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Abstract

The Consultancy Meeting on the Fission Product Yield Experimental Database was
held at Tokyo Institute of Technology, Tokyo, Japan, from 27th to 30th of May 2019,
which aims to grasp the current status of experimental activities on the fission product
yields (FPY), development of FPY fission modeling and data evaluation methods, and the
EXFOR database compilation. The meeting brought opportunities for the participants from
six different countries to discuss on our common topics of interests, such as a novel tech-
nique to measure fission-related observables, data evaluation methods by applying theoret-
ical and/or empirical models, a consistent treatment of FPY data together with uncertain-
ties (covariances), possible extension of the EXFOR data format to accommodate various
fission-related observables, and improvement of user interface in the EXFOR web retriev-
ing system maintained by IAEA.
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1 Introduction

The Consultancy Meeting on the Fission Product Yield Experimental Database was held at
Tokyo Institute of Technology from 27th to 30th of May 2019, Tokyo, Japan. The primary
purpose of this meeting was to share our knowledge of experimental data on the fission prod-
uct yield (FPY) as well as fission-related other observables in the available databases, and to
identify the issues that should be resolved to produce a brand-new evaluated FPY data library
in near future. The meeting scope also covers the ongoing experimental programs, theory and
modeling for the fission process, and infrastructure for the FPY data evaluation, since the ex-
perimental FPY database plays a significant role in these topics of interests. For such a very
specific purpose, fifteen specialists in the relevant fields were nominated from six countries to
participate in this meeting, including one IAEA staff member.

Despite recent progress in the theoretical description of the nuclear fission process and signif-
icant effort devoted to develop robust fission models, our current knowledge of fission is not
yet at the level of producing the accurate FPY evaluations without guidance by experimental
data, hence the quality of evaluated FPY data strongly depends on the experimental information
involved. Construction of experimental database, which will be a foundation of the FPY data
evaluation, is an essential process to produce the evaluated nuclear data files. The pioneers in
this field (e.g., Meek, England & Rider for the ENDF library in the US, Crouch for UKFY data
library in the UK) carefully prepared their own experimental databases to produce the evaluated
data files. The other major data library projects, such as Japanese Evaluated Nuclear Data Li-
brary, JENDL, and Chinese library, CENDL, have not been maintaining their own experimental
databases; the FPY data in JENDL were evaluated based on the same database as ENDF/B-VI,
and CENDL mostly relies on the available data in EXFOR. Obviously maintaining the experi-
mental databases for the FPY evaluation at each nuclear data project is our common task, and
we should share the compiled data to facilitate producing the evaluated nuclear data libraries
without duplicating the burden.

In parallel to the FPY evaluation at each nuclear data library project, IAEA NDS hosted two
relevant Coordinated Research Projects (CRPs) in 1990s–2000s, as well as a technical meeting
in 2016 on the same subject, which evidences that NDS is aware of importance of international
cooperative efforts for producing a new FPY data library. NDS also plans to start a new FPY
CRP, which is scheduled for 2020. Under these circumstances, the importance of the exper-
imental FPY database as a common basis of new libraries has been widely recognized. This
was re-emphasized at the “Workshop on Fission Product Yield Experimental Data” organized
by IAEA and LANL in August 2018, Los Alamos, New Mexico, USA [1].

IAEA NDS maintains a coordinating effort to bring the world experts in the FPY science, in-
cluding experiment, evaluation, and theory, to explore possible improvement and extension of
the EXFOR database for FPY, to survey data users’ demand and request for the compilation and
dissemination of the FPY data, and to centralize all the FPY-related information at the hub —
evaluation of experimental data, producing evaluated nuclear data files, and theoretical research
activities. Thanks to the local organizer, Prof. S. Chiba, of Tokyo Institute of Technology, IAEA
NDS was able to hold this meeting as a follow up to the previous one in Los Alamos, keeping
the momentum toward the same goal. Brief summaries of the presentations are given in Sec. 2,
while the discussions are summarized in Sec. 3. The meeting agenda and the list of participants
are given in Appendix.

Delivering the welcome address by the President of Laboratory for Advanced Nuclear Energy,
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Prof. K. Takeshita greeted the meeting participants, and he reiterated the high importance and
impact of the FPY data in various fields of nuclear energy applications. Before starting presen-
tations by each participant, T. Kawano of LANL was elected as the chairperson and M. Fleming
of NEA Dababank was elected as the rapporteur of the meeting. The main workshop consisted
of participants’ presentation, which was followed by intensive discussions, and drafting the
summary report and recommendations. These presentations and working papers are available
at:

https://www-nds.iaea.org/index-meeting-crp/CM-FPY-2019/

Finally NDS acknowledged all the participants for their cooperation and contribution to this
productive meeting.
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2 Presentation summaries

2.1 M. Fleming, Centre activity at OECD-NEA

Michael Fleming presented the activities of the OECD Nuclear Energy Agency, including those
both within the Databank and Nuclear Science Division. Within the Databank, the EXFOR
compilation and revision work was described with the responsibility of the Databank over areas
2 and O discussed. As presented in the subsequent contribution, the compilation of the majority
of the fission yield datasets identified in recent IAEA work will be the responsibility of the NEA
Databank when they are included in the official allocation list. The progress of the Databank in
recent years is summarised in Figure 1.
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Figure 1: The total number of entries and subentries in NEA DB TRANS per year over the last decade. Note that
2019 figures include preliminary, unfinalised data in the IAEA-NDS open area as of April 2019.

In 2018 the NEA launched a new GitLab system with EXFOR compilation work as one of
the first project areas. It is now used to manage the NEA DB EXFOR work, providing version
control and project management tools under private repositories. Those with access permissions
may visit:

https://git.oecd-nea.org/databank/nds/exfor.

This allows the EXFOR project to manage the compilation of preliminary transmissions, track
issues, verify corrections and record the progress. Examples were shown with the issues raised
for some recent trans.

