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ABSTRACT 

The nucleosynthetic yield of isotopes lighter than A = 66 (zinc) is determined for a grid of stellar masses and 
metallicities including stars of 11, 12, 13, 15, 18, 19, 20, 22, 25, 30, 35, and 40 MQ and metallicities Z = 0, 10-4, 
0.01, 0.1, and 1 times solar (a slightly reduced mass grid is employed for nonsolar metallicities). Altogether 78 
different model supernova explosions are calculated. In each case nucleosynthesis has already been determined 
for 200 isotopes in each of 600 to 1200 zones of the presupemova star, including the effects of time dependent 
convection. Here each star is exploded using a piston to give a specified final kinetic energy at infinity (typically 
1.2 X 1051 ergs), and the explosive modifications to the nucleosynthesis, including the effects of neutrino irradia- 
tion, determined. A single value of the critical l2C(a, y)l60 reaction rate corresponding to 5(300 keV) = 170 
keV bams is used in all calculations. The synthesis of each isotope is discussed along with its sensitivity to model 
parameters. In each case, the final mass of the collapsed remnant is also determined and often found not to 
correspond to the location of the piston (typically the edge of the iron core), but to a “mass cut” farther out. This 
mass cut is sensitive not only to the explosion energy, but also to the presupemova structure, stellar mass, and the 
metallicity. Unless the explosion mechanism, for unknown reasons, provides a much larger characteristic energy 
in more massive stars, it appears likely that stars larger than about 30 MQ will experience considerable reimplosion 
of heavy elements following the initial launch of a successful shock. While such explosions will produce a viable, 
bright Type II supernova light curve, lacking perhaps the radioactive tail, they will have dramatically reduced 
yields of heavy elements and may leave black hole remnants of up to 10 and more solar masses. The production 
of black holes may be particularly favored for stars of low metallicity, both because of their more compact struc- 
ture and reduced mass loss. 

Subject headings: hydrodynamics — nuclear reactions, nucleosynthesis, abundances — stars: evolution — 
stars: interiors — stars: Supernovae: general 

1. INTRODUCTION 

In Paper I ( Weaver & Woosley 1995 ), we presented the evo- 
lution of stars of various metallicities and masses in the range 
11-40 M© to the point where their iron cores were collapsing 
and a supernova explosion was imminent. In this paper, we 
simulate explosions in a subset of these and examine the prop- 
agation of the resulting shock wave. We also study the mass 
reimplosion that occurs in some stars, especially the more mas- 
sive ones. Our chief result is a grid of isotopic yields as a func- 
tion of metallicity and mass for stars in the range 11-40 M0. 
( § 5 ). This should be the most relevant mass range for produc- 
ing the intermediate mass elements. Stars between 8 and 11 
M© have very thin shells of heavy elements when they die and 
contribute little to these elements (though there may be excep- 
tions, e.g., 14N, the ^-process, and the r-process). Stars heavier 
than 40 M0 are rare. As we shall see they may collapse to black 
holes and their evolution is likely to depend on mass loss which 
has not been included here. See Woosley, Langer, & Weaver 
( 1993, 1995) for a treatment of massive stars that lose appre- 
ciable mass. 
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At the outset, we must acknowledge that it is impossible to 
predict with accuracy the abundances of certain isotopes whose 
production is sensitive to the still controversial explosion 
mechanism. However, we shall enumerate these isotopes and 
show that their number is small. Our results are also only so 
reliable as the nuclear physics and stellar physics that are em- 
ployed, especially the model for convection. The nuclear data 
set used here is briefly summarized in § 2.2 (see also Hoffman 
1994). The convective theory and its effects are reviewed in 
Paper I ( see also Woosley & Weaver 1988). 

Section 2 describes how the explosion of the stars is simu- 
lated, the critical choices being the location of the piston, its 
time history, and, of course, the obvious and necessary choice 
of doing our calculations in one spatial dimension. Having 
produced a shock, § 3 describes its propagation. Regions of in- 
creasing pr3 lead to the slowing of the shock. Early on, material 
in the deep interior communicates with the shock by sound 
waves. Later, communication is by a “reverse shock.” Depend- 
ing upon the initial energy of the shock and the density struc- 
ture of the star, amounts of material ranging from a few thou- 
sandths to many solar masses fall back onto the collapsed 
remnant. Even in those cases where large amounts of mass fall 
back, the shock emerges successfully from the stellar surface 
and gives rise to a typical Type Up light curve. The fallback 
has important implications, however, both for nucleosynthesis 
and for the nature of the collapsed remnant, be it a black hole 
or neutron star. 
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Sections 4 and 5 give the major results of this paper. Yields 
are presented for all the stable isotopes (and their radioactive 
progenitors) lighter than germanium (Z = 32) ejected from 
stars having metallicities 0, 10“4, 10-2, 0.1, and 1 times the 
solar value. The site where each isotope originates is discussed 
using 15 and 25 M© solar metallicity stars as examples. The 
metallicity dependence of the nucleosynthesis is also briefly de- 
scribed, though a more detailed comparison of the results of 
this paper both to solar abundances and to stellar observations 
pertinent to Galactic chemical evolution is given in Paper III 
(Timmes, Woosley, & Weaver 1995a). 

2. THE CALCULATIONS 

2.1. Overview 

During the presupemova evolution described in detail in Pa- 
per I, a nuclear reaction network of200 isotopes (Table 1 ) was 
carried in every stellar zone of each star throughout its evolu- 
tion. While energy generation and stellar structure were deter- 
mined using a set of smaller networks that were called several 
times during each iteration of a converged model, the large net- 
work of abundances was updated only once at the end of each 
time step (although this often required several matrix inver- 
sions in a zone experiencing considerable nuclear activity— 
i.e., subcycling). In zones where the changes in temperature 
and density were smaller than some prescribed value, the 200 
isotopes were updated infrequently in order to save computer 
time. Still, during the course of one star’s evolution the 200 by 
200 matrix generated by this network was typically inverted 5 
to 10 million times, accounting for a substantial fraction of 
the total cpu requirements of the calculation. For those zones 
experiencing convection or semiconvection, the 200 isotopes 
were mixed with the appropriate diffusion coefficient following 
each time step. This coupling of convection to the nuclear net- 
work was carried out in an explicit rather than implicit fashion, 
but using sufficiently small time steps to assure the stability and 
accuracy of the procedure. 

At the end of the star’s life, a shock wave propagates through 
all the material outside of the iron core, briefly raising its tem- 
perature to a high value. This explosive nucleosynthesis, along 
with the nucleosynthesis caused by the flood of neutrinos pass- 
ing through the mantle and helium core (Woosley et al. 1990) 
is followed with the same network in each zone, though con- 
vective mixing was turned off. The explosion hydrodynamics 
was followed using the Kepler code (Weaver, Zimmerman, & 
Woosley 1978). Final abundances of all stable species, as well 

as those having significant lifetimes, were extracted when the 
temperature fell to such low values that all (strong and 
electromagnetic) nuclear reactions had ceased. In each case, 78 
models in all, a light curve was calculated for the supernova 
out to an age of 3 X 107 s. These will be discussed elsewhere. 

In all the tables that follow it should be noted that the stars 
actually evolved and exploded had a mass that was given by an 
integer multiple of 2.00 X 1033 g, i.e., not exactly one solar 
mass (1.9891 X 1033 gm). Thus, what we call a 25 M© star, for 
example, is actually a star of 25.14 A/©. This notation has been 
used ever since Weaver et al. ( 1978) and we retain it here for 
consistency with our previous work. Yields will be quoted in 
solar masses. 

For calibration, we also considered the evolution of two of 
our models, S15 A and S25 A, from start to finish using a much 
more extended network of 476 isotopes. Following precisely 
the same stellar model gave the same nucleosynthesis for iso- 
topes lighter than (and including) 66Zn to an accuracy of better 
than 7%, except in the one case of 19F where inclusion of 19Ne 
in the network led to an enhanced production of 10%. In most 
cases, and for all the most abundant elements, the difference 
was less than 1%. 

2.2. Initial Composition and Nuclear Physics 

The procedure for generating the initial composition of each 
star is discussed in Paper III. Briefly, zero metallicity stars were 
given a big bang composition and evolved to supemovae. Solar 
metallicity stars used initial abundances given by Anders & 
Grevesse (1989; Table 2 ) and were also evolved to supemovae. 
A Galactic chemical evolution model was then used to gener- 
ate abundances appropriate to the intermediate metallicities 
studied-10 _4,0.01, and 0.1 Z©. 

The cross section for the critically important 12C(a, y)160 
reaction rate was the value given at each temperature by 
Caughlan & Fowler (1988) multiplied by a constant, 1.7. This 
is equivalent to 5(300 keV) = 170 keV bams, a value that has 
been determined to be optimal for producing the solar abun- 
dance set (Weaver & Woosley 1993). This same value is also 
supported by recent measurements, 5(300 keV) = 79 ± 21 or 
82 ± 26 keV bam {R- and K-matrix fits, respectively) for the 
El part of this rate (Azuma et al. 1994), and the experimental 
and theoretical expectation that E2 be approximately 70 ± 50 
keV bam ( Barnes 1995; Okabe 1994; Mohr et al. 1995 ). Other 
resonances also contribute to the 5-factor at 300 keV at the 
level of approximately 19 keV bam, so that the best current 

TABLE 1 
Nuclear Reaction Network Employed 

Element Element Element 
H 

He 
Li 

Be 
B 
C 
N 
O 
F 

Ne 
Na 

1 
3 
6 
7 
8 

11 
13 
15 
17 
19 
22 

3 
4 
8 
9 

11 
14 
15 
18 
19 
23 
24 

Mg 
Al 
Si 
P 
S 

Cl 
Ar 
K 

Ca 
Sc 
Ti 

23 
25 
27 
29 
31 
33 
36 
37 
40 
41 
44 

27 
28 
32 
34 
37 
38 
41 
42 
49 
50 
51 

V 
Cr 

Mn 
Fe 

Co 
Ni 
Cu 
Zn 
Ga 
Ge 

45 
48 
51 
52 
55 
56 
57 
60 
61 
64 

52 
55 
57 
61 
62 
65 
66 
69 
70 
71 
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TABLE 2 
Solar Mass Fractions ( Anders & Grevesse 1989) 

Isotope Mass Fraction Isotope Mass Fraction Isotope Mass Fraction 
lE 2H 3He 4He 6 Li 7Li 9 Be 10B nB 12C l3c 14N 15N 160 170 l8o 19F 20Ne 21Ne 22Ne 23Na 24Mg 25Mg 26Mg 27A1 28Si 29Si 

7.06(-l) 
4.80(-5) 
2.93(-5) 
2.75(-l) 

6.50(-10) 
9.35(-9) 

1.66(-10) 
1.07(-9) 
4.73(-9) 
3.03(-3) 
3.65(-5) 
l.ll(-3) 
4.36(-&) 
9.59(-3) 
3.89(-6) 
2.17(-5) 
4.05(-7) 
1.62(-3) 
4.13(-6) 
1.30(-4) 
3.34(-5) 
5.15(-4) 
6.77(-5) 
7.76(-5) 
5.81(-5) 
6.53(-4) 
3.43(-5) 

30Si 31p 
32s 

36s 35 Cl 37C1 36 Ar 38 Ar 40Ar 39 K 40K 41K 40Ca 42Ca 43Ca 44Ca 46Ca 48Ca 45Sc 46Ti 47Ti 48Ti 49Ti 
50Ti 50y 

2.35(-5) 
8.16(-6) 
3.96(-4) 
3.22(-6) 
1.87(-5) 
9.38(-8) 
2.53(-6) 
8.55(-7) 
7.74(-5) 
1.54(-5) 
2.53(-8) 
3.47(-6) 
5.54(-9) 
2.63(-7) 
5.99(-5) 
4.20(-7) 
8.97(-8) 
1.43(-6) 
2.79(-9) 
1.38(-7) 
3.89(-8) 
2.23(-7) 
2.08(-7) 
2.I5(-6) 
1.64(-7) 
1.64(-7) 

9.26(-10) 

51y 
50Cr 52 Cr 53Cr 54Cr 55Mn 54Fe 56Fe 57Fe 58Fe 59Co 58Ni 60N 61N 62N 64Ni 63Cu 65Cu 64 Zn 66Zn 67Zn 68Zn 70 Zn 69Ga 71Ga 70Ge 

3.77(-7) 
7.42(-7) 
1.49(-5) 
1.72(-6) 
4.36(-7) 
1.33(-5) 
7.13(-5) 
1.17(-3) 
2.86(-5) 
3.70(-6) 
3.36(-6) 
4.94(-5) 
1.96(-5) 
8.60(-7) 
2.78(-6) 
7.27(-7) 
5.75(-7) 
2.65(-7) 
9.92(-7) 
5.88(-7) 
8.76(-8) 
4.06(-7) 
1.38(-8) 
3.96(-8) 
2.71(-8) 
4.32(-8) 

combined experimental and theoretical estimate is 169 ± 55 
keV bam (Barnes 1995). Thus, no further variation of 
12C(a, y)160 was attempted in this study. 

Rates for other strong interactions were taken chiefly from 
Caughlan et al. ( 1985), Caughlan & Fowler ( 1988), Woosley 
et al. ( 1978), Sargood (1982), and Bao & Käppeler ( 1986), 
though there have been numerous revisions to individual rates 
until 1992 when our rates for this study were frozen. A com- 
plete bibliography and tabulation of rates used in this study are 
available from Hoffman ( 1994). Cross sections for neutrino 
interactions (neutral current inelastic scattering and charged 
current) were computed by Wick Haxton and were the same 
values discussed in Woosley et al. ( 1990). Rates for electron 
capture, beta decay, and positron decay as a function of tem- 
perature and density were taken from Fuller, Fowler, & New- 
man ( 1980, 1982, 1985), though they were not of importance 
in these explosive studies. (They were of course very important 
in the presupemova nucleosynthesis). Below 105 g cm-3 or 
2 X 109 K, whichever occurs first, unstable nuclei were pre- 
sumed to decay at their zero temperature laboratory rates 
(Hoffman 1994). 

The neutrino irradiation was parameterized as in Woosley 
et al. ( 1990) with an ^-folding time scale for neutrino emission 
of 3 s and a total energy in neutrinos of 3 X 1053 ergs. This 
emission was assumed to commence at the time the presuper- 
nova model collapsed (Uin = 1000 km s-1 ) and persisted, at an 
exponentially declining rate for 100 s. This included a typical 
period of 0.45 s during which the piston was moved inward, 
(§2.3) as well as the subsequent explosion. The effects of neu- 
trino irradiation were followed in zones ahead of the shock as 
well as behind. That is, “forced updates” were carried out in 
zones well ahead of the shock where the local temperature and 
density were not changing, but where the composition evolved 

due to neutrino interaction. The neutrinos were assumed to 
have a thermal spectrum with a temperature of 4 MeV for the 
electron neutrinos and antineutrinos. These participated 
chiefly through charged current reactions (though they were 
allowed to contribute to inelastic neutral current processes as 
well), and were not very important. The p and r neutrinos and 
antineutrinos were given a temperature of 8 MeV except in one 
case where the effect of a lower value (6 MeV) was explored. 
These neutrinos had a major effect on the nucleosynthesis. Cal- 
culations of a 20 Mq supernova by Jim Wilson (as reported in 
Woosley et al. 1994; their Fig. 3) show the (energy-weighted) 
mean energy of the p and r neutrinos rises rapidly during the 
first second of the supernova from less than 20 MeV to between 
30 and 35 MeV. Representing the actual spectrum of the su- 
pernova by a thermal one ( as was done in Woosley et al. 1990 ) 
is very approximate, but thermally averaged rates are the only 
ones currently available. In any case, it does not seem that 8 
MeV is a gross overestimate of the effective temperature at 
which most of the neutrinos are emitted. 

2.3. Simulation of the Explosion 

For each star a piston was located at the outer edge of the 
iron core (Table 3), more precisely at the large discontinuous 
change in Ye which marks the outer extent of the last stage of 
convective silicon shell burning. Typically Ye inside this 
boundary was 0.475, while outside it was 0.498. If nothing else, 
nucleosynthetic restrictions suggest that the mass cut in the ex- 
plosion should not be substantially interior to this (Weaver et 
al. 1978). Usually this boundary also corresponded to the 
place where the composition switched from one of iron to sili- 
con and sulfur. This was not always the case though. For ex- 
ample, in S15A the Ye discontinuity was at 1.29 MQ while the 
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TABLE 3 
Explosion Characteristics of all Models 

Mass Z Fe Core Piston M9 BEg 
/Model (/Z0) (Mq) (M0) (M0) (1050 erg) 

v0 Remnant KEqo M(56Ni) 
(104 km/s) (M0) (1051 erg) (M0) 

S11A 
S12A 
S13A 
S15A 
S18A 
S19A 
S20A 
S22A 
S25A 
S30A 
S30B 
S35A 
S35B 
S35C 
S40A 
S40B 
S40C 
P12A 
P13A 
P15A 
P18A 
P20A 
P22A 
P25A 
P30A 
P30B 
P35A 
P35B 
P35C 
P40A 
P40B 
P40C 
T12A 
T13A 
T15A 
T18A 
T20A 
T22A 
T25A 
T30A 
T30B 
T35A 
T35B 
T35C 
T40A 
T40B 
T40C 
U12A 
U13A 
U15A 
U18A 
U20A 
U22A 
U25A 
U30A 
U30B 
U35A 
U35B 
U35C 
U40A 
U40B 
U40C 
Z12A 
Z13A 
Z15A 
Z18A 
Z20A 
Z22A 
Z25A 
Z25B 
Z30A 
Z30B 
Z35A 
Z35B 
Z35C 
Z40A 
Z40B 
Z40C 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
10-4 

10-4 

10“4 

10-4 

10-4 

10"4 

10-4 

10-4 

10"4 

10-4 

10-4 

10-4 

10"4 

10-4 

10-4 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1.32 
1.32 
1.41 
1.32 
1.46 
1.66 
1.74 
1.82 
1.78 
1.83 
1.83 
2.03 
2.03 
2.03 
1.98 
1.98 
1.98 
1.35 
1.32 
1.38 
1.47 
1.64 
1.80 
1.84 
1.61 
1.61 
2.02 
2.02 
2.02 
2.01 
2.01 
2.01 
1.37 
1.37 
1.55 
1.42 
1.63 
1.67 
1.75 
1.77 
1.77 
1.88 
1.88 
1.88 
2.01 
2.01 
2.01 

1.28 
1.43 
1.62 
1.55 
1.57 
1.67 
1.76 
1.66 
1.66 
1.89 
1.89 
1.89 
2.02 
2.02 
2.02 
1.35 
1.32 
1.46 
1.47 
1.63 
1.49 
1.68 
1.68 
1.54 
1.54 
1.73 
1.73 
1.73 
1.99 
1.99 
1.99 

1.32 
1.32 
1.41 
1.29 
1.42 
1.66 
1.74 
1.82 
1.78 
1.83 
1.83 
2.03 
2.03 
2.03 
1.98 
1.98 
1.98 
1.35 
1.30 
1.38 
1.43 
1.64 
1.80 
1.84 
1.60 
1.60 
2.02 
2.02 
2.02 
2.01 
2.01 
2.01 
1.38 
1.38 
1.56 
1.42 
1.63 
1.67 
1.77 
1.78 
1.78 
1.89 
1.89 
1.89 
2.02 
2.02 
2.02 

1.28 
1.44 
1.63 
1.56 
1.58 
1.68 
1.77 
1.67 
1.67 
1.90 
1.90 
1.90 
2.03 
2.03 
2.03 
1.35 
1.25 
1.46 
1.47 
1.63 
1.49 
1.68 
1.68 
1.54 
1.54 
1.71 
1.71 
1.71 
1.99 
1.99 
1.99 

1.52 
1.53 
1.86 
1.99 
2.34 
2.86 
2.93 
3.10 
3.14 
3.13 
3.13 
3.63 
3.63 
3.63 
3.90 
3.90 
3.90 
1.75 
1.82 
2.08 
2.33 
2.87 
3.11 
3.00 
2.74 
2.74 
3.53 
3.53 
3.53 
3.73 
3.73 
3.73 
1.75 
1.88 
2.14 
2.17 
2.77 
2.91 
2.76 
3.07 
3.07 
3.32 
3.32 
3.32 
3.77 
3.77 
3.77 

1.53 
1.77 
2.02 
2.23 
2.79 
2.94 
2.81 
2.93 
2.93 
3.32 
3.32 
3.32 
3.69 
3.69 
3.69 
1.56 
1.71 
2.03 
2.35 
2.87 
2.19 
2.89 
2.89 
2.37 
2.37 
3.11 
3.11 
3.11 
3.59 
3.59 
3.59 

0.18 2.52 
0.37 4.04 
0.56 1.06 
1.48 1.09 
2.84 0.46 
4.14 0.35 
5.16 0.35 
7.12 0.50 
9.78 0.47 
10.7 0.35 
10.7 0.71 
15.9 0.50 
15.9 0.81 
15.9 0.95 
20.1 0.64 
20.1 1.04 
20.1 1.34 
0.33 1.01 
0.71 1.26 
1.34 0.76 
2.91 0.61 
4.81 0.42 
6.64 0.41 
8.29 0.59 
8.77 0.46 
8.77 0.75 
15.0 0.50 
15.0 0.83 
15.0 1.08 
18.0 0.53 
18.0 0.90 
18.0 1.09 
0.36 1.23 
0.59 0.82 
1.27 1.00 
2.55 0.82 
4.60 0.40 
6.07 0.44 
7.32 0.67 
10.8 0.42 
10.8 0.66 
13.4 0.42 
13.4 0.76 
13.4 0.94 
18.3 0.53 
18.3 0.91 
18.3 1.14 
0.41 4.48 
0.54 2.61 
1.35 2.70 
2.76 0.78 
4.77 0.39 
6.23 0.44 
7.97 0.67 
10.5 0.50 
10.5 0.84 
14.0 0.42 
14.0 0.71 
14.0 0.95 
18.2 0.59 
18.2 0.90 
18.2 1.14 
0.38 2.69 
0.82 1.00 
1.86 0.93 
3.78 0.78 
5.19 0.39 
5.03 2.39 
7.26 0.47 
7.26 0.77 
8.48 1.02 
8.48 1.74 
13.8 0.43 
13.8 0.72 
13.8 0.93 
18.5 0.59 
18.5 0.90 
18.5 1.41 

2.90 
3.67 
1.94 
1.88 
1.28 
1.22 
1.24 
1.51 
1.45 
1.27 
1.81 
1.60 
2.04 
2.20 
1.79 
2.28 
2.59 
1.85 
2.03 
1.62 
1.48 
1.32 
1.36 
1.65 
1.36 
1.74 
1.60 
2.06 
2.35 
1.64 
2.14 
2.35 
2.06 
1.68 
1.98 
1.71 
1.28 
1.36 
1.72 
1.37 
1.72 
1.41 
1.90 
2.11 
1.64 
2.15 
2.40 

3.80 
3.07 
2.32 
1.74 
1.24 
1.36 
1.72 
1.45 
1.87 
1.41 
1.84 
2.13 
1.73 
2.14 
2.41 
3.03 
1.78 
1.85 
1.70 
1.27 
3.00 
1.41 
1.81 
1.99 
2.60 
1.36 
1.76 
2.00 
1.72 
2.12 
2.66 

1.32 
1.32 
1.46 
1.43 
1.76 
1.98 
2.06 
2.02 
2.07 
4.24 
1.94 
7.38 
3.86 
2.03 

10.34 
5.45 
1.98 
1.38 
1.31 
1.49 
1.69 
1.97 
2.12 
1.99 
2.76 
2.01 
6.69 
3.39 
2.02 
9.13 
4.45 
2.01 
1.40 
1.44 
1.56 
1.58 
1.98 
2.04 
1.87 
3.22 
2.21 
5.41 
2.42 
1.96 
9.08 
4.42 
2.02 

1.28 
1.44 
1.63 
1.61 
1.97 
2.01 
1.87 
2.89 
2.08 
10.1 
3.03 
1.97 
13.7 
4.09 
2.03 
1.35 
1.28 
1.53 
3.40 
4.12 
1.49 
6.36 
1.90 
8.17 
1.54 
12.8 
7.62 
1.85 
16.6 
12.2 
1.99 

1.29 
1.17 
1.31 
1.22 
1.17 
1.19 
1.17 
1.47 
1.18 
1.13 
2.01 
1.23 
1.88 
2.22 
1.19 
1.93 
2.57 
1.26 
1.10 
1.27 
1.31 
1.25 
1.31 
1.34 
1.24 
1.86 
1.21 
1.88 
2.44 
1.23 
2.01 
2.45 
1.24 
1.25 
1.22 
1.18 
1.14 
1.31 
1.16 
1.28 
1.84 
1.23 
2.03 
2.47 
1.21 
2.00 
2.54 

1.11 
1.12 
1.28 
1.05 
1.21 
1.26 
1.17 
1.30 
2.02 
1.18 
1.86 
2.44 
1.33 
1.97 
2.53 
1.28 
1.29 
1.27 
1.23 
1.15 
1.26 
1.22 
1.83 
1.18 
2.06 
1.26 
1.94 
2.49 
1.31 
1.92 
3.01 

0.069 
0.043 
0.133 
0.115 
0.066 
0.100 
0.088 
0.205 
0.129 

0 
0.440 

0 
0 

0.568 
0 
0 

0.691 
0.177 
0.180 
0.195 
0.137 
0.122 
0.124 
0.203 

0 
0.182 

0 
0 

0.610 
0 
0 

0.672 
0.152 
0.191 
0.171 

0.135 
0.073 
0.099 
0.187 

0 
0.176 

0 
0.180 
0.589 

0 
0 

0.696 

0.054 
0.089 
0.064 
0.161 
0.090 
0.123 
0.203 

0 
0.209 

0 
0 

0.582 
0 
0 

0.689 
0.081 
0.191 
0.160 

0 
0 

0.167 
0 

0.288 
0 

0.324 
0 
0 

0.577 
0 
0 

0.723 
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iron mass fraction remained above one-half out to 1.32 M© (as 
a consequence of implosive burning just prior to core 
collapse). In this and all other cases the piston was placed at 
the Ye discontinuity. 

