JAERI - M 920
NEANDC ()-92
83-127 INDC (JAP)-T9/L

THEORETICAL. CALCULATION OF DECAY DATA OF

SHORT-LIVED NUCLIDES FOR JNDC FP DECAY DATA FILE

August 1983

T. Yoshida*

B ®* B F #H W R A
Japan Atomic Energy Research Institute



JAERIM U F— b2, HERRBYCAMERSDEZMI AL TS RREETT,

AF MG HAE, HARE AT AR AORR (T319- 1R B3l 4
WmED AT, RIS, ok, IOEMIHHEAETF LR ER A -
(310 11 ok S0E A Wi AT H AR T A A TR AN TS LA KEIN R B I~ T
BUET,

JAERI-M reports are issued irrogularly.

Inquirics about availability of the reports should be addressed to Information Section, Division
of Technical Information, Japan Atomic Energy Rescarch Institute, Tokarmura, Neka-gun,
Iharaki-ken 31911, Japan.

(CJapan Atomic Fnevgy Hesearch Institute, 1983
EH T foAE T hE R
B Bov i 5 B R AR




JAERI-M 83-127

"Theoretical Calculation of Decay Data of

Short-Lived Nuclides for JNDC FP Decay Data Filel)

T. Yoshida*
Japanese Nuclear Data Committee,
Tokal Research Establishment, JAERI
(Received July 15, 1983)

It is one of unique features of the JNDC FP Decay Data File that
theoretical values of Eé 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 'gress theory'

B

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 functiom.

Keywords : Fission Product, Beta Decay, Beta Ray, Gamma Ray,
Short-Lived, Gross Theory, Decay Scheme, 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 (Eé, 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.l)_S)
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
6)

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.

7

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

fé 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

8)

a theoretical estimation method of tl/Z’ E_ and f} on the basis of a

19),10) 2

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

authors presented estimation method of Eé and E& from different

11},12) 13)

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

alternative theoretical basis capable of calculating E% and E& for a wide

range of nuclides.
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The former part of the present report is devoted to a detailed descrip-
tion of the way in which the present author's method is applied to the
estimation of tl/2’ Eé and E& data to be contained in the JNDC FP Decay Data
File. 1In chapter 2 we review the gross theory of beta-decay and describe
the way in which the theory is applied to estimate the unknown parameters
relevant to decay heat calculations. As is described in chapter 3, the
adoption of the theoretical data drastically improved the consistency

between calculated and measured decay heat curves at short cooling-times.

The physical interpretation of this improvement is tried in chapter 4.

2. Decay Data of Short-Lived FPs and their Theoretical Estimation
2.1 Average energies of beta- and gamma-rays emitted per one decay

Before dealing with the theoretical estimation method we review the
calculation method of EE and E& for data-known nuclides. Figure 1 displays
a typical decay scheme of a short-lived nuclide with a relatively large
QB—value. Beta-decay of the parent nucleus {Z,N) populates not only the
ground state but also many excited levels having energy s with branching
ratio a;. At the first stage a beta-ray and an anti-neutrino are emitted
and then the populated excited level is de-excited by emitting gamma-rays
usually through a cascade process. The average energies of these beta-

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

ratios a, (here ?ai = 1) as

L i
= (i)
= 2 e e s e e e e e e e e e e
EB iaiEB (L
E = Ia.e. e e e e e e e e e e s (2)

Y ill

where EB(i) 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(i) we get the energy difference between the ground
state of the parent and the i-th excited level of the daughter, say,
EB(i) + Ev(i) = QB - €y Tbe partition of QB - ey into ?B(i) and Ev(i)
is given when the type of the beta-transition is fixed. The key
quantity a, essential to evaluate the right-hand sides of Egs. (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.
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Before dealing with the theoretical estimation method we review the
calculation method of Eé and E& for data-known nuclides. TFigure 1 displays
a typical decay scheme of a short-lived nuclide with a relatively large
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ground state but also many excited levels having energy € with branching
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and gamma-rays per one beta-decay are expressed in terms of the branching

ratios a, (here Za, = 1) as
1 i1

= _ (1)
EB = ?aiEB e e h e e e e e e e e (1)
E = Za,c. e e e e e e e e e e e e (2)

y 3 id

where EB(l) 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(l) we get the energy difference between the ground
state of the parent and the i-th excited level of the daughter, say,
E (1) + E SO Q. - €.. The partition of Q, - €, into E 1) and E (£
R v 3 i , B B v

o e e 14)
is given when the type of the beta-transition is fixed.

