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Existing experimental proton stripping reaction data on25Mg leading to threshold states in26Al are rein-
vestigated and reanalyzed in a consistent and improved manner. We use unbound state form factors in
DWBA analysis of the measured deuteron angular distributions to deduce absolute rather than relative pro
partial widths. For higher-lying resonances these values are compared to widths obtained from (p,g) work. It
is also shown that several of the uniqueJp values assigned previously to26Al states are erroneous. This paper
reports on a reanalysis of spins, parities, and isospins for26Al states located atEx,8.00 MeV. We deduce new
stellar rates for the reaction25Mg(p,g) 26Al and compare our results with previous values. Furthermore,
shell-model calculations for the massA526 system are performed. Theoretical excitation energies,Jp values,
g-ray transition strengths, spectroscopic factors, and proton partial widths are compared to experimental d
and new shell-model assignments of experimental states in26Al are derived. We estimate Coulomb displace-
ment energies of excited26Mg and 26Si mirror states and present new analog assignments forT51 triplet
states inA526 nuclei. Based on shell-model results and analog state information we present updated stel
rates for the25Al( p,g) 26Si reaction.

PACS number~s!: 25.40.Lw, 26.60.1f, 27.30.1t, 97.10.Cv
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I. INTRODUCTION

Extraterrestial g-ray emission from the isotope26Al
(Eg51.8 MeV! has been observed by spectrometers
board the HEAO 3 spacecraft@1#, the SMM satellite@2#,
several balloon-borne experiments@3,4#, and more recently
by the Compton Gamma-Ray Observatory~CGRO! @5#. In
fact, 26Al was the first radioactive isotope ever seen in extr
solarg-ray astronomy. The discovery of26Al in the interstel-
lar medium is of paramount importance. It clearly demo
strates that nucleosynthetic processes are currently ac
since the26Al half-life ( T1/257.23105 yr! is short compared
to the time scale of galactic chemical evolution ('1010 yr!.
From the observedg-ray intensity it is estimated@6# that the
production rate of26Al in the Galaxy is about 3M( per
106 yr. Furthermore, the discovery that26Al has decayedin
situ in various meteoritic inclusions has lead to the observ
tion of a 26Mg excess consistent with an average abundan
ratio @7# of 26Al/ 27Al5531025 at the time of solidification
in the Solar System about 4.63109 yr ago. Both discoveries
might provide answers to questions regarding the astroph
cal sources of26Al in the Galaxy and on the circumstance
and conditions of the Solar System birth. A variety of stell
sites able to produce26Al have been suggested~for reviews
see@6,8#!. The most promising candidates appear to be Wo
Rayet stars, supernovas of type II, nova outbursts, a
asymptotic giant branch~AGB! stars. Very recently,
the COMPTEL telescope on board CGRO has detected@9#
1.8 MeVg rays from the Vela region. This observation migh
present for the first time a possibility of measuring direct
the amount of26Al from an isolated object and could se
verely constrain nucleosynthesis models.

In the above-mentioned astrophysical sites the isoto
53813/96/53~1!/475~22!/$06.00
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26Al is mainly produced@8# via proton capture on25Mg in
~hydrostatic or explosive! hydrogen burning or carbon-neon
burning at stellar temperatures in excess of aboutT50.035
GK. The ground state of26Al b decays to the first excited
state in 26Mg, giving rise to a 1.8 MeVg ray from the
electromagnetic deexcitation. The isomeric level (T1/256.3
s! at Ex5228 keV b decays predominantly to the26Mg
ground state and, therefore, is of no relevance to the as
physical observations mentioned earlier. For temperatu
T,0.4 GK it has been shown in Ref.@10# that no thermal
equilibrium is achieved in the stellar environment betwee
the 26Al ground state and the isomeric state. Consequen
both states have to be treated as separate species in nu
synthesis calculations performed for this temperature ran
and theg-ray branching ratiof 0 for forming the

26Al ground
state via25Mg1p has to be known.

The reaction25Mg(p,g) 26Al (Qpg56307 keV! was mea-
sured by several authors in the proton bombarding ene
rangeEp>198 keV~for the most recent results see@11#! and
the resulting stellar reaction rates are established for te
peraturesT.0.2 GK. For lower stellar temperatures, how
ever, energetically lower-lying resonances corresponding
states near the proton threshold in the compound nucle
26Al become the major contributors to the reaction rat
Measurements of the25Mg(p,g) 26Al reaction at bombarding
energiesEp,198 keV are extremely difficult to perform us-
ing currently available experimental techniques because
Coulomb barrier penetrability considerations. Therefor
resonance strengths for the threshold states in26Al were cal-
culated@12,13# using proton partial widths derived from the
single-particle transfer reaction25Mg(3He,d! 26Al. The most
recent25Mg1p reaction rates calculated using experiment
information from the (p,g) and (3He,d! reactions are pre-
sented in@11–13#.
475 © 1996 The American Physical Society
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476 53ILIADIS, BUCHMANN, ENDT, HERNDL, AND WIESCHER
In high-temperature astrophysical environments, such
nova outbursts, the isotope26Al is produced via the reaction
sequence

24Mg~p,g!25Al ~b1n!25Mg~p,g!26Al0,

where 26Al 0 denotes the ground state. However, if th
25Al( p,g) 26Si reaction can compete with theb decay of
25Al ( T1/257.2 s!, the production of26Al 0 is bypassed, since
the subsequentb decay of26Si populates predominantly the
isomeric state rather than the26Al ground state. A direct
measurement of the25Al( p,g) 26Si reaction would require
the use of a radioactive25Al beam, but such an experimen
has not been attempted yet. The stellar rates for this reac
were previously calculated@14# using experimental informa-
tion from the mirror nucleus26Mg together with systematic
nuclear trends, and consequently carry large uncertaintie

It should be noted again that the25Mg(p,g) 26Al reaction
rates for temperaturesT,0.2 GK rest on the distorted wave
Born approximation~DWBA! analysis of proton stripping
data from Champagneet al. @12# and Rollefsonet al. @13#.
However, the reaction rates reported by these authors dev
by a factor of 3 atT50.1 GK ~see Sec. VI!. In view of the
importance of the25Mg1p reaction for the stellar produc-
tion of 26Al we have reanalyzed available data for th
25Mg(3He,d! reaction leading to26Al threshold states in a
consistent and improved manner. The procedure applied
our results are presented in Sec. II. Although26Al is pres-
ently the best-known nucleus in thesd shell @15–17#, it be-
came clear in the course of our reinvestigation that severa
the unique spin and parity assignments for26Al states re-
ported earlier@11,12,18# are either erroneous or unjustified
In Sec. III we present a reanalysis of spins, parities, a
isospins for 26Al states located atEx,8.00 MeV. Further-
more, we have performed shell-model calculations for t
massA526 system. These calculations are described in S
IV and the theoretical results are compared to experimen
energies,Jp values,g-ray transition strengths, and spectro
scopic factors in order to achieve an improved understand
of the 26Al level structure. The results of Coulomb displace
ment energy calculations are presented in Sec. V toget
with newly proposed analog assignments ofT51 states in
26Al, 26Mg, and 26Si. New reaction rates for25Mg1p are
presented in Sec. VI and are compared to previous results
Sec. VII we calculate updated stellar rates for the25Al
(p,g) 26Si reaction, which are based on the results presen
in Sec. V.

Throughout this work,Ep is the proton bombarding en-
ergy andER labels the resonance energy. All energies a
given in the laboratory system unless stated otherwise.

II. REINVESTIGATION
OF 25Mg„3He,d…26Al REACTION DATA

A. DWBA treatment of unbound final states

Deuteron angular distributions from the25Mg(3He,d! re-
action leading to26Al threshold states have been measur
by Bettset al. @19#, Champagneet al. @12#, and Rollefson
et al. @13# at bombarding energies of 18, 20, and 15 Me
respectively. For bound final states the distorted wave Bo
approximation~DWBA! analysis of the data is straightfor
as
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ward and well established~see, for example,@20#!. The cal-
culation of the DWBA cross section reduces to the determ
nation of the distorted waves and bound-state wa
functions. In order to achieve agreement between theory a
experimental data, the differential cross section is calculat
for shell-model wave functions with various values of th
transferred orbital angular momentuml until the shape of
the cross section is found to agree. The factor by whi
theory must be multiplied to achieve agreement in magnitu
provides the value of the spectroscopic factorS for the final
state. However, the states of interest here are located ab
the proton threshold in26Al and, consequently, are unbound
The radial form factors no longer decay exponentially a
with bound states, but oscillate with constant amplitudes f
large radial distances. The DWBA integrands converge ve
slowly, causing difficulties in the numerical integration. In
order to avoid this problem a technique of contour integr
tion in the complex radius plane has been suggested by V
cent and Fortune@21,22#. If the energy dependence of the
cross section can be approximated by a Breit-Wigner fo
mula and if the resonance in question is narrow and symm
ric, the single-particle stripping cross section for the thre
body breakupA1a→B1b→A1p1b ~only particle b
observed! is given by

ds

dVb
5

mApkAp~ER!

\2 Gp

dsF~ER!

dVb
, ~1!

wheremAp andkAp are the reduced mass and wave numb
for theA1p system, respectively. The fictitious cross sectio
dsF(ER)/dVb has the form of the cross section for strippin
to a bound state, but the form factor now describes the sc
tering resonance. From Eq.~1! it can be seen that the differ-
ential cross section is proportional to the partial widthGp of
B for p emission. The corresponding single-particle spectr
scopic factorS can be inferred fromGp through the relation

Gp

GSP
5C2S, ~2!

where C2 denotes the isospin Clebsch-Gordan coefficie
(C251/2 for both T50 and 1 states in25Mg1p!. The
single-particle partial widthGSP can simply be obtained@23#
by calculating phase shifts as a function of energy for th
elastic scattering of nucleons by the appropriate~form factor!
optical-model potential. It should be noted that the parti
width Gp , rather than the spectroscopic factorS, is actually
the quantity of astrophysical interest~see Sec. VI!.

In Refs. @12,13# the stripping data for the26Al threshold
states have been analyzed using bound-state form fact
e.g., by choosing an excitation energy just below the prot
threshold, since it is argued that the differential cross se
tions do not change noticeably for small changes in exci
tion energy. Furthermore, these authors calculate proton p
tial widths for the threshold states in question relative to
higher-lying resonance of known width, assuming that th
corresponding states have similar structure~i.e., same orbital
angular momentum transfers and comparable spectrosco
strengths!. It is claimed @24# that this procedure produces
model-independent proton widths; e.g., their results depe
only weakly on the choice of the nuclear radius, since on
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TABLE I. Optical-model parameters for the25Mg(3He,d!26Al reaction.a

Channel V r0 a0 W d rW aW VSO rSO aSO r c b e

~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~fm! ~fm!

25Mg13Heb 177.0 1.14 0.72 13.0 1.60 0.77 8.0 1.14 0.72 1.40 0.30
25Mg13Hec 161.3 1.087 0.798 17.4 1.776 0.751 1.087 0.30
26Al1d b 120.0 1.00 0.90 ~25–0.5Ex! 1.50 0.50
25Mg1p b f 1.26 0.60 g 1.26 0
25Mg1p c f 1.25 0.65 g 1.25 0

aIn the notation of Ref.@67#.
bValues from Ref.@19#.
cValues from Ref.@12#.
dDenotes the volume~surface! imaginary potential for the entrance~exit! channel.
eNonlocality parametersb were adopted from Refs.@66,68#; a finite range parameter of 1.54 fm was taken
from Ref. @66#.
fV was chosen to give the separation energy for each level.
gA spin-orbit coupling of 25 times the Thomas term was included.
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the ratios of Coulomb penetrabilities and spectroscopic f
tors enter in the calculation of the partial widths. For e
ample, it can be seen from Table II of Ref.@12# that the
proton width of the26Al state at 6364 keV (Jp;T531;1 and
Sl 5050.15) has been determined relative to the state
6680 keV (Jp;T521;0 andSl 5050.052). However, it is
not clear why these two states of different spins, isospi
and spectroscopic factors should possess similar struct
Furthermore, one has to rely on the fact that both theJp

value and the proton width of the reference resonance
well known. We also note that for certain threshold states
ac-
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corresponding resonance strengths resulting from the DW
analysis of Refs.@12,13# disagree~e.g., for theEx56399 keV
state the values deviate by almost a factor of 3!.

