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Excited states in 13O were investigated using inelastic scattering of an E/A=69.5-MeV 13O beam
off of a 9Be target. The excited states were identified in the invariant-mass spectra of the decay prod-
ucts. Both single proton and sequential two-proton decays of the excited states were examined. For
a number of the excited states, the protons were emitted with strong anisotropy where emissions
transverse to the beam axis are favored. The measured proton-decay angular distributions were
compared to predictions from distorted-wave born-approximation (DWBA) calculations of the spin
alignment which was shown to be largely independent of the excitation mechanism. The deduced
13O level scheme is compared to ab initio no-core shell model with continuum (NCSMC) predic-
tions. The lowest-energy excited states decay isotropically consistent with predictions of strong
proton 1s1/2 structure. Above these states in the level scheme, we observed a number of higher-spin
states not predicted within the model. Possibly these are associated with rotational bands built on
deformed cluster configurations predicted by antisymmetrized molecular dynamics (AMD) calcula-
tions. The spin alignment mechanism is shown to be useful for making spin assignments and may
have widespread use.

I. INTRODUCTION

A number of recent measurements have shown that the
inelastic excitation of fast beams can result in excited
states with strong spin alignment parallel and antipar-
allel to the beam axis [1–4]. This spin alignment was
observed only when the target nucleus remained in its
ground state after the reactions. Hoff et al. showed this
alignment was due to a matching condition in grazing col-
lisions and not dependent on the excitation mechanism
but could be understood from general principles [2, 3].
For an excited state with the same parity as the beam,
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Hoff et al. showed that this matching condition largely
restricts collisions to those where the magnitude of the
orbital angular momentum was unchanged. If the pro-
jectile’s spin changes, angular momentum conservation is
achieved by the tilting of the orbital angular momentum
vector during the reaction.

While this spin alignment mechanism had previously
been observed in inelastic excitations to states of known
spin, its general applicability may portend to widespread
use in making spin assignments for newly observed states.
In this work we will utilize this spin alignment mechanism
to assign, or restrict, spins of 13O levels produced in in-
elastic scattering on 9Be target and identified with the
invariant-mass method.

The Z=8 closed shell starts to quench as one ap-
proaches the proton drip line at 13O. Therefore, we ex-
pect to observe a number of low-energy single and multi-
ple ~Ω configurations. Some evidence for these has been
observed in its mirror 13B [5–7], but the spectroscopy of
13O is quite sparse with only the ground state is particle
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bound. While ab initio calculations of nuclear structure
are restricted to light nuclei, most such calculations do
not consider coupling to the continuum. The no-core
shell-model (NCSM) approach [8–10] has been exten-
sively applied to many particle-bound states in light nu-
clei. It has recently been extended to include coupling to
the continuum [11–13] and therefore the newly observed
13O excited states in this work provides a suitable test of
this extension.
A description of the experiment is presented in Sec. II

and the experimental results are given in Sec. III. The
spin assignments of the observed levels are discussed in
Sec. IV and the theoretical calculations with the no-core
shell model with continuum (NCSMC) are presented in
Sec. V. Section VI discusses the structure of the observed
states with a comparison to the NCSMC predictions and
finally the conclusions of this work are given in Sec. VII.

II. EXPERIMENTAL METHOD

The data were obtained at the National Superconduct-
ing Cyclotron Laboratory at Michigan State University,
which provided a 16O primary beam at 150 MeV/A. This
primary beam bombarded a 193-mg/cm2 9Be target, and
13O fragments were selected by the A1900 magnetic sep-
arator. Upon extraction from the separator, this 69.5-
MeV/A secondary beam had a purity of only 10%. To
remove the substantial contamination, the beam was sent
into an electromagnetic time-of-flight filter, the Radio
Frequency Fragment Separator [14], and emerged with
a purity of 80%. The final secondary beam impinged on
a 1-mm-thick 9Be target with an intensity of 103 pps and
the charged particles produced were detected in the High
Resolution Array (HiRA) [15] consisting of 14 ∆E-E [Si-
CsI(Tl)] telescopes 85 cm downstream of the target. The
array subtended a polar angular range of 2.1◦ to 12.4◦.
Each telescope consisted of a 1.5-mm-thick, double-sided
Si strip ∆E detector followed by a 4-cm-thick, CsI(Tl)
E detector. The ∆E detectors are 6.4 cm × 6.4 cm in
area, with each of the faces divided into 32 strips. Each
E detector consisted of four separate CsI(Tl) elements
each spanning a quadrant of the preceding Si detector.
Signals produced in the 896 Si strips were processed with
the HINP16C chip electronics [16].
The energy calibration of the Si detectors was obtained

with a 232U α-particle source. The particle-dependent
energy calibrations of the CsI(Tl) detectors were achieved
with cocktail beams selected with the A1900 separator.
Data from this experiment pertaining to the formation
of 11O, 11N, 12O, 12N, and 13F resonances has already
been published in Refs. [17–21].

III. RESULTS

Distributions of the excitation energy obtained with
the invariant-mass method for the p+12N and 2p+11C
channels are shown in Figs. 1(a) and 1(b), respectively.
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FIG. 1. Excitation-energy spectra for transverse decay deter-
mined with the invariant-mass method for 13O excited states
produced in the inelastic scattering of an 13O beam. (a) shows
the distribution obtained for the p+12N exit channel while (b)
shows the distribution for the 2p+11C exit channel. For the
latter, events with excitation energies above 4.3 MeV have
been subdivided into those associated with the 2+ and 2−

intermediate states in 12N. The results for the 2+ interme-
diate state have been shifted up the y axis for clarity. The
solid-red curves show fits to these spectra with contributions
from individual levels shown by the dotted-green curves and
the background contributions by the dashed-blue curves. The
fitted levels are identified with a label (see Table I).

The best invariant-mass resolution is obtained by only
including events that decayed transversely, i.e. the
heavy core fragment is emitted transversely to the beam
axis from the moving parent 13O∗ fragment [22, 23].
The transverse gate used to produce these spectra is
|cos θC | < 0.2 where θC is the emission angle of the core
from the beam axis in the parent’s center-of-mass frame.

