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ABSTRACT 

 

The Training Research Isotopes General Atomics (TRIGA) has probably been the most widely used 

research-reactor platform for education, neutron activation analysis, isotope production, reactor-physics 

experiments and operator training. There, its unparalleled and continual relevance is a function of uranium-

zirconium hydride (U-ZrH) fuel and its prompt negative temperature coefficient which offers a robust 

inherent feedback mechanism to resist reactivity and thermal excursions. This review critically analyzes 

the past developments, design principles, reactor-physics fundamentals, comparative advantages, global 

distribution and use, modernization challenges and future directions of TRIGA reactors. The paper is 

focused specifically on quantitative performance indicators including conventional neutron flux ranges, 

steady-state power classes, pulse characteristics and safety-relevant fuel properties. To clarify this 

uniqueness and the limitations on TRIGA reactors, the review compares it with a few other reactor types 

including material testing reactors, heavy-water moderated research reactors and conventional pool-type 

systems. TRIGA reactors are still attractive owing to their accessibility, pulsing capability, passive safety 

behaviour and educational utility, but they depend on reliable LEU fuel supply, ageing-management 

programme(s), digital instrumentation upgrade(s) and regulatory compliance as well as user level for 

longevity. 
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Introduction 

Research reactors are a critical source of neutrons for nuclear education, activation analysis, radioisotope 

production, materials testing, neutron imaging and reactor-physics benchmarks. Their primary purpose is not 

electricity generation like for nuclear power reactors, but instead production and controlled use of radiation 

neutron fields for scientific and technological needs [1-2]. The TRIGA reactor occupies a unique position 

within this larger class, due to its relatively low power under steady-state conditions combined with very 

strong passive feedback features and accessibility during operation. 

In the late 1950's, General Atomics developed the Training, Research, Isotopes, General Atomics (TRIGA) 

concept to a small and versatile reactor that could operate safely on university campuses, national laboratories 

and research centres [3-5]. Its signature technology is uranium-zirconium hydride (U-ZrH) fuel, in which the 

fuel and moderator are combined into a solid matrix. This fuel gives rise to a very rapid negative temperature 

coefficient of reactivity, meaning that high temperatures lead the core to rapidly reduce reactivity [5–8]. 

The first one achieved criticality in 1958, and its design subsequently became widespread internationally for 

educational purposes, neutron activation analysis, isotope production, radiography and training and reactor-

physics research [1,3–4,9]. This extensive deployment history is important because it creates operational 

evidence in multiple regulatory, academic and national-research contexts rather than just claims of the 

manufacturer. 

A scope of the review was established as a narrative technical review of the TRIGA reactor system employing 

internationally recognized reports, manufacturer specifications, reactor databases, licensing guides, 

benchmark activities, and literature. More recently issued IAEA reports, General Atomics technical 

information and NRC/NEA guides and recent journal and conference research focused on reactor parameters, 

operating history, fuel behavior, convertor issues, aging, and validation computations [1,3,9-18] are 

emphasized. Sources were chosen selectively; manufacturer specifications for system history and fuel data, 

international agency reports for international standing and operating practices, and reviewed literature for 

specific reactor performance/safety analyses and evidence of applicability. Figures of the TRIGA Mark I, II 

and III systems are shown in Fig.1. 

 

   

 

Fig.1 TRIGA Mark I, II and III reactor configurations 
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2. Historical Development of TRIGA Designs 

TRIGA reactors developed from basic pool type educational Reactors until they became relatively advanced 

research systems, with enhanced irradiation facilities; beam-port configuration; cooling system and 

instrumentation. The principle was legated in the Mark I-III designs: a small reactor needs to be accessible 

for training and experiments, but fundamental to its safety response should be indeed intrinsic in the fuel 

physics rather than bolted as if an engineered system [3–5]. Table 1 bellow shows the developments on 

TRIGA reactors since 1958. 

