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Excitation energies in 22Mg from the 2*Mg(3He,®He)??Mg reaction
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A high-precision measurement of excitation energie€Mg was performed using th&Mg(*He,fHe)?’Mg
reaction as a different approach to study this proton-rich, astrophysically interesting nucleus. The reaction was
studied at 51.0 MeV with the Enge split-pole spectrograph at Yale. Proton-unbound states é&t)6081
6.3296) MeV were observed, confirming a recent identification of these new states wittiNtugp, t)?°Mg
reaction. There is no evidence in our data of a previously reported state at 5.837 MeV.
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I. INTRODUCTION rates as well as the development of accurate nova model
codes. In this paper we address the issue of rates for the
Nova outbursts are explosive hydrogen burning event$!Na(p,y)?Mg reaction that is a kej4] to understand the
that occur at a rate of approximately 25 outbursts per year iproduction of?Na in nova explosions.
our galaxy[1]. These outbursts typically occur in close bi- |t has recently been reported that Comptel/CGRO was
nary systems in which a giant star orbits about a much morgple to detect the 1.275-MeY ray from 2°Na, but it has not
compact white dwarf. The high gravity of the white dwarf yet heen possible to associate thisay line with aspecific
draws material, consisting of mostly hydrogen, from the gi-noya evenf5]. This situation is expected to change with the
ant onto theds(ljjrfac_e o_f the Wr?ltg dwarf._ Oncfe a (irltlcal t?m'launch of INTEGRAL[6]. 2Na is thought to be produced
perature and density is reached, a series of proton captures i by the 2Ne(p, y)2Na(p, v)2Mg(3+)2Na reac-
and subsequer decays, is initiated with the heavier seed tion sequence. The largest remaining nuclear uncertainty in

nuclei at the base of the accreted laj2}. The exothermic . o 21 29 .
reactions lead to a hotter environment and a situation of therI:[S production is the”Na(p, y)"*Mg reaction rate[4] that

monuclear runaway. The subsequent explosion ejects neWs/rises from the uncertainti(—%é in the properties of the states
created nuclei into the interstellar medium with enough ve- boz\ée the proton threshold . Mg. As a result, _the structure
locity to escape the gravitational field of the binary system.gz Mg hzfzis recently received much attentipng|. The
Nucleosynthesis and energy production rates in these ex- Na(P,¥)““Mg reaction is thought to proceed primarily
plosive hydrogen burning events are poorly understood behrough two resonances iR®Mg, at E,=5.7139(12) and
yond the hot carbon-nitrogen-oxygen cycle. The uncertain®-8315) MeV, although results from recent experiments
ties are tied to both the hydrodynamical and the nucleapeem to suggest that the 5.837-MeV state may not exist at all
uncertainties of the event. Since the rp process is driven bly7,8]. The uncertainty in the reaction rate does not come
proton capture on proton-rich, unstable nuclei with shortfrom the resonance-energy uncertainty, but rather from the
half-lives, there is little experimental information about the uncertainty in the resonance strengths for proton capture
relevant cross sections or reaction rates. Reaction netwoitkrough these two levelgt]. At the present time, the reso-
calculations require knowledge of hundreds of reaction ratesance strengths for the 5.714(Rand 5.837€5) [13,14
that have never been measured. These network calculatiodeV states have been deduced based on comparispreto
must then use nuclear information obtained through theoretsumedmirror states in?Ne and are not based on direct ex-
ical estimates, and the subsequent reaction rates are potgrerimental measurement of these quantitie$’Mg.
tially uncertain by orders of magnitude. Consequently, there Previously,?Mg was studied primarily with theg(t) [9]
have been many recent experiments aimed at reducing theaad ¢He,n) reactions[10—-17. However, recent measure-
uncertainties to tolerable levels by using a variety of directments repeating thep(t) reaction[7] and one using an ex-
and indirect techniques]. otic reaction*?C(*°0,°He) [8] suggest that the structure of
Measurements of the energies and intensities ofitheys ~ 22Mg just above the proton threshold may be different than
emitted in the decay of any radioactive isotopes in the ejectéabulated in the Endt nuclear data compilatj@B,14]. Bate-
resulting from these events provide a powerful way to studymanet al.[7] measured two new states within 1 MeV of the
the temperatures and densities in these explosions. Howevgroton threshold,E,=6.046(3) and 6.328) MeV. The
in order to extract this information, such studies requireChen et al. [8] measurement populates the state at 6.041
complementary knowledge of the relevant nuclear reactioMeV, but not the one at 6.323 MeV. Neither measurement
populated the tabulated state at 5.837 MeV, calling into ques-
tion the existence of the state. This state had been thought to
*Present address: Wright Nuclear Structure Laboratory, Yalde the second-most important contributafter the 212-keV

