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Using a 13O beam, we have observed proton decays of 12N and 13O excited states following
proton-knockout and inelastic interactions on a 9Be target. The excited states were determined
from detected two and three body exit channels using the invariant mass method. The width of the
second excited state of 12N was determined to be 55(20) keV, considerably smaller that the value
listed in the ENSDF data base. Three new excited states of narrow width (Γ <50 keV) were observed
in 13O from the p+12N and 2p+11C exit channels. One of these states (E∗=3.67 MeV) was found to
sequentially decay to the second excited of 12N. We again found these data to be inconsistent with
the listed decay width. The ramifications for the astrophysically interesting 11C(p,γ)12N reaction
are given.

PACS numbers: 21.10.Dr,27.20.+n,23.50.+z

I. INTRODUCTION

Information on the excited states of 13O is quite
sparse. Using the 12C(p,π−)13O reaction, Couvert et al.
found an excited state at E∗=2.82(24) MeV [1]. Subse-
quently, Seidl et al. employing the 13C(π+,π−)13O reac-
tion, found levels at E∗=2.75(4) MeV, 4.21 MeV, and
6.02(8) MeV [2]. No other information such as spins
or decay widths were presented in these early studies.
More recently, Skorodumov used resonance p+12N elastic
scattering to determine the properties of the first excited
state [E∗=2.69(5) MeV, Jπ=1/2+, and Γ=0.45(10)] [3].
The energy of this state is consistent with the 2.75-MeV
state of Seidl et al. and the single state of Couvert et al.
In addition, Skorodumov et al. found evidence for an-
other state at E∗=3.29 MeV with Jπ=(1/2−,3/2−) and
Γ=0.075(3) MeV.
Compared to its mirror nucleus 13B, the first excited

state in 13O is ∼0.8 MeV lower in energy. This has been
interpreted as a Thomas-Ehrman effect associated with
occupancy of the loosely-bound 1s1/2 single-particle level

[3]. For the second excited state in 13B at 3.53 MeV,
Iwasaki et al. found evidence for a dominant intruder

∗ Permanent address: INFN, Laboratori Nazionali del Sud, Cata-
nia, Italy

† Currently on leave to: National Institute of Physics and Nuclear
Engineering ‘Horia Hulubei’ Bucharest-Magurele, R-77125, Ro-
mania

(ν2p2h) configuration [4]. Thus we expect the sd shell is
important for understanding the excitations of 13O.
The present work finds two additional levels in 13O well

below the first excited state in 13B. This raises the ques-
tion of how the strength of the 1s1/2 single-particle level
is distributed. From a more global perspective, the study
of the |Tz | =3/2 members of the A = 13 isobar adds to
the richness of the classic isospin symmetry breaking due
to the affect of an encroaching continuum first studied in
the |Tz |=1/2 members of this isobar,13C and 13N [5, 6].
The present work also provides a new width of the

second excited state in 12N. This revised width has nu-
cleosynthetic implications. While the 3α →12C reaction
is the traditional way to connect the p-p chains to CNO
in most astrophysical environments, in some particular
environments, this process might be bypassed by a num-
ber of reaction sequences suggested by Wiescher et al.

[7]. Two of these sequences called rap-II and rap-III,
respectively, are

1. 7Be(α, γ)11C(p,γ)12N(p,γ)13O(β+, ν)13N(p,γ)14O ,

2. 7Be(α, γ)11C(p,γ)12N(β+, ν)12C(p,γ)13N(p,γ)14O .

The creation of early CNO material before the triple-α
flux builds up maybe important in the evolution of mas-
sive stars with low metallicity. This material could be
the seeds of the CNO cycle and would lead to increased
energy release. Even very small amounts of CNO mate-
rial could make a significant difference in some situations
[8–10].
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Both the rap-II and rap-III sequences involve the
11C(p,γ)12N reaction and a number of theoretical and
experimental efforts have been made to determine the
energy dependence of the reaction cross section [7, 11–
16]. Because of the low Q-value, direct capture to the
ground state is very significant, however, resonant cap-
ture through low-lying excited states (as well as inter-
ference between direct and resonant processes) must also
be considered. These contributions require knowledge of
the properties of the low-lying states of 12N.
The first excited state of 12N is narrow, thus not only is

its contribution localized in energy but it also contributes
little to the overall uncertainty of the (p,γ) capture rate.
On the other hand, the second excited state of 12N has
a large and uncertain width. The width of this Jπ =
2− state at E* = 1.18 MeV is listed as 118(14) keV in
the ENSDF data base [17]. This value however is an
average of a number of experimental results which have
considerable variation: 80(30) keV[18], 120(20) keV[19],
140(40) keV[20], and 140(30) keV (determined from the
study of Ref. [21] and given in Ref. [22]). This wide
variation in-and-of-itself motivates the reexamination of
the width of this state that the present work provides.
It is perhaps also worth pointing out that next proton-

capture reaction in the rap-II sequence is 12N(p,γ)13O.
Again, direct capture to the ground state and resonance
capture can contribute [3, 7, 23]. This provides additional
motivation to gain a more complete understanding of the
low-lying structure of 13O.
In this work, we report on some new level informa-

tion for 12N and 13O excited states obtained from an
experiment with a 13O beam. The results of this ex-
periment concerning the multiple proton decay of both
the ground state of 12O and its isobaric analog state in
12N have already been published [24]. Some details of
the experiment not mentioned below can be found there.
The results of the present work are summarized in Ta-
ble I and in the level scheme of Fig. 1. The remainder
of the paper is organized as follows. The experiment is
descibed in Section II and the properties of the second
excited state of 12N is discussed in Section III. The prop-
erties of the newly found states of 13O and a comparison
to, and insight gained from, calculations of the contin-
uum structure of 13O are presented in Sections IV and
V, respectively. Section VI presents the theory for the
radiative capture reaction 11C(p,γ)12N. While the the-
ory is identical to that used in Ref. [14], in the present
work, the theory is more fully presented and in Section
VII employed with the new width of the second excited
state of 12N. The work concludes in Section VIII with a
short summary of results.

