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It is one of unique features of the JNDC FP Decay Data File that 

theoretical values of E„ and E , average beta- and gamma-ray energies, 

are fully adopted for short-lived nuclides. Here, details of the 

theoretical estimation method of E and E based on 'gross theory" 

of beta-decay are described and the numerical tables of the estimated 

decay data for short-lived nuclides are presented. Further, discussion 

is made for justification of adoption of the theoretical values instead 

of values derived from decay schemes from the viewpoint of the energy 

profile of the beta-strength function. 
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1. Introduction 

The origin of the fission product decay heat is the beta- and 

gamma-ray energies released from unstable fission products undergoing 

beta-decay. The most powerful and widely used tool to evaluate the size 

of this energy release is the summation calculation method, which is 

based on summing up of the contributions from all the unstable nuclides 

produced by fission events. In order to calculate the contribution 

from each nuclide, it is necessary to know the fission yield, the decay 

constant (or half-life), the branching ratios, and the average beta-

and gamma-ray energies (E„, E ) per one decay event. These data are 

physical constants inherent to each fission product (hereafter FP), and 

usually a set of these data for all the important FP nuclides are stored 

in a peripheral memory to be read by a computer code for use in summation 

calculations. This kind of data set is called a FP decay data file 

(or library) for summation calculations. Today not a few sets of FP 

decay data file are open to the users who are interested in decay heat 

calculations. 

In the 1970's, requirement for the high prediction accuracy of the 

decay heat at short cooling-times was stressed from the nuclear safety 

field, and it stimulated experimental and theoretical studies of the FP 

decay heat around the world. It was one of responses to this requirement 

that the Japanese Nuclear Data Committee (JNDC) started to compile a 

new FP decay data file in the middle of the 1970's. This file, completed 

in 1981 as 'JNDC FP Decay Data File' , was aimed at improvement of the 

prediction accuracy of the FP decay heat at short cooling-times. The 

most serious obstacle to this goal was the fact that the decay data were 

scarce, or inaccurate even if available, for short-lived FPs which are 

the dominant contributors to the decay heat at short cooling-time. 

According to a study by Schmittroth et al. , the uncertainty in the 

E and E data is responsible for the largest portion of the total error 

in the calculated decay heat. In order to improve the reliability of 

the decay data for the 'data-unknown' FPs, the present author proposed 
g\ 

a theoretical estimation method of t. ,., E„ and E on the basis of a 
9) 10) 1/2' B Y 

'gross theory' ' of beti-decay. With the same intention several 

authors presented estimation method of E and E from different 

approaches. A 'microscopic theory' of beta-decay might be an 

alternative theoretical basis capable of calculating ER and E for a wide 

range of nuclides. 

- 1 -
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The former pa r t of the present report i s devoted to a de ta i l ed desc r ip ­

t ion of the way in which the present au thor ' s method i s applied to the 

est imation of t . ,„ , ER and E data to be contained in the JNDC FP Decay Data 

F i l e . In chapter 2 we review the gross theory of beta-decay and describe 

the way in which the theory i s applied to est imate the unknown parameters 

re levant to decay heat c a l cu l a t i ons . As i s described in chapter 3 , the 

adoption of the t h e o r e t i c a l data c '^ast ical ly improved the consistency 

between ca lcula ted and measured decay heat curves at short cool ing-t imes. 

The physical i n t e r p r e t a t i o n of t h i s improvement i s t r i e d in chapter 4. 

2. Decay Data of Short-Lived FPs and t h e i r Theoret ical Estimation 

2.1 Average energies of be t a - and gamma-rays emitted per one decay 

Before dealing with the t heo re t i ca l est imation method we review the 

ca lcu la t ion method of E and E for data-known nuc l ides . Figure 1 d isplays 

a typ ica l decay scheme of a sho r t - l i ved nucl ide with a r e l a t i v e l y large 

Q -va lue . Beta-decay of the parent nucleus (Z,N) populates not only the 

ground s t a t e but a lso many exci ted levels having energy z. with branching 

r a t i o a . . At the f i r s t s tage a beta-ray and an an t i -neu t r ino are emitted 

and then the populated exci ted leve l i s de-exci ted by emit t ing gamma-rays 

usual ly through a cascade process . The average energies of these be t a -

and gamma-rays per one beta-decay are expressed in terms of the branching 

r a t i o s a. (here £a. = 1) as 
1 i i 

h = ^ i E B ( i ) ( 1 ) 

I = Ea.e. (2) 
Y i l l 

where E„ is the average beta-ray energy associated with a beta-

transition to the i-th excited level. By adding this to the average anti-

neutrino energy Ev ' we get the energy difference between the ground 

state of the parent and the i-th excited level of the daughter, say, 

E0 + E ^ = n - e.. The partition of Qr. - E. into E a
( l ) and E (l) 

P v p i p i . , , v P v 

is given when the type of the beta-transition is fixed.' The key 

quantity a essential to evaluate the right-hand sides of Eqs. (1) and (2) 

is given in published decay schemes, which are constructed most commonly 

on the basis of the beta-gamma intensity analysis. 

Here we introduce the concept of the beta-strength function, which 

plays a quite important role in the following description of this chapter. 

- 2 
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Let us suppose A is the decay constant of the parent. Then A. = a.-A 

becomes a partial decay constant associated with the beta-transition 

which populates the i-th excited level. In the decay of a short-lived 

nuclide with a high Q -value, the density of the final levels is high 
R 

except at low excitation energy. It is, therefore, often helpful to 

average A. in a suitable energy interval and to express it as a function 

of the excitation energy e of the final level. The beta-strength function 

S (E) is proportional to A -p/f, where f is the integrated Fermi function 

and p is the level density at e. The bar on A indicates that an average 

should be taken around e . As f and p are known quantities, apart from 

some ambiguity in p, to know S„ (e) is essentially equivalent to know a. as 
p _ _ i 

long as we are interested in the calculation of E„ and E . In this section 

B y 
we denoted the strength function as S (e) . In the following sections, 

p 

however, it is written as |M(E )| in accordance with the convention used 
8 9) 

in the original papers of the gross theory. (See Note 1 below). 
2.2 The gross theory of beta-decay 

In this section we review the gross theory which is applied to estimate 

t .„, E„ and E . For simplicity we restrict the description within the 

allowed transitions. The energy spectrum of the beta-ray emitted at a 

transition from the ground state of the parent having a wave function V to 

the n-th level with a wave function f is expressed as 
n 

nn(E)dE = ^
2 £ [ k v v )|2 +-^r|(vn> «GT*)n 

x F(Z + 1, E)pE(E - E)2dE (3) 

Here the symbols fi and ft represent the transition operators for the 
F GT 

Fermi type and the Gamow-Teller type beta-transitions. The absolute value 

of the ratio of the axial-vector coupling constant C to the vector coupling 

constant C , namely |C /C |, is determined experimentally to be 1.239±0.011. 

The dimensionless number G which appears in the factor on the top of the 

Note 1) The energy scale is shifted by Q from e to E namely, E = e - Q^ 

We resume the notation S.(e) in the final part of this report 
b 

(Section A.2). 

- 3 -
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-12 
right hand side of Eq. (3) has a value (3.00110.002) x 10 , which is 

reduced from the ft value for a pure Fermi-transition. The Fermi 

function F(Z,N) is expressed as 

2Y-2 ITCY + ivlI2 

F(Z,E) = 2(1 + Y)(2pRrY Zexp(itv)-[fg^-^Ij-j2 

9 9 1/2 

where y = (1 - a./LZ'L) , v = aZE/p, a = 1/137 and R is the nuclear radius. 

Although we measure the energy and momentum of the electron in a unit of 

m = c = "1.0, we leave the factor n/mcz as it is in the following expressions. 

In the Eq. (3) E is the relativistic maximum electron energy emitted at 

a beta-transition to the n-th excited level; by use of the symbols in 

Fig. 1 it is equal to Q. - e + 1 . The average energy of the beta- and 
— ( 1 —( \ n 

gamma-rays, E and E , and the partial decay constant relevant to a 

transition to the n-th final level are expressed as 

• E 
(n) = ]_|n 

n 1 
ED

(r" = rH " (E - DJME)dE (4) 

E <n) = Q - E + 1 (4') 
y 8 n 

,En 
X = j n FI (E)dE , (4") -{ nn ( 
n J 1 n 

where H (E) is given by Eq. (3). In actual situations of the short-lived 

FPs, where many final levels are energetically accessible, we must sum up 

X over n to get the total decay constant X. 

X = IX 
n 

n 
2 

mc_z _G" 
-h 2 

r-2 r.2 - C-

&sf | (v V>I2 + C £ - I ( V U G T * > I 2 ] 

x f(E ) (5) 
n 

The function f(E ) which appears in the above expression is called the 

integrated Fermi function and is written as 

Note 2) The number G is related to the vector constant (|Cv |
 s 

1.405 * 10-1*9 erg-cm3) through an expression : ~ T\'~ 
a 

4 
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f(En) =J
 n F(Z + 1, E)pE(En - E)

2dE (5') 

The starting point of the gross theory of beta-decay lies in a 

replacement of the summation over n by an integration with the energy E 

which is equal to -(E - 1), as the variable; resultingly, 
n 

^ _ m c 2 „ , r r. 

^2$I-Q f t[lVVl2 + 3^lMCT<V"2] 

9) 

x f(-E + l)dE . (6) 

It is a conventional notation of the original papers of the gross theory 

to use E as energy variable. (E is, in other words, the mass change in 
ft G 

the neutral atom before and after the transition.) The symbol |M (E ) | 2 

U) g 

(w = F or GT) denotes the beta-strength function and is equal to the 

absolute square of transition matrix element I (T , i! *) I2 multiplied by 

the level density around E . In Eq. (6) the factor cf 3 of the Gamow-Teller 

term comes from an assumption that the parent nucleus is unpolarized. 

The determination of the energy profile of the beta-strength function 
9) 

constitutes the essential part of the gross theory. Yamada and Takahashi 
carried out this with the aid of the sum rules as follows. 

