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And ever upon old Decay 

The greenest mosses cling. 

John Greenleaf Whittier 
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Michael John Newman 

ABSTRACT 

The standard V-A theory of terrestrial beta decay is 

reviewed. Modifications required for treatment of negatron 

emission, positron emission, and electron capture under 

stellar conditions are discussed. Ionization states, 

population of nuclear excited states, and lifetimes against 

the appropriate beta decay processes are calculated for 

36 beta-active nuclides lying on or near the canonical 

s-process path, for a range of temperatures and densities 

characteristic of the shell helium burning phase of red 

giant stars. An example is given showing the applicability 

of these results to determinations of the time scale of 

the s-process. 
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Part I. Introduction 

In the standard treatment (e.g., Burbidge et al. 1957, 

Clayton et al. 1961) of the s-process of nucleosynthesis 

of intermediate mass (56< A<[209) nuclides by slow neutron 

capture, the assumption is made that all neutron captures 

occur on a time scale slow with respect to the relevant 

beta decay lifetimes. Thus these lifetimes fix a lower 

limit for the time scale of the s-process in its canonical 

form. If the strict assumption of the s-process is relaxed, 

then the competition between beta decay and neutron capture 

determines the path of the s-process through the nuclide 

chart (see Fig. 1), and so significantly affects the abundance 

of species in that region of the chart. The branching ratio 

at each beta-unstable nuclide (those marked with diagonal 

arrows in Fig. 1) on the path is determined by the relative 

lifetimes against beta decay and neutron capture. The latter 

is a function of the local neutron flux, and so clearly 

of temperature and density, but beta decay rates in terrestrial 

laboratories are virtually constant. A stellar interior, 

however, is a very different environment from that of the 

laboratory, and several effects arise which make the beta 

decay rates themselves sensitive functions of temperature 

and density. Thus the relative abundances of s-process 

species at certain of the branching points of the path can 
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provide us with information about both the time scale and 

thermodynamic environment of the s-process which has produced 

them (Ward 1973). It is the purpose of this thesis to 

obtain the temperature and density dependence of the beta 

decay lifetimes of several of the nuclides which promise 

to be most useful for this determination. 

To this end the modifications of the standard theory 

of terrestrial beta decay required for application to the 

stellar environment will be reviewed. As a preliminary 

calculation the stage of ionization and nuclear excited 

state population for the selected species (Table 1) in a 

range of temperature* and electron density (,5<T <10; 
0 

102^<ne<1028 cm”^) of interest for the s-process is 

given (see Appendix). Finally half-life versus temperature 

curves are presented for negatron emission and positron 

emission, and for several densities in the range above 

for electron capture, for the nuclides of Table 1. As an 

79 
example of the importance of these results the branch at Se 

is re-examined using the modified beta decay lifetimes. 

* Tn is the temperature in units of 10 
n 

*K. 
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Figure 1. The s-process path, with branching. 

Beta-active species decaying by negatron emission are 

indicated by left diagonal arrows; right arrows denote 

electron capture or positron emission. Neutron capture 

is considered possible for species with laboratory 

beta decay lifetimes longer than 1 year, and is indicated 

by a horizontal line. Branching due to competition 

between beta decay and neutron capture then occurs at 

Ni63, Se79, Kr81, Kr85, Rb87, Zr93, Nb94, Tc", Pd107, 

Cd109, Cd113, in115, Te123, I129, Cs134, cs135, Pm147 , 

Sm151, Eu152, Eu154, Eu155, Lu176, Pt193, Tl204, and 

205 Pb . Branching due to competition between negatron 

emission and positron emission (and/or electron capture) 

occurs at Cu64, Br80, Rb86, Nb94, Ag108, In114, Sb122, 

I128, Eu152, Tm170, Re186, Ir192, and Tl204. 
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Table 1. The selected species. 

Temperature dependent lifetimes were calculated for those 

negatron emitters on the s-process path with laboratory 

half-lives longer than 1 year, and all the nuclides on 

the path which undergo allowed or first forbidden electron 

capture in the laboratory. Re^-^7 has been well treated 

by Perrone (1971) and is not considered here. 

Nuclide Mode of ground Laboratory half-life Source of 

state decay (years, except as nuclear level 

otherwise indicated) information* 

Co60 5.3 

Ni63 P~ 92 

Cu64 38% 

EC 43% r 12.8 hr. 

P* 19% J 
Zn65 EC 

0 + 

98% -j 

2% J 
245 days 

Ge71 EC 11.4 days 

Se79 6.5 x 104 

Br80 92% n 

EC 5% V 17.6 min. 

Kr81 
? 3% J 
EC 2.1 x 105 

N 

N 

T 

N 

T 

N 

N 

N 
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Table 1 (continued) 

Nuclide Mode of ground Laboratory half-life Source of 

state decay (years, except as nuclear level 

otherwise indicated) information* 

Kr85 /S' 10.7 N 

Rb86 p' 18.7 days N 

EC long 

Rb87 /S' 5 x 1010 N 

Zr93 P' 9.5 x 105 N 

Nb94 P' 2 x 104 T 

Tc" P' 2.1 x 105 T 

Pd107 P' 7 x 106 T 

Ag108 P' 97.8% -s 
) 

EC 2% ^ 2.4 min. N 

P* .3% J 

Cd109 EC 453 days N 

Cd113 P' 1015 N 

in114 P~ 98% 

EC 2% V 72 sec. N 

in115 

.004% J 
5 x 1014 N 

Sn121 {3- 26.2 hr. N 

Sb122 r 97% i 
EC 3% > 2.8 days N 

Te123 
P* 
EC 

.006% J 
1.2 x 1013 T 
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Table 1 (continued) 

Nuclide Mode of ground Laboratory half-life Source of 

state decay (years, except as nuclear level 

otherwise indicated) information* 

j-128 94% 

EC 6% 25 min. N 

P + .006% 

jl29 P' 69 min. T 

Cs134 P~ 2.1 T 

Cs135 P' 2.3 x 106 T 

Pr142 P~ 19.2 hr. N 

EC long 

Pm147 P~ 2.6 T 

Sm151 P" 93 T 

Eu"*"32 P~ 28% 

EC 72% 14 T 

P* .02% 

Eu154 P~ 

00 •
 N 

EU155 P' 5 T 

Gd153 EC 242 days N 

HO166 P~ 26.8 hr. T 

Tm170 P~ 99.8% 
130 days N 

EC .2% 

Lu176 P~ 2.6 x 1010 T 

Re186 95% 
90 hr. N 

EC 5% 
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Table 1 (continued) 

Nuclide Mode of ground Laboratory half-life Source of 

state decay (years, except as nuclear level 

otherwise indicated) information* 

Pt193 EC 500 N 

Tl204 r 3.8 N 

Pb2°5 EC 3 x 107 T 

* T = Table of Isotopes (Lederer et al. 1967) 

N = the most recent appropriate A-chain 

in Nuclear Data Sheets 
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Part II. The Standard Theory of Terrestrial Beta Decay 

1. Preliminaries 

In this thesis the term beta decay will be used to refer 

to any of the processes 

negatron emission: ZA —>- (Z+1)A 
+ /9 + 2^ (la) 

positron emission: ZA —^ (Z-1)A + 0++ IS (lb) 

electron capture : ZA + e~  (Z-1)A + V , (lc) 

where ZA represents the nucleus of proton number Z and mass 

number A. In all cases a nucleon changes isotopic spin 

projection, a beta particle (negatron or positron) is created 

or destroyed, and a neutrino (or anti-neutrino; when there 

is no chance for confusion we will use the term neutrino 

to refer to either neutrinos or anti-neutrinos) is created. 

