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The proton-rich nuclef3Al and 2P were studied using th&Mg(’Li, ®He)?*Al and 28Si("Li, ®He)?’P reac-
tions, respectively. Several energy levels are observed in each nucleus. The mass eddssasf measured
to be 6.7788) MeV and the mass excess 9P was measured to be0.670(41) MeV. The first excited state
of 2%Al has been resolved from the ground state for the first time at an excitation energy of
E,=0.550(20) MeV. The first excited state &P has been measured for the first time at an excitation energy
of E,=1.199(19) MeV. The astrophysical implications of these results for the reaction rates of
22Mg(p, y) %Al and 25Si(p, y)?’P for the nucleosynthesis 6fNa and?®Al in Ne novae will be discussed.
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I. MOTIVATION environments. NovaEl] have been identified by light curve
and luminosity observations as possible sites for such events.
The ability to detecty rays from astrophysical sources Novae are initiated by accretion processes in close binary
with space-based telescopes has increased interest in undsystems. Material from a massive main sequence or red giant
standing nucleosynthesis in novae, especially the synthesigar overflows from the Roche-Lobe and accretes on the sur-
of the y-ray emitters themselves. These obseryewys can  face of a highly electron degenerate white dwarf. Mixing
be used to constrain existing nova models. While the dynampetween the white dwarf material and the accreted envelope
ics of the astrophysical event dominate the uncertainties thatayses enrichment of the accreted material in C and O for the
go into the model calculations, the nuclear database also copase of a CO white dwarf, or in O, Ne, and possibly Mg for
tributes substantial uncertainty in the model predictions. Thgne case of an ONeMg white dwarf, respectively. After a
most important reactions to study must be identified, and it i jtjca| mass has been accreted a thermonuclear runaway is
imperative to study the nuclei involved in those reaCt'onstriggered by the energy release from thp chains and the
i ; 22 26
The production of two Qf these-ray emitters““Na and“°Al, hot CNO cycles at typical densities between? 18nd
may depend substantially on the structures and masses ?83 lem?. Peak temperatures of up to 0.4 GK can be
231 and 2P, respectively, yet the structures of these two -~ /o P =S ot up ;
reached before degeneracy is lifted. A typical temperature

nuclei are mostly unknown. Little is known about the reso- d densit < sh in Fia 2] Th I
nances just above the proton threshold, and the masses of tfigd density curve I1s shown in ig[2]. The energy release

two nuclei are only known with~30 keV accuracy. The from the thermonuclear runaway and subsequently from the
' ini 17)
goal of this experiment was to identify excited stategdl ~ decay of the freshly produced radioisotop€®, *F, and

and 2P just above the proton threshold and to measure thei%g': dominate the luminosity curve. The associated photon

masses with the high-resolution S800 spectrograph at MSPressure and the gas pressure cause rapid expansion and
eventually ejection of the accreted envelope. Observations of

Il. BACKGROUND strong Ne lines in some no\&] (Ne nova have been clas-
sified as thermonuclear runaways on ONeMg white dwarfs
Explosive hydrogen burning is triggered by thermo-with initial Ne enrichment. While the energy generation is
nuclear runaways in electron degenerate hot and dense stelktill predominantly driven by the hot CNO cycles, substantial
nucleosynthesis in the Ne to S range can take place via the
NeNa and the MgAl cyclep4]. This fact has been confirmed
*Present address: Argonne National Laboratory, Argonne, ILby the recent observation of high Si, P, and S abundances in

60439. Ne novaeg[1,5]. Detailed model calculations have been per-
"Present address: Brookhaven National Laboratory, Upton, NYformed for nucleosynthesis in Ne novg26,7] which indi-
11973-5000. cated considerable discrepancies in the abundance predic-
*Present address: Max-Planck-Institttr fdernphysik, Heidel- tions for the ejecta. These discrepancies are partly due to
berg, Germany. differences in the adopted abundance distribution of the
Spresent address: Centre d'Etudes Naitks de Bordeaux- white dwarf material but also due to differences in hydrody-
Gradignan, F-33175 Gradignan Cedex, France. namical and nuclear physics-related model parameters. Two-
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and three-dimensional studies clearly indicate that the hydrorT,~0.4 G K) may be hot enough to establish an equilib-
dynamical and convective processes prior to and during thfum between the isomeric state and the ground staf8Aif
thermonuclear runaway are still far from being understoodrhus, 26Sj destruction by proton capture is important for
[1,8,9 and the respective treatment may cause substantighderstanding this component 8fAl(g.s.) production, as
differences in the model predictions. The predictions how+he isomeric level off8Al would not be fed by the®’si g
ever also show considerable discrepancies with the observegbcay. This component is expected to be small for lower-
abundance distributions in the ejecta. These discrepancigmperature burning scenarios, but may be significant at
may be partly due to the difficulties associated with the SPeChigher temperatures where equilibrium betwe@HAl and

