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Abstract.  

A Large Sample Neutron Activation Analysis (LSNAA) technique was developed for non-destructive 
analysis of heterogeneous bulk samples. The technique incorporated collimated scanning and combining 
experimental measurements and Monte Carlo simulations for the identification of inhomogeneities in large 
volume samples and the correction of their effect on the interpretation of gamma-spectrometry data. Corrections 
were applied for the effect of neutron self-shielding, gamma-ray attenuation, geometrical factor and 
heterogeneous activity distribution within the sample. A benchmark experiment was performed to investigate the 
effect of heterogeneity on the accuracy of LSNAA. Moreover, a ceramic vase was analyzed as a whole 
demonstrating the feasibility of the technique. The LSNAA results were compared against results obtained by 
INAA and a satisfactory agreement between the two methods was observed. This study showed that LSNAA is a 
technique capable to perform accurate non-destructive, multi-elemental compositional analysis of heterogeneous 
objects. It also revealed the great potential of the technique for the analysis of precious objects and artefacts that 
need to be preserved intact and cannot be damaged for sampling purposes. 
 
1. INTRODUCTION 
 
In conventional Neutron Activation Analysis (NAA) the mass of analyzed samples represents 
only a small portion of the bulk material. Nevertheless, there are applications where the 
analyzed object need to be preserved intact and/or representative sampling cannot be 
performed. Large Sample Neutron Activation Analysis (LSNAA) enables non-destructive 
multi-elemental analysis of bulk objects, up to several litters in volume [1]. The ability to 
analyze whole objects distinguishes LSNAA among the analytical techniques, since other 
established non-destructive methods (e.g. XRF, PIXE) can only analyze superficial layers of 
the sample and provide limited information on the sample composition in depth. The 
capabilities and potential of LSNAA to perform non-destructive, multi-elemental analysis of 
bulk samples have been discussed [2]. However, theoretical studies have shown that the 
accuracy of the LSNAA technique depends on the homogeneity of the sample material [3, 4].  
 
In the present work, a technique for LSNAA of heterogeneous samples is discussed. The 
method was based on collimated gamma scanning of the sample to obtain the spatial 
distribution of the induced activity and Monte Carlo simulations for the correction of neutron 
self-shielding, gamma-ray attenuation, geometrical factor and heterogeneous activity 
distribution within the sample. A benchmark experiment was specially designed to investigate 
the effect of sample heterogeneity on the trueness of LSNAA. Moreover, the feasibility and 
analytical potential of the LSNAA technique was demonstrated by analysis of a ceramic vase, 
as a whole.  
 
2. BACKGROUND 
 
In LSNAA the sample is irradiated in a research reactor graphite thermal neutron column and 
transferred to a gamma ray spectrometry system to be counted either as a whole [5] or using a 
scanning geometry counting configuration [6]. Corrections are required for self-shielding of 
the activating neutrons [7], self-absorption of gamma rays and the geometrical factor during 
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counting [8] and heterogeneity of the sample [3]. Moreover, different calibration techniques 
have been presented including k0 [9], internal standard [10], external standard [11] and 
absolute [12] calibration. 
 
Within the framework of IAEA Technical Co-operation Program GRE/1/039 (2001-2003) a 
LSNAA system was developed at the Greek Research Reactor facility. The method 
incorporated sample irradiation in the reactor graphite thermal neutron column and 
subsequent measurement of the activity induced by a HPGe based gamma spectrometry 
system. Correction algorithms were derived to account for neutron self-shielding during 
sample irradiation and gamma-ray self-attenuation during measurement based on no prior 
knowledge of the sample matrix composition [12]. The neutron self-shielding correction was 
based on thermal neutron flux measurements at the irradiation position and at the vicinity of 
sample using activation foils, while gamma ray self-attenuation was assessed through 
determination of the effective linear attenuation coefficient of the unknown sample by gamma 
ray transmission measurements. Monte Carlo simulation of the neutron irradiation and gamma 
ray measurement systems using the MCNP code provided the correction factors for a wide 
range of matrix materials and sample sizes [13]. Moreover, theoretical studies were performed 
to investigate the effect of trace and matrix inhomogeneity on the accuracy of the results [4].  
 
