
The application of the k0-standardization method at the TRIGA Mark II 

reactor, Ljubljana, Slovenia 
 

Radojko Jaćimović1, Ljudmila Benedik1, Borut Smodiš2, Peter Stegnar1  

 
1Department of Environmental Sciences, Jožef Stefan Institute, Jamova 39, SI-1000 

Ljubljana, Slovenia 
2Division of Human Health, International Atomic Energy Agency, Wagramer Strasse 5, P.O. 

Box 100, A-1400 Vienna, Austria 

 

Abstract 

 

The k0-standardization method of neutron activation analysis (k0-NAA) was launched in the 

1970s and since then continuously developed. Nowadays, k0-NAA became widespread as a 

practical analytical tool used to analyse different sample matrices. At the Jožef Stefan 

Institute (IJS), the KAYZERO/SOLCOI software package has been introduced for data 

processing after extensive testing and comparison with other available programs. In the 

process of validation of the software a suite of natural matrix reference materials (RMs) were 

used. Five certified reference materials (CRMs) from the Institute for Reference Materials and 

Measurements (IRMM), two standard reference materials (SRMs) from the National Institute 

of Standards and Technology (NIST), three RMs from the International Atomic Energy 

Agency (IAEA) and one RM from IJS were analysed. Altogether, results for ten elements in 

inorganic matrices and twenty-one elements in organic matrices, obtained by k0-instrumental 

neutron activation analysis (k0-INAA), were compared to certified values. The results 

obtained show good agreement with certified or assigned values except for Fe and U in 

inorganic matrices, and Al and Cr in organic matrices. 

 

Introduction 

 

Instrumental k0-NAA when used to analyse solid samples is, like other non-destructive 

techniques, to some degree matrix sensitive and may suffer from interferences. Therefore, one 

possible way of estimating overall uncertainties, also foreseen in the EURACHEM1 guide, is 

the use of reference materials. For this purpose, reference materials containing analytes with 



known certified values should be used. The chemical composition of the reference material 

should be close to the actual sample and tests should be done with different concentration 

levels of the investigated analytes. Therefore, many reference materials need to be used. 

Most analyses carried out at the IJS pertain to environmental monitoring surveys and 

health-related studies. Therefore, a suite of natural matrix reference materials obtained from 

IRMM, NIST, IAEA, the National Research Council of Canada (NRCC), Federal Institute for 

Materials Research and Testing (BAM) and IJS are analysed weekly for quality assurance 

(QA) and control (QC) purposes, using standard procedures for routine work. The samples 

include inorganic (e.g. soil, sediment, ash) and organic (e.g. various plant materials, animal 

tissues) natural matrix reference materials, foodstuffs, and diet samples. In this paper, the 

performance of the method with respect to different analytes and sample types is reported. 

The knowledge and experience obtained during the method assessment process have been 

successfully utilised when participating in several intercomparison exercises for deriving 

assigned values in natural matrix reference materials, using validated k0-NAA. Some 

examples of these kinds of studies are also given. 

 

Experimental 

 

Different matrix materials were irradiated in various channels of the 250 kW TRIGA 

Mark II reactor of the Jožef Stefan Institute. For short irradiations (about 2 min) the 

pneumatic tube (PT) with a thermal neutron flux of 3.5⋅1012 cm-2 s-1, and for long irradiations 

the carousel facility (CF) with a thermal neutron flux of 1.1⋅1012 cm-2 s-1 (irradiation time 18-

20 h) were used. For f (thermal to epithermal flux ratio) and α (a parameter which measures 

the epithermal flux deviation from the ideal (1/E) distribution) determination the "Cd-ratio" 

method for multi monitor was used.2  

The activities of irradiated samples were measured on three HPGe detectors (ORTEC, 

USA) with 17, 20 and 40% relative efficiencies.3,4 The detectors with 17 and 20% relative 

efficiency were connected to an EG&G ORTEC Spectrum Master high-rate multichannel 

analyser, while the detector with 40% relative efficiency was connected to a CANBERRA 

S100 multichannel analyser. For peak area evaluation, the HYPERMET-PC5,6 program was 

used. For elemental concentrations and effective solid angle calculations a software package 

called KAYZERO/SOLCOI®,7 operated on an IBM-compatible PC, was applied. Reference 

materials recently used for QA/QC of the k0-method are presented in Table 1. 