The key
quantity a; essential to evaluate the right-hand sides of Egs. (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.
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Let us suppose A is the decay constant of the parent. Then Ai = ai°l
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 QB—value, the density of the final levels is high
except at low excitation energy. It is, therefore, oftenm helpful to
average li in a suitable energy interval and to express it as a function

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

14)

SB(E) is proportiomal to Xi-p/f, where f is the integrated Fermi function
and p is the level density at . The bar on Ai indicates that an average
should be taken around Ei. As f and p are known quantities, apart from
some ambiguity in p, to know SB(E) is essentially equivalent to know a; as
long as we are interested in the calculation of EB and EY. In this section
we denoted the strength function as SB(E). In the following sections,
however, it is written as [M(Eg)|2 in accordance with the convention used

2 (See Note 1 below).

in the original papers of the gross theory.
2.2 'the gross theory of beta-decay

In this section we review the gross theory which is applied to estimate
tl/2’ Eé 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. ¥ to

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

2
2 02 C
_me” G 2 A 2
x F(z + 1, E)pE(E_ - E)2dE. . . . . . (3)

Here the symbols QF and £ represent the transition operators for the

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

of the ratio of the axial-vector coupling constant CA to the vector coupling
coustant CV’ namely iCA/CV|, 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 QB from £ to Eg’ namelv, Eg =€ - QB'
We resume the notation SB(E) in the final part of this report

(Section 4.2).
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right hand side of Eq. (3) has a value (3.001+0.002) x 10“12, which is
reduced from the ft wvalue for a pure Fermi—transition.HOte 2) The Fermi

function F(Z,N) is expressed as

- i 2
P = 201 + 1) 2002 Pep (roy R AN ,

1/2, v'= aZEfp, o = 1/137 and R is the nuclear radius.

wherev= (1 - uzzz)
Although we measure the energy and momentum of the electron in a unit of

m = c = 1.0, we leave the factor h/mc? as it is in the following expressions.
In the Eq. (3) En 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 QB - € + 1. The average energy of the beta- and
gamma-rays, Eé(n) and E%(n), and the partial decay constant relevant to a

transition to the n-th final level are expressed as

E

=@ _ 1[™n _

Y E . (E-DIEEE . . v e e (8
n

= (n) _ _ .

B, 7 =Q-E +1 B D
En

A =J' ) MCEYAE , v v v v v e e e e (4D

where Hn(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

An over n to get the total decay constant X.

A= I
-nn
2 w2 c,?
_ mc® GZ 2 A a 192}
- me S E[\(vn, 2.v) | +-E;Z](wn, or?) |
e e e e e e e e e e 5
X f(En) ] {5)

The function f(En) 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| =
/ﬁ6

mc?

1.405 x 107%° erg'cm3) through an expression CV2 - G2
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E
= n - 2 '
f(En) —f . F(Z + 1, E)pE(En E)<dE e e e e e e (5")

-

The starting point of the gross theorylj) of beta-decay lies in a
replacement of the summation over n by an integration with the energy E

which is equal to —(En - 1), as the variable; resultingly,

2
x=m°2nﬁj0 M (E)|2+3CA M. (E )|?
To2nd-Qel T F g 5;2‘ GT g
- e e e e e e e 6
x f( Eg + 1)dEg . ) (6)

9)

It is a conventional notation of the original papers of the gross theory
to use Eg as energy variable. (Eg is, in other words, the mass change in
the neutral atom before and after the transition.) The symbol IMw(Eg)l2
{(w = F or GT) denotes the beta-strength function and is equal to the
absolute square of transition matrix element [(?n, Qw?)lz multiplied by
the level density around Eg' In Eq. (6) the factor of 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
constitutes the essential part of the gross theory. Yamada and Takahashig)

carried out this with the aid of the sum rules as follows.

[+5] ) _oo‘ -]r
j‘ rMm(Eg)l dEg E(w, Q¥ I, 2w

_ +
= (¥, 20¥) oo (D
oo , ] 'f*
vaBEg[Mw(Eg)| dEg (¥, Q' [H, Q]¥) N €:))
K 245 = : ‘ T
J_QBEg |Mw(Eg)| dE (v, [, HI[H, Ql¥) . . . (9)

Tn order to refine the theory they introduced an one-particle strength
function Dw(Eg’ £} by decomposing the total strength into the contributions

from individual nucleons in the nucleus as

2 Emax é&l (10
e 2 = [T e, e, 0 a0

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

representing the effect of the Pauli's exclusion principle, andA%%fais the
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one particle level density of the initial state.
Here we give, as an example, the form of the one-particle strength

function for the Fermi-type transition;

g2 + Y2 o2 1
Dp(Bgs B) =TT e T a0 ¥ (0 2/0?
g c c
. 1 ,
(Eg - Ac)2 +v2 e e e e e e e (1D

Tn this case a modified-Lorentz form is assumed and the parameters AC
(peak position) and a, (peak width) are determined with the aid of the
sum rules (8) and (9) in the following way.

