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Abstract 

The aim of this work is the use of neutron activation analysis using k0-standardization 
method to characterize some typical irradiation channels of the Moroccan TRIGA Mark II 
research reactor.  
The two parameters of neutron flux in the selected irradiation channels used for elemental 
concentration calculation, f (thermal-to-epithermal ratio) and α (deviation from the 1/E 
distribution), have been determined as well in the pneumatic tube (PT) as in the carousel 
facility (CR1) using the zirconium bare triple method. 
Results obtained for f and α in two irradiation channels show that f parameter determined in 
this way is different in the carousel facility (CR1) and the PT channel. This can be explained 
by the fact that the CR1 channel is situated in a graphite reflector and is relatively far from 
the reactor core, while the PT is in the core. Parameter α in the CR1 has a positive value, as 
expected, indicating that the neutron spectrum is relatively well thermalized. Parameter α in 
the PT has a negative value, which is very small and cannot significantly influence the final 
results obtained by k0-method. 
The method in our laboratory is validated by analyzing the elemental concentrations of the 
IAEA Standard Reference Material (Soil-7). All calculations were performed using Kay Win 
Software.   
 
 

1. Introduction 
 

Since the k0-Neutron Activation Analysis was launched by SIMONITS and DE CORTE [1], 
many laboratories around the word have implemented this method and use it for the 
multielement analysis various kind of matrices using reactor neutrons [2]. In Morocco, the 
first 2 MW TRIGA Mark II research reactor has been installed in 2008. Since this date, the 
ko-method has been introduced in the NAA laboratory. The installation of this method 
required to well know spectrum characterization in the reactor irradiation site. In k0-based 
neutron activation analysis the evaluation of analytical result is based on so called k0-factors 
that are associated with each gamma ray in the activated sample spectrum. The neutron field 
in a research reactor contains an epithermal component that contributes to the sample 
neutron activation. Furthermore, for elements that they have Wescott’s g-factor different from 
the unity, the HOGDAHL convention should not be applied and the neutron temperature 
should be introduced for application of Wescott formalism [3].  These two phenomena should 
be taken into account in order to preserve the accuracy of k0-method. Three parameters are 
to be considered for the mentioned corrections:  

• The ratio of thermal to epithermal neutron flux (f) 
• The deviation of the epithermal neutron flux from the ideal 1/E shape (α)   
•  The neutron temperature (Tn) 

In principle those three parameters change according to the reactor configuration and 
irradiation position. After major changes of the core configuration of a reactor, the 
redetermination of theses parameters is required when applying k0 method.  In this study, 
only the two first parameters were determined in two typical irradiation sites of our TRIGA 
Mark II reactor, namely the pneumatic transfer tube channel (PT) and Carousel position 
(Lazy Suzan) using the K0 method based on the Kay Win Software. For the validation of the 



analytical procedure, a standard reference material (SRM-Soil-7) was analyzed and the 
experimental and the certified (or assigned) values were evaluated. 
 

2. Theory: 
 

To determine the thermal to epithermal neutron flux ratio (f), epithermal neutron flux shape 
factor (α) for the two selected irradiation positions in our TRIGA reactor, the Zirconium bare 
triple monitor method using ko factors had been used. The use of Zr as a multi-isotopic flux 
ratio monitor has some distinct advantages, as compared with other flux monitors [4]. By 
combining between Zr and Au the (α) factor can be determined.  
 

 
  
The use of Zr combined with Au (197Au-94Zr-97Zr) has been applied due to no true 
coincidence corrections were needed even for small detector-source distances [5, 6]. 
Using the Zirconium bare triple monitor method, (f) is determined from the peak areas from 
the two Zr isotopes as:  
 

 
 
Where Gep and Gth are the correction factors for epithermal and thermal self-shielding, and 
Asp = (peak area)/ (SDCwtc) where: 
S: saturation factor, D: Decay factor, C: Counting factor, w: mass of the target and tc: 
counting time. 
Q0=Io/σ0, with Io is the resonance integral and σ0 is the thermal cross section. 
Similarly, as defined in Equation (1), α can be calculated by adopting: 
 

 
Where: 
 

        
 

