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Examination of high-resolution, experimental fusion excitation functions for ¢80 + 12C re-
veals a remarkable irregular behavior that is rooted in the structure of both the colliding nuclei and
the quasi-molecular composite system. The impact of the /-dependent fusion barriers is assessed us-
ing a time-dependent Hartree-Fock model, viewed as a mean-field reference. Barrier penetrabilities,
taken directly from a density-constrained calculation, provide a significantly improved description
of the experimental data as compared to the standard Hill-Wheeler approach. The remaining devi-
ations between the parameter-free theoretical mean-field predictions and experimental fusion cross

sections are exposed and discussed.

The merging of two nuclei can provide a window into
nuclear dynamics on short timescales. Heavy-ion fu-
sion is governed by the interaction of the colliding nu-
clei resulting from the delicate time-dependent balance
of the repulsive electrostatic force and the attractive nu-
clear force in the presence of angular momentum for
non-central collisions. Of fundamental importance in de-
scribing heavy-ion fusion is the collective potential of the
two colliding nuclei, collective excitations of projectile
and target, and the appearance of clustering effects dur-
ing the fusion process. Progress in experiment, theory,
and high performance computing allows a direct con-
frontation of high-resolution fusion measurements with
advanced time-dependent theoretical frameworks to pro-
vide new insights into fusion dynamics.

Ezxperimental evidence.— Indirect evidence for the
transient configurations in fusion was first provided by
examination of elastic scattering in 2C + 12C [1]. Ir-
regular energy dependence of the elastic cross-section
was interpreted as the formation of “molecular states”
at specific energies. This behavior was attributed to the
deformability of the carbon nuclei [2]. Absence of such
behavior in 0 + €0 [1] was interpreted in terms of
the reduced deformability of the tightly bound, doubly-
magic %0 nucleus [2]. A direct examination of the fu-
sion excitation function for 2C + '2C [3], 60 + 12C
[4, 5], 160 + 160 [6, 7], and 2°Ne + 20Ne [8] reveals the
presence of an oscillatory structure in the near-barrier
regime. Two factors contribute to the non-smooth de-
pendence of the fusion cross-section on energy, namely
the accumulation of cross-section associated with succes-
sive individual ¢-waves with slightly different barriers [9-
12] and the presence of resonances. In order to directly
probe the contribution of transient configurations to the
fusion cross-section, particularly those that are weakly
populated, it is crucial to provide an accurate description
of the underlying mean-field component. An accurate
description necessarily includes the contribution due for

example, to £-wave dependent barriers. The aim of the
present work is to examine how an accurate description of
the mean-field contribution to the fusion excitation func-
tion evolves with neutron number in comparison with
experimental data. To accomplish this, we utilize high-
resolution experimental data to confront state-of-the-art
time-dependent Hartree-Fock (TDHF) calculations.

High-resolution fusion excitation functions were ob-
tained both by using recent active-target measurements
as well as by combining prior thin-target measurements.
Fusion was identified either by the direct detection of the
heavy fusion products following de-excitation or by their
secondary 7-emission. Any contribution from breakup
prior to fusion, expected to be small for the energies and
systems considered in this work, is not accounted for.
Obtaining these high-resolution excitation functions was
the key first step in this work.

Comparison of fusion processes induced by 617180
nuclei provides insight into three highly interesting cases.
The 60 represents the reference case of a doubly-magic,
tightly-bound nucleus. In the case of 17O, an odd un-
paired neutron occupies the 0Ods/, shell, resulting in a
ground-state spin 5/27. The extent to which this va-
lence neutron is strongly or weakly coupled to the core is
expected to impact the fusion cross-section. In the case of
180, the two valence neutrons form a Cooper pair. Pair-
ing correlations are expected to impact the fusion cross
section in two ways: by increasing the fusion barrier and
by enhancing the neutron pair transfer. The experimen-
tal excitation functions for 617180 + 12C are presented
in Fig. 1.

