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Investigation of the 2Ne(p,y)*Na reaction via (*He,d) spectroscopy
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States near théNe+ p threshold in®Na were investigated using tHéNe(®He,d)?*Na reaction over the
angular range of 5< 6,,,<35° atE(*He)=20 MeV. Spectroscopic factors were extracted for states corre-
sponding to resonances in tA&e(p, y)**Na reaction. Two previously suggested resonancés at=68 and
100 keV were not observed at any angle. A new rate for’fhe(p, y)>*Na reaction has been calculated and
its implications are discussed.
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I. INTRODUCTION these states, &,=8830, 8945, and 8972 keV have been
seen in the proton-stripping reactionsHe,d) [14] and
To first order, globular clusters are coeval, chemically ho{d,n) [15] and therefore could contribute to the
mogeneous groups of stars and thus provide a good testingNe(p, y)?*Na reaction at some level. THg,=8822-keV
ground for theories of stellar evolution. However, closerstate has been observed V& (6Li,d)*Na [16] with an
scrutiny reveals interesting chemical effects. For exampleangular-momentum transfer of five states. The resulting spin-
observations of anticorrelations between sodium and oxygeparity assignment of "= (9/2,11/2)" implies h-wave trans-
[1-5] point to a more complicated situation than describedrer in 22Ne(p, y)?*Na and hence the proton width is negligi-
by current stellar models, in which surface abundancegly small. Similarly, the state at 8799 keV is also too weak
should not change as the stars ascend the red-giant bran¢because of its low energy to contribute to the
Indeed, between the first dredge (a5 the stars leave the 22Ne(p,y)?*Na reaction. Of the remaining states, only those
main sequengeand the second dredge (after core helium  at 8862 and 8894 keV remain as potential contributors.
burning, these abundances should be unaltered. Observerhese two states, along with the 9000-keV state, were re-
variations in the surface abundances of carbon and nitrogggsorted to be weakly populated in tf8Ne(He,d)?*Na reac-
have led to the idea that nonconvective mixing, perhapsion by Powerset al.[14],who concluded that their existence
driven by rotation, is at work in these std&]. A possible  should be considered as tentative. Unfortunately, if they exist
byproduct of this augmented mixing is a change in the suras resonances &.,,=68 and 100 keV, then they could
face abundance of sodiuas well as heliumon the red-  contribute greatly to the reaction rate.
giant branch 7-9]. A reevaluation of the existing data was performed by El
Nuclear physics provides circumstantial evidence to sUpgid and Champagnid 7], in which it was found that the two
port the mixing picture. At high temperatures, leakage out otentative resonances produce large uncertainties in the reac-
the carbon-nitrogen-oxygefCNO) cycles into the NeNa tion rate. Despite the uncertainty, tf&\e(p,y)?*Na reac-
cycle (Fig. 1) would have the effect of producing sodium tjon is sufficiently fast to convert af®Ne to 2*Na within a
while oxygen is destroyed. Although the flow from the CNO typical burning time,under steady-state condition con-
cycles to the NeNa cycle is negligible at low temperatures, itrast, the mixing scenario implies that the NeNa cycle oper-
is possible to produce sodium from existing neon while oxy-ates episodically on a given mass element and here an un-
gen is processed into other CNO nuclei, resulting in an apcertainty in the rate of?Ne(p, y)?*Na will result in a similar
parent Na-O anticorrelation. However, some key reactiongncertainty in the final abundance &Na. At the same time,
are known to be uncertain. The reaction that forms sodium ifhese resonances are low in energy and would be difficult to

the NeNa cycle?*Ne(p, y)**Na, is thought to be dominated
4

by numerous resonances above tpey threshold at 8794
N\

keV (as shown in Fig. Rand perhaps by direct capture at Mg| |
low energies. The direct-capture contribution has been mea-
sured by Rolf®t al.[10] and by Goreset al.[11]. However,

the resonance component has not been accurately deter- Ne|
mined. As many as 14 states lie between threshold and the
lowest-measured resonance at an excitation endfgy
=9211 keV (corresponding tE. ,=417 keV[12]). On