 

Table 1. Historical evolution of TRIGA reactor development from 1958 to the present [1,3-4,9-10] 

 

Period Development Review significance 

1958-1960s First TRIGA criticality and early 

university deployment 

Established the inherent-safety 

concept and training role 

1960s-1970s Mark II/III and tank-in-pool 

configurations 

Expanded beam-port, irradiation and 

teaching capability 

1970s-1980s Higher-power and specialized variants Extended TRIGA use toward applied 

research and isotope services 

1990s-2000s Computational modelling and HEU-to-

LEU conversion programmes 

Connected TRIGA operation to non-

proliferation and reactor-code 

validation 

2010s-present Digital I&C, ageing management and life-

extension projects 

Shifted focus from deployment to 

sustainability and modernization 

Future direction Remote training, benchmark data sharing 

and hybrid simulation support 

Strengthens long-term educational 

and scientific value 

 

 

Again retaining the U-ZrH safety basis, additional features for research-grade operation were integrated into 

the Mark II and Mark III models, including tank-in-pool geometry, improved thermal control, irradiation 

positions and neutron beam facilities [3,8]. These changes did not interfere the fundamental nature of TRIGA; 

they simply broadened the types of experiments that could be performed without making the platform 

inaccessible to training or routine research. Various versions of TRIGA reactor cores are illustrated in Figs. 

(2-4). 

 

   

 

Fig. 2  TRIGA Mark I core 

 

Fig.3 Mid-generation TRIGA core. 

 

Fig.4 Modern TRIGA Mark II 

core 
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The subsequent TRIGA models and uprated plants allowed the platform to extend into higher flux 

applications. These systems were outfitted var- Depending on configuration with forced-flow cooling, extra 

shielding, better control-rod mechanisms and more experiment channels. The relevance of this evolution 

from a technical perspective is that TRIGA did not stay as one low-power teaching reactor, but grew into a 

family of reactors optimized over education, applied research and specialized irradiation services [3–4]. 

TRIGA operates in a number of modes, but one of the most unique is pulsing. A transient rod results in 

immediate reactivity, which pulls power up extremely fast; the fuel-temperature rise that occurs immediately 

at all points produces enough negative feedback to quench the pulse after a few milliseconds [5,8,19]. 

Consequently, it provides TRIGA reactors with experimental capacity that is difficult to achieve safely in 

many plate-fuel research reactors. 

This review is based on technical performance parameters that are defined in the following sections. Typical 

TRIGA steady-state thermal neutron fluxes are about 10^12-10^14 n/cm²/s (considering reactor power and 

irradiation position), but pulsing can produce very high peak powers for milliseconds before fuel-temperature 

feedback terminates the transient [3,6–8,16,19]. Thus, TRIGA applications reported in literature cannot be 

considered identical for all facilities, but must to be interpreted on the basis of detail including power level 

and irradiation position (e.g., moderator geometry), core loading [1,9, 14–18]. 

 

3. Design Principles and Reactor Physics 

 

TRIGA is based essentially on U-ZrH fuel in which uranium is dispersed in a zirconium-hydride matrix. 

Since the hydride part expends neutrons inside the fuel component, varying fuel temperature 

straightforwardly impacts neutron moderation and reactivity [6-7]. The precipitation of hot liquid at very low 

and medium pressures up to 950°C are usually: As the temperature goes up, hardening of neutron spectrum 

occurs and the probability of sticking to previously bottled thermalized chain reaction becomes lower; this 

gives you rapid negative reactivity feedback [5-8,19]. 

 

This instinctive reaction is best interpreted as a safety feature of our physics, and should not take the place 

of engineered safety. As for research reactors generally, TRIGA reactors still have a need for control rods, 

scram systems with inhibitory measures and some provision for cooling, radiation monitoring (there are 

limits on the licensing), and trained operators [10–11]. The key difference is that the fuel of a TRIGA 

provides an internal stabilization mechanism to a reactor when any temperature excursion occurs too quickly 

[5,8,19]. 

 

There are predominantly two configurations in which TRIGA reactors are deployed: the pool-type and tank-

in-pool. In a pool-type reactor, the core is located in an open water pool which serves as cooling, shielding 

and visual access; In the second strategy, known as tank-in-pool systems, the core is placed in an inner tank 

submerged in a larger pool that provides enhanced thermal control as well as additional beam ports and 

complex irradiation facilities [3,8]. 