The piston was then moved rapidly inward for a brief period. 
This reflects the fact that in modern supernova models, the 
explosion is delayed for some time as the neutrino deposited 
energy builds up to a critical value and the accretion ram pres- 
sure declines. During this time, which realistically will vary 
from star to star, the inner mantle collapses appreciably. Here 
we adopted a constant value of 0.45 s for this interval. During 
this time the piston was moved inward at an accelerating rate 
so as to end up at 500 km in all stars. Initially the collapse 
speed is given by the value that characterized this region in 
the presupemova star (about —1000 km s-1). Except for the 
condition that it end up at 500 km in 0.45 s, the remainder of 
the trajectory during the collapse phase is arbitrary, though it 
was adjusted to have a smooth, constant acceleration. 

Upon reaching 500 km, the piston was abruptly moved out- 
ward with an initial velocity which was the principal parameter 
in the simulation —v0 in Table 3. Also given in Table 3 is a, the 
multiplier on the effective gravitational potential. The outward 
motion of the piston was the trajectory of a projectile launched 
at speed v0 in this potential ( additionally defined by the current 
radius and the mass interior to the piston; Woosley & Weaver 
1982) 

dR 
= [aGM^{R-1 - i?m!n) + vl]1/2 , 

with Rmin = 500 km. The parameter a was chosen in such a 
way that, for the given v0 and Mpist, the piston coasted to an 
asymptotic radius (dR/dt = 0) of 109 cm in all cases. Thus 
a = 0.40 i?o/M>ist with vo and Mpist in the units of Table 3. The 
piston was then held at that maximum radius, 109 cm, perma- 
nently. 

The velocity, v0, was adjusted in such a way as to give the 
desired final kinetic energy of the ejecta when sufficient time 
had passed that all the ejecta were moving at their final speed. 
Typically this was 1.2 X 1051 ergs for models lighter than 30 
Mq though larger values were explored for the heavier models. 

3. HYDRODYNAMICS AND “FALL BACK” 

3.1. Propagation of the Shock 

In general, an adiabatic shock passing through a medium 
having p oc r~n with n less than 3 (i.e., a region of increasing 
pr3) must decelerate (Bethe 1990; Herant & Woosley 1994). 
One place where pr3 increases dramatically is at the interface 
between the helium core and the hydrogen envelope (Fig. 1 ) 
and it is this increase that is largely responsible for the forma- 
tion of the “reverse shock” (Figs. 2 and 3) so important to 
mixing in SN 1987A and other supemovae ( Chevalier & Klein 
1978; Hachisu et al. 1990, 1992; and Fryxell, Arnett, & Müller 
1991 ; Herant & Benz 1992; Herant & Woosley 1994 ). Because 
it occurs in a region behind and out of sonic communication 
with the outgoing shock, the deceleration propagates inward in 
Lagrangian coordinate as a shock wave. 

However, Figure 1 also shows other important regions of in- 
creasing pr3. One especially prominent region is the mantles of 

Fig . 1.—Distribution of density times radius cubed (pr3 ) in presuper- 
nova stars of 15,25, and 35 A/© of solar metallicity. The helium core masses 
for these stars are 4.2,9.2, and 14.2 M©, respectively. 

more massive stars (e.g., between 3 and 8 Af© in the 35 M© 
model). This region decreases in size and importance for lower 
mass supemovae. The outgoing shock slows here (Fig. 4), but 
because the sound speed is still high and the shock not so far 
from the core, deceleration of the outward moving material 
occurs smoothly—initially there is no reverse shock. Neverthe- 
less this deceleration can lead to significant amounts of mate- 
rial falling back, under the influence of gravity, into the col- 
lapsed remnant. This has interesting implications. 

3.2. Reimplosion of the Heavy Elements and 
the Final Remnant Mass 

Figure 5 shows the binding energy of the mantles of our grid 
of presupemova (solar metallicity) stars and Figure 6 shows 
the location of the edge of the iron core (“T* discontinuity”) 
and the base of the oxygen burning shell. A more finely spaced 
grid of presupemova models is given in Paper I (see also Tim- 
mes, Woosley, & Weaver 1995b), but here we show only those 
where explosion has been simulated. Both sets are character- 
ized by a sharp increase in iron core mass for stars of main 
sequence mass near 19 M©. This is the boundary between stars 
that bum carbon and neon radiatively (high mass) or convec- 
tively (low mass) in the center of the star (Paper I). 

In each case, the piston was situated at the Ye discontinuity 
and given sufficient velocity that the final kinetic energy at in- 
finity of all ejecta was at least ^ 1.2 X 1051 ergs (§ 2.3; Table 
3). /« all cases the entire hydrogen envelope was ejected with 
high velocity and (for all red supergiants) a normal Type II-p 
light curve was produced. However, a variable amount of mass 
fell back onto the (stationary) piston well after the explosion 
had been launched (Fig. 7). For example, in what shall be our 
standard 25 M© solar metallicity star (S25A; Table 3; § 4), the 
Y* jump and piston were located at 1.78 Af©, but 0.29 A/© of 
material reimploded. This included most, but not all of the 
0.34 Mq of 56Ni produced in the explosion (0.13 A/© of 56Ni 
was still ejected). 

In a 30 Mq model with comparable kinetic energy (S30A; 
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Interior Mass 
Fig. 2a Fig. 2b 

Fig. 2.—Propagation of the shock wave through a 15 MQ model (S15A; Table 3). (a) Propagation of the shock through the helium core which takes 
about a minute. The series of curves are labeled by the time, in seconds, at which each is edited. Note regions of shock speed up and slow down. Material 
behind the shock stays in sonic communication and no “reverse shock” is evident, (b) Subsequent propagation of the shock through the hydrogen envelope 
and the formation of an inwardly moving reverse shock which substantially shows material in the helium core and heavy element mantle. The shock erupts 
from the stellar surface ( not shown ) at 8.38 X 104 seconds. 

Table 3 ) the piston was at 1.83 A/©, but the final remnant mass 
was 4.24 M©. All of the 56Ni fell back along with most of the 
freshly synthesized heavy elements. Fiowever, there was still a 
brilliant Type II-p display which lacked, of course, the radioac- 
tive tail. 

The time history of shock propagation in Model S35B was 
given in detail in Figs. 3 and 4b. The final kinetic energy of the 
ejecta at infinity for this model, 1.9 X 1051 ergs, was, by choice, 
higher than the standard 1.2 X 1051 ergs used in the lighter 
stars. Even so, the final remnant mass was 3.86 M©, clearly a 

black hole, but again a bright Type Up supernova was pro- 
duced. 

It is possible, by turning up the explosion energy, to force 
the ejection of all material external to the piston. For a kinetic 
energy at infinity of 2.2 X 1051 ergs, the remnant mass in the 
35 M© model (S35C) decreases to 2.03 M© and 0.57 M© of 56Ni 
is ejected, but this way of counting the energy (KE at infinity) 
can be misleading. The binding energy of the mantle of the 35 
Mq presupemova star (beyond 109 cm in the presupemova 
model) is 1.6 X 1051 ergs. So the explosion mechanism would 

Fig. 3a Fig. 3b 

Fig. 3.—Same as Fig. 2 but for 35 M0 model S35B. The helium core mass here is 14.2 M0. Note the large amount of fall back that occurs prior to the 
development of any reverse shock. This 3.86 M0 remnant will certainly be a black hole. However, the hydrogen envelope and most of the heavy elements 
are still unbound with high velocity. 
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Fig. 4.—Material velocity just behind the shock front as a function of mass for the (û) ISM© model (S15A) and (b) 35 M© model (S35B). Also shown 
is the product of density and radius cubed for the presupernova model (see also Fig. 1 ). Note the distinct anticorrelation. 

actually have to provide 3.8 X 1051 ergs, very much more than 
the inferred explosion energy for SN 1987A. Further, since the 
fall back occurs many minutes after the shock has already been 
launched, the mechanism would have to deliver this much en- 
ergy long before the large binding of its mantle was known. 

Whether the explosion energy available from neutrino depo- 
sition increases substantially as one moves to stars of larger 
mass is an interesting question in need of study. Perhaps by 
providing more ram pressure during the infall stage the inner 
mantle sets up conditions that extract a larger fraction of the 
available neutrino energy. Maybe the larger cores provide 
larger neutrino luminosities. 

If not, there will be a mass, somewhere around 30 MQ, which 
distinguishes Type II supemovae that leave neutron stars from 
those that leave black holes. This would have many important 
implications for the number of black holes in our galaxy, for 
galactic chemical evolution, for the late time light curves of 

Fig. 5.—Net binding energy external to the piston mass point (Table 
3 ) in stars of solar metallity. 

Type II supemovae, and for the formation of accreting X-ray 
sources in binaries. We want to emphasize again that the bright 
optical display of supemovae that leave black holes is not 
affected, so long as a moderately energetic shock is launched 
(e.g., Figs. 3 and 4). 

Others have suggested black hole formation in supemovae 
for reasons related to nucleosynthesis (Twarog & Wheeler 
1982,1987; Wheeler, Sneden, & Tmran, 1989; Maeder ( 1992, 
1993 ) ; a low critical mass for neutron stars ( Brown 1988); ab- 
sence of clear neutron star signatures in many supernova rem- 

2 — 

i i i r i i i i 

* 9 

i i i i 

• Ye Discontinuity 
a Oxygen Shell 
□ "Fe Core" 

1 ■ ■ ■ ■ 1 
10 20 30 

Main Sequence Mass 
40 

Fig . 6.—Location of several fiducial mass points in presupemova stars 
of initially solar metallicty. The “Ye discontinuity” is where electron capí- 
ture has decreased the electron mole number substantially below 0.50 and 
where the piston is placed (Table 3). It is found at the outer boundary 
of the last convective silicon shell burning episode. If there has not been 
significant “implosive burning,” the Ye discontinuity also corresponds to 
the iron core, where the mass fraction of iron group elements rises above 
one-half. The base of the oxygen shell is typically a place where there is a 
large jump in entropy (hence decline in ram pressure during the 
implosion ) and may be a natural location for a mass cut to develop. 
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Fig. 7.—Final remnant mass for a series of supernova models that em- 
ployed pistons at the edge of their iron core which communicated to their 
ejecta a final kinetic energy at infinity of approximately 1.2 X 1051 ergs. All 
were brilliant Type II-p optical events. The zero metallicity stars are more 
compact, more tightly bound configurations and consequently more 
difficult to explode (Table 3). 

nants (Helfand & Becker 1984; Brown & Bethe 1994) ; and the 
light curve of SN 1987A (Brown, Bruenn, & Wheeler 1992). 
We have also previously suggested that some “successful” 
Supernovae might leave black hole remnants (Wilson et al. 
1986; Woosley & Weaver 1986; Woosley 1988; Bodenheimer 
& Woosley 1983). Still our conclusion here is novel. Without 
invoking a low critical mass, rotation, a “failure” of the basic 
supernova mechanism, or empirical restrictions based on nu- 
cleosynthesis or light curves, it seems quite possible that a mas- 
sive black hole will frequently form in the explosion of a mas- 
sive star for reasons that involve simple hydrodynamics. The 
nucleosynthetic implications of this conclusion will become 
obvious in the next section and have a considerable effect on 
Galactic chemical evolution (Paper III). 

However, we should also point out that an important effect 
has been omitted from the present calculations that could 
greatly affect the possibility of black hole formation, namely 
mass loss. The kind of reimplosion we have calculated is most 
sensitive to the helium core structure and not so much to the 
reverse shock that forms later ( though that too will increase the 
remnant mass). Stars above an uncertain limit, which is also 
around 30 to 40 may lose their entire envelope and then 
experience rapid mass dependent mass loss ending their lives 
with greatly reduced helium core masses (Woosley, Langer, & 
Weaver 1993, 1995). This provides a way for some massive 
stars to avoid the black hole fate, though the numbers are un- 
certain. However, the mass of stars that retain their envelopes 
will certainly be greater when the metallicity is lower. Thus, it 
would have been easier to make black holes in the past (and in 
galaxies with lower current metallicities). 

For what it may be worth, remnant masses in those cases 
where large amounts of reimplosion does not occur, especially 
the abundant stars below 19 A/©, agree reasonably well with 
observational limits for neutron star masses (once the appro- 
priate 15%-20% reduction for neutrino losses is applied). 
Kaspi, Taylor, & Ryba ( 1994) derive a gravitational mass for 

PSR B1855+09 of 1.50 ( +0.26, -0.14) A/© and mass limits for 
other (nonaccreting) neutron stars are similar, though typi- 
cally smaller. The neutron star mass function resulting from 
this study will be discussed in detail in a separate paper 
(Timmesetal. 1995b). 

4. NUCLEOSYNTHESIS IN 15 AND 25 M0 SUPERNOVAE 

In § 5 we shall present the explosively ejected yields for a 
large grid of stars of variable mass and metallicity. However, it 
is useful to discuss in detail the yields of two exemplary 
events—Models S15A and S25A, the explosions of 15 and 25 
M© supemovae of initially solar metallicity. This may be a typ- 
ical mass range for supemovae that contribute to the solar 
abundances ( Weaver & Woosley 1980). Because many species 
are made as radioactive progenitors and it is interesting to see 
this information, the abundances plotted in the figures are 
evaluated at a relatively early time (2.5 X 104 s unless other- 
wise noted) when strong and electromagnetic reaction have 
ceased, but many nuclei have not yet decayed to their most 
stable form. 

Our discussion will center on the 25 A/© model with results 
from S15A mostly given in the figures to illustrate the mass 
dependence. Figure 8 shows the temperature structure as the 
shock propagates through the 25 Af© model and Figure 9, the 
peak temperature as a function of mass. Using this latter figure 
and Figure 10, which shows the location of the important ma- 
jor constituents and shells, should help in keeping track of the 
various nucleosynthetic processes described in the following 
subsections. 

4.1. Lithium, Beryllium, and Boron 

While 6Li is not made in appreciable abundance in any of 
our model supemovae, 7Li is. Production occurs both as 7Li 
itself and as radioactive 7Be. This production occurs chiefly in 
the helium shell (Fig. 11 ) and, to a lesser extent, in the inner- 

Fig. 8.—Temperature structure as the shock propagates through the 
mantle and helium core of a 25 M© solar metallicity model. The kinetic 
energy of all ejecta at infinity is 1.2 X 1051 ergs. Curves are labeled by the 
time in seconds at which each is sampled. Note the presence, except near 
the collapsed core, of large nearly isothermal regions behind the shock. 
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Fig. 9.—Shock temperature as a function of mass {solid line) for the 
same model shown in Fig. 8. The dashed line, which is a very good fit to 
the solid line except near the collapsed core, is given by T = 
(3i:o/47r<2/?psN)1/4 where Eq= 1.2 X 1051 ergs and í?psn is the presuper- 
nova radius as a function of enclosed mass. 

A small amount of 10B and a much larger amount of1 lB, are 
also made in our models (Fig. 12). The nB is due to neu- 
trino interactions with carbon [nC(vx, v’xn)nC and 
nC(vx, vxp)nB\ in the carbon layer and, to a lesser extent, 
7Li(o:, 7)nB and 7Be(a, 7)nC in the helium layer. Dearborn 
et al. ( 1989 ) suggested that1 !B could be made in the envelope 
of a massive star by shock processing alone without neutrinos. 
This does not occur here (Table 4). 

Compared to 7Li and 11B, only small amounts of 9Be are 
made here. Malaney ( 1992) suggested that 9Be might be pro- 
duced by 7Li(¿, «)9Be with tritons coming from 3He(«, p)3H 
and 4He(vx, v'xp)3H in the helium shell oflow-metallicity stars. 
This reaction, as well as many others that destroy 7Li, 3H, and 
9Be have been included in the present study. The rate for 
7Li(f, «)9Be was taken from Malaney & Fowler ( 1989). We 
find no appreciable fraction of the solar abundance of 9Be 
made in this fashion. The ejected abundance of 9Be, even in 
metal deficient stars (§ 5 ), is quite small compared with other 
isotopes like nB. 

Baring large unexpected changes in the neutrino cross sec- 
tions, we presume that 6Li, 9Be, and 10B are the products of 
cosmic-ray spallation (Olive et al. 1993; Prantzos, Casse, & 
Vangioni-Flam 1993; Reeves 1994; Paper III). 

most ejecta where explosive silicon burning results in an alpha- 
rich freeze out. In both locations 7Li synthesis is a consequence 
of neutrino irradiation (Woosley et al. 1990) and the reac- 
tion sequences 4He(vx, vxn)3He(a, 7)7Be, 4He(^x, vxp) 
3H ( a, 7 ) 7Li, and 3He ( «, p ) 3H ( a, 7 ) 7Li where vx can be either 
a n- or r-neutrino or antineutrino. Most of this 7Li and 7Be is 
destroyed as the shock wave passes through the inner helium 
layer. Paper III will show that this process in massive Superno- 
vae is the source of a considerable fraction, though probably 
not all of the 7Li found in meteorites in the solar system. Had 
the shock not destroyed so much, the full solar abundance 
could have been produced. 

4.2. Carbon, Nitrogen, and Oxygen 

The abundant nucleus 12C is a product of helium burning. 
Its production is sensitive to the still uncertain rate for 
12C(a, 7) 160 (§ 2.2) and to details of convection at the end of 
helium burning, when a slight growth of the helium convective 
core can result in a dramatic decrease in carbon yield (Paper 
I ). Compared to other nuclei produced by massive stars, the 
yield of this important isotope is too small to account for its 
solar abundance (Tables 5 and 6; Paper III) and lower mass 
stars must make up the difference. However, massive stars do 
contribute a non-negligible fraction and this might be impor- 
tant early in Galactic evolution. 

Interior Mass 
Fig. 10tf Fig. 106 

Fig. 10.—Final mass fractions of the major abundances — ‘hi, 4He, 12C, 160, 20Ne, 28Si, and 56Ni—{a) the inner 5 M0 of a 15 Af© solar metallicity 
supernova ( model SI 5A); (6) the inner 12 A/© of the ejecta of a 25 Af© solar metallicity supernova ( model S25A). Each had an explosion energy of 1.2 X 
1051 ergs (Table 3). 
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Fig. 1 \b 

Fig. 11—Mass fractions of2FI and the isotopes of Fie and Li and the 7Li progenitor, 7Be in the interior of models S15A(ö) and S25A(6) at atime of 2.5 
X 104 s. Note the large production of mass 7 in the helium layer by the neutrino process. 

Fig. 126 

Fig. 12.—Mass fractions in of Be and B isotopes and the progenitor of11B, UC in the interiors of models SI 5A(<2) and S25A(6) at a time 2.5 X 104s 
after the explosion. Note the production of mass 11 from carbon by the neutrino process. 

TABLE 4 
25 M0 Explosion with and without Neutrino Irradiation 

Isotope w/o ï/ with v with v Isotope vr/o v with v with u 
T„ = 8 71 = 6 71 = 8 71 = 6 

7Li* 2.13E-08 10B 2.51E-09 11B* 1.18E-08 15N* 3.39E-05 19F* 3.53E-05 21Ne 5.84E-04 22 Na* 1.59E-06 26 Al 9.38E-05 31P 2.78E-03 
5.61E-04 35C1 4.28E-04 39K 3.79E-04 

7.31E-07 2.81E-07 
2.75E-09 2.58E-09 
2.35E-06 1.03E-06 
2.33E-04 1.29E-04 
1.48E-04 9.15E-05 
6.41E-04 6.08E-04 
3.43E-06 2.57E-06 
1.29E-04 1.14E-04 
3.18E-03 3.02E-03 
6.60E-04 6.18E-04 
7.01E-04 5.80E-04 
5.39E-04 4.65E-04 

40K 3.13E-06 41K 2.74E-05 43Ca 6.36E-06 45Sc 4.20E-06 47Ti 9.98E-06 50V 2.21E-07 51V 3.65E-05 53Cr 3.65E-04 54Cr 3.39E-05 55Mn 1.37E-03 57Fe 1.30E-02 59Co 8.31E-04 

3.44E-06 3.31E-06 
3.04E-05 2.96E-05 
8.39E-06 7.92E-06 
6.18E106 5.00E-06 
1.18E-05 1.11E-05 
2.93E-07 2.94E-07 
6.51E-05 5.40E-05 
4.17E-04 3.96E-04 
4.17E-05 4.18E-05 
2.33E-03 1.86E-03 
1.43E-02 1.42E-02 
1.54E-03 1.16E-03 
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TABLE 5A 
Ejected Masses at 2.5 x 104 seconds; 11-25 MQ Models; Z = Z0 

SllA S12A S13A S15A S18A S19A S20A S22A S25A 

iH 
4 He 
2H 
3 He 
7Li 
7Be 
9Be 
10B 
11B 
11C 
12C 
13C 
14/^ 
„S 
1SN 
160 
17o 
18 o 
19p 
20 Ne 
21 Ne 
22Ne 
22Na 
23Na 
24 Mg 
25 Mg 
26Mg 
26 A1 
27A1 
28Si 
29Si 
30 Si 
31p 
32 S 
33s 
34 s 
3SS 
36 S 
35 Cl 
36 Cl 
37C1 
36 Ar 
37 Ar 
38 At 
40 Ar 
39K 
40K 
41K 
40 Ca 
41 Ca 
42 Ca 
43 Ca 
44 Ca 
45 Ca 
46 Ca 
48 Ca 
43 Sc 
45 Sc 
44 Ti 
45 Ti 
46 Ti 
47Ti 
48Ti 
49Ti 
50 Ti 
47y 
48y 

5.59 
3.73 

7.84E-05 
3.53E-04 
2.18E-07 
3.35E-07 
2.88E-10 
3.17E-09 
4.89E-07 
1.54E-07 
5.32E-02 
9.61E-04 
1.71E-05 
3.67E-02 
6.16E-05 
1.36E-01 
5.19E-04 
3.47E-03 
1.29E-05 
3.12E-02 
1.78E-04 
2.47E-03 
2.14E-07 
1.05E-03 
9.24E-03 
1.38E-03 
1.55E-03 
1.68E-05 
1.19E-03 
2.17E-02 
6.45E-04 
6.97E-04 
1.86E-04 
9.71E-03 
6.72E-05 
6.29E-04 
6.97E-07 
1.95E-06 
4.90E-05 
2.50E-07 
1.32E-05 
1.69E-03 
2.22E-06 
2.81E-04 
7.75E-07 
5.05E-05 
1.74E-07 
2.97E-06 
1.32E-03 
1.92E-06 
8.32E-06 
9.28E-07 
1.37E-05 
5.60E-08 
7.20E-08 
1.33E-06 
6.98E-07 
4.32E-07 
6.20E-05 
7.18E-07 
7.08E-06 
2.20E-06 
2.03E-05 
1.74E-06 
1.84E-06 
9.46E-07 
6.99E-07 

5.96 
4.11 

8.27E-05 
3.71E-04 
2.18E-07 
2.87E-07 
2.87E-10 
2.63E-09 
4.62E-07 
1.67E-07 
8.05E-02 
1.02E-03 
3.97E-06 
3.60E-02 
9.76E-05 
2.10E-01 
5.28E-04 
8.36E-03 
3.47E-05 
2.32E-02 
1.57E-04 
6.03E-03 
8.44E-08 
8.71E-04 
8.21E-03 
1.23E-03 
1.69E-03 
2.00E-05 
1.13E-03 
9.09E-02 
1.09E-03 
7.62E-04 
8.91E-04 
7.57E-02 
7.13E-04 
3.00E-03 
6.07E-06 
3.52E-06 
1.54E-03 
1.15E-05 
3.86E-05 
2.18E-02 
1.51E-04 
4.80E-03 
1.11E-06 
2.14E-03 
1.21E-05 
4.52E-06 
1.44E-02 
1.56E-04 
3.74E-04 
1.03E-05 
1.98E-05 
6.02E-08 
5.80E-08 
1.43E-06 
1.79E-06 
3.36E-06 
8.26E-05 
1.69E-06 
1.05E-04 
9.62E-06 
2.43E-05 
2.09E-06 
2.00E-06 
1.40E-06 
1.43E-06 

6.32 
4.51 

8.32E-05 
3.94E-04 
1.98E-07 
6.17E-07 
2.97E-10 
4.72E-09 
4.49E-07 
3.46E-07 
1.14E-01 
1.14E-03 
5.32E-06 
4.68E-02 
4.47E-05 
2.72E-01 
5.33E-04 
2.29E-03 
8.88E-06 
4.46E-02 
5.77E-04 
3.50E-03 
1.45E-07 
1.08E-03 
1.64E-02 
3.07E-03 
3.40E-03 
2.84E-05 
1.83E-03 
5.85E-02 
1.45E-03 
1.97E-03 
4.17E-04 
2.60E-02 
1.39E-04 
1.52E-03 
5.41E-06 
7.66E-06 
1.01E-04 
7.84E-07 
2.32E-05 
4.46E-03 
6.23E-06 
6.00E-04 
3.39E-06 
7.70E-05 
2.45E-07 
3.38E-06 
3.61E-03 
2.77E-06 
1.58E-05 
1.16E-06 
1.61E-05 
2.90E-07 
3.76E-07 
1.69E-06 
7.60E-07 
5.22E-07 
6.26E-05 
1.27E-06 
9.77E-06 
2.64E-06 
2.35E-05 
2.08E-06 
2.66E-06 
1.21E-06 
7.78E-07 

