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Preface

Since the last century, physicists have known that most of the mass of an atom was located
in the nucleus at its center and that this central core contained protons. Until 1932, the atom
was believed to be composed of a positively charged nucleus surrounded by negatively
charged electrons. Atomic theory from James Chadwick’s discovery of the neutron was cen‐
tral to the extraordinary developments in atomic physics that occurred in the first half of the
twentieth century. The neutron was exploited to create new radioactive elements by neutron
irradiation and the fission of uranium atoms.

Hevesy and H. Levis were the first to report on a new method of activation analysis. Today,
the concept of neutron activation analysis (NAA) has developed into a research reactor char‐
acterized with high neutron fluxes and gamma ray spectrometers with high resolving power
HP(Ge) and NaI(Tl) detectors coupled to full-featured multichannel analyzer-based ad‐
vanced digital signal processing techniques. The complete spectroscopy workstation offers
the highest quality acquisition and analysis. The use of NAA by researchers has increased
steadily, and as a result, this technique remains one of the most common activities in 240
existing nuclear research reactors worldwide. In October 2017, the IAEA launched the first
e-learning course dedicated to a research reactor-based technique and made it available to
Member States through the IAEA Open Learning Management System.

This book highlights the advanced technologies and applications of NAA. It discusses the
latest developments influencing the performance and utility of different NAA techniques
across wide areas of applications: nuclear technology, industry, medicine, etc. with accurate
analytical results. The overall goal of the book is to promote innovation and development of
NAA techniques, technologies, and nuclear culture by presenting high-quality chapters with
numerous results at both national and international levels. Since the k0-NAA method was
launched by A. Simonits and F. De Corte, many laboratories worldwide have implemented
and applied this technique.

The book is intended to provide guidance in practical aspects of operating and applying lab‐
oratory NAA and reviews of the recent applications and associated technologies. It provides
further insight into the method of analyzing samples using INAA, k0-NAA, and LS-NAA,
which are sensitive analytical techniques useful for performing both qualitative and quanti‐
tative analyses.

It is hoped that the book will serve as a source for graduate and postgraduate students in
nuclear sciences and applications and nuclear analytical techniques, as well as teachers and
researchers who have an overlapping interest in recent and projected needs of research and
development. The neutron activation system was designed for ITER to evaluate integrated
fusion power and develop an integrated approach to routine automation of NAA, and has
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resulted in interesting applications from several fields of science: medicine, clinical investi‐
gations, biology, geochemistry, soil contamination, waste management, diet, lifestyle and
health, cosmology, archeology, forensic science, etc.

The chapters cover the basis of the NAA method, which includes principles and properties,
the use of a Monte Carlo computational model for many case studies, scientific achieve‐
ments, and potential applications of NAA performed at the author’s laboratory and at nucle‐
ar facilities. Readers should refer to the work discussed in all chapters.

The book is organized into two sections, which cover a variety of very important topics. The
first section contains four chapters on different applications of NAA in several fields of re‐
search. The first chapter by Lylia Hamidatou presents an overview of NAA methods, in‐
cluding innovative worldwide applications. In the second chapter, Maitreyee Nandy
highlights the application of neutron activation and subsequent gamma spectrometric stud‐
ies in the fields of geology and medicine.

Different types of samples such as uranium ores, phosphate rocks, cement, beach rocks, an‐
cient lake Copais samples, and many other kinds of geological matrix were used for the de‐
termination of major, trace, ultra-trace, and rare earth elements using neutron activation
followed by high-resolution gamma spectrometric studies. The author also discusses the dif‐
ferent applications of NAA in medicine. Concentrations of trace levels  of Ca, Cu, Co, I, Mg,
Se, Fe, Zn, Hg, Ba, and Cr in human breast cancer, skin cancer, and colorectal cancer tissues
and in the dysfunction and malignancy of the thyroid gland were determined using the
NAA method.

Chapter 3 by Guillermo Parrado, David Alonso, Julián Orozco, Mary Peña, Andrés Porras,
Martha Guzmán, Nelson Acero, and Mauricio López reports on the effort of a Colombian
NAA laboratory and potential applications and developments using the nuclear research
reactor IAN-R1. The Colombian laboratory serves as a good example, not only for novice
labs, but also for the more experienced ones. Lessons have been learned by exploiting these
young scientists and engaging them meaningfully in nuclear research; this, in turn, creates a
strong sense of ownership of processes as well as outcomes. Pham Ngoc Son and Bach Nhu
Nguyen (Chapter 4) discuss the results obtained by the MNCP code to evaluate the correc‐
tion factors for neutron activation foils.

The second section of the book is dedicated to neutron activation systems and technologies.
Chapter 5 by Vitaly Krasilnikov, Mun Seong Cheon, and Luciano Bertalot provides a fasci‐
nating presentation of the neutron activation system (NAS), which was designed for ITER
Tokamak. The main goal of the ITER NAS was to evaluate the total plasma neutron produc‐
tion rate. This system is under development by the Korean Domestic Agency of ITER.

Chapter 6 by Maria Angela de B. C. Menezes and Radojko Jaćimović provides an overview
of the establishment of the methodology to analyze up to 5 g samples by k0-instrumental
NAA at CDTN, Brazil.

The editor wishes to thank all the authors for their high-level and valuable chapters. I would
like to pay tribute to prominent scientists Profs. Nicolas Spirou and Andras Simonits, widely
known for their research in the field of nuclear physics, who passed away last year. I would
also like to thank Prof. G. Kennedy for his help concerning the drafting of several parts in
the first chapter.

XII Preface

Thanks are due to Mr. Merzak Remki, manager at the Algerian Atomic Energy Commission
COMENA. I am pleased to highlight his support promoting research and development. 

I am also grateful to IntechOpen book manager Ms. Iva Lipović for her patience and assis‐
tance during the different edition phases of this book.

Finally, I would like to thank my husband Alghem Abdeldjalil for his help and encourage‐
ment during all my professional career and the preparation and edition of this book.

AQ: Please check if edits to the sentence beginning "Concentrations of trace levels...” retain
the intended sense.

Dr. Lylia Alghem Hamidatou
Director of Nuclear Techniques and Applications Division

Nuclear Research Centre of Birine
Djelfa, Algeria

Preface IX
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Abstract

This chapter provides a comprehensive overview of physical principles, procedures, 
proprieties, and some scientific achievements of neutron activation analysis. The most 
scientific events organized by the International Scientific Committees ICAA and k0-ISC 
are also reported.

Keywords: neutron activation analysis, research reactor, gamma spectrometry systems, 
medicine and geology applications, advanced technologies, innovation

1. Principles

Neutron activation analysis is a physical technique that is based on nuclear reactions. The 
sample becomes radioactive when neutrons react with the nuclei of the elements’ atoms. 
Radionuclides are formed and subsequently decay by emitting gamma rays that are unique in 
half-life and energy. Gamma-ray intensity is proportional to the element content in the sample. 
Instrumental neutron activation analysis (INAA) and k0-INAA are the most sensitive analyti-
cal techniques used for the quantitative multielement analysis of major, minor, and trace ele-
ments in samples from almost every conceivable field of scientific or technical interest [1–9].

2. Procedures

The elements in a sample to be analyzed are made radioactive by irradiation with neutrons, 
and the induced radioactive samples can be identified and measured. The amount of a given 
neutron activation product that formed during neutron irradiation is proportional to the 
amount of its parent isotope and thus the concentration of the corresponding element [2].

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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3. Properties

The analytical techniques based on neutron activation are classified according to energy of 
incoming neutrons, elastic and inelastic neutron scattering, and neutron capture reactions 
as well as its combination such as thermal NAA (TNAA), epithermal NAA (ENAA), prompt 
gamma NAA (PGNAA), fast NAA (FNAA), and 14-MeV INAA a form of FNAA based on 
reactions with 14-MeV neutrons that are produced by neutron generators. These techniques 
have big application potential since they could provide data about large number of elements 
simultaneously. Figure 1 presents more than 65 elements that may be analyzed using neutron 
activation analysis method. For most elements, NAA is an extremely sensitive method for 
analysis. The potential benefits of NAA include the multielement capability and the fact that 
non-destructive analyses can be performed.

4. Organization and scientific achievements

4.1. ICAA, k0-ISC, and scientific events

The objectives of the International Committee on Activation analysis of ICAA are to improve 
and promote the application of nuclear methods of chemical analysis. The International 
Committee on Activation Analysis (ICAA) is organized exclusively for scientific and educa-
tional purposes, and specifically to coordinate the series of international conferences entitled 
Modern Trends in Activation Analysis (MTAA). The official ICAA website (http://www.icaa-
mtaa.org) provides information on their activities, membership, etc. [10].

Figure 1. Detection sensitivities.
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The k0-International Scientific Committee was originally mainly involved in the organization 
of the k0-Workshops and the accepting and reviewing of the papers presented there. The 
mandate of the k0-ISC is to promote the development and application of the k0-method of 
neutron activation analysis, k0-NAA. Examples of the k0-ISC’s promotion of the development 
and application of the k0 method include the coordination of the k0-Workshops, maintenance 
and improvement of the recommended k0-Nuclear Database, through the k0-Nuclear Data 
Subcommittee, and the maintenance of the k0 website to give information and to allow k0-
users to contact members of the k0-ISC.

George de Hevesy (1885–1966) received the Nobel Prize for Chemistry in 1943 for his work 
on the use of isotopes as tracers in the study of chemical processes. The Hevesy Medal as 
illustrated in Figure 2 is the premier international award of excellence honoring outstanding 
achievements in radioanalytical and nuclear chemistry as illustrated. Table 1 presents the list 
of the laureates of George de Hevesy award during the period 1968–2018 [10].

4.2. International k0-Users Workshops

The development of k0-NAA method is one of the most remarkable advances in the history 
of neutron activation analysis (Table 2). The k0-NAA method includes comprehensive and 
accurate models of the neutron activation, radionuclide decay, and gamma-ray detection 
processes. During the period 1970–1980, Prof F. De Corte (University of Gent, Belgium) and 
Dr. A. Simonits (KFKI-AEKI, Budapest, Hungary) and many co-workers developed the con-
cepts and procedures of the k0-NAA method [4, 11–18]. Currently, this method is an inactive 
use in numerous laboratories all over the world [19–29]. The official k0-ISC website (http://
www.kayzero.com/k0naa/k0naaorg/k0-ISC.html) contains relevant information on the k0-
method and all associated events and database [24].

Figure 2. George de Hevesy (1885–1966) who received the Nobel Prize for Chemistry in 1943.
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of the k0-Workshops and the accepting and reviewing of the papers presented there. The 
mandate of the k0-ISC is to promote the development and application of the k0-method of 
neutron activation analysis, k0-NAA. Examples of the k0-ISC’s promotion of the development 
and application of the k0 method include the coordination of the k0-Workshops, maintenance 
and improvement of the recommended k0-Nuclear Database, through the k0-Nuclear Data 
Subcommittee, and the maintenance of the k0 website to give information and to allow k0-
users to contact members of the k0-ISC.

George de Hevesy (1885–1966) received the Nobel Prize for Chemistry in 1943 for his work 
on the use of isotopes as tracers in the study of chemical processes. The Hevesy Medal as 
illustrated in Figure 2 is the premier international award of excellence honoring outstanding 
achievements in radioanalytical and nuclear chemistry as illustrated. Table 1 presents the list 
of the laureates of George de Hevesy award during the period 1968–2018 [10].

4.2. International k0-Users Workshops

The development of k0-NAA method is one of the most remarkable advances in the history 
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processes. During the period 1970–1980, Prof F. De Corte (University of Gent, Belgium) and 
Dr. A. Simonits (KFKI-AEKI, Budapest, Hungary) and many co-workers developed the con-
cepts and procedures of the k0-NAA method [4, 11–18]. Currently, this method is an inactive 
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Figure 2. George de Hevesy (1885–1966) who received the Nobel Prize for Chemistry in 1943.
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4.3. Nuclear data

The authors F. De Corte and A. Simonits published in 2003, the recommended nuclear data 
for use in the k0-standardization of neutron activation analysis [3]. In 2010, De Corte described 
in his paper “Towards an international authoritative system for coordination and manage-
ment of a unique recommended k0-NAA database” the constitution of the nuclear data library 
[25]. As indicated in the paper, “the 2012 recommended k0 database”, R. Javimovic et al. estab-
lished the k0 database in the form of an accessible excel file freely downloadable at http://
www.kayzero.com/k0naa/News/News.html [26].

4.4. Neutron activation systems

Database from the IAEA’s Research Reactor Database (RRDB) provides information with 
respect to the status of the world’s research reactors. More than half of the 241 operational RRs 
worldwide performing neutron activation analysis distributed over 59 member states [31]. The 
highest roles of NAA have been identified as the most suitable opportunity for research, edu-
cation and training, and commercialization of RR services. For that, NAA groups focused their 
efforts on the development and modernization of neutron activation analysis process includ-
ing irradiation devices, gamma-ray spectrometers, and data analyzing instruments [31–35].

Year Laureates Year Laureates

1968 W. Weine Meinke 2003 Jeroen J.M. De Goeij

1969 Albert A. Smales 2004 Attila Vértes

1970 Ivan Pavlovich Alimarin 2005 Zhifang Chai, Gregory Choppin, and Nicholas M. Spyrou

1972 Philippe Albert and Julian Hoste 2006 Jan Kucera

1975 Tibor Braun and Juraj Tölgyessy 2007 Robert R. Greenberg

1976 Francesco Girardi 2008 Syed M. Qaim

1977 Saadia Amiel Richard E. Wainerdi 2009 Richard M. Lindstrom

1978 Robert E. Jervis 2010 Darleane C. Hoffman

1979 Vincent P. Guinn 2011 Peter Bode (TU Delft page)

1981 William S. Lyon Max Peisach 2012 Boris F. Myasoedov

1983 Edward V. Sayre and Garman Harbottle 2013 Rajmund S. Dybczyński

1984 Georges Amsel 2014 Heino Nitsche

1985 Nobuo Suzuki 2015 Kattesh V. Katti and Susanta Lahiri

1986 Emile A. Schweikert 2016 Tomoko M. Nakanishi

2000 Frans De Corte 2017 Pavel P. Povinec

2001 Amares Chatt and Eiliv Steinnes 2018 Rolf Zeisler

2002 Enrico Sabbioni

Table 1. List of the laureates of George de Hevesy award 1968–2018 [10].
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5. Innovation in NAA applications

Interesting paper published by P. Bode, the opportunities for innovation in NAA gives an 
overview by focused position-sensitive detection of elements in large samples, Monte-Carlo 
calculations replacing the use of standards, use of scintillator detectors, and new deconvolution 
techniques for increasing the sensitivity are examples of challenging new roads in NAA [30].

Menezes et al. reported in the paper “Advances in neutron activation analysis of large objects 
LSNAA with emphasis on archaeological examples”, the recent developments and perspec-
tives about the implementation of LSNAA and analyzing several kinds of matrices such as 
archeology, geology, and art objects [31]. During 2010–2015 period, the proficiency Tests and 
Inter-laboratory Comparisons have been carried out at the international level, by many NAA 

Title Date Organizer References

MTAA-01 14–15 December 
1961

Texas A&M College

MTAA-02 18–21 April 1965 Texas A&M College

MTAA-03 06–10 June 1968 National Bureau of Standards NBS Spec Pub 312, June 1969, 
2 vols

MTAA-04 01–05 October 
1972

CNRS, Saclay, France JRC v15–16, 1973 (also 17–19)

MTAA-05 13–17 September 
1976

Institute of Radiochemistry, Technical 
University Munich, Germany

J. Radioanal. Chem., v. 37–39

MTAA-06 12 December 1981 University of Toronto, Canada J. Radioanal. Chem., v. 69–72

MTAA-07 23–27 June 1986 Risø National Laboratory, Copenhagen, 
Denmark

J. Radioanal. Chem., v. 
112–114

MTAA-08 30 December 1991 Technical University, Vienna, Austria J. Radioanal. Chem., v. 
167–169

MTAA-09 24–28 September 
1995

Seoul, Korea J. Radioanal. Nucl. Chem., v. 
215–217 (1997)

MTAA-10 18–22 April 1999 National Institute of Standards and 
Technology (NIST)

J. Radioanal. Nucl. Chem., v. 
244–245 (2000)

MTAA-11 20–24 June 2004 University of Surrey, Guildford, UK J. Radioanal. Nucl. Chem., v. 
271, No. 1–4 (2007)

MTAA-12 15–20 September 
2007

Tokyo Metropolitan University, Hachioji, 
Tokyo, Japan

J. Radioanal. Nucl. Chem., v. 
278, Issue 3, December 2008

MTAA-13 13–18 March 2011 Center for Chemical Characterization and 
Analysis Texas ASM University, College 
Station, TX, USA

J. Radioanal. Nucl. Chem., v. 
291, Issue 2, February 2012

MTAA-14 and 
NAMLS-11

23–28 August 
2015

Delft University of Technology, Delft, The 
Netherlands

J. Radioanal. Nucl. Chem., v. 
309, Issue 1, July 2016

Table 2. List of the past international conferences on modern trends in activation analysis, MTAA (1961–2015) [10].
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laboratories, under the framework of IAEA projects using IPE (International Plant-analytical 
Exchange) and ISE (International Soil-analytical Exchange) samples provided by the accred-
ited organism such WEPAL [32].

Neutron activation analysis has traditionally been used mainly for the characterization of 
geological, environmental, and biological materials. However, other analysis techniques 
have emerged to replace NAA for many of those applications, and NAA now thrives mainly 
because of its unique advantage, the high penetrating power of neutrons and gamma rays, 
leading to ease of use in many instances where no sample preparation is required. In addition, 
NAA practitioners have innovated to provide fast, accurate, and reliable analyses of various 
matrices posing great difficulties for other techniques. Some of the applications made possible 
by these innovations are listed here.

In the medical field, it has often been hypothesized that a lack of selenium in the body may lead 
to increased risk for certain cancers. To measure the body’s selenium status, toenails have been 
found to be a good indicator of the selenium status over a period of several months prior to 
the taking of the sample. Several NAA laboratories [37–39] have measured Se in toenails using 
the very short-lived Se-77m, half-life 17.5 s. This required the development of fast pneumatic 
sample transfer systems with accurate control of irradiation and decay times as well as accu-
rate correction of counting losses when the count-rate is changing during the counting period. 
The results of studies [37–39] using thousands of samples sometimes revealed an association 
between lower Se levels and increased cancer risk, while in others, no significant difference in 
Se level was observed between the controls and subjects who developed certain forms of cancer.

A knowledge of the levels of trace elements in plastics may be useful from several points of view, 
as it may reveal the presence of toxic elements such as Cd [36], or information on the production 
process through the presence of catalyst residues, it may permit differentiating new plastics 
from those containing recycled material with flame retardants Br and Sb, and it may help decide 
the suitability of plastics for insulation of high-voltage electrical cables [37] or cables used in the 
nuclear industry [38]. Plastic samples of 100 mg mass are appropriate for some applications but 
several NAA laboratories have innovated to be able to analyze routinely and quickly samples 
up to 4 g mass which, for certain trace elements, are more representative of the original material, 
and in special cases, even larger samples may be analyzed using large-sample NAA.

