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ABSTRACT 

In order to study the potential use of the 55Mn(n,)56Mn reaction as tritium production 

monitor, foils of certified reference materials Al-1%Mn and Al-0.1%Au, as well as TLD(LiF) 

and LiPb samples were irradiated at different irradiation channels in the JSI TRIGA research 

reactor, i.e. in the central channel - CC, the pneumatic tube – PT in position F24 in the outer 

“F” ring of the reactor core and in the IC40 irradiation channel in the graphite reflector. 

Irradiations in different neutron spectra provide complementary information for the data 

validation. The 55Mn(n,)56Mn reaction was proposed as a tritium production monitor based 

on the FNG-HCLL benchmark analysis where its energy distribution was found to be similar 

to the sensitivity profile of the tritium production rate (TPR) in 6Li. Measured results were 

analysed using the Monte Carlo code MCNP, including evaluation of uncertainties involved 

in the measurements and the calculations. The experiment was performed in the scope of the 

F4E supported project of the European Commission (EC). The first results of the 

measurements and the preliminary comparisons with the calculations are presented in the 

paper. 

1 INTRODUCTION 

During the analysis of the Tritium Breeder Modules (TBM) which were tested in the 

scope of the EC ITER fusion activities (FNG HCLL benchmark experiment [1]) we observed 

large similarities between the sensitivity profiles of the tritium production in 6Li and those of 

the 55Mn(n,)56Mn reaction in the TBMs. This is illustrated in Figure 1 comparing the 

sensitivity profiles of TPR in 6Li, and the radiative capture reactions in Mn and Au. This 

suggested that the latter reaction could be used as a tritium production monitor, at least for 

short term monitoring - the half life of 56Mn being 2.5789 h. However, in spite of the recent 

progress the Mn capture cross sections still include relatively large uncertainties and further 

improvements and validations are needed to meet the required accuracy. Aluminium foils 

containing 1% manganese and 0.1% gold were therefore irradiated in the JSI TRIGA thermal 

reactor, together with TLD(LiF) and LiPb samples, with the principal objective to study the 

energy response of the 55Mn(n,)56Mn reaction as well as the correlation between the Mn 

capture and the tritium activity in LiF and LiPb material.  
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Several experimental campaigns were performed at different irradiation channels in the 

JSI TRIGA research reactor, i.e. central channel - CC, the pneumatic tube – PT in position 

F24 in the outer “F” ring of the reactor core and in the IC40 irradiation channel in the graphite 

reflector (Fig. 2). The corresponding neutron spectra are shown in Fig. 3). Irradiations in 

different neutron spectra provide complementary information for the data validation. 

Measured results are analysed using M/C code MCNP, including evaluation of uncertainties 

involved in the measurements and the calculations.  

The experiment was performed in the scope of the F4E supported project of the EC. 

 

 
Figure 1: Sensitivity of TPR (6Li(n,t)), 55Mn(n,) and 197Au(n,) to 6Li(n,t) cross sections 

(FNG- HCLL benchmark [1]).  
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Figure 2: Reactor TRIGA Mark II with the irradiation locations used: CC, PT and 

IC40.measurements 

1.1 TRIGA Mark II reactor 

The irradiations were performed at the TRIGA research reactor of the "Jožef Stefan" 

Institute which is a 250 kW TRIGA Mark II type reactor. The reactor core is placed at the 

bottom of a 6.25 m high open aluminium tank 2 m in diameter. The core has an annular 

configuration with elements arranged in six concentric rings, denoted A to F, starting from the 

centre. In total there are 91 locations in the core, which are either filled by fuel elements or 

other components such as control rods, a neutron source, irradiation channels, etc.  

Altogether 11 irradiations were performed in spring 2014 at different locations in the 

TRIGA reactor, namely in the CC, PT and IC40 irradiation channels. The in-core irradiation 

channels are hollow aluminium tubes, which are inserted into positions in the core grid. The 

IC40 irradiation channel is the reference channel for the carousel – a rotary irradiation device 

located in the graphite reflector surrounding the reactor core, comprised of 40 irradiation 

channels. Both the CC and the IC40 channels are accessible from the reactor platform, the PT 

channel is equipped with a pneumatic transfer system with which the samples are irradiated 

and is accessible from the reactor basement. 
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 Figure 3: Neutron spectra in CC, PT and IC40 channels [3]. 

 

2 MEASUREMENTS AND FIRST RESULTS OF THE ANALYSIS 

Altogether 11 irradiations were performed in spring 2014 at the three irradiation 

locations described above. The following dosimeters were used, all both bare and under Cd 

cover: 

 Al-1%Mn and Al-0.1%Au foils 

The induced activities in the Al-Mn and Al-Au foils were measured after appropriate cooling 

times using a high-purity germanium detector (HPGe), manufactured by Ortec (model 

GEM40P4-PLUS-S) and an Ortec DSpec data acquisition system. The saturation activities 

were determined from the measured peak areas in the recorded gamma spectra, the measured 

sample masses and the quoted concentrations for the reference materials used, the timing 

information and the calibrated detection efficiency, using the SPCACT code. The 

uncertainties in the determined activities are combined from the uncertainties in the above 

input quantities. 
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The analysis of the experiment is still underway. The first results of the comparison 

between the calculated and the measured saturated activities are presented in Figs. 4-6 below. 