Direct comparison of these three experimental excita-
tion functions alone provides considerable information.
While the excitation functions exhibit common features,
notable differences exist. All the excitation functions
shown in Fig. 1 manifest a zigzag behavior superimposed
on the overall increase in cross-section with increasing
energy. Significantly more structure is observed for 160
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FIG. 1.  Experimental fusion excitation functions for the
reactions of *°O (black triangles) [13], 17O (red dots) [14],
and 'O (open squares) [15, 16] impinged on a '2C target.
The inset shows the results of TDHF™. See text for details.

with prominent peaks observed at F., = 11MeV,
14 MeV, and 16.5MeV. The magnitude of these peaks
is reduced for 17O and 0. At lower energies, all the
excitation functions are rather similar.

In contrast, the reduction in cross-section for 7O as
compared to '°0 at higher energies is particularly note-
worthy. If the valence neutron in 17O is weakly coupled
to the 60O core one might expect either an increased fu-
sion cross-section due to an increased spatial extent of
the neutrons or essentially no increase at all if neutron
breakup preceded fusion. The reduction of the fusion
cross-section for 7O thus suggests that in this energy
regime the presence of the valence neutron does influ-
ence fusion. This influence could be associated with the
increased role of breakup and neutron transfer which can
suppress the above-barrier cross-section while enhancing
the below-barrier cross-section [17]. The enhanced fusion
cross section at E. ., > 14MeV for 80O as compared to
160 suggests that the effects due to pairing correlations
are washed out at higher energies and the effect of the
increased neutron radius dominates.

In order to provide the most complete, high-resolution
description of the fusion excitation function for 0 +
12C several datasets have been combined and the result
is presented in Fig. 2. The cross-section at higher en-
ergies which relies on the direct detection of the fusion
products [5, 13, 18] is augmented by indirect measure-
ments of the cross-section at lower incident energies [19].
Measurement of fusion at higher incident energies that re-
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FIG. 2. Comparison of experiment with theory for the fusion
excitation function for the **O+ '2C reaction. Experimen-
tal data are taken from Refs. [18] (blue circles), [5] (green
squares), [13] (orange diamonds), and [19] (red upside-down
triangles). Raw TDHF results are shown with a light dot-
ted line and modified DC-TDHF/TDHF hybrid results are
shown with a solid black line. The difference between TDHF
and TDHF” is highlighted by shading. The values of £(Fc.m.)
computed in TDHF are marked.

lied on v-ray measurements were excluded due to larger
uncertainties. The reported cross-sections depicted in
Fig. 2 are internally very consistent. The high resolu-
tion data not only reveals the peaks in the cross-section
at F.m. ~ 11 MeV, 14MeV, and 16.5 MeV previously
noted but also an oscillatory behavior at lower energies.

Theoretical framework.— As briefly mentioned before,
there exist many theoretical approaches to studying fu-
sion cross sections above and below the barrier. Coupled
channels approaches, for instance, have been quite suc-
cessful in describing the light-ion reactions of interest in
this work [9, 20]. In this study we have adopted the
TDHF framework to understand the mean-field contri-
bution to the fusion excitation functions for the above-
barrier collisions. On general grounds, TDHF is a many-
body approach that is well suited to describe the large-
amplitude collective motion associated with fusion while
also describing the transfer dynamics, equilibration pro-
cesses, and Pauli blocking that affect heavy-ion fusion
probabilities [21-23]. These effects are included self-
consistently and no fits are performed beyond the original
calibration of the energy density functional (EDF), repre-
senting the inter-nucleon interaction, to static properties
of nuclei. We emphasize that the inter-ion (optical) po-
tential that is the main source of uncertainty in coupled
channel methods is obtained microscopically in TDHF



from the EDF.

