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Did we overlook 
Radiation Protection and Safety  

issues and requirements ? 

Could Radiation Protection and Safety 
requirements be show stoppers in the operation of 

such facilities ?  

Despite the impressive amount of high-quality 
design studies and R&D activities during the last 

15 years…  



Disclaimer 

 

  

 The intention is NOT to dispute the results and findings of 
 past projects and design studies  

 

 

  But instead  

 

 

 To have a “hard look” at the “(hard) data”, from the 
 radiological protection and radiation safety perspective 



Outline 

• Radiological protection and radiation safety issues of next generation 
emerging and innovative nuclear technology facilities  

 Radiation damage 

 Activation of structural components 

 Dose-rates (n, )  

 Radiotoxicity of targets 

 Inspection & Repair 

 Etc. 

 

• 3 “case studies”: ADS, EURISOL, Spallation Neutron Sources 

 Short description, nominal operating parameters 

 Selected radiological protection and radiation safety issues & 
requirements 

 

• Summary and Outlook  



Quest for intense neutron sources 

From G. Bauer (2005) 



Emerging and Innovative Nuclear 
Technology Facilities - Multidisciplinarity 



Next Generation, Emerging and Innovative 
Nuclear Technology Facilities 

• “Case studies” 

– ADS – Accelerator Driven Systems (XADS, XT-ADS, MYRRHA) 

– Next-generation Radioactive Ion Beam ISOL facility (EURISOL) 

– Spallation Neutron Sources 

• SNS (Spallation Neutron Source, US, in operation since 2006) 

• ESS (European Spallation Source, currently in design phase) 

 

• Commonalities: 

– High power (Multi-MegaWatt) delivered on target 

• Proton beam:  

  Ep ~ 600 – 1500 MeV 

  Ib ~ several mA 

– High-density liquid targets (Hg, Pb-Bi, Pb) 

– Unpredented high neutron fluxes: 1015-1016 neutrons cm-2 s-1  

– Very high dose-rates, activation and radiation damage 

 



Radiation damage issues 

 

 

“Case study” - ADS 



 A proton beam (Ep ranges from 350 to 800 MeV)  

    of high-intensity (several mA beam current) 

 

 A liquid high-density target (lead, lead-bismuth) 

 

 Neutrons are generated by spallation reactions 

induced by the proton beam in the high-density 

target  external neutron source “drives” the 

core  (~15 neutrons per primary proton (E= 600 

MeV)) 

 A sub-critical core (keff=0.95-0.97) 

 

 

Proton accelerator 

Spallation target 

Subcritical core 

Spallation 
target (Pb-Bi) 

Sub-critical reactor 
(keff  0.95-0.97) 

p n Proton 
accelerator 

What is an ADS ? 

Hybrid system consisting of: 



XT-ADS  
“layout” & design specifications  

• Ep = 600 MeV 
 

• Ip = 2.33 mA 
 

• Pcore = 57 MWth 
 

• keff  0.95-0.97 
 

• fast  2-3 x 10
15 

n cm-2 s-1 
 

• Highly enriched 
MOX fuel (> 30% 
Pu enrichment) 
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ADS core with fuel assemblies  

Assembly with 

 91  fuel pins 

 Pb-Bi (coolant)    Air    Concrete    Steel    Fuel pin    Pb-Bi (target) 

Design of the XT-ADS 
(EUROTRANS project) 



Vessel 
 dpa versus core configuration 

z  

(cm) 

dpa  

(yearˉ¹mAˉ¹) 

dpa 

 (yearˉ¹mAˉ¹) 

dpa 

 (yearˉ¹mAˉ¹) 

A1 A2 B1 B2 C1 C2 

27 0.84 0.41 0.61 0.41 0.70 0.51 

21 0.94 0.45 0.67 0.45 0.76 0.56 

16 1.01 0.49 0.71 0.47 0.82 0.61 

12 1.05 0.51 0.74 0.50 0.86 0.63 

8 1.09 0.52 0.76 0.51 0.88 0.65 

4 1.10 0.53 0.77 0.52 0.90 0.67 

0 1.11 0.54 0.78 0.52 0.90 0.68 

-4 1.11 0.53 0.78 0.52 0.89 0.66 

-8 1.09 0.53 0.76 0.51 0.89 0.65 

-12 1.06 0.51 0.75 0.50 0.86 0.63 

-16 1.02 0.49 0.72 0.48 0.83 0.61 

-21 0.96 0.46 0.68 0.45 0.77 0.58 

-27 0.87 0.42 0.63 0.41 0.71 0.52 

keff 0.95 0.92 0.96 0.94 0.96 0.94 Clean core, 72 FA, 31.8% Pu 

Clean core, 66 FA, 35% Pu IPS loaded core, 78 FA, 35% Pu 

Y. Romanets - Ph.D. thesis (2012) 



ADS - Radiological Protection and 
Radiation Safety challenges 

• Several scientific, technological, engineering and nuclear and 
radiation safety challenges, namely (not exhaustive list): 

