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     Nuclear reactors are mainly categorized as a commercial power reactor and a test and research reactor for generating electric power and conducting research of radiation utilization, respectively. Main roles of the test and research reactor are to conduct the research and development of nuclear engineering and radiation detection fields with the use of radiation, including neutron and -ray, and to contribute to the education of young generation. Another part of this paper is to contain the feasibility study on the accelerator-driven system (ADS) conducted for nuclear transmutation analyses with the combined use of the solid-moderated and solid-reflected core and the fixed-field alternating gradient accelerator, at the Kyoto University Critical Assembly (KUCA). Through the experimental analyses, static and kinetic parameters of reactor physics are interestingly revealed for nuclear transmutation of minor actinides (237Np and 241Am) and uncertainty quantification of a coolant material (lead and bismuth), with respect to ADS. Additionally, experimental education programs for domestic and overseas students conducted at KUCA are introduced in the paper.


1. Introduction
     Nuclear reactors are mainly categorized as two parts: a commercial power reactor; a test and research reactor for generating electric power and conducting research of radiation utilization, respectively. Of two reactors, main roles of the test and research reactor are to conduct the research and development of nuclear engineering and radiation detection fields with the use of radiation, including neutron and -ray, and to contribute to the education of young generation. Many research reactors are importantly equipped with experimental facilities to research objectives, including irradiation holes, neutron beams and spectrum shift changers, although the commercial reactors insufficiently meet the items. An index of classification of research reactors is to provide a wide range of neutron spectrum and thermal reactor power, with the combined use of nuclear fuel, moderators, reflectors and coolant materials by varying the kinds, the geometries, the configurations and the utilization purposes. 
     The experimental studies on the accelerator-driven system (ADS) were conducted for nuclear transmutation analyses with the combined use of the Kyoto University Critical Assembly [1]-[3] (KUCA; A-core: solid-moderated and -reflected core) and the fixed-field alternating gradient (FFAG) [4] accelerator. The ADS experiments with 100 MeV protons obtained from the FFAG accelerator had been carried out to investigate the neutronic characteristics of ADS, and the static and kinetic parameters were accurately analyzed through both the measurements and the Monte Carlo simulations of reactor physics parameters, including the reaction rates, the neutron spectrum, the neutron multiplication, the neutron decay constants and the subcriticality. The neutronic characteristics of Pb-Bi are considered importantly analyzed experimentally from the viewpoint of reactor physics: neutron yield and neutron spectrum by the Pb-Bi target; uncertainties of Pb-Bi cross sections in the core. Furthermore, irradiation experiments of the minor actinides (237Np and 241Am) was conducted in hard spectrum core at KUCA to examine the feasibility of reaction rate analyses (237Np and 241Am fission and capture reactions) of nuclear transmutation. Finally, in this paper, the joint laboratory course for students in the KUCA C-core was mentioned with a short history of the course and textbooks by multi languages (Japanese, English and Korean).

2. Roles of Test and Research Reactors
     Test and research reactors are designed for generating neutrons with a wide variety of energy, including new type power reactors and critical assemblies in research and development phase. Basically, utilization targets are focused on the research of nuclear science and engineering, the development of industrial application and training and education for young generation of students and engineers. Main role of test and research reactors is to conduct the research and development of basic, industrial and educational utilizations by neutrons with a wide variety of energy, and main objectives of these are categorized by several reactor components, including the neutron energy, reactor power, nuclear fuel, moderator, reflector and coolant material. Domestic test and research reactors are listed as shown in Table 1.

Table 1  List of domestic test and research reactors

	Reactor
	Power
	Fuel
	Moderator
	Coolant
	Objective

	JRR-3 (JAEA)
	20 MW
	U3Si2-Al
	H2O
	H2O
	Beam utilization

	NSRR (JAEA)
	300 kW
	U-ZrH
	H2O
	H2O
	Accident research

	Joyo (JAEA)
	140 MW
	U-Pu
	-
	Liquid Na
	Fast reactor

	JMTR (JAEA)
	50 MW
	U3Si2-Al
	H2O
	H2O
	Material test

	HTTR (JAEA)
	30 MW
	UO2
	Graphite
	He gas
	R&D of High-temp. reactor

	KUR (Kyoto U.)
	5 MW
	U3Si2-Al
	H2O
	H2O
	Multi purposes

	UTR-KINKI (Kindai)
	1 W
	U-Al
	H2O
	-
	Training and education

	KUCA (Kyoto U.)
	100 W
	U-Al
	H2O (Poly.)
	-
	Basic research of reactor physics



3. Kyoto University Critical Assembly
     A critical assembly is a nuclear facility for conducting mock-up and benchmark experiments in the field of nuclear reactor physics field, such as KUCA shown in Figure 1. It is also one of the most effective facilities for the education related to nuclear engineering and technology, especially that students and engineers grasp the basic concepts of nuclear reactors by conducting experiments on and operating the reactor in person. Current computation technology of reactor simulator systems for reactor operation has made rapid progress, and most reactor operators at nuclear power stations have been trained through simulators, all of which contribute to safe operation of reactors. It follows, therefore, that for the education of students majoring in nuclear engineering, conducting experiments on actual reactors is a prerequisite to understanding the reactor itself. Furthermore, experiments on a critical assembly provide students and engineers valuable opportunities to appreciate safety regulations related to reactor facilities and the handling of nuclear materials.
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Figure 1  Horizontal cross section of the KUCA (Ref. [1])