Since 2004 the Greek Research Reactor is shut down for refurbishment and modernization 
and the neutron experiments in Greece had to be stopped. Nevertheless, the LSNAA 
experimental activities were continued in collaboration with the Reactor Institute Delft, Delft 
University of Technology (The Netherlands) through transnational networking access. 
 
3. OVERVIEW OF RESEARCH WORK 
 
A benchmark experiment was designed to investigate the effect of sample heterogeneity on 
the trueness of LSNAA. A reference sample was developed “in-house” consisting of SiO2 
matrix and an inserted cylindrical body composed of Al-Zn alloy as an ‘‘inhomogeneity’’. 
LSNAA results were compared against reference values and the trueness of the technique was 
evaluated. The results of the benchmark experiment provided a quantification of the 
uncertainties associated with sample material inhomogeneity in LSNAA. Moreover, they 
demonstrated the need to refine the technique by incorporating a method that enables 
identification of inhomogeneities in activity distribution within the bulk sample and 
correction for their effect on the interpretation of gamma spectrometry data [14]. 
 
In order to respond to this requirement, the HPGe based gamma spectrometry system was 
modified by incorporating a collimator system. The collimator allowed performing 3-D 
scanning of the sample during counting in order to allow the reconstruction of the spatial 
distribution of activity within the bulk sample. Monte Carlo simulations were employed to 
theoretically correct the experimental data. The calculations have taken into consideration the 
determined spatial distribution of activity, the evaluated linear attenuation properties of the 
sample material and the geometrical factor for each gamma ray line. The method was 
experimentally validated for the case of a large cylindrical sample of 2 L in volume 
containing quartz as matrix material and a cobalt foil positioned in different locations within 
the sample and was proven capable to accurately predict both the location and activity of the 
activated foil [15]. 
 
The feasibility of analysis of an object by LSNAA technique was tested by performing non-
destructive elemental analysis of a ceramic vase, as a whole [16]. Sample specific neutron 
self-shielding and gamma ray detection efficiency calibration factors were derived using 
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Monte Carlo code MCNP. LSNAA results were compared against INAA results and a 
satisfactory agreement between the two methods was observed. Moreover, estimation of the 
activity decay in time showed that the vase could be released from regulatory control at about 
3 months post irradiation. This work provided a validated analytical procedure for bulk 
sample analysis of whole objects and demonstrated the great potential of LSNAA for analysis 
of precious objects and artefacts that need to be preserved intact and cannot be damaged for 
sampling purposes. 
 
4. RESEARCH RESULTS AND ACHIEVMENTS 
 
4.1. BENCHMARK EXPERIMENT 
 
A heterogeneous reference large sample was developed (Fig. 1). The sample consisted of 
SiO2 matrix in cylindrical Perspex container. A cylinder composed of Al-Zn alloy was 
introduced in the sample to produce an inhomogeneity. Correction factors for neutron self-
shielding during irradiation as well as self-attenuation of gamma rays and sample geometry 
during counting were derived by Monte Carlo simulations. 
 
The LSNAA results were compared against the reference values and the trueness of the 
technique was evaluated. The results of the study showed a agreement between LSNAA 
results and reference values for the matrix elements. However, this was not the case for the 
elements of the inhomogeneity body. In particular, the results of the study (Table 1) showed 
that when the presence of the inhomogeneity was considered as unknown and therefore was 
not taken into account in the derivation of the respective correction factors, discrepancies up 
to 21% were observed between the LSNAA results and the reference values. On the other 
hand, when the presence and position of the inhomogeneity body was considered as known 
and therefore taken into account in the calculation of the correction factors, an agreement 
within ±5% was observed between the LSNAA and reference elemental mass values for all 
elements of the inhomogeneity.  
 

