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Jun-ichi KATAKURA, Tadashi YOSHIDA*, Kazuhiro OYAMATSU*!
and Takahiro TACHIBANA*?

Department of Nuclear Energy System
Tokai Research Establishment
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken

(Received February 23, 2001)

Abstract

A decay data file of fission product (FP) nuclides has been developed for the use in nuclear tech-
nology field as one of special purpose files of JENDL (Japanese Evaluated Nuclear Data Library) in
the format of ENDF/B and it is called JENDL FP Decay Data File 2000. The file includes the decay
data for 1229 fission product nuclides: 142 stable and 1087 unstable nuclides. The data included for
a nuclide are decay modes, their Q values and branching ratios, average decay energy values of beta-
rays, gamma-rays and alpha-particles and their spectral data. The primary source of the decay data
is ENSDF (Evaluated Nuclear Structure Data File), which is the internationally recognized data file of
nuclear structure properties. The data in ENSDF, however, cover only measured ones. The data of the
short-lived nuclides needed for the application fields such as decay heat prediction are often incomplete
or not measured because of their short half-lives. For such nuclides a theoretical model calculation
is applied to derive the needed data such as average decay energies and spectral data. The data in
JENDL FP Decay Data File 2000 have been tested by summation calculation comparing its results with
measured data of decay heat values and aggregate fission product spectra of various fissioning nuclei.
The comparison showed good agreement between the calculated results and the measured values.

Keywords : Fission Product, Decay Data, Japanese Evaluated Nuclear Data Library, Decay Heat,
Beta- and Gamma-ray Spectra
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JAERI 1343 1 Introduction

1 Introduction

Decay data of fission product (FP) nuclides are one of the most important basic data for nuclear
technologies. Accurate calculation of FP accumulation in nuclear power reactors needs a set of reliable
nuclear data including the decay data of FPs. The FP accumulation during the operation and after
shutdown of the power reactors is essential to many aspects of nuclear reactor safety, operation and
nuclear safeguard.

Japanese Nuclear Data Committee released a file used for the calculation of FP accumulation in
nuclear reactors as JNDC Nuclear Data Library of Fission Products Second Version ¥ (JNDC-V2 file)
in 1990. The file covers half-lives, average decay energies, branching ratios and fission yields of 1227 F'P
nuclides. The decay heat calculation using the file was able to reproduce the measured decay heat values
of various fissioning nuclides rather well. The file, however, has a different format from the Japanese
Evaluated Nuclear Data Library (JENDL) compiled in the ENDF/B 2 format, and then the file has
not been treated as a member of JENDL family. The effort to make JENDL FP Decay Data File has
been tried, but the problem to make the file is that JNDC-V2 file does not include the radiation spectral
data. The evaluated nuclear data file requires “completeness” of the data needed for application. The
“completeness” means that the data required by the format are included even if their measured values
are not available. That requires theoretical estimation for such data. Some average decay energy values
of JNDC-V?2 file are theoretically estimated ones even if the measured data are available because the
measured data of such nuclides are considered to have some deficiency. The measured spectral data of
such nuclides, then, are not able to reproduce the average decay energy values adopted in the file. The
theoretical estimation is also required to provide the consistent spectral data with the average decay
energy values by compensating the deficient measured spectra. Such theoretically compensated spectral
data should be able to reproduce the adopted average decay energy values when they are integrated
over whole energy range and guarantee the consistency of the data included in the file.

The adoption of the theoretically estimated gamma-ray spectra was first attempted to calculate
the aggregate fission products spectra 3). The calculated aggregate spectra showed that theoretically
estimated spectra are applicable to compensate the deficient spectrum data. In this calculation the
theoretically estimated spectra were prepared for 32 typical FPs categorized with Q values and odd-
evenness of the proton and neutron numbers of fission products. When a nuclide needs an estimated
spectrum, a suitable estimated spectrum was selected from the 32 typical ones. In the ENDF/B format,
the estimated spectrum of individual nuclide is needed to be incorporated into the file. The ENDF/B-
VI FP Decay Data File ¥ is the first evaluated data file which adopts the model estimated spectra for
individual nuclide with no or “incompletely” measured spectrum data. JENDL FP Decay Data File 2000
also adopts the model estimated average decay energy values of beta- and gamma-rays and those spectral
data for nuclides with “incomplete” or no measured decay spectra in order to keep consistency between
the average decay energy values and the spectra. The file is then applicable to nuclear technology fields
using decay property of fission products.

In Chapter 2 the data contained in the file are described. The data format and the summary of
the data in JENDL FP Decay Data File 2000 are presented in Chapter 3. The spectrum comparisons
of fission product nuclides are given in Chapter 4. The decay heat and the aggregate fission product
spectrum are compared in Chapter 5 and 6 respectively. Finally the summary is presented in Chapter
7.
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2 Decay Data

JENDL Decay Data File 2000 contains the decay data of 1229 fission product nuclides from A=66
to 172. Two nuclides are added comparing with JNDC-V2 file where 1227 nuclides are contained. The
additional nuclides are 81™Ge and 1®5™Tb. There are 2 states with equal half-life in 81Ge. They are
separated in the JENDL file. As for !°™Tb, the state assigned as ®™Tb in JNDC-V?2 file is actually
1652 Th (the second isomeric state of 185Tb) and the first isomeric state between 165" Tb and 165Tb is
added in the JENDL file. Of these 1229 nuclides 142 nuclides are stable and the other 1087 nuclides
are unstable. In the file, such decay data as half-life, decay modes, Q values, branching ratios, average
decay energy values of beta-ray, gamma-ray and alpha-ray are included. The average beta-ray energy
here means emitted electron energy per decay and includes conversion electron energy. The average
gamma-ray energy means emitted gamma-ray and X-ray energy. As for spectral data, each radiation
including conversion electron and X-ray is separately given in the file when their measured data are
available. The spectral data of delayed neutron are not given in the present file. Only the branching
ratio of the delayed neutron decay is given. The number of nuclides is summarized in Table 1. As

Table 1 Number of nuclides of various types

Number of Nuclides Data Types, Comments
1229 Total number of nuclides in the file
142 Stable nuclides
1087 Unstable nuclides or states
197 First isomeric states
8 Second isomeric states
581 With theoretically estimated average gamma decay energy value
506 With measured average gamma decay energy value
543 With theoretically estimated average beta decay energy value
506 With measured average beta decay energy value
1053 With gamma-ray spectrum data

431 With theoretically estimated spectrum only
496 With measured spectrum only
126 With measured and theoretically estimated spectrum
899 With beta-ray spectrum
432  With theoretically estimated spectrum only
374 With measured spectrum only
93 With measured and theoretically estimated spectrum
5 Nuclides with alpha-ray spectrum (Measured)

seen in this table the theoretically estimated average decay energy values and spectra are adopted for
about a half of the nuclides contained. That means about a half of the nuclides contained in the file
have no or “incomplete” experimentally measured decay data and are needed to be complemented by
theoretically estimated ones. It has long been known that there are some nuclides with the so-called
“Pandemonium Effect” 3, in which the measured spectrum data overestimate the average beta-ray
energy value and underestimate the average gamma-ray energy value. It is because of missing levels of
the daughter nuclides. It has been shown that the decay heat calculation using the estimated decay
energy values instead of the measured ones for such nuclides well reproduces the measured decay heat
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values of various kinds of fissioning nuclides. In the compilation of JENDL FP Decay Data File 2000,
the measured data of about 100 nuclides are considered to be “incomplete” and theoretically estimated
decay energy values are adopted for them. As for spectral data, the measured ones are included in the
file as discrete spectra, that is, energy value and its intensity. In the case of beta-rays, the maximum
energy of the beta-ray and the intensity are included as measured spectra. The theoretically estimated
spectra, on the other hand, are given as continuous ones for both beta- and gamma-rays.

The half-lives and the Q values are adopted from measured ones and Audi’s evaluation 6), respec-
tively, if they are available. When the measured value of the half-life is not available, the estimated
half-life values by Tachibana et al. ) are adopted. The size of JENDL FP Decay Data File 2000 amounts
to about 14 MB.

