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The unbound nucleus 26O has been investigated using invariant-mass spectroscopy following one-proton
removal reaction from a 27F beam at 201 MeV=nucleon. The decay products, 24O and two neutrons, were
detected in coincidence using the newly commissioned SAMURAI spectrometer at the RIKEN Radioactive
Isotope Beam Factory. The 26O ground-state resonance was found to lie only 18� 3ðstatÞ � 4ðsystÞ keV
above threshold. In addition, a higher lying level, which is most likely the first 2þ state, was observed
for the first time at 1.28þ0.11

−0.08 MeV above threshold. Comparison with theoretical predictions suggests that
three-nucleon forces, pf-shell intruder configurations, and the continuum are key elements to under-
standing the structure of the most neutron-rich oxygen isotopes beyond the drip line.
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How neutron rich can a bound nucleus be? This funda-
mental question remains to be fully answered as the location
of the neutron drip line—the point at which a nucleus is no
longer bound—has been established experimentally only up
to the element oxygen (Z ¼ 8). Theoretically, the drip line
cannot be predicted reliably even by the most sophisticated
nuclear models owing to the poorly known character of the
nuclear interaction and many-body correlations at extreme
neutron-proton asymmetry.
The behavior of the neutron drip line in the vicinity of

Z ¼ 8 is striking: it is known experimentally that the drip
line lies at N ¼ 16 for carbon, nitrogen, and oxygen while
jumping to at least N ¼ 22 for fluorine. This sudden
change, sometimes referred to as the “oxygen anomaly”
[1], has yet to be properly understood. In this context, the
nucleus 26O, with two neutrons more than the last bound
oxygen isotope—doubly magic 24O [2–4]—is a key
element to understanding this behavior. Indeed, most
theories predict 26O and/or 28O (Z ¼ 8, N ¼ 20) to be
bound [5–11]. Explanations for this overbinding may
include the effects of three-nucleon forces [1] and coupling
to the continuum [12]. The binding energy of the 26O

ground state and energies of the low-lying levels—in
particular the first 2þ excited state (2þ1 )—are, therefore,
expected to provide a stringent test of many-body theories
incorporating such effects. In addition, the 2þ1 excitation
energy is also important to examine the influence of the pf
shell orbitals and the extent of the N ¼ 20 shell gap below
the “island of inversion” [5].
The ground state of 26O has recently been found to be

barely unbound with respect to two-neutron emission—by
53 keV (1σ upper limit) in an intermediate energy reaction
study [13,14] and 120 keV (upper limit with a 95% con-
fidence level) at high energies [15]. The 2þ1 state has yet,
however, to be located. It may be noted that Ref. [15]
claimed the existence of a level at 4.2 MeV, which could be
a proton-hole state, although the statistics were limited.
This Letter reports on a precise determination of the
ground-state energy and the first observation of the 2þ1
state, by means of invariant-mass spectroscopy following
one-proton removal from a 27F beam.
Being extremely weakly unbound with respect to two-

neutron emission, 26O has also attracted attention as the
first candidate for two-neutron radioactivity. Indeed,
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recently Kohley et al. deduced a rather long half-life,
T1=2 ¼ 4.5þ1.1

−1.5ðstatÞ � 3ðsystÞ ps [16], albeit with rela-
tively large uncertainties. Theoretically [17,18], the 26O
ground state may be long lived as (1) sequential neutron
emission through 25O is energetically forbidden, (2) the
decay energy with respect to 24Oþ 2n is extremely low,
and (3) the most likely configuration is a doubly closed 24O
core and two d3=2 valence neutrons subject to the corre-
sponding centrifugal barrier. Whether 26O is in fact long-
lived depends strongly on the decay energy, while, as
noted, only an upper limit has been determined so far. The
present work will thus provide a strong constraint on the
lifetime.
The experiment was carried out at the Radioactive