 
FIG. 1. Heterogeneous Reference Sample. 
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TABLE 1. LSNAA AND REFERENCE MASS VALUES, % RELATIVE BIAS AND Z-SCORE 
PER ELEMENT FOR THE INHOMOGENEITY ELEMENTS ( FROM REF.[14]) 

 Element LSNAA mass 
(mg) 

Reference 
mass (mg) 

Relative 
Bias (%) 

Z-score 

Without 
correction 

Zn 409 ± 33 516 ± 5 -21 -3.2 
Cu 370 ± 21 425 ± 3 -13 -2.7 
Ga 4.54 ± 0.57 5.51 ± 0.03 -18 -1.7 

With 
correction 

Zn 536 ± 44 516 ± 5 4 0.5 
Cu 438 ± 26 425 ± 3 3 0.5 
Ga 5.24 ± 0.66 5.51 ± 0.03 -5 -0.4 

 
The results of this study showed that in order to achieve high precision analysis of large 
heterogeneous samples a refinement on the LSNAA technique was required. This 
improvement could be achieved by incorporating a method that enables identification of 
inhomogeneities in activity distribution within the bulk sample and correction of their effect 
on the interpretation of the analytical data. 
 
4.2. COLLIMATED SCANNING TECHNIQUE 
 
The inhomogeneity correction method was based on collimated gamma scanning of the 
activated sample using a HPGe detector to obtain the spatial distribution of activity within the 
bulk sample (Fig. 2) and Monte Carlo simulations in order to correct the gamma spectrometry 
data for the effect of the activity distribution.  
 
 

 
 

FIG. 2. LSNAA collimated gamma scanning system. 

 
The method was experimentally evaluated for the case of a large reference sample of 2 L in 
volume containing quartz as matrix material and an activated cobalt foil. It was shown that 
both position and activity of the foil were accurately determined [15]. As it can be observed 
from Table 2, when the location of the foil was not known, and the sample was assumed as 
homogeneous a bias of 25 % (on axis) and 10 % (off axis) was introduced in the derived 
activity value. However, when the activity distribution within the sample was determined by 
collimated scanning (Fig. 3), an excellent prediction of the source activity was achieved.  
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TABLE 2. REFERENCE AND EVALUATED VALUES OF 60CO ACTIVITY FOR THE STUDIED 
CASES, THE EVALUATED TO REFERENCE ACTIVITY RATION AND Z-SCORES (FROM 
REF. [15]) 
 

Source Collimator 
Activity 

Distribution 

Reference 
Activity 

(kBq) 

Evaluated 
Activity 

(kBq) 
Activity ratio 

Z-
score 

On 
axis 

No Homogeneous 

23.95 ± 
1.01 

17.96 ± 0.08 0.75 ± 0.03 -5.91 

Yes From fig. 3a 24.06 ± 0.64 1.00 ± 0.05 0.09 

Off 
axis 

No Homogeneous 21.51 ± 0.10 0.90 ± 0.04 -2.41 

Yes From fig. 3b 24.75 ± 0.92 1.03 ± 0.06 0.59 

 

 
 

FIG. 3. Activity pattern of the inhomogeneous sample as derived by collimated scanning and 
introduced in the MCNP simulations (a) source on axis, (b) source off-axis. 
 
The discussed technique improved the trueness of quantitative analysis of large samples with 
inhomogeneous activity distribution and demonstrated that high precision analysis of 
heterogeneous samples can be performed. 
 
4.3. LARGE SAMPLE NEUTRON ACTIVATION ANALYSIS OF A CERAMIC VASE 
 
A ceramic artefact was analyzed by LSNAA and the results of the analysis were compared to 
element values obtained by INAA. The analyzed item was a commercially purchased 
handmade ceramic vase shown in Fig. 4. The outer dimensions of the vase were 11.5 cm in 
diameter (at maximum) and 15.6 cm in height. Its weight was 376 gr. The details of the 
experiment have been presented elsewhere [16]. 
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FIG. 4. The analyzed ceramic vase. 

 
The required corrections for thermal neutron self-shielding during sample irradiation and 
gamma ray detection efficiency for the volume source during counting were derived using the 
Monte Carlo method. The Monte Carlo method enabled precise simulation of the complex 
large sample, irradiation facility and gamma ray detector configurations. A satisfactory 
agreement between LSNAA and INAA results was observed. The LSNAA over INAA value 
ratios ranged from 0.7 to 1.3 (Table 3). The activity induced in the object was low enough to 
enable release from regulatory control in a relatively short time period of about 3 months post 
neutron irradiation. The activity concentration ration and dominant nuclides as a function of 
time post-irradiation as shown in Fig. 5. The results of this study demonstrated the feasibility 
of performing LSNAA to a ceramic artefact as a whole.   
 
