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Application of Coincidence Techniques in Instrumental Neutron Activation Analysis 

Abstract 

This report treats the application of coincidence techniques in Instromental Neutron Activation 

Analysis (INAA). It is well known, that despite the very good energy resolution of germanium 

detectors, undesirable energy interterences significantly suppress the power of instromental activation 

analysis. In the case of measurements of radionuclides which emit coinciding cascade gamma-rays 

andlor positrons, the problem of energy interterences can be suppressed by the application of 

coincidence spectroscopy. A flexible experimentalset-up with two High Purity Germanium detectors 

based on NIM spectrometric modules in conneetion with a VME data acquisition system offers the 

possibility to pertorm Coincidence INAA (CINAA), as well a.c;; conventional, non-coincidence INAA. 

Furthermore, the data acquisition program provides an option (energy windows) to separate inteffering 

lines, by setting conditions on the energies of the pair of coinciding photons. 

The objective of this graduation project wastotest the system, and to prepare it for routine operation 

ofCINAA. 

Tests of the used detectors, and data acquisiting, and processing system are pertormed, and results are 

given in this report. Values for energy resolution, full-peak efficiency, and peak-to-Compton ratio of 

the detectors show no major discrepancies with the values, as given by the manufacturer. The system 

throughput is about 90% up to a count rate of 2000 counts per second. At this moment, a modification 

of hardware and software is underway. Expectation is that the maximum count rate will increase by 

roughly a factor 5. 

New software has been written to provide the possibilities of creating a sum spectrum, which is an 

additional way to separate intertering energy lines. An example of the application of this method on 

the detection of 75Se in bovine liveris given. A detection limit of about 0.25 ppm is estimated. 

After these tests, the system has been used for the determination of antimony, cesium, cobalt, iron, 

rubidium, scandium, and zinc fractions in Certified Reference Materials of biologica!, and 

environmental origin. Results obtained with conventional INAA and Coincidence INAA are compared 

with each other. In CINAA, the influence of background radiation is much less than in IN AA. As a 

result, lower detection limitscan be achieved with CINAA. 

The system and the software are proven to be working properly. In the future, the op ti ons of energy 

windows, sum spectrum and net coincidence spectrum should be tested more thoroughly in CINAA 

measurements. 
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1. Introduetion 

The Department of Physics of the Faculty of Nuclear Sciences and Physical Engineering of the 

Czech Technica! University in Prague, Czech Republic is co-operating with the Institute of 

Analytica[ Chemistry of the Academy of Sciences of the Czech Republic, a lso in Prague, on a study 

concerning the Application of Coincidence Techniques in Instrumental Neutron Activation Analysis. 

The goal of the project is to establish a more sensitive and accurate (i.e. lower defection limit, 

lower uncertainties, better selection of y-rays with an energy of interest) variant of the common 

Instrumental Neutron Activation Analysis by the use of two High Purity Germanium (HP Ge) 

detectors in a coincidence set-up. Results of this study are published in this report. 

1.1. activation analysis 

Activation Analysis (AA) uses induced radioactivity from stabie elements contained in a sample for 

both qualitative and quantitative deterrnination of their concentrations. Two years after the 

discovery of artificial radioactivity by G. Hevesy and H. Levi in 1936 [Hevesy36], the principle of 

activation analysis was forrnulated. A systematic development of Neutron Activation Analysis 

(NAA) only began in the years around 1950, when operation of nuclear reactors as intensive sourees 

of neutrons became routine. In the 1950s the most commonly used technique was Radiochemical 

Neutron Activation Analysis (RNAA), techniques basedon radiochemical separation of elemental 

fractions from irradiated samples. Biggest disadvantages of these radiochemical methods are that 

they are destructive, and that special apparatus, which requires a high level of expertise, is needed to 

separate trace elements. Next to this, radiochemical techniques only allow the possibility to search 

for one element at a time. With the discovery of semiconductor detectors for y-ray speetrometry in 

the 1960s [Tavendale64] came the possibility to search for multiple elements at the same time. 

Applying the non-destructive y-spectroscopy on neutron activation analysis, is called Instromental 

Neutron Activation Analysis (INAA). 

Instromental Neutron Activation Analysis using germanium detectors makes it possible to 

deterrnine weight concentrations of many elements in biological materials to levels as low as ppb or 

ppm [Vobecky73]. 

NAA finds its applications for example in the fields of geological science, geochemistry, cosmology 

(analysing lunar stones), archaeology (characterising or "fingerprinting" archaeological specimens), 

biochemistry, epidemiology (analysing samples such as hair, nails, blood for both essential and 

toxic trace elements to deterrnine their effect on disease outcomes), forensic investigations (for 

instanee analysing Napoleons hair to investigate the possibility or arsenic poisoning, fingerprint the 

trace elementsin bullet lead from the assassination of J.F. Kennedy), nutrition, semi-conductor 

materials and micro-electronics (impurity levels are often so low that only NAA can be used for 
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measuring the impurity concentrations accurately), and biologica! trace element research as applied 

in life sciences. 

1.2. application of coincidence techniques 

A possible improverneut of the common INAA techniques is Coincidence INAA (CINAA). 

Despite the very good energy resolution of germanium detectors, undesirable energy interlerences 

significantly suppress the power of INAA: In the case of measurements of radionuclides which emit 

a cascade of coinciding y-rays and/or positrons, energy interlerences in INAA can be suppressed by 

the application of coincidence spectroscopy: y-rays are only registered in a spectrum, if a second 

y-ray simultaneously strikes a second detector. 

INAA has been combined before with coincidence techniques [Vobecky79], showing that this 

technique is capable of eliminating the practical perceptible effects of energy interlerences on the 

results of the non-destructive determination of selenium by using coincidence detection of photons 

emitted by 75Se. An impravement in the detection limit of roughly a factor 5 can be achieved 

[Wangen80]. The used detector configurations usually were a Ge(Li)- Na(Tl), or a Ge(Li)- Ge(Li) 

detector pair. 

The aim of this project is to examine the possibilities of coincidence techniques using two High 

Purity Germanium (HPGe) detectors. Furthermore, in the past, the second detector was used only to 

gate the signal from the first detector. With the set-up used in this project, the second detector is 

considered to be equal to the first. A computer program has been written to control the set-up, and 

to obtain and store all available information of a coincidence event (two energies and a time 

difference). This means that it is possible to examine the correlation between the two spectra, at any 

time. 

The coincidence system is tested by examining the spectra of commercially available isotapes which 

emit cascading photons, such as 6°Co, and 152Eu. 

Finally, the CINAA technique is tested by determining concentrations of a selection of elementsin 

Certified Reference Materials (CRMs) produced by different institutions/countries (e.g. NIST 

(formerly NBS)/USA, CTA/Poland, NIES/Japan). In INAA, one compares the intensity from a 

eertaio y-line in an unknown sample, with the intensity of the same line in a reference sample with 

known composition. Single and Multi Element Standards have been produced at the Institute of 

Analytica} Chemistry to function as such a reference sample. Both elemental standards and CRMs 

are irradiated under the same experimental conditions in the nuclear reactor L VR 15 situated in Rez 

near Prague. Under the condition that the isotopic composition of the elementsis similar in the 

unknown sample (the CRMs, in this case) and in elemental standards, camparing activities per mass 
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unit at a reference time will give concentrations in CRMs. These values are compared with the 

certified values as given by the institutions. 

1.3. this report 

This report presents the first results obtained with the new system. In chapter 2 results of an 

extensive literature study are given, including an introduetion to the theory of neutron activation 

analysis, the interaction of y-radiation with matter as far as important for spectroscopie uses, and 

semiconductor detectors for y-radiation. The chapter ends with a description of the probieros of 

energy interlerences in INAA. In chapter 3 the experimental set-up is described, divided into 

detectors, analogue part, digital part, and analysing software. Results of general tests of the detectors 

and the detecting system are given. New options, which are aresult of the combination of the new 

detector configuration and the new software, to suppress energy interlerences are described in 

chapter 4. Chapter 5 gives an overview of the tests of the CINAA technique, camparing activities as 

aresult of different positions in the nuclear reactor, and as aresult of different activations. Levels of 

background radiation in both conventional and Coincidence INAA are given. Further, the measured 

activities for severallines of selected elemetns are givenas well as concentrations of a selection of 

elemental fractions, as determined in NBS Bovine Liver, NBS Coal Fly Ash, NIES Vehicle 

Exhaust, and CTA Tobacco Leaves. Finally, in chapter 6, the results and field offurther studyin the 

future are discussed. 

This graduation work has been carried out in the frame of a project supported by the Grant Agency 

of the Czech Republic under a Grant 203/95/0260 "Coincidence Instromental Activatien Analysis". 

A poster presentation of the results will be presented at the "Regional IRP A Symposium on 

Radiation Proteetion in Neighboming Countries of Central Europe", to be held 8-12 September 

1997 in Prague. 
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2. Theoretica} aspects of neutron activation analysis 

This chapter describes the underlying theory of several physical processes, all of which play a role 

in Neutron Activation Analysis. First, there is Neutron Activation. This process generales a 

radioactive isotope, that can emit photons. These photons interact with the germanium atoms of 

High Purity Germanium detectors, leading toa y-ray spectrum. Afew criteria to judge detectors 

and spectra are given. Then a section conceming complications in y-ray spectroscopy in general 

and in coincidence y-ray spectroscopy in particular follows. Finally, a methad to obtain 

concentrations of elements from y-ray spectra is given. 

2.1. neutron activation 

Neutrons can react with atomie nuclei by elastic and inelastic scattering, and by nuclear reactions. 

Absorption reactions yield nuclei with the same charge as the target nuclei, whereas their masses are 

increased by one. Immediately after neutron absorption the new nucleus exist as an excited state. 

Low-energy neutrons produce excited states from which, with a few exceptions, a partiele emission 

is not probable and turn to the ground state, or in some cases to a metastable state, by the emission 

of photons. High energy neutrons produce highly excited nuclei, which are unstable against partiele 

decay and reach a state of stability by theemission of protons, a-particles, or neutrons. Very highly 

excited states may emit more than one partiele [Erdtmann76]. 

Energetic neutrons can be divided in three groups: first the thermal neutrons, with energies up to 0.5 

eV, then the epithermal and resonance neutrons, with an energy range from 0.5 eV up to 500 keV, 

and finally the fast neutrons with typical energies above 500 keV, up toabout 10 Me V. 

The total reaction rate fora thin target is described by: 

dR dt = N <l>cr reacri on ' 

Equation 2-1 

where N is the number of target atoms, <I> the neutron flux and O"reaction the total neutron cross

section. 

The total reaction cross-section can be divided in a (n,y) part, and a part for the other possible 

nuclear reactions: 

cr relletion = cr (n,y) + cr other reacrions • 

Equation 2-2 
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A cross-section may beregardedas a measure for the size of the target nucleus. lts value is given in 

[cm2], or, more common in [barn] (1 barn= 10"24 cm\ Cross-sections may range from 10·
4 

to 10
5 

barn. 

The neutron flux <I> may be regarded as the number of neutrons passing a certain area in a certain 

time. lts dimensions are [cm·2 sec-1]. Typical values of neutron fluxes from reactors are in the order 

of 1012 -1014 neutrons cm·2 sec·•. 

A typical energy scheme of an (n,y) activation may look as depicted in Figure'2-l. 
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Figure 2-1 Energy scheme ofradiative capture and inelastic scattering of neutrons. 

The target nucleus :x interacts with a neutron, by either radiative capture, or inelastic scattering. 

Neutron capture leaves the resulting compound nucleus A~ X in an excited state. lt will immediately 

decay to the ground state, radiating so-called prompt y-rays. This ground state can be radioactive 

with respect to W -decay (n-7p +e·), with half lifes ranging from milliseconds to tens of years. This 
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W -decay may leave the daughter nucleus in an excited state, radiating y-rays. The entire re action 

equation then looks like 

A X+ n-+ A+tx•-+ A+lx + 'Y z z z 

A+ty +y' 
Z+l 

For analytica! purposes one can either measure the y-rays prompt from the compound nucleus 

( called Prompt NAA, Prompt Neutron Capture Analysis, Neutron Capture Gamma Analysis, .... 

