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Background: Theoretical calculations suggest the presence of low-lying excited states in 25O. Previous
experimental searches by means of proton knockout on 26F produced no evidence for such excitations.
Purpose: We search for excited states in 25O using the 24O(d,p)25O reaction. The theoretical analysis of excited
states in unbound 25,27O is based on the configuration interaction approach that accounts for couplings to the
scattering continuum.
Method: We use invariant-mass spectroscopy to measure neutron-unbound states in 25O. For the theoretical
approach, we use the complex-energy Gamow Shell Model and Density Matrix Renormalization Group method
with a finite-range two-body interaction optimized to the bound states and resonances of 23–26O, assuming a core
of 22O. We predict energies, decay widths, and asymptotic normalization coefficients.
Results: Our calculations in a large spdf space predict several low-lying excited states in 25O of positive and
negative parity, and we obtain an experimental limit on the relative cross section of a possible J π = 1/2+ state
with respect to the ground state of 25O at σ1/2+/σg.s. = 0.25+1.0

−0.25. We also discuss how the observation of negative
parity states in 25O could guide the search for the low-lying negative parity states in 27O.
Conclusion: Previous experiments based on the proton knockout of 26F suffered from the low cross sections
for the population of excited states in 25O because of low spectroscopic factors. In this respect, neutron transfer
reactions carry more promise.
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I. INTRODUCTION

In recent years, the search for excited states in 25O has
led to conflicting results between experimental and theoretical
works, calling for a reexamination. Recent experimental
results [1–3] from proton knockout on 26F established the un-
bound ground state of 25O as a Jπ = 3/2+ neutron resonance
at ≈0.75 MeV relative to 24O, with a width of � ≈ 90 keV.
However, none of these studies could identify any excited
states.

In contrast, various theoretical approaches predict the
presence of excited states in 25O. For instance, the USDB
shell model (SM) [4] predicts an excited state with Jπ = 1/2+

at about 3.3 MeV above the ground state (g.s.), in relative
agreement with the continuum SM (CSM) [5] and the Gamow
shell model (GSM) [6,7]. The CSM and the GSM also predict
another narrow state with Jπ = 5/2+ at E ≈ 4.5 MeV. These
states are expected to have dominant configurations with a hole
in the neutron shell 1s1/2, which would make them difficult to
populate in proton knockout reactions.

For the negative-parity states, the situation is also unclear
because of the inconsistent predictions between various
theoretical approaches [8,9]. Negative parity states might be
present in the low-energy spectrum of 25O because of the
increasing couplings to the fp continua as one approaches the
neutron drip-line.

This can be illustrated by plotting the Hartree-Fock-
Bogoliubov canonical energies as a function of the neutron
number for 18–28O as shown in Fig. 1. The chemical potential
is also shown to indicate which shells are occupied for a given
isotope.

While the sd-shell energies stay almost constant as the
mass number increases, the canonical energies of the fp
shells decrease because of the increasing couplings to the fp
neutron continuum. This effect is even more pronounced when
the gap between the chemical potential and the last occupied
shell decreases sharply between 24O and 26O, because of the
progressive filling of the 0d3/2 shell as shown in Fig. 1.

A dramatic consequence of this reduced gap, resulting in
a clustering of canonical states around the neutron emission
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FIG. 1. Hartree-Fock-Bogoliubov (HFB) canonical energies as a
function of the neutron number for oxygen isotopes. The calculations
with the energy density functional UNEDF0 [10] were performed
by means of the HFB solver [11] based on Pöschl-Teller-Ginocchio
and Bessel-Coulomb wave functions, which properly takes the
continuum couplings into account. The chemical potential (in MeV)
is represented by a dashed line. While the ground state of 28O is bound
in these calculations, it does not significantly affect the picture. The
arrows show the decreasing energy gap between the last occupied
level and the fp levels in 24O and 26O, respectively.

threshold, is the strong dineutron correlations in the g.s. of
the two-neutron emitter 26O [2,3,12–14], which cannot be
explained without the admixture of positive and negative parity
states in the wave function [7,15–18].

The phenomenon described above is not limited to the
neutron-rich oxygen isotopes, and simply reflects the tran-
sition from a mean-field-dominated to correlation-dominated
regime as one approaches the drip line and couplings to the
continuum increase [19–25]. While several theoretical studies
investigated the role of the continuum in neutron-rich oxygen
isotopes [26–28], only few provided insight into the couplings
to negative-parity continuum states [7–9].

