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Structure of Mg and its implications for explosive nucleosynthesis
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The locations of ¥¥Ne+ « resonances have been measured as excited stateé€Mig using the
12C(*%0,5He)??Mg reaction. Eighteen new levels were discovered in the rang&Q,<3 MeV above the
BNe+ o threshold. The'®Ne(a,p)?!Na reaction rate in the temperature range<gl2=1.0 GK has been
calculated using the results from the present measurements, and the implications for nuclear burning in explo-
sive stellar scenarios are discussed. This study also yielded energy-level information on lof*éng p
resonances of importance to tA¥Na(p, y)?°Mg reaction, one of the key links in the NeNa cycles in novae.
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. INTRODUCTION 22\ig above thea-particle threshold aE,=8.14 MeV and
below 10.5 MeV, have been reported in other studies, and
In current models of x-ray bursters and nova explosionstheir spectroscopic properties are unknofd (Fig. 1). A
the energy generation and nucleosynthesis at temperaturesiftistical-model calculation has been performed giving a
T<0.4 GK are determined by the Hot-CNO cy¢ld. Asthe  rate in reasonable agreement with that derived from the Lou-
temperature and density on the surface of the accreting stgain results[5] at high temperatures. However, the sparse
increase, howeveg-particle and proton capture reactions on structure information and the low density of relevant states in
the Hot-CNO nuclei become faster than the correspondinghe energy region 8.14E,<10.5 MeV, prevent an accurate
B* decays. In x-ray bursters, the star may then break out ofalculation of the reaction rate fdf<1.5 GK. Moreover,
the Hot-CNO to thep process, providing a way to enhance pased on the structure of the isospin mirféNe, there are
the rate of energy generation and to trigger the subsequeabout 22 missing states in this region. Radioactive beam ex-
explosion. Based on present nuclear physics informatiorperiments aiming to measure the cross section directly can
the initial breakout path is thought to proceed primarily benefit greatly from a foreknowledge of the location of key
through the 1®0(«a,y)!®Ne reaction, but atT=0.8 GK, resonances.
another bridge to therp process becomes available  While breakout from the Hot-CNO cycle supplies the en-
to the star through thé®Ne(a,p)?'Na reaction[2], bypass- ergy trigger for x-ray bursts, our present understanding of
ing the ™O(a,y) path via the sequence explosive nucleosynthesis in novae indicates that the tem-
10(a, p)*F(p, ¥)*®Ne(a,p)?!Na. The contribution of these perature on the surface of the accreting white dwarf is too
reactions to the total flux through this mass region dependi®w for breakout to occur. For ONeMg novae, the sources of
on their cross sections under extreme stellar conditions. Pregnergy for the thermonuclear runaway are instead the NeNa
ently, the ®Ne(a,p)*Na reaction rate is not well estab- and MgAl cycles[1]. In the NeNa cycles, the reaction
lished experimentally at the relevant temperatures, and hencéNa(p, y)?°Mg is especially important because it bypasses
its contribution to the breakout flow is poorly known. the 2!Na 3 decay, resulting in greater energy generation dur-
At the energies found in these explosive environmentsing the explosion. Furthermore, the reaction plays a key role
most of the reactions of interest proceed through individuajp determining the final abundance &Na produced in the
resonances above the particle threshold in the compound syggya nucleosynthesis. Since the decay®fa is followed by
tem. The rates of th_e_se reactions as a function of temperatuffe emission of a 1.27 MeV ray, the abundance d&Na in
under stellar conditions depend then on the properties ghe material ejected by the explosion could be inferred from

21, ; ; ;

.SUCh resczlnancestHtéN?(_a,p) t_Nat_reactlton,én patr_tlculsr, measurements of the-ray flux, and thereby used as a con-
IS currently a subject of investigation at radioactive beaMy ;i or nova modelg6], provided the nucleosynthetic
facilities such as Louvain-la-Neuve and Argonne National

Laboratory. Initial direct studies of this reaction have re- 0SS sections for the production and destructiod“dla are

cently been carried out at Louvain-la-Neuve with a radioacunderstood. Additionally, in carbonaceous meteoritic grains,

22,
tive *Ne bean3], where resonance locations and strength§he_bGt""'dec""_y daéghter &iNa, **Ne, has been found to be
in 22Mg were determined foE,(?2Mg)>10.5 MeV, corre- enriched relative to“Ne by more than a factor of 100 com-

sponding toT=1.5 GK. In the energy region corresponding Paréd to the solar abundance; the total yield “OMla is

to lower stellar temperatures, however, only two states ieeded in attempts to establish the formation site of such
grains[7]. As with the ®Ne(«a,p)?!Na reaction, at relevant

temperatures, théNa(p,y)?Mg rate is expected to be
*Present address: TRIUMF, 4004 Wesbrook Mall, Vancouverdominated by individual resonances ?‘ZMQ, as shown in