the basis of energetics, these states should be the most im- g, 1. Integrated fluxes from the CNO cycles up through the
portant resonances at the temperatures of intefestO(06  NeNa cycle. For the purpose of illustration, we have choggn
x10° K or To= 0.06).Attempts have been made to populate:o,os andp=100 g/crﬁ_ Strong flows are indicated by heavy
these resonances direcfl§3] or via direct capture at higher lines and weak flows are represented by dashed lines. Stable nuclei
energies[11], but none were observed. However, three ofare represented by shaded boxes.
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TABLE I. ?>Ne implantation doses.
:fg - gg?? y/? Target #1 Target #2
e » |2 47,0 Target side EnergykeV) Dose (uA hr) Dose (A hr)
et I 5 5 Front 40 2.4 0.9
309—————— » 2103 20 4.0 4.1
278-—---- = 2070
9042 Back 40 2.5 2.6
248= === > 20 3.4 4.4
20— e »| 9000
178----—- o 8222
51— o] 8945 712 cm. This was done so that carbon would be the only material
sputtered onto the foil as a consequence of beam collimation.
100—————— ol [(8894) In addition, the carbon sputtered onto the target foil is
68— »| [(8862) thought to increase the lifetime of the foil during the implan-
tation proces$18]. A copper tube extended to within 2 cm of
$------pp] 8822 3830—1/2*_ the tgrget holder. It was coole_d to quuid-nitrogen tempera-
8794 5--———n »| [8798 (9/2.11/2) ture in order to reduce the buildup of contaminants on the
22Ne + p target, and biased te-90 V for suppression of secondary
= ~ electrons from the target. Beam current was read off the elec-
trically insulated endpiece. The back end of the target holder
3301 contained a Plexiglas viewport to allow visual inspection of
22Ne +3He - d the back of the target throughout the implantation.
Implantation was performed at energies of 20 and 40 keV
440 5/2+ using the Department of Physics and Astronomy ion im-
. planter at the University of North Carolina. Each side of the
0 32 C foil was exposed to the beam. This, and the two energies,

23Na spread the??Ne throughout the foil, which helped to maxi-
mize the amount of neon deposited. Beam currents were lim-
FIG. 2. Energy level diagram fof®Na showing the location of ited to 1.3 A at 20 keV and 650 nA at 40 keV in order to
known states and the predicted resonance energies. The excitatis@ep the thermal stress within allowable limits. Three im-
energies are taken from Ref12], while the Q value (8794.1 planted?’Ne targets were made and were evaluated for reso-
+0.3 keV) and the resonance energies have been recalculated Ugtion and count rate by examining several states that are
ing the 1995 mass evaluati¢h9]. strongly populated by th&?Ne(PHe,d)?*Na reaction. The
two best targets were retained for data collection. The final
detect directly, even at their maximum allowed strengthsheam-current exposures for these targets are listed in Table I.
However, the strengths of resonances near the proton-capture
threshold are proportional to their proton widths. This latter

quantity can be calculated if the proton spectroscopic factors B. Experimental details
are known. Consequently, we have reexamined the states _ .
near the?’Ne+p threshold using the?Ne(®*He,d)**Na re- A 20-MeV *He?* beam was provided by the Triangle

action in an effort to determine more precise proton widthsUniversities Nuclear Laboratory FN tandem accelerator.
thus leading to a more accurate rate for tide(p,v)*Na  Typical beam currents were between 100 and 150 pnA. The
reaction at low temperatures. We have also reevaluated thmutgoing deuterons were momentum analyzed with the
existing energies and resonance strengths for resonances G@JNL Enge Split-Pole Spectrometer and detected using a
tweenE.,=417 and 1823 keV in order to refine the reac-42-cm long position-sensitive avalanche counter. The solid

tion rate at higher temperatures. angle of the spectrometer was fixed at 2.0 msr in order to
reduce the widths of the contaminant lines arising from car-

Il. EXPERIMENTAL PROCEDURE AND RESULTS bon and oxygen in the target. Data were collected figyp
=5° 10 22.5° in 2.5° steps and from 25° to 35° in 5° steps.

A. Targets The target was monitored using ZBE—E silicon tele-

The #’Ne targets used in this study were produced byscope, mounted in the target chamberégt=44.2°. The
implanting singly chargedfNe ions into 40ug/cn? "¥C  aperture of the monitor telescope was measured using a cali-
foils. To prevent accumulated stresses from rupturing théorated ?’Am source and found to be)=0.92+0.01 msr,
foils during implantation, they were first slackened by expos-consistent with a geometric measurement off0091 msr.
ing them to a hand-held camera flash unit at a distance of The yield from elastic-scattering measured with the monitor
cm. The foils were placed in a target chamber, directly bewas also used to determine the absolute cross-section scale
hind a graphite collimator with a defining aperture of 1.27for the GHe,d) data.
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FIG. 3. Deuteron spectrum #&,,=10°. The peaks are labeled 01 L
by either their energy irf®Na in keV or by the final state formed L
from a contaminant in the target. -
I1l. DATA ANALYSES i J
A. Excitation energies . ‘ . ' .
0 20 40 60
A sample deuteron spectrum collected @f,=10° is B4 (deg)

shown in Fig. 3. In order to extract yields and centroids, the . . ] )
FIG. 4. The ratio of the differential cross section for

deuteron groups were fit with a template consisting of a,, ™2 - : :
Ne(°*He,’He)>“Ne to that for Rutherford scattering. The fits are