tral analysis which depends on a correct model treatment OzﬁAI(g.s.) is reached more quickly.

the expanding novae atmosphere and its condensation and No experimental information are available about the two
opacity[10]. This situation, however, should little affect the yeaction rates. Present estimates are based on shell model
observation of long-lived radioactive isotopes such’@a predictions13] which include both direct capture as well as
and *°Al which are predicted to be abundantly produced inresonant contributions. Inconsistencies exist in particular for
novae nucleosynthesfig]. Observations with satellitg tele-  the level structure of’P. While mirror-nucleus analysis pre-
scopes such as COMPTEL of the characterisffNa dicts a 0.98 MeV state near the threshf2d], detailed shell
(E,=1.275 MeV) and *Al (E,=1.86 MeV) activites model calculations indicate a shift towards higher energies
only yielded upper limits, which in the case 6fNa was predicting this state as the dominant resonance for the proton
substantially below the predicted abundafitg]. While this  capture rate ir?®Si(p, y)2’P. These calculations and lack of
discrepancy again may be explained by the insufficiency obxperimental evidence lead to more than three orders of
the theoretical models, there are still considerable uncertainmagnitude uncertainty in the reaction r&ie]. Clearly, ex-

ties with respect to the nuclear physics aspects of the nuclegrerimental verification of the predicted excitation energy is
synthesis in the Ne-S rang&2-14. necessary to remove this uncertainty.

In novae,?’Na is produced during the thermonuclear run-  The reaction rates for proton capture processes?iy
away and the high-temperature phase via the reaction sgnd #sj are dominated by direct capture transitions to the
quence’ Ne(p,y)“"Na(p,7)“Mg(B " »)“"Na but 1S depleted  ground states and by resonant capture into isolated proton
by the “Na(p,y) proces{15,16. The predicted? Na equi-  ynpound states of the compound nuclei. The direct capture
librium abundgznce, hova%ver, might be substantially reducedomponent of the reaction rate is determined by the nonreso-
by a strong “Mg(p,y)“"Al reaction with a subsequent nant cross sectiom(E) of the transition. For charged par-

zzAl(p'V) process, effectively by-passing the production ofticle interactions the cross section can be replaced by the
Na. This process depends directly on the reaction rates Qfstrophysicas factor [21]

both capture processe€Mg(p,y)?°Al and Z3Al( p,y)?Si

which are determined by direct capture and low-energy reso-

nance contributions. Whether tf8Vig beta decays td*Na S(E)=E exp(27 ) o(E) 1)
or undergoes the two-step proton capturé4®i is uncertain

for a wide range of burning conditions due to the large un-

certainties in the mass*(25 keV) and first excited state .. 7 denoting the Sommerfeld parameter. T&eactor

23 H
energy (=60 keV) of ““Al. A direct measurement of the jgnends only weakly on the bombarding energy and the non-
reaction cross sections would require intense radioactiVgsgonant reaction rate is given by

22Mg and 2°Al beams. Since such beams are not available
yet, the present rates are based on an indirect study of the
level structure of the respective compound nucf@l [17]
and 24Si [14]. The only previous measurement of the level
structure of Al was performed via the“Mg(’Li, ®He) re-
action but carries considerable uncertainties. Due to limited
experimental resolution, the excitation energy of the first ex-
cited state is not well known. This translates directly into
more than an order of magnitude uncertainty in the reaction  soes7
rate. Improved energy resolution would reduce the uncer-  6oe03
tainty considerably and would put the present reaction rate
on much firmer experimental ground.