f E -DF(Eg, EYE = b

—_2

[ 1.44 Z

(rO/l-Z) Ai?é— O.7825}Mev e e e e e e e (8"

- 2 2
_[_W(Eg 8)PDp(Bys BYAE, = 0

T 0.157  z ) '
- [ vy A}/BMQV] : R 1

where Z, Tys 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 |Mm(Eg)|2' The expression (8') reduced from the sum rule (8)
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 guantum

number, the width becomes zero. In the case of the Gamow-Teller transition,

we replace ocz by 0c2 + ¢ 2, where GN2 gives the increase of the width

N
induced by incommutability of the Gamow-Teller transition operator QGT

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

10)

tion GNZ is taken to he 12 MeV. In the above description we restricted

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

17)

forbidden transition was developed by Takahashi and this is taken also

into account in the present calculation. In order to apply the theory in
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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
strength is too bulky to reproduce here. Refer to the original paperlg)
for it. Anyway we get the total strength function by integrating the one
particle strength according to the formula (1).

The gross theory expression for the decay constant A is given by
Eq. (6). 1In the later part we calculate the average beta- and gamma-ray
energies per one decay (Eé, 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 Eb is given by summing up all the contributions from the

transitions to the every final levels; namely,

= 1l — (n)
E =—Zx E
B Ann B
C 2
_ 1lme? 62 2 4 A 2
A h 243 Z[[(yn’ Qqu)l * Cvzl(wn’ QGTW)' }

E
xj T (E - 1)F(Z + 1, E)pE(E_ ~ E)28E , . . . . (12)
1 n

where E (n) represents the average beta-ray energy released at a transition
feedlng the n-th final level as is given by Eq. (4). The partial decay
constant A is given by Egq. (5). The translation of this expression into
the gross 2heory form is easily done in a quite parallel way tc 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 A.

C 2
%J [[M (E)|2+3 lM (E)IZ}
V g
—E +l
X H (E - 1) F(z + 1, E)pE(—Eg + 1 - E)ZdE]dEg TR {13}
Y
where the constant C denotes the factor = 3

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
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released solely as gamma-rays; in other words we neglect the effects of the
delayed neutron emission and the internal conversion. The expression, then

becomes as

E =255 ™
Y Anmny
=L E + 1A
"—)\HQB— )
2
1 me? 6% [ ) CA ]
=-——————-——§Z 2
A 21 n ICAe QFW)] + CVZI(Wn’ QGTLP)I
% (QB - En + l)f(En) . e e e e e e . (14)

The corresponding expression in the gross theory form is
0 c,?
7, - £ I+ s Byl
E = M + 3
v Tl g l F(Eg)| 3 6;71MGT(Eg)|
+ E JE(-E_+ 1)dE e e e e e e 15
x (Qg + EJEC-E, + DA (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 Tx + :'LTy 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 ﬁerm 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 £, a decreasing function of the excitation energy,
in the expressions for a, Eé, 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, Eé,
EY’ 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.lo) and
introduce a parameter QOO’ which represents the energy of the lowest level
te which the transition is allowed by selecticn rules.

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

strength function is modified as

-3+ 00
|Mw(Eg)|2 + 8B, + Qg - Qoo)jiéMw(Eé)|2dEé (E2-0g + Q)
ENCRI 3
0 (-QBS Eg< —QB +QOO) . B G 1))

By this modification the strength distributed over the energy range below
QOO’ where the tramsition is prohibited, is to be concentrated at QOO in
the form of a delta-function. Takahashi et al. applied the same value of
QOO to all the nuclides. In the present study we tried to find the best
value of QOO for each nuclide,

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

20)

the compilation by Tobias and the parameter QOO was determined for

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

of Eé and E_ best. The calculations were performed with the expressions
(13) and (15) where |Mw(Eg)|2 being replaced by the modified one |M&(Eg)l2.
Purther, the same QOO value was assumed for all the types of the transition,
namely, Fermi, Gamow-Teller, and l-st forbidden tramsitions. 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

B

_9_
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selection of QOO for each nuclide. The values of QOO 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 QOO’ 0.0 and 2.5 MeV,
and also with QOO =1.0 MeV for FPs having Q values larger than 3 MeV,
Tn 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 Eé and E% {due to Tobias,‘Ref. 20)) scatter hetween two calculated
curves of Q.. = 0,0 MeV and of Q = 2.5 MeV with a few exceptlions such

97. 82 °0 92 00
as Y, As and ~ Rb. The curve of QOO = 1,0 MeV goes through amid the
scattered data points, suggesting that this curve ig adoptable as a good
estimation of Eé and ﬁ% when no further information is available which
helps us to find a more reliable value of QOO' The observations in this
section suggest that the range 0.0 - 2.5 MeV should be appropriate for the
QOO variation from nuclide to nuclide.
2.4 Estimation of average beta- and gamma-ray energies, EB and EY

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 QOO of each nuclide. This section deals with the determination
of the QOO 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—dowm. Further, as is
discussed in the later part of this report, it is often the case that
theoretically estimated values of Eé and f& are more reliable than these
based on the experimentally determined decay schemes so long as the decay
schemes are incomplete from some aspects.

