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Abstract. Although independent and cumulative fission product yields have been a part of evaluated libraries
for decades, there have been few updates over the years. The fission product yield sub-library in the ENDF/B-
VIII.0 library is still largely based on the evaluation of England and Rider from the mid-90’s, with only more
recent updates to the energy dependence of 239Pu below 2 MeV and fixes to isomeric states and missing fis-
sion products. Over the past several years, there have been a wealth of new measurements of independent and
cumulative fission product yields, particularly those with short half-lives, and there have been significant im-
provements in the modeling of prompt and delayed fission observables. Here, we describe recent progress in
the improvement of fission product yield calculations, using the BeoH code and the underlying Hauser Fesh-
bach Fission Fragment Decay (HF3D) model, developed at Los Alamos National Laboratory. We will describe
our recent calculations for consistent prompt and delayed fission observables for major and minor actinides,
including new work investigating isomeric ratios. We will detail the ongoing evaluation process for energy-
dependent fission product yields from thermal up to 20 MeV incident neutron energy and some validation work
that has been performed for these new fission product yield calculations. Additionally, we will discuss future
perspectives of this work, highlighting the need for additional data.

1 Introduction

Fission product yields (FPYs) have recently received a sig-
nificant amount of attention by the nuclear data and basic
science communities. Many new measurements have re-
cently been performed [1–5] investigating both neutron-
induced and photon-induced FPYs. A recent Workshop
for Applied Nuclear Data Activities (WANDA) meeting
had one full-day session dedicated to the past and future
of FPYs [6]. An international effort has been coordinated
by the International Atomic Energy Agency (IAEA) on the
subject of FPYs [7], to bring together evaluators across the
globe. Additionally, many modeling improvements have
been made in recent years that aim to consistently calcu-
late FPYs, prompt, and delayed fission observables, in-
cluding the construction of covariances, e.g. [8–13].

For the ENDF/B libraries, the independent and cumu-
lative FPY evaluations are still largely based on the eval-
uation of England and Rider [14] from the mid-1990s.
Since then, there have been only minor updates. For the
ENDF/B-VII.1 evaluation, a point at 2 MeV incident neu-
tron energy was included for the FPYs of 239Pu [15] to
better describe their energy dependence in the few MeV
region and to resolve a long-standing disagreement be-
tween Los Alamos and Livermore National Laboratories
[15, 16]. Additionally, for the ENDF/B-VIII.1 release,
there were several minor corrections [17–19]. One was
a correction to the uncertainties of 17 cumulative FPYs
near stability that were anomalously large. Four indepen-
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dent FPYs were modified to take into account that iso-
mers for 109Ru and 109Rh have not been experimentally
confirmed. Finally, there were corrections to the thermal
neutron-induced FPYs of 241Pu that have shown a discon-
tinuity since ENDF/B-VI.2. Unlike much of the rest of
the ENDF/B library, there has been no previous push to
include full covariances with the evaluation, only standard
deviations are given. In fact, a format does not currently
exist to include these covariances.

In this work, we discuss recent updates to FPY mod-
eling and evaluation efforts. In Sec. 2, we overview the
BeoH code and underlying Hauser-Feshbach Fission Frag-
ment Decay (HF3D) model along with the Kalman filter
routine used for evaluation work. We show selected re-
sults for major actinides from this procedure in Sec. 3,
along with overview of other calculations that can be done
in the same framework, including minor actinide evalu-
ations and calculations of R-values, isomeric ratios, and
photofission. Finally, we conclude in Sec. 4.

2 Theory

2.1 Fission product yield modeling

BeoH is a deterministic, fission decay code that uses the
Hauser-Feshbach Fission Fragment Decay (HF3D) model
to calculate prompt and delayed fission observables [8, 9].
Information about the compound nucleus before and af-
ter scission is required. The pre-scission information is
calculated from CoH3 [20] and includes inputs such as the
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most probable excitation energy causing fission, the multi-
chance fission probabilities, and energies of pre-fission
neutrons. After scission, information about the fission
fragment initial conditions is necessary input. To calculate
the pre-neutron emission distributions, Y(A,Z,TKE, J, π),
first every possible fission fragment pair, (AL,ZL) and
(AH ,ZH), is generated and their relative probabilities are
constructed from joint Y(A,Z) distributions. The pre-
neutron emission mass distribution, Y(A), is taken to be
a sum of three Gaussians whose weights, means, and stan-
dard deviations are fitted to available experimental data
and dependent on the incident neutron energy. The charge
distribution is given by the Wahl systematics [21].