Some bias can be observed in the results of the samples of Mn-Au and Al-Au irradiated in the 

presence of TLD, pyrex glass tube and larger quantities of Cd needed due to the size of the 

complete set-up. The perturbation of the flux due to the presence of pyrex glass tube and Cd 

was not yet considered in the transport calculations. The measurements referred as “glass” 

and “glass+Cd” will therefore need supplementary analysis, contrary to bare samples without 

glass or with smaller quantities of Cd (referred as “-“ and “less Cd”, respectively). 

In spite of the preliminary character of this comparison (note that the power variations 

during the irradiations and the perturbation of the flux and the reactor power due to glass and 

Cd were not taken into account here yet) is the agreement between the measurements and the 

calculations, as shown in Figs. 4-6, reasonably good, in particular for the CC and PT 

channels. Around 20 % overestimation of the calculated values in IC40 locations can be due 

to the more approximate spectra calculations at this location. On the other hand some 

systematic deviations in C/E observed for the TLD measurements (not yet shown here) are 

still under investigation. 
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Figures 4: C/E comparison for the capture reaction measurements in CC. The two sets of results, with 

 and without glass, correspond to different cooling times. 
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Figures 5: C/E comparison for the capture reaction measurements in PT. 
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Figures 6: C/E comparison for the capture reaction measurements in IC40. 
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 TLD(LiF) (3 x 30 mg), LiPb eutectic (~1g): in and without pyrex glass tube 

Tritium production activity measurements were performed in Lithium Fluoride (LiF) i.e. in 

TLD detectors developed and produced in the Institute of Nuclear Physics of Polish Academy 

of Science in Krakow. MTS-N (LiF:Mg:Ti) type of TLD were applied. LiPb material 

(eutectic) used for the second kind of tritium monitor samples was the same as in Frascati 

HCLL TBM neutronic experiment [2]. Single activation set comprised three TLD pellets 

(each ca 30 mg)  and one LiPb sample (ca 1g) wrapped in thin Al foil and additionally one 

TLD and one LiPb sample, each closed in separate PYREX glass capsule. Seven samples sets 

were prepared, six for irradiation in TRIGA reactor and one as a blind sample set. Liquid 

Scintillation technique was used for tritium activity measurements in irradiated materials. 

Direct radiometric measurement of tritium activity in LiF (TLD) or LiPb eutectic with 

use of LSC technique requires conversion of the sample to liquid form. Method of chemical 

dissolving procedure was elaborated and already described elsewhere [4]. Usual acid reaction 

of the solution (pH close to 1) is reduced to pH value acceptable to scintillation cocktail. Long 

enough delay between irradiation and measurement enabled decay of parasitic radioactivity in 

LiPb sample [5].  

Samples closed in Pyrex capsules (Fig. 7) were opened in way that sample material was 

separated from ambient air and tritium in gas form present inside capsule (if any) couldn’t 

escape and was immediately dissolved in dissolving mixture.  

LSC radiometric measurement was performed in standard way used in Tritium 

Laboratory, Fac. of Physics and Applied Computer Science, UST, Krakow. In 20 ml 

polyethylene vials (Packard) dissolved sample (or it’s fraction) was mixed with  scintillation 

cocktail Ultima Gold uLLT (Packard) and measured in LS spectrometer, TRI-CARB m.: 

2550-TR/AB. Measurement system ensured yield not lower than 24% in tritium channel and 

detection limit not worse than 0.01 Bq/sample at counting time 500 min/sample. For 

calibration radiometric measurements we used NIST standard material SRM 4926 E B, which 

was dissolved and additionally checked in TRIC 2012 (IEAE,Vienna).  

 

 

Fig. 7 Samples in vacuum closed Pyrex capsule (after irradiation). 
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Table 1 Raw results of tritium activity measurements.  

Pos
ition 

T activity  

sample in Al foil sample in glass 

LiPb 
TLD(LiF

) LiPb 
TLD(LiF

) 

[Bq/g] [Bq/mg] [Bq/g] [Bq/mg] 

CC 
bare 950 ± 14 95.5 1060 ± 25 56.9 

CC 
Cd 

547 ± 
9.5 101.2 1005 ± 20 100.9 

Pt 
bare 

898 ±  
11 100.6  - 23.8 

Pt 
Cd 

427 ± 
9.5 44.8 910 ± 20 44.6 

IC4
0 bare 

561 ± 
9.5 68.2 895 ± 20 39.5 

 

 

3 CONCLUSIONS 

Altogether 11 irradiations were performed in spring 2014 at different locations in the 

TRIGA Mark II reactor of IJS Ljubljana, namely in the central channel - CC, the pneumatic 

tube – PT in position F24 in the outer “F” ring of the reactor core and in the IC40 irradiation 

channel in the graphite reflector. Irradiations in different neutron spectra provide 

complementary information as needed for the data validation. The dosimeters used were the 

Al-1%Mn and Al-0.1%Au foils, as well as the LiF and LiPb eutectic. Irradiations were 

performed for bare samples as well as under Cd. 

The analysis of the experiment is still underway. The first results of the comparison 

between the calculated and the measured saturated activities of 55Mn(n,) and 197Au(n,) 

reactions indicate good consistency between the measured and calculated values, within 10 % 

for the CC and PT locations and around 20% for the IC40 irradiations. The TLD and LiPb 

measurements are under investigation to study the correlations between the 55Mn, LiF(TLD) 

and LiPb eutectic measurements. Interpretation of tritium production rate in LiPb obtained in 

experimental way needs careful approach that takes into account also inhomogeneity of the 

sample material i.e. not the same mass of Li in 1 g of the sample.  
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