The half-life tl/Z

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

(or the decay constant X) is a quantity which is

lying levels, in other words, on the value of QOO' In this respect we can
make an assumption that the information about these effects of selection
rules is included in the value of tl/2 in a implicit way. This leads to an
idea to determine the value of QOO on the basis of the measured half-life

of each nuclide.
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Fig. 7 displays a comparison between calculated and experiment—basedzo)

values of EB and E& for 34 FPs with QB larger than 5 MeV. At the time of
calculation, the value of the parameter Q00 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 QOO 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 QOO values which
were determined so as to reproduce the experimental values of Eg and EY
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 l+ which can decay to O+ ground state of the daughters
(even—even) by the Gamow-Teller tramsition (lAJ| = 1, parity change: no).

It is clear from the comparison of Figs. 7 and 8 that the determination
of QOO based on measured half-life is quite effective to reproduce
Realistic values of EB and E,, The former shows the results of the Qgq
optimization mentioned above and the latter corresponds to the case where
the value of Qpp is fixed to 1.0 MeV for all the nuclides. The values
of these figures are normalized so that the sum of EE, E

Y
neutrino energy should becomes 100,0. The dotted and the sclid lines

and the anti-
indicate Ep and Ep + E , respectively.
B B ¥ P 4

3. Data for E, E& and t Adopted in the JNDC File

8:_ -~ 1/2
3.1 Estimated E_, and EY values

The JNDC Deiay Heat Evaluation Working Group calculated ﬁé 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 Eé
and E& were also calculated by the method described in Sec. 4.2. TFig. 9
displays the results for nuclides which have QB values larger than 3 MeV,
Theoretical values based on the method described in Sec. 2.4 and the

values from ENDF/B-IV (A)z)
there. It should be noted that the ENDF/B-IV and the Tasaka's File include

and from Tasaka's File (V)S) are also shown

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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Fig, 7 displays a comparison between calculated and experiment—basedzo)

values of EB and E& for 34 FPs with QB larger than 5 MeV. At the time of
calculation, the value of the parameter QOO 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 wvalue of QOO 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 QOO values which
were determined so as to reproduce the experimental values of Eg and E.
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 l+ which can decay to Of 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 QOO based on measured half-life is quite effective to reproduce
Realistic values of Eg and E,., The former shows the results of the Qqq
optimization mentioned above and the latter corresponds to the case where
the value of Qpp is fixed to 1.0 MeV for all the nuclides. The values
of these figures are normalized so that the sum of EB, E# and the anti-
neutrino energy should becomes 100,0. The dotted and the solid lines

indicate EB and-EB +'E&, respectively.

3. Data for Eé:-E§ aﬁi t1/2 Adopted in the JNDC File

3.1 Estimated EB and EY values B

The JNDC Decay Heat Evaluation Working Group calculated EB and EY 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 Eé
and E& were also calculated by the method described in Sec. 4.2. TFig. 9
displays the results for nuclides which have QB values larger than 3 MeV.
Theoretical values based on the method described in Sec. 2.4 and the
values from ENDF/B-IV (A)z) and from Tasaka's File (V)S) 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 QOO' A shift of QOO.by AQOO results in a change in the average
gamma-ray energy by the same amount, namely, by AQOO. On the contrary the
average beta—energy changes only by C QOO’ 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 f&
is more sensitive to the assumed value of QOO than the case of EB' In
the estimation calculations of EB and EY’ the assumed values of QOO have
fairly large ambiguity in general. Hence the estimated value of EY is
more ambiguous than the value of EB'

3.2 Data for E,, E_ and t for nuclides with no experimental data

Among moreBthal 1100 iiilides 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 egtimation of'EB,'f§ and t1/2 were carried out
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 Eé and f& for nuclides with no decay data except tl/2:
For these nuclides the values of EB and EY were estimated with the
method described in Sec. 2.4, The parameter QOO was optimized so
that the best consistency should be attained between calculated and
measured half-lives. The variation range of QOO was taken to be
0.0 < QOO < 2.0 MeV for odd-odd nuclides and to be 0.5 £ QOO < 2.0 MeV
for others. The QG values were taken from the compilation by Wapstra
and Bos,23) or were calculated by Uno and Yamada's linear type mass
formulaza) when Wapstra and Bos give no information. Table TI

summatrizes the values of Eé, E , QB and Q00 for the nuclides belonging

Y
to this category.

