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ABSTRACT 

Since the 1990s the Jožef Stefan Institute (JSI) TRIGA reactor has been extensively used 

for performing practical reactor physics exercises for future nuclear power plant operators, 

students of physics and nuclear engineering and for participants of various international training 

courses. 

In 2012 we upgraded some of the existing and introduced some new exercises. The pulse 

mode operation exercise was upgraded by installation of new data acquisition system and 

development of new graphical user interface (GUI) by using LabVIEW software. The critical 

experiment exercise was upgraded by adding a new detector. Now we monitor neutron 

population with two independent fission chambers on different locations. Here as well new 

graphical user interface (GUI), by using LabVIEW software, was developed. 

In the past the void reactivity coefficient exercise was performed by inserting Al tube into 

various positions in the reactor core and measuring the corresponding reactivity changes. In 

order to make the exercise more realistic, we installed a pneumatic system for generating air 

bubbles just below the core. The system consists of a system of valves, flow meters and Al 

tubes for conveying air under the core. The system is operated remotely by a computer running 

application in LabVIEW. The trainee can adjust the air pressure (proportional to the flow rate) 

and the location in the core at which the air bubbles are generated. The flow rate at individual 

locations is measured. The aim of the exercise is to measure reactivity changes versus flow rate 

and air bubble position.  

The second new exercise was measurement of water activation. In this exercise we 

installed special system which pumps the water through the core at a constant flow rate to the 

reactor platform, where the water activity is measured with a portable GM tube and two 

spectrometers, a semiconducting HPGe and a scintillating LaBr. The purpose of the exercise is 

to measure the 16N and 19O gamma line intensity and dose rate versus reactor power. It can be 

seen that the relationship is linear. Similar system is used at the Krško NPP for primary coolant 

loop leakage detection. 

The third new exercise, named In core flux mapping, was performed by measuring the 

axial fission rate distribution at various radial positions in the core. We used CEA – developed 

mini fission chambers (FC) and a special home developed system for moving the fission 
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chamber in axial direction and measuring the count rate versus FC position. The moving system 

and the FC response were operated by LabVIEW software running on a portable computer. 

In the paper we present the new exercises in more details, first results and plan for the 

future. 

1 INTRODUCTION 

The 250 kW TRIGA Mark II research reactor at the Jožef Stefan Institute (JSI) in Slovenia 

achieved first criticality on 31st May 1966 and since then the reactor has been playing important 

role in developing nuclear technology and safety culture in Slovenia. It is one of a few centres 

of modern technology in the country. Its international cooperation and reputation are important 

for promotion of JSI, Slovenian science and Slovenia in the world. The reactor has been mainly 

used for training and education of university students, future operators at Krško Nuclear power 

plant (NPP) as well as on-job training of staff working in public and private institutions, isotope 

production, neutron activation analysis, beam applications, neutron radiography, testing and 

development of a digital reactivity meter, verification of computer codes and nuclear data, 

comprising primarily criticality calculations and neutron flux distribution studies [1]. In the past 

few years, it has been extensively used for irradiation of various components for the ATLAS 

detector in the European Organisation for Nuclear research (CERN). Due to good 

characterization of the irradiation channels the reactor has become a reference centre for 

neutron irradiation of detectors developed for the ATLAS experiment. In 2010 we established 

collaboration with CEA [2]. 

The reactor has been used in several international training courses, mostly organised by 

the Nuclear Training Centre [4] and the IAEA. In order to enhance utilisation of research 

reactors for educational purposes we established a coalition between Austria, Czech Republic 

and Hungary in the field of international trainings and education. The coalition is formalised 

within the Eastern European Research Reactor Initiative (EERRI), which was established with 

the support of the IAEA in 2008 [3]. 

 

Figure 1: Students in the control room carrying out experiment at one of training 

courses. 

