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Two low-lying neutron-unbound excited states of 2O, populated by proton-knockout reactions
on ?°F, have been measured using the MoNA and LISA arrays in combination with the Sweeper
Magnet at the Coupled Cyclotron Facility at the NSCL using invariant mass spectroscopy. The
current measurement confirms for the first time the separate identity of two states with decay
energies 0.51(5) MeV and 1.20(7) MeV, and provides support for theoretical model calculations,
which predict a 27 first excited state and a 17 higher energy state. The measured excitation
energies for these states, 4.70(15) MeV for the 2% level and 5.39(16) MeV for the (11) level, are
consistent with previous lower-resolution measurements, and are compared with five recent model

predictions.

I. INTRODUCTION

The study of nuclear structure near the neutron
dripline has received much attention in recent years,
aided by the increasing availability of rare isotope beams.
Observed changes in nuclear shell structure far removed
from the line of stability have provided important data
for testing theoretical models. The disappearance of
magic numbers 8 and 20 far from stability were ob-
served, for example, in the low excitation energy and
large quadrupole transition rates for the first 2 states
in '?Be [1] and 32Mg [2], while the appearance of a rela-
tively large shell gap at N = 16 was suggested [3-6] and
first observed in a survey of neutron separation energies
[7]. The lack of particle-bound excited states in 2O [8],
the measured decay energy of the unbound ground state
of 250 [9], and the determination of the neutron occupan-
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cies extracted from the single neutron removal reaction
from 240 [10, 11] support this conclusion.

An additional signature for shell closure is a marked
drop in nuclear collectivity, evidenced by a high energy
for the first excited state. The two lowest neutron-
unbound excited states in 2O were measured using a
proton-knockout reaction on 26F [12]. The first ex-
cited 2% state was found to have an energy of E, =
4.72(11) MeV, providing strong support for the N = 16
shell closure and establishing 4O as a doubly magic nu-
cleus. The shape and the large width of the observed
peak led to an interpretation based on two components
with the upper resonance corresponding to the (pre-
sumed) 17 level at an excitation energy of 5.33(12) MeV.
This interpretation was guided by various theoretical cal-
culations [3-5, 13, 14] which predict a doublet of excited
states having spin/parity assignments I™ = 2% and 17
with the 17 being higher in energy. These two states
should be dominated by the 1s;/5x 0ds/, configuration.
A subsequent experiment using inelastic proton scatter-
ing from 240 at RIKEN [15] also observed a broad un-
resolved peak consistent with the earlier results. The
peak was again analyzed with two components where a
measurement of the angular distribution provided con-
firmation for a 2% spin/parity assignment for the lower
resonance [15]. Although theoretically two resonances
are expected and both experiments indicate their pres-
ence, the two states remained largely unresolved. Thus
a main goal in the current experiment was to obtain an
clear separation between the two 24O neutron-unbound



excited states by using a thinner target than in the pre-
vious NSCL experiment.

II. EXPERIMENT

The experiment was performed at the National Su-
perconducting Cyclotron Laboratory (NSCL) at Michi-
gan State University. A 76 MeV /u 2°F secondary beam
was produced by the Coupled-Cyclotron Facility from
the fragmentation of a 140 MeV /u 8Ca beam on a 987
mg/cm? Be production target. The A1900 Fragment
Separator [16] was tuned to select the 2°F fragments and
a 1050 mg/cm? Al wedge was located at its intermediate
focal plane to reduce contaminants.

The 25F beam rate was 1.2 pps/pnA with a momentum
acceptance Ap/p = 1% and a beam purity of 3.3%. The
majority of the remaining beam consisted of contami-
nant 2°Na fragments. The 26F beam particles were iden-
tified and separated from the other contaminant com-
ponents during the analysis by time-of-flight. The sec-
ondary beam was directed onto a 188 mg/cm? Be target.
Low-lying excited states of 24O are likely populated ei-
ther by the knockout of a p-shell proton in 2°F followed
by neutron emission from the continuum or by direct re-
moval of a valence proton together with a neutron [12].
These processes are indistinguishable with the present
experimental setup.