Considering the creation (destruction) of a particle as 

equivalent to the destruction (creation) of its anti-particle, 

we can formally rewrite (1) as 

negatron emission: ZA + « (Z+1)A + /9~ (2a) 

positron emission: ZA e~ = (Z-1)A + 1S (2b) 

electron capture: ZA + e~ = (Z-1)A + IS (2c) 

where the decay arrows have been replaced by equals signs 

to remind us that we are still treating decays (la) and (lb) , 

and not capture reactions. The distinction between electron 

capture and positron emission will be carried by the wave 

functions employed. 
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Written in this form, we see that if we consider beta 

particles and neutrinos as different states of a lepton, 

then beta decay involves the change of leptonic state as 

well as the isotopic spin state of a nucleon. The operators 

which change the isotpic spin projection are the 

raising operator 

which changes a neutron into a proton (as in decay (2a)) 

and its complex conjugate the 

lowering operator 

which changes a proton into a neutron (as in decays (2b) 

= fcx + ifcy (3a) 

t = t * 
- N- 

(3b) 

and (2c)). In analogy we can define the beta particle 

creation operator t+
L (4a) 

which transforms a neutrino into a negatron (as in decay 

(2a) ), and 

destruction operator t_L = (t+
L)* (4b) 

which transforms a negatron into a neutrino (as in (2b) 

and (2c)). We expect the Hamiltonian Ha describing beta 
p 

decay to contain the operators (3) and (4). 

Since beta decay is due to the weak interaction, we may 

apply Fermi's Golden Rule of time dependent perturbation 

theory: The rate of beta decay from the initial state /i^> is 

l/'T = 
2J7T 

/ < -f I Hp / -f ■> / (£) (5a) 

where T~ « t^/-^ 2 (5b) 

is the mean lifetime of the process, t^ is its half-life, 

the summation is over all allowed final states, and ^(E) 

is the density of states per unit energy interval for the 

final state Jf . 
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Conservation of momentum and angular momentum require 

that H be invariant under proper Lorentz transformations, 
P 

which means that it must be scalar or pseudo-scalar (or a 

combination). The appropriate state vectors contain the 

Dirac four component spinors, which may be expanded in 

terms of the basis 

( ^ , ^2. t ^3 / ^4. ) (6a) 

or ( 1. t ) (6b) 

of Dirac matrices. The operator H-. can combine these to 
P 

form the scalar or pseudo-scalar matrix element from linear 

combinations of scalar, inner, or tensor products, as 

appropriate, of the 

and 

scalar ~yf±(p (7a) 

pseudo-scalar 4> (7b) 

vector y% <f> (7c) 

axial vector ytr„ *r (7d) 

tensor y% 0 (7e) 

for nucleon (N) and lepton(L) coordinates (Preston 1962), 

where and (p are spinors, 

y 
and 

K 

= K- (8a) 

= K K K ^4- (8b) 

= —<*3 . (8c) 

However, experimental evidence (Konopinski 1959) indicates 

that only the vector 
4 \ / jt O•tw)(€ï.rr&) 

- fyf J- y <f>v) - (v** y„K£ 5 k) 
and axial vector 

4- 

(9a) 
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terms and their Hermitian conjugates contribute, where 

are the proton, negatron, and neutrino spinors, 

respectively, and 

é = Xr . ' (10) 

The very short range ( <C 10”^ cm) of the weak 

interaction may be represented by a delta function factor 

$ (rN “ in the Hamiltonian, where r"N, "TL are the nucleon 

and lepton coordinates, respectively. 

Finally we must include the observation that neutrinos 

have helicity 

neutrinos — S • <î = “1 (Ha) 
‘k 

anti-neutrinos -L ^ . ~q = +1 , (lib) 
T 

where q" is the neutrino's momentum and is its spin. 

Then since the helicity operator is - X^ , the Hamiltonian 

must contain the 

projection operator %(1 + Xg- ) (12) 

to neutrino states of negative helicity. 

Assembling the parts of the weak interaction Hamiltonian 

introduced above, and allowing for the decay of any of the 

A nucleons in the nucleus, 

= f ?< *S 

x <gr„a * 

+ H. c. J I f (i3) 
. . . N where H.C. means Hermitian conjugate, t+ operates on the 

Nth nucleon, we have factored out the weak interaction 

coupling constant 

-49 3 
g ~ 1.4 x 10 erg-cin , (14a) 
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the constants 

o
 

t! H
 

(14b) 

(for the proper choice of g) and 

C. ^ -1.2 
A 

(14c) 

give the relative strengths of the vector (Fermi) and 

axial vector (Gamow-Teller) parts of the interaction, 

and /i/» , / f are the initial and final states of the 

nucleus. In terms of the basis (6b) this is 

/«*/"■> = ** 

- iff* )<<£« & 

- cy/K- *Srj ( 4>*<n-*r) 4* 
+ H.C. /-'> . (15) 

The first term describes decay (la), while decays (lb) and 

(lc) are due to the term H.C. 

2. Negatron and positron emission 

We restrict our attention for the time being to decays 

(la) and (lb). In order to ensure energy conservation, 

with j f^> in (5) representing nuclear states, we must enforce 

E + E„ » EQ , (16a) 

where EQ is the total energy released in the decay, 

_ ,22, 2.2.h 
E = (p c + (me ) ) (16b) 
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is the energy carried away by the beta particle of momentum 

p, and 

= qc (16c) 

is the energy of the neutrino of momentum q. Then rewrite 

(5) as 

'/'r = ^ fs’i /< f I Up I i > /*s(£.-E-£J 

where now ç>(E) is the density per unit beta particle energy 

of lepton states. 

As a first approximation to the lepton wave functions 

we may use the Dirac free particle spinors. Then with box 

normalization the density of lepton states in momentum 

phase space is Ço such that 

C2.-7T#)3 C2-^rA)3 (18a) 
'/> ' \f- ' (2.-S 

But by (16) dp = EdE/pc , (18b) 

so we have ^(E)dE = ^ d3p ^dJq (18c) 

= pE dE q2dq dJ2„dü^y^ir* fc.\ (18d) 

Performing the integration over dq, 

.Z Zr = f27r/V7c"5J -re ?£ f*J~ (19) 

£ 
4.7T 4.7T 

where we may use (16) to express p and q in terms of E. 