 

In pulse condition, the transient rod injects reactivity quickly and starts a short power spurt. At this point, 

fuel heating forms a powerful negative feedback due to spectrum hardening, thermal expansion and prompt 

neutron kinetics, which leads to self-limiting behavior of the excursion [5,8,19]. The produced pulse is strong, 

time-limited and reproducible (within licensed limits), making it useful for calibrating detectors or simulating 

transients in training demonstrations. 
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4. Comparative Analysis with Other Research Reactors 

TRIGA reactors are not designed to replace all research reactor types. Typically their neutron flux is orders 

of magnitude less than that of high-power material testing reactors, which are better suited to fuel 

qualification, high-fluence materials damage studies and other large-scale isotope-production activities [1-

2]. Rather, TRIGA's comparative advantage lies in its intrinsic feedback, small size, ability to pulse and 

relative ease of use for educational and small or medium sized experimental programs [3–5]. 

With impressive neutron economy and high utilization potential, Heavy-water moderated research reactors 

almost always incurs significantly higher capital investment costs as well as very complex infrastructural 

requirements, more intense operating budgets with specialized maintenance setups. While conventional pool-

type training reactors are more straightforward, they often do not achieve the U-ZrH feedback and high-

quality pulsing capability characteristic of TRIGA [2–3,8]. It follows that TRIGA's worth derives from a 

performance envelope, not from neutron flux or specific power per se. The TRIGA reactor inherent features 

are presented in Fig. 5. 

 

 

 Fig. 5 Schematic representation of the inherent negative temperature feedback mechanism in U-ZrH fuel 

[5-8,19]. 

 

 

Besides its unique fuel physics, TRIGA possesses operational features that make it conducive for research: 

compact cores, easily accessible irradiation positions, beam-port options and routine operator training value 

as well as compatibility with computational benchmark experiments [1,3,9,14-17]. This combination helps 

explain the continuing usefulness of TRIGA reactors in universities and national laboratories, even in 

locations that are well served by higher-flux reactors for specialized materials testing or large-scale isotope 

production. Table 2 summarises the main characteristics of TRIGA reactor. 
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Table 2. Operational characteristics of TRIGA reactors relative to other major research reactor categories 

[1-3,11-12]. 

 

Feature TRIGA MTR/high-

flux test 

reactor 

Heavy-water 

research reactor 

Conventional pool 

reactor 

Fuel/moderation 

concept 

U-ZrH fuel-

moderator with 

strong prompt 

feedback 

Usually plate-

type U-Al or 

U-Si fuel 

Often natural 

uranium/LEU 

with heavy-water 

moderation 

Usually LEU plate 

or pin fuel 

Typical flux 

(n/cm²/s) 

1012-1014 1013-1015 1014-1015 1011-1013 

Pulse operation Excellent in 

licensed pulsing 

designs 

Limited or not 

typical 

Limited or not 

typical 

Minimal 

Safety philosophy Inherent fuel 

feedback plus 

engineered 

systems 

Primarily 

engineered 

systems 

Engineered 

systems and 

operational 

controls 

Primarily 

engineered systems 

Primary strength Education, 

NAA, pulsing, 

training and 

benchmark 

experiments 

Fuel/material 

testing and 

high-fluence 

irradiation 

Neutron economy 

and 

isotope/neutron-

beam applications 

Basic training and 

routine irradiation 

Typical limitation Lower flux than 

high-power test 

reactors 

Higher cost 

and 

operational 

complexity 

Large 

infrastructure and 

operating demand 

Limited pulsing and 

lower experimental 

flexibility 

Best-fit role University/natio

nal training and 

medium-scale 

research 

Advanced 

irradiation 

qualification 

Large 

multipurpose 

neutron-source 

facility 

Introductory 

teaching and low-

to-moderate 

utilization 

 

   

5. Global Deployment and Case Studies 

 

TRIGA has been deployed at global scale as a practical compromise between performance and usability. 

Many regions already have research reactors as evidenced by IAEA documentation [1,3] and the Research 

Reactor Database [9], with TRIGA units helping to address educational needs, applied neutron science and 

training. Internationally, the value of a research reactor is not assessed solely in terms of maximum power 

[2]; planning of utilization and competence among staff as well as regulatory support, experimental 

infrastructure and continued communities of users are all decisive factors for utilization in research reactors 

according to reviews [11-12]. The contribution of the TRIGA research reactor worldwide is shown in Fig.6. 

