
This publication addresses recent developments in neutron 
generator (NG) technology. It presents information on compact 
instruments with high neutron yield to be used for neutron activation 
analysis (NAA) and prompt gamma neutron activation analysis in 
combination with high count rate spectrometers. Traditional NGs 
have been shown to be effective for applications including borehole 
logging, homeland security, nuclear medicine and on-line analysis of 
aluminium, coal and cement. Pulsed fast thermal neutron analysis, 
as well as tagged and timed neutron analysis, are additional 
techniques that can be applied using NG technology. NGs can be 
used effectively for elemental analysis and for analysis of hidden 
materials by neutron radiography. Useful guidelines for developing 
NG based research laboratories are provided in this report.
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FOREWORD 

The IAEA’s project on strengthening capabilities for detection of explosives and illicit 
materials and for compositional analysis helps Member States to find appropriate applications 
of specific nuclear techniques. Neutron based techniques are excellent tools for 
characterization of a very broad range of materials. The same technique with different 
analytical power can be applied for detection of elements in extremely low quantities in illicit 
materials hidden in large volume, or be utilized as qualitative and quantitative multi-element 
analysis of major, minor and trace elements in samples from almost every conceivable field of 
scientific or technical interest. 

Prompt gamma neutron activation analysis (PGNAA) has been used for prospecting of 
minerals, for process control in the cement industry and in coal fired power plants, for the 
detection of explosives at airports and for demining of land, for in vivo measurement of 
various elements in animal and human bodies, for the determination of hydrogen in metals, 
and various elements in biological and environmental materials. The equipment needed for 
PGNAA is virtually identical to conventional neutron activation analysis (NAA). Thus, all 
research facilities where INAA is carried out could potentially install PGNAA if a beam line 
from a research reactor or any other neutron source is made available for the irradiation of 
samples. New generations of neutron generators (NGs) are available and offer increased 
possibilities for any NAA applications especially towards in situ measurement. 

The capability of assaying elemental compositions of complex objects non-destructively using 
fast neutron probes has been demonstrated in a number of scenarios over the past decade. In a 
broader sense of the term ‘radiography’, one can state that such devices are capable of 
producing elemental images of medium to large sized objects (even in three dimensions) with 
adequate spatial resolution for other specific applications such as screening air cargo or 
unattended luggage, as well as quality control in the textile industry. 

Current developments of new and powerful NGs make them attractive as cost effective 
alternatives to isotopic neutron sources for irradiation purposes. In particular, new DD NGs 
(Deuterium-Deuterium Neutron Generators) seem to overcome the constraints of 
deuterium/tritium technology with respect to tritium handling and the limited lifetime of 
sealed tubes. The use of NGs for irradiation of samples for analytical purposes has been 
explored in the past, and thus the use of these devices for teaching purposes is feasible and 
might also be attractive for some industrial and research applications. 

Following the publication by the IAEA of Isotopic Neutron Sources for Neutron Activation 
Analysis (IAEA-TECDOC-465) in 1988 and Use of Accelerator Based Neutron Sources 
(IAEA-TECDOC-1153) in 2000, it was felt that an updated report should be published on the 
Use of Neutron Generators for Analytical Purposes with the emphasis on describing the new 
generation of generators and evaluating their value for NAA and PGNAA in a special design 
study. This publication is the result of extensive work carried out by the participants of an 
IAEA coordinated research project on ‘New Applications of PGNAA’ (2003–2005) and 
inputs from Technical Meetings on ‘Neutron Generators for Analytical Purposes’ (2007) and 
‘Fast-Neutron Resonance Radiography Applications’ (2009).  

The IAEA officer responsible for this publication was F. Mulhauser, of the Division of 
Physical and Chemical Sciences. 
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CHAPTER 1  
INTRODUCTION 

1.1. Nuclear analytical techniques 

Neutron Activation Analysis (NAA) and Prompt Gamma Neutron Activation Analysis 
(PGNAA) are proven methods of elemental analyses traditionally performed at nuclear 
research reactors. With NAA, samples are irradiated with highly thermalized neutrons inside 
the reactor and then taken to a low background counting area where the induced radioactive 
decay products are analysed. NAA can be used to measure the concentrations of many 
elements, often with very high (<ng/g) sensitivity, but is not sensitive for about one third of 
the elements where no radioactive product can be produced. PGNAA utilizes a neutron beam, 
external to the reactor, to irradiate a sample, which then emits prompt γ rays with energies and 
cross-sections characteristic of all elements. With PGNAA, sensitivities to <0.1 mg of any 
element, except Helium, can be achieved. Both NAA and PGNAA offer the distinct 
advantage that many elements in a small sample can be simultaneously and accurately 
analysed. Traditionally, NAA and PGNAA have been limited to research reactor laboratories 
which are not always conveniently accessible to scientists around the world. There are 
currently about 382 research reactors of which only 27 in developing countries. Few nuclear 
research reactors are being built today, and many are facing decommissioning in the near 
future. Without alternatives to reactor based NAA and PGNAA, these analytical techniques 
will become increasingly unavailable in many parts of the world. Beside it should be noticed 
the increasing development of PGNAA industrial application particularly in the mining 
industries. These systems use low flux (<108 neutrons/s) neutron sources. 

1.2. Alternatives to research reactors 

Development of alternative neutron sources for the application of PGNAA and NAA would 
greatly expand the availability of these techniques. Neutrons have been produced with 
radioactive sources using (α,n) reactions and spontaneous fission sources (252Cf) with limited 
success. These sources are typically limited to a total intensity of 107 n/s, far less than that in a 
reactor. Radioactive sources capable of producing high neutron flux contain hazardous 
quantities of radiation requiring many safety considerations. In addition, these sources 
produce an intense γ ray background that makes PGNAA nearly impossible. Neutrons can 
also be produced by nuclear reactions with accelerators (e.g. LINAC, cyclotrons, Van de 
Graaff based accelerators) with large yields, up to 1013 n/s, but at substantial cost and 
complexity of operation. 

Neutrons can be produced with neutron generators (NG) by the deuterium–deuterium (DD) 
(at 2.5 MeV) or deuterium–tritium (DT) (at 14 MeV) reactions (see Eqs (2.3) & (2.4), next 
chapter). NGs are available since many years and commercial DT generators produce 
>109 n/s. Unlike radioactive sources, NGs contain no radioactivity (except those based on the 
DT reaction) making them inherently safe when turned off. Once the generator is shut off, no 
radiation is produced. However, DT NGs must be sealed because of their tritium content. A 
limiting factor of these generators consists in the tritium target erosion which makes their 
typical lifetime of the order of few thousand hours with continually decreasing neutron flux. 
DD NGs are also available commercially but, because of the lower reaction cross-section, 
their neutron output is only 1% of the equivalent DT generators. They are also sealed systems 
requiring regular replacement of the deuterium.  
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1.3. New developments in neutron generators 

Recently, a new generation of NG has been developed in different laboratories that overcome 
many of the deficiencies of early ones. In particular at Lawrence Berkeley National 
Laboratory (LBNL/USA) compact NGs have been designed to produce up to at least 1011 n/s. 
The open design allows the continuous regeneration of the target so that these generators 
should be able to operate indefinitely at maximum neutron fluency. These generators can be 
continually pulsed on a very short time scale (<1 μs) allowing applications that could not be 
envisioned for most nuclear reactors. A tabletop NG suitable for PGNAA and NAA analysis, 
with moderator and shielding, has been conceptually designed and presented in this report. 
Neutron fluxes, calculated with the General Monte Carlo N-Particle Transport Code (MCNP), 
are in excess of 108 neutrons  cm–2  s–1 for NAA in this design. Apart from particular 
applications using 2.5 MeV neutrons for irradiation at these thermalized fluxes many 
traditional NAA elemental analyses can be performed, and by pulsing the NG very short 
half-lives <1 ms can be exploited. The neutron flux for PGNAA with a favourable, low 
background detector arrangement is calculated as >106 neutrons  cm–2  s–1, which is 
comparable to guided thermal neutron flux at reactor based PGNAA facilities. Increasing 
detector efficiency by implementing multidetector or HPGe clover detectors systems can 
provide sensitivities comparable to those at reactors. 

Many additional NG designs with lower fluxes have been devised for specialized applications, 
and costs of a complete PGNAA/NAA system should run <300k$, well within reach of many 
laboratories. Coaxial NG target designs provide the maximum neutron flux, axial designs 
allow sample positioning within <1 cm from the generator, and low flux NGs can be used for 
teaching and handheld operation. Even the largest NG can be installed for bench top 
applications or in vehicles for transportable operation. The new generation of high 
performance, inherently safe NG can provide research quality facilities anywhere in the world 
at low cost without concern for nuclear proliferation. It is also worthwhile mentioning new 
developments of DT NGs in the field of Associated Particle Imaging (API) technology. This 
technology uses the associated particle, helium nuclei, properties to add spatial resolution by 
time of flight and neutron trajectory computation to conventional PGNAA. 

This document describes, among others, the design of a versatile NAA irradiator as the results 
of MCNP calculations with the optimum configuration for neutron moderation and radiation 
shielding for NAA/PGNAA. The analytical capabilities of this system are described with 
examples of recent progress at a variety of facilities. The results of an intercomparison of 
standard cement material with PGNAA analyses at various facilities are included. 

1.4. Applications of neutron generators 

NGs can effectively be used for elemental analysis with NAA and PGNAA. They are also 
effective for analysis of hidden materials by neutron radiography. Traditional NGs have been 
shown to be effective for applications including borehole logging, homeland security, nuclear 
medicine and the on-line analysis of aluminium, coal and cement. Potential applications in 
land mine detection, cargo screening, archaeology, and isotope production have been 
proposed. The availability of a new generation of low cost NGs offers the opportunity for 
professional and technical training at universities, research institutes for physicists, chemists, 
nuclear engineers, biologists, radiologists and health physicists. Useful guidelines for 
developing NG based research laboratories are provided in this report. 
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CHAPTER 2  
THE HISTORICAL DEVELOPMENT OF NEUTRON GENERATORS 

2.1. Introduction 

In 1920, Rutherford postulated that there were neutral, massive particles in the nucleus of 
atoms. James Chadwick, a colleague of Rutherford, discovered the neutron in 1932. He 
bombarded a beryllium target with alpha particles producing neutrons that recoiled into a 
block of paraffin. Chadwick’s apparatus, the first NG, is described in Fig. 1. 

 

FIG. 1. Detector used by James Chadwick to discover the neutron. Inside the detector, 
particles from a radioactive source hit a beryllium target. The reaction 9Be + a  12C +n 
produced neutrons that were detected when they knocked protons of paraffin wax. 

By measuring protons emerging from the paraffin with a Geiger counter, Chadwick inferred 
that the neutron had a mass comparable to that of the proton. Soon Enrico Fermi recognized 
that neutrons could be used to produce radioactive nuclides sent off Emilio Segre to “get all of 
the elements in Mendeleev’s table”. Together they bombarded over sixty elements 
discovering, for example, a 1–2 day activity from bombarding gold. Fermi was awarded the 
1938 Nobel Prize for this work. George de Hevesy helped Fermi obtain samples of rare 
earths, and he too became interested in activating these materials. His assistant Hilde Levi 
irradiated dysprosium with neutrons producing a large amount of radioactivity that decayed 
with time [1]. This episode triggered the realization that the half-lives and magnitudes of 
induced activities could be used to identify and quantify trace elements and led to the 
invention of NAA. 

2.2. Neutron production reactions 

Large fluxes of neutrons are produced by the fission of 235U at nuclear reactors. These can be 
thermalized for use in applications such as NAA, and thermal or cold neutron beams can be 
produced for PGNAA. Neutrons can also be produced by charged particle induced reactions 
like those used by Fermi and Hevesy. The neutron flux produced in reactions is much lower, 
but NGs are more widely available than reactors, and produce a wide variety of neutron 
energies. They are much easier to operate than reactors and can be shut down completely 
when not in use. 
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FIG. 2. Neutron energy spectra produced in the (d, n) reaction on thick targets with 16 and 
33 MeV deuteron beams [2]. 

 

TABLE 1. REACTIONS FOR PRODUCING NEUTRONS 

Reaction 
Threshold Incident 

Particle Energy 
(MeV) 

Q Value 
(MeV) 

Threshold Neutron 
Energy 
(MeV) 

3H(d,n)3He 0 +3.266 2.448 
3H(p,n)3He 1.019 –0.764 0.0639 
3H(d,n)4He 0 +17.586 14.064 
9Be(α,n)12C 0 +5.708 5.266 
12C(d,n)13N 0.328 –0.281 0.0034 
13C(α,n)16O 0 +2.201 2.07 
7Li(p,n)7Be 1.882 –1.646 0.0299 

 

A summary of commonly used neutron production reactions is given in TABLE 1. The total 
yield F of neutrons produced in a nuclear reaction is given by  

NF    (2.1) 
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where F is the neutron yield per second, N is the number of target nuclei per square 
centimetre of target,  is the reaction cross-section in cm2 and  is the incident particle rate 
per second. The incident particle rate can be expressed in terms of beam current by 

181025.6 
C
I   (2.2) 

I is the beam current in amperes and C is the charge of the particle in Coulomb. Thick target 
yields for various (d,n) reactions are shown in FIG. 2 and the thick target yield for 9Be(α,n) is 
shown in FIG. 3. 

 

FIG. 3. Thick target yields for 9Be(α,n)12C [3]. 

 

Two nuclear reactions used for producing fast neutrons with low voltage accelerators, 
commonly referred to as NG, are DD 

MeVnHeHH 266.31322    (2.3) 

and DT 

MeVnHeHH 586.171432    (2.4) 

The neutron yield for the DD and DT reactions is given in Fig. 4. For thin targets the neutron 
energy also varies with laboratory angles as shown for DD in Fig. 5 and for DT in Fig. 6. 
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FIG. 4. Neutron yield for DD and DT reactions as a function of deuteron energy. 
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FIG. 5. DD neutron energy angular distribution as a function of deuteron energy. 
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FIG. 6. DT neutron energy angular distribution as a function of deuteron energy. 
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CHAPTER 3  
ANALYTICAL APPLICATIONS OF FAST NEUTRONS 

3.1. Neutron sources 

Neutrons, not being stable particles, have to be released from nuclei. Most nuclear reactions, 
used for neutron generation, require high energy particles and produce fast neutrons, i.e. 
neutrons with energies of several MeV. The most important reactions are listed below: 

(1) γ + 9Be → 2 4He + n –1.67 MeV 
(2) 9Be + α→ 12C + n + 5.91 MeV 
(3) 2H + 2H → 3He + n +3.29 MeV (neutron energy about 2.4 MeV) 
(4) 3H + 2H → 4He + n +17.6 MeV (neutron energy about 14.1 MeV) 
(5) 3H + 1H → 3He + n –0.763 MeV 

 
(Other, less important reactions are: 7Li(p,n)7Be, 9Be(d,n)10B, 7Li(d,n)8Be, 51V(p,n)51Cr.) 

The first two reactions are used in radioisotopic neutron sources, where gamma and alpha 
radiation are obtained from other radioactive nuclides. The most commonly used 
photoneutron source exploits reaction (1) with the 124Sb nuclide with a half-life of 60 days, 
whose 1692 keV gamma radiation kicks out the loosely bound neutron from a 9Be nucleus 
with an energy of 26±1.5 eV, i.e., it exceptionally produces relatively low energy, epithermal 
neutrons. Alpha particles emitted by the nuclides 210Po, 239Pu, and 241Am are used most 
frequently to implement reaction (2). Po–Be, Pu–Be and Am–Be sources emit 10–12 MeV 
neutrons. The spontaneous fission of 252Cf also provides a widely used isotopic fast neutron 
source. 

Reactions (3) and (4) are used in NGs. Both of them are exothermic, thus requiring relatively 
low energy particle beams (100–500 kV). The DT reaction has a resonance at about 100 keV 
with the cross-section of 5 barns, while the DD reaction has its weaker resonance at about 
2 MeV (about 0.1 barn) [4]. Both of them have reasonable cross-sections at low energies, 
however the cross-section of reaction (4) is much higher than that of reaction (3), which 
results in a yield of about two orders of magnitude higher around 100 keV for the DT 
reaction. Because of their higher fluence mainly DT NGs were manufactured in past decades. 
However reaction (3) together with (5) is used to produce a beam of monochromatic neutrons 
to study inelastic neutron scattering of fast neutrons.  

3.2. Nuclear reactions used in activation analysis 

3.2.1. Radiative neutron capture, (n,γ) reaction 

The most important reaction in PGNAA and NAA is the (n,) reaction. Whenever a nucleus 
absorbs a neutron, a compound nucleus is formed whose excitation energy equals the binding 
energy plus the kinetic energy of the neutron. When irradiating with slow neutrons (i.e. when 
the kinetic energy is in the meV range), the capture state has a well defined energy value, 
which practically equals the neutron binding energy. The decay of the compound nucleus 
happens within 10–16 s. The nucleus reaches its ground state, typically in 10–12–10–9 s, by 
emitting 2–4 γ rays in a cascade. Γ rays are called prompt, if their decay times following the 
capture, appear much faster than the resolving time of the detection system, which typically is 
in the range of 10 ns to 10 μs. Prompt gamma radiation is characteristic, i.e., the energy values 
of the γ rays identify the nuclide, and their intensities are proportional to the number of atoms. 
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Thus they can be used for elemental analysis. If the ground state of the daughter nucleus is 
stable, the process ends here. 

 

FIG. 7. Neutron capture cross-sections of the stable nuclides. 

 

When the ground state reached after the de-excitation is not stable, radioactive decay radiation 
(typically β decays and electron capture followed by γ rays) with a given half-life will take 
place. The detection of the delayed gamma radiation produced in this way is the basis of the 
traditional NAA, but several nuclides can be analysed in PGNAA using their prompt decay 
radiation too. Prompt gamma cascades may be delayed by metastable levels. The gamma 
transitions from metastable levels are called isomeric transitions.  

The capture cross-section is highly dependent on the neutron energy. For slow neutrons the 
most important energy dependence is the so called 1/v law, i.e., the cross-section is inversely 
proportional to the velocity of the neutrons. Its validity has been demonstrated down to 
10-6 eV [5]. Fig. 7 shows the general tendency of the capture cross-section for stable nuclides. 

In the thermal energy region (around 0.025 eV) some capture cross-section may be as high as 
several ten thousand barns (e.g. for 113Cd, 149Sm), while some others may be 6–8 orders of 
magnitude lower. In general, capture cross-sections decrease by 4–5 orders of magnitude from 
thermal to fast region. 

3.2.2. Inelastic scattering of fast neutrons, (n,n'γ) reaction 

The inelastic scattering of neutrons or (n,n'γ) reaction takes place if the neutron energy is 
above the energy of the first excited state of the scattering nucleus, i.e. it is a threshold 
reaction. The energy of the neutron will be reduced by the excitation energy, and the same 
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amount of energy will be released by the scattering nucleus in form of characteristic prompt 
gamma radiation. This radiation can also be used for chemical analysis. This reaction is 
particularly used for carbon and oxygen measurement. 

The inelastic neutron scattering or (n,n') cross-section, inel has an energy dependence close to 
the threshold of  inel levelnE E    [6, 8]. It reaches its maximum a few hundred keV above 
the threshold. The cross-section value at the maximum is a few tenths of barns for most 
nuclides. From the maximum value it decreases exponentially due to the increase in the 
number of competing levels. The sum of the individual inelastic cross-sections for all the 
levels increases to a maximum at a few MeV above the threshold [8]. The total inelastic cross-
section has a value of a few barns around its maximum. This inelastic scattering reaction is 
the basis of the API systems. 

3.2.3. Nuclear reactions with fast neutrons 

Energetic fast neutrons may produce other particle emission in materials. These include 
(n,pγ), (n,Xnγ), where X = 1, 2, … or (n,αγ) reactions which are mostly threshold or 
endothermic reactions. In other words, they can happen only above a given energy, 
characteristic of the target material. The daughter nuclei may be radioactive. These reactions 
are usually regarded as a first order noise in traditional NAA since they produce different 
nuclei that may interfere with capture reactions used for the identification of the elements. 
However, when using fast neutron only, these reactions identify nuclides unambiguously. 

The fast neutron reaction channels open at about a few MeV [7, 8]. Albeit these are threshold 
reactions their energy dependence is quite similar to that described in the previous paragraph. 
As a rule of thumb one can say that below the binding energy per nucleon, inelastic scattering 
is typical, while above fast neutron reactions tend to dominate. 

Summarizing, nuclear reactions of neutrons can be used for identification of target nuclides 
(elements). The capture of thermal neutrons is of the highest probability of all possible 
reactions. The thermalization is very efficient in nuclear reactors, as it is needed to maintain 
the chain reaction, but may be inefficient in using other neutron sources, like isotopic sources 
or generators. Thermalization broadens the energy range of neutrons emerging from the 
source thus enabling different reactions. While in the case of generators, almost 
monochromatic neutrons can be applied for chemical analysis directly. Because of the large 
variation of thermal capture cross-sections along the nuclides table, NAA and PGNAA exhibit 
largely variable sensitivities for different elements. Most elements can be excited using 
inelastic neutron scattering, and they will have similar sensitivities.  

3.3. 14 MeV neutron activation analysis 

14 MeV NAA is capable of determining many light elements that cannot be analyzed using 
classical NAA. One of the most important applications of this technique is the determination 
of oxygen using the reaction 16O(n,p)16N. 16N decays with a half-life of 7.13 s, and emits 
exceptionally high energy gamma photons with the energies of 6.13 MeV, and 7.12 MeV. The 
following elements are routinely determined using 14 MeV NAA: F, Mg, Al, Si, Cu, Fe, P 
and Zn. The most important reactions are listed in TABLE 2, [4, 9]. Sensitivity data are taken 
from Ref. [4] in the unit of decay per second per gram, i.e. it gives the activity per unit target 
mass after 1 hour of irradiation assuming a fast neutron flux of 109 cm–2s–1. 
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The detection limits are calculated to be 0.1–1 mg for the above elements, when using a 
generator with an output of 1011 s–1 [4]. As it can be seen from TABLE 2, there are interference 
problems even in this short list of elements in case the spectroscopic analysis is performed 
with scintillator detectors. Close-lying energies (e.g. Br and Ag from the above cases) can be 
resolved using HPGe detectors. Since most half-lives of the detected nuclides are relatively 
short, the cyclic activation technique was introduced to improve the sensitivities. A cyclic 
activation analysis facility with 14 MeV neutrons was established at the end of 1980s at 
GKSS Research Center, Geesthacht. 39 nuclides were reported to have half-lives between 0.3 
and 30 s that can be measured in up to 30 cycles [10]. One of the major problems in cyclic 
14 MeV NAA is the correction for the effective neutron flux, which may vary from cycle to 
cycle [11]. 

TABLE 2. MOST IMPORTANT REACTION USED FOR ANALYSIS USING 14 MeV NEUTRONS 

Element Reaction Half-life Gammas 
(MeV) 

Sensitivity 
(106 decay  s–1  g–1) 

B 11B(n,p)11Be 13.8 s 2.125 15 

O 16O(n,p)16N 7.13 s 6.13, 7.12 1.3 

N 14N(n,2n)13N 9.97 min 0.511 (ann.) 15 

Al 27Al(n,p)27Mg 9.46 min 0.844 1.6 

Si 28Si(n,p)28Al 2.25 min 1.78 4.5 

P 31P(n,α)28Al 2.25 min 1.78 2.3 

Cu 63Cu(n,2n)62Cu 9.74 min 0.511 (ann.) 3.6 

Br 79Zr(n,2n)78Br 6.5 min 0.614 3.7 

Ag 109Ag(n,2n)108Ag 2.37 min 0.633 2.3 

Ba 138Ba(n,2n)137Ba 2.55 min 0.662 3.7 

 

X rays emitted by nuclides decaying in electron capture can also be used for elemental 
analysis (e.g. Tb, Er, Ta, Re, Os, U). Since X rays may also be generated in other ways, an 
interference correction is necessary. Because of the low energy of X rays, self-absorption 
needs to be corrected for when possible. 

The most important application of 14 MeV NAA has always been the determination of 
oxygen. An American Society for Testing and Materials (ASTM) standard method also 
appeared for the determination of “Oxygen content Using a 14-MeV Neutron Activation and 
Direct Counting Technique” (ASTM Standard E385-90, [12]). The standard method contains 
the discussion of interferences, neutron fluence monitoring, calibration and standardization. 

The oxygen content of steel during the production phase is a widespread application. The 
average time for a complete analysis is in the order of about 30 s, the two high energy lines 
are counted using NaI(Tl) crystals. Because of the relatively large metal mass the detection 
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limit is as low as 5 ppm or, when using no container, even lower. Other important 
applications in metallurgy are the determination of Si, P and Mg in cast iron [4]. 

Pollutants and minor elements have been determined in organic chemicals. Various elements 
have been determined in biological samples, from major components (O, N) to minor 
elements (F, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Fe). In the elemental analysis of proteins and 
amino acids for N, O, S and P it was found that in a small sample of 10 mg the analysis could 
be performed with a precision of 5% [4]. 

Pulsed 14-MeV neutron beams were proposed for in vivo whole body analysis of H, C, N, O, 
Cl, P and Ca [13]. Both, prompt and delayed gammas could be used for this purpose. Actual 
measurements were reported in Ref. [14]. In vivo measurements were performed by other 
groups for the determination of Ca, Na, Cl, N and P in human body. Five minutes irradiation 
time and 15 minutes counting time resulted in a ±4% precision in a repeated measurement of 
the same patient. The radiation dose was about 1 mrad (10 μSv) [15]. Ca/F ratios of bones or 
F content of human teeth were also measured in vitro. Other applications: determination of N 
fertilizer in plants, selection of seed corn with high protein content based on the amount of 
nitrogen. 

Lunar and meteoritic samples were analyzed for the abundance of O, Si, Al, Mg, Ca, Ti, and 
Fe. The rocks collected by Apollo 11 and condrite meteorites could be classified based on the 
analysis. Another important field of application of 14-MeV NAA is the analysis of geologic 
samples. Practically all major components of typical minerals can be measured with this 
technique.  

On-line analyzers are installed now worldwide for the analysis of raw material on conveyor 
belts. These instruments are used for several purposes to regulate an enrichment process 
(nickel, copper ores), to regulate raw materials composition (adding additives like lime, sand, 
iron in a cement manufacturing process), to adjust parameters in mills, crushers or furnaces 
(coal combustion) or to measure material qualities intrading. They are mostly used in 
cemeteries (measurement of Al, Si, Ca, Fe) and coal plants (C, O, S, and other thermal 
properties). New developments already use a system which contains a moderator, and the 
composition is determined from prompt gammas after thermal neutron capture and also from 
inelastic scattering. 