JANIS development was discussed, with examples of the visualisation of fission quantities in-
cluding prompt fission neutron spectra, fission product yields and mass yields. EXFOR was
also shown, as well as the basic interface screens. These are a fraction of the capabilities of JA-
NIS and new features are continuously in development. The release of a version 4.1 is planned
for Q3-Q4 2019.
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Under the NEA Nuclear Science Committee, the Working Party on International Nuclear Data
Evaluation Co-operation (WPEC) enables collaboration between different evaluated nuclear
data library programmes on high-priority activities. These are broken down into subgroups
and expert groups that focus on specific topics/fields. The ongoing and recent activities were
reviewed, including the Expert Group on Generalised Nuclear Database Structure (EG-GNDS)
and two subgroups related to fission yields: SG25 and SG37. Some results from these two
subgroups were discussed, including the generation of fission yield covariance matrices, of
which four equivalent correlation matrices for thermal U235 are shown in Figure 2.

80 100 120 140 160

80

90

100

110

120

130

140

150

160

CEA U235 2.53e-2 eV

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

80 100 120 140 160

80

90

100

110

120

130

140

150

160

GEF U235 2.53e-2 eV

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

80 100 120 140

80

90

100

110

120

130

140

150

PSI U235 2.53e-2 eV

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

25 50 75 100 125 150

20

40

60

80

100

120

140

160

SCKCEN U235 2.53e-2 eV

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

Figure 2: Correlation matrices for thermal fission mass yields of 235U as calculated by four participants to the
WPEC Subgroup 37 on ‘Improved fission product yield evaluation methodologies.’
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2.2 S. Okumura, Completeness survey and statistics of experimental fission product
yield data in EXFOR database

Shin Okumura provided an overview of the Nuclear Data Sections in IAEA, including the break-
down of work areas and staff. The fission process was reviewed and terms concerning the fis-
sion yield were defined to ensure that the participants were in agreement on basic definition of
yields.

• Primary Fission Fragment Yield: The yield of the fragment formed just after scission but
before prompt neutron emission.

• Independent Fission Product Yield: The yield of after prompt neutron emitted fission frag-
ment, so called fission product.

• Cumulative Fission Product Yield: The yield of the fission product after β decay.

In order to define the nuclear reaction and its observable, EXFOR coding rule using Reac-
tion Code has been established. The Reaction Code consitutes of 9 parameters, SF1:Target,
SF2:Incident Particle, SF3:Ejectile/Process, SF4:Product, SF5:Branch, and SF6:Parameter, etc.
Especially three parameters SF4, SF5, and SF6 are important to distinguish the type of FPY
data and to use as a search criteria on the EXFOR web retrieval system. The three parameters
defined in the EXFOR coding rule for fission product yield (FPY) are summarized in Table 1.
Due to the complication of these reaction codes, users will encounter difficulties to search FPY
data that they want to get. The NDS is planning to re-design new web interface to retrieve
fission observables more easily and intuitively. To do this, NDS is collecting suggestions and
feedbacks from user and evaluator communities.

Table 1: Types of the fission fragment/product yields (FPY) defined in EXFOR

Yield Y(Z,A,M) Y(A) Y(Z)

Primary
fission
fragment

,PRE,FY
ELEM/MASS,TER,FY
ELEM/MASS,QTR,FY
1-H-1,TER,FY

MASS,PRE,FY,
,PRE,AP
MASS,PRV,FY,
PRV,AP

ELEM,PRE,FY,
,TER,ZP
ELEM,TER/CHG,FY

Independent
fission
product

ELEM/MASS,IND,FY
55-CS-136,IND,FY
0-G-0,PR,FY

MASS,SEC,FY,
MASS,MAS,FY,
,SEC,AP
MASS,SEC/CHN,FY
MASS,PR,NU

ELEM,IND,FY
,CHG,FY,
MASS„ZP,

Cumulative
fission
product

ELEM/MASS,CUM,FY
,42-MO-99,CUM,FY

MASS,CHN,FY ELEM,CUM,FY

A historical review of fission yield compilation in EXFOR was provided, starting from the work
of Crouch that was transmitted in 1980. Due to the ongoing and increasing work in fission yield
evaluation, the IAEA have reviewed England and Rider’s report[2] and Robert Mills’ Ph.D.
thesis from University of Birmingham[3] used in the evaluation of ENDF/B-VI the UKFY3.0,
respectively. The articles used in above two works was compared with the existing EXFOR
datasets to find FPY data that has not yet included in EXFOR. The result was reviewed at the
NRDC-2019 meeting in April 2019 1 alongside similar studies performed by the US NNDC

1Available online at https://www-nds.iaea.org/nrdc/nrdc_2019/working/wp2019-20.pdf
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against NSR database. It was requested that these should be shared to the wider community
by another document, potentially through an INDC report or other publication. By following
the suggestion, the NDS have released the detailed procedure of this assessments as a NDRC
Memo2 after this consultancy meeting. The complete list of articles is attached in Appendix A in
this report as well. Many overlaps between Ref [2] and Ref [3] were detected. It was found that
nearly 200 articles have not been compiled and stored in EXFOR. The majority (approximately
90%) of the reactions incorporated in both bibliographies are neutron-induced fission and the
rest are spontaneous fission. The US NNDC have done the similar completeness check against
NSR database which were also reported in the NRDC memo (CP-C/444 ,445, and 446 3). It
was found that the articles of photo-, spontaneous-, and neutron-induced fission including the
various fission observable measurements which need to be compiled are 212 in total. The
completeness checks done both by IAEA-NDS and NNDC are overlapped for only 33 records
in neutron-induced fission.

The NDS have started to specify the C5 format for FPY and various fission related observables,
since current C5 format is designed for cross sections. Universal data format is required and
NDS will implement shortly, before new CRP starts.

