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NUCLEAR ENERGY 

Increase in energy demand 

Increase of CO2 emissions  
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Source: IEA Key world energy statistics 2013 



NUCLEAR ENERGY 

No single solution but combination of: 

 energy saving and increase of 

energetic efficiency 

 renewable energies,  

 nuclear energy 
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Source: IEA Key world 

energy statistics 2013 



NUCLEAR ENERGY FUTURE 
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Source: World Nuclear Association (updated March 2013)  

2 0 15 US A , TVA Wa tts  B a r 2 P WR 118 0

2 0 15 Ta iwa n P o we r Lung m e n 2 A B WR 13 0 0

2 0 15 C hina , C N N C S a nm e n 2 P WR 12 5 0

2 0 15 C hina , C GN P C Ho ng ya nhe  4 P WR 10 8 0

2 0 15 C hina , C GN P C Ya ng jia ng  3 P WR 10 8 0

2 0 15 C hina , C GN P C N ing de  4 P WR 10 8 0

2 0 15 C hina , C GN P C F a ng c he ng g a ng  1 P WR 10 8 0

2 0 15 C hina , C N N C C ha ng jia ng  1 P WR 6 5 0

2 0 15 C hina , C N N C C ha ng jia ng  2 P WR 6 5 0

2 0 15 C hina , C N N C F uqing  3 P WR 10 8 0

2 0 15 India , N P C IL Ka kra pa r 3 P HWR 6 4 0

2 0 15 ? J a pa n, EP D C / J  P o we r Ohm a  1 A B WR 13 5 0

2 0 16 F inla nd, TVO Olkilo uto  3 P WR 16 0 0

2 0 16 F ra nc e , EdF F la m a nv ille  3 P WR 16 0 0

2 0 16 R us s ia , R o s e ne rg o a to m N o v o v o ro ne zh II-2 P WR 10 7 0

2 0 16 R us s ia , R o s e ne rg o a to m Le ning ra d II-2 P WR 12 0 0

2 0 16 R us s ia , R o s e ne rg o a to m Vilyuc hins k P WR  x 2 7 0

2 0 16 India , N P C IL Ka kra pa r 4 P HWR 6 4 0

2 0 16 India , N P C IL R a ja s tha n 7 P HWR 6 4 0

2 0 16 P a kis ta n, P A EC C ha s hm a  3 P WR 3 0 0

2 0 16 C hina , C hina  Hua ne ng S hida o wa n HTR 2 0 0

2 0 16 C hina , C P I Ha iya ng  2 P WR 12 5 0

2 0 16 C hina , C GN P C Ya ng jia ng  4 P WR 10 8 0

2 0 16 C hina , C GN P C Ho ng ya nhe  5 P WR 10 8 0

2 0 15 C hina , C N N C Ho ng s hiding  1 P WR 10 8 0

2 0 15 C hina , C GN P C F a ng c he ng g a ng  2 P WR 10 8 0

2 0 16 C hina , s e v e ra l o the rs P WR

2 0 17 US A , S o uthe rn Vo g t le  3 P WR 12 0 0

2 0 17 R us s ia , R o s e ne rg o a to m B a lt ic  1 P WR 12 0 0

2 0 17 R us s ia , R o s e ne rg o a to m R o s to v  4 P WR 12 0 0

2 0 17 R us s ia , R o s e ne rg o a to m Le ning ra d II-3 P WR 12 0 0

2 0 17 Ukra ine , Ene rg o a to m Khm e lnits ky 3 P WR 10 0 0

2 0 17 Ko re a , KHN P S hin-Ulc hin  1 P WR 13 5 0

2 0 17 India , N P C IL R a ja s tha n 8 P HWR 6 4 0

2 0 17 R o m a nia , S N N C e rna v o da  3 P HWR 6 5 5

2 0 17 ? J a pa n, J A P C Ts urug a  3 A P WR 15 3 8

2 0 17 P a kis ta n, P A EC C ha s hm a  4 P WR 3 0 0

2 0 17 US A , S C EG S um m e r 2 P WR 12 0 0

2 0 17 C hina , s e v e ra l

2 0 18 Ko re a , KHN P S hin-Ulc hin  2 P WR 13 5 0

C o m m e rc ia l

Ope ra t io n*
R EA C TOR TYP E

M We  

(ne t )

