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Using spin alignment of inelastically excited nuclei in fast beams to assign spins:
The spectroscopy of 13O as a test case
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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 products. 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 mea-
sured proton-decay angular distributions were compared to predictions from distorted-wave Born-approximation
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 predictions. 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 calculations. The spin alignment mechanism is shown to be useful for
making spin assignments and may have widespread use.
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I. INTRODUCTION

A number of recent measurements have shown that the
inelastic excitation of fast beams can result in excited states
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with strong spin alignment parallel and antiparallel 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 collisions and not dependent on
the excitation mechanism but could be understood from gen-
eral principles [2,3]. For an excited state with the same parity
as the beam, 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 projectile’s
spin changes, angular momentum conservation is achieved by
the tilting of the orbital angular momentum vector during the
reaction.
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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 mak-
ing spin assignments for newly observed states. In this paper
we will utilize this spin alignment mechanism to assign, or
restrict, spins of 13O levels produced in inelastic scattering on
a 9Be target and identified with the invariant-mass method.

The Z = 8 closed shell starts to quench as one approaches
the proton drip line at 13O. Therefore, we expect to observe
a number of low-energy single and multiple h̄� configura-
tions. 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 being particle bound. While ab initio
calculations of nuclear structure are restricted to light nuclei,
most such calculations do not consider coupling to the con-
tinuum. The no-core shell-model (NCSM) approach [8–10]
has been extensively applied to many particle-bound states in
light nuclei. It has recently been extended to include coupling
to the continuum [11–13] and therefore the newly observed
13O excited states in this paper provide 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 compari-
son to the NCSMC predictions and finally the conclusions of
this paper are given in Sec. VII.

II. EXPERIMENTAL METHOD

The data were obtained at the National Superconducting
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 frag-
ments were selected by the A1900 magnetic separator. 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 Sepa-
rator [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] con-
sisting 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× 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 cock-
tail beams selected with the A1900 separator. Data from this
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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+ intermediate 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).

experiment pertaining to the formation of 11O, 11N, 12O,
12N, and 13F resonances have 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 chan-
nels are shown in Figs. 1(a) and 1(b), respectively. 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.
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TABLE I. Levels of 13O extracted in this paper with the fitted excitation energy E∗, decay width �, 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 errors 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 �

(MeV) (MeV) (keV) 12N daughter Jπ Peak label

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

In the p+ 12N spectrum in Fig. 1(a), we see five peaks
associated with levels which are referred to in the subsequent
discussions by the labels 1 to 5 in ascending order of excita-
tion 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 again in ascending order of excitation. Peaks A and B were
observed in Ref. [24] and were shown to undergo sequentially
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 Ta-
ble 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 incorporated via Monte Carlo
simulations [22]. The simulated experimental resolution at the
centroid of peak 2 is 230-keV full width at half maximum
(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 formalism [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
represents the contributions from nonresonance 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 con-
strained. 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 paper is compared to those
from previous studies in Fig. 3. From an R-matrix analysis
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FIG. 2. Level diagram of 13O showing the levels identified in this
paper. For comparison, the experimental levels in the mirror nucleus
13B [26] are also shown. In addition, on the right are level predictions
from the NCSMC theory. Negative-parity states are shown in blue
while positive-parity states are in red. Levels where the parity is not
determined are shown in black. Only the widths of the experimental
levels are shown. The predicted 13O states have wider widths which
overlap.

024325-3



R. J. CHARITY et al. PHYSICAL REVIEW C 104, 024325 (2021)
E

∗
(M

eV
)

0

1

2

3

4

5

6

1
2
A

3
B

4
C 5
D

E

+1/2

)-,3/2-(1/2

)+,5/2+,3/2-,3/2-(1/2

This work )p,p( )-π,+π( )d,p( O*)13O,13(
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those from other studies. These studies are labeled by their reaction,
i.e., (p, p) [27], (π+, π−) [28,29], (p, d ) [30], and (13O, 13O*) [24].

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 consistent 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 diverge 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 the 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 paper. The 4.21-MeV peak in that work
is most consistent with peak 4 of this paper.

