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Levels in Mg between 4 and 7 MeV excitation energy have been populated in a high-resolution study of
the 2Mg(p,t)*Mg reaction. Two new states have been observed at endtgie5090 and 6323 keV, while
two states were observed at 5962 and 6046 keV. The precision in measured excitation energies for several
other?2Mg levels has been improved substantially. In addition, a new state at 8141 keV was obseriég.in
Using spin and parity restrictions from the present and previous work, we diSeudsanalog state assign-
ments ofA=22 nuclei below 7 MeV excitation energy. The implications for the rate of the stellar reaction
2INa(p, y)**Mg which takes part in hydrogen burning during nova outbursts are presented.
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I. INTRODUCTION novae(see, for example, Ref5]). However, several nearby
novae will be targets for the future International Gamma-Ray

Classical nova outbursts are believed to be the result ofstrophysical Laborator(INTEGRAL) mission with sig-
thermonuclear runaways on the surfaces of white dwarfs aaificantly improved detection sensitivity compared to previ-
creting hydrogen-rich matter in close binary systems. Obsereus measurements. It has to be emphasized that the detection
vations of the elements Ne, Na, Al, Mg, S, and Ar in certainof ??Na vy rays from novae would impose important con-
nova ejecta have led to the important discovery of a newstraints on theoretical models of nova outbursts and their role
nova class, the so-called ONeMg novae. The observed heawy galactic nucleosynthesis.
element enrichments can be explained by assuming an un- A reliable prediction of??Na synthesis in nova outbursts
derlying ONeMdC) white dwarf, i.e., a white dwarf result- requires knowledge of several key thermonuclear reaction
ing from cores of massive stars that have experienced comates. It has been shown recenf$) that one of the most
carbon burning. In this scenario initially abundant O, Ne, andmportant reactions in this respect is the proton capture
Mg isotopes are mixed into the hydrogen burning envelopen ?!Na. Depending on the magnitude of théNa+p
and are converted by explosive hydrogen burning nucleosyrreaction rate as compared to thg-decay rate of
thesis to heavier nuclei with massas- 20—40. For a recent 2Na, the radioisotope?’Na is produced either by the
review, see Ref{1]. Although current models explain gross reaction sequence ?!Na(p,y)?Mg(8"v)*Na or by
properties of observed nova outbursts, a number of funda2!Na(8* v)?'Ne(p,y)?’Na. In fact, a relatively smalf*Na
mental problems associated with the ONeMg white dwarf+ p rate favors the latter path and thus delays the production
mass, the masses of accreted and ejected matter, and the??Na until the envelope is expanding and cooling down.
mixing mechanism between white dwarf matter and accreteds a result, an increased number%Na nuclei survives the
material, remain to be solved. nova outbursf4].

It has been suggest¢d] that ONeMg novae produce ob-  The target nucleugNa is unstable T;,=22.5 s) and a
servable amounts of the radioactive isotofila. In the  direct measurement of its proton capture rate has not yet
ejected nova shells, the radioisotop®a 8 decays with a been attempted. However, such an experiment using inverse
half-life of 2.6 years to?Ne, leading to the emission of kinematics and requiring the use of an accelerated radioac-
1.275 MeV y rays. Hydrodynamical computations estimatetive ?!Na beam is in preparation at the ISAC facility at
that the average yield o?Na per ONeMg outburst amounts TRIUMF. Until direct cross section measurements of the
to 10 °-10 "M, [2—4], sufficiently high that nearby novae 2!Na+ p reaction are performed, indirect experimental tech-
should producey-ray intensities that are detectable at Earth.niques, supported by theoretical considerations, have to be
At present, neither balloon-borne instruments nor detectorapplied in order to estimate the reaction rates. Such estimates
on-board satellites were able to deteéNa y rays from are presented in Joge al.[4] and Wiescheet al.[6]. These
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authors took contributions of three resonances and the direcf reaction rates are presented in Sec. VIII and conclusions
capture process into account. Resonance energies were cate given in Sec. IX. Throughout this work, all quantities are
culated using?Mg excitation energies measured in two- given in the laboratory system unless mentioned otherwise.
nucleon transfer reactiorisee Ref[7]). Little experimental

information is available regarding proton andray partial Il. EXPERIMENTAL EQUIPMENT AND PROCEDURES

widths of these resonances and, therefore, reaction rate esti-

mates were based on systematic nuclear trends and corre- The experiment was performed on the QDD spectrometer
spondences of2Mg states with analog levels iRNe and  at Center for Nuclear Study at the University of Tokjg)
22N3. which allowed measurement of the triton spectrum with high

It is important to note that analog state assignments ofesolution. The focal plane detector described in F#fwas
isospin triplet states i =22 nuclei are uncertain since for used |n'wh|ch position sensitive wires were added behind the
several knowr?Ne levels the corresponding mirror states in AE regions(see Fig. 2 The detector consists of a gas cham-
22\lg are missing, implying large uncertainties for the de-Per and a plastic scintillator behind the chamber. In the gas
duced?'Na+ p capture reaction rates. Figure 1 displays lev-

els of ?2Mg in the region of interest for thé'Na(p, y)>Mg
reaction. In the present work, we have reinvestigated the clear
2"Mg(p,t)?2Mg reaction with special emphasis on the detec- mylar
tion of missing??Mg levels. Studies with radioactive beams windows
and extended gas targets become more feasible when the ’—]m

LI B

required beam energy for a resonance reaction is known with

higher precision than the energy loss in the target. Therefore, BEAM
the energies of levels important for the proton capture rate "
have been remeasured to reduce their uncertainty. We have

