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The production of 22Na in ONe novae can be influenced by the 22Mg(p,γ )23Al reaction. To investigate
this reaction rate at stellar energies, we have determined the asymptotic normalization coefficient (ANC) for
22Mg + p → 23Al through measurements of the ANCs in the mirror nuclear system 22Ne + n → 23Ne. The
peripheral neutron-transfer reactions 13C(12C,13C)12C and 13C(22Ne,23Ne)12C were studied. The identical entrance
and exit channels of the first reaction make it possible to extract independently the ground-state ANC in 13C. Our
experiment gives C2

p1/2
(13C) = 2.24 ± 0.11 fm−1, which agrees with the value obtained from several previous

measurements. The weighted average for all the obtained C2
p1/2

is 2.31 ± 0.08 fm−1. This value is adopted

to be used in obtaining the ANCs in 23Ne. The differential cross sections for the reaction 13C(22Ne,23Ne)12C
leading to the J π = 5/2+ and 1/2+ states in 23Ne have been measured at 12 MeV/u. Optical model parameters
for use in the DWBA calculations were obtained from measurements of the elastic scatterings 22Ne + 13C and
22Ne + 12C. The extracted ANC for the ground state in 23Ne, C2

d5/2
= 0.86 ± 0.08 ± 0.12 fm−1, is converted

to its corresponding value in 23Al using mirror symmetry to give C2
d5/2

(23Al) = (4.63 ± 0.77) × 103 fm−1. The

astrophysical S factor S(0) for the 22Mg(p,γ ) reaction was determined to be 0.96 ± 0.11 keV b. The consequences
for nuclear astrophysics are discussed.
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I. INTRODUCTION

Classical novae are relatively common events in our galaxy,
with models predicting about 30 yr−1, and with a few per year
actually being detected. This large frequency of appearance
increases the possibility of studying them by observations in
various parts of the electromagnetic spectrum. They are targets
of many theoretical models. The current understanding is that
they occur in interacting binary systems where H-rich material
accretes on a white dwarf from its low-mass main sequence
companion. At some point in the accretion the H-rich matter
compresses and leads to a thermonuclear runaway during
which nucleosynthesis occurs [1]. Once the dynamics of nova
outbursts and the nucleosynthesis fueling it are understood,
their contribution to the chemical evolution of the galaxy
can be better assessed through the comparison of predictions
with observations. Novae are believed to become the first
type of explosive phenomena where all nuclear data for
nucleosynthesis will be based on experimental data [2].

The theoretical and astrophysical analysis of the spectro-
scopic lines reveals that novae can occur in two types of
white dwarfs, carbon-oxygen (CO) and oxygen-neon (ONe).
Approximately one-third of all the recently detected novae
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are ONe novae [3]. The neon concentration of these events
in comparison with the solar system abundance is larger by a
factor of ∼300 [4]. Moreover, the enrichment of 22Ne in the
so-called “Ne-E meteorites,” which contain grains that might
be partially condensed in nova outbursts, provides evidence
of the pre-existence of sodium isotopes, namely 22Na [5,6].
Taken all together, the above observations support the theory
that the H-burning sequence of reactions can yield substantial
concentrations of 22Na in ONe novae, which is produced
in the thermonuclear runaway during the high-temperature
stage of the burning region mainly through the reaction chain
20Ne(p,γ )21Na(p,γ )22Mg(β+ν)22Na. Then the radioactive
22Na becomes a stalling point because of its slow decay
rate to 22Ne via the reaction 22Na → 22Ne + β+ + ν. The
half-life of 22Na is t1/2 = 2.603 yr. Its β+ decay populates
the short-lived first excited state in 22Ne and leads to the
emission of an identifying 1.275-MeV γ ray. If the material
is ejected before competing reactions deplete 22Na, then it
can be recognized by γ -ray telescopes. Moreover, because of
its relatively short lifetime, 22Na can give information about
the distribution of matter produced in novae shortly after the
outburst, complementary to that given by longer-lived isotopes
like 26Al.

It is estimated that for a typical ONe nova the ejected 22Na
mass is likely to be on order of 10−8M� [7]. For novae in our
galactic vicinity, this predicted amount is within the sensitivity
limit of the space-based γ -ray telescopes, such as the Compton
Gamma Ray Observatory (CGRO) [8] and INTEGRAL [9].
However, observations of five ONe novae using CGRO have
not found the signature of these γ rays and have only been able
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to set an upper limit for its ejecta, which is below the theoretical
estimations [7]. The nuclear data for nucleosynthesis in novae
have come under scrutiny as one possible explanation for the
missing flux of 22Na γ rays. Studies of the reaction rate
for 21Na(p,γ )22Mg with the DRAGON recoil separator at
TRIUMF [10,11] show that the production of 22Na is favored
at the early stages in the outburst of ONe white dwarfs, when
the temperature and density in the expanding envelope are
still high enough to enhance further proton captures on 22Na.
As a result, this reduces its final content in the ejecta. Once
22Mg is produced, two reaction paths are accessible. Either
it β+ decays to produce 22Na, which may further capture
a proton via the reaction 22Na(p,γ )23Mg—this reaction is
considered as the main depletion candidate [12]—or 22Mg
itself is depleted through proton capture 22Mg(p,γ )23Al. The
contribution of this reaction is not clear now. We study this
reaction in this article. The low proton-binding energy, which
makes photodisintegration of 23Al easily equilibrate p capture,
suggests a small contribution, but in nonequilibrium explosive
conditions, enough 23Al could be made to allow for a further
proton capture into 24Si, and the reaction may contribute this
way to 22Na depletion [2,13].

