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Abstract. To continue the utilization of the nuclear fission energy, the management of the high-level radioactive waste (HLW) is one of the most important issues to be solved. The difficulty of the HLW management exists in its long-lasting radioactive toxicity which has to be isolated more than millions years and heat generation which may affect the structural integrity of the deep geological repository. Partitioning and Transmutation (P&T) technology of HLW is expected to be effective to mitigate the burden of the HLW disposal by reducing the radiological toxicity and heat generation. The Japan Atomic Energy Agency (JAEA) has been conducting the research and development (R&D) on accelerator-driven subcritical system (ADS) as a dedicated system for the transmutation of long-lived radioactive nuclides. The ADS proposed by JAEA is a lead-bismuth eutectic (LBE) cooled fast subcritical reactor with thermal output of 800 MW. For ADS to play important roles in the nuclear fuel cycle, several critical issues have to be resolved. 

To foster the R&D for most of above mentioned technical issues, JAEA plans to build the Transmutation Experimental Facility (TEF). TEF consists of two buildings: the Transmutation Physics Experimental Facility (TEF-P) and the ADS Target Test Facility (TEF-T). TEF-P is a zero-power critical facility which is operated with a low power proton beam to research the reactor physics and the controllability of ADS.  TEF-P is designed with referring to the plate-type-fueled Fast Critical Assembly (FCA) in JAEA/Tokai; the horizontal table-split type critical assembly with a rectangular lattice matrix. Using this TEF-P facility, many experimental studies are planned. The R&D  items which carried out at TEF-P are categorized as follows; (1) validation of data and method to predict the neutronics in a fast subcritical system with a spallation source, (2) demonstration of controllability of a hybrid system driven by an accelerator, and (3) transmutation performance of MA and LLFP.
1. Introduction

To continue the utilization of the nuclear fission energy, the management of the high-level radioactive waste (HLW) is one of the most important issues to be solved. The difficulty of the HLW management exists in its long-lasting radioactive toxicity which has to be isolated more than millions years and heat generation which may affect the structural integrity of the deep geological repository. Partitioning and Transmutation (P&T) technology of HLW is expected to be effective to mitigate the burden of the HLW disposal by reducing the radiological toxicity and heat generation. The Japan Atomic Energy Agency (JAEA) has been continuously implementing research and development (R&D) on P&T technology to reduce the burden of the backend of the nuclear fuel cycle. The R&D on P&T in JAEA are basing on two kinds of concepts: one is the homogeneous recycling of minor actinide (MA) in commercial fast breeder reactors and the other is the dedicated MA transmutation, so-called “double-strata” strategy [1], using an accelerator-driven system (ADS). The ADS is a hybrid system that consists of a high intensity proton accelerator, a spallation target and a subcritical fuel region. As a primary option, JAEA proposed a lead-bismuth eutectic (LBE) target/coolant system [2]. To realize the ADS, there are many technical subjects: the neutronics of the subcritical core driven by spallation neutrons, the engineering applicability of the high power spallation target, the development and the operation of the intense proton accelerator, and so on.
Atomic Energy Commission (AEC) of Japan conducted Check and Review on P&T technology by setting up a subcommittee in August 2008. The subcommittee compiled and submitted a final report to AEC in April 2009. The AEC issued its statement as a response to this report [3]. As the basic policy for R&D of P&T technologies, the report presented that the R&D of double-strata concept should be undertaken as a part of the R&D for future nuclear power generation systems considering the transitional phase from light-water reactor (LWR) cycle to FBR cycle as well as the equilibrium phase of FBR cycle. Regarding the ADS, the report appreciates the significant progress in the design study, accelerator development, LBE technology including a spallation target, etc. It is, however, pointed out that the ADS is still in the fundamental stage as a whole and that further accumulation of basic data is necessary to step up to the next stage to verify the engineering feasibility. The report points out the required R&D issues on ADS as follows:

–
Reliability and economy of the accelerator,

–
Feasibility of the beam window,

–
Reactor physics of subcritical core including its control,

–
Design and safety of LBE cooled core.