University, New Haven, CT 06520. resonance dE,=5.714 MeV) to the proton capture rates in
"Present address: Physics Department, Queens Universitthe Gamow window in ONeMg novalg=0.4), and hence
Kingston, Ontario, Canada K7L 3N6. its absence would make the reaction rate slower by as much
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as a factor of 2—3. For higher temperatures, the capture renagnetic spectrograph. The ground stafe value is
action rate would then be dominated by either the direct-15.5 MeV, which suggests that the cross section should be
capture to the ground state or capture into the 5.965-Me\igh enough to study individual statés 1 ub/sr for beam
level or the 6.046-MeV level seen in the Batenedral. and  energies of 50-55 MeVwell within the operating range of
Chenet al. measurements. the Yale Tandem As mentioned above, th#C(*He °He)°C
Consideration of spin-parity arguments is useful. Theand *0O(*He,’He)'0 reactions(on inevitable target con-
5.837-MeV state is listed as having a spinsb in Ref. taminanty have much more negativeQ values Q,
[13], and in the energy region of 5.35-5.95 MeV #Ne, =-31.6 MeV andQ,=—30.5 MeV, respectively Thus,
the possible mirror states ad@=2"%, 3", 37, and 4. A simply choosing the appropriate magnetic field in the spec-
recent papef15] suggests that the 5.837-MeV state might betrograph easily separates thele groups due to these reac-
the (natural parity 3~ mirror of a state in*?Ne. If this state  tions, keeping them from reaching the focal plane detector.
has natural parity, it should be strongly populated with the The experiment was performed using the Enge split-pole
(p,t) reaction, but was not seen in eithgr,{) measurement, spectrograph at the Wright Nuclear Structure Laboratory at
which seems to exclude the 23~ and 4" (natural parity ~ Yale[8]. A beam of 51.0-MeVPHe?* ions with an intensity
assignments. A 3 state cannot be populated through a directof 100—300 pnA bombarded targets of enrictelllg (0.4%
two-neutron cluster transfer, but may be weakly populate*Mg, 99.2% 2>Mg, and 0.4% 2%Mg) (0.164 and
through a more complicated reaction mechanism, which ha8.554 mg/cr) to populate states iA°Mg. The two calibra-
a much smaller cross section. However, no peak was seen @n reactions, 2’Al( °He ®He)**Al and 2°Si(®*He fHe)?®Si,
this location in either of the f,t) measurements. The were measured using targets of 0.125 md/cuminum
12C(*%0,°He) reaction should also populate the state if it is aand 0.17 mg/ct 2°Si0, on a 0.1 mg/crh carbon backing.
2%, 37, or 47, state but the state was not seen in this studyrhe magnetic rigidity of the spectrograph was chosen to
either. The 5.837-MeV state was only seen in otdgny) bend the elastically scatteretHe beam off the focal-plane
experimen{11], but not in other {He,n) and EHe,ny) ex-  detector that allowed states upEg=9 MeV excitation in
perimentd10,12. If it exists at all, all of these experimental ?2Mg to be measured without interference from the elasti-
arguments circumstantially implicate this state as being theally scattered beam. Alpha particles from the very prolific
missing mirror of the 3 state in®’Ne at 5.641 MeV, but this  2Mg(3He,*He) reaction[ Q,=13.25 MeV, o(®)~10 mb/sr
remains to be proven. The state should be populated in thet 7.59 were easily separated from tiféle particles in the
(®*HefHe) reaction regardless of these possible spins andpectrometer’s focal-plane detector and provided a simulta-
parities, and this is one of the reasons we chose this reactioneous monitoring of experimental conditions.
The spectrograph was set to accept a 4.8 msr solid angle
Il. EXPERIMENT bite, and data were measured with the spectrograph at 2
angle settings, 5 and 7.5 deg. The reaction has a relatively
Historically, the ¢He °He) reaction has been used on thejow kinematic dispersion at low angles dE/d®
most proton-rich stable targets to extend the reach of experi= 33 keV/deg at 7.5 dégwhich is corrected by moving the

