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� Principles of nuclear data evaluation

� EMPIRE overview

� EMPIRE as a ND evaluation tool

� Selected evaluations and modelling results

OUTLOOK
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OECD/NEA WPEC Subgroup 26 Final Report:
"Uncertainty and Target Accuracy Assessment for Innovative
Systems Using Recent Covariance Data Evaluations", 
M Salvatores (coordinator), R. Jacquemin (monitor), 
Technical report NEA No. 6410, OECD 2008.

Motivation for new ND evaluations

The request for improved cross sections and emission
spectra and their accuracies for neutron induced reactions
on 238U is an important issue that emerges in several of
cases studied. High accuracy requirements were placed on
inelastic cross-sections 238U(n,inl) in the whole energy
range up to 20 MeV and on capture cross section 238U (n,γ).
Cross sections

,
uncertainties and covariance data are strongly required
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ND evaluation: energy ranges

� Resonance energy range (� << D)
� Unresolved resonance range (in between)

(self-shielding)
� Fast neutron range (� >> D stat models)

keV for actinides, MeV for Ni, Fe, Cr,…
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What is Nuclear Data Evaluation?
A properly weighted combination (usually
by GLSQ fit) of selected experimental data
and nuclear reaction modelling results.
Alternatives:
� GLSQ model can be replaced by Unified Monte Carlo

(see my Thursday lecture)

� MC sampling can be extended (TMC), no covariance formatting

(see Koning’s lecture in the morning)
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ND evaluation – resonance range

� Theoretical predictions not possible yet
� Resonance parameters must be obtained

from fitting experimental data
� Modern resonance fitting codes produce “best fit” 

parameters as well as their covariances
(e.g. SAMMY, REFIT, CONRAD, etc.)
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Evaluation – fast energy range



9/60 ICTP workshop 2141, ND
Trieste, Italy, 3-14 May 2010

Roberto Capote, IAEA Nuclear Data Section
e-mail: R.CapoteNoy@iaea.org / Roberto.Capote@yahoo.com

Evaluation – fast energy range
�Use modern nuclear model code (e.g. EMPIRE or TALYS)
�Choose adequate reaction models 
�Define recommended input parameters (RIPL)
�Calculate cross sections and other quantities
�Compare calculated values to selected measured data (after 

correcting for new stds, discarding discrepant, etc)
�Fine-tune the input model parameters

�From model parameter uncertainties and model 
uncertainties generate covariance matrix prior

Loop
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EMPIRE
overview
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https://ndclx4.bnl.gov/gf/project/empire/
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EMPIRE developers
• M. Herman (BNL, NNDC) – coordinator
• R. Capote (IAEA, Vienna)
• B.V. Carlson (ITA, Dao Jose dos Campos)
• P. Oblozinsky (BNL, NNDC)
• M. Sin (Univ. Bucharest)
• A. Trkov (JSI, Lubljana)
• H. Wienke (Belgonucleaire)
• V. Zerkin (IAEA, Vienna)

Contributors:
E. Betak (SAS, Bratislava), C. Mattoon (BNL, NNDC), M. 
Pigni (BNL, NNDC), V. Plujko (Univ. Taras Shevshenko, Kiev), 
A. Ventura (ENEA, Bologna)



13/60 ICTP workshop 2141, ND
Trieste, Italy, 3-14 May 2010

Roberto Capote, IAEA Nuclear Data Section
e-mail: R.CapoteNoy@iaea.org / Roberto.Capote@yahoo.com

EMPIRE highlights
System of codes for modelling nuclear reactions:

� broad range of energies (up to ~150 MeV) and projectiles
� most important nuclear reaction mechanisms
� choice of models and parameterizations
� extensive input parameter library (RIPL)
� automatic retrieval of experimental data from EXFOR
� highly automated fit of optical model parameters
� determination of covariances (Monte Carlo, Kalman filter)
� easy input (extensive use of defaults, built-in internal logic)
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EMPIRE highlights (continued)
� easy operation via Graphic User Interface (GUI)
� interactive plots of experimental and calculated results

