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The neutron unbound ground state of 25O (Z � 8, N � 17) was observed for the first time in a proton
knockout reaction from a 26F beam. A single resonance was found in the invariant mass spectrum
corresponding to a neutron decay energy of 770�20

�10 keV with a total width of 172(30) keV. The N � 16
shell gap was established to be 4.86(13) MeV by the energy difference between the �1s1=2 and �0d3=2

orbitals. The neutron separation energies for 25O agree with the calculations of the universal sd shell
model interaction. This interaction incorrectly predicts an 26O ground state that is bound to two-neutron
decay by 1 MeV, leading to a discrepancy between the theoretical calculations and experiment as to the
particle stability of 26O. The observed decay width was found to be on the order of a factor of 2 larger than
the calculated single-particle width using a Woods-Saxon potential.
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The determination of the limit of nuclear stability is one
of the fundamental questions in nuclear physics. The loca-
tion of the neutron drip line is only known for the lightest
isotopes, and the recent discovery of 40Mg and 42Al
demonstrates that the nuclear force is not well understood
for neutron-rich nuclei [1]. One continuing puzzle exists in
the mass A � 20–30 region where, experimentally, the
oxygen isotopes are known to have an abrupt end at 24O
(N � 16) [2–5], while the fluorine (Z � 9) isotopes ex-
tend to at least 31F (N � 22) [6]. This sudden change in the
nuclear binding is believed to be the result of an increased
shell gap, defined as the energy difference between the
�1s1=2 and �0d3=2 single-particle levels, at neutron number
16 (N � 16) [7]. The relatively large energy difference
between the single-particle orbitals results in a new shell
closure (magic number) at N � 16 for the neutron-rich
oxygen isotopes. The emergence of this new magic number
has been attributed to the presence of a neutron skin or halo
[8] and the tensor force [9,10].

Although some evidence for the N � 16 shell gap has
been reported [8,11,12], a direct measurement of the
�0d3=2 single-particle energy at the oxygen drip line had
not been performed. A measurement of this orbital deter-
mines the ground state binding energy of 25O, the first
oxygen isotope beyond the neutron drip line, along with
the size of the N � 16 shell closure. Theoretical predic-

tions of the stability of the next even-even oxygen isotope
(26O) have differed considerably [13–17]. The universal sd
(USD) [13] shell model interaction and the finite range
droplet model [16] (FRDM) both predict an 26O ground
state that is bound to two-neutron decay; however, strong
experimental evidence suggests that it does not exist [2,3].
The Hartree-Fock-Bogoliubov (HFB-8) model [17] and the
USD05a [15] interaction both reproduce the oxygen drip
line correctly, but the HFB-8 model, in particular, drasti-
cally underestimates the last bound fluorine isotope to be
27F (N � 18). Therefore, a mass measurement of 25O adds
significant constraints on the theoretical calculations for
the binding of 26O.

In this Letter we report on the first mass measurement of
25O, populated in a one-proton stripping reaction from a
secondary 26F beam. Invariant mass spectroscopy is used to
reconstruct the unbound 25O ground state on an event-by-
event basis from a full momentum measurement of the
neutron and the 24O fragment. This is the first time this
technique has been employed for such a heavy isotope
beyond the neutron drip line. Until the present work, 16B
was the heaviest neutron unbound ground state for which
spectroscopic information was available [18].

An 85 MeV=u secondary beam of 26F was produced at
the National Superconducting Cyclotron Laboratory
(NSCL) at Michigan State University from the fragmenta-
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tion of a 140 MeV=u 48Ca20� primary beam on a
987 mg=cm2 Be production target. The A1900 fragment
separator [19] was optimized for the isotopic selection of
26F and utilized a 1050 mg=cm2 Al wedge that was located
at its intermediate focal plane. The momentum acceptance
was limited to �p=p � 2% and a secondary beam purity
of 50% was achieved. The 26F beam was identified event
by event by its time of flight, and was focused on a
470 mg=cm2 Be reaction target at a rate of �20 pps.

The charged fragments exiting the target were deflected
by the large-gap Sweeper magnet [20], and were recorded
by position and energy sensitive detectors. A novel partial
inverse matrix technique [21] was used to reconstruct the
momenta of the 24O fragments at the point of breakup.
Neutrons were detected around 0� with the Modular
Neutron Array (MoNA) [22]. Further details about the
experimental setup and analysis procedures are described
in Ref. [23].

The mass of 25O was calculated from the fragment (Ef)
and neutron (En) total energies, corresponding momenta
(pf, pn) and their relative opening angle (�) according to

 M �
�����������������������������������������������������������������������
m2
f �m

2
n � 2�EfEn � pfpn cos��

q
(1)

where mf and mn are the 24O and neutron rest masses. The
measured kinetic energies for coincidence 24O fragments
and neutrons are shown by the data points in Figs. 1(a) and
1(b), along with the reconstructed opening angle (in the lab
frame) between the 24O-n pairs [Fig. 1(c)]. The final
energy and angle resolutions of the 24O fragments were
0:84 MeV=u and 7.2 mrad FWHM, respectively. Neutrons
emanating from the 25O decays were reconstructed with
4.2 MeV FWHM energy resolution and 19.4 mrad FWHM
angular resolutions.

