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Observation of three-neutron sequential emission from >*0*

C. Sword,! J. Brett,! T. Baumann,? B. A. Brown,?3 N. Frank,* J. Herman,* M. D. Jones,” H. Karrick,* A. N. Kuchera,’

M. Thoennessen,>>" J. A. Tostevin,” M. Tuttle-Timm,* and P. A. DeYoung'-
' Department of Physics, Hope College, Holland, Michigan 49423, USA
2National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824, USA
3Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
4Department of Physics, Augustana College, Rock Island, Illinois 61201, USA
3Department of Physics and Astronomy, University of North Carolina, Chapel Hill, North Carolina 27599, USA
6De‘partmem of Physics, Davidson College, Davidson, North Carolina 28035, USA
"Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom

® (Received 10 April 2019; published 26 September 2019)

Background: Measurements of neutron-unbound states can test nuclear models in very neutron-rich nuclei that,
in some cases, cannot be probed with other methods.

Purpose: Search for highly excited neutron-unbound states of 2O above the three-neutron separation energy.
Method: The decay energy of 2O was reconstructed using the invariant mass spectroscopy method. A 101.3-
MeV /u *’Ne beam collided with a liquid-deuterium target. Two-proton removal reactions populated excited >°O
that decayed into three neutrons and an >>O fragment. The neutrons were detected by arrays of plastic scintillator
bars, whereas a 4-Tm dipole magnet placed directly after the target redirected charged fragments to a series
of charged-particle detectors. The data were compared with detailed Monte Carlo simulations of the reaction
process and subsequent decay.

Results: The data show evidence of neutron-unbound level(s) in >0 at an excitation energy of about 9 MeV
which decay sequentially by the emission of three neutrons to 220.

Conclusion: The observation of resonance strength in 20 at about 9 MeV is consistent with shell-model and
eikonal calculations for the two-proton removal reaction from *’Ne.
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I. INTRODUCTION

The study of exotic nuclei beyond the drip lines is instru-
mental in exploring the validity of nuclear structure mod-
els in the neutron- and proton-rich regions of the nuclear
chart. In particular, these models must describe the sudden
change in the location of the neutron drip line for oxygen
and fluorine [1]. Discovery of states beyond the drip line
in these elements constrains model parameters and improves
predictions of other states. For example, a measurement of
the unbound ground state of 2O, which decays by single
neutron emission to the ground state of >*O, placed limits
on theoretical predictions for the particle stability of 260 [2].
Since then, the unbound ground state of 260 was discovered
[31], and the most recent and precise measurement of its decay
energy is 18 &£ 3 (stat) £ 4 (syst) keV [4].

Although unbound excited states have been discovered in
20 [5-7], *O [8-12], and even 2°0 [4], a recent search
for unbound excited states in 2O was unable to confirm the
observation of any excited states. The data were consistent
with a state at about 3.3 MeV, but only an upper limit for the
population of such a state was determined [13].
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Figure 1 compares the measured excited states of
230, 240, and 20O to results of calculations with the Gamow
shell model using the density-matrix renormalization-group
(GSM-DMRG) method [13] and a continuum shell model
(CSM) [14]. The unconfirmed excited state from Ref. [13] is
shown as a dashed line. Also of note in Fig. 1 are the levels
above the 20 three-neutron separation energy that should
play a role in the decay of highly excited levels of >0 via the
emission of three neutrons. In 220 and 240, these are the states
at about 50 and 700 keV above the three-neutron separation
energy, respectively [15].

The search for excited states by Jones et al. [13] was
motivated by the prediction of low-lying intruder states from
the pf shell due to the nearby island of inversion [16,17]. The
experiment utilized the 2*O(d, p) transfer reaction to attempt
to populate these states, but no evidence for any low-lying
excited states was observed.

As shown in Fig. 1, there are excited states predicted by
GSM-DMRG and CSM at or above the two-neutron separa-
tion energy (S,) that would decay by the emission of two
(low-energy) neutrons. However, the fragment acceptance of
the experiment of Jones et al. did not cover 2O fragments
from the (d, p) reaction. The present paper is based on a
second beam 2"Ne, that was simultaneously transported to the
target along with 2*O. Neutrons from the >’Ne beam were
detected in coincidence with >0 fragments, thus, offering
the opportunity to search for highly excited states of 2O

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.100.034323&domain=pdf&date_stamp=2019-09-26
https://doi.org/10.1103/PhysRevC.100.034323

C. SWORD et al.

PHYSICAL REVIEW C 100, 034323 (2019)