X1 - AE1 AE2 X2

also performed shell model calculations in order to clarify | N
the nuclear structure properties of states that enter into the
calculation of the reaction rates.
The experimental equipment used in the present measure- . d scintillator
ments is described in Sec. Il. In Sec. Il we discuss the data drift plate glleja?es
analysis. Our experiment&fMg excitation energies are pre- 0 4 B

cm

sented in Sec. IV. Spin and parity assignment$ag lev-
els are discussed in Sec. V. In Sec. VI we present correspon- FIG. 2. Side-cross-sectional view of the focal plane detector.
dences off =1 analog states in thie=22 system. The shell- The entrance and exit windows of the gas counter are 3.5 cm in
model calculations are discussed in Sec. VII. New estimatekeight and are covered with 12/m Mylar foils.
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chamber, charge is collected from four regions. In the front The stability of the experiment within each run was
and at the back are position sensitive regions and the chargdecked by monitoring the position of the strong peak from
is read off both ends of the wires in these regions. Betweethe 2*Mg(p,d)?*Mg reaction at 5.984 MeV in excitation.
the two regions are twa E regions from which charge is This position was stable to considerably better than 1 chan-
also collected. Although the detector can be moved to adjustel, or 2 keV in?Mg excitation energy.
the focus for kinematic shifts, we kept the position of the
detector and the spectrometer magnetic fields constant
throughout the experiment. [ll. DATA ANALYSIS

The proton beam from the CNS-SF cyclotron was main-
tained at a nominal laboratory energy of 37.925 MeV, and
the beam tune was not adjusted during the run. Typical beam In all of the runs we observed protons, deuterons, tritons
currents were 100 nA. The target was=89.9% isotopically and « particles in the detector. The energy lost in the front
enriched Mg metal foil of a nominal thickness of 290 wire region gave the cleanest measureAd. Hence this
wgcm 2. Carbon and enriche@®Mg foil targets were used signal was used, along with the position in the front wire
to check for contaminants. Tritons were measured at lalbegion, the energy lost in the scintillator, and the time be-
angles of 8, 16°, and 20.8. The entrance aperture of the tween the scintillator and the rf signal as our primary particle
spectrometer was 5 mSr. However, to prevent protons frondentification. Two-dimensional gates allowed us to separate
scattering from the target frame into the spectrometer, weach particle group cleanly. One-dimensional gates on the
used a second aperture to define the scattering angle in tlmther signals(back wire position, drift time, otheAE sig-
scattering chamber. This limited our solid angle to 2 mSr. nal9 were used to further clean up the spectra. The final

To confirm that the beam was centered in the chambetyiton spectra are shown in Fig. 3. Our measured energy reso-
before and after the 205un, we measured scattering from a lution is about 25 keV in terms of°Mg excitation, which is
Mylar target. This angle was chosen so that protons scatterambnsistent with the expected energy loss in the target.
elastically from*H nuclei would have the same rigidity as  Position calibration of the focal plane was difficult for
those scattered inelastically from the first excited state ofeveral reasons. The spectrometer bite extended from 4.3 to
12C. A comparison of the centroids of these two peaks show§.9 MeV in ?2Mg excitation energy. There are not enough
that the difference between the effective scattering angle anéMg states of well-known energy in this region to provide
the spectrometer angle was less thar?.0.3 an effective internal calibration. While the stability of the

The ?*Mg target thickness was verified during the run. In calibration of the spectrometer and detector within each run
the data taken at each angle it was possible to resolve theas very good, we were not able to confirm the stability of
peak from thelGO(p,a)l?’Ng_S_ reaction into two peaks, one the calibration between runs, so we decided to calibrate all of
corresponding to the reaction taking place in the oxygerihe runs independently.
layer on the front of the target, and one to the reaction taking The deuteron group from thé*Mg(p,d)?*Mg reaction
place in the layer on the back. For the @ata set it was also provided a large number of calibration linesee Fig. 4 We
possible to do the same for the peaks due toobserved over thirty isolated lines between 5.2 and 8.5 MeV
12C(p,1)*°C(3.35MeV). The measured energy loss in thein excitation from this reaction at each angle, spread across
target was consistent with TRIM calculations of energy losshe focal plane. Almost all of these states have excitation
in a target of the nominal thickness to within 20%. energies that are known to better than 6 keV. Because of the

A. Position and energy calibration
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different masses of the outgoing particles this corresponds ttwllowing analysis the uncertainties on the fitted peak chan-
an uncertainty of less than 4 keV in thiéMg excitation  nels (ch, ch,, ch,) are considered to be “statistical” errors
energy scale. which is to say that they are uncorrelated, and other errors
However, although the centroids of the deuteron linesare considered to be systematic. For the data at each angle
were determined very accurately, they are not ideal calibrawe determined the covariance matrix from the statistical un-
tion lines. The size of the position signals for deuterons anaertainties. The matrix elements are given by
tritons is quite different because of their different energy _ _ _
. . . 6\ 2 i0\ 2 i\ 2
losses in the front wire region. We could not see any depen- o [9Ex\" 5 [IEC\T 5 [IEC|T , X
dence of the position on the signal size, but even an unob- i=\Zen) Ct Gen) %ot Gen) @
servable effect could have a significant effect on g
energies deduced from any deuteron calibration. To avoidor the diagonal terms, and by
this problem, we have used a somewhat unconventional pro- _ . . .
cedure to adapt the deuteron calibration to the triton spectra. 0 _ JE, IE)’ 2 JE JE)’ 2
At each angle the position along the focal plan was cali- Mij ~ ach, ach, oat ach, ach, Ob 2
brated with known deuteron peaks from thféVig(p,d)
ZMg reaction. The corresponding rigidities were fit with a for the off-diagonal termsg labels the data sets from each
guadratic expression using TRIM calculations to determinangle,o; is the uncertainty in gh o, is the uncertainty in
energy loss in the target. The quadratic term derived from theh,, and o, is the uncertainty in ghwherea andb are the
detailed fit of the deuterons was used in determining thewo triton lines used for calibration.
energies of tritons. Two states iffMg at 5.71390.0012
and 5.0376:0.0014 MeV[7] were used as calibration lines. ~ TABLE I. #Mg excitation energiegkeV) found from separate
Excitation energies at the three angles are listed in Tablealibrations at each angle. The uncertainties include both statistical
|. The uncertainties are discussed below. The agreement band systematic effects.
tween the energies determined at the different angles is ex
cellent. This demonstrates that all of the observed peaks are 8° 16° 20.8
due to states in’z_ZMg. If they were due to contaminants we 4399.05.3) 4400.55.2)
would deduce different excitation energies at each angle. The