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 paper. 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 paper. Peaks 2, A, and B were
observed in that study but at 20–50 keV lower in excitation
energy. That study also discussed whether peaks 2 and A
could be decay branches of the same state. With the higher
statistics of this paper we determine their decay widths
are consistent and the shift between the centroids is only
45(7) keV. Small shifts between the centroids of two decay
branches are possible due to the different energy dependencies
of the barrier penetration factors 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.
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FIG. 4. Distribution of the excitation energy in the target nucleus
after the inelastic scattering reaction obtained for both the p+ 12N
and 2p+ 11C events. The dotted vertical line delimits ground-state
and excited target nuclei in the subsequent analysis.

Also the relative yield of the two states determined in the
lower-energy experiment was 29(8) (peak 2) and 71(8)%
(peak A), significantly different from values of 51(3) and
49(3)%, respectively, we obtain in the present paper 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 suggesting
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 alignment
if the target nucleus remains in its ground state after the inelas-
tic 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 assuming two-body kinematics
for inelastic-scattering reactions. 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 hundreds 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 detec-
tion efficiency determined with Monte Carlo simulations [22].
Forward emission 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 different enough
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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 Figs. 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 proton emission. Even
if there is some small d-wave admixture in its wave function,
the barrier penetration factor at a decay energy of 360 keVwill
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 emissions. 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 components and would be observed in the
angular distribution 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 deviation from isotropy
is for strong interference between the p1/2 and p3/2 emissions
where the proton angular distribution is flat within 12%. This
is consistent with the experimental data.

In contrast to the second-emitted proton, the angular distri-
butions for the first-emitted proton show a range of behaviors
with some consistent with isotropic emission (peaks 1, 2,
A, and C) and some with very strong anisotropies (peaks 3,
5, D, and E). While proton emission associated with events
where the target nucleus remains in its ground state can
have significant anisotropies in their angular distributions,
those associated with excited target nuclei have isotropic or
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FIG. 6. Angular distributions for protons produced in the 2p
decay of 13O excited states where the target nucleus is not excited.
The angular distributions in the moving 13O∗ reference frame for
the first and second emitted protons are shown in panels (a) and
(b), respectively. All distributions have been corrected for detection
efficiency. For (a), curves show polynomial fits to these distributions
enforcing symmetry about cosθP = 0. The solid and dashed curves
differentiate levels which decay through the 2+ and 2− intermediate
states of 12N, respectively. For (b), the horizontal lines show fits
assuming isotropic emission.

near-isotropic angular 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 distri-
butions 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) target 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,
corrected 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 dependence on the projectile exci-
tation energy which was fit by the solid green line. The black
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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.
While a full understanding of this result is beyond this paper
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. DISTORTED-WAVE BORN-APPROXIMATION
CALCULATIONS AND SPIN ASSIGNMENTS

The peaks associated with the anisotropic proton decays
must have spins greater then J = 1/2. Further restrictions
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 nu-
cleus remained in its ground state and it was argued that this
was largely independent of the excitation mechanism but was
based on general arguments [2,3]. In this paper, we assume
the proton decays from the observed levels can only be s, p,
and d wave in nature, 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 signifi-
cant occupancy for the range of excitations considered in this
paper. Indeed no higher �-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 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 multipolarities. The spin of the
target nucleus was shown to be unimportant in Ref. [3] where
similar spin alignments for the 7Li excited state were 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] assuming
both single-particle excitations and a rotational model,
and specifying the reduced matrix element for a particular
multipolarity K [31]. The resulting m-state probability
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The red lines show the predictions when 13O∗ center-of-mass scatter-
ing angles less than 4◦ are excluded, while the black lines show the
predictions integrated over all angles. The solid lines show the results
where the multipolarity of the excitation is specified, the long-dashed
lines are from the rotor model, while the short-dashed lines are
associated with single-particle proton and neutron excitations.

