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Abstract – The TRIGA Mark II research reactor at the Jožef Stefan Institute in Slovenia, achieved first criticality in 1966. Since then the reactor has been playing an important role in developing nuclear technology. The reactor has been mainly used for research, education of university students, training of operators of the Krško nuclear power plant (start of operation in 1983) and other nuclear specialists, isotope production, and beam applications. Despite the age of the reactor, there is a wide range of research activities going on in the three main areas. 1) Reactor Physics activities are related to verification and validation of computer codes and nuclear data, testing and development of experimental equipment used for core physics tests at the Krško NPP, neutron radiography, neutron activation studies, development of bio-dosimeters, radiation hardness studies, safeguards activities. 2) Some of the environmental studies are using reactor for neutron activation analyses and for production of radioactive tracers. 3) Reactor is being used by particle physics department for radiation hardness studies of ATLAS detector in CERN. The future of nuclear technology in Slovenia is focused on new NPPs, while the research community is looking forward to a possible new nuclear reactor. The basic initiatives are at a very preliminary stage: the primary choice is dual-core pool-type reactor, with a zero-power core and a separate MW-size core, cooled and moderated with light water. Such a reactor will be capable of supporting the European fleet of existing and future nuclear power plants, including small modular reactors based on pressurized water reactor technology. Another option would be hosting one or more micro reactors with electrical and/or heating power producing capability. In this way the knowledge and infrastructure available for research and development could offer stronger support towards demonstration of prototype small modular reactors in prototype future electrical grids.
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I. Past and present - TRIGA reactor

The TRIGA Mark II research reactor at the Jožef Stefan Institute (JSI) in Ljubljana, Slovenia, reached its first criticality on May 31, 1966, at 14:15. Since then, the reactor has played a vital role in the development of nuclear technology and safety culture in Slovenia. It is known as one of the country's few centers of modern technology, and its international cooperation and reputation contribute to the promotion of JSI, Slovenian science, and Slovenia on a global scale.

The primary utilization of the reactor has been in training and education of university students, engineers and technicians who continue their careers in different fields of nuclear engineering. It also provides on-the-job training for staff working in public and private institutions. Additionally, the reactor is used for isotope production, neutron activation analysis, beam applications, neutron radiography, testing and development of a digital reactivity meter, as well as verification of computer codes and nuclear data, including criticality calculations and neutron flux distribution studies.
The TRIGA MARK II research reactor at the Jožef Stefan institute (JSI) is a typical 250 kW TRIGA reactor, moderated and cooled with demineralised water [10,11]. During the long time steady state reactor operation, an external cooling system is operating, which cools the upper section of the pool through a forced convection; however, natural convection remains the driving force for the flow through the core. The core of TRIGA reactor is placed at the bottom of an open tank with 5 m of water column above it (Fig. 1). The core has a cylindrical configuration with 91 designed locations to accommodate fuel elements or other components such as control rods, a neutron source and irradiation channels. Elements are arranged in six concentric rings.
[image: ]In recent years, the reactor has been extensively utilized for irradiating various components for the ATLAS detector in the European Organization for Nuclear Research (CERN). Its precisely characterized irradiation channels have made it a reference center for neutron irradiation of detectors developed for the ATLAS experiment. JSI has several ongoing projects related to reactor applications, with many more planned.

Fig. 1. Side view of the JSI TRIGA reactor.

The first Section of this paper focuses on the current and planned utilization of the TRIGA Mark II reactor at JSI (Fig. 1), highlighting that even small reactors like the 250 kW TRIGA at JSI can serve various purposes and significantly contribute to state-of-the-art achievements in nuclear science, technology, and related fields. While some of the activities have been previously presented elsewhere, this paper specifically covers activities of the last decade. 

