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ABSTRACT 

Astrophysical positron emission, continuum electron capture, and neutrino energy loss rates are 
calculated for 26A1—>26Mg, 30P—»30Si, 31S—>31P, 32S—>32P, 33S->33P, and 35C1-*35S. Measured nuclear 
level information and matrix elements are used where available. Unmeasured matrix elements for 
allowed transitions are assigned on the basis of simple shell model arguments and the results of de- 
tailed large-scale shell model calculations by Wildenthal and his collaborators. The experimentally 
determined matrix elements are found to dominate the rates over most of the range of temperatures 
and densities considered. The uncertainties in the rates are estimated. Appropriate average matrix 
elements for unmeasured Gamow-Teller transitions are estimated for use in other ¿¿/-shell nuclei. 
The rates presented agree roughly with those of Hansen over a wide range of conditions, but 
potentially important differences in the rates exist at temperatures and densities relevant for the 
production and destruction of 26A1 and for neutronization and neutrino loss in the late stages of 
presupemova evolution. 

Subject headings: neutrinos— nuclear reactions— stars: 

I. INTRODUCTION 

The problem of nuclear ß decay in the stellar environment has been an active area of investigation for many years. 
Cameron (1959) pointed out the importance of thermally populated excited states in enhancing weak decay rates, 
while Bahcall (1961, 1962a, 6, c, 1964) and Peterson and Bahcall (1963) outlined the role of continuum electron 
capture and Pauli principle inhibition of phase-space, and the possibility of opening many otherwise unattainable 
electron capture channels at high density. These and other effects which can make weak-interaction rates in the 
stellar interior sensitive functions of temperature and density are briefly reviewed in § II. However, a continuing and 
vexing problem in astrophysical weak decay rate calculations is the assignment of nuclear matrix elements and the 
estimates of the uncertainties in the resulting stellar rates. Fowler and Hoyle (1964) calculated rates for a number of 
weak decays of interest in the supernova problem. Hansen (1966) surveyed weak rates for many nuclei using 
experimental information available at that time and an estimate for unknown matrix elements. Later, Mazurek et al 
(1974) used a similar technique, but took into account the limitation on the strength of the weak interaction arising 
from the sum rule and applied it to the case of electron capture at high density. Iben (1978) studied Urea neutrino 
losses under conditions found in the carbon-oxygen cores of intermediate-mass stars and calculated weak-interaction 
rates involving a few excited states of parent and daughter nuclei in the mass range 21<^4 <57. Takahashi and 
Yamada (1969), Takahashi (1971), Takahashi, Yamada, and Kondoh (1973), Egawa, Koichi, and Yamada (1975), 
and Takahashi, El Eid, and Hillebrandt (1978) have used the statistical treatment of the gross theory of ß-decay to 
treat high density electron capture and have estimated ground state rates for many unstable nuclei. 

As the temperature rises, additional transitions from nuclear parent states contribute to decay rates, while, as the 
density rises, electron capture transitions into additional nuclear daughter states also contribute. At the very high 
temperatures and densities which obtain in the later stages of supernova core collapse (kT> 1 MeV and peak 
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448 FULLER, FOWLER, AND NEWMAN Vol. 42 

electron Fermi energies well above 10 MeV) many decay channels contribute to each decay, and a statistical 
approach becomes possible. In this regime total Fermi and Gamow-Teller strengths, as well as their distribution with 
daughter excitation energy, become necessary for calculation of detailed rates. However, the technique used by Bethe 
et al. (1979) to treat weak-interaction transitions under these extreme conditions indicates that the dynamics of the 
collapse phase may be relatively insensitive to the exact electron capture rates. 

In contrast, in the regime of less extreme temperatures and densities encountered in the late stages of precollapse 
evolution (core carbon-oxygen burning through hydrostatic silicon burning and the onset of collapse), and in the 
explosive burning phases following collapse and bounce, detailed weak-interaction rates of high accuracy may be 
quite important. The temperatures and densities most relevant to these environments are 0.1 < < 5 and 105 < p//xe 

< 109, corresponding to conditions from mild degeneracy up to Fermi energies near 5 MeV. The nuclei whose rates 
are usually most important are those of intermediate mass (Weaver and Woosley 1979; Woosley, Arnett, and 
Clayton 1972). In the series of papers beginning with the present work, we propose to make weak-interaction rates 
available for general astrophysical application for nuclei of the sJ-shell (17 < ^4 <40) over a somewhat larger grid of 
temperature (0.01 <T9< 10) and density (10 < p//ie < 109). 

The weak-interaction rates of the ¿¿/-shell nuclei at these intermediate temperatures and densities are particularly 
sensitive to the detailed properties of the low-lying discrete states of parent and daughter nuclei. Fortunately, a large 
body of experimental information concerning these nuclei has been accumulated in recent years (see the summaries 
by Endt and van der Leun 1973, 1978). Supplementing this information with shell model calculations for some 
unknown allowed transitions (shell model calculations are particularly effective for this mass range) and exploiting 
the isospin purity and symmetry in these nuclei, rehable rates can be obtained and uncertainties caused by unknown 
nuclear matrix elements can be estimated. We find that the experimentally determined matrix elements and the 
Fermi transitions dominate the rates over most of the range of temperature and density considered, but it is 
important to consider estimates of unmeasured Gamow-Teher matrix elements. We use three sources to assign these 
matrix elements: (1) the results of the detailed large-scale shell model calculations of Wildenthal (1977, 1979) and 
Chung (1976) where they are available;4 (2) simple shell model arguments where they can be reliably applied; and (3) 
an average Gamow-Teller matrix element characteristic of intermediate mass nuclei when a more accurate approach 
is not available. The average Gamow-Teller matrix element is distilled from experimental results and shell model 
calculations, and is designed to be applied in a survey of weak-interaction rates for ¿¿/-shell nuclei to identify those 
cases for which the considerable effort of a detailed shell model calculation is most urgently needed. The matrix 
element assignment procedure used here is described in detail in § HI. 

The recent discovery (Gray and Compston 1974; Lee and Papanastassiou 1974; Lee, Papanastassiou, and 
Wasserburg 1976) of anomalous amounts of 26 Mg in Allende inclusions has led to renewed interest in possible 
mechanisms for the formation of its unstable progenitor 26A1 (e.g., Amould, Hillebrandt, and Thielemann 1978; 
Truran and Cameron 1978; Arnett and Wefel 1978). These considerations are complicated by the fact that the 
26Al->26Mg ß-decay rate (mean life 1.04 X 106 years in the laboratory) becomes a sensitive function of temperature 
and density in the stellar interior. As a first application of our techniques, we present in § IV astrophysical decay 
rates for 26Al^26Mg of relevance to the problem of the 26Mg anomaly. In addition, since the 228 keV isomeric state 
of 26A1 is not thermalized at low temperatures (Ward and Fowler 1979), we have separately tabulated continuum 
electron capture and positron decay rates for the ground state and isomeric state systems. The simple structure of 
26A1 and 26Mg (ground states: two holes in the l¿/5/2 shell) makes the shell model particularly appropriate for the 
description of this decay. 

The decay 30P—»30Si is another example of one in which the shell model is most appropriate. This decay and the 
decays 31S-»31P, 32S-»32P, 33S^33P, and 35C1-»35S are particularly important (Weaver and Woosley 1979) for 
determining properties of the evolving stellar core through core oxygen and silicon burning and up to core collapse 
(Weaver, Woosley, and Zimmerman 1978). In particular, the electron capture and positron decay of these and other 
nuclei result in considerable neutronization before core collapse even begins. In addition, in the precollapse 
environment the neutrino energy loss associated with these decays may become competitive with neutrino losses due 
to thermal processes. This is primarily due to the effect of the degenerate electron gas which inhibits electron- 
positron pair creation and increases the plasma frequency, thereby restricting plasma decay to only the most 
energetic photons. Conversely, the high electron density enhances nuclear continuum electron capture. The lowering 
of the core temperature due to neutrino energy losses together with the hydrostatic neutronization influences the core 
composition in nuclear statistical equilibrium during the collapse phase. Decay rates and neutrino loss rates for these 
key nuclei are presented in § IV following the discussion of ^Al-^^Mg. 