TABLE 3. ELEMENTAL CONCENTRATIONS BY LSNAA AND INAA (FROM REF. [16]) 

Element 
LSNAA 
(mg/kg) 

INAA 
(mg/kg)   

Ratio LSNAA/INAA 

Eu 0.80 ± 0.19 1.14 ± 0.03 0.70 ± 0.17 
Sm 3.61 ± 0.23 4.79 ± 0.10 0.75 ± 0.05 
Ce 40.00 ± 4.57 52.80 ± 1.27 0.76 ± 0.09 
Sc 17.48 ± 0.95 20.40 ± 0.20 0.86 ± 0.05 
Cr 397.84 ± 22.76 462.00 ± 5.27 0.86 ± 0.05 
Fe 49833.75 ± 3361.34 56300.00 ± 585.52 0.89 ± 0.06 
Co 32.05 ± 1.98 35.80 ± 0.42 0.90 ± 0.06 
W 1.68 ± 0.45 1.76 ± 0.22 0.96 ± 0.28 
Ca 70039.44 ± 10112.11 71000.00 ± 2272.00 0.99 ± 0.15 
Yb 2.26 ± 0.50 2.29 ± 0.06 0.99 ± 0.22 
As 8.44 ± 1.40 8.36 ± 0.28 1.01 ± 0.17 
Cs 7.05 ± 0.91 6.84 ± 0.18 1.03 ± 0.14 
La 28.78 ± 1.55 27.40 ± 0.27 1.05 ± 0.06 
Sb 0.64 ± 0.08 0.53 ± 0.04 1.20 ± 0.18 
Rb 139.88 ± 22.40 110.00 ± 2.20 1.27 ± 0.21 
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FIG. 5. Sum of nuclide specific activity concentration to clearance level ratios (A) as a function of 
cooling time (from ref. [16]). 
 
5. CONCLUSIONS 
 
A LSNAA technique for the analysis of heterogeneous large samples was developed. The 
effect of sample heterogeneity on the analytical results was studied and a correction method 
was proposed. Moreover, the feasibility to analyze a whole ceramic vase was demonstrated. It 
was shown that LSNAA is a powerful technique which extends the analytical tools available 
for material composition studies by enabling non-destructive analysis of large samples and 
whole objects with neutron induced gamma-ray imaging capabilities as well leading to 
significant improvement in trueness for the analysis of heterogeneous objects. Therefore, 
LSNAA responds successfully to the IAEA requirement [2] for the development of a nuclear 
analytical technique capable to non-destructively analyze precious objects and artefacts that 
cannot be damaged for sampling purposes as well as inhomogeneous materials that are 
difficult or impossible to sample representatively. 
 
COLLABORATIONS 
 
Since the Greek Research Reactor was shut down for refurbishment, experiments were 
performed at the Reactor Institute Delft (TU Delft, The Netherlands) through trans-national 
networking. Two collaborations took place aiming to validate the correction method for 
LSNAA of inhomogeneous samples (2009) and to study the analysis of a cultural heritage 
object (2007). Moreover, our group participated in an international inter-comparison exercise 
using an archaeological replica provided by IPEN, Peru. The exercise was performed to 
validate the new methodology. Experimental data obtained at RID were analyzed applying the 
absolute calibration method developed by our group. Furthermore, a scientist from Malaysia 
Nuclear Agency was trained in Greece in neutron and photon transport calculation methods 
for the design of a neutron activation facility based on isotopic neutron sources. Finally, 
through participation in the IAEA Co-ordinated Research Meetings (Vienna, Delft, Lima) 
information and results were disseminated between participants.  
 
RELATED PUBLICATIONS 
 
As a direct output of the present work one PhD thesis, three publications in International 
Scientific Journals and five Conferences Presentations were produced. 
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