2.1 Measured Decay Data

As a primary source of the decay data file, internationally recognized ENSDF (Evaluated Nuclear
Structure Data File) 8 was used. The decay data sets in ENSDF were retrieved and converted into
the ENDF/B format using an analysis code of ENSDF, RADLST 9. The data sets in ENSDF include
the information of energy levels and radiations accompanying the decay process. The JENDL format
needs such information as decay mode, its half-life and Q value, radiation types (beta-ray, gamma-ray,
X-ray, conversion electron etc.) , their energy values and intensities. The computer code RADLST
retrieves the necessary data and converts them to the ENDF/B format. The data in ENSDF, however,
are categorized with the level property of a daughter nuclide and are treated as different data sets when
there are more than 2 decay modes in a parent nuclide. The different data sets have to be merged into
one data group of the parent nuclide in the ENDF/B format. And also when a daughter nuclides has
an isomeric state, it sometimes happens that the radiations from the isomeric state to the ground state
are counted as those from the parent nuclide. In order to avoid such double counting, the radiations
from the isomeric state have to be removed from those from the parent nuclide.

The data in ENSDF are based on measured ones and are provided through detailed examination by
evaluators as most probable ones. The data, however, often suffer from the so-called “Pandemonium
Effect” as mentioned above. In a case where the beta decay branches to high energy levels of a daughter
nuclide happen to be not observed when the half-life of the nuclide is short and the Q value of the
decay mode is high, the derived average beta decay energy value is overestimated and the gamma decay
energy value underestimated. So it needs careful examination to derive the average decay energy values
from the measured decay scheme. However, it is difficult to determine which decay scheme in ENSDF
suffers from the “Pandemonium Effect”. There are no general procedure to find out the deficient decay
scheme. The maximum level energy of a daughter nucleus, however, becomes a guide to find it out. If
the maximum level energy observed is much lower than the Q value, the nuclide becomes a candidate
having the deficient decay scheme. The data of such nuclide should be examined in detail. When
the data are considered to be deficient for deriving the average decay energy values, the theoretically
estimated values are used to compensate the deficient measured data. These kinds of modification were
performed for the decay energy values and spectra in the compilation of JENDL FP Decay Data File
2000.

2.2 Theoretically Estimated Decay Data

For the estimation of the experimentally unknown or incompletely measured decay data, “Gross
Theory of Beta Decay” 1® developed by Yamada et al. was used. The theory expresses the gross
properties of beta decay. The individual energy levels of a daughter nucleus are treated as continuous
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ones. In this theory, the decay constant is expressed as:

1 0
V=55 | S loalt - IMa(E,)PF(-B, + 1)dE;.
- Q

where Eg is the partial decay energy and is related to the excitation energy E; as E, = —(E;—1). The
function f(—Ey +1) is the integrated Fermi function **). The notation 3, [ga|? - |Ma(E,)|? is used for
the beta-strength function. The © symbol refers to types of the beta transition, Fermi, Gamow-Teller
and so on. The essence of the gross theory lies in a way to evaluate the strength function with the aid
of sum rules and a relatively simple nuclear model. The matrix element |Mq|? is then given by the
following expression.
2 Emes dny
Ma(B)* = [ Da(B, W (B, Tkas

where

Dq(E,e) : One-particle strength function inferred from sum rules,

Q : Type of beta-decay operator (allowed or first forbidden transition),
E : Energy of final nuclear state measured from initial state,

€ : One-particle energy of decaying nucleon,

dd% . Energy distribution of one particle,

W(E,e) : Weight function to take into account the Pauli exclusion principle.
The average beta- and gamma-ray energy values are then described as:

- 1 0 2 o [TET 2
Eﬁ:m/_(gzﬂ:'g"] - |Ma(E,))| /1 mc(E — 1)pE(—Eg + 1 — E)*F(E)dEdE,,

B 1 0 —FEq+1
By =gy | L lonl Ma(B)md@+By) [ pB(-E, +1- EFF(E)FAE,,
- Q

where F' stands for the Fermi function, and p for the electron momentum.
The spectral data are also estimated using the strength function mentioned above. The beta-ray
spectrum is then expressed 12 as:

Q-E. 1
P(Ee) = T1/2/ l:E SQ(Eemc)F(Za Ee)CQ(Z, Ee, Q - Eezc)(Q - Eea:c - Ee)z(Eez - m204) 2 E, dEezm
Er, Q

where

Sa(Eeze) x |Mq(Eeze — Q)|2 1 Strength function,

Ty : Estimated beta-decay half life (= In2/)\),
F(Z,Ee) : Fermi function,
Ca(Z, Ee,Q — Eege) : Shape factor,

E. : Beta ray energy,
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FEeze :  Excitation energy in daughter nucleus,

Er, 1 Maximum level energy experimentally observed in daughter nucleus,
™m :  Electron rest mass,

c : Light speed in vacuum.

The gamma-ray spectrum is also estimated using the beta strength function and cascade transition
model 3. The initial population density of a daughter nuclide is given by the beta feeding function b(E)
which is defined using the beta strength function Sg(Fez.) as:

b(E) = Sp(E) - f(2,Qp — E) - Ty /2.

Once b(F) is obtained, the level population at the energy E’ is written as:

Ema

oE) = b(E)+ / T g(B") (B - B')3S,(E" — B')p(E")dE",

E

where
Sy(E” — E’) : Gamma-ray strength function, normalized to fOE” (E"—E"38,(E"—E"p(E"dE' = 1.0
p(E") 1 Level density.

The intensity of the cascade gamma-ray, I(E.), is expressed as:

Ema: Ema:c

I(E,) = / dE’ / dE"§(E" — E' — E,)g(E")(E" — E')3S(E" — E"p(E").
0 7

The above equation is solved numerically starting from E,q.(= Qg) toward the lower energy succes-

sively. For the gamma-ray strength function, the expression by Brink and Axel '3 was adopted.

IE,

S‘I(E’Y) = C(E,% . E}2{)2 + (E7I—‘)2 ’

where C' is a normalization constant. The position Er and the width T of the giant E1 resonance are
given by,

' : 5MeV,
Er: 80A~Y3 MeV (A = mass number).

The level density p(E’) is calculated following the prescription by Gilbert and Cameron 4. In this
model calculation the low energy part of the gamma-ray spectrum increases unintentionally. Then the
low energy part is forced to decrease by multiplying the factor of

%
1—emp{—1_°E£},
0

where Ey values are set to be 0.5 MeV for the nuclides with the Q values lower than 1.3 MeV or 1.3
MeV for the nuclides with the Q values higher than 1.3 MeV. The estimated spectra were prepared as

continuous spectra with 100 keV energy bin structure.

The estimated beta- and gamma-ray spectra were adopted to the nuclides having no measured spec-
trum data after the normalization to give the adopted average decay energy values when the spectrum
is integrated over whole energy range. As the estimated average decay energy value is also adopted for
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the nuclide with “incomplete” spectrum data, the measured spectrum data are inconsistent with the
adopted average energy value for such nuclide. Therefore the estimated spectrum was used for these
nuclides. In this step the measured spectrum information was kept unchanged in the file except for the
normalization factor to obtain the absolute intensities, and the estimated spectrum was added to keep
the consistency between the spectrum data and the average decay energy value.

2.3 Merging of Measured and Estimated Spectra

When a nuclide has incompletely measured spectrum, the spectrum has to be compensated with
the estimated spectrum described in the previous section. The highest energy level of the daughter
nucleus in such cases is rather low compared with the Q value. There seems to be some missing energy
levels in the measured level scheme. The beta transitions to those levels are ignored in this case. Then
the estimated beta strength is used for compensating the missing transitions to the higher energy part.
And the measured transitions to the levels lower than the maximum level observed are kept unchanged
so as to use the original measured data. In order to obtain the full spectrum which is consistent with
the adopted average energy value, the measured spectrum and the estimated one relating to the higher
levels than the maximum observed level have to be merged into one spectrum. Figure 1 shows this
prescription. The measured level scheme is shown in the left hand side. The beta transitions to higher
levels are not observed. The measured beta strength is denoted as bold solid line in the right hand
side. The estimated strength is shown as a continuous curve at the higher energy part of the excitation
energy than the observed maximum energy level. The estimated spectra in JENDL FP Decay Data File

Parent Nuclide

e Ul — )

Beta Transitions Estimated St th
stimate ren
Not Measured ’
QB (=Emax) | i -
\ =

<<

Excitation Energy

Measured Strength

Measured Levels

Y { -

Daughter Nuclide Strength function

Fig. 1 Beta decay and strength function

2000 were obtained using this estimated strength.