British Columbia, Canada V6T 2A3. the energy-level diagram in Fig. 2, and the present rate is
"Present address: BD Immunocytometry Systems 2350, Qumbased on estimates of their spectroscopic propefiied0.
Drive, San Jose, CA 95131. However, a recent measurement of ##g(p,t)>Mg reac-
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FIG. 1. Previously known energy levels of relevance to the
8Ne(a, p)?!Na reaction. The first two levels above the threshold

were observed in Refl14]. The levels at excitation energies above 22Mg
10.5 MeV were seen in the direct measurement of the

'®Ne(a, p)*Na reaction rate by Bradfield-Smith and collaborators  FiG, 2. Previously known energy levels of relevance to the
[3]. The levels shown as dashed lines were assigned tentatively. THeNa(p, y)?Mg reaction. The energies are taken from the 22
Gamow windows for temperatures of 0.5, 1.0, and 1.5 GK are disgnergy-level compilation in Ref4]. The first three levels above the
played as double arrows. 2INa+ p threshold have been expected to be the main contributors

to the reaction rate at nova temperaturés=Q.4 GK).
tion[11] has resulted in apparent contradictions with some of

the accepted energy levdl], and the existence of missing the direct reaction mechanism and tend to selectively popu-
states cannot be discounted. Until the reaction cross sectidate states of natural parity iffMg. Although much progress
is measured directlye.g., ISAC-TRIUMB, an independent has been made in determining the structuré?g through
check of these discrepancies would be useful. these experiments, including the recent remeasurement of the
With this in mind, we have used th#C(*%0, He)*Mg  ?*Mg(p,t)?®Mg reaction[11], the spectroscopic information
reaction to measure the location of resonance$’Mg of  needed for astrophysics studies is still incomplete, as empha-
importance to thé®Ne(«,p)?*Na and?'Na(p, v)?’Mg reac-  sized already. Hence, additional studies with reactions pro-
tions, and report on our results in the following sections. ceeding through different mechanisms, and therefore having
a different selectivity, could shed further light on the location
Il. EXPERIMENTAL SETUP of key resonances iR?Mg of relevance to explosive nucleo-
synthesis.
The structure of?Mg had thus far been studied primarily yOne such reaction is th&C(1°0, ®He)?’Mg. Unlike the
through the p,t), (*He,n), and EHe,ny) two-nucleon two-nucleon transfer reactions, it is expected to proceed pri-
transfer reactions. These reactions proceed mainly througimarily through the compound-nucleus reaction mechanism.
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The *2C(*0, ®He)*Mg reaction should populate natural- chamber. The active length of each wire is surrounded by a
parity states preferentially. This follows because both theseries of spliti-shaped pickup pads, with 2.5 mm segmenta-
12C and the'®O nuclei have)™=0* ground states and there- tion. The pads nearest to the avalanche location collect the
fore the 26Si compound nucleus will be formed in natural- induced charge into a pulse. Each pad is in turn connected to
parity states primarily. Since the ejectifHe also has)” a delay I_|r_1e consisting O.f 26 tapped-lumped delay-line chips.
—0*, natural-parity states iR°Mg are favored in this com- The position of the particles as they cross each wire assem-

pound nucleus breakup channel. For fdlat p channel, bly is then determined by measuring the relative delay be-

. : . ! _tween the pulses arriving at each end of the delay line.
this feature is a problem, since there may be astrophysically The segmented ionization chamber of the focal plane de-

important unnatural-parity states that may be populated onlYector was used to measure the energy deposited by the par-
weakly at best(215'his guesgon izszcurrently being addressed inticles in the gas volumésobutane ap= 150 tor for pur-
?stdy of the®Mg(*He, "He)*"Mg reaction[12]) For the  ,oses of particle identification. In the present study, the

Ne(a,p) reaction, however, oqu natural-parity =1 _energy loss in the gadE, was measured with a cathode
states will contribute to the reaction rate anyway, so thigyjate spanning the entire length and depth of the detector.
selectivity is a help instead of a hindrance. For our measurement, tféle nuclei of interest are energetic

