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ABSTRACT 

NUCLEOSYNTHESIS BY RAPID NEUTRON CAPTURE 

DURING EXPLOSIVE CARBON BURNING 

by 

W. Michael Howard 

The purpose of this calculation is to attempt to 

account for the solar system abundances of certain 

neutron-rich nuclei by rapid neutron capture upon various 

seed nuclei (Fe56, Ni58, Cr52, Ca40 and A36) in the iron 

peak region during explosive carbon burning. By assuming 

a Population I abundance of iron peak seed exposed to 

the temperatures and neutron densities of explosive 

carbon burning, we may account for the observed solar 

37 
system abundances of certain neutron-rich nuclei (Cl , 

A40, Ca46, Ca48, Ti50, Ni64, Zn66, Zn70 and Ge72). In 

addition, we will discuss the results of exposing a small 

abundance of iron peak nuclei to the conditions of 

explosive oxygen burning. 
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I. STATEMENT OF PROBLEM 

The purpose of this calculation is to study the 

effect of r-process nucleosynthesis upon various seed 

nuclei [Fe58, Ni58, Cr52, Ca48 and A36] in the iron peak 

region exposed to the conditions of a hydrodynamic 

explosion. We will assume a small fraction [f £ .01] of 

the solar abundance of the iron peak nuclei is exposed 

to the neutron flux and temperature conditions of explo¬ 

sive carbon burning [Arnett, 1969a] within expansion on 

a hydrodynamic time scale. Such an abundance distribution 

corresponds to Population I stars. We will demonstrate 

that such an exposure may result in producing the observed 

37 40 
solar system abundance of low abundant nuclei [Cl' , A , 

Ca48, Ca48, Ti88, Ni84, Zn88, Zn^8 and Ge^2] from the 

various seed nuclei. In addition, we will discuss the 

results of exposing a small fraction of the iron peak 

nuclei to the conditions of explosive oxygen burning 

[Truran and Arnett, 1970]. 

A great deal of success has been obtained in 

reproducing the observed abundance distribution by calcu¬ 

lating the nucleosynthesis that would take place under 

the conditions of supernovae explosions detonated by 

thermonuclear reactions [Arnett, 1967, 1968, 1969a, 1969b; 

Arnett and Cameron, 1967; Truran, Arnett and Cameron, 1967; 
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Truran, Arnett, Tsuruta and Cameron, 1968; Arnett and 

Truran, 1969c; and Truran and Arnett, 1970]. Solar 

system abundances or observed abundances are taken to 

mean those abundances as compiled by Cameron [1968]. 

Major success has also been attained in the mass 

region [28 £ A ^ 57], particularly for the abundance of 

alpha particle nuclei by silicon burning in quasi- 

equilibrium [Bodansky, Clayton and Fowler, 1968a,b]. 

28 
Quasi-equilibrium calculations (nuclei heavier than Si 

2 8 
are only in equilibrium with Si under the exchange of 

photons, nucleons and alpha particles and not among them¬ 

selves) for temperatures and densities in the range 

7 9 -3 
38 Tg £ 50 and 10 £ p ^ 10 g cm reproduces the solar 

.32 ,36 40 44 
system abundances of major nuclei [S , A , Ca , Ca ‘ , 

Sc45, Ti47, Ti48, Ti49, V51, Cr50, Cr52, Cr53, Mn55, Fe3' 

5 6 57 
Fe and Fe ] in the intermediate mass range. However, 

the abundances of s33. s34. s36, Cl35, Cl37. A38, A40 

K39. 

i—1 

o
 *
 Ca42, Ca43, Ca44, ca46. Ca48, Ti46. Ti 

V38 and Cr34 are not accounted for by this calculation. 

Explosive oxygen burning [Truran and Arnett, 1970] 

28 29 
can account for the solar system abundances of Si , Si , 

Si30, Pi31, S32. S33. S34. Cl35, Cl37, A36, A38. K39. 

41 40 42 46 52 
K , Ca , Ca , Ti and Cr . However, there are some 

nuclei in this mass range [28 £ A £ 57] that are not 
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36 40 43 
accounted for by either process, namely, S , A , Ca , 

Ca46, Ca48, K40, Ti50, V50 and Cr54. In the mass range 

[20 ^ A ^ 30] explosive carbon burning [Arnett, 1969a] 

can account for the solar abundances of all nuclei except 

28 21 
Si (produced in explosive oxygen burning) and Ne and 

22 Ne . 

A more recent calculation [Arnett and Truran, 1969c] 

has shown that the solar system abundances of major nuclei 

in the mass range 48 ^ A ^ 58 may be produced by explosive 

silicon burning at extremely high temperatures. Under- 

48 • 50 
produced nuclei in this mass range include Ca , Ti ', 

V80, V5^, Cr84 and Fe38. Thus the abundances of Ne2\ 

Ne22, S36, A40, K40, Ca43, Ca46, Ca48, Ti50, Cr54 and 

Fe38 are unaccounted for by any quantitative nucleosynthesis 

calculations. 

It is hoped that some of these nuclei can be 

processed in the thermal neutron bath from various seed 

nuclei in the gas mixture. Or, given conditions of 

temperature, density, alpha, proton and neutron mass frac¬ 

tions as a function of time in the gas mixture, what will 

be the result of exposing certain seed nuclei to such a 

thermal history? 

The numerical method of calculating the distribution 

of nuclei originating from initial seed nuclei used in 
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this calculation is essentially the one Arnett and 

Truran [1969b] used in their calculation of explosive 

carbon and oxygen burning. The rate of change with time 

of the number density, N(A,Z,t), of each nuclear specie 

is given by the differential equation linking all reac¬ 

tions that either create or destroy the nucleus. In the 

mass range considered in this calculation, Z is high 

enough that under conditions of explosive carbon burning 

all charged-particle reactions can be ignored. Also, on 

the short time scale considered, electron capture, 

position decay, and beta decay can be ignored during the 

synthesis. The calculation of beta decay rates will be 

discussed later. 

The appropriate differential equation becomes 

dN(A.Z.t) 
dt + n. n 

+ N(A + l,t)X^ n (A + 1) 

+ nn<CTv(A - l))nY N(A - l,t) 
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This equation represents a change in the number density 

of N(A,Z,t) by reactions of the type, 

(A,Z) + n -* (A + 1,Z) + Y 

(A + 1, Z) + Y -* (A, Z) + n 

Thus dN(A,Z,t)/dt will be determined by the rate of the 

above nuclear reactions. 

The effect of various other reactions on the reaction 

network [i.e., (p,n), (p,y)(a,y), (a,n)(a,p) and their 

inversed reactions] will be discussed later. The nuclear 

data for the calculations of the photodisintegration rates 

[i.e., the binding energies, nuclear mass excess, and Q 

values for the reactions and beta decay energies were 

taken from the semiempirical mass law of Seeger [1961)]. 

The effect of the choice of a mass law upon the calculation 

will be discussed later. Photodisintegration and reaction 

rates were taken from Fov/ler, Caughlan, and Zimmerman 

[1967]. Cross sections for the reactions in the network 

were obtained from calculations by Truran, Cameron and 

Gilbert [1966] and were compared to available experimental 

values [Macklin and Gibbons, 1965, 1967], Unknown cross 

sections for neutron rich isotopes were estimated. 

(A,Z) + y -* (A - 1,Z) + n 

(A - 1,Z) + n - (A,Z) + y 
gain of N(A,Z) 
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II. REVIEW OF THE THEORY OF SUPERNOVAE AND 

NUCLEOSYNTHESIS 

A. Possible Sites for Nucleosynthesis 

In their classic treatment of nucleosynthesis, 

"Synthesis of the Elements in Stars", Burbidge, Burbidge, 

Fowler and Hoyle [1957] discuss the nuclear processes 

that are thought to create energy and build elements within 

stellar interiors. They discussed eight nuclear processes 

that are thought to occur in four possible sites. 

1. Stellar Interiors 

During the normal (main sequence) stage of 

evolution of a star, hydrogen is transformed to helium 

through either P-P or C-N reaction cycles to maintain 

hydrostatic equilibrium balance between gravitational 

energy and nuclear energy generation. 

For a star to maintain hydrostatic equilibrium, the 

following energy relation must hold [Reeves, 1968a]: 

e 
g 

+ e 
n 

+ e 
v / 

where is the rate of energy generation in a star due 

to the gravitational potential energy; is the rate 

of nuclear energy generation; e ^ is the rate of energy 

loss due to photons and due to neutrinos in the star. 
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When the relation can no longer be maintained, some sort 

of hydrodynamic explosion must result. For a discussion 

of gravitational collapse of stellar cores see Arnett 

[1967] and for a discussion of the hydrodynamics of a 

supernova see Arnett [1966]. 

Neutrino losses will dominate over photon losses 

when T > 1 [Chui, 1966]. Among the predominate neu- 
9 

trino producing reactions in a stellar interior [Beaudet, 

Petrosian,and Salpeter, 1967] are: 

1) y + e- -* e~ + VQ + VQ (photo neutrino reaction) 

2) e + e v
e + 

v
e (

e pair neutrino reaction) 

in equilibrium at large T. 

3) y -» v + VQ (plasma neutrino reaction) 

in interaction with a plasma. 

These reactions will become important in the later stages 

of evolution as a highly efficient energy loss mechanism. 
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The proton-proton (P-P) cycle or the carbon- 

nitrogen (C-N) cycle furnish energy in the initial stages 

of nuclear processing. The C-N cycle is effective at 

chain are discussed in detail by Reeves [1965]. 

Although hydrogen burning constitutes the longest- 

lived energy source in a star, it does not contribute to 

the synthesis of elements beyond A « 4 . In the very 

late stages of stellar evolution, if a sufficiently high 

temperature is available, a helium burning chain follows 

12 16 
whose products are Cx and 0 

Between temperatures of 1 < T0 < 3 helium can 
O 

4 
react with itself. The fusion of 3 He (3a process) into 

12 C takes place in three stages: 

7 
T s 2 x 10 °K while the P-P chain is effective at 

7 
T ^ 2 x 10 °K. The reactions of the P-P chain and C-N 

4 4 
He + He (lifetime =“ 10 ^ sec) 

16 
The formation of 0 follows by: 

C 
12 

+ He 
4 

- 0 .16 + Y 
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In the concluding stellar evolution stages explosive 

carbon and oxygen burning takes place and may even deto¬ 

nate the supernova event. Hence, stellar nucleosynthesis 

could account for production of some nuclei with A ^ 40. 

Fowler and Hoyle [1964] suggested that perhaps the iron 

peak nuclei [50 ^ A ^ 66] could be produced in an equili¬ 

brium process before stellar explosion (see also Fowler 

and Vogl [1964]). Implosion of the core in such a case 

will result from the endothermic photodisintegration of 

Fe into free alpha particles, protons and neutrons 

[Type II Supernova, M ^ 30 M0 ]. Type I Supernova by 

58 56 
their calculations produce Fe > Fe 

Additional synthesis is thought to take place by 

the s-process in supergiants. Peters [1968] and Sanders 

[1967] have discussed the s-process in stellar interiors 

56 
after helium burning with Fe seed nuclei. The s-process 

will be discussed in more detail later. 

2. Primordial Fireball 

Nucleosynthesis calculations have been 

carried out for a primordial fireball origin of the uni¬ 

verse assuming the present day universe is filled with a 

photon gas of 3°K as measured by Penzias and Wilson [1965]. 

Wagoner, Fowler and Hoyle [1967] did a nucleosynthesis 
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calculation for the early stages of a primordial fireball 

universe and for supermassive objects. One major result 

2 3 4 7 
was that only D , He , He , and Li can be produced m 

significant amounts in very early universal nucleosyn¬ 

thesis. Present-day conditions were assumed to be 

-29 3 
TQ = 3°K and pQ = 2 x 10 gm/cm . The production of 

heavier elements would require either a significantly 

higher present-day density or a lower present-day 

temperature. 

The fireball nucleosynthesis, by adjusting the 

appropriate parameter, produces the observed mass fraction 

of helium (.2 £ HE £ .3). The marked deficiency of 

helium in some Population II (old) stars might imply later 

nucleosynthesis of an isotropic distribution of material 

processed in the primordial fireball. For a discussion 

of the nucleosynthesis of helium in stellar interiors see 

Truran, Hansen and Cameron [1966]. 

