2

3

ADS development in Japan

Kenji Kikuchi
Frontier Research Center for Applied Atomic Sciences, Ibaraki University, Shirakata 162-1, Tokai-mura, Ibaraki-ken, 319-1106, Japan

Accelerator driven nuclear transmutation system has been pursued to have a clue to the solution of high-level radioactive waste management. The concept consists of super conducting linac, sub-critical reactor and the beam window. Reference model is set up to 800MW thermal power by using 1.5GeV proton beams with considerations multi-factors such as core criticality. Materials damage is simulated by high-energy particle transport codes and so on. Recent achievement on irradiation materials experiment is stated and the differences are pointed out if core burn-up is considered or not. Heat balance in tank-type ADS indicates the temperature conditions of steam generator, the beam widow and cladding materials. Lead-bismuth eutectics demonstration has been conducted. Corrosion depth rate was shown by experiments.    
 Specification of ADS in JAPAN
     Accelerator driven nuclear transmutation system aims at transmuting Minor Actinides such as Am, Cm and Np with having long-life decay periods into nuclei with short–life ones or stable nuclei at higher efficiency. Fig. 1 indicates the conceptual model proposed in JAPAN. Super conducting linac accelerator (SC) makes high intensity and high power protons beams.   The beams are bent and injected to the liquid lead-bismuth target at the inner core region of sub- critical fast reactor through the beam window, which is the interface between accelerator and reactor.  High intensity proton beam will produce neutrons through spallation process and increase neutrons more through fission process.
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Figure.1. The concept of accelerator driven nuclear transmutation system.

   The energy of proton is to be 1 - 1.5 GeV from points of views of neutron production economy by spallation reaction. It is decided to be 1.5 GeV. Accelerated proton will produce about thirty neutrons by the spallation process of target nuclei. [1] Nishihara described the core power by the Eq. (1) 
                                               


where Pc (W) is the core power, Ct(Ep,k,S) (A) is the beam current, Ep is an energy of proton (GeV), S is an shape of the beam, Np(Ep) is the number of the spallation neutron, fiss (= 3.0) is the number of fission neutron by fission, *(Ep,k,S) is spallation source effectiveness that is the ratio of multiplication of spallation source to fission source in minor actinide (MA) core, (k) is reactivity defined as (k)=1/k-1, k is core criticality, and Efiss(=202.6 x 106) (eV) is a power generated by fission. [2] 
　A choice of target materials was considered by neutron yield, system simplification with reactor coolant, and heat removal engineering. Spallation target favors to high atomic number substance.  Except for non-actinide materials, Ta, W and Pb are candidates. Engineering consideration fixed firstly to use common materials for both spallation and reactor coolant, secondly to use good physical property with having a low melting temperature at 124.5oC and a high boiling temperature at 1670oC, thirdly to use good chemical property without aggressive reaction with water, and fourthly to use liquid material that is free from radiation damage. Our choice is to use lead-bismuth eutectics (LBE), which has a chemical concentration of lead 45wt% and Bi 55wt%.
    The reference specification of ADS [3] is 800 MW of thermal power and the burn-up period is 600 effective full-power days. The amount of MA transmutation is 250 kg per year. The	 core 	fuel is (MA, Pu)-nitride. 	Inert matrix in the fuel is zirconium-nitride (ZrN). Nitrogen with 15N enriched (99%) is to be used for both	 (MA, Pu)-nitride 	and	 ZrN 	to 	reduce 	the	 production of 14C from 14N(n, p) reaction. The proton accelerator for ADS has high intensity power about 20MW with good economy and high reliability. High reliability should be emphasized for realizing ADS. In order to satisfy the conditions SC accelerator is a promising choice. A conceptual design study was to use a cryomodule with 972MHz radio frequency for protons accelerated from 100 MeV to 1.5 GeV. Preparatory study about superconducting twin niobium-made cavities showed that the maximum surface electric field (MSEF) was 42 and 40 MV/m at 4.2K, and 37 and 35 MV/m at 2.1K, respectively. The design study with using 30 MV/m of MSEF shows that the estimated total length is 472m by using 89 cryomodules. 