The Yale ESTU tandem accelerator and the split-poleenough to pass through the active volume of the detector and
spectrometer with its focal plane detector system, are ideajubsequently stop in a 6.35-mm thick plastic scintillator
for studying heavy-ion reactions such as the(BC-404 with gain-matched photomultiplier tubes at each
12C(*%0, ®He)?2Mg. Our group has had experience in theseend, providing a measurement of the residual energy.
studies through measurements of several other reactions, in-

cluding the 12C':(1.2C,6He)18Ne reaction%lB]Gwhozge dynam- Il DATA ANALYSIS
ics are very similar to that of thé’C(*%0, ®He)?’Mg reac-
tion. The experiment was performed using a 90-M&0D Since the *2C(*0, ®He)*?Mg reaction involves interac-

beam produced by the Yale ESTU tandem accelerator. Théons between twar-cluster nuclei in the entrance channel,
beam energy of 90 MeVH, ,=38.6 MeV) was chosen af- the cross section for thé"0, a) reaction channel is espe-
ter taking into account the reactiorQ value of cially large. The key to isolating théHe groups of interest
—21.93 MeV, the Coulomb barrier of about 20 MeV, and from the « particles, about 10times more intense than the
our aim to populate states #Mg up to excitation energies %He group, is the use of the momentum parameter given by
of 11 MeV. This last criterion would enable us to checkthe detector front wire signal in conjunction with tBeAE
independently the results from the Louvain-la-Neuve meadiscrimination provided by the gas counter and the plastic
surement of the'®Ne(a, p)?!Na reaction mentioned earlier. ~ scintillator.

Natural carbon target$98.9% °C and 1.1%°C) of In addition to the(front-wire vs rear-wirg software gate,
thickness 20ug/cn? were bombarded with thé®0 beam, software gates were also set on tftée group in the(cath-
with typical intensities of 200 particle nA. This target thick- ode vs scintillator, (scintillator vs front-wirg, (cathode vs
ness was a compromise between a reasonable differentifipnt-wire) histograms. The®He momentum(or energy
energy loss in the target and an adequate event rate at tispectrum was obtained by projecting thele events that
focal plane. The difference in energy loss in the target bepass through all four gates onto the moment(puosition
tween the 90-Me\VA%0 beam(77 keV/ 20ug cm 2) and the  axis. The position resolution of the projectBde events was
35-MeV ®He ions(5 keV/ 20 g cm ?) is about 70 keV/ improved by using ray tracing to correct for thdp/dé)

20 ng cm 2. This corresponds to a difference of 60 keV broadening.

between a®He particle produced at the front of the target The °He position spectra for spectrometer angles of 3°,
and one produced at the back, which is equivalent to a spredsf’, 7.5°, and 10° are shown in Figs. 3 and 4. The energy
of about 30 keV in excitation energy ifMg. Fresh target resolution was about 85 keV B, (?°Mg) and was limited by
spots were moved into position roughly every 8 h, as theythe focal plane detector. The peaks correspond to excited
were observed to get visibly thicker due to carbon buildup. states in the recoil nucleu¥Mg and are labeled with the

The reaction products were measured at angles of 3°, 5%, . Potential contributions due t&C were measured using
7.5°, and 10° in the laboratory frame. TR+ %0 reaction ~ a **C target and were found to be negligible; no other con-
products were momentum analyzed in an Enge split-poléaminants were observed. Our criteria for identifying peaks
magnetic spectrometer. The solid angle used in the preseit Mg were that a state of a given excitation energy should
12C(*%0, SHe)?Mg experiment was selected to give the bestbe observed in at least two angles, and contain a minimum of
balance between energy resolution and count rate. Typicall#0 counts after background subtraction.

the horizontal slits were set = =30 mrad and the vertical At present, the structure Mg is not sufficiently well
slits to ¢=*t40 mrad, resulting in an acceptance f) known to allow for an internal energy calibration of the spec-
=4.8 msr. tra over the entire energy rangé(=1- 11 MeV). An en-

After the momentum analysis in the magnetic spectrom-ergy calibration for the??Mg levels was therefore performed
eter, the reaction products were measured in the focal plarfer the 5° data by assuming the literature values given for
detector which is a hybrid unit, including two position- the first and second excited states Bt=1.2463 MeV
sensitive wire assemblig¢separated by 10 chwhich deter- *=0.6 keV and 3.3082 Me¥ 0.8 keV [4]. Since these two
mine the momentum and angle of each ion as it enters thstates were strongly populated in theC(*¢0,°He)?’Mg re-
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action, three different beam energi@$, 84, 90 MeV were  10.98Q31), and 11.13640) MeV, are in good agreement
chosen in order to place these two strong peaks at differentith the Louvain-la-Neuvé®Ne(a, p)>'Na measurements of
locations, covering the entire focal plar@&t 76 MeV, the  E,=10.580(50), 10.8260), 10.99050), and 11.13(50)
®He group corresponding to the 3.308 MeV state has thejev.