Recently, advances in theoretical and computational
techniques have allowed TDHF calculations to be per-
formed on a three-dimensional (3D) Cartesian grid thus
eliminating artificial symmetry restrictions [24-27]. The
unrestricted 3D geometry allows for precise simulations
that can capture the rich time-dependent dynamics at
play in light nuclear reactions [28, 29]. Although in the
sub-barrier regime it is necessary to perform density con-
strained TDHF (DC-TDHF) calculations [30, 31] to ob-
tain the heavy-ion potentials [11, 32], at the above-barrier
energies considered in this work direct TDHF calcula-
tions can be performed by initiating collisions for a series
of increasing impact parameters until the maximum im-
pact parameter for fusion is reached. Moreover, the bar-
rier associated with each incoming ¢-wave can be deter-
mined by finding the lowest energy associated with each
{-window. This collision energy was scanned in steps of
0.25 MeV across the reported range of energies for all sys-
tems. The EDF employed in this work was primarily UN-
EDF1 [33], though a set of parameters chosen from the
Bayesian posterior distribution [34] was also used to as-
sess the sensitivity of the reaction outcomes to the choice
of EDF [35]. With this EDF (and many others), the 12C
ground state is predicted to be spherical — a fact at odds
with deformations deduced from alpha scattering mea-
surements [36], or an expected contribution from three-«
clustering configuration [37]. Some EDFs can reproduce
an oblate-deformed '2C [38, 39] and constrained HF cal-
culations can be used to prepare a clustering configura-
tion [40], though the study in Ref. [41] of the 2C+12C
reaction suggests the impact of deformation effects at
energies considered in our study should be minor. This
paired with the fact that we are considering '2C as a com-
mon target in each reaction should result in a systematic
deficiency across all systems and energies.

For the '80 reaction the frozen pairing approximation
was employed, as in Ref. [16]. In contrast to the vari-
ations seen in fusion studies for heavier nuclei [35, 42],
the above-barrier fusion cross sections have been found
to be largely insensitive to the choice of effective interac-
tion. While the unrestricted 3D Cartesian geometry af-
fords a more flexible computational framework, it comes
at an increased cost with each simulation requiring a few
hours on a standard multicore compute node. For the en-
tire study, considering three systems, around 3000 indi-
vidual trajectories were simulated to precisely determine
the capture cross sections across a wide range of impact
parameters and energies above the barrier. Illustrative
videos of the time evolution of the neutron localization
function [43] obtained in our TDHF simulations can be
found in the Supplemental Material [44].

The fusion cross section can be expressed as

7Th2 Lrmax
= — 204+ 1)P, 1
S n 0

where p is the reduced mass, F¢ p,. is the center-of-mass
energy, P is the probability of the ¢-wave fusing, and
lmax corresponds to the largest ¢-wave that fuses. For
the raw TDHF results, P, is 1 if the system fuses and 0
if it does not.

The TDHF calculations were performed for 6 < £ < 20.
For each ¢, a sharp increase in cross section is ob-
served when the barrier for that particular /-wave is sur-
passed. Tunnelling through the barrier mitigates this
sharp threshold behavior [11, 12]. While the Hill-Wheeler
approximation is often used for the penetrability, this ap-
proach presumes the transmission through an inverted
parabolic potential. This assumption becomes progres-
sively worse with increasing /-wave, particularly as ¢ ap-
proaches f.x. In the current work, we extract P, di-
rectly from the penetrability of the computed DC-TDHF
potentials for that ¢ value thus providing a consistent
microscopic approach. In the event that (., is differ-
ent between the TDHF and DC-TDHF approaches, the
lower of the two is chosen. In the following, we refer to
this method as the hybrid DC-TDHF/TDHF approach
and designate it TDHF*. The primary difference be-
tween TDHF* and the standard treatment for TDHF as
detailed in Refs. [11, 12] is that the cross sections are
substantially suppressed for TDHF*.

Discussion.—The predictions of the TDHF* model for
the three reactions considered are shown in the inset of
Fig. 1. As might be naively expected from geometri-
cal considerations based on mass scaling, '°0 exhibits a
smaller cross-section than '7'80. The predicted trend
with neutron number differs from that of the experi-
mental data shown in Fig. 1. The trend of the fusion
cross-section observed for the three systems is not re-
produced by theory. At the highest bombarding ener-
gies, the O+!2C system experimentally exhibits the
largest fusion cross section, followed by 'O+4'2C and
finally '7O+'2C. In contrast, theoretically, '"O+'2C dis-
plays the largest cross section, while the cross sections
for the'®0+12C and '*O+'2C reactions are predicted to
be similar.