II. EXPERIMENTAL METHOD

At the Texas A&M University cyclotron facility, a pri-
mary beam of E/A=38 MeV 14N of intensity 80 pnA
was extracted from the K500 cyclotron. This beam im-

TABLE I. Summary of properties for level observed in this
work.

Nucl. E∗ Γ Jπ ratio branch
[MeV] [keV] [MeV]

12N 1.179(17)a 55(20) 2− 100% p+11Cg.s.
13O 2.956(20)b <50 ∼100% p+12Ng.s.
13O 3.025(16)c <50 ∼100% p+12N1st
13O 3.669(13) < 50 10(2)% p+12N1st

90(2)% p+12N2nd

a average of Breit-Wigner and R-matrix fits
b if this and the next entry are one state, this branch is 29(8)%
c if this and the previous entry are one state, this branch is
71(8)%
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FIG. 1. (Color online) The level diagrams of 13O and 12N
showing the levels discussed in this work and the observed
proton decay branches. The 13O levels can be compared to
those for the mirror nucleus 13B. When known, the negative
parity states are shown in green, positive parity in blue. The
13O levels found in this work are in red.

pinged on a hydrogen gas cell held at a pressure of 2.5 at-
mospheres at liquid nitrogen temperature. A secondary
beam of 2000-4000 s−1 E/A=30.3 MeV 13O, separated
from the other reaction products using the MARS spec-
trometer [25, 26], impinged on a 45.6 mg/cm2 target of
9Be.
Particles of interest were detected in a multi-hit ∆E−

E telescope located at 0◦, 18 cm downstream of the tar-
get. The ∆E element consisted of a large-area double-
side Si strip detector which also provided the angular
measurements. This 300 µm Si detector had dimensions
of 10. cm ×10. cm with with 128 strips on both the front
and back sides. Behind this was placed a 32-element ar-
ray of 10.0 cm thick CsI(Tl) scintillator E detectors to
stop the particles. These detectors were arranged in a 6x6
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array with the corner locations vacant. Energy calibra-
tions of the Si strips were obtained from 228Th and 241Am
α-particle sources. The particle-dependent light output
of the CsI(Tl) detectors were calibrated using cocktail
beams including p, 10C, and 12C particles with two en-
ergies each. The calibrations for 11C were interpolated
from the 10C and 12C results.
The experimental detection efficiency and resolution

was obtained from Monte Carlo simulations incorporat-
ing the detector’s angular and energy resolutions and
most importantly the small-angle scattering [27] and the
differential velocity loss of the protons and C fragments
in leaving the target [28]. See Ref. [24] for more detail.

III. SECOND EXCITED STATE OF 12N

All 12N excited states are above the proton separation
energy and thus most excited states are expected to have
significant proton decay strength. The first excited state
at E∗=0.960 MeV [17] is strongly populated in neutron
knockout reactions and was presented in Ref. [24]. In
Fig. 2, the excitation-energy spectra from a selection of
the detected p+11C events is shown for the region around
this strong peak at E∗=0.960 MeV. In addition to this
peak, a second much smaller peak at ∼1.2 MeV is clearly
visible corresponding to the second excited state.
Two-body decays can be separated into transverse

(|cos θd| < 0.5) and longitudinal (|cos θd| > 0.5) where θd
is the angle between the reconstructed p-11C relative ve-
locity and their center-of-mass velocity vector. For trans-
verse decays, the invariant mass resolution is largely in-
dependent of the energy calibrations of the CsI(Tl) detec-
tors but very sensitive to the angular calibrations and vise
versa for the longitudinal decays. In addition the Monte
Carlo simulations indicate that the excitation-energy res-
olution for transverse decays are 1.8 times smaller than
for the longitudinal decays. It is thus advantageous when
determining a peak’s centroid and width to focus on the
transverse distribution which is shown in Fig. 2.
The solid curve shows Monte Carlo simulations of the

first and second excited states with the addition of a
smooth fitted background (dashed curve). These simula-
tions included the resolution of the detection apparatus.
The width of the first excited state is listed in ENSDF as
Γ <20 keV [17]. Even the upper limit of this width is well
below our experimental resolution and thus the width of
this intense peak in Fig. 2 comes almost entirely from the
experimental resolution. The simulation reproduces the
experimental width and centroid of this state exceedingly
well.
The FWHM of the peak associated with the second ex-

cited state is 106 keV which can be compared to the value
of 73 keV for the first excited state that, as mentioned
above, is almost entirely instrumental in origin. More-
over, our simulations suggest that the experimental reso-
lution for the second excited state should be even larger
than 73 keV, so the intrinsic width of this state should
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FIG. 2. (Color online) The 12N excitation-energy spectra de-
duced with the invariant-mass method for detected p+11C
events associated with transverse decay. The higher-energy
part of the spectrum is shown scaled by a factor of 10 to
clearly show the fits to the second excited state. The solid
curves show joint fits to the two peaks with the dashed curve
indicating the fitted background. For the solid curve, the line
shape of the second excited state was assumed to have a Breit-
Wigner form. The dotted curve shows the equivalent result
when an R-matrix line shape was assumed. The experimental
and simulated spectra were binned in the same manner.

be significantly reduced from this 106 keV value. How-
ever, even without removing the experimental resolution,
this FWHM is just within the uncertainty for the listed
ENSDF value of the intrinsic width [Γ =118(14) keV
[17]]. However, as already stated in Sec. I, there are
a wide range of experimental values measured for this
width and as it has astrophyical interest, it is useful to
extract a value from the present work.