Satellite based telescope observation indicate an intense
26| distribution throughout the galactic plaf&8]. The ori-
gin of %Al is still under debate but one potential source is
nova induced nucleosynthe$is]. The production oAl in . ,
novae is dominated by the reaction sequence o000 1282000 e 1o 220 1262600
2Mg(p, v)?°Al( BT v)**Mg(p, y)?°Al. This production se- o
quence can be by-passed BAI( p,y)?°Si(p,y)?’P. It has FIG. 1. Temperature and density conditions as predicted by
been suggested[19] that higher temperature novae nova models.
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A, is the proton mass andly is the target massly is the Target Location
temperature in unit§G K]. The effectiveS factor Sy is in Quadrupole 2 moters
(5]

units[MeV b] is approximated by22] Doublet

FIG. 2. The S800 spectrograph.
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3) tainty in the excitation energy of the state to 20 keV or less.

Another source of uncertainty is the proton separation energy
Resonant capture rates for isolated, narrow resonances ##6 “°Al [14]. Hence, a better mass measurement will improve
given by the knowledge of this rate.

In the case of?’P, there has been only one experimental
report of excited states by Benensehal. [24]. They ob-
served one state at an excitation energy of @ga&vhich lies
(4) too high above the proton threshold to be of any conse-

quence in explosive hydrogen burning in nova. Evidence of a
state at~1.2 MeV was present in the data of Benenson
et al,, but was not conclusive and therefore was not reported.
5) Another mass measurement 9P is also desirable since the
first mass measurement is marginally consistent with the iso-
baric mass multiplet equatioiMME ) prediction based on

whereJ is the spin of the compound nucleus ahglis the  the other three members of tie=3/2 isospin quartef23].
spin of the target. Because of the exponential dependence on

the resonance enerdy; (in units[MeV]), level energy un-
certainties of 100 keV can produce orders of magnitude of
uncertainty in the reaction rates. The proton width is nor- The S800 magnetic spectrograph at MSU, shown in Fig.
mally determined byl",=C?SI'g,, whereC?Sis the single 2, has been described elsewh&26,26. The spectrograph
particle spectroscopic factor ard, is the single particle was designed to have an energy resolving power of
width. Thel's, is determined by calculating phase shifts of E/AE=10000, an angular resolution sf2 mrad, and a 20
the protons scattering off a Woods-Saxon potential whosensr solid angle. It consists of a beam analysis line and the
depth is determined by matching the resonance endrBs  spectrograph itself. The beam analysis line is very similar to
The gamma decay widthE, are determined from the re- the A1200 fragment separator at M$R7], but with larger
duced electromagnetic transition probabilities and have aacceptance and better resolution. The spectrograph consists
energy dependence specific to the type of transition. Thef a large, superconducting quadrupole doublet followed by
total width Iy, is the sum of the partial widths. two 70-ton superconducting dipole magnets. The detectors in
A direct measurement of the relevant capture rate is théhe focal plane consist of two position tracking detectors
prefered method for determining the proton capture reactiogeparated by approximately 1 m, an ionization chamber for
rates. However, the cross sections become prohibitivelgnergy loss measurements, and three thick plastic scintilla-
small at stellar energies due to the repulsive Coulomb forcetprs for total energy measuremd@s] (see Fig. 2
so other experimental methods must be employed to gain The spectrograph was operated in dispersion-matched
information about the levels. Radioactive beams of sufficieninode to cancel the 0.0B% intrinsic beam energy spread.
intensities are not yet available, so indirect spectroscopi®ay-tracing techniques were used to reconstruct the energy
measurements such as transfer reactions have been usedbfahe ejectile from the target. The measured magnetic field
determine energy levels in proton rich nuclei. TAei(®He),  data were used as input to an ion optics computer core
(®HeBLi), and (*HeHe) reactions are examples of reac-[29]. cosy calculates a transfer map from the target to the
tions that have been successfully used in the past for speéacal plane under the assumption that the beam spot is small,
troscopic measurements of proton rich nu¢let, 17,23,24 and the dispersion matching is perfect. The transfer map is
The ?°Mg(p,y)?*Al reaction proceeds predominantly then inverted, and with measurement of horizontal and ver-
through resonant capture to the first excited state at novéical positions and angles in the focal plane, it is possible to
temperatures. This state has only been observed once addduce the energies, angles, and vertical positions of the
was unresolved from the ground staf&’]. The goal of this emerging nuclei from the reaction in the target using the
experiment was to take advantage of the high resolution angrocedure described by Beet al. [30].
large acceptance of the S800 spectrograph to resolve the first The spectrograph was set for an angular coverage of
excited state from the ground state and reduce the unce®—12° in the lab. A 50.(B) MeV/nucleon 'Li beam bom-

