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Abstract

The dineutron correlation is systematically studied in three different Borromean nuclei near the neutron dripline, 11Li, 14Be and
17B, via the (p, pn) knockout reaction measured at the RIBF facility in RIKEN. For the three nuclei, the correlation angle between

the valence neutrons is found to be largest in the same range of intrinsic momenta, which can be associated to the nuclear surface.

This result reinforces the prediction that the formation of the dineutron is universal in environments with low neutron density, such

as the surface of neutron-rich Borromean nuclei.

Keywords: quasi-free scattering, Borromean nuclei, three-body model, Jacobi coordinates, dineutron

1. Introduction

Halo nuclei appear close to the neutron dripline and present

a diffuse matter distribution due to the reduced binding energy

of the valence neutrons [1, 2]. Nuclei formed by a core and

two loosely bound neutrons, such that the subsystem formed

by the core and the neutron is unbound, are called Borromean.

Most of them present nuclear halos near the neutron dripline.

Some examples are 6He, 11Li, 14Be and 17,19B. The correla-

tion between the neutrons plays an essential role to stabilize

these nuclei and has been the subject of a number of studies

[3–5]. We discuss here a specific form of spatially localized

∗Corresponding author
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pairing correlation called dineutron [6]. The strength of the

pairing correlation evolves with density, going from the BCS

(Bardeen–Cooper–Schrieffer) regime of loosely spaced corre-

lations to the BEC (Bose-Einstein Condensate) regime of com-

pact space correlation with decreasing density. This regime is

expected to appear at the surface of neutron-rich nuclei, where

neutron density is 10−4 to 0.5 of the saturation density [7, 8]. Its

onset appears to be strongly linked to the admixture of different

parities in the wavefunction describing the valence neutrons [5].

Halo nuclei, with their diffuse matter distribution, are an ideal

probe to study this low-density correlation. The dineutron was

experimentally revealed in 6He [9, 10] and 11Li [11–14], how-

ever the experimental evidence is still scarce. Typically, dineu-

tron correlation is explored via the opening angle between the
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two neutrons [11, 15]. An opening angle below 90◦ (90◦ cor-

responding to the non-correlated case) in coordinate space or

above 90◦ in momentum space [16, 17] points to a strong spa-

tial correlation yielding a compact configuration. Intuitively,

the opening angle in coordinate space is related to the inter-

nucleon distance. References [11] measured the E1 strength

after Coulomb dissociation of 11Li, and extracted the opening

angle in coordinate space based on the cluster sum rule and as-

suming an inert core [18]. For 11Li the average angle obtained

was θ = 48+14
−18

◦, corresponding to a strong dineutron correla-

tion. A more refined estimation can be obtained if the average

neutron-neutron distance is measured independently. In such a

way the authors of Ref. [19] deduced from the B(E1) measure-

ment of Ref. [11] a value of the mean opening angle of ∼ 56.2◦.

The average neutron-neutron separation was estimated via mea-

surements of the two-neutron correlation function in dissocia-

tion reactions. This method has been applied to 6He, 11Li, 14Be

[20, 21]. A combined analysis of the B(E1) measurement [11]

and the correlation function [21] has given a somewhat larger

value of the opening angle in 11Li, ∼ 66◦ [15], corresponding

to a reduced dineutron correlation. Two-neutron transfer reac-

tions can also be used to study nn correlations [4]. In Ref. [22],

it was shown that the description of 11Li data required a model

with a large pairing correlation.

Nucleon removal reactions are another method to access the

opening angle [12, 13, 21, 23]. The authors of Ref. [13] mea-

sured an opening angle in momentum space of 103.4 ± 2.1◦ for
11Li, and suggest that a dineutron configuration exists also in
14Be, although less developed than in 11Li. In both nuclei, the

dineutron appears due to the mixing of different-parity orbitals

[5, 12]. In contrast, the structure of the halo in 17B is mainly

of d-wave character with small s-wave admixture [24], which

should hinder the development of the dineutron correlation as

both orbitals have the same parity. We note that the study of

these correlations via breakup and knockout reactions is com-

plementary to that performed through 2n decay [25–27], which

has been used to explore the properties of two-neutron unbound

systems.

