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ABSTRACT

Instrumental neutron activation analysis (INAA) is a well-established
analytical technique for the simultaneous determination of muitielement
concentrations in a variety of sample matrices. One of the problems generally
encountered in INAA is the high background activity arising from the scattering of
photons, a phenomenon known as the Compton effect. In order to reduce the
Compton background events and lower the detection limits, anticoincidence
spectrometry can be employed. The spectrometer used here consists of a 25%
relative efficiency HPGe detector surrounded by a 10" x 10" Nal(Tl) annulus and
a 3" x 3" Nal(Tl) plug as well as timing electronics. This system has been
characterized. A peak-to-background-plateau ratio of 590 has been obtained; an
improvement factor of 7 has been achieved compared to a single HPGe detector.
Several factors that can influence efficiency of the methodology have been
evaluated. The distance of the sample from the HPGe detector surface and the
relative position of the Nal(Tl) annulus with respect to the HPGe detector have
been investigated to obtain the best efficiency.

A systematic investigation has been carried out on the merits and
limitations of anticoincidence counting for the nuclides which are most commoniy
used in NAA. Short-lived nuclides (half-life < 120 s) have been studied using both
conventional INAA procedure as well as by pseudo-cyclic INAA. The list of short-
lived nuclides include: °®Ag, *°Ag, **"Dy, *F, "*"Ge, "*"Hf, ***Rb, **"Sc, """Se,
and *""™Yb. Medium-lived nuclides (half-life < 3 h) which are commonly used in
NAA, namely ZBAI' IBQBa. SOBr' JSC[' SSCU, 165Dy, 128|' 27Mg, SSMn' SSNi' 233Th, Sl-n' and
*2V, have also been investigated using anticoincidence counting and conventional
INAA. The long-lived nuclides (haif-life > 12.5 h) of interest in the present study
are: 76AS, 198Au' BZBr' u.lce, Slcr’ GOCO, nge, 197HQ, 203Hg' 42K’ 140La’ 24Na' 147Nd'
BSRb' IZZSb, GSSC' 182Ta, 16°Tb, 187W' 175Yb, SQmZn' and GSZn.

The benefits of anticoincidence counting are frequently described by
the peak efficiency reduction factor (PERF) of the nuclide of interest. Experiments
were done in this work to calculate the PERF values of major gamma-rays of the
above nuclides. The resuits showed that about 70% of the nuclides studied have
no peak efficiency reduction in anticoincidence spectrometry. An attempt has
been made to define an "analytical figure of merit (AFOM)" term for assessing the
practical advantages of anticoincidence counting. This term includes parameters,
such as resolution, peak area, background around the peak, dead time, counting
time, and counting statistics which vary with changes in sample matrix activity.
The effectiveness of the AFOM terms has been svaluated by analyzing a number
of biological reference materials of diverse types of matrix and varying amounts of
major and interfering elements. The variation of AFOM with dead time has also
been investigated. -
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1. INTRODUCTION

Neutron activation analysis (NAA) was discovered by Hevesy and
Levi in 1936 [1]. In NAA, a sample is bombarded in a flux of neutrons; target
nuclei in the sample interact with the neutrons by capture reactions, most
commonly by the (n,y) reaction, whereby radionuclides (i.e. radioactive isotopes)
may be formed. A radionuclide has a characteristic half-life and mode of decay.
During the decay process, a nuclide may emit positrons, alpha-, beta- and/or
gamma-rays, or be involved in electron capture or internal conversion. The
majority (about 80%) of the nuclides formed by _the (n,y) process undergo beta
decay which is most often associated with the emission of one or more gamma-
rays as the product nuclide de-excites to a more stable state [2,3].

In general, the energy of a gamma-ray is characteristic of a nuclide.
The gamma-ray energies ranging between 70 and 3100 keV are commonly used
for muitielement determination by NAA. This specificity coupled with the
development of high-resolution and high-efficiency semiconductor detectors as well
as the availability of high neutron fluxes in reactors, makes NAA-gamma
spectrometry a powerful multielement analysis technique.

Methods based on NAA are continually being developed for the
determination of elements with high sensitivity, precision, and accuracy. There are

various types of NAA reported in the literature. In radiochemical NAA (RNAA), a
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sample is first irradiated, followed by a chemical separation of the element(s) of
interest from the sample. The most important advantages of RNAA include
freedom from reagent blanks and excellent sensitivity. However, RNAA methods
are generally time-consuming and thus cannot be easily applied to short-lived
nuclides. On the other hand, preconcentration NAA (PNAA) can be used for
studying short-lived nuclides because the element(s) of interest is chemically
separated prior to irradiation. However, PNAA methods are not free from reagent
blanks, and can also be time-consuming.

The most common form of NAA is called instrumental NAA (INAA) or
nondestructive NAA where an irradiated sample is counted on a detector without
any pre- or post-irradiation chemical treatment. There are many advantages of
INAA over its sister techniques (vizz. RNAA and PNAA) and other analytical
techniques. These include nondestructive analysis, freedom from reagent blanks,
and simultaneous multielement determination.

One of the problems generally encountered in INAA is high
background activity arising from the scattering of photons; this phenomenon is
called the Compton effect. Better detection limits could be obtained if the
Compton continuum is suppressed. The main objective of this thesis is to develop
INAA methods in conjunction with anticoincidence gamma-ray spectrometry which
can be used for lowering the background activities.

Theories of NAA and anticoincidence gamma-ray spectrometry as

well as a literature survey are presented in this chapter.



1.1 Neutron Activation Analysis

Several books and review papers have been published covering
various aspects of NAA [2-5]. Many conference proceedings on fundamental
development and applications of NAA are also available [6-13]. Only a brief
description of the relevant equations on NAA will be given here. The number of
counts detected in a specific gamma-ray peak by a detector is directly
proportional to the amount of various elements present in the sample. The
number of counts is a function of several parameters as shown in the following

"activation equation" [2]:

C=N&wAfdeM*y 2 (1- exp(- At)) (exp(- At,)) (1- exp(- At)) [1.1]
Where:

C = number of counts detected,

N = Avogadro’s Number (6.023 x 10* mol™),

w = mass of the element of interest in the sample (g),

$ = flux of neutrons (cm™s™),

A = activation cross section of target isotope (cm?),

6 = fractional isotopic abundance of the isotope of interest,

M = atomic weight of the element of interest (g mol™),

A = (In 2)t, , is the decay constant of the product nuclide (s™),

e = efficiency of the detector at the photopeak energy,



t, = length of irradiation (s),

t, = length of decay (s),

t. = length of counting (s),

t,,, = half-life of the nuclide of interest (s), and

7" = gamma branching ratio.

It is obvious that the number of counts detected is directly
proportional to the detection sensitivity. The activity can be generally increased
by increasing parameters such as the neutron flux, mass of a sample, irradiation
time, and detector efficiency. The relative sensitivities for various elements are
also dependent on their properties such as cross section, half-life, atomic weight,
abundance of the parent isotope of the element, and the decay scheme of the
nuclide.

The concentration of an element can be calculated directly using the
“"activation equation" 1.1 if the parameters §, ), g, 4, ¢, and the decay scheme of
the nuclide are known. However, NAA is most commonly done using comparator
standards rather than this absolute method because uncertainty in any of the
above parameters can easily affect the accuracy of the resuit. In the comparator
method, a known amount of the element of interest (called the standard) is
irradiated together with the sample, and both the sample and the standard are
counted under exactly the same conditions. This way any uncertainties in the

parameters o, $, the decay scheme and the detection efficiency are eliminated.



Equation 1.1 can then be simpilified for the comparator method as:

M
M samplezCsampleXM [1.2]
Cstandard
whereM,_ . _andM__ .., arethe masses of the element in the sample and in the

standard, respectively, and C__._and C . ..., are the number of counts due to
the nuclide in the sample and the standard, respectively. M can be calculated

sample

if the other three parameters are known. It may be necessary to correct C___ .

and C to a given decay time.

standard
Cyclic instrumental neutron activation analysis (CINAA) technique is
used to enhance the sensitivity of short-lived nuclides by improving counting
statistics. This is done by repeating the irradiation-transfer-counting process of a
sample for a suitable number of cycles; the gamma-ray spectrum of each cycle is
recorded to finally yield a cumulative spectrum. Using a pneumatic sample
transfer system, this approach was first introduced to activation analysis by Anders
[14] who used the *F(n,a)**N reaction to determine F via the *N (half-life = 7.4
s). Later Spyrou and coworkers [15], Grass and coworkers [16], and Chatt
coworkers [17] applied CINAA technique for trace analysis using reactors as
neutron sources.
The CINAA technique often requires rather expensive automated

equipment which is not commonly available in most nuclear analytical laboratories.

In addition, elaborate dead-time and pulse pile-up corrections are necessary to
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account for the very high count rates in CINAA. Alternatively, a pseudo-cyclic
instrumental neutron activation analysis (PCINAA) method can be developed
based on the principles of CINAA but using the facilities available for conventional
INAA. The PCINAA technique has been developed and successfully applied to
biological materials for detecting nuclides with half-lives ranging between 10 s and
65 s by Chatt and coworkers [18]. One of the PCINAA methods involved manual
transfer of samples from a receiver to a detector for the determination of up to 5
elements in several RM and SRM using short-lived nuclides [19]. In order to
minimize sample activity due to 2%Al, *Cl, **Mn, and **Na, the delay between the
end of counting time of one cycle to the start of irradiation of the next cycle was
varied from 2 to 24 h depending on the composition of the sample matrix. After
several hours delay, the irradiated sample becomes virtually inactive and the same

sample can be re-irradiated and analyzed under identical conditions.

1.2 Interactions of Gamma-rays with Detector Material

The principles of gamma-ray detection are based on the interactions
of gamma radiation with the detector material. The most relevant processes are
photoelectric absorption, Compton scattering, and pair production [20].

Photoelectric absorption is an interaction in which an incident gamma
photon transfers all of its energy to an atom causing an inner electron to be

ejected. The kinetic energy of the electron is equal to the energy of the gamma
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photon minus the binding energy of the electron to the nucleus. X-rays and Auger
electrons are then released. The kinetic energy of Auger electrons is dissipated
through a series of ionization collisions within the detector; therefore, the total
energy is deposited in the detector. Generally, the whole process results in a
monoenergetic peak in the energy spectrum collected by the detector, which is
generally known as the full-energy peak. The energy of photon emitted from the
nuclide equals the energy of the photopeak. A diagram illustrating the
photoelectric interaction is shown in Fig. 1.1.

In the energy region between 150 keV and about 4 MeV, one of the
most important interaction processes is Compton scattering where the incident
gamma photon collides with a free electron and deflects away from its original
direction. The photon transfers only part of its energy to the recoil electron
depositing it in the detector. If the scattered photon is absorbed in the detector
either immediately or after further scattering, the result is total photon absorption,
and a corresponding count will be registered in the full-energy peak. If the
scattered photon escapes from the detector, only the energy transferred to the
recoil electron is deposited in the detector. The amount of energy deposited will
depend on the scattering angle. In normal circumstances, all scattering angles are
possible; therefore, a continuum of energies can be transferred to the detector
through recoil electrons, ranging from the minimum at § = 0° to the maximum at
9 = 180°. The escaping gamma-rays caused by the Compton effect give rise to

the continuous Compton spectrum shown in Fig. 1.2.
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Pair production occurs with gamma-rays of energy greater than 1.022
MeV. The process involves converting the incident gamma photon into an electron
and a positron. Virtually at the same time, the positron is annihilated with a normal
electron; as a result two annihilation gamma photons with energies of 511 keV are
emitted in opposite directions. One or both of these photons can escape from the
detector which gives rise to two escape peaks as shown in Fig. 1.3.

if we have a detector of small size compared to the mean free path
of the scattered gamma-ray, most of the incident gamma-rays will escape from the
detector. Only charged particles such as photoelectrons, Compton electrons and
pair electrons will be completely absorbed along with their energy within the
detector volume. The energy spectrum under these conditions will be similar to
the one shown in Fig. 1.4.

One can imagine the opposite case where the detector dimensions
are sufficiently large so that all secondary radiations such as Compton scattered
gamma-rays and annihilation photons all interact within the detector several times,
and eventually photoelectric absorption occurs. Because nothing escapes from
the detector, the detector response is the same as if the original gamma photon
had undergone a simple photoelectric absorption in a single step. The resulting
spectrum would contain a single well-resolved photopeak with no associated
continuum as shown in Fig. 1.5.

Although it would be ideal to have such a gamma-ray detector, it is

neither practical to construct such a large detector nor does it exist. Since there
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are always escaping Compton photons, the gamma-ray spectrum from the
detector is always characterized by a very prominent background continuum. This
continuum makes the analysis of a complex gamma-ray spectrum much more
difficut. In addition, it gives a high background at the low-energy end of the
spectrum due to the Compton scattering of all higher energy gamma-rays. This
causes a poorer detection sensitivity for photopeaks in the lower energy region.
it is desirable to suppress the Compton continuum in a gamma-ray spectrum to

improve detection limits.
1.3 Compton Suppression

As mentioned above, the Combton continuum is caused by
scattered photons escaping from the principal detector. Each count in the
Compton continuum is accompanied by an escaping gamma-photon which can
be used to differentiate this count from photoelectric events by employing
anticoincidence and coincidence techniques. The result is the suppression of the
Compton continuum in the gamma-ray spectrum.

The most common method of Compton suppression involves the use
of an annular detector surrounding the principal crystal [21]. Compton scattering
in the principal detector may produce scattered gamma-rays that interact with the
surrounding annulus. [f the two detectors are operated in anticoincidence mode,

most of the Compton interactions in the principal detector can be rejected. Total
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absorption events do not involve the escape of scattered radiation and thus are
not affected by the use of anticoincidence counting.

One disadvantage of this approach is also apparent. Nuclides with
complex decay schemes may emit many gamma rays in coincidence. There is a
possibility of two gamma-rays from the same disintegration being detected by both
detectors at the same time. These events will be considered as Compton events
and rejected, leading to the undesired suppression of some full-energy peaks.

In order to solve this problem, another technique known as
coincidence counting has been developed. The same equipment as that for the
anticoincidence system is used except that it is in the "coincidence mode" and "an
energy window setting" of the surrounding detector is set up [22]. When a
specified energy is deposited in the surrounding detector, it triggers an output
timing signal. The principal detector events which are in coincidence with such a
signal, and hence a selected energy event in surrounding detector, will be
recorded in the spectrum. The idea is that one of the cascading gamma-rays is
used to gate the analog-to-digital converter (ADC) so that another peak in the
spectrum is recorded with very iow background. This technique is quite suitable
for cases of coincident gamma-ray emitting nuclides because this additional
energy requirement maintains a high peak efficiency while at the same time
reduces the Compton background.

The sum coincidence mode is also used as a means of Compton

suppression. This technique is based on the principle of multiple interaction [23-
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25]. Most of the Compton continuum consists ‘of a single Compton scattering
followed by the escape of the scattered gamma-ray, whereas full-energy events
at typical gamma-ray energies are mostly comprised of muitiple scattering
sequences finally ending with a photoelectric absorption. The detector can be
subdivided into several segments and let the detector record only the events which
involve interactions with more than one segment of the detector. The Compton
continuum, usually caused by interactions within one segment, can be greatly
suppressed. This reduces the full-energy peak efficiency because the events that
correspond to full-energy absorption but are confined to a single detector segment
are also inevitably lost. The major disédvantage of this technique is this large
reduction in the full-energy peak intensity which explains why this technique can
only be used for the measurement of a few nuclides.

There is another approach to reducing the Compton continuum of
gamma-spectra, which attempts to select only the double escape peak [26]. Ifthe
gamma-ray energy is sufficiently high, a significant fraction of all interactions will
involve pair production. The two 0.511 MeV photons produced by positron
annihilation will escape from the principal detector almost aiways in opposite
directions at the same time. On opposite sides of the principal detector, two
additional detectors are placed and all three detectors are operated in coincidence
mode. With this mode, only the double escape events in the principal detector
can be recorded with high specificity, and most of the continuum as well as full-

energy peaks will be suppressed. This procedure effectively isolates the double



15

escape peak and suppresses the background but at a considerable sacrifice of
counting efficiency provided the gamma-ray energy is greater than 1.5 MeV.

In this thesis anticoincidence counting has been used to suppress
the Compton continuum in the gamma-ray spectra of samples irradiated with
neutrons. In order to quantitatively describe the benefits of anticoincidence
counting several terms are frequently used. Two most commonly used terms are:
peak counting statistics and peak efficiency reduction factor (PERF). These terms
have been mathematically derived and explained in detail in sections 3.1 and 3.2.

In many cases, anticoincidence counting lowers not only the
background under the peak but also the general background on both sides of the
peak. Galloway [27] characterized peaks by peak height (N) and peak standard
deviation (). He defined peak height as the difference between the number of
counts at the maximum of the peak (N,) and the background counts (N;) without
Compton suppression, and N,' and N,' with suppression, as shown in Fig. 1.6.
Galloway used the term "statistical accuracy (A)" of the peak height as:

A=73- [1.3]
where N = (N, - N,) without suppression. Galloway compared the ratio of the
measure of accuracy with background suppression (A) to that without background

suppression (A’) as:

A _erR+2)z

Al (R+2 [1.4]
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where: R is peak-to-background ratio (N/N,) without background suppression, r

is peak-to-background ratio improvement, and e is peak efficiency reduction factor
(N'/N, i.e. PERF). The ratio of A/A’ can be used to indicate the extent of
improvement in the peak height counting statistics. A value of (A/A’) >1 means
the peak height counting statistics is improved by anticoincidence counting.
However, for cascading gamma-ray emitting nuclides, e is always less than 1.
When a nuclide of interest decays with the emission of noncoincident or partially
coincident gamma-rays, e could be slightly less than 1 due to random
coincidence. However, the overall accuracy (A/A’) may still be improved if r is
sufficiently increased by Compton suppression, i.e. if (e xr) >1.

Therefore, the improvement in statistical accuracy depends not only
on the extent of background suppression, but also on e, R, and r as shown in Fig.
1.7 [27]. For e = 1, if r is varied between 10 and 100, and R between 0.01 and
100, the improvement in overall accuracy will always be greater than 1 and to a
maximum of 8. In the other case of e = 0.1 (i.e. the peak efficiency is reduced by
a factor of 10), R <0.3, and (e xr) >1, there is a possibility of some improvement
in A/A’ only if r>10. Background must be reduced by 100 times or more before
any improvement in A/A’ could be achieved, which is hardly achievable by ordinary
anticoincidence spectrometers. Thus, before applying anticoincidence counting
technique to NAA, one of the most important factors to be considered is the PERF
(i.e. e) of the nuclides of interest. One of the objectives of the present work is to

calculate the PERF of short-, medium-, and long-lived nuclides and their gamma-
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rays from experimental measurements. Our interest lies in the application of
anticoincidence counting to most commonly used gamma-rays which could also
have a PERF of 1.

The PERF value depends on the decay scheme of the particular
nuclide and the total detection efficiency of the coincident radiation in the
surrounding Nai(Tl) annulus. If one neglects the losses due to random coincident
events (usually less than 1%), for a nuclide such as **’Cs which has only one
peak, as shown in Fig. 1.8(a), the PERF will be equal to 1 because there is no
coincidence loss. In such a case, any reduction in background will improve the
sensitivity of measurement.

In another case, a nuclide such as *°Co decays primarily by the
emission of two coincident gamma rays (Fig. 1.8(b)) with a mean life time of only
8 x 10™ s for the 1332.5 keV gamma-ray excited state. This time is so short that
the events detected by the main detector and the annulus detector will be seen
as taking place at the same time and be rejected as a Compton event. For
nuclides with more than two cascade gamma-rays, there is a possibility of both of
them being detected in coincidence with more than one additional gamma-ray.
However, this does not mean that a nuclide with muitiple gamma-rays will have a
very high reduction in peak efficiency. One such nuclide of interest in the present
work is *°Fe which has photopeaks at 143.1, 192.3, 335.4, 1099.3, and 1291.6 keV
as shown in Fig. 1.8(c). The degree of peak efficiency reduction depends on the

extent to which a gamma-ray is involved in the cascade. For positron emitting
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nuclides, such as °*Cu shown in Fig. 1.8(d), peak intensities will also be reduced
by anticoincidence counting because of the annihilation quanta (0.511 MeV)
accompanying the positron.

The improvement in A/A’ for a photopeak with an e between 1 and
0.1 will depend on the extent of background suppression and the ariginal peak-to-
background ratio. Both of these factors depend on the concentrations of the

element of interest and of the major or interfering elements in the sample matrix.

1.4 Sample Matrix and Background Reduction

Several of the major elements present in biological and environmental
materials have stable nuclides which have high thermal neutron cross-sections;
they can induce high background activities (i.e. Compton plateau and
Bremsstrahlung) on irradiation, and can pose a serious problem in INAA. These
activities can mask the photopeaks of interest, worsen the detection limits, and
lead to poorer precision and accuracy. For example, the gamma-ray spectrum of
a zoological material is generally dominated by Compton and Bremsstrahiung
background activities from nuclides 2*Na, *°Cl, *Br, “*K, and *P, while in
geological and botanical samples *°Al, **Mn, *°Sc, and **P can be the major
interfering nuclides. Since the Compton background under a given peak resuits
from gamma-rays with energies higher than that peak, the detection limit for the

same element, even at the same concentration, will vary depending on the major



and minor elements present in the sample matrix.

It has been shown in Fig. 1.7 that the maximum improvement in
statistical accuracy by anticoincidence spectrometry is obtained when the initial
peak-to-background ratio (R) is small. This means that when the peak of interest
is difficult or impossible to detect because of high Compton background and/or
low concentration, anticoincidence counting can offer a great improvement for its
measurement. For peaks with high R values (e.g. R>10), the improvement in A/A’
is not that significant. Consequently, the improvement in the peak statistical
accuracy will depend on the sample activity including background and matrix
activity.

The advantages of anticoincidence counting relative to conventional
counting cannot be evaluated using the peak statistical accuracy improvement
factor alone. For a well-defined peak, with a high initial peak-to-background ratio,
the percent improvement will be small. The peak-to-background ratio
improvement factor (r) and A/A’ vary with the concentrations of the element of
interest and that of interfering elements in a sample. An estimate of r and A/A’ can
be obtained by measuring both conventional and anticoincidence gamma-ray
spectra of the sample. One of the objectives of the present work is to develop a
term for the prediction and evaluation of the practical advantages of
anticoincidence counting. Such a term called "Analytical Figure of Merit (AFOM)"
has been developed here and is described in Section 3.2. It has been applied for

a number of elements using their short-, medium-, and long-lived nuclides to 16
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different biological reference materials representing various types of sample

matrices and interfering elements.
15 Development of Compton Suppression Spectrometers

Although the principles of Comptdn suppression have been well
known for many years, but were not put into practical use until the 1950’s.
Hofstadar and Mcintyre [28] in 1950 used two detectors, one at a specific angle
with respect to the other, and recorded puilses from both detectors in coincidence
to accurately measure the energies of gamma-rays. The technique was then
introduced for the measurement of photopeak areas in gamma-ray spectra with
the aims of suppressing Compton background and improving detection limits. The
development of this technique has occurred in roughly three stages.

The first stage involves the use of Nal(Tl) detectors as main (principal
or primary) detectors. A number of procedures were put forward for eliminating
the Compton continuum that appears in scintillation spectra. One system was
developed by Albert [29] in 1952. This system consisted of a cluster of Nai(TT)
crystals which surrounded the main Nal(Ti) detector as completely as possible,
i.e., the cluster covered the main detector in almost 41 geometry, and they were
connected to the main detector in anticoincidence with each other. The spectra
showed that Compton backgrounds from **’Cs and **Na were substantially

suppressed. Several improved scintillation spectrometers were then constructed.
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Instead of a cluster of Nal(Tl) crystals for which the light collection properties were
relatively poor, phosphor solutions [21] and plastic phosphors [30] were used as
guard detectors in order to increase the efficiency of the shielding. At that time,
the reduction in the Compton background was good but scientists still aimed at
greater Compton reduction to permit observations of very low intensity gamma-
rays.

A combination of various sizes and shapes of primary Nali(Tl) crystals
surrounded by a large liquid phosphor shield was studied by Davis and Bell [31].
The resuits showed that a 4.75" diameter Nal(Tl) crystal, with a 0.25" hole which
extended approximately to the centre of the crystal, surrounded by a 28" liquid
phosphor shield gave best Compton suppression; the peak-to-Compton ratio was
80:1 in a **’Cs spectrum. Trail and Raboy [32], in order to reduce the size of the
spectrometer and to increase the efficiency of shielding, designed a system
consisting of a 2.4" diameter x 6" long Nal(Tl) crystal placed inside a 12" i.d. x 8"
o.d. Nal(Tl) annulus which was "optically cemented" by three hollow Nali(TI)
cylindrical detectors.

Perkins et al. [33] designed two Compton suppression spectrometry
systems. In one system, the principal detector was a 5" x 5" Nal(Tl) crystal
surrounded by a large plastic phosphor shield. In the other, a 3" x 3" Nai(Tl)
principal detector was placed in a Nal(Tl) well-type guard detector. The Compton
suppression ability of the two systems was compared. They found that aithough

the plastic phosphor is not effective at high counting rates and has a low
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efficiency, it can be used to build large shields which can hold large principal
detectors.

Busuoli et al. [34] in 1962 constructed an anticoincidence
spectrometer consisting of a 1.75" x 2" Nal(Tl) detector placed in a plastic
scintillator shielding of 29.8 cm x 26.4 cm. The ratio of peak-to-total area for this
system is 0.610 for **’Cs compared favourably to that of a 4" x 4" Na(Tl) detector
without anticoincidence shielding.

Along with the development of instruments, some new appiications
were also investigated. Bostrom and Draper [35] in 1961 used an anticoincidence
system in a neutron capture study for measurements in the 0-10 MeV energy
region. Beech et al. [36] in 1964 placed a high-resolution solid state detector into
an anticoincidence system with an annular plastic scintillator. This successfully
reduced the Compton background and made it possible to examine complex
spectra, such as those from fission product sources.

In 1964 Perkins [37] designed a multidimensional gamma-ray
spectrometer based on his old system [33]. The new system consisted of two
Nal(Tl) principal detectors and a well-type Nal(Tl) anticoincidence annulus of 11.5"
diameter x 12" thickness for simultaneous anticoincidence and coincidence
countings. Nuclides which emit two or more gamma-rays can often be measured
with much better precision and sensitivity by the coincidence counting technique.
The shielding annulus could be used in conjunction with the other two for triple

coincidence gamma-ray spectrometry or anticoincidence shielded gamma-gamma
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coincidence studies. This system provided selectivity and sensitivity for the
measurement of many nuclides, and was orders of magnitude better than those
with a single crystal gamma-ray spectrometer.

In order to efficiently use this multidimensional spectrometer, Kantele
and Kohonen [38] developed a versatile routing system for the muitichannel
analyzer (MCA) by which four independent spectra can be simultaneously stored.
These would include conventional, coincidence and anticoincidence gamma-ray
spectra. With certain modes of operation, it is also possible to store the sum of
the amplitudes of two coincident puises. Kantele et al. [39] developed an anti-
Compton annulus in conjunction with different coincidence spectrometer
configurations. This approach provided a great versatility in gamma-ray
spectrometry. With this system, the annulus can function as the principal detector
or it can be employed for coincidence or anticoincidence gating using different
electronic configurations. It can be used as a total absorption spectrometer, an
anti-Compton spectrometer, a summing Compton spectrometer, a muitiple
coincidence spectrometer, and a pair spectrorheter. Maximum and average
reduction factors of 11.7 and 5.4, respectively, were obtained for the 1332.5 keV
peak of *°Co by the anti-Compton spectrometer.

In 1966, Evans et al. [40] followed up by enlarging the size of the
central crystal and the anticoincidence shielding, and obtained a higher peak-to-
total area ratio than that by using detectors of smaller size. Their experiment made

it clear that larger the annulus and the principal detector, the better is the
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suppression.

Several researchers suggested various configurations for Compton
suppression spectrometers (CSS) with an aim to reduce the Compton continuum.
At the same time, the applications of CSS to such fields as nuclear reaction
studies, neutron capture spectroscopy, and low-level counting for environmental
studies appeared in the literature.

The poor resolution of the Nal(Tl) detector greatly restricted its use
in gamma-ray spectrometry. The second stage of development started in the late
1960’s when lithium-drifted germanium, Ge(Li), detectors became available. The
Ge(Li) detectors made it possible to record gamma-ray spectra over almost the
entire range of nuclide or capture gamma-ray energies (viz. 50 keV to 4 MeV) with
much better resolution and satisfactory efficiency. Due to the disadvantage of the
inferior peak-to-background ratio resulting from the Compton background,
anticoincidence counting techniques were used in combination with the Ge(Li)
detectors as soon as they were available.

