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Background: 15Be is an unbound nuclide that has been observed to decay by one-neutron emission. Shell model

calculations predict two low-lying states in its energy spectrum; however, only a single resonance has been

observed from coincident measurements of 14Be +n. It has been suggested that the yet unobserved state may

decay sequentially through the first excited state in 14Be followed by a two-neutron emission to 12Be.

Purpose: The ground state of 15Be has yet to be confirmed. A search for this predicted 15Be state by reconstruct-

ing 12Be +3n events allows a possible determination of its ground state properties.

Methods: A neutron-pickup reaction was performed with a 14Be beam on a CD2 target (where D denotes 2H) to

populate unbound 15Be states. Decay energies were reconstructed using invariant mass spectroscopy by detecting
12Be daughter nuclei in coincidence with up to three neutrons.

Results: Evidence for at least one resonance in 15Be is presented based on the reconstruction of 12Be +3n events.

Through comparison with simulations, the energy of the strongest resonance in the analyzed reaction and decay

channel is determined to be E12Be+3n = 330(20) keV.

Conclusions: The inclusion of a new 15Be state among the 12Be +3n events lower in relative decay energy than

the previous 14Be +n observations provides the best fit to the data. Because this suggested new state would be

lower in energy than the previously observed state, it is a candidate for the ground state of 15Be.

DOI: 10.1103/PhysRevC.110.064302

I. INTRODUCTION

The exploration of drip-line nuclei is an important way to

study the limits of nuclear structure. Neutron-rich beryllium

isotopes demonstrate a variety of interesting structural and

decay phenomena such as the direct emission of two neutrons

from 16Be [1–7]. To understand the details of how 16Be decays

requires measurements of the level structure of 15Be to rule

out the possibility of a sequential decay to 14Be.

The first attempt to observe 15Be used a two-proton re-

moval reaction from a 17C beam and searched for 14Be +n

coincidences with the MoNA + Sweeper detector setup at

the National Superconducting Cyclotron Laboratory (NSCL)

[8]. This reaction is expected to populate the 3/2+ state

as it has the same neutron configuration as the ground

state of the 17C beam. The authors performed shell model

calculations using NUSHELLX with the WBP Hamiltonian and

predicted a 3/2+ ground state with a nearby 5/2+ state.

However, a nonobservation was reported owing to the lack

of coincident events [8]. Spectroscopic factors from the shell

*Contact author: ankuchera@davidson.edu

model calculations were determined for the 15Be 3/2+ state

to the 2+ state in 14Be to be 1.27 and 0.084 for � = 2 and

� = 0 orbital angular momentum transfers, respectively. It

was reported that the nonobservation of 14Be +n events may

be due to the 3/2+ state decaying sequentially through the

first excited state in 14Be, which is neutron unbound. Be-

cause the lowest observed 13Be state is energetically above

the 14Be∗(2+) state, the 15Be state decaying through this state

would then proceed to the next bound isotope, 12Be, by the

emission of two more neutrons. See Fig. 1 for a level diagram

and suggested decay path.

A second experiment at NSCL with the MoNA + Sweeper

setup used a neutron-pickup reaction on a CD2 target (where

D denotes 2H). A resonance was observed decaying to the

ground state of 14Be with E14Be+n = 1.8(1) MeV, and the

authors suggested Jπ = 5/2+ [9]. This was the first obser-

vation of 15Be. The resonance was recently confirmed by a

multiple-nucleon knockout reaction from 18C at RIKEN using

the SAMURAI + NEBULA detectors [10]. A compatible en-

ergy of 1.70 ± 0.13 MeV was reported from the fitting of this

resonance in addition to a background and contributions from

the 16Be ground state. While three low-lying states have been
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FIG. 1. The solid blue arrow represents the decay path of the

previously observed 15Be state via 14Be +n events. States in 15Be

with energies greater than the first excited state of 14Be could decay

sequentially through it to 12Be +3n. This region, shown by the gray

box with dashed gray lines, is the energy range the 3/2+ state is

predicted to exist within. Energies are listed in MeV.

predicted, only one resonance was observed in each of the two

experiments. As suggested in Ref. [8], an alternative decay

path might explain the nonobservation of the other predicted

states.

