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Introduction 















Neutron Cross Sections 





Fission Cross Sections 





Fission and capture cross 

sections 



Models and Codes   for 

Particle Transport 
Models 

Optical , microscopic 

Quantum molecular 

dynamic  

Cascade-evaporation  

Dual Parton and 

Glauber 

 

Transport Codes 

GEANT (CERN) 

Cascade (Dubna) 

 MCNPX (USA) 

FLUKA (Italy) 

TRIPOLI(France) 



Proton (ion) ransport is described by the classical 

linearBoltzmann or transport equation: 

Where ψ(r,E,Ω) is the ion angular flux, and 

Jnucl[ψ] and Jelec[ψ] are collision integrals 

describing, respectively, nuclear and electronic 

interactions. 



σs(E’ E, Ω’.Ω) is the ion/target atom double differential 

scattering cross section and σ(E) the total cross section. 

Fokker-Planck approximation to Jelec[ψ]  

Where S(E) is the stopping power and T(E) 

is the straggling coefficient.  



MCNP/MCNPX 

MCNP is a code developed by LANL to 
simulate the transport of neutrons, gamma 
rays and electrons by the Monte Carlo 
method. It simulates a coupled transport, 
i.e., it also accounts for  transport of 
secondary particle resulting the 
interaction of primary particles. 

MCNPX extends the capacilties of MCNP 
to other particles (e.g. charged particles, 
heavy ions, pions etc.)  



Problems That Can Be 

Solved/fields of Application 

 
Reactor calculations 
Burnup 
Criticality 
Current 
Fluence 
Energy deposition 

Medical application 

Detector 

High energy physics (MCNPX) 

Space applications 

 



MCNPX 

Structure of the input file 

Cell 

Surfaces 

Materials (XS) 

Source definition 

Tally 

Additional options 

Output files 

Binary 

Out file 

Other files  

 



Simulation of Spallation 



Spalation neutrons from 

uranium target 











Cross sections 



Cross sections 





Measurement of generation and 

distribution of bismuth isotopes in 

the volume of lead target 





Distributions of the specific activity of radionuclides 

along the Pb target irradiated with 660 MeV protons. 







Experimental Subcritical 

Reactor 



Subcritical Reactor 

Geometry 







Neutron spectra in the centers of vertical 

experimental channels 1-3 for subcritical 

assembly 



Spectrum behind concrete. Effective dose 

is 190 μSv/h   



System Power Vs 

Multiplication Factor for 1 kW 

Proton Beam Power 



K-eff 







Activity Evolution in SAD 

Target 

Calculations of activity  of isotopes at  

 Calculations  of formation of radioactive isotopes 
in each area of a target. (mcnpx) 

 Calculations of activity  of isotopes at the 
interesting moment of time in each area of a 
target. (TEA; JEF 2.2) 

 Calculations of gamma ray spectrum at the 
interesting moment of time. (JEF 2.2) 

 Calculations  of the contribution in an equivalent 
dose in meter from a target from each area of a 

target (mcnp). g moment of time in each 
area of a target. (TEA; JEF 2.2) 

Calculations of gamma ray spectrum at the 
interesting moment of time. (JEF 2.2) 



Subdivision zones (Ω1, Ω2, Ω3) used for 

modeling.  

 

The target was subdivided into three 

zones: central cylindrical area with 

diameter 58 mm and length 179 mm 

(Ω1), second layer (Ω2) – includes the 

remaining lead and the target casing 

made of two-millimeter stainless steel 

which comprises the external third 

layer (Ω3). Total mass of the target is 

52 kilograms; mass of the lead block is 

7.7 kg.  

 



To determine density function and activity for each isotope at any 

arbitrary moment of time for the chosen operation mode it is 

necessary to solve the Cauchy problem for the set of kinetic 

equations (i=1, 2, … I) at the finite time segment t [tmin, tmax].  

Where: I – number of isotopes considered in the task.  

Ni(t) – number of nuclei of the i-th type at the moment of time t, 

       - generation rate for the i-th nuclide in nuclear reactions,  

 

       - probability of nuclear decay for such nucleus per unit time;       

 

        -probability of a nuclear decay for a nucleus of the k-th 

nuclide when it is converted into the nucleus of the i-th nuclide; 

  

 

  

 

Calculation of Activity 

Evolution 



To solve the task in the central zone (Ω1) we had to consider 1311 

radioactive isotopes with non-zero at start time. During the 

calculation the number of isotopes increases up to 1328. The 

program calculates activity of the system during the time interval 

from t1=1000 seconds to tmax≈ 27 years. As a result of calculations 

we received 100 activity points along the time variable equidistant 

in logarithmic scale.]. Data library for radioactive decay JEF 2.2 

was used in calculations.  

Methods used for calculations. 



Results of calculations of activity 
 Total activity of the lead target 



Activity of the lead blocks surrounding the central 

part of target 



Gamma intensity in the energy bin (gamma quanta with energy in 

the limits of one bin of the histogram) in the target 



Gamma intensity in the energy bin (gamma quanta with 

energy in the limits of one bin of the histogram) in one of the 

lead blocks.  