. . 5089.51.9 5090.91.8 5089.11.6)
only correlations between the different data sets come from
o . . 5296.51.3 5296.51.3 5295.01.2
the use of the same excitation energies for the two triton
. . . 5454.81.3 5454.31.4) 5454.91.3
calibration lines(and to a much lesser extent the use of the
same deuteron calibration lines 5961.12.9 5964.42.8)
6044.62.9 6048.63.2 6046.33.0
- 6244.34.9 6251.05.3 6246.25.0
B. Statistical errors 6321.65.9 6325.76.2) 6322.75.9)
To determine the best energy for each observed state in  6613.510.2 6621.910.9 6604.710.3

22Mg from our data set we needed to address possible cor- 678714)
relations between the uncertainties shown in Table I. In the
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TABLE II. Covariance matrix for the energies of the seven fitted states; units are kb¥ values have
been scaled up to account fpf/» (1.905. Systematic uncertainties are not included, and in general are the
dominant uncertainties.The values of the diagonal elements of the correlation matrix imply that the energies
at the different angles are generally consistent at the level of 1 keV or better.

5.09 5.30 5.45 5.96 6.05 6.25 6.32
5.09 0.796 0.0290 0.0217 —-0.00610 —0.0108 —0.0227 —0.0272
5.30 0.0290 0.124 0.0411 0.0469 0.0491 0.0511 0.0522
5.45 0.0217 0.0411 0.314 0.0939 0.100 0.115 0.122
5.96 —0.00610 0.0469 0.0939 0.842 0.276 0.339 0.364
6.05 —0.0108 0.0491 0.100 0.276 0.351 0.377 0.406
6.25 —0.0227 0.0511 0.115 0.339 0.377 111 0.503
6.32 —0.0272 0.0522 0.122 0.364 0.406 0.503 0.979

We then simultaneously fit the data with one excitationthis is shown in Table IV. This dependence is an outcome of
energy for each state. We do this by minimizing our analysis and not a part of it.

IV. EXPERIMENTAL EXCITATION ENERGIES

xX2=> > (EY- E'Xf)(ij)‘l(E'x“’—E'Xf), (3 Our measured®Mg excitation energies are listed in col-
o 1 umn 1 of Table V. Previous experimental results beByw
it _ _ =7MeV are shown in columns 2—-7. Compiled excitation
whereE, is the fitted energy of state energies[7] based on these previously obtained values are
The two Mg states near the ends of the deteditle  gisplayed in the last column. Corresponding states have been
4.40 and 6.59 MeV statgsvere excluded from the fit, be- arranged in Table V in the same rows according to energy
cause of possible nonlinear distortion effects at the detectafompatibility arguments. For most levels our results agree
windows. With the remaining seven lines we get/v  with previously reported excitation energies. Note that the
=1.905 for 13 degrees of freedom. The statistical uncertainpresent energy uncertainties are far smaller compared to the
ties from this fit were scaled up to account for the hjgh  results of previous two-nucleon transfer studies, and that our
The covariance matrix for these seven states is shown ifrrors are comparable in magnitude to theay spectros-
Table 1. copy work of Ref[12]. Two new leveld 7] were observed at
E,=5090 and 6323 keV while two levels were seen for the
first time near 6 MeV E,=5962 and 6046 keV, see discus-
sion below. The state at 5090 keV might correspond to the
To test the effect of systematic uncertainties we have reweakly populated level &, =5130+ 35keV reported in the
peated the fitting procedure while varying individual param-(3He,n) work of Ref.[10]. The levels at 5317 and 5837 keV
eters. Changing the value of the beam energy by 75 keV imave not been observed in the present work and hence these
our fit left all of the energies within 0.2 keV of their original s .
TABLE Ill. Uncertainties in the energiegkeV) of the seven

values. As a result the uncertainty in the beam energy w ) . >
neglected. Similarly, changing the value of all of the scatte?—f?tteOI States oy is the uniﬁ,rrta'my due to the uncertainty in peak

ing angles by 0.5also left all of the energies within 0.2 keV centroids(from Table 1I). Oa, is the uncertainty due to the use of
of their original values, and the uncertainty in the angle ha he quadratic terms in the fit from the deuterons, assuming these
been neglected. We e,llso performed a calculation with th erms are fully correlatecb—Ex is the uncertainty due to the error in
target thickness set to zero, which left all the excitation enil® €nergies of the calibration linesg,, is the uncertainty intro-

; P S . duced when a cubic term is added to the di§,,qq is the uncer-
ergies within 0.1 keV of their initial values. Finally th@ tainty from the angular distributions, ant,, is the total error for

values Of the24Mg(p,t)22Mg and Z‘I‘M.g(p,d)ngg energ|es each state determined by adding all in quadrature. The uncertainty
Wgre varied by one standard deviation. The Change n e.XCE'n scattering angle, beam energy, and target thickness can be ne-
tation energy was smaller than 0.01 keV, so this uncertamt)ﬁ'ected_
was also neglected.
Other systematic uncertainties that have been considered g O 0" og O Taordn Tt
are the error resulting from the extrapolation from deuterons 2 X
to tritons, the uncertainty introduced by using only the ener- 5089.7 0.0 019 139  0.15 0.21 1.7
gies of the 5.037 and 5.714 MeV states, the uncertainty in- 5295.7 0.36 0.63 1.33 0.45 0.27 1.6
troduced by the assumption of a quadratic calibration of the 5454.3 057  0.64 1.28  0.43 0.32 1.6
focal plane detector, and the effect of finite angular distribu- 5961.9  0.92 1.42 1.76 017 0.11 25
tion of the scattered tritons on the focal plane calibration. 6045.8 0.59 2.09 1.99 0.12 0.24 3.0
Our uncertainties are listed in Table Ill. For completeness we 6246.4 1.05 4.13 2.57 1.09 0.25 5.1
also estimate the dependence of the excitation energy of eaclg322.6 0.99 5.07 2.80 1.07 0.29 6.0
state on the excitation energies of the calibration states and