6.98 
5.24 

8.84E-05 
4.32E-04 
2.07E-07 
5.69E-07 
3.15E-10 
4.96E-09 
9.48E-07 
3.06E-07 
1.61E-01 
1.29E-03 
8.15E-06 
5.40E-02 
1.49E-04 
6.80E-01 
5.92E-04 
4.38E-03 
3.45E-05 
1.11E-01 
4.49E-04 
7.37E-03 
1.09E-06 
3.42E-03 
2.67E-02 
6.66E-03 
6.50E-03 
4.30E-05 
4.62E-03 
1.10E-01 
2.48E-03 
3.09E-03 
7.82E-04 
6.34E-02 
2.85E-04 
1.92E-03 
4.31E-06 
8.67E-06 
2.58E-04 
2.17E-06 
4.45E-05 
1.25E-02 
4.08E-05 
2.07E-03 
3.11E-06 
3.18E-04 
6.67E-07 
4.37E-06 
1.10E-02 
1.68E-05 
9.00E-05 
1.81E-06 
1.97E-05 
5.69E-07 
3.33E-07 
1.80E-06 
1.31E-06 
7.87E-07 
5.68E-05 
1.71E-06 
4.86E-05 
3.62E-06 
2.72E-05 
2.93E-06 
4.41E-06 
1.44E-06 
1.00E-06 

7.89 
6.28 

9.57E-05 
4.88E-04 
2.73E-07 
4.43E-07 
3.35E-10 
2.83E-09 
1.49E-06 
3.73E-07 
2.48E-01 
1.35E-03 
2.91E-05 
5.68E-02 
1.52E-04 

1.13 
8.24E-04 
1.49E-02 
9.21E-05 
2.77E-01 
8.30E-04 
1.64E-02 
3.76E-06 
9.99E-03 
5.52E-02 
1.20E-02 
9.85E-03 
8.14E-05 
9.98E-03 
1.37E-01 
3.68E-03 
5.41E-03 
1.23E-03 
5.46E-02 
3.40E-04 
3.68E-03 
5.17E-06 
1.26E-05 
2.73E-04 
2.57E-06 
7.63E-05 
8.71E-03 
1.60E-05 
1.34E-03 
4.44E-06 
1.47E-04 
1.05E-06 
5.38E-06 
6.82E-03 
5.21E-06 
3.32E-05 
2.32E-06 
2.43E-05 
4.75E-07 
2.98E-07 
2.15E-06 
2.53E-07 
1.10E-06 
8.48E-06 
3.06E-07 
1.50E-05 
3.96E-06 
3.19E-05 
4.10E-06 
6.32E-06 
4.23E-07 
6.07E-07 

8.08 
6.46 

9.91E-05 
5.04E-04 
2.51E-07 
4.18E-07 
3.46E-10 
2.57E-09 
1.85E-06 
7.79E-07 
2.84E-01 
1.33E-03 
1.31E-05 
5.71E-02 
1.24E-04 

1.43 
8.46E-04 
1.60E-02 
2.64E-05 
1.06E-01 
5.94E-04 
1.85E-02 
7.91E-07 
2.71E-03 
2.51E-02 
9.38E-03 
1.14E-02 
8.83E-05 
3.77E-03 
2.77E-01 
4.29E-03 
3.43E-03 
2.02E-03 
1.29E-01 
8.81E-04 
1.05E-02 
4.51E-05 
3.11E-05 
1.55E-03 
1.87E-05 
1.00E-04 
2.07E-02 
7.60E-05 
6.43E-03 
6.71E-06 
8.69E-04 
1.02E-05 
6.03E-06 
1.35E-02 
2.11E-05 
1.93E-04 
9.44E-06 
2.94E-05 
8.40E-07 
4.84E-07 
2.19E-06 
8.43E-07 
3.25E-06 
1.92E-05 
6.43E-07 
5.35E-05 
6.63E-06 
3.37E-05 
4.13E-06 
6.23E-06 
8.09E-07 
1.24E-06 

8.24 
6.72 

9.88E-05 
5.26E-04 
2.51E-07 
4.18E-07 
3.45E-10 
2.53E-09 
1.55E-06 
3.01E-07 
2.13E-01 
1.33E-03 
5.16E-06 
5.98E-02 
1.41E-04 

1.94 
8.51E-04 
1.18E-02 
2.83E-05 
1.05E-01 
3.72E-04 
2.28E-02 
2.96E-07 
1.53E-03 
3.13E-02 
7.68E-03 
1.05E-02 
3.47E-05 
3.98E-03 
2.88E-01 
6.11E-03 
5.82E-03 
3.17E-03 
1.52E-01 
1.26E-03 
2.22E-02 
2.84E-05 
2.49E-05 
2.09E-03 
2.75E-05 
1.06E-04 
2.62E-02 
1.22E-04 
1.03E-02 
4.72E-06 
9.37E-04 
9.48E-06 
5.98E-06 
1.43E-02 
2.87E-05 
3.78E-04 
2.03E-05 
4.16E-05 
5.84E-07 
3.36E-07 
2.21E-06 
8.52E-07 
9.44E-06 
1.38E-05 
4.81E-07 
8.63E-05 
1.57E-05 
4.27E-05 
5.42E-06 
6.91E-06 
6.38E-07 
2.34E-06 

8.79 
7.51 

1.02E-04 
5.64E-04 
2.17E-07 
4.35E-07 
3.58E-10 
2.58E-09 
1.49E-06 
4.65E-07 
2.41E-01 
1.39E-03 
4.30E-06 
6.73E-02 
1.70E-04 

2.38 
9.16E-04 
3.87E-03 
4.87E-05 
7.02E-02 
5.21E-04 
3.82E-02 
2.94E-07 
1.93E-03 
4.16E-02 
8.01E-03 
1.28E-02 
5.91E-05 
8.40E-03 
3.56E-01 
1.23E-02 
1.41E-02 
4.96E-03 
1.72E-01 
1.34E-03 
1.67E-02 
6.56E-05 
8.86E-05 
2.86E-03 
5.18E-05 
1.75E-04 
2.80E-02 
1.12E-04 
8.31E-03 
1.71E-05 
1.50E-03 
3.32E-05 
1.02E-05 
1.73E-02 
3.53E-05 
2.61E-04 
2.50E-05 
5.33E-05 
1.37E-06 
1.16E-06 
2.43E-06 
1.20E-06 
1.20E-05 
6.15E-05 
1.23E-06 
6.97E-05 
1.45E-05 
4.31E-05 
6.49E-06 
1.02E-05 
1.24E-06 
7.91E-06 

9.40 
8.64 

9.81E>05 
6.29E-04 
2.40E-07 
5.04E-07 
3.84E-10 
2.76E-09 
1.78E-06 
6.16E-07 
3.22E-01 
1.45E-03 
3.66E-06 
7.93E-02 
2.29E-04 

3.25 
1.01E-03 
2.52E-03 
1.33E-04 
3.94E-01 
6.29E-04 
4.76E-02 
3.43E-06 
1.08E-02 
1.06E-01 
2.39E-02 
3.25E-02 
1.27E-04 
2.44E-02 
3.15E-01 
1.15E-02 
1.26E-02 
3.07E-03 
1.41E-01 
6.52E-04 
7.13E-03 
1.65E-05 
4.18E-05 
6.84E-04 
6.28E-06 
1.88E-04 
2.25E-02 
6.54E-05 
4.90E-03 
1.38E-05 
5.04E-04 
3.45E-06 
9.06E-06 
1.67E-02 
2.01E-05 
1.45E-04 
4.67E-06 
3.64E-05 
1.75E-06 
8.90E-07 
2.89E-06 
1.04E-06 
2.28E-06 
3.04E-05 
3.92E-07 
5.57E-05 
7.54E-06 
4.23E-05 
7.81E-06 
1.59E-05 
3.28E-07 
3.40E-05 
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TABLE 5A—Continued 

SHA S12A S13A SISA SISA S19A S20A S22A S25A 
49 y 
50 y 
51 y 
48 Cr 
49 Cr 
50 Cr 
51 Cr 
52 Cr 
53 Cr 
54 Cr 
51 Mn 
52 Mn 
53 Mn 
54 Mn 
55 Mn 
52 Fe 
53 Fe 
54 Fe 
55 Fe 
56 Fe 
57Fe 
58 Fe 
59 Fe 
60 Fe 
55 Co 
56 Co 
57Co 
58 Co 
59 Co 
60 Co 
61 Co 
56 Ni 
57Ni 
58Ní 
59 ní 
60Ni 
61 Ni 
62 Ni 
63 Ni 
64 Ni 
05 Ni 
59 Cu 
60 Cu 
61 Cu 
62 Cu 
63 Cu 
64 Cu 
65 Cu 
66 Cu 
60 Zn 
61 Zn 
62 Zn 
63 Zn 
64 Zn 
65 Zn 
66 Zn 
67Zn 
68 Zn 
69 Zn 
64 Ga 
65 Ga 
66 Ga 
67Ga 
68 Ga 
69 Ga 
70 Ga 
64 Ge 
65 Ge 
66Ge 
68 Ge 
69 Ge 
70 Ge 
71Ge 
Mass 

6.04E-07 
1.53E-08 
3.66E-06 
1.21E-04 
3.55E-06 
1.86E-05 
6.05E-07 
1.44E-04 
1.64E-05 
5.09E-06 
2.44E-06 
4.18E-06 
1.29E-05 
2.42E-07 
1.29E-04 
2.54E-04 
9.12E-06 
1.53E-03 
1.47E-05 
1.11E-02 
3.08E-04 
7.28E-05 
1.10E-05 
8.78E-06 
1.40E-04 
1.41E-04 
5.82E-05 
1.08E-05 
4.24E-05 
1.93E-06 
3.19E-06 
6.93E-02 
4.79E-03 
1.61E-02 
3.46E-04 
5.80E-04 
1.90E-05 
5.19E-05 
8.57E-06 
2.28E-05 
5.75E-06 
1.92E-05 
1.94E-03 
2.12E-04 
1.91E-05 
8.06E-06 
2.40E-07 
5.86E-06 
2.34E-07 
2.22E-04 
1.02E-05 
2.29E-03 
1.39E-05 
2.49E-05 
5.48E-07 
1.02E-05 
1.55E-06 
8.68E-06 
1.48E-06 
2.89E-06 
8.85E-07 
1.81E-06 
3.59E-08 
2.50E-09 
1.15E-06 
2.17E-07 
1.19E-07 
3.45E-09 
4.56E-05 
1.13E-07 
2.52E-09 
1.48E-06 
2.83E-06 

9.74 

3.38E-06 
1.79E-07 
5.14E-06 
1.38E-04 
5.18E-06 
1.09E-04 
1.31E-05 
1.70E-04 
1.81E-05 
5.69E-06 
5.42E-06 
9.54E-06 
3.74E-05 
1.27E-06 
1.40E-04 
4.58E-04 
1.89E-05 
2.97E-03 
1.05E-04 
1.22E-02 
3.46E-04 
8.80E-05 
1.80E-06 
2.91E-06 
2.31E-04 
1.20E-04 
4.93E-05 
6.12E-06 
5.59E-05 
3.27E-06 
6.40E-08 
4.32E-02 
2.76E-03 
6.47E-03 
2.44E-04 
5.70E-04 
2.27E-05 
5.29E-05 
9.53E-06 
2.54E-05 
6.62E-08 
8.22E-06 
1.25E-03 
1.28E-04 
9.23E-06 
9.06E-06 
1.17E-07 
6.96E-06 
1.10E-08 
1.33E-04 
5.81E-06 
1.04E-03 
8.48E-06 
2.11E-05 
5.16E-07 
1.25E-05 
1.80E-06 
9.89E-06 
3.58E-08 
1.66E-06 
6.82E-07 
1.02E-06 
4.06E-08 
1.73E-09 
1.31E-06 
2.07E-08 
1.11E-07 
1.09E-09 
2.26E-05 
2.19E-08 
4.36E-09 
2.19E-06 
4.09E-06 

10.7 

1.03E-06 
3.85E-08 
4.51E-06 
1.55E-04 
6.46E-06 
5.09E-05 
2.18E-06 
1.73E-04 
1.89E-05 
7.40E-06 
1.04E-05 
1.30E-05 
5.10E-05 
1.27E-06 
1.49E-04 
8.69E-04 
4.44E-05 
4.33E-03 
4.19E-05 
1.28E-02 
3.72E-04 
1.59E-04 
7.04E-05 
1.05E-04 
5.09E-04 
2.48E-04 
4.36E-05 
6.21E-06 
5.93E-05 
7.30E-06 
5.17E-05 
1.33E-01 
6.00E-03 
1.06E-02 
3.86E-04 
6.51E-04 
2.73E-05 
8.81E-05 
1.85E-05 
4.68E-05 
2.51E-05 
2.11E-05 
2.74E-03 
2.47E-04 
1.18E-05 
8.93E-06 
6.76E-07 
1.20E-05 
9.71E-07 
5.38E-04 
1.53E-05 
1.65E-03 
9.84E-06 
2.83E-05 
6.61E-07 
1.67E-05 
2.29E-06 
1.61E-05 
6.34E-06 
5.83E-06 
7.30E-07 
1.18E-06 
1.75E-08 
5.32E-09 
2.59E-06 
7.37E-07 
4.06E-07 
1.23E-09 
3.38E-05 
1.27E-08 
6.61E-09 
3.41E-06 
6.38E-06 

11.6 

1.66E-06 
9.47E-08 
5.15E-06 
1.67E-04 
8.81E-06 
1.23E-04 
5.32E-06 
2.01E-04 
2.20E-05 
1.15E-05 
1.92E-05 
2.23E-05 
9.01E-05 
3.13E-06 
1.71E-04 
1.42E-03 
7.83E-05 
7.59E-03 
7.93E-05 
1.47E-02 
4.68E-04 
3.08E-04 
5.15E-05 
2.66E-05 
7.56E-04 
2.31E-04 
3.55E-05 
3.46E-06 
1.22E-04 
1.50E-05 
1.47E-05 
1.15E-01 
4.26E-03 
6.16E-03 
2.58E-04 
6.63E-04 
5.64E-05 
1.72E-04 
7.96E-05 
1.54E-04 
1.11E-05 
7.46E-06 
2.03E-03 
1.73E-04 
6.93E-06 
1.33E-05 
1.35E-06 
3.89E-05 
1.54E-06 
3.35E-04 
6.84E-06 
9.02E-04 
6.35E-06 
2.93E-05 
1.36E-06 
4.35E-05 
9.70E-06 
6.58E-05 
4.37E-06 
4.01E-06 
4.80E-07 
7.52E-07 
3.11E-08 
2.93E-08 
8.70E-06 
1.98E-06 
1.86E-07 
8.60E-11 
1.94E-05 
8.71E-09 
3.93E-08 
1.51E-05 
3.97E-05 

13.6 

1.46E-06 
l.HE-07 
6.18E-06 
9.06E-05 
8.01E-06 
1.02E-04 
4.85E-06 
2.43E-04 
2.62E-05 
1.75E-05 
2.35E-05 
2.34E-05 
9.95E-05 
4.07E-06 
2.04E-04 
1.59E-03 
1.00E-04 
8.77E-03 
7.45E-05 
1.71E-02 
6.47E-04 
5.36E-04 
8.21E-05 
2.54E-05 
8.45E-04 
1.49E-04 
1.94E-05 
2.71E-06 
1.92E-04 
2.74E-05 
2.00E-05 
6.57E-02 
1.67E-03 
3.19E-03 
8.18E-05 
5.66E-04 
1.01E-04 
2.83E-04 
1.42E-04 
2.36E-04 
1.29E-05 
2.49E-06 
4.23E-04 
3.36E-05 
1.37E-06 
1.95E-05 
3.31E-06 
6.11E-05 
2.34E-06 
8.05E-05 
1.59E-06 
1.87E-04 
1.24E-06 
2.58E-05 
2.55E-06 
8.00E-05 
1.75E-05 
1.04E-04 
6.05E-06 
6.80E-07 
6.72E-08 
1.18E-07 
5.03E-08 
5.33E-08 
1.45E-05 
2.65E-06 
3.43E-08 
1.04E-11 
3.11E-06 
1.03E-08 
6.49E-08 
2.29E-05 
6.06E-05 

16.3 

3.09E-06 
1.68E-07 
6.34E-06 
1.51E-04 
1.23E-05 
1.66E-04 
9.56E-06 
2.57E-04 
2.67E-05 
1.64E-05 
3.60E-05 
4.40E-05 
1.68E-04 
6.39E-06 
2.06E-04 
2.54E-03 
1.42E-04 
1.32E-02 
1.37E-04 
1.77E-02 
6.32E-04 
4.46E-04 
9.62E-05 
4.69E-05 
1.27E-03 
2.50E-04 
3.49E-05 
3.42E-06 
1.45E-04 
2.83E-05 
1.13E-05 
1.00E-01 
2.41E-03 
3.79E-03 
1.16E-04 
8.95E-04 
1.22E-04 
3.91E-04 
1.02E-04 
2.52E-04 
1.98E-05 
2.06E-06 
7.50E-04 
5.91E-05 
2.32E-06 
3.69E-05 
5.49E-06 
6.20E-05 
2.51E-06 
1.04E-04 
1.72E-06 
2.80E-04 
1.98E-06 
3.60E-05 
2.97E-06 
1.20E-04 
2.13E-05 
1.29E-04 
1.09E-05 
9.92E-07 
1.21E-07 
2.22E-07 
1.72E-07 
1.15E-07 
2.10E-05 
6.70E-06 
3.31E-08 
5.76E-12 
5.14E-06 
2.69E-08 
9.95E-08 
3.79E-05 
7.87E-05 

17.1 

8.03E-06 
1.62E-06 
8.44E-06 
1.48E-04 
1.20E-05 
1.65E-04 
1.35E-05 
2.72E-04 
2.77E-05 
1.54E-05 
3.52E-05 
5.61E-05 
1.91E-04 
6.54E-06 
2.13E-04 
2.62E-03 
1.22E-04 
1.27E-02 
1.38E-04 
1.83E-02 
6.29E-04 
3.94E-04 
4.08E-05 
1.12E-05 
1.21E-03 
4.02E-04 
5.60E-05 
3.17E-06 
1.86E-04 
2.30E-05 
3.74E-06 
8.80E-02 
1.93E-03 
3.24E-03 
9.46E-05 
1.20E-03 
1.19E-04 
7.20E-04 
6.86E-05 
2.87E-04 
4.02E-06 
2.27E-07 
2.94E-04 
2.85E-05 
1.94E-06 
3.71E-05 
2.35E-06 
1.11E-04 
9.79E-07 
1.63E-05 
1.47E-07 
1.48E-04 
6.67E-07 
4.41E-05 
5.18E-06 
2.72E-04 
1.83E-05 
2.63E-04 
3.47E-06 
1.31E-07 
2.96E-08 
9.31E-07 
1.90E-07 
1.67E-07 
4.03E-05 
2.03E-06 
1.30E-09 
3.13E-14 
1.73E-06 
4.04E-08 
6.40E-07 
1.71E-04 
8.02E-05 

18.0 

6.68E-06 
1.28E-06 
8.85E-06 
2.59E-04 
1.51E-05 
1.89E-04 
1.34E-05 
2.94E-04 
3.02E-05 
2.19E-05 
3.96E-05 
8.36E-05 
2.33E-04 
6.99E-06 
2.30E-04 
3.24E-03 
1.39E-04 
1.52E-02 
1.92E-04 
1.97E-02 
7.59E-04 
6.27E-04 
1.01E-04 
5.19E-05 
1.52E-03 
1.67E-03 
2.35E-04 
6.23E-06 
2.21E-04 
2.43E-05 
2.01E-05 
2.05E-01 
5.78E-03 
8.73E-03 
3.67E-04 
2.52E-03 
2.36E-04 
9.61E-04 
5.99E-05 
4.99E-04 
1.95E-05 
1.03E-06 
1.91E-03 
1.77E-04 
1.21E-05 
5.87E-05 
8.68E-06 
1.33E-04 
2.61E-06 
1.09E-04 
1.11E-06 
9.99E-04 
4.79E-06 
6.08E-05 
5.56E-06 
2.63E-04 
2.48E-05 
3.96E-04 
1.45E-05 
1.31E-06 
3.04E-07 
6.76E-06 
3.01E-07 
2.21E-07 
4.44E-05 
4.22E-06 
1.47E-08 
5.78E-13 
1.63E-05 
3.49E-08 
6.62E-07 
2.14E-04 
1.18E-04 

20.1 

1.38E-05 
2.93E-07 
9.12E-06 
1.66E-04 
4.18E-06 
2.09E-04 
4.12E-05 
3.50E-04 
3.41E-05 
3.37E-05 
1.25E-05 
1.21E-03 
3.57E-04 
7.90E-06 
2.58E-04 
1.93E-03 
1.85E-05 
1.64E-02 
4.25E-04 
2.19E-02 
9.05E-04 
9.22E-04 
8.52E-05 
2.10E-05 
1.23E-03 
4.20E-03 
4.13E-04 
3.56E-06 
3.31E-04 
5.36E-05 
2.75E-05 
1.29E-01 
2.93E-03 
5.28E-03 
1.74E-04 
2.31E1-03 
2.82E-04 
8.29E-04 
2.79E-04 
8.98E-04 
2.06E-05 
8.69E-11 
9.24E-08 
2.52E-05 
4.80E-06 
6.94E-05 
1.10E-05 
2.14E-04 
4.56E-06 
2.22E-12 
7.36E-14 
2.64E-04 
1.86E-08 
6.98E-05 
9.80E-06 
3.35E-04 
9.06E-05 
6.96E-04 
2.65E-05 
1.42E-10 
1.19E-09 
5.29E-06 
2.37E-07 
2.51E-07 
7.31E-05 
1.31E-05 
2.16E-16 
1.07E-18 
1.16E-06 
3.21E-08 
3.44E1-07 
1.41E-04 
4.92E-04 

23.1 
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TABLE 5B 
Ejected Masses at 2.5 x 104 seconds; 30-40 A/© Models; Z = Z© 

KE0 

S30A 
1.13 

S30B 
2.01 

S35A 
1.23 

S35B 
1.88 

S35C 
2.22 

S40A 
1.19 

S40B 
1.93 

S40C 
2.57 

4 He 
2H 
3 He 
7 Li 
7Be 
9 Be 
10B 
nB 
nC 
12C 

13 C 
14C 
14N 
15N 
16o 
i7o 
18 O 
19p 
20Ne 
2iNe 
22Ne 
22Na 
23Na 
24 Mg 
25 Mg 
26 Mg 
26 A1 
27A1 
28 Si 
29Si 
30Si 
31 p 
32s 
33 s 
34 s 
35 s 
36 s 
35 Cl 
36 Cl 
37C1 
36 Ar 
37Ar 
38 Ar 
40 Ar 
39 K 
40K 
4iK 
40 Ca 
4iCa 
42 Ca 
43 Ca 
44 Ca 
45 Ca 
46 Ca 
48 Ca 
43Sc 
45Sc 
44 Ti 
45Ti 
46 Ti 
47Ti 
48 Ti 
49 Ti 
5°Ti 
47 V 
48y 

10.5 
10.4 

9.44E-05 
7.18E-04 
2.74E-07 
7.13E-07 
3.79E-10 
2.90E-09 
8.55E-07 
3.14E-07 
2.86E-01 
1.59E-03 
1.80E-06 
1.04E-01 
1.65E-04 

3.65 
1.06E-03 
5.86E-04 
1.05E-04 
3.81E-01 
3.01E-04 
5.41E-02 
1.68E-06 
6.48E-03 
2.12E-01 
2.53E-02 
3.24E-02 
1.83E-04 
3.94E-02 
9.77E-02 
2.39E-02 
1.98E-02 
4.77E-03 
1.38E-02 
1.71E-04 
1.73E-03 
4.14E-05 
6.52E-05 
3.15E-04 
6.21E-06 
1.87E-04 
1.72E-03 
1.85EX06 
5.94E-04 
1.83E-05 
1.28E-04 
4.18E-06 
1.10E-05 
1.31E-03 
3.42E-06 
1.66E-05 
5.02E-06 
4.26E-05 
2.75E-06 
1.80E-06 
3.32E-06 
1.32E-09 
2.56E-06 
4.92E-10 
7.20E-10 
7.13E-06 
6.03E-06 
4.79E-05 
9.23E-06 
1.96E-05 
1.87E-10 
1.18E-09 

10.5 
10.4 

9.45E-05 
7.18E-04 
2.12E-07 
6.25E-07 
3.79E-10 
2.90E-09 
7.41E-07 
3.43E-07 
2.90E-01 
1.59E-03 
1.88E-06 
1.04E-01 
2.15E-04 

4.88 
1.06E-03 
5.74E-04 
1.07E-04 
4.32E-01 
3.27E-04 
5.41E-02 
1.94E-06 
6.89E-03 
2.82E-01 
2.88E-02 
3.56E-02 
2.73E-04 
5.08E-02 
3.16E-01 
3.39E-02 
3.45E-02 
7.29E-03 
9.99E-02 
5.62E-04 
7.30E-03 
5.79E-05 
8.33E-05 
7.10E-04 
1.14E-05 
2.08E-04 
1.60E-02 
3.13E-05 
2.65E-03 
2.14E-05 
3.31E-04 
5.08EX06 
1.18E-05 
1.33E-02 
1.25E-05 
7.32E-05 
7.34E-06 
4.52E-05 
3.24E-06 
2.24E-06 
3.37E-06 
9.92E-07 
5.12E-06 
1.41E-04 
7.30E-07 
3.42E-05 
1.10E-05 
5.00E-05 
1.02E-05 
2.39EX05 
3.52E-07 
5.04E-05 

11.5 
11.9 

1.02E-04 
7.91E-04 
1.94E-07 
8.26E-07 
4.40E-10 
3.18E-09 
5.39E-07 
3.73E-07 
3.01E-01 
1.65E-03 
1.72E-06 
1.25E-01 
1.25E-04 