2Available online at https://www-nds.iaea.org/nrdc/memo_cpd/cpd979.docx
3Available online at https://www-nds.iaea.org/nrdc/memo_cpc/
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2.3 G. Belier, Experimental activity at CEA

Gilbert Bélier presented an overview of experimental activities carried out by or in collaboration
with the CEA, including measurements at ILL in Grenoble, France, measurements carried out
at the (now decommissioned) CALIBAN reactor and the SOFIA experiment at GSI in Germany.
Status of the future FALSTAFF spectrometer has been done also.

At the ILL high flux reactor, two kind of experiments are performed. The first one involves
the well known Lohengrin spectrometer. It allows to measure fission product individual yields
thanks to an ionization chamber or γ-ray detectors. Isomeric Ratio are also measured with
the γ-ray detectors, and are crucial for applying charge state changes corrections to the yields.
The measurements were compared to different models, but only the FIFRELIN code could
reproduce these ratios. For the second kind of experiment, cumulative fission products yields
are measured thanks to the activation method. The fission rate is measured with a new kind
of active scintillating target, and the activities are measured through γ-ray spectrometry with
a usual Ge detector (2016 experiment) or with the new FIPPS spectrometer (end of 2018).
Each time 235U was irradiated. A scheduled experiment will measure 239Pu in 2019 at Saclay’s
reactor Orphée. Beside these measurements at thermal energies, an activation experiment was
also performed on the CALIBAN critical assembly. A usual fission chamber was used but
thanks to a fast dedicated electronic, a large amount of 239Pu (about 100 µg) could be used,
avoiding the use of a second sample as is usually done. The main goal of this measurement is
to determine systematic uncertainties that could be present in the J. Laurec measurement. Final
result is expected in 2019.

Two SOFIA experiments were performed at GSI in 2012 and 2014. At GSI relativistic 238U
beam can be produced. Its fission can be studied but also numerous secondary beams can be
produced. Results on 236U were presented. The reverse kinematics technique is used and allow
at the GSI energies to completely separate every fission fragment in Z. The mass resolution
is also very good and very precise individual fission products can be obtained. In the SOFIA
experiment, fission is induced through Coulomb excitation that mainly excite the Giant Dipole
Resonance (GDR). Thus the fissionning compound nucleus is equivalent to the same as for
the 235U neutron induced fission at 8 MeV. Cumulative yields were deduced and compared
to measurements performed in neutron induced fission experiment. SOFIA results represent
an opportunity to obtain yield free from nuclear data, and can help to disentangle systematic
uncertainties. In the future (p,2p) reaction will be used to induce fission and will allow to
measure the excitation energy. The acceleration of 242Pu primary beam could also allow to
study plutonium isotopes, and others with masses less or equal to 242.

Finally the FALSTAFF spectrometer was presented. One arm is built and its completion in
2020 will permit to obtain individual fission product yields through the 2v-2E method. The
total kinetic energy of the fragment will be also measured, and neutron multiplicity of each
fragment in the case of first chance fission. Experiment will be performed at the Neutron For
Science (NFS) facility at GANIL.
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2.4 A. Tonchev, Experimental activity at LLNL

Anton Tonchev described work done by LLNL and LANL team at the Triangle Universities
Nuclear Laboratory (TUNL) on new measurements including fission yields. This included the
ability to perform time and energy dependent cumulative fission product yield (FPY) mea-
surements not only on very long-lived cumulative FPYs with half-life of days or weeks, but
also on fission products which are 5-6 precursors removed from the line of stability. The last
one usually have half-lives of a few seconds or less. Measurements of these short-lived FPYs
will require new experimental techniques, such as developing and commissioning a new fast
transport system at TUNL, to produce complete and consistent yield sets of data for fissioning
systems important for basic fission theory and applications. The available mono-energetic neu-
trons produced in charged-particle reactions were discussed, highlighting the limitations in the
9–14 MeV range due to contamination with breakup reactions. Prof. Chiba reminded the par-
ticipants of the experimental work done decades ago identifying an additional reaction such as
1H(11B,n)11C to generate monoenergetic neutrons with incident energy of about 11 MeV. The
downside of this approach is the low reaction cross section.

The experimental setup was described, including the use of ToF techniques for energy discrim-
ination and HPGe detectors for activation measurements over a wide range of timeframes up
to months post irradiation. Additionally, a fast rabbit transfer system was developed to handle
short cooling times and to identify additional, short-lived isotopes. These included both 1 me-
ter rabbit system with a transfer time of 400 milliseconds and a 10 meter rabbit system with a
transfer time of 1 second.

FPYs sesults were shown for a range of incident energies (0.5 – 15 MeV) and new measurements
on many fission products. Several measurements were performed in order to address cases with
discrepant measurements and to probe the energy dependence of some specific isotopes. The
energy dependence work showed a seemingly surprising result, with dominant mass products
increasing in yield as a function of incident neutron energy in the range of 1–4 MeV. At higher
neutron energies, 5–14 MeV, the FPYs at the asymmetric mass distribution decrease. The unex-
pected trend of the FPY cannot be readily reproduced by existing, data-based phenomenological
models. An even larger challenge for all fundamental theory-based models of nuclear fission is
the positive slope found for high-yield fission products from neutron induced fission on 239Pu
and to a lesser extent on 238U. This is contrary to the low-energy slop of the same FPYs from
235U, suggesting different interplay between the pairing and shell effects in these fissile nuclei
at low-excitation energies. It was argued whether this is corelated with trends in TKE and other
measurements performed by D. Duke et al. This was questioned by some participants and it
was agreed that repeated measurements in this energy range would be welcome to clarify the
trends are not due to statistical fluctuations.
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2.5 J. Silano, Experimental activity at LLNL

Jack Silano presented γ-ray-induced fission product yield measurements performed by the
LLNL-LANL-TUNL collaboration using the High Intensity γ-ray Source (HIγS) facility at Tri-
angle Universities Nuclear Laboratory. This work is an extension of the experimental capabil-
ities for measuring neutron-induced fission product yields described by Anton Tonchev. A de-
scription was giving of the production of intense, monoenergetic γ-ray beams at HIγS through
inverse Compton scattering of free electron laser photons by high energy electrons.

