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Particle transport methods

• Monte Carlo ( continuus energy or 
multigroup XS): MCNP, KENO, McBEND, 
TRIPOLI, MORSE, EGS4, PENELOPE, MONK, 
ITS, FLUKA, LAHET

• Deterministic transport or diffusion codes 
( multigroup XS): ANISN, DOORS, 
DANTSYS, PARTISN, TWOTRAN, 
CEPXS/ONELD, WIMS, APOLLO, CASMO



DETERMINISTIC (e.g. SN):
• Discretisation of independent variables, i.e. space, 

energy, direction;
• Relatively low CPU requirements
• Suitable for sensitivity/uncertainty analysis 
• Multigroup nuclear XS data: self-shielding, weighting  

spectra. 

MONTE CARLO:
• Arbitrary geometry;
• Continuous energy cross section description
• Longer computer times
• Statistical uncertainty

Deterministic vs. Monte Carlo MethodsDeterministic vs. Monte Carlo Methods



Sources of Uncertainty in Reactor 
Calculations

• Mathematical methods and simplifications: e.g. M/C 
statistics, SN space/energy/angular discretization, 
anisotropic scattering order, convergence criteria, diffusion 
equation

• Nuclear data uncertainties: nuclear cross-sections, 
fission spectra, standards

• Radiation source description (space, energy distribution)
• Geometry modelling, material compositions, 

dimensions, conditions
• “Human factor”



NEA-DB activities related to 
sensitivity/uncertainty analysis

• Cross section covariance matrix libraries
• Codes for cross section sensitivity and uncertainty 

analysis
• Reactor pressure vessel surveillance project, VENUS-1 

and VENUS-3 benchmark interlaboratory comparison
• Sensitivity and uncertainty analysis of criticality 

benchmark experiments - IRPhE project
• Databases of internationally verified benchmarks

(SINBAD, ICSBEP)
• Fusion benchmark analysis (EFF project)



Cross Section EvaluationCross Section Evaluation

Measurements: 
least square fitting of 
measured data sets using 
Bayesian analysis

Nuclear models: 
multi-particle interactions, 
nuclear forces (optical potential 
or other approximate models); 
model input parameters are 
deduced by the comparison with 
the experimental data.
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Cross Section Covariance Matrix Evaluation

Measurements: 
cross section error consists of 
statistical uncertainty 
(representing scatter among data) 
and systematic error: instrument 
resolution, personal reading bias, 
inexact values for standards, 
constants; incomplete knowledge 
of measurement conditions, 
geometry and composition
approximations (dosimeter 
positioning); 
unphysical adjustment errors

Nuclear models: 
model approximations and 
deficiencies; expressed in terms 
of covariances of  input 
parameters and sensitivities 
(uncertainty propagation law), 
uncertainty in input parameters 
is deduced by the comparison 
with the experimental data 
using Bayesian analysis.



U-235(n,f)

JEF-2.2 (ENDF/B-V) IRDF-90 JENDL-3.2



EFF-3.1 JENDL-3.2

Fe-56(n,inel)



Processed Multigroup Covariance 
Data Libraries

• ZZ-COVFILS: 30-Group Neutron Cross-Section Covariance Library from ENDF/B-V (in 
BOXER format)

• ZZ-COVFILS-2: 74-Group Covariances for Fusion Reactors (ENDF/B-V)

• PUFF-2: Multigroup Covariances from ENDF/B-V & processing code (COVERX for.)

• ZZ-DOSCOV: 24-Group Covariance Library from ENDF/B-V for Dosimetry Calcul.