The curves in Fig. 2 were obtained from fits where
both the centroid and intrinsic width of this state were
varied and the instrumental resolution added via the
Monte Carlo simulation. The solid curve shows a fit us-
ing the Breit-Wigner line shape where the fitted values
are E∗=1.181(7) MeV and Γ=59(20) keV and the errors
quoted are purely statistical. The dotted curve shows
the results using the R-matrix line shape for an isolated
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resonance [29]:

N12(E) ∝ Γ(E)

[E − ER −∆(E)]2 + [Γ(E)/2]2
, (1)

Γ(E) = 2γ2Pℓ(E), (2)

∆(E) = −γ2[Sℓ(E)− Sℓ(ER)], (3)

where E is the decay energy (E=E∗-0.601 MeV), Pℓ(E)
and Sℓ(E) are the barrier penetration factor and shift
functions;

Pℓ(E) =
k r0

F 2
ℓ (kr0) +G2

ℓ (kr0)
, (4)

Sℓ(E) =
F ′
ℓ(kr0)Fℓ(kr0) +G′

ℓ(kr0)Gℓ(kr0)

Fℓ(kr0)2 +Gℓ(kr0)2
, (5)

where Fℓ(kr) and Gℓ(kr) are the regular and irregular
Coulomb wavefunctions and k is the wave number. These
were calculated with a channel radius of r0= 1.45 fm

(A
1/3
1 +A

1/3
2 ) and ℓ=0.

The fit gives a reduced width of γ2= 0.65(35) MeV
and a resonant energy of ER=0.576 MeV
(E∗=1.176(7) MeV). The observed width is
Γobs = Γ(ER)/(1 − ∆′(ER)) [29] which has a value
of 51(20) keV. Both the centroid and width are consis-
tent with the results of the Breit-Wigner fit. With a
systematic uncertainty of 10 keV [24], the centroids are
also consistent with the ENSDF value of 1.191(8) MeV.
As already suggested, the width is considerable narrower
than the listed ENSDF value of 118(14) keV. Our
new value of the width is however consistent with the
80(30) keV measurement of Ref. [18], but inconsistent
with the other measured values.
It is perhaps worth pointing out that as the energy

of the excited states in 12N were determined assuming
that the 11C fragment was produced in its ground state.
However as 11C has a number of particle-bound states,
it is in principle possible that the peak discussed in this
section, the second peak in Fig. 2, results from the decay
of a higher lying level where we have not accounted for
an undetected gamma ray. However, this seems highly
unlikely as the energy of this peak is, within our small
uncertainty, exactly the energy expected for the second
excited state.

IV. 13O STATES

Three new levels, excited by inelastic scattering, were
found in 13O. The excitation-energy spectra, deduced
by the invariant-mass method from detected p+12N and
2p+11C events are shown in Figs. 3(a) and 3(b), respec-
tively. To improve resolution, only the distribution for
the transverse decays is shown in Fig. 3(a). For the three-
body exit channels, the fraction of the events where all
fragments are emitted transversely to the parent velocity
vector is quite small, so the displayed spectrum, Fig. 3(b),
uses the full statistics.
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FIG. 3. (Color online) The 13O excitation-energy spectra de-
duced with the invariant-mass method for detected (a) p+12N
and (b) 2p+11C events. The solid curves shown are fits to
the peaks where the peak shape is taken from simulations
including the experimental response and with Γ=0. The
dashed curves are smooth backgrounds fitted to the data. The
excitation-energy gates for further analysis of the two peaks
in (b) are indicated.

The states corresponding to the observed peaks are rel-
atively narrow as indicated by the fits shown by the solid
curves that are from the Monte Carlo simulations which
include the effects of the detector resolution, but with
no intrinsic width (Γ=0). Thus for all three peaks, the
experimental width is consistent with the experimental
resolution and we estimate that the intrinsic widths are
less than Γ=50 keV.

The fitted peak energies correspond to excitation ener-
gies of 2.956(10) MeV for the peak in the p+12N channel
and 3.025(6) MeV and 3.669(3) MeV for the two peaks in
the 2p+11C channel. The errors quoted here are purely
statistical and we again estimate a further 10 keV system-
atic error [24]. The 2.956 MeV (p+12N) and 3.025 MeV
(2p+11C) peaks have very similar energies and one may
wonder if they are just two branches of the same level.
The dashed, vertical lines in Figs. 3(a) and 3(b) help one
compare the peak locations in the two spectra. The fit-
ted peak values are separated by 69 keV, which is a 6
σ difference, and larger than our limit of 50 keV for the
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intrinsic widths and so the most likely interpretation is
that these are two distinct levels. However if these were
two branches of the same state, it would decay 29(8)%
and 71(8)% to the ground and first excited states of 12N,
respectively.

For the 2p+11C exit channel, one can consider both a
direct 3-body decay or a sequential decay process pass-
ing through 12N intermediates states. Information on
the decay path can be gleaned from the momentum cor-
relations between the detected fragments. In 3-body de-
cay, ignoring spin degrees of freedom, these can be com-
pletely described by 2-dimensional distributions [30] and
the most common representations are in terms of the
hyper-spherical Jacobi coordinates. The two commonly
employed and equivalent representations are called the
Jacobi T and Y systems [30]. In this work we will focus
only on the Y representation where the correlations are
described by the parameters Ex/ET and cos(θk). Label-
ing the protons as p1 and p2, then Ex is the relative ki-
netic energy between p1 and the core or ultimate residue
(11C), ET is the total decay kinetic energy, and θk is the
angle between the p1-core relative momentum and the
momentum of p2 in the decay center-of-mass frame. If
both protons are emitted in the same direction, then θk
= 0◦. The experimental Jacobi Y correlations plots are
shown in Figs. 4(a) and 4(b) for the 3.02-MeV and 3.67-
MeV states, respectively. For each detected event, these
distributions were incremented twice, once for each of the
two protons given the p1 label.

Both correlations plots show the presence of two sepa-
rate bands which is a clear signature of sequential decay.
This can be contrasted with the correlations expected for
3-body decay in light nuclei where one continuous distri-
bution is observed [30, 31]. For both excited states, only
one of the two bands has a constant value of Ex/ET , i.e.,
independent of the angular coordinate. This is the left-
most band in both Figs. 4(a) and (b) with Ex/ET ∼0.36.
This band corresponds to the case where the proton la-
beled p1 is the second proton emitted, i.e., the proton
produced by the sequential decay of the 12N intermedi-
ate state to the 11C core. The quantity Ex in this case
is just the decay energy of the intermediate state which
should be independent of the angular coordinate. When
the first emitted proton is labeled as p1, then the relative
energy between it and the core depends on the recoil mo-
mentum imparted by the second emitted proton. With
the protons labled in this fashion, a second band is gener-
ated that should show a dependence on the relative recoil
direction θk. These are the right-most bands in Figs. 4(a)
and 4(b). The association of these bands are confirmed
by the Monte Carlo simulations shown in Fig. 4(c) of the
decay of the level at E∗=3.67 MeV, see Fig. 4, which
used the branching ratios given in Table I.

