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ABSTRACT ARTICLE HISTORY
The independent and cumulative fission product yields (FPYs) and their covariance matrices Received 18 May 2020
were newly evaluated for thermal- and fast-neutron induced fission and spontaneous fission. Accepted 8 August 2020

We principally evaluated the independent isobaric charge distributions by taking account of KEYWORDS

available experimental data, especially putting emphasis on the shell and even-odd staggering Nuclear data; fission product
in the fission yields by applying a Boltzmann factor including the shell and the pairing yields; shell effects; even-odd
correction energies for the mass of fission products. Furthermore, the isomeric ratios of FPY staggering; generalized
were obtained by a systematic calculation based on the Hauser-Feshbach theory. least-squares method;
Normalization of the FPY and associated covariance matrices of independent FPY were deter- covariance

mined based on the generalised least-square method to make them consistent with important

physical constraints. Especially, the FPYs were normalized to be consistent with the mass chain

yield of England and Rider. The cumulative FPYs were calculated by following the relevant g-

decay chain by using the decay data from JENDL/DD-2015. Finally, we verified the FPYs

evaluated presently by considering experimental decay heats, delayed neutron yields, aggre-

gate antineutrino spectra, and results from post-irradiation examination. All the results have

shown that the present set of FPYs were consistent with these data and free from trivial

problems present in JENDL/FPY-2011.

1. Introduction Despite many decades of progress in nuclear the-
ories [7] and models [8-10], no complete and cohesive
theory nor model exists so far that can estimate FPYs
with sufficient accuracy as the level that is required
from the nuclear applications. Particularly, the isoba-
ric charge distribution and the isomeric yield ratio
(IR) have been a long-standing problem for FPY data
evaluation [11,12]. In order to complement the FPY
data where FPY is experimentally unmeasured, some
simplified models, mostly based on phenomenology,
have been utilized in the past.

These models, which have been developed more
than two decades ago, are quite successful and have
been used for the estimation of unmeasured indepen-
dent FPY. For instance, the independent FPY data
libraries in later than ENDF/B-VI [3] have adopted
the independent FPY derived from the empirical for-
mula proposed by Wahl [13,14], known as Wahl sys-
tematics, which generates the independent FPY
including the full mass, charge, and individual isomer
yield. The isomer ratios (IRs) were taken from a model
with a simple formula proposed by Madland and
England [15] that is based on the spin and parity of
relevant combination of nuclei. The FPY data obtained
by using such models were normalised to the (reliable)

A reliable fission product yield (FPY) data with infor-
mation on their uncertainty, in the form of evaluated
nuclear data library, have great importance to conduct
various numerical simulations that aim to quantify the
inventory of spent nuclear fuel, develop next-
generation reactors, mature transmutation technol-
ogy, assess their safety, and so on. The evaluation for
the current JENDL Fission Product Yields Data File
2011 (JENDL/FPY-2011) [1] had been done by slightly
modifying those stored in ENDF/B-VT [2] to make the
cumulative fission yield to be consistent with JENDL
FP Decay Data File 2011 (JENDL/FPD-2011) [1]. It
contained the independent and cumulative FPY for
thermal-, fast-, and 14 MeV neutron induced and
spontaneous fission. These evaluations were carried
out mostly in 1980s-2000s [1,3] and only a few mod-
ifications and updates have been adopted since then
[4-6]. Also, recent increase of demands in uncertainty
information from many nuclear application fields for
V&V (Verification and Validation) purposes stimu-
lates the need for covariance matrices in the FPY data,
which are absent in any of the currently available FPY
library.
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mass chain yield evaluated by England and Rider [3].
The JENDL/FPY-2011 library [1] had been prepared
basically as a copy from the FPY data in ENDF/B-VI as
pointed out above. The JEFF-3.1.1 FPY library [16]
incorporates the evaluation activity of UKFY2 [17]
and UKFY3.6A [16,18] library, which also used the
Wahl Systematics [14]. Here, it is important to notice
that no legitimate activity existed up to date in Japan to
set up originally-evaluated FPY data library.