2) Estimation of Eé, E& and tl/Z for nuclides with no measured data:
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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 QOO was determined in the following two methods, namely;
(a) The Qoo—value was fixed to 1.0 MeV for all the nuclides.
(b) Systematic behavior of the values of QOO was examined in several
subdivided mass regions and the value of QOO was extrapolated to each
nuclide in each mass region.

By use of the QOO values determined in the above two methods, fé,'ﬁ

v

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

1/2
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 E_, E& and t data based on method (b).

1/2
The whole results are given in Table III.

3.3 Adoption of theoretical data for high—-Q8 nuclides with experimental data
Tor 88 short-lived nuclides listed in Table IV, theoretically estimated
values of Eé and E} were finally adopted, though these nuclides have
experimental information on their beta- and gamma-decay schemes which
enable us to calculate Eé 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 wvalues of Eﬁ and E% is the same as that for the
nuclides of category 1) of Sec. 3.2; namely, the optimization of the
parameter QOO with the aid of the measured half-life. Table IV summarizes
the theoretical (T) and experiment-based (E) values of EB and EY’ the

measured half-lives used to determine @ the resultant value of QOO and

00’
the calculated half-lives. This table also gives fractional contribution
from each nuclide in the 235U 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 descriptioms are given
in Ref. 25). TFigs. 10 and 11 display the beta- and gamma-ray components

35 X . N
U decay heat after an instantaneous irradiation of thermal

of the 2
neutrons., Adoption of the theoretically estimated values of Eé and E& for
the above 88 nuclides drastically improves the consistency between the
calculated and the measured decay heat (from C)-to QD ). LaVauve et al,

successfully tried to remove an apparent disagreement between measured and

— 13_
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calculated decay heat curves at short cooling time by introducing the JNDC

30)

values of E._ and E} inte the ENDF/B-V data base. Their results are

shown in Fiz. 12. Remarkable change brought about by the introduction of

the JNDC data seems to come mostly from the 88 nuclides described above in
their result, too. In the next chapter we see the reason why the theoretical
values lead to a success in interpreting the measured decay heat at short

cooling—times.

4, Problems in Deriving mé and E& from Decay Schemes
4,1 TIncompleteness of decay schemes for short-lived nuclides
A quite suggestive numerical experiment was carried out by J. C. Hardy

al.Sl) They generated numerically a hypothetical beta-gamma decay scheme

et

of a fictional nuclide 'pandemonium' under the following conditions.

1) Atomic and mass numbers and spin-parity are taken to be the same as
Gd-145, namely z = 64, A = 145, T = 1/27 and further Qe = 5 MeV,

2) The level density of the daughter nuclide (Z = 63, A = 145) takes after
the Gilbert-Cameron's level density formula.

3) Level spacings obey the Wigner's statistics.

4) The Gamow-Teller transition probability to each level obeys the random
Porter-Thomas distribution.

5) The beta-tramsition matrix is assumed to be independent of the excitation
Energy.

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

'pandemonium' was generated under realistic conditions for resolution,

efficlency, etc. The resultant response data were analysed with a peak

analysis code SAMPO. As a result of this gedanken-experiment it was proved

that a sizable portion of the total gamma-ray intensity remained undetected.

From this observation they concluded that the decay schemes constructed on

the basis of the peak analysis and the intensity balance of gamma-rays are

incomplete in general for short-lived high-G-value nuclides. They do not

describe this incompleteness of decay schemes in detail. It is easy to

see, however, that the incompleteness manifests itself in the high excitation-

energy side where the level demsity is high and the gamma decay structure

is complicated. When the high energy part of a decay scheme is oversim-

plified or missing, the beta-strength function is underestimated at high

energy. This inevitably introduces a systematic bias into the values of

E and E . This must be the origin of the overestimation of the beta decay-

B

heat and the underestimation of the gamma decay-heat at short cooling
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calculated decay heat curves at short cooling time by introducing the JNDC

30)

values of E, and ﬁ% into the ENDF/B-V data base. Their results are

shown in Fiz. 12. Remarkable change brought about by the introduction of

the JNDC data seems to come mostly from the 88 nuclides described above in
their result, too. In the next chapter we see the reason why the theoretical
values lead to a success in interpreting the measured decay heat at short

cooling—times.

4, Problems in Deriving Eé and E& from Decay Schemes
4.1 Incompleteness of decay schemes for short-lived nuclides
A quite suggestive numerical experiment was carried out by J. C. Hardy

al.Sl) They generated numerically a hypothetical beta-gamma decay scheme

et

of a fictional nuclide 'pandemonium' under the following conditions.

