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A recent implementation of ENDF/B-VII.1 independent fission product yields and nuclear decay
data identified inconsistencies in the data caused by the use of updated nuclear schemes in the decay
sub-library that are not reflected in legacy fission product yield data. Recent changes in the decay
data sub-library, particularly the delayed neutron branching fractions, result in calculated fission
product concentrations that do not agree with the cumulative fission yields in the library as well as
with experimental measurements. To address these issues, a comprehensive set of independent fission
product yields was generated for thermal and fission spectrum neutron-induced fission for 235,238U
and 239,241Pu in order to provide a preliminary assessment of the updated fission product yield data
consistency. These updated independent fission product yields were utilized in the ORIGEN code
to compare the calculated fission product inventories with experimentally measured inventories,
with particular attention given to the noble gases. Another important outcome of this work is
the development of fission product yield covariance data necessary for fission product uncertainty
quantification. The evaluation methodology combines a sequential Bayesian method to guarantee
consistency between independent and cumulative yields along with the physical constraints on the
independent yields. This work was motivated to improve the performance of the ENDF/B-VII.1
library for stable and long-lived fission products. The revised fission product yields and the new
covariance data are proposed as a revision to the fission yield data currently in ENDF/B-VII.1.

I. INTRODUCTION

Fission product yields (FPYs) define the distributions
of fission products following fission and depend on both
the fissioning nuclide and the energy of the neutron caus-
ing fission. Accurate FPYs are required for a broad range
of nuclear energy applications including reactor and fuel
cycle safety analysis, spent nuclear fuel storage, trans-
portation, and geological disposal analyses, and for ap-
plications including nuclear safeguards, non proliferation
research, and nuclear forensic analysis [1]. The most re-
cent revision of nuclear data from the U.S. Nuclear Data
Program is ENDF/B-VII.1 [2], released in 2011.

The ENDF/B-VII.1 fission product yield sub-library,
with the exception of a new FPY evaluation for 239Pu [3],
is based on the compilations developed by England and
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Rider released in 1994 [4] (see Tab. I). Namely, England
and Rider produced a recommended set of independent
and cumulative FPYs based on a compiled list of open
literature measurements and calculated charge distribu-
tions. This set was the basis for the FPY evaluations
used in ENDF/B-VI library released in 1993 and, subse-
quently, adopted by ENDF/B-VII.0 and -VII.1 libraries
released in 2006 and 2011, respectively. The library in-

TABLE I. FPY evaluations in the ENDF-B/VII.1 library.

# Nuclei Year(s) Author(s)

1 227,229,232Th 1994 Ref. [4]

2 231Pa 1994 Ref. [4]

3 232−238U 1994 Ref. [4]

4 237,238Np 1994 Ref. [4]

5 238−242Pu 1994/2011 Ref(s). [4] [2]

6 241,242m,243Am 1994 Ref. [4]

7 242−248Cm 1994 Ref. [4]

8 249,251Cf 1994 Ref. [4]

9 254Es 1994 Ref. [4]

10 255Fm 1994 Ref. [4]
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cludes evaluations of both the independent and cumula-
tive fission yields. An isotope’s independent yield is the
fraction of that nuclide produced directly from the fission
process after emission of prompt neutrons but prior to
any radioactive decays (including delayed neutron emis-
sion). Infact, the fission fragments are initially formed
in highly excited states of neutron-rich nuclei and they
release an average of about 2-3 prompt neutrons in order
to reduce the neutron excess along with prompt γ-rays to
reduce the energy excess. After these prompt decays, the
cumulative yields, by contrast, are produced by slower
decays ( τ1/2 >1 ms), mostly, such as β-, α-decay and
delayed neutron emission. Therefore, cumulative yields
equal the sum of all the independent yields for all decay
precursors and they are inextricably linked to the inde-
pendent yields by the decay schemes.

Since the initial release of the England and Rider yield
data, improved nuclear decay schemes have been devel-
oped and are adopted in ENDF/B-VII.0 and -VII.1 de-
cay sub-libraries. However, the new decay data can cre-
ate internal inconsistencies with the legacy FPYs due to
differences between the decay data used in the fission
yield evaluation and current data. Changes in the decay
schemes when used with the independent fission yields for
fission product generation can result in calculated con-
centrations for the stable and long-lived nuclides at the
end of the decay chains that do not agree with the cu-
mulative yields in the evaluation. Because the cumula-
tive yields for stable and longer-lived fission products are
frequently determined accurately from experiment, it is
essential that independent yields and decay data used by
most isotope irradiation and decay simulation codes can
reproduce the cumulative yields in the evaluations. Al-
though such data inconsistencies are recognized within
the nuclear data community, the practical implications
on many applications are not widely known within the
user community.