The total kinetic energy, TKE, of the two fission frag-
ments is linear as a function of incident neutron energy. It
is split between the two fission fragments based on kine-
matics. The Q-value of the fission fragment split deter-
mines the total excitation energy, TXE, of the pair, which
is then shared between the two fragments based on a ra-
tio of temperatures. Once the excitation energy of each
fragment is determined, its population can be constructed
as a function of the excitation energy, spin, and parity.
Once these initial conditions of the fission fragments are
set, Hauser-Feshbach statistical theory [22] is used to de-
excite the fragments via emission of prompt neutrons and
γ rays. For details, see [9].

Prompt observables, such as the average neutron mul-
tiplicity, are calculated as a weighted sum of the results of
the Hauser-Feshbach calculations from each fission frag-
ment. In these sums the probability for pre-fission neutron
emission is taken into account. Because we consider inci-
dent neutron energies from thermal to 20 MeV, we gener-
ally have to consider first, second, third, and fourth chance
fission.
BeoH additionally calculates delayed observables, such

as the average delayed neutron multiplicity and the cumu-
lative fission product yields. At this point in the calcula-
tion, we keep track of the metastable states of the isotopes
that are produced after the Hauser-Feshbach decay, and
the cumulative FPYs, YC(A,Z,M), are calculated from the
independent FPYs, YI(A,Z,M), by following all possible
decays of the independent FPYs and adding them to the
initial ones. This procedure can be written as follows:

YC(Ai,Zi,Mi) = YI(Ai,Zi,Mi)

+

N∑
j

L j∑
l

YC(A j,Z j,M j)b jlδ jl,i, (1)

where b jℓ are the branching ratios with L j total decay
modes, N is the total number of nuclei that produce
the ith nucleus, and δ jℓ,i connects YC(A j,Z j,M j) with
YC(Ai,Zi,Mi). Currently, the decay data are taken from
the ENDF/B-VIII.0 library [23], but we are working with
collaborators at Brookhaven National Laboratory to take
into account updates to decay data that are being made for
future ENDF/B releases. In this way, the new FPY evalua-
tion will be consistent with the decay data available in the
same library.

2.2 Evaluation methodology

To perform the parameter optimization and evaluation,
we use a Kalman filter routine [24]. This version of the
Kalman filter makes a linear approximation between the
model parameters, x, and outputs, f (x), such that

f (x1) = f (x0) + Cδx. (2)

Changes in the model values, δf = f (x1) − f (x0), are lin-
early related to changes in the model parameters, δx =
x1 − x0, through a sensitivity matrix

Ci j =
∂ f (x)
∂x j

∣∣∣∣∣∣
x=x0

. (3)

The index i runs over all incident energies for the ob-
servables included in the evaluation (here, cumulative fis-
sion product yields along with prompt and delayed neutron
multiplicities).

In Eq. (2), the parameter changes are determined
through matrix algebra by

δx = PCTV−1(ϕ − f (x0)), (4)

where P is the posterior parameter covariance, V is the co-
variance of the experimental data, and ϕ is the vector of
experimental mean values. Here, we assume that V is di-
agonal, with the squared experimental uncertainties on the
diagonal, but recent efforts to create templates of experi-
mental uncertainties [25] would allow us to include real-
istic off-diagonal elements, even with limited information
reported on the sources and magnitudes of the experimen-
tal systematic uncertainties. The posterior parameter co-
variance matrix is also calculated through linear algebra,

P = (X−1 + CTV−1C)−1. (5)

Here, we additionally require a prior parameter covariance
matrix, which we assume only contains the parameter un-
certainties on the diagonal, which are taken to be 5% of the
baseline values. The model values can be updated through
Eq. (2) or by running the updated parameter values, x1,
back through the model. We take the second approach, as
we perform several iterations of Eqs. (4) and (5) where we
include subsequently more FPY data into the optimization
and evaluation with each iteration of the Kalman filter, in-
stead of attempting to optimize all of the data at once. We
begin our optimization by including the fission fragments
with the largest cumulative yield and successively include
those fragments with smaller cumulative yields. We in-
clude in our optimization parameters for Y(A), Wahl scal-
ing factors (see [8, 9]), TKE, and the spin cutoff parameter.