Seff=50( 1-

—11.605,)

(0V)es=2.557< 107 A 32T 32,y exp( +
9

The resonance strengttry (in units[eV]) is given by

- 2J+1 r,r,
YT 23,4 1)(231+1) Ty’

Ill. EXPERIMENT
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FIG. 3. Kinematic energy spectra of the four reactions, populat- a: 0.0
ing states in the listed nuclei. b: 1.199(19)

c: 1.615(21)
barded four targets: 0.34(3) mg/ém®B with a thin carbon d: 3.453(22)
backing, 0.94(9) mg/ch °Be, 1.4(1) mg/crh "3Si (we :

thank Virginia Semiconductor for providing the silicon wa-
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fer), and 0.63(6) mg/ch *Mg (99.9% enriched The Channel

2"Mg("Li, 8He)?°Al and 28Si(’Li,He)?’P reactions were

used to populate states fiAl and 2’P. The%B(’Li, ®He)°C FIG. 4. Energy spectra of the four reactions. The states impor-
and °Be(’Li, ®He)®B reactions were used for energy calibra- tant in therp process are listed in boldface type. The first excited
tion. state in23Al is resolved from the ground state for the first time at

The 8He nuclei were unambiguously identified by energy0.55020) MeV. The first excited state of’P is measured for the
loss measurements in an ion chamber and the tracking detefirst time at 1.19619) MeV.
tors, total energy measurements using a thick plastic scintil-

lator, and time-of-flight measurements using the fast plastigs a function of reconstructed energy for all four reactions
scintillator signal with respect to thé structure of the cy- ysed in this experiment. The energy is given in units of per-
clotron. The two position tracking detect+o_rs were used tQent deviation from the central ray; the lines in the spectra
measure the positions and angles of th? ions reaching  haye the expected kinematic shape. After reconstructing the
the focal plane. The total energy and scattering angle of the ,itering angle, the kinematics of the reactions were used to
emerging“He were reconstructed using the aforementionedyi the energy of each event to what it would be at zero
ray-tracing techniques. degrees. This procedure places all events corresponding to

Because of the extremely s_maII cross Sectlon_sthe same reactio@ value in the same peak and allows full
(=1-5 nbl/sr), scattered beam and its products posed a SO lization of the S800's 20 msr acceptance

nificant experimental challenge. The detectors could physi-
cally withstand the=100 kHz rate, but the data acquisition

system could not. Programmable hardware gates were place
on the discriminated energy signals from the two photomul-
tiplier tubes on the plastic scintillator which prevented the

d TABLE I. Experimental observations of states 4Al.

Previously measured

data acquisition system from generating a trigger unless thi¥E [MeV]  E, [MeV] ME [MeV] Avg. [MeV]
particles’ energy signals fell within this gate. This trigger 6.77328) 0.00 6.76725) [23] 6.77419)
rejection scheme limited the event rate 81000 Hz 7.32430) 0.55020) 7.236) [17] E, —0.528(19)
for beam currents up to 50 pnA, making the experiment8.54344) 1.77335) X

possible.

9.34842)  2.57534)

IV. RESULTS 9.9533) 3.20421)
10.4736) 3.69924)
Figure 3 shows the reconstructed scattering angle plotted
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TABLE Il. Experimental observations of states 3fP. TABLE lIl. The spectroscopic factors of the final states?fal
and ?’P and the resulting factor for the direct capture to these
Previously measured states.
ME [MeV] E, [MeV] ME [MeV] Avg. [MeV]
Ex

06704) 000 07589 (24 OTI82)  Reacion  [Mev] 7 I nly  C'S S [Mevbl
0.52942) 1.19919
0.94544)  1.61521) 0.91(4) [24] E,=1.631(19) “Mg(p,»)* Al 0.0 52" p 1dg, 0.34[17] 6.63<10*
2.78346)  3.45322) f 1ds, 0.34[17] 6.90x10°°

23i(p, y)?'P 0.0 1/2° p 2s;, 0.46[13] 3.63x10 2

Figure 4 shows all the energy spectra created in this man-

ner which were accumulated throughout the experimentrhese weighted averages agree with the IMME predictions