3.07 
1.29E-03 
3.12E-04 
1.63E-04 
5.15E-01 
5.48E-04 
5.77E-02 
3.17E-06 
1.47E-02 
1.23E-01 
2.64E-02 
3.85E-02 
1.33E-04 
2.97E-02 
4.16E-02 
1.04E-02 
6.79E-03 
1.99E-03 
1.08E-02 
1.11E-04 
7.29E-04 
1.33E-05 
4.58E-05 
1.02E-04 
1.56E-06 
2.09E-04 
1.87E-03 
1.81E-06 
5.96E-04 
1.68E-05 
1.20E-04 
3.73E-06 
1.13E-05 
1.46E-03 
3.60E-06 
1.70E-05 
4.86E-06 
4.50E-05 
2.53E-06 
1.13E-06 
3.68E-06 
5.66E-10 
1.85E-06 
1.00E-10 
3.58E-10 
7.40E-06 
6.25E-06 
5.24E-05 
9.61E-06 
1.76E-05 
8.41E-11 
4.49E-10 

11.5 
11.9 

1.02E-04 
7.91E-04 
1.56E-07 
7.34E-07 
4.41E-10 
3.19E-09 
5.89E-07 
4.63E-07 
3.20E-01 
1.65E-03 
1.81E-06 
1.25E-01 
2.70E-04 

5.82 
1.29E-03 
3.09E-04 
2.26E-04 
8.88E-01 
8.03E-04 
5.77EX02 
5.81E-06 
2.16E-02 
2.87E-01 
4.45E-02 
6.02E-02 
3.47E-04 
6.36E-02 
1.12E-01 
2.97E-02 
2.40E-02 
5.58E-03 
1.68E-02 
2.64E-04 
2.29E-03 
4.17E-05 
9.00E-05 
3.60E-04 
6.17E-06 
3.16E-04 
1.98E-03 
3.30E-06 
8.14E-04 
3.08E-05 
1.66E-04 
6.22E-06 
1.50E-05 
1.48E-03 
4.20E-06 
2.26E-05 
7.26E-06 
5.40E-05 
4.93E-06 
2.61E-06 
3.94E-06 
2.05E-09 
3.17E-06 
1.82E-09 
1.54E-09 
9.36E-06 
7.82E-06 
5.46E-05 
1.31E-05 
3.03E-05 
6.06E-10 
3.89E-09 

193 

11.5 
12.0 

1.02E-04 
7.91E-04 
1.45E-07 
7.01E-07 
4.41E-10 
3.19E-09 
5.69E-07 
4.65E-07 
3.20E-01 
1.65E-03 
1.80E-06 
1.25E-01 
2.89E-04 

6.36 
1.29E-03 
3.08E-04 
2.21E-04 
8.81E-01 
8.00E-04 
5.77E-02 
5.73E-06 
2.15E-02 
3.03E-01 
4.43E-02 
5.99E-02 
3.45E-04 
6.53E-02 
4.29E-01 
3.24E-02 
3.24E-02 
6.71E-03 
1.69E-01 
6.67E-04 
8.77E-03 
4.43E-05 
9.21E-05 
6.39E-04 
8.98E-06 
3.18E-04 
2.86E-02 
3.71E-05 
3.30E-03 
3.06E-05 
3.96E-04 
6.32E-06 
1.50E-05 
2.41E-02 
1.46E-05 
8.94E-05 
9.69E-06 
5.43E-05 
4.91E-06 
2.60E-06 
3.93E-06 
1.31E-06 
4.00E-06 
1.98E-04 
3.99E-07 
3.92E-05 
1.41E-05 
5.69E-05 
1.31E-05 
3.11E-05 
1.81E-07 
1.09E-04 

11.1 
13.0 

8.87E-05 
7.74E-04 
1.69E-07 
8.19E-07 
4.07E-10 
3.11E-09 
3.79E-07 
3.76E-07 
3.13E-01 
1.62E-03 
2.05E-06 
1.41E-01 
9.06E-05 

2.36 
1.23E-03 
2.31E-04 
1.68E-04 
4.48E-01 
5.75E-04 
5.94E-02 
3.60E-06 
1.61E-02 
6.80E-02 
2.21E-02 
3.36E-02 
1.09E-04 
2.06E-02 
2.47E-02 
4.10E-03 
2.46E-03 
1.09E-03 
1.02E-02 
9.85E-05 
5.44E-04 
6.51E-06 
3p.55E-05 
7.69E-05 
8.68E-07 
1.91E-04 
1.90E-03 
1.85E-06 
5.65E-04 
1.31E-05 
1.12E-04 
3.22E-06 
1.06E-05 
1.48E-03 
3.54E-06 
1.64E-05 
4.39E-06 
4.37E-05 
1.97E-06 
6.92E-07 
3.71E-06 
3.08E-10 
1.51E-06 
2.69E-11 
2.13E-10 
7.13E-06 
6.08E-06 
5.28E-05 
9.25E-06 
1.48E-05 
4.42E-11 
2.99E-10 

11.1 
13.0 

8.87E-05 
7.74E-04 
1.34E-07 
7.17E-07 
4.07E-10 
3.11E-09 
6.04E-07 
5.76E-07 
3.63E-01 
1.62E-03 
2.15E-06 
1.41E-01 
2.91E-04 

6.03 
1.23E-03 
2.31E-04 
2.98E-04 

1.24 
1.26E-03 
5.94E-02 
1.01E-05 
3.68E-02 
2.30E-01 
5.40E-02 
7.95E-02 
2.51E-04 
6.46E-02 
5.46E-02 
1.65E-02 
8.96E-03 
2.96E-03 
1.15E-02 
1.20E-04 
7.72E-04 
2.05E-05 
8.91E-05 
1.08E-04 
1.94E-06 
4.05E-04 
1.93E-03 
2.42E-06 
8.46E-04 
3.48EX05 
1.60E-04 
6.54E-06 
1.67E-05 
1.52E-03 
4.28E-06 
2.45E-05 
7.88E-06 
5.77E-05 
5.71E-06 
2.21E-06 
4.18E-06 
1.30E-09 
2.41E-06 
1.47E-10 
8.98EX10 
9.25E-06 
7.92E-06 
5.58E-05 
1.46E-05 
3.19E-05 
2.01E-10 
1.02E-09 

11.1 
13.0 

8.87E-05 
7.74E-04 
1.17E-07 
6.62E-07 
4.07E-10 
3.11E-09 
5.99E-07 
6.01E-07 
3.68E-01 
1.62E-03 
2.12E-06 
1.41E-01 
3.40E-04 

7.63 
1.23E-03 
2.30E-04 
2.92E-04 

1.29 
1.29E-03 
5.91E-02 
1.02E-05 
3.67E-02 
3.10E-01 
5.71E-02 
8.22E-02 
3.56E-04 
7.70E-02 
5.61E-01 
2.91E-02 
3.08E-02 
6.35E-03 
2.36E-01 
8.26E-04 
1.06E-02 
3.48E-05 
1.04E-04 
7.50E-04 
9.13E-06 
4.21E-04 
3.90E-02 
5.48E-05 
4.18E-03 
3.76E-05 
5.09E-04 
7.43E-06 
1.73E-05 
3.16E-02 
1.97E-05 
1.14E-04 
9.87E-06 
6.01E-05 
6.14E-06 
2.67E-06 
4.20E-06 
2.63 E-06 
3.45E-06 
2.29E-04 
7.27E-07 
5.35E-05 
1.47E-05 
5.88E-05 
1.54E-05 
3.69E-05 
1.26E-06 
3.44E-05 
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TABLE 5B—Continued 

KE* 
S30A 
1.13 

S30B 
2.01 

S35A 
1.23 

S35B 
1.88 

S35C 
2.22 

S40A 
1.19 

S40B 
1.93 

S40C 
2.57 

49 y 
50 y 
Sly 
48 Cr 
49 Cr 
50 Cr 
51 Cr 
52 Cr 
53 Cr 
54 Cr 
51 Mn 
52 Mn 
53 Mn 
54 Mn 
55 Mn 
52 Fe 
53 Fe 
54 Fe 
56 Fe 
56 Fe 
57Fe 
58 Fe 
59 Fe 
60 Fe 
55Co 
56Co 
57Co 
58 Co 
59 Co 
60 Co 
61Co 
56Ni 
57Ni 
58Ni 
59 Ni 
60 Ni 
61Ni 
62Ni 
63 Ni 
64Ni 
65Ni 
59Cu 
60Cu 
61 Cu 
62 Cu 
63Cu 
64 Cu 
65Cu 
66Cu 
60 Zn 
61 Zn 
62Zn 
63 Zn 
64Zn 
65 Zn 
66Zn 
67Zn 
68Zn 
69Zn 
66Ga 
66Ga 
67Ga 
68Ga 
69 Ga 
70 Ga 
64Ge 
65Ge 
66Ge 
67Ge 
68 Ge 
69Ge 
70 Ge 
71Ge 
Mass 

2.34E-07 
3.29E-07 
1.00E-05 
6.78E-12 
3.26E-11 
1.52E-05 
8.11E-08 
3.25E-04 
3.95E-05 
3.97E-05 
1.16E-10 
9.42E-10 
7.03E-08 
1.04E-07 
3.03E-04 
1.62E-12 
4.09E-10 
1.49E-03 
1.25E-05 
2.50E-02 
9.98E-04 
9.92E-04 
3.97E-05 
1.88E-05 
3.36E-09 
1.20E-07 
8.48E-07 
5.32E-07 
3.31E-04 
8.64E-05 
2.89E-05 
2.93E-11 
1.32E-09 
1.02E-03 
1.85E-05 
6.97E-04 
2.48E-04 
7.77E-04 
2.97E-04 
1.18E-03 
5.25E-06 
3.67E-13 
7.36E-09 
5.83E-08 
2.12E-08 
5.70E-05 
6.22E-06 
2.01E-04 
4.06E-07 
6.22E-15 
4.38E-15 
2.29E-09 
6.54E-09 
5.58E-05 
7.04E-06 
3.26E-04 
1.09E-04 
9.98E-04 
7.74E-06 
7.08E-10 
1.86E-08 
2.52E-07 
1.74E-07 
6.48E-05 
5.15E-06 
8.13E-18 
4.78E-21 
5.11E-12 
1.09E-11 
7.99E-09 
1.87E-07 
1.44E-04 
8.14E-04 

25.9 

9.86E-06 
5.88E-07 
1.10E-05 
3.54E-04 
1.02E-05 
1.50E-04 
1.50E-05 
3.69E-04 
4.00E-05 
4.56E-05 
2.81E-05 
2.47E-04 
2.79E-04 
4.94E-06 
3.04E-04 
3.35E-03 
6.08E-05 
1.34E-02 
3.02E-04 
2.53E-02 
1.03E-03 
1.21E-03 
4.82E-05 
2.38E-05 
1.67E-03 
1.21E-02 
1.79E-03 
1.25E-05 
3.99E-04 
1.06E-04 
4.46E-05 
4.40E-01 
1.36E-02 
2.26E-02 
1.12E-03 
1.09E-02 
7.86E-04 
2.48E-03 
3.45E-04 
1.48E-03 
7.15E-06 
4.91E-10 
1.31E-05 
1.73E-04 
3.83E-05 
9.3ÖE-05 
9.85E-06 
2.63E-04 
1.16E-06 
4.70E-08 
5.39E-11 
2.13E-03 
6.19E-08 
1.15E-04 
1.10E-05 
4.57E-04 
1.27E-04 
1.32E-03 
1.14E-05 
1.07E-09 
4.64E-05 
4.90E-07 
3.01E-07 
8.62E-05 
9.99E-06 
1.10E-14 
3.45E-20 
9.92E-06 
2.27E-11 
3.52E-08 
4.39E-07 
2.66E-04 
9.71E-04 

28.2 

7.00E-08 
1.22E-07 
1.06E-05 
1.23E-12 
1.64E-11 
1.68E-05 
1.39E-07 
3.60E-04 
4.38E-05 
3.84E-05 
7.62E-11 
6.00E-10 
2.48E-08 
2.97E-08 
3.29E-04 
3.13E-13 
4.59E-10 
1.65E-03 
2.58E-05 
2.77E-02 
1.17E-03 
9.16E-04 
5.46E-05 
2.51E-05 
2.85E-09 
9.94E-08 
2.53E-07 
2.13E-07 
3.46E-04 
6.69E-05 
1.97E-05 
6.41E-12 
1.25E-09 
1.13E-03 
2.16E-05 
7.53E-04 
2.24E-04 
5.28E-04 
3.04E-04 
9.51E-04 
7.17E-06 
4.94E-13 
5.07E-09 
2.39E-08 
8.66E-09 
6.25E-05 
4.50E-06 
2.16E-04 
5.39E-07 
2.29E-15 
9.38E-16 
1.83E-09 
5.96E-09 
6.66E-05 
1.01E-05 
3.51E-04 
1.16E-04 
7.60E-04 
1.16E-05 
5.33E-10 
1.29E-08 
9.89E-08 
8.86E-08 
7.75E-05 
7.67E-06 
3.86E-18 
1.26E-21 
1.30E-12 
2.63E-12 
5.66E-09 
8.69E-08 
1.13E-04 
7.25E-04 

27.8 

4.55E-07 
4.42E-07 
1.21E-05 
1.69E-11 
8.87E-11 
1.69E-05 
2.96E-07 
3.65E-04 
4.52E-05 
5.90E-05 
1.96E-10 
2.05E-09 
1.53E-07 
3.20E-07 
3.33E-04 
4.08E-12 
4.42E-10 
1.64E-03 
2.75E-05 
2.78E-02 
1.26E-03 
1.52E-03 
1.01E-04 
5.59E-05 
4.49E-09 
1.57E-07 
1.65E-06 
1.46E-06 
5.31E-04 
1.41E-04 
6.92E-05 
5.83E-11 
1.40E-09 
1.13E-03 
2.25E-05 
9.06E-04 
3.70E-04 
1.05E-03 
5.67E-04 
1.88E-03 
1.57E-05 
6.00E-13 
1.07E-08 
7.54E-08 
2.80E-08 
8.03E-05 
1.18E-05 
3.86E-04 
1.92E-06 
7.18E-15 
3.60E-15 
3.92E-09 
1.19E-08 
8.18E-05 
1.72E-05 
5.94E-04 
2.03E-04 
1.64E-03 
2.87E-05 
1.23E-09 
3.13E-08 
4.06E-07 
3.39E-07 
1.41E-04 
2.60E-05 
1.19E-17 
7.54E-21 
7.67E-12 
1.53E-11 
2.11E-08 
3.55E-07 
2.71E-04 
1.39E-03 

31.3 

3.22E-05 
5.69E-07 
1.30E-05 
5.24E-04 
5.70E-06 
2.72E-04 
6.80E-05 
4.52E-04 
4.53E-05 
5.92E-05 
1.50E-05 
2.34E-03 
6.58E-04 
8.98E-06 
3.33E-04 
4.10E-03 
1.17E-05 
2.60E-02 
7.67E-04 
2.82E-02 
1.27E-03 
1.56E-03 
1.04E-04 
5.63E-05 
2.57E-03 
1.87E-02 
2.49E-03 
2.35E-05 
5.55E-04 
1.40E-04 
7.21E-05 
5.68E-01 
1.72E-02 
3.79E-02 
1.49E-03 
1.30E-02 
9.79E-04 
3.24E-03 
5.64E-04 
1.91E-03 
1.62E-05 
1.34E-12 
2.44E-07 
2.02E-04 
5.57E-05 
1.22E-04 
1.20E-05 
4.10E-04 
2.36E-06 
1.19EL13 
5.02E-15 
3.09E-03 
5.26E-08 
1.44E-04 
2.02E-05 
6.92E-04 
2.02E-04 
1.71E-03 
2.95E-05 
1.37E-09 
6.08E-05 
5.73E-07 
3.59E-07 
1.48E-04 
2.72E-05 
1.62E-17 
1.28E-20 
1.23E-05 
1.83E-11 
9.33E-08 
4.96E-07 
3.36E-04 
1.38E-03 

33.2 

2.95E-08 
6.44E-08 
1.04E-05 
3.66E-13 
1.24E-11 
1.70E-05 
1.96E-07 
3.66E-04 
4.47E-05 
3.54E-05 
5.25E-11 
4.12E-10 
1.32E-08 
1.15E-08 
3.29E-04 
1.02E-13 
4.27E-10 
1.67E-03 
3.76E-05 
2.83E-02 
1.27E-03 
8.79E-04 
9.62E-05 
3.09E-05 
2.37E-09 
8.02E-08 
1.04E-07 
1.06E-07 
2.98E-04 
5.87E-05 
6.25E-06 
2.27E-12 
1.09E-09 
1.15E-03 
2.14E-05 
7.14E-04 
1.89E-04 
4.10E-04 
2.38E-04 
7.15E-04 
6.33E-06 
4.15E-13 
2.96E-09 
1.23E-08 
4.57E-09 
5.93E-05 
3.02E-06 
1.91E-04 
5.93E-07 
9.28E-16 
3.40E-16 
1.36E-09 
4.38E-09 
6.56E-05 
1.03E-05 
3.06E-04 
9.81E-05 
5.28E-04 
8.10E-06 
3.53E-10 
8.05E-09 
4.56E-08 
4.78E-08 
7.31E-05 
3.99E-06 
1.81E-18 
4.17E-22 
4.60E-13 
8.76E-13 
3.91E-09 
5.10E-08 
9.12E-05 
5.57E-04 

27.7 

1.18E-07 
1.95E-07 
1.23E-05 
2.74E-12 
1.60E-11 
1.70E-05 
2.01E-07 
3.75E-04 
4.68E-05 
6.50E-05 
1.53E-10 
1.27E-09 
3.49E-08 
4.40E-08 
3.34E-04 
6.18E-13 
4.02EL10 
1.67E1-03 
3.79E-05 
2.84E-02 
1.41E-03 
1.69E-03 
2.31E-04 
8.32E-05 
4.37E-09 
1.54E-07 
4.27E-07 
5.00E-07 
5.74E-04 
1.69E-04 
3.61E-05 
1.73E-11 
9.97E-10 
1.15E-03 
2.09E-05 
9.73E-04 
4.23E-04 
9.26E-04 
7.10E-04 
1.92E-03 
2.43E-05 
4.97E-13 
1.04E-08 
5.86E-08 
1.81E-08 
8.67E-05 
1.00E-05 
4.39E-04 
2.17E-06 
4.43E-15 
1.72E-15 
3.77E-09 
1.45E-08 
1.03E-04 
2.52E-05 
7.45E-04 
2.64E-04 
1.53E-03 
4.01E-05 
1.38E-09 
3.48E-08 
2.65E-07 
2.54E-07 
1.76E-04 
2.30E-05 
7.85E-18 
3.79E-21 
4.74E-12 
7.67E-12 
1.83E-08 
2.30E-07 
2.33E-04 
1.61E-03 

32.5 

2.38E-05 
6.13E-07 
1.39E-05 
7.08E-04 
2.19E-05 
3.96E-04 
4.91E-05 
4.51E-04 
4.72E-05 
7.07E-05 
5.47E-05 
5.29E-04 
7.97E-04 
1.16E-05 
3.36EL04 
7.47E-03 
3.82E-05 
3.63E-02 
4.44E-04 
2.90E-02 
1.43E-03 
1.95E-03 
2.62E-04 
1.05E-04 
3.69E-03 
5.86E-03 
8.82E-04 
1.82E-05 
6.55E-04 
1.89E-04 
7.11E-05 
6.91E-01 
2.11E-02 
3.57E-02 
1.56E-03 
1.31E-02 
7.19E-04 
2.11E-03 
7.49E-04 
2.27E-03 
2.96E-05 
9.80E-13 
1.68E-03 
6.02E-04 
7.38E-05 
1.28E-04 
1.50E-05 
5.51E-04 
3.91E-06 
2.31E-09 
7.25E-14 
4.14E-03 
7.48E-06 
1.75E-04 
3.01E-05 
9.00E-04 
2.75E-04 
1.98E-03 
4.85E-05 
8.31E-08 
3.66E-05 
5.10E-07 
3.84E-07 
2.23E-04 
3.53E-05 
1.71E-17 
9.88E-21 
5.17E-05 
4.79E-09 
6.73E-08 
5.61E-07 
4.26E-04 
1.74E-03 

36.0 
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TABLE 6A 
Production Factors 11-25 M0 Models ; Z = Zq 

SHA S12A S13A S15A SISA S19A S20A S22A S25A 

.62 .58 

.11 .09 

.96 .93 

^ .81 
2H .17 
3 He 1.24 
4 He 1.39 
6 Li .17 
7 Li 6.07 
9Be .18 
10B .31 
11B 13.96 
12C 1.80 
13C 2.70 
14N 3.41 
15N 1.45 
160 1.45 
170 13.71 
180 16.50 
19F 3.26 
20 Ne 1.98 
21 Ne 4.43 
22Ne 1.95 
23Na 3.22 
24 Mg 1.84 
26 Mg 2.09 
26 Mg 2.07 
27 A1 2.11 
28 Si 3.41 
29 Si 1.93 
30 Si 3.04 
31P 2.42 
32S 2.52 
33 S 2.15 
34 S 3.46 
36S 2.14 
35 Cl 2.02 
37C1 1.85 
36 Ar 2.24 
38 Ar 1.88 
40 Ar 3.22 
39K 1.51 
40K 3.22 
41K 1.94 
40 Ca 2.26 
42 Ca 2.05 
43 Ca 1.86 
44 Ca 5.45 
46 Ca 2.65 
48 Ca .98 
45 Sc 3.18 
46Ti 3.26 
47Ti 1.56 
48Ti 6.76 
49 Ti 3.70 
50Ti 1.15 
60V 1.70 
51V 1.83 
50 Cr 2.57 
52 Cr 2.78 
53 Cr 2.30 
54 Cr 1.26 
55 Mn 2.19 
64 Fe 2.20 
56 Fe 7.07 
57Fe 18.55 
58 Fe 2.32 

.79 .77 

.16 .15 
1.18 1.16 
1.39 1.41 
.16 .15 

5.02 7.50 
.16 .15 
.23 .38 

12.38 14.47 
2.47 3.25 
2.60 2.69 
3.03 3.65 
2.09 .89 
2.04 2.44 
12.64 11.80 
35.93 9.17 
7.96 1.89 
1.33 2.37 
3.53 12.03 
4.31 2.31 
2.43 2.78 
1.48 2.75 
1.69 3.91 
2.05 3.81 
1.82 2.72 

12.95 7.72 
2.97 3.64 
3.01 7.20 
10.18 5.09 
17.81 5.67 
20.63 3.77 
14.95 7.03 
3.71 7.05 
56.83 3.62 
20.68 2.97 
26.26 4.96 
29.02 3.37 
8.82 11.62 
57.49 1.98 

202.80 3.81 
56.67 2.40 

22.40 5.19 
82.95 3.38 
12.53 1.84 
6.74 4.76 
1.93 11.59 
.96 1.05 

12.23 4.60 
44.00 3.78 
4.93 1.67 
7.10 7.17 
6.05 5.06 
1.13 1.39 

17.95 3.58 
5.85 3.94 
13.66 5.91 
3.99 6.11 
4.03 5.74 
1.49 1.71 
3.33 4.54 
3.88 5.22 
4.42 10.75 
10.28 19.36 
2.37 3.84 

.72 .68 

.13 .12 
1.08 1.02 
I. 39 1.40 
.13 .12 

6.08 4.69 
.14 .12 
.34 .16 

19.43 24.14 
3.89 5.01 
2.60 2.27 
3.58 3.15 
2.52 2.17 
5.19 7.19 
II. 16 12.97 
15.52 42.00 
6.24 13.92 
5.01 10.47 
7.97 12.32 
4.15 7.71 
7.50 18.31 
3.81 6.57 
7.21 10.87 
6.17 7.83 
5.83 10.53 

12.40 12.85 
5.32 6.57 
9.64 14.08 
7.23 9.47 

11.73 8.45 
6.52 6.50 
7.52 12.07 
6.81 8.23 
7.59 6.73 
7.32 6.61 
11.83 6.89 
9.87 5.34 
9.22 11.03 
6.79 2.69 
8.82 11.56 
5.92 2.49 

13.42 6.97 
15.76 4.90 
2.55 1.75 
3.94 1.41 
8.75 6.54 
.96 .95 

5.77 2.96 
15.97 4.14 
1.81 1.31 
6.64 3.51 
6.00 5.08 
1.96 2.35 
7.50 7.31 
5.78 5.62 
12.11 8.44 
8.12 7.65 
8.13 8.06 
2.47 3.03 
5.55 5.17 
7.80 7.53 
8.14 4.34 
12.22 5.00 
6.17 8.92 

.67 .65 

.12 .11 
1.01 .99 
1.37 1.35 
.12 .11 

4.18 3.96 
.12 .11 
.14 .13 

32.44 21.69 
5.46 3.89 
2.13 2.02 
3.02 3.00 
1.72 1.89 
8.72 11.20 
12.72 12.14 
43.19 30.26 
3.81 3.87 
3.84 3.59 
8.41 4.99 
8.29 9.71 
4.74 2.54 
2.86 3.37 
8.10 6.29 
8.66 7.50 
3.80 3.80 
24.77 24.46 
7.32 9.89 
8.54 13.72 
14.65 21.59 
19.12 21.30 
16.11 21.81 
32.92 65.98 
19.56 15.02 
36.83 46.32 
12.03 14.79 
15.63 18.79 
24.41 36.99 
18.01 12.57 
14.95 15.10 

