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Abstract. The Transfer to the Continuum method has been applied to describe the 11Li(p, pn)
and 14Be(p, pn) reactions in inverse kinematics, using structure overlaps computed within a full
three-body model for the projectile. Calculations agree with the available experimental data on
the unbound 10Li and 13Be nuclei.

1. Introduction
Nuclear systems at the limit of stability display exotic properties which have motivated extensive
theoretical and experimental developments. Light nuclei lying on and beyond the driplines offer
a unique enviroment to study nucleon-nucleon correlations and clustering. Among them, the
properties of Borromean two-neutron halo nuclei such as 6He, 11Li or 14Be have attracted special
interest [1]. In these three-body systems, the loosely bound valence neutrons explore distances
far from a compact core, giving rise to a diffuse matter distribution with a strong effect on
interaction cross sections and electromagnetic responses due to the coupling to the continuum.
The properties of the unbound core + n nuclei shape the structure of two-neutron halos, with
the correlation between the valence neutrons playing a key role in binding the system [2].

In this contribution, we present some recent development for the theoretical description of
nucleon-removal reactions populating unbound nuclei. First, we briefly recall the Transfer to the
Continuum (TC) framework to study (p, pn) knockout reactions from two-neutron halo nuclei
in inverse kinematics. Then, we consider the cases of 11Li(p, pn)10Li and 14Be(p, pn)13Be.

2. Transfer to the Continuum (TC)
The core + n relative-energy spectra and momentum distributions in (p, pn) knockout reactions
can be computed within the Transfer to the Continuum (TC) framework [3], which was recently
extended to the case of three-body projectiles [4]. The process takes the form

(C + n1 + n2)︸ ︷︷ ︸
A

+p −→ (C + n2)︸ ︷︷ ︸
B

+n1 + p (1)
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Figure 1. Diagram for a (p, pn)
reaction induced by a core + n + n
projectile in inverse kinematics.

and is depicted in Fig. 1, where the residual nucleus (B) is unbound. The transition amplitude
for such a process can be written in prior form as

Tif =
〈
ϕ
(−)
B,q(x)Υ

(−)
f (r′,R′)

∣∣∣VpN1 + UpB − UpA

∣∣∣Φ3b
A (x,y)χ

(+)
pA (R)

〉
, (2)

where Φ3b
A represents the ground-state wave function of the three-body projectile, χ

(+)
pA is the

distorted p-A wave in the entrance channel, ϕ
(−)
B,q is the two-body continuum wave function of

the binary subsystem with momentum q, and Υ
(−)
f is a scattering wave function describing the

motion in the final p+ n1 +B partition. The latter is expanded in p-n1 continuum states using
the binning procedure typically adopted in continuum-discretized coupled-channels (CDCC)
calculations. More details on the formalism can be found in Ref. [4].

Then, considering that the (p, pn) process is driven by the interaction of the proton target with
a single valence nucleon of the projectile, which implies a participant/spectator approximation,
the potentials appearing in Eq (2) do not change the state of B, and one can perform the integral
with respect to x. This provides a set of overlap functions between the initial projectile wave
function and the continuum states of the core + n residue,

ψq
LJJT

(y) = 〈ϕLJJT
B,q |Φ

3b
A 〉 (3)

where the single-particle configurations {L, J} are coupled with the spin of the core to give the
total angular momentum JT of B. With this definition, the total transition amplitude can be
expanded in different LJJT components,

T LJJT
if =

〈
Υ

(−)
f

∣∣∣VpN1 + UpB − UpA

∣∣∣ψq
LJJT

χ
(+)
pA

〉
, (4)

where all the structure information is contained in the overlaps and can be incorporated in a
consistent way by using the same core+n interaction in both the two- and three-body calculations
for B and A, respectively.