Sever and Lippert [41] were among the first researchers to place a
Ge detector into a Nal(T1) well in anticoincidence counting mode. With this system,
the Compton edge of a **’Cs spectrum was lowered by a factor of about 9, but
the system had the disadvantage of being unable to completely remove the
backscattered peaks which resulted from the p-layer of the counter and the metal
support. Kantele and Suominen [42] built a system in which the sample was

placed outside the guard detector, and found to be more suitable for highly active
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sources. In this system, the maximum reduction of the Compton background was
16 (near the Compton edge) and the average suppression of the tail above 0.3
MeV was 9.8. They concluded that in order to obtain the most effective overall
Compton suppression, one must find the optimum relative positions of the Ge
detector and the Nal(Tl) annulus. Since both ends of the annulus were open,
gamma-rays scattered through small and large angles could freely escape the
system. The high-energy gamma-rays escaping through the small angle give rise
to a smooth increase in the Compton tail, and those escaping through the large
angle give rise to the Compton edge. Consideration must be given to both of
these phenomena to obtain better Compton suppression.

Several different systems were developed at this stage. In 1966,
Orphan and Rasmussen [26] built a system for use in a neutron capture study that
can work in two ways. They positioned a 30 cm? coaxial Ge(Li) detector between
two Nal(Tl) detectors and pulses from these three detectors were put through a
triple coincidence circuitry to gate an MCA. This configuration was capable of
being used as a pair spectrometer at high energies and in the Compton
suppression mode at low energies to study double-escape peaks, single escape
peaks, and full-energy peaks. The ratio of the double-escape peak-to-background
was improved by a factor of 70. The average Compton background was reduced
by a factor of 2.2

Wogman et al. [43] developed a multidimensional detector system

in which four detectors were used. Two of them were main detectors that could
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work in conventional and coincidence modes; the third served as an
anticoincidence annulus; and the fourth detector was in the form of an annulus
disc for further reduction of the backscatter response. The advantage of this
system was that two coincidence photons each interacting with a different main
detector were stored in the MCA, and the gamma-rays which were scattered from
the two principal detectors had a high probability of being detected by the plastic
phosphor annulus or by the backscatter detector causing a cancellation of that
particular photon event. This type of system can solve the problem of detecting
cascading gamma-rays using anticoincidence spectrometer, and can enhance the
sensitivity of their detection.

In 1969, Wogman et al. [44] made an improvement of the above
system by exchanging plastic annuli with Nal(Tl) shields. This all-Nal(T)
multidimensional gamma-ray spectrometer was carefully evaluated. The major
advantage of the Nal(Tl) anticoincidence shield over the plastic phosphor shield
was that the former provided better discrimination at low energies because the
Nal(T) has a much higher detection efficiency for the scattered radiation from low-
energy photons.

Auble et al. [45], in 1966, developed a versatile system which was
characterized by a split annulus Nal(Tl) detector. In this system, the split annulus
detector could be used as an anticoincidence spectrometer if the optically isolated
halves are operated separately. One can also do triple coincidence experiments

using this spectrometer. This system solved the problem of an anticoincidence
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system that cannot distinguish between scattered events and true coincidences
from gamma-ray cascades.

Progress on the development of anticoincidence systems continued.
Cooper and Brownell [46] designed a system consisting of a 35 cm® Ge(Li)
detector surrounded by a large plastic scintillator which was operated in
anticoincidence mode. This system had two counting positions: an upper position
and a lower position in which the plastic scintillator could not "see" the sample
directly. In the upper position, counting could be aone in anticoincidence and free
mode. Thus very weak samples requiring high counting efficiency couid be
measured in the upper position with the free mode, while samples requiring
Compton suppression could be measured in the lower position.

Gruhn et al. [47] used one Ge detector to construct a Compton
suppression system. They placed two Ge segments to make one detector.
Whenever a recoil Compton electron in one segment was detected simultaneousily
with a scattered photon in the other segment, the resulting summed pulse
corresponded to the full-energy of the incident gamma-ray. Instead of eliminating
the detection of Compton events, in this system the Compton events were
emphasized by demanding a coincidence between the two Ge segments. This
device showed considerable promise in detecting gamma-rays in the presence of
strong Compton and neutron backgrounds.

Michaelis and Kupfer [48] made an improvement of the above

system for the purpose of lowering the cost. A hole in the front of plastic annular
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scintillation shielding detector was made and a Nal(Tl) section was inserted.
Because of the higher density of Nal(Tl), this device could effectively absorb
gamma-rays scattered in the forward direction (i.e. higher energy gamma-rays).
For this system, the peak-to-background ratio at the Compton edge was 40:1 and
100:1 for smaller scattering angles.

Since the detection of weak gamma-rays masked by the prominent
Compton tail of other peaks was more important, it appeared that a spectrometer
providing suppression in the low-energy region would be welcome. For this
reason, Kantele and Suominen [49] in 1967 built a system consisting of two Ge(Li)
detectors, one at a specific angle with respect to the other. The gamma-rays from
samples were collimated and the coincident pulses from two detectors were added
and the sum analyzed. Then they designed a total absorption Ge(Li) gamma-ray
spectrometer. Their idea was that since many Compton scattered gamma-rays
were further scattered many times in the detector’s sensitive volume but were still
totally absorbed, these events would appear in the energy peak together with the
photoelectric events. In fact, at energies greater than 600 keV, these events
comprise 80% of the full-energy peak. If a detector were divided so that each
event could be identified for its local characteristics, single position events could
be distinguished from others. Using this property, they could reject single position
events and discard that portion of the Compton continuum. The disadvantage of
this approach was that up to 20% of the peak due to photoelectric interaction was

sacrificed.
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The third stage of development started with Sayres and Baicker [23]

and Palms et al. [24] who developed diode Ge(Li) detectors which consisted of
two planar or concentric coaxial detectors within a single crystal of Ge.
Coincidence techniques were used to record a gamma-ray which interacted by
muitiple processes (i.e., one or more Compton events followed by a photoelectric
event) in each portion of the diode Ge(Li) detector. in this case, an event in the
full-energy peak was recorded only if the total energy deposition occurred as a
result of multiple events. The resulting spectrum was made up of full-energy
peaks above a low background without Compton edges.

In 1968, Alexander et al. [50] built a system for an accelerator
experiment. In this system, three detectors were operated in triple coincidence
and anticoincidence modes, simultaneously yielding pair and escape suppressed
spectra. Hick and Pepelnik [25], in the same year, developed a Ge(Li)-Ge(Li)
coincidence summing technique. The idea was that if two detectors were used,
one for the backscattered (6 >135°) Compton quanta and another for its Compton
electrons, then the summing coincidence pulses from these two detectors would
be recorded under the full-energy peak. For this device, good peak-to-tail ratios
of 400 at 662 keV and 360 at 1120 keV were obtained. From the consideration of
different behaviour of high-energy and low-energy gamma-rays, White and Birkett
[61] developed a system which combined pair spectrometry and anticoincidence
spectrometry together to work in different energy regions. In the 0.06-2.5 MeV

low-energy region, a Ge(Li) detector worked in anticoincidence mode with a Nal(T1)
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annulus, and in the 2-12 MeV high-energy region a Ge(Li) detector flanked by two

Nal(Tl) counters operated in coincidence mode (i.e. a three-crystal pair

spectrometer).

In 1971, a spectrometer was designed by Cooper and Perkins [22,52]
to maximize the solid angle by utilizing two high-efficiency Ge(Li) detectors located
opposite to each other. Both Ge(Li) detectors were operated in anticoincidence
with the entire plastic phosphor shield as well as in anticoincidence with one other.
This design provided greater sensitivity and versatility for measuring low levels of
nuclides. In addition, it could be used in the modes of gamma-gamma
coincidence with and without anticoincidence shielding. Later on Cooper and
Perkins changed the plastic phosphor shielding to Nai(Tl) in order to further
improve sensitivity for both coincident and noncoincident gamma-ray emitting
nuclides.

For the purpose of comparing several spectrometers and evaluating
their performances, a series of standard experiments and calculation procedures
were set up. These included peak-to-Compton ratios, resolution, efficiency, as well
as background and Compton reduction factors. One system developed by
Cooper and Perkins [52] with a peak-to-Compton edge ratio of 790:1 was the
highest one reported so far.

In general, the CSS developed during this third stage can be divided

into two basic categories: all Ge(Li) coincidence summing spectrometers and
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anticoincidence shielded Ge systems. The latter spectrometers can be further
subdivided into two groups: those with the source inside the shield, and those with
the source outside. A number of sophisticated Ge(Li) Compton suppression

spectrometers were developed.

1.6 Compton Suppression Spectrometry in Fields other than NAA

Along with the development of instruments, several studies on
applications of these systems were done. In 1970, Lewis and Shafrir [53] built a
Ge(Li)-Nal(Tl) anticoincidence system which gave good sensitivity for the detection
of many radionuclides in environmental samples without any chemical separation.
Levels of "*’Cs in biota, sediments and seawater were measured and found to
have a range of 0.02-0.15 pCi/ug, with a relative standard deviation of 10-20%. A
decrease in the *’Cs activity with increasing depth was observed for seawater
samples.

In 1980, Wogman and Laul [54] investigated radionuclides in
construction materials used for building detection systems by a low-level gamma-
ray spectrometer. Results showed that, in general, aluminum contained high
quantities of ***Th and ?**U and minimal amounts of *°K, and stainless steels
contained *°Co. The radioactive contents of foams, cements and light refiective
materials were quite variable, and the molecular sieve materials used in Ge

detectors contained 4-9 dpm g™ of total activity.
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A HPGe/Nal(Tl) system with an optimum Compton suppression factor

of 52 at 662 keV [55] was used for environmental monitoring of rainwater collected
after the Chernobyl accident in 1987. The minimum detectable concentration of
3’Cs in the precipitation was 0.03 Bq L™.

Yuan et al. [56] used a Compton suppression gamma-ray
spectrometer to routinely monitor radionuclides in the gaseous effluent and in the
water coolant from a research reactor facility. The system had a HPGe detector
and Nal(Tl) annulus, and it greatly improved the detection limits of ***l and *'Ar
activities. More recently, Sanchez et al. [57], using Monte Carlo calculations
simulated Compton suppression of Nal(Tl), plastic, and BGO, along with a HPGe
primary detector, that could be encountered in counting of large environmental
samples in Marinelli beaker and petri vial geometries.

The next series of advances occurred in the late 1970’s. At this time,
several anti-Compton and anticoincidence shielded gamma-gamma coincidence
spectrometers were built for the purpose of studying (Hl,xn) reactions [58, 59].
Since the gamma-ray spectra produced in heavy ion (HI) induced reactions were
rather complex, there was a demand for spectrometers with high resolution and
low background. For this purpose, various configurations and materials were
used, and many new designs were attempted. These included asymmetrical
design (in order to obtain effective suppression in the low-energy part of the
spectrum), fast slow coincidence electronic circuits (to reduce the accidental

coincidence rate between the Ge(Li) and the annular detector), and bismuth
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germanate (BGO) scintillation materials used for suppression shields.

A study on the effect of the dead-layer thickness of the Ge(Li)
detector on Compton suppression showed that the thinner the dead layer, the
better was the suppression [60]. The geometry and dimensions of Nal(Tl)
anticoincidence shields were optimized by means of Monte Carlo calculations [61].
it was shown that a high solid angle gave excellent Compton suppression and that
an asymmetrical arrangement gave superior suppression, particularly for high-
energy gamma-rays which preferentially scatter in the forward direction.

Herges and Klapdor [62] put two Compton suppression
spectrometers together by using one integrated anticoincidence shield consisting
of a Nal(Tl) detector optically divided into four parts for both Ge(Li) detectors in
order to increase solid angle. As a result, an extraordinarily large solid angle of
100 msr was obtained for each of the two spectrometers at the same time. The
total solid angle of the Nal(Tl) shield was minimized eliminating the key problem
for measuring gamma cascades.

In order to increase the efficiency of detection for scattered gamma-
rays, BGO was used by Lieder et al. [63], Nolan et al. [64] as well as by Byrne
and Dracoulis [65]. Due to the high density of BGO, it has a total gamma-ray
absorption coefficient that is about 2.2 times larger than that of Nal(Tl). As a
result, the size of the anticoincidence shield can be reduced; this allows for an
increase in the solid angle. However, Nal(Tl) was still used in the front of the

guard detector because of its better light transport properties. Monte Carlo
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calculations were also used to calculate the degree of suppression as a function
of various parameters.

The idea of using anticoincidence counting has been applied to X-ray
spectroscopy by Gloystein et al. [66]. A Si(Li)/Csli(Tl) anticoincidence system was
set up, in which the Compton background mainly caused by the scattering of
gamma-rays in the Si(Li) detector, could be reduced. Their results showed that
such a system could be used to improve the sensitivity of PIXE analysis for trace
elements of high atomic number such as Mo, Cd and I. Peelle and Spencer [67]
used the anticoincidence technique for efficiency calibration of a multiplicity
detector to reduce statistical uncertainty. A HPGé/NaI(TI) [68,69] anticoincidence
and coincidence system was used for investigating the g -decay of **"Ta and

°Ca.
1.7 Compton Suppression Spectrometry in NAA

The Compton suppression spectrometer has been around since the
1950’s. The electronic instrumentation and spectrometry systems have been
periodically developed over the last 40 years or so. Recently, much more attention
has been paid to this technique by nuclear analytical chemists. Anticoincidence
spectrometry has lately been used in INAA, EINAA and RNAA for the suppression
of the Compton background and to improve detection limits for several nuclides.

Wogman et al. [70] used a **Cf irradiation facility with a neutron flux
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of 1 x 10*° cm™ s™* and a Ge/Nal(Tl) multidimensional gamma-ray spectrometer
to detect over 65 elements, and over 40 of them were measurablé at the 1 ppm
level with a precision +10%. They concluded that the method could be used for
the routine muitielement analysis of a wide variety of solid and liquid samples.

In 1976, Murata et al. [71] developed an automated NAA system for
medium-lived nuclides and reported that the detection limits for nuclides such as
2%Al, *°Cu, **Mn, *'Ti, and *?V in aerosol samples could be improved using an
anticoincidence system.

In the same year, Rosick and Bratter [72] designed a system which
could work in both anticoincidence and coincidence modes. The operation of the
spectrometer in the coincidence mode resulted in a significant suppression of the
Bremsstrahlung background, which was highly advantageous for the analysis of
phosphorous-rich biological materials. In the analysis of blood serum, the *?P
background was reduced greatly, making it possible to improve the detection limit
by a factor of 5 for the determination of seienium via the 136.0-keV gamma-ray of
*Se.

Laul et al. [73] applied anticoincidence spectrometry to the preconcentration
NAA (PNAA) and radiochemical NAA (RNAA) of rare earth elements (REE) at ppb
to ppt levels. Their experiments showed that an anticoincidence system was
favoured for the following nuclides: *'Ce, ***Ce, **Pr, ***Sm, **Er and "*Yb. In
1988, Laul et al. [74] again used this technique to measure REE in briny ground

waters. They noted that **°La, ***Sm, **’Eu and '*“Tb were better measured using
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a conventional system, while **'Ce, **Ce, ***Pr, **’Nd, *“Tm and '"*Tb were
measured best using an anticoincidence system; for ***Gd, **Ho, ***Yb and *""Lu,
either counting system was equally effective.

Since count rates can vary greatly in NAA, Millard [75] investigated
the effect of count rate on the ratio of the photopeak counts in the anticoincidence
and coincidence spectra (called A/C ratio) for different nuclides. He found that a
calibration curve is necessary in order to obtain quantitative data in anticoincidence
counting, especially at high count rates.

As soon as instrumental photon activation analysis (IPAA) was
recognized as a technique complementary to NAA, the Compton suppression
technique was used by Ledingham et al. [76] for the determination of trace
elements in NIST (U.S. National Institute of Standards and Technology) Coal and
Fly Ash standard reference materials (SRMs). When an asymmetric Nai(Tl)
annulus was used in anticoincidence mode, the sensitivities for °’Cu, **Mo, #*'U,
and °*Zn were increased by as much as a factor of 3. When operated in
coincidence mode, the detection of ‘’Ca, ®°Co, “°K, 2*Na, and *°*Sc was enhanced.

Zeisler and Becker [77] used a Compton suppression spectrometer
to measure zinc in a Monel alloy. They achieved a Compton suppression factor
of greater than 20, a relative uncertainty of 18% at the 95% confidence level, and
an accuracy of better than 94% for the determination of zinc.

Das and Zonderhuis [78] and Das [79,80] proposed an advantage

factor as a parameter to estimate the inherent advantage of anticoincidence
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counting over conventional counting. They showed that the influence of
anticoincidence counting on the limits of decision, detection, and determination
could be calculated from the reduction factors of peak and Compton background.
They investigated peak area and Compton continuum reduction factors as well as
advantage factors for many nuclides in several matrices. They reported that
interferences due to ?*Na and ®2Br in biological samples could be eliminated for
detecting nuclides with half-lives greater than 50 h. In silicate matrices, detection
limits were lowered by up to a factor of 4, *?Br interference was reduced, and the
scope of INAA was extended.

In the 1990’s, nuclear analytical chemists became more interested in
the application of Compton suppression systems to NAA primarily because of its
ability to reduce background activities. Landsberger et al. [81] used the Compton
suppression technique combined with epithermal NAA to determine arsenic in
artificially doped urine samples and in biological and geological reference
materials. They obtained a detection limit of 10 ppb, relative standard deviation
(RSD) of +2-12%, and accuracies of 80-99%.

Later on, iodine and other halogens in bioenvironmental samples
were determined by the same group [82] using thermal and epithermal neutrons
in conjunction with Compton suppression spectrometry. For the measurement of
iodine, they concluded that the use of epithermal'neutrons dramatically increased
the sensitivity while the Compton suppression method lowered the detection limit

even further.
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Another study by Landsberger [83] applied the same system to the

determination of nanogram levels of cadmiurﬁ in seven biological reference
materials with epithermal NAA. Detection limits between 10-20 ppb were obtained
with an overall RSD of +4%-15%. Landsberger et al. [84] reported the
measurement of cadmium in air filter samples in which the detection limit for this
element was lowered to a few ng per filter. Results showed that cadmium
concentrations were significantly higher in a room with tobacco smoke compared
to the background levels. An anticoincidence spectrometer was utilized to
increase the sensitivity for nuclides which emit gamma-rays between 200 and 800
keV in a research project on the elemental characterization of size-fractionated
municipal solid waste incinerator ash [85].

Carlson [86] measured cadmium in biological certified reference
materials using a Compton suppression system and stated that the method could
provide an improved detection limit of 50 ppb needed for the INAA determination
of cadmium in biological specimens.

Khrbish and Spyrou [87] used a Compton suppression spectrometer
to investigate the applicability of the absolute method in prompt gamma-ray NAA
(PGNAA), and experimentally determined the advantage factor for a number of
elements.

Masse et al. [88] used a system in both anticoincidence and gamma-
gamma coincidence modes. Using the anticoincidence mode, the activity of **°Ir

was determined while the coincidence mode was used for °*Rh. The detection
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limits of **Ir and *°*Rh were lowered by factors of 4 and 15, respectively.

A new method for the determination of iridium was proposed by
Cumming et al. [89]. Since the long-lived nuclide **Ir, the most commonly used
nuclide for iridium determination, has a cascade decay scheme, its counting
efficiency will be suppressed along with the background in anticoincidence
spectrometry. They used a well-type HPGe detector/Nal(Tl) annulus
anticoincidence spectrometer for the enhancement of the 784.6 (316.5 + 468.1)
keV and 920.9 (296.0 + 308.5 + 316.4) keV sumpeaks of **Ir and the reduction
of the Compton background for iridium determination. This is the first reported
example of the usage of a sumpeak in cdnjunction with anticoincidence
spectrometry. By this method, iridium can be determined instrumentally with a
detection limit around 5 ppb in peridotite.

In 1990, this work was further developed by Murali et a/. [90]. They
designed a well-type HPGe detector and annulus Nai(Tl) crystal system so that it
can be operated both in coincidence and anticoincidence modes. It was well
suited for the nondestructive measurement of Ir in diverse types of small geological
samples (less than 20 mg). Detection limits ranging from 0.1 ng to 0.004 ng,
depending on the sample matrix, were obtained. This method could also be
applied to microsamples of about 1 ug for the measurement of Ir.

Most recently, Lin et al. [91] have designed an innovative Compton
suppression spectrometer. The main detector of the system is a low energy HPGe

detector (LO-AX), which is shielded by 50% n-type HPGe and two Na(Tl) detectors.
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The Compton suppression cut-off energy is 15 keV. The capability of applying this

system to INAA has been evaluated for 13 elements in biological and
environmental samples. The advantages and problems of using this system are
discussed for each element.

Deibel et al. [92] reported the use of coincidence and
anticoincidence techniques for non-destructive analysis of Cu in human brain
tissues. In this method, the tissue samples were irradiated in an epithermal
neutron flux of 2 x 10** cm™ s™ for 5 min, allowed to decay for 3 min, and the
1039.2 keV peak of *°Cu counted in an anticoincidence spectrometer for 10 min.
The minimum detectable amount of Cu is about 6 ppm dry weight, which is
comparable to the value obtained by coincidence spectrometry of annihilation
photons from the positron emitting nuclide of **Cu after long irradiations.

Landsberger and Peshev [93] recently published a review paper on
Compton suppression in NAA, for low-level counting and in-beam experiments.
The application of Compton suppression counting in INAA reduces the detection
limits and improves the accuracy for several elements by substantial reduction of
the background activities. They concluded that future applications of coincidence
spectrometry in activation analysis should include better enclosures of the primary
detector, utilization of X-ray and well-type detectors, as well as gamma-gamma,
beta-gamma, and beta-gamma-gamma coincidence techniques.

Mauerhoger et al. [94] developed a Compton suppression

spectrometer using three main Ge detectors and an anticoincident shield



44

consisting of a BGO annulus and a Csl(Tl) active collimator. The sample was
counted outside the anti-Compton shield. The performance of the system with
respect to Compton suppression was evaluated by calculating Compton
suppression factors of °Al, ***Au, *Co, **’Cs, *'Ti, and **V in the energy range of

300 to 1800 keV.

1.8 Obijectives

An anticoincidence gamma-ray spectrometer has been set up by
ORTEC at the Dalhousie University SLOWPOKE-2 Reactor (DUSR) facility. The
spectrometer consists of a high-resolution HPGe detector surrounded by a 10" x
10" Nal(Tl) annulus and a 3" x 3" Nal(Tl) plug. One of the first objectives of this
research project was to evaluate the performance of this spectrometer. Various
ratios such as the peak-to-Compton plateau, peak-to-Compton edge, and peak-to-
total area were calculated using *°Co and **’Cs standard sources. Background
suppression ratios (BSR), which is the ratio of background counts by conventional
gamma-ray spectrometry to that by anticoincidence spectrometry, were measureq
for gamma-ray energies between 80 and 2000 keV using a mixed source of **’Eu
and **Eu. The effectiveness of this Compton subpression system was examined
using an advantage factor, defined by the ratio of the peak-to-background in the
anticoincidence spectrum to the corresponding value in the conventional spectrum,

with the aid of a mixed source of *2Eu, *°Fe, and **Zr. The effects of annulus
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position and the sample distance were examined in order to obtain the best
anticoincidence counting efficiency.

It is evident from the literature survey in the preceding section that
most of the studies on anticoincidence gamma-ray spectrometry have been
concerned with either a few elements or a particular application. Very few
researchers have systematically investigated the merits and limitations of
anticoincidence counting for the nuclides which are most commonly used in NAA.
One of the objectives of this thesis was to experimentally determine PERF values
and sensitivities of short-, medium-, and long-lived neutron activation products.

Much of the past research in anticoincidence spectrometry was
focused on long-lived neutron activation products. A recent trend in NAA,
however, has been to utilize short- and medium-lived nuclides which have many
advantages over their long-lived counterparts. A technique called pseudo-cyclic
INAA (PCINAA) is particularly beneficial for the detection of short-lived nuclides
(half-life < 120 s). One of the purposes of this research was to investigate the
following short-lived nuclides by PCINAA in conjunction with anticoincidence
spectrometry: °®Ag, **°Ag, ***Dy, *F, *"Ge, *"°"Hf, ®**"Rb, ***Sc, """Se, and *’""Yb.
Medium-lived nuclides (half-life < 3 h) which are commonly used in NAA, namely
2%Al, 1*°Ba, *°Br, *°Cl, ®°Cu, **Dy, *%, Mg, **Mn, **Ni, >**Th, *'Ti, and **V, were
also investigated using anticoincidence counting but conventional INAA. The long-
lived nuclides (half-life > 12.5 h) of interest in the present study are: "°As, *°Au,

BZBr. lilce' 51(:r GOCO 59Fe 197Hg ZOJHg 42K 140La 24Na 147Nd BSRb IZZSb ‘SSC



182Tq, 1%°Tb, *'W, "*Yb, **"Zn, and *°Zn.

Perhaps the most important advanfage of anticoincidence counting
is the considerable decrease of the background activity with no reduction of the
peak area for non-coincident gamma-rays. The quantification of this advantage
is rather difficult. An attempt was made in this work to define an "analytical figure
of merit (AFOM)" term for assessing the practical advantages of anticoincidence
counting. This term should: (i) include parameters, such as resolution, peak area,
background around the peak, dead time, counting time, and counting statistics,
which are related to the sensitivity of the peak; (ii) reflect changes in sample matrix
activity; and (i) provide parameters that can be easily measured. The
effectiveness of the AFOM terms was evaluated by analyzing a number of
biological reference materials of diverse types of matrix and varying amounts of
major and interfering elements. This AFOM term was compared with other such
terms reported in the literature.

Several of the short-, medium-, and long-lived neutron activation
products were studied in detail using both conventional and anticoincidence
gamma-ray spectrometry. The precision, accuracy, and detection limits were
compared in many cases. The advantages of anticoincidence counting for the

determination of magnesium and selenium were extensively investigated.



2. EXPERIMENTAL

A general description of the experiments done is given in this
chapter. The elemental standard solutions, various types of reference materials,
and chemicals used are also described. The facilities available for the irradiation
and counting of samples are illustrated as well. A detailed description of the

anticoincidence gamma-ray spectrometer is given here.
2.1 Elemental Comparator Standards

All elemental comparator standards used in this work were made
from the plasma emission spectroscopy standard solutions supplied by the
Seigniory Chemical Products (SCP) Canada Ltd. These standards had a certified
purity of >89.999% and most of them had a concentration of 1000 ppm. For the
measurement of PERF of nuclides and the determination of elemental levels in
reference materials using short irradiations, the comparator standard solutions
were prepared by pipetting 1 mL of the diluted plasma emission standard solutions
into 1.2-mL (small) polyethylene vials, capping and heat-sealing the vials.

For long irradiations, 500 uL of the diluted standard solutions were
pipetted on to finely ground sucrose (obtained from the Koch Light Laboratories
in the U.S.A.) in small polyethylene vials and a few drops of distilled deionized

water (DDW) were added to form a homogeneous mixture, which were then dried
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under an IR lamp. The amount of sucrose used was such that it would take up
half of the vial after drying. If, due to its viscosity, the sucrose support solution
stuck to the walls of the vials on drying, the vial was briefly centrifuged to achieve
a reproducible geometry.

The iodine comparator standard solutions, used for measuring iodine
levels in reference materials and for constructing quality control charts, were
prepared by diluting 1000 ppm Ki stock solution (supplied by the Mallinckrodt
Chemical Works) to obtain different concentrations and pipetting them into the
small vials. An identical geometry among various comparator standards and
samples, and similar count rates are needed to achieve good precision and
accuracy; these were obtained by pipetting 500 L and 1 mL of the standards for
half-vial and full-vial sample geometries, respectively.

The water used was first distilled in a quartz apparatus and then
deionized using an uitrapure deionization column purchased from the Fisher
Scientific Company. This distilled deionized water (DDW) was used for making

solutions, diluting solutions and washing all apparatus.
2.2 Reference Materials
A number of reference materials (RMs), certified reference materials

(CRMSs), and standard reference materials (SHMs) were obtained from the U.S.

National Institute of Standards and Technology (NIST) and the international Atomic
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Energy Agency (IAEA). These were used for evaluating the accuracy of the

methods developed and for studying matrix interferences.

The following materials were obtainéd from the NIST: Apple Leaves
(SBRM 1515), Peach Leaves (SRM 1547), Non-Fat Milk Powder (SRM 1549), Wheat
Flour (SRM 1567a), Rice Flour (SRM 1568a), Spinach (SRM 1570 & 1570a), Pine
Needles (SRM 1575), Bovine Liver (SRM 1577b), Whole Egg Powder (RM 8415),
Wheat Giuten (RM 8418), Corn Starch (RM 8432), Corn Bran (RM 8433), Durum
Wheat Flour (RM 8436), Hard Red Spring Wheat Flour (RM 8437), and Soft Winter
Wheat Flour (RM 8438). The materials obtained from the IAEA were: Animal Blood
(RM A-13), Animal Muscle (RM H-4), and Horse Kidney (RM H-8).

