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States near the23Na+p threshold in24Mg were investigated using the23Nas3He,dd24Mg reaction over the
angular range of 5°øulabø35° at Es3Hed=20 MeV. Spectroscopic factors were extracted for states corre-
sponding to resonances in the23Nasp,gd24Mg and23Nasp,ad20Ne reactions. We find that one state, correspond-
ing to a previously unobserved resonance atEc.m.=138 keV, may make a significant contribution to the rates
of both reactions at low temperatures. Another state, corresponding to a possible resonance atEc.m.=37 keV
may make a small contribution to the23Nasp,ad20Ne reaction. New rates for the23Nasp,gd24Mg and
23Nasp,ad20Ne reactions are presented and the astrophysical implications are discussed.
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I. INTRODUCTION

Observations of giant stars in metal-poor globular clusters
reveal a number of interesting chemical effects, including a
seemingly anomalous anticorrelation between sodium and
oxygen(reviewed in[1–4] and references therein). This ef-
fect would arise through the simultaneous operation of the
CNO and NeNa cycles in which C and O are converted into
N while Ne is processed to Na(direct flow from the CNO
cycles to the NeNa region is negligible at the temperatures of
interest, T,0.02–0.08 GK orT9,0.02–0.08). Processed
material could then be transported to the stellar surface by
deep, nonconvective mixing[5–9], perhaps driven by rota-
tion [10]. However, it is also possible that this “anomaly”
actually originated in a previous generation of stars, which
then passed this chemical signature down to the stars ob-
served today. In fact, recent observations[11] suggest that
both processes may have taken place. A description of either
scenario requires an accurate knowledge of the reactions that
produce and destroy sodium. Sodium is produced as part of
the NeNa cycle(Fig. 1) via the 22Nesp,gd23Na reaction,
which was the subject of a previous paper(Ref. [12], here-
after Ha01). In the following, we examine the reactions that
destroy sodium, namely23Nasp,gd24Mg and23Nasp,ad20Ne.

Low-energy resonances in the23Na+p system have been
studied by Zyskindet al. [13] and by Görreset al. [14].
Below the lowest observed resonance atEc.m.=170 keV are 4
states, which could correspond to resonances at 5, 37, 138,
and 167 keV(as shown in Fig. 2). Neither of the potential
resonances at 5 and 167 keV are expected to make a signifi-
cant contribution to the reaction rate. The former is most
likely too low in energy whereas the latter is formed by an
angular momentum transfer,=4–6 andthus is inhibited by
a large centrifugal barrier. Upper limits on the resonance
strengths of the remaining 2 states were estimated by El Eid
and Champagne[15] who concluded that the 37-keV reso-
nance could contribute to thesp,gd but not to thesp,ad
reaction, with the reverse situation pertaining to the 138-
keV resonance. This result is based on a calculation of pro-
ton widths using spectroscopic factors estimated from a

sd,nd spectrum of Fuchset al. [16], in which neither state
was observed. While it may be possible to detect the
138-keV resonance directly, the 37-keV resonance is too low
in energy to be observed in either thesp,ad or sp,gd chan-
nel. In addition, the 170-keV resonance has been observed
only in thesp,ad channel[14]. Finally, the high-energy tails
of several states just below the23Na+p threshold could con-
tribute to both reactions. Consequently, we have used the
23Nas3He,dd24Mg reaction to populate states in the vicinity
of the 23Na+p threshold. Our procedure is similar to that
used by El Eid and Champagne[15] in that we have also
estimated proton widths from measured spectroscopic fac-
tors. However, because our spectral resolution is improved
from that of the previoussd,nd measurement[16], it is pos-
sible to make more reliable estimates of the spectroscopic
factors for weakly-populated states.

II. EXPERIMENTAL PROCEDURE AND RESULTS

A. Targets

The targets used initially in this work consisted of23Na
implanted into 40-mg/cm2 natC foils, but these proved to be
unstable under bombardment. Subsequent targets consisted
of sodium-bearing compounds evaporated onto 20-
mg/cm2 natC foils. Of these, NaF, NaCl, NaI, and Na2WO4
either exhibited large backgrounds in the region of interest or
degraded with time. However, NaBr was found to be rela-
tively stable and comparatively free of background and thus
was used for our measurements. These targets had the lowest
oxygen contamination of all of the targets produced, which
was particularly important because the ground state and first-
excited state of17F interfere with the states of interest. Two
targets were used, with thicknesses(as measured with a
deposition monitor) of approximately 49 and 102mg/cm2. A
third target, consisting of about 16mg/cm2 of metallic so-
dium, sandwiched between thin(about 7mg/cm2) layers of
gold and on a 20-mg/cm2 natC foil was also used. This target
contained more oxygen than the NaBr target, but was used to
verify that any weakly-populated states in24Mg were not
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obscured by those arising from78,81Brs3He,dd80,82Kr. In fact,
we observed no states that could be attributed to80,82Kr.

B. Experimental details

A 20-MeV 3He2+ beam was provided by the Triangle Uni-
versities Nuclear Laboratory FN tandem accelerator, with
typical beam currents between 100 and 150 pnA. The outgo-
ing deuterons and3He were momentum-analyzed with the
TUNL Enge Split-Pole Spectrometer and detected using a
42-cm long position-sensitive avalanche counter. The solid
angle of the spectrometer was fixed at 2.0 msr in order to
reduce the widths of the contaminant lines arising from car-
bon, nitrogen and oxygen in the target. Data for thes3He,dd
reaction were collected fromulab=5° to 22.5° in 2.5° steps
and from 25° to 35° in 5° steps. Elastic scattering was mea-
sured forulab=5° to 45° in 5° steps.

The target was monitored using aDE-E silicon telescope,
mounted in the target chamber atulab=44.2°. The aperture of

the monitor telescope was measured using a calibrated241Am
source and found to be dV=0.92±0.01 msr, consistent with
a geometric measurement of 0.9±0.1 msr. As was the case in
Ha01, the yield from elastic scattering measured with the
monitor was also used to determine the absolute cross-
section scale for thes3He,dd data.

