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Role of a high ground-state centrifugal barrier in the breakup
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Abstract: An analysis of the breakup of the 3! Ne weakly-bound neutron-halo system on a lead target is presented,

considering the 2p3/, and 1f7,, ground-state configurations. It is shown that a high centrifugal barrier almost wipes

out the breakup channel, thus assimilating the breakup of a weakly-bound system to that of a tightly-bound system,

and also reduces the range of the monopole nuclear potential. Consequently, a high centrifugal barrier prevents the

suppression of the Coulomb-nuclear interference (CNI) peak by weakening couplings to the breakup channel and re-

ducing the range of the monopole nuclear potential, two main factors that would otherwise suppress such a peak. The

present study also identifies couplings to the breakup channel and a long-ranged monopole nuclear potential as the

main factors that lead to the suppression of the CNI peak. A low centrifugal barrier together with a Coulomb barrier

would also effectively prevent the suppression of the CNI peak in proton-halos as reported in the case of the 8B pro-

ton-halo.
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I. INTRODUCTION

Weakly-bound halo nuclei are a subject of current in-
terest in physics. Since early studies of these systems [1],
this field, once dominated by light weakly-bound halo
systems as exemplified by several recent studies (Refs.
[2-34]) on the breakup dynamics of these systems, has
witnessed increasing identification of weakly-bound
heavy neutron-halo systems, such as 3!Ne and 3'Mg
[35-45], located on the neutron-rich limit of the nuclear
chart. Owing to the effect of the centrifugal barrier, halo
features are manifest in low (¢ =0, 1) orbital angular mo-
menta [46]. However, a better understanding of how a
large orbital angular momentum hinders the manifesta-
tion of halo features in breakup reactions could be inter-
esting. Such study could be helpful because it may serve
to predict whether future halo structures in higher partial-
waves are possible by investigating how this parameter
influences the breakup process of a weakly-bound pro-
jectile.

Although the standard shell model predicts the
ground-state of the 3'Ne nucleus to be in the f-state
(1f7,2) [43, 47-49], experimental and theoretical studies
have identified this nucleus as a neutron-halo system in
the 2ps;» ground-state [41—43, 45]. By studying the
breakup of 3'Ne through both the 2p; 2 and 17/, ground-
states [44], it has been shown that the latter (1f7,2) does
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not describe the features of breakup reactions induced by
weakly-bound projectiles, such as a narrow parallel mo-
mentum distributions (see Fig. 10 of that reference and
the related text). The study in Ref. [44] did not consider
other reaction channels, such as elastic scattering, where
the projectile halo features are also manifested. Even
though a 1f;,, ground-state does not describe the halo
structure of this nucleus, it provides an opportunity to ex-
amine how a large orbital angular momentum inhibits the
manifestation of halo features in breakup reactions.

In this paper, as in Ref. [44], we study the breakup of
3INe on a lead target, considering both the 2p3;, and
1f7/2 ground-states. The main objective is to investigate
how a high centrifugal barrier in the ground-state inhibits
the manifestation of halo features in breakup processes.
To this end, we assess (1) how it affects the Coulomb-
nuclear interference (CNI) peak in the elastic scattering
cross section, and (2) to what extent it suppresses the
breakup channel. The origin of the suppression of the
CNI peak in elastic scattering is yet to be clarified. For
example, in Ref. [12], the CNI peak in the elastic scatter-
ing cross section is suppressed in the breakup of the !'Be
system on a lead target. However, in Ref. [14],a pro-
nounced CNI peak is reported in the breakup of 8B on the
same target in the same incident energy range. Does this
suggest that the suppression of the CNI peak may not ne-
cessarily be attributed to the coupling to the breakup
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channel, as inferred in Refs. [12, 50, 51]? In Ref. [34], the
suppression of the CNI peak is attributed to the polariza-
tion potential. We expect the present study to shed more
light on this issue. Unlike in previous studies on the
breakup of the 3'Ne nucleus at high incident energies, we
consider an incident energy closer to the Coulomb barri-
er (twice as large as the Coulomb barrier). As for the
ground-state separation energy of the 3'Ne system, there
is still no consensus as yet because different measure-
ments have reported different values: —0.06+0.41 MeV
[52], =0.15%01° MeV [42], —0.29+1.64 MeV [53], and
—0.30+1.6 MeV [54], whereas the 2003 mass evaluation
[55] reported a value of S, = —0.33 MeV.