_ |M (E ) |2dE = ?(v, n> )(v , a v) 
Y u g g n u n n a) 

= (V, vSil V ) (7) 

co ti) n 

c co 

J - Q 6
E
g
| M c ( E

g > l
2 d E g = <*' i!+[H' "]H,) (8) 

J E 2|M (E )|2dE = (H\ [fi + , H][H, fi]1>) (9) 

In order to refine the theory they introduced an one-particle strength 

function D (E , £,) by decomposing the total strength into the contributions 

from individual nucleons in the nucleus as 

! w | 2 =/imaXivv 5)-w(v u*v ds • • • • • (10) 

where £ is the energy of the nucleon undergoing decay, W(E , £;) is a factor 

representing the effect of the Pauli's exclusion principle, and P1- is the 

/ : 
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one particle level density of the initial state. 

Here we give, as an example, the form of the on.^-particlc strength 

function for the Fermi-type transition; 

a 2 + y2 a 2 1 

VE
g> « —^ T~(T'~1 j2";TOT2/Y)2"" 

g c c 

(E - a ) 2 + y2 ' (11) 
g c 

In this case a modified-Lorentz form is assumed and the parameters A 
' c 

(peak position) and o^ (peak width) are determined with the aid of the 

sum rules (8) and (9) in the following way. 

~ Y V V °dEg Ac 

= W'lti) • i/3-°-7B25]MeV ( 8 ' : 

J - ^ g - V W OdEgEoc2 

L (rQ/1.2) Al/3MeVJ ' ^ ' 

where Z, r„, and A denote the proton number of the parent, the radius of 

the volume occupied by one nucleon, and the mass number, respectively. 

The sum rule (7) has already been used to determine the normalization 

factor of |M (E ) | . The expression (8') reduced from the sum rule (8) 
CJ g 

represents the sum of changes in the Coulomb energy and in the nucleon 

mass (p •* n) induced by the decay. The expression (9') gives the peak 

width of the strength which is brought about by the presence of the 

isospin impurity; in other words, if the isospin is a good quantum 

number, the width becomes zero. In the case of the Gamow-Teller transition, 
we replace a 2 b y a 2 + o 2 , where o 2 gives the increase of the width 

c c N N 
induced by incommutability of the Gamow-Teller transition operator fi 

Gl 

with the spin dependent part of the nuclear force; in the present calcula­

tion a 2 is taken to be 12 MeV. In the above description we restricted 

the discussion within the allowed transitions. The gross theory of the 

forbidden transition was developed by Takahashi and this is taken also 

into account in the present calculation. In order to apply the theory in 

6 



JAERI-M 83-127 

practical problems it is essential to take into account the transitions 

between one-particle discrete levels. This is accomplished by using of a 

rather simple one-particle nuclear model. As a result the one-particle 

strength function is largely modified and becomes a sum of a continuum 

part and delta-functions representing the discrete transitions. The 

complete description of the procedure of obtaining the one-particle 
18) 

strength is too bulky to reproduce here. Refer to the original paper 

for it. Anyway we get the total strength function by integrating the one 

particle strength according to the formula (1). 

The jross theory express on for the decay constant X is given by 

Eq. (6). In the later part we calculate the aveiage beta- and gamma-ra/ 

energies per one decay (Eg, E ) on the basis of the gross theory. A close 

parallel procedure leads to the gross theory description for these quantities. 

At first we deal with the calculation of the average beta-ray energy. 

This quantity Efi is given by summing ^p all the contributions from the 

transitions to the every final levels; nnmely, 

E =|-al(n) 

6 X n n 6 

rE 
X n (E - 1)F(Z + 1, E)pE(E - E)2dE , 
J 1 a 

where ER represents the average beta-ray energy released at a transition 

feeding the n-th final le/el as is given by Eq. (4). The partial decay 

constant X is given by Eq. (5). The translation of this expression into 
n 

the gross theory form is easily done in a quite parallel way to the case 

of the decay constant. The only difference is that the integrant, in this 

case, has an additional factor (E - 1) which does not appear in the expres­

sion (6) for X. 

rr-E +1 -i 
x \ g (E - 1) F(Z + 1 , E ) p E ( - E o + 1 - E)2dE dE . . . (13) 

*- -l a J 6 > 

mc G2 

where the constant C denotes the factor - - j — ——r-
h 2-n3 _ 

To derive the expression for the gamma-ray energy E we assume that 

the excitation energy of the level populated by the beta-transition is 

- 7 -
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r e l e a s e d s o l e l y a s gamma-rays ; i n o t h e r words we n e g l e c t t h e e f f e c t s of t h e 

d e l a y e d n e u t r o n e m i s s i o n and t h e i n t e r n a l c o n v e r s i o n . The e x p r e s s i o n , t h e n 

becomes a s 

Y A n n Y 

A n >HB n n 
2 

V 

x (Qg - E n + D f ( E n ) . (14) 

The corresponding expression in the gross theory form is 

0 C ^ 

\=f-J_Q6LlVV
|2 + 3C^-|MGT(Vl2] 

x (QR + E )f(-E„ + l)dE„ (15) 

Before closing this subsection we overview the behavior of the beta-

strength function. Fig. 2 displays the energy profile of the beta-strength 

functions for the Fermi, the Gamow-Teller, and the first-forbidden transi­

tions. The sharp peak of the Fermi strength is situated at the isobaric 

analog state, the eigen state of the total isospin T. This is due to the 

fact that the Fermi transition operator is essentially T + iT which 

elevates the z-component of the isospin by unit one. If the total isospin 

is a good quantum number, the Fermi-strength becomes a delta-function at 

the isobaric analog state. The thin but finite width of the strength is 

resulted by the impurity of the isospin. In a classical term this is 

interpreted as follows. The Coulomb potential within a nucleus is not 

always uniform. The Coulomb energy change induced by a decay of a neutron 

into a proton, therefore, depends on the position of the decaying neutron 

within the nucleus. This gives rise to the spread of the Fermi strength. 

The Gamow-Teller strength has a broad peak around the isobaric analog 

state. The wide spread of the peak is caused by incommutability of the 

Gamow-Teller transition operator with the spin-dependent part of the 

nuclear force. The strength function of the first-forbidden transition 

has two peaks with spread widths. 

Here it should be noted that only the lower tails of these strengths 
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are energetically accessible by real beta-transitions. (This is not the 

case for light nuclides, where the isobaric analog state is accessible 

energetically). This leads to the fact that the total strength is an 

increasing function of energy. Though this tendency is largely cancelled 

out by the presence of f, a decreasing function of the excitation energy, 

in the expressions for A, E , and E , the high energy part of the total 

strength plays an important role in the following discussions, 

2.3 A preparatory consideration 

The essential quantities needed in decay heat calculations, A , E„ , 

E , are given by the expressions (6), (13) and (15). These quantities, 

generally, vary sensitively if the transitions to the ground or to the low-

lying states are prohibited by some selection rule. In order to consider 

this effect of the selection rules in the calculation based on expressions 

(6), (13) and (15), we follow the method of Takahashi et al. ' and 

introduce a parameter Q n n, which represents the energy of the lowest level 

to which the transition is allowed by selection rules. 

In order to incorpolate the 

strength function is modified as 

In order to incorpolate the parameter Q into the gross theory, the 

iM:(y | 2 

-Q6^00 

! W I2 + 6 ( E g + % - V i J W lZdEg (V"Qe+ V 
D (-Qp* E < -Q + QQ0) . (16) 

By this modification the strength distributed over the energy range below 

Qn , where the transition is prohibited, is to be concentrated at Q__ in 

the form of a delta-function. Takahashi et al. applied the same value of 

Q to all the nuclides. In the present study we tried to find the best 

value of Q for each nuclide. 

As is described in ref. 8), 19 short-lived FPs were selected from 
20) 

the compilation by Tobias and the parameter Qnf. was determined for 

each nuclide so that the calculation should reproduce the Tobias' value 

of E. and E best. The calculations were performed with the expressions 
B Y 

(13) and (15) where |M (E ) | 2 being replaced by the modified one |M^(E ) | 2 . 

Further, the same Q value was assumed for all the types of the transition, 

namely, Fermi, Gamow-Teller, and 1-st forbidden transitions. The results 

are shown in Table I. As is seen here, the gross theory reproduces the 

experimental values of E and E quite well owing to the appropriate 
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selection of Q for each nuclide. The values of Q scatter between 

0.0 and 2.5 MeV. Figs. 4-6 display the results of the gross theory 

calculations with these upper and lower values of Q , 0.0 and 2.5 MeV, 

and also with Q = 1.0 MeV for FPs having Q values larger than 3 MeV. 

In these calculations the mass number A is fixed to 90 (for even A 

nuclides) or to 89 (for odd A nuclides). Most of the experiment-based 

values of Efi and E (due to Tobias, Ref. 20)) scatter between two calculated 

curves of Q = 0.0 MeV and of Q = 2.5 MeV with a i.ew exceptions such 
97 82 92 

as Y, As and Rb. The curve of Q_n = 1.0 MeV goes through amid the 

scattered data points, suggesting that this curve is adoptable as a good 

estimation of ER and E when no further information is available which 

helps us to find a more reliable value of Qnn- The observations in this 

section suggest that the range 0.0 - 2.5 MeV should be appropriate for the 

Q variation from nuclide to nuclide. 

2.4 Estimation of average beta- and gamma-ray energies, E and E 

The goal of this chapter is to establish a reasonable method to 

estimate the average beta- and gamma-ray energies released per one decay 

of a short-lived FP nuclide. In order to use the gross theory for this 

purpose, we must think out a way to find the appropriate value of the 

parameter Q of each nuclide. This section deals with the determination 

of the Q value. 

There are very many FP nuclides for which only the half-life is known, 

because the measurement of half-life is easier than the experimental 

determination of other physical characters of a short-lived nuclide. From 

a practical point of view, these short-lived FPs play an important role in 

the FP decay heat shortly after the reactor shut-down. Further, as is 

discussed in the later part of this report, it is often the case that 

theoretically estimated values of E„ and E are more reliable than those 
6 y 

based on the experimentally determined decay schemes so long as the decay 

schemes are incomplete from some aspects. 

The half-life t . (or the decay constant A) is a quantity which is 

quite sensitive to the effect of the selection rules on the ground and low-

lying levels, in other words, on the value of Qnn. In this respect we can 

make an assumption that the information about these effects of selection 

rules is included in the value of t . in a implicit way. This leads to an 

idea to determine the value of Q on the basis of the measured half-life 

of each nuclide. 

