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Abstract. The nuclear data team at Los Alamos National Laboratory has undertaken a campaign to construct new ﬁssion yield evaluation. Signiﬁcant advances
have been made on a number of fronts. Nuclear potential energy surfaces can
now be generated with the newly developed MicMac code based oﬀ the FiniteRange Liquid-Drop Model (FRLDM). This model can be incorporated into the
Los Alamos de-excitation framework codes BeOH and CGMF to perform modeling of prompt, independent (IFY) and cumulative (CFY) ﬁssion yields that
take into account prompt and beta-delayed neutrons and photons consistent with
decay data. This is in stark contrast to what exists in evaluated nuclear data libraries today, where only a few incident energy points are used with limited
physical insights and no consistency between IFY, CFY and decay data. We
highlight the latest progress with application of neutron-induced ﬁssion of 235 U
and 239 Pu.

1 Introduction
The understanding of ﬁssion, or splitting of a heavy nucleus into smaller fragments, is critical
for applications of energy production, national security, and fundamental science [1, 2]. Los
Alamos National Laboratory and partner institutions are currently undertaking a new Fission
Product Yield (FPY) evaluation eﬀort for use in such applications. The last major update to
the US ENDF FPY evaluation came from the work of Chadwick et al. [3], nearly a decade
ago. Since this time, remarkable advancement has been made in theoretical modeling of
ﬁssion [4–7] and measurements campaigns have produced modern data over a range of excitation energies, see e.g. [8–10]. Our novel evaluation eﬀort seeks to combine these recent
advances, focusing on the description of FPY, to independent (IFY) and cumulative (CFY)
ﬁssion yields that take into account prompt and delayed emission consistent with decay data
[11, 12]. In what follows, we outline a typical workﬂow of the ﬁssion evaluation and report
on the progress of theoretical modeling eﬀorts.

2 The Fission Evaluation Pipeline
The current Los Alamos ﬁssion evaluation eﬀort depends upon the construction of a stateof-the-art platform where many separate codes are combined together under one centralized
Python3 framework, NEXUS. The purpose of the NEXUS framework is to handle the inputs and
outputs between the various codes in discrete steps. This workﬂow allows for the parallel
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development of models, codes and the inclusion of the latest data, providing incremental
transactions between relevant steps. The output of a particular step may be tagged with
relevant metadata, allowing for the ease of veriﬁcation and validation. Modiﬁcations to data,
inputs or outputs and the source code are preserved via Git version control for posterity and
reproducibility. The branching and distributed nature of this version control system naturally
mimics modern research environments where progress may be made in parallel on many
diﬀerent fronts and then combined at a later time into subsequent parts of an evaluation.
An example of a simple ﬁssion evaluation workﬂow is shown in Fig. 1. Primary ﬁssion
fragment distributions may be ﬁt to experimental mass yields with an appropriate ﬁtting function. For major actinides, a superposition of ﬁve Gaussians has been used in past, and we ﬁnd
this to be suitable for the present work as well. Odd-even staggering in the charge yields can
be included using the charge systematics Wahl [13]. In the case no experimental data are
available, or when the predictive capabilities of theoretical models meet the required accuracy of evaluation, fragment yields may be generated using the Los Alamos MicMac code,
see Sec. 3 for more details. Independent yields, which describe the ﬁssion products just after emission of prompt neutrons and γ-rays, may be constructed given the description of the
ﬁssion fragment yield and information on the kinetic energy of the fragments. Monte Carlo
based codes such as CGMF [14] and FREYA [15] provide access to individual ﬁssion events
whereas deterministic methods have been employed in the BeOH code [16]. Deterministic
methods are of particular importance to evaluation eﬀorts as they probe both low and high
statistical regions of the yield curve with equal computational cost. Cumulative yields, those
that arise after all β-decays, and isomeric ratios can be tabulated by soliciting evaluated decay
data. We also have another method at our disposal, the input of IFY into the PRISM reaction
network code to obtain cumulative yields. We are working towards modifying PRISM to be
used to calculate time-dependent applications such as reactor fuel burn up.
Parameter optimization for the various models and codes may happen intermittently over
the course of the evaluation process. It is important to keep a detailed record of the particular
inputs and outputs for each step in the evaluation. To achieve this in our workﬂow, we have
implemented a special hashing algorithm which uses among other items, a unique universal
identiﬁer to track individual calculations. Once the ﬁssion yields have been thoroughly tested,
oﬃcial use evaluation ﬁles may be generated with the open source DeCE code.
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Figure 1. A schematic of some of the codes that comprise the Los Alamos ﬁssion evaluation pipeline.
The workﬂow, indicated by arrows, is a combination of many distinct codes woven together by the
Python3 framework, NEXUS. The creation of the evaluation ﬁle marks the beginning of public use for a
variety of applications.
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3 Fission Fragment Yields
Nuclear potential energy surfaces can now be generated with the newly developed MicMac
code based oﬀ a Matched-Quadratic-Surace shape parameterization of the Finite-Range
Liquid-Drop Model (FRLDM), see Dr. Verriere’s ﬁrst-author contribute to this conference
proceedings. Several improvements have been made in comparison to older work [17], including an improved Strutinksy implementation and expanded axial harmonic oscillator basis
that is extended from 12 to 20 shells. Further advances have been made in the self-consistent
calculation of mass and charge yields. These quantities are directly calculated from the wave
functions at the point of scission using a particle number projection technique [18]. Using
this new method applied to ﬁssion fragments allows, for the ﬁrst time, a prediction of oddeven staggering of charge yields that is seen in data and without invocation of systematics,
for example, those of Ref. [13].
The calculation of the ﬁssion fragments themselves depends upon the pathways taken
through the nuclear potential energy surface as discussed in Refs. [19, 20]. Figure shows
the potential energy surfaces for (a) 236 U and (b) 240 Pu that are used in the calculation of
238
U(n,f) and 239 Pu(n,f). A large ridge (yellow) is seen in both nuclei for small to moderate
mass asymmetries, leading to both of these systems ﬁssioning asymmetrically. Using the
theoretically calculated nuclear potential, the total kinetic energy of the fragments may also be
produced when performing time-dependent calculations, such as with the Langevin approach
[21]. Whether the desired accuracy can be achieved for evaluations with such an approach is
a subject of current investigation.