The excitation energy of the intermediate state can
readily be determined by projecting on the Ex axis and
adding the decay Q-value. The 12N excitation-energy
spectra obtained in this manner are shown for the 3.02-
MeV and 3.67-MeV 13O states in Figs. 5(a) and 5(b),
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FIG. 4. Population of the decay phase space, as described
by the Jacobi Y coordinates, for 2p+ 11C channels. Shown
are the experimental distributions for (a) 3.02-MeV and (b)
3.67-MeV 13O states and (c) a simulation of the 3.67-MeV
13O state.

respectively. For reference, the thin-vertical-dotted lines
show the location of the 0.960-MeV and 1.179-MeV 12N
levels observed in the p+11C exit channel (Sec. III).

Both spectra have two prominent peaks, a lower-energy
narrow peak corresponding to the bands in Fig. 4(a) and
Fig. 4(b) with constant Ex/ET and a broader higher-
energy peak corresponding to the band with the large θk
dependence. As indicated before, only the lower-energy
narrow peak is associated with a 12N excited state. In
Fig. 5(a), this peak is consistent with the 0.960-MeV
state of 12N. The curve in Fig. 5(a) shows the results of
a Monte Carlo simulation of a sequential decay through
this narrow state (Γ <10 keV) including the detector re-
sponse and resolution. In this simulation, the width of
the lower peak is entire due to the detector resolution and
the simulation reproduces the data quite well confirming
that this is the dominant decay branch. We cannot rule
out a small branch to the 1.179-MeV state as the second
peak in Fig. 5(a) encompasses the energy of this state.
However, significant branch of this type would alter the
two-band pattern observed in Fig. 4(a).

For the decay of the 3.67-MeV 13O state [Fig. 5(b)],
the prominent low-energy peak is located very close to
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the known 1.179-MeV state in 12N. In addition to the two
prominent peaks, we also see a small low-energy shoulder
at the energy corresponding to the 0.960 MeV state in
12N. Thus the experimental distribution suggests a strong
decay branch to the 1.179-MeV second-excited state plus
a weak decay branch to the 0.960 first-excited state. To
quantity this, we have simulated both of these decays
and the solid curve in Fig. 5(b) shows the fitted distri-
bution including the effects of the detector response and
resolution. The contribution from the sequential decay
to the 0.960-MeV state is shown as the dotted curve in
Fig. 5(b). The dashed curve indicates the contribution
from the 1.179-MeV state which has a significant width
and so one must fold in the interplay of its line shape
[Eq. (1)] with the barrier penetration factor of the first
proton. This was achieved with the R-matrix formalism
[29] where the distribution of Ex is

N13(Ex) ∝ Pℓ1(ET − Ex)N12(Ex) (6)

As the spin of the 3.67-MeV state is unknown, the
value of ℓ1, the orbital angular momentum removed by
the first step, is also unknown. Note, there are no angular
correlations between the two decay steps as the second
step is ℓ2=0. The fit shown in Fig. 5(b) was obtained with
ℓ1 = 1. For parameters associated with the line shape of
the 12N state N12(Ex) [Eq. (1)], the resonance energy was
fixed to its value of Er=1.176 MeV from the R-matrix fit
(Sec. III) and the reduced width γ2 was taken as a fit
parameter as well as the branching ratio Γ1/Γtot to the
first excited state. The fitted values are γ2=0.91(14) and
Γ1/Γtot=10(2)% and the corresponding observed width
Γobs=69(7) keV is consistent with the value of 51(20) keV
extracted from the p+11C data in Sec. III. However,
the fitted observed width is dependent on the assumed
value of ℓ1. For ℓ1=0 we obtain Γobs= 58(8) keV, again
consistent, but for ℓ2=2 we find Γobs=82(6) keV which
is starting to be outside the statistical uncertainty. This
suggests that ℓ1 is probably 0 or 1. Note that even with
an unrealistic value of ℓ1=4, we obtain Γobs=90(10) keV
which is still below the ENSDF value of 118(14) keV. This
confirms that these 2p+11C data cannot be reconciled
with the listed value of the width of the 2− state in 12N.
It is again perhaps worth pointing out the potential

consequences of our assignments based on the assump-
tion of the absence of producing particle-bound excited
states. This issue is irrelevant for the state at 2.956-MeV
as 12N has no bound excited states. Nor is this assump-
tion of relevance for the nearby and presumably different
state at 3.025-MeV as the intermediate in its decay (the
0.960-MeV state in 12N) is known to decay to the ground
state of 11C. It is however, in principle, possible that the
state we have labeled at 3.669-MeV is really at higher
energy. However, this interpretation is problematic as
the weak low-energy shoulder seen in Fig. 5(b) could not
be a weak decay branch to the first excited state of 12N
which is known to decay to the ground state of 11C. This
logic would then still imply a level at 3.669-MeV, but not
with the strong decay property we ascribe to it, as well
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FIG. 5. (Color online) Distribution of 12N excitation energy
determined from each of the two p+11C combinations asso-
ciated with detected 2p+11C events. Results are shown for
(a) 3.02-MeV and (b) 3.67-MeV states in 13O (gates shown
in Fig. 3b). Experimental results are indicated by the data
points and the solid curves show the results of sequential-
decay simulations. In (b), the dotted and dashed curves in-
dicate the fitted contributions from sequential decays to the
first and second excited states of 12N, respectively.

as another level at a higher energy. This hypothetical
higher-energy state would decay to a level in 12N with
an energy above the Jπ =2− equal to the missed energy
of the excited (but bound) 11C residue. While possible,
this is unlikely.

