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FOREWORD

This book is intended to advise in everyday practical problems related to
operating a neutron activation analysis (NAA) laboratory. It gives answers
to questions like "what to use NAA for", "how to find relevant research
problems", "how to find users for the technique", "how to estimate the cost
of the analysis and how to finance the work", "how to organize the work in
a rational way" and "how to perform the quality control". It gives advice
in choosing staff, equipment, and consumables and how to design facilities
and procedures according to need and available resources.

The book is designed to discuss problems not dealt with in ordinary NAA
textbooks, but also, in order to prevent it from being too voluminous, to
avoid duplication of material described in normal NAA text books.
Therefore, the reader will find that some material of interest is missing
from this book and it is recommended that one or two of the textbooks
listed in chapter 11 be read in addition to this one.

The authors represent a wide range of experience with biological,
environmental, geological, and industrial samples, in contexts from basic
research to commercial analytical service. Their backgrounds also range
from university to governmental research institute and private enterprise.
Their summed experience exceeds the time since Hevesy and Levy's first
publication on activation analysis; nevertheless, other workers in the
field may not agree with all the statements made herein. It is their hope
that this publication will be of value, both in respect to practical
aspects of running a modern NAA laboratory, and in recommending relevant
applications in a time with abundant analytical techniques and a
requirement for a well-founded cost/benefit ratio for all activities.
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1. INTRODUCTION

Nuclear research reactors are commonly purchased by governments or
universities to form the basis for multidisciplinary research institutes. In
many countries there is only one research reactor and it is intended to
support the scientific and technical development of the whole country. A
research reactor is a major investment and it is also expensive to run.
Therefore it is important to use it efficiently.

Analytical chemistry is an essential part of science and technology. In most
cases an analytical chemistry laboratory is established and used in the
institutes which use the results. Neutron activation analysis (NAA) is an
exception to this. The expensive research reactor necessary to conduct NAA
cannot be purchased by every analytical laboratory. Therefore NAA is commonly
only performed at reactor laboratories although some laboratories without
reactors simply buy the irradiations. When short-lived nuclides are used
close access to the reactor is obligatory.

Although very sensitive and accurate non nuclear analytical techniques exist,
NAA has several advantages which support its use as a complement to other
techniques, as has been clearly shown on several occasions [i]. Therefore
it is the duty of the institute running the reactor to make NAA available to
users in the whole country. This is, however, not successful in all countries
or reactor laboratories. Several NAA laboratories are run in a way that is
far from optimum as regards the needs of the country. One or several of the
following reasons can be identified.

- The NAA group has no motivation to make the technique available to
outside users. The work is academically oriented. The group develops
analytical methods to be published in scientific journals and only runs
its own research projects.

- Co-operation with scientific institutions and industrial enterprises is
limited. The NAA group is not aware of the needs of the country and
the possible counterpart has no knowledge about the possibilities of
using NAA to solve their analytical problems.



There does not exist a mechanism that makes the NAA services avai Lab le
to outside users. The increased use of NAA requires manpower and
instrumentation, the cost of which must somehow be covered.

The laboratory does not have the capability for large scale work.
Delivery time of results is long and only a limited number of samples
can be analyzed annually, because of lack of skill, manpower,
instrumentation or proper procedures. The cost of services may also be
high for this reason.

- The quality of the work is not good enough. The end users of the
analytical data cannot rely on the results and therefore do not use the
NAA services.

NAA is applied to elements and samples for which the techniques are not
optimal compared to available non-nuclear analytical techniques.

The authors feel that the available articles and books on NAA do not deal with
the problems outlined here. In this book the emphasis is not on theory or new
techniques.

Radiochemical NAA is not dealt with because (1) radiochemical NAA, with the
exception of some preirradiation applications, is not economically competitive
with non-nuclear techniques, and (2) description of the numerous chemical
separation techniques and radiochemical laboratory practices would enlarge the
book too much.

This book addresses itself to scientists who are starting with NAA or who are
establishing new NAA laboratories. It is, however, foreseen that it will also
be useful to scientists who have already been working a few years with NAA.



2. PRINCIPLES OF INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS

2.1 HISTORICAL BACKGROUND

Neutron activation analysis (NAA) can be dated to the time of Hevesy and Levi
[2], who published their first report of the method in 1936.

Following the development of nuclear reactors in the 1940s and sodium-iodide
scintillation detectors in the early 1950s, the possibilities for applying NAA
to trace element analysis of samples from many disciplines were recognized.
Early development of NAA was rapid. The invention of high resolution
solid-state Ge(Li) detectors in the 1960s and more recent advancements of
computers and automation during the 1970s aad 1080s have made possible
application of NAA to research studies involving very large numbers of samples.

2.2 CHARACTERISTICS OF NEUTRON ACTIVATION ANALYSIS

Neutron activation analysis has become a mainstay of geochemical and
biochemical trace element research because the technique possesses several
important advantages.

(a) Substantial freedom from systematic errors. The physical processes
involved are well understood. Radioactive growth and decay are
rigorously exponential. The number of energetically possible nuclear
reactions from a given target nuclide is small, and all possible
reactions can be enumerated by inspection of a table of nuclides.
High-resolution gamma-ray spectroscopy affords qualitative
identification of the nuclides present as well as their quantitation.
The density of known gamma-ray lines in energy space is small compared
with the resolution of modern detectors, and not many analytically
important decay gamma rays remain to be discovered. The presence of
possible interferences may often be readily tested when multiple lines
of either component are emitted.

(b) Complementarity to other methods. A different suite of elements is
measurable by using nuclear rather than chemical reactions, and the
detection limits are quantitatively different. Equally important, the
kinds of errors to which nuclear methods are subject are due to
different physical phenomena and are therefore likely to give a
different bias in the results.



(c) Freedom from analytical blank and other problems related to
dissolution. Except for pre-irradiation handling and packaging, there
is no reagent blank in the usual sense. Analytical methods which
require that the analyte be in solution call for chemical laboratory
skills far beyond simple weighing and packaging. With some matrices
(rocks containing complex silicates like chromite or zircon; fatty
animal tissues), it is not easy to assure complete dissolution without
using extreme conditions or multistep chemistry.

(d) Quantitatively known precision. The random process of radioactive
decay gives an a priori estimate of the variation to be expected
between samples. A simple T test shows immediately whether counting
statistics is the limiting factor in precision. The accuracy can be
comparable to the precision at levels well below 1%, even for a
decaying source.

(e) Multi-element capability. Gamma-ray spectroscopy is inherently a
multi.nuclide analytical process, the components of which add linearly.
Radioactive decay adds the dimension of time, which can often act as a
perfect separation chemist to resolve otherwise interfering components
such as Cr-51 and Ti-51.

(f) Sensitivity. Neutron activation analysis has been shown to be
applicable to the analysis of many elements at sub-picogram amounts.
The option of chemical separation after irradiation is often available
for the blank-free removal of interfering radioactivities.

(g) Results are independent of chemical state of elements. Neutron
activation analysis is based on physical phenomena which take place in
the nuclei of elements. As such, the chemical state as defined by the
atomic binding, has no influence on the results. There are no chemical
matrix effects as may occur in analytical techniques based on atomic
properties and changes therein.

These characteristics of nuclear methods have been widely exploited, parti-
cularly in research into trace element analytical methodology. Fifty-six
percent of all published analyses of NBS multielement SRMs have been performed
by nuclear techniques, according to a recent survey [3]. Contemporary trace
element geochemistry, from lunar sample and meteorite analysis [4/s/e] to
mineral exploration, relies heavily on neutron activation analysis. Because
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of its freedom from blank, neutron activation is the most powerful technique
available for the study of contamination in handling and sampling animal
tissues [7/a].

The physical phenomena upon which NAA are based are the properties of the
nucleus, radioactivity, and the interaction of radiation with matter. The
sequence of events during a typical (n,y) reaction are illustrated in
Figure 1.1. When a neutron interacts with a target nucleus by a non-elastic
collision, a compound nucleus is formed in a highly excited state. The high
excitation energy of the compound nucleus 8 MeV on the average, is due to the
high binding energy of the neutron with the nucleus. The lifetime of the
compound nucleus is typically 10 to 10 s. This is long enough
that no traces remain to identify the particular process of formation, but
short enough that the nucleus can undergo a rapid de excitation to a more
stable configuration, in a number of different ways which usually involve
emission of nuclear particles or prompt gamma rays. In most cases, the new
nucleus is radioactive and will further de-excite by emitting decay gamma
rays. The NAA method relies on the measurement of either these characteristic
prompt or decay gamma rays for identifying elements and determining their
amounts present in samples. About 70% of the elements have nuclides
possessing properties suitable for NAA.
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FIG. 1.1. Schematic diagram illustrating the sequence of events for
a typical (n,7) reaction.
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2.2.1 NEUTRONS AND NUCLEAR REACTIONS

There are several types of neutron sources (reactors, accelerators and
radioisotopic neutron emitters), but nuclear reactors with their high fluxes
of neutrons from the fission of U give the most intense irradiations
and, hence, the highest available sensitivities for NAA. Fission-produced
neutrons have energies ranging up to 15 MeV with an average energy of about 2
MeV. Through elastic collisions with moderator nuclei the fission neutrons
rapidly become thermalized creating a broad energy distribution consisting of
three principal components (thermal, epithermal and fast) as shown in Figure
1.2. The neutron energy distributions of different reactors vary considerably
in relation to the type of reactor and between irradiation positions within a
reactor.
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FIG. 1.2. A typical reactor neutron spectrum showing the various
components used to describe neutron energy regions.

The thermal component consists of low-energy neutrons (below 0.5 eV) which
have achieved thermal equilibrium with the atoms in the reactor moderator. At
room temperature the energy spectrum of thermal neutrons can be described by a
Maxwell-Boltzmann distribution with a mean energy of 0.025 eV and a most
probable velocity of 2200 m/s. The flux of thermal neutrons, <p , is
defined as the product of the most probable velocity v and the number density
n of neutrons per unit volume. The upper energy limit is established by a
cadmium foil 1 mm thick, which as a filter passes only those neutrons having
energies above 0.5 eV. A nonresonant capture reaction has a cross section
inversely proportional to the neutron velocity (a "1/v" excitation function).
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The rate of such a reaction is thus proportional to nv/v or the neutron
density, the proportionality constant being conventionally taken as the cross
section at 2200 m/s. Measurements of thermal neutron flux are commonly

59 6Ocarried out with flux monitors of cobalt by the Co(ny) Co
reaction, which has a well-established cross section of 37.1 barns (1 barn =

— 2<4 210 cm ). A typical thermal neutron flux in the core of a
—13 —2 —1one-megawatt research reactor is about 10 ncm s

The epithermal neutrons are those neutrons which have been only partially
moderated. Their distribution can be approximately described by a 1/E slope
beginning above the cadmium threshold and ranging up to about 1 MeV. The
epithermal flux in a typical research reactor is usually about 2 percent of
the thermal flux.

A non-rigorous but commonly used description of the total reaction rate per
target atom for (n,y) reactions induced by both thermal and epithermal
neutrons is given by:

R = (p.. a.. + «> . I .,_.t̂h th ^epi (1)

where
= thermal neutron flux;j.1.tn

= average thermal neutron cross section; and
to . = epithermal neutron flux;epi
th
I = effective resonance integral or epithermal cross section.

Because the cross-section curves for many nuclides are characterized by
numerous resonance peaks in the opithermal neutron region, the effective
resonance integral is defined by the expression:

CO

I = o (E) dE/E (2)
0.5 eV

In general, the thermal and epithermal neutrons in a reactor are the most
widely used for NAA because their fluxes are greatest and the cross sections
for (n,y) reactions are the largest. Thus, neutrons from these energy
regions offer the greatest analytical sensitivity available for NAA.
Although the epithermal neutrons represent only a small fraction of the total
reactor neutrons, they are sometimes useful in NAA for several elements (e.g.,
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Br, Rb, Sr, Mo, Ba, Ta, and U) which have higher relative reaction rates for
épi thermal neutrons than for thermal neutrons. The technique for taking
advantage of those (n,y) reactions with high resonance integrals by
irradiating samples under a cadmium cover to shield out the thermal neutrons
is commonly known as epithermal neutron activation analysis (ENAA). The
reaction rate per atom R for ENAA is given by the expression:

R . = (p . I (3)epi epi

In general, calculation of effective cross sections for epithermal neutrons is
made difficult by the large number of resonance peaks for most nuclides.

1_ 9 8However, the reaction Au(n,) Au which has only a single resonance
peak has been well investigated and its resonance integral is known to be 1550
barns. Therefore, the activity ratio for an infinitely thin gold foil or
gold-alloy wire irradiated with and without cadmium covers is a frequently
used method for measuring epitherroal flux and as a calibration standard to
measure the resonance integrals for other (n,y) reactions. The equation
describing this cadmium ratio (CR) is:

vth öth + "épi1
/ t \(4)

R . <p .1epi T

A tabulation of both thermal neutron cross sections and resonance integrals
for most (n,y) reactions can be found in Table I of the Appendix.

The remaining component of the neutron spectrum from 1 to 15 MeV consists of
the primary fission (or fast) neutrons which still have much of their original
energy following the fission reaction. At high neutron energies the cross
sections for {n,y) reactions are very small and those nuclear reactions
which result in ejecting one or more particles - (n,p), (n,y) and (n,2n)
reactions - become important. All of these reactions are known as threshold
reactions because a minimum neutron energy, E , is necessary for the
reaction to occur. Below E the cross section is zero and above this
threshold the cross section is energy dependent. Because this energy
dependence is not easily described, an average cross section is commonly used
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in calculations. The average cross section for a reaction induced by neutrons
from a U fission neutron spectrum is defined by:

00

cr(E) <p(E) dE
ET

af = ____________ (5)

<p(E) dE
aT

Using this average cross section the reaction rate for a fission
neutron-induced reaction is given by the expression:

R = ö (p (6)

where <p represents the average fission neutron flux.

Measurements of fast neutron fluxes and calibration of cross sections for
threshold reactions are most conveniently made by irradiation of a nickel flux
monitor which has a cross section of 113 millibarns for the Ni(n,p) Co
reaction. Table II of the Appendix contains a compilation of many threshold
reactions of interest in NAA.

2.2.2 ACTIVATION AND DECAY EQUATIONS

In NAA, the count rate, A, of decay gamma rays at the time of measurement
being emitted by a particular radionuclide is dependent on the disintegration
rate, D, at the end of irradiation, which is in turn directly proportional to
the amount of target element present in the sample. The basic equations in
NAA for the activation and decay of a radionuclide with a halflife of
t . are as fol lows:1/2

D = (NWBVM) R [1 - exp(-XT.)] (7)

A = cTD exp(-XT ) (8)
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where
N = Avogadro's number, 6.023 x 10 atoms /mole;
W = weight of element irradiated in grams;
F = fractional abundance of target isotope;
M = atomic weight of element;
R = nuclear reaction rate per nucleus of target isotope;
X = decay constant (In2/t ) of the radioisotope;
F = branching ratio of identifying gamma ray;
e = detector photopeak efficiency;
T. = length of irradiation; and
T. = length of decay following irradiation.a

Under certain irradiation conditions equation (7) can be simplified. For
example, saturation occurs when the value of T. » t , causing the
factor [1 - exp(-XT.)3 to approximate a value of 1. On the other hand, if
the irradiation time is short compared to the half-life, then T. «
t , and the factor [1 - exp(-XT,)] can be reduced to XT..1/2 i i

From equations (7) and (8), it is obvious that improved sensitivity can be
achieved by increasing sample weight, detection efficiency, irradiation time,
and nuclear reaction rate. Relative sensitivities are dependent on the
nuclear properties of individual elements: (a) atomic weight, fractional
isotopic abundance, and neutron reaction cross-section for the stable isotope
of the element being irradiated; and (b) the half-life and decay scheme for
the radioisotope being measured.

Prompt gamma rays are also being used for NAA at reactors which have external
neutron beam facilities designed to permit simultaneous irradiation and
counting of samples. The method is useful for elements with extremely high
cross-sections or which do not produce nuclides that are radioactive after
irradiation (e.g., H, B, Cd, Sm and Gd) . In prompt gamma neutron activation
analysis (PGNAA, section 6.2.), the activation equation (7) is continuously at
saturation so the count rates for prompt gamma rays are constant during
irradiation.

Among the tasks of anyone engaged in the application of NAA are the
identification and quantification of gamma-rays in a collected spectrum.
Occasionally, there is a need to correct the desired gamma ray for
contributions from an interfering one. To facilitate these tasks a number of
tables useful to gamma-ray spectroscopists have been included in the
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Appendix. These tables include: Table Til - a listing of radioisotopes,
production modes, half-lives, gamma- ray energies and gatrana-ray abundances;
Tables IV and V - which list the gamma rays according to their increasing
energies for short and long-lived nuclides, respectively; Tables VI, Vli and
VIII - present listings of gamma rays recommended for analysis and their most
common interferences.

2.2.3 INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS

With the uso of automated sample handling, gamma-ray spectrum measurement with
solid-state detectors, and computerized data processing it is often possible
to measure more than thirty elements without chemical separations. This
application of purely instrumental procedures for trace element analysis is
frequently called instrumental neutron activation analysis (INAA).

The concentrations of trace elements in a sample can be calculated with
equations (7) and (8) provided the reaction rates, detector efficiency curve,
halflives, and decay schemes of the radionuclides are known. The reaction
rates can be determined by measuring the neutron fluxes with monitor elements
such as Co, Au, or Ni which are co-irradiated with the samples. If the
nuclear parameters are precisely known, then this so called "parametric" or
"absolute" method of NAA can yield accurate concentrations for elements in the
sample. In practice, however, uncertainties in the nuclear parameters can
easily affect the accuracy for determining the concentration of an element of
interest.

In ideal cases where irradiation conditions do not change with time, a
variation of the parametric method called the "semi-absolute" method may be
used. Calibration coefficients are determined experimentally for all elements
of interest by irradiating elemental standards at one time. The analyst
relies on the constancy of the determined coefficients for subsequent
irradiations and analysis of samples. The accuracy of the method is only
limited by the long-term stability of the reactor. However, there is no
positive control of individual irradiations and the accuracy of analytical
results obtained by the semi-absolute method is difficult to establish.

The most common approach to NAA is the "comparator" method, which is generally
accepted as the most accurate way to quantify element concentrations. In this
method, samples are irradiated simultaneously with standards containing known
amounts of the element(s). After irradiation, both samples and standards are
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measured under identical geometrical conditions with the same detector. This
procedure eliminates uncertainties in the nuclear parameters, detector
efficiencies, etc. and reduces the NAA equation for each element to its
simplest form:

W A exp(+XT )s s * Ds

W , A L expC+X-T .)st st r Dst

where
W = weight of element being sought in the sample;S
W = weight of the element in the standard;st
D = disintegration rate at the end of irradiation for radioisotope

measured ; and
D = disintegration rate in the standard at the end of irradiation.

In the multi-elemental analysis of a sample, the comparator method requires a
large numher of individual elemental standards or use of a well-characterized
multi-element standard. Preparation and irradiation of individual standards
for each element are time-consuming and expensive; and the use of reference
materials is not always practical because of the limited accuracy for certain
elements or the differences between sample and standard matrices. As a
result, the k -method of standardization [ 9, 10 ] has gained popularity ino
recent years.

In the k -method, a composite nuclear constant is used, the k -factor,o o
which contains the nuclear parameters for the element of interest, ratioed
with the nuclear parameters for a single comparator element such as gold. By
measuring the activities of the radioisotopes in the sample, the activity of
the gold comparator, detector efficiencies and neutron fluxes and applying the
k -factors, the element concentrations for most elements can be calculatedo
with reasonably good accuracy.

2.3 SENSITIVITIES AVAILABLE WITH NAA

The sensitivities for NAA are primarily dependent on the nuclear parameters
and reactor neutron fluxes as mentioned earlier. Table 1.1 lists approximate
sensitivities for determination of elements in interference free spectra by
using neutrons from a typical research reactor.
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TABLE 1 1 DETECTION LIMITS FOR NAA WITH DECAY GAMMA RAYS
USING A FLUX OF 0lh = 1CT13 n-cm^-s'1 [10]

Sensitivity Elements

(pg)
1 Dy, Eu

1 - 1 0 Mn, In, Lu
10 - 102 Co, Rh, lr, Br, Sm, Ho, Re, flu

102 -- 103 Wa, Go, Sr, 1Mb, Sb, Cs, La, Yb, U, Ar, V, Cu, Ga,
rts, Pd, Ag, I, Pr, W
Al, Cl, K, Se, Se, Kr
Rb, Cd, Te, Ba, Tb, Hf, Ta, Os, Pt, Th

103 - 104 Al, Cl, K, Se, Se, Kr, Y, Ru, Gd, Tm, Hg, Si, Ni,

104 105 P, Ti, Zn, Mo, Sn, Xe, Ce, l\)d, Mg, Ça, 11, Bi
105 - 106 F-, Cr, Zr, l\le

107 S, Pb, Fe

The sensitivity, accuracy, and simplicity of NAA have preserved its role as
one of the most important "work-horse" techniques for a vast amount of
analytical work. Application of NAA is so widespread that it can be
reasonably estimated that several hundreds of thousands of samples are being
analyzed by NAA each year in areas as diverse as: archaeology, biology,
environmental studies, geochemistry, semi-conductor materials, and forensic
applications. For greater detail about the basic theory of NAA and
radiochemistry in general the interested reader should refer to the works
listed in Chapter 11.
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3. POTENTIAL APPLICATIONS OF ECONOMIC AND SOCIAL IMPORTANCE

3.1. MAJOR APPLICATIONS

During the past decades, bi-annual review articles have been published
[11/12/13/14/1S/16/] with new developments and applications of nuclear
techniques, including activation analysis. In their article ,'Nuclear and
Radiochemical Analysis lie], Ehmann and Yates give recent (1985-1987)
references on application of INAA in:

Archaeology (bone, ceramics, pottery, glass, jewelry, coins, metal
sculpture, paintings, raw materials, clays, soils);

Environmental science and related fields (animals, birds, insects,
fish, atmosphere, dust, aerosols, food, crops, ground water, rain,
melanins, plants, trees, seaweed, algae, tobacco);

Forensics (shooter identification, shotgun pellets);

Geology and geochemistry (fossil fuels, coal, coal products, petroleum,
meteorites, minerals, ocean nodules, rocks, sediments, soils, glacial
till);

Industrial products and applications (electronic materials,
fertilizers, fissile material detection, high purity materials,
municipal waste, pharmaceutical products);

Medicine, human tissue, dental specimens (blood, bone, brain, colon,
dental fillings, fetus, hair, liver, lung, mineral availability,
muscle, nails, placenta, urinary stones, urine);

Also in the survey articles on the status of activation analysis in Europe and
the Americas [i7/ie] many examples of applications of INAA and corresponding
references can be found.

INAA is not always the most appropriate technique for all these applied
fields. As an example, in particular in the medical and biological sciences
trace element concentrations might be so low that sometimes the ultimate is
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asked of the technique with respect to sensitivity and control of sources of
errors. For these applications, often other analytical methods may be
preferred, like RNAA (Radiochemical Neutron Activation Analysis) or ICPMS
(Inductively Coupled Plasma Emission Mass Spectroscopy).

In general, INAA may be the first choice for materials from the applied fields

which are difficult to convert into a solution for analysis, e.g., via
AAS or ICPMS; and/or

- of which only milligram quantities are available.

It has been one of our starting points that the the scientific and technical
community of a country might benefit from a NAA laboratory when it applies
itself to problems which are of economical and social importance. Therefore,
geochemistry and mineral exploration and environmental control have been
selected to be discussed in the next chapters as major applications for INAA.

3.1.1. GEOCHEMISTRY AND MINERAL EXPLORATION

One of the major applications of the INAA technique has been and will continue
to be in the field of geochemistry. There are three major groups of "users"
of the INAA technique within the geochemistry group, each with different
requirements. These subgroups are university researchers, government
geological surveys and the mineral exploration industry. Each of these users
has different requirements of the INAA technique which can be basically
subdivided into three categories, price, turnaround time and quality of data.
A number of background books or review articles are available on the
applications of INAA to the geosciences [19/5/6/20/21].

A) UNIVERSITY

The university researcher generally wants the highest quality data but is
still concerned with price (because of limited research funds). Turn-around
time appears to be of the least importance. The research efforts of this
group are devoted to solving petrogenetic problems using trace element
geochemistry. The major application is the analysis of rare earth elements by
INAA [22/23/24] and subsequent plotting of chondrite normalized diagrams
[25/6/26]. Other trace elements which are generally considered immobile
under geochemical alteration processes are also analyzed by INAA. Some of
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these elements include Se, Hf, Ta, Th and Cs. The INAA techniques provide the
reseacher with an analytical technique to detect these elements at background
levels in most rock types.

Typical multi-element TNAA groupings of elements are a compromise between
detecting many elements versus obtaining the best possible detection limits
for a particular element. An example of a compromise list of elements and
detection limits achievable for most rock materials is shown in table 3.1.

TABLE 3.1. TYPICAL DETECTION LIMITS ACHIEVABLE ON A 1 GRAM SAMPLE SIZE OF ROCK
POWDER WITH A ONE HOUR THERMAL IRRADIATION, (5 X 10'2 n-cnT2^-') DECAY
OF 7 DAYS AND A 2000 SECOND COUNT TIME ON A HIGH RESOLUTION GERMANIUM
DETECTOR (EFFICIENCY: 12%) [27]

ELEMENT DETECTION

Ag
As
Au
Ba
Br
Ca
Co
Cr
Cs
Fe
Hf
RARE
Sc
La
Ce
Nd
Sm
Eu

2
1
2
20
0
0
0
0
0
50
0

.5

.2

.1

.5

.2

.2

LIMIT
PPM
PPM
PPB
PPM
PPM
%

PPM
PPM
PPM
PPM
PPM

ELEMENT

Ir
Mo
Na
Ni
Rb
Sb
Se
Sr
Ta
W
Zn

DETECTION

1
2
10
50
10
0.
0.

100
0.
1
10

1
5
5

LIMIT

PPB
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM

EARTHS AND ACTINIDES.
0
0
1
3
0
0

.01

.1

.01

.05

PPM
PPM
PPM
PPM
PPM
PPM

Tb
Yb
Lu
U
Th

0.
0.
0.
0.
0.

1
05
01
1
2

PPM
PPM
PPM
PPM
PPM

Analysis of all the platinum group elements (PGE) by using a nickel sulphide
fire assay collection followed by INAA has increased rapidly over the last ten
years. Many of the applications of PGE analysis relate to research into the
mode of formation of platinum deposits and related nickel deposits. Some of
the PGE methods [23/29/30] use a fire assay preconcentration process as a
means of separating the PGE from the rock matrix and thus enable a lowering of
sensitivity.

Detection limits for the PGE are in the low ppb to sub-ppb range. Other
elements which are analyzed by sister techniques of INAA include boron
determination by prompt gamma analysis [31] and uranium analysis by delayed
neutron counting techniques described in Chapter 6.
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Finally, the last major use of the INAA technique by the university subgroup
would be for the multi-element capability where the researcher can obtain data
on as many as 47 elements with several irradiation and count periods using
thermal [23/32/33] or epithermal irradiation [34/35] and in some cases
measurements with both a coaxial and a low-energy photon detector [34/36/37].
Examples of obtainable detection limits are given in Tables 3.2 and 3.3. The
detection limits in Tables 3.1 and 3.2, 3.3 are not necessarily comparable
because the definitions of detection limit vary and are not stated here. For
that the reader should go to the references. The multielement capability is

TABLE 3.2. DETECTION LIMITS OF 31 ELEMENTS IN ROCKS DETERMINED
BY INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS [21]

Element Detection limit
(ppm)

Element Detection limit
(ppm)

Na
Al
K
Ca
Sc
Cr
Ti
V
Mn
Fe
Ni
Co
Rb
Zr
Sb
Cs

90
300
3000
105

0.06
5

6000
30
10
350
15
0.3
20
200
0.2
0.4

Ba
La
Ce
Nd
Sm
Eu
Gd
Tb
Dy
Yb
Lu
Hf
Ta
Th
U

160
0.5
2
5

0.06
0.05

4
0.05
0.3

0.07
0.2
0.6

0.02
0.4
0.5

TABLE 3.3. DETECTION LIMITS FOR 25 ELEMENTS IN ROCKS DETERMINED
BY INSTRUMENTAL EPITHERMAL NEUTRON ACTIVATION ANALYSIS
OF TILL. SAMPLES ARE MEASURED FOUR DAYS AFTER IRRADIATION [35]

Element Detection limit
(ppm)

Element Detection limit
(ppm)

Na
Sc
Cr
Fe
Co
Ni
Zn
AS
Br
Rb
MoASSn

250
0.5
40

2500
2.5
40
100
1

0,6
15
1.5
3

100

Sb
Cs
Ba
La
Sm
Eu
Lu
Ta
W
Au
Th
U

0.1
0.6
80
1.5

0.05
2

0.05
0.5
2

0.003
0.4
0.3
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very advantageous When the amount of sample material available (i.e., lunar
samples, meteorites or separated minerals) is limited. The INAA techniques
also complement the XRF and 1CP techniques in the elements that can be
obtained and the sensitivities required for geological purposes. Although
there are instances when it may be possible to obtain data on most of the
major elements by INAA it will be much cheaper to obtain the same data using
the XRF or TCP techniques if available.

B) MINERAL EXPLORATION

The extent of usage of the INAA technique by the mineral industry is directly
a function of what element or group of elements this group is exploring for
and the sensitivity of that element to the TNAA technique. Of primary
importance to this group is turn-around time or how quickly they can get
analytical results. The reason for requiring this fast turn-around is that
planning of future exploration is frequently determined by analytical results
and it becomes very expensive to have men and equipment sitting idle while
waiting for results from the laboratory. To be successful in serving this
market it is important to understand the concerns of the geologist and the
geochemical behaviour of the element being analyzed. At present 80% of all
exploration effort worldwide is devoted to finding gold deposits. Gold
frequently occurs very inhomogeneously distributed in most geological
materials. In rocks, for example, gold may occur as discrete native gold
particles. It is therefore important to take an adequately large analytical
sample for analysis to obtain a representative result [ss]. This could
require modification of irradiation facilities if possible. Samples as large
as 1 kilogram have been analyzed by TNAA for gold by commercial activation
laboratories but the largest samp]es analyzed recorded in literature are 500g
[39]. In some kinds of sediment samples gold can be homogeneously
distributed. The sensitivity of gold by INAA is generally unrivalled by other
analytical techniques in many matrices. Sometimes however, a preconcentration
technique like fire assay [io/4i] may also be applied to separate the
element from its matrix which may cause interference.

Biogeochemical samples (vegetation or decaying vegetation) provides an
excellent sample media for location of mineral deposits like gold [42]. The
sample media, being primarily organic, is very amenable to the TNAA technique
and allows detection of up to 35 elements simultaneously (Table 3.4.) with
detection limits of as low as 0.1 ppb gold [43]. This type of analysis and
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TABLE 3.4. DETECTION LIMITS BY INAA ON VEGETATION BY IRRADIATION
OF 30 GRAMS OF MATERIAL AT A FLUX OF 5 X 1012 n-cm"2-s"' FOR
30 MINUTES WITH A COUNTING TIME OF 500 SECONDS AFTER A DECAY OF
6 DAYS

ELEMENT DETECTION LIMIT

Au
Ag
As
Ba
Br
Ca
Co
Cr
Cs
Fe
Hf
HgIr
K
Mo
Na
Ni

0.
0.
0.
5
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
5

1
3
01
01
01
1
3
05
005
05
05
1
001
05
5

PPB
PPM
PPM
PPM
PPM
%

PPM
PPM
PPM
%

PPM
PPM
PPB
%

PPM
PPM
PPM

ELEMENT DETECTION LIMIT

Rb
Sb
Sc
Se
Sr
Ta
Th
U
W
Zn
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu

1
0.005
0.01
0.1
10
0.05
0.1
0.01
0.05
2
0.01
0.1
0.3
0.001
0.05
0.1
0.005
0.001

PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM
PPM

that of humus (decaying vegetation) has proven very popular and has been very
successful in locating gold deposits.

Heavy mineral concentrates from drilling of overburden and from stream
sediments also provide a unique opportunity for the INAA technique. These
samples are very expensive to collect and yield very little sample material.
Analysis of the entire sample by INAA by a non-destructive method allows
maximum use of a limited amount of sample material when in a multi-element
mode. It is generally not desirable to split the sample for analysis because
of the previously mentioned problem [44/45] of gold nugget inhomogeneity in
this type of material.

The primary metals of importance to the mineral exploration geologist which
can be analyzed best by INAA as compared to other competitive analytical
methods include gold and pathfinder elements like arsenic, antimony, and
tungsten, the platinum group elements, tantalum, thorium, scandium, cesium,
uranium, and the rare earth elements. In many instances the exploration
geologist is only interested in one element, however, the increasing use of
microcomputers has increased the usage of multi-clement data and as the
geologist develops applications for the multi-element data the advantage of
using INAA will be enhanced over single-element techniques like atomic
absorption. A single geochemical type survey may generate thousands of
samples for analysis. The samples must be analyzed rapidly and at low cost.
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Accuracy and precision are not as important because the mining exploration
companies are interested more in anomalies rather than absolute values. In
simple terms the mineral exploratlonist's main interest is not in whether the
sample contains 2 or 3 ppb gold but whether it is 2, 20 or 200 ppb. This
class of lower precision analytical requirements are termed geochemical
analyses (+30%) as opposed to the higher cost assay analyses (+-5% or better).

C) GOVERNMENT

This market sector is a hybrid of the university and mineral exploration
groups. In many instances, high quality assay analyses are required for
elements like rare earths while in other circumstances large volume regional
survey goals are to obtain large amounts of multi-element data as cheaply as
possible [40]. Turnaround time with this group is not as critical as with
the mineral exploration sector. Many national geological surveys wiJi tend to
have their own analytical instrumentation and generally the best people to
talk to are the end users, not the analyst.

3.1.2. ENVIRONMENTAL MEASUREMENTS

Instrumental neutron activation analysis (INAA) is very well suited for
application in environmental research and monitoring. It has been discussed
extensively in the literature [47/48/49/50/51/52] and at meetings such as
the IAEA symposium 'Measurement, Detection and Control of Environmental
Pollutants' [sa] and the series of conferences on 'Nuclear Methods in
Environmental and Energy Research1, organized by the American Nuclear Society.
At one of these conferences Steinnes [54] stressed the importance of nuclear
analytical techniques in environmental research along with other techniques
such as atomic absorption spectroscopy and emission spectroscopy. Tn this
respect, INAA offers multi-element capability, a high sensitivity for many
relevant elements and a high accuracy for many sample types.

The large number of elements determined simultaneously in an INAA procedure is
becoming increasingly important for many environmental applications. As it is
often unknown beforehand which elements are matter of environmental concern in
a certain area, a 'broad spectrum' analysis covering a large part of the
periodic table is of major importance for environmental monitoring. The
elements determined include most of the relevant potentially toxic elements
which actually determine if and to what extent an environmental problem
occurs. Exceptions are Be, Tl, Pb and, in some materials, Cd. Many other
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elements are not directly of environmental interest, but may play an essential
role in the identification of l.he nature and origin of the sources of the
toxic elements [ss]. A variety of statistical interpretation methods have
been described [se/s //se/sa/eo/ei/ea/es/eo/es], which can be fruitfully
applied in this.

The sensitivity of INAA is lower than achievable by radiochemical NAA and for
certain elements with other analytical techniques like the ones mentioned
above, but many toxic elements can be determined in the environment far below
detrimental concentration levels. Increases of heavy metal concentration
levels can therefore be observed, and the necessary measures be taken, long
before they have developed into an acute environmental problem.

Another favourable characteristic of INAA is the low risk of contamination or
element loss. This is especially important as the concentrations of interest
in environmental samples are mostly in the ppb to ppm-range. Equally important
is the lack of matrix effects for a large variety of sample types; it makes it
possible to obtain absolute and directly comparable concentration values for
strongly differing materials such as surface water, air particulate matter,
human and animal tissues, plant materials and soils. Moreover, the absence of
a destruction step or chemical separation contributes favourably to the
well-established high degree of accuracy of TNAA.

Often large numbers of samples have to be analyzed, and the sample matrix may
vary strongly when focusing on different parts of an ecosystem. Here again
the non-destructive character of the technique favors the applicability, as
laborious dissolution steps, varying from one sample type to another, can be
avoided.

Useful applications of INAA in the fields of environmental monitoring and
research can be found in :

* Atmospheric Pollution tee]

Examples of these studies deal with long-distance transport [ej/ea/ea],
precipitation, source identification [62/63/64/?o], impacts of industrial
activities [71/72/73]. Sample types involved vary from air particulate
matter (sometimes even size-fractionated [74/75]) and wet or dry deposition
[7e] to mosses [77/78] and lichens [es/79/63] used as biological
indicators. In some of these studies also analyses of soils is included to
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determine enrichment factors, and materials from known anthropogenic sources
of pollution to determine inter-element relationships.

* Industrial Waste

The analysis of samples of industrial wastes usually is part of a broader
study of the impact of these wastes on an ecosystem. Examples are ashes from
refuse incinerators [so], coal-burning plants (fly-ash) [si/sa/es/ai/ as],
(heavy) metal works [se/s?], and smelters [as]. In this area of
application the non-destructive character of TNAA can fully be exploited.

* Soils and Sediments

The analysis of sewage sludge [89/90/91/92/93/94] has also to be consi-
dered. These studies are not restricted to polluted areas. From trace-element
data of -materials from 'unspoiled' areas [95/96], more insight is gained on
the degree or elevated concentrations in suspected polluted areas [97].

* Plants, Man, Animal

Almost all environmental studies deal with the impact of pollution on living
organisms. Whereas plant material can relatively easily be sampled
[98/99/100] ,for man and animal, biological indicators like hair
[101/102/103/104], blood [los/ioe], nails [107], urine [ioa], and
eventually tissues [109/110] have to be sampled. For these samples INAA is
useful to a large extent [in], but sometimes other techniques like
radiochemical NAA, have to be preferred because of sensitivity or interfer-
ences [112] .

* Aquatic Envi ronment

INAA can be applied to a number of materials from the aquatic environment,
such as aquatic water plants [113/114], fish, mollusc [iis/iie] and
sediments [117/118/119]. For water analysis - although applications of INAA
have been reported [120/121/122], with or without preconcentration
techniques [i23/i?4/i2s/i26/i27/i28/i29] - other analytical techniques may
offer better characteristics, and, if accessible, have to be preferred [77].

One of the drawbacks of INAA, sometimes mentioned when considering its use in
a monitoring program, is its relatively long turn-around time, when compared
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to other analytical techniques. Indeed, sometimes a 3 or 4-week decay period
is required to obtain highest sensitivity. However, many elements can often
be determined with adequate sensitivity after shorter decay times. Moreover,
INAA with short-half life nuclides may also provide a very rapid answer. The
other drawback of INAA, especially when environmental studies are involved, is
its inadequacy of determining lead - often one of the prime elements of
interest in pollution studies.

It is the expectation that because of its characteristics, INAA will remain a
method of choice for many types of environmental samples. As the types of
problems are often complex, and sample matrices may be varying, more
satisfactory results and sensitivities can be expected when attacking these
problems with INAA in combination with other analytical techniques [77/130].
For almost all application areas reference materials are available, thus
enabling adequate quality assesment of the analysis procedure.

3.2. OTHER APPLICATIONS

MEDICAL, NUTFt'i'lONAL AND OCCUPATIONAL HEALTH APPLICATIONS

The use of NAA for the analysis of biological samples is widespread, and is
well documented in review articles and books [131/132/133] and in conference
proceedings [134/135/136], The excellent sensitivity of NAA for determining
many biochemically important elements has made it an important contributor to
research into the roles of inorganic elements in nutrition, physiology,
pathology, and toxicology. Because INAA inherently free of analytical blank,
it has been the technique of choice in studying the problems of sampling this
difficult group of materials [s/ia?]. As many as thirty elements can be
determined instrumentally in plants, animal tissue, or diet samples. In many
cases the use of radiochemistry increases the number of measurable elements
and improves the detection limits of most by many orders of magnitude, but at
a commensurate increase in the cost of analysis.

MATERIALS SCIENCE

The importance of trace analysis in characterizing high-technology materials
like semiconductors and ceramics is becoming appreciated. Electrical
properties of metals, semiconductors, and insulators, and the mechanical and
thermal properties of graphite and ceramics are affected by many trace
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impurities. Electronics encapsulants, catalytic substrates, crucibles,
medical implants, and laboratory ware need to be free of contaminants that may
compromise their use. Materials of current interest include carbon, aluminum,
silicon, germanium, alumina, silica, zirconia, silicon nitride, silicon
carbide, and carbon and silicon-based polymers.

Some of these materials are extremely difficult to dissolve, limiting the
application of analytical techniques that rely on the sample being in
solution. Some that are excellent insulators are difficult to study with
electron or ion-bombardment methods because of substrate charging. The
nondestructive nature of INAA is of advantage in the analysis of these
materials. With no chemistry needed before irradiation, there is less concern
with contamination than with most chemical methods. Most of these materials
are made of elements which do not activate strongly with thermal neutrons or
produce only short-lived activity, so trace analysis can often be performed
down to very low concentrations. For example, the analysis of 'pure1 rhodium
metal is easy since the rhodium nuclides produced on irradiation decay quickly
to allow the measurement of the other platinum group elements in nanogram
concentrations.

NAA is used to monitor the level of electrically conducting impurities such as
Au, Na, Cu, As, Ca and W in silicon ingots and wafers [139]. Many other
elements, both impurities and dopants have been analyzed in silicon and other
materials used in semiconductor manufacturing [139/140/141].

FORENSIC APPLICATIONS

INAA and RNAA have been successfully applied to investigate samples from
forensic laboratories. In review articles [142/143/144] a variety of
examples of such analyses and work is given. In most cases trace element
concentration patterns are being used to establish whether there is a link
between a suspect and physical evidence found at the scene of a crime. For
instance, it can be determined whether a suspect has fired a weapon recently
by searching for Ba and Sb in gunshot residues on the hands. Lead bullets or
shotshell pellets can be fingerprinted by their content of deliberately added
Sb and their pattern of As, Cu, Ag and other trace elements. But the sample
variety may be much larger than gunshot residues: glass, paint, hair, metal,
paper etc. Not only does each of these materials present its own difficulty
and concern in analysis [143], but also it should be noted that sometimes
only very small amounts of material are available which also have to be kept
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intact to serve as a court evidence. High demands are set to accuracy,
precision and statistical interpretation of results.

