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Abstract. The low power research reactor VR-1 is a key facility in the Czech Republic in the field of nuclear educational and training. The reactor is equipped with several specific educational and training experimental devices. Four educational laboratories belong to the reactor - laboratory for neutron interaction studies, laboratory for neutron activation analysis, radiation protection & environmental studies laboratory, and I&C laboratory. Educational and training activities at the VR-1 reactor were step-by-step extended from domestic activities through the national and international levels up to regional multilateral activities. Nowadays, apart from students from national universities, foreign students from the USA, United Kingdom, Germany and Slovakia take part in the education at the reactor. Education at the reactor is carried out for various students in Bachelor, Master or PhD study programmes in nuclear engineering, power and electrical engineering, health physics or various environmental studies. Future reactor operators and reactor physicists of both Czech nuclear power plants have been also trained at the reactor since 1992, reactor physicists from both nuclear power plants from Slovakia have been trained since 2002 and trainees from various developing countries have been also trained at the reactor since 2006. An effective procedure for implementing new experiments and new experimental devices in the reactor operation has developed during more than 22 years of the VR-1 reactor operation. Over 25 educational and training experiments can be carried out at the VR-1 reactor at three levels: demonstration, standard, and advanced. Education (or training) at the reactor is based on educational (or training) units. Standard duration of one educational (or training) unit is 3 hours (i.e. 180 min.) and a unit may consist of one or more experiments. Educational (or training) course at the VR-1 reactor consists of several units and depends on the customer's request, initial knowledge level of the students, curricula etc.
1. Introduction

The Faculty of Nuclear Sciences and Physical Engineering of the Czech Technical University in Prague was established in 1955. The establishment of the Faculty was connected with the beginning of a new era of the peaceful use of nuclear energy. A complex approach to all aspects of nuclear energy utilisation was intended, so specialists from universities, technological institutions, and industry were brought together to comply with this task. The Faculty is equipped with several large research facilities, such as the Training reactor VR-1, small fusion Tokamak based reactor Golem, scanning electron microscopes, high power laser systems, computational and advanced radiochemical laboratories, satellite laser ranging station, etc. The Faculty has around 250 scientists, lecturers, and professional staff and around 1600 students in the Bachelor, Master, and PhD. programmes. The faculty consists of 10 departments – educational and research faculty units. Four of them are directly connected with peaceful use of nuclear energy – departments of Nuclear reactors, Dosimetry and Application of Ionizing Radiation, Nuclear Chemistry and Materials.
During more than 55 years of existence the Department of Nuclear Reactors, education was provided for most of the Czech experts in development of peaceful use of nuclear energy. The graduates were later involved in safe and secure construction and operation of several Czech research reactors (VR-1, LR-0 or SR-0 reactors), A1 prototype nuclear power plant (gas cooled heavy water reactor), safe operation of PWR nuclear power plants in Jaslovske Bohunice, Dukovany or Temelin sites. Experts educated at the Department can be found also in SKODA JS; Czech producer of NPP heavy components and developer, of several nuclear fuel cycle installations (e.g. for the frond-end connected with uranium mining or connected with back-end in the field of interim storage or final disposal of spent fuel or radioactive waste of all levels). The Department of Nuclear Reactors operates the Training reactor VR-1, a key facility for education and training of students in the Czech Republic and four laboratories, which belongs to the reactor - laboratory for neutron interaction studies, laboratory for neutron activation analysis, radiation protection and environmental studies laboratory, and I&C laboratory. The reactor with several experimental devices specifically designed for education and training and four laboratories are the base for experimental education and training and hands-on experiences, which can get students and trainees in addition to theoretical knowledge gained at the Department of Nuclear Reactors. 
2. The Training Reactor VR-1
The Training Reactor VR-1 is a pool type reactor with light water moderator and low enriched uranium in form of UO2 [1], [2]. Its nominal thermal power is 1 kW and it allows maximum power of 5 kW for short period. It was designed and constructed in the late 1980s, and has been in operation since 1990. The reactor is operated by the Department of Nuclear Reactors of the Faculty of Nuclear Sciences and Physical Engineering of the Czech Technical University in Prague.

