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ABSTRACT 

To determine neutron activation inside the TRIGA research reactor concrete body a 
special sample-holder for irradiation inside horizontal channel was developed and tested. In 
the sample-holder various samples can be irradiated at different concrete shielding depths. In 
this paper the description of the sample-holder, experiment conditions and results of long-
lived activation measurements are given. Long-lived neutron-induced gamma-ray-emitting 
radioactive nuclides in the samples were measured with HPGe detector. The most active long-
lived radioactive nuclides in ordinary concrete samples were found to be 60Co and 152Eu and 
in barytes concrete samples 60Co, 152Eu and 133Ba. Measured activity density of all nuclides 
was found to decrease almost linearly with depth in logarithmic scale. 

1 INTRODUCTION 

Decommissioning and dismounting of nuclear research reactors after their service life is 
raising new questions about residual radioactivity present in the reactor shielding material ([1] 
and [2]). In a small pool type research reactor (like TRIGA) after defuelling and reactor core 
structure removal the most important remaining activated part is the biological shield of the 
reactor. Several studies of residual radioactivity in the concrete shields of accelerator facilities 
have appeared in open literature, but there is little information available on this subject for 
research reactors, and even less for barytes concrete shields. Activation of concrete biological 
shield material depends on the concrete properties and neutron flux in the concrete shield. Our 
studies [3] show that for accurate prediction of activation experimental determination of 
actual activation rates in the concrete reactor body is needed. 

In this work the results of activation studies of concrete shielding of TRIGA Mark II 
research reactor at "Jožef Stefan" Institute in Ljubljana are given. This reactor has biological 
shielding made of barytes concrete and ordinary concrete superstructure. Detailed description 
of reactor structures can be found in [3]. To determine neutron activation inside the reactor 
concrete body a special concrete sample-holder for irradiation has been developed. Neutron 
flux inside sample-holder was mapped using series of passive activation detectors. To 
compare and verify measured neutron flux in the biological shield we performed also flux 
calculation with TORT code [4]. Flux in the irradiation channel was calculated using detailed 
three-dimensional model of TRIGA reactor. Detailed description of calculation model and 
method can be found in reference [5]. Experimental results in this paper show good 



agreement with the calculated results. Long-lived activation in concrete was determined for 
two sets of barytes concrete and ordinary concrete samples. For both concrete types also 
depth distribution of long-lived activity concentrations was determined. 

2 EXPERIMENT DESCRIPTION 

2.1 Irradiation  

2.1.1 Irradiation Set-up and Equipment Description 

All samples were irradiated in the horizontal experimental beam port number 4 of 
TRIGA Mark II research reactor at "Jožef Stefan" Institute in Ljubljana. Beam port number 4 
is a radial beam port and extends from the reflector assembly through the water and concrete 
to the outer face of the shield structure. A special sample-holder was designed to fit in the 
beam port 4 to reproduce irradiation conditions inside the concrete reactor body structure. The 
sample-holder (Figure 1) is made of aluminum tube and is filled with removable concrete 
cylinders. Inside those concrete cylinders various samples can be placed. Maximum sample 
dimensions are currently limited to 10 mm in diameter and 20 mm in length. After irradiation 
and appropriate cooling time the sample-holder is removed from the beam port 4 and the 
irradiated samples are removed from the holder through the opening at the front end. During 
the irradiation the opening is closed with aluminum lid.  

 

 
Figure 1: Sample-holder position during irradiation inside the horizontal experimental beam 
port number 4 of the TRIGA Mark II research reactor at "Jožef Stefan" Institute. Air region 

between graphite reflector and sample-holder can be filled with polyethylene (PE) filter. 

 
The void region in the beam port 4 between graphite reflector and sample-holder is 

normally filled with air. Alternatively it can be filled with polyethylene (PE) filter designed to 
fit on the front end of the holder. PE filter is made of aluminum and filled with 30 cm long 
polyethylene cylinder. Polyethylene with high hydrogen concentration acts as a good neutron 
moderator and replaces neutron moderation in water between graphite assembly and concrete 
structure. Some characteristic dimensions and composition data for PE filter and sample-
holder are given in Table 1. 
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Table 1: Sample-holder and polyethylene (PE) filter dimensions and material data. 