L] — 4_
— -

— 2_
SJL—____74:f=__;_§_O_
S e _ mo—m_ =7

a b ¢ 4

— — — 5]
I — — a b ¢
a b ¢ 8-
20+2n 20+n %0 MeV

FIG. 1. Experimental [(a), green online] and theoretical (b) and
(c) ground and excited states of 30, 20, and ¥0. The dashed
lines correspond to the two- (S,,) and three-neutron (S3,) separation
energies for 0. The theoretical levels shown in columns (b) and
(c) are from Refs. [13,14], respectively. The experimental values
were taken from the unevaluated data compilation XUNDL [15]. The
unconfirmed excited state from Ref. [13] is shown as a dotted line.

above the three-neutron separation energy (Ss,) populated in
the two-proton removal reaction. The feasibility to reconstruct
excited states decaying by the emission of three or even four
neutrons was demonstrated for the decay of excited states in
15Be [18] and in the search of *He [19], respectively.

II. EXPERIMENTAL PROCEDURE

The measurement was performed at the National Super-
conducting Cyclotron Laboratory (NSCL) at Michigan State
University. Secondary beams of neutron-rich nuclides were
produced by fragmentation of a 140-MeV/u **Ca primary
beam accelerated by the Coupled Cyclotron Facility and
separated by the A1900 Fragment Separator. The secondary
beam was composed mainly of 83.3-MeV/u 2*O (~30%)
and 101.3-MeV/u ?’Ne (~40%) nuclei. The remainder of
the beam was composed of light nuclei. Beam particles
collided with the Ursinus College liquid deuterium [(LD)
where D denotes 2H] target which had an effective thick-
ness of 650 mg/cm? [20,21]. The detector layout is shown
in Fig. 2. Charged fragments were redirected by a 4-Tm
large-gap superconducting dipole magnet (Sweeper) into two
30 x 30 cm? position-sensitive cathode-readout drift cham-
bers (CRDCs), that measure the trajectories of charged par-
ticles after the Sweeper. The charged fragments then entered a
65-cm-long ionization chamber (IC), which measured the en-
ergy loss of the fragments to determine their atomic number.
A 4.5-mm plastic scintillator behind the IC, fragment scin-
tillator (FSC), in combination with a 0.42-mm scintillator
placed before the target, target scintillator (TSC), measured
the time-of-flight (ToF) for each charged fragment.

Neutrons emitted in coincidence with oxygen fragments
were detected by the Modular Neutron Array (MoNA) and
Large multi-Institutional Scintillator Array (LISA). MoNA
and LISA are configurable arrays of 2-m-long plastic scintilla-
tor bars that detect beam-velocity neutrons. In this experiment,
13 layers of 16 bars each were centered along the beam axis
at distances of >7.74 m from the target, and five layers were
placed at 22° at distances of > 6.73 m. The position of interac-
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FIG. 2. Layout of detectors, Sweeper magnet, and target in the
NSCL experimental area.

tion points along the beam and vertical axes were determined
by the 10-cm thickness of each bar. The horizontal position
was determined by the time difference between signals read
out by photomultiplier tubes (PMTs) placed at each end of
the scintillating bars. A simulation for three-neutron detection
that includes geometrical acceptances, the actual detector
positions, and neutron detection probabilities, indicates an
efficiency of ~4% for the sequential decay described below.

Additional details can be found in Refs. [11,20] which
report the results from the *O beam. The present analysis
focuses on the data collected from the 2’Ne beam. One
difference between this paper and that detailed in Ref. [20]
is that it was not necessary to apply a charge threshold to the
neutrons beyond the hardware threshold by constant fraction
discriminators set at about 0.4 MeV.

III. DATA ANALYSIS

The incoming ?’Ne beam was selected event by event by
ToF measurements between a scintillator located at the A1900
focal plane and the TSC. 220 reaction products were then
identified isotopically by energy loss in the IC, ToF between
TSC and FSC, and the flight trajectory through the Sweeper
as measured by the CRDCs.

The total mass of 20 was calculated from the invariant of
the sum of the energy-momentum four-vectors of an 22O frag-
ment and the three associated neutrons. The decay energy was
then calculated from the difference between the reconstructed
mass of 2>0* and the sum of the masses of the three neutrons
and the 2?0 fragment. The kinematic properties of the detected
neutrons were calculated from the measured interaction points
in MoNA-LISA and from the ToF between the FSC and the
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FIG. 3. Decay-energy (a)—(e) and hit-multiplicity (f) spectra of neutron(s) in coincidence with 20 fragments. (a) Four-body (30 + 3n),
(b) three-body (**O + 2n), and (c) two-body (**O + 1n) decay-energy spectra are displayed in the top row. Neutron proximity-gated spectra
for the four- and three-body decay energies are shown in panels (d) and (e), respectively. The experimental data (black points) are shown along
with corresponding simulated data (solid green line) which are the sum of simulations of the three-neutron decay of O (red dotted line) and

continuum background contributions (blue dot-dashed line).