The mass of these materials used varied between 100 and 700 mg
depending on the minimum mass recommended, sample matrix, and dead time
of the principal detector. Several samples of the materials were weighed directly
into small polyethylene vials, capped and then heat-sealed. If the vial was half full
with the sample then a trimmed vial cap was pushed down the vial to maintain a
constant geometry before heat-sealing. This small sample vial was then placed
inside a medium-size (2.8 cm diameter, 5.2 cm height) polyethyiene irradiation vial
and heat-sealed. A second empty small vial (called a spacer) was put on the top
of the small vial containing the sample inside the medium-size vial to hold the
sample vial in place. This double sealing was a safety precaution in case one of
the seals were to break open, it would prevent the contamination of the pneumatic

tube when the sample was being transferred out of the irradiation site of the
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reactor.

All vials used were obtained from the Olympic Plastic Company
(USA) and were precleaned prior to use by the following procedure. The vials
were first washed with distilled water to remove dust particles before soaking them
in 1:4 analytical grade HCI acid for 24 h, then rinsed with DDW to get rid of the
remaining HCI from the vials. These vials were further soaked in 1:4 ultrapure

HNO, for another 24 h. The vials were then rinsed thoroughly with DDW and

dried in air.

2.3 Irradiations

All samples and standards were irradiated in the inner pneumatic
irradiation sites of the Dalhousie University SLOWPOKE-2 reactor (DUSR) facility.
At these sites, the thermal flux is 5 x 10** n cm™ s™ and the epithermal flux is 2
x 10 n cm™ s* when the DUSR is operated at half power, i.e. 8 kW. The
stability, homogeneity, and reproducibility of the DUSR neutron flux have previously

been described [95,96].

The selection of timing parameters, namely the irradiation time (t,),
decay time (t,), and counting time (t_), depends on many factors including the haif-
life of the nuclide of interest. For short-lived nuclides (half-lives < 120 s), the
values for t, varied from 20 to 30 s depending on the sample matrix, and those for

t, and t_ were 10 s and 40 s, respectively. For medium-lived nuclides (half-lives
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between 2.3 min and 2.6 h), the values for t, t, and t_ were 1 min, 1 min, and 10
min, respectively. For long-lived ruclides (half-lives > 13 h), the values for t, t,

and t_ ranged from 7-16 h, 1-14 d, and 0.5-8 h, respectively.

24 Conventional and Anticoincidence Gamma-ray Spectrometers

The principal detector used in this work, in both conventional and
anticoincidence gamma-ray spectrometry, consisted of an EG&G Ortec HPGe p-
type coaxial detector with a crystal diameter of 51.2 mm and a length of 65.2 mm.
This detector had a peak-to-Compton ratio of 93:1, a relative efficiency of 25% with
respect to a standard Nal(Tl) detector, and a resolution (FWHM) of 1.72 keV at the
1332.5-keV photopeak of *°Co.

The guard detector used in the anticoincidence gamma-ray
spectrometry consisted of a 10" x 10" Nal(Tl) annulus with 5 photomultiplier tubes
(PMTs) supplied by Harshaw and a 3" x 3" Nal(Tl) plug with one PMT supplied by
Teledyne. The peak-to-Compton plateau ratio of this system was 582:1 at the 662-
keV photopeak of **’Cs, using the IEEE convention of the number of counts per
channel in the Compton plateau (358 to 382 keV).

A block diagram of the anticoincidence gamma-ray spectrometry
system used in this work is shown in Fig. 2.1. The HPGe (principal) detector was
inserted into one end of the annular guard detector and the Nal(Tl) plug was

placed at the other end. In order to get nearly equal gains from the two guard
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Fig. 2.1. The block diagram of the conventional and anticoincidence gamma-ray
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detectors, two separate power supplies were used. One of the high voltage (HV)
power supplies (Canberra model 3002) was connected to the photomuitiplier tube
(PMT) of the plug detector and the voltage was set at +954 V. Each of the five
PMT on the annulus was connected through a junction box to the other HV power
supply (Ortec model 556) and the voltage was set at +1240 V. The outputs from
all six PMTs were collected using T-connection into one cable which was
connected to a timing filter amplifier [97].

The major difference between the anticoincidence and conventional
spectrometer was that the former had two sets of electronics. One set was
sensitive to the timing relationship between signals from the principal and guard
detectors. The HPGe timing electronics consisted of a timing filter amplifier (TFA,
Ortec model 474) and a constant fraction discriminator (CFD, Ortec model 584).
The Nal(Tl) timing chain input signal was obtained by summing all PMT signals into
a single TFA followed by a CFD [97]. The TFA functioned as an amplifier and for
shaping the pulses from the detector which always gave a negative output signal.
The choice of the TFA compared to other types of ampiifiers lies in its pulse
shaping function and in its ability to maintain the important timing information of
the anticoincidence system.

The negative analog outputs from each TFA were changed into
timing logic pulses in the CFD. The CFD was chosen for the purpose of time pick-
off. This is a technique which can produce an output signal at a fixed time after

the leading edge of the input pulse has reached a constant fraction of the peak
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pulse amplitude. This method gives the best leading edge timing characteristic
and is generally independent of pulse amplitude so that a large timing certainty
can be obtained. The two delay boxes attached to each CFD were used to delay
the input pulse by a time fraction which is greater than its rise time so that the
difference between them corresponded to the time at which the pulses reached
the fraction f of its final amplitude [98]. The HPGe CFD is delayed by 35 ns and
the Nal(Tl) CFD is delayed by 96 ns. Both CFDs threshold were adjusted down
to 90 keV, which is lower than the most interesting energy range, reducing the
random coincidence events.

The time logic pulses provided by the primary detector and the guard
detector were supplied to the start and stop inputs of the TAC/SCA (time to
amplitude converter / single channel analyzer), respectively. A fixed time delay
between the input and output signal was provided in the guard detector branch
by an Ortec model 416A gate and delay box. The function of the TAC is that when
the timing logic pulses from the primary detector branch reached the TAC, it was
used to initiate a timing event; if a logic puise from the guard detector arrived at
the stop input within a certain timing window (1 us in our system), the time
difference between these two pulses was measured and a pulse with an amplitude
proportional to the time was produced. A typical timing spectrum is shown in Fig.
2.2(a). The major peak resuited from the coincidence events between the Nal(T)
annulus and the HPGe primary detector. The small right shoulder of that peak

represents the coincidence events between the Nal(Tl) plug and HPGe primary
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detector. This was demonstrated when disconnecting the Nal(Tl) plug, this

shoulder disappeared, as shown in Fig. 2.2(b). The leading edge of the spectrum
is due to the slow rise time and real coincidence events. The function of the SCA
was to generate a coincidence output signal whenever the stop pulse arrived
within 1 us of a start pulse. As a result, the SCA window should cover the entire
time spectrum as shown in Fig. 2.2, which ranged from 0 to 10 V.

Therefore, the combined function of a TAC/SCA is to determine
coincidence events. Whenever a coincidence event is detected, the logic signal
from SCA is used to control the ADC. The sequence of events was as follows.
First, the TAC output was tested by the SCA under the requirements of the SCA
window. As a result, only TAC outputs within this window produced the SCA logic
pulse. These pulses were +5 V square wave and went to the other 416A gate and
delay box where they were converted into 50 us gate pulses to control the ADC
gate on or gate off. The energy chain started at the output of the principal HPGe
detector via a preamplifier and an Ortec model 672 linear amplifier which was set
to run approximately between 0 to 2 MeV. The amplitude of the pulse from the
linear amplifier was proportional to the gamma-ray energy. These pulses were put
into the ADC which were gated by SCA logic pulses [99,100].

For pulses to be gated off, the gating pulse must be ahead of the
ADC-triggering pulse by 100 ns. It usually happens when both the principal and
guard detectors sense a gamma-ray at the same time. During the time ADC is

gated off, no signal from the principal detector can be registered in the MCA,
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causing the Compton continuum to be suppressed. If the conventional gamma-
ray spectrum was to be acquired, a simple switch was used to change it from the
anticoincidence setting.

In order to achieve the maximum improvement of the anticoincidence
counting efficiency, it was necessary to optimize factors such as sample to
detector distance as well as the relative distance of the Nal(Tl) annulus to the
primary HPGe detector. A platform was designed to hold the Nal(Tl) detector, and
it was attached to a vertical rod with adjustable grooves. This platform, buiit in our
Department of Chemistry, can be moved using a simple handle. it was built in our

Department. The entire set-up is shown in Fig. 2.3.
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Fig. 2.3. A diagram of the Nal(Tl) guard detector stand assembly.



3. RESULTS AND DISCUSSION

3.1 Performance of the Anticoincidence System

3.1.1 Improvement of Peak-to-Compton ratios

The performance of the anticoincidence counting system was
evaluated by collecting, analyzing and comparing several conventional and
anticoincidence gamma-ray spectra. The 661.6 keV photopeak of a **’Cs
standard source was commonly used for this purpose. The conventional and
anticoincidence gamma-ray spectra of this standard source are shown in Fig. 3.1.
Three parameters were calculated in these two spectra, namely peak-to-Compton
plateau, peak-to-Compton edge, and peak-to-total area. According to the
ANSI/IEEE standard 325-1986 procedure [101], the Compton plateau value is the
average number of counts per channel for the energy range 358-382 keV, the
Compton edge is the average number of counts per channel for the energy range
475-481 keV, and the total area is the number of counts in the entire spectrum.
These 3 parameters for conventional and anticoincidence systems are summarized
in Table 3.1 together with the improvement ratios. These parameters provide
important information on the system’s basic performance and form a basis for

comparison with other systems.
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Table 3.1. Comparison of conventional and anticoincidence counting systems

using a **’Cs standard source.

System P/ Cp P/ Ce PT, a
Conventional 93.4 . 89.5 0.07
Anticoincidence 582 410 0.17
Improvement ratio 6.26 4.58 2.43
Where: P/C, is the peak-to-Compton plateau;

P/C, is the peak-to-Compton edge;

P/T, is the peak-to-total area.

As shown in Fig. 3.1, the anticoincidence mode of operation can
greatly enhance the peak-to-background ratio of a photopeak. For example, the
Compton edge (469-471 keV) of **’Cs was reduced by a factor of 12 on the
average in the anticoincidence spectrum compared to that in the conventional
spectrum, and the P/C,_ (662/(475-481) keV) was improved by a factor of 4.6

(Table 3.1).
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Another region of interest is the Compton plateau as shown in Fig.

3.1. A reduction factor of 8 on the average was obtained for Compton plateau
(358-382 keV) using the anticoincidence system compared to the conventional
system, and the P/C_ (662/(358-382) keV) had an improved ratio of about 6.3 as
shown in Table 3.1. The peak-to-total area (P/T_) measurements also showed
significant improvement with the anticoincidence system.

In the case of nuclides emitting coincident gamma-rays, there are two
or more gamma-rays that can be detected by the anticoincidence shield. For
example, a Compton interaction in the germanium detector from the 1332.5-keV
gamma-ray of *°Co will be removed from the anticoincidence spectrum, either by
the 1173.5-keV coincidence gamma-ray or by its Compton scattered gamma-ray
being detected by the Nal(Tl) well. In the conventional mode, this Compton
interaction will be recorded. The high probability of cancelling the Compton
interference due to coincident gamma-ray emitting nuclides is illustrated by the
®Co spectra shown in Fig. 3.2. The Compton edge reduction factor using the
anticoincidence system was 29 times greater than that obtained using coincidence
counting.

Although the anticoincidence mode of counting can rarely improve
the sensitivity of measurement for *°Co, it can significantly improve the sensitivity
of measurement for other nuclides whose gamma-ray peaks may be interfered with
by the *°Co gamma-rays or other coincident gamma-ray emitting nuclides such as

2¢Na and 3°Cl.
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The ability of the anticoincidence system to reduce the number of
Compton background counts over most of the gamma-ray energy spectrum in
presence of many photopeaks is another of its important functions. In order to
evaluate the performance of this system, a mixed source of ***Eu and **Eu was
used here since these two nuclides have a number of gamma-rays between 80
and 2000 keV. The anticoincidence and conventional gamma-ray spectra of the
mixed source are shown in Fig. 3.3. Twenty three regions were analyzed and the
background counts per channel were measured. The ratio of background counts
in conventional to anticoincidence spectra, called background suppression ratio
(BSR), as a function of gamma-ray energy is shown in Fig. 3.4. It is clear that the
maximum values for BSR of about 6 could be obtained in the middie energy
region (i.e. 300 to 1100 keV). It can then be concluded that the use of an
anticoincidence system should be more beneficial in this region.

At relatively low and high gamma-ray energies (below 300 and above
1100 keV), the effectiveness of background reduction was not that significant and
the ratio was about 4. The reason for this reduction of effectiveness can perhaps
be explained as follows. In the high-energy region of a gamma-ray spectrum, the
background is generally low to start with and therefore Compton suppression is
not as effective. Gamma-rays, especially those at high energy, will deposit only
small amounts of energy in a Ge detector and deflect little from their original path.

Some of them will escape from the hole in the Nal(Tl) annulus and cannot be
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Fig. 3.4. Background suppression ratio as a function of gamma-ray energy.
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detected. Thus, these scattered events will contribute to the low-energy portion

of the spectrum. The rather low effectiveness of the anticoincidence shield at the
low-energy end of the spectrum is due to the large hole in the bottom of the
Nal(Tl) annulus. The Compton background in the middie-energy region is usually
higher because it is influenced by all gamma-rays of higher energies. Thus the
background improvement is most apparent. Therefore, if the full-energy peak
intensity is not reduced at all; sensitivity will be most improved for peaks located
in the middle area of the spectrum.

An advantage factor is used to measure the effectiveness of a
Compton suppression system and it is essentially./ a net peak-to-background ratio
improvement factor. The net peak counts, in turn, are obtained by subtracting the
background counts from the gross counts under the peak. The advantage factors
were measured in this work using a mixed source of **Eu, **Fe and *°Zr. The
nuclear data of these sources are given in Table 3.2. The advantage factor for
each peak, i.e., the ratio of the peak-to-background in the anticoincidence
spectrum to the corresponding value in the conventional spectrum, is plotted in
Fig. 3.5.

Apparently there were three distinct types of data as shown in Fig.
3.5. The advantage factors for **>Eu ranged from less than 1 to about 2, meaning
that there is not much to be gained by using the anticoincidence system. The
improvement factors for **Zr are all around 4. This dramatic difference between

*2Eu and *°Zr is somewhat expected since the Eu lines are often in coincidence



Table 3.2.

and %°Zr.
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Nuclear data for a mixed standard radioactive source of *?Eu, **Fe,

Element

Isotope

Cross Nuclides

(% abund.) section (b)

Half-life

v-ray energy,

keV (% int)

Eu

Fe

Zr

1Eu(47.8) 5900+200 *°*Eu

**Fe(0.31)

MZr(17.4)

1.15£0.02 *Fe

0.056+0.004 *°Zr

95Nb

135 a

445d

64.0d

35.0d

121.8 (28.4)
344.3 (26.6)
444.0 (2.8)
778.9 (13.0)
1112.1 (13.3)
1408.0 (20.9)
192.3 (1.02)
1099.3 (56.5)
1291.6 (43.2)
724.1 (44.2)
756.8 (99.81)

765.8 (99.8)
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Fig. 3.5. Improvement factor for peak-to-background ratios of various
nuclides as a function of gamma-ray energy.
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and therefore suppressed by the anticoincidence system. The three middile
gamma-ray energy lines (i.e. those between 724.1 and 765.8 keV) of **Zr are not
coincident and they show very good improvement factors. The three **Fe peaks
are distributed among the low, middle and high energy regions. The middie-
energy 1099.3 keV peak of °°Fe may be partially cascaded by the 192.3 keV peak
of the same nuclide, and therefore it does not show an improvement factor as
good as to that of **Zr. The low- and high-energy lines of *°Fe, where the

background reduction is small, have lower improvement factors.

3.1.2 Effects of Annulus Position and Sample Distance

The geometry factors, namely the distance of the sample from the
HPGe detector surface and the relative position of the Nal(T!) annulus with respect
to the HPGe detector, affecting the anticoincidence counting efficiency were
investigated. A standard source of **’Cs was used for this purpose. The source
was counted at 0 to 8 cm from the surface of the HPGe detector keeping the
Nal(Tl) annulus at the fixed position #1 (Fig. 2.2). The variation of the peak-to-
Compton-plateau ratio (P/CP) and that of the number of counts in the highest
channel of the 661.6-keV photopeak of *’Cs with sample distance are shown in
Fig. 3.6. The rate of increase of the P/Cp ratio was rapid at the beginning (up to
3 cm), then it became slower for increasing sampie distances. At the same time

the peak height decreased significantly. [t is evident from Fig. 3.6 that the
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optimum sample distance should be 1 cm from the surface of the HPGe detector,
where these two curves intersect.

It is well known that the angular distribution of the scattered photons
depends on the energy of primary photons and on the interactions of primary
photons with the detector material. In general, the scattering angle decreases with
increasing energy of primary photons, and vice versa. Therefore, the relative
position of the Nal(Tl) annulus with respect to the HPGe detector will have some
influence on the extent of suppressing background due to scattering. Experiments
have been carried out to find the optimum position of the Nal(Tl) annulus with
respect to the HPGe detector. Again, a standard source of **’Cs was used for this
purpose. The source was counted at a fixed sample distance of 1 cm from
surface of the HPGe detector. The Nal(Tl) annulus position was varied from
position #0 through 7 (Fig. 2.3). The variations of the P/Cp and the peak-to-
Compton edge (P/C) ratios of **’Cs with the Nal(Tl) annulus distance are shown
in Fig. 3.7. The Compton edge and Compton plateau were measured as the
average count per channel over the energy range of 475-481 keV and 358-382
keV, respectively; the conversion gain was kept at 0.48 keV per channel. It is
evident from Fig. 3.7 that the best P/C, was obtained over a range of 9.5-12.5 cm
annulus distance, which means that about 1/3rd. of the annulus is above the HPGe
detector surface. The _effectiveness of the Compton plateau background
suppression was reduced above 12.5 cm. On the other hand, the P/C_ ratio

continuously improved with the increasing annulus distance (Fig. 3.7) from the
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HPGe detector surface because of the increased suppression of the Compton
edge arising from the backward scattering.

In order to evaluate the effects of annulus position for nuclides
emitting cascading gamma-rays, ***'In (half-life = 54.1 min) was selected. The
peak efficiency reduction factors and sensitivities of the four gamma-rays of *'**!In
are shown in Table 3.3. It is evident that the gamma-rays were significantly
suppressed because of their cascading transitions, and did not give improved
sensitivities in the anticoincidence counting mode. The peak efficiency reduction
factors (PERF) listed together with standard deviation in Table 3.3 were the
average of eight independent determinations at different annulus positions (i.e. one
determination at each of the eight positions). The relatively high standard
deviations attached to these average values suggest that the peak efficiency of
each peak for ***™In in anticoincidence counting can be affected by the position
of the annulus with respect to the HPGe detector. A plot of the observed PERF
values vs. the annulus distance is shown in Fig. 3.8. It is clear that PERF depends
not only on the annulus position but ailso on the energy of the gamma-ray. The
minimum and maximum reductions were obtained for the 1097.3 and 818.7 keV
gamma-rays, respectively.

The characteristics and performance of the anticoincidence
spectrometer used in this work are comparable to similar systems in other
laboratories [91,93]. There are not that many anticoincidence spectrometers

available in university laboratories due to their fairly high cost.



Table 3.3. Peak efficiency reduction factors and sensitivities
for ****n (half-life = 54.1 min) using anticoincidence

spectrometry (t, = 30s,t, = 10s,t = 40 s).

v-ray energy, Peak efficiency Sensitivity
keV (% pop.) reduction factor counts/ug
*x1o0 10
138.3 (3.33) 0.10 = 0.04 16.3 = 0.9
416.8 (32.4) 0.15 = 0.02 _ 158 = 17
818.7 (11.6) 0.041 = 0.014 12.3 = 0.8

1097.3 (55.7) 0.19 = 0.03 182 = 13

75
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3.2 Analytical Figure of Merit (AFOM) Factor

One of the most important advantages of anticoincidence counting
is the substantial decrease of background activity leading to improved detection
limits for photopeaks with no reduction in the peak area under ideal conditions.
In practice, however, this technique will cause some reduction of the peak areas
for nuclides with cascading gamma-rays and due to accidental coincident events.
The quantification of the advantage of using anticoincidence counting is therefore
not an easy problem.

Several attempts have been made to derive a general equation for
assessing the advantage of using anticoincidence counting for different nuclides
and sample matrices. For example, the following formula has been derived by
Galloway [27] to describe the extent of improvement of precision, which he called

"statistical accuracy (A)", by anticoincidence counting technique:

1
N+2Ng)2 1y 3
a=0 (N=2Ng)”  (1+2R") 5 (3.1]
N N N
Where: N, is the number of counts at the maximum of the peak,

N, is the number of background counts,
N = N, - N, i.e. the peak height,
o = (N, + N)*’?, i.e. the standard deviation in N, and

R = N/N,, i.e. the peak to background ratio.
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The ratio of statistical accuracy between conventional and anticoincidence counting
has been used to show the advantage of anticoincidence counting.

Cooper and coworkers [102,103] defined a term called “figure-of-
merit" (FOM)" which is a measure of a detector’s ability to detect a gamma-ray
(#1) of energy E, in the presence of a higher energy gamma-ray (#2) of energy

E,. The FOM term, F,(E,), under this condition is given by:

P =— 5

1 [3.2]
[R(E))e(EI?
where: e (E,) is peak efficiency of y-ray #1,
R(E,) is the resolution of the detector at energy E,, and

¢.(E,) is Compton efficiency at energy E, due to y-ray #2.

Cooper used the gamma-rays of a standard ®°Y source to demonstrate the
usefulness of his FOM. It should be noted here that the Compton efficiency at one
energy due to many other gamma-rays in a real sample is not easily determined.

Rossbach et al. [104] proposed a time gain factor to express the
advantage of anticoincidence counting. It involved a comparison between the
collection time necessary for equal peak counting error of anticoincidence and
conventional systems. The counting error of a given peak in percent (f) is a

function of the inverse square root of the collection time (t_):
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1
_oxt, 2 [33]
where ¢ is a constant.
Many of these approaches appear not to be practical for real
samples. For this reason, Das and coworkers [78-80] defined a semiempirical

advantage factor (F) as:
F=—= [3.4]

Where: R, is the reduction in the net peak area, and

R. is the reduction in the accompanying Compton background.

According to this formula, for single gamma-ray emitting nuclides the F term is
actually represented by the extent of background suppression. Equation 3.4
considers the improvement in peak-to-background ratio, but does not take into
account the improvement of counting statistics in the net peak area.

Recently, Mauerhoger [105] described the advantages of
anticoincidence counting in terms of an improvement factor for the counting
statistics (f,.,.) and that for the limit of detection (f). The application of these

factors to two cases are given here. In one case, P, << B,

N| =

c
fotat=—— [3.5]
RP
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where R, is the ratio of the net peak areas of unsuppressed and suppressed
spectra (P /P), C is the ratio of the areas of the Compton background lying under
the full-energy peak of interest in unsuppressed and suppressed spectra (B /B).

In another case, B/R,?> >> (a_%/8),

fi=—- [3.6]

where a , depending on the required accuracy of results, can take values between
1 and 10. The author claimed that the results are only applicable for a Compton
suppression system of BGO/Csl/Ge detectors with the source positioned outside
the shield. The influence of sample matrix on f, ,_ and f, was not considered in
this case.

In the present work we attempted to define a factor for assessing the
advantages of anticoincidence counting, which would satisfy the following
requirements. This factor should (i) take into account most of the parameters
related to sensitivity of a peak, such as resolution, peak area, background around
the peak, dead time, counting time, and counting statistics; (i) be general and
should represent changes in the sample matrix composition; and (jii) provide
parameters that can be easily measured.

From the point of view of analytical usefulness, good counting
statistics and sensitivity of a peak are very important. Both net peak area (P) and

peak-to-background ratio (P/B) should be maximized for this purpose. One way
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to do this is to make P?/B as large as possible. An advantage factor (AF) can then

be defined as:

Py i [3-7]

For a given type of sample matrix and a given counting system, the term AF can
be used to describe the peak to background ratio, sensitivity, and the standard
deviation of the net peak area (o). A value for o can be approximately calculated

using the following equation:

N

o=(P+2B) [3.8]
The net peak area statistical accuracy (PA) using conventional gamma-ray

spectrometry can then be defined as:

1
pA=U°_+,2:£ (3.9]

It should be noted here that this "PA" is different from Galloway’s [27] "statistical
accuracy (A)" which applies to the net peak height rather than the net peak area.
Equation 3.9 can be rewritten for conventional and anticoincidence gamma-ray

spectrometry as:
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1
P 2
PAconv=( conv2Bcony) [3.10]
Peonv
1
P, +2B. )2
PAana'-( an&; anu) [3.11]

anti

Where, the subscripts "conv' and "anti" refer to the conventional and
anticoincidence counting modes, respectively. The AF term for conventional

) can then be defined by combining equations 3.7

conv

gamma-ray spectrometry (AF

and 3.10:
P
AF conv— 2 = + 3
PA coancanv PA conv [3.12]

can be expressed as:

Similarly, the AF term for the anticoincidence system (AF,_,)

AF oni= Pons__,_ 2 [3.13]
P, 2 P, 2
A anliB anti A anti

Finally, the ratio of AF terms of anticoincidence and conventional systems can be

called analytical figure of merit (AFOM) to indicate the practical advantages of



anticoincidence counting:

AF .y
ant [3.14]

conv

AFOM=

Insertion of values from equations 3.12 and 3.13 to 3.14, and simplification of it

gives:
AFOM=R?2,, Bat*2) [3.15]
conv+2)
Where: R, = PA__, /PA,_., is the net peak area statistical accuracy

improvement factor,

R is the peak-to-background ratio in

anti = Panti / Bauti
anticoincidence counting, and

R_,=P_./B

conv conv conv

is the peak-to-background ratio in conventional

counting.

Equation 3.15 describes the advantages of anticoincidence counting in terms of
not only background suppression and peak efficiency reduction but also the
improvement of standard deviation of the net peak area.

In order to demonstrate the effectiveness of the AFOM term

developed in this work, 15 biological reference materials (RM) and standard
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reference materials (SRM) supplied by NIST and one RM by IAEA were analyzed

for Mg by INAA. Between 200 and 700 mg of these materials, depending upon
the levels of major and interfering elements present, were weighed. The materials
were irradiated at a flux of 5 x 10** n cm™ s™* for 1 min, allowed to decay for 1
min, and the 1014.4 keV gamma-ray of *’Mg counted for 10 min. The sensitivity
for magnesium standard solutions under these conditions was 2.24 counts/ug
using anticoincidence gamma-ray spectrometry. The sensitivity by conventional
gamma-ray spectrometry is similar since the PERF is 0.98 (described in section
3.4.1). The reference materials were analyzed in triplicate and the results are
presented in Table 3.4 in order of increasing magnesium concentrations. It is
obvious from this table that both precision and accuracy of the method developed
here are very good.

The RMs and SRMs used here consisted of diverse types of matrix
and varying amounts of major and interfering elements. The improvement in
detection limits achieved by the anticoincidence counting technique is reflected in
the AFOM terms (Table 3.4) which ranged from 3.21 to 16.6. The detection limits
of magnesium in both counting modes are also reported in Table 3.4. It is clear
that the magnesium levels measured in almost all reference materials are
significantly higher than the corresponding detection limits by both counting
modes. The net effect of anticoincidence counting is further improvement of the
detection limits. For Animal Blood and Whole Egg Powder, the detection limits

calculated using conventional counting mode are very close to the magnesium
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levels in these two materials making its determination very difficuit. However, in the
anticoincidence counting mode, the detection limits were reduced by about 3 times
so that magnesium could be reliably determined.

The net peak area, background counts, statistical accuracy of the net
peak area, FWHM, and dead time can change in the anticoincidence gamma-ray
spectra compared to the conventional spectra. The data presented in Table 3.5
show that the dead times of the principal detector recorded by the two counting
modes were not very different, and the dead time ratio of conventional to
anticoincidence counting for each material varied only to a small extent, e.g.
between 1.03 for Corn Bran (RM 8433) and 1.29 for Durum Wheat Flour (RM
8436).