Isotope Beam Factory (RIBF) operated by the RIKEN
Nishina Center and the Center for Nuclear Study (CNS),
University of Tokyo. A 27F secondary beam was produced
by projectile fragmentation of 48Ca (∼140 pnA) at
345 MeV=nucleon using a 20-mm thick beryllium target.
The secondary beam was separated and purified using
BigRIPS [19,20] operated with an aluminium achromatic
degrader of 15-mm median thickness at the first dispersive
focal plane. The momentum acceptance of BigRIPS was
�3% and the 27F beam intensity was typically 1.4 × 103

particles per second. The secondary beam was character-
ized using thin plastic scintillator timing detectors, a
multiwire proportional counter and an ionization chamber
mounted just upstream of the carbon secondary reaction
target (thickness 1.8 g=cm). The impact position on the
target and incident angles of the beam particles were
determined event by event using two multiwire drift
chambers (MWDCs). The beam energy at the target
midpoint was 201 MeV=nucleon. Data were also acquired
with the target removed in order to ascertain the contribu-
tion of background events produced by materials other than
the target. The background is subtracted in decay-energy
spectra shown later. In addition to the measurements made
of 26O with the 27F beam, data were also taken at
201 MeV=nucleon for one-proton removal from a 26F
beam leading to 25O—a system which has been studied
previously [15,21] and may serve as a reference for the
analysis procedures and simulations.
The decay products, 24O and neutron(s), were measured in

coincidence using the newly commissioned spectrometer
SAMURAI [22]. The large-gap superconducting dipole
magnet of SAMURAI, with a central magnetic field of
3 T, provided for the momentum analysis of the charged
particles. The dipole gap was kept under vacuum using a
chamber equipped with thin exit windows [23] so as to
reduce to a minimum the amount of material encountered
by both the fragments and neutrons. The trajectories of the
charged fragments were determined using two MWDCs
placed at the entrance and exit of the magnet, while a 16
element plastic scintillator hodoscope provided for energy-
loss and time-of-flight measurements. The beam velocity

neutrons were detected using the large-acceptance plastic
scintillator array NEBULA [22,24], placed some 11 m
downstream of the target. The array consists of 120 indi-
vidual detector modules (each 12 cm × 12 cm × 180 cm)
and 24 charged particle veto detectors (thickness 1 cm),
arranged in a two-wall configuration, with an interwall
separation of 85 cm.
Turning now to the results obtained for 25O, Fig. 1

displays the two-body decay energy Efn for 24Oþ n
reconstructed from the momentum vectors of the fragment
and neutron. The known 3=2þ ground-state resonance of
25O [15,21] is clearly seen. The resonance energy and
width were deduced by fitting the spectrum with a d-wave
Breit-Wigner line shape, following the prescription of
Ref. [15], after taking into account the experimental
response function. In practice this was done using a
complete simulation of the setup based on GEANT4 [25]
and employing the QGSP_INCLXX physics model for the
neutron interactions in NEBULA. The latter was adopted as
it reproduces well the single-neutron detection efficiency
and crosstalk characteristics of NEBULA which were
determined during a dedicated commissioning run with
the well-known 7Liðp; nÞ7Beðg:s:þ 0.43 MeVÞ reaction at
200 MeV [24]. The simulation included all experimental
effects as well as the beam characteristics and the reaction
kinematics. The decay-energy resolution (FWHM) was
determined to be 430 keV at Efn ¼ 750 keV. A resonance
energy of 749(10) keV and width of 88(6) keV were
deduced, where the errors quoted include both the stat-
istical and systematic uncertainties. The precision, in
particular for the width, has been considerably improved
compared to the previous measurements [15,21], owing to
the increased statistical quality of the present data. The
resonance energy obtained here is consistent with the
earlier measurements (725þ54

−29 keV [15] and 770þ20
−10 keV

[21]), while the width is in agreement [26] with that of
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FIG. 1. Decay-energy spectrum of 24Oþ n observed in one-
proton removal from 26F. The red-shaded histogram shows the fit,
after accounting for the experimental response of the setup,
assuming population of the ground state of 25O. The blue curve
represents the overall detection efficiency.
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Ref. [15] (20þ60
−20 keV) within 2σ. Compared to theory, the

present width is close to the 63 keV calculated within
the continuum shell model [27] and is also consistent with
the single-particle width for d-wave neutron decay [15,21].
Turning now to 26O, Fig. 2 displays the three-body decay

energy (Efnn) spectrum reconstructed from the 24O and two
neutrons following proton removal from 27F. Importantly,
events arising from crosstalk have been eliminated using a
causality condition based on the apparent neutron velocity
between events registered in NEBULA [24]. Moreover,
only events involving the detection of a neutron in the first
wall and another in the second wall were retained for
analysis so as to reduce the contribution of crosstalk to
negligible levels. The crosstalk rejection procedures were
adapted from those developed at lower energies [28–30]
and the details of the methods used here are described in
Ref. [24]. In addition to the ground-state resonance just
above threshold, an excited state—most likely the first 2þ
state—is clearly observed for the first time at around
1.3 MeV. On the other hand, no resonance like structure
is observed at higher energies as reported in Ref. [15].
The resonance energies of the two states were deter-

mined by fitting the 26O decay energy Efnn spectrum with
response functions obtained by the full GEANT4 based
simulation including the crosstalk rejection procedures.