distributions P(m), using the beam axis as the quantization
direction, are shown in Fig. 10 for possible 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 show little dependence on the assumed
reaction mechanism 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 excluded 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 smallest scattering angles
are excluded, i.e. θc.m. > 4◦, which approximately matched
the experimental low-angle acceptance 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 particular
multipolarity K is specified, i.e., using the lowest possible
value consistent with angular momentum and parity conser-
vation. This corresponds to K = 1 for 3/2+ and 5/2+ states;
K = 2 for 3/2−, 5/2−, and 7/2− states; K = 3 for the 7/2+
states; and K = 4 for 9/2− states. The results for the rota-
tional 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 difficult 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 calculations. For
single-particle excitations, we have considered 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 particular calculation are modified, the changes in the pre-
dicted 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 distributions for the
proton decay to the ground and excited states of 12N. In many
cases, admixtures of different proton �, j decays are possible.
In such cases, the angular distributions have contributions
from each of the �, 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
anisotropy in the decay as long as there is significant spin
alignment. In these cases, the anisotropy is produced predomi-
nantly from the interference term. For a 3/2− spin assignment,
the m-state distribution is predicted to be flat in Fig. 10(d)
and hence the proton angular distribution will be isotropic.
For other candidate spin assignments, the amplitudes of the
different possible �, j components are varied to best reproduce
the experimental angular distributions. We now turn to discuss
the fits to each of the experimental angular distributions which
are shown in Fig. 11.

A. 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 parameter, the overall
normalization factor, used to reproduce the data. The fit has a
χ2/ν = 1.24.

B. Peak 4

We equate this state to the 4.2(3)-MeV level identified
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, there-
fore 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.
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FIG. 11. Fits to the decay angular distributions with the m-state
distributions from FRESCO shown in Fig. 10 for θc.m. > 4◦.

C. Peak 5

Like peak 3, only a 7/2+ spin assignment can reproduce
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.

D. Peak B

Spin assignments of Jπ = 3/2+, 5/2+, and 5/2− produce
essentially identical fits in Fig. 11(d) and best reproduce
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 predominantly 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 restricted 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.

E. 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 possible, 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%.

F. 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 possible 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 theoretically,
we apply the 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 − �p j )2

2m
+

A∑
i< j=1

V NN
i j +

A∑
i< j<k=1

V 3N
i jk , (1)

which describes nuclei as systems of A nonrelativistic
pointlike nucleons interacting through realistic internucleon
interactions. The modern theory of nuclear forces is based
on the framework of chiral effective field theory [33,34]. In
the present paper, we adopt the NN + 3N chiral interaction
applied in Ref. [35], denoted as NN N 4LO+3N(lnl), con-
sisting 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 nonlocal regulators. The 3N low-energy constants 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 inter-
action through the similarity renormalization group (SRG)
technique [37–40]. The SRG unitary transformation induces
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 be-
tween target and projectile nuclei (here 12N and the proton for
13O and 12B and the neutron for 13B), and discrete square-
integrable states, describing the static composite nuclear
system (here 13O and 13B). The idea behind this generalized
expansion is to augment the microscopic 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 de-
formation effects that might take place during the reaction
process. The NCSMC wave function for 13O is represented as∣∣
JπT

A=13, 32

〉 =
∑

λ

cJ
πT

λ |13O λJπT 〉

+
∑

ν

∫
dr r2

γ JπT
ν (r)

r
Aν

∣∣�JπT
νr, 32

〉
. (2)
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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 [41,42], is given by

∣∣�JπT
νr, 32

〉 =
[( ∣∣12N λ12J

π12
12 T12

〉 ∣∣∣∣p 1

2

+ 1

2

〉 )(sT )

Y�(r̂12,1)

](JπT )

3
2

× δ(r−r12,1)

r r12,1
. (3)

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

2 is the isospin projection, 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 projectile proton with the 12N
nucleons. Analogous equations apply for 13B.

The eigenstates of the aggregate (|13O λJπT 〉) and target
(|12N λ12J

π12
12 T12〉) nuclei, as well as of 13B and 12B, are all

obtained by means of the NCSM [8–10] using a basis of
many-body harmonic oscillator wave functions with the same
frequency, �, and maximum number of particle excitations
Nmax from the lowest Pauli-allowed many-body configuration.
In this paper we used the harmonic oscillator frequency of
h̄� = 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 contin-
uous relative-motion amplitudes γ JπT

ν (r) are the solution of
the generalized eigenvalue problem derived by representing
the Schrödinger equation in the model space of the expan-
sions (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 calculations to the
12N+p clusters of Eq. (3) and similarly for 13B to the 12B+n
clusters. In the expansion (3), we include the lowest two
positive-parity NCSM eigenstates of 12N, 1+ and 2+, and the
lowest negative-parity eigenstate 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 interactions are the first that include
target states of both parities.

