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Abstract

The team of the Laboratory for Neutron Activation Analysis, Brazil, has been continuously
improving the k0-instrumental neutron activation analysis, the k0-INAA method, having
Jožef Stefan Institute, Slovenia, as partner researcher of the neutron activation technique.
The group aims at answering the analytical requests of customers and the needs of the
researches developed by the lab. The latest improvement was to establish a methodology to
analyse up to 5 g-samples. The usual procedure in neutron activation analysis is to deter-
mine elemental concentrations in small samples of about 200 mg, a geometrical point source.
The reason why these samples are used is that this geometry brings about a number of
simplifications during irradiation and gamma spectrometry. This paper describes the steps
carried out in the development of the large sample methodology that has already been
published elsewhere and has been applied successfully. The results of some reference mate-
rials and samples are displayed. It is important to mention that this research has confirmed
that any other laboratory applying k0-INAA is able to establish this methodology without
having to modify its facilities, since the neutron self-shielding, gamma attenuation, and
detector efficiency over the volume source are established.

Keywords: k0-instrumental neutron activation analysis, large sample, detector efficiency,
neutron self-shielding, gamma-ray attenuation

1. Introduction

When an analytical result is available, several tasks had been accomplished before such as the

routine procedure establishment, calibration of instruments, quality assurance and quality
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control (QA/QC), training of technical group, good laboratory practice and others. All of these

requirements are needed to meet the demand for analytical values that are even increasing in

all fields, contributing to environmental monitoring, individual and population health and

economical decisions. According to the development of human knowledge, the requirements

for quality have been diversified and increasing in several fields. Therefore, the demand for

analytical data with smaller uncertainties and lower detection limits is expanding and more

requirements are necessary to meet the quality required by the clients.

The nuclear analytical technique, NAA [1, 2], fulfils several requirements. It is well-known that

NAA requires a non-chemical preparation—a non-destructive technique—and analyses a

large number of elements simultaneously. Besides, it is a traceable technique [3, 4]. It presents

sensitivity, multi-element ability, selectivity and versatility and determines chemical elements

with precision and accuracy [5, 6]. That is why it is a powerful technique.

The technique is well established at the Laboratory for Neutron Activation Analysis, LNAA,

located at the Nuclear Technology Development Centre (CDTN) sponsored by the Brazilian

Commission for Nuclear Energy (CNEN), in Belo Horizonte, capital of the Brazilian state of

Minas Gerais. The nuclear research reactor, the 100 kW TRIGA MARK I IPR-R1, has enabled

the NAA to be applied determining the elemental concentration of different samples, such as

soil, sediment, plants, food, medicines and biological tissues of humans and animals, among

others [7–20]. The NAA has been applied through relative and parametric methods and has

been applied meeting requests of customers both of CDTN and at industries, universities and

other institutions. The technique has also been applied in researches of the LNAA. The

standardised k0-method [21] was established in 1995, being the most efficient form of applica-

tion of this nuclear analytical technique [8, 9]. The k0-method has been continuously improving

along its nuclear data [22, 23], which can be found in the form of an Excel file, the k0-database

2015 [24].

2. Small samples versus large samples

The usual procedure in NAA is to analyse a sample whose mass is lower than 500 mg, consid-

ering it as a geometrical point source. This entails a number of simplifications during irradiation

and gamma spectrometry [25, 26]. This way, several simplifications can be made such as

disregarding the neutron self-shielding, neutron-flux gradients over the sample and self-

attenuation of gamma rays. The impact to the accuracy of the results is negligible.

On the other hand, there is a growing demand for the NAA established at CDTN to explore its

potential in order to overcome the main limitations when analysing point samples, which are:

to reach lower detection limits than those currently in use (for instance in food samples, plants,

medicines and lichens) and to carry on analysis at lower cost, that is, to analyse a smaller

number of samples and shorter time of analysis. For example, instead of analysing 20 small

samples, a single about 4 g composite sample could be analysed; to provide greater represen-

tativeness of samples of non-homogeneous materials, for instance, industrial waste materials;

to enable the analysis of whole parts in which it is not possible or permitted to remove an
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aliquot for analysis, for example, of archaeological ceramics. In addition, the low neutron flux

of a low-power reactor can be compensated by increasing the amount of sample to be exposed

to irradiation.

A possibility to overcome these problems is to analyse larger samples—samples of more than

0.5 g [25–32]. In order to obtain reliable analysis results, some parameters should be deter-

mined: (i) detector efficiency evaluation over the volume source, (ii) neutron flux depression

due to absorption and scattering and (iii) the relative attenuation of gamma rays originating

from different positions within the sample.

During the irradiation, the neutron field is perturbed during absorption and scattering inside the

sample. It is called neutron self-shielding. This can be overcome by experimentally determining

the neutron flux distribution in real samples in a defined volume for a matrix [6, 33, 34]. The

degree of gamma self-attenuation depends on a number of factors such as sample geometry,

linear attenuation coefficient, material density, sample composition and photon energy [35].