Since then TRIGA Mark II research reactor has been extensively used for performing 

practical reactor physics exercises. Each year the reactor is used in regular laboratory exercises 

for graduate and post graduate students of physics and nuclear engineering. All NPP Krško 

reactor operators and other technical staff pass training courses on our TRIGA reactor. In 

accordance with this many practical reactor physics exercises are performed each year. In 2012 

a project, financially supported by the Krško NPP, was initiated to upgrade some of the existing 

and to introduce some new exercises which are presented in more details below. In the paper 

the new practical exercises/experiments are described together with some results. 
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2 CRITICAL EXPERIMENT 

Critical experiment and study of subcritical multiplication is one of the basic experiments 

in reactor physics. At the JSI TRIGA reactor critical experiment is performed in two different 

ways, either by adding fuel elements or by withdrawing control rods. Until recently the neutron 

population in the reactor was measured only by using the fission chamber that is part of the 

reactor instrumentation, the so called start-up channel. As the critical experiment should be 

performed with at least two independent neutron sensitive detectors, we installed the second 

fission chamber with autonomous electronic into one of the irradiation channels in the core. 

This allows us to demonstrate the dependence of 1/M curve shape versus detector position. 

Now we developed control and data acquisition software by using the LabVIEW software. This 

allows the trainee to control counting time of both fission chambers. In addition 1/M diagram 

is plotted and for each step the software automatically calculates reactivity required to reach 

criticality. In order to study reactor kinetics around criticality the software features a possibility 

of observing count rate versus time. The latter feature is especially convenient to study the level 

of critically close to k =1 when criticality is estimated by inserting and withdrawing the neutron 

source.  

3 PULSE EXPERIMENT 

The JSI TRIGA reactor features pulse rod, which is equipped with pneumatic mechanism 

that can shoot the pulse rod out of the core in a couple of ms. In pulse mode all control rods 

except the pulse one are completely withdrawn and the reactor is slightly subcritical. Then pulse 

rod is pneumatically shot out of reactor core till a predefined limit. This sudden increase in 

reactivity causes the reactor to go supercritical with a period of a few milliseconds. Reactor 

power sharply increases for a few decades and at the same time also the fuel temperature 

increases. Due to prompt negative temperature reactivity coefficient the reactivity is decreased 

and reactor shuts down. The full pulse length depends on inserted reactivity and is typically in 

the order of 100 ms (Figure 2). This experiment demonstrates inherent safety of the reactor and 

is very useful for verification of reactor kinetics models, such as Fuch Hansen adiabatic 

approximation [5].  

 

 
 

Figure 2: Three different pulses with inserted reactivity of 2,00 $, 2,25 $ and 2,50 $. 
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The data acquisition system that logs the signal on the pulse channel was upgraded and is 

now capable of very fast simultaneous sampling of reactor power and fuel temperature. The 

new software calculates basic parameters of a pulse such are peak power, peak temperature, 

released energy etc. immediately after the pulse. The TRIGA pulsing was also shot by using 

high definition and high speed cameras. The video clips are available at the JSI TRIGA 

webpage [6]. 

4 VOID REACTIVITY COEFFICIENT 

Voids in nuclear reactor are usually formed as a result of primary coolant boiling and as 

such affect reactivity and thermo-hydraulic characteristics of the reactor. Consequently the void 

coefficient of reactivity is one of the key safety parameters in nuclear reactors. 

At the JSI TRIGA reactor we used to "simulate" voids in the reactor by inserting small 

Al batons (6 mm in diameter) at various places in the core and measured reactivity changes 

versus location and size of the void. The advantage of such approach is that the location and 

volume of the void is very well defined. The disadvantage, however, is that Al baton does not 

resemble bubbles and is not so illustrative. 

 

 
 
 
 
 
 

Figure 3: User interface of LabVIEW program developed to control voids generation and 

reactivity measurement. On the left there are reactivity measurements and on the right there is 

core scheme of our TRIGA reactor with positions where voids can be generated. By pressing 

on red circles we can turn on or off voids generation on that position. Airflow measurement tab 

is hidden on this picture. 

