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Abstract

Decay heat calculations by the summation method have
been performed using various data sets, in particular a
library based on the JEF1 nuclear data library supplemented
by new pieces of nuclidic information. The results are
compared to integral measurements carried out at the

Studsvik Science Research Laboratory.

1. Introduction

An extensive set of integral decay heat measurements
has recently been completed at the Studsvik Science
Research Laboratory1). The results are presently being
analyzed. The experiments include the beta and gamma part
of the decay heat at the thermal neutron induced fission of

235U and 239Pu and, in addition, the gamma part of the

decay heat in the fast fission of 238U. The availability of
these new data has incited a new analysis of the decay heat
using the summation method in order to compare the integral
results with a difﬁerential study using an up-to-date set
of decay data of the individual‘fission products. A summa-
tion analysis was carried out in 1978 at this laboratory2).
New information on the decay properties of many short-lived
fission products has been gathered during recent years, and
a new analysis is therefore called for.

The present report deals primarilywyith the summgtipp<

analysis. A detailed comparison between the results of the
integral and the differential methods will be presented

elsewhere.



The first task is to update the fission product
library of 1978. This will be done in several steps so
that the effect of each step can be checked. The first step
is to include all decay data information contained in the
library JEF13).
of the library were those of the compilation of Rider and

Meekq), supplemented by certain experimental determina-

The fission yields of the 1978 year version

tions. The inclusion of the JEF1 decay data means the
addition of a number of nuclides unknown in 1978. These
require yield information, and again the Rider-Meek
compilation has been used, backed-up by some values from
the ENDF/B-V files) where values in the compilation4) are
lacking.

The updated version of the old library FPLIB78 is
denoted FPLIBG6A.

Next, certain decay data of JEF1 are exchanged for
more recent determinations. This concerns both average beta
and gamma energies but also half-life data. A set of new
average beta energies are available as a byproduct of a
project for the determination of the antineutrino spectrum
in the vicinity of a nuclear reactors). Also, the average
gamma energy given in JEF1 is adjusted for a number of
nuclides as discussed below. Finally, new half-life data
including new nuclides, until now lacking in the JEF1
library, are included. The FPLIB6A library updated in this
way is denoted FPLIB6B.

Certain JEF1 average energy errors are either lacking
or unrealistically small. Somewhat arbitrarily, averge beta
and gamma energy errors smaller than 1 % of the value were
‘replaced by 5 % of the energy value. This changes FPLID6B
into FPLIB6C.

We shall now pay attention to the fission yields.
Changing the Rider-Meek yields into ENDF/B-V yields changes

““"the library FPLIB6C into FPLIB6D.

The final updating is to use the ENDF/B-V yields

supplemented by experimental values. A new study of the



yields in thermal-neutron induced fission of 23507_9) has

given new yields for nuclides, especially isomeric states,

3) can be substan-

hitherto unmeasured, and the compilation
tially improved by including these experimental yields.
This final version of the 1986 fission product library is

denoted FPLIBGE.

2. The fission product library
2.1, Decay data

The average gamma energy EY can be determined from

the simple expression

Yi Yi (1)
where E1 is the energy and IY the intensity (number of

gamma-ra%s per decay) of the i:th gamma-ray. The error of

the average gamma-energy is obtained as

= _/ 2 2 2 2
= {
AE § Ewi(AIYi) + (AExi) IYi } (2)

It must be pointed out that the formula (2) can only be

used if the intensity errors are truly independent of each
other. This is usually not the case. The experiments are
most often carried out in such a way that only relative
yields Irel are obtained. These relative yields are then
converted into absolute yields by multiplication by a

"normalization constant Fd' and we have

I =F 1 (3)

'Now, Egq. (2) cén hd‘lbnger‘behusedrbgéédg;”;é“ﬁgvzmihtro-
duced a systematic contribution to the error, namely the
uncertainty of the normalization constant Fd' Instead, the

error should be calculated from the formula (4) below:
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Apparently, the error of the average gamma energy
given in the JEFl-file is often calculated using Eq. (2)
rather than Eg. (4). This may partly be due to the fact
that the error of the normalization constant is not always
given but only put equal to zero. The effect is that the
error of the average gamma energy is severely underesti-
mated for many nuclides. In order to determine a more
realistic error a normalization factor has been calculated
from the branching ratios given in Ref.7). Wwhen combined
with the tables of gamma energies and intensities of JEF1 a
new determination of the average gamma energy and its errxor
(from Eq. (4)) results.