The data inconsistencies became evident in recent ap-
plications of the ORIGEN code when fission product no-
ble gases were compared to measured xenon and krypton
isotopes. Maintained as the depletion analysis module for
the SCALE code [5], the current version of ORIGEN in-
cludes independent FPY data from England and Rider’s
compilations and nuclear decay data from ENDF/B-
VII.1. Calculated isotopic concentrations, particularly,
of longer lived and stable isotopes using these data were
found to have discrepancies compared to available ex-
perimental data and were inconsistent with the cumula-
tive fission yields of England and Rider. These differ-
ences are the result of changes, primarily, in the delayed
neutron (β-n) branching fraction values used by England
and Rider from those ones found in ENDF/B-VII.1 decay
data. These changes introduce errors in the isotopic dis-
tribution of some stable and long-lived fission products
of up to 5% in some cases compared to values predicted
on the basis of the cumulative yields.

Motivated by the need for independent FPYs that re-
produce cumulative fission yields and experimental data

using the latest decay schemes, a comprehensive set of in-
dependent FPY for 235U (thermal, fast), 238U (fast), and
239,241Pu (thermal) were developed using the England
and Rider evaluations as a basis. The results were vali-
dated experimentally against measured cumulative FPYs
in the particular case of krypton and xenon isotope ratios.
The approach used in this work is based on a sequen-
tial Bayesian method that adjusts the independent fis-
sion yields using information from the cumulative yields
to provide an internally consistent set of fission yield and
nuclear decay data. Another important outcome of this
approach is to generate covariance data on the FPYs that
are necessary for fission product uncertainty analysis.

The revised FPY data and covariance matrices have
been issued in the latest beta version 3 of the SCALE 6.2
code system for nuclear modeling and simulation. This
code system includes the simulation codes that enable
uncertainty analysis of spent nuclear fuel systems due to
cross section, FPYs, and nuclear decay data uncertain-
ties. These data are proposed as a revision and expansion
to the ENDF/B-VII.1 nuclear data for fission yields.

II. METHODOLOGY

Research on FPY data and uncertainty evaluation
methodologies is an emerging area of high interest to in-
ternational organizations engaged in used fuel analysis.
The Organization for Economic Co-operation and Devel-
opment (OECD) under the Working Party on Interna-
tional Nuclear Data Evaluation Co-operation recently ini-
tiated a new sub-group 37 on FPY uncertainty method-
ologies (WPEC-37) [6]. Oak Ridge National Laboratory
is currently working on developing methodologies to gen-
erate covariance matrices to enable fission product uncer-
tainty quantification using fission yield data.

The methodology developed to adjust independent
FPYs is based on a sequential Bayesian method de-
veloped by T. Kawano [3]. However, unlike Kawano’s
method, the Bayesian method was applied not only on
the long-lived or stable element(s) at the end of mass
chain but also on each cumulative yield along the chain.
This methodology allows the entire statistical informa-
tion of the cumulative FPY data (central values and
the available covariance information) to be included in
the estimation of the related independent FPYs. In ap-
plying this method, the independent/cumulative FPYs
no longer present in the ENDF/B-VII.1 decay schemes
but still present in the FPY evaluations were eliminated.
Most of these cases were related to metastable nuclei
whose independent FPYs were added to the correspond-
ing independent FPY in the ground state (e.g., 84mAs
and 86mBr).