Direct measurements of the 22Mg(p,γ )23Al reaction at
stellar energies have not been possible because of several
difficulties. It is impossible to make a 22Mg (t1/2 = 3.86 s)
target and is yet difficult to obtain an intense 22Mg beam for
direct measurements in inverse kinematics. However, radiative
proton-capture reactions are naturally peripheral at energies
of astrophysical interest, so the reaction cross section can
be reliably determined from information about the bound
wave function of the captured proton at large distances
from the core. Hence, we use here an alternative method to
determine the rate of the 22Mg(p,γ )23Al reaction by applying
the ANC method [14]. Frequently, this method uses peripheral
one-proton transfer reactions to extract the ANC. For our case
of 23Al that would require a (22Mg,23Al) reaction, involving
again the difficult-to-make 22Mg beam. We overcome this
problem by studying instead the mirror neutron-transfer
reaction (22Ne,23Ne) and using charge symmetry. The method
was first used for the 8B-8Li mirror pair in Ref. [15] and later
extended in Ref. [16].

23Al is a weakly bound proton-rich nucleus close to the
drip line. An experimental study of the β decay of a pure
sample of 23Al has determined the absolute branching ratios
and ft values for transitions to states in 23Mg and has confirmed
unambiguously that the ground state in 23Al has Jπ = 5/2+
[17]. Hence, its first excited state must be 1/2+, the same
as those of corresponding states in the mirror nucleus 23Ne.
Moreover, charge symmetry of the nuclear forces implies that
the spectroscopic factors of mirror states are the same, and
correspondingly the ratio between their ANCs is independent
of the nucleon-nucleon force. The difference in the value of the
ANCs is attributable to the presence or absence of the Coulomb
potential in the outer part of the radial wave functions. Hence,
the proton-capture reaction 22Mg + p → 23Al can be studied
with its mirror neutron-transfer reaction 22Ne + n → 23Ne
using a stable beam and target. This allows us to populate
the 5/2+ and 1/2+ states in 23Ne and measure their angular
distributions with sufficient resolution. The ANCs of these

states are extracted and the one for the ground state is
converted to its corresponding state of 23Al. The nucleus 23Ne
is located in a mass region near the beginning of the sd shell
that has received significant attention for obtaining a good
microscopic description of its nuclear structure. Several studies
were dedicated to determining the spectroscopic factors for the
states in 23Ne, mainly bound d-wave and s-wave states. Both
pickup and stripping reactions have been performed in the form
of (p,d) and (d,p) reactions, respectively [18,19]. However, the
ANCs for the same states in 23Ne have not been extracted
experimentally prior to this work. We present determinations
of the ANCs for the ground state and first excited state in
23Ne using the neutron-transfer reaction 13C(22Ne,23Ne)12C.
To interpret the results, the ANC for the other vertex 13C →
12C + n is needed. The ANC for the ground state of 13C
has been obtained in several previous works using exchange,
(d,p), and (d,t) reactions in direct and inverse kinematics (see
Refs. [20,21]). We have performed a complementary study of
the neutron-exchange reaction 13C(12C,13C)12C, also reported
in this article. The experimental results are interpreted using
distorted-wave Born-approximation (DWBA) calculations, for
which we need reliable optical model potentials (OMPs).
Therefore, we have also measured elastic scattering in an
extended angular range and give considerable attention to
obtaining OMPs through a phenomenological analysis and
using a semimicroscopic double-folding procedure.

We present the details of the two experiments in Sec. II.
That is followed in Sec. III by the analysis of elastic-scattering
data to obtain the optical model parameters that are used
in the DWBA calculations. In Sec. IV the results of the
transfer reactions are used to extract the ANCs. These are
finally inserted in model calculations to evaluate the radiative
capture reaction in Sec. V. The conclusions are summarized in
Sec. VI.

II. THE EXPERIMENT

Two experiments were carried out at the Texas A&M
University K500 superconducting cyclotron to measure the
reactions 13C(12C,13C)12C and 13C(22Ne,23Ne)12C. The energy
of the beam was 12 MeV/A for 22Ne and 10.6 MeV/A for
12C, energies for which the reaction mechanism is mostly pe-
ripheral. After accelerating the ionized beam in the cyclotron,
it was transported through the beam analysis system [22] to
control its energy and angular resolution and suppress slit-
scattered particles. The angular spread of the beam on the target
was less than �θ = 0.1◦. The multipole-dipole-multipole
(MDM) spectrometer [23] was used to separate the reaction
products. We measured the neutron pickup from the loosely
bound nucleus 13C and the elastic-scattering cross sections
for each reaction. The experimental setup was identical to the
one described in Ref. [24]. For this work, the spectrometer’s
entrance aperture was set at �θ = 4◦ (horizontal) and �ϕ =
1◦ (vertical). The Oxford Detector [25] was used in the focal
plane. The entrance and exit windows of the detector were
made of Mylar foils, 25 and 50 µm thick, respectively. The
windows had large dimensions that allowed for the utilization
of the full efficiency of the detector at most of the angles.
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Its chamber was filled with pure isobutane gas at a pressure
of 30–50 torr. The scattered particles or the reaction products
would lose part of their energy in the ionization chamber and
then stop completely in a NE102A plastic scintillator, located
in air about 42 mm behind the exit window. Four resistive
wires are placed in the detector. Their signals were used to
determine the position of the particles at different depths. The
position resolution was better than 1 mm.

For the 22Ne + C experiments, the elastic-scattering data
were measured for the spectrometer angular range θlab = 3◦–
18◦, which is equivalent to the center of mass (c.m.) range
θc.m. = 7◦–49◦, by detecting the 22Ne particles in the focal
plane of the spectrometer. Calculations indicate that 96%
of the 22Ne were in the +10 charge state at this energy. A
correction was applied to account for the remaining 4%. Heavy
contaminants in the targets prevented measurements at smaller
angles. Two separate runs were performed. The first studied
the scattering of 22Ne particles on a nominally 100 µg/cm2

13C target; the second studied the scattering of 22Ne particles
on a nominally 100 µg/cm2 12C target, both self-supporting.
Elastic scattering on the first target gives us the OMP needed
in the entrance channel of the transfer reaction, while the scat-
tering on the second target allows us to determine the influence
of one extra neutron in the target nucleus, because we cannot
measure directly the OMP in the exit channel: 23Ne + 12C.