The laboratories that have been applying the neutron activation to large samples (LS-INAA)

analyse samples in a range of kilogrammes, and for this procedure, special facilities are

required, for the activation as well as for the detection. For instance, in Delft, The Netherlands,

a facility was built to irradiate and measure samples from 2 to 50 kg [3, 26–31].

3. Development of the methodology applied at CDTN

The LNAA determines chemical elemental concentrations following the usual procedure—

small cylindrical samples. The irradiations are carried out in the carousel facility of the

TRIGA MARK I IPR-R1 reactor that operates at 100 kW with an average thermal neutron

flux of 6.3�1011 cm�2 s�1. The laboratory has a high demand of analysis, answering the

clients’ request, analysing several kinds of samples. It is often necessary to overcome the

difficulties due to low neutron fluency, inhomogeneity of unknown sample and time con-

sumption of analysis. For that reason, to analyse larger samples would be an attractive

possibility. However, it is not allowed to change the infrastructure of irradiation; therefore,

a study was developed to verify the possibility to analyse 5 g-samples, maximum mass

content in the irradiation vial, 25 times larger than usual samples analysed. The k0-method

of neutron activation analysis [21] would be applied and the current infrastructure for

irradiation and gamma spectrometry facilities would be used. To develop this study, the

mass of the small sample analysed was around 200 mg and the larger cylindrical sample,

around 5 g.

Aiming at solving the main limitations when dealing with small samples and exploring a new

possibility of analysis, a methodology of analysing larger samples or cylindrical samples was

established in LNAA at CDTN [16, 36, 37]. All experiments were developed in geological

matrix. The reason was that matrix is the one most used in routine elemental analysis at

CDTN. All irradiations were performed in the carousel facility of the 100 kW TRIGA MARK I

IPR-R1 reactor under an average thermal neutron flux of 6.3 � 1011 cm�2 s�1 and average
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spectral parameters f (thermal to epithermal ratio neutron fluxes) and α (the epithermal flux

distribution parameter), 22.67 and 0.0026, respectively. The induced activities were measured

on absolutely calibrated HPGe detectors [9]. The vials were inserted in a polystyrene container

for irradiation during 8 hours.

Gamma spectroscopy was carried out after suitable decay on an absolute calibrated

HPGe detector named D4, GC 5019, CANBERRA, with 50% relative efficiency. The abso-

lute calibration was done following a recommended procedure in the k0-standardisation

method [6, 9, 21].

The HyperLab programme [38] was used for peak area deconvolution and the software

package Kayzero for Windows® [39], also called KayWin, was applied. It is a specific

programme to calculate the elemental concentration for the so-called small samples—routine

procedure—including the efficiency and coincidence correction calculations. It also calculates

the values of efficiency for each energy based on the experimental full-energy peak efficiency

determined previously for point-source geometry aiming at point sample analysis. This soft-

ware determines the reference full-energy peak efficiency, εp, of the detector [9].

The main experimental steps carried out to establish the methodology based on Menezes and

Jaćimović [16] and Menezes et al. [36, 37] will be described. Some tables and figures related to

the development have already been published and are shown here with permission. However,

other tables are original.

To establish the methodology to analyse a large sample, it was necessary to check three

parameters: (i) detector efficiency over the volume source, (ii) neutron self-shielding

during neutron irradiation and (iii) gamma-ray attenuation within the sample during

counting [26, 35, 40].

3.1. Detector efficiency over the volume source

To evaluate the detector efficiency over the volume of the sample applying the k0-method,

using the KayWin software, it is necessary to determine the reference full-energy peak

efficiency, εp. This programme calculates the elemental concentration for small samples—

routine procedure—while calculating the efficiency and coincidence correction. The values

of efficiency for each energy are also calculated based on the experimental full-energy peak

efficiency. This efficiency was determined previously for point-source geometry aiming at

point sample analysis. It is necessary to provide the detector characteristics, container and

geometry dimensions, composition of the sample and reference efficiency curve to determine

its efficiency. The final calculations will give the full-energy peak efficiency, εp, and the

effective solid angle (Ωeff ).

The KayWin software calculates, for each gamma energy in a spectrum, the efficiency, when

the elemental concentration of a real sample is determined. The detector efficiency can also be

determined by ANGLE V3.0 software [41] that was successfully installed at CDTN. This

software is specific to calculate the full-energy peak efficiency of the semiconductor detector

to several source geometries as point and cylindrical shapes, Marinelli, etc. In this study, it was
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used to validate the full-energy peak efficiency, εp, calculated by KayWin. Both software need

information on the detector characteristics, container and geometry dimensions, composition

of the sample and reference efficiency curve. The full-energy peak efficiency, εp, and the

effective solid angle will be calculated. It is important to mention that ANGLE software makes

efficiency calculations only for coincidence-free gamma lines.

3.2. Neutron self-shielding and the spatial neutron flux distribution factors

In this step, the neutron self-shielding and the spatial neutron flux distribution factors

[36, 40, 42–44] during irradiation in geological matrix were determined. The objective was

to evaluate how significant were their contributions to the final elemental concentration

results and which correction factor may be determined to correct the neutron flux gradient

and self-shielding effects.

