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Abstract. 

Due to the high importance of the material vestiges for a culture of a nation, the Brazilian Council for 
Environment determined that the license to establish new enterprises are subjected to a technical report 
concerning environmental impact, including archaeological sites affected by that enterprise. Therefore, 
answering the report related to the Program for Prospection and Rescue of the Archaeological Patrimony of the 
Areas impacted by the installation of the Second Line of Samarco Mining Pipeline, the archaeological 
interventions were carried out along the coast of Espírito Santo. Tupiguarani Tradition vestiges were found there, 
where the main evidence was an interesting ceramics. Archaeology can fill the gap between ancient population 
and modern society elucidating the evidences found in archaeological sites. In this context, several ceramic 
fragments found in the archaeological sites - Hiuton and Bota-Fora - were analysed by neutron activation 
technique, k0-standardization method, at CDTN using the TRIGA MARK I IPR-R1 reactor, in order to 
characterize their elemental composition. The elements As, Ba, Br, Ce, Co, Cr, Cs, Eu, Fe, Ga, Hf, K, La, Na, 
Nd, Rb, Sb, Sc, Sm, Ta, Tb, Th, U, Yb, Zn and Zr were determined.  
This study is the first one developed in Brazil in which the elemental concentration values were interpreted by 
statistical analysis applying R package software that promotes robust methods, supported by archaeological 
interpretations. The results pointed out that the pottery from the sites were made with clay from different 
resources and the earthenware from Bota-Fora site was made with clay having different composition pointing out 
different provenances. The X-ray powder diffraction analyses and Mössbauer spectroscopy were applied and the 
results pointed out that the pottery firing should have happened in over bonfire, the traditional Indian burning 
process, without any Portuguese influence, inside of ovens. MCNP code was applied calculating the thermal 
fluxes in each irradiation channel – carrousel irradiation facility – for point-source geometry validating the 
values already calculated experimentally.  
The main outcome of this proposal was to establish a new methodology to analyse cylindrical 5g-sample by 
neutron activation technique, k0-method, validated by ANGLE V3.0 software. From now on, it will be possible 
to reach lower detection limits, making the analysis of inhomogeneous samples a reality, improving the 
analytical services of CDTN. Besides, it will increase the sensitivity in the analysis, make the analysis less 
expensive, improve the quality of the results, and expand the methodology to environmental material and others 
such as biomaterials and industrial products. This investigation has also confirmed that any other laboratory 
using NAA is able to establish this methodology without having to modify its facilities, since the neutron self-
shielding, gamma attenuation and efficiency are established, thus defining the technical analysis condition. 
 
1. INTRODUCTION 
 
In Brazil, the prehistory of the last two millennia has been characterized by the co-existence 
of several cultures in each region. Some of them were specialized horticulturists in the 
alluvial plains and other groups lived isolated in the upper interfluvial region. In the late early 
prehistory (dating from ca. 1000 BC), the Indians, Tupiguarani Tradition, lived in the coastal 
plain of the Brazilian state of Espírito Santo, a low altitude region. There, the rainfall index is 
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high due to the coastal running water. The Indians settled in the hills and the low areas close 
to water courses and the sea. The archaeological sites in this region are close to one another 
(less than 10 km) and present predominant vestige of interesting ceramics with plastic and 
painted decoration occurrence [1, 2]. 
 
When the Portuguese settlers arrived in this region, in the sixteenth century, there were 
several Jesuitical Missions along the coast. “Missões Jesuíticas” were the so-called old 
villages managed by Jesuitical priests. Their objective, besides civilizing and christianizing 
the Indians was to maintain a social group with the benefits of a Christian European 
organization, free from bad habits and violence, a school and a convent were usually built 
within the Mission [1]. In spite of living in the Mission and been catechized, the Indians kept 
on producing traditional handicraft such as decorated ceramics. However, European elements 
such as objects with inlaid metals were introduced, bringing new forms and European 
standards to their pottery [1 - 3]. 
 
The study of culture through its material vestiges using archaeological evidences is one of the 
possibilities to know about the daily life of a prehistoric people. The material evidences found 
in an archaeological site are the insight the archaeologist has to reconstruct the different 
ancient lifestyles. The material vestiges can be diversified such as ceramic sherd, cracked or 
polished stone tools and bonfire remnants. It can also be of just one type such as graves in a 
cemetery. However, ceramic presents high archaeological value, because the material is very 
resistant to time and environmental natural surroundings. The identification and classification 
of ceramics through a multielemental chemistry analysis is important because this 
characterization reflects the original composition of the clay resource, like a “fingerprint”. All 
of the attributes of ceramic artifacts—shape, size, type of clay, type of temper, surface 
treatment, and painting, to name just a few—serve as a rich and varied set of data for 
archaeologists’ intent on reconstructing ancient human lifestyles. There are essentially four 
types of analyses that archaeologists perform on ceramic artifacts in order to obtain the data 
contained within them: experimental studies, form and function analysis, stylistic analysis, 
and technological analysis [1 - 5]. 
 
Due to the importance of material vestiges of a nation culture, the Brazilian Council for 
Environment (Conselho Nacional do Meio Ambiente - IBAMA) - Resolution CONAMA 
01/86 - determined that license to establish new enterprises must be subjected to a technical 
report concerning environmental impact. This report has to consider the social economic 
environment as archaeological, historical and cultural sites as well as monuments of the 
community affected by that enterprise. Therefore, answering the report [2] related to the 
Program for Prospection and Rescue of the Archaeological Patrimony of the Areas impacted 
by the installation of the Second Line of Samarcos’s Mining Pipeline – IPHAN 
Administrative Rule no. 51, 23/02/2006, the 4th Report of Activities was made describing the 
archaeological prospection carried out. Samarco Mineração S. A. is a private mining and 
processing iron ore exporting company. 
 
According to the report [2], 56 sites with evidences of the cultural patrimony materials were 
identified from Mariana city (Minas Gerais State) to Anchieta village (Espírito Santo State), 
being most of the sites around the pipeline. The area directly affected by the enterprise is a 
long and narrow strip of land (3x396km) between Mariana and Anchieta. Among these sites, 
15 were chosen to be excavated based on details that point out the sites as pre-historical, 
presenting vestiges of Tupiguarani Tradition in Espírito Santo state. There were several 
hypotheses about the site, such as how the Indians explored clay, the provenance of the raw 
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material; the quantity of clay resources used by the Indians, the technology used to make the 
artifacts, namely, ovens - related to the European technology – or bonfire, Indian procedure.  
 
To answer the hypotheses, several analytical techniques are commonly used in archaeological 
studies with regards to pottery characterization. Elemental composition analysis of artifacts 
demands reliable results of concentrations at major to trace levels using a sensitive analytical 
method. Among them, non-destructive nuclear analytical methods like neutron activation 
analysis (NAA), X-ray fluorescence (XRF) and particle induced X-ray emission (PIXE) have 
been used for the analysis of archaeological artifacts like potteries [6 – 14]. These methods 
have been applied to different samples with varying successful degrees. Among these 
methods, instrumental NAA (INAA) has become widely used due to its high accuracy, 
sensitivity, precision, low detection limit, simultaneous multielemental capability, negligible 
matrix interference for determining major, minor, and trace elements. It also presents easy 
sample preparation procedure and most importantly non-destructive nature, i.e., samples are 
used as they are collected, without any chemical dissolution. Pottery chemical composition is 
strongly related to the source of clay and all the ingredients used. INAA focuses more on the 
chemical composition of the pottery which is related to the sources of raw materials used for 
its production [15 - 17]. 
 
2. BACKGROUND 
 
In this work, two sites were chosen to be studied among the 15 pre-historical sites presenting 
vestiges of Tupiguarani Tradition in Espírito Santo state, due to their historical importance: a 
small farm called Sítio do Sr. Hiuton (Mr. Hiuton’s Site) and Bota-Fora village. These sites 
are important because of vestiges of Tupiguarani occupation and another historical 
Portuguese occupation. Both sites are located in Anchieta, in the coastal plain, Fig. 1. 
Nowadays the hill, a low altitude region, is occupied by horticultures (sugar-cane, manioc, 
etc.). Unfortunately, it was not possible to collect clay because the coast of Espírito Santo is 
an urban region and it was modified by anthropogenic actions [2]. 
 
Hundreds of sherds were collected by the archaeologists during the excavation in the specific 
sites studied. They were observed and classified by the archaeologists and grouped according 
to the form of the pottery. The fragments were identified as pieces of pottery: basin, painted 
bowl, bowl for drinking (“cambuchi”) and rounded bowl. To reach the aforementioned 
objectives, a set of 66 sherds were chosen to be studied.  
 
In the archaeological site to be studied in this proposal, hundreds of ceramic sherds were 
found, collected, and classified during the excavations. However it would be very difficult to 
analyze each ceramic piece, once there were hundreds from each place inside the 
archaeological site. A technical problem concerning analytical procedures was the size of the 
samples. The small ones could not be analyzed one by one. On the other hand, all these small 
samples analyzed together can not be considered geometrical point-source anymore. 
Consequently, there would be lack of information concerning a specific site. 
 
Another option would be to grind the samples, homogenize and analyze an aliquot. But as the 
samples are very important and precious, they should not be destroyed, meaning that sub-
sampling is out of the question. The best option would be to analyze several small samples as 
a compound and representative sample. To apply the neutron activation technique, the sample 
is usually geometrical point-source, with a maximum mass of around 0.5g. It was a challenge 
concerning the representativeness of the sample when dealing with inhomogeneous volume or 
several small samples [18 - 20]. 
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Analyzing large samples would be a way to overcome this problem [18, 20]. This would be 
the most suitable procedure for this project, but the technique should be adapted. Analyzing 
5g-samples, 25 times bigger than usually analyzed samples, was proposed. Considering the 
technical conditions of the facilities used, it is definitely a large sample, because the neutron 
and gamma-ray self-attenuation can not be neglected because of the degree of accuracy. To 
analyse larger sample is very advantageous, because it will be more representative, the 
analytical procedure will be less time consuming and able to reach lower detection limit for 
determined element. Increasing the amount of sample to be exposed to irradiation is a very 
interesting way to compensate for low flux of neutrons (TRIGA MARK I IPR-R1 reactor 
operates at 100 kW with an average thermal flux of 6.35×1011 n cm-2 s-1), for non-
homogeneous samples, for the increase of analysis sensitivity to improve the elemental 
detection limits, to decrease cost and to improve quality. 
 

 
FIG. 1. Espírito Santo State and Anchieta municipality, where are located the archaeological sites Mr. 
Hiuton’s Site and Bota-Fora village. 
 
3. OVERVIEW OF RESEARCH WORK 
 
Main objective 
The main goal of this project was to establish a methodology to analyze clay samples 
weighing more than 0.5g, considered large samples, by means of neutron activation 
technique, keeping the irradiation and gamma spectrometry facilities. 
 
Complementary objectives 
The other objectives were: 
i) to verify how much the European technology influenced the Indian handicraft, 

distinguishing the burning process: bonfire in the open air or a closed environment as 
an oven, 

ii) to verify if the ceramics was made with the raw material from one or from more 
natural sources, based on the elemental characterization of the samples. 
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The laboratories applying neutron activation to large samples (LS-INAA) [20, 24, 25, 26] aim 
to analyze samples of a mass up to kilograms. For this procedure, special facilities are 
required for the activation as well as for the detection. For instance, in Delft, Netherlands, a 
facility was constructed to irradiate and measure samples from 2 to 50 kilograms [25]. The 
size of the samples that were analyzed in the present study (up to 5 g in mass) does not 
require special facilities to be established at the TRIGA MARK I IPR-R1 at CDTN/CNEN. 
 
However, three parameters must be taken into consideration for the quantitative analysis of 
large samples: detector efficiency over the volume source, neutron self-shielding during 
neutron irradiation [23,27,28] and gamma ray attenuation [29,30] within the sample during 
counting.  
 
4. RESEARCH RESULTS AND ACHIEVEMENTS 
 
4.1. LARGE SAMPLE NEUTRON ACTIVATION ANALYSIS AT CDTN CNEN 
 
The neutron activation analysis, k0-standardization method to determine the elemental 
concentration in the samples was applied [15, 31]. The samples, weighing around 200 mg, 
were stacked with neutron flux monitor Al-0.1%Au alloy (IRMM-530RA, 5 mm diameter and 
0.1 mm thick discs) in polyethylene vial suitable for irradiation. This way, the samples and 
monitors were irradiated simultaneously. The irradiation was carried out in the TRIGA 
MARK I IPR-R1 reactor at CDTN (Nuclear Technology Development Centre)/CNEN 
(Nuclear Energy National Commission), at 100 kW, under an average thermal neutron flux of 
6.30×1011 n cm-2 s-1 in the carrousel. The irradiations were carried out in the channel CR-7  
(f and  parameters are 22.3 and -0.0022, respectively) for 8 hours, to determine elements 
whose radionuclides have medium and long half-lives. After suitable decay and measurement 
time, the gamma spectroscopy was performed on an HPGe detector with 25% relative 
efficiency. For the spectra analysis - peak area evaluation - the HyperLab program [32] was 
used and for the calculation of elemental concentrations software package KayWin [33] was 
applied. The validation of the method was performed by analyzing certified reference 
materials IAEA/Soil-7 [34]. 
 
The size of the samples that were analyzed in the present study (up to 5 g in mass) does not 
require special facilities to be established at the TRIGA MARK I IPR-R1 at CDTN/CNEN. 
However, three parameters must be taken into consideration for the quantitative analysis of 
large samples: detector efficiency over the volume source, neutron self-shielding during 
neutron irradiation [23, 27, 28] and gamma ray attenuation [29, 30] within the sample during 
counting. 
 
4.1.1.  Detector efficiency over the volume source and gamma ray self-attenuation 
 
The KayWin software is a specific program to calculate the elemental concentration for point 
samples – in routine procedure. It calculates efficiency values as a function of energy based 
on determined experimental full-energy peak efficiency for point-source geometry. ANGLE 
V3.0 software [35, 36] calculates the full energy peak efficiency of semiconductor detectors 
to several source geometries as point shape, cylindrical, Marinelli, etc. using the concept of 
effective solid angle. The software requires as input the detector, container and geometry 
dimensions, composition of the sample and a reference efficiency curve. The calculations will 
provide the full-energy peak efficiency, p, and the effective solid angle, eff. It is worth 
mentioning that the software makes efficiency calculations for coincidence free gamma lines. 
For establishing of the LS-NAA procedure, the reference material IAEA/Soil-7 [34] was 
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analyzed. Therefore, a comparison was made between the efficiencies calculated by both 
programs for a 5 g in mass cylindrical sample at 2, 5 10 and 20 cm sample-detector distances. 
The results of the calculations indicated that the percentage of difference of efficiency 
calculated by KayWin and ANGLE for point and of a 5 g in mass sample of cylindrical 
geometry were within 10% for all energies examined. 
 
4.1.2.  Determination of neutron self-shielding  
 
During sample irradiation, neutrons are scattered and absorbed within the sample resulting in 
a perturbation of the neutron field inside the sample, (neutron self-shielding) and the vicinity 
of the sample, (neutron flux depression) [30]. In a point-sample, the gradient of neutron flux 
during irradiation is considered negligible, but in a cylindrical sample it should be determined 
[27]. In this study, two experiments were carried out using iron wires (99.9% Fe from 
Mallinckrodt, USA) 0.4 mm in diameter and 5 cm in length inserted into polyethylene vial, 13 
mm in diameter and 50 mm high: 1) filled with clay and air and 2) filled with clay. The results 
of the study based on the specific activities of 59Fe (thermal neutrons) pointed out that for 
thermal neutrons in clay, the radial gradient or neutron self-shielding is about 2%/cm and 
axial gradient is about 2%/cm. Based on the specific activities of 54Mn (fast neutrons), radial 
gradient or fast-neutron self-shielding in clay is about 5%/cm and axial gradient is about 
2.5%/cm. 
 
4.1.3. Statistical Evaluations 
 
In order to evaluate the analytical performance of the experiments, the results were expressed 
through of normalisation, expanded uncertainty and u-score [37,38]. The expanded 
uncertainty and u-score were calculated considering the assigned values for IAEA/Soil-7, 
using the data given in the Certificate of analysis in 1984 [34]. The expanded uncertainty was 
expressed as the Relative Bias (in %). Its objective was to verify if the results obtained from 
the samples with point and cylinder geometries were consistent within an expanded 95% 
confidence interval (95% confidence interval of the reference material and the given 
uncertainty of the software used). Concerning the u-score, the evaluation included 
uncertainties of the measurements and the uncertainty of the assigned value.  
 
4.2. EXPERIMENTS FOR COMPARISON OF POINT AND CYLINDRICAL SAMPLE 
GEOMETRIES 
 
In order to verify whether it would be possible to analyze non-point sample using the same 
facilities of Laboratory of Neutron Activation Analysis used to analyze geometrical point-
sample, three experiments were carried out: 
 

Experiment 1: using certified reference material, IAEA/Soil-7, the experiment was 
carried out with geometrical point-sample and cylindrical sample. 

Experiment 2: using certified reference material, IAEA/Soil-7, the experiment was 
carried out with cylindrical sample, measuring at 2, 5, 10 and 20 cm. 

Experiment 3: using archaeological sample, the experiment was carried out with two 
point-samples (powder and one small sherd) and two cylindrical samples (powder and several 
small sherds).  
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TABLE 1. RELATIVE BIAS AND U-SCORE FOR CYLINDRICAL AND PUNCTUAL 
GEOMETRIES, IAEA/SOIL- 7, ELEMENTS WITH RECOMMENDED CONCENTRATION 
VALUES 

IAEA/Soil-7 

Element 
Cylindrical Geometry (~5 g) Punctual Geometry (~200 mg) 
Relative Bias (%) u-score Relative Bias (%) u-score 

As -2.46 0.34 -10.0 1.07 
Ce -13.6 1.21 -11.5 1.03 
Co -11.0 1.08 -4.38 0.43 
Cr +6.08 0.29 +8.33 0.39 
Cs -7.41 0.52 -11.6 0.80 
Eu -6.25 0.30 -18.3 0.79 
Hf -10.8 1.39 -10.2 1.31 
La -3.00 0.62 -3.57 0.73 
Nd -21.3 1.04 -15.6 0.75 
Rb -8.65 0.90 -5.96 0.57 
Sb -8.71 0.71 -12.8 0.98 
Sc -5.43 0.41 -4.36 0.33 
Sm -8.96 1.16 -9.80 1.28 
Ta -15.8 0.62 -26.0 1.01 
Tb +0.43 0.01 -6.42 0.19 
Th -10.5 0.79 -13.5 1.02 
U -12.6 0.58 -27.4 1.23 
Yb -15.3 1.01 -2.67 0.16 
Zn +2.88 0.41 -9.12 1.23 

 
The irradiations were carried out in the carrousel of the TRIGA MARK I IPR-R1 reactor at 
CDTN, at 100 kW, for 4 hours, under a thermal neutron flux of  
6.35×1011 n cm-2 s-1. The large sample was irradiated in CR-7 and the empty vials in CR-8 
(channel close to CR-7). The parameters f and  in the CR-7, (22.32 and -0.0022) [31], 
respectively, were assumed to be the same in CR-8. After suitable cooling and measurement 
time, the gamma spectroscopy was performed on an HPGe detector with 25% relative 
efficiency to determine the radionuclides with medium and long half-lives in large sample. 
The sample-to-detector measurement distances were 2, 5, 10 and 20 cm (reference position). 
The spectra deconvolution - peak area evaluation – was carried out using the HyperLab 
program and for the elemental concentration calculations, the software package KayWin was 
applied. The average Fc was calculated and it corresponded to half height of the large sample.  
 
4.2.1. Experiment 1, IAEA/Soil-7, point and cylindrical samples 
 
Using certified reference material, IAEA/Soil-7, the experiment was carried out with point-
sample (~200 mg, powder) and cylindrical sample (~5 g, powder). The objective was to check 
if both geometries were really considered punctual samples, when analyzed as in the routine 
way, i.e. suitable distance sample-detector depending on the activity. The values for Relative 
Bias and u-score for point and cylindrical samples are on Table 1. The statistical tests point 
out that all results are acceptable, within 95% confidence interval of the assigned value. It 
means that the sample in a cylindrical geometry can be analysed as a punctual sample. 
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4.2.2. Experiment 2, IAEA/Soil-7, cylindrical geometry, several distances sample-
detector 
 
Using certified reference material, IAEA/Soil-7, the experiment was carried out with 
cylindrical sample, measured at 2, 5, 10 and 20 cm. The objective was to verify the 
distance/true coincidence interference on the results. Table 2 displays the elemental 
concentration determined for all elements. 
 
TABLE 2. ELEMENTAL CONCENTRATION DETERMINED FOR ALL ELEMENTS IN 
IAEA/SOIL-7 FOR CYLINDRICAL GEOMETRY AT SPECIFIC DISTANCE SAMPLE-
DETECTOR 

El. 

Assigned 
Values (mg kg-1) 

v.±u# 

Experimental Values 
(mg kg-1) 

2cm 5cm 10cm 20cm SD 

As 13.4 ± 0.85 12 ± 1 12.9 ±0.5 13.2 ±0.5 13 ±1 13.1 ±0.5 

Ba (159 ± 32) 123 ± 6 134 ±6 123 ±7 136 ±7 126 ±6 

Br (7 ± 3) 6.7 ± 0.2 7.6 ±0.3 7.6 ±0.3 7.7 ±0.3 7.6 ±0.3 

Ca * (16.30±0.85) 13.8 ± 0.1 14.4 ± 0.1 14.4 ±0.1 14.4 ±0.1 14.5 ±0.1 

Ce 61 ± 6.5 52 ± 2 53 ±2 53 ±2 54 ±2 53 ±2 

Co 8.9 ±0.85 7.9 ± 0.3 7.9 ±0.3 8.1 ±0.3 8.4 ±0.3 7.9 ±0.3 

Cr 60 ± 12.5 64 ± 2 64 ±2 65 ±2 65 ±2 64 ±2 

Cs 5.4 ± 0.75 4.9 ± 0.2 5.0 ±0.2 5.2 ±0.2 5.2 ±0.2 5.0 ±0.2 

Eu 1.0 ± 0.2 0.95 ± 0.05 0.99 ±0.05 0.9 ±0.1 0.9 ±0.1 0.94 ±0.05 

Fe * (2.57±0.055) 2.32 ± 0.01 2.34 ±0.01 2.34 ±0.01 2.36 ±0.01 2.34 ±0.01 

Hf 5.1 ± 0.35 4.5 ± 0.2 4.6 ±0.2 4.7 ±0.2 4.8 ±0.2 4.5 ±0.2 

K * (1.21±0.07) 1.01 ± 0.01 1.07 ±0.01 1.06 ±0.01 1.24 ±0.01 1.09 ±0.01 

La 28 ± 1 27 ± 1 27 ±1 26 ±1 27 ±1 27 ±1 

Na * (0.24±0.01) 0.21±0.01 0.21±0.01 0.21±0.01 0.21±0.01 0.21±0.01 

Nd 30 ± 6 26 ± 1 26 ±1 26 ±2 23 ±1 24 ±1 

Rb 51 ± 4.5 47 ± 2 47 ±2 47 ±2 48 ±2 47 ±2 

Sb 1.7 ± 0.2 1.5 ± 0.1 1.6 ±0.1 1.5 ±0.1 1.6 ±0.1 1.6 ±0.1 

Sc 8.3 ± 1.05 7.7 ± 0.3 7.8 ±0.3 7.9 ±0.3 8.0 ±0.3 7.8 ±0.3 

Sm 5.1 ± 0.35 4.2 ± 0.2 4.6 ±0.2 4.7 ±0.2 4.6 ±0.2 4.6 ±0.2 

Sr 108 ± 5.5 69 ± 12 105 ±10 115 ±18 112 ±26 105 ±10 

Ta 0.8 ± 0.2 0.67 ± 0.02 0.68 ±0.02 0.68 ±0.03 0.67 ±0.03 0.67 ±0.02 

Tb 0.6 ± 0.2 0.59 ± 0.02 0.60 ±0.02 0.61 ±0.02 0.63 ±0.02 0.60 ±0.02 

Th 8.2 ± 1.05 7.3 ± 0.3 7.3 ±0.3 7.5 ±0.3 7.6 ±0.3 7.3 ±0.3 

U 2.6 ± 0.55 2.0 ± 0.1 2.2 ±0.1 2.2 ±0.1 2.3 ±0.1 2.3 ±0.1 

Yb 2.4 ± 0.35 1.9 ± 0.1 2.0 ±0.7 2.1 ±0.1 2.2 ±0.1 2.0 ±0.1 

Zn 104 ± 6 106 ± 4 108 ±5 108 ±4 107 ±4 107 ±4 

Zr 185 ± 10.5 209 ± 70 232 ±74 230 ±80 206 ±106 240 ±42 

v., value; #, Data given in the Certificate of analysis, 1984; SD, Several Distances; ( ), Non certified information 
value; *, percentage 

Table 3 shows the values for Relative Bias and u-score for cylindrical samples with 
IAEA/Soil-7. The statistical tests, u-score, point out that all results are acceptable, within 95% 
confidence interval of the assigned value, for all distances sample-detector.  
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TABLE 3. RELATIVE BIAS AND U-SCORE FOR CYLINDRICAL GEOMETRIES, IAEA/SOIL-7, 
ELEMENTS WITH RECOMMENDED CONCENTRATION VALUES, MEASURED AT 
SEVERAL DISTANCES SAMPLE-DETECTOR 

El. 

IAEA/Soil-7, Cylindrical Sample 
2 cm 5cm 10cm 20cm SD 
Relative 
Bias (%) 

u-
score 

Relative 
Bias (%) 

u-
score 

Relative 
Bias (%) 

u-
score 

Relative 
Bias (%) 

u-
score 

Relative 
Bias (%) 

u-
score 

As -9.3 0.96 -4.0 0.54 -1.2 0.16 -0.6 0.08 -2.46 0.34 
Ce -14.5 1.29 -13.7 1.22 -12.5 1.11 -10.9 0.97 -13.6 1.21 
Co -11.5 1.13 -11.3 1.11 -8.8 0.86 -5.6 0.55 -11.0 1.08 
Cr +6.0 0.28 +6.1 0.29 +7.7 0.36 +9.0 0.43 +6.08 0.29 
Cs -8.8 0.61 -7.0 0.49 -3.6 0.25 -4.4 0.30 -7.41 0.52 
Eu -4.9 0.24 -1.4 0.07 -9.1 0.43 -12.8 0.58 -6.25 0.30 
Hf -11.0 1.41 -9.0 1.16 -7.4 0.94 -6.9 0.89 -10.8 1.39 
La -5.4 1.10 -4.3 0.88 -6.9 1.39 -3.0 0.62 -3.00 0.62 
Nd -14.1 0.69 -13.3 0.64 -15.0 0.72 -24.5 1.19 -21.3 1.04 
Rb -6.9 0.72 -8.6 0.90 -8.7 0.90 -5.1 0.53 -8.65 0.90 
Sb -10.4 0.84 -8.7 0.71 -9.9 0.80 -6.3 0.50 -8.71 0.71 
Sc -7.4 0.56 -5.4 0.41 -4.4 0.34 -4.0 0.31 -5.43 0.41 
Sm -16.7 2.06 -9.5 1.23 -8.4 1.09 -9.4 1.22 -8.96 1.16 
Ta -15.8 0.63 -15.6 0.62 -14.8 0.58 -16.2 0.64 -15.8 0.62 
Tb -1.7 0.05 +0.8 0.02 1.2 0.04 5.1 0.15 +0.43 0.01 
Th -11.1 0.83 -10.6 0.80 -8.4 0.63 -7.8 0.58 -10.5 0.79 
U -21.8 1.01 -14.3 0.67 -14.8 0.69 -13.5 0.63 -12.6 0.58 
Yb -20.0 1.32 -15.0 0.42 -11.8 0.79 -9.8 0.65 -15.3 1.01 
Zn +1.9 0.27 +3.8 0.51 +4.0 0.57 2.9 0.41 +2.88 0.41 

SD, Several Distances 

Figure 2 shows the values of elemental concentration normalized from each distance to 20 
cm, reference position and Figure 3, the experimental values normalized to those elements 
with certified values.  
 
Observing Figure 2, most results are within 10% of deviation, pointing out that the effect of 
distance/count rate is almost negligible, when a 5g-sample, cylindrical geometry, is measured 
at several distances from the detector. Observing the results on Figure 3, it is possible to 
verify that the results tend to be lower than the recommended values, but all are inside the 
95% confidence interval. Figure 4 shows that for punctual sample, the results tend to be the 
same. 
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FIG. 2. Normalised values of IAEA/Soil-7 (cylindrical geometry) to 20cm – reference position. 

 

 
FIG. 3. Normalized values of IAEA/Soil-7 (cylindrical geometry) to recommended data. 
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FIG. 4. Normalized values of IAEA/Soil-7 (cylindrical and punctual geometry) to recommended data. 

 
 
4.2.3. Experiment 3, archaeological sample, several geometries 
 
Using archaeological sample, the experiment was carried out with two point-samples, ~0.2 g 
(powder and one small sherd) and two cylindrical samples, ~ 5 g (powder and several small 
sherds).  
 
The objective was to verify if it would be possible to overcome a technical problem: instead 
of grinding precious small sherd analyze several small samples as a compound and 
representative sample. To check this possibility, one archaeological sample was chosen. Part 
was ground and part was broken into small sherds. Four samples were prepared to be 
analyzed: one punctual sample (powder, 0.216 g), one small piece (0.237 g), one cylinder 
(powder, 5.153 g) and one cylinder with several small pieces, 4.434 g, as a compound sample. 
 
The irradiation, gamma spectrometry and elemental concentration procedures were the same 
as described in 4.1.1. Table 4 shows the elemental concentration and Fig. 5 illustrates these 
results, normalized to point-geometry. This geometry was chosen for comparison because it is 
the usual procedure to analyze sherds. 
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TABLE 4. ELEMENTAL CONCENTRATION DETERMINED FOR ARCHAEOLOGICAL 
CERAMICS ANALYSED IN SEVERAL GEOMETRIES 

El. 

Punctual 
Geometry, 
Powder,  
(mg kg-1) 

Cylindrical 
Geometry, 
Powder 
(mg kg-1) 

Small piece,  
(mg kg-1) 

Cylindrical 
Geometry, several 
pieces 
(mg kg-1) 

As 12 ± 1 14 ± 1 13 ± 1 13 ± 1 
Ba 263 ± 13 258 ± 22 249 ± 17 293 ± 17 
Br 17 ± 2 19 ± 1 10 ± 1 14 ± 1 
Ce 145 ± 5 172 ± 6 169 ± 6 157 ± 6 
Co 7.0 ± 0.2 6.8 ± 0.3 8.2 ± 0.3 7.2 ± 0.3 
Cr 70 ± 3 71 ± 3 77 ± 3 66 ± 3 
Cs 2.4 ± 0.1 2.4 ± 0.1 2.3 ± 0.1 1.9 ± 0.1 
Eu 1.9 ± 0.1 2.2 ±   2.4 ± 0.1 1.8 ± 0.2 
Fe * 0.42 ± 0.01 0.42 ± 0.01 0.46 ± 0.01 0.38 ± 0.01 
Ga 30 ± 2 31 ± 2 32 ± 2 32 ± 1 
Hf 16 ± 1 16 ± 1 17 ± 1 14 ± 1 
K * 0.100 ± 0.004 0.125 ± 0.001 0.105 ± 0.004 0.106 ± 0.001 
La 65 ± 2 82 ± 3 77 ± 3 80 ± 3 
Na 2750 ± 103 3157 ± 114 2882 ± 107 2852 ± 103 
Nd 57 ± 2 70 ± 3 68 ± 3 63 ± 3 
Rb 50 ± 2 50 ± 3 49 ± 2 49 ± 3 
Sc 16 ± 1 15 ± 1 19 ± 1 14 ± 1 
Sm 9.8 ± 0.3 12.7 ± 0.4 11.5 ± 0.4 10.7 ± 0.4 
Ta 2.3 ± 0.1 2.8 ± 0.1 2.5 ± 0.1 2.0 ± 0.1 
Tb 1.1 ± 0.1 1.0 ± 0.1 1.2 ± 0.1 1.1 ± 0.1 
Th 21 ± 1 28 ± 1 23 ± 1 26 ± 1 
U 4.6 ± 0.2 4.7 ± 0.3 5.0 ± 0.2 4.5 ± 0.2 
Yb 3.4 ± 0.2 2.6 ± 0.1 3.1 ± 0.2 2.6 ± 0.1 
Zn 111 ± 4 119 ± 7 105 ± 4 116 ± 5 
Zr 727 ± 79 675 ± 693 ± 127 572 ± 138 

*, percentage 

 

 
FIG. 5. Ratio of elemental concentration calculated for several geometries, normalized to point-
geometry.  
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Taking into account that the Indian process was not an industrialized process and several 
ingredients were added, 20% of deviation from point-sample results can be considered a good 
result.  
 