3. Supermassive Stars 

Fowler and Hoyle [1964] and Wagoner et_ al. 

[1967] have considered the possible synthesis of heavy 
3 

elements in extremely massive stars, M ^ 10 MQ . The 

existence of such objects in substantial numbers during 

the early history of the galaxy was proposed in an attempt 
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to explain the small abundances of heavy elements (of the 

order of one percent of the solar value) observed in the 

oldest Population II stars. Although the heavy elements 

produced in supermassive stars corresponded to those 

found in the oldest Population II stars, the relative 

elemental and isotopic abundances varied greatly from 

solar values. A mass fraction of helium in the observed 

range of .2 to .4 is produced in supermassive stars that 

have bounced through temperatures Tg ^ 20 . One should 

be able to predict the site of helium production in the 

universe by observing its mass fraction abundance. 

Population II stars are noticeably metal deficient which 

could imply synthesis of nuclei from original matter con¬ 

sisting only of light elements although normal metal dis¬ 

tributions are found in some old galactic clusters. For 

a detailed discussion of observed abundance features in 

stars see Bashklin [1965]. 

We are still forced to look for an additional site 

for the synthesis of the heavy elements. This fourth 

proposed site is supernovae explosions. 

4. Supernovae Explosions 

The conditions of temperature and high mass 

fractions of neutrons, protons and alpha particles in a 



-12- 

predicted supernova event provide favorable conditions 

for nuclear reactions to produce the heavy elements. 

Calculations of nucleosynthesis are based on two 

supernova mechanisms — (a) thermonuclear explosions and 

(b) the neutrino energy-transport mechanism. The thermo¬ 

nuclear explosion mechanism is due to Fowler and Hoyle 

[1964] and Arnett [1968], [1969b]. The neutrino mechanism 

is due to Colgate and White [1966], Colgate [1968], Arnett 

[1966, 1967] and Schwartz [1967]. Calculations of the 

nucleosynthesis due to such models have been carried out 

and from the results of these calculations the validity 

of the models can be determined. The neutrino transport 

model requires extremely high temperatures and densities 

[T > 10^°K, p > 10^0 g cm ^] since the density of 

regions immediately surrounding the core [the cutoff point 

for ejected material] must be large enough to enable neu¬ 

trinos leaving the core to interact before escape, and 

thus to heat this material sufficiently to provide expan¬ 

sion velocities in excess of the escape velocity. Arnett 

and Truran [1969a] have recently calculated the nucleo¬ 

synthesis that can occur in a neutrino-transport model 

supernova. They find that a substantial neutron enrich¬ 

ment occurs (N/Z & 2) [where N is # bound + free neutrons 

and Z is # bound + free protons]. 
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By calculating the relativistic chemical potential 

of the electrons as a function of P/Ue 
an<^ temperature 

using the Fermi-Dirac integrals one can calculate N/Z 

by the relation 

P P 

where r is the relativistic chemical potential of the 

electrons minus their rest mass and Q = .763 Mev . 

Neutron enrichment by weak interactions are ignored. 

However, in order to reproduce the solar system 

abundances one needs values of N/Z in the range 

1.001 £ N/Z ^ 1.01 . We can compare N/Z from explosive 

carbon burning, Arnett [1969a], Arnett and Truran [1969b] 

of N/Z » 1.002 -* 1.004 and explosive oxygen burning 

[Truran and Arnett, 1970] of N/Z 1.004 . Arnett and 

Truran also find that the estimated total mass fraction 

of heavy elements from nucleosynthesis with N/Z S: 2 

exceeds the observed solar system mass fraction of heavy 

elements by two orders of magnitude. 
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B. Processes for Nucleosynthesis 

1. s-process Nucleosynthesis 

2 
B FH(1957) were the first ones to outline 

in detail the s- and r-process for the synthesis of heavy 

elements. Clayton, Fowler, Hull and Zimmerman [1961] 

followed with a detailed analysis of the s-process. Then 

Seeger, Fowler and Clayton [1965] did calculations of 

s- and r-process nucleosynthesis using more recent experi¬ 

mental results on abundances and neutron capture cross 

sections. Sanders [1967] considered the s-process during 

thermal mixing cycles as calculated by Schwarschild and 

Harm [1967]. He considered convective zones in which 

protons from the hydrogen envelope were mixed with the 

products of helium burning. Calculations were carried out 

12 16 
for the interaction of the protons with c and 0 

Neutrons are produced by reactions like 

C12(p,Y)N13 (p+, V+)C
13 (a,n)016 - 6.37 Mev 

(.72Mev neutrino loss) 

Saunders concludes that the ratio of neutrons to Fe33 

seed nuclei is such to account for a solar mass of 

Population I observed s-process abundances. 
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The s-process represents neutron capture on a time 

scale long compared to beta-decay lifetimes while the 

r-process represents neutron capture on a time scale 

short compared to beta-decay lifetimes. For conditions 

the number density of neutrons), the neutron capture will 

follow along the line of beta stability. That is, neutron 

capture will follow along a line of a given series of 

stable isotopes until an isotope that is unstable to 3 

decay [ (Z,A) (Z + 1,A) + e + ] is reached. Since 

will 3 decay to its next stable isobar of higher Z before 

further neutron capture can proceed. Abundances produced 

by such a process are said to follow the valley of beta 

stability. 

The equations for puch a process, ignoring p and a 

reactions and photodisintegration, have been solved (see 

earlier quoted references). Under such assumptions the 

rate of change of the number density of (A,Z), z(t) ' 

as a function of time can be written 

16 2 
of low neutron fluxes (n V ~ 10 /cm sec where n is 

n n 

by definition « T. neutron capture 
the isotope (Z,A) 

dNA,Z ^ 

dt 

+ n (t) (av) 
n 
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where nn(t) is the number density of neutrons and 

(av)^ n is the reaction rate per pair of particles 

averaged over a Maxwellian velocity distribution. If 

one defines an integrated flux-time, T , as 

= / nn(t) V
T dt ' dT = nn(t) VT dt ' 

then 

dN. 
A 

dT = - (°A,Z HA,Z(t) - °A-1,Z NA-l,Z(t)) 

where 

and 

and 

O i 

06 x 10 (Tg)s cm/sec 

aA,Z “ <0V>A,Z/VT 

vT - - 4. 

M„M 
n = -■ K n a M 

MA+Mn n 

56 
For Fe as the initial seed nuclei, the following 

set of equations are solved. If A' is the last nucleus 

considered, then 

dN 
56 

dT - C56 M56 

dNA 

dT CT
A
N
A 

+ CT
A-I 

N. 
A-l 

57 £ A £ A' - 1 
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dNA' 

dT “ GA'-1 NA'-1 ' 

with the boundary conditions, 

Na(°) 

N56(0) 

0 

A = 56 

> 

A > 56 

The appropriate path through Z must be determined by the 

beta decay rates. 

The solution to this set of coupled differential 

equations can be found by Laplace transforms and is 

k 

Nk (T) = Hl(0) £ Cki e- °i
T 

i=l 

where A - 55 

and 

alCT2CT3 * * 
,a 

k-1 

°kl (ak-a.) .... (a2-a.) (a^a.) 

and assuming ^ o\ omitting 
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A good approximation ("local approximation") for 

s-process nuclei at non-magic numbers of protons or 

neutrons is CT
A(
N
A) = CT

A-1 ^
N
A-1^ ' where (NA) 

s s s 

designates the s-process contribution to the abundance. 

A convenient quantity to define is f^Cr) • 

The value of T can be determined for any neutron flux 

distribution. 

Solutions to the equations can be approximated for 

the constant cross-section case (i.e., = a) 

section factor per initial seed nucleus. 

To evaluate aT 

CTT 

(CTV) • J* n(t)dt 

(k-l)l (ctt) 
k-1 —CTT 

e 

1 

k 
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The approximate solution is found by choosing for 

each k values of two numbers and m^ such that 

A 

(t + 0 " (fe + OCofr + I)(S?-T + 1)” k-1 k-2 

where and X^ are set to be 

"be 

k 

I Vo, / l (l/oj 
ti=l i=l 

and X, 

I VO, 
i=l 

l (yj 
i=l 

then the approximate solution becomes 

m,-1 
X, (X, T ) - X, T 

\Jr (T) m   e good within 10% 
(mk> 
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We then have a method of calculating s-process abundances 

as a function of neutron exposure T , assuming that the 

neutron binding energies are high enough or that the 

temperature is low enough (T^ £ 1) that photodisinte¬ 

gration rates are unimportant. The calculations of the 

3 6 neutron exposure to A could be approximated in this 

manner since the neutron cross sections are low enough 

that the neutron flow does not have time to reach isotopes 

of low neutron binding energy. 

reaction rate per pair of particles for a neutron inter¬ 

action. The rate of the backward reaction, r^ > is the 

2. r-process Nucleosynthesis 

Consider nuclear reactions of the form 

(A-1,Z) + n st (A,Z) + Y + Q 

The rate of the forward reaction, r^ , is simply 

r. = n (CTV) , , the neutron number density times the 
1 n n, Y 

r 2 

• <a(A-l,Z)v> exp(-Qn/kT) sec 
“ / y 
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where gQ = statistical weight of nucleus (A-1,Z) 

g^ = statistical weight of a neutron = 2 

g2 = statistical weight of nucleus (A,Z) 

A , A^, A2 are atomic masses of the reactants 

A = A-l o 

A2 = A 

A = 1.008665 

A = 1.007825 
P 

M 
_1
 = NA = 6.02252 x 1023 g_1 u A ^ 

<CT(A-1,Z)V) = the reaction rate nucleus for 
n, Y 

(Z,A-1) interacting with neutrons per unit 

volume 

Qn = binding energy of the last neutron on 

nucleus (A,Z) 

Then 

\,n<R'Z> 
188578 * 1q34 (■■■•■0086f (a-1)) 

3/2 

o /o /—11«605Q^.\ n 
Tg 

X <CT (A-l,Z)v>n^ Y exp^   ) sec 
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g 
where Q is in Mev and Tn is in units of 10 °K . 

When rate (1) = rate (2) the reaction is said to be in 

nuclear statistical equilibrium. 

In r-process nucleosynthesis the neutron capture 

than the beta decay rates. Hence neutron capture will 

proceed along an isotope chain until the binding energy 

of the last neutron is small enough such that 

^(A,Z) £ (a (A-1,Z) v >n y . At this point the process 

must wait for a beta decay to an isobar of higher Z before 

the process can continue. These waiting points are at 

extremely neutron rich isotopes so that beta decay life¬ 

times are on the order of seconds. When a chain of iso¬ 

topes is in equilibrium with respect to the (n,Y) reactions 

(neglecting all other reaction rates), the equilibrium 

abundances can be found as a function of temperature and 

neutron density with the aid of the Saha statistical 

relation 

23 -3 
rates are assumed (n ^ 10 cm ) to be much greater 

x 1.188578 x 10 

equilibrium 

n (CT (A—1, Z) v ) 
n v ' n,Y • 

rate (2) 

rate (l) 
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The following table gives the statistical weights used 

in this calculation. 

TABLE OF STATISTICAL WEIGHTS 

Element G(A) 

Fe odd A 1.0 

even A 1.0 

Ni odd A 4.0 

even A 1.0 

A odd A 4.0 

even A 1.0 

Cr odd A 6.0 

even A 1.0 

Ca odd A 8.0 

even A 1.0 

The statistical weight factors were taken from Truran 

ejt al. [19 66] and were assumed to be constant of 

temperature. 

At a given Z , Qn generally decreases with 

increasing A . For even Z nuclei, even A generally 

have a higher values than its forward and backward 

neighbor, while for odd Z nuclei the odd A ones 

generally have the higher Qn values. If one is consi¬ 

dering a r-process reaction chain on a time scale short 

compared to the beta decay lifetimes, the most abundant 



specie will be the nucleus directly preceding the one 

with the "waiting point" Qn value for the particular 

values of temperature and neutron density. Typically 

N = 40, N = 82, and N = 126 (magic number of neutrons) 

are waiting points in the r-process chain, since N = 41, 

occur at these magic numbers. The products of the 

r-process will then beta decay toward the valley of beta 

stability to their first stable isobar after irradiation. 

