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Neutron single particle energies have been measured in 23O using the 22O�d; p�23O� ! 22O� n
process. The energies of the resonant states have been deduced to be 4.00(2) MeV and 5.30(4) MeV.
The first excited state can be assigned to the �d3=2 single particle state from a comparison with shell model
calculations. The measured 4.0 MeVenergy difference between the �s1=2 and �d3=2 states gives the size of
the N � 16 shell gap which is in agreement with the recent USD05 (‘‘universal’’ sd from 2005) shell
model calculation, and is large enough to explain the unbound nature of the oxygen isotopes heavier than
A � 24. The resonance detected at 5.3 MeV can be assigned to a state out of the sd shell model space. Its
energy corresponds to a �1:3 MeV sized N � 20 shell gap, therefore, the N � 20 shell closure
disappears at Z � 8 in agreement with Monte Carlo shell model calculations using SDPF-M interaction.
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The question of the nuclear shell structure stability at the
driplines is fundamental and has a leading role in nuclear
physics research [1,2]. The stability of the shell closures is
marked by the size of the shell gaps measured as the energy
difference between the single particle states belonging to
different major shells. By changing the number of protons
and/or neutrons in the atomic nucleus, the energy of the
single particle states, and, consequently, the size of the
shell gaps also alters due to the interaction between protons
and neutrons. Otsuka et al. [3] pointed out the possible role
of the monopole component of this interaction in determin-
ing the magnitude of the change. For instance, a dramatic
shift of the single particle energies is predicted by moving
from 30Si to 24O due to the strong tensor interaction be-
tween the d5=2 protons and the d3=2 neutrons [3]: While
removing protons from the �d5=2 orbital, the energy of the
neutron d3=2 state (originally close to the �s1=2 state) is
increased so much that when the �d5=2 proton state is
completely emptied, it becomes near the �p3=2, �f7=2

states. Therefore, going from 30Si to 24O, the N � 20 shell
gap gradually decreases, and N � 14, 16 shell gaps de-
velop instead.

From systematic study of the neutron-rich oxygen iso-
topes the doubly closed nature of the N � 14 nucleus 22O
has been proven [4–7]; even the strength of the N � 14
shell closure was deduced to be 4.1 MeV [4]. Additionally,

no bound excited states were observed in 23;24O [4] nuclei,
which is considered as a sign for the doubly closed char-
acter of the N � 16 nucleus 24O, too. The presence of an
N � 16 shell closure was deduced also from the system-
atics of the two neutron separation energies, as well as of
the nuclear radii [8]. However, the strength of the N � 16
shell closure, which plays a crucial role in the determina-
tion of the dripline for the oxygen isotopes, has not been
determined experimentally so far. The USD shell model
calculation gives a size of 3.3 MeV for the N � 16 shell
gap making 26;28O bound by a few hundred keV [9,10].
However, if the N � 16 shell gap is a little larger (see the
improved USD05 calculations in Refs. [11,12]), one can
answer the long-standing question [13] why the oxygen
isotopes heavier than 24O become unbound while the fluo-
rine isotopes are bound up to at least 29F. For the strength
of the N � 20 shell closure at Z � 8, there are different
predictions in the sdpfmodel space ranging from 5.1 MeV
[14] down to 1.5 MeV [15]. Up to now, there has been no
experimental data accessible on the gap size, although the
recent observation of a low-lying negative parity state
intruding from above the N � 20 shell closure in 27Ne
[16–18] cannot be interpreted without a significant weak-
ening of theN � 20 shell closure going from Z � 20 to 10.

Therefore, our aim was to determine the location of the
excited states in 23O which directly gives the single particle
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energies (since both 22O and 24O are proved to be doubly
magic nuclei) suitable to deduce the size of theN � 16 and
N � 20 shell closures. Single nucleon transfer reactions
are ideal tools to map the location of these single particle
states. The excited states of 23O are suggested to be un-
bound [4]. A method often used with radioactive beams to
study unbound nuclear states is the invariant mass spec-
troscopy that was first developed to study dripline nuclei
via breakup reactions (see, e.g., Ref. [19]). As a new tool,
to obtain information on single particle energies of un-
bound states next to the dripline, we applied the invariant
mass spectroscopy combined with the (d, p) neutron trans-
fer reaction.

