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The structure and decay of the most neutron-rich beryllium isotope, '°Be, has been investigated
following proton knockout from a high-energy '’B beam. Two relatively narrow resonances were observed
for the first time, with energies of 0.84(3) and 2.15(5) MeV above the two-neutron decay threshold and
widths of 0.32(8) and 0.95(15) MeV, respectively. These were assigned to be the ground (J* = 0™) and first
excited (2%) state, with E, = 1.31(6) MeV. The mass excess of 'Be was thus deduced to be 56.93
(13) MeV, some 0.5 MeV more bound than the only previous measurement. Both states were observed to
decay by direct two-neutron emission. Calculations incorporating the evolution of the wave function during
the decay as a genuine three-body process reproduced the principal characteristics of the neutron-neutron
energy spectra for both levels, indicating that the ground state exhibits a strong spatially compact dineutron
component, while the 27 level presents a far more diffuse neutron-neutron distribution.

DOI: 10.1103/PhysRevLett.132.082501

The structure of nuclei lying far from beta stability  as the dripline and beyond is experimentally accessible and
represents a rich testing ground for our understanding of  they are amenable to being described by a wide range of
nuclear structure and other quantum phenomena owing to  theoretical approaches [1], ranging from the phenomeno-
the large imbalance in the neutron-to-proton ratio. The light ~ logical shell model [2] to more ab initio approaches [3] as
neutron-rich nuclei are of particular interest in this context =~ well as those incorporating explicitly the continuum [4].
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Few-body effects, including correlations, play a central role
in the structure of the most neutron-rich systems, as is most
apparent in the two-neutron halo nuclei whereby the halo
neutron correlations are critical to the binding of the
system. In more general terms, such systems have the
potential to offer insight into the physics of open quantum
systems [5].

In the case of systems that lie two neutrons beyond the
dripline, such as the subject of the present work '°Be [6],
two-neutron correlations play a crucial role and can, in
principle, be probed through the system’s decay into a core
("*Be) and two neutrons. Experimentally, the investigation
of two-neutron decay is challenging and historically much
effort has been given over to the exploration of two-proton
decay [7]. In that case, however, the initial-state correla-
tions are strongly perturbed by the effects of the Coulomb
barrier and the Coulomb component of the proton-proton
final-state interaction (FSI).

In the last decade, advances in neutron detection tech-
niques and the ability to produce sufficiently intense near-
dripline beams have enabled a series of investigations to be
made on two-neutron unbound systems [8—14] and excited
two-neutron continuum states [15-21]. The decay of
excited states of %He, “Be, and 2020, as well as the
ground-state decay of '°He, exhibit signatures of sequential
decay through resonances in the A — 1 systems. In all cases
where the n-n observables were explored, an enhancement
of the cross-section at low relative n-n energies and/or
angles was observed. Importantly, the interpretation of all
of the measurements have employed rather simplified
approaches, ignoring, for example, the initial state corre-
lations or the effects of the FSI as the system decays.

In the case of '®Be, which has been the subject of a single
previous study [11], the relatively strong enhancement
observed for low n-n relative energies and correspondingly
small opening angles was interpreted as a signature of
“dineutron decay.” Specifically, comparison was made with
two-body decay into “Be and a quasibound dineutron,
followed by the decay of the latter as described by the n-n
s-wave scattering length, and with three-body phase-space
decay (no FSI between any of the decay products). The
overly simplified character of this comparison was noted by
Ref. [22], including importantly the lack of consideration of
the n-n FSI in the three-body decay.

In this Letter we report on a new investigation of 'Be
with greatly enhanced statistics, better resolution, and
superior acceptances. As a result, the ground and first
excited states of '°Be have been clearly identified for the
first time, allowing for an unambiguous and relatively
precise determination of the mass of '°Be. Furthermore,
both states are clearly seen to decay by direct two-neutron
emission. Comparison is made with results of three-body
modeling of '®Be and its decay where, importantly, the time
evolution of the initial-state wave function is taken into
account.

The experiment was performed at the Radioactive
Isotope Beam Factory of the RIKEN Nishina Center.
The secondary beam of "B (with E ~ 277 MeV /nucleon
and I ~ 1.4 x 10* pps) was produced by fragmentation of a
“8Ca primary beam on a thick Be target and prepared using
the BigRIPS fragment separator [23]. The beam particles
were tracked event-by-event using two drift chambers onto
the 15 cm thick liquid hydrogen target of MINOS [24]. The
trajectories of the two protons from the (p,2p) reaction
were determined using the TPC of MINOS, which permit-
ted the reconstruction of the reaction vertex with a
resolution (FWHM) of ~5 mm [25]. The use of a thick
target combined with the determination of the vertex allowed
for a significant enhancement in the luminosity while
maintaining a good invariant-mass resolution.