1) Atomic and mass numbers and spin-parity are taken to be the same as
Gd-145, namely z = 64, A = 145, T = 1/27 and further Qe = 5 MeV,

2) The level density of the daughter nuclide (Z = 63, A = 145) takes after
the Gilbert-Cameron's level density formula.

3) Level spacings obey the Wigner's statistics.

4) The Gamow-Teller transition probability to each level obeys the random
Porter-Thomas distribution.

5) The beta-transition matrix is assumed to be independent of the excitation
energy.

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

'pandemonium' was generated under realistic conditions for resolution,

efficiency, etc. The resultant response data were analysed with a peak

analysis code SAMPO. As a result of this gedanken-experiment it was proved

that a sizable portion of the total gamma-ray intensity remained undetected.

From this observation they concluded that the decay schemes constructed on

the basis of the peak analysis and the intensity balance of gamma-rays are

incomplete in general for short-lived high-Q-value nuclides. They do not

describe this incompleteness of decay schemes in detail, It is easy to

see, however, that the incompleteness manifests itself in the high excitation-

energy side where the level density is high and the gamma decay structure

is complicated, When the high energy part of a decay scheme is oversim-

plified or missing, the beta-stremgth function is underestimated at high

energy. This inevitably introduces a systematic bias into the values of

E and E . This must be the origin of the overestimation of the beta decay-

B

heat and the underestimation of the gamma decay-heat at short cooling

J— 14 .
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times, which was depicted in section 3.3.
Fig. 13 displays a decay scheme of 93Kr, which is taken from the
22)

Tables of Isotopes 7th edition. This nuclide, situated near the light
peaks of the fission yield curves of U and Pu, has a relatively high Q-
value (7.3 Mevzz) - 8.7 MeVG)) and a short beta half-life. The excited
levels are identified, however, only up to 4.9392 MeV and 98.1 % of the
total beta-intensity is allotted below this highest level. It seems

unreal that there is no beta-intensity between 5 and 7 MeV. Actually

1.9 % of the beta-intensity is given to the delayed neutron window around 7
MeV. This intensity happened to be detected owing to the existence of the
delayed neutron, which played a role of a probe, so to speak. It is,
therefore, doubtless that a non-negligible amount of beta-intensity should
exist hetween 5 and 7 MeV, and also above 7 MeV, The Eé value 1s over-
estimated and the EY value is underestimated when they are derived from
this decay scheme which lacks beta-intensities to unknown highly excited
levels., This example of 93Kr is not a exceptional one but represents a
defect common to high-QB—value decay schemes. As another example, let
examine the case of 958r, which has a QB—value of 6.09 Mesz) (Fig. 14).

In this case no beta-intensity is given above 4.2677 MeV. The EB and E&

values are as follows.

Eé (Beta-energy) E& (Gamma—-energy)
Decay scheme Gross theory Decay scheme Gross theory
P3kr 2.89 2.73 2.28 2.76
Py 2.27 1.59 1.03 2.44

fall in MeV unit)

When being derived from decay schemes, Eé 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 fé 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 mon-negligible

amount of the beta-intemsity to unknown highly-excited levels. This leads
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to an overestimation of EB and, equivalently, to an underestimation of E&.
In this defect of the published decay schemes we find the reason why the
recently completed libraries such as the preliminary version of the JNDC
file, ENDF/B—VBO) 32)

and UKFPDD-2 failed in reproducing the beta- and

gamma-ray components of decay heat at shert cooling-times.

4.2 Beta-strength function and decay heat

In section 4.1 we dealt with incompleteness of high—QB—value decay
schemes and with its consequences on derived Eé and E& values. In this
section a quite simple strength function model is introduced in order to
make the discussion more quantitative.

In recent years information on the beta-strength functions has been
accumulated by using of specially designed instrumentations.33)“35)
Fig. 15 displays beta-strength functions of short-lived FPs measured by

34)

K. H. Johansen et al, Difference between the open and the solid

circles comes from the uncertainty in assumed Qs—values. Very roughly
speaking we can fit these curves with an exponential function eE/a.
The value of o ranges from 0.5 to 2.0 MeV. This observation will be made
use in the later part of this sectiom.