7
) are average values

The branching ratios of Ref.
taking into account published ratios and a new and as yet
unpublished set of branching ratiosg) obtained at Studs-
vik. Thus, results are used which were not available for
the JEF1-library, and this has led to adjustments of the
éverage gamma energies. The new values are given in Table 1
where they can be ébmpared to the present JEFi-values. For
nuclides not given'in Table 1 the JEF1-average energies are
used.

Hardy et a1.10) have discussed the effect of the
omission of low-intensity gamma-rays in a spectroscopic
investigation, which may happen especially for nuclides
with high decay energies and complicated decay schemes. The
authors give an example showing that, depending on the
_counting.statistics. 10 -.40. % of the gamma-ray intensity

may remain undetected. Every gamma-ray which does not

appear in the JEF1 list of gamma-rays means loss of gamma

effect and leads to a deficit in the average gamma energy.



Thus, we must face the problem that the gamma part of the
decay heat as determined by the summation method may be

systematically too low.

As mentioned in the introduction the average beta
energies obtained in a study of the antineutrino spectrum
in the vicinity of a nuclear reactors) have been used to
update the JEF1-library. The new measurements were carried
out with a beta spectrometer with its response function
determined by a comparison with the electromagnetic

11). The average beta

spectrometer *Bill" at ILL in Grenoble
energies are given in Table 1 together with those of JEF1.
For nuclides not listed in Table 1 the values from JEF1

have been used.

For a number of nuclides information on either
the average beta energy or the average gamma energy is
lacking. For those cases an approximate value of the
missing quantity may be derived in the following way.

The average antineutrino energy will be somewhat
larger than the average beta energy. The calculated ratios
between the average antineutrino energy and the average
beta energy are shown in Fig. 1 for two cases, (Z,A) =
(37,93) and (53,140), as a function of the decay energy of
the beta-decaying branch. For actual cases with many beta
branches an average value of the ratio can be evaluated.

If nothing is known about the decay scheme a rough estimate
of the average decay energy must be made. The ratio is then
taken to be the one corresponding to this decay energy.

There is a good chance that this procedure will give a

result within 10 %4 of the true value taking into accourt —
that the span of values is only about 20 % in the range of

decay energies from 3 to 12 MeV. It may be mentioned that
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the ratio in the antineutrino study referred to above

was found to be 1.23+0.05. This is an average of the ratio
for 35 nuclides over a wide range of energies (average beta
energy from about 1 MeV to more than 3 MeV), and the error
given is the standard deviation of the population. For
little known nuclides this value (R) can be used after an
adjustment for the 7-value effect and an increase of the
uncertainty to about 10 %. We can then estimate the average
gamma energy if the average beta energy is known. The
latter quantity is multiplied by 1+R and subtracted

from the total decay energy. The remainder is a measure of
the average gamma enexgy provided that the nuclide under
study is not a delayed-neutron precursor. If neutrons are
emitted with a branching of Pn' the average gamma energy
will become low because gamma-rays from the levels depopu-
lated by neutron emission are missing. The average energy
of those gamma-rays would be the sum of the average neutron
energy E and the neutron separation energy S . This is
true for the case that the neutrons populate the ground
state of the final nucleus, but it also holds for neutron
branches leading to excited states if only the effect of the
gamma emission from those states is included in Ey, Thus

we may approximate the average gamma energy by

EYN QB- Pn(En+ Sn) - (‘H-R)EB (5)

In a similar way we obtain the average beta energy

for cases where only the average gamma energy is known:

= 1

EB N(—T‘_‘"—R—T {Q - Pn(En + Sn) - EY} (6)

B

The estimate of EBin some cases for which no value

is given in JEF1 are listed in Table 2.

An estimate of the errors may be obtalned if the
uncertainties of the quantities appearing in Egs. (5) and

(6) are known.



The nuclides 10ORb and 102

Y are included in JEF1 and
average gamma energies are also given. The delayed-neutron
branching ratios of these nuclides are unknown, however. As
they are expected to be large, the use of Eq. (6) would led
to a large uncertainty. Until more information becomes

available data for these nuclides are taken from Ref. 14).