Recently, Ref. [14] introduced a new method based on

quasi-free scattering reactions to study dineutron correlation as

a function of its peripherality, i.e., distance from the baricenter

of the system, and applied it to 11Li. The observable related

to the peripherality is the intrinsic momentum of the removed

nucleon in quasi-free scattering reactions. Being a fast removal

process, the impact of final-state interactions on the observable

of interest is assumed to be reduced, making its interpretation

more straight-forward. In this work we search for dineutron

correlations applying this same method to 14Be and 17B, mea-

sured in the same experiment as Ref. [14]. Our goal is to assess

whether such correlation appears as a general feature at the sur-

face of neutron-rich Borromean nuclei. The data is compared

to calculations using a three-body model for the projectile and a

quasi-free sudden model to describe the knockout process [28].

2. Experimental results

2.1. Setup

The experiment was performed at the Radioactive Isotope

Beam Factory operated by the RIKEN Nishina Center and the

Center for Nuclear Study (CNS) of the University of Tokyo.

Secondary beams were produced using projectile fragmenta-

tion of a 48Ca primary beam at 345 MeV/nucleon with a typ-

ical intensity of 400 particle nA on a Be target. Fragmenta-

tion products were separated, detected and identified via the

BigRIPS fragment separator [29]. The cocktail beam was com-

posed by 11Li, 14Be, and 17B, with a percentage of ∼ 80%, 12%,

and 8%, respectively. It impinged on the secondary target with

an average energy of 246, 265 and 277 MeV/nucleon, respec-

tively. The secondary target was the 15-cm thick liquid hydro-

gen target from the MINOS device [30], and was surrounded

by a Time Projection Chamber acting as vertex tracker together

with the beam tracking MWDC detectors. The detection system

included the WINDS array of plastic scintillators for knock-

out neutron detection, and a MWDC followed by an array of

plastic scintillators for the recoil proton detection. Those two

detectors were key for the measurement of the intrinsic mo-

mentum of the removed neutron and the opening angle in the

(p, pn) reaction. The standard SAMURAI setup consisting of

a set of drift chambers, the SAMURAI dipole magnet and two

hodoscope walls was used for fragment analysis [31]. The neu-

trons emitted at forward angles were detected by the NEBULA

plastic scintillator array [32]. We evaluated the acceptance cut

they induce on the measurement of the intrinsic momentum and

opening angle distribution using a Geant4 simulation. No bias

is introduced by the experimental setup on the opening angle

distribution, while the acceptance decreases for increasing in-

trinsic momentum (leading to off-plane scattering), as shown in

the inset of Fig. 1. More details on the rest of the setup can be

found in Ref. [14, 33] and references therein.

2.2. Dineutron correlation

The measurement of the momenta of the outgoing proton

and removed neutron allows to reconstruct the intrinsic mo-

mentum of the neutron before removal (within the quasi-free

approximation):

k⃗y := k⃗n1 = k⃗′
n1
+ k⃗′p − k⃗p (1)

where kn1 (k
′

n1
) is the momentum of the neutron in the initial

(final) state and kp (k
′

p) the one of the target (recoil) proton. The

correlation angle, or the opening angle θ in momentum space,

is the angle between the Jacobi momenta kx and ky:

cos(θ) =
k⃗x · k⃗y

|k⃗x||k⃗y|
(2)

with

k⃗x = k⃗′
n2
− k⃗′

f
(3)

where k′
n2

, k′
f

are the momenta of the remaining valence neutron

and fragment in the final state. This representation of the three-

body system in terms of Y Jacobi coordinates is illustrated in
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the inset of Fig. 2. In the following, we illustrate the intrin-

sic momentum and correlation angle distribution for the case

of 14Be. Both are compared with a theoretical calculation per-

formed within a quasi-free sudden model [28, 34], using the

three-body model for 14Be from [33].

Figure 1 shows the intrinsic momentum distribution of the

removed nucleon for two different relative-energy intervals in

the 13Be system. The theoretical distributions are already cor-

rected for the experimental acceptance (see inset of Fig. 1a) and

convoluted with the experimental resolution of 0.17 fm−1. Each

relative-energy (12Be + n) interval encompasses a peak in the

spectrum of 13Be [33]. The comparison to theoretical calcula-

tions show that the 0-1.5 MeV interval is dominated by the p1/2

component (72% of the total in this energy range), while the

1.5-3 MeV interval is dominated by the d5/2 component (60%

of the total). This is consistent with the interpretation of the

relative-energy spectrum of 13Be provided in Ref. [33, 35] as

composed of a p-wave resonance centered at 0.5 MeV followed

by a broader d-wave resonance. The different lines in Fig. 1 are

labeled as Jπ[ℓ j⊗S c], where the single-particle angular momen-

tum ℓ j couples with the spin of the core S c to give the total an-

gular momentum Jπ of the binary subsystem 13Be after knock-

out. Note that, since the ground state of 14Be is a 0+ state, the

angular momentum of the knocked-out neutron has to match

Jπ, e.g., 5/2+ contributions correspond to a d-wave knockout.