The forward going beam-velocity charged fragments and
neutrons were detected using the SAMURALI spectrometer
[26,27] and the neutron array NEBULA [28,29].
Significant care was taken to eliminate crosstalk events
(neutrons detected more than once in the array) offline,
with the percentage of such events being reduced to less
than ~4% [25]. The energy of the unbound '°Be was
reconstructed from the relative energy of the '“Be +n + n
decay products (Ey,,) as the invariant mass of the system
minus the masses of its constituents (Fig. 1). As “Be has no
bound excited states, the energy so determined reflects
directly the energy above the 2n emission threshold. The
resolution in relative energy varied as ~0.5,/E,, MeV
[25] while the efficiency varied smoothly with relative
energy and was around 5% in the range of interest
(Fig. 1). Further details of the setup, simulations, and
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FIG. 1. Relative-energy spectrum of “Be+n 4 n events
(Efy,) following the '"B(p,2p) reaction. The red line repre-
sents the best fit, incorporating all experimental effects, up to
4 MeV (y?/ndf = 1.3) including '“Be resonances at 0.84 and
2.15 MeV (dotted lines). The upper panel displays the overall
detection efficiency, including the effects of the neutron cross-
talk rejection filter.
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analysis techniques, including the neutron crosstalk rejec-
tion filter and associated verifications, may be found in
Refs. [14,25,28-31].

The energy spectrum of “Be + n + n events shown in
Fig. 1 is dominated by two strongly populated resonance-
like structures in the region below 4 MeV. The spectrum
was fit in this range employing two Breit-Wigner line
shapes with energy-dependent widths [32] as inputs for a
complete simulation of the setup, secondary beam charac-
teristics, and reaction process [25]. As a result, 16Be
resonance energies of E = 0.84(3) and 2.15(5) MeV, and
widths of, respectively, I' = 0.32(8) and 0.95(15) MeV, were
obtained. While the slight excess of counts, with respect to
the best fit, for energies above ~4 MeV might suggest a very
small contribution from the nonresonant continuum and/or
very broad, weakly populated higher-lying structures, their
inclusion makes no discernible changes to the results for the
resonances [25].

Combining the energy of the lowest lying resonance (or
S,,) with the mass of “Be [33] allows the mass excess of
1Be to be determined as 56.93(13) MeV, where the uncer-
tainty is dominated by that of “Be. This is 0.52 MeV more
bound than the mass excess of 57.45(17) MeV derived from
the result of Ref. [11], and 0.77 MeV more bound than the
mass-surface extrapolation of 57.68(50) MeV [34,35]. The
differences in the present results with respect to the study of
Spyrou et al. [11], which also employed proton removal from
1B but only identified a single broader (I' = 0.8, MeV)
structure at 1.35(10) MeV, arise from the much enhanced
luminosity of the present experiment coupled, importantly,
with a superior detection efficiency at relative energies away
from threshold and a better resolution. The present result,
when combined with others [36—-39] not available at the time
of the compilation of Ref. [34], should allow for more reliable
mass-surface extrapolations to be made for neighboring
nuclei, including '7-'®Be, and may thus provide a guide to
their possible existence as identifiable resonances in the 3n
and 4n continua.

As an even-even nucleus, the low-lying level structure of
6Be will comprise a J* = 0% ground state and very
probably a 27 first excited state, which we associate with
the two resonances observed here. As such the excitation
energy of the 27 level is 1.31(6) MeV, making it the lowest
lying 2% state in the beryllium isotopic chain [40,41].
Shell-model calculations performed in the s-p-sd-pf
model space with the WBP Hamiltonian [11] predict the
ground state to be unbound to 2n emission by 0.9 MeV
and the first excited state to be a 2% level at 2.7 MeV
(E, =19 MeV), in good agreement with the present
observations (Fig. 2). No results are yet available from
ab initio approaches or the GSM. However, the three-body
model employed here and detailed below is crafted explic-
itly to explore continuum states and predicts, using the
present energy for the ground state as an input, the 2 level
at £, = 1.3 MeV.
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FIG. 2. Low-lying level schemes of the most neutron-rich
beryllium isotopes. The shaded bands represent the error bars
of the measured energies. The three columns on the right
correspond to '®Be present results, shell-model calculations
(WBP) [11], and the result of Ref. [11].