Gaussian shape with a low-energy exponential tail. The ma JWBA calculati g diff ical-model
nitude and the slope of the two shapes were matched at escribec(?i(;]utitelotr;itusmg ffferent optical-model parameters, as

value of X¢entroig— 1.40,, where Xcentroig 1S the Gaussian
mean andr is the normal Gaussian standard deviation. The
value of 1.4 was determined by fitting three isolated deuteron
peaks in each of the 5°, 10°, and 20° spectra with this tem- Absolute cross sections were determined by comparing
plate, and then varying the fitting point to minimize tgé the elastic-scattering yield measured using the monitor detec-
value of the fit. tor with (3He,®He) angular-distribution data collected over
The energy dispersion of the focal plane was calculatedhe angular range of 15°—45° in steps of 5°. Theoretical
using the well-known energies of states populated inffia¢  differential cross sections were calculated with the distorted-
(®He,d)2Sj reaction. This information was then used to cal-wave Born approximatiofDWBA) codepwuck4 [20]. The
culate the difference in deuteron energies between the statéaNe+ *He potential parameters were initially taken from the
of interest and the 8664-keV state fiNa. The resulting 9lobal parametrization of Becchetti and Greenld@d].
uncertainty in the excitation energies for states between thelowever, it was found that small modifications of individual
(p,7) threshold andE,=9257 keV wasabout 4 keV at all Parameters greatly improved the fit to the défay. 4) and
angles. The adopted excitation energisisown in Table I these new parameters were adopted for all of the DWBA
are a weighted average of the present results and all previogglculations. The finafHe parameters are given in Table 1.
data, which were updated to take account of changes in tabu- Deuteron optical-model parameters were surveyed by cal-

B. Angular distributions

lated massef19]. culating differential cross sections for six states outside of
the region of interesfrom the (p,y) threshold to the 417-
TABLE II. Adopted excitation energies. keV resonancgk which included the bound states at
E,=7751,7891, and 8664 keV, and the unbound states at
_ ) Ex (keV) 9608, 9701, and 9835 keV. The relationship between the
This study Literature Adopted measured differential cross sectiahy/dQ,, and that cal-
8830+3 8829.5:0.7 8820507  culated bypwucks4, do/dQpwea is
8946+ 3 8945+ 3 8945+ 2 do (23,+1) do
89733 89723 8972+ 2 (—) =N—— 2 (—) ., (D
9044+ 3 9041+ 2 9042+ 1 dQ/ g (23i+1)(2)+1) 492/ ben
9215+3 9211.3£0.8 9211.30.9 . L
9257+ 3 9252 6-0.8 9252 1 0.9 whereN=4.42 is an overall normalizatidr22], J; andJ; are
the spins of the final and initial states, respectively, pixl
aReferencd12). the transferred total angular momentum. In this cgsel
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TABLE lll. Optical-model parameters.

Particle V, r, a, W, Wp ri=rp a=ap Vso lso ago re

SHe? 162.2 105 0.72 44.89 1.33 0.86 1.30
dP 880 117 073 024 358 1.33 0.73 13.85 1.07 0.66 1.33
p¢ d 1.17 0.69 A=25 1.28

3 rom present elastic-scattering data.

bReferencd 24].

‘Referencd 23].

dvaried to match separation energy.

+1/2, wherel is the transferred orbital angular momentum. changed from 0.1 MeV to 0.4 MeV. This was too small to

We assumed € ,», 2psj», 1dss,, and 1f,;, transfer. The have a noticeable effect, and an average value of 0.24 MeV
quantity C2S is the spectroscopic factofthe isospin Was adopted. Spectroscopic factors were obtained by a least-
Clebsch-Gordan coefficie@2= 2/3 for this combination of sauares fit of the DWBA cross sections to the data and are

- . . . 2 .
reaction and target For unbound states, it is possible to listed in Table IV. The & uncertainty inC~<S from the fit

extract the proton width[", via the relation alone was about 3% for each state. The major systematic
P uncertainty inC2S arises from ambiguities in the optical-
Fp=CZSFSp, 2 model parameters. Since the absolute cross sections were

) ) . determined relative to elastic scatterif@fS is proportional
whereT'g, is the calculated proton width for a pure single- to the ratio of the DWBA prediction for3He,*He) to that

particle state. A procedure for calculatifig, is described by  for (°He,d), hence uncertainties in théHe parameters are
lliadis [23]. These quantities are also calculateddwuck4

via

ds 1 o L E, = 7751 keV | . E, =7891 keV |
_o| 7 — 1d
Fsp_z(dE) — 1d,, 2

S=xl2 e 1f,,
meaX 2d Gz d G/
. lunfdr+ o el &

where§ is the phase shifiy andk are the reduced mass and 10
the wave number of thA+x systemR,,,.« IS @ cutoff radius
at which the nuclear potential can be set to zé&Bois the
irregular Coulomb function evaluated &,,,,, and G’