This paper is structured as follows: In Sec. II, the de-
tails of the numerical calculations and results are dis-
cussed, and the main results are presented in Sec. II1.

II. NUMERICAL CALCULATIONS
AND RESULTS

A. Numerical calculations

The fundamentals of the continuum discretized
coupled-channels (CDCC) formalism, which is adopted
in the present study, are available in literature, such as
Refs. [56—58]. Therefore, we do not intend to repeat the
details here. Only the different ingredients that are needed
in the numerical solution of the CDCC coupled differen-
tial equations are described. The 3'Ne projectile nucleus
is modeled as 3'Ne — 3°Ne +n, where the valence neut-
ron is weakly-bound to the core nucleus 3°Ne. As already
stated in the introduction, we consider the 2p3/; and 1f7/»
ground-state configurations. Although the goal is not to
investigate the role of the ground-state separation energy
on the breakup observables, two different values,
S,=-0.15 MeV and S, =-0.33 MeV, are considered.
The parameters of the core-neutron Woods-Saxon poten-
tial used to generate the projectile bound and continuum
states are Ry = Rso = 3.946 fm, ag = aso = 0.67 MeV, and
Vso = —17.33 MeV, taken from Ref. [45], where (Ry, ao)
are the radius and diffuseness of the central term, respect-
ively, and (Vso, Rso, aso) are the depth, radius, and dif-
fuseness of the spin-orbit coupling term, respectively. For
the 2p3,» ground-state, the depth of the central term Vj is
adjusted to Vy = —49.409 MeV to obtain the ground-state
binding energy S,=-0.15 MeV and to Vy=-49.724
MeV to obtain S, =-0.33 MeV. For the 1f;,, ground-
state, Vy is adjusted to Vy=-48.315 MeV to obtain
S,=-0.15 MeV and to V,=-4898 MeV to obtain
S, =-0.33 MeV. The core-target and neutron-target op-
tical potentials are obtained from the global parameteriza-
tion of Akyuz-Winther [59]. To account for the projectile
halo structure in the elastic scattering channel, the mono-
pole nuclear potential in this channel is calculated by
folding the projectile ground-state wave function with

core-target and neutron-target interactions. For the nu-
merical integration of the CDCC coupled differential
equations, the maximum angular momentum between
the core nucleus and the neutron is truncated by
lmax = 5h, the maximum matching radius for bin
integration by rp.x = 150 fm, the maximum order of the
potential multipole expansion by Ayax = 5, the maximum
matching radius of the integration of the coupled
differential equations by Rpax = 1000 fm, and the maxim-
um angular momentum of the relative center-of-mass mo-
tion by Lp.x = 10000%. The projectile excitation energy
up to emax = 10 MeV is considered, with the [0, &« ] in-
terval sliced into energy bins of widths Ae =0.5 MeV for
s-state and p-state, Ae = 1.0 MeV for f-state and d-state,
and Ae=1.5 MeV for higher-order partial-waves. The
numerical calculations are carried out with Fresco code
[60].