The report also points out that requirement of the critical experiments using MA for the integral experiments of the transmutation system.
[image: image1]JAEA is conducting a multi-purpose high-intensity proton accelerator program called J-PARC (Japan Proton Accelerator Research Complex) collaborating with High Energy Accelerator Research Organization (KEK). To study the basic characteristics of the ADS and to demonstrate its feasibility from viewpoints of the reactor physics and the spallation target engineering, JAEA plans to build the Transmutation Experimental Facility (TEF) [4] in the Tokai site under a framework of the J-PARC Project as shown in FIG.1. TEF consists of two buildings: the Transmutation Physics Experimental Facility (TEF-P) and the ADS Target Test Facility (TEF-T). TEF-P is a zero-power critical facility where a low power proton beam is available to research the reactor physics and the controllability of the ADS. TEF-T is a material irradiation facility which can accept a maximum 400MeV-250kW proton beam into the spallation target of LBE. Using these two facilities, basic physical properties of subcritical system and engineering tests of spallation target will be studied. In the present work, the reference design of ADS in JAEA is explained, and then the detailed plan of TEF is presented.
2. General Description of JAEA Proposed ADS
JAEA's reference design of ADS [2] is a tank-type subcritical reactor, where lead-bismuth eutectic (LBE) is used as both the primary coolant and the spallation target, as shown in FIG.2. The central part of the core is the spallation target region. The target region is provided by substituting central seven assemblies to a target module. In the target region, LBE is flowing from the core bottom. The proton linac with the proton energy of 1.5 GeV is used for the accelerator to operate the ADS. A tank-type system is adopted to take advantage of a simple design and to eliminate the necessity of heavy primary piping. All primary components, including primary pumps, steam generators, and auxiliary heat exchangers, are accommodated within the reactor vessel. The primary cooling system includes two mechanical pumps and four steam generators. The heat generated in the target and the core is removed by forced convection of the primary LBE, and transferred through the steam generators to a secondary water/steam system for power conversion. The auxiliary cooling system is provided as a backup system for decay heat removal. The inlet and outlet temperature of the LBE coolant were set to 300 and 407 ºC, respectively.
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For the core fuel, (MA,Pu)-nitride is used. As inert matrix, zirconium-nitride (ZrN) is used with the fuel. To minimize the burnup swing and the power peaking, the fuel region is divided into two zones with the different initial Pu loading. The MA inventory is about 2500 kg. Since the transmutation rate of MA is 250 kg/yr as described before, the relative transmutation efficiency of MA is about 10 %/yr. The maximum keff during whole burnup cycles was set to 0.97. The burnup swing in whole cycles is about 3 %k/k. The maximum beam current is 20 mA (30 MW).

3. Outline of Transmutation Experimental Facility
As shown in FIG.3., TEF consists of two individual buildings; TEF-P and TEF-T. These two buildings were connected by proton beam transport line with low power beam extraction mechanism using laser beam. TEF-P is a facility with zero-power critical assembly where a low power proton beam is available to study the reactor physics and the controllability of ADS. It also has an availability to measure the reaction cross sections of MA, structural materials and so on. TEF-T is planned as a material irradiation facility which can accept a maximum 400 MeV-250 kW proton beam into the lead-bismuth eutectic alloy spallation target.
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3.1. Transmutation Physics Experimental Facility (TEF-P)
Several kinds of experiments to investigate the neutronic performance of the ADS have been performed using existing facility worldwide. In Japan, subcritical experiments were carried out at the Fast Critical Assembly (FCA) by using a 252Cf and DT neutron source. Moreover, many experimental studies have been performed to the neutronics of the spallation neutron source with various target material such as lead, tungsten, mercury and uranium. These experiments for spallation target are not directly related to the ADS, but they are also useful to validate the neutronic characteristics of ADS. There has been, however, no experiment aiming at the research and the demonstration of the fast subcritical system combined with a spallation source. Therefore, taking above mentioned situation into consideration, TEF-P is designed to cover the fields of R&D for:

 1) reactor physics aspects of the subcritical core driven by a spallation source,

 2) demonstration of the controllability of the subcritical core including a power control by the proton beam power adjustment, and

 3) investigation of the transmutation performance of the subcritical core using certain amount of MA and LLFP.

