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Two inconsistent sets Al excitation-energy measurements have been used to deteraso-
nance energies for tHéMg(p, y)2*Al reaction. This discrepancy results in a factor of five vari
ation in the calculated thermonuclédMg(p, y)>*Al reaction rate all = 0.25 GK, and presents
a challenge to an imminent radioactive ion-beam measureaiehis reaction that will rely on
precisely known resonance energies. We have measurétMg&He)2*Al reaction using a 30-
MeV 3He beam from the tandem Van de Graaff accelerator at Yaledsity’s Wright Nuclear
Structure Laboratory. The Yale Enge magnetic spectrogregehused to momentum-analyze
reaction products; a position-sensitive ionization detiamber backed by a scintillator at the
focal plane was used to identify tritons and measure thetatiam energies of corresponding
states ir?*Al. We find good general agreement with one of the two previets of measure-
ments and determine an energyEfm = 474(6) keV for what is thought to be the most im-
portant?>Mg(p, y)>*Al resonance astrophysically [the previous measuremeelsad values of
Ecm = 4995) and 458(10) keV]. A more precise thermonuclé&g(p, y)?*Al rate will help

to constrain the determination of nuclear flow out of the NeMele, and production oA > 20
nuclides, in explosive hydrogen burning over a temperatamge 02 < T < 1.0 GK.
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1. Introduction

For decades, th&Mg(p, y)>*Al reaction Qp, = 18721(31) keV] [1] has been known [2, 3]
to be a potential means for breaking out of the NeNa cycle &vibe nuclear species in explosive
hydrogen burning. At stellar temperatuies< 0.1 GK, 2°Mg can be produced by the NeNa cycle,
which is closed by it8" decay {;,, = 11.3 s) to?*Na, followed by the**Na(p, a)?°Ne reaction.
At higher temperatures tiéMg(p, y)>*Al( B+ ve)?*Mg sequence is expected to become competi-
tive with the 3+ decay o”*Mg, providing a nucleosynthetic path to heavier speciesttugy with
the 2>Na( p, y)**Mg reaction. Models of explosive hydrogen-burning envinemts, therefore, re-
quire an accurate determination of ##1g(p, y)?*Al thermonuclear reaction rate to constrain the
expected production & > 20 elements.

Wallace and Woosley [2] initially evaluated th#Mg( p, y)>*Al reaction rate based on the con-
tribution of a single resonance. By considering a diregttiaae process and two additional reso-
nances, Wieschet al. [3] improved upon the calculation of Ref. [2]. Kuboetal. [4] then studied
the?*Mg(3Het)?*Al reaction at a beam energy of 60 MeV, and reevaluateddig(p, y)>*Al re-
action rate using their experimental constraints on thessand excitation energies-{0 keV) of
four 2#Al levels. However, a prior measurement of tHdlg(3He)2*Al reaction at 81 MeV by
Greenfieldet al. [5] yielded 2*Al excitation energies with comparable precision that wsrstem-
atically higher by~ 20 to 50 keV. Most recently, Hernet al. [6] reevaluated thé*Mg(p, y)>*Al
reaction rate using all available (inconsistent) expenitakeinformation or?*Al excitation ener-
gies. It was concluded that a single resonanck, at 47820) keV [Ex(>*Al) = 234920) keV]
with J = 3* determines thé*Mg(p, y)?*Al reaction rate for temperatures20< T < 1.0 GK. The
large uncertainty in this resonance energy is due to thensistent(*Het) measurements men-
tioned above, and leads to a factor of 5 variation in the ir@actte atT = 0.25 GK — a typical
nova peak temperature — because of its exponential dependerE;. A better determination
of this resonance energy would reduce the related uncrtamithe reaction rate, and aid future
experiments that attempt to measure resonance strengths.

2. Experiment

To resolve the inconsistencies in the measured level ereeaff*Al, the energies of known
23Mg-+ p resonances have been remeasured, and new resonancesdéarahthe Wright Nuclear
Structure Laboratory at Yale University using #&1g(*He)?4Al reaction [13]. Calibrations were
measured during the same set of runs viaft&i(®He})?®P reaction. The Yale tandem Van de
Graaff accelerated a beam e ions to a fixed energy of 30 MeV, which impinged on a natural
MgO (267 ug/cn?) or Si (302ug/cn?) target foil. An Enge magnetic spectrograph accepted light
reaction products through a rectangular aperture, and mimeanalyzed them. Tritons were
focused on a detection plane spanned by a position-sensgitivization drift chamber [7] over
radii 70< p < 87 cm. It measured the position and the energy IA&S, of the particles. The
residual energyE, of particles was deposited into a plastic scintillatore ffvig(®Het)?*Al and
283i(®He)?8P reactions were measured over a five-day period using a fiagdetic-field strength
of B= 11 kG, at spectrograph angles &f, = 11°, 17.5°, 21°, and 26, and with horizontal and
vertical entrance-aperture settingsdf = +30 mrad and\g = +40 mrad, respectively.
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Figure 1. Focal-plane triton spectra from tféMg(*Het)2*Al reaction at 30 MeV, corresponding to
1500< Ex(?*Al) < 4800 keV determined in the present work (labeled). The spewere acquired with

Bap = 11°,17.5°,21° and 26 from top to bottom, and are shown shifted relative to one laroso that

the 24Al excitation-energy scale is roughly matched. Backgropedks of'?N (g.s.),6F (721 keV) and

16F (424 keV), from left to right, are shaded in gray.