In this paper, we present experimental results for 25O
obtained in a neutron-transfer experiment, in which states
previously inaccessible in proton knockout can be observed.
In addition, we reexamine the existence of excited states in
25O by considering couplings to the fp continuum and make
a case for future experimental studies.

In Sec. II we present the experimental results obtained for
the 24O(d,p)25O transfer reaction and provide a limit on the
relative cross section for a possible positive-parity excited
state in 25O. The theoretical predictions for both positive- and
negative-parity states in 25O are presented in Sec. III, with a
discussion of the consequences for excited states in 27O.

II. EXPERIMENTAL METHOD

The experiment was conducted at the National Supercon-
ducting Cyclotron Laboratory (NSCL), where a secondary
beam of 24O was produced by fragmentation of 48Ca on a 9Be
target. The A1900 fragment separator was used to separate 24O
from the other fragmentation products and transport it to the
experimental area at an energy of 83.4 MeV/nucleon where

the 24O impinged upon the Ursinus College Liquid Hydrogen
Target, filled with liquid deuterium (LD2). The remaining
beam contaminants were removed by time-of-flight (ToF) in
the off-line analysis.

A (d,p) transfer reaction on 24O was used to populate
neutron-unbound states in 25O, which promptly decayed. The
reacted 24O was swept 43.3◦ by a 4-Tm superconducting
sweeper magnet [29] into a collection of position- and
energy-sensitive charged-particle detectors, where the position
and momentum at the target were reconstructed with an
inverse transformation matrix [30,31]. Element separation
was accomplished through energy loss and ToF, and isotope
identification was obtained through correlations in the ToF,
dispersive position, and dispersive angle. This technique is
described in further detail in Ref. [32].

The neutrons emitted in the decay of 25O traveled forward
toward the Modular Neutron Array (MoNA) [33] and the
Large-area multi-Institutional Scintillator Array (LISA). The
momentum vectors of the incident neutrons were determined
from their location in MoNA-LISA and ToF. Together, the
sweeper and MoNA-LISA provide a complete kinematic
measurement of the recoiling 24O and the neutron, allowing
the decay to be reconstructed. Additional information on
the experimental setup can be found in Refs. [34,35]. The
two-body decay energy of 25O is Edecay = M∗ − M24O − mn,
where M∗ is the invariant mass of the decaying system,
M24O the mass of 24O and mn the mass of the neutron. The
invariant mass of the two-body system is obtained from the
experimentally measured four-momenta of 24O and the first
time-ordered interaction in MoNA-LISA.

In this experiment the neutron transfer to unbound states
in 25O introduces an additional challenge as the fragments
of interest are identical to the unreacted beam apart from
their energy. In this respect, isotope separation is insufficient.
In order to isolate the reaction products and reduce the
background from the unreacted beam, a gate on late ToF
from the target to the end of the sweeper of tToF > 45 ns
was applied to the 24O fragments. This selection is shown in
Fig. 2, where the particle identification (PID) is shown vs. the
time-of-flight. One expects the reaction products to deviate
from the beam spot due to the dynamics of the (d,p) reaction
and the subsequent neutron evaporation. A similar selection
was made in a previous (d,p) experiment with MoNA-LISA to
isolate the reaction products [36]. To further isolate the reaction
products, a coincidence in MoNA-LISA was required with a
threshold of 2 MeV of equivalent electron energy (MeVee) and
a ToF gate on prompt neutrons was also applied.

While these requirements significantly reduce the back-
ground from unreacted beam, they do not eliminate it. For
this reason, a background measurement was taken on an
empty target. Figure 3 shows the measured neutron kinetic
energy for the full (blue solid) and empty (gray dashed)
targets with identical cuts except for the fragment ToF (due
to the change in rigidity). The empty-target data are scaled to
the integral of the full-target data for kinetic energies below
KEn < 45 MeV/nucleon, where the spectrum is dominated by
background. In the inset, the background-subtracted kinetic
energy is shown where a peak at the center-of-target energy
is evident. Only events above KEn > 45 MeV/nucleon are
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FIG. 2. Corrected particle identification (PID) vs time-of-flight
in the sweeper (tToF) for the oxygen isotopes. The black dashed line
denotes the selection of 24O, and the red solid line the selection
on time-of-flight. The (d,p) reaction products are expected to be
populated in the region of interest (denoted ROI, shaded gray).

included in the two-body decay energy, where the remaining
background contamination is 30%, with 98% of the neutron
kinetic energy distribution included.