4.2.4. Validation by MCNP code  
 
MCNP code was applied to validate the experimental results for thermal neutron fluxes in the 
irradiation channels of carrousel facility. IMP and DXTRAN, in the MCNP5 code [39] were 
used and were adequate to develop an efficient method for calculating the thermal neutron 
flux in the volume of the polyethylene vial irradiated in the carousel of the TRIGA IPR-R1 
reactor.  
 
The computational models developed in the research [40] relied on some fundamental 
resources, such as the model developed by Dalle [41] and the experimental data obtained by 
Menezes and Jaćimović [31]. It is important to emphasize that these results come from 
statistical and theoretical basis, what may cause punctual failures. Besides, it is a new 
research demand for understanding this unusual behaviour. It was found a 12% maximum 
difference between experimental and theoretical data. 
 
4.2.5. Conclusions 
 
The results obtained point out that a soil 5g-sample with a cylindrical geometry can be 
considered a point sample, once the difference of efficiencies in 2, 5 10 and 20 cm – sample-
detector distances - is negligible. 
 
The efficiency values calculated by KayWin V2.42, considering the sample a point source, 
are in good agreement with the efficiencies calculated by ANGLE V3.0, a specific software 
for efficiency calculation. The percentage of difference of efficiency calculated by both 
softwares is low for higher gamma energies and about 5% for lower energies  
(< 300 keV). The higher dispersion related to energies lower than 300 keV, is possibly due to 
the presence of absorbers with unknown matrix and dimensions, and slightly different input 
data of an HPGe detector in both softwares. 
 
The results also suggest that the interferences of the other parameters, neutron self-shielding 
during neutron irradiation and gamma ray attenuation within the sample during counting, are 
small and within the uncertainty range, once the elemental concentration results are in good 
agreement with the reference material results.  
 
4.3. BURNING TECHNOLOGY 
 
To achieve the first Complementary Objective (i), the samples were chemically analyzed by 
X-ray diffraction [42, 43] and Mössbauer techniques [42, 44 - 46]. They were applied to 
determine if the Indian burning procedure (in the open air) or the European procedure (inside 
an over) was used.  
 
4.3.1. X-ray diffraction technique 
 
All samples were analyzed by the X-ray diffraction technique that has been widely used for 
the determination of crystalline phases in ceramics [42, 43]. The objective was to identify the 
mineralogical composition changing under temperature effect while the clay is burned to be 
transformed into an artifact. Aliquots of 1.5 g of each sample were analyzed by means of a 
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computer controlled Rigaku diffractometer, model and automatic system D\MAX ULTIMA 
software Data Inc. Jade 9. The diffractograms recorded were analyzed by programs. 
 
4.3.2. Mössbauer spectroscopy 
 
Iron Mössbauer spectroscopy was applied to sherds to provide simultaneous information on 
both degree of firing and atmosphere (usually simplified as either oxidizing or reducing) 
basing on Fe(II) and Fe(III) ratio and iron phases present. Aliquots of 100 mg were analyzed 
and 57Fe Mössbauer spectra were recorded by conventional Mössbauer spectrometers [42, 
44-46]. 
 
4.3.3. Conclusions 
 
The X-ray diffractometry pointed out that the sherds had similar clay composition. As the 
analyses pointed out the presence of quartz in all samples, it could only be inferred that the 
burning temperature was lower than the deforming temperature of the quartz. On the other 
hand, the results from the Mössbauer spectroscopy showed that for the samples analyzed the 
proportion of Fe3+ (63% - 87%) was higher than Fe2+ (4% - 15%). These results pointed out 
that the burning atmosphere was an oxidant environment, i.e., open-air as a bonfire. 
 
4.4. PROVENANCE STUDIES 
 
To achieve the second Complementary Objective (ii), the samples were chemically analyzed 
by instrumental neutron activation analysis, applying the k0 standardization method, and the 
results processed by multivariate statistical methods. 
 
Based on the elemental concentration of the sherds, the first step was to verify if the elemental 
concentrations followed the normal or lognormal distribution in order to choose which 
statistical analysis would be suitable. The Kolmogorov-Smirnov test was applied and the 
results pointed out that the data followed neither normal nor lognormal distributions and, 
additionally, showed the presence of outlier values. Due to this, the R software [47] was 
applied because it is a “robust” statistic regardless of the distribution of the data and the 
presence of outliers. The analysis by Principal Component Analysis and the Analysis by 
Correlations were applied using the R software and StatDA package [47 - 49]. 
 
To apply the principal components analysis, PCA, R software, only variables with 
correlations lower than 0.6 were considered. To verify similarities or dissimilarities between 
the samples, the analyses of variance through ANOVA were performed. 
 
Concerning the sherds, the neutron activation analysis, k0-method, determined the elemental 
concentration for Al, As, Ba, Br, Ce, Cl, Co, Cr, Cs, Dy, Eu, Fe, Ga, Hf, I, K, La, Mn, Na, 
Nd, Rb, Sc, Sm, Ta, Tb, Th, Ti, U, V, Yb, Zn and Zr. These results were interpreted by 
multivariate statistical techniques [47 - 49], widely used in archaeometry. Applying the 
Principal Component Analysis and the Analysis by Correlations six principal components 
were found that explained 83% of the total data dispersion. The first component explained 
49% of the discrepancy and the more significant elements were La and V, probably related to 
the clay source. The second component explained 10%, being Rb and Ta the most significant 
elements. Rb was probably related to antiplastic like leaves, once this element is usually 
present in plants and Ta is related to soil. As the other four components explain less than 
10%, they were not considered. 
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The interpretation of ANOVA test, considering the archaeological sites and the chemical 
elements- the variables- of PC1, showed that the sites were different (p=0.009). Concerning to 
PC2, the probability that the sites were similar is 61.7%. It suggests that Rb the most 
influenced element related to temper and comes from the local vegetation. Regardless of the 
form, ANOVA test applied to sherd from Hiuton’s site pointed out that the raw material was 
from the same clay resource. On the other hand, the sherds from Bota-Fora’s site pointed out 
that the provenance of the raw material was not the same place. 
 
5. CONCLUSIONS  
 
The inferences about past behaviour depends on understanding the relationship between the 
material, economic, political or symbolic interpretation of the archaeologists and the non-
material aspects of Indian culture and society. The conclusion from this work may reflect 
aspects of social and cultural systems, in which the objects are valuable. Therefore, the 
analytical tool neutron activation analysis and archaeometry play an important role supporting 
archaeological hypothesis as well as X-ray diffractometry and Mössbauer spectroscopy. 
 
This study is the first one developed in Brazil in which the elemental concentration values 
were interpreted by statistical analysis applying R package software that promotes robust 
methods, supported by archaeological interpretations. The results pointed out that in Hiuton’s 
site the raw material was from the same clay resource. However, the earthenware from Bota-
Fora site was made with clay having different composition pointing out different 
provenances.  
 
The X-ray powder diffraction analyses were carried out to determine the mineral composition 
and Mössbauer spectroscopy was applied to provide information on both the degree of 
burning and atmosphere in order to reconstruct the Indian burning strategies temperature used 
on pottery. The results pointed out that the firing should have happened in over bonfire, the 
traditional Indian burning process, without any Portuguese influence, inside of ovens. This 
work, in turn, will contribute to understand some aspects of the social, economic and political 
dynamics of the ancient Tupiguarani tribes. 
 
The main outcome of this proposal was to establish a new methodology to analyze cylindrical 
5g-sample by neutron activation technique, k0-method, validated by ANGLE V3.0 software. 
From now on, it will be possible to reach lower detection limits, making the analysis of 
inhomogeneous samples a reality, improving the analytical services of CDTN. Besides, it will 
increase the sensitivity in the analysis, make the analysis less expensive, improve the quality 
of the results, and expand the methodology to environmental material (soil, sediment, 
airborne particulate matter) and others such as biomaterials (food, plants, yeast, human and 
animal tissues, medicines) and industrial products (alloys, plastic). The only recommendation 
is to analyze replicates in order to obtain results with lower uncertainties when archaeological 
samples are being analysed.  
 
This investigation has also confirmed that any other laboratory using NAA is able to establish 
this methodology without having to modify its facilities, since the neutron self- shielding, 
gamma attenuation and efficiency are established, thus defining the technical analysis 
condition. 
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Abstract. 
This report discusses the facilities that installed for the Large-Sample Neutron Activation Analysis 

technique at ETRR-2. The experiments performed for the validation and verifications of the LSNAA are 
discussed as well.  

 
1. INTRODUCTION  
 
Nowadays, NAA of normal-size samples (up to a few grams) is a mature technique that can 
be used in routine applications. It is known as (1) highly accurate, (2) matrix independent (3) 
multi-element (4) with low detection limits for some elements; i.e. varying between 0.0006 
and 10 mg/kg for 40 elements. Still, some challenges remain. One of them affects all currently 
available analysis techniques: the problem of representativeness of the sample when dealing 
with inhomogeneous bulk material. 
 
One way to overcome this problem is to analyze large samples. Most techniques do not allow 
for large samples (kg level) because the activating signal or the response (or both) cannot 
penetrate samples of that size, or the technique is destructive and cannot handle such large 
amounts. NAA, though, has highly penetrating neutrons as incoming signal and highly 
penetrating gamma-rays as signal to be detected. This makes NAA (in principle) a suitable 
technique for the analysis of such large samples. Large Sample-Instrumental Neutron 
Activation Analysis (LSNAA) [1] requires special facilities for activation as well as for 
detection. 
 
2. LSNAA FACILITIES 
 
2.1. IRRADIATION FACILITY 
 
The sizes of samples that can be analyzed depend on the size of the irradiation sites, ETRR-2 
has two large irradiation sites in the thermal column (Fig. 1) enable to irradiate samples up to 
several kilograms. The samples can be loaded manually and should be rotated during 
irradiation for homogeny of activation.  Silicon irradiation facility has been used with the 
rotating system. The samples should be irradiated at neutron flounce of about a factor of 104 
lower than in the facilities normally used for INAA in order to be handled after irradiation and 
to be suitable for measurements.  The flux at the proposed irradiation sites is in the order of 
1012 at full power. However, the reactor can be operated at low power for several minutes to 
achieve this criterion. The thermal flux to epithermal flux ratio is about 120. Fig. 2 gives the 
measured ne thermal flux axial across the position of irradiation. 
 
2.2. COUNTING FACILITY  
 
The counting facility (Fig. 3) consists of: 

 Gamma- ray spectrometer system: HPGe detector (100% relative efficiency and 2.1 
keV resolution) and associated electronics; 

 Sample holder; 
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 Horizontal stepper motor: to rotate the sample around its vertical axis. Vertical 
stepper motor: to move the sample table in the vertical direction;  

 Control unit: to control the motion of the motors; 
 Collimator for sample scanning can be mounted between the sample and the 

detector.  
 

 

 
 
FIG. 1. The irradiation positions in the ETRR-2 thermal column used to irradiating LSNAA samples. 

  

 
FIG. 2. The measured thermal flux axial across the position of irradiation. 
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2.3. OTHER FACILITIES 
 
Sample Containers: The container should be large to contain samples up to about 50 cm 
length and 15 cm diameter. The container material should be ultra pure polyethylene. 
Different sizes ultra pure polyethylene sample containers are located at ETRR-2. 
 
Flux Monitors: The sample should be surrounded by neutron flux monitors. At the proposed 
irradiation sides the Neutron flux is well thermalized, therefore single flux monitor is 
sufficient. Gold diluted with Aluminum (0.1%) is used as flux monitor. 
 
MCNP Code: Mote Carlo code MCNP is used to evaluate the correction factor for: (1) The 
self-shielding of the activating neutrons, and (2) The geometric factor during gamma counting 
of the bulk object. 
 
Balances: Micro and large scale balances are available for weighing the samples.  
 

 
FIG. 3. Counting facility for LSNAA at ETRR-2. 

 
3. EXPERIMENT 
 
LSNAA facility at ETRR-2 was applied to perform nondestructive elemental analysis of a 
bottle composed of ceramic material. The sample dimension and weight are measured. The 
outer dimensions of the object are 25.7 cm in height and 9.6 cm in diameter (at maximum). 
The average wall thickness is 0.7cm and its weight is 716 g. The sample and five neutron flux 
monitors (four on the external surface and one inside the bottle at the vertical mid plan) were 
irradiated for 15 min. The sample and hence the monitors were allowed to rotate around the 
vertical axis of the sample. The monitors were removed after the end of irradiation and 
counting using a well calibrated HPGe. The results were interpreted in terms of thermal 
neutron flux. 
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The induced radioactivity in the bottle was measured using the adopted counting system at 30 
cm from the detector end cap. Activation gamma-ray spectrum was measured 9 days after 
irradiation for 2 h. During measurement the bottle was rotated around its vertical axis.. The 
distance from the detector surface to the axis of rotation was 30 cm to minimize the 
coincidence effect. The k0-INAA method [2, 3] is used in the determination of the elements 
concentrations.  
 
3.1. CORRECTION FACTORS 
 
Correction factor for neutrons self-shielding and geometrical factor was measured 
experimentally. Four gold samples are attached on the sample surface and distributed along 
the sample height and one gold sample was fixed inside the object. Measuring the neutron 
fluxes from these monitors shoed that the variations of the neutron fluxes along the sample 
axis and from outside to inside of the object are less than 1%. This is because the sample 
about 0.5 meters away from the reactor core and the irradiation was carried out inside the 
thermal column. 

 
The HPGe detector detection efficiency for the large sample was calculated using the 
efficiency transfer method [4] on the basis of the full energy peak efficiency measured for a 
reference point source. This factor provides the difference in actual detector response for a 
given gamma ray energy compared to the detector response if the sample would have been a 
point-source located in a reference point without gamma attenuation and scattering. It has 
been shown that the full energy peak efficiency transfer method increases greatly the accuracy 
of the results of quantitative analysis by gamma spectrometry and avoids time consuming 
calibration sequences.  
 
The efficiency transfer factor (fγ) can be defined as: 
 

𝑓 =
𝜖

𝜖
 

 
𝜖  and 𝜖  are the predicted efficiencies for volume and reference point sources, respectively. 
MCNP code was used to predict full energy peak efficiency for the reference point source at 
30 cm distance from the detector (at the geometrical centre of the object) and for the actual 
bottle source configuration (shown in Fig. 4) in order to derive the efficiency transfer factor. 
Pulse height tally was used to predict the detector’s response in terms of energy deposited in 
the active volume of the crystal in the specified energy bin and thus estimate the absolute full 
energy peak efficiency of the detector.   
 
3.2. RESULTS 
 
The measured average measured flux: 1.3 x 1012 cm-2.s-1. Fig. 5 gives Efficiency transfer 
function for the ceramic bottle. Table 1 gives the analysis results of the ceramic bottle.  
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4. CONCLUSIONS 
 
The irradiation and counting facilities required to perform large samples neutron activation 
analysis at ETRR-2 were installed and tested. A ceramic bottle was analyzed using LSANN 
facility at ETRR-2. This demonstrates the feasibility of performing irradiation, radioactivity 
measurement and prediction of the required correction factors at ETRR-2 LSNAA facility. 
 

 
 

 
FIG. 4. The MCNP γ ray detector and bottle geometry model. 
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FIG. 5. Efficiency transfer function. 

 
TABLE 1. THE ANALYSIS RESULTS OF THE CERAMIC BOTTLE 
 

Analyte Result (mg/kg) 
Overall Estimated Standard 

Uncertainty (%) 
Ca 35300 3.1 
Sc 15.8 2.8 
Cr 28.4 2.9 
Fe 44500 2.9 
Co 13.8 2.8 
Zn 166 2.9 
As 37 3.0 
Rb 96.8 3.0 
Zr 2701 4.10 
Sb 5.75 2.8 
Cs 11.5 2.9 
Ba 694 2.9 
La 23 2.9 
Ce 55.6 2.9 
Nd 119 2.9 
Sm 5.5 2.9 
Eu 1.81 2.8 
Lu 0.913 2.8 
Th 13 2.8 
U 9 3 

 
  

f

E
ff

, %

Energy, Mev

Bottle, MCNP

Point, MCNP
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Abstract.  
A new irradiation channel for large sample neutron activation analysis has been designed, fabricated and 

successfully installed in the Ghana Research Reactor-1 facility. Monte Carlo N-Particle Code version 5 (MCNP-
5) was employed to simulate the neutron flux profile of the newly designed irradiation channel. The results show 
that the neutron flux peaks at different points, at an average thermal neutron flux of (1.1406 ± 0.0046) x 1011, 
(1.1849 ± 0.0047) x 1011 and (1.0580 ± 0.0044) x 1011 n cm-2 s-1 around the reactor vessel with the reactor 
operating at a power of 15kW. The new irradiation channel was installed at the location of the third peak because 
the location of the first two peaks happened to coincide with pneumatic transfer pipes in the pool. The radial and 
axial flux profiling of the irradiation channel using the MCNP codes was performed and it was observed that the 
thermal neutron flux decreases along the diameter of the irradiation channel away from the reactor core from 
9.77 x 109 n·cm-2·s-1 to 8.09 x 108 n·cm-2·s-1 with a flux gradient of -1.41 x 107 n·cm-2·s-1 per cm. The average 
thermal-epithermal flux ratio, f, was simulated to be 7.02. Full energy photo peak Efficiency experiments was 
performed on the N-type HPGE detector.  The efficiency of the N-type HPGe detector was expressed in an 
analytical form involving the gamma-ray energy E, and the vertical distance from the detector surface, z. A 
single expression was obtained to cover the whole energy range of 26.345-1408.0 keV. Comparison of the 
calculated efficiencies with the experimental data for the gamma-energy range of 26.345 E 1408.0 keV and 
the z range of 1.2 z  7.2 cm gave a standard deviation between 0.468%-1.49%. This shows that the theory 
agrees very well with the experiment. The thermal-epithermal neutron flux ratio, f, was experimentally measured 
to be 8.247 which is in close agreement to the flux ratio, 7.02, calculated from the simulations. The epithermal 
neutron flux shaping factor, , was measured to be 0.32998. The thermal neutron flux (th) was measured to be 
6.23 x 109 n cm-2 s-1 whilst the epithermal neutron flux (epi) was 7.56 x 108 n cm-2 s-1. A comparative experiment 
was performed by analyzing a sample using the conventional NAA and the LSNAA techniques. The 
concentration ratios (relative to K) for both techniques on the same sample material was in close agreement. The 
newly developed Large Sample Neutron Activation Analysis technique facility at the Ghana Research Reactor-1 
(GHARR-1) center, NNRI, GAEC can be used to analyze large samples of different origins. 

 

1. INTRODUCTION 
 
Miniature Neutron Source Reactor (MNSR) is used as a source of neutrons for neutron 
activation analysis at research institutions, universities and hospitals (CIAE, 1992). Ghana’s 
MNSR also known as Ghana Research Reactor-1, (GHARR-1) has been used in 
determination of major, minor and trace elements in samples of archaeological, 
environmental, geological and biological origin [1]. The GHARR-1 has two larger irradiation 
sites outside the beryllium annulus which can take a sample with a maximum diameter of 2.8 
cm. The slanting tube in the irradiation facility can also take a sample whose diameter is not 
more than 4.0 cm (approx). Sample mass can range from milligrams to few grams depending 
upon sample type. For the inner irradiation site small sample capsule of diameter 17 mm, 
length 56 mm and volume 7.00 cm3 can be irradiated. In the outer irradiation site large sample 
capsule of diameter 28 mm, length 53 mm and volume 25.00 cm3 can be irradiated [2]. The 
existing irradiation facility is limited in terms of the mass, volume and shape of the sample to 
be irradiated. Samples require homogenization and representative small samples are taken and 
wrapped into the polyethylene capsules for irradiation. The pneumatic transfer system is 
capable of transferring samples of a maximum mass of 5.0g [2].   
 
Neutron activation analysis at the Ghana Research Reactor–1 Center (GHARR-1) currently 
handles masses up to a maximum of 0.2g (200mg) for biological and 0.1g (100mg) for 
geological samples. Due to the small amount of sample needed for analysis, samples have to 
be pulverized, homogenized and sub-sampled before they are analysed. A problem arises 
when samples which cannot be pulverized, homogenized and sub-sampled; examples of such 
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samples are highly heterogeneous samples such as industrial and domestic waste, 
contaminated sediments and compost materials where elaborate sampling procedure is 
required if representative sampling of these material is required. 
 
The limitation of the size of the analytical portion (sample) becomes a problem when the 
amount of material collected for the analysis is larger, for example, soils, rocks, plant 
materials and food. Large portion of these materials (a few 8 grams to a few kg) can easily be 
collected and analyzed using the Large Sample Instrumental Neutron Activation Analysis 
(LS-INAA) technique and are more closely representative of the entity for which analytical 
data are required.  
 
The modification and installation of the larger irradiation channel outside the reactor vessel 
would promote and enhance greater utilization of neutrons produced by the reactor. This 
would greatly enhance the performance of the research institution in the area of research, 
commercialization, and capacity building.  
 
The Ghana Research Reactor-1 (GHARR-1) is an MNSR reactor and it was designed for 
small sample NAA analysis. The GHARR-1 operates at a maximum power (full power) of 30 
kW with a neutron flux of 1.0×1012 n/cm2s1, but it is normally operated at half power of 15 
kW with a neutron flux of 5.0×1011 n/(cm2s1). Samples that are analyzed using this reactor are 
limited to small sizes. The maximum tested mass of sample transferred into the reactor using 
its current pneumatic system is 5g [3]. It is also possible to transfer samples manually into the 
reactor by lowering the samples into the big irradiation sites from the top of the reactor. 
Samples of maximum mass of about 50g can be analyzed. It will therefore not be possible to 
analyze sample in the range of kg. To analyze sample of masses in the range of kg, a new 
irradiation site has to be created and located outside the reactor core since the reactor core 
configuration will not make it possible for the new irradiation channel to be located in it.   
 
In this work, a new irradiation channel has been designed and fabricated. The newly 
fabricated irradiation channel for LS-INAA has been installed in the GHARR-1 facility. The 
irradiation channel is made of aluminum with a diameter of 20 cm and 6.096 m long. With 
these specifications, samples in the range of kilograms and of any geometry can be easily 
irradiated but the mass and geometry of the samples will be limited to the dimensions of the 
irradiation site.  
 
The Monte Carlo N-Particle (MCNP) simulations has been done to determine the zone around 
the reactor vessel where the neutron flux profile peaks would be suitable to site the irradiation 
channel. The irradiation channel was sited at the point where the flux profile peak is at 
maximum level. Another MCNP simulation has been run to determine the flux profile both 
along and cross the irradiation channel when a graphite column is created around the 
irradiation channel. The MCNP model was created with increasing graphite thickness around 
the irradiation channel. This is to check the extent of influence a graphite medium around the 
irradiation channel will have on the neutron profile in the irradiation site.    
 
Characterization of the newly installed irradiation channel has been done to determine the 
thermal-epithermal flux ratio (f) and the epithermal neutron shaping factor (α). 
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2. MATERIALS AND METHODS  
 
2.1. MCNP SIMULATIONS 
 
2.1.1. MCNP Monte Carlo simulation of Neutron flux in the reactor pool 
 
Various Monte Carlo simulations were performed using MCNP5 code to determine the 
appropriate site around the reactor core for the siting of the new irradiation tube. The average 
neutron flux around the vessel was simulated by modelling void cylindrical tubes of radius 
1.95 cm and height 26.85 cm around the vessel as shown in the MCNP visual editor print out 
in Figure 1. These cylinders were 2.00 cm away from the reactor vessel. 
 
Cylindrical tubes of radii 1.95 cm, 3.90 cm, 5.85 cm, 7.80 cm, 9.75cm, and 11.70 cm were 
modeled at the point as shown in Figures 2 and 3. 
 
Cylinders of radius 1.95 cm were modeled 2.00 cm away from the reactor vessel up to a 
distance of 23.65 cm as shown in Figure 4. The F4: N tally card was used to estimate the 
neutron fluxes in cells (cylindrical tubes) modeled. A total of four hundred cycles were run 
for 125000 number of neutrons per cycle. 
 

 
FIG. 1. MCNP visual editor print out showing a horizontal cross-section of GHARR-1 with cylindrical 
tubes (irradiation sites) around the vessel. 
 

 

FIG. 2. MCNP-5 visual editor print-outs showing the position of the new irradiation site. 
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29

3

2nd Peak

Slant tube



33 

 

FIG. 3. Vertical cross section of the reactor showing the slant tube. 

 

FIG. 4. Section showing the cylindrical tubes used to determine neutron flux as distance from reactor 
vessel.  

 

FIG. 5. MCNP visual editor print out showing the cells created along the height of the irradiation 
channel. 
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2.2. ANALYSIS OF MCNP-5 RESULTS 
 
The unnormalised particle flux tallies were normalized to get the actual fluxes. To accomplish 
this, some parameters such as the neutron fission q-value, loss to fission ratio provided in the 
MCNP code output file were utilized to calculate the normalization factor as described in the 
MCNP manual and presented herein. The conversion factor below was used in the conversion 
[4].  
 

s/ 103.450908E 
88.18060205.1
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13























 wattsfission
MeV

fission

Je

MeV

watts

sJ    (1) 

 
The source strength of the reactor was calculated by the factor 3.450908E+10×P(watts), 
where P is the operating power of the reactor.  
 
For a steady state operation, the number of neutrons/fission ( ) is approximately 2.4. The 
normalization factor for the unnormalised tallies was used to calculate the average neutron 
flux as; 
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10450908.3
       (2) 

 

where   is the number of neutrons/fission. 

 

2.3. DESIGN AND FABRICATION OF NEW IRRADIATION SITE 
 
A new irradiation site for large sample neutron activation analysis has been designed and 
fabricated. Permission was granted by the Regulatory Body (Radiation Protection Board, 
Ghana Atomic Energy Commission) to proceed with the installation of the new irradiation 
site. A 15 cm diameter and 609.6 cm (20 feet) long aluminum tube was purchased.  
 
2.4. FABRICATION OF IRRADIATION CHANNEL 
 
Acquiring an aluminum tube with the needed specification was very difficult. The available 
tubes were either too large or too small for the required irradiation site, therefore an aluminum 
sheet was purchased and moulded into a tube with the needed specifications. 
 
The sides and the bottom of the moulded aluminum tube (irradiation channel) were sealed 
using aluminum electrodes and argon welding. 
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FIG. 6. Technicians working on the moulded aluminum tube. 

 

FIG. 7. The aluminum tube (irradiation channel) being worked on. 

 

FIG. 8. The finished with the neatly welded portion. 
 
The irradiation channel was neatly bended at three different points to cater for the direct 
emission of radiation out of the site during reactor operation.  
 
A one meter aluminum tube with lead at the bottom was also fabricated to serve as a cover for 
the irradiation channel. This is to shield all the radiations coming out of the tube during 
reactor operations. 
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2.5. LEAKAGE TEST 
 
A leakage test was performed on the aluminum tube by filling it with water for about 4 days 
and all the welded joints were closely observed for leakage. A final leakage test was 
performed using the neutron probe by the Non-Destructive Testing (NDT) team of the 
Nuclear Application Center, National Nuclear Research Institute (NNRI). 
 

 

FIG. 9. The irradiation channel being lowered into the reactor pool. 

2.6. INSTALLATION 
 
The installation team comprises of nuclear engineers, nuclear physicists, technologists and 
technicians. After inspections by personnel from the regulatory body (Radiation Protection 
Board, Ghana Atomic Energy Commission), the team was given the permission to begin 
installation. The irradiation channel was successfully installed in the Ghana Research Reactor 
-1 Facility. The channel was installed at a position where the thermal neutron flux is 
maximum [5]. 
 
2.7. IRRADIATION SITES CHARACTERIZATION  
 
The flux in the newly fabricated irradiation site was characterized using flux monitors. Gold 
and Zirconium monitors was used. The "triple bare monitor" method was used in the 
calculation of the epithermal neutron flux shape factor, α, [6 – 12].  
 
The "bare bi-isotopic using Zr" method was also used to determine the thermal to epithermal 
neutron flux ration, f, [6 - 9, 13]. Subsequently the thermal neutron flux was calculated using 
equation below[7, 14-24].  
 

    AupAu

Ausp
th Qf

Af

,,0

, 47.3







          (3) 
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2.8. SAMPLE IRRADIATION, COUNTING AND ANALYSIS  
 
The thermal to epithermal neutron flux ratio (f) and epithermal neutron flux shape factor (α) 
used in k0-NAA were determined using special Au/Zr technique. High purity (97.2%) Zr wire, 
diameter 0.5mm and reference material Al–0.1% Au alloy wire (IRMM-527a) diameter 1 
mm, length 10 mm were taken into the polyethylene vials. Some of the Al-0.1%Au was 
wrapped with cadmium (1mm thickness), both bare and cadmium-wrapped (1mm thickness) 
irradiations were carried out at the Large Sample irradiation site. 
 
The samples were lowered manually into the newly designed and fabricated large sample 
INAA irradiation site. The samples were irradiated for 4hours after which the Zr monitor was 
counted immediately to determine the 97Zr isotope (96Zr (n,γ) 97Zr) which has a half-life of 
16.74 hours. The 197Au monitor was counted after some few hours to determine the 198Au 
isotope and the Zr monitor was counted again after some few days to determine the 95Zr 
isotope which is formed by the reaction 94Zr(n,γ)95Zr which has a half-life of 64.02 days.   
 
After appropriate cooling, the monitors were counted for gamma activity as shown in Figure 
10 using an N-type high purity germanium (HPGe) detector Model GR 2518 (Canberra 
Industries Inc.) with a resolution of 1.8 keV (FWHM) for 60Co gamma-ray energies of 1332 
keV. The detector operated at a bias voltage of (-ve) 3000 V with relative efficiency of 25% 
to NaI detector. A Microsoft window based software MAESTRO (Maestro for windows 
model A 65-B 32, Version 6.05, Advanced Measurement Technology, Inc.) was used for the 
spectrum analysis. Since the half-lives of radionuclides of 198Au and 97Zr/97mNb are short 
(2.695 day and 16.74 hours, respectively), both monitors were counted for about 10 minutes 
after one day and some few minutes decay time respectively. The irradiated zirconium was 
counted after a week of decay time for measurement of 95Zr for 10 hours counting time. 
Below is the schematic diagram of the detector system used in the measurement. 
 

 
FIG. 10. Schematic diagram of the detector system. 

 
2.9. SAMPLE ANALYSIS 
 
2.9.1. Sample Preparation 
 
Two biological samples, Bridelia ferruginea and Nauclear latifolia were analysed using small 
sample Neutron Activation Analysis (NAA) and Large Sample Neutron Activation Analysis 
(LS-NAA). Both biological samples are medicinal plants. For the normal NAA, 200mg of 
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each samples including two standard reference material (NIST SRM 1573a and NIST SRM 
1547) was weighed, wrapped and sealed in separate irradiation capsules the samples were 
labelled “Sample A” (Bridelia ferruginea) and “Sample B” (Nauclear latifolia).  
 
For the large samples, the same biological samples were weighed into an irradiation capsule. 
The irradiation capsule (Figure 11) has a height of 5.3 cm and a diameter of 2.7cm.  
 

 

FIG. 11. Irradiation capsule used for used for the Large Sample NAA. 

 

 

FIG. 12. Samples prepared for irradiation. 