The identification of the particles was achieved by measur-
ing the energy loss in the ionization chamber and the residual
energy in the plastic scintillator. Fine-tuned RAYTRACE [26]
calculations were used to reconstruct the position of particles
in the focal plane and the scattering angle at the target. The
target angle reconstruction was checked by measurements with
an angle mask consisting of five narrow (�θ = 0.1◦) slits
in place of the 4◦ × 1◦ entrance aperture at several angles
of the spectrometer. The overall angular resolution of the
experiment was on average �θres = 0.34◦ in the c.m. frame.
The spectrometer was moved 2◦ or 3◦ at a time to allow for
an angle overlap that provided a self-consistency check of the
data at all angles. The energy resolution was less than 300 keV.
This allowed us to distinguish easily between the position of
the 0+ (ground state), 2+ (1.275 MeV), and 4+ (3.358 MeV)
states in 22Ne on both 13C and 12C targets, as shown for 13C in
Fig. 1. The neutron-transfer reaction 13C(22Ne,23Ne)12C was
measured for spectrometer angles 3◦, 5◦, 7◦, and 10◦ in the
laboratory system, which covers the angular range 3◦–32◦ in
the c.m. The neutron transfer to the ground and first excited
state in 23Ne were detected with a good separation between
their positions along the dispersive axis of the MDM focal
plane.

Following a similar procedure, the elastic-scattering data
for 12C + 13C were measured in the laboratory frame from
3◦ to 31◦, which corresponds to 6◦to 59◦ in the center-of-
mass frame. The inelastic scattering of 12C particles to the
first 1/2+ excited state in the 13C target was also detected.
The 13C(12C,13C)12C exchange reaction measurements were
carried out for spectrometer angles 3◦–18◦, which cover
3◦–37◦ of the angular distribution in the c.m. frame. The
transition of a neutron from the ground state of the target
to the ground state of the ejectile was observed and uniquely
separated from other inelastic transfer peaks in the focal plane.

FIG. 1. Spectrum from the elastic scattering and inelastic scatter-
ing of 22Ne on the 13C target at θlab = 5◦. The peaks labeled 0+, 2+,
and 4+ are the elastic scattering and the inelastic scattering to the 2+

and 4+ states in 22Ne, respectively, while the peak at −6.8 cm is a
combination of double excitation of the target and the projectile. Ta
and Si are related to heavy contaminants in the target.

The thicknesses of the 12C and 13C targets were measured
online with two different beams, 22Ne and 12C, using a
double-target method. First the 22Ne bombarded a well-known
thickness gold target. The elastic scattering (pure Rutherford)
was measured with MDM at 5◦. The position of the elastic
peak along the dispersive x axis in the focal plane of the
detector was determined. Then the 13C or 12C target was
added in front of the Au target while keeping the spectrometer
unchanged and the new position of the elastic scattering along
the x axis was measured. The measured difference in positions
attributable to the supplementary energy loss of the 22Ne
particles in the 13C target was transformed into energy loss
using RAYTRACE. Finally, 13C thickness was determined. This
value was rechecked with similar measurements using the 12C
beam, and also offline with a radioactive 228Th α source. The
average thickness of the 13C target is 104 ± 8 µg/cm2 and
that of the 12C target is 109 ± 9 µg/cm2. These uncertainties
include the beam integration.

III. ELASTIC AND INELASTIC SCATTERING

We have analyzed the elastic-scattering data using both
phenomenological and semimicroscopic OMPs. First we used
phenomenological optical potentials. They use a standard
parametrization of the interaction in terms of Woods-Saxon
(WS) volume form factors:

U (r) = −[VfV (r) + iWfW (r)]. (1)

We use the heavy-ion convention for the reduced radius,

fx(r) =
[

1 + exp
r − rx

(
A

1/3
1 + A

1/3
2

)
ax

]−1

.
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Only the central components have been included in the
optical potential, because spin-orbit and other high-order
spin-dependent couplings have been shown to have little or no
influence on the shape of the angular distribution. We started
with a grid search in which the depth of the real potential was
varied in 10-MeV steps, while the remaining five parameters
were fit. We found three to five main families of potentials, out
of which we have then extracted the best solution by starting
from one solution in each family and allowing the real depth to
vary freely too. This kind of discrete ambiguity is typical for the
strong absorption regime. The potentials within one family can
be characterized by their almost common real volume integral.
The jump from one family to another is almost constant.

Second, optical potentials were obtained by using a
semimicroscopic double-folding model. Single-particle den-
sities were calculated in a standard spherical Hartree-Fock
procedure using the density functional of Beiner and Lombard
[27] and then folded with the density- and energy-dependent
effective nucleon-nucleon interaction of Jeukenne, Lejeune,
and Mahaux (JLM) [28] (see Refs. [29,30] and references
therein). The model produces real and imaginary potentials
of independent geometries and has been shown to give good
results in describing elastic-scattering data with both stable and
radioactive beams, in particular in the region of p-shell nuclei.
It uses only two free parameters (normalizations NV and NW

of the real and imaginary potentials) or four (renormalizations
plus two range parameters, tV and tW ),

U (r) = NV VDF (r, tV ) + iNWWDF (r, tW ). (2)

The fits in both cases were made using the code OPTIMINIX

[31]. The Coulomb component in the optical potential was
calculated by folding the appropriate Hartree-Fock charge
densities with the proton-proton Coulomb interaction.

A. 12C + 13C

Figure 2 shows the measured cross section for elastic
scattering of 12C + 13C at 10.6 MeV/nucleon. The WS
parameters of the OMPs obtained by fitting the data using
phenomenological potentials are presented in Table I. Before
comparison with the data, all calculations have been smeared
with the experimentally determined angular resolution. The
angular distribution given by the first parameter set in

FIG. 2. (Color online) Angular distribution for elastic scattering
of 127.2 MeV 12C on 13C. The solid and dashed curves are the
calculations with the best-fit optical potentials shown in Table I for
WS and double-folding form factors, respectively.