The problem of the growth of fungus or mold on wood or paper products used in humid environ-
ments, wood for windows, cardboard on wallboard used in basements, and wrappers for bars of 
soap stored in bathrooms, has been remediated by the application of fungicides containing heavy 
elements like copper and iodine. Regular quality control measurements are needed to ensure that 
the right amount of fungicide has been applied. NAA is ideally suited for this as there is no sample 
preparation and methods have been developed [39] for large representative samples, at least 6 cm2 
for wood samples cut from the surface of the board and 60 cm2 for paper, and the NAA results are 
independent of penetration depth. To successfully provide a fast and reliable service for industry, 
the reactor and staff must be available when needed; the service must be given high priority.

Pure selenium used for photographic film must be very low in chlorine; an upper limit of 
2 μg/g is tolerable. Achieving this sensitivity by INAA is difficult because Cl is detected by 
37 min half-life Cl-38 with gamma rays at 1642 and 2167 keV which suffer interference from 
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the much more intense low-energy gamma rays emitted by several short-lived Se isotopes 
produced by neutron irradiation of Se. In order to reduce the detection efficiency for the inter-
fering low-energy gamma rays relative to the high-energy Cl-38 gamma rays, discriminating 
gamma-ray spectrometry [40] has been used. A 10 mm thick lead plate was placed between 
sample and detector. To reduce the uncertainty of the calculated area of the barely visible 
2167 keV peak, samples were counted for 30 m at the maximum tolerable count rate, which 
gave between 10 and 30% dead-time, and the peak fit was carried out using maximum pre-
determined information: the peak position and width were fixed relative to nearby strong 
Se peaks. A similar discriminating gamma-ray spectrometry technique was used [41] for the 
determination of vanadium in materials with high content of titanium, barium, and strontium.

To satisfy the increasing demand for rare-earth elements used in the electronics industry, new 
rare-earth mines are opening along with their associated refineries and the development of refin-
ing techniques. This development requires the measurement of rare-earth concentrations in the 
ore and products at all stages of refinement. The great sensitivity of NAA for most rare-earth ele-
ments has made it an excellent method for measuring rare-earths at low concentrations in rocks, 
sediments, soils, and plants. However, at the high concentrations found in ores and refinery 
products, the high neutron absorption cross-sections cause a severe neutron self-shielding prob-
lem even with small samples. This problem has recently been solved [42] with the development 
of an accurate neutron self-shielding model coupled with accurate gamma attenuation calcula-
tions for the low energy gamma rays of Ce, Nd, Sm, Dy, Ho, and Tm. The correction calculation 
is iterative, using the raw NAA-measured rare-earth concentrations in each sample as input 
and then simultaneously adjusting the neutron self-shielding factors and the gamma attenuation 
coefficients according to the models. For 100 mg samples with very high rare-earth concentra-
tions, NAA results accurate to better than 5% were achieved for 13 rare-earth elements [43].

The use of nuclear analytical techniques is most practical to analyze a variety of samples in 
different fields related to life sciences in particular food product for humans. The objective 
of this research is to point out the research results of content and nutritional importance of 
individual essential elements that are present in various milks and dairy products. Recently, 
an extensively studied on nutrients and heavy metals concentration in food overall the world. 
In the last years, several brands of milk powder for categories child and adult have been 
studied by using the k0-INAA technique [44]. As complementary work for dairy products, it 
is very important to evaluate the consumption of the commercial baby formula milk for the 
first and the second age in Algeria. The chemical element Ca, K, Na, Br, Rb, and Zn have been 
determined in six kinds of baby formula milk using k0-NAA technique. Results obtained in 
this work show a good agreement with concentration values given by producers [9].

Relevance of activation analysis is driven by its stakeholders. As an example of the existing 
stakeholder’s needs are mainly to evaluate the whole blood and hair correlation factor of Na 
and K, Fe, and Zn of patients suffering from Alzheimer and psoriasis pathologies and normal 
controls using INAA and k0-NAA techniques. According to the gender and age consider-
ation, the results obtained in these studies have been discussed [45, 46]. For quality control 
and quality assurance, the biological matrix NIST1566b Ouster Tissue), IAEA A13 (animal 
blood) were analyzed simultaneously with the samples. Three statistical parameters Z-score, 
U-score, and bias were determined and discussed.
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For more details about the basic theory of NAA, recent developments and technologies and 
potential applications of neutron activation analysis performed at the author’s laboratory and 
nuclear facilities, the interested reader should refer to the works discussed in Chapters 2–6.

Chapter 2: Neutron Activation Analysis: Application in Geology Application in Geology and 
Medicine (Maitreyee Nandy).

Chapter 3: Colombian Neutron Activation Analysis Laboratory – CNAAL. Applications and 
Development using the Nuclear Research Reactor IAN-R1 (Guillermo Parrado et al.).

Chapter 4: Monte Carlo simulation of Correction Factors for Neutron Activation Foils (Pham 
Ngoc Son).

Chapter 5: Neutron Activation System for ITER Tokamak (Vitaly Krasilnikov et al.).

Chapter 6: An Overview of the Establishment of Methodology to Analyze up to 5 g-Sample by 
k0-Instrumental Neutron Activation Analysis, at CDTN, Brazil (Maria Menezes et al.).
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nuclear facilities, the interested reader should refer to the works discussed in Chapters 2–6.

Chapter 2: Neutron Activation Analysis: Application in Geology Application in Geology and 
Medicine (Maitreyee Nandy).

Chapter 3: Colombian Neutron Activation Analysis Laboratory – CNAAL. Applications and 
Development using the Nuclear Research Reactor IAN-R1 (Guillermo Parrado et al.).
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Varied forms of neutron activation analysis (NAA), due to their high accuracy and repro-
ducibility, are being used in geological studies and in medical application for the determi-
nation of concentration of elements down to the trace and ultra-trace level. Concentration
of Cs, Sc, Fe, Ta, Co and Eu which may give rise to long-lived activity on neutron
irradiation has been determined down to 0.1 ppm in rock samples from 11 geological
formation in Karnataka, India, using NAA. NAA has been used by several authors to
determine elemental concentration in biological shields, different geological formation
around the world, thermal springs, archaeological objects and precious stones. NAA has
been successfully employed by different groups to determine the concentration of Al, K,
Na, Cl, Rb, Ca, Cu, Co, I, Mg, Se, Fe, Zn, Hg, Ba, Cr, etc. and their relative variation in
breast cancer, skin cancer, colorectal cancer, dysfunction and malignancy of thyroid gland.
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1. Introduction

Neutron activation analysis (NAA) is a state-of-the-art analytical technique used for identifica-
tion of elements and determination of the elemental concentration in different applications.
With the development of accurate and fast gamma spectrometric techniques, advanced elec-
tronics and automation in data analysis, the method has gained active application in diverse
field of basic research. Non-destructive or instrumental NAA has also become popular for
varied industrial application due to its ease in handling. With the development of high-power
neutron source, precise and fast neutron detectors and sophisticated electronics, NAA has
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achieved ultralow minimum detection limit (MDL). As a result the method has turned out to
be one of the best choices for quantification of trace elements in a wide variety of samples—
geological, archaeological, biological and environmental samples.

Varied analysis devices for neutron activation studies have made it a preferred choice for the
analysis of construction material, coal, environmental, geological and archaeological samples
and biological material, security monitoring and academic studies. Since its inception around
the middle of last century, different variants of NAA such as prompt gamma neutron activa-
tion analysis (PGNAA), pulsed fast neutron analysis (PFNA), pulsed fast/thermal neutron
analysis (PFTNA) and associated particle imaging (API) have been developed. Non-
destructive NAA is one of the most preferred methods of sample analysis as it requires
minimal processing of the activated sample. In the semiconductor industry, NAA is used to
determine ultra-trace concentration of impurities, or dopant as impurity concentration even at
1 ppb can affect the performance of the semiconductor. NAA-induced associated particle
imaging (API) efficiently used for security monitoring has several advantages over other
conventional scanning methods.

Different forms of NAA offer good choice over other techniques for application in geology and
medicine. NAA is used for quantitative analysis of trace elements in rock samples which serves
as an important tool for modelling geochemical processes and also helps in sample selection
for other applications. Pai et al. [1] have used instrumental NAA (INAA) for trace element
analysis in different rock samples to determine its suitability for use in the coarse aggregate for
concrete in shielding material. Over the last several years, NAA has made important inroads in
the field of medical science. The method is used in production of radiotracers which are used
in situ for evaluation of new pharmaceuticals for their distribution, time release, clearance, etc.
Neutron-stimulated emission computed tomography (NSECT) is a newly developed imaging
method that non-invasively maps the concentration of an isotope in the body [2]. Multiple
pencil beams of fast neutrons are developed for early diagnosis of breast cancer through NAA
using differential femto-oximetry (DFO) [3]. This chapter will discuss application of different
forms of NAA in geology and medicine and related recent advancements.

2. Method

Neutron activation analysis (NAA) is a procedure employed for analysing the elemental
composition of a material and for determining the concentrations of elements at the trace and
ultra-trace level in a vast majority of samples. In this method the sample is irradiated with
neutron from the reactor when nuclear reaction is induced in the sample. The gamma rays
emitted from the isotope as a result of this reaction is detected and counted and the reaction
analysed. The activity of the ith isotope induced in the sample is given by

Ai ¼ N
ð
σi Eð Þφ Eð ÞdE

� �
1� eλi tI
� �

(1)
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where N is the number of target atoms available for interaction, σi is the cross section for
production of the ith isotope, φ Eð Þ is the neutron fluence rate at energy E, λi is the decay
constant for the ith isotope, tI is the time of irradiation.

Gamma spectrometric analysis of the irradiated sample helps one to determine the elemental
composition and impurity of the sample. There are different types of NAA that can be used for
the analysis of a sample.

In many applications the sample under study is irradiated in a reactor or by a neutron source,
and the exposed sample is analysed for gamma emission. No chemical treatment of the sample
is carried out between irradiation and counting. This type of NAA is called instrumental
neutron activation analysis or INAA. This is also known as non-destructive neutron activation
analysis. In the second method, the sample after irradiation with neutrons is treated chemically
in order to separate different constituents depending on their solubility or other physical
properties. The separated constituents are then counted separately for their characteristic
gamma emission. This method is called radiochemical neutron activation analysis (RNAA).
INAA can again be carried out in more than one way—prompt gamma neutron activation
analysis (PGNAA) and delayed gamma neutron activation analysis (DGNAA). In the first
method, gamma counting is done online when the sample is irradiated. The neutron interacts
with the target nucleus, and the latter goes to an excited state which thereby decays to the
lower energy states with the emission of gamma radiation. The reaction time is of the order of
10�15 s. Analysis of these gamma rays provides information on the incident neutron flux as
well as the composition of the sample. In DGNAA gamma spectrometry of the irradiated
sample is carried out after the irradiation is over. In this method the decay gammas from the
product radioisotopes are counted. The k0-NAA is one of the most accepted standardisation
methods for quantitative multielemental analysis of the sample through gamma spectrometry.
In this method one standard or reference material with known amount of an isotope and a
single comparator are irradiated and counted along with the sample under the identical
conditions. The quantity of the different elements present in the sample is estimated using the
k-factors determined from the analysis of the standard and the comparator. The varied forms
of NAA are applied for quantitative analysis of different types of samples.

3. Neutron activation in geology

Different variant of NAA is employed for detection and quantification of the trace and ultra-
trace level of elemental concentration in different geological formation, uranium ore, etc.

NDNAA and Compton-suppressed NAA are efficiently used for analysis of geological sam-
ples (i) for uranium content measurement in phosphate rocks and surrounding geology and (ii)
in trace elemental analysis of rock samples. Trace elemental analysis of rock samples is partic-
ularly important as these rocks can find a novel use as the coarse aggregate in varieties of
concrete that may be developed for shielding of accelerator and reactor facilities [1].
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Ai ¼ N
ð
σi Eð Þφ Eð ÞdE

� �
1� eλi tI
� �

(1)
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where N is the number of target atoms available for interaction, σi is the cross section for
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Analysis of rare earth and other trace elements in the rock samples helps geoscientists to
understand the chemistry of rock formation [4]. NAA studies also suggest that extinction of
the dinosaurs occurred soon after the impact of a large meteorite with the earth.

Neutron reaction cross section strongly depends on the energy and sharply increases as energy
decreases below 0.5 eV (Table 1).

Phosphate rocks contain other elements adjacent in the periodic table. Of these are Na, Mn and
Cl which may interfere with the detection of uranium. In the following portion, we shall have a
look on the gamma spectrometric properties of the stable isotopes of these elements (Table 2).

Precise determination of the elemental content of the phosphate rocks is crucial in the under-
standing of geochemistry of the formation. INAA and delayed neutron activation analysis
(DNAA) were employed to determine the concentration of uranium in some Egyptian envi-
ronmental samples (Toshki soil, Aswan iron ore) and phosphate samples in the Red Sea coast
area [4]. The study showed, in consonance with studies by other workers, that the phosphate
rocks are rich in natural sources of uranium.

INAA coupled with gamma ray spectrometry was employed to determine the concentration of
the three major elements U, Th and K collected from the lower Benue region of Nigeria [5]. The
authors observed a higher abundance of Th than in the other regions. For some samples as the
potassium contents were fairly normal, high values of the Th (ppm)/K ratios were obtained.

Shutdown of reactors, accelerators and other radiation facilities leads to generation of radioac-
tive waste from shielding and other materials of the facility which got activated over the years

Stable isotope Cross section (n, γ) (b) Half-life (radioisotope) Gamma energy (MeV) (intensity)

Thermal

23Na 0.4 14.96 h (24Na) 1.37 (99.99)

2.75 (99.93)

37Cl 0.4 37.23 min (38Cl) 1.64 (33.3)

2.16 (44.4)

55Mn 15 2.58 h (56Mn) 0.847 (98.85)

1.81 (26.9)

2.11 (14.2)

81Br 0.25 1.27 min (82Br) 0.511 (21.0)

0.776 (99.0)

Table 2. Gamma spectrometric properties of isotopes relevant for INAA of phosphate rock.

238U Thermal, 2.683 b; epithermal, ~1 b with sharp resonances

235U Thermal, 98.8 b; epithermal, ~10 b with sharp resonances

Table 1. Neutron capture cross sections for 238U and 235U.
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of operation of the facility. Radioactive concrete is one of the major constituent of this waste.
The concrete shield in reactors, low- and medium-energy accelerator facilities contain induced
activity from neutron activation, while in high-energy accelerators, gamma activation also
plays a significant part. Long-lived radioactivity in the concrete waste poses a serious problem
for its management and disposal. This entails a detailed in-depth analysis of the elemental
composition of the concrete to be used in the shielding of the accelerator facilities.

Coarse and fine aggregates are the primary components of concrete. In their work for devel-
opment of self-compacting concrete (SCC), Pai et al. [1] had analysed rock samples from 11
different geological formation from the state of Karnataka, India. The different types of rocks
analysed were gneiss, granite, trap, basalt, peninsular gneiss, dolomite rock, Deccan trap,
sandstone, quartzite, limestone and laterite. Elemental composition of the samples was deter-
mined using non-destructive neutron activation followed by low-background gamma spec-
trometry. Concentration of the elements Cs, Sc, Fe, Ta, Co and Eu which may result in long-
lived activity build-up was measured down to 0.1 ppm. A detailed analysis of the activated
samples from all the 11 geological formation showed that quartzite has the lowest concentra-
tion of these elements and hence has the minimum activity build-up [1]. But it failed the fresh
and hardened property test which determines the acceptance criteria for the SCC. Hence,
dolomite rock which showed the second lowest activity build-up was inferred as the most
suitable choice to be used as the coarse aggregate in developing the SCC. Some other types of
rocks like Deccan trap and laterite showed a high concentration of neutron-induced activity
and are not desirable during decommissioning or disposal. Hence, these are not recommended
to be used as a constituent of the concrete shielding.

Medhat et al. [6] have assessed the contents of trace elements, in the biological shield of a
decommissioned nuclear power reactor, which gives rise to significant amounts of radioactiv-
ity after long periods of operation. Several cement samples were studied through fast neutron
irradiation followed by gamma spectrometry. The (n,γ) reaction was monitored to estimate the
concentration of different elements like Ce, Co, Cs, Eu, Fe, Hf, Sb, Sc, Ta and Tb.

Nazarov et al. [7] studied the activity generation in the concrete of the shielding material of
radiation facilities in order to understand the impact on their decommissioning procedure.
Since the activity is produced mostly through (n,γ) reaction, analysis of the elemental compo-
sition of the raw materials plays a crucial role in the choice of the components of the cement
and concrete. This elemental analysis was carried out by neutron activation and subsequent
gamma spectrometric studies. The authors observed that the analysis of the elemental compo-
sition needs to be carried out at the design stage of the facility. This would give an idea of the
radioactive waste generated at the decommissioning stage.

Alden et al. [8] has used INAA to determine the elemental composition of 157 archaeological
samples and geological clay from Northern Chile. They observed that the major groups
consisting of high chromium and low chromium were found in clays from within the region.
The three minor groups containing low sodium comprised the vessels imported from north-
west Argentina. The distribution pattern indicated that the constituent material differed for
different groups of items. Compositional analyses also indicated that the Inka-style ceramics
were produced in the region during the period of Inka domination.
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Analysis of rare earth and other trace elements in the rock samples helps geoscientists to
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of operation of the facility. Radioactive concrete is one of the major constituent of this waste.
The concrete shield in reactors, low- and medium-energy accelerator facilities contain induced
activity from neutron activation, while in high-energy accelerators, gamma activation also
plays a significant part. Long-lived radioactivity in the concrete waste poses a serious problem
for its management and disposal. This entails a detailed in-depth analysis of the elemental
composition of the concrete to be used in the shielding of the accelerator facilities.

Coarse and fine aggregates are the primary components of concrete. In their work for devel-
opment of self-compacting concrete (SCC), Pai et al. [1] had analysed rock samples from 11
different geological formation from the state of Karnataka, India. The different types of rocks
analysed were gneiss, granite, trap, basalt, peninsular gneiss, dolomite rock, Deccan trap,
sandstone, quartzite, limestone and laterite. Elemental composition of the samples was deter-
mined using non-destructive neutron activation followed by low-background gamma spec-
trometry. Concentration of the elements Cs, Sc, Fe, Ta, Co and Eu which may result in long-
lived activity build-up was measured down to 0.1 ppm. A detailed analysis of the activated
samples from all the 11 geological formation showed that quartzite has the lowest concentra-
tion of these elements and hence has the minimum activity build-up [1]. But it failed the fresh
and hardened property test which determines the acceptance criteria for the SCC. Hence,
dolomite rock which showed the second lowest activity build-up was inferred as the most
suitable choice to be used as the coarse aggregate in developing the SCC. Some other types of
rocks like Deccan trap and laterite showed a high concentration of neutron-induced activity
and are not desirable during decommissioning or disposal. Hence, these are not recommended
to be used as a constituent of the concrete shielding.