107.29 94.70 
6.05 7.29 

13.17 13.21 
26.95 49.88 
6.69 13.06 
2.00 2.17 

10.12 6.67 
.92 .89 

7.11 14.96 
14.05 21.65 
2.12 4.39 
5.07 4.97 
6.96 8.61 
2.21 2.33 

10.61 96.98 
8.05 8.41 
13.02 12.29 
11.17 10.99 
11.46 10.98 
3.06 2.79 
7.07 6.50 

10.79 9.84 
5.91 5.06 
6.30 5.08 
7.10 5.95 

1.36 1.36 
.11 .09 

3.47 3.45 
.11 .10 
.12 .11 

20.53 21.96 
3.95 4.60 
I. 90 1.72 
3.03 3.11 
2.02 2.31 
12.36 14.69 
II. 73 11.30 
8.88 5.05 
5.98 14.26 
2.16 10.56 
6.28 6.61 
14.59 15.86 
2.88 14.03 
4.02 8.90 
5.89 15.31 
8.25 18.23 
7.21 18.26 

27.14 20.89 
17.80 14.55 
29.74 23.16 
30.57 16.91 
21.67 15.48 
20.94 8.85 
44.52 16.57 
47.50 19.38 
57.55 12.00 
16.71 12.88 
18.07 12.60 
26.88 13.81 
40.60 24.19 
21.63 6.45 

298.23 26.94 
8.64 4.83 

14.38 12.06 
31.04 15.07 
14.52 2.76 
4.02 2.03 

20.70 13.82 
.87 .90 

18.68 4.93 
16.06 10.89 
3.93 1.69 
7.18 4.89 
8.59 6.85 
3.10 4.19 

68.77 13.74 
8.18 7.24 
12.66 12.22 
12.12 10.18 
11.66 10.34 
3.30 4.14 
7.27 6.23 

10.64 9.96 
9.62 5.74 
11.80 6.46 
8.52 10.86 
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196 WOOSLEY & WEAVER 

TABLE 6A—Continued 

SHA S12A S13A S15A SISA S19A S20A S22A S25A 
59 Co 
58 Ni 
60Ni 
61 Ni 
62Ni 
64 Ni 
63 Cu 
65 Cu 
64 Zn 
66 Zn 
67Zn 
68 Zn 
70 Zn 
69Ga 
71 Ga 
70Ge 

12.81 
33.46 
14.45 
29.33 
87.40 
3.23 
5.47 
5.06 
2.90 
10.11 
2.01 
2.22 
I. 67 
6.82 
II. 04 
3.52 

8.60 
12.17 
9.28 
16.90 
36.99 
3.26 
4.38 
2.89 
2.16 
5.73 
2.07 
2.27 
.14 

3.16 
14.47 
4.71 

13.76 
18.51 
17.76 
36.57 
54.18 
5.58 
5.58 

12.53 
3.03 
7.71 
2.30 
3.42 
4.74 
19.42 
20.88 
6.79 

9.59 
9.13 
11.48 
21.47 
28.53 
15.59 
12.64 
14.36 
2.53 
8.14 
8.16 
11.89 
10.81 
24.24 
110.58 
25.58 

6.53 
3.94 
3.51 
11.17 
10.40 
19.97 
17.29 
17.70 
1.76 
8.91 
12.28 
15.67 
12.11 
31.77 
141.15 
32.47 

6.24 
4.48 
5.44 

13.26 
14.16 
20.42 
14.27 
18.72 
2.37 
12.68 
14.34 
18.57 
29.24 
47.18 
174.80 
51.19 

5.30 
3.64 
4.38 
9.74 
17.36 
21.92 
10.25 
25.26 
2.55 
25.96 
11.69 
35.95 
8.42 
62.16 
169.03 
219.69 

10.23 
8.78 
11.73 
25.28 
35.34 
34.38 
10.67 
29.81 
3.38 
24.45 
14.28 
48.58 
15.69 
74.80 

223.36 
246.45 

7.61 
4.63 
5.29 
16.88 
17.16 
53.85 
26.24 
40.06 
3.34 
25.51 
44.92 
74.35 
42.49 
109.40 
810.84 
141.67 

13C is a product of the partial CN cycle in the deep envelope 
dredged up when the star becomes a red supergiant (Fig. 13). 
Its abundance is also too low to be considered a dominant 
product of massive stellar evolution, though its ratio to 12C 
and 14N is approximately solar for a wide range of masses 
(Tableó). 

The abundant isotope of nitrogen, 14N, is also produced by 
the CNO cycle (in the deep envelope from the partial CN 
cycle), but again not enough to account for its solar abun- 
dance. Intermediate and low mass stars need to contribute. 
However, the production of 14N in massive stars (and for that 
matter of 12,13C) is not negligible, accounting typically for 
about \ of their solar abundance (Table 4). It should also be 
noted that owing to the metallicity dependence of these sec- 
ondary isotopes, solar like ratios of nitrogen to oxygen, say, 
could be produced in massive stars if the stars were super metal 
rich (by a factor of 4 or more). 

15N here is chiefly a product of neutrino nucleosynthesis 
(Table 4), the dominant reactions being 160(^, and 
160(^, v’xn)X50. It does not seem that adequate synthesis oc- 
curs here to explain the full solar abundance (Paper III) and 
most of 15N must therefore come from another source, pre- 
sumably classical novae. Again though, the abundance relative 
to the 12,13C and 14N made in massive stars alone, is approxi- 
mately solar ( Table 6 ). 

In massive stars of decreasing metallicity one would expect 
to produce similar amounts of 15N and 12C, since both are pri- 
mary, but decreasing amounts of 13C and 14N. This expectation 
should be treated with caution, however, because in some mas- 
sive stars it is possible that the convective helium shell pene- 
trates into the hydrogen layer with the consequent production 
of large amounts of (primary) 14N and 13C. This has been ob- 
served to occur in our unpublished calculations (in 1992) of 
several very low-metallicity stars of 30 MQ and greater and also 
in one finely zoned 10 MQ model of solar metallicity. In the 
latter case a full convective link up between the helium con- 
vective shell and the fully convective hydrogen envelope oc- 
curred. However, both these occurrences are sensitive to un- 
certain details of convective overshoot and did not occur in 
any of the stars studied in this paper (our study here is re- 
stricted to M> 11 Mq). 

The isotopes of oxygen are made in three different locations 
in the star and putting together the final correct isotopic pat- 
tern for oxygen poses both a challenge and an interesting con- 
straint on the models. The isotope 160 is produced by both 
helium burning and neon burning and is the most abundant 
heavy element made in massive stars. Its synthesis is, to first 
order, independent of metallicity as well as the parameteriza- 
tion of the explosion (Tables 7 and 8). The less abundant iso- 
topes, 170 and 180 are made, respectively, by the CNO tri-cycle 
during hydrogen shell burning and by alpha-capture on 14N 
during helium shell burning (Fig. 13). Their ejected abun- 
dances will therefore be linearly dependent upon the initial 
metallicity of the star. 

4.3. Fluorine, Neon, and Sodium 

Table 4 shows that most of the 19F produced in our models 
is a result of the neutrino process (Woosley & Haxton 1988), 
i.e., spallation of 20Ne by n and r-neutrinos, 20Ne(^, v'xp)l9F 
and 20Ne(^, ^^«)19Ne. This occurs in the regions of the star 
where neon is abundant, especially close to the collapsed core 
(Fig. 14). Part of the 19F so produced is destroyed in the shock 
(Woosley et al. 1990), but the remainder is adequate to pro- 
duce the solar abundance relative to other species that must be 
made in massive stars (Paper III). Table 4 also shows that a 
small, but significant abundance of 19F is produced even with- 
out neutrinos. This occurs as a consequence of pre-explosive 
burning in the helium shell and the reaction sequence 14N(a, 
y)18F followed by 18F(^+z/)180(p, a)15N, 18F(n, p)lsO(p, 
a)15N, or 18F(n, a:)15N followed by 15N(a, y)19F (see also 
Meynet & Amould 1993). Protons come from 14N(n, p)14C 
Our present study suggests that the neutrino contribution is 
about 4 times larger in a 25 MQ star ( which should be typical ). 

The isotopes of neon, 20Ne,21 Ne, and 22Ne are made in the 
neon and helium layers ( Fig. 14). 20Ne is the principal product 
of carbon burning and remains abundant until partly con- 
sumed by neon burning. 21Ne is coproduced with 20Ne though 
it has a significant, but lesser abundance in the helium shell. In 
the neon shell, 21Ne is a product of carbon burning where pro- 
tons and (chiefly) neutrons capture on 20Ne (e.g., Arnett & 
Thielemann 1985). In the helium shell production of 21Ne is 
due to neutron capture on 20Ne, which is much more abundant 
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TABLE 6B 
Production Factors 30-40 M© Models; Z = Z© 

S30A S30B S35A S35B S35C S40A S40B S40C 
KEoo 1.13 2.01 1.23 1.88 2.22 1.19 1.93 2.57 

^ .57 .53 
2H .08 .07 
3 He .95 .87 
4 He 1.46 1.35 
6 Li .08 .07 
7 Li 4.07 3.17 
9 Be .09 .08 
10B .10 .10 
11B 9.54 8.11 
12 C 3.64 3.39 
13 C 1.68 1.54 
14N 3.63 3.34 
15N 1.46 1.76 
160 14.67 18.03 
170 10.48 9.62 
18 O 1.04 .94 
19F 10.03 9.40 
20Ne 9.07 9.45 
21Ne 2.81 2.81 
22Ne 16.02 14.71 
23Na 7.49 7.31 
24 Mg 15.90 19.39 
25 Mg 14.44 15.09 
26Mg 16.19 16.40 
27A1 26.15 30.98 
28 Si 5.77 17.16 
29 Si 26.87 35.03 
30 Si 32.48 51.95 
31P 23.26 32.51 
32S 1.35 8.95 
33 S 2.09 6.26 
34 S 3.58 13.86 
36 S 26.88 31.54 
35C1 5.43 10.75 
37C1 8.53 9.94 
36 Ar .86 7.34 
38 Ar 1.49 6.10 
40 Ar 28.67 30.77 
39K 1.56 3.53 
40K 29.11 32.45 
41K 2.12 3.27 
40 Ca .85 7.90 
42Ca 1.62 6.29 
43 Ca 2.16 3.29 
44 Ca 1.15 4.62 
46 Ca 24.88 28.40 
48 Ca .93 .86 
45 Sc 5.26 8.28 
46 Ti 1.37 5.60 
47Ti 1.25 2.10 
48 Ti .86 7.50 
49 Ti 2.24 6.56 
50 Ti 4.59 5.15 
50V 13.71 22.50 
51V 1.03 5.09 
50Cr .79 7.18 
52 Cr .84 9.46 
53 Cr .89 7.85 
54 Cr 3.53 4.11 
55 Mn .91 6.07 
54 Fe .80 6.67 
56 Fe .82 14.46 
57Fe 1.35 20.33 
58 Fe 10.36 11.67 
59 Co 4.47 16.51 
58Ni .80 16.19 

.58 .52 .49 

.08 .07 .06 

.97 .86 .81 
1.56 1.38 1.31 
.08 .07 .07 

3.92 3.04 2.73 
.10 .08 .08 
.11 .10 .09 

6.93 7.10 6.59 
3.58 3.37 3.18 
1.63 1.45 1.37 
4.05 3.59 3.40 
I. 03 1.99 2.01 
II. 50 19.37 19.98 
11.91 10.57 9.99 

.52 .46 .43 
14.48 17.77 16.45 
11.43 17.50 16.42 
4.78 6.21 5.85 
15.94 14.15 13.36 
15.87 20.62 19.38 
8.56 17.77 17.78 
14.04 21.00 19.73 
17.91 24.91 23.41 
18.37 34.97 33.95 
2.29 5.48 19.81 
10.91 27.65 28.52 
10.37 32.53 41.52 
9.16 22.80 25.74 
.99 1.36 12.90 
1.26 2.67 6.34 
1.41 3.92 14.17 

17.59 30.65 29.67 
1.64 5.06 8.14 
8.89 11.94 12.53 
.87 .82 11.16 

1.39 1.69 6.47 
24.48 39.75 37.34 
1.38 1.75 3.65 

24.18 35.78 34.36 
2.05 2.35 3.41 
.88 .79 12.11 

1.52 1.85 6.55 
1.95 2.58 3.70 
1.14 1.21 5.33 

14.48 29.83 28.05 
.96 .91 .86 

4.04 6.65 7.21 
1.26 1.49 5.43 
1.13 1.33 2.19 
.88 .81 9.68 

2.13 2.65 9.42 
3.85 5.88 5.70 
4.74 15.23 18.55 
1.02 1.05 7.68 
.81 .73 11.04 
.87 .78 13.99 
.92 .84 12.56 

3.17 4.35 4.72 
.96 .87 8.34 
.83 .74 10.98 
.85 .76 15.85 

1.47 1.41 22.15 
8.91 13.10 12.90 
4.52 6.22 19.29 
.82 .73 23.15 

.57 .48 .44 

.07 .06 .05 

.95 .81 .73 
1.71 1.45 1.31 
.07 .06 .06 

3.82 2.80 2.31 
.09 .08 .07 
.11 .09 .08 

5.77 7.67 7.04 
3.74 3.68 3.37 
1.61 1.37 1.23 
4.61 3.92 3.54 
.75 2.06 2.17 

8.91 19.31 22.08 
11.39 9.69 8.75 

.39 .33 .30 
15.00 22.61 20.01 
9.99 23.60 22.17 
5.04 9.38 8.67 

16.50 14.03 12.61 
17.43 33.89 30.54 
4.78 13.73 16.71 
11.79 24.52 23.42 
15.73 31.58 29.54 
12.81 34.23 36.82 
1.37 2.57 23.85 
4.32 14.80 23.55 
3.77 11.71 36.39 
4.96 11.77 22.35 
.93 .90 16.56 

1.12 1.18 7.20 
1.05 1.27 15.71 

13.67 29.20 30.79 
1.19 1.56 8.61 
8.14 14.66 15.46 
.89 .77 13.99 

1.33 1.69 7.54 
19.28 43.19 42.12 
1.29 1.69 4.34 

20.99 36.23 37.22 
1.95 2.48 3.93 
.90 .78 14.67 

1.43 1.90 7.65 
1.77 2.70 3.87 
1.11 1.24 5.63 
8.95 24.31 26.57 
.97 .93 .84 

3.23 6.41 7.36 
1.21 1.39 6.80 
1.07 1.24 2.23 
.89 .80 10.36 

2.05 2.77 10.38 
3.26 5.96 6.23 
2.51 6.46 18.37 
1.02 1.02 8.68 
.83 .70 14.79 
.89 .77 15.79 
.94 .84 14.27 

2.94 4.59 5.24 
1.00 .86 9.34 
.85 .72 14.14 
.87 .75 17.23 

1.61 1.52 22.75 
8.59 14.09 14.75 
4.48 7.56 20.46 
.84 .71 20.05 
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TABLE 6B—Continued 

KEo 
S30A 
1.13 

S30B 
2.01 

S35A 
1.23 

S35B 
1.88 

S35C 
2.22 

S40A 
1.19 

S40B 
1.93 

S40C 
2.57 

60 Ni 
61 Ni 
62Ni 
64 Ni 
63 Cu 
65 Cu 
64 Zn 
66 Zn 
67Zn 
68 Zn 
70 Zn 
69Ga 
71 Ga 
70 Ge 

1.58 
12.42 
10.80 
62.65 
23.75 
31.14 
2.31 
21.41 
48.12 
94.90 
14.84 
70.77 

1193.63 
128.50 

20.07 
41.40 
59.29 
72.35 
26.99 
37.66 
4.33 

31.02 
51.36 
115.15 
26.43 
87.66 

1308.63 
217.85 

1.55 
10.18 
6.84 

47.12 
22.89 
31.66 
2.51 

21.52 
47.63 
67.37 
20.59 
80.93 

990.57 
94.15 

1.80 
16.31 
12.03 
82.67 
35.91 
50.51 
2.86 

32.36 
74.13 
128.81 
62.02 
136.96 

1687.31 
200.02 

20.34 
43.99 
69.42 
79.31 
35.93 
50.82 
4.61 

39.38 
69.75 
127.01 
61.29 
135.80 

1581.88 
234.77 

1.48 
8.23 
5.34 

35.64 
18.71 
28.34 
2.46 
18.87 
40.47 
47.01 
10.78 
74.17 

765.50 
76.27 

1.92 
16.42, 
10.26 
81.15 
42.57 
56.73 
3.37 
39.05 
92.70 
115.85 
52.82 
167.92 

1877.02 
165.47 

21.30 
44.97 
63.20 
86.84 
42.68 
64.05 
5.15 

46.89 
87.14 
135.71 
73.23 
190.40 
1833.20 
273.54 

than 21Ne. Note that the synthesis of neon isotopes is not sig- 
nificantly affected by the explosion, nor are other isotopes up to 
at least silicon (Weaver & Woosley 1993). Because significant 
weak interactions during carbon burning (Arnett & Truran 
1969; Arnett 1974) begin to change the neutron excess, the 
synthesis of21 Ne declines with decreasing metallicity, but in a 
less than linear way. 22Ne on the other hand is made in the 
helium shell by a-capture on 14N and 180. Its production is 
thus directly proportional to the initial metallicity. 

Both 23Na and the longer lived radioactivity, 22Na, are pro- 
duced mainly by carbon burning. 23Na is a primary product, 
but its final abundance is sensitive to the neutron excess. It 
thus scales in a less than linear way with metallicity (similar to 
21Ne). Some 23Na, about 10% of the sodium in S25A, is pro- 
duced in the hydrogen envelope as consequence of the neon- 
sodium cycle. Indeed the abundance of 23Na in the convective 
envelope is a little over twice solar ( Table 2 ) and this may have 
interesting consequences for the (Type Up) supernova spec- 
trum. Some 23Na is also made by neutron capture on 22Ne in 

helium burning. 22Na is made by proton capture on 21Ne in the 
carbon shell. Interestingly, its ejected abundance is efiectively 
doubled by neutrino irradiation (Table 4). This is because 
22Na is produced by proton capture on 21Ne using protons 
spalled from abundant elements such as 160 and 20Ne by the 
neutrinos. 

4.4. Magnesium and Aluminum ( Including26 A\) 

Magnesium and aluminum are mostly the products of hy- 
drostatic carbon and neon burning (e.g., Arnett & Thielemann 
1985; Thielemann & Arnett 1985 ) and have their largest abun- 
dances in those shells (Fig. 15). 25Mg and 26Mg also have ap- 
preciable abundances in the outer carbon layer ( 5.7 to 6.4 MQ 

ofModel S25A)asaresult ofthe reactions 22Ne( a, «)25Mg and 
25Mg(n, Y)26Mg during helium burning. Within the region of 
unburned carbon their abundance should scale linearly with 
the initial metallicity [since their production scales with 14N at 
the beginning of helium burning and 25Mg is the main sink for 

Interior Mass 
Fig. \3a Fig. \3b 

Fig. 13.—Mass fractions in 15 MQ (a) and 25 M0 (b) explosions of the isotopes of C, N, and O. The abundances, shown here only for the base of the 
hydrogen envelope, persist to the surface of the stars. 
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TABLE 7 
Nucleosynthesis—Presupernova and Post-Explosion in S25 A 

Isotope PreSN Post SN Isotope PreSN PostS N 
lE 2H 3He 4He 6Li 7Li 9 Be 10B 11B 12C 

isr1 

14N 15N 
160 
170 180 19F 20Ne 21Ne 22Ne 23Na 24Mg 25Mg 26Mg 27AI 28Si 29Si 30Si 31 p 
32s 
^s 
^s 36s 35C1 37C1 36 Ar 38 Ar 40 Ar 39K 40K 

9.40(0) 
9.81(-5) 
6.29(-4) 
8.63(0) 

1.41(-9) 
2.12(-8) 
3.78(-10) 
2.51(-9) 
1.08(-8) 
3.25(-l) 
1.45(-3) 
7.93(-2) 
3.31(-5) 
3.45(0) 

1.01(-3) 
2.72(-3) 
3.59(-5) 
4.86(-l) 
5.27(-4) 
4.81(-2) 
1.40(-2) 
1.04(-1) 
2.77(-2) 
3.82(-2) 
2.59(-2) 
2.37(-l) 
8.50(-3) 
5.16(-3) 
2.13(-3) 
9.82(-2) 
6.54(-4) 
1.14(-2) 
4.20(-5) 
4.82(-4) 
3.01(-4) 
1.32(-2) 
1.09(-2) 
1.59(-5) 
5.37(-4) 
3.41(-6) 

9.40(0) 
9.81(-5) 
6.29(-4) 
8.64(0) 

1.41(-9) 
7.44(-7) 
3.84(-10) 
2.76(-9) 
2.40(-6) 
3.21(-1) 
1.45(-3) 
7.93(-2) 
2.33(-4) 
3.25(0) 

1.01(-3) 
2.52(-3) 
1.33(-4) 
3.94(-l) 
6.29(-4) 
4.76(-2) 
1.08(-2) 
1.06(-1) 
2.39(-2) 
3.26(-2) 
2.44(-2) 
3.15(-1) 
1.15(-2) 
1.26(-2) 
3.18(-3) 
1.41(-1) 
6.57(-4) 
7.13(-3) 
4.19(-5) 
7.00(-4) 
2.54(-4) 
2.25(-2) 
4.90(-3) 
1.41(-5) 
5.16(-4) 
3.44(-6) 

41K 40Ca 42Ca 
^Ca 44Ca 46Ca 48Ca 45Sc 46Ti 47Ti 
^Ti 49

Ti 50Ti 50y 
51y 

50Cr 52Cr 53Cr 54 Cr 55Mn 54Fe 56Fe 57Fe 58Fe 59Co 58Ni 60Ni 61Ni 62Ni 64Ni 63Cu 65Cu 64Zn 66 Zn 67Zn 68Zn 70 Zn 69Ga 71 Ga 70Ge 

3.26(-5) 
5.76(-3) 
2.93(-4) 
4.59(-6) 
3.91(-5) 
8.30(-7) 
2.95(-6) 
3.93(-6) 
4.63(-5) 
6.45(-6) 
4.20(-5) 
8.41(-6) 
1.60(-5) 
8.10(-8) 
1.03(-5) 
3.22(-5) 
2.86(-4) 
3.54(-5) 
3.49(-5) 
2.78(-4) 
1.33(-3) 
2.18(-2) 
8.74(-4) 
8.86(-4) 
4.21(-4) 
9.04(-4) 
1.50(-3) 
2.51(-4) 
5.95(-4) 
9.22(-4) 
4.01(-4) 
2.19(-4) 
7.13(-5) 
3.46(-4) 
1.08(-4) 
6.50(-4) 
8.56(-6) 
8.98(-5) 
5.80(-4) 
8.90(-5) 

2.93(-5) 
1.67(-2) 
1.46(-4) 
5.71(-6) 
6.68(-5) 
8.90(-7) 
2.89(-6) 
4.42(-6) 
5.61(-5) 
8.13(-6) 
2.42(-4) 
2.58(-5) 
1.59(-5) 
2.93(-7) 
6.29(-5) 
2.09(-4) 
3.49(-3) 
4.09(-4) 
4.16(-5) 
1.91(-3) 
1.64(-2) 
1.55(-1) 
4.25(-3) 
9.26(-4) 
5.90(-4) 
5.28(-3) 
2.39(-3) 
3.35(-4) 
1.10(-3) 
9.03(-4) 
3.48(-4) 
2.45 (-4) 
7.65(-5) 
3.46(-4) 
9.08(-5) 
6.96(-4) 
1.31(-5) 
1.00(-4) 
4.92(-4) 
1.41(-4) 

TABLE 8 
Sensitivity a to Mass Cut ( 25 M0 Ejecta15) 

Isotope Piston 
(M0) 

Piston 
Production 

Eject 
(M0) 

Eject 
Production 

4He 
^S 35C1 39K 41K 40Ca 42Ca 43Ca 

^Ca 45Sc 46Ti 47Ti 
^Ti 49Ti 
51y 

52Cr 53Cr 55Mn 56Fe 57Fe 
^Fe 59Co 58Ni 60N 61N 62Ni 63Cu 65Cu 64 Zn 66 Zn 67Zn 

8.657(0) 
6.63(-4) 
7.02(-4) 
5.38(-4) 
3.04(-5) 
1.68(-2) 
1.48(-4) 
8.29(-6) 
2.04(-4) 
6.28(-6) 
5.80(-5) 
1.17(-5) 
4.91(-4) 
3.12(-5) 
6.52(-5) 
3.82(-3) 
4.18(-4) 
2.34(-3) 
3.73(-l) 
1.44(-2) 
9.46(-4) 
1.54(-3) 
3.25(-2) 
9.05(-3) 
9.33(-4) 
6.20(-3) 
3.87(-4) 
2.48(-4) 
1.16(-4) 
4.64(-4) 
9.12(-5) 

I. 35 
8.81 
II. 9 
6.63 
4.95 
12.0 
15.1 
3.96 
6.12 
6.91 
11.1 
2.41 
9.79 
8.17 
7.41 
11.0 
10.4 
7.54 
13.7 
21.5 
11.0 
19.6 
28.1 
19.8 
46.5 
95.7 
28.8 
40.1 
5.00 
33.8 
44.5 

8.637(0) 
6.57(-4) 
7.01(-4) 
5.16(-4) 
2.93(-5) 
1.67(-2) 
1.46(-4) 
5.71(-6) 
6.68(-5) 
4.42(-6) 
5.61(-5) 
8.13(-6) 
2.43(-4) 
2.58(-5) 
6.29(-5) 
3.49(-3) 
4.09(-4) 
1.91(-3) 
1.55(-1) 
4.25(-3) 
9.26(-4) 
5.90(-4) 
5.28(-3) 
2.39(-3) 
3.35(-4) 
1.10(-3) 
3.48(-4) 
2.45(-4) 
7.65(-5) 
3.46(-4) 
9.08(-5) 

1.36 
8.85 
12.0 
6.45 
4.83 
12.1 
15.1 
2.76 
2.03 
4.93 
10.9 
1.69 
4.89 
6.85 
7.24 
10.2 
10.3 
6.23 
5.74 
6.46 
10.9 
7.61 
4.63 
5.29 
16.9 
17.2 
26.2 
40.1 
3.34 
25.5 
44.9 

a Only those ejecta whose production factor changes by more than 0.1 % are given. 
b Piston was at 1.78 M0; ejecta were external to 2.07 M0. 
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Fig. 14.—Mass fractions in the interiors of the 15M0(û) 

Fig. 146 

and 25 M0{b) explosion of the isotopes of F, Ne, and Na 

the neutrons from the ( a, n ) reaction ]. In the neon shell ( 3.1 to 
5.7 MQ for S25A) weak interactions have changed the neutron 
excess and the abundance of 25,26Mg and27A1 are not so sensi- 
tive to the initial metallicity. 

