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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. 
 



145 

 
 

 
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. 
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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. 
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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. 
 



162 

 
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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