The measured spectrum is represented as discrete data, that is, by the energy of the gamma-ray or
the maximum energy of the beta transition and their intensities. The estimated spectrum, on the other
hand, is represented as continuous ones because the estimated beta strength is a continuous function of
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energy. The discrete and continuous spectra have the normalization factors, FD and FC, respectively,
to give the absolute intensity. The FD and FC values are derived using following relations:

E = o Eus +8 Eeont.
a+B = 10 for Eugs <E<Eupn. or Ewont <FE < FEys,
where
E 1 Average decay energy value adopted in JENDL FP Decay Data File 2000,
Eais.

Average decay energy value derived from the discrete (measured) spectrum with the original
normalization factor,

Eecont. :  Average decay energy value derived from the continuous (estimated) spectrum.

Generally E is lower than Eg;,. for beta-ray energy and higher than Eg;,. for gamma-ray energy. When
the E value is lower than both Eg;s and Eons. values, o value is taken to be E/E;,. and 8 value 0.0.
On the other hand when the E value is greater than both E4is. and Eons. values, the « value is taken
to be 1.0 and 8 value becomes (E — Ey;5.)/ Econt.. As the discrete spectrum is expressed as the intensity
per 100 decays, FD value then becomes a x 0.01. On the other hand FC value equals to .

An example of the merging a discrete (measured) spectrum and a continuous (estimated) one is
shown in Fig. 2 for the case of beta-ray spectrum of 43Cs decay. The measured beta-ray spectrum is

107 prrrr e —-— l g
[ -"-\. ]
L7 N\, 143cs Beta
”
>
_Q -
8 2
- 10 -
g ; z
3 4 )
1]
1
| = = =ENSDF }
=emaaEst ' \
10'3 L Ml 1|l]||l|-||v\!|||||| L Ree L

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Energy (MeV)

Fig. 2 Beta-ray spectrum of 143Cs decay

represented by “ENSDE” because the data are retrieved from ENSDF file. The estimated spectrum
is given by “Esti.”. The merged spectrum is shown as “JENDL”. The Q value of 43Cs decay is 6.25
MeV and the energy of the highest level observed is 2.64 MeV. The beta transitions to the levels above
2.64 MeV are not observed experimentally. The estimated strength function was used to calculate the
transitions to the unobserved region. The estimated beta strength to the states below 2.64 MeV is
ignored and only the strength to the states above 2.64 MeV is used because the measured data are
used for the beta transitions to the states below 2.64 MeV. The “Esti.” spectrum in the figure is the
continuous spectrum estimated by this way. The maximum energy of the calculated spectrum then
becomes much lower than the Q value and nearly equals to the subtraction of the maximum energy
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value from the Q value. The merged spectrum “JENDL” in the figure is constructed using FD and FC
values mentioned above: 6.738E-03 for FD and 3.262E-01 for FC in this case.
Another example is shown in Fig. 3 for the case of gamma-ray spectrum of °Sr decay. The notations

10° g
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£ 107 ¢ E
£ £ 3
] r 3
Q@ i ]
10k 3
10-5_.‘..“..»1...|....|u..|.. o]

0.0 1.0 20 3.0 40 50 60 7.0 8.0
Energy {(MeV)

Fig. 3 Gamma-ray spectrum of %°Sr decay

are the same as in Fig. 2. Although the measured gamma-ray is line spectrum, it is broadened arbitrary
for the sake of the comparison. As shown in this figure, the broadened line structure of the measured
spectrum is seen. The Q value of the decay is 8.03 MeV and the maximum level energy observed is 2.3
MeV. The energy of gamma-rays observed is lower than 2.3 MeV. The estimated gamma-ray spectrum is
extended to higher energy region. The JENDL spectrum is made by combining the measured spectrum
and the estimated one. Therefore the structure of the measured spectrum is kept in the spectrum.
The FD and FC values for this case are 1.000E-02 and 4.416E-01, respectively. This means that the
measured spectrum is kept intact and the estimated one is simply added to the measured one in this
case.

3 Data Format and Summary Data Table

JENDL FP Decay Data File 2000 has been compiled in the format of ENDF/B file. The format
is reported in the reference ') and briefly described here. Each datum in the file is stored in a BCD
card image record and each record contains three identification numbers: MAT, MF and MT. The MAT
number is a material number which is uniquely assigned to each nuclide. The MF number is a file
number. The File 1, MF=1, contains the comments on the data included. The radioactive decay data
are included in File 8, that is, MF=8. The MT number shows a reaction type, but MT=457 is assigned
to radioactive decay data. The each decay datum, therefore, has the identification numbers of MF=8
and MT=457. The structure of the decay data file in the ENDF/B format is shown in Table 2. The
meaning of the variables in Table 2 is following:

ZA : Designation of the original nuclide (=1000*Z + A),
AWR . Ratio of the LIS state of the original nuclide mass to that of neutron,

LIS : State of the nuclide (LIS=0, ground state; LIS==1, first excited state etc.},
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Table 2 Structure of DECAY DATA

ZA AWR LIS LISO 0 NSP MAT 8 457
Ty/2 ATy, 0 0 6 0 MAT 8 457
E“ﬁ” AE ﬁ" E“'y” AE“»YH E“a” AE“a/' MAT 8 457
T TTspr PAR o 0 ¢ 6*NDK  NDK  MAT 8 457
RTYP, RFS; Q1 AQy BR; ABR4 MAT 8 457
RIYPnvpx  RFSnypx QnDk AQnNDK BRwnpx ABRypx  MAT 8 457
T TTTTTTTTTTTTTTTTTI T I T T T T T T T T T Repeat NSP times; omit if NSP=0
0 STYP LCON 0 6 NER MAT 8 457
FD AFD ER AER FC AFC MAT 8 457
Omit if LCON=1
ER4 AER4 0 0 NT 0 MAT 8 457
RTYP, TYPE, RIy ARIy RISy ARIS; MAT 8- 457
RICC, ARICC, RICK ARICK RICL, ARICLy MAT 8 457
ERNER AERNER 0 0 NT 0 MAT 8 457

RTYPnyer TYPEnER Riner ARIngRr RISyER ARISygr MAT 8 457
RICCygr ARICCnygr RICKygr ARICKygr RICLygr ARICLygr MAT 8 457
Omit if LCON=0

RTYP 0.0 0 0 NR NP MAT 8 457
__ ERint / o RP(E) MAT 8 457
0 0 0 0 0 0 MAT 8 0
LISO : Isomeric state number for the original nuclide (LIS=0, ground state; LIS=1, first isomeric
state, etc.),
Ty/2 :  Half-life of the original nuclide (in the unit of seconds),
Eugn :  Average decay energy (eV) of “x” radiation for decay heat applications. The “8”, “4”, and
“a” energies are given in that order,
SPI : Spin of the nuclide in its LIS state; when there is no available spin data, SPI=-77.777 is
given,
PAR  : Parity of the nuclide in its LIS state (£1.0),
NDK : Total number of decay modes,

RTYP : Decay mode of the nuclide in its LIS state,

RFS : Isomeric state flag for daughter nuclide. (RFS=0.0, ground state; RFS=1.0, first isomeric
state; etc.),
Q 1 Q value of the decay mode (eV),

BR :  Branching ratio of the decay mode,
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NSP : Total number of radiation types (STYP) for which spectral information is given,

STYP : Decay radiation type,

ER : Discrete energy (eV) of radiation produced,
RI : Relative intensity of radiation produced,
RP(E) : Normalized spectrum of the continuum component of the radiation,

TYPE : Type of transition for beta and electron capture,

RICC : Total internal conversion coefficient,

RICK : K-shell internal conversion coefficient,

RICL  : L-shell internal conversion coefficient,

RIS : Internal pair formation coefficient,

LCON : Continuum spectrum flag (=0, no continuous spectrum given; =1, only continuous spectrum

given; =2, both discrete and continuous spectra),

NT :  Number of entries given for each discrete energy (ER),

FC :  Continuum spectrum normalization factor,

FD : Discrete spectrum normalization factor,

NER : Total number of tabulated discrete energies for a given spectrum type (STYP),
ER : Average decay energy of radiation produced,

NR : Number of interpolation ranges for the continuum spectrum,

NP : Number of points at which the distribution will be given,

ERin: @ Interpolation scheme for the continuum spectrum,

A :  Uncertainty in any quantity.