The first attempt to search for three-neutron events from
15Be was performed by Kuchera et al. [11] using the data from

Spyrou et al. [8]. The two-, three-, or four-body decay energies

were simultaneously fitted using 12Be fragments and one, two,

and three neutrons, respectively. Previously observed reso-

nances in 13Be and 14Be were fixed and the simulation of a
15Be state was included with its energy as a free parameter.

Owing to low statistics, only a broad range of possibilities

could be suggested. However, there was not convincing evi-

dence for a state in 15Be being required to describe the data.

While previous calculations predicted a small overlap for

the 5/2+ state with the 2+ state in 14Be, Fortune computed

widths and spectroscopic factors indicating a significant decay

strength through this channel [12,13]. The strong support for
15Be decays through 14Be∗(2+) motivated a reanalysis of the

data from Snyder et al. [9] and is the focus of this work.

II. EXPERIMENT

The experiment was performed at the Coupled Cyclotron

Facility at the NSCL. A 59 MeV/nucleon 14Be beam was

produced from a 120 MeV/nucleon 18O primary beam by

projectile fragmentation on a Be target in the A1900 frag-

ment separator. The 14Be beam was focused onto a solid

435 mg/cm2 CD2 target. Charged particles downstream of the

target were bent 43◦ by the large-gap dipole sweeper magnet

into a suite of charged particle detectors [14]. The emitted

neutrons continued in the beam direction toward the Modular

Neutron Array (MoNA) [15,16].

Beryllium events were identified based on their energy

loss in an ionization chamber. The 12Be isotope was selected

based on its corrected time of flight from the reaction tar-

get to a large-area timing scintillator at the end of the focal

plane detector suite. Invariant mass spectroscopy was used

to reconstruct the decay energies of the unbound states of

nuclei that were produced. The first three time-ordered hits

in MoNA in coincidence with 12Be were used to reconstruct

four-body decay energies. The detection efficiency for three-

body (12Be +2n) and four-body (12Be +3n) decays are shown

FIG. 2. Three-body (black) and four-body (red) detection effi-

ciencies for the experimental setup as a function of decay energy.

in Fig. 2. The 3n efficiency in the decay energy range of

interest is approximately 1-5%. The decay energy resolution

(full width at half maximum) as a function of decay energy

for three-body (12Be +2n) and four-body (12Be +3n) decays

are shown in Fig. 3. In both cases the values are determined

from Monte Carlo simulations of the experiment and causality

cuts were applied (discussed in Sec. III). The inclusion of

causality cuts reduces the efficiency at lower decay energies

and the resolution is mainly affected by target thickness and

neutron detection position resolution. It should be noted that

the 3n values are only shown down to the decay energy values

explored in this analysis and are not an indication of the 3n

resolution and efficiency limits the experimental setup is capa-

ble of detecting. Because the analysis was specifically looking

for decays through the known 14Be resonance unbound by 280

keV, that sets a lower limit to the four-body decay energy.

More details on the experimental setup and particle identifi-

cation can be found in the original work from this experiment

in Ref. [9].

FIG. 3. Three-body (black) and four-body (red) decay energy

resolutions in full width at half maximum for the experimental setup

as a function of decay energy.
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FIG. 4. Two-, three-, and four-body decay energies are presented from left to right, respectively. Panel (a) shows the two-body decay energy

with MoNA hit multiplicity required to be 1. The inset is all two-body events. Panel (b) is the three-body decay energy with 2n causality cuts

applied. The inset is all three-body events. Panel (c) is the four-body decay energy with the 3n causality cuts applied and with the three-body

decay energy less than 1.0 MeV. The inset is all four-body events.