Covariances across observables can be calculated
through

F = CPCT , (6)

with C and P defined as in Eqs. (3) and (5). The current
ENDF/B-VIII.0 evaluation [23] and other global evalua-
tions do not currently contain full covariances between ei-
ther FPY values or incident neutron energies, although a
current Coordinated Research Project (CRP) at the IAEA
is coordinating the international community on this effort
[7].
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3 Results

3.1 Major actinide evaluations

Using a combination of the Kalman filter and available,
curated experimental data (where many outliers were re-
moved from the fitting procedure), we calculated inde-
pendent and cumulative fission product yields for 239Pu,
235U, and 238U from thermal to 20 MeV incident neutron
energies. In the top panel of Fig. 1, we show an exam-
ple of the cumulative fission product yields calculated this
way, for 95Zr (solid lines and associated shaded bands),
which is compared to some available experimental data
(open squares), and the ENDF/B-VIII.0 evaluation (filled
stars). We first note that there is more significant coverage
of experimental data across incident neutron energies for
238U compared to 235U and 239Pu, particularly between the
opening of second-chance fission (∼5 MeV) and 14 MeV,
although newly measured data, e.g. [1, 5], is beginning
to fill in these energy regions for the other major actinides.
We also see that the availability of more recently measured
experimental data, as for 239Pu between 2 and 5 MeV, pro-
vides the justification for an incident energy dependence
in our optimized calculations that is not currently included
in the ENDF/B-VIII.0 evaluation.

In the lower panel of Fig. 1, we show the relative un-
certainty resulting from this optimization compared to the
uncertainty on the experimental data and ENDF/B-VIII.0
evaluation. We see that the calculated uncertainties are,
for the most part, smaller than the experimental uncertain-
ties. This feature is common within the framework of the
Kalman filter and often requires that the evaluated uncer-
tainties be rescaled upwards. We note here that these un-
certainties are still preliminary as we determine whether
they are realistic or some factor needs to be introduced
to take into account unrecognized systematic uncertainties
and/or stiffness in the model.

However, one of the major updates to the FPY evalua-
tion that is being made within this methodology is the in-
clusion of full covariances between FPY values, instead of
only including the uncertainties (diagonal values). Within
the Kalman filter framework described in Sec. 2.2, we are
able to produce covariances simultaneously with the eval-
uated parameters and mean values. There is significant
structure seen in the correlations between the FPYs for a
given incident neutron energy, and this structure changes
as a function of incident neutron energy. This structure
comes mainly from correlations between isotopes of the
same element and mass chains. For more details, see [26].

Additionally, within the same HF3D framework, we
can calculate the independent and cumulative FPYs for
minor actinides. Typically, there are significantly fewer
experimental measurements for cumulative FPYs for the
minor actinides, and the data are focused largely around
the thermal energy point. Here, we can leverage the fact
that many compound nuclei fission at higher incident neu-
tron energies due to the inclusion of multi-chance fission
within the model, and use these optimized parametriza-
tions in BeoH as a prior for the minor actinide calculations.
Therefore, even if there are few data, we can put a higher

confidence in these calculations. Currently, we have pre-
liminary results for many minor U and Pu isotopes.

3.2 R-value validation

To validate our FPY calculations, we compute the R-
values for many isotopes. The R-value is defined as a ratio
of ratios, for example that of 147Nd for 239Pu,:

R147 =
Y147(Pu)
Y99(Pu)

Y99(Uth)
Y147(Uth)

, (7)

where Y147(Pu) and Y99(Pu) are the cumulative FPYs for
147Nd and 99Mo for 239Pu at a given incident energy, and
Y147(Uth) and Y99(Uth) are the cumulative FPY for ther-
mal neutron-induced fission of 235U producing 147Nd and
99Mo. Historically, these R-values were measured by irra-
diating 239Pu samples in critical assemblies. The samples
were placed at different distances from the center of the
critical assembly, which changes the neutron flux and thus
the effective neutron energy of the reaction. Currently, we
can model the full assembly and calculate the flux as a
function of location in the assembly and incident neutron
energy using MCNP. These fluxes are then folded with the
incident energy dependent R-values calculated using FPYs
from BeoH to be compared with the experimental data.
When plotting the results as a function of location from the
center of the critical assembly, the calculated R-values are
consistent with the experimental ones within error bars.
However, as we currently do not include the correlations
between calculated FPYs at each incident neutron energy,
we expect that the uncertainties on the calculated R-values
will reduce.