B. Results and discussion

We start with the densities of the ground-state wave
functions qu,':(r)lz, where ¢, is the ground-state orbital an-
gular momentum, jy is the ground-state total angular mo-
mentum, and 7 is the relative coordinate between the core
nucleus and the valence neutron, which are shown in
Fig. 1 for the 2p3;» (panel (a)) and 17, (panel (b))
ground-states. A comparison of both panels shows, as ex-
pected, that the higher centrifugal barrier in the 17/, state
serves to suppress the longer tail of the wave function.
Moreover, the gap between the two densities in panel (b)
almost disappears, suggesting that a higher centrifugal
barrier significantly suppresses the effect of the separa-
tion on the wave function. It is shown in Refs. [30, 31,
61, 62] that the centrifugal barrier prevents the wave
function from extending to infinity in the S, — 0 limit.

Figure 2 shows the 2ps;,, and 1f7,, elastic scattering
cross sections calculated at an incident energy Ejp =
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Fig. 1.  (color online) Densities of the ground-state wave
functions for both the 2p;/, ground-state (panel (a)) and 1f7)»
ground-state (panel (b)), corresponding to S, =-0.33 MeV
and S, =-0.15 MeV.
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Fig. 2. (color online) Elastic scattering cross sections corres-

ponding to the 2ps;, and 1f;, ground-states, considering

S, =-033 MeV.

2x Vg, where V=89 MeV is the Coulomb barrier
height, and scaled by the Rutherford cross section. Com-
paring the two elastic scattering cross sections, one no-
tices that the o/oy ratio for 2ps3,, deviates earlier from
unity with a non-existent CNI peak. The absence of this
peak has also been observed in other weakly-bound neut-
ron-halo projectiles, such as 3’Mg [27] and 'Be [12, 50,
51]. An early deviation of the o-/ox ratio from unity sig-
nals the importance of the breakup channel, which is a
characteristic of weakly-bound projectiles. However, for
1f7/2, the o/og ratio exhibits a different behavior in
which a well pronounced CNI peak is noticed at approx-
imately 40°, with a delayed deviation of this ratio from
unity compared to that of 2p3,. The late deviation from
unity of this ratio for the 1f7,, ground-state compared to
that of the 2ps,» ground-state is an indication of the lower
importance of the breakup channel in the former case
than in the latter. It follows that a high centrifugal barrier
prevents the suppression of the CNI peak and under-
mines the relevance of the breakup channel in elastic
scattering. To better make sense of this assertion, Fig. 3
displays the elastic scattering cross sections with coup-
lings to the breakup channel (BU) and without couplings
to the breakup channel, that is, there is no breakup of the
projectile (No BU). In panel (a) (2p3/, ground-state), the
"No BU" scattering cross section exhibits a pronounced
CNI peak at approximately 40°, which is suppressed (by
approximately 32 %) owing to the couplings to the break-
up channel. Therefore, the fact that strong couplings to
the breakup channel are responsible for the suppression
of the CNI peak is asserted, for example, in Refs. [12, 50,
51]. However, panel (b) (1f7/2 ground-state) shows that
couplings to the breakup channel do not represent any
meaningful effect on the CNI peak. This is because the
breakup channel is weakened by a high centrifugal barri-
er in the ground-state. It follows that a high centrifugal
barrier in the projectile ground-state restricts the signific-
ance of the breakup channel, which would otherwise
serve to suppress the CNI peak in the elastic scattering
cross section. This is also the main reason why no CNI
suppression is reported in Ref. [14] in the breakup of the
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Fig. 3.
ponding to the couplings to the breakup channel ("BU") and

(color online) Elastic scattering cross sections corres-

when there is no projectile breakup (no couplings to the break-
up channel "No BU") corresponding to the 2p3/, ground-state
(panel (a)) and 17, ground-state (panel (b)) for S, =-0.33
MeV.

8B nucleus, which contains both Coulomb and centrifu-
gal barriers in its ground-state.