• ZZ-COVERV: Multigroup Cross-Section Covariance Matrices from ENDF/B-V

• ZZ-VITAMIN-J/COVA: Covariance Matrix Library based on JEF-1, ENDF/B-IV &   -V data; 
processing & verification codes

• ZZ-VITAMIN-J/COVA/EFF2: EFF-2.3 covariance matrices for 18 materials, detector 
response function covariances from IRDF 90.2

• ZZ-VITAMIN-J/COVA/EFF3: EFF-3 covariance matrices for Be-9, Si-28, Fe-56, Ni-58, Ni-
60; processing & verification utilities

• ERRORJ: processing code & JENDL-3.2 covariance matrices

• ZZ-COV-15GROUP-2005: overwiev of the available covariance data (under preparation)



Cross-section GenerationCross-section Generation

• Basic nuclear data
• Evaluated data 

libraries
• Application libraries

- pointwise data
- multigroup data (fine-
/ few-group) Testing  against  integral  experiments

Processing
(NJOY, AMPX/SCALE)

Evaluation
n(ENDF/B-VI, JEFF-3, JENDL 3.3, CENDL-2, BROND-2.2)

γ(EPDL)
e-(EEDL)

Measurement & Theory
(EXFOR)



U-238 absorption cross-sections in point-wise and 
18 group structure



Cross Section Sensitivity Analysis

• Several independent calculations (brute force) - unpractical
• Perturbation method based on forward and adjoint flux:  

first order perturbations (deterministic & M/C methods): 
– SN: SWANLAKE (1D), SENSIT&SUSD(1D, 2D, SED/SAD)
– McBEND (M/C 1st order perturbations) 
– SUSD3D (1D, 2D, 3D SN uncertainty including SED/SAD);
– TSUNAMI (SCALE-5): 1D SN, 3D M/C (KENO5)

• Monte Carlo methods: (correlated sampling, first and second order 
perturbations)
– MCNP4C differential operator perturbation method (material density, 

composition, cross sections)



Sensitivity/uncertainty code system

DOORS
DANTSYS

GROUPR
GROUPSR

ANGELO
ERRORR

SEADR
ERRORR34

Φ, Φ+

SUSD3D

Partial    
X-sections

Group 
covariances

Group 
SAD/SED 

covariances



Examples of the Use of 
Sensitivity/Uncertainties Analysis

– Reactor pressure vessel surveillance: uncertainty in predicted 
dosimeter reaction rates and PV exposition, determination of safety 
margins --> reactor lifetime predictions

– New project design studies or improved design: design and 
safety margins: parameter studies for fusion shielding blanket (tritium 
breeding ratio, heating, dose rates), ADS

– Pre- and post-analysis of benchmark experiments: 
optimisation of experimental configuration, explain eventual 
discrepancies, representativity studies, data consistency: fusion 
benchmarks (FNG), PV benchmarks (ASPIS, VENUS), Criticality 
benchmarks (VENUS-2, KRITZ, SNEAK)

– Criticality safety
– Nuclear data evaluations



Pressure vessel 
surveillance dosimetry
OECD/NEA NSC Task Force 
on Computing Radiation Dose 
and Modeling of Radiation-
induced Degradation of 
Reactor Components

Insufficient information about the 
accuracy of the neutron fluence of 
the neutron field and spectrum (and 
therefore of the radiation damage) 
would require large safety margins, 
and consequently affect the 
operating conditions, the life of the 
nuclear installations, and their cost.



Venus-2 Configuration 
(B.C. Na)



Uncertainty (%)Source of
Uncertainty Φ > 1 MeV 27Al(n,α) 58Ni(n,p) 115In(n,n’)

Fission spectrum 4.4 12 6.5 4.5
Source space
distribution 1.5    -    4

Absolute power 4

Response funct. 0 1.4 2.5 2.2
H 1.9 1.1 1.4 1.6
O 0.6 1.6 0.7 0.5

Cross-
sections

Fe 2 5 2.5 2.1

Total ~7 ~14 ~9 ~8

VENUS-3  UNCERTAINTIES



Equivalent Fission Fluxes - VENUS 3
In115(n,n') 
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/dbprog/benchmarks.html



International integral experiments 
databases

• SINBAD - Radiation Shielding Experiments (>70)

• ICSBEP - International Handbook of Evaluated Criticality 
Safety Benchmark Experiments (>300 evaluations)