The peak shapes expected from simulations using thgageq on the other three members of The3/2 quartets;
reaction kinematics and primary beam angular dlvergencq?nese nuclei are th&,= —3/2 members of their respective
(=5 mrad) were well approximated by Lorentzians that.?ospin quartets z

mgr?iéorr:]saigﬁggﬂ%gsggsfr\%éhzg;ksserf\é?daﬁeraezsdlﬂi rvevzlljl| The measurement of the first excited stat€®f at 1.199
MeV provides the T,=—3/2 point for the T=3/2,

The ground state of °C =—33.5534 MeV [31 e . .
and ?heu ground and ﬁ(gg excited  states [ngé) J™=3/2" isospin quartet. Since thé’Si member has not
(Qo=—28.2636 MeV[31]) were used to establish the en- been identified, this measurement can provide a fairly accu-

ergy calibration. The energy resolution was limited by therate prediction for its location. Using the IMME coefficients
primary beam angular divergence for tfBe(’Li, 8He)®B obtained by fitting the three existing measurements of mass

and 19B(7Li, 8He)°C reactions, and by the target thicknessexcesses§32] with a quadratic function and evaluating the
for the 24Mé(7Li 8He)23Al and 285j(7Li, BHe)?’P reactions. function at T,=—1/2, a prediction of E,=7741.§74)

27c;
The best energy resolution achieved was 1 part in 1700 fof€Y for “/Si can be mza;de. A level has been observel,at
the 2*Mg("Li, 8He)®Al reaction. =7740.8(9) MeV in?'Si but is assigned 972 or 11/2*

Tables | and Il list the mass exces$MEs) of each state [32]. Five other levels exist within 100 keV of this prediction
the excited state locations with respect to the observe@Ut none have spin-parity assignments. A search for this
ground state, previous measuremeftien existing and Ieve_l, perhaps with a light ion transfer reaction, would be
weighted averages of the past and present measurements flgsirable.
peaks in the’*Al and 2P energy spectra. The quoted uncer- o _
tainties include systematic and statistical contributions. The B. Implications for the stellar reaction rates
un_certainties on the mass excesses are dqminated by the scatFigure 5 shows the updated capture reaction rates along
tering angle uncertainty of 0.05°; the excited state uncer- wijth previously known information. The reaction rates for

tainties are purely statistical. 22Mg(p, ) %Al and 2%Si(p, y)?’P are determined by a strong
direct capture componefsee Eq.(2)] and by resonant cap-
V. DISCUSSION ture into the first excited state of the respective compound

nucleus[see Eq.4)]. The direct capture cross section itself
has been calculated from the overlap of the free particle scat-
The ground state mass measurements made here are of tieeing wave function in the entrance channel, the bound state
same quality as existing mass measurements for the two nwave function in the exit channel and the domingit elec-
clei. The mass uncertainties Al and 2P are thereby re- tromagnetic transition operator in its long range approxima-
duced due to these measurements. When combined with thien [33]. The wave functions were derived in the framework
preceding measurements, the mass excesses are(}®@770 of a Woods-Saxon potential modgd4]. The spectroscopic
MeV and —715(27) keV for 2Al and 2P, respectively. factor of the final state have been adopted from previous

A. Mass measurements and the IMME

F[26q; 27| | . 22. 23 R 4 . .
: DC ] FIG. 5. Revised reaction rates for the two

o listed proton capture reactions using data ob-
tained in this experiment. “DC” is the direct
capture contribution to the rate. The pairs of lines
] are the upper and lower limits of the rates due to
7] the 1o uncertainties in the resonance locations.
] The gray solid lines in the left panel represent the
7 resonant rate into the first excited state?4? as

] predicted by Herndkt al. The experimental re-

7 sult for the first excited state &fP is consistent
with this shell model prediction, but has a much
smaller uncertainty.
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TABLE IV. The resonance parameters of proton unbound staté3Aihand 27P.

