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Abstract

We will present a survey of our recent results on the reaction mechanism of 8B+"%Zr below the Coulomb
barrier. Elastic scattering and breakup measurements were previously performed at 26.5 MeV (90% of the
Coulomb barrier) at the TriSol radioactive ion beam facility of the University of Notre Dame. Complemen-
tary elastic scattering results were also obtained for the core of ®B, the "Be nucleus, at various sub- and
near-barrier energies. Total reaction and breakup cross sections, as well as critical interaction distances,
were determined and compared with existing results for weakly and well-bound projectiles on various tar-
gets. The results indicate the importance of direct mechanisms below barrier and the distinction between
weakly-bound and well-bound projectiles.
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1. Introduction

The study of weakly-bound and exotic nuclei has attracted considerable attention due to their un-
usual structures and low breakup thresholds. Atlow energies, their Optical Potential differs from that
of stable nuclei, strongly affecting the reaction mechanism, where direct processes such as transfer
and breakup dominate over fusion, with significant effects in astrophysics [1-4]. For weakly-bound
nuclei, phenomenological predictions reported in [4] show that the direct-to-total reaction cross sec-
tion ratio remains constant ~0.2 above the barrier, but rises sharply with decreasing energy, saturat-
ing at 0.7 for light, 0.8 for medium-mass, and 1.0 for heavy targets, further indicating a direct-channel
dominance. The exotic nucleus ®B is an ideal candidate to investigate breakup dominance over fu-
sion. Its halo structure [5-7] and very low breakup threshold of 137 keV suggest large breakup cross
sections, though its proton halo could reinforce the barrier and reduce breakup probability. Moti-
vated by this and following our previous ®B+2%Pb study [8], we have previously performed elastic
scattering and breakup measurements for ®B on a medium-mass "% Zr target at the sub-barrier en-
ergy of 26.5 MeV [9, 10], as well as elastic scattering measurements of its core nucleus 'Be+"*Zr at
various sub- and near-barrier energies [11]. A short survey of this work will be presented in this
article, referring to the phenomenological analysis of our cross section and critical interaction dis-
tances results and their extensive comparison with various other systems. The general aim was to
probe the reaction mechanisms at sub- and near- barrier energies.

2. Experimental Results

Elastic scattering and breakup measurements for 8B+" Zr were performed at the TriSol radioactive
ion beam facility [12], along with elastic scattering for "Be+"%Zr [11] under the same experimental
conditions. Experimental details are reported in [9-11].

Total reaction cross sections

From the phenomenological analysis of the elastic scattering angular distributions for both "Be and
8B [9, 11] on the "#Zr target, total reaction cross sections were extracted and are presented in Ta-
ble 1. The total reaction cross sections of Table 1 along with total reaction cross sections for various
projectiles and targets were reduced by using the formulas reported in [13] to remove barrier ef-
fects, and are presented in Fig. 1. It should be noted that the black solid line is a fit to data for exotic
projectiles, and the red dashed line fits data for weakly- and well-bound projectiles. Reduced cross
sections are enhanced for exotic nuclei below the Coulomb barrier, with convergence at higher en-
ergies. Target dependence is also apparent. For clarity, the right panel shows only medium-mass
targets, highlighting the enhancement for 8B, shown with the black circle. At 90% of the barrier,
its reduced cross section is ~12 times larger than its core, ’Be, providing strong evidence of the
proton-halo effect.

Table 1. Total reaction cross sections for 8B, ”Be + ! Zr

System ELpb (MeV) | o40: (Mb)
8B +matzy 26.5 180 + 40
"Be + " Zr 19.7 6+4
21.3 45+ 11
22.9 260 + 20
26.6 545 + 30
27.5 638 £ 60
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Figure 1. Left panel: Reduced total reaction cross sections over reduced energy [14] for various systems, the black lineis a
fit to the data for exotic projectiles and the dashed red line a fit to data for well- and weakly-bound projectiles. Right panel:
Same as in the left panel, only for medium-mass targets. Data from [9] and references therein.

Critical interaction distance

The reduced critical interaction distances for the present and other systems, calculated according
to [15], are plotted against the product of projectile and target atomic numbers, Z; Z,, in Fig. 2. This
distance marks the beginning of nuclear effects, where elastic scattering deviates from the Rutherford
scattering predictions. It is defined as the distance of closest approach at the angle where the elastic-
to-Rutherford ratio is ~0.98 [15-18] and the extraction of this value for the different systems is
described in [9]. Fig. 2 reveals the existence of three distinct groups.