We performed NCSMC calculations up to Nmax=7 basis
space. The use of a still larger space is technically not fea-
sible at present. For example, the basis dimension reaches
115 × 106 in Nmax=7 13O and 13B NCSM calculations. In

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) � (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

addition to the standard ab initio NCSMC calculations, we
performed the so-called NCSMC-pheno calculations [46,47]
with the input NCSM excitation energies of 12N and 12B ad-
justed to experimental values. The NCSMC-pheno approach
allows one to obtain a more realistic theoretical description
of 13O and 13B. In particular in the Nmax=7 NCSMC-pheno
calculation, the 12N (12B) 2+ excitation energy was modified
from the calculated 0.50 (0.46) MeV to the experimental
0.96 (0.95) MeV and the 2− excitation energy was modified
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− excitation 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
experimental level scheme in Fig. 2. Results from the Nmax=7
NCSMC-pheno calculation are presented. For a comparison,
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 experimental
value is −1.514 MeV (−4.878 MeV), i.e., a very reasonable
agreement. The calculated ground-state energy depends only
weakly on the NCSMC basis size. In the Nmax=5 space, the
NCSMC predicts −1.94 and −5.06 MeV for 13O and 13B, re-
spectively. In Fig. 12, we present selected p+ 12N eigenphase
shifts obtained in the ab initio NCSMC and in the NCSMC-
pheno calculations. The lowest 1/2+ and 3/2+ resonances
are dominated by the 2S1/2 and 4S3/2 12N1+ +p channels,
respectively, while the lowest 5/2+ and the second 3/2+
resonances are dominated by the 6S5/2 and 4S3/2 12N2+ +p
channels, respectively. The 3/2− resonance is dominated by
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δ

δ

FIG. 12. The p+ 12N eigenphase shift dependence on the energy
in the center of mass Ekin which is the same as Eth in Table II for Eth >

0. Results obtained in theNmax=7 ab initioNCSMC (a) and NCSMC-
pheno approach (b). The chiral NN N4LO + 3N(lnl) interaction was
used. See the text for further details.

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 channels. The 7/2+
1 and 9/2+ resonances are

dominated by 6D7/2 and 6D9/2
12N2+ +p channels, respec-

tively, while the 7/2+
2 resonance is in the 4D7/2

12N1+ +p
channel. The most striking consequences of the phenomeno-
logical adjustment of the 12N excitation energies are the
significant 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− ex-
citation 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 Ta-
ble 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 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 predominantly
of a 1s1/2 proton coupled to the ground or first excited state
of 12N (Sec. V). The strong 1s1/2 components lead to large
Thomas-Erhman shifts which are conspicuous when compar-
ing the theoretical level schemes of 13O and 13B states in
Fig. 2 and in Table II. Similar configurations 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 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 � = 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
Ref. [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 inter-
preted 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 it is the
5/2+ value, the lowest of these two states in the NCSMC,
then taking its analog in 13B as preferred in Ref. [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 paper 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 understand 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 experimental 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
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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 the standard
ansatz that the width is given by the spectroscopic factor 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 candidate 3/2+ states (peaks B and 4) at similar
excitation 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 with a large Thomas-Erhman shift
and a configuration dominated by π (1s1/2) ⊗12 N2− (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 is excited in the 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
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 (� ∼ 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 lowest 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 experimentally 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 paper as it decays isotropically
and its excitation energy differs by only ≈40 keV. As argued
in the previous section, the NCSMC calculations could ad-
dress some of these issues by including the 1− and 0+ 12B
states that are bound experimentally.

Including coupling to the two-body continuum associated
with a proton and higher-lying excited states in 12N in the
NCSMC is expected to decrease the excitation 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 (� = 1.8MeV) 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 ex-
perimental level scheme of Fig. 2 may be an indicator of
collective rotation. Indeed, there is some discussion of de-
formed states in 13B [5,50]. In particular, antisymmetrized
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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−.

molecular dynamics (AMD) calculations predict three rota-
tional bands associated with cluster states that possess very
large deformations. These are predicted to have 2h̄ω and 3h̄ω
configurations. Figure 13 shows the predicted Kπ = 1/2+,
1/2−, and 3/2− rotational 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
Ref. [50], the Kπ = 3/2− band shifts up further from the
red data points. Both peaks B and D have large R values,
i.e., are predominantly accompanied by a ground-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
modification 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. IVD).
This could be explained by the poor overlap of the cluster
configuration with the wave functions 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 particles
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 resolved 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 distributions
of the protons were found for some levels when the tar-
get nucleus remained in its ground state. However, some
other resonances had isotropic emission patterns. The spin
alignment for different resonance spins is expected to be