Table I, which has the smallest reduced χ2, is plotted in
Fig. 2. The optical potentials in Table I have a consistent
preference for weak imaginary volume parts with almost
constant absorption strength, reduced radii rV < rW , and the
diffuseness parameters aV > aW . The balance among these
parameters ultimately decides the survival of refractive effects
in the measured distribution. The volume integrals per pair of
interacting nucleons for the real and the imaginary parts of
the potentials (JV and JW ) and their root mean square (rms)
radii (RV and RW ) are included in the table. The absorption
is nearly independent of the strength and shape of the real
part of the potential, resulting in a constant total reaction cross
section with an average value of 1457 mb. Similar results
for the elastic-scattering cross sections were obtained using
PTOLEMY [32].

The elastic-scattering data also have been analyzed using
the double-folding potential. The fitting procedure started with
the standard range parameters tV = 1.2 fm and tW = 1.75 fm,
and the average renormalization parameters NV = 0.37 and

TABLE I. The best-fit parameters of the WS and semimicroscopical JLM OMPs obtained from the analysis of the elastic-scattering data for
12C + 13C. RV and RW are the rms radii of the real and imaginary potentials, respectively. JV and JW are the volume integrals per interacting
nucleon pair.

Potential V W rV rW aV aW WS σR JV RV JW RW

(MeV) (MeV) (fm) (fm) (fm) (fm) χ 2 (mb) (MeV fm3) (fm) (MeV fm3) (fm)

1 146.5 18.3 0.74 1.21 0.89 0.57 2.5 1449 269 4.26 94 4.83
2 230.7 18.9 0.65 1.19 0.89 0.60 7.8 1464 313 4.05 95 4.82

NV NW tV tW JLM σR JV RV JW RW

(fm) (fm) χ 2 (mb) (MeV fm3) (fm) (MeV fm3) (fm)
3 0.53 0.93 1.64 1.44 4.8 1458 200 4.31 115 4.40
4 0.37 1.08 1.61 1.21 4.5 1442 208 4.29 134 4.29
5 0.42 0.97 1.20 1.75 13.3 1520 236 4.08 119 4.56
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FIG. 3. (Color online) Barrier (B) internal barrier (I) decomposi-
tion of the semiclassical (WKB) cross section for the WS potential
1 in Table I. The barrier component (scaled by 0.2 in the figure) is
virtually identical with the full WKB cross section, demonstrating
that the reaction mechanism is entirely peripheral.

NW = 1.0 of Ref. [29]. Then those parameters were adjusted
until the best description of the elastic-scattering data was
reached. The obtained OMP parameters are listed in Table I,
and the fit of the data with the fourth parameter set is shown in
Fig. 2. For the case of potential 5, the range parameters were
kept fixed at tV = 1.20 fm and tW = 1.75 fm and only the
normalizations were fitted. We find values compatible with
the results of Ref. [29], obtained from the study of elastic
scattering for several p-shell nuclei. The large renormalization
of the real part shows that the effect of the dynamic polarization
potential cannot be simply simulated by the range parameter
(tV ). In contrast, the imaginary part of the optical potential does
not need any renormalization, NW = 1.00 ± 0.09 [29]. This
indicates that the imaginary part of the effective interaction
and its density dependence are well adapted for this type of
calculation. It is clear from Table I that all the double-folding
potentials have similar volume integrals for the real part JV ≈
215 MeV fm3, which are equivalent to the phenomenological
potentials that have real well depths with an average value
around V ≈ 123 MeV. Similar to the WS ones, the imaginary
potentials are independent of the real parts, predicting a

total nuclear reaction cross section around 1470 mb, which
is consistent with the values found from the analysis with
phenomenological potentials.

The Wentzel-Kramers-Brillouin (WKB) approximation for
the scattering amplitude of Brink and Takigawa [33] is adopted
here to understand the 12C + 13C elastic-scattering reaction
mechanism. The semiclassical scattering amplitude (fWKB)
is decomposed into barrier (fB) and internal barrier (fI )
amplitudes. Then the barrier and internal barrier angular distri-
butions are calculated as σB,I = |fB,I |2. These semiclassical
cross sections are compared with the data in Fig. 3. Clearly,
the forward angles are dominated by the barrier component,
where the Fraunhofer diffraction occurs, while the internal
barrier component starts to dominate the angular distribution
only at angles larger than 80◦. Therefore, almost no trace of
the refractive effects survives in the measured cross section,
and the scattering is completely dominated by reflections at
the barrier.

B. 22Ne + C

A similar procedure was applied to studying the elastic
scattering of 22Ne + 13C and 22Ne + 12C at a beam energy
of 12 MeV/nucleon. Discrete sets of parameters are listed
in Table II. The parameter sets for optical potentials 2 and
6 were obtained using an exact inversion of the phase shifts
predicted by the JLM model with parameters tV = 1.20, tW =
1.75, NV = 0.34, and NW = 1.22. This procedure facilitates
the use of PTOLEMY for inelastic scattering.

The calculated cross sections using the potentials that have
the best fit for each of the elastic-scattering reactions are
compared with the data in Fig. 4. The inelastic cross section
for the 22Ne∗(2+) + 12C channel (Fig. 5) was calculated
using the recommended value for the Coulomb deformation
0.562 ± 0.012 [34] and fits well the experimental data.
The deformation length recipe βxRx = βcRc was used to
estimate the deformation for other OM components. The
22Ne∗(2+) + 13C reaction gives similar results.

For 22Ne + 13C, far/near-side decomposition of the scatter-
ing amplitude clarifies the oscillatory behavior of the cross
section as shown in Fig. 6. At very forward angles, the
near-side and Coulomb amplitudes rule the scattering and can
be described by Fresnel diffraction. In the region where the
far/near amplitudes are comparable, Fraunhofer diffraction
develops, which gives evidence of the strong absorption.
Both amplitudes are equal at θ = 33.5◦. Beyond this angle,

TABLE II. The parameters of the WS OMP obtained from the analysis of the elastic-scattering data for 22Ne + 13C and 22Ne + 12C.