 
The Two samples labelled “Sample A-LS” (Bridelia ferruginea) and “Sample B-LS” 
(Nauclear latifolia) weighs 9.0g and 8.0g respectively. A high purity (97.2%) Zr wire, 
diameter 0.5mm and reference material Al–0.1% Au alloy wire (IRMM-527a) diameter 1 
mm, were weighed into the polyethylene vials. The monitors are to be used to characterize the 
irradiation position of the sample in the newly fabricated irradiation channel for the LS-NAA. 
The samples were placed in a fabricated irradiation container before irradiated. The irradiation 
container was fabricated from a plastic cylindrical gallon. The irradiation container is 16 cm 
in diameter and about 20 cm in height. The irradiation container was stuffed with cotton at the 
base to keep the sample in a fixed position during irradiation. The flux monitors were also 
irradiated at the same fixed position in the irradiation container under the same condition. 
Figure 13 shows the irradiation container with cotton stuffed at the base. 
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FIG. 13. Irradiation container (with cotton at the base) used to lower sample to the irradiation site of 
the newly fabricated irradiation channel during irradiation. 
 
2.9.2. Irradiation 
 
The samples were irradiated using the Ghana Research Reactor-1 (GHARR-1) facility, 
operating at half power of 15.0 kW and at a thermal neutron flux of 5.0 x 1011 cm-2s-1. The 
samples prepared for normal NAA was sent into the reactor via the pneumatic system of the 
GHARR-1 facility from the rabbit room. The samples were irradiated for both short lived 
radionuclides and medium lived radionuclides. For short lived radionuclides, the samples 
were irradiated for 120 seconds and counted immediately whilst for medium lived 
radionuclides, the samples were irradiated for 1 hour (3600 s) and counted after 24 hours to 
allow all the short lived radionuclides to decay.  
 
The large samples were irradiated in the Large Sample Neutron Activation Analysis channel 
facility at the GHARR-1 center. The samples were lowered manually into the newly designed 
and fabricated Large Sample INAA irradiation site and were irradiated for 4 hours. After 
irradiation, the samples were kept in a lead shield to cool. The cover of the newly fabricated 
irradiation channel was lifted with an electric wench system. 
 

 

FIG. 14. The cover of the newly fabricated irradiation channel being removed with an electric wench, 
for samples to be lowered manually into the irradiation site for LS-NAA. 
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The monitors were also irradiated for 4hours at the same position after which the Zr monitor 
was counted immediately to determine the 97Zr isotope (96Zr (n,) 97Zr) which has a half-
life of 16.74hours. The 197Au monitor was counted after some few hours to determine the 
198Au isotope and the Zr monitor was counted again after some few days to determine the 
95Zr isotope (94Zr (n,) 95Zr) which has a half-life of 64.02 days.  
 
2.9.3. Counting  
 
After appropriate cooling, the monitors were counted for gamma activity using an N-type 
High Purity Germanium (HPGe) detector Model GR 2518 (Canberra Industries Inc.) with a 
resolution of 1.8 keV (FWHM) for 60Co gamma-ray energies of 1332 keV. The detector 
operated at a bias voltage of (-ve) 3000 V with relative efficiency of 25% relative to NaI 
detector. A Microsoft window based software MAESTRO (Maestro for windows model A 
65-B 32, Version 6.05, Advanced Measurement Technology, Inc.) was used for the spectrum 
analysis. Since the half-lives of radionuclides of 198Au and 97Zr/97mNb are short (2.695 day 
and 16.74 hours, respectively), both monitors were counted for about 10 minutes after one 
day and some few minutes decay time respectively. The irradiated zirconium was counted 
after a week of decay time for measurement of 95Zr for 2 hours counting time. 
 
2.9.4. Photo-Peak Efficiency and Volumetric Efficiency Calculations 
 
In this work, an analytical expression for the so-called full energy peak efficiency, (E) of an 
HPGe detector for a coaxial cylindrical source is derived. The (E) is defined as the quotient 
of the number of detected photons in a peak Ndet, and the total number of emitted photons in 
the same peak Nemit, both per unit time interval [25,26]. 
 
2.9.5. Experimental 
 
The gamma spectrometer EG&G ORTEC System consists of a n-type HPGe detector (Model 
GMX40P4, detector diameter 63 mm, relative efficiency at 1.33 MeV, 60Co is 41.1%) with 
0.50 mm Beryllium window thickness. The transistor reset preamplifier was placed inside the 
detector capsule and the crystal was cooled by liquid nitrogen from the vertical dipstick 
cryostat. The integrated signal processor consists of a pulse height analysis system to 
transform pulses at any energy, which were collected and stored by a computer-based MCA 
(DSPEC jr 2.0TM) into number for all 16,384 memory channels corresponding to energy range 
when high voltage supply was fixed at -4800 volts. 
 
Maestro-32 v 6, Gamma-Ray Spectroscopy Software, a graphical user interface that was ideal 
for manipulation and analysis of spectra with a personal computer was used. 
 
The three reference sources for the experimental calibration used were, Am-241, Ba-133 and 
Eu-152, with certificates issued by Czech Metrological Institute, Inspectorate for Ionizing 
Radiation, with their specification shown in Table 1. 
 
By adopting the variable sample-detector geometry approach, several experimental 
measurements were made using the fixed sample-detector approach, an efficiency calibration 
of the HPGe gamma spectrometry was done using 3 different radionuclides which cover the 
full energy ranges and fall under six different geometries by fixing the source-to-detector 
distances to be 1.2, 2.2, 3.5, 4.7, 6.0 and 7.2 cm. 
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TABLE 1. SPECIFICATION OF AM-241, BA-133 AND EU-152 REFERENCE SOURCES 

Radionuclide 
Gamma Energy 

(keV) X-axis 
Emission Rate 
(gamma/sec) 

Uncertainty of 
photon flux 

Yield of photons 
in % 

Uncertainty 
of yield 

Am 26.345 4850 69 2.4 0.03 
Ba 53.17 6101 111 2.20 0.03 
Ba 80.99 94837 1996 34.20 0.63 
Eu 121.78 173183 1799 28.40 0.08 
Eu 244.7 45979 934 7.54 0.13 
Eu 344.28 161719 1630 26.52 0.03 
Ba 355.95 172536 1843 62.22 0.23 
Eu 778.9 78908 888 12.94 0.07 
Eu 964.01 89031 902 14.60 0.02 
Eu 1086.5 61529 1020 10.09 0.13 
Eu 1112.06 82689 921 13.56 0.07 
Eu 1408 126838 1279 20.80 0.03 

 
The measured efficiencies, as a function of E, are plotted on the same graph and a family of 
curves is obtained, each curve representing a different z distance. Using these analytical 
functions the efficiency, in terms of E, was then obtained for each z distance. Using these 
analytical functions the efficiency values may be obtained for any of the z positions and at any 
energy E, within the energy range. Some of the neutron activation analysis and the gamma-
ray spectroscopy software packages adopt this approach. 
 
The volume efficiency is calculated assuming a geometry of a cylindrical source obtained by 
integrating the disk source from d to d+h as shown in Aguiar et al., 2006. Subsequently after 
determining the photopeak efficiency p, the volume efficiency was calculated using Equation 
    Gpt fEE     [27].  

 
2.9.6. Gamma-Ray Self-Absorption  
 
A transmission experiment was performed to determine the attenuation coefficient of the 
sample for the correction of the gamma-ray self-attenuation occurring during counting of 
samples after irradiation. A multi-gamma-ray emitting source, Europium (152Eu), with 
gamma-ray energies of 344.3 keV, 778.9 keV, 867.4 keV, 963.4 keV, 1088.4 keV, 1112.1 
keV and 1408 KeV was used. The point source was placed in a pinhole lead shield and the 
sample was placed between the pinhole and the detector. The schematic diagram is as shown 
in Fig 15 below 
 
The sample was placed between the detector and the transmission source (152Eu). The beam of 
photons from the transmission source was collimated through a pinhole in a lead shield to 
create a nearly pencil beam geometry and allowed to pass through the sample to the detector. 
Figure 15, shows an experimental setup of the transmission performed to determine the 
attenuation coefficient (µ) of the sample. 
 
The transmitted gamma-ray energies were counted for 600 seconds. Several measurements 
were done and the average taken, using different thicknesses of samples.  This was used for 
the calculation of the effective linear gamma-ray attenuation coefficient (µ) of the sample by 
using the relation: 
 

xeII  0            (4) 
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Therefore 

x

I
I 







 0
ln

           (5) 

Where I, I0, μ, and x are the final intensity (after attenuation), initial intensity (without 
attenuation), gamma-ray attenuation coefficient, and sample thickness respectively. 
 
The linear attenuation coefficient was further divided by the density of the sample to get the 
mass attenuation coefficient (µ/ρ) of the sample. 
 
A graph of mass attenuation coefficient against energy was plotted. From the equation of the 
curve obtained from the graph, the mass attenuation coefficients for all the energies of the 
elements of interest were calculated.  
 
The correction factor for gamma-ray attenuation in the sample at a given gamma-ray energy 
at a fixed geometry for the case of a cylinder, coaxially positioned with the detector, was then 
calculated using the relation in Equation [27]: 
 

 
 dhRI

dhRI
fatt ,,

,,,
 .        (6) 

 
The calculation of the self-attenuation factor fatt in a gamma-ray source is based on the 
assumption that the activity is distributed uniformly throughout the source, and that its density 
 is constant. 
 

 
FIG. 15. A setup for the transmission experiment performed to determine the attenuation coefficient 
(µ) of the sample. 
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3. RESULTS 
 
3.1. MCNP SIMULATION 
 
A large-volume facility near the core of a nuclear reactor created a void in the reactor’s 
reflector. The pool water around the reactor core also serves as a reflector and the presence of 
the large sample irradiation channel near the core of the nuclear reactor create a void in the 
reactor's reflector, whereas loading and unloading may cause unwanted fluctuations in the 
core's reactivity.  On the contrary, there was no significant change in the final keff of 1.00394 
after the simulations. 
 
3.2. NEUTRON FLUX PROFILE AROUND THE REACTOR VESSEL  
 
The average neutron flux around the reactor vessel was determined by using the volume flux 
tally F4:N in simulating the flux in cylinders created around the vessel as shown in Figure 1. 
The neutron source (reactor core) was considered isotropic and since the materials in the 
reactor vessel including the core is heterogeneous, the neutron flux along different directions 
will not be uniform as a result of variations in materials composition and density.  
 
The results show that the neutron flux have peaks highest at two different points around the 
vessel (close to the core), at an average thermal neutron flux of (1.1406 ± 0.0046) x 1011 and 
(1.1849 ± 0.0047) x 1011 ncm-2s-1 around the vessel as shown in Figure 16 at a reactor power 
of 15kW. Similarly, the average epithermal and fast neutron flux peak at the same area. The 
next highest thermal neutron flux of (1.0580 ± 0.0044) x 1011 ncm-2s-1 occurred at the slant 
tube area. The two highest flux peaks happened to coincide with pneumatic transfer pipes in 
the pool. Therefore, the appropriate position to place the new irradiation channel would be the 
slant tube area in order not to effect any major physical or mechanical changes to the present 
set up of the reactor. 
 

 
FIG. 16. Neutron fluxes profile distribution around the reactor vessel. 
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3.3. NEUTRON FLUX PROFILE WITH VARIATION IN THE DIAMETER OF THE 
IRRADIATION CHANNEL 
 
The diameter of the existing outer irradiation channel is 3.4 cm and that of the inner 
irradiation channel is 2.2 cm. Therefore, in determining the appropriate diameter for large 
sample irradiation channel there was the need to start from a diameter above 3.4 cm. As a 
result, cylindrical tubes of diameters 3.90 cm, 7.80 cm, 11.70 cm, 15.60 cm, 19.50 cm, and 
23.40 cm. were simulated separately. The results show that as the diameter of the tube (which 
will serve as the irradiation site) changes, the average thermal neutron fluxes decreased 
exponentially. The decrease in thermal neutron flux was from (1.1849 ± 0.0047) x 1011 n cm-2 
s-1 to (3.3241 ± 0.0100) x 1010 n cm-2 s-1 as diameter increase from 3.90 cm to 23.40 cm as 
shown in Figure 17.  
 
The neutron flux profile away from the reactor vessel was simulated. This was done by 
modelling cylindrical tubes of radius 1.950 cm along the diameter of the channel as shown in 
Figure 4. There was exponential decrease in the neutron fluxes as the distance away from the 
vessel increases as shown in Figure 18. It is observed from Figure 17 that up to a diameter of 
15.0 cm the drop in the thermal neutron flux is almost linear, but beyond this the decrease is 
exponential. The thermal neutron flux gradient of 7.0 x 109 n cm-2 s-1 per cm was calculated in 
the irradiation channel of diameter 15.0 cm. The thermal neutron flux gradient in the water 
reflector of a light-water-moderated reactor is quite steep due to the neutron diffusion length 
(2.84 cm) in water [28]. Such a strong gradient would also create an unwanted strong flux 
variation over the large test portion to be activated. This may be corrected for by rotating the 
sample during counting [29], by mixing the sample after irradiation,[30] or by the use of in 
situ relative efficiency method [31]. Mixing, however, eliminates information about 
inhomogeneities. The problem of heterogeneity may also be addressed by dividing the large 
test portion into many smaller fractions, to be processed individually followed later on by 
combining of the results. 
 
The type of Neutron Activation Analysis (NAA) technique depends on the type and strength 
of the neutron source and characteristics of the energy. Neutron fluxes range of 2.10 x 1010 - 
2.10 x 109 n cm-2 s-1 is sufficient to irradiate sample of mass 100g - 1kg to provide adequate 
induced radioactivity during irradiation time [28, 31, 32]. Since the average thermal flux at 
the simulated irradiation site is within the range above, large sample irradiation is feasible. 
The epithermal and fast fluxes in orders 1010–109 were high enough and can further be 
thermalized by creating thermal column around the irradiation channel. According to R.M.W. 
Overwater, one of the demands of irradiation facility for large sample irradiation was that the 
neutron spectrum has to be well-thermalized, so that self-thermalization in the sample can be 
neglected [33]. Large hydrogen mass fractions may result in neutron spectrum changes over 
the test portion volume due to self-thermalization. This phenomenon is difficult to correct for 
mathematically, and may be an additional reason to consider an irradiation facility with well-
thermalized neutron spectrum, for instance, to be realized in a thermal column (TC). 
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FIG. 17. Neutron flux distribution in the redesigned slant tube with varying diameter. 

 

 

FIG. 18. Neutron flux distribution away from the vessel. 
 
3.4. RADIAL AND AXIAL NEUTRON FLUX PROFILE IN THE IRRADIATION 
CHANNEL  
 
The neutron flux profile across the diameter of the proposed irradiation channel and away 
from the reactor vessel was simulated. This was done by modelling cylindrical tubes of radius 
2.96 cm along the diameter of the channel as shown in Figure 4. There was exponential 
decrease in the neutron fluxes as the distance away from the vessel increased along the 
diameter of the irradiation channel as shown in Figure 19. The thermal neutron flux gradient 
of -1.41x 107 n·cm-2·s-1 per cm was calculated in the irradiation channel.  
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FIG. 19. A graph showing the neutron flux distribution along the diameter of the irradiation channel 
away from the reactor vessel. 

 

FIG. 20. A graph showing the neutron flux profile along the height of the irradiation channel. 
 

The axial neutron flux profile along the height of the irradiation channel was also simulated 
by creating cells of 2.3 cm in height along the channel as shown in Figure 5. The thermal 
neutron flux peaks along the centre of the core as shown in Figure 20. There was no 
significant change in the axial neutron flux profile as indicated in the Safety Analysis Report 
(SAR) [34]. The axial flux profile shows the optimum sample position to obtain the optimal 
thermal neutron flux if needed. The core excess reactivity of 3.90 mk recorded in this 
simulation is in agreement with the experimental core excess reactivity of 4.00 mk [34, 35]. 
 
The thermal-epithermal neutron flux ratios, f, were calculated from the simulation results. 
Flux ratio, f, along the diameter of the irradiation channel away from the reactor vessel was 
observed to be increasing from 5.53 to 7.93 as shown in figure 21. From the axial profiling of 
the flux ratio in the irradiation channel, the flux ratio recorded a maximum, 7.21 at a height of 
3.35 cm and a minimum, 5.81, at a height of 17.15 cm. From the graph, Figure 22, the flux 
ratio ranges from 5.81 to 6.19 after a height of 10.25 cm. 
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FIG. 21. A graph showing the Thermal-Epithermal neutron flux ratio, f, distribution along the 
diameter of the irradiation channel away from the reactor vessel.  

 

FIG. 22. A graph showing the Thermal-Epithermal neutron flux ratio, f, profile along the height of the 
irradiation channel. 
 
3.5. PHOTO PEAK EFFICIENCY/VOLUME EFFICIENCY 
 
The full energy peak efficiency () of a high purity germanium (HPGE) detector was 
expressed in the form of a polynomial with respect to the gamma-ray energy (E) as [36]: 
 

    



n

i
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i Ea

0

lnln            (6) 

 
where ai are the coefficients of the polynomial and are different for different source-to-
detector distance, z. Logarithm of the full energy peak efficiency was plotted against 
logarithm of the gamma-ray energy to relate the detection efficiency of the HPGe detector 
system as a function of energy for different z distance. The plotted data was split into a low 
energy (25-121 keV) region and high energy (121-1240 keV) region, which was fitted by a 
2rd order polynomial and 3rd order polynomial function resulting to Equations (7) and (8), 
respectively. 

0
1
2
3
4
5
6
7
8
9

-8 -6 -4 -2 0 2 4 6 8T
he

rm
al

-E
pi

th
er

m
al

 n
eu

tr
on

 
fl

ux
 r

at
io

, f

Distance positions from the center of the irradiation channel 
(cm)

f

5

5.5

6

6.5

7

7.5

0 5 10 15 20 25 30T
he

rm
al

-E
pi

th
er

m
al

 n
eu

tr
on

 f
lu

x 
ra

ti
o,

 f

Height (cm)

f



48 

 

 i
i

i Ea lnln
2

0



     E≤121 keV     (7) 

 i
i

i Ea lnln
3
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     E>121 keV     (8) 

 
To obtain the coefficient ai(z), the experimentally measured efficiencies for the different z-
position were fitted with a theoretical function, equations (7) and (8)  as shown in Figures 23 
and 24 respectively. The ai(z) values obtained from the fit for the different z positions are 
shown in Table 2.  
 
The coefficients, ai, was also expressed in a polynomial form involving, the sample-to-
detector distance, z, in the form; 
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          (9) 

 
To obtain the coefficients, aij (Eq. (9)), graphs of the energy coefficients, ai, versus z, were 
plotted for the two separate portions, E 121 keV and E > 121 keV as shown in figures 25 and 
26 respectively.  
 

 

FIG. 23. A graph of efficiency (ln) versus energy (lnE) for different sample-to-detector hights (z) for 
energies E 120 keV. 
 
The equation of the lines in the graph above, Figure 23, for the various z values are shown 
below. 
 
z = 1.2    y = -0.5627x2 + 5.1023x - 14.114  R² = 1 
z = 2.2   y = -0.5558x2 + 5.0332x - 14.256   R² = 1 
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z = 3.5   y = -0.6138x2 + 5.5839x - 15.923  R² = 1 
z = 4.7   y = -0.6787x2 + 6.1919x - 17.663  R² = 1 
z = 6.0   y = -0.6453x2 + 5.8813x - 17.229  R² = 1 
z = 7.2   y = -0.5909x2 + 5.3826x - 16.339  R² = 1 
 

 

FIG. 24. A graph of efficiency (ln) versus energy (lnE) for different sample-to-detector heights (z) for 
energies E > 120 keV. 
 
The equation of the lines in the graph above, Figure 24, for the various z values are shown 
below. 
 
z = 1.2    y = 0.3929x3 - 7.7315x2 + 49.531x - 107.13,  R²= 0.9991 
z = 2.2    y = 0.2585x3 - 5.0736x2 + 32.128x - 69.724,  R²= 0.9998 
z = 3.5   y = 0.1692x3 - 3.2982x2 + 20.455x - 44.674, R²= 0.9999 
z = 4.7   y = 0.137x3 - 2.6497x2 + 16.147x - 35.524 R² = 1 
z = 6.0   y = 0.1095x3 - 2.0989x2 + 12.509x - 27.867 R²= 0.9998 
z = 7.2   y = 0.0951x3 - 1.8209x2 + 10.732x - 24.358 R²= 0.9997 
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FIG. 25. A graph of Polynomial coefficient, ai, versus Sample-to-detector distance, z, for energies E  
121 keV. 

 
The equation of the lines in the graph above, Figure 25, for the various polynomial coefficient 
values are shown below. 
 
a0(z), y = -0.0294x4 + 0.5725x3 - 3.6324x2 + 7.8632x - 19.276 R²= 0.9913  
a1(z) y = 0.0123x4 - 0.2401x3 + 1.5316x2 - 3.4537x + 7.4424  R²= 0.9833  
a2(z) y = -0.0013x4 + 0.0252x3 - 0.1611x2 + 0.3632x - 0.8088 R²= 0.9826 
 

 

FIG. 26. A graph of Polynomial coefficient, ai, versus Sample-to-detector distance, z, for energies E > 
121 keV. 
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The equation of the lines in the graph above, Figure 26, for the various polynomial coefficient 
values are shown below. 
 
a0(z)  y = -0.1128x4 + 2.5524x3 - 22.237x2 + 93.047x - 191.03 R²= 0.9998 
a1(z)  y = 0.0521x4 - 1.182x3 + 10.311x2 - 43.211x + 88.509 R²= 0.9998 
a2(z)  y = -0.0079x4 + 0.181x3 - 1.5808x2 + 6.6157x - 13.696 R²= 0.9998 
a3(z)  y = 0.0004x4 - 0.0092x3 + 0.0803x2 - 0.3355x + 0.6952 R²= 0.9998 
 
The results of the fit showed that for the two portions a fourth order polynomial function in 
terms of z could fit the data; i.e.: 
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The values of the coefficients, aij are shown in Table 3. From the theoretical fit to the 
experimental data, the following expressions were obtained for the energy range of 
26.345≤E≤1408 keV and for a source-to-detector distance of the range of 1.2≤z≤7.2 cm: 
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Combining Equations (11) and (12), a general analytical function was obtained for calculating 
the full energy peak efficiency value of the detector as a function of both E and z. Tables 4 - 6 
show the experimental efficiencies and the corresponding values obtained using the analytical 
functions represented by Equations (11) and (12). The dash lines in Figure 27 are the 
calculated curves to the experimental data for different z values. 
 

  

FIG. 27. Comparison of the experimental and calculated efficiencies of the N-type HPGe (beryllium 
window) detector. 
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TABLE 2. COEFFICIENTS FOR THE ENERGY POLYNOMIAL, AI(Z) FOR THE DIFFERENT Z 
POSITIONS 

Sample to 
detector 

distance (z), 
cm 

Coefficients of energy polynomial ai(z) 
Gamma-ray energy, 

E≤121 keV 
Gamma-ray energy 

E>121 keV 
a0(z) a1(z) a2(z) a0(z) a1(z) a2(z) a3(z) 

1.2 - 14.114 5.1023 -0.5627 - 107.13 49.531 - 7.7315 0.3929 

2.2 - 14.256 5.0332 -0.5558 - 69.724 32.128 - 5.0736 0.2585 

3.5 - 15.923 5.5839 -0.6138 - 44.674 20.455 - 3.2982 0.1692 

4.7 - 17.663 6.1919 -0.6787 - 35.524 16.147 - 2.6497 0.137 

6.0 - 17.229 5.8813 -0.6453 - 27.867 12.509 - 2.0989 0.1095 

7.2 - 16.339 5.3826 -0.5909 - 24.358 10.732 - 1.8209 0.0951 

 
TABLE 3. COEFFICIENTS OF THE Z POLYNOMIAL, AIJ, CORRESPONDING TO EACH OF 
THE ENERGY COEFFICIENTS AI(Z) 
Coefficients of 
energy polynomial 
ai(z) 

Coefficients of the z polynomial aij 

 ai0 ai1 ai2 ai3 ai4 

Gamma-ray energy, E≤121 
a0(z) - 19.276 7.8632 - 3.6324 0.5725 -0.0294 
a1(z) 7.4424 - 3.4537 1.5316 - 0.2401 0.0123 
a2(z) - 0.8088 0.3632 - 0.1611 0.0252 -0.0013 
Gamma-ray energy, E>121 
a0(z) - 191.03 93.047 - 22.237 2.5524 -0.1128 
a1(z) 88.509 - 43.211 10.311 - 1.182 0.0521 
a2(z) - 13.696 6.6157 - 1.5808 0.181 -0.0079 
a3(z) 0.6952 - 0.3355 0.0803 - 0.0092 0.0004 
 
TABLE 4. COMPARISON OF THE EXPERIMENTAL AND THE CALCULATED EFFICIENCIES 

Gamma-ray  
Energy 
(E), keV 

Detector efficiency () x 102 

Experimental Calculated Deviation Experimental Calculated Deviation 

Z=1.2 Z=2.2 

26.345 0.03191 0.03192 -0.02% 0.02378 0.02378 -0.03% 

80.99 0.07739 0.07741 -0.03% 0.05663 0.05664 -0.02% 

121.78 0.07513 0.07515 -0.03% 0.05485 0.05486 -0.02% 

244.7 0.04023 0.04001 0.56% 0.03082 0.03055 0.88% 

344.28 0.03656 0.03686 -0.82% 0.02613 0.02603 0.38% 

778.9 0.01673 0.01624 2.97% 0.01224 0.01193 2.51% 

964.01 0.01244 0.01276 -2.64% 0.00956 0.00959 -0.30% 

1112.06 0.01098 0.01105 -0.63% 0.00849 0.00838 1.23% 

1408 0.00924 0.00917 0.78% 0.00707 0.00695 1.66% 

Standard Deviation () 1.49% 
  

0.95% 
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TABLE 5. COMPARISON OF THE EXPERIMENTAL AND THE CALCULATED EFFICIENCIES 

 
TABLE 6. COMPARISON OF THE EXPERIMENTAL AND THE CALCULATED EFFICIENCIES 

Gamma-ray 
Energy 

(E), keV 

Detector efficiency () x 102 

Experimental Calculated Deviation Experimental Calculated Deviation 

Z=6.0 Z=7.2 

26.345 0.00748 0.007483 -0.03% 0.006384 0.006381 0.04% 

80.99 0.02137 0.021377 -0.03% 0.016644 0.016632 0.08% 

121.78 0.020911 0.020917 -0.03% 0.0163 0.016285 0.09% 

244.7 0.012917 0.013021 -0.81% 0.01021 0.010133 0.75% 

344.28 0.010124 0.010153 -0.28% 0.00796 0.007864 1.20% 

778.9 0.004852 0.004962 -2.26% 0.003916 0.003869 1.21% 

964.01 0.00408 0.004136 -1.37% 0.003242 0.00323 0.38% 

1112.06 0.003691 0.003689 0.05% 0.002975 0.002881 3.18% 

1408 0.003045 0.003113 -2.23% 0.002456 0.002426 1.24% 

Standard Deviation () 0.95% 
  

0.99% 
 
From Tables 4 - 6, it can be deduce that the experimental values for the range of E and the z 
covered are in good agreement with the calculated efficiency values. The largest percentage 
of deviation was 2.97% for z=1.2, whilst 2.51%, 1.43%, 1.372%, 2.26% and 3.18% were the 
largest percentage deviation for z=2.2, z=3.5, z=4.7, z=6.0 and z=7.2 respectively. The 
standard deviations also ranged from 0.468% to 1.45% for z=4.7 to z=1.2 respectively 
showing good agreement between experimental and calculated values. 
 
The full energy photo peak efficiency obtained is then used in calculating the volume 
efficiency. The volume efficiency was calculated subsequently using the relation in Equation 
from Aguiar et al., 2006, for cylindrical samples with different masses and different 
geometries. 

Gamma-ray 
Energy 

(E), keV 

Detector efficiency () x 102 
Experimental Calculated Deviation Experimental Calculated Deviation 

Z=3.5 Z=4.7 

26.345 0.014624 0.014626 -0.01% 0.009366 0.009367 -0.012% 
80.99 0.039242 0.03924 0.01% 0.028451 0.028452 -0.004% 
121.78 0.038282 0.038277 0.02% 0.02788 0.02788 -0.001% 
244.7 0.022483 0.022564 -0.36% 0.016944 0.016983 -0.226% 
344.28 0.018161 0.018237 -0.42% 0.013376 0.013446 -0.524% 
778.9 0.008605 0.008633 -0.32% 0.006462 0.006466 -0.066% 
964.01 0.006969 0.007069 -1.43% 0.005273 0.005346 -1.372% 
1112.06 0.00624 0.006239 0.02% 0.004716 0.004745 -0.631% 

1408 0.00516 0.005204 -0.85% 0.003955 0.003984 -0.757% 

Standard Deviation () 0.49% 
  

0.468% 
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FIG. 28. Shows the graph of volume efficiency for sample masses up to 50 kg. 

 
From figure 28, it was deduced that the efficiency of the samples increases with increasing 
mass and geometry. The volume efficiency of any cylindrical sample can be calculated with a 
known full energy photo-peak efficiency of a point source. 
 
3.6. CHARACTERIZATION OF LSNAA IRRADIATION SITE 
 
The irradiation site was characterized to determine the epithermal shaping factor, , the 
thermal-epithermal flux ratio, and the thermal flux in the irradiation site. The results are 
shown in the table below. The flux ratio, f, the epithermal neutron shaping factor, , the 
thermal neutron flux, th, and the epithermal neutron flux, epi were calculated from 
experimental values.  
 
TABLE 7. DETERMINATION OF NEUTRON PARAMETERS USING AU-ZR MONITOR SET 

 
f  th (109 n cm-2 s-1) epi (108 n cm-2 s-1) 

LS-INAA 
channel 

8.247011 0.32998 6.23 7.56 

 

3.7. COMPARATIVE ANALYSIS OF SAMPLES FOR NAA AND LSNAA 
 
Standard reference Material 1573a (Tomato leaves) was used as the standard material to 
calculate for the concentrations of elements in the sample using the relative method of the 
NAA. The Standard was also used, in a way of validation, to analyse another standard 
(Standard Reference Material 1547, Peach Leaves) and the results were compared with the 
certificate of the standard. Table 8 below shows the results of the validation. 
 
