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The structure and B(E 1) transition strength of '°B are investigated in a '"B +n + n model, triggered by a recent
experiment showing that !B exhibits a well-pronounced two-neutron halo structure. Preliminary analysis of the
experimental data was performed by employing contact n-n interactions, which are known to underestimate
the s-wave content in other halo nuclei, such as 'Li. In the present Rapid Communication, the three-body
hyperspherical formalism with finite-range two-body interactions is used to describe B. In particular, two
different finite-range n-n interactions will be used as well as a simple central Gaussian potential whose range is
progressively reduced. The purpose is to determine the main properties of the nucleus and investigate how they
change when using contactlike n-n potentials. Special attention is also paid to the dependence on the prescription
used to account for three-body effects, i.e., a three-body force or a density-dependent n-n potential. We have
found that the three-body model plus finite-range potentials provide a description of '°B consistent with the
experimental data. The results are essentially independent of the short-distance details of the two-body potentials,
giving rise to a (sy/,)* content of about 55%, clearly larger than the initial estimates. Very little dependence has
been found as well on the prescription used for the three-body effects. The total computed B(E'1) strength
is compatible with the experimental result, although we slightly overestimate the data around the low-energy
peak of the dB(E1)/de distribution. Finally, we show that a reduction of the n-n interaction range produces a
significant reduction of the s-wave contribution, which then should be expected in calculations using contact

interactions.

DOI: 10.1103/PhysRevC.102.051304

The story of halo nuclei started back in the late 1980s when
an unexpectedly large interaction cross section for some par-
ticular light nuclei isotopes was observed [1]. Among them,
the cases of ''Li and ®He are the most prominent examples
of the so-called two-neutron halo nuclei where the two outer
neutrons reside basically in the classically forbidden region,
far apart from the core of the nucleus [2]. This fact intuitively
suggests that these systems could be described as clusterized
structures where the internal degrees of freedom of the clus-
ters are frozen. In fact, for the particular case of two-neutron
halo nuclei, this kind of structure was soon suggested in
Ref. [3] where !'Li was for the first time described as a bound
three-body system that could be interpreted as a dineutron
coupled to the nuclear core.

It is clear that, within this picture, the key ingredients
are the two-body interactions between the different clusters,
that is, for two-neutron halo systems, the core-neutron and
the neutron-neutron potentials. Typically, the core-neutron
interactions are taken as phenomenological potentials whose
parameters are adjusted to reproduce the available experi-
mental information on the core-neutron subsystem. A correct
reproduction of the core-neutron energy spectrum, i.e., bound
states, resonances, or virtual states, is crucial. Together
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with the two-body potentials, an additional required ingre-
dient comes from the fact that the use of bare two-body
interactions is usually not enough to reproduce the ex-
perimental separation energy. This deficiency is commonly
repaired by introducing an effective three-body force (see,
e.g., Refs. [4,5]), which, in principle, takes care of all those
effects, such as polarization of the clusters, that go beyond
pure two-body correlations.

In any case, it is known that for well-extended systems,
such as halo nuclei, the details of the potentials are not very
relevant, and different potential shapes reproducing the same
low-energy two-body properties provide quite similar results.
This is shown, for instance, in Ref. [6] where the structure
of '"Ne is found to be very similar with a Gaussian or Woods-
Saxon neutron-core potential or even when using a homemade
neutron-neutron interaction compared to the more sophisti-
cated Argonne potential [7]. The only common property of
all these potentials is their finite-range character (except the
Coulomb interaction in those cases where more than one
charged cluster is involved).

This contrasts with the rather frequent use of contact in-
teractions, which provide the nice feature of simplifying the
calculations since many of the integrations involved become
analytical. In particular, the use of a zero-range neutron-
neutron interaction makes easier the investigation of pairing
phenomena and dineutron correlations [8,9]. This interaction
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FIG. 1. Scaled Jacobi coordinates used in the present Rapid
Communication. The three particles are labeled 1 (n), 2 (n), and 3
(core) for the purpose of defining the pairwise potentials.