Noting the delta function in (15), in the free particle 

approximation the lepton wavefunctions contribute a plane 

wave factor 

jt ? ''V 
P = e r e 

to the matrix element, which may be expanded as 

(20a) 

p = 4-TTZ: ± s? ) Y (p") (20b) 
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where for small argument the spherical Bessel function 

j (x) ^ x*/(28+1) 11 . (20c) 
8 

A better approximation to the lepton wave functions 

is to use the Coulomb wave functions, which in the non- 

relativistic approximation contribute a distorted plane wave 

factor (McCarthy 1968) 

where ± ZE/pc , (21b) 

we begin using upper signs for negatron emission and lower 

signs for positron emission, 

<* ~ 1/137 (21c) 

is the electromagnetic fine structure constant, & is the 

polar angle of r■ , and Q is the confluent hypergeometric 

function. This has the similar expansion 

c = 
t 

" j?=.o 

i (21d> 
i/A. {S' 

where ^ ^ + (2le) 

is the Coulomb phase shift and the regular Coulomb function 

F/xx) = ±- ;'Z iJ>-ht 
/2.x) (21f ) 

(,~2.Jf+ t) } 

Using the plane wave approximation, we can correct (19) 

for Coulomb effects by inserting into the integral as a 

correction factor the 

Fermi function F(£Z,E) (22a) 

which is the ratio of the density of states for the Coulomb 

functions to the density for the plane waves (18). The 

standard approximation is the result (Konopinski and Rose 1965) 
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F(m.e) = 2 (/ vs) (JL ) °' ' 
'2./0A' crc^r-tt) Jz 

for the density ratio evaluated at the nuclear radius R 

(22b) 

for the case of a pure Coulomb potential iZe /r, where 

s = (1 - (ex z) 2)h . (22c) 

Note that the dual sign appears in F(±Z,E) because we 

represent the repulsion between positron and nucleus by 

changing the sign of the nuclear charge Ze, rather than 

that of the beta particle. 

In both expansions (20b) and (21d) the ratio of the 

C^+l) th term to the ^th term is of order 

/p + q/r^* — 1/100 (23) 

or less, for most cases. Then to a very good approximation 

we only need consider the first few terms in the expansion 

which give non-vanishing contributions to the matrix element. 

With either expansion, we see from (15) that <^f/H J i^> 
will contain nuclear matrix elements of the form 

J" i and ^ d 

and their conjugates, where for any operator O 

(24a) 

(24b) 

1° = <f/r 1:V^i) /;> <24o> 4? */=/ f J** ^ n 

We note also from (9) that 

± is a scalar (25a) 

é is an axial vector (25b) 

°< is a vector (25c) 

and Yg is a pseudo-scalar , (25d) 

i.e., 1 and d remain unchanged, and and Yp change sign, 

under inversion of coordinates. Then since the parity of 



17 

r ^Y„ (r ) is (-1)^, fl and } 6 vanish when /i~> and /f/* 

have the opposite (same) parity, and and I vanish 

i s  ^ 

when Ji/> and j f /> have the same (opposite) parity, for ^ 

even (odd). Thus cross-terms arising from members of (24a) 

with members of (24b) cannot contribute to <^f I H I i^> . 
p 

And since c< and contain the velocity operator o( in a 

linear fashion, which gives off-diagonal terms that combine 

the large and small components of the Dirac spinors in 

and ^ ^Y^ <f> , while the on-diagonal terms of the operators 

3 and è combine the large components, the squared- and 

cross-terms arising from the matrix elements (24b) in 

j<^ f j Hp I i^>12 give contributions of order only 

{Vî/c)2~ 1/100 (26) 

compared to those from (24a). 

Thus the dominant terms contributing to f / | i ^> 

are (24a) for J? — n and (24b) for J? = n-1, where - n is 

the first integer which gives a non-vanishing contribution. 

If n = 0 the decay is called "allowed"; for larger values 

of n it is called "nth forbidden". It turns out that the 

contribution of J Yf is important only for first forbidden 

(n = 1) transitions. 

The cartesian components of the vector or pseudo-vector 

A may be combined to give the spherical tensor or pseudo¬ 

tensor A of rank 1, with components 

A±1 = à (Ax1 iAy> ' A0 - Az • <27a> 

This may be combined with the spherical tensor of rank n 

\ m rNnYnm<5N> <27b> 

to give (Preston 1962) the spherical tensors (or pseudo-tensors) 
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Tn+l(n'A> (28a) 

Tn(nfA) (28b) 

Tn-l(n'A) (28c) 

of rank n+1, n, and n-1, respectively, in terms of which 

the product can ke expanded. Similarly the scalar 

J. and pseudo-scalar are a spherical tensor (pseudo-tensor) 

of rank 0, and combine with ^ to give the spherical tensor 

Tn(n/i) and pseudo-tensor Tn(n, ^-) of rank n. 

The matrix element of the component Tn^ of the spherical 

tensor (or pseudo-tensor) Tn of rank n between states 

(29a) /i> = KMi> 

of angular momentum and projection and 

/ f (29b) 

is given by the well-known Wigner-Eckart theorem (Merzbacher 

1970): 

<f / Tnq/i> ’ | Jf“f> <Jf /J *n || Ji> 

Khere < Jf II Tnll Ji>> 

is the reduced matrix element and 

<JiMinq | JfMf 

is a Clebsch-Gordan coefficient, which vanishes unless 

+ q 

and /Jf-Ji/<n^Jf + Ji 

This gives us the selection rules for nth forbidden beta 

decay. From^J"jL we get the spherical tensor 

Tn (n, ^ ' 

which gives a vanishing contribution, as we have seen, 

unless ff^> and Ji^> have the same (opposite) parity for 

(30a) 

(30b) 

(30c) 

(30d) 

(30e) 

(31) 
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n even (odd); i.e., unless 

77". 'TÇ = (-1) n (Tn(n,l)) (32a) 

where '77'. , 7Ç are the parity of /i/” and Jf, respectively 

And from (30) we see that <^f j vanishes unless 

A J = / Jf ~ Ji / < n (32b) 

= 0,1,2,...,n (Tn(n,l)) . (32c) 

4/*- 'on the other hand, contains the spherical pseudo¬ 

tensor of rank n Tn(n, ) , and so vanishes unless /f^> 

and / i -^> have the opposite (same) parity for n even (odd); 

i.e., unless 

-TTj 'rr* = (-1)n+1 (Tn(n,£>) (32d) 

and AJ = 0,1,2,... ,n <Tn<n,J>)) . (32e) 

By (28) / d contains the spherical 
\-s ft 

pseudo-tensors 

Hn+1(n, d) , Tn(n, é ) , and Tn_1(n, <ë ) , which give a 

vanishing contribution unless 

TTj -TTf = (-l)n 
( fd ) (32f ) 

and J = ri'i" 1 (Tn+l(n' d)) (32g) 

J ^ O/X/2 /•••/!! (Tn(n, é )) (32h) 

or ^ J = 0 #1/2,...,n-l (Tn_i
(n, é)) . (32i) 

Similarly rot contains the spherical tensors Tn+^(n,«<) 9 

Tn(n, <*) ) 
^ * 9 

, and Tn_i(
n» • which give non-vanishing 

contributions to the matrix element only for 

7T. TTf = (-l)n+1 ( f £ ) (32 j ) 

and = 0,1,2,... ,n,n+1 <Tn+l(n’^)> (32k) 

At J 0,1,2, ...,n (Tn(n, c< ) ) (321) 

or </\J = 0,1,2,...,n-l (Tn_i (n, «K ) ) . (32m) 

Allowed (n = 0) decays, 

J 1 and I ci , and so require Jo J0 

as we have seen, 

, from (32) , 

are due to 
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^ 
nTf = 

+1 

A7T = no 

1 • 6 t | 

no parity change, and 

AJ = 0 

(allowed) 

from j i. , or 

AJ = 0 (allowed, Gamow-Teller (Tg(0,^))) (33d) 