Medhat et al. [6] have assessed the contents of trace elements, in the biological shield of a
decommissioned nuclear power reactor, which gives rise to significant amounts of radioactiv-
ity after long periods of operation. Several cement samples were studied through fast neutron
irradiation followed by gamma spectrometry. The (n,γ) reaction was monitored to estimate the
concentration of different elements like Ce, Co, Cs, Eu, Fe, Hf, Sb, Sc, Ta and Tb.

Nazarov et al. [7] studied the activity generation in the concrete of the shielding material of
radiation facilities in order to understand the impact on their decommissioning procedure.
Since the activity is produced mostly through (n,γ) reaction, analysis of the elemental compo-
sition of the raw materials plays a crucial role in the choice of the components of the cement
and concrete. This elemental analysis was carried out by neutron activation and subsequent
gamma spectrometric studies. The authors observed that the analysis of the elemental compo-
sition needs to be carried out at the design stage of the facility. This would give an idea of the
radioactive waste generated at the decommissioning stage.

Alden et al. [8] has used INAA to determine the elemental composition of 157 archaeological
samples and geological clay from Northern Chile. They observed that the major groups
consisting of high chromium and low chromium were found in clays from within the region.
The three minor groups containing low sodium comprised the vessels imported from north-
west Argentina. The distribution pattern indicated that the constituent material differed for
different groups of items. Compositional analyses also indicated that the Inka-style ceramics
were produced in the region during the period of Inka domination.
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Huckell et al. [9] has used INAA to determine the composition of microcrystalline sedimentary
rock (chert) from the western part of North Dakota. The rocks came from a vast geological
formation on the central and northern plains and were a part of the Eocene-age White River
Group. They found that elemental composition of the rocks analysed was distinct and helped
its separation from the other cherts.

Michelsen and Steinnes [10] had used thermal neutron activation to estimate the relative
abundance of copper in some geological samples. The activated samples were analysed by
gamma spectrometry using the annihilation photons from 64Cu which is a positron emitter.
The coincidence counting of annihilation photons largely reduces the interference from 24Na.
24Na can be formed in the sample through neutron activation of the stable isotope 23Na which
is often present in significant amount in geological materials. Copper concentration to the level
of 100–1000 ppm could be successfully determined in this method.

Ravisankar et al. [11, 12] used instrumental neutron activation analysis to detect and determine
the elemental composition of some beach rock samples in the South East Coast of Tamilnadu,
India. Along with other constituents, concentrations of the rare earth elements (REE) were
measured. The authors used single comparator method in this study. They determined the
fraction of 19 elements in the 15 samples collected from the area. High-resolution gamma
spectrometry was used for the purpose. Irradiated Standard Reference Material (SRM 1646a
Estuarine sediment) was measured for calibration. The geochemical behaviour of REE in beach
rock was studied.

Natural emeralds, associated rocks obtained from Rajasthan, India, were analysed for contents
of different elements [13]. The content ratio for 21 elements was estimated by instrumental
neutron activation analysis (k0 INAA method) and high-resolution gamma ray spectrometry.
Elemental analysis of the samples carried out by the authors showed that some elements from
the trapped and host rocks were separated and preferentially combines with the mineral beryl
forming the gemstones. For quantitative analysis of the samples, the results were compared
with those for the reference rock standard of the US Geological Survey (USGS BCR-1).

Several works using INAA were carried out by El-Taher A. and his group to characterise the
elemental composition of different geological formation around the desert in Egypt and the
Egyptian Red Sea coast. INAA of 25 elements, As, Ba, Ca, Ce, Co, Cr, Cs, Eu, Fe, Hf, K, La, Lu,
Mg, Mn, Na, Nd, Rb, Sc, Sm, Th, U, Yb, Zn and Zr, was carried out in quartz collected from the
region [14]. Activation of the samples was done in the TRIGA Mainz research reactor and the
activated samples were analysed using standard gamma spectrometric method. As claimed by
the authors, these results are the first data for elemental composition of Egyptian quartz.

Detailed quantitative analysis was carried out by the same group also for granite samples
collected from different locations in South Egypt [15, 16]. Elemental content for a total of 28
elements comprising of several rare earth elements (REEs) was estimated. INAA as a sensitive
non-destructive analytical tool is a preferred choice for quantitative determination of REEs
because strong similarity in chemical behaviour of these elements renders the chemical
methods inefficient for identification and estimation of the elements. The elements quantified
were Na, Mg, K, Fe, Mn, Sc, Cr, Ti, Co, Zn, Ga, Rb, Zr, Nb, Sn, Ba, Cs, La, Ce, Nd, Sm, Eu, Yb,
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Lu, Hf, Ta, Th and U. The results were compared with those obtained from X-ray fluorescence
of the same samples. Next, in this series of work by El-Taher et al., concentration of chromium
and 15 trace elements was measured in the chromite rock samples collected from the Eastern
Desert in Egypt [17]. Short periods of irradiation were used to measure the short-lived isotopes
of Mg, Ti and Mn, while longer irradiation periods were used for quantification of Na, Ga, As,
La, Sc, Cr, Fe, Co, Zn, Zr, Ce, Ce, Yb, Lu, Hf and Ta.

El-Taher et al. have used INAA to estimate the concentration of gold and 31 other elements in
the 10 samples collected from two Egyptian gold ores in the Eastern Desert region [18]. They
determined 42.4% and 25.7% abundance of gold for the samples collected from the two ores.

Schwedt et al. employed neutron activation to analyse ceramic vessels found during excava-
tions of ancient cemeteries in different parts of Boeotia, Greece [19]. The analyses resulted in a
clear separation between the samples obtained from the shores of the ancient lake Copais and
those from eastern parts. Analysis of the elemental compositions revealed that for some of the
samples the results were similar to those obtained among Bronze Age samples from the same
region. On the other hand, composition of the samples from the Theban tombs indicated
import from regions as distant as Asia Minor.

Srivastava et al. [20] has quantified the concentrations of selenium, arsenic and 13 other
elements in soil samples rich in selenium from the state of Punjab, India. The samples were
irradiated in research reactor, and the activated samples were counted using high-resolution γ
ray spectrometry. Quantification was done using the comparator method using soil samples
collected from a non-seleniferous region.

Quantitative analysis of the composition of pumice obtained from archaeological excavations
throws light on important parameters like their origin, age, transport route, etc. Steinhauser
et al. have used neutron activation on pumice samples from the Mediterranean regions Milos,
Santorini, Kos, Gyali and Nisyros (Greece), Lipari (Italy) and Cappadocia (Turkey) [21].
Through gamma spectrometric analysis of the activated samples, they have determined the
concentrations of the elements As, Ba, Ce, Co, Cr, Cs, Eu, Fe, Hf, K, La, Lu, Na, Nd, Rb, Sb, Sc,
Sm, Ta, Tb, Th, U, Yb, Zn and Zr and inferred about the origin and ages of the pumice samples.

Wasserman et al. [22] have studied the geochemistry of Sepetiba Bay in four sediment cores.
INAA was used to determine the total concentration of the metals Ba, Co, Cr, Cs, Fe, Hf, Rb, Sc
and Zn; the rare earth elements Ce, Eu, La, Lu, Sm and Yb; the actinides Th and U, along with
As and Br; organic carbon; and total sulphur. They found that the top layers had strong zinc
contamination (1000 μg/g or higher).

Instrumental neutron activation analysis combined with pattern recognition techniques was
applied by Watterson et al. to understand the mineralisation process in granites and classifica-
tion of diamonds and to identify the sedimentary units in Witwatersrand, South Africa [23].
Classification of coals from the Witbank Coalfield was also carried out. The method proved to
be an efficient tool for identification of sedimentary unit mapping of geological formation.

Limestone samples from different areas in the Longmen Grottoes, Henan province, China,
were analysed by Zhu et al. [24]. Concentrations of major elements, trace elements and REEs
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forming the gemstones. For quantitative analysis of the samples, the results were compared
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region [14]. Activation of the samples was done in the TRIGA Mainz research reactor and the
activated samples were analysed using standard gamma spectrometric method. As claimed by
the authors, these results are the first data for elemental composition of Egyptian quartz.

Detailed quantitative analysis was carried out by the same group also for granite samples
collected from different locations in South Egypt [15, 16]. Elemental content for a total of 28
elements comprising of several rare earth elements (REEs) was estimated. INAA as a sensitive
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Lu, Hf, Ta, Th and U. The results were compared with those obtained from X-ray fluorescence
of the same samples. Next, in this series of work by El-Taher et al., concentration of chromium
and 15 trace elements was measured in the chromite rock samples collected from the Eastern
Desert in Egypt [17]. Short periods of irradiation were used to measure the short-lived isotopes
of Mg, Ti and Mn, while longer irradiation periods were used for quantification of Na, Ga, As,
La, Sc, Cr, Fe, Co, Zn, Zr, Ce, Ce, Yb, Lu, Hf and Ta.

El-Taher et al. have used INAA to estimate the concentration of gold and 31 other elements in
the 10 samples collected from two Egyptian gold ores in the Eastern Desert region [18]. They
determined 42.4% and 25.7% abundance of gold for the samples collected from the two ores.

Schwedt et al. employed neutron activation to analyse ceramic vessels found during excava-
tions of ancient cemeteries in different parts of Boeotia, Greece [19]. The analyses resulted in a
clear separation between the samples obtained from the shores of the ancient lake Copais and
those from eastern parts. Analysis of the elemental compositions revealed that for some of the
samples the results were similar to those obtained among Bronze Age samples from the same
region. On the other hand, composition of the samples from the Theban tombs indicated
import from regions as distant as Asia Minor.

Srivastava et al. [20] has quantified the concentrations of selenium, arsenic and 13 other
elements in soil samples rich in selenium from the state of Punjab, India. The samples were
irradiated in research reactor, and the activated samples were counted using high-resolution γ
ray spectrometry. Quantification was done using the comparator method using soil samples
collected from a non-seleniferous region.

Quantitative analysis of the composition of pumice obtained from archaeological excavations
throws light on important parameters like their origin, age, transport route, etc. Steinhauser
et al. have used neutron activation on pumice samples from the Mediterranean regions Milos,
Santorini, Kos, Gyali and Nisyros (Greece), Lipari (Italy) and Cappadocia (Turkey) [21].
Through gamma spectrometric analysis of the activated samples, they have determined the
concentrations of the elements As, Ba, Ce, Co, Cr, Cs, Eu, Fe, Hf, K, La, Lu, Na, Nd, Rb, Sb, Sc,
Sm, Ta, Tb, Th, U, Yb, Zn and Zr and inferred about the origin and ages of the pumice samples.

Wasserman et al. [22] have studied the geochemistry of Sepetiba Bay in four sediment cores.
INAA was used to determine the total concentration of the metals Ba, Co, Cr, Cs, Fe, Hf, Rb, Sc
and Zn; the rare earth elements Ce, Eu, La, Lu, Sm and Yb; the actinides Th and U, along with
As and Br; organic carbon; and total sulphur. They found that the top layers had strong zinc
contamination (1000 μg/g or higher).

Instrumental neutron activation analysis combined with pattern recognition techniques was
applied by Watterson et al. to understand the mineralisation process in granites and classifica-
tion of diamonds and to identify the sedimentary units in Witwatersrand, South Africa [23].
Classification of coals from the Witbank Coalfield was also carried out. The method proved to
be an efficient tool for identification of sedimentary unit mapping of geological formation.

Limestone samples from different areas in the Longmen Grottoes, Henan province, China,
were analysed by Zhu et al. [24]. Concentrations of major elements, trace elements and REEs
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were determined. The authors identified three different groups of rocks—the samples from the
northern part were made of dolomite rocks, and those from the middle and southern part are
mainly made of limestone.

Contis [25] has measured the concentration of Se, V, As, Hg and Cd in the water from thermal
springs using NAA. The study was carried out to understand the effect of thermal springs in
the eastern Aegean Sea in Greece, Ikaria, on drinking water from sources near and far from the
spring. The measured concentration of the elements did not show statistically significant
variation from that due to natural background.

4. Neutron activation in medicine

NAA is used in different applications in medicine and has made inroads in the newer areas.

Trace elements have important bearing on the physiological and biochemical processes, and
relative abundance and balance of different elements in trace quantities strongly influence the
occurrence and advancement of many diseases. Estimation of trace element concentration in
breast cancer, skin cancer, colorectal cancer, dysfunction and malignancy of thyroid gland has
been done using neutron activation followed by high-resolution gamma spectrometric studies.
NAA is one of the preferred choices for trace- and ultra-trace-level quantitative estimation as it
is a highly accurate, precise and reproducible method even for measurements to the ppm and
ppb level.

Concentration of Ca, Cu, Co, I, Mg, Se, Fe, Zn, Hg, Ba and Cr at the trace level in the malignant
tissues of colorectal cancer was determined through NAA by H. Arriola et al. [26]. The study
was carried out for patients from Mexican population. The results were compared with those
obtained for normal tissues in the same population. It was observed that the amount of Co, Fe,
I and Ba changes due to incidence of colorectal cancer.

NAA was used to estimate the concentration of Al, K, Na, CI, Rb, Co, Sc, Mn, Mg, Se, Zn, Cs,
Fe and Cr in the patients of breast cancer in Sudanese population (Ammar Mubark Ebrahim A
M, 2003) [27]. Though the number of patients studied was only 80, it was found that the
amount of Al, Mg, Cr, Mn, Se and Zn is higher in the malignant tissues compared to the
normal tissue. In this work the author has observed variation in the levels of K, Na, Fe, Co,
Sc, Rb and Cs but to a much lesser extent.

Rees et al. [28] have used INAA to detect and measure the arsenic content in the toenail of the
skin cancer patients. Tissues from both basal skin carcinoma (BCS) and squamous cell carci-
noma (SCC) were examined from the patients of non-melanoma skin cancer.

Zaichick and Zaichick [29] have studied the changes in trace element concentration in the
cancerous human prostate gland. They have used INAA to measure the concentration of 43
trace elements and compared the results for malignant, benign hypertrophic and normal
prostate. Of the 43 elements measured, concentration of 33 elements in the malignant prostate
is higher than that in the benign hypertrophic tissue. For the elements Co, Hg, Rb, Sc, Se and

Advanced Technologies and Applications of Neutron Activation Analysis22

Zn, a reverse trend was observed. When compared with the normal tissue, lower contents of
Sc, Se, Zn, Rb and Cd were detected in the malignant prostate.

Zaichick et al. [30] have studied the role of trace elements in the induction and advancement of
thyroid cancer. Contents of 11 elements, namely, Sc, Se, Zn, Co, Cr, Fe, Hg, I, Rb, Sb and Ag
were determined in malignant and non-malignant thyroid nodules as well as in the non-
affected paranodular thyroid tissue. Measured concentration of the elements mentioned was
compared with the reference standard material H-4 of the International Atomic Energy
Agency (IAEA). The results of this study showed that the level of Ag, Co, Hg, I and Rb is
higher in the paranodular tissue. Selenium deficiency was also reported in this work for
malignant thyroid. Zaichick and Zaichick [31] also studied the influence of different elements
in the functional behaviour of thyroid and their dependence on sex and age.

Neutron activation analysis through monitoring of the delayed gamma radiation (DGNA) in
combination with dual-energy X-ray absorption was used by Aloia et al. [32] to estimate the
total body calcium. For the same population, the results obtained by the two methods vary
more than 20%.

Gamma ray imaging plays a significant role in the pharmaceutical industry in development
and progress of a drug delivery system. The standard form of radiolabelling of the drug
molecules is done using some of the most commonly used medically important radioisotopes,
like 99mTc or 111In. But for complex drug molecules, radiolabel is produced through in situ
neutron activation [33].

NSECT or neutron-stimulated emission computed tomography is one of the most advanced
imaging techniques employed to study the isotope distribution in biological tissue [2, 34]. The
method depends on irradiation of the sample by fast neutrons. The gamma rays emitted in the
nuclear reaction induced in the isotopes in the tissue under study are monitored to construct
tomographic images of each section of the sample. Though the instrumentation is expensive,
high sensitivity of the technique has rendered it suitable to be used for cancer staging, detec-
tion of breast cancer.

Another important advancement in the realm of nuclear medicine is the early diagnosis of
breast cancer with the help of the fast neutrons. Multiple pencil beams are developed to carry
out NAA of the breast tissue. Since the oxygen content of the cancer tissue is different from that
in the normal tissue, differential femto-oximetry is used in the diagnosis of the malignant
tissue [3]. With the advancement in beam profile variation, the technique may be used for
diagnosis of other types of cancer.

5. Conclusion

Neutron activation analysis is one of the preferred techniques for quantitative analysis of
different types of samples and has thus found wide application. It is a highly accurate method
and can reliably be applied for measurement of concentration of elements at the trace and ultra-
trace level. We have discussed how NAA, particularly INAA, can be used for determination of
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were determined. The authors identified three different groups of rocks—the samples from the
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springs using NAA. The study was carried out to understand the effect of thermal springs in
the eastern Aegean Sea in Greece, Ikaria, on drinking water from sources near and far from the
spring. The measured concentration of the elements did not show statistically significant
variation from that due to natural background.
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NAA is used in different applications in medicine and has made inroads in the newer areas.

Trace elements have important bearing on the physiological and biochemical processes, and
relative abundance and balance of different elements in trace quantities strongly influence the
occurrence and advancement of many diseases. Estimation of trace element concentration in
breast cancer, skin cancer, colorectal cancer, dysfunction and malignancy of thyroid gland has
been done using neutron activation followed by high-resolution gamma spectrometric studies.
NAA is one of the preferred choices for trace- and ultra-trace-level quantitative estimation as it
is a highly accurate, precise and reproducible method even for measurements to the ppm and
ppb level.

Concentration of Ca, Cu, Co, I, Mg, Se, Fe, Zn, Hg, Ba and Cr at the trace level in the malignant
tissues of colorectal cancer was determined through NAA by H. Arriola et al. [26]. The study
was carried out for patients from Mexican population. The results were compared with those
obtained for normal tissues in the same population. It was observed that the amount of Co, Fe,
I and Ba changes due to incidence of colorectal cancer.

NAA was used to estimate the concentration of Al, K, Na, CI, Rb, Co, Sc, Mn, Mg, Se, Zn, Cs,
Fe and Cr in the patients of breast cancer in Sudanese population (Ammar Mubark Ebrahim A
M, 2003) [27]. Though the number of patients studied was only 80, it was found that the
amount of Al, Mg, Cr, Mn, Se and Zn is higher in the malignant tissues compared to the
normal tissue. In this work the author has observed variation in the levels of K, Na, Fe, Co,
Sc, Rb and Cs but to a much lesser extent.

Rees et al. [28] have used INAA to detect and measure the arsenic content in the toenail of the
skin cancer patients. Tissues from both basal skin carcinoma (BCS) and squamous cell carci-
noma (SCC) were examined from the patients of non-melanoma skin cancer.