- 10 -
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20) 

Fig. 7 displays a comparison between calculated and experiment-based ' 

values of E and E for 34 FPs with Q larger than 5 MeV. At the time of 

calculation, the value of the parameter Q . was determined for each nuclide 

so that the calculation might reproduce the measured half-life in the best 

way. In this procedure of determining the value of Q the domain of the 

variation of this parameter was taken to be between 0.0 and 2.0 MeV for 

odd-odd nuclides and between 0.5 and 2.0 MeV for others. 

As is seen in the preceding section, the most of the Q values which 

were determined so as to reproduce the experimental values of Eg and E Y 

lie between 0.0 and 2.5 MeV. In the present parameter survay we cut off 

the upper and the lower ends of this range by 0.5 MeV and adopted the range 

0.5 - 2.0 MeV as is mentioned above. An exception is the odd-odd nuclide 

case, where a range of 0.0 - 2.0 MeV was adopted so that the transition 

into the ground state should be allowed. Many odd-odd nuclides have ground 

states of spin-parity 1 which can decay to 0 ground state of the daughters 

(even-even) by the Gamow-Teller transition (|Aj| = 1, parity change: no). 

It is clear from the comparison of Figs. 7 and 8 that the determination 

of Q.„ based on measured half-life is quite effective to reproduce 

Realistic values of Eg and EY. The former shows the results of the QQQ 

optimization mentioned above and the latter corresponds to the case where 

the value of QQQ is fixed to 1.0 MeV for all the nuclides. The values 

of these figures are normalized so that the sum of Eg, EY and the anti-

neutrino energy should becomes 100.0. The dotted and the solid lines 

indicate Eg and Eg + Ey, respectively. 

3. Data for ¥ D, ¥ and t.. •„ Adopted in the JNDC File 
6_̂_ Y _ 1/2 

3.1 Estimated E_ and E values 

The JNDC Decay Heat Evaluation Working Group calculated Eg and E for 

more than 700 nuclides including many short-lived ones on the basis of 

decay schemes published until 1980. The expressions (1) and (2) were used 

to derive these values. For short-lived ones among them, the values E„ 

and E were also calculated by the method described in Sec. 4.2. Fig. 9 
Y 

displays the results for nuclides which have QR values larger than 3 MeV. 
Theoretical values based on the method described in Sec. 2.4 and the 

2) 5) 

values from ENDF/B-IV (A) ' and from Tasaka's File (V) y are also shown 

there. It should be noted that the ENDF/B-IV and the Tasaka's File include 

estimated data based on relatively simple extrapolation methods. On the 

other hand, the JNDC data (o) are wholly derived from decay schemes; (i.e. 
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all the JNDC values are based on experiments.) A survey of Fig. 9 leads 

to the following observations; 1). The average beta-energies from the 

four data sources (JNDC, ENDF/B-IV, Tasaka and theoretical estimation) are 

consistent each other in a relative sense. 2) For the gamma-ray energy 

the consistency deteriorates appreciably. 3) As for the gamma-energy (E ) , 

the JNDC value is quite often the lowest among the four data sources. 

A comment is needed here about the second observation above. For 

simplicity let us assume that the whole beta-strength concentrates on the 

level at Qnn. A shift of Q . by AQ results in a change in the average 

gamma-ray energy by the same amount, namely, by AQnn- On the contrary the 

average beta-energy changes only by C Q , where the factor C, having a 

value smaller than 1.0 (0.3 - 0,5), is the ratio of the beta-ray energy 

to the sum of beta-ray and anti-neutrino energies. In this respect E 

is more sensitive to the assumed value of Q than the case of E„. In 

the estimation calculations of Efi and E , the assumed values of Q Q have 

fairly large ambiguity in general, 

more ambiguous than the value of Efi. 

fairly large ambiguity in general. Hence the estimated value of E is 

3.2 Data for E R, E and t1,„ for nuclides with no experimental data 

Among more than 1100 nuclides and isomers whose decay and yield data 

are stored in the JNDC FP Decay Data File, about 380 nuclides and isomers 

lack measured decay data. More precisely, neither half-lives nor decay 

schemes are known for 280 among them, and only half-lives are known for 

the rest. Theoretical estimation of E„, E and t, ,„ were carried out 
P Y i-l I 

for these nuclides with the aid of the gross theory and the results were 

stored into the JNDC FP Decay Data File. 

1) Estimation of E„ and E for nuclides with no decay data except t, ,„: 
By _ _ 1/2 

For these nuclides the values of E_ and E were estimated with the 
s Y 

method described in Sec. 2.4. The parameter Q was optimized so 

that the best consistency should be attained between calculated and 

measured half-lives. The variation range of Q-. was taken to be 

0.0 < Q < 2.0 MeV for odd-odd nuclides and to be 0.5 < Q < 2.0 MeV 

for others. The Qft values were taken from the compilation by Wapstra 
23) and Bos, or were calculated by Uno and Yamada's linear type mass 24) formula when Wapstra and Bos give no information. Table II 

summarizes the values of E„, E , QD and Q for the nuclides belonging 
p Y p uu 

to this category. 
2) Estimation of E., E and t,,„ for nuclides with no measured data: 

p Y J-/* 
- 12 -
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For these nuclides, the estimation method used for the nuclides of 

category 1) is inapplicable because half-lives are not known. The 

key parameter Q was determined in the following two methods, namely; 

(a) The Q -value was fixed to 1.0 MeV for all the nuclides. 

(b) Systematic behavior of the values of Q was examined in several 

subdivided mass regions and the value of Qn was extrapolated to each 

nuclide in each mass region. 

By use of the Q values determined in the above two methods, ~ER, ¥ 

and t . were calculated. There was, however, no essential difference 

between the two decay heat curves corresponding to the above two 

methods. This is due to the fact that the contribution from the 

nuclides of this category is minor even at very short cooling-times. 

In practice we stored the Eg, E and t 1 / 2 data based on method (b). 

The whole results are given in Table III. 

3.3 Adoption of theoretical data for high-Q nuclides with experimental data 

For 88 short-lived nuclides listed in Table IV, theoretically estimated 

values of E„ and E were finally adopted, though these nuclides have 

experimental information on their beta- and gamma-decay schemes which 

enable us to calculate E„ and E apart from their reliability. A justifi­

cation for this preferential adoption of the theoretical data in place of 

the experiment-based data will be dealt with in Chapter 4. The method to 

obtain the theoretical values of ED and E„ is the same as that for the 
P Y 

nuclides of category 1) of Sec. 3.2; namely, the optimization of the 

parameter Q with the aid of the measured half-life. Table IV summarizes 

the theoretical (T) and experiment-based (E) values of Eg and E , the 

measured half-lives used to determine Qnn> the resultant value of Q_. and 

the calculated half-lives. This table also gives fractional contribution 
235 

from each nuclide in the U decay heat shortly after a burst irradiation 

of thermal neutrons. 

Before ending this chapter we review briefly the consequence of this 

adoption of the theoretical data though detailed descriptions are given 

in Ref. 25). Figs. 10 and 11 display the beta- and gamma-ray components 
235 

of the U decay heat after an instantaneous irradiation of thermal 

neutrons. Adoption of the theoretically estimated values of E. and E for 

the above 88 nuclides drastically improves the consistency between the 

calculated and the measured decay heat (from ® to (B) )• LaVauve et al. 

successfully tried to remove an apparent disagreement between measured and 
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ca lcu la ted decay heat curves at short cooling time by introducing the JNDC 
— — 30) 

values of E. and E in to the ENDF/B-V data base. Their r e s u l t s are 
6 y 

shown in Fig. 12. Remarkable change brought about by the in t roduct ion of 

the JNDC data seems to come mostly from the 88 nucl ides described above in 

t h e i r r e s u l t , too . In the next chapter we see the reason why the t h e o r e t i c a l 

values lead to a success in i n t e r p r e t i n g the measured decay heat at short 

cool ing- t imes . 

4. Problems in Deriving Eg and EL from Decay Schemes 

4 .1 Incompleteness of decay schemes for sho r t - l i ved nuclides 

A qu i t e suggest ive numerical experiment was carr ied out by J . C. Hardy 
31) 

e t a l . They generated numerically a hypothe t ica l beta-gamma decay scheme 

of a f i c t i o n a l nucl ide 'pandemonium' under the following condi t ions . 

1) Atomic and mass numbers and sp in -pa r i ty are taken to be the same as 

Gd-145, namely z = 64, A = 145, 1° = l / 2 + and further Q = 5 MeV. 

2) The l eve l densi ty of the daughter nucl ide (Z -• 63 , A = 14b) takes a f t e r 

the Gilbert-Cameron's l eve l densi ty formula. 

3) Level spacings obey the Wigner's s t a t i s t i c s . 

4) The Gamow-Teller t r a n s i t i o n p robab i l i ty to each l eve l obeys the random 

Porter-Thomas d i s t r i b u t i o n . 

5) The b e t a - t r a n s i t i o n matrix i s assumed to be independent of the exc i t a t i on 

energy. 

Then the Ge(Li)-detector response to the gamma-rays from the decaying 

'pandemonium' was generated under r e a l i s t i c conditions for r e s o l u t i o n , 

e f f i c i ency , e t c . The r e s u l t a n t response data were analysed with a peak 

ana lys i s code SAMPO. As a r e s u l t of t h i s gedanken-experiment i t was proved 

t ha t a s i zab le port ion of the t o t a l gamma-ray i n t e n s i t y remained undetected. 