Applications to the oil industry include borehole logging. Probes containing a small NG and 
gamma spectrometer are commercially available. Some also contain epithermal and thermal 
neutron detectors for the detection of uranium. The method is extremely sensitive for the 
detection of hydrogenous layers (e.g. oil) because of the thermalization by the olefins 
neutrons generating capture gamma (n,γ) radiation. 

14-MeV NGs are also applied in nuclear safeguards. Fissile material can be identified using 
e.g. the delayed neutrons, or certain prompt and delayed gammas from fission products. The 
API method has been used for the detection of explosives [16]. 

Thanks to a relatively new development 14-MeV NGs can be used for imaging using the API. 
A position sensitive detector has to be built in the sealed tube to detect space resolved alpha 
particles produced by the fusion reaction. Based on the analysis of the elapsed time between 
the detection of the alpha particle and the detection of prompt gammas from inelastic 
scattering a space resolved counting from the sample can be performed. The method has been 
used for the detection of explosives [16]. Commercial productions are available in the scope 
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of many projects, the SENNA system by APSTEC Russia [17] and ULIS system by 
SODERN France [18].  

Oxygen content of ores and rocks were determined using cyclic activation analysis e.g. by Ila 
[19]. The relative accuracy proved to be better than 1%. The determination of oxygen in 
uranium is disturbed by the high energy gammas from the fission products [20]. N and P were 
simultaneously determined in human tissue [21] using coincidence counting for the detection 
of annihilation photon from 13N. N content of seed grains, N and P content of biological 
samples and polymers have been studied by Ehmann [11]. 

14 MeV NAA as a non-destructive method proved to be extremely useful for the investigation 
of archaeological artefacts, or coins. Si content of geological samples can also be determined 
using this technique. Usually a second counting is needed to wait until 16N from the oxygen 
decays away [11]. James [22] identifies the oxygen determination, borehole logging using 
transportable pulsed generators and on-line analyzers as some of the most important 
applications. 

14-MeV neutron using pulsed fast thermal neutron analysis (PFTNA), detecting the gammas 
with a BGO or other scintillator have recently been used for the determination of H, C and O 
in coal. The reliability of the results was improved using different mathematical tools [23], 
[24]; industrial coal analyzers are now available (e.g. Thermo Scientific, SODERN). A rapid 
method for the determination of gold in sand, concrete and rock samples has been developed 
by a Romanian group [25, 26]. A pulsed generator has been used for the determination of Hg, 
Cd and Pb in liquid radioactive waste in 200-l drums using the prompt gamma radiation from 
the capture of thermalized neutrons in the liquid [27]. The protein content of food was 
determined by a Nigerian group analyzing N. The results agreed well with those obtained by 
the standard Kjeldahl method [28]. Heavy metal content was determined with different 
methods including 14-MeV NAA in air pollution biomonitors in Morocco [29, 30]. N, O and 
Si content of fossil fuels [31], Al and Si content of alumino silicate ores [32] and protein 
content of grains [33] was determined using fast neutron activation analysis (FNAA) in 
Nigeria. N, Cl and O content of polymers were determined by an Indian group [34]. P and Ca 
content of bones were measured by a Brazilian group using 14-MeV neutrons generated by a 
Van de Graaff accelerator [35]. Fe, Cr, Ni, Si and Mo content of steels were determined by a 
Libyan group [36]. 

Oxygen content of coal standard reference materials was determined at the National Institute 
of Standards and Technology (NIST). The method was accurate enough to determine relative 
changes of about 5% [37]. A method was developed to determine 129I using thermal and 
14-MeV NAA, as an alternative to X ray spectrometry or inductively coupled plasma mass 
spectroscopy (ICP-MS) [38]. 

Pulsed elemental analysis with neutrons (PELAN) is performed with a portable system for the 
detection of explosives based on their significantly different H, C, N and O contents. The 
gammas induced by the 14-MeV neutron pulses are detected by a BGO, and are acquired in 
three time windows: fast, thermal and decay events. The signal to noise ratio was optimized to 
reach better sensitivities [39]. The optimization of the lengths time windows was investigated 
by Gozani et al. [40]. Cross-section measurements were performed on very short half-life 
nuclides (20 µs–1 s) using a SODERN sealed tube generator with tunable pulse length. 
Gamma lines were measured by an HPGe detector. Isomeric states were studied by cyclic 
activation method [41]. The industrial application of long life SODERN neutron tubes was 
also investigated [42]. Pulse pile up and deadtime correction methods were developed for 
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cyclic activation analysis in Algeria [43]. The API was proposed for the whole body 
measurement of protein, fat and water. 20–40 kg meat samples were scanned, and C, N and 
O was measured [44]. 

3.4. Overview of possible applications with neutron generators 

Applications of analytical methods using fast neutrons produced with NGs can be found in 
almost every conceivable field of scientific inquiry. This is true in large part to a series of 
unique characteristics which separate the method from most others. While it is correctly 
identified as a method of “chemical analysis” because of the information it can generate, it is 
based on nuclear rather than atomic or molecular properties. This, at the outset, avoids the 
issue of chemical state in which the analyte exists in the sample, which is a common source of 
uncertainty in traditional analytical methods. In addition, simplicity of design and inherent 
safety of operation makes it an attractive alternative to its more powerful cousin, reactor based 
instrumental neutron activation analysis (INAA), for those analytical problems for which it is 
appropriate. 

Perhaps the predominant characteristics which promote its uniqueness, which are shared by 
INAA, is the commonly touted non-destructive nature, multi-element capability, ease of 
sample preparation and freedom from reagent blank and contamination often encountered 
during sample preparation steps1. Also, like INAA, many sample matrices are rather 
transparent to the incident radiation probe, the neutron, as well as to the gammas emitted from 
the reaction product which are used to generate the analytical signal. In the case of analysis 
using NGs, however, the non-destructive characteristic is enhanced due to the generally lower 
fluxes and lower specific activities produced in isotopes with shorter half-lives likely to be 
produced. The small size and transportability lends the method as well to application to field 
measurements and implementation in site laboratories where conventional analytical 
instruments are unlikely to be usable.  

In this section, we attempt to survey some known existing analytical applications of NG and 
suggest potential applications. Our discussion is organized by general field of study. We make 
no attempt nor claim to have exhausted the full list of applications; rather the purpose is to 
provide the potential user with sufficient information to allow a more informed decision 
concerning the potential utilization of these devices. In addition to the paragraphs below, 
TABLE 3 provides a brief outline of our discussion. 

  

                                                 
1 The IAEA issued many publications (TECDOCs, Special Report Series and Technical Report Series) in which 
the principles, characteristics and applications of nuclear analytical techniques have been outlined. Examples are 
IAEA-TECDOC-459 (1988), 1215 (2001), 1121 (1999) and IAEA Special report series STI/PUB/1181 (2004) 
and Technical Report Series No. 416 (2003). 
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TABLE 3. SELECTED FIELDS OF APPLICATION OF NG 

Field Category Energy Required Existing Applications 

Security Explosives detection 14 MeV Cargo/luggage 
inspection,  
Suspicious objects 
C,O,N 

 Chemical weapon 
detection 

14 MeV, metals 
might be possible 
with 2.5 MeV 

N, P,  
CW inspections 

 Contraband detection 14 MeV Narcotics, C,O,N 

    

Safeguards Nuclear material 
detection 

2.5 MeV Fission product nuclides 

    

Art and 
Archaeology 

Artefacts 2.5 MeV, 14 MeV 
thermalized 

Major components 

 Archaeological objects 2.5 MeV, 14 MeV 
thermalized 

Major components 

    

Industrial on-line analyzers 2.5 MeV, 14 MeV Cement process 
monitoring  
Coal and mining 
industries 
Ca, Si, Fe, Al 

 metal cleanliness 14 MeV Oxygen in Mg, Al, Steel 

 raw materials 2.5 MeV, 
thermalized and not 
thermalized 

Purity, contaminants 

 Al based catalysts 14 MeV F 

 Energy production thermalized H in fuel cell technology 

    

Research Cross-section 2.5 MeV 
reactions 

2.5 MeV  
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TABLE 3. SELECTED FIELDS OF APPLICATION OF NG (cont.) 

Field Category Energy Required Existing Applications 

Educational NAA training 2.5 MeV, 14 MeV  

 Nuclear parameter 
training 

2.5 MeV, 14 MeV  

 Inelastic neutron 
scattering 

  

 Imaging, Radiography   

    

Medical body screening pulsed 14 MeV C, O, N, Ca, Na, Cl, P 

    

Nutrition protein content of 
food 

14 MeV N 

 animal fodder 2.5 MeV, 
thermalized 

Trace elements 

    

Environmental Recycled material 2.5 MeV 
thermalized 

Cd, Hg, Br, Cl 

 Waste material 2.5 MeV 
thermalized 

 

 Radiography 2.5 MeV Water content of plants 
(in vivo) 

 Pesticides 2.5 MeV Halogens (Br, Cl) 

  14 MeV Halogens (F) 

    

Geological on-line analyzers  Ash value of coal, Si, Al, 
C, H, Fe, Ca, S, calorific 
value 

 exploration  Downhole inspection/oil, 
H 
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TABLE 3. SELECTED FIELDS OF APPLICATION OF NG (cont.) 

Field Category Energy Required Existing Applications 

 Boron determination 2.5 MeV 
thermalized 

B 

 U and Th measurement 2.5 MeV DNC 

 

3.5. Materials analysis 

Since the overall topic of this communication deals with the use of NGs specifically for 
analytical purposes, one would correctly presume that applications in all of the fields of study 
could be described as materials analysis. This section with that name therefore is largely 
reserved to a few applications of generic interest which encompasses essentially all scientific 
fields.  

3.5.1. Elemental analysis 

In the early 1960s a great deal of activity was underway in the development and application of 
NAA in general, and particularly in the use of NG based NAA. One has only to peruse the 
early transaction documents for the Modern Trends in Activation Analysis series [45–47] to 
see that a large portion of the papers concerned either fast neutrons or generator produced 
thermalized neutrons. In 1973 John Wiley and Sons published, as volume 39 in their “Series 
of Monographs on Analytical Chemistry and its Applications,” a text on “Activation Analysis 
with Neutron Generators” by Nargolwalla and Przybylowicz [48]. This highly regarded 
treatise continues to provide detailed basic information for today’s activation analysis 
practitioner; with most of us having an often used and well-thumbed copy readily available on 
our desktop. The text provides thorough discussions of NG of the day, shielding 
considerations, radiation hazards, production reactions, sample preparation, systematic 
analytical errors and every other aspect of protocols for generator based analysis. In addition, 
over half of the book (about 350 pages) is devoted to specific discussions of generator based 
analysis, element by element. For each element, the conditions for analysis, the reactions 
available for utilization from 14 MeV, 3 MeV and thermalized neutrons, activation curves, 
decay curves and interferences are dealt with in detail. Experimental sensitivities are even 
presented for 14 MeV and thermal activation analysis with a NG, again based on the 
generators available in the early 1970s. The salient point here is that our current attempt to 
evaluate the potential for use of generators for analytical purposes is far from ground 
breaking. In fact, this early work, which is based on work performed in the heyday of NG use, 
already provides this definitively. Rather, our work is an attempt to reiterate the potential of 
the method and to point out additional applications, both currently in place and proposed. 

3.5.2. Fast neutron activation analysis for oxygen 

No doubt the most routinely useful and enduring application of NGs as an analytical tool is 
for the fast (14 MeV) neutron activation analysis for oxygen. Again, we cannot assign a 
discussion of this highly developed method to any particular field of scientific study, because 
it has found commonplace usage in many of them. It has long been recognized that the 
determination of oxygen using the 16O(n,p)16N reaction provides a quick and accurate 
measurement that is otherwise difficult to obtain [49–51]. The high energy γ rays emitted 
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from the reaction product are rather unique and therefore their counting is readily used as the 
analytical signal by discriminating against lower energy lines. Self-absorption effects are also 
reduced therefore widely varying matrices can be studied with often insignificant variation in 
gamma attenuation. Contributions to the apparent oxygen content from the few potential 
interferences can be readily determined and corrected if necessary. The threshold value for the 
(n,p) reaction is 9.6 MeV [48] so neither 3 MeV nor thermalized neutrons can be used to 
induce the reaction.  

The longevity the technique has experienced is due at least in part to the fact that no 
competing method has been developed and is readily automated with computer control [52]. 
Geochemical analyses including compositional measurements of coal and coal products have 
historically reported oxygen concentration by difference (subtracting concentrations of all 
other major elements from 100%) or by stoichiometry. Combustion methods are generally 
less sensitive and much more time consuming. 

Current applications for FNAA of oxygen include chemical process intermediates, light metal 
cleanliness in the automotive industry, petroleum based fuel research, battery components, 
weld inspection and plastics. Submissions to facilities which offer generator based neutron 
activation analysis are dominated by requests for oxygen determinations. 

3.5.3. Major/minor element measurements 

In addition to oxygen, several other components present at major (percent levels) and minor 
(tenths of percent levels) concentrations are readily determined using generators in many 
matrices. Commonly determined elements using fast neutron induced reactions include: 
silicon 28Si(n,p)28Al, nitrogen 14N(n,2n)13N, aluminium 27Al(n,p)27Mg, fluorine 19F(n,2n)18F, 
phosphorus 31P(n, 2n)30P and perhaps iron 56Fe(n,p)56Mn. In addition, thermalized neutrons 
are used in capture reactions to measure magnesium, manganese and others if present in 
sufficient quantities. Samples returned from lunar exploration in the 1970s were routinely 
measured for major/minor components using generator based NAA [53]. 

3.6. Online analyzers 

 

FIG. 8. Commercial Cross-Belt Analyzer, using the PGNAA technique for the cement 
industry. 
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More than 400 on-line analyzers are operating in cement factories to monitor the composition 
of the raw material on the conveyor belts. They are commercially available from several 
manufacturers. A typical analyzer (sometimes called continuous neutron analyzers) is built up 
from a 14-MeV NG, a moderator (e.g. polyethylene), the belt with the material on it, and the 
detectors (typically scintillators) above it. A large housing accommodates the instrument, 
which serves as a shielding against the radiation. 20 s measurements are made and the spectra 
are collected by an MCA card in a computer. The spectra are compared to those of pure 
materials (SiO2, Al2O3, CaCO3 and Fe2O3), and the composition is determined from linear 
combination of the library spectra. The great advantage of this method is that the irradiation 
averages about 90% of the raw material, while conventional sampling covers about 10–4%. 
Most recent facilities prefer NGs because they can be switched off. There are a few 
requirements: the conveyor belt must be free of chlorine and iron, the loading usually should 
be kept between a minimum and a maximum level. The unit has to be cleaned from dust 
regularly. The reproducibility of the measurements proved to be proper for the quality control 
of the production. The experts find the on-line analyzers indispensable tools for raw material 
production in cement factories [54] (see FIG. 8 and FIG. 9). 

 

FIG. 9. SODERN Neutron analyser on a cement plant conveyor belt – Allmedingen, Germany 
(Schwenk Courtesy). 

 

Another type of on-line analyzer has also been developed. This one analyzes coal as it moves 
through a coal chute for continuous control of coal quality in power plants. O and C is 
measured based on the fast neutron reaction. Neutrons are thermalized by the large volume of 
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carbon, thus prompt gammas from thermal neutron capture in H, S and Cl can also be 
measured. Delayed gammas from radioactive isotopes (such as 24Na) are also collected. These 
three types of spectra (gammas from fast neutron reaction, prompt gammas from the capture 
of slowed down neutrons and decay gammas) are collected in three separate spectra using 
appropriate time windows. For the gamma detection a BGO scintillator and digital electronics 
is used. The prototype, installed on a trailer, was tried out using 8 loads of different coal 
samples with a mass of 600 kg each. The compositions were then compared to those from 
averages of several small samples taken from the load, and analyzed in chemical laboratories. 
The agreement was good [55]. 

3.7. Security 

The application of NGs to security operations has been intensively studied and at least 
provisionally implemented over the last decades. Detection of explosive material, illegal 
drugs, chemical and nuclear weapons are all potentially possible using generator produced 
neutrons. 

 

FIG. 10. The SODERN ULIS (Unattended Luggage Inspection System) system for inspection 
of suspicious object. 

Interrogation of luggage or cargo containers for hidden explosives or illegal drugs is an area 
of extreme interest. In addition, monitoring and identification of high explosive weapons 
sometimes buried or underwater, is an application which requires non-intrusive methods 
development. Several approaches have been developed in which the oxygen, nitrogen and 
carbon concentrations and ratios are correlated to known ratios in explosive material as well 
as contraband [56, 60]. Thermal neutron analysis (TNA) uses thermal neutrons as the 
analytical probe, so the method can make use of isotopic sources, as well as 14 or 2.5 MeV 
generators. This can also be done using a pulsed generator (PTNA) which allows for the 
measurement of both prompt capture and decay gammas. This is sometimes combined with 
fast neutron analysis (FNA) which adds the capability of using inelastic scattering and other 
particle emitting reactions as well. FNA requires neutron energies of >6.5 MeV so only the 
DT generators are applicable. Several other variations of these methods are possible including 
pulsed fast neutron analysis (PFNA), API and specialized detection methods like time of 
flight and gamma resonance attenuation. The generator characteristics required for these 
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methods are variable and technique dependant, but in general there are applications for both 
2.5 and 14 MeV NGs. While a great deal of development has occurred in the application of 
these generators to security operations such as airport locations and sea ports, rather few 
implementations are actually in use. This is an area of great potential utilization. APSTEC in 
Russia [17] and SODERN [18] have developed portable systems using API the typical 
capability of detection is one kilogram in one minute at 90 % probability of detection (see FIG. 
10 and FIG. 11). 

 

FIG. 11. Automatic detection of explosives’ imitators in a suitcase by SENNA IV device. The 
samples in suitcase are shown on the left. The middle photo is the inspection geometry. The 
right screenshot represents the result automatically obtained by the device. The blue, red, and 
green lines represent respectively the concentrations of O, C, and N with respect to the depth 
of the measured sample. 

Chemical weapon detection methodology is closely related to those discussed above. 
Inspection of recovered munitions which are likely to be without markings and monitoring for 
buried mines are areas of concern [61]. Elements of interest, depending on the weapon, 
include chlorine (primarily in old generation weapons), phosphorus (in new generation 
weapons), fluorine, nitrogen oxygen and hydrogen. High neutron energies are generally 
required for elements other than C, H and O. Prompt gamma activation analysis using isotopic 
sources is possible but, since all delayed as well as prompt gammas will be superimposed in 
the spectrum, sensitivity is poor. A pulsed fast neutron analysis system allows the separation 
of these spectra, but requires the use of a pulsed 14 MeV system. 

3.8. Safeguards 

Homeland security in today’s world now depends on our ability to monitor our borders for the 
potential trafficking of special nuclear material. In addition, there is a need for sophisticated 
methods to locate hidden caches of nuclear material in locations being monitored to avoid the 
proliferation of nuclear weapon technology. Since most materials of interest are radioactive, 
passive measures are effective but suffer from the possibility of the material being easily 
hidden and long measurement times. Shielding readily reduces or eliminates characteristic 
radioactive emissions. The use of active neutron probes to induce fission reactions which 
result in delayed neutron emission or gammas from fission product decay has a distinct 
advantage. Most NG systems being studied for use in such a system are based on the DT 
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reaction [62]. However, since thermalization of the neutrons for increased reaction probability 
is required, DD generators should be applicable as well. 

3.9. Art and archaeology 

Art objects and archaeological artefacts are highly valuable samples, which are typically not 
permitted to investigate with destructive techniques. PGNAA and the use of inelastic neutron 
scattering (INSECT method) can be advantageously applied for the analysis of these precious 
objects, as they are non-destructive, and also because of the great penetration depth of both, 
the activating and the radiation. Because of the weak attenuation of high energy neutrons and 
gamma radiation these methods are not sensitive to the shape of the sample, or any packing, 
even covering soil or rust. The samples need no preparation before measurement, which might 
be of high importance in case of these objects. The result of the analysis will be an average of 
the irradiated volume, thus the neutrons “see inside” the sample. 

3.10. Industrial applications 

As mentioned in previous chapters, NGs are widely used in on-line analyzers of raw materials 
transported on conveyor belts, especially in cement factories [55, 55]. They all use 
thermalized neutrons, and are based on the detection of prompt gamma spectra by scintillator 
detectors. The 14-MeV NG could be replaced with the high flux DD generators as well. The 
real advantage however would be to use the 2.5-MeV neutrons for direct activation, i.e. 
without using any moderator. The inelastic scattering reaction, i.e. the INSECT method, as 
proposed by Yates [63], is capable of analysing all major components with the exception of 
light elements (Z<10). The analytical sensitivities for all the available elements are similar. 
Thus this method is an ideal tool for the analysis of major and minor components, and can be 
applied in the analysis of minerals, or any other materials with similar compositions (glass, 
cement or even for the pollutant analysis of coal). 

Since hydrogen energy is forecasted as a realistic alternative for fossil fuel, a continuous 
research on storage and improvement of fuel cells can be expected. Prompt gamma neutron 
activation analysis is a well-established technique for in situ determination of hydrogen 
content and behaviour, and is generally seen as an important independent technique to e.g. gas 
analysis techniques. In combination with the large sample analysis approach, entire fuel cells 
may be analysed making the technique unique in its kind. NGs can provide adequate neutron 
fluence rates for prompt gamma analysis, competitive to those that can be obtained with 
nuclear research reactors. As such, industry may set-up its in-house PGNAA system for 
hydrogen determination. 

3.11. Research 

The reactions, induced by 14-MeV, as well as their spectroscopic data are well known since 
the 70s and 80s [4]. These 14-MeV neutron reaction cross-sections have also been compiled 
into the JEF databases [64, 65] and their updates, which have two fixed points in their 
cross-section curves, one at the thermal energy, and the other one at 14 MeV. Even the 
interfering reactions have been studied thoroughly [48]. However, a similar research could not 
have been performed for the reactions with 2.5 MeV neutrons because of the relatively poor 
performance of the earlier versions of DD NGs. The previously mentioned handbook tried to 
collect all the available information of the relevant analytical data on 2.5 MeV NG, but their 
accuracy and reliability is far from enough from the analytical needs. 
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The new generation of high flux 2.5-MeV NG opens a new field for basic research: with their 
help the cross-section with 2.5-MeV neutrons can be measured in a systematic way for all the 
elements. The accurate measurement of these nuclear data could serve a double purpose: on 
the one hand a third important point would appear in the cross-section curve, which would be 
of high importance in nuclear physics. On the other hand the accurate spectroscopic dataset 
could serve as a basis for chemical analysis, too. 

3.12. Education 

A NG is an excellent tool for the training of young scientists in various aspects of neutron 
generation and diagnostics and a wide spectrum of modern technologies, such as those related 
to ion sources, particle acceleration techniques, beam handling and diagnostics, magnet 
technology, vacuum techniques, detector technology, nuclear electronics, data acquisition as 
well as processing techniques. The new low cost, small scale NG facilities, suitable for a 
university or an industrial setting, provide a testing ground of instrumentation destined for use 
at a larger facility, improve awareness of the use of neutron probes in a wide range of 
applications and offer a training opportunity for future neutron physicists. 

A well-developed training program using NGs will provide a more diverse portfolio of 
projects that might permit to attract innovative scientists, including those with 
multidisciplinary outlooks, establish the nuclear culture and support fundamental and applied 
research in the fields of neutron physics, isotope production and industrial applications. 

The courses and practical training for the students should be organized, to a large extent, for 
preparing specialists in neutron physics both for the laboratory and for work in neutron 
centres. Lectures and experiments can be divided in four main categories: 

(1) NG principles: 

 design 
 instrumentation 

 vacuum system 
 cooling system 
 high voltage supply 
 RF systems 

 optimization 
 production 
 energy distribution 

(2)  Neutron Physics 

 neutron transport calculations 
 neutron spectrum characterization 
 irradiation facility design 

(3) Health Physics 

 shielding 
 dosimetry 
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 radiation protection concepts for the protection of workers involved in the use of 
NGs 

 moderator design and optimization 

(4) Applications 

 principles of isotope production 
 principles of activation analysis (RNAA, INAA, PGNAA, FNAA) 
 principles of associated particle techniques 
 principles of neutron radiography 
 measurement of induced radioactivity 
 measurement of gamma and neutron self-shielding 

The above mentioned subjects are indicative and do not pretend being complete. 

3.13. Medical and nutrition 

In medical sciences DT NGs are being used for in vivo determination of the total body levels 
of the main elements e.g. calcium, nitrogen, carbon, oxygen, potassium, chlorine, sodium, 
phosphorus and hydrogen. The total body levels are routinely used for the diagnosis and 
therapeutic monitoring of diseases of the skeletal system or diseases involving nutrition. 

3.14. Environmental and geological 

The limited sensitivity of NG based activation analysis (if compared to reactor based NAA 
and other analytical techniques) sets the boundaries for applications in environmental research 
with a small group of elements like the determination of the total amount of the halogens in 
solid materials. NG based NAA has little to offer for environmental studies focused on 
elements of interest such as Hg, Cd, As, Cu unless these elements are dominantly present, e.g. 
in industrial waste streams. 

Related materials such as recycled material (metals, plastics or mixtures thereof), waste rock 
piles, mine tailings, etc. are often inhomogeneous, raising difficulties in homogenization 
and/or subsampling. The analysis of large samples (a few kilograms) to determine the major 
element concentrations can be a solution to this problem. In the early 1990's, the laboratory 
for INAA in Delft developed an approach and facilities for reactor irradiation of large samples 
[66, 69]. The experience of this laboratory with large sample analysis can be projected on the 
situation with NGs. However some adjustments are needed concerning the design of the 
irradiation facility and the correction of longitudinal and axial fluence gradients. The large 
sample approach may also be considered to improve the sensitivity in trace element 
determinations.  

Neutron Radiography is a powerful technique to make non-destructive images of materials 
containing relatively high amounts of water. The technique can be used in many different 
research areas. A few of them will be mentioned below. Nakanishi [70] and Yamada [71] 
applied the technique to image the water distribution in plant material. Neutron radiography is 
at the present time one of the main techniques able to meet the quality control requirements of 
explosive devices used in space programs [72], but it can also be used for inspection of oil 
levels and surface layers. 

25



 

In geological prospecting, NG based NAA is applied for determining the major components 
in situ by using well logging devices. This type of work is usually subcontracted to 
specialized companies. It has been shown [73, 74] that NGs can be used for uranium 
determination using delayed neutron counting. An overview of the use of NGs in mineral 
exploration is given in Ref. [75]. 