Charged fragments emerging from the secondary Be
target were deflected out of the beam path by a large-
gap superconducting dipole Sweeper Magnet [17] set to a
central track rigidity of 3.714 Tm, and directed into the
Sweeper detector chamber. Trajectories of the charged
fragments were determined using the two Cathode Read-
out Drift Chamber (CRDC) detectors, and the fragment
energy and energy loss were determined using an ion
chamber and thin and thick plastic scintillators. The
20 fragments resulting from the 2O unbound excited
state decays were separated from all other fragments us-
ing their specific trajectory and time-of-flight character-
istics.

Neutrons were detected with the Modular Neutron Ar-
ray (MoNA) [18] and the Large-area multi-Institutional
Scintillator Array (LISA). Each array consists of 144
2.0 m x 0.10 m x 0.10 m plastic scintillator bars with
photomultiplier tubes attached to each end for position
sensitivity along their length. The current experiment
served as the commissioning run for LISA. The addi-
tion of LISA results in wider angular coverage and hence
greater neutron detection efficiency for the system. This
increased efficiency along with the higher available beam-
rates allowed for use of a target 2.5 times thinner than
in the previous NSCL experiment. Target thickness is
typically the dominant contributor to the overall decay
energy resolution for invariant mass spectroscopy exper-
iments, and neutron angle resolution begins to dominate
the resolution as the target becomes very thin.

The current experiment is essentially identical to the
measurement by Hoffman et al. [12] but with higher res-

olution, since we used a target 2.5 times thinner and in-
cluded the LISA array. The energy-dependent resolution
for the current measurement was determined through
Monte Carlo simulation to be 181/ Egecay(keV)—24(keV),
which includes experimental factors such as target thick-
ness (typically a dominant contributor to overall resolu-
tion) and detector acceptances and efficiencies. Unfor-
tunately, due to a malfunction of the tracking detectors
only a total of approximately 170 230-neutron coinci-
dence events were collected. Since 230 has no particle-
bound excited states [8], the detection of fragment-
neutron coincidences sufficed to identify the 2O decays
uniquely.

III. DATA ANALYSIS

For the determination of the neutron decay energy,
kinematics of both the fragment and the neutron (di-
rection and energy) are necessary at the site of the decay
within the secondary target. Since all fragment trajec-
tories and energies are determined after passage through
the Sweeper Magnet, an inverse tracking matrix tech-
nique was used to reconstruct the momentum and energy
of the fragments at the target from the measured values
behind the magnet [19]. The neutron kinematics were
determined from the position of the first neutron inter-
action in MoNA and LISA and the time-of-flight from
the secondary target to the arrays.

The 2O decay energy spectrum (Bdecay = M2ap —
My — M,,) was then reconstructed from the invariant
mass which uses the total energies (E, E,,) and momenta
(pf,pn) of the fragment and the neutron, as well as the
angle between their decay trajectories ¢y, all measured
in the lab frame:

Mo = \/M]% + M2 +2(E¢E, —pspncosbys,) (1)

where my and m,, are the rest masses of the >0 fragment
and neutron. Figure 1 shows the decay energy spectrum
for the 170 220O-neutron coincidences. The overall spec-
trum agrees with the previous MoNA data. In spite of
the limited statistics a separate peak near 1 MeV is vis-
ible in addition to the low energy peak around 500 keV.

In order to extract resonance energies and widths
Monte Carlo simulations were performed. Resonance de-
cay peaks were modeled using energy-dependent Breit-
Wigner line-shapes as prescribed by the R-matrix for-
mulation [20] and guided by the results of the previous
measurements and shell model calculations. The lower
level has a confirmed spin-parity I™ = 2%+ [15], which de-
cays to the 220 1/2% ground state via an [ = 2 neutron.
The upper level is presumed to have spin-parity assign-
ment of 17, though that has not yet been experimentally
confirmed. For the 220 1% excited state neutron decay
to the 1/2% 230 ground state, the USD shell model cal-
culation [24] predicts a spectroscopic factor of zero for
the [ = 0 decay and about 0.9 for the [ = 2 decay. Both
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FIG. 1. (color online) Decay energy spectrum of 240. The exper-
imental data are not corrected for detector acceptances and effi-
ciencies. The data were fit with two asymmetric Breit-Wigner res-
onances (blue dot and red dash curves) and a non-resonant back-
ground (green dash-dot curve) determined through Monte-Carlo
simulation and x2 minimization.