 Calculation of gamma-spectra at 1 meter distance from the target has 
been carried out using the program MCNPX.  

 Intensity of equivalent dose is calculated by means of conversion 
coefficients from the fluence to  the dose in case of external radiation 
of the whole body with a parallel beam in front and back geometry 

 Thus, intensity of the dose at one meter distance from the target 
extracted from the SAD installation after half a year since the shut 
down was equal to 94 μSv/hr; for one hexagonal lead block is equal to 
28.3 μSv/hr.  

 Reloading of the target will be accomplished by means of a cylindrical 
container with wall thickness 140 mm (layer of lead between steel 
sidewalls). In this case intensity of the dose from the target will be 
equal to ≤ 0.2 μSv/hr, therefore the design level of dose intensity for 
the maintenance personnel established at the level 6 μSv/hr is 
ensured.  

 

Doses from activated 

target 





Neutron emission through the side 

surface of the target with the 

tungsten insert depending on the 

coordinate along the target axis.  



Neutron Spectra in 

Different Modifications 



The Activity Evolution of 

Tungsten Target Irradiated 

by 200 MeV Electron Beam.  



ADS Conclusions 

Neutron flux·density about 1017 n·cm-2·sec-1 

Fast  neutrons for transmutation 

K-eff=0.98  

Thermal power of system 1.2 GW. Beam 
power 10 MW. Energy of protons 1.2 GeV 

Lead target, lead reflector and helium cooling 
system of sub-critical reactor 

Electrical power 0.4 * 1200 MW – 40 
MW=440MW 

 



Fuel Cycle Options 



Why recycling ? 



The  main stages in recycling 





Spent fuel recycling 





Recycled fuels 



Fission products 



Recycling major benefits 



Recycling Increases 

Nuclear Acceptance 



Waste Production 





Radiotoxity of LWR Spent Fuel 



Actinides production 





Minor Actinides 



Principle of Transmutation 



Fission and capture cross 

sections 



Neutron Spectrum 





Consumption 



Transmutation of 

Neptunium 



Transmutation of MA in 

PWRs.Coolant Void Impact 



Plutonium management 



Transmutation Ways 



Actinides Management 





Transmutation of MAs in 

FRs:homogeneous Way 



Transmutation of MAs in 

FRs:heterogeneous way 



Transmutation of MAs in 

FRs:heterogeneous way 



Heterogeneous way in FRs 



ADS performances for 

transmutation 



Double strata scenario with 

ADS 



Radiotoxicity Reduction 



Fission Product 

Transmutation 













Generation IV reactors 



Generation IV International 

Forum 











High temperature heat 

processes, 

developing other applications 

of nuclear energy 



















Sodium Fast Reactor 







SFR-Astrid 



1500 MWe Innovative SFR Pool 

Design (CEA) 



 

1500 MWe Innovative SFR Loop 

Design (CEA) 

 



Lead Fast Reactor 







Gass Fast Reactor 







ALLEGRO 



Molten Salt Reactor 



MSR 



Molten Salt Fast Reactor 



MYRRHA PROJECT 

• MYRRHA, a flexible fast 

spectrum research reactor (50-

100 MWth) is conceived as an 

accelerator driven system 

(ADS), able to operate in sub-

critical and critical modes. It 

contains a proton accelerator 

of 600 MeV, a spallation target 

and a multiplying core with 

MOX fuel, cooled by liquid 

lead-bismuth (Pb-Bi). 



Nuclear Research Centre 

in Mol 

• SCK•CEN, the Belgian 

Nuclear Research Centre 

in Mol has been working 

for several years on the 

design of a multi-purpose 

irradiation facility in order 

to replace the ageing 

BR2 reactor, a multi-

functional materials 

testing reactor (MTR), in 

operation since 1962. 

 



Ion Source of Accelerator 

of MYRRHA  



Accelerator 





Proton beam 

• Proton energy 

• 600 MeV 

• Max. beam intensity 

• 4 mA in Continuous Wave 
mode 

• Beam entry vertically from 
above 

• Beam stability 

• Energy:  1 %, Intensity:  2 
%, Size:  10 % 

• Beam footprint on target 

• Circular, "doughnut" ¢out = 100 
mm, ¢in = 50 mm 

 



Reactor Core 

• The fresh core of 
MYRRHA contains a 
lattice of 183 hexagonal 
channels of which 68 are 
loaded with fuel 
assemblies (this 
configuration considers a 
core composed of only 
fresh fuel). A space of 3 
hexagons is cleared at 
the centre of the sub-
critical core to house 
the spallation 
target module.  

http://myrrha.sckcen.be/en/Engineering/Fuel
http://myrrha.sckcen.be/en/Engineering/Fuel
http://myrrha.sckcen.be/en/Engineering/Spallation_target
http://myrrha.sckcen.be/en/Engineering/Spallation_target


Reactivity effects 

1.E5*(1-keff)/keff 

Reactivity effects and safety parameters for the sub-critical mode operation 

The adopted sub-criticality level (-4700 pcm for a keff of 0.955) assures a comfortable 

margin for safe operation taking into account foreseeable positive reactivity insertions 

due to fuel and coolant temperature effects, radial and axial expansion. 