Progress was presented on experimental efforts to test using AZ(γ,f) as a surrogate experimental
probe for A−1Z(n,f) by comparing the fission product yields from 239Pu(n,f) and 240Pu(γ,f). The
239Pu(n,f) measurements were performed at an incident neutron energy of 4.6 MeV, so the
240Pu(γ,f) measurements were performed at an incident γ-ray energy of 11.2 MeV to create
a compound 240Pu nucleus with the same excitation energy. The comparison of these fission
yields tests the combined effects of the Bohr Hypothesis for compound nuclear reactions and the
spin and parity of the fissioning compound nucleus on the fission product distribution. Fission
product yield measurements for both reactions were measured using the same techniques and
the same detectors, putting both sets of data on the same systematic footing.

The yields from 240Pu(γ,f) at an incident γ-ray energy of 11.2 MeV were remarkably consistent
with the yields from 239Pu(n,f) at an incident neutron energy of 4.6 MeV. Comparisons of the
240Pu fission yields to the yields from 239Pu for other incident neutron energies spanning the
range of 0.5–14.8 MeV were all consistently in worse agreement than the 4.6-MeV data set.
Additionally, the yields from 235U(n,f) and 238U(n,f) were also in poor agreement for all incident
neutron energies in this range. Future photofission measurements on 240Pu at additional γ-ray
energies will test whether the good agreement with 239Pu(n,f) remains at additional excitation
energies. There are also plans to measure fission product yields with half lives in the 100s
of ms using the fast rabbit transfer system with a 1 meter track length described by Anton
Tonchev.
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2.6 A. Sonzogni, Uncertainty quantification in the summation method for nuclear reac-
tor antineutrinos

Our presentation covered several topics. First, a status report on EXFOR compilations on FY
compilations, indicating that we have increased the effort from Otto Schwerer as well as bring-
ing another EXFOR compiler, Olena Gristvay from Kiev, to contribute to this project. Second,
we mention that a new postdoc, Andrea Mattera, would join BNL in July to work on obtaining
recommended experimental fission yields.

Another project we have been working on is the obtention of cumulative FY correlation to de-
duce realistic uncertainty estimates in summation calculation. We have found that the GEF
codes gives quite satisfactory independent FY correlations, which we then converted into cu-
mulative FY correlations using the ENDF/B-VIII.0 decay data sub-library. We have applied
these correlations in three areas (a) uncertainties in Inverse Beta Decay antineutrino yields from
nuclear reactors, (b) total energy, prompt and delayed, release following fission, and (c) ener-
gies carried by antineutrinos following fission. In particular, for the 2nd point, we have also
surveyed the values provided by the ENDF/B library and found some discrepancies, which we
are exploring.
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2.7 T. Kawano, Evaluation of energy-dependent FPY (LANL progress report)

Kawano summarized issues in the current evaluated fission product yield data files; discrep-
ancies in the measured FPY of important isotopes, as well as the limited number of neutron
incident energies. The new evaluation effort in the US consists of the measurements of FPY, the
compilation of experimental data and recommendation of evaluated FPY, and the model code
development for the evaluation. The structure is shown in Fig. 3.
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Figure 3: Multi-Laboratory effort toward the new FPY library in the US

The model-calculation based evaluation for independent and cumulative yields at LANL con-
sists of the Hauser-Feshbach statistical decay of the excited fission fragments, and the β-decay
of independent fission products. LANL is extending the model to the higher neutron-incident
energies where the so-called multi-chance fission should be taken into account. Emission of
the pre-fission neutron is calculated with the LANL Hauser-Feshbach code, CoH3, by adjusting
model parameters to reproduce the total fission cross section of 235,238U, and the calculated aver-
age energies of the pre-fission neutron, 〈ε〉 were reported. 〈ε〉 is used to estimate the equivalent
neutron-incident energies for the multi-chance fission, in order to decompose the measured total
kinetic energies (TKE) into the chance-fission contributions. This technique suggested that the
small bump in the experimental TKE seen near 6 MeV is an evidence of the second chance
fission.

Kawano also briefly mentioned about some future plans of the model code development. The
model will be combined with more microscopic approaches to better predict the FPY data
where experimental data are scarce. The micro-macro model for fission potential energy surface
will be applied to the initial fission fragment distributions, and the number projection method
will replace Wahl’s Zp model. Finally a large scale model parameter optimization will be per-
formed.
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2.8 K. Tsubakihara, Evaluation activity at Tokyo Tech

Kohsuke Tsubakihara of the Tokyo Institute of Technology presented their work on develop-
ment of a new semi-empirical fission yield evaluation model, which produces the independent
fission product yield.

We developed a parser to convert and process experimental data retrieved from the EXFOR
database directly from the EXFOR Original format. Statistics on the extracted data for all the
fissioning systems given in EXFOR at different incident energies were shown in the presen-
tation. An isobar distribution of the retrieved experimental data for the independent fission
product YI(A,Z) was fitted by a modified formula of the scission-point model proposed by
Wilkins et al. [6]. It is assumed that YI(A,Z) distribution for a given A can be expressed by the
Gauss function and it is proportional to the mass yield YM(A), where odd-even staggering Foe

is given as

YI(A,Z) ∝ exp

[
−ELD(A,Z) + Φ(E∗)∆Esh(A,Z)

T (A,Z)

]
= YM(A)× Foe ×

1√
2πσ(A)

∫ 0.5

−0.5

exp

[
−Z − Zp(A) + t

2σ(A)2

]
dt (1)

Foe = exp

[
−∆Esh(A,Z)

Ed(A,Z)

]
,

where all the physical quantities are defined in the presentation. YI(A,Z)’s for a large number of
fissioning systems at the thermal and fast energies were newly calculated using Eq. (1). Results
of data fitting and study on the systematics of fitting parameters were shown in the presentation.
The systematics study was applied to produce YI(A,Z) of the fissioning systems in the case
where experimental data is not abundant. Since the experimental isomeric ratio data are quite
limited, the Hauser-Feshbach statistical decay code, TALYS, was used to obtain the isomeric
ratios. An example of schematic view of the isobaric yield distribution is shown in Fig. 4. In

Figure 4: Schematic view of isobaric independent yield distribution. In even A isobaric distribution, the yields of
odd N -odd Z (even N -even Z) fission products are smaller (larger) than the naively-expected Gaussian distribu-
tion.
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the present evaluation, some experimental data that were measured as a ratio to the well-known
fission yield such as 99Mo, were excluded. It was suggested by the participants that the ratio
data would be worthwhile to include in the evaluation, and will be taken into account in the next
evaluation.