Results and discussion 

 

 To assess the quality of analytical results obtained by k0-INAA, the following RMs 

were chosen: four RMs (BCR 038, BCR 277, IRMM IMEP-14 and IAEA SL-1) with 

inorganic matrices and seven RMs (IJS PTSL-1, NIST 1566b, NIST 2781, BCR 101, BCR 

146R, IAEA 140 and IAEA 336) with organic matrices. For each chosen RM, at least three 

independent analytical determinations (n) were carried out. Only certified or assigned values 

were considered for evaluation. Values for ten elements in inorganic matrices and twenty-one 

elements in organic matrices were evaluated. Results are summarised in Table 2 for both 

types of matrices. In the second column of the table, the average deviation for N (column 6) 

RMs from the certified or assigned value for each element is shown. In columns three and 

four, internal and external statistical uncertainties are given, respectively, for each element 

studied. These values were calculated following the procedure described below. A weighted 

average deviation of the RM means from the certified/assigned value ( x ) was calculated. The 

weight was the standard deviation for each RM. Internal and external statistical uncertainties 

were then: 
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( x ) is the mean of the independent measurements for an RM, and 
x

s  its associated 

uncertainty (standard deviation). 

Comparison of internal and external statistical uncertainties reveals the statistical 

(in)consistency of the spread of the independent measurements with respect to their 

uncertainties 
ix

s . Consistency is achieved on condition that int,
x

s ≅ exts
x
, . int,

x
s >> exts

x
,  

indicates that the estimation of 
ix

s  values contains common systematic uncertainties or that 

ix  results are biased. int,
x

s << exts
x
,  suggests that one or more uncommon uncertainties 

were not taken into account when estimating the 
ix

s  values. In Table 2 for inorganic matrices, 

all average deviations except two are negative; for organic matrices, all average deviations 

except one are positive. This can be explained by the fact that during irradiation of organic 

matrices additional thermalization of fast neutrons could have some role in increasing the 



induced activities of these samples. For inorganic matrices absorption and scattering effects 

can decrease the induced activities in the samples. From Table 2 one may conclude that 

uncertainties for As, Hg and Na in inorganic and for Br, Hg and Na in organic matrices were 

underestimated. For Cd, Sc and U in inorganic and Ca and Sb in organic matrices, some 

systematic errors might have occurred. Namely, for Hg volatilisation losses (especially when 

plastic containers were used) are a known source of error. For some other elements (e.g. Al, 

As, Ca, Cl, Cr, Na, Sc) the nuclear constants are not recommended or determined with high 

accuracy.8-10  

A comparison of the k0-INAA data with chosen CRMs values showed that results 

obtain

onclusions 

The k0-standardization method of NAA was applied for determination of major and 

trace 

ed for Fe and U in inorganic matrices and Al and Cr in organic matrices are not within 

the 95% confidence interval provided by the producers of CRMs. It should be mentioned that 

this result reflects only statistical uncertainties and that other systematic uncertainties were 

not taken into account (e. g. neutron flux gradient in the samples, flux instability during 

irradiation, uncertainties of nuclear constants (k0, Q0) used in k0-method, standard deviation 

of the net peak area). 

 

C

 

elements in a suite of reference or certified reference materials. The results obtained 

show relatively good agreement with certified or assigned values except for Fe and U in 

inorganic matrices and Al and Cr in organic matrices, which were "outliers" with respect to 

the 95% confidence interval, proposed by the manufacturers. However, it should be noted the 

differences were within a few percent range. We can conclude that: (1) the use of k0-INAA in 

intercomparison studies and certification of RMs is justifiable. Previous work in our 

laboratory (and elsewhere) has shown excellent agreement with certified values, where our 

results have been incorporated into the certificates.4,11-13 (2) The use of the reference materials 

in assessing the performance of the k0-method in analysis of real samples is essential. (3) The 

overall uncertainties found in this study (average deviation from certified values in inorganic 

matrices is - 3.1% and + 4.3% in organic matrices) are in the same range as reported by other 

workers14,15 and reflect the performance potential of the method as presently applied in our 

laboratory. 

 



 

Table 1. Reference Materials recently analysed using KAYZERO/SOLCOI Ver. 4.0 

software for QA/QC purposes. 

