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States near th&Na+p threshold in?*Mg were investigated using tifiéNa(*He ,d)?*Mg reaction over the
angular range of 5% f,,<35° at E(*He)=20 MeV. Spectroscopic factors were extracted for states corre-
sponding to resonances in tfitNa(p, y)2*Mg and?*Na(p, «)>°Ne reactions. We find that one state, correspond-
ing to a previously unobserved resonanc&gt, =138 keV, may make a significant contribution to the rates
of both reactions at low temperatures. Another state, corresponding to a possible resoriange 3 keV
may make a small contribution to th&Na(p,a)?’Ne reaction. New rates for th&Na(p, y)**Mg and
ZNa(p, a)*™Ne reactions are presented and the astrophysical implications are discussed.
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I. INTRODUCTION (d,n) spectrum of Fuchet al. [16], in which neither state
) ) _ was observed. While it may be possible to detect the
Observations of giant stars in metal-poor globular clusterg 3g-kev resonance directly, the 37-keV resonance is too low
reveal a number of interesting chemical effects, including an energy to be observed in either the, ) or (p, ) chan-
seemingly anomalous anticorrelation between sodium ange|, |n addition, the 170-keV resonance has been observed
oxygen(reviewed in[1-4] and references therginThis ef-  gnjy in the(p,a) channel[14]. Finally, the high-energy tails
fect would arise through the simultaneous operation of theyr caveral states just below tA&a-+p threshold could con-

CNO and NeNa cycles in which C and O are converted intQyjhyte to hoth reactions. Consequently, we have used the
N while Ne is processed to Nalirect flow from the CNO 2Na(®He ,d)%Mg reaction to populate states in the vicinity

cycles to the NeNa region is negligible at the temperatures o(gf the 3Na+p threshold. Our procedure is similar to that

interest,T~0.02—0.08 GK 0rTg~0.02-0.08. Processed | . by EI Eid and Champagiiés] in that we have also
material could the'n be Fransported to the st_ellar surface bﬁﬁstimated proton widths from measured spectroscopic fac-
Qeep, nonconvectlve_ r_mmeS—Q], p_erhaps drlv_en“ by rota-” tors. However, because our spectral resolution is improved
tion [10]. However, it is also possible that this “anomaly from that of the previousd,n) measuremerfL6], it is pos-

actually originat_ed in a .previ(_)us generation of stars, WhiChsible to make more reliable estimates of the spectroscopic
then passed this chemical signature down to the stars ol?—

served today. In fact, recent observatigad] suggest that actors for weakly-populated states.

both processes may have taken place. A description of either

scenario requires an accurate knowledge of the reactions that ||, EXPERIMENTAL PROCEDURE AND RESULTS

produce and destroy sodium. Sodium is produced as part of

the NeNa cycle(Fig. 1) via the ?Ne(p, y)*Na reaction, A. Targets

which was the subject of a previous pagRef. [12], here- The targets used initially in this work consisted ONa

after Ha0J. In the following, we examine the reactions that implanted into 40ug/cn? "*C foils, but these proved to be

destroy sodium, nameRNa(p, 7)**Mg and®Na(p,@)*Ne.  unstable under bombardment. Subsequent targets consisted
Low-energy resonances in tRéNa+p system have been of sodium-bearing compounds evaporated onto 20-

studied by Zyskindet al. [13] and by Gorreset al. [14].  ug/cn? "C foils. Of these, NaF, NaCl, Nal, and NalO,

Below the lowest observed resonanc&gt, =170 keV are 4 either exhibited large backgrounds in the region of interest or

states, which could correspond to resonances at 5, 37, 138egraded with time. However, NaBr was found to be rela-

and 167 keV(as shown in Fig. 2 Neither of the potential tively stable and comparatively free of background and thus

resonances at 5 and 167 keV are expected to make a signifiras used for our measurements. These targets had the lowest

cant contribution to the reaction rate. The former is mostoxygen contamination of all of the targets produced, which

likely too low in energy whereas the latter is formed by anwas particularly important because the ground state and first-

angular momentum transfé=4—6 andthus is inhibited by  excited state ot’F interfere with the states of interest. Two

a large centrifugal barrier. Upper limits on the resonancdargets were used, with thicknesses measured with a

strengths of the remaining 2 states were estimated by El Eideposition monitorof approximately 49 and 102g/cn?. A

and Champagngl5] who concluded that the 37-keV reso- third target, consisting of about 16g/cn? of metallic so-

nance could contribute to thep,y) but not to the(p, ) dium, sandwiched between thiabout 7ug/cn?) layers of

reaction, with the reverse situation pertaining to the 138gold and on a 2Q:g/cn? "*C foil was also used. This target

keV resonance. This result is based on a calculation of proeontained more oxygen than the NaBr target, but was used to

ton widths using spectroscopic factors estimated from aerify that any weakly-populated states Mg were not
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FIG. 1. Integrated fluxes from the CNO cycles up through the § 500 600 700 800 900 1000
NeNa cycle. For the purpose of illustration, we have chogn 8 ' ' ' '

=0.05 andp=100 g/cni. Strong flows are indicated by heavy lines ~
and weak flows are represented by dashed lines. Stable nuclei are E’
represented by shaded boxes. 2001 é

obscured by those arising frofff®Br(*He ,d)88%r. In fact,
we observed no states that could be attributetffr.