◦ excitation functions
◦ angular distributions
◦ inclusive emission spectra for n, p, …
◦ double differential spectra

Plots use ZVView (see V. Zerkin lecture)

� ENDF-6 formatting (EMPEND, see A. Trkov lecture)
� utility codes (ENDF-6 verification)

Full path from experiment to validated ENDF-6 file 
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EMPIRE layout
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Intermezzo storico opus 1
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EMPIRE: reaction models
� spherical optical model (ECIS-2006),
� DWBA, coupled channels (ECIS-2006),

� TUL Multistep Direct (ORION + TRISTAN),
� NVWY Multistep Compound with -emission,
� exciton model (PCROSS, DEGAS),
� Monte Carlo preequilibrium (DDHMS),

� HRTW for widths’ fluctuations,
� Hauser-Feshbach model with full -cascade and dynamical
� deformation effects ,
� State of the art fission (multi-hump barriers, microscopic
barriers, optical model for fission, multimodal fission)

(see M Sin lecture)
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EMPIRE statistics
� EMPIRE core: more than 79 000 lines (ECIS: 23860)
� utility codes: more than 109 000 lines
� number of bash and Tcl/Tk scripts: 40
� number of python scripts: 16 and growing!
� size of the internal parameter library: 31.6 Mb
� size of the RIPL-3 library: 91 (+129) Mb (micro LDs)

� Interactive plotting through ZVView
� Results converted into the ENDF-6 format (EMPEND)
� Verification using PREPRO system

Total size: ~ 350 Mb
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EMPIRE platforms
Languages:
�FORTRAN 77 (99%),
�C (mostly ZVView), 
�Bash (scripts),
�Tcl/Tk (GUI),
�Python (scripts), (awk)

Operating systems:
�Linux (Red Hat, Fedora, Ubuntu, ...),
�UNIX (any one should work but TLC might be needed)
�Mac (X11 needed for ZVView and xterm)
�MS Windows (EMPIRE core runs, close to be fully operational)
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GUI interface (Main 1)



21/60 ICTP workshop 2141, ND
Trieste, Italy, 3-14 May 2010

Roberto Capote, IAEA Nuclear Data Section
e-mail: R.CapoteNoy@iaea.org / Roberto.Capote@yahoo.com

GUI interface (Main 2)
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GUI interface (zvv plots)
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GUI interface (Files)
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GUI interface (Multi-run)
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GUI interface (Source)
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Evaluation 
using 

EMPIRE
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EMPIRE produces ENDF-6 data
�Reasonable compromise between what:

� Experimentalists can measure
� Theoreticians can model
� Engineers can use

�Well documented (ENDF-102.pdf – June 2009 )
Precise definitions, >300 pages manual

�Adopted by all major national projects
USA, EU, Japan, Russia, China …

�Supported by processing codes !
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ENDF-6 formatted file

Processing codes clearly needed !
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EMPIRE: Modelling advances 
� Full access to RIPL OM database: dispersive and 

Lane consistent coupled-channel OMPs 
neutron inelastic scattering to discrete levels;

� improved neutron emission spectra (MSD+MSC) to 
calculate neutron inelastic scattering to the 
continuum;

� EGSM level density parameterization (EGSM): all 
statistical cross sections

� improved fission formalism and parameters;



30/60 ICTP workshop 2141, ND
Trieste, Italy, 3-14 May 2010

Roberto Capote, IAEA Nuclear Data Section
e-mail: R.CapoteNoy@iaea.org / Roberto.Capote@yahoo.com

DISPERSIVE OPTICAL
MODEL POTENTIAL
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Analytical/numerical solutions for �V(E) published

DISPERSIVE OPTICAL
MODEL POTENTIAL
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Imag OMP

Dispersive

DISPERSIVE OPTICAL
MODEL POTENTIAL
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Dispersive and Lane consistent OMP (1)
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Dispersive and Lane consistent OMP (2)
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Dispersive and Lane consistent OMP (3)
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For dispersive OMP, the real potential is almost flat
toward the low energies, by a combination of the
increasing contribution of the smooth "Hartree-
Fock" potential with the decreasing dispersive
contribution (which goes to zero at Fermi energy).