In the simulations, phase space decay with zero lifetime
for the ground state was assumed as a first step. For the
excited state, sequential decay via the 25O ground state was
assumed. This assumption was confirmed by analyzing the
Efn spectrum of the binary sub-system 24Oþ n for the
excited state events. The amplitudes and positions of each
peak were free fit parameters while the widths of both
resonanceswereset tozeroas theapparentwidthswereentirely
dominated by the experimental resolution (FWHM≃
110 keV at 20 keV and FWHM≃ 540 keV at 1.3 MeV).
Theenergiesof thegroundandexcited statesdetermined in this
manner were 22þ14

−11 keV and 1.28þ0.11
−0.08 MeV, respectively.

As noted in Ref. [15], the ground-state energy may be
more precisely determined by analyzing the 24Oþ n decay-
energy spectrum for events [31] arising from the 27F beam
(Fig. 3). More specifically, the Efn distribution in the three-
body decay is well correlated to the Efnn spectrum since
Efnn ≃ 2hEfni irrespective of the decay mode (see below).
It may also be noted that the analysis of 24Oþ n coinci-
dence events has the advantage of providing a much richer
data set: some 40 times more events compared to the
24Oþ 2n data set. The peak near Efn ¼ 0 in the spectrum
corresponds to the 26O ground state decay, while the
broader structure at about 0.7 MeV arises from the decays
of the 26O excited state and the 25Oð3=2þÞ ground state
directly populated from 27F. In the fitting, the energies and
widths of the 26O excited state and the 25Oð3=2þÞ state
were fixed to the values determined above. In this manner a
26O ground-state energy of 18(3) keV was deduced, where
only the statistical uncertainty is quoted. This result is
consistent with that derived from the Efnn analysis but with
a significantly reduced uncertainty.
The effects of three-body decay modes other than phase

space decay of the 26O ground state have also been
examined. Three-body models [17,32] predict an enhance-
ment of “back-to-back” neutron emission in the center of
mass, which may be interpreted as a manifestation of the
neutron-neutron correlations [32]. Such a decay mode, when
incorporated in our simulations, results in a best fit for the
ground state resonance energy of 19(3) keV. If, instead, we
assume decay whereby the relative decay energy between
the neutrons is zero, a resonance energy of 17(3) keV is
deduced. These results demonstrate that the ground-state
energy is rather model independent. The effect of a possible
long half-life on the determination of the ground-state energy
was also investigated. Taking, for example, T1=2 ¼ 4.5 ps
[16], the fitting of the Efn spectrum provides a value of
19þ3

−4 keV, which is consistent with that obtained assuming
no lifetime. Systematic errors other than that associated with
the decay mode also arise, principally from the neutron and
24O velocity calibrations and uncertainty in the experimental
resolution (mainly from the timing resolution of NEBULA).
These two effects are estimated to generate uncertainties of
2 and 3 keV, respectively. Combining the systematic errors
(quadratic sum), we adopt 18� 3ðstatÞ � 4ðsystÞ keV as the
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FIG. 2. Decay-energy spectrum, after background subtraction,
of 26O reconstructed from the momentum vectors of the in-flight
decay products, 24O and two neutrons, from one-proton removal
from 27F. The red-solid and blue-dashed histograms represent the
best fits (including the experimental response of the setup) to
the ground and excited states, with the sum of the two shown by
the shaded histogram. The blue curve represents the overall
detection efficiency including the crosstalk rejection procedures
(see text). The inset shows the near threshold region in detail
where, in addition to the best fit result, the simulated experimental
responses for ground state decay energies of 1 keV (black-
dashed) and 100 keV (black-dotted histogram) are also shown to
demonstrate the sensitivity of the present measurements.
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26O ground state decay energy. We note that the systematic
error associated with the 26O excited state decay energy is
negligibly small, compared with the statistical one.
The ground-state energy derived here puts a constraint