Figure 2. The calculated nuclear potential energy surfaces of (a) 236 U and (b) 240 Pu using the MicMac
code recently developed at Los Alamos. The high-dimensional surfaces are projected down onto mass
asymmetry and nuclear deformation. The yellow ridge seen at moderate elongations suggests both
systems should ﬁssion asymmetrically.

4 Independent Yields
Due to the fast timescale of prompt particle emission, independent ﬁssion yields are the quantity often measured in experiments. This means that reconstruction of the primary fragments
must ensue by invoking a model of the emission. The de-excitation of nascent fragments may
be treated theoretically with statistical Hauser-Feshbach calculations [22]. Although there
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have been many studies performed using Monte Carlo methods, such as CGMF [4, 14, 23–
25], the ﬁrst attempt at this methodology using the deterministic code BeOH was recently
implemented in Ref. [16] to study reactions with incident neutron energies below secondchance ﬁssion. The primary ﬁssion fragment yield and information on the total kinetic energy of the fragments are required for such calculations. The average excitation energy in
each fragment may be approximated using anisothermal parameter that is deﬁned as the ratio
of the eﬀective temperatures of the fragments. From this information, the statistical decay
of the fragments may be followed, assuming compound nucleus formation, until all available
excitation energy is exhausted.
The primary fragment and independent ﬁssion yields for 235 U(n,f) at thermal energies is
shown in Fig. 3. The primary mass yield is ﬁt to experimental data using the 5-Gaussian
method and the Wahl charge systematics to produce the full yield, Y(Z, A). Total kinetic
energy as a function of mass number is also ﬁt to experiment. With this method, the calculated
independent ﬁssion yields reproduce the trends found in other evaluated libraries such as
JENDL.

Figure 3. The calculated independent ﬁssion yield (blue) after statistical de-excitation of the nascent
fragments (red) for the thermal neutron induced ﬁssion of 235 U. Calculations compared to JENDL-4
[26, 27].

This procedure also allows the outputting of the properties of emitted prompt neutrons
and γ rays using well-tested statistical models [28] that are supplemented with evaluated
and measured data when applicable [29]. Prompt neutron and γ-ray spectra associated with
235,238
U(n,f) and 239 Pu(n,f) are currently being studied. Good agreement with the experimental yields and isomeric ratios has been reported recently for the 235 U(n,f) reaction at thermal
incident neutron energies [16]. An example of the calculated average number of prompt
ﬁssion neutrons as a function of the mass of the fragment ca can be seen in Fig. 4 which
qualitatively tracks measurements.
While CGMF already takes into account multi-chance ﬁssion for incident energies up
to 20 MeV, work is in progress to extend this formalism beyond the second chance ﬁssion
threshold using the deterministic method. Additional information is needed for this calculation, in particular the estimation of ﬁssion barriers [30]. This is because the transmission
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Figure 4. The calculated average number of prompt ﬁssion neutrons emitted (red) versus fragment
mass number as compared to data (black and gray points) for the thermal neutron induced ﬁssion of
235
U. This calculation corresponds to the independent ﬁssion yield (blue line) in Fig. 3.

coeﬃcient for the ﬁssion channel is calculated with penetration through a parabolic barrier
as in Ref. [31]. The multi-nucleon transfer reaction data of [32] will be a critical test of such
modeling capabilities.

5 Conclusions
Work on the Los Alamos ﬁssion evaluation pipeline has now begun in preparation for the
DOE NA-22 program initiative to produce a new evaluation of ﬁssion product yields by 2023.
The main goal of this work is to produce a uniﬁed framework, that will allow for the consistent
evaluation of the ﬁssion fragment yields over a range of energies consistent with decay data.
Several recent successes on the theoretical side have been reported in this proceedings. The
development of the MicMac code for the creation of nuclear potential energy surfaces allows
for the calculation of primary ﬁssion fragments in both charge and mass. The statistical
de-excitation of these nascent fragments may be followed to produce both independent and
cumulative yields. Active development on the modeling front is currently underway, with a
focus on improving the energy dependence of ﬁssion yields.
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