III. ANALYSIS

Two-, three-, and four-body decay energy spectra were

reconstructed as shown in Fig. 4. The two-body decay energy

consisting of 12Be and one neutron shows three distinct fea-

tures: a narrow peak around 110 keV, a structure around 400

keV, and a broad structure around 2 MeV. The 110 keV peak

is significantly reduced relative to the other features when the

hit multiplicity in MoNA is required to be exactly 1. This

spectrum looks similar to that seen in Fig. 1 of Ref. [17], and

the authors attributed the peak to the inelastic excitation of the
14Be beam to its 2+ state, which has been seen in [18–20]. The

other features in this spectrum are previously observed states

in 13Be [17,20–23].

The three-body decay energy spectrum has a strong peak

around 280 keV. However, decay energies with more than

one neutron are subject to cross-talk events which can make

single-neutron emissions appear as multineutron emissions.

Applying causality conditions between the distance of the

hits in MoNA and the velocity of these neutrons has been

used to enhance the number of true three-body decays rela-

tive to cross-talk events in several previous works from the

MoNA Collaboration [1,11,24–30]. In this work, the mini-

mum distance between the hits in MoNA was required to

be 30 cm and the minimum relative velocity between the

neutrons had to be greater than the average beam velocity

of 10 cm/ns. When these causality conditions were applied,

the high-energy shoulder on this peak was greatly diminished,

leaving a well-defined resonant shape consistent with the first

excited state of 14Be [18]. The features identified as coming

from 13Be in the two-body decay energy vanished when look-

ing at events with multiplicity greater than 1 with the causality

cuts applied. These conditions allowed the removal of 13Be

events from the three- and four-body decay energy spectra.

Previous attempts to reconstruct decay energies with more

than two neutrons by the MoNA Collaboration have re-

lied on simultaneous fitting of n-body decay energy spectra

[11,30,31]. The present analysis has sufficient statistics to

apply the three-neutron (3n) causality conditions to analyze

the four-body decay events. The 3n causality conditions are

applied similarly to the 2n conditions but take into account

all three of the combinations among the three neutrons. With

the event selection applied to the four-body decay energy,

a well-defined structure remained under 1 MeV. A measure

of the effect of the causality cuts was determined from analyz-

ing the simulated events. Without causality cuts, only ≈10%

of the events were events with three distinct neutrons. Once

the 3n causality cuts were applied, the fraction of true 3n

events was ≈60%. For the case of 2n emission, the causality

cuts make the fraction of true 2n events ≈90%.

Monte Carlo simulations were performed to extract the

properties of the observed resonances. Interactions of neu-

trons in MoNA were built in the GEANT4 [32] framework

with MENATE_R [33]. MENATE_R models neutron interactions

by including elastic and inelastic cross sections of neutrons

on protons or 12C, light output, and reproduces the resolution

of position and time measurements of the MoNA bars. Each

resonance is simulated with an �-dependent asymmetric Breit-

Wigner line shape. We have used the same formalism defined

in Eq. (1) of Ref. [34]. However, due to the experimental

energy resolution (see Fig. 3), there was no sensitivity to �

in the fitting. The reaction dynamics, decay processes, ex-

perimental acceptances, and resolutions of the detectors were

modeled to provide a direct comparison between simulation

and experiment. The four spectra involved in the simultaneous

fitting were the four-body with 2n causality cuts, the four-

body with 3n causality cuts, and the two- and three-body

spectra with only the events that passed the conditions on

the four-body spectra with 3n causality cuts. The unfiltered

four-body decay energy is shown in the inset of Fig. 4(c).