• IRPhE - Reactor Physics Experiments
• IFPE - International Fuel Performance Experiments 

(~500 rods/samples)
• CCVM - CSNI Validation Matrix for thermal-hydraulic 

system codes  for reactor transient and LOCA (>70 
experiments)





Reactor shielding, reactor pressure 
vessel dosimetry (35)

Fusion Neutronics Shielding (26)

Accelerator Shielding (13)

SINBAD Shielding Experiments

• RSICC: http://www-rsicc.ornl.gov/BENCHMARKS.html
• OECD/NEA:

http://www.nea.fr/html/science/shielding/sinbad/sinbadis.htm



SINBAD -
Radiation Shielding Experiments

• B, Ti, H (1)
• C (graphite) (2)
• N (1)
• O (2)
• Na (4) 
• H2O (2)
• H2O, C, Fe (1)
• H2O, C,  Pb (1)
• H2O, Fe (2)
• H2O, Steel (2)
• H2O, Steel, Al (2)
• Concrete (1) 
• Al (2) 
• Al, Nb (1)
• Be (1)

• Fe (11)
• Fe, Pb (1)
• Fe, Concrete, (CH2)2n (3)
• Ni (1)
• Steel (2)
• SS (2)
• Fe & SS (1) 
• SS & (CH2)2n (1)
• SS, (CH2)2n & Cu (1)
• Pb (1)
• Si, SiC (2)
• V (2)
• W (3)
• Air (4)
• Multiple materials (8)

Materials



Euracos - Sodium



FNS Tungsten



Back



ICSBEP



ICSBEP -
International Handbook of Evaluated 
Criticality Safety Benchmark Experiments

• Experiments are classified into seven different 
types of fissile materials
– Plutonium Systems
– Highly Enriched Uranium Systems (wt.% 235U ≥ 60)
– Intermediate and Mixed Enrichment Uranium 

Systems (10< wt.% 235U< 60)
– Low Enriched Uranium Systems (wt.% 235U ≤ 10)
– Uranium-233 Systems
– Mixed Plutonium - Uranium Systems
– Special Isotope Systems



IFPE



IRPhE



SUMMARY OF IRPhE ACTIVITIES

• BFS-RESR-EXP-001: Critical Experiments with Pu, SiO2, 
Polyethylene (IPPE Obninsk)

• BFS-RESR-EXP-002: Critical Experiments with Highly Enriched 
U, SiO2, Polyethylene (IPPE Obninsk)

• DIMPLE-RESR-EXP-001: LW Low Enriched UO2 (3 wt.% 235 
U) Rod Lattices Dimple S01 (Serco Assurance)

• KRITZ-RESR-EXP-001: KRITZ-2:19 Experiment on Regular 
H2O/Fuel Pin Lattices With MOX Fuel (Studsvik)

• PFACILITY-VVER-EXP-001: VVER Physics Experiments 
(KIAE)

• VENUS-PWR-EXP-001: VENUS-2 PWR MOX Core 
Measurements (SCK-CEN)

• ZR6-VVER-EXP-001: VVER Experiments (AEKI) (331 
configurations)



Kritz-2 Horizontal & Vertical Model 
(I. Remec, J. Gehin)



Uncertainties (in Uncertainties (in pcmpcm) vs. C/E) vs. C/E
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KRITZ / SNEAK

Sensitivity of core 

eigenvalue to fission 

cross sections of U 

and Pu isotopes
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CCVM



EU-Concerted Action

QUADOS

Quality Assurance for Numerical Dosimetry

Monte Carlo techniques and computer codes 
are widely used to solve problems in nuclear 
science, technology and applications
Computer codes used as a “black box”, user
interaction performed via control cards, 
sometimes in detriment of the understanding
of

“basic principles” 
the physics insight



QUADOS Objectives

• The group designed a series of significant 
reference problems,

• Verification of the correct usage of the 
computer codes,

• Inform the community about the benefits to be 
obtained from sensitivity and uncertainty 
analysis,

• Inform the community about more sophisticated 
approaches that may be available to them.