=(dG(r)/dr)r:Rmax. The functionu(r) is the radial wave

function calculated from the overlap #fandB in the theo-
retical A(a,b)B cross section. The integration step size and
Rmax Were arrived at by the requirement that variations in
their values produced changeslig, of no more than 5%.
The results calculated with this method are in agreemenig
with those obtained using the parametrization found in Ref.g 10
[23]. We have chosen to express the differential cross sectiod 10 . . . . . .
in terms of a spectroscopic factowhich is sensitive to the E,=9701 keV E, = 9835 keV
details of the nuclear potentjalrather than with an — 1d,,
asymptotic normalization coefficievhich is less sensitive &
by design to facilitate comparison with previous results. 100 L j
This is simply an intermediate step. The quantity of interest
is the proton width, which is insensitive to the choice of
nuclear potential, and this is extracted directly from our
angular-distribution data. Unbound form factors were calcu- ! , , . , , .
lated for the states above tiféNe+ p threshold. o 0 20 30 4 0 10 20 30 40
The angular distributions for the six reference states are 0, (deg)
shown in Fig. 5. Satisfactory fits were achieved using deu- em
teron potentials from the global parametrization of Daehnick F|G. 5. Angular-distributions and DWBA fits for the six refer-
et al. [24]. The only parameter that changed over the rangence states. The error bars on the data points reflect statistical un-
of deuteron energies relevant for the present study has thertainties only. The orbital angular-momentum transfer is noted for
magnitude of the volume-imaginary potential, which each fit.

-1 o b 1L

)

7%k

M

E, = 8664 keV
2s,,

E, = 9608 keV

—— 1d,

tial Cross Section (mb/sr)
3.
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TABLE IV. Summary of spectroscopic factors. TABLE V. Proton widths of the reference states.
(23;+1)C?S Iy (ev)
T 3
E, (keV)? Jra I This study’ Literature Ex (keV) Ecm. (keV) J ! (*Hed) (p.p)*
3
7751 g+ 2 0.028 0.05 9608 813.4 202 6.3 3.4
3
3+
I+ 4 0.33 aReferencd 25]. The typical uncertainty is-50%.
7891 5+ 2 0.57 0.40
0.46 experimental values determined froffNe(p,p)?’Ne by
.. ' Keyworthet al.[25]. Since they report uncertainties of about
8664 3 0 0.59 0.60:0.08' 50% for the widths of these states, the agreement with our
0.50 results is adequate. However, we must also consider the un-
0.54 certainties inherent in obtaining proton widths from stripping
8830 i+ 0 0.039 0.036 data. Clearly, the uncertainty in the spectroscopic factor con-
0.08 tributes to the overall uncertainty, but uncertainties in
0.054-0.01¢"  optical-model parameters also enter into the calculation of
8862 i+e 0 <1.5%x10°3 <0.012 I'sp. The value pstp depends on the matching of the inter-
8894 Lec 0 <1.6x10°° <0.030 nal wave funcUon of th prqton to 'ghe external Coulomb
- L wave function and so it is quite sensitive to the nuclear po-
8945 2 3 <8.7x10 0.24,0012  tential. For example, 10% changes in radius or diffuseness
8972 §+c 2 5.0 103 7.0x 1039 produce a 40% change iig,. However, this also changes
7 ¢ 3 9.2¢10°3 0.01F C?2S, but in the opposite direction. Thus the resulting change
2 ' ' in ', was less than 5% over this rangerpfanda, . The fact
9042 = Z+d 4 (0.02 thatI',, is quite insensitive to the choice of potential param-
9211 L+c 0 0.02 eters is Fo be expected si.nEQ, is related to the probability
. . that the incident proton will penetrate the Coulomb and cen-
2 1 3.9x10 trifugal barrier to the nuclear surface. However, this interplay
9252 i+ 0 0.079 0.024 betweenC?S andI', does make it difficult to estimate the
9608 g+ 2 0.082 0.054 uncertz_iinty inl", a pr_iori. Thus, we have taken a pheno_m-
. enological approach in which we have calculated the ratio of
9701 2 2 0.084 0.087 proton widths extracted from tabulated stripping ddf2] to
9835 3+ 2 0.11 0.069 those obtained directly fromp(p) scattering for 35 reso-
_ nances in thed shell (specifically, in>*Mg, 2Si, and *?S).
‘From Ref.[12] unless otherwise noted. We find a logarithmic mean of 0.95 with a logarithmic stan-
Froml transfer of present data and RE4]. dard deviation of 1.76. Since we have taken the stripping
d‘\/alue derived from of DWBA fit. data at face value and have not checked them for inconsis-
From systematics of decay. _ _ tencies, the latter number may well be an overestimate. How-
°The uncertainty in the present spectroscopic factors obtained frogyer we will assume that the proton widths derived from our
complete angular distributions is27%. (®He,d) results carry an uncertainty of a factor of 1.8.
Referencq 15].