The decay mode identification, RTYP, has the following definitions.

RTYP Decay Mode
1. B~ Beta decay
2. e.c., (8%) Electron capture and/or positron emission
3. IT Isomeric transition
4. « Alpha decay
5. n Neutron emission but not delayed neutron decay
6. SF Spontaneous fission
7. p Proton emission
10. - Unknown

The decay radiation type, STYP, has the following definitions.
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STYP Radiation type
0. « Gamma rays
1. g~ Beta rays
2. e.c., (BT) Electron capture and/or positron emission
4. « Alpha particles
5 n Neutrons
6. SF Spontaneous fission fragments
7. p Protons
8. e~ ”Discrete electrons” such as internal conversion electrons.
9. x X-rays and annihilation radiation.

3.1 Example of the Data in the File
An example of the data in JENDL FP Decay Data File 2000 is shown here.

2.80670+04 6.63566+01 -1 0 12852 1451 1
0.00000+00 1.00000+00 0 0 0 02852 1451 2
0.00000+00 0.00000+00 0 0 4 62852 14561 3
0.00000+00 0.00000+00 0 0 20 22852 1451 4
28-NI- 67 JAERI NDC EVAL-JUN9S J. KATAKURA 2852 1451 5
DIST-JUNOO 2852 1451 6

--—- JENDL FPDDL MATERIAL 2852 2852 1451 7
————— DECAY DATA 2852 1451 8
—————— ENDF-6 FORMAT 2852 14561 9
67NI B- DECAY (21 S 1) ENSDF DATE 911210 2852 1451 10
DISCRETE DATA ARE FROM ENSDF 2852 1451 11
CONTINUQUS DATA ARE FROM CALCULATION WHEN ATTACHED 2852 1451 12
AVERAGE ENERGIES WITHOUT UNCERTAINTY ARE FROM JNDC FILE V2 2852 1451 13
CONTINUOUS SPECTRA ARE CALCULATED USING GROSS THEORY 2852 1451 14
REFERENCES 2852 1451 16
QB: G. AUDI, A.H. WAPSTRA - NUCL. PHYS. A595, 409 (1995) 2852 1451 16

EB AND/OR EG: K. TASAKA ET AL. - JAERI 1320 (1990) 2852 1451 17
GROSS THEORY: K. TAKAHASHI ET AL. 2852 1451 18

~ AT. DATA NUCL. DATA TABLES 12, 101 (1973) 2852 1451 19

T. YOSHIDA AND R. NAKASIMA 2852 1451 20

- J. NUCL. SCI. TECHNOL. 19, 393 (1981) 2852 1451 21

CONT. SPECTRA: T. YOSHIDA AND J. KATAKURA 2852 1451 22

- NUCL. SCI. ENG., 93, 193 (1986) 2852 1451 23

J. KATAKURA AND T. R. ENGLAND - LA-12125-MS (1991) 2852 1451 24

0.00000+00 0.00000+00 1 451 26 12852 1451 256
0.00000+00 0.00000+00 8 457 50 12852 1451 26
0.00000+00 0.00000+00 0 0 0 028521 0 27
0.00000+00 0.00000+00 0 0 0 02852 0 0 28
2.80670+04 6.63566+01 0 0 0 22852 8457 29
2.10000+01 1.00000+00 0 0 6 02852 8457 30
1.14920+06 0.00000+00 1.43410+06 0.00000+00 0.00000+00 0.00000+002852 8457 31
5.00000-01-1.00000+00 0 0 6 12852 8457 32
1.00000+00 0.00000+00 3.556770+06 2.06560+04 1.00000+00 0.00000+002852 8457 33
0.00000+00 0.00000+00 2 0 6 72852 8457 34
3.00929-04 0.00000+00 1.43410+06 8.48528+03 9.69907-01 0.00000+002852 8457 35
8.21600+05 §.00000+02 0 0 4 02852 8457 36
1.00000+00 0.00000+00 4.70000-01 7.99000-02 0.00000+00 0.00000+002852 8457 37
1.11530+06 5.00000+02 [¢] 0 4 02852 8457 38
1.00000+00 0.00000+00 4.93500-01 8.93000-02 0.00000+00 0.00000+002852 8457 39
1.93710+06 5.00000+02 0 0 4 02852 8457 40
1.00000+00 0.00000+00 6.43900-01 1.03400-01 0.00000+00 0.00000+002852 8457 41
2.27200+06 1.00000+03 0 0 4 02852 8457 42
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This is the example of 8”Ni decay data. The number of the right most side is a sequence number which
is assigned for each nuclide in JENDL FP Decay Data File 2000. After the general comments in File 1
(MF=1), the decay data are listed in File 8 (MF=8). The decay data start on line 29. On this line it is
shown that there are 2 kinds of spectral data, NSP=2. Actually the spectra of gamma- and beta-rays
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are included in this data set. On the 31st line, E«gr, AEu«gr, Euyr, AE«wm, Eugn and AE«, are seen.
Since the 7Ni has no alpha decay mode, E«y is 0.0. And that AE«gs and AE«, are 0.0 means that
they are not measured ones but theoretically estimated ones. The 33rd line shows that there is only one
decay mode, 8~ decay to the ground state of the daughter nuclide. The gamma-ray spectral data are
shown on line 34 through 64. On the 34th line it is shown that there are both discrete and continuous
gamma-ray spectra, that is, LCON=2. The number of the discrete gamma-rays is 7, NER=7. After 7
discrete gamma-rays the continuous gamma-ray spectral data start on the 50th line. The continuous
spectrum is given in 39 energy bins. The beta-ray spectral data are listed on the 65th line through
93rd line. There are 6 discrete beta-ray data. The maximum energy values of the transitions and their
intensities are shown until the 78th line. The continuous beta-ray spectral data are following after the
discrete data. The continuous beta-ray spectral data are shown in 39 energy bins structure. Such decay
data as shown here are included in JENDL FP Decay Data File 2000 except for the data of stable
nuclides. The data of the stable nuclides are included in only File 1, that is, MF=1. In File 1, there
is a flag, STA, which shows the target stability. When a nuclide is stable, STA=0.0 is given. When a
nuclide is unstable, STA=1.0 is given. The STA flag is placed in the second parameter on the second
line in File 1. In the case of 87Ni decay mentioned above, the STA flag is 1.0 that shows that the nuclide
is unstable and the decay data should be given in MF=8, MT=457.

13
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3.2 Summary Data Table

The half-lives, decay energy values, decay modes, Q values, branching ratios and other information
for 1229 fission products are listed in the following Table. The table is produced using a computer code
SPECS 18) developed by T. R. England. All nuclides have been grouped by increasing mass number,
then charge and state per mass. The first column is a sequence number for the ordering of data. All other
columns have specific meaning described in the ENDF/B formats manual and are briefly summarized
below except those given in previous section (RTYPE, RFS, Q, NDK, NSP and MAT).

Symbol :  Chemical symbol preceded by Z value and followed by the atomic number.

S : Isomeric state number (0=ground, 1=1st isomeric state, etc.).

ZZAAAS  : is a numeric identifier consisting of the quantity Z x 10000 + A x 10 -+ S, where S is
the isomeric state number mentioned above.

Halflife : Total decay half-life in seconds.

E-beta : Average beta decay energy in a unit of eV which includes all electron related radiation

such as 8~, BT, conversion electron etc.

E-gamma : Average gamma decay energy in a unit of eV which includes all “electromagnetic”
radiation such as gamma-rays, X-rays, and annihilation radiation.