mental work towards the proton dripline. In the present eXfocal-plane detector in the longitudinédeam direction.
periment, our idea was to take advantage of the more posi-

tive Q values associated with [NH-1) targets Qg
~—15 MeV) compared to the dominant target contami-
nants ?C and %0 (Q,=—31.6 and—30.5 MeV, respec- The ?®Mg(®He *He)?’Mg reaction was measured using
tively) so that the*®Mg(*He,®He) reaction products are eas- three separate experimental configuration&) 7.5°,
ily separated from théHe groups resulting from reactions 0.554 mg/crd Mg target, (b) 7.5°, 0.164 mg/crh 2Mg
on these contaminants. target, and(c) 5°, 0.554 mg/crh Mg target. The ®He

In order to help locate resonances for futdf®a(p,y)  spectra from these measurements are shown in Figs-gl
measurements, théMg(®He *He)*Mg reaction was chosen respectively. = As a  background  check, the
as a new approach to identify states, especially unnatura®ig(®He ®He)**Mg and *3C(®He fHe)°C reactions were
parity states that may not have been discovered yet. Theeasured at 7.5° and the resulting spectra are shown in Figs.
nucleus Mg has been studied with theé*Mg(p,t), 1(d) and Xe). For calibration purposes, the
*Ne(*He,n), and **C(*%0,°He) reactions, which preferen- 29Sj(3He PHe)?Si and 27Al( ®He,PHe)?*Al reactions were
tially populate natural parity states. There are examples ofeasured at 7.5° and 5°, respectively, and the resulting spec-
this trend, such as studies &fNe using the®Ne(p,t) and  tra are shown in Figs.() and Xg).
12c(*2C,°He) reactions. In both of these cases, the unnatural For analysis purposes, the thr&#g spectra were com-
parity state (2) at E,=5.45 MeV in !®Ne was populated bined to generate one high-statistics spectrum. A constant
very weakly compared to the natural parity states'iNe  shift was applied to the two spectra in Figéaland Xc) and
[16]. The tabulated level scheme and propertiesg are  added to the spectrum in Fig(k). That is, all the data were
deduced directly from thep(t), (®He,n), and EHe,ny) aligned as if they were all taken at 7.5 deg with the thinner
data only, and hence only natural parity states are tabulatethrget. This spectrum is shown in Figla®
The $He ®He) reaction should be much less selective in this  In addition to the statistical advantage of combining the
regard, populating unnatural as well as natural parity statespectra, the combined spectrum helps to identify background
There are many advantages to studying this reaction with peaks that come from small target contaminants fifg