V. DISCUSSION

Figure 1 displays the level schemes of both 13O and
its mirror 13B. The latter has benefited from a recent
HELIOS experiment [32]. The 1/2+ first excited state
is ∼790 keV lower in excitation energy in 13O. This was
interpreted as a possible Thomas-Ehrman effect associ-
ated with strength in the loosely-bound 1s1/2 level [3].
We have found evidence for at least one and perhaps two
more levels in 13O well below the first excited state in
13B. This new level or levels (with centroids at 2.96 and
3.02-MeV) are then also likely associated with significant
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Thomas-Ehrman shifts and therefore s-wave strength.

Preliminary calculations have been done to gain some
insight into the low-lying level structure of these A = 13
nuclei with particular focus on the effect of the contin-
uum. We employed the recently introduced unified ap-
proach which melds the no-core shell model (NCSM) to
the resonating-group method (RGM). The latter, a scat-
tering technique, enforces the proper Whittaker and/or
Coulomb function asymptotic form for continuum states.
This unified approach is called the no-core shell model
with continuum (NCSMC)[33, 34]. These calculations,
which use a soft similarity renormalization evolved (SRG)
[35–37] chiral nucleon-nucleon interation [38] and do not
include 3-nucleon interactions (an omission that leads to
a general overbinding of the nuclei considered here), sug-
gest that physical states with considerable 1s1/2 spectro-

scopic strength can be found with Jπ = 1/2+ and 3/2+

built on the Jπ = 1+ ground state of 12N. A Jπ = 5/2+

state is found built on the 12N first excited state (Jπ =
2+) and an s-wave proton. Similarly these calculations
also indicate that there is a higher lying Jπ = 3/2− state
(the third of this Jπ) built on the 12N Jπ = 2− with
mostly s but some d-wave character.

The first excited state at E*=2.69 MeV has previously
been assigned as Jπ = 1/2+. If the two newly found levels
near 3 MeV are really distinct, the lower of the two at
E∗ =2.96 MeV (which decays to 12Ng.s.) is then likely
the Jπ = 3/2+ while the level at E∗ =3.02 MeV (which
decays to the first excited state of 12N with Jπ = 2+)
is likely Jπ = 5/2+. The s-wave and unbound character
of all these physical states allows them to be at lower
excitation energy than their analogs in 13B. Making these
tentative assignments, the Jπ = 1/2+, 3/2+, and 5/2+

levels are downshifted by 0.79 MeV, 0.72 MeV, and 0.69
MeV in 13O as compared to 13B. On the other hand,
if the structures found at E∗ = 2.96 and 3.02 MeV are
two branches of the same state the fact that most of the
decay is going to the excited Jπ = 2+ state in 12N, rather
than the ground state with almost three times the decay
energy, would suggest that this state has a rather simple
structure of a predominately s-wave proton coupled to a
Jπ = 2+ 12N core.

The previously known state at E∗ =3.29 MeV could
be the mirror of the Jπ = 3/2−2 second excited state in
13B for which a ν2p2h configuration has been inferred
[4]. If this were the case, the level in 13O would be down
shifted by 240 keV, 1/2 to 1/3 of the downshift of the lev-
els with major single nucleon s-wave character. Finally,
the strong decay branch of the state found at E∗ =3.67
MeV is consistent with the higher lying Jπ = 3/2− state
predicted by the NCSMC calculations. The present cal-
culations do not provide any insight into the weak (10%)
decay branch to the Jπ = 2+ state of 12N.

All of the decays discussed above, aside from the weak
branch just mentioned, can proceed by s-wave proton
emission. The calculations, and the tentative assign-
ments made above, will be revisted in future work that
includes three-nucleon interactions [39]. It might be ap-

propriate at that time to revisit the 12N(p, γ)13O reac-
tion [23].

VI. R-MATRIX ANALYSIS FOR RADIATIVE
CAPTURE

Let us consider the a + A → B + γ radiative-capture
process. The R-matrix radiative-capture cross section to
a state in nucleus B with a given spin Jf is given by [40]

σJf
(E) =

π

k2

∑

JiIli

Ĵi

ĴaĴA

∣

∣UI lf li Jf Ji(E)
∣

∣

2
. (7)

Here, Ĵ = 2 J + 1, Ji is the total angular momentum
of the colliding nuclei a and A in the initial state, Ja
and JA are their spins, I and li are their channel spin
and orbital angular momentum, and k is the relative
a − A momentum related to their relative kinetic en-
ergy E as k =

√
2µaAE where µaA is the reduced mass.

In what follows, we use the system of units in which
~ = c = 1. UI lf li Jf Ji(E) is the transition amplitude
from the initial continuum state (Ji, I, li) to the final
bound state (Jf , I, lf ). It is given by the sum of resonant
UR
I lf li Jf Ji

(E) and nonresonant UNR
I lf li Jf Ji

(E) transition

amplitudes:

UI lf li Jf Ji(E) = UR
I lf li Jf Ji

(E) + UNR
I lf li Jf Ji

(E). (8)

The resonant amplitude can have contributions by mul-
tipole resonances and the resonant and nonresonant am-
plitudes with the same quantum numbers do interfere. In
the one-level, one-channel R-matrix approach, the reso-
nant amplitude UR

I lf li Jf Ji
for capture into a resonance

with energy ER and spin Ji, and subsequent decay into
the bound state with spin Jf , is given by

UR
I lf li Jf Ji

= −iei(ωli
−φli

)
[ΓJi

aA Ili
(E)]

1/2
[ΓJi

γJf
(E)]

1/2

E − ER + iΓ
Ji (E)
2

.

(9)

The phase factor φli is the solid-sphere scattering phase
shift for the li-th partial wave and ωli is given by

ωli =

li
∑

n=1

tan−1(
ηi
n
), (10)

where ηi = Za ZA µaA/k is the Coulomb parameter in
the initial state, Zj is the charge of the particle j.