Irradiation material damage of beam window

 (
Beam window
Figure 2. Damage calculation model.
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Table 1 Beam window material damage in the first 300 FPDs.
)     Fig.2 indicates material damage calculation model of the beam window.  Digits means size in cm scale. The beam window locates in a depth of 600 cm 
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Figure 3. Comparison of proton and neutron fluxes at ADS and SINQ target3.
)









and a thickness of shielding Pb-Bi is 150 cm against 1.5 GeV proton beam. For the evaluation, flux of the proton and neutron is calculated by the PHITS [4] (particle and heavy ion transport code system) and TWODANT [5] (two-dimensional diffusion-accelerated neutral-particle transport code system). The 
heat cross section is calculated by PHITS for whole energy region of proton and neutron. Displacement by proton and neutron above 150 MeV and production of hydrogen and helium by high-energy particle above 20 MeV are also calculated by PHITS. DPA cross-section below 150 MeV is calculated by processing LA- 150 by NJOY code [6]. Cross sections in a library of DCHAIN-SP [7] are available for production of hydrogen and helium by neutron below 20 MeV. Table 1 shows heat deposition, displacement per atom (DPA), and light –cluster production (H, D, T, 3He, and 4He) at the beam window material, which consists of JPCA, 14Cr-16Ni-2.34Mo-1.54Mn-0.22Ti-Fe-Balanced wt%, with 2mm in thickness.  Each of values is separated by the contribution to incident proton, produced proton, spallation neutron (>=10MeV), spallation neutron (<10MeV), and total values during the first 300 FPDs in ADS.  Incident proton deposits 229 W/cc. It is evaluated that the incident proton generates over 60% to the total heat. Irradiation damage DPA is caused by the incident proton to 4.2 DPA and the ratio to the total value is 7.6%. Neutron below 10 MeV contributes to 47 DPA, 85%. This is attributed to the fuel burn-up. A large number of hydrogen is produced in comparison with other light clusters. The incident proton and the secondary or higher order particles give 50% and 30% to the total production, respectively. 4He and 3He productions contributed by the incident proton are 86% (709appm) and almost 100% (130appm), respectively. The ratio of 4He/3He due to the incident proton is 5.5 and the ratio due to all proton and neutron is 6.4. 


 Translation of material damage parameter in spallation
     The SINQ target irradiation program (STIP) initiated in 1996 and conducted under collaboration with many laboratories at Paul Scherrer Institute. Irradiating space was provided in the neutron source, which was bombarded by 580MeV proton beam. Through a post irradiation examination of materials mechanical properties of austenitic stainless steel, JPCA, and ferritic-martesitic(FM) steel, F82H (8Cr-2W-Fe-Balance wt%), were investigated. They are candidates for the beam window material. Material data irradiated up to 20DPA are stored in the material data sheet. [8]
     Consideration will be paid to the difference of incident proton energy for applying STIP data to ADS. Translation of material data among different irradiation fields will be issue. Figure 3 shows a comparison of proton and neutron fluxes at in the beam window of ADS with rod-1 and -3 in SINQ target3. [9] The incident proton flux (/cm2/s/mA) at ADS shows almost the same level with that of SINQ. The difference is the absolute value of incident proton energy. The neutron flux at ADS is higher than spallation target. As the reason is already mentioned, the higher neutron flux is due to fuel burn-up. 
     Materials property of DPA base evaluation at fission and spallation fields is reported to be different. A ductility brittle transition temperature (DBTT) of the different FM steels increases more or less linearly with dose after irradiation in spallation environment up to 20DPA.  But the trend of DBTT in the neutron 
irradiation deviates from that of spallation cases. The reason is likely attributed to helium effects. [10] The helium production rate depends on the incident proton energy.  TEM observation of irradiated samples showed small bubbles in the materials. Helium gas remained in the irradiated samples below 1000oC. [11]