3.15. Epithermal neutron activation analysis 

Epithermal Neutron Activation Analysis (ENAA) is usually used for the sensitive analysis of 
elements having large resonance integrals (e.g. Mo, Ni, Au or U) in a matrix of elements with 
large thermal cross-sections (e.g. Na). When filtering out the thermal component from the 
neutron spectrum using the usual cadmium cover, the neutrons with the energy above 0.5 eV 
reach the samples, thus enhancing the sensitivity for some minor or trace elements. (N.B., the 
proper name should be epicadmium neutron activation analysis.) [9]. 

It was the activation with epithermal neutrons that drew the attention to the possible 
application of inelastic neutron scattering in elemental analysis. Mainly short lived isomers 
were investigated in this way [76, 77]. Alfassi [78] determined the sensitivities for a series of 
elements in the epithermal and fast neutron spectrum in a 2-MW research reactor. The thermal 
neutrons were filtered out using a 1 mm thick cadmium cover around the sample. This method 
proved to be efficient in eliminating a few interferences from typical major components (e.g. 
Na, Cl, Al). 

3.16. Analytical application of inelastic scattering 

Inelastic scattering of 14-MeV neutrons from a DT generator was first applied for elemental 
analysis in geophysics [79], especially for borehole logging [80]. Inelastic scattering of 
neutrons from a much lower flux DD generator could have been used only in the case of iron 
determination in iron ores [81]. 

An analytical technique has been developed at the Van de Graaff laboratory at University of 
Kentucky based on inelastic scattering of monochromatic fast neutrons [63]. The authors used 
large volume Ge(Li) detectors for the detection of γ rays instead of the previously used 
scintillators. The higher resolution of the Ge(Li) detector makes possible the identification of 
more gamma lines, thus enabling a multi-elemental analysis. However these detectors are 
much more sensitive to neutrons, which may cause damage in their crystal structure, 
worsening the resolution of the spectrometer. The neutron source was pulsed in the 
nanosecond time scale, enabling a time of flight analysis of the signals, thus enabling the 
discrimination between neutrons and gamma photons. The bombarding energy of the neutrons 
was varied and adjusted to the actual measurement. 

A beam of protons (or deuterons) produced by 6.5 MeV Van de Graaff accelerator were 
pulsed at a rate of 2 MHz with a pulse width of 10 ns. Mono-energetic neutrons are produced 
using the 3H(p,n)3He reaction providing neutrons with continuously variable energies up to 
5 MeV. Higher energy neutrons were generated using the 2H(d,n)3He reaction. 

The samples were located at a distance of 6.3 cm from the target cell. A 15% relative 
efficiency Ge(Li) detector was placed about 80 cm from the sample to detect the emitted 
gamma radiation. The detector was shielded from the direct neutron radiation using a tungsten 
bar. All measurements were made at an angle of 125° relative to the neutron beam, at this 
angle the number of scattered neutrons is the lowest. The counts were normalized to the signal 
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of a neutron monitor. To decrease the background counts in the spectra, the neutron signal 
was discriminated from the prompt gamma peaks. 

Varying the bombarding energy of the neutrons, the selectivity of the method could be 
modified. With the increasing neutron energy the levels of more and more elements can be 
excited. The optimum neutron energy was found to be 0.5–1 MeV higher than the first excited 
state in a given nuclide. The optimum energy for general multi-element purposes was found to 
be 2.5 MeV, i.e. the energy of the DD generator. 

The proposed method is a bulk analysis method. The examined alloy and metal powder 
samples had masses of about 50 g, and they generated count rates of about 2000 cps in the 
Ge(Li) detector. Detection limits for a series of elements were also determined for the 
bombarding energy of 2.5 MeV. They were found to be around 1 g. 

Calibration curves were also determined using metal powders containing 1% to 100% Cr and 
Ni. The count rate vs. metal mass plots was found to be linear, which means that the method 
is really matrix free even at this large sample masses. The method was validated using metal 
alloy reference materials. 

27



 



 

CHAPTER 4  
APPLICATIONS OF PROMPT GAMMA NEUTRON ACTIVATION ANALYSIS 

USING RADIOISOTOPE NEUTRON SOURCES 

4.1. Principles of a prompt gamma neutron activation analysis setup 

 

FIG. 12. A schematic setup for a PGNAA system based on a radioisotopic neutron source. 

A PGNAA system can be simply assembled by components as shown in Fig. 12. Excited 
nuclei produced by an irradiation of neutrons emit secondary γ rays, which are characteristic 
of certain elements. Detector arrays around the inspected object collect the elemental signals 
that are processed by an electronic data acquisition system [82]. PGNAA is a non-destructive 
radioanalytical method capable of rapid, in situ and simultaneous analysis for traces and 
major amounts of various elements. The quantity of the constituent elements is determined by 
comparison of the γ ray intensities per unit time with the same of known composition 
calibration standards [83]. 

4.2. Radioisotopic neutron sources 

So far, alpha emitters (241Am or 238,239Pu) embedded in Be and 252Cf are known as 
radionuclide neutron sources for PGNAA. The former goes through 9Be(α, n) 12C reaction 
while the other is the spontaneous fission source. For many PGNAA studies, thermal neutrons 
are used. Therefore, 252Cf source, which has average energy of 2.35 MeV are more popular 
than Be(α, n) sources, which emits 4.4 MeV neutrons. However, for determination of O and 
C, higher neutron energy is needed [84]. 

Californium-252 was immediately realized as a spontaneous source of neutrons after it was 
discovered in 1952 in thermonuclear test debris, and 40–80 µg of 252Cf for a prototype TNA 
was used to confirm the presence of mines [85]. 252Cf, with a 2.638 yr half-life can produce 
up to 1011 neutrons s–1 in a very small volume [86]. The fast californium neutrons can be 
moderated to thermal energies by either an external moderator or through moderation on the 
sample itself. However, thermal neutrons are an approximate categorization according to its 
energy of 0.003–0.4 eV. 252Cf is normally used as a portable, non-reactor based source of 
neutrons for lower flux applications, and larger sources of 252Cf can also be used for neutron 
radiography comparable to the potential of a reactor. 

Γ ray spectra can be generally obtained using neutron beams from reactors (including cold 
neutrons), NGs and radiation sources. In this review, however, the applications of PGNAA 
using radioisotope neutron source will be discussed. 
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4.3. Non destructive multi-element analysis using prompt gamma neutron activation 
analysis 

Almost all chemical elements emit characteristic γ rays after neutron capture within 10–12 s. 
The prompt γ rays (2–10 MeV), are detected by high resolution γ ray spectrometers. 
Qualitative and quantitative analysis can be performed by the position of the characteristic 
peak and its net count, so over a hundred applications are quoted in chemistry, materials 
science, geology, archaeology, industry, agriculture, environment, biology, nuclear 
technology and other fields.  

4.3.1. Measurements of coal or oil quality 

The group at Science Applications Inc., (SAI), Palo Alto, California, USA obtained spectra 
from a Pittsburgh #8 coal sample with 252Cf source irradiation. More than ten elements such 
as C, H, N, S, Al, Si, Ca, Ti, Fe, Na, K and Cl were identified. Hydrogen and iron provide a 
good response, but carbon does not. However, carbon concentration in coal is high enough to 
be detected. Determination of the elements in coal or lignite was possible within 15 minutes 
using 200 µg of 252Cf source with appreciable accuracy [87]. 

At the beginning, borehole logging was used to determine porosity, density, moisture content, 
etc. and later, was used with PGNAA for in situ elemental analysis for ore, mineral industries, 
or oil exploration as an environment friendly technique [88–90]. 

4.3.2. Environmental pollution studies 

PGNAA is very sensitive to toxic elements such as Cd and Hg, which are useful for 
environmental pollution studies, so it was employed to analyze environmental samples by 
PGNAA alone or combined with other methods. Neutrons into the soil are thermalized and 
then captured by soil contaminants and normal soil constituents. Detection of buried materials 
and determination of the concentration of such materials or contaminants in soil were done by 
PGNAA using portable, radioisotope based instruments [91]. 

Liquid sample (500 L) taken from Bahr Elbakar site at Manzala Lake in Egypt was 
investigated for 7h by PGNAA with a 252Cf isotope neutron source with activity of about 
500 MBq. As a result, about 60 γ ray lines were detected and identified [83]. As described in 
the following, a Neutron Induced Prompt Γ ray Spectrometry (NIPS) facility was set up at the 
Nuclear Chemistry Research Division, of the Korea Atomic Energy Research Institute 
(KAERI) too (see Fig. 13). 

The neutron production of 252Cf is 2.34 × 106 n  s–1  μg–1. A 5.4 mCi (10.4 µg) 252Cf neutron 
source was used in the facility. The source is housed in a cylindrical stainless steel drum of 
90 cm diameter packed with high density polyethylene blocks. In the middle of the drum there 
was an elevating device used to raise the neutron source to the top of the drum by pneumatic 
pressure. The drum was set on a 4 wheel mobile table; stainless steel sheet, and a 5 cm thick 
layer of lead on the steel sheet covered the top of the drum. The shielding geometry of the 
storage canister for the 252Cf neutron source was verified by MCNP-4B calculations. The dose 
rate at several points as well as the container surface was estimated for a storage canister with 
a 252Cf point source located at the centre of canister of cylindrical shape. The storage canister 
was made with a 45 cm radius polyethylene cylinder. Additional lead bricks of 5 cm thickness 
were installed in front of the canister to meet safety regulations, which were proven by 
theoretical calculation using the MCNP-4B code. The NIPS system facility has been also used 
as a radio analytical tool for determining the presence and quantity of elements in liquid 
samples [92]. 
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FIG. 13. Schematic diagram of a Neutron Induced Prompt Γ ray Spectrometry (NIPS) facility 
developed at the Nuclear Chemistry Research Division, of the Korea Atomic Energy Research 
Institute (KAERI). 

From a filter of an aircraft flying across an area of a coal fired power plant fly ash 
concentrations of 16 elements such as Si (34 w%), Al (20 w%), Fe (3 w%), Ca, Ti, Na, K, 
and S (all between 0.1 and 2 w%) were determined [93]. Concentrations of Si and Ca in 
concrete, cement and sand by chemical methods were analyzed and were compared with the 
Si/Ca concentration obtained from PGNAA using an Am/Be source with activity of 185 GBq 
(5 Ci). Good agreement between the two methods was obtained thus demonstrating the 
possibility to use neutron analysis to characterize concrete composition [94, 95]. 
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4.3.3. Detection of chemical weapons, explosive materials and various narcotics 

Nitrogen is a major element in explosives, chemical warfare agent (CWA), and various 
narcotics. Although the concentration of nitrogen is a good indicator of explosives, the 
combinations of oxygen, hydrogen and carbon should be considered as well. An IAEA 
Technical Meeting on “Neutron Generators for the Detection of Explosives and Illicit 
Materials” was held in Vienna from 13–16 June 2005. It was concluded that the use of 
neutrons is difficult for the first stage screening of illicit drugs, explosives and CWA in the 
subkilogram mass range in any configurations, mainly due to time and sensitivity constraints. 
In the 10–100 kg mass range fast neutron and gamma radiography is a very promising 
technique for illicit materials (drugs, etc.) in air and sea containers  

In recent years, considerable effort has been directed toward detecting the elemental 
compositions of explosives by means of thermal neutron interrogation, which involves 
exposing baggage to slow neutrons having an energy in the order of 0.025 eV [82, 96, 100]. 
NIPS facility at KAERI has been also used for PGNAA to distinguish explosives from non-
explosive materials [82] by irradiating them continuously with neutrons. The detected 
10.83 MeV from nitrogen γ rays can be also tomographically analyzed to screen suspected 
materials in baggage for airport security [101]. 

4.3.4. Medical application 

Boron determination is difficult by other analytical methods, but high cross-section of boron 
for producing the 478 keV gamma line of 7Li by neutron irradiation provides non-destructive 
submicrogram analysis. A PGNAA system has been applied for the boron neutron capture 
therapy (BNCT) to determine 10B concentration in biological samples. 10B(n, α)7Li reaction is 
used for BNCT, and the emitted alpha particles play decisive role to cure a tumour cell 
selectively. Satisfactory results in determining 10B concentrations in human tissues during the 
BNCT treatments for the brain tumour at many places have been reported [102]. 

PGNAA for total body nitrogen (TBN) was first applied for in vivo human body composition 
studies at Birmingham, UK. A patient was exposed to a neutron dose from an isotopic neutron 
source and the resulting 10.8 MeV γ rays were detected from the 14N(n, γ)15N reaction [103]. 
The total body hydrogen (TBH) measured at Brookhaven National Laboratory (BNL) with a 
single 238Pu–Be neutron source (2.8 TBq, 75 Ci), was used as an internal standard [104]. 

4.3.5. Industrial purpose 

A Sino-American Cooperation group developed an on-line thermal Neutron Prompt Gamma 
Analyzer for the analysis of alumina pulp in the aluminium industry. The neutron 
prompt gamma on-line element analyzer produces fast, automatic, consecutive, widely 
representative, and reliable results in real time [105, 106]. 
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CHAPTER 5  
DESCRIPTION AND OPERATIONAL REQUIREMENTS  

OF NEUTRON GENERATORS 

5.1. Deuterium–tritium and deuterium–deuterium Penning diode generators 

The most widely used and available generators are based on Penning Ion Source technology. 
This ion source technology has proven itself over the past few decades to be robust in the 
sense of a given neutron tube being able to run in either continuous mode or pulsed mode. If 
in pulsed mode, a tube can typically span frequencies ranging from 10 Hz to 20 kHz, with a 
range of duty cycles between 5% to 95%. These characteristics make the technology suitable 
to a broad range of applications with modest power needs. 

There are two main drawbacks of the Penning ion source technology. The first is achieving 
less than maximum possible yield at a given accelerating voltage because the majority of ions 
produced are diatomic, which divides the acceleration energy over two nucleons. The second 
is a dependence of pulse shape on the duty cycle and pulsing frequency. Commercially 
available NG based on Penning technology are commonly available in either DT or DD 
versions. Those with DT range in yield from 107 to 1010 n/s, while those with DD range from 
105 to 108 n/s. 

The basic design of a modern compact Penning diode NG (see FIG. 14) consists of a source to 
generate positively charged ions and a diode structure to accelerate the ions (usually up to 
~110 kV) to a metal hydride target loaded with either deuterium, tritium, or a mixture of the 
two. A gas control reservoir, attached to the tube and made of a metal hydride material, is 
used to store the gas. The most common ion source used in NGs is a cold cathode, or Penning 
ion source, which is a derivative of the Penning trap, used in Penning ion gauges. This simple 
ion source consists of a hollow cylindrical anode (usually biased 1–2 kV) with cathode plates 
at each end of the anode, usually at ground potential. An external magnet is arranged to 
generate a coaxial field of several hundred gauss within the ion source. 

 

FIG. 14. A schematic illustration of the internal structure of a compact NG. 
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When deuterium and/or tritium gas is introduced into the anode at a pressure of about 0.1 Pa 
(10–3 Torr), the electric field between the anode and cathodes ionizes the gas. Electron 
confinement is established in this plasma because of the orientation of the electric and 
magnetic fields, which forces the electrons to oscillate back and forth between the cathode 
plates in helical trajectories. Although some low energy electrons are lost and strike the 
anode, which creates more secondary electrons, most remain trapped and ionize more gas 
molecules to sustain the plasma. The ions are not similarly trapped, and when they strike the 
cathodes, they also release secondary electrons, which enter the plasma and help sustain it. 
Ions, however, can escape the chamber into the acceleration section of the tube through a hole 
at the centre of one of the cathodes, called the exit cathode. 

Construction methods used in building sealed neutron tubes include joining techniques such 
as welding, metal brazing, ceramic to metal brazing, and glass to metal seals. Materials used 
in accelerator neutron systems include glass, ceramics, copper, iron, different alloys of 
stainless steel, and Kovar. Most compact accelerator neutron tubes are loaded with 
approximately 1010 Bq of tritium; for comparison, a typical tritium exit sign used in an 
airplane or hotel might contain as much as 1011 Bq of the isotope. 

5.1.1. Sealed source generator applications 

Sealed tube NG are in routine use for a number of industrial applications for 40 years. The 
table below lists basic generator types and applications where they are used. Most of these 
applications take advantage of the fast neutron spectrum by looking for inelastic γ rays or 
fast fission γ rays produced by neutrons with more than ~8 MeV of energy. FIG. 15 shows 
that there is also information available between pulses characteristic of short and longer lived 
activation products. The number of applications focused on detecting and quantifying the 
presence of different elements in a variety of materials has grown, providing information for 
process optimization and control (see TABLE 4 ).  

TABLE 4. APPLICATIONS AND ANALYSIS METHODS USING SEALED TUBE NG 

Applications Analysis Methods Primary Elements 
Detected 

Type of NG 

Explosives 
Land Mines 
Chemicals 
Unexploded 
Ordnance 
Drugs 
Body Composition 
Minerals 
Explorations 
Bulk Materials 

Inelastic Scatter 
Thermal Capture 
Delayed Activation 

O, N, Ca, Si, Al, Mg, 
H, Fe, S, P, F, Cl, 
Hg, Cd, Pb, Ba, Th, 
U, Cr, Tc 

Pulsed 
 Fixed 

installation 
 Portable 
 Subsurface 

Transuranic 
Materials 
Fissionable 
Materials 

Neutron Die-Away U, Pu Pulsed 
 Fixed 

installation 
 Portable 
 Subsurface 

Oil Field 
Exploration and 
Exploitation 

Neutron Die-Away 
Inelastic Scatter 
Delayed Activation 

C, O, N, Cl  Pulsed 
 Subsurface 
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Usually, NG based systems can provide this information much more quickly than traditional 
laboratory solutions. Since fast neutrons often have a large effective range in most materials, 
of several tens of centimetres, neutron analysis of bulk materials also have significant 
advantages over laboratory techniques where sample collection and preparation is often 
problematic. For some cases such as nuclear waste assaying or explosives detection the 
non-contact, non-destructive and remote measurement capability that neutron analysis 
techniques allow are also advantageous. 

 

FIG. 15. Time domains of information available from a pulsed NG. A typical pulse has a 
width of 1–10 µs, which is represented in red. Repetition rates vary for each application. The 
most commonly found are in the range of 100 Hz to 100 kHz. 

5.1.2. Potential overlap with test & research reactors 

The traditional role for test and research reactors (TRTR) for teaching and material analyses 
relies on relatively high fluxes of thermal (less than 5 × 10–7 MeV) neutrons at levels of 1012 
to 1014 neutrons  cm–2  s–1. NGs typically produce fluxes of fast (greater than 1 MeV) rather 
than thermal, and at flux levels ranging from 105 to 108 neutrons  cm–2  s–1. NGs output can 
be moderated to thermalize the flux, but this decreases flux and typically produces a high 
background of gamma radiation.  

5.1.3. Industrial trends 

In the area of homeland security, there is some activity to develop neutron based scanning 
systems for cargo and vehicles. High yield generators can be used for cargo inspection, but 
from a practical basis probably face obstacles from trade unions working in ports, because of 
radiation fears, and regulatory requirements that vary from country to country. Vehicle 
inspection applications would also require a high output neutron device, but this faces 
somewhat different obstacles. A vehicle inspection system would in theory need high output 
to cope with a quick analysis of a moving vehicle and a large standoff distance between the 
inspection system and the object under inspection. An isotropic device like a NG seems likely 
to be a non-starter because of the very radiation fields created everywhere in order to project 
enough flux out to a potentially moving vehicle. So while either of these applications could 
suggest the existence of market forces that would convince NG developers to invest in higher 
yield devices, current realities for either application temper the urge to invest. 
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Advances in sealed tube generators are focusing towards the development of modest output 
generators that are smaller, less expensive, low weight systems with longer lifetimes and 
higher outputs. Reduction in size and weight are particularly driven by the growing demand in 
the homeland security market for field portable applications while price, reliability and 
performance improvements are demanded by all markets. Also important are on-going 
advances in NG support systems such as the modernization of old analogue control systems to 
digital controls that incorporating advanced diagnostic routines and that can be remotely 
accessed for wireless operation and factory servicing and upgrading. Similarly, improvements 
in generator designs and power supplies have lowered the power consumption of these 
systems to allow longer operation while on battery. 

5.2. Axial radio frequency induction plasma neutron generators 

5.2.1. Generator structure and function 

A new commercially available NG that also uses a simple diode to generate neutrons is the 
radio frequency induction (RFI) plasma NG. In this case, the deuterium ions are generated in 
a RFI plasma and accelerated across a DC potential towards a Ti target. The main components 
are located along a single axis, and tubes with this design are referred to as axial generators, 
as shown in FIG. 16. 

 

FIG. 16. Diagram of the principle components of the fast NG using the DD reaction. 

Like the Penning diode, the RFI plasma NG is fundamentally a diode, but with a RFI plasma 
ion source instead of a Penning ion source. Also like the Penning diode, the RFI source uses a 
titanium target; however, the titanium is beam loaded in the initial few seconds of operation. 
Deuterium ions are generator in the RFI plasma and are accelerated across a voltage potential 
to the titanium target. The D+ ions strike the titanium, and in the first few seconds of operation 
they form titanium hydride in the first few microns of the target surface. Subsequent 
deuterium ions fuse with D atoms of the hydride resulting in the DD reaction and emitting 
2.5-MeV neutrons. Thus the generator’s neutron emission is self-sustaining, the sealed 
penning diode which uses an impregnated target have the same properties. On the other hand, 
the RFI generator needs a compressed source of deuterium gas and an active vacuum system 
(e.g. turbo pump).  

Previous generators of this type had various components exposed that were at high voltage 
potential, making the generator dangerous to operate. In the new design the high voltage is 
shielded by placing the entire accelerator structure and its components inside conflate 
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stainless steel piping (FIG. 17). The target and secondary electron shielding are inside and 
cooled through a unique insulator feed through structure.  

 

FIG. 17. An axial RFI NG. The components at high voltage potential are shielded by placing 
the entire accelerator structure and its components inside modified conflate stainless steel 
vacuum pipe. Not shown are the generator’s required subsystems (i.e. vacuum, cooling and 
power supplies). 

These generators have been shown to be capable of yields of 108 n/s using an axial design and 
a DD reaction. Two new axial generators manufactured by Adelphi Technology Inc. are 
capable of yields of up to 1010 n/s. At the time of this writing, the DT reaction has not been 
attempted. A photo of a commercially available axial generator is shown in FIG. 17. A cross-
-sectional view of the 1010 n/s yield tube is shown in FIG. 18.  

 

FIG. 18. The new 1010 n/s DD Fast NG. 

5.2.2. Plasma ion source 

The major innovation that makes these generators viable is the RFI plasma source [107, 112]. 
In the past, dielectric materials used in the NG with only moderate successful. The material of 
the discharge vessel was quartz, and, although quartz is an excellent dielectric material for 
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transmitting the radio frequency (RF) energy, its heat conductivity is poor. Thus, these ion 
sources were limited in operation power and were used only in a low duty cycle, or low power 
operation mode.  

Incorrect coupling would also result in short lifetimes of these early ion sources for the NG. 
The capacitive coupling mode generates a high potential electric field between the anode (the 
metal front and back plates of the plasma generator) and the external antenna. This field 
accelerates ions towards the anode in the discharge chamber, resulting in sputtering of the 
metal from the back and the front plates of the source. The sputtered metal is then deposited 
on the inner surface of the dielectric plasma generator wall. When this sputtering continues 
for a while, it results in fully metalized inner surface of the plasma generator, shielding the RF 
fields from entering the source chamber from the external antenna coil, thus effectively 
stopping the source operation. 

The correct RF coupling is done by using an impedance matching circuit to couple the 
RF power to the plasma. The purpose of the matching circuit is to match the 50-Ohm output 
impedance of the RF amplifier to the few Ohm impedance of the load, in this case the plasma. 
The basic design of the matching circuit is a tunable LC resonance circuit. Two distinctive 
features make this matching network design most suited to the external antenna driven plasma 
generator. First, the circuit is a balanced RF design. The antenna circuit is electrically isolated 
from the primary power feed. This minimizes the currents returning to the RF amplifier via 
the ground connection and the outer shield of the coaxial RF power cable, thus minimizing 
the radiative losses of the RF. The second distinctive feature is the use of a step down 
transformer in the matching circuit. This not only allows the balanced design of the antenna 
circuit, but also a fine tuning of the antenna circuit current and the resulting induced voltage 
in the antenna. Thus, the operator of the plasma generator is able to find perfect tuning 
parameters for the source without excessive antenna voltages, and without ion induced 
sputtering in the source. 

Another innovation is that the RF antenna is outside the plasma. Two RFI D ion sources have 
been developed for the axial generators, one with (1) a solenoid antenna coupling and another 
with (2) spiral antenna coupling. In both cases, the RF power is coupled by an antenna that 
resides outside the plasma chamber. The RF is couple either through a ceramic cylinder or 
through a dielectric window in another. Having the antenna outside the plasma chamber 
prevents corrosion of the antenna, which occurred previously even when it was dielectrically 
coated. In previous internal antenna designs, water leakage could occur since water was being 
recirculated inside the antenna. Water contamination would be particularly dangerous if 
radioactive tritium gas were being used and, if a leak occurred, absorbed into the water.  

5.2.3. Target 

For neutron imaging, a bright neutron source is desirable. This means, that for a NG the beam 
spot size on the target has to be small and the beam power has to be high. In case of flat 
target, this leads to high surface temperatures and low neutron yield. Another improvement of 
previous designs is that of the conical target, which permit gives larger surface area for the 
D+ ion beam to strike, while still giving an apparent small apparent source size along the 
generator axis. When viewed along the axis of the generator the fast neutrons appear to be 
coming from the small circular base of the cone. The shape of the cone increases the cooling 
surface area of the target, allowing a small beam spot size on the axis of the NG. 
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The brightness of the neutron source is primarily dependent upon the amount of 
deuterium beam power that can strike the Ti target. However, the maximum power density 
depends upon the maintaining the titanium hydride in the target and preventing the 
evaporation of the deuterium ions so that the DD reaction can continue with subsequent 
impinging D+ ions. Maximum beam power values of 500 W/cm2 have been estimated.  