In defining the method, we start from the relation be-
tween cumulative and independent yields,

Ci(I) = Ii +
∑
j∈ki

Cj(I) bi,j , (1)
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where the index i refers to each independent and cumula-
tive yields identified by the triplet (A,Z,M). Here, A and
Z are the mass and charge number, respectively, while M
represents the isomeric state (M = 0 for the ground state,
M = 1, 2, . . . for the 1st, 2nd, . . . meta states). The in-
dex j refers to all possible decay modes (β−, β-n, isomeric
transition, . . . ) for the formation of the nucleus labeled
by i. The index j can be seen as running over the compo-
nents of a vector ki containing the pointers to specify the
decaying nucleus identified by j and the related fraction
bij of the precursor nucleus j to the daughter nucleus i.
The total number of nuclei decaying to the i-th nucleus
is given by the dimension of vector ki, i.e., ni = dim(ki).
In matrix notation, the vector of the cumulative yields
can be written as

C = S I , (2)

where the vector I contains the independent FPYs or-
dered accordingly to the elements of the lower triangular
matrix S. In the simplest case where a set of nuclei in the
ground state are decaying by β−, the matrix elements of
S can be written as

skl =

k−1∏
j=l

bj+1,j . (3)

Equation (2) can be seen as a system of coupled linear
equations. The coupling among different equations de-
pends on decay modes like β-n or α-particle emissions,
and the coefficients of the equations are defined by the
branching ratios b. Therefore, the elements of the matrix
S coincide with the partial derivatives of the k-th cumu-
lative yield Ck with respect to l-th independent yield as

skl =
∂Ck(I)

∂Il
. (4)

In the present work, the matrix S was computed on the
basis of the ENDF-B/VII.1 decay sub-library and ar-
ranged according to the list of independent and cumu-
lative FPY found in the ENDF-B/VII.1 library.

Here, we define the quantities relevant to the discussion
of this work, using a notation similar to that found in
Ref. [3]. Using the evaluated cumulative yields ζ and
related (diagonal) covariance matrix Z in the ENDF/B-
VII.1 library, one can obtain an updated set of values for
independent yields I′ by

P′ = P−PSt(SPSt + Z)−1SP ,

(5)

I′ = I + P′S
t
Z−1(ζ −C(I)) ,

where P is the covariance matrix (diagonal in this specific
case) of I generated from ENDF/B-VII.1 uncertainties.
In the sequential Bayesian update, the components of the
vector I are considered as the set of parameters to com-
pute the vector of the cumulative yields C(I) as defined

in Eq.(1) and the decay scheme is the model to define
the cumulative yields. The matrix P is the prior infor-
mation on the independent FPYs, and additional corre-
lations can be obtained from the model parameters of the
independent yields. Here, we limit to consider that the
independent FPYs, namely the components of the vector
I′, need to satisfy three physical constraints, namely,∑

i

I
′

i = 2,
∑
i

I
′

iAi = Af − ν,
∑
i

I
′

iZi = Zf ,

where Af and Zf are the mass and charge number
of the compound fissioning nucleus, respectively, and ν
the number of prompt neutron emission. This can be
achieved by similar equations, and for the normalization
of the independent yields, one has

P′′ = P′ −P′T
t
(TP′T

t
+ σ2

T)−1TP′ ,

(6)

I′′ = I′ + P′′T(2 −TtI′)/σ2
T ,

where T is the unit vector and σT controls the precision
of the integral over all fission products summing to 2. For
the mass and charge conservations, one has, respectively,

P′′′ = P′′ −P′′U
t
(UP′′U

t
+ σ2

U)−1UP′′ ,

(7)

I′′′ = I′′ + P′′′U(Af − ν −UtI′′)/σ2
U ,

and

P′′′′ = P′′′ −P′′′V
t
(VP′′′V

t
+ σ2

V)−1VP′′′ ,

(8)

I′′′′ = I′′′ + P′′′′V(Zf −VtI′′′)/σ2
V ,

where the elements of the vector U and V are the A and
Z numbers of the i-th fission product, i.e., Ui = Ai and
Vi = Zi. Likewise in Eq. 6, σU and σV are used to control
the precision of the integral, which, for the present work,
was 10−5.

In this section we also describe a second way to define
the Bayesian equations for the updated FPY data and
related covariance matrix. This new formulation of the
problem, practically, gives results identical to the sequen-
tial Bayesian update and has the advantage to include
the constraints on the independent yields in a single set
of equations. An updated covariance matrix M′ equiv-
alent to that one obtained with the sequential Bayesian
update can be defined by the relation

M′
−1

= GtM−1G , (9)

where Gt = (I,S,T,U,V)t is the transpose rectangu-
lar matrix associated with the sensitivities of the prior
parameters defined by the identity matrix I and the sen-
sitivities of the cumulative FPY defined by S. The other
sensitivities T,U,V are for the three constrained param-
eters aforementioned. The elements of the diagonal ma-
trix M are accordingly arranged as P, Z, and σT, σU,
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σV. Due to the simple form of the matrix M, the up-
dated covariance matrix can be written in explicit form
as

M′
−1

= P−1 + StZ−1S + Q−1 , (10)

with

Q−1 =
(Tt ⊗T)

σ2
T

+
(Ut ⊗U)

σ2
U

+
(Vt ⊗V)

σ2
V

.