 

 Reliability of the proton accelerator 

 Thermohydraulic behaviour 

 

  Very high radiation damage  periodic (every 2-5 years ?) 
replacement of key safety and structural elements (core 
barrel, top support plates) 

 In view of the currently known material properties 

 Po-210 generation 

 Inspection and repair  

  very high residual activity of structural components 

 Radioactive waste management  

 decomissioning, dismantling and disposal 



Activation & dose rate issues 

 

 

“Case study” - EURISOL 



shielding (concrete) 

EURISOL 
Targets and control areas layout (1) 



EURISOL 
Targets and control areas layout (2) 



Neutron flux 

Neutron flux 

EURISOL - Targets & control areas 
Neutron and photon fluxes (cm-2 s-1) 

Plane z=0 

Photon flux 

7 m 

8 m 

10 m 

Photon flux 

Plane x=0 

From R. Luís & Y. Romanets – FLUKA MC simulations 



EURISOL – Targets 
Dose equivalent rate (Sv/h) 

From R. Luís & Y. Romanets – FLUKA MC simulations 

beam shutdown (t=0) 
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EURISOL Design Study 
Dose equivalent rate (Sv/h) 

From R. Luís & Y. Romanets – FLUKA MC simulations 

beam shutdown (t=0) 
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EURISOL Design Study  
(Residual) activity (after beam shutdown) 

From R. Luís & Y. Romanets – FLUKA MC simulations 

fission targets container  Extraction tubes  



EURISOL Design Study  
(Residual) activity - structural components  

From R. Luís & Y. Romanets – FLUKA MC simulations 



EURISOL Design Study 
(Residual) equivalent dose rate  

From R. Luís & Y. Romanets – FLUKA MC simulations 

100 Sv/h 



EURISOL - Radiological Protection 
and Radiation Safety challenges 

 

• Several scientific, technological, engineering and nuclear and 
radiation safety challenges, namely (not exhaustive list): 

 

 Mercury target container integrity (dpa assessment, 
etc.) 

 

 Mercury radiotoxicity, volatility, chemistry, etc. 

 

 Inspection and repair  

  very high residual activity of structural components 

 

 Radioactive waste management and disposal 



Radiotoxicity issues 

 

 

“Case study” – SNS/ESS (Hg) & XADS (Pb-Bi) 



Spallation Neutron Sources 
(SNS) 

From P. Ferguson (SNS)  

Core Vessel 

water cooled 

shielding 

Neutron beam 

flight paths 

Outer 

Reflector 

Plug 

Hg target 

Moderators 

protons 



Radiotoxicity issues 
Hg targets (“ESS”) 

From R. Moormann et. al. (@PHYSOR 2008) 



Radiotoxicity issues 
Pb-Bi targets (XADS) (1) 

From J. Cetznar et. al. (2010) 

From the radioprotection point of view, the analysis of the migration potential 
of mercury isotopes must be assessed, namely:  
 

193Hg, 194Hg, 195Hg, 197Hg, and 203Hg 

Mercury produced by spallation  



Radiotoxicity issues 
Pb-Bi targets (XADS) (2) 

From J. Cetznar et. al. (2010) 

Lead, bismuth and thallium activity  



Radiotoxicity issues 
Pb-Bi targets (XADS) (3) 

Activity and associated radiotoxicity of 210Po is reduced by five orders of 
magnitude after about eight years, but still a high level of radiotoxicity 
will be maintained over one million years (106 Sv !!!) 
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Radiotoxicity 

• Nuclides that are predominant for radiotoxicity build-up originating 
from the interaction with core neutrons are:  

– 210Po, 210Bi, 206Bi, 207Bi, 204Tl.  

 

• The major contributions from the spallation process are given by: 

– 194Hg, 197Hg, 204Tl, 207Tl, 203Pb, 203Bi. 

 

 

 

 



Inspection & Repair issues 

 

 

“Case study” – ADS (MYRRHA) 



Inspection and Repair 
(MYRRHA) 

Inspection Repair 

Inspection  (general overview, detailed analysis of critical components) 
Repair (recover of debris, deployment of specialized tools, etc.)  

in/through opaque medium 
Use of ultrasound technogies 

Remote handling 

Courtesy of H. Abderrahim & the MYRRHA team (SCK/CEN) 



Summary and Outlook 
(not Conclusions !) 

 

• Next generation emerging and innovative nuclear technology facilities 

 Unpredecented radiation environments, translating in very high: 

Radiation damage of structural materials 

Dose rates 

Activation of structural componentes 

Radiotoxicity of targets 

 

• Radiation Safety issues must be carefully assessed: 

 Radiological Protection of the workers and the whole installation 

 Inspection and Repair (effective) solutions 

 Radioactive Waste Management 

 Licensing  

 Decommissioning, Dismantling and Disposal 

 



Annex 



EURISOL Design Study 
Conclusions on Safety Chapter 