Forensic application of INAA can be regarded as an interesting application;
the laboratory may gain general respect and may demonstrate the social benefit
of the technique. However, the number of samples to be analysed and the
extent of work is usually limited and irregular, and this application can
therefore be regarded as an optional side-activity of the laboratory.

ART AND ARCHAEOLOGY

"Fingerprinting" by elemental composition patterns is a well-established
technique for l.he identification of pottery, stone, and metal artifacts.
Applications have been made to the authentication of works of art and studies
of material sources, manufacturing methods, and trading routes [its]. INAA
is an important contributor to this work because it provides a useful set of
elements (twenty to thirty in mineral materials) and is well-suited to the
nondestructive analysis of large numbers of small samples.

Another application is the determination of the silver content of silver
coins. Because of inhomogeneity and corrosion the analysis of the whole coin
by INAA is often the only reliable way to do it [i4e]. The composition of
copper and bronze objects can also conveniently be determined by NAA [147].

ACTIVABLE STABLE TRACERS

Activable stable tracers are used as alternatives to radiotracers where it
would be unacceptable to use radioactivity, i.e., in the environment, in
humans or in countries where legislative practices prevent it. The reason for
using a stable tracer can also be that no radioactive tracer of suitable
half-life exist. The purpose of the stable tracer is to provide an easily
activated material, which is not found in the material to be studied and which
is very sensitive to determination by NAA. Any suitable element may be used
as tracer, preferably one which produces nuclides with a short half-life (for
rapid irradiation and counting) and with a high sensitivity for activation.
Gilat has reviewed the industrial applications of activable tracers [i4s].

An example of the use of a stable tracer is to measure the effectiveness of a
spraying machine in agricultural use for treating crops with pesticides. A
suitable element is dysprosium which is relatively rare in the environment,
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has a radionuclide with a half-life of 1.6 min which can be detected down to
10 ng. Stable tracers are also used in medical studies, for example to follow
the absorption of iron through the human gut. In this case an enriched
isotope, Fe-58, is fed in the diet and then the Fe 58 collected in the faeces
is activated for analysis. In the study of water flow in lakes or the sea,
indium has been favourably used as an activable tracer. When long transport
distances over long time intervals need to be studied the use of a stable
tracer is preferred over the use of a radioactive tracer, because of the high
initial activity of a long-lived radionuclide needed.
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4. IRRADIATION FACILITIES

4.1 RESEAKCH REACTOR TYPES

The research reactor is the most widely used source of neutrons for TNAA,
particularly with respect to the number of samples processed and the number of
elemental analyses performed.

Five general types of research reactors are described: Slowpoke, Argonaut,
TR1GA, Pool, and Heavy Water. Within each group there are variations in
design and power level. Furthermore, the groups are not mutually exclusive
and overlap in some respect, e.g., TRIGA reactors are of the Pool type. In
this publication, the research reactor types are categorized as follows:

1. Manufacturer's designations are used for the types of reactors for
which large numbers were produced and the terminology widely
understood, i.e., Argonaut, TRIGA, Slowpoke.

2. Heavy water moderated research reactors are designated as Heavy Water
reactors. This class of reactors are usually heavy water reflected.
The coolant may be either heavy or light water.

3. Pool reactors include a wide variety and variation of reactors. The
characteristics of this class of reactors as described below are
limited to plate type fueled reactors, light water cooled and moderated
and of the swimming pool type.

The data presented for each reactor type are average values or a range of
values as reported by different reactor owners [149]. These data should be
viewed as only approximate values that would vary depending on the specific
design of the reactor. Most research reactors are of the multipurpose type
while others are designated for specific purposes such as fuel and materials
testing, radioisotope production, neutron beam research or INAA. Therefore,
within any type of reactor, wide variations in performance parameters could be
possible. In addition, a research reactor converting from highly enriched
uranium fuel to low enriched fuel with changes in core configuration will have
a hardening of the neutron spectrum and a reduction in the maximum thermal
flux of about 15%.
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The following information on the different reactor types have been extracted
from reports from reactor operators.

SLOWPOKE REACTOR

The Slowpoke is a low cost, low power reactor of the tank-in-pool type. It is
beryllium reflected with a very low critical mass and provides neutron fluxes
higher than available from small accelerators or radioactive sources. Most
Slowpokes are rated at a nominal 20 kW although operation at higher power for
shorter durations is possible. A Chinese version of the Slowpoke, designated
the Miniature Neutron Source Reactor (MNSR), is nominally rated at 27 kW with
similar characteristics and performance.

Up to 10 irradiation tubes may be installed in the reactor vessel, 5
3 3inner (7 cm capsules) and 5 outer (27 cm capsules). The maximum

available thermal flux at the inner tube is in the order of 1 x 10
n/cm /s.

2Power Maximum Flux (n/cm /s)
20 kW inner site 1 x 1012 (thermal) 1.8 x 1011 (fast)

outer site 5.8 x 10 (thermal)
Irradiation System
Inner Site (small capsule) diameter: 1.58 cm

length: 5.4 cm
capsule volume: 7 cm3

Outer Site (large capsule) diameter: 2.9 cm
length: 5.4 cm

capsule volume: 27 cm3

ARGONAUT REACTOR

Argonaut reactors operate at power levels between 2 watts and 300 kW. Most
operating Argonauts are rated at 100 kW. These reactors are graphite
reflected, light water moderated and cooled and operate with high enriched
uranium fuel. A variety of core configurations are possible ranging from one
slab, two slabs (arc or straight slab) or annular core depending on the design
and intended use:
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Power Maximum Flux (n/cm /s)
100 kW 1.3 - 2 x 1012 (thermal) 2.6 - 4.8 x 1012 (fast)
Research Facilities Neutron flux (thermal/fast) Gamma dose rate

(c/cm /s) rad/hr
Face of Core 2 x 109/2 x 107
Beam Ports 1-2 x 108/l-2 x 10? 104

12 11Pneumatic System 1-1.5 x 10 /0.4-2 x 10
Thermal Column 2 x lO11/* x 108

TRIGA RKACTORS

TRIGA reactors are a popular multi-purpose type with about 50 currently
operating. They range in power levels from 18 kW to 3 MW with 250 kW and 1 MW
being the most common operating levels. One special purpose test reactor is
rated at 14 MW. These reactors operate with uranium-zirconium hydride
homogeneous solid fuel with enrichment of either 107» or 70%. The reactors are
light water cooled, graphite reflected and of the pool type. Most TRIGA
reactors are capable of operating in the pulse mode and most have a rotary
specimen rack (called Lazy Susan) containing 40 irradiation positions between
the core and the reflector.

Power Maximum Neutron Flux (n/cm2/s)
250 kW 0.5 - 1 x 1013 (thermal) 0.7 - 1.4 x 1013 (fast)

Research Facilities Neutron Flux (thermal/fast) Gamma Dose Rate
(n/cm /s) (rad/hr)

Beam Ports 1 x 10 /l x 10
Pneumatic System In Core 2.5-4.3 x 1012/3.5-5 x 1012
1.5 x 104-5 x 107
Lazy Susan 1.8 x 1012/1.5 x 1012 4 x 103

POOL RKACTORS

This is the most numerous of the five reactor types described. The large
variations in design make it difficult to reflect a standard. They operate
with plate type fuel in a rectangular configuration, usually highly enriched
uranium fuel, in a swimming pool. They may be forced cooled (power > 100 kW)
or cooled by natural convection of light water. They may be water reflected
or reflected by graphite (the majority) or by beryllium or by heavy water
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tanks or one or more sides. The operating power ranges from a few watts to
several tens of megawatts.

Although most reactors in this category operate with rectangular cores (Plan
view) several operate with different configurations. Pool reactors offer many
possibilities for configuring the core for performance or economy reasons by
moving or removing one or more fuel elements or reflector elements.

Power
10 kW
100 kW
1000 kW
2000 kW
5000 kW
Research Facilities

Pool
10 kW
2000 kW

Pneumatic System
100 kW
1000 kW
2000 kW
5000 kW
Beam Ports
10 kW
100 kW
2000 kW
2000 kW

Max Neutron Flux (n/cm /s)
4.3 x 1011 (thermal)
1.4 x 1012 (thermal)

.131.4 x 10 (thermal
.131.4 - 3 x 10 (thermal)

1.4 x 1014 (thermal)
Neutron Flux (thermal/fast}

(n/cm2/5)

4.6 x 1010/5.1 x 10*
1.3 - 4.5 x 1013/1 x 1012

1.2 x 1012/2 x 1011
2.0 x 1012/5.0 x 1011
1.4 x 1012/1.0 - 1.5 x 1012

14
1 X 10

1.25 x 10ll/4.8 x 1010
2.1 x 108/2.3 x 107
1.0 x 108/1.0 x 107

1.0 x lo'/l.O x 10*

112.6 x 10 (fast)
3.5 x 1011 (fast)

.13 (fast)
.13

3.8 x 10
1 - 3 x 1013 (fast)

Gamma dose rate
(rad/hr)

10"

5 x 10
5 x 10

core contact
beam exit
beam exit 1 x 10
1 x 104

HEAVY WATER REACTORS

This type of reactor, as a group, are rated at higher power levels than the
others, usually between 10 and 26 MW. They are tank types using highly
enriched uranium fuel, heavy water moderated and cooled and heavy water and
graphite reflected. They are characterized as having well thermalized neutron
flux and large available irradiation volumes. The following data on a 10 MW
Heavy Water Reactor characterise this class of reactors.
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Neutron Flux (n/em /_s) Average/Maximum (thermal)

Average/Maximum (fast)
1.0 x 1014/1.7 x 1014

Pneumatic System
6.0 x 1013/5.0 x 1013

Reflector Position
3.0 x 1013/5.0 x 1013

Beam Ports
1.0 x 1012/5 x 1013

1.0 x 1014/1.5 x 1014

Gamma Dose Rate (rads/hr)

Pneumatic System
Reflector Position

9 x 10
3 x 10;

8

4.2 SAMPLE ENCAPSULATION

In NAA each sample has to be irradiated and measured in a container of its
own. The container has the following requirements:

The size has to correspond to required sample size and size of irradiation
position.

The -material has to sustain the conditions in the irradiation position for the
time needed for the irradiation. It has to stand the effects of radiation,
heat and mechanical impact. A gamma dose rate of 10* Rad/h corresponds to
a temperature of 80 C in the sample. Data for the gamma dose rate in
different reactor types and irradiation sites can be found in chapter 4.1.
When analyzing volatile compounds the container should also be hermetically
scalable and sustain high pressure in some cases.

No interfering activities should be induced in the capsule during
irradiation. In many cases the sample is irradiated and measured in the same
container. The material has also to be pure enough not to contaminate the
sample during irradiation.

The most commonly used materials for the irradiation capsules are poly-
ethylene, quartz and aluminium. In some special cases graphite is used. When
the flux needs to be modified the container can be lined with graphite,
cadmium or boron. These are discussed separately in section 4.4.
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Tn normal conditions the most favourable material is polyethylene. It is
cheap and it can be easily fabricated in different sizes and forms. The
material can be produced in high purity and thus the same capsules can often
be used both for irradiation and measurement. Table 4.1 shows impurity
concentrations of polyethylene.

TABLE 4.1. CONCENTRATION OF IMPURITIES IN POLYETHYLENE
AND QUARTZ* (Values adopted from Refs [150-153])

AS
Al
As
Br
Ca
Cd
Cl
Co
Cr
Cs
CuI
Fe
Hg
K
Mg
Mn
MO
Na
Ni
Rb
Sb
Se
Sn
Sr
Ti
Th
U
Zn

Polyethylene (HR/K)

80-105

100-104

100-3. 104
0.07-10
15-300
0.05
1-17
10-100
100-104
1-10
100-104
80-1500
10-100

40-105

0.18-10
10-100
10-100
100-104
5.103
3
840
28-104

Quartz (ng/g>
1-10

0.17-10
10-100
1-10
1-10
100-104
0.3-10
1.6-100
0.12
2-100

100-104
0.03
100-104

1-10
10-500

10-500
2-20
0.4-10
0.7-10

0.46-10

20-40

* These ranges are shown to demonstrate the order of magnitude and great
variability of impurity concentrations depending on the material. Because the
original papers have different ways of presenting the data, the data presented
in this table are not directly comparable with each other and only data presented
in the original papers should be referred to.

Two kinds of polyethylene are commercially available. Conventional
low-density polyethylene (CPE) is made by a high-pressure process which gives
branched polymer chains, while high-density linear polyethylene (LPE) is made
by catalytic polymerization at a lower pressure. LPE can be irradiated for a
longer time than CPE before becoming brittle (which makes it useful for
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rabbits), but it may contain a tnicrogram of chromium or other catalyst per
gram. For other elements as well, LPE is generally less clean than CPE, and
polypropylene contains more impurities than either. Polystyrene has excellent
radiation resistance, and can also be very free of contaminants [i

Several kinds of commercially available polyethylene containers are useful for
packaging samples, and are made in large enough quantity to be inexpensive.
Polyethylene bag stock is widely sold in the form of flattened tubing, in
widths (half the circumference) from 2.5 cm up and in wall thicknesses from 25
to 150 microns . Containers are cut from the tubing and the ends made airtight
with a thermal impulse sealer. The inside can be efficiently cleaned by
filling with a small amount of 1:1 nitric acid (note nitric acid may contain
bromine). A 700-ra roll of 50-micron tubing will last most laboratories for
years. Surgical or food grade polyethylene tubing is available in several
diameters up to 10 mm. Polyethylene screw- cap bottles are useful for
containing large or numerous samples. Capsules cut from polyethylene
microcentrifuge tubes will hold 100 mg of rock powder, and can be conveniently
bundled into a rabbit.

Polyethylene capsules and rabbits can be purchased from some manufacturers of
research reactor research products . It might be cheaper to buy capsules made
for other purposes, like medicine tubes, if the sizes are appropriate and a
local manufacturer exists. If a manufacturer of plastic products exists in
the country and the consumption of vials is high, it is better to use the
local manufacturer. The cost of special molds needed to produce the vials may
have to be borne by the user. Figures 4.1, 4.2 and 4.3 show examples of vials
and rabbits intended for irradiation.

Polyethylene vials can be sealed in three different ways. For most
applications it is enough to use a snap-on lid. In some cases heat sealing is
needed. There are apparatus designed for this purpose. Especially for
relatively large size rabbits lids with threads are used.

Polyethylene has only a limited lifetime in a reactor. The vials are useful
for irradiations of 1-200 h duration, depending on the gamma and neutron flux
and the temperature in the irradiation position. Irradiation in cadmium
shortens the lifetime of polyethylene considerably. The lifetime of the
capsules must be determined experimentally, before any real sample
irradiations are performed. Some elements like mercury and halogens diffuse
through polyethylene during long irradiations.
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FIG. 4.1. Capsules and rabbits used for irradiation.

FIG. 4.2. Irradiation containers and pressed pellets of plant material.
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FIG. 4.3. Irradiation containers for different sizes of samples.

When polyethylene cannot be used quartz is usually the next choice. It is
used for irradiating biological samples for prolonged periods in high flux.
It is also always used for irradiation of fissionable materials. It can be
obtained as tubing of different diameter, from which capsules can be
prepared. Working quartz with a flame is more difficult than glass, so some
laboratories have empty capsules prepared in quantity by a professional
glassblower. Samples that char or evolve gases on heating may need a
pre-necked ampoule in order to minimize the time in the flame. Sometimes
capsules containing liquids are difficult to seal because of the pressure
built up during the heating of the liquid. This can be avoided by cooling the
closed end with liquid nitrogen.

Not all quartz is pure enough for irradiation containers. Mineral quartz is
activated rather strongly and biological materials are difficult to transfer
to a pure capsule for counting. This can be partly avoided by using the
high-purity quartz. The quality of different products varies considerably.
Table 4.1 shows impurity concentrations of some materials. High purity quartz
is expensive.
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If the samples are to be counted in the vials, care should be taken to avoid
contamination during the sealing process. Some torch lighters generate sparks
by creating copious quantities of small pyrophoric rare-earth metal particles;
piezoelectric igniters or matches are preferable. When the quantity of analyte
to be measured is very small, an all-quartz burner may be necessary to avoid
contamination from metal torch tips [a].

A careful distinction needs to be made between quartz and Vycor. The latter
is a glass which is interchangeable with quartz in most of its properties, but
contains enough boron to cause problems during irradiation, both from neutron
shielding and alpha particle heating.

High flux irradiation of many inorganic materials, like powdered rocks, can be
made in pure aluminium foils. These are much easier to handle than quartz and
the cost is lower. In this case the sample should not contain volatile
compounds. The samples are inserted in pure polyethylene capsules for
measurement, because the aluminium foil has always some Na activity,
produced by the (n,alpha) reaction from aluminium. The presence or absence of
contamination, when irradiating in aluminium foil, or other kind of materials,
can be investigated by irradiating pure quartz or cotton powder and measuring
the induced activity after changing into a pure capsule.

When a pneumatic transfer system is used for irradiation in a very high flux,
graphite rabbits are used. These can be obtained in high purity and
resistance to strong mechanica] impact, but the price is rather high.
Therefore they are used in only very special cases.

Depending on vial material and concentration of elements to be analyzed it is
sometimes necessary to clean the vials. The procedure is described in
ref [isi]. Normally a wash with acid followed by rinsing with demineralized
water is used.

The vials have always to be marked in order to enable identification in
different stages. Polyethylene vials and aluminium foils can be marked with
waterproof ink from a pen intended for overhead transparencies. Quartz
ampoules are permanently marked by an electrical engraving pen.

The sample vials have to be inserted in larger irradiation containers for
insertion into the irradiation positions. These can be made of polyethylene
or aluminium. The size depends on the size of the irradiation position which
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is usually made to fit. In special cases these containers have a lining for
modification of the neutron flux. These are discussed in chapter 4.4.

4.3 IRRADIATION SITES

The irradiation position is evaluated according to its size, accessibility and
the neutron flux, neutron energy distribution and homogeneity of the flux.
The flux gradients both in respect to space and time are discussed in chapters
4.1. and 8.5. Also the gamma flux and temperature is of importance in many
cases. Usually the transport of the sample is only a matter of safety and
convenience, but when short-lived radionuclides are measured, other aspects
like speed and reproducibility of the timing, have to be accounted for.

The highest fluxes are obtained in the core, but there the fast flux is also
high. Commonly the irradiation positions are in the reflector or just outside
of it in order to obtain a rather high but, at the same time, well thermalized
flux. Radial and tangential beamports are used to extract a portion of the
mixed flux and a thermal column is used for obtaining a well thermalized
flux. These can be used for capture gamma analysis and also for insertion of
pneumatic transfer systems. But mostly these beamports are used for neutron
physical experiments or neutron or gamma radiography.

4.3.1 PNEUMATIC TRANSFER SYSTEMS

Sample containers with volumes from a fraction of a ml to a few hundreds of ml
can be transported by pneumatic means. The use of a pneumatic transfer system
allows short transfer times and convenient access to the irradiation position,
especially if a reactor with a pressurized vessel is used. The only drawback
is that the sample vials have to sustain mechanical impact and therefore
quartz vials have to be especially packed, when irradiated with a pneumatic
transfer system.

Several commercial pneumatic transfer systems are available but it is also
quite common that laboratories build their own ones, which can be designed
according to need.

In most pneumatic transfer systems the rabbit is transported with pressurized
air. The system is simple and rather fast. A speed of 90 m/s can be
reached. Figure 4.4 shows a rather complicated system with two irradiation
and measurement positions [iss]. Similar systems with only one irradiation
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and measurement position without sample changer or delay stack are still most
commonly used. In order to reduce Ar production nitrogen or carbon
dioxide can be used instead of air.

MV13

MV1 MV2

IT1 IT2

CL
MVj
PHj
LS

DS
DO;
DTj
a.b.c
u

- Capsule loader
- Magnetic valve i
- Photodetector i
- Loader stacker
- Diverter i
- Irradiation terminal i
- Delay slacker
- Drop out terminal i
- Detector terminal i
- Positions of dlvcrtcrs
- underpressure

MV11
a b

DT1

MV9

MV12

DT2

MV10

FIG. 4.4. Schematic diagram of a multipurpose pneumatic
transfer system for research reactor application.

When speed is not a major goal, a system working by vacuum instead of the more
common pressure can be used. Figure 4.5 shows the principle. A blower sucks
air from either direction of a tube depending on the transport direction. The
air is blown out in the ventilation system via a filter. Because under-
pressure is maintained the system is safe, but it is rather slow. If the
irradiation position is punctured there is a risk that water will be sucked
into the system. The transport time from the reactor core to the nearby room,
about 10 m, is 3 seconds when the weight of the rabbit is 7 g. The time is
reproducible within 1.2% when samples of similar weights are used Use].
When the transport distance is tens of meters and short irradiation times are
used a sensor near the core is needed in order to measure the irradiation
time. The reason for this is that the transport time varies considerably
depending on the weight of the sample.
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FIG. 4.5. Pneumatic transfer system.

Especially in the last few years a number of very fast pneumatic transfer
systems have been described using very short-lived isotopes in activation
analysis. The transportation from the irradiation position to the measurement
station is performed by pressurized air, nitrogen, or even helium and varies
between 30 ms and 500 ms depending on the circumstances. These very fast
systems are only needed in very few applications.

4.3.2 ROTARY SPECIMEN RACK (LAZY SUSAN)

In the Triga reactors samples can be irradiated in the reflector, in the
"rotary specimen rack" (Lazy Susan) (Fig. 4.3), in which there are 40
locations which can hold capsules 3 cm in diameter and 25 cm long. This rack
can be rotated. In some laboratories the rack is rotated during irradiation
in order to get a homogeneous flux for all samples. When samples with high
absorption cross sections, or cadmium capsules are inserted in some of the
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positions, rotation is not possible because they would cause difficulties for
the control of the reactor. Normally irradiation capsules are inserted
manually, or using a "lift" working with electricity (Fig. 4.6), but pneumatic
or hydraulic sample loading devices have also been constructed.

FIG. 4.6. Samples are inserted into the Lazy Susan using an electric lift.

4.3.3 OTHER MANUALLY LOADED SITES

Manually or mechanically loaded irradiation sites in the core or the reflector
can be obtained by replacing fuel or reflector elements. Thus the size of the
position is determined by the size of the element. In Triga reactors
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containers, approx. 3 cm in diameter, can be inserted. Usually the central
core, with the highest flux, is used for irradiations. In other types of
reactor positions up to 8x8 cm can be created this way. In some cases
rotating irradiation devices are used to obtain a homogeneous flux [is?].
Especially in the core of small reactors high flux gradients are common.
Large irradiation positions with diameter up to 25 cm can be constructed
inside or outside the reflector of a pool type reactor. Outside the reflector
the flux decreases rapidly.

4.4 IRRADIATION IN MODIFIED FLUX

4.4.1 THERMALIZED FLUX

In some cases the thermal column is used for irradiation in order to get a
well thermalized flux. Because of the low flux obtained compared with
positions in or near the core, it is applied for very special reasons only, or
in high-flux reactors. A pneumatic transfer system or a manually loaded
position of almost any size can be constructed. In practice, the thermal
column is very seldom used for NAA.

4.4.2 EPITHERMAL IRRADIATION FACILITIES

Epithermal NAA is very commonly used and a number of different applications
have been reported. In principle, there are two main approaches with some
modifications. One is to use an irradiation container made of cadmium metal
or boron. The other possibility is to make a cadmium or boron-lined irradiation
position. Cadmium is easily fabricated to any form. The cut off energy of 1
mm of cadmium is 0.5 eV. Boron, in the form of nitride or boric acid, is more
difficult to fabricate, but it is less heavy and does not produce
radioactivity, making it feasible to use in rabbits for pneumatic transfer
systems. Its cuto-ff energy is approximately 280 eV, but depends on the
thickness of the absorbing layer. Heating from the (n,a) reaction can be
considerable and often cooling is needed. A special application is to mix
high purity boron carbide with the sample [issj.

In the Reactor Laboratory of the Technical Research Center of Finland the Lazy
Susan of a Triga reactor is used to irradiate 600 half-gram samples in
cadmium. That is accomplished by using 20 aluminium containers, inserted in
the rotary specimen rack of the Triga Mkll reactor. The dimensions are:
diameter 30 mm x 250 mm, lined with 1 mm of cadmium and 0.2 mm of aluminium
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again (Fig. 4.7). The containers are kept in the reactor all the time. They
are only lifted up when samples are inserted or removed. Most epithermal
irradiation positions are made from cadmium. Boron can also be used. For
example, at Los Alamos an irradiation facility is made by pressing sleeves of
50% elemental boron and 50% aluminium [159]. The wall thickness is 2.5 cm
containing 2.3 g/cm boron. The facility is cooled with water because of
the considerable heat generated in the boron.

The benefits of using epithermal NAA are discussed in chapters 2 and 8.5.

FIG. 4.7. Polyethylene capsules wrapped in aluminium foil, ready for
irradiation in cadmium containers also shown in the figure.

4.4.3 FAST NEUTRON IRRADIATION FACILITIES

In principle a pure fast flux can be obtained using shields of 235U or LiD
which both absorb thermal neutrons and generate more fast neutrons, 23Su
by fission and LiD by the reactions 6Li(n,alpha)T, 2R(T,n)4He.
Because of the high threshold energies of most fast neutron reactions the
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production of 14 MeV neutrons using LiD is more popular. Conversion rates
between 2.10 and 9.6.10 fast neutrons per thermal neutron have
been reported tieo/iei]. The heat produced in the containers and the high
proportion of epithermal neutrons restricts its usefulness and therefore it
has not found many applications.

49



5. COUNTING AND DATA PROCESSING FACILITIES

5.1 TYPICAL COUNTING SYSTEMS

One of the steps of every INAA procedure is the measurement of induced
radioactivity which, with a very few exceptions, is being done by gamma-ray
spectrometry. The basic set-up of a gamma-ray spectrometer for use in INAA is
shown in Figure 5.1. It consists of:

a semiconductor detector with associated preamplifier,
a high-voltage power supply, a spectroscopy amplifier,
an analog-to-digital converter (ADC),
a multi-channel pulse height analyzer (MCA), and
a computer-system with input/output facilities.

A N A L O G
TO

DIGITAL
CONVERTER

GERMANIUM DETECTOR

FIG 5 1 Schematic set-up of gamma ray spectrometer for use m INAA

Sometimes two or more of these functions are combined, e.g., ADC and MCA, or
MCA and a computer system. Both integral apparatus and modular build-up
apparatus exist. Modular systems are more complicated than integral ones, and
require more technical expertise to set it up, to interface the different
parts, and to operate it properly. The main advantages are flexibility and
interchangeability; malfunctioning units can be more easily located, replaced
and repaired; and the system can continuously be upgraded, changed or extended
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when new or more advanced units are released, or when applications change or
grow. Spectrometers built with modular systems will initially be more
expensive, but turn out to be over the years often more economical than
integral systems. For this reason mainly modular spectrometers are in use
nowadays .

Modular units are built to be put into a rack containing a number of
interconnections and a power supply. In 1964, the Nuclear Instrumentation
Module (HIM) Standard was accepted. The NIM standard is primarily suitable for
processing analog signals, and less suitable for executing complex digital
functions. For this the CAMAC-standard was especially designed, but has found
most of applications in linking analog systems to larger computer systems.

In several INAA laboratories, more advanced and special purpose y-ray
spectrometers are in use than the set-up described above. Examples are
Camac-linked spectrometers [lea] , spectrometers with computer controlled
amplifiers, anti-Compton spectrometers [les/iei]. There are few basic
differences, however, between some of the function units used in these
spectrometers, and the ones of a simpler spectrometer.

It is not within the scope of this book to go into the fundamentals of the
different parts of a y-ray spectrometer. The presently most common available
type of equipment will be introduced, together with some characteristics and
practical aspects when applied in INAA.

5.2 SEMICONDUCTOR DETECTORS

The basic element of a semiconductor detector is a single crystal of
semiconductor material with a P-I-N diode structure. [ N- and P- refers to
the nature of the impurities in the crystal. N-impurities are pentavalent
atoms, thus acting as electron donors; P-impurities are trivalent atoms,
acting as electron acceptors; I = intrinsic layer]. For application in INAA,
only germanium detectors are of importance. Germanium semiconductor detectors
exist in two versions:

Lithium drifted germanium detectors, or Ge(Li) detectors
Hyperpure (HP-) or intrinsic germanium detectors

In a Ge(Li) detector, lithium ions have been drifted into the crystal
structure, thus compensating for impurity centers and forming an intrinsic or
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active région. High-purity germanium crystals may be of P-type (most common)
or N-type; for use as y-ray detectors in INAA there are no basic differences
in characteristics between these detector types. Ge(Li) detectors are not
being wade any more by the Leading detector manufacturers. However, detectors
of this type are still widely in use at many laboratories.

Coaxial and planar germanium detector configurations exist (Fig. 5.2). The
coaxial geometry makes possible detectors with large volumes, which can be
used for detecting high energy gamma rays. Detectors made in the pJanar
configuration are small with low capacitance and low noise levels, and hence
very high resolutions can be obtained. This detector type is primarily used
for detection of low energy photons.
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FIG. 5.2. Crystal configuration of germanium semiconductor detectors.

One of the advantages of HP-germanium is that well-type detectors can be more
easily fabricated and repaired than ever was attainable with Ge(Li) material,
resulting also at more practical large well-diameters (up to 25 mm have been
reported), and at highly competitive prices.

Semiconductor detectors are operated at liquid nitrogen (LN2) temperature
(77 K). The crystal is mounted in a vacuum cryostat, thermally connected to a
copper rod, the 'cold finger' (Fig.5.3a). This cold finger transfers the
dissipated heat from the crystal to the cooling medium. Ge(Li) detectors have
always to be stored at LN2-temperature; warming up leads to almost irreparable
damage. HP-Ge detectors can be stored at room temperature without damaging
the crystal as long as the HV bias is removed.
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FIG. 5.3. Mounting (schematic) of (a) coaxial and (b) planar germanium detector (from PGT).

Detailed information on the physics of semiconductor detectors can be found in
the literature [les/iee/iey/iee] and to some extent in catalogues of
detector manufacturers.

5.2.1. COAXIAL DETECTORS

The most generally applicable detector type is the coaxial detector. The
majority of coaxial Ge-detectors have P- and N-contacts on a outer surface of
the cylindrical crystal and on an axial hole drilled in the bottom of the
cylinder. Some Ge(Li) detectors do not have this coreless geometry but a
closed-end geometry, or are of the true-coaxial type. The N-contact is a
relatively thick (0.5 - 1 rcm) diffused layer, whereas the P-contact is
ion-implanted, and therefore very thin. Two different detector configurations
exist :

a. N-contact on the outside of the crystal, and P-contact on the inside of
the drilled core;

b. P-contact on the outside of the crystal, and N-contact on the inside of
the drilled core.
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a. N-CONTACT ON THE OUTSIDE OF THE CRYSTAL

This is the detector geometry for Ge(Li) detectors, and at present the
majority of the HP-Ge-detectors. As the thick N-contact is facing the
cryostat's entrance window, and no electrical signals are produced by
interaction of the photons within the contact layers, low energy photons are
strongly absorbed before reaching the active region. In practice, this
detector type can be applied in INAA for measurement of photons with energies
higher than 60 keV. For HP-detectors, the starting material is usually of
P-type.

b. P-CONTACT ON THE OUTSIDE OF THE CRYSTAL

The HP-Ge crystal is mounted in the vacuum cryostat with the very thin P-
contact facing the entrance window. Because of the near absence of absorbing
material the detector can be used to measure photons with energies as low as
10 or even 3 keV, depending on the type of window (aluminium or beryllium).
The absence of absorbing layers also result in a flat and high efficiency
curve for photons with energies lower than 100 keV. Starting material usually
is N-type germanium, though some manufacturers also use P-germanium crystals
for such a geometry.

When considering an application of a semi-conductor detector in an anti-
Compton spectrometer, there are no differences in timing properties between
P-type and N-type Germanium detectors [i69]. Timing resolution gets poorer
with increasing size of the crystal. For capture gamma-ray spectroscopy
systems, N-type crystals have the advantage of higher resistance against
neutron radiation.

5.2.2. PLANAR DETECTORS

In the planar configuration a germanium P-type crystal of small thickness is
used. The crystal is mounted in the cryostat with the thin P-contact facing
the cryostat's beryllium entrance window (Fig. 5.3b.). Absorption of low
energy photons is thus minimized, and a detector type is created with
performance optimized for X-rays and j-ray energies from 5 keV to 200 keV.
Because of the small size, the capacitance of the diode is considerably lower
than for a coaxial detector, resulting in a lower noise level and a higher
resolution.

54



Some manufacturers also developed detector types in geometries which resemble
both planar and coaxial geometry using a thick slice of detector material.
Being a compromise, a detector of this configuration might have a higher
efficiency shared by a lower resolution than a true planar detector. Moreover,
because of the enhanced efficiency to high energy radiation this detector type
also has a higher response to Compton scattered radiation.

At first sight, the coaxial detector-type with thin P-type entrance contact
(referred to as 'extended-range coaxial') may seem more useful for application
in INAA than the commonly used coaxial detector, because of its extended
dynamic range. However, a few practical aspects of extended range y-ray
spectroscopy in INAA should not be overlooked :

a. There are only very limited analytical advantages in INAA of y-ray
spectroscopy with photons of energies as low as 5 keV. For most applications,
a lower energy cut-off at 40 or 50 keV is sufficient. Moreover, many spectra
will show a complex variety of X-ray peaks and y-ray peaks in the energy
range below 100 keV. To keep this part of the spectrum analyzable, high
demands are set to low-energy resolution of the detector, and to analysis
software. Gain settings of 250 eV/channel or less may be required resulting in
8192 or even 16384 channels for spectra covering the energy range up to 2000
keV.

b. Coaxial detectors have a high efficiency for high energy y- rays. In
spectra of actual samples the peaks of X-rays and low energy y- rays will be
measured at a high Compton background level of simultaneously interacting high
energy photons.

The only real advantage of extended range coaxial detectors when compared to
other coaxial detectors for INAA is higher efficiency for 60 -• 100 keV
photons. The expected analytical merit of measuring peaks in this region has
to balance against the higher cost of these detectors.

The ideal approach for measurement of photons in the energy range from 5 -
2000 keV would therefore be a twin detector spectrometer. Here the sample is
faced by simultaneously measuring planar and coaxial detectors (Fig. 5.4.),
each having optimal performance for a specific energy range, in resolution and
in efficiency.
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FIG. 5.4. Example of twin-detector spectrometer.

Although each of the detector types has specific advantages, the coaxial
detector is a general purpose detector, widely applicable in INAA. For low
sample activities (small samples, low concentrations, low neutron fluxes) a
well-type detector should considered. A planar detector can be useful for
measuring specific radionuclides emitting low-energy gamma-rays and X-rays
(REE) or to reduce interferences from high energy radiation. But the
applicability is limited compared to coaxial and well-type detector due to the
low absolute photopeak efficiency and the necessary correction for self
absorption at these low energies.

5.2.3. PERFORMANCE OF GERMANIUM DETECTORS

In Table 5.1 a survey is given of detector types, crystal configurations,
practical energy ranges, sensitivities and resolutions for semiconductor
detectors, used in y-ray spectrometers for INAA.
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TABLE 5.1 SURVEY OF SOME CHARACTERISTICS OF CURRENT DETECTOR TYPES

DETECTOR C R Y S T A L CRYSTAL DIMENSIONS, TYPICAL TYPICAL RESOLUTION IN keV ( F W H M ) AT APPLICABLE FOR
TYPE CONFIGURATION RELATED REL.EFFICIENCIES P/C-RATIO 5.9 k e V ( s s F e ) 122 k e V ( S ' C o ) 1332 k e V C ' C o ) ENERGY RANGE

( k e V - k e V )

NORMAL

PLANAR
THICK

TRUE COAXIAL
GetLi )

CLOSED-END
GetLi !

COAXIAL
P-TYPE Ge

N-TYPE Se

«ELL-TYPE 6e

area
thi ckness
area
thickness

50-175 cms

50-175 cm?

50-200 cm*

50-175 cup

70-150 CUP
cryostat w

10 mm -

25-1000 mm' - 0,150-0.350 0.450-0.650
5-15 mm

500-2500 mm' - 0.350-0.500 0.650-0.750
15-25 mm

10-40'/. 1 - 0.8-1.2 1.7-2.2
/
| 35:1-50:1

10-407. J - 0.8-1.2 1.7-2.2

* 10-507. I 35:1-60:1 - 0.8-0.95 1.75-2.2

* 10-407. J 35:1-50:1 0.600-0.700 0.8-0.95 1.8-2.2

1.2-1.5 2.1-2.4
ell diameter
25 mm

3-200

5-500

*>30

>40

>40

">5
>30

* Detectors with rel. efficiencies as h i g h as 80-907. have recently been constructed;
these detectors are not yet considered here as standard types.



When selecting a semiconductor detector, the following characteristics play an
important role :

energy resolution and peak shape,
peak to-Compton ratio,
efficiency,
crystal or well dimensions, and
price (not discussed here).

a. ENERGY RESOLUTION AND PEAK SHAPÜ

The resolution of a detector is a measure for the ability to separate closely
spaced peaks in the spectrum. Resolution is a function of 7-ray energy and
is specified in terms of Full Width at Half Maximum (FWHM) of the 122 keV
photopeak of Co and the 3332 keV photopeak of 6°Co for coaxial
detectors; for the 5.9 keV photopeak of Fe and the 122 keV photopeak of
Co for planar detectors . For most applications in INAA energy

resolutions as good as 1.8 keV at 1332 keV and 1.0 keV at 122 keV are
sufficient. Resolution depends on the size of the detector, and in particular
on its capacitance. The larger the detector - and its photopeak efficiency -
the higher its capacitance will be, resulting in a slightly poorer energy
resolution. For the same reason (higher crystal capacitance) well-type
detectors always will have poorer resolutions (e.g. 2.2 keV at 1332 keV and
1.4 keV at 122 keV) than coaxial detectors of comparable size. When using a
planar detector, resolution in the low energy range (< 250 keV) depends on
detector size, and type of preamplifier (see paragraph 5.3.1.). In order to
get a sufficient separation of the lines, resolutions as good as 300 eV at 5.9
keV and 700 eV at 122 keV are a necessity.

However, not only the FWHM has to be considered when selecting a detector, but
also the actual shape of the measured peaks. An indication of the quality of
a detector to produce peaks with (semi) Gaussian shapes is obtained from the
ratio of the Full Width at Tenth of the Maximum (FWTM), and the Full Width at
Fiftieth of the Maximum (FWFM) to the FWHM-value. Theoretical values for a
Gaussian peak are FWTM/FWHM =1.83, and FWFM/FWHM = 2.38; these values should
be approached at least as close as 1.9 and 2.7, respectively.
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b. PEAK-TO-COMPTON RATIO

The Peak-to-Compton (P/C) ratio is a measure of the detector's ability to
distinguish low-energy peaks in the presence of high energy sources. P/C
ratios are specified for the Co spectrum as the ratio between the height
of the 1332 keV peak and the number of counts per channel in the 1040-1096 keV
region.

In the low-energy region of the y -ray spectrum (below 150 keV) the
photoelectric interaction is dominant, and because of the limited sensitivity
of planar detectors for high energy photons the contribution of Compton
interaction in the detector to the total of interaction processes is rather
small and normally neglected (cf. Fig 5.5.). As a result, a planar detector
has certain advantages for measurement of radiation of intermediate energy (up
to 300 keV) in the presence of high intensities of high energy radiation,

_ 24 . 46„ 3B„ , 6O_e.g., from Na, Se, Cl or Co.
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FIG. 5.5. Photopeak efficiency and total efficiency of planar and coaxial detectors.

C. DETECTOR EFFICIENCY

Detector efficiency depends on energy of the radiation, position of the sample
relative to the detector, thickness and composition of the detector window and
dimensions and composition of the active volume of detector material. The
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photopeak efficiency of coaxial detectors is measured according to an
IEEE-standard and is specified for the 1332 keV photopeak of 6°Co by the
rat.io between the measured absolute photopeak efficiency of the semiconductor,
and the absolute photopeak efficiency at the same sample-detector distance (25
cm) of a 3" x 3" Nal(Tl) detector, which is defined to be 1.2 x 10~3
counts per photon. The efficiency of a well-type detector is measured
according to a different standard protocol, leading to a value for the
absolute photopeak efficiency of a single line source measured inside the
detector's well (section 8.7).

For most 1NAA applications in which moderate or high induced activities have
to be measured (e.g., > 10 - 10 Bq), coaxial detectors with relative
efficiencies in the range 10 - 20 % will suit.

When there is a need for measuring low or very low activities, or natural
radioactivity, price and perfonnance of large Gc-detectors and well-type
detectors have to be compared. As an example, Fig. 5.6. shows absolute
photopeak efficiencies of equal volume coaxial and well-type detectors, under
practical counting conditions.

absolute
photopeok
eff iciency |

500 1000
energy -

1500
-keV

FIG. 5.6. Absolute photopeak efficiency of 125 cm3 well-type and coaxial
detectors, measured respectively inside cryostat well and at source-end cap
distance of 2 cm.
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In the low energy part of the gatrana spectrum, detector efficiency is more
determined by absorption cross-section than by total detector volume.
Therefore, with planar detectors no efficiencies are specified; instead,
sensitivity has to be derived from detector thickness and surface area. A
choice depends strongly on the energy range of interest, as the lower the
photons to be measured, the higher the resolution has to be. In reported
applications of planar detectors in INAA [34/24/37/36/170/171/172] detectors
are used with areas varying from 50 mm to 500 mm and with thicknesses from 5
to 10 mm.

d. CRYSTAL DIMENSIONS AND CKYSTAL WELL DIMENSIONS

From crystal dimensions an impression can be get about the relative efficiency
for y-ray energies lower than 1332 keV [173]. Best performance for the
energy region below about 1 MeV is obtained when detectors have a crystal
diameter which exceeds their length.