The flat target can be altered to another geometry (e.g. tilting the target) so that the apparent 
source size when view from a particular direction is small. Conical and wedge shaped 
geometries can also be used to shrink the apparent source size. For example, if we wished a 
neutron yield of 109 n/s, a source size diameter of 3 mm would require a 10 mA of beam 
current and 120 kV of acceleration voltage. For flat target this would mean a beam power 
density of ~14 kW/cm2. If a cone shape target is used the power density at the surface can be 
made to be less than 500 W/cm2. Beam powers of up to 6 kW can be cooled with water using 
a high voltage feed through structure developed for the axial RFI NG (see FIG. 17).  

The target cooling water hoses are coiled around the HV cable inside the insulator. The 
cooling water is of low conductance and, hence, there is a high resistance in the direction of 
water flow, and only a low leakage current can flow in that direction, minimizing possible HV 
breakdown.  

5.2.4. Shroud 

Secondary electrons are generated when the ion beam strikes the target. They are generated by 
ionizations at the target interface and in the beam column. Because of the potential difference 
between the target and the plasma source iris, these electrons attempt to stream back to the iris 
and around its aperture. They can be stopped or filtered out by surrounding the target with a 
metal shroud biased to be slightly more positive (e.g. 100 V) relative to the target potential. 
This biasing is done using a Zener diode embedded inside the insulator column. The shroud 
for the DD-110 generator is shown in FIG. 18. 

5.2.5. Support systems 

The systems required to drive the RFI plasma NG are shown in FIG. 19. These are a High 
Voltage Power Supply, an RF Power Supply, a RF matching Network, two Water Chillers, 
Gas Supply, and Turbo Pump.  

 High Voltage Power Supply. A NG using the DD reaction makes up for its lower 
efficiency compared to the DT sealed sources by using a higher current HV supplies. 
For a yield of 108 n/s, a power supply of roughly 500 watt is required; for 1010 n/s, a 
6 kW supply is required. Both these supplies would operate at 80–120 kV. Thus 
expensive and large supplies are needed as one increases the yield. Operating at higher 
voltage increases the yield, but not linearly with voltage as it is with current and voltage 
breakdown becomes more likely with increased voltage above 120 kV.  

 RF Power Supply and Matching Network. An RF Power Supply of 13.5 MHz of 
approximately 2.5 kW is more than adequate for all three generators. As described 
above, the impedance of the RF supply is matched to the antenna’s impedance via an 
RF Matching Network. Thus, when the source is first turned on, the impedance 
matching network must be tuned to maximize the forward, and minimize the reflected 
RF power. However, once this is achieved no further tuning is required. 

 Water Chillers. Cooling for the target is obtained using a water supply that both cools 
and de-ionizes the water using a series of filters. Since the target is being cooled and is 
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at a high potential voltage (e.g. 120 kV) the cooling water must to de-ionized in order to 
have a high resistance. Cooling of the RF supply, matching box inductors and plasma 
chamber must also be done and is accomplished by using a single 2 kW chiller.  

 Turbo Pump and Gas Supply. Since deuterium gas is constantly being fed into the 
RFI plasma ion source, the generator must be differently pumped to remove the gas. To 
prevent high voltage breakdown there has to be a vacuum level in the high voltage 
section. The gas pressure in the plasma chamber must be maintained at about 
0.1 Pa (10–3 Torr). The plasma pressure is adjusted by a motor controlled precision 
valve on the deuterium gas source. The vacuum is maintained by a turbo and roughing 
pump, which are continuously operating. Since the operation of the DD NG does not 
require the use of any radioactive gases, it can be vacuum pumped by conventional 
pumping methods.  

 

FIG. 19. The support systems for the NG. The power and voltage requirements are for the 
DD-110 generator. 

5.3. Inertial electrostatic confinement sources 

The inertial electrostatic confinement (IEC) concept also known as the Farnsworth-Hirsch 
Fusor, or Fusor, was originally conceived by Philo T. Farnsworth during his research on 
vacuum tube designs for television in the 1950s [113]. In the 1960s his associate, Robert 
Hirsch, improved the initial Farnsworth design by constructing a system with concentric inner 
and outer spherical electrodes, set in a large container filled with a dilute fuel gas of 
deuterium and/or tritium [114]. The corona discharge of the outer electrode provided the 
source of ions, which were drawn to and passed through the inner, negatively charged 
electrode to a central reaction region. The positive ion sheath at the inner negative electrode 
acted as an electrostatic barrier to contain positive ions in its interior. However, positive ions 
from the outer electrode however are accelerated from the outer electrode easily penetrated 
the inner electrode and its positive ion sheath. The collection of hot positive ions in the centre 
and cooler positive ions about the inner electrode created the necessary plasma temperature 
and pressure to allow fusion.  

Generically, the IEC device confines plasma in a potential well, which is created by 
electrostatic fields or combination of electrostatic and magnetic fields. The fields are 
produced either by grids or by virtual cathodes, usually in a spherical or cylindrical geometry. 
The fields accelerate the ions toward the centre of the sphere or cylinder, where fusion occurs. 
Hirsch constructed an a 24 inch diameter IEC, which produced a steady state neutron yield of 
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2 × 1010 n/s since the late 1960s [115]. The University of Illinois IEC N-Device, which has a 
55 cm diameter with an inner grid diameter of 10 cm, produces a steady state, DD neutron 
yield of 2 × 107 n/s [116]. The IEC is useful for practical neutron sources. However, the 
existing IEC fusion devices have low fusion yields that are 0.01% of the input power, because 
the Coulomb collision cross-section is much greater than the fusion collision cross-section by 
several orders of magnitude. That is, the ion beams in the IEC devices rapidly lose energy by 
Coulomb collisions before producing fusion reactions, and this leads to a net loss of its energy 
[115]. The relative simplicity of design and construction, and low cost, as well as the allure of 
fusion have attracted and allowed many amateur individuals and groups to construct Fusors 
[117]. 

Presently, IEC research and development for fusion and neutron source applications is being 
pursued by the University of Wisconsin, Fusion Technology Institute [118], the Fusion 
Studies Laboratory at the University of Illinois at Urbana [119][120], the Los Alamos 
National Laboratory [121][123], and the NASA Marshall Space Flight Center for advanced 
space propulsion concepts [124]. Also, several Japanese University groups, coordinated by 
Yoshikawa of Kyoto University [125], directed IEC research toward the development of a NG 
for landmine detection, with participation by The University of Sydney in Australia led by 
Khachan [126]. There have been five US–Japan IEC workshops in the last 10 years, with the 
latest one at Argonne National Laboratory May 22–24, 2007.  

The US IEC research is focused on the production of protons and neutrons for detection of 
clandestine materials, radioisotope production, and long range goals of electricity production 
and space propulsion, whereas the Japanese and Australians are focused on development of a 
neutron source for landmine detection. All the groups use DD fuels at voltages of up to 
80 keV to produce neutrons. The University of Wisconsin uses voltages of up to 170 keV to 
produce D–3He protons [118]. The Los Alamos National Laboratory explores the periodically 
oscillating plasma sphere mode of IEC operation [123]. In regard to DD neutron generation, 
which is produced by the typical IEC university laboratory devices, the neutron source 
diameter is approximately 10 cm, and the neutron yield is about 108 n/s. However continued 
improvements of IEC based neutron sources may make them commercially viable in the 
future. 

On November 9, 2006 Robert Bussard gave a Google Tech Talk on his fusion research 
experiments at Energy Matter Conversion Corporation (EMC2) in San Diego, CA which is a 
good overview of the history and principles of IEC [127]. Also, Brussard presented the 
Polywell IEC concept discussed in a paper by Krall in 1992 [128] and patented by Brussard in 
1992 [129]. The Polywell IEC is an IEC with a polyhedral configuration, where magnetic 
coils are placed on the edges of the polyhedron so as to create a quasi-spherical magnetic field 
which can better contain the plasma at the device centre leading to a non-local thermal 
dynamic equilibrium. This better containment of the plasma causes an increase in ion density, 
velocity, temperature, and collisions, as well as an increased DD cross-section for fusion, and 
thereby increases the rate of fusion. The paper notes the Polywell IEC uses “low technology” 
engineering compared to a tokamak. The physics of the IEC is very complicated, however, the 
IEC is small, cheap, and quick to build compared to a tokamak [127]. The EMC2 company 
founded by Brussard received $10M from DARPA in the 1990s and an additional $20M 
support from the Navy from 1992–2005 to pursue research and development of the Polywell 
IEC. In 2005 the WB-6 IEC device (30 cm in diameter) built by EMC2 and funded by the US 
Navy, produced 2.5 × 109 DD fusions per second [127]. Budget constraints forced the Navy to 
stop funding of the Wb-6 IEC project, and this project was shut down at the end of 2005. 
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CHAPTER 6  
INSTRUMENTS AND SYSTEMS 

6.1. Overview 

6.1.1. Isotope based systems 

Isotope based systems have the potential to be used for activation analysis applications 
located outside scientific laboratories, such as field logging and on-line measurement in 
industrial plants. Consequently, these sources generate a relatively low neutron flux compared 
to that available from reactors. 

The principal isotopic sources used are 252Cf and 241Am–Be (or occasionally other α-Be 
sources). Neutrons generated by 241Am–Be sources produce prompt γ rays by both, neutron 
inelastic scattering and thermal capture reactions. In contrast, the substantially lower energy 
distribution of 252Cf neutrons tends to create activities generated only by thermal capture. 
Detection of delayed activation analysis reactions is difficult in most cases because of the 
substantial irradiation times required. 

The advantages of a radioisotope source are its predictable behaviour and relatively low 
capital and operating costs. Disadvantages are primarily occupational, health, safety & 
environment (OHSE) related issues, such as disposal costs and the potential for radiation 
exposure. Isotopes have been used in activation analysis for many years and extensive 
literature on the subject is available. Details of the relevant physics and some examples of 
industrial applications can be found in Refs. [130, 135]. 

6.1.2. Reactor based systems 

In this limited space it is impossible to give an adequate account of the great variety of 
reactor based systems for neutron activation analysis, already differentiated by applications, 
half-lives of the activation products and available neutron fluxes. An excellent overview of 
the present state of the technique is given, e.g. Ref. [136] while basic information on NAA 
may be found in Ref. [9]. 

Instead, a rather specific system for NAA of short lived isomeric transitions at a small 
research reactor is described briefly as it shares some peculiarities with accelerator based 
systems, namely low fluxes and mainly short lived activation products, for which it offers 
viable solutions. 

Low neutron flux is compensated to a certain extent by an above average sample size of 5 ml 
as well as by the possibility to use the rabbit system in the cyclic mode of operation. Short 
half-lives are taken into account by a transport time of the rabbit system of 250 ms, for a 
distance of 15 m, and a high counting rate gamma spectroscopy system with real time 
correction of counting losses. 

Fully automatic operation at a high sample throughput is made possible by a sample changer, 
and a software system calculating elemental concentrations immediately after the 
measurement by means of a list of specific saturation activities of all activation products 
under consideration. This list may be determined experimentally, by means of standard 
reference materials, or calculated from system parameters, by means of the IAEA_k0 
program. References of two recent papers [137, 138] describing the system in more detail are 
given below. 

43



 

Further, a paper of 1984 is cited [139], already describing a high rate gamma spectroscopy 
system with real time correction of counting losses, and a fast rabbit system, for neutron 
activation analysis of short lived isomeric transitions. The system is based on a 14 MeV NG. 

6.1.3. Accelerator based systems 

Accelerator based NGs are also powerful tools fast, easy and accurate analysis of important 
element and hence, complementing reactor NAA. Four types of accelerators can be used for 
generating neutrons, such as sealed tube, electrostatic accelerators, cyclotrons, and linear 
accelerators [140]. 

Radiofrequency quadrupoles (RFQ) linear accelerators or drift-tube Linacs or a combination 
of the two are potentially a very good solution to the delivery of large beam currents at 
energies of a few MeV. NGs based on the compact linear accelerator can produce from 108 to 
more than 1013 n/s using either proton or deuteron beams to bombard beryllium targets [141]. 

These generators can replace conventional sources in non-destructive testing applications 
such as thermal or fast neutron radiography, and can also be used for cancer therapy. They 
exhibit long lifetimes at full output, as there is little target or beam degradation. Since they do 
not use radioactive materials, licensing requirements are less stringent than for isotopic 
sources or tritium sealed tube generators. These pulsed systems based on the RFQ accelerator 
are well suited for applications requiring a high peak neutron flux, including activation 
analysis of very short lived reaction products. Problems related to the optimal use of 
accelerator based NGs were reported and one of important problems is a human factor; the 
skills and the experiences of the technical staff in laboratories [142].  

The choice of NAA technique as a very effective method of training scientists in basic and 
applied nuclear research led to the purchase of two KAMAN A-711 NGs for two research 
centres in Nigeria, namely, the Centre for Energy Research and Training, (CERT) in Zaria, 
and the Centre for Energy Research and Development (CERD) in Nsukka [143]. 

6.1.4. Neutron generator based systems 

Various types of NG based systems for activation analysis as a replacement and/or alternative 
to reactor and isotope based systems are developed to compensate the disadvantages of 
isotope and reactor based systems. 

Proven analytical techniques such as NAA and PGNAA could be possible in a non-reactor 
based activation facility. High enough neutron fluxes for analytical purposes are now 
achievable with an incoming new generation of DD NGs. For this system several factors such 
as generator supplies, radiation shielding, sample preparations and gamma spectrometer 
should be considered carefully. In view of all of these considerations, a large generator based 
activation facility can be compared with a small research reactor, without the requirement of 
complicated nuclear regulation restrictions of it. For most of universities and non-reactor 
trained research institutions those kinds of systems could be an option for beginning on 
nuclear analytical techniques. Some aspects regarding technical progress and various fields of 
application are still under development. 
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6.2. Technical considerations for neutron generator based systems 

6.2.1. Technical considerations – the move to neutron generators 

There is a need for the development of a NG based system for activation analysis as a 
replacement and/or alternative to reactor and isotope based systems. Isotope based systems 
suffer from both technical and commercial limitations: 

 The source cannot be pulsed.  
 The maximum available flux is low compared to reactors and generators.  
 Purchase prices and disposal costs are escalating and it is becoming harder to buy new 

sources. 
 “It is essential that activities involving radiation exposure, such as the production and 

use of radiation sources and radioactive materials, and the operation of nuclear 
installations, including the management of radioactive waste, be subject to certain 
standards of safety in order to protect those individuals exposed to radiation” [144]. 
These safety standards increase the complexity and cost of both reactor and 
radioisotope based systems. 
 

Reactor based systems also have their own disadvantages: 

 Purchasing and operating costs of reactors are very high. In addition, the construction 
cost of associated infrastructure is also very high. 

 There are limited legitimate disposal routes for nuclear waste 
 Social concern over the potential for nuclear accidents is growing. 

By contrast, NGs are relatively inexpensive compared with reactors, offer the option of pulsed 
beams, cease emitting radiation when power is switched off and produce very little 
radioactive waste for disposal. 

6.2.2. An accelerator based compact neutron generator compared to radioisotopes 

The most common radioisotope neutron sources used recently are 226Ra/Be, 241Am/Be, and 
252Cf. In the first two sources alpha particles emitted by radium or americium are absorbed by 
the nucleus of 9B with the subsequent emission of neutron. The last neutron source produces 
neutrons by spontaneous fission. The neutron flux of these radioisotopes is in the range of 
104–109 n/s dependants upon their amounts. An accelerator based compact NG can be 
replaced with these radioisotopes with similar or higher neutron flux. In addition to that, a 
compact NG has an advantage that it can be turned off while not being used. 

6.3. Large generator based systems 

Proven analytical techniques such as NAA and PGNAA could be possible in a non-reactor 
based activation facility. High enough neutron fluxes for analytical purposes are now 
achievable with an incoming new generation of DD NG. For this kind of systems, it has to be 
considered: 

(1) The generator supplies: A large NG (>1011 n/s) needs high voltage and RF power 
supplies, cooling and vacuum systems. Those equipments require special electrical 
power and mechanical installation, for preventing electrical noise and microphoning on 
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detectors. A computer based control system could be recommendable for assisting the 
scientific staff in the operation of the generator. (see Section 6.1.4 for details). 

(2) Neutron and gamma shielding surrounding the generator. The NG does not only 
produce neutrons, also X rays from stopping radiation of ions onto the target, and 
capture radiation of neutrons. Those radiations need shieldings for protecting the 
personnel and the equipments against neutron damage. For thermal neutron activation 
techniques a moderator is also needed. In this work is presented a study on the 
optimization of a thermal PGNAA and NAA facility based on a DD NG. (see Section 
6.4.8 for details). 

(3) Sample preparation and handling. The intensity of the achievable neutron fluxes 
enables the possibility of large sample instrumental activation analysis, for example 
between 10 g to 1 kg. A dedicated laboratory space and equipment are needed for 
preparing, homogenizating and manipulating those large samples before and after the 
irradiation. Automatic fast large sample transfer systems are needed for studying short 
life radionuclides. (see Section 6.4.7 for details)  

(4) Gamma spectroscopy systems. High efficiency HPGe detectors can be used for 
partially compensating the low fluxes (compared with a reactor) and for reaching a 
comparable sensitivity. The use of Compton suppression systems could be used as 
active shielding for reducing the background. Also coincidence techniques with a 
couple of detectors are a possibility for the same purpose. (see Section 6.4.4 for details) 

Large generator based activation facilities can be compared with a small research reactor, 
without facing the complicated nuclear regulation restrictions. For most of universities and 
non-reactor trained research institutions those kinds of systems could be an option for 
beginning on nuclear analytical techniques.  

6.4. Instrumentation issues 

6.4.1. Choice of detector for neutron generator based systems 

The choice of detector for NG based systems depends on the exact requirements of the 
application. Such requirements include sample geometry, range of energies, and range of 
count rates, spectrum complexity, and harshness of the measurement environment. 

Explanations of the various types of γ ray detectors can be found in many references (e.g. 
Gilmore & Hemingway [145]). The three most common γ ray detector types are high purity 
germanium (HPGe), sodium iodide (NaI(Tl)) and bismuth germanate (BGO). Selection of 
detector type is dependent on the degree of resolution required and the environment in which 
they are to be used. 

HPGe is distinguished by the excellent resolution achievable, typically a few keV FWHM. 
However, HPGe detectors have to be cooled, either using liquid nitrogen or electromechanical 
cooling mechanisms. The cost to counting efficiency ratio is significantly lower compared 
with NaI and BGO. Those HPGe detectors designed only for laboratory use are also relatively 
fragile. New, more robust HPGe detectors are becoming available. 

In PNGAA systems scintillation detectors are most often used. NaI and BGO are available in 
large dimensions. In NAA systems, where lower energy gamma lines are to be detected, and 
where spectra may be relatively complex both HPGe detectors and scintillation detectors are 
conventionally employed. 
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At higher energies (several MeVs), the higher Z value of scintillators provides more NET 
counts in the photopeak than in HPGe detectors although the energy resolution of HPGe 
detectors are by far superior (typically 2 keV). For scintillation detectors typical values are 
4% at 2.6 MeV for NaI(Tl) and 6% at 2.6 MeV for BGO. The disadvantage of BGO is its 
rather large temperature coefficient (approx. –1% per degree C) which implies that the 
detectors should be temperature stabilized. New scintillation materials are becoming available 
(see Section 6.4.2) 

Since in PNGAA systems the count rates can be rather high, HPGe detectors may have more 
problems coping with these. This is due in part to the fact that the charge collection time in a 
semiconductor detector is long compared with the time required to collect a light flash in a 
scintillation detector. NaI(Tl) or BGO scintillation detectors can be used up to approx 
500 kHz in spectroscopic mode. 

Scintillation crystals such as NaI and BGO have significantly poorer resolution than HPGe. 
The resolution for NaI is better than that for BGO, although the latter can be slightly 
improved by cooling. NaI is also cheaper than BGO. However, NaI suffers from mechanical 
and thermal shock, and activation of iodine in the crystal can cause substantial contribution to 
gamma background. The photopeak efficiency of BGO is higher at high energies and the 
crystal is more robust than NaI. NaI(Tl) detectors offer the advantage of a better energy 
resolution compared to BGO detectors but BGO detectors have more NET photopeak counts 
due to the higher Z value. Typical sizes are 152 mm diameter, 152 mm high or 
102 × 102 × 102 mm in NaI(Tl) and 76 × 76 mm or 127 × 76 mm in BGO. Details can be 
found in Refs. [146–149].  

6.4.2. Detector development trends 

It is a remarkable fact that the high resolution Germanium semiconductor detector (in “GeLi” 
form) has been with us for almost 50 years, and that the first sodium iodide scintillation 
detector was reported in 1948. During this period development has been “steady”. In recent 
times the heightened need for large numbers of improved spectroscopic detectors for 
applications associated with “homeland security” is adding impetus to development. It is 
these “external forces” which provide the funding to develop instrumentation for the 
otherwise “niche market” of neutron activation analysis. 

6.4.2.1. Scintillation detectors 

NaI (Tl) detectors can now be manufactured in almost arbitrarily large sizes. Unlike HPGe 
detectors where a single crystal must be grown, large NaI detectors can be manufactured by 
gluing together smaller crystals.  

New Scintillation materials such as LaCl3(Ce) and LaBr3(Ce) offer improved energy 
resolution, better linearity and higher light outputs. While currently only available in modest 
sizes, and at relatively high cost, it would be reasonable to expect over time that these issues 
would be resolved. Therefore the expectation of “typical” energy resolution for a scintillation 
detector, which is currently in the region of 6–7% for NaI at 662 keV, might in the not too 
distant future be around 3% as these new materials become more common. 

Scintillation detectors have classically suffered from temperature instability. This occurs 
because of temperature variation of light output, especially in NaI, and instabilities in the 
photomultipliers themselves. Developments in stabilization methods are taking place and 
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solid state devices are appearing which promise to supplant photomultipliers for read out 
purposes. 

6.4.2.2. HPGe detectors 

While HPGe detectors have always offered vastly superior energy resolution to Scintillators 
(20 to 40 times better), their drawbacks have been restricted size, complexity in use (cooling) 
and lastly, cost. Practically speaking, the size restriction is basically a cost restriction. HPGe 
detectors approaching 200% relative efficiency have been made and larger would be possible 
if required.  

The fact that HPGe requires cooling to cryogenic temperatures has historically been achieved 
through the use of liquid nitrogen. This has represented a major limitation in the deployment 
of these detector systems, especially in industrial environments. A new generation of 
miniature high reliability cryocoolers based upon the Stirling Cycle is now available. The 
much larger external commercial need, this time in the Cell telephone market, is driving these 
developments, from which γ ray detection instrumentation benefits. The availability of these 
coolers is leading to the development of much more rugged and easier to deploy HPGe 
detectors. The fragility of HPGe detectors, mentioned earlier is now on the decline. 

6.4.3. Neutron damage in scintillators 

All materials suffer to some extent from radiation damage from γ rays and neutrons. In 
scintillators radiation damage manifests itself by the formation of absorption bands in the 
material (coloration) which negatively affects the energy resolution and the light output of the 
scintillator. The onset of radiation damage in NaI(Tl) or BGO starts at doses of approx. 
500-1000 Gray. Part of the damage is self-annealing. 

The effect of fast neutrons on the performance of germanium detectors is described in detail 
in the literature [150]. A summary of the results of greatest practical interest follows; HPGe 
coaxial and planar detectors show energy resolution degradation when bombarded with fast 
neutrons. The approximate threshold fluences are:  

 2 × 108 cm–2 for P-Type detectors up to 20% in efficiency 
 1 × 107 cm–2 for P-Type detectors up to 70% in efficiency 
 4 × 109 cm–2 for N-Type detectors up to 30% in efficiency 
 1 × 109 cm–2 for N-Type detectors up to 70% in efficiency 
 1 × 109 cm–2 for planar detectors 

Evidence suggests that in order to achieve the highest possible resistance to neutron damage, 
the detector should operate at a temperature as close to 77K as possible. Streamline HPGe 
detector cryostats may be equipped with an internal heater and companion hardware to allow 
in cryostat neutron damage repair at the place of detector use. Typical annealing temperatures 
and duration of the annealing cycle for 30% relative efficiency detectors with severe damage 
are given in TABLE 5 Larger volume HPGe detectors start showing energy resolution 
degradation at lower fluences than smaller detectors.  
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TABLE 5. TYPICAL ANNEALING TEMPERATURES AND DURATION FOR 30% RELATIVE 
EFFICIENCY DETECTORS WITH SEVERE DAMAGE 

Detector Temperature (°C) Time (h) 

P-Type 120 168  

N-Type 100 24  

 

The increase in resistance to neutron damage of N-Type detectors versus P-Type can be as 
high as a factor of 20. However, this increase depends on a variety of factors including 
detector size, configuration of electric field internal to the detector, energy spectrum of the 
neutrons, and probably other variables.  

When P-Type detectors are annealed, there is a significant loss in relative efficiency because 
of inward diffusion from the lithium outer contact. Such loss is negligible for N-Type 
detectors because the lithium diffusion is at the inner contact where an increase of the lithium 
diffusion depth has little effect on the detector’s active volume. 

There is no known limit to the number of times that a neutron damaged detector can be 
annealed if proper precautions are taken. There is no evidence of a radiation hardening effect. 
Slightly neutron damaged N-Type detectors show some improvement in energy resolution 
when cycled to room temperature. However, severely neutron damaged N-Type detectors 
show a catastrophic deterioration of energy resolution when cycled to room temperature. As a 
general rule, it is best to maintain neutron damaged detectors at LN2 temperature until they 
are annealed.  

6.4.4. Spectroscopy electronics 

The wide range of electronic instruments and modules commercially available for 
implementation of spectroscopy systems for NAA is best reviewed at manufacturers Web 
sites, for example [146, 148, 151, 152]. New developments in instrumentation are often 
described in journals such as Nuclear Instruments and Methods [153], at conferences such as 
the IEEE Nuclear Science Symposium, or the Modern Trends in Activation Analysis meetings 
(MTAA). Increasingly, the analogue spectrometers of previous times are being superseded by 
digital implementations. A good overview of the basic issues involved is given in Ref. [145].  