The long-lived radioactivity, 26A1, is synthesized, in Model 
S25A, mostly in the neon shell ( 1.0 X 10-4 M0), but an appre- 
ciable quantity is also made in the hydrogen shell and dredged 
up by the red giant envelope (2.5 X 10-5 MQ exterior to 8.9 
Mq). In Model S15A,26A1 also exists in the outer part of the 
helium core ( 3.5 to 4.5 M0) where it is an unbumed residual of 
hydrogen burning. In all cases the 26A1 is produced by 25Mg(p, 
y)26A1. The synthesis of 26A1 in the neon shell is sensitive to the 
treatment of convection during the last hour of the star’s life as 
the fragile isotope is made in the superheated neon shell ( see 
also § 4.9) and mixed out to cooler regions where its decay is 
inhibited. The synthesis of 26A1 is also augmented in the neon 
shell by neutrino irradiation ( ~ 40% in S25A) owing to extra 

proton capture on 25Mg with the protons liberated by the neu- 
trino flux interacting with 160 and 20Ne. 

4.5. The Intermediate Mass Elements—Silicon 
Through Scandium 

The production of intermediate mass elements, mostly by 
oxygen burning, is sensitive to a variety of factors, among them 
the rate for 12C(a, y ) 160 and the treatment of semiconvection 
(Weaver & Woosley 1993; Thielemann & Arnett 1985); the 
treatment of convection and convective overshoot mixing dur- 
ing the last stages of shell oxygen burning (Bazan & Arnett 
1994; Arnett 1994); the density structure near the iron core 
(i.e., the stellar mass); the initial location of the mass cut; and 
finally the amount of mass that falls back in the explosion 
(Table 8; § 3.2). These species are produced by a combination 
of hydrostatic oxygen shell burning and explosive oxygen 

Fig. 15tf Fig. 156 

Fig. 15.—Mass fractions in the interiors of the 15 MQ(a) and 25 M© (6) explosions of the isotopes of Mg and A1 
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Fig. 166 

Fig. 16.—Mass fractions in the interiors of the 15 M0 {a) and 25 M0{b) explosions of the isotopes of Si and P 

burning in proportions that vary from star to star (Weaver & 
Woosley 1993). There can be appreciable “implosive” burn- 
ing as the temperature at the base of the oxygen shell rises in 
some models, notably S25A, during the last minutes of the 
star’s life ( § 4.6 ). There is also substantial tradeoff between the 
silicon and sulfur, for example, that get burned into iron group 
isotopes, and the same species created, farther out, by explosive 
oxygen burning (Table 7). In the pre-supernova Model S25A, 
for example, the mass of 28Si in the star exterior to the iron core 
is 0.359 M0 and the base of the silicon shell, i.e., the edge of the 
iron core, is at 1.78 M0. In the exploded version, the total 28Si 
mass is 0.315, not much different; but the location where the 
sum of silicon and sulfur mass fractions first exceeds 0.5 is now 
at 2.22 Mq. Interior to this, most of the mass is 56Ni. In fact, 
most of what was the silicon shell in the pre-explosive star (in 
Model S25A) is first burned to 56Ni and then falls back to be- 

come part of the compact remnant. In some stars of other 
masses and in other 25 MQ stars using different rates for 12C(a, 
7) 160, the fraction of silicon that is made in the pre-explosive 
star and survives ejection is much greater (Weaver & Woosley 
1993). So the fraction of each intermediate mass isotope that 
comes from explosive and hydrostatic burning is difficult to 
unravel. In fact, this fraction is sensitive to all the factors men- 
tioned at the beginning of this paragraph. 

The neutron-rich isotopes of silicon, 29’30Si, and 31P are pro- 
duced in both the oxygen burning and neon burning shells and 
their ejection is less sensitive to the explosion mechanism (Fig. 
16; Table 7). Other rare neutron-rich isotopes, 36S, 40At, ^K, 
and 43,46Ca, are also made in the neon and carbon shells (Figs. 
16-20) and are also insensitive to the explosion mechanism, 
but are sensitive to the initial metallicity. 

Other intermediate-mass isotopes directly attributable to ox- 

Fig . 17.—Mass fractions in the interiors of the 15 M0(a) and 25 M0(b) explosion of the isotopes of Cl and S and their progenitors 
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Fig. 18¿> 

Fig . 18.—Mass fractions in the interiors of the 15 M0(a) and 25 MQ(b) explosions of the isotopes of Ar 

ygen burning are 32>33’34S, 35’37C1,36’38Ar, 39 41K, and ^Ca. Be- 
ginning with chlorine, the contribution to the solar abun- 
dances from progenitors that are unstable in the laboratory to 
electron capture and positron decay becomes appreciable (see, 
e.g., Woosley, Arnett, & Clayton 1973), first in isolated cases, 
but increasingly so as one goes higher in mass. The reason for 
this is simple. High temperature is required to surmount the 
Coulomb barrier, but at high temperature and moderate den- 
sity, weak interactions are not sufficiently efficient in the given 
time to change the pre-existing neutron-proton (near) equal- 
ity. At the same time the valley of beta stability differs from the 
line Z = N above calcium. 

Thus 37C1 is made both as 37Ar in oxygen burning and as 
itself in neon burning (Fig. 17). Similarly, 41K is made as 41Ca 
in oxygen burning (Fig. 19), but also as itself in neon burning. 
Scandium,45 Sc, is made both as the radioactive progenitor 45Ti 

in explosive oxygen and silicon burning, and as itself during 
neon burning ( Fig. 21). 

The nucleus ^Ca is a special case. It is made almost entirely 
as radioactive ^Ti in the a-rich freezeout that characterizes 
material just outside the mass cut. As such, its production is 
most sensitive to details of the explosion mechanism—espe- 
cially the location of the mass cut (Figs. 20 and 29, Tables 7 
and 8, § 4.7) and the entropy (high entropy favors an alpha- 
rich freezeout and ^i production), ^i will only be ejected 
by those Type II supemovae that also eject large quantities of 
56Ni and other iron group species. ^Ti is also produced in some 
models for Type la supemovae in which helium detonation 
plays an important role (Woosley, Taam, & Weaver 1986; 
Woosley & Weaver 1994 ). 

Finally we note that 48Ca is not produced in quantities ap- 
propriate to its solar abundance in any of our models. The req- 

Fig. 19.—Mass fractions in the interiors of the \ 5 MQ{a) and 25 M© (¿?) explosions of the isotopes of K (and their progenitors) 
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Fig.206 

Fig. 20.—Mass fractions in the interiors of the \ 5 MQ{a) and 25 MQ(b) explosions of the isotopes of Ca 

uisite conditions, Ye ~ 0.42 and a low entropy freezeout from 
nuclear statistical equilibrium (Hartmann, Woosley, & El Eid 
1985 ), do not exist here. One expects a small amount of mass 
to be ejected with small Ye from the proto-neutron star, but 
this material has very high entropy (e.g., Woosley et al. 1994) 
and will be alpha-rich. It will not make 48Ca. We believe that 
48Ca, along with several other neutron-rich isotopes of the iron 
group—50Ti, 54Cr, 66Zn, and part of 58Fe—are made in Type la 
supernova of a special variety, namely those that ignite a car- 
bon deflagration very near the Chandrasekhar mass (Woosley 
& Eastman 1995; Woosley et al. 1995). 

4.6. The Lower Iron Group—Titanium Through Iron 

As we move upwards in mass, the nucleosynthesis becomes 
increasingly sensitive to the changes that occur during the ex- 
plosion (Table 7) and consequently, uncertain. It also becomes 
less sensitive to the initial metallicity of the star as electron cap- 
ture during the advanced burning stages erodes memory of the 
neutron excess generated from 14N(a, 7)18F(^+^)180 during 
helium burning. Each even mass element has a number of iso- 
topes which may come from different processes. It may be 
helpful to keep in mind in what follows that, for Model S25 A, 
peak temperatures between 3 and 4 billion K occur in the ex- 
plosion between 2.35 and 2.75 M0 (Fig. 9). We call this explo- 
sive oxygen burning. Peak temperatures above this, and there- 
fore masses interior to this, are referred to as explosive silicon 
burning (4 ^ r9 ^ 5), or nuclear statistical equilibrium (if 
r9^5). 

Titanium is a good example. 46Ti is produced mostly by ex- 
plosive oxygen burning (Fig. 21; Woosley et al. 1973). The 
small amount of 47Ti made here is produced by explosive oxy- 
gen burning, but also by explosive silicon burning. Interior to 
2.5 M0 

47Ti is made as 47V which has mostly decayed (ti/2 = 
32.6 m) by the time Figure 21 was edited ( note that the time of 
the edit, 2.5 X 104 s unless otherwise noted, is not always the 
time of the last nuclear update since the reaction network 
ceased to be evolved once the temperature fell below 107 K, a 

zone dependent occurrence. This may cause some inconve- 
nience when tracing short-lived radioactive progenitors, for 
which we apologize). Exterior to 2.5 M0,

47Ti is made as itself. 
48Ti and 49Ti are made as radioactive 48Cr and 49Cr produced 
by explosive silicon burning (Fig. 22), and to a lesser extent, 
explosive oxygen burning. In Figure 22, 49Cr has already de- 
cayed (t1/2 = 42.3 m) to 49V. 50Ti is not made in appreciable 
quantities in these calculations. 

All six titanium isotopes may also have an appreciable com- 
ponent from Type la supemovae (Woosley & Weaver 1994; 
Woosley & Eastman 1995; Woosley et al. 1995). This is par- 
ticularly important for 47Ti and 50Ti which are underproduced 
here. 

50V is made, as itself, both by explosive oxygen burning and 
by neon burning (Fig. 23). Interior to 2.8 M0, 

51V in Model 
S25A is made as both 51Cr and 51Mn by explosive oxygen and 
silicon burning. Outside of 2.8 M0, a lesser amount of 51V is 
made as itself. 

50Cr is made, as itself, by explosive oxygen and silicon burn- 
ing (Fig. 23) while the abundant isotopes of chromium, 52Cr, 
and 53Cr are made chiefly as 52’53Fe during explosive silicon 
burning (Fig. 24). 54Cr is underproduced here. What little is 
made comes from the neon and carbon shells where it was 
made at an earlier time, by the helium burning 5-process. Most 
of 54Cr probably comes from Type la supemovae (Woosley & 
Eastman 1995; Woosley et al. 1995). 

The single isotope of manganese, 55Mn, is made mostly in 
explosive silicon burning and nuclear statistical equilibrium as 
55Co (Fig. 25). 

Iron is another element whose isotopes reflect the operation 
of several different nucleosynthetic processes and sites (it is in- 
teresting the modem situation is quite contrary to early argu- 
ments regarding the synthesis of iron in nuclear statistical equi- 
librium, e.g., Hoyle 1946; Fowler & Hoyle 1964). 54Fe is made 
by explosive oxygen and silicon burning (Fig. 25 ), but only at 
a sufficiently low entropy that all a-particles reassemble during 
the expansion. Otherwise 58Ni would be made instead (§4.7; 
Woosley et al. 1973 ). 56Fe and 57Fe are produced as radioactive 
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Fig. 21.—Mass fractions in the interiors of the 15 M© (a) and 25 M0 (b) explosions of45Sc and ^’^Ti (and their progenitors). The dark vertical bar 
denotes the final mass cut ( Table 3 ). 

Fig. 22a 

2.5 3 
Interior Mass 

Fig. 22b 

3.5 

Fig . 22—Mass fractions in the interiors of the 15 MQ (a) and 25 MQ (b) explosion of the 4M9Ti (and their progenitors). The dark vertical bar denotes 
the final mass cut (Table 3 ). 

Fig. 23.—Mass fractions in the interiors of the 15 MQ (a) and 25 M© (b) explosions of 50Ti,505‘V, and 50Cr (and their progenitors). The dark vertical 
bar denotes the final mass cut (Table 3 ). 
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Fig. 24.—Mass fractions in the interiors of the 15 M0 (a) and 25 M0 (b) explosions of 52,53Cr (and their progenitors). The dark vertical bar denotes the 
final mass cut (Table 3 ). 

56Ni and 57Ni (Figs. 25 and 28, § 4.7). These isotopes require 
high temperatures (T^ ^ 4) for their synthesis and are made 
when either oxygen or silicon-rich layers with a low neutron 
excess (typically Ye ^ 0.498) are heated to this temperature 
(Table 7 ). The production of these species is thus very sensitive 
to fall back (Table 8; § 3.2 ) and the location of the piston. They 
are produced whether the material ejected is alpha-rich or not 
(though the synthesis of 57Ni is favored if the alpha-fraction is 
large; § 4.7 ). 58Fe is a product of the ^-process operating during 
helium core and shell burning (Table 9; Fig. 26). 

The long-lived (t1/2 = 1.5 X 106 yr) radioactive nucleus ^Fe 
is of interest to gamma-ray astronomy ( Clayton 1971 ; Timmes 
et al. 1995c). The nucleus is produced in massive stars in two 
locations—the neon shell, mostly prior to explosion, and the 

base of the helium shell (Fig. 27). In the neon shell ^Fe is 
synthesized in the presupemova star as small quantities of 22Ne 
and 25,26Mg are mixed into a superheated neon burning region 
(T9 ^ 1.8) along with iron seed that has already seen an s- 
process during helium burning. The light isotopes provide neu- 
trons which capture sufficiently rapidly on 58Fe to bridge the 
intermediate radioactivity at 59Fe. At the base of the helium 
shell, ^e is made by a mild r-process during explosive helium 
burning (§ 4.10). A substantial abundance of 60Co (ti/2 = 5.27 
yr) is also produced (Fig. 27 and Table 5). This may also be of 
interest to the gamma-ray astronomers and to the power 
budgets of young supernova remnants. Synthesis here is chiefly 
in the superheated neon convective shell by the same neutron 
flux that makes 60Fe. 

Fig. 25^ 

Fig. 25.—Mass fractions in the interiors of the 15 (a) and 

2 2.5 3 3.5 
Interior Mass 

Fig. 25b 

M0(b) explosions of ^Cr, 54,56Fe, 55Mn and their progenitors 
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Fig. 26c 

Fig. 26.—Mass fractions of 54Fe and 58Fe in the interiors of 15 A/© {a) 
and 25 M0(b) explosions and presupernova stars. These two nuclei are s- 
process indicators. Where 54Fe has its solar value, —4.15 in (a) and (6), no 
s-process has occurred. Where 58Fe is large, there has been extensive s- 
processing. The abundance of 54Fe can, in some circumstances, be used to 
obtain the integrated neutron exposure (§ 4.8). The dashed and dotted 
lines show the abundances of these two isotopes in the persupernova star; 
solid lines are post-explosion values. In (a) and {b) there is a substantial 
depletion of 54Fe and enhancement of 58Fe in the explosion of both models 
at the base of the helium shell (2.54 and 6.56 in S15A and S25A, respec- 
tively; § 4.10). This is due to explosive helium burning. Fig. 26c shows 
similar abundances for the explosion of a very low-metallicity 25 M0 star. 
Model U25A. 

4.7. The Upper Iron Group—Nickel, Copper, and Zinc 

Generally speaking, the isotopes in the mass range 57 to 66 
originate from two processes—neutron capture on iron group 
nuclei during helium burning and later burning stages (Table 
9 ) and the alpha-rich freezeout from material heated to in ex- 
cess of 5 X 109 K in the deepest layers ejected. Many isotopes 
have contributions from both, making their evolution sensitive 
in a complicated way to the hydrodynamics of the explosion 

Fig. 26b 

(Tables 3 and 7 ), especially the amount of mass that falls back 
(Table 8 ), and, in the case of species made by neutron capture, 
the initial metallicity of the star. 

The species ^Cai44^), 57Fe, and 58Ni are unambiguously 
products of the alpha-rich freezeout (Tables 7 and 8; Figs. 28 
and 29 ). 60Ni is also made in appreciable quantities in the a- 
rich freezeout as 60Zn (which has already partly decayed in Fig. 
29), but has a non-negligible contribution from neutron cap- 
ture (Table 9; Fig. 30). Which is the larger fraction depends 
sensitively upon fall back (Table 8). In Model S25 at 100 s 
after the explosion and external to 2.07 A/©, the masses of 60Zn, 
60Cu, and 60Ni in S25A were 9.1 X 10“\ 5.4 X 10~4, and 8.7 X 
10-4 A/©, respectively. The stable 60Ni is chiefly in the oxygen- 
neon layer, a residual of helium burning. 

The other neutron-rich isotopes of nickel, 61’62’64Ni, as well 
as 59Co, are produced, in Model S25 A, mainly by neutron cap- 
ture, especially during helium burning (Table 9; Fig. 30), 
though there is an important contribution from the alpha-rich 
freezeout in each case (Figs. 28 and 29). For example, at age 
100 s, there are 7.9 X 10-5 M0 of 61Zn and 61Cu external to the 
mass cut and 2.1 X 10“4 M0 of 61Ni. The former comes from 
the alpha-rich freezeout, the latter from neutron capture far- 
ther out. Similarly there are 3.6 X 10-4 M0 of 62Zn and 6.6 X 
10_4Moof62Ni. There are 1.5 X 10"4M0of59Cuand59Niand 
3.3 X 10-4 M© of 59Co. In each case the stable isotope, or at 
least that portion not present in the original star, has been pro- 
duced by neutron capture and the proton-rich progenitors 
have been produced by the alpha-rich freezeout. A small shift 
of the mass cut can dramatically affect the production of any 
of these species, even changing qualitatively the process re- 
sponsible for their synthesis. 

The isotope 64Ni is produced chiefly by the ^-process during 
helium core and shell burning (Table 9; Figs. 31 and 32) and 
ejected in the oxygen-neon shell. 

63Cu is produced as three different isotopes in three separate 
locations. Stable 63Cu is made by the ^-process in the helium 
shell. However, much of the 63Cu abundance that existed in the 
star following helium burning is destroyed during later burning 
stages (Table 9). The largest contributor to 63Cu in the 25 M0 
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Fig. 27.—Mass fractions in interiors of the 15 M0(a) and 25 MQ(b) explosions of ^e and its daughter, ^Co. Both are interesting candidates for 7-ray 
astronomy. 

star is, in fact, 63Ni (t1/2 = 100 yr), which is made by neutron 
capture on 62Ni during helium and carbon shell burning and 
ejected in the neon-oxygen layer. Some 63Zn is produced ex- 
plosively in the deepest layers (Fig. 31) of the explosion 
though, in the present calculation, most of this falls back into 
the core. At 100 s after the explosion (much less than the half- 
life of any of these isotopes) and external to the mass cut at 
2.07 M0, there are 2.3 X 10”6 M0 of 63Zn; 6.6 X 10"5 M0 of 
63Cu; and 2.8 X 10-4 MQ of 63Ni in the 25 MQ supernova. Al- 
most all this 63Ni is in the oxygen-neon shell. 

65Cu is made chiefly as itself by neutron capture during he- 

lium burning and to a much lesser extent as 65Zn in the alpha- 
rich freezeout. At 100 s, the abundances external to 2.07 M0 of 
65Zn and 65Cu are 9.5 X 10“6 M© and 2.1 X 10-4 M©, respec- 
tively. Contributions from 65Ge and 65Ga are near 2 X 10"7 

M©. The material that falls back into the remnant contains 
negligible mass 65 (2.9 X 10~6 M©). There is also a small con- 
tribution from 65Ni (Fig. 31). 

64Zn is also produced by neutron capture during helium 
burning (Table 9; Fig. 32). To a lesser extent, 64Zn is made as 
as unstable 64Ge in an a-rich freezeout in the innermost zones 
(Fig. 31). In this particular explosion, however, most of the 

TABLE 9 
Abundances3 of Select Isotopes in 25 M0 at Various Evolutionary Points 

Isotope ZAMS Carbon 
Ignition 

Carbon 
Depletion 

Oxygen 
Depletion 

Pre- 
SN 

Post-Exp.6 

(2.5 x 104 s) 
56Fe 57Fe 58Fe 59Fe 60Fe 59Co 60Co 
^Ni 59Ni 60Ni 61Ni 62Ni 63Ni 64Ni 63Cu 65Cu 64Zn 66Zn 67Zn 68Zn 69Ga 70Ge 71Ge 

2.70(-2) 
6.58(-4) 
8.52(-5) 

7.74(-5) 

1.14(-3) 

4.52(-4) 
1.98(-5) 
6.40(-5) 

1.68(-5) 
1.33(-5) 
6.10(-6) 
2.29(-5) 
1.36(-5) 
2.02(-6) 
9.36(-6) 
9.14(-7) 
9.96(-7) 

2.19(-2) 
7.69(-4) 
1.18(-3) 
5.08(-ll) 
5.10(-8) 
4.94(-4) 
2.72(-9) 
9.07(-4) 
6.11(-6) 
9.99(-4) 
2.59(-4) 
6.75(-4) 
5.61(-8) 
9.99(-4) 
2.58(-4) 
3.30(-4) 
1.59(-4) 
4.40(-4) 
9.43(-5) 
5.79(-4) 
7.07(-5) 
1.03(-4) 
4.06(-4) 

2.18(-2) 
8.65(-4) 
1.21(-3) 
8.85(-7) 
5.92(-8) 
4.95(-4) 
3.73(-6) 
8.93(-4) 
1.29(-5) 
9.96(-4) 
2.63(-4) 
6.76(-4) 
8.35(-6) 
1.00(-3) 
2.51(-4) 
3.31 (-4) 
1.60(-4) 
4.42(-4) 
9.53(-5) 
5.83(-4) 
7.15(-5) 
1.04(-4) 
4.11 (-4) 

2.17(-2) 
8.77(-4) 
1.04(-3) 
2.00(-6) 
2.67(-6) 
4.83(-4) 
7.16(-6) 
8.89(-4) 
1.42(-5) 
8.87(-4) 
2.93(-4) 
5.95(-4) 
3.56(-4) 
1.01(-3) 
9.46(-4) 
2.97(-4) 
9.28(-5) 
4.38(-4) 
1.34(-4) 
6.65(-4) 
1.02(-4) 
1.23(-4) 
6.56(-4) 

2.18(-2) 
8J0(-4) 
8.86(-4) 
4.82(-5) 
8.00(-6) 
3.55(-4) 
5.07(-5) 
9.04(-4) 
1.80(-5) 
1.44(-3) 
2.41(-4) 
5.95(-4) 
3.29(-4) 
9.20(-4) 
7.25(-5) 
1.96(-4) 
6.78(-5) 
3.41(-4) 
1.08(-4) 
6.50(-4) 
6.63(-5) 
8.90(-5) 
5.80(-4) 

2.19(-2) 
9.05(-4) 
9.22(-4) 
8.52(-5) 
2.10(-5) 
3.31(-4) 
5.36(-5) 
5.28(-3) 
1.74(-4) 
2.31(-3) 
2.82(-4) 
8.29(-4) 
2.79(-4) 
8.98(-4) 
6.94(-5) 
2.14(-4) 
6.98(-5) 
3.35(-4) 
9.06(-5) 
6.96(-4) 
7.31(-5) 
1.41(-4) 
4.92(-4) 

3 In solar masses external to 2.07 M©. 
b Does not include radioactive progenitors that have not decayed at 25. X 104 s. 
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Interior Mass 

Fig. 2Sa 

Fig . 28.—Mass fractions in the interiors of the 15 MQ(a) and 25 MQ(b) explosions of the progenitors of 57Fe and 59Co. Note that unlike previous figures, 
this and subsequent ones are evaluated at 100 s to emphasize some short lived radioactivities. The dark vertical bar denotes the final mass cut (Table 3 ). 

Fig.29û Fig. 29/? 
Fig. 29.—Mass fractions in interiors of the 15 M;nx(a) and 25 M0(b) explosions of several products of the a-rich freeze out. "^Ti will decay to ^Ca. The 

others make ^‘ ^Ni. The dark vertical bar denotes the final mass cut (Table 3 ). 

2.3 2.4 2.5 2.6 2.7 2.8 
Interior Mass 

Fig. 30tf 

Fig . 30.—Mass fractions in the interiors of the MQ(a) and 25 M0(b) explosions of the progenitors of ^‘^Ni and 63Cu. Here the plots emphasize those 
species having substantial production by neutron capture farther out in the star. 

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



19
95

A
pJ

S.
 .

10
1.

 .
18

IW
 

MASSIVE STARS. II. 209 

Fig . 31.—Mass fractions in interiors of the 15 M0(a) and 25 M0(b) explosions ofMNi, 63,65Cu, and ^Zn and their progenitors. The dark bar at 1.43 and 
2.07 M0 is the mass cut. 