After decades, through technological, experimental,
and theoretical advances, experimental fission studies
have been improved dramatically [19]. In spite of that,
the empirical parametrizations used in modelling FPY
have not been updated in a practical manner. For
instance, isobaric charge distributions of independent
FPY subsequently deviate from the simple Gaussian dis-
tribution. Such deviations are caused by staggering of
stability of nuclei and are regarded as the shell- and odd-
even effects. However, the shell and odd-even effects and
isomeric ratio have been estimated based on rather phe-
nomenologically in Wahl’s systematics [14] by introdu-
cing simple multiplicative parameters which were
determined to reproduce experimental independent
FPY. Information on covariance matrices is not available
as well in evaluated FPY nuclear data libraries. It is
therefore necessary that the empirical parametrization
used in such models should be replaced based on latest
experimental and theoretical knowledge to extract sys-
tematical trends both in FPY and their covariances for
purpose of extrapolation to unmeasured domain.

In order to take into account the current knowledge
on experiment and nuclear theoretical model, an alter-
native approach for the FPY data evaluation is neces-
sary. This requirement leads to the ideas to incorporate
(1) the odd-even effect, (2) the shell effect, (3) a method
to estimate yields for individual isomeric states, and (4)
covariance information that contains physically sound
relations to several physical constraints.

In this work, we evaluate FPY data for thermal- and
fast-neutron induced fission and spontaneous fission
for fissioning systems where such data exists in
JENDL/FPY-2011 library. For this sake, we propose
a new method that incorporates the odd-even effect
and the shell effect on the isobaric charge distribution
of independent FPY as a form of Boltzmann factor
calculated with the shell correction energies, which are
estimated by theoretical mass formula proposed by
Koura et al. [20]. We also utilize the Hauser-
Feshbach theory to estimate the IR and generate cov-
ariance matrices for FPYs based on the Generalized
Least-Square (GLS) method [21]. To establish the new
evaluation method by combining with the theoretical
and experimental knowledge, we survey the latest
experimental FPY data from EXFOR database
[22,23] and analyze the experimental uncertainty.
Thus, we generated a new evaluated FPY data for the
independent and cumulative fission  yields.

Furthermore, we examined reliability of the newly-
evaluated independent FPY data by calculating decay
heats (DH), delayed neutron yields (DN), and aggre-
gate antineutrino spectra (AS). In addition, the new
FPY evaluation was further examined by burn-up
simulations to be compared with the post-irradiation
examination (PIE) data.

In this paper, we describe the method of evaluation
of independent fission product yields in Chapter 2 and
generation of the covariance matrices in Chapter 3. In
Chapter 4 we validate the resultant FPY by
a comparison with cumulative yield data, and by
using the integral data such as DH, DN, AS, and PIE.
The conclusion will be given in Chapter 5.

2. Evaluation method

2.1. Evaluation of independent fission product
yields

The independent fission product yields for the popu-
lation of a nucleus having charge number Z, mass
number A and indicator m for isomeric state (m=0
for the ground and m=1 for the first isomeric state,
and so on) is denoted as Y1(Z, A, m). The first thing we
did was a systematic survey of experimental data in
EXFOR database [22,23]. We prepared a Perl script to
extract only useful information after we downloaded
the fission yield-related entries from EXFOR. As
a result, we have extracted 25,670 data points includ-
ing 3,150 independent FPY data. This must be com-
pared with 14,710 data points used by Mills for the
evaluation of UKFY3.6A [16,18]. We did not use such
data as ‘ratio to ratio’ since handling of such data
requires much richer experience in this field. We
recognise that such data can be utilized in the future.
For each data point characterized by Z, A and m, we
obtained the weighted average of experimental data by
the least-squares method. These averages of experi-
mental values for specific Y1(Z, A, m) were adopted
in the evaluation if the data exist. For the unmeasured
fissioning systems or data points, we took the
Yi(Z,A,m) data in the evaluated nuclear data
libraries, i.e. JENDL/FPY-2011 and JEFF-3.1.1, as the
‘pseudo’ experimental data. The ‘real’ and ‘pseudo’
experimental data were used for subsequent parameter
fitting to be described below.