4 We have used expectation values of doubly reduced (in spin and isospin) /?-decay operators from Wildenthal and Chung to calculate 
weak transition matrix elements. 
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II. BETA DECAY IN THE STELLAR INTERIOR 

The rate of weak decay from the /th state of the parent to the yth state of the daughter nucleus is given by 

X/7 = ln2 
(/Oí,- 

(O 

where (/0,v is the comparative half-life, which is related to the allowed weak-interaction matrix elements by (Brown, 
Chung, and Wildenthal 1978) 

(log fi )gt = 3.596 — log| MGT12, (2a) 

(log/0F = 3.791-log|MF|
2, (2b) 

where |A/GT|
2 and |AiF|

2 are the absolute squares of the Gamow-Teller and Fermi matrix elements, respectively. The 
phase space integral f¡j is given by an integral over total energy 

/7= (q"w2(qr,-w)2G(±Z,w)(\-S+)(\-Sv)dw (3a) 
J\ 

for electron {upper signs) or positron {lower signs) emission, or by 

/,= iCOw2(qn + w)2G(±Z,w)S^(l-Sy)dw (3b) 

for continuum positron {lower signs) or electron {upper signs) capture. In equations (3a) and (3b), w is the total rest 
mass and kinetic energy in units of mec2, and 

9» = Qn/™ eC2 = {Mp-Md+E-Ej)/mec
2 (3c) 

is the ß-decay total energy in units of mec
2. In equation (3c) Mp is the nuclear mass of the parent and Mä that of the 

daughter, and E^Ej are the excitation energies of the nuclear states involved. We have calculated nuclear masses 
from the tabulated atomic masses by subtracting the mass of the atomic electrons, neglecting atomic binding 
energies. The wt is the capture threshold total energy, rest plus kinetic, in units mec

2 for positron (or electron) 
capture. If the corresponding electron emission (or positron emission) total energy is such that #„> — 1, then w/ = 1, 
while for qn<—\, wl=\qn\. S+,S_,SV are the positron, electron, and neutrino (or antineutrino) distribution 
functions, respectively. Neglecting possible corrections due to the presence of bound electrons and the ions, these are 
the Fermi-Dirac distribution functions. For electrons, 

*-=(exp(-^)+1) ’ (4a) 

where U={w- \)mec
2 is the kinetic energy, UF is the electron chemical potential, and UF/kT is the degeneracy 

parameter. In the positron distribution function S+,U¥ is replaced by — UF — 2mec2. The chemical potential UF is 
determined from the density p in g cm-3 by inverting the relation 

1 / m c \ 3 /*00 

f)^e=^2N~\~^~) f0 (‘S'-_‘S'+)^2^molescm"3j (4b) 

where pe is the mean molecular weight per electron associated with nuclei in g mole-1, NA is Avogadro’s number in 
mole-1, p = (vv2—1)1/2 is the electron or positron momentum in units of mec, and the density of electron-positron 
pairs has been removed by subtracting S+ from S_. In Figure 1 it will be noted that for low density and high 
temperature UF{e~)= — UF{e+) = —mec

2= —0.511 MeV, while for any density and zero temperature 

UF(e~)= I [ 1.02 X l0-\p/ne)
2/3 4-1 ]1/2- 1} X0.511 MeV 

«0.5xl0-2(p/íO1/3MeV for p/pe>108. (4c) 
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Note that the inclusion of these electron distribution functions results in the phase-space integrals /¿j becoming 
sensitive functions of temperature and density. For our calculations, inhibition of final neutrino phase space never 
becomes important, so 5y = 0. 

The remaining factor appearing in the phase space integral is 

G(±Z, w)=(p/w)F(±Z, w). 

F(±Z,w) is the relativistic Coulomb barrier factor, given approximately by 

F(±Z, w)sí2(1 +s)(2pR)*s-1)e,T,> 
T(s + iri) 
F(2^+l) 

2 

(5a) 

(5b) 

where s = [\—(ctZ)2]1/2, Z is the nuclear charge, a the fine structure constant, R the nuclear radius = 
2.908x10“3 Al/3 — 2A31A~l/3 in electron Compton wavelengths (Gove and Martin 1971) with A the nuclear 
mass number, tj= ±aZw/p, and the upper signs are for electron emission and capture, while the lower signs are 
for positron emission and capture. For emission processes Z is the nuclear charge of the daughter nucleus, while 
for capture processes it is that of the parent nucleus. Note that in the nonrelativistic limit, wæl, |t)|»1 with 
sæl — j a2Z2æ\ in our applications, one has 

G_ =»2TraZ\2r)pR |“a2z2 = 2ttoéZ(2aZR)“a2z2, (5c) 

G+=»G_exp —27t I rj (5d) 

In the extreme relativistic limit/?æw»l, \rq\æaZ, one has 

G_ =>(2pR) “a2z expTT I tj I, (5e) 

G+^G.exp —27r|T7| = (2pR)“a2z2exp —7r|ï7|. (5f) 

In addition, the neutrino energy loss rate (in mec
2 ^_1) associated with the transition from level / of the parent to 

level j of the daughter is formed as in equation (1), except that the phase-space integral is replaced by 

4"= rV(^-w)3G(±Z,w)(l-ST)(l-S,,)<Av, (6a) J\ 

for electron {upper signs) or positron {lower signs) emission, and by 

/,/= Cw\qn + wfG(±Z,w)S^\-Sv)dw, (6b) 
J”l 

for continuum positron {lower signs) or electron {upper signs) capture. 
The phase-space integrals were performed numerically, and checked for electron and positron emission, at low 

temperature and density against the tables of log/by Gove and Martin (1971). The definite integrals for the electron 
and positron emission phase space factors were done by 64-point Gaussian quadrature. The integrands of the 
electron and positron capture phase-space integrals are modulated strongly by the electron (or positron) distribution 
function, so that the integrand has a characteristically slowly varying part and an exponentially decaying part, 
corresponding to the shape of the Fermi-Dirac distribution function. The portion of the improper integrals 
containing the slowly varying part of the integrand was done with 64-point Gaussian quadrature, and the exponential 
tail was treated with 32-point Gauss-Laguerre quadrature. For each nucleus a table of phase-space factors for 
position emission and electron capture as a function of qn was prepared at each temperature and density grid point, 
and the /i7 and /7 " were obtained by cubic spline interpolation in 

In summary, the weak decay rates of nuclei in the stellar environment become sensitive functions of temperature 
and density through the influence of the lepton distribution functions on the phase-space integrals, and because 
many decay channels open up due to thermal population of parent excited states and continuum electron capture at 
high Fermi energy into daughter excited states. 
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Fig. 1.—Thermodynamic grid employed. The electron chemical potential U¥ in MeV is displayed as a function of temperature in 
kelvins (logarithmic scale) for various values of log p//itf in moles cm-3. The temperature grid used in all calculations extended from 107 

to 1010 K with 5 points per decade roughly uniformly distributed in log T. Density points were taken at each decade from log = 1 to 9 
with additional points inserted at log p/fie = 6.5, 7.5, and 8.5 to improve the coverage in UF. The curves not labeled correspond to log 
p/pe= 1.0, 2.0, 3.0, and 4.0, respectively. Note the approach to the nondegenerate limit t/F=0.511 MeV at sufficiently high temperature at 
each density. 

The temperature and density regime considered in the calculations is shown in Figure 1. We see that the energies, 
spins, and parities for discrete states will be required for excitation energies up to several MeV in the parent and at 
least 4 or 5 MeV in the daughter. Typically, we use all discrete states known up to even higher energies in parent and 
daughter. All nuclear level information was taken from Endt and van der Leun (1978). We then require weak 
interaction transition matrix elements connecting these states; their assignment is the subject of § III. 

We have not considered the effects of bound state electron capture, which is unimportant over most of the range 
of temperature and density considered, nor have we considered the screening of the nuclear charge by continuum 
electrons, which has the effect of moving F(±Z,w) toward unity and of modifying the energies of charged particles 
in the plasma. This screening is a small effect over the range of temperature and density considered here (Takahashi, 
El Eid, and Hillebrandt 1978). While the omission of these corrections is justified along the temperature-density track 
of typical precollapse conditions (0.1<r9<5, 105 < p//xe < 109), screening corrections affect the rates at low 
temperature and/or extremely high density. 

It finally remains to sum over the parent and daughter states in order to find A, the destruction rate of the parent 
or the production rate of the daughter due to the emission or capture process under consideration. The destruction 
rate for the /th parent state is given by 

A=I>>,7> (7) 
j 

where the sum is over all states of the daughter to which the parent state is linked by the emission or capture process. 
The rate for destruction of the parent nucleus is then 

(8) 
/ 

where the sum is over all parent states, and the occupation index P¡ of state i is given for thermal equilibrium by 

P¡ = (2J + l)exp( - EjkT)/G, (9a) 
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where is the spin of level /, and G is the nuclear partition function for the parent nucleus 

Vol. 42 

G= 2 (27,+ l)exp(-£,//:r). 
i 

(9b) 

In our temperature range (r9 < 10) the number of known discrete states is sufficient to yield an accurate value for G 
without considering continuum contributions (Tubbs and Koonin 1979). 