E-alpha : Average alpha decay energy in a unit of eV.
Branching : Branching ratio.

Multiple particle emission is also defined by combining the RT'YP indicators as decimal digits in the
sequence in which particles are emitted. Thus, for beta decay followed by a delayed neutron, RTYP
= 1.5, and a positron followed by alpha decay is 2.4, etc. The Q-value for such cases is the energy
difference based on masses of the initial and final states.
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4 Comparison of Spectrum Data of Fission Products

As mentioned in Chapter 2, spectroscopically measured spectrum often suffers from missing tran-
sitions. In order to avoid such missing transitions, G. Rudstam and co-workers !”) made direct mea-
surements of the beta- and gamma-ray spectra of fission products. The measurement was aimed not to
give the nuclear structure data but to provide the complete spectra, which cover the full energy range.
"The measurements were performed for about 100 fission product nuclides. The measured spectral data
of beta- and gamma-rays were listed in 100 keV energy interval. In this Chapter, the spectra adopted
to JENDL FP Decay Data File 2000 are compared with the measured data by G. Rudstam et al. The
spectra in the JENDL file were prepared in 100 keV energy interval to fit the energy structure of the
Rudstam’s measurements. The comparisons were performed for nuclides having theoretically estimated
spectra in the JENDL file because the adoption of such spectra is one of the special features of the file.
"The comparison between the spectroscopically measured data and Rudstam’s may reveal the problems
of spectroscopic measurements but that is another subject and is not discussed here.

The comparisons are shown in Figs. 4 through 6 for the beta- and gamma-ray spectra of fission
products for which only theoretically estimated spectra are adopted in JENDL FP Decay Data File
2000. The nuclides shown in these figures have no spectroscopically measured spectra, no normalization
factors for deriving absolute intensities or inconsistency between the data contained in ENSDF. The
estimated spectra show rather good agreement with Rudstam’s data for beta-ray spectra as seen in
Figs. 4 and 5. For the case of gamma-ray spectra, even though the estimated spectra can not reproduce
the fine structure seen in the Rudstam’s data, they can give the gross property of the energy distributions
except for some nuclides like 82Ge and 144Ba as seen in Fig. 6. Their maximum gamma-ray energy values
observed seem to be too low comparing with their Q values of 4.7 MeV for 82Ge and 3.1 MeV for 144¢Ba.
Further measurements are needed to confirm the measured data.

The beta- and gamma-ray spectra of the nuclides having both theoretically estimated spectra and
the measured ones in JENDL FP Decay Data File 2000 are also compared with the Rudstam’s data and
are shown in Figs. 7 through 15. The nuclides in these figures have spectroscopically measured data.
But the measured data are considered to be incomplete and are compensated with the theoretically
estimated spectra. The beta-ray spectra are shown in Figs. 7 through 10. The gamma-ray spectra are
shown in Figs. 11 through 15. In these comparisons the spectra calculated from ENSDF are also shown.
In the comparison of gamma-ray spectra the data of JENDL and ENSDF are broadened with the energy
resolution of the detector used in the Rudstam’s measurements. The detector resolution is taken from
the reference '®). In the reference it is said that the energy resolution was 20 % for the lowest energy
and 7 % for the highest and the energy range covered from 40 keV to 6 MeV. From these statements
and the energy dependence assumed, the following expression is derived for the resolution, that is the
Gaussian width of the full-energy peak, o and used for the comparison:

o = 0.01E, (7.455 +2.836/y/E5 ) /2.35.

where E, is the gamma-ray energy in unit of MeV. The beta-ray spectra, on the other hand, have no
line structure and don’t need to be broadened for the comparison.

For the beta-ray spectra it is seen that the low energy parts of JENDL are more enhanced than
those of ENSDF for most of the nuclides. This is due to adding the theoretically estimated spectra only
to higher part of level scheme than the maximum energy level as described in the previous Chapter.
The JENDL spectra of the nclides like 8°Br, 1338n, 134Sb and !43Cs have become aparently consistent
with the Rudstam’s data. But the nuclides like 2Rb, %¢Y and !42Cs show that the ENSDF spectra
are consistent with the Rudstam’s data and that the addition of the theoretically estimated spectra
is unsuitable for these nuclides. The adopted decay data in the JENDL file may be reconsidered in a
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future version.

For gamma-ray spectra the JENDL spectra seem to raise the bases of the ENSDF spectra because
the estimated spectra are continuous and simply added to the discrete measured data for the most of
the cases. Some nuclides like ®Rb, however, seem that the JENDL spectra are more depressed than |
the ENSDF ones and they are in agreement with Rudstam’s measurements. In the case of %2Rb the
theoretically estimated spectrum is not added but the normalization of the measured spectrum is simply
decreased. This fact may show that the normalizations of the ENSDF data are not precisely adopted for
this decay. There seems to be another problem seen in the comparison. The JENDL gamma-ray spectra
like %6Rb, 97Rb, 95Sr, 143Cs and *5Cs nuclides underestimate the high energy part of the measured
spectra. The measured spectra of these nuclides extend to the maxium energy allowed by the Q values
with neary constant intensity. This behavior seems to mean that there exist strongly populated high
energy levels which have strong correlation with low energy levels near ground state. This is rather
queer situation. In order to confirm the measured spectra, detailed spectroscopic measurement will be
needed.

As seen in these comparisons, even though not all of the theoretically estimated spectra are suitably
adopted in the JENDL file, the model estimated spectra can fill the deficiency of spectroscopically
measured spectra.
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Fig. 4 Comparison of beta-ray spectra of the nuclides whose spectroscopic mea-
sured data are not included in ENSDF.
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Fig. 6 Comparison of gamma-ray spectra of the nuclides whose spectroscopic
measured data or normalization are not given in ENSDF.
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Fig. 7 Comparison of beta-ray spectra of nuclides having both spectroscopic-
caly measured and theoretically estimated ones.
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Fig. 8 Comparison of beta-ray spectra of nuclides having both spectroscopic-
caly measured and theoretically estimated ones (II)

JAERI 1343



JAERI 1343

Betas / 100 keV

Betas / 100 keV

Betas / 100 keV

Belas / 100 keV

4 Comparison of Spectrum Data of Fission Products

I} | 1 | L

}.
10%
104 o  Rudstam ('90}
JENDL
. - mos ENGOE
10
o]

0. 1.0 2.0 30 4.0 50 60 7.0 8.0
Enargy (MsV)
10° e~ T T T T ™3
3 **"Nb Beta
107 &

10% ©  Rudstam ('80)

PEPRTTITY BTN eI |

F sswwem JENDL
[ =www-ENSDF
10-4 i [ 1 N |2 P
0.0 1.0 2.0 3.0 4.0 5.0
Energy (MeV)
10° 3 T T T T 3
3 13%3n Beta
o LE X
fo 8¢ X
2 | i %
10 E \ ¢ l
£ i I
r !
3 [ ©  Rudstam ('80) 3
L vy |
P mw—acERSDF i
oe b . . i
0.0 0.5 1.0 1.5
Energy (MeV)
10' : T : r
voe. 'Sb Beta
102 e i

©  Rudstam {'80}
JENDL
5 3

e ENED

1 o-s N 1 i L
0.0 2.0 4.0 6.0 8.0
Energy {(MaV)

10':, T L LM BLSLALES SRR | 3
.. " °Nb Beta ]
S ]
> 2 u
3 10 YT
8 So ]
hy ©  Rudstam ('90) ¥
8 r JENDL ol
8 109L eemesErSDF e
: A
1 1
F L]
3
1 04 ] 1 1 1 1 r
00 05 10 15 20 25 3.0 35
Energy (MeV)
10° — 7 T 3
10" 100y Beta
z  10? 4
: |
“ |
5 I | 3
& 10¢ ©  Rudstam ('90) +
& e JENDL E
10% ﬁ = e ZGDF 1
- Hllllll LU
0.0 4.0 6.0 8.0 10.0
Energy {MeV}
107! A A At A A A A
: 1335n Beta
10%
3
£
% 10°
0
3
e " ©  Rudstam {'90)
10 JENDL
= e ENSDF
1 °~5 L 1 L Il ] 1. i H
0.0 10 20 3.0 40 50 6.0 7.0 80
Energy (MeV)
10! T T T Y | R AAAE
E 135Te Beta i
102 o ‘
3 ]
: k|
% 10° -i
L]
3 3
@ 4
104 ©  Rudstam {'90) 1
JENDL E
sy d :
1 0 5 M 1 i i1 H
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Energy (MeV)