is often a density-dependent force, which, in practice, plays
the role of the effective three-body force and at the same
time simulates the modification of the bare two-body inter-
action due to the presence of the core. In general, this kind
of potential permits to obtain a rather accurate picture of the
structure and gross properties of halo nuclei. However, this
could be not true anymore when going down to the details of
the structure. This is pointed out in Ref. [8] where the too low
s-wave content in ''Li (*23% ) compared to the experiment
[10] is discussed. Ulterior experiments and theoretical calcu-
lations [11-14] confirmed this fact. More recently, Oishi ef al.
[15] concluded that the use of a schematic density-dependent
contact nucleon-nucleon potential makes not possible simulta-
neous reproduction of the empirical Q value, decay width, and
the nucleon-nucleon scattering length in the two-proton decay
of ®Be. A more sophisticated neutron-neutron interaction is
needed.

In a recent paper, the structure of '°B has been experi-
mentally investigated by means of exclusive measurements
of its Coulomb dissociation, in collision on a lead target,
into '7B and two neutrons [16]. The enhanced electric dipole
strength observed constitutes a clear evidence of the presence
of a prominent two-neutron halo in the system. The structure
properties of '°B arising from the provided experimental in-
formation are obtained by using the contact density-dependent
neutron-neutron interaction employed in Refs. [8,9].

The purpose of this Rapid Communication is to investi-
gate "B, understood as '"B+n +n by use of finite-range
two-body interactions, and analyze the consequences that a
progressive reduction of the neutron-neutron potential range,
eventually up to zero range, has on the structure of the sys-
tem. Also, special attention is paid to the role played by the
three-body force and the effect of replacing it by a density-
dependent term in the neutron-neutron potential.

Theoretical description. In this Rapid Communication, we
describe the three-body core + n + n system using the hyper-
spherical formalism [4,17]. Within this approach, the wave
function for a total angular momentum j is written as

Y, Q)= p Y xh 0V (), ¢))
B

where p = /x? +y? is the hyper-radius defined from the
Jacobi-T coordinates in Fig. 1, and Q = {«, %, §} is intro-
duced for the angular dependence with @ = arctan (x/y) the
so-called hyperangle. The relation between the scaled Jacobi
coordinates and the physical distance between the three parti-

cles is given by

I 24 -
x=ryl5, y=ry/—>,
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where A is the mass number of the core. In Eq. (1), the
functions y/_é" (€2) are expanded in hyperspherical harmonics,
which are the analytical eigenfunctions of the hypermomen-
tum operator K [17], and B = {K, [, [, [, S;, J} represents a
set of quantum numbers coupled to j with the condition that
n= (K —1I,—1,)/2 must be a non-negative integer. In this
set,l =1, + 1, is the total orbital angular momentum, S, is the
combined spin of the two neutrons related by the x coordinate,
and J =1 4 S,. With these couplings, and defining I, as the
spin of the core, we have j = J + I.. Note that, in the case
that the core is assumed inert, by neglecting its spin we get
J = j and the number of components in our wave-function
expansion (1) is notably reduced. In practice, this expansion
is truncated by selecting a K, value, which must be large
enough to provide convergence.

The radial functions x é (p) can be obtained, in general, by
solving a set of coupled hyperradial equations defined by the
three-body Hamiltonian with pairwise interactions V;; (see,
for instance, the details in Ref. [5]). This requires the coupling
potentials,

V(o) = (VI (Q)|Via + Vis + Vs | VI Q). B)

where the brakets involve angular and hyperangular integra-
tions. In the case under consideration, Vi, =V, and V|3 =
Vo3 = Veoren- In addition to the binary potentials, it is cus-
tomary to introduce in Eq. (3) a phenomenological three-body
force to account for possible effects that go beyond our strict
three-body picture (see, e.g., Refs. [5,18,19]). This term can
be modeled as a diagonal potential V3,(p)dg g with its hyper-
radial dependence given by a Gaussian form

Vap(p) = vape /P (4)

Typically, the radial parameter p, can be set to 5 to 6 fm,
and the depth v, is adjusted to fix the energy of the ground
state (g.s.). This choice is not unique. Another possibility is to
introduce some scaling factors in the binary potentials [20].
Here we consider a density-dependent term to modify the
central part of the n-n interaction, following the prescription
in Ref. [9],

