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Nuclear data underpin all nuclear science and technology
Nuclear data = basic data for the numerical simulation of nuclear systems

q Basic data
Cross sections, energy/angular distributions, multiplicities, fission yields, 
radioactive decay data, etc.

q Nuclear systems
Nuclear reactors, criticality-safety, medical applications (radiotherapy), 
neutron sources, transport and storage of radioactive material, 
radioprotection, nuclear astrophysics (nucleosynthesis), design of nuclear 
physics experiments, etc.
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For all these systems one needs to simulate,

o Interaction of particles/radiations with materials
o Particle/radiation transport (propagation/multiplication/absorption)
o Depletion/evolution with time of the nuclide concentration/radioactivity

Nuclear data = central values + uncertainties + uncertainty correlations

5

What are nuclear data

25/01/2024n_TOF Nuclear Physics Winter School / 21-26 January 2024 / Saint Gervais les Bains, France



Disposition : Titre et contenu

q Nuclear structure
o Nucleus mass and excited levels spin, parity, half-life
o Decay modes: a, b, g, n, p, Spontaneous Fission (SF)
o Branching ratio
o Lines/spectra of emitted radiations

q Nuclear reaction (energy dependent)
o Cross sections (or resonance parameters)
o Angular/Energy distributions of emitted particles/radiation
o Yields of residual nuclides

q For fissile nuclides (incl. SF)
o Fission product yields (before emission of delayed neutrons)
o Spectra and multiplicity of prompt and delayed neutrons (and gammas)
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q Despite progress, there is no Standard Model of the nucleus describing 
nuclear reactions from first principles (i.e., QCD and QED in a strongly 
correlated n-body quantum system)

q Nuclear reaction models have been developed thanks to nuclear data 
measurements (of cross sections, angular distributions, etc…)

q New measurements allow to improve further the nuclear data quality (i.e., 
accuracy, consistency, completeness),
o Directly, by updating the evaluated nuclear data file
o Indirectly, by improving the nuclear reaction models
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q Phenomenological models may interpolate and (slightly) extrapolate when 
experimental data are available

q Microscopic and semi-ab initio models are required when there is no 
experimental data

q Truly ab initio models are a long-term goal for answering needs of many 
applications

Nuclear models are the basis for consistent nuclear data evaluations (e.g., 
TALYS-based Evaluated Nuclear Data Library, TENDL)
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Properly weighted (e.g., by GLSQ fit) combination of information from 
measurements and theoretical models to provide recommended values and 
uncertainties

Nuclear data evaluation requires knowledge from two different but connected 
fields: nuclear physics and nuclear applications

The goal is to perform better simulations, which means more accurate, 
comprehensive and/or consistent nuclear data, depending on the application
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Objectives of the validation process by the nuclear data users:

1. Determine whether the quality of the data is sufficient to meet the 
simulation requirements (e.g., accuracy)

2. Identify the data that need to be improved further
3. Provide feedback to evaluators and physicists (i.e., nuclear data 

producers)

q The validation is performed against various benchmark experiments at 
various scales (reaction channel, nuclide-evaluation, full library)

q Multi-scale validations against various types of benchmarks aim at 
minimizing error compensations
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Nuclear data are formatted according to the ENDF format and stored in 
evaluated libraries containing hundreds or thousands evaluations (isotopes)

q TENDL (IAEA, PSI) thousands of isotopes
q ENDF/B (USA) hundreds of isotopes
q JENDL (Japan) hundreds of isotopes
q JEFF-3.3 (Europe) hundreds of isotopes
q Sub-libraries are available for activation, decay data, fission yields, etc.
q Application libraries are also available: FENDL (fusion), IRDFF (dosimetry)

An evaluated library is not an archive (as EXFOR is for instance), the goal is 
not to store knowledge, but to make numerical simulations => a nuclear data 
evaluation must be complete
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To answer needs of different communities (application-wise or country-wise)
q Feedback from integral measurements
q New energy range to cover
o up to 10 MeV for thermal reactors
o up to 20 MeV for fast and fusion reactors
o up to 200 MeV for accelerator-based systems

q New incident particles to consider
o Deuton GANIL-SPIRAL2, IFMIF-DONES
o Proton Accelerator Driven Systems (n_TOF, ESS, MYRRHA)
o Photon Active screening of containers

q Missing isotopes
q Improvements in nuclear reaction models and new measurements
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Different energy ranges in the evaluations correspond to different models

q Resolved resonance region: <D> >> <G> (En < ~10-100 keV)
o R-matrix theory
o Resonance parameters in evaluations => cross sections

q Unresolved resonance region: <D> ~ <G>
o < R-matrix > (statistical model)
o Average resonance parameters in evaluations => cross sections

q Statistical continuum region: <D> << <G> (En > ~100-1000 keV)
o Optical model, direct/pre-equilibrium/statistical models, …
o Tabulated cross sections in evaluations
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The R-matrix theory is not predictive

q Resonance parameters are fitted on (n,tot), (n,g), (n,f) cross section 
measurements.