From t h i s observation they concluded tha t the decay schemes constructed on 

the bas i s of the peak analys is and the i n t e n s i t y balance of gamma-rays are 

incomplete in general for sho r t - l i ved high-Q-value nuc l ides . They do not 

descr ibe t h i s incompleteness of decay schemes in d e t a i l . I t i s easy to 

s e e , however, t ha t the incompleteness manifests i t s e l f in the high e x c i t a t i o n -

energy s ide where the l eve l densi ty i s high and the gamma decay s t ruc tu re 

i s complicated. When the high energy pa r t of a decay scheme i s oversim­

p l i f i e d or missing, the be ta - s t reng th function i s underestimated at high 

energy. This inev i tab ly introduces a systematic bias in to the values of 

E„ and E . This must be the o r ig in of the overestimation of the beta decay-
is 

heat and the underestimation of the gamma decay-heat at short cooling 
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t i m e s , which was d e p i c t e d i n s e c t i o n 3 . 3 . 
93 

F i g . 13 d i s p l a y s a decay scheme of Kr, which i s t aken from t h e 
22) 

T a b l e s of I s o t o p e s 7 th e d i t i o n . This n u c l i d e , s i t u a t e d n e a r t h e l i g h t 

peaks of t he f i s s i o n y i e l d c u r v e s of U and Pu , h a s a r e l a t i v e l y h i g h Qg-

v a l u e ( 7 . 3 MeV2 2 ' - 8.7 MeV ' ) and a s h o r t b e t a h a l f - l i f e . The e x c i t e d 

l e v e l s a r e i d e n t i f i e d , however , on ly up t o 4 .9392 MeV and 9 8 . 1 % of t h e 

t o t a l b e t a - i n t e n s i t y i s a l l o t t e d below t h i s h i g h e s t l e v e l . I t seems 

u n r e a l t h a t t h e r e i s no b e t a - i n t e n s i t y be tween .5 and 7 MeV. A c t u a l l y 

1.9 % of the b e t a - i n t e n s i t y i s g iven t o t h e d e l a y e d n e u t r o n window around 7 

MeV. Th i s i n t e n s i t y happened t o be d e t e c t e d owing to t h e e x i s t e n c e of t h e 

d e l a y e d n e u t r o n , which p l a y e d a r o l e of a p r o b e , so t o s p e a k . I t i s , 

t h e r e f o r e , d o u b t l e s s t h a t a n o n - n e g l i g i b l e amount of b e t a - i n t e n s i t y shou ld 

e x i s t be tween 5 and 7 MeV, and a l s o above 7 MeV. The Eft v a l u e i s o v e r ­

e s t i m a t e d and t h e E v a l u e i s u n d e r e s t i m a t e d when they a r e d e r i v e d from 

t h i s decay scheme which l a c k s b e t a - i n t e n s i t i e s t o unknown h i g h l y e x c i t e d 
93 l e v e l s . Th i s example of Kr i s n o t a e x c e p t i o n a l one bu t r e p r e s e n t s a 

d e f e c t common t o h i g h - Q R - v a l u e decay schemes . As a n o t h e r e x a m p l e , l e t 
95 22) 

examine t h e ca se of S r , which h a s a Q f i -va lue of 6 .09 MeV ( F i g . 1 4 ) . 

I n t h i s case no b e t a - i n t e n s i t y i s g iven above 4 .2677 MeV. The E„ and E 

v a l u e s a r e as f o l l o w s . 

( B e t a - e n e r g y ) E (Gamma-energy) 

Decay scheme Gross theory Decay scheme Gross theory 

93Kr 2.89 2.73 2.28 2.76 

95Sr 2.27 1.59 1.03 2.44 

(all in MeV unit) 

When being derived from decay schemes, E„ is larger and E is smaller in 

comparison with the gross theory values as is expected from the above 

discussion. It should be kept in mind, however, that the gross theory 

does not always give the best estimates of E„ and E for each individual 

nuclide, because this theory describes overall properties of wide range 

of nuclides from its nature. 

Observations in this section can be summarized in the following way. 

The published decay schemes of short-lived FPs miss a non-negligible 

amount of the beta-intensity to unknown highly-excited levels. This leads 
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to an overest imation of E„ and, equ iva len t ly , to an underestimation of E . 

In t h i s defect of the published decay schemes we find the reason why the 

recent ly completed l i b r a r i e s such as the preliminary version of the JNDC 

f i l e , ENDF/B-V ' and UKFPDD-232^ fa i l ed in reproducing the be t a - and 

gamma-ray components of decay heat at shor t cool ing-t imes. 

4.2 Beta-s t rength function and decay heat 

In sec t ion 4. J we deal t with incompleteness of high-Q -value decay 

schemes and with i t s consequences on derived E and E va lues . In t h i s 

sec t ion a qu i te simple s t rength function model i s introduced in order to 

make tue discussion more q u a n t i t a t i v e . 

In recent years information on the beta-s t rengt l i functions has been 
33)-35) accumulated by using of spec ia l ly designed ins t rumenta t ions . 

Fig. 15 displays be t a - s t r eng t ' functions of sho r t - l i ved FPs measured by 
34) K. H. Johansen e t a l . Difference between the open and the so l id 

c i r c l e s corner from the uncer ta in ty in assumed Q.-values . Very roughly 
E/a speaking we can f i t these curves with an exponential function e 

The value of a ranges from 0.5 to 2.0 MeV. This observation w i l l be made 

use in the l a t e r pa r t of th i s s ec t ion . 

The average gamma-ray energy E can be expressed as (15) in terms 

of the s t reng th funct ions . We use an energy va r i ab le E (equivalent to 

e used in chapter 2) ins tead of E . They are r e l a t ed as E = Q„ + E . 

Then, we have 

Qg V E + 1 

¥ =-J ( |M(E - Q g ) | 2 E J F(Z + 1 , W)(W2 - l ) 1 / 2 W ( Q p - E + 1 - W)2dWdE , 

0 1 

(17) 

where the integrated Fermi function f is rewritten explicitly using the 

expression (5'). We confine the following discussion within the allowed 

transition. Hence the Fermi function F(Z,W) is written in non-relativistic 

. „. 36) 
approximation as 

F(z, w) =-. 2*? , , , y = ^ T W(W2 - i ) " 1 / 2 • 
1 - exp(-2iry) * 3 137 

Fur ther , by using of an approximation F(Z, W) = 2Try, the in tegran t of the 

second i n t e g r a l becomes W2(QR - E + 1 - W)2 and an a ly t i c a l l y i n t e g r a b l e . 

The r e s u l t i s (X5 + 5Xk + 10X3)/30 with X = Qg - E. By rewri t ing 

|M(E - Q e ) | 2 as S (E) , we get a simple expression for average gamma-ray 
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energy; 

% 
E =-£-f S„(E)E(X5 + 5X1* + 10X3)dE (18) 
Y 30A J 0 e 

It is shown that the above approximations for the Fermi function introduce 
37) 

no serious error except heavy nuclides like actinides. By using of the 

expression (18), the consequences of the missing beta-intensity to the 

highly excited levels will be examined. 

Let us suppose two types of the energy dependence of the beta-strength 
E/a 

function; linear type S « 1 and exponential type S « e . In order to 

sea the effect of the missing beta-intensity, or the missing strength, we 

introduce a modified strenj 

above a critical energy q, 

introduce a modified strength function S (E, q), which has no strength 

Sa(E, q) 

C E or C e for 0 < E < q 
s s 

for q i E ^ Qc . 

The function SR(E, Q„) represents a situation in which the strength is 

fully known up to the maximum excitation energy. We write the average 

gamma-ray energy as E (q) which is calculated with the strength Sg(E, q) ; 

J Sg(E, q)E(X
5 + 5Xk + 10X3)dE 

J S (E, q)(X5 + 5X4 + 10X3)dE 
0 

(X = Qg - E) . 

The ratio E (q)/E (Q„) gives a measure of the underestimation of E 
y y 8 Y 

caused by missing of beta-intensity above the energy q. Fig. 16 displays 

this ratio as a function of q on the basis of three types of assumed 

strength functions; E, e and e . The experimental background of 

taking the value of a to be 1.5 and 1.0 MeV is as follows. 

1) As was observed at the beginning of this section the value of <* ranges 

from 0.5 to 2.0 MeV. 

2) The ratio 1" /Qg should fall within 0.25 - 0.35, which is a typical 

value of this ratio from the viewpoint of the microscopic and integral 

measurements. (See Table V) 

Among the values of a which fulfil the above criteria, two typical values, 

- 17 -



JAERI - M 83- 12V 

1.5 and 1.0 MeV, were adopted for the present discussion. As is seen 
— E 

from Table V, E /Q„ is too large for large Q„ nuclides when SR
 re e is used. 

Y E/l 5 
From this respect, S„ a e ' is preferable. (See footnote 3) 

Let us examine the curve in Fig. 16, which corresponds to Q,. = 8 MeV 
E/l 5 D 

and S„ <* e . If the beta transition to levels above 5 MeV is missed, 
p 

the E value is underestimated by 10 %. This reaches 20 % when the 

Y
 y 

intensity is missing above 4 MeV. The underestimation becomes larger if 

V we take e as S„. A survey of published decay schemes of short-lived FPs 
22) 

(typically refer to the Tables of Isotopes ) leads to an observation 

that beta-intensity is not given above 3 - 5 MeV for most high-0 nuclides. 

By combining this observation with the above result from the simple 

strength-function calculation, we come to a conclusion that the value of 

E is open to underestimation by 10 - 30 % for nucliues with L)„-values 

larger than 5 - 6 MeV. On the contrary the E and E,, values calculated 

with the gross theory reflect properly the effect of the large beta-strength 
— — note 4) 

at high energy, which increases E and decreases E„. This is the 

reason why the introduction of gross theory values drastically improved 

the reproducibility of the measured beta- and gamraa-ray components of the 

decay heat at short cooling-times. 

5. Concluding Remarks 

The method of theoretical estimation of the average energies E„ and 

E was described in detail. It is a notable feature of the JNDC FP Decay 
Y 
Data File that these estimated values are fully adopted for short-lived 

FPs with high Q -values (Q. £ 5 MeV) in place of the values derived from 
8 p 

the published decay schemes. Discussions were made in favor of this 

preferential selection of the theoretical values. In the course of the 

discussions the following things were known. 

Note 3) Several authors assumed a level-density-proportional behavior for 

the beta-strength function. Roughly speaking, this assumption 

corresponds to taking the a value as 0.5 - 0.9 in the expression 
E/cx 

SQ = e . This selection, however, leads to serious overestimation 
p _ 

of E /Q_ ratio (larger than 0.4). Further, this ratio increases too 
Y P 

rapidly as a function of QD. From this respect, the level-density 
p 

proportional assumption is not acceptable. 