Vncn(rx’ rV) = Vncn(r-’f)<] +

1 Yo ) (5)
+exp [(ry — Ry)/a,)

The additional term is modulated by a Fermi profile for
the core nucleus, and here we use a, = 0.67 fm and R, =
1.27A'3. At long distances between the core and the center
of mass of the two valence neutrons, this term vanishes, and
we recover the central part of the bare n-n interaction. On the
contrary, at short distances it introduces an extra repulsion or
attraction depending on the sign of v,, which can be used
to shift the energy of the ground state. In the next section
we compare the structure properties obtained by using either
Eq. (4) or (5) to fix the ground-state energy.

For simplicity, instead of solving the hyperradial equations
with appropriate boundary conditions for bound (¢ < 0) and
continuum (¢ > 0) states, we expand the radial functions in a
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discrete basis,

Xp(p) = 3 ClylUip (o), 6)

where the coefficients Cl:i9 can be obtained by diagonalizing
the Hamiltonian matrix using N basis functions {Ug}. This
approach is typically referred to as as the pseudostate (PS)
method [21], which provides a discrete representation of the
continuum. Different bases can be employed, but here we
adopt the analytical transformed harmonic-oscillator (THO)
basis [22]. As discussed in Refs. [22,23], these functions have
the advantage that their radial extension can be easily tuned to
improve the numerical convergence of the ground state and to
control the concentration of PSs at low excitation energies.

In particular, we will consider the B(E 1) transition strength
into the continuum (g.s. — j), given by

B(E1) = [(g.s.||0g1|1kj) %, @)

where the dipole operator in Jacobi coordinates is [22]

Op1 =7 2y ) 8
El—em)’lM(y7 (8)

and Z is the atomic number of the core nucleus. Within our
PS representation of the continuum, we obtain discrete B(E 1)
values for transitions between the bound ground state and
dipole states with energy &;. In order to construct an energy
distribution, we will perform a convolution with Poisson func-
tions preserving the total strength [18,23].

The case of '°B. Following the procedure described above,
we study now the case of 198 which has been recently
claimed to exhibit a two-neutron halo [16]. This nucleus
is characterized by a very small (although uncertain) two-
neutron separation energy of Sy, = 0.089f8:(5)gg MeV [24,25].
In Ref. [16], the value of Sy, = 0.5 MeV was adopted from
the best description of the Coulomb dissociation cross section
using different calculations. In the present Rapid Communi-
cation, we consider various interactions leading to different
ground-state properties. For a proper comparison, all our cal-
culations are fixed to produce a ground state at 0.5 MeV below
the !B +n + n threshold.

For simplicity, our three-body calculations neglect the spin
of the '7B core, so the ground state is characterized by j™ =
0*. A description beyond this simple picture would require,
first, detailed experimental information about the '*B spec-
trum, and, second, sophisticated 7B +n interactions leading
to a possible splitting of single-particle levels. Furthermore,
as shown for the similar case of ''Li, the precise structure of
the ground state is basically sensitive only to the energy of
the centroid of the spin-split states [14,26]. Also, the three 1~
states in ''Li are found to split within a small energy range,
producing a quite limited effect on the B(E'1) strength [27].
For these reasons the role played by the spin of the core in '°B
is not expected to be very relevant. Thus, as in Ref. [16], we
describe the subsystem with a Woods-Saxon potential,

1d 1
\% = -V Vil §s—— | ———, 9
(") ( o+ srdr>1+exp(%") )

where R = 1.27A'3, a = 0.7 fm and the depth parameters
of the central and spin-orbit terms are adjusted to reproduce

some properties of the unbound B nucleus. The central
part is fixed to produce a s/, virtual state characterized by
a scattering length of a; = —50 fm, whereas the spin-orbit
potential is determined by the position of a ds/, resonance at
1.1 MeV above the core + n threshold, which is close to the
17 state obtained by shell-model calculations [28]. This yields
Vo = 34.3 MeV and V;; = 34 MeV fm?.