The experiment was carried out at the accelerator re-
search facility of the Institute of Physical and Chemical
Research (RIKEN) where a 94 A MeV energy primary
beam of 40Ar with 60 pnA intensity hit a 9Be production
target of 3 mm thickness. The schematic view of the
experimental setup is shown in Fig. 1. The reaction prod-
ucts were momentum- and mass analyzed by the RIKEN
projectile fragment separator (RIPS) [20]. The secondary
beam mainly included neutron-rich 25Ne and 22O nuclei.
The RIPS was operated at 6% momentum acceptance. The
total intensity was approximately 1500 cps having an
average 22O intensity of 600 cps. The identification of
the incident beam species was performed by energy loss
and time-of-flight (TOF). The separation of 22O particles
was complete. Two plastic scintillators of 1 mm thickness
were placed at the first and second focal planes (F2 and F3)
to measure the TOF. Silicon detectors with thickness of
0.5 mm were inserted at F2 and F3 for energy loss deter-
mination. The secondary beam was transmitted to a CD2

target of 30 mg=cm2 at the final focus of RIPS. The
reaction occurred at an energy of 34 A MeV. The position
of the incident particles was determined by two parallel
plate avalanche counters placed at F3 upstream of the

target. The scattered particles were detected and identified
by a 2� 2 matrix silicon telescope placed 96 cm down-
stream of the target. The telescope consisted of four layers
with thicknesses of 0.5, 0.5, 2, and 2 mm. The first two
layers were made of strip detectors (with 5 mm width of
each strip) to measure the x and y positions of the frag-
ments. On the basis of �E-E information, separation was
carried out among the different oxygen isotopes using the
linearized mass spectrum. The protons emitted backward
in the reaction were detected by 156 CsI(Tl) scintillator
crystals read out by photodiodes. The details of the CsI(Tl)
ball and the particle identification quality is discussed in
Ref. [21]; the � rays and protons are well separated from
each other down to 1–2 MeV energy of protons. A stack of
80 NaI(Tl) scintillator detectors (DALI2) [22] also sur-
rounded the target to detect deexciting � rays emitted by
the inelastically scattered nuclei (for details see Ref. [7]).
The neutrons coming from the decay of the produced 23O
nuclei excited above the neutron separation energy were
detected by a neutron wall consisting of four layers of
plastic scintillators placed at 2.5 m downstream of the
target. Rods of two different lengths were used to build
the wall: short neutron detectors with a dimension of
6 cm� 6 cm� 110 cm and long neutron detectors having
the same section but 210 cm length. The energy of the
neutrons was deduced from the TOF while the hit position
was determined by identifying the rod that fired (in vertical
direction) and by the time difference between the two
photomultipliers attached to the ends of the rods (in hori-
zontal direction). As a beam dump, plastic detectors of
0.5 cm and 1 cm thicknesses, used in veto mode, were
placed in front of the neutron wall.

The excitation energy spectrum of 23O shown in Fig. 2
was reconstructed from the momentum of the neutron and
the heavy ion 22O by calculating the invariant mass and
using the known neutron separation energy (2.74 MeV).

 

FIG. 1. Schematic view of the experimental setup (see text for details).
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The zero point of the time spectrum was determined in a
separate run by using the prompt � rays emitted from a
thick brass target. The neutron background mainly origi-
nates from reactions in the silicon telescope directly hit by
the secondary beam. The shaded spectrum in Fig. 2 repre-
sents this background (downscaled) which was produced
by using the same gate conditions but selecting background
events in the linearized mass spectrum of oxygen iso-
topes. Two peaks are clearly visible at 4.00(2) MeV and
5.30(4) MeV in the spectrum produced by selecting neu-
trons with their light outputs (A) larger than 10 MeVof the
electron-equivalent energy to cut the � ray-induced events
out. The spectrum was fitted by the convolution of the
background spectrum and two Gaussian functions (plotted
with thick solid lines in Fig. 2). The resolution of the peaks
meets the expectations of �200 keV FWHM deduced
from the geometrical configuration of the detector system.
GEANT4 [23] simulations were performed to determine the
efficiency of the setup in order to deduce the total angle-
integrated cross sections of the (d, p) reaction result-
ing in ��4:0 MeV� � 0:84� 0:17 mb and ��5:3 MeV� �
0:33� 0:10 mb taking into account the gates applied for
the neutron TOF and energy (see the caption of Fig. 2). The
distribution of the neutrons were assumed to be isotropic in
center-of-mass system for the neutron decay of 23O nuclei.
The quoted errors represent only the statistical uncertain-
ties in the spectra.