Fig. 9 Comparison of beta-ray spectra of nuclides having both spectroscopic-
caly measured and theoretically estimated ones (III).
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Fig. 10 Comparison of beta-ray spectra of nuclides having both spectroscopic-
caly measured and theoretically estimated ones.
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Fig. 11 Comparison of gamma-ray spectra of nuclides having both spectroscop-
iccaly measured and theoretically estimated ones.
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Fig. 12 Comparison of gamma-ray spectra of nuclides having both spectroscop-
iccaly measured and theoretically estimated ones (II).
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Fig. 13 Comparison of gamma-ray spectra of nuclides having both spectroscop-

iccaly measured and theoretically estimated ones (III).
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Fig. 14 Comparison of gamma-ray spectra of nuclides having both spectroscop-
iccaly measured and theoretically estimated ones (IV).
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Fig. 15 Comparison of gamma-ray spectra of nuclides having both spectroscop-
iccaly measured and theoretically estimated ones (V).
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5 Comparison of Decay Heat

Reactor decay heat analysis is an important application field of JENDL FP Decay Data File 2000.
The reliability of the data contained in the file should be examined by comparing the results of sum-
mation calculation using the file with the experimental data. Although heat is a form of energy, decay
heat usually used as a form of power, or heat rate i.e. energy release rate of fission products produced
in a reactor. The build-up and decay of fission products in a nuclear reactor can be described as:

dN;
— =~ N+ D i N;) + 3 geai(ordNe) + yiF,
j k

J

where

N; = atom number of nuclide 3,

A; = decay constant of nuclide 3,

o; = neutron reaction cross section of nuclide z,
¢ = neutron flux,

fj—i = production rate of nuclide i by the unit decay of nuclide 7,

9k—; = production rate of nuclide i by the unit neutron reaction of nuclide k,
Yi = independent fission yield of nuclide ¢,
F = fission rate.

The decay power, P(t) (MeV/s), is, then, calculated as the summation of the activities of all fission
product nuclides with the weight of decay energy of each nuclides,

P(t) = Z E{X\N(8)},

where E; is the average decay energy value of the nuclide ;. The term of summation calculation comes
from this eqation.

When a fissile nuclide irradiated at a steady rate of F fissions/s for a time I s and neutron
capture in the fission products is negligible, the decay heat P(I,t') per unit fission (MeV /fission)
[(MeV/s)/(fission/s)] at a time ¢ s following the end of the irradiation is expressed using a burst
function f(t) (MeV/fission/s), that is, decay power output at a time ¢ s after a fission burst, as follows:

I
Pt = %F/o f(t+t')~dt],
1 I+t
- 1 FL f(t)~dt},

Il

I+t
/t, £(t) - dt.

If the irradiation time T is short compared to the decay time # the function f (t) is approximated by
f{t' + 1/2), that is,

PILYY/I = ft' +1/2)

The above eqation means that the decay heat P(1,t') divided by the irradiation time is equal to the
burst function f(t) evaluated at #' 4 I/2 after fission burst for 7 < ¢'. This eqation provides a means
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of evaluating approximately the burst function from decay heat measurements obtained for short irra-
diation times. The comparison between the decay heat measurements and the summation calculations
is usually performed for the burst function.

As seen in the above equations the fission yield data are needed in the summation calculation but
JENDL FP Decay Data File 2000 itself does not include the fission yield data. The yield data are
taken from JNDC-V?2 library whose number of nuclides is 1227 and less than the number of nuclides in
the JENDL file, that is, 1229. The yield data of additional 2 nuclides in JENDL FP Decay Data File
2000 are not taken into account in the calculation because they are considered to have negligibly small
contribution. Some nuclides yield data, however, are modified for the present calculation because the
ground state and metastable state of some nuclides are interchanged between the JENDL file and the
INDC-V2 library. They are 102’102mRh, 104*104mNb, 108,108mRh’ 110,110mIn’ 130,130mgy gnd 170,170mH0.
Using these data, the decay heat calculations were carried out with the code FPGS 25),

The comparisons were performed for the thermal neutron fission of 235U, 239Pu and 24! Pu and for the
fast neutron fission of 232Th, 233U, 235, 2387 and 239Pu. The measured data used for the comparison
were those at the University of Tokyo (referred hereafter as YAYOI) % 2021 Oak Ridge National
Laboratory (ORNL) 22 23, 24) and University of Massachusetts, LOWELL 26 27)_

5.1 Comparison with YAYOI Measurements

The decay heat measurements 1% 20: 21) of fission products were performed for the fast neutron
fissions of 232Th, 233U, 235U, 238U and 3°Pu. The samples of the fissionable nuclides were irradiated
for 10 to 300 seconds in the core of fast neutron source reactor YAYOI of the University of Tokyo.
The beta- and gamma-rays emitted from the irradiated samples were measured for times-after-fission
of 11 to 26000 seconds. The data were obtained for the beta- and gamma-rays separately as spectral
distributions. The spectra were integrated over full energy range to obtain the energy integrated values
as a function of time after fission burst.

The data were converted to the energy release rate at a time ¢ following an instantaneous fission
burst. The time ¢ in this case is taken as:

1
t = twait + ‘5 (tir‘rad + tcount) 3

where

twait = Wwaiting time before counting after irradiation,
tirraq = irradiation time,

teount = counting time.

The results of the comparisons are shown in Figs. 16 through 20. The vertical axis is the burst
function multiplied by the time ¢ after fission burst. In these figures the ratios of the calculated results
to the measured values, that is, C/E values are also shown in the right hand side of each figure. And the
calculated results using JNDC-V2 library are shown too for the comparison. In these figures, the present
results are not so different from those using JNDC-V2 library. The present results, however, show 2
to 3 % better agreement for the case of gamma energy than JNDC-V2 library does in the time region
of about 1000 s and shorter after fission burst. The present improvement comes from the adoption of
newly measured data from the ENSDF file reported after the compilation of INDC-V2 library.
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5.2 Comparison with ORNL Measurements

The decay heat measurements 22 23: 24) were performed for the thermal neutron fission of 235U,
239Pu and 24'Pu. Samples of fissionable nuclides were irradiated for 1 to 100 seconds using the fast
pneumatic tube facility at Oak Ridge Research Reactor. The beta- and gamma-rays emitted from the
irradiated samples were measured for times after fission of 2 to 14000 seconds. The data were obtained as
spectral distributions for beta- and gamma-rays separately. The spectral distributions were integrated
to provide the energy release rate as a function of time after fission. The results of the summation
calculation using JENDL FP Decay Data File 2000 were compared with the measured data.

The results of the comparisons are shown in Figs. 21 through 23. The prominent difference is seen
for the gamma decay heat of 24'Pu at the times about 10 seconds after fission burst where JNDC-V2
calculation overestimates the measured values more than 10 % but the calculation using JENDL FP
Decay Data File 2000 shows no such overestimation and remain within the experimental errors. Similar
behavior is also seen for the case of 239Pu gamma component. This improvement results from the
modification of fission yield. The meta stable state and the ground state of 1°4Nb were misunderstood
in JNDC-V2 library. So the present calculation used the yield data interchanged between the meta
stable and the ground states of 1%4Nb. In the comparison of the gamma-ray component of 235U case
shown in Fig. 21, the measured data at the University of Tokyo are also shown for the time region over
a few 100 seconds after fission burst because the ORNL measurements seem to have some problems for
this time region. The C/E values are then derived from the comparison with the measured data of the
University of Tokyo for the time region after 300 seconds. The C/E values compared with the data of
the University of Tokyo remain within & 5 % excepting the longer most part of the times.
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Fig. 21 Comparison of calculated and measured decay heat values after 235U

thermal neutron fission. Left hand side shows the energy release rate
multiplied by the time after fission. Right hand side shows the ratios

of calculated values to measured results.