The details of the experimental items are described later.
3.1.1. Specification of TEF-P
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For above mentioned purposes, the high thermal power is not necessary; a power level of critical experiments such as 100 W is optimal from viewpoints of accessibility to the core.  Although the necessity of thermal feedback effect of the core might be insisted, such experiments can be performed by using an electrical heater which simulates the reactor power without real fission energy nor accompanying fission products. The maximum thermal power is temporarily decided as 500 W. The most serious problem to build a new nuclear facility is how to prepare the fuel, since tons of low-enriched uranium or plutonium are necessary to simulate the ADS  (e.g. keff = 0.95) in the fast neutron system. We expect to use the plate-type fuel of the FCA in JAEA/Tokai, or preferably to merge FCA into TEF-P. Various simulation materials required to simulate fast reactor and ADS such as lead and sodium for coolant, tungsten for solid target, ZrH for moderator, B4C for absorber, and AlN for nitride fuel will be prepared. TEF-P is therefore designed with referring to FCA; the horizontal table-split type critical assembly with a rectangular lattice matrix. Figure 4 shows a conceptual view of the assembly. Proton beam was introduced horizontally from the center of the fixed half assembly.

In the experiment with the proton beam, the effective multiplication factor, keff, of the critical assembly will be kept less than 0.98. One proton with energy of 400 MeV produces about 15 neutrons by the spallation reaction with heavy metal target such as lead. The 10 W proton beam corresponds to the source strength of 1.5x1012 neutrons/s, which is strong enough to measure the power distribution at the deep subcritical state such as keff = 0.90. Low current proton beam is extracted by a laser charge exchange technique from high-intensity beam line of 250 kW (0.66 mA, 400 MeV), most beam of which is introduced into TEF-T. The 250 kW proton beam is pulsed one whose repetition rate is 25 Hz and maximum pulse width is 0.5ms. The protons are accelerated as negative ions (H-). The beam is exposed by a YAG-laser, which can strip one of the two electrons, so as to change small amount (below 10 W) of H- to neutral one (H0). The H- and the H0 are then separated by a bending magnet, where H- is bent into TEF-T and H0 goes straightforward in the magnetic field. The other electron of the H0 is finally stripped by a carbon foil so that the positive protons (H+) are introduced into TEF-P. The time width of the proton pulse for TEF-P can be adjusted by changing the duration of the laser exposure; 1ns to 0.5ms pulse is expected to be available. The proton beam intensity can be controlled by a collimator which is installed inside of the facility.

In the conceptual design of the facility, the shielding property for high energy neutrons is calculated. About 2 m thickness of concrete shield is necessary even when the core is surrounded by about 1m of lead reflector. Safety aspect of the facility is also extensively studied. The prompt critical accident can be terminated without fuel melting by the reactor scram system with multiplicity and variety. The unexpected introduction of the 10 W beam into the critical state also can be terminated safely with the reactor scram.
3.1.2. Experimental Program using TEF-P
Using TEF-P facility, many experimental studies are planned. The R&D items to be carried out at TEF-P are listed in TABLE I.

TABLE I : R&D items to be performed at TEF-P

	Purpose
	Experimental items

	Validation of data and method to predict the neutronics in a fast subcritical system with a spallation source 
	Measurement of power distribution in subcritical system

	
	Determination of keff and effective source strength

	
	Evaluation of influence of high energy particles

	
	Evaluation of influence of target, beam window and void in the beam duct

	
	Simulation of Pb-Bi coolant

	Demonstration of controllability of a hybrid system driven by an accelerator 
	Feedback control of reactor power by beam intensity adjustment

	
	Investigation of system behavior at beam trip and re-start

	
	Evaluation of temperature effect for core and target

	
	Investigation of instability of system caused by the subcriticality and the annular arrangement of the core

