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Summary. — Two-neutron halo nuclei, such as ‘He, ''Li or *Be, are known to
have a marked (core + n + n) three-body character, which is reflected in breakup,
transfer or knockout reactions channels in nucleon-nucleon collisions. Their Bor-
romean nature implies that the correlation between the valence halo neutrons is key
to understand their properties, and their structure is also linked to spectra of the
unbound core + n systems. Among other phenomena, the role of core collective
excitations may be crucial to understand exotic properties such as parity inversion
or shell gap quenching in the vicinity of nuclear halos and related systems. In this
contribution it is shown that dineutron correlations can be succesfully probed in
proton-target knockout reactions, and that core excitation may be an important
ingredient for a proper understanding of experimental observations.

1. — Introduction

Nuclei that present a three-body character have attracted particular interest over the
past few decades. This is the case of two-neutron halo nuclei, understood as a compact
core surrounded by two weakly bound neutrons, which exhibit exotic features in nuclear
collisions [1]. A key feture of these systems is that they have a Borromean structure,
i.e., the core +n+n system is bound but the binary subsystems are unbound. Examples
include *Li or He, but also “Be, 22C or even 2°F [2]. A good understanding of their
properties and reaction dynamics requires knowledge of the low-lying spectrum of the
unbound core + n subsystems, which can be populated in breakup, transfer or knockout
reactions induced by two-neutron halos (e.g., refs. [3-6]). But it is also clear that the
correlation between the halo neutrons, often described in terms of pairing, is crucial to
shape the halo physics [7,8]. A spatially localized correlation of the halo neutrons is
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usually referred to as dineutron configuration, a feature that is known to be favored if
the system wave function contains large admixture of different-parity states [9]. It was
proposed that the dineutron configuration may appear as a fundamental feature on the
surface of neutron-rich nuclei [10,11].

Since the seminal work by Tanihata et al. evidencing the halo character of 'Li in
high-energy interaction cross section measurements [12], two-neutron halo nuclei have
been extensively studied through various nuclear reactions. The spatial correlation asso-
ciated to the dineutron have been studied in Coulomb dissociation and knockout reaction
experiments [4,13]. In this context, (p,pn) proton-target knockout reactions in inverse
kinematics have been shown to provide very valuable spectroscopic information about
the ground-state wave function and the spectrum of the unbound core+n residue [14,15].
Recently, these reactions have been also employed to analyze dineutron correlations, by
studying the correlation angle as a function of the intrinsic neutron momentum [16].
Various theoretical models have been employed to interpret those data.

A few-body description of neutron-halo nuclei and reactions involving them implies a
clear distinction between the core, compact and often considered inert, and the wvalence
neutrons. This separation may be reasonable for systems such as He, since the a core
requires about 20 MeV to get excited while the separation energy of the halo neutrons
is of the order of 1 MeV [17,18]. The inert core assumption, however, is not so well
justified for more exotic systems. In [19,20], core excitations were explicitly considered
in the description of the one-neutron halo nucleus ! Be, showing important effects for low-
energy reactions. Few-body calculations including core excitations have also been carried
out for three-body nuclei, such as 12Be (1°Be + n + n) and “Be (}*Be +n + n) [21,22].
These models incorporate the excitation of the core by means of a collective particle-rotor
picture with an effective deformation parameter. It is worth noting that core excitations
have also been studied within the renormalized nuclear field theory [23,24], where the
coupling to quadrupole vibrations leads to parity inversion in 'Be and '0:!1Lj.

In this contribution, we focus on the neutron knockout from the Borromean halo
nucleus *Be, in connection to a recent systematic study including also 'Li and "B [25].
We focus on the theoretical description of the (p, pn) process, outlining the basics of our
few-body sudden reaction formalism and highlighting some key results.

2. — Formalism

In this work we describe the correlations in the (p,pn) process by using the eikonal
sudden reaction formalism developed in refs. [26,27] and employed in refs. [16,25]. Within
a three-body model for the Borromean projectile, it is shown that the transition ampli-
tude can be written as

(1) T o< (2 (kay ) @ €07Y[S (y) Pap (2, y)),

where @31, (x, y) is the initial ground-state wave function, described in Jacobi coordinates
{z,y} (see fig. 1) with conjugate Jacobi momenta {k;,ky}, and ¢op(k,,x) represents a
continuum state of the unbound core + n residue after one-neutron knockout from the
halo. The above expression considers a zero-range V,,,, interaction, and absorption effects
are included through an eikonal S-matrix. More details about the relevant approxima-
tions are given in ref. [27]. Note that the bra-kets imply integration over the spatial
coordinates.
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Fig. 1. — Scheme of the (p,pn) reaction and Jacobi coordinates.