same rigidity as’He’s corresponding t&,~10.85 MeV at

a beam energy of_ 90 Me)/ln this way the calibrgtion of the B. Resonances i?Mg: E,<8.14 MeV
focal plane was tied directly to the well-established calibra- ) 2 )
tion of the facility’s 90° beam-analyzing magnet. Table Il displays states if’Mg found in the energy re-

In addition to these calibration points, several othergion belowE,=8.14 MeV. Our results are compared with
known levels from the 90 MeV#=5° spectrum with exci- levels observed in the TRIUMF-CNS measurement of the
tation energies between 4—6 MeV were included in the cali-**Mg(p,t)?Mg reaction[11], the *°Ne(®He, ny)*Mg study
bration. With this calibration, the most accurate energy cenby Rolfset al.[15], and the presently accepted energies from
troids were determined to within 10-20 keV. The final the literaturg4]. The last reference incorporates results from
uncertainty included contributions from the uncertainty inall previous studies of°Mg before the present work and the
the beam energy centroid<(0.05% OfE,e,y), the experi-  TRIUMF-CNS (p,t) measurement. We have confirmed the
mental errors in the energies listed in the literature, and thexistence of a state at 6.04 Melélso observed by the
uncertainty in the channel centroid from the peak-fitting pro-TRIUMF-CNS Collaboratiojj our excitation energy of
cedure. The energies obtained from the calibration of the 5%.04111) MeV agrees well with their value of 6.04®
data were then used to internally calibrate the spectra fronyley. Their measurement also revealed another level at

the other three angles. 5.962 MeV, which we have not observed. The latkst22
energy-level compilatiof4] lists only one state in the 5.9—
IV. RESULTS 6.0 MeV region(at 5.965 MeV; this energy was deduced by

averaging the energies of states seen in a number of studies
involving two-nucleon transfer reactiof$4—17. Based on

As seen in the spectra in Figs. 3 and 4, thethe accuracy of those measurements and the observed angu-
12C(*%0, 6He)?*®Mg reaction populates a large number of lar distributions alone, one cannot determine unambiguously
states in the region above the-particle threshold E,  whether or not these previous measurements lend support to
=8.14 MeV) in ?2Mg. We observe a total of 23 levels above the existence of one or two states near 6.0 MeV.
8.14 MeV, as listed in Table | and displayed in Fig. 5. Of New levels were found in the present study Bf
these 23, 18 are previously unobserved states. Table | alse7.402, 7.674, and 8.062 MeV; the present study did not
presents a comparison between these results and previoabserve previously reported statesEgt=5.006 MeV, 5.317
energies from studies of ti@Ne(*He,n)?°Mg transfer reac- MeV, and 5.837 MeV. For states betweleg=6 and 8 MeV,
tion [14], and the direct study of th#Ne(a,p)?'Na reaction  the present results are in reasonable agreement with the pre-
performed recently at Louvain-la-Neuy8]. The states ob- viously adopted values as listed in Table II. With regards to
served in the present study Bf=10.570(25), 10.84889), analog states irf?Ne, the original assignments for levels

A. Resonances in*Mg: E,=8.14 MeV
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with E,(?Mg)=5-6 MeV given in the 199@ =22 compi- Neither the present study nor the TRIUMF-CNS,t)

lation [4] have been retracted in the latést 22 data supple- Mmeasurement observed tBg(*’Mg) =5.837 MeV state. If
ment[18], and presently no mirror assignments in this regionthe existence of missing zsztates_%f‘Ne_ls precluded, then the
are listed. A comparison between levels%#Mg and 2Ne, ~ only remaining state of*Ne in this energy region has

incorporating the present results, is shown in Fig. 6. Theex(*Ne)=5.910 MeV and)”=3". This state in*’Ne used
E,(?Mg)=5.714 MeV (7=2") level has usually been to be assigned to thg,(““Mg)=5.837 MeV statd4], al-

considered to be the mirror of thg,(2?Ne)=6.115 MeV. though presently, in light of the discussion above, this as-
X . . .
(37=2") level, since this state iRNe is the only 2 state S'9"MeNtis no longer warranted.

in this energy region. ThE,=5.965 MeV level in22l\/!g, as V. DISCUSSION
listed in Ref.[4], in turn has traditionally been assigned as _
the mirror of theE,=6.237 MeV (0') state in ?Ne, but A. The **Ne(a,p)*Na reaction

with the recent results pointing to the existence of two levels The results from the presedtC(*¢0, ®He)??Mg reaction

at E,=5.962 and 6.046 MeV irf*Mg, the situation is now study extend the level scheme of natural parity states in the
more confused. In an earliep(t) measuremeritl7], a state  ?2Mg well into the energy region of relevance for resonances
at 6.06(=.04)MeV appears to havé"=0", and we there- in the ®Ne+ « channel at the temperature$*0.5 GK)

fore tentatively assign thE,=6.237 MeV??Ne level as the found in x-ray bursts(Fig. 5. Our experimentally deter-
isospin mirror of the 6.046 Me\??Mg state. Note that the mined resonance energies have been used to improve the
next highestJ™=0" level in ?Ne is located atE,  *Ne(a,p)?!Na reaction rate that was first calculated by
=6.90 MeV and is therefore unlikely to be the mirror of the Gorres and collaboratof&], using the narrow resonance for-
E.(*°Mg) = 6.046 MeV level. malism.
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TABLE |. Excitation energies irfMg with E,=8.14 MeV.