C. Systematic errors
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TABLE IV. Dependence of the seven fitted states on the excithe levels at 6249 and 6609 keMable V), respectively,
tation energies of the calibration lines. exhibit larger widths compared to other peaks. The former
peak corresponds probably to a doublet, whereas the latter

Ex* oot (keV) JE,JIEY™ IE 1 IEZ™ peak is either caused by a level with a broad natural width or
5089.7+ 1.7 0.075 0.929 by a multliplet of stategsee discussion in Sec.)V
5205.7+ 1.6 0.367 0.621 In addition to the new states that we have see”’Mg,
54543+ 1.6 0.600 0.396 we have also observed a new state?iMg. In both the 8
5061.92.5 1396 0395 and 16 spectra we obseryed t_hree states betw_een 8.1and 8.2
6045.8-3.0 1533 _0536 MeV. Our deuteron calibration gives energies of 8.142,

T ' ' 8.168, and 8.195 MeV for the°&lata, and 8.141, 8.170, and

Z;gggﬁgé ;'giz _2'212 8.197 MeV for the 18data. From Ref.18] the known states

are at 8.166:.002 and 8.193 0.008 MeV. We therefore de-
duce there is a state iR®Mg at an excitation energy of
§.141t0.005 MeV (error similar to that observed for the
gther two states

might be states of unnatural parity. The weighted-averag
excitation energies including previous and present work ar
shown in column 8 of Table V.

A few previously measuredMg level energies are \ goi\ AND PARITY ASSIGNMENTS OF 22\1g STATES
shown in parentheses in Table V and have not been used for
the weighted averages in column 8. In these cases, single In this section we discuss spin and parity assignméants
levels with large excitation energy errors have been reportegestrictions for levels in Mg below E,=7 MeV. As a first
previously that are shown in the present work to be doubletsstep we reevaluated available experimental information from
It should be emphasized that we disregard in Table V thehe literature. The results are listed in columns 2—5 of Table
level at 5006 keV that has only been observed by REf]. VI. One has to be especially careful with certain assignments
We find no compelling evidence for the existence of thisthat have been reported in previous two-nucleon transfer
state, since it was proposéd2] based upon indirect evi- work. The reason is that for some levels values of the trans-
dence of Ref[13], it was only present as a weak peak in oneferred orbital angular momentum have been assigned that are
ny-coincidence spectrum and was not observed in any of thaelready based in part on analog level and shell-model assign-
yy-coincidence spectrigee Fig. 2 and Table | of Ref12]). ments. The results are théwrongly) interpreted by compil-

The two triton peaks displayed in Fig. 3, corresponding toers as experimental information and are used subsequently

TABLE V. Experimental excitation energigkeV) in 22Mg.

(p,t) (®He,n) (p,t) (®He,ny) (®He,ny) (®He,n) (*0, ®He) adopted adopted
present Ref[10] Ref.[11] Ref.[12] Ref. [14] Ref.[15] Ref.[17] present previoud
4399.8-4.2  4378:35 441727 4401.9-15  4399-2 4408-12  4400.9-1.2  4400.9-1.4
5006+ 2 © 5006+ 2
5037.0° 5032+ 30 5057+ 31 5037.0-1.4 5030+ 30 502912  5037.6:1.4 5037.0:1.4
5089.7+1.7  5130+35 5089.7-1.7
5295.7+1.6  5286-30 5313+ 32 5290+ 2 5296+ 3 5330+ 50 5272+9 5293.5-1.1 5292+3
53175 5317+ 5 5317+ 5
5454.3-1.6  5433-25 5464+ 5 5455.2+1.5 5464+5
5713.9° 5699+ 20 573835 5714.4-15 57132 5680+ 30 571113  5713.91.2 5713.91.2
5837+ 5 5837+ 5 5837+ 5
5961.9-2.5 5945+ 20" 5980+ 30f 5961.9+2.5
6045.8+ 3.0 6061+ 37 604111  6045.6-2.9 5965+ 25
6246.4-5.1 6263209 (6281+33)9  (6298+50)¢ (6220+50)¢ 625510  6248.2+45° 626715
6322.6+6.0 (6281-33)¢  (6298+50) ¢ (6220+50) ¢ 6322.6+6.0
6613+ 7 6573+ 20 6645+ 44 6606-11  6608.5-5.6 6585+ 35
6787+ 14 677020 6836+ 44 6760 90 676720  6780.4-9.6 6783-19
3Referencd7].

bUsed for calibration in the present work.

‘Disregarded in present work; evidence for existence of this level in[R2fis not convincing since it is based on a single obseryady
peak inny-coincidence spectrum.
dDoublet atE,=6249 and 6323 keV not resolved; quoted values have not been used for weighted average in column 8.
®Probably a doubletsee text
fAssignment ambiguouee text; quoted values have not been used for weighted average in column 8.
9Weighted average of columns 1-7.
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TABLE VI. Spin and parity assignments 6fMg states.

(®He,nvy) (®He,nvy) (®He,n) (p,t) (p,t) adopted

E,*? Ref.[12] Ref.[14] Refs.[10,15 Ref.[11] present assignment

0 o* ot ot
1246 2t b i i 2+
3308 2,4° m=+" i 47 47
4402 2+ d =+ i =N 2+
5006°
5037 (1,2)f 2+ i =N 2+
5090
5294 (28—4")f (2*3" h =N (2%, 37)
5317 (1,2)f (1,2")
5455 (28—4")f =N (2%, 37, 4%)
5714 (1,2)f 2+ i =N 2+
5837 (2"-4")f (2" -4%)
5962 (o) =N =N
6046 (0% =N ot
6248 9 (4%) =Nk k
6323 g =N =N
6609 =N m=N
6781 7=N m=N

3 rom column 8 of Table V.