The updated set of parameters is given by

I′ = I + M′S
t
Z−1(ζ −C(I)) , (11)

where the contribution of the matrix I and vectors
T,U,V is identically zero since we have chosen the vec-
tor of the prior parameters to coincide with the values
found in ENDF/B-VII.1. One can notice that Eq. (11)
differs from Eq.(s) (5-8) of the sequential method by the
updated covariance matrix M′ where the uncertainties of
the three physical constraints are included by the matrix
Q.

III. RESULTS

The independent FPYs in ENDF/B-VII.1 and decay
data were used by ORIGEN in order to simulate fission
product concentrations for fission pulse, for instance, on
235U. The values of independent FPYs in the ENDF/B-
VII.1 sub-library were found to be inconsistent with the
total mass chain cumulative FPY values and individual
uncertainties in the ENDF/B-VII.1 library. The concen-
trations of key stable and long-lived isotopes were com-
pared to concentrations in the current ENDF/B-VII.1 cu-
mulative yield data. Figure 1 shows the ratios of the
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FIG. 1. Ratios of the calculated (long-lived) cumulative yields
of magnitude >10−5 to ENDF/B-VII.1 library for n+235U at
thermal energy. The cumulative FPYs were obtained by ORI-
GEN (cooling time t = 1016 s) using the ENDF/B-VII.1 (tri-
angles) and adjusted (dots) independent FPYs. The plotted
relative uncertainties are directly taken from ENDF/B-VII.1
cumulative yields.

long-lived cumulative yields calculated by ORIGEN us-
ing ENDF/B-VII.1 (triangles) and the adjusted (dots)
independent yields to ENDF/B-VII.1 library for n+235U
at thermal energy. Although the deviations for this par-
ticular set of nuclei is small, the ratios should be uni-
tary in order to have consistency between independent
and cumulative FPY data in ENDF/B-VII.1 library. The
biggest deviations are seen in the mass region of A = 80-
85. The major improvements of the adjusted FPYs are
seen in this mass range, while the impact on short-lived
nuclei due to the adjustment are still being investigated.
For short-lived nuclei along the decaying chain, infact,
discrepancies from ENDF/B-VII.1 cumulative yields are
inevitable due to the changes in the branching ratios since
the original evaluation of England and Rider. Motivated
by these inconsistencies, independent FPYs and their co-
variance data for 235,238U and 239,241Pu in the thermal
and fission spectrum neutron range were generated by a
sequential Bayesian based on the ENDF/B-VII.1 decay
sub-library. These specific actinides were chosen because
they contribute to over 99% of all fissions in thermal re-
actors. Tests were performed in order to compare cal-
culated and experimentally measured fission product no-
ble gases, particularly, krypton and xenon isotopes. De-
tailed power histories were obtained and modeled using
ORIGEN for three pressurized water reactors (Trino Ver-
cellese, Obrigheim, and Vandellos Unit 2). These three
reactors were chosen because of their spread in initial
enrichment and final burnup. Isotopic composition mea-
surements by mass spectrometry were determined for the
krypton and xenon fission gases. Limited information on
the uncertainties of these noble gas measurements was
found. Experimental uncertainties for krypton and xenon
isotopic ratios were reported (see Tab. II) for Trino Ver-
cellese and Obrigheim facilities, but nothing was found
for Vandellos facility.

TABLE II. The average relative standard deviations of the
measurements of the fission gases isotopic ratios for Trino Ver-
cellese [7] and Obrigheim [8] facilities.