We have reanalyzed the stripping data of Refs.@12,13,19#
by applying the Vincent-Fortune method using unbound-sta
form factors~i.e., choosing the correct excitation energies o
the unbound states! and deduce absolute rather than relativ
values for the proton partial widthsGp . For the higher-lying
resonances proton partial widths from both the (p,g) work
and the (3He,d! data are available. A comparison of the re
spective values represents therefore a stringent test of h
ers

ed
TABLE II. Spectroscopic factorsS and proton partial widthsGp ~in eV! derived from25Mg(3He,d!26Al reaction data.a

Ex Jp l S b S c S d
Gp

b Gp
c Gp

d Gp
e Gp

f

6343 42 1,3 0.0077,0.0092g 0.011,0.015g <3.23310220 <4.13310220 <3.23310220

41 214 0.0085,0.018g 0.007110.015 <7.69310222 6.00310222 6.00310222

6364 31 012 0.1910.27 0.1010.27 0.1610.24 6.05310213 3.38310213 5.08310213 4.83310213

6399 22 113 0.01110.042 0.01210.010 0.02010.011 2.14310210 2.50310210 3.73310210 2.79310210

6414 01 2 0.030 2.52310210 2.52310210

6436 51 2,4 0.00076,0.0031g 0.0021,0.0092g <1.66310210 <4.33310210 <1.66310210

6496 41 214 0.03410.016 0.01910.048 1.9531026 1.0831026 1.5131026 ~9.961.3!31027

51 214 0.02810.013 0.01510.040 1.6031026 8.6931027 1.2331026 ~8.161.0!31027

42 113 0.01110.035 0.024,0.050h 2.2931025 >4.5131028 2.2931025 ~9.961.3!31027

6551 41 214 0.07310.077 0.03110.13 1.0731024 4.6131025 7.6531025 ~6.860.8!31026

52 1,3 0.049,0.11h 0.032,0.077h >2.8831026 >1.9731026 >2.4331026 ~5.660.7!31026

6598 51 ~5.660.7!31025

6610 32 113 0.1410.071 0.1310.030 8.2331022 7.7731022 8.0031022 ~1.260.2!31021

6680 21 012 0.07210.046 0.06510.027 1.34 1.21 1.27 ~9.761.3!31021

6724 42 113 0.08510.055 1.11 1.11 1.260.2

aResults include finite-range and nonlocality corrections~see Sec. II B!.
bFrom reanalysis of data shown in Ref.@19#.
cFrom reanalysis of data shown in Ref.@12#.
dFrom reanalysis of data shown in Ref.@13#.
eAverage value.
fExperimental partial width deduced from the (p,g) reaction~from measuredvg @11,30# andGg/G @12,16#!.
gDeuteron angular distribution did not allow reliable extraction of differentl components; therefore, results are presented for pure transf
l and l 12.
hAngular distribution can be fitted withl 53 component alone; however, smalll 51 component cannot be excluded; results are present
for pure transfersl 51 andl 53.
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well this method works. In fact, we will show that the
method applied in the present work provides meaningful
sults and can even be used for the exclusion of certain orb
angular momentum transfersl . We will also show that our
absolute proton partial widths are insensitive to the choice
the nuclear radius.

B. Procedure, results, and discussion

The differential cross sections for unbound26Al states
located atEx56343–6724 keV and displayed in Bettset al.
@19#, Champagneet al. @12#, and Rollefsonet al. @13# have
been reanalyzed in the present work. The deuteron ang
distributions were obtained at three different3He bombard-
ing energies of 18, 20, and 15 MeV, respectively. It should
noted that Bettset al. @19# do not report any spectroscopic
factors for unbound26Al states (Ex.6.3 MeV! from the
analysis of their measured angular distributions. Furth
more, as already mentioned in Ref.@18# the excitation ener-
gies given in their paper are quite poor. Therefore, we ha
derived more accurateEx values directly from the deuteron
spectrum~their Fig. 1! with the help of a calibration curve
based on the (p,g) energies of strongly excited isolated lev
els. The DWBA analysis of the data was performed using t
programDWUCK4 @25#. The Vincent-Fortune method for the
treatment of unbound final states is included in this versi
of the DWBA code. The numerical values of the optica
model parameters used to generate the distorted waves
listed in Table I. We have used the same values as in
original works@12,13,19# ~for a recent discussion of discrete
3He and deuteron optical-model ambiguities forsd-shell nu-
clei, see Ref.@26#!. Finite-range and nonlocality correction
@27# were included in the calculations on the basis of com
paring experimental spectroscopic factors to shell-model
sults ~Sec. IV! and the parameters used are also listed

FIG. 1. Calculated DWBA differential cross sections@with
E(3He!518 MeV anduc.m.510°] for different (nl j ) transfers as a
function of excitation energy in the final nucleus. The dashed li
indicates the proton threshold.
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Table I. These corrections, which have a negligible effect o
the shapes of the theoretical angular distributions, increas
~decrease! the calculated DWBA cross sections~spectro-
scopic factors! by about 30% compared to the local and zero
range form of the theory.

Since the target spin is not zero, transitions can occur wit
mixtures of l values differing by two units~e.g., l 5012,
113, or 214!. A least-squares fitting program was used to
compare the experimental angular distributions with DWBA
curves forl 50,1,2,3,4 and for the incoherent sum ofl and
l 12. The program searches for the minimum value of the
quantity

Q2~a!5
( i ,k@~ei2akt ik!/dei #

2

imax2kmax
, ~3!

wherei runs from 1 up to the maximum number of angles a
which the cross section was measured (imax), k numbers the
l values which are taken into account, (ei6dei) denotes the
experimental cross section, andt ik stands for the calculated
DWBA cross section at anglei . The constantsak are pro-
portional to the proton partial widthsGp ~or spectroscopic
factorsS!. Since the DWBA curves do not exactly describe
the experimental angular distributions,Q2 obviously does
not obey ax2 distribution. TheQ2 values obtained were
nevertheless useful as a criterion for the quality of a fit. The
comparison of the proton partial widths derived from the
different data sets provides not only information about sys
tematic deviations for measurements at three different3He
bombarding energies, but also on the uncertainties intro
duced due to the extraction of proton widths for mixedl
transfers.

For odd-mass target nuclei, often bothj5l 21/2 and
j5l 11/2 can be added vectorially to the target spin to form
the spin of the final state. In the present analysis thel 50, 1,
2, 3, and 4 curves were calculated assuming 2s1/2, 2p3/2,
1d5/2, 1f 7/2, and 1g9/2 transfers. For 2p1/2, 1d3/2, 1f 5/2, and
1g7/2 transfers theS values of the present work have to be
multiplied by 1.14, 1.27, 1.54, and 2.15, respectively. We
have includedg transfers in our analysis for two reasons:~i!
From the energy spectra of nuclei in the middle of thesd
shell it can be seen that states of negative parity~1\v exci-
tation! start to occur atEx53–4 MeV ~except for even-even
nuclei!; therefore, we expect excitations from thesd into the
g shell ~2\v excitation! to occur forEx>6 MeV; ~ii ! the
DWBA description of the data improves noticeably for
mixed l 5214 transfers compared to purel 52 transfers.
The exclusion ofg transfers changes the resulting stellar
reaction rates for25Mg1p ~Sec. VI! by a few percent only.

Figure 1 displays DWBA cross sections calculated fo
uc.m.510° andE(3He!518 MeV versus excitation energy
Ex of the final

26Al state using the optical-model parameters
of Ref. @19#. Any procedure for the DWBA treatment of un-
bound states does provide meaningful results only if th
cross section varies smoothly through the proton thresho
~see also Refs.@28,29#!. It can be seen that using the Vincent-
Fortune method this is indeed the case. Further, it is als
clear that neglecting the variation of the cross section wit
excitation energy~as has been done in Refs.@12,13#! intro-
duces a systematic error even if theGp ~or S! values are
obtained relative to a reference state~Sec. II A!.

ne
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Concerning the calculation of single-particle partia
widthsGSP it is a well-known fact@28# that DWUCK4 causes
computer overflows for certain choices of excitation~or reso-
nance! energies, especially if the states in question are

FIG. 2. Proton partial widths versus center-of-mass resona
energies for different (nl j ) transfers. The widthsGSPand energies
Ec.m. are in units of MeV.
l

lo-

cated just above the threshold. For example, a computat
error occurs if one likes to calculate the value fo
GSP(Ex56364 keV,l 52!. Figure 2 shows numerical values
of GSP versus center-of-mass resonance energiesER for dif-
ferent l transfers~displayed as2 lnGSP versus 1/AEc.m.). It
is interesting to note that the resulting curves are well d
scribed by linear relationships. All numerical values forGSP
from theDWUCK4 calculations have been checked by usin
Fig. 2. If a computer overflow occurred, the correct value
GSPwas found by interpolation.

Deuteron angular distributions leading to unbound26Al
levels atEx56399 and 6551 keV are presented in Figs. 3~a!
and 3~b!, respectively, together with the DWBA fits. It can be
seen that similar angular distributions are obtained from a
propriate mixtures of eitherl 5012, 113, or 214. This
behavior is a direct consequence of the fact that the DWB
curves for purel transfers become more and more structur
less with increasing excitation energy of the final state. The
findings do not only apply to the examples shown in Fig
3~a! and 3~b! but are a common feature of all deuteron an
gular distributions investigated in the present work. Simila
conclusions can be drawn for mostl values determined
from the (3He,a), (p,d), and (a,t) reactions~for references
see@30#! since the measured angular distributions are re
tively structureless as well. In this context it is important t
note thatl values deduced from single-particle stripping an
pickup work have been used for the determination of pariti

nce
FIG. 3. Experimental angular distributions of
the reactions ~a! 25Mg(3He,d!26Al @12#, ~b!
25Mg(3He,d!26Al @13#, ~c! 27Al( 3He,a) 26Al
@38#, and ~d! 24Mg(3He,n!26Si @50#. The curves
indicate DWBA fits to the data, obtained in the
present work for different values of orbital angu-
lar momentum transfer.
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TABLE III. Strengthsa and partial widths of low-energy resonances in25Mg(p,g) 26Al.

Ex ER Jp;T Gp
b Gp

c Gp
d vg e

~keV! ~keV! ~eV! ~eV! ~eV! ~eV!

6343 38 42;0 <3.2310220 <2.8310220 ~4.261.0)310220 <2.4310220 f

41;0 6.00310222 4.50310222

6364 60 31;1 4.83310213 4.5310213 ~4.460.5)310213 2.82310213f,g

6399 96 22;0 2.79310210 2.1310210 ~5.261.3)310210 1.16310210f,g

6414 112 01;1 2.52310210 <2.4310211 ~7.566.0)310211 2.10310211f,g

6436 135 51;0 <1.6310210 <1.5310210 f

aWith vg5(2JR11)GpGg /12G.
bFrom present work~Table II!.
cFrom Ref.@12#.
dFrom Ref.@13#.
eCalculated from averageGp values of present work~column 4! using Eq.~5!.
fUsed for the calculation of upper limit for reaction rates.
gUsed for the calculation of lower limit for reaction rates.
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for several 26Al threshold states@30#. In view of the ambi-
guities involved in the extraction of transferred orbital ang
lar momenta for cases where the transfers can be mixed
generally disregard transferl values for the determination of
parities. In Sec. III we report on a reanalysis of spins, pa
ties, and isospins for26Al states atEx,8.00 MeV.

The weakest cross sections in the25Mg(3He,d! 26Al reac-
tion have been measured@12,13# for theEx56436 keV state
('10–20mb/sr!. The deuteron angular distributions show
are essentially isotropic and, consequently, provide an e
mate for a possible compound-nuclear contribution to t
observed cross sections. This contribution is negligible
the other threshold states which are much stronger popula
~with the possible exception of the astrophysically unimpo
tantEx56414 keV state; see Sec. VI!. On the other hand, a
direct reaction component forEx56436 keV cannot be ex-
cluded either. Therefore, we have analyzed the deuteron
gular distributions leading to this state using purel trans-
fers. The resulting proton widthsGp represent upper limits.
In a few other cases the data could be described by using
l 12 transfer alone~e.g., for Ex56551 keV assuming
Jp552). However, a~small! l component cannot be ex-
cluded. Consequently, the proton partial widths obtained
l 12 transfer represent lower limits.