The concentrations of elements were measured in Sample A and Sample B using the small 
sample NAA relative method using SRM 1573 (Tomato leaves). The ratio of their 
concentration relative to Potassium, K, was calculated and reported in Table 9 and Table 10 
for sample A and sample B respectively. 
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TABLE 8. VALIDATION OF STANDARD REFERENCE MATERIAL 1547 (PEACH LEAVES) 
USING STANDARD REFERENCE MATERIAL 1573A (TOMATO LEAVES) 

Peach Leave (SRM 1547) validated using Tomato Leaves (SRM 1573a) 

 
Measured (mg/kg) Certificate (mg/kg) 

Mn 94.07 ± 1.48 98.00 ± 3.00 
Mg 5219.60 ± 173.36 4320.00 ± 80.00 
V 0.41 ± 0.06 0.37 ± 0.03 
Cl 372.24 ± 17.32 360.00 ± 19.00 
Al 345.52 ± 2.03 249.00 ± 8.00 
Ca 18141.16 ± 265.31 15600.00 ± 200.00 
Br 10.67 ± 1.66 11.00 ± 1.65 
K 24309.52 ± 303.72 24300.00 ± 300.00 

 
TABLE 9. CONCENTRATION OF ELEMENTS MEASURED IN SAMPLE A USING NAA 
(RELATIVE METHOD) AND THEIR CONCENTRATION RATIO RELATIVE TO K 
Elements Concentration (mg/kg) Concentration Ratio (Relative to K) 
Mn 26.12  ± 0.90 (7.68  ± 0.264) x 10-03 
Mg 3005.86  ± 164.27 (8.84  ± 0.483) x 10-01 
V 0.32  ± 0.04 (9.55  ± 1.27) x 10-05 
Cl 115.24  ± 11.88 (3.39  ±  0.349) x 10-02 
Ca 10970.95  ± 208.22 3.23  ±  0.0612 
Br 7.46  ± 0.93 (2.19  ± 0.272) x 10-03 
K 3401.53 ± 108.26 1.00 

TABLE 10. CONCENTRATION OF ELEMENTS MEASURED IN SAMPLE B USING NAA 
(RELATIVE METHOD) AND THEIR CONCENTRATION RATIO RELATIVE TO K 
Elements Concentrations (mg/kg) Concentration Ratio (Relative to K) 

Mn 949.29  ± 4.52 (1.18  ± 0.00561) x 10-01 
Mg 4618.74  ± 247.21 (5.73  ± 0.307) x 10-01 
V 1.21  ± 0.13 (1.50  ± 0.162) x 10-04 
Cl 2252.28  ± 41.30 (2.79  ± 0.0512) x 10-01 
Al 554.29  ± 2.68 (6.87  ± 0.0333) x 10-02 
Br 16.60  ± 1.38 (2.06  ± 0.171) x 10-03 
K 8062.57  ± 175.66 1.00 
Ca 16764.90  ± 286.70 2.08  ± 0.0356 

 
The Sample A-LS and Sample B-LS were analysed using the k0 based internal monostandard 
instrumental neutron activation analysis method for Large Sample NAA.  The relative 
concentrations of each constituent element (Wx/Wy) were calculated [31]. All the 
concentration was determined with respect to potassium in Sample A-LS and Sample B-LS. 
The value of f and the  parameter was determined, both from the Al-0.1%Au and Zr 
monitors irradiated in the same position. The value of f used is 3.95 ± 0.31 and the value of  
used is 0.378 ± 0.021. The k0 values were taken for the recommended nuclear data produced 
by De Corte, F. and Simonits, A., 2003. The concentration ratio of elements measured in both 
Sample A-LS and Sample B-LS are reported in Table 11 and Table 12 respectively. 
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TABLE 11. CONCENTRATION RATIO OF ELEMENTS (RELATIVE TO K) IN SAMPLE A-LS 

Elements Concentration ratio (Relative to K) 

Mn (6.56 ± 0.214) x 10-03 
Cl (2.49 ± 0.0963) x 10-02 
Br (1.56 ± 0.0857) x 10-03 
Na (1.07 ± 0.0191) x 10-02 
K 1.00 

TABLE 12. CONCENTRATION RATIO OF ELEMENTS (RELATIVE TO K) IN SAMPLE B-LS 

Element Concentration ratio (Relative to K) 
Sm (2.24 ± 0.349) x 10-05 
La (4.42 ± 0.518) x 10-04 
Br (1.76 ± 0.0731) x 10-03 
Mn (9.79 ± 0.103) x 10-02 
Na (2.09 ± 0.0194) x 10-02 
K 1.00 

TABLE 13. COMPARISON OF THE ELEMENTAL CONCENTRATION RATIOS (RELATIVE TO 
K) OBTAINED IN SAMPLE A (INAA) AND THE SAMPLE A-LS (LSNAA)  

 
Sample A (NAA) Sample A-LS (LSNAA) % Difference 

Mn (7.68  ± 0.264) x 10-03 (6.56 ± 0.214) x 10-03 14.5696 
Mg (8.84  ± 0.483) x 10-01 ND 

 
V (9.55  ± 1.27) x 10-05 ND 

 
Cl (3.39  ±  0.349) x 10-02 (2.49 ± 0.0963) x 10-02 26.58322 
Ca 3.23  ±  0.0612 ND 

 
Br (2.19  ± 0.272) x 10-03 (1.56 ± 0.0857) x 10-03 28.98828 
K 1 1  
 
TABLE 14. COMPARISON OF THE ELEMENTAL CONCENTRATION RATIOS (RELATIVE TO 
K) OBTAINED IN SAMPLE B (INAA) AND SAMPLE B-LS (LSNAA) 

 
Sample B (NAA) Sample B (LSNAA) % Difference 

Mn (1.18  ± 0.00561) x 10-01 (9.79 ± 0.103) x 10-02 16.8151 
Mg (5.73  ± 0.307) x 10-01 ND 

 
V (1.50  ± 0.162) x 10-04 ND 

 
Cl (2.79  ± 0.0512) x 10-01 ND 

 
Al (6.87  ± 0.0333) x 10-02 ND 

 
Br (2.06  ± 0.171) x 10-03 (1.76 ± 0.0731) x 10-03 14.4256 
K 1.00 1.00 

 
Ca 2.08  ± 0.0356 ND  

 
The concentration ratio measured in both Sample A and Sample A-LS are compared in Table 
13. Since the two samples are the same but analysed under different methods, the 
concentration ratio is expected to be close in value. It was observed that the concentration 
ratio of the elements measured in both samples have a percentage difference ranging from 
14.57% to 28.99%. Similarly, Table 14 reports a comparison of concentration ratio of 
elements measured in both Sample B and Sample B-LS. It was also observed that, the 
concentration ratio in both samples were close in value. They range from 14.43% to 16.82% 
[37]. 
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4. CONCLUSION 
 
A new irradiation channel has been designed, fabricated and successfully installed in the 
Ghana Research Reactor-1 (GHARR-1) facility. The Monte Carlo N-particle code (MCNP-5) 
has been used for neutronics analysis of the Ghana Research Reactor (GHARR-1) facility. 
The neutron flux profile around the reactor vessel was determined. High neutron fluxes were 
recorded at three points around the vessel. The third highest flux area was appropriate for the 
installation of the new irradiation site for large sample irradiation hence the new irradiation 
channel was installed at that site. From the MCNP results, it was observed that as the diameter 
of the irradiation channel increases the neutron fluxes decreases exponentially. As the 
diameter of the irradiation channel increases from 3.90 cm to 23.40 cm, the thermal neutron 
flux decreases from (1.1849 ± 0.0047) x 1011 n cm-2 s-1 to (3.3241 ± 0.0100) x 1010 n cm-2 s-1. 
Since the final keff does not change significantly, the large sample irradiation is feasible at 
average thermal neutron flux in this range (1.1849 ± 0.0047)1011 n·cm-2·s-1 to (3.3241 ± 
0.0100) x 1010 n·cm-2·s-1. Irradiation channel of diameter 15.00 cm placed not more than 6.00 
cm from the reactor vessel at the slant tube position with calculated mean thermal neutron 
flux of (7.744 ± 0.029)×1010 n·cm-2·s-1 can be utilized for LSNAA. 
 
For the radial and axial flux profiling of the irradiation channel using the MCNP codes, it was 
observed that the thermal neutron flux decreases along the diameter of the irradiation channel 
away from the reactor core from 9.77 x 109 n·cm-2·s-1 to 8.09 x 108 n·cm-2·s-1 with a flux 
gradient of -1.41 x 107 n·cm-2·s-1 per cm. The axial profiling showed that the neutron flux is 
highest in the middle of the channel (at a point corresponding to the middle of the height of 
the reactor core) along the height of the irradiation channel. The average thermal-epithermal 
flux ratio was simulated to be 7.02.  
 
Full energy photo peak efficiency experiment was performed on the N-type HPGE detector.  
From the results of the measurements, the efficiency of the N-type HPGE detector was 
expressed in an analytical form involving the gamma-ray energy E, and the vertical distance 
from the detector surface, z. From the results, a single expression was obtained to cover the 
whole energy range of 26.345-1408.0 keV. Comparison of the calculated efficiencies with the 
experimental data for the gamma-energy range of 26.345 E 1408.0 keV and the z range of 
1.2 z  7.2 cm gave a standard deviation between 0.468%-1.49%. This shows that the theory 
agrees very well with the experiment. Thus by means of this analytical Equations (4.8) and 
(4.9) the efficiency of the detector, at any position within the selected energy, E and the z 
ranges, may be reliably obtained by calculation without any experimental measurement. The 
volume efficiency of cylindrical sample with different masses and geometries can also be 
calculated once the photo peak efficiency is calculated. The thermal-epithermal neutron flux 
ratio was experimentally measured to be 8.247 which is in close agreement to the flux ratio of 
7.02 calculated from the simulations. The epithermal neutron flux shaping factor was 
measured to be 0.32998. The thermal neutron flux (th) was measured to be 6.23 x 109 n cm-2 
s-1 whilst the epithermal neutron flux (epi) was 7.56 x 108 n cm-2 s-1.  
 
The comparative analysis for the samples measured under different methods, relative method 
and k0 based internal monostandard method seek to show that the newly fabricated irradiation 
channel for Large Sample Neutron Activation Analysis is conducive for Large Sample 
Neutron Activation Analysis. The percentage difference of concentration ratios (relative to K) 
for elements Mn, Cl and Br between Sample A and Sample A-LS were 14.57%, 26.58% and 
28.99% respectively whilst the percentage difference of concentration ratios (relative to K) for 
elements Mn and Br between Sample A and Sample A-LS were 16.82% and 14.43% 
respectively. The thermal-to-epithermal neutron flux ratio, f, and the epithermal neutron flux 
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shaping factor, , at the position of the large samples were 3.95 ± 0.31 and 0.378 ± 0.021 
respectively, was used in the calculation of the concentration ratio of the elements in the large 
samples (Sample A-LS and Sample B-LS) using the k0 base internal monostandard method. 
From the comparative results, the newly designed, fabricated and installed irradiation channel 
can be used for Large Sample Neutron Activation Analysis techniques. The thermal to 
epithermal neutron flux ratio was not constant throughout the irradiation site as realized 
experimentally and also from the MCNP simulations. Therefore, the f and  at the position in 
the newly fabricated irradiation channel for LS-NAA where every samples is irradiated has to 
be determine for the use of k0 methods during analysis.  
 
From the results of the MCNP simulations and the experiments performed on the newly 
designed and fabricated Large Sample Neutron Activation Analysis facility installed at the 
Ghana Research Reactor-1 facility, it can therefore be concluded that the facility is suitable 
for Large Sample Neutron Activation Analysis techniques. 
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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 



63 

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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Abstract. 

Large sample neutron activation analysis (LSNAA) work was carried out for samples of coal, uranium 
ore, stainless steel, ancient and new clay potteries, dross and clay pottery replica from Peru using low flux high 
thermalized irradiation sites. Large as well as non-standard geometry samples (1 g – 0.5 kg) were irradiated 
using thermal column (TC) facility of Apsara reactor as well as graphite reflector position of critical facility (CF) 
at Bhabha Atomic Research Centre, Mumbai. Small size (10 - 500 mg) samples were also irradiated at core 
position of Apsara reactor, pneumatic carrier facility (PCF) of Dhruva reactor and pneumatic fast transfer facility 
(PFTS) of KAMINI reactor. Irradiation positions were characterized using indium flux monitor for TC and CF 
whereas multi monitors were used at other positions. Radioactive assay was carried out using high resolution 
gamma ray spectrometry. The k0-based internal monostandard NAA (IM-NAA) method was used to determine 
elemental concentration ratios with respect to Na in coal and uranium ore samples, Sc in pottery samples and Fe 
in stainless steel. Insitu relative detection efficiency for each irradiated sample was obtained using  rays of 
activation products in the required energy range. Representative sample sizes were arrived at for coal and 
uranium ore from the plots of La/Na ratios as a function of the mass of the sample. For stainless steel sample of 
SS 304L, the absolute concentrations were calculated from concentration ratios by mass balance approach since 
all the major elements (Fe, Cr, Ni and Mn) were amenable to NAA. Concentration ratios obtained by IM-NAA 
were used for provenance study of 30 clay potteries, obtained from excavated Buddhist sites of AP, India. The 
La to Ce concentration ratios were used for preliminary grouping and concentration ratios of 15 elements with 
respect to Sc were used by statistical cluster analysis for confirmation of grouping. Concentrations of Au and Ag 
were determined in not so homogeneous three large size samples of dross. A X-Z rotary scanning unit has been 
designed, fabricated and installed for counting large and not so homogeneous samples. As part of the 
intercomparison exercise under the CRP, pottery sample, obtained from IPEN, Peru, was   analysed by IM-NAA.  
Results obtained are compared with those obtained by XRF.  The report describes IM-NAA methodology 
standardized in our lab in brief and its applications to above-mentioned small as well as  large and non-standard 
geometry samples. At the end of the report, a list of publications and presentations is given which were the 
outcome of this CRP work. 
 
1. INTRODUCTION 
 
Large sample analysis is advantageous for obtaining better analytical representativeness 
instead of replicate sub-sample analysis. It is more so for the samples that are not so 
homogeneous at lower concentration level. Both prompt gamma ray neutron activation 
analysis (PGNAA) and conventional NAA are most suitable techniques for analysis of large 
samples in diverse matrices. However, it is necessary to take care of the neutron self-
absorption/flux perturbation, if any during neutron irradiation, and -ray attenuation in the 
large samples during measurements. The k0 based NAA has been used to analyze large size 
samples, where elaborate procedures for accounting the neutron self-absorption/flux 
perturbation during sample irradiation in a reactor and -ray self-attenuation for determining 
the efficiency of the detector have been addressed [1-3]. Detection efficiency calibration is 
carried out using effective solid angle concept and -ray transmission methods using standard 
-ray sources. Simpler methods for the analysis of large samples under varying geometrical 
conditions would greatly enhance the applicability of NAA for samples like archeological 
objects, metals and alloys, and samples of biological, geological and environmental origin. A 
k0-based internal monostandard NAA (IM-NAA) method using insitu relative detection 
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efficiency [4-8], developed in our lab, is useful to analyze large and non-standard geometry 
samples. In this method, an element present in the sample was used as a monostandard, which 
takes care of neutron flux perturbation, if any, inside the sample. Usually, a major or a minor 
element present in the sample is chosen as a monostandard, as a better homogeneous 
distribution of this element in the sample is expected compared to the trace element 
distribution. However, a trace element can also be chosen as a monostandard in specific 
samples due to its suitable chemical properties and suitable nuclear properties of its isotope of 
interest. The insitu relative detection efficiency, which makes the method geometry 
independent, was obtained using -rays of two or more radionuclides produced in neutron 
activation that have -rays covering the energy range of interest.  
 
IM-NAA method for large samples was validated by analyzing synthetic solid (0.5 kg) and 
liquid (0.5-2 L) samples [4]. The method was also validated for small size samples by 
analyzing IAEA RMs (Soil-7, SL-3 and SL-1) and SMELS [9]. Previously, IM-NAA method 
was used by us for the compositional analysis of irregular shape and size samples of zircaloys 
2 and 4, stainless steels (SS 316M and D9 alloy) and for impurities in 1S aluminium [4-8]. 
The method was also used to analyze not so homogeneous small and large size samples (50 
mg – 1kg) of wheat grains [7]. The most important advantage of this method is that when all 
the major and minor elements are amenable to NAA, the absolute concentrations of elements 
can be calculated using a mass balance procedure without using a standard. 
 
Under this CRP, applicability of IM-NAA method has been explored to large size samples of 
coal, uranium ore, stainless steel (SS 304 L), archaeological objects (ancient clay potteries 
and bricks) and dross [9-12]. Under inter comparison exercise of the CRP, analysis of a 
pottery sample has been carried out. Results obtained are compared with those obtained by 
XRF analysis. The details of IM-NAA method and results obtained are discussed in this 
report. 
 
2. IM-NAA METHOD FOR LARGE SAMPLE 
 
The ratio of mass (m) of an element (x) to mass of the internal mono standard element (y) in 
the sample by the k0-based IM-INAA method is given by the following expression,  
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where PA is the net peak area under the gamma ray peak of interest, S is the saturation factor, 
D is the decay factor, C is the counting factor used for correcting the decay during counting 
period,  is the absolute peak detection efficiency. f is the subcadmium to epithermal neutron 
flux ratio,  is the epithermal neutron flux shape factor, Q0() is the ratio of the resonance 
integral (I0)-to-thermal neutron cross section (0) corrected for  and the k0, Au is the literature 
k0,Au-factors [13]. In our method, we have used insitu relative detection efficiency as 
discussed below [4-7]. In the case of large samples, we have used highly thermalized 
irradiation position like in thermal column with f-value is of the order of 103, eq. (1) is 
simplified as given below. 
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For the samples in which all the major and the minor elements are amenable to NAA, the 
absolute concentrations are calculated by using mass balance. This procedure is used in those 
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cases where the major and minor elements account for nearly 100% of the sample mass. The 
sum of relative elemental concentration ratios with respect to an internal monostandard (y) 
can be written as 
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3. INSITU RELATIVE DETECTION EFFICIENCY 
 
Efficiency calibration in IM-NAA is the most important part in the calculation of 
concentration ratios in large size samples. As seen in equations 1 and 2, for concentration 
ratios, the insitu relative detection efficiency is sufficient as efficiency ratios are used.  As 
more than one radionuclides are used in the calculation of insitu relative efficiency [4, 5] 
using the following expression, all the values are normalized.  
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where, ai’s are the coefficients of the polynomial of order m, kj is a constant characteristic of 
the jth nuclide. In the calculations a second order polynomial (m = 2) was used. An iterative 
procedure has been used to obtain 
efficiency curve with Chi square 
values. The commonly used 
activation products whose gamma 
rays are used for obtaining insitu 
efficiency curve are 152mEu, 152Eu, 
82Br, 72Ga, 140La, 143Ce, 186W, 
24Na, 46Sc, 59Fe and 56Mn.  
 
In the case of replica of pottery 
sample, gamma rays from the 
activation products from 152mEu, 
140La, 56Mn and 24Na are used and 
obtained efficiency curve is given 
in Fig. 1. This covers an energy 
range of 122-2754 keV. 
 
4. EXPERIMENTAL 
 
Mass of large sample size used 
was in the range of 1g and 0.5 kg. 
Small samples (10 mg – 500 mg) 
were also used. In the case of 
intercomparison experiments, 
bottom to top portion of the 
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FIG. 1. A typical insitu relative detection efficiency plot of a 
neutron activated large size pottery sample. 
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pottery replica (0.4 kg) was taken for irradiation. It was sealed in polythene and irradiated for 
4 hours at graphite reflector position of AHWR Critical Facility (CF), BARC. Small size 
homogeneous powder samples (10 and 100 mg) from different portions of the large object 
were analyzed by irradiating samples at pneumatic carrier facility (PCF) of Dhruva reactor 
and pneumatic fast transfer system (PFTS) of KAMINI reactor, Kalpakkam. Photographs of a 
few samples are given in Fig. 2. Samples were sealed in polythene. Large samples were 
irradiated using thermal column facility at Apsara reactor and graphite reflector position of 
CF, BARC. Small size samples of coal, uranium ore and reference materials were irradiated 
using E8 position of Apsara reactor and also at PCF of Dhruva reactor. Irradiation times were 
4-7 hours for large samples. For neutron flux characterization in CF, indium (10 mg) was 
irradiated with and without cadmium cover (0.8 mm thick) for 4 h. All irradiated samples 
were counted using a 40% relative efficiency HPGe detector coupled to an 8k channel 
analyzer that has spectrum analysis software PHAST [14] developed at BARC. As the present 
method is flexible to counting geometry in view of usage of the in-situ relative efficiency for 
calculation of concentration ratios, distance between sample and the detector face has been a 
variable depending on the count rate. A X-Z scanning unit for gamma ray spectrometry has 
been installed for counting large size samples (Fig. 3). X-Z rotary scanning unit (Fig. 2) with 
a rotation speed of 10 rpm was used for segmented counting of the top, middle and bottom 
portion of the sample as well as all portions of sample by continuous counting with X-Z 
rotation. 
   

      

  

      

FIG. 2. Photographs of samples analysed. 
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5. RESULTS AND DISCUSSION 
 
5.1. CHARACTERIZATION OF IRRADIATION SITES 
 
The f-value of thermal column of Apsara reactor is (6.0  0.4) x 103 (>99.9% thermal neutron 
component) and the corresponding thermal equivalent neutron flux is 1.2x108 cm-2 s-1 [10]. 
The  and f values in E8 position of Apsara reactor are 0.035  0.003 and 50.0  1.5, 
respectively. The thermal neutron fluxes at TC and E8 positions of Apsara reactor are about 
108 and 1012 cm-2 s-1 respectively. The f-value for Critical Facility (CF) obtained from the 
cadmium ratio method was found to be (8.6  0.3) x 102 [11]. The corresponding thermal 
equivalent flux is 3.4 x 107 n cm-2 s-1 (> 99.8 % thermal neutron component). The CF is 
operational at a power of 50-100 W and dimensions of the graphite reflector position used for 
irradiation are of 60” x 5” x 5”. 
 
5.2. ANALYSIS OF COAL SAMPLES 
 
For concentration calculation in large and small samples of coal, the in-situ relative efficiency 
was determined using gamma rays of 186W (134-686 keV), 140La (329-816 keV), 24Na (1368.5 
and 2754 keV) and 59Fe (1099 and 1292 keV). A total of 14 elements were detected in small 
and large samples of coal [9]. In the case of coal, in order to arrive at minimum sample size, 
the elemental concentration ratios of La to Na were plotted against sample mass (50-1000 
mg), which is shown in Fig. 4. It is clearly evident, (1) the sample is heterogeneous and (2) 
mass above 500 mg is the representative sample size as the ratios of 500mg, 1000 mg and 32 
g remain nearly constant. Relative concentration ratios with respect to Na were converted to 
absolute concentrations using Na concentrations (201±2 mg kg-1) obtained using SL-1 
reference standard for one large (32 g) sample of coal as given in  
Table 1.  

 

 

FIG. 3. X-Z Rotary scanning unit for gamma ray spectrometry. 
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FIG. 4. Ratio of concentrations of La to Na in small (50 mg) to large (32 g) coal sample. 

 
TABLE 1. RELATIVE AND ABSOLUTE ELEMENTAL CONCENTRATIONS IN SMALL AND 
LARGE SIZE COAL SAMPLE BY IM-NAA 

Element 
(X) 

Large sample (32 g) 
 

X /Na Conc.±Unc. 
mg kg-1 (L) 

La 0.221 44.3±0.2 
Sc 0.067 13.4±0.3 
Sm 0.022 4.4±0.1 
Se 0.826 165.6±26.3 
Fe 107 21453±1802 
Co 0.165 33.1±0.8 
Cr 0.432 86.6±23.6 
Hf 0.037 7.4±1.4 
Ce 0.541 108.5±11.3 
Yb 0.015 3.0±0.4 
Lu 0.005 0.9±0.2 
Ga 0.109 21.9±0.3 
As 0.012 2.4±0.2 
W 0.014 2.8±0.2 

 
Minimum sample size and elemental concentration ratios of La to Na were plotted in Fig. 4 
against sample mass (50-1000 mg). It is clearly evident, (1) the sample is heterogeneous and 
(2) mass above 500 mg is the representative sample size as the ratios of 500mg, 1000 mg and 
32 g remain nearly constant. Relative concentration ratios with respect to Na were converted 
to absolute concentrations using Na concentrations (201±2 mg kg-1) obtained using SL-1 
reference standard for one large (32 g) sample of coal as given in Table 1.  
 
5.3. ANALYSIS OF URANIUM ORES 
 
The IM-NAA method was used for the analysis of two large size uranium ore samples (UO-
1= 55 g and UO-2 = 56 g) and also for four small size (100 mg) samples [10]. Using insitu 
relative detection efficiency (using gamma rays of 239Np, 140La and 59Fe), elemental 
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concentration ratios with respect to Na were determined by IM-NAA. To examine the 
homogeneity of the samples, six samples of varying masses (50 mg-56 g) of UO-2 were 
analysed. The U/Na concentration ratios obtained by IM-NAA were found to be nearly 
constant from the sample mass of 2 g and above, which indicated representative sample size 
was  2 g. Hence large samples of both sets were analyzed for other elements and the relative 
and absolute concentrations are given in Table 2. The relative concentrations with respect to 
Na for homogenized four sub-samples of UO-1 are also given in Table 2 along with 
unweighted standard deviations. The concentration ratios of the large sample of UO-1 were 
found to be in good agreement with those obtained from four sub-samples (Table 2) of UO-1 
indicating the good quality of the large sample results and validity of our method. 
 
TABLE 2. RELATIVE AND ABSOLUTE ELEMENTAL CONCENTRATIONS IN URANIUM 
ORE SAMPLES 

Element 

(X) 

UO-1 (100 mg) 

N=4 

UO-1 (55 g) 

N=1 

UO-2 (56 g) 

N=1 

X/Na±SD X /Na Conc.±Unc. 

(mg kg-1)  

X /Na Conc.±Unc. 

(mg kg-1) 

U (9.05±0.42)E-02 9.23E-02 358±4 1.02E-1 494±11 

K 2.54±0.09 2.57 9987±110 1.88 9121±151 

Mn NA 1.54 5984±59 6.15E-1 2980±60 

Cr (6.1±0.4)E-02 5.8E-02 225±12 6.0E-2 291±17 

Yb (2.58±0.15)E-02 2.71E-02 105±5 1.78E-2 86±4 

Sc (2.02±0.08)E-03 1.90E-03 7.3±0.4 1.53E-3 7.4±0.5 

NA- not available, SD-standard deviation 
 
The uncertainties quoted for large size samples are due to counting statistics and peak fitting 
errors, whereas for small samples of UO-1 the uncertainties were arrived from standard 
deviations of four replicates. Method for uranium determination was validated by determining 
uranium concentration in a 2 g sample of IAEA RGU-1. The uranium concentration was 
found to be 417 ± 7 mg kg-1 with respect to the certified value of 400 ± 2 mg kg-1. Results 
show that large samples can be used for materials where inhomogeneity is observed or is 
likely to occur.  
 
The element sodium, which is a minor element in coal and major element in uranium ore, was 
used as the monostandard. Though it has a low neutron (n,)  cross section (0.53 b), it has 
many favorable nuclear properties like it is mono isotopic and  its activation product has a 
half-life of 14.96 h and emits two high energy -rays ( 1368.6 and 2754.0 keV) with nearly 
100% abundance.  
 
5.4. COMPOSITION ANALYSIS OF STAINLESS STEEL 
 
Stainless steel SS 304L, which is an austenitic SS, is used as a structure material for the 
Indian prototype fast breeder reactor (PFBR). The elemental concentration ratios were 
determined by IM-NAA using Fe as monostandard. Since all the major elements (Fe, Cr, Ni, 
Mn etc) in SS 304L are amenable to NAA and they amount to more than 99%, the 
composition could be arrived at by the mass balance. The elemental concentrations 
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determined are given in Table 3 [10] and are found to be within specification limits 
Concentration values of Fe, Cr, Ni, Mo, Mn, and As were determined in the austenitic 
stainless steel CRM, BCS 466 (using a sample of 5 g mass) by IM-NAA method using Fe as 
monostandard. The nominal composition of BCS 466 is almost similar to that of SS 304L. 
The results obtained are in good agreement (within ±5%) with its certified values.  The 
uncertainties on the determined values are within 3% except for Ni (10%). 
 
TABLE 3. ELEMENTAL CONCENTRATIONS (IN WT.% UNLESS MG KG-1 IS INDICATED) OF 
SS 304L 

Element  E
(keV) 

Present work Specifications 

Fe 1099.3 69.93.3 Balance 
Cr 320.1 19.2 0.6 18.00-20.00 
Ni 1481.8 9.5 1.0 8.00-12.00 
Mn 846.8 1.26 0.04 2.0 max 
W* 685.7 399 13 NA 
Co* 1332.5 19312 500 max 
As* 559.1 68.62.9 NA 
* in mg kg-1, NA – not available  

 
5.5. APPLICATION OF IM-NAA TO ARCHAEOLOGICAL OBJECTS 
 
Chemical analysis is an important tool for provenance study of archaeological artifacts like 
potteries and bricks. In the provenance study archaeologists are often interested in whether the 
artifacts are of same or different origin. With this objective, samples of 30 ancient potteries, 
obtained from excavated Buddhist sites of Andhra Pradesh, India (11 from Vishakapatnam 
region and 19 from Hyderabad region) and two new potteries were analyzed [11]. Four 
different sizes (1 g – 35 g) of an ancient pottery sample were analysed to arrive at the 
representative sample size. The La/Na values vs. mass of pottery sample (1-35 g) are given in 
Fig. 5. It is interesting to note that the values are almost constant (within 4% and all values are 
within the uncertainty range) in the mass range chosen. Thus in our further work large 
samples of mass 10 g and above were used. Larger mass is essentially to compensate for 
relatively lower neutron flux in the thermalized irradiation position TC and CF.  
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FIG. 5. Concentration ratios of La to Na in varying mass of a pottery sample. 
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Concentration ratios of 15 elements namely Na, K, Cr, Fe, Co, Zn, Ga, As, Br, La, Ce, Sm, 
Eu, Yb and Th, with respect to Sc were obtained. Scandium, which is a present at trace level 
was chosen as the monostandard because it has good geochemical properties and is a non 
volatile element. It is neither enriched nor depleted during weathering compared to the 
continental crust and thus behaves more conservatively. Therefore, it is not expected to be 
leached and carried away easily during ancient ceramic burial. In addition, its nuclear 
properties are also favorable for our study. The concentration ratios of three ancient potteries 
and one new pottery are given in Table 4. The La/Ce values as well as the concentration ratios 
show that, P1 and P3 belong to one group and P9 does not. The 11 samples from 
Visakhapatnam region are grouped by La/Ce values. Based on La/Ce values, the potteries 
from Visakhapatnam region fall broadly into four major groups namely V1 (P9: La/Ce 0.09).  
 
V2 (P1 and P3: La/Ce: 0.17 and 0.19),) V3 (P4-P8, P8, P10 and P11: La/Ce: 0.2 to 0.3) and 
V4 (P2: La/Ce: 0.7). Cluster analysis using concentration ratios was carried out using 
STASTICA 5.1 package. The dendogram of pottery samples obtained by cluster analysis from 
Vishakhapatnam region is given in Fig. 6, which is in very good agreement with grouping by 
La/Ce values. Similar studies were carried out for 19 potteries from Hyderabad region. 
 
These results show promise of IM-NAA in the provenance studies of archaeological artifacts 
of large and non-standard geometries. It also suggests that elemental concentration ratios, 
obtained without using concentration of an external or internal standard, are adequate in the 
provenance studies.  
 
TABLE 4. CONCENTRATIONS RATIOS OF ELEMENTS BY IM-NAA OF ANCIENT 
POTTERIES AND A NEW POTTERY FORM VISAKHAPATNAM  
 Ancient pottery  New Pottery 

Element ratio P1 P3 P9 NP1 

Na/Sc (4.19 ± 
0.10)E+02 

(4.44± 0.09)E+2 (9.12E± 
0.19)E+01 

(7.35± 1.29)E+01 

K/Sc (2.68± 0.06)E+03 (2.14±0.09)E+03 (1.29±0.02)E+03 (9.76 ±0.18)E+02 

Cr/Sc 7.33 ± 0.28 7.12±0.30 7.41±0.46 5.61±0.31 
Fe/Sc 3.54±0.02)E+03 (3.28±0.28)E+03 (1.57 ±0.08)E+04 (9.07±0.25)E+04 
Co/Sc 2.05 ± 0.06 1.74 ±0.03 (4.50±0.13)E-01 3.30±0.08 
Ga/Sc 1.63 ± 0.13 1.60±0.08 1.32±0.09 1.13±0.03 
As/Sc (3.91±0.2)E-01 (4.40 ±0.3)E-01 (7.63 ±0.69)E-01 (7.15±0.46)E-01 
Cs/Sc (3.71±0.4)E-01 (2.38 ±0.1)E-01 (9.90±0.38)E-02 (1.70±0.12)E-02 
La/Sc 4.88±0.11 4.29 ±0.08 1.82±0.18 (1.07 ±0.06)E+01 

Ce/Sc (2.59 ± 
0.13)E+01 

(2.53 ±0.15)E+01 (1.92 ±0.04)E+01 (2.07±0.13)E+01 

Sm/Sc (6.60±0.6)E-01 (5.28±0.33)E-01 2.52±0.16 (2.76±0.09)E-01 
Eu/Sc (1.20± 0.4)E-01 (9.80 ±0.5)E-01 (4.51±0.29)E-01 9.06±0.26 
Lu/Sc (3.56± 0.26)E-01 (3.12±0.2)E-01 6.79±0.43 5.60±0.35 
Hf/Sc 4.17±0.09 4.80±0.24 4.89±0.38 (1.53 ±0.07)E+01 

Th/Sc 6.53± 0.42 7.24±0.3 1.87 ±0.10 5.37 ± 0.32 
La/Ce 0.19 0.17 0.09 0.52 
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FIG. 6. Dendogram of ancient pottery sample obtained from CA (Visakhapatnam region). 

FIG. 7. Gamma ray spectrum of neutron irradiated of dross sample. 
 