We calculated the cumulative fission product yield YC(A,Z), decay heat and delayed neutron
yields using the new YI(A,Z) data. Some β-decay observables were shown in the presentation.
It was mentioned that the isomeric ratios are essential to reproduce the experimental delayed
neutron yields. The YC(A,Z) is used for a burn-up calculation to compare the PIE data of
Takahama-3 and Mihama-3. The results showed better agreements than the case where JENDL-
FPY/2011 is used.

The covariance matrices for the evaluated FPYs were generated by applying the generalized
least-squares method, where various fundamental constraints required in the FPY data are in-
volved, such as the normalization of total fission product yields, as well as the constraints com-
ing from the Z and A number conservation. To include these constraints in the evaluated co-
variances, the updated covariance matrices are calculated as follows,

Vupd = Va − VaSt
(
StVaS + V

)−1
SVa , (2)

where Va is the prior covariance matrix, S is the sensitivity matrix, and V is the covariance
matrix of experimental data. When these correlations are introduced to calculate the uncertain-
ties on the cumulative yields, they will be comparable to the uncertainty values by England and
Rider. An example is presented in Fig. 5, which is the A = 102 isobar yield distribution for
the 235U + nth fission. As seen in the figure, the error-band shown by light-pink seems to con-
form to England-Rider’s evaluated uncertainty, while the calculated uncertainties without any
correlations, shown by the dark-green shaded area, are much larger.
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Figure 5: Isobar yield distribution at A = 102 for 235U + nth fission. Evaluated independent yields (IND) and
their errors are in blue-solid line. Calculated cumulative yields (CML) and their errors are in red-dashed line.
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2.9 N.C. Shu, Yield evaluation activity at CNDC

Nengchuan Shu presented an overview of the development and progress in the CENDL/FPY
library project from 1987 to 2016. After the completion of CENDL-2.0/FPY in 1987, the FPY
data for the neutron induced fission on 233U, 235U, 238U and 239Pu were evaluated with the Zp

model and a phenomenological model.

From 2018 a new program of development has been underway, which includes development of
new theoretical models of fission, new experimental measurements, and ultimately new evalua-
tions.

Similar to the other FPY evaluation groups, the CENDL community has extracted and devel-
oped their own local EXFOR database for use in evaluation work. This has been done in parallel
to the development of the Yield Evaluation System (YES) with the version 1.0 in use. This code
package uses the VisualBasic GUI, and it accepts a variety of input data formats, such as EX-
FOR data in EX4Comp, gamma data in XML, and yield data in MYSQL database.

With the YES package, the CENDL community is currently updating the 233U, 235U, 238U and
239Pu fission product yields. Recently, the yield ratio data including R-values in the EXFOR
database were investigated for 99Mo and 140Ba from n+235U fission, and showed they could be
a several percent higher at fission energy. It needs to be carefully verified further because these
two yields are often used as a standard in evaluation work.

We continue development of the YES package to include additional models, and coupling with
the GEF code. This is part of the project to release a new fission yield evaluation for CENDL-
3.2, as well as part of a longer-term strategy for new evaluations over the 5-year period.
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2.10 F. Minato, Calculation of most probable atomic number by Skyrme HF-BCS

Futoshi Minato presented work by JAEA on new neutron-induced fission yield study. He first
introduced recent activities at JAEA, then talked about his work on the fission yield. In the
studies shown, the models of England and Rider were extended to consider energy dependence
by utilizing an energy-dependent Zp model. The parameterisation of the Zp was determined by
fitting to delayed neutron data. However, this kind of approaches is not capable of evaluating Zp

of fissile nuclei that have no experimental data. To seek out the solution, the presentator exam-
ined atomic number Z of two fragments calculated by a constraint Skyrme-Hartree-Fock+BCS
(SHFBCS), and compared it with the evaluated Zp of England and Rider. The SHFBCS can
only give the mean value of Zp, so that dynamical calculations like Langevin model are usu-
ally required to reproduce fission yield distribution. However, it was shown that the constraint
SHFBCS reproduced the evaluated value of England and Rider within δZp= 0.6. The results
for neutron induced-fission for 235 and 239Pu are shown in Fig 6 and 7, respectively. Note that
the SHFBCS calculation was carried out with SkM* force and the mass (A) distribution of light
and heavy fragments was calculated by integrating the densities. The light and heavy fragments
are separated at the neck point, which is determined by searching the lowest density. It was also
assumed that the scission occurs at which the mass distribution of light and heavy fragments
becomes nearly constant (Q2 ∼ 2 barn).
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Figure 6: Zp of England and Rider evaluation for thermal neutron-induced fission of 235U(solid line). The left and
right panels show different scale of A. The result of the SHFBCS calculation is also plotted (circles).
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Figure 7: Same as Fig. 6, but for thermal neutron-induced fission of 239Pu.

