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Methods and Data for Experiment Analysis
Codes:
• Deterministic: ERANOS code with 2D (Sn) and 3D (Variational Nodal 

Transport)
• Stochastic: MCNP (Monte Carlo Continuous Energy)

Data:
• ENDF/B-VII
• Also available: ENDF/B-VI, JEFF 2.2, JEFF 3.1

• For this study, whenever possible use of MCNP with ENDF/B-VII



Methods and Codes for Sensitivity Analysis
Methods:
• Classical Perturbation Theory for Keff

• GPT (General Perturbation Theory) for reaction rates ratios
• EGPT for Reactivity Coefficients
• Time dependent perturbation theory for burn up and irradiation 

Codes:
• ERANOS



Theory
We can calculate the variation of the integral parameter  for the 
indirect effect as:

In the case of a reaction rate ratio:
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The adjoint importance satisfies the following equation:
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Theory

Sensitivity Coefficients : The Case of Reactivity Coefficients (EGPT)

For the Equivalent Generalized Perturbation Theory the integral
parameter is defined as:

Where characterizes the reactivity coefficient and
the sensitivity coefficients are calculated using the fact that
changing the order of the derivatives does not change the
results:
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Sensitivity Coefficients : The Case of Nuclide Transmutation (i.e.
nuclide densities at end of irradiation)

The generic nuclide K transmutation during irradiation can be
represented as the nuclide density variation between time t0 and
tF. If we denote the “final” density, the appropriate sensitivity
coefficients are given by :

K
Fn

where the time dependent equations to obtain n* and n are the
classical Bateman equation and its adjoint equation, with
appropriate boundary conditions:

Theory
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and ρK is the reactivity per unit mass associated to the isotope K.
The related sensitivity coefficients associated to the variation of a σj,
are given by :
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Sensitivity Coefficients : The Case of the Reactivity Loss during 
Irradiation, Δρcycle

At first order:

or:

Theory
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ERANOS Sensitivity Capabilities

• 1, 2, and 3D adjoint capability for calculation of adjoint flux
and generalized importance function.

• Calculation of source term for functionals linear in the real or
adjoint flux (e. g. reaction rate, reaction rate ratio, power
density, etc.)

• Elimination of fundamental mode contamination, higher
eigenfunctions calculation.

• Perturbation components, sensitivity coefficients in diffusion
and transport theory for any possible change of cross
sections, fission spectra, nuclide densities, or macroscopic
variation.

• Sensitivity coefficients to bilinear functionals (e. g. reactivity
coefficients, βeff) using equivalent generalized perturbation
theory.



ERANOS Sensitivity Capabilities (cont.)
• Direct and indirect effects calculations.
• Inhomogeneous solutions for ADS (φ*, inhomogeneous

reactivity).
• Representativity factors between reference design and

experiments.
• Special treatment of positive and negative source for Sn

transport calculations.
• Time dependent perturbation theory in the nuclide evolution

field for burn up and fuel cycle calculations (neutron sources,
decay heat in the repository, radiotoxicity, etc.).

• Target accuracy assessment in connection with optimization
code.



Covariance Matrix

Work has been performed mostly at BNL (in collaboration
with LANL and ORNL). A methodology for evaluating cross
section covariance data has been developed within the
EMPIRE code system. The methodology covers the thermal
energy, resolved resonance, unresolved resonance and fast
neutron regions and builds on the following major
components:

• Nuclear reaction model code EMPIRE
• Atlas of Neutron Resonances 
• Kalman filter code and Monte Carlo sampling



Covariance Matrix

• The generation of covariances is based on the deterministic
Kalman filter technique, which is used in the thermal and
resonance range as well as in the fast neutron range.

• The stochastic Monte Carlo approach propagates
uncertainties of model parameters by means of random
sampling.

• The two approaches currently differ regarding treatment of
experimental data; it is naturally included in Kalman whereas
a generalized least squares code GANDR must be run with
the MC generated model-based prior as input.



From M. Herman BNL
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The method makes use of Lagrange multipliers with most 
likelihood function, and:
• “a priori” nuclear data covariance information, 
• integral experiments analysis to define C/E values
• integral experiment uncertainties
• sensitivity coefficients
If we define:   yj=(σj

adj– σj)/σj and   yQi
exp=( Qi

exp– Qi)/ Qi ,          
the yi are given by:

Statistical Adjustment Method
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where DQ is the covariance matrix of the experiments, D the
covariance matrix of the cross sections and S is the sensitivity
vector. It will also result an adjusted covariance matrix for the
nuclear data: ( ) SDSDD Q
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