3.2.1. Neutron self-shielding

Several programmes calculate the thermal neutron self-shielding factor (Gth). To calculate this

factor, it is necessary to know the sample composition and geometry. In this methodology

development, the KayWin [39] and MATSSF software [45] were applied.

3.2.2. Spatial neutron flux distribution factors

It is relevant to verify the axial and radial distributions of neutron fluxes in the vial. They can

be evaluated experimentally during irradiation [40] and after by measuring the Fc,Au-factor,

called the comparator factor, calculated based on neutron monitors irradiated together with

the sample in sandwich form. This factor provides the trend of the axial neutron flux gradient,

while radial gradient is negligible due to similar diameter of the sample and standard (Al-0.1%

Au alloy).

Simplified equation of the k0-method [21] for elemental concentration calculation for an analyte

(a), is below, Eq. (1):

ra ¼
Asp,a

Fc,Au
�

1

k0,Au að Þ
�

1

Gth,a:f þ Ge,a:Qo,a αð Þ
�
1

εp,a
(1)

where the Fc,Au-factor, the comparator factor, Eq. (2), is:

Fc,Au ¼
Asp,m:10�6

k0,Au mð Þ
�

1

Gth,m:f þ Ge,m:Qo,m αð Þ
�

1

εp,m
(2)

where Asp,m and Asp,a are the specific activities of monitor (m) and analyte (a); k0,Au(m) and

k0,Au(a) are k0-factors of monitor Au (by definition � 1) and analyte; εp,m and εp,a are the full-

energy peak detection efficiency of the monitor (Al-0.1%Au alloy in disc form) and radionu-

clide of analyte; f is thermal to epithermal neutron flux ratio; Gth,m and Gth,a are the correction

factors for thermal neutron self-shielding; Ge,m and Ge,a are the correction factors for epithermal
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neutron self-shielding; Q0,m(α) and Q0,a(α) are resonance integral (1/E
1 + α) to 2200 m s�1 cross-

section ratio; α is the epithermal flux distribution parameter.

Note that the Fc,Au-factor, as defined in Eq. (2), is proportional to the epithermal neutron flux

density and directly indicates a gradient in epithermal flux density. In this study, the Fc,Au-

factor was calculated by KayWin software based on several Al-0.1%Au monitors irradiated

together with the samples in sandwich form.

3.3. Gamma-ray attenuation within the sample during counting

The k0-method of NAA requires a precise technique to calculate full-energy peak detection

efficiency (εp) of an HPGe detector for diversified samples and various counting geometries.

The procedure provided by Moens et al. [46] presented a semi-empirical approach that has

been introduced in KayWin software via option SOLCOI.

The basic principles are:

a. A “reference” counting geometry is chosen to measure a set of calibrated point sources at a

large distance, e.g., 15–20 cm;

b. For a sample, the εp,geom for particular gamma energy is expressed by employing the

concept of the effective solid angle (Ωeff ), with “ref” denoting the reference geometry and

“geom” the actual one, Eq. (3):

εp,geom ¼ εp, ref �
Ωgeom

Ωref

(3)

It is important to mention that by the definition of the effective solid angle, two factors

are included: (i) the attenuation effects which gamma rays undergo outside an HPGe

detector active zone, Fatt-factor and (ii) the probability for an energy degradable gamma-

ray interaction with the detector material, Feff-factor. Both factors can be calculated ana-

lytically.

4. Experimental steps and results

In this study, the reference material IAEA-SOIL-7 (International Atomic Energy Agency (2000)

[47] was analysed as a small cylindrical sample (SS), �200 mg, and as a large cylindrical

sample (LS), �5 g. Neutron flux monitors and Al-0.1% Au disc, IRMM-530R (6 mm diameter-

disc and 0.1 mm high) were used.

To carry out these experiments, according to Menezes and Jaćimović [16], the vials were

prepared this way: (i) Vial 1, the large sample (LS): an aliquot of about 5 g of reference

material IAEA-SOIL-7 was sealed in a polyethylene vial of 1.3 cm diameter and filled up
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to 3.6 cm high. The first neutron flux monitor was placed below ampoule, the second

inside the ampoule on the top of the sample, and the third outside the vial. Air space

between the sample and top of vial was filled with cellulose paper; (ii) Vial 2: six poly-

ethylene vials (9 mm in diameter and 5 mm high) filled with reference material IAEA-

SOIL-7 were stacked with neutron flux monitors in sandwich form and inserted into a

5 cm high polyethylene vial; (iii) Vial 3, the small sample (SS): an aliquot of about 200 mg

of reference material was sealed in a polyethylene vial (diameter of 9 mm and 5 mm

high), stacked together with neutron flux monitors and inserted in a 5-cm-high vial. Air

space between the sample and top of ampoule was filled with cellulose paper; (iv) Vial 4:

the large sample (LS) was filled in with a soil aliquot, 3.6 cm high and 1.3 cm in diameter.

After being prepared, each vial was inserted in the “rabbit”. Figure 1 shows a scheme of

the prepared vials.