6. LARGE SAMPLE NAA OF CLAY WASTE (DROSS) FOR DETERMINATION OF 
PRECIOUS METALS  
 
Refining of precious metals like gold and silver is carried out in fireclay crucibles and during 
the refining process, the metals penetrate into the walls of the crucibles. The waste generated 
from fireclay crucible at the end of their life cycle is called as dross. From precious metal 
recovery point of view, quantification of Au and Ag in these samples is required. It is 
expected that the precious metals may not be distributed homogeneously. As dross is a 
complex and refractory material, it is difficult to dissolve as well as leach Au and/or Ag. As 
the samples are not so homogeneous, replicate analysis demands use of homogeneous 
samples. In this case, large sample analysis is preferred to get analytically representative 
results. Large size (50-100 g) sample neutron activation analysis (LSNAA) of dross obtained 
from Government Mint, Mumbai was carried out irradiating samples for 4 hours in AHWR 
critical facility (CF) for determination of concentrations of Au and Ag [12]. Gamma ray 
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spectrum of neutron activated dross sample is given in Fig. 7. The k0-based internal 
monostandard NAA (IMNAA) using sodium as an internal monostandard was used for 
concentration ratio calculation of Au and Ag. Since the matrix is clay, Na concentrations 
present as major constituents, were found to be homogeneous. The values of Au/Na in 
samples with varying mass were used to arrive at representative size for LSNAA, which 
indicated representative sample size as 2 g (Fig. 8). Since flux was less, 50-100 g samples 
were analyzed to get sufficient activity. Concentrations of Au and Ag were found to be in the 
range of 200-400 mg kg-1 and 1200-1700 mg kg-1 respectively in the three different samples 
(Table 5). Work on segmented scanning of large size dross sample using recently installed X-
Z rotary scanning to get the values of Na, Au and Ag. 
 
TABLE 5. RELATIVE AND ABSOLUTE ELEMENTAL CONCENTRATIONS IN AU 
AND AG IN DROSS SAMPLES  
 

Element 
(X) 

 

D-1 (100.4 g) D-2 (67.2 g) D-3 (50.6 g) 
X /Na Conc.±Unc. 

mg kg-1 
X /Na Conc.±Unc. 

mg kg-1 
X /Na Conc.±Unc. 

mg kg-1 

Au 2.72 E-2 202±7 4.18 E-2 353±9 4.32 E-2 394±11 
Ag 1.63 E-1 1208±98 1.70 E-1 1455±76 1.87 E-1 1705±68 

 
 
 

 

 

 

 

 

 

 

 

 

FIG. 8. Concentration ratios of Au to Na in varying mass of dross sample. 

 
7. LSNAA OF POTTERY SAMPLE UNDER INTER COMPARISON EXERCISE OF 
IAEA CRP  
 
As a part of inter laboratory comparison exercise under this IAEA CRP on LSNAA of 
archaeological objects, a large and non-standard geometry pottery replica (Fig.9) was received 
from Peru. Two large size samples from bottom and top of the replica which are of non 
standard geometry were irradiated at AHWR Critical Facility (CF) for 4 hours. Radioactive 
assay of irradiated samples using high resolution gamma ray spectrometry was carried out and 
X-Z rotary scanning unit for rotating the sample during counting. A typical Gamma ray 
spectrum of the irradiated sample is given in Fig.10. Insitu relative detection efficiency was 
evaluated using gamma rays of the activation products produced in the sample. Concentration 
ratios of the elements such as K, Mn, La, As, Sm, Zn and Eu with respect to Na (internal 
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mono standard) were calculated using IM-
NAA. Small size homogeneous powder 
samples (10 - 100 mg mass) from different 
portions were analyzed by irradiating samples 
at PCF of Dhruva reactor and pneumatic fast 
transfer system of KAMINI Reactor, 
Kalpakkam, India.  
 
Concentrations of total of 19 elements 
including Na (internal monostandard were 
determined in large sample pottery replica and 
given in Table 6. Our results have been arrived 
from two portions of large samples. 
Uncertainties reported in Table 6 are the 
combined uncertainties at  1s confidence limit. 
The percentage combined uncertainties are in 
the range of 3 - 8.7% arrived from individual 
uncertainties for counting statistics, k0-factors 
and insitu relative efficiencies. The 
corresponding uncertainties are in the range of 
0.1-8.2% (counting statistics), 0.4-1.6% (k0-
factors) and 1-2% (insitu relative efficiencies). Concentration of Na was arrived from relative 
method of INAA using five replicates small samples. The percentage uncertainty (at  1s 
confidence limit) is 1.7% on Na concentration.  Combined uncertainty was calculated as per 
the error propagation formula of IMNAA as per equation 2. 

 

 
FIG. 10. Typical Gamma Ray Spectrum of Irradiated Sample (0.392 g). 

 
The concentration ratios of 7 elements with respect to Na obtained in large as well as small 
sample obtained using IMNAA are given in Table 7 for comparison. Both small (10-100mg) 
and relatively large (1g) reference materials IAEA SL-1 and SL-3 were analyzed by IMNAA 
using Na as internal monostandard. The results of analytes were found to be in good 
agreement with the certified values.   

 

 
FIG. 9. Replica of Pottery Sample. 
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TABLE 6. IAEA INTERCOMPARISON RESULTS USING K0-BASED IMNAA METHOD 
 

S. No. Element Gamma Energy (keV) Concentration  
(mg kg-1) 

1 Na* 1368.6 

2 K 1524.6 

3 Sc 889.3 

4 Cr 320.0 

5 Mn 846.8 

6 Fe 1099.0 

7 Co 1332.5 

8 Zn 1115.5 

9 As 559.1 

10 Rb 1077.0 

11 Cs 795.8 

12 La 487.0 

13 Ce 145.4 

14 Sm 103.2 

15 Eu 1408.0 

16 Yb 396.3 

17 Lu 208.4 

18 Hf 482.2 

19 Th 311.9 
                     * using relative method of INAA 

 
 
TABLE 7: COMPARISON OF RESULTS OF LARGE AND SMALL SAMPLE ANALYSIS BY 
IMNAA 

 
Element 

(X) 
Gamma Energy 

(keV) 
LSNAA-1 (0.392 kg) 

Relc (X/Na) 
LSNAA-2 (0.226 kg)  

Relc (X/Na) 
Small-1 (100 mg) 

Relc (X/Na) 

K 1524.6 0.96 0.92 0.97 

Fe 1099.0 1.90 1.96 1.93 

Co 1332.5 1.02E-3 1.06E-3 0.98E-3 

Sc 889.3 7.30E-4 7.45E-4 7.15E-4 

La 487.0 1.20E-3 1.12E-3 1.16E-3 

Yb 396.3 1.20E-4 1.27E-4 1.28E-4 

Hf 482.2 1.82E-4 1.91E-4 1.73E-4 
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8. CONCLUSION 
 
In addition to thermal column of Apsara reactor, a low flux graphite reflector irradiation 
position of AHWR critical facility (CF) was characterized for neutron flux parameters and 
used for large sample irradiations. Besides conventional gamma ray spectrometry system, a 
X-Z rotary scanning unit has been installed to deal with radioactive assay of large and in-
homogeneous samples. IM-NAA method in conjunction with insitu detection efficiency 
optimized for analysis of samples of different shapes and sizes. In the case of SS 304L, 
concentration ratios obtained by IM-NAA method were converted to absolute concentration 
by mass balance procedure. Small and large size samples of coal, uranium ore, ancient 
potteries, dross and pottery (under Intercomparison study) were analyzed by combination of 
IM-NAA and relative methods of NAA. In the case of pottery samples, concentration ratios 
elements with respect to Sc were sufficient for grouping / provenance study indicating 
capability IM-NAA method for its application to large archaeological objects.  
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Abstract.  
Terengganu inscribed stone is the oldest artifact with Jawi writing on it. It is a most treasured heritage 

for the history of Malaysian civilisation. The artifact proves that the Kingdom of Terengganu exist earlier than 
1326 or 1386. It was accidentally discovered near Tersat River at Kampong Buluh, Kuala Berang, Terengganu, 
Malaysia by a gold & tin trader after a flash flood hit Kuala Berang in 1902.The inscription turned out to be a 
proclamation issued by the "Sri Paduka Tuan" of Terengganu. The significant is the date on the first face of the 
inscription, which is given as the year 1303 AD. This project focuses on the development of in-situ 
compositional analysis and provenance study of the Inscribed Terengganu Stone using Neutron-Induced Prompt 
Gamma-Ray Techniques (NIPGAT). To date, a lot of studies have been carried out by historians and 
archaeologists about the content of the inscription, but no scientific investigation about the material composition 
and its provenance has been performed. In this project, an instrumental analysis NIPGAT was designed as a 
portable non-destructive investigation tool employing an isotopic neutron source (Cf-252) and a gamma-ray 
spectroscopy system for in-situ investigation of the Inscribed Stone. 
 
1. INTRODUCTION 
 
Terengganu inscribed stone or know as “Batu Bersurat Piagam Terengganu” is the oldest 
artifact with Jawi writing on it. The artifact proves that the Kingdom of Terengganu exist 
earlier than 1326 or 1386. It was accidentally discovered near Tersat River at Kampong 
Buluh, Kuala Berang, Terengganu, Malaysia by Syed Hussin Gulam al-Bukhari, an Arab 
prospector from Riau (in Indonesia), a gold & tin trader after a flash flood hit Kuala Berang in 
1902. While washing his feet in readiness for midday prayer at the Kampong Buluh mosque 
near Kuala Berang, Syed Hussin noticed that the stone he was standing on had been inscribed 
with Jawi words. He was curious and immediately got the penghulu (chief)'s permission to 
take the stone back to Kuala Terengganu. He was then presented the stone to the sultan 
(Zainal Abidin Ill). The sultan had it placed in the fort on Bukit Puteri, and there it remained 
until 1922 when a British colonial official had it sent to the Raffles Museum in Singapore for 
examination.The inscription turned out to be a proclamation issued by the "Sri Paduka Tuan" 
of Terengganu, urging his subjects to "extend and uphold" Islam and providing 10 basic laws 
for their guidance. Four of the laws are either missing or illegible. The other six deal with 
debtors' obligations, sexual offences, the bearing of false witness, and types of penalties in 
default of payment of fines. The significant is the date on the first face of the inscription, 
which is given as the year 1303 AD. 
 
The stone on which the inscription was chiseled is unpolished. It is 84 cm in height and 
weighs 214.8 kg. The stone was probably chosen because of its convenient shape. It is slightly 
wider at the top with flat faces on the front, back, and sides. This gave sufficient space for the 
edict. The top part has long since been broken off (most writers assume that there are writings 



87 

on the missing part), thus affecting the inscriptions on the lateral sides, Figure 1. These appear 
to run up one side, over the (missing) top, and down the opposite side. Efforts to locate the 
missing part of the stone have been unsuccessful. 
 
The stone itself is still shrouded in historical mysteries. Was the inscribed stone made of stone 
from local deposit? And if the stone was made locally, where was it made on the Terengganu 
site? There is no scientific data or reports available in opened literatures up to now. Due to 
high historical values, the stone is now gazetted as a world heritage by the UNESCO and it is 
being displayed in a cubicle at Terengganu State Museum, Kuala Terengganu, Malaysia, as 
given in Figure 2.  
 
Many types of research have been conducted by scientists, archaeologists and historians to 
study different aspects of the inscribed stone. Among others, these include topics on history of 
Terengganu and Nusantara, specific mathematical calculations on the date written on the 
stone, the Jawi letters, basic laws issued by the "Sri Paduka Tuan" etc.  For this IAEA 
coordinated research project, the prime aim is to develop an advanced non-intrusive technique 
based on nuclear techniques. Neutron activation analysis is a well established nuclear 
technique, which is ideally suited to investigate the microstructural or elemental composition 
and can be applied to studies of a large variety of samples. Indeed, it may be used to address 
the above-mentioned questions. Neutrons are useful as probes for non-destructive 
examination of extended media because neutrons can travel relatively long distances before 
interacting with the nuclei of the media. It is for this reason that neutrons in conjunction with 
gamma-ray spectroscopy are being developed at the Malaysian Nuclear Agency for in-situ 
quantitative elemental analysis and finally for provenance study of the Terengganu’s 
inscribed stone. 
 

  
FIG. 1. Terengganu Inscribed Stone. FIG. 2. It is displayed in Terengganu state Museum. 

 
2. EXPERIMENTAL AND METHOD 
 
2.1. NEUTRON INDUCED PROMPT GAMMA-RAY TECHNIQUES  
 
Neutron induced prompt gamma-ray technique (NIPGAT) is a powerful non-destructive 
technique to identify elements and determine their concentration in an object by using 
neutron. The method is based on the detection of capture gamma rays emitted by the sample 
during neutron irradiation. Then, the elemental concentration is retrieved for the identified 
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elements. This method is useful as an analytical technique for both qualitative and 
quantitative multi-elements identification of major, minor and trace elements present in the 
sample (Khelifi et al, 1999, Alfassi, Chung, 1995). For many elements and applications, this 
technique offers more sensitivity, accuracy and reliability compared to other conventional 
methods. Furthermore, NIPGAT may be applied to a large and inhomogeneous sample and 
requires no special preparations of the sample. 
 
In NIPGAT, neutrons can interact with nuclei of materials in two ways to yield characteristic 
prompt gamma-ray emission (see Fig. 3). First, fast neutron (> 1 MeV) can scatter 
inelastically from a nucleus, losing energy in the process and exciting the nucleus to a higher 
energy state. Immediate de-excitation of the nucleus produces a gamma-ray characteristic of 
the excited nucleus. Second, neutrons with energy around the thermal value (0.025 eV) can be 
captured by a nucleus. Then, a compound nucleus is formed in an excited state and the prompt 
de-excitation of this capture nucleus causes the emission of a characteristic capture gamma-
ray.  

 

FIG. 3. Illustration diagram for the process of neutron capture by target nucleus followed by the 
emission of prompt gamma ray. 

These prompt processes provide immediate results during the irradiation, and require lower 
strength neutron sources which leave negligible residual radioactivity in the materials after the 
measurement. The presence of a gamma-ray line with a particular energy is used for 
qualitative analysis and the intensity of the line is used for quantitative analysis. 
 
2.2. MONTE CARLO SIMULATION 
 
In this work, Monte Carlo simulation using Monte Carlo N-Particle code (MCNP5) was 
carried out to optimise the design of NIPGAT experimental set-up. Monte Carlo simulation is 
a computerized mathematical technique that allows to model a variety of physical and 
conceptual systems, where the mathematical problems are developed to simulate the 
characteristics and behaviour of a real system. This technique derives its name from the 
casinos in Monte Carlo - a Monte Carlo simulation uses random numbers to model some sort 
of a process. It was first used by scientists working on the atom bomb as a mathematical tool 
during the Manhattan project (Sima and Dirk, 2009). The Monte Carlo simulation method 
was preferentially applied for solving various problems concerning radiation transport and it 
is relatively simple but very useful application in this field. Monte Carlo methods are applied 
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nowadays for the simulation of all kinds of applications based on gamma-ray spectrometry 
either it’s a reactor or isotopic neutron source base, and one of its especially useful for the 
calibration of the spectrometers used in low-level radioactivity measurements. 
 
MCNP5 is a well-known and widely used for neutron, photon, and electron or coupled 
neutron/photon/electron transport simulations. The areas of application for this code including 
radiation protection and dosimetry, radiation shielding, radiography, medical physics, nuclear 
criticality safety, detector design and analysis, nuclear oil well logging, accelerator target 
design, fission and fusion reactor design, decontamination and decommissioning. This code 
was developed and maintained by Los Alamos National Laboratory (LANL) and the current 
version available in the market is MCNP5.  The first version released in the mid-1970s for 
neutron and photon transport, but was enhanced over the years such as general sources and 
tallies, volume calculations, electron physics and coupled electron-photon calculations, 
interactive plotting of geometry and tallies, cross-section plotting, statistical convergence 
tests, and many other user-requested features. All this important features make MCNP code 
one of very useful simulation tools to study neutron and photon transport phenomena in the 
materials.  
 
In using an MCNP5 code, the first step is to define the 3D geometry of the NIPGAT setup 
including the elemental composition and density of all materials including the sample and 
radiation detector as well as the sample container (if any). The geometry of modelled 
NIPGAT setup consists of the neutron source, moderator, sample, detector and shielding. The 
source is enclosed in a high-density polyethylene cylindrical moderator (ρ=0.92 g/cm3) and 
the moderator is placed inside rubberised boron carbide (B4C) moderator (ρ=2.396 g/cm3) 
which plays a role as a neutron shielding by absorbing the undesired neutron flux from the 
source. A 2 cm thick lead covers the source and moderators to attenuate gamma-ray 
background from the neutron source and spurious gamma rays resulting from the interaction 
of neutrons with moderator materials. The detector is also enclosed in a lead cylinder, and the 
thickness of the cylindrical wall is 3.5 cm. The sample is a 27 x 53 x 84 cm rectangular block, 
having the shape and geometry almost similar to the Terengganu’s inscribed stone. The 
geometry and the configuration of the simulated system set-up are given in Figure 4. 
 
The neutron source of the NIPGAT setup was defined as a point source. The initial energy for 
all neutron emissions was set to 2.3 MeV, which is the average emission energy of the Cf-252 
source. In addition, the characteristic 0.2-1.8 MeV gamma-ray emission of the Cf-252 source 
was also defined. 
 
Prior to this Monte Carlo simulation, elemental composition analysis of two types of stones, 
namely Dolerite and Granite by using X-ray fluorescence techniques was carried out. These 
types of stones were chosen because they are most likely the river boulders used for making 
the Terengganu inscribed stone, and this was confirmed by visual and geological 
investigation. The X-ray fluorescence results are tabulated in Table 1. 
 
Next, the number of primary photon emissions, N, in each simulation is specified sufficiently 
high so that all ten statistical checks carried out by the MCNP5 code, are satisfactory. These 
statistical checks are performed for each result with a pass yes/no criterion by the code which 
include estimated mean, relative error, variance of the variance, and history score probability 
density function. Finally, the output data is defined by so-called output tallies. In this work, 
the required information is the distribution of the energy deposited in the active volume of the 
Hyper Pure Germanium (HPGe) detector. 
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TABLE 1. MAJOR 
CHEMICAL 

COMPOSITION 
IN (A) DOLERITE 

AND (B) 
GRANITE 

SAMPLESElement 

D.Sky1,% DPch2,%   Element G.Pch1,% G.Pch2,% 

Si 84.11% 83.12   Si 90.63 89.30 
Ca 8.9 8.82   K 6.77 6.53 
Al 2.63 4.27   P 1.15 1.84 
Ti 2.34 2.31   Fe 0.85 1.77 
K 1.94 1.48   Ca 0.60 0.56 

 

 
FIG. 4. Schematic diagram of the simulated NIPGAT for actual experimental setu 

 
The MCNP5 package includes several types of tally cards to specify what type of information 
the user wants to gain from simulation (MCNP5 User Manual, 2003). Tally type 8 allows to 
record the energy distribution of pulses created in a detector, and it was set for modelling of 
the detector operation. A total of 800 successive 10 keV wide energy bins between 0 and 8 
MeV were used. To comply with all statistical checks for all detectors  
N= 108 primary neutron emissions were used for all simulations. The implementation was 
controlled and checked using the additional add-on module VisEd (visualisation editor), see 
Figure 4. 
 
The most intense peaks within each spectrum are labelled (see Figure 5). As can be seen in 
the spectrum, various peaks obtained from full energy, single escape and double escape 
energy, make the spectrum are complex and difficult to analyse. The intense background 
continuum of scattered radiation creates another problem when weaker peaks have to be 
considered. Thus, the energy peaks associated with potassium (K), titanium (Ti) and 
phosphorous (P) cannot be recognised in the simulated prompt gamma-ray spectrum. 
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(Top View) (3D Perspective View) 

Fortunately, the peaks associated with Ca and Si are well-defined and the intensities are easily 
recognised. 
 

 
FIG. 5. A typical simulated spectrum of neutron-induced prompt gamma for two samples. 

 

2.3. NIPGAT EXPERIMENTAL SET-UP 
 
Instead of using thermal neutron from nuclear reactor, isotopic neutron source (Cf-252) with 
an activity of around 2mCi has been used in this project. The size of this neutron source is 
0.5cm in diameter and 5cm in length and its mass is about 5 microgram. This neutron source 
produces flux at least 1x107n/s. During irradiation, neutron source is placed inside neutron 
howitzer which is made of paraffin wax. Size of the howitzer is 40cm in diameter, 40cm in 
height and it has 10cm deep hole. However for irradiation purpose, the neutron source is 
arranged to be placed at only 2cm away from the howitzer opening window. High purity 
germanium detector with 1.2 liter liquid nitrogen dewar was used to detect prompt gamma 
that emit from the elements inside the sample. Irradiation time for each sample is set at one 
hour. Large Dolerite and Granite stone samples which are around 40kg to 50kg have been 
collected from 3 major areas Figure 6. The areas are Panchor, Lawit and Pangsun. The stone 
sample then been irradiated in such arrangement of detector and neutron source as shown in 
Figure 7. The distance between detector and source is 15cm in 90 degrees arrangement. About 
6mm thickness of lead sheet is placed in front of the detector and source collimator window. 
 
The most important experimental work is the irradiation at the original Terengganu Inscribed 
Stone which is displayed at Terengganu State Museum. Arrangement has been made with the 
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FIG. 6. Some of collected Dolerite and 
Granite stone samples. 

FIG. 7. Arrangement of detector and neutron source 
inside howitzer in 90 degrees. 
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museum curator in order to get an access into the Inscribed stone cubicle and perform the 
irradiation procedure Figure 8.  
 

 

 
FIG. 8. Irradiation on Inscribed Stone at Terengganu State Museum. 

 
The study began with observations of physical properties of external Inscribed Stone itself. 
This was done at the Terengganu State Museum where it is displayed. This was followed by a 
visit to the field of its discovery, Kampung Buloh in Kuala Berang, Figure 9. Discovery of 
several old graves in the vicinity shows that the gravestones at the cemetery have the same 
rock type with the Inscribed Stone. Information from the elderly in Kampong Buloh lead to an 
early indication that the original gravestones are from Panchor. This information is important 
because it indirectly guides the location of resources to the Inscribed Stone. Field study as 
well as NIPGAT experimental work was conducted for samples from two locations in 
Terenganu (Panchor and Lawit) and one location in Selangor (Pangsun). 
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FIG. 9. Kampung Buloh in Terengganu, Malaysia. 

Inscribed Stone body can be categorized as having a little weathered (grade II) and there are 
signs of chemical weathering, hoops liesegang be visible on the top surface plane. Signs of 
physical weathering also can be seen on its surface, Figure 10. Former flakiness or cleft 
formed the cause of some the Jawi letters and words written on the surface are disappeared 
and not readable. Geological structures such as joints and cracks are clearly seemed on this 
stone. Crack plane of the top of the Inscribed Stone is characterized by the structure of 
"plumose", Figure. 11. This clearly illustrates that the crack plane is propagated along the 
plane of tectonic joints. 
 

  

FIG. 10. Physical weathering effect. FIG. 11. Plumose structure. 

Plumose structure recorded the direction of cracks propagation in the rocks. The structure is 
formed by a ridge and small grooves similar to the pattern of feathers on the surface cracks or 
joints. It was formed under the influence of extension and when the fault is rapid as if the 
stone exploded. Other structures, such as the impact of broken and chipped also found on the 
stone, may be caused by disturbances during the transfer process from the original stone and 
places of previous exhibitions. 
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3. RESULTS AND DISCUSSION 
 
Surface of rock samples collected were cleaned without using any special treatment. This was 
to maintain the original sample. During irradiation with neutrons, gamma ray spectrums are 
recorded. Typical gamma-ray spectrum of different set of samples is given in Figure 12. From 
the measurement data, the peak energy for elements such as hydrogen (H), aluminum (Al), 
silicon (Si), sodium (Na), titanium (Ti) and Iron (Fe) can be clearly detected. Other elements 
was also detected, however they were not taken into account in this experiment because their 
errors were too large as compared with the dominant elements. In all measurements using 
NIPGAT, gamma ray of Al is the dominant compared with other elements which it gave the 
highest reading on the graph. However, the Al content in the sample cannot be compared 
directly because the large number of gamma ray is likely to influence by collimator on HPGe 
detector which is also made with Al. All results were recorded by taking into account the 
average result of six measurements for each sample. This provides more consistent results 
with high accuracy and can represent the entire volume of the sample. 

 

Fig. 12. Typical prompt gamma-ray spectrum from different sets of samples using NIPGAT. 

3.1. COMPARISON BETWEEN INSCRIBED STONE WITH GRANITE 
 
Graph profile (Figure 13) for the granite rock samples obtained from Panchor and Kenyir 
Dam is very different from the Inscribed Stone. The total number of gamma rays for Si (3539 
keV) and Si (4934 keV) for the granite rock is higher (2 times) than the inscribed stone, which 
shows that the Si content is generally higher in granite. However, the total number of prompt 
gamma ray for the Ti (6418 keV) and Ti (6760 keV) for the granite rock is very low 
compared to Inscribed Stone and not be detected directly. Two elements are compared for, Si 
is the highest element (72%) and Ti is the lowest element content (0.3%) in the granite rock 
(http://en.wikipedia.org/wiki/Granite). Significant differences can be seen if these granite 
rocks compared to the inscribed stone. The total number of gamma rays to Fe (7631 keV) and 
Fe (7645 keV) for these granite rocks were also low when compared with the inscribed stone. 
This difference clearly indicates that the granite rock is not from the same rock type of the 
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inscribed stone. This strongly supports the conclusion made in previous geological studies 
(Tajul Anuar Jamaluddin et al, 2010) in denying that this inscribed stone is made of granite as 
indicated in the previous study (H.S. Peterson, 1924). 
 

 

Fig. 13. Comparison of Prompt gamma between the inscribed stone with Granite. 

3.2. COMPARISON OF THE INSCRIBED STONE WITH DOLERITE 
 
In theory, the number of gamma rays induced by fast neutrons is dependent on water content 
(moisture) of a sample, because the hydrogen atoms in water molecules are the main agents 
that can slow down the high-energy neutrons to low energy neutron or thermal neutron (R. 
Khelifi et al 1999; ZB Alfassi and C. Chung, 1995). Thermal neutron is great potential for 
activating element in the sample to produce prompt gamma. Profile of the graph (Figure 14) 
for dolerite rock samples from the upper river of Lawit and Panchor is similar to the inscribed 
stone. However, the total prompt gamma ray for Si (3539 keV), Si (4934 keV), Na (6395 
keV), Ti (6418 keV), Ti (6760 keV), Fe (7631 keV) and Fe (7645 keV) is slightly higher 
compared to readings obtained from the inscribed stone. This is because the inscribed stone 
has been exposed to a dry environment where it is placed in a controlled area air-conditioned 
and illuminated with infrared light, resulting in lower moisture content. When the hydrogen 
content is low, the number of elements can be activated is less due to the lack of thermal 
neutrons present in the samples. This situation is very different from the dolerite rock samples 
obtained from the aqueous environment of the area exposed to the rain, which typically 
contains high moisture content. This answered the question why the Si content is low in the 
inscribed stone over Dolerite derived from the upper river of Lawit and Panchor. 
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Fig. 14. Comparison between prompt gamma from the Inscribed Stone with the Panchor and Lawit 
Dolerite. 

 
Fig. 15. Comparison between prompt gamma-rays from the inscribed stone with Pangsun Dolerite. 
 
According to the geological study, dolerite rocks can also be found in several areas in 
peninsular Malaysia, including at the Pangsun in Selangor and Lembah Bujang at Kedah 
(MO Schwartz, 1995). To support the results obtained, a number of dolerite samples from 
outside the Hulu Terengganu were analyzed using NIPGAT system. For this purpose, several 
samples of Dolerite from Pangsun has been taken for comparison in terms of the composition 
of the dominant element. Results showed that samples obtained from Pangsun has almost a 
same number of prompt gamma rays from Hulu Sungai Lawit and Panchor for all the 
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dominant elements of Si (3539 keV), Si (4934 keV), Na (6395 keV), Fe (7631 keV) and Fe 
(7645 keV), except for the elements Ti (6418 keV) and Ti (6760 keV), which is very different 
from the inscribed stone (Figure 15). These results conclude that the composition of Dolerite 
elements is different between the one at Terengganu and Selangor. 
 
3.3. COMPARISON BETWEEN THE INSCRIBED STONE WITH ALL SAMPLES 
 
Referring to Figure 16, the total prompt gamma ray counts of inscribed stone for Si (3539 
keV) and Si (4934 keV) is almost identical to dolerite samples from the Panchor, Lawit and 
Pangsun. This clearly shows that they indeed from the same family as the Si content is the 
dominant element in the composition of these rocks. However, prompt gamma rays for Ti 
(6418 keV), Ti (6760 keV) and Na (6395 keV), there are quite different from Dolerite 
samples taken from Pangsun as compared to Lawit and Panchor. Ti and Na are two minor 
elements in the dolerite rocks and their contents are quite different from one area to another. 
This is visible on the profile graph in Figure 16. If the moisture in all samples is equal, it is 
predicted that the graph in Figure 16 for the inscribed stone should has a profile that most 
closely matches the graph profile of the Dolerite from Panchor and Lawit. 
 

 

Fig. 16. Comparison between prompt gamma of the inscribed stone with all Dolerite samples from 
Panchor, Lawit, and Pangsun together with Granite. 

4. CONCLUSION 
 
Based on these results, a portable system based on neutron-induced prompt gamma-ray 
technique has been successfully developed. This will allow for the stone to be investigated 
non-destructively in a volumetric manner on the site. For now, the elemental composition of 
the inscribed stone found to be very identical to dolerite stone samples collected from Lawit 
and Panchor. More samples from other place are needed to determine the provenance of this 
inscribed stone. The inscribed stone is definitely not a Granite stone as reported in many 
literatures earlier in its history. The scientific data or technical evidence obtained from this 
project will be of great benefits not only to curators and archaeologists but also to scientists, 
historians and many others in the future. 
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Abstract. 

Pragmatic rather than physical correction factors for neutron and gamma-ray shielding were studied for 
samples of intermediate size, i.e. up to the 10-100 gram range. It was found that for most biological and 
geological materials, the neutron self-shielding is less than 5 % and the gamma-ray self-attenuation can easily be 
estimated. A trueness control material of 1 kg size was made based on use of left-overs of materials, used in 
laboratory intercomparisons. A design study for a large sample pool-side facility, handling plate-type volumes, 
had to be stopped because of a reduction in human resources, available for this CRP. The large sample NAA 
facilities were made available to guest scientists from Greece and Brazil. The laboratory for neutron activation 
analysis participated in the world’s first laboratory intercomparison utilizing large samples. 
 
1. INTRODUCTION 
 
Difficulties with the preparation of test portions in the order of 500 mg or less –the typical 
size in common neutron activation analysis (NAA)- representative for the laboratory sample, 
is one of the niches of large sample NAA. Though it has been demonstrated that the technique 
can be applied to samples with masses in the kilogram range, a mass of 10-100 g may often 
be already sufficient to compensate for the homogenization problems as may be derived 
experimentally from orientating analysis in replicate and derivation of the sampling constant. 
In addition, there may be interest for analysing bulky matrices of relatively low density (such 
as e.g. tree leaves), and a relatively large volume may render masses of only a few hundred of 
grams. In the conventional large sample NAA procedure in Delft, the neutron self-shielding 
correction is derived from the neutron flux depression outside the sample; the gamma-ray 
self—shielding is estimated after measuring the attenuation of gamma-rays emitted by an 
external sources. These approaches are not easily applicable for sample masses in the 10-100 
g range, since the neutron flux depression will be too low to be measured, whereas the same 
applies to the reduction of the gamma-ray transmission. It is expected that in this range of 
sample mass sizes, corrections for the neutron self-shielding may be just at the edge of being 
significant. This calls for pragmatic rather than physically pure correction methods for 
neutron self-absorption, gamma-ray self-attenuation and volumetric efficiency correction. In 
addition, new pool-side irradiation facilities will be needed to apply such a type of large 
sample NAA. 
 
Another aspects of large sample analysis lies with the demonstration of the degree of trueness, 
and demonstration of the quality of all correction methods mentioned in the above. 
 
Quality control in neutron activation analysis is based on the analysis of a material with 
known property values, preferably by simultaneous processing with the normal samples to be 
analysed. (Certified) reference materials are an option for this. Quality assurance aims at the 
minimization of the occurrence of systematic errors. Method validation is part of quality 
assurance as knowledge of the validation performance indicators defines the borders within 
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the technique can be performed to satisfy the intended purpose. Certified reference materials 
specifically serve method validation because of their known property values. 
 