Channel Potential V W rV rW aV aW χ 2 σR JV RV JW RW

(MeV) (MeV) (fm) (fm) (fm) (fm) (mb) (MeV fm3) (fm) (MeV fm3) (fm)

22Ne + 13C 1 81.01 14.14 0.88 1.33 0.85 0.66 5.6 1979 155 4.74 72 5.84
2 167.13 15.37 0.74 1.31 0.88 0.64 6.3 1937 208 4.41 74 5.73
3 245.05 15.30 0.66 1.31 0.90 0.63 6.8 1921 234 4.26 75 5.73

22Ne + 12C 4 77.35 14.58 0.89 1.32 0.84 0.65 6.5 1914 154 4.70 77 5.75
5 126.99 15.81 0.89 1.31 0.69 0.78 9.7 2095 230 4.35 83 5.92
6 155.14 16.30 0.79 1.29 0.82 0.67 7.9 1907 223 4.34 81 5.67
7 236.96 16.11 0.68 1.29 0.86 0.65 8.5 1874 252 4.18 80 5.64
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FIG. 4. (Color online) Angular distributions for the elastic scatter-
ing of 22Ne + 13C (top) and 22Ne + 12C (bottom) at 12 MeV/nucleon.
The WS fit was calculated using optical potential 1 of Table II for
the top panel and optical potential 4 for the bottom panel. JLM
calculations were obtained using potentials 2 and 6 for the top and
bottom panels, respectively.

the angular distribution is completely damped by the strong
absorption. In the presence of strong absorption, only a small

FIG. 5. Inelastic scattering angular distribution of 22Ne∗(2+) +
12C. The solid curve was calculated using optical potential 4 of
Table II. Coulomb deformation is considered.

FIG. 6. (Color online) WS far-side (dots) and near-side (dashes)
decomposition for 22Ne + 13C elastic scattering using optical poten-
tial 1 of Table II.

fraction of the scattered particle flux provides details about
the interior of the nuclear potential. To clarify the reaction
mechanism, a notch test was applied to estimate the radial
sensitivity of the optical potential, which maps the effective
region of the elastic scattering. The optical potentials in Table II
were systematically perturbed with a Gaussian notch placed at
selected radial distances with a strength of 10% of the bare
potential and a width of 0.2 fm. Figure 7 shows that the
radial sensitivity of the potential is maximized near 6.5 fm
(about half-depth radius), inside the strong absorption radius
of 7.9 fm. This means that the scattering is mainly sensitive
to the surface region and the radius of the interaction is well
determined. We have also obtained similar results for the other
reactions presented in this work.

FIG. 7. Radial sensitivity test on the real potential as a function
of r. The elastic scattering is sensitive to the potential in the region
of strong absorption radius.
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IV. ASYMPTOTIC NORMALIZATION COEFFICIENTS

We describe here the results of the analysis of the transfer
reactions and how the ANCs were extracted. We start with the
case of the “other vertex,” 13C → 12C + n, as its ANC can be
extracted from this single experiment and is needed for the
determination of the ANC for the vertex 23Ne → 22Ne + n,
which is our main goal.

A. The 13C(12C,13C)12C reaction

The angular distribution for the 13C(12C,13C)12C ground-
state-to-ground-state neutron-transfer reaction is shown in
Fig. 8 for a 12C beam energy of E/A = 10.6 MeV/u.
DWBA calculations were performed with PTOLEMY using
OMP 1 from Table I for the calculation of the distorted
waves in both the entrance and exit reaction channels. The
calculations are shown for a binding potential of the last
neutron around 12C given by a WS shape with specific
geometry r0 = 1.25 fm and a = 0.65 fm and with the depth
adjusted to reproduce the neutron-binding energy in 13C,
εn = 4.946 MeV. Normalization of the calculation to the data
gives a spectroscopic factor, S = 0.65, from the match at
forward angles θc.m. � 18◦. It is known that the extracted
value of the spectroscopic factor is strongly dependent on
the choice of the binding potential parameters (r0, a). Recent
reanalysis of the angular distribution of p1/2 to p1/2 transitions
of 12C(d,p)13C and 13C(p,d)12C neutron-transfer reactions
performed at several incident deuteron energies (12 to 60 MeV)
gave an average value S = 0.61 ± 0.09 [35]. This agrees with
our measured value, but only when the same geometries of the
WS are used. On the other hand, excitation of the 4.44 MeV 2+
state in 12C or of the 3.09 MeV 1/2+ state in 13C may contribute
to the population of the ground state of 13C in the transfer
reaction. A study of 12C(d,p)13C and 13C(p,d)12C reactions

FIG. 8. Experimental and the calculated angular distribution of
the 13C(12C,13C)12C transfer reaction. The points are the experimental
data, while the solid line is the DWBA cross section obtained from
PTOLEMY.

FIG. 9. (Color online) The whole angular range �c.m. = 0◦–180◦

of the 12C + 13C elastic-scattering cross section. The data (black dots)
at forward angles indicate the elastically scattered 12C particles. Those
at backward angles (blue squares) were obtained by measuring the
recoiling 13C nuclei at complementary forward angles. The dashed
line is the Rutherford scattering cross section. The WS fit (red line)
has been obtained using potential 1 of Table I.

beyond the Born approximation for energies between 7 and
60 MeV (Ref. [36]) found that coupling to these states may
increase the amplitude of the cross section up to 15% at low
deuteron energies, Ed � 30 MeV, and is negligible at higher
energies. The coupled reaction channel effects have been
neglected in the present calculations of the 13C(12C,13C)12C
exchange reaction.

