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Abstract: The techniques of neutron activation analysis (NAA) including cyclic, epithermal and
prompt-gamma (CNAA, ENAA and PGNAA, respectively) have been developed at the Dalat research
reactor (DRR). In addition, the efforts has been spent to improve the automatic capability of
irradiation, measurement and data processing of NAA. The renewal of necessary devices/tools for
sample preparation have also been done. Eventually, the performance and the utility in terms of
sensitivity, accuracy and stability of the analytical results generated by NAA at DRR have
significantly been improved. The main results of the project are: 1) Upgrading of the fast irradiation
system on Channel 13-2/TC to allow the cyclic irradiations; 2) Development of CNAA; 3)
Development of ENAA; 4) Application of k0-method for PGNAA; 5) Investigation of the automatic
sample changer (ASC2); 6) Upgrading of “Ko-DALAT” software for ENAA and modification of “k0-
IAEA” software for CNAA and PGNAA; and 7) Optimization of irradiation and measurement
facilities as well as sample preparation devices/tools. A set of procedures of relevant developed
techniques in the project were established. The procedures have been evaluated by analysis of the
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reference materials for which they are meeting the requirements of multi-element analysis for the
intended applications.

Keywords: Neutron activation analysis (NAA); k0-standardization method; Cyclic NAA; Epithermal
NAA; Prompt-gamma NAA; k0-IAEA software.

1. INTRODUCTION

Neutron Activation Analysis (NAA) is a sensitive nuclear analytical technique used to
determine the concentration of elements in a sample [1,2]. The development of new techniques of
this method has been started together with developments of powerful sources of neutrons such as
research reactors, precise and fast gamma semiconductor detectors, high speed electronics,
increased processing ability of the computers and growing demands for the automation of NAA
stages for irradiation, measurement and data processing [3].

This project aims to develop three main techniques of NAA at the Dalat research reactor
(DRR) [4], i.e. cyclic, epithermal and prompt-gamma NAA. Firstly, the cyclic neutron activation
analysis (CNAA) in which a sample is irradiated, decayed, counted, then irradiated again, and this
process is repeated for a number of cycles, the spectra from each counting being summed to give a
final total spectrum. By this process, the counts of a nuclide of interest are considerably increased
and the analytical sensitivity of elements is significantly improved [5,6,7]. Secondly, the epithermal
neutron activation analysis (ENAA) in which the samples are activated not with the whole spectrum
of reactor neutrons but rather after passing through filters (Cd or B) to remove the thermal neutrons.
The use of the filters for the thermal neutrons will lead to relative enhancement of the activity due
to the other elements [8]. Thirdly, the prompt gamma neutron activation analysis (PGNAA) in
which the prompt gamma-rays are counted during irradiating the sample. PGNAA at DRR has been
developed in the recent years, however, it has only been used with the relative standardization
method. In this project, the aim is to apply the k0-standardized method for PGNAA by which it
doesn’t need a standard or reference material [9].

The efforts have also been spent to improve the automatic capability of the irradiation, the
measurement and the data processing stages of NAA. The sample preparation for NAA has also
been paid attention in which several important devices and tools were renewed. Hence, the
performance and the utility in terms of sensitivity, accuracy and stability of the analytical results
generated by NAA at DRR have significantly been improved. The investigation of an automatic
sample changer (ORTEC model ASC2) was also done in the project. The development of “Ko-
DALAT” software for the data processing of ENAA has also been completed. Moreover, through
the IAEA’s assistance the “k0-IAEA” software for the data processing of CNAA and PGNAA have
also been modified for use at DRR.

The development of CNAA, ENAA and PGNAA techniques as well as the enhancement of
automatic capability for NAA at DRR was performed by which the relevant experimental
procedures were established in the project.

2. EXPERIMENTAL

Upgrading of the fast irradiation facility using pneumatic transfer system (PTS) at Channel
13-2/TC for cyclic irradiations was done including hardware and software. Development of CNAA
based on the upgraded irradiation facility together with the necessary corrections have been planned
and carried out.

ENAA was performed by using Cd-box to cover the samples to which they were irradiated at
the Channel 7-1 and Rotary Rack for medium and long-lived nuclides, respectively. The Cd boxes
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were made or purchased in the project. The MCNP program was applied to evaluate the turbulence
of neutron field when inserting the Cd into reactor. The ENAA’s data processing has been
performed by Ko-DALAT software. Advantage factors for ENAA were measured for the interested
elements.

The k0-standardization method for PGNAA was performed using k0-IAEA software for the
data processing by which the horizontal neutron beam port #2 was characterized and the associated
gamma-ray spectrometer was calibrated following the k0-PGNAA methodology.

The ASC2 system was investigated to identify the technical issues making the system failed.
The MCB-919E module was checked. A new PC was replaced and the controlling software was re-
installed for the system. Wires and cables were checked by ORTEC’s experts and the project
members.

The upgrading of Ko-DALAT software was completed to which it is able to allow for data
processing of ENAA, while k0-IAEA software was modified with the IAEA’s assistance for data
processing of CNAA and PGNAA.

Other works related to the improvement and/or the optimization of the sample preparation,
irradiation and measurement for NAA were also carried out.

3. RESULTS AND DISCUSSIONS

Upgrading the fast irradiation facility for CNAA: The irradiation facility after upgrading
allows to perform the cyclic irradiations with a minimal irradiation time down to 5 seconds and a
waiting time between two cycles about 10 seconds. A program was written to accumulate the
individual spectra of cycles into a total spectrum used for CNAA. Fig. 1 displays the block layout of
the upgraded part (left) and the conjunction box (right) added to the existing fast irradiation facility
at Channel 13-2/TC.