»
wl % )8 3
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B. Experimental details s s . s :
1250 1350 1450 1550 1650 1750 1850 1950

A 20-MeV *He** beam was provided by the Triangle Uni- Channel
versities Nuclear Laboratory FN tandem accelerator, with
typical beam currents between 100 and 150 pnA. The outgo- FIG. 3. Deuteron spectrum &f,=12.5°. The peaks are labeled
ing deuterons andHe were momentum-analyzed with the by either their energy ifi'Mg (in MeV) or by the final state formed
TUNL Enge Split-Pole Spectrometer and detected using from a contaminant in the target. Excitation energies are from this
42-cm long position-sensitive avalanche counter. The soligtudy or from Ref.[17]. The latter have been correct¢dhere
angle of the spectrometer was fixed at 2.0 msr in order t&PPropriatgfor a change in the mass 6tNa (18]
reduce the widths of the contaminant lines arising from car-
bon, nitrogen and oxygen in the target. Data for tfi¢e,d)  the monitor telescope was measured using a calibf4tach
reaction were collected from,,=5° to 22.5° in 2.5° steps source and found to be(t=0.92+0.01 msr, consistent with
and from 25° to 35° in 5° steps. Elastic scattering was mea@ geometric measurement of 0.9+0.1 msr. As was the case in
sured forf,,=5° to 45° in 5° steps. HaO1, the yield from elastic scattering measured with the
The target was monitored usingME-E silicon telescope, Mmonitor was also used to determine the absolute cross-
mounted in the target chamber@g,=44.2°. The aperture of section scale for th€’He,d) data.

1,052 @ Ill. DATA ANALYSES
ggg—; }—2'83; 3 A. Excitation energies
310 —™17.988 i '
::i - [11.967 2 A deuteron spectrum collected éf,=12.5° is shown in
241 o [11.934 @-4) Fig. 3. Following the procedure of HaOl, the deuteron
217 ——n [11.910 z=N groups were fit with a template consisting of a Gaussian
170 —— 11.862 r shape with.a Ipw—energy exponential tail. o
167 ¥ o ©.7.8) 03 The excitation energies of states observed within about
138 oo B8 I 400 keV of the(p,y) threshold[Q=11.69293) MeV [18]]
were obtained from internal calibrations of the individual
0.1 deuteron spectra. A total of 12 states above and below the
37 eeeenn oljtaze0 o 005 region of interest, with known excitation energies, were used
IR P | LK —— to determine the excitation energies of the intervening levels.
Na+p L L These states are noted in Fig. 3 and were chosen because
1 they correspond to well-resolved peaks in the deuteron spec-
LEco M tra (the 12.260-MeV peak is in fact a close doublet of states
o o differing in energy by 0.4 ke\[17], which we treated as a
24v1g single leve). Where necessary, the energies of the calibration

states were corrected using the updated value for the mass of
FIG. 2. Energy level diagram fdMg. The excitation energies ?*Na[18]. A third-order polynomial was used to fit i vs
(in MeV) are from this work; spins and parities are taken from Ref.channel number data. Based on predicted energies of states
[17] The corresponding resonance energies are listed inikette ~ Not used in the calibration process, the error in our excitation
center of mags The Gamow windows corresponding Tg=0.05,  energies was estimated to be +2 keV #x 10° and +3 keV
0.1, and 0.3 are shown on the right. for 6=12.5°. The adopted excitation energigshown in
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TABLE |. Adopted excitation energigdvieV).

Literature
This study a b ¢ d © f Adopted
11.698613) 11.6943) 11.6992) 11.698210)
11.7273) 11.7312) 11.729817)
11.831718) 11.8283) 11.830715)
11.86Q3) 11.86@3)
11.862712) 11.8623) 11.8614) 11.8683) 11.859720) 11.86249)
11.9074) 11.910420) 11.909718)
11.936%12) 11.9353) 11.93334) 11.933410) 11.93364)
11.965312) 11.9673) 11.9674) 11.9743) 11.96696) 11.967Q10) 11.96695)
11.992912) 11.9893) 11.98803) 11.989Q10) 11.98833)
12.0023) 12.0034) 12.002424)
12.019012 12.01%3) 12.0164) 12.01747) 12.016810)0 12.01745)
12.051812) 12.05@3) 12.05Q4) 12.05166) 12.05165)
“Referencg19)].
bReference[ZO].
‘Referencq21].
dReference[22].
*Referencq17].
fReference[14].

Table )) are a weighted average of the present results and aflection, @&/d{),, and that calculated bybpwuck4,

previous data. do/dQpwea, is
Two of the 8 states listed in Table | correspond to the
potential®Na+p resonances &, ,,=5 and 138 ke\(corre- do| (23 +1) b do
sponding toE,=11.698 and 11.831 MeV, respectivelihe 40 exp‘ (23, +1)(2j + 1)C 40 . (1)

remaining states correspond to the 6 lowest observed reso-
nances. No evidence was seen Ey=11.730 and 11.860- whereN=4.42 is an overall normalizatioj28], J; andJ; are
keV states, which would correspond to the remaining posthe spins of the final and initial states, respectively, afsl
sible resonances at 37 or 167 keV, respectively. Thereforehe transferred total angular momentum. In this cajse,
neither state possesses significant single-particle strength. As+1/2, where¢ is the transferred orbital angular momen-
mentioned above, the relatively high spin of the latter statgum. We assumedsg,,, 2ps,, 1ds),, and I, transfer. The
precludes it from having astrophysical significance. On thequantity CS is the spectroscopic facttihe isospin Clebsch-
other hand, the former state ha%=0" and can be formed Gordan coefficient €=1/2 for both T=0 states andl=1
via d-wave proton capture. However, if this state is primarily

rotational in character, it would be expected to be weakly v T ' T
excited in the(®*He,d) reaction, which is the case for the 1.0 BNg(SHe, ®He)PNa
known J7=0* bandhead$23].

—Gilobal parameters
B. Angular distributions —Adusted parameters
The analysis of the angular-distribution data also follows

the procedure described in Ha01l. Briefly, absolute cross sec- ol.x
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 °Na+°He potential parameters were
based on the global parametrization of Becchetti and Green-

lees[25], with modifications to improve the fit to our elastic- 01 10 20 30 40

scattering datgshown in Fig. 4. Deuteron potentials were 0__ (deg)

derived from the global parametrization of Daehnikal. om

[26]. A summary of these parameters is given in Table Il. FIG. 4. The ratio of the differential cross section for

Unbound form factors were calculated for the states abovéNa(*He *He)*Na to that for Rutherford scattering. The fits are

the 2Na+p threshold. DWBA calculations using different optical model parameters, as

The relationship between the measured differential crosdescribed in the text.
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TABLE Il. Optical model parameters.