Measuring 13C ground-state nuclei from the neutron ex-
change reaction at forward angles is kinematically equivalent
to measuring elastically scattered 12C particles at backward
angles in the c.m. frame. Therefore, their amplitudes may
interfere. The angular distribution for the elastic scattering
of 12C on 13C using the data from the detection of 12C in the
forward hemisphere and the data from the detection of 13C at
complementary forward angles in the backward hemisphere
are plotted in Fig. 9. The rise in the cross section at backward
angles demonstrates that the reaction mechanism is different
from potential scattering and therefore can be explained solely
by the transfer of a neutron from the target to the projectile.
Hence, the two mechanisms dominate in different angular
regions, and we can neglect interference between the elastic
and the exchange amplitudes. Because the entrance and exit
channels of the 13C(12C,13C)12C reaction are identical, the
ANC can be obtained using

dσ

d
= C4

p1/2
(13C)

σ DWBA

b4
p1/2

, (3)

where in the calculation the neutron is transferred from the
p1/2 orbital in the target to the same orbital in the 13C ejectile,
and its ANC is C2

p1/2
. The value of the single-particle ANC

bp1/2 was obtained from the ratio between the normalized
single-particle bound-state neutron p1/2 wave function and the
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FIG. 10. ANC C2 for the 13C(12C,13C)12C reaction as a function
of the bound-state single-particle ANC b.

corresponding Hankel function at radii greater than 4.5 fm.
The spectroscopic factor is given by Sp1/2 = C2

p1/2
/b2

p1/2
. The

procedure was repeated with different geometries (r0, a) of the
neutron-binding potential. The relation between the extracted
C2

p1/2
and the single-particle ANC bp1/2 for single-particle

potentials with parameters ranging from r0 = 1.1–1.3 fm and
a = 0.50–0.65 fm is plotted in Fig. 10. In each case, the
depth of the single-particle potential was adjusted to fit the
experimental neutron-binding energy. The ANC varies by
less than ±2% over the full range considered. In contrast,
S, which is inversely proportional to b2, varies by more
than 30%. This can be understood by recognizing that the
transfer is peripheral, and therefore the calculated cross section
σ DWBA is to a good approximation proportional to (b2)2.
Reversing the reasoning, this constancy of C2 means that
only the asymptotic part of the wave function contributes in
the DWBA calculation and the transfer reaction is peripheral.
A spin-orbit interaction was considered, here and throughout
the article, in the proton-binding potential used to calculate
the single-particle wave functions used. We have used a
standard surface type 1/r × (df /dr) × LS, with the same WS
geometry f (r0,a) as the volume part and with the strength =
18.6 MeV fm2 obtained by us earlier in a careful study of bare
single-particle levels in the region of 56Ni [37]. However, this
spin orbit does not affect at all the ANC results, because the
reaction is peripheral and only the asymptotic part in the wave
function matters.

By normalizing the calculated DWBA cross section to the
measured one, the value of the ANC for the virtual decay
13C(g.s.) → 12C + n is extracted using Eq. (3). The most
important angular region for which to obtain the ANC is
small angles, where the cross section is dominated by one-step
effects and the calculated shape of the angular distribution does
not depend on the geometry of the bound-state WS potentials.
We consider the region θc.m. < 18◦. The uncertainties in the
value of C4 include the contribution of the average statistical
errors (3%), the normalization of cross section with the

Faraday cup (3%), the measurements of the target thickness
(7.5%), the geometry of the neutron-binding potential used in
the DWBA calculations (1.5%), the fit between the measured
and the calculated cross sections for several angular ranges
(1.0%), and the normalization of the cross section with differ-
ent optical potentials in Table I (1.5%). All these uncertainties
are summed in quadrature to give an overall 9% accuracy of C4,
so the uncertainty in determining C2 is 4.5%. As a result from
the present experiment, the extracted ANC is C2

p1/2
= 2.24 ±

0.11 fm−1. A value for the ANC from the analysis of 12C +
13C elastic scattering, 13C(p,d)12C(g.s.), 12C(d,p)13C(g.s.),
13C(d,t)12C, 13C(12C,13C)12C, and 12C(13C,12C)13C reactions
(where g.s. stands for ground state) has an average value
of C2

p1/2
= 2.40 ± 0.12 fm−1 [20,21]. This value is in good

agreement with the value obtained in this experiment, but a
more precise value for the ANC is obtained by calculating
the weighted average of all the measurements. Therefore, we
adopt C2

p1/2
= 2.31 ± 0.08 fm−1 and use this value later in this

article.

B. The 13C(22Ne,23Ne)12C reaction

The angular distributions for the 13C(22Ne,23Ne)12C reac-
tion for neutron transitions from the 1/2− ground state of 13C
to the 5/2+ (ground state) and 1/2+ (E∗ = 1.017 MeV) states
in 23Ne are shown in Fig. 11. The DWBA transfer reaction
cross sections were calculated with PTOLEMY by using the
OMPs from Table II, where parameters for 22Ne + 13C were
used in the entrance channel of the reaction, while those for
22Ne + 12C were employed for the distorted waves in the
exit channel. Using the geometrical parameters r0 = 1.25 fm
and a = 0.65 fm of the neutron-binding potential, fits of the
DWBA calculations to the data are also shown in Fig. 11. A
systematic angular phase shift of about 0.2◦ in the laboratory
system was observed between the data and the DWBA transfer
reaction cross sections. Measurements for the transfer reaction
were taken concurrently with 22Ne + 13C elastic and inelastic
scatterings, neither of which allow such a shift. Thus, we
conclude that the phase shifts for the neutron-transfer reactions
are not instrumental in nature. The cross section of 22Ne +
13C(Jπ = 1/2+, 3.09 MeV) → 23Ne + 12C leads to an angu-
lar distribution that has oscillations that are out of phase with
the direct ground-state-to-ground-state transfer reaction, while
the calculated 22Ne(Jπ = 2+, 1.275 MeV) + 13C → 23Ne +
12C reaction has an in-phase angular distribution. Coupled-
channel Born approximation calculations did not provide any
improvement. A similar angle shift was seen, but not resolved,
for proton transfer from the p shell to the sd shell in the
13C(7Li,6He)14N [38] and 13C(14N,13C)14N [39] reactions.
Therefore, the 0.2◦ shift will be treated as a systematic
uncertainty in the final value of the ANC. The ANC for the
d5/2 component in the 13C(22Ne,23Ne(g.s.))12C reaction was
extracted using the following equation:

dσ

d
= C2

p1/2
(13C)C2

d5/2
(23Ne)