9Reference[14]. States above the proton-capture threshold have
been reanalyzed using unbound form factors.
PReferencd11]. We have observed six states in the region near phe)(
threshold, a,=8830, 8945, 8972, 9042, 9211, and 9252
the major contributors to the overall uncertainty. To explorekeV. The latter two states correspond to the known
the effect of variations in these parameters, we have com?’Ne(p,y)*®Na resonances aE.,=417 and 458 keV.
pared results obtained with the parameters listed in Table lIAngular-distributions and associated DWBA fits are dis-
to those obtained from the parameters of R24]. The av- played in Fig. 6. This region of the spectrum was obscured
erage variation in the ratio(*He,3He)/o(*He,d)is 24%. by contaminant groups arising frodiN and 0 in the tar-
Similar comparisons using different sets of deuteron paramget. Consequently, it was only possible to extract limited
eters produce results that differ by about 11%. Treating all ongular distributions, with the exception of that for the 8830-
these uncertainties as independent, Gaussian-distributed deV state. However, as will be seen below, this state is the
rors implies a total uncertainty of 27% for the spectroscopiconly major contributor to the reaction rate beloky. .,
factors reported here. =417 keV. No direct evidence for states at 8862 and 8894
Proton widths were calculated for the three unboundkeV was seen in the present study. A closer inspection of the
states in our test sample and are listed in Table V along witlspectrum displayed in Poweet al. [14] indicates that any

C. Results
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FIG. 6. Angular-distributions and DWBA fits for the low-energy
states of interest. The orbital angular-momentum transfer is note
for each fit.

feature at the level of their background in the region of in-
terest would have been readily discernable in our higher-
dispersion, lower-background data. An example of the rel-
evant region in our deuteron spectrum is shown in Fig. 7. A
state at 8862 keV would have been clear of background at
0,ap=10° and 12.5° whereas the 8894-keV state would be
unobscured at 10°, 12.5°, and 15°. These angles were exam-
ined in more detail by using a maximum-likelihood tech-
nique [26] (described in the Appendixto establish upper
limits for the yields of these states. The resulting angular
distributions are shown in Fig. 8. The data were analyzed by
assumings-wave transfer for each state, and ignoring any
compound and/or second-order direct amplitude. The spec-
troscopic factors that we have extracted for the threshold
states are summarized in Table IV.

IV. ASTROPHYSICAL ASPECTS
A. General considerations

The thermonuclear reaction rateNs(ov), whereN, is
Avogadro’s number andov) is the thermally averaged
product of total cross section and velociip the center of
mas$. The contribution from an isolated, narrow resonance
at E. ,, can be written as

© kT
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FIG. 7. A portion of the deuteron spectrumégf,=10° display-

Differential Cross Section {(mb/sr)

E, = 8862 keV
2s1/2

E, = 8894 keV
— 25,
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ing the region of interest for the two possible states at 8862 and
3894 keV.

5 32 £ FIG. 8. Angular-distributions and DWBA fits for the two states
ar . . — 1+
(ov)= ( ,u,kT) ﬁz(wy)r ex;{ C-m.) _ (4) at 8862 and 8894 keV. A spin parify’= 5" was assumed for each

state.
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TABLE VI. Summary of resonance strengths.

Ex Ecm. Jme r, wy (eV)

(keV) (keV) (eV) This study Literature Adopted
8798 5 <2.1x10°%1¢  <2.1x107%t <2.1x10°%
8822 28 (2, 8- <5.4x10°%*  =3.2x10°% <3.2x10°%
8829.5 354 3t 3.6x10° 1 3.6x10° 1 6.8x 10 159 3.6x10° 1
8862 (68) <1.9x10° 19  <19x10°1° <42x10°%9 <1.9x10 1
8894 (100 <1.4x10 79 <1.4x10°7 <6.0x10°7 <1.4x1077
8945 151 - <2.3x10°° <9.2x10°° 6.5x107 79 <9.2x10°°
8972 178 1.x10°%¢ 3.4x10°° <2.6x10°° <2.6x10°°
9000 (206) <1.4x10°° <1.4x10°°
9042 248 =1+0 <3.2x10°8 <1.3x10 7 <2.6x10 © <1.3x10
9070 278 <2.2x10°® <2.2x10°°
9103 309 <2.2x10°® <2.2x10°®
9113 319 <3.0x10°© <3.0x10°©
9147 353 <6.0x1074N <6.0x10"*
9170 377 <6.0x1074N <6.0x10"*
9211 417 (L+c 3oy 0.42 0.65 0.65
9252 458 i+ 65 0.5 0.5

fFrom Ref.[13] unless otherwise noted.

9From Ref.[11].

PEstimate from Ref[13] quoting excitation
function of R¢R27].

iFrom Ref.[31].

3 rom Ref.[12] unless otherwise noted.
bFrom systematics oy decay.

°From present angular distribution.
92s,,, transfer assumed.

€1ds), transfer.

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

strengths by assuming2S<1 for both states. The corre-
sponding resonance strengths arg<2.1x10 °! eV and
wy=<3.2X10 %° eV, respectively.