Particle V; re a W, Wp r=rp a;=ap Vso l'so aso le
3He? 159.3 1.05 0.72 42.12 1.33 0.86 1.30
d° 88.6 1.17 0.73 0.24 36.1 1.33 0.73 13.86 1.07 0.66 1.30
p° d 1.17 0.69 =25 1.28
®From Ref.[25] and present elastic scattering data.
bReference{ZG].
‘Referencq27].

dvaried to match separation energy.

states. For unbound states, the proton widih, can be ob-  11.730-MeV state. These were derived from the statistics of

tained via the background using the technique of maximume-likelihood
5 estimation with Poisson statisti¢30]. Spectroscopic factors

I'p=C*Slp, (2)  were obtained by a least-squares fit of the DWBA cross sec-

wherel g, is the proton width for a pure single-particle state,:!onlS to thet o_Ia;[a ginctlharef_tll_sted n Tackj)le Ii. Thg&ftggf'f
calculated directly bypwuckd. ical uncertainty in the fitting procedure is about 6% for

Analogous expressions can be written for the cross se states formed primarily by a singletransfer and about 10%

tion and proton width by using asvmptotic normalization CO_Cf'or strongly mixed states. There are also systematic uncer-
P y g asymp tainties arising from the choice of optical-model parameters.

Eﬁ'c'ems _rather than spectroscopic factors. Although th ince the absolute cross sections were determined relative to
former is inherently less sensitive to the parameters used Ylastic scattering, &S is proportional to the ratio of the
describe the bound-state potential, we have adopted the lattgfyga prediction ,for(3He,3He) to that for(*He,d). Hence,
formulation for ease of comparison with previous results.certainties in théHe parameters are the major contribu-
However, the proton width derived from either asymptoticiq,s tg the systematic uncertainty. By varying thie param-
normalization coefficients or spectroscopic factors is quitésters within a reasonable range, we estimate that the uncer-
insensitive to the choice of nuclear potenfiad], as we will - tainty associated with théHe parameters alone is 26%.
illustrate below. Similar comparisons using different sets of deuteron param-
The angular distributions for the 12 calibration states aresters produce an average deviation of about 11%. There is
shown in Fig. 5. In Fig. 6, we show the angular distributionsalso a small(2.5%) uncertainty in the fit to the elastic-
for the states near the proton-capture threshold. We have alsgattering data. Finally, we have adopted a theoretical uncer-
included 95%-CL upper limits for the(unobserveyl tainty of 15% in the normalization factd¥, as discussed in

10 1€ T T T . T T T

= 12.520 MeV
—E‘l=002

=12.922 MoV
jl-ns
3 E
(4

Al 4 3
N N N

Y Y
E,=10.712MeV
]

rdD

E=10.731 MoV
—i{=0

--¢=04+2

= 12.965 MoV

d N\ . 5 FIG. 5. Angular distributions and DWBA fits
S L J for the 12 reference states. The error bars on the
o data points reflect statistical uncertainties only.

The orbital angular momentum transfer is noted
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Ref. [29]. Although this uncertainty has normally not been variations are anticorrelated. A deep potential with a corre-
considered separately in previous work, we do so here fospondingly large amplitude for the interior wave function
completeness, and to illustrate that it is significant. Treating/ields a smaller spectroscopic factor than is the case for a
all of these uncertainties as independent, Gaussiarshallower potential with a smaller interior amplitude. On the
distributed errors implies a total uncertainty of 33% for theother hand, a deeper potential will result in a larger value for
spectroscopic factors reported here. This result does not if-g, which depends upon the value of the wave function at
clude any uncertainty associated with the bound-state poteithe interaction radius. These variations are largely cancelled
tials. Since these parameters are not well-constrained by eia the product €S X I's, thusT, is rather insensitive to the
periment, it is difficult to make a quantitative estimate of thechoice of parameters for the bound-state potential. To illus-
associated uncertainty, which can be quite significant. Hencérate this point, we have calculated proton widths for a ficti-
the spectroscopic factors listed in Table Il should be considtious d-wave resonance &, ,,=200 keV using our adopted
ered as valid for our particular choice of bound-state paramvalues for radius and diffuseness,=1.17 fm and a,
eters and comparisons with other data are only meaningful #£0.69 fm, and forr,=1.35 fm,a,=0.5 and 0.8 fm. For this
this source of systematic error is taken into account. Howfange of parameters, the maximum deviatiod’jfrom the
ever, this uncertainty does not enter significantly into thevalue derived using our canonical parameters is 3.3%. A sec-
calculation of the proton width, provided that the single-ond source of systematic error iy arises from ambiguity in
particle width is calculated using the same bound-state wavthe transferred angular momentum for O transfer. For ex-
function. ample, a 0 state can be formed by=2 transfer withJ

As discussed by Bertoret al. [29], both CS andl';yare  =3/2 or 5/2. Fosuch a state & , =200 keV, the resulting
strongly dependent on the bound-state potential, but thespectroscopic factors would differ by about 20%, but the
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TABLE lll. Summary of spectroscopic factors.

(2J;+1)C?S
E, (MeV)? Jm ¢ This study Literature
10.712 T 0 0.53 €
0+2 0.38+0.16
10.731 z 0 0.84 €
0+2 0.72+0.12
10.821 3 2 0.057 0.185)'
2+4 0.050+0.035
10.917 2 2 0.14 0.186)
11.330 (2-4)* 2 0.48
0+2 0.13+0.40
11.390 T 1 (0.06) 0.24
11.453 2t 0 0.24 h
11.457 ot 2 0.16 h
11.519 2 0 (0.10 0.1%
11.698 4 2 0.11
2+4 0.097+0.043
11.730 g 2 <0.0067
11.831 ? 0 0.039
1 0.0090
2 0.015
3 0.024
11.862 I 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 P4 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 1,2% 2 0.13
0+2 0.048+0.11
12.260 27,3 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

“Adopted energies from this study and from R@f7]. The latter have been correcteshere appropriatefor

the revised mass dfNa.

bReference[l?].