024325-11



R. J. CHARITY et al. PHYSICAL REVIEW C 104, 024325 (2021)

determined from general considerations and independent of
reaction mechanisms, i.e., single-particle or collective excita-
tion. This was demonstrated with DWBA calculations and the
predicted m-state distributions were used to predict the angu-
lar distributions for proton decay. From comparison with the
experimental distributions, spin assignments of the observed
levels were made.

The experimental level scheme was compared to predic-
tions of the ab initio NCSMC. Calculations were performed
for 13O and 13B considering the p+ 12N and n + 12B con-
tinuum, respectively, using chiral NN + 3N interactions 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) ⊗12 N1− and π (1s1/2) ⊗ 12N2+ con-
figurations 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 valence 1s1/2 proton and large Thomas-Erhman shifts. We
find only a candidate for the 3/2+

1 state, though its decay width
is much smaller than expected in the theory. A number of
higher-energy states observed in this paper were not predicted
in the NCSMC theory, and some of these may be rotational
states built on cluster configurations predicted with AMD
calculations [50].

In summary, we have demonstrated the use of spin align-
ment 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.

ACKNOWLEDGMENTS

This material is based upon work supported by the U.S.
Department of Energy, Office of Science, Office of Nu-
clear Physics under Grants No. DE-FG02-87ER-40316, No.
DE-FG02-04ER-41320, No. DE-SC0014552, and No. DE-
SC0013365 (Michigan State University) and the National
Science Foundation under Grant No. PHY-156556. J.M.
was supported by a U.S. Department of Energy National
Nuclear Security Administration Steward Science Graduate
Fellowship under Grant No. DE-NA0002135. This paper was
prepared in part by Lawrence Livermore National Labora-
tory (LLNL) under Contract No. DE-AC52-07NA27344. P.N.
was supported by Natural Sciences and Engineering Research
Council Grant No. SAPIN-2016-00033. TRIUMF receives
federal funding via a contribution agreement with the National
Research Council of Canada. Computing support came from
an INCITE Award on the Summit supercomputer of the Oak
Ridge Leadership Computing Facility at Oak Ridge National
Labatory, from Lawrence Livermore National Labatory in-
stitutional Computing Grand Challenge program, and from
Compute Canada.

[1] R. J. Charity, J. M. Elson, J. Manfredi, R. Shane, L. G. Sobotka,
Z. Chajecki, D. Coupland, H. Iwasaki, M. Kilburn, J. Lee,
W. G. Lynch, A. Sanetullaev, M. B. Tsang, J. Winkelbauer,
M. Youngs, S. T. Marley, D. V. Shetty, and A. H. Wuosmaa,
Spin alignment of excited projectiles due to target spin-flip
interactions, Phys. Rev. C 91, 024610 (2015).

[2] D. E. M. Hoff, R. J. Charity, K. W. Brown, C. D. Pruitt, L. G.
Sobotka, T. B.Webb, G. Potel, B. Roeder, and A. Saastamoinen,
Large Longitudinal Spin Alignment of Excited Projectiles in
Intermediate Energy Inelastic Scattering, Phys. Rev. Lett. 119,
232501 (2017).

[3] D. E. M. Hoff, G. Potel, K.W. Brown, R. J. Charity, C. D. Pruitt,
L. G. Sobotka, T. B. Webb, B. Roeder, and A. Saastamoinen,
Large longitudinal spin alignment generated in inelastic nuclear
reactions, Phys. Rev. C 97, 054605 (2018).

[4] R. J. Charity, K. W. Brown, J. Okołowicz, M. Płoszajczak,
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, Spin alignment following inelastic scattering
of 17Ne, lifetime of 16F, and its constraint on the continuum
coupling strength, Phys. Rev. C 97, 054318 (2018).