From Fig 6 and 7, Zp evaluated by England and Rider can be approximated to have a linear
A-dependence. Since the SHFBCS calculation is able to give two sets of A and Z, namely for
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light and heavy fragments, it was suggested that one may be able to predict theA-dependence of
Zp for fission systems that have no experimental data by drawing a line following the two points
calculated by the constraint SHFBCS or other microscopic theories. It was also pointed out that
the deviations between the evaluated data and the calculated result are close to the number of
prompt neutron with respect to A (δA 2.5 − 2.7). If excitation energy of two fragments would
be calculated successfully by the SHFBCS, we would be able to obtain more accurate results
by estimating the neutron emission from the fragments by a statistical model.

It was also presented that JAEA plans to adopt the fission product yields evaluated by Tokyo
Institute of Technology for next evaluated fission yield data file, and to update the decay data
including the newly evaluated delayed neutron branching ratio by IAEA CRP on β-delayed
neutron as well as a new calculations of quasi-particle random phase approximation.
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2.11 S. Okumura, Study on independent and cumulative fission yield calculations using
fission observables taken from the EXFOR database

Shin Okumura presented work on a combination model of the Hauser-Feshbach statistical decay
and β decay calculations. The Hauser-Feshbach theory has been applied to the de-excitation of
fission fragments without requiring the computer resources that Monte-Carlo calculations re-
quire. The way of generations and integrations of the primary fission fragment distributions
YP (Z,A,M,EEX , J,Π), the de-excitation, and β decay model was explained. For the energy
sharing between two fission fragments, an anisothermal assumption was introduced with a pa-
rameter RT , a ratio for nuclear temperature of the heavy and light fragments.

Various fission observables are calculated simultaneously by Hauser-Feshbach statistical decay,
such as the independent fission product yield YI(Z,A, Z) and the neutron multiplicity as a
function of fission fragment mass ν(A) (Figure 8). Important trends, such as the ‘saw-tooth’
structure of ν(A), were reproduced, although specific measurements with low yields were not
in precise agreement. This may be largely attributed to under-reported uncertainties and/or
mass resolution issues with these data. Other calculated trends were shown, including mass
distributions, and isomeric yield ratios.
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Figure 8: Neutron multiplicity and independent fission
product yield as a function of fission product mass.
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Figure 9: Independent and chain (cumulative) fission
product yields as a function of fission product charge.

The neutron rich fission products undergo negative β decay. The calculated YI(Z,A, Z) is used
for β-decay and summation calculations. The cumulative fission product yield YC(Z,A, Z),
decay heat, delayed neutron yield can be obtained. Good agreement is found for several cases,
such as cumulative yields (Figure 9) and decay heat, however delayed neutron data are often
very sensitive to individual isotope production and this data is generally more difficult to repro-
duce.

This approach of the calculations of fission product yields and other observables simultaneously
is extended up to 5 MeV of the incident neutron energy. The energy dependent cumulative
yields for some elements is confirmed as reasonably comparable to the recent measured data by
Tonchev et al. in LLNL.
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2.12 S. Chiba, Needs for and requests to fission-related data compilation from theory
and evaluation view points

Chiba gave an overview of the theoretical studies of fission processes done at Tokyo Institute of
Technology and how this integrates with the evaluation work carried out primarily by JAEA for
the Japanese Evaluated Nuclear Data Library (JENDL) and studies of astrophysical nucleosyn-
thesis.

Examples of the astrophysical models using multiple r-process models were shown, including
the need for ‘Fission Recycling’ to complement specific mass regions. Fission fragment mass
distributions (cumulative and chain yields) were reviewed for 235U thermal fission, with EX-
FOR data compared against each other and against simulations from different models and the
evaluation nuclear data libraries. The peak atA = 134 was identified as an area of concern, with
discontinuities and asymmetries difficult to analyze. All theories (at the time this comparison
was made 3 years ago) fail to reproduce this peak, which lead to a conclusion that theories are
not accurate enough to be used in data evaluation where a very high accuracy is required from
reactor applications. Therefore, Tokyo Tech. group has take an phenomenological approach,
which is an extension of the traditional Wahl-type method, but the even-odd and shell effects
are given by the shell-correction energy of Koura et al. It was decided by JENDL group that
outcome of the Tokyo Tech. work on fission yield will be included as the JENDL FPY data file
in near future. Although the approach is rather close to traditional, it will be an important step
forward modernization of the fission yield data and methodologies to achieve that.

Charge polarisation was described with the mass dependent charge polarisation systematic of
Wahl questioned within the symmetric fission case. Prompt neutron multiplicity as a function of
fragment mass was also discussed, as another set of important data that simulation is challenged
to reproduce. Average spin of the fission fragment as a function of fragment mass number
shows a saw-tooth structure similar to that of the prompt neutron multiplicity. This quantity is
necessary for statistical decay calculation of fission fragments, so information like isomer ratio,
which is directly connected to the spin of fission fragments, is required. Experiments as well as
compilation are highly required.

Various simulation results were then shown, such as Q20 as a function of A, where greater
deformation of the light fragments is a direct prediction from the models considered, as well as
other effects. Work to simulate the excitation energy of the fission fragments is ongoing.

It was noted that TKE/mass double distribution data is important and not generally included in
EXFOR. Some of this data is published only as figures and/or is available exclusively through
private communication, but should be in EXFOR. It was also proposed to include pre-neutron
yields into EXFOR, which is not currently done and/or is not done systematically. The use
of infinite-duration cumulative data was also raised, as some evaluations include a particular
time constant to control the cumulatives that are generated (e.g. 1000 years in the JEFF evalua-
tions).
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2.13 J. Lee, Calculation of fission fragment mass distribution by using a semi-empirical
method

J. Lee gave a talk on the calculation of fission fragment mass distribution with a semi-empirical
fission model developed at KAERI. Due to a short half-life, it is difficult to measure the fission
product yields of the nuclides near the neutron drop line. Thus, we try to develop a semi-
empirical fission model that can reproduce the fission product yields in a simple way but with
a relatively good accuracy. In this study, a compound nucleus is treated as a microcanonical
ensemble and it is assumed that the fission product yields are proportional to the level density
of compound nucleus at the saddle point. The potential energy at the saddle point consists of the
macroscopic term from the liquid drop model and the shell correction terms. They are described
as a parabolic and a Gaussian functions, respectively. Among the ten model parameters, four
parameters are fixed base on the previous studies and thus only six adjustable model parameters
are determined by fitting.