peaks were therefore modeled using [ = 2 neutron decays.
Each Breit-Wigner line shape was then used as input to a
Monte Carlo calculation that included features of the ex-
perimental arrangement, including target energy loss and
straggling, a Glauber model for the nuclear reaction, and
the Sweeper chamber and neutron detector acceptances
and efficiencies. Simulated resonances for each of the two
peaks were produced with several different energies and
widths which then allowed a global x? minimization pro-
cedure to determine which resonance parameters best fit
the experimental spectrum. The non-resonant portion of
the spectrum arising from 2°0 neutrons was modeled us-
ing a Gaussian energy distribution with a peak energy of
15 MeV with ¢ = 7.5 Mev.

A global minimization of x? for a variety of en-
ergies, scaling factors, widths, and non-resonant neu-
tron temperatures resulted in best-fit decay energies
0.51 + 0.05 MeV and 1.20 £ 0.07 MeV, with widths
[ = 0.04705} MeV and 0.16759%% MeV for the 2+ and
(17) states, respectively. The lower limits on the width
uncertainties reflect consistency with I' = 0 within the
1o limit, and the upper limits correspond to single par-
ticle widths for the two transitions, each within the lo
limit, which are I'sp, = 0.05 MeV and I'y, = 0.22 MeV,
respectively [21]. The best fit for the data are shown in
Figure 1.

The energy levels for the 2% and (17) states are com-
puted by adding the 22O 1-n separation energy S, cor-
responding to the mass difference between 2O and 230,
to the measured decay energies. Using the separation en-
ergy for 220 adopted from the newest AME2012 Atomic
Mass Evaluation table [22], S, = 4.19(14) MeV, the en-
ergies for the two excited states are then Eo+ = 4.70(15)
MeV and E;+ = 5.39(16) MeV. Note that the previous
NSCL and RIKEN experiments each used a separation
energy S, = 4.09(10) MeV suggested by Jurado et al.
[23] in 2007, which is 100 keV lower than the more cur-
rent AME2012 value.

IV. RESULTS AND DISCUSSION

Figure 2 compares the current 2+ and (11) level de-
cay energy values with the two previous measurements
at NSCL (0.63(4) MeV and 1.24(7) MeV, respectively)
[12] and RIKEN (0.56(7) MeV and 1.06(11) MeV, re-
spectively) [15] . The data are fairly consistent with one
another.
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FIG. 2. (color online) Measured decay energies for

the 240(2t) —230(gs) + n (lower blue points) and the
240(1%) —230(g.s) + n (upper red points) neutron decays. Cur-
rent measurements (diamond) and the previous NSCL (square) [12]
and RIKEN (triangle) [15] results are shown. The current results
are generally consistent with the two previous measurements.

A comparison of the 220 2% and (17) level energies
for the three different experiments is shown in Figure 3.
For consistency, the levels for all three experiments are
computed using the same (latest) 24O neutron separation
energy S, = 4.19(14) MeV [22]. As mentioned in the
previous section, both Hoffman and Tshoo used an earlier
value of S, = 4.09(10) MeV [23] so that their energies
appear approximately 100 keV higher in this figure than
in the original papers.

It is interesting to note the different degrees of inter-
nal agreement for Figures 2 and 3. The error bars for
the decay energy data shown in Figure 2 have relatively
low overlap, the largest difference being nearly 20 be-
tween the 2009 and current NSCL/MoNA measurements
of the lower state decay. The error bars for the excited
state level energies shown in Figure 3 have more substan-
tial overlap because the uncertainties in the mass mea-
surements (needed for the energy level computations) are
larger than those in the decay energies. Figure 4 shows
the evolution of O and 230 mass measurements over
time. Of particular note is the wide variation of the 24O
mass, where the recommended value has changed by over
500 keV. High resolution mass measurements of 24O and
230 would be very valuable in order to further reduce the
uncertainty in excitation energies for neutron unbound
states.