4.1. Detector efficiency over the volume source

In this step, the influence of distance sample-detector for small and large cylindrical samples

based on gamma efficiency was verified. The LS, Vial 1, was measured at 2, 5, 10 and 20 cm

sample-detector distances. The gamma efficiency values, ɛp, at sample-detector distances

related to several gamma lines (non-coincidence gamma lines) and respective nuclides were

given by KayWin software, [39] when calculating the elemental concentration of the large

cylindrical sample. The efficiency values were also obtained by ANGLE software [41].

Table 1 displays examples of the non-coincidence gamma energies for each nuclide deter-

mined and the respective ratio of each ɛp to ɛp of the reference distance sample-detector,

20 cm, for KayWin and ANGLE.

Figure 1. Vials prepared to carry out the experiments: Vial 1, large sample with reference material; Vial 2, with six small

samples with reference material; Vial 3, with one small sample filled with reference material and Vial 4, with large sample

filled with soil.
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Figures 2 and 3 display the gamma efficiency, ɛp, calculated by gamma energy for distance

sample-detector normalised to 20 cm for the HPGe detector D4. The figures show a good

agreement—after 200 keV—between the ratio’s efficiency, ɛp, obtained by KayWin and

ANGLE software at 2, 5, 10 and 20 cm and normalised to efficiency calculated at 20 cm.

Nucl. Non-coinc.

gamma

lines (keV)

Large sample ratio (ɛp at specific distance (cm) to ɛp reference distance (cm) sample-detector)

KayWin ANGLE

20/20 10/20 5/20 2/20 20/20 10/20 5/20 2/20

Sm-153 103.2 1.000 2.837 6.450 12.749 1.000 2.834 6.461 12.915

Ce-141 145.4 1.000 2.785 6.210 12.079 1.000 2.778 6.214 12.224

Sc-47 159.4 1.000 2.770 6.147 11.902 1.000 2.764 6.150 12.043

Au-199 208.2 1.000 2.734 5.987 11.455 1.000 2.727 5.989 11.589

Ru-97 215.7 1.000 2.730 5.970 11.405 1.000 2.724 5.974 11.546

Pa-233 300.1 1.000 2.699 5.832 11.024 1.000 2.693 5.838 11.163

Pa-233 311.9 1.000 2.697 5.821 10.993 1.000 2.690 5.827 11.132

Cr-51 320.1 1.000 2.695 5.814 10.972 1.000 2.688 5.819 11.111

Nd-147 531 1.000 2.667 5.693 10.637 1.000 2.660 5.695 10.763

As-76 559.2 1.000 2.665 5.682 10.607 1.000 2.657 5.685 10.733

Sb-122 564.2 1.000 2.664 5.680 10.602 1.000 2.657 5.683 10.728

Zn-65 1115.5 1.000 2.635 5.555 10.258 1.000 2.629 5.560 10.386

Fe-59 1291.6 1.000 2.630 5.532 10.194 1.000 2.623 5.538 10.323

K-42 1524.7 1.000 2.624 5.508 10.130 1.000 2.618 5.514 10.258

Sb-124 1691 1.000 2.621 5.495 10.094 1.000 2.615 5.502 10.223

Table 1. Non-coincidence gamma lines: ratio of gamma efficiency (ɛp) determined for a gamma line at a distance to

gamma efficiency at reference distance sample-detector for the large sample, reference material IAEA-SOIL-7, Vial 1.

Figure 2. Gammaefficiency normalised to 20 cmobtained byKayWin software for the large cylindrical sample, LS, Vial 1 [16].
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4.2. Neutron self-shielding and the spatial neutron flux distribution factors

4.2.1. Neutron self-shielding

In this methodology development, the KayWin [39] and MATSSF software [45] (specific to calcu-

late the correction factor to thermal and epithermal neutron self-shieldings, Gth and Ge, respec-

tively), were applied. A soil sample in cylindrical geometry, large sample, with diameter of 13mm

and 36 mm high was chosen to be studied. The composition, CaCO3 (80%) and SiO2 (20%), was

assumed because these two components are typically major constitutions in soil matrices.

The KayWin calculated Gth equal to 0.997, while for the same configuration, the MATSSF

obtained Gth equal to 0.998. There is a small difference from 1.0 for Gth, thermal neutron self-

shielding. Due to this, no correction for thermal neutron self-shielding in the geological large

sample was necessary. The Ge was considered negligible because of such experimental setup,

i.e., Ge = 1.0. The same approach has been taken for biological samples studied in this work

(see Section 5), where Gth = Ge = 1.0.

4.2.2. Spatial neutron flux distribution factors

4.2.2.1. Axial neutron flux gradient

To verify the axial and radial distributions of fast and thermal neutron fluxes in the same vial,

Vial 4, experiments were carried out and are described in Jaćimović [48], and Menezes and

partners [37], based on the experiment performed by Jaćimović and partners [40]. For these

experiments, iron wires (99.9% Fe from Mallinckrodt, USA, 0.4 mm in diameter and 5 cm in

length) were used.

During irradiation, the reactions were the following:

a. 58Fe(nt,γ)
59Fe, 44.50 day half-life, gamma emissions of 1099.3 keV and 1291.6 keV from 59Fe;

b. 54Fe(nf,p)
54Mn, 312.2 day half-life, gamma emission of 834.8 keV from 54Mn.