64Ge so produced fell back onto the remnant. At 100 s, external 
to the ultimate mass cut at 2.07 M©, there was 2.0 X 10-6 M0 

of64Ge; 3.0 X 10-6M0 of^Ga (mostly from ^Ge decay); and 
6.3 X 10~5 Mq of^Zn. External to the piston there was 4.0 X 
10-5 Mq of 64Ge and 64Ga combined. Clearly the synthesis of 
this species is sensitive uncertain details concerning the simu- 
lation of the explosion. Substantial 64Zn production is also 
found in the neutrino driven wind that accompanies the /--pro- 
cess. In particular an extreme alpha-rich freezeout with Ye æ 
0.49 seems to make ^Zn in great abundance (Woosley & 
Hoffman 1992, their Table 5; Hoffman et al. 1995). This is 
probably the source of 64Zn in nature, but the yield from this 
process was not calculated here and is not included in the ta- 
bles. 

66Zn is the last isotope whose synthesis we deem to have been 
accurately determined by our network (Table 1). It is again 
produced by by the ^-process during helium core burning 
(Table 9; Fig. 31 and 32). A small amount is also made as 66Ge. 
It may be that 66Zn is a product of the low entropy freezeout of 
neutron-rich material ejected from some varieties of Type la 
supemovae (Woosley & Eastman 1995). 

4.8. Thes-process 

While we have not explicitly followed the synthesis of very 
heavy nuclei by neutron capture, we do keep careful track of 
the 5-process for isotopes lighter than A = 66. This includes all 
of the sources, and most of the major sinks of neutrons. The 

Fig . 32.—Mass fractions in interiors of the 15 M© (a) and 25 MQ (b) explosions of the progenitors of ^Ni, and 65Cu, and ^Zn. Here the plots emphasize 
those species having substantial production by neutron capture farther out in the star. 
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calculations have automatic neutron monitors in the form of 
the abundances of 54Fe and 58Fe, for example, which integrate 
over the exposure history seen by material in various stellar 
zones. This is true so long as neutron capture remains the do- 
minant source of 58Fe and no other source contributes to the 
synthesis or destruction of 54Fe. In practice, this means the 
monitors are good until oxygen burning, or in the 25 M© star, 
exterior to 2.9 M©(Fig. 26b). Since at the temperatures appro- 
priate to oxygen shell burning (T9 ^ 2.0), 5-process seed are 
destroyed by photodisintegration (Amould 1976; Woosley & 
Howard 1978). The actual 54Fe abundance thus tells us the 
neutron exposure everywhere that 5-process can possibly sur- 
vive. 

In Model S25A, for example, the 54Fe abundance is given by 

^(54Fe) = Xo(54Fe)exp(-0„), 

where X0(
54Fe) = 7.1 X 10 5 is the solar (Anders & Grevesse, 

1989; Table 2) abundance of 54Fe and 

<!>n = rKyC^pXndt. 
Jo 

The neutron capture rate, X„7( 54Fe) = < <7i> ), is not sensitive 
to temperature, and is 4.2 X 106 cm3 g-1 s-1 between 3 X 108 

and 109 K. Thus the exposure strength 

J^oo 
pXndt 

o 

is 

Tn = -2.4 X IO’7 [9.55 + In X(54Fe)] g s cm"3, 

where lnY(54Fe) is just the value given for 54Fe in Figures 26a 
and 26Z) times 2.302. 

Figures 26a and 26b then show that most of the 5-process in 
massive stars takes place during helium burning. For reference, 
the 54Fe mass fraction at the center of the 25 MG solar metallic- 
ity star at helium depletion (Tc = 5 X 108 K) is 2.29 X 10-7 

(Le., -6.64 in Fig. 26b), corresponding to a neutron exposure 
r„ = 1.3 X 10~6 g s cm-3. This value persists for Model S25A 
at Lagrangian coordinate 6 MQ. Further out there has been a 
weak 5-process where only a little helium has burned. Interior 
to 5.5 M0, however, there has been a non-negligible additional 
5-process during carbon and neon burning. Interior to 3.68 
Mq, the 5-process is destroyed during the explosion (§ 4.9). 
Interior to 2.80 A/©, all or part of the 5-process seed has been 
destroyed by convective oxygen burning even before the explo- 
sion. 

Fig. 26 c shows how different things can be in another star, 
or in this case, the same mass star with another metallicity. 
This figure shows the distribution of ^Fe and 58Fe in the pre- 
and post-explosion Model U25A, a star of initially 10-4 Z©. 
Because the initial abundances of the low metal stars come 
from a Galactic chemical evolution calculation ( Paper III ), the 
abundance of heavy nuclei like iron is not simply 10-4 times 
their solar value. Solar 54Fe times 10~4, for example, would be 
-8.15 on this plot. The actual initial value in U25A value is 

-10.18, 100 times smaller. ( One reason for this is the predom- 
inance of the a-rich freeze out in those regions where nse is 
achieved in the explosion; 58Ni uses the neutrons in many Type 
II supemovae that might otherwise have been in 54Fe. Another 
reason is the low production of iron, in general, compared to 
oxygen, in the very massive Z-series stars [Table 17b below]. 
We do not regard this value as very accurate for 54Fe.) In the 
above equation for t„, one would then replace 9.55 by 23.44. 
One might think that the larger ratio of CNO (which is, by 
sum, ~ 10 “4 of solar) to iron, about four times the solar value, 
might mean that these stars would produce a more extensive 5- 
process. There is more 22Ne per iron during helium burning, 
but in fact, they do not. On the one hand, this particular star 
has a convective oxygen burning shell that extends to 5.03 M©. 
In this shell, one expects most of the 5-process to be destroyed, 
or at least to have a substantially altered composition (§ 4.9; 
the mass fraction of 28Si in this shell is 0.076). Exterior to 8.02 
M©, the hydrogen envelope retains the original abundances of 
heavy nuclei. That is, the helium core is substantially smaller 
in Model U25A than in S25A. In between, one sees evidence 
for a weak 5-process in which the 54Fe abundance has declined 
by about 5 to 10 (rather than the 103 seen in S25A; Fig. 26b). 
The 5-process is weak here because very little helium and 22Ne 
have burned ( 5.8-7.8 M© ), but also because of the competition 
of light poisons such as 12C [10 ¿¿bam cross section, but 13C is 
reprocessed by (a, n)], 160, and 20Ne (0.12 mbam); (see also 
Baraffe, El Eid, & Prantzos 1992). Both are many orders of 
magnitude more abundant than iron in the helium burning 
regions of low metallicity stars. And of course, once a little 22Ne 
burns, the 22Ne(a, n)25Mg neutron source itself is well known 
to be self-limiting owing to the neutron poisons (especially 
25Mg) which it produces. 

We conclude that the 5-process yields of massive stars can, 
in general, only be derived by following the heavy element 
abundances all the way to iron core collapse in a self-consistent 
calculation. Such calculations have yet to be done, though the 
54Fe abundance external to the oxygen burning shell in all our 
models could be used as the basis for one. 

Table 9 also shows the time history of the 5-process produc- 
tion of many isotopes above 56Fe. 

4.9. The p-process 

The p- or 7-process is expected to occur in those zones of the 
supernova that experience shock induced temperatures in the 
range 2-3.2 X 109 K during their explosive ejection (Woosley 
& Howard 1978; Prantzos et al. 1990; Rayet, Prantzos, & Ar- 
nould 1990; Rayet et al. 1995 ) and which retain their 5-process 
seed in those regions (§§ 4 and 8). We have not calculated the 
yield of p-process isotopes in the present models, but feel that 
it is important to do a careful treatment of the last stages of 
convective neon and oxygen shell burning before proceeding 
to do so. During the last hour of the star’s life, the oxygen and 
neon shells become superheated owing to the contraction of 
the silicon-iron core. In the solar metallicity 25 M© model, for 
example, the temperature at the base of the oxygen burning 
shell rises in the last few minutes of the stars life to 3.0 X 109 

K. Under these conditions oxygen begins to bum explosively, 
i.e., in nearly a hydrodynamic time. Further the entropy barri- 
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ers separating the convective carbon, neon, and oxygen shells 
are small, at least in Model S25. It is quite probable that all 
these convective shells become linked at the end (Arnett 1994; 
Bazan & Arnett 1994), at least for Model S25A. The complex 
coupling of multidimensional hydrodynamics and nuclear re- 
actions, especially among the heavy nuclei, is a formidable 
problem, but we speculate that a considerable part of the p- 
process may be made by photodisintegration of 5-process seed 
before the shock is ever bom (see also Amould 1976) and in a 
larger fraction of the star than just that part experiencing shock 
temperatures between 2 and 3 billion K. A preliminary explo- 
ration of the /7-process in this environment is underway 
( Howard & Woosley 1995 ). 

The mass that experiences 2 to 3.2 billion degrees in Model 
S25A, a nucleosynthetically typical supernova, is 1.0 Af0, the 
region between 2.65 and 3.68 MQ (Fig. 9). This inner bound- 
ary is dangerously inside of the 2.80 M© extent of the oxygen 
burning shell in the presupemova star emphasizing again the 
need for a self consistent calculation of pre-explosive and ex- 
plosive processing of the heavy elements. Based, however, 
upon a prior helium burning 5-process which enhances the 
seed distribution (Fig. 26b), the typical /?-process production 
factor in this region should be around 200 (Woosley & Howard 
1978). This 1 M0 is about 4% of the total ejecta (23 M0), so 
the production factor for the supernova is around 10, compa- 
rable to other major productions in this star (Table 6). The 
comparable mass for Model S15A is 0.33 M©, which would 
give a total production factor near 5. 

4.10. Ther-process 

Also not explicitly calculated here is the yield of neutron- 
rich isotopes heavier than zinc. These have traditionally 
( Burbidge et al. 1957 ) been attributed to rapid neutron capture 
in an explosive environment, i.e., the r-process. It is our belief 
that such isotopes are produced in a wind driven from the na- 
scent neutron star during the first 20 seconds of its life and thus 
constitute the bottom-most layers to be ejected by all Superno- 
vae that leave neutron star remnants. Details of this nucleosyn- 
thesis have been presented for a 20 M© model by Woosley et 
al. ( 1994 ), but it has not been studied here. 

A limited amount of neutron capture also occurs in the he- 
lium shells of some of these stars as the shock wave passes ( Fig. 
26). In Model S25A, the peak temperature experienced at the 
base of the helium shell [6.56 M©; ^T(4He) = 0.21] was 8.4 X 
108 K. Prior to shock passage this zone contained 0.96% 22Ne, 
0.43% 25Mg, and 0.73% 26Mg by mass. After the explosion 
these were changed to 0.76%, 0.56%, and 0.83%, respectively 
indicating the burning of some 22Ne. This caused an order-of- 
magnitude increase in ^e, for example, (to 3 X 10-5 by mass) 
and the significant production of some other moderately neu- 
tron-rich isotopes. The process, which could scarcely be 
termed an r-process, was also quite limited in extent. At 6.84 
M©, 0.3 Mq farther out, the temperature only rose to 6.8 X 108 

K, the 22Ne abundance did not change discemibly, and ^Fe 
rose only to 5 X 10-6. A somewhat stronger exposure occurred 
at the base of the helium shell in S15A [2.54 M©, X(4He) = 
0.12]. There the 22Ne mass fraction declined from 1.61% to 
1.22% in a shock that had peak temperature 1.0 X 109 K 
(owing to the smaller radius of the helium shell). The 60Fe 

abundance rose almost two orders of magnitude to 2.0 X 10 -4. 
The peak temperature declined however to 7 X 108 K, 
effectively shutting off the exposure, at 2.71 M©. 

5. YIELDS AS A FUNCTION OF MASS AND METALLICITY 

Tables 5, 6, and 10-17 give the final nucleosynthesis for our 
grid of supemovae of varying mass and metallicity. For each 
supernova, the yields are given both in terms of absolute mass 
(in solar masses) and their production factors, i.e., the ratio of 
each isotope’s mass fraction in the total ejecta divided by its 
corresponding mass fraction in the Sun (Anders & Grevesse 
1989; Table 2 ). Except where otherwise noted, these yields are 
evaluated at 2.5 X 104 seconds. As noted previously, this does 
not mean that the last update of the nuclear network took place 
at this time. The nuclear network ceased to be evolved once 
the temperature fell below 107 K, a zone-dependent occur- 
rence. Both strong and weak interactions were shut off at this 
point. Production factors, which express total yield of a given 
stable isotope are unaffected by this edit procedure, but the 
masses of radioactive isotopes with half lives less than or on the 
order of 2.5 X 104 s may have decayed to a greater extent at 
the edit time than indicated by the tables. Those interested in 
Galactic chemical evolution should simply add the masses of 
all progenitors. This should also be equal to the production 
factor times the Anders and Grevesse mass fraction (Table 2) 
times the total ejected mass (given at the end of each mass yield 
table). However, the latter procedure will result in a loss of 
precision, especially for the more metal-deficient stars. In cases 
where the production factor was less than 0.01, it is not edited 
in the tables. 

Two further notes of explanation are in order here. First re- 
call that the model naming followed a convention of using a 
number that is close to but not exactly the stellar mass on the 
main sequence. Thus S25A is not (as one might logically 
assume) a star of 25 M©, but one of 5.0 X 1034 g (or 25.14 
Mq). Also for one star, the S40 progenitor, instabilities in the 
Cepheid variable strip required the removal of 2 M© of enve- 
lope from the presupemova star. Yields in the helium core will 
not be affected by this operation, but the total masses in Tables 
2 and 5B do not sum to 40.22 M©. 

6. DISCUSSION AND CONCLUSIONS 

Nucleosynthesis in massive stars is sensitive to the explosion 
mechanism, but in a way that might not have been anticipated. 
Only a few isotopes are directly and significantly affected by 
the explosion energy and the location of the piston (Table 7 
plus the r-process) so long as that mass cut is near the neutron 
star. However, depending upon the exact explosion energy, 
large amounts of heavy elements can fall back (§3; Tables 3 
and 8), especially in the more massive stars. This is very im- 
portant for determining the nature of the compact remnant, 
but it is also of critical importance for the nucleosynthesis. 

The reimplosion that occurs as the shock passes through re- 
gions of increasing pr3 in the mantle should result in larger 
amounts of matter falling back in more massive stars and stars 
of initially zero metallicity. Depending upon the actual energy 
in the initial shock, this may lead to a critical mass above which 
black hole remnants of varying size are produced in Type Up 
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OiOCS»-Ht^«OTríOiOíOt^QOOOt-lf5íOOOOO'^?OiO?DíDOOOOiOTt<'^t^t^COiOTfiO'^?OíOÍ-QO OOOOOOOOO»—11—•«—lOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
iOOOt—iTfCOOOOOCOàOCOOOO’—It— »—lOStOOt-OOr-tíO^-tt^C^TriOOt— í— líOi—lOOOliSOCSOO OOOOSí—it— >—iiOTfiOiß^iOTii»—lio»—it— t— OSíOTjiCflCOOiOt— COt—liOt-t-iOCS^OOCCOSCCOit^iOOOOíD^-^ 
 ÇOCSl-i«-i>-i^Tjî^H^eÔcÔ'^>-icSCStOr-HlOeÔoÔTj<l-i^i-HTlHCSCSciojt— r-5eÓ«-Hr-HCS CM CSI t— t— T I lO *-l >-H t— * 

i^t— OOCMiOiOt— t— OSOi—ir-it-t-iOt-iDt-t-QOQOt— «OíOOSOOTfiOlOíOíOOOOOiOiO'^t— t— eOlOCOlOiOCDiOt— t- OOOOOOOOOi—It—11—lOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOGOOO 
CMt— OeOOCMlOOCSrtiOiíDO^íOiíDi-iCOi-it— ■^i-iCOiOt-iOSO'^it—ICOOSIOÇOCO-—lOSOt— OCSt—iOeOTti^-lr-iCSJ CMiüQOOSCMOOCMçqOÇOÇDCOlO^CNiOt— OOCOlOeOTft^t— lOOOCOCOt— t— «Ot-jcOOiOiqÇO<DCC«qOSCMOO'^T^ cÓo¿oÓt-HCMCSeÓCMt-ÍTjÍLOCMCMCMt-HeÓcÓCMr-ii-HT-ÍT}icMt-i«Ot-icMoÓt-H^T-it^'>^CMI>^t-íiOCMeÓt— »-icMO¿cÓt-icÓ»-H 

Tf<Ot— CMiOißt— t— OlOt—It—It— t— lot— tot— t— OOOOt-^OSOOiOO'^iiOlÄSOSOOOOOißiOiOt— t— COißCOlßlOSOiOt-t— OOOOOOOOOt-Ht—it—IOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
çD^H^O^iQOOOOOt—líOlOt— CMOSt— •'ft—lOOOCMOt—líOCMlOOTfíOt—lr-iLf5iOíOtí3t— t—lOOiOlOOCOCOCMOOCMÇOOiO «pcMcsoooooit-o^iOTfTitcot—iCMTf^HoooeoocM^LOcoçoçot-Hioot^OiOOsoiot—eot-Hoseoiocçoooooq^ 
 eÓcÍcOCMt-^T-iríít-H^H06t-it-it^t-H'^t-it^eÓt-iíDO5idcMcÓíOt-ics¡0¿CMt-iCMt-H I t-H CO CO t— CO * i cc so eo m eo T 

ißooooeoiOißaoooo>ooT-it-ooißiO<ot-t-oooot-coiooio>-'i'«oioio<r>ooooißioiot—t-coioeoioioçoçot—t- 'o OOOOOOOOt—I’—it-HOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
»-liOKÄkOt— OîOiOt— lOt—IOS»—iCO>OOOCMiOCSCOt—tt— lot— CO^OOt—lOíOiC^JiOCOíDOOt—Ii0t—05i0c0«00500i0 oococMosr-it-HcooTiioooit—io50so^oot-iot-HCMCMT-Hooiost-H?oir-«Díq'^'^oooíqcMt-Hcoco«Dooíqcoíqíq 0¿íOCSa5íO«-iíO'^it-iif3t-4iOrf0¿T^CMT}H^Ht-H^Ht-HíÓt-Hr-iiOO5t-HíD^-icSt-H(X>t^--HeÓt^kOCMc4lOt-HCMt— CMt-icSt-H 

ií3<X)QOeO^>íOOOOOOSOOOt— t—kOíDíDt—OOOi05íOíOí00505'itíDCDíO«OOOOOíOiOá«t— t— COiO-^iOkOíDt— t— t— OOOOOOOOOt—It—It—IOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
OS-^iCOt— ÇDiÂOÇOOSCMCOUSOlOiOt— C0010'^CO^Í,iOOeOCSCOCOt-iO«Ot-t-lTíiiO'Ot-t-iCMt— OOiOCMCMíDíOt- iO^CM-^OCMOGOCMCOOiÖOt-jO^CMt— OOOOCMCMTfOCCCMT^OSOiOOCNCOCMOiOt-iOSíOOSOOt— CÇt-HCN«DiO 
Csi^^5¿CMCSc4cÓt-HO5rtTjí<£>t-iosCCCMCM0¿iOTíi^HT-ir-ÍT-ít>lcMiOiOt-i^HiOC«Ía>CM'^CMt-HT-icÓLÓCM<¿CMO5eÓcÓ 

ißOSO>CO<OiOOOOOOOOOt-OOiß<OiOt-OC>050>t-t-t-OOST3t<0<Ot-t-00 00?OiOißOOt-eOiß^iOkO<Ot-t-t- OOOOOOOOt—IT-Ht—It—IOOOOOOOOOOOO-HOOOOOOOOOOOOOOOOOOOOOO 
oo-^oot—iTíiTítt—icMiOT-iOt—it—oocseooioosoot—toot—cot—T-iioeoocMOS'^ft—loeoooosoiot—losiooot— COlOOSOSCOOt—iT^OOt-HQOOT-HCOTft-iOSCMiOiOO'^OáOt^t^OSOt-HO'^iOt^CMOlOOqOiOOOOOeO'^t^CMOiO r-Hido6'^t-¡T-it-HCMoÓo¿cÓ'<^Tjíkf¿cÓCM»-it-ít^T}HCMO¿0¿0'^ir5t—i-^HCMoioÖ^t I t— CM CO OO t—I ^-i CO CM CS KO t—I t— CO CO 

lOOOSCOîDOOOOOOOt—It—it— OOlOiOOt-OOOOSt— t— t— OOSTfOOt— t— 00 050i0i000t-'^ll0'^i»0u00t-t-00 OOOOOOOOt—It—It—It—lOOOOOOOOOOOOt-HOOOOOOOOOOOOOOOOOOOOOO 
CO»—it— CMlOCOCO^i^CMCMt—Ir—iTfCOCOt—lOOlOt—iCOTfOOCOt—lOiOOiO^it—liO^iOOOSiOCDt— CMOOOOOOOOOSt—I OOOlOCOt—(Ot—It—ICMTjiCiCMOOOOt-HOC^CMOOS'^COt-HO'^O^'^fHOSOqt-HOOT-lOoqOi'^COb-COt— OCOOOtO t—icÖoicMt—i^Ht—icMCOt—icMt—(CO-^COt—icMt—It— CO—It— t— lOCM-^t—icôt—iTft^rJHoicÖt—i^HCOt-Ht— t—It—It—(LOt—i-r^r-HT}» 

Víívííví cö «3 «3 «3 cö «3 cö £0 «3 o ro r5OOOüOÜÜOO<^^|r(
1^(^

,H H H H >>>>> r*•*. rv. f%-. f%-. r~r~. r**. rv. rw.. r*—■. 
^ Tf ^ -Z. ZL rz.  I ^ IO n-1 »r. »n irt »y-v »rt to 

cocMr-t^^HioL-coTr^ccicoiococ^io^r-^cn^t^loco^hcoooco^hcococol-cccoiocsttcooo ¿t^OOOO^H^HOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
Ol CO TfCMCM^ft—icOOit—iiOt—lOSQO COCMQOOt— OlOOCOCOt— OlOOCMlOrJit-OOiOCMTtiCMOCOOOCMOt—itJi^h OO^CMCOOSCOCOt^liOOOOOCMCM t-H’t^t^'rriOTrCMeOOlOOt^CMOqoOt— CMCqOiqiOt-Ht-jcOOlCOOt^t-iiO 
t-icOCM'cMOOOOiOCMCM'cM-^iOair-i Ol '—icMTft—Ît^ooCMCO.—i»—it—<CM CO t—i —h i CM t—i t-H CM CO t—i t— '—i Lfj CM >—i CO 

t— OTtTft— t-COCMt—t-r-llOt-COTiilO'^iCOlOCOCMlOTft-TiiCMTtiTtilOCOt-lCOCOTfr-ITfi'^COt-TiiCOCOCMlO'^OO COUOOOOOt-Ht-HOOOOOOOOOlOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

I CM t-H CO CM t— 05 05 CM CM Tf r H 05 —I t- ao » 1 Tf CO ÍO CM OO CM 

I 05 OO t— t-H CM t-H 05 lO CO OO ■ICOCOlOr-HCMt-Ht-r I CM t—i Tf OO » I t-H CM t— lO » 

t— LO^O^t— t— CMCMt— t— t—(lOt— CO^iOt—liOiOiOt—iiOT}!COCOCMT}iTtiiOT}i»—iTf^f^fCSTíi-^it— OOlOt— t— CMiOrtiQO LO cm O O O O t-H t-H O o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o 
COCM-nft— Tfcoot— Tfit— CMCMttft—iCMCOt— t— I005t— cot— 05TÍIT—lOOCMt—(lOCMCOt—iCMt—icot— COOr-HTitCOt-CO oooqaooo5t-'^'-i05coocMCMooio»-HOOt-HooTfiooqt-Hiot^cooooo05Tt;oqcoiOt-HiocMoqcoo5rHcqoq»-i  OO t-H CO 05 t-H t— CO t-H t— C  OSTtldr-t^OSTtlt-HrH» I CO CO CO CM 05 T I CM t— t— CO t-H t-H CM t-H 

OSOliOTtit-t-CMCMt—t-r-HCOCOCOTriOt-liOiOCOCMiOuOt-TtiCM'Cf-^ilO'cfCM'CiiTfTtiCMiOTtit— OOiOt— t— COCOiOOO TjiOOOOOt-Hr-HOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

< CO t— CO CM » I 05 CM CO to CM Til T I Tt1 Tf Tf CM UO CO <■ I CM t— t— CO CM » I CO CO CO CM CO io io » 

cot— ^CMCOCOCMOSOSCMCMt-COiOOCOOiOOOSt—It—icOCOCMOCOCOlOCOOiOOOOiO^OOlOOSt—COOSOSCM OOOt-'^iCMiO'^'lOOt-lOOuOCOOt-icOOOt—liO-^OOCOOOCOt— CMOt—iCMCM00fHO05Ot—ICOOICOOOIOTÍI^H ■I 05 OO CO CM t-H t— t-H CM ^i » I CM r-H CM CM CM f i CM Tf t—i rf lO CM lO CO CO CM t-H .—i . 

