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Single-particle properties of the near-threshold proton-emitting resonance in ''B
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The excitation function of proton elastic scattering from '°Be at keV energy is calculated using the method
of self-consistent Skyrme Hartree-Fock in the continuum. The calculation successfully reproduces the narrow
near-threshold proton-emitting resonance (E, = 11.4 MeV, I' = 6 keV, and quantum number J* = 1/2%)in ''B
relevant to the B-delayed proton emission of ''Be. This supports the recent experimental result of Ayyad et al. at
the ReA3 reaccelerator facility of the National Superconducting Cyclotron Laboratory (NSCL) at Michigan State
University. The resonance is interpreted as the s/, single-proton resonance state in the Skyrme Hartree-Fock

mean-field theory.
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Introduction. The study of loosely bound states of atomic
nuclei close to the drip lines and beyond is one of the major
current directions of nuclear science [1]. At the limits of
nuclear stability, rare decay processes were discovered for
weakly bound nuclei, especially for nuclei with the halo struc-
ture (see [2] for a review).

A very particular case is the S-delayed proton emission
(Bp) that was theoretically predicted for the halo nucleus
'Be in Refs. [3,4] with unexpectedly high intensity [4]. The
decay was indirectly observed in Refs. [5—7]. The existence
of a narrow resonance in ''B was suggested to explain this
observation [5,8]. However, there was no suitable level in
1B known at that time. There have been several attempts of
theoretical calculations to confirm the resonance in ''B and
to estimate the B~ p decay branching ratio in ''Be [9-12].
These studies and general interest in underlying physics are
also related to the search for the so-called neutron dark decay
mode proposed in Ref. [13] in order to explain the exist-
ing discrepancy between two different methods of neutron
lifetime measurements (see [14] for a review). If the dark
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neutron decay is possible for the unbound nucleon, then it
should occur also for the quasibound neutron in a nucleus with
sufficiently low neutron binding energy, and !'Be is the most
promising nucleus for such studies [15].

Recently, B~ p decay was directly observed for the first
time in the ''"Be — '"Be+B~ + p [16]. The result showed
that 8~ p decay is the sequence of the disintegration proceed-
ing via an intermediate near-threshold narrow resonance in the
B~ decay product ''B* at an energy E, = 196(20) keV above
the proton separation energy, with a total width of I, = 12(5)
keV, and spin-parity quantum numbers J* = (1/2%,3/27).
Moreover, a dedicated experiment employing the '°Be(p, p)
reaction was performed later by the same collaboration at
the ReA3 reaccelerator NSCL facility [17]. The experimental
result indicated a very narrow resonance (I', = 4.4 keV) with
J™ = 1/2% located 182 keV above the proton separation en-
ergy. Another experimental result was reported in Ref. [18].
The existence of the new resonance in ''B immediately has
a significant impact on nuclear astrophysics [19]. In this
Letter, we point out the nature and the key feature of the
resonance.

Using an appropriate optical potential for the keV-energy
scattering, it is straightforward to calculate the excitation
function of the elastic scattering '°Be(p, p). The detailed
calculation for the nuclear structure can be directly linked
to the problem of scattering without introducing additional
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approximations, especially in the very-low-energy region
where the coupling to the inelastic excitations can be ne-
glected. In the pioneering work Ref. [20], the Hartree-Fock
(HF) single-particle potential was expressed as an equiva-
lent optical potential. The version of the optical potential
obtained from the HF calculations using the Skyrme effective
interaction was long ago demonstrated to be an appropriate
formalism for the keV-energy region [21,22]. Not only the
background cross section but also the positions and widths
of single-particle resonances could be predicted. Recently, the
method was successfully applied to the study of keV-nucleon
radiative capture reactions in nuclear astrophysics [23-25]. In
this work, the Skyrme HF in the continuum method is applied
to reproduce the near-threshold resonance in !''B recently
found in Ref. [17].