The average gamma-ray energy E& can be expressed as (15} in terms
of the strength functions. We use an energy variable E (equivalent to
e used in chapter 2) instead of Eg' They are related as E = QB + Eg'

Then, we have
0 Q,-E+1
— C 8 B 1/2 2
E, =% J' |M(E - QB)|2E j F(Z + 1, WW? - 1) W(Qp - E + 1 - W)“dWdE ,
0 1
R G )

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

2my A | -
1 - exp(-2my) ° ¥y = wwe - 1)

F(Z, W) =

Further, by using of an approximation F(Z, W) = 27y, the integrant of the
second integral becomes WZ(QR -E+1- W)2 and analytically integrable.
The result is (X° + 5%X* + 10X3)/30 with X = Q; - E. By rewriting

IM(E - QB)|2 as SB(E), we get a simple expression for average gamma-ray

— ‘16*
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energy;
&
T =_Jl_j S.(E)E(X® + 5X" + 10X%)dE . . . . . . . . (18)

Tt is shown that the above approximations for the Ferml function intreduce

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

g~ E and exponential type SB = eE/a. In order to

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

function; linear type S

introduce a modified strength function SB(E’ q), wihich has no strength

above a critical energy q,

CsE or CSeE/u for 0 £ E < ¢

SB(E’ Q) =
0 for ¢ £ E 2 Qq

The function SB(E’ QB) 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 caleulated with the strength SS(E’ q):

Q

8
f 54 (E, OEE® + 5% + 10x%)dE

- 0

eoe . L(19)

E, () %
E 55(E, @) (x° + 5x* + 10X°)dE

0

The ratio E&(q)/ﬁ}(QB) gives a measure of the underestimation of E&
caused by missing of beta-intensity above the emergy q. Fig. 16 displays
this ratio as a function of q on the basis of three types of assumed

eE/l.s

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

taking the value of o 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 f&/QB 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 o which fulfil the above criteria, two typical values,
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1,5 and 1.0 MeV, were adopted for the present discussion. As is seen

from Table 'V, E%/QB is too large for large QB nuclides when SB « eE is used.

EfL.5
e

From this respect, SB @ ig preferable. (See footnote 3)

Let us examine the curve in Fig. 16, which corresponds to QB = § MeV

and 8, « eE/l'S.
the E% value is underestimated by 10 %, This reaches 20 % when the

If the beta transition to levels above 5 MeV is missed,

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

we take eE as SB' A survey of published decay schemes of short-lived FPs
(typically refer to the Tables of Isotopeszz)) leads to an observation

that beta-intensity is not given above 3 - 5 MeV for most high—Q8 nuclides.
By combining this observation with the above result from the simple
strength-function calculaticn, we come to a conclusion that the value of

E& is open to underestimation by 10 - 30 % for nuclides with QB—values
larger than 5 - 6 MeV. On the contrary the EY and E6 values calculated

with the gross theory reflect properly the effect of the large beta-strength
at high energy, which increases E% and decreases Eé.nOte “) This is the
reason why the introduction of gross theory values drastically improved

the reproducibility of the measured beta- and gamma-ray compomnents of the

decay heat at short cooling-times,

5. Concluding Remarks

The method of theoretical estimation of the average energies Eé and
EY was described in detail, It is a notable feature of the JNDC FP Decay
Data File that these estimated values are fully adopted for short-lived
FPs with high QB-values (QB 2z 5 MeV) in place of the values derived from
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 o value as 0.5 - 0.9 in the expression

E/a ) , . ) N
S, xe . This selection, however, leads to serious overestlmatlion

oi E&/QB ratio (larger than 0.4). Further, this ratio Increases too
rapidly as a func;ion of QB' From this respect, the level-density
proportional assumption is not acceptable.

Note 4) Here consideration was made only for E&. It is easy to see,
however, T, is overestimated when E& is underestimated, for they

B

are closely related by the energy conservation.
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1.5 and 1.0 MeV, were adopted for the present discussion. As is seen
from Table V, E¥/QB is too large for large QB nuclides when SB = eE is used.

E/1.5
e

From this respect, SB « is preferable. (See footnote 3)

Let us examine the curve in Fig. 16, which corresponds to Q8 = 8 MeV
and SB o« eE/l'5. Tf the beta transition to levels above 5 MeV is missed,
the EY value is underestimated by 10 %. This reaches 20 % when the
intensity is missing above 4 MeV. The underestimation becomes larger if
we take eE as SB' A survey of published decay schemes of short-1lived IPs
(typically refer to the Tables of Isotopeszz)) leads to an observation
that beta—-intensity is not given above 3 - 5 MeV for most high—QB nuclides.
By combining this observation with the above result from the simple
strength-function calculation, we come to a conclusion that the wvalue of
E& is open to underestimation by 10 - 30 % for nuclides with QB—values
larger than 5 - 6 MeV., On the contrary the EY and EB values calculated
with the gross theory reflect properly the effect of the large beta-strength
at high energy, which increases E& and decreases Eé'note_4) This is the
reason why the introduction of gross theory values drastically improved
the reproducibility of the measured beta- and gamma-ray components of the

decay heat at short cboling—times.