The neutron decay energy is directly related to the mass
via Edecay � M�mf �mn, and is shown by the data
points in Fig. 2. A single resonance was observed and a
Monte Carlo simulation was carried out to extract the
decay energy and width. The simulation accounted for
the geometric acceptances of the neutrons and fragments
as well as the detector responses. Angular straggling of
fragments in the target and a Glauber reaction model
were also included. The experimental resolution
(FWHM) for the 25O! 24O� n decay was found to scale

as 18
������������������������
Edecay�keV�

q
and 40

������������������������
Edecay�keV�

q
� 700�keV� below

and above Edecay � 1 MeV, respectively.
The distribution of the neutron decay was simulated with

a single resonance in addition to a nonresonance contribu-
tion of beam velocity neutrons with a Maxwellian distri-
bution. The resonance was described by a single-level
Breit-Wigner line shape as given by the prescription in
Ref. [24]. The energy dependent width, � � 2Pl�E��

2,
where � is the reduced width and Pl�E� is the penetrability
function, represents the total decay width when evaluated
at the resonant energy (Edecay). The distribution was found

to be insensitive to the size of the channel radius (a
between 5.44 and 5.83 fm). The energy shift (�) can be
expressed in terms of the shift function (Sl�E�) and the
boundary condition parameter (B), � � ��Sl�E� � B��

2.
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FIG. 1 (color online). Measured 24O fragment kinetic energies
(a), neutron kinetic energies (b), and their relative decay angle
(c) are shown by the data points with their statistical errors. The
results of Monte Carlo simulation are shown by the solid black
lines which are comprised of the sum of the resonant (red,
dotted) and nonresonant (blue, dashed) contributions to the
decay spectrum (see text).
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FIG. 2 (color online). The reconstructed neutron decay energy
spectrum of 25O is shown by the data points. The solid black line
shows the simulated line-shape composed of a resonant (red,
dotted) (Edecay � 770 keV, � � 172 keV, l � 2) and nonreso-
nant (blue, dashed) contribution (ratio 3:25:1). The inset shows a
contour plot of the �2 dependence (N � 19 degrees of freedom)
of the Breit-Wigner parameters for decay energy (Edecay) and
total width (�). The red (dotted) and blue (dashed) contours
represent the 1 and 2 � limits, respectively.
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The boundary condition was set so as to eliminate the shift
energy at the resonant energy, i.e., B � Sl�Edecay�. An
angular momentum value of l � 2 was used because the
ground state of 25O is predicted to be a 3=2� state [13–15]
decaying to the 0� ground state of 24O.

The decay energy and total width were determined by a
minimum �2 fitting to the decay spectrum. The resonant
energy, partial width, energy of the Maxwellian distribu-
tion and the amplitudes of the resonant and nonresonant
contributions were all free parameters of the fit. The simu-
lations were convoluted with the experimental resolution to
allow for a direct comparison with the experimental data. A
resonance energy of Edecay � 770�20

�10 keV and a width of
� � 172�30� keV were the best fit to the data. The lines in
Fig. 2 show the sum (black, solid) of the best fit, combining
a resonance contribution (red, dotted) and a nonresonance
background contribution (blue, dashed). The simulated
data also reproduces all of the other experimental observ-
ables. The simulated fragment and neutron kinetic energies
and the opening angle are shown as solid lines in Fig. 1.

The determination of the mass of 25O from the resonance
energy is dependent on the mass of 24O. A recent experi-
ment on neutron-rich nuclei remeasured the mass of 24O,
adopting a mass excess of 18600(100) keV [25], 470 keV
below the currently accepted value of 19070(240) keV of
the atomic mass evaluation (AME) [26]. The 25O mass
excess is then 27440(110) keV and 27910(245) keV for
Ref. [25] and the AME, respectively. For all calculations
and comparisons to theoretical results in this paper, the
more recent measurement has been adopted.

The resonance energy can be used to determine the size
of the N � 16 shell gap, given by the energy difference
between the �1s1=2 and the �0d3=2 single-particle levels.
Taking a closed-shell (0p� 0h) configuration for the 24O
ground state, the �0d3=2 single-particle energy is the dif-
ference in binding energies between the 25O and 24O
ground states (the observed decay energy), �0d3=2 �

770�20
�10 keV. The single-particle energy of the �1s1=2 orbi-

tal is given by the 24O–23O ground state’s energy differ-
ence, �1s1=2 � �4:09�13� MeV. The single-particle
energies for the two orbitals are plotted on the left-hand
side of Fig. 3. The size of the N � 16 shell gap is then
�0d3=2 � �1s1=2 � 4:86�13� MeV. It should be noted that
the use of the AME mass excess would reduce the N � 16
shell gap size to 4.39(25) MeV due to a change in the
location of the �1s1=2 level (�1s1=2 � �3:62�25� MeV).
The experimental �0d3=2 energy, however, is unaffected by
the mass excess and as is described below, it is this orbital
location that is most crucial to understanding the differ-
ences between the theoretical predictions and the oxygen
drip line.