This semi-empirical fission model is applied to calculate the mass distribution of uranium and
plutonium isotopes. It was found that overall features of the fission yields are reproduced quite
well. The degree of agreement between the model prediction and the ENDF data is comparable
with other semi-empirical models. At present, we try to apply this model to describe the pre-
neutron fission product yields in the same manner.
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2.14 Y.J. Chen, Theoretical study on fission in CNDC collaboration network

Yongjing Chen presented the progress on theory and modeling study at CNDC, which is in
collaboration with Peking University (PKU) and Southwest University (SWU) in China. Study
on the fission dynamic at low excitation energies, which is based on the three-dimensional
Langevin approach plus a constraint on the heavy fragment deformation, preliminarily shows a
good agreement with the measured mass distribution; this work was performed by Lile Liu at
CNDC [5]. The TDGCM based on the covariant density functional theory (CDFT) is developed
at SWU, and it was applied to analyze the statical and dynamical aspects of the fission process
of 226Th. New calculations of 5D fission barriers for actinide nuclei are done in PKU. The
nuclear shape was described with the 5D generalized Lawrence shape. The LSD model and the
Folded-Yukawa potential were used to calculate the macroscopic energy and the microscopic
correction energy, respectively.
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3 Summary of discussion and recommendations

The participants had several discussions on fission product yields and the experimental databases,
that were broadly divided into four categories. These include summaries related to (1) EXFOR
data, (2) Experimental activities, (3) Evaluations and (4) Theory & Modelling.

3.1 EXFOR data

The work of the International Network of Nuclear Reaction Data Centres (NRDC), the US
National Nuclear Data Center (NNDC), the OECD Nuclear Energy Agency Databank (NEA-
DB), the International Atomic Energy Agency (IAEA) Nuclear Data Section (NDS) and other
centres, is greatly appreciated and the progress has been impressive over the past few years in
compiling new and legacy data sets.

The standard, comprehensive portal for accessing EXFOR data, https://www-nds.iaea.org/exfor/,
is impressive in the breadth of quantities that can be searched. The many thousands of potential
search queries that EXFOR is designed to accommodate are often overwhelming to many users
who often only wish to explore a few dozen potential data types. This is such a significant issue
that some experts with decades of experience in the field were unable to access essential data
within the EXFOR database due to the complexity of the interface, or were simply unaware that
EXFOR contained data of interest for their work.

The participants expressed their desire, personally and on behalf of the user communities that
they interact with, to have a streamlined system to access EXFOR data without requiring them
to use complex reaction coding and/or complex systems designed to parse the many search
possibilities. The IAEA presented an effort that was targeted at this requirement and it was
universally encouraged by the participants that the IAEA continues development in this direc-
tion.

Simplified user interfaces (UIs) that focus on particular data types (e.g. fission product yields)
were widely appreciated by the participants and they encouraged the IAEA to make any possible
progress in developing dedicated web portals to access these specific subsets of the EXFOR
database. The progress that the IAEA has already made in this direction was commended by
the participants.

Several systems have been developed to access and visualise EXFOR data, including, but not
limited to, fission product yields, such as:

• IAEA-NDS EXFOR web retrieval system

• OECD-NEA JANIS

• US NNDC Sigma System

Several systems are in development that replicate and/or complement the functionalities of those
above, including:

• CIAE-CNDC Yield Evaluation System (YES)

• IAEA-NDS Livechart of Nuclides

• US NNDC NuDat
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Although the NRDC has made great progress in adding experimental data to EXFOR for fis-
sion product yields and other fission observables, it was noted that many datasets are currently
unavailable in EXFOR. These can be separated into three general cases:

• Published work that have not yet been compiled

• Unpublished work that is the subject of ‘private communication’ or otherwise known of
but unavailable

• Work not included in digitisable format within the published work

Two studies were carried out by the US NNDC and IAEA NDS to review data that is published
or unpublished but not yet included in EXFOR. The NNDC work primarily utilised the NSR
database while the IAEA work studied the report of England and Rider as well as the PhD thesis
of Mills. The output of this works were distributed as NRDC memos Memo CP-C/464, 465
and 466 as well as CP-D/979 4 whose content will be included in the NRDC Allocation List5.
Continued work to compile these into the EXFOR database and correct any remaining issues
were strongly welcomed by the participants. Users are strongly encouraged to promptly report
any errors that they may find in the current EXFOR and were reminded that the NRDC actively
monitors and acts upon the list of reported errors in the EXFOR database6. The proposal made
in the meeting to provide a form for submitting requests to compile new entries was supported
by the participants.

For fission yields, formats such as C4 and C5 do not possess the required functionality to handle
many quantities and the participants strongly encouraged the responsible maintainers to devise
a solution in collaboration with the EXFOR community to address these data.

The participants noted that there are several formats for the data contained within the EXFOR
database, ranging from the base EXFOR data to processed C4/C5, and others. Limitations in
some of these formats have necessitated the use of new formats implemented by different par-
ticipants. Various attempts to parse EXFOR data into different non-text schema were presented
by different participants to the meeting or in recent conferences. It was recognised that this rep-
resents significant duplication of effort and that the current EXFOR format is maintained and
designed to meet the needs of the compiler community, rather than the needs of users. A coor-
dinated effort to design and implement a modern format for users, using an extensible schema,
were strongly encouraged by the participants. This must include participants from outside the
EXFOR compiler community, including experimentalists and evaluators. The Generalised Nu-
clear Database Structure project7 coordinated by the OECD-NEA WPEC may offer some useful
guidance based on the experience gained in the past years.