23,+1 T,

YT 23+ (23,71 T ®)

2. E,=8830 keV, E ,, =35 keV

in whichJ,, J;, andJ, are the spins of the resonance, target, The 8830-keV state was observed previously IHd,d)

and incident proton, respectively; afig, T, andl are the  [14] and @d,n) [15], with (2J;+1)C?S=0.05 and 0.08, re-
proton andy-ray partial widths, and the total width, respec- spectively. However, both analyses have employed bound-
tively. At low-resonance energiek,,<I', and so the reso- state form factors. Consequently, we have reanalyzed the
nance strength reduces to data of Powerst al. [14] using their potential parameters,
but with unbound form factors and obtain Y2 1)C?S
=0.036. Although this is in good agreement with our value
of 0.039, the quality of the fit is poor, indicating that their
potential parameters have not been optimized. A measure-
for the ?°Ne(p,y)*Na reaction. In the following, we will ment of the direct-capture contribution to tFie(p, y)*Na
discuss the values that we have adopted for the strengths ofoss-sectiofill] reported (3;+1)C2S=0.054+0.010. We

the low-energy resonances. have combined this value in a weighted average with our
present spectroscopic factor to yieldJ¢2 1)C?S=0.047
+0.010. This results in a resonance strengily=3.6

— 15
In Table VI, we list the resonance strengths extracted from" 1077 ev.

our spectroscopic factors. These results are discussed below.

2,41 201 3
YT 23D (23,11 P 2 » (6

B. Resonance strengths

3. E,=8862 and 8894 keV, E,, =68 and 100 keV

1. B(=8799 and 8822 keV, Em =5 and 28 keV The 8862-keV state was not populated i ¢) measure-
The 8799-keV and 8822-keV states were not observed iments @y<3.2 pueV [13], <4.2 neV [11]). The re-
this study. However, as mentioned above, neither will make analysis of the available data by El Eid and Champddiié
significant contribution to the reaction rate because of lowconcluded thatwy<2.0 neV. The upper limit on the reso-
energy(for the former stateor high| transfer (=5 for the  nance strength from the present work is more restrictive,
latter stat¢ For completeness, we have calculated resonance y(68 keV)<0.19 neV. Similarly, the upper limit on the
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resonance strength for the 8894-keV state has been lowere
as compared to the limits from the previous studiesy(
<0.6 peV [13], <5.6 peV [11], and<0.61 ueV [17]).

Our present value isvy(100 keWy<0.14 weV. The evi- 10°
dence that these states even exist is inconclusive at bes
Therefore, our recommended reaction rate does not include
contribution from either state.

cuid vl 1ol ol vl o

unl 1 uiel

4. E,=8945 keV, E ,, =151 keV

Based on thé=3 transfer seen in thel(n) reaction[15]
and the observation that this state decays 100% of the time t
the 2™ state at 2704 keY12], the 8945-keV state most likely
possesses o value of 2 . This state was also observed in
(®He,d) by Powerset al.[14], who remarked that the angu-
lar distribution seemed uncharacteristic of pur&ansfer 107
(however, note that their Table Il contains a misprint in
which the spectroscopic factor for the 8972-keV state is re-
ported as that of the 8945-keV stat®©ur limited angular VN L
distribution is not sufficient to establish dntransfer, but 0.1 1
given| =3 transfer, we find (2;+1)C?S=8.7x10 % and a
resonance strength of %20 ° eV. This strength is ap- Temperature (10° K)
proximately a factor of 70.6 lower than what was calculated
n Rgf. [11], which Waszbased on the much larger SpeCtro'tions of resonances and direct captuidashed lines for the
scopic factorf (2J;+1)C*S=0.24] reported from thed,n) 2Ne(p, y)*Na reaction. The upper and lower limits on the rate

reaction[15]. However, the ¢,n) data clearly show a size- (yith all [0-1] terms set to 1 or 0, respectivglgre represented by
able compound-nuclear contribution to the cross section anghe thin solid lines whereas the recommended rate is denoted by the

the authors caution that their result might not be reliable. Oupeavy solid line.
reanalysis of the3He,d) data of Powerst al. [14] yields
(2J;4+1)C?S=0.012, which is consistent with our result. - .
However, the shape of theimore completeangular distri- stat_e. Our Ilmlted angular-distribution da_lta_do not allow us to
bution is not consistent with that of a pure, first-order direct2SSIgn & uniquetransfer. However, the lifetime anddecay
process whereas our estimates of the spectroscopic factor aRfithis state have been tabulafe®] and we have made use
proton width are based on a one-step direct reaction. Thugf the criteria outlined there to obtain a most-probable spin

to be conservative we consider these quantities to be upp@&gsignment. Since this state decays to states With
limits. =11/2"-13/2, J7=7/2" is the minimum value consistent

with the assertion that these decays are prim&fyin char-
5. E,=8972 keV, E , =178 keV acter. Furthermore, the width derived from the lifetime is

The 8972-keV state was also observed in tAele(d) within the recommended upper limit for isoscale2 transi-
measurements of Powees al. [14] with an| transfer of, ei- tiqns. Thus, Wezadopl”>7/2*, which impliesl'>'4 transfer
ther I=2 or 3, corresponding to B+ 1)C2S=7.0x 10~ with (2J¢+1)C“S~0.02(for | =4). However, it is not clear
(1dgs,) or 0 Oil (f<,,), respectivelywhere agaiﬁ we have If the assumption of a first-order direct process is valid. Sev-

reanalyzed their data using unbound form fadto@ur eral studies of thé?C(*2C,py)?Na reaction indicate that the