Note 4) Here consideration was made only for E . It is easy to see, 

however, ER is overestimated when E is underestimated, for they 

are closely related by the energy conservation. 
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1) The be ta - s t reng th function increases with the exc i t a t i on energy of 

the f i na l s t a t e . In ca lcu la t ions of L , E and t . ,„ , the ef fec t of t h i s 

increas ing trend of S0 i s cancelled out to a large extent by the presence 
p 

of the Fermi-function which decreases rapidly with the energy. In order 

to calculate the average energies ER and E accurately, however, it is 

quite important to take the effect of the increasing strength into 

account. 

2) Published decay schemes of high Q„-value nuclides are usually con­

structed on the basis of the intensity balance of gamma-ray spectra. 

Generally speaking, there exist quite many types of gamma-rays emitted 

at the time of beta-decay of a high-CL nuclide because the structure of 

the high energy final levels is complex and dense. A sizable portion of 

these gamma-rays remain undetected due to weakness of their intensity. 

It also happens that some gamma-rays are not placed in appropriate posi­

tions in the decay scheme although they are detected. These lead to missing 

of high energy levels, in other words, to missing of beta-strength at high 

energy. This is the reason why E„ is overestimated and E is underestimated 

when they are derived from decay schemes. 

3) Full adoption of the theoretical values of E„ and E drastically 

improved the agreement between calculation and measurement for both beta-

and gamma-ray components of decay heat at short cooling-times. This fact 

indicates that the gross theory predicts reasonably well the energy 

behavior of the beta-strength function on an average over some range of 

nuclides. 
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TABLE 1 
Average b e t a - and gamma-ray e n e r g i e s from s h o r t - l i v e d FPs 

( P a r a m e t e r Q._ d e t e r m i n e d t o r e p r o d u c e t h e e x p e r i m e n t a l v a l u e s ) 
•<00 [Upper = experimental (Ref. 4); lower.= calculated] 

A 

76 

80 

82 

86 

87 

89 

90 

91 

91 

92 

92 

93 

95 

97 

100 

116 

132 

134 

136 

Z 

31 

33 

33 

35 

35 

36 

37 

36 

37 

36 

37 

38 

39 

39 

41 

47 

51 

51 

53 

Element 

Ga 

As 

As 

Br 

Br 

Kr 

Rb 

Kr 

Rb 

Kr 

Rb 

Sr 

Y 

Y 

Nb" 

Ag 

Sb 

Sb 

I 

Even-Odd 

o-o 

0 - 0 

o-o 

0 - 0 

o-e 

e-o 

0 - 0 

e-o 

o-e 

e-e 

o-o 

e-o 

o-e 

o-e 

0 - 0 

o-o 

o-o 

0 - 0 

o-o 

Beta-Particle Energy 
(MeV) 

1.675 
1.684 

2.46B 
2.471 

3.137 
2.952 

1.765 
1.783 

2.087 
2.076 

1.231 
1.215 

1.789 
1.803 

2.000 
2.030 

1.320 
1.299 

2.700 
2.601 

3.714 
3.127 

0.784 
0.795 

1.713 
1.732 

1.612* 
2.075 

2.023 
2.035 

2.185 
2.222 

1.664 
1.698 

2.879 
2.802 

1.80B 
1.839 

Gamma-Ray Energy 
(MeV) 

2.808 
2.794 

0.554 
0.578 

0.336 
0.760 

3.296 
3.266 

1.727 
1.737 

2.072 
2.109 

2.559 
2.550 

0.748 
0.764 

2.871 
2.804 

0.751 
0.927 

0.260 
1.467 

2.135 
2.075 

0.523 
0.527 

0.935 
1.501 

1.942 
1.978 

0.710 
0.744 

2.006 
2.007 

2.026 
2.295 

1.911 
1.920 

Qa> 

2.0 

0.2 

0.0 

2.S 

1.3 

1.9 

1.7 

0.4 

2.5 

0.0 

0.0 

2.0 

0.3 

1.0 

1 0 

0.0 

0.9 

0.0 

0.7 

Q Value 
(MeV) 

6.610 

5.999 

7.146 

7.296 

6.362 

4.971 

6.624 

5.298 

5.844 

6.615 

8.216 

4.054 

4.464 

6.135 

6.538 

5.710 

5.922 

8.4B2 

6.137 

"The ENDF/B-IV file gives 2.162 MeV. 
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Table n (cont'd) 

NUCLIDE E -8ETA E-GAMMA Q-VALUE H A L F - L I F 
(MEV) (MEV) (MEV) ( S E C ) 

I 136 
I 136M 
TE137 
I 137 
TE138 
CS138 
CS138M 
I 139 
XE139 
I 140 
CS140 
I H i 
X E H 1 
CS141 
X E U 2 
CS142 
XE143 
CS143 
XE144M 
XE144 
CS144 
BA144 
LA144 
XE145 
C S H 5 
B A U 5 
LA145 
CS146 
B A U 6 
L A U 6 
C5147 
BA147 
L A 1 /. 7 

BA148 
LA148 
PR150 

1 
1 
2 
1 
1 
1 
0 
2 
1 
2 
1 
2 
2 
1 
1 
2 
2 
1 
1 
1 
2. 
0 
1 
2 
2 
1 
1. 
2. 
1. 
2. 
2. 
1. 
1. 
1 . 
2. 
2. 

.760 

.760 

.173 

.272 

.946 

.089 

.280 

.059 

.002 

.762 

.429 

.425 

.048 

.276 

.758 

.449 

.225 

.935 

.345 

.606 

.649 

.946 

.3-S-8 

.291 

.070 

.757 

.452 

.632 

.159 

.182 

.219 

.858 

.632 

.343 

.175 

.017 

2 
2 
1 
2 
1 
2 
0 
1 
2. 
2. 
2. 
1 
1 
2 
0, 
1, 
1, 
1, 
1. 
0. 
2. 
0. 
2. 
1 , 
1 . 
1, 
0. 
2, 
0. 
1. 
1 , 
1 , 
0. 
0. 
1. 
1. 

.942 

.942 

.609 

.460 

.068 

.680 

.734 

.324 

.239 

.328 

.791 

.779 

.489 

.135 

.977 

.787 

.727 

.217 

.470 

.923 

.193 

.705 

.091 

.827 

.387 

.159 

.802 

.190 

.774 

.345 

.581 

.301 

.936 

.835 

.361 

.cm. 

7 , 
7 . 
6. 
5. 
5. 
5, 
1, 
6. 
5. 
8. 
6. 
7. 
6. 
5, 
5. 
7. 
6. 
5, 
4 , 
4 , 
8. 
2. 
5. 
6. 
6. 
5. 
4. 
8, 
3. 
6. 
7. 
5. 
4. 
4. 
7. 
5. 

.000 

.010 

.480 

.500 

.340 

.340 

.415 

.000 

.020 

.930 

.170 

.420 

. 150 

.190 

.040 

.280 

.650 

.650 

.670 

.670 

.100 

.900 

.500 

.300 

.100 

.100 

.200 

.540 

.900 

.300 

.200 

.520 

.750 

.040 

.050 

.700 

85 
44 
2, 

24, 
1, 

1932. 
174. 

2 
39, 
0, 

63, 
0, 
1, 

24 
1, 
1, 
0, 
1, 
8. 
1. 
1, 

11. 
42, 
0. 
0. 
3. 

25. 
0, 
2, 
8. 
0. 
0 
4, 
0. 
1, 
6. 

.100 

.800 

.800 

.500 

.400 

.000 

.000 

.380 

.500 

.600 

.700 

.470 

.730 

.900 

.240 

.710 

.300 

.780 

.800 

.150 

.002 

.850 

.100 

.900 

. 585 

.790 

.300 

.335 

.180 

.500 

.218 

.700 

.430 

.470 

.290 

.200 

NUCLIDE E-BETA E-GAMMA Q-VALUE H A L F - L I F E 
(MEV) (MEV) (MEV) (SEC) 

C E 1 5 1 1 . 4 4 0 0 . 8 7 7 4 . 7 6 0 1 . 0 2 0 
P R 1 5 1 1 . 2 3 4 0 . 7 0 1 3 . 5 0 0 4 . 0 0 0 
PM152N 1 . 0 5 4 0 . 9 6 5 3 . 7 2 0 1 0 8 0 . 0 0 0 
ND154 0 . 5 1 7 0 . 5 8 5 2 . 0 0 0 4 0 . 0 0 0 

Note) Half-l ives given in this table are measured 

values. The key parameter Qnn was searched 

for and fixed so as that the gross theory calcu- > 

tion should reproduce these half- l ives in the 2 

best way for individual nuclides (see text) . g 

Average energies were calculated on the basis °° 

of these Q00 values. J, 



Table in Average B~and -r-ray Energies for t>/a.-unknown Nuclides (Gross Theory) 

NUCLIDE E-BETA E-RiMMa Q-VALUE HALF-LIFE* NUCLIDE E-BETA E-GAKMA Q-VALUE HALF-LIFE* 
(MEV) (MEV) (MEV) (SEC) (MEV) <MEV> (MEV) (SEC) 