In the p+12N spectrum in Fig. 1(a), we see five peaks
associated with levels which are referred to in the subse-
quent discussions by the labels 1 to 5 in ascending order
of excitation energy. In the 2p+11C spectrum one can
also separate a similar number of peaks, but here they
are associated with sequential two-proton decay through
either the 2+ first excited state of 12N or the 2− second
excited state. To help separate the peaks at the higher
excitation energies (E∗ > 4.3 MeV) where they overlap,
we have put gates on these intermediate states, via the
p+11C invariant mass, producing two spectra. The levels
associated with these observed peaks are labeled A to F
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again in ascending order of excitation. Peaks A and B

were observed in [24] and were shown to undergo sequen-
tially proton decays through the 2+ and 2− intermediate
states of 12N, respectively.
The invariant-mass spectra were fit to extract centroids

and decay widths of the observed levels, which are listed
in Table I and a level scheme is shown in Fig. 2. The
fits assumed intrinsic Breit-Wigner line shapes for the
narrower levels with the experimental resolution incor-
porated via Monte-Carlo simulations [22]. The simu-
lated experimental resolution at the centroid of peak 2

is 230 keV FWHM, while for peak B, the resolution is
180 keV. For the wider levels (labeled 1, 5, E, and F ),
we have used intrinsic lines shapes from the R-matrix for-
malism [25] and the listed centroids and widths are given
as the poles of the S-matrix for these resonances. In
Fig. 1, the fitted distributions (solid-red curves) are the
sum of the individual peaks (dotted-green curves) plus
a smooth background (dashed-blue curves) which repre-
sents the contributions from non-resonance breakup and
wide unresolved resonances.
The peak labeled F in Fig. 1(b) sits under the high-

energy tail of the more intense peak D and is not fully
resolved. Without including this peak, the background
would need to be peaked in this region to obtain a good
fit, so its presence is significant, but its exact location
and width is not well constrained. In the fit in Fig. 1(b),
we have forced its width to have the same value as for
peak E in the 12N2+ -gated spectrum with the assumption
that peaks E and F could represent two decay branches
of the same level. However, the best fit occurs when the
centroid of F is ≈250 keV higher in energy suggesting it
may represent a separate level. Due to the difficulties in
constraining this peak, we will not consider it further.

A. Comparison to previous studies

The 13O level scheme from this work is compared to
those from previous studies in Fig. 3. From an R-matrix
analysis of p+12N resonant elastic scattering using the
inverse-kinematics, thick-target technique, a Jπ=1/2+

first excited state was found at E∗=2.69(5) MeV with
a decay width of 350-550 keV [27]. The width is con-
sistent with our peak 1, but the centroid is ≈260 keV
higher in energy. For the latter, this could be partly due
to different definitions of the resonance energy which di-
verge as a state becomes wider. This previous work also
suggested a 3.29(5)-MeV level with spin of either 1/2−

or 3/2− and width ≈75 keV. We do not see any evidence
for this state.
Peaks at E∗=2.75(4), 4.21, and 6.03(8) MeV have been

observed in the 13C(π+,π−) reaction [28, 29]. The lowest
of these is consistent with the energy of 1/2+ state from
the elastic scattering study. The 6.02-MeV state is quite
wide with a FWHM of 1.2 MeV and is possibly associated
with peaks E and F in the present work. The 4.21-MeV
peak in that work is most consistent with peak 4 of this
work.

In the 14O(p,d) reaction, Suzuki [30] observed excited
states at E∗=2.8(3) and 4.2(3) MeV which decayed to the
ground state of 12N. These are consistent with peaks 2

and 4 in this work. From the angular distribution of the
outgoing deuterons, the 4.2(3)-MeV state was assigned a
spin of either 1/2−, 3/2−, 3/2+, or 5/2+.

A lower-energy (E/A=30.3 MeV) inelastic-scattering
study was also performed with the invariant-mass
method [24], but the statistics were significantly reduced
compared to the present work. Peaks 2, A, and B were
observed in that study but at 20-50 keV lower in excita-
tion energy. That study also discussed whether peaks 2

and A could be decay branches of the same state. With
the higher statistics of this work we determine their de-
cay widths are consistent and the shift between the cen-
troids is only 45(7) keV. Small shifts between the cen-
troids of two decay branches are possible due to the dif-
ferent energy dependencies of the barrier penetration fac-
tors across the resonance, but should be much less than
the intrinsic width of the state. However in this case,
the shift is approximately equal to the extracted decay
widths of ≈55 keV for the two peaks. Also the relative
yield of the two states determined in the lower-energy ex-
periment was 29(8)% (peak 2 ) and 71(8)% (peak A), sig-
nificantly different from values of 51(3)% and 49(3)% re-
spectively we obtain in the present study after correcting
for the detection efficiency. This strongly suggests that
these two peaks arise from two separate states. Peaks 3
and B are separated by only 29(2) keV, but this shift is
also large compared to their extracted widths, thus sug-
gesting these two are associated with separate levels as
well.

B. Decay Angular Distributions

Previous studies of inelastic scattering with fast beams
have shown the possibility of achieving strong spin align-
ment if the target nucleus remains in its ground state
after the inelastic scattering [1–4]. Figure 4 shows the
distributions of target excitation energy deduced from
the center of mass of the p+12N and 2p+11C events as-
suming two-body kinematics for inelastic scattering re-
actions. Both distributions display a prominent peak at
E∗

target=0 MeV, the width of which is consistent with the
expected resolution. The distributions extend to hun-
dreds of MeV, which is very substantial for such a light
nucleus. It not clear whether our assumption of two-body
kinematics is correct for these events and possibly other
reaction mechanisms contribute to the high-energy tail.
The dotted vertical line in this figure shows the delimiting
value of excitation energy used to separate ground-state
and excited target nuclei in the subsequent analysis.

The angular distributions of the decay protons in the
parent 13O∗ center-of-mass frame for peaks 1 to 5 are
shown in Fig. 5 for events where the target fragment
remained in its ground state. These distributions have
been corrected for the detection efficiency determined
with Monte Carlo simulations [22]. Forward emission
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TABLE I. Levels of 13O extracted in this work with the fitted excitation energy E∗, decay width Γ, spin assignments Jπ, and
labels from Fig. 1. The proton decay energies Ep for decay to the ground and excited states 12N are also listed. Only the
statistical error on the centroids are listed, but there is an additional systematic uncertainty of 8 keV. The spins of the 12N
daughters following proton emission are also listed.