III. DATA ANALYSES

A. Excitation energies

A deuteron spectrum collected atulab=12.5° is shown in
Fig. 3. Following the procedure of Ha01, the deuteron
groups were fit with a template consisting of a Gaussian
shape with a low-energy exponential tail.

The excitation energies of states observed within about
400 keV of thesp,gd threshold[Q=11.6929s3d MeV [18]]
were obtained from internal calibrations of the individual
deuteron spectra. A total of 12 states above and below the
region of interest, with known excitation energies, were used
to determine the excitation energies of the intervening levels.
These states are noted in Fig. 3 and were chosen because
they correspond to well-resolved peaks in the deuteron spec-
tra (the 12.260-MeV peak is in fact a close doublet of states
differing in energy by 0.4 keV[17], which we treated as a
single level). Where necessary, the energies of the calibration
states were corrected using the updated value for the mass of
23Na [18]. A third-order polynomial was used to fit theEx vs
channel number data. Based on predicted energies of states
not used in the calibration process, the error in our excitation
energies was estimated to be ±2 keV foruø10° and ±3 keV
for uù12.5°. The adopted excitation energies(shown in

FIG. 1. Integrated fluxes from the CNO cycles up through the
NeNa cycle. For the purpose of illustration, we have chosenT9

=0.05 andr=100 g/cm3. Strong flows are indicated by heavy lines
and weak flows are represented by dashed lines. Stable nuclei are
represented by shaded boxes.

FIG. 2. Energy level diagram for24Mg. The excitation energies
(in MeV) are from this work; spins and parities are taken from Ref.
[17] The corresponding resonance energies are listed in keV(in the
center of mass). The Gamow windows corresponding toT9=0.05,
0.1, and 0.3 are shown on the right.

FIG. 3. Deuteron spectrum atulab=12.5°. The peaks are labeled
by either their energy in24Mg (in MeV) or by the final state formed
from a contaminant in the target. Excitation energies are from this
study or from Ref.[17]. The latter have been corrected(where
appropriate) for a change in the mass of23Na [18].
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Table I) are a weighted average of the present results and all
previous data.

Two of the 8 states listed in Table I correspond to the
potential23Na+p resonances atEc.m.=5 and 138 keV(corre-
sponding toEx=11.698 and 11.831 MeV, respectively). The
remaining states correspond to the 6 lowest observed reso-
nances. No evidence was seen forEx=11.730 and 11.860-
keV states, which would correspond to the remaining pos-
sible resonances at 37 or 167 keV, respectively. Therefore,
neither state possesses significant single-particle strength. As
mentioned above, the relatively high spin of the latter state
precludes it from having astrophysical significance. On the
other hand, the former state hasJp=0+ and can be formed
via d-wave proton capture. However, if this state is primarily
rotational in character, it would be expected to be weakly
excited in thes3He,dd reaction, which is the case for the
known Jp=0+ bandheads[23].

B. Angular distributions

The analysis of the angular-distribution data also follows
the procedure described in Ha01. Briefly, absolute cross sec-
tions were determined relative to that for elastic scattering,
measured with the monitor detector. Theoretical differential
cross sections were calculated with the DWBA code
DWUCK4 [24]. The 23Na+3He potential parameters were
based on the global parametrization of Becchetti and Green-
lees[25], with modifications to improve the fit to our elastic-
scattering data(shown in Fig. 4). Deuteron potentials were
derived from the global parametrization of Daehnicket al.
[26]. A summary of these parameters is given in Table II.
Unbound form factors were calculated for the states above
the 23Na+p threshold.

The relationship between the measured differential cross

section, ds /dVexp, and that calculated byDWUCK4,
ds /dVDWBA, is

S ds

dV
D

exp
= N

s2Jf + 1d
s2Ji + 1ds2j + 1d

C2SS ds

dV
D

DWBA
, s1d

whereN=4.42 is an overall normalization[28], Jf andJi are
the spins of the final and initial states, respectively, andj is
the transferred total angular momentum. In this case,j
=,±1/2, where, is the transferred orbital angular momen-
tum. We assumed 2s1/2, 2p3/2, 1d5/2, and 1f7/2 transfer. The
quantity C2S is the spectroscopic factor(the isospin Clebsch-
Gordan coefficient C2=1/2 for both T=0 states andT=1

TABLE I. Adopted excitation energies(MeV).

Literature

This study a b c d e f Adopted

11.6986(13) 11.694(3) 11.699(2) 11.6982(10)

11.727(3) 11.731(2) 11.7298(17)

11.8317(18) 11.828(3) 11.8307(15)

11.860(3) 11.860(3)

11.8627(12) 11.862(3) 11.861(4) 11.868(3) 11.8597(20) 11.8624(9)

11.907(4) 11.9104(20) 11.9097(18)

11.9365(12) 11.935(3) 11.9333(4) 11.9334(10) 11.9336(4)

11.9653(12) 11.967(3) 11.967(4) 11.974(3) 11.9669(6) 11.9670(10) 11.9669(5)

11.9929(12) 11.989(3) 11.9880(3) 11.9890(10) 11.9883(3)

12.002(3) 12.003(4) 12.0024(24)

12.0190(12) 12.015(3) 12.016(4) 12.0174(7) 12.0168(10) 12.0174(5)

12.0518(12) 12.050(3) 12.050(4) 12.0516(6) 12.0516(5)

aReference[19].
bReference[20].
cReference[21].
dReference[22].
eReference[17].
fReference[14].

FIG. 4. The ratio of the differential cross section for
23Nas3He,3Hed23Na to that for Rutherford scattering. The fits are
DWBA calculations using different optical model parameters, as
described in the text.
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states). For unbound states, the proton width,Gp can be ob-
tained via

Gp = C2SGsp, s2d

whereGsp is the proton width for a pure single-particle state,
calculated directly byDWUCK4.