Method. The solution starts with the Skyrme HF calcu-
lation for the ground state of '°Be using the skyrme_rpa
computer program provided in Ref. [26]. The versions of
Skyrme interactions used in this study include SkKM* [27],
SGII [28], SLy4 [29], and SAMi [30]. The local equivalent
optical potential within the Skyrme HF formalism (called the
Skyrme HF optical potential) V (E, r), is obtained following
the method of Ref. [21]:

m*(r) 1 d2 i
V(E,r) = - VHF(")+——< )

2dr2 \ 2m*(r)

m*Td ( B \7T m*(r)
" [E<2m*<r>)} }+[1_ m }E
(1)

where m = m,A/(A — 1) with m, being the proton mass. The
large part of the center-of-mass correction that is important in
the case of light nuclei is taken into account. Vyg(r) and m*(r)
are the mean-field potential and the effective proton mass
within the Skyrme HF approach, respectively [31]. At the
keV energy, the nuclear central potential V (E, r) is real and
depends weakly on the incident energy. The center-of-mass
correction, the rearrangement term, and the nonlocal effect are
included in the Skyrme HF optical potential [21,22]. Note that
the one-body Coulomb potential that plays an important role
in the low-energy scattering is obtained self-consistently in
the calculation.
The partial scattering equation

B[ d* e+
L an | v g

Xxe(E,r) =0, @

is solved with the Skyrme HF optical potential in Eq. (1) to
obtain the scattering phase shifts and the excitation function
using a computer program such as ECIS06 [32]. The s-wave
scattering (¢ = 0) dominates at the energy of our interest. The
width of the resonance I'(E,) is calculated from the deriva-
tive of the phase shift §,—o(E) with respect to energy at the
position of the resonance E,,

d -1
[(E) = 2[ESKO(E)] : (3

TABLE 1. The scaling factor A in calculations with different
Skyrme interactions. The values of A are very close to unity. The
calculated resonance width is about 5.5-6.0 keV.

Skyrme interaction A I' (keV)
SkM* [27] 1.004 5.43
SGII [28] 1.028 5.97
SLy4 [29] 0.984 6.09
SAMi [30] 0.998 5.99

Discussion. Without any adjustment, the Skyrme HF cal-
culation provides a good description of the background cross
section and the resonance with the single-particle properties.
The resonance recently found by Ayyad et al. [17] is located
at 182 keV, that is close to the s/, single-particle resonance
with J™ = 1/2%,

Our calculations with the SkM* and SAMi interactions
show the resonance in the appropriate energy region. Outside
the resonance, the calculation agrees well with experimental
data. In general, the Skyrme HF calculation cannot predict
exactly the location of the unknown resonance in '°Be(p, p).
Therefore, the nuclear central part of the Skyrme HF optical
potential is slightly scaled by the factor A, that is close to unity
(Table 1), in order to correct the resonance position to 182 keV.
In the case of SLy4 and SGII interactions, the calculations
with A = 1 do not show the resonance in the energy region. As
the resonance is just a few hundred keV above the threshold,
it is possibly shifted to the subthreshold energy by using
SLy4 and SGII versions. However, with the slight correction
(Table I), the resonance at 182 keV appears for all selected
variants of the Skyrme interactions.

It is expected that the width of a near-threshold resonance
is narrow. Indeed, the calculated resonance widths are 5-6
keV with different Skyrme interactions as seen in Table I. The
calculations with and without the adjustment for the case of
SAMi interaction are shown in Fig. 1 as an example. The cal-
culations with different Skyrme interactions using the values
of A in Table I cannot be distinguished in Fig. 1. Only the
phase shift of the s wave is shown in Fig. 1(b) as the contri-
butions of other waves are negligible. The resonance energy,
E, = 166 keV, and the width, I' = 4.05 keV (the dotted line
in Fig. 1), are obtained with A = 1.