3.3 Isomeric ratios

We have additionally begun to investigate the energy-
dependent isomeric ratios of the fission product yields
for these major actinides. In the ENDF/B-VIII.0 (and
earlier evaluations), the isomeric states are calculated
using the Madland-England approach [27], which is a
one-parameter model for calculating the splitting of the
strength between the ground state and isomeric state of
fission fragments. As can be seen from Fig. 2, the newly
recompiled recommended value for the isomeric ratio of
98Y from [28] (open triangle) is significantly closer to
the BeoH values (filled circles) than the current ENDF/B-
VIII.0 evaluated values (open stars). Although we show an
example only for 98Y, other comparisons also indicate that
the Madland-England approach is too simplified. Further
investigations are underway for many more isomeric ra-
tios, including comparisons with preliminary, newly mea-
sured experimental data [29]. These studies give us insight
into the nuclear structure of the relevant isotopes and can
point to needed future measurements of this structure.

3.4 Photofission

The HF3D framework has also been recently extended to
include modeling of photofission [30] by taking into ac-
count the correct spin and parity dependence of the re-
sulting compound nucleus. By using the same compound
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Figure 1. (Top) Cumulative fission product yields in percent for 95Zr from the neutron-induced fission of 239Pu (left, shades of grey),
235U (middle, shades of red), and 238U (right, shades of blue). (Bottom) Relative uncertainties in percent of the cumulative fission
product yields for 95Zr. In each panel, the BeoH calculation is given by the solid line, experimental data by the open squares, and the
ENDF/B-VIII.0 evaluation by the filled stars.

Figure 2. Isomeric ratios of 98Y for the major actinides, BeoH
calculations (filled circles with associated shaded bands), rec-
ommended values from [28] (open triangles), and values from
ENDF/B-VIII.0 (open stars). The isomeric ratio for 235U, 238U,
and 239Pu are shown in red, blue, and black, respectively.

nucleus parameters as in [10], we are able to reproduce
prompt fission observables from the photofission reaction,
including prompt and delayed neutron multiplicities and
cumulative mass distributions for major actinides. The
only adjustment to the fission fragment initial conditions
that had to be performed was for the total kinetic energy

of the compound nucleus. Studying both neutron-induced
and photon-induced fission reactions simultaneously could
improve our knowledge of the fission fragment initial con-
ditions, especially as the multi-chance fission channels
open.

4 Conclusions

Here, we have presented modeling and evaluation re-
sults for fission product yields (FPYs) for major actinides,
based on recently measured experimental data and up-
dated theoretical models. We have used the BeoH code,
with the underlying Hauser-Feshbach Fission Fragment
Decay (HF3D) model, developed at Los Alamos National
Laboratory, to consistently calculate both prompt and de-
layed fission observables. Using BeoH, we simultaneously
optimize the model input parameters to data for average
prompt and delayed neutron multiplicities and cumula-
tive FPYs. Recently measured experimental data leads
to changes in the energy dependence of the cumulative
FPYs that have not been included in previous evaluations
or modeling.

We have begun to validate these new cumulative FPY
calculations and evaluations using R-values from critical
assemblies. Preliminary results show that the values for
R147 are consistent with previous measurements within
uncertainties. Future work will include repeating these
R-value calculations with cross-isotope and cross-energy
correlations to produce more realistic evaluated uncertain-
ties.
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Additionally, within the same HF3D framework, we
have started investigating isomeric ratios of the FPYs, per-
formed calculations for minor actinides, and extended the
model to calculate photofission reactions. The isomeric
ratios have been compared to previously evaluated values
and recent recommended values compiled by collabo-
rators at Brookhaven National Laboratory. The present
work indicates that the Madland-England approach of the
isomeric states in the ENDF/B libraries is oversimplified.
Taken together, this framework and resulting calculations
provide consistent modeling of a variety of fission product
yields and other fission observables from both neutron-
and photon-induced fission.

This work was performed under the auspices of the U.S. De-
partment of Energy by Los Alamos National Laboratory under
Contract 89233218CNA000001 and was supported by the Of-
fice of Defense Nuclear Nonproliferation Research & Develop-
ment (DNN R&D), with partial support from the Nuclear Criti-
cality Safety Program, both funded and managed by the National
Nuclear Security Administration for the U.S. Department of En-
ergy.
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