Our results of the DWBA analysis for all possibleJp

combinations which cannot be excluded on the basis
available experimental information~Sec. III! are presented in
Table II. The different columns show orbital angular mo
mental , spectroscopic factorsS, and proton partial widths
Gp ~using finite range and nonlocality corrections!. It can be
seen from Table II that the values forS andGp deduced from
the different data sets are in reasonable agreement. We
note that our resulting spectroscopic factors agree with
values reported in Ref.@12# ~if the latter are corrected for
finite range and nonlocality effects!, but disagree with the
results of Ref.@13# by factors of 2–3~except forEx56364
keV!. Most of this discrepancy can be explained if it is a
sumed that these authors listC2S instead ofS in their Table
III. The average proton partial widths of the present work a
compared in Table III to previous results. Our values a
generally in better agreement with Ref.@12# than with the
results of Ref.@13#.
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For states withEx.6496 keV the present average values
of total partial widthsGp from proton stripping reactions can
be compared to results obtained from the (p,g) work. The
latter values have been calculated from the measured res
nance strengthsvg @11,15# and ratiosGg /G @12,16# and are
listed in the last column of Table II. It can be seen that the
agreement is excellent~within a factor of 1.5! except for two
combinations of spins and parities:~i! Jp(Ex56496 keV!
542 and ~ii ! Jp(Ex56551 keV!541. In these cases the
proton widths from stripping and (p,g) work deviate by fac-
tors of 23 and 11, respectively. However, if opposite paritie
are assumed, the numbers are in agreement~Table II!. Both
states are relatively strongly populated in the (3He,d! reac-
tion ~see the deuteron spectra in Refs.@12,13,19#! and also
their angular distributions are equally well described if op-
posite parities are assumed@Fig. 3~b!#. Since it is unlikely
that the transfer widths deviate by such large factors from th
(p,g) widths ~see, e.g., Ref.@31#!, we have excluded these
two Jp combinations. This method of comparing widths
from transfer and resonant reactions in order to deduce~or
restrict! Jp values has previously been applied in Refs
@32,33#. The newJp552 assignment forEx56551 keV has
two consequences. First, this state has been used~on the
assumption ofl 52 transfer! by Refs.@12,13# as a reference
for the calculation of relative partial widths~Sec. II A!. It
should be noted, however, that this affects only the
Ex56414 keV state which is weakly populated and astro
physically unimportant~Sec. VI!. Second, the shell model
allows for Ex,7 MeV a one-to-one correspondence to ex-
perimental states. Therefore, it requires another positive pa
ity state in that excitation range. This aspect is discussed
Sec. IV.

Uncertainties introduced in the calculations of proton
widths from transfer data usually include the determination
of the absolute experimental cross-section scale, ambiguiti
in the optical-model potentials, and the extraction of partia
widths for mixedl transfers. All these uncertainties are re-
duced to some extent in the present work since different da
sets measured at three3He bombarding energies have been
analyzed consistently. For levels which are strongly popu
lated in the (3He,d! reaction~e.g.,Ex56364, 6610, and 6724
keV! we attribute an uncertainty of a factor 1.5 to the aver
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ageGp values deduced in the present work. The states
Ex56343, 6399, 6496, 6551, and 6680 keV are less stron
populated by about an order of magnitude. In these cases
question of multiple-step process contributions to the rea
tion mechanism arises. For the levels atEx56496, 6551, and
6680 keV the proton widths obtained from (3He,d! and
(p,g) reaction data agree within a factor of 1.5, implying
strong direct~single-step! reaction component. However, fo
the levels atEx56343 and 6399 keV, (p,g) reaction data are
not available and theGp values presented in this work~Table
II ! could be systematically lower by a factor of 2 or eve
more, depending on the magnitude of multiple-step contrib
tions to the observed cross section.

It is interesting to note that the extracted proton widths a
relatively insensitive~within 6%! to variations in both the
radius for the unbound form factor and the value of tran
ferred total angular momentumj . For instance, a 10% in-
crease in the radius~e.g., forEx56364 keV! increases the
single-particle width GSP by 20%. Simultaneously, the
DWBA cross section also increases by 20%, thus decreas
the extracted spectroscopic factorS by the same amount.
Consequently, the product of single-particle width and spe
troscopic factor@see Eq.~2!# is insensitive to changes in the
radius. Similar arguments apply to the particular choice
the value forj5l 61/2.

We conclude this section with a remark concerning t
absolute determination ofGp values, which has been applie
in the present work. It is noted in Ref.@12# that this proce-
dure usually leads to an overestimate of proton widths.
illustrate this point they compare for the states
Ex56551, 6610, 6680, and 6724 keV absoluteGp values
from transfer and (p,g) work which deviate by factors be-
tween 1.5 and 37. However, it is clear from the present wo
that the large discrepancy concerning theEx56551 keV state
obviously originates from an erroneousJp assignment. The
differences for the other three states are easily explained w
the fact that these authors employ simpleGp parametriza-
tions using Coulomb penetrabilities instead of performin
more realistic optical-model calculations as has been done
the present work.

III. SPINS, PARITIES, AND ISOSPINS FOR 26Al STATES

In this section we present a reanalysis ofJp;T assign-
ments for 26Al states located atEx<8008 keV. Our results
are mainly based ong-ray transition strengths determine
from measured resonance strengths~unbound states! and
lifetimes ~bound states! using the (p,g) reaction@15–17#. In
Table IV only those levels are listed for which theJp;T
assignments differ from the results presented in Ref.@30# or
for which the argumentation is different. We also have ca
fully eliminated ‘‘cyclic reasoning,’’ i.e., using ag-ray tran-
sition to limit Jp;T of the lower level from that of the upper
levelandvice versa. Furthermore, we have considered rec
@34# experimental information obtained from (p,g) angular
distribution measurements.

For the assignments~or restrictions! of Jp andT we have
employed the following criteria.~i! The recommended uppe
limits ~RUL’s! of Ref. @35# are used.~ii ! If necessary, the
correspondence with analog states in26Mg is used forT
assignments.~iii ! For levels of which lifetimestm or g-ray
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widths Gg are unknown the ‘‘dipole1E2’’ rule @30# rather
than RUL’s is used.~iv! We usel (p,p0) from Ref. @36#;
only for Ex57773 keV do we also have to adopt their valu
J(p,p0)51; only for Ex57880 keV do we usel p1

50 from

the strengthS(p,p1). ~v! For an unresolved doublet the
(dW ,a) reaction@37# has been used as follows: Forp5N both
components havep5N; for p5U at least one component
hasp5U (N and U denote natural and unnatural parity
respectively!. ~vi! The l values obtained from single-particle
transfer reactions have generally been disregarded excep
cases wherel 50 ~or l 5012 with a sizablel 50 compo-
nent!, which are recognized unambiguously by the steep ri
at very small angles@e.g., see the (3He,d! data @19# for
Ex56280 keV#; we have also usedl 5113 for Ex56399
keV deduced from (3He,a) reaction data~see below!. ~vii !
The information from the comparison of partial width
Gp(

3He,d! andGp(p,g) has been adopted forEx56496 and
6551 keV~Sec. II B!. Our newJp;T results are compared in
Table IV with the values of Ref.@30#. It can be seen that for
several states previously reported uniqueJp;T assignments
have been revised, partially becausel values from transfer
reactions were disregarded in the present work.

Several states located above the proton threshold are
cussed in more detail in the following. ForEx56343 keV the
g decay yieldsJp;T5(3,4);0, whereasg feeding ~0.42%
branching! from the 7222 keV level~with Jp;T551;1) ex-
cludes 3;0. The resulting assignment isJp;T54;0. For the
state at Ex56399 keV the ~weak! g feeding yields
Jp;T5(11;2);0. Theg decay of this level is unknown. The
measured (3He,a) angular distribution@38# for this state is
shown in Fig. 3~c! together with DWBA calculations for
mixed transfersl 5012 and 113 ~where we have used the
same optical-model and form factor parameters as in R
@38#!. It can be seen that the measured angular distributi
clearly cannot be described assuming an even-l transfer. Us-
ing l 5113 leads to the assignmentJp;T522;0. For
Ex56436 keV theg decay results inJp;T5(3251);0,
whereasg feeding ~0.85% branching! from the 7529 keV
level ~with Jp;T562;0) excludesJp53 and 41. The 6436
keV level is fed by the newly discovered@34# 9311 keV
state. The measuredg-ray angular distribution of this transi-
tion indicatesJ55, leading to the final resultJp;T551;0.
Neglectingl ~transfer! the Jp;T assignment in Ref.@30# for
the 6496 keV level should have been~4,51);0. We disregard
theg-ray branch 6496→5883 31;0 reported in Ref.@11#, but
not observed in Ref.@16#. The use of the recent@34# assign-
mentJ55 from the measuredg-ray angular distribution of
the 9060 41;1 →6496 transition providesJp;T551;0, in
agreement with the exclusion ofJp542 from the compari-
son of Gp(

3He,d! and Gp(p,g) ~Sec. II B!. For Ex56551
keV theg decay leads toJp;T5(41,52);0 if we disregard
the transition 6551→2545 ~with 3 2%!. The valueJp541

has been excluded from the comparison ofGp(
3He,d! and

Gp(p,g) ~Sec. II B!. Our conclusion is therefore
Jp;T552;0. The very weakg feeding ofEx56551 keV is
in excellent agreement withp52 because of the well-
known predominance ofM1 overE1 transitions at the same
g-ray energy~see, e.g., Ref.@16#!. For the high-spin levels at
Ex56084, 6892, 7529, and 7548 keV,l 53 has been deter-
mined in particle-transfer work~Refs.@39–41#!, although the
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TABLE IV. Arguments forJp;T assignments to26Al levels which differ from those in Ref.@30#.

Ex Jp;T from Jp;T from Jp;T limitations from PresentJp;T
~keV! Ref. @30# g decaya resonance feeding (Ex in keV! assignment

5495 21;0 ~11-3!;0 7086Þ3;0, 7425Þ ~11,22) 21;0
5569 51~4!;0 ~31-61);0 6818Þ61;0, 7222Þ31;0 ~4,5!;0 b

5585 11;0 1;0 1;0
5598 32;0 ~11-3!;0 6724Þ~1,2!1, 7773Þ~3,4!1 ~2,3!2;0 c

6084 51;0 ~41,5! 6892Þ41, 8011T50 52;0 b, d

6120 ~4,51);0 ~31-61) 7222T50, Þ31 ~4-61);0 e

6198 21;0 ~1,21) 7440T50 ~1,21);0 f

6343 42;0 ~3,4!;0 7222Þ3 4;0
6399 22;0 ;0 7086<2, 7464>11 22;0 g

6436 42;0 ~3-51);0 51;0 h

6496 51~41);0 ~3-51);0 7222Þ3 51;0 h, i

6551 41;0 ~41,52);0 52;0 i

6695j 2 ~41-81) 7(1);0 h

6802 11~12,22);1 11~12,22);011 k 11~12,22);011
6852 21;1~10! 21;011 k 21;011
6892 62;0 ~51,62);0 62;0 d

6964 32;1 3;1 32;1 l

7366 41;0 ~4,5!1;0 m 51;0 h

7425 31;0 ~3,4!1;0 n 41;0 h

7529 62;0 ~51,62);0 62;0 d

7548 52~41);0 52;0 d 52;0 d

7596 41;0 ~4,5!1;0 o 51;0 h

7773 12;0 p ~12-31) 12;0 q

7814 11;0~11! 11;011 r 11;011
7921 51;0 ~5,6!1;0 s ~5,6!1;0
8008 21;0 21;~0! t 21;~0!

aSomeT50 assignments are based on the argument that forT51 no suitable parent is present in26Mg.
bPrevious exclusion of 52 from feeding is erroneous.
cPrevious exclusion of 22 from feeding is erroneous.
dSee text for a discussion of high-spinp52 levels.
eWeak feeding from 7874 keV~31;0! is disregarded~poor peak shape!.
fWeak feeding from 7596 keV~51;0! and 7953 keV~41;1! is disregarded~poor statistics!.
gWith p52 from l (3He,d)5113 ~see text!.
hFrom angular distribution measurements ofg rays from the25Mg(p,g) 26Al reaction ~Ref. @34#!.
iFor the exclusion of 42 for 6496 keV and of 41 for 6551 keV from a comparison of theGp values obtained
from the (p,g) and (3He,d! reactions, see text.
jPreviously unobserved level.
kThe increase~as compared to the value in Ref.@30#! of Gg ~see Table VII! leads toT5011.
lThis is the only state which can be the analog of the 32 26Mg 6878 keV level.
mThe weak decay to the 5495 keV 21;0 level has been disregarded~poor statistics!.
nThe weakp1 decay used in Ref.@30# to exclude 41;0 does not resonate, but is due to Coulomb excitation
~see Fig. 4 of Ref.@15#!.
oThe decay branches to 3751 keV 21;0 ~poor statistics! and to 5595 keV 21;1 ~formerly assigned to wrong
peak! are disregarded.
pErroneously listed asJ;T51;0 in Table 23.13 of Ref.@30#.
qAs determined from (p,p0) in Ref. @36#.
rBranches to bothT50 andT51 levels exceed the RUL~M1IS).
sAt this very weak resonance branches to 31 and 42 levels ~all <1.1%! have been disregarded.
tThe decay to the 6028 keV 11;1 level is almost~but not quite! strong enough to proveT50.
ls
t