In addition, the r-process can synthesize elements in the 

region A £ 209 (trans-uranium elements). A waiting point 

(Z,A) for typical r-process conditions (T^ 1 and 

24 -3 
nn « 10 cm ) would require Qn(Z,A+l) » 2 Mev . 

•• Seeger, Fowler and Clayton [1965] calculated the 

time for the r-process to proceed through the entire chain 

of elements for various conditions of temperature and 

neutron density. A typical cycle is 4.9 seconds for 

24 -3 
T.~ = 1.0 and n =10 cm . All the cycle times that 9 n J 

they calculated for a range of neutron densities 

18 32 —3 10 £ nn £ 10 cm and a range of temperatures 

.6 ^ Tg ^ 3.6 are long compared to the time that nucleo¬ 

synthesis models like explosive carbon burning maintain 

conditions of high neutron density and high temperature. 

83, 127 have very high X X rates. Since Y,n 

a buildup of the isotopes will 
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The cycle time is directly dependent upon the beta decay 

rates of extremely neutron rich isotopes which are calcu¬ 

lated from theoretical mass laws and could be inaccurate 

by as much as a factor of ten. High neutron densities 

were required above > 1 so that 

X (A,Z) » X,, (A+1,Z). Unrealistic neutron densities 

compared to Arnett's nucleosynthesis models are required 

to maintain the relationship above = 2.6 . 

Seeger [1966] has done an r-process calculation 

assuming equilibrium between (n,y) and (y,n) reaction 

rates. Assuming r-process temperatures and neutron densities 

[log nn = 24, T^ = 1.0], nuclear statistical equilibrium 

is calculated among the isotopes for each value of Z . 

The most abundant nuclear specie for each value of Z will 

then determine an r-process path. This path is far to the 

left of the beta stability line on the Z-N chart. The 

nuclei will then beta decay to its nearest stable isobar. 

The cycle time for a seed nucleus to run through the 

r-process chain is dependent on the beta decay at the 

magic number of neutrons or decay of Zn®^, Cd^® and Tm^^ 

(Tcyde = 4*9 sec). Seeger also does the r-process 

calculation for various mass laws. 
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3. p-process Nucleosynthesis 

64 60 6R 
Some nuclei (notably Fe , Cr , Ni ) do 

not lie on the s-process path and are blocked from the 

r-process by stable isobars with lower Z . High mass 

fractions of protons in explosive oxygen burning are 

promising for the creating of these nuclei. The p-process 

mechanism is similar to the r-process only that protons 

are involved instead of neutrons. 

Ito [1961] has discussed a method of calculating 

the abundance of proton rich nuclei produced under condi¬ 

tions of explosive oxygen burning. Ito assumes that (p,y) 

and (Y»n) reactions are the two effective reactions in 

producing p-process nuclei. He states that (p,y) reactions 

are operative at T^ » 3 for low mass and (y,n) reactions 

are operative at w 2.5 for heavy mass nuclei. He then 

solves a six nuclei reaction network of (p,y) and (Y/P) 

reactions. These equations can be used to solve (p,Y) 

56 5 6 and (Y/P) chains on Ni and Fe in explosive oxygen 

burning [(p,n) and (p,y) reactions will predominate 

over (n,Y) reactions]. 
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C. Models for Supernovae Nucleosynthesis 

Extensive nucleosynthesis calculations have 

been carried out by Arnett and Truran on the thermonuclear 

explosion mechanism for supernovae [Arnett (1969a); Truran 

and Arnett (1970); Arnett and Truran (1969b); and Arnett 

and Truran (1969c)]. These calculations include: 

1. Explosive Carbon Burning, Arnett [1969a], 

Arnett and Truran [1969b] 

Arnett [1969a] followed the nucleosynthesis 

12 12 
of the C + C reaction on a hydrodynamical time scale. 

It is under the conditions of explosive carbon burning 

that the rapid neutron capture calculations are carried 

out in this paper. The hydrodynamic time scale for the 

explosion is approximated by 

T HD 
l 

/24TTGP 

446 sec 

-3 dP when p is in units of g cm and ^ = 0 (condition of 

free fall). The characteristic time scale T for carbon 
c 

burning in the temperature region T^ « 2 is given by 

l°g10 Tc „ 37.4/T9
1/3 25.0 - log^Q p 

When T is equated to T ^ 
c ^ HD 

relationship is obtained. 

, a temperature-density 
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We will assume that the expansion is adiabatic. 

* * 3 
T/T = 1/3 p/p or p a Tg , and, in particular, follows 

one adiabate p = 1.715 x 10° 

Arnett chose 50% , 48% 0^ and 2% 0^ by mass 

as a typical initial composition. He finds that although 

decreasing the time scale increases the expansion time 

scale, it has little effect upon the final abundance 

distribution. Arnett's major conclusions are: 

20 23 24 25 26 ,27 .29 

.30 

a) Ne , Na , Mg , Mg , Mg , Al ', Si“^ and 

Si“’w are all formed in excellent agreement with observed 

solar values, 

. . 13 14 15 -17 .18 „ 21 . „ 22 , 
b) C , N , N ,0 ,0 , Ne and Ne are not 

formed in explosive carbon burning, and 

9 -3 
c) Material processed through p > 10 g cm and 

T ^ 10^'*'°K would move rapidly through the iron peak on an 

expansion time scale many times shorter than the hydro- 

dynamic time scale. 

As a note to (c), Wagoner [1968, 1969] has carried 

out nucleosynthesis calculations for temperatures 

10 -4 
T ^ 10 °K and expansion time scales T ^ 10 . For 

ri D 

baryon densities along the adiabatic, 

p^ = (10^ -* 10^) (T/10^°K) ^ , Wagoner finds the abundances 

calculated (A ^ 27) fall within observed abundances, but 
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rapid expansion time scales are necessary to prevent beta 

decays of the neutrons. It seems that Arnett's slower 

time scales and lower temperatures is a more feasible 

environment for producing the observed abundances of the 

elements. Hydrodynamic calculations of supernovae seem 

to imply even longer expansion time scales than the 

gravitation time scale. 

2. Explosive Oxygen Burning, Truran and 

Arnett [1970] 

To reproduce the abundance of nuclei in the 

intermediate mass range 28 ^ A ^ 48 , Truran and Arnett 

have explosively burned the products of constant tempera- 

1fi 24 25 26 .29 
ture carbon burning, O , Mg ' ' and Sx . Again, 

the hydrodynamic time scale is set equal to the oxygen 

burning lifetime and a temperature density relationship 

is obtained. 

log1Q p = - 81.5 + 1.3 log1() Tg + 126.6/Tg
1^3 

This relation predicts that for densities in the 

range 103 g cm £ p ^ 10° g cm oxygen burning tempera¬ 

ture are in the range 3 ^ Tg ^3.5 . These temperatures 

are considerably hotter than explosive carbon burning 

temperatures. Photodisintegration rates such as (y,n) 
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and (Y,p) will be greatly enhanced since 

3/2 
exp(-const/T) In addition, while in explosive 

x 
\ a T 

carbon burning —^ w 1 , in explosive oxygen burning 

4 Xn 

x /x « 10 and hence (p,n) and (p,Y) reactions will 
P ^ 

be greatly enhanced. Indeed, (p,n) and (p,Y) rates 

should exceed (n,Y) rates and many proton rich or 

p-process nuclei should be made. 

Calculations were carried out for three initial 

compositions. 

A 

B 

and 

X(016) = 0.56 

24 
X(Mg = .30 

X(Mg26) = 13 n 

X(Si28) = 0.14 

x(c12) = x(o16 

X (Mg26) = .02 

X(A127) = .04 

X (Si28)   .96 

13 n 

= .49 

where 

JL 
Z 

n 1 
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To reproduce the solar system abundances n has the 

40 40 
value .0015. Underproduced nuclei include A , K , 

Ca43 ' ^ • 46'48^ gc43, Ti4^ and Fe34 in compositions A 

2 8 
and B. Composition Bf Si burning, will not proceed 

very rapidly at explosive oxygen burning temperatures. 

9 28 
(Tg 5: 4.2 x 10 °K is required for substantial Si 

burning.) The reaction network for explosive carbon 

burning and oxygen burning proceeds on the proton rich 

side of the beta stability line. As a result, most 

positron decay or electron capture to stable isobars. 

Thus nuclei shielded by stable isobars with higher Z 

can not be made in these calculations. Examples of such 

nuclei are S36, K40, Ar40, Ca46, Ca48, Ti50, V50, Cr54, 

and Fe 58 

1? 
3. Nucleosynthesis in the C " Detonation 

Model, Arnett and Truran [1969c] 

Arnett considers the explosive ignition of 

12 12 
C + C under conditions of such a high density 

1X -+12 3 [p/pe 10 g cm ] that plasma-neutrino energy loss 

is no longer effective in stars of the mass range 

12 16 
4 MQ ^ M ^ 9 MQ . Arnett's core composed of C and 0 

would be supported by electron degeneracy pressure. For 

a given temperature the neutrino energy loss rate goes 
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through a maximum and then decreases for increasing 

12 
density. Because of the high densities involved in C 

9 —3 ignition (p « 10 g cm ) electron screening effect 

on the effective charge of the nuclei had to be taken 

12 12 
into account (this tends to enhance the C + C reaction 

4 
rate by a factor of 10 ). Since the plasma is degenerate, 

a large increase in temperature will result in an insig¬ 

nificant rise in inward pressure. Thus as soon as the 

nuclear energy generation rate can exceed the plasma neu¬ 

trino loss rate, an unstable situation develops. Unknown 

neutrino energy loss mechanism operative at high densities 

12 12 
may prevent the explosive nature of C + C from 

disrupting the star. 

12 For the C detonation model supernova, peak 

temperatures and densities are in the range T^ « 8.3 and 

9 -3 
p « 1.70 x 10 g cm . For A > 16 , only proton and 

alpha particle reactions were considered in the reaction 

network. At these temperatures and densities one essen¬ 

tially is calculating explosive silicon burning. At these 

temperatures silicon burning will go to completion and 

equilibrium reactions are established very quickly. This 

calculation accounts for major nuclei in the mass range 

56 56 
48 £ A. £ 58 , Fe (formed as Ni ) being the most abundant 

nucleus product. The relative abundances of the neighboring 
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nuclei depend on the degree of neutron enrichment 

assumed, n = .002 provides good agreement with solar 

values in the region, especially Fe^, Ni^, Fe^, 

Cr^, Mn^, Ti^®, Cr5^, and Cr^. However, Ni^, Co^, 

as well as Ti^, Cr^, Fe^® and V^, are well under¬ 

produced in these calculations and need to he formed in 

some modified neutron capture process. Calculation of 

silicon burning at intermediate temperatures will 

probably yield agreement of abundances of more nuclei 

with solar system values. 
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III. DETAILS OF r-PROCESS CALCULATION 

A. Nuclear Reaction Rates 

1. Nuclear Cross Sections 

Cross sections used in this paper were 

calculated from Truran, Cameron and Gilbert [1966]. They 

fit the nuclear reaction rate for a pair of particles 

over a temperature range 1 i 9 to an expression of 

the form 

gT<crv> = exp (F^ + F2/Tg
1//3 + F3/Tg)/Tg

3//2 x 10-24 cm3/sec 

where F^ , F2 and F^ are given for various reactions on 

various nuclei. The calculated reaction rate for a pair 

of particles were found to vary only slightly over the 

temperature range considered in the explosive carbon 

burning calculation (1 ^ Tg ^ 1.8) and were thus assumed 

constant, g^ is the nuclear partition function of the 

target nucleus. Neutron cross sections for neutron rich 

even A nuclei whose cross sections were not known were 

taken to have the same value as the first known neutron 

cross section for an even A nuclei in the isotope chain. 