12C(160, 6He)22Mg a
E,(MeV=xkeV)

20Ne(®He,n)?Mg P
E,(MeV=keV)

18Ne(a, p)ZZMg c
E,(MeV=keV)

8.203+23
8.290+ 40
8.396+ 15
8.547+ 18
8.613+20
8.754+ 15
8.925+ 19
9.066+ 18
(9.172+23) ¢
(9.248+20) ¢
9.329+ 26
(9.452+21)
9.533+24
9.638+21
9.712+21
9.827+44
9.924+ 28
10.078+ 24
10.190+ 29
10.297+25
10.429+ 26
10.570+ 25
10.660+ 28
10.750+ 31
10.844+ 38

8.550-90

(10.580-50) ¢

(10.820- 60) ¢
10.910+ 50
10.99(- 50

(11.050+50) ¢
11.136-50

10.980-31

11.135:£40

3Present paper.

bFrom Alford et al. [14].

°From Bradfield-Smittet al. [3].

dLevels in parentheses are tentatively assigned.

1. Rate calculation

The treatment of stellar reactions using the narrow reso
nance formalism gives the following expression for the stel

lar reaction rate

Na(ov)=1.54< 10" uT)*2Y, (@Y)es

X exp(—11.60E, /Tg)[cmPs * mol 1], (1)

where u is the reduced mass in upfy),es is the resonance
strength in units of MeVE,., is the resonance energy, also
in units of MeV, andT is the temperature in units of GK. The

resonance strength is determined from the partial widths for

the entrance and exit channel$,, and I',,, respectively,
and the total resonance width,;

PHYSICAL REVIEW 63 065807
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FIG. 5. Level scheme of?Mg showing the results from the
present study. The Gamow energy windowsTer0.5, 1.0, and 1.5
GK are shown.

2341 Tinlox
(@Y™ 0] FD2j+ 1) Trop *

2

whereJ, j,, andj; are the spins of the resonance state, the
projectile, and the target, respectively. In calculating the
8Ne(a, p)?!Na reaction rate using this formalism, knowl-
edge of the proton partial widths is not required, since the
fesonance strength depends on the fadtgl’,/T';,; and
based on our knowledge of the states fNe, r,<rI,
~I"iot, SO thatwy=wl,. The partial« widths I', are
given by

3’
—PC7s,,
2

r (3

a

whereR is the nuclear interaction radiuB, is the Coulomb
penetrability factorS, is the a-spectroscopic factor, and

is the isospin Clebsch-Gordon coefficient. In the penetrabil-
ity calculations, the nuclear interaction radius was calculated
with the expression

R=1.35A7°+A%), (4)
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TABLE Il. Excitation energies ir?Mg with E,<8.14 MeV.

12c(1%0, SHe)®Mg?  *Mg(p.t)®Mg®  Ne(Heny)®Mg® A=22 energy leveld

E,(MeV=xkeV) E,(MeV=xkeV) E,(MeV=keV) E,(MeV=xkeV) J7
1.2463° 1.2470-0.4 1.24632-0.6 2"
3.3082° 3.3082-0.9 3.3082-0.8 4 (2%)
4.408+12 4.3998-4.2 4401915 4.400%1.4 27(1%)
5.006+ 2 5.006+2 (07— 4%)
5.028+12 5.037¢° 5.0370+-1.4 5.037:1.4 2"
5.08971.7
5.272+9 5.2957-1.6 5.290-2 5.292+3 (2+,3)
5.317+5 5.317%5 1-3
5.4543+1.6 5.464:5 5.464+-5 1-3
5.71F+13 5.713¢ 5.7144-1.5 5.713% 1.2 2"
5.837+5 5.8375 <5
5.9619+2.5 5.965- 25 0+
6.041+11 6.0458-3.0
6.255+ 10 6.2464-5.1 6.298-50 6.26715 4*
6.3226+6.0
6.606+ 11 6.613-7 6.585+ 35
6.767+ 20 6.787 14 6.783-19 3
6.889+ 10 6.980: 80 3
7.169+11 7.213-18 o+
7.402+13
7.674+18
7.784+18 7.840-90
7.964+ 16 7.945-45
8.062+16
3Present paper. dA=22 energy levels compilatiof#].
b_evels from Batemaret al. [11]. fUsed for energy calibration.