Component Dimension [cm] Material Density [g cm-3] 
Sample-holder 
  Outer diameter 
  Total length 
Aluminum tube 
  Inner diameter 
  Length 
Concrete cylinders 
  Diameter 
  Length 
Aluminum tube lid 
  Length 

 
15.00 (+0.00, - 0.01) 
85.5 
 
13.0 
80.0 
 
12.95 (+0.00, - 0.10) 
10.0 and 5.0 
 
5.0 

 
 
 
 
Aluminum 
(ISO: AlMgSi 1) 
 
Concrete 
 
 
Aluminum 

 
 
 
 
2.70 
 
 
2.25 (±0.05) 
 
 
2.70 

Polyethylene filter 
  Outer diameter 
  Length attached to 
    sample-holder 
Aluminum tube 
  Inner diameter 
  Length 
Polyethylene 
  Diameter 
  Length 

 
15.00 (+0.00, - 0.01) 
30.0 
 
 
13.0 
33.0 
 
12.90 (+0.00, - 0.01) 
30.0 

 
 
 
 
 
Aluminum 
(ISO: AlMgSi 1) 
 
Polyethylene 
(CH2)n 

 
 
 
 
 
2.70 
 
 
0.95 (±0.03) 

 
2.1.2 Irradiation conditions 

Irradiation of nickel and gold (bare and cadmium covered) foils inside the sample-
holder were performed several times for flux mapping. All passive detectors were irradiated 
for approximately one day at full reactor power at 250 kW without interruptions. Flux 
mapping was repeated also with PE filter in place.  

Concrete samples were irradiated for approximately 100 hours at full reactor power. 
Longer concrete activation time was selected to achieve higher activities of long-lived 
activation products in concrete. Since the maximum achievable uninterrupted irradiation time 
for TRIGA Mark II reactor at "Jožef Stefan" Institute is just 30 hours once per week the 
desired 100 hours long irradiation could be completed only over several weeks. In fact to 
complete 100 hours long irradiation almost whole month was needed. Drawback of such long 
irradiation periods is several irradiation interruptions. The error introduced with these 
interruptions was later evaluated. Detailed description of irradiation conditions can be found 
in report [6]. 

 
2.1.3 Sample compositions 

Gold used in the flux mapping was used in the form of small thin discs made of pure 
gold (8 mm in diameter and 50 μm thick) and diluted gold wires (0.1 % diluted gold in 
aluminum wire 1 mm in diameter). Nickel wire was made of 99.982 % pure nickel in form of 
thin wire (0.75 mm in diameter). For cadmium ratio determination diluted gold wires were 
irradiated inside closed cadmium tubes with 0.5 mm thick walls.  

Barytes concrete samples were taken from barytes concrete shielding blocks around 
TRIGA Mark II reactor in Ljubljana. The ordinary concrete samples were prepared at Faculty 
of Civil and Geodetic Engineering, University of Ljubljana. Both types of concrete samples 
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were crushed into powder and filled into small cylindrical vials for irradiation. Outer 
dimensions of the vial were 1.0 cm in diameter and 1.2 cm in height. Concrete samples that 
had not been exposed to neutron radiation were used to determine natural background gamma 
ray spectra. An empty irradiated vial was also measured to confirm that there are no long-
lived radioactive nuclides present in the vial material. No special gamma ray peaks above 
detector background were found in the non-irradiated samples and in the irradiated empty 
vial. Sample compositions are described in more details in [3]. 

 
2.2 Sample Activity Measurements 

Gamma activity of the irradiated samples was measured using a Princeton Gamma-Tech 
(PGT) HPGe detector type NIGC 26 with a FWHM resolution of 2,00 keV at 1,33 MeV, 
connected to a multi-channel pulse-height analyzer personal computer system based on The 
Nucleus Personal Computer Analyzer (PCA-II) card. The minimum detectable gamma ray 
energy of our detector configuration was 30 keV.  