In most mass numbers of the fission products, the
isobaric charge distribution fluctuates by the shell and
odd-even effects that enhance the yields for fission
products having even charge and/or neutron numbers
compared to odd ones. Such a general trend is illu-
strated in Figure 1. This feature characterizes the gen-
eral trend in the FPY, so it must be taken into
consideration with great care.

According to the scission point model of Wilkins
et al. [24], the independent yields Yi(Z,A) as
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Figure 1. Schematic view of the charge distribution at A = even
isobar. Zycp is the most provable charge estimated from the
unchanged charge distribution (UCD) assumption, Zp(A) is the
most probable charge derived from experimental data, and AZ,,
known as charge polarization, is difference of them.

a function of the mass and proton numbers can be
calculated based on a Boltzmann factor using the
potential energy at the scission point as

Eip (27 A) + (D(E*)AEsh(Za A)
T(A) ’
(1)

where Epp is a liquid-drop potential energy, ®(E*) is
a damping factor for the shell and pairing effects as
a function of the excitation energy E*, and T(A) is
a temperature of the fission product. The quantity
AEg(Z,A) denotes the shell and pairing-correction
energy to the potential. We presume that the right
hand side of Eq. (1) can be approximately factorized
into three parts: (1) mass yield distribution Y;(A), (2)
normalized Gaussian distribution for Z on each isobar
Y4(Z), (3) a correction factor to account for shell- and
even-odd staggering F,.. We further introduced the
fourth factor for the branching ratio to isomeric state

Yi(Z,A) x exp|—

m (=ground state or isomer) BJf, (m), which is absent

in Wilkins’ consideration. Then, Yi(Z, A, m) can be
calculated as the product of these four factors as

Yi(Z,A,m) = Y1(A) X Y4(Z) X Foe x BJY (m), (2)

(Z—Zp(A) +1)
20(A)?

dt,

1 0.5
"~ V270(A) J—o.s P
(3)
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(4)

AEg(Z,A
Foe = exp {— L]

E4(A)

where Yj(A) denotes isobaric yield for mass number
A, 0(A) and Zp(A) denote the width and the most-
probable charge of Gauss distribution for the iso-
baric charge distribution, AE,(Z, A) is the shell and
pairing correction energy, and E4(A) which corre-
sponds to T(A) in eq.(1) is the dumping energy that
defines the extent for washing out of the shell and
pairing effects. The parameter E;(A) was adjusted
for each mass number A of fission product to repro-
duce the odd-even staggering or distortion from the
Gaussian distribution. We employ the Boltzmann-
factor type of weighted F,. stemming from eq. (1)
to represent the fine structure of the isobaric charge
distribution whereas the Zp model of Wahl has
a simple product of factors which depends only on
evenness or oddness of Z and N.

The shell correction energy AEg,(Z, A) includes 2
terms. The first one is the shell correction energy taken
from the KTUY mass formula [20]. We used this since
it is known that KTUY formula gives one of the best
reproduction of nuclear ground-state masses among
many nuclear mass formulae. The second term is the
pairing energy, and we adopted a simple form as

12/v/A  (odd — odd nucleus)
Epair = { —12/+/A  (even — even nucleus)  (5)
0 (otherwise).

The total shell correction energy is a simple sum of
these terms as AEq,(Z,A) = AEg(KTUY) + Epgir.

We determined the parameter E4(A) to reproduce
the staggering in Z distribution by fitting to the ‘real’
and ‘pseudo’ experimental data. The branching ratio to
isomeric state m, Bj',(m), was calculated by the
Hauser-Feshbach theory for nuclides that possess
known isomeric states. For **U(ng,f), B",(m) were
taken from Ref [12]., and TALYS-1.9 [25] calculations
were performed for the rest of all the fissioning systems.