JAERI 1343



JAERI 1343

1(1) x t (MeV/iisston)

13} x t (MoV/fission)

(1) x t (MeV/ision)

5 Comparison of Decay Heat

0.80 [ . reeny ey
0.70 | #*pu Thermal Neutron Fission —
F (Beta) 3
0.60 | 3
0.50 | 3
0.0 | 3
0.30 o ORNL 3
E JENDL 3
0.20 F  camaanpcv2 7
0.10 E " 1 tisail ouTm | 1 y
10° 10' 10? 10° 10* 10°
Time after fission burst ()
0.70 [ AR AAt e g :
E 2%py Thermal Neutron Fission 3
0.60 t— (Gamma) <
050 b 3
: ]
0.40 -:- -
0.30 - 4
0.20 4
4 ]
0.10 - PRI STTTT] EN T S AT IT MR AT ot faad]
10° 10' 10? 10* 10* 10°
Time after fission burst {s)
T o 7
1.20 - Pu Thermal Neutron Fission+
v (Total) 1
1.00 - 3
. 4
- i
0.80 - 3
; j
0.60 4 1
o Total 4
- Total (N} 4
0.40 e w T2t (CY 3
r 1
0.20 —ruud L .
10° 10! 10? 10° to 10°

Time after fisgion burst {s)

Bela Ratio (C/E)

Gamma Ratio (C/E)}

Total Ratio (C/E)

69

1.04 SN — - =
r 2%y Thermal Neutron Fission
1.02 - {Beta) I
100 L—MA /f-\ ]
" L v [ o
: 3 W ]
0.98 N ! -
r A 4 h
096 [ ! .
F JENDL ]
0.94 F mawaeoNDCV2 ' o .
0.092 L FPUTTT B REeIT 2l el N
10° 10’ 10? 10° 10* 10°
Time atter fission burst (s)
1.08 [~—rrrremp—rrrrrmm—rr ey oy
1.06 [ . “PPu Thermal Neutron Fission ]
. - PR (Gamma) 7
r ’ - 3
1.04 F 3
[ . 3
1.02 - ¢ ,' E
Eod ;! ]
1.00 — e
F W 1 3
098 [ ) h
r mmneeen JENDL % ;
0.96 - ~==--dNDCVZ LN/ 3
’
0.94 Ctnund sz \:'!.f ptturzal s ool
10° 10! 10 10° 10* 10°
Time after fission burst (s}
1.04 ey - e
L 2%y Thermal Neutron Fission
1.02 [ {Total) h
Y A ]
L “uf N
1.00 - -
WA :
0.98 | n
r JENDL
086 - . .inDCvz -
0.94 L L L -~
10° 10' 102 10° 10* 10°

Time after fission burst (s)

Fig. 22 Comparison of calculated and measured decay heat values after 23°Pu
thermal neutron fission. Left hand side shows the energy release rate
multiplied by the time after fission. Right hand side shows the ratios

of calculated values to measured results.



70

1(t) x t (MeV/fission)

1{t) x t (MaV/lission)

1(1) x t (MeV/fission)

JENDL FP Decay Data File 2000 JAERI 1343

WLARAAMAS RALAYT

1.00 . : . . 1.06 . M S
% *"Pu Thermal Neutron Fission! 1.04 [ "Pu Thermal Neutron Fission 3
Pt (Beta) 1 ST E Beta) ]
0.80 |- ] b ]
L - 1 o 1e2 k 4
i ] @ . 3
L E A L
0.60 J S 100k ]
E = E ]
e ] ¢ osesf 3
40 [ o ORNL ] 3 E ]
0-40 JENDL “ o0 | 3
b wemeaINDCV2 1 " ]
0.20 | J 094 & oo oo.unDCv2 7
L T I R BT B, 092 Lo vonmd vl e byl h
10° 10! 10? 10° 104 10° 10° 10! 10? 10° 10* 10°
Time after fission burst (s) Time after fission burst (s)
T — I e T a——
E 24Py Thermal Neut Fissio| -
0.80 | erTGamfnal)'on sien 3 . 2Py Thermal Neutron Fission -
0.70 110 L M (Gamma)
ros \
0.60 [ e [}
[ . JENDL

s s boaa g )

Gamma Ralio (C/E)
o
o

R lI mwowe JNDC-V2
A ]
1
U
. M AN

vbeogbaacalaaaeboigafaniliieeliged

0.40
o ORNL
0.30 F JENDL %

E mmmeesuncvz L ‘\V 1
0.20 L “ ” 4
0.10 Bt o vscnul sl sl A, 095 Lwsssnant vt o N0 e

10° 10' 10? 10° 10* 10° 10° 10’ 102 10° 10* 10°
Time after fission burst {s) Time after fission burst (s)
N — : 1.05 —rrremp—rrrrrmp—r—rry e
241 . N 3
1.60 [ Pu Thermza_:”ob:sr)tron Fission 3 r /4, 2Py Thermal Neutron Fission ]

3 3] [ H ' (Total) ]
1.40 | 3 M- :

3 p @ [

1.20 & 3 3 [
1.00 § = 3
o.80 F E 2 i ]

L © ORNL ] i [ ]
0.60 JENDL ] P 1

F meweeJNDCV2 b L JENDL 3
0.40 o E I wa=masJINDCV2 9
0.20 L 3 anl al 1 0.95 L ait o xo g PROTT| sazal it

10° 10 10? 10° 10* 10° 10° 10 10? 10° 10* 10°
Time after fission burst (s) Time after fission burst (s)

Fig. 23 Comparison of calculated and measured decay heat values after 24! Py
thermal neutron fission. Left hand side shows the energy release rate
multiplied by the time after fission. Right hand side shows the ratios
of calculated values to measured results.



JAERI 1343 5 Comparison of Decay Heat 71

5.3 Comparison with LOWELL Measurements

A group at University of Massachusetts, LOWELL, measured 26 27) the decay heat after 235U
thermal neutron fission, 238U fast neutron fission and ?**Pu thermal neutron fission. The measurements
were performed also for shorter cooling times than 1 seconds. There were no available measured data
for such short cooling time region before these measurements. Comparisons are shown in Figs. 24, 25

and 26.
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Fig. 24 Comparison of calculated and measured decay heat values after 235U

thermal neutron fission. Left hand side shows the beta-ray component.
Right hand side shows the gamma-ray component. The measured data
at ORNL and YAYOI are also shown.

In these figures, the beta-ray component is shown on the left hand side and the gamma-ray component
on the right hand side. The measured data of ORNL and YAYOI are also shown in the figures.

The LOWELL measurements of the beta-ray component agree well with the previous measurements.
The calculation using the JENDL file shows good agreement with the Lowell measurements at even
shorter cooling times than 1.0 second.

The gamma-ray component, however, shows some discrepancies between the LOWELL and ORNL
measurements of 235U and 239Pu at cooling times of a few seconds and over a few thousand seconds
and between the LOWELL and YAYOI measurements of 223U at cooling times of a few tens seconds
and over a few thousand seconds. The calculation using the JENDL file also shows disagreement in the
Lowell measurements in these cooling time regions. The calculated results at shorter than a few seconds
cooling times, however, seem to agree reasonably well with the LOWELL data.
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Fig. 25 Comparison of calculated and measured decay heat values after 239Pu

thermal neutron fission. Left hand side shows the beta-ray component.
Right hand side shows the gamma-ray component. The measured data
at ORNL are also shown.
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Fig. 26 Comparison of calculated and measured decay heat values after 238U

fast neutron fission. Left hand side shows the beta-ray component.
Right hand side shows the gamma-ray component. The measured data
at YAYOI are also shown.
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5.4 Comparison with Decay Heat Calculations Using JNDC-V2 Library