“These values have an overall uncertainty of 33%.
dUnresolved doublet.

“Unresolved doublet in Ref§16,23 with (2J;+1)C?S=1.34) (¢=0) and 1.26)+0.4824) ({=0+2), respec-

tively.

fReference{23].
9IReference16].

"Unresolved doublet in Ref$§16,31 with (2J;+1)C2S(£=0)=0.32 and 0.13, respectively.
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TABLE IV. Comparison of proton widths.

(23+1)T, (eV)

E. (MeV) Eem (keV) J” ¢ (He d) Literaturé
11.862 169.5 1 1 1.65)x 10 1.8339) x 104
11.934 240.7 (2-4 2 2.59)x 1073 (3.1-6.7x10°%®
11.967 274.0 p 0+2 0.4616) 0.293)
11.988 295.4 2 0+2 6.221) 1.1(2)°
12.017 324.5 3 1 1.1(4) 0.5928)
12.052 358.7 1 2 0.07626) 0.04412)
12.922 1229 3 1+3 1.45) x 10* 4.6(5) x 10*

4.2(4) x 10¢

12965 1272 2 1+3 1.96) x 10* 1.5(2) x 10¢
13031 1338 pJ 2 3.612 x 10° €=0:2.02) x 163
€=2:7.07)x 103
13090 1397 3 1+3 1.96) x 10* €=1:3.94) x 10/

€=3:1.92) x 10™

*Referencg17] and references therein, unless otherwise noted.
bUsing Ip/T'>0.7 from Ref.[32].

UsingT',/T'=0.7Q9) from Ref.[32].

dReference[?,?].

proton widths would differ by only 5%. Assuming uncertain- with a mean value of 0.14 and a standard deviation of 0.47
ties of 5% arising from both the bound-state potential and theFig. 7). This implies that €S T'(calc) has a log-normal
choice of transferred angular momentum, combined with &robability distribution, with a 1s uncertainty of a factor of
33% uncertainty for the spectroscopic factor results in an 6. We have adopted this latter value for our calculations of
overall uncertainty of 34% for our predicted proton widths. T

For 10 states, it is possible to compare the proton widths P
calculated as described above with values derived from pre-
vious experiments. The latter were obtained from measure- IV. ASTROPHYSICAL ASPECTS
ments of I' [21,23, I'/T" [32], (p,y) [14,17, (p,@) A. General considerations
[13,14,33-3§ and (a, y) [22,3§ resonance strengths, and The thermonuclear reaction rate Ns(ov), whereN, is

(p,p) measurement$37]. The (p,a) resonance strengths ) :
have been corrected for changes in target stoichiometr)'/A,‘V""gadmS humber anfbv) is the thermally-averaged prod-

which is discussed in more detail in Sec. IV. The results arg/Ct Of total cross section and velocity the center of mags

listed in Table IV. There is agreement within experimental '€ contribution from an isolated, narrow resonancgqi,
uncertainties for 6 states, but there are also a number §@n be written as
significant discrepancies, which may arise from our choice of

a simple potential model to describe these states. To further OV
evaluate the usefulness of this technique, we have examined
states in thesd-shell with measured’, and &S. We have a0k |

restricted our attention to states with knowfi, located .
within 2 MeV of the proton-capture threshold. These re- o

quirements were designed to ensure that reliable unbound €20} -
form factors could be calculated. In addition we limited our é’

sample to states with' less than about 20 keV, so that the
width would be well defined. Finally, we ignored mixéd-
transitions in which the strength of the lowgstomponent
could not be extracted from the angular distribution. Where ol i ! ;
necessary, we have derived new values 68 @sing un- 24 12 0 12 24
bound form factors. A total of 72 states were surveyed in In[[" (calc) /T (exp)]
21.23a [12,38, Mg (this study, 2>2%?Al [39-47 s P :

[42], %1 [43,44, %S [45], *CI [46], and*'Sc[47]. Proton FIG. 7. The shaded area is a histogram T jsicalc) /T (exp],
widths were obtained from the original references and fromyherer o(calg is the proton width derived from4S andT ,(exp) is

Ref. [17]. For each state, we have calculated the ratid'pf the experimentally-determined value. The solid line is a Gaussian fit
derived from CGS T'y(calg to the experimental value. The with a mean value of 0.14 and a standard deviation of 0.47. The
natural logarithm of this ratio is approximately Gaussian,binning reflects an overall uncertainty irf€ of about 30%.
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TABLE V. Strengths of low-energy resonances.

oy (eV)° wy (eV)-recommendet
E®  Eg  J™ (p.7) (p.) (p.) (p. )

11.698 5.3 2 (0.85-3.0x 10756 (1.2-3.0x10°% 1.6x 1076 1.9x10°%°
11.730  36.9 ) <1.3x10% <3.3x10°% <1.3x10%* =<3.3x102
11.831  137.8 ?  (=0:(5.4-14x10° <1.6x10°

€=1:(2.6-6.6x107" <7.5x 1078

£=2:(0.94-2.4x1078 <2.8x107° 1.5<10°8 <2.8x107°

£=3:(1.8-4.6x1010 <5.4x 101
11.862 1695 1- 1(2)x10°° 2.3(4)x 107%¢ 1.20x 10°° 2.3x10°

dExcitation energiegin MeV) are from Table |. Resonance energies are in keV.

bReference[l?].

“The 68% confidence band is listed; upper limits are quoted at a 95% confidence level.

dvalue used for the recommended rate.

°From Refs[13,14, corrected for target stoichiometry.