CR 66 3.B63 1.693 9.878 0.267 CO 74 5.167 5.420 16.220 0.082 
MN 66 4.739 4.644 14.580 0.17S NI 74 2.683 1.199 7.029 1.437 
FE 66 2.267 1.047 6.036 3.666 CU 74 2.511 3.206 8.697 4.985 
CO 66 2.905 3.373 9.653 2.785 CO 75 5.259 3.745 14.730 0.065 
CR 67 4.932 3.137 13.450 0.113 NI 75 3.827 2.216 10.340 0.451 
MN 67 4.531 2.453 11.970 0.216 CU 75 2.688 1.090 6.936 3.958 
FE 67 3.708 1.852 9.731 0.702 FE 76 5.133 2.716 13.450 0.049 
CO 67 3.055 1.249 7.828 2.286 CO 76 5.866 6.371 18.570 0.036 
CR 68 4.391 2.009 11.250 0.131 HI 76 3.379 1.527 8.752 0.439 
MN 68 5.072 5.050 15.650 0.109 CU 76 3.113 3.504 10.200 1.574 
FE 68 2.729 1.215 7.133 1.469 NI 77 4.481 3.088 12.520 0.153 
CO 68 3.685 3.809 11.650 0.739 CO 77 3.267 1.506 8.512 1.260 
NI 68 0.664 0.582 2.256 576.100 NI 78 3.929 1.S77 10.200 0.194 
MN 69 4.984 3.070 13.490 0.109 CU 78 3.830 4.053 12.180 0.464 
FE 69 4.046 2.236 10.790 0.381 CU 79 3.709 1.970 9.858 0.549 
CO 69 3.561 1.613 9.203 0.909 NI 80 5.305 2.961 14.050 0.039 
NI 69 2.327 0.933 6.051 9.290 CU 80 4.327 4.587 13.710 0.213 
CR 70 5.084 2.532 13.150 0.057 ZN 80 2.758 1.242 7.227 1.126 
MN 70 5.445 5.565 16.910 0.066 CU 81 4.826 3.457 13.580 0.095 
FE.70 3.320 1.460 8.564 0.537 ZN 81 4.032 2.713 11.250 0.267 
CO 70 4.154 4.208 12.980 0.348 NI 82 5.983 3.536 15.990 0.020 
NI 70 1.240 0.713 3.607 49.230 CU 82 4.689 5.062 14.910 0.125 
MN 71 5.574 3.910 15.520 0.050 ZN 82 4.234 2.181 11.130 0.122 
FE 71 4.401 2.710 11.970 0.207 ZN 83 4.102 3.953 12.630 0.160 
CO 71 4.102 2.16? 10.830 0.360 ZN 84 4.623 3.297 13.030 0.063 
NI 71 2.822 1.2,4 7.356 3.206 GA 84 4.228 4.633 13.570 0.222 
CU 71 1.373 0.637 3.812 81.710 GA 85 4.509 4.305 13.810 0.097 
FE 72 4.061 1.874 10.460 0.183 GE 85 3.029 3.183 9.718 0.776 
CO 72 4.608 4.694 14.370 0.177 ZN 86 5.261 3.685 14.700 0.033 
NI 72 1.882 0.913 5.126 7.843 GA 86 4.647 5.172 14.950 0.120 
CU 72 2.035 2.994 7.521 14.790 GE 86 3.362 2.636 9.843 0.283 
FE 73 4.903 3.407 13.670 0.097 GE 87 3.533 3.585 11.130 0.327 
CO 73 4.718 2.980 12.880 0.137 GE 88 4.006 3.003 11.500 0.119 
NI 73 3.281 1.619 8.650 1.262 AS 88 3.752 4.221 12.210 0.412 
CU 73 1.985 0.772 5.201 17.830 AS 89 3.977 3.943 12.390 0.177 
fj 74 4.670 2.324 12.130 0.084 SE 92 4.113 2.237 10.970 0.123 

*) Gposs theory calculated value 
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Table in (cont'd) 

NUCLIDE 

CE158 
P R 1 5 8 
ND158 
PM158 
S H 1 5 8 
PR159 
ND1S9 
PM159 
SM159 
CE160 
P R 1 6 0 
N 0 1 6 0 
PM160 
SM160 
ND161 
PM161 
SM161 
EU161 
N 0 1 6 2 
PM162 
SM162 
EU162 
ND163 
PM163 
SM163 
EU163 
G 0 1 6 3 
ND164 
PM164 
SM164 
EU164 
GD164 
PM165 
SM165 
EU165 
G O U S 

E-BETA 
( M E V ) 

2 . 6 0 8 
2 . 5 5 2 
i . 5 8 9 
1 . 5 6 9 
0 . 4 0 8 
2 . 7 7 3 
2 . 0 6 3 
1 . 7 8 2 
1 . 1 2 7 
2 . 9 3 1 
2 . 6 3 9 
2 . 1 0 0 
1 . 9 6 9 
0 . 8 4 7 
2 . 1 6 0 
2 . 1 0 8 
1 . 5 0 7 
1 . 1 3 2 
2 . 4 8 5 
2 . 0 7 9 
1 . 3 8 3 
1 . 4 0 3 
2 . 4 8 2 
2 . 3 9 3 
1 . 6 6 9 
1 . 5 4 1 
0 . 9 8 5 
2 . 7 4 1 
2 . 3 4 8 
1 . 8 0 3 
1 . 5 6 3 
0 . 7 1 8 
2 . 5 7 9 
1 . 9 6 3 
1 . 8 3 0 
1 . 2 3 0 

E-GAMMA 
f M t l l *' 

1 . 4 4 5 
3 . 1 5 5 
0 . 9 2 4 
2 . 1 6 4 
0 . 5 5 5 
2 . 3 3 8 
1 . 6 6 6 
1 . 1 6 0 
0 . 6 8 9 
1 . 7 0 0 
3 . 2 3 3 
1 . 2 0 6 
2 . 5 0 0 
0 . 6 9 0 
1 . 8 7 9 
1 . 6 9 6 
1 . 1 3 8 
0 . 7 3 2 
1 . 4 3 1 
2 . 6 2 0 
0 . 8 7 8 
2 . 0 1 8 
2 . 2 1 9 
2 . 0 1 9 
1 . 3 3 4 
1 . 0 7 2 
0 . 6 8 5 
1 . 5 8 8 
2 . 9 2 6 
1 . 0 4 9 
2 . 1 4 7 
0 . 6 4 7 
2 . 2 2 1 
1 . 6 9 1 
1 . 4 0 7 
0 . 8 8 1 

Q-VALUE 
(MEV) 

7 . 3 0 1 
8 . 9 0 0 
4 . 6 6 9 
5 . 8 6 9 
1 . 7 1 6 
8 . 5 4 2 
6 . 4 0 1 
5 . 3 1 2 
3 . 4 6 1 
8 . 2 2 6 
9 . 1 5 9 
6 . 0 2 2 
7 . 0 4 6 
2 . 8 5 3 
6 . 8 1 7 
6 . 5 3 4 
4 . 7 1 7 
3 . 5 1 8 
7 . 0 4 9 
7 . 3 9 6 
4 . 1 9 8 
5 . 3 8 4 
7 . 8 3 0 
7 . 4 5 1 
5 . 2 5 4 
4 . 7 3 0 
3 . 1 5 7 
7 . 7 3 8 
8 . 2 6 4 
5 . 2 5 8 
5 . 8 5 1 
2 . 5 3 1 
8 . 0 4 1 
6 . 2 3 1 
5 . 6 7 6 
3 . 8 8 1 

H A L F - L I F E 
( S E C ) 

0 . 5 2 7 
1 . 6 6 0 
4 . 8 1 8 

2 3 . 2 7 0 
7 6 8 . 8 0 0 

0 . 6 7 4 
3 . 4 7 7 
9 . 1 0 7 

8 8 . 1 2 0 
0 . 3 1 2 
1 . 1 4 2 
1 . 4 7 8 
6 . 0 1 2 

6 3 . 2 4 0 
2 . 2 9 5 
2 . 8 5 8 

1 7 . 6 0 0 
7 6 . 3 2 0 

0 . 6 5 9 
4 . 3 4 8 
8 . 8 0 6 

3 2 . 4 3 0 
1 . 0 2 4 
1 . 3 4 6 
9 . 5 9 7 

1 6 . 1 7 0 
1 4 1 . 3 0 0 

0 . 4 0 5 
2 . 1 0 7 
2 . 7 6 6 

1 8 . 7 8 0 
1 0 9 . 6 0 0 

0 . 8 6 0 
3 . 6 4 8 
5 . 9 4 8 

4 8 . 4 0 0 

NUCLIDE 

T B 1 6 5 
SM166 
E U 1 6 6 
GD166 
T B 1 6 6 
SM167 
E U 1 6 7 
G D 1 6 7 
T B 1 6 7 
SM168 
E U 1 6 8 
GD168 
T B 1 6 8 
D Y 1 6 8 
EU169 
G D 1 6 9 
T B 1 6 9 
D Y 1 6 9 
SM170 
EU17Q 
GD170 
T B 1 7 0 
D Y 1 7 0 
G D 1 7 1 
T B 1 7 1 
D Y 1 7 1 
H 0 1 7 1 
GD172 
T B 1 7 2 
D Y 1 7 2 
H 0 1 7 2 

E-BETA 
( M E V ) 

0 . 7 9 2 
2 . 0 8 4 
1 . 8 3 8 
1 . 1 7 4 
0 . 9 4 7 
2 . 3 3 8 
2 . 0 2 4 
1 . 5 4 5 
1 . 1 4 0 
2 . 4 4 3 
2 . 1 6 8 
1 . 5 2 1 
1 . 1 7 0 
0 . 3 1 8 
2 . 2 7 7 
1 . 9 1 3 
1 . 3 5 5 
0 . 8 6 5 
2 . 6 9 2 
2 . 1 6 5 
1 . 9 1 4 
1 . 4 9 4 
0 . 6 4 6 
1 . 9 8 8 
1 . 5 9 4 
1 . 2 5 0 
0 . 7 1 3 
2 . 1 9 9 
1 . 5 1 1 
1 . 0 1 4 
0 . 9 4 4 

Note) Half-l ives 

91 
T -

E-GAMMA 
(Mr'.''" 