I.A. Research topics
The research activities at the JSI TRIGA reactor can be summarized as:
· Development, verification and validation of computer codes and nuclear data (Fig. 2);
· Testing and development of experimental equipment used for core physics tests at the Krško Nuclear Power Plant;
· Neutron radiography;
· Neutron activation studies;
· Development of bio dosimeters;
· Radiation hardness studies;
· Safeguards activities.
· Production of radioactive tracers.

Further in the text, some of the above-mentioned activities and their main results are briefly presented and discussed.
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Fig. 2. Development, verification and validation of computer codes: geometry for coupled CFD/Monte-Carlo analysis [1].

Neutron activation analysis
Shortly after its commissioning, the reactor became instrumental in neutron activation analysis (NAA). Initially, the focus was on developing radiochemical procedures to determine trace elements in the environment and human health. Effective radiochemical NAA (RNAA) procedures were developed and successfully applied, enabling the determination of numerous elements. Presently, k0-based NAA serves as the primary analytical tool at the reactor, accompanied by RNAA as a specialized technique employed when its advantages outweigh other analytical methods. In 2012, approximately 350 samples underwent irradiation for NAA analysis, with about 300 of them assayed using k0-based NAA. Further information on NAA applications can be found in [2].


Safeguards activities
The purpose of particle analysis is to examine clothes or wipe samples collected from established nuclear facilities or locations suspected of clandestine nuclear material handling. These analyses aim to determine whether the particles originate from declared or undeclared activities. Particle analysis is a highly effective method for detecting proliferation activities, particularly uranium enrichment activities.
One method used for non-proliferation detection is Fission Track-Thermoionization Mass Spectrometry (FT-TIMS), developed by CEA in the late 1990s. CEA is part of the Network of Analytical Laboratories accredited by the International Atomic Energy Agency (IAEA) for Safeguards analysis since 2001. FT-TIMS is also utilized by the French Defence Authority. The FT-TIMS method involves irradiating the collected sample under a thermal neutron flux. Fissile radionuclide particles (such as 235U and 239Pu) create fission tracks in a Fission Track detector. After irradiation, the fission tracks are etched and observed under an optical microscope. Particles that exhibit fission track clusters are precisely located and micro-manipulated onto a Thermoionization Mass Spectrometry (TIMS) filament. The TIMS instrument determines the isotopic composition of each individual particle. 

I.B. Education on JSI TRIGA reactor
International courses
The TRIGA reactor has been actively utilized in numerous international training courses, primarily organized by the JSI Nuclear Training Centre (NTC) and the International Atomic Energy Agency (IAEA). To enhance the educational utilization of research reactors, a coalition was established, consisting of Austria, the Czech Republic, Hungary, and Slovenia. This coalition operates under the framework of the Eastern European Research Reactor Initiative (EERRI), which was established in 2008 with the support of the IAEA [3]. Six-week training courses for participants from IAEA Member States have been conducted since then. In addition to EERRI, another international coalition focusing on education and training was formed within the IAEA programs. This coalition, known as the Mediterranean Research Reactor Network (MRRN), involves Mediterranean countries and was established in 2010 [4]. These initiatives highlight the collaborative efforts among various nations to promote education and training in the field of research reactors.