6.4.5. Electronics development trends 

The advent of the first commercial digital γ ray spectrometer occurred in the early 1990’s. 
While analogue systems are still in manufacture, new development is on the decline. The 
developments of digital technologies for consumer markets are enabling adaption into the 
needs of spectroscopy instrumentation. The direction of the technology is “faster”, “smaller”, 
“lighter”, and “cheaper”. This will mean improved performance in spectroscopy 
instrumentation, especially in portable configurations and allow more and more sophisticated 
algorithms to be implemented which can process signals pulse by pulse. These techniques will 
lead to increased system resolution and throughput, improved stability, background reduction, 
and the ability to perform spectral imaging. Some of these techniques are already being 
applied to these problems.  
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The upward trend in the computing power of the PC will offer the opportunity for further 
advancement of analysis algorithms as more sophisticated approaches fall within the scope of 
practical implementation 

6.4.6. Count rate issues 

The filtering of pulses from a radiation detector, whether scintillation or HPGe is always a 
trade-off between energy resolution and count rate (or range of count rates). The event rate at 
which data is stored into data memory is referred to as the system throughput. Throughput 
defines that number of events stored per unit time, which in turn defines detection limit in an 
NAA system. By reducing pulse processing time, the system throughput may be increased. 
This, however, generally results in a loss of energy resolution, so once the system hardware is 
chosen, the analyst must make the best choice between resolution and throughput, consistent 
with his needs. Loss of events from the spectrum due to system dead time generally requires 
the use of an accurate “live time clock” which compensates for the dead time losses. The 
more advanced implementations of dead time correction operate in “real” time, which is, they 
correct the spectrum “pulse by pulse” for dead time losses.  

Short half-lives often predominate in accelerator based neutron activation analysis. 
Consequently, spectroscopy electronics should be able to cope with both elevated and variable 
counting rates. Necessary prerequisites are, therefore; a) a transistor reset preamplifier for 
virtually unlimited maximum energy rate and b) a pulse processing system with best possible 
resolution at minimum pulse processing time [154]. “Energy rate” is measured in units of 
energy per second, being the product of the γ ray count rate and the γ ray energy. It is a 
measure of the rate at which charge is deposited in the detector itself. For quantitative 
analyses under conditions of rapidly varying counting rates and spectral shapes, an ideal 
spectroscopy system should be equipped with real time correction of counting losses. 

Discussion of what constitutes the ideal shaped filter with which to optimize the signal to 
noise ration in a spectroscopy system is beyond the scope of this document. Suffice it to say 
that this is a mathematical concept which was initially implemented in close approximation in 
an analogue electrical circuit fabricated from discrete components. The advent of very high 
speed sampling ADC’s from the consumer electronics industry has made it possible to cost 
effectively produce instruments in which detector output waveforms are sampled at high 
speed and the resulting stream of digital numbers are then processed by high speed digital 
techniques. 

Digital systems are intrinsically much more stable than their analogue predecessors and 
moreover it is possible to implement in the analogue domain digital filtering schemes which 
allow pulse by pulse corrections to be applied which will remove or at least reduce effects 
which result in undesirable spectral artefacts [155, 156]. Examples include loss free counting 
correction, charge trapping correction, elimination of period noise effects, ballistic deficit 
correction. 

The Preloaded Digital Filter (PLDF) combines low to medium rate resolutions comparable to 
those of high quality Gaussian amplifiers with input rates of up to 1000 kcounts/s and 
throughput rates of up to 100 kc/s, by automatically adapting the noise filtering time to 
individual pulse intervals. High rate resolutions superior to those of state-of-the-art gated 
integrator systems are possible. In contrast to commercially available digital filters, the PLDF 
in its new implementation performs pulse shortening as well as pole zero cancellation in the 
analogue domain [157]. This not only results in a simpler digital core but also, for the first 
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time, makes possible the use of a low cost ADC in a spectrometric application. Combined 
with real time correction of counting losses according to the Loss Free Counting method [158, 
159], the PLDF is the core of a novel multichannel analyzer system for NAA of short lived 
isomeric transitions [137, 138]. 

6.4.7. Sample handling and data analysis 

To be able to cope with short half-lives a fast rabbit system is the preferred medium of sample 
handling in accelerator based NAA [139]. Above average sample volumes of several ml may 
compensate lower fluxes to a certain extent [138]. A transport rabbit with automatic sample 
separation makes possible a low cost aluminium construction of the irradiation position [138]. 
Suitably designed, an automatic sample changer makes possible unattended system operation 
in the normal as well as in the cyclic mode, to further increase sensitivity under low flux 
conditions [137, 138]. 

As reported, automatic activation analysis is rendered possible at a small reactor by a unique 
neutron activation analysis facility for short lived isomeric transitions, based on a fast rabbit 
system with sample changer and sample separation, and an adaptive digital gamma 
spectrometer for very high counting rates of up to 106 c/s. The system is governed by a 
computer program performing irradiation control, neutron flux monitoring, and gamma 
spectrometry with real time correction of counting losses, spectra evaluation, nuclide 
identification and calculation of concentrations in a fully automatic flow of operations. As 
spectrometry is done by means of hundreds of sequentially measured pairs of concurrently 
recorded loss corrected and non-corrected spectra, concentrations are derived from an 
optimally weighted average of all individual occurrences in this sequence of spectra which 
also enables the separation of isomeric transitions with coinciding energies but different 
half-lives such as 116m2In (162.4 keV, t1/2 = 2.2 s) and 77mSe (162.2 keV, t1/2 s). 

6.4.8. Data analysis 

A detailed discussion of the issues involved in data analysis software is beyond the scope of 
this document. Excellent overviews of the analysis of γ ray spectra are available [145, 160]. 
Numerous intercomparisons of commercial γ ray analysis packages are to be found in the 
literature, e.g. [161, 162]. 

Analysis software for any γ ray spectrum has a set of basic functional requirements: 
Extraction of net peak areas, energies and associated uncertainties, including the unfolding of 
multiplet peaks, calibration for efficiency, interpretation of the net peak areas in terms of 
neutron flux, source activity or elemental concentrations, as well as correction for spectral 
distortions due to count rate, sample geometry, and source effects.  

NAA spectra can be particularly complex with many overlapping peaks requiring 
deconvolution techniques. The presence of short half-life components2 can require correction 
for decay of activity during irradiation, between irradiation and measurement in a 
spectrometer, and during the actual measurement itself. The short half-life aspects can result 
in the requirement for automatic rapid sample handling systems of “rabbit systems”. In 
PGNAA, short lived radionuclides will exhibit increasing count rates, perhaps reaching 
saturation levels, as irradiation and spectrum acquisition continues. 

                                                 
2 “Short” in this context generally means short compared to the acquisition time of the data. 
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PGNAA spectra are not essentially different from other NAA spectra. However, the energy 
range is much larger, up to 10 MeV rather than up to 4 MeV. The spectra are riddled with 
escape peaks, where the single escape peaks are Doppler broadened and easily mistaken for 
doublets by conventional data analysis methods. Anti-Compton shields are being used to 
reduce the continuum in the spectra, at the cost of rendering efficiency curve usage virtually 
impossible. Excellent references on the topic are available [84]. 

Short half-life components in the spectra will mean that “real time” dead time correction 
needs to be applied during acquisition of the data. In general this correction is carried out in 
specially developed hardware (see Section 6.4.6). 

NAA samples vary from bulk samples such as samples on a conveyor belt within an industrial 
process, to very small samples such as are encountered in forensic analysis. Small samples 
may require counting very close to the detector or even within it in the case of so called 
“well” detectors. The reason is to maximize geometric efficiency and thereby optimize 
sensitivity. This “close geometry” counting brings with it another potential problem of “true 
coincidence” summing of multiple γ rays from a single decay being recorded by the 
electronics subsystem as a single spectral event. 

Efficiency calibration in NAA is a topic all in itself. In the “traditional” approach of 
comparative NAA, standards which are physically identical to the sample and which contain 
known amounts of the element of interest are sequentially irradiated with the batch of 
samples. The analysis then is reduced to determining the elemental ratio of sample and 
standard directly from the peak area ratios. Ideally, the spectral artefacts mentioned above 
affect sample and standard equally and cancel out in the concentration calculation. These 
methods are generally referred to as “comparative”. 

It is often the case, however that “identical” standards are not available. In this case, an 
absolute method is required, in which, knowing the flux from the reactor or generator and the 
cross-sections for activation, it is possible to calculate elemental concentrations from the 
spectrum and these absolute quantities. A well-established method of this type is the single 
comparator k0 method developed at In Gent and Budapest [163, 164]. This method is also 
applicable to PGNAA. Most often, however, internal standardization is used in PGNAA, 
where one elemental concentration in the sample is considered to be known, and others are 
determined relative to the known one. 

6.4.9. Special considerations for industrial systems 

There are substantial differences between industrial environments and those in which most 
scientific laboratories exist. These differences need to be considered during selection and 
implementation of instrumentation for industrial applications. Most industrial environments 
include one or more of the following characteristics: 

 Personnel will consist almost entirely of occupationally exposed workers. 
 There are very few or no staff with specialised skills relevant to operation / maintenance 

/ calibration of sophisticated nuclear equipment.  
 Continuous well controlled production and safety are top priorities. 
 Infrastructure and site access may be extremely limited. 
 There is a wide ambient temperature and/or pressure range.  
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 The environment is extremely dusty with potential for mechanical impact from 
particulate material. 

 High levels of vibration and noise are present either intermittently or continuously. 

Thus, any industrial activation analysis system needs to have ‘turnkey’ operation, and it 
should run reliably without maintenance or recalibration for months at a time. Usage and 
maintenance must fit with the production schedule without compromising safety. The 
individual components must be mechanically robust and/or well protected against any adverse 
environmental conditions. The overall system needs to be designed to comply with radiation 
protection standards that are appropriate for the general public. 

6.5. Compton suppression 

By surrounding an HPGe detector by a layer of scintillation material and detecting γ rays 
Compton scattered out of the primary detector, the peak to total ratio can be improved by 
generating a “veto” pulse to reject these events from the spectrum. In practice, this is 
applicable only for HPGe or NaI(Tl) detectors. This technique is employed in both, in 
PGNAA systems and in NAA systems. The Anti-Compton shield is usually an annulus of 
scintillator around the primary detector. The thickness of the scintillation material depends on 
the maximum energy of the scattered γ rays. A typical Compton Suppression Annulus is 
shown in FIG. 20.  

An excellent review of Compton suppression counting in NAA has been given by 
Landsberger and Peshev [165] concluding that reductions of detection limits are possible 
together with an increase of accuracy due to a substantial reduction of the background of 
gamma spectroscopy. It was also concluded, however, that the method does not provide 
accurate quantification of isotopes when the overall dead time exceeds ~10%. Not 
substantiated in this review, it may be attributed to the fact that random coincidence losses 
have not been properly taken into account.  

Generally, Compton suppression adds to system complexity. As well as removal of Compton 
scattered events from the spectrum, the Compton Suppression system will remove events 
from spectrum peaks associated with cascade γ rays. This effect is undesirable: “full energy 
events” which because of the specific nuclide decay scheme are in time coincidence with 
other full energy γ rays may be captured in both primary and Compton suppression detector. 
This effect requires “true coincidence” correction techniques to be applied. This effect is quite 
common: Co-60 is an example of a coincidence emitter. The 1332 keV and 1173 keV γ rays 
are emitted simultaneously, without angular correlation. 

Recently [166], random coincidence losses in a Compton suppression spectrometer have been 
corrected instrumentally by comparing the random coincidence rate to the counting rate of the 
Germanium detector in a pulse counting busy circuit [167] which is combined with the 
spectrometer's “loss free” counting (LFC) loss correction system. The normally unobservable 
random coincidence rate is reconstructed from the rates of Germanium detector and 
scintillation detector in an auxiliary coincidence unit, after the destruction of true coincidence 
by delaying one of the coincidence partners. Test measurements have been performed 
comparing the ratios of peak areas of 137Cs with and without coincidence loss correction 
(CCLC) versus counting rate of the Germanium detector. While losses of ~25% are observed 
at 200 kc/s for a mere correction of dead time and pileup losses without CLCC, true loss free 
counting was possible with CLCC. 
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FIG. 20. Typical Compton Suppression Annulus (courtesy Scionix). 

 

Quantitative system response has been tested also in two source measurements with a fixed 
reference source of 60Co of 14 kc/s, and various samples of 137Cs, up to aggregate counting 
rates of 180 kc/s for a HPGe well type detector, and more than 1400 kc/s for its BGO shield 
[168]. In these measurements, the net peak areas of the 1173.3 keV line of 60Co remained 
constant at typical values of 37000 with and 95000 without Compton suppression, with 
maximum deviations from the average of less than 1.5%. 

When a system is being designed to a limited budget, it may be practically more effective to 
use a larger HPGe detector (with higher peak to total ratio) than smaller, lower efficiency, 
HPGe detector with the added complexity of the Compton Suppression Electronics.  

6.6. Coincidences techniques 

This section is adapted from Ref. [169]. Coincidence detection of γ rays (– coincidence) is a 
well-established technique in nuclear structure studies [170]. It is well known that coincidence 
methods can substantially reduce interference, and hence also the complexity of spectra. The 
usefulness of the – coincidence technique in elemental analysis [9] has already been 
demonstrated in the case of the INAA by several authors [171, 174]. Their main goal was to 
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improve the sensitivity of the method by suppressing the continuous background and reducing 
spectral interference. 

The conventional method for doing – coincidence is to require a coincidence relation with a 
selected full energy peak. This constraint reduces the spectrum to the signals of those gamma 
photons which are in a cascade relation with that peak. It lowers the background substantially, 
increasing the peak to background ratio. The peak count rate is also reduced, since it is 
proportional to the product of two full energy peak efficiencies. A significant disadvantage is 
that this method is extremely time consuming due to the low coincidence count rate. Instead 
of using the peak coincidence method, Ember et al. propose to define a coincidence relation 
not with a single peak, but with a selected region of the spectrum containing several peaks and 
a part of their Compton continuum to increase the coincidence efficiency. 
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CHAPTER 7  
COMPACT NEUTRON GENERATORS 

7.1. Introduction 

Compact NGs are becoming an attractive alternative to nuclear reactors and radioactive 
neutron sources in variety of fields of neutron science [108], medical research [175] and 
various material analysis applications, ranging from coal and cement analysis [176] to various 
explosive detection schemes, from homeland security applications [108, 56, 177] to other 
explosive detection applications, like land mine detection [39]. Traditionally compact NGs 
have been used in oil well logging industry, using DT fusion reaction for high energy 14 MeV 
neutron production. Currently the main commercial manufacturers of compact NGs are 
Thermo Electron [178], Sodern EADS [179] and Schlumberger [180]. These NGs generate 
DT neutron yield in the range of 108 to 1011 n/s. There are yet others, which are made by 
universities or national laboratories, like VNIIA [181] made generators (sold in US by Del 
Mar Ventures [182]) and Lawrence Berkeley National Laboratory’s Plasma and Ion Source 
Technology Group (generators commercialized by Adelphi Technology Inc. [183]). The NGs 
designed and made by the LBNL group are highlighted in this section. 

The Plasma and Ion Source Technology Group (P&IST) at the E.O. Lawrence Berkeley 
National Laboratory has been developing high power DD NGs for various applications. These 
NGs are differentiated from the commercial manufacturers mainly by the method the plasma 
is generated and by the use of DD, instead of DT, fusion reaction. The P&IST group has been 
pioneering in RF induction discharge for different applications for more than twenty years 
[184]. This RF technology with unique impedance matching circuitry and source designs 
capable of high power operation is being used in various NGs, developed by the group. 
RF induction discharge ion source has unique features that make it an excellent source type 
for high power, high yield NGs. These features include the high plasma density generation for 
high beam current extraction, extremely high atomic ion generation from molecular gases like 
hydrogen, and reliable, long life operation. These ion sources are currently used in three 
different types of NGs; axial, single ion beam NG; coaxial, multibeamlet, high current NG; 
and point NG with high instantaneous neutron yields. The most suitable NGs for PGNAA and 
for NAA are the single beam axial NG and the high yield co axial NG. 

7.2. Axial neutron generators 

The axial, single beam NG is a development from the sectioned insulator, single beam 
neutron source, which was developed mainly for pulsed beam applications. The sectioned 
accelerator axial NG was developed to demonstrate the extremely long lifetime operation of a 
DD NG, driven by RF induction ion source. The NG has a unique sectioned accelerator 
design, where the accelerator voltage is split into three segments evenly. These segments have 
two purposes, first, they shield the high voltage insulator from charging, due to the travelling 
ion beam, and second, by splitting the high potential into multiple segments, the electrostatic 
field stresses are minimized. See FIG. 21 for a picture of the NG. 
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FIG. 21. Sectioned accelerator axial DD NG, with three stage accelerator section, puller 
electrode for the initial beam extraction and acceleration and the RF induction ion source 
with an external. 

 

The sectioned accelerator NG was operated during the first prototype neutron imaging system 
tests during November and December 2004 at the Lawrence Berkeley National Laboratory. 
During the runs the NG was run continuously up to 10 hours in a day for 6 weeks. The 
generator proofed extremely reliable during these tests, neutron flux only to be limited by the 
dose considerations in the test stand. The external RF antenna ion source has thus proofed the 
ability to provide long life time operation with extremely stable operation characteristics. In 
the following discussion, three main axial NG components are highlighted. 

7.3. Ion source 

The external antenna, water cooled ion source design is used in all of the axial NG developed 
at the LBNL. The most important operation characteristics of an ion source in conjunction 
with NG operation is the extractable ion current, ion mass distribution in the ion beam and the 
operation gas pressure. 

The neutron yield produced by the NG is directly depending on the intensity of the ion beam, 
the ion beam current. RF plasma generators are known to be able to produce extremely high 
current densities for various applications. The P&IST Group has been developing RF based 
plasma generators for these applications. These applications include H– injectors for large 
accelerator systems [185] and for tokamak fusion applications [186], positive ion sources for 
advanced focused ion beam systems [187] and for semiconductor applications [112]. The 
externally driven RF induction ion source is shown in FIG. 22. 
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FIG. 22. External antenna driven ion source for high power DD or DT NG applications. 

The extractable ion beam current is a function of various parameters, like the RF power and 
the source pressure. The external antenna ion source can be operated at a wide range of 
operating parameters, depending on the needs of the application. During the testing of these 
ion sources, the operation gas is hydrogen, instead of deuterium, due to the radiation safety 
issues. Hydrogen operation gives a good estimation of the source behaviour, when operated 
with deuterium. The hydrogen current as a function of pressure and RF power is shown in 
FIG. 23. Typically the output ion current is proportional to the discharge power. 

Hydrogen gas forms three ion species in plasma: proton (H+), molecular ion (H2
+) and H3

+. 
The same applies for deuterium and tritium gases. The ion species distribution is an important 
parameter in determining the overall efficiency of the NG. Some of the widely used NG ion 
sources produce significant fraction of molecular ion species, thus reducing the energy per 
deuterium or tritium nuclei. The RF discharge has demonstrated nearly monatomic ion species 
with a wide range of operating parameters. This can be seen in FIG. 24, where the hydrogen 
species are measured as a function of the discharge power. 

For sealed tube operation one of the most important parameter in the ion source operation is 
the efficiency of the operation at low operating gas pressure. In the sealed tube, the ion source 
pressure determines the operating pressure also in the target chamber of the generator. 
Reliable high voltage operation cannot be achieved, if the gas pressure is too high in the 
sealed tube. Typically these sealed NG require gas pressure of <0.7 Pa (5 × 10–3 Torr). With 
penning discharge this is easily achievable, with RF induction discharge, on the other hand 
this requirement is more difficult to achieve. The RF induction sources can be configured to 
operate at low pressure regime by using higher RF frequency, internal, electron confining 
magnetic fields or by utilizing an additional electron source for low pressure plasma ignition. 
For DD NG, the operation gas pressure is not as critical because the NG is constantly being 

59



 

vacuum pumped. Thus, pressure gradient is formed across the extraction aperture allowing 
higher pressure in the ion source chamber than in the target chamber. The RF induction 
sources are typically operated at ~1 Pa (10–2 Torr) range. The pressure dependence of the 
extracted ion current is shown in FIG. 25. 

 

FIG. 23. Extracted hydrogen ion current density as a function of the operation gas pressure 
from externally driven RF induction ion source, used in the axial NG. 

 

In some applications there is a need for a NG not having any exposed high voltage elements 
included. Thus the NG can be placed close to various moderator materials or experimental 
devices. Also various samples for neutron activation can be placed next to the target, outside 
the vacuum vessel. In the latest axial NG development, a grounded vacuum/target chamber 
shields the high voltage element. FIG. 26 shows a drawing of the fully high voltage shielded 
NG. The RF induction ion source is similar to the section insulator NG. The accelerator 
structure is a single gap design with biased target shroud for secondary electron filtering. The 
high voltage feed through integrates the HV cable and the water feeds for the target. The fully 
high voltage shielded NG is designed for up to 109 n/s DD operation. 
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FIG. 24. Atomic hydrogen (proton) species fraction of the total extracted ion beam. Ion 
source operated at 8 mTorr of hydrogen gas pressure. 

 

 

FIG. 25. Extracted ion current density as a function of the source pressure for hydrogen with 
2 kW of discharge power. 

84%

86%

88%

90%

92%

94%

96%

98%

100%

0 1000 2000 3000 4000

H+
Sp

ec
ie

s 
Fr

ac
tio

n

PRF [W]

40
42
44
46
48
50
52
54
56
58
60

3 8 13

j [
m

A/
cm

2 ]

psource [mTorr]

61



 

 

FIG. 26. Fully high voltage shielded axial NG. The length of the generator is ~50 cm. 

7.4. Accelerator 

The extraction and the accelerator system of a NG are modelled using dedicated computer 
codes. The codes used in the P&IST Group are: IGUN [188], PBGUNS [189], SIMION 3D 
[190] and KOBRA 3D [191]. For single cylindrically symmetric beam simulations, 2D codes 
are used, and for slit beam extraction systems, 3D simulation codes are necessary. 

 

FIG. 27. Ion beam extraction simulation using IGUN code. The multistage accelerator 
structure of the sectioned insulator NG is shown in this simulation. 
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The purpose of the extraction design is to match the plasma density for the extraction field in 
order to produce lossless beam transport to the target. In case of single gap extraction design, 
the plasma meniscus (boundary layer between the plasma and the extraction field) determines 
the initial ion beam optics characteristics. This will lead to a situation, where the ion beam 
and the beam spot size vary depending on the discharge power (plasma density) and the 
acceleration voltage (extraction electric field). A single gap accelerator NG operation is thus 
limited to a certain range of these parameters for optimum operation. IGUN simulation of the 
beam behaviour in the case of sectioned insulator NG is shown in FIG. 27. 

 

7.5. Target...... 

Titanium is widely used as a neutron production target material. When the deuterium (or 
tritium) ions are implanted in to the target, they form titanium hydrates, effectively ‘trapping’ 
the ions into the titanium matrix. When the generator is operated, the surface temperature will 
increase, causing temperature induced diffusion of these atoms toward the surface (and 
toward the bulk) of the titanium. After the NG has been turned on there is a 45–60 min 
loading period where the neutron yield increases ~20% from the initial yield. See FIG. 28 for 
a typical ‘fresh target’ yield as a function of time. 

 

FIG. 28. Neutron yield as a function of time in a sectioned insulator, axial NG. 

 

The LBNL NGs are using explosive bonded titanium on copper or aluminium bimetal targets, 
made by Atlas Inc. Some of these targets have been operated ~1000 hours without failures. In 
some cases the target surface is overheated by the beam. See FIG. 29, of a coaxial NG run, 
where the target surface was over heated. In case of preloaded target this would result in 
target failure and loss of neutron yield. In the case of beam loaded target, the neutron yield 
can be recovered by operating the NG at lower power level. This can be seen on FIG. 29, 
when the extracted beam current is dropped back to 20 mA from 24 mA, the yield increases 
back to original value, before the overheating. 

0
1
2
3
4
5
6
7
8
9

10

09:36:00 12:00:00 14:24:00 16:48:00

N
eu

tr
on

 Y
ie

ld
 [

10
7

n/
s]

Time

63



 

There are secondary electrons generated when the ion beam strikes the target. These 
secondary electrons may cause catastrophic failure of the NG, if not properly filtered out. The 
secondary electron filtering is done using electrostatic field next to the target surface. This 
field is formed by biasing the target to more positive potential than the surrounding shroud. 
This biasing is done using a Zener diode, high voltage divider stack or with multiple high 
voltage power supply. 

 

FIG. 29. Neutron yield as a function of time in a case of overheating the target surface. The 
overheating starts at the 90 kV/18 mA level, continues to 100 kV/24 mA level, resulting in 
greatly reduced neutron yield. When the beam power is dialled down back to 100 kV/20 mA 
level, the yield recovers. 

 

The beam power at a neutron yield level of 108 n/s DD is ~100 W. This heat needs to be water 
cooled from the target. The target cooling water is feed from the ground potential to the target 
potential via non-conducting water hoses and preferable Low Conductance Water for low 
leakage current. 

Target assembly and the vacuum vessel with the RF induction ion source of an axial, high 
voltage shielded NG are shown in FIG. 30. The secondary electron shroud and the high 
voltage insulator are clearly visible.  
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FIG. 30. The axial NG shown with target assembly separated (in the lower half of the picture) 
from the vacuum vessel and the ion source. The generator is 50 cm in length. 

 

7.6. Coaxial neutron generator 

The coaxial NG has the capability of operating at high beam current regime and thus 
producing high neutron yields. This is possible, because of the unique target arrangement of 
the coaxial NG. The basic structure of the generator consists of an ion source with an internal 
antenna, a target cylinder surrounding the ion source, and an insulator cylinder surrounding 
the target as shown in FIG. 31. The advantage of this coaxial design is that the target area can 
be maximized in a given volume and the HV insulator is protected from the sputtered target 
particles. The outer dimensions of the coaxial NG, operating in the neutron facility at the 
LBNL, are: 30 cm in diameter, 40 cm in height. The neutron output of this source is 
5 × 109 n/s. 

65



 

 

FIG. 31. The main components of the coaxial NG. 

 

The P&IST Group has developed a 1011 n/s NG, based on the coaxial NG concept, for an 
Italian hospital/university consortium (EUROSIA) in Turin, Italy for Neutron Capture 
Therapy (NCT) applications. 

7.7. Ion source 

The coaxial NG has a fairly large discharge chamber. The plasma density and other operation 
characteristics are thus different. The current density as the function of the RF discharge 
power and the source pressure are shown in FIG. 32 and FIG. 33, respectively. The ion source 
uses internal, water cooled, quartz RF antenna. This antenna type has been tested extensively 
with various sources and it has proven reliable for more than 1000 hours.  
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FIG. 32. The extracted current density of a coaxial NG plasma generator. The ion source 
chamber is 30 cm in height and 10 cm in diameter. 