[PospiSil89]), or delayed, if the resulting nucleus is radioactive, from the daughter nucleus (Delayed 

NAA). In this report, the term INAA refers to the latter one. 

2.2. gamma-radiation 

The nucleus is characterised by discrete energy levels. lf the nucleus is excited, transitions between 

these levels can be made by the emission of electromagnetic-radiation of the correct energy, i.e. with 

an energy given by the energy difference between the levels participating in the transition. These 

photons have a typical energy of a few keV toa few Me V, and were historically called y-rays. The 

energy differences, and the corresponding photons are characteristic for the ernitting nucleus. As 

will be shown see later in this chapter, these photons manifest themselves in measurements as peaks 

in the y-ray spectrum. 

Nuclei in excited states will not always decay directly to the ground state, other transitions, to other 

excited states, can be possible as well. Therefore, the decay from an excited state can give a cascade 

of subsequent y-rays, like in the example of 75Se in Figure 2-2 where the 198 and 201, 136 and 264, 

121 and 279 keV photons form cascading couples, all originally coming from the 400 keV level. 

1.671"6.....,_,_--1 

16.79 m; .::;..:..-.... 
2801:6 -wc---= 
11.21:6~-......r-1 
8851:6 -""---1--I-'--1-L-1_.__-1--11-1--'-- ...L,;----~<!!!!5!! 

Figure 2-2 Decay scheme of75Se [Firestone96]. 

119.779d 
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The life time of an excited state is typically in the order of 10-14 to 10-9 seconds. Such pairs (or 

sametimes also sets of three or more) of cascading y-rays are said to be in coincidence with each 

other. In CINAA, these pairs/sets of coinciding y-rays are used to trigger simultaneously the two 

detectors of a coincidence set-up. 

2.3. interaction of gamma-radialion with matter 

Photons have three principle ways of interacting with matter, namely the photoelectric effect, 

Compton scattering, and pair production. These processes are strongly dependent upon the energy of 

the pboton and the atomie number Z of the materiaL Other effects such as Rayleigh scattering 

(scattering of photons by atoms as a whole), and Thompson scattering ( scattering of photons by free 

electronsin the classicallimit) are much less important and can be ignored in detection processes. 

The photoelectric effect is the process in which a pboton is absorbed by an atom and where an 

electron ( or photoelectron) is ernitted. The electron energy Ee is equal to the pboton energy (Ey = hv) 

minus the binding energy E8 : 

Ee=hv-E8 . 

Equation 2-3 

Since a free electron cannot absorb a pboton and also conserve momentum, the photoelectric effect 

always occurs on bound electrons with the rest of the atom absorbing the momentum. Theoretically, 

the photoelectric probability is hard to calculate because of the complexity of the Dirac wave 

functions for the atomie electrons involved. However, for pboton energies above the K-shell energy 

(about 100 keV), it are almost always the K-shell electrons which are involved. If this is assumed, 

and the energy is non-relativistic, i.e., Ey « mec2
, the photo electric cross-section <l>photo can then be 

calculated using an approximation of the wave function [Leo87]. In such a case, one obtains 

(mc2 )~ 
<t> pitoio = 4a 4 ..fi.ZS <t> 0 hv , 

Equation 2-4 

with 

<1>0 = 8rcr} /3 = 6.651·10-25
cm

2
; a.= 1/137; 

where re is the classica} electron radius of 2.817xl0-13 cm, me the electron mass, Z the atomie 

number of the material, and c the velocity of light. 

Equation 2-4 shows that the probability of the photoelectric effect taking place increases strongly 

with the number of protons, Z, of the material, and decreases with the pboton energy. More can be 

found in for instanee [Davisson68]. 

14 



Application of Coincidence Techniques in Instrumental Neutron Activation Analysis 

lf the energy increases, the process of Campton scattering becomes more important. 

In Compton scattering the pboton collides with an electron, losing energy to the electron and 

scattering to a different direction. The energies of the electron Ee and the scattered pboton Ey are 

given by: 

Equation 2-5 

Equation 2-6 

where E0 is the energy of the incident photon, Ey the energy of the scattered photon, Ee the electron 

energy, and S the angle between incident and scattered y-ray directions. 

The maximum energy loss by the pboton is for a head-on collision where S = 180°, and is equal to 

E -E = Eo 
0 

Y mec2 j2E0 + 1 

Equation 2-7 

This energy is the maximum energy that cao be transferred to an electron by a Compton scattered 

photon, and is called the Compton edge. From this same equation, it cao be seen that the fractional 

energy loss becomes higher at higher energies. 

The probability of scattering at a particular angle is a complicated function of energy and angle, and 

is known as the Klein-Nishina formula: 

da c = r2 1 + cosS 1 1 + a. 1-cosS 
[ ]

3[ 2( )2 ] 
dO. e 2 1+a.(1-cose) (1+cos2 e)[l+a.(l-cose)]' 

Equation 2-8 

where a is the pboton energy in units of the electron rest energy ( a=Ey /mec2
). Integration over dO. 

then give~ -~he to~~! probability per electron of Compton scattering to occur: 

cr = 1tre2 {[1- 2(a;1)]ln(2a.+1)+l+.!- 1 2}. 
c a. a. 2 a. 2(2a.+1) 

Equation 2-9 
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Pair production is the process by which a positron-electron pair is created when a pboton interacts 

with the field of a nucleus. The creation of the anti-matter positron is viewed as ejecting an electron 

from a negative energy state into a positive energy state, leaving a hole in the region of normally 

filled negative energy states. This hole is the positron. There is a gap of 2 IIleC
2 between two energy 

regions, so at least this amount of energy (1022 keV) is required to create the positron-electron pair. 

In summary, all three processes produce energetic electrans (or positrons) which can be detected 

directly, or can initiate other electron processes to create an electric charge pul se. At low energies, 

up toabout 100 keV (the X-ray region) the photoelectric effect is dominant, Campton scattering 

varies from a minor effect at 10 keV to being more important near 100 keV. Up to I Me V the 

photoelectric effect is declining in probability and multiple Campton scattering effects become 

important. See Figure 2-3. 

120 
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:;:; 80 .J:J 
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Compton effect 
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Pair production 
dominant 

5 10 50 100 

Figure 2-3 The three y-ray interaction processes and their regions of dominanee [ Krane88]. 

The importance of these interactions for detecting processes is how they re late to the total deposited 

energy in a detector crystal. An i deal detector converts all of the energy of the y-ray into an electric 

pulse that is directly (i.e. linearly) proportional to the y-ray energy. For y-rays, Campton scattering 

often results in only a fraction of the energy being deposited because the gamma-ray can scatter and 

then escape from the crystal without further interaction. The full energy peak can be produced by a 

photoelectric absorption or one or more Campton scattering foliowed by photoelectric absorption. 

If pair production occurs, the positron slows down in the material, then annihilates, producing two 

511 ke V gamma-rays. Each of these may escape from the detector totally, leave part of their energy 

by Campton scattering, or their full energy by the photoelectric effect. lf one or both totally escapes, 

the deposited energy is the full energy minus 511 or 1022 ke V, resulting in two peaks, so-called the 

"Single Escape" and "Double Escape" peaks. 

Figure 2-4 gives an overview of the processes occurring in y-ray detection. 
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Escaping scattered proton 
(incomplete energy loss) 

(0-~--~ 

0--~-__...._ 
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Photoelectric 
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Figure 2-4 Processes occurring in y-ray detection [Krane88J_ ( 1) The photon is subject to multiple Campton 
scatterings and eventually leaves the detector befare depositing all its energy. (2) Multiple Campton 
scattering is foliowed by photoelectric absorption, complete energy deposition. ( 3) Pair production foliowed 
by positron annihilation, Campton scattering and photoelectric absorption, again complete energy 
deposition. (4) One ofthe annihilation photons leaves the detector, Single Escape peak. Full energy minus 
511 keV is deposited. (5) Both annihilation photons leave the detector. Double Escape peak. Processes 4 
and 5 can only occur ifthe y-ray energy is higher t!Uln 1022 keV. 

A typical y-ray spectrum is given in Figure 2-5. 
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Figure 2-5 Gamma spectrum. Notice the two 24Na peaks at 1368 and 2754 keV; the resulting DE peak at 
1732 keV; theSE peaks at 857 and 2243 keV; the Campton edges at 1150 and 2500 keV. The lines at 629 
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and 2201 keV come from 72Ga. The 511 keV fine is the photon annihilation peak. Energies below circa 380 
keV are not visible due to the used settings ofthe hardware. 25 Minute measurement. 

As will be shown in§ 2.5.2, due to the finite response time of a detector, two photons arriving at the 

detector shortly aftereach other, can beregardedas one single detection event, with a deposited 

energy equal to the sum of the two original ones. This results in a sum peak, which will have its 

own Compton background. 

2.4. high purity germanium detectors 

Two types of detectors are in use for detecting photons. The cheaper Nal detectors, and the more 

expensive High Purity Germanium detectors. The Nal scintillator detectors are easy to handle, but 

have an energy resolution of about 7%, which is not sufficient for INAA purposes, as will be made 

clear later. A disadvantage of the germanium semiconductor detectors is that they have to be cooled, 

which makes them more difficult to use, but their energy resolution is about 0.1% of the 'Y energy, 

which makesthem suitable. This paragraph therefore, concentrates on germanium detectors only. 

Germanium detectors are semiconductor diodes having aso-called P-1-N structure (Figure 2-6) in 

which the intrinsic region (I) is sensitive to ionising radiation, particularly to y-rays. Under applying 

areverse bias voltage (i.e., a negative voltage to the P-side ), an electric field extends across the 

intrinsic or depleted region. Without the reverse bias, the detector is a normal PN-junction with a 

much smaller intrinsic (active) region. When photons interact with the material within the depleted 

volume of a detector, charge carriers (holes and electrons) are produced and are swept by the 

electric field to the P and N electrodes. This charge, which is in proportion to the energy deposited 

in the detector by the incoming photon, is converted into a voltage pulse by a charge sensitive 

preamplifier. lt means that germanium detectors are suitable for measuring y-ray spectra. The same 

is valid for silicon detectors, but germanium is prefeered in y-ray speetrometry over silicon because 

of its much higher atomie number (Zae = 32, Zsi =14). The photoelectric cross-sectionis 60 times 

greater in germanium than in silicon. 

-I 
-I 

--1 n 

-:' 
1 Deplelion . 1 
1--- Zone --1 

Wilh 
Bias 

Figure 2-6 Reversed-bias junction, as used in germanium detectors. From the left to the right, one can see 
the N, /, and P region. [Leo87] 
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Because germanium has a relatively low band gap, germanium detectors must be cooled in order to 

reduce the thermal generation of charge carriers (thus reverse leakage current) to an acceptable 

level. Otherwise, leakage current induced noise destrays the energy resolution of the detector. 

Liquid nitrogen (77K) is the common cooling medium for such detectors. The detector is mounted 

in a vacuum chamber which is attached to or inserted into an LN2 Dewar. 

Prior to the mid-1970s the required purity levels of germanium could be achieved only by counter 

doping P-type crystals with a N-type impurity, lithium, in a process known as lithium-ion drifting. 

These detectors are called Ge(Li) detectors. 

Coaxial Ge(Li) detectors were developed since early sixties in order to increase overall detector 

volume, and thus detection efficiency and resolution, while keeping depletion (drift) depths 

reasonable. The conventional coaxial germanium detector is basedon a cylinder of germanium with 

an N-type contact on the outer surface, and a P-type contact on the surface of an axial well. 

Sufficiently pure germanium crystals have been available since 1976. High Purity Germanium 

detectors (HPGe) have a net impurity level of around 1010 atoms/cm3 (where 1013 was usual for 

Ge(Li)) so that with moderate reverse bias, the entire volume between the electrades is depleted, 

and an electric field extends across this active region. The N and P contacts, or electrodes, are 

typically diffused lithium, and implanted boron or gold, respectively. The advantage of the 

implanted contacts is that they are less thick. The useful energy range of the detectors is from about 

a few keV to more than 10 Me V. An advantage ofthe HPGe detectors to the Ge(Li) ones, is that 

they only need to be cooled while they are operated, where Ge(Li) detectorsneed to be cooledat all 

times, to avoid the high mobility lithium atoms drifting out the germanium. 