σ DWBA

b2
p1/2

(13C)b2
d5/2

(23Ne)
. (4)

An analysis similar to that illustrated in Fig. 10 finds that C2
d5/2

varies less than 3% when the geometry of the single-particle
potential is modified. Hence, the reaction is peripheral. The
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FIG. 11. Angular distributions for the 13C(22Ne,23Ne)12C reac-
tion. (Top) A neutron transfer to the ground state of 23Ne. (Bottom)
A transfer to the first excited state of 23Ne. The DWBA curves were
calculated using optical potentials 1 and 4 from Table II for the
incident and outgoing channels, respectively.

ANCs were extracted by fitting the calculation to the data up
to θc.m. = 16◦. The uncertainty in the value of the C2

d5/2
includes

3% from the determination of the ANC C2
p1/2

(13C) of the other
vertex of the reaction, the normalization of cross section with
the Faraday cup (3%), 7.5% from the measurement of the
target thickness, 2% from the geometry of the neutron-binding
potential used in the DWBA calculation, 1.5% from calculating
the cross section with several permutations of entrance versus
exit optical potentials in Table II, and 3% statistical errors.
Therefore, the overall uncertainty in determining the C2

d5/2
is

about 9%. Similar conclusions were drawn for the 1/2+ first
excited state. The systematic uncertainty attributable to the
0.2◦ angle shift in the angular distributions was also calculated.
The angles of the transfer reaction cross section were reduced
by 0.56◦ in the c.m. system. A new normalization between
the DWBA and the data cross sections showed that the fit was
dramatically improved up to θc.m. = 19◦ but the value of C2

d5/2

was decreased by 14%. Similar calculations showed that the
C2

s1/2
was changed by almost 20%. In conclusion, the ANCs in

23Ne are C2
d5/2

= 0.86 ± 0.08 ± 0.12 fm−1 for the ground state

and C2
s1/2

= 18.2 ± 1.8 ± 3.8 fm−1 for the first excited state.
These values or their corresponding nuclear vertex constants
have not been previously measured experimentally. Earlier
model calculations give ranges of 0.71–0.81 fm−1 for C2

d5/2
and

16.30–18.49 fm−1 for C2
s1/2

, as reported in Refs. [40] and [41],
respectively. Our experimental results are consistent with these
calculations.

V. ASTROPHYSICAL REACTION RATES

The ANC for the ground state in 23Al was obtained
from the corresponding ANC determined in 23Ne using the
assumption that they have identical spectroscopic factors
(mirror symmetry):

Sd5/2 (23Al) = Sd5/2 (23Ne) ⇒
(5)

C2
d5/2

(23Al) =
b2

d5/2
(23Al)

b2
d5/2

(23Ne)
C2

d5/2
(23Ne).

Using a WS potential with r0 = 1.25 fm and a = 0.65 fm,
the obtained spectroscopic factor is 0.43, which is bit larger
than the 0.34 value calculated using OXBASH [42]. The single-
particle ANC, b, in 23Al was calculated for a proton bound
with the same geometry and the same spin-orbit interaction as
were used for a neutron bound in 23Ne. Only the depth of the
central potential was adjusted to reproduce the experimental
proton-binding energy in 23Al, εp = 143(6) keV deduced from
the 23Al mass evaluated in Ref. [17]. The value obtained for
the depth of the nuclear potential by imposing this procedure is
similar to the depth of the nuclear potential found for 23Ne. This
is a confirmation of the charge symmetry assumption made
here. The value of b�j strongly depends on the geometrical
parameters r0 and a assumed for the potentials. However, the
ratio b�j (23Al)/b�j (23Ne) is independent of these parameters
of the potential that binds the proton or the neutron around
its corresponding core. We find that this ratio is equal to
73.4 for 1d5/2 (the major component of the Jπ = 5/2+
ground state). A 3% uncertainty is assigned to this ratio to
account for possible charge-symmetry breaking effects [15].
Inserting this ratio and the value of the ANC in 23Ne, which
was obtained in the previous section, into Eq. (5), we find
C2

d5/2
(23Al) = (4.63 ± 0.77) × 103 fm−1. We should note that

while this seems unusually large, that is because of the small
value of the corresponding Whittaker function, related to the
very small proton binding energy in 23Al. This is the first
measurement to determine the ANC in 23Al.

The 22Mg(p,γ )23Al direct-capture reaction rate has been es-
timated using RADCAP [43]. The depth Vo of the proton nuclear
binding potential with the same geometry as used previously in
the DWBA calculations for the transfer reaction was adjusted
so that the binding energy of the ground state is reproduced.
The bound-state wave function was then calculated and used
to determine the astrophysical S factor at each energy E for a
direct, one-step transition from a continuum state to the 1d5/2

single-particle bound state. The proton-capture cross section
(σdir), which was calculated assuming only the electromagnetic
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transition E1, can be expressed by

σdir = C2 σ̃RADCAP

b2
, (6)

where σ̃ is the cross section calculated by RADCAP. We find
that σ̃RADCAP/b

2 is nearly independent of the geometry of
the single-particle WS potential. Therefore, the ANC C2

d5/2

is the important parameter for determining the S factor.
We find that at E = 0 MeV, S(0) = 0.96 ± 0.11 keV b. It
was reported in Ref. [44] that S(0) = 0.66 keV b, which
is about 30% less than our value. This is attributable to
different values of the spectroscopic factors, but mostly to
the new value found for the binding energy εp used in the
calculations. The calculated S factor as a function of energy
for 22Mg(p,γ )23Al can be parameterized with a simple polyno-
mial dependence, S(E) = 0.96 + 0.15E + 0.78E2 − 0.60E3