Radioisotopes were identified from the pulse-height spectrum by their gamma photo-
peak energies and half-lifes. Their activities were determined from gamma photo-peak area 
and detection efficiencies at the photo-peak energy. The full-energy peak efficiency for point 
source geometry was measured using a set of three point source standards (133Ba, 152Eu and 
226Ra calibrated on 28.05.1990) with 4 % accuracy. The full-energy peak efficiency for 
concrete sample geometry was measured using two concrete samples of the experimental 
geometry with known activity. Activity of these two samples was determined by Department 
of Environmental Sciences at "Jožef Stefan" Institute. 

From the measured count rate Rm we calculated the saturated activity A∞ for all 
interesting nuclides in samples according to equation (1) below. Equation (1) is correct if we 
assume that the neutron flux does not vary during the exposure, and neglect any decrease in 
the number of target nuclei over the exposure time [7]. 
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Here λ is the nuclide decay constant (λ = 0.6931/t1/2), Δt is the overall count interval 
(real time), tdk is cooling time from the end of irradiation to the start of the measurement and 
tirr is the uninterrupted irradiation time. Pγ is the emission probability (or yield) of the specific 
gamma ray and ε is the detector efficiency for sample geometry at the measured gamma-ray 
energy.  

We calculated appropriate reaction rates (σact φ0) for production of measured radioactive 
nuclides in gold and nickel samples on the basis of measured saturated activity A∞ according 
to equation (2) presented below. Here N0 is appropriate target nuclide number in the sample. 

00 φσ actNA =∞  or exactly ∫=∞ dEEENA act )()(00 χσφ , if 1)( =∫ dEEχ . (2) 
Both conditions (constant neutron flux during exposition and negligible target nuclide 

burnup) for equation (1) were satisfied for gold and nickel foils irradiation. In the case of 
concrete samples the irradiation was interrupted several times and also neutron flux was 
changed several times. Equation (1) was still used to calculate the saturated activity of the 
long-lived nuclides in the concrete samples; we only replaced the total irradiation time with 
the effective irradiation time at 250 kW. Error introduced with this simplification was 
estimated using isotope generation and depletion code ORIGEN2.1 [8]. Using ORIGEN2.1 
code we calculated activation of seven long-lived nuclides found in barytes concrete samples 
for two different irradiation procedures. In the first case the irradiation was performed at 
realistic irradiation conditions identical to conditions during irradiation in beam port 4. For 
the second case a constant flux irradiation for effective uninterrupted time was calculated and 
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compared to the realistic case. The differences between real irradiation conditions and 
uninterrupted effective irradiation conditions were found to be smaller than 1 % for long-lived 
nuclides whit half-lives longer than 5 years. Hence also the errors introduced through the use 
of eq. (1) are smaller than 1 % for these nuclides. Results of ORIGEN2.1 calculation are 
given in Table 2. 

 

Table 2: ORIGEN2.1 calculation results for activation of seven long-lived nuclides found in 
barytes concrete samples calculated for two different irradiation conditions. First case is 

constant flux irradiation at full power for 100,04 hours effective irradiation time. Second case 
is realistic irradiation with interruptions in total length of 36 days and 28 minutes. Table 

shows calculated neutron activation products concentrations in [pg/g]. 

Nuclide 65Zn 54Mn 134Cs 60Co 154Eu 133Ba 152Eu 
t1/2 244,3 d 312,5 d 2,06 y 5,27 y 8,60 y 10,52 y 13,32 y 

Effective irradiation 
(uninterrupted) 0,1432 0,1019 0,2565 0,3476 0,1159 5,3090 1,0854 