E∗ Ep Γ 12N daughter Jπ peak label

(MeV) (MeV) (keV)

2.428(12) 0.916(12) 358(19) 1+ 1/2+ 1

3.006(1) 1.494(1) 55(19) 1+ 3/2+ 2

3.051(7) 0.578(8) 54(19) 2+ 5/2+ A

3.692(2) 2.180(2) 53(21) 1+ 3/2+, 5/2+, 5/2− 3

3.721(1) 1.019(7) 10(19) 2− 3/2+, 5/2+, 5/2− B

4.287(4) 2.775(4) 170(25) 1+ 3/2+, 5/2+ 4

4.866(12) 1.293(14) 103(37) 2+ 1/2+, 1/2−, 3/2− C

4.892(22) 3.380(22) 323(27) 1+ 7/2+ 5

5.483(5) 2.765(8) 204(41) 2− 7/2− D

5.951(10) 3.478(12) 875(68) 2+ 7/2+, 7/2− E

≈6.2 ≈ 5.0 2− F

parallel to the beam axis corresponds to θp=0◦.
The peaks observed in the 2p+11C channel correspond

to sequential two-proton decay through 12N intermediate
states. The emission energies of the two protons are dif-
ferent enough that these can be separated. See Ref. [24]
for a discussion of the correlations between the protons
for peaks A and B and the identification of the first
and second emitted proton. The angular distributions
of the first and second emitted proton for peaks A-E are
displayed in Fig. 6(a) and 6(b), respectively, for events
where the target nucleus remains in its ground state.
The distributions of the second-emitted proton in

Fig. 6(b) are all consistent with isotropic emission. The
2+ intermediate state is expected to decay by s-wave pro-
ton emission. Even if there is some small d-wave admix-
ture in its wavefunction, the barrier penetration factor
at a decay energy of 360 keV will suppress d-wave decay.
Thus we expect the observed isotropic decay.
The 2− intermediate state can proton decay to the

ground state of 11C by p1/2 and/or p3/2 proton emis-
sions. Pure p1/2 decay is trivially isotropic, but we find
also that pure p3/2 decay in this particular case is also
isotropic. The only source of any anisotropy would be
from an interference between p1/2 and p3/2 decay com-
ponents and would be observed in the angular distribu-
tion only if there was a strong spin alignment of this
intermediate state. For peak D for which we inferred
strong spin alignment in Sec. IV, the spin alignment
of the 2− intermediate state after proton emission was
found to be significantly reduced. The maximum devia-
tion from isotropy is for strong interference between the
p1/2 and p3/2 emissions where the proton angular distri-
bution which is flat within 12%. This is consistent with
the experimental data.
In contrast to the second-emitted proton, the angular

distributions for the first-emitted proton show a range
of behaviors with some consistent with isotropic emis-
sion (peaks 1, 2, A, and C ) and some with very strong

anisotropies (peaks 3, 5, D and E ). While proton emis-
sion associated with events where the target nucleus re-
mains in its ground state can have significant anisotropies
in their angular distributions, those associated with ex-
cited target nuclei have isotropic or near-isotropic angu-
lar distributions. For example, the angular distributions
of the first protons for peaks A to D are shown in Fig. 7
where they are all reasonably fit with flat, isotropic de-
pendencies. The results were found to be similar for the
peaks in the p+12N spectrum with E∗

target > 0. These
angular distributions indicate that the E∗

target > 0 events
are not associated with any significant spin alignment. A
similar dependence of the spin alignment on E∗

target for

fast 7Be projectiles was observed in Ref. [1].

C. Dependence of Yields on Target Excitation

Energy

When subdividing the detected events according to
E∗

target, we found that the observed peaks could be
cleanly separated into two groups. Figure 8 compares the
13O invariant-mass distributions gated on the ground-
state (red histograms) and excited (blue histograms) tar-
get nuclei. Only for peaks 3, B, and D are the yields
stronger for the E∗

target > 0 gate. To make this more
quantitative, peak yields for the two gates were fit, cor-
rected for detector efficiency, and the ratio R of events
with E∗

target = 0 to those with E∗
target > 0 is plotted

verses projectile excitation energy in Fig. 9. Most peaks
have R ≈1.0 while the aforementioned peaks have R > 2.
For the peaks with the low R values, there is a small de-
pendence on the projectile excitation energy which was
fit by the solid green line. The black dotted line in Fig. 9
is the same dependence scaled by a factor of 2.4 and
reproduces the dependence of the remaining levels. The
separation between these two groups is remarkably clean.
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While a full understanding of this result is beyond this
work given that there are uncertainties to the reaction
mechanisms populating the higher E∗

target values, it does
suggest that the states with similar R values have similar
structure.

IV. DWBA CALCULATIONS AND SPIN

ASSIGNMENTS

The peaks associated with the anisotropic proton de-
cays must have spins greater then J=1/2. Further re-
strictions to their spins can be obtained from knowledge
of their spin alignment in the reactions. In the excitation

of 7Li and 7Be projectiles from their 3/2− ground state to
the 7/2− excited state, large spin alignments were found
when the target nucleus remained in its ground state and
it was argued that this was largely independent of the ex-
citation mechanism but was based on general arguments
[2, 3]. In this work, we assume the proton decays from
the observed levels can only be s, p, and d-wave in na-
ture giving us a maximum possible spin of 9/2+ for decay
to the excited states of 12N. These are the only proton
single-particle orbitals expected to have significant occu-
pancy for the range of excitations considered in this work.
Indeed no higher ℓ-wave resonances were predicted in this
range in the ab initio calculations of Sec. V. We assume
that spin-dependent forces which can induce spin-flips
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are not very important and the reactions are associated
mainly with normal parity transitions induced by central
forces [31], i.e, the parity changes for odd multipolarity
transitions and remains unchanged for even multipolar-
ities. The spin of the target nucleus was shown to be
unimportant in Ref. [3] where similar spin alignments for
7Li excited state was observed with both a J=3/2 9Be
and a spin-zero 12C target.
We have made distorted-wave Born approximation

(DWBA) calculations with the code FRESCO [32] as-
suming both single-particle excitations, a rotational
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the proton being emitted along the beam axis. These distri-
butions are for the peaks observed in the p+12N exit channel
were the target fragment is not excited. See Fig. 1 and Table I
for level labels. All distributions has been corrected for the
detection efficiency. The lines guide the eye.