Sensitivity increases roughly with the square of the distance between sample
and crystal. But as also geometric errors increase strongly when counting
close to the crystal, information on the precise position of the crystal in
the cryostat is important. Such distances may vary from a few -ram to about
1 cm. It should be noted here that geometric errors are to a large extent
absent when measuring inside the well of a well-type detector [174].

For well-type detectors, usually only the dimensions of the 'room-temperature
well', or cryostat well are given. The exact location of the crystal with
respect to the cryostat well should also be known. Blind-hole or hole-through
configurations exist (Fig. 5.2.); detectors with blind-hole, or single open-
ended configuration generally will show somewhat poorer resolution, as the
complex mounting of contacts and wires introduces enhanced noise levels. The
advantage of the blind-hole configuration is that the active material at the
bottom leads to a higher efficiency. This is especially of importance for
large well configurations, in which for a hole-through type the solid-angle
losses would lead to a reduction in efficiency. The hole-through detector
type has the advantage of higher resolution; when the cryostat well is
completely penetrating through the active volume large sample volumes can be
surrounded by detector material.
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f. CRYOSTATS AND DEWARS

Although for most INAA applications, detectors both vertical and horizontal
dipstick cryostats are used, vertical dipstick configurations have the
additional advantage of placing samples on top of the end cap (e.g., Marinelli
beakers). The development of streamlined cryostats with preamplifier mounted
in a more or less extended end cap, and the availability of cryostats with
extended 'necks' make possible to shield these types of detectors relatively
easily.

In an alternative design the entire end cap assembly, including preamplifier,
can be disconnected from the cold finger part, without disturbing the vacuum.
By this approach the detector configuration can be altered from horizontal
into vertical dipstick, without the high cost of remounting the crystal. For
special purposes, e.g., very low level counting or measurement of natural
radioactivity, some manufacturers have detector cryostats in which all
construction materials have been carefully selected for the absence of traces
of natural radioactivity.

Tn the cryostat a thermal insulation shield is often mounted around the
crystal. In a well-type configuration such a shield is absent between
cryostat well and crystal well. As a result, the cryostat well will always
have a lower temperature because of the large temperature gradient, and
condensation of moisture may occur. There are no rules of thumb on the
lifetime of the molecular sieve inside the cryostat; the only practical
measure one has is the weekly LN2 consumption. Experience showed that
lifetimes as long as 10 years or more are very normal. Molecular sieves tend
to vent gas when detectors are warmed-up to room temperature, which may lead
to pressure build-up in the cryostat. In manuals of planar detectors and
N-type detectors with Be-windows extensive attention is paid to how such a
warm-up has to be carried out with a minimum of risk for explosion of the
window. Although the sieve tends to restore vacuum when cooled down again,
continuous storage at LN2-temperature is probably more safe. It should be
noted that some detectors have always to be kept upright to keep the sieve in
place in the cryostat.

5.2.4. LIQUID NITROGEN SUPPLY

Because of the heat dissipation in the crystal, and the imperfect insulation
of both cryostat and dewar, LN2 is consumed at a normal rate of 5 - 10 L/week,
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depending on crystal size. Theoretical holding time for a 30 L dewar is
therefore about 3 weeks under normal laboratory conditions. When considering
the purchase of a Ge(Li) detector, one should be sure that LN2- supply is
regular, at least on a weekly basis.

Safety precaution systems like LN2-level indicators, alarms, high-voltage
shut-off systems, and automatic filling devices are available. However, these
systems may go off during the night or in weekends or even may not work at all
when needed. The proven safest way of maintaining a detector system is to set
up a regular manual filling scheme. By filling a detector once a week (by
preference on a fixed day), there is never any doubt whether there is enough
LN2 in the Dewar. It is important to train as many employees in a group as
possible in this procedure, so that no situations may occur in which the
person-in-charge is absent and nobody knows what to do.

Filling LN2 dewars can be done with self-pressurized LN2 containers (volumes
50 - 300 1), or using a spare 30 L Dewar as supply and pressurized nitrogen
gas. This has to be done at low overpressure (less than 1 atmosphere, 10 - 15
psi). Also LN2-pumps are available. When applying the tubing between detector
dewar and supply container, PVC-tubes, when cooled down and under mechanical
tension, may 'explode' into many very sharp pieces; better cryogenic
resistance is shown by polyethylene or silicone tubing. Attention has also to
be paid to the gas-exhaust tube, which has to be led sufficiently far away
from the cryostat and preamplifer. During filling, check regularly that there
is no spilling of LN2 in the vicinity of the cryostat. Although LN2-drops
evaporate quickly, a regular spill may eventually lead to cracks in the vacuum
seal rings of the cryostat.

Some detectors show excessive microphonics during the filling process. In
such a case data accumulation can be interrupted for a few minutes to prevent
distortion of the measured spectrum.

There are some developments going on in mechanical, electrical and He gas
cooling systems for semi-conductor detectors. Such detector systems certainly
have advantages when working in remote areas, or in field laboratories. For
INAA laboratories, the use of such detectors should only be considered when
LN2 supply is highly irregular. Maintenance, like absorber change or vacuum
restoration has to be done about once or twice a year when the detector is
used continuously. The resolution of such detector systems is worse than for
LN2-cooled systems, and the price is considerably higher.
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5.2.5. SELECTING A DETECTOR

Several questions have to be asked before a detector can be selected from a
catalogue or a stock list. First, what is the type of work it will be used
for? Do you expect to use it solely for measurements of moderate and highly
active samples (i.e. > 10 - 10 Bq) , or can it be foreseen that in
the future also measurements have to be done of samples of somewhat lower
activity? This may help to choose between a 10 % or 20 % coaxial detector.
But if only low or very low induced activities are expected, or measuring
natural activities is or will be one of your tasks, the purchase of a well-
type detector should be considered.

Try to define which elements will be of importance, their related
radionuclides, and y-ray energies. It may contribute to making a choice
between a planar, an extended range coaxial or a normal coaxial detector.
When type and size (efficiency) are known, the next thing is to try to find a
detector with a peak-to-Compton ratio as high as you can afford. The P/C
ratio ultimately defines sensitivity for many nuclides. Detectors with a high
P/C ratio are of particular importance when the detector is needed for
measurements of short half-life nuclides, as in many cases sensitivity is
influenced by the high Compton continuum from Al. Note that detectors
from different manufacturers, though of comparable size (efficiency) and
resolution, may have different P/C ratios. You will also see that the higher
the P/C ratio, the better the resolution (and, usually, the higher the price).

It has been stated before that a resolution of 1.8 keV for Co is
sufficient for most applications. Remember that to exploit better resolution,
you have to spread your 2 MeV spectrum over at least 8192 and maybe even 16384
channels to get analyzable peaks (i.e., peaks which are spread-out over more
than 1 channel). Almost all manufacturers are capable now in specifying peak
shapes in terms of FWHM, FWT(tenth or twentieth)!!, or FWF(fiftieth)M.

With well-type detectors there will always remain the limitation of the usable
cryostat-well dimensions related to the sample containers you want to use. Ask
the different manufacturers for accurate information on size and position of
the crystal in the cryostat, and make scale drawings to get an idea how your
sample will be located in the cryostat well with respect to the active region
of the detector. It appears that for well-type detectors, most manufacturers
are willing to make custom-made detectors.
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When high humidity occurs in your counting room, or when high count rate
experiments are expected, it may be worthwhile to discuss this with the
manufacturers; some have possibilities to treat the preamplifier for this.
Choice of preamplifier is the next step. Check with the manuals of the other
spectrometer parts you already may have or which you selected whether the main
amplifier and ADC are able to process reset pulses.

Sometimes a stainless steel end cap may be preferred above the standard Al end
cap (better rigidity and better resistance in corrosive atmospheres ); decide
also whether you really need a fragile, expensive Be-window, or if an
Al-window will do. Horizontal cryostats have the advantage of easier
shielding, especially if the detector comes with an offset-port Dewar; the
advantage of vertical cryostats is the possibility of placing the sample on
top of it (e.g., Marinelli beakers).

Finally, if you start negotiating with one or more manufacturers, never tell
them beforehand your budget. Select a detector which comes close to your
demands and budget, and then start negotiating the price.

5.3 BASIC ELECTRONICS

In the following paragraphs the basic system parts of a y-ray spectrometer
will be briefly described, with the emphasis on the existing differences
related to application in INAA. Detailed information on specifications and
conditions for use can be found in catalogues and manuals.

5.3.1. PREAMPLIFIERS

The preamplifier has the following functions :

impedance matching
conversion of an input charge pulse into an output voltage pulse
signal amplification

Several components of the preamplifier have been carefully selected to meet
the detector's electronic characteristics; to reduce noise, some circuits are
built into the cryostat (cooled input Field Effect Transistor or FET). This
input FET can easily be damaged by improper use or treatment. Both AC-or
DC-coupled systems exist. With a very few exceptions, DC-coupling is standard
as it offers better resolution, and less probability of FET breakdown.

65



Three different types of preamplifiers are of importance for detector systems
in INAA :

a. resistor feedback preamplifiers
b. pulsed optical feedback preamplifiers
c. transistor reset preamplifier

The resistor feedback preamplifier is the most commonly applied, and coaxial
detectors are usually so equipped. The pulsed optical feedback preamplifier
(POFB) is used in systems where very high resolutions are required (e.g., with
planar detectors). The transistor reset preamplifier has advantages in
systems where high energy, high count rates have to be processed without
spectrum distortion. However, this goes at the cost of increased main
amplifier dead-time. It should be noted that the reset pulse in these systems
set requirements to the type of main amplifier or ADC (inhibit connections,
high shaping times). Moreover the principles of the applied reset system
should be studied carefully, as it has been shown that sometimes circuits have
been incorrectly designed, leading to erroneous results [175/176/177/i?eJ.

The high-voltage loops in the preamplifier make necessary to protect them
against moisture, e.g., condensation due to the LN2-vent. The best solution
is to lead the exhaust away from the preamplifier. In humid atmospheres it
can be necessary to cover the preamplifier with a bag filled with some silica
gel. Repairing a damaged FET has to be done by the detector manufacturer to
match the new Ft:T optimally with the detector's characteristics. Sometimes,
when the FKT is not cooled, disconnecting the preamplifier may be considered
because of easier transportation. However, one should be aware that any
soldering at the cryostat's feedthrough has to be done with great care and
many precautions. Tf inevitable, soldering has to be done by preference at
the preamplifier end. Especially when the preamplifier has been repaired,
instructions from the manufacturer are needed to prevent the new FET from
being damaged again when soldering during remounting. The best solution to
have a preamplifier repaired is to send the entire detector assembly to the
manufacturer. HP-germanium detectors have the advantage that they can be
warmed up for this; transportation of a Ge(Li) detector system always is more
difficult because of the LN2-requirements. If the damaged FET is in a cooled
section of a Ge(Li) detector, it should seriously be considered to purchase a
new detector, as repair - if possible anyhow - presumably will be very costly.
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5.3.2. NIM-BIN AND POWER SUPPLY

The NIM-bin is the supporting rack for 12 modules made in the HIM-standard;
the power supply provides the necessary DC-voltages on the connectors in the
bin. Most bins supply the standard DC-voltages +24 V, + and -12 V; taking
into account the power requirements of some newer N1M modules, it is
recommended to purchase only bins which also provide ±6 V. When all the
positions in the bin are expected to be used, it might be sensible to consider
a rack with higher output power, especially +6V, than the standard model.
Most NIM-bins have front panel control, and indicator and monitoring positions
for DC output. It is required to place the bin in such a way that a good air
circulation takes place through the module. Sometimes mounting feet are
available when used as a tabletop rack. Large rubber stoppers make convenient
feet.

5.3.3. HIGH VOLTAGE POWER SUPPLY

NIM high voltage power supplies for semi-conductor detectors have typical
output characteristics of 3 - 5000 Volts, at low currents and with a low noise
level. The increasing quality of semi-conductor detector elements have made
it possible to operate them at increasing maximum high voltage levels. When
selecting a new high voltage power supply it might be considered to purchase
one with a higher maximum output voltage than necessary for the present
detector in use, especially when this detector is relatively old and may be
replaced in forthcoming years. Most units have built-in dV/dt networks. In
case of an electricity failure, output voltage drops off slowly in time and is
also restored slowly to the preset value when the interruption is over. In
older detector systems, abrupt changes of the high voltage may damage the FET.
In modern detectors, often HV filters directly connected to preamplifier are
applied, with built-in HV time constants varying from 5 - 1 0 seconds.

Before applying high voltage, be sure the polarity is set correctly for the
detector.

5.3.4. SPECTROSCOPY AMPLIFIER

The spectroscopy or main amplifier is a key unit in the y-ray spectrometer.
Its functions are :
- linear amplification of the pulses from the preamplifier to levels

suitable for pulse height analysis ( 0 - 10 V);
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improvement of signal-to-noise ratio by shaping of the signal pulses;

DC power supply to the preamplifier.

The performance of spectroscopy amplifiers is defined by energy resolution at
low count rate and by gain and resolution stability as function of count rate.
There are no great differences in specifications of the top models of
different manufacturers. In practice, some differences in performance may
occur due to the combination with other parts of the spectrometer. A try-out
of several models before purchasing is therefore very valuable. There is no
reason in trying to save money by buying the second best spectroscopy
amplifier from a series or when balancing between manufacturers. Price
differences are not large, and in fact almost negligible in the total cost of
the spectrometer. For use in INAA where high performance, high stability and
reliability over many years is a necessity, premium amplifiers offer best
value for money.

As the shape of pulses may affect the signal-to-noise ratio, energy resolution
and dead-time of an entire system, much attention has been paid to these
networks. The following methods of pulse shaping are being applied :

a. (Semi) Gaussian shaping,
b. Triangular shaping,
c. Gated integrated pulse shaping.

For a long time (semi) Gaussian shaping has been the only pulse shaping
method, and is still the most common. On a theoretical basis it was known
that a triangular shaping network would not only lead to an even better
signal-to-noise ratio, but would also permit higher pulse processing rates.
Only recently have amplifiers with such networks become available. Especially
for high count rate spectroscopy systems the gated integrated pulse shaping
network can be used. The advantage of this pulse shaping method lies in
higher system throughput; however, this goes at the cost of about 10-15% loss
of energy resolution for high-resolution detectors (Fig. 5.7.).

All shaping networks have selectable time constants. Choosing a time constant
has to be done by experiment, observing the system resolution and the count
rate effect of the setting. From the detector specification sheet, some
indication can be observed on the time constant to be chosen; as a rule of
thumb, for Ge(Li) detectors 2-3 ys, HP-Ge detectors 3-6 ys and planar
detectors 6-8 ys are nearly optimum settings for Gaussian shaping networks.
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FIG. 5.7. Comparison of effect of unipolar and gated integrated
pulse shaping networks on performance of spectrometers.

Modern amplifiers are equipped with built-in baseline restorer and pole-zero
network, to achieve a proper return of the tail edge of the pulse to the
baseline, and to remove any under or overshoot (Fig. 5.8). Correct setting of
the BLR and P/Z control requires some experience, but manuals are well
documented. A recent development in amplifier technology is the automatic
adjustment of P/Z networks. Most top models in a series of spectroscopy
amplifiers have also an integrated pileup rejecting network (PUR). Due to
pile up, system dead-time increases, spectrum distortion occurs (introduction
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FIG. 5.8. Effect on peak shape of (a) wrongly set pole-zero network and (b) pile-up.

of unwanted peaks, peak-shifts) and resolution degrades. The PUR network of an
amplifier recognizes pulses subject to pileup, prevents their processing by
gating off the ADC, and simultaneously controls the live-time correction when
the ADC has been integrated with a MCA. The choice of making the PUR-network
active strongly depends on the counting conditions, and has to be determined
by experiment. In this, also attention can be paid to the effects observed
when using the pulser method for dead-time correction in combination with a
PUR-active network in the amplifier [179].

The correct matching of DC output level of the amplifier and the DC input
level of the ADC is often overlooked. Some amplifiers provide control trim-
potmeters for this. An incorrect setting leads to improper functioning of
BLR, and to count-rate dependent shifts of all peaks in the spectrum. Finding
the optimal setting of a spectroscopy amplifier is a matter of experiment. It
can easily be carried out using a Co source of moderate strength at a
fixed position to the detector, and a more active 137Cs source which can
be placed at different distances to the detector in order to alter the total
count rate. The position and width of the Co peaks is then observed as
a function of changing count rates for different settings of time constant,
BLR, threshold etc. (see also paragraph 5.3.7.). Also the degree of pile up
and system throughput can be observed as function of time constant and count
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rate (Figs. 5.9 and 5.10 from [IBO]). Such an adjustment experiment however
requires that amplifier gain and ADC conversion gain and offset are thus
chosen that peaks are measured with, e.g., 0.15 eV/channel.
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FIG. 5.9. Dependence of pile-up correction factor on dead
time. The reference source is 60Co, with varying amounts
of 137Cs to change the counting rate.
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FIG. 5.10. Pile-up parameter P derived from the data set of
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tion and good resolution is reached for a time constant of
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5,3.5. A.D.G.

Analog-to-Digital Converters convert the pulse height of the amplifier output
signal into digital information for storage in an address or channel number in
a memory. ADCs often form an integrated part of multi-channel analyzers; HIM
ADCs sometimes offer more flexibility and control options. For the conversion
of the analog signals into digital information, two approaches exist :

the linear approximation approach which has lead to the Wilkinson type
ADC;

the successive approximation approach resulting in the fixed conversion
or fixed dead-time type ADC.

In the conversion process of a Wilkinson type ADC, high frequency clock pulses
are employed; the higher the clock frequency ( 50, 100, 200 or even 450 MHz)
the faster the analog signals are digitized, and the lower the dead time per
event. The dead time per event of such an ADC consists of a fixed dead time
per conversion (e.g., 2 ysec for a 100 MHz version), and a variable dead
time per conversion, depending on the converted ADC address (for a 100 MHz ADC
: 0.01 * channel number). Therefore, a twice as high clock frequency does not
necessarily imply half the dead time at a given count rate. Successive
approximation ADCs exist with fixed dead times varying from 1.5 to 20 psec.
As a rough comparison, a fixed dead-time ADC with a conversion time of about
5 vsec has at a conversion address of 2048 about the same processing rate as
a 450 MHz Wilkinson ADC.

For application in IHAA there is no specific preference for any of these
types. Wilkinson ADC1s are the more common and may show better linearity, but
fixed dead-time ADC's have certain advantages at high count rate spectroscopy.
The selection of an ADC also has to be done on the basis of input character-
istics (important when the amplifier has to be operated at long time
constants), several output options like dead time, busy, inhibit signals
(required for hardware dead-time and pile-up corrections), and setting options
like channel offset (important in many adjustment experiments with low
energy/channel settings), conversion range , zero level control, gating, and
options for interfacing with MCAs or computer systems.
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5.3.6. AUXILIARY ELECTRONICS

a. PULSE GENERATORS

When during the measurement the count rate does not change due to decay, dead
time can be corrected for using the pulser method [iei/iB2]. Pulses from a
constant frequency tail pulse generator are fed into the test input of the
preamplifier. The pulses thus follow the same signal processing as the
detector signals, and are subject to the same total system dead time. In the
y-ray spectrum a peak will be observed, which area can be used to calculate
the live time. Of course, the amplitude of the pulser is thus chosen that the
peak shows up in the spectrum in a region whi ch is not crowded by -y- ray
lines (e.g., between 1900 and 2000 keV) .

It is important that the pulses from the pulse generator have shapes which are
very similar to the detector signals, in particular fall times have to match
to prevent large undershoots in the output signal of the main amplifier. As
an example, for coaxial detector systems, fall tunes as large as 1000 - 2000
ysec are required. Many commercially available pulse generators provide
pulses with shorter maximum fall times. In some models this value can
sometimes be enlarged somewhat by increasing the output capacitance in the
module. Pulses from a pulse generator will slightly degrade the total system
resolution; therefore any spectrometer setting or resolution check should be
done with the pulse generator disconnected.

Another advantage of applying pulses from a pulse generator to a
spectrometer is that a small increase in system noise by electronic
interferences more easily be observable from an increase in the narrow pulser
peak width than from variations in the width of the y-ray lines.

b. SPECTRUM STABILIZERS

Digital spectrum stabilizers may be useful for applications in which high
accuracy measurements are required over long counting times (e.g. , as they
occur when measuring natural radioactivity) . The stabilizer functions by
monitoring two naturally occurring peaks in the spectrum, by preference a low
and a high-energy peak. After the initial peak positions have been set, the
stabilizer continuously will alter ADC conversion gain and zero level in order
to keep the two peaks at the preset positions, in order to correct any drift
in the electronics. Application in INAA depends on stability requirements,

73



and applied counting times, while always the same two peaks have to be present
in all samples. It is possible to introduce two extra peaks in the spectrum
by fixed sources attached to the detector, but this implies, for a high energy
gamma-ray, also an extra associated Compton background, affecting sensitivity.
Pulser peaks are not suited for stabilization, as drifts in the position of
such peaks not only originate from instability of the spectrometers'
amplification section, but also may be due to instability of the pulse
generator itself. As a result, the change in position of the pulser peak does
not always reflect changes in position of the y-ray lines.

c. LOSS FRKE COUNTING

Loss free-counting (LFC) is a statistical method of correcting for losses of
pulses in the electronics when it is busy. The technique is well described in
the literature [ les/is-j/ias/iae] and NIM-modules operating on these
principles are avaj table to be added to a spectroscopy system. With such a
module, which operates closely in connection with the A.DC, a real-time
correction for dead time is achieved; the pulses lost because of the finite
resolving time of the system are in real time mode to the acquired data in the
same way they were initially lost, instead of increasing the data acquisition
time as occurs in live-time mode. This method is particularly useful for
applications of INAA in which high to very high count rates occur, very short
counting times (which make dead-time correction by the pulser method almost
impossible), and alteration of count rates due to decay during measurement.
Moreover, no dead-time corrections are required as under all conditions live
time equals clock time. It is important to bear in mind that counting
statistics are disturbed by this artificial increase of the number of counts
in the channels, and it may be necessary to acquire an uncorrected spectrum
simultaneously so that the statistics can be computed.

5.3.7. ELECTRONIC PROBLEMS

Trouble-shooting, often initiated by uncommon spectrum analysis results,
belongs to the daily tasks of the activation analyst. The operating manuals
of the different units of the spectrometer sometimes contain extended
paragraphs on trouble-shooting, on symptoms of malfunctioning parts and
suggestions to overcome the problems. The most common problems will be
briefly mentioned here.
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Detector Microphonics

Every semiconductor detector has a certain response to vibration, mechanical
shocks or sounds. Tf this response is excessive, the detector is said to be
microphonic; as a result energy resolution will deteriorate. Detectors
equipped with cooled FETs are less sensitive to microphonics because of the
shortened connections between crystal and electronics. Noise due to
microphonic behaviour becomes visible as low-frequency signals in the main
amplifier's output in the 100 Hz - 5 kHz range. (Fig. 5.lia.). The effect can
be enhanced by clapping your hands close to the end-cap, or by gently tapping
your finger against the cryostat. Microphonics due to vibrations can be
solved using shock-absorbing material under the Dewar; sensitivity to sounds
is more difficult to solve, and often requires assistance from the detector's
manufacturer. As lead is a good acoustic damping material, sometimes
surrounding the detector by a lead shield may help to decrease the sensitivity
to sounds. Another source of vibrations causing microphonic behaviour may be
found in the LN2 Dewar. In some Dewars the cold-finger tip of the cryostat
fits into and touches a recess on the bottom of the Dewar. The detector
crystal mounted on the other end of the coldfinger may then strongly
experience any vibrations in the Dewar. The presence of such a construction
can be checked without emptying the Dewar. Carefully lift the cryostat 5-10
cm, and even more carefully lower it again to its original position. Little
shocks will be noticed when the coldfinger tip finds the hole. If such a
construction is suspected to cause microphonics, either another Dewar can be
chosen or the cryostat has to be lifted permanently a little using some extra
collars. The bubbling of the liquid nitrogen in the Dewar can also act as a
source of microphonics; this may be due to an insufficient insulation of the
Dewar (in other words, the Dewar's vacuum mantle is leaking). Another Dewar
should be tried first before the detector manufacturer is contacted.

Shorter pulse shaping time constants, the use of the main amplifier's bipolar
output with longer shaping time constant, a lower main amplifier gain in
combination with a higher ADC conversion gain or a baseline restorer operating
in the symmetric mode may eliminate to some extent the deteriorating effect of
microphonics.
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Main amplifier output signal
REGULAR NOISE horiz. 2 ms/div

vert. 10 mv/div

FIG. 5.11. Regular noise.

Main amplifier output signal
MICROPHONICS horiz. 2 ms/div

vert. 10 mv/div

FIG. 5.11 (a). Effect of microphonics.

Main amplifier output signal
GROUND LOOP horiz. 10 ms/div

vert. 10 mv/div

FIG. 5.11(b). Effect of ground loops.
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Main amplifier output signal
CROSS-TALK horiz. 20 jis/div

vert. 10 mv/div

FIG. 5.11(c). Effect of cross-talk.

Main amplifier output signal
HIGH FREQUENCY PICK-UP horiz. 0.1 /is/div

vert. 10 mv/div

FIG. 5.11(d). Effect of high frequency electromagnetic radiation.

Preamlifier output signal
FEEDTHROUGH SPARKLING horiz. 50 /Us/div

vert. 0.5 V/div

FIG. 5.11(e). Effect of HB-sparkling.
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Ground Loops, Cross-Talks and Pick-Ups

Ground-loops, cross-talks between several parts of the spectrometer, or signal
pick-up from high-frequency sources lead to increase of dead time, loss of
weak pulses, and degradation of system resolution. These interferences can
also be derived from monitoring with an oscilloscope the main amplifier output
signal.

Ground-loop effects become visible as oscillations with frequencies related to
AC frequency, e.g., 50, 60, 100 or 120 Hz. (Fig. 5.lib.) The effects can be
reduced by using the same ground for all parts of the spectrometer. If
possible, the AC power for the various units should be taken from a common
wall socket.

Cross-talk may arise when signals are transferred from one piece of equipment
either via power or earth connections to another part of the spectrometer.
Often influence of HV supplies is observed. Such an interference shows up in
the main amplifier output signal by 20 or 50 kHz oscillations (Fig. 5.11e),
which originate from the converter frequency in the HV supply.

The cabling of a spectrometer also has a certain antenna behaviour for high
frequency electromagnetic radiation, such as emitted by RF sources,
accelerators, air conditioners, AC motors, etc. As a result high frequency
oscillations may occur (Fig. 5.lid.). Display monitors and video terminals
sometimes also turn out to be a source of RF radiation. A systematic
investigation of the main source of this interference can be done by switching
off suspected parts until the frequencies disappear. Cables should also be
kept away from the vicinity of personal computers and monitors. Sometimes the
use of 'super-screened1 cable will reduce the pick-up problem.

Some simple measures can be taken against cross-talk and pick-up
interferences. In the NIM bin, HV power supply and main amplifier should be
inserted by preference at the opposite outermost positions, and also not
directly next to the ADC. In stubborn cases, the HV cables may be wound
through a ferrite ring. All cables should be in good condition; cables
connecting preamplifier and NIM bin (HV, preamplifier power, output signal,
event, pulser input) should be of equal length, and neatly tied together into
one string (Fig 5.12.). Detector cryostats should not make electrical contact
with grounded lead or steel shielding.
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FIG. 5.12. Cabling between preamplifier and NIM bin, neatly tied
together and of equal length.

Cables and Connectors

Impedance matching of cables and input-output connections is of importance to
avoid reflections of signals and oscillations, resulting in peak-shape
distortion and attenuation. In manufacurers' manuals of preamplifiers, main
amplifiers and MCAs attention is paid to this subject and the type of cables
to be used is specified. The connection between preamplifier and wain
amplifier requires much care and attention because of the weak signals.
Interference from loose contacts or poor earthing results in noise and signal
distortion. With respect to connectors, a serious source of interference may
result from connectors not properly attached on home-made cables, in
particular in the strain relief. If there is a suspected cable or connector,
a drastic but probably the best solution is to remove the cable and to cut off
at once the suspected part or connector. There are too many examples in which
malfunctioning cables were put aside for a while, and used again by somebody
else not knowing its uselessness.

Sending Signals Long Distances

When the detector system has to be placed at a remote distance from the other
parts of the spectrometer, the preamplifier output signal is often chosen to
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be transferred over long distances, because of the lack of space for
installing a NIM-bin near the detector. Several preamplifiers are able to
transfer the weak signals over distances as long as 150 m without significant
loss of resolution. Attention has to be paid to termination of the connections
with shunt resistors, to avoid reflections. The use of 'super-screened' cable
will reduce the problem of pick-up from outside interferences. Less
difficulties may arise when transferring the main amplifier signal, but still
termination of the connections might be necessary to avoid oscillations. At
high counting rate the bipolar signal should be used to reduce peak drift.
The digitized ADC signal can be transferred almost without any difficulty,
although a booster module may be required for very long distances.

System Instability

Unstable electronics will result in either continuous or stepwise drifting
peaks. Careful observation of spectrum analysis results will indicate the
occurence of instability in time, before it becomes a big problem. Small
day-to-day shifts, peak broadening and uninterpretable peaks closely spaced to
prominent peaks are the first indications.

* Gain Instability. Corrosion and dust in the spectrometer parts (main
amplifier, HV supply) cannot always be avoided. Sometimes it is sufficient to
clean the contacts of switches, plugs and printed circuit boards. Cleaning
can best be done using pressurized air and a soft brush. 'Contact-cleaner
spray' is useful for cleaning the moving parts of switches, but should not be
used to clean electronic boards as sometimes an oily residue which remains
may cause its own problems; methanol is a better choice. A typical weak
component in the main amplifier is the fine gain potentiometer. When in use
for a long time in the same setting, corrosion of the windings has been
observed. Replacement by a new potentiometer or the use of a distinct
different combination of coarse gain and fine gain setting can help to
overcome this problem.

* Temperature and Humidity Effects. Many laboratories do not have well-
conditioned counting rooms or suffer from variations of temperature. A
shockwise change of a few degrees in ambient temperature may lead even for
premium amplifiers to measurable gain variations. The specifications as
quoted by manufacturers with respect to temperature stability are given in
very small numbers, thus giving a wrong impression on the practical
performance. Note that a typical theoretical temperature stability
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specification of, e.g. <0.0075%/ C still means that a one-degree change in
temperature will shift a peak in channel number 4096 for 0.3 channel. If the
temperature cannot be kept sufficiently constant (+1 degree), the only
workable solution is to perform daily energy calibrations.

* Excessive humidity may cause difficulties at the detector side, in
particular at the preamplifier signal feedthroughs of the cryostat. This can
be checked by monitoring the main amplifier's output signal: HV sparking shows
up as very large pulses on the baseline (Fig. 5.11e), which will decrease when
the HV is lowered. Also the voltage level of the preamplifier's test jack
will show an unstable behaviour. Sometimes it will be necessary to clean the
cryostats vacuum feedthrough. This is a tedious operation, and the
preamplifier's FET may easily be damaged. First switch off all power and wait
for at least 5 minutes to discharge all capacitors completely. Disconnect all
cables from the preamplifier and remove the hood. It should be remembered
that even through contact with skin acids the megohm resistors and high
voltage capacitors may be damaged. The feedthrough (glass or ceramic) can be
cleaned with methanol and tissue. Dry the feedthrough thoroughly with a hot
air gun at moderate temperature, and be sure that no tissue threads are left
on the feedthrough. As mentioned before, covering of the preamplifier with a
plastic bag with silica gel capsules may contribute to reducing condensation.
Some manufacturers offer the possibility of extra treatment of the
preamplifier at the factory when it is known beforehand that the detector wi11
be used in an atmosphere of relative high humidity.

In cold climate the air can be very dry in central heated houses. The low
humidity may cause problems through static electricity. Sparks are easily
created when touching the analyzer. These sparks may stop the microprocessor
in the analyzer. Therefore humidifiers should be used in counting rooms. In
difficult cases electrically conducting carpets and tablecloths can be used to
decrease the static electricity.

5.4 MULTICHANNEL PULSE HEIGHT ANALYZER (MCA)

5.4.1 PC-BASED SYSTEMS

For several years most of the functions required in a stand alone MCA have
been realized through microprocessors incorporated into the MCA. It was soon
realized that instead of building separate systems, commercial microcomputers,
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personal computers (PCs), could be used. This approach has several benefits:

Low cost because of mass production.

Reliability and good service almost everywhere because similar
computers are used by many institutions in every country.

The same computer can be used for advanced data handling and also other
computations while measuring.

Good availability of computer programs for gamma spectroscopy and other
purposes. The reason for this is the standardization of PC operating
systems.

The system thus comprises three parts: The ADC, a multichannel analyzer buffer
(MCA buffer), and the computer. Depending on the manufacturer different
combinations of these exist:

1. ADC+MCA buffer is one NIM-module;
2. ADC4-MCA buffer is one card which can be inserted into the computer;
3. ADC is a NIM module and the MCA buffer a computer card;
4. ADC and MCA buffers are separate NTH modules.

Using a separate ADC has the advantage that the ADC can be chosen according to
the count rate requirements while the buffer is a standard device. All the
MCA buffers include a microprocessor and memory, enabling an independent
functioning of the MCA during acquisition.

The data memory available varies from 4K to 32K channels. The count per
channel capacity is always high, from 8.10 counts per channel upwards,
usually more than what is needed in NAA. Both 100-450 MHz Wilkinson type and
5-25 vis fixed time ADCs are used. Some systems support high count rate
acquisition through real-time dead time and pulse pile up correction.
Multiscaling units are also available. Normally four MCAs can be connected to
one computer and through a mixer-router, up to four detectors to one ADC.

Data transfer to the computer is no problem when the MCA buffer is a computer
card. Some of the NIM modules have a RS232C interface as standard, rendering
the data transfer unacceptably slow for many applications. In some analyzers
an IEEE488 or similar interface is standard and in others optional. This
enables a 8K spectrum to be transferred in 100 ms.
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The MCA buffer microprocessor normally supports data acquisition and I/O
functions including display, controlled via the host computer. During data
acquisition the computer is free for control of other MCAs, analysis of
spectra on disc or for running any other program like word processing.

The standard software includes the MCA emulation program enabling control of
MCA and traditional operations like display, I/O, overlap, smooth, strip,
transfer, energy calibration, ROI, and peak information, like centroid, FWHM,
gross and net area within ROI. Optionally available are peak search, nuclide
identification, peak integration often with multiplet deconvolution. A few
NAA programs are available, but they are usually not very sophisticated.

Most of the MCAs are based on IBM XT, AT or System/2 compatible computers.
Some manufacturers have also MCA:Buffers for DEC VAX computers.

When using a so-called IBM compatible computer it is important to assure that
the degree of compatibility is high enough so that the combination really
works. This can be best assured by buying the whole system from one supplier.

Systems based on standard computers have the additional benefit of enabling
easy control of automated devices, like sample changers, and pneumatic
transfer systems. Almost all standard software includes sample changer
control. They also allow easy bookkeeping, data storage, reporting and
connection to networks of different kinds.

It is to be noted that the above is valid in 1988 when this text was written
but because of the fast technical development the information may be old in a
few years.

5.4.2 MICROPROCESSOR-BASED MCAs

Conventional MCAs, where the counting functions are microprocessor-based, may
take one of three general forms, depending on where the data handling is
carried out: the 'stand-alone' analyser; the interfaceable system, where the
MCA is connected to a separate computer for data processing; and the fully
integrated system, where the MCA and computer are compatible in the analyser
itself.

The stand-alone system, with its own central processor, can be a powerful
analytical tool since it is designed specifically for spectroscopy. The
display and acquitions system is tailor-made and the software is written to
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operate on the particular system. However, the operating systems are not
always easily accessible so that it may be difficult to transfer information
in and out of the analyser. This means that it may be cumbersome to transfer
data, such as weights from an electronic balance, from outside, into the
analyser. It also means that if NAA is to form part of a wider range of
analytical facilities it may be difficult to integrate the stand-alone
analyser into a laboratory processing system. On the other hand, these
stand-alone systems are designed specifically with the job of gamma-ray
spectrometry and/or neutron activation analysis in mind. They can have
multi-user and multi-tasking facilities which support many ADCs and enable
more than one person to use the system at the same time, running a number of
jobs simultaneously. The result is a very powerful, self- contained analyser.

A computer-interfaceable system has the advantage that it can be used as an
independent multichannel analyser but may be connected to a separate computer,
if required. This means that it is suitable for running small simple tasks,
such as the routine analysis of one or two elements, but data can be
transferred to a large computer for complicated spectral analysis. In
addition all the standard software programmes for chemical data management can
be implemented and the NAA facility integrated into a wider analytical
facility.

A compromise between the two types of MCAs described above is the integrated
system, in which the data acquisition, storage, and computation are performed
by a single hardware and software system which includes a standard
minicomputer. The first generation of such systems, built around a single
pool of general memory for ADCs and computer, worked well but compromises in
performance and standardization have become less necessary as the price of
memory and computers have decreased and as general-purpose operating systems
have become more capable. In more recent systems the ADCs collect data in
dedicated memory, which makes the MCA and computer functions independent. The
integrated system is therefore as powerful as a stand-alone system in its
ability to support multiple users simultaneously, with access to all the
statistical, database, and communications software. The advantage over the
interfaced system is that the spectral data can be viewed and manipulated like
a stand-alone analyzer. An integrated system may be also the most suitable MCA
for the automated control of external devices such as pneumatic irradiation
systems and sample changers.
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The choice of the MCA to use will depend on the nature of the NAA laboratory,
how many people might wish to use it and what variety of analyses will be
carried out. An important factor is how NAA is to be integrated into the work
of NAA group and the reactor facility as a whole. Also important in the
choice of system and manufacturer is the degree of support which is available
from electronics engineers on site.

5.5 DATA PROCESSING

5.5.1. COMPUTERS AND INTERFACING

In NAA, gamma spectra are normally measured on 4096 or 8192 channels, although
16384 channels are needed on occasion. The amount of data varies normally
between a few counts and hundreds of thousands of counts per channel. The
amount of data makes manual interpretation time consuming. In addition
several of the spectrum interpretation methods involve complicated
mathematics. Therefore computers are commonly used for storage and
interpretation of gamma spectrometric data.

There exists a multitude of computers of different size and performances and
it is not within the scope of this book to give a comprehensive description of
what is available. Only a short discussion will be made and more detailed
information should be sought in the relevant literature. The development of
computers has been extremely fast and today's microcomputer has the same or
better performance than yesterday's minicomputers and last week's mainframe
computer.

Less than ten years ago most NAA calculations were performed on central
mainframe computers because computers, memory, and peripherals were
expensive. With a few exceptions MCAs were not connected to mainframe
computers but the data was transferred via magnetic tape. The use of a
mainframe computer allows the use of large programmes and enough storage
capacity. There may be a problem in that the control of the programme is
located far from the measurement room. Some multichannel analyzers have been
designed to work as terminals as well, enabling running the programmes from
the analyzer itself.

In general, the use of a mainframe computer for spectrum analysis on large
data sets may be quite expensive, depending on the policy of the computer
centre. It may be more cost effective for the NAA group to have its own
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minicomputer. For most laboratories at present the economically attractive
choice is the use of a personal computer, particularly if the PC is part of a
local area network.

The kind of PC to choose is not very critical but some criteria should be kept
in mind. The ultimate in performance is usually not needed, since real-time
data handling is performed by the MCA. Only after data accumulation has ended
is the spectrum transfered to the computer memory, and usually to the hard
disc as a data file. The spectrum analysis and NAA calculations are performed
separately from the data acquisition process.

The interfacing of old MCAs can be difficult and expensive. An expert has
always to be consulted. All MCAs produced in the 1980s have commercial
interfaces and mostly commercial communication programmes for interfacing to
one or several computer types. These should be used to ensure problem-free
communication. The most common one is the RS232 bus which is cheap and
reliable also over long distances. However, the slow transfer rate, maximum
19,200 baud, corresponding to a transfer line of 30-80s per 4k spectrum,
hampers its use in many instances. The IEEE 488 bus is very fast (350
kBytes/s corresponding to a transfer time of about 50 ms for a 4k spectrum),
but cannot be used over long distances. Therefore some local area network
system, like Ethernet, has to be used if fast transfer over long distances is
needed. A drawback is high cost and complex software.

5.5.2 PROGRAMMES

Manufacturers of multichannel analyser systems usually provide fairly
comprehensive software for the operation of the system and microprocessor-
based systems will have control and emulation software depending on the type
of MCA and the way it is integrated with the processor. The basic role of the
MCA is to collect the counts into the appropriate channel addresses, record
the live and dead times during the counting period, and present the data in a
suitable form. All the additional software is designed for the calibration of
the analyser and for the processing of the gamma ray spectra.

Calibration programmes include energy and efficiency calibrations. The energy
calibration packages in commercial MCAs are based on counting reference
sources and entering the data in the form of energy and corresponding channel
number. The data, in the form of keV vs channel number, are stored as a
linear or quadratic fit. Similarly the efficiency calibration is measured
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using reference sources of known activity. In many systems, the information
that is required for calibration with a reference source, such as half-Life
and gamma-ray energies and intensities, are stored in a library provided by
the manufacturer. The user simply counts the sources and enters the activity
on the date when the source was originally certified, together with the
measured count-rate. The system calculates the efficiency vs gamma-ray energy
and stores the calibration constants, usually as a polynomial or spline fit.

The data is normally collected in the computer or MCA memory and transferred
to storage disc at the end of the counting period for spectral analysis.
However, simple print-out in the form of counts per channel or as regions of
interest can be made from memory. Manipulation of the spectra can be quite
sophisticated with options to expand regions and compare spectra, to smooth or
add and subtract spectra, to identify energy lines and to evaluate peak
areas. In fact it is possible to carry out a full analysis of a spectrum in
the computer memory.

Any more complicated data handling, such as a peak search, is usually made on
stored data. The peak search programme is one of the most important features
of an analyser system and each manufacturer uses a different peak search
programme for location and evaluation of gamma-ray lines. Recently some
commercial peak search programmes have been modified for use on the PC-based
systems; GeLiGam is now used in its new form of 'Minigam' on the EG & G Ortec
system, Sampo has been converted by Aarnio [IB?] and is offered by Canberra
as 'MicroSampo' and Nuclear Data has launched a micro-based system which
operates with all their standard programmes from their large 'stand-alone'
systems. A number of programs written for mainframes and minicomputers at
universities and government laboratories are in use outside their original
homes. Some examples are Gamanal [iss], Hypermet [199], and Teabags
[190]. Only the latter of these include NAA functions. All these programs
provide adequate peak analysis for most NAA requirements and recent
intercomparisons [191/192] of the programmes produced by the different
manufacturers showed that they all gave very similar results.

