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ABSTRACT 

The TRIGA Mark II reactor at the Jožef Stefan Institute in Ljubljana, Slovenia, features 
several in-core and ex-core irradiation facilities. The in-core facilities, i.e. several irradiation 
channels located in the reactor core and in the surrounding reflector, have already been 
thoroughly characterised, the ex-core facilities, however, have not been characterized in such 
detail yet. The facilities are as follows: 

• two channels, the radial beam port (RBP) and the radial piercing thruport (RPP) which 
extend from the outer and the inner boundary of the graphite reflector, which surrounds 
the reactor core, to the outer concrete reactor structure, respectively. 

• a third, tangential channel (TangCh) which pierces the graphite reflector and the reactor 
structure altogether. 

• the thermal column, a massive graphite structure extending from the graphite reflector to 
the outer reactor concrete structure, equipped with two additional channels perpendicular 
to each other. 

• The dry cell, a void inside the reactor structure, which can be used for irradiations of 
larger objects measuring up to 1m in diameter. 

This paper presents a recently performed computational characterization of the ex-core 
irradiation facilities using the advanced Monte Carlo neutron transport code MCNP and a 
very detailed, verified and validated model of the whole reactor. The computational approach 
is validated against activation measurements, also performed recently. As an additional effort, 
an investigation was conducted into the possibility of tailoring the irradiation facility 
properties for specific applications through the employment of different moderator materials. 
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1 INTRODUCTION 

The TRIGA Mark II research reactor at the Jožef Stefan Institute is mainly used as a 
neutron source for the irradiation of samples (biological samples, materials for fusion 
reactors, semiconducting radiation detectors, dosimeters, etc.), an irradiation facility for k0-
based Neutron Activation Analysis (NAA) analytic method [1], a reference for neutron 
transport codes verification and validation [2], testing of new neutron detectors [3] and for the 
purposes of training new personnel. [4]  

It is equipped with several ex-core irradiation facilities. Two relatively large radial 
channels (15.5 cm in diameter), the Radial Beam Port (RBP) and the Radial Piercing Port 
(RPP) extend from the reactor exterior to the reflector and the reactor core, respectively. A 
Tangential Channel (TangCh) of the same diameter (15.5 cm) pierces the graphite reflector 
and the reactor structure altogether. These channels offer the possibility of irradiations of 
large objects at relatively high flux levels, insertion of guide tubes to convey neutrons to 
experimental devices, etc. Extending from the graphite reflector at opposite ends there are two 
graphite structures, both intended to thermalize the neutrons leaking from the reactor and 
convey them to the outside. The Thermal Column is pierced by two channels, one oriented in 
the radial direction (ThCol), the other slightly elevated and perpendicular to it. The 
Thermalizing Column is much smaller than the Thermal Column and conveys the neutrons to 
the Dry Cell (DC), a large void in the reactor structure which enables the irradiation of objects 
up to 1 m in diameter. A fission plate is located in the Dry Cell, which is used for irradiations 
in fission neutron spectra. 

The aim of the work presented herein is to characterize the ex-core irradiation facilities 
described above in terms of absolute thermal, epithermal and fast neutron flux values. The 
work presented in this paper continues from previous work, an account of which is given in 
[5]. 

The neutron flux values and neutron spectra were determined computationally, using 
the Monte Carlo neutron transport code MCNP [6] and a thoroughly verified and validated 
model of the JSI TRIGA Mark II reactor, which has been used extensively, adapted for 
specific purposes and refined in on-going work, lasting over a decade. Thin foils composed of 
99.9 % Al and 0.1 % Au were irradiated in the Thermal Column (ThCol) and the Dry Cell 
(DC). A comparison was made between the experimentally determined 197Au(n,g)198Au 
reaction rates and the calculated results. 

2 COMPUTATIONAL APPROACH 

2.1 Computational model 

The 3D MCNP model of the JSI TRIGA mark II reactor reproduces in detail the fuel 
elements and irradiation channels in the reactor core, the support structures, the graphite 
reflector pierced by two radial and one tangential beam port, the graphite thermal and 
thermalizing columns, the water tank and the surrounding concrete shield. A schematic view 
of the reactor is displayed in Figure 1. 