[5] S. Ota, S. Shimoura, H. Iwasaki, M. Kurokawa, S. Michimasa,
N. Aoi, H. Baba, K. Demichi, Z. Elekes, T. Fukuchi, T. Gomi,
S. Kanno, S. Kubono, K. Kurita, H. Hasegawa, E. Ideguchi, N.
Iwasa, Y. Matsuyama, K. Yurkewicz, T. Minemura et al., Low-
lying proton intruder state in 13B, Phys. Lett. B 666, 311 (2008).

[6] H. Iwasaki, A. Dewald, C. Fransen, A. Gelberg, M. Hackstein,
J. Jolie, P. Petkov, T. Pissulla, W. Rother, and K. O. Zell, Low-
Lying Neutron Intruder State in 13B and the Fading of the N=8
Shell Closure, Phys. Rev. Lett. 102, 202502 (2009).

[7] C. J. Guess, R. G. T. Zegers, B. A. Brown, S. M. Austin, D.
Bazin, C. Caesar, J. M. Deaven, G. F. Grinyer, C. Herlitzius,
G. W. Hitt, S. Noji, R. Meharchand, G. Perdikakis, H. Sakai, Y.
Shimbara, and C. Tur, Spectroscopy of 13B via the 13C(t, 3He)
reaction at 115A MeV, Phys. Rev. C 80, 024305 (2009).

[8] P. Navrátil, J. P. Vary, and B. R. Barrett, Properties of 12C in
the Ab Initio Nuclear Shell Model, Phys. Rev. Lett. 84, 5728
(2000).

[9] P. Navrátil, J. P. Vary, and B. R. Barrett, Large-basis ab initio
no-core shell model and its application to 12C, Phys. Rev. C 62,
054311 (2000).

[10] B. R. Barrett, P. Navrátil, and J. P. Vary, Ab initio no core shell
model, Prog. Part. Nucl. Phys. 69, 131 (2013).

[11] S. Baroni, P. Navrátil, and S. Quaglioni, Ab InitioDescription of
the Exotic Unbound 7He Nucleus, Phys. Rev. Lett. 110, 022505
(2013).

[12] S. Baroni, P. Navrátil, and S. Quaglioni, Unified ab initio ap-
proach to bound and unbound states: No-core shell model with
continuum and its application to 7He, Phys. Rev. C 87, 034326
(2013).

[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).

024325-12

https://doi.org/10.1103/PhysRevC.91.024610
https://doi.org/10.1103/PhysRevLett.119.232501
https://doi.org/10.1103/PhysRevC.97.054605
https://doi.org/10.1103/PhysRevC.97.054318
https://doi.org/10.1016/j.physletb.2008.07.081
https://doi.org/10.1103/PhysRevLett.102.202502
https://doi.org/10.1103/PhysRevC.80.024305
https://doi.org/10.1103/PhysRevLett.84.5728
https://doi.org/10.1103/PhysRevC.62.054311
https://doi.org/10.1016/j.ppnp.2012.10.003
https://doi.org/10.1103/PhysRevLett.110.022505
https://doi.org/10.1103/PhysRevC.87.034326
https://doi.org/10.1088/0031-8949/91/5/053002


USING SPIN ALIGNMENT OF INELASTICALLY EXCITED … PHYSICAL REVIEW C 104, 024325 (2021)

[14] D. Bazin, V. Andreev, A. Becerril, M. Doléans, P. Mantica, J.
Ottarson, H. Schatz, J. Stoker, and J. Vincent, Radio frequency
fragment separator at NSCL, Nucl. Instrum. 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. Oostdyk, R. Krishnasamy,
M. Tsang, R. de Souza, S. Hudan, L. Sobotka, R. Charity
et al., The high resolution array (HiRA) for rare isotope beam
experiments, 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 cir-
cuit 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 et al., 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 et al., Particle decays of levels in 11,12N and 12O
investigated 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. Barney, 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 et al., 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. Cerizza, 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 et al., Observation of the Exotic 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. McNeel, and A. H. Wuosmaa, Invariant-mass
spectroscopy of 18Ne, 16O, and 10C excited states formed in
neutron-transfer reactions, Phys. Rev. C 99, 044304 (2019).

[23] R. J. Charity, K. W. Brown, J. Okołowicz, M. Płoszajczak, 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. Elson, 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. Trache, M. Kurokawa, and P.

Navrátil, Proton decay of excited states in 12N and 13O and
the astrophysical 11C(p, γ ) 12N reaction rate, Phys. Rev. C 87,
054329 (2013).