It is worth noting that the calculations presented in Fig. 1 are

not a fit to the experimental data but the results of the structure

model (and corresponding partial-wave content) of Ref. [33],

therefore the agreement is not perfect. In particular the dis-

agreement in the peak in the lower energy range may suggest a

larger s-wave component. However, in [33], an increase in s-

wave led to a worse description of the low-energy distribution.

Similarly, there is a slight disagreement for the largest ky val-

ues that may be associated to missing components in the wave

function due to limitations of the model, as discussed in [33]

for large relative energies.

Fig. 2 shows the correlation angle distribution integrated

over all intrinsic momenta, and for intrinsic momenta between

0.2 fm−1 and 0.4 fm−1. One can see that the inclusive distribu-

tion is rather symmetric, while an asymmetry appears for some

range of values of the intrinsic momentum. The calculations

are able to capture this behaviour. The range between 0.2 fm−1

and 0.4 fm−1 is the one yielding the maximum asymmetry with

an enhancement of values of the correlation angle larger than

90◦. This points towards a geometrically compact configura-

tion of the two-neutron system (the dineutron) at low intrinsic

momenta, which can be associated to the nuclear surface.

The average correlation angle θ, obtained taking event by

event the arccos of the data plotted in Fig. 2, is plotted as a

function of the intrinsic momentum ranging from 0 to 1.8 fm−1

in Fig. 3. The data for 14Be are compared to the ones for 11Li

and 17B measured in the same experiment [14, 24, 33]. The nu-

cleus of 11Li is considered as a reference case of well developed

dineutron correlation [11, 13, 14] so, as expected, it presents

the largest deviation from 90◦. It is however remarkable that

for both 14Be and 17B the data also show a significant devia-

tion in the correlation angle distribution in the same range of
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Figure 1: Comparison between experimental and theoretical intrinsic momen-

tum distribution for the knocked-out neutron of 14Be for (a) 0 < Erel < 1.5
MeV and (b) 1.5 < Erel < 3.0 MeV in the 13Be system. The dashed lines cor-

respond to the contribution from different 13Be states (see the text for details),

and the solid line is the total. The inset shows the acceptance.

momenta. This deviation points to the appearance of a dineu-

tron correlation for intrinsic momenta smaller than 0.4 fm−1,

which corresponds to the nuclear surface [14], for all measured

nuclei. We note that the larger value of the correlation angle oc-

curring around 0.2 fm−1 is clearly above 90◦, even taking into

account the errors. This constitutes the first experimental evi-

dence supporting universality of the dineutron correlation in the

low-density nuclear surface of Borromean nuclei, which had

been previously suggested [7, 8, 14]. It is worth noting that,

depending on the probe, an inclusive measurement of the cor-

relation angle will be sensitive to a rather large region of the

nucleus (including the interior), and the dineutron correlation

signal may be damped, as shown in Fig. 2.

3. Theoretical analysis

To quantify and understand the mechanism behind the onset

of the dineutron correlation, we compare the experimental re-

sult of Fig. 3 to theoretical predictions in Fig. 4. The theoretical

description combines three-body models within the hyperspher-

ical framework to describe the structure of Borromean nuclei

[36, 37] and an eikonal sudden description of the (p, pN) reac-

tion [34]. This description has been used to study 11Li(p, pn) in

3
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[28]. We refer the reader to [28] for a detailed overview of the

model. The structure model for 11Li was originally introduced

in Ref. [38] to describe GSI (p, pn) data [39], and later revisited

in [28] to incorporate d-wave contributions. This model leads

to a large admixture between s and p waves (∼ 60% and 30%,

respectively), and the computed core-nn rms distance is 4.9 fm,

which compares well with the experimental value derived from

Coulomb Dissociation data [11]. For 14Be, we adopt the model

in Ref. [33], which is dominated by a low-lying p-wave res-

onance in 13Be (∼ 60% of the wave function comes from p

waves) and includes the effect of the first 2+ excited state of the
12Be core (which amounts to roughly 20% of the norm of the

ground state of 14Be). For 17B, the three-body wave function

was computed by fixing a simple model neglecting the spin of

the core, in the same spirit as the 19B calculations in Ref. [40],

with the low-lying s and d states adjusted to reproduce the main

features reported in the recent experimental work [24]. In such

a model, the wave function is mostly governed by the d5/2 com-

ponent (∼ 80%), and the p-wave admixture is minimal (≲ 2%)

and comes from the non-resonant continuum in 16B. The calcu-

lated matter radii for 14Be and 17B are 3.0 and 2.8 fm, respec-

tively, which compare well with the values reported in Ref. [41]

from interaction cross sections.