The model used in the present study is based on the criticality benchmark model, which 
is published in the International Handbook of Evaluated Criticality Benchmark Experiments 
[2]. It has been thoroughly verified and validated against experiments for calculations of the 
effective multiplication factor keff [7], power peaking factors [8], reactor kinetic parameters 
[9], flux, spectra and reaction rate distributions [10]. The ex-core irradiation facilities in the 
model were divided into 10 cm long sections (or cells - the basic element of an MCNP  
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Figure 1: Schematic view of the JSI TRIGA reactor 

 

model). In every section the neutron flux values in 640 energy groups were calculated by 
means of the track length estimator, or in MCNP terminology, the F4 tally. The physical 
values of the thermal, epithermal and fast neutron flux were computed from the calculated F4 
results with the following relation [10]: 

4F
eff

P
wk
νφ φ= , (1) 

where P is the reactor power level (250 kW), ν the average number of neutrons 
produced per fission (approximately 2.439 on average), w the average recoverable energy per 
fission (approximately 198 MeV on average) and keff the effective multiplication factor 
(determined in the MCNP run). The selected boundaries defining the thermal, epithermal and 
fast neutron groups were 0.625 eV and 0.1 MeV. A large number of neutron histories was 
needed (5×108) in order for the uncertainties of the calculated results to be sufficiently low. 
The statistical uncertainties for the thermal, epithermal and fast flux values did not exceed 0.3 
%, 2 % and 8 %, respectively. 

 

2.2 Calculated neutron flux values and neutron spectra 

The figures in this section display the calculated thermal, epithermal and fast neutron 
flux values in the irradiation channels, normalized to a steady-state power level of 250kW, 
and the calculated neutron spectra. The error bars represent 1-σ statistical standard deviations. 
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Figure 2: Neutron flux values and neutron spectra in the Thermal Column channel 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3: Neutron flux values and neutron spectra in the Thermal Column Piercing Thruport 

 
 

 
 

Figure 4: Neutron flux values and neutron spectra in the Radial Beam Port 
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Figure 5: Neutron flux values and neutron spectra in the Radial Piercing Thruport 
 

 
 

Figure 6: Neutron flux values and neutron spectra in the Tangential Channel 

3 EXPERIMENTAL MEASUREMENTS IN THE THERMAL COLUMN  

3.1 Irradiations 

The results for two particular irradiation facilities, yielded by the calculations, namely 
the Thermal Column channel and the Dry Cell, were validated against activation 
measurements. The 197Au(n,g)198Au reaction was chosen, since its cross section is among the 
most accurately known and it is often employed as a standard reaction in neutron dosimetry. 

Table 1: Activation foil data 

 
 

Foil diameter 5.0 mm 
Foil thickness 0.1 mm 

Foil masses Approximately 6.0 mg 

Thermal flux depression factor 0.9984 

Epithermal self-shielding factor 0.9982 
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Figures 7a and 7b: Activation foils, supporting conduit; Thermal Column channel interior 

Foils composed of 99.9 wt. % Al and 0.1 wt. % Au obtained from the IRMM (Institute for 
Reference Materials and Measurements) were irradiated. The foil parameters including the 
thermal flux depression factor and the epithermal self-shielding factor, both determined with 
the MATSSF code [11] [12], are reported in Table 1. The foils were carefully weighed on an 
analytic balance then packed in small clear plastic film pockets to prevent contamination. For 
the irradiations in the Thermal Column a piece of polyethylene conduit roughly 3 cm in 
diameter and 3 m in length was used. The foils were taped at 5, 15, 25… cm from the end of 
one piece of conduit. Figure 7a shows two pieces of conduit - one of which was used in the 
experiment – and fourteen capsules containing the packed Al-0.1 % Au foils. On the left-hand 
side a foil out of its capsule can be seen. Figure 7b shows the interior of the Thermal Column 
channel, where the foils were irradiated. One packed foil was irradiated in the Dry Cell. It was 
hung off support structures inside which enable remote movement of the fission plate into and 
out of the neutron beam. 