Figure 3. Gamma efficiency normalised to 20 cm obtained by ANGLE software for the large cylindrical sample, LS, Vial 1.
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The characterisation of neutron flux gradients (axial and radial) in the irradiation channels in

the carousel facility was calculated. The calculation was based on the specific activities of 59Fe

based on the mean value of the relative specific activities obtained for both gamma lines of 59Fe

(thermal neutrons) and 54Mn (fast neutrons) applying the KayWin software. After decay time,

about 2 weeks, the wires were cut into five 1-cm-pieces and submitted to gamma spectrometry

on an HPGe detector D4 with 50% relative efficiency. The average specific activity of 59Fe was

calculated based on the activity of 1099.3 and 1291.6 keV peaks and for 54Mn, on the peak of

834.8 keV.

One experiment was developed with one big vial filled with different materials, namely

density, clay and air. The iron wires were placed in the vial: one in the centre and four near

the wall of the polyethylene vial (3 cm in diameter and 5 cm high filled with clay) between the

vial wall and the clay. Figure 4, position from the bottom (A = 0–1 cm) to top (E = 4–5 cm),

related to thermal neutrons, shows the axial distributions for clay-air. The values of 59Fe were

normalised to the average value of all the 1 cm Fe pieces. It can be observed that for thermal

neutrons, the axial gradient in the geological sample is about 2%/cm. Figure 5, also related to

thermal neutrons, shows the normalised radial distribution for clay-air. The figure points out

that radial gradient for thermal neutrons in clay is about 2%/cm.

4.2.2.2. Fc,Au-factor

It was assumed that the Fc,Au-factor value is the correspondent to the average height of the

sample. The Fc,Au-factors, calculated by KayWin based on Al-0.1%Au monitors in Vials 1 and

2, were used to verify the trend of axial gradient. Menezes and Jaćimović [16] pointed out that

the Fc,Au-factors have a linear trend.

Figure 4. Axial gradient for thermal neutrons in clay-air in the IC-7 irradiation channel of the TRIGA reactor. The values

are normalised related to 59Fe and error bars are calculated based on the average statistics counting of 1099.3 and

1291.6 keV from 59Fe, Vial 4 [37].
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4.3. Gamma-ray attenuation within the sample during counting

The programme KayWin makes several corrections as already mentioned in the subsection 3.3,

Gamma-ray attenuation within the sample during counting, during elemental concentration

calculations. As the values obtained for IAEA-SOIL-7 for small and large samples were

according to recommended values, according to next subsection 5 (Comparison between small

and large samples’ elemental concentration results), it was not necessary to develop more tests

and apply correction factors.

5. Comparison between small and large samples’ elemental concentration

results

KayWin software calculated the efficiencies of the large sample accordingly, and the calculated

Fc,Au–factors for the large sample obtained for Al-0.1% Au monitors were described by a linear

equation. Then, it was decided to verify the experimental mass fractions for the small (Vial 3)

and the large sample (Vial 1). The samples were measured at 2, 5, 10 and 20 cm at detector D4

(50% relative efficiency), and the elemental concentrations were calculated for each distance

and for several distances, called RP, a routine procedure of analysis for customers, i.e., suitable

distance sample-detector depending on the activity/dead-time. The experimental results and

recommended values for reference material IAEA-SOIL-7 calculated by KayWin are shown in

Menezes and Jaćimović [16].

Table 2 shows the normalised values of small and large samples to IAEA-SOIL-7 recommended

data. It is possible to observe that majority of results are within 95% of confidence interval for

assigned values. For the small sample, 88% of the results presented deviations from the

recommended values lower than 10%, while for cylindrical samples, the deviations were 74%.

For both samples measured at 10 cm, they presented 12% of deviations, and it was the best

Figure 5. Radial gradient for thermal neutrons in clay-air in the IC-7 irradiation channel of the TRIGA reactor. The values

are normalised related to 59Fe and error bars are calculated based on the average statistics counting of 1099.3 and

1291.6 keV from 59Fe, Vial 4 [37].
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performance. Kennedy and St-Pierre [49] in their work observed a similar conclusion, where

10 cm distance sample-detector shows the best performance. The authors used an HPGe detector

with 29% relative efficiency. Same conclusion can be explained due to the same method used for

the absolute calibration procedure of an HPGe detector. Nevertheless, results presented in

Table 2 for IAEA-SOIL-7 show relatively small differences between measurement distance

sample-detector. So, it is possible to conclude that the impact from different measurement

positions (or ratio between measurement and reference position) contributed relatively small

systematic error to the final result.