Analogous expressions can be written for the cross sec-
tion and proton width by using asymptotic normalization co-
efficients rather than spectroscopic factors. Although the
former is inherently less sensitive to the parameters used to
describe the bound-state potential, we have adopted the latter
formulation for ease of comparison with previous results.
However, the proton width derived from either asymptotic
normalization coefficients or spectroscopic factors is quite
insensitive to the choice of nuclear potential[29], as we will
illustrate below.

The angular distributions for the 12 calibration states are
shown in Fig. 5. In Fig. 6, we show the angular distributions
for the states near the proton-capture threshold. We have also
included 95%-CL upper limits for the(unobserved)

11.730-MeV state. These were derived from the statistics of
the background using the technique of maximum-likelihood
estimation with Poisson statistics[30]. Spectroscopic factors
were obtained by a least-squares fit of the DWBA cross sec-
tions to the data and are listed in Table III. The 1−s statis-
tical uncertainty in the fitting procedure is about 6% for
states formed primarily by a single,-transfer and about 10%
for strongly mixed states. There are also systematic uncer-
tainties arising from the choice of optical-model parameters.
Since the absolute cross sections were determined relative to
elastic scattering, C2S is proportional to the ratio of the
DWBA prediction fors3He,3Hed to that fors3He,dd. Hence,
uncertainties in the3He parameters are the major contribu-
tors to the systematic uncertainty. By varying the3He param-
eters within a reasonable range, we estimate that the uncer-
tainty associated with the3He parameters alone is 26%.
Similar comparisons using different sets of deuteron param-
eters produce an average deviation of about 11%. There is
also a small(2.5%) uncertainty in the fit to the elastic-
scattering data. Finally, we have adopted a theoretical uncer-
tainty of 15% in the normalization factorN, as discussed in

TABLE II. Optical model parameters.

Particle Vr rr ar Wi WD ri =rD ai =aD Vso rso aso rc

3Hea 159.3 1.05 0.72 42.12 1.33 0.86 1.30

db 88.6 1.17 0.73 0.24 36.1 1.33 0.73 13.86 1.07 0.66 1.30

pc d 1.17 0.69 l=25 1.28

aFrom Ref.[25] and present elastic scattering data.
bReference[26].
cReference[27].
dVaried to match separation energy.

FIG. 5. Angular distributions and DWBA fits
for the 12 reference states. The error bars on the
data points reflect statistical uncertainties only.
The orbital angular momentum transfer is noted
for each fit.
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Ref. [29]. Although this uncertainty has normally not been
considered separately in previous work, we do so here for
completeness, and to illustrate that it is significant. Treating
all of these uncertainties as independent, Gaussian-
distributed errors implies a total uncertainty of 33% for the
spectroscopic factors reported here. This result does not in-
clude any uncertainty associated with the bound-state poten-
tials. Since these parameters are not well-constrained by ex-
periment, it is difficult to make a quantitative estimate of the
associated uncertainty, which can be quite significant. Hence,
the spectroscopic factors listed in Table III should be consid-
ered as valid for our particular choice of bound-state param-
eters and comparisons with other data are only meaningful if
this source of systematic error is taken into account. How-
ever, this uncertainty does not enter significantly into the
calculation of the proton width, provided that the single-
particle width is calculated using the same bound-state wave
function.

As discussed by Bertoneet al. [29], both C2S andGsp are
strongly dependent on the bound-state potential, but their

variations are anticorrelated. A deep potential with a corre-
spondingly large amplitude for the interior wave function
yields a smaller spectroscopic factor than is the case for a
shallower potential with a smaller interior amplitude. On the
other hand, a deeper potential will result in a larger value for
Gsp, which depends upon the value of the wave function at
the interaction radius. These variations are largely cancelled
in the product C2S3Gsp; thusGp is rather insensitive to the
choice of parameters for the bound-state potential. To illus-
trate this point, we have calculated proton widths for a ficti-
tious d-wave resonance atEc.m.=200 keV using our adopted
values for radius and diffuseness,rr =1.17 fm and ar
=0.69 fm, and forrr =1.35 fm,ar =0.5 and 0.8 fm. For this
range of parameters, the maximum deviation inGp from the
value derived using our canonical parameters is 3.3%. A sec-
ond source of systematic error inGp arises from ambiguity in
the transferred angular momentum forl .0 transfer. For ex-
ample, a 0+ state can be formed by,=2 transfer withJ
=3/2 or 5/2. Forsuch a state atEc.m.=200 keV, the resulting
spectroscopic factors would differ by about 20%, but the

FIG. 6. Angular distributions and DWBA fits
for states corresponding to possible low-energy
resonances. The orbital angular momentum trans-
fer is noted for each fit.
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TABLE III. Summary of spectroscopic factors.

s2Jf +1dC2S

Ex (MeV)a Jpb , This studyc Literature

10.712 1+ 0 0.53 e

0+2 0.38+0.16

10.731 2+ 0 0.84 e

0+2 0.72+0.12

10.821 3+ 2 0.057 0.13(5)f

2+4 0.050+0.035

10.917 2+ 2 0.14 0.18(6)f

11.330 s2-4d+ 2 0.48

0+2 0.13+0.40

11.390 1− 1 (0.06) 0.24g

11.453d 2+ 0 0.24 h

11.457d 0+ 2 0.16 h

11.519 2+ 0 (0.10) 0.12g

11.698 4+ 2 0.11

2+4 0.097+0.043

11.730 0+ 2 ø0.0067

11.831 ? 0 0.039

1 0.0090

2 0.015

3 0.024

11.862 1− 1 0.026

11.934 (2-4) 2 0.25

0+2 0.021+0.24

1+3 0.085+0.20

2+4 0.23+0.13

11.967 2+ 0 0.084

0+2 0.064+0.012

11.988 2+ 0+2 0.42+0.33

12.017 3− 1 0.13

12.052 4+ 2 0.13

12.184 s1,2d+ 2 0.13

0+2 0.048+0.11

12.260d 2−,3− 1+3 0.35+0.28

12.529 1+ 0+2 0.57+0.12

12.922 3− 1+3 0.21+0.13

12.965 2− 1+3 0.31+0.19

13.031 2+ 2 0.56

13.090 3− 1+3 0.17+0.073

aAdopted energies from this study and from Ref.[17]. The latter have been corrected(where appropriate) for
the revised mass of23Na.
bReference[17].
cThese values have an overall uncertainty of 33%.
dUnresolved doublet.
eUnresolved doublet in Refs.[16,23] with s2Jf +1dC2S=1.3s4d s,=0d and 1.2s6d+0.48s24d s,=0+2d, respec-
tively.
fReference[23].
gReference[16].
hUnresolved doublet in Refs.[16,31] with s2Jf +1dC2Ss,=0d=0.32 and 0.13, respectively.
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proton widths would differ by only 5%. Assuming uncertain-
ties of 5% arising from both the bound-state potential and the
choice of transferred angular momentum, combined with a
33% uncertainty for the spectroscopic factor results in an
overall uncertainty of 34% for our predicted proton widths.