[25] A. M. Lane and R. G. Thomas, R-matrix theory of nuclear
reactions, Rev. Mod. Phys. 30, 257 (1958).

[26] B. B. Back, S. I. Baker, B. A. Brown, C. M. Deibel, S. J.
Freeman, B. J. DiGiovine, C. R. Hoffman, B. P. Kay, H. Y.
Lee, J. C. Lighthall, S. T. Marley, R. C. Pardo, K. E. Rehm,
J. P. Schiffer, D. V. Shetty, A. W. Vann, J. Winkelbauer, and
A. H. Wuosmaa, First Experiment with HELIOS: The Structure
of 13B, Phys. Rev. Lett. 104, 132501 (2010).

[27] B. B. Skorodumov, G. V. Rogachev, P. Boutachkov, A.
Aprahamian, V. Z. Goldberg, A. Mukhamedzhanov, S.
Almaraz, H. Amro, F. D. Becchetti, S. Brown, Y. Chen,
H. Jiang, J. J. Kolata, L. O. Lamm, M. Quinn, and A.
Woehr, Lowest excited states of 13O, Phys. Rev. C 75, 024607
(2007).

[28] P. A. Seidl, M. D. Brown, R. R. Kiziah, C. F. Moore, H. Baer,
C. L. Morris, G. R. Burleson, W. B. Cottingame, S. J. Greene,
L. C. Bland, R. Gilman, and H. T. Fortune, 13C(π+, π−) 13O
near the �33 resonance, Phys. Rev. C 30, 1076 (1984).

[29] H. Ward, J. Johnson, K. Johnson, S. Greene, Y. Grof, C. F.
Moore, S. Mordechai, C. L. Morris, J. M. O’Donnell, and
C. Whitley, Energy Dependence of Double Giant Resonances
in Pion Double Charge Exchange, Phys. Rev. Lett. 70, 3209
(1993).

[30] D. Suzuki, Missing mass spectroscopy on oxygen isotopes be-
yound the proton drip line: mirror symmetry of nuclear shell
evolution, Eur. J. Phys. A 48, 130 (2012).

[31] I. Thompson and F. Nunes, Nuclear Reactions for Astrophysics
(Cambridge University, Cambridge, England, 2009).

[32] I. J. Thompson, Coupled reaction channels calculations in nu-
clear physics, Comput. Phys. Rep. 7, 167 (1988).

[33] S. Weinberg, Nuclear forces from chiral Lagrangians,
Phys. Lett. B 251, 288 (1990).

[34] S. Weinberg, Effective chiral Lagrangians for nucleon-pion in-
teractions and nuclear forces, Nucl. Phys. B 363, 3 (1991).

[35] P. Gysbers, G. Hagen, J. D. Holt, G. R. Jansen, T. D. Morris,
P. Navrátil, T. Papenbrock, S. Quaglioni, A. Schwenk, S. R.
Stroberg, and K. A. Wendt, Discrepancy between experimental
and theoretical β-decay rates resolved from first principles,
Nat. Phys. 15, 428 (2019).

[36] D. R. Entem, R. Machleidt, and Y. Nosyk, High-quality two-
nucleon potentials up to fifth order of the chiral expansion,
Phys. Rev. C 96, 024004 (2017).

[37] F. Wegner, Flow-equations for Hamiltonians, Ann. Phys. (NY)
506, 77 (1994).

[38] S. K. Bogner, R. J. Furnstahl, and R. J. Perry, Similarity renor-
malization group for nucleon-nucleon interactions, Phys. Rev.
C 75, 061001(R) (2007).

[39] R. Roth, S. Reinhardt, and H. Hergert, Unitary correlation oper-
ator method and similarity renormalization group: Connections
and differences, Phys. Rev. C 77, 064003 (2008).

[40] E. D. Jurgenson, P. Navrátil, and R. J. Furnstahl, Evolution of
Nuclear Many-Body Forces with the Similarity Renormaliza-
tion Group, Phys. Rev. Lett. 103, 082501 (2009).

[41] K. Wildermuth and Y. Tang, A Unified Theory of the Nucleus
(Vieweg, Braunschweig, 1977).

[42] Y. Tang, M. LeMere, and D. Thompsom, Resonating-group
method for nuclear many-body problems, Phys. Rep. 47, 167
(1978).