Likewise, neutron cross sections for neutron rich odd A 

nuclei whose cross sections were not known were taken to 

have the same value as the first known neutron cross 

section for an odd A nuclei in the isotope chain. 
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The thermally averaged reaction rate per pair of 

particles (or the probability per unit time that two 

particles will react with each other) is defined as 

00 

j* CT(V)V N(V) dv 

f v Vt 
<CTV> =   

00 

J* N(v) dv 
o 

where N(v) is the Maxwellian distribution of particles 

with velocity v at temperature T 

N(v,T) 4TTV 
M f/2 

2rrkT/ 
exp (- 

Mv2 ^ 
2kT / 

and where M = M^M^/(M^ + M2) is the reduced mass of the 

two interacting particles. In terms of energy the 

expression becomes 

<GV> = \m) (kT) / ECT(E) exp(" k?) dE 
Et 

where Et is the threshold energy of the reaction 

Et = E3 + E4 - Q ' 
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where E^ and E^ are the final kinetic energies of 

the resultant particles and Q is the energy release 

of the reaction. 

The nuclear partition functions g(A,Z,T) are 

defined as g(A,Z,T) = ^2 J\ + l) exp (-E^/kT^ where 
i 

J\ and E^ are the spin and energy level of the i 

state of the nucleus. Only the ground state energy levels 

of the nuclei are considered in this calculation. One is 

still faced with calculating the cross section as a 

function of energy a(E) . 

For non-resonant charged particle reaction a good 

approximation to the form of cr(E) is 

CT(E) = exp (- 2TT Z1Z2e
2/hv) 

where S(E) is constant'or slowly varying function over 

the specified area of energy. Then in the non-resonant 

case (ov) becomes 

<<TV> = (S&T) 7 l S(E) exP (‘ M ' A) ~ 
where 

b = 0.989 Z-^A1/2 Mev1//2 

and 

A = A-jA^/ (A^ + A2) . 
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The maximum contribution to the integral will come at 

the optimum bombarding energy EQ . 

/ 9 2 2\l/3 
EQ = 0.122 Z2 ATg'J Mev » kT . 

For non-resonant reactions S(E) can be expressed 

in the form S(E) = S (0) + < ) E where S(0) and 

dS 
< ^g- ) are determined from experiment. 

The halfwidth of the Gaussian peak is given by 

/ 2 2 5 
AEQ = .198 VZ1 Z2 

MT9 / Mev * 

For a reaction to be energetically possible, if Q < 0 , 

then E^ ^ |Q| Q < 0 for the reaction to proceed. 

Since EQ » kT , reactions will favor the high energy 

tail of the Maxwellian distribution of neutrons. 

For resonant charged particle reactions (crv) is 

given by the Breit-Wigner single level formula. Speci¬ 

fically, one considers a resonance of energy E^_ and 

spin J . Designating the widths for the entrance and 

exit channels by r and ro respectively the cross 
CX p 

section is given by 
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CTap(E) = nX
a9 

rZL 
(E-Er)

2 + (r/2)2 

where Xis the reduced DeBroglie wavelength 

[Xa = h/(2nMkT)^2J for the incident channel; r is 

the total width for the decay of this nuclear compound 

state and g is the statistical factor. 

(2 J + 1) 
9 (2S + 1) (21 + 1) 

where S is the spin of the bombarding particle and I 

is the spin of the target nucleus and J = S + I . Then 

(CTV) becomes in the resonant case 

<av> 

_ 2 
Xa rarB e"

E^TE 
(E-Er)

2 + (r/2)2 

For a sharp resonance, 

S 
E. 

 cffi 

(E-Er)
2 + (r/2)2 

P3 !  dE  

(E-Er)
2 + (r/2)2 

2rr 

r 

dE 
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Then the expression for the thermally averaged reaction 

rate per pair of particles is given by 

<av> = (E ) 
' r 

E e 
r 

-E AT 
r ^rar6 

v r ) E 
r 

For non-resonant neutron reactions at low energy 

(kT few kev) [kT = 86.16 Tg kev] the neutron cross is 

represented in the vicinity of a resonance by the Breit- 

Wigner single level formula 

n,p = n xn g 

T rp n P 
(E-Er)

2 + (r/2)2 

where ro = (T , T , T, etc.) is the width of the 
p CX p a. 

outgoing particle and F is the total width. For 

|Er I » E ~ kT ; then a a and (ov) is approximately 

a constant. In the region of Tn 2: 1 (the temperature 

range of interest in this paper), one must seem over 

many closely spaced resonant energy levels. 

Macklin and Gibbons [1967] have recently measured 

neutron cross sections at the energy range of interest 

in this calculation (30 £ kT £ 220 kev) on Ni and Fe. 

A comparison of these values with values calculated by 

Truran e_t al_. [1966] follows. 
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At E = 125 kev (T_ = 1.45) 
n y 

cr(mb) mb = 10 

Truran et al. Macklin and Gibbons Theoretical 
[1966] [1967] Experimental 

_ 56 Fe 6.587 7.2 .915 

58 Ni 12.218 14.1 .867 

E 
n = 150 kev (Tg = 1.74) 

_ 56 Fe 6.390 12.4 .515 

58 Nl 12.420 29.2 .425 

It would seem that Truran's theoretical cross 

sections slightly underestimate the experimental cross 

sections for Ni and Fe. 

A recent calculation by Bahcall and Fowler [1969a] 

has shown the effect of the excited states of the target 

nucleus in the temperature range (T^ S: 1) in the 

determination of the reaction rate per pair of particles 

<CTV) . Their result for the reaction rate per two 
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particles for the reaction 0+l-*2 + 3+ Q 

(resonance) is 

All States 
<av> 

01 - 23 

—2 
2TT h \ 
oikT; 

3/2 

G0G1 
I (2 Jr + 1) 

* exp (- ErAT) (vr/h) 

where 

Y r 

S 
'e 

01 
s r, 

23 

) 

and is partition function of nucleus .i . 

n 

Gi = I (2 j0
e + L)exp (_ Eie/kT) 

e=0 

where 

0 
JQ = spin of excited state 

e 
and 

E . 
l 

energy of excited state 
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0 
and £eI\ j is the sum over the relevant particle decay- 

widths for states of nuclei i and j . They find for 

F^(p,a) 0^ the reaction cross sections are bigger by 

a factor of 4 to 10 than the ground state cross section. 

19 20 In the reaction F (p,y) Ne , the excited states 

contributed little to the cross sections. When experi¬ 

mental data on the various particle widths are not 

available, then 

<orv> = Y, PQ
e = <crv>g 

e 

Thus for nuclei with unknown experimental particle 

widths, the best approximation is (cv) = <CTV) 
9 

We are lead to the conclusion that not taking into 

account the excited nuclear levels in the cross sections 

is not a significant error since the ground state cross 

sections are based on theoretical parameters. 

The table shows the reaction rates per two particles 

for neutron interactions used in this calculation. 



Fe 

A 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 
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REACTION RATES 

\ 3, ,_18 CTV) cm /sec x 10 

Ni 

A {CTV ) cm^ 

3.4286 (Calculated) 56 3.396 

10.2858 57 8.118 

3.4286 58 6.138 

10.2858 59 37.400 

3.4286 60 3.396 

10.2858 61 8.118 

3.4286 62 3.396 

10.2858 63 8.118 

3.4286 64 3.396 

10.2858 65 8.118 

3.4286 66 3.396 

10.2858 67 8.118 

3.4286 68 3.396 

10.2858 69 8.118 

3.4286 70 3.396 

10.2858 71 8.118 

0 72 3.396 

73 8.118 

74 3.396 

75 8.118 

76 3.396 

77 8.118 

78 0 

(Calculated) 



Cr 

A 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

A 

A 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 
46 
47 

48 
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REACTION RATES 

(Continued) 

(av) cmVsec x 10^ 

1.3 (Calculated) 

2.6 

1.3 

2.6 

1.3 

2.6 

1.3 

2.6 

1.3 

2.6 

1.3 

2.6 

1.3 

2.6 

0 

Ca 

A 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

(av) cra^/sec x 10^. 

1.273 

1.060 

2.164 

0.4748 

1.086 

1.060 

1.273 

> (Calculated) 

1.060 

1.273 

1.060 

1.273 

1.060 

1.273 

1.060 

0 

(CTV) cm /sec x 10 
19 

2.907 

2.481 1 

1.094 [ 

8.880 J 

2.907 

2.481 

(Calculated) 

2.907 

2.481 

2.907 
2.481 
2.907 

2.481 

0 
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2. Beta Decay Rates 

Beta decay rates were calculated from 

Seeger, Fowler and Clayton [1965] and from Fowler and 

Hoyle [1964]. Seeger, Fowler and Clayton [1965] , 

assuming a value of 5 for log ft, give the expression 

for the probability of beta decay of nucleus (Z,A) as 

Xp(Z,A) 
10 

-5 W 

18 • ln2 A 
o -1 

sec 

= 8.015 x 10 7 A 1 W 6 sec 1 
o 

where A is the average spacing of the daughter nucleus 

in Mev and W is the nuclear mass difference between 
o 

the parent and daughter nuclei in Mev. 

WQ = [jM(Z,A) - M (Z+l,A) + Me] e
2 = Q^- + .511 Mev , 

where Q - is the total kinetic energy available in beta 
P 

decay. 

A 1 = exp (A/290) H 

H 

mass M2 Ml Spherical 

even-even 0.22 0.97 1.36 

odd mass 0.60 1.67 5.00 

odd-odd 7.50 8.60 15.00 

A <: 150 
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where M2 designates that the nucleus has both a number 

of protons and neutrons within one of a magic number and 

Ml designates that either the number of protons or 

neutrons is within one of a magic number and otherwise 

spherical. Results of the calculation for the pertinent 

nuclei are shown in the following table. 

The sixth power dependence on WQ arises from an 

• . 5 integration of the usual f ot W approximation over all 

states in the daughter nucleus from 0 to W . The 

approximation is to be used far from the beta stability 

line on the neutron rich side, but the results can be 

compared against the half-lives of the most neutron rich 

isotopes known. The calculated half-lives were system¬ 

atically too short by a factor of 3.3 compared to laboratory 

values. However, at high temperatures, beta decay from 

thermally excited states will shorten half-lives by 

considerable factors compared to laboratory measurements 

and so the factor 3.3 has not been removed (good to a 

factor of 10). 

Beta decay rates were calculated also from expressions 

by Fowler and Hoyle [1964] 

_ = 0.80 x 10-5 Z |M |
2

 (Q 5 + 2.56 Q 4 + 2.61 Q 3) sec-1 , 
j \ a a a/ 9 X 



where 

Q n 
total energy available for |3 decay 

(including electron rest mass) , 

and 

Z Z (final) 

and |M| is defined as an effective matrix element for 

the transition. Log ft is related to |M| by 

log ft = 3.78 - log |M| 
2 

If we assume log ft = 5 , we obtain the following 

expression for the beta decay rate 

The beta decay rates are tabulated for nuclei used 

in the reaction network for which experimental beta decay 

rates were unavailable. The beta decay lifetimes as 

calculated by Seeger, Fowler and Clayton [1965] were 

generally a little shorter than lifetimes calculated by 

Fowler and Hoyle, although they are in good agreement. 

X 
O') 

4.820 x 10"7 Z 



z 

18 

18 

20 

24 

24 

26 

26 

26 

26 

26 

26 

26 

26 

26 

26 

26 

28 

28 

28 

28 
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BETA DECAY RATES 

[Seeger, Fowler, Clayton (1965)] 

A W (Mev) X (Z, A) (sec 1) X L(Z, ,A)(sec) 

43 4.698 4.997 X 10-2 2.001 X 101 

44 2.863 6.987 X 10"4 1.431 X 103 

51 10.258 9.575 1.044 X 10-1 

65 13.416 2.924 X 101 3.420 X 10-2 

66 11.467 3.431 X 101 2.914 X io-2 

62 2.256 1.125 X io"3 8.886 X io2 

63 6.160 9.087 X io“2 1.101 X io1 

64 4.329 5.655 X io-2 1.768 X io1 

65 8.114 4.780 X 10"1 2.092 

66 6.236 5.090 X 

rH
 1 O

 
t—1 1.964 

67 9.921 1.608 6.219 X lo"1 

68 8.007 ,2.296 4.356 X 10_1 

69 11.614 4.168 2.399 X io-1 

70 9.627 6.987 1.431 X io"1 

71 13.235 9.188 1.088 X io"1 

72 11.246 1.787 X io1 5.597 X io-2 

68 2.873 4.899 X io"3 2.041 X io2 

69 6.539 1.328 X io"1 7.532 

70 4.600 8.315 X io“2 1.203 X io1 

71 8.247 5.379 X io-1 1.859 
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Z A WQ (Mev) X (Z,A) (sec 1) X 1(Z,A)(sec) 

28 72 6.288 5.460 x 10 x 1.832 

28 73 9.883 1.604 6.233 X 10_1 

28 74 7.923 2.201 4.544 X io_1 

28 75 11.487 3.983 2.511 X io_1 

28 76 9.545 6.776 1.476 X 

i—1 I o
 

I—1 

28 77 13.091 8.786 1.138 X 

1—1 I o
 

1—
l 

28 78 11.179 1.535 x 101 6.513 X lo"2 



z 

18 

18 

20 

24 

24 

26 

26 

26 

26 

26 

26 

26 

26 

26 

26 

26 

28 

28 

28 

28 
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BETA DECAY RATES 

[Fowler and Hoyle (1964)] 

A Q (Mev) 
a. 