For the n-n subsystem, we employ two different types of
interactions. The first one corresponds to realistic finite-range
potentials including central, spin-orbit, and tensor terms,
which are fixed to reproduce the available NN data. We will
show results using two different potentials within this type, the
Gogny-Pires-Tourreil (GPT) potential [29], which has been
used with success in several other three-body calculations for
core + n + nnuclei [4,5,22], and the parametrization Garrido-
Fedorov-Jensen (GFJ) specified in Ref. [30] and employed,
for instance, in Ref. [6]. The second type of n-n potentials
contains just the Gaussian central term,

Vin(re) = S exp[—(r/b)’], (10)
whose parameters (S,b) are fixed to yield the known
scattering length of a;= —15fm. In order to explore

the sensitivity to finite-range effects, four different sets
of parameters are considered: (S;, b;) = (—675.0,0.4),
(—164.0,0.8), (—24.22,2.0), (—8.75,3.2). In the small b
limit, this Gaussian potential complemented by Eq. (5) resem-
bles the density-dependent contact pairing interaction used in
the three-body calculations of Refs. [9,16].

We study first the ground-state properties of '°B and, in
particular, its sensitivity to the choice of the nn interaction and
the prescription used to fine-tune the two-neutron separation
energy. In all cases, convergence has been achieved by includ-
ing wave-function components in Eq. (1) up to Kp,x = 30 and
(L, Iy)max = 3, and 15 THO basis functions for the Hamilto-
nian diagonalization. The ground-state energy was adjusted to
S», = 0.5 MeV by fixing either v3;, in Eq. (4) or v, in Eq. (5).
In order to extract the partial-wave content, the ground state
was transformed to the Jacobi-Y representation, where the x
coordinate connects the core and one of the valence neutrons,
using the Raynal-Revai coefficients [5,31].

In Table I, we show the weight of the (s1/2)* and (ds)2)>
configurations obtained with the different calculations. The
results using the two realistic n-n interactions yield similar
partial-wave contents with around 55% occupancy of the
(s1/2) orbital. It is also worth noting that the particular choice
to fix the ground-state energy in this case via Eq. (4) or (5) has
little effect on the final weights. When a more sophisticated
n-n interaction, such as AV18 [7], is used, the results are very
similar to the ones shown in the upper part of Table 1. This
stability is related to a correct description of the low-energy
nucleon-nucleon properties more than to the presence or not
of a short-distance infinite repulsion. The choice of smooth
potentials, such as the ones used in this Rapid Communica-
tion permits, however, to speed up the calculations. On the
contrary, the calculations using the simple Gaussian potentials
provide very different results depending on the range of the
interaction. In particular, as the n-n potential becomes nar-
rower, the s-wave content decreases. For a range smaller than
~1 fm, we obtain an inversion of the weights such that the
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TABLE 1. Partial-wave content (%) for (s12)* and (ds/;)* con-
figurations in the ground state of '°B. The first two lines correspond
to the calculations with realistic finite-range n-n interactions. The
other lines are the results obtained using the simple central Gaussian
potential (10) with parameters (S;, b;), i = 1,4. In all cases, the
two-neutron separation energy is fixed to S, = 0.5 MeV using the
three-body force [Eq. (4), columns 2 and 3] or the density-dependent
n-n term [Eq. (5), columns 4 and 5].

Vap, Eq. (4) v,, Eq. (5)
nn (512) (dspp)? (s12) (dsp)?
GPT [29] 53.2 39.2 54.7 38.2
GFJ [30] 56.3 35.6 57.5 34.7
Gaussian 1 21.5 66.1 24.1 68.1
Gaussian 2 31.8 54.3 36.8 52.1
Gaussian 3 52.3 41.4 52.6 41.3
Gaussian 4 62.7 34.2 57.8 37.8

(ds /2)2 configuration dominates. This resembles the results
presented in Ref. [16] where a value of 35% for the sy, orbital
was reported. Note that with this kind of simple interactions,
the probabilities are more sensitive to the particular choice
used to fix the ground-state energy.