Materials compatibility with LBE and heat balance in the system
     The knowledge for a use of materials such as ferritic-martensitic and austenitic stainless steels in LBE is to keep an oxide layer on the surface of base metal by controlling an oxygen concentration. Thermo-dynamics consideration indicates that an adequate oxygen concentration in LBE exits between, for example, 10-6 to 10-4wt% in the temperature region of 400 – 700oC. Gromov et al. showed that too little oxygen solution in LBE will dissolve iron oxide and excess oxygen solution in LBE will make lead oxide. [12] Alternative is to cooperate with anti-corrosion elements like Al, which has a good function to guard base metal. [13] 
     For the ADS a primary mission is to transmute MA efficiently but not to generate electricity efficiently so that LBE working temperature can be set up in the low temperature regime comparative with power reactors. This point is an advantage to suppress the material corrosion in flowing LBE. In order to remove heat in the subcritical reactor a tube-in-shell type steam-generator (SG) is to be applied. It is desirable to downsize the structure by keeping LBE temperature over 300oC. The lower temperature will make a heat transfer coefficient of water inefficient. Under the condition of both LBE velocity less than 2m/s and 375W/cc of heat deposition at the beam window, the beam window temperature was designed less than 520oC. Then Maximum temperature at fuel claddings is evaluated to be about less than 600oC, while LBE temperature is <505oC. [3]
     In the last ten years the study of LBE engineering has been demonstrated in material corrosion[14], flow velocity profile measurement in the target model[15] and heat transfer experiments at the beam window model[16]. A choice of candidate materials for ADS beam windows was JPCA and F82H irradiated at SINQ, which had the large database of neutron irradiation. Candidates for fuel clad are HCM-12A(10Cr-2W-SiMnMoCuNiV-Fe Balance,wt%) and high Cr-ODS steels, which have been developed in the field related to GEN-IV project. 
     The oxidation kinetics of the steel in the flowing LBE was proposed by the next equation [17]:



The equation means that the corrosion mechanism is explained by both an oxide scale formation and a scale removal, where D is corrosion depth, Kp is a parabolic oxide growth rate constant, Kr is a scale removal rate constant and t is time. On the contrary, for a log time range evaluation of corrosion depth in flowing LBE, a mechanism of mass loss due to continuous scale removal or discrete cracking will be important. We observed cracks in the oxide layer parallel to the material surface of both JPCA and F82H at 500°C. The next simple equation was proposed for design use where D: m, t: h. [18]



This suggests that 5000hrs operation will make 50m corrosion depth.
     Furthermore it should be mentioned that the beam window takes quasi-static pressure in the submerged condition into LBE filled core. Irradiation hardening changes the buckling mode and the critical buckling stress.[19]

Summary
     Development of ADS in Japan is overviewed. Reference concept is a tank-type 800MW thermal subcritical reactor. Intensified proton beam with 1.5GeV energy is accelerated by super-conducting linac. Beam power will be 15-30MW, depending on fuel burn-up. Irradiation data of the beam window materials were obtained by STIP program and comprehensive understanding needs considerations the effect of fuel burn-up. LBE techniques are demonstrated on corrosion, velocity measurement and heat transfer performance.  Buckling analyses optimized the beam window shape against quasi-static pressure and irradiation effect.
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Effects/Particles Incident Proton | Produced proton | Neutron(>10MeV) | Neutron (<10MeV) Total
Heat (W/cm3) 229 75 7.2 63 375
DPA (300 FPDs) 4.2 0.31 3.6 47 55
H (appm,300 FPDs) 3119 1831 725 503 6179
D (appm,300 FPDs) 727 1.8 7.2 0.082 736
T (appm,300 FPDs) 163 0.27 0.72 0.054 164
3He (appm,300 FPDs) 130 0.2 0.28 3.90E-06 130
4He (appm,300 FPDs) 709 5.5 45 65 825
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