If one defines the production rate for the y th daughter state as 

(10a) 
i 

then it will be clear that the production of the daughter nucleus and the destruction of the parent nucleus can be 
stated as 

x=2\- (10b) 
j 

We add a note of caution. In this paper we do not present the reverse reaction rates to the cases we have treated. 
For example, we give 35C1-»35S, but not 35S—>35C1. We point out that the ground state of 35 S decays by electron 
emission to 35 Cl with maximum total energy equal to 0.679 MeV. Thus at low density and low temperature, our 
tabulated results do not give the complete picture. In a later paper of this series this will be rectified. For the moment 
we give the logarithm of the laboratory reverse rates due to electron emission. They are: —6.25 for 32P to 32S, —6.50 
for 33P to 33S, and —7.04 for 35S to 35C1. These laboratory reverse rates will hold in stellar environments at low 
density, p/jue< 106, and temperature, r9< 1. 

III. NUCLEAR MATRIX ELEMENTS 

The comparative half-lives (/0,; required in equation (1) are taken from laboratory measurements where they are 
available. Since there has been a vast increase in the number of measured ^-transitions in recent years, we have used 
the latest tabulations of Endt and van der Leun (1978). In addition, we have used some unpublished measurements 
by Wilson and Kavanagh (1978) for the decay 30P-»30S. However, for many important transitions, particularly those 
involving excited states of parent or daughter nucleus, no measurement is available, and //-values for these 
transitions must be assigned in another way. Only allowed transitions are considered in this work. Exploiting the 
isospin symmetry of these ¿¿/-shell nuclei allows us to calculate unmeasured Fermi transition matrix elements with 
great accuracy, and to extend the relevant set of “measured” matrix elements for a decay by considering transitions 
measured in the appropriate mirror decay. The remaining unmeasured Gamow-Teller matrix elements are handled 
in several different ways. Simple two-particle shell model approximations to the nuclear wave functions are used to 
calculate Gamow-Teller matrix elements and appropriate sum rules. This calculation gives a good overview of the 
Gamow-Teller strength and its distribution for the decays 26A1—>26Mg and 30P—>30S. In addition, for some 
transitions in these and the other decays considered, Wildenthal (1979) has provided us with Gamow-Teller matrix 
elements calculated from the detailed wave functions of Chung (1976). For Gamow-Teller transitions not covered by 
either the two-particle approximation or Wildenthal’s calculations, we use an appropriate mean log ft, determined 
from averages of experimentally determined Gamow-Teller matrix elements in the ¿¿/-shell and all of the available 
Wildenthal calculations used for the six decays considered. The sensitivity of rates to uncertainties in the matrix 
element assignments are estimated, as are uncertainties in the rates caused by unknown Gamow-Teller strength 
which may he beyond the last discrete levels considered in parent and daughter nucleus. The remainder of this 
section will describe this matrix element assignment procedure, but briefly, we will find that the experimentally 
determined transitions along with the Fermi and mirror decay matrix elements dominate the rates in most cases. 
Even in regimes of temperature and density where the unmeasured Gamow-Teller transitions are important, we feel 
that the rates are well determined. Regimes in which the uncertainty in matrix elements makes the rates uncertain 
will be explicitly mentioned for each decay. 

The isospin purity and symmetry of the nuclear energy levels in ¿¿/-shell nuclei allows considerable simplification 
and accuracy in the assignment of some matrix elements. In particular, the Fermi matrix element depends only on 
the nuclear isospin, T, and its projection Tz = (Z—N)/2 for the parent or daughter nucleus, and may be written for 
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positron emission or electron capture as 

453 

imfi2=- 
1 

2/,+ l ES <J/Wj S1*' 
N 

= T(T+l)-Tz
i(Tz

i- 1), (U) 

where Tz
i is the z projection of the parent isospin, is the initial parent state, the final daughter state, 

and the matrix element is averaged over initial and summed over final nuclear spins. Note that the sum on nucleons 
^ntn~ the minus component of an isovector, spatial scalar operator T~ which commutes with the total isospin 
T2, a good quantum number in these nuclei, implying the selection rules AII = 0; A/=0; AJ7=0; Tz

f= T/ — 1, which 
have been applied in the second equality of equation (11). In ^Al—>26Mg Fermi transitions, for instance, |MF|

2 = 2, 
and so from equation (2) log(/i)F = 3.49. This is very fast compared to the average Gamow-Teller matrix element 
corresponding to about log//=5.0 (see discussion later in this section). In addition, essentially all of this Fermi 
strength is concentrated in the isobaric analog state. Fortunately, in this mass range (17 <A <40) several analog 
states occur within 5 MeV of the ground state and are accessible in the precollapse environment. For example, 
several Fermi transitions can be seen for the decays 26A1—>26Mg and 30P—»^Si in Tables 1 and 2, respectively. 

Isospin symmetry allows assignment of matrix elements for some unmeasured transitions in particular decays. If a 
measured matrix element is available for a transition in the mirror system, then it can be taken over directly for the 
appropriate transition in the original decay, after correcting for initial and final spin degeneracy. For example, 
several matrix elements are measured in the 26Si—>26A1 decay; these can be taken over with spin degeneracy 
corrections into the 26Al-*26Mg decay, and are included in Table 1. The mirror systems of all six decays were 
examined, and many important matrix elements were obtained in this way. 

After the above procedure is completed, there are still many Gamow-Teller transitions without assigned matrix 
elements. Since Gamow-Teller matrix elements are observed to vary over three or four orders of magnitude, it is 
important to obtain a good handle on their behavior in this mass range. To this end we have used (1) results of the 
large-scale shell model calculations of Wildenthal (1979), (2) a simple two-particle approximation to the nuclear wave 
functions, and (3) averages based on shell model calculations and measured decays in the ¿¿/-shell. The two-particle 
approximation was used for the decays 26A1—>26Mg and 30P-^30Si because the very simple shell model picture was 
most appropriate there. 

The shell model indicates that the primary configuration of the 26A1 ground state is one neutron hole and one 
proton hole in a filled \d5/2 shell, and of 26Mg is two proton holes in the same shell. Similarly, the primary 
configuration of the 30P ground state is one proton and one neutron outside a closed l¿/5/2 shell, while for 30Si it is 
two neutrons outside the same closed shell. This suggests that the low-lying states of these systems may be 
predominantly described in terms of two-particle (two-hole) wave functions, where only the angular momenta of the 
valence particles are coupled to give the total angular momentum. The possible values of T (spin, parity; isospin) 
are constructed for each two-particle ¿¿/-shell configuration forming a “bank” of states for each nucleus. Since the 
low-lying states of these nuclei have well measured excitation energies and spins and parities, it is possible to identify 
physical states with states in the J* bank, taking into account the energy orderings of the simple shell model 
configurations. We note that the first 16 states of 26A1 exhaust 13 of the 14 possible T=0 two-particle ¿¿/-shell states 
and three of the expected low-lying T=\ states, before a state of 26A1 is encountered which cannot be understood in 
this simple model. Similarly, in 26Mg the lowest 12 states are well accounted for; states 13 and 15 apparently have 
large many-particle components, but states 14 and 16 match well the remaining T=\ states in our 26Mg J77 bank. 
The first 14 states of *°P exhaust 12 of the 14 possible T=0 two-particle states and two of the expected T=\ states 
before an obvious many-particle state is found. Similarly, in 30 Si the lowest 10 states are well accounted for, and four 
others match up with the T = 1 states remaining in the J77 bank for 30Si. The pure two-particle configuration 
assignments are displayed for 26Al-»26Mg in Table 1, and for ^P-^Si in Table 2, the notation being, e.g., for ^Al, 
55 = /?(l¿/5/2)/z(l¿/5/2), 51 = /?(l¿/5/2)«(2¿l/2), etc., where p denotes the proton configuration and n the neutron 
configuration. 

The weak interaction matrix elements are calculated using the assigned two-particle ¿¿/-shell wave functions. The 
Fermi matrix element is done as above. The Gamow-Teller matrix element is given by 

\M< GTl |2= . 1 
2/,+1 ? N 

(12) 
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Log//-Values for 26Al-*26Mg 

STATE 

26. 