0 . 5 9 7 
1 . 2 0 5 
2 . 3 9 5 
0 . 8 0 6 
1 . 6 1 1 
2 . 1 0 1 
1 . 6 4 3 
1 . 2 1 7 
0 . 7 5 1 
1 . 4 1 5 
2 . 7 4 9 
0 . 9 3 3 
1 . 8 5 3 
0 . 5 4 3 
1 . 9 3 5 
1 . 6 6 4 
0 . 9 2 7 
0 . 6 3 2 
1 . 5 6 8 
2 . 7 5 3 
1 . 1 1 6 
2 . 1 0 7 
0 . 6 2 8 
1 . 7 6 0 
1 . 1 6 8 
0 . 9 2 9 
0 . 5 8 1 
1 . 2 7 9 
2 . 1 2 5 
0 . 7 5 3 
1 . 6 4 5 

are not wee 

vert in this table. 
n- \ActaA J l 0 V ( L 

Q-VALUF. 
(MEV) 

2 . 6 4 9 
6 . 0 0 4 
6 . 6 8 0 
3 . 6 9 0 
3 . 9 9 8 
7 . 4 2 8 
6 . 3 2 0 
4 . B 8 8 
3 . 5 6 3 
6 . 9 6 3 
7 . 7 2 8 
4 . 5 5 9 
4 . 7 2 8 
1 . 4 8 8 
7 . 1 4 3 
6 . 1 1 5 
4 . 2 0 1 
2 . 8 5 0 
7 . 6 3 5 
7 . 7 2 3 
5 . 5 7 4 
5 . 6 7 7 
2 . 3 5 6 
6 . 3 6 9 
4 . 9 5 0 
3 . 9 8 1 
2 . 4 6 4 
6 . 3 3 5 
5 . 7 3 2 
3 . 3 0 0 
4 . 0 3 4 

isured for 

H A L F - L I F E 
( S E C ) 

2 9 7 . 3 0 0 
1 . 4 0 4 
7 . 9 6 0 

1 6 . 0 7 0 
2 2 2 . 1 0 0 

1 . 3 2 0 
3 . 2 3 5 

1 3 . 6 7 0 
6 8 . 3 7 0 

0 . 6 5 6 
3 . 0 9 0 
5 . 3 9 7 

7 1 . 2 4 0 
1 7 0 3 . 0 0 1 

1 . 6 0 2 
3 . 8 6 5 

2 8 . 8 2 0 
2 2 5 . 1 0 0 

0 . 4 0 5 
3 . 0 5 4 
1 . 9 3 0 

2 1 . 5 0 0 
1 4 7 . 2 0 0 

3 . 0 2 3 
11 . 7 8 0 
4 0 . 1 2 0 

4 0 3 . 5 0 0 
1 . 0 0 1 

1 9 . 9 3 0 
2 6 . 3 0 0 

1 9 7 . 4 0 0 

the nuclides 

Calculated half- l ives 

file:///ActaA


Table IV Average B-, y-ray Energies and Related Parameters for 88 Nuclides with Experimental Information 

Cu68m 

Cu70m 

Cu70 

Ga74 

Ga76 

As 80 

Ge81 

As82m 

As82 

As83 

As84 

Se85 

Se86 

Br86 

Se87 

Br87 

Se88 

Br88 

Rb88 

Br90 

Rb90m 

Rb90 

Kr91 

Rb91 

% 

(MeV) 

5 . 3 4 1 

6.310 

6 .170 

5.400 

6 .770 

5.700 

5 .600 

7.417 

» 
5.460 

9 .554 

6.100 

5.100 

7.300 

7.270 

6.500 

7.000 

8.600 

5.309 

10.330 

6.467 

6.360 

6.200 

5.700 

ER 
(MeV) 

JNDC(T) 

0 .20 

1.65 

2 . 7 0 

1.29 

1.75 

2 .48 

2 .13 

1.95 

1.99 

2.00 

2 .83 

1.63 

1.35 

1.95 

2 .08 

1.81 

2 .40 

2.45 

1.19 

3.09 

1.54 

1.57 

2 .06 

1.48 

JNDC(E) 

0 .19 

1.58 

2 . 5 7 

1.02 

1 .81 

2 .32 

2 .49 

1.86 

3 .25 

1.26 

3.99 

1.70 

1.15 

1.74 

2 .49 

1.54 

2 . 3 8 

2 .62 

2 .09 

4.39 

1.29 

1.89 

1.99 

1.52 

ENDF/B-IV 

-
-
-

1.07 

1.68 

2.52 

2 .06 

1.82 

3 . 2 1 

1.68 

3 .76 

2.06 

1.42 

1.78 

2.50 

2 .14 

2 .10 

3.07 

2 .08 

3.36 

1.11 

1.66 

2 . 5 8 

1.33 

ENDF/B-V 

-
-
-

1.99 

1.92 

2.46 

2 .27 

1.81 

3 .16 

1.83 

3 . 4 1 

2 .18 

1.55 

E (MeV) 

JNDC(T) 

0 .96 

2.17 

0 .30 

2 .40 

2 . 5 0 

0.26 

0 . 8 8 

2.76 

2 . 9 5 

0.99 

3 . 4 1 

2.39 

1.96 

JNDC(E) 

0 . 9 8 

2 .93 

0 . 5 8 

3 .05 

2 . 7 9 

0 . 6 1 

0 . 1 2 

3.16 

0 . 4 8 

2 .75 

1 .58 

2 .24 

2 .35 

1.78 : 2 . 9 4 7 3.64 

2 .54 

- . 4 9 

2.39 

2.54 

2.06 

3 .21 

1.36 

2 .20 

1.94 

1.50 

2.64 ' 1.96 

2 . 4 1 | 3 .86 

1.72 ' 1,72 

3 .21 3.06 

2.49 0 .64 

3.66 1.13 

2 .67 3.35 

2.76 2 .16 

1.62 1.73 

2 .30 2 . 2 2 

ENDF/B-IV 

-
-
-

3.04 

2 . 8 1 

0 . 6 1 

1.19 

2.99 

0 .29 

0 .98 

2 .10 

1.29 

1.02 

3.32 

1.74 

1.73 

1.63 

1.88 

0 .67 

2 .32 

3.62 

2.66 

0.72 

2 .73 

ENDF/B-V 

-
-
-

0.95 

2 .79 

0 . 6 1 

0 . 5 1 

3.10 

0 .40 

1.31 

L 2 . 7 6 

% cont 
2 3 5 U <J 
h e a t 

tc= 
20 s e c 

0 .4 

1.40 0 .9 

1.07 

3.30 

1.71 

1.55 

1.47 

3.00 

r . t o 
ecay C a l c u l a t i o n Parameters 

tc= 
100 s e c | 

t 1 / 2 : i n p u t 
( sec ) 

225 

46 

1 4.5 
495 

271 

j 16.5 

1 0 . 1 

13 

2 1 

1 4 . 1 

! 5 . 8 

0 .9 

1.3 

32 .8 

16 .7 

1.1 J 3.7 j 55.7 

0 .5 

1.6 3.4 

3 . l " 0 .6 

0.66 

2.62 

3.10 

1.06 

1.73 

2 .26 

0 .4 

3 . 1 

2 . 8 

. 
1 
J - _ . ._ 

1.0 

4 .6 

7 .0 

5.6 

55.6 

15.2 

16.3 

1068 

1.96 

258 

153 

8.57 

58 .2 

t , , , : c a l c ' d 
^ ( s e c ) 

208 

46 

16 

182 

272 

22 .3 

1 2 . 3 

12.9 

1 3 . 4 

14.5 

2 . 1 

18 .1 

1 6 . 1 

13.9 

5 . 1 

11.0 

15.3 

41.4 

164 

1.18 

31 .8 

36 .3 

8.48 

2 6 . 3 

Q00(MeV) 

2 . 0 

1.7 

0 . 0 

2.0 

1.8 

0 .0 

0 . 5 

1.9 

2 . 0 

0.7 

2 .0 

2 .0 

1.8 

2.0 

2.0 

2.0 

1.2 

2 .0 

~ 2 .0 

2 .0 

2.0 

2 .0 

1.1 

2 .0 



Table IV (cont'd) 

Kr92 

Rb92 

Kr93 

Rb93 

Sr95 

Sr96 

Sr97 

Y97m 

Y97 

Rb98 

Sr98 

Y98™ 

Y98 

Y99 

NblOO 

Zr lOl 

TC104 

Mol05 

Tcl08 

RhllO11 

RhllO 

Agll6 n 

Agll6 

Agll8 n 

Agll8 

% 

(MeV) 

6.080 

7.770 

8.700 

7.450 

6.090 

3.360 

7.200 

7.338 

6.670 

L0.850 

5.810 

9.080 

8.980 

6.390 

6 .23 

5.900 

5.620 

5.400 

8.000 

5.400 

5.400 

6.312 

6.100 

' 7.12S 

7.000 

JNDC(T) 

2.26 

2.86 

2 .73 

2.15 

1.59 

1.96 

2 .60 

2 .68 

2 .47 

3 .71 

2 .14 

2.99 

3.22 

2 .38 

2 .23 

2.16 

1.24 

1.29 

2.25 

2 .24 

' . 2 0 

2 .31 

1.40 

0.79 

2.52 

EB 

JNDC(E) 

2 . 4 1 

3.49 

2 .89 

2.72 

2 .27 

1.98 

2 .54 

2 .40 

2 .15 

3 . 8 1 

2 .53 

2 .68 

3.95 

2 . 4 8 

2 . 2 8 

2 .50 

1.68 

2 .26 

3.29 

1.35 

2 .38 

1.94 

2.72 

0 .79 

2 .54 

(MeV) 

ENDF/B-IV 

2 .40 

3.46 

2 .76 

2 .03 

1.94 

1.35 

2 .35 

-
2.16 

3.64 

1.69 

_ 
2.84 

2.09 

2 .06 

2.40 

1.19 

1.72 

2 .62 

2 . 4 8 

1.35 

1.96 

2.19 

1.30 

2 .32 

ENDF/B-V 

2 .37 

3.48 

2 .34 

2 . 6 1 

2 . 1 1 

1.88 

2 .62 

2 .42 

2 .15 

4 .15 

2 .53 

2 .98 

JNDC(T) 

1.08 

1.57 

2 .76 

2 .68 

2 .44 

0.96 

1.50 

1.47 

1.23 

2.92 

1.05 

2.60 

1.81 j 2 .04 

2 .61 1.15 

2 .19 1.28 

2 . 2 1 1.09 

1.58 2 .68 
H ' 

1.68 , 2 .37 

i 2 .47 | 2 .99 
2.37 0 .78 

t t 
1.18 ' 0.49 

t " - - - " 
1.67 ! 1.04 
1.71 

0 . 1 1 

2 . 4 1 

2 .83 

0.55 

1.43 

E 
Y 

JNDC(E) 

0 .72 

0 .27 

2 . 2 8 

1.39 

1.03 

0 . 9 1 

1.49 

1.80 

1.81 

1.25 

0 .17 

3 .11 
1 

0 . 8 1 
0.49 

1.35 

0 .35 

1.84 

0 .15 

0 .80 

2 . 2 1 

1 0.06 

1.68 

0 .87 

1.16 

J 1 . 3 3 

(MeV) 