The two-body decay energy for 25O can be found in Fig. 4,
where a peak at the previously reported ground-state energy
from proton knockout [1–3] is observed in addition to a
broad tail. To model the decay, a Monte Carlo simulation
incorporating the transfer kinematics, beam characteristics,
and subsequent decay and transport through the experimental
apparatus was used. The efficiency and acceptance of the
charged-particle detectors along with the response of MoNA
are fully incorporated into the simulation making the result
directly comparable to experiment. The neutron interactions
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FIG. 3. Neutron kinetic energy for the full liquid deuterium target
(LD2, hatched blue) gated in the ROI of Fig. 2, and empty-target
measurement (solid gray). The inset shows the background subtracted
spectrum, with a Gaussian fit (solid red).
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FIG. 4. Two-body decay energy for 24O + 1n. The best fit includes
a 830 keV resonance (dashed red), a 3.3 MeV resonance from a
possible J = 1/2+ state at σ1/2+/σg.s. = 1.0 (dot-dash, blue), and
background contributions from the unreacted beam (dash-dot-dot
green), in addition to deuteron breakup (shaded gray). The sum of all
components is in solid black.

in MoNA were modeled with GEANT4 [37] and MENATE_R

[38].
For resonant contributions, the input decay energy line

shape was assumed to be of the Breit-Wigner form:

σ�(E) ∼ �l

(E0 − E + �l)2 + 1
4�2

�

, (1)

where E0 is the peak position, �� the resonance shift, �� the
energy-dependent width. The largest background contribution
is from accidental coincidences with the unreacted beam. The
two-body decay energy line shape from the unreacted beam
was determined using the empty-target data and fixed at 30%
the total integrated counts to equal its contribution in the kinetic
energy (Fig. 3). This component is shown in green (dash-dot-
dot) in Fig. 4.

Contributions from deuteron breakup were also considered.
Since the excited states of 24O are unbound, this was modeled
as inelastic excitation of the deuteron, 24O(d,d∗)24O.

The resulting neutron from the dissociation of the deuteron
was boosted into the laboratory frame and paired artificially
with an 24O event in the simulation to construct a two-
body decay energy. Given the acceptance of MoNA-LISA,
neutrons coming from deuteron breakup are expected to
arrive with velocities between β ∼ 0.5–0.65 and β < 0.05.
Since this significantly deviates from the center-of-target beam
velocity (βbeam ∼ 0.38), the decay energy spectrum peaks at
excessively large energies. Nevertheless, the spectrum has a
low-energy tail that may still contribute to Edecay < 10 MeV.
It is therefore included as an additional component in the fitting
procedure.

The present data are sufficiently described by a single
� = 2 resonance at E = 830 ± 170 keV and are insensitive
to the width. The best-fit energy agrees well with previous
measurements: 770+20

−10 keV [1], 725+54
−29 keV [2], and 749(10)

keV [3]. There does not appear to be any additional strength
below Edecay = 1 MeV, confirming the assignment of this state
as the ground state. Due to the increased efficiency at low decay
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energies, it is unlikely for another resonance to be present in
this region.

There is a small excess of counts around Edecay ∼ 3.5 MeV
where recent GSM calculations [7] predict narrow 1/2+,
5/2+, and 7/2− resonances. The dominant configuration of
the positive parity states is built on a hole in 1s1/2 neutron
shell, while the negative parity state has a large contribution
from the fp continuum. For these reasons, these states have a
small overlap with the g.s. of 26F and hence they would not be
populated in the knockout reaction.

In principle, the (d,p) reaction can populate these states,
however, the present data are insufficient to confirm the
observation of any state in this region, and the Jπ is tentative
based on the theoretical interpretation. Only a limit can be
determined. The data are consistent with the inclusion of a
first-excited 1/2+ state at E = 3.3 MeV and � = 1 keV, with
a relative cross section of σ1/2+/σg.s. = 0.25+1.0

−0.25 with respect
to the ground state. The error on the cross-section ratio is purely
statistical and determined by χ2 analysis. While higher-lying
states may be present, the experimental data are dominated
by background contributions above Edecay = 5 MeV, and they
cannot be resolved.

III. THEORETICAL ANALYSIS

In the present paper, we investigate the excited states
of 25O in the GSM framework [39] by using a core of
22O and optimizing an effective two-body interaction to
the experimentally known states in 23–26O. The GSM is a
complex-momentum generalization of the traditional shell
model through the use of the Berggren basis [40,41]. The
Berggren basis is defined for each partial wave c = (�,j ) for
which the continuum is expected to be important in the problem
at hand, and is made of single-particle bound states, decaying
resonances, and nonresonant scattering states. The many-body
Schrödinger equation can be solved either by diagonalizing
the Hamiltonian matrix or, if this is is not feasible, by using
the density matrix renormalization group (DMRG) method
[42–44]. In the DMRG method, continuum couplings are
included progressively to an initial wave function obtained
in a truncated many-body space by adding scattering states
one-by-one, and retaining the many-body states that have large
contributions to the GSM density matrix.