\ (Z, A) (sec 1) x 1 o’ ’) (sec) 

43 4.187 2.075 X 10 2 4.820 X IO1 

44 2.352 1.688 X 10-3 5.925 X io2 

51 9.747 1.149 8.704 X io-1 

65 12.905 5.237 1.910 X io"1 

66 10.956 2.388 4.187 X io-1 

62 1.745 7.000 X 10"4 1.429 X io3 

63 5.649 1.149 X io_1 8.701 

64 3.818 1.953 X io-2 5.120 X io1 

65 7.603 4.569 X 10_1 2.189 

66 5.725 1.229 X io"1 8.13 6 

67 9.410 1.250 8.001 X 10"1 

68 7.496 4.275 X io"1 2.339 

69 11.103 2.749 3.638 X 10"1 

70 9.116 1.075 9.301 X io-1 

71 12.724 5.284 1.892 X io-1 

72 10.735 2.340 4.273 X io"1 

68 2.362 2.622 X io-3 3.813 X io2 

69 6.028 1.665 X io-1 6.006 

70 4.089 2.848 X io-2 3.511 X io1 

71 7.736 5.324 X io"1 1.878 
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z A Qa (Mev) X (Z, A) (sec 1) x 1o' )(sec) 

28 72 5.777 1.368 x 10"1 7.308 

28 73 9.372 1.317 7.594 x 10-1 

28 74 7.412 4.356 x 10"1 2.296 

28 75 10.976 2.795 3.578 x 10 ^ 

28 76 9.034 1.106 9.038 x 10_1 

28 77 12.580 5.373 1.861 x 10 1 

28 78 10.668 2.439 4.099 x 10_1 
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Of course, only a few reaction rates will 

predominate in tlie reaction network under the specified 

conditions of mass fractions of proton, neutron and 

alpha particles and temperature and total baryon density. 

For the seed nuclei considered in this calculation under 

the conditions of explosive carbon burning the rates of 

the (n,y) and (Y,n) reactions predominate. 

Beta decay rates were calculated for nuclei whose 

beta decay lifetimes are not known experimentally by the 

two methods described. During the time scale of the 

expansion (T » .3 sec) beta decay rates were found to 

be too small to contribute. 

Also, (av)n y were larger than reaction rates per 

pair of particles for corresponding proton reactions. 

3 8 
For example, for A at Tg = 1.8 , 

<crv > 

<CTV) 

n, Y 

P/ Y 

« 102 

For A 39 at T9 1.8 , 

<CTV> 

<CTV > 

n, Y 

P,n 

25 
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The effectiveness of charged particle reactions decrease 

with increasing Z because of the coulomb barrier. For 

43 
example, for Ca at Tg = 1.8 , 

(ov > 
n, Y 

<tfv > 
<cv> 

10' and 

P, Y 
<ov > 

n, Y o irv6 
- « J x 10 

p,n 

56 
For Fe at Tg = 1.8 , 

<Cfv > 
n, Y _ 

<crv> 
= 2 x 10 and 

P, Y 

<crv ) 
n, Y 

(av) p,n 

10 
13 

Cross sections for reactions involving alpha 

particles are down by eight to ten orders of magnitude 

from cross sections involving protons. Since we only 

have to consider reactions involving neutron reactions, 

the reaction network is greatly simplified. 
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B. Numerical Technique for Reaction Network 

Calculation 

The differential equation, as mentioned before, 

for the rate of change of the number density of nuclear 

specie N(A,Z,t) can be written 

dN (A, Z, t) 

dt 
- N(A,Z,t) [\ (A,Z,t) + X (A,Z,t) 1 

L n,Y Y,n J 

+ N(A-l,Z,t) [\ (A—1, Z, t) 1 
n, Y J 

+ N(A+l,Z,t) [Xy^n (A+l,Z,t)] 

The number density N^ of a nucleus i is related 

to its mass fraction by the expression 

N. = 
l 

pNAXi 
A. 
l 

where 

N. 
A 

total baryon density 

Avogadro1s number 

6.02257 x 10^3 gm \aole 

A. 
l 

atomic weight of nucleus i 
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Note that this equation is similar to the 

differential equation for the rate of change of a nuclear 

specie in the s-process [Seeger, Fowler and Clayton 

(1965)] except that the addition of photodisintegration 

to be added to right hand side of the differential equation. 

Although an explicit solution has not yet been found 

for such a series of differential equations, Arnett and 

Truran [1969b] have developed a numerical technique to 

solve a general reaction network to a high degree of 

accuracy. Their general technique has been applied to the 

neutron capture chain considered in this calculation. 

Consider the times tn and tn+'*' where the time 

interval At = tn+^ - tn is sufficiently small such that 

in the interval At , where 

AN (A, Z, t) = N(A,Z,t)^n+1 - N (A, Z, t) n 

One can set AN(A,Z,t)/At equal to the time rate 

rates causes a third term 

dN (A, Z, t) 

dt 

AN (A, Z, t) 

At 

of change of N(A,Z,t) 

. n+1 
t 

~dN (A, Z , t) ~ 
dt 

at either tn or at 
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AN(A.Z.t) _ dN(A,Z,t) 
At dt 

n 
A 

t = t 

AN (A, Z, t) _ dN (A.Z.t) 
At dt 

n+1 
B 

t = t 

Method A is known as forward differencing and 

Method B is known as backward differencing. Both methods 

were investigated and used and it was determined that 

the method of backward differencing [Arnett and Truran 

(1969b)] was more accurate. 

One must express 
dN (A, Z , t) 

dt 
n+1 

in terms of 

t = t' 
quantities known at tn . 

dN(A,Z,t) 
dt 

t = t' 
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dN(A.Z.t) 
dt 

t = t 
n+1 

- [N(A,Z7t
n) + AN(A,Zft)] 

• [Xv,n(A'Z'tn+1) + Xn, y(A'Z,t 

+ [N(A+l,Z,tn) + AN (A+l, Z, t) J 

' [XY,n(
A+1'Z'tn+1)] 

+ [N(A-l,Z,tn) + AN(A-l,Z,t)] 

• [Xn,V(
A-1-Z’tn+1)] 

When one sets 

AN (A, Z, t) 
At 

dN (A, Z , t) 
dt 

t — t 
n+1 
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one can write 

- AN(A-l,Z,t) X (h-l,Z,tn+1) + AN (A, Z , t) 
n, y \ / 

- [ Jt + ^n,v(A'z-tn+1) + \,n(A'Z'tn+1)] 

- AN (A+1,Z, t) XY^n(A+l/Z,t
n+1) 

N (A,Z/tn) 

• [X„,y(A'Z'tn+1) + \,„(A'z-tn+1)] 

+ N(A-1 , Z, tn ) X^ Y(A-1/Z,tn+1) 

+ N(A+I , z, tn ) x Y ^ n (A+I , z, tn +1) 

If one considers a set of R isotopes for the 

reaction network, one has R equations with R AN(A,Z,t)'s 

as unknowns which can be solved by matrix inversion 

assuming one knows N(A,Z,tn) at time tn . 

Then one can write 

N(A,Z,tn+1) = N(A,Z,tn) + AN (A, Z, t) 
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and then proceed to solve for the quantities AN(A,Z,t) 

n +2 
at the next time step t . Thus one is evolving the 

values N(A,Z,t) for each value of A in the isotope 

chain as a function of time. 

The calculations were carried out in double 

precision on the Burroughs 5500 computer at Rice University. 

The matrix which needed to be inverted at each time step 

turned out to be tridiagonal which was solved by a sub¬ 

routine using Gauss' elimination method. 

The number of isotopes which needed to be included 

in each reaction network was determined by the neutron 

binding energies of each isotope (a measure of how far 

neutron flow will be allowed to proceed). All isotopes 

were included in the chain for which Qn S: 2.4 Mev . 

# of Isotopes in Chain 

23 

17 

15 

15 

Nuclear Seed 

vr-56 
Nl 

Fe 56 

Cr 
52 

Ca 

A36 

40 

13 
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Time steps were chosen such that for the smallest 

and (I ST f1 ■ At < .1 ( i )_1 
\ N dt / \ N dt / ,. . smallest 

changes in the abundances over each time step changed on 

the order of one percent of less. Typical time steps 

used in the calculations were At 10 
-5 5 x 10 

10 ^ and 2 x 10 ^ sec 
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IV. RESULTS OF CALCULATIONS 

We will show that for a solar system abundance of 

hydrogen present in a star exposed to explosive carbon 

burning approximately one percent of a solar system 

abundance of the iron peak nuclei from previous genera¬ 

tion stars should be present to be exposed to the condi¬ 

tions of explosive carbon burning. Consider an iron peak 

nucleus (A,Z) . 

In the solar system, the ratio of the mass fraction 

of (A,Z) to the mass fraction of hydrogen is given by 

6 ? 8 
(all numbers are relative to 10 SiJ nuclei in the solar 

If in the explosive carbon burning star, one assumes of 

the initial solar material in the star 

system) 

system system 

X(H) .7 X(total of all nuclei) .7 

.X(A ,Zj. 
.7 A [N (A, Z) ] 

solar system 
1 

star 2.6 x 10 
10 

2.692 x 10 
-11 

[X (A,Z) ] 
solar system . 
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We know that the carton is processed enough during 

its explosive burning to produce a solar system abundance 

24 24 -2 
of Mg with X(Mg ) = 4.8 x 10 in the processed 

material. 

Therefore, 

I” X (A,Z) “| _ «7 A [N (A,Z) ] so^ar SyStem 

^ X(Mg24) gtar 2.6 x 1010 4.8 x 10_2 

= 5.609 x ID'10 X(A,Z)solar system _ 

Then f , fraction of a solar system abundance of 

iron peak nuclei exposed to explosive carbon burning is 

f = 
X (A, Z) 

star 
X (A, Z) 

star 

24 
X(Mg ) 

X (A, Z) 
solar system' 

24 
X(Mg ) " [ETT3 

star 
X (A, Z) 

solar 
system 

= 5.609 x Hf10 X(A,Z)solar syst0m [ 
24 • 8.26 x 10' 

solar system 

f e: 1 x 10 
-2 
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In this calculation we have taken the most abundant 

nuclei in the iron peak region (Fe38, Cr83, Ni38, Ca48, 

and A38) for which ^ 104 relative to 108 Si38 
Cameron 

nuclei and exposed them to the neutron fluxes and 

temperatures of explosive carbon burning to see how much 

seed nuclei is necessary to produce a solar system abun¬ 

dance of the product nuclei. In the following table is 

given the fraction (f) of a solar system abundance of a 

particular seed nucleus that is necessary to produce a 

solar system abundance of the product nuclei. The following 

are the Cameron [1968] abundances for the seed nuclei. 

56 
N(Fe3°) 

Cameron 

52 
N(Cr ) 

Cameron 

N(Ni58) Cameron 

N (Ca40) Cameron 

N(A36) 
Cameron 

8.15 x 105 

1.04 x 104 

3.10 x 104 

7.13 x 104 

1.92 x 105 

The solar system abundances of other iron peak nuclei 

are too small to act as seed nuclei to account for the 

solar system abundances of other nuclei in the iron peak 

region. 
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The following is a list of product nuclei which 

_2 
have a f < 10 (i.e., a solar system abundance of 

these nuclei can be made from the seed nuclei). 