From measured-ray angular correlation ang,.

‘From measured-decay,y-ray angular correlation, ang,,.

9From measured-decay andy-ray angular correlation.

®Disregarded; see Sec. IV.

fFrom y decay and application of “Dipole dE2 rule” (see text

9%0ne of these states corresponds to 6298 keV level observed ifi1Rgf.
"From measured-ray transition strength and,,.

'DWBA description of data not convincing.

ISee text for assignment; assumes same state populatddlém] studies.
KProbably a doubletsee text

'N denotes level of natural parity.

for spin and parity restrictions. Such “cyclic reasoning” has populate natural parity states also. The only conclusion con-
been carefully avoided in the present work. sistent with all datgparticularly the stated experimental er-
Only in one particular case listed in Table VI have werors) is that two different states are observed in the present
made reference to the shell-model and analog structure. (,t) studies and the state at 6046 keV is not the same state
has been shown in the present work that two levels exist i®bserved in the3He,n) studies[If the state at 5962 is the
22\ig at 5962 and 6046 keV. Only the latter state has beegame state populated in thiHe,n) studies, then it is 0.]
popu'ated in the previoug)(t) Study by[ll] and the mea- For the |eVe|S- at 5037, 5294, 5317, 5455, 5714, and 5837
sured excitation energy df,=6061+37 keV agrees with K&V populated iny-ray spectroscopy work we also obtain
our result. On the other hand, theHe,n) studies of Refs. spin-parity assignments that are different from previously re-
[10,15 report levels atE,=5945-20 keV and 5980 Ported results. In these cases we used measyredy
+30keV, respectively, and an assignment of these level ranching ratio§12] and applied the “dipole oE2-rule

based on energy arguments alone is not definiffable V). 1. Note that this rule is valid only for high-lying leve(se.,

o . X any level above, say, the 20ttStrictly speaking, this argu-
The measured gngular d'SthUt'onS. in bofii¢,n) studies ment does not apply to the present cases. However, it has to
support the assignmedf=0" for their observed level. The

TR . be kept in mind that the-ray branches reported by R¢12]
measured angular distribution in the,() experiment{11] e rather strong and, consequently, the decay of these levels
also impliesJ”=0". Neither shell-model calculations nor il most likely proceed viaE1, M1, or E2 transitions.
the structure of thé’Ne analog nucleus predicts the exis-  Although no angular distributions have been measured
tence of two 0" levels in this region of excitation energy, but here, the present results also provide spin-parity restrictions
this is also not definitive. Chefil7] observes a state at for ?2Mg states. We have assumed natural parity for all lev-
6041+ 11 keV, and no state at 5960 keV, in studies of aels that are strongly populated in the present two-nucleon
12c(*%0, °®He)*Mg reaction. This reaction should only transfer measuremeftolumn 6 of Table V).
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TABLE VII. Isospin triplet statesT=1) in A=22 nuclei.(Experimental information fof?Ne and?’Na
from Refs.[7,18].)

2Ne 2Na 2Mg shell-modef

E, (keV) J7 EZ 2 (keV) J7 E, ¢ (keV) Jmb E, (keV) JT
0 0" 0 0" 0 o* 0 0
1275 2 1295 2 1246 2 1368 27
3358 4 3414 4 3308 4 3378 4
4456 2 4517 2 4402 2 4455 25
5146 z 5302 z 5090 5053 2]
5329 1 5338 (0-3%) 5317 (1,2) 5437 17
5363 2 5433 (1,2 5037 2 5032 23
5524 4 5532 (0-4)* 5455 (2, 37, 4%) 5480 4;
5641 3 5585 5837 (Z-4%) 5635 37
5910 3 5672 (0-3)~ 5294 (2", 37) 5636 3]
6120 2 5894 (1,2 5714 2 6179 24
6235 o 6177 (0,2 6046 o 6344 0
6311 6" 6397 6
6345 4t 6341 (3-5%) 6431 45
6636 (2,3 6582 (2"-47) 6520 3;
6691 1T 6880 1;
6819 2 6814 2 6574 27
6854 1" 6751 1 6663 1;

aith Ef = E,— 657 keV.
®From Table VI.

°From Table V.

dSee Sec. VII.

~ The adopted quantum numbe restrictions are listed  mental information E, andJ™) of °Mg levels presented in

in column 7 of Table VI. The quoted results are based onpe previous sections and in Tables V and VI. An interpre-
experimental information. Note that the-delayed proton  (ation of the?2Mg level structure in terms of the shell model
decay work of Ref{16] is not very useful for purposes of s presented in the next section. As mentioned in the previous

spin-parity assignments since protons have not been meggction, we disregard the 5006 keV state reported by Ref.
sured in coincidence with decayrays(in ?!Na). Therefore, [12].

itis difficult to decide if the observed proton decays populate  Tpe 22\g levels atE, =0, 1246, 3308, 4402, 5037, 5714,

21 H
the “"Na ground state or excited states. and 6046 keMTables V and V) have unambiguou3” val-

The broad level at 6249 keV observed in the present workes and thus their analog state correspondence is straightfor-
(Sec. IV and Fig. Bhas a measured width of 26 keV and  y4.q.

is most likely a doublet. Suppose for a moment that we have ¢ |evel at 5317 keV (172 most likely has a spin and

observed a triton group populating a singfdg level cor- parity of 1*. There is no other available 2state in this

responding to a resonance energykgf"~745 keV and a  region of excitation energy and tHéNe level structure in-

width of '~I',=26*6 keV. The single-particle widtkes-  gicates that the first 1 level is expected to occur above 6.5

sumingC?S=1) for such a resonance amountsltg,=16, \ev.