The dramatic difference in s-wave content between cal-
culations using a realistic n-n interaction and those with a
contactlike potential leads to ground states characterized by
distinct radial probabilities. In Fig. 2, we present the wave-
function probability as a function of r, = r,, and r, = 7., for
two of the present calculations: (i) left panel, the GPT interac-
tion plus the three-body force fixing the ground-state energy
(GPT row, columns 2 and 3, in Table I), and (ii) right panel, the
contactlike Gaussian 1 potential plus the density-dependent
term (Gaussian 1 row, columns 4 and 5, in Table I). Both
scenarios give rise to a maximum corresponding to the two
neutrons close to each other at some distance from the core,
which is typically referred to as the dineutron peak. However,
the latter produces a more localized wave function, which is a
consequence of the smaller s-wave content. It is also apparent

8 : z 0.09
GPT + V3 Gaussian 1 |
6 - F + dens. dep. 3
— 0.06
R= 3
4 .| L :
g 3
g N
N —
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2 - , L 3
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FIG. 2. Ground-state probability density of '°B as a function of
ry = 1y, and ry = re,,. Left panel: calculations with the GPT n-n
interaction and S, fixed to 0.5 MeV with the use of a three-body
force. Right panel: calculations with a short-range Gaussian potential
(case 1 in Table I) and a density-dependent term to fix S,,. Both
densities are plotted with the same scale.
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FIG. 3. B(E1) distribution for 'B. Calculations correspond to
the results with the GPT interaction and the three-body force
(solid black line), and the simple Gaussian 1 (dot-dashed red line)
and 2 (dashed blue line) complemented by the density-dependent
term. The curves have been convoluted with the experimental res-
olution reported Ref. [16] as a Gaussian distribution of width
o () = 0.25¢% MeV. The thin lines are the results before the
convolution.

that the valence neutrons explore shorter relative distances
than the ones available when considering the realistic n-n
interaction. These features are reflected by the rms distances
(r2)!/* and (r7)"/?, which take the values of 7.28 and 5.01 fm,
respectively, in the realistic case and 5.96 and 3.90 fm in the
contactlike case.

The ground-state properties and, in particular, the s/, con-
tent of the wave function have an impact on the low-lying E'1
response of halo nuclei. The sum rule for dipole transitions
is totally determined by the ground state [22]. As discussed,
the choice of the n-n interaction may produce important dif-
ferences in terms of partial-wave content. Here we explore
its effect on the B(E1) distribution for '°B. This requires
the construction of dipole (17) states above the three-body
threshold, that we generate using 35 THO basis functions
in order to increase the PS level density. Then, we compute
discrete B(E'1) values, Egs. (7) and (8), which are smeared
using Poisson functions to get the corresponding dB(E1)/de
distribution.

Our results are shown in Fig. 3 together with the experi-
mental data from Ref. [16]. Again, we focus on the case of
the GPT interaction plus the three-body force (thick black
line) and the contactlike Gaussian 1 potential plus the density-
dependent term (dot-dashed red line). These curves include
the convolution with the experimental resolution reported in
Ref. [16], but for completeness we include also the purely
theoretical results (thin lines). From this figure it is clear that
the B(E 1) distribution obtained using the realistic finite-range
GPT interaction, which provides 53.2% of s waves in the
ground state, gives a better description of the data. Although
the calculations tend to slightly overestimate the data around
the low-energy peak, the calculated total strength up to 6
MeV is 1.53 ¢*fm?, compatible with the experimental value
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of B(E1) = 1.64 & 0.06(stat) £ 0.12(sys) ¢*fm?. In contrast
with our contactlike interaction, which gave only 24.1% of
s waves in the ground state, the data are strongly underes-
timated. We show also the results considering instead the
Gaussian 2 potential (dashed blue line), which was found to
produce an s-wave content of 36.8%. In that case, the B(E'1)
strength up to 6 MeV is 1.26 ¢>fm?, i.e., about 20% smaller
than the value obtained with our tensor interaction, and the
theoretical curve slightly underestimates the data, similar to
the results in Ref. [16].

It is important to remember that the "B -n interaction has
been constructed just following Ref. [16]. In particular, the
s-wave potential has been designed to reproduce the scattering
length a; = —50 fm, given in Ref. [16] as the one reproducing
better the experimental cross section. However, there is no
other reason to consider this value of a, the correct one (see,
e.g., the calculations in Ref. [32] using different a; values).
Also, we can see in Ref. [16] that a smaller value of |a;]
clearly lowers the peak in the B(E'1) distribution. Therefore,
the overestimation of the peak height shown by our calculation
in Fig. 3 can be an indication that, due to the use of finite-
range potentials, some tuning of the '”B -n interaction could
be needed. Given the uncertainties in both the S;, and in the
low-lying unbound spectrum of 8B, we prefer to keep the
values adopted in Ref. [16] for an easy comparison with the
previous calculations.