26 

ENERGY 

Mg 
J 

Al 1 
0.000 

5+ 

GONE 55 

2 
0.228 
°V 

55 

3 k 
0.417 1.058 

3+ 1+ 

55 55 

5 
1.759 

2+ 

51 

6 7 
1.851 2.069 

1+ 4+ 

53 53 

8 
2.070 
2+;l 

55 

1 0 0 :1 55 EF 3.48 

2 1.809 2 ;1 55 E14.18 

S 4.01 
P 3.63 
M 4.58 
W 3.85 

S 4.29 
P 3.87 
M 4.58 
W 4.34 

P 3.63 P 3.36 P 3.72 
M 4.66 M 4.63 M 4.46 M 4.63 
W 5.17 W 3.63 W 4.40 

FP 3.34 
FM 3.45 

3 2.938 2 ;1 51 E13.35 
P 3.31 

M 4.66 M 4.63 M 4.46 M 4.63 
W 4.07 W 5.49 W 4.47 

M 4.90 

4 3.588 0+;l 11 M 4.58 
W 5.72 

M 4.58 
W 5.36 

5 3.941 3+;l 

6 4.320 4+;l 

7 4.332 2+;l 

8 4.350 3+;l 

9 4.835 2+;l 

10 4.901 4+;l 

11 4.972 0+; 1 

12 

13 

14 

15 

16 

5.291 2 ; 1 

5.474 4+;l 

5.690 1+;1 

5.715 4+;l 

6.127 1+;1 

LOG(ft)i 

51 

P 3.99 
55 M 4.10 

53 

53 

31 

P .3.39 
53 M 4.10 

33 

33 

53 

31 

M 4.98 

P 3.63 
M 4.34 

P 3.68 
M 4.66 
W 4.97 

P 3.74 
M 4.98 

M 4.66 
W 4.78 

P 4.84 
M 4.34 

3.29 

P 3.39 
M 4.19 

3.39 

P 3.91 
M 4.63 
W 5.22 

M 4.63 
W 4.87 

M 4.58 
W 7.50 

P 3.37 
M 4.43 

M 4.46 

M 4.43 

P 4.69 
M 4.46 

M 4.66 M 4.63 M 4.46 
W 4.94 W 6.34 

P 3.55 
M 4.83 M 4.79 M 4.83 

3.06 

M 4.83 

2.97 

P 3.74 
M 4.79 M 4.83 

P 3.99 
M 3.84 

M 4.63 
W 7.57 

M 4.63 
W 6.16 

P 3.69 
M 4.58 
W 4.53 

P 4.69 
M 4.63 
W 6.57 

P 3.09 
M 3.84 

M 4.58 

P 3.61 
M 4.90 

P 4.31 
M 4.58 

M 4.90 

2.95 3.26 3.04 

M 4.90 

P 3.94 
M 4.03 

M 4.03 

3.28 
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TABLE \-Continued 

455 

9 10 
2.072 2.365 

1+ 3+ 

11 51 

11 
2.545 

3+ 

53 

12 
2.661 

2+ 

53 

13 
2.739 

1+ 

31 

14 15 
2.913 3.074 

2+ 3+ 

31 33 

16 
3.159 
271 

51 

22 24 
3.719 3.745 

1+ 0+;1 
33 11 

ANLG ANLG 
5.9184 6.3534 

1+;1 1+;1 
53 31 

S 4.98 

M 4.08 
W 4.28 

M 4.63 
W 4.96 

M 4.63 
W 5.35 

M 4.66 
W 4.99 

P 3.52 
M 4.66 
W 4.82 

P 4.46 
M 4.66 
W 5.79 

M 4.66 
W 4.50 

P 3.61 
M 4.46 

M 4.46 

w 4.77 

M 4.63 
W 5.22 

P 3.52 
M 4.63 
W 6.81 

M 4.46 

P 4.69 
M 4.46 

M 4.66 
W 4.36 

M 4.66 
W 6.35 

W 4.77 

M 4.90 M 4.63 
W 5.05 

FP 3.47 
FM 3.45 M 4.63 

W 5.18 

P 3.72 
M 4.25 M 4.25 

P 3.52 
M 4.25 M 4.25 

P 3.30 
M 4.58 
W 5.57 

M 4.63 
W 5.25 

M 4.63 
W 6.31 

M 4.58 
W 4.79 

M 4.63 
W 5.85 

M 4.98 

M 4.34 

M 4.66 
W 4.99 

M 4.66 
W 5.72 

M 4.98 M 4.98 

P 3.69 
M 4.66 
W 5.43 

M 4.66 
W 5.13 

M 4.34 M 4.34 

M 4.66 
W 5.88 

P 3.34 
M 4.66 
W 6.12 

M 4.58 
W 4.90 

M 4.98 M 4.43 

P 3.41 
M 4.34 

P 3.61 
M 4.46 

M 4.43 

M 4.46 

P 3.85 
M 4.46 

P 3.55 
M 4.43 M 4.98 

M 4.63 
W 4.68 

P 3.69 
M 4.63 
W 5.03 

M 4.58 
W 9.65 

M 4.63 
W 6.06 

M 4.46 

M 4.43 

P 3.31 
M 4.46 

M 4.46 

M 4.34 

P 5.24 
M 4.66 
W 5.20 

P 4.09 
M 4.98 

M 4.66 
W 4.91 

P 3.28 
M 4.34 

P 4.22 
M 4.66 
W 7.60 

M 4 

M 4.58 F 3.49 
W 5.24 

P 3.72 
M 4.58 

P 3.37 
,90 M 4.63 

W 5.31 

M 4.58 

P 4.69 
M 4.90 M 4.63 

W 9.24 

P 3.99 
M 4.58 
W 4.36 

P 3.79 
M 4.90 M 4.63 

W 4.78 

M 4.75 M 4.75 

P 3.37 
M 4.25 M 4.25 

P 3.34 
M 4.25 M 4.25 

P 3.69 
M 4.75 M 4.75 

P 4.69 
M 4.25 M 4.25 

M 4.83 M 4.79 M 4.83 M 4.79 
P 3.74 

M 4.03 M 4.83 M 4.19 
FP 3.49 
FM 3.44 M 4.70 

M 4.83 

3.29 3.29 

M 4.79 M 4.83 

3.12 3.20 3.29 

P 3.91 
M 4.79 

3.04 

P 3.74 
M 4.03 M 4.83 

3.17 3.39 3.06 

FP 3.23 
M 4.70 FM 3.46 

3.01 2.99 

where a is the Pauli spin operator and the rest of the notation is as for the Fermi matrix element above (eq. [11]). 
Since "o’jv is a spatial vector and an isovector, we get the Gamow-Teller selection rules, AII = 0; AT=0, ± 1, 
no 0—>0; A/=0, ± 1, no 0-^0. Note that the Gamow-Teller operator has no dependence on the radial coordinate and 
hence cannot change the orbital angular momentum of the decaying state. Making the two-particle approximation, 
we find 

|MOTF
= 2y +1 2 2 KV'/^/kl <*1+T2 

1 tn ; m r 
(13) 

For example, in the transition of a (r=0,55) configuration in 26A1 to a (7’= 1,55) configuration in 26 Mg we can 
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TABLE 2 
Log //-Values for 30P-^30Si 

STATE 30P 1 2 3 h 
ENERGY 0.0 0.6772 0.7090 1.454 

jV 1+ 0+;l 1+ 2+ 

Si GONE 11 11 13 13 30, 

5 
1.973 

3+ 

33 

6 
2.538 

3+ 

51 

7 
2.7232 

2+ 

51 

8 
2.8388 

3+ 

55 

9 
2.9378 
2+;l 

13 

10 
3.0186 

1+ 

33 

1 0 0+; 1 11 
E 4.83 EF 3.49 E 6.18 
P 3.30 
M 4.61 M 4.61 
W 5.53 W 5.35 

S 3.99 

M 4.61 
W 3.71 

2 

3 

4 

E 5.80 
2.2354 2+;1 31 M 4.62 

W 4.83 

P 3.69 
M 4.62 
W 4.58 

P 3.31 
M 4.46 M 4.63 

W 5.31 

P 3.69 
M 4.63 
W 5.19 

P 4.69 
M 4.46 M 4.63 

W 5.92 

FP 3.45 
M 4.62 
W 6.02 

3.4987 2 ; 1 33 M 4.62 
W 4.17 

M 4.62 
W 5.98 

M 4.46 
P 4.22 
M 4.63 
W 5.10 

M 4.63 
W 4.69 

M 4.46 M 4.63 
W 6.95 

M 5.00 
P 3.79 
M 4.62 
W 4.73 

3.7697 1 ;1 31 M 4.83 M 4.83 
P 3.91 
M 4.80 

P 3.74 
M 4.80 M 4.66 M 4.83 

5 3.7879 0+;l 33 M 4.61 
W 5.01 

M 4.61 
W 4.58 

P 3.99 
M 4.61 
W 5.53 

6 4.8092 2+;l 51 M 4.62 
W 5.33 

7 4.8307 3+;l 51 

8 5.2306 3+;l 53 

P 3.52 P 4.69 
M 4.62 M 4.46 
W 4.43 

P 3.55 
M 4.43 

M 4.43 

P 3.52 
M 4.63 M 4.63 
W 4.62 W 6.70 

M 4.98 M 4.98 

P 4.09 
M 4.98 M 4.98 

P 3.31 
M 4.46 M 4.63 

W 6.32 

P 3.37 
M 4.43 M 4.98 

P 3.74 
M 4.43 M 4.98 

P 4.69 
M 5.00 M 4.62 

W 5.65 

P 3.54 
M 4.23 

M 4.23 

9 5.2795 4+;l 53 
P 3.28 P 4.84 
M 4.45 M 4.45 M 4.45 

10 5.3720 0+;1 55 M 4.61 
W 4.43 

M 4.61 
W 4.83 

M 4.61 
W 5.88 

DESIGNATIONS FOR LOG ft-VALUES IN TABLES 1 AND 2: S = CALCULATED FROM ISOBARIC SYMMETRY; P = PURE TWO-PARTICLE GAMOW- 
TELLER VALUE; M = MIXED TWO-PARTICLE GAMOW-TELLER VALUE +0.5; W = CALCULATED FROM WILDENTHAL RESULTS; E = EXPERIMENTAL 
VALUE; F = CALCULATED FERMI VALUE; EF = EXPERIMENTAL FERMI VALUE; FP = CALCULATED FERMI AND PURE G-T VALUE; FM = CALCU- 
LATED FERMI AND MIXED G-T VALUE + 0.5. CONF = TWO-PARTICLE CONFIGURATION; ANLG = ANALOGUE STATE. 