average of the two PMTs of a MoNA-LISA bar. Kinematic
properties of >0 fragments were calculated from an inverse
transformation matrix constructed with COSY INFINITY [22,23]
from the ion-optical properties of the Sweeper. This matrix
maps kinematic measurements of the charged particles after
the Sweeper to the kinematics at the position of the target.
The final four-body decay-energy spectra of 20O decay-
ing into 220 and three neutrons calculated in this way are
shown by the black points in Fig. 3(a). These data contain
contributions from multiple interactions of the same neutron
as well as contributions where a recoil proton deposits energy
in two adjacent bars 10 cm apart. In previous experiments, for
example, Ref. [18], causality gates set on the velocity and dis-
tance calculated between the interactions were used to reduce
these contributions. Due to the limited statistics in the present
experiment, only proximity gates were applied. These gates,
requiring interactions in MoNA-LISA to be separated by
more than 20 cm, suppressed events where scattered protons
were registered in adjacent detector bars. The proximity-gated
four-body spectrum is shown in Fig. 3(d). Although the

ungated spectrum exhibits only a peak at near 1.3 MeV, a
second peak appears at about 3 MeV in the gated spectrum.
The relative reduction of the prominence of the 1.3-MeV
peak in the gated spectrum indicates that it might be due to
events where the neutron from the decay of 2*O scatters in the
arrays and is recorded twice. At the same time the emergence
of the 3-MeV peak in the gated spectrum indicates that it
corresponds to an excited unbound state in 230O.

In addition to the four-body decay-energy spectra, further
information can be extracted by reconstructing two- and three-
body decay-energy spectra. These spectra can potentially
exhibit unbound resonances in the subsystems of **O (three-
body) and 2O (two-body). This occurs if **O and >0 are
populated in the reaction directly, or if one or two of the
three neutrons from the decay of O are not detected. The
MoNA-LISA and Sweeper system is most efficient for low
decay energies so the decay-energy spectra will preferentially
display low-energy resonances in the subsystems.

Indeed, the three-body decay-energy spectrum of 2O,
shown in Fig. 3(b), exhibits a peak due to the decay of a
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state in 2*O located about 700 keV above the two-neutron
separation energy. This is most likely the state reported in
Refs. [9,11]. Similar to the four-body spectra described above,
the enhancement at low decay energies is due to events
where the neutron from the decay of 2*O scatters in the array
and is recorded twice. This interpretation is confirmed by
the proximity-gated three-body decay-energy spectrum where
the low-energy peak due to the scattering events has been
eliminated [see Fig. 3(e)].

Finally, the two-body decay-energy spectrum (>0 + 1n)
clearly shows the low-energy resonance in O first observed
in Ref. [6]. In both this and the three-body decay, the data
are adequately reproduced by a single broad resonant state
at 3 MeV above the two-neutron separation energy. Note the
expanded scale in Fig. 3(c).

The data cannot be directly compared to theoretical calcu-
lations because detector acceptances and resolutions have to
be taken into account. Thus, detailed Monte Carlo simulations
modeling different reactions populating excited states in the
oxygen isotopes were performed. The properties of the incom-
ing beam and the target thickness were input parameters. The
outgoing fragment and neutrons from the simulated reaction
in the target were tracked to the charged-particle detectors
and MoNA-LISA, respectively. Interactions in MoNA-LISA
were modeled with GEANT4 [24] coupled with MENATE_R [25]
to properly account for the scattering in the array. Events
falling within the geometric acceptances of the detectors were
folded with the detector resolutions. Simulated two-, three-,
and four-body decay-energy spectra were then reconstructed
in the same way as the experimental data.

There are many different reaction channels available for
a high-energy >’Ne beam interacting with a liquid-deuterium
target leading to a final ?O fragment. Because the acceptance
of the Sweeper was centered at (small) forward angles and
the measured outgoing fragments were emitted essentially at
the same velocity as the incoming beam, only peripheral colli-
sions could contribute to the final measured spectra. Still there
are many different reactions to consider, including two-proton
removal to 2O, 2pln removal to >*O, or 2p2n removal to 20.
The latter oxygen isotope could also be directly populated by
the removal of an « particle. All these reactions can possibly
populate discrete low-lying resonances or unresolved highly
excited states in the continuum of these nuclides.

A simulation was made of a sequential decay process
based on a 3-MeV state in 2°0, a 700-keV state in 2*O,
and a 50-keV state in 22O (relative to the O three-neutron
separation energy). Also included in the model was a single-
neutron emission (thermal) Maxwell-Boltzmann distribution
to account for continuum background contributions. Reduced
x? fits were performed which included the five decay-energy
spectra shown in Figs. 3(a)-3(e) and the overall neutron multi-
plicity spectrum, Fig. 3(f), to determine the scale factor of the
two contributions, 2O decay and background. The energies of
the three states, excitation in 20 and two intermediate levels
were not varied in the fit.