	
	Determination of energy gain factor

	Transmutation performance of MA and LLFP 
	Measurement of MA transmutation rate

	
	Measurement of MA and LLFP sample reactivity worth

	
	Study of moderated region for LLFP transmutation

	
	Simulation of MA-loaded nitride core

	
	Measurement of cross section data by TOF technique


As for the neutronics in the subcritical system, power distribution, keff, effective neutron source strength, and neutron spectrum are measured by changing parametrically the subcriticality and the spallation source position. The material of the target will also be altered with Pb, LBE, W, and so on. The reactivity worth is also measured for the case of the coolant void and the intrusion of the coolant into the beam duct. It is desirable to make the core critical in order to ensure the quality of experimental data of the subcriticality and the reactivity worth. As for the demonstration of the hybrid system, feedback control of the reactor power is examined by adjusting the beam intensity. Operating procedures at the beam trip and the re-start are also examined. As for the transmutation characteristics of MA and LLFP, fission chambers and activation foils are used to measure the transmutation rates. Several kinds of MA and LLFP samples are also prepared to measure their reactivity worth, which is important for the integral validation of cross section data. Ultimate target of the facility is to install a partial mock-up region of MA nitride fuel with air cooling to measure the physics parameters of the transmutation system. Figure 5 shows a schematic view of the partial loading of pin-type MA fuel around the spallation target. The central rectangular region (28cm x 28cm) will be replaced with a hexagonal subassembly.
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The distinguished points of TEF-P in comparison with existing experimental facilities can be summarized as follows: (1) both the high energy proton beam and the nuclear fuel are available, (2) the maximum neutron source intensity of about 1012 n/s is strong enough to perform precise measurements even in the deep subcritical state, and, is low enough to easily access to the assembly after the irradiation, (3) wide range of pulse width (1ns - 0.5ms) can be available by the laser charge exchange technique and, (4) MA and LLFP can be used as a shape of foil, sample and fuel by installing an appropriate shielding and a remote handling devise.

2.3. ADS Target Test Facility (TEF-T)
To solve technical difficulties for liquid LBE application, construction of TEF-T is planned to complete the datasets which required for LBE target/cooled ADS design. The experiments to obtain the material irradiation data for beam window are the most important mission of TEF-T.
TEF-T mainly consists of a LBE spallation target, a secondary cooling circuit, and an hot cells to handle the spent spallation target vessel and irradiation test pieces. LBE is filled into a sealed double annular cylindrical tube made by type 316 stainless steel or 9Cr steel. An effective size of the target unit is about 15cm diameter and 3 to 4 meter long as shown in FIG.6. The target head is designed to be changed according to the objective of the experiments. One of the target head is designed to irradiate several kinds of samples in the flowing LBE environment. A primary LBE loop is designed to allow LBE flow up to 2 meter per second of velocity and 500ºC of the maximum temperature of the LBE. LBE is circulated by electro-magnetic pump (EM pump) that is independent from the target tube. When the trouble is occurred around the EM pump, target unit can be replaced by withdrawing the electro-magnetic flow meter and EM pump.
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Design study of the target head to realize TEF-T target system is performed. To set up the parameters, future ADS concepts are taken into account. In the reference case of the target which is supposed to be used for various material irradiation, 20 A/cm2 of proton beam current density was assumed that equals to the maximum beam current density of JAEA proposed 800MWth ADS. Through the analyses of neutronics, thermal-hydraulics, and structural strength, target can be applicable with reference operation condition with maximum coolant temperature up to 450ºC. However, by introducing 400MeV-250kW proton beam, with 20 A/cm2 of beam current density, about 7 to 8 DPA/year of irradiation can be obtained in the irradiation sample which is set in flowing LBE environment. Because this value is about 20% of DPA considered in the beam window of JAEA-ADS, studies for focusing the injected proton beam up to 40A/cm2, and reduction of beam window temperature by changing LBE flow is underway.
3. Activities for TEF Construction
According to the current construction schedule, TEF will be built in two phases. TEF-T will be built by 5 years at first phase and then, TEF-P will be constructed at latter phase. Licensing procedures to construct critical rector facility TEF-P will be processed simultaneously with TEF-T construction. To design the facility, various R&D are underway.
3.1. Low Power Proton Beam Extraction
For the subcritical experiments using TEF-P, incident proton beam should be strictly limited to the order of 10W. It is also important to keep and represent the experimental condition of injected proton beam. To extract very low power proton beam constantly from high power J-PARC accelerator, development of the laser charge exchange technique is performed. By using laser beam, H- beam from J-PARC LINAC changes into neutral hydrogen beam and these neutral particles are easily separated from H- beam by using bending magnet. It is also studied to avoid the pre-neutralized beam generated from collision of H- beam and remaining gas in accelerator tube to improve the quality of low power proton beam.
Several demonstrative tests of the laser charge exchange technique was performed [5]. The Nd:YAG laser (20 nsec of pulse width, 500 mJ of beam energy and 25Hz of repetition rate) were used. At the experiment, the photo stripped electron signal corresponded to the reduction of the total beam current signal at downstream were observed. The results of transverse profile measurements were also consistent with wire scanner signals of upper and downstream. The H- beam components intercepted by 0.8mm height laser beam have been estimated by transverse profile measurement, and agree with photo detached fraction (Faraday cup and current detector’s signal). The calculation results also show the complete (>99%) neutralization ratio with 130 mJ Nd:YAG laser for 3 MeV H- beam. Thus the complete (>95%) photo neutralization fraction for a 130 mJ (repetition frequency of 5Hz) 1,064 nm Nd:YAG laser pulse on a 15 mA, 3 MeV H- beam could be confirmed practically.
From the requirement of the user, much faster repetition frequency up to 2 kHz to improve the statistical accuracy and much longer pulse width up to 500 sec to form the quasi-equilibrium state of the subcritical core to simulate continuous beam operation of future ADS should be developed. Preparation of different kinds of laser source using laser diode and experiments using J-PARC is under consideration.
3.2. Minor Actinide Fuel Handling Method
Handling methods to use MA-bearing fuel in TEF-P were investigated. A trial manufacture of the coolant simulation block and conceptual study of remote fuel loading method of the pin-type MA fuel, devices for transportation and storage of the MA-bearing fuel were performed. By using specified MA fuel loading zone configuration, effectiveness of the integral experiments using MA fuel were evaluated.
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As a first step to prepare MA-bearing fuel, it is decided that the low 237Np and/or 241Am contained (up to 5%) MOX fuel is reasonable from the viewpoint of current experiences. This kind of fuel is also important to perform the study for MA-burner fast reactors. To simulate neutron energy spectrum of ADS/FR with MA-bearing fuel, about 0.03 m3 of driver zone (25cm X 25cm X 60cmL) is required. The effectiveness of integral experiments using MA-bearing fuel in driver zone was quantified [6]. To load a pin-type fuel into FCA-type critical assembly, coolant simulation block is required which has high coolant filling factor and appropriate air gap to cool MA pin fuel. Trial manufacture of coolant simulation block to simulate lead coolant was performed. Figure 7 shows the trial coolant simulator block. About 97% of coolant filling factor in simulation block was realized and can be increased by improvement of the manufacturing accuracy around fuel pin guide tube.