evaluate the isospin matrix element and, in spherical tensor notation, we find 

|Mgt|2=- 
1 

2Jx + \ ^•2 2 k+a2 k\mf'>- 
ntj rrij k 

(14) 

We have used the shorthand notation for the matrix elements 

(15) 

where jx is the initial /-shell angular momentum of particle one, // is the final /-shell angular momentum of particle 
one, lx the corresponding orbital angular momentum, and 1 /2 the spin, and similarly for particle two. Using the 
Wigner-Eckart theorem, the above expression becomes, after some tedious angular momentum algebra, 

(mf\o¡k\m¡') =( — \f/2+mi+''+j'+j''+h+Ji+Jl 

•[6 {2Jf+\ ) (27,+ 1 ) (2y, + 1 ) (2yV+l )] 

/ 7, 

1/2 (16) 

— m 

1 Ji 

k ni: 

Jx h 

¿ 1 

j\ Jj 72 

J, j\ 1 
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A similar expression can be derived îox (smf\o2k\mi'), and the orthogonality property of the 3-y symbols exploited to 
give equation (13) in terms of 6-j symbols which are easily evaluated. This calculation was carried out for allowed 
transitions between all two-particle ¿¿/-shell configurations and all possible corresponding to those configurations. 

Given the complicated nature of the expression for |MGT|
2, it is useful to check against an explicit calculation of 

the two-particle sum rule. The sum rule is the total amount of Gamow-Teller strength available for an initial state 
(Takahashi, Yamada, and Kondoh 1973), and is here given by summing over a complete set of final states in |MGT|2 

to yield 

5, GT= 27^1 2 l(sTJV »Ar)(2TJV »Ar)I (17) 

Considering just the two valence nucleons results in the expression 

5, GT = 3< iS° I T1-T1
+ + T2-T2

+1 iS° > + < ^,- iS° I Tf T2
+ + Tf I ^,iSO > ♦SGT, (18) 

where ^ iso is the isospin part of the two-particle wave function, and 2GT is spatial expectation value which can be 
shown to be 

1 
Sgt=2/ + 1 ’Z<'4'imi\a1’a2\xpiml} 

= —2 4 +72(y2+l)~/2(/2+l) 4+/1a1+i)-/i(/,+i) 
JiJidJi +2)(2y2 + 2) 

• (19) 

The strength due to the interaction with core nucleons in the above analysis is assumed to be at nuclear excitation 
energies high enough to be irrelevant to the astrophysical rates. Since we have identified all of the two-particle 
¿¿/-shell states in, for instance, daughter 26 Mg, each state of parent 26A1 explicitly saturates the two-particle sum rule. 
To the extent that the nuclear wave functions are well represented by the two-particle configurations, this sum rule 
gives a rough idea of the total Gamow-Teller strength in the range of stellar energies to be expected for each state of 
the parents 26A1 and 30 P. The approximate validity of the two-particle assignments in these decays is demonstrated 
by the way hindered values (unusually large ft values for allowed transitions) of the pure configuration matrix 
elements track fairly well the hindered values of WildenthaPs calculation (see below). 

Configuration mixing resulting from the residual interaction between valence nucleons is an important aspect of 
the wave functions of ¿¿/-shell nuclei. Its major effects will be to “smear out” the two-particle strength in parent and 
daughter and to mix many-particle configurations into low-lying states, thus spreading the two-particle strength to 
higher energies. In the two-particle picture, we treat the first effect by an averaging procedure: We completely mix 
states of a given Tp7" in the parent and completely mix states of a given in the daughter, add up the pure 
configuration strength for all the Jp 

77^Jd 
71 transitions, and divide by the total number of such transitions. Then each 

such transition is assigned this average matrix element. This result is termed the mixed configuration matrix element 
set. The effect on the rate of the distribution of Gamow-Teller strength can be tested by first computing the stellar 
rate with the pure configuration set of matrix elements and then with the mixed configuration set. In both 
calculations the measured, mirror-decay, and Fermi-transition log ft values were employed. We find that the rates 
calculated in these two cases are substantially the same for the temperatures and densities considered here, indicating 
that the stellar rates are relatively insensitive to the placement of the low-lying unmeasured Gamow-Teller strength in 
the range of excitation energy covered in parent and daughter nuclei. However, the second effect of configuration 
mixing, the admixture of high-lying configurations and the true many-body nature of the wave functions, results in a 
decrease in Gamow-Teller matrix elements, especially at the higher excitation energies in parent and daughter. This 
trend is seen in the results of the large-scale shell model calculations of Gamow-Teller matrix elements done by 
Wildenthal, and is treated here by slowing down the mixed configuration transition rates by adding 0.5 in log ft. 

Wildenthal’s calculations employ a full ¿¿/-shell basis and a reahstic residual interaction. The wave functions are 
then the result of an iterative calculation which fits the energies of 199 levels for nuclei between masses 18 and 24. 
The results obtained for Gamow-Teller transitions in the ¿¿/-shell agree quite well with experiments where compari- 
son is possible (Brown, Chung, and Wildenthal 1978). Matrix elements from these calculations were available for 
many, but not all transitions in the decays considered. Where a calculated matrix element exists, two values are 
provided: one corresponding to the value of the axial vector coupling constant CA relevant for free nucleon decay 
(the so-called “free” value), and one corresponding to the value of CA renormalized by mesonic exchange currents 
and the effects of truncation of the basis to just the ¿¿/-shell configurations. The latter result was obtained by fitting 
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to measuared Gamow-Teller transitions in the ¿¿/-shell and hence is termed the “fit” value. The fit values are a better 
representation of the matrix elements over the entire ¿¿/-shell, and in general the fit matrix elements are slightly 
smaller (log ft is somewhat larger) than the corresponding free values. However, we have adopted the free values 
because they seem to give slightly better agreement with experimentally measured matrix elements and with those 
determined from mirror decays in the transitions considered. 

Table 1 presents all the experimental, mirror symmetry, pure, mixed (plus 0.5) and free Wildenthal log ft values 
used in the calculations for the 26A1—>26Mg decay. Table 2 presents the log ft values used for the states of lowest 
excitation considered in the 30P—>30Si decay. The actual calculations involved states up to 4.3 MeV in and up to 
7.5 MeV in 30Si. In these tables, entries with an E are experimentally observed, those with an S are observed in the 
mirror decays, while entries with an F have a Fermi component. Also appearing in the tables are the log ft values 
from the pure configuration, denoted by a P, and the mixed configuration, denoted by an M. The small and 
vanishing pure configuration matrix elements are a result of /-forbiddenness and two-particle interference effects. 
Where no entry denoted by P or M exists, the matrix element is zero in the two-particle model. Note that in the 
26A1—>26Mg decay the hindered transitions of Wildenthal roughly track the small matrix element transitions of the 
two-particle approximation. This effect is not as pronounced in the ^P—»^Si decay, probably due to less domination 
by two-particle configurations in the actual nuclear wave functions. The numbers at the bottom of the tables are the 
effective \ogft corresponding to the two-particle Gamow-Teller sum rule for each of the parent states of 26A1 and are 
given by 

log(/0,.= -logs l/(/0y = 3.596-logs,GT 

j 

These numbers give an estimate of the total Gamow-Teller strength to be expected for each parent state. Finally, the 
free Wildenthal log ft are denoted by W. All the decays considered in this paper have available roughly similar 
numbers of log ft values calculated from the results of Wildenthal. 