Seed Nucleus Product Nucleus f 

A36 ci37 6.653 X io"3 

A36 A40 2.970 X io"3 

Ca40 Ca43 5.725 X io“3 

Ca40 Sc45 3.008 X io"3 

Ca40 Ca46 2.869 X io"4 

Fe56 >7 66 Zn 8.669 X io"4 

Fe56 vr- 64 
Ni 1.517 X io'3 

58 Ni „ 70 Zn 1.538 X io-3 

58 Ni „ 72 Ge 1.541 X io“3 

Explosive oxygen burning [Truran and Arnett (1970)] 

which is though to account for the intermediate mass 

43 45 nuclei (silicon to calcium) underproduce Ca and Sc 

44 by orders of magnitude relative to silicon. Also Ca 

46 and Ca are underproduced by such a calculation. It was 

determined that higher temperatures (Tg > 4) are 
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necessary for explosive silicon burning to contribute to 

the abundances of nuclei in the intermediate mass region. 

The calculation of nucleosynthesis at higher 

9 
temperatures (T = 8.3 x 10 ) has been carried out max 

[Arnett and Truran (1969c)]. They find that this high 

temperature nucleosynthesis can account for the abundances 

of nuclei in the mass range 48 ^ A ^ 58 . This leaves a 

significant gap or inability to account for solar abun¬ 

dances of nuclei in the mass range 42 £ A £ 48 . It is 

indeed promising that this r-process calculation accounts 

43 40 46 45 for the solar abundances of Ca , A , Ca and Sc as 

44 66 well as perhaps Ca . Also, the solar abundances of Zn , 

*7 H r >1 •n o 
Zn' , Ni° and Ge' , nuclei which were not included in 

Truran and Arnett's high temperature calculation, were 

produced in this calculation. 

We would like to calculate the r-process nucleo- 

3 6 synthesis [(n,y) and (Y,n) reactions] on A since 

NCameron = ^*^2 x • However, at Z = 18 (A) the 

Coulomb barrier is low enough that (p,n) and (p,Y) 

reactions are now important. Table shows gT<crv} 

calculated at T^ = 1.8 for various reactions on A . 
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z A gT 
<CTV> Reaction 

18 36 3.720 X 10 b (n, Y) 

18 38 1.327 X 105 (n, Y) 

1.557 X 103 
(P,Y) 

18 39 3.744 X 106 (n, Y) 

1.541 X 105 (P,n) 

3.407 X 103 
(P, Y) 

18 40 1.562 X 101 (P,n) 

5.114 X !-*
 

O
 U>
 

(P,Y) 

Thus the (p,n) rates ~ X gm<av) will be 
^ L p^T p,nj 

significant since £ Xn throughout most of explosive 

3 6 carbon burning. As an approximation, A was calculated 

ignoring the (p,n) reactions, since final beta decay 

will move the nuclei in the (p,n) direction on the Z-N 

chart. 

The major products of the r-process on AJ are 

37 40 37 Cl and A . The abundance of Cl is already accounted 

40 for by explosive oxygen burning. However, A is under- 

-3 -4 produced by a factor of 10 to 10 in this nucleosyn- 

40 thesis. Our result shows that A can be made by an 

r-process on a small fraction (f = .00297) of seed of 

3 6 A . The calculation is an estimation because the 
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reaction rate of the (p,n) reaction is ignored. 

Since (p,n) reactions could be an equilibrium with 

(n,p) reactions, the resultant abundances will be 

shifted slightly along their isobars. 

52 The r-process on Cr did not contribute 

significantly to any calculated abundance. The solar 

abundances in this region are too high to be made by 

this type of r-process. Of course, these nuclei are 

accounted for by high temperature explosive silicon 

burning. 

40 The calculation of the r-process on Ca yields 

43 46 45 Ca , Ca and Sc produced within their solar abun- 

43 44 46 48 dances. Ca , as well as Ca , Ca and Ca , were all 

well underproduced in explosive oxygen burning by as 

much as five orders of magnitude while Sc * was under¬ 

produced by at least a factor of ten. As will be dis¬ 

cussed later, there is some question as to the validity 

of the neutron cross sections used in this calculation 

for calcium. By adjusting the neutron cross sections 

40 there seems to be ample seed nuclei of Ca to account 

48 for the solar abundance also of Ca as well as come 

within an order of magnitude of the solar abundance of 

44 40 Ca by the r-process on Ca . Actually, the low solar 

abundance of Ca46 [NCameron (Ca46) =2.5] is over¬ 

produced in this calculation. 
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The neutron exposure on Ca was recalculated 

using experimentally known binding energies through 

49 Ca and neutron cross sections reestimated by employ¬ 

ing physical intuition. As stated previously, the 

neutron cross sections calculated from Truran et. al. 

[1966] for Ca did not seem to take into account the 

40 48 shell closure properties of Ca and Ca (both being 

doubly magic) and the odd-even effect in A . Clayton 

estimated the following reaction rates for interaction 

with neutrons for Ca. 

<CTV) x 10"^ cm^/sec 
r Y 

1.27 

4.0 

3.0 

7.0 

4.0 

7.0 

2.0 

3.0 

0.40 

2.0 

2.0 

Isotope 

Ca 40 

Ca 41 

Ca 42 

Ca 43 

Ca 44 

Ca 45 

Ca 46 

Ca 47 

Ca 48 

Ca 49 

Ca 50 

Ca 51 2.0 
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None of these reaction rates have been 

40 experimentally measured. The reaction rates for Ca 

48 and. Ca are estimated to be low because both nuclei 

have completed shells for neutrons and protons. The 

reaction rates increase as one moves away from a 

closed shell of neutrons with 

(a (odd A)v) > (ff(even A)v> 
' n,y v n,Y 

The cross sections are high enough that the 

neutron flow can move out to nuclei with high photo- 

48 disintegration rates. The neutron flow peaks at Ca' 

and Ca^ with N(Ca^) > N(Ca4^) . The peak at Ca4® is 

built because of its low neutron cross section while 

50 the peak at Ca is built because of the high photodis- 

51 integration rate of Ca . There may be enough seed 

40 nuclei of Ca to account for the solar system abundances 

j. 46 48 _. 50 n _ . 
of Ca , Ca , Ti and come within a factor of ten of 

49 the solar system abundance of Ti . The neutron flow 

in this calculation proceeded further along the isotope 

chain than the previous Ca calculation and thus could 

43 not account for the solar system abundances of Ca and 

Sc45. 

The following table shows the fraction (f) 

40 required of a solar system abundance of Ca that needs 

to be exposed to the temperatures and neutron densities 
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of explosive carbon burning to reproduce a solar system 

abundance of the resultant nucleus (using Clayton's 

estimation of the neutron cross sections). 

Product Nucleus f 

Sc45 7.973 X io-1 

Ca46 2.594 X io“3 

Ca48 4.729 X io"3 

Ti49 2.481 X io~2 

Ti50 3.088 X io"3 

All of these nuclei are well underproduced during 

explosive oxygen burning. These results are indeed 

encouraging for accounting for the abundances of some 

neutron rich nuclei. In this calculation, if we pro- 

48 duce the solar abundance of Ca , the solar abundances 

46 50 of Ca and Ti are slightly overproduced while the 

49 solar abundance of Ti is underproduced by an order of 

magnitude. 

The neutron capture chain on Ni was started with 

5 6 58 Ni as the seed nucleus instead of Ni in the calcu¬ 

lations. However, since the Ni isotopes have large cross 

sections, the neutron flow proceeds quickly through the 
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first twelve Ni isotopes so that the chosen starting 

place makes no difference in the results. 

The following table shows at what time during the 

calculation the most abundant nucleus was within ten 

percent of its final value and how many neutrons away 

the product nucleus is from the seed nucleus. The times 

are short because most of the neutron flux occurs when 

t < .03 sec . Notice that the peak at calcium takes 

longer to build than the peak at iron because of the 

lower neutron cross sections used for calcium. 

Z, A 
(Most Abundant) 

t(sec) 
(10% of Most 

Abundant Value) 
# Neutrons Away 
From Seed Nucleus 

_ 60 Cr .01754 ( 8 neutrons) 

■ . 72 Ni .01640 (16 neutrons) 

Fe66 .01471 (10 neutrons) 

Ca50 .02705 (10 neutrons) 

A44 .04710 ( 8 neutrons) 

Notice that the fraction of the Cameron abundance 

of the seed nuclei that need to be exposed to produce 

the resultant nuclei is well under the fraction of the 

Cameron abundance of the seed nuclei that is estimated 

to be in the processed material. 
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DISCUSSION 

A. Equilibrium Calculations 

An equilibrium calculation was carried out to 

see whether some of the isotopes in the iron region could 

be produced in an equilibrium r-process under the condi¬ 

tions considered in this calculation. If we assume that 

a chain of isotopes is in equilibrium with respect to 

(n,y) and (y,n) reactions, abundance ratios can be 

found in terms of neutron density and temperature with 

aid of the Saha statistical relation 

r ..jrjA/.z.L. 1 

^ N (A+b, Z) - 
equilibrium nn 

where b is an integer 

0 5.94284 x 1033 Tg
3/2 

and Q TOT in Mev 

If we set 
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then one has a relationship between n and Th . The 
n 9 

neutron density versus temperature relation was calcu¬ 

lated for the isotopes of Ni, Ca, Ti, V, Cr, Fe, Cu and 

Zn. Temperatures on the order of T^ « 4 and neutron 

_ • • 24 
densities on the order of nn « 10 were necessary to 

maintain the relationship 

r N(A,Z) *] 
L N (A+b, Z) J _ solar system 

The temperatures and neutron densities required to 

establish the abundances in a neutron equilibrium are 

much too high for the conditions of explosive carbon 

burning. 

B. Reaction Network Flow 

All the significant photodisintegration rates 

used in this calculation depend upon neutron binding 

energies that have not been experimentally measured. 

1. Iron 

The significant photodisintegration rates 

r o 

Uv n ^ X v) in the Fe calculation are X (Fe° ) , 

(Fe6^) / X (Fe^) and X (Fe^) corresponding 
Y *11 Y /n Y/n 

[ . N(A,Z) 
N (A+b, Z) Jequilibrium 



78- 

63 
to neutron binding energies (in Mev) of Qn(Fe ) = 4.945 , 

Qn(Fe
65) = 4.259 , Qn(Fe

67) = 3.637 and Qn(Fe
69) = 3.194. 

For A ^ 62 , photodisintegration rates can be ignored and 

can be approximated by 

dN(A,Z,t) 
dt N(A,Z,t) \ (A,Z,t) 

11 9 Y 

+ N (A-l, Z, t) X . (A-l, Z, t) A ^ 62 
n, Y 

At t = .01 second 

isotopes are approaching 

1 d N(Fe56) 

N (Fe56) dt 

1 d N(Fe58) 

N (Fe58) dt 

1 d N(Fe60) 

N(Fe60) dt 

, some of the first odd-even 

constant ratios. 

1  d N(Fe57) 

N(Fe 5 7) dt 

1 d N(Fe59) 

N(Fe59) dt 

1 d N(Fe61) 

N(Fe61) dt 
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These relationships imply 

N(Fe56) 

N(Fe57) 

(a (Fe^) v ) 

(g(Fe^®)v> 
- 1 

N (Fe58) 

N(Fe59) 

. 59 
(g (Fe )y) 

^ CO 
<g(Fe )v) 

N(Fe57) 
• 5R 

N(Fe ) 
« 1 

and also 

N (Fe60) 

N(Fe61) 

(g(Fe61)v) 

(g(Fe^9)v) 
1 M.(.FeSi)- « j. x ' 80 

N(FebU) 

As mentioned previously, the photodisintegration 

rate of Fe° is the first one to play an importance in 

backflow. In the early stages of the flow (t £ .002 sec) 

the (n,y) reaction proceeds unhindered until it reaches 

Fe^4. A ledge appears between Fe^4 and Fe^, that is 

64 66 
N(Fe ) » N(Fe ) . At t = .002 seconds , 

[*N(Fe^') X (Fe^4)/N (Fe^) X (65) « 1.08*] the flow 
L n, Y Y/H J 

64 65 
is greatly reduced by Fe and Fe coming into a rapid 

66 67 
equilibrium. A ledge also appears between Fe° and Fe , 

that is N(Fe^) > N(Fe^) with Fe^ and Fe^ also coming 

into a rapid equilibrium at t = .002 seconds 
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fN(Fe67) X (Fe67)/N(Fe66) X (Fe66) wl.Osl . As L. Y#n n# Y -* 

time increases the two ledges increase building the 

64 66 
number densities of Fe and Fe . The number densities 

of Fe isotopes with A s 63 continue to decrease while 

the number densities of Fe^ and Fe^ continue to 

64 66 
increase. The dominance of Fe and Fe is established 

rather quickly (t .005 sec) . As the flow continues, 

66 68 Fe and Fe are built up at the expense of nuclei with 

66 
A £ 64 . The abundance of Fe finally becomes slightly 

64 dominant over the abundance of Fe . At t « .24 sec 

the lifetime of each nucleus against loss or gain 

= (jij J has become large enough (T fa 10^ sec) 

that the configuration remains stable. 