Reaction E, [MeV] E, [MeV] J7 r,[ev] Cc?s Iy [ev] wy [eV]
2Mg(p,y) %Al 0.528 0.40%27) 1/2* 5.49<107 0.66[17] 74.0 5.5¢10° 7
23i(p,y)?’P 1.199 0.34(B3 3/2" 3.43x10°% 0.41[13] 35x10° 3.5x10°

1.631 0.77233) 5/2% 3.30x10°%  0.13[13] 7.5 9.9x1074

shell model calculation§13,17. The spectroscopic param- The resonance strengthsy have been calculated from the
eters for the calculation are listed in Table IIl. proton andy widths of the experimentally observed first ex-
For 22Mg(p, ¥) %Al the direct capture is dominated by the cited states using Eq5). For 22Mg(p, y)2*Al the resonance
p—d transition to the ground state #¥Al. In Ref. [17] by  strength is roughly a factor of 2 higher than befft@] due
mistake a dominarft—d transition has been quoted which is to the higher excitation energy of the resonance state. For
only a ~10% component of the total cross section. This26Sj(p y)2’P the Q value is Q=0.859 MeV, which is a
correction results in a significantly stronger direct captureweighted average of this mass measurement and that of Ben-
component than previously claimgd7]. The S factor S,  ensonet al. [24], and is the sam&-value used in Herndl
shown in Table Ill represents the averaged value of the calet al. [13]. The observed excitation energy for the first ex-
culatedS(E) over the characteristic energy range of novaecited state is higher by=20 keV than the shell model pre-
burning, i.e., 0.1 to 0.3 MeV. Fof®Si(p,y)?’P the direct diction, which increases the resonance strength slightly be-
capture is dominated by the—d transition to the ground yond the previous predictions[13]. The resonance
state in ?’P. The transition has been discussed in detaiparameters for both reactions are listed in Table IV. The
before; the previously predictef-factor values have been uncertainties in the resonance energies are quadrature sums
adopted and are shown in Table [0I3]. of the target mass, the final mass, and the excitation energy.
The resonant component of the reaction rates for The direct capture and the resonant reactions rate contri-
22Mg(p, y) Al and 2°Si(p, y)?’P have been calculated using butions for 2Mg(p,y)2%Al and 2%Si(p,y)2’P are listed in
Eq. (4). The resonance energi&s have been derived from Tables V and VI, respectively. For comparison also shown
the newly measured excitation energies and the here derivette the previously predicted rates based on the known shell
Q values of the reactions,=E,—Q. The Q value for  model structure of the compound nuc]&i7,13 and on sta-
22Mg(p,y)%3Al has changed slightly based on the presenttistical Hauser-Feshbach predictions which has been calcu-
data toQ=0.123 MeV. The new experimental results how- lated using the codeoN-SMOKER[35]. While in the case of
ever also indicate a significant shift in resonance energy fof“Mg(p, v)?°Al the previous direct capture and resonant
22Mg(p,y)%3Al. This reduces the resonant contribution to components differ considerably from the present results, the
the reaction rate significantly within the temperature range obverall rate remains essentially unchanged since the increase
nova burning. For®Si(p, y)%’P the experimental results con- of direct capture cross section is compensated by the de-
firmed the shell model prediction of a resonance state aboverease of resonance contribution to the rate. The comparison
the proton threshold. This observation therefore removed theith the NON-SMOKER prediction shows that the Hauser Fes-
biggest uncertainty for the determination of the reaction ratehbach rate is substantially larger than the present rate due to

TABLE V. The reaction rate of2Mg(p,y)23Al in units [cm®/mole/d as a function of temperature. Listed
are the direct capture and the resonance contribution. Also listed are the total rate and the previous estimate
based on the level structure of the compound nucleus and statistical model predictions based on the code