After adopting three factors, Y{(Z, A, m) are normal-
ized to the reliable mass-chain yield Y)((A) evaluated by
England and Rider [3]. Here, we have to notice that
there exists a small difference between Y;(A) and
Yu(A) since the latter includes the effect of delayed-
neutron emission during the 3-decay process, which is
actually a small correction. The Y);(A) data of England
and Rider were used as the initial guess of Y;(A), and
the small difference was corrected afterwards when the
whole (pre-)evaluated data were put into the GLS ana-
lysis as will be described later. Unlike the Wahl systema-
tics, our method directly calculates Y;(Z, A, m) without
subtracting the prompt neutron multiplicity vp(A). The
effect of prompt neutron emission was instead cor-
rected in the process of the GLS process.
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Table 1. List of the fissioning systems prepared by the new evaluation method described in this paper. Thermal and Fast denote
FPY for thermal- and fast- neutron induced fission whereas Spontaneous denotes spontaneous fission. The sign “v"” in the
covariance column denotes that covariance data were evaluated for the corresponding fissioning system.

Thermal Covariance Fast Covariance Spontaneous Covariance
27T N 227 N 238y N
229Th /N 231 Pa v 244Cm v
232 s 233 v 26 s
23 v 234y v 248y N
235 4 25 v 250(f N
BINp 4 26| v 252(¢ 4
239Pu v 237U ‘/N 253ES /N
240p sN 238 v 254Fm N
241p 4 27Np v 256Fm s
242p, M 238Np v
2 Am v 238py v
2mp 4 29p, v
2Cm v 240py v
245Cm v 241 Pu v
289¢f s 242p, v
21cf N 21am v
254ES ‘/N 243Am v
255Fm s 220 v

43¢ /2

244Cm v

26y sv

248 m Wz

N The prior diagonal elements of the covariance matrices, employed in the generalized least-squares procedure to be described later, were taken from
JENDL/FPY-2011, otherwise the error information of JEFF-3.3 FPY library were adopted as described later.

'"The averaged number of prompt neutrons v and the charge numbers for light-charged particles emitted by the ternary fission Z;p of thermal-neutron
induced fission were replaced by the data for fast-neutron-induced fission of the same target nucleus.

2The v and Z,cp were extrapolated by considering the systematic in the isotope.

Table 1 shows the list of fissioning systems prepared
by our new evaluation method. Note that we evaluated
FPYs for thermal-, fast-neutron induced, and sponta-
neous fission.

2.2. Evaluation of covariance matrices

Covariance information has been recognized to be more
and more important for V&V purpose of computations
in nuclear technologies. Such information is especially
important for FPY, since it should obey some important
physical constraints such as conservation of (1) mass
number A, (2) charge number Z. Similarly, (3) the sum
of FPY must be normalized to 2.0 excluding the light-
charged particles coming from the ternary fission, and
(4) the sum of the heavy FPY must be normalized to 1.0.
Finally, the most important constraint is that (5) the
mass chain yields Yy (A) and its uncertainty must con-
verge to those given by England and Rider [3], in which
YMm(A) and their uncertainties were carefully and exten-
sively evaluated as the reference data. This condition
determines the quantity Y;(A). This constraint is very
important for FPYs since the errors in final mass-chain
yield are normally very small as given by England and
Rider [3], while those for each Y;(Z, A, m) are much
larger. Therefore, simple error propagation ignoring off-
diagonal elements in the covariance matrix does not
converge to the small uncertainties in the Yy/(A) given
by England and Rider. All these five constraints can be
summarized as an observation equation y~y, =S -0,

which is linear in the FPY, where # is one of the above
constraints, S denotes the sensitivity matrix, and 8, the
vector of Y(Z, A, m). The five constraints we employed
in the generalized least-square (GLS) procedure [21] are
given in more detail in the followings:

(1) Conservation of mass number

The number of nucleons in a fissioning system
should be conserved as > ;A;Yi(Z;,A;,m;) =
{A}t . Ga = ACN — W — <ALCP>) where Z,', Ai and
Acn are the proton and the nucleon numbers of
the i-th fission product and the latter of the com-
pound nucleus. (A;cp) is the average mass number of
light-charged particles from ternary fission such as pro-
ton, triton, and « particles, respectively. Here v, stands
for the prompt neutron multiplicity. The v, and (Arcp)
data were primarily taken from the compilation of
England and Rider [3]. See Table 1 for more details.