The fundamental problems of quality control in large sample neutron activation analysis 
(LSNAA) have been outlined before [1]: (i) Well characterized control samples available of 
the size of large sample (several grams to kilograms) are either very expensive in 
consumption or not available at all and (ii) Large sample analysis may be required because of 
the heterogeneity of the object, which cannot be simulated by a control sample even if it 
would be available. Alternative approaches have therefore been suggested [1] to monitor the 
occurrence of systematic errors during the analysis procedure. 
 
Quality control materials (“trueness control materials’) of siliceous composition, reflecting 
typical geological or pottery-type samples, but with known property values of the chemical 
elements are therefore urgently needed at various degrees of macroscopic inhomogeneity and 
at sizes between 100 g and several kilograms. 
 
2. BACKGROUND 
 
Large sample neutron activation analysis at a research reactor was introduced in our 
laboratory in the early 1990s [2]. Large sample analysis was envisioned as a solution for cases 
in which analysis of materials was hampered by obtaining a representative small test portion, 
e.g. because of difficulties in homogenization, because sub-sampling would not be possible or 
allowed, or when then inhomogeneity as such would be the object of study. The facilities 
were intended therefore to serve analysis of large quantities of sediment like underwater drill 
cores and/or materials from waste recycling. Minimum sample masses of 1 kg, but merely 
more often in the order of 10 kg or more were planned for; as such a relatively low thermal 
neutron flux would be appropriate. The large sample irradiation facility at the Hoger 
Onderwijs Reactor of the Reactor Institute in Delft therefore operates at a thermal neutron 
flux of 3.108 cm-2s-1 with a thermal over non-thermal flux ratio of > 3000 and can serve 
sample masses up to 50 kg and dimensions of 15 cm diameter and 100 cm of length. During 
the development of reactor-based large sample NAA, the physics of the neutron self-
absorption, the impact of the voluminous source size and gamma-ray self-shielding were all 
evaluated on basis of the underlying physical principles of these phenomena. 
 
However, whereas the neutron flux of 3.108 cm-2s-1 is adequate for analysis of samples with 
masses of 1 kg or more, it is too low for analysing samples with masses < 1 kg.  
 
3. OVERVIEW OF RESEARCH WORK 
 
The workplan for the period of this CRP consisted of the following packages: 
(i) Assessment of the relationship between pragmatic correction methods for neutron and 

gamma-ray self-attenuation and volumetric counting efficiency, and degree of trueness 
of the results.  
Development of trueness control materials. 

(ii) Evaluation of the feasibility of a simple, low-cost dedicated pool-side facility, without 
the necessity of far-reaching modifications of the reactor, thermal column or neutron 
beams. The facility should serve analysis of samples with masses up to 100 g and 
dimensions up to 5 cm diameter and 10 cm length, with feasibility of short-half-life 
measurements (transfer time < 5 s). 

(iii) Providing access for other researchers with this CRP to the existing large sample 
facilities for kilogram-size samples at the Reactor Institute Delft. This will serve the 
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inter-validation of various correction algorithms for neutron and gamma-ray self-
attenuation, volumetric efficiency correction and element calibration. 

The outcome of this research is expected to provide insight in the applicability of intermediate 
large sample analysis, e.g. for the use in studies with coins, pottery fragments, entire minerals 
and intact gem-stones; for studies for assessment of the quality of animal food and for studies 
related to human health (such as human (infant & elderly population) excreta in diapers). 
 
4. RESEARCH RESULTS AND ACHIEVEMENTS 
 
4.1. PRAGMATIC CORRECTION METHODS 
 
4.1.1. An evaluation was made for the overall correction factors for cylindrical samples 
with different low Z matrices up to 10 grams 
 
This workpackage was partly carried out in close communication with Dr. Rajmund Gwodz 
from Denmark. The composite neutron absorption cross sections have been calculated on 
basis of the compositional information of several biological and geological reference 
materials. First order estimation of the neutron self-shielding using the equations of Zweifel 
et.al., [3] indicated that the neutron self-shielding correction in cylindrical samples of such 
materials with dimensions up to 100 cm3 is often less than 5 %. 
 
Many environmental, biological and geological materials have an average low atomic number 
(varying from Zeff = 8 – 13). For gamma-ray energies > 100 keV, Compton scattering is the 
most important phenomenon, which is almost independent of Z (and thus of composition of 
the sample). The effective mass attenuation coefficient depends on the sample density only. A 
first order indication of the gamma-ray self-attenuation for the energy range > 100 keV for 
low Z materials shows that / ~ 2. 10-1 – 10-1

 
g.cm-2

 
for the range 100 keV-1 MeV. Estimates 

for gamma-ray self-attenuation can thus be obtained as a function of sample thickness and 
effective density; the latter can be derived from tabulations [4]. 
 
Commercial software is nowadays available for estimating the voluminous efficiency of 
sources of well-defined geometry [5, 6, 7]. 

 
As such, large sample NAA for sizes up to 100 cm3 can be carried out without complicated 
corrections. The only restriction lies in the degree of neutron flux self-thermalization if the 
material contains large amounts of hydrogen, and the compensation for the neutron flux 
gradient over the diameter of the sample.  
 
4.1.2. Development of a trueness control material (‘reference material’) to validate the 
trueness and robustness of the correction-methods used in LSNAA.  
 
Large sample reference materials of approximately 1 kg, with various degrees of 
inhomogeneity, can be produced using well-characterized leftovers of samples from (trace) 
element interlaboratory comparisons studies. Thus, the amounts and their uncertainties of the 
elements in such samples are known. It should be noted that it is analytically incorrect to 
express these amounts as mass fractions as this would implicit that the sample is perfectly 
homogeneous for the element, which is of course in contradiction to the reality.  
 
The feasibility of this approach was tested by producing and analyzing the first of an intended 
series of such reference materials (see Figure 1 for the planned geometries). This first sample 
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was considered as macroscopic homogeneous, i.e., no extreme care was given to mix the 
various portions added else than some general shaking [8]. As such, the analysis of this large 
amount with known property values served to verify the quality of the large sample NAA 
software with an integrated correction for neutron self-attenuation, gamma-ray self-
attenuation and the photopeak efficiency estimation for voluminous sources.  
 

 
 

FIG. 1. Suggested geometries of homogeneous and inhomogeneous large reference materials. 
 
Leftovers of materials were used from the participation of the Laboratory for INAA at the 
Reactor Institute Delft in the interlaboratory soil exchange (ISE) comparison organized by the 
Wageningen Evaluating Programmes for Analytical Laboratories (WEPAL, [9]). Typically 
(500 in all PT schemes) laboratories participate in each round; one sample type is analyzed 
during at least 4 consecutive rounds. As such, a vast amount of data is available on basis of 
which the organizer establishes estimates of the property values of elements using robust 
statistical techniques. 
 
The amounts of each selected leftover was transferred into a polyethylene bottle of 12 cm 
diameter and 20 cm height and the transferred mass was determined simply by weighing. 
Typically, each leftover contributed approximately 200-500 grams. A sample of 
approximately 2.1 kilogram was obtained, initially with a layered structure. The bottle was 
shaken to get some mixing of these layers. The total amounts and uncertainties of all elements 
of interest were calculated from the mass fraction data provided by WEPAL in their annual 
reports. 
 
The reference material was irradiated for 24 h in the LSNAA facility [2] at the Hoger 
Onderwijs Reactor in Delft. The sample was surrounded by zinc foils of approximately 75 mg 
for measuring the neutron fluence rate depression caused by the neutron capture in the large 
sample. The induced radioactivity in the large sample was measured with the Ge detector and 
at the same distance as described above after a decay of 6, 14, and 35 days. Counting times 
were respectively 1, 5 and 10 h to ensure good counting statistics. The zinc monitors were 
measured for 0.5 h after a 5 d decay time using a gamma-ray spectrometer with automated 
sample changer and a 250 cm3 well-type Ge detector. The gamma-ray spectra of the large 
sample have been analyzed with software based on the algorithms described by Overwater 
[10]. 
 
The estimated of the standard deviation si of the formulated mass fraction of element i is 
derived from the by WEPAL provided MAD (median of absolute deviations) using the 
conversion sx = MAD/1.4826. These standard deviations have been used, together with the 
uncertainties of measurement for the estimation of the zeta scores for each element. 
Formulated and calculated mass fractions with their respective uncertainties are given in 
Table 1. 
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TABLE 1. MEASURED AND FORMULATED MASS FRACTIONS OF ‘HOMOGENEOUS’ 
LARGE SAMPLE REFERENCE MATERIAL 

Element 
“Formulated” 
 mass fraction 

Measured mass 
fraction 

Uncertainty  zeta-score Bias 

  mg/kg mg/kg (%)   (%) 

As 14 14,2 4,6 0,4 2 

Ba 424 346 41 -0,6 -19 

Ca 1,35E+04 1,26E+04 20 -0,4 -7 

Ce 39,4 38,8 7,5 -0,2 -1,8 

Co 8,1 9,4 2,3 5,7 15 
Cr 108 117 3,7 2,2 9 

Fe 1,68E+04 1,73E+04 2,3 1,3 3,2 

K 1,28E+04 1,38E+04 2,5 2,8 7,4 

La 20,2 20,8 2,2 1,4 3,1 

Na 4,69E+03 4,90E+03 2,2 1,9 4,4 

Sb 2,3 2,5 3,5 2,3 8,9 

Sc 5,0 5,4 2,2 3,1 7,2 

Th 5,7 6,6 6,4 2,1 16 
 
The good agreement (zeta < 3) between the formulated and calculated mass fractions 
indicates that the large sample NAA software operates well for materials of macroscopic 
homogeneity. 
 
All raw data are available for benchmarking of software for large sample analysis in other 
facilities. 
 
Unfortunately, the development of reference materials in the other projected geometries 
(Figure 1) could not be completed. This part of the project was seriously delayed since bugs 
were detected in the software for correcting the neutron self-shielding, and in the gamma-ray 
spectrum analysis. It was found that the software could not handle a modification of the 
irradiation container. Eventually, this problem was solved. It was also found that not all 
coincidence corrections were properly carried out. In addition, the ORTEC detector had to be 
repaired twice because of a vacuum problem POPTOP cryostat (4th time since 1992) and a - 
HV-filter breakdown, requiring renewal of the pre-amplifier. 
 
4.2. EVALUATION OF THE FEASIBILITY OF A SIMPLE, LOW-COST DEDICATED 
POOL-SIDE FACILITY FOR INTERMEDIATE SIZED LARGE SAMPLES 
 
A first orientation of a new facility has been made for accommodating a project in which 
complete diapers had to be analysed; the amount of material in the diaper was too small for 
successful analysis using the regular large sample facility as a much higher neutron flux 
would be needed.  It was suggested to consider an irradiation geometry in the form a flat thin 
plate, to be positioned parallel to the length of the reactor’s fuel elements. A volume of e.g.  
6 * 6 * 2 cm3 (72 cm3) would fit inside the regular ex-core irradiation facility of the Hoger 
Onderwijs Reactor, and could contain 50 – 100 gram of material, depending on its density. By 
using only 2 cm thickness, the effect of neutron self-shielding can be minimized. However, 
the positioning of such a target precisely parallel to the fuel plates could not be realized with 
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the regular irradiation facility. The design and development of a new irradiation facility to 
serve this purpose was postponed because of a change of the stakeholder’s focus during the 
course of the CRP, and since an application was pending at the Dutch government for a major 
change of the research reactor (the OYSTER project [11]).  
 
4.3. THE EXISTING FACILITY FOR LSNAA WAS MADE AVAILABLE TO THE CRP 
PARTICIPANT FROM GREECE TO VALIDATE THE CORRECTION METHOD FOR 
LSNAA OF INHOMOGENEOUS SAMPLES AND TO STUDY THE ANALYSIS OF A 
CULTURAL HERITAGE OBJECT 
 
To this end, the Reactor Institute Delft made available all raw data of the analysis of the 
object, used in the laboratory intercomparison carried out in this CRP. 
 
The large sample facility was also used by Ms. C.Elias, PhD student of the Centro de Energia 
Nuclear na Agricultura of the Universidade de Sao Paulo, Piracicaba, Brazil, for analysis of 
kilogram-sized samples of dog food in the frame of a study into the within and between-batch 
variability of the composition of this fodder.  
 
Another PhD student, Ms. T.Yagob (on leave from the Sudan Atomic Energy Commission for 
a PhD study at the Delft University of Technology) has been using the large sample facility 
for analysis of complete batches of microwave meals (approximately 1 kg each) in the frame 
of a study on the metabolism of iron in man. 
 
4.4.  INDEPENDENT ASSESSMENT OF THE ANALYTICAL QUALITY OF LARGE 
SAMPLE NAA AT THE REACTOR INSTITUTE DELFT BY PARTICIPATION IN THE 
LABORATORY INTERCOMPARISON 
 
The object, a copy of a traditional Peruvian vase with a mass of 780 gram with sample code 
R-10, was covered on the outside with Zinc neutron flux monitors (typical mass 75 – 130 mg) 
(see Figure 2) and irradiated in the large sample facility on April 11, 2012 for 48 h at a 
thermal neutron flux of approximately 3.108 cm-2s-1. 
 
The object was measured at a distance of (object center to detector end-cap) from a side-
looking Ge detector (relative efficiency 96 %, see Figure 3) on April 18, during 30 min, on 
April 19 during 1 h, on April 23 during 1 h and on May 7, during 10 h. The zinc flux monitors 
were counted for 15 min each on April 18 in a 125 cm3 well-type Ge detector. Results are 
shown in Table 2. 
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TABLE 2. MASS FRACTIONS AND THEIR COMBINED STANDARD UNCERTAINTIES 
Reference values  Netherland’s results 

Analyte Result 
(mg/kg) 

Combined 
Standard 

Uncertainty (%) 

 Result 
(mg/kg) 

Combined 
Standard 

Uncertainty (%) 

zeta-score 

Na 20379 3  22800 2 3,2 
Mg 13061 5     
Al 83369 3     
K 16637 9  22800 4 3,5 
Ca    34000 11  
Sc 16,5 5  16,4 2 -0,1 
Ti 4506 7     
V 141 7     
Cr 25,1 8  25,1 3 0,0 
Mn 844 3     
Fe 44547 2  44400 3 -0,1 
Co 14,8 3  14,1 3 -1,2 
Ga    24 11  
As 33,9 7  37 4 1,2 
Br 4,2 24  6,1 6 1,7 
Rb 100 2  93 3 -1,9 
Sr 418 4  530 10 2,0 
Zr    230 20  
Sb 5,1 9  5,1 4 0,0 
Cs 11,4 3  10,8 3 -1,4 
Ba 677 2  640 11 -0,5 
La 24,8 8  25,2 2 0,2 
Ce 51,2 7  50 4 -0,3 
Nd 26 20  17 10 -1,6 
Sm 5,8 5  3,9 4 -5,9 
Eu 1,1 3  1,25 4 2,5 
Tb 0,65 6  0,66 10 0,1 
Dy 4,1 8     
Yb 2,3 4  2,2 4 -0,8 
Lu 0,36 5  0,31 8 -1,7 
Hf 5,1 7  4,9 4 -0,5 
Ta 0,55 7  0,59 12 0,5 
W    2,1 40  
Th 10,8 6  10 4 -1,1 
U 2,9 6  3,2 20 0,5 

 

 
FIG. 2. Object R-10, showing the packing for irradiation and the flux monitors on the outer surface. 
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FIG. 3. Large sample counting facility with the vase inside the container. 

 
These results have been compared to the values, obtained by the organizer of this 
intercomparison by normal neutron activation analysis on small amounts of the material, used 
to produce the copy of the vase. This comparison has been quantified by calculation of the 
zeta score. In general, satisfying agreement (zeta scores < | 3|) was achieved.  
 
5. PITFALLS 
 
Not all objectives could be realized during the course of this CRP. Some of the causes were 
already mentioned in the above (change in focus of one of the stakeholders; postponement of 
development of irradiation facilities in view of the reactor upgrade project).  
 
Other points to be mentioned are: 
- The available human resources for the contribution to the CRP more than halved when 

Ms. M.J.J. Koster-Ammerlaan’s appointment at the Reactor Institute Delft changed 
after September 2010. There was no replacement foreseen. 

- The governing Facilities and Services section of the Reactor Institute Delft outlined 
not to invest further in research and development of (large sample) INAA but only 
using it for routine applications. The scientific department Radiation, Radioisotopes 
and Reactors considered that no support could be given to such additional research 
without a stakeholders request. 

 
6. CONCLUSION 
 
Large sample neutron activation analysis can relatively easily be applied to samples with 
masses between 1 g and 10 g. For most materials, in the absence of extreme amounts of 
strong neutron absorbing or scattering elements such as hydrogen, boron, cadmium, 
gadolinium, the neutron self-shielding can be minimized if the targets are used in a slab 
geometry. If the physically geometry is well defined (e.g., cylindrical, slab), corrections for 
gamma-ray self-attenuation and voluminous efficiency can be applied using commercially 
available software. 
 
It has been demonstrated that low-costs objects can be made with known property values 
serving for verification of the validity of the analysis results, trueness control materials, using 
left-overs of materials, well-characterized via laboratory intercomparison studies. Application 
thereof revealed the need for modifications of the software, eventually resulting in an 
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acceptable degree of agreement of measured and formulated amounts of the chemical 
elements. 
 
Finally, it has been shown that even large, irregularly shaped objects can be analysed using 
neutron activation analysis and that results can be obtained with a degree of trueness, 
expressed via zeta scores, equivalent to the state-of-the-practice in normal neutron activation 
analysis. 
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Abstract. 

The feasibility of the instrumental neutron activation analysis of entire pieces of archaeological pottery, using 
low thermal neutron fluxes, is examined and a new approach for the non-destructive analysis of entire pottery 
objects by INAA, using the conventional relative method, is described. The proposed method relies in the 
preparation of a comparison standard, which is a nominally identical replicate of the original object to be studied. 
INAA of small samples taken from that replicate allows determining its composition for the elements to be 
analyzed. Then the intact sample and intact standard are irradiated together with the neutrons from a nuclear 
reactor neutron beam, using a suitable turntable facility and monitored by neutron flux monitors. Finally, after 
proper decay times, the induced activities in sample, standard and flux monitors, are successively measured, by 
high-resolution gamma spectroscopy, using a high-efficiency germanium detector. In this way, several 
complicating effects such geometrical efficiency, neutron self-shielding and gamma ray attenuation are avoided 
and the need of complicated mathematical corrections is not needed. A potential advantage of the method is that 
it can be fully validated. Quantitative experiments using 7 – 13 hours of irradiation of pairs of 750 grams 
replicates, at low neutron fluxes of 3.9 x106 n cm-2 s-1, followed by 100000 to 200000 seconds of counting in 
front of  a 70% relative efficiency HPGe detector, led to recoveries between 90% and 110% for Sc and La. 
Another experiment, using pairs of replicates of small solid mud anthropomorphic objects, (weighing about 100 
grams each), irradiated by 8 hours at a neutron flux of 109 n cm-2 s-1, led to recoveries better than 90% and 110% 
for As, Ba, Ce, Co, Cr, Cs, Eu, Fe, Hf, La, Lu, Rb, Sb, Sc, Sm, Ta, Tb, Th, Yb and U, showing that the proposed 
method is suitable for LSNAA of entire pottery or mud archaeological objects. 
 
1. INTRODUCTION 
 
Non-destructive and reliable quantitative elemental analysis, of intact archaeological pottery 
objects, is very important because it would provide valuable information for provenance 
studies and authenticity assessment, without damaging those precious cultural objects by of 
taking samples from them. 
 
Large Sample Neutron Activation Analysis (LSNAA), proposed by Bode et al [1, 2], and 
others [3], is a very promising option for nondestructive analysis of cultural objects. 
Nevertheless, the accurate LSNAA of entire pottery objects, with masses of up to one 
kilogram or more as well as of arbitrary, nonsymmetrical shapes, constitutes a nontrivial 
scientific and technological challenge. 
 
To overcome this challenge, the application of the internal monostandard method has been 
proposed by Dasari et al [4] and the use of Monte Carlo calculations has been proposed by 
Stamatelatos et al. [5], for the estimation of calibration factors, for neutron self shielding and 
gamma ray detection efficiency effects. 
 
In this report, we propose a different approach, consisting of the application of the 
conventional relative INAA method, adapted to the analysis of large samples with arbitrary 
shapes [6]. In fact a practical and reliable way of performing accurate, nondestructive INAA 
of large and nonsymmetric, archaeological pottery objects is to use a reference object 
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irradiated simultaneously with the original pottery piece (a replicate of it) with well known 
chemical composition, and made with the same nominal size, shape and weight as the 
original. In this way, as a working hypothesis, it was expected that correction factors for 
neutron self shielding and gamma ray detection efficiency effects will cancel. 
 
For the preparation of the replicates, we trusted on the high skill level of our Peruvian 
ceramists (local ancient technology), while for the composition issue, several small 
subsamples were taken from the replicate, with a small diameter tungsten carbide drill. Then 
the trace elements composition were determined by k0 based INAA [6-9], with the highest 
possible accuracy. 
 
2. EXPERIMENTAL PART 
 
The experimental details have been published elsewhere [6] and are briefly mentioned again 
here, for sake of completeness. 
 
Twelve replicates of a Mochica pottery object, with masses ranging between 700 and 800 
grams, approximately, were prepared by a local artisan, using a homogeneous clay of fine 
texture (Fig. 1). After weighing, all samples were superficially cleaned with a soft brush and 
stored in labeled polyethylene bags. Powder ceramic was extracted with a carbide drill from 
different parts of each replicate, and mixed to get composites with masses of about 1 gram. 
These samples were placed in clean glass containers, homogenized, dried and analyzed by k0 
based INAA [6-9]. 
 

FIG. 1. Replicate of a Mochica pottery object. 
 
Following [6], aliquots of about 250 mg, of each composite powdered ceramic sample, were 
weighed in polyethylene vials and irradiated for 20 min., together with sodium comparators, 
using the pneumatic transfer system of the 10 MW Peruvian Nuclear research reactor, at a 
thermal flux of 1.9 x 1013 n.cm-2 s-1 and epithermal flux of 3.2 x 1011 n.cm-2s-1. After a decay 
time of 5 days, a first measurement of the samples was performed for 5000–6000 s, using a 
Canberra GC 1518 HPGe detector (relative efficiency: 15%; FWHM: 1.8 keV at 1332.5 keV 
60Co). The comparators were measured for 1000 s after 6 days of decay in an identical 
geometry. Under these conditions, 76As, 42K, 140La, 24Na, 239Np, 122Sb, 153Sm, and 175Yb were 
determined. A second measurement was carried out after 15–17 days decay for 10000 s with 
another HPGe detector (Canberra GC 7019; relative efficiency: 70%, FWHM: 1.9 keV at 
1332.5 keV 60Co). The nuclides determined were 131Ba, 141Ce, 60Co, 51Cr, 134Cs, 152Eu, 59Fe, 
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181Hf, 177Lu, 147Nd, 86Rb, 46Sc, 85Sr, 182Ta, 160Tb, and 233Th. A certified standard reference 
material, NIST 1648, was used for quality control of the procedure. 
 
For the analysis of the entire pottery objects, the replicates were organized in pairs, three of 
which had very similar masses (difference of about 0.1%) and the other three with mass 
differences of up to about 16%. One of the replicates of each pair worked as the sample and 
the other one as the standard. In all cases, the replicate of higher mass was used as the 
standard or comparator. 
 
Each pair of replicates was placed onto an aluminum double turntable device and irradiated at 
the head of a neutron beam of the nuclear research reactor (Fig. 2). Small disks of scandium 
and gold were attached to both the samples and the comparators, as flux monitors. 
 

 

 

 

 

 

 

 

 

FIG. 2. Irradiation geometry of a “sample” and a “standard”. 

Following [6], each pair was irradiated by 7–13 h, and measured for 100,000–200,000 s, after 
3 and 10 days decay, using a 70% relative efficiency HPGe detector (Fig. 3). The scandium 
and gold monitors were counted for about 20,000 and 5,000 s, after about 10 and 5 days, 
respectively from the end of irradiation. 
 

 

 

 

 

 

 

 

FIG. 3. Gamma counting geometry.  
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In a different experiment, a variant of the proposed method was applied to four replicates of 
complete small anthropomorphic solid objects of unfired clay, with masses of about 100 
grams each, as well as to a pair of small clay anthropomorphic heads with masses of about 10 
grams each (Fig. 4). These objects were replicated copies of original objects found in the pre-
ceramic ancient city of Caral. Small subsamples of these objects were taken and analyzed by 
k0 based INAA, as described before. Then the six objects, organized in pairs and with small 
pieces of nichrome wire as monitors, were irradiated for 9 hours, inside the port of a neutron 
beam of the nuclear reactor, with a thermal neutron flux of 1.4 x 1010 n cm-2 s-1. No rotation 
of samples was applied (Fig. 5). As before, one replicate of each pair worked as “sample” and 
the other as “standard”. After four days of decay, the induced activities of samples, standards 
and monitors were measured by high resolution gamma spectrometry and the following 
elements were determined in those objects working as “samples”: As, Ba, Ce, Co, Cr, Cs, Eu, 
Fe, Hf, K, La, Lu, Na, Rb, Sb, Sc, Sm, Ta, Tb, Th, Yb and U. 
 

  

 

 

 

 

 

FIG. 4. Replicates of mud objects from Caral. 

 

 

 

 

 

 

 

 

 

 

FIG. 5. Irradiation geometry for the replicates of mud objects from Caral. 
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3. RESULTS AND DISCUSSION 
 
A key aspect of working with pairs of replicates, for developing the method, is that the 
concentrations of trace elements, for the “standard” and the “sample” are already known, 
through the k0 based INAA, performed on the powder composite samples, taken from each 
object. This fact allows determining the recovery for each element analysed in the “sample” 
by the proposed method, which constitutes an assessment of trueness. Such assessment could 
not be possible, of course, when working with real samples, because taking samples from the 
precious original objects would be forbidden. 
 
For the experiments performed on pairs of replicates of a Mochica pottery object, in reference 
[6] it has been shown that recoveries between 90% and 110 % were obtained for lanthanum 
and scandium, and between 80 % and 120 % for arsenic, potassium, sodium and europium. At 
the same time, poor recoveries, between 70 % and 130 %, were obtained for Sb, Sm, Cs and 
Fe, which are comparable to the recoveries reported in reference [5]. In the case of our 
proposed method, it was suspected that one important cause of poor recoveries was the poor 
counting statistics, arising from the low neutron fluxes used in the irradiations. 
 
In a previous paper [10] it was shown that after irradiation of for a typical pottery sample of 
about 1 kg, for 45 minutes, at a thermal flux of about 109 n.cm-2.s-1, analytical signals are 
obtained, by gamma spectrometry, with counting statistics better than 1%, for 76As, 131Ba, 
141Ce, 60Co, 134Cs, 181Hf, 140La, 24Na, 122Sb, 46Sc, 153Sm and 233Pa, whereas 51Cr, 152Eu, 42K, 
86Rb, 175Yb and 65Zn can be detected with counting statistics within 1% and 2%. Also, the 
statistics of measurement are relatively poor (ranging from 3% to 10%) for 177Lu, 147Nd, 
239Np, 160Tb and 181Ta. 
 
Figure 6 shows the recoveries obtained for the replicates of the mud objects from Caral. It is 
remarkable to observe that these recoveries range between 90% and 110% for all determined 
elements, being indeed, better than 94 % and 106 % for many of the elements which are 
important for provenance archaeological studies. These results constitute a good evidence of 
the importance of the counting statistics, on the fitness for purpose of LSNAA applied to 
archaeological entire pottery objects.  

FIG. 6. Trueness assessment for the LSNAA of replicates of mud objects from Caral. 
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Radiological safety aspects are also very important. For example, as reported in reference 
[10], a typical pottery sample of about 1 kg, irradiated during 45 minutes, at a thermal flux of 
about 109 n.cm-2.s-1, the in-contact measured gamma dose, after a decay of ten days, was 
about 0.8 mSv/h, which is about twice the maximum allowed dose for nonexposed personnel. 
The main cause of that dose was 46Sc, which suggests that a typical archaeological pottery 
sample object should be kept in custody by about two or three months before being released 
back to the museum. This constitutes a major issue, especially if several samples from a 
museum have to be analysed, because it is necessary to consider that the archaeologists will 
probably want to have access to the irradiated pottery pieces, as soon as possible. Thus, a 
possible solution, to be studied in the future, would be keeping the neutron fluency as low as 
possible, while improving the peak counting efficiency, as much as possible. 
 
4. CONCLUSION 
 
The traditional multi-comparator method of INAA is suitable for the accurate, nondestructive 
determination of several elements in entire pottery objects. A key condition is the use of a 
replicate of the pottery object, as a reference object, to be irradiated simultaneously with the 
sample, and measured using the same counting geometry as for the sample. The replicate 
must have nominally the same weight, shape and dimensions as the sample (inside a practical 
tolerance of few percent) and a well known chemical composition for the elements to be 
analyzed. 
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Abstract. 

A Large Sample Neutron Activation Analysis (LSNAA) facility has been developed at the TRIGA- 
Annular Core Pulsed Reactor (ACPR) operated by the Institute for Nuclear Research in Piteşti, Romania. The 
central irradiation cavity of the ACPR core can accommodate a large irradiation device. The ACPR neutron flux 
characteristics are well known and spectrum adjustment techniques have been successfully applied to enhance 
the thermal component of the neutron flux in the central irradiation cavity. An analysis methodology was 
developed by using the MCNP code in order to estimate counting efficiency and correction factors for the major 
perturbing phenomena. Test experiments, comparison with classical INAA methods and international inter-
comparison exercise have been performed to validate the new methodology.  
 
1. INTRODUCTION 
 
The NAA is a suitable technique for elemental composition analysis. The application on large 
sample needs a suitable irradiation device and involves the knowledge of the neutron field 
perturbation and the gamma ray counting efficiency. The “Large Sample” could be defined as 
a sample in which neutron flux and gamma-ray attenuation can not be neglected, as well the 
counting efficiency knowledge for the specific form is required. 
 
The ACPR-TRIGA is a pulsed reactor, operated since 1980 by the Institute for Nuclear 
Research from Piteşti, Romania. Its core is placed into the pool, by the 14 MWth steady-state 
TRIGA core. The main feature of the core is a 9" diameter central dry experimental tube. 
Various experiments can be performed in the cavity by exposure either to a fast neutron 
fluency of 1015 n/cm2 in a single pulse (20000 MW), or to a fast neutron flux density up to 
1013 n/cm2s in steady-state operation mode. The reactor is capable of continuous steady-state 
operation at power levels up to 500 kW, limited by the cooling possibilities of natural 
convection. The central tube rises up to the water surface, but, for relatively small 
experimental devices, the offset tube is useful for access and instrumentation. 
 
Prior to the irradiation device design, a consistent characterization of the neutron field in the 
experimental channel has been performed. 
 
2. OVERVIEW OF RESEARCH WORK 
 
2.1. IRRADIATION DEVICE DEVELOPMENT 
 
2.1.1. Experimental channel neutron field characterization 
 
The neutron flux density and the neutron spectrum have been evaluated by Monte Carlo 
computations, as well as by foil activation measurements followed by spectrum unfolding. 
The 3-D model of ACPR core used in the MCNP5[1] simulations is based on the actual 
dimensions and material compositions of the core as presented in the Safety Analysis 
Report[2]. The model takes into account the detailed description of the control and fast 
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transient rods, as well as their positions in the core during the steady-state operation. Vertical 
and horizontal sections of the ACPR core model are presented in Figure 1. 
 

 
FIG. 1. ACPR core model. 

The neutron flux spectrum measurements in the ACPR core central dry channel have been 
performed using multi-foil activation techniques. The activation reaction rates were obtained 
by absolute measurement of the induced activity using the gamma spectroscopy techniques. 
The foil detectors are placed into an aluminium detector holder that can be introduced in the 
central channel using the experimental tube offset. The foil detectors are positioned in the 
core mid-plane. The reactor was operated in steady-state mode at a power level of 100 kW.  
 