More insight is provided by a direct and detailed com-
parison of the measured and calculated fusion excita-
tion functions shown in Figs. 2-4. We first discuss the
160+12C reaction as it provides an excellent reference
due to the rigid nature of the 10 projectile. As shown in
Fig. 2, for E. . < 14MeV, the TDHF* method provides
a good description of the fusion excitation function due to
the addition of successive ¢-waves. For E. ., > 11 MeV,
TDHF* systematically overestimates the measured exci-
tation function, although the oscillating behavior of the



cross section for E. ., < 11.5 MeV is well reproduced.
The raw TDHF method systematically overshoots the
data.

Overestimation of the fusion cross-section at higher en-
ergies by TDHF has typically been attributed to the exis-
tence of breakup channels in the experimental data that
are not properly represented in TDHF, though the full
extent of this effect is an open question. Our TDHF*
calculations indicate that a more accurate description of
transmission probabilities reduces the need for invoking
breakup channels. All in all, Despite the overestima-
tion of the cross-section for E. ,, > 14 MeV, we consider
the description of the reference reaction O+ 12C by the
parameter-free TDHF* approach to be quite satisfactory.

Having established the success of TDHF* in describ-
ing the %0 4 12C reaction, we investigate the impact
on fusion introduced by the addition of a single neutron
to the projectile. Figure 3 illustrates the case of 17O
+ '2C. The experimental data were collected in recent
active thick-target measurements [14, 20] along with ear-
lier thin-target measurements [18, 45, 46]. It is to be
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FIG. 3. Similar as in Fig.2 but for the 7O+ '2C reaction.
Experimental data are taken from Refs. [18] (blue circles),
[46] (green squares), [14] (orange diamonds), [45] (red upside-
down triangles), and [20] (purple triangles).

noted that the close examination of different experimen-
tal datasets for 17O reveals some significant differences.
For E. . ~ 14MeV the data of [20] and the lowest en-
ergy point from [46] suggest a pronounced dip in the cross
section differing from the data of [14, 18]. The accuracy
of the thick-target data in Ref. [14] has been corroborated
by comparing the measured cross-section with thin-target
measurement of the fusion cross-section of mirror nuclei.
The magnitude of the dip at E. . ~ 14 MeV is sig-

4

nificantly reduced as compared to [20] and is shifted to
slightly higher energy. Also, at the lowest energies shown,
the data of Ref. [45] appears slightly low relative to the
data from both [14] and [18] which are in a reasonable
agreement. As the data of Ref.[14] are self-normalizing,
in our opinion, they provide a more accurate measure of
the fusion cross section.

The deviation from smooth behavior of the excitation
function evident for the case of 0 + 12C, is also ap-
parent in the case of the 7O but the pronounced zigzag
pattern in the cross-section, as seen in the '°O data, is
harder to quantify. The TDHF* calculations for this re-
action significantly overestimate the measured cross sec-
tion for 14 < E. . < 21 MeV. There are several possible
reasons for this, including neutron transfer which does
not lead to fusion. The impact of transfer on the fusion
probabilities was estimated by checking the isovector fu-
sion potentials extracted from DC-TDHF in a similar
procedure to Ref. [21]. As seen in Fig. S1 of [44], the
magnitude of the isovector contribution for 170 is less
than that of 80, suggesting that any transfer effects at
the mean-field level will not account for the significant
suppression in above barrier cross sections seen in exper-
iment. The presence of nucleonic cluster-like structures
in the transient configurations can be probed by TDHF,
see, e.g., [43]. However, the TDHF results shown in Fig. 1
do not show any appreciable reduction of oy for 170. On
the contrary, the predicted cross section for 7O system-
atically exceeds the 160 “reference”.