Figure 2-7 gives a schematic view of a coaxial germanium detector. 

Gamma 

LithiUm contact 
(0.5 mm thlck) \. 

INTRINSIC REGION 

( Hole _.,...Gold contact -----""-1 

Figure 2-7 Schematic view of a coaxial germanium detector. 
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2.5. detecting systems 

A detecting system perfarms three main tasks: photon detecting, signal processing, and spectrum 

evaluation. Typically, a detecting system consistsof a detector, signal handling devices and a 

computer to store and analyse the data. 

The electrical output signal of the detector is fed, usually after some signal manipulation in a pre

amplifier, to an Analog-to-Digital Converter (ADC). Each output pulse, whose charge is a measure 

for the deposited energy, results in a count in a designated channel of the ADC. In this way, one 

obtains a y-spectrum in the form of counts per channel, where the channel number gives information 

about the energy, and the number of counts per channel holcts information about the intensity. 

Criteria exist to campare the performances of a detectors, here detector efficiency, response time, 

system dead time, energy resolution and peak-to-Compton ratio will be discussed. 

2.5.1. detector efficiency 

Generally speaking, one can say that the efficiency of a detector is the number of pulses that occur 

for a given number of y-rays. Various kinds of efficiency definitions are in common use for y-ray 

detectors: 

Absolute efficiency: The ratio of the number of counts produced by the detector to the number 

of y-rays emitted by an isotropie souree in all directions. 

Intrinsic efficiency: The ratio of the number of pulses produced by the detector to the number of 

y-rays striking the detector. 

Relative efficiency: Efficiency of one detector relative to another; commonly that of a 

germanium detector relative toa 3 inch diameter by 3 inch long Nai crystal, each at 25 cm from 

a point source, and specified at 1332 keV only. 

Full-Energy peak efficiency: The efficiency for producing full-energy peak pulses only, rather 

than a pul se of any size for the y-ray. 

If the detector is used in a detecting system, one can expand the first two definitions by replacing 

"produced by the detector" with "re gistered by the system". In stead of for detector efficiency, the 

definitions are then valid for system efficiency. The absolute system efficiency is also called system 

throughput. Normally, notall detector output pulses will result in a count, due to for example 

system or detector dead time or bad signal shapes, which makes the system reject an output pulse. 
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2.5.2. response time 

Y et another important characteristic of a detector is its response time. Th is is the time the detector 

needs to form an output signal after the arrival of a photon. For good timing, it is essential that a 

sharp output pulse with a short rise time is produced as quickly as possible. The duration of the 

signal should not be too long, since during this time, the detector is either insensitive fora second 

event, or this second event is piled up on the first one. This contributes to the dead time of the 

detector, and limits the maximum count rate. 

2.5.3. system dead time 

Each event (a photon striking the detector and producing an output pulse) takes a eertaio time to be 

processed. During this time, the detector will be inactive and is notready for registering a new 

event. The dead time is defined as the fraction of the time that the detector is inactive. For low count 

rates this may be as low as a few promilles or less, but for high count rates the dead time can 

become an important factor. When camparing measurements, using the same experimental set-up 

but totally different count rates, this dead time is an important contributor to errors and needs to be 

corrected for. Example, with a count ra te of 100,000 counts per second, each ha ving a processing 

time of 5 I!S, the total dead time is 50%. This means that the actual rate of photons striking the 

detector is double as high. 

Since INAA is basedon camparing radiation intensities from a y line in different measurements, the 

system dead time is an important factor. A method to correct for this is the use of a clock, which 

ticks away the "real" time. This clock is a souree that produces a known count rate. This can either 

be a pulse generator (PG), whose output signal is fed to the electrical circuitry of the detector, or a 

second y-ray emitting source, whose radiation is counted in the same way as the radiation of the 

original sample. The advantages of using a PG, is that the count rate is exactly known, and that the 

energy (output voltage of the PG) can be changed easily. A disadvantage is that the shape of an 

output pulse generated by the detector as aresult of an input pulse from the PG is slightly different 

in form from pulses generated by photons. These "PG output pulses" might be processed differently, 

and thus po~sibly resulting in a wrong count rate, and therefore in a wrong "real time", and wrong 

intensities. For a radioactive source, the advantages and disadvantages are just the other way 

around: the output signals are the same, but energies are fixed. One should choose a souree with 

energy peaks in a energy range, where it does oot suffer any interterences from other lines. It is 

possible that a different souree is needed for a new measurement. Another problem that one could 

encounter is the positioning of the source. This position should be reproducible, close to the 

detectors, and should not screen the real sample. Finally, the dead time may be energy dependent, so 

that one needs to choose an energy close to the energies of interest, but without generating new 

interferences. This is much easier done with a PG than with a natmal source. 
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When evaluating the spectrum, the area ofthe reference peak(s) is used todetermine the reallife 

time. For example, suppose a 90 Hz PG is used, and the area of the PG peak is 4500 counts for a 60 

second measurement, then the corrected measurement time is 4500/90 = 50 seconds. One can also 

say that the dead time is 16%. 

2.5.4. energy resolution 

The energy resolution of a detector is defined as the extent to which the detector can distinguish two 

close lying energies. Ideally, one would like to see a well-defined delta peak for each y-line. In 

practice, this is never true because of fluctuations in the number of ionisations and excitations 

produced, in the process of charge collection, and by detector and electronics noise. The resulting 

sh~pe of the peak is usually Gaussian. Even though the radioactive decay process is governed by 

exponential decay, measurement errors, are described by the Poisson distribution. The Gaussian 

distribution is a limit of the Poisson distribution in the case of high statistics. 

The distribution density P(Ey) is given as a function of the mean Jl and the varianee cr2 of the 

distribution, as given in Equation 2-10 and Figure 2-8. 

Equation 2-10 Figure 2-8 Gaussian distribution. 

The resolution is normally given in terms of the Full Width at Half Maximum (FWHM), which 

equals: 

FWHM = 2cr.J21n2 = 2.35cr. 

Equation 2-11 

The relative energy resolution is the ratio of this FWHM and the energy Ey at which it is measured. 

Sometimes, also the Full Width at Tenth Maximum (FWTM or FW.lM) is given. 

For a Poisson distribution, the standard deviation cr is proportional to ...JEy. and therefore (FWHM)2 

- Ey. Practically this means that for lower energies, closer lying lines can be distinguished. Another 

process which has it influence on the FWHM is the electrical noise in the electrical chain processing 

the signal of the detector. Due to this effect, the FWHM will not reach zero value at Ey= 0, but there 

is some offset, related with the varianee of the electronic noise [Hnatowicz86]. The observed peaks 

are assumed to be Gaussian, for which the same is true in the case of high statistics. 
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For germanium detectors, the relative energy resolution is typically in the order of 0.1 %, whereas 

for Nal detectors it is 7%. The region of interest is between about 100 and 3000 keV. This means 

roughly that germanium detectorscan separate lines about 1 keV apart, whereas the Nal detectors 

can only separate up to a level of 70 ke V. 

2.5.5. peak-to-Compton ratio 

Another metbod of camparing different detectors, or stating sarnething about the quality of one, is 

the peak-to-Compton ratio. The ratio is calculated by dividing the height or amplitude of the 1332 

ke V 6°Co peak by the average height of Compton plateau in the region 1060-1070 ke V (different 

regions can be found in the literature though). The ratio is measured using a 6°Co souree at 25 cm 

distance from the detector. In the literature also the peak-to-total ratio can be found, defined as the 

ratio of counts in the peak of interestand the total number of counts in the spectrum. The peak-to

Compton ratio gives information about the relation between peak height and background level., that 

means, about error in determining the peak areaonsome background. Indirectly, it also states 

sarnething about the energy resolution, or FWHM, since the same number of counts in a smaller 

peak (with the same Gaussian shape) will result in a higher peak amplitude. 

2.5.6. count rate 

An important feature in y-ray spectroscopy experiments, is the achieved count rate, the number of 

counts that are actually registered by the system. A higher count rate means that a shorter time of 

measurement is necessary to obtain the same degree of precision. The count rate N depends on the 

activity of the souree (A), detecting efficiency (E), and the intensity of a y-ray relative to the total 

activity of the source: 

N =A· E · l,e~ . 

Equation 2-12 

2.6. gamma gamma coincidence measurements 

The principle of yy coincidence measurements is the detection of two y-rays within a certain time 

(so called time window), in two different detectors. One defines a coincidence event to happen only 

if both the detectors are hit by a pboton ( and produce an output signal) within this time window. 

The lower limit of this time window is the response time of the detectors. A y-ray spectrum in the 

second detector in coincidence with y-rays of random energy in the other detector is measured this 

way. lf one sets further restrictions to the energiesof interest, a spectrum in coincidence with only 

particular energy/energies, in the other detector can be determined. 
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Two photons originating from the same cascade will be in coincidence with each other. These 

coincidences are called true coincidences. Next to these true coincidences, also accidental 

coincidences and Campton-Campton coincidences will be measured: 

Accidental coincidences may be the result óf two independent photons hitting both detectors 

accidentally within the set time window (chance coincidence). Chance coincidences are caused by 

random overlaps in time, so they will produce a background in the time spectrum. The count rate of 

these chance activities Nch is proportional to the square of the activity, since it are two independent 

processes: 

Nch =N,·N2 ·'t, 

Equation 2-13 

where N 1 and N2 are the count rates in the two individual detectors, and 't is the time window. 

The rate of true coincidence on the other hand, is proportional to the activity. Decreasing the activity 

will therefore result in a better peak -ta-background ratio. 

Campton-Campton coincidence, a photon which is Compton scattered in one detector, escapes and 

strikes the second detector afterwards. This all takes place on a time scale of about 1 ns, small 

enough to be considered as coincidence. The result is a Compton background in the coincidence 

spectrum, even if a spectrum in coincidence with a specific y-energy is regarded. Looking back at 

Figure 2-4, a photon leaving the detector, can be an incident photon for the other detector. There it 

can deposit its energy, partly or fully. 

Count rates are in general dependent on the experimental conditions, such as size and geometry of 

the used detectors, length of activation, weight of the sample, and the relative intensity of a line. 

This intensity depends on the population of the initial energy level of the photon, and on the 

probability of decay to the final energy state. In coincidence measurements, two photons are 

involved. So, above the normal experimental factors that are of influence on the count rate, the 

coincidence count rate depends on the relative intensities of two lines, the population of the initial 

energy level, and on the direction of the second photon relative to its predecessor. This direction, or 

rather the probability that the second photon will travel in a certain direction, is gi ven by the 

angular distribution. This distribution depends on the kind of transitions involved (electrical, 

magnetical, dipole, quadrupole, ... ). The ratio between the count rates of conventional INAA, and 

Coincidence INAA, informs about the relative intensities of both lines, and their angular correlation. 

2. 7. calculations from counts to concentrations 

The intensity of a y-line of a certain energy is expressed in the number of counts in that peak. 

Before has been stated that the shape of the y-peaks is essentially Gaussian. Using this information, 

curve fitting computer programs can determine the peak area. 
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After examining the spectra, it is known which y lines are present, and what is the number of counts 

in the respective peak areas. In order to be able to make a comparison between the activities of 

different samples, one must recalculate the counts to the activity per mass unit of the sample at a 

reference time. This is done using Equation 2-14, defining the end of the activation as the reference 

time t=O, and correcting for respectively decay until the beginning of the measurement, decay during 

the measurement, and detecting efficiency. 

Ao _ A.·PA 
- exp[- Îvt d] · ( 1- exp[-Îvt"' ]) · E · m' 

Equation 2-14 

where A0 is the activity at the ending ofthe activation per weight, PA the number of counts in the 

Peak Area, A. the decay constant, td the time elapsed between end of activation and start of 

measurement, tm the time of measurement, E the detecting efficiency, and m the mass of the sample. 

The detecting efficiency E is generally not known. It depends on a lot of factors, such as 

transmission probabilities of the wall of the cryostat, the stopping power of the Ge crystal, the solid 

angle, and shape of the detector. lt is dependent on the energy of the radiation. In INAA activities 

from known and unknown samples will be compared. And as long as one compares y-lines from the 

same energy, (which is the thing to do in INAA) E will disappear if the two activities are divided on 

each other. lf Eis set at I, an activity in counts per seconds is obtained, rather than in decays per 

second. 