The effects of magnesium concentration and sample activity on the
net peak area statistical accuracy improvement factor (R,, = PA___ /PA_ ) and
BSR are quite significant as shown in Table 3.5. For example, Corn Bran (RM
8433) had medium levels of Mg (about 815 ppm, Table 3.4) and very low levels of
other elements such as Al, Cl, Na, etc. leading to low sample activity and iow dead
time (1.90%). The 1014.4 keV photopeak was well defined, and the R,, term
improved by a factor of 1.12 only. However, the background counts were
suppressed by a factor of 20, which lead to a low RSD of 2% in the measured Mg
content and a high AFOM of 16.6 (Table 3.4). On the other hand, a RSD of about
7.5% and an AFOM of only 4.15 (Table 3.4) were obtained for Non-Fat Milk

Powder (SRM 1549) with a Mg level of about 1200 ppm, and a high dead time of



87

05, <98 'L eL) 85t I'9 96 1S 069  8€6€ (0251 WH) yoeuds
L'e ev'e 9L 22} W 6 98 vb'6 G6 168  (L¥S) WH) senee Yoead
L'E G 9L 1 Al €L ¥6 8e'G git €09  (SISI INYS) seAea e|ddy
ce'L ve8 c8'l L} 851 g8el g1le 6€'9 602  9e€l  (S/SL WHS) sejpaaN auld
o9 €92 gL't 9Ll 69't L2l Sle v8'p €Ev 602 (6VSLNUS)I8pMod NI 1e4-UoN
6£C ¥6'¢ vt LS Al SS 89 L2 Ll ¥6S (9E¥8WH)INO|4 Jeaym wning
v8'L 06'1 GS5'L 881 4N} 69 8/ 02 o} 292 (eev8 WH) ueig o)
gy G9v 18'L ¥2'1 ¥8'L l'el €22 gl'L 202 9/l (0[St WHS) JeAr] aulnog
892 10°€ VLl $9'L A i'. 18 98'9 0L 08v (e895} WHS) inoj4 soiy
609 102 o'k 091 gs't el 2L G'S gee €98l (818 WH) usinio) Jeaum
SG'e 28'C 29t 60%C ve't €8 Ll 628 s 62y  (BL9S1 WHS) Jnoj4 jeaym
GE'c 6SC 98t €11 ¥S'L GL 9t ¥8'G .S £€e (Le¥8 WH) Ino|4 Jesum pleH
62y LI'S 880 €60 99't €8¢ G'€9 b2 24 G0l (SI¥8INH)I1epmod B63 sjoym
vee ¥se 9Lt 9L\ 99't 02t 66! 1'G) 2e v8y (8EY8 WH) Ino|4 leaum Yos
2L9 182 et 680 89'} 909 20! G6'9 €62 0291 .(€}-¥ WH) poojg |ewiuy
95'L 29t 89t LI'I oS’} €EE 66 el ] 16 (¢ev8 WH) Uosels uio)
‘jue "Auod ‘ue "Auod “y'1o10e) ‘juUe ‘AU0d lopej ‘nyue ‘AUOD (ISIN

A®Y uaweA (%) Aoeinooe uoissaiddns SjUnoo Siaylo |le ‘v3vl,)
%8uW|] pesq WHM4 -oidw; sopsjiels ead punoibyoeg punolbyoeg jelsjew aosusisjey

‘Ajswolioads jeuoijusAuod pue sauaploulooiue Aq
Sieliejew eoualejes snoliea Ul BN, Jo yeed AeX t'110L Jo AlAsues ey 0} pee|al siejewesed Jo uostedwod ‘g s|qe]



88
7.63% due to high activities of ?°Al (from *'P) and *‘Na. In this case, the R,, term

improved by a factor of 1.69 but the background was suppressed by a factor of
4.84 only. In another case, Corn Starch (RM 8432) had a low Mg level (30 ppm)
and a low dead time of 1.62% (Table 3.5), the R,, term improved by a factor of
1.50 only but the background was suppressed by a factor of 13. The AFOM for
this sample was about 7.03 and a RSD of 6.67% (Table 3.4). itis clear from these
discussions that the effects of sample matrix, major elements in the sample, levels
of the element of interest, and dead times on the efficacy of anticoincidence
counting can be conveniently expressed by the AFOM term developed here. It
should also be noted that equation 3.15 defining AFOM does not contain any term
related to FWHM of a peak. The values of the ratios of FWHM for conventional
and anticoincidence systems for the RMs and SRMs listed in Table 3.5 do not
exhibit any distinguishable trends.

The two advantage factors of anticoincidence counting reported by
Galloway [27] and Das et al. [78-80] are compared with the AFOM term developed
in this work for the determination of Mg in NIST and IAEA reference materials of
diverse composition. The results are presented in Table 3.6. The 1014.4 keV peak
of ¥?’Mg is not cascaded with other gamma-rays and has a peak efficiency
reduction factor of 0.98 + 0.02 (Table 3.16). The advantage terms calculated
through the statistical accuracy improvement factors defined by Galloway [27] vary
within a narrow range of 1.22 to 1.96, and are not very sensitive to the changes

in sample matrix composition. The advantage terms "F" of Das et al. [78-80] and
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AFOM of the present work give similar values, as shown in Table 3.6, for sample
matrices with high Mg levels and low background activity such as Peach Leaves
(SRM 1547) and Spinach (SRM 1570). However, for the samples which have low
levels of Mg and comparatively high background counts under the 1014.4 keV
peak, such as Animal Blood (RM A-13) and Whole Egg Power (RM 8415), the
difference between these two advantage terms can be as high as 40%. Under
these conditions, the AFOM term is generally lower and reflects more realistic
advantages of anticoincidence counting. Since the AFOM term not only considers
the peak-to-background ratio improvement but also the peak statistical accuracy
improvement, it better represents the variation of advantage terms with the
changes in sample matrix.

Since the Compton background around the 1014.4 keV peak of *’Mg
is influenced by all gamma-rays of higher energy, the AFOM value also varied with
the change in the gamma-ray emitting nuclides arising from different major element
composition of the sample. Thus, It would be of interest to further explore the
relationship between AFOM and the type of sample matrix, which could be very
useful in designing optimized INAA procedures. In the case of biological samples,
the major interference to the 1014.4 keV peak of *’Mg was caused by Compton
scattering of the gamma-ray emissions from the activated elements, such as
sodium, chlorine, aluminum and manganese, which either have high cross-sections
for thermal neutrons or are present in large amounts. Therefore, the background

around the 1014.4 keV peak is mainly due to 1778.9 keV of *°Al, 1368.6 keV of
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2Na, 1642.7 keV of °Cl, and 1810.7 keV of **Mn. The net areas of these four

peaks in conventional gamma-ray spectra were measured for all 16 reference
materials listed in Table 3.4. For each material, the counts per second (cps) were
also calculated for each peak. The sum of these four cps is called main matrix
activity (MMA) in this thesis.

For each reference material, the MMA terms together with the
contributions from each of the four nuclides, and several parameters such as the
peak-to-background ratio in conventional mode (R___), peak-to-background ratio
in anticoincidence mode (R__,,), net peak area statistical accuracy improvement
factor (R,,) of the 1014.4 keV peak of ’Mg are summarized in Table 3.7. The
AFOM values of this peak (Table 3.4) are plotted .against the corresponding MMA
values (Table 3.7) for 13 of the reference materials, and shown in Fig. 3.9. Itis
evident that AFOM is highly dependent on MMA. Corn Bran had the maximum
AFOM value of 16.6 and the lowest MMA value of 2.54. For reference materials
with high MMA (e.g. above 35 cps), the AFOM values were between 3.2 and 4.7;
but they increased exponentially with lower MMA. This trend suggests that the
AFOM term is a better indicator of sample activity at lower MMA values. Much of
the high MMA values in the reference materials analyzed can be attributed to the
high activities of **Na and **Cl in them.

The curve in Fig. 3.9 was obtained by fitting a non-linear regression
equation [AFOM = 11.55 x exp(-0.1 x MMA) + 4.57] to the data. To evaluate the

usefulness of AFOM vs. MMA plots, this equation was used to caiculate the AFOM
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Fig. 3.9. The plot of analytical figure of merit (AFOM) against the corresponding
main matrix activity (MMA) for 1014.4 keV peak of Mg.
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values of the remaining three reference materials. The calculated AFOM values are
compared with the experimentally determined values (from Table 3.4) in Table 3.8.
The deviation between these two values were 5.6% for Hard Wheat Flour, 22% for
Wheat Gluten, and 7.2% for Pine Needles. These deviations may be explained in
the light of assumptions made in calculating MMA. [t was assumed that the
Compton scattering from 1778.9 keV of 2°Al, 1368.6 keV of **Na, 1642.7 keV of
*8Cl, and 1810.7 keV of **Mn contribute equally to the background of 1014.4 keV
of ?’Mg. In practice, the extent of this contribution will depend on the levels of the
interfering elements. Moreover, the half-lives and decay schemes (cascading or
single gamma-ray emitting) of the nuclides, and the concentration of magnesium
should also be taken into account if more reliable estimate of MMA is required.
In general, the calculated AFOM differed from the experimental value for materials
with high magnesium and high levels of background elements.

In order to evaluate the practical benefits of the AFOM term to
nuclides emitting cascading gamma-rays, the 1642.7 keV peak of *°Cl was
selected. The same 16 biological RMs and SRMs used for Mg determination were
also analyzed here for Cl by INAA. The samples were irradiated at a flux of 5 x
10 ncm™ s™* for 1 min, allowed to decay for 1 min, and the 1642.7 keV gamma-
ray of **Cl counted for 10 min. The three advantage terms for Cl in these materials
are given in Table 3.9. The advantage factor "F"' developed by Das et al. [78-80]
is always greater than one. Since the 1642.7 keV peak of **Cl is a cascade

gamma-ray with a peak efficiency reduction factor of 0.38 + 0.05 (Table 3.16), the
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values of greater than one cannot be explained. .The "F" values do not appear to
vary much with matrix composition. On the other hand the statistical accuracy
improvement factor of Galloway [27] is calculated to be less than one, but the
values are remarkably constant around 0.6, which means that it cannot reflect the
change in sample matrix. The values of the AFOM terms for the 1642.7-keV peak
in various matrices are generally less than one, as expected; but unlike Galloway’s
factor, most of our values have been found to vary between 0.18 and 0.81
reflecting the change in background matrix activity. However, there are a few
exceptions, such as Corn Starch (RM 8432), Hard Wheat Flour (RM 8437), Soft
Wheat Flour (RM 8438), Rice Flour (SRM 1568a), and Durum Wheat Flour (RM
8436). The AFOM values for these samples range from 0.92 to 1.51. it shouid be
noted that the peak-to-background ratios were aiso high for the 1642.7-keV peak

in conventional gamma-ray spectrometry, as shown in Table 3.9.

3.3 Anticoincidence Counting in Short-Lived Nuclides

3.3.1 Analytical Potential of Short-Lived Nuclides

The combination of generally high isotopic abundances, large cross
sections, short times to reach saturation activities, and interference-free gamma-
rays indicate that the short-lived nuclides can be produced in high yields and can
be advantageously used for trace element determination within a relatively short

total experimental time. For the purpose of the work reported here, the short-lived
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nuclides are defined as those with haif-lives of less than 120 s. The elements
which have a sensitivity ratio of about 1 or less than 1 for long-to-short-lived
nuclides [106] for experimental conditions used here are chosen for the present
study. The elements of interest include Ag, Dy, F, Ge, Hf, Rb, Sc, Se, and Yb.
The nuclear data [107-109] for these elements are given in Table 3.10.

One of the problems associated with the usage of short-lived
nuclides lies in the fact that the counting time is usually limited by the half-life of the
nuclide due to its rapid radioactive decay. Moreover, the total count rate should
not be very high because of pulse pile-up effects, dead time losses, and other
distortions such as those caused by pile-ups from tail or undershoot of a
preceding pulse.

In order to improve the counting statistics, methods based on cyclic
activation analysis can be used. A pseudo-cyclic INAA (PCIAA) method has been
developed for this purpose, and has been described in Section 1.1. In the
PCINAA method, the irradiation-decay-counting times and the delay time before
the repetition of the irradiation-decay-counting for an optimum number of cycles
are adjusted. Alternatively, an improvement in counting statistics of the photopeak
of interest can be achieved by suppressing the background activities under that
photopeak, instead of increasing the number of counts under the photopeak area
by increasing the number of cycles as done in PCINAA using conventional
gamma-ray spectrometry. The reduction of background activities has the

quantitative effect of reducing the statistical uncertainties associated with the net
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Table 3.10. Nuclear data for short-lived nuclides studied using anticoincidence

spectrometry.
Element Isotope Cross Nuclides Half-life, «y-ray energy,
(% abund.) section s keV (% int.)
Ag %°Ag (48.2) 45+ 02Db 11°Ag 24.6 657.7 (4.5)
815.5 (0.035)
7Ag (51.8) 35b 1%%Ag 120 s 632.9 (1.7)
Dy 1%py (28.2) 1700 +250b "Dy 754 108.2 (21.2)
515.5 (11.7)
F %F (100) 95+ 07mb *F 11.0 1633.6 (100)
3334
Ge “Ge (36.4) 143+ 14mb ""Ge 48.9 139.8 (40)
Hf 184f (27.2) 53+ 6Db 17omp4f 18.7 215.5 (82)
161 (2.8)
Rb ®Rb (722) 50+ 5mb #"Rb 61.0 555.4 (98.2)
Sc Sc(100) 96=x1b =Sc 18.7 142.5 (100)
Se *Se(9.0) 21 +x1b "Se 17.4 161.9 (52.5)
Yb *Yb (12.7) 24+ 02b 177eyvh 6.41 104 (65)

228 (13)
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peak area.
in the past, the application of anticoincidence gamma-ray spectrometry in
INAA has been mainly restricted to long-lived nuclides. One of the reasons is the
lack of facilities for studying short-lived nuclides, another being the location of an
anticoincidence spectrometer which is not close.to the irradiation source. Long-
lived nuclides are generally assayed after a long cooling time during which short-
and medium-lived nuclides have completely decayed resulting in a low dead-time
and a gamma-ray spectrum with only a few photopeaks. However, analysis
through long-lived nuclides could be time-consuming because of the requirements
of long irradiation, decay and counting times. Alternatively, the short-lived
counterparts of the long-lived nuclides can be used in some cases.

The present study deals with the scope and application of the
anticoincidence counting technique in INAA using short-lived nuclides. The PERF
values for the short-lived nuclides of interest in anticoincidence counting mode,
and their sensitivities have been measured. The effects of the Nal(Tl) annulus
position on PERF for the short-lived nuclides are discussed below.

The intensities of the analytically useful gamma-rays of the short-lived
nuclides (Table 3.10) were measured by both conventional and anticoincidence
spectrometry. The sensitivities and PERF of these nuclides were determined and
are given in Table 3.11. It is evident that the behaviour of short-lived nuclides in
anticoincidence counting mode will depend on a given nuclide as well as its

photopeaks.
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Table 3.11. Peak efficiency reduction factors and sensitivities for short-lived

nuclides using anticoincidence spectrometry (t, =30 s,t, = 10 s, t, = 40 s).

Nuclide y-ray energy, Peak efficiency Sensitivity
keV (%pop.) reduction factor counts/ug

+10 10

H1%Ag 657.7 (4.5) 0.96 = 0.04 1 540 = 30
815.5 (0.035) -— -

1%Ag 632.9 (1.7) 0.92 = 0.03 74 £ 6

185Dy 108.2 (21.2) 0.97 = 0.04 9 044 + 440
515.5 (11.7) 0.82 + 0.05 1800 + 95

20F 1633.6 (100) 0.85 = 0.08 5.61 £ 03
3334 - —

*"Ge 139.8 (40) 1.01 £ 0.04 473 + 1.2

17904 215.5 (82) 0.76 = 0.06 25300 = 500
161 (2.8) — —

*"Rb 555.4 (98.2) 0.97 + 0.03 396 = 1.2

“5"Sc 142.5 (100) 0.99 + 0.03 20400 + 600

"Se 161.9 (52.5) 0.98 = 0.02 2200 + 110

17nyh 104 (65) 1.05 + 0.04 68.5 + 43
228 (13) 0.31 = 0.05 23 £ 03
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For the nuclides such as *'°Ag, '¢*™Dy, 2°F, "°"Hf, and *"""Yb, which

emit two or more gamma-rays per disintegration, their peak efficiency in
anticoincidence counting depends significantly on the individual peak. This means
that for the same nuclide, one peak is reduced whereas the other stays virtually
the same or suffers only a small reduction, such as in ****Dy where the gamma-
rays are not in coincidence with each other. In the case of *°F and *'°Ag, even
though two gamma-rays are in coincidence with each other, and one of them is
very weak, the more intense peak’s efficiency in anticoincidence counting is only
slightly reduced. The explanation for nuclides *’’"Yb and *"*"Hf is not clear but it
could be due to an internal conversion. The PERF values for *°F and Y"*"Hf are
shown in Fig. 3.10 as a function of the distance from the top of the HPGe to the
edge of the Nal(Tl) annuius. A maximum of peak efficiency in the anticoincidence
counting was obtained over the range of 10-12 cm; above and below this distance
the efficiency was smaller.

The peak efficiency of single gamma-ray emitting nuclides, such as
*"Ge, **"Rb, **"Sc, and ""Se, did not suffer any reduction in anticoincidence
counting, so they can be advantageously measured in an anticoincidence system.
Fig. 3.11 shows the variation of PERF of these nuclides as a function of distance
from the HPGe endcap to the edge of the Nal(Tl). Similar variations for *°°Ag,
11%Ag, and """Yb are given in Fig. 3.12. These very flat curves together with the
very small relative standard deviations of average PERF suggest that single energy

peaks are not affected by geometric position of Nal(Tl) annulus detector.



PERF

1.0

1633.6 keV of 2F

08 L

0.7 -

06

0.5 | | | i ] ] I
6 8 10 12 14 16 18 20 22

Distance from HPGe to Nal(T!) annulus (cm)

Fig. 3.10. Effect of annulus position on the peak efficiency reduction
factor (PERF) of 2°F and '79mHf.
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Fig. 3.11. Effect of annulus position on the peak efficiency reduction factor
(PERF) of gamma-ray emitting nuclides of “mSc, 8mRp, 5"Ge, and 7™Se.
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Fig. 3.12. Effect of the annulus position on the peak efficiency reduction factor

(PERF) of 1"7mYp, 110Ag, and 198Ag.
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33.2 Pseudo-cyclic INAA with Anticoincidence Counting

A pseudo-cyclic INAA (PCINAA) method was developed for the
detection of the short-lived nuclides listed in Table 3.11. The method has been
applied to the determination of Dy, Hf, Rb, Sc, and Se in botanical and zoological
SRMs. The precision and detection limits of these trace elements can be
significantly improved by increasing the number of cycles up to four [110].
However, as the long-lived nuclides such as **Cl build up and create significant
undesirable Compton background activities, the number of cycles a sample can
be irradiated becomes limited. If a long delay period, e.g. several days, is allowed
between the repetition of cycles, the sensitivity of measurement can be improved.
Obviously, the total analysis time then could become undesirably iong.
Alternatively, anticoincidence counting could be coupled to PCINAA to achieve
similar or better resuits within a shorter analysis time.

In this work, an irradiation time of 30 s was used for producing the
short-lived nuclides of interest. A decay time of 10 s was employed; within this
time an irradiated sample could be manually transferred with good reproducibility
from the sample receiver to the detector. Moreover, this 10 s decay was sufficient
for detecting short-lived nuclides of interest with good sensitivity. In order to
minimize error caused by possibly high dead time, the distance between the
detector and the sample was set to 1 cm for maintaining dead times of less than

10%. This distance of 1 cm also happens to be the optimal counting distance as
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described in Section 3.1.2. The delay between the end of counting of one cycle
and the start of irradiation of the next cycle was 24 hours, which is long enough
to eliminate the background counts caused by **Cl and **Mn. The number of
cycles (n) was selected as 5, which is short enough to keep the total experimental
time short but is long enough to give good peak counting statistics and to show
the advantages of anticoincidence counting. The same experimental conditions
were used in both anticoincidence and conventional counting schemes.

The term minimum detectable activity (MDA) is defined here as:

N | =

mpA=B~ [3.16]
P
where P is the peak area counts, B is the background under that peak. The value
of MDA was calculated by conducting experiments for both counting modes in
each cycle. Theterm MDA ____ is used in conjunction with conventional gamma-ray
spectrometry, and MDA__ . for anticoincidence gamma-ray spectrometry. The
AFOM factor of each cycle was also calculated according to the method described
earlier. These factors and detection limits for both conventional and
anticoincidence counting modes are listed in Table 3.12 for Dy in NIST Apple
Leaves (SRM 1515), Hf and Rb in NIST Peach Leaves (SRM 1547), and Scin NIST

Whole Egg Powder (RM 8415).

The variation of detection limits and AFOM factors with the number

of cycles are graphically presented in Fig. 3.13. In the case of 142.5 keV gamma-
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Fig. 3.13. The optimization of the numbers of the cyi:les with MDA (arbitrary
unit) and AFOM for selected nuclides in reference materials PCINAA
using conventional and anticoincidence counting.
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Fig. 3.13 (continued).



111
ray of ***Sc, the detection limit improved rapidly in the first three cycles. A further
increase in the number of cycles did not improve this parameter significantly. The
MDA__ ., values followed the same trend as the MDA, ones, but the MDA was
always worse than MDA, ., for each cycle. These results suggest that the
background counts in the anticoincidence counting mode increase more slowly
than the peak area counts.

The 555.4-keV and 215.5-keV gamma-rays of ***Rb and "*"Hf,
respectively, were assayed in NIST SRM Peach Leaves. The detection limits at
each cycle in both counting modes were calculated and are shown in Fig. 3.13 as
a function of the number of cycles. These curves are similar to those of ***Sc: the
lower detection limits are obtained by anticoincidence counting at each cycle, but
they show a much milder dependence on the increasing number of cycles. The
detection limits improved by about 30% for ®**"Rb and by about 40% for 7°"Hf
from the first to the fifth cycle in anticoincidence counting mode.

Two full energy peaks, namely 108.2 and 515.5 keV, of ****Dy were
assayed in NIST SRM Apple Leaves. It is evident from Fig. 3.13 that the 515.5 keV
peak benefited more from anticoincidence counting due to the suppression of the
511 keV annihilation peak. The detection limit, using the 515.5 keV peak, improved
about 60% from the first to the fifth cycie. At the same time, the detection limit
improved by only 40% over the entire five cycles for the 108.2 keV peak. Since

the cut-off energy of our anticoincidence system is around 94 keV, not much

advantage is gained at the low energy region near 108.2 keV of ***"Dy.
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The AFOM terms at each cycle were calculated from anticoincidence
and conventional spectra as shown in Fig. 3.13. Except the 108.2-keV of **"Dy,
these curves usually started at a lower value at the first cycle, increased with the
increasing number of cycles, passed through a maximum near third or fourth
cycle, then decreased. This trend can be explained by re-examining the definition

of the AFOM terms. Insertions of equations 3.12 and 3.13 to 3.14 give:

AF

AFOM=—2n8 [3.14]
conv
Panti + 2
PA?2 . PAZ .
A FOM= anﬂBana A anti [317]
conv . 2

PA ZCOHVBCOHV PA 2CC)I)V

Insertion of PA, . and PA__ from equations 3.10 and 3.11 into equation 3.17

conv

yields:



PannP zand + 2P 2

anti

Bana‘(Pand+28anﬁ) P ti+28

an

anti

AFOM=

2 2
P com/:, conv + 2P conv

BeonPooms*2Beony) P +2B

onv con V) conv conv

Simpilification of equation 3.18 gives:

Equation 3.19 can be rewritten as:

1
8 2conv
P
AFOM=(—om_y2

82
P

anti

anti
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[3.18]

[3.19]

[3.20]

By putting the definition of minimum detectable activity (MDA) from equation 3.16

in 3.20 gives:

MDA, 2
AFOM=(——c2nt)
MDA

ant

[3.21]
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Thus, AFOM is essentially a term for predicting the improvement that can be
achieved in the MDA of a given nuclide for a given type of sample matrix using
anticoincidence gamma-ray spectrometry.

It is evident from the curves in Fig. 3.13 that there is a rapid reduction

in the MDA, ., values compared to the MDA

conv

values, for a given nuclide, with
increasing number of cycles for first through third or fourth cycle. However, the
improvement in MDA, decreases beyond 3 or 4 cycles due to the build-up of
background activities from nuclides such as *°Cl and **Mn present in the irradiated

samples. As a result, the difference between the MDA___, and MDA _ ., values

conv

becomes smaller with increasing number of cycles. The ratio (MDA___, /MDA, )
and thereby AFOM, starts with a low value in the first cycle then increases with
increasing number of cycles, and passes through a maximum before starting to
decrease. For a given nuclide in a given matrix, the maximum improvement in the
detection limit will therefore be obtained at the highest AFOM. It is evident from
Table 3.12 that the AFOM of ***Sc in Whole Egg Powder (NIST RM 8415) and that
of **"Rb in Peach Leaves (NIST SRM 1547) reached maximum values of 3.9 and
9.34, respectively, at the fourth cycle; while the maximum AFOM of *’°"Hf in the
same Peach Leaves and ***"Dy in Apple Leaves (NIST SRM 1515) were 5.1 and
7.6, respectively, at the third cycle.

It is obvious from the above discussions that the AFOM terms can

be conveniently used for the optimization of number of cycles in PCINAA using



115

anticoincidence counting, and that this number of cycle varies from element to
element in a given matrix. For simultaneous muitielement analysis, the number of
cycles needs to be optimized appropriately. For example, in Peach Leaves the
AFOM of Rb reached its maximum value of 9.34 in the fourth cycle while that of Hf
in the same sample decreased to 3.23 in the fou&h cycle from its maximum value
of 5.10 in the third cycle (Table 3.12). By increasing the number of cycles to four,
about 20% of the detection limit improvement (i.e. AFOM) for Hf could be lost. If
the Hf level of the sample is not very low, such as in Peach Leaves, both Hf and
Rb can be simultaneously determined with good precision. For example, the
percent RSD of Hf and Rb concentrations (Table 3.13) determined by PCINAA
using four cycles are 6% and 3.3%, respectively.

The concentrations of Dy, Hf, Rb, and Sc were measured in six NIST
SRMs and RMs by PCINAA using four cycles and anticoincidence counting. The
results are shown in Table 3.13. Our values for Rb and Sc are in excellent
agreement with the NIST certified or information values, where such comparisons
can be made. The RSDs of most of our values are less than 10% with only a few
exceptions. No comparisons can be made for Dy and Hf levels because of the
lack of certified, information, and literature values. The RSD for Dy and Hf varied
between 4 and 17% at ppb levels.

Samples of NIST SRM Citrus Leaves were analyzed using PCINAA
in conjunction with conventional and anticoincidence counting modes. The

gamma-ray spectra of the first and fifth cycles using anticoincidence spectrometry
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are shown in Fig. 3.14. The peak-to-background ratios of the photopeaks of
interest considerably improved from the first to the fifth cycle. Moreover, a larger
number of peaks could be detected in the fifth cycle compared to those in the first
cycle.

The conventional and anticoincidence gamma-ray spectra of the
Citrus Leaves at the fifth cycle are shown in Fig. 3.15. The advantage of using
PCINAA with anticoincidence counting is evident from this figure. The peak areas
of interest generally improved by a factor of about 5 while the background was still
kept at low levels even after five cycles in the anticoincidence counting mode. The
improvement in detection limits varied with nuclides and peak energy involved.
The background activities increased considerably in the conventional gamma-ray
spectrometry leading to poorer detection limits. It is also evident from Fig. 3.15
that the 511 keV positron annihilation peak was significantly suppressed in the
anticoincidence mode compared to the conventional mode. It has already been
noted above that this reduction of the 511 keV peak allowed reliable measurement
of the 515.5 keV peak of *°"Dy.

Concentrations of Ag, F, Ge, and Yb in these reference materials
were very low and could not be determined. The detection limits of these four
elements obtained by anticoincidence PCINAA and 4 cycles were calculated [134]
and are given in Table 3.14. As can be seen, these limits are generally low.

The detection limits of Ag, F, Ge, and Yb in NIST SRM Citrus Leaves

from 1 through 5 cycles are also presented Table 3.14. By increasing the
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number of cycles from 1 to 4, the detection limits of these elements could be
improved by about 60%, while the improvement from 4th to 5th cycle is almost
non-existent.

it can therefore be concluded that the anticoincidence counting
technique in combination with pseudo-cyclic neutron activation provides a more
reliable measurement in terms of improved precision and detection limits for short-
lived nuclides compared to both one-shot and pseudo-cyciic INAA coupled to
conventional counting. A lower detection limit was always obtained in
anticoincidence counting for the same number of cycles compared to conventional
counting. The maximum value for AFOM is generally obtained in the third or fourth
cycle. This factor can be used for optimizing the number of cycles in PCINAA with

anticoincidence counting mode.

3.4 Anticoincidence Counting in Medium-lived Nuclides

3.4.1 Analytical Potential of Medium-lived Nuclides

For the purpose of this work, the medium-lived nuclides are defined
as those with half-lives between 2 min and 3 h. The use of medium-lived nuclides
in INAA of biological and environmental materials is sometimes limited by spectral
interference from high activities of other nuclides present in the sample. The major
background interference is generally caused by medium- to long-lived nuclides

such as *°Al (haif-life = 2.31 min), **Cl (37.3 min), **Mn (2.58h) and #*Na (15.0 h)
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depending on the nature of the material analyzed. Since some of the nuclides
have relatively long half-lives, the background activity is almost always constant
throughout the counting period while the medium-lived nuclides of interest decay
rapidly. One of the objectives of this work is to investigate the behaviour of
medium-lived nuclides and their interferences using anticoincidence gamma-ray
spectrometry with a view to improve detection limits of some nuclides.