The three-body ground-state ®sy,(x,y) is obtained by solving the Schrédinger equa-
tion in hyperspherical coordinates [28]. For simplicity, this is done in the so-called Jacobi-
T representation, where the two valence neutrons are related by the z coordinate, and
eigenstates are expanded in an analytical transformed harmonic oscillator basis [29].
Then, the wave function is rotated to the Jacobi-Y coordinates shown in fig. 1, better
suited to describe the knockout process. The continuum states ¢ (K., x) describing the
unbound core + n residual system are obtained by solving the two-body problem with
scattering boundary conditions. The same core-n interaction is employed to compute
the two- and three-body states, ensuring a consistent description. Then, as discussed in
ref. [27], the main structure ingredient is collected in the radial overlaps between ®3;, and
¢ab. In particular, it is shown that Eq. (1) can be regarded as a distorted Fourier trans-
form of the initial three-body ground state, the difference being introduced by the final
state interactions in ¢op and the S matrix for the target proton. From the corresponding
amplitudes, we get the cross sections as a function of the Jacobi momenta k,, &, and the
correlation angle ¢ betweem them (also called opening angle). Here, k, corresponds to
the momentum of the knocked-out neutron, typically referred to as intrinsic or missing
momentum [16, 25].

3. — Results

We focus on the “Be(p, pn)'3Be reaction at 265 MeV /nucleon, which was measured at
RIBF-RIKEN [25]. Calculations were performed using the 14Be model already introduced
in ref. [6] in the context of the transfer-to-the-continuum reaction framework [30]. This
12Be 4+ n +n model is built on a '*Be unbound spectrum characterized most importantly
by an s/, virtual state, a p;/p resonance around 0.5 MeV above the neutron emission
threshold, and a ds/, resonance at around 2 MeV. The states are described with an
effective core 4+ n interaction with central and spin-orbit terms. As for the n-n potential,
we employ the effective interaction of ref. [31], which includes central and tensor terms.
The coupling to the first 21 excited state of the '?Be core is included using a rotational
scheme, with an effective deformation parameter S = 0.8. As a consequence, the ground-
state wave function of '*Be at 1.3 MeV below the three-body threshold contains ~ 20%
core-excited contributions. Looking at the partial-wave content, ~ 60% of the total norm
comes from p-wave components, which, mixed with the opposite parity s- and d-waves,
leads to a marked asymmetry of the corresponding two-neutron density distribution [25].

From this structure input, we can compute intrinsic momentum and correlation angle
distributions after knockout within our sudden reaction formalism. This requires an
eikonal S-matrix for the p-core absorption. As detailed in ref. [27], we employ the tp
prescription, generating Hartree-Fock densities with the SkX interaction [32] for the
core. The modulus of the S-matrix is shown in fig. 2. It introduces absorption for small
proton-core distances, which also corresponds to small core-neutron distances due to the
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Fig. 2. — Modulus of the S-matrix for ?Be-p used in the calculation.

zero-range approximation for Vj,. Absorption is then more important at large intrinsic
momenta exploring the nuclear interior.

In fig. 3 we show the opening angle distribution computed with the present model and
compared with the experimental data, for an intrinsic momentum window up to &, = 0.4
fm~—'. In this region, the asymmetry of the angular distribution can be clearly seen,
favoring large opening angles in momentum space. We can also compute the average
correlation angle ¢ as a function of the intrinsic neutron momentum £,. Our results
are shown in fig. 4 together with the experimental data. Both data and theory exhibit
an average angle (6) > 90° in the region of small intrinsic momenta around 0.2-0.3
fm~!. As discussed in refs. [16,25,27], this can be interpreted as a dineutron correlation
probed precisely at the nuclear surface. It is worth noting that the asymmetry is coming
from the mixing of the dominant p-wave content of the “Be wave function with the
opposite-parity s- and d-wave in the corresponding intrinsic-momentum region. The
solid black line corresponds to the calculation in which the 2Be core in the final state
after knockout can be in either its 0T ground state or its first 2 excited state, according
to our structure model. We can see that this calculation tends to overestimate the data.
Interestingly, looking at the contribution from the different core states reveals that the
effect of the 2% excitation is an overall reduction of the average angle, diminishing the
dineutron correlations. It is then foreseeable that a more sophisticated description of
14Be, including other excited states of the core, may improve the agreement between
theory and data.
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Fig. 3. — Correlation angle distribution gated for intrinsic momenta up to 0.4 fm~! [25].
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Fig. 4. — Average correlation angle as a function of the intrinsic momentum of the knocked-out
neutron. Adapted from ref. [25]. The experimental uncertainties are given with statistical errors
(bars) and an estimation of the systematic error (shaded area). The curves are the theoretical
predictions, including core excitations.

The '2Be bound spectrum contains not only the O:{S ground state and 27 excited state
considered above, but also a 1~ state and a 05 isomer. The contribution from the latter
may be significant, since it is likely to be populated in the reaction. Here we attempted
an estimation of its effects, by considering that the 0 isomer is typically described
as an orthogonal partner of the ground state [33]. This would imply opposite relative
signs between its positive and negative-parity components. Taking this into account, the
components with 1?Be(03") should present (#) < 90° (opposite to those with *Be(0,)).
By assigning to the 2Be(03 ) components a distribution equal to that of ?Be(0;f,) but
mirrored around 90°, and a weight of 16% of the total wave function, this leads to the red
solid line in fig. 4. We can see a better agreement with the data, though the estimation is
only tentative. As already mentioned in ref. [34], core excitation may have a significant
effect for the dineutron correlation. Theoretical developments in order to include all such
components consistently are desirable.
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