Zaichick and Zaichick [29] have studied the changes in trace element concentration in the
cancerous human prostate gland. They have used INAA to measure the concentration of 43
trace elements and compared the results for malignant, benign hypertrophic and normal
prostate. Of the 43 elements measured, concentration of 33 elements in the malignant prostate
is higher than that in the benign hypertrophic tissue. For the elements Co, Hg, Rb, Sc, Se and
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Zn, a reverse trend was observed. When compared with the normal tissue, lower contents of
Sc, Se, Zn, Rb and Cd were detected in the malignant prostate.

Zaichick et al. [30] have studied the role of trace elements in the induction and advancement of
thyroid cancer. Contents of 11 elements, namely, Sc, Se, Zn, Co, Cr, Fe, Hg, I, Rb, Sb and Ag
were determined in malignant and non-malignant thyroid nodules as well as in the non-
affected paranodular thyroid tissue. Measured concentration of the elements mentioned was
compared with the reference standard material H-4 of the International Atomic Energy
Agency (IAEA). The results of this study showed that the level of Ag, Co, Hg, I and Rb is
higher in the paranodular tissue. Selenium deficiency was also reported in this work for
malignant thyroid. Zaichick and Zaichick [31] also studied the influence of different elements
in the functional behaviour of thyroid and their dependence on sex and age.

Neutron activation analysis through monitoring of the delayed gamma radiation (DGNA) in
combination with dual-energy X-ray absorption was used by Aloia et al. [32] to estimate the
total body calcium. For the same population, the results obtained by the two methods vary
more than 20%.

Gamma ray imaging plays a significant role in the pharmaceutical industry in development
and progress of a drug delivery system. The standard form of radiolabelling of the drug
molecules is done using some of the most commonly used medically important radioisotopes,
like 99mTc or 111In. But for complex drug molecules, radiolabel is produced through in situ
neutron activation [33].

NSECT or neutron-stimulated emission computed tomography is one of the most advanced
imaging techniques employed to study the isotope distribution in biological tissue [2, 34]. The
method depends on irradiation of the sample by fast neutrons. The gamma rays emitted in the
nuclear reaction induced in the isotopes in the tissue under study are monitored to construct
tomographic images of each section of the sample. Though the instrumentation is expensive,
high sensitivity of the technique has rendered it suitable to be used for cancer staging, detec-
tion of breast cancer.

Another important advancement in the realm of nuclear medicine is the early diagnosis of
breast cancer with the help of the fast neutrons. Multiple pencil beams are developed to carry
out NAA of the breast tissue. Since the oxygen content of the cancer tissue is different from that
in the normal tissue, differential femto-oximetry is used in the diagnosis of the malignant
tissue [3]. With the advancement in beam profile variation, the technique may be used for
diagnosis of other types of cancer.

5. Conclusion

Neutron activation analysis is one of the preferred techniques for quantitative analysis of
different types of samples and has thus found wide application. It is a highly accurate method
and can reliably be applied for measurement of concentration of elements at the trace and ultra-
trace level. We have discussed how NAA, particularly INAA, can be used for determination of
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elemental concentration of rocks and other geological formation. The analysis provides infor-
mation about the geological formation of the region. Moreover, rock samples may be used as
coarse aggregates in cement or concrete in the biological shield of a nuclear installation. NAA
of the rock samples helps the researcher to estimate the long-lived activity that may be devel-
oped in the shield due to long-term operation. This study helps to plan the management of
radioactive waste after decommissioning of the facility. NAA of rock samples from Rajasthan,
India, carried out by Acharya et al. has helped to understand the formation of natural emer-
alds. NAA has important contribution in medicine: biochemically significant elements in trace
amount can be effectively quantified using INAA. Variation in elemental composition induced
by various diseases, particularly for malignant tissues, can be quantified using INAA. NAA
with associated particle imaging (API) is a prospective tool for elemental analysis to monitor
the growth of an animal in response to new genetic, pharmacologic procedure. The inherent
high accuracy of NAA will offer it as one of the preferred techniques for elemental analysis at
the ultra-trace level in human body fluid to follow the biochemical baseline values or the
changes therein due to diseases.
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1. Introduction

The Colombian Neutron Activation Analysis Laboratory (CNAAL) is a facility used for 
qualitative and quantitative nondestructive chemical multielemental analysis by activat-
ing samples at the Nuclear Research Reactor IAN-R1 and analyzing their decay products 
using Gamma Spectrometry. Neutron activation analysis (NAA) in Colombia started at the 
Institute of Nuclear Affairs (IAN) when the nuclear reactor research IAN-R1 first achieved 
criticality in 1965. This technique has been used for over 30 years mainly for elemental analy-
sis with applications in geology, hydrology, environmental and forensic sciences. In 1998, 
the Colombian government closed down the Reactor and the country’s nuclear development 
fell behind other Latin American countries who also began their nuclear research applica-
tions in the 1960s.

The onset of NAA in Colombia began in the mid-1950s, not long after the United States 
President Dwight D. Eisenhower gave his atoms for peace speech at the United Nations 
General Assembly on December 8, 1953. The Atoms for peace program served as shorthand 
for a number of programs intended to spread the peaceful uses of nuclear physics around the 
world and demonstrating its usefulness in the fields of medicine and energy generation. In 
1955, the Colombian Institute of Nuclear Affairs (ICAN) was created, but it was not until 1957 
that the Radioactive Analysis Laboratory was built as part of the ICAN chemistry program 
[1], being the predecessor of the current Neutron Activation Analysis Laboratory. This labora-
tory had basic instrumentation for personnel training purposes and was used for radiometric 
analysis by low-resolution gamma spectrometry using scintillation detectors like NaI(Tl) and 
single-channel systems.

Colombia was admitted to the International Atomic Energy Agency (IAEA) in the year 1960 
and in 1964 began the construction of the dome building where the nuclear reactor stands 
today, later that same year the country received nuclear fuel manufactured in the United 
States as a donation by the American government. On January 20, 1965, the nuclear reactor 
achieved its first criticality (Figure 1) and operated at 10 kW during its first months [2].

In 1965, the first NAA samples were irradiated for elemental analysis [3], and the results were 
published 2 years later in 1967. Many scientific papers were published during this time, out 
of which two were of particular interest: the determination of inorganic iodine in samples of 
urine and the determination of trace amounts of selenium and tellurium in sulfur samples 
[4, 5]. The year 1971 witnessed the arrival of the first high-resolution Gamma Spectrometry 
System consisting of a germanium-lithium detector coupled to a multichannel analyzer 
(Figure 2). During this year, research focused on petrochemical analysis with the determina-
tion of vanadium in oil samples followed by the irradiation of food samples to determine 
nitrogen content in cereals.

Due to the boom in radioactive mineral exploration activities, the then Institute of Nuclear 
Affairs promoted a program for the quantitative evaluation of uranium and thorium in 
Colombia, for which Neutron Activation Analysis was used for the study of radioactive min-
erals and elemental determination in geological samples [1, 6]. Given the increased demand 
for this type of analysis and the interest from different companies on radioactive mineral exploration 
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in the Colombian territory, a similar nuclear technique was implemented at the time which 
helped improve the precision of analysis: delayed neutron counting (DNC) (Figure 3).  
Delayed neutrons are emitted after nuclear fission events by one of the fission products some-
time after the fission process [7].

Figure 1. Nuclear reactor start-up by Colombian president Guillermo León Valencia (1965).

Figure 2. Neutron activation analysis instrumentation, Ge-li detection system (1971).
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As of 1973 and thanks to the support offered by the French Government, NAA was imple-
mented as an alternative to conventional analytical methods for the determination of small 
quantities of precious metals such as gold, silver, platinum and palladium, among others [8]. 
For 12 years, from 1975 to 1986, the NAA technique reached its stage of the greatest develop-
ment and was used as standard for elemental analysis. Thanks to the support given by the 
IAEA, the country received funds to upgrade its NAA laboratory due to the potential growth 
of users demanding this type of analysis (Figure 4). During this period, the use of NAA in 
Forensic Sciences was also introduced.

From 1986 to 1989, work focused on improving procedures and methodologies in the applica-
tion of NAA for mineral resource exploration and studies of sediments and water pollution 
[9–11]. From 1987 to 1990, there was a drastic decrease in workload (Figure 5) due to an 
upgrade at the nuclear reactor.

Once the reactor was up and running, the laboratory continued its routine analysis, providing 
services to internal projects as well as to external clients. NAA was used mainly for mining 
companies and special forensic studies (Figure 6) [9]. In 1992, the laboratory was moved to 
a new space, which was built as an annex to the Reactor’s Building with the sole purpose of 
installing a pneumatic transfer system that would allow for the measurement of short-lived 
radionuclides (with average half-lives of the order of minutes and seconds).

Figure 3. U/Th analysis by DNC (1974).
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Figure 4. NAA instrumentation (1976).

Figure 5. Irradiated samples from 1980 to 1990 [12].

Figure 6. NAA laboratory (1989).
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In September 1994, the nuclear reactor went into an extended shutdown period due to mod-
ernization of its instrumentation and control systems as well as conversion from highly-
enriched uranium (HEU) fuel to low-enriched uranium (LEU) TRIGA fuel. Process took place 
from 1995 to 1997.

In spite of the liquidation in 1997 of the Institute of Nuclear Sciences and Alternative Energies 
(Formerly Institute of Nuclear Affairs), the nuclear reactor still operated with its new TRIGA 
fuel and was utilized for the analysis of forensic samples needed by the Police Department 
for the determination of barium, antimony and copper. During the first quarter of 1998, foren-
sic samples were analyzed for the determination of mercury in hair, but due to the closure 
of the institute, the Reactor was shut down on March 31 that same year [3]. This series of 
events halted the operational experience that the NAA Laboratory had built for about 32 years 
(Figure 7).

It was not until 2005 that the Colombian Government decided to restart its Nuclear Program 
and began training personnel at the Reactor and associated nuclear laboratories. In May 2006 
with support from the IAEA, the NAA technique was finally resumed, and tests were per-
formed for the two Gamma Spectrometry Systems available at the time. One system equipped 
with a NaI(Tl) scintillation detector and the other with a Canberra 7229P HPGe semiconduc-
tor detector.

However, the NAA laboratory formally resumed activities in 2009, when the authoriza-
tion for radioactive material handling was granted by the National Regulatory Authority. 

Figure 7. Gamma spectrometry system (1997).
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Several expert missions were received for training of new personnel. The first objective of 
the Laboratory in this new stage was to provide the service of multielement analysis of geo-
logical samples, for which the relative method (comparator method in the literature) is used 
through certified reference materials (CRM) [13, 14]. Figure 8 shows the state of the labora-
tory in 2009.

During the years of 2013 and 2015, the gamma spectrometry systems were modernized with 
High-Purity Germanium (HPGe) Canberra® detectors (Figure 9), an automated positioning 
system was also installed in the laboratory, making it unique in Latin America. IAEA experts 
have been continuously assisting on the validation for the test method and neutron flux char-
acterization of the core. Today, thanks to the support given by the IAEA, the nuclear reac-
tor and NAA laboratory have some of the most modern installations in Latin America with 
strong future prospectives in various fields of science.

Figure 8. NAA laboratory (2009).

Figure 9. NAA laboratory (2017).
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2. Laboratory description

Neutron activation analysis is a multielemental chemical analytical technique based on neu-
trons generated by the nuclear reactor to create radioactive isotopes from stable isotopes in 
a sample material. The technique relies on excitation by neutrons so that the treated sample 
emits gamma-rays, and this radiation is then analyzed enabling the user to detect, identify 
and measure the presence of radioactivity in natural or man-made sources. The main use 
for the laboratory is to complement the conventional analytical techniques adopted in the 
institute, especially for those elements whose routine determination may require costly pro-
cedures with high environmental impact due to their nature and complexity. This type of 
analysis is used for the elaboration of a national geochemical map, which is essential for min-
eral exploration in the territory.

In 2009, not long after restarting the IAN-R1 Research Reactor, the laboratory was re-estab-
lished at the Colombian Geological Survey, serving the country once again as a key player 
in the determination of elemental composition in geological matrices. Samples are irradiated 
under appropriate safety conditions following national regulations, which are lined up to 
the International Atomic Energy Agency (IAEA) and International Commission on Radiation 
Protection (ICRP) guides and scientific publications.

From 2016 to 2017, the delayed neutron counting technique was re-established for the deter-
mination of uranium and thorium in resource exploration projects due to the sensitivity of 
the technique, which is lower than 1 μg/kg and can be used to analyze materials with high 
uranium content (including U3O8) and enrichment of 235U [15].

The scientific staff are qualified and trained with several years of experience and extensive 
operational knowledge in the management of radioactive material, radiation protection, 
qualitative and quantitative chemical analysis, waste management, isotope applications and 
nuclear energy applications.

A brief description of the rooms that make up the CNAAL is given in the following sections.

2.1. Sample preparation room

This room has the necessary infrastructure and equipment for the preparation and adaptation 
of samples. A Niton XL3t GOLDD portable X-ray fluorescence analyzer, which is used for the 
preliminary characterization of the samples, a homogenizer mill, three analytical balances, a 
tablet press and a bag sealer. Reference materials and standards are properly stored under 
controlled conditions in this room.

2.2. Neutron activation analysis room

This room is where the samples are sent into and out of the core if the pneumatic transfer 
system is to be used. The systems console and Port No. 1 are located here. There is a gas and 
vapor extraction cabin with a 1.5 cm thick shielded port used to receive irradiated material 
from the reactor, and there is also a leaded glass which protects the staff from radiation expo-
sure from the samples (Figures 10 and 11). Verification sources used for radiation monitors 
and calibration of gamma spectrometers are also stored in this room.

Advanced Technologies and Applications of Neutron Activation Analysis36

2.3. Gamma spectrometry rooms 1 and 2

The Gamma Spectrometry Systems used in the detection and quantification of the gamma-
rays emitted by the activated samples after irradiation are located in two different rooms. A 
HPGe Canberra GC-1020 detector, a Canberra 2002CSL pre-amplifier and the InSpector 2000 
multichannel module are located in the first room.

Figure 10. Gas extraction cabin.

Figure 11. Shielded port for sample transfer.
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preliminary characterization of the samples, a homogenizer mill, three analytical balances, a 
tablet press and a bag sealer. Reference materials and standards are properly stored under 
controlled conditions in this room.

2.2. Neutron activation analysis room

This room is where the samples are sent into and out of the core if the pneumatic transfer 
system is to be used. The systems console and Port No. 1 are located here. There is a gas and 
vapor extraction cabin with a 1.5 cm thick shielded port used to receive irradiated material 
from the reactor, and there is also a leaded glass which protects the staff from radiation expo-
sure from the samples (Figures 10 and 11). Verification sources used for radiation monitors 
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2.3. Gamma spectrometry rooms 1 and 2

The Gamma Spectrometry Systems used in the detection and quantification of the gamma-
rays emitted by the activated samples after irradiation are located in two different rooms. A 
HPGe Canberra GC-1020 detector, a Canberra 2002CSL pre-amplifier and the InSpector 2000 
multichannel module are located in the first room.

Figure 10. Gas extraction cabin.

Figure 11. Shielded port for sample transfer.
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The second room (Figure 12) has four HPGe detectors. Two Canberra GC-3018 detectors with 
30% efficiency and energy resolution of 1.8 keV at 1.33 MeV at full-width at half-maximum 
(FWHM), and two GC-7020 units with 70% efficiency and energy resolution of 2.0 keV at 
1.33 MeV (FWHM); each detector comes with its respective shielding, a LYNX® digital signal 
analyzer and is controlled by the Canberra’s Genie2000 v.3.3 software. There is also an auto-
mated positioning system that uses a robotic arm to automatically place the samples in each 
of the four HPGe detectors and reads the gamma spectra during the time it is programmed; 
this system was designed for radiological protection purposes.

2.4. Delayed neutron counting room

he room assigned for delayed neutron counting consists of a console and Port No. 2 of the 
pneumatic transfer system, one ton of paraffin shield which sits on top of 20 cm thick concrete 
blocks, a geometric arrangement of eight proportional BF3 counters and its associated elec-
tronic instrumentation for neutron counting and determination of uranium and thorium in 
geological, environmental and forensic matrices. There is a central hole in the paraffin shield 
were samples are placed for reading, and there is also a manual mechanism for sample extrac-
tion once readings are done (Figure 13).

Figure 13. Delayed neutron instrumentation.

Figure 12. Gamma spectrometry – Room 2.
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2.5. Decay room

The radioactive material decay room is a space with lead and concrete shields needed to store 
activated samples for decay. It has two cylindrical lead containers with 6 cm thick walls for 
the storage of radioactive waste and two compartments made out of 15 cm thick concrete 
blocks for the storage of samples according to their half-life (Figure 14). Activated samples are 
temporarily stored in this room until the exemption levels are reached [16].

2.6. Pneumatic transfer system

The pneumatic transfer system allows for the rapid exchange of samples between the neu-
tron activation room, the delayed neutron counting room and the nuclear reactor. Its master 
control is located in the Reactor’s console room and without authorization from the reactor’s 
personnel, it is not possible to send samples for irradiation, and this results in a redundancy 
in the safety of the sample positioning system.

This system consists of two compressors: flow diverters, two controls to send and receive 
samples (Figure 15) and a high-density polyethylene duct. The samples enter directly into one 
of the two aluminum terminals located in the core (positions D3 and C4), where the highest 
neutron flux can be found. It has the advantage to transfer activated samples to different areas 
speeds of 15 m/s, being an important aspect in the radiological protection of the personnel. 
This system is equipped with “air cushion” braking mechanisms to avoid violent crashes 
against the system ports.

The systems control unit includes a digital counter which can be set up for times between 30 s 
and 4 h. This unit controls the automatic valves to open and cut the air pressure at the right 
time. Since it is a complex pneumatic system with two receiving stations and two in-core 
terminal positions, there are diverters operated remotely from the control unit, which allows 
for the selection of irradiation positions and terminal stations where samples are received.

Due to the production of Ar41 during activation, terminal ports in the laboratory rooms are 
located inside extraction cabins with filters for radionuclides, preventing the inhalation of the 
radioactive gas by the operators.

Figure 14. Concrete shielding in decay room.
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Figure 16. Sample preparation process: (a) drying (b) grinding and (c) screening.

3. Sample preparation/irradiation

The Colombian Geological Survey serves the country by providing reliable scientific data through 
research into basic and applied subsoil geo-sciences; evaluating and monitoring threats of geo-
logical origin; exploring and monitoring petroleum resources, minerals and groundwater; the 
ability to study the elemental composition of samples such as rocks, soils, sediments, minerals, 
water and gases is a major asset. Collected samples are often taken to different laboratories for 
a variety of analyses if required by the research being conducted. Several analytical techniques 
ranging from Gravimetric Analysis and Atomic Absorption Spectrometry, to X-ray Fluorescence, 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS), and Neutron Activation Analysis 
among others are available at the Colombian Geological Survey.