2 3/2 Ecm
(ov) = (M—kT) h*(wy); exp(— ﬁ) (3)

The quantityu is the reduced masg,is Boltzmann's con-
stant, andwy is the resonance strength, defined by

~ 2, +1 Tyl
S (2y+1(23,+1) T

oy (4)

in which J;, J;, andJ, are the spins of the resonance, targe

and incident proton, respectively. The quantity refers to
the partial width of the outgoing channel; in this cdsg

In order to calculate the impact that these states would
have on either thép, y) or (p, @) reactions, we have derived
values forl’, andT’,, from measurements ¢, y) resonance
strengthg22,34, total widths[17], and y-ray branching ra-
tios [32]. We find that the subthreshold resonances have a
negligible impact on thép, y) 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 topthe

=I',orI'y; T'=T,+I' +T', is the total width. For situations reaction. Unfortunately, it is only possible to derive a lower
where the tails of resonances are important, or if the resdimit for the reduceda width of the 11.453-MeV state.
nances are broadgv) must be evaluated numerically. In the Therefore, we have neglected this state in our calculation of
following, we will discuss the values that we have adoptedN€ rate from subthreshold resonances.
for the strengths of the low-energy resonances, which are
summarized in Table V. 2. Bc=11.698 MeV Ecm=5 keV

The 11.698-MeV state was rather strongly populated and
¢=2 transfer is indicated. The value 0f€=0.012 implies
[',=1.8x10°eV. Vermeeret al. [32] have measured
I',/T'=0.083), which impliesI’,/I'=0.923) (hereafter, we

Although any state in the vicinity of téNa+p threshold ~ Will denote these branching ratios 1, and B,, respec-
could contribute to the reaction rate as a subthreshold resvely). From these values, we obtainy=1.6x 10" eV for
nance, in practice thesg, states nearest threshold usually the (p,y) reaction and 1.&10°°° eV for the(p, a) reaction.
have the major impact. Two such states exist within abouf\s discussed abové), follows a log-normal probability dis-
300 keV of threshold: E,=11.453 MeV (J"=2*), and tribution whereas we assume normal distributionsBpand
11.519 MeV (J"=2%). In addition, the 11.390-MeV state Ba- Thus, the respective standard deviations cannot be com-
(J7=1") could be ap-wave subthreshold resonance. Thesebined in_ the usual manner. _Therefore, to determine an ove_:rall
states appear as components of unresolved doublets in oypcertainty, we have explicitly calculated the probability dis-
deuteron spectra. The 11.390-MeV state appears in combingibution for wy. For the(p, y) reaction, a 68% confidence
tion with the 11.394-MeV stateJ™ unknowr. The ¢=1  belt would includewy=0.85-3.0< 10°° eV. Similarly, for
component of the combined angular distributigfig. 6  the (P, @) reaction, we obtaimwy=1.2-3.0< 10" eV. Nei-
yields ®S(¢=1)~0.02. The 11.453-MeV state is combined ther resonance strength is astrophysically significant.
with the 11.457-MeM0*) state. Anf=0+2 fit to theangular
distribution for this pair suggests26(¢=0)~0.05, which 3. B=11.730 MeV, Ec =37 keV
would be associated with the 11.453-MeV state. Similarly, As mentioned above, no evidence for the 11.730-MeV
the angular distribution for the 11.519-MeV+11.528-MeV state was observed at any angle. Sid€e0*, the minimum
states was best fit witf=0+1+3, yielding C’S(¢=0) ¢-transfer is€¢=2. Assuming a pure, direct process?SC
~0.02 for the 11.519-MeV state. <0.0067 and’,<1.3x 109 eV (both 95% confidence lim-

B. Resonance strengths

1. Subthreshold resonances
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TABLE VI. Corrected(p, @) resonance strengths.

wy (eV)
Ecm

(keV) b ¢ d € f 9 h Adopted
169.5 2.%56)e-5 2.16)e-5 2.34)e-5
217.5 5.413)e-5 5.413)e-5
240.6 <0.1 <0.1
273.9 0.03610) 0.038§6) 0.07716) 0.03%7) 0.0354)
295.3 <=4.4e-3 <0.064 <4.4e-3
3244 0.05414) 0.07q12  0.102) 0.07%16) 0.071629) 0.07%2)
358.6 4.110)e-3  <0.012 4.110)e-3
426.3 5.714)e-3  <0.02 5.714)e-3
490.6 <0.011 <0.08 <0.011
566.8 347) 33(7) 40(3) 38(3)
648.0 <0.041 <0.15 <0.041
692.6 <0.25 <0.25
707.9 <0.12 <0.12
712.6 6.914)  9.930) 7.413)
761.6 3.26)  3.611) 3.35)
778.9 1.73) 2.37) 1.83)
809.5 0.50110 0.51(10)
880.4 6326) 63(26)
968.2 4614) 46(14)

Weighted average of individual values.
PCalculated froma-yields of Ref.[33].
“Calculated froma-yields of Ref.[34].
dcalculated froma-yields of Ref.[35]. Upper limits are at the 1= level.
*Referencd53]. These results appear to be systematically high and were normalized to the adopted value at
E.m=566.8 keV. A target of NaCN was used, thus there are no corrections for stoichiometry.

From relative measurement of R¢13] using adopted strength fd,,,=273.9 keV.
9Referencg14], corrected for stopping power.
hReference[Sl].

its). The latter is a factor of 38 below the previously- does not unambiguously establish tharansfer. This state
accepted limif15]. The other partial widths have been tabu- would correspond to an astrophysically-significant resonance

lated [17]: I',=0.376) eV and I',=~I'=10(2) keV. From
this information, we obtainwyg,,<1.3X10%*eV and
®Y(pw=<3.3X10% eV, which are both 95%
limits. As a result, this resonance has a negligible impact oﬁ
the (p, y) reaction, but may contribute to the, «) reaction

temperaturesTy

~0.015-0.02. Since this state does not make a significa
contribution to either reaction, we have ignored it in arriving i

over a

fairly narrow

range of

at recommended reaction rates.