"As long as the neutron density is maintained, 

64 64 
N(Fe ) X (Fe ) is slightly greater than 

ft / Y 

N(Fe*^) ^ (Fe^) allowing the flow to proceed through 

Fe^ and N(Fe^7) X (Fe^7) is slightly greater than 
it ft 

66 66 67 N(Fe ) Xn yFe ) making Fe an effective dam against 

continued neutron flow. The following table gives the 

ratios 



and 
N(Fe64) Y(Fe

64) 

N (Fe65) X n(
Fe65) Y,n 

N(Fe67) X (Fe67) 
 T /   

N (Fe66) X (Fe66) 
ii z y 

at various times during the calculation. 

N (Fe64) X (Fe64) N(Fe67)X (Fe67) 
T(Sec)   ' Y   y'n  

N (Fe65) X (Fe65) N(Fe66)X (Fe66) 
y/11 ii9 y 

001 1.152 1.059 

003 1.068 1.054 

005 1.043 1.042 

010 1.042 1.026 

015 1.040 1.014 

020 1.021 1.004 

080 1.158 0.9984 

100 5.271 x 10“3 0.9941 

200 3.929 x 101 0.2968 

150 8.208 x 10"1 0.8006 
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2. Nickel 

The neutron flow in Ni is very similar to 

the neutron flow in Fe. The important photodisintegration 

rates in Ni are \ (Ni5^) , X (Ni71) , X (Ni73) , 
Y/ n ' ' Y/nv Y*n' ' ' 

75 77 Xy n(Ni ) and Xn(Ni ) . The corresponding neutron 

69 binding energies (in Mev) are (Ni ) = 4.891 , 

Q (Ni71) = 4.339 , Q (Ni73) = 3.855 , Q (Ni75) = 3.376 , 
n n n 

77 and Q^(Ni ) = 2.868 . Neutron capture proceeds essen- 

68 tially unhindered through Ni «. The rate of change of 

the number density of nuclei with A £ 68 for Ni can be 

approximated by 

d N(A,t) 
dt N(A,t) X (A,t) + N(A-l,t) X (A-l, t) 

IIz y ii, y 

A ^ 68 

We can see from a plot of crN versus A for nickel that 

neutron capture proceeds smoothly until A = 68 . If 

photodisintegration was not present a plot of CTN versus 

A would be a smooth curve rising through a single peak 

and then falling. 
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72 73 
The number densities of Ni and Ni approach an 

equilibrium [~i.e., X (Ni^) N(Ni^) « X (Ni^) N(Ni^)l 
L H/Y Y / ^ 

. 71 quickly. While the photodisintegration rate of Ni is the 

first rate to significantly impede the neutron capture flow, 

75 Ni is the first nuclei where loss by photodisintegration 

is greater than gain by neutron capture. 

At t = .001 sec neutron capture proceeds essentially 

unhindered by backward photodisintegration flow. As time 

72 73 continues, ledges appear between Ni and Ni and between 

74 75 75 77 Ni and Ni with a slight ledge between Ni7 and Ni7 . 

At t = .003 sec the number density distribution peaks at 

.64 .66 
Ni , while at t = .004 sec , Ni is dominant and at 

t = .005 sec neutron capture has proceeded to establish 

.70 70 the peak is at Ni . At t = .009 secs , the peaks at Ni 

72 
and Ni are well established. 

At t = .001 sec , all isotopes with A ^ 60 , except 

for Ni^ and Ni"^ , have 4^ > 0 . At this point Ni^ has 

62 the greatest loss rate and Ni has the greatest gain rate. 

At t = .002 sec , all the isotopes of nickel with A £62, 

except for Ni , Ni , and Ni7 (because of their high 

photodisintegration rates) have > 0 . Now Ni^° has 

64 the greatest loss rate of number density and Ni has the 

greatest gain rate of number density. Also, the abundances 
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of Ni88 and Ni87 and the abundances of Ni88 and Ni89 

are being established in constant ratios. We have 

N(Ni56) 

d N(Ni56) 

dt N(Ni57) 

d N(Ni57) 

dt 

and 

N(Ni58) 

d N(Ni58) 

dt N(Ni ) 

C;Q 

d N(Ni ) 

dt 

Lifetimes against creation or destruction of nuclei at 

-4 
this time are T « 5 x 10 sec . 

.70 .72 By the time we reach t = .007 sec , Ni , Ni , 

...74 tt.76 , ...78 .. . . . ... dN . n Ni , Ni and Ni are the only nuclei with > 0 . 

At this time Ni88 has the greatest loss rate and Ni ^ 

70 has the largest gain rate although Ni is still the 

most abundant nucleus. Also, we have the following 

logarithmic derivatives becoming equal. 

1 d N(Ni88) 1 d N(Ni57) 

N(Ni58) dt N(Ni57) dt 

1 d N(Ni58) i d N(Ni59) 

N(Ni58) dt 
- 59— 
N (Ni ) dt 

and 

1 d N (Ni60) 1 d N(Ni81) 

N(Ni80) dt N(Ni81) dt 
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Life times against creation or destruction is ~ 10 sec. 

At t = .016 sec , only Ni7^, Ni74, Ni7^ and Ni7® 

have ^7 > 0 . Ni7® has the greatest loss rate and Ni73 

. 72 70 
has the greatest gain rate as Ni has overtaken Ni as 

the most abundant nucleus. In addition to the 77 
N dt 

relations that held at t = .007 sec , also we have 

1 d N(Ni62) 1 d N(Ni63) 

N (Ni62) dt 
(-o 

N(Ni ) dt 

1 d N(Ni64) 1 d N(Ni65) 

N(Ni64) dt N(Ni65) dt 

1 d N(Ni66) 1 d N(Ni67) 

N(Ni66) dt N(Ni67) dt 

Lifetimes against creation or destruction of a number 

-3 
density of nuclei is now T » 3 x 10 sec . 

At t = .060 sec , lifetimes are T « 2 x 10 ^ sec 

and gain and loss rates are down by several orders of 

magnitude as the abundance distribution is approaching 

stability. At t = .200 sec lifetimes against creation 

2 
or destruction are T RJ 2 x 10 sec and the abundance 

distribution is essentially stable. 
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The final abundance configuration is determined 

69 71 73 
by the photodisintegration rates of Ni , Ni7 and Ni 7. . 

The neutron cross sections are high enough to allow 

neutron capture to proceed rapidly (t = .05 sec) to 

the nuclei with strong photodisintegration rates allowing 

abundances to be built up at adjacent nuclei. The 

following is a table of 

Xn,Y(Ni
70) N(Ni?0) 

X (Ni71) N(Ni71) 
Y, n 

X (Ni72) N(Ni72) 11 / Y   

X (Ni73) N(Ni73) 
Y /
11 

and 
X (Ni74) N(Ni74) 119 Y  

X (Ni75) N(Ni75) 
Y r 11 

at various times during the calculation. 
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3. Chromium 

The only significant photodisintegration 

52 59 
rates in the neutron exposure to Cr are X (Cr ) , 

Y / n 
61 63 

\ n (Cr ) and n(Cr
DJ). The corresponding neutron 

59 
binding energies (in Mev) are Qn (Cr ) = 4.438 , 

Q (Cr ) = 3.652 and Q (Cr ) = 3.003 Mev. Neutron 
n n 

59 
capture proceeds essentially unimpeded until Cr . The 

neutron cross sections were lower by a factor of 5 than 

the neutron cross sections of iron and nickel. Thus the 

lifetime against neutron capture is five times longer 

for a chromium nucleus than for a nickel or iron nucleus 

and the capture flow would thus be five times slower. 

The isotopes Cr88 and Cr8'*' and the isotopes Cr8** and Cr88 

establish a rapid equilibrium. The flow through Cr58 is 

maintained such that 

N(Cr58) X (Cr58) 
 / Y  

N(Cr58) X (Cr58) Y,n 

At t = .01 sec , N(Cr58) and N(Cr88) are beginning 

to predominate. The final configuration is essentially 

unchanged after t = .04 sec . When the reaction life¬ 

times, T , are approaching the expansion time scale and 

most of the neutron density is gone. 
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The plot of CTN versus A for Cr is also a smooth 

58 
plot until one reaches A = 58 . The abundance of Cr 

. 59 
has been enhanced by the photodisintegration of Cr and 

to a greater degree the abundance of Cr^ has been 

61 
enhanced by the photodisintegration of Cr 

The lower neutron cross sections for the Cr isotopes 

slightly impede the neutron capture along the reaction 

52 63 
network. At t = .001 sec all nuclei except Cr , Cr 

and Cr^3 have > 0 , with Cr3^ having the largest gain 

rate 

for Cr 

t 

of the nuclei, dt / 
53 dN 

dt 

At t = .002 sec the rate 

56 < 0 and Cr has the largest gain rate. At 

45 Cr 57 Cr 58 Cr 59 Cr 60 Cr 62 Cr 64 

and Cr^ all have > 0 at 

.004 sec , Cr , 
\T 

A dominant ledge has appeared 

between Cr^ and Cr^ because of Cr^'s high photodisinte- 

58 
gration rate. At t = .008 sec the dominance of Cr 

and Cr^ are beginning to appear because of the high 

photodisintegration rate of Cr3^ and Cr^. Cr^ and Cr3® 

have the largest and all nuclei with A ^ 57 have 

dN 
dt < 0 . This is still during a time of high neutron 

density. At t = .02 sec the neutron density has fallen 

off by an order of magnitude and the abundances are begin¬ 

ning to stabilize. Now only Cr^®, Cr®®, Cr62, Cr63 and 

-j 65 , dN . n and Cr have -rr > 0 dt Most of the nuclei are being 

lost through Cr 56 
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At t = .1 sec most of the lifetimes T against 

creation or destruction of a particular nuclei are 

greater than the time scale of the reaction calculation. 

Although the neutron density is down, the flow continues 

to build upon Cr58 and Cr88 at an increasingly slower 

rate. Also, one has the relations 

1 d N(Cr52) 

N(Cr82) dt 

1 d N(Cr54) 

N (Cr ) dt 

1 d N(Cr53) 

N(Cr53) dt 

1 d N(Cr55) 

N (Cr55) dt 

The following table gives 

N(Cr58) X (Cr58)/N(Cr59) X (Cr59) II
 f T Y # xx 

N(Cr60) \ (Cr60)/N(Cr61) X n(Cr
61) 

III Y T # 11 

and 

N(Cr62) \ (Cr62) /N (Cr63) X n(Cr
63) 

ii, X y# xi 

at various times during the calculation. 
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4 • Calcium 

The dominant photodisintegration rates in 

49 the neutron exposure to Ca isotopes are X (Ca ) , 
Y/n 

51 53 
X (Ca ) and X (Ca ) . The corresponding neutron 
Y / n Y/n 

49 
binding energies (in Mev) are (Ca ) = 4.667 , 

Qn(Ca^) = 3.549 and Q (Ca^) =2.561 . The neutron 

49 flow is first slightly hindered at Ca 

f"x (Ca^®) N(Ca^®)/X (Ca^) N(Ca^) « 30 during the 
L n/ Y Yfn 

time of high neutron densityJ , while Ca~^ and Ca"^ come 

into rapid equilibrium 

[xn,Y(Ca
5°) N (Ca50) « X

Y/n
(Ca51) N(Ca51)] • 

The plot of CTN versus A for calcium is a smooth 

49 curve except for the photodisintegration rate of Ca 

- . 48 
enhancing the abundance of Ca and to a greater degree 

51 the photodisintegration rate of Ca enhancing the 

50 abundance of Ca and likewise depleting its own abundance. 