Packages available in the commercial systems to compensate for losses in the
electronics of the counting system include dead time and pulse pile-up
corrections. In addition to these corrections there are interference
corrections for the peak area evaluation similar to a spectrum stripping
programme, where a clean peak is used to correct for an interference which
cannot be separated, knowing the ratio of the clean and interfering peak.
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This type of correction can only be applied to peaks which are not resolved by
the peak search programme. If on occasions the programme is able to separate
the peaks, then the additional application of an interference correction will
give the wrong result. Neither can this correction be used where the
interference is due to a nuclear reaction producing the same nuclide.

Nuclide identification libraries are used to confirm the identity of the peaks
by energy and intensity and in many cases the manufacturers provide
comprehensive lists of gamma-ray energies. However, since the commercial MCA
systems are often designed with gamma-ray spectrometry, not NAA, in mind, some
lists include fission products which are suited to the power station market.
It is often more practical to build up one's own list of likely products.
There are nuclide libraries available in the literature which are designed for
neutron activation analysis, for example, the Tables included in the Appendix.

Most manufacturers now have a NAA package for quantitative analysis. Usually
the NAA package uses the results of the peak search package, corrected for
decay and for weight, to compare counts in the sample with counts in a
standard. NAA packages may lack the sophistication of the nuclide
identification programmes; for example, one commercial package averages the
results from all the standards for a particular element, a procedure which may
or may not be appropriate for a particular irradiation site. There are
additional refinements which are not available commercially, for example, flux
correction, a facility for flux monitor data, and for the use of comparators.

The manufacturers' software may require quite complex operations to give
reliable data when analysis is carried out in an automated mode. Usually the
software allows a sequence of the commands to be entered via an editor and run
as a job. The 'jobstreams' are adequate for most operations, if a little
inflexible when it comes to general applications.

5.6 AUTOMATION

5.6.1 NEED FOR AUTOMATION

If the NAA facility is to operate effectively it will almost certainly need to
be automated in some aspects of the procedure. The main reasons for
automation are speed, reliability, reproducibility, and saving in staff time.
Aspects which are automated are most commonly the irradiation procedure and
the counting stage, although there are other possibilities such as the sample



preparation operations. Irradiations must be automated for the measurement of
very short-lived radionuclides, where it is impossible for a worker to get. the
sample from the reactor to the detector quickly enough. In the case of
counting, automation frees members of staff from the routine tasks of changing
samples and to facilitate the 24-hour use of valuable counting equipment.
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FIG. 5.13. Automatic activation analyzer.

5.6.2 IRRADIATION FACILITIES

To determine accurately trace elements by NAA, the irradiation and counting
conditions must be reproducible. Pneumatic devices are commonly used to send
the sample into the irradiation site, a timer being used to control the
solenoid valves which operate the gas blowing the sample in and out of the
reactor. A very simple device may be used to load the sample manually, start
the timer which automatically blows the sample into the reactor and out at the
end of the preset time, and to manually transfer the sample to the counting
position. This simple system may be purchased commercially or built quite
easily. The next step is a larger scale automated system where the process is
repeated many times (Figs. 4.14, 6.1, 6.2.). It is only necessary to have
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some kind of loading device to allow many samples to be fed through the
system. A programmable logic controller is a simple way to operate such a
system since such a device has the facility for a number of input and output
signals to operate relays to control the operation of solenoid valves,
loaders, and diverters and sense microswitches . There are several advantages
to building up an automatic pneumatic system slowly; with a programmable logic
controller, input and output capacity can be added readily as required. For
greater flexibility a PC-based system can be used to control the irradiation
and counting sequences, with the control signals sent to the hardware of the
system directly or indirectly via the controller.

Fully automated pneumatic systems are available commercially but they are
manufactured for particular size 'rabbits' so they may not suit a specific
requirement. In addition they are so expensive that it may be advisable to
build one's own system if there are suitable workshop facilities available on
site. There are many designs in routine use at the different reactor centres
and examples of such pneumatic irradiation systems are described in the
literature [ les/ia-j/iss/ise] and illustrated in the figures.

5.6.3 COUNTING AND DATA PROCESSING

Simple procedures for repeated counting and processing of data have been
available even on hard-wired analysers for many years. A simple cycle of
count, print, erase and count again, together with a signal from the ADC or
the I/O system to tell the sample changer to operate, is all that is required.

It is possible to develop a fully automated irradiation and counting system
for NAA incorporating a preset decay period. However, this is only suitable
for relatively short-lived radionuclides and there is very often a requirement
to unload the samples from their irradiation capsules before counting, if
there is any contamination from the material of the capsule. However, once
the samples are unloaded and ready for counting it saves a great deal of
operator time if the routine counting and processing of the samples is
automated. This requires that some means of changing the samples be
available, and although occasionally it is useful for the analyser to count in
a repetitive mode while samples are loaded manually onto the detector (e.g.,
for short-lived radionuclides where samples may be delivered and unpacked at
regular intervals), an automatic sample changer is usually used for completely
unattended counting.
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The sample changers themselves can take a variety of forms. Recently the
manufacturers of counting equipment have become more involved in marketing
sample changers in particular to suit the environmental monitoring market but
they are very expensive and it can be cheaper to build one to suit your
particular needs. Examples of sample changers are given in the literature
[iss/195/196/197/198] and shown in the Figures 5.14, 5.15, 5.16, 5.17. One
of the simplest forms is a wheel operating in a horizontal plane above a
vertical dipstick detector. The samples can be separated sufficiently to
avoid cross-talk provided that they are small and the detector can be
surrounded with lead except on the top where the sample sits. The wheel can
be rotated and located using a simple Geneva gear system. Pneumatic devices
are useful if the detector has to be well shielded but it is necessary to
provide a shielded store to locate the samples before counting (Fig. 5.17).
For automatic counting care must be taken to ensure that sufficient time is
allowed for the sample changer to have finished operating and for the next
sample to be in position before the counting system starts the next analysis.

FIG. 5.14. A sample changer for a germanium detector (Imperial
College of Science and Technology, UK).
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(a)

(b)

FIG. 5.15. Sample changer.
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FIG. 5.16. A sample changer for a well-type detector
(Interfaculty Reactor Institute, Netherlands).

5.7 CHOICE OF LOCATION

The position of the counting facilities will depend on the space available and
the systems may not all be in one place. There are advantages in having
certain types of counting separated to avoid cross-counting effects. It may
be necessary to have a 'low-level* counting room if very low activity samples
are to be measured, such as environmental monitoring samples. Also, there may
be a detector located close to the reactor for counting short-lived
radionuclides in order to keep the transit time to a minimum.

Apart from these special requirements it is usual to separate the counting
equipment from the irradiation facilities to reduce the background activity,
particularly from Ar-41. Care must be taken to avoid storing active samples
in the vicinity of the detector. Background will be caused by a variety of
sources including cosmic radiation; radioactivity in the material of the
structure around the detector, such as building materials, metal, even lead
bricks if they have been activated by storing them close to a neutron beam.
Clean lead bricks are an important requirement for counting in low
backgrounds. Counting rigs containing lead must be situated somewhere with
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strong floor supports and it is convenient to have the room on the ground
floor to make it easier to move the heavy equipment about. Care must be taken
to ensure that there is no danger of contamination of the counting system
itself with the samples that are being counted. It is sensible to have some
protecting material between the sample and the detector and usually this will
be incorporated into a spacer device to ensure reproducible sample to detector
distances. The sample holders should be manufactured from a material that is
easily cleaned, such as Perspex, and checked for contamination on a regular
basis.

Since liquid nitrogen is required for the operation of semiconductor detectors
it is useful to avoid transporting Dewars too far. As discussed in section
5.3.7, it is often necessary to have air-conditioning to keep the equipment at
a reasonable and constant temperature in an environment reasonably free of
dust and chemical fumes.
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6. RELATED TECHNIQUES

6.1. DELAYED NEUTRON ACTIVATION ANALYSIS

Delayed neutron activation analysis (DNAA), can be used for the analysis of
oxygen and fissionable nuclides. The technique and the instrumentation needed
has been thoroughly described elsewhere [199/200/201/209/156] and will be
only briefly described here.

The method is based on a short irradiation followed by measurement of delayed
neutrons, emitted with half-lives varying between 0.2 and 55's. Normally an
irradiation time of 60's, decay time of 20's and measurement time of 60's are
used. A pneumatic transfer system is used for irradiation and the delayed
neutrons are counted in a device comprising several He or BF
detectors in a moderator of paraffin or polyethylene. Because of its
simplicity, the whole procedure is easy to automate and completely automatic
analyzers with sample changer, pneumatic transfer system, measurement
electronics and computer are described [ise/aos]. These analyzers both
irradiate, measure and calculate the results automatically (Figs. 6.1, 6.2).

The method is most commonly used for the analysis of uranium in geological
samples but also health physics applications are known. An example of a
competitive application is the use of delayed neutron counting for uranium
determination in urine. This can be favourably used as a routine monitoring
technique because it is very rapid.

The method is specific to uranium when natural samples are irradiated with
thermal neutrons. When a mixed reactor spectrum is used thorium interferes
somewhat when in excess to uranium. Using a combination of thermal and
epithermal activation both uranium and thorium can be analyzed, although the
thorium analysis is not very sensitive or accurate [204/153]. For uranium,
detection limits between a few ppb and 0.03 ppm have been reported.

The method is very much used because it is rapid and cheap. 300 samples per
day can be easily analyzed.
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FIG. 6.1. Automatic uranium analyzer based on neutron activation and delayed neutron counting.
The analyzer has a balance to weigh the samples (VTT/Reactor Laboratory, Finland).
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6.2. PROMPT-GAMMA NEUTRON ACTIVATION ANALYSIS

With the development of large high-resolution gamma-ray detectors with good
efficiency and peak/Compton ratios at high energy, the use of prompt
neutron-capture gamma rays as a method of elemental analysis has become
practical as a complementary technique to T.NAA. Prompt gamma-ray neutron
activation analysis (PGNAA) is particularly useful for determining elements
which absorb neutrons but do not produce radioactive products in doing so.
Nuclear parameters and the abundances of the elements in common matrices are
such that PGNAA finds its greatest applicability in the determination of
nonmetals that form the major and minor elements of common matrices (H, C, N,
Si, P, S), or trace elements with high thermal capture cross-sections (B, Cd,
Gd) that may be poorly determined by other techniques.

The application of PGNAA as a routine method of elemental analysis has been
pursued todate at only a few laboratories on a full-time basis (for recent
reviews see [aos/aoe]), partly because of the need for continuing access to
a reactor neutron beam. The sensitivity of the method (cps/mg) for most
elements is not so good as conventional neutron activation, limiting most
routine applications to the determination of the few elements just mentioned.
Irradiation times of several hours are required for most samples in which many
elements are to be measured, hence the throughput is low because only one
sample can be irradiated and measured at a time. The low sensitivity of PGNAA
is not due to a low neutron capture rate, but to a low detection efficiency
for the analytical gamma rays due to the high energy of capture gammas, the
complex spectra that result, the high counting rate from hydrogen in matrices
containing this element, and the necessary bulk of active and passive
shielding around the detector. Moving the detector closer to the sample
increases the efficiency, but at the cost of higher background and
nonlinearity due to high counting rate.

6.3. MEASUREMENT OF ENVIRONMENTAL RADIOACTIVITY

The availability of y-ray spectrometers in an INAA laboratory, and the
experience with interpretation of y-ray spectra facilitates implementation
into an environmental research program of monitoring programs on natural
radioactivity (e.g., from coal-burning plants, or mining activities), or
radioactivity from fall-out, nuclear reactor waste and accidental releases.
Although actually not belonging to INAA applications, it might be considered
when thinking of making a laboratory of more use for society. An example of
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this is the situation after the Chernobyl accident. The sudden need for
measurement of radioisotopes in the environment and food saturated the
available instruments of most environmental radioactivity groups in Europe.
Therefore the NAA research groups took over a part, and in some countries the
greatest part, of the responsibility to measure food and other products.
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7. MAKING NAA AVAILABLE TO THE SCIENTIFIC AND TECHNICAL COMMUNITY

7.1 IDENTIFICATION OF POSSIBLE CONSUMERS

In attempting to identify potential consumers of activation analysis services
a variety of factors must be taken into account. These will include the
nature of the reactor being used and the irradiation facilities available,
counting facilities available for use, industrial base and importance of that
particular industry to the country as well as political considerations.

The irradiation facilities and reactor fluxes available may be important in
influencing which potential consumers should be approached. If the reactor
has the ability of irradiating large volumes of samples on a routine basis
(i.e., the schedule of the reactor consistently provides irradiations at least
several days every two or three weeks) it may be possible to operate on a
service basis to industries like mineral exploration. If on the other hand,
the reactor only has the capacity of irradiating small numbers of samples
irregularly, it would probably be a better idea to approach consumers with
small volume demand, more on a research or co-operative effort.

The industrial base of the country can determine who are the potential
consumers. For example, if there is no advanced electronics material
industrial base there will not be any local consumers in that particular
field. If, however, agriculture is an important industry, this group is a
potential consumer. Political considerations are also important. If the
reactor is located at a university, it is obviously in the best interests of
the university to support research at university departments. If funding
comes from government departments, it would be advantageous to support
government research as well. Generally it is useful to show that there are
consumers in all aspects of government, university and industry.

It is important when beginning to provide analytical services that overselling
of services or overstating the capabilities do not occur. This will tend to
provide the analytical technique and the laboratory with a bad reputation,
which once achieved is difficult to overcome. The activation laboratory is
essentially now acting as a commercial facility inasmuch as it is going to
serve the needs of its clients. To do this, it is important to find out about
the competition. Competing analytical techniques like atomic absorption,
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X-ray fluorescence and inductively coupled plasma emission (ICP) spectrometry
may be able to solve the customers' problem more easily or cheaply if they are
readily available. It will usually be advantageous if the person selling the
analytical service has a little knowledge of the advantages and disadvantages
of the INAA technique versus the other analytical techniques.

Potential consumers of analytical services can be found in many places:
universities, government establishments, research institutions, industry, and
medical institutions. Tn many instances the consumer will have a problem and
may make the approach to have INAA solve their problem if he knows this
service is available. In most other instances the activation lab may have to
go out and find the consumer. If the latter is the case, you must decide in
what field or fields you are interested in approaching. This may be based on
your interests, political considerations or national priorities. Regardless
of how the market segment of interest is chosen, background information on the
types of analyses this market segment is interested in should be done.

Generally, when an approach is made to the potential consumer it is useful to
know what can be done on particular matrices. For an example, let us say that
we have targeted the geochemical field for application of the INAA technique.
Within this market segment there are three potential sources of consumer.
These include government establishments like the geological survey, the
geology department at university, mineral exploration companies or mineral
exploration or processing research institutes.

A useful beginning is a literature survey on some past applications of the
INAA technique to the field of interest. This information can be obtained
from the bibliography section of the Journal of Radioanalytical Chemistry or
the biennial compilation of Analytical Chemistry. We must note however that
most papers listed are papers dealing with techniques rather than
applications. In the field of geochemistry for example the use of INAA is now
widespread and papers in most applied journals such as the Journal of
Geochemical Exploration deal with interpretation of results and not analytical
method. Once selected, suitable sample material should be located to try some
irradiation and counting schemes to familiarize the analyst with what can be
done on particular matrices of interest. Reference materials provide known
composition to begin tests on. The National Institute of Standards and
Technology Catalogue of Standard Reference Materials, or the IAEA catalogue of
reference materials, also provides a good clue as to the various fields which
activation analysis can support by providing a list of all the materials
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people are interested in. Generally reference material programs will only
produce reference material where a demand is foreseen. In effect, they are
doing some of the market research for you.

Consumers in our other major field of application - environmental control -
can also be found in the above-described market segments. Examples of
governmental consumers are the ministries of environmental health, of public
health, of general welfare, of agriculture and their related research
institutes, and comparable county and municipal authorities. Data on trace
elements play an ever more important role in formulating legal pollution
standards, to their enforcement, and in the prosecution of violators.

It is important to realize that governmental research institutes often may
have access to one or more trace element analysis techniques. Their
acceptance of INAA as an alternative technique will be stimulated by the
specific advantages (non-destructive nature, sensitivity, multi-element
capability, analysis cost). However this will be balanced against turnaround
time and the inadequacy of determining the ever popular element lead. But
often the generally known and accepted good accuracy of INAA and the quality
assurance incorporated in the procedure might convince the potential consumer.
Within the university market segment, environmental science oriented groups
can be found in the chemistry and biology departments. But also in the
physics and civil engineering departments there might be some interest in INAA
service, e.g., for problems related to waste-water or sewage treatment
studies. The mining department might be interested in the role of INAA in
studies of environmental impact of residual waste of mining activities.
University groups tend to select their analytical technique of choice
generally by taking the most appropriate one. The missing of data on lead
will often be solved by determination of this element by another technique.
Nor is a short turnaround time of vital importance, although sometimes student
projects are very tight. Multielement capability, large throughput and low
cost are key elements; analysis costs may be reduced if the involved groups
are actively participating in the analysis (e.g., weighing-in and preparing
samples for analysis).

In the third market segment - industry and others - consumers' organizations
are found, which may be interested in and consulted for use of INAA service to
get an answer to their studies and problems on environmental pollution.
Examples of industrial consumers are companies which specialize in waste
management and treatment, industries with strongly polluting waste streams
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(coal-burning plants, waste incinerators, metallurgical industry). Demands
for trace element analyses may be related not only because of eventual impact
of the industrial activities, but also for environmental health control of the
employees (e.g., by urine, hair and blood analysis). For these consumers, not
always will the ultimate be asked of accuracy and sensitivity but multi-
element capability and turnaround time are of importance. Industry will often
experience INAA as an economical attractive technique.

7.2 COLLECTING BACKGROUND INFORMATION AND IDENTIFICATION OF APPLICATIONS

The previous section gave some indication of identification of possible
consumers depending upon the application chosen. Market research into this
application is important. The obvious place to start is the library where
basic information can be found quickly. The next most useful sources of
information are the universities or government departments. In setting up
meetings with these people one should have a basic understanding of the
potential applications to discuss as a starting point. Once discussions take
place it may become apparent which specific applications may be most
suitable. Through all of this, the person doing the market research and
identification of applications should have a good understanding of the INAA
technique and its potential.

7.3 CONSULTATION WITH POTENTIAL CONSUMERS

Once you have identified an application it is important to locate the consumer
for that application. Let us again assume that geochemistry has been targeted
as an application and some basic research has been done on why the geologist
needs trace element data and what sort of analyses can be done on rocks by
INAA. This, however, is only background information. It is going to be very
difficult to approach a geologist and tell him he needs trace element data
before you know his problem or field of interest in geology. For university
or government departments employing geologists it would be useful to obtain a
list of people and their specialties or current research programs to decide
where the first approach will be made. An alternate method would be to offer
to be a guest lecturer discussing the analytical technique in general and some
of the potential applications, advantages and disadvantages of the technique.
This latter approach wi 11 tend to be useful in having people discuss how the
analytical technique can be useful to them.
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Once interest is shown in the technique and its applications, it is usually a
good idea to obtain some material to test the application. The quality of
results obtained and speed of analysis are important to show what potential
the technique has. Generally samples should be analyzed rapidly and the
results discussed with the consumer to see if the accuracy and precision are
sufficient. Frequently the consumer may not require the best precision or
sensitivity possible to solve the problem at hand and compromises to support
the consumers' needs could significantly reduce costs and perhaps turnaround
time.

7.4 MODES OF PROVIDING NAA SERVICES

Operating an activation analysis laboratory requires personnel, equipment, and
the funds to keep them in operation. There may be several alternative ways of
obtaining these resources, depending on how the laboratory is operated. Some
laboratories encourage access by anyone who has need for NAA facilities while
some, for security or other reasons, permit work to be done only by permanent
staff. Some require all funds for projects to come from outside the
institution, while some at the other extreme forbid extramural work.

There may still exist laboratories in which direct funding of research is
sufficient to support all the activities that the staff wish to pursue, but
most need to justify their work and budget to government agencies, institute
directors, university administrations, paying clients, or (most often) a
combination of these. In all laboratories of which we are aware, a
substantial and often dominant fraction of the work is "counting other
people's atoms", in Lenihan's phrase [207]. Real costs must be covered, but
the cost of NAA to the consumer of the data must be competitive. It is
undesirable to provide unlimited analytical services free of charge to all
comers, even from within the parent institution. If there is no price then a
customer has no incentive to select his samples and think through his data
interpretation before the measurements are made, and the analyst has no
incentive to improve the quality of the data. The result will certainly be
large quantities of bad data and a deservedly poor reputation for the
laboratory.

7.4.1 SCIENTIFIC COLLABORATION

In institutions with a strong commitment to research, the workers in an NAA
laboratory may function essentially as faculty members; that is, as
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independent scientists whose primary function is to pursue basic or applied
research using NAA as a tool. Financial support may come from the general
funds of a parent institution or from national or international granting
foundations.

When the NAA laboratory has a certain amount of base funding from a parent
institution, extramural support can take the form of cooperative scientific
projects with outside groups which have problems that are readily solved by
NAA. The "payment" from outside the institution takes the form of a division
of labor and benefits, with no money changing hands. This mode of operation
is a satisfying way to demonstrate to both analysts and users the usefulness
of NAA in a project. Particularly in the beginning stages of a collaboration,
the outside institution may select and prepare samples while the bulk of the
analytical work is done by the NAA staff. As the project evolves, all the
participants begin to learn each other's fields. An important part of the
payment is coauthorship of publications, which is a sign to the participants
and supervisors alike of the success of the work, and which may be expected to
lead to further problem-solving projects in related fields of application. A
later stage of this relationship is to apply for external financing of the
project, divided between the participating institutions in relation to their
expenses. This collaborative mode is unquestionably a drain on resources from
an actuarial point of view, and can be followed to a large extent only if
analysts are considered scientific professionals with responsibilities toward
furthering the state of the art.

7.4.2 PAYMENT IN KIND

The guest may provide a more tangible contribution by supplying equipment or
semi-permanent staff to the NAA laboratory for his program. Particularly
productive relationships have been set up between analysts and manufacturers
of counting and computer equipment. The laboratory may get the use of the
best new equipment, while the manufacturer obtains in return the advice of
skilled users of his products in real-life applications. Training of the
guest's staff members in the host's standard procedures will be necessary in
proportion as the laboratory work is taken over by the guest.

7.4.3 MULTI-USER CENTER

An approach to an efficient use of the potential of an NAA laboratory without
expanding the size of the permanent staff can be found by encouraging and
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assisting scientists in other fields to apply NAA themselves in their research
projects. The intent of a multi-user center is to make it easy for biologists
or geologists to use NAA to solve their own problems without becoming an
expert on all the details of the analytical process or setting up an off-site
NAA laboratory of their own. Maintenance and calibration of the irradiation
and counting equipment, and the solution of day-to-day problems, generally
remains the responsibility of the permanent NAA staff. This concept has been
proven to work well when the necessary investment in setting up standard
procedures has been made

Some training must be provided in any institution that relies on temporary or
part-time workers, whether they are students or senior researchers from
outside the field of NAA. For example, classroom training in the properties
of ionizing radiation and the handling of radioactive materials is commonly
required for safety reasons. In a center with a rapidly shifting population
of researchers, the production of reliable results has to be assured with a
reasonably short training period. If the analytical procedures established in
the laboratory are well systematized, documented, and automated and simplified
to the maximum possible extent, then the newcomers quickly become productive
on their own with a minimum of time and effort required from the permanent
staff.

Training of new users needs to cover the four phases of the analytical process:

a. Sample weighing, preparation and planning for irradiation and counting
through scheduling of equipment, and setting up notebooks and
procedures ;

b. Data input procedures and the operation of MCAs, sample changers, and
computer systems;

c. Handling of irradiated samples with regard to safety-, avoiding
contamination of equipment, and proper disposal;

d. Spectrum analysis, data interpretation, and quality control.

The last item on this list is of major concern. Despite highly developed
computer procedures for qualitative and quantitative analyses, the
interpretation of spectra and the generation of reports with realistic
uncertainty statements requires some judgment. In the first contacts with
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potential users of NAA, the established precision and accuracy of routine
analysis will be used to emphasize the possibilities of the technique, but it
must be remembered that many years of experience by skilled specialists has
been required to establish this quality. Planning the experimental
measurements and the interpretation of results requires the involvement of an
experienced staff member as well, particularly in the early stages of a
project. Assuring that the center produces only reliable results is an
essential function of the permanent staff. Careful attention must be paid to
quality assurance procedures, since a reputation for quality carefully built
up over many years can be quickly lost by a few bad measurements.

7.4.4 FEE FOR SERVICES

Some activation analysis laboratories are operated purely as a commercial
venture, much like clinical service laboratories. Even a collaboration
undertaken for purely scientific reasons may lead with time to so much routine
NAA work that another form of relationship, less scientific and more
commercial, may become more appropriate. As the relationship between analyst
and customer becomes more businesslike, accurate accounting for costs becomes
more important, and also more difficult. Assessing costs for analyses will be
discussed in more detail in the following section.

7.5 COST ANALYSIS

There are many acceptable ways to calculate the cost of performing activation
analysis. The following discussion is not likely to represent any
institution's actuarial practice in detail, but may serve as a guide to which
categories need to be considered.

Activation analysis can be performed in a manner competitive with other
analytical techniques. The equipment is no more expensive than that used in
some "chemical" techniques. A system with detector, sample changer, MCA, and
PC can be assembled for under US$50,000 (1988 price level). Given several
counting systems and a well-developed routine, experience has shown that one
person can analyze 10,000 samples of similar material per year.
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7.5.1. HOW TO CALCULATE THE COST OF ACTIVATION ANALYSIS

In calculating the cost of an analysis we may distinguish the following
expenses :

time for doing the analysis (labor), and supervising and maintenance;
costs of consumables related to the analysis;
costs related to the use of the reactor;
costs related to measurement and data handling;
miscellaneous costs.

a. The labor or working time for a specific analysis includes the time needed
by personnel for a variety of tasks :

sample preparation and handling (weighing, pelletization, crushing,
preconcentration, freeze drying, packing for irradiation, preparation
of standards, unpacking after irradiation, and transfer from reactor
site to sample counting room);

administrative tasks (bookkeeping, filJing-in of forms, time needed for
authorization of irradiation and writing reports);

time needed during the measurement (changing samples or loading sample
changers).

It is not always easy to make in advance an estimate of the time needed for an
analysis. Factors affecting the working time are number of samples which can
be analysed together in one batch, the availability of counting equipment and
equipment for sample preparation, the skill of the person doing the work, and
the other tasks of the personnel involved. A very straightforward but useful
way to get an estimate of the time required to do an analysis is to time with
a stopwatch all procedures during the course of a complete analysis.

In general it is better to overestimate a little. Not only corrections have
to be applied for the time the personnel needs for leisure - lunch or
refreshment breaks, vacations, etc. - but later, after some practical
experience the cost can be adjusted, and customers accept a reduction in price
more easily than an increase.
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Time needed for supervising and maintenance has to be estimated on an annual
basis, and then divided by the total number of samples that are being analyzed
under this supervision. Supervising includes answering telephone enquiries,
control of reports and control of quality-control samples, invoicing,
assistance in spectrum and data interpretation, planning special analysis
procedures, etc. If the NAA laboratory has to be fully self-supporting, this
item also has to include the time spent on general research and development,
necessary to keep the analytical performance up to date. Maintenance covers
time required for daily, weekly or monthly calibrations, equipment checks,
maintenance and repair.

All these time-items (labor, supervising, and maintenance) have to be
multiplied by the appropriate direct and indirect costs. The direct costs
include gross salaries and social security payments. It is obvious that the
unit direct cost may be strongly different for labor carried out by a
technician, supervising when an academic is in charge, and maintenance done by
an electronic engineer. The indirect costs may include electricity, water,
maintenance, capital cost of the laboratory building, workshops, health
physics personnel, reactor operators, and adminstration. In some institutes
the administration and cost calculation system is well developed giving
monthly reports on working hours and expenses, separately for each task
regardless in which section the involved persons belong in the line
organization.

b. Costs of consumables directly related to the analysis can be easily
calculated. It covers mainly the costs required for irradiation containers,
and reference materials and standards. Usually, this item is nearly
insignificant unless it is necessary to use ultra-pure quartz tubes for
irradiation.

c. It is difficult to generalize about costs related to the use of the
reactor. Different organizations have different actuarial practices. In many
cases the cost of the irradiation is not included at all, because arguments
like 'the reactor would be there anyway', 'it has so many users', etc. are
used. None of these arguments is valid when a realistic estimate of analysis
cost is required. Apart from this is the question whether this cost should be
included in the charge for analysis service or not. That can be only decided
separately in each laboratory.
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An approach is to calculate the annual capital and running cost of the reactor
and divide it with a number of produced neutrons. The obtained number, cost
per neutron, can now be used for estimating the cost of irradiations. In this
way the cost is directly related to irradiation time and flux. A more elegant
and better way is to base the calculations on the total number of used
neutrons. The total cost will then be covered by the various activities at
the reactor. It is important to study closely the procedures followed in the
different irradiation sites. The integrated number of used numbers for
irradiations in a pneumatic transfer facility can be easy calculated, but in
other manual-loaded sites, also the time required for cooling the irradiated
sample still occupying the facility has to be incorporated.

A different approach is to include the capital and running costs in the
general overhead already mentioned above, when indirect costs related to time
was discussed. This system is easy but somewhat unfair because the cost is
divided between activities in a relation which is not proportional to the
actual use. However, it has to be remembered that, especially when low power
reactors are used, the cost of keeping the reactor in running condition is a
high proportion of the total cost, compared with the cost of actually running
the reactor. This means that even if the isotope production group uses the
reactor only one day per week, the cost of this service is much higher than
1/5 of the cost of running the reactor five days a week.

It is also important to realize that there is practically no difference in
cost when one or ten irradiation positions are occupied. Therefore, it is not
unfair to distribute the total costs per hour and use this as a basis for cost
calculations. When the reactor is run for one group they pay 100 %; are there
two groups involved, they each pay 50%, etc. It is too complicated to split
up such an approach for each hour; an annual average should be estimated
instead.

If the reactor personnel is used for actually performing the irradiations
(preparing irradiation containers, loading and unloading in the reactor),
these costs have to be included separately, e.g., in the labor time entry.

d. Costs related to measuring equipment and data handling. In this entry
primarily the depreciation and maintenance costs of counting and computing
equipment is involved. These costs can be easily calculated, and depreciation
terms have to be chosen, which may be different for the different parts of a
spectrometer, but also different in different laboratories. Computer costs
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are not always easy to estimate. When analyses are carried out on multi-user
computer, the computer manager may be able to estimate to what extent the
NAA-group has used the machine. This exercise ends up with a value
representing the total depreciation cost of the laboratories' counting
equipment. If expensive laboratory equipment is used (balances, freeze-drying
equipment, etc.), also for these, a contribution to the depreciation cost has
to be included. Maintenance can be a major cost of equipment, as much as 15%
of the purchase price per year for a full service contract from the
manufacturer. Other expenses are costs of printing paper, liquid nitrogen,
disks, crucibles, filter paper, tissue, disposable gloves, etc.

e. Miscellaneous Costs. Expenses may be included for costs of advertising,
telephone, shipping, stationery and postage, rent, taxes and insurance,
accounting charges, radioactive waste disposal, etc. It should be noted that
in many institutes several of these expenses are already buried under the term
'overhead'. Some universities may add a percentage of 40 - 60% of your cost
as 'overhead' to be billed to your customer.

It is important to decide whether the commercial NAA service is part of a
general NAA facility, in which the additional income will help to finance the
facility, or whether the main justification for the facility is as a
commercial operation. Such a decision defines to what extent each of the five
different entries which contribute to the analysis cost will be used in the
price to be charged and to what extent a profit margin will be added.

However, as mentioned in chapter 7.4, other factors may influence the final
price to be charged. The charge has to be competitive with other analytical
methods that can determine the elements of interest. The latter information
can simply be obtained from competitors' price lists. It is too easy though
to have prices that are competitive but do not cover the costs: the service is
losing money then. It is better then to stop with this non-profitable work,
and concentrate on other samples. Another outcome might be that it will be
necessary to work with a minimum charge to ensure that very small batches are
cost-effective. NAA is often used by the industry as a technique where all
other methods have failed or as a referee analysis for an in-house standard.
Consequently, samples are often received as batches of a few samples and it is
easy to lose money on these analyses.
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It may be feasible to charge less than the actual cost if the government or
institute wants support research institutes in the country, or if the services
otherwise have to be purchased in another country, causing foreign currency
expenditure. It is important not to confuse these arguments with doing the
work inefficiently.

7.5.2. EXAMPLES

The outcome of a cost analysis will of course be different for different
laboratories. As an example, for a few strongly different laboratories a
detailed specification of their cost analysis is given here, illustrating the
difference and extent of the various items included.

laboratory 1.

laboratory 2.

laboratory 3.

analysis labor 58%
maintenance salaries 10%
supervisor salaries 9%
expendables 2%
depreciation equipment 21%

labor, benefits and overhead 66%
equipment depreciation and maintenance 7%
reactor charges 6%
small equipment, supplies, travel 21%

labor 25%
maintenance 4%
supervising 8%
expendables 10%
rent 20%
miscellaneous 15%
profit 15%

laboratory 4.
labor and benefits
overhead including equipment,
laboratory, reactor & administration
expendables
profit used for development
of instruments and methods

37%
29%
3%
31%

Table 7.1. shows examples of the cost of the analytical work charged by
different laboratories. The figures are intended as order-of-magnitude
examples of the real cost for analysis. The great variations are caused by
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differences in sample type, required accuracy and the number of samples of one
type analyzed in a series. The cost varies greatly when sets of tens or
thousands of samples are analyzed in one series. Some of the prices contain a
profit, some only the direct cost.

TABLE 7.1. EXAMPLES OF COMMERCIAL INAA PRICES COLLECTED FROM PRICE LISTS
(Cost based on January 1989 exchange ratios and 1988/1989 tariffs. Prices in US $)

One irradiation/measurement
(number of determined elements)

Total analysis with
several irradiation/measurement sequences

(number of elements)

Label 1

Label 2
Label 3
Label 4

9-12 ' (28)

31 (24)
53 (29)
90 (22)

21 2 (34)
58 3 (34)
157 (35)
137 (>40)
252 (43)

1 Depending on sample size.
2 Exploration (higher detection limits).
3 Research (lower detection limits).
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8. ORGANIZATION OF WORK

8.1 STAFF

It is essential to have a full-time member of the staff with responsibility
for the NAA facility - in particular to maintain and support the counting
equipment. This person should be trained in a scientific discipline such as
chemistry or physics, although experience in other disciplines such as
geology, may be a real advantage. Essentially it is an analytical chemist
that is required and as such the person must be able to understand not only
the basic principles of the technique but also be able to anticipate problems
and identify sources of error. He or she will also need to carry out some
development to support new analytical work. The analyst must also be able to
communicate with workers in other disciplines and collaborate in projects
using the technique.

Although it is possible for one person with sufficient experience to fulfill
all these requirements, the alternative is for a number of people to be
available for consultation should the need arise. Technicians may be needed
to prepare samples. At a reactor site it is likely that there will be
physicists using gamma-ray equipment and health physicists who can assist the
activation analyst with some aspects of the work. In addition there may be a
radiochemist associated with the reactor operations who could assist with the
chemistry of preparing standards and carrying out radiochemical separations.
Such a multi-disciplinary team could cooperate to run the NAA system, but it
is unlikely that the facility would be developed as a successful
self-financing operation without one person with full-time responsibility for
the day-to-day running of it.

Other support staff will be required in the case of a breakdown in the
equipment or a desire to improve the existing facility. These include
electronics and mechanical workshop staff. In the absence of such
specialists, it may be necessary to 'buy in' expertise from manufacturers. It
may also be desirable to have a computing expert on call, to support the
computer-based counting equipment.
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8.2 SAMPLE BOOKKEEPING AND CODING

From the first initiatives on analyses to be performed on certain samples, an
administrative procedure has to be started - recording, for example:

- sample--origin description, or customer's name; information on people-in-charge
- order or contract number
- date and number of sample received; promised date of reporting results
- customer's identification code
- sample description
- your own identification number of the sample
- fresh and dry weight of the samples in the irradiation containers
- filling height of the irradiation container
- similar information on corresponding standards and fluxmonitors
- date, time, and duration of irradiation
- irradiation position

To keep samples identifiable, code numbers can be applied. Such a code may
consist of several alphanumeric characters, and a sample sequence number. By
implementing the same code into a spectrum filename, measured and stored
spectra can be identified and linked to the samples. Alphanumerics can serve
as:

- customer identifier, e.g., A,B,C,....Z . Different batches from one
customer can be identified with a second alphanumeric.

- spectrometer identifier, to distinguish spectra of the same sample, measured
at different spectrometers. When this label is added to the spectrum
file-name, accidental overwriting of data is prevented.

- geometry or measurement identifier, in case spectra of the same sample are
measured several times with the same spectrometer, but at different
sample-detector distances.

As an example, a code may look like AB5F006; A and B being customer and batch
identifier, respectively, 5 = spectrometer identifier, F = geometry
identifier, and 006 = sample sequence number. Some spectrum storage systems
allow for even more labels in the filename. Part of the code, like customer
identifier(s) and sample sequence number (AB006) can be written or scratched
on the irradiation container [209], and attached to the reminders of the
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original sample. After completion of the analysis, a copy of the reported
analysis results is added to the relevant part of the bookkeeping system.

When analyzing a limited number of samples, bookkeeping is a simple manual
administrative procedure. But for a large throughput laboratory, much time
and manpower can be saved when this task is taken over by computer [209].
In brief, the principles of this computerized bookkeeping system are :

* For each 'customer' a file is made containing for every batch basic
information on codes (both customer's own code and laboratory code), weights
of samples, standards and flux monitors, capsule filling heights,
irradiations, etc.

* This file can be called in every time the sample is analyzed, e.g., after
different decay times, as the customer identifier label in the sample code
links the recorded spectra and the information file.

0* The analysis results of a specific sample spectrum can be stored in a
separate file, still using the selected sample code. Every time a new
analysis has been performed on the same sample, this new information is added
to this result file; by also adding decay times all results remain
recognizable.

* At completion, the result file can be updated and corrected, and
incorporated in the report.

Different series of samples are sometimes processed simultaneously on
different spectrometers, and irradiations and measurements of different series
may overlap. A status scheme gives direct information on the degree of
occupation of irradiation positions and spectrometers, and on available
remaining time for rush orders without interfering with regular work. In such
a scheme batches of samples can be denoted by their customer - and batch
identifier labels. The laboratory can check quickly day by day whether all
analyses proceed as scheduled. Answers can be given on queries from impatient
customers. A schematic example of such a status scheme using 'LEGO'-type
bricks is given in Figure 8.1.
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spectrometers
Legend : 'BP3' : irradiation facility

'ORT','PGTXRD','PUT','NPT' : gamma-ray
'onderhoud' : maintenance

A square block corresponds to a batch of samples to be irradiated
or measured. Alphanumerics on the blocks serve as batch identifier.
Each user has his own color identification.
As an example : on day 28 batches T and SI are being irradiated; batch
T is counted on day 02 on spectrometer PGTXRD, and batch SI is counted
on day 02/03 on spectrometer NPT. About 20 houres are required to
count all samples and standards within a batch

FIG. 8.1. General view (top) and detail (bottom) of status information scheme.
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8.3 SAMPLE PREPARATION

Depending on the type of samples to be analyzed sample preparation procedures
and the preparation equipment required may be very different. Even within the
field of geochemistry, the sample preparation required for rocks is not the
same as for vegetation or soils.

Rocks will have to be crushed with an aliquot then ground into a fine powder.
This is usually achieved using a combination of jaw crushers, cone crushers
and ring or ball mill pulverisers to reduce the rocks to a powder usually
finer than -150 mesh size. Soils on the other hand may only require screening
to -80 mesh size. The aim of sample preparation is to reduce the sample size
to allow a representative sample to be chosen for analysis. This aspect of
preparing the sample for analysis is one which requires adequate space,
equipment and know-how to prepare the sample properly. If the subsample is
not representative or if contaminated there is no point in providing an
accurate analysis (i.e., garbage in - garbage out). Various papers exist on
sampling and sample size necessary for analysis [210/211/38].

In many circumstances the customer may have the ability of preparing the
samples for irradiation. To maintain control of contamination the consumer
may prefer this. To encourage this a discount may be provided if the customer
does the preparation and encapsulation. In the event the necessary equipment
is not available in the NAA laboratory, having the customer do the preparation
may be the only alternative. Generally the activation facility should provide
the irradiation vials as the reactor will probably need a certain size and
type of vial to be acceptable for irradiation (Fig. 8.2). The activation
analyst should know what contaminants are present in the vials to determine
their suitability for a particular set of samples.

Before analysis, samples may require washing, drying (oven drying or freeze
drying), homogenization (with or without cryogenic techniques), fractionating,
or pelletization (Fig. 8.3). Liquid samples may require preconcentration or
absorption. The primary concern of the activation analyst is to be acquainted
with sources of contamination and losses of elements during these steps. One
of the advantages of INAA compared to other analytical techniques is its
relative freedom of contamination. In fact, the only steps where
contamination may occur that influence the final result are sampling, sample
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handling and storage and sample preparation. Of these, often only sample
preparation and storage are carried out under direct responsibility of the
INAA laboratory.

FIG. 8.2. Vials and transportation box for sending ready-weighed samples for activation analysis.
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FIG. 8.3. Organic material can be pelletized to ensure constant geometry.