The reactor consists of two stainless steel vessels, which are incorporated into an octahedral reactor body manufactured from heavy concrete shielding. The first is the reactor vessel, where the core is located, and the second is the auxiliary vessel, used for temporary deposit of the fuel, or for preparation and handling of instrumentation. The two vessels can be disconnected from each other using a watertight gate. The arrangement of the reactor pool reactor facilitates access to the core, setting and removal of various experimental samples and detectors, and safe and easy handling of fuel assemblies. The VR-1 core contains from 17 to 21 fuel elements of the IRT-4M type. The number of fuel elements depends on the core configuration and type of experiments to be performed at the reactor. The reactor is equipped with seven cadmium control rods and with an Am-Be neutron source for safe start-up. The typical critical mass is approximately 4.0-4.5 kg of 235U. Moderator of neutrons is light water, which is also used as a reflector, a biological shielding, and a coolant. Beryllium and graphite are also used in certain core configurations. The reactor is equipped with two horizontal channels (radial and tangential) and with approximately 10 vertical channels, of varying diameters, which can be loaded into various core positions, and one pneumatic transfer system. It is also equipped with several specifically designed educational instrumentation systems (for delayed neutron studies, void and temperature reactivity coefficients studies, for reactor kinetics studies, etc. [1], [2].
The VR-1 reactor layout is shown in FIG. 1 and the basic technical data of the VR-1 reactor are shown in TABLE 1. The VR-1 reactor operates on a day-shift basis, on working days. The reactor is used for educating of students from Czech and international universities, training of  experts of the Czech and Slovak nuclear programmes, for R&D work, and for promotional activities related to nuclear energy use (public relations).
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FIG. 1. Cross section of Training Reactor VR-1 [2]
TABLE 1. Basic Technical Data of Training Reactor VR-1 [1]
	Reactor type, nominal power
	Pool type, 1 kW

	Fuel (material, form, enrichment)
	UO2, tubes, 19.70 %

	Moderator, reflector
	H2O (standard moderator and reflector)

	
	graphite, beryllium (optional reflector for certain experiments)

	Maximum neutron flux density
	~ 2.109 n/cm2.s (thermal)

	
	~ 1.109 n/cm2.s (fast)

	Experimental facilities
	2 horizontal channels (radial and tangential)

	
	Approximately 10 vertical channels 

	
	1 pneumatic transfer system

	
	1 neutron generator (D-D type)

	
	1 device for study of delayed neutron

	
	1 device for study of reactor kinetics

	
	1 device for study of void coefficients

	
	1 device for study of temperature coefficients


3. Basic conditions for education and training at the Training Reactor VR-1
Research reactors in general are suitable for education of students at all academic levels, i.e. Bachelor’s, Master’s and Doctoral degrees, not only in nuclear engineering, but also in various non-nuclear engineering studies, such as power engineering, electrical engineering, natural sciences, medical sciences, physical sciences, etc. [2]. The most common professional nuclear training at research reactors can cover a wide range of employees such as reactor operators, reactor physicists working at nuclear power plants, staff and researchers from research reactors, including subcontractors, nuclear applications experts, regulatory body inspectors, nuclear safety experts, health physicists and radiation protection workers from hospitals and environmental companies, etc.
Education and training at a research reactor is a specific discipline, which is very different from scientific and research work usually routinely carried out at a research reactor. The operating costs of the reactor are very high, compared with other laboratories at a university , thus it is necessary to use the operation time of the reactor as efficiently as possible. . It means effective education and training at a research reactor is needed, otherwise high and needless reactor running costs are incurred. [2]
State-of-the-art experimental equipment at universities and research reactors and methodologies specifically developed for education and training are trends that can be noticed today all over the world. Providing an effective education at a research reactor involves adapting the educational methodology to the initial students’ or trainees’ background level and using adequate experimental educational or training instrumentation. This is the only way to ensure effective education or training at a research reactor. [2] 

Specific effort and specific educational instrumentation is needed for education of Bachelor’s and Master’s degree students. Usually they do not have sufficient knowledge for a clear and deep understanding of the phenomena they are studying. Standard experimental equipment is usually too complicated on the one hand or is of a black-box type on the other hand. In either way, it is difficult to understand how both types work. Special educational instrumentation needs to be developed for students at these levels. Simple instrumentation and instrumentation demonstrating one specific phenomenon can only be welcomed, and the best approach is therefore illustrative or visual. The education of doctoral students is easier; they have enough knowledge for studying complicated and complex phenomena, and standard experimental equipment for research can be used.