The quantity of a certain elements present in a material/sample is determined by comparing the 

activities as calculated by Equation 2-14 for each single line from this unknown material and from a 

reference elemental standard, which are irradiated, and measured under exactly the same 

experimental conditions. A standard with known weight and composition will give an activity per 

weight for the element of interest. For the unknown material only the total activity can be measured, 

and be calculated to counts persecondat the ending time of the activation. The ratio of these two 

then gives the total mass of the element present in the unknown materiaL Dividing this mass by the 

total mass of the material yields the concentration. Measurements todetermine the total activity or 

the activity per weight should be repeated at least three times, the results ought to be reproducible. 

The final activity should be given as the weighted mean Jl of the individual concentrations Xi, with 

standard deviations O'i , which gives a higher importance to measurements with a smaller deviation: 

Equation 2-15 

with an error 
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Equation 2-16 

If for one isotope multiple lines are present, then the final concentration should again be given as a 

weighted mean of the concentrations based on one line. 

2.8. inter/erences in INAA 

When deterrnining the concentration of a certain isotope, using a spectrum which is obtained after 

neutron activation, there are possible complications the experimentator should be aware of: 

Energy inteiference: Different isotapes can emit y-rays with identical or almost identical energies. 

Depending on the energy resolution of the detector (the FWHM) it is possible, or not, to distinguish 

those last y-rays. For example, 75Se, 152Eu and 57Co have lines which are possibly overlapping at 

respectively 121.1166, 121.7824 and 122.0614 keV. Like said before, the energy resolution of 

germanium detectors is about 1-2 keV. Ifthe inteffering elements show more prominent lines, one 

can easily see if they are present or not. If this is not the case, e03Hg for instanee has only one line, 

at 279.1967 keV, which intefferes with the 279.5441 keV 75Se line) one should be careful using 

only this energy to determine a concentration. 

Correcting for these interterences is rather straight forward, as long as the concentration of the 

inteffering nuclide can be determined in applying the same technique on an other y-peak of that 

inteffering nuclide. One subtracts the number of counts produced by the inteffering nuclide, and 

only then starts the actual determination of the concentration of the isotope of interest. 

Nuclear inteiference: At irradiation in a nuclear reactor, themainproduction reaction used is (n,y), 

but other reactions are also possible. Example: if one wants to determine the concentration of 

sodium, using reaction 23Na (n,y) 24Na, the reactions 24Mg (n,p) 24Na and 27 Al (n,a) 24Na can take 

place as well, if those other isotopes are present. An estimation of the influence of these reactions 

on the determined concentration can be made if cross-sections for all these reactions, and 

concentrations of the other nuclides are known. 

As shall be shown in paragraph 4.1, the set-up as described in this report offers a method to separate 

two inteffering y-peaks. 
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3. Experimental set-up 

This chapter describes the experimental set-up, as used in this work. This includes the detectors, the 

spectroscopie set-up, and analysing software. Further, results of a few tests - detector efficiency, 

energy resolution, peak-to-Compton ratio and throughput- of the system are given. 

3.1. introduetion 

The spectroscopie set-up is shown in Figure 3-1. Working from the top down, three partscan be 

distinguished: Firstly, the two High Purity Germanium (HPGe) detectors, with a charge sensitive 

preamplifier, and with a radioactive sample between them. Secondly, an analogue part, which is 

responsible for the acquisition and processing of signals from the HPGe detectors. From each 

detector two signals are available, one of which is lead into the coincidence electronics (in the 

middle of the scheme) the other one is fed toa Spectroscopie AMplifier (SAM). Aftersome 

manipulating, both signals end up in an Analog-to-Digital-Converter (ADC). Together this makes 

three analogue branches. The third, digital, part of the set-up, reacts the data from the ADCs and 

takes care of further data processing and storing. 

Figure 3-1 Schematic view of experimental set-up. Abbreviations are explained in the text, and can be found 
in Appendix C . 
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3.2. detectors 

The detectors used intheset-up are two Intrinsic Germanium Coaxial (IGC) Detectors, produced by 

Princeton Gamma-Tech, detector type IGC 20, combined with a RG 11 charge sensitive 

preamplifier. The detectors date from 1987. Crystal dimensions are 52 mm diameter by 45 mm 

length; active volume 94 cm3
; detector-window distance about 5 mm; the detectors are operated at 

77 Kandat 3000 respectively 3500 volt DC operating bias. Efficiency relative toa 31/2 x 31/2 

Nai(Tl) detector is 20.6%. The preamplifier output pulses are uni po lar, I 00 ns rise-time, 50 J.LS 

decay time, negative polarity, and has a test input. 

3.3. analogue part 

The analogue part is build up from standard NIM modules, connected with standard RG 58/U 

coaxial cab les. Like said before, this part of the set-up can be divided in to three parts, each 

corresponding with one ofthe ADCs. In Figure 3-1, it can beseen that two ADCs (the ones on the 

leftand on the right; ADC ampl. in the figure) receive a similar signal. The spectroscopie amplifiers 

in these branches use a 4 JlS shaping time to process the signa!. This is in contrast with the fast 

coincidence branch in the middle, which only needs about 0.5 - 0.8 J.LS. These shaping times can be 

changed by the experimentator. 

If the coincidence electronics are not used, then the signal present at the two outer amplitude ADCs 

gives just the y-spectrum. This means that the set-up can also be used for normal/conventional (i.e. 

non-coincidence) Instromental Neutron Activation Analysis. 

The coincidence part consistsof two parts: Firstly, the Timing Filter Amplifier and the Constant 

Fraction Discriminator, which together take care of the timing of the arrival of an input pul se, and a 

Time-to-Amplitude-Converter, which gives the possibility to determine coincidence between the two 

detectors. 

The pulses from the detector are not constant in shape and rise time, since the exact process of 

charge co Heetion in the detector depends on many factors. A higher energy of the incident photon 

means that its penetration depth will be higher, so that the charge collection takes place at a 

different location in the detector. A photon can leave its energy in several different ways in the 

detector: Compton scattering, photoelectric effect and pair-production, and combinations of these 

processes. Every combination results in a different way of charge collection, and therefore a 

different output signal. In order to normalise the different shapes and rise times, which will be 

necessary for further signal processing, the signalis first ledtoa Timing Filter Amplifier (TFA, 

Canberra, model 2111). This fast pulse shaping amplifier takes care of optimising pulse shape and 
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signal-to-noise ratio, and amplifies the signa! so that it can drive the next module. The output pulses 

have uniform rise times, in the order of 20 ns, and last about 200 ns. To obey the requirements of 

the next module, an output voltage of -5V is used. 

This next module in the chain is a timing discriminator, used to determine the moment at which a 

pul se occurs. The most fundamental type of timing circuitry generates a logic signa! when the 

leading edge of an input pulse crosses through a discriminator level. The main problem of this 

Leading Edge timing is that the timing of the output pulse is dependent of the amplitude of the input 

signa!, even though they have the same rise time. The Constant Fraction technique eliminales this 

shortcoming by setting the discriminator level at a constant fraction (in this case, 40%) of the input 

amplitude. One can derive a zero crossing by surriming the original signa!, and a delayed, inverted 

and amplified version of that same signa!. This zero crossing time is independent of rise time and 

amplitude. A disadvantage of this metbod is that it is still sensitive for pul se shape distortion. This 

is why the TFA is used. The used Constant Fraction Discriminator (CFD, Canberra, model 2126) 

module further offers the possibility to reject pulses whose amplitude do not exceed a certain 

threshold level prior to the derived Constant Fraction timing mark. In the perforrned experiments, 

this possibility of Slow Rise time rejection has been used. The used output provides -16 mA into 50 

.Q, rise time about I ns, pulse width 2 ns. 

The heart of the coincidence circuit is this Time-ta-Amplitude Converter (TAC, Canberra, model 

2145). The amplitude of its output signal is linearly proportional to the time difference between a 

Start and Stop input signa! pair. The module can evaluate the time difference, and decide whether or 

not two signals arrive within a user-defined time window. In this way, coincidence can be defined 

hardware wise. 

The signa! reaches the TAC, after the CFD. IntheStop branch a delay is necessary to make sure that 

the Start signa! arrives at the TAC before the Stop signa!. This is necessary because one can never 

besure which detector will be the first to produce an output signal. Since both detectors are equal, 

the Start branch will be hit first only in 50% of the cases. With an extra delay, all pairs lead to a 

TAC output pulse in stead of only half the pairs. This delay is nothing more than a few meter of 

coax cable, generating a 200 ns delay. lf the Stop signa! arrives at the TAC within a set time 

window the T AC is triggered. The TAC module then fumishes two output signals. The main signal, 

which contains the information about the time difference, is led to an Analog-to-Digital Converter 

("ADC time" in the figure). This signa! is a positive flat topped rectangular unipolar pulse, with a 

constant pulse shape, rise time about 250 ns, width 2.5 J..LS. A second output signa! ( -16 mA current 

pulse with rise time < 10 ns, depending on time interval between accepted Start signal and end of 

conversion cycle), is derived from the TAC by means of the TAC Single Channel Analyser (TSCA), 

present on the T AC module. The leading edge of the TSCA signa! is in time coincidence with, and 

the duration is equal to the T AC output. The Single Channel Analyser offers the possibility to make 

a finer adjustment of the time window, by setting upper and lower level boundaries. This option has 

notbeen used. This signa! is leadtoa Gate-and-Delay Generator (GDG, ORTEC, model416a, in 
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the figure represented only by the word "Gate"), in ordertostart the gating processof the ADCs in 

the non-coincidence electronics. The mentioned ADC stores the so-called time spectrum in 256 

channels. 

The delay cableis one of the factors determining the time difference between the arrival of the Start 

and Stop signal at the TAC. Another one is the half life of energy states involved in the transition of 

interest: lf one wants to detect the coinciding pair of 136 and 264 keV 75Se lines (see also Figure 2-

2), then the second pboton is on the average generated 16 ps later. Yet another contributing factor 

are fluctuations in the signal processing. 

The second output signal of the detectors, which is the same as the first, is connected with a pair of 

Spectroscopie Amplifiers (Nuclear Data, model 345). The output signa! of these amplifiers is again 

coqnected with the input of an ADC (Nuclear Data, model 575). At the same time, the ADC 

receives a gating signal from the Gate & Delay Generator. If the ADCs are used in the Normal 

mode, they measure the normal/conventional spectrum, when using the ADC in the Coincidence 

mode (coincidence of SAM and GDG input signals), it measures the coincidence spectrum. The 13 

bit ADCs are of the Wilkinson type, with a 100 MHzconversion rate. Conversion time depends on 

conversion gain, and used channel. lf 4096 channels are used, the conversion time is 4.8 + O.OlN 

micro seconds, where N equals the number of address advantages fora given input event. The 

output of the ADCs is stored in the internal memory of a computer, and is saved to diskafter a 

measurement. 

This means that two similar spectra are measured simultaneously, originating from two different 

detectors. The data can be saved in two different formats, the first containing the spectra of the 

ADCs in the form of counts per channel, the second containing all available information for each 

detected event (i.e. the channel number of all ADCs for each event; if no output signa! was present 

on an ADC, the channel number of that ADC is set at -1 ). This first format is used to store the 

normal spectrum. (Note that this can be a coincidence spectrum, if the hardware is set in such a way 

that only coincidence events are registered). The other format is used to manipulate the data 

afterwards. 

3.4. digital part 

The data acquisition part of this coincidence set-up is based on a VME system, using two 

BVME210 universa! input/output modules, a Fast Intelligent Controller (FIC 8234), and a Motorola 

68040 processor, see Figure 3-2. Using telnet, the VME system is connected to the internet, at 

address kf-vme.fjfi.cvut.cz. The system works under operation system OS9. This UNIX-like 

operating system is in common use to control VME systems [Jakubek96]. 
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Figure 3-2 Hardware configuration of the VME system. 