Since the odd neutron in 7O occupies the 0ds /2 orbit
leading to the 5/2% ground state of 17O, some increase
of the fusion barrier may be possible due to a hindrance
factor of fusion by specialization energy — an increase
in the barrier due to angular momentum conservation
[47]. This effect, considered for fission, has so far not
been considered by theoretical approaches to heavy-ion
fusion. In particular, it is not accounted for by TDHF
which does not conserve the total angular momentum of
the system, including the intrinsic angular momenta of
colliding nuclei. An experimental argument against this
scenario, however, is the similarity of the measured fusion
excitation functions for 10 and 7O projectiles at low
energies seen in Fig. 1. Let us also mention that the
reduction of the fusion cross section for 17O can be due
to the coupling to the reaction channel involving the 1/2%
excited state of 17O [48, 49].

We now examine the impact of two valence neutrons
in '80. The excitation function for '*0 + '2C shown in
Fig. 4 utilizes thin-target measurements [16, 18, 50] to-
gether with recent active thick-target data [15]. While
the experimental data exhibit oscillations, the presence
of sharp resonant-like structures is absent. The TDHF*
model with pairing provides a reasonably good over-
all agreement with the data although the calculations
slightly overestimate the data.

Pairing correlations are expected to effectively increase
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FIG. 4. Similar as in Fig.2 but for the *O+ '2C reaction.
Experimental data are taken from Refs. [18] (blue circles),
[50] (green squares), [15] (orange diamonds) , [5] (red upside-
down triangles), and [16] (purple triangles).

the fusion barrier and thus decrease fusion cross sections
[16, 51, 52]. The two additional neutrons, however are
also expected to increase the radius of the nucleus (the
difference between the root-mean-square matter radii of
180 and 90 calculated with UNEDF1 is about 0.1 fm,
which is a 4% effect.) and aid in neck formation — two
effects that should serve to enhance to fusion cross sec-
tions. The experimental data in Fig. 1 show a similar
behavior of cross sections for 10 and %0 at low ener-
gies, suggesting that any pairing effects are balanced by
the other two mechanisms. At energies above 14 MeV,
however, the fusion excitation function exceeds that of
160, indicating that the impact of pairing is less impor-
tant than the projectile geometry, a feature expected as
pairing correlations tend to erode at higher excitation
energies. This also explains the better predictive perfor-
mance for TDHF* for the 8O system at higher energies,
as the model employs frozen pairing.

Summary.— We have presented a framework for using
a microscopic, parameter-free TDHF* model to investi-
gate fusion excitation functions in the oxygen isotopes.
To obtain og(FE) with sufficient resolution, multiple ex-
perimental datasets were combined. The resulting data
reveal oscillatory structures consistent with the presence
of different ¢-wave barriers. To accurately describe the
experimental data, an extension of the standard TDHF
approach was required to calculate the fusion penetrabil-
ity directly from the DC-TDHF potential. The resulting
TDHF* model provided a reasonably good description
for the reference case of the 190-induced fusion, includ-

ing the reproduction of oscillatory structures. A slightly
worse, but still acceptable agreement with experiment
was obtained for '8O-induced fusion. An appreciable re-
duction of the experimental fusion excitation function for
170 remains a puzzle.

Several possible explanations exist for the remaining
discrepancies between experiment and theory: the ef-
fect of breakup and transfer channels, an imperfect de-
scription of /-dependent fusion barriers by TDHF, or the
presence of transient configurations involving nucleonic
clusters. Distinguishing between these possibilities re-
quires advances on both experimental and theoretical
fronts. Systematic high-resolution, exclusive measure-
ments of heavy-ion fusion and transfer/breakup measure-
ments along isotopic chains is necessary in order to es-
tablish the limits of breakup and transfer channels. This
experimental data, paired with continued investment in
high-performance computing, will be critical in enabling
the development of a more complete beyond-mean-field
description of heavy-ion fusion.
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