model, and specifying the reduced matrix element for
a particular multipolarity K [31]. The resulting m-state
probability distributions P (m), using the beam axis as
the quantization direction, are shown in Fig. 10 for pos-
sible spins and parities of the excited projectile. Due to
the choice of the quantization axis, these distributions
are symmetric about m=0 [1]. The m-state distributions
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show little dependence on the assumed reaction mech-
anism and the parameters used such as in the various
optical-model potentials and the coupling parameters.
This observation confirms that the P (m) distributions
are defined by general arguments. This is especially true
when the very small projectile scattering angles are ex-
cluded as in the experiment. The black lines in Fig. 10
show predicted P (m) distributions integrated over all
scattering angles, while the red lines are where the small-
est scattering angles are excluded, i.e, θC.M. > 4◦ which
approximately matched the experimental low-angle ac-
ceptance of the HiRA array. We note that the P (m)
distribution must change as one approaches θC.M.=0◦

where projection of the projectile-target orbital angular
momentum is restricted to zero. In this case, the m-state
of the projectile is unchanged during the reaction.
The solid lines in Fig. 10 show results where a partic-

ular multipolarity K is specified, i.e. using the lowest
possible value consistent with angular momentum and
parity conservation. This corresponds to K=1 for 3/2+

and 5/2+ states, K=2 for 3/2−, 5/2−, and 7/2− states,
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K=3 for the 7/2+ states and K=4 for 9/2− states. The
results for the rotational model are shown as the long-
dashed lines for the 5/2−, 7/2−, and 9/2− states. Single-
particle excitations are shown as the short-dashed lines.
Many of these different calculations overlap and it is dif-
ficult to distinguish them in the figure.

Given the lack of sensitivity of the predictions to the
input parameters, we will not give the details of the cal-
culations. For single-particle excitations, we have consid-
ered both proton and neutron excitations. For example
in excitation of the 5/2− level, we have considered the
excitation of a 1s1/2 proton to the 0d5/2 orbital and the
excitation of a 1p3/2 neutron to the 1p1/2 orbital. When
the optical-model or coupling parameters of a particu-
lar calculation are modified, the changes in the predicted
P (m) distributions are similar to those seen in Fig. 10
when changing the reaction mechanism.

Using the P (m) distributions predicted by FRESCO
for θC.M. > 4◦ we have calculated the angular distri-
butions for the proton decay to the ground and excited
states of 12N. In many cases, admixtures of different pro-
ton ℓ, j decays are possible. In such cases, the angu-
lar distributions have contributions from each of the ℓ, j
components plus interference terms. We note that for
an admixture of s and d-wave decay, it can only take
a few percent of d configurations to produce significant
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FIG. 8. Comparison of 13O excitation-energy distributions
obtained with the invariant-mass technique where the target
nucleus remains in its ground state (blue histograms) or is
excited (red histograms). Otherwise the gating condition as
the same as in Fig. 1 except that there is now no gate on
transverse decay in order to compare total yields.

anisotropy in the decay as long as there is significant spin
alignment. In these cases, the anisotropy is produced
predominantly from the interference term. For an 3/2−

spin assignment, the m-state distribution is predicted to
be flat in Fig. 10(d) and hence the proton angular dis-
tribution will be isotropic. For other candidate spin as-
signments, the amplitudes of the different possible ℓ, j
components are varied to best reproduce the experimen-
tal angular distributions. We now turn to discuss the fits
to each of the experimental angular distributions which
are shown in Fig. 11.

1. Peak 3

As seen in Fig. 11(a), only a spin assignment of 7/2+ al-
lows a good reproduction of the experimental data. This
state proton decays to the 1+ ground state of 12N by the
emission of a d5/2 proton and there is only one fit param-
eter, the overall normalization factor, used to reproduce
the data. The fit has a χ2/ν=1.24.
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FIG. 9. The ratio R of E∗
target = 0 to E∗

target > 0 yields for
the observed 13O states plotted as a function of the projectile
excitation energy. The yields were obtained from fits to the
histograms in Fig. 8 corrected for detector efficiency. The
horizontal error bars are the fitted widths of the states.
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θC.M. > 4◦.

2. Peak 4

We equate this state to the 4.2(3)-MeV level identi-
fied by Suzuki [30] which was assigned a spin of either
1/2−, 3/2−, 3/2+, or 5/2+. The first two possibilities
are associated with isotropic emission inconsistent with
observation, therefore the parity of this state is positive
with J=3/2 or 5/2. Figure 11(b) shows that identical fits
are obtained with these two spins and hence the angular
distribution does not provide further restrictions on the
spin assignment.

3. Peak 5

Like peak 3, only a 7/2+ spin assignment can repro-
duce the experiment angular distribution [Fig. 11(c)] so
this state also decays to the 1+ ground-state of 12N by
d5/2 proton emission. This fit has a χ2/ν=0.86.

4. Peak B

Spin assignments of Jπ=3/2+, 5/2+, and 5/2− pro-
duce essentially identical fits in Fig. 11(d) and best re-
produce the data. These assignments fit the data with
χ2/ν=0.4 and the next best fit with Jπ=7/2− (solid blue
curve) has χ2/ν=2.0 and was thus discarded. For a 5/2−

assignment, identical fits can be obtained with different
combinations of the s1/2, d5/2, and d3/2 amplitudes. If
we ignore the d3/2 component, then the fit indicates pre-
dominantly s-wave decay with a 16(5)% d5/2 component.
However, the d3/2 component can also be included with
contributions up to 13.6%. For the positive-parity spin
assignments, the angular distributions were fit with an
admixture of p1/2 and p3/2 decays with the former re-

stricted to either 86(4)% or 18(4)% for the 5/2+ value
and to either 67(8)% or less than 2% for the 3/2+ value.

5. Peak D

This state was best fit with a 7/2− spin assignment
giving χ2/ν=0.83. As this states decays to the 2− state
of 12N, both d3/2 and d5/2 proton emissions are possi-
ble giving us two fit parameters, i.e. the amplitudes of
each component. In the fit, the d3/2 component was not
tightly restricted but must fall in range from 27% to 92%.

6. Peak E

Fits to the angular distribution for peak E in Fig. 11(f)
show only spin assignments of 7/2+ and 7/2− are possi-
ble with χ2/ν=1.09 and 1.66, respectively. For a 7/2+

assignment, the fit corresponds to an admixture of d5/2
plus d3/2 proton emission with the former restricted to

the range from 14% to 63%. For the 7/2− assignment,
only p3/2 proton decay is possible.