For 26Al-»26Mg the log// calculated on the basis of the two-particle approximation do well in the two cases where 
comparison with experiment is possible. The 4-»l transition (Table 1: state 4 of 26A1 to state 1 of 26Mg) is measured 
in the mirror system and when corrected for spin-degeneracy factors yields log//=4.01. (Hereafter we will just refer 
to such a log// value as “measured.”) This measured value is bracketed by the pure, log//= 3.63, and mixed (plus 
0.5), log//= 4.58, results. The 6—>1 transition is measured as log//=4.29, and is approximated by the pure result as 
log//= 3.87 and by the mixed (plus 0.5) result as log//=4.58. In the 30P-»30Si decay the 1-»1 transition is measured 
as log//= 4.83 and is approximated by the pure configuration result as log//= 3.30 and by the mixed configuration 
(plus 0.5) result as log//= 4.61. The Wildenthal calculation gives log//= 5.34 (free) for this transition. The 1^2 
transition in this decay is measured as log//= 5.8, and is approximated by the pure result as log//= oo (zero matrix 
element) and by the mixed (plus 0.5) result as log//= 4.89. Here the Wildenthal calculation gives log//= 4.83 (free) 
and log//= 5.17 (fit). In general, the Wildenthal calculations agree very well with experimental data in the six decays 
considered, and only very rarely differ by as much as an order of magnitude. For instance, the worst case occurs in 
the decay 32S-»32P. The 1—>1 transition is measured to be log// = 7.42 and is calculated by Wildenthal to be 
log//= 4.90 (free) and log//= 5.43 (fit). However, the other measured transitions in this decay are reproduced very 
well by Wildenthal’s results: transition 2->l measured as log//=4.74 (Wildenthal free log// = 4.68); transition 3->l 
measured as log//= 5.03 (Wildenthal free log//= 5.05); transition 4—>1 measured as log//= 5.52 (Wildenthal free 
log// = 5.78); transition 9^>1 measured as log// = 5.01 (Wildenthal free log// = 5.06); transition 15—»1 measured as 
log//= 4.97 (Wildenthal free log//= 4.65). 

Finally, we distill from this information an average Gamow-Teller matrix element, appropriate for the ¿¿/-shell, 
which is to be used for unmeasured Gamow-Teller transitions not covered by Wildenthal’s calculations or, in the 
case of 26Al-»26Mg and 30P->30Si, a two-particle calculation. Averages of all Wildenthal calculated matrix elements 
used in the rate computations were taken for each of the six decays considered. The average Gamow-Teller log// for 
each decay is remarkably consistent: 26Al->26Mg (free log//= 4.80±0.4), ^P-^Si (free log//= 4.86±0.4), 32S-»32P 
(free log //=4.78±0.5), 31S—>31P (free log // = 4.84±0.4), 33S—>33P (free log // = 5.05±0.4), 35C1^35S (free log 
// = 4.93±0.4). The overall average for all Wildenthal calculated Gamow-Teller transitions is log// (free) = 4.86±0.5 
and log// (fit) = 5.09±0.5. This mean includes roughly 400 matrix elements for transitions between states usually 
lying at or below excitation energies of 6 MeV. An average of experimentally determined Gamow-Teller transitions 
in the ¿¿/-shell taken from Endt and van der Leun (1978) gives log//=4.8±0.6. This average is taken only for decays 
with large nuclear g-values (>3 MeV), wherein many Gamow-Teller transitions could be sampled at excitation 
energies near those required for parent state sum rule saturation. In light of these results, we choose 
log//=5.0 for use in otherwise undetermined Gamow-Teller transitions. This is to be compared with log//=5.7 used 
by Hansen (1966) in his survey of these nuclei which, though it looks much slower, makes little difference in the 
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stellar rates except at the higher temperatures and densities due to the dominant role of more accurately determined 
transitions. Our best stellar rates are computed using, in order of priority, experimental matrix elements and those 
determined by isospin symmetry (Fermi and mirror transitions), Gamow-Teller values from Wildenthal results, 
two-particle Gamow-Teller calculations (mixed values plus 0.5), and finally the average Gamow-Teller value of 
log // = 5.0. This order of priority reflects the associated rank of confidence in each type of matrix element 
determination and, fortunately, also reflects in general the level of contribution of each type to the rates. 

The contribution of each matrix element type to the rates and the sensitivity of these rates to errors in the matrix 
elements are determined by assigning an uncertainty to each of the matrix element types. Experimentally determined 
values are assigned a formal uncertainty of zero in log ft, as are those log ft values determined by isospin symmetry. 
The Wildenthal and two-particle matrix elements are assigned an error of ± 0.4 in log ft, reflecting the average 
deviation of these numbers from experimentally determined values seen in these decays and in the rest of the ¿¿/-shell. 
The average value of//= 105 used for the remaining undetermined Gamow-Teller transitions is taken to be uncertain 
by a factor of 10 (±1.0 in log ft). The values of log ft = 4, 5, 6 correspond to fast, intermediate, and relatively 
hindered Gamow-Teller matrix elements. This uncertainty is about twice the standard deviation for the average 
Gamow-Teller transition. A rough rate uncertainty is estimated by the following scheme: The slowest rates are 
computed using the assigned log ft values with their uncertainties added; likewise, the fastest rates are computed 
using the assigned log ft values with their uncertainties subtracted. In addition, for the fastest rates, “continuum” 
states are assigned at energies slightly beyond the last state of parent and daughter nucleus employed and each 
transition into and out of these states is assigned log/i = 3.5, enough strength to take account of possible undetected 
high-lying Gamow-Teller strength. This latter computational device overestimates the uncertainty by oversaturating 
the Gamow-Teller sum rule in many cases and by putting all of this strength at the lowest possible excitation energy. 
The “rate uncertainty” A is then computed as the greater of the ratio of the fast rate to our best stellar rate and the 
ratio of our best stellar rate to the slow rate at each temperature and density point. Log A is tabulated in the rate 
tables, and shows for any temperature and density roughly which matrix element types contribute most to the rate 
and how much the rate could change due to matrix element errors and undetected high-lying strength. Note that 
where calculated or average-value Gamow-Teller transitions dominate the rate, A is a true measure of the matrix 
element induced uncertainty only if many such matrix elements contribute to the rate. This is because the assigned 
uncertainty in these cases reflects the standard deviation of a large ensemble of matrix elements, and any given 
individual assignment may be in error by a considerably larger factor. However, where Gamow-Teller transitions are 
important, many usually contribute, except at very low temperatures and high densities where a few Gamow-Teller 
electron capture channels can contribute (e.g., the 1—»6 and 1-»10 transitions in 26A1—>26Mg have log//= 4.10 and 
make the substantial contribution to the rate for p/tie> 106 and r9< 1; cf § IV). In addition, the contribution of the 
different matrix element types is checked by computing the rate first with just the experimental and mirror decays 
and Fermi transitions, and then with the calculated Gamow-Teller transitions. Comparison of these rates gives a 
clear indication of where in temperature and density each matrix element type dominates. Furthermore, examination 
of the summations (10a) and (10b) term by term gives an explicit measure of the contributions of each individual 
parent and daughter state. 

In summary, we conclude that over most of the range of temperature and density considered the rates are 
dominated by the most accurately determined matrix elements (experimental, Fermi, and mirror decays), and the 
rates are fairly well determined even at the highest temperatures and densities where unmeasured Gamow-Teller 
transitions dominate. 

rv. APPLICATIONS AND DISCUSSION 

In this section the stellar rates for the decays 26A1—>26Mg (Q*=3.494 MeV), 30P—»30Si (0„ = 3.716 MeV), 31S^31P 
(0n= 4.884 MeV), 32S-*32P (0„=-2.221 MeV), 33S-*33P (gn=-0.760 MeV), and 35C1^35S (Qn = 
— 0.678 MeV) are presented as functions of temperature and density. The first three columns of Tables 3, and 5-10, 
give the temperature T9=T/\09 K, the Brigg’s logarithm of p/[ie where p is the density in g cm-3, and pe is the 
mean molecular weight per electron in g mole-1, and the electron chemical potential UF in MeV, calculated for a 
perfect Fermi gas electron equation of state. UF is the Fermi kinetic energy at high density. In the remaining columns 
the tables present log ß+, where ß+ designates positron emission rates (all rates in s-1); log e- where e~ designates 
the electron capture rate; log 2 where 2 is the total weak interaction rate = /?++e-; log A, where A is the 
multiplicative uncertainty in 2; and log v, where v is the total neutrino energy loss rate in MeV s-1 corresponding to 
2. The level of uncertainty in the neutrino energy loss rates can be gauged by log A for the associated weak decay 
rate 2. A number of the decay rates are plotted in Figures 2 to 7. 