DWBA description of the measured differential cross se
tions for l 53 is only marginally better than forl 52. These
levels are connected to one another and to eight 42 and three
52 states byg-ray transitions, many of which are surpris
ingly strong. The correspondingg-ray branching ratios are
c-

-

presented in Table V. We adopt odd parity for the four leve
mentioned above~see Table IV!, using again the argumen
thatM1 transitions dominate overE1 transitions at the same
g-ray energy. More specific information for other26Al states
can be found in Table IV.
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TABLE V. Gamma-ray branching ratios~in %! of high-spin odd-parity26Al levels.a

Exi Ji
p ;Ti Jf

p ;Tf : 42;0 42;0 ~41,5!;0 b 52;0 42;0 62~51) b

~keV! Exf~keV!: 5396 5676 6084 6551 6724 6892

6084 ~41,5!;0 b 0.727
6724 42;0 0.0355 0.0344
6892 62~51);0 b 47 2 <0.1 2.31
7109 42;0 0.103 0.122 0.623
7168 42;0 0.243 0.162 1.234
7348 42;1~10! 0.202 0.201 4.2 2 0.172
7410 42;1~10! 0.294 0.292 6.2 2 0.321
7529 62~51);0 b 43 2 35 1 4.5 3
7548 52~41);0 b 2.4 2 3.4 2 0.7812 0.259
7825 42;0 1.02 0.479 0.5711
8011 52;1 10.64 16.76 4.0 2 0.186 4.5 2
8067 52;1 11.54 18.54 5.8 2 5.1 2

aData from Ref.@17#. Resonance branchings below 1% can be obtained from the authors of Ref.@17# on
request.
bFor the parity of these levels, see text.
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IV. SHELL-MODEL CALCULATIONS FOR 26Al STATES

The extensive experimental information availab
@15–17# on the level structure has made26Al the best-known
nucleus in thesd shell. A theoretical interpretation of the
level scheme using the nuclear shell model has been p
formed in Ref.@17#. However, neither theoretical spectro
scopic factors nor shell-modelg-ray transition strengths con-
necting many levels at higher excitation energy have be
calculated in the previous work. Therefore, we present i
proved and more extensive calculations and also include
newJp;T assignments~which are based onexperimentalre-
sults only! in the comparison between theory and expe
ment.

Shell-model calculations using the codeOXBASH @42#
have been performed in the complete~1d5/2, 2s1/2, 1d3/2)
model space. The single-particle energies employed w
e~1d5/2)523948 keV, e~2s1/2)523164 keV, and
e~1d3/2)51647 keV. For the two-body matrix elements th
W interaction @43# has been used which includes a ma
dependence of the formA20.3. Energy eigenvalues were cal
culated up to and including 03

1;0, 115
1 ;0, 215

1 ;0, 320
1 ;0,

415
1 ;0, 515

1 ;0, 610
1 ;0, 78

1;0, 81
1;0, 06

1;1, 14
1;1, 210

1 ;1,
36

1;1, 411
1 ;1, 55

1;1, 65
1;1, and 71

1;1. For the calculation of
B(E2! values effective charges@44# have been used~1.35e
for the proton and 0.35e for the neutron!. Effectiveg factors
~which are also mass dependent! for the calculation ofM1
g-ray transition strengths were taken from Ref.@45#. Corre-
spondences of theoretical with experimentalp51 states in
26Al have been made on the basis of comparing excitati
energies,Jp;T values,g-ray transition strengths, spectro
scopic factors, and proton partial widths. The latter valu
were calculated from the theoretical spectroscopic factors
using Eq.~2!. The experimental energiesEx , widthsGg , and
g-ray branching ratiosBg were taken from Ref.@30#. Spec-
troscopic factors for bound and unbound states measured
using proton-transfer reactions have been adopted from R
@19# and the present work, respectively. The experimentaS
values were corrected for finite range and nonlocality effec
yielding much better overall agreement with the shell-mod
le
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calculations. Partial widthsGp deduced from proton elastic
scattering experiments were taken from Ref.@36#. Configu-
ration and isospin mixing of states has been inferred from t
experimentalg-decay branching ratios. In these cases w
compareGg , S, and Gp values summed over the pair of
levels in question. The reader is referred to Ref.@16# for
more information concerning this aspect.

Our results are presented in Tables VI and VII forT51
andT50 states, respectively. We do not display theg decay
of single levels in detail~which may involve up to 25
branches!, since this kind of comparison would evidently
take too much space. However, such a detailed list can
requested from the authors. In the following subsections w
present more specific information regarding the nucle
structure of26Al.

A. T51 p51 states of 26Al

The description of the observedT51, p51, level struc-
ture in 26Al with the shell model is excellent. The lowest 30
T51 shell-model states have experimentally been fou
with certainty. The 13

1 ;1, 26
1 ;1, and 34

1 ;1 states are
isospin-split into two components, respectively, and th
46

1 ;1147
1 ;1 states are strongly configuration mixed. W

note that all levels with the sameJp;T are configuration
mixed to some extent, but if the energy separation of neig
boring states is very different for experiment and theory, th
resulting degree of mixing may also be different. A pleasa
surprise is the predominance ofM1IV g decay~as expressed
in columns 5 and 10 of Table VI! over other possible
~weaker! decay modes. Therefore, the latter decays can
disregarded. On the average theg-ray branching ratio for
M1IV decay amounts to 97% both for experimental an
shell-model results~with the isospin-mixed levels omitted!.
We also note that the introduction of effectiveg factors in
the present calculations compared to the use of bare-nucl
g factors in Ref.@17# has reduced the average systemat
difference between theoretical and experimental we
documentedM1IV g-ray transition strengths from the former
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TABLE VI. The 26Al p51, T51 states.

Experiment Shell modeld

ER
a Ex

a Jp;T b S a Gp
a M1IV tm or Ex S Gp M1IV tm or

~keV! ~keV! l 5012 ~eV! decayc Gg
a ~keV! Jn

p ;T l 5012 ~eV! decayc Gg
e

228 01;1 ,2.4 81 01
1 ;1 ,2.5

3754 01;1 100 73 fs 3763 02
1 ;1 ,0.21 100 3.2 fs A

5195 01;1 100 ,35 fs 5285 03
1 ;1 ,0.038 99 3.7 fs A

~112! 6414 01;1 ,0.030k 100 6142 04
1 ;1 ,0.054 99 0.21 fs A

6028 11;1 89 ,6 fs 5914 11
1 ;1 ,0.0035 98 1.3 fs A

516 6802 11~12,22);011 80 .0.08 eVh 6879 12
1 ;1 ,0.053 0.11 97 2.6 eV A

1568 7814f 11;011 650 11 1.74 eV
7802 13

1 ;1 ,0.00045 2.4 100 2.7 eV B
1637 7880f 11;011 53 82 eV i

2070 21;1 97 203 fs 2010 21
1 ;1 0.038,0.36 99 10 fs A

3160 21;1 0.54, 99 62 fs 3234 22
1 ;1 0.45,0.090 99 2.3 fs A

4548 21;1 100 ,15 fs 4622 23
1 ;1 0.018,0.060 99 1.5 fs A

5142 21;1 0.092,0.023 100 ,6 fs 5081 24
1 ;1 0.062,0.041 100 0.59 fs A

5545 21;1 ,0.40 98 2219 fs 5485 25
1 ;1 0.026,0.45 98 1.6 fs B

567 6852f 21;011 92 0.768 eV j

6728 26
1 ;1 0.037,0.058 17.8 99 1.7 eV A

593 6876f 21;1 96 0.524 eV j

1043 7308 21;1 99 1.72 eV j 6924 27
1 ;1 0.018,0.072 410 100 2.4 eV A-B

1306 7561 21;1 3100 97 2.64 eV 7174 28
1 ;1 0.024,0.064 1640 95 1.5 eV B

1744 7982 21;1 12000 96 3.03 eV 7554 29
1 ;1 0.012,0.043 2930 99 3.8 eV A-B

4192 31;1 100 73 fs 4002 31
1 ;1 0.22,0.32 99 6.7 fs A

4599 31;1 0.15,0.085 99 73 fs 4592 32
1 ;1 0.094,0.061 92 1.6 fs A

~60! 6364 31;1 0.15,0.26k 98 3216 fs 6349 33
1 ;1 0.14,0.32 97 1.0 fs A

1205 7464f 31;011 75 0.7610 eV j

7363 34
1 ;1 0.011,0.061 625 98 1.8 eV C

1237 7495f 31;011 80 80 1.22 eV
1699 7939 31;1 1700 95 3.64 eV 7683 35

1 ;1 0.0073,0.029 1610 97 3.0 eV A-B
4705 41;1 ,0.10 100 ,5 fs 4614 41

1 ;1 ,0.052 99 1.0 fs A
5132 41;1 94 ,5 fs 5013 42

1 ;1 ,0.17 96 3.0 fs A-B
5726 41;1 99 ,7 fs 5554 43

1 ;1 ,0.21 98 1.1 fs A-B
5924 41;1 100 ,17 fs 6090 44

1 ;1 ,0.031 100 0.56 fs A
533 6818 41;1 99 .28 meVh 6858 45

1 ;1 ,0.0083 0.025 99 0.66 eV A
1649 7891g 41;1 900 99 3.93 eV 7492 46

1 ;1 ,0.24 1470 99 5.7 eV
A

1714 7953g 41;1 320 98 4.26 eV 8022 47
1 ;1 ,0.063 474 98 2.0 eV

953 7222 51;1 99 .0.70 eVh 7119 51
1 ;1 ,0.017 4.1 97 0.51 eV A

1375 7628 51;1 10.0 97 1.41 eV 7546 52
1 ;1 ,0.0082 18.6 97 1.2 eV B

aFrom Ref.@30# if not indicated differently; forS values see Sec. II.
bFrom Ref.@30# supplemented with the information in Table IV.
cFraction ofg decay~in %! throughM1IV transitions.
dThe calculations are described in Sec. IV.
eBranching agreement, with A, B, and C indicating good, medium, or poor agreement between experimental and shell-modeg-ray
branching ratios.
fIsospin-mixed doublet.
gConfiguration-mixed doublet.
hThe lower limit forGg is obtained from the (p,g) yield in Ref. @30#.
iFor a discussion see Sec. IV A.
jFor thesel 50 resonances we assumeGp@Gg , such thatGg can be obtained from the (p,g) yield.
kFrom present work~Table II!.
factor 1.85 to a few percent. However, the average~logarith-
mic! difference between the absolute values still amounts
a factor 2.5. The agreement betweenGg

expt ~taken from Tables
26.13 and 26.18 of Ref.@30#! andGg

SM ~columns 6 and 11! is
generally good, with two exceptions.