Trino Vercellese facility

83Kr/86Kr 0.3% 131Xe/134Xe 0.2%

84Kr/86Kr 0.2% 132Xe/134Xe 0.2%

84Kr/83Kr 0.3% 136Xe/134Xe 0.2%

- - 132Xe/131Xe 0.2%

Obrigheim facility

83Kr/86Kr 0.3% 130Xe/134Xe 0.5%

84Kr/86Kr 0.2% 131Xe/134Xe 0.2%

85Kr/86Kr 0.3% 132Xe/134Xe 0.2%

- - 136Xe/131Xe 0.2%

Figure 2 shows the measured ratios compared to the
calculations performed using the ENDF/B-VII.1 library
(full symbols, i.e., �, �, N) and the newly estimated inde-
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pendent FPYs (empty symbols, i.e., ♦, �, M). The super-
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FIG. 2. Ratio of calculated cumulative atom ratios (C) to
experimentally measured ones (E) for krypton and xenon iso-
topes. Full symbols (�, �, N) refer to the ENDF/B-VII.1
library and empty symbols (♦, �, M) to the results ob-
tained with improved independent FPYs. Different symbols
refer to different experimental facilities: diamonds, Trino Ver-
cellese [7]; squares, Obrigheim [8]; and triangles, Vandellos [9].

script “tot” refers to the sum of the four isotopes, while
the different colors distinguish between different experi-
mental facilities, namely, Trino Vercellese (diamonds) [7],
Obrigheim (squares) [8], and Vandellos (triangles) [9]. In
the case of krypton, major improvements are seen for
84Kr and 85Kr, while minor ones for 86Kr. In the case
of xenon isotopes, the two libraries performed on aver-
age very similarly, as shown in Fig. 2. The uncertainties
of the plotted experimental data can be computed from
the experimental uncertainties of Tab. II according to the

simple linear error propagation that, e.g. for krypton iso-
topes, can be written as

∆

(
xKr
yKr

)2

≈
(

xKr
yKr

)2[(
∆xKr
xKr

)2

+

(
∆yKr
yKr

)2]
,

where we assumed the experimental data uncorrelated.
It can be shown in the particular case of Trino Vercellese
facility the plotted experimental ratios have relative stan-
dard deviations below 1%.

Coupled with the results shown in Fig. 2, independent
FPY covariance matrices (standard deviation and corre-
lation) were also generated by the (sequential) Bayesian
update. As an example we show in Fig. 3 the obtained
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FIG. 3. Lower triangular correlation matrices of n+235U at
thermal energy for the mass chains in the range of A=85-
87 and A=135-137 obtained with the (sequential) Bayesian
method. Non-negligible positive and negative correlations are
highlighted by the symbols > and <, respectively. The relative
uncertainties are also shown along the diagonal.
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correlation matrices (in a lower triangular representa-
tion) and related uncertainties for krypton and xenon
isotopes in the mass ranges of A=85-87 and A=135-137,
respectively. Although both correlation matrices are very
sparse, strong negative correlations are seen between in-
dependent yields with the same mass number; however,
especially for krypton isotopes, one can also see non-
negligible positive correlations between elements of neigh-
bouring masses that derive from the β-n emissions. These
correlations and related uncertainties are of fundamental
importance when the uncertainties of cumulative yields
are calculated by error propagation from I to C.

IV. CONCLUSIONS

We have generated a revised set of independent FPYs
and related covariance data for four actinides, i.e.,
235,238U and 239,241Pu that provides greater consistency
with cumulative yield values when used with modern
ENDF/B-VII.1 decay data. These four actinides are par-
ticularly important for fission product analysis of spent
nuclear fuel and, therefore, to validate the ORIGEN with
experimentally measured cumulative FPYs for krypton
and xenon isotopes, as shown in Fig. 2. The consistency

of the independent and cumulative yields was achieved
by 1) the use of the ENDF/B-VII.1 decay sub-library
and 2) using cumulative yields and accounting for uncer-
tainty information available from the England and Rider
cumulative FPYs in the ENDF/B-VII.1 library. The first
item was motivated to resolve the inability of ENDF-
B/VII.1 library to match the reported cumulative FPYs
with those generated by the use of independent FPY and
decay sub-libraries. The latter was necessary because the
independent FPY uncertainties in the ENDF-B/VII.1 li-
brary appear incompatible with the FPY cumulative un-
certainties.

The goal of the present work was to correct the incon-
sistencies within the ENDF-B/VII.1 library. Therefore,
in the particular case of stable nuclei, we constrained
our results to the cumulative FPY values in the library,
giving them much smaller uncertainties.
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