Figures 5 and 6 include the four-body decay energy spectra

with 2n and 3n causality cuts to see the effect that each cut

has on the spectra and confirm that the fits are consistent

across the analysis. Additionally, the different cuts would

enhance different features such as the presence of 14Be or 15Be

in the spectrum. Only events with three-body decay energy

less than 1.0 MeV were included to select events correlated

to the 14Be∗ 2+ state. The free parameters in the fitting of

the simulated states to the experimental data were the reso-

nance energy and width for the 15Be state of interest and the

relative scaling for each of the resonances. The simulations of
15Be to 12Be assumed a decay through 14Be∗(2+) followed by
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FIG. 5. The best fit only using the previously observed 14Be∗(2+) (magenta) and 15Be (green) states. The data are shown by black markers

and the sum of the simulated states is shown by the solid red line. The top panels are (a) the four-body decay energy with 2n causality cuts and

(b) four-body with 3n causality cuts and three-body decay energy less than 1.0 MeV. The bottom left and right panels are (c) the two-body and

(d) three-body decay energies, reconstructed from only the events that have made it through the 3n event selection.

a three-body phase space emission. This choice was guided by

previous theoretical calculations [8,9,12,13] and experimental

observation [17]. The direct population of 14Be∗(2+) from

inelastic excitation of the beam was also a contribution to

the fit.

IV. RESULTS

When reconstructing events with 12Be in coincidence with

neutrons, the three-body decay energy [shown in Fig. 4(b)]

has a peak near the known first excited state of 14Be. There-

fore, the first approach to fit the data only included the
14Be∗(2+) state. The simulation of this state, which had a

phase space decay with a three-body decay energy of 280

keV and width of 25 keV and � = 2, alone failed to represent

all four experimental spectra. The four-body decay energy

with 2n causality cuts in the data was lower in energy than

the simulation. The four-body decay energy strength with 3n

causality cuts was significantly underrepresented by the simu-

lation fitting to the data. The two-body decay energy strength

was underrepresented and the three-body decay energy again

had the peak of the data lower in energy.

The next approach kept the 14Be∗(2+) state and included

the previously observed 15Be resonance decaying through the
14Be∗(2+) state with parameters (E12Be+3n = 540 keV, � =

575 keV [9]) shown in Fig. 5. Panel (a) shows 12Be events

coincident with the first three time-ordered hits in MoNA that

passed through the 2n causality conditions and had a three-

body decay energy less than 1.0 MeV to reduce contributions

of higher-energy states. Panel (b) shows the same data with an

additional set of causal conditions on the third hit in MoNA.

The bottom two panels (c) and (d) are the two- and three-body

decay energies reconstructed from the events with the 3n

causality cuts. The key shows the color for each state included

in the fit with the solid red line representing the sum of all

contributions. The main peaks in the spectra again were not

well represented by the simulations.

With the first two approaches unable to describe the data,

simulations of new states in 15Be were performed with a

range of energies and widths. The best fit determined by the
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FIG. 6. The best fit with 15Be states (blue, green, gray) and the 14Be∗(2+) state (magenta). The data are shown by black markers and

the sum of the contributions from different states is shown by the solid red line. The top panels are (a) the four-body decay energy with 2n

causality cuts and (b) four-body with 3n causality cuts and three-body decay energy less than 1.0 MeV. The bottom left and right panels are

(c) the two-body and (d) three-body decay energies, reconstructed from only the events that have made it through the 3n event selection.

minimum χ2 of the simulation and data is shown in Fig. 6.

The spectra are dominated by a state in 15Be and the first

excited state in 14Be that are 330 and 280 keV above the
12Be ground state, respectively. An additional 15Be state was

included at 2 MeV which also decays through the 14Be∗(2+)

state to improve agreement with the high-energy data of the

four-body decay spectra with causality cuts. Its strength was

determined to be relatively weak compared to the low-energy

state. The energy of this high-energy state is comparable to the

high-energy structure included in the 14Be +n decay energy fit

in Ref. [9].