V. NCSMC CALCULATIONS

To study properties of 13O and its mirror 13B theoret-
ically, we apply the no-core shell model with continuum
(NCSMC) [11–13] and use chiral nucleon-nucleon (NN)
and three-nucleon (3N) interactions as input. We start
with the microscopic Hamiltonian

H =
1

A

A
∑

i<j=1

(~pi − ~pj)
2

2m
+

A
∑

i<j=1

V NN
ij +

A
∑

i<j<k=1

V 3N
ijk ,

(1)
which describes nuclei as systems of A non-relativistic
point-like nucleons interacting through realistic inter-
nucleon interactions. The modern theory of nuclear
forces is based on the framework of chiral effective field
theory (EFT) [33, 34]. In the present work, we adopt the
NN+3N chiral interaction applied in Ref. [35], denoted
as NN N4LO+3N(lnl), consisting of an NN interaction
up to the fifth order (N4LO) in the chiral expansion [36]
and a 3N interaction up to next-to-next-to-leading order
(N2LO) using a combination of local and non-local reg-
ulators. The 3N low-energy constants (LECs) have been
fitted to the 3H binding energy and β-decay half-life. For
a faster convergence of our calculations with respect to
the many-body basis size we softened the chiral interac-
tion through the similarity renormalization group (SRG)



10

technique [37–40]. The SRG unitary transformation in-
duces many-body forces, included here up to the three-
body level. The four- and higher-body induced terms
are small at the λSRG=1.8 fm−1 resolution scale used in
present calculations.
In the NCSMC, the many-body scattering problem is

solved by expanding the wave function on continuous
microscopic-cluster states, describing the relative motion
between target and projectile nuclei (here 12N and the
proton for 13O and 12B and the neutron for 13B), and dis-
crete square-integrable states, describing the static com-
posite nuclear system (here 13O and 13B). The idea be-
hind this generalized expansion is to augment the micro-
scopic cluster model, which enables the correct treatment
of the wave function in the asymptotic region, with short-
range many-body correlations that are present at small
separations, mimicking various deformation effects that
might take place during the reaction process. The NC-
SMC wave function for 13O is represented as

|ΨJπT
A=13, 3

2

〉 =
∑

λ

cJ
πT

λ |13OλJπT 〉

+
∑

ν

∫

dr r2
γJπT
ν (r)

r
Aν |Φ

JπT
νr, 3

2

〉 . (2)

The first term of Eq. (2) consists of an expansion over
square-integrable energy eigenstates of the 13O nucleus
indexed by λ. The second term, corresponding to an
expansion over the antisymmetrized channel states in the
spirit of the resonating group method (RGM) [41, 42], is
given by

|ΦJπT
νr, 3

2

〉 =
[

(

|12Nλ12J
π12

12 T12〉 |p
1
2

+ 1
2 〉

)(sT )
Yℓ(r̂12,1)

](JπT )

3
2

×
δ(r−r12,1)

r r12,1
. (3)

Here, the index ν represents all relevant quantum num-
bers except for those explicitly listed on the left-hand side
of the equation, and the subscript 3

2 is the isospin pro-
jection, i.e., (Z − N)/2. The coordinate ~r12,1 in Eq. (3)
is the separation vector between the 12N target and the
proton. The Aν in Eq. (2) antisymmetrizes the projec-
tile proton with the 12N nucleons. Analogous equations
apply for 13B.
The eigenstates of the aggregate (|13OλJπT 〉) and tar-

get (|12Nλ12J
π12

12 T12〉) nuclei, as well as of
13B and 12B,

are all obtained by means of the NCSM [8–10] using a ba-
sis of many-body harmonic oscillator wave functions with
the same frequency, Ω, and maximum number of particle
excitations Nmax from the lowest Pauli-allowed many-
body configuration. In this work we used the harmonic
oscillator frequency of ~Ω = 18 MeV that minimizes the
ground-state energy of the studied nuclei in large Nmax

spaces.
The discrete expansion coefficients cJ

πT
λ and the con-

tinuous relative-motion amplitudes γJπT
ν (r) are the solu-

tion of the generalized eigenvalue problem derived by rep-
resenting the Schrödinger equation in the model space of

the expansions (2) [13]. The resulting NCSMC equations
are solved by means of the coupled-channel R-matrix
method on a Lagrange mesh [43–45].

In general, the sum over the index ν in Eq. (2) includes
all the mass partitions involved in the formation of the
composite system 13O, i.e., 12N+p, p+p+11C, 10C+3He
etc. For technical reasons, we limit the present calcula-
tions to the 12N+p clusters of Eq. (3) and similarly for
13B to the 12B+n clusters. In the expansion (3), we in-
clude the lowest two positive-parity NCSM eigenstates
of 12N, 1+ and 2+, and the lowest negative parity eigen-
state with Jπ=2−. These states correspond to the lowest
three experimental states of 12N with the 1+ the bound
ground state and the 2+ and 2− narrow resonances. The
next experimental resonance, 1−, is rather broad and it
would be unrealistic to approximate it as a bound NCSM
eigenstate. Therefore, we do not include any other 12N
NCSM eigenstates. In the first term of the expansion
(2), we include the lowest 12 negative parity and the
lowest 15 positive parity NCSM eigenstates of 13O with
J=1/2−9/2 and T=3/2. This is sufficient to cover the
energy region of interest. The same number of NCSM
eigenstates is used for 12B and 13B. We note that the
present NCSMC calculations with chiral NN+3N inter-
actions are the first that include target states of both
parities.

We performed NCSMC calculations up to Nmax=7 ba-
sis space. The use of a still larger space is technically
not feasible at present. For example, the basis dimension
reaches 115 million in Nmax=7 13O and 13B NCSM cal-
culations. In addition to the standard ab initio NCSMC
calculations, we performed the so-called NCSMC-pheno
calculations [46, 47] with the input NCSM excitation en-
ergies of 12N and 12B adjusted to experimental values.
The NCSMC-pheno approach allows one to obtain a more
realistic theoretical description of 13O and 13B. In partic-
ular in the Nmax=7 NCSMC-pheno calculation, the 12N
(12B) 2+ excitation energy was modified from the cal-
culated 0.50 (0.46) MeV to the experimental 0.96 (0.95)
MeV and the 2− excitation energy from the calculated
3.82 (3.89) MeV to the experimental 1.19 (1.67) MeV.
While the 2+ energy modification is modest, the 2− ex-
citation energy shift is more substantial. To get a more
realistic 2− energy, one would need a larger Nmax basis
or, better, to include the p+p+11C mass partition in the
NCSMC calculations.

The predicted energies and widths of levels in 13O and
13B are listed in Table II and compared to the experi-
mental level scheme in Fig. 2. Results from the Nmax=7
NCSMC-pheno calculation are presented. For a compar-
ison, the Nmax=7 ab initio NCSMC predicts the 3/2−
13O (13B) ground state energy of -1.74 MeV (-4.99 MeV),
which is very close to the NCSMC-pheno results. The ex-
perimental value is -1.514 MeV (-4.878 MeV), i.e., a very
reasonable agreement. The calculated ground-state en-
ergy depends only weakly on the NCSMC basis size. In
the Nmax=5 space, the NCSMC predicts -1.94 MeV and
-5.06 MeV for 13O and 13B, respectively.