Levels from Rolfset al. [15].

where Ar and A, are the atomic masses of the target andments or from the earlier measurements*fe. Therefore,
projectile, .r.espectlvely. _ _ their contributions to thé®Ne(«,p) reaction rate cannot yet

In the Gareset al. calculation, given the complete lack of pe determined, and ouw(p) rate calculation must be lim-
level information in the region of interest iffMg, the ener- ited to T<1.0 GK) The ??Ne spin and parity assignments
gies for the Mg resonances were determined simply by gre taken from the literaturgt], or were determined from
shifting the energies of known natural-parity states in theangular distributions of the®O(°Li, d)?Ne reaction[19]

H 22, : f .
mirror “Ne by a fixed amountabout 209 key. In the The ?Mg a-spectroscopic factors were calculated byr@s
present calculation, the resonance energies used are tho €l [5] using the S, (spectroscopic factorsfrom the
measured in ourlz.c;(.leo’ﬁHe)zzMg experiment, and the 18O(G.Li d)?>Ne studya The spectroscopic factors listed in
Coulomb penetrabilities have been recalculated to reflec[_able I,II nclude corréctions o the ones listed by rées
these new energies. The sarfde level parameters were ) .

9 P et al. for theE,=9.725 and 9.842 MeV levels if’Ne, since

used as in Goeset al. to infer the properties of the corre- | ) )
sponding ZZMg states, and therefore any differences in theln their paper these two resonances have spectroscopic fac-

reaction rates are due solely to changes in the resonand®'s that are too small by a factor of[20]. The Coulomb
energies. penetrabilities for the new resonance energies were recalcu-
The resonance parameters used in our reaction rate calciafed and new values for the resonance strengths were deter-
lation are listed in Table Ill. The energies of tR&Mg states ~ Mined.
in the first column correspond to excitation energies found in  The resulting**Ne(a, p)*'Na reaction rate, together with
the present study, and the levels 3Ne (which were arbi- the results from previous rate calculations, are plotted in Fig.
trarily chosen to correspond to known natural-parity stateg. The previous calculations includa) the old level param-
whose energies fall in the range of importance to theeter calculation by Gueset al.[5], (b) a calculation of the
BNe(a,p)?!Na rate forT=0.2—-1.0 GK) are listed in the rate using a statistical model approd&f, and(c) the reac-
second column(Although higher-lying states have been lo- tion rate calculated from the results of the direct measure-
cated in the present paper, there is no spectroscopic informaaent of the'®Ne(a,p)?*Na reaction by Bradfield-Smith and
tion available for these resonances from the present measuresllaborators. This last rate calculation included only the lev-
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Excitation
Energies(MeV) 10"
---- Gorres et al., Statistical Model
6.345 4t — — -Gérres et al., Level Parameters
_______ 6.323 4 . ’
6.311 6% = Tt (47 —-—-Bradfield-Smith et al.
6237 o .- ~~ee o 6246 (61 Present Work
@ 101
6.115 s
+ S
6.046 (0™ ™
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5.962 <
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5.910 A
5.837 O 1071
<
pd
5714 2%
5.641 3t
5523 4~ 5.50 .
(2-4) |5.454 21 10 LA
Na+p 0.0 0.2 0.4 0.6 0.8 1.0
Temperature (10° K)

FIG. 7. The'®Ne(«a,p)?'Na reaction rate as a function of tem-
perature. The rate derived from the present study is plotted in com-
parison with those calculated in Ref8,5].
18Ne(a, p)?'Na reaction rate at lower temperatures. Further-
more, Fig. 7 illustrates the importance of precise resonance

2Ne 22Mg energies in reaction rate calculations, since, as an example,
the reaction rate calculated in the present study is different
FIG. 6. Mirror assignments for levels relevant to from the corresponding level-parameter calculation ofr€&
2INa(p, y)?*Mg. The states irf°Mg include results from the present et al. by factors of 10—100.
study and from Ref[11]; the adopted energies are taken from Ref. ~ The comparison in Fig. 7 shows the anticipated contribu-
[11]. The states irP°Ne are taken from Ref4]. The assignments tion of resonances at energies below those measured by
shown with solid double arrows are firm, while those with dashedBradfield-Smithet al. to the *¥Ne(a, p)?!Na reaction rate in
ones are tentative. the temperature rang&=0.2-1.0 GK, covering the tem-
perature range corresponding to the possible breakout from
els measured abow€,~10.5 MeV. While these resonances the Hot-CNO cycle to thep process. Our results point to the
were found to dominate the rate for temperatures above 2 possibility that at temperatures below 0.5 GK, affiNe
GK (near the peak temperatures reached during an x ragresent in the stellar environment will be processed via the
burs, the exclusion of lower-energy resonances in their cal-'®Ne(«, p)?*Na reaction substantially more quickly than pre-
culations results in a severe underprediction of theviously thought. In Fig. 8, a contour is plotted in density-

TABLE lIl. Resonance parameters for théNe(a,p)?'Na reaction rate calculation.