The details of our implementation of the GSM-DMRG
framework strictly follow Ref. [7]. In particular, the parameters
of the core-valence potential representing the interaction
between 22O and the valence neutrons was optimized to the
single-particle states of 23O. The effective two-body inter-
action used is the finite-range Furutani-Horiuchi-Tamagaki
force [45,46], which has central, spin-orbit, tensor, and
Coulomb terms. The optimization of the interaction was
performed in Ref. [7] where we demonstrated that the sd
space was not sufficient to describe the g.s. of 26–28O, and
the fp continuum was essential to provide the necessary
couplings for the description of 26–28O. Hereafter we use
the two-body interaction reoptimized for the spdf space to
describe excited states in 25O. Our predictions for negative
parity states are shown in Fig. 5 together with results from
Ref. [7].
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FIG. 5. Energies of 23−28O obtained in the GSM and DMRG
approaches compared to experiment. The widths are marked by
shaded bands.

For 25O we predict a Jπ = 7/2− state close to the excited
positive parity states Jπ = 1/2+ and 5/2+ already predicted
in other approaches, as well as two negative parity states
Jπ = 5/2− and 3/2− at higher energy. Interestingly the same
pattern is predicted for 27O, but the negative parity states
move down in energy, and a Jπ = 1/2− state is predicted
at 10.4 MeV as shown in Table I. This echoes the pattern
described in Fig. 1 wherein the negative parity states move
down in energy with the neutron number. As a consequence,
the possible observation of negative parity states in 25O would
offer us hints about such states in 27O.

In order to inform future experimental studies, we calcu-
lated the asymptotic normalization coefficients (ANCs) [47]
between states in 24O and 25O. As shown in Fig. 6, only the
ANC between the ground states of 24O and 25O and the ANCs
between the excited positive parity states of 24O and those
in 25O are significant. The imaginary part of the ANC can
be interpreted as the uncertainty on the real part for unbound
states. In the future, the extension of the GSM formalism to the

TABLE I. Predicted energies (in MeV) and widths (in keV; in
parentheses) in 25,27O. The separation energy of the g.s. of 25,27O
with the g.s. of 24O is indicated at the bottom. It is important to note
that while the energies of excited states in 25O are fairly robust with
respect to changes of the GSM interaction parameters, those in 27O
exhibit appreciable variations.

J π E(25O) J π E(27O)

3/2+ 0.0 (51) 3/2+ 0.0 (0)
1/2+ 3.80 (0) 7/2− 3.82 (0)
5/2+ 4.39 (79) 1/2+ 4.36 (0)
7/2− 4.77 (15) 3/2− 5.43 (139)
5/2− 8.52 (89) 5/2− 5.78 (157)
3/2− 8.63 (137) 1/2− 10.4 (194)
Eg.s. − Eg.s.(

24O) 0.70 0.77
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description of (d,p) reactions could help in the identification
of possible excited states in 25O.

IV. CONCLUSIONS

The anticipated excited states in 25O were investigated from
both an experimental and theoretical point of view, based on
two assumptions: (i) that excited states in 25O might have been
missed by previous experiments using proton knockout on 26F
because of the expected structure of those states, and (ii) that
strong couplings to the fp continuum might strongly impact
the structure of the negative parity excited states in 25,27O.

On the experimental side, by using data from the neutron
transfer reaction 24O(d,p)25O, we extracted a limit on the
relative cross section of a possible Jπ = 1/2+ state in 25O and
obtained σ1/2+/σg.s. = 0.25+1.0

−0.25 with respect to the ground
state of 24O.

On the theoretical side, we studied the positive- and
negative-parity excited spectrum of 25O within the GSM-
DMRG framework by employing an effective two-body in-
teraction optimized to experimentally known states of 23–26O.
By including couplings to the large sdfp continuum space, we
predicted excited states in 25O and 27O and showed that the
negative parity states go down in energy when the number of
neutrons increases.

In summary, by critically analyzing the experimental
and theoretical situation in neutron-rich oxygen isotopes,
we provided new insights about the possible presence of
excited states in 25O, and motivated further experimental
studies employing neutron transfer reactions to study those
states. Finally, we showed how the possible observation of
negative parity states in 25O would hint into such states
in 27O.
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