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 Background 



Evolution of nuclear energy systems 



Materials : one of  bottle neck issues for the development 
                   of  4th Generation nuclear energy systems 
 
 
Among the materials properties 
Radiation property： 
                  one of the most crucial  issues to the materials 
 needs to be examined well in advance 
 
Present work motivated to establish in laboratory fast testing 
facilities of the materials radiation effects for pre-selection 
 

challenge 



Advanced nuclear energy facilities operate with 
   fission neutrons with a mean energy of <3MeV 
  fusion neutrons of 14MeV 
  spallation neutrons of several hundred MeV 



Neutron induced cascade collisions 

Neuron irradiation causes atoms to be displaced  
from their lattice sites and  
produces severe displacement damage 
since very high fluence of neutrons 

Atomic displacements 



Materials of 4th Generation nuclear energy facilities  
suffer very high dose neutron irradiations at high temperatures 

Structural materials required to work in high displacement 
damage environment without failure 

Very high irradiation  dose 



Transmutation  resulting from  (n, p), (n, α) reactions 
A nucleus may absorb a neutron forming a compound nucleus 
which then de-energizes by emitting a charged particle 
either a proton or an alpha particle 
 
  
 
 
 
 
 
 
  

Transmutations 

 Neutron transmutations produce P (H) and α (He) 

  



RD  in structural materials  
of 4th Generation nuclear energy facilities arises 
from a combination of atomic displacements and helium and 
hydrogen irradiations 
 



Synergistic effect 

In  simultaneous irradiations of  atomic displacements and 
hydrogen and helium 
there is a  so called synergistic effect 
which can enhance or suppress RD 
                                                                      
 

Synergistic effects can be seen clearly in the Fe-Cr steel and 
SiC irradiated simultaneously by HI,  H and He  



Accelerator irradiation simulation  
 Heavy ion irradiation simulation  
     
 Triple beam Irradiation  
   

     



Radiation effects  in materials are characterized mainly by  
 High displacement rates at high temperatures 
   Simultaneous irradiation of displacement & H & He 

Triple beam irradiations of HI, H and He are needed 
to simulate high dose neutron irradiation 
i.e. introducing appropriate gas concentrations 
simultaneously with the damaging heavy ions   



Some currently 
available  
reactor facilities  
used for materials 
testing  

fast  
reactors 

mixed- 
spectrum 
reactors 

displacement rate not high enough   

Heavy Ion Irradiation Simulation  

Fast reactor 
can reach 20-
30 dpa per 
year 

ESS 
1.4dpa/GW, d 

The heavy ion irradiation has been developed 



Fast way  

Damage rate generated by HI irradiation 
 is much higher than that by neutron 
 irradiations, say  in the order of 103-5  
HI irradiation simulation allows critical  
scientific studies to be performed  on 
reasonable time scales , e.g. hours to days 



Samples irradiated by HI are not radioactive 
unlike reactor irradiated samples that are highly activated 
requiring  a very long cooling time before examination 

Irradiation parameters such as irradiation temperature, 
dose, dose rate can be well controlled in HI irradiation 



Heavy ion irradiation technique employed in many laboratories 
with heavy ion accelerators in the world to simulate and 
investigate RD produced by high dose neutrons    
 
e.g.   
 ORNL, LLNL, USA 
 GSI, Karlsruhe, Germany 
 CEA-Saclay, France 
 Kurchatov Inst., Russia 
 JAEA, Kyoto Univ., Japan 
   Kharkov Inst. of Phys. & Technology, Ukraine  
     CIAE, IMP, Peking Univ., China 
     National Tsing Hua Univ, Taipei 
 
 

Irradiation  upto ~400 dpa 
well above the incubation stage,  
Severe swelling was observed 



Triple-beam irradiations play a  important role in 
investigating the RD of nuclear energy structural materials 

Triple beam irradiation 

Triple beam irradiation facilities usually composed  
of three accelerators or implanters, delivering heavy 
ion beam and hydrogen and helium ion beams 
independently 

H 

He 

Structural materials simultaneously encounter 
displacement damage plus H and He  



A list of the various multi-ion-beam 
facilities in the world 

Dual 

Triple 



Ion-beam–TEM facilities in the world  



JAEA at Takasaki 

National Tsing Hua Unversity, TW  Kharkov Inst. Ukrain 
LLNL, USA 

JANNuS 

Maximal intensities  
3.9×1014/s for protons, 8.8 × 1014/s for 4He+, 2.2 ×1014/s  for4He2+ 

1.8 × 1012/s for 132Xe10+, 3 × 1011/s & 8.2 × 1012/s for 40Ar8+ 
2.6 × 1012 pps for 56Fe8+  , 1.1 × 1012 pps for  



The triple beam irradiation of heavy ions & hydrogen & helium 
produced by accelerators or implanters  
a unique way in a reasonable time period to experimentally 
investigate the radiation damage above several tens of dpa   
with appropriate H and He concentrations   



 Triple beam irradiation facilities at CIAE 

 
 Heavy ion irradiation facilities 
 
Triple beam facilities 
     



               

Irradiation 
terminal 

Heavy ion irradiation facilities at the HI-13 tandem accelerator  

Triple beam 
chamber 



Development and Establishment of  
triple beam facilities at CIAE divided into three phases 



Phase 1 

Composed of HI-13 tandem  
Accelerator and a 250 kV implanter 
  
HI-13 tandem 
 providing various kinds  
of HI up to AU ions,  
250 kV implanter 
delivering  mixed beam of H & He 
Irradiation chamber 

Early stage 



Phase 2 

Present stage  



Phase 3 

Dedicated triple beam irradiation 
facility  
Expected to be completed in the 
first quarter of  2015 High-B, 10 GHz，Caprice 

Near future stage 
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High energy triple beam facilities 
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The radiation effect of 
simultaneous triple ion 
beam irradiation in 
CLAM 
 
Presented by Dr. Yuan 

Triple beam irradiations have been carried out  
with the established facilities  

to study the radiation effects  in CLAM, ODS, 304 ss, etc 



Thank you very much 



85 MeV 19F ions to a fluence of 
5.28×1015 cm-2 @ 60 oC, 
equivalent to the En > 1 MeV 
neutron fluence of 3x1020 cm-2 
@ 75 oC  irradiated at JJR-2  
reactor, Japan 

Previous experiment 
proved the equivalence of 
the HI irradiation and 
the neutron irradiation 
for α-Al2O3 at the same 
irradiation dose 

Modern Physics Letters B18(2004)881 

α-Al2O3  

Preliminary verification 
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