For 10 states, it is possible to compare the proton widths
calculated as described above with values derived from pre-
vious experiments. The latter were obtained from measure-
ments of G [21,22], Gg /G [32], sp,gd [14,17], sp,ad
[13,14,33–35], and sa ,gd [22,36] resonance strengths, and
sp,pd measurements[37]. The sp,ad resonance strengths
have been corrected for changes in target stoichiometry,
which is discussed in more detail in Sec. IV. The results are
listed in Table IV. There is agreement within experimental
uncertainties for 6 states, but there are also a number of
significant discrepancies, which may arise from our choice of
a simple potential model to describe these states. To further
evaluate the usefulness of this technique, we have examined
states in thesd-shell with measuredGp and C2S. We have
restricted our attention to states with knownJp, located
within 2 MeV of the proton-capture threshold. These re-
quirements were designed to ensure that reliable unbound
form factors could be calculated. In addition we limited our
sample to states withG less than about 20 keV, so that the
width would be well defined. Finally, we ignored mixed-,
transitions in which the strength of the lowest,-component
could not be extracted from the angular distribution. Where
necessary, we have derived new values of C2S using un-
bound form factors. A total of 72 states were surveyed in
21,23Na [12,38], 24Mg (this study), 25,26,27Al [39–41] 28Si
[42], 29,31P [43,44], 32S [45], 33Cl [46], and41Sc [47]. Proton
widths were obtained from the original references and from
Ref. [17]. For each state, we have calculated the ratio ofGp
derived from C2S·Gpscalcd to the experimental value. The
natural logarithm of this ratio is approximately Gaussian,

with a mean value of 0.14 and a standard deviation of 0.47
(Fig. 7). This implies that C2S·Gpscalcd has a log-normal
probability distribution, with a 1-s uncertainty of a factor of
1.6. We have adopted this latter value for our calculations of
Gp.

IV. ASTROPHYSICAL ASPECTS

A. General considerations

The thermonuclear reaction rate isNAksvl, whereNA is
Avagadro’s number andksvl is the thermally-averaged prod-
uct of total cross section and velocity(in the center of mass).
The contribution from an isolated, narrow resonance atEc.m.
can be written as

TABLE IV. Comparison of proton widths.

s2Jf +1dGp (eV)

Ex (MeV) Ecm (keV) Jp , s3He,dd Literaturea

11.862 169.5 1− 1 1.6s5d310−4 1.83s39d310−4

11.934 240.7 (2–4) 2 2.5s9d310−3 s3.1–6.7d310−3b

11.967 274.0 2+ 0+2 0.46(16) 0.28(3)

11.988 295.4 2+ 0+2 6.2(21) 1.1(2)c

12.017 324.5 3− 1 1.1(4) 0.59(28)

12.052 358.7 4+ 2 0.076(26) 0.044(12)

12.922 1229 3− 1+3 1.4s5d3104 4.6s5d3104

4.2s4d3104d

12965 1272 2− 1+3 1.9s6d3104 1.5s2d3104d

13031 1338 2+ 2 3.6s12d3103 ,=0:2.0s2d3103d

,=2:7.0s7d3103d

13090 1397 3− 1+3 1.9s6d3104 ,=1:3.9s4d3104d

,=3:1.8s2d3103d

aReference[17] and references therein, unless otherwise noted.
bUsing Gp/G.0.7 from Ref.[32].
cUsing Gp/G=0.70s9d from Ref. [32].
dReference[37].

FIG. 7. The shaded area is a histogram of lnfGpscalcd /Gpsexpdg,
whereGpscalcd is the proton width derived from C2S andGpsexpd is
the experimentally-determined value. The solid line is a Gaussian fit
with a mean value of 0.14 and a standard deviation of 0.47. The
binning reflects an overall uncertainty in C2S of about 30%.
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ksvl = S 2p

mkT
D3/2

"2svgdr expS−
Ecm

kT
D . s3d

The quantitym is the reduced mass,k is Boltzmann’s con-
stant, andvg is the resonance strength, defined by

vg =
2Jr + 1

s2Jt + 1ds2Jp + 1d
GpGo

G
, s4d

in which Jr, Jt, andJp are the spins of the resonance, target
and incident proton, respectively. The quantityGo refers to
the partial width of the outgoing channel; in this caseGo
=Gg or Ga; G=Gp+Gg+Ga is the total width. For situations
where the tails of resonances are important, or if the reso-
nances are broad,ksvl must be evaluated numerically. In the
following, we will discuss the values that we have adopted
for the strengths of the low-energy resonances, which are
summarized in Table V.

B. Resonance strengths

1. Subthreshold resonances

Although any state in the vicinity of the23Na+p threshold
could contribute to the reaction rate as a subthreshold reso-
nance, in practice the 2s1/2 states nearest threshold usually
have the major impact. Two such states exist within about
300 keV of threshold: Ex=11.453 MeV sJp=2+d, and
11.519 MeV sJp=2+d. In addition, the 11.390-MeV state
sJp=1−d could be ap-wave subthreshold resonance. These
states appear as components of unresolved doublets in our
deuteron spectra. The 11.390-MeV state appears in combina-
tion with the 11.394-MeV state(Jp unknown). The ,=1
component of the combined angular distribution(Fig. 6)
yields C2Ss,=1d<0.02. The 11.453-MeV state is combined
with the 11.457-MeVs0+d state. An,=0+2 fit to theangular
distribution for this pair suggests C2Ss,=0d<0.05, which
would be associated with the 11.453-MeV state. Similarly,
the angular distribution for the 11.519-MeV+11.528-MeV
states was best fit with,=0+1+3, yielding C2Ss,=0d
<0.02 for the 11.519-MeV state.