4, and (_).2 keV for orbital angula_r momentalef0,1, and 2, The newly found level at 5090 keV is only weakly popu-

respectively. Only the assumption ofsaave resonance, |ated in the present work, implying possibly an unnatural

implying J7=1" or 27, can be consistent with the experi- parity assignment. Together with energy compatibility argu-

mentally observed width. However, the shell-model spectroments the assignment 2seems most likely.

scopic factors for I or 2* states are much smaller than  For the state at 5294 keV t2 37) there is no 2 level

unity (Sec. VI)). Thus we conclude that we probably have ayailable in this excitation energy range and, therefore, cor-

observed an unresolved doubletifMg at E,~6.25 MeV.  responds probably to the first 3isospin triplet. According

to the spin and parity assignments of Table VI, the 5837 keV

(27 —4") level most likely corresponds to the first 3sos-

pin triplet since all other listed states are of natural parity.
In this section we discuss the correspondencélefl  This state is not observed in the presemit) study, support-

analog states in the mags=22 system. Our analog assign- ing the assumption of unnatural parity.

ments are presented in Table VIl and are based on experi- For the 5455 keV (2, 37, 4™) state neither 2 nor 3~

VI. ANALOG STATE ASSIGNMENTS
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TABLE VIII. Comparison of measured spectroscopic factors
and mean lifetimes with shell-model results for state$2vg (for
correspondence of experimentfMg and ??Ne levels with shell-

T model states, see Table VI
- o634 6t 4 o
o a— 2, c2(l,14+2) P
—— = B X -
% 5 - T 2+ 4 o "z (kev) Jr2 theory experimerft theory experiment
g 4 . . 0 0f 0.13 <0.20
SN o + 1368 2; 0.009,0.98 0.65 25ps 30L2ps°
L 3378 41' 0.03 0.05 0.31 ps 0.290.07 ps
2 4455 2; 0.06,0.19 0.054,0.14 39fs <30fs
- AR 2z 5032 27  0.24,0.07 0.31, 9.0fs <100ps
I 5053 2; 0.004,0.014 1.0 ps
ol 0% 051 5437 1 0.05059 005046 28fs <25ns
Mg “Mg “Ne 5480 4. 0.32 0.25 18.1fs <100ps
2
(theory) (expt) 5635 3/  0.16 007  58fs <25ns
FIG. 5. Calculated and experimental energy levels’fg and 9636 3, 0.001,0.004 0.54ps  6320fs
22\e. The experimental levels are taken from Réfl] and the 6179 2, 0.01,0.001 29fs 4015fs
present study. 6344 05 0.05 9.8 fs
6397 6 20.0 fs
levels are available in this region of excitation energy and,6431 43 0.12 2.6fs
consequently, the most likely assignment is. 4 6520 35 0.12 0.10 2.3fs

The remaining levels at 5962, 6249, 6323, 6609, and 678%
keV, listed in Tables V and VI, are difficult to assign. First, )
the E, = 6249 keV state might be a doublet as discussed inSlngIe-nucIeon transfer spectroscopic factdrgind | +2 denote
the previous section. Second, for these levels the availapferent possible orbital angular momenta.

J™ restrictions are rather podiable VI) and thus assign- . om ~Ne(d,p)“Ne study of Ref[19].

d e 2)
ments based purely on excitation energy arguments are upveasured lifetimes ofMg levels adopted from Ref7].

certain. €The valuer,,=30+ 12 ps quoted in Ref.7] is likely a misprint.

rom columns 7 and 8 of Table VII.

be seen that the agreement is excellent for levels with re-
VII. SHELL-MODEL CALCULATIONS FOR A=22 ported experimentaCz_S values. Furthermore, our shell-
model calculation predicts very small spectroscopic factors
Shell-model calculations for the mass-22 system werdor all states with no reported experimen@4dS values. The
performed with the codexsAsH in a complete (&-1)2w  only exception is the shell-model state at 6431 keV, (4
space using thdisospin-conserving WBT interaction of C2Sqy=0.12). Note however, that no acceptable angular
Warburton and Browh20]. This procedure allows for a con- gjstribution fit could be found in Ref[19] for the corre-
sistent calculation of both positive parity &) and nega-  sponding ?2Ne level at 6345 keV(Table VII), presumably
tive parity (14 ) states with the same interaction and within hecause of the close proximity of the 6311 keV level and the
the same configuration space. All states below 10 MeV withelatively poor experimental energy resolution of about 25
J=<8 were included in the calculation. keV.
The calculated levels of°Mg below 7.0 MeV are listed For the calculation of mean lifetimes aneray branching
in column 7 of Table VIl and are displayed in Fig. 5, to- ratios, as we are using a ¢0L)% » model, an estimate of the
gether with experimentat®Mg and *Ne levels. The calcu- degree of core polarization is required. We have calculated
lated Mg spectrum agrees with that obtained from experi-the effective charge needed from BEE2) value of the first
ment. The 2 (5053 keV and the 4 (5032 keV} shell- 2+ state in 22Mg, located at 1246 ke\[7]. Its measured
model states are inverted in the calculation compared to thgfetime is reported as 2.1 g&1], implying aB(E2) value of
corresponding experimental levels #Ne. In these two 129.3e?fm?. The latter value is reproduced within our
cases, the agreement between experimentally assigned apfbdel for a polarization charge of 1el This result is sub-
calculated®Mg level energies is excellefitolumns 5 and 7 sequently used in all calculations of lifetimes aneray
of Table VII). The 3 and 3 shell-model states both lie at branching ratios of2Mg states below 6.5 MeV.
~5.63 MeV due to an incidental degeneracy in the calcula- Experimental and shell-model lifetimes 6fMg levels
tion. The 6 and 4 states are predicted to be at 6397 andare compared in columns 5 and 6 of Table VIII. Unfortu-
6431 keV, respectively, in approximate agreement with thenately, values of-,, have been measured in a few cases only
corresponding experimental level energiesiNe. and experimental upper limits are reported for mé3¥g
Shell-model spectroscopic factors are compared in Tableevels. For the low-lying levels, the calculated lifetimes
VIII with the corresponding experimental values obtained inagree with the data. However, discrepancies exist for the
the #'Ne(d, p)#Ne neutron-transfer study of R¢fL9]. Itcan  shell-model states at 5636 keV (B and 6179 keV (2),
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_ TABLE IX. Experimental and calculategi-ray branching ratios into final Mg states. The reaction rafi units of reactions
(in %) for #Mg states/For correspondences of experimerflg  g-1mole-lcn?) for isolated narrow resonances is given as a

levels with shell-model states, see Table VII. The experimebjal function of temperaturd@, (in units of GK) by the expres-
values are adopted from RéfLl2] and are given in parentheses. sion[22] o