~i! The difference of a factor 13 for theEp5516 keV
12

1 ;1 resonance can easily be understood. TheGg
expt value
to
was based onS(p,g) ~Table 26.17 of Ref.@30#! combined
with the ratioGp/G obtained from gamma-ray strength sta-
tistics ~GRSS! @17#. Using Gg

SM52.6 eV and disregarding
GRSS which can only be trusted to a factor 2 we find
Gp.0.08 eV from the measured strengthS(p,g). This limit
is in agreement with the calculated proton widthGp

SM50.11
eV ~Table VI!.
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TABLE VII. The 26Al p51, T50 states.a

Experiment Shell model

ER Ex Jp;T S Gp M1IV tm or Ex Jn
p ;T S Gp M1IV tm or

~keV! ~keV! l 5012 ~eV! decay Gg ~keV! l 5012 ~eV! decay Gg

5462 01~1,2!;0 100b ,30 fs 4698 01
1 ;0 ,0.0010 100b 125 fs B

1058 11;0 ,1.43 100 367 fs 818 11
1 ;0 ,1.40 100 43 fs A

1851 11;0 ,0.25 99 465 fs 1737 12
1 ;0 ,0.23 99 34 fs A

2072 11;0 89 530100 fs 2004 13
1 ;0 ,0.077 99 260 fs A

2740 11;0 99 435 fs 2899 14
1 ;0 ,0.044 96 119 fs A

3724 11;0 99 62 fs 3685 15
1 ;0 ,0.00006 99 8.6 fs A-B

5010 11;0 100 ,9 fs 4938 16
1 ;0 ,0.029 92 6.6 fs A

5585c 1;0 96 ,8 fs d 5154 17
1 ;0 ,0.14 98 2.2 fs

A
5671c 11;0 83 ,40 fsd 5668 18

1 ;0 ,0.049 96 1.6 fs
6270 11;0 76 ,13 fs 5944 19

1 ;0 ,0.11 93 5.1 fs A-B
591 6874c 11;0 92 .0.05 eVd 6658 110

1 ;0 ,0.17 1.2 93 0.38 eV
A

656 6936c 11;0 44 .0.13 eVd 6941 111
1 ;0 ,0.025 0.43 89 0.19 eV

928 7198 11;0 97 .1.3 eV 7280 112
1 ;0 ,0.026 5.3 95 0.94 eV A-B

1196 7455 11;0 94 .1.5 eV 7633 113
1 ;0 ,0.063 64 93 0.74 eV A-B

1370 7623 11;0 86 .0.5 eV 8122 114
1 ;0 ,0.047 106 96 1.23 eV B

1568 7814e 11;011 650 81 1.74 eV
8495 115

1 ;0 ,0.0040 21 92 0.91 eV C
1637 7880e 11;011 43 82 eV f

1759 21;0 0.31,0.57 100b 6.0 5 ps 1326 21
1 ;0 0.32,0.35 100b 90 ps A

2661c 21;0 0.0061,0.027 100b 3.0 4 ps 2588 22
1 ;0 0.021,0.058 100b 1.6 ps

A-B
2913c 21;0 0.092,0.14 100b 98 6 fs 2749 23

1 ;0 0.075,0.093 100b 208 fs
3751 21;0 0.24,0.34 83 328 fs 3923 24

1 ;0 0.15,0.23 77 17 fs A
5495 21;0 97 ,7 fs 5288 25

1 ;0 0.00090,0.0079 92 5.1 fs A
5849 21;0 75 148 fs 5453 26

1 ;0 0.00042,0.0085 52 11.0 fs B
390 6680 21;0 0.068,0.036i 79 0.222 eV 6003 27

1 ;0 0.049,0.048 0.98 82 0.063 eV A
567 6852e 21;011 7 0.768 eV g

6149 28
1 ;0 0.015,0.010 9.89 74 0.058 eV A

593 6876e 21;1 3.2 0.524 eV g

723 7001c 21;0 78 0.444 eV g 6688 29
1 ;0 0.012,0.0037 31 94 0.31 eV

A-B
819 7093c 21;0 74 0.124 eV g 7114 210

1 ;0 0.0017,0.00029 9.4 69 0.067 eV
1135 7397c 21;0 45 55 0.252 eV 7469 211

1 ;0 0.00090,0.058 72 92 0.42 eV
B

1302 7558c 21;0 170 83 0.92 eV 7527 212
1 ;0 0.000037,0.034 59 91 0.37 eV

1622 7865 21;0~11! 6600 35 0.72 eV 7686 213
1 ;0 0.012,0.010 1950 84 0.15 eV A-B

1771 8008 21;0 760 52 0.468 eV 8039 214
1 ;0 0.0023,0.0077 595 94 0.34 eV B-C

417 31;0 0.77, 100b 1.805 ns 712 31
1 ;0 0.64,0.067 100b 115 ps A

2365c 31;0 0.032,0.28 100b 1.4 3 ps 2121 32
1 ;0 0.029,0.32 100b 8.4 ps

A
2545c 31;0 0.052,0.21 100b 1.0025 ps 2325 33

1 ;0 0.0015,0.15 100b 1.2 ps
3074 31;0 0.0065,0.039 83 28045 fs 3069 34

1 ;0 0.00035,0.037 87 169 fs A
3596c 31;0 0.033,0.10 92 244 fs 3357 35

1 ;0 0.0072,0.041 96 15 fs
A

3681c 31;0 0.065,0.36 94 122 fs 3656 36
1 ;0 0.035,0.095 85 76 fs

3963 31;0 ,0.059 70 547 fs 4103 37
1 ;0 0.013,0.22 77 38 fs A

4349 31;0 94 134 fs 4380 38
1 ;0 0.00032,0.042 90 10 fs A

4952 31;0 83 144 fs 5014 39
1 ;0 0.0015,0.040 71 16 fs A

5883 31;0 70 ,17 fs 6241 310
1 ;0 0.00067,0.011 93 2.9 fs B

6280 31;0 90 ,20 fs 6589 311
1 ;0 0.00092,0.012 80 7.3 fs B

515 6801 31;0 73 .0.08 eV 6697 312
1 ;0 0.000070,0.0095 0.036 98 0.56 eV B

775 7051c 31;0 86 0.232 eV g 7128 313
1 ;0 0.011,0.017 45 98 0.54 eV

A
881 7153c 31;0 90.0 91 0.566 eV 7194 314

1 ;0 0.0049,0.0062 43.0 91 0.16 eV
1205 7464e 31;011 80.0 24 0.7610 eV g

7450 315
1 ;0 0.0042,0.015 218 95 0.29 eV A-B

1237 7495e 31;011 16 1.22 eV
1525 7772 31;0 76 0.426 eV g 7883 316

1 ;0 0.042,0.0014 5110 90 0.43 eV A
1632 7874 31;0 1200 80 1.01 eV 8026 317

1 ;0 0.0000001,0.016 96.8 97 0.86 eV B
2069 41;0 100b 45070 fs 2303 41

1 ;0 ,0.025 100b 550 fs A
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TABLE VII. (Continued).

Experiment Shell model

ER Ex Jp;T S Gp M1IV tm or Ex Jn
p ;T S Gp M1IV tm or

~keV! ~keV! l 5012 ~eV! decay Gg ~keV! l 5012 ~eV! decay Gg

3675 41;0 100b 22530 fs 3309 42
1 ;0 ,0.16 100b 480 fs A

4206 41;0 100b 90 15 fs 4052 43
1 ;0 ,0.064 100b 172 fs A

4773 41;0 ,0.15 100b 11817 fs 4722 44
1 ;0 ,0.026 100b 156 fs A

5245 41;0 ,0.23 49 174 fs 5211 45
1 ;0 ,0.10 73 19 fs A

5513 41;0 ,0.36 38 516 fs 5348 46
1 ;0 ,0.45 31 49 fs A

~38! 6343 4;0 ,0.0071i 71 ,8 fs 6031 47
1 ;0 ,0.0075 55 18 fs A

6667 48
1 ;0 ,0.070 28 10 fs

1025 7291 41~31);0 55.0 29 0.343 eV 7265 49
1 ;0 ,0.00053 0.21 54 0.084 eV B

1164 7425 41;0 65.0 55 0.273 eV 7402 410
1 ;0 ,0.014 12.0 69 0.088 eV A-B

1337 7592c 41~31);0 17.0 62 0.113 eV 7557 411
1 ;0 ,0.0062 12.0 84 0.15 eV

A
1587 7832c 41;0 110 25 0.9111 eV 7651 412

1 ;0 ,0.015 74.0 80 0.23 eV
0 51;0 ,0.77 @0# 51

1 ;0 ,1.05
3403 51;0 100b 96 18 fs 3422 52

1 ;0 ,0.0095 100b 159 fs A
4941 51;0 100b 35 8 fs 4481 53

1 ;0 ,0.014 100b 137 fs A
5488c 51~42);0 100b 25 8 fs d 5533 54

1 ;0 ,0.00002 100b 80 fs
B

5569c ~4,5!;0 100b d 5579 55
1 ;0 ,0.00007 100b 85 fs

~135! 6436c 51;0 ,<0.0021i 100b ,24 fs 6069 56
1 ;0 ,0.012 100b 12 fs

A
198 6496c 51;0 ,0.021i 100b ,12 fs 6321 57

1 ;0 ,0.041 100b 22 fs
304 6598c 51;0 100b 6449 58

1 ;0 ,0.00050 100b 33 meV
A

738 7015 51;0 67 .34 meV 7017 59
1 ;0 ,0.010 0.43 82 68 meV

1103 7366 51;0 75 .25 meV 7167 510
1 ;0 ,0.000010 0.0062 70 85 meV A

1342 7596 51;0 65 .0.26 eV 7291 511
1 ;0 ,0.00080 1.58 63 91 meV B

7886 512
1 ;0 ,0.0075 38 95 meV

3508 61;0 100b 24 5 fs 3334 61
1 ;0 100b 38 fs A

6120 ~4-61);0 100b 15 5 fs 6176 62
1 ;0 100b 34 fs A

~530! 6816 ~4-61);0 100b ,22 fs 6521 63
1 ;0 100b 33 fs A

7479 64
1 ;0 100b 12 meV

1680 7921 ~5,6!1;0 100b .31 meV 7940 65
1 ;0 100b 31 meV B

3922 71~51);0 100b 28 6 fs 3750 71
1 ;0 100b 48 fs A

~405! 6695h 7(1);0 40 6243 72
1 ;0 100b 54 fs A

aSee Table VI for explanation of symbols used in column headings.
bAll M1 andE2 transitions~not onlyM1IV) have been used in the branching comparison; forT50→0, uDJu51, transitions the theoretical
M1IS andE2IS strengths have been added.
cConfiguration-mixed doublet.
dFor the branching comparisontm

expt ~or Gg
expt) has been taken equal totm

SM ~or Gg
SM).

eIsospin-mixed doublet.
fSee Sec. IV A.
gFor thesel 50 resonances we assumeGp@Gg , such that the (p,g) yield can be used to obtainGg .
hPreviously unobserved level from Ref.@34#.
iFrom present work~Table II!.
ot

e
e

~ii ! The difference of a factor 6.8~with Gg
expt50.11

31.710.5130.4250.40 eV! for the isospin-mixed
ER5156811637 keV doublet results from an error in Re
@15#. For ER51637 keV the calculation ofGp0

, Gp1
, and

Gp2
from S(p,p1), S(p,p2), andG ~the values of which are

given in Ref.@30#! leads to a quadratic equation inGp0
with

the solutions Gp0
53.5 keV ~given in Ref. @30#! and

Gp0
5185 eV. The smaller value should have been use
f.

d,

which is supported by the fact that the resonance has n
been seen in the (p,p0) work of Ref. @36#. From
S(p,g)51.2 eV we findGg

expt58.0 eV, yielding 4.2 eV for
the M1IV fraction of the two resonances, in reasonabl
agreement with the shell-model value of 2.7 eV for th
13

1 ;1 assignment.
A comparison of experimental spectroscopic factorsS and

proton partial widthsGp with shell-model results for both
T50 andT51 levels in 26Al is presented in Sec. IV B.
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B. T50 p51 states of 26Al

The shell-model description of the observedT50 26Al
states is generally good, but there remain far more uncerta
ties and ambiguities compared to theT51 states. The main
reason for this is that there are many moreT50 thanT51
levels, such that the averageT50 level separation differs
only little from the average error in the shell-model eigene
ergies. For example, in theEx55–8 MeV region we find 21
T51 and 58T50, p51, levels. The consequence is mor
configuration mixing and poorer agreement for theg-ray
branching ratios. Some examples for whichEx

expt and Ex
SM

agree poorly and, therefore, the correspondences are dou
are the 01

1 ;0, 114215
1 ;0, 510211

1 ;0 states and all 21;0 levels
above 25

1 ;0. We note that for the 48
1 ;0 and 64

1 ;0 states the
experimental counterparts are missing. Furthermore, it ha
be remembered thatg-ray branching agreement cannot b
tested for a configuration-mixed pair if the lifetimetm ~or
width Gg) of one or both components is unknown~e.g., the
17

1 ;0118
1 ;0 doublet!. In such casestm

expt ~or Gg
expt) has been

~arbitrarily! taken equal totm
SM ~or Gg

SM). For spinsJ>3 the
M1IV , g-decay percentages are on the average smaller t
for T51, since the yrastT51 states are at much highe
excitation energy than the yrastT50 states for the same
value ofJ @Ex

yrast5417~31), 2069~41), and 0 keV~51) for
T50 compared to 4192~31), 4705 ~41), and 7222 keV
~51) for T51#. Therefore, we had to include the weake
g-decay modesM1IS andE2IS for 15 low-energy and for 5
high-J ~61;0 and 71;0! levels in order to have the compari
son ofg-ray branching ratios making sense.

Spectroscopic factorsSexpt and SSM are presented in
Tables VI and VII. The agreement between shell-model a
experimental values is reasonably good with one excepti
The large deviation of a factor 18 for theSl 50 value of the
Ex53074 keV state simply results from the uncertainty
extracting a very smalll 50 contribution from a primarily
l 52 transfer from the measured deuteron angular distrib
tion. TheS value for the dominantl 52 transfer agrees with
the theoretical result. The ratios of experimental and she
model spectroscopic factors are displayed in Fig. 4 for bo
T50 and T51 states. After correcting the experimenta
spectroscopic factors for finite-range and nonlocality effec
~Sec. II B! and omitting theEx53074 keV state the average
systematic deviation amounts to a factor 1.1. The avera
~logarithmic! scatter around this mean corresponds to a fa
tor 1.8.