 

 

FIG. 33. The extracted current density of a coaxial NG plasma generator as a function of the 
operation gas pressure. The minimum operation pressure is less than in the case of axial NG 
ion source due to the larger size of the RF antenna used. 
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7.8. Extraction and acceleration system 

The coaxial NG uses single gap extraction/acceleration system. The NG used in the neutron 
facility at the LBNL, the generator has a 24, 2.5 mm in diameter extraction apertures, capable 
of producing in excess of 50 mA of beam current at 90 kV of acceleration voltage. The 
EUROSIA NG has seven 1.5 mm wide slit apertures of 75 mm in height. The total extraction 
area is ~8 cm2. When the ion source is operated at 2.5 kW, more than 330 mA of ion beam is 
being extracted. There is also an electrostatic secondary electron shield structure to protect the 
ion source. See FIG. 34 for a drawing of the EUROSIA NG. 

 

FIG. 34. The main components of the EUROSIA coaxial NG. 

 

7.9. Target and high voltage insulation 

The target cylinder is insulated from the ground potential ion source by a dielectric cylinder, 
in the case of the LBNL coaxial NG by Pyrex glass, and in the case of the EUROSIA coaxial 
NG be Al2O3 cylinder. The high voltage insulator is protected from the sputtered metal by the 
target cylinder. In the EUROSIA NG, the vacuum pumping is integrated to the base support 
structure of the generator. See FIG. 35, for the fabricated EUROSIA NG at one of the two NG 
test stands at LBNL. The generator is 80 cm in height and 40 cm in diameter. 
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FIG. 35. Fabricated EUROSIA coaxial NG at the NG test stand at LBNL. 

 
7.10. Experiments with the LBNL deuterium–deuterium neutron generator 

The LBNL high intensity DD NG has been described elsewhere in this report. It is surrounded 
by 30 cm of polyethylene that acts as both a moderator and neutron shield. The generator is 
coaxial, with multiple deuteron beams striking a cylindrical titanium target with a radius of 
15 cm. The thermal and fact neutron flux, were determined by 115In(n,γ)116mIn and 
115In(n,n)115mIn reactions respectively. These results are summarized in TABLE 6. 

TABLE 6. NEUTRON FLUX AT DIFFERENT LOCATIONS AROUND THE NG  
(The uncertainty is 20%) 

Sample location Distance from the centre 
of the NG cylinder 

Thermal neutron flux
(n  cm –2  s –1) 

Fast (0.5 MeV) 
neutron flux 

Pneumatic 
terminal ~28.2 cm 1.1 × 104 1.4 × 105 

Inner shielding ~26.2 cm 1.3 × 104 1.0 × 105 

Top of NG  1.1 × 104 1.5 × 105 

 

The NG was operated at 80 mV and 40 mA for this calibration test and the total neutron yield 
into 4π was measured as 109 n/s. At full power this NG would by 1010 n/s. The thermal 
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neutron flux in the LBNL NG can exceed 105 n  cm –2  s –1. FIG. 36 shows that the flux 
through the moderator, measured at various depths next to a removable plug, compares well 
to MCNP calculations. 

 

FIG. 36. Thermal flux in the LBNL NG (solid line) compared to MCNP calculations 
(dashed line). 

 

Sample thermal neutron capture spectra are shown for aluminium (FIG. 37), bromine (FIG. 
38), copper (FIG. 39), cobalt (FIG. 40), hafnium (FIG. 41), NaCl (FIG. 42), iodine (FIG. 43), 
and antimony (FIG. 44).  
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FIG. 37. Analysis of aluminium by 27Al(n,γ)28Al(2.24 m). 
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FIG. 38. Analysis of bromine by 79Br(n,γ)80Br(17.68 m). 

 

 

FIG. 39. Analysis of copper by 65Cu(n,γ)66Cu(5.12 m) 
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FIG. 40. Analysis of cobalt by 59Co(n,γ)60mCo(10.47 m) 

 

 

FIG. 41. Analysis of hafnium by 178Hf(n,γ)179mHf(18.67 s). 
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FIG. 42. Analysis of NaCl by 23Na(n,γ)24Na(14.95 h) and 37Cl(n,γ)38Cl(37.24 m). 
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FIG. 43. Analysis of iodine by 127I(n,γ)128I(24.99 m). 

 

 

FIG. 44. Analysis of antimony by 121Sb(n,γ)122Sb(2.72 d) in LBNL legacy waste. 
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The fast (>0.5 MeV) neutron flux at the LBNL NG exceeds 105 n/s which is suitable for 
analysis with (n,γ) (n,n’γ) and other fast neutron reactions. FIG. 45 shows a typical spectrum 
for 199Hg(n,n’γ) from the LBNL NG. 

 

FIG. 45. Analysis of mercury by 199Hg(n,n’γ)199mHg(42.67 m). 

 

Fast neutrons can also be used for the analysis of uranium by the 238U(n, fission) reaction as 
shown in FIG. 46. Although uranium can be detected by its natural radiations, the high energy 
γ rays produced in fission can be used to analyze concealed uranium or determine the uranium 
enrichment. 

A prompt γ ray spectrum recorded at the LBNL NG is shown in FIG. 47. All of the elements 
contained in the NG and the surrounding shielding are clearly seen. The analyzed C/H ratio 
from this spectrum is 0.5 consistent with polyethylene. 
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FIG. 46. Analysis of depleted 238U by 234mPa daughter decay and by 238U(n,fission). Thermal 
neutrons from DD NG can also be used for PGNAA that is sensitive to all elements from 
hydrogen to the actinides.  
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FIG. 47. PGNAA spectrum of the LBNL NG and shielding. 15 observed elements include H, C 
(polyethylene), Ti (generator target), Fe, Al (support structures), Si, O (concrete floor), Cu, 
Zn (cooling lines), B (neutron shielding), Pb (gamma shielding), Cl (PVC) and Na, Ni, Cr 
(miscellaneous). 
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7.11. Pneumatic transport system 

A simple pneumatic transport system for transferring samples from the LBNL NG to a low 
background counting area is shown in FIG. 48. Samples can be transported for counting in 
less than one second allowing the analysis of short lived activities. 

 

FIG. 48. LBNL pneumatic transport system. 
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CHAPTER 8  
SAFETY AND REGULATIONS 

8.1. Introduction 

Neutron generators have in the general public a reputation of hazardous material that they do 
not deserve. They are seen as far more dangerous than familiar X ray instruments of which 
everybody has received radiation at his dentist or at the hospital. In reality NGs are not so 
dangerous however they are radiation sources and must be operated in ad hoc installations by 
specifically skilled people.  

The use of NGs with the knowledge of and in compliance with the safety rules and 
regulations is extremely important. It will allow correcting the wrong image of NGs, and help 
to develop the use of neutron technology in all industrial applications where it can be 
beneficial due to its great analytical or imaging capabilities. The willingness of making NG 
users be aware of safety aspects in order to develop the neutron technology justifies the 
presence of this chapter, which is not so obvious. 

The goal of Chapter 8 is not to be a reference or applicable document. Users are strongly 
encouraged to refer to official documents provided by the Nuclear Safety Agency of their 
country. This chapter will not be completely exhaustive and moreover not “official” on this 
safety subject. The goal is to give a safety overview through the topics ‘technical aspects’, 
‘general rules to follow’ and ‘regulation aspects’ in such a way that allows one not to be 
completely lost in complicated official documents. 

8.2. Technical aspects of the neutron generator safety 

There are two main hazards with NGs: the electrical hazard and the radiation hazard. 

8.2.1. Electrical hazard 

As seen in previous chapters, NGs generate neutrons thanks to a nuclear reaction obtained in a 
target on which ions have been accelerated by an electrical field. To obtain a high level 
electrical field (typically 100 kV/cm) a high voltage power supply (typically 100 kV) is 
needed. 

However, if the generator is designed according to the norms of the manufacturer, there are no 
naked pieces under voltage that are accessible. If the connections (mains, ground) are done as 
indicated in the user manual, and if the generator elements are not modified or opened, there 
is no electrical hazard. However, in compliance with the legislation (depending on the 
country), the user will discover legal labels on some parts of its generator warning him against 
Very High Voltage (VHV) hazards. 

8.2.2. Radiation hazards 

Neutron generator radiation hazards can be divided into three different categories: 

(1) Radiation hazard due to the fact that 14 MeV neutron tubes3 contain tritium, a 
radioactive gas. 

                                                 
3 On the contrary, 2.5 MeV neutron tubes only contain deuterium, which is not radioactive. 
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(2) Radiation hazard due to neutron and γ emission of a NG during normal operation.  
(3) Radiation hazard due to the neutron activation phenomena that makes objects and 

materials radioactive, including the NG itself. 
 
8.2.2.1. Radiation hazard due to the fact that 14 MeV neutron tubes contain tritium, a 

radioactive gas 

Tritium is a hydrogen isotope that consists of one proton and two neutrons. It is a β emitter 
(emission of a β particle from one of the neutrons, which becomes a proton) with a half-life of 
12.33 years, the maximum energy of the β particle is 18 keV and the average energy is 5 keV. 
No radiation is measurable outside the tube, because the electrons do not have enough energy 
to penetrate the wall of the tube. 

Tritium is known for the manufacturing of objects that are self-luminous in the dark, for 
example: exit signs for hotels or airplanes [192], and watches. Tritium is present with 
Deuterium in 14 MeV neutron tubes. The order of magnitude of the quantity is between 10 
and 1000 GBq for specific and high flux NGs. 

Generally 3 barriers are present to prevent the tritium from escaping the tube (see FIG. 49): 

(1) The barrier of the emission module housing. This housing contains the tube, the VHV 
connection and also the VHV insulator between the tube’s VHV metallic parts and the 
metallic grounded housing. 

(2) The tube barrier itself. 
(3) The getter barrier (zirconium, titanium, vanadium, erbium, etc.) that stores the gas 

inside the tube as metallic hydride.  

The escape of tritium is very rare. Moreover, if a leak occurs because of a mechanical 
problem, air immediately starts to flow inwards, because the pressure inside the tube is 
generally very low (~0.1 Pa (10–3 Torr)). If a leak occurs, the right course of action is to put 
the tube in a plastic bag and close it. No radiation will come out then. 

The toxicity of tritium is very low [193], but it has to be considered. The transient time in the 
human body is just 10 days [194]. 
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FIG. 49. Scheme of the tritium containment of a 14 MeV NG. The containment consists of 
three barriers: housing barrier, tube barrier and getter barrier. 

 

8.2.2.2. Radiation hazard due to neutron and γ emission of a NG during normal operation 

The main hazard of NGs is obviously the fact that they are radiation emitters, which is what 
they are built for. The user must take that into consideration before operating them, and he has 
to know how to protect himself and others from their radiation. 

Neutrons are to be considered, and also gammas that are a consequence of the neutron 
interactions with the materials around the neutron tube target, where the neutrons are created. 
The neutrons and gammas are produced in 4π sr. Biological consequences of the NG 
operations must be evaluated before any use. This must be done by calculating the biological 
dose rate due to neutrons and gammas. To calculate the neutron flux at a given distance from 
the neutron tube, the following formula can be used: ߶ ൌ ௌସగ௥మ		[n  cm –2  s –1]    (8.1) 

Where ϕ is the neutron flux at a given distance r from the source, and S is the neutron 
emission per second. The formula is valid only if there are no obstacles between the source 
and the location at distance r. Taking into account the energy of the neutrons of 14 MeV, the 
biological dose rate can be calculated thanks to a conversion factor like those given in TABLE 
7 [195]. For instance a flux of 17 × 108 n  cm –2  h –1 gives 1 Sv/h, which is 106 µSv/h. So 
1 µSv/h corresponds to 17 × 108 / (106 × 3600) = 0.47 n  cm –2  s –1 
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TABLE 7. MEAN QUALITY FACTORS (Q) AND FLUENCE PER UNIT DOSE, EQUIVALENT FOR 
MONOENERGETIC NEUTRONS 

Neutron energy (MeV) Quality factor4 (Q) Fluence per unit dose equivalent5 

(108 neutrons  cm –2  Sv –1) 

2.5 × 10–8 2 980 

1 × 10–7 2 980 

1 × 10–6 2 810 

1 × 10–5 2 810 

1 × 10–4 2 840 

1 × 10–3 2 980 

1 × 10–2 2.5 1010 

1 × 10–1 7.5 170 

5 × 10–1 11 39 

1 11 27 

2.5 9 29 

5 8 23 

7 7 24 

10 6.5 24 

14 7.5 17 

20 8 16 

40 7 14 

60 5.5 16 

1 × 102 4 20 

2 × 102 3.5 19 

3 × 102 3.5 16 

4 × 102 3.5 14 

 

                                                 
4 Value of quality factor (Q) at the point of the maximum dose equivalent in a 30 cm diameter cylinder tissue 
equivalent phantom. 

5 Monoenergetic neutrons incident normally on a 30 cm diameter cylinder tissue-equivalent phantom. 
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In most cases distance alone is not sufficient to lower the dose rate to an acceptable level and 
the NG must be operated with shieldings to reduce the dose rate to operators. These shieldings 
could be the walls of a lab room or shielding put directly around the neutron source. Typical 
thickness of shielding to reduce the neutron flux and dose rate by a factor of ten is about 
38 cm of water or concrete. Highly sophisticated materials are developed to optimize the 
shielding, namely for fusion reactor research purpose (see FIG. 50). 

 

FIG. 50. Attenuations of fast neutron fluxes in 0.7 m thick shields made from various 
materials. The hydrogen rich hydrides show superior neutron shielding capability compared 
to the conventional materials. Neutron transport calculations of the 0.7 m thick outboard 
shields indicated that Mg(BH4)2, TIH2 and ZrH2 can reduce the thickness of the shield by 
23%, 20% and 19%, respectively, compared to the combination of steel and water. 

 

NGs generally must not be directly accessible while operational. If accessibility is possible by 
opening a door or moving a mobile shielding, the NG must be switched off. NGs are usually 
provided with a safety loop that can be connected to the safety circuit of the lab.  

8.2.2.3. Radiation hazard due the neutron activation phenomena 

Neutron activation is usually the required physical effect of neutron irradiation, as it allows 
performing measurements on the sample being irradiated. It is also a drawback as the sample 
becomes immediately active. Consequently ad hoc operations have to be considered for the 
management of the activated samples. The activation hazard risk is low with standard NGs, 
and most importantly one has to deal with the regulations aspects (see Section 8.4).  

Levels of activation can be very different depending on the considered object. The final level 
of activation depends on the mass of the object, the flux it receives and the duration of 
irradiation. Ranking the activated objects regarding their radioactivity from most activated to 
least activated generally gives the following list: 
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(1) NG emission module 
(2) Lab structures supporting the NG emission module 
(3) Fixed samples exposed to flux 
(4) Mobile samples  
 
FIG. 51 shows the approximate dose rate at 4 different distances from a NG emission module, 
a few minutes after shut down following a continuous emission period varying from a few 
minutes to 1000 hours at an emission level of 2 × 109 n/s. The dose rate varies from 1 µSv/h 
to a few mSv/h. For mobile samples the residual artificial radioactivity created in one kilo of 
cement ore at the output of an industrial analyzer is less than its natural radioactivity (i.e. 
450 Bq). 

 

FIG. 51. Dose rates at 0, 20, 50 and 100 cm from a NG emission module after a continuous 
emission period. 

8.3. General rules 

The rules mentioned in this section are just common sense rules. They are not part of a safety 
procedure. Check local and official rules for safety procedures.  

8.3.1. Dealing with electrical hazards 

 Read and follow all notices from the user’s manual. 
 Insure that equipment is properly grounded. 
 Do not open sub assemblies. 
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8.3.2. Dealing with radiation hazards 

8.3.2.1. Tritium hazards 

Tritium can be inhaled, ingested, or absorbed through skin. There is no major leakage of 
tritium when working with a properly functioning NG (if there is a tritium leakage, some 
major defect is happening to the sealed tube and the NG can no longer sustain a VHV, thus 
does not work). A potential problem could arise due to permeation. Few tritium atoms could 
permeate the walls of the sealed tube, the neutron module housing and other barriers. The 
final amount of released tritium atoms would be very low, but not null. Permeation can be 
checked with smear sample measurements. 

Some rules to minimize the risks of tritium are: 

 Do not open neutron modules. 
 Install air extraction in the laboratory (mandatory in some countries). 
 Emergency protocol exits. In case of hazards enclose NG in plastic bags. 

8.3.2.2. Radiation hazards due to neutron and gamma emission of the NG during normal 
operation 

Some rules to minimize the risks due to radiation emission during normal operation are: 

 Design shielding and walls according to the expected maximal flux (or limit the flux 
according to the existing facility). 

 Map the expected dose rate through calculations and compare it with measurements. 
 Close the active area access with a safety loop. If safety loop is broken, NG will 

automatically be stopped. 
 Follow local rules to train people and insure utilization of individual dosimeters. 

8.3.2.3. Radiation hazards due to activation phenomena 

Some rules to minimize the risks of activation radiation are: 

 Keep in mind the order of magnitude of level of activation for activated objects (see 
Section 8.2.2.3). 

 Measure the activated objects when samples have to be moved. 
 Use labels to store activated objects. 
 Follow local rules. 

8.4. Regulations 

Regulations strongly depend on national rules and policies. Moreover, it depends on national 
regulations of the NG supplier, and on the national regulations of the NG customer, buyer and 
user. 

8.4.1. Administrative work before buying a NG 

Two important topics: 
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(1) Obtaining authorization according to radiological safety. 
(2) Obtaining authorization according to antiproliferation rules. 

8.4.1.1. Radiological aspects 

The philosophy is: according to national safety organization rules, NG suppliers can only send 
NGs to proven authorized.  

The usual procedure is: 

(1) Customers must ask their local authorities for the right to detain and use NGs (NG 
suppliers are asked to supply a NG brochure for local authority information purposes). 

(2) Customers must send their certificate to NG suppliers. 
(3) Based on the customer’s certificate NG suppliers ask their local authorities for the right 

to sell and supply customers with the requested NGs. 
 
8.4.1.2. Anti-proliferation rules which apply for any NG 

The philosophy is: the NG supplier national administration has (likely) committed to the 
United Nations about controlling the export of ‘dual use’ products (civilian and military). 
Based on a filed form by the customer, NG suppliers must get a license from its 
administration before delivering the NG to a customer. 

(1) Customers must provide information for the NG provider. This information could be 
defined by specific forms that the NG provider can send to his prospect. Typically the 
minimum information required to fill in these forms is the identification of end-users, 
typical use of NG and place where the NG will be used and stored. Information about 
final use should also be a commitment to use it as described. 

(2) NG suppliers provide information and commitment to their national authorities to get 
the license. 
 

When the NG supplier has all authorizations, NG can be shipped. The administrative 
procedure typically takes several weeks to months. 

 
8.4.2. Regulations for operation 

Only national regulations apply. Users must receive authorization from their administration to 
operate NG. This process could be simple or complicated, be short or long time consuming, 
depending on the level of details that has to be provided, which depends highly on the neutron 
flux that has to be considered.  

 

8.4.3. Regulations about NGs end of life 

Regulations about NGs end of life depend also only on the supplier’s and customer’s national 
regulations. Some countries require the neutron tube to be sent back to NG suppliers after ten 
years. NG suppliers usually have the necessary equipment to recycle NGs at their end of life.  
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It must be noticed that sending back NGs at their end of life (or at any time) must be done 
according to the process described in Section 8.4.1.1 where customer and NG provider switch 
roles. 
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CHAPTER 9  
STUDY OF THE OPTIMAL PERFORMANCE OF A NEUTRON ACTIVATION 

ANALYSIS FACILITY BASED ON A DD NEUTRON GENERATOR 

9.1. Introduction 

In FIG. 52 a basic neutron activation facility is represented. The sample can be placed for 
PGNAA in two positions, inside the moderator in an internal configuration or in a neutron 
beam in an external configuration. For NAA, the sample is irradiated using “rabbit tubes” 
enabling fast transfer to a counting facility. The variables of design of this system are many, 
but the most important are: 

(1) The intensity, energy and geometry of the deuteron beam of the NG. 
(2) The material, geometry and size of the moderator. 
(3) The material and thickness of neutron shielding. 
(4) The material and thickness of gamma shielding. 
(5) The sample’s place, in an external or internal configuration. 
(6) The material and size of the gamma detector. 
(7) The electronics’ settings, one or two detectors can be used by either coincidences or 

summing modes. 

Other variables are: 

(1) Construction materials and size of the NG. 
(2) Temperature of the moderator. 
(3) Impurities of the moderator. 
(4) Sample container materials. 
(5) Structural materials of the system. 

 

 

FIG. 52. Basic schema of a NAA and PGNAA facility. 
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The performance of the facility depends on the selection of all those variables. Some of them 
can be studied using simplified models, but others need more complex calculations such as 
Monte Carlo simulations. The purpose of this chapter is to explain and justify the design 
criteria for optimizing a neutron activation facility based on a DD NG.  

9.1.1. The optimal design concept 

For PGNAA the number of gammas of energy Eijk due to the presence of the element i is: 

TcEESEG
M

NIm
EC kkijkijij

i

Aiji
ijk )()()()(    (9.2) 

where:  

 mi is the mass of the element i in the sample 
 Iij , the isotopic abundance of the emitting isotope 
 NA , the Avogadro number 
 Mi , the molar mass of the element. 
 ij , the mean activation cross-section of the isotope. 
 G , the neutron self-shielding factor. 
  , the total neutron flux. 
 ij , the prompt gamma yield per capture. 
 S(Ek) , the gamma self-shielding in the sample 
 (Ek) , the total efficiency of counting  
 Tc , the counting time. 
The subscripts i, j, k indicates the element, the isotope and the gamma energy respectively. 
For NAA the number of gammas is 

Tkkijkijij
i
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M
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where:  

  


 )1(1 TmTwTi

T
eeeF
 

 , is the time factor. 

 , the decay constant. 
 Ti, the irradiation time. 
 Tw, the time between the end of irradiation and the beginning of counting, and.  
 ij

*(Ek), the gamma emission yield per decay 
 

The mean cross-section ij depends on the neutron flux energy spectrum (E) and it is given 
by: 
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And the G factor, by: 
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where the sub index “0” indicates the flux at the surface of the sample. In most of cases the 
neutron flux can be described approximately as the sum of three components: a maxwellian 
thermal flux, an epithermal moderation spectrum and the fast neutron source’s spectrum: 
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  (9.6) 

T is the integrated thermal neutron flux, ET is the most probable energy of the maxwellian 
distribution, E the epithermal constant, (E) the “joint function” and F(E) is the fast neutron 
source spectrum. If the number of thermal reactions is much bigger than the others, the mean 
cross-section can be easily calculated: 

)(
4 0

0 Tg
T
T ij

ij     (9.7) 

where g(T) is the Wescott factor, T the temperature of the maxwellian distribution,(ET=kB T) 
and the sub index “0” here indicates the reference energy, 0.0253 eV.  

Also, the Gij factor can be more easily calculated with thermal neutrons because the 
cross-sections are almost 1/E, and it becomes independent of the element and the isotope. 
This is very useful in relative determinations in PGNAA where this factor could be cancelled. 
In NAA small samples (~milligrams) are used in order to make it as close to 1 as possible and 
minimizing the relative uncertainty in its calculation. For this reason a high flux 
(>1010 n  cm–2  s –1) is needed for analyzing ppm or ppb concentrations. 

The analysis of the sample is first performed identifying the lines of the gamma spectra 
produced by each component. The net number of counts C(Eijk) is determined subtracting the 
background area, B(Ek), from the gross area, (C(Ek) + B(Ek)), around the energy Ek in the 
gamma spectra:  

  BBECEC kijk  )()(   (9.8) 

The minimum number of counts above the background to reach a required uncertainty in 
C(Eijk) is known as the “determination limit” LQ and it is expressed as [145]:  
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where kQ is the inverse of the required relative standard deviation and B is the standard 
deviation of the background. So, for PGNAA (thermal reactions), the minimum mass of the 
element i that can be measured with a relative uncertainty kQ in the counts is: 
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And for NAA is: 
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The first factor of Eqs (8.9) and (8.10) are constants; the second one depends of the facility 
performance and the last one on the experimenter considering the needed uncertainty, the cost 
of the analysis and his/her patience. When the background count rate is higher than count rate 
of the sample, LQ  kQ B. So, it can be concluded to obtain the optimal design for measuring 
the minimum mass of every elements in the worst counting conditions, the following 
condition must be met: 

The maximum 
B

TT


/0  

Two other parameters must also be considered in the optimization:  

(1) The (thermal + epithermal) to fast fluxes ratio, (T + E) / F. 
(2) The thermal flux to epithermal constant ratio, T / E.  

The first one determines the relation between the absorption to fast reactions rates, and it is 
related with probability of the production of the same isotope by different components of the 
sample. This possible interference could complicate the analysis. The second parameter must 
be considered in the calculation of the total reactions. The epithermal absorptions are difficult 
to quantify because of the neutron self-shielding in the cross-section resonances. Furthermore, 
the prompt gamma yields of the epithermal absorptions are not measured yet. So, a second 
criterion of optimization can be established6 

The more thermal the flux, the easier is the analysis. 
A thermal to epithermal ratio (T/E) and a thermal to fast ratio (T/F) of about 1000 is enough 
to depreciate other reactions. 

                                                 
6 also exists NAA with fast neutrons, but they aren’t considered here.  
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9.1.2. Radiological safety and practical limits 

The highest recommended radiation dose for workers is 20 mSv per year in the USA. This 
limit establishes a reference dose rate of 10 μSv/h for a 2000 hours working year. In the 
surroundings of a NAA facility this rate is enough because the sample can be measured far 
away from it. But in PGNAA, where the detector must be close to the wall of the facility, this 
dose rate can saturate the spectrometer or destroy the detector. It is reported that 3 fast 
neutrons per square centimetre can severely damage one HPGe in 10 years [84]. A common 
gamma spectrometer can process approximately count rates of the order of 104 cps without an 
important dead time. If it is considered that the tenth part of it could be background, for a 
3-inch detector, this means approximately 20 photons  cm –2  s –1. On the other side, a 
reasonable and practical lower limit could be the same count rate produced by the 
environment through a 10 cm thick lead shield: ~0.1 ph  cm –2  s –1.  

9.1.3. Design requirements 

As a conclusion of this chapter it can be summarized and established the following optimal 
requirements: 

 3 nF  cm –2  s –1 (~5 μSv/h for neutrons) and 1 ph  cm –2  s –1 (~0.01 μSv/h for gamma) 
at the detector position.  

 3 nF  cm –2  s –1 (~5 μSv/h for neutrons) and 100 ph  cm –2  s –1 (~1 μSv/h for gamma) 
at facility wall. 

 The maximum BTT  //0 . 

 A thermal to fast neutron flux ratio (T + E) / F of 1000. 
 A thermal to epithermal neutron flux ratio T / E 1000. 
 