Finally, note that the present calculations with a simple
central Gaussian dependence of the n-n interaction are not
fully equivalent to the contact potential in Refs. [9,16]. First,
we simulate a 6(r,,) dependence, whereas in Refs. [9,16] a
dependence on the vector r,, is considered, i.e., §(r,,). And
second, working in coordinate space we do not introduce
any energy cutoff in the potential spectrum. Our simple
Gaussian potentials are constructed to reproduce just the
n-n scattering length, whereas in Refs. [9,16], as shown in
Fig. 1 of Ref. [8], the energy cutoff is used to reproduce also
reasonably well the low-energy phase shifts. This may explain
why our three-body calculations with the narrow Gaussian
potentials yield even smaller s-wave contents than in Ref. [16]
as the range of the potential decreases. However, from the
comparison between our results and the experimental B(E 1),
we stress that a model with a finite-range n-n interaction
leading to ~255% of s waves in the ground state of '°B is fully
compatible with the available data.

Summary and conclusions. In this Rapid Communication
the three-body model in Ref. [22] has been used to describe
the two-neutron halo nucleus "B ("B +n + n). First, the
structure of '°B and the B(E1) transition strength have been
investigated by use of finite-range two-body interactions.
Following Ref. [16], the spin of the core is neglected, and
the core-neutron potential is taken as a Woods-Saxon shape,
whose parameters are adjusted to the scattering length
a; = —50 fm and the ds;, resonance energy predicted by
shell-model calculations [28]. For the n-n interaction two

different tensor potentials have been considered: the GPT
potential [29] and the GFJ parametrization in Ref. [30]. Two
different procedures have been used to adjust the two-neutron
separation energy: (i) a Gaussian three-body force and (ii) a
density-dependent term in the central part of the n-n potential
as in Ref. [8].

The results obtained are stable with not relevant variations
depending on the realistic n-n interaction and on the method
used to fine-tune the three-body energy. We have obtained a
dominant contribution of the (s1/2)*> component, which pro-
vides about 53-57% of the norm, whereas the weight of
the (ds /2)2 component moves within the 35-39% range. The
computed dB(E'1)/de agrees rather well with the available
data after convolution with the experimental resolution. The
integrated B(E1) strength (up to 6 MeV) is 1.53 ¢*fm?, also
in good agreement with the experimental value [16].

The second goal has been to investigate the effects due
to the range of the n-n interaction. In Ref. [16] where a
density-dependent contact n-n interaction was used, the pre-
dicted weights for the (s1/2)* and (ds/2)* components were,
respectively, of about 35% and 56%, essentially the opposite
to our present calculations. Having this in mind, we have
considered four different cases where the n-n interaction is
modeled as a simple central Gaussian potential adjusted to re-
produce the correct n-n scattering length. We have found that
a smaller Gaussian range implies also a reduction (increase)
in the s-wave (d-wave) content in such a way that values con-
sistent with Ref. [16] are obtained for Gaussian ranges below
1 fm. Furthermore, for ranges of about a few femtometers, the
weights of the (s; /2)2 and (d5/2)2 components are consistent
with the results obtained with the realistic n-n potentials.
This result explains as well the too low s-wave content
found in Ref. [8] for ''Li. As a consequence of the decrease
in the s-wave content, the system becomes more compact,
reducing by about 20% the n-n and core-(nn) distances.
This leads to a systematic underestimation of the B(E1)
distribution.

To summarize, we conclude that the three-body model
appears as an appropriate description of '°B, consistent with
the two-neutron halo structure reported in Ref. [16]. A good
agreement with the available experimental data is found. Al-
though the results are, to a large extent, independent of the
short-distance details of the two-body potentials, it is, how-
ever, important to maintain the finite-range character of the
two-body interactions.
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