Proton partial widthsGp from proton elastic scattering
experiments are also listed in Tables VI and VII togeth
with the corresponding shell-model results. Although in mo
cases the respective values agree within factors of 2–3, th
are also notable exceptions. The large discrepancies for
resonances atER51025 and 1632 keV~factors 260 and 12,
respectively! are easily explained by the fact that the she
model spectroscopic factors for the lowest possiblel value
~which determine the proton widths! are very small
(SSM<531024). Even small admixtures from nearby state
will strongly enhance the resulting proton widthsGp

SM and
thus improve the agreement with experiment. The deviatio
for the isospin-mixed pairsER5120511237 keV~factor 10!
andER5156811637 keV~factor 30! might result from sys-
tematic uncertainties in the proton elastic scattering work
in-
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Ref. @36#. In the first case the proximity of the broad 1239
keV resonance (Gp

expt5750 eV! makes an accurate extraction
of the width forER51237 keV (Gp

expt580 eV! difficult. In
the latter case we note the poorR-matrix fit to the elastic
scattering data~Fig. 2 of Ref.@36#! in the region of the broad
ER51568 keV resonance (Gp

expt5650 keV!. Furthermore,
one might ask why the resonances atER51043, 1196, 1370,
and 1525 keV have not been observed in the proton elast
scattering work since the predicted proton widths
(Gp

SM5410, 64, 106, and 5110 eV, respectively! far exceed
the experimental~lower! detection limit in Ref. @36# of
'10 eV. There is indeed an indication in Fig. 1 of Ref.@36#
for a resonance atER51196 keV, although no resonance
properties have been reported. The proximity of the broa
ER51526 keV resonance (Gp

expt55300 eV! could have pre-
vented the observation ofER51525 keV. Presently, we do
not have a plausible explanation for the nonobservation o
theER51043 and 1370 keV resonances. These cases mig
indicate defects in the shell-model calculations.

TheT50 states atEx56343, 6436, 6496, 6551, and 6598
keV near the proton threshold in26Al possess experimentally
determined spins and parities ofJp54, 51, 51, 52, and
51, respectively~Table IV!. The shell-model predicts two
41 and three 51 levels in this range of excitation energy.
This makesJp541 very probable for theEx56343 keV
level and leaves one shell-model 41 state, presumably
48

1 ;0, unplaced. It should be noted that the stellar rates fo
the 25Mg1p reaction have been calculated previously@11–
13# from proton partial widths deduced under the assumptio
that Jp(6343)542 and Jp(6436)542. The astrophysical
consequences of our newJp assignments are discussed in
Sec. VI.

V. ISOSPIN TRIPLET „T51… STATES IN A526 NUCLEI

A. Shell-model and analog-state assignments

In this section we present new shell-model and analo
assignments ofT51 states in26Mg, 26Al, and 26Si which

FIG. 4. Ratio of experimental and shell-model proton spectro
scopic factors of26Al states. The experimentalS values have been
corrected for finite range and nonlocality effects.
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will be used in Sec. VII for the calculation of stellar reactio
rates for 25Al( p,g) 26Si. The present results are shown i
Table VIII.

In addition to the information given in@30# we have also
taken into account more recent experimental work conce
ing 26Mg levels: ~i! the 25Mg(n,g) work of Ref. @46# pro-
vides more accurateEx values andg-ray branching ratios for
many levels;~ii ! the 27Al( d, 3He! measurements of Ref.@47#
with good resolution and statistics yieldl values for several
levels;~iii ! the 26Mg(e,e8) experiments of Refs.@48,49# de-
termineJp values for more than 30 states. New~accepted!
values for spins and parities of26Mg states are indicated in
Table VIII. We note that, by considering the 685216876 keV
21;011 doublet in 26Al as T mixed rather than configura-
tion mixed~as in Ref.@30#!, some26Mg and 26Al 2 1 states
have obtained different shell-model assignments. As anot
consequence, the 12

1 ;1 state in26Mg, still considered miss-
ing in Ref. @30#, can now be identified with theEx56634
keV, Jp5(024)1, level.

The available experimental information on26Si levels is
largely based on studies of the two-nucleon transfer reacti
24Mg(3He,n! @50,51# and 28Si(p,t) @52#. We have also com-
pared the (3He,n! data with experimental results for the
‘‘mirror’’ reaction 24Mg(t,p) 26Mg @53#. The shell-model and
analog-state assignments for the lowest six26Si levels seem
to be established. The states atEx51796 ~21), 2783~21),
3332 ~01), 3756, 4138~21), and 4183 keV correspond to
the shell-model states of 21

1 , 22
1 , 02

1 , 31
1 , 23

1 , and 41
1 ,

respectively. The levels at 3842 and 4093 keV reported
Ref. @54# have been omitted since their existence is not w
established. We assign the 4446 keV state which is wea
populated in the two-nucleon transfer work to the unnatur
parity level 32

1 . It is shown in the (3He,n! work @50# that the
angular distribution leading to the 4806 keV state can on
be described assuming three components with total orb
angular momentum transfers ofL501214. This triplet has
been assigned in the present work to shell-model states
24

1 , 42
1 , and 03

1 . The 5330 keV~41) level corresponds
presumably to 43

1 . The states at 5229 and 5562 keV whic
have been observed only in the (p,t) reaction are assigned to
25

1 and 11
1 , respectively. The (3He,n! angular distribution

data leading toEx55940 keV could only be described@50#
using two components withL5014. This doublet probably
corresponds to shell-model states of 44

1 and 04
1 . Further-

more, from the comparison of particle spectra measured
the mirror reactions24Mg(3He,n! and 24Mg(t,p) it follows
that the four26Si states at 6350~21), 6470, 6789, and 6880
keV very likely correspond to the26Mg levels at 6745
(21), 6878~32), 7063~12), and 7348~32). Therefore, the
26Si state at 6470 keV presumably has negative parity,
though a 01 assignment has been reported in the (3He,n!
work of Ref. @50#. The experimental angular distribution
measured in that work is shown in Fig. 3~d! together with
DWBA fits for L50, 1, and 3 transfers. As in Ref.@50# we
have used the Bayman-Kallio method for the construction
a total microscopic form factor from two single-particle form
factors. This procedure is implemented in the progra
DWUCK4. Since the code cannot handle two-particle transfe
leading to unbound final states, we have bound each pro
by 50 keV. We have used the same optical-model and fo
n
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factor parameters as in Ref.@50#. The calculations have been
performed using single-particle form factors of 2s1/2

2

(L50), 1d3/22p1/2 (L51), and 1d3/22p3/2 (L53) although
the shapes of the calculated angular distributions are re
tively insensitive to the particular choice of form factors. I
can be seen from Fig. 3~d! that at anglesuc.m.,40° theL51
transfer describes the data as well as theL50 transfer, while
a 32 assignment is clearly excluded. The observed structu
at uc.m..40° cannot be described by a particularL transfer
and may arise from an unresolved state or a contamina
Therefore, we assign a spin and parity of 12 to the 6470 keV
state. Our conclusions are supported by the fact that
(3He,n! angular distribution for the unresolved 678916880
keV doublet in Ref.@51# is well described assuming anL53
transfer. Further, we assign the levels at 7150~21) and 7489
~21) keV to the shell-model states of 27

1 and 28
1 , respec-

tively. It should be noted at this point that far less exper
mental information is available on26Si states compared to
the other two members of the isospin triplet and, therefo
the level assignments are not as well established in this ca
However, our results are more consistent with existing e
perimental data than the previous assignments of Re
@30,51#.

B. Coulomb displacement energies

Coulomb displacement energy calculations have been p
formed in the present work for the mirror pair26Mg226Si, in
order to support our26Si level assignments and also to est
mate the excitation energies of the unobserved 33

1 , 12
1 , and

45
1 states in26Si ~Table VIII!. In order to calculate26Si level
energies from measured excitation energies of26Mg states
we have employed three different methods: an empirical e
timate, a single-particle potential model, and a hybrid mod

For the empirical estimate we have collected all expe
mentally measured excitation energy differences ofT51
mirror states in even-A nuclei in the massA522–34 region.
TheA522, 24, 26, 30, and 34 mirror pairs each contribute
most five cases, but the situation is much better forA528
and 32. Altogether there are about 50 cases for which
have plotted in Fig. 5 the differenceD in excitation energies
of corresponding levels inTz521 ~proton-rich! and
Tz511 ~neutron-rich! nuclei. The energies ofT51 states in
Tz50 nuclei have not been considered for comparison pu
poses because of possible isospin mixing giving rise to is
spin doublets and additional shifts. It can be seen from Fig
that on the average the differencesD are negative which is
well known. There is also a tendency for the absolute diffe
ences to increase with excitation energy according to t
relation

Dav520.025Ex~Tz511!, ~4!

whereEx is in units of keV. The scatter around this averag
amounts to 41 keV. These 50 cases relate top51 states
only. It is well known that forp52 states the energy shifts
are much larger. Very few negative parity levels have be
found in Tz521 nuclei, but the large shifts can be demon
strated, e.g., by comparing correspondingp52 levels in
26Mg and 26Al. For six pairs the quantity@Ex(

26Al)
2Ex(

26Mg!2228 keV# amounts to about2170 keV. An ex-
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TABLE VIII. Isospin triplet states (T51) in A526 nuclei.a

26Mg 26Al 26Si Shell modelc

Ex ~keV! Jp Ex ~keV! Jp;T b Ex ~keV! Jp g Ex ~keV! Jp;1

0 01 228 01;1 0 01 @0# 01
1

1809 21 2070 21;1 1796 21 1929 21
1

2938 21 3160 21;1 2783 21 3153 22
1

3589 01 3754 01;1 3332 01 3681 02
1

3941 31 4192 31;1 3756 3921 31
1

4332 21 4548 21;1 4138 21 4541 23
1

4350 31 4599 31;1 4446 4511 32
1

4318 41 4705 41;1 4183 4533 41
1

4900 41 5132 41;1 4806 4932 42
1

4834 21 5142 21;1 4806 5000 24
1

4972 01 5195 01;1 4806 5204 03
1

5291 21 5545 21;1 5229 5404 25
1

5474 41 5726 41;1 5330 41 5473 43
1

5716 41 5924 41;1 5940 6009 44
1

5690 11 d 6028 11;1 5562 5833 11
1

6125 31 6364 31;1 6268 33
1

6256 01 6414 01;1 5940 01 6062 04
1

6634 ~0-4!1d 6802 11~12,22);011 6798 12
1

6622 41 6818 41;1 6777 45
1

6745 21 6852 21;011
6350 21 6647 26

1

6876 21;1
6878 32 6964 32;1 6789
7063 12 7086 12;1 6470
6978 51 7222 51;1 7038 51

1

7261 ~2,3!2 7254 22;1
7100 21 7308 21;1 7150 21 6843 27

1

7282 42 7348 42;1
7410 42;1

7349 32 f 7399 32;1 6880
7440h ~0-2!;1

7242 31 d, e 7464 31;011
7282 34

1

7495 31;011

7543 22 e 7497 22;011
7540 22;1

7369 21 e 7561 21;1 7489 21 7093 28
1

7395 51 7628 51;1 7465 52
1

7428 ~0,1!1 f 7814 11;011
7721 13

1

7880 11;011
7677 41 e 7891 41;1 7411 46

1

7724 31 d, e 7939 31;1 7602 35
1

7773 41 e 7953 41;1 7941 47
1

7816 ~2,3!1 7982 21;1 7473 29
1

7694 12 d, f 8001 12;1

7953 52 8011 52;1
8067 52;1

7840h 21 8064h 21;1

aExperimental excitation energies andJp values adopted from Ref.@30# unless indicated otherwise.
bSee also Table III.
cSee also Sec. IV A; shell-model excitation energies are given relative to the 01

1;1 state.
dRecent experimental information from transfer work@47# has been taken into account.
eRecent experimental information from electron inelastic scattering work@48,49# has been taken into account.
fFor these levels the electron inelastic scattering work of Ref.@49# yieldsJp(7349)512,Jp(7428)521, andJp(7694)532; however, the
correspondence with26Al states clearly provesJp-values of 32, 11, and 12, respectively.
gListed are only thoseJp values which have been obtained from unambiguous DWBA descriptions of~3He,n! data@50,51#.
hIntruder states.
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ception is the26Al 1 2;1 level at 8001 keV with the26Mg
parent located at 7694 keV. The change of sign for the Co
lomb energy shift can be explained by a hole in the 1p shell
rather than a particle in the 2p shell. Fortunately, negative
parity levels are negligible for the25Al( p,g) 26Si reaction
rates in the stellar temperature range of interest in the pres
work ~Sec. VII! since none of these are expected with
'1 MeV above the proton threshold. Predicted excitati
energies of26Si levels deduced from the known26Mg mirror
state energies using Eq.~4! are listed in column 2 of Table
IX.