Geological materials analyzed by NAA need to be previously dried at room temperature, 
crushed, pulverized and sieved to a particle size of 150 μm (100 mesh, Figure 16). Once the 
sample is received (~ 50 g), moisture content needs to be determined in order to make future 
corrections referencing the dried sample. Samples are homogenized, weighed (0.250 ± 0.001 g), 
pressed and encapsulated in plastic hermetically sealed polyethylene vials.

Figure 15. Pneumatic transfer system controls.
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Samples for long-lived element activation (days to years) are placed at the periphery of the core 
and vials with samples are arranged in racks as shown in the following diagram (Figure 17). 
These racks are placed in vacuum-sealed Ziploc bags before irradiation in the G3-G4 positions 
(Figure 18).

The following elements can be determined after a 4-h irradiation operating at 30 kW: Sm, Lu, 
U, La, Nd, Eu, Hf, Ce, Yb, As, Sb, Ba, Br, Cd, Gd, Ga, Ho, Mo, W, Th, Cr, Cs, Sc, Ir, Ni, Se, Ag, 
Ta, Tb, Tm, Rb, Fe, Co, Zn, Zr. The neutron flux is measured by 5 mg Al + 0.1% Au rectan-
gular foils as previously shown in Figure 17. Measurement required to obtain the correction 
factor fφ. Samples for short-lived element activation (seconds to a few hours) are irradiated 
inside the core at positions D3 or C4 (Figure 18). These samples are encapsulated in cylindri-
cal pressure-sealed polyethylene containers, packed in pairs into rabbits (polyethylene vials) 
and transferred into the core by the pneumatic transfer system.

Figure 17. Rack sample configuration (left) neutron flux monitors attached to vials (right).

Figure 18. Reactor core schematic (IAN-R1).

Colombian Neutron Activation Analysis Laboratory (CNAAL): Applications and Development…
http://dx.doi.org/10.5772/intechopen.74395

41



Figure 16. Sample preparation process: (a) drying (b) grinding and (c) screening.

3. Sample preparation/irradiation

The Colombian Geological Survey serves the country by providing reliable scientific data through 
research into basic and applied subsoil geo-sciences; evaluating and monitoring threats of geo-
logical origin; exploring and monitoring petroleum resources, minerals and groundwater; the 
ability to study the elemental composition of samples such as rocks, soils, sediments, minerals, 
water and gases is a major asset. Collected samples are often taken to different laboratories for 
a variety of analyses if required by the research being conducted. Several analytical techniques 
ranging from Gravimetric Analysis and Atomic Absorption Spectrometry, to X-ray Fluorescence, 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS), and Neutron Activation Analysis 
among others are available at the Colombian Geological Survey.

Geological materials analyzed by NAA need to be previously dried at room temperature, 
crushed, pulverized and sieved to a particle size of 150 μm (100 mesh, Figure 16). Once the 
sample is received (~ 50 g), moisture content needs to be determined in order to make future 
corrections referencing the dried sample. Samples are homogenized, weighed (0.250 ± 0.001 g), 
pressed and encapsulated in plastic hermetically sealed polyethylene vials.

Figure 15. Pneumatic transfer system controls.

Advanced Technologies and Applications of Neutron Activation Analysis40

Samples for long-lived element activation (days to years) are placed at the periphery of the core 
and vials with samples are arranged in racks as shown in the following diagram (Figure 17). 
These racks are placed in vacuum-sealed Ziploc bags before irradiation in the G3-G4 positions 
(Figure 18).

The following elements can be determined after a 4-h irradiation operating at 30 kW: Sm, Lu, 
U, La, Nd, Eu, Hf, Ce, Yb, As, Sb, Ba, Br, Cd, Gd, Ga, Ho, Mo, W, Th, Cr, Cs, Sc, Ir, Ni, Se, Ag, 
Ta, Tb, Tm, Rb, Fe, Co, Zn, Zr. The neutron flux is measured by 5 mg Al + 0.1% Au rectan-
gular foils as previously shown in Figure 17. Measurement required to obtain the correction 
factor fφ. Samples for short-lived element activation (seconds to a few hours) are irradiated 
inside the core at positions D3 or C4 (Figure 18). These samples are encapsulated in cylindri-
cal pressure-sealed polyethylene containers, packed in pairs into rabbits (polyethylene vials) 
and transferred into the core by the pneumatic transfer system.

Figure 17. Rack sample configuration (left) neutron flux monitors attached to vials (right).

Figure 18. Reactor core schematic (IAN-R1).

Colombian Neutron Activation Analysis Laboratory (CNAAL): Applications and Development…
http://dx.doi.org/10.5772/intechopen.74395

41



Sample irradiation in these rabbits ranges from 40 s at 5 kW for the analysis of uranium and 
thorium using delayed neutron counting techniques and up to 5 min at 30 kW for the analysis 
of short-lived elements (Al, Ca, Mg, Ti, V, Dy, Mn, K and Na).

The IAN-R1 nuclear reactor was built by the Lockheed Western Export Company and was 
commissioned in 1965 as a graphite-reflected pool-type research reactor, cooled by natural 
convection with light water. The current core consists of 50 fuel elements made of U-ZrH1.6 
enriched up to 19.75%. The reactor is licensed by the Ministry of Mines and Energy (Nuclear 
Regulatory Body) to operate at the maximum steady-state power of 30 kW, and it is located 
inside a cylindrical tank made of carbon steel 6 × 10−3 m thick, 5.25 m tall and 2 m in diameter 
with capacity to store up to 16 m3 of water.

The nuclear reactor’s instrumentation and control systems were fully upgraded during 2012 
and 2013 (Figure 19) by National Institute of Nuclear Research (ININ, México), in 2016 a new 
automated pneumatic transfer system (Figure 20) was installed, replacing the original system 
installed in 1997. This system opened up two irradiation positions inside the core, remotely 

Figure 19. Nuclear research reactor IAN-R1.

Figure 20. Rack with samples for irradiation.
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controlled from ports 1 and 2 located in the neutron activation and delayed neutron counting 
rooms, respectively.

Additionally, there is a peripheral pneumatic transfer system that was part of the original 
design (1965) and is used to irradiate samples in a position adjacent to the core (Position A6). 
This old system was used from 1968 to 1992 for radioisotope production (24Na, 32P, 82Br, 198Au 
and 99Mo) [17].

The rack containing the flux monitors and samples is positioned in the middle of the frontal 
face of the core, irradiated during 4 h at 30 kW (Figure 20) and subjected to a thermal neutron 
flux of around 2.3 × 1011 neutrons cm−2 s−1.

Table 1 presents a summary of the experimental conditions used for the analysis of short-, 
medium- and long-lived elements.

4. Automated sample positioning system for gamma spectrometry

Automation allows greater control of counting geometries, less error in positioning, increased 
productivity in the analyses, increased control and quality assurance of the analytical data 
and decreased doses received by the staff [18].

Characteristic Value/description

Pneumatic transfer system Rack system

Method Direct comparator Direct comparator

Measurand Mass fraction Mass fraction

Sample/comparator (mass) 0.250 ± 0.001 g 0.200 ± 0.001 g

Reactor power 20–30 kW 30 kW

Irradiation position D3 or C4 G3-G4

Irradiation time 1–5 min 4 h

Flux monitor Al + 0.1% Au 0.5 mg Al + 0.1% Au 0.5 mg

Decay time 1 5 min 3–7 days

Reading time 1 5 min 3 h

Reading 1 geometry 50 mm 30 mm

Decay time 2 60 min 21–28 days

Reading time 2 10 min 4 h

Reading 2 geometry 10 mm 15 mm

Photon energy (keV) Nuclide dependent Nuclide dependent

Table 1. Experimental irradiation conditions.
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The automated system developed in the NAA laboratory fulfills the following objectives: 
Programming of analysis sequences, opening and closing of shields for sample positioning in 
the detector, and communication with the software for data acquisition. This has improved 
productivity by enabling 24/7 operation, and as a side benefit there is also less exposure to 
ionizing radiation.

This system is based on electromechanical components that can handle up to 64 sample read-
ings in the same sequence of analysis, for which each step includes the collection of the sample 
from a sample rack, the positioning of the sample in the detector, data acquisition at pre-defined 
reading times, and the return of the sample to the rack where the other samples are located.

All of this is possible by means of a high precision positioning system based on linear actua-
tors. The system is controlled by a human machine interface (HMI) where execution com-
mands can be programmed. Figures 21–24 show how everything is set up.

In principle, the presence of personnel in the gamma spectrometry room is limited while the 
positioning system is in operation. However, shielding for the sample rack is to be installed in 
the near future for radiological protection purposes.

Figure 21. Positioning system: 1. Detector A; 2. X-axis linear actuator; 3. Sample rack (64 positions); 4. Detector B; 5. 
Y-axis linear actuator; 6. Z-axis linear actuator; 7. Detector C; 8. Detector D; 9. Control panel.

Figure 22. Positioning system: 1. HMI; 2. Emergency stop; 3. System status; 4. Electronic components; 5. Power control.
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Precision is determined by servomotors that provide the movement, which have a resolution 
of 1,048,576 pulses/revolution per axis. Coupled to the previously described servomotors, 
there are linear belt actuators (Accuracy ±1.0 mm) with their respective guides for alignment 
and friction reduction throughout the working area.

The system has two spatial adjustment options, point-to-point which displays the 64 positions 
of the sample rack and the 4 detector positions; and also single-point which is used to correct 
a common mismatch in all points using the point-to-point option, defining the first position 
of the rack, and allowing for the automatic adjustment of all the other positions. Both of these 
options are password protected for security reasons.

Figure 23. Positioning system: 1. Electric motor to open/close shielding; 2. Shield sensor for opening; 3. Shield sensor for 
closing; 4. Emergency stop; 5. Sample gripper; 6. Detector sample support; 7. Actuator motion limit sensor.

Figure 24. Positioning system.
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The point-to-point adjustment option must be used to change the counting geometry on the 
detectors, which must be performed prior to the execution of the sequences as required by 
the operators.

This positioning system greatly reduces manual efforts during the analysis of radioactive 
samples; the only manipulation required by our staff is the setup of the 64 samples in the 
rack. The idea of the use of this rack is minimizing Radiation Exposure, and thus enhancing 
the safety and well-being of personnel.

5. Data acquisition

In order to offer a quality service, the laboratory has made important updates in its instru-
mentation; acquiring four state-of-the-art HPGe Canberra Detectors for the measurement of 
gamma radiation and a novel sample positioning system.

The NAA relative method uses gamma radiation emitted by the radioactive nuclei from acti-
vated samples and compares it to the radiation emitted by a reference material with similar 
characteristics.

The characteristic gamma energies of each radionuclide are measured using one of the four 
solid-state semiconductor detectors (GC-3018 and GC-7020) coupled to LYNX® digital sig-
nal analysers controlled by the Canberra’s Genie 2000 (v3.3) software. Each of these sys-
tems is calibrated weekly in energy, and its efficiency is checked monthly using a gamma 
check source kit consisting of 241Am, 22Na, 133Ba, 137Cs, 155Eu and 60Co electro-deposited point 
sources.

Depending on the irradiation, system used (Table 1), and once pre-determined decay times 
are reached, radiation measurement is performed by using one of the HPGe detectors [19].

Radiation measurement by samples coming from the pneumatic system is performed in some 
of the less efficient detectors (GC-1020 or GC-3018, depending upon availability). For com-
plete analysis, two readings are carried out: the first, after 5 min of decay, positioning the vials 
individually at a distance of 50 mm from the detector and reading the corresponding spectra 
for 5 min. The second reading is done after the activity decays for an hour, at a distance of 
10 mm and the spectra is read for 10 min. On the other hand, samples not going through the 
pneumatic transfer system are analyzed as follows: a first reading is done after a 4-day decay 
on one of the GC-3018 detectors, positioning the vials individually at a distance of 30 mm 
from the detector and reading the spectra for 3 h. A second reading is then performed after 
21 days of decay on the higher efficiency GC-7020 detectors at a distance of 15 mm and the 
spectra is read for 4 h.

Flux monitors used during sample activation for flux corrections are also analyzed by gamma 
spectrometry on one of the GC-3018 detectors at a distance of 50 mm for 60 min. The samples 
obtained its corresponding gamma spectrum (Figures 25 and 26).
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The elemental determination in the NAA is done by using the relative calibration (direct com-
parator method) [20]. This method uses a sample with known mass of the elements of inter-
est (comparator or standard) and an unknown sample which is irradiated simultaneously. 
Taking into account that the amount of radiation emitted from the activation of the sample is 
proportional to the neutron flux, and this in turn to the mass of the irradiated element, it is 
found that the ratio between the mass fraction of the element x and the amounts of influence 
is given by:

Figure 25. Detection geometry for check source verification.

Figure 26. Gamma spectra from soil sample irradiated for 4 h at 30 kW and a 5-day decay.
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for 5 min. The second reading is done after the activity decays for an hour, at a distance of 
10 mm and the spectra is read for 10 min. On the other hand, samples not going through the 
pneumatic transfer system are analyzed as follows: a first reading is done after a 4-day decay 
on one of the GC-3018 detectors, positioning the vials individually at a distance of 30 mm 
from the detector and reading the spectra for 3 h. A second reading is then performed after 
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The elemental determination in the NAA is done by using the relative calibration (direct com-
parator method) [20]. This method uses a sample with known mass of the elements of inter-
est (comparator or standard) and an unknown sample which is irradiated simultaneously. 
Taking into account that the amount of radiation emitted from the activation of the sample is 
proportional to the neutron flux, and this in turn to the mass of the irradiated element, it is 
found that the ratio between the mass fraction of the element x and the amounts of influence 
is given by:

Figure 25. Detection geometry for check source verification.

Figure 26. Gamma spectra from soil sample irradiated for 4 h at 30 kW and a 5-day decay.
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The subscripts indicate parameters for the unknown sample and the comparator or standard. 
That is, the mass fraction of the unknown sample of the element (measurand) and the mass 
fraction of the element in the reference material. W is the total mass of the samples. The num-
ber of net counts of the energy of interest (keV) and the counting time of the gamma radiation 
are decay correction factors of the peak; this factors are used to obtain the neutron flux cor-
rection factor, which quantify the gradient of the flux between the irradiation position of the 
sample and the comparator.

The neutron flux correction factor is determined as the ratio between the flux measured with 
the 0.1% Au-Al flux monitors at the sample position and that of the comparator. The neutron 
flux is proportional to the number of counts in energy range of 198Au and depends on other 
factors such as the neutron capture cross-section, isotope abundance, irradiation time, 198Au 
half-life, detection efficiency, and number of accounts for the emission energy of the radioac-
tive isotope. Taking the relationship between the flux readings, all the terms except for the 
number of counts registered for the monitor at the sample position and for the monitor at the 
comparators position are canceled, obtaining:

This relationship is fulfilled, assuming that the irradiation conditions and counting geom-
etries are similar.

6. Radioactive waste disposal

In compliance with national regulations, the Neutron Activation Analysis Laboratory has 
developed a simple scheme for the safe management of activated samples once they are no 
longer needed. These procedures are authorized and monitored by the National Nuclear 
Authority (Ministry of Mines and Energy). The aim of radioactive waste management is to 
isolate and apply protective measures to this type of waste so that there are no foreseeable 
future human health risks and/or negative effects on the environment.

Most of the radioactive waste corresponds to plastic materials (vials, racks, bags, tapes, etc.), 
as well as flux monitors and samples activated during irradiation, and also elements used in 
the decontamination of working areas (gloves, paper towels, plastic bags, etc.). Most of the 
waste is classified into three categories: Group 1 – Exempt Waste (EW), Group 2 – Very Short-
Lived Waste (VSLW) and Group 3 – Very Low Level Waste (VLLW) [16].

The NAA Lab has a decay room for the temporary storage of VSLW, equipped with the nec-
essary shielding and equipment for its safe handling. The room is locked and permanently 
monitored, admission is restricted to non-operating personnel, unless authorized otherwise. 
The stored waste is properly labeled and grouped into packages each workweek.

In order to classify and monitor temporarily stored waste, packages are analyzed by 
gamma spectrometry. Each package is analyzed separately in the GC-7020 detector at a 
reading geometry of 10 mm during 4 h, determining the activity of each of the radionu-
clides present.
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Radioactive waste is discharged as conventional waste only when its activity reaches accept-
able levels established by national regulations, with previous knowledge and consent of the 
Regulatory Authority. Procedures for the Management of Radioactive Waste are lined up with 
technical and administrative requirements established by national regulations. The following 
schematic allows for the safe management of radioactive samples and activated materials 
generated during practice.

a. Minimization: Only materials and samples directly linked to national projects are irradi-
ated in order to generate useful information for the economic and social development of 
the country.

b. Segregation: Separating waste generated during short and long irradiations and that col-
lected during decontamination activities.

c. Pre-treatment: Waste package preparation, 16–20 samples per package.

d. Classification: By activity concentration and half-lives of nuclides present in the sample.

e. Characterization: Classification and monitoring of temporarily store waste are performed 
by Gamma Spectrometric analysis of the packages generated each workweek. Every pack-
age is analyzed separately in Canberra HPGe GC-7020 detectors, at a reading geometry of 
10 mm during 4 h, these reading are then analyzed and the activity of each radionuclide 
present is determined.

f. Storage: The NAA Lab has a decay room for the temporary storage of VSLW, equipped 
with the necessary shielding and equipment for its safe handling. The room is locked 
and permanently monitored, admission is restricted to non-operating personnel, unless 
authorized otherwise. The stored waste is properly labeled and grouped into packages 
each workweek.

7. Quality assurance

As part of the validation process for NAA using HPGe detectors and future accreditation 
of the laboratory under ISO/IEC 17025:2005 [21], the technique has been validated for the 
determination of rare earths such as La and Ce, and elements of interest such as U and Th 
in geological matrices. The following parameters were taken into account: selectivity, lin-
earity, reproducibility, limits of detection and quantification, robustness and uncertainty 
estimation.

This process included the evaluation of detection limits and quantification of gamma radia-
tion spectra obtained, according to the statistical criterion of Currie [22]. The following results 
show element concentrations in the sample in units of mg/kg. Ba: 129, Ce: 1.37, Co: 0.20, 
Cs: 0.29, La: 0.11, Rb: 10.06, Sb: 0.054, Sc: 0.024, Th: 0.27, U: 0.2. These results were compa-
rable to those reported by other laboratories, thus demonstrating the competence of the NAA 
Laboratory on multielemental analysis in geological matrices.
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The subscripts indicate parameters for the unknown sample and the comparator or standard. 
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The stored waste is properly labeled and grouped into packages each workweek.

In order to classify and monitor temporarily stored waste, packages are analyzed by 
gamma spectrometry. Each package is analyzed separately in the GC-7020 detector at a 
reading geometry of 10 mm during 4 h, determining the activity of each of the radionu-
clides present.
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Certified reference materials (rocks, soils, sediments and coals) are used as comparators for 
the implementation of the technique, and they serve as a basis to compare known quanti-
ties of an element with fractions of elements in the sample. Internal standards are used for 
routine control of the method, and these standards are geological materials with known 
concentrations reported by other laboratories worldwide that use NAA or other analyti-
cal techniques, these standards are evaluated under the same analytical conditions of the 
problem samples.