; : : 11+ o
angular-distribution data can only give a rough measure oftaté is actually high-spinJ(=5"") member of theK
g y g g =3* ground state rotational band éfNa [28—-30. Conse-

the magnitude of the cross section. Assuming a putg,1 2 . :
state, we obtain (2+1)C2S=5.0x10"3 and wy = 3.4 quently, we consider the resonance strength derived from our

ueV. This is larger than the limit set by Refl1] of 2.6 results,wy=0.13 ueV, to be an upper limit. Note that this is

weV. We have adopted the lower value. However, this stat&'°"® restrictive thawy<2.6 ueV, reported in Refl11].
makes a negligible contribution to the reaction rate.

Reaction Rate (cm® s mole™)

ol vousd vl oo 1ol 1ol

du

sl vl ool ol ol ouel

FIG. 9. Total reaction ratésolid lineg, and individual contribu-

8. E,=9211 and 9252 keV, E,, =417 and 458 keV

The strengths of the 417- and 458-keV resonances have
The tentative state at 9000 keV was reported by Poeers heen measured directly by Meyer and Sfdt]. The latter
al. [14]. An upper limit of C*S<6x10"° was reported by state is assigned”™= 32" in the compilation of End{12],
Gorreset al. [11] assumingl =0 transfer. This impliesoy  whereas our fit favor§™=3". A comparison of the values
<1.4 peV and a negligible contribution to the reaction rate.for the resonance strengtf.065 and 0.5 eV, respectively
with our proton widths(Table VI) reveals that the assump-
7. BEx=9042 keV, k , =248 keV tion I'y<I", is no longer valid, but rather, the converse is
The experimental situation regarding the 9042-keV statdrue, i.e.,I';>I", . Consequently, the resonance strength is
is similar to that encountered in the case of the 8972-ke\proportional toI',. Since we cannot derive resonance

6. E,=9000 keV, E, ,, =206 keV
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strengths from our value for the proton width, we have usedtorrect resonance energies. In cases where multiple measure-
the results of Meyer and Sniig1]. ments exist, the results were combined in a weighted
average.
9. E¢y >460 keV

We have reevaluated the existing dat4,25,31—-3%for
resonances up & ,,=1823 keV, which allows us to extend We have used Ed4) to calculate the individual reaction

our calculation of the reaction rate To,=2. Where appro- rates for all of the resonances surveyed here. An analytic
priate, we have used the latest tabulation of mags8sto  expression for the total reaction rate is

V. CONCLUSIONS

Na(ov)=1.05x 10°Tq~ 2Pexp — 19.431T43) + 5.86x 107 1Ty 32 exp( — 0.411T4) + 9.30x 10° T4~ 1174
X exp(—5.100g) +5.71X 10°T¢~ %?*%exp( — 7.117g) +[0— 1]3.09x 10 T4~ ¥2exp( —0.7881 )
+[0—1]0.0228 3 ¥ exp( — 1.159g) +[0—1]1.50x 10 3Ty~ *2exp(— 1.7521Ty)
+[0—1]0.423Ty *?exp(—2.065Tg)cm® mole™ ! sec ®. 7

) ) o ) TABLE VII. #Ne(p,y)*Na reaction rate.
The first two terms include the contributions from direct-