It is obvious that the lower the trace element content of the sample, the more
will be asked of the analyst to avoid contamination. For certain sample types
(human tissue, blood, or sea water), analysis should only be considered if the
laboratory is very familiar with the problems encountered in such analysis,
and equipped to handle them [212/213]. The results and recommendations on
sample preparation from the IAEA Advisory Group Meeting on Quality Assurance
in Biomédical Neutron Activation Analysis [179] were meant for biological
samples; their applicability is certainly wider. However, as lyengar states
[214], "...it should be recognized that the purpose of the analysis (i.e.,
the elements analysed and the levels of contamination involved) is the
deciding factor for the handling of the samples and the concept of controlled
contamination suggested by Behne [215] can be advantageously used in this
context." As an example, use of titanium scissors and knives does not present
problems when Ti is not of interest; the contamination of samples with Si from
agate ball mills seldom will give trouble in environmental analysis.
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For most sample types in environmental analysis, trace element concentrations
are not ultra low; even concentrations in biological materials such as plants
and molluscs may be substantially higher. The advantage is that the extreme
precautions do not have to be applied which are necessary when analyzing
clinical samples; still one should be aware of some serious sources of
contamination such as :

airborne dust. There are no rules of thumb which elements are related to
airborne dust, as the dust may originate from other activities in the
laboratory, or from the outside, and the particulates may reflect soil
composition. A clean hood strongly reduces this type of contamination. Even
better is to have such a hood in a clean room.

sample handling tools (see Table 8.1). Contamination of samples during
homogenization was already described above. Trace element impurities in
several laboratory materials are given by Sansoni [isz]. An often
overlooked source of contamination is the talc from plastic gloves; talc-free
gloves are available.

TABLE 8.1. CONTAMINATION OF ORGANIC MATERIAL DURING
SAMPLING WITH TOOLS OF VARIOUS MATERIALS

Material Degree of Contaminating
contamination elements

Stainless steel Large Co,Cr,Fe,Mn,Mo,
Nb,Ni,V,W,Ta

Aluminium Medium Al,Cu,Mg,Mn,Na,
Sc

Pyrex glass

Rubber
Quartz
Polythene

Teflon

II

II

Low
n

Very low

Al,B,K,Na,Si

Mg,S,Sb,Zn

B,Na,Sb,Si

Al,Cl,Ti,Zn

F

By using a blank sample contamination during sample preparation may be
detected. An empty container has to pass all sample treatment steps; however,
when the containers with the real samples are packed with filter paper, or
other inert filter, the blank container should hold these too. Such a
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contamination control method requires insight into trace element impurities in
the container material (see Table 8.2.) and in the filter (Table 8.3, from
[sa] according to [zie] (see also Table 4.1). The contamination caused by
sampling and storage of samples are also discussed in references [?/i4B/i49/
150/217/218].

The other problem the analyst faces during sample storage and preparation is
the loss of elements. For all materials of biological origin, it is
recommended to store the samples after freeze-drying at low temperatures
(e.g., -80 C or LH2 temperature). Sample containers should by preference
be made of polyethylene or PTFE. Zeisler showed 1219] that under these
conditions there were no losses in elements over a longer period of time.

TABLE 8.2. TRACE ELEMENT IMPURITIES IN POLYETHYLENE
CAPSULE MATERIAL

F
Na
Al
Cl
K
Se
Ti
V
Cr
Mn
Fe
Co
Ni
Cu
Zn
As
Br
Mo
Sb
Cs
La
Sm
W
Au

RABBIT (polyethylene)

< 25
0.1
0.6
0.5
0.1

< 0.0005
0.1
0.002
5
0.06

< 5
< 0.1
< 10
< 0.2

0.03
< 0.003

0.005
< 0.1
< 0.002
< 0.05
< 0.002
< 0.0005

0.001
0.00002

123



TABLE 8.3. TRACE ELEMENT IMPURITIES IN VARIOUS FILTER MATERIALS

Material

Glass fiber

Quartz fiber

Filter type

Toyo GB-IOOR
Gelman type A
Whatman type A
Millipore AP-20
USA 1 1 06 BH

*

'S td
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0) uN «H
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0
o
o
o
o

Tissue Quartz 2,500 QAST O
Gelman Quartz Paper type I o
Gelman Quartz Paper type II o

Polystyrene
Polyvinyl cloride

Nitro-cellulose

Cellulose acetate
Fluorine resin

Microsorban {sartorius) O
Yumicron MF- 100

Millipore-RA
Snrtorius SM
Toyo TM-IOO
Gel man GA-3
Polyfuron PF-3 (Toyo)
Millipore Mitex LS
Fluoropore AF-07P
(Sumitomo Denko)
Millipore Florinert FA

1 0

A
'-3 AA

A

0
o

10 X

I A

*
to
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3
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PH
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Remarks

High Zn
High Zn
High Zn

content
content
content

Si02 997.
Si02 98.
Si02 99.

High Cl
content

Fibrous
Fibrous
Membrane
Membrane

57.
57.

and Ti

type
type

* O, Trace; A, moderate; X, too high for use.
** O, Very small; A, moderate; Xt large.
*** o, Not less than 99%.
**** Moisture content: o, 0.1-0.5%; A, 1-2%.

There is some controversy on storage of other materials, such as soils,
sludges, sediments and air filters. With respect to trace element stability,
there is no specific preference for room temperature storage, low-temperature
storage, dried or moist. But when other characteristics of the material have
to be studied, e.g., by chemical speciation, the best way to avoid changes in
chemical behaviour is by storage at low temperatures. For all materials clean
containers are essential.

Losses also may occur during drying of the sample. For nearly all sample
types, drying appears to be essential to remove water and to decrease the risk
of pressure build-up during irradiation, which eventually may lead to
exploding of the sample container. Except for air drying at room temperature,
which is sometimes preferred to decrease losses of volatile elements, the most
straightforward way is oven drying. The method is very well suited for
sediments, soils, sludges and ashes. Temperatures have to be maintained well

o obelow 100 C, by preference 50 - 70 C, to avoid matrix decomposition
and losses of volatile elements such as As, Se, Sn and Hg. The laboratory has
to be well informed about possible ways of losses of such volatile elements,
which are often of importance in environmental studies.
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Certain types of samples like biological materials, coals, or potash may
absorb water from the air on standing. Generally analyses are done on a dry-
weight basis and the samples should be dried prior to weighing by a procedure
appropriate for the material. The samples should be weighed immediately on
coming out of the oven so that moisture content does not get reabsorbed.

For samples of biological origin (plants, fish, mollusc, mosses, lichens,
etc.) freeze drying, also known as lyophilization, is certainly the most
appropriate method. It is generally accepted that this process does not cause
losses of any but the most volatile elements. The samples have to be
prefrozen (e.g., at -30 C or lower) prior to placement in the freeze
drier, and that vacuum pump must be able to obtain in short time an adequate
vacuum. Generally any form of drying may invalidate the sample for other
experiments in which the chemical state is of interest, such as organic
extractable contents, nitrification rate, loss of enzymes, or change in
membranes.

It is hardly possible to give rules for the amount of sample to be weighed for
analysis. Too many variables play a role: total available amount of material,
neutron flux, counting efficiency, size of the sample container, etc. These
variables are all related to the amount of radioactivity to be induced and to
be measured. Very small samples (e.g., <10 mg) may suffer from loss of
representativity and homogeneity; for this reason, a minimum amount of 200 mg
is recommended for many reference materials. Such a weight may then also be
chosen for the corresponding samples. A large sample (e.g., >500mg) may give
difficulties in making accurate corrections for neutron self-shielding and
gamma-ray self attenuation. A similar problem arises from the presence of
strongly neutron absorbing elements such as boron. High amounts of B (e.g.,
as in some borosilicate glass filters) may cause unacceptably high increases
in temperature during irradiation, eventually leading to melting of the sample
container.

Contamination during sample preparation may be a major problem for geological
samples [220]. Airborne dust during rock crushing and milling can create a
serious problem without proper dust control. Contamination from elements like
gold, which are very malleable and can plate out on grinding mills, is also
possible. Samples may be contaminated during screening (from solder joints)
even when using nylon screens. Contamination during weighing from unclean
spatulas or in some instances from rings worn by the person handling the vials
or weighing the sample is possible. The grinding equipment or homogenizing
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equipment used is also important. Tungsten carbide drill bits used frequently
for archaeometry samples can add a high tungsten and cobalt content to the
samples and greatly increase the overall activity of the sample. Trace
amounts of Hf and Ta are also added. Alumina grinding equipment can add large
amounts of Al contamination. Hardened steel will add Fe, Ni, and Co
contamination. Agate mills will add Si. From our experience agate for
geological matrices or plexiglass for biological samples is usually best. The
cheapest alternative is usually hardened steel. The list of possible
contamination is endless. It is usually a good idea to include blanks (in the
case of rocks, put a silica sand sample through the whole sample preparation
process) to detect contamination. In addition to the above, the reader is
referred to the survey on sampling and sample handling of environmental
samples by Maienthal and Becker [221].

8.4 STANDARDS

Good standardization is the basis for the accuracy of the analytical
facility. The approach to standardization varies from facility to facility
and it often depends on the background of the analyst involved. Physicists
may prefer to irradiate flux monitors along with their samples and make
calculations based on nuclear data to determine the concentration of the
element present. A chemist may use standards prepared from chemical elements
or compounds. On the other hand a geologist may adopt geological reference
materials as standards in the analysis.

In-house comparator standards are in regular use in most laboratories for
calibration of the measurement process. For the ultimate accuracy there is no
substitute for making one's own standards. Given an analytical balance and
pure elements or pure compounds with well-known composition, standard
laboratory methods of gravimetric and volumetric analysis can produce
standards whose concentration is known to 1% or better.

Careful attention to all possible errors in preparing standards, especially
multielement standards, is important if accurate results are desired.
Potential sources of error in preparing single element standards include
evaporative losses of solvent; pipette calibration and imprecision;
contamination of the standard from reagents, equipment, the laboratory
environment, or final matrix; purity and stoichiometry and moisture content of
starting material used to prepare the standard; instability of solutions
(i.e., precipitation), and loss of volatile elements during dissolution and
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irradiation. Additional sources of error in preparing multielement standards
include the stability of mixed multielement solutions, and cross-contamination
of one element by the addition of a second element. The latter is especially
important for NAA where standards are often prepared with greatly differing
amounts of the various elements. For example, if Fe and Sc are included in
the same standard, an Fe concentration ten thousand times greater than that of
Sc might be desired to produce comparable peak areas. If the Fe used
contained 0.01% Sc, the Sc content of the standard would be twice as great as
expected, unless this additional source of Sc is recognized.

In view of the many potential sources of error in preparing multielemental
standards for NAA, is it reasonable to expect that such standards can be
produced with an error of 1 per cent or less? In 1976- 1977 [222] a set of
four synthetic multielement standards were produced for INAA. A great deal of
care was taken in preparing these standards but heroic efforts to achieve the
ultimate accuracy were not made. For example, these standards were prepared
by volumetric dilutions; significantly smaller errors could have been achieved
if gravimetric methods had been used. All sources of error in preparing these
standards, except for residual moisture content and non-stoichiometry of
compounds, were evaluated, and the total error in each pipetted standard was
calculated to be slightly less than 1 per cent at the 95% confidence level.
These standards have been used at NIST for the past nine years in the analysis
of Standard Reference Materials. The results from numerous intercomparisons
with other NAA standards and with other techniques have indicated that the 1
per cent error originally calculated is indeed reasonable [223].

Few reliable primary standards are available [227/225], Unless it is
accompanied by an explicit report of analysis, a material labeled "99.99%
pure" may not truly be so pure. Rarely is a pure substance assayed for the
number of moles of the desired component per gram. Stoichiometry is not
always as labeled; metal oxides may contain carbonate. Water of
crystallization might be unknown. Usually only the most plausible impurities
are searched for by the supplier: surface oxides and gases in metals are
generally ignored. Commercial chemical zirconium invariably includes hafnium
and vice versa. Labels may simply be wrong; we have found 3% Sb in "99.9%"
lead and 1.4% Cs in RbCl specified to contain less than 10 ppm [222]. The
literature on thermogravimetry is a useful guide to procedures for producing
hydrates and oxides with well-defined composition [226], and comparing
multiple standards prepared from several sources will reveal the most serious
problems of poor assay.
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A number of publications have addressed the need for a working multielement
calibrant material which is homogeneous, similar in matrix composition to the
samples to be analyzed, and of well-known composition. If a liquid or colloid
is uniformly doped and then solidified into storable form, a standard can be
prepared whose homogeneity is guaranteed merely by the mode of preparation.
Many laboratories have used fine silica slurried with solution standards. An
improvement on this is homogeneously precipitated doped silica gel
[227/229]. Photographic grade gelatin [229], urea-formaldehyde polymer
[230], and polyacrylamide gel [231] have been used as analogs of plant and
animal tissue, while clay [232] and mineral glasses [233] have been made
as geological materials. Pure aluminum has also been used [234]. Gelatin
based standards are commercially available [235]. Other synthetic
multielement standards are under active development in several laboratories.

'Natural* standards may be preferred on the basis that they represent, as
closely as possible, the sample that is to be analysed. It is a matter of
personal choice as to whether it is better to work with a clean, well-known
chemical standard with a simpler spectrum than the real sample or to use a
similar matrix with the same interference problems as the sample. Unless the
matrices are identical the interference effects will be different. If a
natural standard is used, it is important that it be well characterised - for
the elements of interest. Since it is expensive to use international
reference materials as standards on a daily basis, it is necessary to have an
'in-house' standard for each of the sample types to be analysed. These must
be well analysed for the elements of interest and be homogeneous, and there
must be sufficient material available for the requirements of the work. The
in-house standard must be checked against a suitable primary standard
(chapter 9).

8.5 IRRADIATION PROCEDURES

The purpose of the irradiation is to produce sufficient activity in the
sample, taking into account the decay time, to measure the gamma-spectrum in
ideal circumstances. However, this principle may be partly overruled by the
principle that the worker's exposure to radiation must be minimized (chapter
10). The benefits of high activity are that the measurement can be made at a
large distance to the detector, minimizing the error caused by counting
geometry variations, and that short measurement times can be used. The
drawback with high activity samples is radiation exposure during handling and
heavy shielding during storage and sample changer operation. It has also to
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be taken into account that high count rates cause pulse pile up problems. The
relative statistical error is inversely proportional to the square root of the
number of counts in the photopeak. Thus a significant increase in the number
of counts is required for a moderate improvement in accuracy.

When short-lived isotopes are measured high count rates usually cannot be
avoided.

The general principle is that the use of short-lived nuclides require short
irradiations and long-lived require long irradiations. What is really sought
is a certain total number of net counts. This can be varied according to
local conditions. One can either use large samples with correspondingly
shorter irradiation times, or smaller samples with longer irradiation times.
When limited irradition space is available short irradiations of large samples
can be preferable. This allows the use of automatic irradiation facilities.
In some cases large samples have to be used because of homogeneity problems.
This again may cause problems with neutron and gamma-ray absorption.

Another decision to make is the neutron spectrum. Most commonly the mixed
reactor neutron flux is used but other applications are possible. A highly
thermal flux or a fast flux can be used. The benefits of these are few and
therefore they are not discussed more in this context. Epithermal NAA,
however, is commonly used and the benefits obtained are considerable for some
elements through improved detection limits because of increased photopeak/
background ratio. The reason is that the epithermal/thermal cross-section
ratio of the nuclides of interest is higher than the corresponding ratio for
the nuclides causing most of the background activity. The most important
benefits of using epithermal irradiation for analysis of rock samples are up
to 3 times lower detection limit for gold, decreased disturbance from fission
products and improved precision through decreased background for most
elements. The benefit of using epithermal neutrons for irradiation have been
discussed by several authors. The most comprehensive investigation was made
by Steinnes [236]. He tabulated theoretical advantage factors for most
nuclides of interest in reactor neutron activation analysis. Parry tabulated
experimental advantage factors for short-lived NAA of geological samples
[237]. The largest improvements in detection limit were found to be a
factor of 6. The cross sections are listed in Appendix A, Table I. From
these the improvement by using epithermal irradiation can be estimated
directly when pairs of elements are compared. The true improvement depends on
the sample analyzed. Table 8.4 shows some improvement factors for rock
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samples. Another advantage of epithermal irradiation is the decrease of
interference caused by fission of uranium. This is especially significant for

molybdenum and zirconium.

TABLE 8.4. IMPROVEMENT FACTORS IN SHORT LIVED ACTIVATION ANALYSIS
OF ROCK SAMPLES. IMPROVEMENT IN DETECTION LIMIT OBTAINED WITH
EPITHERMAL IRRADIATION COMPARED TO THERMAL IRRADIATION WHEN
THE BACKGROUND NUCLIDE IS I8A1 [238]

Element

F
Mg
Al
Cl
Ça
Se
Ti
V
Mn
Co
Cu
Ga
Ge
Se
Br
Rb
Y
Mo
Rh

Pd

Ag
In
Sn

Sb
I
Ba

Nd

Sm
Eu
Gd
Dy
Er

Yb
Hf
W

Re

Ir
Pt

Au
Th
U

Nuclear Reaction
19F(n,Y)2°F
26Mg(n,Y)27Mg
27Al(n,Y)28Al
37Cl(n,Y)38Cl
48Ca(n,Y)49Ca
45Sc(n,Y)'*6n>Sc
50Ti(n,Y)51Ti
51V(n,Y)52V
S5Mn(n,Y)56Mn
59Co(n,Y)60mCo
65Cu(n,Y)66Cu
69Ga(n,Y)70Ga
74Ge(n,Y)75in<3e
76Se(n,Y)77mSe
79Br(n,n')79lnBr
79Br(n,Y)80Br
85Rb(n,Y)86mRb89Y(n,n')89mY
10°Mo(n,Y)101Mo
103Rh(n,Y)10ARh
103Rh(n,Y)104mRh
106Pd(n,Y)107mPd
l°8Pd(n,Y)109mPd
109Ag(n,Y)110mAg
115In(n,Y)116inIn
122Sn(n,Y)123mSn
124Sn(n,Y)125mSn
121Sb(n,Y)122lnSb
123Sb(n,Y)124mSb127I(n>T)128I
136Ba(n,Y)137inBa
!38Ba(n,Y)139Ba
148Nd(n,Y)149Nd
150Nd(n,Y)151Nd
154Sm(n,Y)155Sm
151Eu(n,Y)I52mEu
160Gd(n,Y)161Gd
164Dy(n,Y)165mDy166Er(n,Y)167mEr
l7°Er(n,Y)171Er
176Yb(n,Y)177mïb
178Hf(n,Y)179mHf
182W(n,Y)183mW
184W(n,Y)185mW
187Re(n,Y)188Re
187Re(n,Y)188mRei Q "1 . "1 Û Otn— iT'T* £ T\ Y J *.H1T *•»
198Pt(n;Y)199Pt198Pt(n,Y)199lnPt
197Au(n,n')197mAu
232Th(n,Y)233Th
238U(n.Y)239U

Improvement Factor
0.17
0.23
_

0.17
0.20
0.15
0.19
0.15
0.27
0.47
0.27
2.6
0.62
0.20
4.4
1.6
2.0
6.7
2.4
1.2
1.3
2.7
2.7
2.0
2.4
1.8
3.8
3.2
2.7
2.2
4.1
0.23
1.1
2.0
1.1
0.22
1.6
1.0
5.7
1.0
2.0
2.3
3.0
1.4
0.78
0.78
0.62
2.2
1.9
4.1
1.7
3.8
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Tables 8.5, 8.6, 8.7 show some typical irradiation schemes used for
instrumental NAA in different laboratories. Most of these are compromises
between reaching maximum sensitivity and being able to analyze as many
elements as possible using fewer irradiations. Two principally different
procedures can be distinguished: sequential and simultaneous.

TABLE 8.5. SCHEME FOR THE DETERMINATION OF 32 ELEMENTS IN ROCKS [21]
(The thermal neutron flux is 1.2 x 1012 cm~2-s~' for all but the 7-30 h irradiation for which
it is 1013 cm"2'S'1)

Irradiation
t im«

0.5 min

0.5 min

5 min

5 min

20-60 min

7-30 h

7-30 h

7-30 h

7-30 h

Decay time

2 min

5 min

0.5 -4 h

0.5-4h

c. 24h

4-7 d

4-7 h

3-4 weeks

c. 6 weeks

Detector

Large

Large

Luge

Small

Large

Large

Small

Large

Small

Measurement
time

2 min

5 mm

5 min

10-20 min

5-60 min

0.5-2 h

10-60 min

1-3 h

2-4 h

Elements
determined

AI. V

Ti, Al, Ci, V

Mn

Dy

Na, K

La, Sm, Lu

Sm, U

Se, Cr, Fe. Ni, Co, Rb
Zr, Sb. Cs, Ba, Hf, Th

Ce, Nd, Eu, Gd.
Tb, Tm, Yb, Ta

TABLE 8.6. ANALYSIS SEQUENCE FOR THE COMPLETE ANALYSIS OF A GEOLOGI-
CAL SAMPLE (T: thermal neutron; E: epithermal neutron; C: coaxial detector; L: low energy
photon detector)

Irradiation Decay Measurement Elements

T l min 2 min C 5 min Al, Ti, Mn, Mg, Ça, V
T 5 min 30 min L 20 min Dy
T 1 h 24 h C 20 min Na, K
E 35 h 5 d C 20 min As, Sb, Zn, Sn, Ag, W, Mo, Au,

La, an, Ni, Fe, Co, Na, Se, Ba,
Cs, Rb, Ta, U, Th, Br

T 35 h 7 d C 1 h La, Sra, Yb, Lu
30 d L 3 h Ce, Nd, Eu, Gd, Tb, Tin, Yb

C 1 h Zr, Hf
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TABLE 8.7. ANALYSIS SCHEME USED AT THE INTERFACULTY REACTOR INSTITUTE IN DELFT

Irradiation time

30 s'

4 h 3

Decay time

600-900 s

3-5 d

20-28 d

Counting time

300s2

2 h 4

1-2 h5

Na,

Na,

Sc,
Ba,

Al

K
K

Cr
Ce,

Mp

r»
Ga

Pf
Nd,

Elements determined

, Cl, K, Ca, Ti, V, Mn,
Ba, Dy, Si, S

As, Br, Mo, Sb, La, Sm
Cd, Re, Sc, Fe, Cr, Ba.
Co, Ni, Zn, Se, Rb, Sr,

, Eu, Tb, Yb, Lu, Hf, Tt
Ça, Ag, Sn, Te, Os

Br,

Yb
0

7,r
i, Ir,

Sr, In, I,

, W, Au,
, Lu

Sb, Cs,
, Hg, Th,

1 Thermal flux: 1.0 x 1013 n-s'1-cm"2.
2 Detector 10% coaxial, source to end cap distance 4 cm.
3 Thermal flux: 5 X 1012 n-s"1-cm"2 .
4 Detector 17% coaxial, source to end cap distance 4 cm.
5 Well-type detector.

Sequential irradiations are performed using a pneumatic transfer system and
usually for short-lived isotopes. However, when a high flux is available or a
considerable sample size is used, the technique can be used for long-lived
isotopes also. This is usually the case when completely automatic activation
analyzers are used [aas]. When only restricted space is available for
irradiation, this is also the choice. To avoid complicated corrections when
short-lived isotopes are used, it is important that all samples and standards
in a series have the same irradiation times. When these corrections are made
different irradiation times can be employed.

For irradiating samples for measurement of medium or long-lived isotopes,
simultaneous irradiation is commonly used. Using some reactors, it is
possible to irradiate several hundreds of samples simultaneously.

Care must be exercised when choosing irradiation conditions. Samples causing
danger for explosion cannot be irradiated. Volatile and fissionable materials
have to be irradiated in proper containers, usually quartz, to avoid spreading
of radioactive gases. The irradiation time has to be adjusted to the expected
activity. The samples coming from the reactor have always to be monitored. A
sample may be more active than expected because of unknown composition. The
facilities have to be such that samples with unexpectedly high activities can
be safely transferred to storage.

The quantitative calibration is normally based on the assumption that the
standard or flux monitor and the sample receive an equal neutron dose. This,
however, is not always the case. As a matter of fact it more commonly is not.
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If a pneumatic device is used to irradiate the samples singly, then the
standard and sample should be irradiated for exactly the same length of time
while the reactor flux is kept constant. Sudden changes in flux can be caused
by changes in the vicinity of the irradiation position. The presence of
neutron absorbing objects in close vicinity to the irradiation position should
be avoided when running a series of samples.

For a longer irradiation it may be necessary to irradiate the standard and the
sample at the same time. In this case it is unlikely that they will see an
identical neutron flux, except where a flux equalisation system is used.
Figures 8.4, 8.5, 8.6, 8.7 show typical variations in neutron flux. If the
neutron flux does vary then there must be some means of monitoring the
difference, which will depend on the reason for the variation. There are
several possible reasons for variation of the neutron flux along an
irradiation site. The obvious one is the fall-off in flux with distance from
the centre line of the reactor core. The effect is very significant, and can
only be overcome using a sample rotating device.

irradiotion position

FIG. 8.4. Relative thermal neutron flux in the bottom of the 40 irradiation posi-
tions of the Lazy Susan of a Triga Mk II reactor. Typical radial flux variation
is 1.4%/cm.
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0.74 -
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10

irradiation position

16

FIG. 8.5. Epithermal flux variation in the bottom of 20 cadmium containers in
the Lazy Susan of a Triga Mk II reactor. Maximum difference between four
samples in the bottom of one container is 3%.

1.15

17 18 19 20 21 22 23 24 25 26 27 28 29
T——i——i——i——i——r

35 36 37 38 39 40 1

irradiation position

FIG. 8.6. Effect of strong neutron absorbers on the relative thermal neutron
flux in the Lazy Susan of a Triga Mk II reactor. All the 20 positions not indi-
cated contain cadmium containers <f> 3 cm x 25 cm in size.
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FIG. 8.7. Relative flux distribution over some irradiation facilities at ECN.
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If maximum accuracy is required the flux is measured for each sample. When
some error is allowed fewer measurement points can be used, depending on the
required accuracy and the magnitude of the flux gradient. Work can be saved
by first mapping the irradiation positions and only inserting some control
samples in routine irradiations.

When a single comparator is used another problem is introduced if the reactor
starts up and shuts down during the course of the irradiation, since the
length of the decay period will affect the elements of interest quite
differently to the flux monitor.

8.6 DECAY

The optimum decay time to be applied for the measurement of a certain nuclide
depends on the half-life of that nuclide and on half-lives of the major
spectral interferences. In the case of longer lived interferences, waiting
times should be as short as possible. If the half-life of the nuclide of
interest is much longer than that of the interferences, waiting times can be
thus long that measurements can be performed almost interference-free. There
is an optimum decay time where the interferences have sufficiently decayed and
the activity of the relevant nuclide is still adequate. Figures 8.8 and 8.9
show the calculated activities produced in a USGS BCR-1 sample [s] and in an
NBS SRM-1648 sample (Urban Particulate) at the end of irradiation, and their
decay with time. When only Al has to be determined, a measurement can be
carried out as soon as possible after irradiation. But when one is also
interested in other elements, the Al with its high activity and high
y-ray energy will produce a high Compton background, thus decreasing
considerably the sensitivities for other radionuclides. After a decay of
10 - 20 minutes the ratio of the Al activity and the activity of other
nuclides is much reduced, and now V, Ti, Mg, Mn or

Dy can be determined much better. After a long irradiation of
1-2 hours, the major activity is that of Mn and Na, and decay
times of 3 - 5 days are often applied. The optimum decay time can be
determined experimentally; when the elemental composition is approximately
known, the optimum decay time can be calculated [239]. In multielement INAA
the optimum decay time will of course be a compromise.
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2x10

U5GS BCR-1 SAMPLE - 100mg
IRRADIATION INTERVAL - 5 0 minules

20 30
MINUTES AFTER IRRADIATION

10

FIG. 8.8, Produced gamma activities of short-lived radionuchdes
and their decays with time in a USGS BCR-1 sample [6].

10s p- NBS-SRM-1648 SAMPLE - 100mg
IRRADIATION INTERVAL 5 0 mln
NEUTRON FLUX 1 0 x 10"na-'cm-2

2 x 10s

4O10 20 30

MINUTES AFTER IRRADIATION

FIG. 8.9. Produced gamma activities of short-lived radionuclides and their
decays with time in an NBS-SRM-1648 sample (urban dust).
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8.7 MEASUREMENTS

Although measurement of the y-spectrum in itself is rather straightforward,
several parts of this procedure deserve attention or have to be checked out
beforehand

a. Energy Range. For the procedure in which short half-life nuclides are
involved, it might be found necessary to measure the energy range up to 3.2
MeV, in order to determine Ca and S. A 4096 or 8192-channel
spectrum has to be preferred above 2048 channels for such measurements. For
the low-energy range to be measured with a planar detector, gain settings of
100 eV/channel are a necessity to obtain analyzable peaks, and 4096 channels
will cover the range from, e.g., 20 keV up to 400 keV.

For measurements of spectra with peaks in the range 75 keV - 2000 keV typical
useful gain settings are 250 eV - 1 keV/channel, depending on detector
resolution and on the behaviour of the software. More channels are usually
better.

b. Sample-Detector Distance. The closer the sample is measured to the
detector, the larger the effect of summation and the errors introduced by
irreproducible dimension and position of sample and standard. Summation may
take place when a radionuclide decays through coincident emission of multiple
Y-rays. Such coincidence events are counted in the sum peak with apparent
energy equal to the sum of the energies of the individual y-ray photons.
Summation results in alteration of spectral distribution [2*0] and attention
therefore has to be paid when interpreting such spectra, or comparing measured
intensities with tabulated values. This effect increases with detector
efficiency [241], and is most prominent with well-type detectors [242].
No special precautions have to be taken when comparing sample spectra with
spectra of standard materials measured under exactly the same geometrical
conditions.

Counting geometry errors can easily become the most important source of error
when samples are counted close to the detector. A 1-mm difference in thickness
between sample and standard will produce an error of approximately 10% when
samples and standards are counted directly on the detector can (Figure 8.10).
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Height above detector can (mm)
1000

FIG. 8.10. Counting efficiency of a large Ge detector as a
function of source height above the detector can.

For this reason, measurements with samples close to the detector are only
allowed when both sample position and dimensions are precisely reproducible
and identical for sample and standard. In view of the difficulty of producing
samples and standards with exactly the same thickness, source-to-detector
distance should be 10 cm or more whenever possible to reduce counting geometry
errors. Even at 10 cm, a 1-mm thickness difference will produce an error of
almost 1%.

The effect of the thickness difference (filling height of capsules) between
samples and standards effect can simply be derived experimentally with, e.g.,
dissolved Co source; equal quantities are pipetted in two or more
capsules, one to be evaporated to dryness, and to the others water is added to
the desired filling height (Figure 8.11). The formula for applying the

normalized
count rate

7 8 9 10
» capsule filling height, mm

FIG. 8.11. Effect of capsule filling height to detector counting efficiency,
and experimental set-up to determine such an effect.
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correction for y-ray self-absorption is well known [244]. When y-rays
<400 keV are of prime interest, such an experiment can better be carried out
with a more appropriate source. Moreover, differences between sample and
standard in y-ray self attenuation may be more prominent than differences in
counting geometry (see also section 8.7.h).

It should be noted that the use of well-type detectors limits the extent of
geometrical errors; this detector type allows for measurement with high
detector efficiency, which is within certain limits independent of sample
height and position (Figure 8.12 a and b) [174].

c. Sample holders should be thus designed that distance to the end-cap and
centering of the sample are reproducible. Surrounding the sample with l g
cm absorber of a low-Z material (plastic) reduces bremsStrahlung
resulting from high energy ß-radiation [245]. The sample holder may also
contain a replaceable plastic cover to prevent contamination of the detector
end-cap. __ __ »
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FIG. 8.12. Photopeak efficiency of a well-type (a) and a solid (b) Ge(Li) detec-
tor for 1330 keV gamma rays from a point source at varying distances from
the detector and from a line source of varying length.

d. Energy and efficiency calibration [24s]. Drift and instability in
electronics make it necessary to carry out regular energy calibrations, i.e.,
the relationship between peak position and photon energy has to be checked
with high precision. For many applications a two-point calibration will turn
out to be enough. Sometimes the linearity of the spectrometer is insufficient
for the peak assignment routine. The overall linearity of a spectrometer
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comprises the individual linearities of preamplifier, main amplifier and ADC.
Even for premium equipment this may lead to an overall non-linearity of
0.075 %, effectively meaning a 1.5 channel uncertainty at 4096 channels. A
higher (e.g., 3rd) order calibration curve might then be required to obtain a
sufficiently precise calibration. This implies the measurement of 10 - 15
calibration lines equally spread over the energy interval of interest. Data
are available on a wide range of nuclides suitable for calibration, including
many that can be produced in a nuclear reactor [247/249/249].

Gamma-ray spectrum analysis programs are used which derive from the energy
calibration step not only the position-energy relationship, but also important
fitting parameters, like low and high-energy tail parameters, FWHM as function
of energy, etc. To get a good estimate of these parameters, peaks in the
spectrum should be well defined, i.e., precision has to be 1 - 2 %. The shape
of the 511 keV annihilation peak is distinctly different (broadened) from the
shape of the y-ray lines, and fitting this peak in spectra using the y-ray
fitting parameters will give erroneous results. If any analytical use of this
peak is considered (e.g., for the determination of Cu) it is necessary
to determine also in the energy calibration step the specific fitting
parameters of this peak. A Na-source can then be included in the
calibration source set. If a pulser peak is used for live-time correction,
the fitting parameters of this peak should also be separately determined in
the energy calibration step, as the pulser peak is more narrow than the
y-ray lines.

Sometimes the precision of the energy determinations is limited by short-term
gain shifts due to count rate variations. This problem can be overcome for a
good deal by applying a recalibration procedure on the basis of two or more
well-defined peaks present in the actual spectrum.

Although detector efficiency cancels out of the NAA equations in the direct
comparator method, knowledge of the relative or absolute photopeak efficiency
of a detector at the applied geometry is a necessity when quantitative
spectrum interpretation is done using computerized y-ray catalogues. The
peak areas are then corrected for the detector's response function resulting
in directly comparable peak intensities. The determination of a relative
efficiency curve is based on measurements of nuclides emitting multiple
gamma-rays with well-known intensity ratios [250/251/252]. This method is
very attractive as no information is required on the absolute activity of the
sources. But in high efficiency situations (total efficiency > 10%) special
corrections have to be applied to correct for summation [253/254].
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The shape of the relative efficiency curve as a function of energy is Less
dependent of the source-detector geometry, but has to be established for each
individual sample position closer than 10 cm to the detector. For larger
distances, the shape of the curve is almost independent of this distance.
Absolute efficiency calibrations require a set of calibrated sources of either
multiple or single gamma-ray emitting nuclides, with the same restrictions as
mentioned for the relative efficiency calibration. When only a few calibrated
sources are available, it is possible to measure first a relative curve, which
can be made absolute on the basis of a few absolute calibration points.

Measurement of the absolute efficiency curve of a well-type detector [254]
has to be carried out with calibrated sources decaying by preference by
emitting a single gamma-ray. Usable nuclides are Cd, Co,

Cs, Mn, Zn. For sources emitting multiple gamma-rays,
corrections for summation effects have to be applied. Commercially available
mixed nuclide sources are very well suited for measuring efficiency curves,
provided the necessary corrections for summation can be made [241].

So far it has been assumed that the real sample will be small (e.g., up to 250
mg), and sample-detector distances are such that point-source geometry,
eventually in combination with filling height corrections may yield adequate
accuracy. But when large samples are encountered, or measurements close to
the end-cap are inevitable (e.g., because of low-induced activities),
efficiency curves have to be determined in a different way. The most relevant
efficiency curve is of course obtained by using calibration sources
reproducing exactly sample geometry and composition, however, this is not
always feasible. There are companies which provide mixtures of calibration
radionuclides in a variety of special configurations, such as plastic sample
bottles with volumes varying from 250 up to 1000 ml, filter papers of various
diameters, cartridges and Marinelli beakers with volumes from 500 ml up to
4000 ml. Still, attention has to be paid to possible differences in gamma-ray
self attenuation between calibration source and actual sample.

When accurate data can be obtained from the manufacturer on crystal
dimensions, on source-to-crystal distance and some other parameters, photopeak
efficiency curves can be calculated with adequate accuracy, even for sources
of extended geometry (see Figure 8.13) [255/256].
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FIG. 8.13. Relative Ge(Li) detector efficiency curve for
surrounding point source geometries [256].

e. Choice of measurement time. Precision and sensitivity of an analysis of
long-lived nuclides increase with the length of the counting time, but only as
the square root of the time. In practice, the equipment availability and
number of samples to be analyzed daily set limits to the maximum counting
time. For measurements with short half-life nuclides an optimum is sometimes
found in measurement times as long as one half-life for half-lives in the
seconds range. Practical examples are 0.5-5 min for short half-life nuclide
measurements, and 15 min - 4 hours for 'normal* INAA. Very short measurements
may affect precision and sensitivity, which can partly be overcome by cyclic
activation. These procedures have been extensively reviewed [257/250].

f. The Y-ray spectrum background in the counting room at the location of
the spectrometer has to be known. Background radiation includes contributions
from cosmic rays, natural activities present in constructing materials of
counting room and equipment, samples present in the counting room, and
radioactive contamination of the detector. A distinction has to be made
between the height of the constant part of the background due to the first two
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sources, and the variable part of the background. The following measurements
are suggested to be carried out :

a long measurement during 24 or 48 hours, with all sample sources
removed. This gives information on the constant part of the background.

- a similar measurement during the maximum counting time to be applied,
but under realistic conditions, i.e., with sources in the counting room
and sample changers fully loaded gives an idea on the quality of
applied shielding. This measurement has to be carried out regularly as
the contributions may vary strongly.

g. Of equal importance is to know the spectral distribution of a 'blank*
irradiated sample capsule. Such measurements can be made during each batch of
samples to be analyzed .

h. When measuring samples of finite size, part of the radiation will be
absorbed in the sample itself, and thus be prevented from reaching the
detector. When analyzing a 100-mg sample of low Z material such as biological
specimen or silicates, the effect of self-absorption can be neglected above
100 keV. But for larger samples, high-Z matrices or when measuring low energy
photons, certain measures must be taken in order to avoid inaccuracies in the
results :

- use of sample and standards with identical dimensions, density and
matrix composition [as], or

calculation of sample self-absorption from the known sample dimensions,
density, and composition [259], or

experimental determination of sample self-absorption from transmission
or backscatter measurements [260], or

- calculation of self-absorption from changes in actual sample spectra
[244].

The first two methods require a priori knowledge of the sample composition.
Application of the last two methods implies a complication of either
measurement or spectrum analysis procedure. If no such special measures are
taken, the sample size has to be so small [261/262} that errors due to
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self-absorption stay within the limits set by the required analytical
precision.

i. Corrections have to be applied for dead time due to finite time (10 - 100
Vis) required for the ADC to digitize a detector pulse, and for random
coincidence (pile-up) losses due to the finite resolving time of the amplifier
[i79/i8o/263]. Depending on the speed of the ADC and the shaping time of
the amplifier, each of these effects may cause errors of 10% or more at
counting rates less than 10000 c.p.s. The IAEA has conducted an
intercomparison of the various methods of correcting rate-related counting
losses; several methods have shown to work well when correctly used [264].
The most commonly used methods are:

use of the dead-time correction circuit in a multichannel analyzer.
This corrects very well for ADC dead time but not at all for pile-up.

- a pile-up inspection circuit in the amplifier which generates an output
logic pulse whenever two input pulses overlap in time too closely for
the amplifier to shape them properly. The logic pulse is used to
reject the analog pulse at the linear gate of the ADC. This removes
summed events from the high-energy end of the spectrum and improves the
resolution of all peaks at moderately high counting rates. To obtain
the correct counting rate the live time must also be corrected for the
time required for this logic to be performed; not all combinations of
amplifier and ADC do this properly.

- correcting the live time for pile-up losses (with or without a pile-up
rejection circuit) by calculation, using a factor of the form exp
(- P*DT/LT), where DT is the dead time, LT is the live time and P, a
constant related to the resolving time of the amplifier [aes/ieo].

use of a reference peak in the spectrum, originating from a pulse
generator connected to the spectrometer or from a fixed radioactive
source with very long half life. This method can give very accurate
results, but there may be a deterioration in the resolution from the
presence of a pulser and an increase in the Compton baseline if a
source is used.

- use of advanced electronics to correct the counting rate in real time
by actively restoring lost pulses [ise].
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Problems occur when measuring a mixture of radionuclides with strongly
different half-lives, which decay considerably during measurement. This
situation normally occurs in INAA with short half-life radio-
nuclides. Even when the overall correction for dead-time or pulse
pile-up is correct, overcompensation may occur for nuclides with long
half-life, and undercompensation for nuclides with short half-life.
Proper correction requires the use of a dedicated electronic unit
[266/267] or additional computer processing of the measured spectra
[268/269]. Also loss-free counting circuits using compensating pulse
storage and a virtual pulser [ise] have been developed to solve this
problem.

j. In applications of INAA where only one or a limited number of nuclides
is of interest, it can be considered not to read out and analyze the
entire measured spectrum, but to use regions of interest (ROI) set on
the peaks of interest; most modern multichannel analyzers have this
option. The advantage lies in speed and reduced storage space for
data; the disadvantage is the risk of disregarding other valuable data.