(2) Conversation of charge number

The numbers of the protons in a fissioning system
should be conserved as >, ZYi(Z;,A;,m) =
{Z}t . 9a = ZCN — <ZLCP>) where Z,‘, ZCN and <ZLCP>
are the charge numbers of the fission product, the
compound nucleus, and average Z value of the light-
charged particles, respectively. The last quantity was
taken from the compilation of England and Rider [3].
See Table 1 for more details.

(3) Normalization of the independent yields

The sum of Y{(Z, A, m) should be 2.0 by its defini-
tion as > Yi(Z,A;,m)=1-0,=2, where I
denotes (1,1,1,---,1).



(4) Normalization of heavier mass yields

The sum of the independent yields for the heavier
fission products should be 1.0 as >
YI(Z,',Ai, mi) =1.

(5) Calculated mass-chain yield based on
Yi(Z,A, m) and their uncertainties should be consis-
tent with Yy (A) from the England-Rider’s evaluation
and the associated uncertainty.

In this work, we estimated the covariance matrices of
Yi1(Z,A, m) using the GLS method [21] under the 5
constraints mentioned above. We started from diagonal
prior covariance matrices V, with diagonal elements
taken from experimental error of Y1(Z, A, m) if available,
or the error estimated from those based on JENDL/FPY-
2011 or JEFF-3.3/FY library which is improved by intro-
ducing UKFY3.7 [26] results were used as ‘pseudo’
experimental data otherwise. See Table 1 for more
details. In the GLS, updated posterior information can
be calculated as,

i>qq(Acn—7p)/2

Oupd = 0a + V.S'(SV.S' +V) ' (1 —v), (6

Vipd = Vo — V.S (SV,S' + V)7'S'V,,  (7)

where 6,4 is the vector containing updated FPY data
Y1(Z, A, m) which were adjusted to fulfil the five con-
straints. The symbol V, denotes the diagonal prior
covariance matrix as explained above. In order to
apply the GLS method, we set fairly small error
(~0.1%) to the first four constraints concerning to
number and yield normalizations. After the GLS

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY e 5

update process, we obtain updated yields and asso-
ciated covariance matrices which are consistent with
the above constraints. Figure 2 shows the correlation
among Y1(Z, A, m) at A=102 and 103 for the ***U(ny,,
f) system. Here we notice that negative correlations
(denoted by blue color) appear among Y1(Z, A, m) for
the same A. A small correlation can be found between
different mass numbers. This is caused by -delayed
neutron emission which changes the mass number by
1 unit.

Figure 3 displays correlation matrices for mass dis-
tributions of independent yields. We see here also
negative off-diagonal components coming from the
conservation laws.

As shown in Figure 4, the present evaluation gives
the error for the cumulative yield which converges to
that of England and Rider [3], while the simple sum of
errors (without correlation) is diverging.

In Figure 5, errors of chain yield Yy (A) for 2°U(ng,
f) (left panel) and **Pu(ng,,f) (right panel) calculated
with the GLS method are shown as ratios to those given
by England-Rider’s evaluation [3]. It clearly shows that,
if we do not take account of the correlation properly, the
error of the mass chain yield is overestimated to a great
extent as shown by diamonds, whereas inclusion of the
oft-diagonal elements in correlation matrices make the
error of the mass chain yield compatible to those of
England and Rider (circles).

In the same manner, we evaluated the covariances
of all fissioning systems as marked by v in Table 1.