An illustration of the above mentioned principles of effective education is the education scheme used at the VR-1 reactor [2]. At the reactor, all experiments offered to customers for education of students are prepared at three levels. The first is the demonstration level, where experiments are carried out as demonstrations only, without the active involvement of students. Usually this level is suitable for non-nuclear engineering (power engineering, electrical engineering, natural sciences, medical sciences, physical sciences, etc.) students of Bachelor’s and Master’s study programmes. The basic level is the second level of the experiments at the VR-1 reactor. A certain amount of active work of students is requested at this level. Most of it is focused on evaluation of measured values. The basic level is mostly suitable for nuclear engineering students of Bachelor’s and Master’s study programmes and for non-nuclear engineering doctoral students. The advanced level is the highest tier of experiments at the VR-1 reactor. Experiments are carried out under various conditions, using various methods, and thus a deep understanding of the phenomena under investigation is allowed. Extensive involvement of students is requested including calculation, measurement, evaluation of measured values and in some experiments a study of the legislative framework and operational procedures of the reactor. The advanced level is mostly suitable for nuclear engineering doctoral students and for students with a special interest in Bachelor’s and Master’s study programmes, such as future reactor physicists or nuclear safety experts. The similar approach is used for training at the VR-1 reactor where certain types of training are experiments carried out at the basic level and advanced level is used for different trainees and other types of training.    
Over more than twenty years of the VR-1 reactor operation allowed an effective procedure for implementing new experiments and new experimental devices in the reactor operation to be developed [2]. Ten phases of the procedure are briefly described in TABLE 2 and relations between the phases are shown in FIG. 2. 

TABLE 2. Experiment implementation process at the Training Reactor VR-1 [2] 
	No.
	Phase name
	Responsible person and

collaboration
	Output 

	1
	First idea 
	· Any member of reactor staff
	· Supervisor appointment

· Feasibility study 

	2
	Project and funds
	· Experiment supervisor

· Reactor management
	· Project

· Application for a grant

	3
	Device development
	· Experiment supervisor

· Reactor staff

· External company(s)
	· Device developed and delivered to the reactor

· First functioning testing performed

	4
	Functioning testing
	· Experiment supervisor

· Reactor manager

· Reactor staff
	· Device ready for educational testing

· Preliminary version of educational and/or research procedure 

	5
	Educational testing
	· Experiment supervisor

· Reactor staff

· Students from home department
	· Device ready for education XE "reactor utilisation: education" 
· Final version of educational procedure