Even the 5% addition of MA, remote handling device to handle the MA-bearing fuel is required to protect the experimenters from radiation exposure. A fuel loading equipment which considered the ideal experimental condition, namely a smaller handing head, MA-bearing fuel cartridge to suppress the critical accident and radiation from fuel, MA-fuel storage system were designed and partially tested. A mechanical method using small rubber was tested using lead coolant simulation block mentioned above and enough performance to handle the pin-type fuel was demonstrated.
4. Conclusions
JAEA has proposed a concept of a LBE cooled ADS as a possible option for dedicated transmutation system. To establish the technical basis for ADS, the construction of TEF is proposed under the J-PARC Project. TEF consists of two buildings: TEF-P and TEF-T. TEF-P is a critical assembly, which can accept the 400 MeV-10 W proton beam for the spallation neutron source. The purposes of TEF-P are the experimental validation of the data and method to predict neutronics of the fast subcritical system with spallation neutron source, the demonstration of the controllability of a hybrid system driven by an accelerator, and the basic research of reactor physics for transmutation of MA and LLFP. TEF-T is a facility to perform the experiments to prepare the database for engineering design of ADS using 400 MeV-250 kW proton beam and the LBE spallation target. The purposes of TEF-T are R&D for the irradiation damage of the beam window, the compatibility of the structural material with flowing liquid LBE and the operation of the high power spallation target. The neutronic, thermal-hydraulic and structural characteristics of the LBE target were described. Combining the experimental results and experiences obtained at both facilities, the feasibility of the ADS will be evaluated and demonstrated.
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FIG.1. Site plan of J-PARC Project
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FIG.2. Conceptual design of ADS





FIG.3. Transmutation Experimental Facility
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FIG.4. Conceptual view of TEF-P
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FIG.5. Image of Pin-type fuel partial loading section for TEF-P
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FIG.6. Sealed annular type spallation target
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FIG.7. Trial Coolant simulation block
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