AVERAGE RESONANCE PARAM.

Average resonance parameters for DCCOMP (Th232+n)
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Th-232 and Pa-231 EVALUATION 

Optical model (total, inelastic to low-lying 
collective levels, angular distributions, 
elastic and non-elastic XS calculations)
Capture (Hauser-Feshbach + HRTW)
Neutron emission spectra (1-15 MeV)

(DWBA + exciton model + Hauser-Feshbach)
Total Inelastic, (n,2n) and (n,3n)
Fission and prompt fission neutrons
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(n,INL)
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Fission neutrons

18 MeV

6.1 MeV

2.03 MeV

DDXS at 2.03, 6.1 and 18 MeV

2.03 MeV
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Recent evaluations (DDXS)

6.1 MeV at 30 deg
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EGSM level density model

frms=1.70
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N IAEA N l

�-RAY STRENGTH FUNCTION
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Fission mechanisms
Vf

�

Improved fission modelling
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Improved fission modelling



48/60 ICTP workshop 2141, ND
Trieste, Italy, 3-14 May 2010

Roberto Capote, IAEA Nuclear Data Section
e-mail: R.CapoteNoy@iaea.org / Roberto.Capote@yahoo.com

Barriers + Wells (includes absorption)
Improved fission modelling
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Near-barrier fission structure – 232Th

Triple-humped barrier
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Near-barrier fission structure - 231Pa
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Improved fission modelling



52/60 ICTP workshop 2141, ND
Trieste, Italy, 3-14 May 2010

Roberto Capote, IAEA Nuclear Data Section
e-mail: R.CapoteNoy@iaea.org / Roberto.Capote@yahoo.com

Fission cross section
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Neutron Capture
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Evaluation: fast energy range n + 232Th

What about uncertainties & covariances?
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Some additional results
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Some additional results
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https://ndclx4.bnl.gov/gf/project/empire/
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Improve the methodology of nuclear data evaluation by 
increasing predictive power, accuracy and reliability of 
theoretical calculations by nuclear reaction model codes

RIPL Objective (1993)

Nuclear Data Sheets 110 (2009) 3107–3214

1994 – 2009
The longest running IAEA/NDS project



60/60 ICTP workshop 2141, ND
Trieste, Italy, 3-14 May 2010

Roberto Capote, IAEA Nuclear Data Section
e-mail: R.CapoteNoy@iaea.org / Roberto.Capote@yahoo.com

M. Avrigeanu Inst. de Fizica si Inginerie Nucleara “Horia Hulubei”, Romania 
T. Belgya Institute of Isotope and Surface Chemistry, Hungary
O. Bersillon Centre d’Etudes Nucleaires de Bruyeres-le-Chatel, France 
R. Capote IAEA Nuclear Data Section
M.B. Chadwick Los Alamos National Laboratory, USA
T. Fukahori Nuclear Data Center, JAEA, Japan
S. Goriely Institut d’Astrophysique, Université Libre de Bruxelles, Belgium
J. Kopecky JUKO Research, Alkmaar, The Netherlands
Yinlu Han China Institute of Atomic Energy, PR China 
M. Herman National Nuclear Data Center, BNL, USA / IAEA Nuclear Data Section
S. Hilaire DPTA/SPN, CEA/DAM Ile de France, France
A.V. Ignatyuk IPPE, Obninsk, Russian Federation
S. Kailas Bhabha Atomic Research Centre, India
A.J. Koning Nuclear Research and Consultancy Group, The Netherlands
P. Obložinskỷ Brookhaven National Laboratory, USA / IAEA Nuclear Data Section
V. A. Plujko Taras Shevchenko National University, Kiev, Ukraine 
E. S. Soukhovitskii Joint Institute of Energy and Nuclear Research, Belarus 
P. Talou Los Alamos National Laboratory, USA
P. G. Young Los Alamos National Laboratory, USA
Zhigang Ge China Institute of Atomic Energy, PR China

RIPL participants


