results of CC calculations described in the
text.

given by
S(E) = o (E)E exp[27 (11 — 1)1

where 71, = 18 is a suitable constant scaling the S factor.
The low-energy S factor values mirror the behavior of the
excitation function, and make it quite clear that the lowest
fusion points follow the no-coupling calculation.

As a summary of the CC results based on the AW poten-
tial and presented in this section, we note that they give a
good account of the fusion cross sections and of the barrier
distribution, as well of the slope and S factor down to the
point where the hindrance phenomenon shows up. At lower
energies, the cross sections and consequently the S factor
are consistent with one-dimensional barrier penetration pre-
dictions, and neither CC nor no-coupling results are able to
reproduce the particular trend of the logarithmic slope. Thus,
we have adopted a more phenomenological approach, em-
ploying two different models to fit the experimental evidence
at the lowest energies. This is described and discussed in the
next section.

IV. FITTING THE LOW-ENERGY TRENDS

Following the approach outlined in Ref. [14], we fitted the
low-energy cross sections using an empirical function S(E).
This function simulates the damping of coupling strengths

w0l f0+*Ca
g 107} ]
bE
102 |
100
185 19 195 20 205 21 215
10° | 1
@
510*| I ]
S
g
810°r  —cceoh 3 :
o no coupling
—empirical
102 | —hindrance
18 19 20 21 22 23 24 25
E _ (MeV)
c.m.

FIG. 4. Low-energy part of the excitation function (upper panel),
and astrophysical S factor (bottom panel) for '°0 + *Ca. Here the
upper limit at £ = 18.20 MeV is not plotted. The data are compared
to the results of CC calculations described in the text.

below the barrier in accordance with the adiabatic model
[17,18,27]

In[oexp(E)] = B(E) In[occ(E)] + [1 — B(E)] In[onoc (E)].
ey

The behavior of the excitation function suggests that B(E)
should approach unity near the barrier and zero at low en-
ergies. We therefore interpolated its trend vs energy with a
smooth Fermi function (see again Ref. [14]),

1
P = A explanE — I @

We derived B(E) values for each measured energy using
both the data points and the ccfull calculations (discussed
in the previous section). The interpolation yields o, =
—4.995 MeV~! and E, = 20.064 MeV. Using these values,
B(E) was obtained for all energies, and, consequently, the
fusion cross section results were obtained from Eq. (1). This,
in turn, has given us the empirical S factor curve in the bottom
panel of Fig. 4.

The interpolating curve shows a good fit with the measured
cross sections. That curve transitions from the CC results
to the no-coupling limit as energy decreases. This transition
produces a maximum in the § factor (shown in the bottom
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FIG. 5. Two-dimensional plot d(Eo)/dE vs Ec for '°0+*Ca
and other doubly magic systems (see text for detailed comments).
The full and dashed lines are drawn to guide the eye.

panel of Fig. 4, blue line). Notably, the S factor increases again
at the lowest energies, following the no-coupling calculation,
as discussed in the preceding section. So, we observe evidence
of gradual damping of the coupling strengths, and this behav-
ior qualitatively aligns with the fundamental concept of the
adiabatic model [17,18,27].

Alternatively, we have fitted the low-energy part of the
excitation function using the expression derived by the hin-
drance model [28],

USES ZBU ES
o(E) = z CXP(AO(E—E.v)—\/—F[ E—I:D, 3)

where A, and B, are the fit parameters, E; = 20.6 MeV is
the hindrance energy threshold, and oy = 0.8 mb is the cor-
responding cross section. The fit yielded A, = —7.04 MeV ™!
and B, = 898.8 MeV'/%.

The results of this fit are shown in the two panels of Fig. 4
(red line). As in the previous empirical approach, we obtain
a good fit of the low energy excitation function with a clear
maximum of the S factor. However, the increase of the S factor
at the lowest energies is very clear and not reproduced, at vari-
ance with the case of '2C +2*Mg [14] where the rather large
experimental uncertainties do not allow one to distinguish
between the two model fits in that energy range. The present
data on '°0Q +*8Ca allow us to discriminate between the two
approaches. Furthermore, as pointed out in the previous sec-
tion, the CC calculation (green line) does not show any S
factor maximum, and the low-energy points are overpredicted.