3.1. Accelerator-Driven System
     At KUCA, A and B are polyethylene-moderated and -reflected cores, and C is a light water-moderated and -reflected one. The three cores are operated at a low mW power in the normal operating state, whereas the maximum power is 100 W. The accelerator-driven system (ADS) experiments were carried out in the A-core (Figure 2) composed of the HEU fuel and polyethylene reflector rods, with the combined use of the FFAG accelerator (high-energy proton accelerator; Figure 3) that has the main characteristics: 100 MeV energy, 0.1 nA intensity (at most), 20 Hz repetition rate, 100 ns pulsed width and 1.0×107 1/s neutron yield.
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Figure 3  FFAG accelerator (Ref. [4])
Figure 2  KUCA A-core (Ref. [1])


[bookmark: _GoBack]     To investigate the neutron characteristics of external neutron sources, ADS experiments with 100 MeV protons was carried out by varying a heavy metal target at the location of target. As unique attempt, the combination of materials tungsten (W) and beryllium (Be) was selected as plural targets for the aim for accomplishment of the neutron spectrum in high-energy region and the neutron yield of high-energy neutrons in the core. The combined use of the heavy- (W, Pb and Bi) and the light-nuclide (Be and lithium) was considered useful for accomplishment of the research objectives relating the neutron spectrum and the neutron yield. Here, the plural targets with the combined use of heavy- and light-nuclide were called “two-layer target” in this study. From the numerical results (Figure 4) by MCNP calculations, the neutron spectrum was observed high in high-energy region with the combined use of W and Be. In the design of two-layer target, the proton beams could be actually penetrated into Be target, and inversely stopped inside W target, and the dimensions of two-layer target were determined to be in W (50 mm diameter and 9 mm thick) and Be (50 mm diameter and 6 mm thick). Also, the effects of specific target (two-layer target) were confirmed through the measured results of 115In(n, )116mIn reaction rate distributions in the core, as shown in Figure 5.
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Figure 5  Comparison between measured reaction rate distributions in ADS experiments (Ref. [5])
Figure 4  Neutron spectra of external neutron sources by varying heavy metal target in ADS experiments (Ref. [5])





[image: ][image: ]     Furthermore, nuclear transmutation of 237Np and 241Am by ADS soundly implemented by combining the subcritical core and the 100 MeV proton accelerator, and the use of a Pb-Bi target, was demonstrated through the experimental results of fission and capture reaction events, as shown in Figures 6 and 7, when irradiation experiments was conducted in hard spectrum core at KUCA. 










Figure 6  Measured pulsed-height signals of 241Am and 235U fission reaction events by the ADS irradiation (Ref. [6])
Figure 7  Measured g-ray spectrum of 237Np capture reaction events by the ADS irradiation (Ref. [6])






3.2 Training and Education Programs
     The joint reactor-laboratory course [1]-[3] for Japanese and overseas students at KUCA was launched in 1975 and various experiments on reactor physics have been conducted since: approach to criticality, control rod calibration, measurement of neutron flux and power calibration, subcriticality measurements by the Feynman- and the pulsed neutron methods, and instruction in reactor operation. These experiments were conducted in the KUCA C-core, which is a water-moderated- and -reflected-core with a plate-type fuel consisted of U-Al alloy. Until fiscal year 2019, over three thousand and six hundred undergraduate and graduate students all over Japan attended this course. The same course for Korean undergraduate students in the Kyoto University Critical Assembly (KUGSiKUCA) program was launched from 2003 to 2009 and founded by the Korean government. In addition to the Swedish students ranging between 2007 and 2009, the Reactor Physics Asia Experiment Program (RPHA-XP) was launched newly in 2012 for graduate students in Korea and China. From 2003 to 2019, a total of three hundred foreign students in overseas, including Korea, Sweden and China, took part in this program.
     For the foreign students, in April 2010, Kyoto University Press published a textbook in English [2], which was transcribed from the Japanese course work [1] comprising lectures, experiments, discussions and reports that had been prepared from English textbooks on nuclear reactor physics, as shown in Figure 8. Preceding that publication, a textbook translated into Korean [3] was published in Korea on March 2010.
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Figure 8  Textbooks by multi languages (Japanese, English and Korean) of the joint reactor-laboratory course conducted at KUCA

4. Summary
     Main role and objectives of test and research reactors were described in this paper, indicating the kind, reactor power and core components in domestic. Also, another part with respect to the critical assembly as one of test and research reactors was contained, such as the ADS experiments with 100 MeV protons carried out with the combined use of the KUCA A-core and the FFAG accelerator. In the ADS experiments, the effects of two-layer target composed of W and Be were found apparently well on the neutron multiplication. Furthermore, nuclear transmutation of 237Np and 241Am by ADS soundly implemented by combining the subcritical core and the 100 MeV proton accelerator, and the use of a Pb-Bi target, was demonstrated through the experimental results of fission and capture reaction events. Finally, as important utilization of the KUCA facility, the joint reactor-laboratory course for Japanese and overseas students at KUCA launched in 1975 was introduced, containing interestingly the experimental textbooks with the multi languages.
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