8.7.1. MANUAL OPERATIONS

Manual procedures have some distinct advantages above automatic procedures.
It is probably the most sensible way to understand procedure and spectrometer,
in particular when new materials have to be analyzed or when trouble is
encountered. By doing all steps in an analysis by hand, the user meets the
majority of possible difficulties and sources of errors. Moreover, it is a
better opportunity to observe the recorded y-ray spectrum. Spectrum
distortion is often more rapidly noticed in a manual procedure than in an
automatic one, in which direct observation of every individual recorded
spectrum seldom occurs. The semi-logarithmic display of the y-ray spectrum
is a valuable aid to the analyst to observe the occurence of count rate
effects, instability, drifts, peak shape alteration or high noise levels.
Regular observation of spectra contributes to a better insight in the
different types of spectra that may occur, and to a better understanding of
the results of spectrum analysis. Manual procedures are therefore ideal for
training, and for test procedures, for determining sensitivity versus
sample-detector distance.
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8.7.2. AUTOMATIC OPERATIONS

In automatic procedures the emphasis will often lie on throughput of samples.
As a result, there is a realistic risk of getting sloppy. Processing many
samples a day implies that little opportunity remains to check whether in each
individual measurement all conditions were fullfilled so that results reflect
realistic situations. Measurements in which something has gone wrong may be
discovered' sometimes many days later, when results are being interpreted.
Several precautions should therefore be taken :

a. The position in the sample changer of the sample being measured should
be read-out, e.g., by printing on hard copy or by storage with spectrum
data. The most effective measure would of course be to read out the
code number on the sample container itself. Other feedbacks to hard
copy may include the confirmation that a sample has indeed been near
the detector, the time of the day and the day of the year the
measurement was started and stopped, sample-detector distance, and
dead-time.

b. Measurement of an unirradiated capsule gives information on both
contamination of sample changer or sample holder, and on the
effectiveness of the shielding. Results of measurements between
several batches of samples can be used to locate a leaking capsule. It
will be obvious that such a precaution is only effective, when results
are checked as quickly as possible after measurements have been
completed.

c. Usually sample-detector distances are set on the basis of experience
for certain types of activated material. Still sometimes a too active
sample may occur in a batch; in automatic procedures seldom will this
be noticed in time. To some extent it is a waste of time to carry out
measurements of these samples as spectra may be strongly distorted.
Measurement systems have been developed in which the total sample count
rate is quickly monitored, in a few seconds, using a G.M. counter
before measurement starts. At a too high count rate, either the sample
is skipped, and the procedure proceeds with the next sample, or
sample-detector distance is automatically enlarged [270]. In the
latter solution a feedback signal to control has to be fired too.
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d. Another nuisance of an unexpected too-active sample occurs when the
measurement is carried out with the analyzer in live-time mode. A high
dead-time will then involve a longer real or clock-time than was
foreseen, and the entire measuring schedule may be disturbed. Real or
clock-time setting of the analyzer has therefore always to be
preferred. When the automatic procedure is computer controlled, some
of these precautions and checks can be included in the procedure. As
an example, a file can be stored on disk with 'normal' background data
or 'blank' spectral data. At completion of the analysis of the spectra
of the blank and/or unirradiated vial of a batch, the computer may
quickly compare the new results with the stored data, and, if
necessary, fire an alarm signal.

On entering the field of automated INAA procedures, it is important to
evaluate the capabilities of the technical staff with respect to
immediate assistance when a sample changer or spectrometer
malfunctions. Measuring schedules should not be so tight that there is
little time for maintenance.

8.8. DATA PROCESSING

Only a brief outline of data processing in activation analysis can be given
here; textbooks and conference proceedings [271] should be consulted for
details. The calculations of activation analysis have been discussed in
section 2.2.3, and in the reference works listed in chapter 11.

Spectral data from the MCA are usually transferred to computer disk for
archiving and for complete qualitative and quantitative analysis. A number of
hardware manufacturers' programs do an adequate job of finding net peak areas
[272/273], Only a few programs are commercially available which perform the
calculations specific to NAA: correcting for interferences, comparing samples
with standards or with monitors, and averaging multiple gamma rays or multiple
spectra. Mini and superminicomputer programs exist, but as yet there are no
well-tested program packages readily available for personal computers. Many
university groups and other users have written programs for spectral analysis
and NAA; some (for example, varieties of SAMPO [274/137], GAMANAL [ise/
275], and TEABAGS [i»o]) are fairly widely distributed and are in use in
several laboratories. Most of these are written for larger computers, though
some are being transported to personal computers.

148



Most activation analysts use the comparator method of analysis, using the
ratio of the counting rate of samples to that of one or more standards
irradiated and counted at the same time. A great advantage of this approach
is that most sources of systematic error - flux gradients, detector efficiency
variations, and count-rate related nonlinearities - can usually be made to
cancel in the design of the measurement procedure. A disadvantage is that the
preparation, irradiation, and counting of standards for all elements to he
measured requires time and lahor that could be used for sample analysis.
Another disadvantage sometimes cited is that the experimental uncertainties in
the preparation and assay of the standards add to the uncertainty of the
sample analysis, although it is preferable to consider that this additional
information is desirable in assessing the true uncertainty in the total
measurement process.

An attractive alternative to the comparator method is the so-called "absolute"
method of activation analysis, in which the concentration of the elements
sought for is computed from the observed activity (counting rate divided by
detector efficiency) of the sample, the activity of a flux monitor such as a
cobalt wire irradiated with the sample, and the cross sections for production
of the radionuclides observed. Experience (sometimes bitter) has shown that
tabulated cross sections and gamma-ray yields are not sufficiently accurate
for reliable analysis, so that in practice it is necessary to measure
experimentally the ratios of the production rates of each element to that of
the flux monitor for a particular irradiation facility. Particularly when a
suite of many similar samples are to be analyzed, this modified method has
given reliable results.

A compromise between comparator and absolute activation analysis has been
shown to give reliable results once a modest amount of calibration work has
been carried out for a particular irradiation and detection system [276].
This method employs dimensionless parameters k(0) and Q(0) to characterize
thermal and epithermal reaction reaction rates so that many of the
inaccuracies in the purely absolute method are made to cancel in the
calculation of elemental concentrations.

It is important to note that the method takes into account nuclear reactions
by thermal and epithermal neutrons - which are of the (n,y)-type, and for
this the data collected by the Ghent-group is very valuable (though for some
important half-life nuclides still kO-values have to be acquired). For not
fully thermalized facilities, where also (n,p), (n,a), etc. reactions with
fast neutrons may occur, the user has to make his own additional calibrations.
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A number of corrections must be taken into account in processing gamma-ray
spectra into elemental concentrations. Spectral interferences may often be
taken into account by correcting an interfered-with peak by measuring an
accompanying clean peak of the interfering nuclide. Most of the troublesome
interferences are well characterized, and are tabulated in the Appendix
(Tables VII and VIII). Samples containing uranium produce fission products
which are also produced by neutron capture in La, Ce, Nd, Sm, Mo, Ba, and
other elements. These fission corrections have been tabulated [277].
Blanks (from sampling implements or irradiation containers) and background
(from radioactivity in the counting room) are usually unimportant in NAA, but
must be evaluated individually.

8.9 REPORTING

8.9.1 WHAT INFORMATION SHOULD BE GIVEN

The most common situation is that the customer sends samples for analysis
expecting to get in return a report containing the sample codes and
corresponding elemental concentrations. However, a report containing only
this information cannot be always considered complete. Commonly additional
data is given to increase the information content of the report.

In general the customer should be made aware of the analytical procedure used,
in the report, in oral discussions, or as a part of the price list distributed
to all customers. The report itself contains sample and work identification
and the results of the analysis with errors indicated (see chapter 9.3). The
error should be defined indicating if it is one or two sigma. The number of
digits given should reflect the accuracy of the results. Thus, as a rule of
thumb, the last digit will have an error, the previous ones none. Sometimes
it is not sensible to report results with errors greater than 30%. When the
elements have not been detected, the detection limits, or upper values have to
be indicated. It is not enough to say "not detected", because the information
value of such a statement is very low. The report may also contain the
results of the control samples incorporated in the series containing the
analyzed samples. Some customers insist on these and some others find them
only disturbing. It is better to err by providing too much information rather
than too litle.
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8.9.2 FORMAT

There are several different formats in which the results can be given. Good
service includes customer tailored reporting. The sample coding sometimes
causes problems because the code of the customer may include much sample
information. Then its format is usually not logical and suitable for frequent
repeating or for sample changer operation. In such situations the samples can
be given a temporary code and in the final report the original code is again
joined to the elemental concentrations.

The results are usually presented in the form of a table of the elemental
concentrations and errors. The results should be given in units requested by
the customer. Figure 8.14 gives an example of such a table. If computer
treatment is used there can be two different formats, one which is easily
understandable by people and another to be read by a computer. Figure 8.15
shows a typical computer readable table.

The results can be further treated when required, for example, to present
tables containing concentrations of one specific element for all samples.
Different kinds of graphic representations may be called for, such as
chondritic ratio plots of rare earth elements or platinum metals (Figure
8.16). Different kinds of frequency distributions or even geochemical maps
may be included (Figure 8.17). In most cases the customers are prepared to do
these data presentations themselves, but in some cases the availability of
advanced forms of presentations is requested. Again, results presented to the
customer in his own terms are most useful to him and are the most likely to
bring repeat business.
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FIG. 8.15. Computer readable output of an automatic gamma spectrometer. The
first column is the elemental concentration in ppm and the second column is the
relative error in %. 'MAX' indicates that the result is an upper value.
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FIG. 8.17. A geochemical map of arsenic prepared by the Geological Survey of
Finland and based on neutron activation analysis results of the Technical
Research Centre of Finland.
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8.9.3 DEVICE

When urgent, the results can be initially given by telephone. This shows good
service. The method of reporting almost always used is by a hard copy. When
manually made, it may be convenient to have a special form prepared and
reproduced by photocopying or printing. This way the standard information
need not be repeated and the report has a standard form, easily readable by
everybody. It is increasingly common to produce the report by computer. If a
separate off-line word processor is used, compatibility should be ensured so
that the data can be transferred through a floppy disc or magnetic tape.

The hard copy can be sent to the customers by mail, telex or facsimile. It is
also possible to send the reports directly by telephone line to the customer's
computer. Compatible magnetic tape, digital cassettes, and floppy discs are
convenient for transferring data. All the above devices can be sent by mail.
Special boxes should be used.
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9. QUALITY ASSURANCE

Quality assurance comprises a set of experimental and statistical procedures
designed to test, systematically and continually, whether a measurement
process is in a state of statistical control, and consequently whether it is
capable of producing data that can be used with confidence. If a process is
demonstrably well behaved, then statistical statements can be made, and
supported in a court of law if necessary, about the likelihood of errors of
various kinds in a particular reported value. Only measurement data obtained
in conjunction with a good quality assessment discipline can meet the
criterion of transparent and self-evident reliability [273].

9.1. NEED FOR QUALITY ASSURANCE

A quality assessment program necessarily occupies time and effort that could
otherwise be used in analyzing samples for pay. There are compensating
benefits, notably a reduction in the need to repeat measurements whenever
questions are raised. The need for quality assurance depends on the value of
the measurement data. Where lives or very large sums of money are at stake,
it is obviously important that analytical measurements be of provably high
quality, and consequently it is worth the time and money required to
demonstrate that quality. Professional reputations are also of great value,
and worthy of being supported by provably reliable measurements.

9.2. METHODS FOR QUALITY ASSURANCE

Perhaps the simplest quality control procedure is to include one or more
samples of an appropriate standard material in each batch of unknown samples
to be analyzed. If the result obtained for the standard material agrees with
the known composition within the expected uncertainty, the corresponding
results for the unknown sample acquire considerable (but not absolute)
confidence that the procedure was performed correctly. If aliquant portions
of the same material are analyzed repeatedly, a laboratory history is built up
on both the mean value and the precision that can be attained. Plotting
repeated measurements of the same quantity against time on a control chart
[279] is an old fashioned but invaluable graphic way of showing the
reproducibility of a measurement (Figure 9.1).
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Efficiency and Resolution of Detector "Abby"
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FIG. 9.1 Control chart for detector efficiency and resolution. The same Cs-137
source was counted repeatedly over a period of a year and the count rate and
resolution plotted as a function of time. The control levels at which action is taken
to correct a malfunction are drawn as lines three standard deviations above and
below the means. Decay of the Cs source is just measurable in this data set
(r = 0.5), so that for a longer series of measurements the count rate would need
to be corrected for decay.

A large number of possible problems in the measurement process can be detected
and thereby prevented by a systematic quality assurance program. Others
cannot, because the standard test material cannot be identical to real samples
even if exactly the same experimental conditions are used.

The analyst must be aware of unrepresentative sampling, the result of which
may be that the samples are not worth analyzing [290/281]. While this
problem is ultimately the responsibility of the client, the analyst can save
misunderstanding and disappointment by discussing the sampling scheme with the
client before the samples are collected.

Human errors can never be entirely avoided, but it should be possible to
detect most of them by cross-checking where possible so that suspect analyses
can be rejected. Unit operations in the laboratory can often be systematized
so as to make blunders less likely [282]. For example, in packaging for
irradiation the sample storage containers can be racked in order on one side
of the workbench with the prelabelled irradiation containers in order on the
other side. If only one storage container is opened at a time, mislabelling
and cross-contamination are much less likely. In forensic or regulatory work
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with legal implications, rigorous recording and specimen handling procedures
are designed to ensure a verifiable, continuous chain of custody from sampling
to reporting.

Transposition errors and other mistakes in recording data can be made less
likely to occur by automating much of the data input through direct computer
reading of balances and clocks and by manual data entry only once into preset
forms on a computer screen. Fortunately, automation is most worthwhile in
routine high-volume work where occasional errors are least likely to be
detected by the eye of the analyst. Automatic sample changers may
malfunction, for instance by counting the same sample twice. This occurence
may be difficult to find after the fact, but checking the identifications of
the sample containers against the counting log at the time the changer is
unloaded is a simple test for trouble.

Computer software cannot always be trusted to produce correct results without
supervision, especially when a new material is being analyzed. Commercial
program packages for gamma-ray spectroscopy and nuclide identification include
some of the functions of expert systems, but even authorities need to be
questioned. Since many of the programs in use in activation analysis
laboratories have been written by analysts with little skill in computer
programming, by numerical analysts with minimal knowledge of gamma-ray
spectroscopy and analytical chemistry, or by students who are learning both
sets of skills for the first time, a data processing procedure in successful
use in one laboratory cannot always be transferred to another laboratory with
equal success. In an intercomparison of spectrum analysis software conducted
by the IAEA [isi], the differences among the algorithms used in the programs
were smaller than the differences in the manner in which they were used.
Skilled users obtain more reproducible and accurate results, partly because
better values for the input parameters are supplied to the programs (energy,
peak shape, and pile-up coefficients, and half-lives and other physical
constants), and partly because of their ability to recognize when the results
are likely to be unreliable. With time, if and when these skills are
translated into algorithms and incorporated into computer procedures, the
likelihood of error will be decreased.

9.2.1 COMPARISONS

The precision of an analysis can often be improved by combining multiple
gamma-rays, radionuclides, counts, and subsamples, provided that they agree
with each other within the expected uncertainties. If they do agree, then the
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weighting factor to be used for each individual measurement is the reciprocal
of its variance (the square of the standard deviation). Since in general the
precision of a mean improves proportionally to the square root of the number
of determinations, replicate measurements or multiple gamma rays cannot
improve random error more than a factor of two or three over the best single
peak. However, analytical multiplicity can assure the analyst and the client
with qualitative confidence that interfering gamma rays, sample inhomogeneity,
or other errors are absent.

Analysis of duplicate samples of the same material is commonly used as a test
of analytical precision within a sample set. The statistics of counting and
other measurement errors are discussed in standard texts [283/234/154]. As
a rule of thumb, duplicate analyses should agree within two standard
deviations as estimated from counting statistics (two-sigma error bounds
should overlap) more than 99% of the time; if they do not, then the
measurement system contains non-Poisson sources of variation such as weighing
error, neutron flux gradient, counting efficiency differences, or material
inhomogeneity. If one material in each sample set is measured in duplicate
over a series of runs, a estimate of the excess variability can be obtained,
although obtaining a good numerical value is surprisingly difficult [295].

If one of a series of related samples is anomalous, it should be remeasured.
If the anomaly is due to an error in the measurement process, repetition may
reveal the difficulty; if the anomaly is verified then stronger conclusions
about the sample can be drawn.

Since radioactive decay follows Poisson statistics, the properties of this
distribution are a powerful tool in quality assessment. If the observed
variation among replicate measurements (as judged by the T-test) is in excess
of the Poisson precision, then other sources of random error are present
[286/254]. On the other hand, if over the long term replicates agree better
than expected, then the counting uncertainty is surely overestimated; some
peak integration programs have had this problem.

Once precision (reproducibility) has been demonstrated, accuracy (nearness to
the true value) can be assessed. Intra-laboratory comparisons between
analysts can help show independence of particular personal procedures, but a
surer way of demonstrating accuracy is to repeat the analysis by a totally
different method with a different set of possible errors. If the first
measurement is made by instrumental neutron activation, it might be checked by
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plasma emission spectrometry (ICP-AES), an atomic technique which requires
that the sample be dissolved. If the measurements agree, then confidence in
both is strengthened. This is one method used by the U.S. National Institute
of Standards and Technology (formerly National Bureau of Standards) in
certifying its Standard Reference Materials.

Interlaboratory comparisons are often done on a one-to-one basis by exchanging
samples, but in order for the analyses of rocks and pottery or clinical tissue
specimens to be truly intercomparable from one laboratory to another, each
contributing laboratory must regularly analyze samples of a widely available
homogeneous material. A common interlaboratory comparison reported in the
literature, particularly for the validation of new methods of analysis, is the
analysis of national and international reference materials.

9.2.2. STANDARDS AND REFERENCE MATERIALS

Two distinct uses are made of standards in the laboratory. In analytical
terms, they may be treated as knowns or unknowns; that is, they may be used
either to calibrate the measurement procedure or to test the procedure after
its completion. These two uses carry corresponding requirements on the
accuracy with which the composition of the standard needs to be known.
Because of error propagation, the composition of a calibrator must be known to
better accuracy than the desired accuracy with which the unknown samples are
to be determined. Available multielement reference materials are not so well
characterized as one might desire. These considerations have been discussed
in section 8.4.

Definitions: A chemical "primary standard" has been defined as a commercially
available substance of better than 99.98% purity [237]. A laboratory
"working" standard, prepared from or referenced to a primary standard if
possible, is used for regular instrument calibration. This may be prepared by
the analyst, purchased from a chemical supplier, or obtained from national or
international standardizing organizations. A "reference material" (RM) is
defined as a widely distributed material intended to be used for calibrating
apparatus or testing an analytical procedure [zsa], A "certified reference
material" (CRM) is a reference material issued by a national or international
organization which certifies that its composition is known within stated
limits. Finally, a Standard Reference Material (SRM) is a CRM issued by the
U.S. National Institute of Standards and Technology.
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A quality assurance material is usually chosen to be a reasonably close match
to real everyday samples with regard to major elements (to equalize the total
activity and thus self-shielding and rate-related effects) and important minor
elements (particularly those that may have spectral interferences). Within
these constraints, homogeneity and well-known composition are the most
desirable characteristics for such a material.

Several national and international agencies produce reference materials of use
to analysts. In some cases these organizations lend their authority to
certifying the composition of the RMs, and sometimes merely prepare and
distribute them and allow a consensus on the "best" composition to develop
among the analytical community. The geological surveys and related
organizations in a number of countries distribute reference samples of many
rock types, the analyses of which are regularly reported [239]; recent
compilations of analyses have been published [290/291]. The U.S. National
Institute of Standards and Technology issues a wide variety of materials
[292/293]. The Bureau of Reference (BCR) of the European Community, the
International Standards Organisation [aes], the International Atomic Energy
Agency, and other international agencies provide reference materials in their
particular fields of responsibility. A compilation of 100 available
biological and environmental reference materials from 11 suppliers has been
prepared [294].

9.3 ASSIGNMENT OF UNCERTAINTY

Statements of uncertainty in reported numbers must be defined. Some readers,
perhaps a majority, interpret a "±" statement as one standard deviation, and
some as a 95% confidence interval; there are also precedents for interpreting
an error statement as the probable error (the range within which repeated
measurements should fall half the time), or even as the maximum possible
error. When the reported value is the result of replicate measurements,
either the uncertainty of a single measurement or of the mean may be stated
and clearly identified; the latter is smaller by a factor of the square root
of the number of degrees of freedom.

As mentioned in section 7.2.1, one strength of activation analysis is that the
analytical precision may be estimated from a single measurement by applying
Poisson statistics. The overall uncertainty contains other sources of random
and systematic measurement error, which may be separately listed in the
overall error analysis or combined according to some defensible algorithm. A

161



variety of approaches of differing degrees of conservatism has been suggested
[295/296]. Even if statisticians always agreed on an algorithm, the use to
be made of the uncertainty statement must be considered, with the definition
clearly stated on the report of analysis.

One possible approach is to add the random error to the linear sum (taken
without regard to sign) of the all-possible systematic errors, but this makes
no allowance for high errors cancelling low. One procedure that is being used
is the following: the 9570 confidence level of the mean is computed to be the
observed value of s/sqrt(n) for replicate samples plus the (1's) uncertainties
in standards counting, standards preparation, and counting geometry, added in
quadrature, the square root of the sum of squares being multiplied by the
value of Student's t for the appropriate number of degrees of freedom. For a
single determination, the uncertainty is estimated by combining counting
statistics with the observed reproducibility for check standards that have
been analyzed repeatedly.

An example may help to illustrate some of these points. The data obtained for
six replicate determinations of zinc in NIST Coal SRM 2685 and the results of
an analysis of precision are as follows:

Normalized Relative
Sample ppm Zn +/-^s.d. residual weight

1 17.1 ± 1.1 (6.4%)
2 16.3 + 1.3 (8.0%)
3 18.8 + 1.1 (5.9%)
4 17.1 + 1.1 (6.4%)
5 15.8 + 1.1 (7.0%)
6 17.5 + 1.1 (6.3%)

-0.04

-0.65

1.51

-0.04

-1.22

0.33

0.17

0.13

0.17

0.17

0.17

0.17

weighted mean
s about wtd mean
s about unwtd mean
ts/sqrt(n) [at P=0.05; t=2.571]
Observed s.d. of mean [s/sqrt(n)]
A priori s.d. of mean
Reduced chi squared

Prob of exceeding

17.14, unweighted 17.10
1.038 (6.1%)

1.037 (6.1%)
1.090 (6.47.)

0.423 (2.5%)

0.460 (2.7%)

0.86 for 5 degrees of
freedom
50.9% in a normal population
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The agreement between the observed and expected standard deviations is good;
the value of chi-squared is near unity, as it should be. In this measurement
the additional uncertainty due to standard preparation and counting geometry
combined as the square root of the sum of squares is 0.7% (which is small in
this case, as the value of chi-squared confirms for the counting geometry
component). The total uncertainty is then calculated by adding an additional
0.7% in quadrature to the a priori standard deviation of the mean and
multiplying by t(5) = 2.447. The final result reported is 17.1 + 1.2 ppm Zn,
where the uncertainty is the 95% confidence level of the mean (n = 6).

9.4 LOCATION OF SOURCES OF ERRORS

The results of control sample analysis have to be checked by preference as
quickly as possible. Systematic errors may have been introduced which affect
not only the analysis of the entire batch of samples but sometimes also all
following batches of samples. Sometimes immediate action to control and to
restore such a source of errors can be undertaken without loss of too much
valuable time.

Sources of errors can be located from the way and the extent the results of
analysis of the control deviate from expected values, i.e., outside limits of
precision. As an example, the following checks can be performed.

1. All significant gamma-ray lines should be identified qualitatively;

2. Identification should be reasonable for the decay time;

3. Corrections for dead time (and pulse pile-up) should be small;

4. Element concentrations should be consistent on all peaks emitted by the
radionuclide of interest;

5. Element concentrations also should be consistent when more than one
radionuclide is used for determination.

These types of deviating results can be distinguished.

1. Only one, or a few element concentrations differ in a consistent way
from expected values;
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2. All element concentrations differ in a consistent way from expected
values;

3. All element concentrations differ randomly from expected values.

[In the search for sources of errors, it is assumed that the analysis
procedure already has been calibrated ]

- Checks.

1. All significant gamma-ray lines in the spectrum should be identified. If
prominent peaks are not assigned to nuclides, various sources of error may
occur:

- the peak-position vs. gamma-ray energy relationship may be different in
the measurement of the sample from what was determined in the energy
calibration step. This may be due to gain shifts. Also, especially
when high order calibration curves are used, erroneous data points may
have been introduced.

- decay time may be fully wrong. Several analysis programs have options
to exclude peak assignment to nuclides when the decay time exceeds
e.g., 12 half-lives of that nuclide. If an error of an order of
magnitude has been made in decay time, it may certainly affect all peak
assignments.

- instability of the spectrometer, in particular of the amplifiers, may
cause peaks to become doublets. This can be observed from peak-widths
and reported goodness-of-fit. Sometimes only one of the peaks of such
a doublet or multiplet still can be assigned to a nuclide, while the
other(s), closely spaced one(s) cannot.

a too high count rate or temperature changes may have caused a gain
drift so that peaks cannot be assigned anymore under the used energy
calibration function.

2. Identification should be reasonable for the decay time. As previously
mentioned, most computer programs have options to exclude peak assignment when
the decay correction exceeds a certain value. Still nuclide assignments after
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decay times as long as 10 - 12 half lives should be interpreted with some
skepticism. Especially in the case of measurements of short half-life
nuclides, this source of error should not be overlooked.

3. Corrections for dead time (and pulse pile-up) should be small. Again this
is of special importance when measuring short half-life nuclides, in
particular when measuring times are applied which are larger than the
half -life of the nuclide of interest.

4 . Element concentration is different when determined on different y-
lines from one nuclide.

In the quantitative step of the spectrum analysis, final element
concentrations may be determined either by using the most usable or most
intense line, or, even better, after weighting the contributions of the
various peaks of one nuclide (only a few elements are determined on a single
gamma-ray emitting nuclide) . It is important to compare not only this final
element concentration but also to check, for nuclides emitting multiple
gamma- rays, the individual results on the basis of the different peaks. Such
a check is valuable even when the final element concentration is correct.
Deviations may result from:

the use of an incorrect efficiency curve in the chosen geometry;

- Sample self-absorption. A systematic gradual increase in element
concentration will be observed at increasing gamma-ray energies. In
such a case, either a self-absorption correction has to be applied, or
a different type of control sample or a smaller amount has to be taken;

- Other sources of errors may be of instrumental origin and/or originate
from computer analysis. Due to drift and instability or a too-high
count rate the spectum may thus be distorted that peaks have become
doublets and become difficult to fit or are only partially assigned to
specific nuclides (see above). Also summation effects or interferences
from other nuclides by closely spaced y-ray lines have to be checked.

5. Element concentrations determined on multiple nuclides are different. When
half-lives of the different radionuclides of a certain element are strongly
different, inconsistent results indicate erroneous decay corrections. Errors
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may also been introduced by sample self-absorption or neutron shielding.
Finally, the chemical compound in the calibration step should be altered, in
order to check if deviations occur from natural abundances. Such effects are
known to occur with sulphur [297], but also attention has to be paid in
particular to uranium; many chemical compounds tend to be depleted on U
without any notice on the labels. Such a depletion has a neglible effect on

239the determination of U on the basis of Np, but may lead to erroneous
results when determining U through fission products or by delayed neutron
counting.

Recount and reanalysis of the sample, or analysis of the selected material
with samples of increasing size may help to determine the nature of the
inconsistent results. Also analysis of reference or control materials has to
be done to verify results.

* Deviating results.

6. One or a few element concentrations differ consistantly. Check:

results on different gamma-ray lines or different nuclides, also of
those elements which showed a correct value. The latter is
particularly important when the corresponding nuclides of the elements
for which a deviating result is found emit only low-energy gammas, or
single gamma-rays;

blank and background values. Even with heavily shielded detectors,
contributions from samples present in the same counting room may be
observable when many of the samples have the same radionuclide as major
component. This often applies to nuclides used as comparator or for
flux monitor purposes;

- decay time of both sample and standard.

It is important to be familiar with the way your spectrum analysis program
calculates the decay time correction. Some programs use for the decay time
the time elapsed between the end of the irradiation and the beginning of the
measurement, with - or even without - corrections for decay during irradiation
and measurement; others calculate the time between the end of the irradiation
and the midpoint of the measurement, but also, programs exist in which the
beginning of irradiation has to be entered as t = 0 for decay correction.
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Especially when measuring nuclides with half-lives in the order of several
seconds (77 Se, F), every second counts, in particular, as often the
precision of all timing sequences is in the order of 1 second.

- half-life of the relevant nuclides;

spectral interferences. Sources of error in gamma-ray spectroscopy
related to the spectrum analysis and spectrum interpretation step, such
as impure peaks, additional peaks (annihilation and escape peaks etc.),
and summation effects [179].

If most of the element concentrations determined are correct, and only a few
differ either consistently or in a random way, it is most likely not
sufficient to check only these sources of error. A new measurement of the
same sample may be considered, e.g., at a different geometry or on a different
spectrometer.

7. All element concentrations differ consistently. Check :

- results from individual peaks;

- weight of sample and standard (don't rely on so-called consistent
weights of sample capsules by not weighing them individually);

- measurement time of sample and standard, and applied dead-time
corrections (sometimes a loose contact may result in a temporary loss
of pulse transfer to MCA, while time is still running-on);

measurement and irradiation geometry of sample and standard, and
applied corrections for dimensions (filling height) and self-absorption;

- possibility of difference in flux between sample and standard due to
differences in neutron absorption or neutron self-shielding.

8. All element concentrations differ randomly.

One of the most common causes of randomly varying results is confusion of
samples and/or standards. A series of samples may have been inserted in the
sample changer in reverse order. Check therefore first the code numbers on
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the vials as they are found in the sample changer or in the sample storage
room. If mix-up of samples can be excluded, some of the checks mentioned
above (peak assignment, dead-time aspect, results from multiple gamma-ray
lines from one nuclide and results from multiple nuclides from one element)
have to be performed. It may also be valuable to make sure there are no
errors in decay times, weights of sample and standard, whilst also the
possibility of contamination should not be overlooked. Sometimes a
malfunctioning sample changer is capable of 'forgetting' to remove a sample
from the detector side, and all new samples are measured on top of it. In
large throughput laboratories the effect of shielding is also sometimes
underestimated or temporarily a very active sample is transported through the
counting room.

Another possibility is that sample and standard have experienced a different
neutron spectrum during irradiation. A thermalisation of the epithermal and
fast components of the spectrum in sample or standard may have taken place but
also a 'hardening' of the neutron spectrum (relative loss of thermal neutrons)
may have occurred. Such effects may be due to extremely high concentrations of
hydrogen, boron, cadmium or gadolinium. Use of different sample weights, in
particular smaller amounts, may help to detect such a problem if the elemental
composition is completely unknown (e.g., with respect to boron). It is
important to check also what may have happened in other irradiation channels
in the vicinity of the one used for activation analysis work.

If all these do not give an indication for a source of error, a recount and
reanalysis of the sample has to be done, if possible, also on a different
spectrometer and/or in a different geometry. Alternatively, other reference
materials should be tried. Sometimes typical results are caused by unstable
or inhomogeneous materials, or even contaminated materials.

For more information on the topic of this chapter, the reader is referred
especially to the extended treatments in [293] (for general chemical and
management issues) and [179/154/299] (for activation analysis in
particular). These publications contain extensive bibliographies.
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10. RADIATION PROTECTION

All possible measures have to be taken to keep the radiation dose of the
workers within the permissible limits, and in fact much lower. Practice has
shown that with appropriate procedures instrumental activation analysis can be
performed with very low radiation doses to the workers. An example of this is
the laboratory of one of the authors where a person annually analyzing 13000
geological samples receives a whole body dose from this work of about ImSv per
annum. The basis of radiation protection measures is a clear understanding
about radiation, radioisotopes and basic principles of radiation protection.

That means that only well trained personnel can be used for radiation work.
This understanding will automatically result in good working procedures which
minimize the received doses but at the same time enables an efficient
performance of the tasks. There must always be a logical compromise between
received radiation dose and the effectiveness of the work. Unnecessary doses
should be avoided but if the work becomes too cumbersome there is often no
meaning in doing it at all.

It is outside the scope of this book to go into detail about radiation
protection and the reader is strongly recommended to read carefully the
following Agency publications before starting work with radioactive sources:
IAEA Safety Series 1, "Safe Handling of Radionuclides". In addition, the IAEA
Safety Series no. 9, "Basic Safety Standards for Radiation Protection",
No. 84, "Basic Principles for Occupational Radiation Monitoring", No. 14,
"Basic Requirements for Personnel Monitoring", No. 48, "Manual on
"Decontamination of Surfaces" and the Technical Reports Series No. 120,
"Monitoring of Radioactive Contamination of Surfaces", are recommended
readings.

The following measures are obligatory. The detailed procedures are described
in the above-referred books.

Continuous monitoring of whole body dose.

- Monitoring of hand dose periodically for routine tasks in order to get
an understanding of the normal dose, and always when handling
abnormally active sources with the hands, which should be avoided when
possible.
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The activity of the samples should be monitored from the moment they
leave the reactor.

The radiation level of all rooms where radioactive sources are handled
must be monitored regularly and at least always when new samples are
taken into the room. When several people work in the same room it is
not always known what samples are brought to the room and therefore a
regular check is necessary.

The possible contamination of all surfaces have to be measured
regularly, and always when work with unsealed sources or sealed sources
which may have surface contamination has been done. It is important to
remember that containers and vials which have been in the reactor
usually have surface contamination.

Protective clothing has to be used. Laboratory coats are always
necessary. Rubber or plastic gloves should be used when handling
radioactive sources. Protective glasses are used when opening vials
which may have built in pressure.

Whenever possible sources should be handled with forceps. Even one of
a few cm of length decreases the dose to hands considerably. Containers
coming from the reactor are handled with long forceps. However, it is
important to understand the influence of both distance and time on the
received dose. Thus it may be better to use hands (with gloves) in
situations where the use of forceps would prolong the handling too much.

The sources should be shielded when possible. Here again it is
important to note that if shielding during operation prolongs the
operation too much, the received dose might be smaller when not
shielding at all. This has to be separately decided for each procedure.

Sources, like irradiated vials, which may emit radioactive gases or
dust must be handled in a fume hood or in some cases in a glove box.

Clothes, hands and feet have to be monitored regularly for
contamination and always when leaving the active area.
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Active sources have to be properly marked in order to allow easy
identification. All persons working in an area or using a storage for
sources have to the aware of the activity level in that area or storage.

All sources have to be stored in a shielded place, like a lead castle
or room with walls of concrete thick enough to absorb the radiation.
If a storage room is used, individual shielding should be used in order
to avoid excessive doses to persons using the room.

Irradiated containers should not be opened before the samples are
needed. They are preferably stored in the reactor hall to avoid
unnecessary transport and spread of the activity in the container
itself.

All transport of irradiated samples should be made in a tray, bucket or
wagon, depending on the activity, and avoiding to spend too much time
on the transport.

In the laboratories and measurement rooms samples have to be handled
and stored in a way to minimize radiation dose to the handler and other
persons working in the area. It is especially important to avoid
background irradiation in a measurement room with several gamma
spectrometers, or from adjacent rooms.

All laboratories and measurement rooms including laboratory furniture
have to be appropriate and specially designed for work with
radioactivity.

When samples are not needed anymore they have to be stored away from
measurement rooms and areas where people work regularly.
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Appendix A
TABLES FOR NEUTRON ACTIVATION ANALYSIS

INTRODUCTION

Activation analysts and their collaborators from other disciplines
frequently find themselves searching the literature for nuclear data to
be used when analyzing materials by NAA, making activity calculations,
etc. In recognition of the desirability of placing the most reliable
information into a single source, the following tables were compiled.
The data in these tables represent a compilation of all literature
reviewed by the author through November 1987.

Presentation of data in Table I
A compilation of thermal neutron cross sections and resonance

integrals is presented in tabular form for (n,r) reactions with stable
isotopes.
Column 1 (Target Isotope): The relevant target nucleus is presented in a
standard manner.
Column 2 (Isotope Abundance): Fractional isotopic abundances for
elements with isotopes in their natural abundance are given. These data
were taken from a recent compilation by De Bievre and Barnes [1],
Column 3 (a^ Biennal Neutron Cross Section): The neutron capture (n,y)
reaction cross sections for thermal neutrons with an average velocity of
2200 m/s (0.0253 eV) are given.
Column 4 (HI, Resonance Integral): Neutrons above the cadmium cutoff
energy, 0.5 eV, which induce (n,y) reactions are usually called the
epithermal or resonance neutrons. The resonance integral cross sections
as defined by the expression

RI - I <r(E)dE/E
0.5 eV

are listed. The data in columns 3 and 4 were taken from compilations by
Gryntakis and Kim [2] and De Corte et al. [3].
Columns 5 and 6 (Product Isotope and Halflife): The product radionuclide
and its halflife from the (n,y) reaction is listed. For many reactions
both stable and metastable products are produced and the nuclear data for
both are given. Product halflives were taken from the references cited
in Table III.
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Presentation of data in Table II
A compilation of recommended cross sections for reactions induced by

U-235 fission spectrum neutrons is given in Table II.
Column 1 (Target Isotope) and Column 2 (Isotope Abundance): The data for
target nuclides are presented in the same manner as they were presented
in Table I.

Column 3 (a, Average Cross Sections for Fast Reactor Neutrons): At
neutron energies of 100 keV and above the (n,p), (n,a), (n,2n), (n,n') and
(n,F) reactions must be considered. Below a particular threshold energy,
E„, all of these reactions have a cross section of zero. Above the
threshold the cross section exhibits an energy dependence. The average
cross section for reactions induced by neutrons in a U-235 fission
neutron spectrum is defined by

<r(E)4>(E)dE
ET

<KE)dE
ET

Column 4 (Product Isotope) and Column 5 (Product Half life): These data
are presented in the same way as they were given in Table I.

Presentation of data in Table III
The production modes, halflives and most common gamma-ray energies

and their abundances for radioisotopes observed in neutron activation
analysis are compiled. Table III also includes other isotopes which
activation analysts may encounter: those naturally occurring isotopes
observed in background spectra; fission product isotopes sometimes found
in gamma-ray spectra collected at nuclear reactors; and several
accelerator product isotopes which are frequently used for detector
calibration, etc.
Column 1 (Isotope) and Column 2 (Halflife): The isotopes and their
halflives are listed according to atomic number.
Column 3 (Energy) and Column 4 (Abundance): The main gamma rays and
their percent abundances (absolute intensities) are given for each
isotope. Energies are given in units of keV. For each isotope the gamma
ray recommended for use in activity calculations is identified with an
asterisk (*).
Column 5 (Production Nodes): The reactions by which the radioisotope can
be produced are listed. For a number of daughter isotopes the precursor
isotope and its halflife are given.

Column 6 (Ref.): The listed reference is the source from which the
nuclear data on halflife, gamma-ray energies and abundances were adopted.
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Presentation of data in Tables IV and V
The gamma rays from Table III are arranged according to increasing

energy with their associated gamma rays. Table IV lists those isotopes
with halflives under 1 day and Table V lists those isotopes with
halflives greater than 1 day.
Column 1 (Energyl): Energies are given in increasing order in units of
keV.
Column 2 (Isotope) and Column 3 (Halflife): The isotope in whose
radioactive decay the gamma ray is observed and isotope halflife are
reported.
Columns 4, 5 and 6 (Energy2, EnergyS and Energy4): Energies of the three
most intense gamma rays associated with the gamma ray of column 1 are
listed.
Presentation of data in Tables VI, VII and VIII

Gamma rays recommended for analysis of elements and common
interferences observed in NAA are compiled in these tables. The data are
separated into three groups according to halflives for the identifying
isotopes. Table VT lists isotopes with halflives less than 5 hours,
Table VII includes isotopes with halflives between 5 hours and 7 days and
Table VTII includes isotopes with halflives greater than 7 days.
Column 1 (Element): The elements are listed alphabetically in each table
where an isotope useful for analysis exists.
Column 2 (Isotope), Column 3 (Halflife) and Column 4 (Energy): The
isotope, halflife and energies of most useful gamma rays are listed.
Column 5 (Interfering Isotope), Column 6 (Halflife) and Column 7
(Interference Energy): The interfering isotope, halflife and energy are
listed. In general, the interference is considered serious when the
energies are less than 2 keV apart.
Column 8 (Reference): The energy of a reference gamma ray in the
interfering isotope is given.
Column 9 (Abund. Ratio): The abundance ratio of interfering gamma ray to
reference gamma ray is computed.
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TABLE I. THERMAL NEUTRON CROSS-SECTIONS AND RESONANCE INTEGRALS

Target
Isotope
B-10
0-18
F-19
Na-23
Mg-26
Aï-27
Si-30
P-31
S-34
S-36
Cl-37
Ar-40
K-41
Ca-46
Ca-48
Sc-45
Sc-45
Ti-50
V-51
Cr-50
Mn-55
Fe-58
Co-59
Co-59
Ni-64
Cu-63
Cu-65
Zn-64
Zn-68
Zn-70
Ga-69
Ga-71
Ge-74
Ge-74
Ge-76
Ge-76
As-75
Se-74
Se-76
Se-78

isotope
Abundance
0.1990
0.0020
1.0000
1.0000
0.1101
1.0000
0.0310
1.0000
0.0421
0.0002
0.2423
0.9960
0.0673
0.00004
0.00187
1.0000
1.0000
0.0540
0.9975
0.0435
1.0000
0.0028
1.0000
1.0000
0.0091
0.6917
0.3083
0.4860
0.1880
0.0060
0.6010
0.3990
0.3650
0.3650
0.0780
0.0780
1.0000
0.0090
0.0900
0.2360

(barils)
3837.

0.00016
0.0095
0.513
0.0372
0.226
0.108
0.180
0.024
0.16
0.423
0.66
1.45
0.62
1.12
26.3
9.6
0.171
4.79
15.2
13.2
1.31
37.13
20.0
1.69
4.28
2.48
0.726
0.0699
0.009
1.68
4.61
0.383
0.143
0.05
0.092
3.86
51.2
21.
0.33

RI
(barns)

1722.
0.00081
0.039
0.303
0.024
0.16
0.106
0.08
0.554
0.18
0.29
0.41
1.41
0.81
0.50
11.3
0.115
2.63
8.1
13.9
1.28
74.
39.7
1.13
4.88
2.63
1.42
0.223
0.04
15.6
30.6
0.43
0.35
2.0
1.0
52.5
507.
16.
3.7

Product
Isotope

Product
Halflife

FRAGMENTATION
0-19
F-20
Na-24
Mg-27
Aï-28
Si-31
P-32
S-35
S-37
Cl-38
Ar-41
K-42
Ca-47
Ca-49
Sc-46
Sc-46m
Ti-51
V-52
Cr-51
Mn-56
Fe-59
Co-60
Co-60m
Ni-65
Cu-64
Cu-66
Zn-65
Zn-69m
Zn-71m
Ga-70
Ga-72
Ge-75
Ge-75m
Ge-77
Ge-77m
As-76
Se-75
Se-77m
Se-79m

26.91 s
11.03 s
14.96 h
9.46 m
2.24 m
2.62 h
14.28 d
87.51 d
5.05 m
37.24 m
1.83 h
12.36 h
4.54 d
8.72 m
83.81 d
18.75 s
5.76 m
3.75 m
27.7 d
2.58 h
44.5 d
5.27 y
10.47 m
2.52 h
12.7 h
5.10 m

243.9 d
13.76 h
3.94 h
21.15 m
14.1 h
82.78 m
47.7 s
11.3 h
52.90 s
26.32 h
119.77 d
17.45 s
3.91 m
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TABLE I. (cont.)