The first group, indicated by black points and black dashed line, corresponds to exotic nuclei: B,
®He, and 8Li. It should be noted that for this group, the critical interaction distances follow an almost
constant trend, suggesting that for nuclei with extended nuclear matter, the nuclear interaction
begins at similarly large distances. This behavior further supports the possible presence of a neutron
skin in ®Li.

On the other hand, the weakly-bound nuclei "Be, °Li, and "Li+°®Ni are described by a separate curve,
marked by the blue dotted-dashed line, in Fig. 2. This behavior differs from that of well-bound nuclei,
represented by the red dotted line, which includes °O and the weakly-bound stable "Li on the heavy
targets 2°Sn and 2®Pb. Notably, the weakly- and well-bound groups cross at the reduced distance
of 1%0+2%8Pb, This may indicate that for systems with large product Z;Z,, the nuclear interaction
begins only at very small distances both for weakly- and well-bound nuclei.

Breakup cross sections

The CDCC analysis of the breakup angular distributions for 8B+"%/Zr lead to a breakup cross section
of 0 = 170 = 40 mb [10] which combined with the total reaction cross section, results in a direct-
to-total reaction cross section ratio of r = 0.95 + 0.23. This high value shows that breakup nearly
exhausts the total reaction cross section, revealing the dominance of the breakup channel. The cur-
rent result, shown in Fig. 3 (green star), is compared with other weakly-bound nuclei and predictions
from [4]. For 8B on "% Zr, the ratio is larger than the expected value of 0.8 for medium-mass targets.
However, the large uncertainty prevents from drawing firm conclusions.

Furthermore we have compared breakup cross sections for 8B on various targets. The reduction
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Figure 2. Critical interaction distances over Z,,Z; for various projectiles and targets. Black line and points correspond to
exotic nuclei: B, °He and 8Li, blue line and points correspond to weakly-bound nuclei "Be, °Li and 7Li+*®Ni and red line
and points correspond to the well-bound nucleus 1°0O and the weakly-bound nucleus “Li on heavy targets. Data from [9]
and references therein.
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Figure 3. Direct-to-total reaction cross section ratio versus the energy over Coulomb barrier. The lines correspond to phe-
nomenological predictions reported in [4] for light (red), medium-mass (green) and heavy (blue) targets. Figure from [10].

of the breakup cross sections were performed with two methods following the prescriptions from
Ref. [14] (Fig. 4a) and Ref. [19] (Fig. 4b). Fig. 4c shows the comparison of the breakup cross sections
over the distance of closest approach for a head-on collision. In all three plots of Fig. 4 we can
observe a strong target dependence with a clear differentiation between systems with medium-mass
and heavy targets.
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Figure 4. Comparison of breakup cross sections for 8B on various targets. (a) Reduced breakup cross sections over reduced
energy, according to [14]. (b) Reduced breakup cross sections over reduced energy, according to [19]. (c) Breakup cross
sections over distance of closest approach for a head-on collision. Data from [10] and references therein.

3. Summary and Conclusions

We have summarized our experimental results of elastic scattering and breakup measurements for
the reaction 8B+"%/Zr at 26.5 MeV (~90% of the Coulomb barrier) and the elastic scattering of the
8B core, 'Be, on the same target. Total reaction and breakup cross sections were determined and
compared with existing data for various systems. The main conclusions are:

« Breakup is the dominant reaction mechanism for ®B at energies below the barrier.

« The direct-to-total reaction cross section ratio, at E/V- 3. ~ 0.9 was determined as ~0.95 + 0.23, a
value larger than the expected one for a medium-mass target, ~0.8.

« Reduced total reaction cross sections show an enhancement for exotic nuclei below the barrier,
while convergence occurs at higher energies. At ~90% of the barrier, the reduced cross section of
8B is approximately 12 times larger than the one of its core "Be, indicating proton halo.

« Critical interaction distances plotted against Z;Z, reveal three distinct groups of exotic, weakly
bound, and well-bound nuclei, each following a different trend. The main conclusion here is that
reactions for all exotic nuclei start at larger distances as the projectile approaches the target, with
a consequence of higher cross sections than standard. For other weakly-bound nuclei this distance
is smaller but still larger than that of well-bound nuclei with a clear dependence on the product
Z1Z,. For very large values of the product Z; Z5, the critical interaction distance is similar for both
weakly-bound, but stable, and well-bound nuclei. For all three groups there is a convergence at
very small Z1Z,.

« The halo nuclei ®B and *He display similar behavior, while ®Li follows the exotic-nuclei trend as
well, supporting evidence for a neutron skin.

« Breakup cross sections versus distance of closest approach and reduced cross sections versus re-
duced energy show a clear target dependence, with medium-mass and heavy targets following
distinct trends, with the former exhibiting lower cross sections.
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