Let us now assess the effect of the range of the mono-
pole nuclear interaction on the CNI peak. As already in-
dicated, the monopole nuclear potential is calculated by
folding the projectile ground-state wave function with
core-target and neutron-target interactions, meaning that
it has a longer range for 2p;,, than 1f7,, according to
Fig. 1. A careful observation of both panels (a) and (b) of
Fig. 3 shows that the 1f;, "No BU" cross section
presents a pronounced CNI peak (o/og ~ 1.4) compared
to the 2p3;» "No BU" cross section (o0-/og ~ 1.1). In oth-
er words, the range of the projectile-target monopole nuc-
lear interaction suppresses the CNI by approximately
22 %. It follows that the suppression of the CNI peak em-
anates from two main sources, strong coupling to the
breakup channel and the long-range of the projectile-tar-
get monopole nuclear interaction.

In Fig. 4, we show how a high centrifugal barrier re-
duces the significance of the ground-state binding energy
on the elastic scattering cross section. Panel (b) shows
that the elastic scattering cross sections obtained for
S,=-033 MeV and S,=-0.15 MeV are practically
identical, which is a reflection of the ground-state densit-
ies in Fig. 1 (b). In panel (a), the smaller binding energy
corresponds to a relatively lower scattering cross section,
which would be expected by virtue of Fig. 1 (a).

The results in Figs. 2—3 have already shown that a
high centrifugal barrier in the projectile ground-state
strongly suppresses the breakup channel. To better dis-
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Fig. 4. (color online) Comparison of the elastic scattering up cross sections corresponding to the 2p3» (panel (a)) and

cross sections corresponding to the 2p;,» ground-state (panel
(a)) and 1/, ground-state (panel (b)) for S, = -0.33 MeV and
S, =-0.15 MeV.

play this fact, we consider the breakup cross sections. The
differential angular-distribution breakup cross sections
for 2ps;» (panel (a)) and 1f7,2 (panel (b)) are shown in
Fig. 5. Comparing the two breakup cross sections, it can
be deduced that the peak of the 2p;/, breakup cross sec-
tion is approximately 130 orders of magnitude larger than
that of the 1f;,» breakup cross section. In other words, a
higher ground-state orbital angular momentum corres-
ponds to a very weak breakup channel, despite a low
breakup threshold. One can infer that this parameter as-
similates the breakup of a weakly-bound projectile to that
of a tightly-bound projectile. Qualitatively, a higher cent-
rifugal barrier in the projectile ground-state pushes the
maximum of the breakup cross section at larger angles.
For a better quantitative analysis, we summarize in Table
1 the integrated breakup cross sections (oay) for each
ground-state configuration. As already noted in Fig. 5, the
1f7/2 breakup cross section is just a small fraction of its
2p3;2 counterpart. For example, for S, =-0.33 MeV,
o(2p3p) =46 x0(1f72), and o(2p3)2) = 81x 0 (1 f72) for
S, =-0.15 MeV. It is also shown that a high centrifugal
barrier suppresses the quantitative effect of the binding
energy on the breakup cross section.

1f7,2 (panel (b)) ground-states for S, = —0.33 MeV.

Table 1.
1f7,> ground-state configurations, corresponding to S, = —0.33
MeV and S, =-0.15 MeV.

Integrated breakup cross sections for the 2p;/, and

Sy /MeV 2p3p Lf72 o(2p32)/o(1fi2)
—0.33 3367 74 46
—0.15 8302 103 81

III. CONCLUSION

In this paper, an analysis of the breakup of the *'Ne
neutron-halo nucleus on a lead target, considering the
2ps;» and 1f7,, ground-state configurations, is presented.
These two configurations provide an opportunity to in-
vestigate the relevance of a high ground-state centrifugal
barrier on breakup dynamics. Considering the 2p3/
ground-state, it is shown that couplings to the breakup
channel suppress the CNI peak, as also reported in other
works. However, no such suppression is obtained when
considering the 1f;,, ground-state. The reason is that a
high centrifugal barrier almost wipes out the breakup
channel and reduces the range of the monopole nuclear
potential, which are two main factors that would other-
wise suppress the CNI peak. The present study also iden-
tifies the couplings to the breakup channel and a long-
ranged monopole nuclear potential as the leading factors
in the suppression of the CNI peak.
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