The nuclear data [107-109] for medium-lived nuclides of interest and
those for commonly encountered interfering nuclides are given in Table 3.15.
Standards of these elements were irradiated at the DUSR facility for 10 min,
allowed to decay for 1 min, and then counted for 10 min using both conventional
and anticoincidence spectrometry. The sensitivities and PERF of these nuclides
were measured and the average of three values are presented in Table 3.16.

it has been stated before that anticoincidence counting can be
advantageously used for nuclides with PERF of about one. If PERF is less than
one, the improvement in detection limit will depend on sample matrix activity. It is
evident from Table 3.16 that the measurement of nuclides such as *°Al, ***Ba, **Cu,
155Dy, 281, 2’Mg, and *2V will be improved in anticoincidence counting because
their PERF is close to one. The application of this technique for the determination
of Cu, I, Mg, and V in a number of SRMs and RMs of varied composition are
discussed below in detail in separate subse.ctions. The advantages over
conventional counting, as given by the AFOM terms, for these elements are also

described here.
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Table 3.15. Nuclear data for medium-lived nuclides studied by anticoincidence
spectrometry. '

Element isotope Cross Nuclides Half-life, Y¥-ray energy,
(% abund.) section keV (% int.)
Al 2TAI (100) 232 mb 28p 2.24 min 1778.9 (100)
Ba 13883 (71.7) 350 = 150 mb **Ba 82.9 min 166.4 (23.7)
Br "Br (50.7) 85+03b 89Br 17.7 min 616.8 (8.7)
704.6 (1.1)
1256.6 (0.19)
cl CI(242) 428+5mb  **Ci 37.2 min 1642.7 (31.9)
Cu Cu (30.9) 2.17 + 0.03b °Cu 5.09 min 1039.2 (7.14)
Dy %Dy (28.2) 1000 = 150 b *%°Dy 233 h 94.7 (3.6)
279.7 (0.48)
361.7 (0.85)
[ 271 (100) 62+02b 129 25.0 min 4429 (17)
Mg Mg (11.0) 382+ 08 mb Mg 9.46 min 843.8 (71.8)
1014.4 (28.0)
Mn *Mn (100) 133+ 02b **Mn 258 h 846.8 (93.9)
1810.7 (27.2)
Na Na (100) 400+30mb *Na  15h 1368.6 (99.99)
Ni ®Ni (1.08) 1.49 +0.03b *Ni 252 h 366.3 (4.81)
1115.5 (15.4)
1481.8 (23.6)
Th 232Th(100) 7.40 +0.08b ***Th 222min  86.5 (1.6)
162.5 (0.17)
169.1 (0.28)
459.2 (0.8)
669.8 (0.38)
Ti 9Ti (5.3) 179 +3mb  °i 5.76 min 320.1 (93.1)

Y Sy (99.75) 4.88 = 0.04b 5V 3.74min  1434.2 (100)
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Table 3.16. Peak efficiency reduction factors and sensitivities for medium-lived
nuclides using anticoincidence spectrometry (t, = 10 min, t, = 1 min, t_ = 10 min).

Nuclide Y¥-ray energy, Peak efficiency Sensitivity
keV (% pop.) reduction factor counts/ug
*10 = I
Al 1778.9 (100) 1.05 + 0.04 414 = 012 x 10°
133ga 166.4 (23.7) 0.94 + 0.02 511 = 13
Br 616.8 (8.7) 0.91 + 0.02 (365 = 0.09) x 10°
704.6 (1.1) 0.04 + 0.02 186 = 10
1256.6 (0.19) 0.87 + 0.03 68 + 8
38| 1642.7 (31.9) 0.38 + 0.05 102 + 2
5Cu 1039.2 (7.14) 1.03 + 0.03 944 = 30
185Dy 94.7 (3.6) 0.98 + 0.04 (9.92 + 0.40) x10°
279.7 (0.48) 0.16 + 0.01 (1.28 = 0.07) x10°
361.7 (0.85) 0.93 = 0.03 (1.68 + 0.08) x10*
128) 442.9 (17) 0.92 + 0.04 (1.37 = 0.07) x10*
Mg 843.8 (71.8) 0.98 = 0.02 148 £ 9
1014.4 (28.0) 1.00 = 0.04 47 + 3
$Mn 846.8 (93.9) 0.71 + 0.04 (2.14 + 0.04) x10*
1810.7 (27.2) 0.22 + 0.02 811 = 57
**Na 1368.6 (99.99) 0.38 = 0.03 1197
*Ni 366.3 (4.81) 0.29 = 0.02 0.89 = 0.11
1115.5 (15.4) 0.68 = 0.04 3.21 = 0.35
1481.8 (23.6) 0.82 + 0.04 5.78 + 0.54
23Th 86.5 (1.6) 0.97 = 0.03 (3.10 = 0.06) x10°
162.5 (0.17) 0.51 = 0.02 134 + 12
169.1 (0.28) 0.61 = 0.05 292 + 26
459.2 (0.8) 0.78 = 0.03 533 + 44
669.8 (0.38) 0.80 = 0.03 196 = 7
51T 320.1 (93.1) 1.08 + 0.02 526 + 39
2y 1434.2 (100) 0.99 + 0.01 (6.48 + 0.04) x10*
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The full-energy peaks of **Cl, **Mn, and **Na were reduced
significantly in anticoincidence counting due to cascading transitions (Table 3.16).
It is obvious that the sensitivities of these nuclides cannot be improved by the
anticoincidence counting mode. However, since these three nuclides are major
contributors to the Compton background interference observed in INAA using
medium-lived nuclides, their effects can be greatly reduced by anticoincidence
counting.

It should be noted that among the three gamma-rays of **Ni (Table
3.15), the 366.3 keV gamma-ray which cascades with the 1115.5 keV gamma-ray,
has the highest PERF. The partially cascading 1481.8 keV gamma-ray has
undergone only a small reduction. These results suggest that even for the same
nuclide, care should be taken in selecting appropriate photopeaks for
anticoincidence counting.

The nuclide ?°Al (half-life = 2.24 min) decays by a non-coincident
gamma-ray of 1778.9 keV; its PERF is 1.05 = 0.04 (Table 3.16). The application
of anticoincidence spectrometry reduces the Compton background under the
1778.9 keV peak and lowers the detection limit. As shown in the Fig. 3.16, the
background under the 1778.9 keV peak in Wheat Giuten (RM 8418) is reduced by
a factor of about 10 using anticoincidence counting spectrometry. However, the
concentration of Al in this material could not be reliably measured due to its high
levels in the irradiation vials and in the laboratory atmosphere.

The nuclide *°Br (half-life = 17.7 min) decays by g-emission followed
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Fig. 3.16. Gamma-ray spectra near the 1778.9 keV peak of Al in Wheat
Gluten (NIST RM 8418) using conventional and anticoincidence spectrometry.
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by three major gamma-rays, namely 616.8, 704.6 and 1256.6 keV. The 704.6-keV

peak is cascaded with the 616.8 keV peak; due to the low population of the 704.6-
keV peak, the PERF of the 616.8-keV peak is 0.91. The application of
anticoincidence counting spectrometry not only reduces the background under the
616.8-keV peak but also eliminates the interference from the 620.7-keV double
escape peak of **Cl. These improvements are evident from the partial gamma-ray
spectra of NIST Not-Fat Milk Powder (SRM 1549) using both conventional and
anticoincidence counting modes as shown in Fig. 3.17. The double escape peak
of **Cl was virtually eliminated in the anticoincidence spectrum, and the overall
background of the region of interest was reduced by a factor of 6 in Not-Fat Milk
Powder. Bromine was not one of the elements of interest to the present work, and
thus its levels were not measured. It should be noted here that the irradiation vials
contained varied amounts of Br, which will require correction for reagent blank in

any reliable measurement.

3.4.2 Determination of Magnesium

Magnesium is eighth most abundant element in the earth’s crust.
Magnesium is considered to be an essential element at moderate concentrations.
The effects of Mg deficiency and toxicity in human body, and its roles in
photosynthesis and in oxidative photosphorylation have been reported in the

literature [111,112].
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Fig. 3.17. Gamma-ray spectra near the 616.8 keV peak of 82Br in Non-Fat Milk
Powder (NIST SRM 1549) using conventional and anticoincidence spectrometry.
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The most common techniques for Mg determination are titrimetry,
spectrophotometry, and atomic absorption spectrometry [113]. Instrumental NAA
has also been proven to be a promising and attractive tool for the rapid, simple
and reliable determination of Mg, and is routinely used in many laboratories.
However, because of the high activity produced by major nuciides such as *Al,
*Cl, **Mn, and **Na in biological samples, the measurement of the shorter-lived
nuclide *’Mg is generally difficult at low Mg levels.

As shown in Fig. 3.18 [107], ?’Mg has a half-life of 9.46 min and it
decays by g-emission and then two major gamma-rays, namely 843.8 and 1014.4
keV, which are not coincident. Therefore, the use of anticoincidence counting will
not cause any reduction in peak efficiency of either of the gamma-rays. However,
the Compton continuum from ?Al, **Cl, **Mn, and #**Na can be reduced by this
counting mode.

The 1014.4-keV gamma-ray is free from interference and it has been
used for the determination of Mg in biological and environmental samples. Due
to the low intensity of 28.0% of this gamma-ray, the detection limit for Mg using
conventional gamma-ray spectrometry could be rather high depending on the
neutron flux and experimental conditions used. The application of anticoincidence
counting can reduce the background under the 1014.4 keV peak, improve
accuracy of the peak, and lower the detection limit. These improvements are
evident from the partial gamma-ray spectra of NIST Pine Needles (SRM 1575) and

Whole Egg Powder (RM 8415) using both conventional and anticoincidence
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Fig. 3.18. Decay schemes (major transitions only) of 27 Mg and Mn.
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Fig. 3.19. Gamma-ray spectra near the 1014.4 keV peak of Mg in Pine
Needles (NIST SRM 1575) and in Whole Egg Powder (NIST RM 8415) using
conventional and anticoincidence spectrometry.
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counting modes as shown in Fig. 3.19. The overall background of the region of
interest for Pine Needles was reduced by a factor of greater than 8. In Whole Egg
Powder, the 1014.4-keV peak of ?’Mg was masked in the conventional counting
made, because of a high Compton continuum from %Al and **Mn which were also
present in the irradiated sample. The 1014.4-keV peak became a well-defined
narrow peak in anticoincidence counting, and it could then be measured with
higher reliability.

Magnesium concentrations in samples can be measured using either
843.8 or 1014.4 keV peak of ¥’Mg. The sensitivity of the 843.8-keV peak is 3.53
times higher than that of the 1014.4-keV peak as shown in Table 3.16. However,
the 843.8-keV peak suffers from interference by the 846.8-keV peak of **Mn which
has a longer half-life of 2.58 h. Consequently, the 1014.4-keV peak is mostly used
for Mg determination in INAA despite its relatively lower sensitivity.

The tailing edge of the 843.8-keV peak of *’Mg overlaps with the
leading edge of the 846.8-keV peak of **Mn. Due to this overlap, the total peak
area (TPA) method for the 843.8-keV peak area gives significant errors. The TPA
method is very simple, fast and accurate for single-peaks, but cannot be applied
easily to peaks overlapping in energy. The influence of the 846.8-keV peak of
**Mn on the 843.8-keV peak of *’Mg was investigated in this work by irradiating a
series of standard solutions containing varying Mg/Mn ratios and studying the
degree of overlap using both anticoincidence and conventional counting modes.

The results, shown in Table 3.17, indicate that the interference is highly dependent



133

ev. S92 AV g2 6'¢ b'S G'85 8'02 9812
esL 6Ll 669 0g'L vl 9/ L2 L €601
55’2 ve'8 96'9 €8'2 '8 8'8 29t 26y 659
G669 982 Sv'9 62L L'l b 92’9 95y 9GS
8Ll 19'L L0°L L9 1'G €6 95'G 2e'e oLy
LvL 192 £v'9 W) el €2 v8'c ve'e 82¢
298 082 €52 €19 €l 82 L) 2.0 LEL
S1'8 se'8 869 0L'S Gl 8g 280 0 618
89 €2 €0y 89°€ et 9 600 S0°0 '9l
'8 £6'G 16’y €€ oy 99 S00 5200 2’8
b2 - 0L GS'g S 9/ $0'0 89000 L'y
98'9 - 0z'y 09't 1% 86 200 €S00°0 ee
‘Rue ‘AUOD ‘ue ‘AUOD ue ‘AUO0D ‘fjue ‘AUOD
6r/syunoo 6ri/syjunoo eale ead A8 onel
v Aq Ainysueg v Ka Anysueg % deperQ 8'918/8'€H8 JO Oley UW/BN

‘Ajewoloeds Ael-ewiueb aouspiouloonue
pUe jeuojusAuod Buisn up,, Jo sead Aey 8'9t8 Aq BN ,,J0 Yead Ae 8'Eb8 JO 8dualeuelUl JO UOIDBII0D “/1'E 8lge)



134

on the Mg/Mn ratio for both anticoincidence and conventional counting modes.
An empirical parameter, called the percentage overlap, is defined
here as the ratio of the counts at the overlapping point, C,, to the peak height

counts of the 843.8 keV peak, C,, and reported as a percentage:

%Oveﬂap=%x1 00% [3.22]
P

It is graphically shown in Fig. 3.20. The resuits presented in Table 3.17 show that
the higher the Mg/Mn ratio in the sample, the greater is the ratio of two peak areas
(i.e. 843.8/846.8 keV peaks), and less is the percent overlap. Both conventional
and anticoincidence counting modes show the same trend. However, at the same
Mg/Mn ratio, the percentage overlap in anticoincidence counting mode is less than
that in conventional counting mode, as shown in Table 3.17.

For the quantification of this type of overlap, complex methods are
used to separate the individual contributions of each peak. The most common
procedure is called the Gaussian function fitting (GFF) method. This approach
involves a nonlinear least-square fitting of the primary Gaussian function to the
leading edge of the peak which can be clearly resolved, and assumes that the
remainder of the peak is described by the Gaussian function [114]. The peak area
can be calculated using the parameters (peak heights and widths) derived from
the fitted shape. If the leading edge of the first peak is not distorted by the

second peak, this method yields satisfactory results for overlapping peaks. There
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Fig. 3.20. An illustration of the region of overlap of 843.8 keV peak of Mg by
846.8 keV peak of 5Mn.
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exists a maximum peak overlap that can be tolerated. However, in cases where
peak shape does not follow Gaussian function, as shown in Fig. 3.21, the leading
and tailing edges cannot both be fitted well at the same time by the Gaussian
function only. Errors in peak area calculated by the GFF method can also be
expected. The data used to plot the gamma-ray spectrum were obtained by
irradiating a food (spinach) sample for 1 min, allowing it to decay 1 min, and
counting for 10 min using anticoincidence spectrometry.

As shown in Fig. 3.20, the peak area calculated by the TPA method
(APTEC software) is only the lined area, while a triangular shaped area (hatched)
was missed by the software. As a general treatment, one of the edges of this
triangle is the baseline of the peak with the length of W, , (i.e., full-width at tenth-
maximum), and its vertex is at the lowest point of overlap. Therefore, its area can

be simply calculated by the following equation:

A=222W__ (C,-C) [3.23]

Where A is the area of triangle, and C_ is the difference between the baseline and
background counts (C_ = C, - h, as shown in Fig. 3.20), and W . is the full-width

at half-maximum. Therefore, the corrected TPA (A___) can be calculated using the

cory:

equation:

Acoee = A+ Ay, [3.24]
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Fig. 3.21. Gamma-ray spectrum near the 843.8 keV peak of Mg in a food

sample and its Gaussian function fitted curves.
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Where A is the area of triangle calculated by equation 3.23 and A_,, is the peak

area calculated using the TPA method by computer.

A pure Mg comparator standard (i.e., without any detectable Mn) and
a series of standard solutions containing varying ratios (viz. 3.3 to 2186) of Mg/Mn
were irradiated at a flux of 5 x 10** n cm™ s™* for 1 min, allowed to decay for 1
min, and counted for 10 min. Under these experimental conditions, the sensitivity
of the 843.8-keV peak of ¥’Mg (free from any interference of 846.8 keV peak of
>*Mn) were 7.43 and 7.62 counts per ug using anticoincidence and conventional
counting modes, respectively. However, due to the overlap of these two gamma-
rays, the sensitivities of the 843.8-keV peak in solutions containing both Mg and
Mn calculated using A_,, were lower than the values for the Mg standard alone.
These sensitivities were found to decrease with decreasing Mg/Mn ratio in both
counting modes, as shown in Table 3.17.

The sensitivities of the 843.8-keV peak of ’Mg can be corrected for
the interference by the 846.8-keV peak of °°Mn using equation 3.24. This
correction can be applied up to an overiap of 64% in the conventional counting
mode (Table 3.17). In the anticoincidence counting mode, the percentage overlap
of the 843.8-keV peak is less because of the suppression of the 846.8-keV peak.
Consequently, the corrected sensitivity values are closer to that of the pure Mg
standard. The results are graphically presented in Fig. 3.22 where the sensitivities
based on A, and A__ by anticoincidence and conventional gamma-ray

spectrometry are plotted against various Mg/Mn ratios.
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The correction method described above was used for the
determination of Mg in 15 NIST RM and SRM using the 843.8-keV gamma-ray of
*’Mg and both conventional and anticoincidence gamma-ray spectrometry. The
results are presented in Table 3.18. It is evident that anticoincidence counting can
provide a more reliable measurement of *’Mg through the 843.8-keV peak by
minimizing the interference from the 846.8-keV peak of **Mn. Examinations of the
decay scheme (Fig. 3.18) of °°Mn reveals that the 846.8 and 1810.7 peaks are
partially cascading, and therefore an enhanced suppression of the 846.8-keV peak
will occur in anticoincidence counting. The net effect is less overlapping of the two
peaks; in some cases the interference from the 846.8-keV peak of **Mn can be
completely eliminated and more reliable data can be obtained using the 846.8-keV
peak of ¥ ’Mg. The agreement between the values obtained by the correction
method using the 846.8-keV peak and that by the interference-free peak of 1014.4
keV is generally good as shown in Table 3.18. The real advantage of the
correction method in conjunction with anticoincidence counting is that an improved
sensitivity can be obtained for the 846.8-keV peék compared to the 1014.4 keV
peak.

it should be noted here that there are several computer programs
available in the market for deconvoluting overlapping peaks. Some of them are
already incorporated in the software delivered with the MCA. The software
provided by APTEC was found not to be entirely satisfactory. No other software

was available in our laboratory for this purpose. For this reason, a manual
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calculation approach was developed in this work. Although this method is simple,
it still gives reliable results.

One of the approximations made in this correction method was the
arbitrary assignment of peak baseline at W, .. In order to ascertain more accurate
peak areas, the width of the baseline should be palculated based on the channel
number on the left where the peak starts to rise. The other approximation was
made by assuming that the peak’s overlapping part could be simplified by a
straight line rather than a Gaussian fit. For most of RMs, as shown in Table 3.19,
the percentage overlap of the 843.8-keV peak by the 846.8-keV is less than 40%
and the ratio of 843.8/846.8 keV peak area is relatively high. In such cases, the
approximations made generally do not impart much error in Mg concentrations as
evident from Tables 3.18 and 3.4. However, in cases where the percentage
overlap is relatively high (i.e. >40%) and the ratio of 843.8/846.8 keV peak area
is very low, such as in NIST SRM 1568a, 1575, and 1570 (Table 3.19), Mg levels
calculated by the correction method are lower than those obtained by the 1014.4-
keV peak and than the certified value (Table 3.4). Itis evident from Table 3.19 that
the percentage overlap is reduced and the ratio of 843.8/846.8 keV peak area is
increased in the anticoincidence counting mode compared to the conventional
counting mode. The above correction method for Mg can therefore be more

reliably applied to anticoincidence spectra.
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3.43 Determination of Copper

Copper is considered to be an essential element [115,116]. Its
accurate determination in tissues, body fluids, foods and other biological materials
is needed for the purpose of studying the effect of Cu on human nutrition and
health. In biological materials, Cu can be measured by NAA via **Cu(n,y)%*Cu and
®*Cu(n,y)°°Cu reactions. The positron-emitting nuclide **Cu (half-life = 12.7 h) is
not commonly used for assaying copper since its 1345.8-keV gamma-ray has a
low population and the 511-keV annihilation radiation may be interfered with by a
number of positron emitters. Radiochemical NAA (RNAA) methods can be
employed. In one such method sub-ppm levels of copper were separated by
extraction chromatography [117]. Using an Advance Prediction Computer
Program (APCP), it has been shown that short-lived **Cu (half-life = 5.09 min) can
possibly be used for Cu determination in biological materials by INAA [118].
However, it is seldom done in practice, in particular for low copper content in high-
salt biological materials, due to the Compton. background interference from
nuclides such as *°Al, **Cl, and **Na. In order to eliminate Compton interference,
a PNAA method has been developed using selective ion-exchange separation of
Cu followed by short irradiation and gamma-spectrometric counting of *°Cu; the
detection limit, for the sample weight of 500 mg, was about 0.34 ppm [119].

The **Cu nuclide decays by a non-coincident 1039.2 keV photon.

The application of anticoincidence spectrometry can reduce the Compton
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background under the 1039.2-keV peak, improve the statistical accuracy of the

peak and lower the detection limit. These improvements are evident from the
partial gamma-ray spectra (viz. around 1039 keV) of NIST Rice Flour (SRM 1568a)
and Peach Leaves (SRM 1547) using both conventional and anticoincidence
counting modes shown in Fig. 3.23. The overall background around this region
was reduced by a factor of 9 for the SRM Rice Flour. In Peach Leaves, the
1039.2-keV peak of **Cu was masked in the conventional counting mode due to
its low copper content and a high Compton continuum from Al and **Mn, while
the 1039.2-keV peak became a well-defined peak using anticoincidence counting.

In order to evaluate the extent of improvement that can be achieved
by anticoincidence counting, diverse types of biological RMs and SRMs were
analyzed for Cu by INAA. Between 200 and 700 mg of these materials, depending
on the levels of major and interfering elements present, were weighed. The
materials were irradiated at a flux of 5 x 10** n cm™2 s™* for 1 min, allowed to decay
for 1 min, and the 1039.2-keV gamma-ray of *°Cu counted for 10 min. The
sensitivity for Cu standard solutions under these conditions was 69 counts/ug in
the anticoincidence counting mode. The RMs were analyzed in triplicate and their
Cu concentrations are presented in Table 3.20 along with the certified values. The
agreement between the certified and the measured values is generally good with
the exception of a few values.

The detection limits of copper in both counting modes are also

reported in Table 3.20. The copper concentrations are quite low in most of the
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Fig. 3.23. Gamma-ray spectra near the 1039.2 keV peak of ®Cu in Rice Flour

(NIST SRM 1568a) and Peach Leaves (NIST SRM 1547) using conventional
and anticoincidence spectrometry.
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materials except Spinach and Bovine Liver. For materials such as Not-Fat Milk
Powder, Pine Needles, Peach Leaves, and Animal Blood, the Cu concentrations
are either very close to or higher than the detection limits calculated from the
conventional counting data. However, in the anticoincidence counting mode, the
detection limits were lowered by about 2 to 4 times making reliable Cu
determinations possible.

The Compton background around-the 1039.2-keV peak of **Cu is
influenced by all gamma-rays of higher energy. The effect of sample matrix on the
AFOM term cannot be simply estimated by using background interference from
only one nuclide. The AFOM term varies with the change in the number of
gamma-ray emitting nuclides and their intensities in the irradiated sample. Unlike
Mg where its concentration varied considerably in the reference materials analyzed
(Table 3.4), the Cu levels in these materials are all low (viz. a few ppm) with the
exceptions of Bovine Liver (SRM 1577b) and Spinach (SRM 1570).

In many of these materials, the background around the 1039.2-keV
peak of °°Cu is mainly due to the 1778.9-keV peak of *°Al, 1368.6-keV peak of
**Na, 1642.7-keV peak of **Cl, and 1810.7-keV peak of **Mn. The sum of the peak
intensities of these four peaks (MMA) was measured using conventional gamma-

R,...» and R,, of the

ray spectrometry. For each RM, the values for MMA, R

conv’ " "anti’

1039.2-keV peak are presented in Table 3.21. Using these parameters and
equation 3.15, the AFOM terms were calculated for each sample, and also given

in the same table. It is evident that for most of the materials, the AFOM terms are
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positively correlated (correlation coefficient of 0.84 at 95% confidence level) with
the improvement factors (R,.,/R_ . ): there is only one exception of IAEA Animal
Blood which has very high activities of 2*Na and **Cl leading to a low AFOM value.
it can be concluded from Table 3.21 that the detection limit for Cu can be
improved by anticoincidence counting.

Principal Component Analysis (PCA) is a useful approach for
multivariate data analysis [120]. It can be applied to several variables or
combinations of variables to reveal some inherent information and characteristics
of individual sample matrices. The relationship between AFOM terms and their
PCA groupings has been investigated using the Einsight software [121].

It was pointed out above that the major activities in the reference
materials analyzed for Cu were due to *°Mn, #°Al, 2*Na, and **Cl in the matrix. The
numerical values of these activities are individually shown in Table 3.22 along with
their AFOM terms (Table 3.21) for each material. These values form the data
matrix for PCA.

The correlation matrix of the data in Table 3.22 is shown in Table
3.23. It shows positive associations of Al with Mn, Na with Cl, and negative
association of the AFOM term with all variables. These linear relationships
between the activities of °Al and **Mn, and between 2*Na and *Cl are graphicaily
presented in Fig. 3.24.

The data in Table 3.22 were analyzed by PCA. Three major principal

component scores of all 16 RMs were obtained and are given in Table 3.24. A
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Table 3.23. Correlation matrix between variables given in Table 4.21.

Al Mn Na Cl
Al 1
Mn 0.544 1
Na -0.188 0.127 1
Cl -0.267 -0.203 0.753 1

The matrix is symmetrical for the diagonal and values lie in the range -1 to +1.
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Table 3.24. The PC scores for copper in various reference materials.

Reference materials PC1 PC2 PC3
("IAEA, all others NIST)

Whole Egg Powder (RM 8415) 454 -21.1 -5.77
Spinach (SRM 1570) 66.6 -16.7 13.3

Pine Needles (SRM 1575) 37.2 -34.9 -5.22
Bovine Liver (SRM 1577b) 18.9 14.6 2.53

Wheat Gluten (RM 8418) 313 31.3 -9.10
Non-Fat Milk Powder (SRM 1549) 31.2 27.3 -11.2
Animal Blood (RM A-8)" 40.1 39.5 9.79

Corn Starch (RM 8432) 284 1.66 3.32

Durum Wheat Flour (RM 8436) 8.28 -0.191 -5.08
Corn Bran (RM 8433) 1.35 0.419 0.663
Apple Leaves (SRM 1515) 15.9 -13.5 -4.89
Soft Wheat Flour (RM 8438) 4.86 3.12 -3.52
Hard Wheat Flour (RM 8437) 4.59 2.75 -4.08
Rice Flour (SRM 1568a) 5.60 -0.761 -2.62
Peach leaves (SRM 1547) 13.0 -11.5 -3.41

Wheat Flour (SRM 1567a) 626 ~  1.69 -4.85
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scatter plot of the first two principal components scores, which explained 95% of
the total variance, is shown in Fig. 3.25. It is evident from the scatter piot that
these RMs can be grouped into three types of matrix. The Compton background
of Pine Needles, Whole Egg Powder, and Spinach were mainly dominated by *°Al
and °*°*Mn activities and constituted a group with an AFOM value of 2.70 = 1.5.
This group is distinguishable from the other two. The Compton background
originated mainly from #*Na and *®Cl for Bovine Liver, Wheat Gluten, Non-Fat Milk
Powder, and Animal Blood RMs, and constituted a second group with an AFOM
value of 436 + 1.2. Finally, the remaining 9 RMs with lower background
interference formed a third group with an AFOM. value 8.27 + 2.9.

It can be concluded from the above discussions that samples with
high Al and Mn levels give lowest AFOM values for Cu, followed by samples of
high Cl and Na content. Highest AFOM values for Cu in anticoincidence counting

can be achieved for samples with lower background.
3.4.4 Determination of Vanadium

The toxicity of V has been well known for a long time; but in 1971,
it was recognized as an essential trace element which is required for growth and
functions of many organisms [122]. The levels of V in biological materials have
become increasingly important for understanding its physiological role. Several

techniques such as spectrophotometry, atomic absorption, X-ray fluorescence, and



157
NAA can be used for its determination [123].

Vanadium can be determined in NAA through its short-lived nuclide
%2y, which has a 1434.2 keV gamma-ray and half-life of 3.74 min (Table 3.15). It
has been reported that **V has sufficient sensitivity for measuring V down to
nanogram levels [124]. However, the most serious problem associated with INAA
of V in biological and environmental materials arises from the observation that
many samples contain large quantities of Cl, Na, Al, and Mn. Upon thermal
neutron activation, these elements will lead to the production of *°Cl, ?*Na, *°Al, and
*Mn, respectively; all of them have half-lives longer than *?V except *°Al, and have
higher energy gamma-rays except the 1368.6-keV gamma-ray of *Na (Table 3.15).
The 1434.2-keV peak of **V will be superimposed on the Compton edge produced
by the gamma-rays of ?°Al and **Mn. Therefore, the concentration of V in
biological and environmental samples could not be reliably determined at low
levels using INAA in conjunction with conventional gamma-ray spectrometry.
Alternatively, RNAA or PNAA methods are used to separate V from major and
interfering elements [125].