3. Analysis

Particle groupg p,d,t,a) were identified by combining focal-plane positiorriomentum),
AE, andE in 2D histograms. Tritons were selected cleanly by sortivegdata offline through soft-
ware gates in these histograms, and spectra of focal-plasitgqn were plotted for th&Mg(*Het)
24Al (Fig. 1) and?®Si(PHet)?8P reactions at each spectrograph angle. Background peakstie
%0(Het)%F and?C(®Het)12N9s reactions were identified kinematically in tR&Al spectra.
These were expected, and the spectrograph angles werasncdwmdeat the locations of the back-
ground peaks would allow a clear observation of each asysigdily important®*Al level at a
minimum of three angles.

The spectra were analyzed using a least-squares fit of neuffgussian functions of typical
FWHM = 40 keV, from which peak centroids were determined. Isolatedily identifiable peaks
corresponding to known excited states [8P&® with Ex < 5 MeV, and with uncertainties as low
as +0.5 keV (but typically+5 keV) were used for momentum calibration of the focal plahe a
each spectrograph angle. A universal uncertainty8fkeV was determined from a combination
of statistical uncertainty and reproducibility. In additj there was a3-keV uncertainty from the
uncertainty in relativé*Mg to 28Si target thickness, andiad.1-keV uncertainty from the relativ@
values of the*Mg(®Het)?*Al and 22Si(®He)?8P reactions, arising mostly from the uncertainties
in the masses G'Al (2.8 keV/c?) and?8P (+3 keV/c?) [1]. Under the assumptions that the above
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uncertainties are mutually independent and gaussiarbdittd, they may be added in quadrature,
which results in at-6-keV uncertainty. Resonance energies for4tdg(p, y)>*Al reaction were
determined from the relatio, = Ex — Qpy.

4. Results

The uncertainties ifEx and E; have been reduced by a factor ©f3 over the most recent
compilations [9, 6]. Much of the prior uncertainty was du¢hte systematically inconsistent results
of Kubonoet al. [4] and Greenfieldt al. [5]. The present measurements are in good agreement with
those of Ref. [4], and poor agreement with Ref. [5] which nsatkee existence of an unaccounted-
for systematic error in Ref. [5] probable. The excitatiorergy of (what is thought to be) the
most important resonance astrophysically was measurdgt ipresent work to be 2346(6) keV, in
disagreement with the measurementbah Ref. [4] [2328(10) keV] and Ref. [5] [2369(4) keV].
The disagreement with Ref. [4] is somewhat surprising stheeerror bars in the present work
overlap with those in Ref. [4] for every other cleanly resal\evel.

Adopting theJ™ assignments of Ref. [6], ti€Mg(p, y)?*Al reaction rate was recalculated
using the presently determined resonance energies, atuhpraths scaled accordingly. In Fig. 2
the ratio of the?>Mg(p, y)>*Al reaction rate from the present work to that determined éf. 6]
is plotted for stellar temperaturesl® < T < 2.0 GK. The uncertainty bands for both rates were
derived by using the upper and lower limits of the resonaargy uncertainties, and show that
the rates are generally in agreement. The present measuseimerease the recommended rate by
5—20 % in the temperature rangel@ < T < 1.9 GK, and the 3-fold reduction in resonance-energy
uncertainties reduces the related uncertainty in theimracte by a factore 3 in the temperature
range 2 < T < 2.0 GK (Fig. 2). TheE, = 474-keV resonance dominates the reaction rate for
0.2 < T < 1.9 GK. Below 0.2 GK, the rate is dominated by direct captures flgsonance measured
to haveE, = 652(6) keV makes contributions of,10,22 35, and 40 % to the rate at temperatures
T =0.380.681.0,1.5, and 20 GK, respectively. Thé&, = 920 and 1002-keV resonances con-
tribute < 8% and< 2% respectively to the rate foF < 2.0 GK. The present reduction in the
uncertainty of theé*Mg(p, y)?*Al reaction rate, which is now certainly dominated by the eam
sured resonance strengths, will constrain the deterromati nuclear flow out of the NeNa cycle
during explosive hydrogen burning for< 1 GK.

A recent precision measurement [10] using Gammaspheréaesn a completé?Al level
scheme up to thEy = 23451(14)-keV level. The Gammasphere work confirmed our measurement
of Ex = 23466) keV, which was not in good agreement with previous measunésrid, 5], and
improved upon its precision. We used the 1617.0(8)- and 2854)-keV [E, = 4733) keV]
level energies from Ref. [10] to effectively eliminate th®.1-keV systematic uncertainty in our
measurement, and adjust our 2524(6)-keV measurement axitie@ation energy of the second
level above the proton threshold #AAl with a result of 2523(3) keV [14]. This corresponds to
a resonance energy of 651(4) keV. A measurement of its strdlagd the strength of the 473-
keV resonance) using the DRAGON facility at TRIUMF-ISAC cheduled that will use a mixed
23NaP3Mg beam with an expected intensity ratio of 500/1 [12]. A resuce in thé*Na( p, y)?*Mg
reaction atEja»(p) = 6767(4) keV [8] [E; = 6483(4) keV] with a strengthwy = 640 meV (to
be compared with the predicted strengtly = 58 meV [6, 13] of the 651-ke\F3Mg(p, y)?*Al
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Figure 2: Ratio of the®®Mg(p, y)?Al rate from the present work (solid blue) to that of Heretlal. [6]
(dashed red). The uncertainty bands represent only thetairdg in the rate derived by taking upper and
lower limits onE;.

resonance) will present a challenge to that experiment. Mo precise energy for the 651(4)-
keV resonance will therefore be useful to its planning anerpretation.
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