9.2. Optimization description 

A NAA facility is performing better when the neutron flux is high and most thermalized as 
possible; no other parameters have to be considered in the design. The sample is placed inside 
the facility and the activity of the sample is subsequently measured in a counting room. But a 
PGNAA facility is more complicated because the measurement and the irradiation are 
simultaneous. A minimum shield’s thickness is needed for protecting the detector against the 
fast neutrons. The sample can be placed either near the neutron source where the flux is high 
but counting has low efficiency, or close to the detector in the opposite situation. The design 
is optimized in increasing order of complexity. The applied steps are: 

(1) Selection of the best moderator. 
(2) Determination of the minimum size of moderator and shielding. 
(3) Determination of the best configuration and sample placing. 
(4) Test of the best design. 

By testing a very simple facility model with MCNP the best moderator is selected. This 
calculation tool represents as accurately as possible, the neutron and γ rays transport with the 
minimum number of assumptions. The model consists of a point isotropic neutron source of 
2.5 MeV surrounded by a moderator. The tested moderators are: 
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(1) Light water (LW) (100% Pure) 
(2) Polyethylene (Poly) (100 % Pure) 
(3) Heavy water (HW) (reactor grade 99.8% molar). 
(4) Heavy water (HW) (99.99% molar). 
(5) Graphite (G) (100% pure) 
(6) Beryllium (Be) (100 %Pure) 
(7) Beryllium Oxide (BeO) (100% Pure) 

The test consists in the calculation of the maximum thermal flux, the minimum moderator’s 
and gamma shelving’s thickness in order to fulfil the proposed requirements. The selected 
shielding materials are: 

(1) Boron Carbide. (CB4): Boron has a very high cross-section and its γ rays have low 
energy. It is not toxic in the manipulation, it doesn’t produce any radioactive isotope 
and it is chemically inert. In addition to that, it has very low fast neutron yield by the 
bombarding of the produced alphas.  

(2) Lead. (Pb): It is one of the highest Z materials, it has low neutron absorption 
cross-section and it is cheap. Some care has to be taken in the manipulation and melting 
because it is toxic if it is ingested or inhaled.  

(3) Enriched Lithium Fluoride. (6LiF): This material does not produce any gamma in the 
absorption reaction, but it is very expensive, it produces tritium and it has a high fast 
neutron yield per triton (~10–4). It is needed only in the neutron irradiated surfaces 
viewed by the gamma detector. 

To study the variations on the geometry and the configuration: internal versus external (with 
the selected materials) a very simply mode is used. The thermal neutron flux is calculated 
with the theory of age and the gamma detection efficiency is simply the geometric efficiency. 
Here the MCNP is not applied because a continuous variation on the geometry is needed, and 
the number of possible configurations is almost infinite. A more versatile and faster tool is 
needed to guess if some configuration is better than another, and then the best of them are 
tested with MCNP.  

9.2.1. The simplified model 

The optimal configuration is deduced by modelling the geometric dependence of the flux and 
the efficiency with the following equations: For the internal configuration the thermal neutron 
flux inside a spherical non-hydrogenous heavy moderator, can be calculated as follows [196]: 
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where 

 Q, is the intensity of the NG,  
 a, the macroscopic cross-section of the moderator, 
 R, its radius, 
 L, its diffusion length, 
 , the age of neutrons, 
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 r, is the position, for example where can be placed the sample. 
 

For an external configuration, the flux outside the system could be approximated roughly as: 
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where 

 r is the position of the sample measured from the inner end of the extraction tube, 
 R is the radius of the moderator, 
 re is the position of the inner end of the tube relative to the NG, 
 rs is the radius of the inner end of the tube.  

This equation considers that the inner end of the tube emits the neutrons isotropicaly with an 
intensity equal to the half of the flux without the tube perturbation. The geometric efficiency 
in both configurations is calculated as:  
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where rd is the detector diameter and D the distance to the sample. The intrinsic efficiency of 
detector is not considered in this work and a typical 3-inch wide detector is assumed for all 
the calculations. For PGNAA it could be recommended a minimum D ~20 cm in order to 
avoid “true coincidences” in the compound nucleus cascade de-excitation.  

As it has been explained in the introduction, the system has to have a minimum size for 
reducing the dose at its surface up to maximum required levels. This minimum size due to the 
attenuation of fast neutrons can be calculated from the equation: 
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where XNS is the thickness neutron shielding, XGS is the thickness gamma shielding, and  are 
the macroscopic removal cross-section for fast neutrons (E>1 MeV) for each material. The 
minimum thickness of the gamma shielding with an attenuation constant of μ is given 
approximately by: 

SX
NSGSNS eXRXXR 

   )()(   (9.16) 

Eqs. (8.11) to (8.15) are modelling the geometric dependence of the flux, the efficiency and 
the fluxes outside the facility in order to find the optimal configuration with the selected 
materials. 
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9.2.2. Monte Carlo N-particle transport code modelling 

The MCNP is a useful and accurate tool for studying this type of systems where neutrons 
produce γ rays in complex geometries. The MCNP5 running in a PC [197] is used for this 
work. The MCNP input includes the following definitions: 

(1) The source geometry, energy and angular distribution of generated particles. 
(2) The geometry and materials of moderators and shielding. 
(3) And the “tallies”, the places where is calculated the flux. 

The neutron source is modelled as a simply point emitting neutrons of 2.5 MeV. An intensity 
of 1011 n/s (of the most powerful DD NG found at the moment [198] is assumed to dimension 
the system. By using tallies type 4 the neutron flux at the sample positions is calculated, by 
using type 5 at the detector position and by type 2 at the surface of the facility. The following 
definitions of neutron energy ranges are considered: fast (E>1 MeV), epithermal (0.5 eV< E 
<1 MeV) and thermal (E<0.5 eV) neutrons. 

The applied factors to convert photon and gamma fluxes to dose are taken from the ICRP 
criteria extracted from the MCNP manual. A maximum uncertainty of 20% for this estimation 
is assumed. An interpolation curves from these factors are shown in FIG. 53 and FIG. 54. 

 

FIG. 53. Neutron Flux to dose conversion factor. 
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FIG. 54. Photon flux to dose conversion factor. 

 

9.3. Results...... 

9.3.1. Selection of the best moderator with MCNP 

The attenuation of the neutron group from 1 to 2.5 MeV is shown in FIG. 55. This case 
corresponds to an isotropic source of 2.5 MeV inside a spherical moderator of 100 cm of 
radius. It can be seen that the best fast neutron shielding is polyethylene, and the worst is 
graphite. Heavy water, Beryllium and Beryllium Oxide have almost the same behaviour, and 
light water is a little better than these, but not as good as the polyethylene. The minimum 
radius needed to accomplish the proposed maximum fast flux at the detector is shown in 
TABLE 8. 

The thermal flux produced by those moderators is shown in FIG. 56. The polyethylene and 
the water have the highest ones, but they decrease very fast. On the other hand, the other 
moderators have lower values, but they have almost a constant spatial distribution. The 
maximum values are summarized also in TABLE 8. 
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FIG. 55. Distribution of fast neutron flux over different moderators: light water (LW), 
polyethylene (POLY), heavy water 99.8% molar (HW99.8), Graphite (Grph), Beryllium (Be) 
and Beryllium Oxide (BeO). 

 

The gamma photon distributions can be seen in FIG. 57 and the integral of those distributions 
are shown in TABLE 8. In spite of the very low absorption of Be, BeO, Graphite and the D2O, 
they produce a very large number of photons of high energy. The needed thickness of lead for 
shield this radiation is also shown in TABLE 8. 

TABLE 8. TESTED MODERATOR’S PERFORMANCE 

Material Min. R 
(cm) 

Max. TH 
(108 n  cm-2  s-1)

 at surface 
(ph  cm-2  s-1) 

Min. XPb 
(cm) 

Max. TH  
(n  cm-2  s-1) 

LW 78 8.3 4.1 × 105 28 5.6 × 105

POLY 63 12 1.2 × 106 30 1.0 × 106

HW99.8 85 4.05 7.3 × 104 25 2.6 × 105 
HW99.99 85 4.08 4.7 × 104 24 3.1 × 105 
GRPH 130 1.8 4.3 × 105 30 5.8 × 104

Be 85 5.1 4.9 × 105 30 3.0 × 105 
BeO 85 5.5 1.2 × 106 32 3.1 × 105 
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FIG. 56. Thermal neutron flux over different moderators. 

 

FIG. 57. Gamma spectra at the surface of the moderator. 
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By applying the simplified model the performance of the internal configuration facility can be 
calculated. This model does not consider the perturbation of inserted voids on the flux. In 
TABLE 8 and FIG. 58 the results are shown. The highest flux and compactness of the 
polyethylene produce the best performance, 3 times better than the non-hydrogenous 
moderators. 

The other quality parameters (T + E) / F and T / E are shown in FIG. 59 and FIG. 60 
respectively. Here, the best moderators are the Be, BeO, Graphite and the D2O, and the worst 
are the hydrogenated ones that reach a maximum of about (T + E) / F ~20 and T / E ~100. 
The maximum values for the non-hydrogenous moderators depend on their sizes. For 
example, the D2O has (T + E) / F (r=80) ~106 and T / E (r=80) ~105, becoming a real 
thermal column. 

 

FIG. 58. Imaginary performance  for the selected moderators. 

 

0 20 40 60 80 100 120

104

105

106

 

[u

.a
]

 

 

Distance from the source [cm]

 LW
 POLY
 HW998
 HW9999
 G
 Be
 BeO

102



 

 

FIG. 59. Thermal plus epithermal to fast neutron fluxes ratio. 

 

FIG. 60. Thermal to Epithermal neutron fluxes ratio. 
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Up to this stage of calculation, two moderators can be selected: Polyethylene because it has 
the best  and heavy water because it has a high  and the highest T / E. But close to the 
neutron source, where the polyethylene is the best, T / E is low for analytical purposes and 
the NG fills this place. For example, a comparison between thermal flux distributions 
produced by an empty space of 5 cm and 10 cm of radius are shown in FIG. 61. The space 
produces a flat distribution inside with a lower flux in both materials. The product  is 
greater in heavy water for radius greater than 5 cm as FIG. 62 shows. Therefore heavy water 
has the best performance if the space for the NG is considered.  

 

FIG. 61. Thermal flux in heavy water and polyethylene leaving a space of 5 and 10 cm, and 
without considering it. 

 

 

FIG. 62. Flux multiplied by efficiency in heavy water and polyethylene leaving a space of 
5 cm and 10 cm, and without considering it. 
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Heavy water has also the following properties: 

 It is available in large quantities because it is produced for natural uranium reactors. A 
higher purity than the “reactor grade” is recommended for reducing the Hydrogen lines. 
This element is a very interesting material in many applications, and it can be 
characterized very well with PGNAA. 

 It is not toxic if not ingested. Beryllium and its compounds are extremely toxic if they 
are inhaled or touched. 

 It can be purified from ions impurities by exchanging resins or activated carbon. 
 It is not explosive. Beryllium decomposes the moisture of the air, eliminating 

Hydrogen, which is very flammable. 
 It is easier to modify the geometry changing its container 
 It is cheaper than high purity beryllium. 
 
9.3.2. Optimization of the shielding and geometry with the simplified model 

Two questions can be asked: Is the minimum size of a moderator the optimal choice? What 
happens if some thickness of heavy water is replaced by a hydrogenated fast neutron 
shielding?  

To answer those questions the simplified model is applied. The internal and the external 
configuration are compared using heavy water as a moderator. Although heavy water is not 
considered a heavy moderator such as beryllium or graphite, the differences with an MCNP 
calculation are small (see FIG. 63). The parameters of Eq. (8.11) are obtained from 
Ref. [196]. The selected fast neutron shielding is borated polyethylene with a composition of 
30%wt of boron carbide. This mixture has the slowing down properties of Hydrogen and the 
absorption of Boron; hence, it is one of the best shielding material for fast neutrons. This 
material has a fast neutron attenuation coefficient of 0.22 cm –1. In order to avoid any H 
photons, the surface of the moderator should be lined with 1 cm of pure Boron Carbide. 

 

FIG. 63. Thermal neutron flux inside a spherical moderator calculated with Equation (8.11) 
and with MCNP. 
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9.3.2.1. Internal configuration 

 

 

FIG. 64. Thermal neutron flux at r=0 and r=50 depending of the radius of the moderator. 

The thermal neutron flux at the centre of a heavy water moderator (r=0 cm) reach a maximum 
value of approximately 4 × 10–3 Q, (see FIG. 64). So, by increasing the moderator radius, the 
flux is not higher and the detection efficiency outside the facility is worse. The same happens 
with other sample positions, for example r=50 cm: 

To study this competition between the flux and the efficiency, all possible configurations of 
moderator and shielding thickness are analyzed by calculating the product (XM,XNS). The 
sample is placed at a distance H=50 from the NG in order to have a ratio T / E ~1000. The 
situation is explained in FIG. 65 (left) On the bottom the contour plot of TH(10cm+XM) (D), 
where D(R,XNS)= ((10cm + XM + XNS + 25 cm)2 – 502)1/2 , is shown. Each change to a clearer 
gray means an increment of 5 × 103 from 2 × 104 to 6 × 104. The line that crosses FIG. 65 
represents the limit of the allowed configurations that produce less than 3 nF  cm –2  s –1at the 
surface of the facility. So, the best configuration is R= 10 cm+ 76 cm =86 cm, without any 
hydrogenated neutron shielding. The performance estimated with this model is about 
 5.7 × 104 n  cm –2  s –1.  
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FIG. 65. Contour plot of the product  for an internal configuration. Each colour level 
raises a value of 5 × 103, from 2 × 104 to 6 × 104. 

 

9.3.2.2. External configuration 

The number of variables to optimize the external configuration is more than the internal one 
and the optimization is more difficult. The flux through the length of the tube described by 
Eq. (8.12) is shown in FIG. 66. The radius of the tube and the radius of the heavy water 
moderator are fixed at rd= 20 cm and R= 86 cm respectively. It can be seen that the extraction 
of the beam from the high flux region is better than the extraction from the external positions. 
The only one limitation for placing the tube close to source is the T / E ratio. Approximately 
at r=50 cm a ratio of 1000 could be obtained as FIG. 60 shows.  

 

 

FIG. 66. Thermal flux calculated with Eq. (8.11) for different points of extraction. It is shown 
the position dependence from inside the moderator, but it is only applied for r>100. 
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Fixed re= 50 cm the optimal size of the system can be studied. FIG. 67 (right) shows the 
product (10 cm + XM + XNS + 25 cm – 50 cm + 8 cm, 10 cm +XM, 20 cm, 50 cm) × (20 cm) 
in a contour plot with a fixed radius of the tube, rs= 20 cm. The geometry can be observed on 
the left of the same figure, the sample is placed at 8 cm outside the facility. The optimal size 
is the same as the internal one, except that the highest value here is = 2.7 × 104 n  cm-2  s-1. 

 

 

FIG. 67. Contour plot of the product  for an internal configuration. Each colour level rise a 
value of 2.5 × 103, from 5 × 103 to 3 × 104.(XGS=25 cm). 

By enlarging the radius of the inner end of the tube this value can be increased, but the 
increase is not proportional to the area because the flux depends on the position inside the 
moderator. The centre of the inner end has the highest flux and the positions around it have 
lower flux. In addition to that, a wider tube weakens the fast neutron and gamma shielding 
around the beam, and it obliges to put the detector further away. This problem links the 
detector–sample distance with the radius of the tube, and it could be studied exactly only by 
MCNP simulations.  

Although a first analysis of it is presented as follows. A fact is that the fast neutrons and 
photons scatter at the collimator exit. This scattering produces a dispersion of the 
uncollimated radiation. Three hypotheses can be considered in order to link the radius of the 
inner end of the extraction tube with the detector–sample distance. The detector can be placed 
at: 

(1) A distance equal to the middle of the radius of the tube. 
(2) The same radius 
(3) The nearest point that the line from the source to the sample does not pass through any 

void place.  
Each one of those situations can be seen in FIG. 68, left; and the performance of each one is 
calculated with the simplified model on the right. It can be seen that the three curves share a 
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“plateau” between 20 and 40 cm. This means that a source radius between 20 and 40 cm gives 
the optimal size for any of the three hypotheses.  

The last variable to analyze is the alignment of the tube relative to the neutron source; it could 
be radial or tangential. If the point of extraction is at a fixed r, the tangential lines from this 
position to outside the facility are longer than a radial line (see FIG. 69 left). So, it can be 
expected lower fluxes in the tangential positions. 

 

FIG. 68. Dependence of the performance an external configuration with the radius of the 
inner end of the tube of extraction. 

 

9.3.2.3. Enhancement of reactions with a cold neutron source 

Most, if not all, cold neutron sources (CNS) in the world are used for long wavelength 
neutrons extraction through neutron guides. But, could it be used for in situ enhancing the 
number of absorption reactions on a sample?  

The expected increase of the number of reactions is given by the factor (T0 / T)  / 0, where 
the subindex “0” indicates the room temperature. For a boiling H or D, the maximum increase 
is about (293 / 20) = 3.8, but it could be lower due to the absorption of the moderators.  

The work of Matsuo [199] shows that the maximum flux for LH2 is /00.3 for an optimum 
moderator radius of 3 cm and for LD2, /01 for a radius of 50 cm. This means that with LH2 
there is not any important improvement in the reaction rate, and with LD2 a spherical cold 
vessel of 1 m of diameter is needed in order to gain a maximum factor of 3.8. 

Up to this part of the work the best moderator radius is about 86 cm, which is not enough for 
placing a CNS vessel of 100 cm of diameter. Although a system with a LD2 in a two NGs 
configuration is presented to evaluate how higher the flux could be in a system of these 
characteristics. 

9.3.3. Test of the selected designs with MCNP 

In the previous section the theoretical optimal performance of the internal and external 
configurations was presented considering that the introduction of tubes does not perturb 
neither the flux nor the shielding. These designs are tested with MCNP introducing the 
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needed empty tubes for beam extraction. The product , the fast neutron flux at the detector 
position and T / E ratio are evaluated in order to select the best design. The photon transport 
calculation is left at the end for testing the best of them because it demands much more 
computing time. 

9.3.3.1. Internal configuration 

The optimal design of a gamma detection system should measure mainly capture photons 
from the sample rather than other source. For this reason the detector should only look at 
sample, and no other surface emitting photons. FIG. 69 shows a proposed irradiation 
chamber: It is an empty tube made of a neutronic transparent material, such as aluminium, 
where the sample is placed inside and two detectors can look at it through collimators made of 
lead. Those collimators are lined with a Li-6 shielding material in order to prevent any more 
photons generated inside it.  

 

FIG. 69. Irradiation chamber for internal configuration. 

A model of the system with two irradiation chambers is shown in FIG. 70 (left) the maximum 
sample size is about 5 cm3. A comparison between this system and the same without tubes is 
shown in TABLE 9. It can be seen that the product TH  is 5.9 × 104 for the system without 
tubes (calculated with MCNP), and with the simplified model is 5.7 × 104 (item 9.3.2.1). This 
agreement between both results backs the previous optimization. 

The thermal flux in the system with tubes is 70% lower, the T / E ratio is about half and the 
fast neutrons flux at the surface is much higher than the system without tubes. In FIG. 70 at 
the right, some places where the fast neutrons scatter are shown by using the program 
MCNP5 Vised. This powerful graphical tool helps discovering of leaks in the shielding. It can 
be observed that an important number of fast neutrons reach the lead, where they can scatter 
without a significant energy loss.  
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TABLE 9. INTERNAL CONFIGURATION PERFORMANCE CALCULATED WITH MCNP 

Configuration Fast Neutrons 

(n  cm-2  s-1) 

Gamma photons

(p  cm-2  s-1) 

TH at sample 

(n  cm-2  s-1)

TH / E TH  

(n  cm-2  s-1) 

Without tubes 2.1 0.3 8.0 × 107 1320 5.9 × 104

With tubes 88 – 5.7 × 107 435 4.2 × 104

 

 

FIG. 70. Left: Model of an internal configuration PGNAA with two irradiation chambers. 
Right: MCNP Vised shielding test with fast neutrons Each point represent a collision of a 
neutron. It can be seen that at each side of the figure are much more scatterings than in the 
top and bottom. 

 

In order to reduce the number of fast neutrons at the facility surface and increase the T / E 
ratio, the value of “H” (FIG. 65) should be greater. The only way to do this without affecting 
the geometrical efficiency is breaking the spherical symmetry of the system and enlarging it 
in one direction. This design is calculated in the next section. 

9.3.3.2. External configuration 

The proposed design for an external type PGNAA is shown in FIG. 71 on the right. The beam 
is extracted by a 20 cm inner radius radial tube placed at 50 cm away from of the NG. The 
size of the moderator and shielding are the same of the internal configuration deduced in the 
previous section. The collimator is a cone of borated polyethylene, which limits the radius of 
the beam and protects the detector against the fast neutrons. The sample is placed at 8 cm 
outside the facility surface.  

A fast neutron flux calculation around the beam is shown on the left of FIG. 71. A big 
attenuation behind shielding (yellow zone) can be seen. But the detector should be placed not 

111



 

closer than 60 cm from the sample. In this position the fast neutron flux is below the 
maximum dose rate. 

The flux calculation with and without the perturbation of the extraction tubes is shown in 
TABLE 10. In the latter case, the flux at the sample position is calculated with Eq. (8.12) with 
TH(re,R) calculated with the MCNP in place of Eq. (8.11). In the former case, the flux at 
sample is calculated “exactly” with a tally “4”. The difference between them is a factor 2, 
which is produced by an overestimation of the flux calculated at the inner end of the 
extraction tube. To improve the simplified model for the external configuration a detailed 
study on the neutron source at the extraction tube is needed, but this is beyond this work. 
Although this evaluation has demonstrated that the external configuration has a lower 
performance of the internal one. 

 

TABLE 10. EXTERNAL CONFIGURATION PERFORMANCE CALCULATED WITH MCNP 

Configuration Fast Neutrons 

(n  cm –2  s–1) 

TH at sample 

(n  cm –2  s –1) 

TH / E TH  (20 cm) 

(n  cm –2  s –1) 

Without tubes  2.1 1.5 × 106 1320 2.7 × 104 

With tubes 10 7.6 × 105 275 1.3 × 104 

 

 

FIG. 71. Left: Model of an external PGNAA facility with one external irradiation port. It has 
been plotted the fast neutrons collisions in order to check the shielding around the beam.  
Right: A calculation of the fast flux around the beam. 
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9.3.3.3. Cold source with two neutron generators 

The design presented in FIG. 72 shows a system with a cold source cell of 50 cm of radius. 
Two NGs with an intensity of 1011 are placed at each side of the cold cell in order to have the 
highest thermal flux. The selected materials are the same as the previous designs except for 
the cold moderator that is LD2 at 19K with a density of 0.052 atoms/cm3. The sample is 
placed inside a tube passing through the cold source (internal configuration).  

Two calculations are shown in TABLE 11. The first, the NGs are placed at 75 cm from the 
centre of the system, and the other at 85 cm. This increase is done in order to reduce the 
neutron dose at the surface of the facility. The neutron flux distribution of the cold source can 
be observed in FIG. 73 for the “85 cm” system. A non-pure maxwellian cold distribution can 
be seen, although the most probable energy is 2 meV giving a gain factor in the performance 
of 3.5.  

This double NG system with a CNS is 3 times better than the presented one without a CNS 
(see TABLE 9 and TABLE 11). If the cost is considered, the economic balance does not present 
an interesting gain because it is at least the double and it has only one irradiation position.  

TABLE 11. PERFORMANCE OF A PGNAA WITH A CNS 

 75 cm 85 cm 
Thermal neutron flux (n  cm –2  s –1) 9.1 × 107 6.71 × 107 
Epithermal neutron constant (n  cm –2  s –1) 4.2 × 104 9.2 × 103 

Fast neutron flux (n  cm –2  s –1) 1.5 × 104 2600 
Thermal + Epithermal 
Fast 6000 26000 

Thermal 
Epithermal Constant 2175 7200 

Most probable energy (meV) 2 2 
Performance (n  cm –2  s –1) 1.75 × 105 1.3 × 105 

Fast Neutrons at detector (n  cm –2  s –1) 4 0.5 
Max. neutron dose at surface (μSv/h) 17 10 

 

 

FIG. 72. Cut view of the model of a PGNAA facility with a CNS of LD2 (pink circle at the 
centre) and two NG at each side. The 3 D figure is a revolution of this figure around the 
horizontal axis, with the exception of the irradiation chamber. 
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FIG. 73. Neutron flux energy distribution of the recommended design at sample position. 

 

9.3.4. Recommended design 

A model of an improved PGNAA internal configuration design with two irradiation positions 
is shown in FIG. 74. The difference with the previous one (section 9.3.3.1) is an added 
extension between the two hemispheres that shields better both irradiation chambers. The 
performance is presented in TABLE 12. A lower thermal flux can be seen, but the T / E and 
the (T + E) / F are higher. 

The design fulfils almost all the proposed radiological requirements, except for the number of 
gamma photons at the detector position. Two runs for photon transportation have been done: 
in the first about 100 p  cm –2  s –1 reach the detector; most of them have low energy. For this 
reason, in a second calculation a low energy shielding made of 1 cm of lead is added closing 
the exit of the collimator. This improvement reduces the photon background below 
10 p  cm-2  s-1, but it reduces the low energy efficiency.  

The performance of this system is about 7 times lower than the one with two NGs and a cold 
source, but it could analyze two, or even more, 3 or 4 samples per time (of course by adding 
more irradiations chambers). This possibility, which the other system does not have, could 
weight when evaluating costs.  
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TABLE 12. PERFORMANCE OF RECOMMENDED DESIGN FOR PGNAA 

Thermal neutron flux (n  cm –2  s –1) 2.9 × 107 
Epithermal neutron constant (n  cm –2  s –1) 1.4 × 104 

Fast neutron flux (n  cm –2  s –1) 7.0 × 103 
Thermal + Epithermal 
Fast 4.1 × 103 

Thermal 
Epithermal Constant 2.1 × 103 

Performance 1.9 × 104 

Fast Neutrons at detector (n  cm –2  s –1) 2.5 
Gamma Photons at detector (p  cm –2  s –1) 7 
Neutron dose at surface (μSv/h) <5 
Gamma dose at surface (μSv/h) <1 

 

 

FIG. 74. Left: Recommended design for NAA/PGNAA. The 3 D figure is a revolution of this figure 
around the horizontal axis, with the exception of the irradiation tubes. Right: Thermal flux, 
Thermal to Epithermal and Thermal plus Epithermal to Fast ratios for NAA. 