(allowed, Fermi (TQ(0,£))) 

(33a) 

(33b) 

(33c) 

from 

AJ = 0,1 (allowed, Gamow-Teller (T^(0,<^))) (33e) 

f? • 
° C 

First forbidden (n = 1) decays arise from J ± , 

fr-s? , and ÿwhen the selection rules (33) 

are violated, and so require, from (32), 

A"7T = yes (1st forbidden) (34a) 

and AJ = 0,1 (1st forbidden, Fermi (T^(l,i.))) (34b) 

from i , 

AJ = 0,1,2 (1st forbidden, Gamow-Teller (T^ ( 1, ) ) ) (34c) 

AJ = 0,1 

or AJ = 0 

from j 2 ' 
'J t 

AJ = 0,1 

or AJ = 0 

from 

(1st forbidden, Gamow-Teller (T^(l,<£))) (34d) 

(1st forbidden, Gamow-Teller (TQ(1,<4 ))) (34e) 

X* ’ 

(1st forbidden, Fermi (1^(0, cx))) 

(1st forbidden, Fermi (TQ(0,<^))) 

( 34 f ) 

(34g) 

and 

AJ = 0 (1st forbidden, Gamow-Teller (TQ(0,^))) (34h) 

from SA- Note that the first forbidden transition with 

AJ = 2 can arise only from matrix elements of (1, è ) , 

while the other selection rules (34) can be satisfied by 

two or more matrix elements. Decays with 

A'TT “ yes (35a) 

A J = 2 (35b) 
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are therefore called "first forbidden unique": they are 

due to a "unique" matrix element. 

Similarly nth forbidden decays (for n>l) are due to 

f 1 , I , and (perhaps) / Y , which yields 

selection rules 

TT ~>rf - (-D 
n 

(nth forbidden) (36a) 

and 

AJ = 0,l,2,...,n (nth forbidden, Fermi (Tn(n,jL))) (36b) 

from fir 
•Jn 

AJ = 0,1,2,.. .,n,n+l (nth forbidden, Gamow-Teller 

{Tn+l(n ,d))) (36c) 

AJ = 0,1,2, ...,n (nth forbidden, Gamow-Teller (Tn(n,<4) ) ) (36d) 

or 

AJ = 0,l,2,...n-l (nth forbidden, Gamow-Teller 

(T .(n, d))) (36e) 
n-i 

from f Z r 
h 

AJ = 0,l,2,...,n (nth forbidden, Fermi (Tn(n-1, <x ) ) ) (36f) 

AJ = 0,1,2,... ,n-l (nth forbidden,Fermi (Tn_^(n-l,e<) ) ) (36g) 

or 

Aj = 0,1,2,... ,n-2 (nth forbidden, Fermi (T ^ (n-1 ,«*<))) (36h) n-z 

from , or 
-i 

AJ = 0,1,2,...,n-l (nth forbidden, Gamow-Teller 

(T .(n-l,/))) (36i) 
n-i s 

from I Ys . But (36h) and (36i) can be satisfied for lower 

orders of forbiddenness, in which case the terms containing 

Tn_^(n-1, Ys) , TR_2(n-1, cx. ) t and Tn_^(n, <4 ) will be negligible, 

and the other terms in (36) will contribute significantly 

only for 
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AJ = n (nth forbidden) (36i) 

and (since only T (n, <^) can produce it) 
n+1 

AJ = n+1 (nth forbidden unique) . (36j) 

The beta decay selection rules are summarized in Table 2. 

Note that, in order to be consistent, since A7r= no, 

AJ a 1 can arise only from T^(0, è ) , this decay should 

actually be referred to as "allowed unique". That is not, 

however, standard terminology. "Superallowed" decays are 

allowed transitions with near perfect overlap of nuclear 

wave functions, so that the nuclear matrix elements are nearly 

unity and the decay is very fast (by weak interaction 

standards). 

With plane wave lepton wave functions and the Fermi 

function correction factor, (19) becomes, after inserting 

the expression (15) for <^f / H / i and performing the 

angular integration, 

1 /'T = h '7T dE pE q2F(±Z,E)Sn(Z,E) (37a) 

where the shape factor for nth forbidden decay 

S = s<n_1) + S(n> + S <n+1) 
n n n n 

and Preston (1962 gives 

(») 
n 

(4-^r)  
3 % If -rn<r,.i>l 

(37b) 

J2. r a. r*z 

* 2L j A*j. % r/*,(! +xp + 

X L xn fij? + 

+ L. C (x^ZLEj2 + 
* 2-/? 

2/V^/ix J) 

+ c » + x y ) 
¥- / 

' +■ * T jl 

iri} /%+/ (37c) 
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where J~Tn = ((2Jf+l)/(2J.+l)) 55 <f/|Tn//i> (37d) 

is a modified reduced nuclear matrix element, 

(37e) 

Anj = 
(n“j)2n"2j(2j+1) l/(2n-2j) ! (j!} 2 , (37f) 

Bnj = 2
n_2j(2j+l) !/(2n-2j+l) ! ( j i ) 2 , (37g) 

Lj = (7T/2pEFo(Z,E)R2j) [g2(j+1) + f
2
+1] , (37h) 

Mj = (7r/2pEFo(Z,E)R2(j+1) £ g2+1 +f
2
(j+1)J , (37i) 

and 

Kj = C7r/2pEPo(Z,E)R
2i+1 £f_(j+1)g_(j+1) - fj+1gj+1J , (37j) 

where f . , g . are components of the beta particle wave 
t J - J 

function, and R is a characteristic nuclear radius. 

Fortunately it is possible to make several simplifying 

approximations in (37) to obtain more manageable forms 

for the shape factor (Konopinski 1966). 

For allowed and first forbidden decays the shape factor 

is independent of energy and may be removed from the integral 

in (37a). We may accomplish the same purpose for higher 

orders of forbiddenness by defining an average shape factor 

such that n 

1 AT = (m5c4/2 7T3#T Sn f (±Z ,EQ ) ? (38a) 

where c 
rE° 

f(±Z,EQ) » irf5c“7/ dE pEq2F(±Z, 
'—vrjc2' 

is the integrated Fermi function. Then the 

E) 

comparative 

(38b) 

half-life 

ft = 2 vr-'3/;^2/m5c4s'n (39) 

(Feenberg and Trigg 1950) is a function of the nuclear 

matrix elements appearing in S^,, which are determined 

primarily by the order of forbiddenness n. Thus decays 
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of a given order share, to a close approximation, a common 

value of ft. But the order of forbiddenness is determined, 

as we have seen, by the spin and parity change of the 

transition, so the lifetime can be predicted, to order of 

magnitude at least, from A J and Avr as 

t = ft(AJ, A7r)/f (±Z,E0) . (40) 

Measured average values of log ft, as compiled by Gleit, 

Tang, and Coryell (1968), are given in Table 2 for n<,4. 