And  is the effective resonance energy (eV) for the nuclide 
 

3. Experimental  
 
The CNESTEN’S Triga Mark II Reactor is equipped with two tubes for transferring samples 
to the irradiation position. One tube is used for inserting samples into the pneumatic channel 
from a station located in the NAA Laboratory and the second for inserting samples into the 
carousel facility with 40 channels from the reactor platform. Carousel facility of TRIGA 
reactor rotates during irradiation to prevent different irradiation conditions in all positions 
depending on reactor core set-up. These tubes will be used for the investigation of short-
lived fission products and for studies of the chemical behaviour of major and trace elements. 
From a station located in the reactor hall a sample is transferred manually to the irradiation 
position and back using the so-called “fishing technique”. In this way transport times of 2 to 5 



seconds can be achieved. Also, as mentioned above, after irradiation the sample is manually 
transferred to the HPGe detector for measurement of gamma activities. 

 
Fig. 1: Horizontal cross section of the 2 MW TRIGA Mark II research reactor, Rabat, 

Morocco 
 

The k0-method can be used when the reactor neutron flux characteristics are known to be 
stable as a function of time. Two parameters of neutron flux in the irradiation channels are f 
(thermal-to-epithermal ratio) and α (deviation from the 1/E distribution), which should be 
known very well before implementing the k0-method. Their experimental determinations are 
needed. The “Cd-ratio for multi-monitor” method is recommended for prior monitoring of f and 
α in the irradiation channels. The method is based on a set of N monitors irradiated with and 
without Cd-covers, and measurement of the induced activities on a Ge-detector. All the 
monitors should have a σ(v) ~ 1/v dependence up to ~ 1.5 eV. The recommended monitors 
are: 64Zn, 68Zn, 98Mo, 100Mo, 197Au, 232Th, 238U and 94Zr.  
In our case, we used only irradiation without Cd-covers i.e. “bare” technique with set of 
monitors Al (99.9%)-Au (0.1%) and Zr (99.8%). An Al-Au (0.1%) was in form of wire shaped 
in a circle, while other monitors were thin foils. Theses monitors were irradiated for 30 
seconds in the pneumatic tube system and for 1 hour for the Carousel facility. After 
irradiation, all samples were measured on an absolutely calibrated Canberra HPGe detector 
with 30 % relative efficiency connected to Canberra Inspector. The collected spectra were 
carried out using the Genie 2K MCA and deconvoluted with the Hypermet software.  
 

4. Results and discussions 
 

Results obtained for f and α in two irradiation channels of the CNESTEN TRIGA reactor are 
shown in Table 1. Parameters f and α determined in this way are also used to determine the 
elemental concentrations in various reference materials to verify the k0-method after its 
complete installation. The f parameter determined in this way is different in the carousel 
facility (CR1) and the PT channel. Table 1 shows that parameter f in the CR1 is two times 
higher than in the PT. This can be explained by the fact that the CR1 channel is situated in a 
graphite reflector and is relatively far from the reactor core, while the PT is in the core. 
Parameter α in the CR1 has a positive value, as expected, indicating that the neutron 
spectrum is relatively well thermalized. Such thermalization is desired in the k0-method. 
Parameter α in the PT has a negative value, which is very small and can not significantly 
influence the final result obtained by k0-method. 
 



Table 1: Experimentally determined parameters f and α in two typical irradiation channels at 
thermal power of 250 kW of the TRIGA Mark II reactor at the CNESTEN, Rabat. 

 
Channel f α Set of monitors 

CR1 36.16 ± 
1.36 +0.0535 

PT 18.69 ± 
0.51 -0.0003 

197Au-94Zr-96Zr 

 
The same experiment was used to calculate thermal, epithermal and fast neutron fluxes in 
the CR1 and the PT. For thermal and epithermal neutrons the reaction 197Au(n,γ)198Au was 
used, while for determination of fast neutrons the threshold reaction 27Al(n,α)24Na was used. 
Results obtained for above mentioned experiments are presented in Table 2. 
 