For the determination of uncertainty, the steps recommended in the Reference Guides [23, 24]  
were followed. First, the measurand was defined, establishing its relation with influence 
quantities and identifying them. Identifying those with greater contribution were evaluated 
according to their type: A or B. Finally, the combined uncertainty and the expanded uncer-
tainties are quantified.

The uncertainty estimation was done following the bottom-up approach. The procedure con-
sisted of establishing the measurand, identifying and quantifying the sources of uncertainty  
and finally determining the combined and extended uncertainties. The sample’s mass, stan-
dard’s mass, neutron flux gradient, counting geometry differences, and sample count statis-
tics were evaluated as sources of uncertainty. Sample and standard count statistics as well 
as differences in irradiation geometry were identified as the main contributors to the uncer-
tainty [25, 26]. The combined relative uncertainty for the studied elements oscillates between 
2 and 8% (Table 2).

The results of the evaluation of performance: limits of detection, intermediate precision, 
robustness, veracity and uncertainty, meet the requirements established for the test method; 

Element Isotope Half-life 
(days)

Energy 1 
(keV)

Energy 2 
(keV)

LOD (mg/
kg)

Precision 
(%)

Veracity 
(%)

Uncertainty (%)

La La-140 1.68 1596.2 487.0 0.11 6.1 97.4 4.0

Sb Sb-122 2.72 692.8 – 0.05 9.5 103 1.9

U Np-239 2.36 106.1 228.2 0.25 6.9 100 8.9

Ba Ba-131 11.5 216.1 496.3 129 5.1 96.1 8.8

Ce Ce-141 32.5 145.4 – 1.37 2.8 101 9.9

Co Co-60 1925 1173.2 1332.5 0.20 3.2 95.6 5.8

Cs Cs-134 754 604.7 795.9 0.29 2.1 103 6.9

Rb Rb-86 18.6 1076.6 – 10.1 5.8 95.9 6.7

Sc Sc-46 83.8 889.3 1120.5 0.02 3.5 98.3 6.2

Th Pa-233 27.0 312.2 – 0.27 3.3 97.6 8.3

Table 2. Multi-elemental validation results.
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establishing a line of work toward further validation of more elements and offering the scien-
tific community a proven method according to international standards [27].

As part of the application for the accreditation process under the ISO/IEC-17043 standard [29], 
and the need for constant validation in performance and quality assurance, the laboratory 
participates in annual IAEA-WEPAL (Wageningen Evaluating Programmes for Analytical 
Laboratories) Proficiency Tests and Inter-laboratory Comparisons, obtaining excellent results 
and positioning its metrological competence, this being a major step toward accreditation 
under ISO/IEC 17025 [21].

8. Data applications

The Colombian Laboratory for Neutron Activation Analysis, CNAAL, is an installation ori-
ented to the generation of high-quality analytical data that contribute to the geoscientific 
knowledge of the national territory, represented in the characterization of our valuable min-
eral and hydrocarbon resources. This potential of CNAAL’s analytical technique can now 
be applied in vast areas of the country, which for decades were the scene of a long, costly 
and painful armed conflict, which ended in 2016 with the signing of the Peace Agreements 
between the Colombian State and the FARC guerrillas, the oldest in our continent.

Our laboratory has focused its analytical capabilities on the exploration of rare earth ele-
ments, which according to the OECD study [30] present a relatively favorable scenario for the 
search for these strategic minerals that present a greater supply risk taking into account its 
typical scarcity.

Rare earth elements (REEs) are central in information and communications technologies and 
green technologies, which is one of many reasons that justify studies in this area. In this way 
also, OECD’s Cost of Inaction and Resource Scarcity; Consequences for Long-term Economic 
Growth (CIRCLE) Project “…aims at identifying how feedback from poor environmental 
quality, climate change and natural resource scarcity are likely to affect economic growth in 
the coming decades” [28].

Additionally, the characteristic mobility of REE is useful for the study of petrogenetic pro-
cesses and the study of the geochemical cycle of uranium and other associated energy 
minerals.

Other applications planned for neutron activation analysis technique are related to: advances in 
the validation of analytical methods to determine elements, quality assurance by ISO/IEC 17025, 
continue with successful participation in the IAEA – WEPAL proficiency test and promotes 
future developments to generate impact researches on selected topics on geological materials 
characterization (rocks, soils, sediments, minerals and hydrocarbons), forensic sciences (element 
traces in crime scenes), archeometry (studies of provenance of bones, paintings, pottery, coins) 
and environmental sciences (mobility and accumulation of eco-toxic elements in humans, from 
technological and industrial processes and evaluation of environmental impacts in the biotic 
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Other applications planned for neutron activation analysis technique are related to: advances in 
the validation of analytical methods to determine elements, quality assurance by ISO/IEC 17025, 
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components), among others. In order to consolidate the credibility of our results, the LAAN has 
participated in a series of intercomparison exercises whose results have been improved to date.

Recent advances in the characterization of the neutron flux (thermal and epithermal) of the 
modern Colombian nuclear reactor IAN-R1 (upgraded in 2015), allow the CNAAL a window 
of opportunity for the implementation of the “k0 – NAA method”, to improve the analytical 
capabilities of the laboratory, placing it at the level of other facilities of similar characteristics 
in other countries [29].

9. Conclusions

The Colombian Neutron Activation Analysis Laboratory and the Nuclear Research Reactor 
IAN-R1 area singular scientific and technological facilities in our country, located at the 
Colombian Geological Survey (Servicio Geológico Colombiano). CNAAL plays an excep-
tional role oriented to cover technical topics in sustainable exploitation of mineral resources 
and hydrocarbons, developments in nuclear sciences and researches in environmental and 
forensic sciences. At this point, the laboratory is available to the entire scientific and academic 
community of the country and recently upgrading of the Nuclear Research Reactor IAN-R1 
(2014), also contributes to these national goals.

The CNAAL has state-of-the-art technology and competent personnel, which allows it to 
expand the coverage of research services in the country, through the Neutron Activation 
analysis in the execution and development of research projects.
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Abstract

In the conventional neutron activation analysis, the elemental concentrations are normally
determined from the comparison ratios between the measured specific activities of the
sample and the standard reference material. An advantage in the comparison ratio
method is that the systematic error due to neutron self-shielding and multi-scattering
effects is canceled out, and the correction factors can be ignored but the preparation of
reference standards to match the same conditions with those of various samples is the
main difficulty. In the modern trend of neutron activation analysis, the K0-standardization
method has been developed and applied in almost all the NAA laboratories. An impor-
tant research work in the procedure under this method is the characteristic information
regarding the neutron source, such as thermal and epithermal neutron fluxes, and
epithermal spectrum shape-factor. These neutron spectrum parameters are experimentally
determined by using the activation foils, in which the corrections for all neutron effects
cause systematic errors should be taken into account. Using the MCNP5 code, a well-
known Monte Carlo simulation program, the results of correction factors of thermal,
epithermal and resonance neutron self-shielding factors for Au, Co, Mn, Wactivation foils
are presented in this chapter.
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1. Introduction

Neutron activation analysis is often performed with a reactor neutron spectrum. When the size
of the irradiation sample or activation foils are not thin enough for ignoring the variance of
neutron flux distribution, the information of the thermal, epithermal and resonance self-
shielding effects should be considered for correction. The neutron capture reaction rate R(E),
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at neutron energy E per one atom of the irradiating sample in a neutron flux distribution ϕ(E),
is defined as the following expression:

R Eð Þ ¼ ϕ Eð Þσγ Eð Þ, (1)

where σγ (E) is capture cross section. During the irradiation processes, strong resonance reac-
tions deplete the neutron spectrum at the resonance energy due to absorption and scattering.
For the energy regions just lower than the resonance energies, the neutron distribution is raised
due to multiple scatterings from the resonances. Therefore, the capture reaction rate is affected
because of the perturbation in the neutron spectrum. It is assumed that, for a sample or monitor
with similar thickness but infinitely diluted, the neutron distribution inside this sample or
monitor is a none-perturbed spectrum. The self-shielding correction factors can be estimated
as the ratio of the reaction rate by the none-perturbed to that by the perturbed spectra.

The problem of calculations for determining the neutron self-shielding correction factors has
been considered in neutron capture experiments, but in neutron activation analysis it is still
less of information and numerical data. These correction factors are always needed to be taken
into account in the data analysis of experiments such as neutron reaction cross sections
measurements, neutron flux and spectrum measurements, and neutron activation analysis,
and so on. In these experimental studies, the thickness of the irradiated sample or standard
monitor is frequently not thin enough for ignoring the variance of neutron flux distribution
inside the sample space. Therefore, the correction factors for the self-shielding and multi-
scattering effects of thermal, epithermal and resonance neutrons should be determined exactly.
This research topic had been previously carried out, and reported in case by case, which can be
briefly discussed as follows. Lopes et al. [1] calculated the values of epithermal neutron self-
shielding factors, including isotopic scattering, for foil of Au-197 and Co-59. Eastwood et al. [2]
reported experimental values of resonance neutron self-shielding factors for foils and wires of
Co-59, by the activation technique. Brose [3] measured the resonance neutron absorption
factors for Gold foils with different thickness. Hisashi Yamamoto and Kazuko Yamamoto [4]
reported their calculated values of resonance neutron self-shielding correction factors for foils
of Au-197, W-186, Mn-55 and In-115. The effects of Doppler broadening and potential scatter-
ing were taken into account, considering only main individual resonances. Senoo et al. [5]
introduced a Monte Carlo code, TIME-MULTI, for neutron multiple scattering calculations
with time-of-flight spectra. Shcherbakov and Harada [6] proposed a fast analysis method for
calculations of epithermal neutron self-shielding factors, which was made used the Padé
approximation for Doppler broadening function. Trkov et al. [7] introduced a computer pro-
gram for self-shielding factors in neutron activation analysis, in which the calculation method
is based on the neutron slowing-down equation. The program can be used for calculations
with multi-element samples and applicable only for reactor isotropic neutron field. Gongalves
et al. [8, 9] performed resonance neutron self-shielding factors for foils and wires of different
materials by using the MCNP code and proposed universal curves for a number of neutron
source geometries, and applicable only for single element samples.

Although the research topic on neutron self-shielding has been considered for a long history,
the available resources for neutron activation analysis (INAA) applications are still limited in

Advanced Technologies and Applications of Neutron Activation Analysis56

both respects of numerical data and computational tools. The previous published values,
calculations and measurements are mainly for the cases of resonance neutron self-shielding,
and information is still lack for the cases of thermal and epithermal neutron self-shielding that
are need in INAA with different standard foil and sample materials. In this chapter, the Monte
Carlo code MCNP-5 has been applied for calculation of the thermal, epithermal and resonance
neutron self-shielding factors for several standard neutron activation monitors that are often
used in neutron activation measurements.

2. K0-standardization method in neutron activation analysis

In the absolute standardization method, the concentration of the nuclide in a given sample can
be determined as the following formula [10]:

ð2Þ

In the K0-standardization method, the concentration of the nuclide in a given sample can be
determined as the following formula [10]:

ra μg=g
� � ¼
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in which Gth and Gepi are the thermal and epithermal self-shielding correction factors and the
k0-factor is defined as [10]:

ð4Þ

3. Determination of α in the E�(1+α) epithermal neutron spectrum

In a nuclear research reactor, the distribution of epithermal neutrons per unit energy interval is
considered inversely proportional to the neutron energy. However, this assumption is only
valid if the following conditions are satisfied [11].

• The medium in which fast neutrons are being slow down is homogeneous and infinite.

• The fast neutron sources are homogeneously distributed.

• The slowing down power is energy independent.

• There is no absorption during the moderation processes.

• The moderating atoms have the same mass as the neutron and behave as free particles.
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In practical situations, these conditions are almost not satisfied in a nuclear reactor. Accord-
ingly, the deviations from the 1/E distribution of epithermal neutron can occur in irradiation
channels, and errors could be induced in the resonance integral defined as

I ¼
ð∞

ECd

σ Eð Þ
E

dE (5)

where: ECd = 0.55 eV is the Cadmium cut off energy.

In order to take into account, the correction for deviation effect in the expression of the
resonance integral, the 1/E1+α distribution has been introduced [11] where α is an energy-
independent coefficient but its values dependent on the neutron source configuration. There-
fore, the effective resonance integral is rewritten as follows:

I αð Þ ¼
ð∞

ECd

σ Eð Þ
E1þα dE (6)

Experimental determination of the coefficient α for a specific neutron irradiation channel or
facility is required for exact estimation of the corresponding effective resonance integral. The
relationship between resonance integral I and effective resonance integral I(α) is expressed as
the following equation [11]

I αð Þ ¼ I � 0:426σ0ð Þ Er
� ��α þ 0:426σ0

2αþ 1
E�α
Cd , (7)

where Er is the effective resonance energy, and σ0 is the 2200 m/s neutron capture cross section.
The method for experimental instantaneous determination of α value, based on co-irradiation
of three suitable resonance monitors, has been introduced by F. De CORTE [11], which repre-
sent as follows.

The specific count rate for an interesting γ-peak, emission from an irradiated sample, is
defined as

Asp ¼ 1
m

Cλ
1� e�λt1ð Þ e�λt2ð Þ 1� e�λt3ð Þ , (8)

where t1, t2, t3 are the irradiation time, decay time, measurement time, respectively, C the
number of counts under γ-peak, and m the weight of irradiated sample. The specific count
rate, Asp, can be also calculated from the following expression:

Asp ¼ f þQ αð Þ½ �ϕepiσ0εγθC=M (9)

where M, θ, γ, ε are atomic weight, isotope abundance, γ-ray absolute intensity, and the
efficiency of the detector used in the gamma-ray spectrum measurement, respectively. Q(α) is
the ratio of the resonance integral in the 1/E(1+α) epithermal neutron spectrum to the (n,γ)
reaction cross section σ0; f is the ratio of thermal to epithermal neutron flux [11].
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Q αð Þ ¼ I αð Þ
σ0

¼ Q� 0:426ð ÞEr
�α þ 0:426

2αþ 1
E�α
Cd (10)

Q ¼ I=σ0 (11)

By using the co-irradiation of two suitable standard foils, denoted as 1 and 2, the flux ratio f
can be determined by the following equation [11].

f ¼ ϕth

ϕepi

 !

1,2

¼ k1ε1
k2ε2

Q1 αð Þ � Asp,1

Asp,2
Q2 αð Þ

� �
Asp,1

Asp,2
� k1ε1
k2ε2

� ��1

, (12)

k ¼ γσ0θ=M: (13)

When three resonance detectors (foils), denoted as 1, 2 and 3, are irradiated under the same
experimental conditions, Eq. (12) can be rewritten for detector couples 1–2 and 1–3. Making
equality between the quantities f1, 2 and f1, 3 leads to the following equation:

F αð Þ ¼ a� bð ÞQ1 αð Þ � aþ 1ð ÞQ2 αð Þ þ bþ 1ð ÞQ3 αð Þ ¼ 0 (14)

where

a ¼ Asp,1k2ε2
� �

= Asp,2k1ε1
� �� 1

� ��1 (15)

b ¼ Asp,1k3ε3
� �

= Asp,3k1ε1
� �� 1

� ��1 (16)

The coefficient α would be experimentally determined by solving the Eqs. (12) and (14).

In an ideal 1/E epithermal neutron spectrum, the resonance integral cross section for a neutron
capture reaction is defined as follows:

I0 ¼
ð∞

ECd

σ Eð Þ
E

dE, (17)

where σ (E) is the neutron capture cross section as a function of neutron energy E, and ECd is
the cadmium cut-off energy to be 0.55 eV when Cd shield thickness is 1 mm. In a non-ideal
epithermal neutron spectrum which can be approximated by 1/E1+α distribution, the resonance
integral is defined as:

I0 αð Þ ¼
ð∞

ECd

σ Eð Þ 1eVð Þα
E1þα dE, (18)

The relation between I0 and I0(α) is defined as the following expression:

I0 αð Þ ¼ 1eVð Þα I0 � 0:426σ0
Eα
r

� �
þ 0:426σ0

2αþ 1ð Þ ECdð Þα : (19)
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resonance integral, the 1/E1+α distribution has been introduced [11] where α is an energy-
independent coefficient but its values dependent on the neutron source configuration. There-
fore, the effective resonance integral is rewritten as follows:

I αð Þ ¼
ð∞

ECd

σ Eð Þ
E1þα dE (6)

Experimental determination of the coefficient α for a specific neutron irradiation channel or
facility is required for exact estimation of the corresponding effective resonance integral. The
relationship between resonance integral I and effective resonance integral I(α) is expressed as
the following equation [11]

I αð Þ ¼ I � 0:426σ0ð Þ Er
� ��α þ 0:426σ0

2αþ 1
E�α
Cd , (7)

where Er is the effective resonance energy, and σ0 is the 2200 m/s neutron capture cross section.
The method for experimental instantaneous determination of α value, based on co-irradiation
of three suitable resonance monitors, has been introduced by F. De CORTE [11], which repre-
sent as follows.

The specific count rate for an interesting γ-peak, emission from an irradiated sample, is
defined as

Asp ¼ 1
m

Cλ
1� e�λt1ð Þ e�λt2ð Þ 1� e�λt3ð Þ , (8)

where t1, t2, t3 are the irradiation time, decay time, measurement time, respectively, C the
number of counts under γ-peak, and m the weight of irradiated sample. The specific count
rate, Asp, can be also calculated from the following expression:

Asp ¼ f þQ αð Þ½ �ϕepiσ0εγθC=M (9)

where M, θ, γ, ε are atomic weight, isotope abundance, γ-ray absolute intensity, and the
efficiency of the detector used in the gamma-ray spectrum measurement, respectively. Q(α) is
the ratio of the resonance integral in the 1/E(1+α) epithermal neutron spectrum to the (n,γ)
reaction cross section σ0; f is the ratio of thermal to epithermal neutron flux [11].
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Q αð Þ ¼ I αð Þ
σ0

¼ Q� 0:426ð ÞEr
�α þ 0:426

2αþ 1
E�α
Cd (10)

Q ¼ I=σ0 (11)

By using the co-irradiation of two suitable standard foils, denoted as 1 and 2, the flux ratio f
can be determined by the following equation [11].

f ¼ ϕth

ϕepi

 !

1,2

¼ k1ε1
k2ε2

Q1 αð Þ � Asp,1

Asp,2
Q2 αð Þ

� �
Asp,1

Asp,2
� k1ε1
k2ε2

� ��1

, (12)

k ¼ γσ0θ=M: (13)

When three resonance detectors (foils), denoted as 1, 2 and 3, are irradiated under the same
experimental conditions, Eq. (12) can be rewritten for detector couples 1–2 and 1–3. Making
equality between the quantities f1, 2 and f1, 3 leads to the following equation:

F αð Þ ¼ a� bð ÞQ1 αð Þ � aþ 1ð ÞQ2 αð Þ þ bþ 1ð ÞQ3 αð Þ ¼ 0 (14)

where

a ¼ Asp,1k2ε2
� �

= Asp,2k1ε1
� �� 1

� ��1 (15)

b ¼ Asp,1k3ε3
� �

= Asp,3k1ε1
� �� 1

� ��1 (16)

The coefficient α would be experimentally determined by solving the Eqs. (12) and (14).