In order to calculate the impact that these states would
have on either thesp,gd or sp,ad reactions, we have derived
values forGg andGa from measurements ofsa ,gd resonance
strengths[22,36], total widths[17], andg-ray branching ra-
tios [32]. We find that the subthreshold resonances have a
negligible impact on thesp,gd rate, which is dominated by
direct capture at low temperatures. This is in disagreement
with the recent Nuclear Astrophysics Compilation of Reac-
tion Rates(NACRE) tabulation[48]. However, this earlier
work did not include the direct-capture component. In con-
trast, the subthreshold resonances do contribute to thesp,ad
reaction. Unfortunately, it is only possible to derive a lower
limit for the reduceda width of the 11.453-MeV state.
Therefore, we have neglected this state in our calculation of
the rate from subthreshold resonances.

2. Ex=11.698 MeV; Ec.m.=5 keV

The 11.698-MeV state was rather strongly populated and
,=2 transfer is indicated. The value of C2S=0.012 implies
Gp=1.8310−55 eV. Vermeer et al. [32] have measured
Gg /G=0.08s3d, which impliesGa /G=0.92s3d (hereafter, we
will denote these branching ratios byBg and Ba, respec-
tively). From these values, we obtainvg=1.6310−56 eV for
the sp,gd reaction and 1.9310−55 eV for thesp,ad reaction.
As discussed above,Gp follows a log-normal probability dis-
tribution whereas we assume normal distributions forBg and
Ba. Thus, the respective standard deviations cannot be com-
bined in the usual manner. Therefore, to determine an overall
uncertainty, we have explicitly calculated the probability dis-
tribution for vg. For thesp,gd reaction, a 68% confidence
belt would includevg=0.85–3.0310−56 eV. Similarly, for
the sp,ad reaction, we obtainvg=1.2–3.0310−55 eV. Nei-
ther resonance strength is astrophysically significant.

3. Ex=11.730 MeV; Ec.m.=37 keV

As mentioned above, no evidence for the 11.730-MeV
state was observed at any angle. SinceJp=0+, the minimum
,-transfer is ,=2. Assuming a pure, direct process, C2S
ø0.0067 andGpø1.3310−19 eV (both 95% confidence lim-

TABLE V. Strengths of low-energy resonances.

vg (eV)c vg (eV)-recommendedd

Ex
a Ecm

a Jpb sp,gd sp,ad sp,gd sp,ad

11.698 5.3 4+ s0.85–3.0d310−56 s1.2–3.0d310−55 1.6310−56 1.9310−55

11.730 36.9 0+ ø1.3310−24 ø3.3310−20 ø1.3310−24 ø3.3310−20

11.831 137.8 ? ,=0: s5.4–14d310−6 ø1.6310−6

,=1: s2.6–6.6d310−7 ø7.5310−8

,=2: s0.94–2.4d310−8 ø2.8310−9 1.5ø10−8 ø2.8310−9

,=3: s1.8–4.6d310−10 ø5.4310−11

11.862 169.5 1− 1.2s4d310−9 2.3s4d310−5e 1.20310−9 2.3310−5

aExcitation energies(in MeV) are from Table I. Resonance energies are in keV.
bReference[17].
cThe 68% confidence band is listed; upper limits are quoted at a 95% confidence level.
dValue used for the recommended rate.
eFrom Refs.[13,14], corrected for target stoichiometry.
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its). The latter is a factor of 38 below the previously-
accepted limit[15]. The other partial widths have been tabu-
lated [17]: Gg=0.37s6d eV and Ga<G=10s2d keV. From
this information, we obtainvgsp,gdø1.3310−24 eV and
vgsp,adø3.3310−20 eV, which are both 95% confidence
limits. As a result, this resonance has a negligible impact on
the sp,gd reaction, but may contribute to thesp,ad reaction
over a fairly narrow range of temperatures,T9
<0.015–0.02. Since this state does not make a significant
contribution to either reaction, we have ignored it in arriving
at recommended reaction rates.

4. Ex=11.831 MeV; Ec.m.=138 keV

The 11.831-MeV state was partially obscured atulab
ø7.5° by nitrogen contamination in the target backing. In
addition, no angular-distribution data could be obtained for
ulab.17.5° because of contaminant groups arising from oxy-
gen. However, the magnitude of the partial angular distribu-
tion that we have obtained is consistent with a direct-reaction
process. Unfortunately, the spin and parity of this state are
not known and the shape of the angular distribution alone

does not unambiguously establish the,-transfer. This state
would correspond to an astrophysically-significant resonance
for ,ø3 and thus we have determined proton widths for,
=0–3. These, combined withBg=0.95s4d [32] determine a
range ofsp,gd resonance strengths. However, since our data
do not rule out the possibility of,.3 transfer or a signifi-
cant contribution from a nondirect process, we have used the
,=0 result as an upper limit. In this case, our 68% confi-
dence range is 5.4–14meV, with a central value of 8.6meV.
These values are somewhat larger than the previous upper
limit of 5 meV [14], which was quoted without a confidence
level. Assuming that this limit was at a 1−s level and that
the statistics are Gaussian, the resulting 95% confidence limit
would be 8.2meV, which is smaller than our maximum
value of 14meV. However, if the statistics in the previous
study are better described by a Poisson distribution, then the
95% confidence limit could be larger than 8.2meV. To be
conservative, we have adopted our value of 14meV in cal-
culating the maximum reaction rate. A direct search for this
resonance has recently been carried out[49], which yields
vgø0.15meV. If this result is verified, then it would rule
out s-wave capture for this resonance.