When A is applied, the dispersion of the volume integrals
with different Skyrme interactions is reduced from 530 to
260 MeV fm?. However, at low energy, the incoming particle
does not feel the whole potential but only the surface of the
potential. It is obtained more precisely by observing the accu-
mulation of the volume integral, which is the value of volume
integral as a function of the relative distance r as shown in
Fig. 2. Within large distances from 5 to 15 fm, only the effect
of the Coulomb potential survives. From where the nuclear
potential plays a noticeable role, the difference in the calcula-
tions, applying different Skyrme interactions, can be observed
as shown in Fig. 2(a). When the value of A is adjusted to
correct the resonance location, the calculations get close, as
shown in Fig. 2(b). The dispersion of the accumulation of
the volume integral at the nuclear surface (r = 2.35 fm) is
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FIG. 1. Calculated excitation function (a) and s-wave phase shift
(b) in the center-of-mass frame for '°Be(p, p) elastic scattering. The
calculation with SAMi interaction is shown as an example. The
experimental data and the R-matrix fitting (the blue-dashed line) are
taken from Ayyad et al. [17].

reduced from 630 to 440 MeV fm?. It is worth emphasizing
that the slight change in the HF potential caused by the scaling
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FIG. 2. The accumulation of the volume integral of the total
potential. The calculations with different Skyrme interactions are
convergent after the adjustment of the potential depth to correct the
resonance position at 182 keV.

factor A preserves the calculated single-particle structure and
nuclear properties.

The width of the calculated resonance is about one-half of
the experimental data. The reason is that only the correspond-
ing single channel (°Be +p) is considered. The calculated
width is, therefore, the proton partial (escape) width only.
The spreading contribution that will increase the width can be
obtained by the coupled channels calculation. It is important
that the channel ("Li 4+«) has its threshold at 8.66 MeV, which
is 2.56 MeV below the proton-emission threshold of !'B. A
good understanding of « clusterization in light nuclei that is
beyond the scope of the present calculation is required for
a fully consistent treatment. We can also mention that the
corresponding measurements are currently under preparation
at FRIB.

Conclusions and outlook. The experimental result [17] of
the near-threshold resonance in ''B relevant to the S-delayed
proton emission of ''Be is interpreted as the s; /2 single-
particle resonance predicted by the Skyrme HF calculation.
Its simple structure is given by [loBe(Og"s‘) + p(s12)]. The
calculated width of this resonance is I' = 6 keV and quantum
numbers are J” = 1/2%. The experiment in Ref. [17] is cru-
cial for localizing the exact position of this resonance.

The final result of calculations does not depend on the
choice of the version of the Skyrme interactions. The Skyrme
HF calculation is an excellent tool for describing the scat-
tering process including low-lying single-particle resonances
in the keV-energy region in light nuclei. As the resonance
has mainly a single-particle nature, the mean-field approach,
without a configuration mixing, seems to be an appropri-
ate instrument for the analysis. Going to heavier nuclei,
one has to expect, along with the stronger Coulomb effects,
the growing role of the pairing interaction as demonstrated
for low-lying si,, neutron resonances by Hamamoto and
Mottelson [33].

Certainly, the energy density functional does not deal
with the continuum; it is not intended to describe precise
positions and widths of low-energy resonances. The possi-
bility of describing the data by a very small variation of
the parameters (the introduction of the scaling factor 1) is
a nice and practically convenient feature of the suggested
theoretical description. The value of A is very sensitive to the
position of the low-lying resonance, which is a well-known
general feature of quantum problems at the threshold of the
continuum. In addition, it was checked that this approach
works well for low-lying proton resonances in '2C(p, p) and
14,150(p’ p)

The great current interest in experiments at rare isotope
beam facilities around the world and in corresponding reac-
tion theory is important for progress in understanding unusual
features of exotic nuclei in relation to nuclear structure, astro-
physics, and the standard model of particle physics. Another
branch of this physics is related to the role of clusters in
the physics of light and medium-weight nuclei; this will be
studied in the upcoming FRIB experiment on the decay of
""Be into "Li and « particle.
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