At sufficiently high temperatures all parent 26A1 states are in thermal equilibrium and the stellar rate is given by 
equation (8) with statistical weighting factors (9). These rates are shown in Table 3. As we see in Figure 2a, the 
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26Al(e+í/)26Mg 26Al(e , ¡/)26Mg 

Fig. 2 a Fig. 2 b 

26AI ^ 26Mg 

Fig. 2 c 

Fig. 2.—{a) Positron emission rate for 26Al->26Mg with all 
26A1 states assumed to be in thermal equilibrium. The values of 
log ß+ from Table 3 are displayed for the temperature and 
density grid of Fig. 1. The density dependence of positron emis- 
sion is negligible in most cases of interest. The rate is dominated 
by the changeover from the laboratory rate determined by the 
ground state decay to the much faster decays accessible from the 
metastable isomeric state at 0.228 MeV as it becomes thermally 
populated, (b) Electron capture rate for 26Ag-»26Mg with all 26A1 
states assumed to be in thermal equilibrium. The values of log e” 
from Table 3 are displayed as a function of temperature and 
density. The dramatic increase of more than six orders of magni- 
tude from log p//ie = 6.0 to 6.5 at low temperature is due to the 
opening up of fast (allowed) upward transitions from the parent 
ground state (5+) as the electron chemical potential becomes 
sufficiently large to overcome the energy interval. The equality of 
the rates at different density points for high temperature is the 
result of the similar behavior of U¥ in Fig. 1. (c) Total decay rate 
(positron emission plus electron capture) for 26Al->26Mg assum- 
ing all 26A1 states to be in thermal equilibrium. Log 2 from Table 
3 is displayed as a function of temperature and density. Positron 
emission dominates below about log p/fie=6.0, electron capture 
above. 
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positron emission rate is dominated by the very slow ground state transitions at low temperatures, but the much 
faster decay from the isomeric state takes over quickly with increasing temperature above T,

9 = 0.1. This decay, 
transition 2-^1 in Table 1, is a Fermi transition with log//= 3.49. The large available decay phase space and small 
log //-value of the isomeric state transition is difficult competition for other transitions to match. A rate based on the 
ground state and the isomeric state alone would match our curve well until very high temperatures are reached. The 
electron capture rate (Fig. 2b) is slower than the positron emission rate until log p/jae>6; above this value the 
electron capture component dominates the total rate (Fig. 2c). The electron capture rate for a given transition 
generally tends to increase smoothly as the density of electrons at the nucleus and the phase space integral, equation 
(3b), increase. The large increase in the 26A1 electron capture rate (Fig. 2b) from log p/pe = 6.0 to 6.5 at low 
temperature is due to the opening up of the intrinsically fast (log//æ4.1) but energetically unfavorable upward 
transitions from the ground state 1^6 and 1—>10. Above log p/pe = 6.0 the chemical potential U¥ (cf. Fig. 1) 
becomes large enough for the electrons in the tail of the Fermi-Dirac distribution to become sufficiently energetic to 
overcome the threshold kinetic energy, which is 0.313 MeV for 1—>6 and 0.895 MeV for 1—>10. These values result 
from subtracting the 26Al-26Mg atomic g-value, 4.005 MeV, from the excitation energies, 4.318 MeV for state 6 in 
Mg and 4.900 MeV for state 10. 

Although the Fermi transition from the 0.228 MeV isomeric state of 26A1 dominates the equilibrium rate at even 
moderate temperatures, communication between the isomeric state and the ground state by electromagnetic 
transitions is poor, and at sufficiently low temperatures it is not a good assumption that this first excited state is in 
thermal equilibrium with the ground state. Ward and Fowler (1979) estimate that the time required for the 
0.228 MeV state to equilibrate exceeds its lifetime against positron emission for T9<0A. Therefore, we have 
calculated positron emission and electron capture rates separately for the metastable state and those that communi- 
cate with it (the mestastable state system 26Alm) and the ground state and those that communicate with it (the 
ground state system 26Alg). Several states are members of both systems; the gamma-ray branching (Table 26.13 of 
Endt and van der Leun (1978) has been used to make the fractional assignments of Table 4. Decay rates for the 
ground state and isomeric state systems are given in Tables 5a and 5b. 

We have seen that the weak destruction rate by electron capture and positron emission of 26A1 becomes a sensitive 
function of temperature and density varying over many orders of magnitude for the more extreme conditions. Since 
the well studied isomeric state dominates at all but the highest temperatures considered, the positron emission rate 
agrees well with that of Hansen (1966) until T9>3, at which point the fast transitions (4—>1,6—>1, and 9—>1 in Table 
1) with log// values given accurately by the mirror decays in 26Si-26Al, increase the rate by a factor of 2-3 faster 
than Hansen’s rates. However, this increase falls within the factor of 5 fitting error quoted by Hansen. At T9 = 2, our 
electron capture rate ranges from a factor of 6 slower than Hansen at p/pe=102 (a value outside the range of 

TABLE 4 
Resolution of 26A1 States into Ground State (26Alg) 

and Metastable State (26Alm) Systems 

State Ex (MeV) g m 

1  0 1. 0. 
2  0.228 0. 1. 
3   0.417 1. 0. 
4   1.058 0. 1. 
5   1.759 0.98 0.02 
6   1.851 0. 1. 
7   2.069 1. 0. 
8   2.070 0.23 0.77 
9   2.072 0. 1. 

10   2.365 0.46 0.54 
11   2.545 0.49 0.51 
12   2.661 0.67 0.33 
13   2.739 0. 1. 
14   2.913 0.53 0.47 
15   3.074 0.20 0.80 
16   3.159 0.82 0.18 
22  3.179 0.06 0.94 
24  3.745 0. 1. 
ANLG  5.918 0.5 0.5 
ANLG  6.353 0.5 0.5 
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validity of Hansen’s fit to his calculated rates) to a factor of 6 faster at p/ixe= 109g cm-3. At higher temperatures our 
electron capture rates are faster by factors of 5-100, as a result of the many relatively fast electron capture channels 
which open up at higher temperatures and densities. (Note that in these cases the uncertainty in our rate is roughly a 
factor of 3.) Any detailed calculation of the production and destruction of 26A1 in stellar environments should take 
into account these results. 

The remaining decays 30P—>30Si, 31S—>31P, 32S—>32P, 33S-^33P, and 35C1—>35S are most important in influencing 
neutronization of the core material prior to and during the initial phase of silicon burning in massive stars preceding 
the collapse which initiates the supernova event. In particular, Weaver, Woosley, and Zimmerman (1978) find that 
the ratio of 28 Si to 30 Si abundance at silicon ignition is determined partly by neutronization via these five decays, 
which were chosen as being most important on the basis of the product of rate and abundance. In turn, the 
composition of core and mantle material resulting from silicon burning depends on this ratio with interesting 
consequences for subsequent nucleosynthesis. 

We find that our overall weak destruction rates agree well with the Hansen parametrized fits (1966, p. A-41) in 
most cases at low temperature and intermediate densities, but do differ significantly in some cases at temperatures 
and densities relevant to the neutronization-nucleosynthesis problem, motivating our detailed tabulation of these 
rates. 

The decay 30P->30Si (Table 6) is similar to that of 26Al-»26Mg. There is a comparable Qn = 3.12 MeV of available 
phase space in the ground state to ground state transition, and there is an isomeric state at 680 keV in 30 P. In 
contrast, the ground state to ground state transition 1^1 is relatively fast in this case (log//= 4.83). The fast Fermi 
transition (2->l, log//= 3.49) from the isomeric state dominates the rates for temperatures higher than r9æl. At still 
higher temperatures the fast decay (10—>1, log//= 3.99 from the mirror decay) becomes important. The positron 
emission rate agrees with the Hansen fit to within a factor of 2. The electron capture rate, on the other hand, is 
influenced partly by the relatively fast Gamow-Teller transitions at low excitation energy (l-»2, 1—»3, 3^2, 3-*5, 
and 3-»6 of Table 2) and accessible at intermediate temperatures and densities, resulting in a rate 6 times faster than 
Hansen at T9 = 2, p/pe— 108. There is no dramatic density dependence due to upward transitions at low temperature 
in this case (Fig. 3); they do not compete well with the fast energetically favored transitions. At higher temperatures 
even faster Gamow-Teller channels open up at high density to give rates a factor of 4 to 40 times faster than 
Hansen’s. The concurrent uncertainty in our rates is a factor of 3 at T9= 10, p/pe — 109, showing that at even these 
extreme conditions, transitions with experimental, mirror, and calculated Gamow-Teller log// values make the major 
contribution to the rate. 