TABLE VI. Correctedsp,ad resonance strengths.

vg (eV)

Ecm

(keV) b c d e f g h Adopteda

169.5 2.5(6)e-5 2.1(6)e-5 2.3(4)e-5

217.5 5.4(13)e-5 5.4(13)e-5

240.6 ø0.1 ø0.1

273.9 0.036(10) 0.038(6) 0.077(16) 0.031(7) 0.035(4)

295.3 ø4.4e-3 ø0.064 ø4.4e-3

324.4 0.054(14) 0.070(12) 0.10(2) 0.075(16) 0.0716(29) 0.071(2)

358.6 4.1(10)e-3 ø0.012 4.1(10)e-3

426.3 5.7(14)e-3 ø0.02 5.7(14)e-3

490.6 ø0.011 ø0.08 ø0.011

566.8 34(7) 33(7) 40(3) 38(3)

648.0 ø0.041 ø0.15 ø0.041

692.6 ø0.25 ø0.25

707.9 ø0.12 ø0.12

712.6 6.9(14) 9.9(30) 7.4(13)

761.6 3.2(6) 3.6(11) 3.3(5)

778.9 1.7(3) 2.3(7) 1.8(3)

809.5 0.51(10) 0.51(10)

880.4 63(26) 63(26)

968.2 46(14) 46(14)

aWeighted average of individual values.
bCalculated froma-yields of Ref.[33].
cCalculated froma-yields of Ref.[34].
dCalculated froma-yields of Ref.[35]. Upper limits are at the 1-s level.
eReference[53]. These results appear to be systematically high and were normalized to the adopted value at
Ecm=566.8 keV. A target of NaCN was used, thus there are no corrections for stoichiometry.
fFrom relative measurement of Ref.[13] using adopted strength forEcm=273.9 keV.
gReference[14], corrected for stopping power.
hReference[51].
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The branching ratio fora-decay, Ba=0.05s4d, is only
marginally significant and so we have treated it as an upper
limit. Since the standard deviation is comparable to the cen-
tral value, we have used log-normal statistics to describeBa.
For ,=0, vgsp,adø1.6 meV (95% C.L.). This is larger than
the published upper limitvgsp,adø0.5 meV from Ref. [14]
but again it is not clear how to quote a comparable confi-
dence limit. Consequently, we have usedvgsp,adø1.6 meV
to calculate the maximum reaction rate.

5. Ex=11.862 MeV; Ec.m.=169.5 keV

The 11.862-MeV state has been observed as a resonance
in thesp,ad andsa ,gd reactions[13,14,22,36], but not in the
sp,gd reaction. However, since this state appears to possess
some single-proton strength, it must also be asp,gd reso-
nance. Our value of C2S=8.7310−3 implies Gp=53 meV.
From vgsa,gd=1.0s2d eV [22], vgsp,ad=23s5d meV [13,14]
and G=7.0s3d keV [21], we find Gp=61s13d meV and Gg

=0.37s7d eV. These values yieldvgsp,gd=1.20s35d neV,
which has a negligible impact on thesp,gd reaction rate.

6. Low-energy„p,a… resonances

Most direct measurements of low-energysp,ad reso-
nances have used NaCl targets, for which a stoichiometry
Na:Cl=1:1 wasassumed. However, after a very short period
of bombardment, the stoichiometry will change to an ap-
proximately constant value Na:Cl<5:3 [50]. Thus, the ef-
fective stopping powers used to convert the measured reac-
tion yields into resonance strengths are in error. The net
effect is that the published resonance strengths are about
30% too large[51]. Three of the existing measurements
[33–35] quote alpha yields explicitly and so we have recal-
culated the resonance strengths using stopping powers ob-

tained fromSRIM2000 [52] for Na:Cl<5:3. The remaining
2 studies that used NaCl targets[13,14] list resonance
strengths only and so these were corrected by multiplying
them by the appropriate ratio of stopping powers. We have
assigned uncertainties of ±15% to the absolute stopping
powers and ±10% to the relative stopping powers. Finally,
the yields of Ref.[33] do not include corrections for angular
distributions. We have accounted for this effect by using an
average of the angular-distribution coefficients reported by

TABLE VII. 23Nasp,gd24Mg reaction rate.