 

Reactivity chart Position in the core where voids are 
generated (On/Offswitch) 
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Therefore we designed and made a system for simulating water boiling (generation of 

voids/bubbles) in the reactor. For this purpose we built a pneumatic system which generates air 

bubbles under the core. The system consists of controller, pressure regulators, valves, air flow 

meters, Al tubes and nozzles for producing air bubbles. Al tubes with nozzles are inserted in 

the reactor core on different radial locations so the nozzles are located just under the core. Each 

Al tube is individually connected to its own valve, choke and air flow meter so we can 

independently adjust and measure air flow through each individual tube. Alongside with the 

pneumatic system we developed LabVIEW application for controlling pneumatic system and 

acquiring data with implemented digital reactivity meter. 

By using the GUI in LabVIEW one can adjust air pressure and set location in the core 

where the voids are formed. By adjusting the air pressure the air flow rate and consequently 

volume of the voids in reactor core is changed. Location of the voids is controlled by switching 

on or off each individual valve and thereby air flow through each individual tube. They are all 

controlled independently.  

It is important to note that installation of this exercise was considered as temporary 

modification of the reactor. Hence a thorough safety screening and safety evaluation had to be 

performed prior to installation and is thoroughly described in [7]. 

The aim of the exercise is to measure reactivity changes versus flow rate and void 

position. Therefore a digital reactivity meter was integrated into the package. Dedicated 

software allows trainee to control the air flow, observe reactivity changes and acquire data all 

with one application. This way trainee can focus to reactor physics and not to the 

implementation of the exercise. Typical results are presented in Figure 5. 

 

 
 

Figure 4: Simulation of water boiling in nuclear reactor. Air is fed just under the core 

where air bubbles (voids) are generated. Here air bubbles are generated across the reactor core. 
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Figure 5: Reactivity changes at different flow rates and different void positions. Voids 

were triggered one after another on different positions across the reactor core. This was repeated 

3 times at different flow rates and at the end voids were produced on all positions together and 

then switched off one by one. 

 

5 PRIMARY WATER ACTIVATION 

Coolant in water cooled reactor gets activated by neutrons causing elevated dose rates in 

the vicinity of primary circuit, mostly due to 16N, that emits gamma rays with relatively high 

energy (Table 1). The purpose of this practical exercise is to get familiar with methods for 

primary water activation measurements and to measure primary water activation versus reactor 

power level. 

Table 1: The most important activation products in water. 

 

nuclide 
isotopic  

abundance 

reaction 

 (neutrons) 

activation 

product 
t½ 

gamma ray 

energy 

16O 99,76 
n,p 

(fast, E > 9 MeV) 
16N 7,13 s 

6,129 MeV 

7,117 MeV 

18O 0,20 n,γ (thermal) 19O 26,9 s 
0,197 MeV 

1,357 MeV 

 

The setup for this exercise is composed of a pump which pumps primary water through 

reactor core to reactor platform, where water activity is measured. Primary water is pumped 

below the core and is guided by the aluminium tube through the core to the platform at a 

constant flow rate, which can be adjusted. On the reactor platform primary water tube is fed 

through a lead shield where detectors are located, so the detectors measure only activation of 

primary water and not background radiation of working reactor. Water activity is measured 

with portable GM tube for measuring dose rate and two types of spectrometers, a 
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semiconducting HPGe and a scintillating LaBr crystal. Signal from spectrometers is analysed 

with Amptek PX5 multichannel analyser and acquired with DppMCA software.  

 

 
 

Figure 6: Relationship between line intensities (Peak rate) and reactor power for 19O and 
16N gamma lines measured with HPGe spectrometer and dose rate measured with portable GM 

tube. 

In the first part of the exercise the trainees learn how to calibrate the spectrometers with 

Cs source before the exercise and how to search the gamma line peaks. In the second part they 

monitor intensity of selected gamma lines corresponding to water activation products, versus 

reactor power level measured on the linear channel. In addition they monitor the dose rate. 