A new state of 15Be unbound to 12Be by 330(20) keV, in

addition to the two previously observed states and a higher-

lying state, best described the data. An upper limit on the

width of this state was determined by the minimization to

be � = 200 keV with an optimal value of � = 110 keV. The

relative strengths of the new state and the 14Be∗(2+) state

vary depending on the width. Comparable results are obtained

when the strengths are nearly equal if the 15Be width is narrow

(<10 keV). The best fit with the width of 110 keV has the

15Be state 2.7 times stronger than the direct population of the
14Be∗(2+) state (shown in Fig. 6). When the 3n causality cuts

are applied to the simulated data for the 14Be state, the peak

is significantly reduced compared to the data. This provides

strong evidence for the need to include a 15Be resonance to

describe the experimental data. The four decay energy spectra

can only be simultaneously fitted when a low-energy state in
15Be is included. The spectra were not sensitive to the orbital

angular momentum of the included resonance.

Figure 7 shows a comparison between experimental data

and simulation for correlations in two-dimensional space of

three-body versus two-body decay energies on an event-by-

event basis with causality cuts included. This is similar to

what was done in the analysis for two-neutron emission from
24O [24]. The bottom panel shows the experimental result

while the top panel shows the result from the simulation

which includes the 14Be and 15Be states discussed with the

one-dimensional histogram fitting. This comparison provides

additional evidence for the results obtained through decay

energy fitting with detailed simulations.
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FIG. 7. Top panel: Simulated three-body decay energy plotted on

the vertical axis vs the two-body decay energy on the horizontal axis

including 3n causality cuts. Bottom panel: Same parameters plotted

for the experimental data.

V. DISCUSSION

Shell model calculations predicted 15Be to have a 3/2+

ground state and a nearby 5/2+ state [8]. These calculations

were done using the WBP Hamiltonian with restrictions that

protons remained in the p shell and that the neutron excitations

were in the p and sd shells. The measurements of 15Be thus

far have suggested the observed state to be the 5/2+ state

[9,10]. This could mean that the newly observed state in this

work is the 3/2+ ground state. It was also predicted that there

is a strong overlap between the 3/2+ state and the first 2+

state in 14Be. While the spin-parity could not be confirmed

in this work, the interpretation of a 3/2+ state sequentially

FIG. 8. The solid blue arrow represents the decay path of the

previously observed 15Be state. The dashed red arrows represent

the suggested decay paths used in this work. All energies listed are

in MeV.

decaying through the 2+ in 14Be followed by two-neutron

emission to 12Be is consistent with the observations. It should

also be pointed out that the best fit to data also includes a

small branch of the previously observed 15Be state through

this intermediate state in 14Be. This possibility was suggested

in Ref. [12]. A suggested decay scheme is shown in Fig. 8.

One challenge in confirming that this new state is unique

from the previously observed state is the uncertainty on the

mass excess of 14Be. The 2020 Atomic Mass Evaluation

reports a mass excess with an uncertainty of 130 keV for
14Be [35]. The uncertainty on 12Be is only 1.9 keV [35]. An

improved mass measurement is needed to confirm that the

resonance observed in this decay channel is unique from the

previously observed resonance [9,10].

VI. CONCLUSION

Evidence for neutron unbound 15Be states has been pre-

sented from the reconstruction of events with 12Be and three

neutrons. These events originated from a neutron-pick up

reaction with a CD2 target and 14Be beam. The energy of

the dominant state, determined through simultaneous fitting

of two-, three-, and four-body decay energy spectra simula-

tions to data, is 330(20) keV. This is about 100 to 200 keV

lower than the previously observed state decaying by one-

neutron emission to the 14Be ground state. [9,10]. Because of

the energy of this state, it is a candidate for the ground state

of 15Be. However, due to the uncertainty in the 14Be mass

excess, improved mass measurements are needed to confirm

this level ordering. If confirmed, these measurements would

agree with shell model calculations and continue to rule out

the possibility of a sequential decay of the ground state of
16Be, consistent with the observation of direct two-neutron

emission [1,7].
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