5. Concluding Remarks

The method of theoretical estimation of the average energies Eé and
EY was described in detail. It is a notable feature of the JNDC FP Decay
Data File that these estimated values are fully adopted for short-lived
FPs with high QB—values (QB > 5 MeV) in place of the values derived from
the published decay schemes. Discussions were made in favor of this
preferential selection of the theoretical values. 1In the course of the

discussions the following things were known.

Note 3) Several authors assumed a level-density-proportional behavior for
the betas-strength function. Roughly speaking, this assumption

corresponds to taking the o value as 0.5 - 0.9 in the expression
E/o . ; . . .
SB =« a / . This selection, however, leads to serious overestimation

of E%/QB ratio (larger than 0.4). Further, this ratio Increases too
rapidly as a function of QB' From this respect, the level-density
proportional assumption is not acceptable.

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

however, E, is overestimated when E& ig underestimated, for they

g

are closely related by the energy conservation.
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1) The beta-strength function increases with the excitation emergy of

the final state. In calculations of fé, E* and tl/2’ the effect of this
increasing trend of SB is cancelled out to a large extent by the presence
of the Fermi-function which decreases rapidly with the energy. In order
to calculate the average energies Eé and E% accurately, however, it is
quite important to take the effect of the increasing strength into
account.

2} Published decay schemes of high ngvalue 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—QB 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 E8 is overestimated and E& is underestimated
when they are derived from decay schemes.

3) Full adoption of the theoretical values of Eé 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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1) The beta-strength function increases with the excitation energy of

the final state. 1In calculations of Eé, E& and tl/2’ the effect of this
increasing trend of SB is cancelled out to a large extent by the presence
of the Fermi-function which decreases rapidly with the enmergy. In order
to calculate the average energies Eé and E+ accurately, however, it is
quite important to take the effect of the increasing strength into
account.

2) Published decay schemes of high QB—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—QB 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.

1t also happens that some gamma-rays are not placed in appropriate posi-
tions in the decay scheme although they are detected. These lead teo missing
of high energy levels, in other words, to missing of beta-strength at high

This is the reason why E, 1s overestimated and E& is underestimated

8

when they are derived from decay schemes.

energy.

3) Full adoption of the theoretical values of Eé 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 om an average over some range of

nuclides.
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TABLE 1

Average beta- and gamma-ray energies from short-lived FPs

(Parameter QOO[

determined to reproduce the experimental values)
Upper = experimental (Ref. 4); lower.= calculated]

Beta-Particle Energy Gamma-Ray Energy @ Value
A Z Element Even-Qdd (MeV) {MeV) Qoo {(MeV)
76 | 31 Ga 0-0 e 2.508 2.0 6.610
80 | 33 As 0-0 i o 0.2 5.999
82 | 33 As 0-0 318 0.35 0.0 7.146
86 | 35 Br o0 L 3258 2.5 7.296
87 | 35 Br 0-e 2.1 1T 1.3 6.362
89 | 36 Kr e-o a3l o 1.9 4.971
90 | a1 Rb 0-0 e 2.5%0 1.7 6.624
91 | 36 Xr e-0 PPN oTe 0.4 5.298
o1 | a7 Rb o-e 1820 o 2.5 5.844
92 36 Kr e~e ggg? 3;2,17 0.0 6.615
92 | a7 Rb 0-0 b 8200 0.0 8.216
93 | 38 Sr e-o 9184 2138 2.0 4.054
95 | 39 Y o-e Ta 0-523 0.3 4.464
o7 | a9 Y o-e ;:g{‘: 0.935 1.0 6.135
100 | 41 Np" 0-0 5023 1o 1.0 6.538
116 | 47 Ag 0-0 21ee 01 0.0 5.710
132 | 51 sh 0-0 e 2.008 0.9 5.922
13¢ | 51 Sb 0-0 2.8 2.92% 0.0 8.482
136 | 53 1 0-0 oo 1 a%0 0.7 6.137

*The ENDF/B-IV file gives 2.162 MeV.
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Table V Values of E§/QB for three assumed beta-strength functions

Q8 = 6 MeV QB = 8§ MeV QB = 10 MeV
S = F | 0.27 0.27 0.26
P?esentl E/1.5
simple | SB “ @ 0.25 0.29 0.34
cale. E
SB = e 0.33 0,40 0.48
I J :
Tasaka, Ref. 5) ‘ 0.29 0.29 0.29
Tobias, Ref, 20) 0.33 0.33 0.33
Yamamoto, Ref. 38) ~0.25 for light and ~ 0.35 for heavy peaks
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Fig.6 Percentage of -average beta-particle and gamma-ray
encrgies 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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Fig.9 Calculated beta- and gamma-ray energies released
from short-lived FPs, Also shown in circles,
triangles, and stars, are library values.
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Q, = 6 Mev

Fig. 16 Decrease of E due to possible missing of beta
strengths at high excitation
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