7 0; 2 41 2, 23

I EM (kev) 0 1368 3378 4455 5032 Np(ov)=1.54< 10" uTe) 32, wyiexp< - 11.605?—') ,
i 9
27 1368 100 (4)
(100
47 3378 100 where the reduced magsis in amu and the strengthsy,
(100 and center-of-mass energi€s of the resonances are in
2; 4455 100 MeV. The stellar rates for thé'Na(p, y)>Mg reaction have
(8+4) (87x4) (5+4) been calculated using the analog assignmentSMf) states
27 5032 24 76 presented in Sec. Misee also Table V]I For stellar tem-
(12+4) (88+4) peratures _oﬂ'_s 0.4 GK it is sufficient to consider resonances
27 5053 2 94 4 located within about 0.5 MeV of the proton threshold in
Mg (Qp,=5501 keV [23]). Resonance energieBg™
17 5437 68 31 1 =212, 336, 460, and 541 keV are calculated from the ex-

perimental excitation energies,=5714, 5837, 5962, and

30+£15) (70+15
( ) (¢ ) 6046 keV listed in Table V. Resonance strengthg are

4 5480 3 97 . . .
2 (70+10) (30+10) determined by proton ang-ray partial widthsI', andT",,.
_ " Proton partial widths were calculated using the procedure
3; 5636 3 3 85 9 Jescribed i 24 Singl ol i f
(60+10) (40 10) escribed in Ref[24]. Single-particle spectroscopic factors
N B for the ER™=212, 336, and 541 keV resonances have been
31 5635 81 19 dopted from shell-model calculati Vil and Tabl
80+15) (20-15) adopted from shell-model calcu atioigSec. and Table
N (80= VIII'). The analog assignment of thg =5962 keV state is
25 6179 4 85 11

uncertain and an upper limit df,, has been estimated as-
suming ap-wave resonance and?S<1. An s-wave reso-
nance would implyd™=2" (the assignmentr=N in Table

corresponding td2Mg levels at 5294 and 5714 keV, respec- V! rules out the value 1), butall 2* states in this excitation
tively (Table VII). For the 3 level, the calculated lifetime €hergy region have already been assigned to experimental
amounts to 0.54 ps, about an order of magnitude longer than Mg levels (Table VII).

the measured value of 8320fs [7]. The calculatedy-ray Gamma-ray partial widths for thEg™=212, 336, and
decay of this level proceeds predominantly vi& s transi- 541 keV resonances have been calculated by using the mea-
tion to the 2 state(see Table IX and the discrepancy may sured lifetimes of?°Ne mirror states(Table VIl and Ref.

be due to limitations in the model space in exhaustingghe [18]), corrected for the difference iny-ray transition ener-
sum rule. For the 2 level, the calculated lifetime amounts to gies. For theE$™=460 keV resonance we adopted the value
2.9 fs which is shorter than the measured value 0f48fs. I' ~1eV as an order-of-magnitude estimate. A summary of
However, the latter result was extracted from an experimenestimated resonance properties fékg states near the pro-

tal F(7) value close to unity with a rather large uncertainty ton threshold is presented in Table X. Note that for the
[F(7)=0.87+0.04[14]]. According to Table | of Refl14],  E¢™=212keV resonanceE=5714keV in Mg, corre-

the measured value d¥(7)=0.90+0.03 for the 2 level sponding to 2) the experimental mean lifetim@able VIII)
resulted already in an upper limit af,<30fs. Therefore, o6 nts tor,,= 40+ 15 fs[7]. The measured value implies a
part of the discrepancy might be explained by experiment otal width of '=1.6"39x 10"%eV, consistent with our esti-

difficulties in extracting relatively short lifetimes. . -4 -~ 5
Calculated and measuredray branching ratios are com- mated tota'l width OT_FPJF.F’/_Z'BX 10 .eV. (Table X).
nj[ he resulting stellar reaction rate contribution of narrow

pared in Table IX. The latter values have been adopted fro N sonances is listed in column 2 of Table XI.

Ref. [12]. The agreement is excellent for the shell-model . L
The (nonresonantdirect capture(DC) contribution into
states at 1368 (2), 3378 (4)), 4455 (Z), and 5032 (3) all Mg bound states was determined following the formal-

keV. Measured and calculateBii values also agree well for ism described in Ref25]. The radial wave functions for the
the shell-model states at 5_6351(Band 6179 (3) k_eV and, bound final states were calculated by using a Woods-Saxon
therefogg, support our assignments to the experlmentglly O%otential ¢=1.25fm anda=0.65fm). The well depth is
served*“Mg levels atE,=5837 and 5714 keV, respectively chosen to reproduce the binding energy of each final state.
(Table VII). For the calculation of the initial state radial wave function
we have employed hard-sphere phase shifts. The total DC
cross section is given by an incoherent sum over orbital an-

The stellar reaction rated,(ov) of 2!Na(p,y)?Mg can  gular moment#; andl; for all incoming and outgoing partial
have contributions from resonances and the direct captuneaves involved,

(13+3) (87+3)

VIll. ASTROPHYSICAL IMPLICATIONS
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TABLE X. Parameters of low-energy resonancesiNa(p, y)?Mg.