This is also done for the nuclides 74Cu. 75Cu, 76Cu, and

8OZn which are not included in JEF1.

2.1.4. Half-life data

The half-life data used for nuclides not present in
the JEF1 file and also for other nuclides where the data
differ from those of the file (sometimes only the error
l1imit of the branching ratio) are given in Table 3. Since
partial half-lives are used in the calculation the table
contains the branching ratios to the isomeric state of the
daughter and, in case of isomers, also the isomeric transi-
tion. The remainder is then the ground state branch.

For a few nuclides there are more than one isomeric
state. As the analysis only allows for the ground state and
one isomeric state for each nuclide, only the most impor-
tant of the isomeric states is included in the library. The
fission yield of the omitted isomer is included in the
yield of the isomer kept or the yield of the ground state.

The omitted isomers are:

116mZIn, 118m2In, (4+,5+)-isomer of 1221n and 1BOIn,
152m2Eu

2.2. Fission vields
The ENDF/B-V file may be updated by introducing

23SU—yie1ds which have not been measured before and there-
fore not taken into account when constructing the file.

AﬂThlS 1s espec1a11y 1mportant for 1somer1c ylelds which have

been treated in a rather superf1c1a1 manner in "the file
(often the isotopic yield is simply split equally among the
isomers). This updating changes the file FPLIB6D into



FPLIB6E. The yields .changed are given in Table 4.

It may happen that the sum of yields does not add up
to 200 %. A correction is then made when using the file by
multiplying all the yields by the factor ZOO/Ytot, where
Y is the sum of yields (in per cent). The Y -value of

tot tot
FPLIBEE is 202.1 % for 235y, 200.3 % for 238y, and 200.2 %

for 239Pu

A library including the JEF1 fission yieldszs'zs) has
not been tested in decay heat calculations. This is because
the JEF1 yield table does not include isomeric yields and
also because the errors of the yields seem to be unrea-
listically low. Therefore, only the libraries FPLIBC,
FPLIB6D and FPLIB6E have been used in the calculations

presented below.

3, pecay heat calculations compared to intearal determi-
nations carried out at Studsvik

235 239

The fission product libraries are introduced into the
inventory program INVENTZ). This program evaluates the
decay heat values and their errors taking into account the
uncertainties of all the physical quantities entering into
the calculation, i.e. fission yields (both the error of the
cumulative yield and that of the independent yield are
used), half-lives, average beta energies, average gamma
energies, delayed-neutron branching ratios, capture cross
sections, and resonance integrals.

A set of calculations has been carried out with
irradiation and cooling times chosen to coincide with the
corresponding timing of the integral experiments of Ref.1).

Thls fac111tates a dlrect comparlson between the results of

the two types of treatment. Such a comparison (using

FPLIB6C) is done in Fig. 2 for the beta heat developed in

2350 irradiated by thermal neutrons. Three series of runs
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are included with irradiation times 4 s, 10 s, and 120 s.
The differences between the series are minute, and all the
data have been plotted in the same figure. As is seen in
the figure the summation calculation and the integral
determination give coinciding results in the cooling time
range 300 -3000 s. For shorter cooling times the summation
célculation gives values somewhat above the integral
experiment. The deviation is hardly larger than the com-
bined limits of error, however, and the conclusion is that
no discrepancy exists. (The reason for the systematic
behaviour of the measured values is that the errors of
those values are essentially systematic in nature). For
long cooling times the summation calculation gives somewhat
smaller values than the integral determination.

The corresponding comparison of the beta heat in the

239Pu is shown in Fig.

thermal neutron induced fission of
3. In this case only 120 s was used as irradiation time in
the integral determination, and the summation calculation
was carried out using the same irradiation and cooling
times as the experiment. As seen in the figure the agree-
ment between the integral and differential approaches of
determining the decay heat is excellent over the whole
cooling time range covered.

There are also other integral determinations which
can be used for a comparison, notably those of Dickens et
a1.27) 28)  They do not differ

appreciably from those of Ref.

and those of Akiyama and An
1). A more detailed compa-
rison between different integral measurements 1is given in

the latter reference.