Table 2: Experimentally determined neutron fluxes (thermal, epithermal and fast) in two 
typical irradiation channels at thermal power of 250 kW of the TRIGA reactor at the 

CNESTEN. 
Channel ϕth (n cm-2s-1) ϕepi (n cm-2s-1) ϕfast (n cm-2s-1) 
CR1 (3.10 ± 0.17) 1011 (8.57 ± 0.57) 109 (3.77 ± 0.24) 1010 
PT (8.48 ± 0.41) 1011 (4.54 ± 0.25) 1010 (3.57  0.18) 1011 

 
In order to study the validation of the k0-method, the natural standard reference material 
(SRM) from the IAEA (IAEA Soil-7) was used. Aliquots of about 120 mg of soil samples were 
sealed in pure polyethylene ampoules. A sample and standard (Al-Au(0.1%) IRMM-530 disk) 
were stacked together and fixed in the polyethylene ampoule in sandwich form and irradiated 
for 2 hours in the carousel facility in channel CR1 and 60 seconds in the pneumatic tube (PT) 
of 250 kW TRIGA reactor. After irradiation the sample and standard were transferred to clean 
5 ml polyethylene vials for measurement. The sample irradiated for 2 hours was measured 
twice on detector DET1, after 1 and 7 days cooling time. The irradiated sample from 60 
seconds was measured four times after 12, 16 and 40 minutes and after 3 hours cooling 
time. Measurements were performed at such distances that the dead time was kept below 
10%. For peak area evaluation, the Hypermet PC ver 5.12 program was used.  Results 
obtained for IAEA Soil-7 from irradiation in the PT and the CR1 are shown in Tables 3 and 4, 
respectively. The results obtained show good agreement with certified or assigned values. 
 
Table 3:  Comparison of k0-INAA data with recommended or informative data for IAEA Soil-7 

Results are in mg/kg and obtained from irradiation in the PT for 60 s. 
Element

. 
Conc. Unc. Recomm. value 95% Confident int. Informative value

Al 46180 1675  44000-51000 47000 
Ca 150400 6436  157000-174000 163000 
K 11740 628  11300-12700 12100 

Mg 11180 702  11000-11800 11300 
Mn 632 22 631 604-650  
Na 2187 93  2300-2500 2400 
Ti 3147 287  2600-3700 3000 
V 71.7 3.7 66 59-73  



Table 4: Comparison of k0-INAA data with recommended or informative data for IAEA Soil-7 
Results are in mg/kg and obtained from irradiation in the CR1 for 2 h. 

Element. Conc. Unc. Recomm. value 95% Confident int. Informative value
As 13.5 0.6 13.4 12.5-14.2  
Au < 0.003     
Ba 105 16  131-196 159 
Br 8.10 0.33  3-10 7 
Ca 158200 5647  157000-174000 163000 
Ce 62.6 2.8 61 50-63  
Co 8.79 0.43 8.9 8.4-10.1  
Cr 70.4 2.9 60 49-74  
Cs 5.32 0.35 5.4 4.9-6.4  
Fe 22740 874  25200-26300 25700 
Hf 4.55 0.20 5.1 4.8-5.5  
K 11340 404  11300-12700 12100 
La 26.1 0.9 28 27-29  
Mn 621 23 631 604-650  
Mo 3.09 0.65  0.9-5.1 2.5 
Na 2150 97  2300-2500 2400 
Nd 24.6 3.4 30 22-34  
Sb 1.31 0.05 1.7 1.4-1.8  
Sc 8.04 0.28 8.3 6.9-9.0  
Sm 4.81 0.17 5.1 4.8-5.5  
Sr < 250  108 103-114  
Tb 0.63 0.06 0.6 0.5-0.9  
Th 7.28 0.29 8.2 6.5-8.7  
U 2.02 0.11 2.6 2.2-3.3  

Yb 2.16 0.08 2.4 1.9-2.6  
Zn 85.6 5.9 104 101-113  
Zr < 302  185 180-201  

 
 

5. Conclusion 
 
The neutron flux parameters such as α and f were calculated for the carrousel facility (CR1) 
and pneumatic tube (PT) irradiation channels at CNESTEN’S Triga Mark II Research 
Reactor. The same experiment was used to calculate thermal, epithermal and fast neutron 
fluxes in the CR1 and the PT. 
These parameters were used in the present study for the determination of elemental 
concentration in a Standard Reference Material (SRM-Soil-7) in order to evaluate the 
accuracy of the method which was found to be good. In the future, the K0-NAA method by 
use of the Kay Win Software will be implemented for a routine analysis of practical samples. 
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