TRIGA as an education tool
Since 2009, the JSI TRIGA reactor has been equipped with a teleconference system and two full high-definition (HD) digital cameras, which serve as the foundation for remote training capabilities. The full HD camera is positioned just a few centimeters below the water level, enclosed in a specially designed leak-tight casing. It is equipped with a 10 × optical zoom, allowing users to visually inspect the reactor core and individual fuel elements. The camera can be operated from the control room, with the feed displayed on a large 132 cm full HD screen. These new features have proven extremely valuable, particularly during practical exercises such as critical experiments, where fuel elements are manipulated and the source is withdrawn, and void coefficient exercises, where voids are inserted at various positions in the core and reactivity is measured. Our experience has shown that this system enhances the understanding of the experiments and makes all practical exercises more engaging.
Advancements in fast and cost-effective computer clusters have facilitated the development and utilization of powerful computer codes for neutron transport, including Monte Carlo transport codes, as well as real-time 3D visualization of extensive data. By combining these codes and visualizing reactor physics data such as neutron flux and power distribution, a powerful tool for gaining rapid insight into reactor characteristics has been created. With the aid of advanced 3D visualization software, neutron flux and power distribution can be presented in a revolutionary manner. Various perspectives, including axial, radial, and others, can be observed, allowing one to "walk" through the reactor core and witness changes in neutron flux and power across different components. Further details about these new methods can be found in [5].
[image: 20130121_14-09-13]Human memory tends to retain information better when it is visualized. Therefore, this novel representation of the reactor and neutron transport parameters serves as an exceptional educational tool for future generations of nuclear power plant operators, nuclear engineers, and other experts in the field of nuclear technology.

Fig. 3: Bubbles flowing through the core during the void reactivity coefficient exercise.



Hands-on experiments on TRIGA
Since the 1990s, the JSI TRIGA reactor has been extensively utilized for conducting reactor physics experiments for future nuclear power plant operators, as well as physics and nuclear engineering students. These experiments encompassed various areas, including:
· Subcritical multiplication
· Critical experiment (Fuel addition/Control rod withdrawal)
· Reactor kinetics (reactor response to step reactivity changes)
· Reactivity coefficients (temperature, void, power)
· Control rod calibration (Rod-in/Rod swap)
· Pulse mode operation
· Thermal power calibration
· Primary water activation
· Reactor operation
In 2012, several upgrades were implemented to enhance existing exercises and introduce new ones. The pulse mode operation exercise saw improvements through the installation of a new data acquisition system and the development of a user-friendly graphical interface using LabVIEW software.
The critical experiment exercise was enhanced by incorporating a new detector. Neutron population is now monitored using two independent fission chambers placed at different locations. Similarly, a new graphical user interface using LabVIEW software was developed for this exercise.
To make the void reactivity coefficient exercise more realistic, a pneumatic system was installed to generate air bubbles just below the reactor core. The system includes valves, flow meters, and aluminum tubes for conveying air under the core, allowing for a more accurate simulation of void reactivity changes


II. New research reactor?

Slovenia is currently in the process of developing a project aimed at constructing a state-of-the-art research reactor, which is foreseen the existing TRIGA reactor. The publications presented at the NENE Conferences in 2019 and 2022 [6,7] discuss the rationale behind the initiative, provide an overview of the initial stages necessary to commence the project, and enumerate the potential technologies that could be employed. Subsequently, we have successfully initiated preliminary discussions with prospective international collaborators for the research reactor venture. 

II.A. Planning

Planning a new research reactor project offers advantages and challenges distinct from those of a nuclear power plant. Research reactors are smaller and more affordable, simplifying budget allocation and fuel management. Public acceptance is generally easier to attain compared to power plants. However, economic viability and utilization pose significant challenges. The country hosting the reactor must commit to financing its entire lifecycle, demonstrating indirect benefits and support for nuclear power. Ensuring optimal utilization with diverse user requirements is crucial. To address these risks, JSI will conduct a feasibility study, identify stakeholders, and secure commitments for reactor usage. 
The TRIGA reactor in Ljubljana currently covers training and research needs, including neutron transport calculations and radiation hardness testing. The new research reactor should cover all these needs, but should also support neutron beam users and contribute to the production of vital radionuclides for medicine. Additionally, it can aid in semiconductor chip manufacturing through neutron radiation-induced material changes.