NON-SMOKER

T[GK] NA(‘TU)dc NA< UU>res NA< o'v>tot NA< U'U>prev [17] NA< U'U>HF [35]
0.10 1.70x10° 18 1.32x10 % 1.70x 1013 1.70x10 13 1.18<10°8
0.15 5.13%10 ! 9.20x10°1° 5.13x 10! 5.35<10 ! 2.18<10°8
0.20 1.8%10°° 2.14x10 1 1.89x10°° 2.92x10°° 3.95x10°°
0.30 1.66<10°7 4.16x10°8 2.08x10°7 5.99x 1077 1.13x10°3
0.40 2.8x10°6 1.61x10°© 4.42x10°° 1.06<10°° 8.34x10°°
0.50 2.0%x10°° 1.34<10°° 3.43x10°° 6.15x 105 3.29x10°2
0.60 9.6X10°° 5.25x107° 1.49x10°4 2.12x10°4 9.09x10 2
0.70 3.24<10°4 1.34x107* 4.58x 104 5.62x 1074 2.00x10°!
0.80 8.7x 104 2.64x1074 1.14x 1073 1.27x10°3 3.75x10° !
0.90 2.04<10°2 4.37x1074 2.48x10°° 2.62x10°° 6.29x10°*
1.00 4.21x10°° 6.44x 104 4.86x10°° 4.98<10°° 9.70x 107!
1.50 5.2%10°? 1.80x10° 3 5.41x10 2 5.38x10 2 4.02x1¢°
2.00 25X%10°* 2.65x10 % 2.54x10°* 2.54x10°* 9.04x 10°
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TABLE VI. The reaction rate of®Si(p,y)?’P in units[cm®mole/d as a function of temperature. Listed
are the direct capture and the resonance contribution. Also listed are the total rate and the previous estimate
based on the level structure of the compound nucleus and statistical model predictions based on the code

NON-SMOKER

T[GK] NA< 0'U>dc NA<0'U>res NA< UU>>tot NA< U'U>prev [13] NA< 0'U>HF [35]
0.10 3.8% 1014 2.28x10 13 2.67x10 13 6.19x 10 13 2.50x10°°
0.15 2.3%10 1 6.38x10° 8 6.38x10° 8 7.50x 108 1.99x10°©
0.20 1.3%10°° 2.98x10°° 2.98x10°° 2.37x10°° 7.50x10°°
0.30 2.0x 1077 1.16x 1072 1.16x 1072 6.30x 1072 4.28<10°°
0.40 4741078 2.02x10°t 2.02x10°1 9.04x 1072 4.29x10°?
0.50 4.4310°° 1.04x10° 1.04x 1° 4.14x 1071 1.97x10°1
0.60 2441074 2.95x 10° 2.95x 10° 1.09x 10° 5.92x10° !
0.70 9.4x 1074 5.99x 10° 5.99x 10° 2.09x 10° 1.36x10°
0.80 2.8 1073 9.92x 10° 9.92x 1¢° 3.32x 1 2.62x<10°
0.90 7.3%10°3 1.44x 10" 1.44x 10" 4.67x10° 4.45x10°
1.00 1.64<10°2 1.90x 10* 1.90x 10t 6.04x 10° 6.88x 10°
1.50 2.80x10°* 3.88x 10 3.90x 10 1.17x 10" 2.76xX 10
2.00 1.6510° 4.89x 10 5.06x 10 1.57x 10" 5.88x 10

the low level density at low excitation energies of the com-model for Ne nova¢2]. The temperature curve for the inner
pound nucleus®Al. Resonant contributions of the higher mass zone is displayed in Fig. 1. Figure 6 shows the associ-
excited states at 1.773 and 2.575 MeV may contribute to thated reaction flow in the Ne-Si mass range integrated over
reaction rates at temperaturés=2 GK and are therefore the entire time period of the thermonuclear runaway. The
negligible for nova conditions(For higher temperatures reaction flow is characterized by the hot NeNa and the MgAl
these resonances account for at most 10% of the tota) ratecycles processing the long-livedemitters??Na and2°Al. It

For temperatures above 2 GK the Hauser Feshbach ratan clearly be seen that the main reaction flow processes
should be adopted. For the case®8i(p,y)?’P the present ?Mg by B decay toward$?Na. Because of its lovQ value

rate is in reasonably good agreement with the previous shethe 2Mg(p, v)?3Al reaction is in equilibrium with its inverse
model based estimates. The deviation is due to the slighieaction Z%Al( v,p)??Mg. Figure 7 shows the corresponding
difference between the shell model based prediction for the