In Figure 3 the 2*O excited state energy levels for the
current and previous measurements are compared with
four of the most recent theoretical calculations as well
as with USD, USD-05A, and USD-05B shell model cal-
culations [24]. The four recent analyses are based on 1)
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FIG. 3. (color online) A comparison of the measured 2+ (lower
blue) and (1) (upper red) energy levels in 24O (including those
from Hoffmann 2009 [12] and Tshoo 2012 [15] adjusted for the
separation energy Sn used in this paper [22]) Included also are
predictions from Brown 2015 (left to right: USD, USD-05A and
USD-05B) [24], Tsukiyama 2010 CCSM [14], and Volya 2014
CSM [25] shell model calculations, as well as ab initio calcula-
tions from Jansen 2014 CCEI model [26], and Bogner 2014 IM-
SRG model (left to right: Agy = 400,400,500,500 MeV and
Asra = 1.88,2.24,1.88,2.24 fm™—1, respectively) [27]. Hatched re-
gions correspond to level energy ranges reported in the original
citations.

a continuum-coupled shell model (CCSM) which extends
the normal shell model to include continuum states [14],
2) a continuum shell model (CSM) based on an effective
non-Hermitian Hamiltonian [25], 3) an ab initio coupled
cluster effective shell model interaction (CCEI) [26], and
4) an ab initio construction of valence-space Hamiltoni-
ans based on chiral two- and three-body nucleon inter-
actions using the in-medium similarity renormalization
group (IM-SRG) [27]. For the IM-SRG results, Azy val-
ues denote cutoffs for the 3N interaction in MeV, and
Asre values denote momentum resolution scales in fm 1.

Of the model predictions included for this comparison,
the phenomenological CCSM model [14] reproduces the
data best, with the USD [3, 4, 24] and CSM model cal-
culations [25] next best; the USD model under-predicts
the state energies by about the same amount as the CSM
over-predicts them. While both the CCEI [26] and the
IM-SRG [27] calculations over-predict the energies of the
two levels, the level of agreement is, nevertheless, impres-
sive given that these calculations are from first principle.
Of these, the CCEI calculation and the IM-SRG calcula-
tion with a Ay = 400 MeV interaction cutoff yield best
agreement with experimental data.

Figure 5 plots the difference in energy between the
(17) and 2% states for the same data and model pre-
dictions. The USD-05A and CCSM model predictions
reproduce the energy level difference quite well. The
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FIG. 4. (color online) Evolution of the 220 and 24O mass mea-
surements over time. Experimental determinations (solid circles) of
the 240 and 230 mass measurements, as well as the 1-n separation
energies Sy are shown along with the AME recommended values
(open circles). Measurement values are from references [23, 28-32]
and the recommended values are from references [22, 23, 33, 34].

ab initio model predictions yield better agreement with
the data than do the USD, USD05B and CSM model
predictions, which over-predict the energy splitting by
almost a factor of 2.
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FIG. 5. (color online) Difference in energy between the 11 and 2+
states in 240 for the three measurements (blue) and values from
theory (red). References are the same as those described in Figure
3.

V. CONCLUSION

We report a new measurement of the energies of the
first two excited states in neutron-rich 20. The new



Large-area multi-Institutional Scintillator Array (LISA)
was successfully commissioned. The overall increase in
neutron detection efficiency and higher available beam
rates allowed the use of a thinner target, improving ex-
perimental resolution over previous measurements and
allowing the states to be cleanly resolved for the first
time. The newly extracted excitation energy values of
4.70(15) MeV and 5.39(16) MeV are consistent with two
earlier measurements. The level energy uncertainties are
dominated by 2O mass measurement uncertainty and
not by the precision of the decay energy measurements.
Thus a high resolution mass measurement is required
to increase the precision of the experimental results for
comparison with theory. Such measurements are already
within reach of state of the art penning trap systems, for
example TITAN at TRIUMF [35, 36]. However, these
measurements await the development of very neutron

rich, low-energy oxygen beams at the corresponding ra-
dioactive beam facilities.
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