3.2 Determination of the 197Au(n,g)198Au reaction rates 

After the irradiations the foils were extracted from their packing and counted on an 
absolutely calibrated high purity germanium (HPG) detector. The obtained gamma ray spectra 
were fitted using the k0-IAEA [13] programme, a comprehensive tool designed for neutron 
activation analysis and its k0 standardization [14]. Part of the initial set-up procedure of the 
programme involves the energy calibration of the employed detector(s) and the determination 
of the reference efficiency curve. In routine use, the efficiency curve for any counting 
geometry is determined through a Monte Carlo process using the entered information. 

From the fitted peak areas and the peak efficiencies determined with k0-IAEA, along 
with the previously determined sample masses and timing information, and the relevant 
nuclear data - the gamma ray emission probability and decay constant, the saturated activities 
per target atom of the 198Au  radionuclide, which equal the 197Au(n,g)198Au reaction rates per 
target atom, were calculated. 

Figure 8 compares the calculated and the experimentally determined reaction rates per 
target atom in the Thermal Column channel. The uncertainties in the experimental data are 
combined from the uncertainties due to counting statistics and detector efficiency, while the 
main source of uncertainty in the calculated results is the uncertainty in the scaling factor (Eq. 
1), which mainly depends on the uncertainty in the power calibration. A conservative estimate 
is 5 %  

The agreement between the data is within the uncertainties. The measured reaction rate 
in the Dry Cell was 2.42-15 s-1(1 ± 0.03), the calculated value was 2.23-15 s-1 (1 ± 0.05). The 
agreement in this case is borderline.   
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Figure 8: Comparison between the measured and calculated 197Au(n,g)198Au reaction 

rates in the Thermal Column channel 
 

4 TAILORING OF THE SPECTRAL PARAMETERS WITH MODERATOR 
MATERIALS 

A feasibility study is being conducted to determine the highest thermal to epithermal 
and fast flux ratio achievable at the JSI TRIGA Mark II reactor. High values of this ratio (i.e. 
in excess of 500) would make the reactor suitable for applications such as an irradiation 
facility for the Fission Track-Thermoionization Mass Spectrometry (FT-TIMS) method [11]. 

The Thermal Column was identified as the most adequate for this purpose, since it is the 
largest graphite structure in the reactor. In addition to the work described in the previous 
sections, calculations of the neutron flux values have been performed with air and heavy 
water (D2O) filling the Thermal Column channel. The calculated thermal vs. epithermal and 
fast neutron flux ratios along the channel through the Thermal Column for both cases are 
displayed in Figure 9. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Thermal to epithermal and fast flux ratio in the Thermal Column channel with 

air or D2O filling the Thermal Column Piercing Port 
 
The presence of additional moderator material in the channels themselves evidently 

leads to a significant increase in the thermal to epithermal and fast neutron flux ratio, 
especially in the case of D2O.  
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The effect of additional D2O in the channel perpendicular has been evaluated. A 
cylindrical vessel filled with D2O of varying length was modelled. Based on the calculated 
results, which show a further increase in the ratio, the length of 60 cm was chosen. Figure 9 
compares the calculated thermal vs. epithermal and fast neutron flux ratios along the channel 
through the Thermal Column in presence of and without a 60 cm long canister in the Thermal 
Column Piercing Port. 

Based on the above results, conceptual plans were made of an irradiation device, 
consisting of an aluminium prism-shaped container filled with D2O with a cavity for sample 
insertion, to be inserted into the Thermal Column channel, and to be used in conjunction with 
the 60 cm long vessel filled with D2O inserted into the Thermal Column Piercing Port. 

5 CONCLUSIONS AND FUTURE WORK 

The ex-core irradiation facilities of the JSI TRIGA Mark II reactor have been 
characterized computationally. The reliability of the results for the Thermal Column and the 
Dry Cell has been confirmed by the agreement between the calculated and the measured 
197Au(n,g)198Au reaction rates, which once again reaffirms the JSI TRIGA reactor model as 
extremely useful in predicting quantities of interest, planning experimental campaigns 
through support calculations, etc. New experimental measurements in the irradiation channels 
are to be made to confirm the calculated results. 
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