235

An integral determination of the gamma heat in

259y has been carried out by Johansson

therﬁgi %iggion of
and Nilssonzg) using the same time schedule as for the beta

heat. A summation calculation with the same timing gives
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results which can be compared to the integral values in
Fig. 4. The agreement is acceptable for long cooling times,
but in the range below about 1000 s the summation calcu-
lation gives results which are significantly lower, up to
about 30 %, than the results of the integral determination.
A systematic effect of this kind was discssed in Section
2.1.1. The gamma power in this interval is dominated by
relatively short-lived nuclides with high QB-values and
complicated gamma spectra. There is an obvious risk that
the average gamma energy of these nuclides has been
underestimated because the lists of gamma lines forming the
basis for the energy evaluation may be incomplete.

The conclusion is that we have to look for other ways
of determining the average gamma energies. An alternative
method is to use the average beta energy as a starting
point and to evaluate the average gamma energy from the QB
value, the calculated average antineutrino energy, the
delayed-neutron branching ratio, and the average energy of
the delayed neutrons using Eq. (5) of Section 2.1.3. This
can be done for all short-lived nuclides for which the
average beta energy has been measured directly. The
approach is less useful for cases where the average beta
energy is merely determined from a set of beta branches
obtained from a decay scheme established by gamma measure-

ments only.
om ison wit her summati ulations

Summation calculations have been carried out for the
cases treated in the preceding section using the libraries
FPLIB6E, an irradiation time of 1 s, and cooling times from
0.5 s to 21500 s. The results are compared to summation
..caleculations using FPLIB6C and to summation calculations
carried out elsewhere in Figs. 5 - 7. The library FPLIB6D
has also been used for 2350, but the results agree within

one per cent with those of FPLIB6E, and they are not inclu-
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ded in the figures.

The overall conclusion is that the present calcula-
tion of the beta heat is somewhat higher than most of the
others for 2350 in the range 500 - 1000 s but agrees with
them elsewhere.

For the gamma heat all calculations using the same
kind of input data as the present one agree quite well.
The Yoshida curve3o) lies considerably higher and is in
better agreement with the integral experiments. The reason
is to be found in the different approach - evaluating the
average gamma energy from a theoretical beta strength'
function for nuclides with Q_-value > 5 MeV thereby

B
avoiding the use of lists of exerimentally determined gamma

lines.
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Table 1

New average beta energies and corrected gamma energies

Nuclide Average Average Average Average
beta energy, beta energy, gamma energy, gamma energy
MeV 6) MeV MeV MeV
Ref. JEF1 Corrected JEF1
Cucht ratigs Frow
T Rt D
"T2n 0.14+0.02 0.54
782n 1.35+0.15 1.44 +0.04
">6a 0.40+0.03 0.067+0.001
76Ga 2.07+0.11 2.80 +0.03
"ca 0.1240.01 0.69
"86a 2.19+0.10 2.49
"9a 1.92+0.10 2.00
80ca 2.83+0.20 2.77 +0.06
81ca 2.03+0.12 2.03
84pr 1.90 +0.19  1.74 +0.07
85pr 0.064+0.004 0.066+0.003
86pr 2.2140.02 1.93+0.16 2.62 +0.39 3.25+0.09
87py 1.70+0.01 1.91+0.06 1.79 +0.09 2.57+0.05
88py 1.9740.01 2.49+0.10 2.13 +0.10 2.54+0.07
89pr 2.23+0.01 2.65+0.83
90py 2.55+0.05 3.20+0.12
87k r 0.83+0.08 0.79+0.02
88xy 1.99+0. 11 1.95+0.01
89k x 1.89+0.09 1.79+0.02
9Ok y 1.5940.13 1.29+40.03
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Table 2

Calculation of E_ using Eq. (6)

B

Nuclide Ew,MeV Qg/MeV P % En,Mev S+ MeV E,BMev EB,Mev
JEF1 JEF1 Ref.12)esti- Ref.13) from Eq. Ref.14)
mated (6)
100g, 1.46 6.54 . 5.0 0.5 1.37 2.26 2.51
103, 1.83 7.00 - - - 2.32 2.40
104, 1.46 3.49  0.11 0.1 3.22 0.91 1.74
16354 0.33 2.45 - - - 0.95 0.98
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Table 3