3. Application to 10Li and 13Be
The properties of the unbound 10Li and 13Be systems can be explored in (p, pn) reaction from
the two-neutron halo nuclei 11Li and 14Be [5]. We recently peformed calculations and compared
with the available experimental data for the 11Li(p, pn)10Li [4] and 14Be(p, pn)13Be [6] reactions
measured at GSI and RIKEN facilities, respectively. In these works, we explored the sensitivity
of the relative-energy cross sections and momentum distributions on the structure properties
of the initial and final nuclei. Here we present a summary of the most relevant results with
the adopted models for 10Li and 13Be. In both cases, the ground-state wave function for the
core+n+n projectile was obtained by solving the three-body problem within the hyperspherical
framework using a pseudostate basis (see, for instance, Refs. [2, 7]).
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Figure 2. Relative n-9Li en-
ergy spectrum populated via
11Li(p, pn)10Li at 280 MeV/u.
Solid (dashed) lines correspond
to p1/2 (s1/2) contributions, while
the thick black line is the total
cross section. The dotted line is a
calculation ignoring the spin of the
core, and the experimental data
are from Ref. [8].

3.1. 10Li
Our results for 11Li(p, pn)10Li are presented in Fig. 2, compared with the experimental data
measured at GSI at 280 MeV/u [8]. Our three-body model includes explicitly the spin of the
9Li core, I = 3/2−, so that the n-9Li single particle configurations s1/2 and p1/2 split in 1−, 2−

and 1+, 2+ doublets, respectively. In this model, the ground state of 10Li is a 2− virtual state,
displaying the parity inversion reported also for the N = 7 isotone 11Be. In addition, the model
produces two overlapping p-wave resonances around 0.5 MeV above the neutron separation
threshold. These features produce a 3/2− ground-state of 11Li with 31% of p1/2 components.

The computed TC relative-energy spectrum for 10Li, after the convolution with the experimental
resolution, agrees reasonably well with the experimental data. Note that the TC calculations
provide absolute cross sections, so no fitting procedure is required to explain the data. As
shown in Ref. [4], the comparison with other models for 10Li supports the persistence of the
parity inversion beyond the neutron dripline, which is also key in describing the available (p, d)
and (d, p) transfer data [9, 10]. The dotted line in Fig. 1 corresponds to a calculation in which
the spin of the core is ignored, a common assumption in several experimental and theoretical
works. In that case, the shape of the relative-energy spectrum cannot be reproduced.

3.2. 13Be
In the case of the 14Be(p, pn)13Be reaction, experimental results have shown contradictory
conclusions due to the long-debated structure of the exotic 13Be system [11–13]. The low-
lying peak observed in 12Be + n relative energy spectra has been interpreted either as a 1/2−

(` = 1) resonance caused by the quenching of the shell gap for N = 8 [11] or a 1/2+ (` = 0)
state [12]. The detection of gamma rays coming from the decay of 12Be, pointing toward core-
excited components in 13,14Be, adds complexity to the description of their structure and reaction
dynamics and to the interpretation of the experimental data. To reduce the ambiguities in
the usual analysis of (p, pn) reactions based on standard fitting procedures, we studied recent
14Be(p, pn) data within the TC approach. Details on the experimental setup and data analysis
can be found in Ref. [6], including the discussion about the gamma decay of 12Be(2+, 1−), which
was measured with high statistics.

In order to include some core excitations in the model, we introduced an effective quadrupole
deformation in the core + n potential following the prescription of Ref. [14], allowing couplings
to the first 2+ excited state in 12Be. The adopted model for 13Be, which was found to give
the best agreement with the (p, pn) data, is dominated by a low-lying p-wave state at ∼ 0.5
MeV, together with the well-established 5/2+ (` = 2) resonance around 2 MeV. As shown in
Ref. [6], the resulting 14Be ground-state wave function contains a large admixture of p and sd
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Figure 3. Relative n-12Be
energy spectrum populated via
14Be(p, pn)13Be at 265 MeV/u.
The four leading terms are shown,
corresponding to different total an-
gular momenta of the 13Be system,
together with the total cross sec-
tion. Shaded areas are the energy
regions considered for the momen-
tum distributions in Fig. 4.

components, and the core-excited contribution amounts for ∼ 20% of the norm. Using this
model, the TC relative-energy spectrum is well reproduced at low excitation energies, as shown
in Fig. 3. Note that several terms, arising from the coupling of the spin of the core with single-
particle components, contribute to the total cross section, but for clarity only the most important
ones are presented. The underestimation of the strength above 2 MeV relative energy is likely
to come from missing components in the wave function, in particular those coupled with other
excited states of the core.