The analytical performance of the experiments and the agreement of element contents with

recommended values, the assigned values for IAEA-SOIL-7, i.e., the data given in the Certifi-

cate of analysis in 2000 [47] were evaluated by the statistical test called En-score [50]. This score

El. Recommended

values (mg kg�1)

Normalised values on IAEA-SOIL-7 recommended data (date of issue: 2000)

Ratio result obtained at specific distance (cm)/recommended value

Small sample (�200 mg) Large sample (�5 g)

2 5 10 20 RP 2 5 10 20 RP

As 13.4 � 0.85 1.11 1.05 1.07 1.04 1.09 1.17 1.15 1.15 1.12 1.15

Ce 61 � 6.50 1.00 0.97 0.95 0.95 1.00 1.04 0.99 0.98 0.97 1.01

Co 8.9 � 0.85 1.05 1.03 1.02 1.07 1.05 1.06 1.04 1.04 1.02 1.06

Cr 60 � 12.5 1.22 1.18 1.16 1.15 1.15 1.30 1.25 1.26 1.22 1.30

Cs 5.4 � 0.75 1.05 1.05 1.05 1.05 1.05 1.11 1.09 1.09 1.08 1.10

Eu 1.0 � 0.2 1.02 1.07 1.10 0.85 0.95 1.12 1.17 1.08 1.10 1.12

Hf 5.1 � 0.35 1.04 1.02 1.01 1.01 1.04 1.05 1.04 1.04 1.01 1.03

La 28 � 1 1.06 1.01 1.02 1.01 1.04 1.07 1.05 1.04 1.03 1.04

Nd 30 � 6 0.87 0.94 0.92 0.95 0.88 0.98 1.10 1.02 1.09 1.08

Rb 51 � 4.5 1.04 0.99 0.97 0.97 1.04 1.09 1.03 1.03 1.04 1.04

Sb 1.7 � 0.2 1.08 1.06 1.08 1.07 1.08 1.07 1.03 1.02 1.03 1.03

Sc 8.3 � 1.05 1.12 1.10 1.08 1.08 1.12 1.13 1.11 1.10 1.09 1.11

Sm 5.1 � 0.35 0.96 0.98 0.93 0.92 0.96 1.03 1.01 0.98 0.96 1.01

Ta 0.8 � 0.2 0.91 0.94 0.93 0.93 0.91 0.95 0.98 0.98 0.97 0.95

Tb 0.6 � 0.2 1.10 1.13 1.10 1.10 1.10 1.22 1.19 1.14 1.15 1.21

Th 8.2 � 1.1 1.02 1.01 0.98 0.97 1.02 1.08 1.06 1.05 1.03 1.08

U 2.6 � 0.55 0.90 0.85 0.87 0.85 0.85 0.99 0.90 0.91 0.89 0.90

Yb 2.4 � 0.35 1.00 0.98 0.95 0.94 1.00 1.06 0.99 0.99 0.98 0.99

Zr 185 � 10.5 1.12 1.11 1.13 1.12 1.13 1.29 1.14 0.94 1.06 1.30

El., element; RP, calculations carried out according to the usual procedure to the customers.

Table 2. Normalised values of small (Vial 3) and large samples (Vial 1) obtained at specific distance to IAEA-SOIL-7 on

recommended data [16].
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takes into account the expanded uncertainty of both values with a coverage factor k = 2

(95% confidence interval). At CDTN, the uncertainty of the k0-NAA established is considered

as 3.5% with a coverage factor k = 1. En-score is calculated as follows:

En ¼
Xlab � Xref
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

U2
lab þU2

ref

q (4)

where Xlab and Xref are laboratory and reference (assigned value) values, respectively; Ulab and

Uref are expanded uncertainties with a coverage factor k = 2 of laboratory and reference values,

respectively. The criterion |En| ≤ 1 was applied to compare the results of the two geometries

with reference data, meaning that the evaluation of the performance of the method was

satisfactory, producing values with a level of confidence of about 95% and if |En| > 1, the

performance was unsatisfactory. Table 3 displays the results for this test.

Element Recommended values (mg kg�1) Experimental values

Small sample Large sample

(mg kg�1) |En| (mg kg�1) |En|

As 13.4 � 0.85 14.2 � 0.5 0.59 14.2 � 0.5 0.56

Ce 61 � 6.5 60.8 � 2.1 0.03 59.9 � 2.1 0.13

Co 8.9 � 0.85 9.33 � 0.33 0.40 9.17 � 0.32 0.25

Cr 60 � 12.5 68.9 � 4.0 0.60 63.6 � 2.6 0.27

Cs 5.4 � 0.75 5.69 � 0.20 0.35 5.83 � 0.21 0.50

Eu 1.0 � 0.2 0.95 � 0.03 0.24 1.12 � 0.16 0.33

Hf 5.1 � 0.35 5.33 � 0.20 0.43 5.34 � 0.19 0.46

La 28 � 1 29 � 1 0.44 29 � 1 0.42

Nd 30 � 6 26.3 � 1.2 0.57 27.9 � 1.3 0.32

Rb 51 � 4.5 53.0 � 2.4 0.31 51.8 � 2.5 0.12

Sb 1.7 � 0.2 1.83 � 0.07 0.54 1.73 � 0.06 0.14

Sc 8.3 � 1.05 9.29 � 0.33 0.80 9.09 � 0.32 0.65

Sm 5.1 � 0.35 4.87 � 0.19 0.44 5.22 � 0.18 0.24

Ta 0.8 � 0.2 0.73 � 0.03 0.33 0.78 � 0.03 0.11

Tb 0.6 � 0.2 0.66 � 0.02 0.30 0.69 � 0.02 0.45

Th 8.2 � 1.1 8.35 � 0.29 0.12 8.61 � 0.30 0.32

U 2.6 � 0.55 2.21 � 0.13 0.64 2.55 � 0.10 0.09

Yb 2.4 � 0.35 2.39 � 0.09 0.03 2.37 � 0.09 0.08

Uncertainties of recommended values are given at a confidence interval of 95% (k = 2), while experimental values are

given as combined standard uncertainty.