	6
	Implementation for Czech students 
	· Reactor staff

· Czech students 
	· Textbook adjusted for students in Czech

	7
	Implementation for Czech trainees
	· Reactor staff

· Czech trainees
	· Textbook adjusted for trainees in Czech

	8
	Implementation for international students 
	· Reactor staff

· International students
	· Textbook adjusted for students in English

	9
	Implementation for international trainees
	· Reactor staff

· International trainees
	· Textbook adjusted for trainees in English

	10
	Implementation for research activities
	· Reactor staff

· Researchers
	· Device ready for research activities
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FIG.2. Relationship between the implementation phases at the Training Reactor VR-1[2] 
Education at the VR-1 reactor has several limitations that must be resolved if a reactor management is considering providing education at the reactor. In contrast to other types of utilisation, the time for education purposes is limited and is impossible to provide education at the reactor 24 hours a day/7 days a week. Irregular operation during the day, a week and the year is typical in the educational sector. Weekends and holidays are off days; during the day, peak hours are typically in the morning from 9.00 to 12.00 and in the afternoon from 13.00 to 16.00. The slow hours are usually in early morning typically from 7.00 to 9.00 and in the late afternoon, from 16.00 to 18.00 and the off-hours are after 18.00 in the evening and before 7.00 in the morning. Semesters are usually peak seasons during the year, exam periods are usually low seasons and winter and summer holidays are categorised as off-season. [2]
For effective education and training at the VR-1reactor, several parallel measurement lines with the same measurement units are necessary (or welcomed), which can be used for students divided into several independent groups. The optimum number of students or trainees in one group is two because there is a lack of work for a third student/trainees resulting in his or her becoming bored or disturbing other students/trainees. [2] The number of measurement lines is the main limiting factor for the number of students/trainees that a reactor for education and training purposes could accept. On the other hand, more measurement lines need more space, and more funds for investment and running costs of the reactor. A small “lecture room”, where a lecturer can briefly repeat the necessary theory and describe the experiment is needed at the reactor. The best solution is to establish a lecture room directly in the reactor hall because students/trainees are focused on education, and they can start the experiment immediately. If the “lecture room” is located in the same building as the reactor, it is a sufficient solution, although the entry procedure to the reactor hall disturbs the students'/trainees' focus on the experiment. Using a “lecture room” in another building is an ineffective solution because putting on coats, shoes, etc., and walking to another building and repeating this procedure in the reactor hall definitely impairs the students'/trainees' ability to focus on the experiment. For hands-on training of the reactor operation and for several experiments, mostly the study of reactor kinetics and dynamics, enough space at the reactor control room is also needed [2]. An example of the VR-1 reactor hall arrangement adjusted for education is shown in FIG. 3.
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FIG.3. Reactor hall arrangement adjusted for education at the Training Reactor VR-1 [2]
It is necessary to prepare textbooks for students which contain short introduction to the theory, main goals of the experiments, measurement, data processing and evaluation procedures, and safety instruction before starting the regular educational process at the reactor. Visual differentiation between students and staff is warmly welcomed (for example different overcoats color at the VR-1 reactor is shown in FIG. 4, where students are in yellow and staff in white) particularly in the case of an emergency event. Tidy and clean reactor hall and professional routine behaviour of lecturers and reactor staff is the best way how to teach students the safety culture.
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FIG.4. Visual differentiation at the Training Reactor VR-1[2] 
4. Reactor experiments and user for education and training at the VR-1 reactor
Reactor experiments suitable for education and training can cover a wide range of nuclear activities routinely carried out at the VR-1reactor from reactor physics and nuclear safety through reactor operation and neutron application to practical training in radiation protection, emergency preparedness, waste management, security and safeguards. A list of experiments for education routinely carried out at the VR-1 reactor is shown in TABLE 3.
TABLE 3. Experiments for education and training at the Training Reactor VR-1 [1], [2], [3]
	Reactor operation
	· Practical training of reactor operation

	Neutron detection
	· Neutron detection by gas detectors

· Determination of gas detectors dead time

· Neutron detectors properties for reactor I&C

	
	· 

	
	· 

	Reactor kinetics 
	· Reactor in various states with and without an external neutron source

· Determination of propearties of delayed neutrons 
· Influence of delayed neutrons on the reactor kinetics
· Determination of fissile material mass using delayed neutrons 
· Determination of the effective delayed neutron fraction 

· Periodic reactivity changes, oscillation measurement

· Pulse and transient characteristics measurement

· Various materials impacts on reactivity

	
	· 

	
	· 

	
	· 

	
	· 

	
	· 

	
	· 

	
	· 

	Reactor dynamics
	· Study of reactor dynamics at the VR-1 Reactor

· Void coefficient measurement

· Thermal coefficients measurement

	
	· 

	
	· 

	Reactivity 
	· Positive period method

· Source jerk method

· Rod drop method

· Source multiplication method

· Reactivity measurement using digital reactivity meter

	measurement
	· 

	
	· 

	
	· 

	
	· 

	Control rods 
	· Inverse rate method

· Rod insertion method

· Positive period method

· Mutual calibration method

	calibration
	· 

	
	· 

	
	· 

	Critical experiment
	· Approach to criticality by control rod withdrawing,

· Approach to criticality by adding fuel 

· Core building experiment

	
	· 

	
	· 

	Neutron flux 
	· Using gas detectors 

· Using activation folios or wires

· Using compensated ionising chamber

· Using Cambelling method

	distribution
	· 

	
	· 

	
	· 

	Basic reactor theory
	· Diffusion length and Fermi age in graphite and in light water