A silver SPND placed at the core margin has been used for monitoring. The mean value of the 
current recorded during each irradiation has been used for scaling factor computation. The 
induced activities have been measured using the HPGe gamma spectrometer, absolute 
efficiency calibrated for usual counting distances. The SAMPO[3] code has been used for 
fotopeak area calculation. The reaction rates are obtained according to the methodology 
recommended by Greenwod et al[4], by neglecting some corrections, such as: correction for 
finite source diameter, correction for real coincidence summing and for random summing, 
correction for gamma ray self-shielding. These corrections can be neglected due to the 
measurement geometry (relative large distances from the detector) and foil characteristics 
(relative thin foils). 

FIG. 2. Solution spectrum, ACPR dry channel. 
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The neutron self-shielding corrections have been applied by using self-protected cross 
sections for the unfolding procedure. They are generated using the SELFS-3 code [5]. The 
SAND-II unfolding code [6], coupled with the IRDF2002 Dosimetry File [7] is used for 
spectrum unfolding from experimental data (activation reaction rates). 
 
The measured neutron spectrum (SAND II output) and the manner in which each reaction 
response covers the energy domains are presented in Figure 2. The solution spectrum is 
obtained after 6 iterations with a standard deviation between the measured and computed 
activities below 4%. The MCNP5 computed spectrum (69 energy groups) was used as guess 
spectrum. The integral flux measured value is 2.4x1012 n/cm2s. The fast neutrons contribution 
is significant, representing 27% from the integral flux density (E>1 MeV). 
 
Figure 3 shows the measured absolute distribution of fast and thermal flux densities. These 
have been measured by using activation wires (Lu and Ni) placed along the vertical axis of 
the dry channel. Different distributions for the fast and thermal neutron flux densities can be 
observed. The thermal/fast flux density ratio (i.e. the spectrum shape) varies along the vertical 
axis of the irradiation channel. 
 

 
FIG. 3. Thermal and fast neutron flux density axial distribution. 

 
2.1.2. Spectrum adjuster efficiency evaluation 
 
In order to increase the weight of the thermal neutrons, few spectrum adjusters have been 
studied; various cylindrical shields placed in the central area have been added to the MCNP5 
core model presented above. Water and high density polyethylene cylindrical shielding have 
been considered. The results, compared with the reference spectrum (unperturbed) are 
presented in Figure 4. 
 
The highest efficiency is obtained using 6 cm thick polyethylene shielding. In this case, the 
useful space for sample irradiation is limited at about 7 cm diameter cylindrical cavity. The 
measurements carried out for this configuration confirmed the computed results. The integral 
flux density measured value is 3.13 1011 n/cm2s and the cadmium ratio value for gold reaction 
increases up to 2.4. The fast neutrons represent 5.6% from the integral flux density (E >1 
MeV). The integral neutron flux rate density decreases about 7 times due to the neutron 
absorptions in the polyethylene shielding, as compared with the unperturbed case. 
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FIG. 4. Spectrum adjuster efficiency. 

 
2.1.3. Irradiation and measurement devices 
 
Based on the neutron characterization results, including the spectral adjuster efficiency 
assessment, an adequate irradiation device has been designed and manufactured. 
 
The equipment consists of two major parts: the irradiation device and the measurement 
device. A lead transfer container for irradiated samples is also required. The irradiation device 
(Fig. 5) is a 4 cm thick cylindrical polyethylene vessel, 14 cm inner diameter and 28 cm high. 
Additional polyethilene layers could have been inserted to increase the shield wall thickness 
up to 6 or 8 cm. However, MCNP calculations showed no additional benefit in neutron flux 
softening, because thermal neutrons absorption by the additional polyethilene layer 
counteracts the neutron flux thermalization effect, as shown in Figure 4. 

FIG. 5. Irradiation device. 
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The measurement device is a classical scanning device which allows the controlled movement 
of the sample in front of the detector (rotation and vertical translation). The movement is 
performed by using two computer controlled step by step motors. The sample can be rotated 
permanently during the measurement with an angular speed between 1/60 s-1 and 1/6 s-1. The 
vertical translation is performed like an up and down motion between two limits fixed as 
required by the sample size. The translation speed lays between 0.5 to 2.5 mm/sec. 
 
The gamma detector is protected for the natural background by a cylindrical lead shielding. 
The measurement device is presented in Figure 6. 
 

 
FIG. 6. Large sample measurement device. 

2.1.4. Irradiation device neutron field characterization 
 
The irradiation device neutron field characterization has been performed for the standard 
configuration of the irradiation device, namely 4 cm thick polyethylene screen, using the 
multi-foil activation technique. The guess spectrum has been computed using the MCNP 
code. The same experimental procedure as for the dry channel neutron field characterization 
has been applied. The foil detectors have been placed into an aluminum detector holder which 
fits into the irradiation device. The central vertical tube accommodates activation wire 
detectors for flux density distribution measurement. 
 
A fast data acquisition system using the signal from the reactor fission chamber (linear 
channel) has been used for flux monitoring.  A voltage signal (0 – 10 V output) is recorded 
using a sampling rate of 32 samples per second, based on NI-PXI-1052 acquisition system. 
The system amplifier output is digitized and recorded as time series. The process application 
converts the binary file containing recorded data into an Excel file. The records are used for 
scaling factor and irradiation profile correction factor computation according to the formula: 
 

𝑓 =
[ (  )] ∑ 

∑ 


∑

         (1) 
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The irradiation time t is divided into n short irradiation periods ti. The correction factor is 
computed assuming that the measured activity is formed by a sum of individual contributions 
from each irradiation period ti. i represents the relative flux density, namely the fission 
chamber signal. The measured flux densities are reported to the fission chamber signal, 
respectively the reactor power. 
 
The measured neutron spectrum (SAND II output) and the manner in which each reaction 
response covers the energy domains are presented in Figure 7. The solution spectrum is 
obtained after 4 iterations with a 4.5% standard deviation between the measured and 
computed activities. The integral flux measured value is 2.06 1012 n/cm2s normalized to 100 
kW reactor power. 

FIG. 7. Solution spectrum, LSNAA irradiation device. 
 

 
FIG. 8. Thermal and fast neutron flux density axial distribution (LSNAA irradiation device). 

 
Figure 8 shows the measured absolute distribution of fast (E>1 MeV) and thermal flux 
density. The absolute values have been obtained by normalizing to the measured flux and 
spectrum measurement using the measured reaction rates from the foils activation. The 
thermal neutron flux axial distribution shows a flat region in the bottom half of the irradiation 
device due to the polyethylene bottom, acting like a neutron reflector. For future 
developments the completion of the irradiation device with a polyethylene cover may be 
considered to improve the thermal flux distribution flattening. 
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2.2. CROSS SECTION LIBRARY FOR NAA APPLICATIONS 
 
A cross section library for NAA applications, specifically for the irradiation device, has been 
assembled. The mean value of neutron cross sections for each isotope of interest was 
computed by using the measured neutron spectrum (621 points SAND-II output solution 
spectrum).  
 
Because the usual dosimetry files (e.g., IRDF[7]) do not contain all reactions of interest for 
NAA applications, cross sections extracted from the ENDF (Evaluated Nuclear Data File)[8] 
have been added for all reactions of interest in NAA applications. The differential cross 
sections have been written in the SAND-II 621 point energy mesh (10-10 – 18 Mev) using 
interpolations and/or extrapolations (CSTAPE program[6]) of the ENDF data. These data, 
written in the SAND-II cross section library format, are now available for about 200 (n,) 
reactions (almost all neutron capture reaction of the stable isotopes).  
 
A different procedure has been applied for certain cross sections, originated from ENDF, for 
which the unsolved resonance region is given in a very fine energy mesh (tens of thousands 
points). Prior to the interpolation/extrapolation these data have been collapsed assuming a 1/E 
neutron energy distribution for the resonance region (intermediate energies). This is a valid 
assumption for the fission reactor neutron energy distributions. Figure 9 illustrates the results 
of this procedure for the 50Cr(n,) reaction cross section. 
 

  
FIG. 9. 50Cr(n,) reaction cross section. 

Table 1 contains cross section mean values for some of the activation reaction referred in the 
present report (items 1 – 6 are extracted from ENDF, items 7 – 14 are extracted from IRDF 
2002 dosimetry file). 
 
TABLE 1. ACTIVATION CROSS SECTIONS 

Reaction Cross section 
(Barns) 

 Reaction Cross section 
(Barns) 

130Ba (n,)131Ba 7.049 8  139La (n, )140La 4.77 
80Br (n,) 81Br 14.611 9  75As (n, ) 76As 4.796 
50Cr(n,) 51Cr 8.046 10  23Na (n, ) 24Na              0.2732 

181Hf (n,) 182Hf 48.305 11  197Au (n, )198Au 75.48 
41K (n,) 42K 0.7673 12  59Co (n, ) 60Co 20.07 

121Sb (n,) 122Sb 6.161 13  54Fe (n,p) 54Mn 0.01035 
45Sc (n, ) 46Sc 14.01 14  58Fe (n, ) 59Fe 0.681 
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2.3. NEUTRON SELF-SHIELDING EFFECTS ON LARGE SAMPLES 
 
The magnitude of the neutron self-shielding effect has been estimated using MCNP 
computation. The self-shielding factor is expressed as the ratio of the mean value of the 
neutron flux over the sample volume when the sample is in place, divided by the same 
variable without the sample. The computations have been carried out for the typical neutron 
energy distribution of the ACPR central channel and for the thermal flux cavity from the 
TRIGA-SSR thermal column. A cylindrical vessel having the typical pottery composition has 
been considered as sample.  
 
The results are presented in Table 2 and they show that the magnitude of the self-shielding 
effect does not exceed few percentage points (it was noticed that the effect increases with the 
sample density and also with the sample thickness). Therefore, the correction factor for 
neutron self-shielding effect can be neglected in the present investigation stage, because of its 
small value (for =1.8 - 2.3 g/cm3 the perturbation is less to 1%). 
 
TABLE 2. NEUTRON SELF-SHIELDING EVALUATION 

Sample  Neutron  Neutron self-shielding factor 

description  spectrum  =4.8 g/cm3 =2.3 g/cm3 =1.84 g/cm3 

Pottery, 
cylindrical  
5 mm thick  

 
0.981 0.994 0.997 

Pottery, 
cylindrical  
10 mm thick  

ACPR with spectrum 
adjuster (6 cm thick 
polyethylene)  

0.964 0.988 0.991 

Pottery, solid 
cylinder  

 0.920 0.963 0.972 

Pottery, 
cylindrical  
 5 mm thick  

Maxwellian thermal 
– TRIGA-SSR 
thermal column  

0.942 
  

 
 
2.4. COUNTING EFFICIENCY EVALUATION 
 
The efficiency calibration of a gamma spectrometry system is usually performed 
experimentally by a comparative method using a calibration standard source. The preparation 
of representative calibration standards covering a wide range of materials and forms is 
difficult. Instead, the use of numerical techniques for detection efficiency computation for 
large and inhomogeneous samples represents a well accepted solution. The general purpose 
Monte Carlo code MCNP is a well suited tool for radiation transport simulations. Specific 
areas of application include detectors design and analysis. The code allows a realistic 
modeling of any experimental setup (material composition and geometry) taking also into 
account the most important surrounding objects (shielding, supports) which could affect the 
counting efficiency. The accuracy of the Monte Carlo simulations of the germanium detector 
response depends strongly on the detailed information regarding the geometry and the 
materials used by the manufacturer. 
 
The objective of the study is to establish and validate an appropriate methodology for 
counting efficiency evaluation taking account on the gamma ray auto absorption and the 
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source distribution (large inhomogeneous samples). Prior to the efficiency evaluation, 
comparisons of experimental and modeling results regarding the gamma ray auto absorption 
in pottery have been performed. A simple gamma ray transmission experiment was modelled. 
The results prove that the MCNP code is suitable for such applications the gamma ray auto 
absorption process being well reproduced by modeling. 
 
In the first stage the detector models provided by the manufacturer have been implemented 
and comparisons of computed and measured efficiencies for point-like sources and Marinelli 
geometry have been performed. Two HPGe (EG&G Ortec) GEM40 series detectors, 
identified below as detector (1) and detector (2) have been used for investigations. A detector 
model, as implemented in the Monte Carlo code, is presented in Figure 10. 
 

FIG. 10. Detector model. 
 
The point-like sources measured efficiency values have been fitted using the SAMPO code 
[3] characteristic function: 
 

  EppEp p
431 exp2                                                      (2) 

where E is the energy expressed in keV, and p1, p2, p3 and p4 are the parameters obtained by 
curvilinear regression. 133Ba and 152Eu standard point-like sources as well aqueous solutions 
of 133Ba, 60Co, 137Cs and 241Am salts mixture have been used for measurements. 
 
The results presented in Figures 11 and 12, for point-like sources and Marinelli geometry, 
respectively, show high discrepancies, especially in the low energy region. For all cases the 
computed values exceed the measured efficiencies and the discrepancies show similarities for 
both detectors: at high energies (E > 200 keV) the computed values are higher than the 
measured values about 15 – 20% for the detector (1), and 25 – 27% for the detector (2), 
respectively; bellow 200 keV the discrepancies increase up to 50% and more. 
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FIG. 11. Computed and measured efficiencies – point like sources. 

 
FIG. 12. Computed and measured efficiencies – Marinelli geometry. 

 
In order to improve the fitness of the computed efficiencies to the experimental data some 
step by step adjustments of the detector models have been performed. Two parameters have 
been modified: the germanium density which affects especially the high energy region and the 
dead layer thickness affecting the low energy region. After few computational trials an 
optimal combination of the parameters has been fixed: a 10% lower density value for the 
detector (1) and 18% for detector (2), respectively and a 100% increase of the dead layer 
thickness (from 700 µm to 1400 µm) for both detectors. Acceptable fitness of the measured 
data was obtained in the high energy region (E > 200 keV). Figure 13 shows the results 
obtained using the modified detector models for point-like sources efficiencies. 
 
As a first approach, the efficiency has been computed, using the modified detector model, 
based on the measured efficiency for point-like source using the formula: 

𝜀(𝐸) =
( )

( )
∗ 𝜀(𝐸)                                                   (3) 

were vol and point refer to extended and point-like source, respectively and meas and comp 
refer to measured and computed efficiencies, respectively. The computed efficiencies ratio 
may be considered as a “geometrical factor” which takes into account the large source effect. 
The efficiency values are measured or computed for discrete energies; the energy dependence 
is obtained by nonlinear regression according the formula (2). This procedure has been 
applied at the preliminary test irradiation. 
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FIG. 13. Comparison of computed and measured efficiencies using the modified detector models for 
point-like sources. 

However, the fitting procedure extended over the whole energy range, as presented in Figure 
14, leads to large discrepancies between computed and fitted values, from -10% up to +15%. 
  

 
FIG. 14. Computed efficiency for large sample and nonlinear fit. 

 
Consequently, the interest energy range has been limited at 200 keV. By comparing the 
computed and measured efficiencies (Figure 15), discrepancies starting from +18% (200keV) 
up to –11% (1500 keV), can be observed. These discrepancies behave alike for any counting 
distance. An energy dependent correction factor (y) has been obtained by fitting the 
measured/computed efficiency ratio mean values, as presented in Figure 15. The correction 
factor is used by multiplying the computed efficiencies for large sample.  
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FIG. 15. Counting efficiency correction factor. 

 
The counting efficiency for the actual pottery sample having an irregular form has been 
evaluated using the modified model of the detector (2).  
 
The samples (irregular geometries) have been “split” into pieces which allowed a more accurate 
simulation of their actual shapes using the capabilities of the MCNP code (arbitrary polyhedra or 
various conical and cylindrical surfaces). The samples (gamma sources) have been simulated 
using the “cookie-cutter cell in the source” (CCC) capability of the MCNP code. It allows a 
uniform distribution of the gamma source in the irregular volumes of the samples. Attention 
should be paid to the efficiency criterion (EFF) applied for cookie-cutter cell rejection; if in any 
source cell or cookie-cutter cell the acceptance rate is too low, the problem is terminated for 
inefficiency. The default value of EFF is 0.01 and it generally lets a problem go by a rather low 
efficiency, but in some cases an even lower value should be specified. 
 
In the present computations, the default value of EFF has been used for the domestic samples 
and a lower value in the case of the IPEN sample. Figures 16 and 17 show the equivalence 
between the actual sample geometry and the simplified computational model considered for 
MCNP5 simulations (domestic archaeological sample and inter-comparison exercise sample). 
 
The following physical data have been used for efficiency computation: 
 

(i) pottery typical composition; 
(ii) sample density, as follows (measured values): 

 domestic pottery (archaeological sample) - 2.13 g/cm3; 

 IPEN sample - 1.88 g/cm3; 

 recent ceramic vessels - 1.54 g/cm3 (v#2, v#3), respectively 1.81 g/cm3 (v#1). 
(iii) real counting distance and geometry (from 25 cm up to 150 cm, as required to obtain a 

reasonable dead time). 
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FIG. 16. Pottery archaeological sample and MCNP model. 

 

 
FIG. 17. IPEN inter-comparison exercise sample and MCNP model. 

 
The counting efficiency evaluation method considers a static position of the sample. The 
sample movement possibility has been not included yet in the evaluation method. However, in 
order to assess the importance of the sample position, two evaluations have been made: 
efficiency computation for different positions at the same distance (normal position and 
rotated position for sample no. 1), as well as sample continuous rotation during the 
measurement (IPEN sample). Table 3 shows the efficiency computation results. 
 
Non systematic differences, up to  3%, can be observed. Measurements in static position and 
rotation do not show differences for the counting efficiency, as presented in Table 4. The 
measurements have been performed using the IPEN sample fixed at 50 cm from the detector. 
 
For large distances (e.g. 50 cm), sample positioning uncertainties or neglecting some 
geometrical details will not affect the counting efficiency. 
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TABLE 3. SAMPLE POSITIONING EFFECTS  
Energy Computed efficiency Difference 
(keV) Normal position Rotated position (%) 

100 5.2800E-04 5.2200E-04 1.14 
200 5.6050E-04 5.6917E-04 -1.55 
300 4.3033E-04 4.3500E-04 -1.08 
400 3.4400E-04 3.4250E-04 0.44 
700 2.2417E-04 2.1933E-04 2.16 
900 1.8650E-04 1.8117E-04 2.86 

1200 1.5067E-04 1.4917E-04 1.00 
1400 1.3217E-04 1.3583E-04 -2.77 

 
TABLE 4. SAMPLE ROTATION EFFECT ON THE COUNTING EFFICIENCY 

Energy (keV) Counting efficiency difference (%) 
889 -0.734 

1099.25 -0.077 
1173.2 0.546 

1291.59 -0.364 
1332.5 -1.615 

 
3. RESEARCH RESULTS AND ACHIEVMENTS 
 
The most important achievements of the project are represented by the experimental device 
developments (irradiation and measurement devices), neutron field characterization, 
irradiation and monitoring solutions, counting efficiency for large and irregular sample 
evaluation method and neutron field perturbation evaluation using Monte Carlo codes 
(MCNP), as well as the experiments intended to validate the irradiation and data processing 
methodology. Several results which contribute to the final scope – elemental composition 
measurements – have been already presented during the works description. This section is 
dedicated to the test results presentation and final considerations about the LSNAA and the 
associated uncertainties.  
 
3.1. TEST IRRADIATIONS AND MEASUREMENTS ON POTTERY SAMPLES 
 
The test program has been projected as a comparative study on archaeological and other 
pottery samples by using the new facility and methodology as well as classical NAA methods.  
 
Two pottery samples from the “Lumea Noua” neolithic and eneolithic settlement [9] (located 
near to the city of Alba Iulia, Romania) were selected for investigations (Fig. 18). Three 
recent ceramic pots have been also selected for tests (Fig. 19). Prior to irradiation the paint 
has been removed from the samples in order to avoid unexpected high activation.  
 
About 300 mg of powder were sampled from each pottery pieces and then the elemental 
composition was determined by classical NAA method (k0 with gold monitor). The powder 
samples have been exposed in the TRIGA steady state core beryllium reflector 
(Φth=1.07x1013cm-2s-1) respectively in the ACPR core (steady-state operation) using the 
pneumatic transfer system (Φth=1.06x1012cm-2s-1).  
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FIG. 18. Archaeological samples. 

 
FIG. 19. Pottery vessels. 

 
The samples have been exposed in the new irradiation device placed in the TRIGA-ACPR 
core central channel. The high negative reactivity did not allow the insertion of the irradiation 
device after the reactor starting, therefore the reactor has been started and criticality reached 
with the irradiation device inserted into the central channel. The fast data acquisition system 
has been used for the irradiation profile recording (reactor fission chamber signal). 
 
Gold activation foil detectors have been also placed on the samples. Such detectors (1% or 
5% gold in aluminum) are suitable for flux monitoring (appropriate decay and activation) – 
see Figure 20. Several gold foil detectors (2 up to 5) have been placed on each sample.  
 
The first sample has been exposed twice: a short test irradiation and a normal irradiation, 10 
months later. The second sample has been divided into two parts. Four test irradiations have 
been performed using archaeological samples in this manner, indexed from 1 to 4. The 
samples weight about 100 g each. The other pottery samples (three pottery vessels weighting 
from 16 to 56 grams) have been exposed simultaneously (irradiation 5).  
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FIG. 20. Pottery sample with gold flux monitors. 
 
The measured reaction rates are corrected according to the irradiation profile in conformity 
with the formula (1), even if the profile correction value was negligible – less to 1% (short 
irradiation time compared to the gold live time). The flux rate is computed as the mean value 
of the results obtained from each foil detector. 
 
Table 5 summarizes the monitoring data (neutron flux densities obtained by gold 
measurements and fission chamber signal records). The third irradiation has been processed in 
two ways: including (v1) or not (v2) the lower power part (about 30 minutes) before the 
irradiation. The profile correction computation shows that neglecting the lower power part 
(v2) does not affect the results for medium live time isotopes. 
 
TABLE 5. MONITORING DATA 

Date Neutron flux 
(activation foil 
data) (cm-2 s-1) 

FC signal  
(mean value) 

(V) 

Flux density/ 
FC signal 

(cm-2 s-1)/(V) 

Neutron 
fluence 
(cm-2)   

Irradiation 1 24 feb 2011 5.725E+11 1.004 5.702E+11 2.233E+14 
Irradiation 2 2 mar 2011 1.470E+12 2.239 6.565E+11 3.631E+15 
Irradiation 3 v1 10 nov 2011 8.770E+11 1.309 6.700E+11 3.798E+15 
Irradiation 3 v2  1.388E+12 2.066 6.717E+11 3.805E+15 
Irradiation 4  24 nov 2011 1.380E+12 2.119 6.513E+11 3.035E+15 
Irradiation 5 29 jun 2012 1.070E+12 2.252 4.749E+11 2.897E+15 

 

 
FIG. 21. Irradiation profile record (irradiation no. 4). 
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Figure 21 presents, for exemplification, one irradiation profile record and the equivalent 
constant irradiation profile (irradiation 4). 
 
The NAA results for the archaeological samples and the concentration mean values are 
presented in table 6. Taking into account that both samples came up from the same place, they 
are expected to have similar compositions, therefore the mean values have been used for 
comparisons. 
 
TABLE 6. NAA RESULTS 

Element Concentration Mean Element Concentration  Mean 

Sample 1 Sample 2 values  Sample 1 Sample 2 values 

Cs 3.35E-06 3.04E-06 3.20E-06 As 8.66E-06 6.73E-06 7.70E-06 

W 1.36E-06 2.07E-05 1.10E-05 Th 8.72E-06 8.83E-06 8.78E-06 

Ba 4.48E-04 4.78E-04 4.63E-04 U 2.65E-06 8.83E-06 5.74E-06 

Mn 6.01E-04 5.84E-04 5.93E-04 Sc 1.11E-05 1.03E-05 1.07E-05 

K 1.60E-02 1.60E-02 1.60E-02 Ce 5.23E-05 5.52E-05 5.38E-05 

Br 1.05E-06 1.80E-06 1.43E-06 Yb 2.37E-06 2.12E-06 2.25E-06 

Cr 7.65E-05 4.15E-05 5.90E-05 Zn 7.12E-05 7.80E-05 7.46E-05 

La 2.77E-05 2.20E-05 2.49E-05 Sb 5.79E-07 5.73E-07 5.76E-07 

Ga 1.38E-05 9.28E-06 1.15E-05 Eu 1.15E-06 7.77E-07 9.64E-07 

Fe 3.13E-02 3.08E-02 3.11E-02 Sm 4.33E-06 3.63E-06 3.98E-06 

Co 1.09E-05 1.04E-05 1.07E-05 Hf 4.76E-06 5.07E-06 4.92E-06 

 
The LSNAA results compared with the NAA results are presented in Table 7 and Figure 22. 
The first test irradiation has been rejected from the analysis – the counting efficiency 
evaluation method has been adjusted after this test (see section 2.4) and the flux monitoring 
data are not consistent with the next experiments (see table 5). 
 
TABLE 7. LSNAA TEST RESULTS – COMPARISON WITH NAA 
(ARCHAEOLOGICAL SAMPLES) 

LSNAA 

Element NAA Test 1 Test 2 Test 3 Test 4 Mean STDV LSNAA 
Sample1 Sample 2/1 Sample 2/2 Sample 1 values (%) NAA 

La 2.49E-05 3.22E-05 2.93E-05 2.58E-05 2.66E-05 2.72E-05 6.75 1.10 

K 1.60E-02 1.55E-02 1.39E-02 1.27E-02 1.44E-02 1.37E-02 6.39 0.85 

Sc 1.07E-05 1.42E-05 1.02E-05 9.46E-06 1.02E-05 9.94E-06 4.21 0.93 

Fe 3.11E-02 3.70E-02 2.70E-02 2.52E-02 2.83E-02 2.68E-02 5.80 0.86 

Na 4.70E-03 4.05E-03 3.63E-03 3.86E-03 3.85E-03 5.47 

Cr 4.15E-05 6.48E-05 6.25E-05 5.52E-05 6.08E-05 8.29 1.47 

Co 1.07E-05 9.01E-06 1.09E-05 1.26E-05 1.08E-05 16.41 1.02 

As 7.70E-06 6.76E-06 5.33E-06 6.05E-06 16.73 0.79 

Cs 3.20E-06 3.20E-06 3.20E-06 1.00 

Sb 5.76E-07   6.30E-07 6.30E-07 1.09 

Ba 4.63E-04 6.23E-04 5.46E-04 5.85E-04 9.32 1.26 
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FIG. 22. INAA & LSNAA results (archaeological pottery samples). 

Similar results for the other pottery samples analysed in the last experiment are presented in 
table 8 and Figure 23. No NAA results are available for sample v#1 – no powder has been 
sampled from this vessel. The samples v#2 and v#3 came up from the same source and 
similar composition is expected, as confirmed by the analysis results. The NAA results are 
compared to the mean values (v#2, v#3) of the LSNAA results. The results for the sample v#1 
show some differences (less Cs, more La, Co or Hf). 
 
TABLE 8. LSNAA TEST RESULTS – COMPARISON WITH NAA (POTTERY VESSELS) 

C(mg/kg) 
 

Element 

NAA  LSNAA NAA 

v#2, v#3 v#1 v#2 v#3 
v#2, v#3 

(mean val.) 
LSNAA 

Cs 10.4 7.2 11.4 11.2 11.3 0.922 

Ba 520 601 485.7 436.4 461.05 1.128 

Na 6.27E+03 7.90E+03 6.27E+03 5.60E+03 5932 1.057 

K 3.09E+04 3.23E+04 3.31E+04 2.84E+04 30755 1.005 

Cr 123.392 116.8 63.73 64.75 64.24 1.921 

La 36.83 56.7 44.24 41.99 43.115 0.854 

Fe 4.64E+04 5.31E+04 5.00E+04 4.88E+04 4.913E4 0.944 

Co 19.538 29.95 22.55 24.33 23.445 0.833 

As 8.846 5.14 5.67  6.285 5.977 1.48 

Sc 18.158 27.4 20.42 19.03 19.725 0.921 

Zn 108.2 127.3 92.33 96.27 94.3 1.147 

Sb 1.289  0.95 1.9 1.9 0.678 

Lu 1.032 0.31 0.54 0.18 0.36 2.867 

Hf 4.066 7.3 4.87 4.8 4.83 0.841 
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FIG. 23. INAA & LSNAA results (pottery vessels). 

 
3.1.1. Inter-comparison exercise 
 
The inter-comparison exercise has been performed using a replica of a ceramic archaeological 
artefact provided by IPEN (Peru). Three irradiations have been performed: a short test 
exposure in order to avoid unexpected high induced activities which could affect the 
manipulation and measurement process, a base exposure followed after long cooling time by a 
short low flux exposure aimed to measure short live time isotopes. 
 
The test experiment showed that no unexpected elements were present in the sample, as well 
as higher 24Na concentration compared to the domestic samples. Gold foil monitors have been 
used for flux monitoring beside the reactor fission chamber signal. The irradiation profiles 
(excepting the test irradiation) are presented in Figure 24. For the sake of the presentation 
both data sheets have been placed on the same graph, though the second irradiation has been 
performed six months later.  
 
The basic experiment has been instrumented with 10 gold flux monitors placed in different 
position (inside and outside) as well one Lu-Al alloy wire (4.38% Lu) placed along the central 
vertical axis. The sample and the flux density distribution are presented in Figure 25. The 
axial distribution is normalized to the absolute flux values obtained from gold foil 
measurements. 
 
Taking into account the mass distribution, the weighted mean value of the neutron flux has 
been computed. The vertical mass distribution has been estimated using the MCNP sample 
model. The flux density mean value is 6.62 1011 n/cm2s. 
 
For the second irradiation the flux density mean value is obtained by multiplying the above 
value with the FC voltages mean values ratio. The flux density mean value computed in this 
manner is 3.22 1010 n/cm2s. 
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FIG. 24. Inter-comparison exercise irradiation profile. 

 
The gamma spectra measurements have been started after a five days cooling time, the sample 
being placed at 100 cm from the detector, starting at 10% dead time correction. After 14 days 
the distance has been reduced to 50 cm. For the short irradiation the measurements have been 
started after a four hours cooling time, the sample being placed at 150 cm from the detector, 
starting at 34% dead time correction. Only 56Mn, 24Na and 42K activities have been measured. 
The results are presented in Table 8. 
 

 

FIG. 25. Sample and flux distribution.  
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TABLE 8. INTER-COMPARISON EXERCISE RESULTS 

Element Concentration 
(mg/kg) 

STDEV 
(%) Comments 

Concentration 
(mg/kg) 

(corrected ) 
La 26.10 1.76 26.11 

K 
20333.46 
19200*) 

0.31 
- 

20339.11 

Na 
19928.98 
20300*) 

0.20 
2.12 

  19934.53 

Fe 44299.89 1.82 54Fe(n,p)54Mn 39914.15 
  47724.64 2.34 58Fe(n,g)59Fe 44069.82 
Cr 12.24 6.29 11.46 
Co 15.85 3.30 14.23 
As 28.75 1.86 28.75 
Ba 648.10 2.95 627.77 
Hf 13.81 1.00 12.76 
Zn 120.18 4.70 108.42 
Sc 16.68 2.57 15.21 
Sb 5.42 0.79 5.42 
Rb 156.27 2.20 148.46 
Lu 0.15 9.57 Counting efficiency  may be overestimated 0.14 
Eu 1.08 1.05 0.97 
Br 0.76 0.67 0.76 
Cs 12.76 6.81 11.46 
Mn 775.7*) 1.78 775.7 

       *) Second irradiation (short) 
 
The STDEV refers to the standard deviation of the mean value. The concentration values 
presented in table 8 represent the mean values obtained from valid measurements and 
multiple gamma lines, if applicable. 
 
Finally, the results have been corrected taking into account the test irradiation contribution 
(last column in table 8). The correction represents about 10% for long live time isotopes and it 
can be neglected for short and medium live time isotopes. The test irradiation represents about 
0.11 from the base irradiation exposure and it has been performed 21 days before. The 
irradiation profile correction formalism (see formula (1)) has been used in order to perform 
this correction. 
 
For Sodium and Scandium some more comments are necessary. Starting from the pottery 
typical composition and assuming the presence of 10% Aluminum and 0.5% Titanium, the 
measured activities have been corrected taking into account this contribution. For the Sodium 
concentration this contribution can be neglected (around 0.2%, in the range of the standard 
deviation). The Scandium concentration decreases about 3% if we suppose the presence of 
0.5% Titanium in the sample.  
 