C o m m e rc ia l

Ope ra t io n*

2 0 13 Ira n, A EOI B us he hr 1* P WR 9 5 0

2 0 13 India , N P C IL Kuda nkula m  1 P WR 9 5 0

2 0 13 India , N P C IL Kuda nkula m  2 P WR 9 5 0

2 0 13 C hina , C GN P C Ho ng ya nhe  1* P WR 10 8 0

2 0 13 C hina , C GN P C N ing de  1* P WR 10 8 0

2 0 13 Ko re a , KHN P S hin Wo ls o ng  2 P WR 10 0 0

2 0 13 Ko re a , KHN P S hin-Ko ri 3 P WR 13 5 0

2 0 13 R us s ia , R o s e ne rg o a to m Le ning ra d II-1 P WR 10 7 0

2 0 13 A rg e nt ina , C N EA A tuc ha  2 P HWR 6 9 2

2 0 13 C hina , C GN P C N ing de  2 P WR 10 8 0

2 0 13 C hina , C GN P C Ya ng jia ng  1 P WR 10 8 0

2 0 13 C hina , C GN P C Ta is ha n 1 P WR 17 0 0

2 0 13 C hina , C N N C F a ng jia s ha n 1 P WR 10 8 0

2 0 13 C hina , C N N C F uqing  1 P WR 10 8 0

2 0 13 C hina , C GN P C Ho ng ya nhe  2 P WR 10 8 0

2 0 14 R us s ia , R o s e ne rg o a to m N o v o v o ro ne zh II-1 P WR 10 7 0

2 0 15 R us s ia , R o s e ne rg o a to m R o s to v  3 P WR 10 7 0

2 0 14 S lo v a kia , S E M o c ho v c e  3 P WR 4 4 0

2 0 14 S lo v a kia , S E M o c ho v c e  4 P WR 4 4 0

2 0 14 Ta iwa n P o we r Lung m e n 1 A B WR 13 0 0

2 0 14 C hina , C N N C S a nm e n 1 P WR 12 5 0

2 0 14 C hina , C P I Ha iya ng  1 P WR 12 5 0

2 0 14 C hina , C GN P C N ing de  3 P WR 10 8 0

2 0 14 C hina , C GN P C Ho ng ya nhe  3 P WR 10 8 0

2 0 14 C hina , C GN P C Ya ng jia ng  2 P WR 10 8 0

2 0 14 C hina , C GN P C Ta is ha n 2 P WR 17 0 0

2 0 14 C hina , C N N C F a ng jia s ha n 2 P WR 10 8 0

2 0 14 C hina , C N N C F uqing  2 P WR 10 8 0

2 0 14 Ko re a , KHN P S hin-Ko ri 4 P WR 13 5 0

2 0 14 ? J a pa n, C hug o ku S him a ne  3 A B WR 13 7 5

2 0 14 India , B ha v ini Ka lpa kka m F B R 4 7 0

2 0 14 R us s ia , R o s e ne rg o a to m B e lo ya rs k 4 F N R 7 5 0

R EA C TOR TYP E
M We  

(ne t)

435 reactors operable, 374MWe 

66 reactors under construction, 68 MWe 

160 reactors planned, 176 MWe 

310 reactors proposed, 360 MWe 



NUCLEAR ENERGY 

 

But necessity to increase public 

acceptance  

 Enhanced safety 

 Acceptable solution for the management  

of nuclear waste 

 Sustainability on the long term 
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FUTURE OF NUCLEAR ENERGY 
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NUCLEAR WASTE MANAGEMENT 

Presently, depending on 

the countries: 