Some results are presented in Figure 6. It can be observed with naked eye that the relationship 

between the gamma line intensity and the reactor power level is not completely linear. One 

source of the discrepancy is the detector dead time correction, which currently has to be done 

separately. 

Similar systems are used in nuclear power plants for detection of primary coolant leakage 

to secondary coolant loop. Hence such exercise is very useful for future power plant operators. 

6 IN CORE FLUX MAPPING 

In core flux mapping at the nuclear power plant is performed regularly in order to verify 

the power profile calculations. As the in-core flux mapping system at the NPP is usually not 

suitable for training, we developed an analogous practical exercise. The aim of the exercise was 

to get familiar with the in-core flux mapping system and to get familiar with the axial power 

profile in a nuclear reactor. A special experimental set-up was made, in order to measure the 

axial fission rate profile in the reactor. 

A fission chamber (FC) containing approximately 10 μg of 98.49 % enriched 235U was 

used to perform axial measurements of the fission rate along the complete core height at various 

radial measurement positions shown in Figure 7.  
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The FCs were deployed into the reactor core by using a specially designed FC positioning 

system, composed of Al guide tubes, drive mechanism and data acquisition system. Figure 8 

shows a schematic view of the system where FC integrated cable is also used for inserting and 

withdrawing the FCs into and out of the reactor core.  

The FC position was regulated by a commercially available pneumatic drive consisting 

of a series of valves and pistons, all controlled by a microcontroller. The axial positioning was 

ensured by an incremental system which measures the FC position relative to the reference 

position at the end of the guide tube. The accuracy of the FC positioning system was ~ 0.1 mm 

and the repeatability of the FC position was within 0.3 mm. 

Fission rate in the fission chamber was measured using Amptek PX5 MCA which was 

configured so that it generated 5 V TTL pulse for each detected fission. Response from fission 

chamber was measured by counting those digital pulses with NI-6356 DAQ and meantime 

accurate axial position was provided by incremental positioning encoder.  

 

 
 

Figure 7: Measuring positions in upper supporting grid. 

 

Dedicated software was developed in LabVIEW environment in order to control 

movement of fission chamber, adjust counting time and acquire data. Actual measurement of 

axial fission rate distribution is done by moving fission chamber in steps from the lower end 

stop, which is slightly below the core, to few centimetres above the core. On each step response 

from fission chamber and current position is recorded. Measurement of power profile can be 

done manually or automatically with adjustable axial resolution and speed. 
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Figure 8: Schematic figure of the FC positioning system. 

7 CONCLUSIONS 

In the paper we presented some practical exercises that can be developed, manufactured 

and performed by a relatively small (4) team of reactor operators at a small research reactor like 

TRIGA with a reasonable budget. The development and improvement of all systems is still on 

going and is primarily based on the requirements of the users and trainees. The new and 

upgraded exercises were very well accepted among the trainees. 

In the near future we will further improve the exercises in terms of simplifying the setup 

procedure and reducing the number of required components. Neutron count rate in critical 

experiment will be acquired by using Amptek PX5 MCA, similarly as in In core flux mapping 

exercise. Further we will develop LabVIEW acquisition software with which we will read 

measurement data from Amptek PX5 over the Ethernet. This will localize measurement 

equipment to one spot, reactor platform, and will allow students and trainees to perform 

exercises from the comfort of control room / classroom. Moreover this will allow performing 

exercises remotely from anywhere in the world.  

Our new exercises are now updated to current technologies in terms of detection as well 

as in terms of data acquisition. Each exercise is relatively easy to setup and with further 

improvements will require minimum equipment. Hence any exercise could easily be 

implemented at any other similar reactor in the world. 

With modern, educational and yet interesting exercises in the field of reactor physics and 

together with Nuclear Training Centre at the JSI we plan to become important regional centre 

for nuclear training and education. 
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