In the single-particle potential model it is assumed th
the 26Si (26Mg! states can be described by the motion of
proton ~neutron! around a core consisting of the25Al
(25Mg! ground state. For the interaction of the neutron wi
the 25Mg core a Woods-Saxon potential with paramete
r 051.25 fm anda50.65 fm plus a spin-orbit potential of 25
times the Thomas term has been used~see also Table I!. The
well depth of the Woods-Saxon potential was chosen to
produce the excitation energy in26Mg. The energy of the
26Si mirror level was then calculated for the same potent
depth including a Coulomb field of a uniform spherica
charge of radiusr 0A

1/3. For each positive parity level below
Ex'7 MeV the resulting single-orbit shifts~2s1/2, 1d3/2,
1d5/2) have been corrected for the shift of the 1d5/2 ground
state and weighted by the corresponding single-particle sp
troscopic factors. The latter values were obtained from
shell-model calculation~Sec. IV!. The 26Mg level energies
have been corrected by the calculated total Coulomb sh
and the resulting26Si excitation energies are listed in colum
3 of Table IX. We note that this model obviously neglects th
possibility of single-particle states built onto excited cores

A hybrid model for the calculation of Coulomb shifts ha
been adopted from Ref.@55# to which the reader is referred
for details. In brief, shell-model calculations of26Mg and

FIG. 5. Excitation energy differences ofT51 mirror states in
even-A nuclei in the massA522–34 region. The absolute differ-
ences increase linearly with excitation energy.
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26Al excitation energies have been performed for which th
empirical isospin-nonconserving interactions of Ormand an
Brown @56# were added to theW interaction. The Ormand-
Brown interaction matrix elements have been adjusted to r
produce experimental isobaric mass shifts and should
principle account for multiparticle effects of the Coulomb
displacement energies. However, the Thomas-Ehrman sh
@57,58# is neglected in the calculations since the Ormand
Brown interactions have been derived using harmoni
oscillator radial wave functions. This shift was taken into
account additionally using a single-particle~Woods-Saxon!
potential model. The resulting single-orbit shifts for both
ground state and excited cores are multiplied by the corr
sponding calculated spectroscopic factors and are added
gether yielding a total Thomas-Ehrman shift. The measure
26Mg excitation energies were corrected for both the she
model excitation energy differences and the Thomas-Ehrm
shifts. The resulting excitation energies of the26Si mirror
states are presented in column 4 of Table IX.

The estimated26Si excitation energies are compared to
the newly proposed~experimental! 26Si level scheme~col-
umn 6 of Table IX!. For the three different methods de-
scribed above one finds average deviations of (Ex

expt

2Ex
calc) av519, 1120, and285 keV, respectively. The cal-

culated energies have been corrected for these system

TABLE IX. Coulomb displacement energies~in keV! for
26Mg-26Si.

Ex
calc(26Si!

JSM
p EE a SPMb HYB c Ex

av d Ex
expt(26Si! e (Ex

expt2Ex
av)

01
1 0 0 0 0 0
21

1 1764 1734 1839 1794 1796 12
22

1 2864 2736 2856 2833 2783 250
02

1 3499 3423 3531 3499 3332 2167
31

1 3842 3791 3838 3838 3756 282
41

1 4210 4280 4450 4328 4183 2145
23

1 4224 4091 4290 4216 4138 278
32

1 4241 4077 4297 4220 4446 1226
24

1 4713 4526 4933 4739 4806 167
42

1 4778 4821 4915 4853 4806 247
03

1 4848 4718 4997 4869 4806 263
25

1 5159 5165 5249 5205 5229 124
43

1 5337 5266 5381 5342 5330 212
11

1 5548 5493 5830 5638 5562 276
44

1 5573 5409 5816 5614 5940 1326
33

1 5972 5813 6080 5970
04

1 6100 5901 5986 6010 5940 270
12

1 6468 6322 6524 6452
45

1 6456 6232 6620 6451
26

1 6576 6259 6625 6501 6350 2151
27

1 6922 6593 6980 6846 7150 1304
51

1 6803 6549 6741

aFrom empirical estimate.
bFrom single-particle model.
cFrom hybrid model.
dAverage values~see text!.
eExperimental excitation energies in26Si ~Table VIII!.
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deviations and the average is listed in column 5 of Table I
For the latter values the average absolute deviation amou
to uEx

expt2Ex
calcuav5110 keV, which is not surprising in view

of the theoretical and experimental uncertainties involve
We expect the unobserved26Si levels of 33

1 , 12
1 , and 45

1 at
Ex55.97, 6.45, and 6.45 MeV, respectively, with an es
mated uncertainty of about 0.1 MeV.

VI. STELLAR REACTION RATES FOR 25Mg1p

The stellar reaction ratesNA^sv& of 25Mg(p,g) 26Al can
have contributions from narrow resonances, the high-ene
wing of theER5225.7 keV subthreshold resonance, the d
rect capture into final26Al states, and the summed low
energy wings of resonances located at higher energies. C
culations have shown@18,59# that for stellar temperatures
T>0.01 GK the last three contributions can be neglected

The reaction rate~in units of reactions s21 mol21 cm3)
for isolated narrow resonances is given as a function of te
peratureT9 ~in units of GK! by the expression@60#

NA^sv&51.5431011~mT9!
23/2(

i
f ivg iexpS 211.605

Ei

T9
D ,
~5!

where the reduced massm is in amu and the strengthsvg i
and center-of-mass energiesEi of the resonances are in MeV
f i denotes theg-ray branching ratios to the ground state o
26Al. For stellar temperatures of greatest interest he
(T<2.0 GK!, all experimentally observed resonances wi
Ei<1455 keV were considered. All resonance energiesEi
have been calculated from theEx values reported in@30#
usingQpg5~6306.5560.06! keV @61#. For theg-ray branch-
ings to the26Al ground state we have used the values fro
Table IV of Ref. @18#, except for the resonances a
ER5198, 254, and 304 keV, for whichf i has been calculated
from recently measured@11# primary g-ray branching ratios
~new values aref i50.66, 0.76, and 0.79, respectively!. Mea-
sured resonance strengthsvg i for ER5198–317 keV were
taken from Ref.@11#. For higher-lying resonances the value
of Ref. @15#, determined relative toER55911593 keV from
Ref. @62#, were adopted. The different data sets overlap at
ER5317 keV resonance and yield consistent values with
the quoted experimental uncertainties.

For the threshold states atEx56343–6436 keV it has
been shown@16# thatGg/G'1. Therefore, the strengthsvg
of the corresponding resonances atER538–135 keV are
given by

vg'vGp , ~6!

and thus can be calculated from the average proton wid
deduced in the present work. As already noted, for a fe
threshold states either an unambiguousJp value could not be
determined experimentally or only an upper limit for th
proton widthGp has been obtained from the (3He,d! data
~Secs. II B and III!. Therefore, we have calculated upper an
lower limits for their contributions to the reaction rates
based on the largest and smallest possible values ofGp . The
vg values used for the calculation of these limits are list
in Table III.
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Lower and upper limits on the total reaction rates for the
nucleosynthesis of the26Al ground state via25Mg1p are
presented in Table X. Total rates~solid line! and individual
contributions~dashed lines! are displayed in Fig. 6~a!. The
observed resonances withER>198 keV determine the stellar
rates for temperaturesT.0.15 GK, whereas theER560 and
96 keV resonances dominate the rates forT50.0220.15
GK. The upper and lower limits for the25Mg1p reaction
rates deviate only by negligible amounts in the astrophys
cally important temperature rangeT.0.02 GK. The reso-
nance atER5135 keV is too weak to influence the reaction
rates appreciably. We also note that theER538 and 112 keV
resonances are unimportant at these temperatures. Only
lower stellar temperatures ofT,0.015 GK does the
ER538 keV resonance dominate the stellar rates. The she
model prediction~Sec. IV! of Jp541;0 yields a strength of
vg54.5310222 eV for this resonance, compared to
vg,2.4310220 eV resulting from the previous assignment
Jp542 ~Table III!. However, at these low stellar tempera-
tures contributions to the reaction rates other than from na
row resonances also have to be taken into account@18,59#.

We attribute an uncertainty of a factor 1.5 to the reaction
rates at temperaturesT50.02–0.07 GK, which are domi-
nated by theER560 keV resonance. For temperatures
T50.07–0.15 GK the reaction rates are determined by th
contributions of theER596 keV resonance. The reader
should be aware of the fact that in this range the stellar rate
of the present work could be systematically lower by a facto
of 2, or possibly more, depending on the magnitude o
multiple-step contributions to the population of the corre-
sponding state atEx56399 keV in the25Mg(3He,d! 26Al re-
action ~Sec. II B!. For temperatures aboveT50.15 GK the
uncertainties are determined by the experimental errors
the vg i values ~about 620%!. In addition, Table X lists
values for the ground-state branching ratiof 0 versus stellar
temperatureT which have been determined using the method
described in Ref.@18#. The reaction rates for forming the
isomeric state26Al m via 25Mg1p are then obtained by mul-
tiplying the presentedNA^sv& values by the factor
(12 f 0)/ f 0 .

The previously derived reaction rates of Champagneet al.
@12# and Rollefsonet al. @13# are listed in Table X and are
compared in Fig. 6~b!. A maximum deviation of a factor of 3
occurs atT50.1 GK. The ratio of our stellar rates and the
previous results are also shown in Fig. 6~b!. The present
reaction rates deviate a factor of 2 atT50.1 GK from the
values given in Ref.@13#, but do agree within 40% with the
results of Ref.@12# at temperaturesT.0.02 GK. We note
that the reaction rates for25Mg1p are now based on an
improved analysis of all available experimental data.

VII. STELLAR REACTION RATES FOR 25Al1p

The stellar rates for the25Al( p,g) 26Si reaction were cal-
culated using the new shell-model and analog assignments
26Si states presented in Sec. V.
The contribution of narrow resonances toNA^sv& was

calculated by using Eq.~5! ~with f i51!. For stellar tempera-
tures ofT,1.5 GK it is sufficient to consider resonances
located within about 1 MeV of the proton threshold in26Si
(Qpg55518 keV!. It is apparent from Table VIII that in this
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TABLE X. Stellar reaction ratesNA^sv&a,b for 25Mg(p,g) 26Al 0.

T ~GK! Low c High d e f f 0
g

0.01 4.19310234 7.74310231 3.47310234 0.79
0.015 1.02310224 1.68310224 8.63310225 0.81
0.02 4.42310220 4.47310220 3.79310220 3.9310220 0.81
0.03 1.61310215 1.61310215 1.39310215 1.4310215 0.81
0.04 2.75310213 2.75310213 2.39310213 2.4310213 0.81
0.05 6.17310212 6.17310212 5.27310212 6.1310212 0.81
0.06 5.83310211 5.83310211 4.78310211 7.1310211 0.82
0.07 3.53310210 3.54310210 2.76310210 5.2310210 0.83
0.08 1.5431029 1.5531029 1.1631029 2.631029 0.84
0.09 5.1531029 5.1931029 3.8131029 9.831029 0.84
0.1 1.4231028 1.4431028 1.0531028 2.931028 0.83
0.15 5.4931026 5.5131026 5.9431026 5.831026 0.84
0.2 1.1131023 1.1131023 1.2331023 1.031023 0.86
0.3 2.4431021 2.4431021 2.5131021 2.231021 0.84
0.4 3.673100 3.673100 3.323100 3.33100 0.83
0.5 1.933101 1.933101 1.753101 1.73101 0.81
0.6 5.983101 5.983101 5.433101 0.80
0.7 1.363102 1.363102 1.243102 0.79
0.8 2.553102 2.553102 2.323102 0.77
0.9 4.183102 4.183102 3.813102 0.76
1.0 6.243102 6.243102 5.713102 0.75
1.5 2.153103 2.153103 1.953103 0.72
2.0 4.153103 4.153103 3.683103 0.70

aReaction rates for the population of the26Al ground state in units of reactions s21 mol21 cm3; in order to
calculate the stellar rates for the population of the isomeric state the presented values ofNA^sv& have to be
multiplied by the factor (12 f 0)/ f 0 .
bContributions of narrow resonances only; forT<0.01 GK additional contributions from the direct capture
process, theER5226 keV subthreshold resonance, and the low-energy tails of higher-lying resonances have
to be taken into account@18,59#.
cContribution of all measured (p,g) resonances andER560, 96, 112 keV.
dSum of column 2 and maximum possible contribution fromER538 and 135 keV~Table IV!.
eCalculated from analytic expression given on p. 393 of Ref.@12#.
fFrom Table IV of Ref.@13#.
gGamma-ray branching ratio for the population of the26Al ground state.
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range of excitation energy only positive parity states are e
pected. Resonance energiesER were calculated from the ex-
citation energies listed in Table VIII for experimentally ob
served levels~with typical errors of625 keV!. For the
unobserved shell-model states of 33

1 , 45
1 , and 12

1 we used
the predictions of Coulomb displacement energy calcu
tions, where the uncertainties involved amount to about 1
keV ~Table IX and Sec. V B!. The resonance strengthsvg
are determined by the proton andg-ray partial widthsGp and
Gg . Proton partial widths were calculated using the proc
dure described in Sec. II A@Eq. ~2!, with C251 for
25Al1p#. Single-particle spectroscopic factors have be
adopted either from the corresponding26Mg mirror states
~see Ref.@30#! or were taken from shell-model calculation
by using the Ormand-Brown interaction~Sec. V B!. Values
for Gg were also taken from the shell model. We note that f
positive parity levels the shell model reproduces both theS
values measured in the25Mg(d,p) 26Mg transfer reaction
and the experimental lifetimes of26Mg levels within a factor
of 2. A summary of estimated resonance properties for26Si
states near the proton threshold is presented in Table XI. T
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resulting stellar reaction rate contribution of narrow reso
nances is listed in column 2 of Table XII.