30p 30S¡ 

Fig. 3.—Total decay rate for log 2 from Table 6. The ground state decay is fairly rapid, and the enhancement due to 
continuum electron capture at high densities shows only the smooth increase of f/F with log p/jne (cf., Fig 1). 
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The decay 31S—>31P (Table 7) is a self-mirror system, with the result that all transitions along the diagonal (1—»1, 
2^2, 3—»3, etc.) have fast Fermi components. With its Gamow-Teller component included, the ground state to 
ground state transition has log/i = 3.69 and ö/l = 4.88 MeV of available electron-capture phase space, yielding a very 
fast rate even at low temperatures (Fig. 4). The first excited state in 31S lies at an excitation energy of 1.25 MeV, so 
that the ground state transition dominates the low density rate at all but the highest temperatures considered. 
However, at high temperature and density a large number of relatively fast Gamow-Teller electron capture channels 
open up. For instance, the 1-»15 decay has log//=4.29; 1—>17, log//= 4.028; and 1^20, log//= 4.30 (all determined 
from calculations of Wildenthal [1979]). The diagonal Fermi transitions dominate the positron emission rate with the 
result that our 31S—>31P rate agrees very well with that given by the parametrized fit of Hansen (1966). However, at 
higher densities, where electron capture dominates the total weak destruction rate, our rates are somewhat faster than 
those of Hansen. At T9 = 2 and p/iie = 108, our rate is within a factor of 2 of the Hansen value, but at T9 = 10 and 
p/jue= 106 we are roughly 60 times faster, and at 7’9= 10 and p//xe= 109 we are 4 times faster with an uncertainty of a 
factor of 2.5. 

The decay 32S—>32P (Table 8) is extremely slow at any but the highest temperatures and densities considered, but 
as a result of the large abundance of 32 S at the end of oxygen burning it becomes an important neutronizer. The slow 
nature of the rate is a reflection of the fact that 32S is stable in the laboratory (Qn = —2.221 MeV) and of the very 
small matrix element for the ground state to ground state transition (log// = 7.42). Furthermore, the first excited state 
of 32S lies at 2.23 MeV, although the transition from this state to the ground state of 32P (2-*l) has a somewhat 
faster than average matrix element (log//= 4.74 as determined by mirror symmetry from the 32C1^>32S positron 
decay). At lower temperatures the positron emission rate is very slow, since there is no contribution from the ground 
state, but a very steep temperature dependence develops as the first excited state begins to become populated around 
7^ = 3.0. This results in positron emission rates 100 times faster than Hansen’s at T9 = 3. The electron capture rates at 
intermediate temperatures and higher densities are influenced by several relatively fast Gamow-Teller transitions 
upward from the ground state of 32Si (Fig. 5): transition l->4, log // = 3.99; 1—>9, log // = 4.20; l->20, 
log//= 4.17, all accessible for Fermi energies larger than 1 MeV; and finally, transition 1—>25, log//= 3.56, accessible 

31g 31p 32s 32p 

Fig. 4 Fig. 5 

Fig. 4.—Total decay rate for 31S->31P; log 2 from Table 7. This self-mirror system is dominated by the large number of fast Fermi 
transitions (cf., § III), and shows no dramatic temperature or density dependence. Electron capture dominates above log p/p e=6.0. 

Fig. 5.—Total decay rate for 32S—>32P; log 2 from Table 8. since 32S is stable in the laboratory, the rate of this decay is very slow at 
low densities until the temperature is high enough for significant thermal population of parent excited states. However, at log p/pe>8.0, 
UF is large enough to allow upward transitions from the ground state, and a dramatic change in the low-temperature rate is observed. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8O

A
pJ

S 
..
. 

42
. 

.4
47

F 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8O

A
pJ

S 
..
. 

42
. 

.4
47

F 

470 FULLER, FOWLER, AND NEWMAN 

only for Fermi energies near 5 MeV (p/jt^ælO9). This structure contributes to our rates being 10 times faster than 
Hansen’s at T9 = 2, p/[ie=l06, 10 times slower at p/pe=108 and the same temperature, and then, as the l-*25 
transition becomes accessible, 200 times faster at p//xe=109. At r9=10 and densities between p/pe=106 and 109, 
our rates are between a factor of 15 and 60 times faster than Hansen’s, with matrix element induced uncertainties 
between factors of 2.5 and 5. 

The decay 33S-»33P (Table 9) is again characterized by a relatively slow rate and a large abundance of laboratory 
stable 33 S in the presupemova neutronization regime, but here the nuclear ^„-value is only —0.76 MeV. The ground 
state to ground state decay is measured to have the relatively slow matrix element log//=5.33. However, here the 
first excited state of parent 33S is at only 0.841 MeV and is accompanied by the relatively fast 2^1 transition of log 
// = 4.44 (determined from the mirror positron decay 33Ar—>33C1, and determined from calculations by Wildenthal to 
be log ft = 4.32). Again, the positron decay rate is very slow until the first excited state begins to become thermally 
populated at around T9 = 0.5, at which point it rises steeply. This rate is much slower than Hansen’s until about 
T^æO.5-1, at which point it rises to become 100 times faster between T9æ2 and 6, and then begins to converge on 
the Hansen rate at r9=10 as the fast 2—>1 decay becomes relatively less important than the Fermi and Gamow- 
Teller transition from the analogue of the daughter ground state at 5.47 MeV (30-»l, log//= 3.34.) The electron 
capture rates are influenced by many average Gamow-Teller channels, with only a few fast channels available, and 
these at only very high daughter excitation energy (l-*9, log//=4.17, 4.19 MeV excitation; 1—>1, log//= 4.48, 4.86 
MeV excitation). Consequently, our rates agree well with those of Hansen at T9 = 2, and are faster by a factor of 5 at 
r9=10, where many unmeasured and uncalculated Gamow-Teller channels contribute; the factor of 5 reflects the 
difference between Hansen’s average log// = 5.7 and our average log// = 5.0, and at r9=10.0, p//ie= 109, for 
instance, the uncertainty is about a factor of 7, reflecting the order of magnitude uncertainty assigned to the average 
Gamow-Teller value. The total rate for the 33S—>33P decay is shown in Figure 6. 

Finally, the 35C1—>35S decay (Table 10) again reflects the slow decay of a relatively abundant laboratory-stable 
species. Here the ground state to ground state matrix element is measured to be log//= 5.01 and the nuclear 0-value 
is only —0.68 MeV. The first excited state of parent 35 Cl is at 1.219 MeV, and its population begins to affect the rate 
at intermediate temperatures (Fig. 7). The transition from the first excited state to the ground state of 35S (2-^1) is 
determined from calculations by Wildenthal to be a very slow log ft = 6.43, but the 2^-2 transition is calculated to 

33^  33p 

log T , K 

Fig. 6 

35C| 35S 

Fig. 6.—Total decay rate for 33S—>33P; log 2 from Table 9. As in Fig. 5, but in stable 33S lower temperatures are required for 
significant population of low-lying parent levels, and upward transitions from the ground state begin to be important for log p/pe>6.5. 

Fig. 7.—Total decay rate for 35C1—>35S; log 2 from Table 10. As in Figs. 5 and 6, except that still lower temperatures and densities are 
sufficient to achieve a significant weak interaction rate for the decay of laboratory-stable 35 Cl. 
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have log//= 4.46. The analog of the 35S ground state lies at the very high excitation energy of 5.65 MeV and the 
Fermi transition from this state (with an average Gamow-Teller component of log//= 5.0) has log//= 3.30. The 
result is that the rates again exhibit a steep temperature dependence which tracks the Hansen parametrized fits well 
for both positron emission and electron capture until relatively high temperatures. At a temperature of T9= 10 and 
p/jue= 106, our rates are a factor of 6 faster than Hansen’s, dropping to a factor of 3 faster at p/pe= 108. At the 
most extreme temperature and density point considered (T9= 10 and p/pe=109), our rates are almost six orders of 
magnitude faster than Hansen’s, with a rate uncertainty well over an order of magnitude, indicating the importance 
of unknown high lying Gamow-Teller strength at these conditions. 

In conclusion, the nuclear weak interaction rates of the decays ^Al-^Mg, ^P-^Si, 31S->31P, 32S-»32P, 
33S->33P, and 35C1-»35S become sensitive functions of temperature and density in the stellar enviomment. These 
rates are for the most part determined by experimentally measured matrix elements and matrix elements derived 
from isospin symmetry, but where unmeasured Gamow-Teller transitions are important the rates can be computed 
with some confidence utilizing the detailed shell model calculations and nuclear systematics considered here. Our 
rates roughly agree with those of Hansen (1966) over a large range of conditions, but potentially important 
differences in the rates exist at temperatures and densities relevant for the production and destruction of 26A1 and for 
the neutronization-neutrino loss problem of presupemova evolution. Uncertainties in the rates have been estimated 
as a function of temperature and density, and the improved rates are presented in a form which should make them 
convenient to incorporate into detailed nucleosynthesis calculations involving these key species. 

We are grateful to professor B. H. Wildenthal for providing us with nuclear matrix elements derived from the 
detailed nuclear shell model calculations into which he and his colleagues have put so much effort over the years, to 
H. S. Wilson and R. W. Kavanagh for making available to us their unpublished log// measurements, to S. E. Koonin 
for helpful discussions on many aspects of the problem, and to S. E. Woosley and T. Weaver for many interesting 
discussions o the effects of weak-interaction processes in the late stages of presupemova stellar evolution, and 
especially for providing a list of the weak decays of great importance to the supernova problem. 
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