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Abstract. We present a theoretical description of (p, pn) reactions induced by two-neutron halo nuclei at inter-
mediate energies. For this purpose, we use a reaction framework that incorporates a full three-body model for
the projectile, and we focus on the cases of !'Li and '“Be. Our results provide a direct link between the struc-
ture properties of these nuclei and different reaction observables, such as relative-energy spectra or momentum
distributions. We discuss also on the link between dineutron correlations and opening-angle distributions.

1 Introduction

Two-neutron halo nuclei are very exotic systems charac-
terized by a diffuse matter distribution arising from the
very weakly bound nature of two valence neutrons around
a more compact core [1-3]. These (core + n + n) sys-
tems are called Borromean, i.e., they contain no bound bi-
nary subsystems and thus present a signature three-body
structure [4, 5]. Typical examples are °He, ''Li or “Be.
Many different techniques have been used to explore the
properties of two-neutron halo nuclei, such as Coulomb
Dissociation [6, 7], neutron removal [8, 9], or low-energy
scattering [10, 11], which provide invaluable insight into
the limits of nuclear stabilily. Recently, two-neutron halo
nuclei have been studied via quasifree knockout reactions
with proton targets. The analysis of the relative-energy
spectrum and momentum distributions after one-neutron
removal provide information about the halo properties
and the spectrum of the corresponding unbound subsys-
tems [12—14]. Even more recently, the opening angle as
a function of the intrinsic neutron momentum has been
also studied to characterize dineutron correlations in the
halo [15].

Three-body models are a well-established approach to
describe two-neutron halo nuclei and have shown that,
while a good knowledge of the unbound core + n sub-
systems is key to understand their properties, the corre-
lation between the valence neutrons plays also a funda-
mental role [16, 17]. In this contribution, we provide a
summary of some recent developments in the description
of (p, pn) reactions induced by two-neutron halos using a
full three-body model for the projectile. We first study the
relative-energy spectrum and transverse momentum distri-
butions at intermediate energies using the Transfer to the
Continuum reaction framework [18]. Then, we adopt a
sudden model approximation to analyze momentum and
angular distributions, and we link the reaction observables
with structure properties such as the partial-wave content
and dineutron correlations.
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Figure 1. Schematic representation of the (p, pn) process in-
duced by a two-neutron halo projectile.

2 Theoretical description
2.1 Three-body model and structure overlaps

Two-neutron halo nuclei can be described within the hy-
perspherical formalism [4]. In this work, as in Refs. [14,
19], we need the ground-state wave function of the Bor-
romean projectile, @, (x,y). Here, {x,y} are the usual
Jacobi coordinates (see Fig. 1). In order to build this state,
we diagonalize the three-body Hamiltonian in a discrete
basis, a procedure which is referred to in the literature as
a pseudostate method. This method provides not only the
ground state but also a discrete representation of the con-
tinuum (i.e., the pseudostates), but for the present calcula-
tions only the former is required. Different bases can be
used, but we employ an analytical transformed harmonic
oscillator basis [20]. Details about the three-body formal-
ism can be found, for instance, in Ref. [21] and references
therein.

The description of the knockout process requires
the evaluation of a transition matrix involving both the
ground-state of the three-body projectile and the scatter-
ing states, ¢(k,,x), of the unbound core + n subsystem
after the removal of a halo neutron (k, is the intrinsic mo-
mentum). If the transition operator does not change the
state of this residue, then the key structure ingredient for
reaction calculations is the corresponding overlap

@(k)o y) = <¢(km x)lq)g.s.(x’ y»x» (1)
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Figure 2. Relative-energy spectra of a) '°Li and b) '*Be after one-neutron knockout from ''Li and '*Be, respectively, and compared
with the data of Refs. [12, 14] after convolution with the experimental resolution. The shaded area in the right panel is the region

integrated to generate the momentum distribution in Fig. 3.

which can be split into different single-particle configu-
rations of the knocked-out neutron using the appropriate
coupling scheme for @, ;. and ¢ [19, 22].

2.2 Reaction framework

We described the (p, pn) process within the Transfer to the
Continuum (TC) framework. Using the structure overlaps
defined above, the transition amplitude in prior form can
be written as

T = V2(UD R )V + Uy = Upalphe yx ', (2)

where y 4 is the distorted wave generated by the auxiliary
optical potential U 4, and T is the B + p + n wave func-
tion in the final state, with B the unbound core + n residue.
This expression assumes a participant-spectator approxi-
mation, in which the transition operator does not change
the state of B, and the factor V2 arises from the two iden-
tical neutrons in the halo. To solve this problem, in the
TC approach the final wave functions T;_) are expanded
in p-n continuum states following the binning procedure
employed in the continuum-discretized coupled-channels
method [23]. The dependence of the T-matrix on the mo-
mentum k, of the binary subsystem after knockout enables
the description of the corresponding relative-energy spec-
trum. Note that the TC method provides absolute cross
sections, so no arbitrary scaling is needed to compare with
(p, pn) experimental data.

