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Abstract. The unbound excited states of the most neutron-rich dripline oxygen isotope, 24O
(Z=8, N=16), have been investigated using the 24O(p,p′)24O∗ reaction at the beam energy of 63
MeV/nucleon in inverse kinematics at RIKEN. The 24O beam was produced in the projectile-like
fragmentation process of a 95 MeV/nucleon 40Ar primary beam on the Be production target.
The decay energy spectrum of 24O∗ in 23O+n channel was reconstructed in the invariant mass
of the neutron and the charged fragment detected in coincidence. The first unbound excited
state of 24O has been observed at Ex=4.68+0.21

−0.14 MeV (preliminary) along with the evidence for
another higher lying state at around 7.3 MeV. The energy of the former state is compared with
existing data and the results of shell-model calculations.

1. Introduction
The change in the magic number and the shell structure observed in neutron rich nuclei is

the important factor that characterizes the structure of nuclei close to drip lines. It has been
suggested that the new magic number appears at N=16 instead of N=20 for oxygen isotopes [1].
The excitation energy of the first 2+ excited state in the even-even nuclei suddenly increases
at the magic number, thereby being a strong indicator of the magic number. The first excited
state of 24O has been known to lie above the neutron separation energy, which explains the
fact that no γ-decay of 24O∗ [2] could have been observed so far. Recently, the first 2+excited
state of 24O was studied by Hoffman et al. in the proton removal reaction of a radioactive 26F
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beam [3]. However, the predicted close proximity of the first 2+ and 1+ states has hampered
the unambiguous interpretation of the data.

Here, we report on the results of the experimental investigation of the first 2+ excited state of
24O via the 24O(p,p′)24O∗→23O+n reaction in inverse kinematics at 63 MeV/nucleon performed
at RIKEN-RIBF accelerator research facility. While the proton removal reaction on 26F [3]
involves complicated reaction processes for the population of the excited states in 24O, much
simpler reaction mechanisms are expected for the (p,p′) reaction at energies above several tens
of MeV.

2. Experiment
The experiment was performed at the RIPS facility [4] operated by the RIKEN Nishina Center.

The experimental setup is similar to the preceding measurements [5,6]. A 63 MeV/nucleon
secondary beam of 24O was produced in a beryllium production target by the fragmentation of
a 95 MeV/nucleon 40Ar primary beam. The secondary beam was selected by magnetic analysis
in the fragment separator, RIPS, and the magnetic rigidity was determined from the position
measurements in parallel plate avalanche counters (PPAC) mounted at the dispersive focus
F1. The momentum acceptance was ∆P/P=±3%. The time of flight was determined from
a time difference between a thin plastic scintillator mounted at the achromatic focus F2 and
an RF signal provided by the AVF and Ring cyclotrons. The energy loss of the secondary
beam was measured by silicon detector (SSD) of 350 µm mounted at the achromatic focus
F2. Particle identification of the secondary beam was performed by the Bρ-TOF-∆E method.
The 24O secondary beam with an intensity of about 4 ions/s was directed towards a liquid-
hydrogen reaction target [7] installed at the achromatic focus F3. The target thickness was ∼160
mg/cm2 and the midtarget energy of 24O was 63 MeV/nucleon. Background measurements were
performed with an empty target cell. A schematic view of the experimental setup is shown in
Fig.1.
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Figure 1. A schematic view of the
experimental setup.

0

20

40

60

80

100

120

140

160

180

2.4 2.6 2.8 3

A/Z

C
o
u
n
ts

0

10

20

30

40

50

2.8 2.85 2.9 2.95

Accepted

24O

23O

22O

21O

20O

Figure 2. A/Z spectrum for oxygen isotopes.

The trajectory of the secondary beam was determined by tracking using two drift chambers
(NDCs) installed in front of the target. The positions and angles on the reaction target were
determined by extrapolating the track obtained with NDCs.

The charged fragments emitted from the reaction target were bent by a dipole magnet placed
downstream from the target, and their trajectories were measured by two drift chambers, MDC
and FDC, placed before and after the dipole magnet, respectively. The angles of fragments
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emitted from the target were determined by the hit position difference between the MDC
and the target. The time of flight of the fragment was measured between the thin plastic
scintillator mounted at the achromatic focus F2 and a hodoscope installed just after the FDC.
The flight length from the reaction target to the hodoscope was about 3.57 m. The energy loss
of the fragment was also measured in the hodoscope. The magnetic rigidity was determined
by measuring the trajectory of the fragment with the dipole magnet. The mass and charge
of the fragment were identified by employing the Bρ-TOF-∆E method. Fig.2 shows the mass
spectrum for the oxygen isotopes in coincidence with neutrons.