excitation energy{13] and the actual experimental result. 10
The Hauser Feshbach prediction agrees within a factor of 6 )
with the rate presented here. That is mainly due to the strong 10 20 2
direct capture component because of the relatively low level 4| Ne Ne
density in the compound nucledéP. 10 % g
To investigate the consequences of the new reaction rates 10° Na 2Na
for the nucleosynthesis of the long-livademitters??Na and
26l reaction network calculations have been performed in 10°®
post-processing mode within the framework of a simplified S5 0 22Mg 2
= 10 23
3 \ A 9
= 0
arggy | ][] [ o 10
t=2260-2300s ©07) 2122 a2
S (16) | [ T» P e 10
P (15) . 1 7 1718'19'20 4| 24
Si (14) " Mg
Al (13) L3 1516
Mg (12) | 7
Na (11) 13'14
Ne (10) . ,
£ T iy
O (®) e -= Flux1-10% i 26 ..
N (7) ! 910 < Fux0.1-1% -12 P Si
ce ]| 8 B galactic y-Emiter 1012182 1.2820 1.2822 1.2824 1.2826 1.2828
3'4'5'6'7

time [10° ]
FIG. 6. Reaction flow integrated over the time period of the

thermonuclear runaway as simulated in the framework of a one- FIG. 7. Nuclear abundances before, during, and after a nova
zone nova model. outburst. See text for details.
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abundance development fé6tMg, ?’Na, as well as for®Si, nature of the mixing processes will be extremely important
26A1. Also shown for comparison are the abundances for thdor a reliable prediction of*Na and 2°Al production in
stable feeding nuclefNe and ?*Mg. Figure 7 shows that nhovae.

there is only a minute change of the abundance’®fe

through the burst, due to the very small reaction rate for VI. CONCLUSIONS

20Ne(p,y)?Na [36]. The resulting abundance foNa is . .
’ ; . : Using the S800 spectrograph at MSU, the nuéfail and
therefore relatively small. The burst Mg production dur 27p were studied using thel(i, °He) reaction. Ground state

ing the thermonuclear runaway compensates for the parallel . > . . .
loss of 22Na through proton capture but only limited produc- MaSSes and first excited states in these nuclei, which are
tion of 23Al/?Sj is observed. Comparison between the';%levam to the production of cosmieray emitters**Na and
present and the previous rates only showed insignificant dif- Alé32?ve k()jeezr;Pmeasured. The g(;m:nd bstatg rr;gss eécesses
ferences. This is due to the fact that the peak temperature 61{0 67 Ajn \;\_/er? r?_ﬁasure o be tX ) an .
the nova burst is appreciably below the temperature where ~: (I ), respectively. These measurements are consis-
such changes have been anticipgted]. In the case of'Mg "t with past measurements and the IMME predictions
a rapid depletion is observed during the thermonuclear run2ased on isobaric analog states. The first excﬁed s_taﬁ*"é\ln
away due to the strongMg(p, y)ZAl rate [37]. This con- was resolved from f[he ground state for the fII’St. t!deQt
verts rapidly into 2°Al through 25Al( B* »)Mg(p, 7)2Al =550(20) keV. This measurement has a negligible effect
The branch througRPAI( p, y) 2°Si does not contrit;ute to ihe on the reaction rates, but reduces the uncertainty in reaction
ground state formation of°Al since it either bypasse&Al ratei Sndt *t‘e”.gg;he production (?glnlnfggigTh& f|\r/st
altogether through thé®Si(p,y)2’P reaction or feeds the EXCI€U State | was measured #,=1.199(19) MeV.
isomeric O state in 2°Al which decays predominantly by This measurement greatly reduces the uncertainty of the
B decay to 28Mg [38,19. The feeding of the ground properties of this state which was only known by a shell
state 03; 26| |gn no,vaé therefore %epen ds gentirely model calculation and never before reported experimentally.

on the ZAI(8* 1)-25Al(p,y) branching ratio. TheZ6Al While these measurements do not significantly change the

abundance produced in novae also depends on the initié?acuon rates, they greatly reduce the uncertainties in the

abundance of*Mg which originates from O.Ne white dwarf reaction rates which is very important in determining where

. . . . . the largest remaining uncertainties lie and which reactions
material mixed into the burning zone by convective or shear

processe$39]. Recent predictionf40] of stellar abundance should be investigated in the future.
distributions for stars after their carbon burning phase pre-
dicted a significantly smalle?*Mg abundance than previ-
ously assume@41], which has been shown to have signifi-  This work was supported by the U.S. National Science
cant consequences for tH€Al production during the Nova Foundation under Grant No. PHY9528844 and by the U.S.
thermonuclear runawa}6]. More detailed studies with re- Department of Energy, Nuclear Physics Division, under
gard to the white dwarf material and also with regard to theContract No. W-31-109-ENG-38.
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