 

Code Name Type 
BCR 038 Fly ash I 
IAEA 336 ** Lichen  O 
IAEA SL-1 Lake Sediment I 
IAEA 140 ** Sea Plant O 
NIST 1566b ** Oyster Tissue O 
NIST 1566a Oyster Tissue O 
NIST 1548 Total Diet O 
IAEA Soil 5 Soil I 
IAEA Soil 7 Soil I 
NIST 2704 Buffalo River Sediment I 
NIST 1577b Bovine Liver O 
NIST 8436 Durum Wheat Flour O 
IJS PT-SL1 ** Sewage Sludge O 
NRCC TORT-2 Lobster Hepatopancreas O 
NRCC DORM-2 Dogfish Muscle  O 
NIST 1568 Rice Flour O 
IAEA SL-3 Soil I 
BCR 277 Estuarine Sediment I 
NIST 2976 Mussel Tissue O 
IRMM IMEP-14 * Sediment I 
BCR 101 Spruce Needles O 
NIST 8046 ** GESREM III Mussel O 
IAEA Intercomparison Studies * Urban Dust I 
IAEA NAT-3 * Blank and Loaded Airfilter I 
BCR 320 River Sediment I 
IAEA NAT-7 * Welding fume loaded on filters I 
IAEA NAT-8 ** Lyophilized Urine O 
NIST TE ** Corn Flakes Round 4 O 
IAEA SD-Ropme-3/TM * Sediment I 
NIST 2781 Domestic Sludge O 
BCR 146R Sewage Sludge O 
BAM S002 * Tungsten Metal Powder I 
 

I Inorganic matrix  

O Organic matrix 

* Part of interlaboratory comparison for inorganic matrix 

** Part of interlaboratory comparison for organic matrix 

 



Table 2. Comparison of k0-INAA data with the certified or assigned values for inorganic 

=30), NIST 1566b (n=6), NIST 2781 (n=3), BCR 

101 (n=4), BCR 146R (n=4), IAEA 140 (n=6), IAEA 336 (n=3)). 

 

This work 

(BCR 038 (n=4), BCR 277 (n=5), IRMM IMEP-14 (n=5), IAEA SL-1 (n=4)) and 

organic matrices (IJS-PTSL1 (n

 
gEl. Av . deviation 

[%] 
Int. statist. 
Unc. [%] 

nc. 
Range for 95% CI 
from certificates 

[%] 
) Ext. statist. u

[%] 

 
(N

Inorganic matrix 
As + 6.1 0.7 3.4 – 10.5 4.0 (3) 
Cd - 1.8 3.5 3.4 0.6 (2) 
Co - 3.7 1.4 1 3.5 -7.6 2. (2) 
Cr - 1.6 0.6 1.2 2.8 - 8.7 (4) 
Fe - 4.3 1.4 2.1 - 2.5 (2) 0.3 
Hg - 6.7 2.5 3.4 - 7.1 (2) 8.2 
Na + 0.1 0.9 4.0 - 7.0 4.4 (2) 
Sc - 3.3 0.9 1.3 - 6.4 0.1 (2) 
U - 14.0 3.2 4.8 - 8.0 0.2 (2) 
Zn - 1.3 1.0 2.2 - 5.0 0.7 (3) 

Organic matrix 
Al + 7.2 2.0 1 2.9 - 3.0 5. (2) 
As + 3.7 1.5 3.6 – 17.7 (5) 2.1 
Br + 6.4 1.5 13.2 – 16.7 9.9 (2) 
Ca + 3.1 0.6 1.9 – 13.8 0.1 (3) 
Cd + 1.4 2.0 2.7 - 5.6 (3) 2.8 
Cl + 2.0 1.1 2.4 – 14.8 3.4 (2) 
Co + 0.7 1.1 1.8 - 7.7 2.5 (5) 
Cr + 8.9 0.7 1.5 (3) 2.0 
Fe + 2.2 1.2 .8 - 10.8 (3) 1.8 2
Hg + 1.3 3.2 16.5 (5) 9.3 3.8 - 
K + 1.6 2.1 10.9 (3) 4.1 1.4 - 

Mg + 6.6 2.1 1.5 - 9.7 2.8 (3) 
Mn + 2.6 0.7 1.1 - 4.3 3.1 (3) 
Mo + 3.7 2.8 6.9 - 14.4 (3) 6.9 
Na + 4.3 0.5 1.6 - 20.6 6.2 (2) 
Rb - 0.6 0.8 4.4 - 14.0 1.1 (3) 
Sb + 7.3 4.5 13.7 - 21.4 (2) 0.5 
Se + 6.5 2.0 3.0 7.3 - 14.4 (3) 
Th 3.8 3.0 11.7 - 20.7 (2) + 6.0 
V + 14.2 4.5 4.3 4.0 - 13.1 (2) 
Zn + 1.6 0.4 0.8 0.7 - 11.7 (7) 

(n) ber of aliquots analysed  = num

 = num rticular element (N) ber of reference materials certified or assigned for a pa
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