f(:tZ,E0) must in general be evaluated numerically, and is 

given in graphical and tabular form by, for example, 

Feenberg and Trigg (1950), Moszkowski (1951), and Wapstra 

et al. (1958). For Z = 0 the Fermi function is unity, and 

the integral can be evaluated explicitly to give (Blatt 

and Weisskopf 1952) 

f(0,Eo) = ^(E0
2-l)3s(2E0

4-9E0
2-8) + f EQ^[Ê0+(EQ

2-1)% j . (41a) 
For large E this is 

f(0,Eo) ^Eq
5/30 (41b) 
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Table 2. Selection rules and average log ft values 

(from Gleit, Tang, 

Order of forbiddenness J 

superallowed 0 

allowed 0,1 

1st 0,1 

1st unique 2 

2nd 2 

2nd unique 3 

3rd 3 

3rd unique 4 

4 th 4 

4th unique 5 

and Coryell 1968) 

log : ft (sec.) ft (years) 

no 3.5 + 0.2 10‘ -4 

no 5.7 + 1.1 1.6 X 10"2 

yes 7.5 + 1.5 1 

yes 8.5 + 0.7 10 

no 12.1 + 1.0 4 X 104 

no 11.7 + 0.9 1.6 X 104 

yes 18.2 + 0.6 5 X 1010 

yes — . 15.2 5 X 107 

no 22.7 • 1.6 X 1015 

no 19 3 X 1011 
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3. Electron capture 

Turning now to electron capture (lc), the final state 

contains only one lepton, so that the entire energy release 

is carried away by the neutrino (neglecting nuclear recoil). 

Then the beta particle phase space factors in (18a) do not 

enter, and (17) is replaced by 

where q = EQ/c. Using Dirac relativistic electron wave 

functions Preston (1962) obtains for the X atomic shell 

with the shape factors Sn defined as in (37), except that 

the factor 

Normally capture of K-shell electrons dominates, with 

the L-shell contributing less than 10% to the total rate 

and higher shells even less. 

(42c) 

VT/2pEF0(Z,E) 

is omitted from Lj, Mj, and Nj . 

(42d) 
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4. Electron capture/positron emission branching ratio 

Electron capture is energetically possible whenever 

(Z-1)A has a nuclear state of lower energy than the given 

7V 

state of Z . When the energy difference exceeds the beta 

particle rest mass energy, positron emission becomes 

possible, and the two processes compete. By (42) and (40) 

the branching ratio is, for capture of a K-shell electron, 

~ / T = 2S'(K)/m5c5f (-Z,E )S~ . (43a) 
A ‘*0+ A n IJ ii 

For allowed decays the ratio is independent of nuclear 

matrix elements, and Preston (1962) obtains 

t+/t = (-7r£/2m5c5)q2g_i,K/
f (-Z^0) 

P K 
(43b) 
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Part III. Modifications for stellar conditions 

1. General discussion 

Beta decay in the laboratory usually involves the 

ground nuclear state of a neutral atom. At temperatures 

and densities characteristic of stellar interiors, however, 

ionization is substantially complete, and the population 

of excited nuclear states becomes important. In some 

cases the changes in atomic binding energy due to ionization 

or screening can significantly affect the decay rate. 

Negatron emission to continuum states is inhibited to 

greater or lesser extent, depending on the free electron 

density, and previously occupied bound states become 

available for bound state emission. A considerable reduction 

in beta decay lifetimes is possible when a low lying excited 

nuclear state satisfies selection rules of a lower order of 

forbiddenness than does the ground state. The largest 

qualitative difference occurs in electron capture, where 

continuum capture must replace the capture of bound electrons. 

These effects have been discussed recently by Bahcall (1961, 

1962a,b,c, 1964), and will be reviewed briefly here. 
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2. Photobeta reactions 

Cameron (1959) pointed out that nuclei in a stellar 

interior are in local thermodynamic equilibrium with the 

photon bath, and so should be in excited nuclear states 

to an extent given by the Maxwell-Boltzmann statistical 

factor. When the state excited by the interaction with 

the photons is beta-unstable, he referred to the excitation 

process and ensuing decay as a "photo-beta reaction". 

Since the statistical weight of the jth nuclear state, 

with spin Jj and excitation energy Ej , is 2Jj+l , the 

partition function for the nucleus is 

If the half-life against a beta decay process of the ith 

state is t^., then the half-life of the nucleus against 

that process is given by 

(44) 

where the sum is over all nuclear states. Then the 

fractional population of the ith state is 

P± - (2Ji+l)e"
Ei/kT/ 2. (45) 

(46) 
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3. Binding energy effects 

The energy released in negatron emission 

(Z,A,K,/T,k) (Z+1,A,L,A,l) +/9”+ Î7 (47) 

of the A" times ionized atom of nuclear charge Ze, mass 

number A, nuclear state specified by K, and electronic 

quantum state specified by k, is 

Eo = |>(Z,A,K,/r,k) - M(Z+1,A,L,A,l) + (A-A)mjc2 . (48) 

Similar expressions give EQ for positron emission and 

electron capture, where one must be careful to include 

the proper number of beta particle rest masses. 

With (48) written in terms of the atomic masses, the 

binding energy effects are automatically included as 

mass equivalent. These effects are usually small, however, 

and atomic and nuclear masses are used interchangeably. 

If M in (48) is taken to represent nuclear masses, then 

the difference of atomic binding energies must be included 

explicitly when the correction is desired. When EQ is 

small this can cause a large percentage change in the 

calculated E0. But f is a very sensitive function of EQ 

(see (41)), so binding energy effects can have considerable 

impact on the lifetime. In particular the binding energy 

corrections for the high ionization state of the stellar 

interior can differ greatly from those for the neutral 

atoms 
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4. The exclusion principle 

Another complication arises in negatron emission when 

the ambient electron gas becomes degenerate or partially 

degenerate and the Pauli exclusion principle forbids the 

lower lying states to the emitted electron. Positrons 

and neutrinos also obey Fermi-Dirac statistics, but since 

the stellar interior does not contain a large density of 

these particles the exclusion principle is not important 

for positron emission or electron capture. 

The exclusion principle can be satisfied very simply 

for negatron emission by inserting into the integral (38b) 

for the phase space factor f the probability 

1 . (e-* + E/kT + irl (4 

that the state of energy E is not occupied in the Fermi 

gas. f is after all the Fermi function integrated over 

all available phase space; we are merely redefining 

"available" to include the effects of the Pauli principle. 

This correction becomes important at very high 

electron densities, but may be neglected for the range 

of densities of interest in this thesis. Bahcall (1962a,b) 

develops approximate but more convenient formulae for 

its inclusion, and Peterson and Bahcall (1963) present 

tables of correction factors. 
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5. Bound state decay 

By the postulate of equal a priori probabilities 

the ratio of the probability of bound state negatron 

emission to the probability of continuum decay should be 

given by the ratio of the volume of phase space available 

for bound state decay to that available for continuum 

emission. Bahcall (1961) argues that the former is 

measured by 

VB oC q2/]^(R) J2 (50) 

where q is the neutrino momentum and ^(R) is the bound 

state wave function at the nuclear radius R, while the 

latter is measured by f. Then using non-relativistic 

hydrogenic wave functions the probability ratio for emission 

to a bound state of principal quantum number n is 

Vvc OC q2 (c< Z) 2/n3f (51) 

where c< is the fine structure constant. Thus bound state 

decay is most important for large Z and small EQ (recall 

(41)). For the decays treated in this thesis it is negligible. 