(E in MeV). When the uncertainties of S(0) for 22Mg(p,γ )
reaction are included, then the upper and lower limits of
S(E) are, respectively, Supper(E) = 1.07 + 0.19E + 0.78E2 −
0.58E3 and Slower(E) = 0.86 + 0.15E + 0.63E2 − 0.47E3.
Taking the central energy of the Gamow peak for p + 22Mg at
Eo = 0.63T

2/3
9 MeV, then the effective S factor [45] in terms

of T9 is given by

Seff(T9) = 0.96
[
1 + 0.019T

1/3
9 + 0.098T

2/3
9 + 0.013T9

+ 0.321T
4/3

9 + 0.108T
5/3

9

]
. (7)

With this equation, the direct-capture rate for 22Mg(p,γ )23Al
is

NA〈συ〉 = 37.78

(
21.92

T
1/3

9

)2

Seff(T9)e−21.92/T
1/3

9 . (8)

In addition to the direct-capture reaction, the resonant contribu-
tion through the first excited state Jπ = 1/2+ of 23Al has been
calculated. Its measured excitation energy is 0.528(19) MeV
[44], and with the new 23Al mass from Ref. [17], the resonance
energy becomes Er = 0.385(20) MeV. The proton width of
this resonance is much greater than the γ width, so the strength
of the resonance is proportional to �γ . Its experimental value,
�γ = 7.2 ± 1.4 × 10−7 eV, which was obtained from the
Coulomb dissociation of 23Al at 50 MeV/u [46], is adopted
here to evaluate the resonant reaction rate, which is given by

NA〈συ〉 = 0.12T
−3/2

9 exp

(
−4.47

T9

)
. (9)

Both the direct and the resonant capture reaction rates are
plotted in Fig. 12. In the range T9 = 0.2–0.4, which is typical
for ONe novae, the direct and resonant terms are comparable,
while for T9 > 0.6 or T9 < 0.2, the direct capture dominates
the reaction rate.

We have compared the total reaction rate, which adds the
direct and resonant terms, with previous estimates by Wiescher
et al. [13], Caggiano [44], and He et al. [47]. All three calculate
the same direct-capture contributions. At the temperatures rel-
evant for ONe novae the resonant yields differ, with Wiescher
et al.’s being the largest and Caggiano’s the smallest. The new
reaction rate is similar to Wiescher et al.’s estimate and is
almost two times larger than Caggiano’s determinations. This

FIG. 12. (Color online) Direct and resonant capture rate contri-
butions to the 22Mg(p,γ )23Al reaction. The two rates are competitive
for temperatures T9 = 0.2–0.45 in ONe novae. Otherwise, the direct
capture dominates the reaction rate.

difference is mainly attributable to the binding energy of the
proton in 23Al and the spectroscopic factors, or their equivalent
ANCs, that are used in the present reaction rate calculations.
Because these rates are comparable, the astrophysical implica-
tions of the new reaction rate for the nucleosynthesis of 22Na
are similar and can be inferred from this and previous works.
It was shown by Caggiano that the production of 22Na com-
pensates the loss of 22Mg. This leads to a small mass fraction
increase of 23Al, but it explains less than half of the 22Mg
loss. However, the low Q value of the 22Mg(p,γ )23Al reaction
may make the proton-capture process balance easily with
its photodisintegration reaction 23Al(γ ,p)22Mg. Alternatively,
the 23Al(p,γ )24Si reaction has been studied to determine the
2p-capture rate on 22Mg [48] to understand the low production
of 23Al. The latter shows that the depletion of 22Mg is larger by
a factor of two than its β decay to 22Na only when T9 ∼ 0.45
and the density is in excess of 104 g/cm3. These conditions
may occur in massive novae such as 1.35M� ONe white-dwarf
novae. For 1.25M�, where T9 ∼ 0.35 and ρ ≈ 102–104 g/cm3,
the 2p-capture process produces only limited amounts of 23Al
and 24Si that could not explain the missing signature of 22Na.
Therefore, the probability of the proton capture in 22Mg may
be larger than its β decay only when extreme density and
temperature conditions take place in novae. This argues that
the 22Mg(p,γ )23Al reaction may be more important in X-ray
bursts, as suggested in Ref. [49]. Nevertheless, our rate for this
reaction has impact on the nucleosynthesis of 22Na and should
be included in the database of the reaction rates for novae.

VI. CONCLUSIONS

We have measured two different neutron-transfer reac-
tions: 13C(12C,13C)12C and 13C(22Ne,23Ne)12C. The elastic
scattering for both reactions were also measured over a wide
angular range. A detailed classical OM analysis in terms of
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both phenomenological and semimicroscopic folding form
factors, which include modern energy- and density-dependent
nucleon-nucleon effective interactions, allowed a precise de-
termination of optical potentials to be used in DWBA analysis
of the transfer reactions, and thus a more precise determination
of the relevant ANCs. The reaction mechanism revealed by an
exact semiclassical decomposition of the scattering amplitudes
demonstrates that the reactions are highly peripheral and leads
to reliable ANCs. The measurements of the 13C(12C,13C)12C
reaction were used to obtain the ANC of the ground state of 13C
into the channel 12C + n, which is needed to extract the ANCs
for the ground state and first excited state in 23Ne using the
second reaction. The neutron ANC found here for 23Ne has
been transposed into the proton ANC for the corresponding
state in the mirror nucleus 23Al. Then it has been used to
determine the astrophysical reaction rate for 22Mg(p,γ )23Al
and to investigate its effects on the nucleosynthesis of 22Na in

ONe novae. We found that the presently determined reaction
rate does not differ considerably from the ones used before,
based on scarcer experimental data. Therefore, we reach
the same conclusion that this reaction cannot explain the
nonobservation by satellite telescopes of the γ -ray line from
the decay in 22Na following novae explosions. Radiative proton
capture on 22Mg is only important for the depletion of 22Na in
massive novae, at larger temperatures and densities.
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