In Fig. 12, we present selected p+12N eigenphase shifts
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TABLE II. Levels prediction from the NCSMC calculations
for 13O and 13B. The Eth is the energy with respect to the
12N+p and 12B+n threshold, respectively.

Jπ Eth (MeV) E∗ (MeV) Γ (MeV)
13O

3/2− -1.70 0.00

3/2+ 1.10 2.80 0.52

1/2+ 1.22 2.92 1.21

5/2+ 1.68 3.38 0.11

3/2+ 2.36 4.06 2.09

3/2− 2.37 4.07 1.00

5/2+ 4.30 6.00 1.52

7/2+ 4.78 6.48 0.96

1/2− 5.38 7.07 0.80

7/2+ 5.50 7.20 2.30

9/2+ 5.65 7.35 1.48

5/2− 5.99 7.69 1.24
13B

3/2− -4.96 0.00

3/2+ -0.96 4.00

5/2+ -0.62 4.34

1/2+ -0.41 4.55

3/2+ 0.73 5.69 0.03

3/2− 1.20 6.16 0.04

obtained in the ab initio NCSMC and in the NCSMC-
pheno calculations. The lowest 1/2+ and 3/2+ reso-
nances are dominated by the 2S1/2 and 4S3/2

12N1++p

channels, respectively while the lowest 5/2+ and the sec-
ond 3/2+ resonances are dominated by the 6S5/2 and
4S3/2

12N2++p channels, respectively. The 3/2− reso-

nance is dominated by the 4S3/2
12N2−+p channel. The

second 5/2+ resonance is a mixture of 2D5/2 and 4D5/2
12N1++p as well as 4D5/2 and 6D5/2

12N2++p chan-

nels. The 7/2+1 and 9/2+ resonances are dominated by
6D7/2 and 6D9/2

12N2++p channels, respectively, while

the 7/2+2 resonance is in the 4D7/2
12N1++p channel.

The most striking consequences of the phenomenological
adjustment of the 12N excitation energies is the signif-
icant decrease of the 5/2+ resonance width due to the
increase of the 2+ excitation energy and the decrease of
the 3/2− resonance energy due to the reduction of the
2− excitation energy. We also observe a reduction of the
energy and the width of the lowest 3/2+ resonance. This
is likely a consequence of a smaller mixing between the
two 3/2+ s-waves in the NCSMC-pheno calculation.
For 13B, we show only the lowest calculated states

in Table II. The present calculations predict only four
bound states while there are seven bound states known
experimentally [26]. Our NCSMC calculations could be
improved by including the 1− and 0+ 12B states that are
bound experimentally. However, such calculations would
be technically challenging and since the main focus of the
present paper is the structure of 13O where these states
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FIG. 12. The p+12N eigenphase shift dependence on the en-
ergy in the center of mass Ekin which is the same as Eth in
Table II for Eth > 0. Results obtained in the Nmax=7 ab
initio NCSMC (a) and NCSMC-pheno approach (b). The
chiral NN N4LO+3N(lnl) interaction was used. See the text
for further details.

cannot be included, as argued above, we restricted our
13B calculations to the same model space as that used
for 13O.

VI. DISCUSSION

The NCSMC predicts the four lowest-energy positive-
parity states have configurations which consist predomi-
nantly of a 1s1/2 proton coupled to the ground or first ex-

cited state of 12N (Sec. V). The strong 1s1/2 components
lead to large Thomas-Erhman shifts which are conspicu-
ous when comparing the theoretical level schemes of 13O
and 13B states in Fig. 2 and in Table II. Similar config-
urations are also predicted in shell-model calculations in
psd space with the PSDWBT interaction [48].
In the experimental data, we find three states (peaks

1, 2, and A) shifted down below the excitation energy
of the lowest-known positive-parity state in 13B and all
were observed to proton decay isotropically consistent
with the emissions of s-wave protons. The lowest of these
(peak 1 ) has already been assigned as the Jπ=1/2+ state
(Sec. III A) and decays to the ground state of 12N. Its
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measured decay width of 358(12) keV is quite similar
to a s-wave single-particle estimate of 287 keV obtained
with aC=1.4, a=0.6 fm, and r0=1.2. The predicted decay
width of Γ=1.21 MeV is larger, but this can be traced to
a larger predicted decay energy of 1.22 MeV compared
to 0.96 MeV found experimentally, i.e. the increase in
the width in the theory is roughly consistent with the
single-particle estimate at that decay energy. Thus this
state’s dominant configuration is a 1s1/2 proton coupled

to the ground state of 12N. One also expects a companion
3/2+ level with similar configuration, but different spin
coupling. Relative to the energy of the assigned 1/2+

state in 12B in [26], the Thomas-Erhman shift for the
1/2+ state is 1.05 MeV which is comparable to the value
of 1.63 MeV predicted by NCSMC.

Peak A proton decays isotropically to the first excited
state of 12N. Its decay width of 54(19) keV is similar to an
s-wave single-particle estimate of 58 keV. The predicted
width is larger at 110 keV, but again this can be traced
to the increased decay energy in the theory. Therefore,
this state can be interpreted as a 1s1/2 proton coupled to

the 2+ second-excited state of 12N. Its spin is thus either
5/2+ or 3/2+. Assuming is it the 5/2+ value, the lowest
of these two states in the NCSMC, then taking its analog
in 13B as preferred in [26], its Thomas-Erhman shift is
0.63 MeV. This is still significant but smaller than the
value of 1.36 MeV predicted in the NCSMC calculations.

The third low-energy state identified in this work is
peak 2 which proton decays isotropically to the ground
state of 12N and is located in between the 1/2+ and
5/2+ levels. We have tentatively assigned this to be
the companion 3/2+ state to the 1/2+ state mentioned
previously. However, we find it difficult to under-
stand its small decay width. With a decay energy of
1.49 MeV, the estimated s-wave single-particle decay
width is 1.17 MeV considerably larger than the exper-
imental value of 55(19) keV. The predicted width in the
NCSMC is 520 keV which is consistent with a single-
particle s-wave estimate at the predicted decay energy.
So while its energy is below all known excited states
in the mirror nucleus, suggesting it is associated with
a Thomas-Erhman shift, some continuum-coupling effect
has reduced its width. We note, that the standard ansatz
that the width should be given by the spectroscopic fac-
tor times the single-particle value is not always correct
[23].