Using these structure inputs, the calculations capture the

general trend of the average correlation angle as a function of

the intrinsic momentum, as shown in Fig. 4. Figure 4a corre-

sponds to 11Li and was already explored in [28] with the same

theoretical description. It should be remarked that for missing

momenta ky ≳ 0.5 fm−1, the distribution is affected by the core-

proton interaction, so it is unreliable to extract nuclear structure

information from that region [28]. In the case of 14Be (Fig. 4b),

the calculated average correlation angle (blue solid line) follows

the trend of the experimental data but the results for intrinsic

momenta smaller than 0.5 fm−1 are somewhat overestimated.

Meanwhile, for 17B (Fig. 4c), the theoretical model describes

the maximum even with only a 2% p-wave admixture. This re-

markable sensitivity of the maximum to small opposite-parity

components was already noted in [28].

Only for 14Be there are significant differences between the-

oretical calculation and experimental data. To understand these

differences, we note that in the analysis of the 13Be energy dis-

tribution in [33] the three-body model used in this work was

suggested to be missing some core-excited components. Dif-

ferent components of the 12Be core can give opposing contri-

butions to the average correlation angle, as shown in Fig. 4b,

where the 12Be(0+gs) component’s distribution (red dashed) goes

over 90◦ at low momenta, while the excited 12Be(2+)’s contri-

bution (orange dashed) goes under 90◦. Among the missing

components in the used model, those where the 12Be core is in

its first excited 0+
2

state are particularly significant, since they

are more likely to be populated, as its angular momentum and

parity are those of the 14Be ground state. To estimate their ef-

fect, we note that the 12Be(0+
2
) state is usually described as an

orthogonal partner of the 0+ ground state [42, 43], with opposite

relative sign between its positive and negative-parity compo-

nents when compared to 12Be(0+gs). Therefore the components

with 12Be(0+
2
) should present a correlation angle smaller than

90◦ (opposite to 12Be(0+gs)). Tentatively, for the correlation an-

gle as a function of missing momentum, we have assigned to the
12Be(0+

2
) components a distribution equal to that of 12Be(0+gs)

but mirrored around 90◦, and a weight of 16%, similar to the

20% obtained with the three-body model for the similar-energy
12Be(2+). This estimation produces the magenta dot-dashed

line, whose agreement with the data is much improved, point-

ing to the excitation of the core having a significant effect in

the dineutron correlation, which was already indicated in [44].

Therefore, the effect of the core may be responsible for 14Be

and 17B showing a similar correlation angle, despite their very

distinct admixture of different-parity components.

At this point, a natural question arises about how to com-

pare the degree of dineutron correlation among different nu-

clei. A possible criterium is based solely on the experimen-

tal results, by comparing the maximum correlation angle. The

maximum correlation angle for 11Li, 14Be and 17B occurs at

ky = 0.25 fm−1 and corresponds to 100.0(2)+29
−29

, 95.9(10)+29
−29

and
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96.4(19)+29
−29

degrees, respectively.

A second criterion is to make use of the theoretical models

employed. The theoretical calculations in Fig. 4 give the aver-

age maximum values of 98.0 (11Li), 96.6 (14Be) and 95.4 (17B)

degrees, which compare well to the experimental results. It is

worth noting that the corresponding three-body models give rise

to maximum of the two-neutrons wave function density around

the minimum of the average interneutron distance, as discussed

in Ref. [8], and this feature is directly linked to the present

observations in momentum space. The three-body model al-

lows also to draw the ground-state probability density as a func-

tion of the Jacobi-T coordinates rnn and rc−nn, i.e. the distance

among the two neutrons and the two neutrons baricenter with

respect to the core. This is shown in Fig. 5 for the three cases

considered and allows to gain more insight on the configuration

of the neutrons. In a purely non-correlated scenario, the distri-

butions would present equal weights at both sides of the orange

lines in the figure, which delimit two distinct regions within

the hyperspherical description of three-body nuclei [45]. Local

maxima above this line, i.e., for small rnn, are usually associ-

ated to the dineutron configuration, whereas the peaks below

it correspond to the so-called “cigar”-like structure. The dom-

inance of one of these structures is associated to correlations.