Target
Isotope
Se-80
Se-80
Se-82
Se-82
Br-79
Br-79
Br-81
Br-81
Kr-84
Kr-86
Rb-85
Rb-85
Rb-87
Sr-84
Sr-84
Sr-86
Sr-88
Y-89
Zr-94
Zr-96
Nb-93
Mo-92
Mo-98
Mo-100
Ru-96
Ru-102
Ru-104
Rh-103
Rh-103
Pd-102
Pd-106
Pd-108
Pd-108
Pd-110
Pd-110
Ag-107
Ag-109
Ag-109
Cd-106
Cd-108

Isotope
Abundance
0.4970
0.4970
0.0920
0.0920
0.5069
0.5069
0.4931
0.4931
0.5696
0.1730
0.7217
0.7217
0.2783
0.0056
0.0056
0.0986
0.8258
1.0000
0.1738
0.0280
1.0000
0.1484
0.2413
0.0963
0.0552
0.3160
0.1870
1.0000
1.0000
0.0102
0.2733
0.2646
0.2646
0.1172
0.1172
0.5184
0.4816
0.4816
0.0125
0.0089

(barns)
0.61
0.080
0.045
0.0058
11.1
2.4
2.58
2.43
0.90
0.60
0.494
0.050
0.102
0.690
0.61
0.770
0.0058
0.001
0.0530
0.0213
0.863
0.006
0.131
0.200
0.229
1.16
0.491

134.
11.
4.8
0.013
8.77
0.20
0.36
0.12
33.1
89.
3.90
1.00
1.10

RI
(barns)
1.7
0.50
0.09

132.5
32.0
49.8
34.
6.03
0.14
7.31
1.16
2.38
9.14
8.8
3.17
0.06
0.006
0.268
5.28
6.34
6.96
3.77
6.12
4.21
6.28

1275.
82.

0.2
253.
2.26
7.0
0.24
96.0

1112.
69.0——
4.29

Product
Isotope
Se-81
Se-81m
Se-83
Se-83m
Br-80
Br-80m
Br-82
Br-82m
Kr-85m
Kr-87
Rb-86
Rb-86m
Rb-88
Sr-85
Sr-85ra
Sr-87m
Sr-89
Y-90m
Zr-95
Zr-97
Nb-94m
Mo-93m
Mo-99
Mo-101
Ru-97
Ru-103
Ru-105
Rh-104
Rh-104m
Pd-103
Pd-107m
Pd-109
Pd-109m
Pd-111
Pd-lllra
Ag-108
Ag-110
Ag-110m
Cd-107
Cd-109

Product
Half life
18.45 m
57.25 m
22.3 m
70.4 s
17.68 m
4.42 h
35.3 h
6.13 m
4.48 h
76.31 m
18.66 d
1.02 m
17.8 m
64.84 d
67.66 m
2.81 h
50.55 d
3.19 h
64.02 d
16.74 h
6.26 m
6.85 h
65.94 h
14.6 m
69.12 h
39.26 d
4.44 h
42.3 s
4.34 m
16.99 d
21.3 s
13.7 h
4.69 m
23.4 m
5.5 h
2.37 m
24.6 s
249.76 d
6.5 h

462.6 d
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TABLE I. (cont.)

Target
Isotope
Cd-110
Cd-114
Cd-114
Cd-116
Cd-116
In-113
In-115
Sn-112
Sn-112
Sn-116
Sn-118
Sn-122
Sn-122
Sn-124
Sn-124
Sb-121
Sb-121
Sb-123
Sb-123
Te-120
Te-120
Te-122
Te-124
Te-126
Te-126
Te-128
Te-128
Te-130
Te-130
1-127
Xe-124
Xe-128
Xe-130
Xe-132
Xe-132
Xe-134
Xe-134
Xe-136
Cs-133
Cs-133

Isotope
Abundance
0.1249
0.2873
0.2873
0.0749
0.0749
0.0430
0.9570
0.0097
0.0097
0.1453
0.2422
0.0463
0.0463
0.0579
0.0579
0.5730
0.5730
0.4270
0.4270
0.00096
0.00096
0.26000
0.04816
0.1895
0.1895
0.3169
0.3169
0.3380
0.3380
1.0000
0.00096
0.01919
0.0408
0.2689
0.2689
0.1044
0.1044
0.0887
1.0000
1.0000

(barns)
0.10
0.22
0.036
0.05
0.027
8.2

157.
0.541
0.35
0.00596
0.016
0.18
0.146
0.0042
0.116
6.33
0.055
4.08
0.035
2.00
0.34
2.80
0.040
0.90
0.135
0.20
0.015
0.27
0.02
4.04

106.
0.36
0.42
0.385
0.025
0.253
0.003
0.16

30.7
2.74

RI
(barns)
2.0
8.7
3.16——
0.422

224.
2638.

26.2
0.336
2.00
0.83
0.788
0.25
6.97

209.
1.80

118.
0.93——
, ____

7.
8.00
1.04
1.60
0.086
0.446
0.0485

100.
3600.

10.17
1.17
0.8
0.217
0.57
0.101
0.12

390.
32.3

Product
Isotope
Cd-lllm
Cd-115
Cd-115m
Cd-117
Cd-117m
In-114m
In-116m
Sn-113
Sn-113m
Sn-117ra
Sn-119m
Sn-123
Sn-123m
Sn-125
Sn-125m
Sb-122
Sb-122m
Sb-124
Sb-124m
Te-121
Te-121m
Te-123m
Te-125m
Te-127
Te-127m
Te-129
Te-129m
Te-131
Te-131m
1-128
Xe-125
Xe-129m
Xe-131m
Xe-133
Xe-133m
Xe-135
Xe-135m
Xe-137
Cs-134
Cs-134m

Product
Halflife
48.6 m
53.46 h
44.6 d
2.49 h
3.36 h

49.51 d
54.15 m
115.09 d
21.4 m
13.6 d

293. d
129. d
40.08 m
9.64 d
9.52 m
2.70 d
4.21 m

60.2 d
93.0 s
16.78 d

154. d
119.7 d
58.0 d
9.35 h

109. d
69.6 m
33.60 d
25.0 m
30.0 h
24.99 m
16.9 h
8.0 d

11.77 d
5.24 d
2.19 d
9.14 h

15.29 m
3.82 m
2.06 y
2.91 h
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TABLE I. (cont.)

Target
Isotope
Ba-130
Ba-130
Ba-132
Ba-132
Ba-134
Ba-136
Ba-138
La-139
Ce-136
Ce-136
Ce-138
Ce-140
Ce-142
Pr-141
Nd-146
Nd-148
Nd-150
Sm-144
Sm-152
Sm-154
Eu-151
Eu-151
Eu-153
Gd-152
Gd-158
Gd-160
Tb-159
Dy-156
Dy-158
Dy-164
Dy-164
Ho-165
Ho-165
Er-170
Tm-169
Yb-168
Yb-174
Yb-176
Lu-175
Lu-176

Isotope
Abundance
0.00106
0.00106
0.00101
0.00101
0.02417
0.07854
0.71700
0.9991
0.0019
0.0019
0.0025
0.8848
0.1108
1.0000
0.1719
0.0576
0.0564
0.0310
0.2670
0.2270
0.4780
0.4780
0.5220
0.0020
0.2484
0.2186
1.0000
0.0006
0.0010
0.2820
0.2820
1.0000
1.0000
0.1490
1.0000
0.0013
0.3180
0.1270
0.9741
0.0260

(bariis)
9.04
2.50
8.50
0.82
0.158
0.010
0.405
9.34
6.30
0.95
1.10
0.575
0.975
11.2
1.45
2.36
0.91
0.70

220.
7.74

5900.
3300.
307.
1100.

3.1
1.51
23.8
33.
43.

2723.
1698.
58.1
3.5
8.85

107.
3470.
128.
3.11
16.7

2100.

RI
(barns)
224.——
100.
4.6
24.2
0.75
0.36
11.6
70.
70.
1.20
0.48
1.17
16.9
2.90
12.1
11.2

3168.
33.3

5564.
2764.
1738.
3000.
96.
5.78

426.
960.
120.
517.
425.
636.
——
39.1

1552.
31000.

58.9
7.8

581.
1160.

Product
isotope
Ba-131
Ba-131m
Ba-133
Ba-133m
Ba-135m
Ba-137m
Ba-139
La-140
Ce-137
Ce-137m
Ce-139
Ce-141
Ce-143
Pr-142
Nd-147
Nd-149
Nd-151
Sm-145
Sm-153
Sm-155
Eu-152
Eu-152m
Eu-154
Gd-153
Gd-159
Gd-161
Tb-160
Dy-157
Dy-159
Dy-165
Dy-165m
Ho-166
Ho-166m
Er-171
lto-170
Yb-169
Yb-175
Yb-177
Lu-176m
Lu-177

Product
Halflife
11.8 d
14.6 m
10.52 y
38.9 h
28.7 h
2.55 m
84.63 m
40.27 h
9.0 h
34.4 h
137.66 d
32.5 d
33.0 h
19.12 h
10.98 d
1.72 h
12.44 m
340. d
46.27 h
22.3 m
13.33 y
9.32 h
8.59 y

241.6 d
18.56 h
3.66 m
72.3 d
8.1 h

144.4 d
2.33 h
1.26 m
26.8 h

1200. y
7.52 h

128.6 d
32.02 d
4.19 d
1.88 h
3.68 h
6.71 d
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TABLE I. (cont.)

Target
Isotope
Lu-176
Hf-174
Hf-176
Hf-178
Hf-179
Hf-180
Ta-181
Ta-181
W-180
W-184
W-186
Re-185
Re-187
Re-187
Os-184
Os-189
Os-190
Os-190
Os-192
Ir-191
Ir-191
Ir-193
Pt-190
Pt-192
Pt-194
Pt-196
n*- 1 Qfi
Pt-198
Au-197
Hg-196
Hg-196
Hg-198
Hg-202
Hg-204
Th-232
U-235
U-238

Isotope
Abundance
0.0260
0.00162
0.05206
0.27297
0.13629
0.35100
0.99988
0.99988
0.0013
0.3067
0.2860
0.3740
0.6260
0.6260
0.0002
0.1610
0.2640
0.2640
0.4100
0.3730
0.3730
0.6270
0.0001
0.0079
0.3290
0.2530
0.2530
0.0720
1.0000
0.0014
0.0015
0.1002
0.2980
0.0680
1.0000
0.0072
0.9927

(barris)
7.

549.
38.
53.
0.450

13.5
20.4
0.0103
3.5
1.8

38.7
106.
73.2
2.05

3613.
0.00026
3.90
9.1
3.12

924.
300.
115.
150.
2.2
0.09
0.74
0.050
3.58
98.65

3080.
101.

0.018
4.35
0.43
7.26

584.
2.75

RI
(barns)
3.8

428.
700.
1039.

6.4
34.0

679.
0.415

200.
14.

530.
1632.
318.
9.4

1554.
0.013
7.9
29.
7.30

3750.
1060.
1380.
67.——

8.0
60.9

1550.
413.
46.
1.8
3.8
0.8

83.7
280.
284.

Product
Isotope
Lu-177m
Hf-175
Hf-177m2
Hf-179m
Hf-180m
Hf-181
Ta-182
Ta-182m
W-181
W-185
W-187
Re-186
Re-188
Re-188ra
Os-185
Os-1 90m
Os-191
Os-191m
Os-193
Ir-192
Ir-192m
Ir-194
Pt-191
Pt-193m
Pt-195m
Pt-197
Pt-197ra
Pt-199
Au-198
Hg-197
Hg-197m
Hg-199m
Hg-203
Hg-205
Th-233

Product
Halflife
160.9 d
70.0 d
51.4 m
18.68 s
5.52 h
42.39 d

114.5 d
15.84 m

121.2 d
75.1 d
23.9 h
90.64 h
16.98 h
18.6 m
93.6 d
9.9 m

15.4 d
13.1 h
30.5 h
73.83 d
1.45 m
19.15 h
2.96 d
4.33 d
4.02 d

18.3 h
94.4 m
30.8 m
2.70 d

64.1 h
23.8 h
42.6 m
46.61 d
5.20 m

22.3 m
FISSION PRODUCTS
U-239 23.47 m
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TABLE IL CROSS-SECTIONS AVERAGED IN A 235U FISSION NEUTRON SPECTRUM

Target
Isotope

Mg-24
Aï-27
Si-28
Si-29
S-32
Cl-37
Ti-46
Ti-47
Ti-48
V-51
Cr-52
Fe-54
Fe-56
Co-59
Ni-58
Ni-60
Cu-65
Zn-64
Zn-66

Aï-27
Si-30
P-31
Mn-55
Fe-54
Co-59
Ni-62
Cu-63

Mn-55
Co-59
As-75
Au-197

U-235
U-238

Isotope
Abundance

0.7899
1.0000
0.9223
0.0467
0.9502
0.2423
0.0800
0.0730
0.7380
0.9975
0.8379
0.0580
0.9172
1.0000
0.6827
0.2610
0.3083
0.4860
0.2790

1.0000
0.0310
1.0000
1.0000
0.0580
1.0000
0.0359
0.6917

1.0000
1.0000
1.0000
1.0000

0.0072
0.9927

(mb)
(n,p) reactions:

1.53
4.0
6.4
3.01
69.
0.218

12.5
21.4
0.303
0.87
1.09

82.5
1.07
1.42

113.
2.1
0.48
0.62
0.96

(n,a) reactions:
0.725
0.155
1.9
0.11
0.6
0.156
0.09
0.50

(n,2n) reactions:
0.258
0.40
0.33
2.97

(n,F) reactions:
1250.
69.

Product
Isotope

Na-24
Mg-27
Aï-28
Aï-29
P-32
S-37
Sc-46
Sc-47
Sc-48
Ti-51
V-52
Mn-54
Mn-56
Fe-59
Co-58
Co-60
Ni-65
Cu-64
Cu-66

Na-24
Mg-27
Aï-28
V-52
Cr-51
Mn-56
Fe-59
Co-60

Mn-54
Co-58
As-74
Au-196

FISSION
FISSION

Product
Half life

14.96 h
9.46 m
2.24 m
6.56 m

14.28 d
5.05 m

83.81 d
3.35 d

43.7 h
5.76 m
3.75 m

312.12 d
2.58 h

44.5 d
70.82 d
5.27 y
2.52 h

12.7 h
5.10 m

14.96 h
9.46 m
2.24 m
3.75 m

27.7 d
2.58 h

44.5 d
5.27 y

312.12 d
70.82 d
17.77 d
6.18 d

PRODUCTS
PRODUCTS
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TABLE III. RADIOACTIVE ISOTOPES ARRANGED BY ATOMIC NUMBER

Isotope
Be-7
0-19

F-20
Ne-23
Na-22

Na-24

Mg-27

Al-28

Al-29

Si-31
S-37
Cl-38

Ar-41
K-40 1
K-42
Ca-47

Ca-49

Sc-46

Sc-46m
Sc-47

Halflife
53.29 d
26.91 s

11.03 s
37.24 s
2.60 y

14.96 h

9.46 m

2.24 m

6.56 m

2.62 h
5.05 m
37.24 m

1.83 h
.28E+09 y
12.36 h
4.54 d

8.72 m

83.81 d

18.75 s
3.35 d

Energy
(keV)
477.61 *
197.14 *
1356.84
1633.60 *
439.85 *
511.00
1274.53 *
1368.60 *
2754.00
843.76
1014.43 *
1778.99 *

511.00
1273.36 *
1266.20 *
3103.98 *
1642.69 *
2167.68
1293.64 *
1460.83 *
1524.58 *
489.23
807.86
1297.09 *
3084.54 *
4072.00
889.28 *
1120.55
142.53 *
159.38 *

Abundance
(%)

10.39
95.90
50.40
100.00
32.90
179.80
99.94
100.00
99.94
71.40
28.60
100.00

200.00
91.30
0.07
94.00
31.00
42.00
99.16
10.67
18.80
6.51
6.51
74.00
92.10
7.00
99.98
99.99
62.00
67.90

Production Modes
Accelerator produced
0-18(n,Y)

F-19(n,Y)
Ne-22(n/Y)
Accelerator produced

Na-23(n,Y); Mg-24(n,p);Aï-27 (n, a)
Mg-26(n,Y); Aï-27 (n,p);Si-30(n,a)
Al-27(n,Y); Si-28(n,p);P-31(n,a)
Si-29(n,p)

Si-30(n,T); P-31(n,p)
S-36(n,Y); Cl-37(n,p)
Cl-37(n,Y)

Ar-40(n,Y)
Natural product
K-41(n,Y)
Ca-46(n,Y)

Ca-48(n,Y)

Sc-45(n,Y); Ti-46(n,p)

Sc-45(n,Y); Ti-46(n,p)
Ti-47(n,p); Ca-46(n,Y)
Precursor: Ca-47
(half life = 4.54 d)

Ref.
1
2

3
5
4

6

7

8

9

10
11
12

14
13
15
17

19

16

16
17
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TABLE III. (cont.)

Isotope
Sc-48

Ti-51

V-52
Cr-51
Mn-54
Mn-56

Fe-59

Co-56

Co-57

Co-58
Co-60

Co-60m

Ni-65

Cu-64

Cu-66

Halflife
43.7 h

5.76 m

3.75 m
27.7 d
312.12 d
2.58 h

44.5 d

77.7 d

271.8 d

70.82 d
5.27 y

10.47 m

2.52 h

12.7 h

5.10 m

Energy
(keV)
983.52 *
1037.52
1312.10
320.08 *
928.64
1434.08 *
320.08 *
834.84 *
846.76
1810.72 *
2113.05
142.65
192.35
1099.25 *
1291.60
846.76
1037.84
1238.29 *
1771.35
2034.76
2598.46
3253.42
14.41
122.06 *
136.47
810.77 *
1173.24 *
1332.50
58.60 *

1332.50
366.27
1115.55
1481.84 *
511.00
1345.77 *
833.00
1039.20 *

Abundance
(%)

100.00
97.50
100.00
93.10
6.90

100.00
10.08
99.98
98.87
27.19
14.34
1.02
3.08
56.50
43.20
99.94
14.10
68.42
15.50
8.14
17.39
7.60
9.67
85.94
10.33
99.45
99.90
99.98
2.04
0.24
4.61

14.83
23.50
35.80
0.48
0.17
7.40

Production Modes
Ti-48(n,p)

Ti-50(n,Y)

V-51(n,Y)
Cr-50(n,Y)
Fe-54(n,p)
Mn-55(n,Y); Fe-56(n,p)

Fe-58(n,Y)

Accelerator produced

Accelerator produced

Ni-58(n,p)
Co-59(n,Y)

Co-59(nfY)

Ni-64(n,y)

Cu-63(n/Y)

Cu-65(n,Y)

Ref.
18

20

21
20
22
23

26

23

24

25
27

27

29

28

30
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TABLE in. (cont.)

Isotope Halflife
Cu-67 61.92 h

Zn-65 243.9 d
Zn-69m 13.76 h
Zn-71m 3.94 h

Ga-72 14.1 h

Ge-75 82.78 m
Ge-77 11.3 h

Ge-77m 52 . 9 s

As-74 17.77 d

As-76 26.32 h

As-77 38.83 h

Energy
(kev)
91.27
93.31
184.58 *
1115.55 *
438.63 *
386.28 *
487.34
511.55
596.07
620.19
601.02
630.02 *
834.09
894.34
1050.88
1861.12
2201.60
2491.12
2507.86
264.66 *
211.02
215.48
264.42 *
367.38
416.31
557.98
631.79
714.33
159.71
215.48 *
511.00
595.83 *
634.78
559.10 *
563.23
657.05
1212.92
1216.08
1228.52
238.97 *

Abundance
(%)
7.00
16.10
48.70
50.70
94.80
93.00
62.00
28.50
27.90
57.00
5.56
24.90
95.63
9.88
6.96
5.25
25.90
7.67
12.78
11.30
29.20
27.10
51.00
13.30
20.60
15.20
6.59
6.77
11.30
20.90
59.00
59.40
15.48
44.60
1.20
6.17
1.44
3.42
1.22
1.60

Production Modes
Zn-67(n,p); Cu-65(2n,Y)

Zn-64(n,r)
Zn-68(n,Y)
Zn-70(n,Y)

Ga-71(n,Y)

Ge-74(n,Y)
Ge-76(n,Y)

Ge-76(n/Y)

As-75(n,2n)

As-75(n,Y)

Ge-76(n,Y); As-75(2n,Y)Precursor : Ge-77
(halflife « 11.3 h)

Réf.
31

29
32
33

34

36
38

38

35

37

38
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TABLE III. (cont.)

Isotope Half life
Se-75 119.77 d

Se-77m 17.45 s
Se-79m 3.91 m
Se-81 18.45 m

Se-81m 57.25 m
Se-83 22.3 m

Br-80 17.68 m

Br-80ra 4.42 h
Br-82 35.3 h

Br-82m 6.13 m
Kr-85m 4.48 h

Kr-87 76.31 m

Kr-88 2.84 h

Energy
(keV)
121.12
136.01
264.66 *
279.54
400.66
161.93 *
95.73 *
275.93 *
290.04
102.99 *
225.18
356.70 *
510.06
718.03
799.04
836.52
511.00
616.30 *
37.05 *
554.35
619.11
698.37
776.52 *
827.83
1044.08
1317.47
1474.88
776.50 *
151.18 *
304.86
402.58 *
845.44
2554.80
2558.10
196.34 *
834.86
1529.77
2195.80
2392.14

Abundance
(%)

17.30
59.00
59.20
25.20
11.56
52.40
9.50
0.51
0.38
9.80
32.64
69.90
42.64
14.96
14.82
13.28
5.00
6.70

39.10
70.76
43.44
28.49
83.54
24.03
27.23
26.48
16.32
0.60

75.10
13.70
49.60
7.34
9.20
3.92
26.00
13.00
10.93
13.20
34.60

Production Modes
Se-74(n,Y)

Se-76(n,Y)
Se-78(n,Y)
Se-80(n,Y)

Se-80(n,Y)
Se-82(n,Y)

Br-79(n,Y)

Br-79(n,Y)
Br-81(n,Y)

Br-81(n,Y)
Kr-84(n,Y); Fission

Kr-86(n,Y); Fission

Fission

Réf.
36

38
39
41

41
43

40

40
42

42
44

46

47
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TABLE III. (cont.)

isotope
Rb-86
Rb-86m
Rb-88

Sr-85
Sr-87m
Sr-89
Y-88

Y-90m

Zr-95

2r-97
Nb-94m
Nb-95

Nb-97

Mo-99

Mo-101

Tc-99m

Tc-101

Halflife
18.66 d
1.02 m
17.8 m

64.84 d
2.81 h
50.55 d
106.61 d

3.19 h

64.02 d

16.74 h
6.26 m
34.97 d

72.1 m

65.94 h

14.6 m

6.01 h

14.2 m

Energy
(keV)
1076.60 *
556.07 *
898.07 *
1836.08

514.00 *
388.40 *
909.15 *
898.07
1836.08 *
202.47 *
479.49
724.20
756.73 *
743.33 *
871.10 *
765.79 *

657.92 *

140.51
181.06
739.58 *
778.00
191.92
505.94
590.90 *
1012.48
140.51 *

306.83 *
545.05

Abundance
(%)
8.78
98.19
14.10
21.40

99.27
82.26
0.10
92.70
99.35
96.60
91.00
44.15
54.50
97.90
0.50
99.79

98.39

90.70
6.08
12.13
4.34
18.80
11.84
22.00
12.78
89.06

88.00
5.99

Production
Rb-85(n,Y)
Rb-85(n,Y)
Rb-87(n,Y);Precursor:
(half life =
Sr-84(n,Y)
Sr-86(n,Y)
Sr-88(n,Y);
Accelerator

Y-89(n,Y)

Zr-94(n,Y);

Zr-96(n,Y);
Nb-93(n,Y)
zr-94(n,Y);Precursor :
(half life -
Zr-96(n,Y);Precursor:
(half life =
Mo-98(n,Y);

Mo-100(n,Y);

Mo-98(n,Y);Precursor:
(half life -
Mo-100 (n,Y);Precursor:
(half life -

Modes

Fission
Kr-88
2.84 h)

Fission
produced

Fission

Fission

Fission
Zr-95
64.02 d)
Fission
Zr-97
16.74 h)
Fission

Fission

Fission
Mo-99
65.94 h)
Fission
Mo-101
14.6 m)

Ref.
45
45
47

44
46
48
47

49

51

52
50
51

52

53

54

53

54
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TABLE III. (cont.)

Isotope Half life
Ru-97 69.12 h

Ru-103 39.26 d

Ru-105 4.44 h

Rh-104m 4.34 m

Rh-105 35.36 h

Pd-109 13.7 h
Pd-109m 4.69 m
Ag-108 2.37 m

Ag-110 24.6 s
Ag-llOm 249.76 d

Cd-109 462.6 d
Cd-lllm 48.6 m

Cd-115 53.46 h

Cd-115m 44.6 d

Energy
(kev)
215.68 *
324.53
497.08 *
610.33
316.44
469.37
676.36
724.30 *
51.42 *
77.53
97.11
555.81 *
306.10
318.90 *

88.03 *
188.90 *
433.94
618.86
632.98 *
657.76 *
657.76 *
677.62
706.68
763.94
884.69
937.49
1384.30
1505.04
88.03 *
150.82 *
245.38
336.26
492.36
527.91 *
484.41
933.85 *
1290.60

Abundance
(%)

86.17
10.24
90.90
5.73
11.12
17.55
15.66
47.30
48.20
2.08
2.99
2.00
5.10
19.10

3.61
55.30
0.50
0.26
1.76
4.50
94.64
10.35
16.44
22.29
72.68
34.36
24.28
13.04
3.61

29.10
94.00
50.10
8.03
27.50
0.29
2.00
0.89

Production Modes
Ru-96 (n, Y)

Ru-102 (n, Y); Fission

Ru-104(n,Y); Fission

Rh-103(n,Y)

Ru-104(n,Y); Fission
Precursor: Ru-105
(half life = 4.44 h)
Pd-108(n,Y)
Pd-108(n,Y)
Ag-107(n,Y)

Ag-109(n,Y)
Ag-109(n,Y)

Cd-108(n,Y)
Cd-110(n,Y)

Cd-114(n,Y)

Cd-114(n,Y)

Réf.
52

55

57

56

57

59
59
58

60
60

59
61

64

64
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TABLE III. (cont.)

Isotope Half life
ln-114m 49.51 d

ln-115m 4.49 h

In-116m 54.15 m

Sn-113 115.09 d

Sn-117m 13.6 d

Sn-119m 293. d
Sn-123m 40.08 m
Sn-125 9.64 d

Sn-125m 9.52 ra
Sb-122 2.70 d

Sb-122m 4.21 m

Sb-124 60.2 d

Sb-124m 93. s

Energy
(keV)
190.27 *
558.43
725.24
336.26 *

416.86
818.74
1097.29 *
1293.54
1507.40
2112.32
255.07
391.69 *
156.02
158.56 *
23.87 *
160.32 *
822.48
915.55
1067.10 *
1089.19
332.10 *
564.24 *
692.65
61.41 *
76.06
602.73
645.86
722.79
1368.16
1690.98 *
2090.94
498.40
602.73
645.86 *

Abundance
(%)

15.40
4.39
4.33
45.80

29.20
11.48
56.21
84.40
10.00
15.53
1.82
64.00
2.11
86.40
16.10
85.60
3.99
3.85
9.04
4.28
99.57
69.30
3.78
53.65
18.50
97.80
7.38
10.76
2.62
47.34
5.58
24.50
25.00
25.00

Production Modes
In-113(n,Y)

Cd-114(n,Y)Precursor: Cd-115m
(half life = 53.46 h)
In-115(n,Y)

Sn-112(n,Y)

Sn-116(n,Y)

Sn-118(n,Y)
Sn-122(n,Y)
Sn-124(n,Y)

Sn-124(n,Y)
Sb-121(n,Y)

Sb-121(n/Y)

Sb-123(n,Y)

Sb-123(n,Y)

Réf.
63

64

65

62

66

67
70
72

72
69

69

71

71
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TABLE III. (cont.)

Isotope Halflife
Sb-125 2.73 y

Te-121 16.78 d

Te-123m 119.70 d
Te-129 69.6 m

Te-131 25.0 m

Te-131m 30.0 h

Te-132 78.2 h

1-125 60.14 d

1-128 24.99 m

1-131 8.04 d

1-132 2.28 h

1-133 20.8 h
1-134 52.6 m

Energy
(kev)
176.33
427.89 *
463.38
600.56
606.64
635.90
507.59
573.14 *
158.99 *
459.60 *
487.39
149.72 *
452.33

773.68 *
793.77
852.24
1125.48
49.82
228.26 *
35.49 *

442.90 *
526.56
80.19
284.30
364.48 *
636.98
522.68
630.27
667.73 *
772.68
954.62
529.87 *
847.03
884.09 *

Abundance

6.79
29.44
10.45
17.78
5.02
11.32
17.67
80.30
84.00
7.70
1.42
68.90
18.20

38.10
13.80
20.60
11.41
14.40
88.20
6.66

16.90
1.59
2.62
6.06
81.20
7.27
16.10
13.80
98.70
76.20
18.10
87.00
95.40
64.87

Production
Sn-124(n,Y);Fission
Precursor:
(halflife -

Te-120(n,Y)

Te-122(n,Y)
Te-128(n,Y);

Te-130(n,Y);Precursor:
(halflife -
Te-130(n,Y);

Fission

Xe-124(n,Y)Precursor :
(halflife -
I-127(n,Y)

Fission
Precursor:
(halflife -

Fission
Precursor :
(halflife -

Fission
Fission

Modes
Sb-123(2n,Y);
Sn-125
9.64 d)

Fission

Fission
Te-131m
30.0 h)
Fission

Xe-125
16.9 h)

Te-131
24.99 m)

Te-132
78.2 h)

Réf.
72

68

70
74

75

75

76

72

73

75

76

77
78
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TABLE III. (cont.)

Isotope Half life
1-135 6.57 h

Xe-125 16.9 h

Xe-131m 11.77 d
Xe-133 5.24 d
Xe-133m 2.19 d
Xe-135 9.14 h
Xe-135m 15.29 m

Xe-137 3.82 m
Xe-138 14.08 m

Cs-134 2.06 y

Cs-134m 2.91 h
Cs-136 13.16 d

Energy
(keV)
526.56
546.56
836.80
1038.76
1131.51
1260.42 *
1457.56
1678.08
1791.22
188.43 *
243.40
163.94 *
81.00 *
233.22 *
249.79 *
526.56 *

455.49 *
258.41 *
434.56
1768.26
2015.82
563.23
569.32
604.70
795.85 *
801.93
1365.15
127.50 *
66.91
176.55
273.65
340.55
818.52
1048.07 *
1235.36

Abundance
(%)

13.30
7.20
6.73
8.01
22.74
28.90
8.73
9.62
7.77
54.90
28.82
1.96
38.00
10.00
90.20
92.00

31.20
31.50
20.32
16.73
12.25
8.38
15.43
97.56
85.44
8.73
3.04

12.70
12.49
13.59
12.69
42.17
99.70
79.76
20.04

Production Modes
Fission

Xe-124(n,Y)

Xe-130(n,r); Fission
Xe-132(n,y); Fission
Xe-132(n,r); Fission
Xe-134(n,y); Fission
Xe-134(n,r); Fission
Precursor: I-135
(halflife - 6.57 h)
Xe-136(n,r); Fission
Fission

Cs-133(n,Y)

Cs-133(n,Y)
Fission

Réf.
79

72

75
77
77
79
79

81
82

78

78
80

Cs-137 30.17 y 661.66 * 85.21 Fission 81
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TABLE III. (cont.)

Isotope Half life
Cs-138 32.2 m

Ba-131 11.8 d

Ba-131m 14.6 m
Ba-133 10.52 y

Ba-133m 38.9 h
Ba-135m 28.7 h
Ba-137m 2.55 m
Ba-139 84.63 m
Ba-140 12.75 d

La-140 40.27 h

Ce-137 9.0 h

Ce-137m 34.4 h
Ce-139 137.66 d

Energy
(keV)
462.80
547.00
1009.78
1435.86 *
2218.00
123.77
216.05
373.19
496.26 *
108.12 *
53.16
79.62
81.00
276.40
302.85
356.02 *
383.85
275.93 *
268.22 *
661.66 *
165.85 *
162.67
304.87
423.73
437.59
537.31 *
328.76
432.49
487.02
751.64
815.77
867.85
919.55
925.19
1596.21 *
436.59
447.15 *
254.29 *
165.85 *

Abundance
(%)

30.75
10.76
29.83
76.30
15.18
29.10
20.00
13.30
44.00
55.00
2.20
2.62
34.06
7.16

18.33
62.05
8.94
17.50
15.60
90.10
22.05
6.21
4.30
3.12
1.90
24.39
20.61
2.91
44.27
4.24
22.90
5.59
2.70
6.93
95.40
0.33
2.24

11.04
79.90

Production Modes
Fission
Precursor: Xe-138
(half life - 14.17 m)

Ba-130(n,r)

Ba-130(n,r)
Ba-132(n,y)

Ba-132(n,r)
Ba-134(n,Y)
Ba-136(n,r); Fission
Ba-138(n,Y); Fission
Fission

La-139(n,r); Fission
Precursor: Ba-140
(halflife - 12.75 d)

Ce-136(n,Y)

Ce-136(n,Y)
Ce-138(n,Y)

Réf.
82

75

75
77

77
79
81
83
85

85

81

81
83
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TABLE III. (cont.)

Isotope Half life
Ce-141 32.5 d
Ce-143 33.0 h

Ce-144 284.9 d
Pr-142 19.12 h
Nd-147 10.98 d

Nd-149 1.72 h

Nd-151 12.44 m

Pm-149 53.08 h

Pra-151 28.4 h

Sm-145 340. d
Sifr-153 46.27 h

Sra-155 22.3 m

Eu-152 13.33 y

Energy
(keV)
145.44 *
57.36
293.27 *
133.54 *
1575.60 *
91.10
319.41
531.01 *
114.31
211.31 *
270.17
116.84
255.72
1180.86 *
285.95 *

340.06 *

61.22 *
69.67 *
103.18
104.35 *
141.44
245.79
121.78
244.69
344.29
411.12
443.89
778.92
867.38
964.11
1085.89
1112.08
1408.00 *

Abundance
(%)
48.20
11.56
42.80
11.09
3.70
28.00
1.95
13.10
19.04
25.90
10.72
46.21
17.50
15.77
3.10

22.00

12.70
4.85
28.82
74.60
2.01
3.73
28.37
7.51
26.58
2.23
3.12
12.96
4.16
14.62
10.16
13.50
20.85

Production Modes
Ce-140(n,y); Fission
Ce-142(n,y); Fission

Fission
Pr-141(n,Y)
Nd-146(n,r); Fission

Nd-148(n,Y); Fission

Nd-150(n,y); Fission

Nd-148(n,r); Fission
Precursor: Nd-149
(halflife - 1.72 h)
Nd-150(n,r); Fission
Precursor: Nd-151
(halflife = 12.44 m)
Sne-144(n,Y)
Sm-152(n,r)f Fission

Sm-154(n,r); Fission

Eu-151(n,r)

Réf.
85
87

88
86
90

91

137

91

92

89
138

96

93
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TABLE III. (cont.)

Isotope
Eu-152m

Eu-154

Eu-155

Gd-153

Gd-159

Gd-161

Tb-160

Tb-161

Dy-159
Dy-165

Dy-166

Halflife
9.32 h

8.59 y

4.68 y

241.6 d

18.56 h

3.66 m

72.3 d

6.90 d

144.4 d
2.33 h

81.6 h

Energy
(kev)
121.78
344.29
841.59 *
963.36
123.07
247.93
591.76
723.30
756.86
873.20
996.30
1004.76
1274.51 *
86.54
105.31 *
69.67
97.43 *
103.18
58.00
363.56 *
102.32
314.92
360.94 *
86.79
197.04
215.65
298.58
879.38 *
962.32
966.17
1177.96
1271.88
48.92
74.58 *

58.00 *
94.70 *
279.76
361.67
633.43
715.33
82.47 *

Abundance
(%)
7.20
2.44

14.60
12.00
40.42
6.84
4.92

19.98
4.50

12.09
10.34
17.90
34.40
32.80
21.84
2.32
27.60
19.60
2.27
10.80
13.87
22.69
60.05
12.76
5.61
4.41
28.89
32.90
10.53
27.18
16.22
8.13

16.69
10.70

2.22
3.58
0.50
0.84
0.57
0.53
13.80

Production Modes
Eu-151(n,r)

Eu-153(n,Y)

Eu-153(2n,Y)

Gd-152(n,Y)

Gd-158(n,Y)

Gd-160(n,Y)

Tb-159(n,Y)

Tb-159(2n,y); Gd-160(n,Y)Precursor: Gd-161
(half life = 3.66 m)
Dy-158(n,Y)
Dy-164(n,Y)

Dy-164(2n,Y)

Réf.
93

95

96

94

97

99

98

99

97
100

101
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TABLE III. (cont.)

Isotope

Ho-166

Ho-166m

Er-171

Er-172

Tto-170

Tm-171

Ttn-172

Yb-169

Yb-175

Yb-177

Lu-177

Half life

26.8 h

1200. y

7.52 h

49.3 h

128.6 d

1.92 y

63.6 h

32.02 d

4.19 d

1.88 h

6.71 d

Energy
(keV)

80.57 *
1379.32

80.57
184.10
280.45
410.93
529.80
711.68 *
752.27
810.28
830.57

111.65
295.90
308.29 *

407.34 *
610.06

84.30 *

66.73 *

78.79
1093.67 *
1387.22
1466.01
1529.82
1608.61

63.12
109.78
130.52
177.21 *
197.96
307.74

113.81
282.52
396.33 *

121.62
138.61
150.40 *

1080.25
1241.31

112.95
208.36 *

Abundance
( % )

6.33
0.93

12.50
73.90
29.70
11.30

9.80
55.90
12.50
59.70
10.00

20.50
28.90
64.40

43.00
45.20

3.26

0.14

6.50
6.00
5.47
4.47
5.10
4.05

43.74
17.36
11.11
21.45
34.94
10.80

1.91
3.05
6.50

3.40
1.33

20.00
5.50
3.35

6.40
11.00

Production Modes

Ho-165(n,Y)

Ho-165(n,Y)

Er-170(n/Y)

Er-170(2n,Y)

ïto-169(n,Y)

Tta-169(2n,Y); Er-170(n,Y)
Precursor: Er-171
(halflife = 7.52 h)

Er-170(2n,Y)
Precursor: Er-172
(halflife » 49.3 h)

Yb-168(n,Y)

Yb-174(n,Y)

Yb-176(n,Y)

Lu-176{n,Y)

Réf.

101

101

104

105

103

104

105

102

106

107

107
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TABLE III. (cont.)

Isotope Half life
Lu-177m 160.9 d

Hf-175 70.0 d
Hf-180m 5.52 h

Hf-181 42.39 d

Ta-182 114.5 d

Ta-182m 15.84 m

Energy
(kev)
105.35
112.95
128.50
153.29
174.40
204.10
208.36 *
228.47
281.79
319.03
327.69
378.50
413.66
418.53
343.40 *
57.54
215.26
332.30 *
443.19
133.03
136.28
345.94
482.18 *
67.75
84.68
100.11
113.67
116.42
152.43
156.39
179.39
198.35
222.11
229.32
264.08
1121.30
1189.05
1221.41 *
1231.02
1257.42
1289.16
146.80
171.60 *
184.90

Abundance
(%) Production Modes Réf.

11.50 Lu-176(n,Y) 107
21.50 Most gamma rays are
15.20 from daughter Hf-177ml
17.80
12.70
14.40
60.90
37.20
14.10
11.00
17.40
27.70
17.50
20.10
87.00 Hf-174(n,Y) 106
48.52 Hf-179(n,Y) 108
81.66
94.40
83.26
35.87 Hf-180(n,Y) 109
5.80
15.07
80.60
42.30 Ta-181(n,Y) HO
2.74
14.10
1.90
0.44
7.17
2.72
3.18
1.51
7.60
3.64
3.64
35.00
16.30
27.10
11.50
1.49
1.35
33.00 Ta-181(n,Y) 110
43.30
21.70
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TABLE III. (cont.)

Isotope Half life
Ta-183 5.10 d

W-181 121.2 d

W-185 75.1 d
W-187 23.9 h

W-188 69.4 d

Re-186 90.64 h

Re-188 16.98 h

Re-188m 18.6 m

Os-185 93.6 d
Os-190m 9.9 m

Os-191 15.4 d
Os-193 30.5 h

Energy
(keV)
99.10
107.90
161.30
162.30
209.90
244.30
246.10 *
354.00
136.28
152.32 *
125.36 *
72.00
134.25
479.57 *
551.52
618.28
685.74
772.91
227.09
290.67 *
122.43
137.14 *
155.06 *

63.58
92.40
105.90 *
646.12 *
186.71
361.13 *
502.54
616.09
129.43 *
73.01
138.89
280.43
321.56
387.46
460.49 *
557.36

Abundance
(%)

11.50
10.50
10.20
5.50
4.30
8.70
25.90
11.20
0.03
0.08
0.02

10.77
8.56

21.13
4.92
6.07
26.39
3.98
0.22
0.40
0.66
8.50

14.90

21.60
5.20

10.80
81.00
70.20
94.90
97.80
98.60
25.70
3.24
4.27
1.24
1.28
1.26
3.95
1.30

Production Modes
Ta-181(2n,r)

W-180(n,Y)

W-184(n,Y)
W-186(n,Y)

W-186(2n,Y)

Re-185(n,Y)

Re-187(n,Y); W-186(2n,r)Precursor: W-188
(halflife - 69.4 d)
Re-187(n,Y>; W-186(2n,Y)Precursor: Ŵ 188
{halflife - 69.4 d)
Os-184 (n, y)
Os-189 (n, Y)

Os-190 (n, Y)
Os-192 (n, Y)

Réf.
111

109

112
114

115

113

115

115

112
116

117
119
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TABLE III. (cont.)