Bahcall (1961) gives formulae for allowed bound state decays, 

and Perrone (1971) for first forbidden. 
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6. Continuum electron capture 

For capture of continuum rather than bound electrons 

application of the Golden Rule yields a result identical 

with (37a), except that any (incident) electron kinetic 

energy is possible, and we must insert as a multiplicative 

factor in the integral over available phase space the 

probability that the electron have the given energy. Then 

with a Fermi-Dirac distribution the rate of continuum 

capture is 

//T = (m5c4/27T £ )Kn (52a) 

where 

Kn = m'V7 
/ dE pE q2F(Z,E)S (Z,E) (e"V+ E/kT + 1) _1 (52b) 

(Bahcall 1964). For allowed or first forbidden captures 

we can remove the shape factor from the integral to obtain 

K = S K n n n = 0,1 

with 

„ -5 -7 K = m c f dE pE q2F(Z,E) (e~U+ E/kT + 1) "1 

(53a) 

(53b) 

But the matrix elements are identical to those appearing 

in (38) for positron emission, so (52) can be written 

1/t = K (q,Z,n ,T)/ft AAJ,A~7r) (54) 
e p T 

where ft is the comparative half-life for the corresponding 
P 

positron emission. 

Neglecting bound-state electron capture for L and 

higher shells, if the fractional population of the K shell 

is PR (2 K-electrons corresponds to PR = 1; see Appendix) 
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then the rate of electron capture of a given nuclear state is 

1/t = + K/ft + (55) 

where t is the lifetime for K-shell captures, and the 
K 

subscript K for K-shell is not to be confused with the 

continuum electron phase space factor K. This compound 

rate is to be formed for each nuclear state, in the case 

of partial ionization, and used in the sum (46) over 

all states of the nucleus. 

Bahcall (1962b) gives the approximate expression for 

allowed and first forbidden captures 

K ~ 2 * % <4T>‘V ' - 7 

X [ / <■ V. * a./»* + ( if h. f )* ( 

for low (T <r 10) stellar temperatures, where n is the 
8 e 

electron density, 

q = E/c ~ 

for non-relativistic energies, 

Me = kT/qc 

(56a) 

E /c 
o 

and 

Numerically 

x = (2 "7TZkT)3 (mc2)'3/2 
m 

f (x) = x/kT + 77*«z (2mc2/x)^ 

(56b) 

(56c) 

(56d) 

(56e) 

K ^ 6.147 x 10"31Z(qc)2n T "^(1 - 3.162 x 10"2T ) 
© o g 8 

1 + 2K, + 2A/* + 927.55(1 + x /qc)2 (2x )*e~f (Xm* 
m _3 

with q in MeV/c and n in cm , where 

and x. 

-2 
= 1.686 x 10 Tg/qc 

-3 3- 
= 2.153 x 10 (ZT«)'3 

*/n    -- '“^8 

(56) is a good approximation to (53b) so long as the term 

involving remains small compared to 1. Then in the 

(57a) 

(57b) 

(57c) 
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region of validity of (56) we may omit that term from the 

square brackets. Bahcall (1964) develops approximate 

expressions for Kn for higher orders of forbiddenness. 

7. Electron capture/positron emission branching ratio 

As mentioned in Section II-4, when the energy released 

in electron capture of a proton-rich nucleus exceeds a 

beta particle rest mass equivalent, positron emission 

will compete with electron capture. For K-shell capture 

the branching ratio is given by (43). With continuum 

capture included it becomes the quotient of (55) and the 

positron rate from (40): 

8. Positron emission-electron capture/negatron emission 

(and/or electron capture) and negatron emission (see Fig. 2). 

(58) 

branching ratio 

A few species Z are unstable to both positron emission 

A 
Then the branching ratio for production of (Z-l) (positron 

A 
emission or electron capture) to that of (Z+l) (negatron 

emission) is 
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= VV/f(+Z'Eo)tK (K + 

where ft /ft , 1 only for 
P P4- 

emissions of the same order of 

result is complicated somewhat 

of Section III-9. 

f(-Z,E0) /f(+Z,E0) 

f(-Z,E0))f1y/ft^ 

positron and negatron 

forbiddenness. This 

by the considerations 

(59b) 

Fig. 2. Schematic energy level diagram for a nuclide ZA 

unstable to both negatron and positron emission (and 

electron capture). 
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9. Decay to excited states of the daughter nucleus 

It often happens that a given level of the parent 

nucleus can decay to several levels of the daughter, as 

illustrated schematically in Fig. 3. Then the rates add 

in parallel and the lifetime of the ith nuclear state 

A of Z is given by 

l/t. = V l/t (60) 

> 3 

where the Siam is over all states of the daughter nucleus 

lying below the ith state of the parent in energy. 

Usually all but a few of the decays are of a high order 

of forbiddenness and may be neglected compared to the more 

favored transitions, so that in practice the sum need 

contain only the rates of the more rapid decays. 

Fig. 3. Schematic energy level diagram for beta decay 

to excited states of the daughter nucleus. The ground 
& 

state 0 of Z can decay to any of the states 0, 1, 2 

A 
of (Z±l) , while the first excited state 1 can decay 

to any of the 5 lowest states of the daughter. 
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10. Decay of "stable" nuclides 

A nucleus normally stable against electron capture 

can decay by "induced" electron capture if a continuum 

electron is incident with sufficient energy to make the 

capture energetically possible (see Fig. 4). The rate 

of this process is given by (54), but with the lower 

limit in the integral (53b) for K replaced by the threshold 

energy. 

An excited state of excitation energy greater than 

the threshold energy for induced electron capture can 

also decay, by bound or continuum electron capture. 

An excited state whose energy exceeds that threshold 

by a positron rest mass or more can decay by positron 

emission as well (Fig. 4). 

Similarly an excited state of a nuclide normally 

stable against negatron emission can nonetheless decay 

by emitting a negatron if its excitation energy exceeds 

the energy of the ground state of the proton-rich 

isobar (Fig. 5). 

All of these processes, of course, are ultimately 

followed, in the absence of other processes of destruction, 

by the beta decay of the instable daughter back to the 

original nuclide. They can be important, however, when 

alternative destruction processes proceed at a rate 

comparable to or greater than the (final) beta decay rate. 
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Of particular interest for this thesis is the case where 

neutron capture can occur before the unstable daughter 

decays. This cannot/ strictly speaking, be called an 

s-process (the neutron capture is then not slow compared 

to the beta decay), but can be important for the modified 

s-process discussed in Part I and by Ward (1973) . It may, 

for example, explain the anomalously high abundance of 

164 the proton-rich nuclide Er , which is over-abundant by 

more than an order of magnitude compared to the normal 

p-process yield, as being due to s-process branching 

produced by the beta decay of excited states of "stable" 

Dy OJ to quasi-stable Ho'10'3 (second forbidden electron 

capture), which can live long enough to capture a neutron 

a small fraction of the time (Arnould and Brihaye 1969). 

A similar mechanism has been proposed (Cameron 1959) to 

explain the presence of unstable Tc in stellar atmospheres 

(Peery 1971) as due to beta decay of stable isotopes of 

Mo. Unfortunately consideration of beta decay of "stable" 

species lies outside the scope of this present work. 