In an ideal 1/E epithermal neutron spectrum, the resonance integral cross section for a neutron
capture reaction is defined as follows:

I0 ¼
ð∞

ECd

σ Eð Þ
E

dE, (17)

where σ (E) is the neutron capture cross section as a function of neutron energy E, and ECd is
the cadmium cut-off energy to be 0.55 eV when Cd shield thickness is 1 mm. In a non-ideal
epithermal neutron spectrum which can be approximated by 1/E1+α distribution, the resonance
integral is defined as:

I0 αð Þ ¼
ð∞

ECd

σ Eð Þ 1eVð Þα
E1þα dE, (18)

The relation between I0 and I0(α) is defined as the following expression:

I0 αð Þ ¼ 1eVð Þα I0 � 0:426σ0
Eα
r

� �
þ 0:426σ0

2αþ 1ð Þ ECdð Þα : (19)
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The experimental values of resonance integral I0(α) for target x can be determined relative to
that of 197Au(n,γ)198Au as a standard reaction by the following relation [11]:

I0 αð Þx ¼ I0 αð ÞAu
gσ0ð Þx
gσ0ð ÞAu

RCd � FCdð ÞAu
RCd � FCdð Þx

Gepi,Au

Gepi,x

Gth,x

Gth,Au
, (20)

The deviation of the epithermal neutron spectrum from the 1/E shape parameter can be experi-
mentally determined by the ‘Cd-ratio for multi-monitor’ method, using the monitors of 197Au,
59Co, 186W and 55Mn. When a set of n monitors are irradiated with and without Cd-cover, the α-
parameter can be obtained as the slope (�α) of the straight-line logTi versus log(Er,i) [11].

Ti ¼
E�α
r, i

FCd, iRCd, i � 1ð ÞQ0, i αð ÞGe, iGth, i
, (21)

where i denotes the ith isotope, FCd the cadmium transmission factor, RCd the Cd-ratio, Er the
effective resonance energy in eV, Gth and Gepi the self-shielding factor for thermal and
epithermal neutrons, and Q0(α) is the ratio of the resonance integral in 1/E1+α epithermal
neutron spectrum to the capture cross section σ0 for 2200 m/s neutrons. The parameter Ti is a
function of the α parameter, which can be determined by an iterative least square fit to the
regression line.

4. Monte Carlo simulation method for neutron self-shielding calculations

Monte Carlo (MC) simulation is known as an essential numerical method for performing the
statistical process of radiation interaction with material. The principle MC simulation in this
subject is random selection of particle properties and its interaction behaviours from their
probability distribution functions. By tracking the history of each particle during the interac-
tion process, the information of particle fluxes, energy spectra and energy deposition in a
specific cell of the simulating model can be obtained. Accordingly, the radiation dose rate at
any position in the environment of the experiment can be estimated with statistical uncer-
tainty. A typical block diagram for process of neutron particle transport are shown in the
Figure 1 [5].

5. Neutron self-shielding correction factors

In the neutron activation analysis experiments, the thickness of the samples and monitors may
not be thin enough for ignoring the variance of neutron flux distribution and should be
considered for correction. Therefore, the correction factors for thermal (Gth), epithermal (Gepi)
and resonance (Gres) neutron self-shielding effects should be determined exactly. In this work,
the Monte-Carlo code MCNP5 was used for calculations with specified case of irradiation foils
with different thickness from 1�10�5 to 2 mm.
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The neutron capture reaction rate R(E), at neutron energy E per one atom of the irradiating
sample in a neutron flux distribution ϕ(E), is defined as the following expression:

R Eð Þ ¼ ϕ Eð Þσγ Eð Þ, (22)

where σγ (E) is capture cross section. During the irradiation processes, strong resonance
reactions deplete the neutron spectrum at the resonance energy due to absorption and scatter-
ing. For the energy regions just lower than the resonance energies, the neutron distribution is
raised due to multiple scatterings from the resonances. Therefore, the capture reaction rate is
affected because of the perturbation in the neutron spectrum. It is assumed that, for a sample
or monitor with finite thickness but infinitely diluted, the neutron distribution inside this
sample or monitor is a non-perturbed spectrum. The correction factor a real sample with
thickness ‘t’ can be calculated as the following ratio.

G tð Þ ¼
ðE2

E1

φ Eð Þσγ Eð ÞdE=
ðE2

E1

φ0 Eð Þσγ Eð ÞdE, (23)

where ϕ0(E) is the original or non-perturbed neutron spectrum; ϕ(E) represents the perturbed
neutron spectrum inside the real irradiating sample; E1 and E2 are, respectively, the lower and
the upper limits of the neutron spectrum; for Gth: E1 = 1e�5 eV and E2 = 0.5 eV; for Gepi:
E1 = 0.5 eV and E2 = 2e-1 MeV. The non-perturbed and perturbed neutron spectrum inside a
real sample can be calculated by Monte-Carlo simulation using the MCNP5 code based on the
ENDF/B-VII nuclear data library.

Figure 1. A typical block diagram for Monte-Carlo simulation of neutron transport process.
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The results of MCNP5 simulations for perturbed and none-perturbed neutron spectra, ϕ(E)
and ϕ0(E), inside the real irradiating samples of Au-197 and Co-60 in different thickness is
represented in Figures 2 and 3.

Figure 2. MCNP5 simulated results for perturbed and none-perturbed epithermal neutron spectrum in Gold foils of
different thickness.

Figure 3. MCNP5 simulated results for perturbed and none-perturbed epithermal neutron spectrum in Cobalt foils of
different thickness.

Advanced Technologies and Applications of Neutron Activation Analysis62

In order to make validation for the simulation procedure, the comparison between the results
Gres factors with the literature data for foil materials of Au-197 and Co-59 have been carried
out with different sample thicknesses as presented in Figures 2 and 3. Up to present, from the
literature overview, the available data of neutron self-shielding factors are almost for the study
of resonance neutron self-shielding correction Gres which is considered only in the energy
region of primary resonance peak of reaction cross-section, but in NAA the thermal and
epithermal neutron (or effective) self-shielding correction factor should be taken into account.
As shown in Figures 4 and 5, the result of present simulated Gres factors for Gold and Cobalt
foils has reasonable agreement with the experimental and calculated data by Gongalves [9],
Brose [12] and Eastwood [2].

In order to provide effective information of neutron self-shielding correction factors in NAA, the
validated simulation procedure has been applied for obtaining Gth, Gepi and Gepi factors for the
activation nuclides of Au-97, Co-59, Mn-55 andW-186. In this work, the foil samples with 1.3 cm
in diameter and thickness varying from 10�5 mm to 2 mm were used for simulations. The
experimental configurations were simulated for the real condition of a reactor-based neutron
activation experiment in which the irradiation channel can be described as a cylindrical isotropic
neutron sources with sample flat to the channel axis. The dimensions of the irradiating channel
are 30 cm length and 2.4 cm in diameter. These simulations were conducted for three case studies
of neutron energy spectrum: (i) the Maxwellian distribution with average energy of 0.025 eV was

Figure 4. The calculated resonance neutron self-shielding correction factors for Gold foils of different thickness, in
comparison with published data by Gongalves [9] and Brose [3].

Monte Carlo Simulation of Correction Factors for Neutron Activation Foils
http://dx.doi.org/10.5772/intechopen.76984

63



The results of MCNP5 simulations for perturbed and none-perturbed neutron spectra, ϕ(E)
and ϕ0(E), inside the real irradiating samples of Au-197 and Co-60 in different thickness is
represented in Figures 2 and 3.

Figure 2. MCNP5 simulated results for perturbed and none-perturbed epithermal neutron spectrum in Gold foils of
different thickness.

Figure 3. MCNP5 simulated results for perturbed and none-perturbed epithermal neutron spectrum in Cobalt foils of
different thickness.

Advanced Technologies and Applications of Neutron Activation Analysis62

In order to make validation for the simulation procedure, the comparison between the results
Gres factors with the literature data for foil materials of Au-197 and Co-59 have been carried
out with different sample thicknesses as presented in Figures 2 and 3. Up to present, from the
literature overview, the available data of neutron self-shielding factors are almost for the study
of resonance neutron self-shielding correction Gres which is considered only in the energy
region of primary resonance peak of reaction cross-section, but in NAA the thermal and
epithermal neutron (or effective) self-shielding correction factor should be taken into account.
As shown in Figures 4 and 5, the result of present simulated Gres factors for Gold and Cobalt
foils has reasonable agreement with the experimental and calculated data by Gongalves [9],
Brose [12] and Eastwood [2].

In order to provide effective information of neutron self-shielding correction factors in NAA, the
validated simulation procedure has been applied for obtaining Gth, Gepi and Gepi factors for the
activation nuclides of Au-97, Co-59, Mn-55 andW-186. In this work, the foil samples with 1.3 cm
in diameter and thickness varying from 10�5 mm to 2 mm were used for simulations. The
experimental configurations were simulated for the real condition of a reactor-based neutron
activation experiment in which the irradiation channel can be described as a cylindrical isotropic
neutron sources with sample flat to the channel axis. The dimensions of the irradiating channel
are 30 cm length and 2.4 cm in diameter. These simulations were conducted for three case studies
of neutron energy spectrum: (i) the Maxwellian distribution with average energy of 0.025 eV was

Figure 4. The calculated resonance neutron self-shielding correction factors for Gold foils of different thickness, in
comparison with published data by Gongalves [9] and Brose [3].

Monte Carlo Simulation of Correction Factors for Neutron Activation Foils
http://dx.doi.org/10.5772/intechopen.76984

63



applied for thermal neutrons, (ii) the pure 1/E distribution in energy range from 0.55 eV to
0.2 MeV was applied for epithermal neutrons, and (iii) the primary resonance energy peaks for
resonance neutron spectrum. The results of thermal and epithermal neutron self-shielding cor-
rection factors for the activation foils of Au-197, W-186, Co-60 and Mn-55 in different thickness
are presented in Tables 1 and 2.

Figure 5. The calculated resonance neutron self-shielding correction factors for Cobalt foils of different thickness, in
comparison with published data by Gongalves [9] and Eastwood [2].

Thickness (mm) Neutron self-shielding correction
factors for Au-197 foils

Thickness (mm) Neutron self-shielding correction
factors for Co-60 foils

Gth Gepi Gres Gth Gepi Gres

0.00001 1 1 1 0.00001 1.000 1.001 1.000

0.00002 1 0.991 0.99 0.00002 1.000 1.000

0.00004 0.999 0.989 0.988 0.00004 1.000 1.000

0.00006 0.999 0.987 0.986 0.00006 1.000 1.000

0.00008 0.999 0.985 0.984 0.00008 0.999 1.000

0.0001 0.999 0.983 0.982 0.0001 0.999 1.001 1.000

0.0002 0.999 0.973 0.971 0.0002 0.999 1.000

0.0004 0.998 0.953 0.949 0.0004 0.998 1.000

0.0006 0.997 0.935 0.93 0.0006 0.997 1.000

0.0008 0.996 0.92 0.913 0.0008 0.997 0.997

0.001 0.996 0.906 0.898 0.001 0.996 0.998 0.989

0.002 0.993 0.846 0.834 0.002 0.995 0.996 0.958

0.004 0.988 0.76 0.74 0.004 0.992 0.930
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Thickness (mm) Neutron self-shielding correction
factors for Au-197 foils

Thickness (mm) Neutron self-shielding correction
factors for Co-60 foils

Gth Gepi Gres Gth Gepi Gres

0.006 0.984 0.696 0.671 0.006 0.989 0.902

0.008 0.981 0.646 0.618 0.008 0.987 0.880

0.01 0.977 0.607 0.575 0.01 0.985 0.992 0.858

0.02 0.961 0.486 0.445 0.02 0.974 0.988 0.762

0.04 0.934 0.384 0.334 0.04 0.957 0.981 0.642

0.06 0.912 0.335 0.282 0.06 0.941 0.977 0.562

0.08 0.893 0.306 0.251 0.08 0.928 0.974 0.506

0.1 0.876 0.286 0.229 0.1 0.916 0.971 0.465

0.2 0.805 0.234 0.175 0.2 0.865 0.961 0.355

0.4 0.707 0.194 0.135 0.4 0.792 0.946 0.259

0.6 0.636 0.175 0.116 0.6 0.736 0.935 0.214

0.8 0.58 0.162 0.104 0.8 0.690 0.925 0.186

1 0.535 0.152 0.096 1 0.651 0.915 0.164

2 0.388 0.124 0.073 2 0.516 0.873 0.108

Table 1. The results of neutron self-shielding correction factors foils of Au-197 and Co-60.

Thickness (mm) Neutron self-shielding correction
factors for Mn-55 foils

Thickness (mm) Neutron self-shielding correction
factors for W-186 foils

Gth Gepi Gres Gth Gepi Gres

0.00001 1.000 1.000 1.000 0.00001 1.00 0.995 1.000

0.00002 1.000 1.000 1.000 0.00002 1.00 0.996 1.000

0.00004 1.000 1.000 1.000 0.00004 1.00 0.995 1.000

0.00006 1.000 1.000 1.000 0.00006 1.00 0.996 1.000

0.00008 1.000 1.000 1.000 0.00008 1.00 0.999 1.000

0.0001 1.000 1.000 1.000 0.0001 1.00 0.999 0.990

0.0002 1.000 1.000 1.000 0.0002 1.00 1.006 1.000

0.0004 1.000 1.000 1.000 0.0004 1.00 1.001 0.992

0.0006 1.000 1.000 1.000 0.0006 1.00 0.994 0.982

0.0008 1.000 1.000 1.000 0.0008 1.00 0.990 0.976

0.001 0.999 1.000 1.000 0.001 1.00 0.993 0.989

0.002 0.998 1.000 1.000 0.002 1.00 0.973 0.951

0.004 0.997 1.000 1.000 0.004 1.00 0.947 0.911

0.006 0.996 1.000 1.000 0.006 1.00 0.916 0.865

0.008 0.995 1.000 1.000 0.008 0.99 0.891 0.827
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6. Discussion and conclusion

Up to present, from the literature overview, the available data of neutron self-shielding factors
are almost for the study of resonance neutron self-shielding correction Gres which is considered
only in the energy region of primary resonance peak of reaction cross-section, but in NAA the
thermal and epithermal neutron (or effective) self-shielding correction factor should be taken
into account. Although the research topic on neutron self-shielding has been considered for a
long history, the available resources for neutron activation analysis (INAA) applications are still
limited in both respects of numerical data and computational tools. The previously published
values, calculations and measurements, are mainly for the cases of resonance neutron self-
shielding, and information is still lacking for the cases of thermal and epithermal neutron self-
shielding that are needed in INAA with different standard foil and sample materials.

The MCNP5 code has been applied for exact simulation of neutron self-shielding correction
factors of Gth, Gres and Gepi for activation foils of Au-97, Co-59, Mn-55 and W-186. The
experimental configurations were simulated for the real condition of a reactor-based neutron
activation experiment in which the irradiation channel can be described as a cylindrical isotro-
pic neutron sources with sample flat to the channel axis. The three case studies of neutron
energy spectrum: (1) the Maxwellian distribution with average energy of 0.025 eV was applied
for thermal neutrons, (2) the pure 1/E distribution in energy range from 0.55 eV to 0.2 MeV was
implemented for epithermal neutrons, and (3) the primary resonance energy peaks for reso-
nance neutron spectrum. The results of simulated data with different foil thickness are
presented in Tables 1 and 2.

Thickness (mm) Neutron self-shielding correction
factors for Mn-55 foils

Thickness (mm) Neutron self-shielding correction
factors for W-186 foils

Gth Gepi Gres Gth Gepi Gres

0.01 0.994 1.000 1.000 0.01 0.99 0.867 0.791

0.02 0.990 0.999 0.980 0.02 0.99 0.777 0.657

0.04 0.982 0.998 0.946 0.04 0.98 0.683 0.515

0.06 0.976 0.997 0.905 0.06 0.98 0.631 0.437

0.08 0.970 0.997 0.878 0.08 0.97 0.598 0.388

0.1 0.965 0.996 0.845 0.1 0.96 0.574 0.353

0.2 0.941 0.994 0.740 0.2 0.94 0.510 0.258

0.4 0.905 0.990 0.602 0.4 0.90 0.458 0.184

0.6 0.876 0.987 0.534 0.6 0.87 0.433 0.148

0.8 0.851 0.983 0.493 0.8 0.85 0.417 0.127

1 0.829 0.980 0.461 1 0.83 0.406 0.112

2 0.745 0.966 0.369 2 0.74 0.374 0.076

Table 2. The results of neutron self-shielding correction factors foils of Mn-55 and W-186.
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Abstract

Neutron activation system (NAS) is currently designed for ITER and will be procured by 
the Korean DA. The main purpose of this diagnostic is to evaluate the integrated fusion 
power and cross-check with other neutron diagnostic, whose sensitivity can vary over 
time. Total neutron production rate shall be measured from all over the plasma, regard-
less of the position or profile of the neutron source. Therefore, it is required to minimize 
material and its density variation across the field of view between the plasma and the 
irradiation end.

Keywords: neutron activation system, ITER, nuclear, fusion, tokamak, plasma, 
diagnostic

1. Introduction

Neutron activation system is a diagnostic measuring the absolute neutron flux and fluence 
on the first wall [1]. It utilizes pneumatic post method to send a sample of material close 
to the plasma, where it gets activated by neutrons. This sample is then retrieved back with 
the same pneumatic post technique and the activation of the sample is measured with 
gamma-gay spectrometers [2]. The main goal of the ITER neutron activation system (NAS) 
is to evaluate the total neutron production rate from all over the plasma. The measurement 
accuracy depends on the position and profile of the plasma and the material in front of the 
irradiation end. It is required to minimize the amount of material and its density variation 
across the field of view between the plasma and the irradiation end. Due to the radia-
tion and thermal environment of the ITER in-vessel, however, the measurement from ITER 
NAS cannot avoid the strong influence from in-vessel materials such as the diagnostic first 
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wall, blanket modules, and divertor cassettes that are located near the irradiation ends. A 
number of irradiation positions located above and below the plasma as well as on high-
field side and low-field side has been selected for the ITER NAS to compensate the strong 
influence from in-vessel materials such as the diagnostic first wall, blanket modules, and 
divertor cassettes.

2. Generic description

ITER NAS measures gamma radiation from samples activated by fusion neutron flux. 
Encapsulated samples are transferred between irradiation ends and counting station by the 
driving of nitrogen (or helium) gas. Tubes of diameter 12.7 mm will be used for the transfer 
lines of the capsule.