Table 3. Experimental results and recommended values for IAEA-SOIL-7 analysed as small (Vial 3) and large samples

(Vial 1) [37].
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6. Some applications

In order to confirm the applicability and its ability to produce good results, several reference

materials were analysed as small and large samples. Tables 4–6 show the results of certified

BCR-320R, channel sediment

Element Certified values, k = 2 Experimental results, k = 1

Small sample, n = 3, (�0.150 g) Large samples, n = 3, (�1 g)

(mg kg�1) (mg kg�1) |En| (mg kg�1) |En|

As 21.7 � 2.0 21.2 � 0.7 0.19 21.5 � 0.9 0.08

Co 9.7 � 0.6 9.3 � 0.3 0.48 9.2 � 0.3 0.54

Cr 59 � 4 58 � 2 0.19 57 � 3 0.39

Fe 25,700 � 1300 24,180 � 851 0.71 24,100 � 867 0.74

Sc 5.2 � 0.4 5.0 � 0.2 0.41 5.0 � 0.2 0.37

Th 5.3 � 0.4 5.0 � 0.2 0.51 4.9 � 0.2 0.68

U 1.56 � 0.20 1.5 � 0.1 0.29 1.4 � 0.1 0.49

Zn 319 � 20 304 � 11 0.48 310 � 11 0.28

n, number of replicates.

Table 4. Mass fractions obtained for certified reference material BCR-320R, Channel Sediment, analysed as small and large

samples [51].

Element NIST SRM 1572, citrus leaves

Certified values, k = 2 Experimental results, k = 1

Small sample (0.2124 g) Large sample (2.4758 g)

(mg kg�1) (mg kg�1) |En| (mg kg�1) |En|

As 3.1 � 0.3 3.5 � 0.1 0.91 2.8 � 0.1 0.78

Ba 21 � 3 21 � 2 0.09 18 � 1 0.97

Ca 31,500 � 1000 34,780 � 1554 1.00 29,150 � 1098 0.97

Cr 0.8 � 0.2 0.8 � 0.1 0.12 0.81 � 0.05 0.05

Fe 90 � 10 108 � 8 0.95 98 � 4 0.58

Hg 0.08 � 0.02 < 0.2 — 0.09 � 0.01 0.42

K 18,200 � 600 20,570 � 1200 0.96 17,360 � 684 0.56

Na 160 � 20 185 � 7 1.00 165 � 6 0.22

Rb 4.84 � 0.06 5.3 � 0.5 0.54 4.5 � 0.2 0.90

Sr 100 � 2 111 � 8 0.73 94 � 4 0.61

Table 5. Mass fractions obtained for certified reference material NIST SRM 1572, Citrus Leaves, analysed as small and

large samples [52].
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Element NIES no 7, tea leaves

Certified values, k = 2 Experimental results, k = 1

Small sample (0.3024 g) Large sample (3.5517 g)

(mg kg�1) (mg kg�1) |En| (mg kg�1) |En|

Br 2.5 � 0.1 2.8 � 0.2 0.77 2.4 � 0.1 0.56

Ca 3200 � 120 3607 � 266 0.75 2794 � 200 0.97

Fe 98 � 7 114 � 9 0.84 98 � 5 0.01

K 18,600 � 700 20,240 � 800 0.94 18,200 � 687 0.26

La 0.068 � 0.002 0.080 � 0.006 1.00 0.064 � 0.003 0.58

Na 15.5 � 1.5 18 � 1 0.97 18 � 1 1.00

Rb 6.59 � 0.01 6.7 � 0.3 0.14 5.8 � 0.5 0.93

Table 6. Mass fractions obtained for reference material NIES no 7, tea leaves, analysed as small and large samples [52].

El. Oatmeal powder Chia powder

Small sample

(0.2040 g)

Large sample

(0.6085 g)

Large sample

(2.5396 g)

Small sample

(0.2415 g)

Large sample

(0.5703 g)

Large sample

(3.4228 g)

(mg kg�1) (mg kg�1) (mg kg�1) (mg kg�1) (mg kg�1) (mg kg�1)

Ba <10 8 � 1 8 � 1 45 � 2 45 � 2 45 � 2

Br 1.88 � 0.07 1.81 � 0.06 1.79 � 0.06 8.7 � 0.3 8.8 � 0.3 8.0 � 0.3

Ca <690 643 � 127 553 � 87 7081 � 504 7281 � 462 6918 � 572

Co 0.024 � 0.007 0.029 � 0.002 0.030 � 0.003 0.35 � 0.01 0.35 � 0.02 0.37 � 0.02

Cs 0.087 � 0.005 0.092 � 0.004 0.086 � 0.004 0.044 � 0.004 0.044 � 0.003 0.044 � 0.003