E.(**Mg)(MeV) @ E,(?Ne)(MeV) ® Jm¢ E,es(C.m.)(MeV) S, ¢ wy(eV)
8.547 8.596 2 0.407 0.225 9410 1!
8.613 8.741 3 0.473 0.012 5810 11
8.754 8.976 4 0.614 0.06 1.610°8
8.925 9.097 3 0.785 0.045 2.810°°
9.638 9.725 3 1.498 0.033 0.95
9.712 9.842 2 1.572 0.03 6.4
9.827 10.066 0 1.687 0.45 268.7

®From the present paper.
bFrom Ref.[19].
°From Ref.[5].
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10° are presently unknown. The present estimate, however, can
be considered as a lower limit for the rate.
107 (2) The J™ assignments for some of tiféNe states used
to determine the properties of mirror states’fivg are ten-
tative, since in some instances the fits to angular distributions
10° from the 80(5Li, d)?°Ne are ambiguougl9]. In those cases,
®Ne(o,p)°'Na the spin assignments were based on the relative quality of the
10° fits. Since the resonance strength contains a statistical factor
that is dependent on the spins of the resonances selected, this
"E . ambiguity could lead to uncertainties in the rate calculation.
S 97 (3) One must also be careful about assuming thatdhe
] spectroscopic factors for isospin mirror states are identical.
2 10° This was assumed in our calculation due to the lack of ex-
2 perimental information on the spectroscopic factors of the
8 102 - Mg states. Other studies have shown that such model-
18 . 1 dependent assumptions can lead to significant uncertainties
Ne(e'v)"F [23].
10" H (4) The mirror assignments assumed in the calculation
may be incorrect.
10° These factors lead to uncertainties in the reaction rate that
are difficult to quantify, since the available level parameter
information is sparse. One should note that a statistical
10" — T T T T T T T T model generally gives reliable results when applied to situa-
02 04 06 08 10 12 14 16 18 tions where at least ten resonances contribute in the Gamow

Temperature (GK) energy window[24]. In the case of thé®Ne(«,p)?'Na reac-
tion, this requirement would correspond to temperatures
FIG. 8. Contour in density-temperature space at which theahove T~ 1.5 GK. For temperatures below 1.5 GK, contri-
p-decay rate of®Ne is equal to the!®Ne(«,p)*!Na reaction rate. pytions from individual resonances need to be considered.
The curve shown is for a helium mass fraction of 0(&@lar com- The present experiment represents an attempt to place the
position. ¥Ne(a,p)?!Na rate at these lower temperatures on firmer

, experimental ground by at least locating those resonances.
temperature space corresponding to the values of tempera-

ture and density for which the rates dfNe destruction 3. ®Ne(a,p/**Na: Future work
through 8 decay and through thé®Ne(a,p)?'Na reaction

are equal, assuming a solar composition for the accreted mas
terial. To the right of the contour, mass flowAo>19 (to the

rp process occurs through thé®Ne(a,p)?Na reaction. To
the left, material is recycled back t&O in the Hot-CNO
cycle. Since the typical densities on the surface of the accre

In order to better determine th&Ne(«,p)?'Na rate and
gain a clearer picture of its role in explosive nucleosyn-
thesis, further work on the structure 6Mg is needed. The
reaction rate at high temperaturés%2.5 GK) has been de-
termined [3] by the direct measurement at Louvain-la-
) . Keuve. ForT<2.5 GK, the present work represents a step
ing 9eutrr$g star for an x-ray burst are in the rangé 10 forward by determining the locations of natural-parity states
Iglo glc o, breakout from the HOt-CNO cycle through i, o corresponding energy region. Future experiments that
Ne(a,p)“Na is seen to occur in the temperature rafige i measure the spectroscopic properties of important reso-

=0.6-0.8 GK. It should also be noted that the amount Of, 5 ceg directly with radioactive beams can now use this in-