Simulations that included significant contributions from
the direct population of the discrete states in 2O or 2*O
could not reproduce the data. They failed to describe the
relative strengths of the features in the three-body decay
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FIG. 4. Level diagram of the sequential emission of three neu-
trons from 20* observed in this experiment. The levels shown are
the same as the experimental levels presented in column (a) of Fig. 1.
The gray box indicates the resonance strength from several levels
observed in the present experiment. The arrows and energies (red)
show the sequential transitions. The dashed line is the three-neutron
separation energy. The unconfirmed excited state from Ref. [13] is
shown as a dotted line.

energy spectra, Figs. 3(b) and 3(e), and the multiplicity
spectrum, Fig. 3(f). The best fit to the data was achieved with
simulations populating excited states in 2O in combination
with the continuum background contribution. The green solid
lines in Fig. 3 show the results of the simulations including a
resonance at 3-MeV decay energy in 2°O (red dotted lines).
The background is shown by blue dot-dashed lines. The total
decay energy of this resonance is measured with respect to the
220 + 3n system and decays via a sequence of three neutrons
with energies of 2.3 MeV, 0.65 MeV, and 50 keV as shown
in Fig. 4. Adding the three-neutron separation energy of 2O
of about 6 MeV locates the state at an excitation energy of
9 MeV in #0.

IV. INTERPRETATION OF RESULTS

The observation of resonance strength at 9-MeV excitation
energy is consistent with the presence of states in this area
predicted by the GSM-DMRG [13] and the CSM [14] models
as shown in Fig. 1. The CSM model also predicts several states
just above the three-neutron separation energy at about 6 MeV.
The eikonal model approach of Ref. [26] was used to calcu-
late the probability for such states above the three-neutron
separation energy to be populated in the direct two-proton
removal reaction. The spectroscopic overlaps (two-nucleon
amplitudes) of the 2>0O* final states were calculated with the
shell-model code 0OXBASH [27]. The calculations included the
first four major shells, including the [ = 3, f shell, and both
0hw and 1w transitions were allowed.

The calculations were made with the OXBASH code rather
than the more recent NUSHELLX program [28]. The 1/iw re-
strictions require the use of basis states that have good isospin
T that can be made with the OXBASH code. The NUSHELLX
code uses a proton-neutron coupled basis where hw trun-
cations can only be performed with protons and neutrons
before they are coupled. A coupled basis that includes 17w
for protons and l/Aw from neutrons leads to the inclusion
of 2hw proton plus neutron configurations that mix with
the Ofiw configurations. Inclusion of this mixing requires a
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renormalization of the O/iw part of the WBA-M Hamiltonian
[29].

The proton configuration of the 3/2* 2'Ne ground state
is predominantly 7 (0s2)?7 (0p1/2)*7 (Op3/2)*7 (0ds/2)* and
the removal of the last two protons outside the closed p shell
selectively populates the 3/2% ground state of 2O. Accord-
ing to the eikonal calculations, 65% of the total two-proton
removal cross section (integrated up to 10 MeV) populates
the >0 ground state. In order to populate excited states, it
is necessary to remove protons from the core which leads
to negative-parity states if one proton is removed from the
p shell.

The 0xXBASH-eikonal calculations predict that six negative-
parity states between 8.8 and 9.6 MeV are each populated with
more than 3% of the ground-state population. None of the
lower-energy states have populations of more than 2%. The
total population of these six states sums up to about 25% of
that of the ground state. This implies that over 40% of the total
strength to excited states up to 10 MeV is concentrated around
9 MeV, which is consistent with the observation of resonance
strength in this region.

V. SUMMARY AND CONCLUSIONS

The work presented here provides evidence for highly ex-
cited state(s) of 20O located ~3 MeV above the three-neutron
separation energy with respect to 220. This corresponds to

an excitation energy in O of about 9 MeV. The states
were populated in two-proton removal reactions from 2’Ne
and reconstructed via invariant mass spectroscopy by mea-
suring three neutrons in coincidence with the 220 fragments.
The data were modeled as sequential decay with levels in
0 (3 MeV above the three-neutron separation energy),
240 (700 keV), and 220 (50 keV).

The population of O excited states in the reaction
¥"Ne(—2p) is dominated by the contribution where one proton
is removed from the p-shell core leading to negative-parity
states. OXBASH-eikonal calculations predict a significant frac-
tion (>40%) of the excited-state population (up to 10 MeV)
concentrated in a few states around an excitation energy of
9 MeV, which is consistent with the data.
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