TRIGA facilities have enabled neutron activation analysis, radiation-biology experiments and benchmark 

testing of detectors across Europe, along with radiography and reactor-code benchmarking. The experience 

of the facilities in Slovenia, Austria and Italy shows how even a low power reactor can be operated effectively 

for scientific production when it is further supported by well-characterized irradiation positions, benchmark-

quality measurements as well as active training programmes and international co-operation [9, 14-17]. 
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Fig.6 Approximate global distribution of TRIGA research reactors by region [1,3,9]. 

 

Across Asia and the Middle East, TRIGA reactors have underpinned national nuclear programmes by 

providing local capacity for training, isotope production, sample irradiation and regulatory competence-

building [1-3]. They often play a strategic role: helping to build human resources, safety culture and 

analytical infrastructure in advance of or in parallel with larger nuclear programmes. 

Even with fewer installations in Africa and Latin America, the same capacity-building function is represented 

by TRIGA. It is in the areas with clear links to national needs, like environmental monitoring, geology, 

agriculture, scientific support for health sector isotope loads and university level education on nuclear [1-2, 

20] that they make their strongest fields of contributions. 

 

 

6. Applications and Scientific Contributions 

The primary scientific contribution of TRIGA is that it provides a real reactor operation with an excellent 

safety margin. Within a formal academic context, students can study starting up procedures, control-rod 

calibration, neutron flux mapping, radiation-protection practice and operational safety in an actual reactor 

environment [2–3,11]. While simulation can complement preparation and post-experiment analysis, this 

learning value is not easily replicated with simulation alone. 

One of the more common applications for research reactors is neutron activation analysis (NAA) and many 

TRIGA facilities are ideally suited for this technique. Characteristic gamma-ray emissions from irradiated 

samples including soil, water, food, minerals, biological material and cultural artefacts [2–18] can be 

analysed. Since irradiation channels and neutron spectra will vary between facilities, high-quality NAA 

requires facility-specific flux characterization [12], comparator [13] or standardization methods [14,15] and 

appropriate uncertainty control rather than nominal reactor-power information alone ([16–18]). 

TRIGA reactors can also facilitate local and limited radioisotope production. They have a small capacity 

compared with big production reactors, but they can be utilized for certain diagnostic, therapeutic, industrial 

and tracer applications (neutron activation and target irradiation) [2.21]. Therefore, this application is of 

treasury when domestic production decreases our dependency over extensive supply chain for the short life 

nuclides. 
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TRIGA beam and neutron radiography are useful in many material testing and irradiation applications. This 

enables radiation effect studies on small samples, detector testing, or non-destructive imaging of engineering 

components and cultural artefact [2]. But the lower flux of many TRIGA reactors is a better fit for high-

fluence qualification work, which will continue to be carried out at higher-power test reactors. 

Computational validation is another major contribution one can offer. Some of the best-characterized TRIGA 

cores can serve as benchmark cases for both Monte Carlo code (MCNP, Serpent and OpenMC [22– 24]). 

Benchmark, fission-rate and gamma-field studies performed at the JSI TRIGA Mark II reactor over the last 

several years demonstrate how experimental measurements may be utilized to validate core models, reaction-

rate distributions and detector responses -- ingredients that allow us to have more confidence in the reactor 

simulations used for safety analysis and research planning [14-17]. 

7. Modernization and Upgrade Pathways 

Modernization is thus an essential aspect of continuing safe operation of TRIGA reactors, most of which are 

several decades old. Ageing impacts more physical systems (pool structures, liners, cooling circuits, control-

rod drives, cables and radiation-monitoring equipment) whereas digital modernization impacts 

instrumentation & control-room interfaces, data acquisition, cyber security and configuration management 

[10–12]. Thus modernization should be considered a consolidated safety, regulation and use initiative as 

opposed to just an aging hardware replacement. In Figure 7-9, the evolution of TRIGA fuel. 