V. COMPARISON WITH OTHER
DOUBLY MAGIC SYSTEMS

The data for the present '°0+ “%Ca case and the other
doubly magic systems cited in the Introduction are reported
in Fig. 5, in the spirit of the recent Ref. [13], where the first
energy derivative d(Eoc)/dE is plotted vs the energy-
weighted excitation function Eo. In this representation, the
Coulomb barrier height differences between the various sys-
tems are removed to a large extent. The data sets for all

_ 23
35 ES =[0.495(/(2.74+196.0/()] 2741 +455¢ A
30 ¢ ]
25 . )
= 160) 148Cq 285 +30gi
s 20} 24Mg +2i ]
w” 15 ['?C +2:Mg ]
+
10 | 12C +28g;j 3
5 +395j
5
L/ ]
0 9 P TS S ST S E ST RS
0 200 400 600 800 1000 1200
¢ = 2122“1/2

FIG. 6. Threshold energies for hindrance in light systems (up-
dated from Ref. [29]). The uncertainties on some of the reported
points are smaller than the symbol size. The system studied in the
present work is represented by a black dot. The open symbols at low
¢ values are obtained by extrapolating from higher energies, using
the hindrance model (see Ref. [1]). They represent, with increasing
¢, 0B 4+ 198, 12C 4 12C, 12C 4+ 150, and 160 + °0.

systems are very close to each other, as one expects since
the colliding nuclei are very stiff. The sign of the fusion O
value does not have any significant influence, and couplings
to transfer channels surely play marginal roles.

The blue arrow approximately marks the Eo value of the
highest barrier for all systems. Above that point, the derivative
d(Eo)/dE is essentially constant and equals 7 R2, where R}, is
the barrier radius according to the classical formula [13]. The
red arrow is placed where a slope change of the derivatives
trend can be observed, indicating the position of the lowest
barrier. The Eo range between the two arrows, therefore,
indicates the total width of the fusion barrier distribution. The
full and dashed lines in Fig. 5 are drawn to guide the eye.

VI. SYSTEMATICS

It is useful to recall that, several years ago, an empirical
formula was developed to reproduce the energy threshold of
hindrance for medium-mass stiff systems [29] and success-
fully applied also to lighter cases with negative and positive
fusion Q value.

In recent years, further medium-light systems have been
investigated ('2C +2*?*Mg, 3°Si), including the '°0 +*Ca
case, which is the object of the present study, and '>C + 23Si,
whose study was recently completed [30] (see Fig. 6).

The threshold energies of these reactions were added to
those reported in Ref. [29] and the overall systematic variation
was refitted, thus obtaining a formula with updated parame-
ters, which is reported in the figure.

The fitted line is a good representation of the thresholds for
all investigated systems and for '°Q + *3Ca. For the light cases
of astrophysical interest, we see that the present updated fitted
line predicts hindrance thresholds slightly higher than what
was previously extrapolated.
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VII. SUMMARY AND CONCLUSION

We measured the fusion excitation function of 0 4 *¥Ca
from above to far below the barrier at Laboratory National di
Legnaro, motivated by the peculiar nature of the system where
both colliding nuclei are magic.

We used the 'O beams from the XTU Tandem accelerator
of LNL. The fusion-evaporation residues were detected and
identified by an E-ToF telescope at 2°-3° forward angles
downstream of an electrostatic beam deflector setup, consist-
ing of two MCP detectors and one Si detector. The fusion
cross sections could be measured down to a few ub.

CC calculations were performed using the Akiiz-Winther
potential, including the lowest 27 and 3~ excitations of
“Ca. A good account of the data is obtained; however, the
measured cross sections are over-predicted by the CC re-
sults below og;s & 0.8 mb, which represents the hindrance
threshold.

We point out that, at lower energies, the data are
consistent with a pure one-dimensional tunneling (no cou-
pling) calculation, as possibly observed for '>C 4 **Mg, 3°Si
[14,21].

The excitation function is well fit using an empirical ap-
proach simulating the weakening of the coupling strengths
at low energies, as indicated by the adiabatic model. The
hindrance model reproduces the hindrance phenomenon, but
it is not able to fit the S factor increase at the lowest energies.

In a comparison with other doubly magic systems inves-
tigated in previous years, the present case '°0+ *3Ca does

not show significant differences, when the various Coulomb
barrier heights are properly taken into account.

We show that, when accounting for the trend of the present
system and of other medium-light cases investigated in recent
years, the phenomenological systematics proposed for heavier
stiff systems several years ago [29] requires adjusting the
relevant fit parameters, thus leading to updated predictions of
the hindrance threshold for the light systems of astrophysical
interest.
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