3.5. software 

Por acquisition and storing of data from this set-up an universa! data acquisition program called 

Adèread has been written. Adcread is capable of acquiring data from up to 4 ADCs (a block 

diagram is given in Figure 3-3). The program is written in the language C under OS9. 

I User's inlctfal:e = menu syllelll widlautolllaliç setup. I 
I I 

I Event definition, data collection. J- Data manager 
{Mainlain dl!a, 

I Block for communication witb ADCs. J 
perfonn conveniOM). 

I Set of func:tions for BVME cards. J Memocydata 
structuRS 

!Interfa&:c between CPU IIIKl VME bus. I (~..-.1). 

Figure 3-3 Structure of program ADCREAD for data acquisition from maximum Jour ADCs. 

It can show experimental data and perform elementary on-line selection according to pre-set criteria. 

In the program it is possible to define a set of time as well as energy conditions for detecting events. 

Duringa running measurement, or afterending it, the data can be stored automatically or manually 

on disk. 

The program has two modes, in which it checks if an output signal is available. The program will 

read all the ADCs, either if one of the ADCs has an output signal, or if all the ADCs have such a 

signal. The user can switch between these options. 

Adcread offers the possibility of setting user-defined windows. lf such a Region-Of-lnterest (ROl) 

(which is merely a range of channels) is selected in one spectrum, then aso-called processed 

spectrum is computed for the other ADCs. This spectrum contains that part of the original normal 

spectrum (which can be both energy and time spectrum) that was in coincidence with an event 

within the ROl in the ADC in which the window was defined. Actereact is capable of defining 5 

windows per ADC. This processed spectrum can be stored in the counts-per-channel format. 
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Other features of Adcread are the possibility to repeat a measurement without user interference, 

storing all important boundary data (length, start of the measurement, and so on) automatically, and 

keeping a record of the used hardware settings. 

A present disadvantage of the combination of VME/ Adcread is that measurement have to be 

repeated in order to obtain more than 300000 events in the entire spectrum due to lack of internal 

memory of the VME system. In the future, this problem will be solved by inserting a memory buffer 

in the set-up. 

The output data from Adcread is further examined using the program Deimos. This program was 

written especially for analysing spectra and is capable of locating peaks, calculating peak areas, 

peak amplitudes, peak positions, FWHMs, it can distinguish multiplets, an so on. [Frána95]. 

For visual representation of the spectra, a spread sheet program like Microsoft Excel can be used. 

3.6. tests of detectors with different set-ups 

The most important parameters characterising a germanium coaxial detector are the efficiency, the 

energy resolution, and the peak-to-Compton ratio. These three parameters have been tested and 

compared with the data as supplied by the manufacturer. 

3.6.1. typical output 

To give an impression of the typical output of the set-up, examples are given of the conventional y

ray spectrum of 152Eu, in Figure 3-4a-c, and Figure 3-Sa-c. About 25 peaks could be identified, with 

relative intensities per 100 decays as low as 0.4. The height of a peak depends on the area of the 

peak, and on the energy resolution. A higher resolution (smaller peak), results in a higher peak 

amplitude. The area of a peak, depends, among others, on the detecting efficiency. The ratio of the 

heights of peaks of same energy, but measured in different detectors, therefore depends on the 

detecting efficiency, and on the energy resolution of the detectors. 
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Figure 3-Sa Conventional speetrafram 152Eu, measured in detector 2, continuedon next page. 
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Figures 3-Sb,"c Conventional speetrafram 152Eu, measured in detector 2, continuedfrom previous page. 

3.6.2. resolving time 

To determine the time difference between the Start and Stop input pulses of the T AC module, the 

time spectrum of two radionuclides, 22Na, and 6°Co has been determined. These are shown in Figure 

3-6 and Figure 3-7. 
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Figure 3-6 Time spectrum of
24

Na. 
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Figure 3-7 Time spectrum of60Co. 

The figures show that the resolving time of the detectors is in the order of 50 ns, for both nuclides. 

Th.e position of the peak is mainly determined by the chosen delay, the shape and width mainly by 

the resolving time of the detectors. A 500 ns time window on the TAC bas been used. In case of 

cascades where there is a rather big delay, relative to the resolving time, (say in the order of 50 ns) 

this time spectrum can be used as an extra criteria for coincidence. 

In the two figures, irregularities in the time spectrum can be seen just right of the top, and in the 

right edge. These can be explained partly as a statistica! error. Other reasons can be a different time 

of charge collection, due to different processes taking place in the detectors. (Compton scattering, 

photoelectric effect, .. ). More research is necessary to explain the exact shape satisfactory. 

3.6.3. FWHM and peak-to-Compton ratio 

Different combinations of the amplification of the SAMs and number of channels of the ADCs have 

been tested, in order to find out what combination leads to the lowest FWHM, and thus the best 

energy resolution. These tests arealso performed with y-spectrum analysis set-up, produced by 

Silena. This Italian system is delivered with software called Emcaplus. After conversion to ASCII 

format, the output can also be evaluated by Deimos. The Silena set-up has been used in the 

Department of Physics for 7 years and has proven to be a reliable system. A y-ray souree in common 

use to compare FWHMs is 6°Co, with prominent lines at 1173.2 and 1332.5 keV. See Table 3-1. 

Another metbod of camparing different detectors, or stating sarnething about the quality of one, is 

the peak-to-Compton ratio, as described in §2.5.5. This ratio is measured using a 6°Co souree at 25 

cm from the detector. This has been done for various combinations of detecting hardware and 

coarse gain of the Spectroscopie Amplifiers (SAM) ( and thus different ratio for the number of ke V s 

per channel), shown in Table 3-1. 
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Hardware Soltware ta--k c..n..- U'DIIeV t:muv ~pen ratio 
FWIIM lelt) JiWIIM IUVl I'WIIM fel&) FWJIMIUV) 

Detector! VME Deimos 4096 40 1.99 2.17 2.03 2.22 33.82 
VME Deimos 8192 100 7.80 2.33 7.78 2.32 36.99 
Silena Deimos 8192 30 2.88 2.68 2.97 2.76 30.86 
Silena Emcaplus 8192 30 2.87 2.67 2.97 2.76 
Silena Deimos 8192 100 7.73 2.28 8.01 2.36 40.37 
Silena Emcaplus 8192 100 7.72 2.28 8.00 2.36 
Average 2.40 2.46 35.51 

Detector2 VME Deimos 4096 40 2.06 2.25 2.16 2.36 30.64 
VME Deimos 8192 100 7.73 2.49 8.43 2.72 34.39 
Silena Deimos 8192 40 3.71 2.67 3.95 2.84 34.44 
Silena Emcaplus 8192 40 3.73 2.68 3.95 2.84 
Silena Deimos 8192 100 7.22 2.33 7.64 2.47 35.17 
Silena Emcaalus 8192 100 7.20 2.32 7.60 2.45 
Average 2.46 2.61 33.66 

Emcaplus cannot calculilte Compton p1ateu hei gbt. 

Table 3-1 FWHM and peak-to-Compton ratio, for both detectors, at several energies. 

The lowest FWHM, and thus the best energy resolution is the first combination in the table. From 

now on, measurements are performed with a coarse gain of 40 on the SAMs, storing the spectra in 

4096 channels. This corresponds to about 1 ke V per channel. A too low number of channels per 

ke V eliminates the good energy resolution of the detectors. A too high number of channels will 

result in higher demands on the memory of the computer. 

With the aid of a 152Eu sample the energy resolution (see section 2.5.4) as a tunetion of the energy 

of the photons hitting the detector has been measured. The results are depicted in Figures 3-8 and 

3-9. 
Detector 1 : (FWHMi = 0.0026 (± 0.0002) Ey + 1.3 (± 0.2) 

Detector 2 : (FWHM)2 = 0.0025 (± 0.0002) Ey + 1.5 (± 0.2) 

Calculated values for 1173 and 1332 keV 6°Co lines are 2.086 respectively 2.182 for the first 

detector, and 2.1052, respectively 2.198 for the second. 

The trend in the FWHM as a function of the y-energy is like expected. The val u es for the 1332 ke V 

6°Co lines are a bit higher than the best values for this type of detector, which is 1.9 keV. 

The chosen combination of SAM coarse gain and ADC channels, allows the storage of a spectrum 

of circa 4000 keV, with a FWHM of about 2 channels at an energy of 100 keV. This last value is 

sufficient for a proper determination of the peak area. 
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Figure 3~8'Energy resolution as a func.:tion of E,." for detector 1. 
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Figure 3-9 Energy resolution as ajunetion of E,."for detector 2. 

3.6.4. detector efficiency 

In§ 2.5.1 a few definitions of detector efficiencies were described. Since in INAA one is interested 

in peak areas, the last mentioned efficiency, the Full-Energy peak efficiency has been determined 

for both detectors, using a 152Eu souree with an activity of 344.5 kBq, and an 
133

Ba souree with an 

activity of 88.5 kBq. Figure s 3-10 and 3-11 show the ratio of the measured counts in a certain peak 

and the product of activity and relative intensity per 100 decays, for both detectors. Data from 

[Browne86]. 
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Figure 3-10 Full peak efficiency as a function of the energy of the striking radiation for detector 1. 
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Figure 3-11 Full peak efficiency as a function of the energy of the striking radiation for detector 2. 

3.6.5. system throughput 

The throughput of a system can be defined as the number of events that is actually counted relative 

to number of events occurring. With the aid of 90Hz Reference Pulse Generator (PG) it is possible 

to generate "fake" coincidence events. The generator is connected with the preamplifiers of both 

detectors where they are added to the total output signal. Since both detectors receive the signal 

from the PG at the same time, the output pulses are in true coincidence. The count rate from the PG 

is exactly known, so combining it with a high activity sample the throughput of the system as a 

function of the count rate may be measured. i.e., one can determine the number of counts which is 

lost due to factors as system dead time. By increasing the distance of the sample to the detector, the 

count rate can be decreased. For both detectors, the throughput is depicted in Figures 3-12a, p. 
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Figures 3-12a, b System throughput for both detectors. 
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Up to a count rate of about 3000 counts per second, the throughput is rather high (80-90% ), and 

constant. Above this count rate, the throughput falls down to a level of 10%. This is because the 

maximum count rate is reached in this region, so an increased activity does not result in an 

increased count rate. The maximum count rate is about 7200 counts per second, at present. The 

most important factor limiting the throughput of the system, and the maximum count rate is the . 

method of communication between the used input/output modules and the FIC. The FIC is a multi 

tasking system, where all running programs have initially the same priority. This means that all 
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running processes get equal processor time. At least 8 processes need to be running in order to keep 

the system running, and to maintain the telnet connection. The data acquisition program thus only 

gets about I 0% of the processor time. It is not possible to start a measurement, close the telnet 

connection, and collect the data afterwards, since execution of the program started via this 

conneetion will be stopped. 

The used BVME input modules are able to generate an interrupt signal, and sent it to the FIC. This 

will stop all running processes, and give the highest priority to Adcread, so the data available on the 

inputs is read immediately. This option has notbeen used so far, but modification of the hardware 

and software is underway. Expectation is that the maximum count rate will increase by roughly a 

factor 5. 
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4. New options 

In this chapter some new options of spectra manipulation are described, which are made possible 

with the set-up as described in the farmer chapter. These include the construction of the net 

coincidence spectrum, and the sum spectrum. In the net coincidence spectrum contains, the number 

of background counts is reduced, compared with the original coincidence spectrum. The sum 

spectrum offers an additional way of separating interfering peaks. This is described in section 4-3. 

4.1. energy windows 

The energy states and the possible transitions of almost all isotopes are well known. This means that 

easily can be found which lines are in coincidence with which other line(s), and consequently, that 

the attention can be focused only at those energies, making a further refinement of the coincidence 

technique. 

Just like in a normal spectrum, two lines can be interfering in the coincidence spectrum, (the lines 

around 121 ke V from 75Se and 152Eu, for example ), so the problem of energy interterenee still 

exists. As mentioned insection 3-5, one can measure a y-spectrum in coincidence with only a 

particular energy range or energy window in the other detector. When selecting an energy window 

around the peak with which the peak of interest is coinciding with, one obtains a spectrum in which 

disturbing peak is filtered away. 