Two types of RMs were analyzed for V. One type was a botanical
sample matrix, such as NIST SRM Pine Needles, which is characterized by high
%Al and **Mn activities. The conventional and anticoincidence gamma-ray spectra
of Pine Needles is shown in Fig. 3.26. The other RMs analyzed were of
zoological/biomedical sample matrix type, in which the major induced activity was

due to **Na and **Cl. The most extreme case of such activities was detected in
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IAEA RM Animal Blood. The conventional andanticoincidence gamma-ray spectra
of Animal Blood are presented in Fig. 3.27.

In order to investigate the effectiveness of usage of the AFOM terms
for V, the ratios of major activities, namely the 1778.9-keV peak of *°Al, 1642.7-keV
peak of *°Cl, 1810.7-keV peak of **Mn, and 1368.6-keV peak of *Na, to that of the
1434.4-keV peak of 2V for various RMs were calculated using the conventional
counting mode. Other relevant parameters, such as R___, R,..,. R,,, and AFOM
values for *?V are also listed in Table 3.25.

The Na/V and CI/V ratios were plotted as a function of AFOM in Fig.
3.28(a) and Fig. 3.28(b), respectively. It is evident that there are three groups of
sample matrix. Group | consists of materials of high Na/V as well as CI/V ratios,
and low AFOM (<1, Table 3.25), such as Not-Fat Milk Powder and Animal Blood
samples. Group i includes SRMs such as Apple Leaves, Peach Leaves and Pine
Needles which have low Na/V as well as Cl/V ratios, but high AFOM values
(between 10 and 20, Table 3.25). Group il consists of several RMs with moderate
Na/V as well as Cl/V ratios, and moderate AFOM values (between 1 and 6).

In anticoincidence counting, the peak statistical accuracy generally
improves when the background under the peak is suppressed and PERF is about
one. The two RMs in Group | have low V content and high Na/V as well as CI/V
ratios. Their peak statistical accuracy was not improved by anticoincidence
counting (Table 3.25) because the background activity was still very high, making

the measurement of the weak 1434.2-keV peak of *?V difficult. As shown in Fig.
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Fig. 3.28. Scatter plot of the 16 SRMs and RMs: (a) AFOM factor vs.
Na/V ratios and (b) AFOM factor vs. CI/V ratios.
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3.28(a) and Fig. 3.28(b), the AFOM terms of V for these samples are dramatically

reduced to less than 1 when the CI/V and Na/V ratios increased to as high as
1000. Thus the improvement for V by anticoincidence counting is limited by Na/V
and CI/V ratios. The background counts from the Compton edge events of the
1642.7-keV peak of **Cl and the tail of the 1368.6-keV peak of **Na are less
efficiently removed by the Nal(Tl) annulus. This behaviour might be related to the
angular distribution of back-scattered gamma-rays that can be detected by the
Nal(Tl) annulus of cylindrical geometry.

The variations of Al/V and Mn/V ratios as a function of AFOM are
shown in Fig. 3.29(a) and Fig. 3.29(b), respectively. No particular trend is evident
in either of these plots. One of the reasons for this observation could be the
greater contribution of the tail of **Na and front edge of **Cl compared to the
Compton edge of *°Al and **Mn to the overall Compton edge on which the 1434.2-
keV peak of °?V is located. The improvement in V determination by
anticoincidence counting is mainly dependent on the Cl and Na content of the
sample.

The application of anticoincidence spectrometry can reduce the
Compton background under the 1434.2-keV peak of °2V, improve the peak
statistical accuracy and lower the detection Iimit; if Cl and Na levels are not too
high. These improvements can be demonstrated using Peach Leaves (NIST SRM
1547) which have low levels of Cl and Na, moderate level of Mn, and high level of

Al, and Wheat Flour (NIST SRM 1567a) which has low levels of all of these four
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Fig. 3.29. The scatter plot of the 16 SRMs and RMs: (a) AFOM factor vs. Al/V

ratios, and (b) AFOM factor vs. Mn/V ratios.
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elements (Table 3.7).

The partial gamma-ray spectra of Peach Leaves and Wheat Flour
SRMs using both conventional and anticoincidence counting modes are presented
in Fig. 3.30. For Peach Leaves, the background around the 1434.2-keV peak of
%2V was reduced by a factor of about 10 in the anticoincidence counting mode.
Compared to conventional counting, a better-shaped 1434.2-keV peak was
detected (Fig. 3.30(a)), its peak area statistical accuracy was improved by a factor
of 2.3, and it had a high AFOM of 12.2 in anticoincidence counting.

In the case of Wheat Flour, the 1434.2-keV peak was hardly
distinguishable from the background in the conventional counting mode as shown
in Fig. 3.30(b). The background in the anticoincidence spectrum was reduced by
a factor of at least 10, leading to the detection of this peak. Analytically speaking,
it is considered a great improvement. However, the AFOM value is only 1.68. The
reason for this low value is that anticoincidence counting is only a technique for
background suppression, and it cannot be used to increase the net peak area
counts. The 1434.2-keV peak of Wheat Flour in anticoincidence counting still did
not have enough net peak area counts to give a satisfactory peak statistical
accuracy; consequently, R,, improved only by a factor of 1.23.

In order to investigate the extent of improvement that can possibly
be obtained by anticoincidence counting, 16 biological RMs and SRMs were
analyzed for V by INAA. Between 200 and 700 mg of these materials, depending

on the levels of major and interfering elements present, were weighed into
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precleaned polyethylene irradiation vials. These materials were irradiated at a
neutron flux of 5 x 10** cm™ s™* for 1 min, allowed to decay for 1 min, and the
1434.2-keV gamma-ray of *?V counted for 10 min. The sensitivity for V standard
solutions under these conditions was 5025 counts/ug in the anticoincidence
counting mode.

Since V can be determined with very high sensitivity by NAA, a trace
amount of contamination can also yield detectable counts of *V. Precautions were
taken in this study to minimize reagent blanks. For example, all polyethylene
irradiation vials were thoroughly cleaned by soaking them in 4M NHO, for 24 h
and rinsing them with DDW. These cleaned empty vials were subjected to the
same experimental conditions, and no V was defected.

The 16 RMs and SRMs were analyzed in triplicate and their V
concentrations are presented in Table 3.26 along with the certified values. Only
7 of the 16 materials have certified values. Values measured in this work agree
well with the certified values, wherever such comparisons can be made.

The precision of measurement can be improved by improving the
statistical accuracy of net peak area (R,) of the 1434.2-keV peak using
anticoincidence counting. The R,, values for NIST SRM Apple Leaves, Peach
Leaves, and Pine Needles ranged between 2.29 and 3.34 (Table 3.25); the RSD
of the V content of these three materiais is less than 6% as shown in Table 3.26.
On the other hand, the RSD varied between 23 and 28% for Non-Fat Milk Powder,

Wheat Gluten, and Animal Blood for which R, varied from 0.55 to 1.07.
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The detection limits of V in both counting modes are also reported
in Table 3.26. For low-V containing RMs, such as Corn Starch, Corn Bran, Wheat
Flour, Rice Flour, Not-Fat Milk Powder, and Animal Blood, the V levels are either
very close to or higher than the detection limits calculated by the conventional
counting mode. The application of anticoincidence spectrometry improves the

detection limits by 2 to 4 times so that the V levels could be reliably measured.

3.45 Determination of lodine

Neutron activation analysis (NAA) has excellent intrinsic sensitivity for
the measurement of iodine. lodine has been determined by INAA in many
biological materials. Compared to some other medium-lived nuclides such as %V,
*’Mg and *®Cu, **°l has a slightly longer half-life of 25.0 min (Table 3.15), and thus
the stable isotope ¥’ needs a longer irradiation time to reach saturation activity.
However, the irradiation time is limited because of interferences from the high
activities of thermal neutron activation products of the major elements in the
sample. Low levels of iodine cannot be easily measured by thermal INAA.

In order to circumvent this problem, epithermal INAA (EINAA) has
been used by a few researchers with some success [126-131]. The EINAA
methods are based on the fact that the resonance integral cross section for iodine
is much larger (147 b) than that for some of the interfering elements such as Na,

Cl, Al, and Mn (0.31, 0.21, 0.17, 14 b, respectively). Background activities can be
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reduced to some extent by EINAA. The use of cadmium and/or boron shields to
absorb thermal neutrons in EINAA allows for increased irradiation time. But the
residual activity produced in the cadmium shield, for example, may cause a
radiation safety and heating problem. These factors can limit the irradiation time,
the removal of the sample from the shield within a reasonably short time, and the
reuse of the shield for subsequent irradiations. Much of this problem can be
eliminated by irradiating samples in a cadmium- or boron-lined pneumatic site.
Aithough a cadmium-lined site is available at the DUSR facility, not many reactors
are fitted with this type of site. The EINAA detection limit for iodine can be as low
as 200 ppb [131], depending on the neutron flux used. Detection limits can be
further improved by increasing the sample mass, irradiating for a longer period,
and by counting the samples in a more sensitive detector. However, the
background in the region of the 443 keV photopeak of **°l is often dominated by
Compton scattering from the gamma-rays of **Na, **Mn, **Br, and **Cl, so the
detection limits are often not that greatly improved.

Radiochemical NAA (RNAA) and preconcentration NAA (PNAA)
methods have been used to eliminate interfering elements as well as to further
suppress background and improve the sensitivity of measurement [132,133]. Both
PNAA and RNAA are destructive methods, involve complicated operations, and are
time consuming compared to INAA. Moreover, in PNAA precautions must be
taken to ensure minimal contamination from reagents and handling.

Anticoincidence counting as a background suppression technique
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can be used in conjunction with EINAA to further reduce background. This

approach can have the advantage of simplicity; it can be less time consuming and
free from reagent blanks, and lower the detecﬁon limit even further. For this
reason, an EINAA method using anticoincidence counting has been developed in
the present study for the determination of low levels of iodine. In this method,
typically 200-700 mg of a sample were irradiated for 10 to 20 min, followed by 1
min decay and then counting for 30 min. The 442.9 keV gamma-ray of **°| was
used.

A sensitivity of 4536 counts per ug of iodine was obtained using 20
min irradiations. An internal quality assessment chart was constructed by
irradiating iodine comparator standards with every batch of samples, and it is
shown in Fig. 3.31. All results were found to be within +20.

In order to evaluate the applicability of the EINAA method in
conjunction with anticoincidence gamma-ray spectrometry to a wide variety of
biological materials, 17 RMs containing various levels of iodine and background
interfering elements were chosen (Table 3.27). Materials such as NIST Corn Bran,
Corn Starch, Wheat Gluten, Soft Wheat Flour, Hard Wheat Flour, Durum Wheat
Flour, Rice Flour, and Peach Leaves contained low levels of interfering elements
such as Cl and Na, and gave low induced activities on neutron irradiation. They
were irradiated for 20 min, allowed to decay for 1 min, and counted for 20 min.

Reference materials such as NIST Whole Egg Powder, Non-Fat Milk

Powder, Bovine Liver, Spinach, and Pine Needles, and IAEA Horse Kidney, Animal
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Muscle and Animal Blood contained high levels of Cl and Na. These samples
were originally irradiated for 20 min and allowed to decay for 1 min before
counting. These conditions gave high activities and dead-time of greater than 10%
which could introduce errors unless appropriate corrections are made. The dead-
time was reduced to about 5% to 8% employin'g 10-min irradiations and 1-min
decays which were then routinely used for measuring iodine in the above
materials.

A reduction in the irradiation time or an increase in the decay time
can lower the dead-time. However, the former is better in this case because the
nuclides contributing to the background activity have longer half-lives than **°l, and
do not decay substantially during the counting time. Thus the dead-time remains
almost constant throughout the counting period. For example, for a decay time
of 30 min, the dead-time could be only be reduced by 2% from its original value
while the sensitivity of **°*] would be reduced by more than 50%. Therefore, the
sample should be counted as soon as possible after the irradiation. For these
reasons, an irradiation time of 10 min and a decay time of 1 min were selected for
materials with high background activity.

Even then, the dead time was closé to 8% for some materials such
as NIST Whole Egg Powder, Non-Fat Milk Powder, and IAEA Horse Kidney and
Animal Blood. In these cases, an average dead-time correction treatment was

done using the following equation [3]:
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C’_[1-exp(-ACT)I*LT (3.25]

C [1-exp(-ALT)]xCT

Where: C’' = observed counts, C = true counts, CT = clock time, LT = live time.
Iif the sample and standards differ considerably in their dead-times, it can introduce
systematic errors due to different puise losses. The above correction method was
also used for the comparator standards, where applicable.

The SRMs and RMs used in this work cover a wide range of iodine
concentrations as shown in Table 3.27. Precision of the EINAA-anticoincidence
method was checked by triplicate analysis. It was found that the RSD was about
+5% above 200 ppb, increasing to +10% at 20 ppb and then to >+30% at about
5 ppb iodine level. The results are summarized in Table 3.27 along with the
certified values and current literature data. The analytical uncertainty reported with
each value is +1o.

Among the 17 RMs analyzed here, only 6 have certified iodine values.
The results obtained in this work for four of these materials are in good agreement
with the certified values. Values for the other two, namely NIST Whole Egg
Powder and Non-Fat Milk Powder, agree better with the literature values than with
the certified values. The iodine levels of NIST Hard Wheat Flour, Durum Wheat
Flour, Corn Bran, Wheat Gluten, Spinach, Whole Egg Powder, and Non-Fat Milk
Powder were earlier measured by a PNAA method [132], and generally agree well
with the values obtained in this work. Three of these materials were also analyzed

by RNAA [133]. The certified iodine content of NIST Pine Needies agrees with the
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Table 3.27. Concentration of iodine measured in reference materials by EINAA
and anticoincidence gamma-ray spectrometry.

Reference materials This work, Certified, Literature

ppb (info.), ppb values, ppb [Ref]
Hard Wheat Flour 3015 — 42 + 0.3 [132]
(NIST RM 8437)
Durum Wheat Flour 57+x17 6=x=4 59 + 2.1 [132]
(NIST RM 8436)
Corn Starch 6014 —
(NIST RM 8432)
Rice Flour 15+ 4 9)
(NIST SRM 1568a)
Animal Muscle 154 + 9 143 + 1.7 17 £ 2 [132]
(IAEA RM H-4)
Soft Wheat Flour 18+ 2 —
(NIST RM 8438)
Corn Bran 28 + 3 26 £ 6 26.5 + 2 [132]
(NIST RM 8433) 26 = 1.4 [127]
Wheat Gluten 61 =7 60 = 13 62 + 4 [132]
(NIST RM 8418) 59 + 3 [127]
Animal Blood 82 +9 -——
(IAEA RM A-13)
Horse Kidney 142 + 74 -
(IAEA RM H-8)
Pine Needles 168 + 13  -—- 140 + 20 [126]
(NIST SRM 1575) 145 [128]
Bovine Liver 180 =+ 8 (180) 187 = 12 [132]
(NIST SRM 1577b)
Peach Leaves 300 = 14  (300)
(NIST SRM 1547)
Spinach 775 £ 21 -—- 1160 = 40 [132]
(NIST SRM 1570)
Spinach 1265 + 75 —--
(NIST SRM 1570a)
Whole Egg Powder 1820 + 40 1970 = 460 1875 + 94 [132]
(NIST RM 8415) 2040 = 20 [127]
Non-Fat Milk Powder 3110 £ 30 3380 + 20 3150 + 75 [132]

(NIST SRM 1549)
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values obtained here by EINAA but without Compton suppression. There are no

data available for the other materials. A comparison of the measured vs. literature
and/or certified values reveals that the EINAA method in conjunction with
anticoincidence counting can produce reliable values.

The PERF of the 442.9-keV peak of ***l is 0.92 + 0.04 using the
anticoincidence counting mode, as given in Table 3.16. This means that
background suppression should provide a lower detection limit. In order to
illustrate this point, three NIST SRMs were selected. One of them ( Non-Fat Milk
Powder) had a high iodine level and a high background, the second SRM (Bovine
Liver) had a low iodine content but a high background, and the third SRM (Rice
Flour) had both low iodine level and low background. These three materials were
analyzed for iodine using both conventional and anticoincidence counting modes.
The partial gamma-ray spectra of Bovine Liver is shown in Fig. 3.32. It is evident
that EINAA coupled to anticoincidence counting gave the best peak shape and
lowest background activity.

Various limits of detection, as defined by Currie [134], were

calculated using the following equations:

N -

Le=Hy(2%Hg) [3.26]

Lo=h,2+2L, [3.27]
1
L o=50[1+(1+0.08xp,)]2 [3.28]
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These limits are: (i) L, - the critical level of detection and represents the average
minimum significant counts; (i) L - the qualitative detection limit (i.e. minimum
detectable concentration) and it is used to assess the a priori detectability; and (iii)
L‘2 - the quantitative determination limit which means that a measurement can be
done at a desired RSD, e.g. 10%. p, is the background under the peaks. At 95%
confidence level, x, equals to 1.645.

The values of L, L, and LQ for iodine in the three SRMs are given in
Table 3.28. It is evident that the detection limits for iodine in all cases have been
lowered by anticoincidence counting. Aithough Non-Fat Milk Powder had high
background activities due to *¢Cl, *Mn and 2*Na, its iodine content of about 3100
ppb (Table 3.27) was greater than L by both conventional and anticoincidence
spectrometry. The iodine content of about 180 ppb in Bovine Liver (Table 3.27)
was greater than the L, of 170 ppb by anticoincidence counting. The 442.9-keV
peak of **®l in Rice Flour was undetectable using the conventional system but
became detectable in the anticoincidence system as the L, was lowered (Table

3.28).
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3.5 Anticoincidence Counting of Long-lived Nuclides

3.5.1 Analytical Potential of Long-lived Nuclides

The anticoincidence counting technique has been applied to long-
lived nuclides in INAA. Its application to radioahalytical chemistry problems has
been discussed by Cooper [135]. A survey of 85 nuclides with half-lives greater
than 2.5 min and produced by neutron activation has been done by the same
author who showed that approximately 65% of them had improved sensitivities by
anticoincidence counting [135], but no details of PERF of each nuclide and
gamma-ray were given.

The nuclear data [107-109] for long-lived nuclides of interest in this
thesis are given in Table 3.29. Standards of these elements were irradiated at the
DUSR facility at a flux of 5 x 10** n cm™ s™* for 7 h, allowed to decay for 27 h, and
then counted for 20 min using both anticoincidence and conventional gamma-ray
spectrometry. The average of three measurements of sensitivities and PERF of
these nuclides are presented in Table 3.30.

The full-energy peaks of nuclides such as **°La and ®Br were
reduced significantly in anticoincidence counting, because they emit several
coincident gamma-rays in cascade. In general, the anticoincidence technique will
not improve their measurements, because the detection limit depends on the first
power of the peak efficiency and on the inverse square root of background under

the peak. Therefore, if the peak efficiency is reduced by 10, the background
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Table 3.29. Nuclear data for long-lived nuclides studied by anticoincidence

spectrometry.
Elements Isotope Cross Nuclides Half-life v-ray energy
(% abund.) section, b keV(% pop.)
As *As (100) 4.3 + 1 As 1.08 d 559.1 (45)
657.0 (6.2)
1216.2 (3.42)
Au ¥Au (100) 98.8 + 0.3 **Au 270d 411.8 (95.6)
Br ®Br (49.3) 2.69 = 0.09 °Br 353 h 554.3 (70.8)
776.5 (83.5)
Ce 149Ce (88.5) 0.57 + 0.04 *Ce 325d 145.4 (48.2)
Cr °Cr (4.35) 159 + 0.2 °Cr 27.7d 320.1 (10.1)
Co **Co (100) 17 +£2 %Co 527 a 1173.5 (99.9)
1332.5 (100)
Fe **Fe (0.31) 1.15 = 0.02 °°Fe 445d 1099.3 (56.5)
1291.6 (43.2)
Hg 1%Hg (0.15) 3080 + 200 **"Hg 64.1 h 191.4 (0.63)
202Hg (29.7) 4.9 = 0.1 203Hg 46.6 d 279.2 (33.5)
K “K (6.7) 1.46 = 0.03 “K 124 h 1524.7 (18.1)
La %La (99.9) 9.0 +03 *La 402 h 328.8 (20)
487.0 (45)
1596.2 (95)
Nd 146Nd (17.2) 1.3 £ 0.1 “INd 11.0d 91.1 (20)
319.4 (1.95)
531.0 (13.1)
Rb **Rb (72.2) 0.46 = 0.02 °°Rb 18.6 d 1076.8 (8.64)




182
Table 3.29 (continued)

Elements Isotope Cross Nuclides Half-life y-ray energy
(% abund.) section, b keV(% pop.)
Sb 1215h (57.3) 6.2 £ 02 **Sb 272d 564.1 (69)
692.8 (3.8)
1140.5 (0.7)
Sc “Sc (100) 169 = 1 “*Sc 83.8d 889.3 (100)
1120.5 (100)
Ta 1Ta (100) 21.0 £ 0.7 **Ta 1144 d 67.7 (41.0)
100.1 (14.1)
1121.3 (34.9)
1221.4 (27.0)
Tb B9Tb (100) 255 = 1.1 **Tb 723 d 298.6 (25.5)
879.3 (30.0)
966.2 (25.2)
w %W (28.6) 378 =15 W 23.7h 134.2 (8.9)
479.5 (21.2)
685.7 (27.6)
Yb %Yb (31.8) 19+ 6 3Yb 419d 282.5 (3.0)
396.3 (3.4)
Zn *8Zn (18.6) 0.072+0.004 °*"Zn 13.8 h 438.6 (94.8)

57Zn (48.9) 0.78 + 0.02 *Zn 244.3 d 1115.5 (50.6)
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Table 3.30. Sensitivities and peak efficiency reduction factors for long-lived
nuclides using anticoincidence spectrometry (t, = 7 h, t, = 27 h, t_ = 20 min).

Nuclide vy-ray energy Sensitivity Peak efficiency
keV (% pop.) counts/ug reduction factor
* 10 + 1o
*As 559.1 (45) (2.82 = 0.06) x 10° 0.83 = 0.02
657.0 (6.2) 880 + 30 0.24 = 0.03
1216.2 (3.42) (1.15 = 0.07) x 10° 0.91 = 0.04
%8Au 411.8 (95.6) (38.56 + 0.05) x 10° 0.99 = 0.03
Br 554.3 (70.8) 730 + 16 0.04 = 0.01
776.5 (83.5) 520 = 24 0.04 = 0.02
141Ce 145.4 (48.2) 340 = 19 1.01 £ 0.01
iCr 320.1 (10.1) 146 + 9 0.99 = 0.04
%Co 1173.5 (99.9) 103 £ 6 0.27 = 0.01
1332.5 (100) 84 £ 6 0.25 + 0.01
**Fe 1099.3 (56.5) 1.34 = 0.07 0.94 = 0.02
1291.6 (43.2) 1.08 = 0.05 0.97 + 0.03
PTHg 191.4 (0.63) 62 + 3 0.34 = 0.02
*%Hg 279.2 (33.5) 343+ 9 1.01 = 0.03
2K 15624.7 (18.1) 92 +6 1.00 = 0.04
149 a 328.8 (20) 770 = 13 0.05 + 0.02
487.0 (45) (8.33 = 0.05) x 10° 0.14 = 0.01
1596.2 (95) (3.59 = 0.02) x 10° 0.21 = 0.01
HINd 91.1 (20) 245 + 18 0.99 = 0.02
319.4 (1.95) 2.67 = 0.07 0.25 = 0.01
531.0 (13.1) 36.7 = 1.9 0.94 = 0.06
**Rb 1076.8 (8.64) 39.3 + 0.6 0.99 = 0.03




Table 3.30. (continued)

Nuclides v-ray energy Sensitivity Peak efficiency
keV (% pop.) counts/ug reduction factor
+ 1o + 10
122gh 564.1 (69) (3.04 = 0.01) x 10° 0.92 = 0.02
692.8 (3.8) 370 = 11 0.26 = 0.01
1140.5 (0.7) 500 = 16 1.05 + 0.04
“Sc 889.3 (100) 2330 = 79 0.26 = 0.01
1120.5 (100) 1790 + 67 0.23 = 0.01
182Ta 67.7 (41.0) 368 + 12 1.09 = 0.03
100.1 (14.1) 115+ 9 0.85 = 0.02
1121.3 (34.9) 127 = 11 0.24 = 0.02
1221.4 (27.0) 66.7 + 23 0.18 = 0.01
1¥9Th 298.6 (25.5) 651 + 31 0.20 = 0.02
879.3 (30.0) 574 + 28 0.39 + 0.01
966.2 (25.2) 599 + 16 0.52 = 0.02
1¥wW 134.2 (8.9) (6.78 = 0.04) x 10’ 0.35 = 0.01
4795 (21.2) (1.54 + 0.02) x 10° 0.83 + 0.03
685.7 (27.6) (2.07 = 0.02) x 10* 1.01 = 0.04
*Yb 282.5 (3.0) (2.47 = 0.03) x 10° 0.53 + 0.02
396.3 (3.4) (8.85 = 0.05) x 10° 1.04 = 0.04
*"Zn 438.6 (94.8) 217 = 11 0.99 = 0.03
%5Zn 1115.5 (50.6) 147 £ 9 0.99 = 0.03
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under the peak must be reduced by more than 100 before any improvement in
detection limit can be obtained. However, when the sample activities are
contributed mainly by the long-lived nuclides, the advantage of anticoincidence
counting is that their Compton background could be reduced by an even greater
amount, owing to their coincidence decay scheme.

The single energy peak efficiencies of nuclides such as **°Au, *'Ce,
*1Cr, ***Hg, **K, *°Rb, **"Zn, and %Zn did not suffer any reduction, so they can be
advantageously detected using an anticoincidence system. It should be noted that
the PERF for some of these nuclides depends on the individual peaks, because
they are involved in cascading decay to different extents. For example, among the
three gamma-rays at 134.2, 479.5 and 685.7 keV peaks of *’W, the peak efficiency
of only the 685.7 keV gamma-ray was not reduced. The other two suffered
reductions to different extents. Thus, detailed investigations of each gamma-ray
of a given nuclide must be done before using anticoincidence spectrometry in
conjunction with NAA.

it is also interesting %w note (Table 3.29) that anticoincidence counting
could give more reliable measurements of ’°As via the 559.1 keV peaks by
suppressing the strongly interfering peak of 554.3 keV of ®*Br. Examinations of the
decay schemes of *Br reveal that their gamma-rays are in cascading decay, and
therefore an enhanced suppression of their peaks will occur in anticoincidence
spectrometry. The net results are less interference and improved counting

statistics for the 559.1 keV peak of °As. The determination of As by
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anticoincidence counting is discussed below in detail (section 3.5.2).

The nuclides such as °°Co and “®Sc, which emit two coincident
gamma-rays in cascade, are not likely to have ah improved sensitivity because of
large reduction in the peak efficiency in anticoincidence counting. However,
because of their long half-lives, they can be measured with a relatively fow
background in a conventional system by increasing the decay and counting times.
When applied to samples of much lower activites of ®°Co and *®Sc,
muitidimensional and coincidence in window modes spectrometry will be more
beneficial than conventional counting for sensitivity improvement. On the other
hand, the 1120.5- keV peak of “°Sc can be substantially suppressed using
anticoincidence spectrometry, thereby greatly reducing the extent of interference
to the 1115.5 keV peak of ®*Zn. The determination of Zn by anticoincidence
counting is described below in detail (section 3.5.3).

Among the three peaks of **’Nd (Table 3.30), the 91.1 keV peak is
partially cascaded with the 319.4 keV peak; since the cut-off energy of the
anticoincidence spectrometer was around 94 keV, no peak reduction was
observed for the 91.1-keV peak, and no advantage could be gained for this peak.
The 531.0-keV peak of **’Nd does not cascade with other peaks; the PERF is
close to 1. Although the 91.1-keV peak has higher sensitivity than the 531.0-keV
peak, the Compton background under 91.1-keV peak cannot be reduced using
anticoincidence counting. Therefore, both of these factors need to be considered

when measuring Nd by anticoincidence spectrometry.
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Among the four peaks of ***Ta shown in Table 3.30, the 67.7 keV-

peak is cascading 100% with the 1121.3 and 1221.4 keV peaks, and the 100.1-keV
peak is partially cascading with the 1121.3 keV peak. Due to the 94-keV cut-off
energy of our anticoincidence spectrometer, peaks at 67.7 and 100.1 keV were not
suppressed as much as the two high-energy peaks; no background suppression

was observed either.