The neutron cross sections used for calcium were 

on the same order of magnitude as those used for chromium, 

except that (odd A> & (even A) . Using Truran et_ al. 

values for cross sections gave little odd-even effect in 

A . Choosing the cross sections with no odd-even effect 

in A made the final abundances of calcium have no 

odd-even effect in A . 
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40 SI ^ 
At t = .001 sec , only Ca , Ca and Ca3 have 

“ < 0 . . At t = .002 sec , Ca40, Ca41, Ca51, and Ca53 

have ^7 <0 as neutron flow continues through the 

. 43 period of peak neutron density. At t = .004 sec Ca 

maintains the largest ^7 rate and a dominant ledge is 

starting to appear between Ca3*"* and Ca3"*". t = .008 sec 

is still a period of high neutron density and the flow 

is pushing toward higher values of A as for A £ 45 , 

4^7 < 0 , with Ca4^ having the largest > 0 . At 

t = .003 sec the neutron density is down by almost two 

orders of magnitude and the abundances are stabilized. 

Their reaction lifetimes, T , at this point are longer 

than the reaction time scale. The abundance pattern 

AO 50 
appears as a flat plateau cut off at Ca and Ca by 

the high photodisintegration rates of Ca4^ and Ca3'*'. 

There are no odd-even effects in the cross sections to 

enhance the abundance of even A nuclei, except for the 

43 low cross section for Ca which enhanced its abundance 

above the plateau. 

For a temperature Tg = 1.8 the neutron cross 

sections calculated from Truran et SLI. [1966] are 

<Ca40 > » (Ca41 > & -^Ca2
42 ^ « 2<Ca43> « <Ca44 > . 

However, we would expect that these cross sections should 



-94- 

exhibit a pronounced odd-even effect in A . That is, 

(Ca48) should be small since Ca48 has a magic number of 

both protons and neutrons and, for the same reason, 

48 <Ca } should be even smaller. Also, one would expect 

(ca4"*"} > <Ca48} and (Ca48 > > <Ca48) . This effect in 

48 
the cross sections should enhance the abundance of Ca 

47 48 relative to Ca to enough of Ca to account for its 

solar system abundance. 

The following table shows 

ln/Y(Ca
48) N(Ca48)AY,n(Ca

49) N(Ca49) 

and 

ln/Y(Ca
50) N(Ca50)AY,n(Ca

51) N(Ca51) 

at various times during the calculation. 
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T (sec) Vy<ca48> 
N(Ca48) ln.V(Ca50) N(Ca5Cj 

\.n<Ca49> N (Ca49) XV,n'Ca51> N (Ca51) 

.001 6.029 x 101 1.043 

.002 2.914 x 101 1.018 

.005 1.054 x 101 1.004 

.010 5.955 0.9923 

.015 3.907 0.9966 

.025 2.559 0.9998 

.050 1.028 1.002 

.080 7.884 1.013 

.100 2.882 x io“2 2.272 x 10~2 

.2396 4.516 x 101 8.895 x 101 



-96- 

5. Argon 

The only important photodisintegration 

.45, 
rate in the neutron capture chain of argon is Xy n(A ) . 

The corresponding neutron binding energy (in Mev) is 

45 
Qn(A ) = 4.192 . The plot of aN versus A for Argon 

37 
shows that curve only peaks at A and photodisintegration 

rates have little effect. The neutron cross section for 

A is so low [<A
36> = iEfp. and <A37> = <Fe57 ) 

40 ] 
that neutron capture does not proceed very far during the 

3 6 
period of high neutron density. Until t = .01 sec , A° 

is the only nucleus with ^7 < 0 . At t = .03 sec the 

reaction lifetimes are greater than the network reaction 

time scale except for a small backward flow of nuclei 

45 44 
from A to A During the time of high neutron density 

Xn,y(A
44) N(A44)/Xy^n(A

45) N (A45) «2 . 

The following table gives 

X V(A
42)
 N(A

42
)/X (A

43
) N (A

43
) n,Y y 

and 

Xn X4> N(A44)/XV (A
45

) N (A
45

) 11 z Y Y / n 

at various times during the calculation. 
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Xn V(a44) n^a44) X
n V(a42) n(a42) 

X
Y/n(A45) N(A45) x

Y/n (a43) n(a43) 

.001 3.956 6.406 X 103 

.002 2.384 3.040 X 103 

.005 1.457 1.056 X 103 

.010 1.229 4.807 X 
9 

10“ 

.015 1.153 3.472 X 102 

.025 1.119 2.031 X io2 

.050 1.264 6.915 X 101 

.080 2.271 7.637 X io2 

.100 4.557 x 10~3 3.764 

.200 8.596 4.073 X io4 

.3454 7.280 x 106 2.035 X io12 
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C. Effect of Mass Law Used 

The semi-empirical atomic mass law of Seeger 

[1961] was used in this calculation to estimate the 

neutron and proton binding energies and beta decay tran¬ 

sition energies for nuclei, many of which are on the 

neutron-rich side of the valley of beta stability. 

Seeger used a modified extended version of the Weizacker 

semi-empirical mass law to take account of such features 

as shell closure and chose parameters which best fit 

experimental data. One possible error [as pointed out 

by Clifford and Tayler (1965)] is that Seeger did not 

take into account shell closure properties at magic 

number N,Z = 28 . 

The following table gives the uncertainty in 

X,, (A,Z) as a function of the uncertainty in the 
Y,n 

neutron 

T 
9 

binding energy A Qn(A,Z) 

A Qn(Z,A) 

at various 

(in Mev) 

temperature; 

.01 0.1 0.2 0.5 1.0 

1.0 1.123 3.192 10.185 331.10 1.095 x 105 

1.6 1.075 2.065 4.266 37.58 1.413 x 103 

1.4 1.086 2.291 5.248 63.09 3.981 x io3 

1.2 1.102 2.630 6.918 125.90 1.585 x 104 

6.309 x 102 1.8 1.067 1.905 3.631 25.12 
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It is thus important to know the neutron binding 

energies accurately to within 200 kev to know the 

photodisintegration rates within a factor of ten. The 

neutron binding energies from Seeger [1961] were compared 

to experimentally determined binding energies. Seeger1s 

value for neutron binding energies differed by less than 

200 kev in Ni and Fe, where photodisintegration rates are 

important, and less than 500 kev in Ca and A , where 

photodisintegration rates are not important, from experi¬ 

mental values. It can be concluded that Seeger's mass 

law provided accurate enough binding energy values for 

this calculation. 

D. Explosive Oxygen Burning 

For explosive oxygen burning (P/Y) and (p,n) 

reactions will predominate over (n,Y) rates, where 

. rate (p,v) „ „2 
  s=a ±U . 
rate (n,Y) 

What would happen to a small fraction of a solar abundance 

. . .56 56 of iron peak nuclei (Ni and Fe ) exposed to the condi¬ 

tions of explosive oxygen burning? We will make an 

approximation by saying that only (p,y) and (Y»P) 
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reactions are important. Any (p,n) reactions will 

make nuclei on proton rich isobars of nuclei in a 

(p,Y) and (YfP) reaction chain. Since there are no 

stable nuclei on the proton rich side of the (p,Y) 

.56 56 reaction network for Ni and Fe , all nuclei created 

by (p,n) reactions will eventually beta decay through 

its isobars of lower Z . 

Consider (p,Y) and (Y,p) reactions on Fe^. 

Since the proton binding energies for a (p,Y) reaction 

56 r 61 network on Fe fall off very rapidly Q (Ga ) = .579 Mev 
t P 

the reactions will not proceed through very many nuclei. 

The only stable isotopes that can be made by such reactions 

on Fe^ are pe^, Ni^, Co^ and Ni*^. There is a possi¬ 

bility of accounting for a substantial portion of the 

59 solar abundance of Co since 

solar system 

5 6 The (p,Y) and (Y»p) reaction network on Ni 

58 59 will proceed only to Zn since Q (Ga ) = - .775 Mev . 
P 

57 58 Thus the only two stable products could be Fe and Ni 

which have high solar system abundances. Thus (p,Y) 
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reactions on could not result in a substantial 

contribution to the solar system abundances of any nuclei. 

52 
A similar analysis on Cr would not yield any significant 

abundances. It appears that a small fraction of the solar 

system abundances acting as a seed during explosive 

oxygen burning will not yield any significant abundances. 

The effect of (p,n) reactions and some (n,y) and 

(Y/n) reactions could alter these conclusions. 

E. Conclusion 

We have calculated the effect of a small amount 

of iron peak nuclei exposed to the neutron fluxes and 

temperatures experienced during explosive carbon burning. 

A computer program has been developed that will evolve 

the abundances of isotopes as a function of time for a 

(n,v) and (Y/n) reaction network. The r-process calcu¬ 

lation is only a perturbation on the actual explosive 

carbon burning calculation. If our assumption is correct 

that a small fraction of the processed material is iron 

peak nuclei, then we can account for the solar system abun- 

37 40 
dances of Cl , A , Ca 46 Ca 48 

Ti 
. 50 

Ni 
64 

Zn 66 Zn 
70 

72 37 
and Ge . The abundance of Cl is the only one of these 

abundances that has been previously accounted for by 
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explosive nucleosynthesis calculations, although the 

abundances could be accounted for in subsequent 

explosive calculations. However, the recalculation of 

46 48 50 Ca produced the solar abundances of Ca , Ca and Ti , 

also unaccounted for in other explosive nucleosynthesis 

calculations. 

The largest uncertainties in the calculation were 

the neutron capture cross sections and the neutron binding 

energies for the neutron rich isotopes. The effect of 

the neutron-capture cross sections and the photodisinte¬ 

gration rates on neutron flow through the reaction network 

has been discussed. Although the reaction rates used 

might not be entirely correct, the general features of 

the final abundance distribution from the seed nuclei 

seems to be understood in terms of the cross sections and 

photodisintegration rates used. Experimental measurements 

of many of the neutron cross sections used in this 

calculation would be a great aid to further calculations. 
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Figure 1 

Figure 2 

FIGURE CAPTIONS 

Figure 1 shows the stable nuclei in the 

mass region of this calculation. Seed 

nuclei are designated by dark borders and 

product nuclei are designated by hatched 

lines. When the initial product nucleus 

is unstable, it is designated by a dashed 

border with an arrow pointing to the stable 

product nucleus. 

Figure 2 compares solar system abundances 

designated by dark circles, with abundances 

produced by rapid neutron capture during 

explosive carbon burning, designated by 

open triangles, in the mass region 

35 ^ A £ 52 . The fractions f were chosen 

40 
such that the produced abundances of A 

48 and Ca corresponded to their solar system 

values. Solar system abundances are rela¬ 

tive to 10^ Si nuclei in the solar system, 

f (Ca40) = 5.7 x 10-3 and f(A36) = 2.97 x 10-3. 
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Figure 3 

Figure 4 

Figure 5 

Figure 3 compares solar system abundances 

with abundances produced in this calcula¬ 

tion in the mass region 61 £ A £ 76 . 

The fractions f were chosen such that 

the produced abundances of Zn88 and Zn^ 

correspond to their solar system values, 

f(Fe56) = 8.7 x 10”4 and f(Ni58) = 1.54 x 10-3. 

Figure 4 demonstrates the final isotopic 

distribution resulting from rapid neutron 

capture during explosive carbon burning on 

10 A nuclei. 

Figure 5 demonstrates the final isotopic 

distribution resulting from rapid neutron 

capture during explosive carbon burning on 

108 Ca48 nuclei for two sets of cross sections. 

The abundances represented by open circles 

result from a calculation using cross sections 

from Truran et al_. (1966) . The abundances 

represented by open triangles result from a 

calculation using cross sections estimated 

by Clayton. 
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Figure 6 

Figure 7 

Figure 6 demonstrates the final isotopic 

distribution resulting from neutron 

6 52 exposure on 10° Cr nuclei. 

Figure 7 demonstrates the final isotopic 

distribution resulting from neutron 

exposure on 10^ Fe^ nuclei. 

Figure 8 demonstrates the final isotopic 

distribution resulting from neutron 

6 58 exposure on 10 Ni nuclei. 

Figure 8 
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