18Ne_present in the stellarlsnwronrlgent is determined by thg,mation to locate the important resonances quickly.
reaction sequencé‘*O(a', p)*F(p,y)"Ne. Both of these re- As an example, the Edinburgh-Louvain collaboration has
actions have been subjects of intensive study in stable beaHiready used the present results in a measurement of the
spectroscopy{13], and initial radioactive ion-beam studies 18\e(a,p)?!Na that extended to lower energiesE,(
[21,22) have also been performed to determine their respec-_q 5 \ev) [25]: the analysis of those data is currentlyxstill
tive stellar reaction rates. in progress. At Argonne National Laboratory, efforts are al-
ready underway to measure th®Ne(«,p)?Na reaction rate
at lower excitation energies iffMg by using a?’Na beam to

The conclusions above are contingent on the followingmeasure the inverse reacticiNa(p,a)®Ne [26], and at
caveats: TRIUMF-ISAC a proposal has been submitted to carry out

(1) There may be missing natural-parity states in bothlow-energy measurements with®8Ne beam[27]. Progress
Mg and #Ne in the region of interest that may further in determining the widths of important states can also be
increase the rate of thé®Ne(e,p)?!Na reaction. For ex- made by using stable beam reactions to populate these states,
ample, there are five resonances®fe with excitation en- and then measuring their decay branching ratios. Such a
ergies between 9-9.7 MeV that could not be included in oumeasurement is currently in progress at Yale University us-
rate estimates because the spins and parities of these staieg the split-pole spectrometer coupled to a large solid-angle

2. Uncertainties in the reaction rate
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silicon array similar to the Louvain-Edinburgh Detector Ar- rejection. Both ?’Na(p,p) and ?!Na(p,y) measurements

ray (LEDA). [29,3Q are currently in the planning stages at the TRIUMF
) . _ radioactive beam facility in Vancouver, Canada, using the
4. The “Na(p,»)*Mg reaction 2INa beam that is scheduled to come online early in 2001.
In the region just above th&Na+ p threshold, the main
result of this 12C(*%0, ®He)??Mg reaction study of?Mg is VI. CONCLUSIONS
our confirmation of the TRIUMF-CN$“Mg (p,t) result of '
a state at 6.041 Me¥ 11 keV (500 keV above the?'Na Using the heavy-ion reaction®C(*°0, °He)*Mg, we

+p threshold. Our results are also in agreement with thehave measured the location of key resonances for the
TRIUMF-CNS results in not observing the previously re- *®Ne(a,p)®!Na and *!Na(p,y)*Mg reactions, of impor-
ported state aE,(?’Mg)=5.837 MeV, also of possible im- tance to explosive hydrogen burning in x-ray bursts and no-
portance to hydrogen burning in novae. Altogether, thes¢ae, respectively. In particular, we have found 18 new levels
results point to a confusing situation regarding the structur@bove the !®Ne+« threshold, including those resonances
of Mg and the assignment of mirror states¥Ne in this  that will dominate the rate at temperatures characteristic of
particular energy region. breakout from the Hot-CNO cycles to thp process in x-ray
Given the difficulties encountered in attempts to estimatéursts. Our resulting reaction rate points to an enhanced
theoretically the 2!Na+p resonance energiegdespite mass flow through thé®Ne(a,p)?*Na reaction, by up to two
progress using shell-model calculations and isobaric multiporders of magnitude over previous estimates. In addition,
let mass equationdo the level of precision required for as- with regard to the?'Na(p, y)?®Mg reaction, we have have
trophysics calculations, in order to fully understand the roleconfirmed the presence of a level B{=6.041(11) MeV
played by the?Na(p,y)??Mg reaction in novae, further that lies within the region of astrophysical interest for explo-
measurements must be carried out to determine the spectrsive hydrogen burning in novae.
scopic properties and resonance strengths of the important Further progress in our understanding of the nuclear
resonances, and hence the reaction rate. The branching ratitechanisms that drive stellar explosions will certainly fol-
measurements mentioned above, using stable beam reactidaw from the development of radioactive ion-beam facilities
(currently in progress at Yale Universjtynay allow one to  around the world, as well as from stable-beam branching-
determine the partial widths of the important states. With theatio measurements of the decay properties of these reso-
impending availability of ?’Na beams at radioactive ion nances. In the interim, the present study is an example of the
beam(RIB) facilities, one particularly useful probe for mea- role of stable-beam reactions in measuring important spec-
suring resonance locations and properties is the study dfoscopic information that aids the planning of present and
2INa+p elastic scattering in inverse kinematics. This future radioactive ion-beam experiments, and complements
method has the advantage of requiring only relatively modedheir results.
beam intensities{ 10° to 1/s), and has already been suc-
cessfully applied _at Oak Ri_dge_ National Laboratory to mea- ACKNOWLEDGMENTS
sure spectroscopic properties in th& +p and ¥+ p sys-
tems [21,28. Once the locations of key resonances are The authors wish to thank W. Bradfield-Smith, C. lliadis,
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