103-45-
103-45-
103-44-
103-44-
103-43-
103-42-
103-41-
103-40-
103-39-
103-38-
S103-37-
1102-45-
N'102-45-
<102-44-
102-43-
102-43-
102-42-
102-4
102-4
102-40-
102-39-
102-39-
102-38-
102-37-

Figure 2. The correlation matrix of ¥;(Z,A,m) from A = 102 to A = 103 for thermal-neutron induced fission in 2*U. Both axes
correspond to the mass number A, the charge number Z, and the index for meta-stable state m = 0 or 1 of the fission products.
Positive and negative correlations are mapped by red and blue, respectively.
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lative yield obtained in the present work, while the thinner
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lative yield. The dark band shows error in the cumulative yield
obtained by error propagation from the covariance of inde-
pendent yield but by discarding off-diagonal elements. The
horizontal dot-dashed line with a gray band shows the mass-
chain yield and its uncertainty given by England and Rider [3].

3. Results and discussion
3.1. Evaluated independent fission yield

Figure 6 shows the mass distribution of independent
fission products, namely, >, Yi(Z, A, m), exhibiting
that the present evaluation gives essentially the same
mass distributions as JENDL/FPY-2011 since both of
them were normalized to the same mass chain yield. In
contrast, as shown in Figure 7, the present Y;(Z, A, m)
as a function of charge Yi(Z)=)",,, Yi(Z,A, m) are
different from those of JENDL/FPY-2011 for 2*U(ng,,f)
and ?°Pu(ng,,f). Therefore, distribution of elements in
the spent nuclear fuel changes noticeable in some fis-
sioning systems. This is due to the fact that we replaced
Yi(Z,A,m) by the experimental data or their least-
squares average where such data are available, and no
common normalization was applied for the Z distribu-
tion other than the constraint for their sum. The pre-
sently evaluated Z distributions are, on the other hand,
almost identical to those in JENDL/FPY-2011 for such
fissioning systems as *! Am(ny,, f) where experimental
data are scarce. Even though small difference in the
Y1(Z) were brought to some of the important nuclei,
we verified, as will be shown later, that the present
evaluation is consistent with many integral data.
Figure 8 shows the isobaric charge distributions for
A =284, A =86, A =130, and A = 140 obtained in
the present work for 2**U(ng,f) (filled circles
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connected by solid lines) compared with the data in
JENDL/FPY-2011, JEFF-3.1.1, experimental data, and
the least-squares average of the experimental data. The
present Y{(A, Z, m) for each mass deviates from a pure
Gaussian distributions which are given as dashed

curves. This is due to the F,, factor in eq. (2) which
enhances yields for even-even nuclei while hindering
those for odd-odd ones in these even-mass chains. In
general, our new result can successfully reproduce the
overall trend of the experimental data. Please notice
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that the unnatural bumps seen for Z = 31 in A = 84,
Z =48 for A=130 and Z=152 for A =140 in
JENDL/FPY-2011 are removed in the present evalua-
tion. Also, please notice that the difference between
the present data and those in JENDL/FPY-2011 can be
in a few orders of magnitude for some points, but
mostly at peripheral region where FPY is not large.

A comparison of all the independent fission pro-
duct yields Yi(Z,A,m) for the >U(ng,f) system
stored in JENDL/FPY-2011 and the present evaluation
and their ratios are shown in Figure 9. The changes
from the JENDL/FPY-2011 to the present evaluation
are considerable for some nuclides, while many of
them are small enough or unchanged.

3.2. Validation of the present evaluation

To ensure that the present Y;(Z, A, m) are reliable for
use in various application fields, we validated them by
calculating the following quantities.

o Cumulative fission product yield Yc(Z, A, m) by
tracking successive chains of 3-decay

o Delayed neutron yields (DN), FP decay heat (DH),
and aggregate antineutrino spectra (AS) by the sum-
mation calculation method

« Fuel burn-up simulations

All the results were carefully compared with the
available experimental data. Methods of calculation
and simulation are briefly described below and the
results are detailed in the following sections.