4. E,=11.831 MeV, E.,, =138 keV

The 11.831-MeV state was partially obscured @,

for £=<3 and thus we have determined proton widths for
=0-3.These, combined witB,=0.954) [32] determine a
confidence fange of(p,y) resonance strengths. However, since our data
0 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-
ence range is 5.4—14eV, with a central value of 8.@eV.

hese values are somewhat larger than the previous upper
mit of 5 ueV [14], which was quoted without a confidence

level. Assuming that this limit was at a b-level and that
the statistics are Gaussian, the resulting 95% confidence limit
would be 8.2ueV, which is smaller than our maximum

value of 14ueV. However, if the statistics in the previous

<7.5° by nitrogen contamination in the target backing. Instudy are better described by a Poisson distribution, then the
addition, no angular-distribution data could be obtained for95% confidence limit could be larger than &2V. To be
0an=>17.5° because of contaminant groups arising from oxy-conservative, we have adopted our value ofy®V in cal-

gen. However, the magnitude of the partial angular distribuculating the maximum reaction rate. A direct search for this
tion that we have obtained is consistent with a direct-reactiomesonance has recently been carried [@®, which yields
process. Unfortunately, the spin and parity of this state arey<0.15ueV. If this result is verified, then it would rule
not known and the shape of the angular distribution aloneut s-wave capture for this resonance.
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10— TABLE VII. #Na(p, y)*Mg reaction rate.
~ ol “Na(p,y)**Mg To Low Recommended High
') - b ]
e g - ] 0.010 9.03e-33 1.35-32 2.02e-32
PR - ] 0.015 1.34e-27 2.01e-27 2.99e-27
13 i 0.020 2.45e-24 3.65e-24 5.45e-24
% 20 [ 0.025 5.06e-22 7.55e-22 1.13e-21
E [ 0.030 2.94e-20 4.39e-20 6.46e-20
% ol 0.040 1.02e-17 1.64e-17 1.69e-15
& i 0.050 6.80e-16 3.63e-15 3.32e-12
§ 0 [ 0.060 1.67e-14 4.40e-13 5.04e-10
- i 2‘“__:',-" ’ 1 0.070 2.34e-13 1.53e-11 1.76e-08
O ] 0.080 4.36e-12 2.20e-10 2.48e-07
B I E— 0.090 1.27e-10 1.80e-09 1.90e-06
Temperatute (10° K) 0.10 2.57e-09 1.12e-08 9.52e-06
0.11 3.66e-08 6.71e-08 3.52e-05
FIG. 8. Total reaction ratesolid lineg, and individual contribu- 0.12 2.91e-07 4.13e-07 1.03e-04
tions of resonances and direct captuiotted line$ for the 0.13 1.90e-06 2 36e-06 2.56e—-04
*Na(p, 7)*"Mg reaction. The upper limitL=0) and recommended 9 766-06 116605 5 556-04
|(ilr_1:sz_) value for the 138-keV resonance are represented by dashecb15 4.096—05 477605 1.09e—03
0.16 1.44e-04 1.68e-04 1.99e-03
The branching ratio fora-decay, B,=0.054), is only %18 1.20e-03 1.40e-03 5.92e-03
marginally significant and so we have treated it as an upper®-20 6.52e-03 7.67e-03 1.71e-02
limit. Since the standard deviation is comparable to the cen-0-25 1.35e-01 1.61e-01 2.14e-01
tral value, we have used log-normal statistics to desdjpe  0.30 9.89e-01 1.18e+00 1.46e+00
For £=0, oy <1.6 ueV (95% C.L). This is larger than  0.35 3.98e+00 4.73e+00 5.76e+00
the published upper limitoyp ,)<0.5 ueV from Ref.[14] 0.40 1.10e+01 1.31e+01 1.59e+01
but again it is not clear how to quote a comparable confi- 0.45 2.40e+01 2.86e+01 3.42e+01
dence limit. Consequently, we have useg, , <1.6 ueV 0.50 4.40e+01 5.25e+01 6.27e+01
to calculate the maximum reaction rate. 0.60 1.07e+02 1.28e+02 1.52e+02
0.70 2.01e+02 2.38e+02 2.83e+02
5. B=11.862 MeV, B¢ m=169.5 keV 0.80 3.226+02 3.79e+02 4.48e+02
The 11.862-MeV state has been observed as a resonanaggo 4.70e+02 5.49e+02 6.41e+02
in the(p,a) and(a, ’y) reaCti0n5[13,l4,22,3§S, but not in the 1.0 6.48¢e +02 7.46e+02 8.62e+02
P,y re-action. However, sincg this state appears to possess, 5 1.36e+03 1.51e+03 1.69e+03
some single-proton strength, it méjs_,t al_so bépay) reso- 15 1986403 2176403 2 396403
nance. Our Yalue of &=8.7x10 |£nplles I',=53 ueV. 18 3146403 3.396+03 3.656+03
From ©y(a=1.02) eV [22], wypn=235) peV [13,14 2.0 4.07e+03 4.35e+03 4.66e+03
and I'=7.0(3) keV [21], we find I';,=61(13) ueV and T, ' ’ ' '
=0.377) eV. These values yieldwy,,,=1.2035) neV,  2° 6.71e+03 7-13e+03 7.58e+03
which has a negligible impact on tiip, ) reaction rate. 3.0 9.65+03 1.02e+04 1.09e+04
35 1.26e+04 1.34e+04 1.42e+04
6. Low-energy(p, @) resonances 4.0 1.53e+04 1.63e+04 1.74e+04
5.0 1.97e+04 2.11e+04 2.25e+04