ENDF/B-IV ENDF/B-V 

0.75 0 .75 

0.26 0.26 

2 .04 I 2 .24 

1.41 1.32 

1.36 1.40 

1.12 1.13 
t 

1.84 1.49 

1.82 

0 .94 ! 1.80 

3.16 4 .68 

1.50 0 .18 

0 . 8 1 

1.94 3.15 

1.65 0 . 6 1 

1.92 1.38 
t 

3.53 1.53 

1.15 1.94 

1.40 1.09 

2.00 1.88 

0.06 0.06 

[ 2.27 2 .48 

1.59 1.54 

0 . 7 1 1.39 

1.23 1.27 

1.99 i 1.95 

' Z c o n t r . t o 
2 3 5 U decay 
h e a t 

i i ' • ' 

C a l c u l a t i o n Paramete rs 

! ' 1 
: t c= | tc= t , . , : i n p u t 
20 secj 100 s e c , ( sec ) 

2 .5 

2 .6 

4 . 4 . 2 . 5 
4 

1.0 

• -

5 . 5 

0 .5 0 .5 

- - - * • -

1.85 

4 .5 

~ "T'.zf 
5.82 

24 .4 

1.015 

0 . 4 4 1 

1.13 

3 .7 

0 .108 

0 .66 

2.00 

0 .65 

1.4 

1.5 

2 .4 

1092 

36.7 

t 1 / 2 : c a l c ' d ( M v ) 

' ( sec ) ! y 00 ( ' M v ; 

2.32 0 .5 

4.54 0 .3 

1.29 1.6 

3.98 2 .0 

15 .4 ! 2 .0 

4 .17 i 0 .5 

2 .20 ; 0 .5 

2 .38 0.5 

3.75 0 .4 

0.646 0.0 

2 .73 0 .5 

2 .00 0.6 

1.87 0.0 

4 .73 0.5 

1 6 . 1 0.5 

-7 .0 0.5 

72.4 2.0 

31.9 2.0 

5.0 : 4.99 1.6 

28.5 27.9 0.2 

3.0 

10 .4 

160.8 

2 .0 

1: 3.76 

24.0 0 .0 

11.7 0.0 

32.9 2.0 

6 .28 0.0 

6.9 | 0 .0 
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î S 

» l / l 

CM 

*-> 
z s: 

11 
0 
4J 

0) 
w 
o 
CM 

en m m i m 

cct 
frt 
Q 
25 
W 

«tf 

CM 

ON 

• 

<r 
rH 

CM I CM ; CM 

•a- ; a\ ON 

m I m 

J 

-4 

o j 

. J_._ f 

• I - ^ I 

CO l A ON 

• • i - - + - f - l - i--t ^=^-, 
00 I 00 

, O N ' H 

m ; CM ' <n i 

CM * CM I CM 

CM ' CM CM ! 

m m j CM J VD ; 
CM CO CM O N N O 

>! H 

1/1 1 tO ON CM ON 
in ! \o ON co CM . CM \D 

i - l 1 en i CM C M ' H CM CM CM CM CM : T-( m l c M . C M 

J H i r4 <t ! CO en i oo i r^ ^r ! ,-t 
CM N l N CM, fO ' CM i N en 

ON ON j NO 

ON ' vD j e n . ON 

m m en 

a 

- 33 -



Table IV ( c o n t ' d ) 

QB 
1 

(MeV)iJNDC(T) 

1136 7.000) 1.76 

1137 ,5 .500; 1.27 

Csl38m^5.420 i 0 .28 

Csl38 5.340 1.09 

Xcl39 ,5 .020 , 1.00 

Csl40 ' 6 .170 , 1 . '3 

Xel41 6.150 2.05 

Csl41 ,5 .190 1.28 

Xel42 ,5 .040 1.76 

Csl42 .7 .280, 2.45 

Lal44 5.500 1.34 

_Lal46 .6 .300^ 2.18 

Lal48 6.300 2 .18 

Prl50 j5 .700 2.02 

JNDC(E) 

2.54 

1.97 

0.40 

1.25 

1.74 

1.75 

2.36 

2.09 

1.85 

2.62 

1.79 

2.46 

2 .74 

2 .31 

(MeV) 

ENDF/B-1V 

1.81 

1.51 

1.15 

1.26 

1.79 

1.93 

1.57 

1.38 

1.10 

2.04 

1.51 

1.77 

1.93 

1.35 

ENDF/B-V 

1.97 

2.29 

0.39 

1.20 

1.70 

1.65 

2.35 

1.91 

1.66 

2.50 

1.46 

2.05 

2 .21 

1.84 

JNDC(T) 

2.94 

2.46 

0 .73 

2.68 

2.24 

2.79 

1.49 

2.14 

0 .98 

1.79 

2.09 

1.35 

1.36 

1.08 

E 

.INDC(E) 

2.47 

0.75 

0 .53 

2 .33 

0.89 

2.22 

1.04 

0.67 

1.19 

3.81 

1.31 

0.72 

0 . 8 8 

0.26 

(McV) 

ENDF/B-I" 

2 .21 

2.03 

2.60 

2 .33 

0 .93 

2 .13 

2.27 

1.82 

1.77 

2.54 

1.94 

2.36 

2..'-7 

1.86 

ENDF/B-V 

2.38 

0.97 

0.54 

2.36 

0.76 

2.30 

0 .78 

0.80 

1.12 

1.17 

1.83 

1.73 

2 .04 

1.48 

'/- c o n t r . t o 
2 3 5 U de-.ay 
h e a t 

tc= tc= 
20 sec 100 Si 

1.2 

2 . 2 

2 . 6 

2 . 4 

3 . 0 

2 . 5 

2 . 1 

0 . 4 

4 . 8 

1.2 

3 . 4 

8 . 0 

1 .8 

5 . 8 

C a l c u l a t i o n Parameters 

t , : l npu t t . : c a l c ' d : , , 1 /2 , , 1/2, . Qnn(K,eVJ c (sec) (sec) 00 

85 .1 

24.5 

1 7 4 

1932 

39.5 

63.7 

1.73 

2.49 

1.24 

1.71 

4 .21 

8.5 

0 .4? 

6 . 2 

10.8 

21.0 

66.3 

74.3 

39.7 

25 .1 

5.03 

2 .48 

3.87 

5.29 

4.23 

11.4 

11.3 

19 .1 

2 . 0 

2 . 0 

2 . 0 

2 . 0 

2 . 0 

2 . 0 

0 . 5 

1.7 

0 . 5 

0 . 0 

1.2 

0 . 0 

0 . 0 

0 . 0 
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Table V Values of EV/Qr. for three assumed be ta - s t reng th functions 

Present 
simple 
calc. 

h " E 

S « e E / 1' 5 bB e 

Tasaka, Ref. 5) 

Tobias, Ref. 20) 

Yamamoto, Ref. 38) 

Qg = 6 MeV Qg = 8 MeV Q„ = 10 MeV 

0.27 0.27 0.26 

0.25 0.29 0.34 

0.33 0.40 0.48 

0.29 0.29 0.29 

0.33 0.33 0.33 

-0.25 for light and -0.35 for heavy peaks 
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( Z , N ) ( Z + 1 . N - 1 ) 

Fig. 1 Schematic display of be t a - and gamma-decay process 

from a parent (Z, N) to the daughter (Z + 1, N - 1) 

Isobaring Analog 
State 

Qe 

First forbidden 

Gamow-Teller 

Fermi 

Beta-transition 
allowed energetically 

K(E,) |2 

Fig. 2 Schematic view of beta-strength function 
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(Z,N 
parent 

(Z+l.N-1) 
daughter 

Transition 
not prohibited 

Transition 
prohibited Q00 

, ,, , ,1,111 i j ,, in mi j> i, ir^-rr 6-function 

|MEg)| 

> 
PI 
33 

00 
CO 

I 

Fig. 3 Introduction of a parameter Q00 



100 

z 
o 
5 
5 50 
>-
a 
tc 
m 
z 

EXTREME CASE 
ADOPT ED (QM= 1 MeV) 
MEASURED (Ref. 4-) 
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20 

Fig-4 Percentage of average beta-particle and gamma-ray 
energies from odd-A fission products, and comparison of calcula­
tion with experiment (Ref. 4). (Total decay energy = 100%. 
calculated HA' 89.) 
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Fig . 5 Percentage of average beta-particle and gamma-ray 
energies from odd-odd Hssion products, and comparison of cal­
culation with experiment (Ref. 4). (Total decay energy - 100%, 
calculated at A =90.) 
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100 

ae 

< 
£ 50 
u. 
> o 
cc 
LU 

: EXTREME CASE 
: ADOPT E0 (do 1 1 MeV) 

MEASURED (Ref. 4J 

10 15 
Q VALUE (MeV) 

Fig.6 Percentage of average beta-particle and gamma-ray 
energies from even-even fission products, and comparison of 
calculation with experiment (Ref. 4). (Total decay energy • 
100%, calculated at A -90.) 
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F i g . 7 Percentage of average beta-particle and gamma-ray energies from fission products, with Q M determined from half-life data. 
Here, a dot = beta energy, a solid = beta-particle plus gamma-ray energy, a circle * experimental value (Refs. 4 and 2 ), and a line * 
calculated value, Lines a and c are based on I,/t from Ref. 4 and b and d from Ref. 39. (Total decay energy * 100%.) 
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Fig.9 Calculated beta- and gamma-ray energies released 
from short-lived FPs. Also shown in circles, 
triangles, and stars, are library values. 

O : J N D C ( 1 9 8 0 ) 
A : ENDF/B-IV 
V : Tasaka ( 1 9 7 9 ) 
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• ORNL (1980) Ref. (2£) 

Q SRRC (1970) Ref. (".7) 

J L 

— ( J > — : Present (modified JNDC Lib.) 

— ( A ) — : JNDC Library (status; Oct., 1980) 

: Tasaka's Library (1979) 

: ENDF/B-1V 

Cooling time, t (seconds) 
I I I I I ll l_ I I I i I I I I 

H 

J i i i i 1 1 1 

10u ioi W 10J 

Fig.10 Effect of the introduction of theoretical values of En 
on U-235 beta-heating 
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Fig.12 Effect of the introduction of the theoret ical values of E~& and 

on beta and gamma-decay heats based on ENDF/B-V data l ibrary 

(• :original, :after the introduction, calculated 

by T.R.England, Los Alamos Scientific Laboratory, et al. 

(See also reference 30).) 
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4.0753 

14 Decay scheme of 95Sr (from Tables of Isotopes, 7th ed.) 
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Fig. 16 Decrease of E due to possible missing of beta 
strengths at high exci tat ion 
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