The NCSMC also predicts a fourth positive-
parity state with a large Thomas-Erhman shift at
E∗=4.06 MeV, the 3/2+2 state, with a configuration
largely of an s-wave proton coupled to the 2+ 12N core.
In the experimental level scheme, we have two candi-
date 3/2+ states (peaks B and 4 ) at similar excita-
tion energies, but neither of these proton decays to the
2+ state of 12N and thus we find no candidate for this
state in the data. Similarly the NCSMC predicts a 3/2−

state at about the same excitation energy whith a large
Thomas-Erhman shift and a configuration dominated by
π(1s1/2)⊗

12N2− (Sec. V). However we again have no

experimental candidate for a 3/2− state which proton

decays to the 2− state of 12N. Perhaps neither of these
states are excited in reaction. We note, however, that
the NCSMC 3/2− state might correspond to the 3.29(5)-
MeV level reported in Ref. [27].

Above E∗ ≈ 4 MeV, the NCSMC level scheme has a
≈2 MeV gap which is not observed in the experimental
level scheme. Of the higher NCSMC levels, we find only
a few of candidates experimentally. The predicted 7/2+1
state has a dominant configuration of π(0d5/3)⊗

12N2+ .
Peak E can be a 7/2+ state based on Fig. 11(f) and it
also decays to the 2+ state of 12N. Its excitation energy
is only ≈0.5 MeV below that of the predicted 7/2+ level
and its width is within 10% of the predicted value. The
observed 7/2− state at E∗ = 5.483(5) MeV decaying to
the 2− state of 12N (peak D) can be possibly matched
with the lowest 7/2− NCSMC resonance that has the
4D7/2 - 6D7/2

12N2−+p structure although it appears at
higher energy E∗ ≈9 MeV and is broader (Γ ∼ 2 MeV).

In addition to having trouble reproducing the higher-
energy 13O levels, the NCSMC also has difficulties with
predicting negative-parity excited states of 13B. The low-
est predicted negative-parity state is at E∗=6.2 MeV,
but three such states are known experimentally at E∗ ≈
4 MeV. Also, a second 1/2+ state is suggested experi-
mentally at E∗=4.829 MeV [5, 49], but no such state is
predicted in the NCSMC below 6 MeV. This 1/2+ state
may be the mirror of the level associated with peak C in
this work as it decays isotropically and its excitation en-
ergy differs by only ≈40 keV. As argued in the previous
section, the NCSMC calculations could address some of
these issues by including the 1− and 0+ 12B states that
are bound experimentally.

Including coupling to the two-body continuum asso-
ciated with a proton and higher-lying excited states in
12N in the NCSMC is expected to decrease the excita-
tion energy of the higher-lying states in the mirror pair.
This may lead to better agreement with the experimental
data. However for 13O, the next highest excited state in
12N is the wide (Γ=1.8 MeV) 1− state, but with such a
large width, coupling to this state should be treated via
the three-body continuum, which is beyond our present
technical capabilities.

The presence of low-energy J=7/2 states in the exper-
imental level scheme of Fig. 2 may be an indicator of
collective rotation. Indeed, there is some discussion of
deformed states in 13B [5, 50]. In particular, antisym-
metrized molecular dynamics (AMD) calculations pre-
dict three rotational bands associated with cluster states
that possess very large deformations. These are pre-
dicted to have 2~ω and 3~ω configurations. Figure 13
shows the predicted Kπ=1/2+, 1/2−, and 3/2− rota-
tional bands for interaction A in Ref. [50]. The red data
points show the location of the peaks D and B with
the latter plotted assuming a spin assignment of 5/2−.
These points lie within 1 MeV of the predictions for the
Kπ=3/2− band. For the other interaction considered
in [50], the Kπ=3/2− band shifts up further from the
red data points. Both peaks B and D have large R val-
ues, i.e., are predominantly accompanied by a ground-
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FIG. 13. Spin dependence of rotational bands associated
with deformed cluster configurations in 13B predicted with
the AMD calculations of Ref. [50]. The red data points are
for peaks B and D in 13O, with the former spin assignment
taken as 5/2−.

state 9Be target fragment. The other member of the
group with large R values is peak 3 with Jπ=7/2+ and
excitation energy similar to peak B. It is possible this
level is also associated with collective rotation and/or has
cluster structure, however, the positive-parity rotational
band predicted with AMD is much higher in excitation
energy (Fig. 13). As we are comparing 13B predictions
with 13O experimental levels, there may be some modi-
fication as the latter are more unbound. Peak B has a
very small width of 10(19) keV especially given it decays
largely by s-wave proton emission for a 5/2− assignment
(Sec. IV 4). This could be explained by the poor overlap
of the cluster configuration with the wavefunctions of the
low-lying 12N levels.

VII. CONCLUSIONS

Excited resonance states in 13O were produced via the
inelastic scattering of E/A=69.5-MeV 13O beam parti-
cles on a 9Be target. The resonance states decayed by
one and two-proton emission and the decay products were
detected in the HiRA E-∆E array. The states were re-
solved in the invariant-mass distributions of the p+12N
and 2p+11C exit channels.
As in other inelastic-scattering experiments with fast

beams [1–4], strongly anisotropic decay angular distri-
butions of the protons were found for some levels when
the target nucleus remained in its ground state. How-
ever, some other resonances had isotropic emission pat-
terns. The spin alignment for different resonance spins is
expected to be determined from general considerations
and independent of reaction mechanisms, i.e. single-
particle or collective excitation. This was demonstrated
with DWBA calculations and the predicted m-state dis-

tributions were used to predict the angular distributions
for proton decay. From comparison with the experimen-
tal distributions, spin assignments of the observed levels
were made.

The experimental level scheme was compared to pre-
dictions of the ab initio NCSMC. Calculations were per-
formed for 13O and 13B considering the p+12N and
n+12B continuum, respectively, using chiral NN+3N in-
teractions as input. States of both parities of the 12N
and 12B nuclei were included. The low-energy 1/2+

and 5/2+ states were found to have significant Thomas-
Erhman shifts as predicted by the theory for which
π(1s1/2)⊗

12N1− and π(1s1/2)⊗
12N2+ configurations are

deduced. Three other low-energy states 3/2+1 , 3/2
+
2 and

3/2−2 are also predicted to have configurations with a va-
lence 1s1/2 proton and large Thomas-Erhman shifts. We

find only a candidate for the 3/2+1 state, though its de-
cay width is much smaller than expected in the theory.
A number of higher-energy states observed in this study
were not predicted in the NCSMC theory, and some of
these may be rotational states build on cluster configura-
tions predicted with antisymmetrized molecular dynam-
ics (AMD) calculations [50].