T9 Low Recommended High

0.010 9.03e−33 1.35e−32 2.02e−32

0.015 1.34e−27 2.01e−27 2.99e−27

0.020 2.45e−24 3.65e−24 5.45e−24

0.025 5.06e−22 7.55e−22 1.13e−21

0.030 2.94e−20 4.39e−20 6.46e−20

0.040 1.02e−17 1.64e−17 1.69e−15

0.050 6.80e−16 3.63e−15 3.32e−12

0.060 1.67e−14 4.40e−13 5.04e−10

0.070 2.34e−13 1.53e−11 1.76e−08

0.080 4.36e−12 2.20e−10 2.48e−07

0.090 1.27e−10 1.80e−09 1.90e−06

0.10 2.57e−09 1.12e−08 9.52e−06

0.11 3.66e−08 6.71e−08 3.52e−05

0.12 2.91e−07 4.13e−07 1.03e−04

0.13 1.90e−06 2.36e−06 2.56e−04

0.14 9.76e−06 1.16e−05 5.55e−04

0.15 4.09e−05 4.77e−05 1.09e−03

0.16 1.44e−04 1.68e−04 1.99e−03

0.18 1.20e−03 1.40e−03 5.92e−03

0.20 6.52e−03 7.67e−03 1.71e−02

0.25 1.35e−01 1.61e−01 2.14e−01

0.30 9.89e−01 1.18e+00 1.46e+00

0.35 3.98e+00 4.73e+00 5.76e+00

0.40 1.10e+01 1.31e+01 1.59e+01

0.45 2.40e+01 2.86e+01 3.42e+01

0.50 4.40e+01 5.25e+01 6.27e+01

0.60 1.07e+02 1.28e+02 1.52e+02

0.70 2.01e+02 2.38e+02 2.83e+02

0.80 3.22e+02 3.79e+02 4.48e+02

0.90 4.70e+02 5.49e+02 6.41e+02

1.0 6.48e+02 7.46e+02 8.62e+02

1.3 1.36e+03 1.51e+03 1.69e+03

1.5 1.98e+03 2.17e+03 2.39e+03

1.8 3.14e+03 3.39e+03 3.65e+03

2.0 4.07e+03 4.35e+03 4.66e+03

2.5 6.71e+03 7.13e+03 7.58e+03

3.0 9.65e+03 1.02e+04 1.09e+04

3.5 1.26e+04 1.34e+04 1.42e+04

4.0 1.53e+04 1.63e+04 1.74e+04

5.0 1.97e+04 2.11e+04 2.25e+04

FIG. 8. Total reaction rate(solid lines), and individual contribu-
tions of resonances and direct capture(dotted lines) for the
23Nasp,gd24Mg reaction. The upper limitsL=0d and recommended
sL=2d value for the 138-keV resonance are represented by dashed
lines.
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Refs. [34,35,53]. We list the corrected resonance strengths
and our recommended values in Table VI.

C. Reaction rates

1. The 23Na„p,g…24Mg reaction

For T9ø5, the rate for the23Nasp,gd24Mg reaction is
dominated by direct capture and by the contributions of in-
dividual resonances. We have calculated the cross section for
direct capture,sDC in the 23Nasp,gd24Mg reaction using the
familiar relation

sDC = C2Ssth
DC, s5d

wheresth
DC is the calculated cross section for a pure single-

particle state. Spectroscopic factors were taken from this
work and from values tabulated in Ref.[17]. Calculations of
sth

DC were performed using the same bound-state potential
parameters as were used to extract C2S. In cases where there
are several values for C2S for a given state, we have aver-
aged the resultingsDC. The spread in the individualsDC

suggest an overall uncertainty of 40% for the direct-capture
rate. ConvertingsDC into an astrophysicalS-factor yields

SDCsEd = 0.0239 − 0.00693 ·E + 0.00257 ·E2sMeV ·bd,

s6d

for Ec.m.ø1 MeV.
We have used Eq.(3) to calculate the individual reaction

rates for all of the resonances discussed above and for the
higher-energy resonances listed in Ref.[17]. An analytic ex-
pression for the total reaction rate is

NAksvl = 4.263 108s1 − 0.26T9 − 0.14T9
2 + 0.038T9

3dT9
−2/3

3 exps− 20.769/T9
1/3 − sT9/0.2d2d + 85.2T9

−3/2

3exps− 2.793/T9d + 1.703 104T9
−3/2

3exps− 3.428/T9d + 2.153 104 exps− 5.129/T9d

+ 4.443 104exps− 6.181/T9d + fNg1.39T9
−3/2

3exps− 1.599/T9dcm3 mol−1 s−1. s7d

The first term describes the contribution from direct capture,
while the next two terms represent the dominant low-energy

resonances at 240 and 295 keV. The next two terms are the
combined contributions of all higher-energy resonances. The
final term is the contribution from the 138-keV resonance,
whereN=1 for s-wave capture. Forp-, d-, and f-wave cap-
ture, N would be 0.047, 1.7310−3, and 3.4310−5, respec-
tively. The total reaction rate and the individual contributions
to it are shown in Fig. 8. We also display the rate in tabular
form in Table VII. The upper and lower limits listed here
include the overall uncertainty of ±40% associated with the
direct-capture component along with the combined uncer-
tainties of all important resonances. The latter includes un-
certainties in resonance energies and strengths, calculated us-
ing the procedures described in Thompson and Iliadis[54].
For all but the lowest temperatures, this corresponds to a
68% confidence belt. Our recommended rate assumes
d-wave capture for the 138-keV resonance, which is based
on the (unpublished) upper limit for the resonance strength
mentioned above. Since this result must be regarded as ten-
tative, it is important to also consider the maximum contri-
bution from this resonance in nucleosynthesis calculations.

2. The 23Na„p,a…20Ne reaction

An analytic expression for the totalsp,ad reaction rate is

NAksvl = 8.063 1010s1 − 4.52T9 − 265T9
2 + 7.363 103T9

3

− 5.903 104 T9
4 + 1.733 105 T9

5dT9
−2/3

3exps− 20.769/T9
1/3 − sT9/0.20d2d

+ 7.983 1012s1 − 46.7T9 + 960T9
2 − 5.90

3 103 T9
3 + 1.323 104 T9

4 − 3.833 104 T9
5dT9

2/3

3exps− 20.769/T9
1/3 − sT9/0.11d2d + 3.73T9

−3/2

3exps− 1.967/T9d + 8.76T9
−3/2 exps− 2.524/T9d

+ 1.863 104 T9
−0.195exps− 2.981/T9d

+ 3.873 106 T9
0.751exps− 6.019/T9d

+ f0 − 1g5.353 10−15T9
−3/2 exps− 0.428/T9d

+ f0 − 1g0.260T9
−3/2 exps− 1.599/T9dcm3 mol−1 s−1.

s8d

The first two terms describe the respective contributions

FIG. 9. Total reaction rate
(solid lines), and the contributions
of individual resonances(dotted
lines) for the 23Nasp,ad20Ne reac-
tion. The upper limits forL=0 and
L=2 capture into the 138-keV
resonance are represented by
dashed lines.
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from subthreshold resonances and the low-energy tails of
higher-lying resonances. The next two terms represent the
170- and 217-keV resonances, respectively. The following
two terms are the combined contribution from higher-energy
resonances. Finally, the two[0–1] terms are the upper limits
for the 37- and 138-keV resonances. Since the contribution
of the former resonance is small and limited toT9ø0.02, we
have ignored it in arriving at a recommended rate. As before,
the [0–1] term for the 138-keV resonance assumess-wave

capture, whereas forp-, d-, and f-wave capture, the upper
limit would be multiplied by 0.047, 1.7310−3, and 3.4
310−5, respectively. The total reaction rate and the indi-
vidual contributions to it are shown in Fig. 9. Our recom-
mended rate assumes the upper limit ford-wave capture. The
rates listed in Table VIII include the[0–1] terms as well as
the 68% confidence belt for the known resonances.