We can see that a clear dineutron peak is obtained for the three

nuclei. For 11Li (Fig. 5a) the dineutron peak is clearly dom-

inant, with only a relatively small fraction of the probability

exploring larger neutron-neutron distances. For 14Be (Fig. 5b),

the two configurations are clearly separated, with the dineutron

still being more pronounced. In the case of 17B (Fig. 5c), three

maxima appear (this is a consequence of the dominant d-wave

content of the ground state).

To quantify the degree of dineutron development for each

nucleus, we may define the quantity

χ =
Pd − Pc

Pd + Pc

, (4)

where Pd and Pc are the integrated probabilities above and be-

low the symmetry lines in Fig. 5, i.e., Pd is somehow a mea-

sure of the dineutron component, while Pc is related to the cigar

component. Indeed, with this definition χ = 1 (−1) would cor-

respond to a “pure” dineutron (cigar). The integration for 11Li,
14Be and 17B within the present calculations yields χ = 0.43,

0.32 and 0.19, respectively. In this case, both criteria agree and

support the fact that the dineutron correlation is stronger for
11Li. The theoretical model also permits the extraction of the

average opening angle in configuration space, obtaining ⟨θr⟩ =

66.9◦(11Li), 67.1◦(14Be) and 77.4◦(17B). The results for 11Li

and 14Be are consistent to those presented in [15], while the an-

gle for 17B is similar to that presented for 6He. Since both nuclei

have very little admixture of different-parity components, their

opening angles should be comparable.

From Fig. 6, one can extract the correlation between the av-

erage rnn and rc−nn. The minimum of rnn corresponds to a dineu-

tron configuration, and its position signals the region of the nu-

cleus where the calculation predicts the dineutron correlation

to be stronger. We can notice that this occurs for rc−nn = 3-4

fm, corresponding to the nuclear periphery, again supporting

the results in [14] and generalizing them to 14Be and 17B. As

discussed in [8], this behaviour can be interpreted as a transi-

tion from BCS-like correlations in the interior to a BEC-like

one, the spatially compact dineutron, around the surface. The

probability density for the two valence nucleons of 11Li is also

displayed with a grey area. One can notice that the probabil-

ity maximum and the inter-nucleon distance minimum are at-

tained around the same value of rc−nn ∼ 3 fm, which makes

the dineutron configuration dominant for the two valence nucle-

ons. Within the adopted theoretical framework, the maximum

in rc−nn corresponding to the nuclear surface can be associated

to the maximum at low intrinsic momentum ky, validating the

use of ky as a proxy for peripherality.

4. Conclusions

We have presented a comparative study of dineutron corre-

lation in three Borromean systems, 11Li, 14Be and 17B, based on

the average correlation angle as a function of the intrinsic mo-

mentum of the removed neutron. This work follows the sem-

inal work of Kubota et al. [14] who first proposed to use this

observable to probe the location of dineutron correlation inside

the nucleus, and extends the study to 14Be and 17B. A dineutron

correlation appears in the periphery of 14Be and 17B as well, but

is damped compared to 11Li.
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Figure 5: Ground-state probability density, as a function of the distance between the halo neutrons (rnn) and that between the center of mass of the nn pair and the

core (rc-nn) for a) 11Li, b) 14Be and c) 17B. In a purely non-correlated case, the probability would be symmetric around the orange lines.
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Figure 6: Root mean square inter-neutron distance rnn as a function of the

distance between the core and the center of mass of the two neutrons rc−nn for
11Li, 14Be and 17B. The shaded area represents the probability distribution of

the two neutrons in 11Li, obtained by direct integration in Fig. 5.

This study provides the first experimental hint of the universal-

ity of dineutron correlation in the low-density surface of Bor-

romean nuclei. Even while fast nucleon removal induced by

high-energy quasi-free scattering is the tool of choice to reduce

the effect of final-state interactions, consistent measurements

using different probes may help to confirm the universal char-

acter of our observation. The damping of dineutron correlation

in 14Be is interpreted as due to the presence of configurations

with an excited core, that can be predicted within the three-body

model. Higher statistics data incorporating gamma-ray coinci-

dences, which enable core excitations to be probed, could be

used to investigate this explanation.
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