It is interesting to make comparisons between the decay heat calculations using JENDL FP Decay
Data File 2000 and JNDC V-2 Library for whole time range because the latter library was used to
make the AESJ recommendation 28) by Atomic Energy Society of Japan. The comparisons are shown
in Fig. 27 as ratios between the calculated decay heat values of the JENDL file and JNDC-V2 library.
Two libraries show agreement within nearly 5 % excepting the gamma component over 10!° seconds
region where the JENDL calculation shows more than 10 % lower than the JNDC-V2 calculation. As
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Fig. 27 Comparison between calculated decay heat values using JENDL File
and JNDC-V2 library

there are a few nuclides contributing to the decay heat at such long time region after fission, we can
identify the nuclide causing the difference. The nuclide is '?™Sb with the half-life of 1.149 x 103
seconds. Although the half-life is rather short, the half-life of the parent nuclide 126Sn is 3.156 x 1012
seconds and the !2™Sb nuclide makes contribution at this time region. The average gamma decay
energy values are 1.7995 MeV in the JNDC-V2 library and 1.550 MeV in the JENDL file. The data in
the JENDL file are taken from the recent ENSDF file and are considered to be more reliable than old
data in the JNDC-V2 library.
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6 Comparison of Aggregate Fission Product Spectrum

The decay heat measurements mentioned in the previous Chapter were performed by measuring

the beta- and gamma-ray spectra separately and the spectra were integrated for whole energy range

to obtain the decay heat values. Then the spectral data of beta and gamma rays are also reported
by ORNL 2% 3% and YAYOI 31 groups. The aggregate spectra were calculated using the JENDL file
and the results were compared with the measured data. In these comparisons the measured spectra at

the shortest time after fission were used because the fission product nuclides with no or “incomplete”

spectral data are considered to make significant contribution to the aggregate spectra at this time region.

The comparisons with the ORNL measurements are shown in Figs. 28 through 30.
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Fig. 28 Comparison of calculated and measured aggregate spectra after 235U
thermal neutron fission at ORNL. Left hand side shows the beta-ray
spectrum. Right hand side shows the gamma-ray spectrum.
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Fig. 30 Comparison of calculated and measured aggregate spectra after 2¢1Pu
thermal neutron fission at ORNL. Left hand side shows the beta-ray
spectrum. Right hand side shows the gamma-ray spectrum.

are expressed in a unit of MeV/fission/bin, that is, the integration of the spectra gives the energy
release at the time. The detector resolutions of the measurements are taken into consideration for the
comparisons. As the gamma-rays taken from the spectroscopical measurements in the JENDL file have
the line structure, the calculated spectra not considering the detector resolutions show some spikes
which are not seen in the measured aggregate spectra. The full energy peaks of beta and gamma, rays
are characterized by Gaussian widths, o. They are reported 2% 30) as follows:

o = 0.01E3/25.0 + 90.0/E/2.35482

for beta-rays, and

o =001E, (1.352 + 5.064/\/E1) /2.35482

for gamma-rays. The Eg and E., values are given in unit of MeV.

The spectra indicated as “ENSDF” in the figures are the spectra using only the ENSDF data.
As seen in these figures, the beta-ray spectra calculated using the JENDL file compensate well the
underestimation of the ENSDF file at the low energy parts. This is due to the introduction of the spectra
estimated with Gross Theory to the nuclides with “incomplete” spectral data. The higher energy part
than 6 Mev still shows a little overestimation. There may be some nuclides whose measured spectra
should be modified. The gamma-ray spectra using the JENDL file fill the gap between the measured
spectra and the ENSDF ones and are in agreement with the measurements. The improvement is clearly
seen in the energy region of 2 to 5 MeV where the ENSDF calculation shows underestimation. The
JENDL spectra, however, show lower values than the ENSDF spectra at the energy region from 5 MeV
to 6 MeV for 2°U and 23°Pu. These reduction in the JENDL spectra are caused by changing the
normalization factors used in the ENSDF data like ®2Rb seen in Fig. 11. According to the agreement of
the JENDL calculations with the measured spectra, the normalization factors used in the ENSDF file
for the nuclides may be not suitably adopted.
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The comparisons with the measurements at the University of Tokyo are shown in Figs. 31 and 32.

-1 -1
10 T T T T T Ty 10 T T T T3
2321 Fast Neutron Fission 3 2333 Fast Neutron Fission 3
= (1;!:::.?11.:10 sT ol =145): = (Tlrrad.=1os’ Tcool.=14s) )}
£ ) 2 i
§ 1072 4 g 10 Gamma-ray .
Kl E 2 3
2 Gamma-ray T i . 2 q
3 10 i s 109
g 10 o vYavol ‘ ! . 3 g 10 v E
= EI JENDL ' i . =
wzawr ENS0E i ii ! | i aacms ENGDE l
10"“: U "lil T 1 1074 | T T | T
00 16 20 30 40 50 6.0 00 10 20 30 40 50 60
Energy (MaV) Energy (MeV)
107 , e U —
2354 Fast Neutron Fission ] 238y Fast Neutron Fission ]
3 ", (Tirrag, =108 Ty =148} ] z rag, =108 T =14s) ]
§ 10212 Gamma-ray 3 g 10 3
2 & E 2 ’ b )
g £
> >
2 2 Gamma-ray ‘E“Ji
g 10 2 10 .
s 3 o YAYOI E
> > JENDL ]
azmae ENSDF
10'4[‘ AT 1074 Lo s I i
00 10 20 30 40 50 6.0 00 10 20 30 40 50 6.0
Energy (MeV) Energy (MsV)
Fig. 31 Comparison of calculated and measured aggregate gamma-ray spectra
after fast neutron fission at the University of Tokyo.
The spectral data reported are only for ag-
10! . : gregate gamma-rays in the case of the measure-
ETTTTT T T agg Y Nt 3 . .
F (TPU Fas:oNelfr'm" F':im;‘- ments at the University of Tokyo. The spectra
= s = 8) A
—~ .. d. ' I, . . . .
£ 102 S eee . are expressed in a unit of MeV /fission/bin. The
% G detector resolutions are also taken into account
E .3 g . . »
2 1o Gamma-ray for these comparisons. They are given in the ref-
g . o vavo erence 1) as numerical data for each energy bin
s 10 E
£ .
It of the spectra. The JENDL spectra in the fig-
107 P o ures show the improvement of the underestima-
0.0

1o Rl eyt %0 80 tion seen in the ENSDF spectra. The effect of the
estimated spectra calculated with Gross Theory
is not so significant for these time regions. The
nuclides with spectroscopically measured spectral

Fig. 32 Comparison of calculated and measured data mainly contribute to the aggregate spectra.

aggregate gamma-ray spectra after fast But there seems to still remain the underestima-
neutron fission at the University of Tokyo. tion of the JENDL spectra in the energy region
above 4 MeV. The compensation of the model es-
timated spectra may not be suitably performed in this energy region.

As seen in Chapter 4, the beta- and gamma-ray spectra of the individual FP nuclide are not always
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suitably adopted. The over all agreement of aggregate spectra between the JENDL calculation and
the measured data, however, seems to be good. This agreement comes from the fact that the nuclides
contributing the spectra at the time considered here are too many to display the deficiency of the
individual nuclide. A kind of cancellation conceals the deficiency and shows the over all agreement
between the calculated spectra and the measured data.

7 Summary

JENDL FP Decay Data File 2000 was produced as a JENDL special purpose file. The file contains
the decay data of 1229 fission product nuclides including the spectral data of beta- and gamma-rays.
The primary source of the decay data contained is ENSDF, but the data not included in ENSDF are
estimated with a theoretical model, that is, “Gross Theory of Beta Decay” and are included in JENDL
FP Decay Data File 2000. The average decay energy values of the unstable nuclides are then consistent
with their spectral data by introducing the model estimated spectra. The ca_léulations of the decay heat
and the aggregate fission product spectra using JENDL FP Decay Data File 2000 show good agreement
with the measured data for various fissioning nuclides from 232Th to 24!Pu. This agreement supports
the applicability of JENDL FP Decay Data File 2000 to the decay heat and radiation source analysis
of various kinds of nuclear fuel.

JENDL FP Decay Data File 2000, however, does not include the delayed neutron spectra. If the
delayed neutron spectra were included in the file, the “completeness” of the file for use in application
fields would be fulfilled. The inclusion of the delayed neutron data are then needed for future work.
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