I1l. EXPERIMENTAL RESULTS
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three figures clearly indicates that spectrum contamination
from these sources is not a problem.
Many states were populated in tHéMg(3He He)*’Mg
reaction[ Qo= —15.4589(17) MeM17]]. The ground state
200 400 600 800 1000 1200 and well-known states atE,=1.24636), 3.30828),
Channel 4.400914), and 5.713@12) MeV from this reaction were
FIG. 1. All ®He spectra taken during this experiment are fromUsed in the focal-plane detector calibration. Of all the states
the GHe,°He) reaction, populating states in the listed nuclei. Thepopulated in  the #Si(®He °He)?®Si  reaction [Q,
target and spectrograph angle settings wegp:0.554 mg/ch = —17.413(3) MeV[17]], only those states that were well
Mg target at 7.5°,(b) 0.164 mg/cri >Mg target at 7.5°(c)  populated, were well isolated, and had small uncertainties
0.164 mgl/crh Mg target at 5°(d) 0.396 mg/cri *Mg targetat were used in the calibration; these were states%i at
7.5° (¢) 0.1 mg/cnd °C target at 7.5°(f) 0.17 mg/cd ?°Si0,  1.79592), 2.78334), and 4.8063) MeV. The
target on a 0.1 mg/ctn carbon backing at 7.5°, andg)  27Al(3He,®He)*Al reaction [Q,= —19.805(4) MeV[17]]
0.125 mglcr Al target at 5°. at 5° populated states iA*Al at 0.0, 0.42581), 0.5105),
1.1076), 1.2759), 1.55913), 2.34920), 2.53413),
that may be present in the data, but are not clear in the.81020), and 3.88%25) MeV and all were used in the cali-
low-statistics spectra. To deduce the contribution of thepration. The calibration was performed by using these known
*®Mg(®He *He)**Mg, Fig. Zc) shows an energy spectrum of states to determine magnetic rigidity as a polynomial func-
®He measured with an enrichetfMg target. The excited tion of focal-plane positioriBp(x)]. Fits up to sixth order
states 0f?Mg at 2.715 and 2.771 MeV form the strongestyield the same results within a few keV, but the reduced
peak(within the range of thé?Mg spectrum, and appears in  y-squared parameter is minimized for the linear fit. The val-
the Mg spectrum as a peak with a height of only a few ues of the states extracted varied sliglifly-20 keV, depend-
counts, indicated by the arrow in Fig(a2 Since the peaks ing on the stafewith the polynomial fit order and these
from 2°Mg in the region of interest are much smaller, we variances are included in the quoted error aee Table)l
conclude that this source of contamination is insignificant. Figure 3 shows théHe spectrum fromE,=4.0 to 9.2
Figure 2b) shows a representativiHe spectrum measured MeV with deduced excitation energies, and Table | summa-
simultaneously on thé°Mg target. This comparison is meant rizes all peaks and compares them with recent f/8] and
to identify any possible contamination from the pileap the values listed in the data compilatiph3,14. Measured
events leaking into th€He gates. The comparison of these values and uncertainties are extracted for all states where

(=R S s
Ll binalaialy
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TABLE I. Excitation energy results presented here and else- 80
where. States marked with an asterisk were used for calibration. 5 *Mg(Ho.Ho) Mg @ 51 MeV|
E, from this Endt Chen Bateman J7 (Endt .
work (MeV) [13,14 etal.[8] etal[7] [13,14)
0.0% 0.0 0 - 5 Eg g s s
1.2463* 1.246%) 2+ 2ol § i® SR8 H
3.3082* 3.3081) (4)* 2 2 3
4.4009* 4.400014) 4.40812)  4.4004) (2)* 5 i 4
5.0062) (0" —4") ¥
5.0337) 5.037G14) 5.02912  5.0370* 2 7
5.0946) 5.089717)
5.3014) 5.2923) 5.2729) 5.295716) (2*,3)
5.3175) 1-3 0
5.4515) 5.4645) 5.454316) (2-9 4000 5000 600E0 in Mg [kzsl‘)]o 8000 9000
5.7139* 5.713012) 5.71113 5.7139* 2" *
5.8375) <5 FIG. 3. Spectrum from all thé®Mg(3He *He)*Mg reaction
5.96525) 5.961925) 0+ data taken in this experiment, combined and calibrated for excita-
6.0514) 6.04111)  6.0463) tion energy for®Mg. The numbers indicate the states populated.
6.2464) 6.26715 6.25510) 6.2465) 4t States labeled with asterisks indicate which states were used in the
6.3296) 6.3236) 4 calibration. Broad peaks, i.e., significantly wider than spectrum
6.6164) 6.585935  6.60611) 6.6137) resolgtion, are Iapeled with twoienergi(él'ﬂs by a douple Gaussian
6.7715) 678319 6.76720) 6.78714) 3- function and one in parenthesé# by a single Gaussian functigpn
6.8789) 6.88910)
6.98080) 3~ 6.2464) and 6.329) MeV appear as a strong, resolved dou-
7.2066) 721318  7.16911) o+ blet in our spectrum. The state Ilgteq at 6.267 MeV in Ref.
7.3739) 7.40213) [13_] is most probably some combination of these two states,
7.60611) which are als_o seen as separate states at 65)245&1d_
7.75710) 7.78418) 6.3236) MeV in Ref. [7]. Only one of the two states is
7.84090) observed in Ref[8] at 6.255 MeV. A doublet of states at
7.91616 5.394 fand 8.487 MeV appear as a broaq, asymmetrlc peak
: indicative of a broad state. However, this is just 250 keV
7.98416) 7.94345  7.96416) above thea threshold and therefore the width must be
8.22920 8.20323 very small =1 keV). Consequently, we chose to fit this
8.29040) state as a doublet.
8.39421) 8.39419) Other states seen in this experiment are labeled in Fig. 3
8.48136) and listed in Table | with their error bars. The uncertainties
8.54719) are dominated by statistics, but include systematic error con-
8.59820) 8.61320) tributions from scattering angle(0.05°) and calculated en-
8.78920) 8.75415) ergy losses £ 5%). Uncertainty in the beam energat most