Nuclides with new half-life or branching information

Nuclide Half-life Branch to Inter- Half-life,s
s isomeric nal tran-

state sition JEF 1
T4qy 1.6 +0.2%)
756y 1.4 to.1a’
760y 0.352)
Ton 2.08+0.04%) 1.4 +0.3
8, 1.4740.15 1.47
"32n 1.0 +0.12) 0.35
80,1 0.53+0.05%)
7854 5.49+0.25°) 5.49
79Ge 19.1+0.3°) 39 +2
79mg, 39.0+0.2°%) 0.043
81 c)

Ge 7.6 +0.6 7.6 +1.0
81mge 7.6 +0.6%) 7.5 +1.0
826e 4.0 +0.35%
82ps 21.0+1.59) 21.0
82mys 13.0+0.6% 13.0
83as 2.03+0.01%) 2.05
100y 0.68+0.02%) 0.55+0.15
102 £)

Y 0.36+0.04 0.2740.07
1022, 2.9 +0.2%) 2.1

N

1473

S}
5l
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10.540.5
3.7
.23 3.8+0.1
.00 1.0+0.2
.30 0.5
.00 0.506+0.015
.25
.00 0.15
.25
3.2 +0.3
2.4 +0.2
.88 2.33+0.04
.00 12.2+40.1
1.50+0.20
1.4540.22
.84 3.7 +0.1
.00 1.15+0.05
0.9 +0.1
.03 0.9 +0.1
11 1.20+0.05
0.59+0.03
.03 0.53+0.05
0.27+0.10
0.27+0.02
e 0.1240.00
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129Sn
149m5n
130mSn

136Te

140
135mXe

146Cs
14SBa
146Ba
147Ba
14BBa

144La
145La
149La

145Ce
147Ce

146PI
150Pr

d)

134 +2

534 +36%

102 +6 1.00

17.5 +0.4%)

0.60 +0.01%)

939  +64 1.00

0.305+0.0107’

0.672+0.007

42.1 +0.7™
25.2 +2.6™
1.2 +0.4
179 +49)
56.7 +2.39)
1240 +6%)
d)
6.20 +0.20
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144
414
102 +6
20.7+42.0
0.86+0.04
939
0.189+0.011
4.00
2.0 +0.4
0.93+0.05
0.47+0.20
41.0
24.2

0.25

178.8
55

1452
6.10
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a)
b)
c)
da)
h)

3)
k)
1)

m)

Ref.15) e) Ref.18)

Ref.16) £) Ref.19)

Ref.17) , g) Ref.zo)

values used in FPLIB78

The low spin isomer of 1261:1, 1281n, and 130In is the
ground state according to unpublished OSIRIS work by
L. Spanier and K. Aleklett. For 1241n the situation is

unclear, but the low-spin isomer is here assumed to be

the ground state in analogy with the other cases. This

means that the assignments of JEF1 must be interchanged.

21)
22)
'23)
:24)

Ref
Ref
Ref
Ref




Table 4
New information on independent yields with relative errors
of independent yield (=indep.) and cumulative yield (=cum.)

used for updating the ENDF/B-V yield library

Nuclide New information from Refs.7_9) ENDF/B-V
Yield, % Rel. error, % Yield, % Rel. error, %
Indep. Cunm. Indep. - Cum
Mn 0.0065 46 46 0.0031 64 64
"82n 0.0065 54 54 0.0035 64 64
7Ga 0.0040 100 28 0.0041 64 32
785a 0.0082 70 31 0.0108 64 32
816a 0.0050 34 34 0.0071 32 32
B4mg,.  0.0166 8.4 8.4 0.025 23 8
1ém,.  0.00120 24 24 0.0012 64 64
"9g 0.0066 42 28 0.0065 64 64
1204 0.0028 50 34 0.0049 64 64
120m, . 0.0083 34 34
12,4 0.0034 41 41 0.0041 64 64
12259 0.0016 38 38 0.0022 64 64
121m.g  o.0052 25 24
12304 0.0090 26 24 0.0078 64 45
12504 0.0122 21 21 0.0088 64 64
12604 0.0111 14 14 0.0116 64 64
1274 0.0076 42 42
1284 0.00048 33 33 0.0064 64 64
12904 0.00031 19 19
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