Exa E%mb rpe Fyf wyg
(keV) (kev)  Jre c?s¢ | (eV) (eV) (eV)
5713.9-1.2 2124 2} 0.01,0001 02 48103%" 22x102" 2.4x1073
5837+5 3355 (3]) 0.16 2 4.7%10°? =6.6X10 2 3.2x10°2!
5961.9-2.5  460.4 <1l D <1.6x10° ~11 <3.7x10° 1!
6045.6-2.9 5414 0, 0.05 2 8.&10! 1.6x10°3 2.0x10°*

3 rom Table V.

bCalculated from column 1 usin@,,=5501.5- 1.5 keV[23].

‘Assignments adopted from Table VII.

dShell-model spectroscopic factofEable VIII).

®Proton partial widths calculated fro@2S values in column 4 using Eq7) in Ref.[24].

fGamma-ray partial widths, calculated from measured lifetimes of mirror stat&\m(see Table VIl and
Ref.[18]), and corrected for differences iprray transition energies.

With wy=(2Jg+ nr,r8r.

PIn agreement with the measured mean lifetime of this state40: 15 fs (Table VIII), corresponding to a
total width of '=1.6"33x 10" %eV (see Sec. VII\.

fVaIue of resonance strength restricted by relatidn,I' ,/(I'y+T" ) <wysol.

IAnalog assignment uncertain; upper limit fary has been estimated with assumptialis=1", 1=1,
C?s<1, andlI' ~1eV (see Sec. VII\.

with # denoting the Sommerfeld parameter. For bombarding

T togal™ lE C?S(I)opedlisl)- (5)  energies below 1 MeV ths factor can be expressed as

iolf

The spectroscopic factors for the bouffilig states were
adopted from shell-model calculatiofiable VIII). The to-

tal DC cross section was converted into the astrophyScal

factor

S(E)=7.9x10 3-3.4x10 %E+1.8X 10 *E>MeVX b.

)

Our derived direct capturg factor is about 50% larger com-
S(E)=0d(E)Eexp277), (6) pared to the results of R€f6]. The stellar reaction rates for
TABLE XI. Stellar reaction rates for?!Na(p,y)?*Mg. (Reaction rates in units of reactions
s Imole tcm?; aboveT=0.4 GK the reaction rates become uncertain due to the unknown contribution of the
Eg™=460keV resonancg.

T (GK) resonance$ DCP recommendef Ref.[6] Ref.[4]

0.01 5.9% 10 33 5.99x 10 33 6.02<10 %6 6.02<10 %6
0.015 9.2&10°% 8.52x10 28 8.52x10 28 9.55x 10 3! 9.55x 10 3¢
0.02 41%10° % 1.50x 10 % 1.50x 102 1.84x 10 % 1.84x10°%7
0.03 1.5810 3¢ 1.74x10°%° 1.74x10°%° 2.47x10 % 2.47x10° %
0.04 8.56< 10728 6.29x 1018 6.29x10 18 1.01x10°%° 1.01x10°%°
0.05 1.3% 10"V 4.12x10716 4.26x10°16 5.14x 10 18 1.21x10° 18
0.06 3.8 1014 9.96x10 1° 4.88x10° 14 1.29x10 1.62x10°1°
0.07 1.0x10 ! 1.26x10 13 1.10x10 % 3.80x10 *? 5.11x10 13
0.08 7.2810°1° 1.02x10 12 7.29x10°1° 2.67x10°1° 3.76x10 !
0.09 1.8%10 8 1.87x10 8 7.19<10°° 1.05x 10 °
0.1 2471077 2471077 9.95x10 8 1.46x10°8
0.15 4.9810* 4.98<10°* 2.47x10°4 3.56x10°°
0.2 2.00<10°2 2.00x 1072 1.15< 102 1.59x10°3
0.3 7.3« 107! 7.33x10° ! 4.93x10°* 7.75x10°2
0.4 4.92<10° 4.92x 10 3.03x 10° 6.75x10°*

&Contribution of narrow resonances.
®Contribution from direct capture.
“Total recommended rate from present work.
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FIG. 6. (a) The total stellar raté*Na(p, v)??Mg reaction(bold)
and the contribution from narrow resonanddash. (b) Ratios of
the reaction rates are shown as compared to previous studi

(dashed lind4], solid line[6]).

the DC process, calculated by using the expressions for no
resonant reaction mechanisf2®], are listed in column 3 of

Table XI.

The total stellar rates fof'Na+ p, which we recommend

PHYSICAL REVIEW C 63 035803

[6,4] by factors of~2 and~10, respectively. In the former
work, an order-of-magnitude estima@S~0.01 was used
for the calculation ofi", for all considered resonances. For
the astrophysically most importarE;™=212 keV reso-
nance, their estimateincidentally agrees with the present
spectroscopic factor obtained from shell-model calculations
(Table VIII). Consequently, the present and previpdisre-
action rates are in reasonable agreement. The results of the
present work do not support the conclusion of an uncertain
analog assignment for th&Mg state at 5714 keV, as has
been claimed in Refl4]. These authors note that the mea-
sured spectroscopic factor of théNa state at 6551 keV
(Ex =6551-657 ke=5894 keV; Table VIJ is too large
(C?S~0.1[27)) in order to agree with a presumably much
smallerC?S value of the analog state at 5714 keV3fMg.
They conclude that the analog assignments are uncertain and
regard thewy value of Ref[6] as an upper limit. Although
one would expect similar spectroscopic factors foirror
states in??Ne and Mg, one has to be very careful when
comparing properties in isospin multiplets since isospin mix-
ing in the T,=0 nucleus(here ??Na) can easily account for
large variations of spectroscopic factors.

IX. CONCLUSIONS

A new study of the level energies in the nuclidéyig has
been completed using #Mg(p,t)?’Mg reaction. Several of
these levels are important for radiative proton capture reac-
tions on ?!Na occurring in a classic nova stellar explosion.
These energies are now known to better precision which is
important for planned future studies of tHé&Na(p,y)?’Mg
reaction using a radioactive beam at the TRIUMF-ISAC fa-

es

Cility. Several new states were found and shell model calcu-
lations have been performed to help explain some of the
roperties and assignments of states. Improved rate estimates
f this reaction were also performed.
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