In summary, we have demonstrated the use of spin
alignment induced in inelastic scattering of fast beams as
a tool to make spin assignments in invariant-mass studies.
The technique may prove useful for excited states that γ
decay although sequential feeding from γ decay of higher-
lying states may limit its usefulness. The simplest case
would be to inelastically excite a projectile located close
to a drip line where only one particle-bound excited state
exits.
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[13] P. Navrátil, S. Quaglioni, G. Hupin, C. Romero-Redondo,

and A. Calci, Unified ab initio approaches to nuclear
structure and reactions, Phys. Scr. 91, 053002 (2016).

[14] D. Bazin, V. Andreev, A. Becerril, M. Dolans, P. Man-
tica, J. Ottarson, H. Schatz, J. Stoker, and J. Vincent,
Radio frequency fragment separator at NSCL, Nucl. In-
strum. Methods A 606, 314 (2009).

[15] M. Wallace, M. Famiano, M.-J. van Goethem, A. Rogers,
W. Lynch, J. Clifford, F. Delaunay, J. Lee, S. Labostov,
M. Mocko, L. Morris, A. Moroni, B. Nett, D. Oost-
dyk, R. Krishnasamy, M. Tsang, R. de Souza, S. Hudan,
L. Sobotka, R. Charity, J. Elson, and G. Engel, The high
resolution array (HiRA) for rare isotope beam experi-
ments, Nucl Instrum. Methods A 583, 302 (2007).

[16] G. L. Engel, M. Sadasivam, M. Nethi, J. M. Elson, L. G.
Sobotka, and R. J. Charity, A multi-channel integrated
circuit for use in low- and intermediate-energy nuclear
physics - HINP16C, Nucl. Instrum. Methods A 573, 418
(2007).

[17] T. B. Webb, S. M. Wang, K. W. Brown, R. J. Charity,
J. M. Elson, J. Barney, G. Cerizza, Z. Chajecki, J. Estee,
D. E. M. Hoff, S. A. Kuvin, W. G. Lynch, J. Manfredi,
D. McNeel, P. Morfouace, W. Nazarewicz, C. D. Pruitt,
C. Santamaria, J. Smith, L. G. Sobotka, S. Sweany, C. Y.
Tsang, M. B. Tsang, A. H. Wuosmaa, Y. Zhang, and
K. Zhu, First observation of unbound 11O, the mirror
of the halo nucleus 11Li, Phys. Rev. Lett. 122, 122501
(2019).

[18] T. B. Webb, R. J. Charity, J. M. Elson, D. E. M. Hoff,
C. D. Pruitt, L. G. Sobotka, K. W. Brown, J. Barney,
G. Cerizza, J. Estee, G. Jhang, W. G. Lynch, J. Manfredi,
P. Morfouace, C. Santamaria, S. Sweany, M. B. Tsang,
T. Tsang, S. M. Wang, Y. Zhang, K. Zhu, S. A. Ku-
vin, D. McNeel, J. Smith, A. H. Wuosmaa, and Z. Cha-
jecki, Particle decays of levels in 11,12N and 12O inves-
tigated with the invariant-mass method, Phys. Rev. C
100, 024306 (2019).

[19] T. B. Webb, R. J. Charity, J. M. Elson, D. E. M. Hoff,
C. D. Pruitt, L. G. Sobotka, K. W. Brown, J. Bar-
ney, G. Cerizza, J. Estee, W. G. Lynch, J. Manfredi,
P. Morfouace, C. Santamaria, S. Sweany, M. B. Tsang,
T. Tsang, Y. Zhang, K. Zhu, S. A. Kuvin, D. McNeel,
J. Smith, A. H. Wuosmaa, and Z. Chajecki, Invariant-
mass spectrum of 11O, Phys. Rev. C 101, 044317 (2020).

[20] R. J. Charity, L. G. Sobotka, and J. A. Tostevin, Single-
nucleon knockout cross sections for reactions producing
resonance states at or beyond the drip line, Phys. Rev.
C 102, 044614 (2020).

[21] R. J. Charity, T. B. Webb, J. M. Elson, D. E. M. Hoff,
C. D. Pruitt, L. G. Sobotka, K. W. Brown, G. Cer-
izza, J. Estee, W. G. Lynch, J. Manfredi, P. Morfouace,
C. Santamaria, S. Sweany, C. Y. Tsang, M. B. Tsang,
Y. Zhang, K. Zhu, S. A. Kuvin, D. McNeel, J. Smith,
A. H. Wuosmaa, and Z. Chajecki, Observation of the ex-
otic isotope 13F located four neutrons beyond the proton
drip line, Phys. Rev. Lett. 126, 132501 (2021).

[22] R. J. Charity, K. W. Brown, J. Elson, W. Reviol, L. G.
Sobotka, W. W. Buhro, Z. Chajecki, W. G. Lynch,
J. Manfredi, R. Shane, R. H. Showalter, M. B. Tsang,
D. Weisshaar, J. Winkelbauer, S. Bedoor, D. G. Mc-
Neel, and A. H. Wuosmaa, Invariant-mass spectroscopy
of 18Ne,16 O, and 10C excited states formed in neutron-
transfer reactions, Phys. Rev. C 99, 044304 (2019).



15

[23] R. J. Charity, K. W. Brown, J. Oko lowicz,
M. P loszajczak, J. M. Elson, W. Reviol, L. G. Sobotka,
W. W. Buhro, Z. Chajecki, W. G. Lynch, J. Manfredi,
R. Shane, R. H. Showalter, M. B. Tsang, D. Weisshaar,
J. R. Winkelbauer, S. Bedoor, and A. H. Wuosmaa,
Invariant-mass spectroscopy of 14O excited states, Phys.
Rev. C 100, 064305 (2019).

[24] L. G. Sobotka, W. W. Buhro, R. J. Charity, J. M. El-
son, M. F. Jager, J. Manfredi, M. H. Mahzoon, A. M.
Mukhamedzhanov, V. Eremenko, M. McCleskey, R. G.
Pizzone, B. T. Roeder, A. Spiridon, E. Simmons, L. Tra-
che, M. Kurokawa, and P. Navrátil, Proton decay of
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