on the lifetime. According to the three-body model of
Grigorenko et al. [17], an upper limit of 1 keV on the
ground-state energy may be deduced from the half-life
deduced by Kohley et al. [16], which is inconsistent with
the result presented here. Based on the relation between the
decay energy and lifetime predicted by the three-body
model, the decay energy deduced here of 18 keV corre-
sponds to a half-life of the order of T1=2 ∼ 10−17 − 10−15 s.
It should be noted, however, that this estimate is rather
model dependent. As such, further measurements to con-
strain the lifetime are to be encouraged.
The energy of the excited state of 26O is compared with

that of the 2þ1 states of other oxygen isotopes and of the
N ¼ 18 isotones in Fig. 4 together with shell model
calculation using the USDB effective interaction [33],
which reproduces well the properties of sd-shell nuclei.
The 2þ1 excitation energy determined here for 26O is much
lower than the 4.7 MeV [3,4] of 24O, confirming the
N ¼ 16 subshell closure at 24O. The USDB calculations
reproduce well the trend for the oxygen isotopes, although
the energy predicted for 26O is somewhat higher
(∼800 keV) than observed here. The character of this
discrepancy is more evident in Fig. 4(b), whereby differ-
ence between the experimental and shell-model energies

increase as Z decreases from 12 to 8. Such a behavior
indicates the importance of effects which are not incorpo-
rated in the USDB interaction.
The structure of 26O may be influenced by shell

evolution, nn correlations, and continuum effects. The
relevance of three-nucleon forces was also suggested [1].
Figure 5 provides a comparison of the presently determined
2þ1 energy with a range of calculations [33–38]. In terms of
shell evolution, intruder pf configuration may play a role
as the USDB calculation is limited to the sd shell model
space and cannot properly describe adjacent nuclei in the
island of inversion (see, e.g., Fig. 10 of Ref. [33]). Such a
conjecture is in line with recent theoretical work whereby
an extended model space was found to be important to
describe the level schemes of the neutron-rich oxygen
isotopes [39]. The effects of nn correlation have been
discussed in the context of three-body models [34,35]
under the assumption of an inert 24O core. The work of
Ref. [34] shows that the nn interaction is important in
reproducing the very low decay energy of the ground state
while it is less sensitive to the 2þ1 decay energy. Continuum
effects have been incorporated in shell model calculations
[36,37] based on well-studied phenomenological effective
interactions. In Ref. [37], the effect of continuum coupling
on level energies in very neutron-rich oxygen isotopes is
evaluated to be more than 1 MeV. In terms of three-nucleon
forces, the pioneering work by Otsuka et al. pointed out the
significance in the binding of neutron-rich oxygen isotopes
[1]. The result of an ab initio shell model calculation
[38] based on chiral nucleon-nucleon and three-nucleon
interactions, where continuum effects are not included, is
also shown in Fig. 5. Such results are promising, however,
in order to pin down the various effects quantitatively,
further developments are required. Experimentally, the next
step will be to attempt to access 28O (Z ¼ 8, N ¼ 20),
which should provide an even more stringent test of the
models.
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Finally, it is worth noting that 26O is a unique three-body
quantum system in which the ground state can decay only
by two-neutron emission with an energy of less than
20 keV (the smallest known to date). In this context, the
prediction of the three-body model [32], noted above, that
spatial two-neutron correlations are reflected by enhanced
“back-to-back” neutron emission deserves special attention
in future studies.
In conclusion, invariant mass spectroscopy of the

unbound nucleus 26O has been performed following one-
proton removal from 27F. The ground state was found to lie
only 18� 3ðstatÞ � 4ðsystÞ keV above the two-neutron
decay threshold. Such an energy favors a half-life much
shorter than that recently reported [16]. In addition to the
ground state, the first 2þ state was observed for the first
time at 1.28þ0.11

−0.08 MeV above threshold. A remeasurement
of 25O in proton removal from a 26F beam allowed the
ground state energy 749(10) keVand width 88(6) keV to be
determined with improved precision with respect to earlier
works [15,21].
Comparison of the 26Oð2þ1 Þ energy with theory suggests

that three-nucleon forces, pf-shell intruder configurations,
as well as a proper treatment of the continuum are key
elements to understanding the structure of the heaviest
oxygen isotopes. Further theoretical developments along
these lines, together with the mapping to higher mass of
the neutron drip line, as well as the spectroscopy of the
associated unbound systems are clearly desirable next steps
in understanding the limits of stability. In this context, the
present results demonstrate the power of the SAMURAI
setup combined with the intense radioactive beams of very
neutron-rich nuclei available at the RIBF-RIKEN.
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