WP1: CONRAD MANAGEMENT
(H. Schuhmacher- PTB Braunschweig)

WP2: Feasibility study
(U.S. Gallen)

WP3: Dissemination of knowledge
Workshops-Conferences-Newsletter
(C. Schmitzer- ARC Seibersdorf)

WP1: Medical staff dosimetry
(F. d’Errico- U. Pisa U. Yale)

WP6: complex mixed radiation fields
(D. Bartlett HPA- Didcot)

WP5: internal exposures
(M. Lopez CIEMAT Madrid)

WP4: Computational Dosimetry
QUADOS
(G. Gualdrini ENEA-IRP Bologna)

CONRAD



• WP4-WG6 - Computational Dosimetry (CONRAD WP4)
• Objectives
• A EURADOS specialists group for computational dosimetry has identified the quality 

assurance of the transport calculations that are widely used in dosimetry and the 
unfolding of spectral information as areas where coordination of research activities is 
urgently needed.

• The project combines various research coordination actions in the field of
computational dosimetry applied to external and internal exposures 
at the workplace. The activities coordinated include intercomparisons and 
benchmark studies on the overall uncertainty assessment and on the 
application of advanced tools like voxel models and unfolding 
techniques for radiation spectra analysis. The results obtained in these projects will 
be presented and discussed in a workshop that will be optimally tailored to reach 
practitioners and to communicate the know-how on the correct use of complex 
computation tools as well as on the assessment of the uncertainties associated with 
numerical results. Special emphasis is given to a close collaboration with the partners 
undertaking other work packages (WPs) in the project (WP5, WP6 and WP7). The 
outcome will be a better understanding of the quality, i.e. reliability and 
uncertainty, for computational techniques in radiation protection.

• Milestones and deliverables
• Investigation of stakeholder needs for calculations with complex codes with particular 

emphasis on uncertainty assessment.
• The deliverables include reports on activities and achievements and a workshop.
• Chairperson: Gianfranco Gualdrini

ENEA, Bologna, ITALY
e-mail: guald@bologna.enea.it

mailto:guald@bologna.enea.it


CONCLUSIONS
• Reactor design and safety parameters are biased 

due to uncertainties in nuclear data. Improved 
safety and better cost efficiency can be achieved by 
the reduction of uncertainties in design parameters.

• Uncertainties of calculated results can be estimated 
by sensitivity & uncertainty analysis and by 
comparison with benchmark experiments.

• Sensitivity and uncertainty analysis can also identify 
areas of weakness in data files and guide further 
evaluations.

• Some powerful calculational tools needed for such 
analysis can be obtained from the NEA-DB.



Web pages

OECD/NEA Data Bank:
• Computer program service:

http://www.nea.fr/html/dbprog/
• Nuclear data :

http://www.nea.fr/html/dbdata/
• Thermodynamic data : 

http://www.nea.fr/html/dbtdb/cgi-bin/tdbdocproc.cgi



REFERENCE
SOLUTIONS

INFORMATION
TYPE TOPICS

DATA LIBRARY
FOR APPLICATIONS

COMPUTER
CODES

RESULTS FROM
MODELLING

EXPERIMENTAL
DATA

INTERNATIONAL
COMPARISON EXERCISES

BENCHMARKS
UNCERTAINTY ANALYSIS

Basic data
• cross sections
• material properties
• basic data

Computer codes
• data processing
• core design
• core dynamics
• safety/accident analysis
• mechanics
• fluid dynamics
• heat transfer
• shielding/radiation protection
• impact on the environment

Integral data
• criticality
• fuel performance
• shielding experiments
• lattice and core physics experiments
• reactor operation
• thermal--hydraulic loops

Benchmarks - comparison exercises
• cells & lattices
• burn-up credit criticality
• transients/stability
• fuel cycle (plutonium recycling)
• shipping cask shielding
• pressure vessel dosimetry
• accelerator driven systems
• accelerator shielding

BASIC
NUCLEAR DATA