 

The T, T / E and (T + E) / F NAA´s parameters are shown in FIG. 74 (right). The 
calculation positions are the small circles drawn in the centre of the Figure on the left. For 
distances greater than 50 cm from the source, the samples have a T / E > 1000. 

9.4. Conclusions 

An optimal design facility for neutron activation in the mode PGNAA and NAA has been 
presented. This design has been obtained by analyzing the most important variables, which 
determine the performance of the system. It can be established for a 1011 n/s generator that: 

(1) Heavy water is better than light water, polyethylene, beryllium, beryllium oxide and 
graphite. 
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(2) The optimal radius of it is about 86 cm. 
(3) It needs a minimum lead thickness of 25 cm. 
(4) It is better to use the moderator as a fast neutron shielding than adding a hydrogenous 

absorber. 
(5) It is better for PGNAA to irradiate the sample inside the moderator in an internal 

configuration than outside of it in a beam. 

An extreme system with two NGs with a cold neutron source has been tested. The 
performance of it is at maximum 7 times better than the recommended design for one 
generator, but the last one can analyze simultaneously several samples and it could cost not 
more than half. The best option of them has to be carefully analyzed from the economic point 
of view. Hence, the simpler option has been recommended in this work. The problem is not 
closed because there exist more variables that have not been analyzed such as structural 
materials, impurities in the moderator, etc. but the best performance that can be expected for 
those systems has been established.  
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ANNEX I  
REACTION AND CROSS-SECTION FOR NAA  

WITH NEUTRON GENERATORS 

I-1. DT Neutron Generators 

Fast, 14.1 MeV neutrons can produce nuclear reactions on most isotopic targets. Typical (n,γ) 
cross-sections at these energies are typically less than 10 mb. Cross-sections up to 1 b are 
observed in (n,2n), (n,p), (n,n’γ) and (n,γ) at 14.1 MeV. TABLE 1 shows typical reactions for 
DT neutrons that produce radioactive products suitable for use in Fast Neutron Activation 
Analysis. 

TABLE 1. USEFUL REACTIONS INDUCED BY 14.1 MEV NEUTRONS 

Z 

 

Element 

 

Reaction 

 

Cross-Section

(mb) 

Target 
Abundance 

(%) 

Product 

 

Half-life 

 

5 B 10B(n,p) 9 19.9 10C 19.3 s 

7 N 14N(n,2n) 7.4 99.63 13N 9.965 m 

8 O 16O(n.p) 5.9 99.76 16N 7.13 s 

9 F 19F(n,p) 19 100 19O 26.9 s 

11 Na 23Na(n,γ) 0.23 100 24Na 14.95 h 

12 Mg 26Mg(n,γ) 0.2 11.01 27Mg 9.46 m 

13 Al 27Al(n,γ) 56 100 24Na 14.95 h 

13 Al 27Al(n,γ) 0.65 100 28Al 2.24 m 

13 Al 27Al(n,p) 31 100 27Mg 9.46 m 

14 Si 30Si(n,γ) 0.6 3.09 31Si 157 m 

19 K 41K(n,γ) 112 6.73 38Cl 37.2 m 

19 K 41K(n,γ) 3.5 6.73 42K 12.32 h 

21 Sc 45Sc(n,γ) 44 100 42K 12.3 h 

22 Ti 50Ti(n,γ) 3.5 5.18 51Ti 5.76 m 

22 Ti 50Ti(n,p) 28 5.18 50Sc 102.5 s 

23 V 51V(n,γ) 15 99.75 48Sc 43.7 h 

23 V 51V(n,p) 29 99.75 51Ti 5.76 m 

 

129



 

TABLE 2. USEFUL REACTIONS INDUCED BY 14.1 MEV NEUTRONS (cont.) 

Z 

 

Element 

 

Reaction 

 

Cross-Section

(mb) 

Target 
Abundance 

(%) 

Product 

 

Half-life 

 

24 Cr 50Cr(n,2n) 20 4.34 49Cr 42.3 m 

24 Cr 50Cr(n,γ) 1.3 4.34 51Cr 46.2 m 

24 Cr 52Cr(n,2n) 350 83.79 51Cr 46.2 m 

25 Mn 55Mn(n,γ) 29 100 52V 3.74 m 

25 Mn 55Mn(n,γ) 0.65 100 56Mn 2.58 h 

26 Fe 54Fe(n,2n) 18 5.84 53Fe 8.51 m 

28 Ni 58Ni(n,n'p) 646 68.08 57Co 271.7 d 

29 Cu 63Cu(n,2n) 500 69.17 62Cu 9.67 m 

29 Cu 63Cu(n,γ) 2.6 69.17 64Cu 12.7 h 

29 Cu 65Cu(n,2n) 950 30.83 64Cu 12.7 h 

29 Cu 65Cu(n,γ) 0.45 30.83 66Cu 5.12 m 

29 Cu 65Cu(n,n'γ) 1.0 30.83 61Co 1.65 h 

30 Zn 68Zn(n,γ) 18 18.75 65Ni 2.52 h 

30 Zn 70Zn(n,n'γ) 0.9 0.62 66Ni 54.6 h 

31 Ga 69Ga(n,p) 20 60.11 69mZn 13.76 h 

31 Ga 71Ga(n,γ) 1.9 39.89 72Ga 14.1 h 

31 Ga 71Ga(n,n'γ) 2.1 39.89 67Cu 61.8 h 

32 Ge 73Ge(n,n'γ)  7.73 73mGe 0.499 s 

33 As 75As(n,γ) 93 100 72Ga 14.1 h 

33 As 75As(n,n'γ) 13 100 75mGe 17.6 ms 

34 Se 77Se(n,n'γ)  7.63 77mSe 17.4 s 

34 Se 82Se(n,γ) 1.4 8.73 83Se 70.1 s 
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TABLE 3. USEFUL REACTIONS INDUCED BY 14.1 MEV NEUTRONS (cont.) 

Z 

 

Element 

 

Reaction 

 

Cross-Section 

(mb) 

Target 
Abundance 

(%) 

Product 

 

Half-life 

 

35 Br 79Br(n,2n) 965 50.69 78Br 6.46 m 

35 Br 79Br(n,γ) 9.2 50.69 76As 1.09 d 

35 Br 79Br(n,γ) 1.7 50.69 80mBr 17.7 m 

35 Br 79Br(n,n'γ)  50.69 78mBy 4.86 s 

35 Br 81Br(n,2n) 1130 49.31 80Br 17.68 m 

35 Br 81Br(n,γ) 3.4 49.31 82mBr 6.13 m 

35 Br 81Br(n,n'γ)  49.31 81mBr 34.6 μs 

36 Kr 80Kr(n,γ) 1.5 2.28 81Kr 4.57 h 

37 Rb 87Rb(n,γ) 4.5 27.83 84Br 31.8 m 

38 Sr 87Sr(n,n'γ)  7.00 87mSr 2.82 h 

39 Y 89Y(n,γ) 2.2 100 90mY 3.19 h 

39 Y 89Y(n,n'γ) 393 100 89mY 15.3 s 

40 Zr 90Zr(n,2n) 120 51.45 89mZr 4.16 m 

40 Zr 90Zr(n,n'γ) 64 51.45 90mZr 0.809 s 

40 Zr 90Zr(n,n'p) 40 51.45 89mY 15.3 s 

40 Zr 90Zy(n.p) 43 51.45 90Y 64.05 h 

40 Zr 96Zr(n,γ) 0.05 2.80 97Zr 16.7 h 

41 Nb 93Nb(n,γ) 8.8 100 90mY 3.19 h 

41 Nb 93Nb(n,n'γ) 2.5 100 89mY 15.3 s 

41 Nb 93Nb(n,n'γ) 49 100 93mNb 16.13 y 

42 Mo 92Mo(n,2n) 17 14.84 91mMo 64.6 s 

42 Mo 92Mo(n,2n) 191 14.84 91Mo 15.5 m 

 

  

131



 

TABLE 4. USEFUL REACTIONS INDUCED BY 14.1 MEV NEUTRONS (cont.) 

Z 

 

Element 

 

Reaction 

 

Cross-Section

(mb) 

Target 
Abundance 

(%) 

Product 

 

Half-life 

 

44 Ru 104Ru(n,γ) 0.89 18.62 105Ru 4.44 h 

46 Pd 105Pd(n,n'γ)  22.33 105mPd 36.1 μs 

46 Pd 110Pd(n,γ) 0.79 12.49 111Pd 23.4 m 

47 Ag 107Ag(n,n'γ)  51.84 107mPd 44.5 s 

47 Ag 109Ag(n,γ) 2.4 48.16 106Rh 29.8 s 

47 Ag 109Ag(n,n'γ)  48.16 109mPd 38.0 s 

48 Cd 111Cd(n,n'γ)  12.80 111mCd 48.5 m 

48 Cd 113Cd(n,n'γ)  12.22 113mCd 14.1 y 

49 In 113In(n,n'γ)  4.29 113mIn 99.5 m 

49 In 115In(n,γ) 2.7 95.71 112Ag 3.13 h 

49 In 115In(n,n'γ) 81 95.71 115mIn 4.49 h 

50 Sn 115Sn(n,n'γ)  0.34 115mSn 159 μs 

53 I 127I(n,γ) 0.99 100 128I 25.0 m 

55 Cs 133Cs(n,γ)  100 132I 2.295 h 

56 Ba 135Ba(n,n'γ)  71.70 135mBa 28.7 h 

56 Ba 138Ba(n,γ) 0.8 6.59 139Ba 12.8 d 

57 La 139La(n,γ) 1.9 99.91 138Cs 33.4 m 

57 La 139La(n,γ) 0.96 99.91 140La 1.68 d 

58 Ce 142Ce(n,γ) 1.8 11.11 143Ce 33.0 h 

59 Pr 141Pr(n,γ) 1.3 100 142Pr 19.1 h 

63 Eu 151Eu(n,γ) 9.6 47.81 152mEu 9.31 h 

63 Eu 151Eu(n,γ) 9.6 47.81 152m2Eu 96 m 
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TABLE 5. USEFUL REACTIONS INDUCED BY 14.1 MEV NEUTRONS (cont.) 

Z 

 

Element 

 

Reaction 

 

Cross-Section 

(mb) 

Target 
Abundance 

(%) 

Product 

 

Half-life 

 

63 Eu 151Eu(n,n'γ)  47.81 151mEu 58.9 μs 

63 Eu 153Eu(n,2n) 733 52.19 152mEu 9.31 h 

63 Eu 153Eu(n,2n) 733 52.19 152m2Eu 96 m 

64 Gd 160Gd(n,γ) 1.6 21.86 161Gd 3.66 m 

65 Tb 159Tb(n,p) 2.2 100 159Gd 18.5 h 

67 Ho 165Ho(n,γ) 1.2 100 166Ho 26.8 h 

68 Er 167Er(n,n'γ)  22.93 167mEr 2.27 s 

71 Lu 176Lu(n,n'γ) 5.8 2.59 176mLu 3.66 h 

72 Hf 178Hf(n,n'γ)  27.28 178mHf 4.0 s 

72 Hf 179Hf(n,n'γ)  13.63 179mHf 18.7 s 

72 Hf 180Hf(n,n'γ) 12.4 35.08 180mHf 5.47 h 

73 Ta 180Ta(n,n'γ) 3.3 0.012 180mTa 8.15 h 

74 W 180W(n,n'γ)  0.12 180mW 5.47 ms 

74 W 183W(n,n'γ)  14.31 183mW 5.2 s 

74 W 186W(n,γ) 0.6 28.42 187W 23.7 h 

77 Ir 191Ir(n,2n) 647 37.3 190m2Ir 3.09 h 

77 Ir 191Ir(n,2n) 866 37.3 190mIr 1.12 h 

77 Ir 191Ir(n,γ) 1.0 37.3 192mIr 1.45 m 

77 Ir 191Ir(n,n'γ) 117 37.3 191mIr 4.94 s 

77 Ir 193Ir(n,2n) 397 62.7 192mIr 1.45 m 

77 Ir 193Ir(n,γ) 4.0 62.7 194Ir 19.3 h 

77 Ir 193Ir(n,n'γ) 159 62.7 193mIr 10.5 d 
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TABLE 6. USEFUL REACTIONS INDUCED BY 14.1 MEV NEUTRONS (cont.) 

Z 

 

Element 

 

Reaction 

 

Cross-Section 

(mb) 

Target 
Abundance 

(%) 

Product 

 

Half-life 

 

78 Pt 198Pt(n,γ) 1.7 7.16 199Pt 30.8 m 

79 Au 197Au(n,γ) 0.25 100 194Ir 19.3 h 

79 Au 197Au(n,γ) 10 100 198Au 2.696 d 

79 Au 197Au(n,n'γ) 200 100 197mAu 7.73 s 

80 Hg 199Hg(n,n'γ)  16.87 199mHg 42.7 m 

80 Hg 201Hg(n,n'γ)  13.18 201mHg 9.3 μs 

81 Tl 203Tl(n,2n) 1300 29.52 202Tl 12.2 d 

81 Tl 203Tl(n,γ) 0.37 29.52 200Au 48.4 m 

81 Tl 205Tl(n,γ) 0.75 70.48 202Au 28.8 s 

81 Tl 205Tl(n,γ) 2.0 70.48 206Tl 4.2 m 

82 Pb 204Pb(n,n'γ)  1.4 205mPb 1.14 h 

82 Pb 207Pb(n,n'γ)  22.1 207mPb 0.806 s 

82 Pb 208Pb(n,γ) 1.1 52.4 209Pb 3.25 h 

83 Bi 209Bi(n,γ) 0.33 100 210Bi 5.01 d 

90 Th 232Th(n,2n) 1290 100 231Th 25.5 h 

90 Th 232Th(n,f) 380 100    

90 Th 232Th(n,γ) 5.2 100 233Th 21.8 m 

92 U 235U(n,f) 2075 0.72    

92 U 238U(n,f) 1185 99.27    

92 U 238U(n,γ) 0.95 99.27 239U 23.4 m 

 

I-2. DD Neutron Generators 

Reactions suitable for Neutron Activation Analysis with 3 MeV neutrons from DD NG are 
shown in TABLE 7. Most elements can be analyzed by using (n,γ), (n,p), (n,γ) and (n,n’γ) 
reactions.  
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TABLE 8. USEFUL REACTIONS INDUCED BY 3 MEV NEUTRONS 

Z 

 

Element 

 

Reaction 

 

Cross-Section

(mb) 

Target 
Abundance 

(%) 

Product 

 

Half-life 

 

4 Be 9Be(n,γ) 105 100 6He 807 ms 

9 F 19F(n,γ) 0.08 100 20F 11.07 s 

11 Na 23Na(n,γ) 0.17 100 24Na 14.95 h 

13 Al 27Al(n,γ) 0.42 100 28Al 2.24 m 

13 Al 27Al(n,p) 1.1 100 27Mg 9.46 m 

14 Si 30Si(n,γ) 0.65 3.09 31Si 157 m 

15 P 31P(n,γ) 0.70 100 32P 14.26 d 

15 P 31P(n,p) 60 100 31Si 157 m 

16 S 32S(n,p) 120 94.93 32P 14.26 d 

17 Cl 37Cl(n,γ) 0.6 75.78 38Cl 37.2 m 

19 K 41K(n,p) 0.08 6.73 41Ar 109.6 m 

21 Sc 45Sc(n,γ)  100 46mSc 18.75 s 

22 Ti 50Ti(n,γ)  5.18 51Ti 5.76 m 

22 Ti 47Ti(n,p) 37 7.44 47Sc 3.35 d 

23 V 51V(n,γ) 1.0 99.75 52V 3.74 m 

24 Cr 54Cr(n,γ) 0.88 2.36 55Cr 3.50 m 

25 Mn 55Mn(n,γ) 1.5 100 56Mn 2.58 h 

27 Co 59Co(n,γ)  100 60mCo 10.5 m 

28 Ni 64Ni(n,γ) 3.7 0.93 65Ni 2.52 h 

28 Ni 60Ni(n,p)  26.22 60mCo 10.5 m 

29 Cu 63Cu(n,γ) 5.6 69.17 64Cu 12.7 h 

29 Cu 65Cu(n,γ) 4 30.83 66Cu 5.12 m 

30 Zn 68Zn(n,γ)  18.75 69Zn 56.4 m 
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TABLE 9. USEFUL REACTIONS INDUCED BY 3 MEV NEUTRONS (cont.) 

Z 

 

Element 

 

Reaction 

 

Cross-Section

(mb) 

Target 
Abundance 

(%) 

Product 

 

Half-life 

 

30 Zn 64Zn(n,p)  48.63 64Cu 12.7 h 

31 Ga 71Ga(n,γ)  39.89 72Ga 14.1 h 

32 Ge 74Ge(n,γ) 2.5 36.28 75Ge 82.8 m 

32 Ge 76Ge(n,γ) 1.4 9.37 77mGe 52.9 s 

33 As 75As(n,γ) 38 100 76As 1.09 d 

34 Se 76Se(n,γ)  9.37 77mSe 17.4 s 

34 Se 77Se(n,n'γ) 67 7.63 77mSe 17.4 s 

34 Se 78Se(n,γ)  23.77 79mSe 3.92 m 

34 Se 80Se(n,γ) 8.3 49.61 81Se 18.45 m 

35 Br 79Br(n,γ) 21 50.69 80Br 17.68 m 

35 Br 81Br(n,γ) 6.0 49.31 82mBr 6.13 m 

37 Rb 85Rb(n,γ)  72.17 86mRb 1.02 m 

37 Rb 87Rb(n,γ) 2.3 27.83 88Rb 17.8 m 

38 Sr 86Sr(n,γ) 12 9.86 87mSr 2.82 h 

38 Sr 87Sr(n,n'γ) 21 7.00 87mSr 2.82 h 

39 Y 89Y(n,n'γ) 191 100 89mY 15.3 s 

39 Y 89Y(n,γ) 3.5 100 90mY 3.19 h 

40 Zr 90Zr(n,n'γ) 173 51.45 90mZr 809 ms 

41 Nb 93Nb(n,γ) 6.3 100 94mNb 6.26 m 

42 Mo 100Mo(n,γ) 6.5 9.63 101Mo 14.6 m 

44 Ru 104Ru(n,γ) 21 18.62 105Ru 4.44 h 

45 Rh 103Rh(n,γ) 21 100 104Rh 42.3 s 
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TABLE 10. USEFUL REACTIONS INDUCED BY 3 MEV NEUTRONS (cont.) 

Z 

 

Element 

 

Reaction 

 

Cross-Section 

(mb) 

Target 
Abundance 

(%) 

Product 

 

Half-life 

 

46 Pd 108Pd(n,γ)  26.46 109mPd 4.70 m 

47 Ag 107Ag(n,n'γ) 67 51.84 107mAg 44.5 s 

47 Ag 109Ag(n,n'γ) 13 48.16 109mAg 39.6 s 

47 Ag 107Ag(n,γ) 80 51.84 108Ag 2.37 m 

47 Ag 109Ag(n,γ) 18 48.16 110Ag 24.6 s 

48 Cd 110Cd(n,γ)  12.49 111mCd 48.5 m 

48 Cd 111Cd(n,n'γ) 8 12.80 111mCd 48.5 m 

49 In 115In(n,γ) 70 95.71 116mIn 54.3 m 

49 In 113In(n,n'γ) 5.4 4.29 113mIn 99.5 m 

49 In 115In(n,n'γ) 4.5 95.71 115mIn 4.49 h 

50 Sn 116Sn(n,γ)  14.54 117mSn 13.76 d 

50 Sn 122Sn(n,γ) 9 4.63 123mSn 40.06 m 

50 Sn 124Sn(n,γ) 13 5.79 125mSn 9.52 m 

50 Sn 117Sn(n,n'γ) 15 7.68 117mSn 13.76 d 

51 Sb 123Sb(n,γ)  42.79 124mSb 93 s 

52 Te 130Te(n,γ) 2.5 34.08 131Te 25.0 m 

53 I 127I(n,γ) 22 100 128I 24.99 m 

55 Cs 133Cs(n,γ)  100 134mCs 2.91 h 

56 Ba 136Ba(n,γ)  7.85 137mBa 2.55 m 

56 Ba 137Ba(n,n'γ) 43 11.23 137mBa 2.55 m 

57 La 139La(n,γ) 4 99.91 140La 1.678 d 

58 Ce 142Ce(n,γ) 13 11.11 143Ce 33.04 h 
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TABLE 11. USEFUL REACTIONS INDUCED BY 3 MEV NEUTRONS (cont.) 

Z 

 

Element 

 

Reaction 

 

Cross-Section

(mb) 

Target 
Abundance 

(%) 

Product 

 

Half-life 

 

59 Pr 141Pr(n,γ) 8 100 142Pr 19.12 h 

60 Nd 150Nd(n,γ) 18 5.6 151Nd 12.44 m 

62 Sm 154Sm(n,γ) 52 22.75 155Sm 22.3 m 

63 Eu 151Eu(n,γ) 56 47.81 152mEu 9.312 h 

63 Eu 151Eu(n,γ) 56 47.81 152m2Eu 96 m 

63 Eu 153Eu(n,γ) 94 52.19 154mEu 46.3 m 

64 Gd 158Gd(n,γ) 45 24.84 159Gd 18.48 h 

64 Gd 160Gd(n,γ) 55 21.86 161Gd 3.66 m 

66 Dy 164Dy(n,γ) 23 28.18 165mDy 1.257 m 

67 Ho 165Ho(n,γ) 25 100 166Ho 26.83 h 

68 Er 166Er(n,γ) 150 33.61 167mEr 2.269 s 

68 Er 170Er(n,γ)  14.93 171Er 7.516 h 

68 Er 167Er(n,n'γ) 0.8 22.93 167mEr 2.269 s 

70 Yb 176Yb(n,γ)  12.76 177Yb 1.911 h 

71 Lu 175Lu(n,γ) 17 97.41 176mLu 3.664 h 

71 Lu 176Lu(n,n'γ) 770 2.59 176mLu 3.664 h 

72 Hf 178Hf(n,γ) 47 27.28 179mHf 18.67 s 

72 Hf 179Hf(n,n'γ)  13.63 179mHf 18.67 s 

73 Ta 181Ta(n,γ) 28 99.988 182mTa 283 ms 

74 W 182W(n,γ)  26.50 183mW 5.2 s 

74 W 186W(n,γ) 14 28.42 187W 23.72 h 

75 Re 185Re(n,γ) 60 37.40 186Re 3.72 d 
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TABLE 12. USEFUL REACTIONS INDUCED BY 3 MEV NEUTRONS (cont.) 

Z 

 

Element 

 

Reaction 

 

Cross-Section

(mb) 

Target 
Abundance 

(%) 

Product 

 

Half-life 

 

75 Re 187Re(n,γ) 31 62.60 188Re 17.00 h 

75 Re 187Re(n,γ)  62.60 188mRe 18.59 m 

77 Ir 191Ir(n,n'γ) 527 37.3 191mIr 4.94 s 

78 Pt 196Pt(n,γ)  25.14 197Pt 19.89 h 

78 Pt 196Pt(n,γ)  25.14 197mPt 95.41 m 

78 Pt 198Pt(n,γ)  7.16 199Pt 30.80 m 

78 Pt 198Pt(n,γ)  7.16 199mPt 13.6 s 

79 Au 197Au(n,γ) 29 100 198Au 2.696 d 

79 Au 197Au(n,n'γ)  100 198mAu 2.27 d 

80 Hg 198Hg(n,γ)  9.97 199mHg 42.67 m 

80 Hg 199Hg(n,n'γ)  16.87 199mHg 42.67 m 

81 Tl 205Tl(n,γ)  70.48 206Tl 4.20 m 

82 Pb 206Pb(n,γ)  24.1 207mPb 806 ms 

82 Pb 204Pb(n,n'γ)  1.4 204mPb 1.14 h 

82 Pb 207Pb(n,n'γ) 107 22.1 207mPb 806 ms 

83 Bi 209Bi(n,γ) 3 100 210Bi 5.01 d 
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ANNEX II  
LIST OF ABBREVIATIONS 

 

Abbreviations Definition 

ADC Analog to Digital Converter 

API Associated Particle Imaging 

ASTM American Society for Testing and Materials 

BGO Bismuth Germanate 

BNL Brookhaven National Laboratory 

CCLC Coincidence Loss Correction 

CNS Cold Neutron Sources 

DD Deuterium–Deuterium 

DT Deuterium–Tritium 

ENAA Epithermal Neutron Activation Analysis 

FNAA Fast Neutron Activation Analysis 

FNA Fast Neutron Analysis 

HPGe High Purity Germanium 

ICP-MS Inductively Coupled Plasma Mass Spectroscopy 

ICRP International Commission on Radiological Protection 

IEC Inertial Electrostatic Confinement 

INAA Instrumental Neutron Activation Analysis 

KAERI Korea Atomic Energy Research Institute 

LD2 Liquid Deuterium 

LFC Loss Free Counting 

LH2 Liquid Hydrogen 

LNBL Lawrence Berkeley National Laboratory 

MCNP Monte Carlo N-Particle Transport Code 
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NAA Neutron Activation Analysis 

NaI(Tl) Sodium Iodide 

NCT Neutron Capture Therapy 

NG Neutron Generator 

NIST National Institute of Standards and Technology 

OHSE Occupational, Health, Safety & Environment 

PELAN Pulsed Elemental Analysis with Neutrons 

PFNA Pulsed Fast Neutron Analysis 

PFTNA Pulsed Fast Thermal Neutron Analysis 

PGNAA Prompt Gamma Neutron Activation Analysis 

P&IST Plasma and Ion Source Technology Group 

PLDF Preloaded Digital Filter 

PTNA Pulsed Thermal Neutron Analysis 

RF Radio Frequency 

RFI Radio Frequency Induction 

RFQ Radio Frequency Quadrupoles 

TNA Thermal Neutron Analysis 

TBN Total Body Nitrogen 

TBH Total Body Hydrogen 

VHV Very High Voltage 
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This publication addresses recent developments in neutron 
generator (NG) technology. It presents information on compact 
instruments with high neutron yield to be used for neutron activation 
analysis (NAA) and prompt gamma neutron activation analysis in 
combination with high count rate spectrometers. Traditional NGs 
have been shown to be effective for applications including borehole 
logging, homeland security, nuclear medicine and on-line analysis of 
aluminium, coal and cement. Pulsed fast thermal neutron analysis, 
as well as tagged and timed neutron analysis, are additional 
techniques that can be applied using NG technology. NGs can be 
used effectively for elemental analysis and for analysis of hidden 
materials by neutron radiography. Useful guidelines for developing 
NG based research laboratories are provided in this report.
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