capture(from Ref.[11]) and the 35-keV resonance, respec-T, Lower limit Recommended Upper limit
tively. The next two terms represent the resonances above
417 keV. The last three terms describe the upper-limit con0-020 13%10°* 2.46x1071° 4.44x107*
tributions from the 68-, 100-, 151- and 178-keV resonances))-025 5.9% 10" 1.07x10™* 1.95<10™*
respectively. None of the possible resonances in the rang&030 7.0%x10 M 1.27x10° 1 2.51x10° 1
178 ke\< E. , <417 keV make a significant contribution to 0.040 1.4x10 12 2.53x 1012 1.60x10° 1!
the reaction rate and therefore their contributions are not ine.050 7.9 10 12 1.42<10° 1! 5.96x 1010
cluded in Eq.(7). The total reaction rate and the individual 0.060 2.46¢10° 1! 4.42x10° 11 1.06x10 8
contributions to it are shown in Fig. 9. We also display the0.070 6.1%x10 ! 1.10x10°1° 1.01x10° 7
rate in tabular form in Table VII. The upper and lower limits 0.080 1.7%x10°0 3.13x10°10 5.87x10 7
listed here include overall uncertainties af40% and (.090 5.8% 1010 1.19x 10 2.34x10°6
+20% associated with the direct-capture component ang 100 2.1k 10°° 5.07X10°° 7.07X 1076
with the previously measured resonances {>417 keV), 0.110 6.9 109 2.02x10°8 1.74x10°5
respgctively. We have also in.cluded Our &r systematic un- 120 204108 6.99x 108 3.65¢10°5
certainty of a factor of 1.8 in the strength of the 35-keV 139 5.4% 108 2.09x 107 6.82x 10~5
resonance. The uncertainty for dlre_ct capture was arr_lved & 140 1.3%10°7 5.46x10~7 1.16x 10~
by combln_mg the quoted 14% stc_":ltlsncal uncertainty in they 150 294107 1.28¢ 106 1.84x 10~ %
cross sections of Greset al.[11] with our estimated uncer- 6.20¢ 10~ 7 2 71¢ 10~ 2 76x 10~
tainties associated with their choice of optical-model paramb'180 2.5}< 10° 9'9®< 10° 5.47>< 104
) . 0 . . . . .
roconances 1o simply an approxmation of the temporau200  LIXI0P 326108 o610t
dependent uncertainty in our weighted average of the reso-‘250 58K 10_2 8.50x 10_2 3.60x 10_2
nance strengths. The rate that we recommend for use in n|9—'300 1.3 10_1 1.67x 10_1 2.54¢ 10_1
cleosynthesis calculations includes the first four terms of Eq(.)'350 1.2 10_1 1.54x 10_1 1.94x 10_1
(7) and those for the 151- and 178-keV resonance, with th@-400 6.48¢10 8.13x<10 9.90<10
[0-1] factor set to 0.1. This latter resonance increases th84°0 2.3610° 2.95¢<10° 3.57x10
reaction rate by less than 35% f65=0.1-0.25, which is in  0-500 6.62¢10° 8.29<10f 9.98<10
excess of the temperatures thought to be reached in low-ma8€00 3.1x 10" 3.92x10" 4.71x 10"
red giants. Since there is no compelling evidence that the 68700 9.6% 10" 1.21x 107 1.46} 107
and 100-keV resonances exist, we have not included them %800 2.3K107 2.90x 107 3.48< 107
the recommended rate. 0.900 4.6% 107 5.82x< 107 6.99x 107
Our recommended rate is significantly smaller than thatl..000 8.26< 107 1.03x 106° 1.24x< 10°
appearing in the Nuclear Astrophysics Compilation of Reac4.300 2.4%10° 3.04x 10° 3.65x 10°
tion Rates(NACRE) compilation [36] for Tg=0.03-0.2.  1.500 5.15%10° 6.45x< 106° 7.75<1C°
These rates are compared in Fig. 10. The primary reason fargo0 8.94 10° 1.12x< 10 1.35x10%
this difference is that our recommended strength for the.000 1.36¢ 104 1.70x 104 2.05x 10

151-keV resonance has been reduced. This strength may stilt
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10°
g APPENDIX: MAXIMUM-LIKLIHOOD ANALYSIS

To estimate upper limits on the number of counts associ-
ated with the 8862- and 8894-keV states, we have employed
a maximum-likelihood estimation with Poisson statistics for
] both the possible foreground and the background, as de-
3 scribed by Hannam and Thomps$®6]. Their procedure
(NACRE) 3 finds the most likely signalS) and backgroundB) strength

] in a specified region, given a template for each contribution.
In this case, the signal shape was taken to be a Gaussian with
a width equal to the average for the adjoining states and with
a centroid predicted using the energy calibration at each
angle. The background was taken to be linear, with a variable
height. The mean number of counts in channel; is

10" E

Ratio

1 0_2 NA<GV>(present)
N, <ov>

10° | E

10 s gl L L NS RS |

Temperature (10° K) ni=Bb+Ss, (A1)

FIG. 10. Ratio of the present recommended rate to previousvhereb; ands; are the background and signal shapes, re-

results[36]. spectively. In this case, the most likely resuliSs.0, which
corresponds to a physically unrealizable situation. Thus, the

be overestimated since the spectroscopic factor for this statmncept of aAS corresponding to a symmetric confidence
is most likely an upper limit. However, since we have shownbelt loses its physical meaning. As a result, it was necessary
that this resonance contributes no more than 30% of the totab define a criterion for determining the upper limit on the
reaction rate, the uncertainty about the structure of this stateumber of counts, and hence the cross section. Unfortu-
does not translate into a large uncertainty in the reaction ratamately, there is no established convention on how this should

We have significantly improved the accuracy of thebe done(see, e.g.[37], The Review of Particle Properties
22Ne(p,y)**Na reaction rate for temperatures characteristid 38] pages 11132 to I1142[39], and references thergirThe
of hydrogen burning in low-mass red giants. However, siz-method chosen for this work was to renormalize the likeli-
able uncertainties exist in the rates of the reactions that dérood function such that the integral over the physical region
stroy 2°Na, %*Na(p, v)?**Mg, and ZNa(p,a)?°Ne, and these (S>0) was equal to unity. The resulting new likelihood was
must be addressed before it will be possible to predict sothen integrated up to the value $fit which 90% of the area
dium abundances with improved stellar models. These reads included. This was then interpreted as the upper limit at

tions will be the subject of future work. the 90% confidence level.
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