Realistic irradiation 
(interrupted several 

times) 
0,1381 0,0990 0,2533 0,3492 0,1155 5,2960 1,0832 

Difference 3,7 % 2,9 % 1,3 % 0,46 % 0,29 % 0,25 % 0,20 % 
 

3 RESULTS 

3.1 Flux Mapping Results 

Measured reaction rates for 197Au(n,γ)198Au, 64Ni(n,γ)65Ni and 58Ni(n,p)58Co reactions in 
gold and nickel foils in eight different concrete depths are presented in Figure 2. Note that the 
measured saturated activity per parent nuclide number in the sample is according to eq. (2) 
identical to the appropriate reaction rate (σact φ0). All measured reaction rates decrease 
linearly with depth in logarithmic scale. Measured 198Au reaction rate on the concrete surface 
is approximately 63 times 65Ni reaction rate. This is in a good agreement to the ratio between 
thermal cross sections (0,0253 eV) of respective reactions. Cross section for 197Au(n,γ) is 
98,8 barns [9], for 64Ni(n,γ) is 1,52 barns and the ratio between these two is 65. Measured 
cadmium ratio for reaction rates on 197Au(n,γ)198Au are presented in Table 3. 

 
Table 3: Measured cadmium ratio on diluted gold wires in sample-holder. 

Concrete Depth [cm] 0 5 10 20 
198Au(n,γ) RCd covered)Cd(

total)(
0

0

act

act
σφ

σφ  5.14 (1±0.14) 5.27 (1±0.13) 5.05 (1±0.13) 4.34 (1±0.12) 
 
The measured reaction rates for 197Au(n,γ)198Au and 58Ni(n,p)58Co reactions in 8 

different concrete depths behind PE filter are presented in Figure 3. Measured 198Au reaction 
rate on the concrete surface behind PE filter is found to be 45 times smaller than the same 
reaction rate without PE filter. The fitted potential functions in form presented in equation (3) 
for all measured reaction rates are also presented in Figures 2 and 3. 

dka
N
A ⋅−∞ ∗= 100

0

 (3) 

Here a0 is saturated activity per parent nuclide on the concrete surface, k is fitted factor 
and d is concrete depth in centimeters. 
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Figure 2: Measured saturated activity per parent nuclide number for gold and nickel foils 

irradiated in beam port 4 for 22 hours.  
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Figure 3: Measured saturated activity per parent nuclide number for gold and nickel foils 

irradiated in beam port 4 behind PE filter for 24 hours. 
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Preliminary comparison between measured 198Au reaction rates in beam port 4 and 
reaction rates calculated with three-dimensional discrete ordinates neutron transport code 
TORT [5] show good agreement. The sample-holder in horizontal irradiation channel and 
reactor body were considered in full details in TORT 3D model. Reactor core was for 
simplicity homogenized. The calculations were performed in using S10 discrete ordinates 
transport approximation. Comparison between calculated and measured reaction rates on gold 
is presented in Figure 4. 

Experimentally determined ratio between 198Au reaction rates on concrete surface and in 
60 cm depth is approximately 4800. The corresponding calculated ratio is 3340. Reactor body 
barytes concrete in this model had 5 % water content and concrete density was 3,7 g/cm3. 
Increasing only the water content in the model to 6,25 % increased calculated ratio to 4800. 
This value of water content is still within the experimentally determined water content in the 
barytes concrete. 

0 10 20 30 40 50 60

1E9

1E10

1E11

1E12

1E13

Measurement and 
TORT Calculation Comparison

Saturated Activity per 
Parent Nuclide Number [Bq/barn]

 measured 198Au reaction rates
 fitted potential function

 
 calculated 198Au reaction rates

 

Concrete Depth [cm]

 
Figure 4: Comparison between measured and calculated 198Au reaction rates in different 
concrete depths of sample-holder inside irradiation channel. Reaction rates were calculated 
using three-dimensional discrete ordinates transport code TORT. Sample-holder and reactor 
body was modeled in full three-dimensional details. Calculated total neutron flux on concrete 
surface (depth 0 cm) is 1.2⋅1010 (1±0.1) n/s⋅cm2. 