· Photo-neutron sources in D2O

· Neutron source emission in manganese dilution

	
	· 

	
	· 

	NAA
	· Use of neutron activation analysis in nuclear technology 

· Use of neutron activation analysis in everyday life

· Use of neutron activation analysis in environmental monitoring

	
	· 

	
	· 

	Practical training
	· Practical training in radiation monitoring 

· Practical training in personnel monitoring

· Practical training in in maintenance and inspection programmes

· Practical training in fuel management

	
	· 

	
	· 

	
	· 


Reactor users for education and training at a research reactor can vary and a wide range of engineering curricula from nuclear engineering, thorough various non-nuclear engineering studies, such as power engineering, electrical engineering to natural sciences, medical sciences, physical sciences or curricula are covered. A list of national and international reactor users for whom education and training is routinely carried out at the Training Reactor VR-1 is shown in TABLE 4.
TABLE 4. Reactor users for education and training at the Training Reactor VR-1
	Education 

National users

(Czech Republic)
	· Department of Nuclear Reactors, Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University

· Department of Dosimetry and Application of Ionizing Radiation, Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University

· Department of Nuclear Chemistry, Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University

· Department of Electrical Power Engineering, Faculty of Electrical Engineering, Czech Technical University

· Institute  of Energy Engineering, Faculty of Mechanical Engineering, Czech Technical University

· Department of Power Engineering, Faculty of Environmental Technology, Institute of Chemical Technology Prague

· Department of Electrical Power Engineering, Faculty of Electrical Engineering and Communication, Brno University of Technology

· Energy Institute, Faculty of Mechanical Engineering, Brno University of Technology

· Department of Electric Power Engineering and Ecology, Faculty of Electrical Engineering, University of West Bohemia, in Plzen

· Department of Power System Engineering, Faculty of Mechanical Engineering, University of West Bohemia in Plzen

· Department of Power Engineering, Faculty of Mechanical Engineering, VŠB-Technical University of Ostrava

	Education

International users
	· Department of Nuclear Engineering, College of Engineering University of Tennessee, USA

· Nuclear Department, College of Management & Technology, Defence Academy of the United Kingdom, United Kingdom

· Dalton Institute, University of Manchester, United Kingdom

· Department of Nuclear Engineering and Radiation. Protection, Aachen University of Applied Sciences, Aachen, Germany

· Institute of Nuclear and Physical Engineering, Faculty of Electrical Engineering and Information Technology, Slovak University of Technology, Bratislava, Slovakia

	Training

National users

(Czech Republic)
	· CEZ power company, Prague
· SUJB - State office for nuclear safety, Prague

· Research centre Rez, Rez

	Training

International users
	· ENEL-Slovenske elektrarne power company, Bratislava, Slovakia

· International Atomic Energy Agency (IAEA) in Vienna, Austria
· Kuwait Institute for Scientific Research, Safat, Kuwait


5. Building up educational or training course at the Training Reactor VR-1
Education or training at the VR-1 reactor is based on educational/training units. Standard duration of one unit is 3 hours (i.e. 180 min.) and each unit may consist of one or more experiments [2]. Educational or training course at the VR-1 reactor consists of several units and depends on the customer's request, initial knowledge level of the students/trainees or curricula. 

Building up effective educational or training course at the VR-1 reactor for new customer, i.e. new university or new company or new curriculum students is long and time consuming process which includes discussing the content and level of the course, course methodology, and terminology used during the course, course material, an evaluation of the course and all logistics issues. [2]
The preparatory team consists of both parties, who usually must find the answers to the following questions. Which experiments offered at the VR-1 reactor are suitable and beneficial for the specific groups of students/trainees? What is the background level of the students/trainees? Is the methodology used at the research reactor compatible and/or complementary to the methodology of the whole students'/trainees' curriculum? Is the terminology used in the course and the textbooks in line with the one used for the whole study/training programme? How do the research reactor materials fit with the rest of the material used for the whole study/training programme? Who will evaluate the course and how will the course be evaluated? [2]
An example of typical two-day course for environmental science students is shown in TABLE 5, an example of typical five-day course for nuclear engineering students at the VR-1 reactor is shown in in TABLE 6. 