Turning to the two-neutron decay of '°Be, Fig. 2 displays
the level schemes of 41°Be [42]. Levels in "Be are of
importance in terms of whether energetically the states in
16Be can decay sequentially via '"Be and also in defining
the '“Be-n interaction for the three-body modeling of '®Be.
Although the shell model [43] and systematics of the
N = 11 isotones [44] predict the lowest-lying levels in !°Be
tobe J* =5/2%,1/2%,3/2%, only one level, believed to be
the 5/27" and lying 1.8(1) MeV above the 1n threshold with
a width of 0.58(20) MeV, has been observed in a neutron
transfer study with a 14Be beam [45]. A series of studies
using nucleon removal and fragmentation type reactions
[25,46,47], including a search for the 3n decay of levels via
the unbound 27+ state of “Be [48], have not identified any
other state. As such, energetically the '®Be ground state
must decay by direct two-neutron emission to the '“Be
ground state, whereas the 2" level may decay sequentially
via the known "Be resonance. It should be noted that decay
via any levels in Be which in turn decay via two-neutron
unbound '“Be(2F) to '?Be will not be observed in the
present channel.

Experimentally, the characteristics of the decay have
been investigated, as shown in Fig. 3, using Dalitz plots of
the normalized relative energies €;; = E;;/E,, (equivalent
to the normalized invariant masses employed in
Refs. [15,20,21]). In the absence of any interaction,
three-body phase-space decay leads to a uniform distribu-
tion within the kinematical boundary of the plot. A clear
enhancement, however, is visible at low ¢,,, for both °Be
states. No evidence is seen for sequential decay via states in
"*Be, which would manifest itself as bands in &, corre-

sponding to 14Be-n FSI [15,20]. 1t is clear, therefore, that
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FIG. 3. Top: experimental Dalitz plots of the normalized

energies '“Be-n (g4,) vs n-n (e,,) for the decay of the two
observed states in '°Be, selected by gates in Ej,, between 0-1.2
and 1.7-3.0 MeV (see Fig. 1). Bottom: theoretical spatial
probability distributions P(r,,r,) for each state in terms of the
distances “Be-nn (r,) vs n-n (r,), with the color scale ranging
from 0 to 0.12 fm™2.

both the ground and 2F levels of 'Be decay via direct
two-neutron emission.

In order to explore what may be deduced regarding the
structure of '®Be from the observed two-neutron decay,
the natural avenue is comparison with three-body
("Be + n + n) modeling, incorporating a realistic descrip-
tion of the decay. The approach used here to construct the
16Be wave function in the continuum is described in detail
in Refs. [49,50] and is based on the standard Jacobi
coordinates for three-body systems using the hyperspher-
ical formulation [51]. As such, the configurations compat-
ible with the total J” of the system are labeled
{K.¢,,¢,,¢.S,} where: £,,¢, denote the relative orbital
angular momentum between the neutrons and between the
neutron pair and the core, respectively; £ is the total orbital
angular momentum; S, is the total spin; and K is the so-
called hypermomentum that defines the effective barriers in
the hyperradial coupled-channels system.

The principal feature of the method is the definition of a
resonance operator, the eigenvalues of which describe
localized continuum structures as a combination of dis-
cretized continuum states of different energy. This allowed
the lowest 0 and 27 states in the “Be 4 n + n continuum
to be identified. Calculations were carried out using the
Gogny-Pires-Torreil n-n potential and a core-n potential
fixed by the energy of the d-wave resonance of '°Be,
supplemented by a two-parameter Gaussian three-body
force in order to fix the energy of the '°Be 07 state at
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FIG. 4. Normalized n-n energy distributions for the 0" and 2*
levels compared to the predictions of the three-body model
incorporating a realistic description of the decay (red lines,
see text).

0.85 MeV above the 2n threshold (in Ref. [S0] the energy
from Spyrou et al. [11] was employed). The two-neutron
probability densities determined for both states are shown
in Fig. 3 as a function of the distances '“Be — nn (r,) and
n-n (r,). In the case of the 0T state, the density distribution,
which is characterized by the three-lobe structure of an
essentially pure d-wave configuration, exhibits a strong
spatially compact dineutron admixture. In contrast, the 2"
level presents a quite diffuse neutron-neutron spatial dis-
tribution. In the case of the only other three-body calcu-
lation of the structure of '°Be [43], the ground state was also
found to be dominated by a compact dineutron configu-
ration, but no predictions were made for the energy or
configuration of the 2% level.

As indicated above, the energy of the 27 resonance was
computed to be 2.15 MeV (E, = 1.30 MeV), in very
good agreement with the excited state observed here.
The resonance widths were also evaluated and values of
I'(07) =0.10 and I'(27) = 0.42 MeV were found, both
smaller than experiment. The model at present, however,
treats the '“Be core as spherical and inert [49] and the
inclusion of deformed core excited states may increase the
predicted widths [50]. It may be noted that in Ref. [43] a
width of 0.17 MeV was calculated for the ground state [52],
while a value of 0.42 MeV was estimated in a simplified
picture of 2n cluster decay [53]. In both cases, however, the
input in terms of the energy of the ground state was the
higher value of the earlier study of Ref. [11] (Fig. 2).