 

 

 

 

 

 

 

Fig.7 Early standard TRIGA fuel 

element 

 

     Fig.8 Intermediate/modern 

     U-ZrH fuel configuration 

 

Fig.9 TRIGA Mark III fuel 

 

 

 

TRIGA modernization has also been shaped by non-proliferation policy. Historically, HEU or legacy fuel 

inventories were used in many research reactors but current international programmes support minimization 

of HEU and conversion to LEU fuel when technically feasible [13,25-26]. Because safety margins, 

specifically excess reactivity and shutdown margin, as well as thermal-hydraulic performance, experimental 

capability [11] and fuel-cycle practicality are to be preserved in conversion decisions, every individual 

project involves facility-specific neutronic, thermal-hydraulic and licensing analysis [12-13,26]. 
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Life-extension work is equally important. Organizations will typically do things like replace pool liners, 

control-rod drives, ventilation systems, cranes and electrical systems as well as radiation monitoring 

equipment and experimental infrastructure [10]. The most effective modernization programmes link ageing 

management, utilization planning and human-resource development rather than treating refurbishments as 

an isolated maintenance activity. Modern I & C Systems of TRIGA Reactor is shown in Fig.10 below. 

 

Fig.10 Modern control room with upgraded digital instrumentation and control (I&C) systems [10-12] 

 

Now, both research and training are bolstered through simulation tools. For example, MCNP, Serpent, 

OpenMC and thermal-hydraulic models could be used to design irradiation for seed positions [20]; Tracking 

down changes in the core; Assessing safety margins [21] and Preparing students experiments before 

powering up the reactor itself [22-24]. Their credibility relies on benchmarks against data that have been 

measured, such as criticalities, control-rod worths, thermal-powers, neutron/gamma fields and fission-rate 

distributions [14-17]. 

8. Challenges, Limitations and Future Outlook 

The future of TRIGA rests on four interrelated constraints: 1. Fuel supply; 2. Ageing infrastructure; 3. 

Regulatory burden and, finally, 4. Continuous user demand for research reactors [38]. Note that LEU U-ZrH 

fuel continues to be a niche product, and qualified fuel supply disruptions can impact operating schedules as 

well as conversion projects and license renewal plans [3,13,25–26]. In parallel, guidance developed for the 

licensing of research-reactors increasingly requires clarity in early safety analysis, configuration control, 

documentation and justification of ageing management and continued operation [10-12]. 

Another map in the field of constraints is ageing management. Over the 1960s-1980s, many TRIGA facilities 

were built and operators need to solve problems related to corrosion, component wear, obsolete electronics, 

documentation gaps & retirements of experienced staff [10]. Consequently, modernization is well more than 

a technical issue; it is also an information-management and institutional-planning issue. 

Public perception continues to be an issue, even for campus-based reactors. The mere use of the word 'reactor' 

can cause domestic disruption among students, municipalities and local decision makers, even when the 

technical risk is small. Thus, non technical aspects of public safety are equally necessary as technical safety 

analysis by transparency and visibility of the organizations actual safety culture and norms [10-11]. 

A few facilities have old unresolved issues related to HEU fuel, spent-fuel management and long-term 

licensing/decommissioning. Such issues are critical as they can lead to the continued operation of a reactor, 

a shift to LEU fuel, an extended shutdown or decommissioning of a plant [3,25-26]. 
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The potential for the future is certainly good, but it needs to be set in the context of reality. TRIGA reactors 

have numerous applications, including supporting remote-access education, international reactor-training 

networks, benchmark experiments, neutron imaging [1], targeted isotope production and advanced detector 

studies [2, 9, 14-17]. Connects the capabilities to funded research programmes, national development 

priorities, medical or industrial users and internationally shared benchmark data defines their long-term 

contribution. 

9. Conclusion 

The enduring feature of TRIGA reactors is that their design uniquely addresses a particular research-reactor 

need: providing effective neutron fields, pulse capability and hands-on education in the (comfortably) low 

thermal fast/neutron moderation region while maintaining strong inherent feedback to U-ZrH fuel. Though 

lower in flux than higher-flux test reactors, TRIGA systems are often more affordable and provide a greater 

safety advantage particularly for educational oriented training environments and are better suited towards 

medium-sized research programs at universities. However, some aspects of the TRIGA future can only grow 

with credible ageing management, LEU fuel security, digital modernisation, transparent safety governance 

and stronger international sharing of benchmark data. Only with these three conditions will TRIGA reactors 

continue to be useful tools for nuclear training, neutron-science use and applied research long after their 

original design time. 
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