The three peaks of **°Tb have the same order of sensitivity and PERF
in the anticoincidence system, but the two middle energy gamma-ray lines of **°Tb
are preferred to be used for anticoincidence counting, since the Compton
background in the middle-energy region improvement is most apparent (section
3.1.1).

The long-lived nuclide ?***Hg shows good PERF by anticoincidence
counting compared to its medium-lived nuclide of **’Hg. The 279.2-keV peak of
2%Hg is not involved in a cascade. The efficiency of this peak can thus be
maintained at 1. Therefore, when measuring Hg by anticoincidence spectrometry,
2%*Hg should be a better nuclide than *’Hg from the detection limit point of view.

The determinations of Fe and Rb in RMs by anticoincidence gamma-

ray spectrometry are described in section 3.5.4.

3.5.2. Determination of Arsenic

Neutron activation analysis is a very sensitive technique for the
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determination of As. The 559.1-keV gamma-ray of "°As (half-life = 1.08 d) is most

commonly used for As determination. Elemental comparator standards of As were
irradiated for 7 h at a neutron flux of 5 x 10** s™* cm™?, allowed to decay for 24 h,
and counted for 8 h. A sensitivity of the order of 10° counts/ug of As was
obtained; thus nanogram amounts of As in about 0.5 g of sample could be
measured. However, in biological materials of complex chemical composition, the
major elements such as Br, K, and Na can produce high activities resulting in
inferior detection limits of As. At sub-ppm or ppb levels of As commonly found in
biological samples, the 559.1-keV peak of "*As (haif-life = 25.9 h) is especially
interfered with by the 554.3-keV peak of **Br (35.3 h) and 564.1-keV peak of **Sb
(65.3 h). The modern HPGe detectors usually have good enough resolution for
resolving these three peaks. However, when the Br content of the biological
sample is high, the tailing of the 554.3-keV peak may mask the 559.1-keV peak of
’*As and make its measurement rather difficult, if not impossible. In general, under
the experimental conditions described above, an INAA method can only be used
to determine As down to a few ppm levels in biological materials.

Due to the longer half-life of *’Br, the interference from the 554.3-keV
peak cannot be eliminated by simply extending tﬁe decay period. In such cases,
chemical separations, either before or after the irradiation, are necessary in order
to separate As from the sample activity as well as to achieve the maximum
sensitivity and accuracy for the determination of As [136,137]. However, once

chemical operations are invoived, the procedure can become laborious, time-
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consuming, and sometimes more prone to errors and contamination.

The "°As nuclide decays by g-emission and two major gamma-rays,
namely 559.1 and 657.0 keV, which are not coincident. The major interference to
the 559.1-keV gamma-ray generally comes from the coincident gamma-ray emitter
®2Br. Anticoincidence counting technique should be ideal in such a situation. The
reduction of the 554.3-keV peak of *’Br will have an effect similar to chemical
separation; the detection limit of As can be improved by INAA in conjunction with
anticoincidence counting. Some of these points have been discussed in the
literature [81]. One of the objectives of the present work is to fully explore the
advantages of anticoincidence counting for the determination of As in biological
samples.

The concentrations of As in 16 RMs and SRMs were determined by
irradiating them at a flux of 5 x 10** cm™2 s™* for 7 h, allowing to decay for about
50 h, and counting for 8 h. The counting geometry, i.e. the distance of sample
from the detector surface, was adjusted by the level of sample activity so that the
dead-time was <5%. This distance was generally 1 cm which was also the
optimized position (section 3.1.2) for the best BSR. The As levels along with the
certified values as well as the BSR values and detection limits for each material are
presented in Table 3.31. Only 6 of the 16 materials analyzed have certified values
and another 6 have information values. The measured values generally agree well
with the available values where such comparisons can be made. Many of the

materials have very high Br levels (Table 3.31), and could not be analyzed by INAA
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using conventional gamma-ray spectrometry. Itis obvious that BSR varied greatly
(from 4 to 27), and depended on the individual material.

Since for some of materials, the 559.1-keV peak of As was
undetectable in conventional counting mode, the parameters R___, and PA___ of
equation 3.15 cannot be calculated. Instead of the AFOM term, the BSR values
can be used to describe the improvement of measurement by anticoincidence
counting. In the case of As, BSR is defined as the ratio of background counts
under the 559.1-keV peak of "°As in conventional spectrum to the background
counts in the same region of anticoincidence spectrum.

Under these experimental conditions, the background counts under
the 559.1-keV peak of "®As were mainly contributed with by the nuclides ®*Br,
22Sb, **Na, and “K in these materials. The relationship between BSR and the
major elements in the sample was studied through the peak area counts of 554.3-
keV peak of ®*Br, 564.1-keV peak of **Sb, 1368.6-keV peak of *Na, and 1524.7-
keV peak of “°K. For each material, the BSR values and the interference peak
intensities are summarized in the Table 3.32, and also graphically presented in Fig.
3.33 for easier comparison. The sample numbers in this figure correspond to
those listed in Table 3.32; the BSR values for each material is shown on the top
of each line. It is obvious from Fig. 3.33 that BSR is mainly dependent on the
intensity of the 554.3-keV peak of *?Br.

An positive relationship exists between BSR and the 554.3-keV peak

intensities as shown in Fig. 3.34(a). The correlation coefficient for
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(a)

Y = 9.32 + 8.29e-06X
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Fig. 3.34. Relationships between (a) background suppression ratios (BSR)

and 554.3 keV peak area counts of 32Br, and (b) BSR and sum of weighted
activities (SWA).
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data is 0.62. However, for several materials with low Br but high K and Na levels,
the deviation from linearity is also quite apparent. This deviation suggests that the
interferences from '*’Sb, ?*Na and **K have to be considered also. A term called

sum of weighted activities (SWA) was calculated by the following equation:

SWA = P554.3 + P564.1 + (W1358.6 x P1368.6) + (W1524.7 X P1524.7) [3‘29]
where P is peak area, and W is weighting factor for that peak. In order to estimate

the values of W and W Na and K standard solutions were irradiated at

1368.1 1524.7°

a flux of 5 x 10** cm™ s™ for 7 h, allowed to decay for about 50 h, and counted
for 8 h in the conventional counting mode. A value of 0.5 for W, , was obtained
by dividing the number of background counts around the 559.1-keV energy region
of "®As in the ?*Na gamma-ray spectrum by the peak area counts of the 1368.1-

keV peak of **Na. Similarly, a value of 0.3 for W was obtained for the 1524.7-

1524.7
keV peak of “*K.

The calculated SWA for each material is listed in Table 3.32. The
BSR values under the 559-keV photopeak of "°As is plotted as a function of the
SWA values in Fig. 3.34(b). Obviously, a better linearity was obtained between the
two terms after the inclusion of the contribution from the interfering activities of

1228h, 2*Na, and *’K; a correlation coefficient of 0.89 was obtained.

The application of anticoincidence spectrometry can thus reduce the
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554.3-keV peak of **Br, and can suppress the background under the 559.1-keV

peak of "®As. The partial gamma-ray spectra obtained using both conventional
and anticoincidence counting modes and covering both photopeaks (540 to 575
keV) of four RMs are shown in Figs. 3.35 through 3.38. Among these materials,
NIST Wheat Flour has the highest Br/As ratio of about 1110 (Table 3.31); a well-
defined 559.1 keV are presented in Fig. 3.35. As shown in Table 3.31, the 554.3-
keV peak intensities in these RMs are all fairly high (i.e. over one million counts).
It is obvious from these spectra that the 559.1-keV peak of ®As was hardly
distinguishable from the background in the conventional counting mode. The
background in the anticoincidence spectra was reduced by factors of 19 for
Spinach, 6.7 for Soft Wheat Flour, 14 for Wheat Flour and 6.6 for Peach Leaves,
as shown in Table 3.31, leading to the detection of the 559.1 keV peak.

The 564.1-keV peak of **Sb has a PERF of 0.92 (Table 3.30),
meaning that there is no reduction in the peak. However, background can be
reduced by Compton suppression. The net result is an enhanced 564.1-keV peak
which can be used for the determination of low levels of Sb. Unfortunately, the
irradiation vials contained detectable amounts of Sb. Reliable Sb resuits can only
be obtained if the irradiated sample is placed iﬁ an inactive (fresh) vial prior to
counting. No attempts were made in the present work to measure Sb levels in the

RMs and SRMs analyzed.
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Fig. 3.35. Gamma-ray spectra near the 559.1 keV peak of "°As in Wheat Flour
(NIST SRM 1567a) by conventional and anticoincidence spectrometry.
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Leaves (NIST SRM 1547) by conventional and anticoincidence spectrometry.
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Fig. 3.37. Gamma-ray spectra near the 559.1 keV peak of ®As in Spinach
(NIST SRM 1570) by conventional and anticoincidence spectrometry.
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Fig. 3.38. Gamma-ray spectra near the 559.1 keV peak of "SAs in Soft Wheat
Flour (NIST RM 8438) by conventional and anticoincidence spectrometry.
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3.5.3. Determination of Zinc

Instrumental NAA has excellent sensitivity, precision, and accuracy
for measuring Zn, and it has been widely used for this purpose [138]. There are
two nuclides, namely °°"Zn (half-life = 13.8 h) and ®°Zn (244.3 d), which could be
used for Zn determination; the corresponding gamma-rays of 438.6 and 1115.5
keV are single gamma-rays, and the PERF values of both are 0.99 + 0.03 (Table
3.30). Therefore, Zn in biological materials can be advantageously determined by
INAA using anticoincidence counting.

If °*"Zn is employed for the determination of Zn, the samples will have
to be counted well within a decay time about 60 h due to its shorter half-life among
the long-lived nuclides. Due to this relatively short decay time, the Bremsstrahlung
radiation from **P and Compton scattered gamma-rays mostly from ®?Br, 2*Na, and
2K will increase the background counts under the 438.6-keV peak of °*"Zn and
worsen the net peak area statistical accuracy. In order to illustrate these points,
16 RMs were analyzed for Zn by INAA in conjunction with anticoincidence
counting. The materials were irradiated at a flux of 5 x 10** cm™2 s™ for 7 h, and
counted for 8 h. The decay time of less than 100 h was employed for assaying
Zn through the 438.6-keV peak of **"Zn, and of more than 250 h for the 1115.5-
keV peak of ®*Zn. Under these experimental conditions the sensitivities of Zn in
standard solutions were 540 counts/ug for ***Zn and 363 counts/ug for °*Zn. The

concentrations of Zn determined using both nuclides °**Zn and %°Zn in the RMs
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are presented in Table 3.33 along with their peak counting statistics (PA__.,).

The PA, ., values obtained through the 1115.5-keV peak of °*Zn were
generally less than 5%; the precision of measured values ranged from 1% to 5%
RSD with a few exceptions, notably Corn Starch, due to the low level of Zn (i.e. <1
ppm). On the other hand, when the 438.6-keV peak of °*"Zn was used, the PA__,,
values were greater than 10% for most of the materials except NIST RM Durum
Wheat Flour and Hard Wheat Flour, and SRM Pine Needies, Rice Flour and Wheat
Flour. The RSD of Zn concentrations determined by °*"Zn are fairly low. The
agreements between the Zn levels measured using both nuclides and that
between the measured and certified values are generally good as shown in Table
3.33. These results suggest that in case of low counting statistics the 438.6-keV
peak of °*"Zn could be used instead of the 1115.5-keV peak of the long-lived
nuclide **Zn for Zn determinations. However, when the background under the
438.6-keV peak is high and its counting statistics are poor, this peak cannot be
used for Zn determination with high precision.

The 1115.5-keV photopeak of **Zn could have spectral interference
from the 1112.0-keV peak of ***Eu (half-life = 13 a), 1115.5-keV of **Ni (2.52 h),
1120.5-keV peak of *°Sc (83.8 d), and 1121.2-keV of ***Ta (115 d). Considering
the short half-life of °°Ni, no interference is expected. The levels of Eu, Sc, and Ta
are low enough in the RMs analyzed in this work so that the interferences were not

observed.
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The advantages of anticoincidence counting have been evaluated
using the AFOM term developed in this work for short- and medium-lived nuclides,
and described earlier. In these cases, the intensity of a full-energy peak of a
nuclide of interest decreases more rapidly compared to that of the background
activities during the counting period. In the case of long-lived nuclides, the peak
intensity is almost constant and the background activities are generally low and
almost constant during the counting period. It will be of interest to investigate the
relationship between AFOM terms and sample activity for long-lived nuclides.

For the long-lived nuclide ®°Zn, the samples were allowed to decay
for more than 250 h before the counting was carried out. Although the biological
RMs used in this work are of diverse origin, most of the interfering activities have
decayed by the time the sample is counted. The *?P Bremsstrahlung radiation
then becomes the major activity which contributes mostly to the low-energy portion
of spectrum. Therefore, the gamma-ray spectrum near the region of 1115.5 keV
of ®*Zn is mainly dominated by natural background. A low total count rate of 40
to 250 counts per s (cps), corresponding to a dead time of 1% to 2%, was
generally obtained.

In order to obtain the above range of count rates, 16 RMs were
analyzed by both conventional and anticoincidence counting techniques. The
values for R___, R_.,. R,,, and AFOM for the 1115.5-keV peak of **Zn at various
count rates were calculated, and the results are presented in Table 3.34. The

number of cps in the anticoincidence mode is lower than that in the conventional
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mode, as expected.

The plot of R,, against R, values are shown in Fig. 3.39. At low
R .., Values such as 0.43 for Hard Wheat Flour, a R,, value of 1.90 can be
achieved; but for high R___, like 6.40 for Bovine Liver, a R,, value of only 1.08 can
be obtained. It could be concluded that the improvement in net peak area

statistical accuracy is more pronounced at low R compared to that at high

conv

Rt:ouv'

The AFOM term depends on R,, and peak-to-background ratio
improvement as shown in equation 3.15. In Fig. 3.40, the AFOM values are plotted
as a function of sample cps in the conventional counting mode; a correlation
appears to exist between the AFOM term and total sample cps.

It can be concluded from the above discussions that for long-lived

nuclides the higher the count rate the better is the improvement in anticoincidence

spectrometry.

3.5.4. Determination of Iron

The **Fe nuclide (halfife = 44.5 d) has been used for Fe
determination by various forms of NAA. It decays by g-emission and then by two
major gamma-rays, namely 1099.3 keV and 1291.6 keV, which are not coincident

with each other. The 1099.3-keV peak is partially cascaded with the 192.3-keV
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Fig. 3.39. The variation of the net peak area statistical accuracy improvement
factor (Ry,) with the peak-to-background ratio in conventional counting (R_,,)
for 85Zn.
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Fig. 3.40. The variation of AFOM factor with the sample count rate in the
conventional counting mode for 55Zn.
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peak. The use of anticoincidence counting slightly reduces its peak efficiency to
0.94 as shown in Table 3.30. The PERF of the 1291.6 keV peak is 0.97.
Therefore, anticoincidence counting for the determination of Fe using either of the
peaks should be beneficial. The 1099.3 keV peak of *°Fe is virtually free from
interference, and was used in this work. The 1291.6 keV peak could be interfered
with the 1293.6-keV peak of **Ar which can always be detected in the counting
room which is adjacent to the reactor.

In order to explore the extent of improvement that can be achieved
by anticoincidence counting, diverse types of biological RMs and SRMs were
analyzed for Fe by INAA in conjunction with anticoincidence spectrometry. These
materials were irradiated at a flux of 5 x 10** cm™ s™* for 7 h, allowed to decay for
more than 250 h, and counted for 8 h. The sensitivity for Fe in standard solutions
under these conditions was 24 counts/ug. Sixteen RMs and SBRMs were analyzed
in triplicate using anticoincidence spectrometry, and their Fe concentrations are
presented in Table 3.35. The Fe concentrations of these materials varied by 3
orders of magnitude. The agreement between the measured and certified or
information values is generally very good. The detection limits ranged from 0.86
to 8.4 ppm.

After a decay of more than 250 h, the total sample activity was very
low, as pointed out in section 3.5.3 for Zn. In the conventional counting mode, the
count rates varied from 40 to 250 cps. The background activity is mainly due to

two components: natural radioactivity and Bremsstrahlung radiation from *2P.
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Decay products of U, Th, and K which are present in and around the detector
assembly constitute the natural radioactivity. The applicability of anticoincidence
counting in such cases was investigated. The gamma-ray spectra of two
materials, namely SRM Rice Flour and RM Hard Wheat Flour, and a blank (i.e. no
sample on the detector) were recorded using both conventional and
anticoincidence spectrometry. The gamma-ray spectra between 100 and 1900 keV
were arbitrarily divided into several portions and the background counts per
channel were calculated. The average background counts per channel in the
anticoincidence counting mode was plotted against the gamma-ray energy; the
curves for Rice Flour and the blank are presented in Fig. 3.41. It is clear that
anticoincidence counting can suppress the background of Rice Flour down to the
natural background levels at energies higher than 400 keV. It has been pointed
out earlier that the Bremsstrahlung radiation from *2P present in the low-energy
portion cannot be efficiently suppressed by anticoincidence counting.

In order to study the efficiency of- anticoincidence counting, BSR
values were calculated and plotted as a function of gamma-ray energy as shown
in Fig. 3.42. The BSR of Rice Flour (count rate of 95 cps) were higher than those
of blanks (around 30 cps); the BSR increased with increasing sample count rate.
The SRM Hard Wheat Flour had a count rate of 248 cps, which is about 2.5 times
higher than that of Rice Flour; its BSR ranged from 5 to 23 compared to 5-10 for
Rice Flour. It is obvious that the higher the sample activity, the higher is the BSR.

Furthermore, a BSR of 3 to 5 could be obtained using anticoincidence counting
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Fig. 3.41. Distribution of background counts in various gamma-ray energy
regions of Blank and Rice Flour (NIST SRM 1568a) spectra by

by anticoincidence counting.
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Fig. 3.42. Background suppression ratios for three gamma-ray spectra,
of Hard Wheat Flour (NIST RM 8437), Rice Flour (NIST SRM 1568a)
and a blank, as a function of energy by anticoincidence counting.
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at gamma-ray energies above 400 keV even if the sample activity is at the natural
background level.

The advantage of anticoincidence counting with respect to the
sample activity was studied using AFOM terms and sample count rates. The

valuesof R__, R, ., R;,, and AFOM factor of each material were calculated and

presented in Table 3.36. The net peak area statistical accuracy (R,,) in the
anticoincidence counting mode improved by 1.08 to 3.15 times. The AFOM values
ranged from 3.38 to 16.5; these were plotted against sample count rate in the
conventional counting mode in Fig. 3.43. The AFOM term appears to be
correlated with sample activity at high count rates, indicating that better
anticoincidence efficiency is achieved at higher sample activities.

One of the reasons for the deviation from linearity at low count rates

could be that the AFOM values are more seriously affected by the conditions of

) when the sample activity is close to the natural

conv:

the sample itself (i.e. R
background level, which was 30 cps in this experiment. For example, the AFOM
values for Corn Bran and Rice Flour, which have lower R___, values, have large
deviations. This explanation can also be applied to the difference in AFOM values
between Fe and Zn. A comparison of AFOM values given in Tables 3.34 and 3.36
shows that because of the lower R___ values of the 1099.3-keV peak of *°Fe for

most of the materials, the R, and AFOM values of Fe are higher than those of the

1115.5-keV peak of **Zn.
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Fig. 3.43. Variation of the AFOM values for 5°Fe with the sample count
rate in conventional counting mode.
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3.5.5. Determination of Rubidium

Rubidium was also determined simﬁltaneously with other long-lived
nuclides. The 1076.8-keV peak of **Rb (half-life = 18.6 d) is not cascaded with
other gamma-rays and has a PERF factor of 0.99 (Table 3.30), and is virtually free
from interference. The sensitivity for Rb using this gamma-ray is 945 counts/ug.
The same 16 biological RMs and SRMs were analyzed for Rb, and the average of
3 determinations of Rb is presented in Table 3.37 along with the detection limits.
The certified and information values provided by NIST and IAEA are also reported
in this table. The agreement between the measured and certified values is good
wherever such comparisons can be made.

The advantages of anticoincidence counting for the 1076.8-keV peak
of ®*Rb are given by the AFOM values which are listed in Table 3.38 together with
Reonvt Ranesr Rear @nd sample count rate. Due to similar R____ values for the 1099.3-
keV peak of **Fe and the 1076.8-keV peak of *°Rb, the AFOM and R,, values of
are similar. Like *°Fe, the linear correlation between the AFOM values and sample
count rates also exists for **Rb. It can be concluded that anticoincidence counting
can be advantageously used for the determination of Rb at ppb levels because of

its high sensitivity.
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3.6 Determination of Selenium using Anticoincidence Spectrometry

The biological essentiality of Se for animals was first evidenced in
1957. However, it was not until 1973 that an enzyme called glutathione peroxidase
was proven to be a selenoenzyme. Low levels of Se intake are reported to cause
diseases such as Keshan disease, while about two orders of magnitude higher
levels of Se are known to cause toxic effects. There is an increasing interest in
understanding the role of Se in human nutrition and metabolism. The most
commonly used analytical techniques for Se determination are AAS using either
electrothermal atomization (ETAAS), hydride generation (HGAAS) or graphite-
furnace (GFAAS), and spectrofluorometry. Neutron activation analysis is

comparable to, if not better than, many of these methods.

3.6.1 Determination of Selenium using Long-Lived Nuclide "*Se

Selenium has six stable isotopes which can produce seven nuclides
on thermal and epithermal/fast neutron activation. The nuclear data [107-109] for
various Se isotopes and their activation products are shown in Table 3.39. The
most commonly used Se nuclide in NAA is "°Se which has a relatively long half-life
of 119.8 d. The target isotope *Se has a low abundance of only 0.87% but
compensated by a fairly high thermal neutron absorption cross section 51.8 b.

The use of the °Se nuclide requires lengthy irradiations at a high neutron flux, and
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Table 3.39. Nuclear data for selenium by NAA.

Half-life v-ray, keV

(% pop.)

Isotope o,, (b) Nuclide

(% abund.)

119.8 d 121.1 (17.1)
136.0 (58.7)
264.7 (58.5)
279.5 (24.8)
400.7 (11.4)
161.9 (52.5)

161.9 (52.5)

“Se (0.87) 518 +12 *Se

*Se (9.02) 21 = 1 mSe 17.4 s
""Se (7.58) 0.733 + 0.05" "Se 174 s

8Se (23.52)
89Se (49.82)
Se (49.82)

*’Se (9.19)

82Se (9.19)

0.33 + 0.04
0.08 = 0.01
0.53 = 0.04

0.039 = 0.003

0.006 + 0.0004

79mSe
elmse
Blse

83Se

83mse

3.89 min
57.28 min
18.45 min

22.3 min

70 s

* fission spectrum neutron cross section.

97.9 (8.9)
102.9 (12.7)
275.9 (0.67)
290.1 (0.55)
828.4 (0.28)
2252 (32.7)
356.7 (70)
510.2 (43)
718.2 (15)
836.8 (13)
356 (20)
676 (17)
989 (19)
1031 (30)
2054 (13)
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lohg decay and counting periods which can lead to a total experimental time of
two to three weeks. Obviously, it is a time-consuming and expensive procedure
and may not always be desirable for routine analysis of a large number of samples
for Se.

Moreover, most of the intense gamma-rays emitted by °Se are
generally subject to interference caused by overlapping gamma-rays from other
nuclides. Some of the more important interferences are listed in Table 3.40. For
example, the 121.1-keV gamma-ray of *Se is interfered with by the more abundant
121.8-keV gamma-ray of *?Eu produced from ***Eu which has a relatively high
abundance and a very high cross section. There is also a minor interference from
178y, The most commonly used gamma-rays of 136.0 and 264.7 keV of "°Se are
interfered with by 136.3-keV gamma-ray of **Hf and 264.1-keV gamma-ray of
2Ta. The 279.1-keV gamma-ray of ?**Hg causes interference on the 279.5-keV
gamma-ray of *Se. The 400.7-keV gamma-ray of "*Se appears to be free from
interference but has a low population. Makarewicz and Zeisler [139] used a well-
type Ge detector to enhance the sensitivity of Se determination using the 400.7-
keV peak. They noted the potential drawbacks of high input count rate, pile-up
losses, and decrease in resolution.

In biological materials, interferences from **Eu, *""Lu, *'Hf, and
1%2Ta are expected to be small due to the very low concentrations of the elements,

and thus usually neglected. The 279.5-keV gamma-ray of "°Se is



221

(2266) g, vl 26 (S81'2) Uy, (ve) €29l  (g29) 6'19L (s ¥'Ll) eS,,,
(004) Ul,, o+ 2y (Po)ed,, (61'1)s86E  (v'i1) 0OV
(£'62) BH,,, lo+6tv (P99) BH,, (ge€) L6  (8'12) 562
(66'66) BL,e;  00L ¥ 0028 (P ¥'bLL) BL,,, () 1'b92  (5'8S) L'v92
(1'SE) Hoer L0792k (P¥eh) Hi (8'6) €'9et  (£'8S) 0'9EL
(92) Ny, g F L PYI9L) My, (6°9) 9'Lel
@) N3, 002 0065 (evSel)n3,,, (vg2) @izt (L21) 1’12l (P @6LL) 8g,,
(‘punge %) (ey-yeu) (dod %) (dod %) (ey1I-sreu)
adojos| (q) Po aplfonN A8 ‘Aes-A A8 ‘Aes-A apljonN

apljonN Bulepeiuy

1saielu| Jo epljonN

‘WVN Aq wnjusjes Joj sAes-ewweBb pue sepijonu Bulepsiu) ‘or'c alqel



222
interfered with by the 279.1-keV gamma-ray of 2°*Hg, and needs to be corrected

for before reliable Se results can be obtained. Moreover, all photopeaks of *Se
are likely to be exposed to background interference from the Bremsstrahiung
radiation of **P; phosphorus is a common element in most biological materials.
If this background is too high, then erroneous Se results can be obtained due to
the poor counting statistics of the 279.5-keV peak which is generally not used.
Three Se standards were irradiated at a flux of 5 x 10** ncm™2s™* for
7 h, allowed to decay more than 250 h, and counted for 8 h using both
conventional and anticoincidence gamma-ray spectrometry. The sensitivities and
PERF of four gamma-rays of °Se are presented in Table 3.41. The 136.0-keV
photopeak of >Se has the highest sensitivity followed by the 264.7, 279.5, and
400.7 keV peaks using conventional gamma-ray spectrometry (Table 3.41).
However, in the anticoincidence counting mode, the intensities of 136.0, 264.7, and
279.5 keV photopeaks are significantly reduced because of their cascading decay.
The peak at 136.0-keV with complete cascading undergoes the highest degree of
peak efficiency suppression (Table 3.41), peak area being almost 10 times less
than that by the conventional system. This suggests little advantage of using
anticoincidence spectrometry for measuring Se through the 136.0-keV peak of
"*Se. Of the other two partial cascading peaks at 264.7 and 279.5 keV, only the
279.5-keV peak has shown some promise of improvement in sensitivity but it is too
weak to be routinely used in NAA of samples of low Se content. The technique

of windows coincidence counting [140] will likely improve *Se sensitivity.
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The efficiency of the 400.7-keV sumpeak of °Se, resulting from the
events of (121.1 + 279.5 keV), and of (136.0 + 264.7 keV), is not affected in
anticoincidence spectrometry because the sumpeak is generated by the internal
coincidence events in the main detector. In addition, this peak is generally
interference-free, and falls in the spectral region where the Bremsstrahlung
radiation background from *?P is relatively less intense, and the anticoincidence
efficiency is high (Fig. 3.4). It has recently been reported [91] that the 400.7-keV
peak of °Se could be interfered with by the 398.5-keV peak of ***Th-?**Pa. This
interference could be significant in environmental samples containing high amounts
of Th. However, considering the very low levels of Th in biological materials [141]
as well as extremely poor intensity of 1.19% of the 398.5-keV peak, any such
interference in the materials analyzed in the present thesis can be discarded. One
of the objectives of this project is to explore the possibility of reliable determination
of Se by anticoincidence spectrometry using the 400.7-keV sumpeak of "°Se.

In order to evaluate the net peak area statistical accuracy (PA) of the
four peaks of "°Se, five RMs and SRMs were analyzed by INAA using the above
irradiation, decay, and counting times, as well as conventional and anticoincidence
gamma-ray spectrometry. Equation 3.9 was used to calculate the values for PA,
and the results are presented in Table 3.42.

It is evident from Table 3.42 that the best net peak area statistical
accuracy using conventional counting (PA___ ) for all five RMs is obtained at the

conv:

136.0-keV photopeak mainly due to its very high sensitivity (Table 3.41). The
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Table 3.41. Peak efficiency reduction factors and sensitivities for selenium using
conventional and anticoincidence gamma-ray spectrometry.