[ΓJi

aA Ili
(E)]1/2 is real and its square, ΓJi

aA Ili
(E), is the

observable partial width of the resonance in the channel
a+A with the given set of quantum numbers, and ΓJi(E)
is the total resonance width which we approximate as
ΓJi(E) ≈ ∑

I ΓJi

aAIli
(E); [ΓJi

γJf
(E)]1/2 is complex and its

modulus square is the observable radiative width:

ΓJi

γ Jf
(E) = |[ΓJi

γ Jf
(E)]1/2|2. (11)
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The energy dependence of the partial and radiative
widths are given by

ΓJi

aA Ili
(E) =

Pli(E)

Pli(ER)
ΓJi

aA Ili
(ER), (12)

and

ΓJi

γ Jf
(E) = (

E + εf
ER + εf

)2L+1 ΓJi

γ Jf
(ER), (13)

respectively. Here, ΓJi

aAIli
(ER) and ΓJi

γ Jf
(ER) are the

experimental partial and radiative resonance widths, εf
is the binding energy of the bound state B = (aA) for

the virtual decay B → a+A, and L is the multipolarity
of the gamma quanta emitted during the transition.
In a strict R-matrix approach, the radiative

width ΓJi

γJf
(E) can be expressed in terms of the

real internal [ΓJi

γ (int) Jf
(E)]1/2 and complex ex-

ternal [ΓJi

γ (ch) Jf
(E)]1/2 = Re [ΓJi

γ (ch) Jf
(E)]1/2 +

i Im [ ΓJi

γ (ch) Jf
(E)]1/2 channel radiative-width ampli-

tudes [40, 41]:

ΓJi

γJf
(E) = | − [ΓJi

γ (int) Jf
(E)]1/2 + [ΓJi

γ (ch)Jf
(E)]1/2|2

= (Re [ΓJi

γ (ch) Jf
(E)]1/2 − [ΓJi

γ (int) Jf
(E)]1/2)2

+ (Im [ΓJi

γ (ch) Jf
(E)]1/2)2. (14)

The channel radiative-width amplitude is given by [40]

[ΓJi

γ (ch) Jf
(E)]1/2 =

√
2 ili+L−lf+1 ei(ωli

−φli
) 1

k
µaA

L+1/2

(

Za e

mL
a

+ (−1)L
ZA e

mL
A

)

√

(L+ 1)L̂

L

1

L̂!!

× (kγ r0)
L+1/2 CJfIlf

√

ΓJi

aA Ili
(ER)

√

Pli(E) ([Fli (kr0)]
2

+ [Gli(kr0)]
2)W−ηaA, lf+1/2(2 κ r0) (li0L0|lf0)U(L lf Ji I; li Jf )JL(lf , li), (15)

JL(lf , li) = J ′ ′
L (lf , li) + i

Fli(kr0)Gli(kr0)

F 2
li
(kr0) +G2

li
(kr0)

J ′
L(lf , li), (16)

J
′ ′

L (lf , li) =
1

rL+1
0

∞
∫

r0

dr rL
W−ηaA, lf+1/2(2 κ r)

W−ηaA, lf+1/2(2 κ r0)

Fli(kr)Fli (kr0) +Gli(kr)Gli(kr0)

F 2
li
(kr0) +G2

li
(kr0)

, (17)

J
′

L(lf , li) =
1

rL+1
0

∞
∫

r0

dr rL
W−ηaA, lf+1/2(2 κ r)

W−ηaA, lf+1/2(2 κ r0)

[ Fli(kr)

Fli(kr0)
− Gli(kr)

Gli(kr0)

]

. (18)

Here, CJfIlf is the asymptotic normalization coeffi-
cient (ANC) for the virtual decay B → a + A,
W−ηaA, lf+1/2(2 κ r) is the Whittaker function, ηaA is
the Coulomb parameter of the bound state B = (aA),
r0 is the channel radius, which determines the bor-
der dividing the internal and external regions, κ =
√

2µaA εf , (li0L0|lf0) is the Clebsch-Gordan coefficient

and U(L lf Ji I; li Jf ) is a 6j-symbol. Also kγ = E + εf
is the momentum of the emitted photon.

Assuming that the experimental radiative width
ΓJi

γJf
(ER), the ANC of the bound state and the resonance

width ΓJi

aA Ili
(ER) are known we can determine

ΓJi

γ (int) Jf
(E) =

[

Re [ΓJi

γ (ch) Jf
(E)]1/2 ±

√

ΓJi

γJf
(E)− (Im [ΓJi

γ (int) Jf
(E)]1/2)2

]2

. (19)

In the R-matrix method, the internal nonresonant am- plitude is absorbed into the internal resonance term, so



9

that the nonresonant capture amplitude is entirely con- tributed by the channel (external) term:

UNR
I lf li Jf Ji

(E) = −(2)3/2 ili+L−lf+1 ei(ωli
−φli

) 1
k µaA

L+1/2
(

Za e
mL

a
+ (−1)L ZA e

mL
A

)

√

(L+1)L̂
L

1
L̂!!

(kγ r0)
L+1/2

× CJf Ilf Fli(kr0)Gli(kr0)W−ηaA, lf+1/2(2 κ r0)
√

Pli(E) (li0L0|lf0)U(L lf Ji I; li Jf )J
′

L(li lf ). (20)

The sum of the interfering resonant and nonresonant
amplitudes is given by [40]

UR
I lf li Jf Ji

(E) = ±U
R(int)
I lf li Jf Ji

(E)

+ U
R(ch)
I lf li Jf Ji

(E) + UNR
I lf li Jf Ji

(E). (21)

The internal and external resonant radiative-capture am-
plitudes, describing the capture of the incident particle
a by A into the resonant state with subsequent decay to
the bound state at distances r ≤ r0 and r > r0, corre-
spondingly, are given by

U
R(int)
I lf li Jf Ji

(E) =

iei(ωli
−φli

)
[ΓJi

aA Ili
(E)]

1/2
[ΓJi

γ (int) Jf
(E)]

1/2

ER − E − iΓ
Ji (E)
2

(22)

and

U
R(ch)
I lf li Jf Ji

(E) =

− iei(ωli
−φli

)
[ΓJi

aA Ili
(E)]

1/2
[ΓJi

γ (ch)Jf
(E)]

1/2

ER − E − iΓ
Ji (E)
2

. (23)

Note that the sign of the internal part is not known and
can be determined only from the microscopic calcula-
tions.