o Position (Er)
o Spin and parity (Jp)
o Partial width (Gn, Gg, Gf)
o Nuclear radius

q Typically, parameters of hundreds of resonances are adjusted
(using analysis codes such as REFIT, SAMMY or CONRAD)

o Input for Atlas of neutron resonances, ENSDF, and evaluated files
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Hauser-Feshbach formalism for partial cross sections

q The s-wave parameters are extracted from the resolved resonance analysis
o Scattering radius R’
o L=0 (s-wave) S0 <Gg0>
o Average spacing D0

q Other parameters may be fitted on measured data or calculated
o L=1 (p-wave) S1 <Gg1>
o L=2 (d-wave) S2 <Gg0>
o Normalization

q These average parameters are directly used in evaluated files
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q Models in the statistical continuum region
o Scattering/Absorption: Optical model (ECIS)
o Nucleus deexcitation: Pre-equilibrium, statistical model (TALYS)

q Parameters of these models may be adjusted or calculated from (semi-)ab 
initio models

q In this energy range, the evaluated files contain the calculated cross sections
(not the model parameters)
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q What is the EXFOR library

o http://www-nds.iaea.org/nrdc/about/about-exfor.html (screenshot)

o Archive of experimental
nuclear reaction data

o Maintained by the Nuclear
Reaction Data Centres
(IAEA, NNDC, NEA, etc.)
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q EXFOR is an EXchange (text) FORmat and a repository

q Each entry contains subentries
o Bibliographic information
o Tabulated data

q EXFOR entry is a five-digit number
q 1st character is a digit for neutron-induced data
o 1 = NNDC area (USA and Canada)
o 2 = NEA Data Bank area (other OECD countries)
o 3 = IAEA NDS area (~rest of the world)
o 4 = CJD Obninsk area (Russia)

q 1st character is a letter for cp- and g-induced data
23
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q EXFOR is sometimes called the “Mother of all libraries”
o It is the ground for the development of all evaluated nuclear reaction 

libraries (particle transport, activation, dosimetry, standards, etc.)

q EXFOR is a long standing standard
o It has been successfully developed, maintained and updated for 50+ years 

by NRDC
o No local databases survived as long as EXFOR until now

q EXFOR is old-fashioned, but the best for data dissemination and long-term 
preservation
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q JANIS App & JANIS Web directly available from www
o http://www.oecd-nea.org/janis

q Browsing EXFOR with JANIS Web
o Home: http://www.oecd-nea.org/janisweb (screenshot)
o Content: http://www.oecd-nea.org/janisweb/tree (screenshot)
o Search: http://www.oecd-nea.org/janisweb/search/exfor (screenshot)
o Book: http://www.oecd-nea.org/janisweb/book/neutrons (screenshot)

q Direct links to EXFOR
o http://www.oecd-nea.org/janisweb/exfor (screenshot)
o http://www.oecd-nea.org/janisweb/exfor/22965 (screenshot)
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What is the ENSDF library

q Evaluated Nuclear Structure Data File

q https://www.nndc.bnl.gov/ensdf (screenshot)

q Recommended nuclear structure and decay data for all known nuclides

o Nuclear level properties (energy, half-life, decay modes, spin and parity)
o Gamma-ray energies, intensities, multipolarities, mixing ratios and 

conversion coefficients

o Nuclear radiation energy and intensity for other radiation types (a, b, n)
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q With NuDat available from www
o https://www.nndc.bnl.gov/nudat3 (screenshot)

q Browsing ENSDF with NuDat

o e.g., level scheme of 56Fe (screenshot)

o e.g., decay radiations from 137Cs (screenshot)

q Direct access to ENSDF is also possible to get the most up-to-date data
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What is the Atlas of Neutron Resonances

q Compilation of resonances properties (and more) for 
all measured nuclides
o Individual resonance parameters
o Thermal cross sections
o Maxwellian Average Capture CS (MACS)
o Average resonance parameters

q Several editions from the 50’s (known as BNL-325 
report) until the last one in 2018 by Mughabghab

q https://www.nndc.bnl.gov/atlas
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What is NACRE

q NACRE
o Charged-Particle-Induced Thermonuclear Reaction Rate Library (1999)

q NACRE II update and extension (2013)
o Reaction rates in the range 106 < T (K) < 1010

o Astrophysical S-factor for capture and transfer reactions
o 34 reactions on nuclides with mass A < 16

q http://www.astro.ulb.ac.be/nacreii
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What is KADoNiS

q Karlsruhe Astrophysical Database of Nucleosynthesis in Stars
o Data relevant to the s process (and p process)
o MACS, Stellar Enhancement Factor (SEF), Reaction Rates

q https://www.kadonis.org
updated test version at https://exp-astro.de/kadonis1.0
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q Traditional evaluated libraries leverage 50+ years of nuclear data development

o From ENDF/B-I (1968) to ENDF/B-VIII.0 (2018) (ENDF/B-VIII.1 in 2024)