Figure 1: The block layout of the upgrading part (left) and the conjunction box (right)
added to the cyclic irradiation facility for CNAA

Currently, the PTS system has been upgraded both hardware and software to meet the
functionality of CNAA for which an optimal procedure of 8 cycles has been investigated at DRR
for determination of the short-lived radionuclides such as 77mSe (T1/2 = 17.4 s), 20F (T1/2 = 11 s),
110Ag (T1/2 = 24 s) and others. The specifications of the system are shown in Table 1. In addition,
the timing parameters of the fast irradiation facility for CNAA have also been improved in
comparison with the previous single irradiation facility. The waiting time between two cycles (tw) is
10 ± 1.0 seconds. The minimal time or decay time (td) in order to transport the sample to the
counting position is now 3.5 ± 0.5 seconds.
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Table 1: The specifications of the PTS at Channel 13-2/TC before and after upgrading

No. Timing parameters (s) Before ugrading
(s)

After upgrading
(s)

1 Waiting time (tw) 60 10

2 Decay time (td) 3.2 3.2

3 Minimum irradiation time at Ch. 13-2 5 3

4 Minimum irradiation time at TC 10 5

Results of the development of CNAA: The methodology of k0-CNAA has been developed with
the establishment of a basic equation for calculation of concentration by the k0-concept. Also, the
k0-IAEA software was modified with the IAEA’s assistance for data processing of CNAA. The
CNAA procedures were established for Se, F and other elements in different sample types, i.e.
biology and reference materials. Figure 2 shows the gamma-peak at 161.9 keV of 77mSe in SRM-
NIST-1566b in which the net peak area of 161.9 keV peak is significantly improved by 7 cycles.

Figure 2: A gamma-peak at 161.9 keV of 77mSe in SRM-NIST-1566b increased
according to cycles

Table 2 displays the results for determination of elements in SRM-NIST-1566b using the
CNAA facility after upgrading.

Table 2: Analytical results in SRM-NIST-1566b by the CNAA developed
at DRR according to cycles

Ele-
ments

Certified
Values±Unc

(mg/kg)

Elemental concentrations according to cycles (N)

*N=1 N=2 N=3 N=4 N=5

Al
197.2±6.0 314.8±47% 309.7±2.9% 345.6±2.9% 320±7.2% 300±10%

LOD 6.9 2.7 1.9 0.64 0.54
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Cl
5140±100 5595±7.2% 5691±5.6% 5796±4.5% 6939±3.1% 5809±3.2%

LOD 800 260 200 59 39

V
0.577±0.023 - - 0.4271±75% 0.431±15% 0.4274±20%

LOD 1.083 0.415 0.29 0.11 0.086

Mn
18.5±0.2 23.38±38% 23.31±12% 19.59±26% 20.40±8.4% 21.76±7.3%

LOD 11.0 3.9 2.7 1.4 1.1

Se
2.06±0.15 1.323±12% 1.49±9.9% 1.379±8% 1.425±6.9% 1.33±5.7%

LOD 0.31 0.17 0.15 0.11 0.071

Ag
0.666±0.010 0.676±26% 0.644±29% 0.770±18% 0.673±24% 0.628±24%

LOD 0.27 0.12 0.11 0.067 0.058

*N = 1: Single irradiation.

Results of the development of ENAA: Using MCNP for evaluating the safety when inserting
Cd-box into the reactor’s irradiation positions as well as the changes of neutron field in pile was
performed. Advantage factors of the interested elements for ENAA were measured and the
procedures for ENAA were established. The elemental concentrations and the limits of detection
(LODs) analyzed by ENAA for geological reference samples are showing that ENAA is able to
detect more radionuclides than the conventional NAA. A number of elements were determined by
ENAA with the LODs are much lower than the conventional NAA.

Figure 3: Ratios of the results/certified values association with Z-scores using SRM-
NIST-1633b analyzed by ENAA

Figure 3 shows that the ratio of the experimental results to the certified values was determined
by k0-ENAA in which almost ratios were between 0.85 and 1.15. The Ko-DALAT software was
upgraded for data processing of ENAA.

Results of the application of k0-IAEA software for PGNAA: The data input for the horizontal
port #2 including the neutron beam parameters and the calibration of gamma-ray spectrometer were
created with a permanent database for use in k0-IAEA software in which the k0-IAEA software was
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modified with the IAEA’s assistance for the data processing of PGNAA. The k0-data for Boron
have been added to the data library so the software has been able to process for B and other
interested elements in PGNAA. The procedures for PGNAA were established.

Results of the investigation of ASC2 and others: The controlling software and wires of the
system were checked. It is noticed that the ASC2 software should be upgraded and the MCB-919E
must be checked in depth. The mechanical operations of the ASC2 system are in working order
while the HPGe detector associated with the ASC2 is not working. The irradiation and
measurement facilities were maintained and some of the sample preparation devices/tools for NAA
were renewed.

4. CONCLUSIONS

The main techniques of NAA, i.e. CNAA, ENAA and PGNAA were developed at the Dalat
research reactor (DRR) as described in the report by which a set of procedures of relevant
developed techniques in the project were established. The procedures have been evaluated by
analyzing of the standard reference materials for which they are meeting the requirements of multi-
element analysis for the intended applications.

The results obtained in the project have been published in three articles of international peer
reviewed journals [11,12,13] and in two articles of domestic journals [14,15]. Moreover, three
conference reports were also presented using the results of the project. A contribution to the training
for a PhD student by using one of the contents of the project (development of CNAA) and other
contents of the project were also used for two graduated MSc theses.
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