NAS consists of the pneumatic transfer system and the counting system (Figure 1) Cheon 
et al. [3]. The pneumatic transfer system includes gas supply, transfer station, transfer line, 
irradiation ends, counter ends, and disposal bin. It is the subsystem related with the transfer 
of the encapsulated samples from the loading to the disposal. The PLC-based control system 
will be harnessed for the accurate operation of the system. The counting system consists of 
gamma-ray detectors, electronic devices such as high voltage supplies and amplifiers, and 
tool for neutron source strength evaluation. It is the system for the evaluation of the param-
eters of the NAS by counting gamma-rays from the activated samples [4].

Figure 1. The scheme of neutron activation system for ITER.
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Due to the large size and the elongated shape of ITER plasma, multiple positions for the 
irradiation ends in toroidal section are required for highly reliable measurements. At present, 
four irradiation end locations per toroidal section (A, B, C and D in Figure 2) are planned for 
ITER NAS considering reliability of the measurement and redundancy of the system.

Transfer tubes of the NAS should be bent many times to reach the irradiation ends from the 
transfer station. To avoid capsule stuck problem around tube bends, there should be a mini-
mum bending radius of the tube in designing tube route. All bends of the tube should have 
larger radius than this minimum bending radius. Assuming the capsule of OD 8 mm and L 
30 mm, and the tube of ID 9 mm, the minimum bending radius of the tube is about 100 mm. 
The current design value of the minimum bending radius is 150 mm, with the safety factor 50% 
applied.

Current port allocation for the NAS is #11 and #18 for the upper port, #11 and #17 for the 
equatorial port, and #12 and #18 for the lower ports. For points A and B, the irradiation ends 
will be located inside the port plugs. Other irradiation ends will be installed on the vacuum 
vessel wall with the pipelines routed through the lower level ports [5]. Allocated ports and 
port numbers for the irradiation locations are shown in Figure 2. Total number of the irradia-
tion ends which will be installed is 12.

Transfer station distributes capsules to the appropriate locations such as irradiation end, 
counting station, or disposal bin. It consists of capsule loader and distribution machine ‘car-
ousel.’ When capsule is loaded on the carousel from the loader, the platter inside the carousel 
rotates to place capsule to the point connected to the designated place. The capsule loader and 
the carousel are separated by the air lock system to prevent the leakage of the driving gas. 
At every transfer line ends the air cushion technique, which will be implemented to prevent 
capsule breakage.

Counting station locates outside the bioshield of ITER where neutron flux effect on the detec-
tors is negligible. Detectors such as HPGe or NaI will be used to count gamma-rays from 

Figure 2. Distribution of irradiation ends in a toroidal section and allocated port numbers.
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the activated samples. The required parameters for the NAS such as neutron fluence will be 
evaluated from the gamma spectrum considering the location of the irradiation end, sample 
material and its mass, and irradiation and cooling time.

3. Design of DFW cutout for upper port irradiation end

NAS is supposed to provide reliable and robust measurement data because it will be used for the 
calibration of other neutron diagnostics. From the point of reliability and robustness of the mea-
surement, optimum location of the irradiation end is where the activation coefficient is insen-
sitive to any environmental changes during the plasma operation and measurement, such as 
geometrical change of the surrounding material, plasma movement, and slight movement of 
irradiation end location. The geometrical changes of the irradiation end surrounding material 
can be happened due to the thermal expansion, vibration, distortion, and so on. Thus, location far 
away from plasma without any scattering material can be the best place for the irradiation end.

However, materials between the plasma and irradiation end cannot be avoided in real situa-
tion. If the location of the irradiation end is far away from the plasma, too much material in-
between will increase the measurement uncertainty. On the other hand, if the location of the 
irradiation end is very close to the plasma, plasma movement will increase the measurement 
uncertainty as well. So we should find a location where the effect of the plasma movement 
and the effect of the material are the modest. Normally, an irradiation end without any sur-
rounding material nearby is chosen as the location in given position (by the port location, for 
example). If the effect of the plasma movement is very significant, compensation of the mea-
surement can be necessary: (1) by using plasma location information from other diagnostics 
or (2) by measuring simultaneously in the opposite location vertically or radially.

However in ITER, where the radiation environment is extremely harsh, it is very difficult to 
avoid material around the irradiation end. Instead, we will try to find geometry of the sur-
rounding material, whose impact on the measurement is minimized, with the help of neutron 
transport calculation.

The irradiation end in the upper port is selected as the object of the investigation because it is 
one of the locations inside the port plug, where the effect of the geometry change of the sur-
rounding material is less severe than other locations. Most of the in-vessel irradiation ends 
are located between the blanket shields, where is vulnerable to the geometrical change. The 
activation coefficients of various samples with and without DFW material have been com-
pared around the irradiation end (see Figure 4 for instance). The effect of the geometry of the 
cutout in DFW was investigated to find a design: (1) whose absolute value of the activation 
coefficient is similar with the one without DFW material and (2) whose response to the plasma 
movement is not so severe.

Activation coefficients of three samples, that is, silicon, copper, and titanium at the upper port 
irradiation end were calculated using FISPACT and MCNP code. Objective nuclear reactions 
are 28Si(n,p)28Al, 63Cu(n,2n)62Cu, and 48Ti(n,p)48Sc.
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Figure 3 shows the MCNP model for the calculation. The cutout of DFW was designed to 
have a toroidal and poloidal angle of view as large as possible, while minimizing the amount 
of material in front of the irradiation end to the plasma direction, in order to minimize errors 
from the plasma movement and neutron transport calculation. Initial values for each dimen-
sion are:

• Depth: 130 mm.

• Poloidal angle: 105°.

• Toroidal angle: 60°.

• Toroidal width: 30 mm.

Calculated activation coefficients are shown in Figure 4. When there is no DFW material 
(upper line) and when there is a cutout in DFW material (lower line). Absolute values of the 
activation coefficient are reduced by about 10% when the irradiation end is surrounded by 

Figure 4. Comparison of plasma movement effect with and without DFW.

Figure 3. MCNP model for calculation: (left) side view and (right) front view.
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• Toroidal width: 30 mm.

Calculated activation coefficients are shown in Figure 4. When there is no DFW material 
(upper line) and when there is a cutout in DFW material (lower line). Absolute values of the 
activation coefficient are reduced by about 10% when the irradiation end is surrounded by 

Figure 4. Comparison of plasma movement effect with and without DFW.

Figure 3. MCNP model for calculation: (left) side view and (right) front view.
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Figure 6. Image of DFW cutout for NAS.

DFW material. In spite of the DFW surrounding the response of the irradiation end to the 
vertical movement of plasma is almost the same with the one without DFW except for the 
absolute value shift. However, clear decrease of the activation coefficient can be identified 
when plasma moves outward radially. This can introduce additional error about 2.5% by 
±10 cm radial movement of plasma.

Effect of the toroidal width of the cutout was investigated, and the result is shown in 
Figure 5. The width was increased from the initial value (30 mm) up to the geometrical 
maximum (170 mm) and the activation coefficient of 63Cu(n,2n)62Cu reaction was investigated 
by moving the plasma position in the radial direction. The absolute values of the activation 
coefficients become closer as the width of the cutout increases. The differences between the 
‘No-DFW material’ case are about 10, 2, and 0.8%, when the widths are 30, 100, and 170 mm, 
respectively, when the plasma is kept at its central place. Also the response to the plasma 

Figure 5. Toroidal width effect on activation coefficients of 63Cu(n,2n)62Cu response by radial plasma movement.
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movement is improved by increasing the width. It is easily identified the response of the 
irradiation end become more insensitive to the plasma movement as the size of the width 
increases. Slops of the linearly fit equations of the calculated activation coefficients are 9.2, 
3.8, and 2.2 (×10−34) per 1 cm plasma movement, when the widths are 30, 100, and 170 mm, 
respectively. Calculated maximum errors according to this equation are 0.8 and 1.4%, when 
the plasma movement values are ±5 cm and ± 10 cm, respectively.

The effect of the DFW cutout design on the measurement accuracy was investigated. The 
initial design values are proved to be proper except the toroidal width. It is recommended the 
toroidal width of the cutout to be as large as possible. The recommended design of the DFW 
cutout is shown in Figure 6. By making a cutout according to the design recommended by 
this calculation, we can imitate as much as possible the response of the ideal irradiation end, 
where there is no surrounding material nearby.

4. Evaluation of measurement accuracy

Measurement accuracy of NAS with 12 irradiation ends is estimated using MCNP calcula-
tions. The response of each irradiation location is evaluated by changing the location and the 
profile of the neutron source (see Figure 7).

The evaluated result of the neutron source displacement effect (Figure 8) shows that the upper 
port is the best position for the irradiation due to its lowest sensitivity. The induced error due 
to the vertical displacement can be even lower when it is compensated with the measurement 
at divertor position, as long as the irradiation end at divertor is well characterized during the 
plasma operation. It is estimated that induced error from the neutron source displacement 
can be ~ ± 1% even without compensation from other diagnostics, from the simultaneous 

Figure 7. Evaluation of the effect of neutron source position and broadening.
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measurement from the upper and divertor position, when the displacement range is within 
±20 cm vertically and radially. The equatorial port position can be used for backup when the 
data are compensated from other diagnostics.

The effect of neutron source broadening (Figure 9) on the measurement, which cannot be esti-
mated during the in-vessel calibration, was evaluated. The result also indicates that the upper 
port is the best position because it has the lowest effect from the neutron source broadening, 
and shows good characteristic of depending only on the vertical broadening. It is interesting to 
note that the equatorial port position shows symmetric measurement with the upper port posi-
tion. Therefore, the simultaneous measurements from the upper and equatorial port position 
are expected to provide the total neutron production with the broadening error of ~1% without 
compensation from other diagnostics, when the profile peaking factor is in the range of 3 < α < 7.

The calculations show that with the combination of the measurements from the upper port, 
equatorial port, and divertor region can provide relatively good evaluation of the total neu-
tron production in the plasma. In spite of the low reliability of the measurement from the 
inboard midplain position, it is reasonable to keep this irradiation ends, as they are the only 
ones capable of providing the absolute value of the neutron flux coming to the inboard side.

Figure 8. Evaluation of the effect of neutron source position.

Figure 9. Evaluation of the effect of neutron source broadening.
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5. Designs of the NAS components for ITER

Thermal analysis has made significant impact on the design of the NAS front-end compo-
nents (Figure 10). All NAS components installed inside the vacuum vessel shall follow the 
design guideline SDC-IC (Structural Design Criteria for ITER In-vessel Components), which 
requires the maximum temperature of the components to be less than about 500°C. According 
to the simple thermal analysis on the irradiation end in the upper port, the temperature of 
the irradiation end is found to exceed 500°C when the irradiation end protrudes only by 
6 cm from the actively cooled diagnostic shield module (DSM) inside (but not touching) the 
diagnostic first wall (DFW) that has a full depth of 60 cm. Similarly, all in-vessel irradiation 
ends located inboard side of the vacuum vessel are found to exceed 500°C, when there is no 
active cooling of the irradiation end structures. The temperature could be below 500°C only 
when the forced circulation of He gas with the velocity higher than 10 m/s is provided for 
the in-vessel transfer line during the plasma operation, which can be problematic when the 
gas blowing with such velocity fails, for example, when the capsule touches the irradiation 
location and plugs the hole for the gas circulation. In order to resolve the thermal issue, the 
design is updated to cool down all in-port irradiation ends by attaching the cooling jacket 
around the irradiation end structure, where coolant can be supplied from the in-port cool-
ant manifold.

Port plug irradiation ends mainly consist of two transfer lines which are composed of coaxial 
or parallel tubes (Figure 11). Most components will be fabricated with SS316L except the 
capsule monitoring cabling, which consists of MgO mineral insulated (MI) cables and Al2O3-
based electrical feedthrough. The front part of the irradiation end is enclosed with the cool-
ant housing, which is connected with the coolant tubing. Two guiding rings are attached on 
the outside of the coolant housing for the smooth insertion of the irradiation end into the 
DSM. The feedthroughs will be welded on the closure plate of the port plugs.

Figure 10. Calculated temperature of NAS irradiation ends.
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Transfer station consists of many moving components such as a servo-motor, linear actua-
tors and many solenoid or gas-driven valves. Pneumatic properties of the transfer system for 
transferring capsule are as below:

• Pressure of gas in reservoir: ~8 bars max.

• Pressure of driving gas: 1–8 bars

• OD of sample transfer tube: 12.7 mm

• Thickness of sample transfer tube: 1.25 mm

• OD of retrieving gas tube: 12.7 mm

• Thickness of retrieving gas tube: 1.25 mm

• Diameter of capsule: ~8 mm

• Length of capsule: ~20 mm

Samples will be transferred to the designated position by the action of distribution machine 
‘carousel’ (Figure 12). Rotating platter inside the carousel will transfer sample to the load-
ing position which are connected to the designated position. When the samples are ready, 
the valves behind are opened to shoot them to the designated positions. Before arriving 
at the designated position, the speed of them will be slowed down to prevent breakage. 
A Programmable Logic Controller (PLC) will control the operation of the transfer system. 
Figure 9.4.2 is a current design of the carousel.

Counting station measures gamma-rays from the activated samples. It consists of gamma-
ray detector, signal processing electronics such as high voltage supply, preamplifier, ampli-
fier, and multichannel analyzer, and data analyzing software. Many gamma-ray detectors 
such as gas chambers, scintillators, and semiconductor detectors are commercially available. 
Among these detectors, NaI detectors and HPGe detectors are the most commonly used 

Figure 11. Port plug transfer line in EP11.

Advanced Technologies and Applications of Neutron Activation Analysis80

ones for neutron activation analysis, but other types of detector can be also considered. 
Appropriate detectors will be chosen for the proper operation of ITER NAS considering 
state of the art.

6. Performance assessment

The NAS system has been designed for determining the total neutron yield during the DT 
operation. The system must provide also time-resolved measurements of the global neutron 
source strength and evaluation of the fusion power. Measurement of absolutely calibrated 
neutron flux and fusion power will be performed.

Figure 12. Design of sample distribution machine ‘carousel’.
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Figure 13. Tally locations in the Alite model.

Various tools are used for carrying out the analysis:

• MCNP v.5 (Monte Carlo N-Particle) transport code is used for the calculation of neutron 
fluxes and neutron energy spectra at the designated locations for the irradiation.

• FENDL-2.1 (Fusion Evaluated Nuclear Data Library) is used as the material database for 
the MCNP calculation

• FISPACT-2007 is used for the inventory of neutron induced activation of the sample 
materials.

• EAF-2007 (European Activation File) is used for the source of cross-section data for 
FISPACT-2007

• Lite series (A-lite, B-lite, and C-lite) 40° sector ITER geometrical model with a fusion plas-
ma neutron source is used for the MCNP calculation.

An irradiation location at midplane inboard region is selected for the calculation of neutron 
flux and spectrum with MCNP code. The flux of this location is the second strongest among 
seven poloidal irradiation locations. Two tallies are designated for the irradiation ends, one 
is very close to the first wall, and the other is behind the blanket module very close to the 
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vacuum vessel wall. Both are located at the cross point of horizontal and vertical gap centers 
of four blanket modules. Tally 15 is located near the inner VV wall whereas Tally 25 is facing 
the plasma. Figure 13 shows two tally locations. Si, Al, Ti, Fe, Nb, and Cu have been selected 
as sample materials for the investigation [6]. Samples are assumed to be a foil type with the 
diameter of 7 mm and the thickness of 0.1 mm.

Figure 14 shows the calculated neutron spectra at two tallies. Total neutron fluxes at tally 15 
and tally 25 are 5.45 × 1013 and 5.9 × 1014 s−1 cm−2 respectively, assuming 500 MW of fusion 
power. In spite of the heavy blanket modules structure in front of the irradiation end, the 
spectrum of tally 15 shows clear 14 MeV neutron peak. This is due to the blanket modules 
acting as a collimator that absorbs scattered neutrons. Calculated neutron flux and spectrum 
are used for input data of FISPACT for the calculation of the sample activity.

As one of the requirements of the ITER NAS is to measure time-integrated neutron fluence 
to the first wall for all discharge duration, it is desirable for samples to be irradiated as long 
as possible time within the discharge time. Thus, the activities of various samples are calcu-
lated with the irradiation of 1000 s, and the result is shown in Figure 15 D-T fusion power of 
500 MW is assumed for the flux calculation.

Another requirement is to provide supplementary neutron flux data with a crude tempo-
ral resolution of about 10 s, when necessary for a backup or calibration of other flux mea-
surement systems, such as Microfission Chambers (MFC) and neutron flux monitors (NFM). 
Thus, the activities of various samples are calculated with the irradiation of 10 s, and the result 
is shown in Figure 16.

Figure 14. Neutron spectra at tally 15 and tally 25.
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The activation desired for a sample should be similar to that provided by a standard source 
used for absolute calibration of the gamma-ray detectors. A typical maximum value for mod-
estly safe handling would be 100 μCi. Figure 17 shows the fusion power needed to create 
100 μCi samples assuming 10-s irradiation and 20-s cooling at a irradiation location D.

Assuming the mass of samples to be from a few milligrams to a few grams, the fusion power 
that NAS can cover ranges from a few hundred watts to gigawatts by using various sample 
materials at different irradiation end locations. This measurement range satisfies the required 
measurement range both of the neutron flux and the fusion power.

Figure 18 shows the fusion power needed to create 100 μCi samples assuming 1000-s irradia-
tion and 1000-s cooling at an irradiation location D. This result also shows that the NAS can 
measure neutron fluence in a long pulse operation condition of ITER. Si is not an appropriate 
sample material for the long time irradiation because the activity of Si saturates when the 
irradiation is much longer than the half-life of Si.

Figure 15. Activation by irradiation of 1000 s (a) tally 15, (b) tally 25.

Advanced Technologies and Applications of Neutron Activation Analysis84

Figure 16. Activity by irradiation of 10 s (a) tally 15, (b) tally 25.

Figure 17. Fusion power needed to create 100 μCi samples by the 10-s irradiation and 20-s cooling (left) at tally 15, and 
(right) at tally 25.
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7. Summary

The ITER neutron activation system that has been briefly presented in the earlier sections is 
under development by the Korean Domestic Agency of ITER. Despite the challenges driven 
by ITER’s unprecedented thermal, electromagnetic and nuclear loads, those driven by high 
activation in full-power operation leading to very limited personnel access and the highest 
safety and reliability requirements [7], despite all these aspects, the presented NAS design 
proves to be suitable to satisfy ITER’s measurement requirements.
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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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and gamma spectrometry [25, 26]. This way, several simplifications can be made such as
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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,
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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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the neutron flux distribution in real samples in a defined volume for a matrix [6, 33, 34]. The
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linear attenuation coefficient, material density, sample composition and photon energy [35].
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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
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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

An Overview of the Establishment of Methodology to Analyse up to 5g-Sample…
http://dx.doi.org/10.5772/intechopen.83812

93



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
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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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Gamma-ray attenuation within the sample during counting, during elemental concentration
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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 � Xrefffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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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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.
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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
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El., element; RP, calculations carried out according to the usual procedure to the customers.
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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 � Xrefffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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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
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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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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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