•The Doppler constant, Tdk/dT, is -370 pcm, which is lower but of the same order of 

magnitude as for a Na-cooled fast reactor.  

•The LBE-coolant temperature coefficient, dk/dT, is small but negative, -2.4 pcm/K, over 

the temperature range from 150 C to 400 C. 

•The effect of voiding the spallation target module has a negative reactivity contribution 

of about -1000 pcm. Voiding the group of 21 central assemblies for 30 cm of the active 

height has about +300 pcm positive reactivity contribution, while a full voiding has a zero 

or slightly negative reactivity contribution.  

•Voiding all the assemblies in the core (both partial as total height) has a negative 

contribution of up to -2500 pcm. Flooding of the spallation target tube with lead-bismuth 

eutectic has a maximum of +144 pcm reactivity contribution. 

•The combined effect of radial and axial expansion of the structures going from the cold 

state (150 C) to the hot state (Taverage = 350 C) amounts to -490 pcm  



Reshuffling 

• A ten-step reshuffling scheme has 
been studied for a core power of 85 
MWth in sub-critical mode 
operation. The total number of fuel 
assemblies is determined at every 
beginning of 90-day operation as to set 
keff to 0.955.  

• Three options are available to handle 
the reactor power drop during the 
operational cycle of 90 days. 

1. In the first option, no measures are 
taken and one has to live with the 
power gradient over 90 days. 

2. A second option would be gradually 
increase the beam current to 
compensate the power loss. 

3. A third option would be to use a 
burnable poison to keep keff as 
constant as possible. 

 

•   

 



 

Fuel element pre-design 

A mixed plutonium-uranium oxide fuel (MOX) was selected as the main 

candidate since the beginning of the MYRRHA project, taking into account a 

large experience in the MOX production in Europe and its better neutronic 

properties, compared to uranium dioxide, in the fast neutron spectrum. Based 

on past experience within the fast reactor programme in Europe, enrichment of 

30 to 35 % of plutonium is envisaged. 



 

ADS-LFR Myrrha 

                 



Heat Exchanger 



 

The MYRRHA remote 

handling systems 

 



Building 

The present design of this building is quite 

large (100 m length, 30 m width, 40 m 

height; this height being subdivided, in the 

"reference" configuration, into 10 m above 

ground level and 30 m underground).  



The R&D programme covers 5 different fields 

 

Lead-Bismuth technology 

The R&D programme on Lead-Bismuth technology is needed to sufficiently understand 

the behaviour of the heavy liquid metal in reactor conditions such as in MYRRHA.  

 

Fuel qualification 

The R&D programme for the qualification of the MOX fast reactor driver fuel for MYRRHA.  

 

Material qualification 

Since the development of innovative reactors such as MYRRHA is highly dependent on 

the material behaviour in reactor conditions, a dedicated material qualification programme 

is required. 

 

 

 

Component qualification 

The correct working of large innovative components needs to be assured through a 

dedicated R&D programme. 

 

 

 

Reactor physics 

The reactor physics of these innovative fast and sub-critical cores demands the 

development of new calculation tools and for code validation by integral experiments for 

which a representative zero power facility is a pre-requisite. 

http://myrrha.sckcen.be/en/RD/Lead-Bismuth
http://myrrha.sckcen.be/en/RD/Lead-Bismuth
http://myrrha.sckcen.be/en/RD/Lead-Bismuth
http://myrrha.sckcen.be/en/RD/Lead-Bismuth
http://myrrha.sckcen.be/en/RD/Fuel_qualification
http://myrrha.sckcen.be/en/RD/Fuel_qualification
http://myrrha.sckcen.be/en/RD/Material_qualification
http://myrrha.sckcen.be/en/RD/Material_qualification
http://myrrha.sckcen.be/en/RD/Component_qualification
http://myrrha.sckcen.be/en/RD/Component_qualification
http://myrrha.sckcen.be/en/RD/Reactor_physics
http://myrrha.sckcen.be/en/RD/Reactor_physics


International Cooperation  

The design of the accelerator is a European 

collaboration, started in FP5 (PDS-XADS) and 

pursued in FP6 (EUROTRANS). 

• The main partners are CNRS (France), CEA 

(France), INFN (Italy), U. Frankfurt (Germany). 

• Smaller contributors are Empresarios Agrupados 

(Spain), ITN (Portugal) and SCK•CEN (Belgium). 



Animations 

http://myrrha.sckcen.be/en/Media_gallery/M

YRRHA_animations  

 

http://myrrha.sckcen.be/en/Media_gallery/MYRRHA_animations
http://myrrha.sckcen.be/en/Media_gallery/MYRRHA_animations


SNETP 



The SNETP vision 



ASTRID(600-1500 MWt), 

MYRRHA,ALLEGRO(50-70 MWt) 





New European Nuclear Research 

Facilities 









PWR 