V. CONCLUSIONS

The reaction rates that we have presented here differ quite
markedly from those of the NACRE compilation[48] for
temperatures belowT9,0.2. For thesp,gd reaction, the ma-
jor difference in this work is the inclusion of direct capture,
which in fact dominates the rate forT9ø0.03. The uncertain
contribution of the 138-keV resonance still causes a large
uncertainty for 0.03øT9ø0.2. In the case of the(p,a) reac-
tion, we have reduced the maximum contribution of the 37-
keV resonance by a factor of 515. Consequently, the uncer-
tainty in this rate is much reduced forT9ø0.045. For ex-
ample, atT9=0.03 the range of uncertainty has been reduced
from a factor of 276 to 2.7. The biggest source of uncertainty
for the sp,ad reaction is the 138-keV resonance, but it has a
much smaller effect in this case than it did for thesp,gd
reaction. For both reactions, the maximum contribution from
the 138-keV resonance occurs nearT9=0.07; here the overall
uncertainty is a factor 7.53104 for the sp,gd reaction and a
factor of 12 for thesp,ad reaction.

The competition betweensp,gd and sp,ad determines
whether material is trapped within a NeNa cycle or is pro-
cessed to Mg and Al. Figure 10 shows the ratio of
sp,ad to sp,gd as a function of temperature. Unless the pro-
ton width of the 138-keV resonance is near its upper limit,
there is strong cycling forT9ø0.1. This has important con-
sequences for the behavior of sodium vs oxygen. To explore

TABLE VIII. 23Nasp,ad20Ne reaction rate.

T9 Low Recommended High

0.010 1.62e−30 2.59e−30 5.49e−30

0.015 2.29e−25 3.67e−25 1.75e−24

0.020 4.07e−22 6.51e−22 1.99e−21

0.025 8.31e−20 1.33e−19 2.62e−19

0.030 4.86e−18 7.78e−18 1.31e−17

0.040 1.87e−15 2.99e−15 4.94e−15

0.050 1.46e−13 2.33e−13 6.71e−13

0.060 5.44e−12 8.46e−12 5.99e−11

0.070 1.68e−10 2.40e−10 2.02e−09

0.080 3.45e−09 4.60e−09 3.00e−08

0.090 4.06e−08 5.22e−08 2.51e−07

0.10 3.01e−07 3.79e−07 1.41e−06

0.11 1.57e−06 1.95e−06 5.86e−06

0.12 6.22e−06 7.51e−06 1.92e−05

0.13 2.13e−05 2.53e−05 5.52e−05

0.14 6.43e−05 7.49e−05 1.41e−04

0.15 1.77e−04 2.02e−04 3.35e−04

0.16 4.53e−04 5.09e−04 7.55e−04

0.18 2.46e−03 2.70e−03 3.44e−03

0.20 1.04e−02 1.14e−02 1.35e−02

0.25 1.63e−01 1.79e−01 1.99e−01

0.30 1.08e+00 1.18e+00 1.30e+00

0.35 4.30e+00 4.66e+00 5.06e+00

0.40 1.28e+01 1.37e+01 1.48e+01

0.45 3.26e+01 3.46e+01 3.67e+01

0.50 7.52e+01 7.93e+01 8.37e+01

0.60 3.17e+02 3.35e+02 3.56e+02

0.70 1.00e+03 1.07e+03 1.14e+03

0.80 2.51e+03 2.68e+03 2.86e+03

0.90 5.26e+03 5.62e+03 6.01e+03

1.0 9.73e+03 1.04e+04 1.12e+04

1.3 3.92e+04 4.15e+04 4.40e+04

1.5 7.84e+04 8.29e+04 8.76e+04

1.8 1.77e+05 1.88e+05 1.97e+05

2.0 2.75e+05 2.90e+05 3.06e+05

2.5 6.25e+05 6.60e+05 6.97e+05

3.0 1.11e+06 1.17e+06 1.23e+06

3.5 1.68e+06 1.78e+06 1.88e+06

4.0 2.30e+06 2.44e+06 2.59e+06

5.0 3.56e+06 3.79e+06 4.05e+06

FIG. 10. Ratio of reaction rates forsp,ad and sp,gd reactions.
The solid line is the ratio calculated using the recommended rates
and the shaded area denotes the uncertainty in the ratio. The latter
includes the correlations in the uncertainties for the two reactions.
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this effect, we have performed network calculations using
the “low,” “recommended” and “high” rates from Tables VII
and VIII. The initial abundances were those of an extremely
metal-poor star(in this case, a metallicityZ=0.0002) with a
canonical halo composition(i.e., the alpha elements were
enhanced by a factor of 2.5 and23Na was reduced by the
same amount). The temperature and densitysT9=0.06,r

=90 g/cm3d were chosen to be representative of values near
the center of the H-burning shell on the red-giant branch.
Finally, the calculation was stopped when the hydrogen
abundance dropped to 10% of its initial value, which is
roughly equivalent to the time required for the H-shell to
advance outward by about a shell thickness. The results are
shown in Fig. 11. Although there is negligible flow from the
CNO nuclei into the NeNa cycle, an apparent Na-O anticor-
relation is established if the contribution from the 138-keV
resonance is no larger than what is assumed for recom-
mended rates. In this case, the23Na enhancement relative to
iron is well in excess of what is observed, but the maximum
Na/O is less. However, this result is not meant to reproduce
that of a true model calculation. The important point is that
an anticorrelation is not predicted unless the proton width of
the 138-keV resonance is near to(or smaller than) the rec-
ommended value.

The present uncertainty in the rates of the23Nasp,gd24Mg
and 23Nasp,ad20Ne reactions is still large and is dominated
by the unknown contributions of the 138-keV resonance. If
this state is formed by,ù2 transfer, then itssp,gd resonance
strength could be measured directly. This work is in
progress.
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