Nuclides v-ray energy Sensitivities (counts/ug = 10) PERF
keV(% int.) conv. anti. + 1o

*Se 136.0 (58.7) 7330 *= 245 513 = 31 0.07 = 0.01
264.7 (58.5) 4580 = 125 596 + 24 0.13 = 0.01
279.5(24.8) 1780 = 75 624 + 27 0.35 = 0.01
400.7 (11.4) 1500 = 43 1515 + 34 1.01 £ 0.04

"Se” 161.9 (52.5) 2200 = 110 2245 + 132 0.98 + 0.02

" obtained usingt, = 30s,t, = 10s,t. = 40s.

264.7-keV photopeak of ">Se is most commonly used for Se determination. It also

has a fairly low and comparabie PA___ value for all materials except Animal Blood.

The PA__ , values of all four photopeaks for Wheat Flour and Durum Wheat Flour
are low (viz. 3.84 to 11.3), followed by Whole Egg Powder and Bovine Liver (viz.
16.2 to 28.7). For Animal Blood, the PA___ values of all four peaks are very high
and range from 32.6 to 82.6; these high values are mainly due to high background
activities (possibly *?P) and relatively low Se levels. These differences in PA

conv

values are easily detected from the graphs shown in Fig. 3.44.
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Q0
80 +
70 }
—-o0— Wheat Flour (SRM 1567a)
60 } —e— Durum Wheat Flour (RM 8436)
3 —a— Whole Egg Powder (RM 8415)
3 S0t —0— Animal Blood (RM A-13)
S —o— Bovine Liver (SRM 1577b)
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Photopeak used for selenium (keV)

Fig. 3.44. Comparison of net peak area statistical accuracy (PA) for
various peaks of 75-Se.
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The net peak area statistical accuracy of the 400.7-keV sumpeak
using anticoincidence counting (PA,___,) is similar to the PA___, values of the 136.0-
keV peak for Wheat Flour and Durum Wheat Flour; however, PA__  values of the
400.7-keV peak are lower than the corresponding PA___, values for the same two
materials. For the other three RMs in Table 3.42, the PA__,, values of the 400.7-
keV peak is significantly lower than the PA__ , values of both the 136.0-keV and
400.7-keV peaks.

Selenium concentrations in five RMs were measured using four
gamma-rays of °Se by conventional and the 400.7-keV gamma-ray by
anticoincidence counting modes. The average of three measurements are shown
in Table 3.43. It is evident that in conventional counting mode the RSD values for
each material obtained by the 400.7-keV sumpeak ranged from 8.2 to 47% which
are poorer than that obtained by the 136.0-keV peak. Although the sensitivities of
the 400.7 and 279.5 keV peaks are comparable (Table 3.41), the background
activity is lower for the 400.7-keV peak resulting in generally lower RSD values as
shown in Table 3.43. The RSD values calculated using the 400.7-keV peak by
anticoincidence spectrometry (viz. 2.7 to 6.3%) are considerably lower than that
by conventional spectrometry (viz. 8.2 to 47%). The most pronounced
improvement in RSD values can be observed in. Animal Blood where an RSD of
77% obtained using the 264.7-keV peak by conventional counting was reduced to
6.3% using the 400.7-keV peak by anticoincidence counting.  Selenium

concentrations measured using the 400.7-keV by both conventional and



(€1-v WY vawvi)

Ly +€lE 0S+00€ O08+08 <+ 0.c pooig [ewiuy

(.51 WHS LSIN)

8 ¥ 0€. ve+8.L O0+0v. 6GC2+0I19 8l F0.9 18AI7 auinog

(S1v8 WY LSIN)

S+066k ¢C+0F Vv+0ScL 8L +8.WL SCc+O0l6L ¢CFOvEL € FGOLL Jepmod 663 sjoym

(9e¥8 WH 1SIN)

L ¥ Gl2l S+G6LL cl¥092t Ol F0irL - ¥ +060F € +SIEL Inoj4 JeBym wning

(82951 WHS LSIN)

Oc+00 <c+08LL €©+0S0L 8+09k SL+08L 9F080L € FO00L Ino|4 Jeaym
eg,, Jo

senjeA A 6191 A8 L00 AN L00F ASNSG6LC A8 LPYIC ASH 09EL [elsjew

payiLe) 83UBepjoujod[uy [BUORUSAUG)) 8oualejey

'8, Jo syeadojoyd snouea Buisn paujuielep (%QSH F qdd) suolesusouod WNUsieS ‘SH'S ejge)



229

anticoincidence counting modes are in good agreement with the certified values
as shown in Table 3.43.

Selenium concentrations of Wheat Flour shown in Table 3.43 are
graphically presented in Fig. 3.45. The values obtained by various nuclides,
photopeaks, and counting modes do not show any detectable bias. All results
except one are within =1¢ of the certified value. Among all the photopeaks of
*Se, the best RSD of 2.7% for Se in Wheat Flour was obtained using the 400.7-
keV sumpeak and anticoincidence spectrometry. An equally good RSD of 2.1%
can be achieved using the 161.9-keV photopeak of the short-lived nuclide ""*Se.

This is discussed in detail in the following section.

3.6.2 Determination of Selenium using Short-Lived Nuclide ""Se

The short-lived ""Se (half-life = 17.4 s) nuclide can also be used for
Se determinations. It can be produced by thermal neutron capture from "¢Se
which has a 10 times higher isotopic abundance but 2.5 times lower cross section
than "‘Se (Table 3.39). Since the half-life of "*Se is short, saturation activity can
be reached in a short time leading to enhanced sensitivity. The 161.9-keV gamma-
ray of """Se could be interfered with by the 162.3-keV gamma-ray of '**n with a
half-life of only 2.18 s (Table 3.40). A decay time of 20 s can eliminate this
potential interference. - It should be noted here that In is rarely detected in

biological materials such as foods and diets.
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The use of """Se nuclide in routine INAA can considerably reduce the
total experimental time and cost. Although the conventional INAA procedure
involving an one-shot irradiation-decay-counting scheme can be used, precision
and detection limit can be significantly improved by using cyclic INAA (CINAA) and
Pseudo-Cyclic INAA (PCINAA). Several INAA, CINAA, and PCINAA methods have
earlier been developed in this laboratory for the determination of ppb levels of Se
[18,19,142-147] in a variety of matrices.

The 161.9-keV y-ray of "’"Se is not coincident with other y-rays, and
should be suitable for anticoincident counting. At low count rates (e.g. dead time
<6%), the PERF of the 161.9-keV peak was measured as 0.98 + 0.04 (Table 3.11).
Therefore, the counts in the peak area will not be reduced by anticoincidence
counting while some of the background activities arising from the Compton
scattered events can be suppressed. A partial gamma-ray spectrum of NIST
Bovine Liver (SRM 1577b) presented in Fig. 3.46 shows that the background can
be suppressed by a factor of 3.5. This factor was found to vary between 3 and
5 for the RMs listed in Table 3.48.

All samples and standards were irradiated in the inner pneumatic
irradiation sites of the DUSR facility at a thermal flux of 5 x 10** cm™? s™. The
selection of timing parameters, namely the irradiation time (t,), decay time (t,),
counting time (t_), and the number of cycles (n) depended mainly on the sample
matrix and the major elements present. A number of RMs and food samples were

analyzed using t, of 30 s, t, of 10to 50 s, t_ of 20 to 60 s,andnofupto 5. The
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Fig. 3.46. Gamma-ray spectra near the 161.9 keV peak of 77™Se in Bovine Liver
(NIST SRM 1577b) using conventional and anticoincidence spectrometry.
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161.9-keV gamma-ray of ""Se was used for assaying Se and it was free from

interference under the experimental conditions employed.

3.6.2.1 Selection of Experimental Parameters

Several parameters were first evaluated then optimized for measuring
Se levels. The geometry factors, namely the relative position of the Nal(Tl) annulus
with respect to the HPGe detector and the distance of the sample from the HPGe
detector surface, affecting the anticoincidence counting efficiency were
investigated. Experiments were carried out to find the optimum position of the
Nal(Tl) annulus with respect to the HPGe detector using a standard source of
Cs as described in detail in section 3.1.2. The best peak-to-Compton plateau
was obtained over a range of 9.5-12.5 cm annulus distance which is position No.
1 (Fig. 2.3). Several samples of IAEA Horse Kidney (RM H-8) were irradiated at
the DUSR facility and counted at various distances for this purpose. The source
was counted at 0.1 to 4 cm from the surface of the HPGe detector keeping the
Nal(Tl) annulus fixed at the position No. "1". The results are graphically presented
in Fig. 3.47. It is evident that a linear relationship exists between the RSD and the
sample distance. The lowest RSD for the Horse Kidney (H-8) samples was 5.16%
at a distance of 0.1 cm from the detector surface, and the sensitivity of the 161.9-
keV peak of """Se at this position had the highest value of 1789 counts/ug (Table

3.44). The annulus position No. "1", and the sample to HPGe detector distance of
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Table 3.44. Effect of counting geometry on standard deviation for
selenium in IAEA Horse Kidney (RM H-8).

Sample distance  """Se (162-keV peak) Se content, RSD
from HPGe sensitivity (C/ug) ppm + SD (%)
detector (cm) N=6

0.1 1789 + 93 4.75 = 0.25 5.16
1 1112 + 84 4.99 + 0.38 7.64
2 959 + 80 5.11 + 0.43 8.48
3 652 + 72 4.97 + 0.55 11.02
4 387 + 48 5.46 = 0.68 12.37

Experimental conditions: t, = 30s, t,=20s, t =40s.

13

10 -

RSD (%)

Y =527 +181X

! | ! 1
0 0 2 3 4 5

Counting distance (cm)

A OO O N © ©
1

Fig. 3.47. Effect of counting distance on RSD for 7™Se in IAEA
Horse Kidney (RM H-8).
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0.1 cm were used in subsequent experiments.

The effect of decay time on the RSD for Se was evaluated by
analyzing 6 samples of IAEA Horse Kidney. The decay time was varied between
10 and 50 s keeping irradiation and counting times as well as the geometry factors
constant. The results are graphically presented in Fig. 3.48. As expected, the
RSD of Se levels increased with increasing decay time; the best RSD of 4.09% was
obtained for a t, of 10 s. Thereafter, most analyses were done using a t,of 10 s.
The best sensitivity of about 1800 counts/ug was also obtained at this decay time
as shown in Table 3.45.

The effect of counting time on the RSD for Se was also examined
using a marine fish sample collected by Health Canada. This fish sample was
used because of its higher NaCl content compared to IAEA Horse Kidney. The
irradiated samples of fish were counted for 20 to 60 s keeping all other factors
constant. The results are graphically presented in Fig. 3.49. The best RSD of
4.68% was obtained at t_ of 40 s. Although the highest sensitivity of about 2000
counts/ug can be obtained at a t_ of 60 s, the RSD increases to 6.01% (Table
3.46). For this reason, almost all samples were analyzed using a t_ of 40 s.

it has been discussed in section 3.3.2 that AFOM terms can be
conveniently used for the optimization of number of cycles in PCINAA using
anticoincidence counting. In order to evaluate the applicability of AFOM to the

determination of Se, Whole Egg Powder (NIST RM 8415) was analyzed using t, =



236

Table 3.45. Effect of decay time on standard deviation for
selenium in IAEA Horse Kidney (RM H-8).

Decay time ""Se (162-keV peak) Se content, RSD

(s) sensitivity (C/ug) ppm = SD (%)
N=6

10 1801 = 71 493 + 0.20 4.09

20 1146 + 58 472 + 0.27 5.75

30 811 + 45 4.68 + 0.29 6.20

40 548 + 26 5.08 = 0.33 6.55

50 385 + 24 485 + 0.32 6.63

Experimental conditions: t, = 30s, t = 40s.

RSD (%)
(§)] (0)]
| |

3 | | ! l
0 10 20 30 40 50 60

Decay time (s)

Fig. 3.48. Effect of decay time on RSD for 77™Se in IAEA Horse Kidney.



Table 3.46. Effect of counting time on standard deviation for
selenium in a marine fish sample.

Counting time  """Se (162-keV peak) Se content, RSD

(s) sensitivity (C/ug) =~ ppm = SD (%)
N=4

20 1125 = 61 1.29 = 0.08 6.13

30 1643 + 82 1.20 = 0.07 5.70

40 1801 = 72 1.21 = 0.06 4.68

50 1956 + 96 1.31 = 0.07 5.06

60 2001 = 198 1.24 + 0.07 6.01

Experimental conditions: t, = 30s, t, =10s.
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Fig. 3.49. Effect of counting time on RSD for 77™Se in a marine fish sample.
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30 s, t, =10s and t, = 40 s, and counteé by both anticoincidence and
conventional counting modes. The delay time (t,.) between two cycles was 24 h.
The corresponding detection limits, i.e. MDA, ., and MDA __ ., at each cycle were
calculated using equation 3.16; the AFOM terms of each cycle were also
calculated according to the method described in section 3.2. The AFOM and MDA
values are given in Table 3.47; the variation of MDA and AFOM values with the
number of cycles are graphically presented in Fig. 3.50.

For the 161.9-keV peak of """Se, both MDA__,, and MDA ___, decrease
with increasing number of cycles, as shown in Table 3.47 and Fig. 3.50. The rate

of decrease is greater for MDA __,, compared to MDA The rate of improvement

conv’
in MDA __ ., appears to slow down beyond the fourth cycle due to the build-up of
background activities from nuclides such as **Cl and **Mn present in the irradiated
samples. As a resuilt, the difference between the MDA__., and MDA___, values
becomes smaller with increasing number of cycles. Consequently, the AFOM term
starts with a low value in the first cycle then increases with increasing number of
cycles, and passes through a maximum at the fourth cycle before starting to
decrease. Hence, the optimal number of cycles (n) should be 4.

In summary, the experimental conditions selected for Se analysis
using the short-lived nuclide """Se were: Irradiation time of 30 s, decay time of 10

s, counting time of 40 s, 4 cycles, Nal(Tl) annulus position of "1", and a sample to

HPGe detector distance of 0.1 cm.



Table 3.47. Comparison of detection limits and AFOM factors
for 7""Se in Whole Egg Powder (NIST RM 8415) using
conventional and anticoincidence counting.

No. of Cycles MDA, ., MDA __ . AFOM

1 0.052 0.078 2.37

2 0.033 0.062 3.59

3 0.026 0.057 4.73

4 0.025 0.058 5.60

5 0.023 0.050 4.88
0.09
0.08 AFOM
0.07

@ 0.06 Conventional MDA

3

$ o005

<<

a

= 0.04
0.03 Anticoincidence MDA
0.02

0.01

Number of cycles

Fig. 3.50. Variation of minimum detectable activity (MDA) and AFOM
values with the number of cycles for 7mSe.

AFOM values
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3.6.2.2 Quality Assessment

Because of the nutritional signiﬁcanée of Se, a large number of food
and diet samples are being analyzed for this element in our and other laboratories.
It is important that the Se levels be measured under an extensive quality assurance
program. Several publications, such as [148-156], have emphasized the need to
maintain a rigorous quality assurance program in an analytical laboratory. Quality
assessment and quality control are the two components of quality assurance
[153]. Quality assessment is the mechanism employed to verify that the analytical
procedure being used is operating within well-defined and acceptable limits.
Internal quality assessment deals with the day-to-day precision of measurements
of an analyte(s) within a single laboratory, whereas external quality assessment
evaluates the accuracy of the resuits. Both internal and external quality
assessments of Se measurements in foods and diets by PCINAA using
conventional and anticoincidence gamma-ray spectrometry are described here.

Internal quality assessment was done using a number of steps. The
samples and standards were irradiated in an inner site of the Dalhousie University
SLOWPOKE-2 Reactor at a total flux of either 5 or 10 x 10** cm™ s™*. The
homogeneity, stability, reproducibility and mapping of the neutron flux were carried
out in each of the sites [95,96]. The mass of sample, irradiation, decay, counting
and transfer times, and number of cycies were optimized for the best AFOM. The

161.9-keV gamma-ray of """Se was used for assaying Se and was free from



241

interference under the experimental conditions employed. Selenium comparator
standards were prepared by directly pipetting a known aliquot of ultrapure Se
atomic absorption standard solution (Spex Chemicals) by a calibrated Eppendorf
pipette onto a sucrose matrix. The Se content of the blank was measured. The
comparator standards were of identical geometry and contained approximately
similar amounts of Se as the samples. Control charts were constructed. One
such chart for 18 analyses is shown in Fig. 3.51. It is clear that most
measurements were within + 1s, and all were within + 2s.

External quality assessment was carried out by various means. The
half-life of 77"Se in the real samples was randomly measured. An average value
of 17.5 s obtained in this work agrees very well Wﬁh the literature value of 17.4 s
indicating no interference from either **°***In or the matrix.

A number of RMs and SRMs of biological origin and of a wide range
of Se content were analyzed by the PCINAA-anticoincidence method developed
in this work. The laboratory means of at least 5 replicate measurements of each
of these materials are given in Table 3.48 along with their certified or literature
values [157]. These values are also shown as a plot in Fig. 3.52. It is evident that
both accuracy and precision of the method are very high. It can be concluded
that various simple steps can be incorporated in daily experiments to assure the
quality of Se measurements. Many of these steps were employed in the present

work and found to be very useful and not too time consuming.
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Table 3.48. Concentration of selenium in biological reference materials by

PCINAA-anticoincidence gamma-ray spectrometry using short-lived nuclide "*Se.

Reference material This work Certified,

(" IAEA, all others NIST) (ppb) [literature] value (ppb)
Corn Starch (RM 8432) <5 ——

Spinach (SRM 1570) 41 £ 9 [40 = 14]
Corn Bran (RM 8433) 44 + 4 45 + 8
Apple Leaves (SRM 1515) 51 =7 50+ 9

Pine Needles (SRM 1575) 59 + 18

Soft Wheat Flour (RM 8438) 80 = 4 76 =+ 9
Non-Fat Milk Powder (SRM 1549) 115+ 9 110 £ 10
Peach leaves (SRM 1547) 145 = 13 120 =+ 9
Animal Blood (RM A-13)° 200 = 17 240 = 80
Animal Muscle (RM H-4)" 350 + 24 280 = 30
Rice Flour (SRM 1568a) 370 £ 12 380 = 40
Hard Wheat Flour (RM 8437) 580 + 38 560 + 39
Bovine Liver (SRM 1577b) 710 = 11 730 = 60
Wheat Flour (SRM 1567a) 1180 = 25 1100 = 200
Durum Wheat Flour (RM 8436) 1235 = 15 1230 = 90
Whole Egg Powder (RM 8415) 1370 = 25 1390 = 170
Wheat Gluten (RM 8418) 2555 + 14 2580 = 190
Horse Kidney (RM H-8)" 4720 * 36 4670 * 300
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peak of ""™Se and anticoincidence spectrometry.
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This method of Se determination using short-lived nuclide and
anticoincidence gamma-ray spectrometry has been applied to 6 food samples
collected by Health Canada [158]. The results 'for replicate measurements are
presented in Table 3.49. The RSD was found to vary between 5 and 8.6%. It is
also clear from the table that much of this deviation can be accounted for by the

counting statistics.
3.6.2.3 Dead Time Correction

Most anticoincidence counting in NAA has been focused on long-
lived nuclides of low count rates [75]. When this technique is applied to short-lived
nuclides, the count rate may be high. Therefore, it is necessary to carry out a
study of the effect of count rate on PERF.

The data set chosen for this study consisted of conventional,
anticoincidence, and coincidence y-ray spectra of Oyster Tissue (SRM-1566). A
sample mass range of 40 to 200 mg was used in order to check different dead
times and amounts of Se. For anticoincidence spectra, the dead time ranged from
4.47% to 14.37%. The corresponding range of count rates was 445 to 1434 cps.
The net peak areas under the 161.9-keV peak of ""Se in all three types of spectra
were calculated. The PERF value was then calculated and plotted against the
dead-time of anticoincidence counting, as shown in Fig. 3.53. Since the 161.9-keV

peak is not coincident with other y-rays, its PERF should remain constant with
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dead time. However, as shown in Fig. 3.53, the PERF decreased from 0.98 to 0.49

with dead time increasing from 4.47% to 14.37%. The net peak area in the
coincidence counting mode is also plotted against the dead time in the same
figure (3.53). Theoretically, the peak area of the 161.9-keV gamma-ray in
coincidence counting mode should be zero since there are no coincidence events
except the accidental events. However, as shown in Fig. 3.53, the curve starts at
zero at low dead time and increases with the increasing dead time.

These results suggest that at low count rates accidental coincident
loses are insignificant, while at high count rates these events cannot be neglected.
Therefore, a calibration plot for quantitative Se determination at varying count rates
by anticoincidence spectrometry needs to be constructed. This plot is shown in
Fig. 3.54, and was done by analyzing different amounts of Oyster Tissue (NIST
SRM 1566). The points on the straight line represent the 161.9-keV peak area
counts calculated theoretically using sensitivity and the amount of Se in the
sample. On the other hand, the points on the curve are the actual measured
161.9-keV peak area counts. The ratio of these two counts gives the calibration
factor at each dead time. This calibration factor was applied to IAEA Horse Kidney
and Animal Blood, as well as NIST Whole Egg Powder and Oyster Tissue RMs.
Both uncorrected (i.e. measured) and corrected values using the correction factor
from Fig. 3.54 are given in Table 3.50. It is obvious that higher the dead time,
larger is the correction factor. The measured values were also corrected for dead

time using equation 3.25, and the values are included in Table 3.50. Although this
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Fig. 3.54. Dead time calibration curve for selenium determination using 7’™Se.
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equation appears to work well in conventional spectrometry and anticoincidence
spectrometry with low dead time, it is not that reliable at higher dead times. The
best agreement between the certified values and the corrected values are achieved
using the calibration curve (Fig. 3.54) as shown in Table 3.50.

A number of RMs were analyzed for Se by both anticoincidence and
conventional gamma-ray spectrometry. The detection limits for Se in these
materials in both counting modes were calculated and are presented in Table 3.51
along with the dead time. It is evident that the application of anticoincidence
spectrometry can improve detection limits by a factor of 2 to 4 and reduce the
dead time by a factor about 1.2 to 1.4, depending on the type of material.
Consequently, the anticoincidence counting can provide a more reliable
measurement of 7""Se through the 161.9-keV peak by minimizing errors that may

arise form the higher dead time.
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4. CONCLUSIONS AND RECOMMENDATIONS

Instrumental neutron activation analysis (INAA) is a well-established
analytical technique for the simultaneous determination of multielement
concentrations in a variety of sample matrices. One of the problems generally
encountered in INAA is the high background activity arising from the scattering of
photons, a phenomenon known as the Compton effect. Improved detection limits
could be obtained for some elements if the Compton continuum is suppressed.
The principal objective of this work was to develop INAA methods in conjunction
with anticoincidence gamma-ray spectrometry for improving the detection limits of
a number of elements of interest in biological materials.

The anticoincidence gamma-ray spectrometer available at the
Dalhousie University SLOWPOKE-2 Reactor (DUSR) facility consists of a high-
resolution HPGe detector surrounded by a 10" x 10" Nal(Tl) annulus and a 3" x 3"
Nal(T) plug. lts performance was evaluated using a **’Cs standard source. The
spectrometer has a peak-to-Compton plateau ratio of 582, a peak-to-Compton
edge ratio of 410, and a peak-to-total area ratio of 0.17. These values are
comparable to other such spectrometers available in a few laboratories around the
world.

The background suppression ratio (BSR), i.e. the ratio of background

counts by conventional gamma-ray spectrometry to that by anticoincidence
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spectrometry, were measured for gamma-ray energies between 80 and 2000 keV
using a mixed source of *’Eu and **Eu. The highest values of BSR of about 6
were obtained at 300-1100 keV region where many of the gamma-rays from
neutron activation products occur. The value of BSR was about 4 beyond this
region.

The geometry factors, namely the distance of the sample from the
HPGe detector surface and the relative position of the Nai(Tl) annulus with respect
to the HPGe detector, were studied in detail using a home-made attachment for
varying the distances. Both cascading and non-cascading standard gamma-ray
sources were used in order to obtain the highest anticoincidence counting
efficiency of the nuclides of interest.

In the past, much of the studies on INAA employing anticoincidence
gamma-ray spectrometry focused either on a few selected elements, long-lived
nuclides, or on a specific area of application. In this thesis, a systematic
investigation was carried out on the merits and limitations of anticoincidence
counting for the nuclides which are most commonly used in NAA. Short-lived
nuclides (half-life < 120 s) were studied using both conventional INAA procedure
as well as a technique called pseudo-cyclic INAA (PCINAA). The list of short-lived
nuclides included: '*®Ag, **°Ag, ***Dy, *°F, 75"‘Gé, 178myf 86°Rp, 4°"Sc, 7'"Se, and
177Yb. Medium-lived nuclides (half-life < 3 h) which are commonly used in NAA,
namely °Al, ***Ba, *°Br, **Cl, **Cu, ***Dy, **®l, *’Mg, **Mn, *Ni, **Th, *'Tj, and **V,

were also investigated using anticoincidence counting and conventional INAA. The
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long-lived nuclides (half-life > 12.5 h) of interest ‘in the present study were: "°As,
% Au, *Br, *'Ce, *'Cr, °°Co, **Fe, *’Hg, ***Hg, *K, *°La, **Na, **’Nd, *°*Rb, ***Sb,
*Sc, ***Ta, *°Tb, *'W, "°Yb, %**Zn, and **Zn.

The benefits of anticoincidence counting are frequently described by
the peak efficiency reduction factor (PERF) of the nuclide of interest. Experiments
were done in this thesis to calculate the PERF values of major gamma-rays of the
above nuclides. The results showed that about 70% of the nuclides studied had
no peak efficiency reduction in anticoincidence spectrometry. The improvement
for a photopeak with a PERF value between 1 and 0.1 depends on the extent of
background suppression and the original peak-to-background ratio. Both ofthese
factors, in turn, depend on the concentrations of the element of interest and of the
major or interfering elements in the sample.

An attempt was made in this thesis to define an "analytical figure of
merit (AFOM)" term for assessing the practical advantages of anticoincidence
counting. This term included parameters such as resolution, peak area,
background around the peak, dead time, counting time, and counting statistics
which vary with changes in sample matrix activity. The AFOM term was
mathematically defined as the minimum detectable activity ratio squared. The
effectiveness of the AFOM terms was evaluated by analyzing a number of
biological reference materials of diverse types of matrix and varying amounts of
major and interfering elements. The variation of AFOM with dead time was

investigated. [t was concluded that, in most cases, the AFOM terms were very
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useful in predicting the advantages of anticoincidence counting.

Several elements were studied in detail. Their concentrations in 16
biological reference materials were determined; precision and accuracy were
evaluated using control charts; and detection limits in each of these materials were
calculated.

In order to realize the full potential of the anticoincidence system,
several recommendations are made in the following paragraphs. One of the major
disadvantages of anticoincidence counting is the suppression of full-energy peaks
of coincident gamma-ray emitting nuclides. This leads to a reduction of sensitivity
when an element is determined through these gamma-rays. This problem can be
overcome by adding a windows coincident counting mode into the present
system. This renovation can be simply realized by setting a particular energy
region on the Nal(Tl) annulus, which is defined by the LLD and ULD through a
single channel analyzer. In the windows coincident counting mode, one of the
coincident gamma-rays can be selectively measured by adjusting this particular
energy region over the Nal(Tl) annulus to its energy region and used as a
coincident gating signal for the ADC of HPGe detector measuring only the other
coincident gamma-rays. When the system is operated in the window coincidence
counting mode, these coincident gamma-rays can be selectively measured with
a substantial rejection of background signals. The proposed system can be
applied to cases where the nuclides decay with cascade gamma-rays.

Another addition which is suitable for coincident gamma-ray emitting
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nuclides can be achieved by coupling a well-type Ge detector with the present
Nal(Tl) annulus in the anticoincidence counting mode. It will be possible to better
detect and use sumpeaks. This process can be enhanced when a sample is
placed in the well-type detector because the rate of summing energy depends
principally on the solid angle in a sample to detector geometry configuration. It
is interesting to note that the efficiency of the sumpeak in anticoincidence
spectrometry is unaffected because of the way it is generated. The measurement
quality of a sumpeak will be further improved by the background suppression by
incorporating a well-type detector in the present Nal(Tl) annulus.

Because of the complex electronics for gating and timing required
in anticoincidence spectrometry, it usually has a higher dead time compared to the
conventional spectrometry, even at the same sample activity. The advantage of
anticoincidence counting is mainly restricted by the high dead time, in particular
when applied to short- and medium-lived nuclides where high count rates are
generally encountered. This is because the fullfenergy peak may suffer from a
loss of peak efficiency; the background suppression efficiency of anticoincidence
counting may be reduced at high dead times. A better performance by
anticoincidence counting, particularly at high count rates, could be achieved by
coupling the main detector to the anticoincidence shield by fast coincidence

circuitry and by using a faster ADC such as one at 200 MHz.
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