II.B. Technology options

General purpose reactor
The new research reactor will be a multipurpose reactor accommodating a consortium of users. Light water reactors with open pools are suitable for training and research due to their ease of operation and accessible core. They can support power-generating reactors using similar fuel and coolant as European PWR reactors. Specifications have been developed to retain current use cases and expand to new ones.
Increasing the thermal power enables broader applications, such as cost-effective production of radioisotopes and neutron transmutation doping. Higher flux attracts neutron beam users. The thermal power choice balances flux requirements and operating costs, aiming for a range around 5 MW without the need for active decay heat removal.
To enhance flexibility, the reactor can provide regions with different neutron flux spectra and utilize uranium silicide fuel for increased power density and safety performance.
A water channel connecting the reactor to hot cells simplifies material transport. The Jordan Research and Training reactor [9] serves as a comparable model with a 5 MW thermal power.

Additional zero-core reactor
Zero-power reactors, characterized by low burnup, are well-suited for specific research tasks. Their core with minimal decay heat allows for greater flexibility in experimental setups, such as additional core loops, multiphysics experiments, and investigations involving unique fuel types. The use of low burnup fuel enables easier study with reduced radiation protection and decay heat removal requirements. Incorporating a second zero-power core alongside the multipurpose research reactor would enhance the flexibility of the research facility without significantly impacting construction and operating costs. This is because many overhead expenses, such as site preparation, radiation protection measures, fuel management, and radioactive waste disposal, are already covered by the multipurpose reactor.

Research reactor producing electricity
JSI is exploring the possibility of constructing a research reactor with electrical power generation capabilities. This reactor would serve as a pilot study for future nuclear power plants, including small modular reactors, and allow JSI to simulate various power generation and distribution systems such as electrical grids, district heating, hydrogen production, and industrial heat utilization. The existing research reactor site is well-suited for this purpose, offering ample land, proximity to Slovenia's capital, direct access to the ELES electrical power grid, and availability of the Sava River for cooling.
An example of a reactor that could align with JSI's objectives is the eVinci microreactor being developed by Westinghouse. This reactor employs TRISO fuel, graphite moderation, and sodium-containing heat pipes for cooling. It features reactivity control through a rotating drum and horizontal channels equipped with control rods, which can also be used for sample irradiation. According to the provided leaflet [8], the eVinci reactor is designed to generate 15 MW of thermal energy and approximately 5 MW of electrical energy using an open-cycle air turbine.

The ultimate selection of the new research reactor technology is foreseen in the next year or so and will have to take into account the political and financial support for the new device.


III. Conclusions

In the past few years we have identified the need for a new research reactor in Slovenia to advance nuclear science, attract talent, support the domestic nuclear power reactor, and fill a gap in the diminishing European Union research reactor fleet. It could enhance the supply of vital radionuclides and improve electronic chip supply. The reactor is likely to be a consortium project with diverse partners, requiring a flexible technology. An open pool, light water reactor is suitable for education and research, expanding potential use cases. Adding a low-burnup fuel core or considering an electrical power-generating reactor are options to enhance research capabilities, despite trade-offs in flexibility. Our goal is to address critical needs and advance research within the European Union.
An open pool, light water reactor is ideal for education and research due to its user-friendly operation and accessible core. The new reactor has the potential to broaden its range of applications compared to the existing one, offering higher thermal power, increased fluxes, and a pool connecting the reactor core to the hot cell facility. 
We are considering adding a second, zero-power reactor core to accommodate research applications that require low-burnup fuel. This addition would not significantly raise project costs since many fixed expenses are covered by the general-purpose reactor. However, it would enhance the research capabilities of the facility. The working name of the new reactor is VERONICA - Versatile European Reactor fOr Neutron Irradiation and nuClear research.
Alternatively, we are exploring the option of constructing a prototype or demonstration reactor that can generate electrical power instead of a general-purpose research reactor. This approach would enable research on power generation, load following, utilization of process heat for industry, district heating, hydrogen production, and other energy-related applications. Nonetheless, it would involve sacrificing some flexibility of the reactor.
Building a new research reactor would mean also improving the experience of all nuclear entities, that will be involved in construction of the large nuclear power plant: from utilities, to regulatory bodies, industry, research and educational institutions. 
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