o From JENDL-1 (1977) to JENDL-5 (2021)

o From JEF-1 (1985) to JEFF-3.3 (2017) (JEFF-4.0 in 2024-2025)

q Decrease of resources and increase of requirements (for accuracy, but also 
completeness and consistency) makes more and more difficult to improve 
further the evaluated libraries (but this is still done for important nuclides)
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q TENDL-2008 opened the path to a new approach based on TALYS (and other 
satellite codes) to produce complete, consistent and reproducible libraries

q TENDL-2023 is the latest version:

o Complete evaluations of all reaction channels, including resonances and 
covariances

o Consistent evaluations up to 200 MeV for 2850 isotopes and seven incident 
particles (n, p, d, t, 3He, a, g)

o However, the most application-sensitive files are taken from ENDF/B-VIII.0 
(1,2,3H, 3,4He, 6,7Li, 10,11B, 7,9Be, 12,13C, 14,15N, 16,17,18O, 19F, 232Th, 233,235,238U, 
239Pu)
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q ENDF-6 is the standardized format of evaluated libraries

o Well documented (400+ pages, manual available at 
https://www.nndc.bnl.gov/csewg)

o Text files in fixed-width format over 80 columns
o Old-fashioned but do the job handling all nuclear (and photo-atomic) data, 

plus supported by all processing codes worldwide
o Format adopted by all evaluation projects since the early days to facilitate 

exchange

q Modern XML-based structure (GNDS) is also available, but not as widely 
supported yet

33

ENDF format and processing

25/01/2024n_TOF Nuclear Physics Winter School / 21-26 January 2024 / Saint Gervais les Bains, France

https://www.nndc.bnl.gov/csewg


Disposition : Titre et contenu

q First ENDF-6 learning steps are cumbersome…

o MAT is the material number (e.g., MAT=5325 for 127I)
o MF is the quantity number (e.g., MF=3 for cross sections)
o MT is the reaction channel number (e.g., MT=18 for fission)

q The ENDF format requires complete information wrt energy range, reaction 
channels, quantities (i.e., some of the MF/MT are mandatory)
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q MF (main) quantities
see Table 4 of the ENDF format manual at https://www.nndc.bnl.gov/csewg
o MF=1 General information, nu-bar, fission energies
o MF=2 Resonance parameters (resolved and unresolved)
o MF=3 Cross sections
o MF=4 Angular distributions of emitted particles
o MF=5 Energy distributions of emitted particles
o MF=6 Energy-angle distributions of emitted particles
o MF=7 Thermal neutron scattering law data
o MF=12 Multiplicities for photon production
o MF=13 Cross sections for photon production
o MF=14 Angular distributions for photon production
o MF=15 Energy distributions for photon production
o MF=30-40 Covariances for the main quantities
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q MT (main) neutron-induced reactions
see Appendix B of the ENDF format manual at https://www.nndc.bnl.gov/csewg
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o MT=1 (n,tot)
o MT=2 (n,n)
o MT=4 (n,n’)
o MT=16 (n,2n)
o MT=17 (n,3n)
o MT=18 (n,f)
o MT=102 (n,g)
o MT=103 (n,p)
o MT=104 (n,d)
o MT=105 (n,t)
o MT=106 (n,3He)
o MT=107 (n,a)

o MT=151 resonance parameters
o MT=452 total nu-bar
o MT=455 delayed nu-bar
o MT=456 prompt nu-bar
o MT=458 energy release in fission
o MT=454 independent FY
o MT=459 cumulative FY
o MT=460 delayed g from fission
o etc.

https://www.nndc.bnl.gov/csewg
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q No processing for special sub-libraries such as Fission Yields, Decay Data

q However, most evaluated libraries needs further processing
o Reconstruction of cross sections (from resonance parameters and thermal 

scattering law)
o Doppler broadening at the desired temperature (application-dependent)
o Reconstruction of emission spectra
o Calculation of derived quantities (e.g., gas production, DPA, KERMA)
o Multi-group cross sections and covariances (application-dependent)

q Processing codes: Pre-Pro, NJOY, FUDGE (for XML-based GNDS)

q Additional processing is required for deterministic codes (WIMS, ERANOS…)
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Summary
q Nuclear data relies on nuclear physics (for measurements, modeling and 

consistency) but is strongly constrained by application requirements (for 
accuracy and completeness)

q Nuclear data evaluation is a compromise between what
o Experimentalists can measure
o Theoreticians can model
o Users actually need: format, accuracy, consistency, completeness 

(application-dependent)

q Nuclear data validation, as well as iterations between physicists, evaluators 
and end-users, are key for the improvement of nuclear data (and for answering 
actual needs)
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Summary
q Initially for simulations, nuclear databases are more and more used as 

knowledge repository

o Plenty of nuclear data for free (which were not cost-free to produce…)
o Little information on the application domain (e.g., evaluated libraries made 

for power reactors will give poor results in astrophysics simulations and 
reciprocally)

q Nuclear data is essential to link nuclear physics and applications
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