Most direct measurements of low-energp,a) reso-

nances have used NaCl targets, for which a stoichiometry

Na:Cl=1:1 wasassumed. However, after a very short periodtained fromsrimM2000[52] for Na:Cl=5:3. The remaining
of bombardment, the stoichiometry will change to an ap-2 studies that used NaCl targefd3,14 list resonance
proximately constant value Na:€I5:3 [50]. Thus, the ef- strengths only and so these were corrected by multiplying
fective stopping powers used to convert the measured reathem by the appropriate ratio of stopping powers. We have

tion yields into resonance strengths are in error. The neassigned uncertainties of +15% to the absolute stopping

effect is that the published resonance strengths are abopbwers and +10% to the relative stopping powers. Finally,
30% too large[51]. Three of the existing measurements the yields of Ref[33] do not include corrections for angular

[33-35 quote alpha yields explicitly and so we have recal-distributions. We have accounted for this effect by using an
culated the resonance strengths using stopping powers obverage of the angular-distribution coefficients reported by
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-5 . ——————— 10 ———r
3 [ =Na(p,e)®Ne
E 10
% FIG. 9. Total reaction rate
S 5| 7 ’/ (solid lineg, and the contributions
g | L of individual resonancegdotted

L 7 737 § ; 23 20
13:: [ tails + E,_ <0~ "/, o/ I|_nes) for the Ng(p_,a) Ne reac-
S or ;i ,.f / ] tion. The upper limits fo. =0 and
k5] g — ; .
s iy _{,"/>274 L=2 capture into the 138-keV
C Ll 138 )/ A0 f / ] resonance are represented by
2t W=/ ] dashed lines.
8 138 (UL: szy,f 27‘}’

-30 ] i" N .. ;‘ N N MY i -10 i " M MR TR
0.01 01 01 1

Temperature (10° K)

Refs. [34,35,53. We list the corrected resonance strengthsresonances at 240 and 295 keV. The next two terms are the
and our recommended values in Table VI. combined contributions of all higher-energy resonances. The
final term is the contribution from the 138-keV resonance,
whereN=1 for sswave capture. Fop-, d-, and f-wave cap-
ture, N would be 0.047, 1.X 1073, and 3.4x 10°°, respec-

1. The2Na(p, y)**Mg reaction tively. The total reaction rate and the individual contributions
For To=<5, the rate for thé®Na(p,y)2Mg reaction is 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

dominated by direct capture and by the contributions of in-, : , .
dividual resoﬁances. Wg have caIClJyIated the cross section f clude the overall uncertainty of i40% assomat_ed with the
Irect-capture component along with the combined uncer-

i DC ; 23 24 ; ;
direct captureo™ in the “Nap, y)"Mg reaction using the tainties of all important resonances. The latter includes un-

familiar relation certainties in resonance energies and strengths, calculated us-
oPC= CZSot'%C, (5) ing the procedures described in Thompgon and |li§oHg.

oC - _ ) For all but the lowest temperatures, this corresponds to a
whereoy,” is the calculated cross section for a pure singlego, confidence belt. Our recommended rate assumes
particle state. Spectroscopic factors were taken from thig.yave capture for the 138-keV resonance, which is based
Wgék and from values tabulated in R¢L7]. Calculations of o the (unpublishegl upper limit for the resonance strength
oy~ were performed using the same bound-state potentighentioned above. Since this result must be regarded as ten-
parameters as were used to extr§1€$0n cases where there tative, it is important to also consider the maximum contri-
are several values for®S for a given state, we have aver- pytion from this resonance in nucleosynthesis calculations.
aged the resultingr°©. The spread in the individua¥®®
suggest an overall uncertainty of 40% for the direct-capture 2. The ®Na(p, @)*Ne reaction
rate. Convertings°C into an astrophysicab-factor yields

Soc(E) =0.0239 - 0.00693E + 0.00257 E*(MeV - b),
(6)

C. Reaction rates

An analytic expression for the totgb, ) reaction rate is
Na(ov) = 8.06X 10'%(1 — 4.52Tg — 26572 + 7.36X 10°T,>
-5.90X 10* Tg*+ 1.73X 10° TO) Ty 2

for E.,, <1 MeV.
c.m. X exp(— 20.769T, 3 - (T5/0.20?)

We have used Eq3) to calculate the individual reaction

Latis for all of the resonal?cesddiscus;]ed aboveI and for the +7.98X 10*%(1 - 46.7g+ 960 Ty> - 5.90
igher-energy resonances listed in Réf7]. An analytic ex- y
pression for the total reaction rate is X 10° T+ 1.32x 10¢ Ty - 3.83% 10° T) Ty
Na(ov) = 4,26 10°%(1 - 0.26Tg — 0.14T,% + 0.0381) Ty 23 X exp(= 20.769M,' " - (T/0.1)?) +3.73T, >

X expl(= 20.769T,13 ~ (To/0.2)?) + 85,27, Xexp(— 1.967Mg) +8.76 Ty >? exp(~ 2.524)

X exp(~ 2.793TTg) + 1.70% 10°T, 3?2 +1.86X 10" Ty *1* exp(- 2.9817,)

0.751

X exp(~ 3.4281g) + 2.15X 10¢ exp(~ 5.129T) +3.87 10° Tg* ™ exp(~ 6.019M)

+4.44% 10%exp(— 6.1817Tg) + [N]1.39T, 32 +[0 - 1]5.35% 10Ty *? exp(~ 0.4281)

X exp(- 1.599g)cn? mol s, ) +[0 - 1]0.260r, %2 exp(— 1.599g)cm® mol ™t s72.