50 keV) makes only a negligible contributiof<l keV)

there was a clear peak above background. The strong pesk1ce the {He,"He) reaction is used for the calibrations as
between the 4.4009 and 5.301 MeV peaks is clearly a douv_vell as the measurements. The uncertainties in the masses of
- - 6c: 22 24
blet because of its breadth, but it is unresolved. The excita- o (3 keV), “Mg(1.4 keV), and™Al (4 keV) [17] were
tion energies extracted by fitting the peak with a doublet ardncluded in the uncertainties of the points used for calibra-
5.0337) and 5.0946) MeV, in excellent agreement with the t|on. An additional 11-keV uncertainty was conservatively
doublet measured recently in RET]. The states measured at €Stimated for states abog=8.0 MeV due to extrapola-
5.3014) and 5.4515) MeV are also in excellent agreement tion outside the range of_ momentum calibration, and has
with Ref.[7] and are presumed to be the 5.295 and 5.46P€€en added directly to their quoted error bars.

MeV states listed in Refl13]. The 5.7139-MeV state was

obsgrved and provides a good calibration point, as ment_ioned IV. DISCUSSION
earlier. The state at 6.064) MeV measured here was first
seen in a p,t) measurement at 6.0&7) MeV [9] but, for The state listed in the literature at 5.837 MeV was not

an unknown reason, was not included in the nuclear dat@bserved with this reaction. It was not observed in any of the
compilation[13,14]. The state was also observed in R¢&.  (p.,t) studies[7,9], nor was it measured in the"®0,°He)
and[7]. There is a small shoulder on the 6.051-MeV stateyeaction[8]. The state was seen in orf€Ne(®He,ny) mea-
which may be the 5.965-MeV state, but it is too weak tosurement[11], but not in other ®Ne(*He,ny) studies
allow us to draw any conclusions about it. Two states af12,10. This evidence suggests that the state may not exist in
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22\Mig. The absence of the state at 5.8% €337 keV) re- tion Mg(®He *He)*Mg. This new approach confirms the
duces the reaction rate substantially by a factor of 2—3 in thexistence of two new states, and we measure their locations
nova temperature regime dfg=0.1-0.4. The additional atE,=6.051(4) and 6.328) MeV. We do not find any evi-
state at 6.051 MeV K,=551 keV) is above the Gamow dence to support the existence of the 5.837-MeV state in
window for ONeMg novae Tq=0.4) and its contribution to  ?2Mg. Many other excitation energies have been measured
these burning scenarios is therefore weak. The new state aith high precision(0.07-0.3 % and these measurements
6.329 MeV is above the Gamow window fdiy<0.6 and will reduce the overall errors in the excitation energies in
hence does not contribute in novae, but may be relevant fof?Mg. These experimental results place the structurédy
explosive hydrogen burning in hotter environments such agbove the proton threshold on much firmer experimental
x-ray bursts or supernovae. Detailed reaction rates are irground. More work is needed to firmly assign spins and pari-
cluded in Ref[7] work and hence are not reproduced here.ties to the states observed, because recent studies still fall
short of definitive assignments.

V. SUMMARY

In order to help locate resonances for futff®a(p, y)
measurements, thieMg(3He ®He)??Mg reaction was chosen ACKNOWLEDGMENTS
as a new approach to identify states, especially unnatural This work was supported by the U.S. Department of En-
parity states, which may not have been discovered yet. Statesgy, Grant Nos. W-31-109-ENG-38 and DE-FG02-91ER-
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