In order to investigate the relationship between the
measurements and the predicted structure of the '%Be states
(Fig. 3), the wave functions, which are not stationary states,
were used to find the solution of an inhomogeneous
equation where the source term takes into account all
interactions (n-n, core-n, and three-body) [54]. This pro-
vides the correlations between the three bodies produced
asymptotically, in the spirit of the calculations of Ref. [55].
Figure 4 displays the results for the n-n energy distributions
(e,,) [56], after filtering through the simulations which
account for the experimental effects. The experimental ¢,,,
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spectra were obtained by fitting the Ey,, spectra with the
two resonances (Fig. 1) for each bin in ¢,,.

The comparison shows that the calculations capture the
overall trend of the measurements, which exhibit enhance-
ments for both states at small n-n relative energy. In
particular, the calculations for the decay of the 2" level
exhibit a more pronounced enhancement at small ¢,,,
although the initial state presents a rather diffuse n-n
spatial distribution as compared to the 0% level (Fig. 3).
This reflects, in part, the influence of the corresponding
initial state n-n momentum distributions which, in simple
terms, will favor small relative momenta for the 2% level
and the contrary for the more compact dineutronlike
configuration that dominates the 0% state.

Within the calculations, the more detailed form of the
relative-energy distributions is governed by the interference
between the lowest-K configurations, with weights that
shift from the dominant K = 4 terms in the initial state to
mostly K = 0, 2 asymptotically. This leads to an increase of
the relative s-wave components since they are subject to
smaller centrifugal barriers, as discussed in a more general
context in the time-dependent method of Ref. [57]. The
calculations for the decay of the 2% state deviate from
experiment above ¢,, ~ 0.7, with theory exhibiting a
minimum followed by a rise at high ¢,,. This behavior
is attributed to interference between the K =2 and 4
components of the wave function. It remains to be
determined whether more complete calculations, including
“Be core excited states and the inclusion in the core-n
potential of angular momentum channels beyond that
defined by the '"Be 5/2% resonance (namely the 1/2%
and 3/2% states when experimentally located) could
change the K and ¢ admixtures and further improve the
agreement with experiment.

In more general terms the present work underlines the
need to go beyond naive descriptions of two-neutron decay,
such as that invoked in earlier studies [10,19], including
that of '°Be [11], and employ realistic wave functions that
are properly time evolved to describe the three-body decay.
In a similar vein, techniques that employ only the effects of
the s-wave n-n FSI [58] to derive average n-n separations
in the initial states of these systems [15,20,21,59] also
suffer from major deficiencies. Indeed, in such an approach
our measured n-n energy distributions would be interpreted
in terms of a rather compact n-n spatial configuration for
the 2% state and a significantly more diffuse one for the
0" ground state [25], in contrast with the microscopic
predictions.

In summary, the structure and decay of the heaviest
known beryllium isotope '®Be has been investigated fol-
lowing proton knockout from a high-energy "B beam. The
study benefited from the enhanced luminosity offered by an
intense secondary '’B beam coupled with a thick liquid
hydrogen target, incorporating vertex detection, and a large
acceptance setup. The ground (0™) and first excited (27)

states were observed for the first time as relatively narrow
resonances, at 0.84(3) and 2.15(5) MeV above the 2n
decay threshold with widths of 0.32(8) and 0.95(15) MeV
respectively. A ground-state mass excess of 56.93(13) MeV
was thus determined, some 0.5 MeV more bound than the
only previous measurement [11]. The excitation energy of
the 27 level, 1.31(6) MeV, is in good accord with WBP
interaction shell-model calculations [11] as well as the
three-body modeling of '*Be presented here. Both states
were found to decay via direct two-neutron emission to the
1%Be ground state, despite sequential decay via '*Be being
energetically allowed in the case of the 2% level.
Realistic three-body modeling incorporating, impor-
tantly, the asymptotic properties after the time evolution
of the initial resonance wave function, was employed to
explore the two-neutron decay. The calculations were seen
to reproduce the principal features of the neutron-neutron
energy as a result of a genuine three-body decay for both
the ground and excited states of 'Be. In the case of the
former, the wave function exhibited a strong compact
dineutron admixture, while the latter presented a much
more diffuse neutron-neutron spatial distribution. In more
general terms, the approach presented here demonstrates
the importance of realistic modeling including the decay
process itself in order to investigate two-neutron decay.
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