 
 

3.2 Measured Long-lived Radioactivity in Concrete Samples 

Seven long-lived gamma emitting activation products found in concrete were selected 
for further analysis on basis of previous studies [3]. These are long-lived isotopes of 
europium, cobalt, cesium, zinc, barium and manganese with half-lives longer than 
approximately one year. Measured saturated activity density for these seven isotopes in 
concrete samples for eight different concrete depths are presented on Figure 5 for ordinary 
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concrete samples and on Figure 66 for barytes concrete samples. Radioactive isotopes of 
europium, cobalt, cesium and zinc are produced in thermal and resonance neutron absorption 
(n,γ) reactions from trace elements present in raw materials used in concrete production. All 
these four trace elements can be found in almost any type of concrete [3]. On the other hand, 
long-lived radioactive isotope of barium (133Ba) is produced in neutron absorption (n,γ) 
reaction from barium, the most abundant chemical element in barytes concrete. Radioactive 
isotope of manganese 54Mn is primarily a product of fast neutron reaction (n,p) on iron 
isotope 54Fe. Iron is also present in almost any concrete type.  

0 10 20 30 40 50 60
1
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100
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10000

Beam Port 4 Irradiation
Ordinary ConcreteSaturated Activity Density [Bq/g]

  45Mn
  60Co
  65Zn
134Cs
152Eu
154Eu

Concrete Depth [cm]

 
Figure 5: Measured saturated activity density of six interesting long-lived nuclides found in 

ordinary concrete samples. Samples were irradiated in beam port 4 for 100,19 hours. 

 
Both ordinary and barytes concrete samples were irradiated in beam port 4 without PE 

filter. We can expect somewhat lower activities at the same concrete depths in the reactor 
body outside the beam port where reactor body is protected with water layer. We can treat 
results presented in Figures 5 and 6 as a conservative estimate for activities in reactor body 
irradiated for very long time (e.g. full reactor operation lifetime). 

If we use the most strict activity criteria for radioactive material [10] (10 Bq/g), then in 
our case TRIGA Mark II reactor body made of barytes concrete should be treated as 
radioactive waste to the depth of approximately 80 cm. We see that only radioactive nuclides 
133Ba, 152Eu and 60Co will contribute significant amounts of radioactivity in deeper layers of 
barytes concrete shielding.  

Under the same conditions TRIGA Mark II reactor body made of ordinary concrete 
should be treated as radioactive waste to depth of 60 cm. We see that only radioactive 
nuclides 152Eu and 60Co will contribute significant amounts of radioactivity in deeper layers of 
ordinary concrete shielding. Note that this analysis is valid only if concrete shield would have 
approximately the same density as actual barytes concrete shield (3,7 g/cm3). 
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Figure 6: Measured saturated activity density of seven interesting long-lived nuclides found in 

barytes concrete samples. Samples were irradiated in beam port 4 for 100,04 hours. 

 

4 CONCLUSIONS 

Results of neutron activation measurements in the beam port 4 using special sample-
holder are presented in this work. Measured reaction rates in gold and nickel foils were used 
to estimate neutron flux in the reactor body. Total neutron flux values in different depths of 
concrete in the sample-holder were determined using combination of calculations and 
measurements. Accuracy of determined flux levels is approximately 10 % on concrete 
surface, where total flux value is 1.2⋅1010 n/s⋅cm2 full reactor power. These experimental 
results can also be used as a benchmark results for full reactor body neutron transport 
calculations.  

From concrete samples irradiated in the sample-holder measurements, we calculated 
saturated activities of the long-lived nuclides in deeper layers of concrete reactor body. From 
these results we can conservatively estimate that activity concentrations in the reactor body 
will be below 10 Bq/g in layers deeper than 1 m. We concluded from measurements that in 
the ordinary concrete the residual long-lived radioactivity is predominantly due to trace 
elements presence. These isotopes are 60Co and 152Eu. All these isotopes are produced from 
thermal neutron capture reactions. The residual long-lived gamma radioactivity in barytes 
concrete is predominantly due to 133Ba, which is produced in thermal neutron capture reaction 
from barium, which is a basic element in barytes concrete. Besides 133Ba in barytes concrete 
also 152Eu and 60Co nuclides can still be detected in deeper layers of concrete reactor body.  

These experimental results and experiences gained through this work represent a good 
basis for further experimental work in this research field. 
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