Open cycle: direct disposal 

of spent fuel 

Partially closed cycle: 

reprocessing to extract Pu, 

MOX fuels 

Possibly in the future 

Multirecycling 

Transmutation of minor 

actinides either in critical or 

in sub-critical fast reactors 

(ADS) 

|  PAGE 7 

 But ultimate disposal will anyhow be necessary 



NUCLEAR WASTE MANAGEMENT 
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Radiotoxicity of UOX spent fuel relative to uranium ore, versus time (years) 
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NUCLEAR PHYSICS FOR ENERGY 

PRODUCTION 
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NUCLEAR DATA NEEDS 

 Existing, Gen-III reactors 

 Optimization of fuel burn-up  

 Increase of life time 

 Safety margin reduction: 

decay heat, delayed n fraction 

 Fast reactors (Gen-IV)  

 New fuel, cladding, coolant 

materials  

 Minor actinide transmutation 

 ADS  

 Spallation target radioactive 

inventory  

 Material damage  
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 cross-sections 

 capture 

 fission 

 inelastic, (n,2n) 

 multiplicities  

 prompt and delayed neutrons  

 delayed gammas 

 characteristics of reaction 

products  

 Energy and angular 

distributions  

 fission fragments  

 spallation residues  



NUCLEAR DATA NEEDS 
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ENDF/B-VII,  

JEFF-3, JENDL-4 

MCNP5, MCNPX, 

PHITS, FLUKA… 

GNASH, TALYS, 

INCL, CEM… 



ANDES FP7 PROJECT 
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 SURROGATE REACTIONS  
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Measurement of cross-sections on 

isotopes difficultly available as targets 

 relevant for the transmutation of 

minor actinides, high burn-up reactors 

Works well for fission 

cross-sections 
 

σ(n,X)(En) = σ(n,NC)(En) x P(NC,X)(E
*) 

              calculated      measured 
                 optical model 
assumes same Jπ population or little 
dependence 

Coll. CENBG, IPN Orsay, CEA-Bruyères, CEA-
Saclay 
 
From Kessedjian et al., PL 105, 202501 (2010) 

For a review: J. Escher, Rev. Mod. Phys. 84, 353–397 (2012)  
 



SURROGATE REACTIONS  
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• Measurement of capture cross-sections ? 

 Test on known lanthanide capture cross-sections shows that surrogate 

capture probability very different from direct reaction 

           174Yb(3He,αγ)173Yb*                      174Yb(3He,pγ)176Lu*  

Difference due to different Jπ population in the direct and 

transfer reactions and n/γ competition 

 Comprehensive theoretical description of direct reactions 

that populate highly excited states, dependence of these 

processes on angular momentum, parity, and energy needed  

From Boutoux et 
al., Phys. Lett. 
(2012) 

Escher et al., 
RMP 84(2012) 
353 



DECAY HEAT CALCULATIONS 
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• Impact : safety, shorter refueling times, optimized shielding for 

transport of spent fuel, storage… target accuracy 10% 

 need for fission yields, decay data i.e. half-lives, branching ratios, 

mean β, γ energies 

Total absorption gamma-ray spectroscopy (TAGS), using large 

4π scintillation detectors 

– Jyvaskyla IGISOL separator + JYFLTRAP Penning trap for 

isotopic purification 

 
 

 Also delayed neutron 

probability measurements 

with the BELEN-20 detector 

 

From Algora et al., PRL 105, 
202501 (2010) 



FISSION FRAGMENT YIELDS 
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 Measurements of fission-fragment characteristics 
♦ with thermal neutrons   ♦ with fast neutrons 

   Lohengrin@ILL      Falstaff@NFS-SPIRAL2 

 
 
 
 
 
 
 

C. Amouroux PhD thesis 

2E-2v spectrometer for NFS, D. Dore et al.  

Los Alamos, F. Tovesson et al.  