As already observed during the preliminary evaluations, the induced activities in large pottery 
samples may exceed the free release limits, even after reasonable cooling time. The main 
radioisotopes activities (IPEN sample) measured 16 days after exposure, compared with the 
free release limits according to the Romanian regulations[10] are presented in Table 9. 
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TABLE 9. IPEN SAMPLE ACTIVITIES AND FREE RELEASE LIMITS 
Isotope Actual activity (Bq) Free release limit (Bq)[10] 
59Fe 5.32E+04 6.00E+03 
51Cr 8.31E+03 3.00E+05 
60Co 5.42E+03 1.00E+03 
54Mn 2.92E+03 1.00E+04 
46Sc 1.05E+05 7.00E+03 

 
Radioisotopes like 59Fe, 60Co or 46Sc will not decay in reasonable cooling time and the sample 
can not be released.  

 
3.2. UNCERTAINTIES EVALUATION 
 
The LSNAA is a complex process, involving the sample irradiation, induced activity 
measurement and data processing as illustrates in Figure 26. An accurate assessment of the 
uncertainty affecting the final result is difficult to be done at moment. However, the main 
uncertainties may arise from the flux monitoring and the counting efficiency knowledge. 10% 
uncertainty affecting these values (neutron flux and counting efficiency) may be considered as 
a reasonable evaluation.  
 
Consequently, uncertainties around 20% affecting the final results may be considered as a 
realistic estimate, at least at this stage of methodology development.  
 
The counting efficiency assessment for large samples is a complex process involving detector 
model adjustment in order to fit the experimental data for point-like sources, sample 
modelling and efficiency curve fitting. The comparison to the standards (see Fig. 13) is only 
made in the first stage of evaluation (detector model adjustment).   

 

 
FIG. 26. LSNAA process diagram. 
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4. CONCLUSIONS 
 
The Large Sample Irradiation Facility for NAA applications at the TRIGA-ACPR core and 
measurement facility are now available and ready to use. 
 
A thorough testing plan and matrix were developed to cover all the features related to the 
irradiation technology and data processing (flux perturbation evaluation, counting efficiency 
evaluation, cross section values, flux monitoring). 
 
The results show an acceptable agreement with the NAA results, considered as reference.  
 
The flux perturbation correction, estimated as negligible for pottery samples, has not been 
applied. Anyway, the flux perturbation effect has been considered by using activation foils 
detectors placed inside and outside the ceramic vessels. For other types of samples the 
neutron self-shielding correction will be reconsidered.  
 
In particular, a problem for pottery samples are the short-lived isotopes, whose counting is 
hindered by sodium activation. 
 
Former estimations, as well the present measurements, show high induced activities 
(comparing to the free release limits) which will not allow the release of the sample after a 
reasonable cooling time. This limits the applicability of the LSNAA method. It is practically 
possible to compensate the lowering of irradiation fluency by using a high efficiency HPGe 
detector. Detectors up to 150% relative efficiency are commercially available, but the costs 
are very high and could only be justified by an important demand for analysis services.  
 
The counting efficiency evaluation covers only the energy range starting from 200 keV. 
Future efforts shall be dedicated to improve the counting efficiency evaluation, in particular to 
adjust the detector model in order to fit the experimental data. 
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Abstract. 

The development of the Large Sample Neutron Activation Analysis (LSNAA) in Thailand is presented in 
this paper. The technique had been firstly developed with rice sample as the test subject. The Thai Research 
Reactor-1/Modification 1 (TRR-1/M1) was used as the neutron source. The first step was to select and 
characterize an appropriate irradiation facility for the research.  An out-core irradiation facility (A4 position) was 
first attempted. The results performed with the A4 facility were then used as guides for the subsequent 
experiments with the thermal column facility. The characterization of the thermal column was performed with 
Cu-wire to determine spatial distribution without and with rice sample. The flux depression without rice sample 
was observed to be less than 30% while the flux depression with rice sample increased to within 60%. The flux 
monitors internal to the rice sample were used to determine average flux over the rice sample. The gamma self-
shielding effect during gamma measurement was corrected using the Monte Carlo simulation. The ratio between 
the efficiencies of the volume source and the point source for each energy point was calculated by the MCNPX 
code. The research team adopted the k0-NAA methodology to calculate the element concentration in the 
research. The k0-NAA program which developed by IAEA was set up to simulate the conditions of the 
irradiation and measurement facilities used in this research. The element concentrations in the bulk rice sample 
were then calculated taking into account the flux depression and gamma efficiency corrections. At the moment, 
the results still show large discrepancies with the reference values. However, more research on the validation 
will be performed to identify sources of errors. Moreover, this LS-NAA technique was introduced for the 
activation analysis of the IAEA archaeological mock-up. The results are provided in this report. 
 
1. INTRODUCTION 
 
Since the first criticality of the Thailand Research Reactor in 1962, it has been used regularly 
for conventional neutron activation analysis. The conventional technique uses comparative 
method to determine the amount of elements in the samples. The technique works well for 
small and homogeneous samples. On the other hand, for bulk sample, it requires sampling 
from the bulk material. This is a challenge especially for inhomogeneous material. The 
sampling of the bulk material may not be a good representative of the whole sample.  
 
Therefore, the Large Sample Neutron Activation Analysis (LS-NAA) has become of interest. 
The LS-NAA technique is capable of performing analysis without sub-sampling or 
homogenization of the bulk material. It is expected that this technique will be beneficial in 
Thailand, particularly, in nutrition analysis of agricultural products. One foreseen advantage 
of the LS-NAA technique would be the determination of very small amount of trace elements 
in the sample. This would be the capability beyond the conventional small sample method. 
The successful development of the LS-NAA technique will be useful for diverse applications.  
 
The development of the Large-Sample Neutron Activation Analysis technique in Thailand has 
been initiated under the Coordinated Research Project (CRP) in agreement with IAEA as 
described in this report. 
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2. BACKGROUND 
 
As Thailand is one of the major rice producers and exporters in the world, elemental 
composition of rice samples has been applied by using NAA technique [1, 2]. The method 
uses comparative NAA for sample of rice in fine powder form.  In this conventional NAA, the 
homogenization of rice sample is crucial for the accuracy and precision of the analysis. Thus 
there is the need to develop the analytical technique for the analysis of bulk rice samples. 
Special attention for this project had been given to the LS-NAA technique for analysis of 
inhomogeneous whole grain rice sample. The technique had been developed for an irradiation 
facility of Thai Research Reactor (TRR-1/M1) which is nominally operated at 1.2 MW. In the 
comparative small sample method, the sample and the standard are irradiated together at the 
same time. The activity specific to each nuclide of the irradiated sample is compared with that 
of the irradiated standard. The ratio of the activities is used to calculate the amount of the 
element. In the Large Sample NAA technique, however, the standard may not be available. 
The standardless technique to determine the trace elements in the sample shall be developed 
in the research. Moreover, the large sample will have self-shielding effects during neutron 
irradiation and gamma measurement. Therefore, the technique to account for flux depression 
in the sample shall be developed as well as the technique to correct for actual efficiency curve 
of the bulk sample. When all techniques are developed, the validation of the technique shall 
be performed. The last step would be to perform the inter-comparison of a sample. 
 
3. OVERVIEW OF RESEARCH WORK 
 
The steps for conducting Large Sample NAA research at Thailand Institute of Nuclear 
Technology (TINT) were performed as follow: 
 
3.1. SELECTION OF THE IRRADIATION FACILITY 
 
The irradiation facility shall be appropriate for the purpose of irradiating samples larger than 
typical small size. At the beginning of the project, it was to decide on the proper size of the 
sample for irradiation and measurement. The conventional NAA technique typically requires 
less than 100 mg of rice sample. For this project, the bulk rice sample of more than 100 mg 
was regarded “Large Sample”. For the sake of convenience and safety regulation, the 
experiment was to be carried out in the one of the out-core irradiation facilities. The major 
requirement for the out-core irradiation facility was to have thermalization ratio so high that 
the effects from fast and epithermal neutrons can be safely neglected. From the TRR-1/M1 
irradiation facilities, the thermal column facility is the most proper for conducting the Large 
Sample NAA since it has large space for irradiating bulk sample and the neutron flux is well 
thermalized. Unfortunately, this facility had not been available during most time of the project 
since the reactor core was re-positioned further away from the thermal column in order to 
prepare for reactor pool maintenance (unavailability from 2010 - 2012). The available choices 
were 5 out-core irradiation facilities; namely, A1, CA2, CA3, A4 and TA. Figure 1 below 
shows the location of these facilities with respect to the reactor core. 
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FIG. 1. Layout of TRR-1/M1 irradiation facilities. 

 
The A1 and A4 facilities are simply bare aluminum tubes while the CA2 and CA3 are 
cadmium covered aluminum tubes. The TA irradiation facility is an aluminum tube with the 
active part embedded in a graphite block. This makes this irradiation facility promising to be 
used for this research. However, it was also suspected that the thickness of the graphite block 
was still not adequate. Therefore, flux measurement experiments were conducted to determine 
the flux parameters of the TA irradiation facility. 
 
The flux measurement in the TA irradiation facility was performed using foil activation 
technique. Three neutron flux ranges were measured using gold foil for thermal and epi-
thermal neutron flux and using aluminum foil for fast neutron flux. Table 1 presents the 
neutron fluxes obtained from the measurement. 
 
TABLE 1. NEUTRON FLUX IN THE TA IRRADIATION FACILITY 

Range Flux (n/cm2-s) 
Thermal 4.47x1010 
Epi-thermal 3.57x109 
Fast 2.56x1010 
Thermal/ Fast 1.75 

 
Additionally, the axial flux profile was measured by copper wire activation technique. In this 
method, a copper wire was placed vertically in the sample container. The axial flux profile 
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was derived from the radiation measurement of Cu-64 decay along different copper wire 
segments. Figure 2 shows the axial flux distribution of the TA irradiation facility. 

 
FIG. 2. Axial flux distribution of the TA irradiation facility. 

 
The conclusion from these measurements was that the moderator surrounding the existing TA 
irradiation facility was not adequately capable of thermalizing neutrons so that the epithermal 
and fast neutron could be effectively negligible.  
 
Then, there was an attempt to design a new out-core irradiation facility with Beryllium 
covered to replace the TA facility in order to significantly thermalized neutron. This is 
because Beryllium has shorter diffusion length than graphite and would require smaller block 
size. It was believed that Beryllium covered out-core facility would provide better irradiation 
conditions. Preliminary study of the out-core facility design was conducted using MCNPX 
code [4]. Different sizes of Beryllium block were modelled in order to optimize the Beryllium 
block thickness ranging from 0 (no moderator), 5, 10 and 15 cms. The incoming neutrons 
were assumed to have fission spectrum at the left surface of the Beryllium block. Three 
ranges of neutron fluxes were defined in the MCNPX calculation, i.e., < 0.5 eV for thermal 
flux, 0.5 – 1 MeV for epi-thermal flux and > 1 MeV for fast flux. The thermal flux over fast 
flux ratio was calculated over the entire volume of the irradiation facility. Figure 3 shows the 
models of the designed irradiation facility with different thicknesses of the Beryllium block. 
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FIG. 3. MCNPX models for the calculations. 

 
The design study showed promising results as the thermal / fast flux ratio increased from 1.7 
(no moderator) to approximately 20 (15 cm thick Beryllium block). However, it was decided 
later on that installing new facility would be too time consuming with all safety approval 
procedures and preparation which could extend beyond the time frame of this project. The 
attempt to design and install the new facility was then discontinued. The existing irradiation 
facility was to be used instead. 
 
3.2. CHARACTERIZATION OF THE IRRADIATION FACILITY 
 
Subsequently, the A4 irradiation facility had been selected for this research although the 
neutron flux in this facility is not very well thermalized. The facility was initially used for 
scoping the study. The A4 irradiation facility is an out-core irradiation facility having thermal 
neutron flux of approximately 5x1010 n/cm2-s. The standard sample container of this facility is 
a 2 cm (diameter) x 8 cm. (height). The characterization of the A4 irradiation facility was 
performed using Au foil activation method for absolute flux at the bottom-middle of the 
container and Cu wire for axial distribution. The irradiated Cu wire was cut into small pieces 
along axial direction for gamma measurement. The relative gamma count derived from the 
measurement represented the axial flux distribution.  
 

 
FIG. 4. Configuration of Cu-wire in the sample container for flux characterization. 

 
The axial flux distributions of the blank container and the bulk rice sample in the container 
(fully filled – approximately 50 g) irradiated in A4 facility was obtained. Flux variation along 
radial distribution was also obtained from the experiment for the bulk rice sample in the 
container as well. The sample was reddishbrown jasmine rice bought from a supermarket in 
Thailand. The rice sample and loading for the irradiation experiment is shown Figure 5 below. 
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FIG. 5. Loading of rice sample for irradiation. 

 
After the irradiation, qualitative gamma measurement was performed in order to preliminarily 
determine isotope peaks from the sample. Several measurements at different decay times were 
performed to study the most suitable measurement conditions. The objective for these 
measurements was to identify detectable nuclides at different decay times. 
 
However after the reactor pool maintenance was completed in April 2012, the thermal column 
facility has been available again. The facility was then used for this project as planned 
initially. Figure 6 shows the pictures of the thermal column facility. Using this facility 
presents a better choice for this project since the effects from epithermal and fast neutron 
fluxes can be neglected without serious errors. Secondly, this facility is intended to be used 
for routine operation once the technique has been well developed. Thus, the first experiment 
for this facility was to characterize the facility using Cu wire for the flux distribution in the 
sample container. The sample container was made from polystyrene with the size of 
approximately in 14 cm. in diameter and 14 cm. in height. Figure 7 shows the pictures of the 
sample container. 
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FIG. 6. Thermal Column facility. 

 

 

  
FIG. 7. Characterization of Thermal Column. 

  

Rice 
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3.3. DEVELOPMENT OF K0 NAA TECHNIQUE 
 
After trials and errors, it was decided that this research would adopt the k0-NAA as the basis 
methodology to determine of the concentration of trace elements in the sample. Improvements 
over the conventional k0-NAA technique were to be developed specifically for the larger 
sample in this research. The research team adopted the k0-NAA program which was 
developed by IAEA for this research [3]. The program requires some data from the gamma 
background measurement, energy calibration, irradiation facility and gamma measurement of 
the irradiated sample. The basic parameters of the HPGe detector were required by the k0-
NAA software as shown in Figure 8. After selecting the thermal column as the irradiation 
facility, the research team proceeded to learn and set up the use of k0-NAA software for the 
research. As a result, the experimental and calculation procedures for using the k0-NAA 
technique were established as part of this research. 
 

 
FIG. 8. HPGe detector information for IAEA k0-NAA program. 

 
Activation analysis of small rice sample was performed using the k0-NAA technique to 
compare with the comparative technique. It can be said that the use of k0-NAA technique in 
Thailand was still in development and still need more time for validation of the technique. 
Nevertheless, subsequent experiments in this research were performed using the k0-NAA 
technique as the basis for the development of Large Sample NAA technique. 
 
3.4. CORRECTION FOR LARGE SAMPLE IRRADIATION AND MEASUREMENT 
 
The technique for Large Sample NAA in Thailand is to use k0-NAA as the basis with 
correction for neutron self-shielding during irradiation and gamma self-shielding correction 
during gamma measurement. The correction for neutron self-shielding was done by use of 
internal flux monitors. In this method, several flux monitors (Au) were placed at different 
locations within the bulk rice sample. High purity gold foils were used as the flux monitors in 
this research. The fluxes at these flux monitors were averaged to represent the flux averaged 
over the whole volume of the bulk sample. The corrected flux was input in the k0-NAA 
program to simulate the activation of trace elements in rice sample. On the other hand, the 
gamma self-shielding effect was corrected using Monte Carlo simulation. The MCNPX code 
was used for the gamma transport simulation. The HPGe detector and the rice sample were 
modeled by the MCNPX code. At each energy point, two simulations were performed – the 
first was the model with the irradiated bulk sample and the second was the model with a point 
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source. Each simulation produces an efficiency value (i.e., for the irradiated bulk sample and 
for the point source respectively). The correction factor (f) is then defined as 

,

,

v E
E

p E

f



  

where: Ef = gamma self-shielding correction factor at energy E 

            ,v E  = efficiency of the bulk sample at energy E 

            ,p E  = efficiency of a point source at energy E 

 
The MCNPX simulations were performed at several energy points to cover the range of 
detected gamma peaks. The correction factors were then used to correct the actual efficiency 
derived from the efficiency calibration by k0-NAA program. The corrected efficiency file was 
then imported to k0-NAA program to calculate the element concentrations in the rice sample. 
Figure 9 shows the rice sample used for this experiment. The locations of internal flux 
monitors placed in the rice sample are shown in Figure 10.  
 

  
FIG. 9. Reddishbrown jasmine rice sample used for the experiment. 

 

 
 
 
 
 
 
 

FIG. 10. Locations of internal flux monitors. 
 
Figure 11 below presents the pictures of rice sample irradiation in the thermal column facility 
which has the neutron flux level of approximately 1.7x109 1/cm2s (reactor operation at 1,200 
kW). The weight of the rice sample was approximately 1.45 kg. The rice sample was 
irradiated in the facility for 7 hours and was left to decay for 4 days before taking to the 
gamma measurement facility. Figure 12 shows the picture of the gamma measurement 
system. The sample was positioned 15 cm. from the detector and the irradiated rice sample 
was measured for 1 hour. The spectrum file was then saved for subsequent use in the k0-NAA 
program. 
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FIG. 11. Irradiation of Rice Sample in Thermal Column. 
 

 
 

FIG. 12. Gamma Measurement System used in the research. 
 
In addition, the MCNPX model to simulate the measurement of the irradiated rice sample was 
created as shown in Figure 13. In this model, the “f8” tally card was used to tally the gamma 
energy deposited in the HPGe crystal. A similar model for the point source was created at the 
same energy to simulate the efficiency of a point source. The correction factors at 16 energy 
points were then computed accordingly. 
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FIG. 13. MCNPX model to simulate efficiency for the bulk sample.  

 
All relevant information including the averaged flux and corrected efficiency curve was then 
input to the k0-NAA program for the determination of element concentration. The report 
displaying detected elements with calculated amount was created by the k0-NAA program.  
 
3.5. LSNAA EXPERIMENT FOR IAEA ARCHAEOLOGICAL MOCK-UP 
 
The IAEA archaeological mock-up was sent to Thailand for activation analysis as part of 
inter-comparison. The same methodology which was adopted for activation analysis of bulk 
rice sample was applied to the mock-up. However, due to unfortunate mishandling, the mock-
up was broken and became difficult to put the pieces back together. The research team then 
decided to use the largest piece for the experiment. Figure 14 shows the pieces of the mock-
up and the piece which was used for the experiment. It shall be noted that the piece selected 
for the experiment presents high degree of asymmetry and is very difficult to approximate and 
simulate. Therefore, the analysis result could be prone to more errors than usual. 
 

 
FIG. 14. Mock-up archaeological sample for the experiment. 

 

the piece for the experiment 
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At the first step, a small sample of the mock-up was irradiated to study for radiation safety 
purpose. The qualitative analysis of the mock-up sample was also performed. Small amount 
of a broken piece was ground into power (as shown in Fig. 15) and put to be irradiated in the 
A4 irradiation position for 1 minute.  
 

 
 

FIG. 1.5 Ground mock-up archaeological sample. 
 
After studying the small sample, it was found that no long half-life nuclides were activated in 
significant amount. The selected piece of the mock-up was then prepared for irradiated in the 
thermal column facility as shown in Figure 16. Five flux monitors (gold foils) were placed at 
different locations (front and back) to determine the average neutron flux throughout the 
whole volume. The mock-up piece was irradiated for 7 hours and cool for 5 days before 
removing to the gamma measurement facility where the mock-up piece was measured for 1 
hour. The measurement was repeated after 11-day cooling. The second measurement took 2 
hours. 
 

  
 

FIG. 16. Mock-up archaeological sample for irradiation. 
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Furthermore, the factor to correct for gamma shielding was calculated using the MCNPX 
code. The methodology for the modelling was similar to the one for the bulk rice activation 
analysis. Figure 17 displays the MCNPX model of the gamma measurement of the irradiated 
mock-up sample.  
 

 
 

FIG. 17. MCNPX model to simulate efficiency for the mock-up sample. 
 
Again, the k0-NAA program was used for the determination of the element concentration in 
the IAEA archaeological mock-up. 
 
4. RESEARCH RESULTS AND ACHIEVMENTS 
 
This section provides the results generated during the course of this research.  
 
4.1. CHARACTERIZATION OF THE IRRADIATION FACILITY 
 
From the characterization of the A4 irradiation facility using Au-foil and Cu-wire, the 
absolute neutron flux at the bottom-middle of the container was determined. The thermal 
neutron flux obtained from this experiment was 5.6x1010 n.cm-2.s-1. In addition, the axial 
distribution of the neutron flux in the sample container (with and without rice sample) which 
was measured using Cu-wire is shown in Figure 18 below.  
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FIG. 18. Comparison of center line flux along axial direction with and without rice sample of the A4 
irradiation position. 
 
The neutron fluxes with and without rice sample were generally different within 5%. 
Therefore, it can be concluded from the experiment that the neutron flux depression by rice 
sample was generally around 5% which could be regarded as uncertainty. Additionally, the 
radial flux distribution across the sample container along axial direction with rice sample was 
determined as presented in Figure 19. 
 

 
FIG. 19. Radial flux distribution along axial direction with rice sample of the A4 irradiation position. 
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The result showed that the incoming neutron flux was towards the C direction. It can be seen 
also that the axial and radial flux distribution generally varies within ± 10% which can be also 
accounted as the neutron flux uncertainty in the NAA calculation. 
 
Moreover, the activation analysis to determine the proper decay time for gamma measurement 
after irradiation of the bulk rice sample using A4 facility was conducted. In this experiment, 
the rice sample was irradiated for 10 hours and it was allowed to decay. Measurements of the 
sample were performed at different periods of decay time. Table 2 presents the isotopic 
analysis at the decay time of 6.8 days. The dead time of the measurement was reported at 
13.3%. 
 
TABLE 2. ISOTOPIC ANALYSIS OF THE RICE SAMPLE AT THE DECAY TIME OF 6.8 
DAYS 

No. Isotope 
Production, (Abundance 

%) 
Energy (keV) 

Intensity 
(%) 

Half-Life 

1. Br-82 
 ,81 nBr , 

(49.31) 

554.3 80 

1.471 d 

619.0 50 
698.3 33 
776.6 100 
827.8 30 
1043.9 37 
1317.2 38 
1474.7 28 

2. K-42  ,41 nK , (6.73) 1524.7 100 12.36 hr 

3. Na-24  ,23 nNa , (6.73) 1368.6 100 14.95 hr 

4. Zn-65  ,64 nZn , (48.6) 1115.50 50.6 243.8 d 

 
The measurement at the decay time of 13.6 days and the subsequent measurement at the 
decay time of 18.6 days show the same results as shown in Table 3. The dead time of the 
measurements were reported at 2.2% and 1.6% respectively. 
 
TABLE 3. ISOTOPIC ANALYSIS OF THE RICE SAMPLE AT THE DECAY TIME OF 13.6 
DAYS AND 18.6 DAYS 

No. Isotope 
Production,  

(Abundance %) 
Energy (keV) Intensity (%) Half-Life 

1. Br-82 
 ,81 nBr , 

(49.31) 

554.3 80 

1.471 d 

619.0 50 
698.3 33 
776.6 100 
827.8 30 
1043.9 37 
1317.2 38 
1474.7 28 

2. Fe-59  ,58 nFe , (0.28) 
1099.2 56.50 

44.5 d 
1291.60 43.20 

3. Zn-65  ,64 nZn , (48.6) 1115.50 50.6 243.8 d 

 
The experiment concluded the appropriate conditions for Large Sample NAA of rice sample 
to identify the trace elements of interest as follows: irradiation time of 10 hours, and decay 
time of 7 days for K-42 and Na-24 measurement and decay time of 14 days for Br-82, Fe-59 
and Zn-65 measurement. 
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The A4 irradiation facility was discontinued for this research and the thermal column facility 
was used instead because of better irradiation conditions. The characterization of the thermal 
column facility was then performed. The absolute flux at the sample surface was determined 
using gold foil while the flux distributions within rice sample was performed using Cu-wire. 
It was found from the experiment that the average flux at the rice sample surface was 1.0x109 
n/cm2s. The axial flux distributions at each position across the sample container without and 
with rice sample are presented in Figure 19 and Figure 20 respectively. 
 

 

 
FIG. 19. Radial flux distribution along axial direction in the thermal column without rice sample. 

 

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1.10

1 2 3 4 5 6 7 8 9 10 11 12 13

N
o

rm
al

iz
ed

 a
x

ia
l f

lu
x

Distance from bottom (cm)

Cu1

Cu2

Cu3

Cu4

Cu5

Cu6

Cu7

Cu8

Cu9

1 

2 

3 

4 
5 

6 

7 

8 

9 

Location of Cu-wire in 
the sample container 

Sample container 



155 

 
FIG. 20. Radial flux distribution along axial direction in the thermal column with rice sample. 

 
The neutron flux distribution across the blank sample container for the thermal column 
facility generally differs within 30%. When loaded with rice sample, the neutron flux 
depression was clearly seen. The difference of the neutron flux at the front and at the back of 
the sample was up to approximately 60%. It was obvious that the neutron self-shielding of the 
bulk rice sample can not be neglected. The ratio between the averaged neutron flux to the flux 
at the surface directly facing the reactor core was calculated to be 0.70 and were used for flux 
correction of the neutron self-shielding effect in the k0-NAA program. 
 
4.2. CALCULATION OF ELEMENTAL CONCENTRATION USING K0-NAA 
PROGRAM 
 
Subsequently, the k0-NAA program was used to calculate the element concentration in the 
rice sample. The gamma measurement information and the neutron irradiation condition were 
required by the program. The spectrums of the gamma measurements which were used for the 
k0-NAA program are shown in Figure 21 to Figure 25. The Eu-152 point source and the Cs-
137 point source were used for energy and efficiency calibration using the k0-NAA program.  
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FIG. 21. Gamma Background Spectrum. 

 
FIG. 22. Eu-152 Gamma Spectrum. 
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FIG. 23. Cs-137 Gamma Spectrum. 

 
FIG. 24. Gamma Spectrum of Au flux monitor. 
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FIG. 25. Gamma Spectrum of Rice Sample after 4 days post irradiation. 

 
FIG. 26. Gamma Spectrum of Small Rice Sample using comparative method after1 day post irradiation. 



159 

The efficiency correction factor as a function of energy to correct for gamma self-shielding in the 
sample during measurement was calculated by the MCNPX code. It is noted that the reference 
point source was position at the bottom of the sample container. The simulation result is shown in 
Figure 27. 
 

 
FIG. 27. Gamma self shielding correction factor as a function of energy. 

 
In addition, an activation analysis by the conventional comparative method was performed with 
the small rice sample. The result of the comparative method was to compare with that of the 
developed large sample NAA technique. The spectrum of the small rice sample after 1 day post 
irradiation is shown in Figure 26. The comparison between the large sample NAA technique 
which had been developed in this research and the conventional comparative method is shown in 
Table 4. 
 
TABLE 4. COMPARISON OF RICE SAMPLE RESULTS BETWEEN THE COMPARATIVE 
METHOD AND THE DEVELOPED LARGE SAMPLE NAA TECHNIQUE  

Element Comparative method (ppm) Large sample NAA technique (ppm) 
Na 2.9  0.2 10.28  0.57 
K 2418.5  121.1 1122  112.2 
Br 31.2  2.1 50.78  0.56 
Mn 26.6  2.6 - 
Zn - 26.31  4.71 
As - 0.265  0.058 

 
Table 4 shows that the differences between the values determined by the conventional method 
and those determined by the large sample NAA technique are still large. The conventional 
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method was regarded as the reference in this experiment. Thus, it was concluded that the large 
sample NAA technique still need more validation to identify the sources of discrepancies. It shall 
be noted that although there are still large differences, the large sample NAA technique can 
detect Zn and As which exist in very small amount in the rice sample. This is a remarkable 
advantage over the conventional comparative method. After more research on the validation, the 
large sample NAA technique will be beneficial to the determination of very small amount 
elements in the rice sample.  
 
4.3. ELEMENT CONCENTRATION OF THE IAEA MOCK-UP 
 
Although the developed large sample NAA technique still needs more research to validate the 
method, the technique was used for the determination of the element concentration in the IAEA 
archaeological mock-up. As described earlier, a scoping study using small ground sample of the 
mock-up was performed. It was found that the radiation level at the sample contact after the 
irradiation was approximately 20 mR/hr. This radiation level is quite high considering that it was 
irradiated for only 1 minute. The gamma measurement of the irradiated IAEA sample is 
performed after 20 minutes of decay time. This measurement qualitatively identified the nuclides. 
Figure 28 presents the gamma spectrum of the irradiated IAEA sample after 20 minutes of decay 
time. 
 

 
FIG.28. Gamma spectrum of the irradiated IAEA small sample 

 
The list of nuclides identified in the IAEA sample is shown in Table 5. 
 
TABLE5. ISOTOPIC ANALYSIS OF THE IAEA SAMPLE AT THE DECAY TIME OF 20 
MINUTES 

Isotope Half-life Production Energy, keV (Intensity) 
24Na 14.95 hr 23Na(n, )24Na 1,368.40 (90%); 2,753.6(100%) 
56Mn 2.58 hr 55Mn(n, )56Mn 846.90 (100%); 1,810.70 (5%); 2,112.80 (15%) 
38Cl 37.29 m 37Cl(n, )38Cl 1,642.0 (100%); 2,166.80 (7%) 
28Al 2.25 m 27Al(n, )28Al 1,779.0 
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After 4 days cooling time, no nuclides can be identified by the gamma measurement. This fact 
presents the conclusion that the irradiation only activates nuclides with short half-lives and hence 
the bigger piece of the mock-up could be irradiated without serious radiation safety issues. The 
following experiment was then conducted to irradiate the selected piece of the mock-up in the 
thermal column facility. After the irradiation, the gamma measurements were performed at 5 days 
and 11 days post irradiation. The spectrums of the gamma measurements at 5 days and 11 days 
post irradiation are shown in Figure 29 and Figure 30 respectively. 
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FIG.29. Gamma spectrum of the irradiated IAEA sample at 5 days post irradiation. 

 
FIG.30. Gamma spectrum of the irradiated IAEA sample at 11 days post irradiation. 



 

Also, the efficiency correction factor as a function of energy to correct for gamma self-
shielding in the sample during measurement was calculated by the MCNPX code. It is noted 
that the reference point source was positioned at the bottom of the sample. The simulation 
result is shown in Figure 31. 
 

 
FIG. 31. Gamma self shielding correction factor as a function of energy (IAEA mock-up). 

 
Finally, the element concentration in the IAEA mock-up was calculated using the k0-NAA 
program. The results are reported in Table 6 . 
 
TABLE 6. ELEMENT CONCENTRATION DETECTED IN THE IAEA MOCK-UP 
SAMPLE 

Element Concentration (ppm) 
Na 11880±226 
K 11620±825 
Sc 8.389±0.587 
As 16.31±4.126 
La 13.43±0.483 
Fe* 24550±712 
Co* 8.767±0.482 
Sb* 7.284±0.605 

Note: * detected in the 2nd measurement (11 days after post irradiation) 
 
5. CONCLUSION 
 
The neutron activation analysis technique for large samples was developed in this research. 
The methodology was selected to be based on the k0-NAA technique. Developments to 
correct for the neutron self-shielding and gamma self-shielding were conducted throughout 
the research work. The research team used internal flux monitors to determine spatial 
distribution in the sample and calculated the average neutron flux based on the distribution. 
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For gamma self-shielding during the measurement, the research team adopted Monte Carlo 
simulation to calculate the correction factor. There were a great deal of trials and errors in the 
research. The biggest struggle was the unavailability of the proper irradiation facility for most 
time of the research. After the facility had been available again, significant progresses on the 
developments were made including conventional k0-NAA technique, irradiation technique 
and correction factor simulation technique. Nevertheless, there was not enough time to 
validate and to identify sources of discrepancies. The technique in general is promising but 
still requires more research especially for the validation. Preliminary determination of element 
concentration in the IAEA archaeological mock-up was performed as well. It is, however, 
suspected that the results would not be as accurate as it should be since the method was not 
well validated. The important remark from the research is that the methodology is established 
but needs more elaborations. 
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