The cumulative fission product yield Yc(Z, A, m)
were calculated from Y1(Z, A, m) using JENDL Decay
Data File 2015 (JENDL/DDF-2015) [27] by tracking
all the decay paths until each fission product reaches to
the stable one. Then, we calculated the delayed neu-
tron yields (DN) and the decay heat (DH) for °U,
and the FP antineutrino spectra (AS) for four major
fissioning systems from 2*°U, 28U, 2*Py, and ?*!'Pu.
For this purpose, we utilized the summation calcula-
tion method [28] which solves the Bateman equation
on the basis of the decay data from JENDL/DDF-2015.
The results of the DN and DH calculations were com-
pared with experimental data parameterized by
Keepin et.al [29] and those measured at ORNL [30],
Lowell [31] and at Yayoi [32], respectively. The results
of AS are compared with experimental data by
Schreckenbach Group [33-36]. We further examined
the present Y;(Z, A, m) by reactor-fuel burn-up simu-
lations using ORIGEN2 code [37] with the present and
the JENDL/FPY-2011 FPY and ORJLIB40 [38] as the
neutron cross-sections. The calculated results are
compared with the post-irradiation examination
(PIE) data of UO, fuel irradiated at Mihama-3 [39]
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and Takahama-3 [40,41] PWR reactors. The PIE data,
burn-up histories, and fuel compositions were taken
from the SFECOMPO-2.0 [42] database.

3.2.1. Cumulative fission product yield

The newly evaluated independent fission vyields,
Y1(Z, A, m) were converted into the cumulative yield
Yc(Z,A, m) to be compared with the existing experi-
ment-based data. Figure 10 shows the calculated
cumulative yield Yc(Z,A,m) for the *°U(ngy,f)
being compared with the data from JENDL/FPY-
2011 for some selected elements from light and
heavy fission products. It appears that the most of
Yc(Z,A, m) agreed fairly well with each other in the
% order of magnitude, whereas yields for some nuclei,
e.g. 96Br, 97BI', 98Bl', 96KI‘, 98Kr, IOOKI', 126Te, 140T€, 1281,
and '?Xe, show large discrepancies. These nuclei are
far from the stability line and Yc(Z,A) strongly
depend on Yi(Z,A,m) in the less-stable, left-side
region, where uncertainty is remarkably large due to

small yield that makes measurements difficult. In gen-
eral, the presently evaluated data gives curves that are
smoother than those from JENDL/FPY-2011. The
decay data library used for the JENDL/FPY-2011 eva-
luation was JENDL FP Decay Data File 2011 (JENDL/
FPD-2011) [1]. Thus, the cause of the difference
between new evaluation and the JENDL/FPY-2011
data seems to be originated from both Y{(Z, A) and
decay data library.

A full comparison of JENDL/FPY-2011 and the cal-
culated Yc(Z, A, m) of 2**U(ny,f) are shown in Figure
11 as well as the ratios of the JENDL/FPY-2011 values to
the present results. The changes are modest and many
of them are unchanged compared to Yi(Z,A,m)
because many of nuclides decay to the stable nuclides.

3.2.2. Decay heat, delayed neutron, and
antineutrino spectra

We examined the validity and the reliability of the new
Yi(Z, A, m) by calculating DN, DH, and AS using the
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summation calculation method [28] and by compar-
ing them with experimental data.

The calculated DN yield after 0.4 to 10* seconds
from a burst fission in 2*>U(ny,, f) reaction is shown in
Figure 12 as a solid line compared to the experimental
data analyzed by Keepin et al. [29] (open squares). The
dotted line was obtained by ignoring contributions
from the isomeric states. The FPY of some fission
products and IR are known to have a large effect on
DN. The broken line exhibits a result obtained with
JENDL/FPY-2011, which overpredicts the DN vyield at
short cooling time that leads to overestimation of the
total v; noticeably. As shown in Figure 12, the pre-
sently evaluated data significantly improve reproduci-
bility for delayed neutron yield by adopting IR
calculated by the Hauser-Fesbach theory [12,25] in
our new FPY evaluation.