TABLE 5. Typical 2-days course for environmental science students at the VR-1 reactor
	Day 1

9.00 – 12.00


	Welcome meeting

Visit of the reactor

	13.00 – 16.00
	Neutron detection

	Day 2

9.00 – 12.00


	Neutron activation analysis in everyday life

	13.00 – 16.00


	Practical training in radiation monitoring 

Discussion and evaluation of the course


TABLE 6. Typical 5-days course for nuclear engineering students at the VR-1 reactor
	Monday

9.00 – 12.00


	Welcome meeting

Visit of the reactor

· Basic information about the reactor

· Excursion in the reactor hall, design of the reactor

	13.00 – 16.00


	Neutron detection
· Gas filled neutron detectors

· Dead-time and differential characteristic

· Distribution of the neutron flux in the reactor

	Tuesday

9.00 – 12.00


	Delayed neutrons detection

· Determination of delayed neutrons properties

· Determination of fissile material mass using delayed neutrons detection

	13.00 – 16.00


	Study of the reactor kinetics and dynamics I

· Reactor behaviour in critical, supercritical and subcritical state with and without the external neutron source

· Influence of void effect on behaviour and operation of nuclear reactor - determination of reactor void coefficient

	Wednesday

9.00 – 12.00


	Reactivity measurement

· Reactivity measurement by various methods (Source Jerk method, Rod Drop method, Positive period method)

· Source multiplication method

	13.00 – 16.00


	Study of the reactor kinetics and dynamics II

· Reactor responses to different reactivity changes

· Reactor behaviour to the periodic reactivity changes

· Pulse, transient and oscillation characteristics measurement

	Thursday

9.00 – 12.00


	Control rod calibration

· Rod calibration by inverse rate method

· Rod rod calibration by reactimeter

	13.00 – 16.00


	Critical experiment – approaching critical state

· Prediction of the reactor critical state by inverse rate method

· Approaching the critical state at the reactor by changes of control rod position

	Friday

9.00 – 13.00


	Digital control and safety systems of the VR-1 reactor

· Demonstration of control system functions

· Training of reactor control by students

	14.00 – 16.00
	Discussion and evaluation of the course


An example of successful training which is carried out at the VR-1 reactor is Group Fellowship Training Programme on Research Reactors (GFTP) [4]. The course has been organised by Eastern European Research Reactor Initiative (EERRI) for IAEA fellows since 2009. The six week GFTP course is focused on participants from non-nuclear countries, who wish to develop nuclear competence and infrastructure as a first step to development of a national nuclear power programme [4]. The course is aimed at young technical professionals with little or no nuclear experience who can work in the future research reactor operating organization or at a national regulatory body. The GFTP is a typical example of wide range course, which is extremely difficult to organise by a single reactor or a single university [4].  Therefore the GFTP course is organised by several EERRI members at several research reactors in the Czech Republic (VR-1, LVR-15 and LR-0 reactors), Austria (ATI TRIGA reactor), Slovenia (IJS TRIGA reactor) and Hungary (BME and BRR reactors). The VR-1 reactor plays an active role in educational and training activities of the EERRI coalition and six from the total nine courses were carried out at the VR-1 reactor where 45 participants from 21 countries (Australia, Azerbaijan, Brasil, DRC, Egypt, Iraq, Jamaica, Jordan, Lebanon, Libya, Malaysia, Mexico, Myanmar, Oman, Pakistan, Philippines, Saudi Arabia, Sudan, Syria, Tanzania & Yemen) have been trained since 2010.

6. Conclusions
Theoretical lectures and courses at the universities are often supplemented with practical training at an experimental facility, especially at a specialised training reactor or at other type of research reactor. Research reactors in general are suitable for education of students at all academic levels not only in nuclear engineering, but also in various non-nuclear engineering studies. Training activities at the VR-1 reactor cover wide range of training for various users from future reactor operators and reactor physicists of Czech and Slovak nuclear power plants through inspectors from Czech regulatory and project managers from Kuwait to IAEA fellows. More than 22 years of operation of the Training reactor VR-1 shown that the reactor plays the key role in the national nuclear education system in the Czech Republic. It is further widely involved in education of international students as well as in training worldwide.
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