Fe 56 � 7 60 � 3 56 � 3 118 � 6 97 � 5 109 � 5

K 4134 � 146 4175 � 148 3972 � 140 8531 � 300 8618 � 304 8213 � 291

La <0.01 <0.01 <0.01 0.069 � 0.006 0.062 � 0.004 0.073 � 0.003

Mo 0.5 � 0.1 <0.6 0.6 � 0.1 <0.4 <0.4 <0.4

Na 10 � 1 10.6 � 0.4 10.9 � 0.4 7.3 � 0.2 7.2 � 0.3 8.8 � 0.4

Rb 9.0 � 0.4 8.7 � 0.4 8.3 � 0.3 11.8 � 0.5 11.8 � 0.5 11.9 � 0.5

Sc* 2.9 � 0.4 1.8 � 0.3 1.6 � 0.3 <0.02 <0.02 <0.02

Sm <0.004 <0.004 <0.004 <0.008 0.008 � 0.002 0.010 � 0.001

Sr <10 <10 <10 46 � 3 47 � 3 45 � 2

Ta <0.01 <0.005 0.018 � 0.004 <0.03 <0.03 <0.03

Zn <32 <32 <32 61 � 2 61 � 2 51 � 2

El., element; experimental values are given as combined standard uncertainty.
*
μg kg�1.

Table 7. Mass fractions obtained for oatmeal powder and chia powder analysed in three sizes of samples: one small and

two large samples [53].
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reference materials, BCR-320R, Channel Sediment, NIST SRM 1572, Citrus Leaves, and reference

material, NIES no 7, Tea Leaves, respectively. Tables 7 and 8 show examples of samples

analysed at the Laboratory for Neutron Activation Analysis, as small and large samples.

7. Conclusions

The Laboratory for Neutron Activation Analysis at CDTN, Brazil, needs to be prepared to

meet customer analysis requirements. In order to answer this requirement, it was necessary to

establish a methodology to analyse large samples, from 0.5 to 5 g sample, applying the k0-

standardised method keeping the current infrastructure for irradiation and gamma measure-

ments. Another objective was to overcome technical limitations while analysing samples

smaller than 0.5 g, as, for instance, inhomogeneity of the sample and lower thermal neutron

flux of the reactor.

To carry out the establishment, it was necessary to calculate several relevant parameters that

would point out the feasibility to analyse large samples: detector efficiency over the volume

source, neutron self-shielding during neutron irradiation and gamma-ray attenuation within

the sample during counting.

The results [16, 36, 37] pointed out that all parameters may be negligible for the large sample.

At least, within the uncertainty range, once the elemental concentration results are in good

agreement with the recommended values of the reference material IAEA-SOIL-7. All results

obtained during the development using the reference material were evaluated by the statistical

test, En-score, which pointed out that the k0-method applied using KayWin software presented

an overall satisfactory performance. Few exceptions are already being investigated using other

reference materials. It means that the KayWin software proved to be a robust programme to

calculate the elemental concentration of large samples producing reliable results.

Element Soil sample

Small sample

(0.1133 g) (mg kg�1)

Large sample

(0.6313 g) (mg kg�1)

Element Small sample

(0.1133 g) (mg kg�1)

Large sample

(0.6313 g) (mg kg�1)

Fe 23,070 � 952 22,100 � 1235 Ta 2.31 � 0.09 2.26 � 0.12

Ga 37.2 � 1.3 33.9 � 1.2 Tb 0.503 � 0.032 0.515 � 0.019

Hf 32.8 � 1.5 30.4 � 2.0 Th 31.0 � 1.3 29.9 � 1.5

K 347 � 30 367 � 25 U 3.71 � 0.14 3.49 � 0.15

La 70.3 � 2.7 70.0 � 2.5 W 13.4 � 0.5 13.7 � 0.5

Sb 0.471 � 0.046 0.430 � 0.038 Yb 5.61 � 0.36 5.21 � 0.15

Sc 10.4 � 0.4 9.7 � 0.5 Zn 15.2 � 1.9 16.0 � 2.1

Experimental values are given as combined standard uncertainty.

Table 8. Mass fractions obtained for soil, analysed as small and large samples.
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It is important to note that once the methodology is established, the following benefits may be
obtained: reaching lower limits of detection; enabling compliance, for example, in environ-
mental legislation in determining the concentration of metals in soil; analyses of more repre-
sentative aliquots, especially in the case of non-homogeneous samples, as industrial waste;
optimization of the cost and time of analysis, because instead of analysing several small
samples they could be replaced by a large sample; analyses of whole parts when removing
the aliquots are not possible. This study is still going on in order to confirm the benefits that
have been already mentioned.

This investigation has confirmed that any other laboratory applying k0-instrumental neutron
activation analysis (k0-INAA) is able to establish this methodology without having to modify
its facilities, since the neutron self-shielding, gamma attenuation and detector efficiency over
the volume sample are established.
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