024325-13

https://doi.org/10.1016/j.nima.2009.05.100
https://doi.org/10.1016/j.nima.2007.08.248
https://doi.org/10.1016/j.nima.2006.12.052
https://doi.org/10.1103/PhysRevLett.122.122501
https://doi.org/10.1103/PhysRevC.100.024306
https://doi.org/10.1103/PhysRevC.101.044317
https://doi.org/10.1103/PhysRevC.102.044614
https://doi.org/10.1103/PhysRevLett.126.132501
https://doi.org/10.1103/PhysRevC.99.044304
https://doi.org/10.1103/PhysRevC.100.064305
https://doi.org/10.1103/PhysRevC.87.054329
https://doi.org/10.1103/RevModPhys.30.257
https://doi.org/10.1103/PhysRevLett.104.132501
https://doi.org/10.1103/PhysRevC.75.024607
https://doi.org/10.1103/PhysRevC.30.1076
https://doi.org/10.1103/PhysRevLett.70.3209
https://doi.org/10.1140/epja/i2012-12130-6
https://doi.org/10.1016/0167-7977(88)90005-6
https://doi.org/10.1016/0370-2693(90)90938-3
https://doi.org/10.1016/0550-3213(91)90231-L
https://doi.org/10.1038/s41567-019-0450-7
https://doi.org/10.1103/PhysRevC.96.024004
https://doi.org/10.1002/andp.19945060203
https://doi.org/10.1103/PhysRevC.75.061001
https://doi.org/10.1103/PhysRevC.77.064003
https://doi.org/10.1103/PhysRevLett.103.082501
https://doi.org/10.1016/0370-1573(78)90175-8


R. J. CHARITY et al. PHYSICAL REVIEW C 104, 024325 (2021)

[43] P. Descouvemont and D. Baye, The R-matrix theory, Rep. Prog.
Phys. 73, 036301 (2010).

[44] M. Hesse, J.-M. Sparenberg, F. Van Raemdonck, and D.
Baye, Coupled-channel R-matrix method on a Lagrange mesh,
Nucl. Phys. A 640, 37 (1998).

[45] M. Hesse, J. Roland, and D. Baye, Solving the resonating-group
equation on a Lagrange mesh, Nucl. Phys. A 709, 184 (2002).

[46] J. Dohet-Eraly, P. Navrátil, S. Quaglioni, W. Horiuchi, G.
Hupin, and F. Raimondi, 3He(α, γ )7Be and 3H(α, γ )7Li astro-
physical S factors from the no-core shell model with continuum,
Phys. Lett. B 757, 430 (2016).

[47] A. Calci, P. Navrátil, R. Roth, J. Dohet-Eraly, S. Quaglioni,
and G. Hupin, Can Ab Initio Theory Explain the Phenomenon

of Parity Inversion in 11Be? Phys. Rev. Lett. 117, 242501
(2016).

[48] E. K. Warburton and B. A. Brown, Effective interactions for
the 0p1s0d nuclear shell-model space, Phys. Rev. C 46, 923
(1992).

[49] S. Bedoor, A. H. Wuosmaa, M. Albers, M. Alcorta, S. Almaraz-
Calderon, B. B. Back, P. F. Bertone, C. M. Deibel, C. R.
Hoffman, J. C. Lighthall, S. T. Marley, D. G. Mcneel, R. C.
Pardo, K. E. Rehm, J. P. Schiffer, and D. V. Shetty, Structure of
14C and 14B from the 14,15C(d, 3He) 13,14B reactions, Phys. Rev.
C 93, 044323 (2016).

[50] Y. Kanada-En’yo, Y. Kawanami, Y. Taniguchi, and M. Kimura,
Cluster states in 13B, Prog. Theor. Phys. 120, 917 (2008).

024325-14

https://doi.org/10.1088/0034-4885/73/3/036301
https://doi.org/10.1016/S0375-9474(98)00435-7
https://doi.org/10.1016/S0375-9474(02)01040-0
https://doi.org/10.1016/j.physletb.2016.04.021
https://doi.org/10.1103/PhysRevLett.117.242501
https://doi.org/10.1103/PhysRevC.46.923
https://doi.org/10.1103/PhysRevC.93.044323
https://doi.org/10.1143/PTP.120.917