The neutrons emitted after the decay of 24O∗ were detected by a neutron-counter array
placed ∼4.5 m downstream from the target. The neutron counter array covered an angular
range +17◦∼-8◦ in the horizontal and ±4.6◦ in the vertical directions. The total thickness (4
layers) was 24 cm. The effective areas of the neutron counters were 210[W]×74[H] cm2 and
106[W]×74[H] cm2 for the 1st-2nd and 3rd-4th layers, respectively. All layers were divided into
12 segments of the plastic scintillator bar with 2-inch PMTs at both sides. The momentum
vectors of the neutrons were determined from the hit position in the neutron-counter array
and the time of flight. The horizontal hit positions were measured from the time difference
between the PMTs. The detection efficiencies of the neutron counter were estimated from the
7Li(p,n)7Be(g.s.+0.43 MeV) reaction at 70 MeV. To exclude all charged particles emerging from
the target, the veto-counters were installed just before the neutron counter.

The decay energy spectrum was reconstructed from the invariant mass of a fragment and a
neutron. The decay energy, Edecay, is expressed as

Edecay =
√

(Ef + En)2 − (Pf + Pn)2 − (Mf +Mn), (1)

where Ef (En) and Pf (Pn) are the total energy and momentum vector of the fragment (neutron),
respectively. The Mf (Mn) is the fragment (neutron) mass.

3. Results and discussion
In the 24O nucleus, 8 protons and 16 neutrons are filled up to the π0p1/2 orbit and the ν1s1/2

orbit, respectively. This proton number is a traditional magic number, Z=8, which arises from a
large single particle energy gap between the π0p1/2 orbital and the next π0d5/2 orbital. Then, the

first excited state of 24O will be attributed to the promotion of a neutron from the ν1s1/2 orbital

to the ν0d3/2 orbital, and the possible spin-parity values are 1+ and 2+ with the configuration

of (ν1s1/2)
1⊗(ν0d3/2)

1. The theoretical calculations predict that the excitation energy of the

2+ state is ∼1 MeV lower than that of the 1+ state [8,9,10]. We may expect that the angular
momentum of the neutron decaying from the 2+ state is l=2.

A preliminary decay energy spectrum of 23O+n is shown in Fig.3. The error bars are
statistical ones. The effects of finite detector acceptances were not corrected. To subtract the
contributions originating from the 22O and 24O fragments, the decay energy spectra of 22O+n
and 24O+n were normalized by the ratio of the particles measured in the given mass gates,
and the decay energy spectra of 22O+n and 24O+n were subtracted from that of 23O+n. The
simulated decay energy spectrum including the experimental resolutions and acceptances was
compared with experimental data in order to extract the resonance energy. In the simulation,
the energy dependent single Breit-Wigner line shape assuming the d-wave neutron was used
to generate the resonance shape, where the level width Γl(Edecay) was calculated from the
penetrability Pl in ref. [11]:

σl(Edecay) ∼
ΓrΓl(Edecay)

(Edecay − Er)2 + Γ2
l (Edecay)/4

, (2)
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Γl(Edecay) = ΓrPl(Edecay)/Pl(Er), (3)

By minimizing the χ2, the resonance energy of the first unbound state of 24O was determined
to be 590+160

−60 keV. This preliminary result is consistent with the previous study[3]. A new
state was observed at Edecay∼3.2 MeV, but the nature of this state has yet been unidentified
in the present analysis. The excitation energy Ex of the first excited state was calculated to be
4.68+0.21

−0.14 MeV from the relation Ex=Er + Sn by adopting the one-neutron separation energy of
Sn=4.09±0.13 MeV taken from ref. [12].
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Fig.4 shows the comparison of the observed excitation energy of the first 2+ state with that
of ref. [3], and with those of calculated shell model [8,9,10]. The calculations were carried out
in the sd model space using the code Nushell@MSU [13]. The prediction using the standard
shell-model interaction (USD) [8] underestimates the excitation energy of the 2+1 state, and
its newer versions USDa and USDb [9] overestimate the energy. The HBUSD and HBUMSD
interactions [10], which are the modified versions of the USD, reproduce the experimental results
more successfully, in particular the HBUMSD.

4. Summary
We have investigated the unbound excited state of 24O using the invariant mass method in the
23O+n decay channel via the proton inelastic scattering of 24O in inverse kinematics. The first
excited state of 24O has been observed at the decay energy of Edecay=590+160

−60 keV (preliminary)
along with the evidence for another higher excited state at Edecay∼3.2 MeV. The corresponding

excitation energy of the first excited state is 4.68+0.21
−0.14 MeV.
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