Furthermore, we could obtain the angular distribution
for the 4 MeV inelastic channel (see Fig. 3) having 0.9	 bin
size on the scattering angle in order to provide information
on the transferred angular momentum (‘). DWBA calcu-
lations were carried out with the code DWUCK [24] using
optical potentials 16O� d [25] for the entrance channel
and 17O� p [26] for the exit channel. These calculations

suggest a d-wave nature of the state with spectroscopic
factor Sexp�4 MeV� � 0:5� 0:1 since the angular distribu-
tion could be fitted with this assumption resulting the
smallest �2 value.

The (d, p) reaction populates the single particle states of
23O. The ground state of this nucleus is experimentally
determined to be the neutron s1=2 state [27,28], while its
first excited particlelike state is expected both by the sd
[11,12] and the sdpf [15] shell models to be the neutron
unbound d3=2 one shown in Fig. 4. [The 5=2� state of the
USD05 shell model at 2.75 MeVexcitation energy in Fig. 4
is the neutron d5=2 hole state hardly populated in the (d, p)
reaction.] The experimental value for the energy of the first
excited state, 4.0 MeV, is consistent with both shell model
calculations. This results in a 4.0 MeV sized N � 16 shell
gap at 23O, which is large enough to make the ground state
unbound in oxygen isotopes heavier than 24O as it is shown
by the USD05 calculations [11,12]. This finding explains
why the oxygen isotopic chain is relatively short.

The next excited states of the USD05 shell model are at
around 7.0 MeV [11,12]. Because of their spin and multi-
particle character, these states are expected to have small
spectroscopic factors. Thus, they can hardly correspond to
our second excited state observed at 5.3 MeV populated
with a relatively large cross section.

Extending the model space, the single particlelike states
of the sdpf shell model calculations with significant cross
sections above the d3=2 one are the p3=2 (
0:5 mb) and the
f7=2 (
20 mb) states from the fp shell [15]. Taking into
account the doubly closed nature of 22O, the excitation of a
single neutron to the fp shell should not cause a significant
polarization effect. Therefore, if we consider that the ex-
perimental 5.3 MeV state corresponds to an intruder con-
figuration from the fp shell, on the basis of the experi-
mental cross section, it might correspond to the �p3=2

 

FIG. 3. Angular distribution for the 4 MeV inelastic channel of
the 22O�d; p�23O reaction plotted together with the results of
distorted wave calculations assuming different transferred angu-
lar momentum.

 

FIG. 2. Reconstructed excitation energy spectrum of 23O.
Aneutron > 10 MeVee. Shaded spectrum represents the back-
ground (see text). In order to purify the spectrum, the neutron
TOF was confined between 25 and 48 ns corresponding to a
range of 13 MeV<Eneutron < 53 MeV.
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state with a relatively large spectroscopic factor
[Sexp�5:3 MeV� 
 1:0]. Although, with smaller possibility,
the �f7=2 state assignment with very small spectroscopic
factor [Sexp�5:3 MeV� 
 0:02] cannot be excluded.
Furthermore, the observed relative energy of the two ex-
cited states (1.3 MeV) can be considered as the size of the
N � 20 shell gap at Z � 8, which is in a good agreement
with the Monte Carlo shell model value of�1:5 MeV [15],
and is quite different from other theoretical results (see,
e.g., [14]) confirming a complete disappearance of this
shell gap in oxygen isotopes. This observation together
with the increased N � 16 shell gap basically corresponds
with the qualitative predictions made using the tensor
monopole interaction [3], which might give a possible
explanation for the large change of the neutron single
particle energies as a function of the proton number.

Summarizing our results, we have applied the method of
the invariant mass spectroscopy in combination with the
(d, p) reaction for the first time which enables us to study
single particle properties of nuclei next to the neutron
dripline. We investigated the excited states of 23O observ-
ing two unbound nuclear states at 4.0 and 5.3 MeV ener-
gies. From a comparison with shell model calculations, the
first one is the neutron d3=2 state, the energy of which gives
the N � 16 shell closure to be 4 MeV. This is large enough

to explain why 24O is the last bound oxygen isotope. The
second excited state observed in the present experiment
does not have any counterpart in the sd model space, and
corresponds to a state from the fp shell. Its energy relative
to the d3=2 state determines the strength of theN � 20 shell
closure to be 1.3 MeV and provides a direct evidence for
the disappearance of the N � 20 shell closure at Z � 8.
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FIG. 4. Excited states of 23O observed in the present experi-
ment in comparison with the shell model calculation using the
USD05 [11,12] interaction and the effective single particle
energies taken from the Monte Carlo shell model (MCSM)
calculation based on the SDPF-M interaction [15].
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