Compared to a y-spectrum in coincidence with random energies, a spectrum in coincidence with a 

particular energy I energy window will show a higher count-to-background and count-to-total ratio. 

With Adcread it is possible to set multiple windows software wise, and to change these windows as 

often as desired, repeating the measurement virtually on the computer. In Figure 4-1, the y-ray 

spectrum of a bovine liver sample is given. Figure 4-2 gives the coincidence spectrum of the same 

sample. In Figure 4-3, this same coincidence spectrum can be seen, but with an energy window 

around the 1173 ke V 6°Co peak in the other detector. The only peak left in the window spectrum is 

the 1332 keV peak from 6°Co, which is in coincidence with the 1173 keV peak. 
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Figure 4-1 Conventional y-ray spectrum of a 255 mg bovine liver sample, measured in detector I, for 4 
minutes. 
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Figure 4-2 Coincidence spectrum of a 255 mg bovine liver sample, measured in detector /, for 45 hours. 
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Figure 4-3 Example of energy window: Coincidence spectrum of a 255 mg bovine liver sample, with an 
energy window around the 1173 keV 6°Co peak in the second detector, 45 hour measurement. 

4.2. net coincidence spectrum 

One of the consequences of the possibility of repeating the measurement with different energy 

windows, is that one is able to create a net coincidence spectrum. This is the spectrum that consists 

only of counts that are in coincidence with counts in a peak (thus not in the background below a 
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peak) in the other detector. By just selectinga window, the coincidence spectrum still contains 

counts that are in coincidence with counts that accidentally had the proper energy. These can be 

eliminated by defining two different windows around the peak of interest, the first small, just broad 

enough to cover the entire peak (fora Gaussian distribution, an energy range of 4 times the standard 

deviation cr includes 95% of the peak), the other one double as broad. This defines two spectra, one 

in coincidence with the narrow, one in coincidence with the broad window. In both these spectra, 

counts are present resulting from true and accidental coincidence events. Accidental coincidences 

and Compton scattered photons from higher energies cause background counts in all the spectra, 

including the narrow and broad spectra. The net coincidence spectrum is now obtained by doubling 

the counts per channel in the narrow spectrum and subtracting from this the broad spectrum. It 

means that the accidental coincidence counts are subtracted from the total coincidence counts. This 

method does assume that no other peaks are present in the broad region, and that the background is 

linear. 

Figures 4-3 through 4-5 give an example of the net coincidence spectrum. Windows have been 

placed around the 6°Co peak at 1173 ke V in the spectrum of bovine I i ver of detector 1. A single 

detector coincidence spectrum is given in Figure 4-2. Figure 4-3 gives the narrow window spectrum, 

4-4 the broad window spectrum, and finally, Figure 4-5 gives the net coincidence spectrum. The 

Compton background and edge of the 1332 peak clearly stands out in both the broad and the narrow 

window spectrum. In the net coincidence spectrum, the Compton background has changed in noise. 

The number of counts in the peak are respectively 639, 978, and 332 for the narrow, broad, and net 

coincidence spectrum. This means that only 52% ofthe 1332 keV counts in detector 1 is in 

coincidence with a full energy peak in detector 2. The other 48% is in coincidence with counts from 

the background below the peak. 
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Figure 4-4 Example of energy window: Coincidence spectrum of a 255 mg bovine liver sample, with an 
energy window around the 1173 ke V 6°Co peak in the second detector, 45 hour measurement .. 
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--· Flgure 4:s Net coincidencé spectrum of a 255 mg bovine liver sample, 45 hour measurement. 

4.3. sum spectrum 

An.other way of improving the peak-to-background ratio, and another possible way of separating 

two lines with almost the same energies, is adding the energies of the coincidence spectra from both 

detectors. Since in the coincidence regime, there always are two energies from photons striking the 

two detectors, the energies can simply be added. The two coincidence spectra, which are basically 

the same, (Figure 4-2 gives one of them), give a sum spectrum depicted in Figure 4-6. 

Sets of peaks originating from one cascade in the one-detector-spectra result in only one peak in the 

summed spectrum. The intensity (counts per channel or per energy) is lower in the summed 

spectrum than in the individual coincidence spectrum. This is because not every photon that 

deposited its full energy in one detector is in coincidence with a photon which did the same in the 

other detector. 

Roughly, one can say that the entire spectrum makes a move to the right. But the peaks have made a 

bigger shift than the Compton background. Ergo, the peak-to-background is higher in the sum 

spectrum. 
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Figure 4-6 Sum spectrum of a 255 mg bovine liver sample. Peaks can be found at 400 keV ('Se), 1022 keV 
(twice annihilation energy of 511 keV), 1114 keV (511 + 134Cs), 2505 keV (6°Co). Peaks at 511 keV, 1173 
and 1332 keV (bath 6°Co), are the result of summation with Campton back scattered photons in the other 
detector, 45 hour measurement. 
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Just as in the normal spectrum, energy interlerences can be present in the sum spectrum. Different 

combinations of energies can give the same sum energy. Though, it is very unlikely that two 

interlering y-lines are both in coincidence with two other lines, which are interlering with each other 

again. 

In the spectrum ofFigure 4-6, the 400 keV 75Se line is clearly present. The determined peak area is 

about 180 ± 18 counts. The level of the background under the peak is about 12 counts per channel. 

If we assume that the peak area is relative to the contents of selenium in the sample, and that this 

contents does not influence the background, then the lowest peak area which will result in a 

standard deviation less than three times the peak area, is about 40 counts. Since the concentration of 

selenium in this sample is about I ppm, these 40 èounts correspond with detection limit of about 

250 ppb. 
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5. CINAA measurements 

The set-up as described in chapter 4 has been used to de termine concentrations of trace elements in 

biologica[ and environmental samples, following neutron activation. Activities of identical samples 

irradiated during different activations, and at different positions in the neutron reactor are 

compared. Concentrations of trace elements are determined using conventional!NAA, and 

Coincidence INAA. Results are given and discussed in this chapter. 

5.1. preparation and activation 

Samples and elemental standards were prepared in the Laboratory of Trace Element Analysis 

(Institute of Analytica! Chemistry, Academy of Sciences of the Czech Republic) in Prague, for 

irradiation in a co re of a neutron reactor. The samples are tabiets with a diameter of a bout 10 mm, 

and weights up to 250 milligrams. Before the irradiation, they were wrapped and sealed in 

polyethylene. During the radiation, the samples were separated from each other by an aluminium 

foil. 

Principlesof preparation of elemental standards for instromental neutron activation analysis are 

described in [Vobecky73], [0anda78], and [Vobecky83]. 

The nuclear reactor used to activate the samples is of the Light Water Reactor type, called LVR 15, 

with a maximum reactor power of 10 MW. lt is located in Rez near Prague. One of the applications 

of the reactor is to serve as an neutron souree for activation analysis. For this purpose, the 

irradiation facility is equipped with a so-called pneumatic rabbit system. A rabbit is a box, in which 

the samples are placed. 

The samples were irradiated in four batches, see Table 5-1. 

Activation number Endingtime Duration Power of LVR 15 

14 25 November, 1996, 12:56h 5 hours 9.5MW 

16 8 December, 1996, 13:28h 5 hours 9.5MW 

17 23 April, 1997, 19:20h 10 hours 9.0MW 

18 24 April, 1997, 17:03h 5 hours 9.0MW 

Table 5-1 Overview of activations. 
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The used neutron flux always was about the same (7· 10 13 cm-2 s- 1
, 9 MW), as wellas the used 

channel in the reactor, and the position of the rabbit in the channel. The power of the reactor was 

different. Unless stated else, no correction has been made forthese differences. 

Two types of elemental standards have been irradiated: Single Element Standards, and Multi 

Element Standards (MES). The composition of the used MESs can be found in Appendix A. 

5.2. background radialion 

For both types of measurements (conventional, and coincidence), the spectrum of background 

y-radiation has been determined. See Figures 5-1 to 5-4. 

121 Eu Detector I, background radiation in conventional measurements 

Figure 5-1 Background radiationfor conventional measurements, measured in detector l,for JO 

minutes. 
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Figure 5-2 Background radiationfor conventional measurements, measured in detector 2, for JO minutes. 
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0.6 Detector 1. background radialion in coincidence measurements 
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Figure 5-3 Background radiation for coincidence measurements, measured in detector I, for 12 hours. 
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Figure 5-4 Background radiation for coincidence measurements, measured in detector 2, .for 12 hours. 

The level of the background radiation is roughly 4000 times lower in the coincidence spectra than in 

the conventional spectra. No corrections have been made for this background radiation. 

The present background radiation is due to samples which are stored in the Iaberatory, and natura} 

background radiation (the 4°K line at 1460 keV, for instance). Background radiation can be 

suppressed by better shielding of the detectors, and by removing samples from the neighbourhood of 

the detectors. This has not been done, due to lack of appropriate shielding material, and of a better 

place to store the samples. 

The level of background radiation is important, when measuring activities which are low or 

comparable with the activity from the background radiation. A relatively high level of background 

radiation of a certain energy contributes highly to the number of counts in a certain peak. 

5.3. Comparison of different channels 

The reactor has different channels. Besides this, each irradiation channel can hold four rabbits 

(boxes ), which are used to place the samples in. The samples are placed next to each other in the 
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rabbit. To test the distribution of the neutron flux, the activities of similar samples, but at different 

positions in the rabbit were determined. 

In activation 17, three MES 12 samples were present, of two different weights. In this MES, four 

elements (Cs, Co, Sc, Se) are present. Forthese elements, and for different peaks per element, the 

relative activity per weight bas been determined, resulting in Table 5-2. This activity is expressed in 

counts, and is taken at the moment that the activation ended. Equation 2-14 bas been used. Values 

are the weighted mean of three measurements, which took place in the period 85 to 100 days after 

irradiation. The ratio of the activities is given in the two last columns. 

Energy Nuclide MES 12/050-4 MES 12/100-5 MES 12/100-8 MES5/MES4 MES8/MES4 
121.1192 75 Se 8.6 ± 0.3 9.9 ± 0.4 8.7 ± 0.3 1.15 1.01 
136.0017 75Se 31.6 ± 0.6 33.7 ± 0.7 31.9 ± 0.7 1.07 1.01 

264.6556 75 Se 19.6 ± 0.5 20.5 ± 0.6 20.8 ± 0.4 1.05 1.06 

279.5381 75 Se 8.1 ± 0.3 9.2 ± 0.3 8.5 ± 0.3 1.14 1.05 

400.6568 75Se 4.2 ± 0.3 4.8 ± 0.3 4.4 ± 0.2 1.14 1.05 

563.237 134 Cs 7.4 ± 0.3 8.1 ± 0.4 7.6 ± 0.3 1.09 1.03 

569.315 134 Cs 13.5 ± 0.4 15.8 ± 0.5 14.1 ± 0.4 1.17 1.04 

604.71 134 Cs 91 ± 1 100 ± 2 92 ± 2 1.10 1.01 

795.867 134 Cs 61 ± 1 68 ±2 64 ± 1 1.11 1.05 

889.25 46Sc 1091 ± 16 1162 ± 17 1079 ± 20 1.07 0.99 

1120.51 46 Sc 881 ± 15 956 ± 17 904 ± 16 1.09 1.03 

1173.237 60Co 41.3 ± 0.7 45 ± 1 41.2 ± 0.8 1.09 1.00 
1332.501 60 Co 37.9 ± 0.7 40.5 ± 0.7 36.8 ±0.6 1.07 0.97 

Table 5-2 Comparison of different sample positions during activation 17. 

From the table it can be seen that the neutron flux is more or less homogeneaus across the whole 

irradiation volume, with inhomogenities in the order of 10%. This means that a systematical error of 

about 10% exists in all the concentrations which will determined from now on. This level of 

homogentiy is sufficient for INAA purposes. 

Principally, it is possbile to make a correction for the differences in activity. If multiple reference 

samples are irradiated, then the activity of lines present in the reference samples can be determined 

as a function of the position of the sample. 

In the measurements as described in this chapter, no correction has been made for different sample 

positions. 