The first term describes the contribution from direct capture, ®)
while the next two terms represent the dominant low-energyrhe first two terms describe the respective contributions
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TABLE VIII. Na(p,®)?°Ne reaction rate. 10

Ty Low Recommended High 10°
0.010 1.62e-30 2.59e-30 5.49e-30 =
0.015 2.29e-25 3.67e-25 1.75e-24 S
0.020 4.07e-22 6.51le-22 1.99e-21 5
0.025 8.31e-20 1.33e-19 2.62e-19 Z 10
0.030 4.86e-18 7.78e-18 1.31e-17 B
0.040 1.87e-15 2.99e-15 4.94e-15 g
0.050 1.46e-13 2.33e-13 6.71le-13 =
0.060 5.44e-12 8.46e-12 5.99e-11
0.070 1.68e-10 2.40e-10 2.02e-09 £l
0.080 3.45e-09 4.60e-09 3.00e-08
0.090 4.06e-08 5.22e-08 2.51e-07 L T T

0.10 3.01e-07 3.79e-07 1.41e-06

0.11 1.57e-06 1.95e-06 5.86e-06 Temperature (10° K)

0.12 6.22e-06 7.51e-06 1.92e-05 FIG. 10. Ratio of reaction rates f@p,a) and(p,y) reactions.
0.13 2.13e-05 2.53e-05 5.52e—-05 The solid line is the ratio calculated using the recommended rates
0.14 6.43e-05 7.49e-05 1.41e-04 and the shaded area denotes the uncertainty in the ratio. The latter
0.15 1.77e-04 2.02e-04 3135e-04 includes the correlations in the uncertainties for the two reactions.
0.16 4.53e-04 5.09e-04 7.55e-04

0.18 2 46e-03 2.70e-03 3.44e-03 Capture, whereas fop-, d-, and f-wave capture, the upper
0.20 1.04e—-02 1.14e—02 135602 limit would be. multiplied by 0.047,. 1.%10°3, and 3.4 _
0.25 1 63e—01 1.706-01 1.99e—01 >§10‘5, respect[vely. The total reaction rate and the indi-

: ' : : vidual contributions to it are shown in Fig. 9. Our recom-
0.30 1.08e+00 1.18e+00 1.30e+00 mended rate assumes the upper limitdemave capture. The
0.35 4.30e+00 4.66e+00 5.06e+00 rates listed in Table VIII include thgd—1] terms as well as
0.40 1.28e+01 1.37e+01 1.48e+01 the 68% confidence belt for the known resonances.

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

0.50 7.52e+01 7.93e+01 8.37e+01 V. CONCLUSIONS

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

0.70 1.00e+03 1.07e+03 1.14e+03  The reaction rates that we have presented here differ quite
0.80 251e+03 2.68e+03 2 86e+03 Markedly from those of the NACRE compilatidd8] for

0.90 5.26e+03 5.62e+03 6.01e+03 lemperatures beloWy~0.2. For the(p, y) reaction, the ma-

1.0 0.73e+03 1046404 1126+04 197 .dlff(.arence in th|s work is the inclusion of direct captgre,

: : : : which in fact dominates the rate fdg=0.03. The uncertain
13 3.92e+04 4.15e+04 4.40e+04  contribution of the 138-keV resonance still causes a large
15 7.84e+04 8.29e+04 8.76e+04 yncertainty for 0.03< Ty=<0.2. In the case of th@, «) reac-

1.8 1.77e+05 1.88e+05 1.97e+05 tion, we have reduced the maximum contribution of the 37-

2.0 2.75e+05 2.90e+05 3.06e+05 keV resonance by a factor of 515. Consequently, the uncer-

25 6.25e+05 6.60e +05 6.97e+05 tainty in this rate is much reduced fdip<0.045. For ex-

3.0 1.11e+06 1.17e+06 1.23e+06 ample, afTg=0.03 the range of uncertainty has been reduced

35 1686406 1786406 1886406 from a factor of 27_6 tq 2.7. The biggest source of uncgrtainty
for the (p, «) reaction is the 138-keV resonance, but it has a

4.0 2.30e+06 2.44e+06 2:59e+06 1 ch smaller effect in this case than it did for the, v)

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

reaction. For both reactions, the maximum contribution from
the 138-keV resonance occurs n&ge0.07; here the overall

from subthreshold resonances and the low-energy tails dfncertainty is a factor 7.8 10* for the (p, ) reaction and a
higher-lying resonances. The next two terms represent thictor of 12 for the(p, a) reaction.

170- and 217-keV resonances, respectively. The following The competition betweertp,y) and (p,«) determines
two terms are the combined contribution from higher-energyhether material is trapped within a NeNa cycle or is pro-
resonances. Finally, the twi@—1] terms are the upper limits cessed to Mg and Al. Figure 10 shows the ratio of
for the 37- and 138-keV resonances. Since the contributiofip, @) to (p,7y) as a function of temperature. Unless the pro-
of the former resonance is small and limitedTtp<0.02, we  ton width of the 138-keV resonance is near its upper limit,
have ignored it in arriving at a recommended rate. As beforethere is strong cycling fofg=<0.1. This has important con-
the [0-1] term for the 138-keV resonance assumsesave sequences for the behavior of sodium vs oxygen. To explore
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Bl B B B B B BB =90 g/cn¥) were chosen to be representative of values near
i ] 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, th&la 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

log,, (Mass Fraction)

Y I et o an anticorrelation is not predicted unless the proton width of
3 4 5 6 7 8 9 10 M1 the 138-keV resonance is near (@ smaller thanthe rec-
log,, Time (s) ommended value.

The present uncertainty in the rates of fida(p, y)**Mg

FIG. 11. Network calculation showing the evolution §0,  and?*Na(p, @)?°Ne reactions is still large and is dominated
*Na, and*Mg. The heavy lines are the results using the recom-by the unknown contributions of the 138-keV resonance. If
mended(p, @) and (p, y) rates and the lighter lines correspond to this state is formed by = 2 transfer, then itép, y) resonance
the upper(labeled high and lower(unlabeledl limits. strength could be measured directly. This work is in

progress.

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 startin this case, a metallicity=0.0003 with a We would like to thank P.F. Bertone for his assistance
canonical halo compositiofi.e., the alpha elements were with the experiments described here. This work was sup-
enhanced by a factor of 2.5 afdNa was reduced by the ported in part by U.S. DOE Grant No. DE-FG02-
same amount The temperature and densifffig=0.06,0 97ER41041.
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