243Am(nth,f) 



FISSION FRAGMENT STUDIES 
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Through surrogate reactions at GANIL 

   

 
 
 
 
 
 
 

 FF isotopic distribution of nuclei above U  

F. Farget, C. Rodríguez-Tajes et al. 

12C(238U,240Pu)10Be, E* = 10 MeV 

Through fission of secondary beams in the Coulomb 

field of a heavy target at GSI 

 SOFIA experiment: Identification 

of both FF for actinides and pre-

actnides 

<E*> = 10 MeV  6 MeV neutron SOFIA 

J. Taieb et al. 



NUCLEAR PHYSICS FOR ADS 
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THE MYRRHA PROJECT AT SCK•CEN 
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21 

Modelling of spallation reactions 

New high quality data 
 isotopic distributions of residues at FRS 

 excitation function measurements (Michel et al., 

Titarenko et al.)  

 light charged particles DDXS and neutrons 

multiplicities by the NESSI / PISA collaborations 

 Highly predictive models for implementation into 

transport codes: INCL+ABLA, CEM, FLUKA… 

From A. Boudard et al., Phys. Rev. C 87, 014606 (2013) 

Data from Herbach et al. Data fromEnqvist et al. 



Residue global analysis: 
Division of the distributions in 
mass/charge regions: evaporation 
residues, deep spallation, fission 
and intermediate mass fragments 
 

22 

Quality Points 

Good 2 

Moderately good, minor problems 1 

Moderately bad, particular problems -1 

Unacceptably bad, systematically wrong -2 

Isotopic distributions 

IAEA benchmark of spallation models 

Neutron double differential 
cross-sections global analysis: 
Division of the spectra in 4 energy 
regions: evaporation, pre-
equilibrium, pure cascade and quasi-
elastic 

http://www-nds.iaea.org/spallations 



PRODUCTION OF AT IN THE ISOLDE LBE TARGET 

Measurement of  At isotopes released from a liquid 

lead-bismuth (LBE) target irradiated by a proton 

beam of 1.4 and 1 GeV at ISOLDE (Y. Tall et al., ND2007) 

♦ not reproduced by any calculation 

Two production channels: 

 Double charge exchange (p,π-) induced 

by primary protons 

 𝒑 + 𝑩𝒊𝟖𝟑     𝑨𝒕𝟖𝟓 + 𝒙𝒏 + 𝝅− 

 dominant for light isotopes (A  206) 

 Secondary reactions induced by helium 

nuclei 

 2He + 𝑩𝒊𝟖𝟑   𝑨𝒕𝟖𝟓 + 𝒙𝒏 

 dominant for heavy isotopes 

From David et al. EPJA (2013)              Calculations with INCL4.6-ABLA07 in MCNPX2.7.b 



Calculation: INCL4.6 coupled 
to ABLA07  

 

 

SECONDARY HELIUM-INDUCED REACTIONS 

Helium production in primary reactions 

p(1200 MeV) + Ta 
(Herbach et al.) 

3He 4He 

Excitation functions (3He,xn) (4He,xn)  



PRODUCTION OF At IN ISOLDE LBE TARGET 

Calculations: INCL4.6-

ABLA07 in MCNPX2.7.b  

 

 Importance of 

predicting correctly 

high-energy helium 

Much better than 

CEM03 

 Data from Y. Tall et al., ND2007 

J.C. David et al., EPJA 49, 29 (2013) 



SECOND GENERATION OF EXPERIMENTS 
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 aiming at a full kinematical reconstruction of 

the reaction by measuring in coincidence all the 

reaction products  

 providing a deeper understanding of the 

reaction mechanism and severe constraints on 

the models 

The SOFIA experiment  

(coll. CEA/Bruyères, IPNO, Univ. Santiago de Compostella) 

From J. Benlliure, ANDES meeting Oct. 2013) 



CONCLUSIONS  
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 Nuclear energy will continue developing in the 

future  

 Enhancement of safety, new types of reactors 

(Gen-IV), minimisation/transmutation of waste 

requires high quality nuclear data and models  

 Nuclear physicists have played and will still play a 

major role by providing facilities, innovative 

experimental techniques and theoretical models 

 



FUTURE EURATOM FP7 PROJECT CHANDA  
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solving CHAlenge in Nuclear DAta 

 access to the available EU nuclear data facilities 

 upgrade of neutron facilities in order to allow 

measurements on short lived and rare materials 

 support to radioactive target fabrication 

laboratories 

 developing new methodologies and capabilities in 

performing measurements, evaluation and validation 

of nuclear data and nuclear models  

 