It remains, however, an interesting area for further 

effort. 
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•positron emission 

threshold 

m c 

(Z-l)‘ 

■ — induced electron capture 

threshold 

ZA 

Figure 4. Schematic energy level diagram for induced 

electron capture and positron emission of a "stable" nuclide. 

The ground state of nuclide ZA lies below that of (Z-1)A, 

so that in the laboratory (Z-1)A would decay by negatron 

emission to stable ZA. A continuum electron incident with 

energy greater than the induced electron capture threshold 

energy can be captured by ZA to form (Z-1)A. An excited 

state of ZA lying above the induced electron capture 

threshold can decay by either bound or continuum electron 

capture to (Z-1)A. An excited state lying above the positron 

emission threshold can also decay to (Z-1)A by positron 

emission. 



41 

negatron emission 

threshold (Z+1)A 

ZA 

Figure 5. Schematic energy level diagram for negatron 

emission by a "stable" nuclide* 

A A 
The ground state of Z lies below that of (Z+l) , so that 

A A 
in the laboratory (Z+l) would decay to stable Z by 

positron emission and/or electron capture. An excited 

state of ZA lying above the negatron emission threshold 

can decay by negatron emission to (Z+1)A. 
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Part IV. Beta decay lifetimes 

Figures 6-41 show the half-life or log t^ of the 

selected species, against the beta decay process indicated, 

as a function of temperature for Tg -< 10, and for several 

different electron densities in the case of electron 

capture. Branching ratios can be obtained as the ratio 

of inverse lifetimes in the manner indicated above. 

These curves have been prepared with consideration of 

photo-beta reactions, bound and continuum electron capture, 

and decay to excited states of the daughter nucleus. 

The four most favorable low-lying excited states were 

considered for each negatron or positron emission, and 

the three most favorable for continuum electron capture. 

Only the ground state was considered for bound electron 

capture. Values of spins and parities were taken from 

the more recent of Lederer et al. (1967) or the appropriate 

A-chain in Nuclear Data Sheets (up to December, 1972; 

see Table l)for each case, along with measured log ft values 

when available. Where comparative half-lives have not 

yet been measured, they were predicted from Table 2 on the 

basis of the known spin and parity change of the transition, 

the center of the range quoted being used in every case. 

Values for the negatron and positron emission phase space 

factors were obtained from the curves of Feenberg and Trigg 

(1950) . 
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Where the nuclear parameters are well known we expect 

the lifetimes to be fairly accurate (correct to order of 

magnitude, certainly, and perhaps to within a factor of 2), 

but in those cases for which spins and parities of low 

lying states are poorly known, or where the existence of 

such levels is completely unknown at the time of writing, 

we may expect considerable revision as nuclear spectroscopy 

continues to supply the missing information. At the upper 

end of the range of temperature and density considered, 

the effects discussed above but not included in the 

calculations begin to become important, and the error may 

be somewhat larger. 
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Fig. 8. Cu^Ce-^Ni64 
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Fig. 9a. Zn^(e~,j/)Cu^ 
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Fig. 9b. Zn^(y2+a/).Cu^ 
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Fig. 11. Se79^*»!^*79 
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Fig* 12a. Br80ÇgTï5)Kr80 
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Fig, 12b. ]3r80(e“, v)3e80 . 
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Fig. 15. Kr8l(e-,j/)Br8l 
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Fig. 20. A6
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Fig. 22a. Cd109(e**,^)Ag109 
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Fig. 24b. In11Zf(e“,2v)Cd11Z* 
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Fig. 26. Sn121(^“37)Sb121 
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Fig. 27a.' Sb122(e~,v)Sn122 
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Fig. 28. Te123(e“,V)Sb123 
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Fig. 29. I129Çs*>)Xe129 
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Fig. 33a. Eul52(£~v)Gd152 
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Fig. 33b. Su152(e"\v)Sm152 
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Fig. 35. Tm17°(e-,î/)Er17° 
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Fig.. 37a. &el86(e‘,*/)V»'186 
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Fig 37b. Kel8éÇsV)W186 
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Fig. 58a. Ir1^2(e“,^)0s^2 
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Fig. ifl. Pb205(e~,^)Ti205 
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Part V. Conclusions 

Beta decay lifetimes have been calculated for 36 species 

of importance for the s-process, in a range of temperature 

and density appropriate to it. These results can be used 

to obtain branching ratios among the various beta decay 

processes, and between beta decay and other processes, e,g., 

neutron capture. The lifetimes are dominated at stellar 

temperatures, for negatron and positron emission, by the 

effects of population of nuclear excited states with decays 

of a different order of forbiddenness, and, for electron 

capture, by continuum capture of the ground state at lower 

temperatures and of excited states at higher temperatures. 

As an example of the application of these calculations, 

let us consider the modifications they cause in the original 

Se'^-branch argument concerning the time scale of the s-process 

given by Burbidge, Burbidge, Fowler, and Hoyle (1957). 

They found that in the "local" approximation the neutron 

capture and beta decay lifetimes of Se79, Kr80, and Kr82 

are related by 

t (Se79) + t .-(Se79) t (Kr80) N (Kr82) 
—    = f (nr80) —    

t (Se79) & t (Kr82) N (Kr80) 
(61) 

n n 

where f _(Br80) is the negatron emission branching ratio 
19 

of Br80 and N denotes s-process number abundances, 
s 

Using solar abundances and laboratory beta decay lifetimes, 
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they obtained 

tn(Se
79) = 5.1 x 104 years (62) 

We shall see that the temperature dependent lifetimes 

give a very different result. 

The thermodynamic conditions of the s-process can be 

determined by requiring consistency among the time scales 

of different neighboring branches (Ward 1973) , but we wish 

here to consider only a single branch as an example of the 

utility of our results. Then consider the suggestion 

(Sanders 1967; Clayton 1972) that the terrestrial s-processed 

material may have been produced by the neutron flux from 

13 16 
C (o<,n)0 in red giant stars undergoing Schwarzschild- 

Hârm (1967) type mixing of protons into the helium-burning 

shell. In that case we may choose the conditions T = 2.5, 
O 

27 ~3 
ne = 10 cm characteristic of the maximum luminosity 

phase of the last thermal pulse of the Weigert (1966) 

5 solar mass model. 

With this choice of temperature and electron density 

we read from the graphs of Part IV the lifetimes given in 

Table 3. 

Table 3. Lifetimes for the Se79 branch at T_ = 2.5, n = 10^7cm 
8 e 

Decay Half-life, years 

Se79 (yô'v)Br79 18 

Br80 (yôV)Kr80 5.1 x 10"5 

18 

Br80 Se80 -4 
4.3 x 10 
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As in (59) the branching ratio is 

fg— (Br80) = l/t^ytl/tg. + l/tEC + l/t^) (63a) 

= .38 . (63b) 

(This is to be compared with the laboratory branching 

ratio .92) The Cameron (1973) abundances for the species 

of interest are given in Table 4. 

4. Cameron (1973) solar system abundances for the 

branch 79 at Se . 