The experimental single-particle energies are compared
to calculations using the USD [13], USD05a [15] and
SDPF-M [14] shell model interactions and are shown as
lines in Fig. 3. Compared to the original USD interaction,

the USD05a interaction resulted from a more recent fit to
experimental data, whereas the SDPF-M interaction in-
cludes the pf model space and an adjustment to the
0d5=2 � 0d3=2T � 1 two-body matrix element. While all
three interactions agree on the energy of the �1s1=2 level,
surprisingly only the original USD interaction reproduces
the experimental �0d3=2 energy. The USD05a and SDPF-
M interactions over-predict the location of the �0d3=2 level
and thus the 25O decay energy by �0:5 MeV and
�1:2 MeV, respectively.

This observation is in contrast to the recent measurement
of the N � 16 shell gap in 23O which agreed with the
calculation using the USD05a interaction [12]. In that
work the 3=2� energy level was found to be 4.00 MeV
above the 1=2� [27,28] ground state, giving the difference
between the �1s1=2 and �0d3=2 orbitals. This value is
compared to the measured shell gap at the drip line and
the different shell model calculations on the right side of
Fig. 3.

The energy of the �0d3=2 orbital is key to understanding
the drip line since it is the main component in determining
the binding energy of the 26O ground state. To illustrate its
effect, the one- and two-neutron separation energies are
plotted for 23–26O in Fig. 4. The Sn and S2n for 25O are
derived from the present result, and its ground state energy
is sensitive to the �0d3=2 single-particle energy. The theo-
retical predictions using the USD, USD05a, and SDPF-M
shell model interactions reproduce the experimental data
up to the drip line; however, above this they diverge in their
predictions of the 25;26O neutron separation energies. The
differences in the predicted separation energies of the three
interactions for N � 17 and 18 are due mostly to the
energy variation of the �0d3=2 single-particle level (see
Fig. 3).
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FIG. 3 (color online). The experimental (data points) and
theoretical [13–15] (lines) single-particle energies (SPE) for
the �1s1=2 and �0d3=2 orbitals at N � 16 are shown on the
left. The difference between these SPEs is shown for Z � 8,
N � 15 [12] and 16, giving the N � 16 shell gap size. Errors are
shown if they are larger than the symbol size.
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As mentioned earlier, it is surprising that the original
USD interaction reproduces the present measurement.
Especially, because this interaction, if correct, predicts
26O to be bound with respect to two-neutron decay by
1 MeV, which is inconsistent with the experimental obser-
vations [2,3]. The USD05a and SDPF-M interactions
having �0d3=2 orbitals that lie higher in the continuum,
result in predictions of a negative value for the S2n of 26O
(� 510 keV for the USD05a interaction and �77 keV for
the SDPF-M interaction) in agreement with experiment
[2,3]. The increased binding energy of 26O for the SDPF-
M comes from a small (� 20%) 2p� 2h excitation into
the fp shell, which is not possible with the USD or
USD05a interactions as they are confined to the sd
single-particle space.

A possible cause for the reduction in the energy of the
�0d3=2 orbital at the drip line could be correlations with the
continuum. Although the two-body matrix elements for the
aforementioned interactions do implicitly include reso-
nance effects through their fitting to experimental data,
the continuum is not explicitly handled. Current work is
underway to directly include the unbound �0d3=2 orbital
into shell model calculations for the neutron-rich oxygen
isotopes [29].

The observed decay width (172(30) keV) is about a
factor of 2 larger than the single-particle decay width of
�sp � 79 keV, calculated for the l � 2 ground state neu-
tron decay of 25O at 770 keV. The calculation was per-
formed with a Woods-Saxon potential optimized by
matching the single-particle states in 17O (5=2�, 1=2�

and 3=2�). The large decay width might be explained by
the extended root-mean-square matter radius observed for
the ground state of 24O (3:19� 0:13 fm) [30]. Modifying a
Woods-Saxon potential by increasing the diffuseness and/
or radius to simulate the extended matter distribution,
resulted in larger single-particle widths, consistent with
the observed result. A neutron skin or halo [31,32] in the

ground state of 24O could present an explanation for the
large matter distribution and hence the large decay width;
however, determination of the proton (charge) distribution
is needed.

In conclusion, the mass of 25O has been measured for the
first time. The size of theN � 16 shell gap was determined
at the oxygen drip line, and a lowering of the �0d3=2 orbital
was observed. The neutron separation energies for 25O and
the location of the oxygen drip line could not be simulta-
neously explained with either the USD, USD05a or SDPF-
M shell model interactions, and the effects of the contin-
uum must be investigated. The large decay width observed
is consistent with an extended matter radius for the ground
state of 24O.
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