3.2 Experimental data

Experimental work for fission observables were summarised from participants from France
and the US. These covered measurements carried out by CEA and the LLNL-LANL-TUNL
collaboration, respectively. Several other experimental activities were noted as having recently

4Available online at https://www-nds.iaea.org/nrdc/memo_cpc/ and https://www-nds.iaea.org/nrdc/
memo_cpd/

5Available online at https://www-nds.iaea.org/nrdc/alloc/
6Available online at https://www-nds.iaea.org/nrdc/error/
7More information on EG-GNDS may be found onlinen at: https://www.oecd-nea.org/science/wpec/gnds/
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completed or are ongoing, including activities in China, LBNL, the Republic of Korea, although
these were not presented by participants at this meeting.

From the presentations given at the meeting, it was noted that discrepancies exist between the
Laurec data and US measurements for 239Pu in fast ‘fission-like’ reactor spectra. Repeated
measurements were completed and are being analysed by CEA at ILL for 235U and additional
measurements for 239Pu are planned at Saclay. The unique capability offered by the SOFIA
experiment, including excellent mass and charge resolution, provides an opportunity to obtain
absolute measurements for a wide range of system. These were very complementary to the
experiments carried out at HIγS, where equivalent γ-fission measurements are being carried
out and may be directly cross-compared. These HIγS measurements are being performed for a
range of mono-energetic gamma energies, including several carefully selected incident energies
that allow direct comparison between γ- and neutron-induced fission.

The ongoing neutron-induced measurement campaigns are addressing the energy-dependence
of fission product yields as well as the yields of short-lived products with half-lives down to
several hundred milliseconds. The mono-energetic incident energies probed in these studies
covered an impressive range but, as acknowledge by the participants, this may be enhanced
by considering additional reactions, such as the 1H (11B, 1n) 11C, that the participants were
reminded of [4]. The participants were extremely impressed with the progress made in these
facilities and analyses and look forward to having data analysed, published and compiled into
EXFOR in the very near future.

The existing evaluation libraries relied upon well-known databases such as those prepared by
England/Rider and Mills. However, these are based on legacy measurements that are largely
improved upon with modern techniques, such as those presented in the meeting.

3.3 Evaluation

The ENDF-6 format currently has no correlated uncertainty format for fission yields within
the MF=8, MT=454 and MT=459, although it allows evaluators to include uncorrelated un-
certainties. It has been routinely noted that applications using the uncorrelated uncertainties
calculate propagated uncertainties that are not in agreement with many standard experimental
uncertainties, including fundamental quantities such as cumulative yield uncertainties.

The participants universally requested that the ENDF-6 format be extended to allow correlations
in fission yield uncertainties to be stored. The CSEWG executive chair agreed to raise this issue
at the upcoming November 2019 meeting and invited the participants to attend and make the
case for this format extension to the relevant committee.

There are various fission yield evaluation projects ongoing in the participants’ countries, includ-
ing the CIAE-CNDC programme for CENDL, the JAEA and Tokyo Institute of Technology
collaboration for JENDL, the KAERI evaluation programme in the Republic of Korea, and the
LANL-BNL collaboration in the US. While these projects each take different approaches, rang-
ing from microscopic to empirical (and multiple approaches within each national programme),
they all must ultimately agree with experimental data and this will require an updated and main-
tained experimental database akin to those employed in legacy evaluated files.

Various datatypes that have not been included in previous evaluation databases, such as the
yields as a function of total kinetic energy and mass number, Y (TKE, A), will play an impor-
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tant role in producing the next generation of evaluated nuclear data libraries, and these data
should be collected in future EXFOR compilations, as well as retroactively requested for exist-
ing entries.

3.4 Theory and Modelling

The participants noted that fission modelling has benefitted from considerable research in the
past years, and that more sophisticated modelling techniques are expected to play an important
role in the production of improved and more predictive evaluations. Several outstanding issues,
such as the application and extension of the Wahl Zp model and even-odd effects in charge
distributions, may be addressed with new microscopic theories or refinements to the existing
systematics. The use of more physical de-excitation models, such as the Hauser-Feshbach ap-
proach described in this meeting, offers a more robust method for calculating isomeric ratios
than the Madland and England model that has been used in previous evaluations.

As the EXFOR database covers only a limited number of the fissioning systems, for a sub-
set of incident particle energies and (except for a select few isotopes) a few fission products,
modelling is fundamentally required to produce complete evaluations including calculated re-
sults for values that have not been experimentally measured. For example fission yields at any
incident energy, as well as minor actinides and other isotopes.

3.5 Next consultancy meeting

The participants agreed that this activity is still relevant after the upcoming CRP on fission
yield evaluation launches, due to the importance of experimental data and its compilation into
the EXFOR database. These meetings should include both NRDC delegates as well as experi-
mentalists and evaluators to ensure that the end-users and the EXFOR compilation community
are fully informed of ongoing activities.
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Appendix A Fission product yield data coverage in EXFOR

Field definitions

• Mills: The reference number in the R.W. Mills’s thesis[3].
• E-R: The reference number in the T.R. England and B.F. Rider’s report[2].
• Author: 1st author’s name.
• Reference: EXFOR format reference.
• EXFOR: Entry number is listed if the related EXFOR entry has already existed, entry

number in parentheses indicates that related or partial data is already in EXFOR but with-
out clear indication of the specified Reference, and ’new’ indicates that the new entry must
be created from the Reference.

Mills E-R Author Reference EXFOR
78BYA1 A.A.Byalko+ R,INIS-SU-38,1978 40257

159 68DEL1 A.A.Delucchi+ J,PR,173,1159,1968 13232
77 70DEL1 A.A.Delucchi+ J,PR/C,1,1491,1970 13266
2092 85HAS1 A.A.Hasan+ J,ANS,49,209,1985 32667

80NAQ1 A.A.Naqvi R,KFK-2919,1980 21661
2044 84TEP1 A.A.Solonkin+ C,83KIEV,2,251,1983 40877

88SOL1 A.A.Solonkin+ J,SJA,64,497,1988 40964
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