5.4. comparison of different activations 

In activations I, II, and ill, a 2.547 ~g single element standard of 134Cs was present. The half-life of 

this nuclide is 2.06 years. This same nuclide is present in MES 11, also irradiated during activation 
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ID. For 9 peaks in the 134Cs spectrum, the activity, expressed in counts, is given at the moment that 

the activation ended, see Table 5-3. Activities for activation lil have been divided by two to 

compensate for a double irradiation time. Differences caused by decay during the activation are 

negligible, since the half life of 134Cs is much bigger than the period of irradiation. Measurements 

took place on 1 August, 1997, which is 249, 236, and 100 days after irradiation. 

Energy Relative Activation 
intensity 14 16 17 

per 100 decays single single single MES 11 I 020 -1 
475.357 1.46 0.9 ± 0.1 1.02 ± 0.09 0.83 ± 0.05 
563.237 8.37 5.0 ± 0.1 4.4 ± 0.1 4.2 ± 0.1 4.4 ± 0.2 
569.315 15.43 9.1 ± 0.2 8.1 ± 0.1 7.6 ± 0.1 7.8 ± 0.3 

604.71 97.60 57 ± 2 51 ± 1 48 ± 1 50.8 ± 0.9 
795.867 85.40 38 ± 1 35.9 ± 0.9 33 ± 0.9 36.4 ± 0.7 
801.951 8.73 5.3 ± 0.3 4.7 ± 0.3 4.2 ± 0.3 3.3 ± 0.3 

1038.592 1.00 0.38 ± 0.04 0.39 ± 0.03 0.32 ± 0.03 
1167.944 1.80 0.67 ± 0.04 0.58 ± 0.03 0.56 ± 0.03 
1365.184 3.04 1.02 + 0.06 0.93 + 0.05 0.86 + 0.05 0.92 + 0.09 

Table 5-3 Comparison of activities per micro gram, at the moment of ending the activation, for activations 
14, 16, and 17. Correctedfor different irradiation times, and different reactor powers. 

The table shows that again differences in the order of 10% exist between the different samples, 

which can be explained by the results of the former paragraph. lt means that it is possible to 

compare activities as aresult from different activations, if the same rabbit position in the reactor is 

used. 

5.5. specific activities per element 

With theset-upas described above, both coincidence and normal spectra have been obtained for 

most of the elements represented in the single and multi elements standards. This is represented is a 

table, which gives for each line a specific activity per weight at the end of the activation of the 

sample, expressed in counts per second. An extensive table can be found in Appendices D, and E, 

rankedon nuclide and on energy. Table 5-4 gives a less extensive overview of some important lines, 

that have been used for the concentration determinations in the next paragraph. lt gives an 

impression of the number of counts that can be expected from a measurement. This information can 

be used to make an estimation of the length of a measurement, necessary to obtain a number of 

counts in the peak area, sufficient for the desired precision. 
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Coincidence spectrum Conventional spectrum 
Activa ti on Nuclide Energy (keV) Relative intensity Counts per second Counts per second Ratio 

- (half lifel (per 100 decaysl per micro gram per micro ):!ram conv I coinc 
17 46 Sc 889.25 99.984 12.6 ± 0.2 1125 ± 12 

(83.83 dl 1120.51 99.987 14.0 + 0.3 914 + 11 
17 59Fe 1099.251 56.5 0.118 ± 0.004 

(44.496 dl 1291.596 43.20 0.089 + 0.003 
17 60 Co 1173.237 99.90 0.650 ± 0.008 42.2 ± 0.4 

(5.271 Yl 1332.501 99.98 0.69 + 0.01 38.9 + 0.4 
17 65Zn 1115.15 50.75 1.63 ± 0.03 

(244.1 dl 
17 75 Se 121.1192 17.30 0.014 ± 0.01 9.4± 0.2 

(119.77 dl 136.0017 59 0.06 ± 0.02 32.7 ± 0.4 
264.6556 59.2 0.052 ± 0.002 20.4 ± 0.4 
279.5381 25.2 0.018 ± 0.001 8.6 ± 0.2 
400.6568 11.56 4.5 + 0.2 

17 86 Rb 1076.69 8.78 4.4 ± 0.3 
(18.66 dl 

18 124 Sb 602.732 97.8 0.221 ± 0.004 62 ± 2 
(60.20 dl 722.7864 10.9 0.0485 ± 0.001 4.7 ± 0.1 

1690.9824 47.1 0.170 ± 0.004 10.2 ± 0.2 
2090.942 5.49 0.0180 + 0.0006 0.91 + 0.04 

17 134 Cs 475.357 1.46 0.017 ± 0.04 1.9 ± 0.2 
(2.062 yl 563.237 8.37 0.072 ± 0.002 8.3 ± 0.2 

569.315 15.43 0.150 ± 0.003 15.1 ± 0.2 
604.71 97.60 0.65 ± 0.01 97.0 ± 0.8 

795.867 85.40 0.640 ± 0.007 66.6 ± 0.6 
801.951 8.73 0.091 ± 0.003 7.1 ± 0.2 

1365.184 3.04 0.028 + 0.001 1.85 + 0.07 

Table 5-4 Activities per weight in counts at the end of activation, for several analyticallines. 

The chromium, rubidium, and zinc nuclides only show one y-line (320, 1076 respectively 1115 

ke V), so there can be no coincidence. No activity of these lines was measured with the coincidence 

technique, which is an indication that the coincidence technique works properly. At the sarne time, 

this also shows a limitation of the CINAA technique: not all nuclides can be found with this 

technique. 

59Fe does have two strong y-lines, but they are in coincidence with two very weak lines. Therefore, 

there are no results for iron in the table. 

· The pairs of y-lines from 46Sc and 6°Co are in coincidence with each other. For each pair, the two 

lines have a comparable specific activity. 

Antimony and cesium have a more complicated y-spectrum, as can be seen from their decay 

schemes in Figures 5-5, and 5-6. In those decay schemes, the percentage on the right, indicates the 

level feeding, per decay of the parent nuclide. 

In the case of 124Sb, the lines at 722, 1690, and 2090 keV, are all always foliowed by the 602 keV 

transition. The activity of that last line is the highest in the conventional spectrum, because the 602 
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ke V level has the second highest level feeding, and almost all cascades pass this level before 

decaying to the ground state. This 602 level is the one immediately above the ground state, so no 

cascade can start from this level. Por this last reason, its intensity relative to the other lines is less in 

the coincidence spectrum. The three mentioned lines (722, 1690, 2090) are the most intense lines 

preceding the 602 ke V line. The line at 722 gains on intensity relative to the one at 602, because it 

can be preceded by several other lines. The 1690 and 2090 lines have about the same intensity in 

both spectra. The 722 ke V line also gains on intensity relative to these two lines, because the 

detecting efficiency is not so high at higher energies. 

ED.20d 

Figure 5-5 Decay scheme of 124Sb [Firestone96]. 

Por cesium, the most intense line (604 keV), is again the one immediately above the ground state. 

But, different from antimony, this level has only a very low feeding, therefore it does not loose as 

much of its intensity relative to the other lines than the 602 keV line does in the 124Sb spectrum. The 

563, 795, and 1365 keV lines are always foliowed by a 604 keV transition. The 563 line can be 

preceded by both the 475, and 801 keV line, the 795 line can be preceded by a 569. 
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Figure 5-6 Decay scheme of 134Cs [Firestone96]. 

Selenium (see also Figure 2-2) shows two pairs of coinciding lines (121 + 279, 136 + 264), which 

are originating from the same 400 ke V level. The intermediate levels (264, and 279 ke V) both have 

a low feeding, thus the intensities of alllines relative toeach other are about the same in the 

coincidence spectrum as in the conventional spectrum. The 400 ke V line is not in coincidence with 

any other line and has disappeared in the coincidence spectrum. 

5.6. concentrations of afew elementsin Certified Reference Matenals 

There are multiple metrological institutions which prepare and distribute Certified Reference 

Materials, (ranging from mineral materials, biologica! materials of animal and plant origin, soil, 

sediments to vehicle exhausts). Theelemental composition is tested by inter-laboratory comparison, 

using independent analytica! methods. Totest the CINAA technique, concentrations of a few 

elements are determined in several CRMs, as mentioned in Table 5-5. 

Code Name Country of origin 

CTA-OTL-1 Oriental Tobacco Leaves Po land 

NBS 1577 Bovine Liver USA 

NBS 1633a Trace Elements in Coal Fly Ash USA 

NIES No. 8 V ehicle Exhaust Particulates Japan 

Table 5-5 Overview of used Certified Reference Materials. 

The CINAA results are compared with results as obtained from conventional INAA with the same 

set-up, and with the values as guaranteed, or given as an indication by the institutions which 

produced them. For Bovine Liver concentrations are also available from a literature survey 

[Gladney80]. An overview is given in Table 5-6 on the next page. 

For the elements chromium, rubidium, and zinc, novalues could be established in CINAA 

measurements, due to the absence of coinciding lines. 
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In Bovine Liver, the values as detennined with the coincidence method are all in good agreement 

with the concentrations as supplied by the NBS, and as found in other experiments. The 

concentrations as found for Cs, Co, and Se with the INAA technique, are significantly higher than 

the certified values. This can be explained by the presence of background radiation (Figures 5-1 and 

5-2). Especially in the case of Cs, with a concentration as low as circa 15 ppb, the influence of this 

background is clearly present. An advantage of the CINAA is that the background radiation is much 

less, and that therefore the low level concentration of Cs could be detennined in agreement with the 

certified value. For scandium, the same is principally true. Though, the activity of the Sc reference 

standard was determined in a much shorter measurement, so the influence of background radiation 

on the total amount of counts in peak area is not so huge. 

NBS 1577 Bovine Liver 
CINM INM Certified value Gladney 

Cesium (ppb) 14 ± 1 (2) 51 ± 5 (2) 17 ± 7 
Cabalt (ppm) 0.209 ± 0.006 (2) 0.37 ± 0.01 (2) (0.18) 0.240 ± 0.060 
Iron (ppm) 300 ± 14 (2) 270 ± 20 263 ± 13 
Rubidium (ppm) 20±2(1) 18.3 ± 1.0 19.5 ± 3.6 
Scandium (ppb) 0.8 ± 0.1 (1) 0.9 ± 0.2 (1) 1.0 ± 0.2 
Selenium (ppm) 1.0 ± 0.2 (2) 1.46 ± 0.05 (5) 1.1 ± 0.1 1.080 ± 0.070 
Zinc (ppm) 164 ± 6 130 ± 10 132 ± 10 

NBS 1633a Trace Elements in Coal Fly Ash 
CINM INM Certified value 

Antimony (ppm) 8 ± 1 (1) 7 ± l (1) 6.8 ± 0.4 
Cesium (ppb) 9.9 ± 0.4 (2) 12.3 ± 0.4 (2) (11) 

Cabalt (ppm) 40.0 ± 0.8 (2) 45.3 ± 0.9 (2) (46) 
Scandium (ppm) 34.6 ± 0.6 (2) 40.7 ± 0.6 (2) (40) 

NIES No. 8 Vehicle Exhaust Particulates 
CINM INM Certified value 

Antimony (ppm) 5.8 ± 0.1 (11) 6.4 ± 0.2 (4) 6.0 ± 0.4 
Cesium (ppb) 0.19 ± 0.02 (3) 0.29 ± 0.05 (1) (0.24) 
Cabalt (ppm) 2.87 ± 0.05 (2) 3.42 ± 0.07 (2) 3.3 ± 0.3 
Iron(%) 0.5 ± 0.1 (1) 0.48 ± 0.02 (2) 
Scandium (ppm) 0.40 ± 0.0 l (2) 0.56 ± 0.01 (2) (0.55) 
Selenium (ppm) 1.6 ± 0.2 (2) (1.3) 
Zinc (%) 0.118 ± 0.003 0.104 ± 0.005 

Table 5-6 Concentrations of a few elements in Jour different Certified Reference Materia is, obtained with 
conventional and Coincidence JNAA, compared with certified values, and values found in literature. The 
number between parentheses in the second and third column are the number of lines on which the 
concentration is based, in the fourth column, it means that the value is not certified, but given as an 
indication value only. 