VII. ASTROPHYSICAL APPLICATION

The 11C(p, γ)12N reaction maybe an important branch
point in bypassing the slow 3α process when produc-
ing CNO nuclei in very-low metallicity, massive stars [7].
The astrophysical factor for 11C(p, γ)12N was calculated
in Ref. [14] and later on in Refs. [15, 16] [42]. This reac-
tion at astrophysically relevant energies has contributions
from the narrow first and broad second resonances in 12N

and from direct capture to the ground state. The ampli-
tude of the resonant capture through the second reso-
nance and nonresonant capture amplitude at the chan-
nel spin I = 2 do interfere. The astrophysical factor
was calculated in Ref. [14] using the measured ANC and
the parameters of the first and second resonances. The
contribution from the third resonance was found to be
negligible. The cross section due to capture through
the first resonance was estimated with the Breit-Wigner
formula. In these calculations, the experimental proton
widths were taken from Ref. [17, 43]. Only an upper
limit of 20 keV is available for the proton width of the
first excited state. It was set to 5.5 keV, as suggested
in Ref. [11], but the contribution from this narrow res-
onance over the region of interest depends only on the
radiative width of the first resonance, which was set at
2.6 ± 0.4 meV [7, 11]. Its uncertainty was assumed to
be the same as that of the lifetime of the first excited
state of 12B, which is about 15%. The total width of the
second resonance was taken to be 118± 14 keV [17] and
the radiative width of this resonance Γγ 2 = 13±0.5 meV
[44]. The analysis done in Ref. [14] shows that only the
ANC, the radiative width of the first resonance, and the
total width of the second resonance are found to make
significant contributions to the uncertainty of the astro-
physical factor S(E) for E < 0.7 MeV, (see Fig. 9 of
Ref. [14]).

In this work a new value of the resonance width of
the second resonance 51 ± 20 keV at the resonance en-
ergy ER2

= 576 keV has been extracted. Because this
width is significantly smaller than the previously used
one in [14–16], we recalculate the astrophysical factor for
the 11C(p, γ)12N radiative capture. The change of the
resonance width of the second resonance affects also the
channel resonance amplitude, see Eq. (15), and, corre-
spondingly, the internal part of the radiative width of the
second resonance.

The calculated S(E) factor in the case under consid-
eration is given by

S(E) = 5 π(0.2118)2
Ĵi

ĴA Ĵa
µaA(931.5)

2e2πηi

[
∣

∣

∣
UR1

I1lfJfJi
(E)

∣

∣

∣

2

+
∣

∣

∣
U

R2(int)
I2lfJfJi

(E) + U
R2(ch)
I2lfJfJi

(E) + UNR
I2liJfJi

(E)
∣

∣

∣

2]

keVb.

(24)

Here, JA = 3/2, Ja = 1/2, I1 = 1, I2 = 2, li = 0, lf = 1, Jf = 1, Ji = JR1
= JR2

= 2, l1 = 1, l2 = 0, L = 1.
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FIG. 6. (Color online) The S(E) factor for 11C(p, γ)12N. The
black solid line is our updated total S(E) factor calculated us-
ing a new determined width 51 keV (the value extracted with
the R-matrix analysis) of the second resonance. For compar-
ison the dashed-dotted line shows the S(E) factor from [14]
calculated using the 118 keV width of the second resonance.
All other input parameters in the current and previous calcu-
lations in [14] are the same. The direct capture contribution
is shown as the blue dashed line, the magenta dotted line is
the first resonance contribution, the red dashed-dotted-dotted
line is the contribution from the second resonance.

In Eq. (24) µaA is expressed in MeV and the astrophys-
ical factor S(E) in keVb.

At the second resonance energy ER2
= 576

keV, the calculated channel radiative width amplitude
is [ΓJi

γ (ch)Jf
(ER2

)]1/2 = 0.00015392 + i0.0000273049

MeV1/2. From Eq. (19), we get two values of the in-

ternal radiative width; Γ
Ji(+)
γ (int) Jf

(ER2
) = 70.02 meV and

Γ
Ji(−)
γ (int) Jf

(ER2
) = 1.87 meV. A simple single-particle es-

timation shows that Γ
Ji(+)
γ (int) Jf

(ER2
) is too high and we

therefore adopt the smaller value of 1.87 meV. Also from
these single-particle calculations, we find that in Eq. (21)
we should choose the positive sign.

The calculated astrophysical S(E) factor obtained
from Eq. (24) is shown in Fig. 6 and compared with the
result from Ref. [14]. Numerical values of both astrophys-

ical factors are given in Table II. The total and fractional
uncertainties in the astrophysical S factor were investi-
gated in Ref. [14] by varying the ANC for 12N, the radia-
tive width of the first resonance and the total resonance
width of the second resonance within their respective un-
certainties. Owing to the new value of the resonance
width of the second resonance, we show in Fig. 7 the re-
calculated total uncertainty of the S(E) contributed by
the 12% uncertainty of the ANC [14], 15% uncertainty
of the radiative width of the first resonance and by the
39% uncertainty of the second resonance width. Table
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FIG. 7. The total uncertainty of the S(E) factor for
11C(p, γ)12N reaction calculated using uncertainties of the
ANC, the radiative width of the first resonance and the total
width of the second resonance.

III, provides the updated reaction rates NA < σ v >
with a comparison to those previously published [14]. At
T9 = 0.2 our updated reaction rate is only 26% lower than
then the value obtained in Ref. [14] and this only slightly
changes the temperature-density conditions at which the
11C(p, γ)12N reaction dominates (see Fig. 11 from [14]).
The updated reaction rates (in cm3 mole−1 s−1) are well
approximated for T9 ≤ 1.3 by

NA < σ v >=
1.25598× 106

T
2/3
9

e
− 13.6546

T
1/3
9 , (25)

and for T9 > 1.3 by

NA < σ v >= 1.75284× 1011ωγT
−3/2
9 e−4.1625/T9 + 14.617× 109 × T

−2/3
9 e−13.6586T

−1/3
9 S(E0)

+ 24.9731T
−2/3
9 e(−13.6588T

−1/3
9

)e(10.0837+9.530182 T9−45.8240 T 2

9
+102.9940 T 3

9
−103.0517T 4

9
+8.19673T 5

9
). (26)

In the last expression ωγ = 1.625×10−9 MeV and S(E0) is the astrophysical factor (in MeVb) for the capture
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TABLE II. The low-energy astrophysical factors for 11C + p →
12N + γ: energy in keV, present adopted astrophysical factor

S(E) and astrophysical factor from [14] in keVb.