The most prominent feature of our 13Be relative-energy spectrum is the good description of
the low-lying peak with a p-wave resonance. The validity of such assumption in the theoretical
model can be tested by studying the momentum distributions of the knocked-out neutron. This is
presented in Fig. 4 for three relative-energy bins. Our calculations include the added ` = 0, 1, 2
contributions, with their relative weights given by the cross sections in Fig. 3, and the total
momentum distribution rescaled to the data through a χ2 fit. It is remarkable that the width
of the momentum distributions are overall well reproduced. While the 0 - 0.2 and 1.8 - 2.2 MeV
regions are well described by (mostly) s- or d-wave contribution, we find that the data around
the 0.4 - 0.5 peak is consistent with p-waves.
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Figure 4. Transverse momentum distribution of the knocked-out neutron in 14Be(p, pn)13Be,
corresponding to relative n-12Be energies of 0-0.2, 0.4-0.5 and 1.8-2.2 MeV (shaded areas in
Fig. 3). The dashed lines correspond to removal of a neutron from s, p or d wave, while the
solid line is the total TC result rescaled through a χ2 fit.
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This result contrasts with the findings in Ref. [12], where an s-wave resonance was proposed
to explain the width of the momentum distribution in the energy region 0.4 - 0.5 MeV. This
apparent inconsistency may arise from the different methods used to interpret the data. The
analysis presented in Ref. [12] relays on a χ2 procedure to assign the weight of s-, p- or d-
components, while in our calculations the weights of the different components are fixed by
the structure model and the reaction calculations. The limitations of the fitting procedure are
already recognized in Ref. [12], in particular they acknowledge the “large statistical uncertainties
that prevent a strict conclusion” due to the correlation of the fitting parameters. Furthermore,
the analysis in Ref. [12] is based on the theoretical method by Hansen [15], which was devised
for knockout reactions on heavier targets and yields momentum distributions for ` = 0, 1, 2
with different widths than those obtined in our TC calcultations. It is our understanding that
the present approach avoids many of the ambiguities in the previous work and reinforces the
necessity for prior models of the three-body projectile in the analysis of this kind of experiments.

4. Conclusions
We have presented Transfer to the Continuum (TC) calculations to describe (p, pn) reactions
induced by two-neutron halo nuclei, in which core + n unbound states are populated. Our
method is based on a participant/spectator approximation of the transition amplitude, with
all the structure information contained in the overlaps between the ground-state of the initial
three-body nucleus and the continuum states of the two-body residual system. Within this
framework, the usual ambiguities involved in the analysis of core+n relative-energy spectra using
fitting procedures are avoided. Our results for 11Li(p, pn)10Li describe very well the available
experimental data and confirm the parity inversion for N = 7 beyond the neutron dripline. For
14Be(p, pn)13Be, our analysis of the relative-energy spectrum and the corresponding momentum
distributions is consistent with a dominance of p-waves at low excitation energies.
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[4] Gómez-Ramos M, Casal J and Moro A M 2017 Phys. Lett. B 772 115

[5] Aksyutina Y et al. 2013 Phys. Lett. B 718 1309

[6] Corsi A et al. 2019 Phys. Lett. B 797 134843
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[10] Moro A M, Casal J and Gómez-Ramos M 2019 Phys. Lett. B 793 13

[11] Kondo Y et al. 2010 Phys. Lett. B 690 245

[12] Aksyutina Y et al. 2013 Phys. Rev. C 87 064316

[13] Ribeiro G et al. 2018 Phys. Rev. C 98 024603

[14] Thompson I J, Nunes F and Danilin B 2004 Comput. Phys. Commun. 161 87

[15] Hansen P G 1996 Phys. Rev. Lett. 77 1016