The ~nonresonant! direct capture~DC! contribution into
all 26Si bound states was determined following the forma
ism described in Ref.@63#. The radial wave function for the
bound final state was calculated by using a Woods-Sax
potential (r51.25 fm anda50.65 fm!. The well depth is
chosen to reproduce the binding energy of each final sta
For the calculation of the initial state radial wave function
we have employed hard-sphere phase shifts. The total D
cross section is given by an incoherent sum over orbital a
gular momental i and l f for all incoming and outgoing
partial waves involved:

s total
DC 5 (

l i ,l f
C2S~ l f !s theor

DC ~ l i ,l f !. ~7!

The spectroscopic factors for the bound26Si states were
again taken either from the26Mg mirror levels or from shell-
model calculations. The total DC cross section was co
verted into the astrophysicalS factor,
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FIG. 6. ~a! Total reaction rate~solid line! and individual contri-
butions~dashed lines! for the reaction25Mg(p,g) 26Al 0; ~b! ratio of
the present rate to the reaction rates of Champagneet al. @12# ~solid
line! and Rollefsonet al. @13# ~dashed line!. The dotted line shows
the ratio of rates from the previous works@12,13#.
S~E!5s~E!Eexp~2ph! ~8!

~with h denoting the Sommerfeld parameter!. TheS factor
was found to be nearly energy independent belowEp51
MeV with S(0)527.0 keV b. The stellar reaction rates for
the DC process calculated by using the expressions for non
resonant reaction mechanisms@60# are listed in column 3 of
Table XII.

The total stellar rates for25Al1p, which we recommend
for use in stellar network calculations, are presented in col-
umn 4 of Table XII and are displayed in Fig. 7~a! together
with individual contributions. The total reaction rates are de-
termined by the direct capture process and the resonances
ER544 and 452 keV, corresponding to the shell-model states
of 11

1 and 33
1 , respectively. The present reaction rates are

compared in Fig. 7~b! to the previous results of Ref.@14#,
which are also listed in column 7 of Table XII. The latter
values have been derived by using systematic nuclear trend
and different analog assignments. It can be seen from Fig
7~b! that our stellar rates deviate up to 3–4 orders of mag-
nitude from the previous results for temperaturesT.0.01
GK.

It should be noted that the largest uncertainties in
NA^sv& result from the errors in the resonance energies
~Table XI!, since the quantityER enters exponentially in the
calculation of the resonant reaction rates@Eq. ~5!#. In order to
estimate quantitatively the uncertainties involved we have
varied the energies of single resonances within their limits
presented in Table XI. The obtained resonant reaction rates
for which the energy dependence of the proton partial widths
Gp was taken explicitly into account, were added to the DC
contribution. The smallest and largest total stellar rates re-
sulting from this procedure for different stellar temperatures
T are listed in columns 5 and 6 of Table XII, respectively. It
follows that the 28 keV~100 keV! error inER for the 44 keV
~452 keV! resonance yields a maximum uncertainty in the
total reaction rates of a factor 560~750! at T50.015 GK
(T50.15 GK!.

In order to investigate qualitatively the competition be-
tween theb decay of 25Al and the 25Al( p,g) 26Si reaction
gy
TABLE XI. Parameters of low-energy resonances in25Al( p,g) 26Si.

Ex
a ER

b Jn
p c Sl 5012

expt d Sl 5012
SM e Gp

f Gg
expt d Gg

SM e vg g

~keV! ~keV! ~eV! ~eV! ~eV! ~eV!

5562628 44628 11
1 ,0.0040 1.9310221 .0.055 0.11 4.8310222

5940625 422625 44
1 ,0.10 ,0.028 3.731022 0.0066 0.0067 4.231023

5940625 422625 04
1 ,0.047 1.731022 0.0088 0.0046 3.031024

59706100 4526100 33
1 0.12,0.31 0.14,0.33 9.23100 0.033 0.10 5.831022

6350625 832625 26
1 0.008,0.11 0.028,0.071 7.93101 0.029 0.11 4.531022

64516100 9336100 45
1 ,0.0089 2.73100 0.024 0.017 1.231022

64526100 9346100 12
1 ,0.049 1.53101 .0.066 0.11 2.731022

aFrom Table VIII for experimentally observed levels; otherwise the results of Coulomb displacement ener
calculations~Table IX!, with an estimated uncertainty of6100 keV, have been used.
bCalculated from column 1 usingQpg5~551863! keV @61#.
cShell-model assignments adopted from Table VIII.
dExperimental values@30# adopted from26Mg mirror states.
eShell-model results for26Si states, calculated using the Ormand-Brown interaction~see text!.
fProton partial widths calculated fromS values in columns 4 and 5, using Eq.~2!.
gWith vg5(2JR11)GpGg/12G.
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TABLE XII. Stellar reaction ratesNA^sv& a for 25Al( p,g) 26Si.

T ~GK! Resonancesb DC c Total d Low e High e f

0.01 5.33310236 2.06310237 5.53310236 2.06310237 5.53310236 9.79310238

0.015 7.16310229 1.27310231 7.17310229 1.27310231 7.17310229 6.03310232

0.02 2.31310225 5.65310228 2.31310225 5.65310228 2.31310225 2.69310228

0.03 6.24310222 2.10310223 6.45310222 2.10310223 6.29310221 1.00310223

0.04 2.86310220 1.59310220 4.45310220 1.59310220 4.31310218 7.59310221

0.05 2.62310219 1.77310218 2.03310218 1.77310218 2.02310216 1.23310218

0.06 1.09310218 6.41310217 6.52310217 6.41310217 2.53310215 7.11310216

0.07 2.93310218 1.12310215 1.12310215 1.12310215 1.54310214 1.36310213

0.08 5.97310218 1.19310214 1.19310214 1.19310214 6.42310214 6.99310212

0.09 1.02310217 8.72310214 8.72310214 8.72310214 2.26310213 1.47310210

0.1 3.29310217 4.84310213 4.84310213 4.84310213 9.70310213 1.6531029

0.15 1.90310210 2.04310210 3.94310210 2.88310210 2.1631027 2.0531026

0.2 6.2231027 9.1131029 6.3131027 2.0331027 1.2731024 6.3931025

0.3 1.8331023 1.0431026 1.8331023 4.0031024 6.3131022 2.2131023

0.4 8.9331022 2.0431025 8.9331022 1.8331022 1.243100 3.3531022

0.5 8.5831021 1.6831024 8.5831021 1.9131021 6.893100 3.0431021

0.6 3.693100 8.3531024 3.693100 9.3131021 2.053101 1.553100

0.7 1.013101 2.9831023 1.013101 2.903100 4.333101 5.243100

0.8 2.103101 8.5231023 2.103101 6.783100 7.403101 1.333101

0.9 3.653101 2.0631022 3.653101 1.303101 1.093102 2.763101

1.0 5.583101 4.4031022 5.583101 2.183101 1.483102 4.953101

1.5 1.803102 6.3131021 1.803102 9.743101 3.273102 2.733102

aReaction rates in units of reactions s21 mol21 cm3.
bContributions of narrow resonances~see Table XI!.
cContribution of direct capture process.
dSum of columns 2 and 3.
eLower and upper limits on totalNA^sv&, respectively, resulting from variation of resonance energies~see
text!.
fFrom Ref.@14#.
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~Sec. I!, we present in Fig. 8 temperature and density con
tions for which both processes have equal strengths~assum-
ing a hydrogen mass fraction ofXH50.5!. The solid line was
derived fromNA^sv& listed in column 4 of Table XII, while
the dashed curves result from the uncertainties in the re
nance energiesER ~calculated from columns 5 and 6 of Tabl
XII !. The rectangle indicates typical temperature and dens
ranges (0.146,T9,peak,0.325 and 2.43103,r initial
,1.43104 g/cm3), adopted from hydrodynamical nova
simulations@64#. Our results indicate that for temperature
T,0.18 GK theb decay of25Al is faster than the competing
(p,g) reaction. However, forT.0.27 GK the 25Al( p,g)
26Si reaction dominates. Therefore, the production of26Al 0

in energetic novas is likely bypassed to a large extent~Sec.
I!. The uncertainties involved are still large as is appare
from Fig. 8 and better reaction rates based on improved
perimental results are highly desirable. Finally we note th
hydrodynamical simulations incorporating our new stellar r
action rates for25Mg(p,g) 26Al and 25Al( p,g) 26Si are in
progress@65#, in order to investigate the production of26Al
in novas.

VIII. CONCLUSIONS

The present work describes a consistent reanalysis of
available experimental data for the25Mg(3He,d! 26Al reac-
di-

so-
e
ity

s

nt
ex-
at
e-

all

tion leading to 26Al threshold states. Contrary to previous
procedures we use unbound-state form factors in the DWB
analysis and calculate absolute rather than relative pro
widths. From the comparison ofGp values from proton trans-
fer and (p,g) work we have shown that our method applie
provides meaningful results. The proton widths deduced
the present work have been used for the calculation of n
stellar rates for the25Mg(p,g) 26Al reaction. Our reaction
rates differ up to a factor of 2 compared to previous resul
It is also pointed out that the stellar rates at temperatur
T50.07–0.15 GK which are determined by theER596 keV
resonance could be more uncertain than is generally
sumed, depending on the contribution of multiple-step pr
cesses to the25Mg(3He,d! 26Al reaction mechanism. This
question could be addressed with a new measurement of
25Mg(p,g) 26Al reaction. Adopting our estimated value
~Table III! for the strength of theER596 keV resonance and
using a 1 mAproton beam on a pure Mg target yields abou
130 captureg rays per day.

Spins, parities, and isospins for26Al states belowEx58
MeV have been reanalyzed using experimental results an
was found that in several cases the previous assignme
were erroneous. Further, we have performed shell-model c
culations for the massA526 system. Correspondences o
experimental with shell-model states have been made on
basis of comparing excitation energies,Jp;T values,g-ray
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transition strengths, spectroscopic factors, and proton par
widths. Our results show that the structure of positive par
states in 26Al in the excitation energy range belowEx58
MeV is well described by the shell model.

We also have presented updated stellar rates
25Al( p,g) 26Si. These are based on our new analog state
signments and results from shell-model calculations. The
certainties involved amount up to 2–3 orders of magnitud
This reaction is of importance for the bypass of26Al 0 nu-

FIG. 7. ~a! Total reaction rate~solid line! and individual contri-
butions ~dashed lines! for the reaction25Al( p,g) 26Si; ~b! ratio of
the present rate to the reaction rate of Wiescheret al. @14#.
tial
ity

for
as-
un-
e.

cleosynthesis in nova outbursts and could be a prime tar
for a direct cross section measurement using radioact
nuclear beam facilities currently being proposed or co
structed at several laboratories.
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FIG. 8. Temperature-density boundary~solid line! at which the
proton capture reaction on25Al and the 25Al b decay are of equal
strength ~assuming a hydrogen mass fraction ofXH50.5!. The
dashed lines result from the uncertainties in resonance energ
Temperature and density conditions typical for nova outbursts a
indicated by the rectangle.
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