In Coal Fly Ash, and Vehicle Exhaust, the values as obtained with INAA are closer to the indication 

values of the NBS. The NBS values are determined mainly by INAA techniques. Both our 

measurements, and the "certification" measurements, will have the same distartion due to energy 

interterences. 
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In the Vehicle Exhaust sample, 11 lines from 124Sb could be detected in the coincidence spectrum, 

contrary to only 4 in the conventional spectrum. This is aresult of the lower background in 

coincidence measurements. 
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6. Conclusions & future 

6.1. CINAA set-up 

In this report a set-up for Yf coincidence measurements has been described. An uncommon aspect of 

theset-upis the use of two High Purity Germanium detectors rather than a HPGe-Nai(Tl) or Ge(Li)

Nai(Tl) configuration, which are more usually found in similar set-ups. As a result, it is possible to 

obtain, simultaneously, two similar spectra, which are suitable for high energy resolution y-ray 

spectroscopy. A computer program called ADCREAD has been written to control the set-up. Apart 

from acquiring the data from the experiment, this software stores all relevant information available 

from a coincidence measurement. This means that the program not only stores the y-spectrum in the 

common form of counts per channel, it also keeps a record of the energies ( channel numbers) of 

both photons involved in a coincidence event. This makes it possible to examine correlations 

between the spectra afterwards, and make extra demands on the coincidence criteria, virtually 

repeating the measurement on the computer. Additional to this, the time difference between the 

moments of detecting the photons is registered. In case of cascades where there is a rather big delay 

between the two photons, this can also be used as an extra coincidence criteria(§ 3.6.2). 

Results of test of the detectors, the computer program, and the detecting system are presented in this 

report(§ 3.6.2-5). 

Three options -energy windows, sum spectrum, net coincidence spectrum- of the new combination 

of the detector configuration I data acquisition are described, and examples are given. Selection of 

energy windows, and the sum spectrum provide new means to separate inteffering energy lines 

(Figures 4-3 and 4-6). The net coincidence spectrum is a method to improve the peak-to-background 

ratio (Figure 4-5). 

Compared with the normal INAA technique, the influence of background radiation in CINAA 

measurements is less. 

Finally, the experimentalset-up has been used todetermine concentrations of selected trace 

elements in several Certified Reference Materials, by both conventional and coincidence INAA. 

Results of these experiments (Table 5-6) show that the coincidence technique in general is a useful 

expansion of the INAA family, and that theset-upis working properly. Since CINAA is not capable 

of determining concentrations of nuclides without coinciding lines, it should be used next to 

conventional INAA. 
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6.2. future work 

One of the aspects of the set-ups that need to be improved is the maximum count rate. At this 

moment, a modification of the software is underway. Expectation is that the maximum count ra te 

will increase by roughly a factor 5. 

The system and the software are proven to be working properly. In the future, the options of energy 

windows, sum spectrum and net coincidence spectrum should be tested in CINAA measurements. 
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7. Technology Assessment 

Neutron Activation Analysis is a sensitive analytica! technique useful for performing both 

qualitative and quantitative multi element analysis of major, minor and trace elementsin samples 

from almost every conceivable field of scientific or technica} interest. For many elements and 

applications, NAA offers sensitivities that are superior to those attainable by other methods, on the 

order of parts per billion or better. 

Applying instromental methods to NAA is commonly called Instromental NAA. INAA also offers a 

possibility to elirninate intertering energy lines: With the use of two detectors, and measuring only 

detector hits a detector simultaneously it is possible to single out photons which are originating 

from a simple decay rather than from a cascade of decays. But, in this way one can suppress only 

certain disturbing lines: with the detector configurations as used in the past, it was not possible to 

separate lines which both we re in coincidence with an other random energy. 

With the experimentalset-up as present in the Department of Physics of the Faculty of Nuclear 

Sciences and Physical Engineering of the Czech Technica! University in Prague, it is possible to put 

conditions on the coinciding energies, in this way creating a metbod to separate interlering lines. 

This willlead to more accurate determinations of concentrations of (trace) elementsin samples of 

all kind. 
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Appendix A - Compostion of Multi Element Standards 

The code of a Muli Element Standard (MES) sample gives inforrnation about the type (the actual elements 
it contains) and the weigth. Example: MES 11-020 means MES type 11, weight 20 mililiters. MES 11-100 
is the same type, but 5 times as heavy, and contains therefore 5 times more of each element. A third number 
(after a slash) indicates the 

Composition MES 11, per 20 mililiter sample: 
Zink 81.17 ~g 

Cobalt 2.62 ~g 

Iron 635.03 ~g 

Nickel 213.66 ~g 

Selenium 2.99 ~g 

Cesium 1.16 ~g 

Rubidium 38.72 ~g 

Cbrome 4.89 ~g 

Composition MES 12, per 100 mililiter sample: 
Cobalt 10.678 ~g 

Selenium 12.508 ~g 

Cesium 
Scandium 

4.993 ~g 

0.57 ~g 
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Appendix B -Abstract 

Submitted to "The IRP A Regionat Symposium on Radiation Proteetion in Neighbouring Countries of 
Central Europe 1997", to be held September 8-12, 1997, Prague, Czech Republic. 

Application of coincidence technique for 
instromental activation analysis 

J. Jakubek, P. Nuiten ·, J. Pluhar**, S. PospiSil, S. Timorackj** 
M._Vobeckj*** 

Department of Physics, F aculty of Nuc/ear Sciences and Physica/ Engineering, 
Czech Technica/ University, Praha, Bfehová 7, CZ- 115 19 Praha 1 

• Eindhaven University ofTechnology, PO Box 513, 5600 MB Eindhoven, The Netherlands 

**National Veterinary lnstitute, 165 03 Praha 6, Czech Republic 

•••lnstitute of Analytica/ Chemistry, 
Academy ofSciences ofthe Czech Republic, 142 20 Praha 4, Czech Repuh/ie 

It is welt known, that despite the very good energy resolution of germanium detectors, undesirable 
energy interferences significantly suppress the power of instromental activation analysis. In the case 
of measurements of radionuclides which emit coinciding cascade gamma-rays andlor positrons, the 
problem of energy interferences can be suppressed by the application of coincidence spectroscopy. 
Therefore, a new flexible coincidence system with two HPOe detectors based on NIM 
spectrometric modules in conneetion with the VME data acquisition system has recently been built 
[1]. First tests ofthe whole system for Coincidence Instromental Activation Analysis (CIAA) have 
already been done. The system is planned to be used for determination of for example Se, Co, Cs, 
Sc, Sb elements in biological materials of animal and vegetab Ie origin. The accuracy of this metbod 
has been verified using standard reference materials, such as CTA-OTL-1 (oriental tobacco leaves) 
and NIST-1571 (orchard leaves). The optimization ofthe system is in progress, new results will be 
presented at the conference. The work is supported by the Orant Agency of the Czech Republic 
under a Orant 203/95/0260 "Coincidence Instromental Activation Analysis". 

[1] Jaktibek, J.; Oemdt, J.; Kubaäta, J.; Pospisil, S.; Vobeclcy, M.: "Flexible System for 
Multiparametric Measurements in Nuclear Spectroscopy". Contribution on the TU Bmo and CTU 
Prague Workshop 96, Bmo, Jan 22-24, 1996. Publisbed in "TU Bmo and CTU Prague Workshop 
96", part 1., CTU Prague (1996) 73-74. 
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Appendix C - List of abbreviations 

AA 
ADC 
Bq 
CFD 
CINAA 
Co 
Cs 
CTA-OTL-1 
Eu 
eV 
CVUT 
FIC 
FJFI 
FNSPE 
GDG 
Ge 
HP Ge 
HV 
INAA 
K 
keV 
KF 
LSD 
MES 
NAA 
NBS 
NIM 
NIST 
RPG 
SAM 
Sb 
Sc 
SCA 
Se 
SES 
Si 
SRM 
TAC 
TFA 
VME 

Activation Analysis 
Analogue to Digital Converter 
Bequerel (counts per second) 
Constant Fraction Discriminator 
Coincidence lnstrumental Neutron Activation Analysis 
Co balt 
Cesium 
Commission of Trace Analysis, Oriental Tobacco Leaves (Polish CRM) 
Europium 
electron Volt 
Ceske Vysoke Uceni Technicke, Czech Technica) University 
Fast Intelligent Controller 
Fakulta Jaderna a Fyzikalne Inzenyrska (FNSPE) 
Faculty ofNuclear Science and Physical Engineering 
Gate and Delay Generator 
Germanium 
HighPurity Germanium 
High Voltage 
lnstrumental Neutron Activation Analysis 
Kelvin 
kilo electronVolt 
Katedra Fyziky, Department ofPhysics 
Logic Shaper and Delay 
Multi Element Standard 
Neutron Activation Analysis 
National Bureau ofStandards, USA 
Nuclear Instrument Module 
National Institute for Standards & Technology, USA (formerly NBS) 
Reference Pulse Generator 
Spectroscopy Amplifier 
Antimony 
Scandium 
Single Channel Analyser 
Selenium 
Single Element Standard 
Silicium 
Standard Reference Material 
Time to Amplitude Converter 
Timing Filter Amplifier 
Versa Modula Europa 
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Appendix D 

Relative coincidence yields of gamma-rays after neutron activation analysis. 

Ac:tivatioa EaeJ"IY (keV) Nuclide Relative iateuUy 
(per 100 dec:ays) 

Ordered by energy. 

Cohlddence spectnun Conventionlil spectrum 
Co••ts per secoad Absol•te error co .. ts per sec:oad Absolute error Ratio 

per mireocram per mircocram c:oav I c:oiac: 

IV 



~ ....". Convelllional spectrum 
Activatioa Eaergy (keV) Nuclide C...ta,.. __. Ällllhlte ernr c .... per JeCOad Absolute error Ratio 

,.. 8lirap'ul ,.. mircocnm coav I coiac 

:········: 

.lW.lftlt.%.~fJ~!~itlfi:tWStfiB~tt}I:W-ft~;:~:i> ..... ·Jf;rt:::=~::.;~ ·. : V ,.",.,;.:·:·:·:"·:·:·, ·>:·:-:-:·:::·>:·:·:·:·:·:·:·:·:·:·:·:·:· 27.4 4.8 0.1 
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~...... ConvenlioiUII spectrum 
Attivatio• E.ergy (keV) Nuclide Relative t.tnllty CHatl,.. IICIIH Alllelace enw c ..... per seco•d Absolateerror Ratio 

(per 100 decays) per mlrcocram per min:ocram co•v I coiac 

':ounts per second, per micro gram, for 10 hour (activatioo 17), or 5 bour(activations 16, and 18) imldiations, at the end of activation. 
For the nuclides 76 As and 82 Br, the conventional spcctnun ha DOt bcenmcasuml due to thc sholthalflifes ofthose nuclides. 

·• For 181 Hf, the coincidence spectrum has been memured, but no coiDc:idiac lincs WCR present 

VI 



Appendix E 

Relative coincidence yields of gamma-rays after neutron activation analysis. 

Activatioa Eaergy (keV) Naclide 

Ordered by atomie number. 

Relative Îllteuity 
(per 100 decays) 

Collidiknee spectrum Convellliotull spectrllm 
CoaaCJ per sec:oad Absolate error CoaaCJ per sec:oad Absolate error Ratio 

per lllircocnm per mircogram coav I coiac 



I 
Activadoa Eaergy (keV) Naclide Reladft •CIIIIl1J 

(per 1110 decays) 

and6wCif..,... c..tntiorull ~ctrum 
c ..... ,..__. ~.,.. C..... ,..aecoad Absolate error Rado 

,.. ........ ,.. ..WCocram coav I coiac 



NacHde RelaliYelllteulty 
(per 100 Mcaya) 

~ .."",. ConvelllioiUIIspectrum 
c ... ts fll' __. ÀIIIIIIÓe ernr Coutl per secoad Absolate error Ratio per......,.,... per mircogram coav I coiac 

:ounts per second, per micro gram, for 10 hour (activation 17), or S hour (activations 16, and 18) irradialions, at the end of activation. 
For the nuclides 76 As and 82 Br, the conventional spectrum has notbeen meawred due to the short half lifes ofthose nuclides. 
• For 181 Hf, the coincidence spectrum has been measured, but no coinciding lilles were present 
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