O O iO t— t— t-H t-H t— t— CM CO t— CO ^i CO t—I lO lO CO CO iß '^H t— lO CO iO lO CO CM lO lO lO CM lQ iO OO 05 CO t— t— CO CO kO 05 COOlOOOOt-Ht-HOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
t-OiOTtit^iOiOCOt-HOOOTtiCOTtiCMOSOt-COTtit-COlOOt-Ot-HCMCOt— COOOOlOOOt—IOC005CM0010C0 COt-OOl^HOOCOOOOOt— COOTjtb-cqiOCOCJt-H^Hr-HOOt-Ht-H^HCOt-HCOCOOO'^Tft-COOlOt-HOOOOr-H'^ OO CO CO t—i t—i CO CM 05 CO CO t-H CO t— t—i »-H ^h CM 05 t—i ^-i iO lO lO CM OO »-H CO OO CM CO t—i cö CM CM ^ 05 t—i t-H CM CM »—5 CM 

217 

American Astronomical Society • Provided by the NASA Astrophysics Data System 



TA
BL

E 
12

A
—

Co
nt

in
ue

d 

¡s ï—i 00 

h) a 

ilí3t^^eCT}<?0«3r~'«ílO'*í<TÍ<l0C0«0'—tCOCCTf'C*300»-HCCCCTi,<—i'^<TÎ<t~t~-^ÎDîOCMlOTroO J^^OOOO-—I-HOOOOOOOOOOOOCÇOOOOOOOOOOOOOOOOOOOOOOOOOOO 
ioißiocsoi-it'-cso>ioecooot- r-iooo csooot^osait^^oosoMioor-tt^oiooieckOOTPooT-icsíO M^eccsocsicNjiooo^oeokßcDOs oqoqo ^oio-^csoeOin-rrcocoiÄT-HOiLOaiOi^HT^co^HC^cor^osoob-oo T-HoÖ'-Hc4cSt-HiOCCCÖc4;OCN<-H<-H cÓ<¿CSC¿0¿COC<ÍcSCSOÍlO'^^H'-HíO'-HC*ÓTrC^^Hr-H^4^-icÓ'—<0¿ 

t—CT)'^'^t^t-eoi-(t>.t^T-iioi>-coooT^05íot-T}<(MTfTí<ioec«Oi—leoeOTjHecoocsrtir^'^'^ioioooooíOooíOiooocooo ^^OOOO^-Hi—lOOOOOOOOr-tOOOCOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
LOlOLO^OGOOCOCOOiOiOilOClOC^ >-H OS CO 000>—tOSOOCOCOCDOi-HOOeCiCSOOOt-HOO^t^Oli-H'^QOC'l'^'T-tOi CO'«^VOCOÇO'-JTriOOO«2^l>;ÇOïD OOOO^H <X><©'«í|CSlOOOlO'*^CS<-Hí-Ht^05'-H’-HCOCOt—tOO ^-!oo»-¡oíoi»-HiooócccNÍco(r4'-H'-H cdo^i-h cócocNcot^oic<ic<ic<io¿cócácooioá'^^c^T^aio¿c^^CNQ¿cóo¿ 

(^Oi'^'^t--í-COCMt-t-r-(iOt^COCCiOt-HíOt^LO-H'^'>í<LOeOíOCSTfTru?ie001M'^TÍ-lOLOt-COOOQOb-Oit~LOOO«000 ç^ç^OOOOt-Hi—lOOOOOOOOCOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
miÄO«DMU5ui)i-(O0i(Mf-00O C^OOlCSCOOl^OOCCCSOO^-—ITf^HOOtOCSQOQOOCtiCOmin^HTf^-llOOlQO CO^OCOOOOOCOt^^lOOOCOOS t--OCOeOt^-CS>-;r-HQO'^’OOOlCOOOOt^CN'-HCO’^05CSLOQOf~C^05lOCOlOOO >-io¿cscs'<tt^có^Hcccs«>'^t-HCC «¿o¿^iíji-H«>i-iec>-4t^a>oics^Hi^Mi-Hi-ícsioií^csr-íi¿íóir>i^T-5i-HT-ÍTí< 

ao*—iTfTí<f~l--e'3T—iiot^soeOTfeocoíOiO’—i'»tf,Tf|ißco<Ot—ieoeo-
rpeoi'~«—icoeOTfi—iTfTí't^aoiot'-coC'juiTfiao ^•^OOOO^-lr-iOOOOOOOOÍOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

ÎOOOOOlOCQCNOiDCMt^^ÇOCSCM COOOCOOOCSOOt^-OOSOiOt—lOii—iTÍCCCSr— OOCOîOOSCNlÂCSTft^lO»—tc^ioo <MíOCSC0C0T-iíDO5iOi^TfOiT^«O OOt^CSCSOOi-HlOeOCSOOlt'-OO^Ht^-O^C^T—l-^COtOWCíOOi-HíMlO-^O ^-Ht^’-icS^H^HTr^eOC^^'-Hr-i^H CÛcÔt^ojcS'UD^HCOt^cÔCS«—i-—<CJ5'-HC^'-i'-HÍO-HC^fCCSO¿OÍo¿^HCN'-¡'-i'¿ 

ooo'^'^ti^t^ecT—(Lor^cocO'^LOcocoLO^HTti->í|Loeo^Or-HíOfC'^t,cooo^HCOMrr''^HTiHTt<(^ooLOi^cocsiO'^t<QO ç^^OOOO^H^HOOOOOOOOCDOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
COQOOOOt^'^COCOCOCN'^CMOO CCCOlOOOlOOíOOtíilO'—IfOOCiOOOCOOOOCOOO^OOCOt^-O-OaLOt^OlCS-^b- CNCOLOLOOGOt^OiOLOCO^HTtCO OOOOCOeOOOt-HiOt'-eOOOSl'-ast'-iDiO’ÖCM*—iCN^VÎC'SCSOi—l*—l^CCO T-Hh^^-¡CN--Hi-H^CsÍcOcárt;CS--H^H COcÓl^OÍCS«OT-HCCt^cÓC^r-ir-Hait^cá--Hi-HCO^HCsÍcÓCSO¿OÍoÍi-HCSr-¡r-¡CO 

-1 CO lO OO OO «O QO t ,   JOOOOOOC-^^. — ^ 

H CS CS CC 00 ' ■i cc es ec ec r -I Iß CS >-H Tí< <» r 

coco'^-^t^-t^eo»—it~t^^HLßt^cocoTfiLOcocoLß-HLß'rt?oceiiO»-H'^|'^|ißeot^«—ieocO'<iieS'^'^|t^oo'^i^iocsLß'ii'oo ^¿OOOO'-H^HOOOOOOOO’^OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
r-I^HiOt-COTplOTflßOit~l^-LßO OCS^H—I'í}'—l<ßlßiOlOOOO'^1tß'rPOOOiCOCßCS050'^,CSf-T}'eOCSr^01<C esoq«OT-|^OTro5T-Hr-H05CS^Hiß osi^eoißooesasco^t^oqcsrHoq^oißT^cooqeß^qoico^i^ooiTfTtjcs T-H<¿T-HCSeó>-H'5tr-¡eóeS'^cs^H^H t^iôcseot^toeôt-î«oesoôt^05a3eceCi-Hesoiajcs-»reô<o^oi>-H»-î«-îi-îeo 

<u3co-^'^r'b~eeiest^t^»—iißt'COM-^ooeDiOLO^HißTf^ßcoiOT—i'^Tfißcot^^H'^eOTfeoißTt't^ooißi^t-'^t^iOoo 
1_¡C¿0000'-H^—(OOOOOOOOOiOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

r-iT-HcooOr-if~cocüißOiOCSißco aioo<ot^ocsiß<OTi<ißeOi—i«ooooocob-ooioeo.—(ißioo>Tt«r'-T}iißTt<i'~co csoor-¡'«^05CS«ocsi-HCSooa3'-Hcc ooooißiß^-Hesoeoißißooeooo^H'^rHcoot^-cocooiot^-oseoiO^-iTrcso «-HCOCSCS'^OÍ'>^CSMCS'<^Cs’^H^H t^LOCScÓ0Ól«TjÍT-iíOCS0¿l^0¿O5CSi-H0ÓCScÓM-<^i-ÍT-HTfcÓ7-H<Oi-H«OCSeÓ 

TfCO-^f^-t^OOCJii—ICOCO'^feO'rtiTfOOCOOlOS'^'^fCOlßOOt^OCOOOTf't^lO'UDCOt^yD  _     _. OOOOOOOOOOOOOOOOOOOOOOOO*—lOOOOOOOOOOOOOOOOO .       
cooißt^t'-«—!aoi'-aooO'*t|oocoeooOT—it-'i—it—eot^ocs»—iososi©es«oißißeoe'or'^iß'«3<cscot'~oocooo«o<o<—it'-eocS'^ ooot-osooo-^ooiß'^r-jTrt—t—^-jesiot—ooo’^i-jooosoooor-H^HesT-i'^eoO’-i'^ißosiß^-iosTiHoocn-^escsoot-cS'rr LOOOTficOlO'^OO'—IT^^-ICS'cii^-I^Hoi'—ild^HCSLOCOcÖ^HOOt— OO'—ÍLOT-i^4aicS'—LOOOCSiO 

TrTfiOt-t-OOOOCSCOTiiçOTjiœJÇOt-îOOOOO'^'lCOSt— OOt-OlßOOt— t-lßt-«000i000i000t— OiOlt-OlOS-^t-OOSOSt— t— 1-H OOOOOOOOOOOOCSOOOOOOOOOOOr—lOOOOOOOOOOOOOOOOOO—lOt—iOOOO_j 
t— OîO'—ItOOOCOOSt— T—llßt^-Oli—lOJOOOOOOOOCSCSlßOJCSCSLßiOOO^OTii-^iO'^'i—l0i«0Tfí0Tti0505CCi0CCOCSTÍ<00t— o CSt— OiOOOt— 0>00r-t0t—II—IOOlß'>^l*-HOOOiCSlßi—I»—II—iTft— 1—iiOCOCO^OtIICS»—!OOOTtiOOOlß,,ileCCSCSi—tCSCßOSOO iOTreôi-iiôiôcso5'-iw>o6eôo6»-i»—ii-i»-ii-ics^-i?DTf'^ißo6>-i<DTiH^-ics««-io0>-i>-it-ioicsoicscst—ajajesi-HCSTjioi^t 

TjlTjllßt— t-OOOOCS'^-^,«0'^<OCOt— t— 0005t— ?OOOt— 03t-e»OCQ«3CJSlOOO<OOOt— OJCS»—lOOOiOt— Ost— OSOOCßOSOSt— Í— I—I OOOOOOOOOOOOOOOOOOOOOOOOO-—i^HOOOOOOOOr-l^iOOr-lOO^H^-iOr—lOOOO^ 
cocj>t-t-coes^o^-icseso5eocoo5t-irH«ooocst-<—icsoo5t-050cscoo5eoo^ro5eooco<oes"^cses^-icco5eocco5T-iT-i ookßT-Hcoißoscseoi-jooißcßißiqiq-^ißTjit—05-^«3cscsT-ioqo>coiß05oocoT-i^Hißt-T-iooo^Hes»-ioiß<—i«Ot—iTt<ço«-i tjhcocsi—icoioeot—t—cseor-ies»—1<—i«ö>—i05cö»—icscóosescstóoó'—iiöcsiß»—i«ö»ßo6eßcscscsiß>-5ißcscsi—io5r-ÍT^oic*ó 
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05»Ot-OOOOCSCSOsO>'^r-(Ot^»OQOi-lTÎ<CS'^COCSCOCSOb-«OiOOC»ÎOOOieOt^C<5iOCSi—toi lOCOOOOOOCSO'-|C=)OCSOS-^OiCOO,^U3lOOOO'^'^C*5t>-OCSi-HkOeOT}<^-JCOOt^C005 
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M fd frt trt eA >h M >i »i ri m g; <u g» Qr^r^r-^r^:^ n ci a d c! d rt ri <D 
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Supernovae, which otherwise have relatively normal light 
curves. The distinguishing characteristics of these light curves, 
if any, would be slower than typical velocity and, in most cases 
where a black hole is formed, lack of a radioactive tail from 
56Co decay. Caution must be used here until multidimensional 
calculations are carried out. The same decreasing pr3 that slows 
the shock also causes mixing. 

The loss of substantial heavy elements to black holes along 
with the ejection of helium by these massive stars may require 
re-evaluation of “cutoff” masses based upon Galactic chemi- 
cal evolution and dY/dZ, the change in helium abundance 
divided by the change in metallicity (Paper III). 

The abundances of elements lighter than silicon are, with 
rare exceptions, unmodified by the explosion. The nuclei that 
are ejected are the same ones present in the presupemova star. 
The rare exceptions chiefly involve the neutrino process (Table 
4). Elements from silicon to scandium are, at least in a 25 M© 
model, ejected in quantities similar to what existed in the pre- 
supemova star and their synthesis is relatively insensitive to 
details of the explosion mechanism (§4.5; Weaver & Woosley 
1993; Tables 7 and 8 ). However, the agreement is partly fortu- 
itous. Intermediate mass elements are destroyed (burned to the 
iron group) following shock passage, but nearly equal amounts 
are created by explosive oxygen burning. Elements in the iron 
group and 44Ca (^Ti) are much more sensitive to the explosion 
mechanism, whereby we mean chiefly the location of the final 
mass separation and the energy. The iron yield (i.e., 56Ni) that 
we calculate could easily be in error by a factor of 2 for any 
individual supernova or for the entire ensemble. This must 
eventually lead to some ambiguity when assigning the relative 
roles of Type la and Type II/Ib superno vae in making the Ga- 
lactic abundance of iron ( Paper III ). Other nuclei due to the a- 
rich freeze out, e.g., ^Ti, are even more uncertain. 

It is frequently assumed that the synthesis of major elements, 
especially those having Z = N and heavier than nitrogen, 
should be independent of the initial stellar metallicity. That 
is, the nucleosynthesis should be governed by the mass of the 
helium core, at least for those isotopes that do not require a 
neutron excess for their synthesis, and little else. A scan of the 
tables shows that this is true in a general way, especially for 
oxygen. But in some cases, e.g., 20Ne in Tables 6A and 10A), it 
is not. There are several reasons for this. One is the non-negli- 
gible level of chaos that exists in the final yields from stars of 
very similar mass ( Paper I ). We have repeatedly verified that 
two stars of identical initial composition, mass, and parame- 
terized explosion give virtually identical results (when the sym- 
metry is broken by zoning or time step criteria or simply run- 
ning the calculations on different machines). But stars of 
slightly different mass can end up with substantially different 
final structures and abundances owing to the complicated in- 
terplay of convective shells that occurs during the late stages of 
evolution. Changing the metallicity changes slightly the condi- 
tions under which hydrogen bums; it changes the initial stages 
of helium burning [14N(a, 7)18F generates appreciable 
energy] ; and most importantly, especially as one goes from so- 
lar to 0.1 solar metallicity, it changes the initial helium abun- 
dance (since the sum of mass fractions must be one) and this 
does affect the helium core mass. The stars of zero initial met- 
allicity are a special case. There the final structure is markedly 

different from a solar metallicity star of the same mass. Not 
only is the low-metallicity star a blue supergiant ( as are all the 
other very low-metallicity stars; Paper I ), but the interior struc- 
ture is different as well. The need to bum a trace of helium 
before igniting on the main sequence forever alters the entropy 
in the core. For zero metallicity stars one ends up with more 
compact mantles that are more difficult to explode and more 
likely to leave black hole remnants and all that implies. 

While we have not explicitly followed the synthesis of very 
heavy elements by neutron capture, our calculations do show 
evidence of the ^-process for ^4 ^ 64 and indicators from which 
the neutron exposure history can be extracted have been pro- 
vided (§ 4.8, Fig. 26). Similarly we are able to examine the 
temperature profile experienced following shock passage (Fig. 
9) in our stars and estimate the yield of ^-process nuclei. We 
find (§4.9) that the total yields are approximately what is re- 
quired, but caution that the pre-explosive processing of the s- 
process seeds during oxygen burning must be considered care- 
fully in any realistic calculation. Finally, though we do observe 
rapid neutron addition at the base of the helium shell following 
shock passage, the “r-process” there is severely limited both in 
strength and extent (§4.10). The major r-process responsible 
for the solar abundances should come from the neutrino 
driven wind which was not considered here (Woosley et al. 
1994). 

The other major effort of which we are aware to model nu- 
cleosynthesis in massive stars in commensurate detail to what 
we have reported here is the ongoing work of Thielemann, No- 
moto, Hashimoto, and colleagues. Over the last decade their 
work (and ours) have been reported in numerous papers and 
conference proceedings of which Nomoto & Hashimoto 
( 1988) and Thielemann, Nomoto, & Hashimoto ( 1990, 1994) 
are representative. Their work is best summarized in a preprint 
(Thielemann, Nomoto, & Hashimoto 1995, hereafter 
TNH95) which arrived while we were writing up our work. 
Table 18 gives a representative comparison of their yields and 
ours for the four stars which they consider. Both the similarities 
and differences warrant discussion. The yields of the most 
abundant isotopes are not very different, especially oxygen 
where we differ by at most 40% ( 15 M©). The iron core masses 
and 56Ni produced in the explosions are also qualitatively sim- 
ilar. 

However, there are systematic differences that can be traced 
to the different physics employed by the two groups. (1) 
TNH95 use the Caughlan et al. ( 1985) rate for 12C(a, t)160; 
we use a value 1.7 times Caughlan & Fowler ( 1988). That is 
our rate for this critical reaction is about 74% that of TNH95 
(§ 2.2 ). This results in more carbon being created in our calcu- 
lations (Table 18). For the lighter stars studied this also 
translates into more carbon burning products—neon, magne- 
sium, etc. For the more massive stars the extent of convective 
shells changes this pattern. (2) TNH95 use the Schwartzschild 
theory for convection; we use the Ledoux criterion with modi- 
fications for semiconvection. In general, their convective shells 
have greater extent than ours (though sometimes we may have 
multiple shells where they have one). (3) We follow the com- 
position in each zone from the main sequence through explo- 
sion using the same 200 isotope network; TNH95 use a larger 
network for the explosion, but do not follow the presupemova 
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TABLE 18 
Comparison with Thielemann, Nomoto, & Hashimoto ( 1995 ) 

Species 
13 M0 

TNH95 
13 M0 

This paper 
15 M0 

TNH95 
15 M0 

This paper 

Mcuí/Mq 
Mjv/Mq 

12/^ 
160 20Ne 24Mg 28Si 32c 

36 Ar 40Ca 56Ni 

1.27 
1.18 

0.059 
0.21 

0.025 
0.0096 
0.048 
0.024 

0.0045 
0.0043 

0.15 

1.46 
1.41 
0.11 
0.27 

0.045 
0.016 
0.059 
0.026 

0.0045 
0.0036 

0.13 

1.33 
1.28 

0.083 
0.42 

0.028 
0.042 
0.065 
0.022 

0.0035 
0.0030 

0.130 

1.43 
1.32 
0.16 
0.68 
0.11 

0.027 
0.11 

0.063 
0.013 
0.011 

0.12 

Species 
20 M0 

TNH95 
20 M0 

This paper 
25 M0 

TNH95 
25 M0 

This paper 
Mcut/M© 
MFe/M0 12C 16o 20Ne 24Mg 28Si 32 c 

36 Ar 40Ca 56Ni 

1.62 
1.40 
0.11 
1.48 
0.23 
0.15 

0.083 
0.024 

0.0042 
0.0037 
0.074 

2.06 
1.74 
0.21 
1.94 
0.11 

0.031 
0.29 
0.15 

0.026 
0.014 
0.088 

1.77 
1.61 
0.15 
2.99 
0.59 
0.16 
0.10 

0.038 
0.0067 
0.0061 

0.052 

2.07 
1.78 
0.32 
3.25 
0.39 
0.11 
0.32 
0.14 

0.022 
0.017 

0.13 

evolution in such detail and, in particular, do not couple the 
large network to time-dependent convection. (4) TNH95 use 
different explosion energies, 1.0 X 1051 ergs for all their 
models; we use 1.2 X 1051 ergs. We simulate explosion with a 
piston. They deposit energy. (5) TNH95 do not include the 
neutrino process. (6) TNH95 consider only stars of solar (and 
occasionally LMC) composition and have not modeled Galac- 
tic chemical evolution to obtain consistent starting composi- 
tions for low-metallicity stars. (7) TNH95 have evolved he- 
lium cores. We have evolved entire stars. Moreover, TNH95 
assume that a certain relation exists between the helium core 
mass and the main sequence mass, 8 and 25 for example. 
Our relation, one that is actually calculated in a self consistent 
way, is different. For example our 25 MQ star (actually a 25.14 
M0, or 5 X 1034 g star) has a helium core mass of 9.21 MQ. Our 
larger helium core masses are probably a consequence of using 
the Anders & Grevesse (1989) helium mass fraction (0.275). 
A larger helium abundance leads to larger helium cores. 

Because of these differences: ( 1 ) We make more carbon, by 
about a factor of 2. As noted above this is a consequence of 
their larger rate for l2C(a, y)160. (2) The iron core masses of 
TNH95 are smaller. They do not allow the Ye discontinuity at 
the outer boundary of the silicon shell to inhibit the growth of 
the convective silicon shell. Their iron cores thus grow to the 
effective Chandrasekhar mass more readily, while we must oc- 
casionally go through additional stages of silicon shell burning 
leading to a tendency to overshoot MCh • Small iron cores may 
also indicate a lower entropy and steeper density gradient in 
the material just outside the iron core of TNH95. Their en- 
tropy could be lower because of more extensive convection and 
greater neutrino losses, but we are unable to ascertain this level 
of detail from what has been published. Also, our helium cores 
are larger (see difference [7] above). (3) We tend to make 

more intermediate mass elements, silicon through calcium, es- 
pecially in the more massive stars. In part this is because of 
our larger oxygen abundance [ 12C(a:, 7) 160 again] and larger 
helium cores, but may also indicate lower entropy and steeper 
density gradients in the region around the iron core where ex- 
plosive nucleosynthesis occurs. (4) We make many orders of 
magnitude more of certain trace isotopes like 60Fe. Our calcu- 
lations of 26A1 production also differs markedly. The synthesis 
of these isotopes is sensitive to following the composition of 
the presupernova star very carefully, especially the coupling of 
the large network to convection during the last few hours of 
neon and oxygen burning. (5) Because we evolve the entire 
star, we can make predictions regarding the synthesis of species 
in the hydrogen envelope, e.g., 170, that TNH95 cannot. 

We certainly agree with TNH95 that the explosion mecha- 
nism, and in particular the mass cut, remains a major uncer- 
tainty in both our models, but all in all, with the exception of 
trace isotopes alluded to above, the agreement between our two 
studies is not too bad. 

Many processes and sites have been discussed in this paper 
for the synthesis of the elements lighter than zinc. As a road 
map for the reader, we provide Table 19 giving our best current 
estimate of where the various isotopes are predominantly 
made. When more than one entry is given, a priority ranking 
has been attempted. Here “BB” stands for the big bang (e.g., 
Walker et al. 1991 ); “L*” is low-mass stars (M ^ 8 \ e.g., 
Renzini & Voli 1981 ) or in some cases AGB stars (Sackmann 
& Boothroyd 1992); “CR” is cosmic-ray spallation (e.g., 
Prantzos et al. 1993); “Nova” indicates classical novae (e.g., 
Woosley 1986); ‘V” is the neutrino process (Woosley et al. 
1990 ) ; and “la” is Type la supemovae (Nomoto, Thielemann, 
& Yokoi 1984 for ordinary la’s which are assumed to ignite at 
the Chandrasekhar mass; Woosley & Eastman 1995 for the in- 
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TABLE 19 
The Origin of the Light and Intermediate-Mass Elements 

Species Origin Species Origin Species Origin 

2H 3He 4He 6 Li 7Li 9Be 10B 11B 12C 13p 
14N 15N 160 170 180 19f 20Ne 21Ne 22Ne 23Na 24Mg 25Mg 26Mg 27A1 28Si 

BB 
BB 

BB,L+ 

bb,l*,h 
CR 

BB,i/,L*,CR 
CR 
CR 

v 
L*,He 
L*,H 
L*,H 

Nova,i/ 
He 

H 
He 

i/,He 
C 

C,He(s) 
He 

C,He(s),H 
C,Ne 

C,Ne,He(s) 
C,Ne,He(s) 

C,Ne 
x0,0 

29Si 30Si 31 p 
32s 33s 34s 36S 

35C1 37C1 36 Ar 
^Ar 40Ar 39K 40k 41k 40Ca 42Ca 43Ca 44Ca 46Ca 48Ca 45Sc 46Ti 
47Ti 48Ti 49Xi 

Ne,xNe 
Ne,xNe 
Ne,xNe 

x0,0 
xO,xNe 

x0,0 
Ne,xNe 

xO,xNe,i/ 
xO,xNe 

x0,0 
x0,0 
C,Ne 

xO,0.i/ 
C,Ne 

xO 
x0,0 

xO 
C,Ne 

a,Ia-det 
C,Ne 

nse-Ia-MCh 
û;,C,Ne,i/ 

xO, la-det 
xO, xSi, la-det 

xSi,Ia-det 
xSi,He(s) 

50Ti 50y 
51y 

50Cr 52Cr 53Cr 54Cr 55Mn 54Fe 56Fe 57Fe 58Fe 59 Co 58Ni 60Ni 61Ni 62Ni 64Ni 63Cu 65Cu 64Zn 66Zn 67Zn 68Zn 

nse-Ia-MCh 
Ne,xNe,xO 

a,la-det,xSi,xO,i/ 
xSi,xO,a,la-det 

xSi, o;, la-det 
xO,xSi 

nse-Ia-MCh 
la, xSi, V 

Ia,xSi 
xSi,Ia 
xSi,Ia 

He(s),nse-Ia-MCh 
He(s),a,Ia,z/ 

o;,la 
o;, He(s) 

a,la-det,He(s) 
o;,He(s) 

He(s) 
He(s), a 

He(s) 
He(s),o; 

He(s), o,nse-Ia-MCh 
He(s) 
He(s) 

ner neutron-rich regions of ordinary la’s—here called “nse-la- 
MCh”; Woosley & Weaver 1994 for sub-Chandrasekhar deto- 
nation models ‘Ta-He-det” ). All other entries refer to the burn- 
ing process in the massive stars considered here—H, He, C, 
Ne, O, and Si—responsible for producing the isotope, with a 
prefix “x” indicating explosive nucleosynthesis. 

In the Paper III of this series (Timmes et al. 1995a), which 
through inevitable variability in human schedules, was submit- 
ted before this one, we consider the outcome of Galactic chem- 
ical evolution when the nucleosynthetic yields presented here 
are combined with those from lower mass stars and Type la 
supernovae. We defer conclusions relating the yields calculated 
here to solar abundances to that paper. 
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