3 Results

Recently, we carried out calculations to describe the
Li(p, pn)'°Li and '“Be(p, pn)'*Be reactions [14, 19]. By
adopting different structure models for the core + n un-
bound nucleus, we explored the sensitivity of the relative-
energy spectrum after knockout to the position of reso-
nances and virtual states in these subsystems, as well as to
the resulting partial-wave content in the two-neutron halo

wave function. In the case of “Be, our structure model
included the coupling to the first 2* excited state of the
12Be core, and we also analyzed the transverse momen-
tum distributions. Here we summarize and compare some
of these results. In Fig. 2, we show the °Li-n (left panel)
and "”Be-n (right panel) relative-energy spectra obtained
within our reaction model at 280 MeV/nucleon and 265
MeV/nucleon, respectively, and compared with the data of
Refs. [12, 14].

For '°Li, our model includes the finite (3/27) spin
of the °Li core, so that the single-particle configurations
s1/2 and pj,, appear as doublets. For simplicity, here we
present the summed contributions. As can be seen in the
figure, the experimental data are consistent with parity in-
version in '°Li, with the s/, contribution (coming mostly
from a virtual state) being lower in energy than the p;,,
resonances. The agreement with the data is remarkable,
especially since no fitting is performed. Our three-body
model for 'Li is governed by s-wave components, with
the p-waves contributing only about ~ 31% of the norm.
Note that the same structure model has been also success-
ful in describing '"Li(p, d) transfer data [22].

The results for ’Be are shown in the right panel of
Fig. 2. In this case, the presence of core excitations in
14Be leads to components in which the knocked-out neu-
tron has a different angular momentum than the neutron
than remains unperturbed in '3Be. This is the case of the
5/2* [s1,2 ®2*] contribution, which corresponds to an sy,
single-particle component coupled to the 2* state of the
core, but leading to a ds;, knockout. More details are given
in Ref. [14]. As can be seen in the figure, our calcula-
tions are compatible with the spectrum being governed by
a p1,2 resonance around 0.5 MeV. This state carries about
60% of the ground-state norm. The agreement at low '3Be
energies is reasonable, while the calculations tend to un-
derestimate the data at higher energies. This may be due
to some missing components (or '*Be resonances) in the
wave function. Note that the '*Be model used here does
not include the excitation to all bound states of the '>Be
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Figure 3. a) Transverse momentum distribution of the free sudden approximation, where the reaction mechanism

knocked-out neutron in the “Be(p, pn)!*Be reaction at 265
MeV/nucleon [14]. The '3Be energy range (0.4-0.5 MeV) cor-
responds to the shaded area in Fig. 2, right panel. Calculations
have been convoluted with the experimental resolution. b) The
same but for the reaction at 304 MeV/nucleon [13, 25].

core, which will require further developments in the three-
body description of the projectile.

The nature of the low-lying peak in the '*Be spec-
trum has been long debated. In Ref. [24], the analysis of
(p, pn) data at 69 MeV/nucleon was also interpreted with
the population of a p-wave resonance. In the measure-
ment of Refs. [13, 25] at 304 MeV/nucleon, however, the
relative-energy spectrum could be described with a dom-
inant s-wave. As we discussed in Ref. [14], our p-wave
resonance is also consistent with the observed transverse
momentum distributions. This is shown in Fig. 3 (top
panel), integrated in the energy region corresponding to
the shaded area in Fig. 2. The relative weights of s, p and
d waves are given by the relative-energy spectrum, and the
total distribution is rescaled to match the data through a y?
fit. It is clear from Fig. 3 that the width of the momen-
tum distribution of Ref. [14] is totally compatible with a
p-wave resonance. Interestingly, the same structure model
and reaction calculations for '“Be reproduce also the trans-
verse momentum distribution for the (p, pn) data reported
in Ref. [25], as shown in Fig. 3 (bottom panel). This high-
lights the consistency of the present results, which points

involves a zero-range V,, interaction and absorption ef-
fects are given by the eikonal S -matrix between the proton
target and the core of the Borromean nucleus. Within such
model, the transition amplitude can be written as

T oc (ks x) ® YIS () Dy 5. (x, 1)), 3)

where the S -matrix dependence on its impact parameter is
approximated by the y coordinate (see Fig. 1). The pre-
vious equation involves the same structure overlaps intro-
duced in Sec. 2.2 and can be seen as a distorted Fourier
transform. By evaluating this transition amplitude, we can
easily obtain the intrinsic momentum distributions in ky, k,
and the opening angle between k, and k,, in the so-called
Jacobi-Y representation as depicted in Fig. 4 (left panel).
Details on how to obtain the relevant expressions, as well
as the absorption effects, will be presented elsewhere [28].

Here we restrict ourselves to the correspondence be-
tween dineutron correlation in coordinate space and open-
ing angle in momentum space. In Fig. 5 (top panel), we
present preliminary results for the the opening-angle dis-
tribution (integrated for all momenta) of ''Li using the
same three-body model introduced above. The result ex-
hibits a clear asymmetry towards large angles (cos(8) < 0).
This is consistent with the recent experimental results in
Ref. [15]. The large opening angle is linked to the spatial
localization of the dineutron, which can be seen by plot-
ting the two-dimensional ground-state density as a func-
tion of the nn and core-nn distances in the so-called Jacobi-
T representation (see Fig. 4). This is also shown in Fig. 5
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(bottom panel), where the probability density has a clear
maximum at small r,,, distances, i.e., small angles between
the neutrons in coordinate space. Calculations of the in-
trinsic momentum distributions and the average opening
angle as a function of the intrinsic neutron momentum are
in progress.
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Figure 5. a) Opening angle distribution for the ''Li(p, pn) reac-
tion. b) Ground-state probability density of ''Li as a function of
Tn and r.,,. Results are preliminary.
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