Isotope Abundance by number Mode of synthesis 

(Si = 106) 

Kr78 .166 p only 

Kr80 1.06 s,p 

Kr82 5.41 s,p 

The Krypton isotopes are shielded from r-process contributions 

78 80 82 by stable Se , Se , and Se , respectively. Taking the 

78 abundance of p-only Kr as representative of the local 

p-process yield, we obtain the s-process contributions 

N^(Kr80) = N(Kr80) - N(Kr78) 

= .89 (64a) 

and Ns (Kr
82) = N(Kr82) - N(Kr78) 

= 5.24 . (64b) 

Finally, we can take the neutron capture lifetime ratio 

for the Kr isotopes as the inverse ratio of cross-sections, 

using the Allen, Macklin, and Gibbons (1972) cross-sections 

of Table 5. 
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Table 5. , Macklin, and Gibbons 

-sections for Kr. 

Isotope , mb 

o
 

00 u 140 

Kr82 80 

Substituting the values given above into (61) we obtain 

the neutron capture lifetime of Se?9 

t (Se79) = t _(Se79)/(3.36 f _(Br80) - 1) (65a) n p p 
= 64.3 years . (65b) 

This result, nearly three orders of magnitude less than 

the estimate of Burbidge et al., indicates the importance 

of the effects discussed in this thesis, and, further, 

casts doubt upon the validity of the rigorous assumption 

of the s-process. It would appear that in many cases neutron 

capture times are not long compared to pertinent beta decay 

lifetimes, not only for the few long-lived species historically 

regarded as branching points. Then the temperature and 

density dependence of those lifetimes becomes significant. 

Much work remains to be done in extending the present 

calculations to more extreme domains of temperature and 

density (but see, for example, Fowler and Hoyle 1964 or 

Hansen 1966), higher orders of forbiddenness, and species 

removed from the s-process path. 
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Appendix. Population levels 

1. Ionization states 

The ratio of the number of atoms in ionization state 

r+1 and electronic state j to those in ionization state r 

and electronic state k in thermodynamic equilibrium is 

given by the Saha equation 

N 
r+1, j _ ^r+1, j^e (2"7TmkT) 

N h^n 
exp <<-Xr + er+ljj - er>k )/kT) 

(Al) 
r,k *r,k 

(Clayton 1968) where ne is the electron density, gr^ , 

gr+^j , and ge = 2 are statistical weights, ,Xr is the 

ionization energy of the r times ionized atom, and 

are the electronic energies of the respective ions, 

measured from 0 at the ground state. The Coulomb effects 

in the dense stellar plasma may be approximated by replacing 

X.T with the effective ionization potential 

-eff 
- X. - 

R 
(A2) 

D 

Rp = (kT/4'7re2Ç NQ*y ) 

where the Debye-Hückel radius 

% (A3) 
U I 

With y = 2_<zi~ + Z^X^A^ (A4) 

where the sum is over all species in the plasma, Z,e is the 

charge, A^ the atomic weight, and the mass fraction 

of the ith species. For Z P>1 most species have 

hi ~ 22i 

■J + D so that 

(A5) 

(A6) 
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The population level of interest in this thesis is 

that of the K-shell, so that we can calculate the competition 

between bound and continuum electron capture. Consider 

then four ionization states : 

Ng E: 
N2 is the number of completely ionized ions (A7) 

EE N2-I is t*1® number of ions with 1 K-shell electron (A8) 

N
2 ~ 

N
Z-2 '*'

S t*le number of ions with 2 K-shell electrons (A9) 

N3 3 
n
z_3 wüi represent the number of ions with 

more than 2 electrons bound . (A10) 

Neglecting the effects of excited atomic states, we can 

rewrite the Saha equation (Al) as 

VNi+l " fi+l<A+l'ne'T) (A11) 

for i = 0,1,2. The total number of nuclei of the given 

species present is 

N = NQ + Nx + N2 + N3 

Then the fractional population of the ith state is 

so that by (All) 

and 

Pi = Nj/N 

P0 = flf2f3P3 

P1 = f2f3P3 

P 2 = f 3P 3 

may be determined from the normalization condition 

1 = PQ + + P2 
+
 P3 

- + f
3[l + f2<1 + fl>]} 

as P3= 1/(1 + *3 [1 + f2
(1 + £

i>]} • 

For the ionization energy we can use the relativistic 

one-electron binding energy formula 

(A12) 

(A13) 

(A14) 

(A15) 

(A16) 

(A19) 
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X<Z>n,j) = mc2|[l + Z2<*2(n-j-% + ( ( j+^) 2 - Z2 <x.2)h) -1 

(A20) 

for principal quantum number n and angular momentum j, 

where c< is the fine structure constant. 

The quantity of interest for the electron capture 

calculations is 

PK = * [P1 + 2<P2 + P3> ] ' (A21) 

the fraction of the normal 2 K-electrons per atom still 

bound. Figures A1-A5 show P as a function of temperature 

for several different values of the electron density, for 

representative values of Z. These curves were calculated 

without consideration of screening effects, and using the 

hydrogenic energy formula (A20). Thus they begin to become 

inaccurate at high temperature and density (Iben et al. 1967; 

Watson and Salpeter 1973). Note that for high temperatures 

and relatively low densities ionization is essentially 

complete, even for very large Z. At intermediate temperatures 

only the K-shell is substantially populated, and only at 
O 

low temperatures (CIO °K) are higher atomic orbitals 

significantly populated. 
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Fig. Al. Z = 28 
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Fig. A3. Z s Zf8 
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' Fig. A4. • Z = 63 
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2. Excited nuclear states 

The fractional population of the ith nuclear state 

in thermodynamic equilibrium is given by (45). Figures 

A6-A36 show log P^. as a function of temperature for the 

lowest few states of the nuclei of the selected species. 

An effort has been made to include all states with 

fractional population larger than 10at Tg = 10. 

Nuclear level information was taken from Nuclear Data 

Sheets and Lederer et al. (1967). Each curve is labelled 

by the excitation energy of the level it represents, 

and by the value assumed for the spin when there is 

an ambiguity at the time of writing. Note that nearly 

all the nuclei are predominantly in the ground state at 

stellar temperatures, except for a very few cases of 

extremely low-lying excited states. Nevertheless the 

population of excited nuclear states can have dramatic 

effects on the lifetimes through the harmonic mean (46), 

as we have seen in Part IV. 
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Fig. A6. CO
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Fig. A7. Hi® 
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Fig. A8. Zn65 
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Fig. A9. Ge71 . ’ 
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Fig. AlO. Se79 
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Fig. All. Br80 
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Fig. Al2. Kr81 
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Fig. A13. Kr85 
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Fig. Al4. Rb87 
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Fie. Al5. Zr93 



116 

Fig. Al 6. in>94 
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Fig. Al7. Te" 
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Fig. À18. Pd107 
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Fig. A19. Cd109 
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FiC. A20. Cd115 
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Fie. A21. In111* 
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Fig. A22. In115 
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Fig. A23. Sn121 
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Fig. A24 x129 
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Fig. A25. Cs’51* 
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Fig. A26. Cs135 



127 

Fig. A27. ftn1V7 
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Fig. A28. Eu152 
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Fig. A29. Zu155 
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Fi£. A30. Gd155 
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Fig. A31. Ho166 
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Fig. A32. Lu176* 
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Fig. A33. Re186 
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Fig. A34. Ir192 
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Fig. A35. Tl 204 
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Fig. A36. Pb2°5 