E present S(E) S(E) from [14] E present S(E) S(E) from [14]
(keV) (keVb) (keVb) (keV) (keVb) (keVb)
10 0.090 0.102 455 0.162 0.342
100 0.087 0.103 465 0.172 0.373
140 0.087 0.107 475 0.185 0.412
170 0.086 0.111 485 0.203 0.459
190 0.087 0.114 495 0.226 0.516
220 0.088 0.120 500 0.240 0.548
250 0.092 0.129 510 0.277 0.623
280 0.099 0.143 530 0.401 0.812
320 0.143 0.199 550 0.654 1.013
330 0.187 0.248 560 0.816 1.073
340 0.318 0.383 570 0.865 1.072
350 1.065 1.135 580 0.679 0.999
359 11.56 11.637 589 0.438 0.885
368 1.09 1.168 598 0.259 0.750
375 0.446 0.530 600 0.230 0.720
382 0.279 0.368 610 0.126 0.575
390 0.207 0.303 620 0.071 0.450
400 0.171 0.275 650 0.014 0.213
410 0.156 0.270 695 0.003 0.077
420 0.151 0.275 705 0.003 0.062
430 0.150 0.288 715 0.004 0.051

TABLE III. The low-temperature reaction rates for 11C+ p →
12N+ γ: temperature in T9, our adopted reaction rates and the

reaction rates from [14] in cm3 mole−1 s−1.

Temperature Present Rates Rates from [14] Temperature Present Rates Rates from [14]
(T9) (cm3 mol−1 s−1) (cm3 mol−1 s−1) (T9) (cm3 mol−1 s−1) (cm3 mol−1 s−1)
0.01 8.25[-21] 9.43[-21] 0.33 0.012 0.015
0.05 7.55[-10] 8.84[-10] 0.36 0.025 0.030
0.07 3.07[-8] 9.43[-21] 0.37 0.031 0.037
0.10 9.90[-7] 1.19[-6] 0.38 0.038 0.046
0.11 2.33[-6] 2.81[-6] 0.39 0.047 0.056
0.12 4.96[-6] 6.01[-6] 0.4 0.057 0.068
0.13 9.75[-6] 1.19[-5] 0.42 0.083 0.097
0.14 1.79[-5] 2.20[-5] 0.43 0.10 0.12
0.15 3.11[-5] 3.83[-5] 0.44 0.12 0.14
0.16 5.15[-5] 6.40[-5] 0.45 0.14 0.16
0.17 8.20[-5] 1.02[-4] 0.46 0.16 0.19
0.18 1.26[-4] 1.60[-4] 0.47 0.19 0.22
0.19 1.88[-4] 2.40[-4] 0.48 0.21 0.25
0.2 2.74[-4] 3.45[-4] 0.49 0.25 0.29
0.21 3.90[-4] 4.93[-4] 0.50 0.28 0.33
0.22 5.46[-4] 6.93[-4] 0.60 0.83 1.00
0.23 7.54[-4] 9.58[-4] 0.70 1.83 2.26
0.24 0.0010 0.0013 0.72 2.08 2.60
0.25 0.0014 0.0018 0.74 2.35 2.96
0.27 0.0025 0.0031 0.76 2.65 3.35
0.29 0.0047 0.0055 0.78 2.96 3.80
0.31 0.0074 0.0092 0.80 3.29 4.23

through the first resonance calculated at the most effec-

tive energy E0 = 0.3922× T
2/3
9 . Note that the first two

terms in Eq. (26) determine the contribution from the
narrow first resonance while the last term is the contri-
bution from the second resonance and nonresonant con-
tribution.

VIII. CONCLUSIONS

Low-lying excited states in 12N and 13O were observed
through their one and two-proton decays using the invari-
ant mass method. The states were created via proton-
knockout and inelastic interations of an E/A=30.3-MeV
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13O beam on a 9Be target. The decay products were
detected in a Si-CsI(Tl) ∆E-E multi-element telescope.
The known first (E∗=0.960 MeV, Jπ=2+) and sec-

ond (E∗=1.181 MeV, Jπ=2−) excited states in 12N were
observed via their single proton decays. The width of
the second excited state was determined to 55(20) keV
which is significantly smaller than its tabulated value of
118(14) keV.
Two and possibly three new excited states of nar-

row width (Γ <50 keV) were observed in 13O at E∗=
2.956(20), 3.025(16), and 3.669(13) MeV. Either the first
of these states undergoes single proton decay while the
other two states decay by emitting two protons, or a
state near E∗=3.0 MeV has a strong decay branch to the
Jπ=2+ excited state and a weak branch to the ground
state while the high-lying state decays predominately to
the second excited state with Jπ=2−. As all the excited
states of 12N are unbound, the decays to these states emit
a second proton to the ground state of 11C. The par-
ticle correlations indicate that these two-proton decays
are sequential. The decays through the second excited
state were also found consistent with the smaller width
we measured for this state from the p+11C events.
Resonance capture via the second excited states of 12N

is important for the astrophysical 11C(p,γ)12N reaction
rate. While parts of the R-matrix formalism to treat this
reaction has been presented previously [14], it has been
fully presented in the present work and exercised with
the new width of the second excited state determined in
this work. The substantially reduced width of this state
was found to have a modest affect on the reaction rate,
reducing it by 26% at T9=0.2.
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[39] P. Navrátil et al., (2013), to be submitted.
[40] F. C. Barker and T. Kajino, Aust. J. Phys 44, 369 (1991).
[41] R. J. Holt, H. E. Jackson, R. M. Laszewski, J. E. Mona-

han, and J. R. Specht, Phys. Rev. C 18, 1962 (1978).
[42] Note that the interference of the resonant and nonreso-

nant terms used in [15] is not correct.
[43] F. Ajzenberg-Selove, Nucl. Phys. A506, 1 (1990).
[44] RIKEN Accel. Prog. Rep. A35 (2002).