Figure 13 shows the -ray (bottom panel) and the y-
ray (top panel) components of DH after a burst fission
in #°U. The results calculated for thermal-neutron

induced fission in ***U show overall good agreement
with the experimental data measured at ORNL [30],
Lowell [31] and at Yayoi [32]. Though Yayoi is a small
fast reactor with its neutron-flux peaking around
500 keV, the difference between the thermal- and the
fast-neutron induced fission in this cooling-time region
has been calculated to be less than 2 ~ 3% and mea-
surements support this except the y-ray component in
300 ~ 6000s cooling which will be discussed below. The
calculations using the present and the JENDL/FPY-
2011 yields well reproduce the three experiments almost
within the experimental error bars except for the y
component in the ORNL data from 300 to 6000s. It is
known that DH calculation is often affected by the
famous Pandemonium problem which may be present
in the decay-data [43]. However, combination of the
JENDL decay data and present FPY data is hardly
affected by it. It should be noted that there is no recent
experiment nor calculation which supports the ORNL
data among others in this particular cooling-time range.
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Antineutrinos emitted from an aggregation of f-
decaying FP nuclides provide us with another good
benchmark for FPY data validation. A typical form of
this is the so-called reactor antineutrino. We calcu-
lated AS from four fissioning nuclides under neutron
irradiation after the method used in Ref [44]. Figure 14
compares the calculated results with experiment-based
AS which were converted from measured spectra of
simultaneously emitted electrons that share the /-
transition energy only with antineutrinos. The elec-
tron measurements were done for *°U by
Shreckenbach et al. [33], 2®U by Haag et al. [34],
29Ppu by Feilitzsch et al. [35] and for *'Pu by Hahn
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et al. [36]. Here we adopted the AS converted by
Mueller et al. [45] instead of the old conversions by
the original authors themselves except for ***U for
which no recently improved conversion exists. The
agreement achieved by using the present FPYs (solid
lines) looks better than the calculation based on
JENDL/FPY-2011 (broken lines). It should also be
noted that the differences among fissioning nuclides
are well followed by the calculations which come only
from differences in FPY data. The good agreement
between the calculation and the experiments supports
the reliability of the present FPY evaluation especially
for high Qg-valued odd-odd nuclides [46].

3.2.3. Validation by burn-up calculations

We conducted a fuel burn-up simulation of power
reactors to obtain the spent-fuel FP compositions
using the new Yi(Z,A,m) installed in ORIGEN-2
code [37,38] and compared them with the PIE results
from Takahama and Mihama power plants. Figure 15
shows the ratio between the simulated and the PIE
results. They are shown in C/E — 1(%) with the error
bars which come from experimental errors for the
cases where they are available. In general, both the
results based on the present Yi(Z,A,m) and the
JENDL yields show the same level of agreement with
the PIE data. However, the C/E — 1 for Sm isotopes in
the Takahama-3 (Figure 15(a)) simulation are
improved compared to the case when JENDL/FPY-
2011 is used. The C/E — 1 in the Mihama-3 (Figure 15
(b)) tend to follow JENDL/FPY-2011 trends. Here, it is
important to notice that the reproductivity of burn-up
calculations are crucial for the reactor applications and
we can conclude that the present Yi(Z,A,m) has
enough capability for these aims.

4. Conclusion

We evaluated the independent fission product yields
and produced a reliable set of Y{(Z, A, m), associated
covarjance matrices, and prepared those correspond-
ing to cumulative fission yield data for 49 fissioning
systems as the first and full legitimate activity in Japan
in order to accomplish an original and complete data
set of FPYs. The evaluation carried out here reflects
the most recent experimental data and includes
a novel shell- and pairing-correction methodology as
well as the covariance matrices being prepared elabo-
rately. In the calculation of the isomeric ratio, we got
rid of the phenomenology which had been used in
most of past FPY evaluations and introduced
a modern nuclear statistical model. Our transition
from phenomenology to models with solid physical
basis as far as possible makes it much easier to effec-
tively feed back the going progress in fission physics
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[12,47,48] into the future revision of the FPY data
library. Systematical trends for the model parameters
we obtained in the present work will be published in
a forthcoming paper, which will enable us to extend
the present method to wider range of fissioning sys-
tems. Our present results can be incorporated into any
evaluated nuclear data library for wide range of data
users in a numerous numbers of technological and
scientific application fields. It is to be noted that the
presently evaluated FPY data are compiled in ENDF-6
format [49] and to be adopted in the next version of
JENDL FPY library.
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