Isotope Halflife
Ir-192 73.83 d

Ir-192m 1.45 m
Ir-194 19.15 h

lr-194m 171. d

Pt-191 2.96 d

Pt-195m 4.02 d

Pt-197 18.3 h

Pt-197m 94.4 m

Pt-199 30.8 m

Au-196 6.18 d

Au-198 2.70 d

Au-199 3.14 d

Hg-197 64.1 h

Energy
(keV)
295.96
308.46
316.51 *
468.07
58.00 *
293.54
328.46 *
328.46
338.80 *
390.80
482.66
562.40
600.50
687.80
82.43
359.93
409.48
538.91 *
30.88
98.88 *
129.77
77.34 *
191.36
279.11
346.81 *
185.78
191.69
246.44
317.06
493.74
542.96 *
332.87
355.58 *
425.64
411.80 *
675.89
158.38 *
208.20

77.34 *

Abundance
(%)

28.73
29.75
83.00
47.72
0.04
2.52
13.00
92.80
55.10
35.10
96.90
69.90
62.30
59.10
4.90
6.00
8.00
13.70
2.28
11.40
2.80
17.10
3.70
2.30
11.10
3.26
2.38
2.16
4.87
5.70
14.80
22.85
86.90
7.20
95.50
0.80
36.90
8.37

18.00

Production Modes
lr-191(n,r)

Ir-191(n,Y)
Ir-193(n,Y)

Ir-193(n,Y)

Pt-190(n,Y>

Pt-194(n,y)

Pt-196(n,Y)

Pt-196(n,Y)

Pt-198(n,y)

Au-197(n,2n)

Au-197(n,Y)

Au-197(2n,Y); Pt-198(n,Y)Precursor: Pt-199
(half life - 30.8 m)
Hg-196(n,Y)

Réf.
118

118
120

120

117

121

123

123

125

122

124

125

123
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TABLE III. (cont.)

Isotope Halflife
Hg-197m 23.8 h

Hg-199m 42.6 m

Hg-203 46.61 d
Hg-205 5.20 m
Tl-208 3.05 m

Pb-212 10.64 h

Pb-214 26.8 m

Bi-212 60.55 m

Bi-214 19.9. m

Ra-226 1600. y

Ac-228 6.13 h

Energy
(keV)
133.96 *
279.11
158.38 *
374.10
279.20 *
203.75 *
277.36
510.77
583.19
860.56
2614.53 *
238.63 *
300.09
241.92
295.09
351.87 *
727.25 *
785.51
1620.66
609.31 *
768.35
934.04
1120.27
1238.11
1377.66
1729.58
1764.49
2204.09
186.10 *

129.07
209.25
270.24
328.00
338.32
409.46
463.01
794.95
911.21 *
964.77
968.97
1588.21

Abundance

34.10
4.90
53.00
13.90
81.46
2.20
6.31

22.61
84.48
12.42
99.16
53.65
3.34
7.46

19.20
37.10
11.80
2.00
2.80

46.10
4.88
3.16

15.00
5.92
4.02
3.05

15.90
4.99
3.50

2.45
3.88
3.43
3.06

11.25
1.94
4.44
4.34
26.60
5.11

16.17
3.27

Production
Hg-196(n,Y)

Hg-198(n,y)

Hg-202(n,y)
Hg-204(n,Y)
Precursor :
(halflife -

Precursor:
(halflife =
Precursor:
(halflife =

Precursor:
(halflife =

Precursor:
(halflife -

Precursor:
(halflife -
Precursor:
(halflife -

Modes Réf.
123

125

126
127

Nat. Th-232 128
1.4E10 y)

Nat. Th-222 129
1.4E10 y)
Nat. U-238 130
4.5E09 y)

Nat. Th-232 129
1.4E10 y)

Nat. U-238 130
4.5E09 y)

Nat. U-238 131
4.5E09 y)
Nat. Th-232 132
1.4E10 y)
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TABLE III. (cont.)

Isotope Half life
Th-233 22.3 m

Pa-233 27.0 d

U-235 7.10E+08 y

U-239 23.47 m

Np-239 2.36 d

Am-241 432.2 y

Energy
(keV)
29.38
86.53
94.72
459.31 *
669.78
75.34
86.65
300.18
312.01 *
340.59
398.66
415.93
109.14
143.76
163.35
185.72 *
205.31
45.53
74.66 *
106.12
209.75
228.18
277.60 *
334.31
59.54 *

Abundance
(%)
2.60
2.60
0.90
1.40
0.68
1.17
1.76
6.20
36.00
4.20
1.19
1.51
1.50
10.50
4.70
54.00
4.70
4.45
50.00
22.86
3.27
10.79
14.20
2.05
35.70

Production Modes Réf.
Th-232(n,Y) 133

Th-232(n,Y) 133Precursor: Th-233
(half life = 22.3 m)

Natural product 134

U-238(n,Y) 135

U-238(n,Y) 135Precursor: U-239
(half life - 23.47 m)

Reactor produced 136
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TABLE IV. GAMMA RAYS ARRANGED BY ENERGY (t]/2 < 1 day)

Energyl
(kev)
29.4
37.1
45.5
51.4
57.5
58.0
58.0
58.6
61.4
63.6
72.0
74.7
76.1
77.3
77.5
86.5
88.0
92.4
94.7
94.7
95.7
97.1

102.3
103.0
104.4
105.9
108.1
111.7
114.3
116.8
121.6
121.8
127.5
134.0
134.2
138.6
140.5
141.4
142.51/ifi n

Isotope
Th-233
Br-80m
U-239
Rh-104m
Hf-180ra
Gd-159
Ir-192m
Co-60m
Sb-122m
Re-188ra
W-187
U-239
Sb-122ra
Pt-197
Rh-104m
Th-233
Pd-109
Re-188m
Dy-165
Th-233
Se-79m
Rh-104m
Gd-161
ft -~ Û 1 IT.Se— ölm
Sm-155
Re-188m
Ba-131m
Er-171
Nd-149
Nd-151
Yb-177
Eu-152m
Cs-134m
Hg-197m
W-187
Yb-177
Tc-99m
Snel55
Sc-46m
Ta 1 fl"?m

Half life
22.3 m
4.42 h
23.47 m
4.34 m
5.52 h
18.56 h
1.45 m
10.47 m
4.21 m

18.6 m
23.9 h
23.47 m
4.21 m
18.3 h
4.34 m

22.3 m
13.7 h
18.6 m
2.33 h
22.3 m
3.91 m
4.34 m
3.66 m
57.25 m
22.3 m
18.6 m
14.6 m
7.52 h
1.72 h

12.44 m
1.88 h
9.32 h
2.91 h
23.8 h
23.9 h
1.88 h
6.01 h
22.3 m
18.75 s
m RA m

Energy2
(kev)
459.3
74.7
97.1
332.3
363.6
1332.5
76.1
105.9
685.7
45.5
61.4
191.4
51.4
459.3
105.9
361.7
459.3

51.4
360.9
245.8
63.6
308.3
211.3
1180.9
150.4
841.6
279.1
685.7
150.4
104.4
171 fi

Energy 3
(keV)
94.7

77.5
443.2

92.4
479.6

97.1
94.7
63.6
279.8
86.5

77.5
314.9
141.4
92.4
295.9
270.2
255.7
1080.3
963.4

479.6
1080.3
245.8
IRA Q

Energy 4
(keV)
86.5

555.8
215.3

134.2

555.8
669.8

633.4
669.8

555.8

———

———

1241.3
344.3

772.9
1241.3
———
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TABLE IV. (cont.)

Energyl
(kev)
149.7
150.4
150.8
151.2
155.1
158.4
159.7
160.3
161.9
165.9
165.9
171.6
184.9
185.8
186.7
188.4
188.9
191.4
191.7
191.9
196.3
197.1
202.5
203.8
211.0
211.3
215.3
215.5
215.5
225.2
243.4
245.4
245.8
246.4
249.8
255.7
258.4
264.4
264.7
ïtn •>

Isotope
Te 131A w J. */ <!•

Yb-177
Cd-lllm
Kr-85m
Re-188
Hg-199m
Ge-77m
Sn-123m
Se-77m
Ra 1 "ÎQ

Kr-88
Ta-182m
Ta-182m
Pt-199
Os-190m
Xe-125
Pd 109m
Pt-197
Pt-199
Mo-101
Kr-88
0-19
Y-90m
Hg-205
Ge-77
Nd-149
Hf-180m
Ge-77
Ge-77m
Se-83
Xe-125
Cd-lllm
Sm-155
Pt-199
Xe-135
Nd-151
Xe-138
Ge-77
Gf 75*J& 1 -J

Mrt IdQ

Half life
25.0 m
1.88 h

48.6 m
4.48 h
16.98 h
42.6 m
52.9 s
40.08 m
17.45 s
84.63 m
2.84 h

15.84 m
15.84 m
30.8 m
9.9 m

16.9 h
4.69 m

18.3 h
30.8 m
14.6 m
2.84 h

26.91 s
3.19 h
5.20 m

11.3 h
1.72 h
5.52 h

11.3 h
52.9 s
22.3 m
16.9 h
48.6 m
22.3 m
30.8 m
9.14 h

12.44 m
14.08 m
11.3 h
82.78 m
1 T) h

Energy2
(kev)
452.3
1080.3
245.4
304.9

374.1
215.5

196.3
146.8
171.6
543.0
361.1
243.4
77.3
543.0
590.9
2392.1
1356.8
479.5
264.4
270.2
332.3
264.4
159.7
356.7
188.4
150.8
104.3
543.0

1180.9
434.6
211.0
91 1 7

Energy3
(kev)

1241.3

_

2392.1
184.9
146.8
493.7
502.5

493.7
505.9
1529.8
———

215.5
114.3
443.2
211.0
718.0

141.4
493.7

116.8
1768.3
215.5
114 ^

Energy4
(keV)

138.6

__^__»

1529.8

317.1
616.1

317.1
1012.5
2195.8
———

416.3

57.5
416.3
799.0

317.1

2015.8
416.3
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TABLE IV. (cont.)

Energyl
(kev)
275.9
279.1
279.1
279.8
290.0
293.5
295.9
304.9
306.8
308.3
314.9
316.4
317.1
320.1
328.5
332.1
332.3
336.3
344.3
346.8
356.7
360.9
361.1
361.7
363.6
366.3
367.4
374.1
386.3
388.4
402.6
416.3
416.9
433.9
434.6
436.6
438.6
439.9
442.9
443.2

Isotope
o« O1Se— öl
Hg-197m
Pt-197ra
Dy-165
c»_ 01Se— 81
Ir-194
Pr 1 71&I. J. / i
Kr-85m
Tc-101
Fr 1 "71

«j 1^1Gd-lol
Ru-105
Pt-199
Ti-51
Ir-194
Sn-125m
Hf-180m
In-115m
Eu-152m
Pt-197m
Se-83
Gd-161
Os-190m
Dy-165
Gd-159
Ni-65
Ge-77
tlrr 1 QQm

Zn-71m
C*v O*7mSr— 8 /m
Kr-87
Ge-77
In-116m
Ag-108
Xe-138
Ce-137
Zn-69m
Ne-23
I I 1Q

Hf-180m

Half life
18.45 m
23.8 h
94.4 m
2.33 h

18.45 m
19.15 h
7.52 h
4.48 h

14.2 m
7.52 h
3.66 m
4.44 h

30.8 m
5.76 m

19.15 h
9.52 m
5.52 h
4.49 h
9.32 h

94.4 m
22.3 m
3.66 m
9.9 m
2.33 h

18.56 h
2.52 h

11.3 h
42.6 m
3.94 h
2.81 h

76.31 m
11.3 h
54.15 m
2.37 m

14.08 m
9.0 h

13.76 h
37.24 s
24.99 m
5.52 h

Energy2
(keV)
290.0
134.0
346.8
94.7
275.9
328.5
308.3
151.2
545.0
295.9
360.9
724.3
543.0
928.6
293.5

443.2
841.6
279.1
225.2
314.9
502.5
94.7
58.0

1481.8
264.4
158.4
487.3

845.4
264.4
1097.3
633.0
258.4
447.2

526.6
332.3

Energy 3
(keV)

361.7

111.7

111.7
102.3
469.4
493.7

215.3
963.4

718.0
102.3
616.1
279.8

1115.6
211.0
620.2

2554.8
211.0
1293.5
618.9
1768.3

215.3

Energy 4
(keV)

633.4

676.4
246.4

57.5
121.8

799.0
186.7
633.4

215.5
596.1

2558.1
215.5
818.7
2015.8

57.5

223



TABLE IV. (cont.)

Energyl
(keV)

447.2
452.3
455.5
459.3
459.6

462.8
469.4
479.5
479.6
487.3

487.4
493.7
498.4
502.5
505.9

510.1
511.6
522.7
526.6
526.6

526.6
529.9
543.0
545.0
546.6

547.0
551.5
555.8
556.1
558.0

590.9
596.1
601.0
602.7
616.1

616.3
618.3
618.9
620.2
630.0

Isotope

Ce-137
Te-131
Xe-137
Th-233
Te-129

Cs-138
Ru-105
Y-90m
W-187
Zn-71m

Te-129
Pt-199
Sh>-124m
Os-190m
Mo-101

Se-83
Zn-71m
1-132
1-128
1-135

Xe-135m
1-133
Pt-199
Tc-101
1-135

Cs-138
W-187
Rh-104m
Rb-86m
Ge-77

Mo-101
Zn-71m
Ga-72
Sb-124m
Os-190m

Br-80
W-187
Ag-108
Zn-71m
Ga-72

Halflife

9.0 h
25.0 m

3.82 m
22.3 m
69.6 m

32.2 m
4.44 h
3.19 h

23.9 h
3.94 h

69.6 m
30.8 m
93.0 s

9.9 m
14.6 m

22.3 m
3.94 h
2.28 h

24.99 m
6.57 h

15.29 m
20.8 h
30.8 m
14.2 m

6.57 h

32.2 m
23.9 h

4.34 m
1.02 m

11.3 h

14.6 m
3.94 h

14.1 h
93.0 s

9.9 m

17.68 m
23.9 h

2.37 m
3.94 h

14.1 h

Energy2
(keV)

436.6
149.7

94.7
487.4

1435.9
724.3
202.5
685.7
386.3

459.6
543.0
645.9
361.1
590.9

356.7
386.3
667.7
442.9

1260.4

493.7
306.8

1260.4

1435.9
685.7

51.4

264.4

191.9
386.3
834.1
645.9
361.1

685.7
633.0
386.3
834.1

Energy3
(keV)

———

86.5

1009.8
316.4

134.2
620.2

317.1
602.7
616.1
191.9

225.2
487.3
772.7
———

1131.5

317.1

1131.5

462.8
479.6

97.1

211.0

505.9
487.3
630.0
498.4
502.5

479.6
433.9
487.3

2201.6

Energy4
(keV)

———

669.8

547.0
676.4

772.9
596.1

246.4

186.7
1012.5

718.0
620.2
954.6
———

1457.6

246.4

526.6

1009.8
134.2

77.5

215.5

1012.5
620.2

2201.6
_____
186.7

134.2

596.1
2507.9

224



TABLE IV. (cont.)

Energyl
(kev)
630.3
631.8
633.0
633.4
645.9
657.8
657.9
661.7
667.7
669.8
676.4
685.7
714.3
715.3
718.0
724.3
743.3
772.7
772.9
776.5
799.0
818.7
833.0
834.1
834.9
836.5
836.8
841.6
843.8
845.4
846.8
847.0
871.1
884.1
894.3
898.1
928.6
954.6
963.4
1009.8

Isotope
1-132
Ge-77
Ag-108
Dy-165
Sb-124m
Ag-110
Nb-97
Ba-137m
1-132
Th-233
Ru-105
W-187
Ge-77
Dy-165
Se-83
Ru-105
Zr-97
1-132
W-187
Br-82m
Se-83
ln-116m
Cu-66
Ga-72
Kr-88
Se-83
1-135
Eu-152m
Mg-27
Kr-87
Mn-56
1-134
Nb-94m
1-134
Ga-72
Rb-88
Ti-51
1-132
Eu-152m
Cs-138

Half life
2.28 h
11.3 h
2.37 m
2.33 h
93.0 s
24.6 s
72.1 m
2.55 m
2.28 h
22.3 m
4.44 h
23.9 h
11.3 h
2.33 h
22.3 m
4.44 h
16.74 h
2.28 h
23.9 h
6.13 m
22.3 m
54.15 m
5.10 m

14.1 h
2.84 h
22.3 m
6.57 h
9.32 h
9.46 m
76.31 m
2.58 h
52.6 m
6.26 m
52.6 m
14.1 h
17.8 m
5.76 m
2.28 h
9.32 h
32.2 m

Energy2
(keV)
667.7
264.4
433.9
94.7
498.4

772.7
459.3
724.3
479.6
264.4
94.7
356.7
469.4
667.7
685.7

356.7
1097.3
1039.2
630.0
196.3
356.7
1260.4
963.4
1014.4
402.6
1810.7
884.1
847.0
834.1
1836.1
320.1
667.7
841.6
1435.9

Energy 3
(keV)
772.7
211.0
618.9
361.7
602.7

954.6
94.7
469.4
134.2
211.0
361.7
225.2
316.4
954.6
479.6

225.2
1293.5
2201.6
2392.1
225.2
1131.5
121.8
2554.8
2113.1

630.0

772.7
121.8
462.8

Energy 4
(keV)
954.6
215.5
279.8

630.3
86.5
316.4
772.9
215.5
279.8
799.0
676.4
630.3
134.2

718.0
416.9
2507.9
1529.8
718.0
526.6
344.3
2558.1

2201.6

630.3
344.3
547.0

225



TABLE IV. (cont.)

Energyl
(keV)

1012.5
1014.4
1038.8
1039.2
1050.9
1080.3
1097.3
1115.6
1131.5
1180.9
1241.3
1260.4
1266.2
1273.4
1293.5
1293.6
1332.5
1345.8
1356.8
1368.6
1434.1
1435.9
1457.6
1481.8
1507.4
1524.6
1529.8
1575.6
1633.6
1642.7
1678.1
1768.3
1779.0
1791.2
1810.7
1836.1
1861.1
2015.8
2029.9
2035.5

Isotope
Mo-101
M_. *) -7Mg-27
1-135
Cu-66
Ga-72
Yb-177
In-116m
Ni-65
1-135
Nd-151
Yb-177
1-135
Si-31
Al ?Qrvi. 4+j
In-116m
Ar 41XIL ** J.

Co-60m
Cu-64
0-19
IMCL £•**

V-52
Cs-138
1-135
Ni-65
In-116m
K-49*tft
Kr-88
Pr-142
F ori— £\i
a~3O— OÖ

1-135
Xe-138
Aï-28
1-135
Mn-56
Rb-88
Ga-72
Xe-138
Kr-88
Kr-88

Half life
14.6 m
9.46 m
6.57 h
5.10 m

14.1 h
1.88 h
54.15 m
2.52 h
6.57 h
12.44 m
1.88 h
6.57 h
2.62 h
6.56 m
54.15 m
1.83 h
10.47 m
12.7 h
26.91 s
14.96 h
3.75 m
32.2 m
6.57 h
2.52 h
54.15 m
12.36 h
2.84 h
19.12 h
11.03 s
37.24 m
6.57 h
14.08 m
2.24 m
6.57 h
2.58 h
17.8 m
14.1 h
14.08 m
2.84 h
2.84 h

Energy2
(keV)
590.9
843.8
1260.4
833.0
834.1
150.4
1293.5
1481.8
1260.4
255.7
150.4
1131.5

1097.3

58.6
197.1
2754.0

462.8
1260.4
1115.6
1097.3

196.3

2167.7
1260.4
258.4
1260.4
846.8
898.1
834.1
258.4
196.3
196.3

Energy3
(keV)
191.9
1131.5
630.0
1241.3
416.9
366.3
526.6
116.8
1080.3
526.6

416.9

1009.8
1131.5
366.3
1293.5

2392.1

1131.5
434.6
1131.5
2113.1

630.0
434.6
2392.1
2392.1

Energy4
(keV)
505.9
526.6
2201.6
138.6
818.7
1457.6

138.6
1457.6

818.7

547.0
526.6
416.9

2195.8

526.6
2015.8
526.6

2201.6
1768.3
1529.8
1529.8

226



TABLE IV. (cont.)

Energyl
(kev)

2112.3
2113.1
2167.7
2195.8
2201.6
2218.0
2231.8
2392.1
2491.1
2507.9
2554.8
2558.1
2754.0
3084.53ind n

Isotope
In-116m
Mn-56
Cl-38
Kr-88
Ga-72
Cs-138
Kr-88
Kr-88
Ga-72
Ga-72
Kr-87
Kr-87
Na-24
Ca-49
S 77

Halflife
54.15 m
2.58 h
37.24 m
2.84 h
14.1 h
32.2 m
2.84 h
2.84 h

14.1 h
14.1 h
76.31 m
76.31 m
14.96 h
8.72 m
c. n t; m

Energy2
(keV)
1097.3
846.8
1642.7
196.3
834.1
1435.9
196.3
196.3
834.1
834.1
402.6
402.6
1368.6
4072.0

Energy 3
(keV)
1293.5
1810.7
2392.1
630.0
462.8
2392.1
1529.8
630.0
630.0
845.4
845.4

Energy4
(keV)
416.9———
1529.8
2507.9
1009.8
1529.8
2195.8
2201.6
2201.6
2558.1
2554.8

4072.0 Ca-49 8.72 m 3084.5

227



TABLE V. GAMMA RAYS ARRANGED BY ENERGY (t,/2 > 1 day)

Energyl
(keV)
14.4
23.9
30.9
35.5
48.9
49.8
53.2
57.4
58.0
59.5
61.2
63.1
66.7
66.9
67.8
69.7
69.7
73.0
74.6
75.3
77.3
78.8
79.6
80.2
80.6
80.6
81.0
81.0
82.4
82.5
84.3
84.7
86.5
86.7
86.8
88.0
91.1
91.3
93.3
Q-J A

Isotope
Co-57
Sn-119m
Pt-195m
T 1 TC

Tb-161
TP 1 3?
Ba-133
Ce-143
Dy-159
Am-241
Sm-145
Yb-169
Tm-171
Cs-136
Ta-182
Gd-153
Sm-153
Os-193
Tb-161
Pa-233
Hg-197
Tm-172
Ba-133
1-131
Ho-166m
Ho-166
Ba-133
Xe-133
Pt-191
Dy-166
Tm-170
Ta-182
Eu-155
Pa-233
Tb-160
Cd-109
MH 1 47IWwl X*i /
Cu-67
Cu-67
nA 1 C3

Halflife
271.8 d
293. d
4.02 d
60.14 d
6.90 d
78.2 h
10.52 y
33.0 h
144.4 d
432.2 y
340. d
32.02 d
1.92 y
13.16 d
114.5 d
241.6 d
46.27 h
30.5 h
6.90 d
27.0 d
64.1 h
63.6 h
10.52 y
8.04 d

1200. y
26.8 h
10.52 y
5.24 d
2.96 d
81.6 h
128.6 d
114.5 d
4.68 y
27.0 d
72.3 d
462.6 d
10.98 d
61.92 h
61.92 h•5/11 a A

Energy2
(keV)
122.1
98.9
74.6
228.3
356.0
293.3

177.2
1048.1
1221.4
97.4
103.2
460.5
48.9
312.0

1093.7
356.0
364.5
711.7
1379.3
356.0
538.9

1221.4
105.3
312.0
879.4

531.0
184.6
184.6m3 •>

Energy 3
(keV)
136.5
129.8
_____

302.9

198.0
818.5
1189.1
103.2
138.9
340.6

1387.2
302.9
284.3
184.1

302.9
409.5

1189.1
340.6
298.6

319.4
93.3
91.3
ÄQ 7

Energy4
(keV)
———
———
_____

383.9

307.7
340.6
100.1

280.4
300.2

1466.0
383.9
637.0
810.3

383.9
359.9

100.1
300.2
966.2

228



TABLE V. (cont.)

Energyl
(kev)
98.9
99.1
100.1
103.2
103.2
105.3
105.3
106.1
107.9
109.1
109.8
112.9
112.9
113.7
113.8
116.4
121.1
121.8
122.1
122.4
123.1
123.8
125.4
128.5
129.1
129.4
129.8
130.5
133.0
133.5
136.0
136.3
136.3
136.5
137.1
138.9
140.5
142.7
143.8
1/1 e; A

Isotope
p4- 1OCm

Ta-183
Ta-182
Sro-153
Gd-153
Eu 155
Lu-177m
Np-239
Ta-183
U-235
Yb-169
Lu-177m
Lu-177
Ta-182
Yb-175
Ta-182
Se-75
Eu-152
Co-57
Re-186
Eu-154
Ba-131
W-185
Lu-177m
Th-232
Os-191
Pt-195m
Yb-169
Hf-181
TP 144V*w J.1 •*

Se-75
W-181
Hf-181
Co-57
Re-186
Os-193
Mo-99
Fe-59
U-235r-o 1/11

Half life
4.02 d
5.10 d

114.5 d
46.27 h
241.6 d
4.96 y

160.9 d
2.36 d
5.10 d

7.1E+08 y
32.02 d
160.9 d
6.71 d

114.5 d
4.19 d

114.5 d
119.77 d
13.33 y
271.8 d
90.64 h
8.59 y
11.8 d
75.1 d
160.9 d
1.4E+10 y
15.4 d
4.02 d
32.02 d
42.39 d
284.9 d
119.77 d
121.2 d
42.39 d
271.8 d
90.64 h
30.5 h
65.94 h
44.5 d

7.1E+08 y
•?•? R A

Energy2
(kev)
129.8
246.1
1221.4
69.7
97.4
86.5
208.4
277.6
246.1
185.7
177.2
208.4
208.4
1221.4
396.3
1221.4
264.7
1408.0
136.5
137.1
1274.5
496.3
208.4
2614.5

98.9
177.2
482.2

264.7
152.3
482.2
122.1
122.4
460.5
181.1
1099.3
185.7

Energy 3
(keV)
30.9
354.0
1189.1
69.7

378.5
228.2
354.0
143.8
198.0
378.5
1189.1
282.5
1189.1
136.0
344.3
14.4

1004.8
373.2
378.5
583.2

30.9
198.0
345.9

279.5
133.0
14.4

73.0
739.6
1291.6
163.4

Energy 4
(keV)

161.3
67.8
———

228.5
209.8
161.3
163.4
307.7
228.5
100.1

100.1
279.5
778.9

723.3
216.0
228.5
238.6

307.7
136.3

400.7
345.9

280.4
778.0
192.4
205.3

229



TABLE V. (cont.)

Energyl
(keV)
152.3
152.4
153.3
156.0
156.4
158.4
158.6
159.0
1 RQ d±+jy • *»
161.3
162.3
162.7
163.4
163.9
165.9
174.4
176.3
176.6
177.2
179.4
181.1
184.1
184.6
185.7
186.1
190.3
192.4
197.0
198.0
198.4
204.1
205.3
208.2
208.4
208.4
209.3
209.8
209.9
215.6
215.7

Isotope
W-181
Ta-182
Lu-177m
Sn-117m
Ta-182
Au-199
Sn-117m
Te-123m
Sc-47
Ta-183
Ta-183
Ba-140
U-235
Xe-131m
Ce-139
Lu-177m
Sb-125
Cs-136
Yb-169
Ta-182
Mo-99
Ho-166m
Cu-67
U-235
U-238
In-114ra
Fe-59
Tb-160
Yb-169
Ta-182
Lu-177m
U-235
Au-199
Lu-177m
Lu-177
Th-232
Np-239
Ta-183
Tb-160
Ru-97

Half life
121.2 d
114.5 d
160.9 d
13.6 d
114.5 d
3.14 d
13.6 d
119.7 d
3.35 d
5.10 d
5.10 d
12.75 d

7.1E+08 y
11.77 d
137.66 d
160.9 d
2.73 y
13.16 d
32.02 d
114.5 d
65.94 h

1200. y
61.92 h

7.1E+08 y
4.5E+09 y
49.51 d
44.5 d
72.3 d
32.02 d

114.5 d
160.9 d
7.1E+08 y

3.14 d
160.9 d
6.71 d

1.4E+10 y
2.36 d
5.10 d
72.3 d
69.12 h

Energy2
(keV)
136.3
1221.4
208.4
1 CO £IDO.D
1221.4
208.2
156.0

246.1
246.1
537.3
185.7

208.4
427.9
1048.1
198.0
1221.4
140.5
711.7
93.3
143.8
351.9
558.4.
1099.3
879.4
177.2
1221.4
208.4
185.7
158.4
378.5
112.9
2614.5
106.1
246.1
879.4
324.5

Energy 3
(keV)

1189.1
378.5
1189.1

354.0
354.0
304.9
143.8

378.5
600.6
818.5
307.7
1189.1
739.6
810.3
91.3
163.4
295.1
725.2
1291.6
298.6
307.7
1189.1
378.5
143.8———
228.5

583.2
277.6
354.0
298.6———

Energy 4
(keV)

100.1
228.5
100.1

244.3
161.3
423.7
205.3

228.5
463.4
340.6
63.1
100.1
778.0
280.5
205.3
609.3
———
142.7
966.2
63.1
100.1
228.5
163.4———
112.9

238.6
228.2
161.3
966.2———

230



TABLE V. (cont.)

Energyl
(kev)
216.0
222.1
227.1
228.2
228.3
228.5
229.3
233.2
238.6
239.0
241.9
244.3
244.7
246.1
247.9
254.3
255.1
264.1
264.7
268.2
270.2
273.7
275.9
276.4
277.4
277.6
279.2
279.5
280.4
280.5
281.8
282.5
284.3
286.0
290.7
293.3
295.1
296.0
298.6
300.1

Isotope
Ba-131
Ta-182
W-188
N£̂ 239
Te-132
Lu-177m
Ta-182
Xe-133m
Th-232
A«; 77* \O / /

U-238
Ta-183
Eu-152
Ta-183
Eu-154
Ce-137m
Sn-113
Ta-182
Se-75
Ba-135m
Th-232
Cs-136
Ba-133m
Ba-133
Th-232
Np-239
Hg-203
Se-75
Os-193
Ho-166m
Lu-177m
Yb-175
1-131
Pm-149
W-188
Ce-143
U-238
Ir-192
Tb-160
Th-232

Halflife
11.8 d

114.5 d
69.4 d
2.36 d

78.2 h
160.9 d
114.5 d

2.19 d
1.4E+10 y
38.83 h

4.5E+09 y
5.10 d

13.33 y
5.10 d
8.59 y

34.4 h
115.09 d
114.5 d
119.77 d
28.7 h

1.4E+10 y
13.16 d
38.9 h
10.52 y

1.4E+10 y
2.36 d

46.61 d
119.77 d
30.5 h

1200. y
160.9 d

4.19 d
8.04 d
53.08 h
69.4 d
33.0 h

4.5E+09 y
73.83 d
72.3 d

1.4E+10 y

Energy 2
(kev)
496.3
1221.4
290.7
106.1
49.8
208.4
1221.4
2614.5

351.9
246.1
1408.0
354.0
1274.1

391.7
1221.4
136.0

2614.5
1048.1
356.0
2614.5
106.1
264.7
460.5
711.7
208.4
396.3
364.5
227.1
57.4

351.9
316.5
879.4
2614.5

Energy 3
(kev)
373.2
1189.1
277.6

378.5
1189.1
583.2

295.1
354.0
344.3
161.3
1004.8

1189.1
279.5

583.2
818.5
302.9
583.2
228.2
136.0
138.9
184.1
378.5
113.8
637.0

186.1
468.1
966.2
583.2

Energy 4
(keV)
123.8
100.1
209.8

112.9
100.1
300.1

186.1
161.3
778.9
244.3
723.3

100.1
400.7

238.6
340.6
383.9
860.6
209.8
400.7
73.0

810.3
228.5
80.2

609.3
308.5
1178.0
238.6

231



TABLE V. (cont.)

Energyl
(keV)

300.2
302.9
304.9
306.1
307.7

308.5
312.0
316.5
318.9
319.0

319.4
320.1
321.6
324.5
327.7

328.0
328.5
328.8
332.9
334.3

336.3
338.3
338.8
340.1
340.6

340.6
343.4
344.3
345.9
351.9

354.0
355.6
356.0
359.9
364.5

373.2
378.5
383.9
387.5
390.8

Isotope

Pa-233
Ba-133
Ba-140
Rh-105
Yb-169

Ir-192
Pa-233
lr-192
Rh 105
Lu-177m

Nrî 1 47
Cr-51
Os-193
Ru-97
Lu-177m

Th-232
Ir-194m
La-140
Au-196
Np-239

Cd-115
Th-232
Ir-194m
Pm-151
Cs-136

Pa-233
Hf 1 7^n L j. /o
Eu-152
Hf-181
U-238

Ta-183
Au-196
Ba-133
Pt-191
1-131

Ba-131
Lu-177m
Ba-133
Os-193
Ir-194m

Halflife

27.0 d
10.52 y
12.75 d
35.36 h
32.02 d

73.83 d
27.0 d
73.83 d
35.36 h

160.9 d

10.98 d
27.7 d
30.5 h
69.12 h

160.9 d

1.4E+10 y
171. d

40.27 h
6.18 d
2.36 d

53.46 h
1.4E+10 y
171. d
28.4 h
13.16 d

27.0 d
70.0 d
13.33 y
42.39 d

4.5E+09 y

5.10 d
6.18 d

10.52 y
2.96 d
8.04 d

11.8 d
160.9 d
10.52 y
30.5 h

171. d

Energy2
(keV)

312.0
356.0
537.3
318.9
177.2

316.5
340.6
468.1
306.1
208.4

91.1

460.5
215.7
208.4

2614.5
338.8

1596.2
355.6
106.1

527.9
2614.5

482.7

1048.1

312.0

1408.0
482.2
295.1

246.1
332.9
302.9
538.9
284.3

496.3
208.4
356.0
460.5
338.8

EnergyS
(keV)

340.6
383.9
162.7

198.0

468.1
300.2
308.5

378.5

531.0

138.9

378.5

583.2
482.7
487.0
425.6
277.6

492.4
583.2
328.5

818.5

300.2

778.9
133.0
186.1

161.3
425.6
383.9
409.5
637.0

216.0
228.5
302.9
138.9
482.7

Energy4
(keV)

398.7
276.4
423.7

63.1

296.0
398.7
296.0

228.5

73.0

228.5

238.6
687.8
815.8

228.2

238.6
687.8

1235.4

398.7

964.1
136.3
609.3

244.3

276.4
82.4
80.2

123.8
112.9
276.4
73.0

328.5
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TABLE V. (cont.)

Energyl
(keV)
m 7« /
396.3
398.7
400.7
407.3
409.5
409.5
410.9
411.1
411.8
413.7
415.9
418.5
423.7
425.6
427.9
432.5
437.6
443.9
460.5
463.0
463.4
468.1
477.6
482.2
482.7
484.4
487.0
AOQ •}4o:7.<6
492.4
496.3
497.1
507.6
510.8
514.0
527.9
529.8
531.0
537.3
538.9

Isotope
Sn-113
Yb-175
Pa-233
Se-75
T?r- 1 T)CiL— J. /Z

Th-232
Pt-191
Ho-166m
Eu-152
Au-198
Lu-177m
Pa-233
Lu-177ra
Ba-140
Au-196
Sb-125
La-140
Ba-140
Eu-152
Os-193
Th-232
Sb-125
Ir-192
Be-7
Hf-181
lr-194m
Cd-115m
La-140
fa A~ld̂ ** t
Cd-115
Ba-131
Ru-103
Te-121
Th-232
Or QCor— ÖD

Cd-115
Ho-166m
Nd-147
Ba-140
Pt-191

Half life
115.09 d

4.19 d
27.0 d
119.77 d
49.3 h

1.4E+10 y
2.96 d

1200. y
13.33 y
2.70 d

160.9 d
27.0 d

160.9 d
12.75 d
6.18 d
2.73 y
40.27 h
12.75 d
13.33 y
30.5 h

1.4E+10 y
2.73 y
73.83 d
53.29 d
42.39 d

171. d
44.6 d
40.27 h
4 54 d•* • •*/** VI
53.46 h
11.8 d
39.26 d
16.78 d

1.4E+10 y
fia 84 dVI * O1 U

53.46 h
1200. y

1 n QQ Jlu.yö a
12.75 d
2.96 d

Energy2
(keV)
^RÇ 1£fJ-J • X

282.5
312.0
264.7
610.1
2614.5
538.9
711.7
1408.0
675.9
208.4
312.0
208.4
537.3
355.6
600.6
1596.2
537.3
1408.0
138.9
2614.5
427.9
316.5
133.0
338.8
933.8
1596.2
1297.1
336.3
373.2
610.3
573.1
2614.5

336.3
711.7
91 1JA • X

162.7
409.5

Energy 3
(keV)

113.8
340.6
136.0

583.2
359.9
184.1
344.3

378.5
340.6
378.5
162.7
332.9
463.4
487.0
162.7
344.3
73.0
583.2
600.6
308.5
345.9
328.5
1290.6
328.8om ûou / .y
527.9
216.0
———
583.2

492.4
184.1
31Q 4*JA7 • *i

304.9
359.9

Energy4
(keV)

300.2
279.5

238.6
82.4

810.3
778.9

228.5
300.2
228.5
304.9

635.9
328.8
304.9
778.9
280.4
238.6
635.9
296.0
136.3
687.8———
815.8
———
123.8
———
860.6

810.3
423.7
82.4
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TABLE V. (cont.)

Energyl
(keV)
554.4
557.4
558.4
559.1
562.4
563.2
563.2
564.2
569.3
573.1
583.2
591.8
595.8
600.5
600.6
602.7
604.7
606.6
609.3
610.1
610.3
619.1
634.8
635.9
637.0
645.9
646.1
657.1
657.8
661.7
675.9
677.6
687.8
692.7
698.4
706.7
711.7
722.8
723.3
724.2

Isotope
Br-82
Os-193
In-114m
As-76
Ir-194m
Cs-134
As-76
Sb-122
Cs-134
Te-121
Th-232
Eu-154
As-74
Ir-194m
Sb-125
Sb-124
Cs-134
Sb-125
U-238
Er-172
Ru-103
Br-82
As-74
Sb-125
1-131
Sb-124
Os-185
As-76
Ag-110m
Cs-137
Au-198
Ag-110m
lr-194ra
Sb-122
Br-82
Ag-110m
Ho-166m
Sb-124
Eu-154
Zr-95

Halflife
35.3 h
30.5 h
49.51 d
26.32 h
171. d
2.06 y
26.32 h
2.70 d
2.06 y
16.78 d

1.4E+10 y
8.59 y
17.77 d
171. d
2.73 y
60.2 d
2.06 y
2.73 y

4.5E+09 y
49.3 h
39.26 d
35.3 h
17.77 d
2.73 y
8.04 d
60.2 d
93.6 d
26.32 h
249.76 d
30.17 y
2.70 d

249.76 d
171. d
2.70 d

35.3 h
249.76 d
1200. y
60.2 d
8.59 y
64.02 d

Energy2
(keV)
776.5
460.5
190.3
657.1
338.8
795.8
559.1
692.7
795.8
507.6
2614.5
1274.5
634.8
338.8
427.9
1691.0
795.8
427.9
351.9
407.3
497.1
776.5
595.8
427.9
364.5
1691.0
559.1
884.7

411.8
657.8
338.8
564.2
776.5
657.8
184.1
1691.0
1274.5
756.7

EnergyS
(keV)
619.1
138.9
725.2
1216.1
482.7
604.7
657.1———
604.7———
860.6
1004.8
482.7
463.4
722.8
569.3
600.6
295.1

- ____ — —

554.4
600.6
284.3
602.7
1216.1
937.5

884.7
482.7
554.4
884.7
810.3
602.7
1004.8———

Energy4
(keV)
698.4
73.0
563.2
328.5
569.3
1216.1———
563.2———
238.6
723.3
328.5
635.9
645.9
563.2
463.4
186.1

„___ __

698.4
463.4
80.2
722.8
563.2
1384.3

937.5
328.5
619.1
937.5
280.5
645.9
123.1———
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TABLE V. (cont.)

Energyl
(keV)
725.2
727.3
739.6
751.6
752.3
756.7
756.9
763.9
765.8
768.4
773.7
776.5
778.0
778.9
785.5
793.8
794.9
795.8
801.9
807.9
810.3
810.8
815.8
818.5
822.5
827.8
830.6
834.8
846.8
852.2
860.6
867.4
867.8
873.2
879.4
884.7
889.3
OQQ 1O:7O.l
909.2
911.2

Isotope
ln-114m
Th-232
Mo-99
La-140
Ho-166m
Zr-95
Eu-154
Ag-110m
Nb-95
U-238
Te-131m
Br-82
Mo-99
Eu-152
Th-232
Te-131m
Th-232
Cs-134
Cs-134
Ca-47
Ho-166m
Co-58
La-140
Cs-136
Sn-125
Br-82
Ho-166m
Mn-54
Co-56
Te-131m
Th-232
Eu-152
La-140
Eu-154
Tb-160
Ag-110m
Sc-46
Y QO— OÖ
Sr-89
Th-232

Halflife
49.51 d

1.4E+10 y
65.94 h
40.27 h

1200. y
64.02 d
8.59 y

249.76 d
34.97 d

4.5E+09 y
30.0 h
35.3 h
65.94 h
13.33 y

1.4E+10 y
30.0 h

1.4E+10 y
2.06 y
2.06 y
4.54 d

1200. y
70.82 d
40.27 h
13.16 d
9.64 d
35.3 h

1200. y
O1 *} 1O «3312.12 a
77.7 d
30.0 h

1.4E+10 y
13.33 y
40.27 h
8.59 y
72.3 d
249.76 d
83.81 d
106.61 d
50.55 d

1.4E+10 y

Energy2
(keV)
190.3
2614.5
140.5
1596.2
711.7
724.2
1274.8
657.8
351.9
852.2
554.4
140.5
1408.0
2614.5
773.7
2614.5
604.7
795.8
1297.1
711.7
1596.2
1048.1
1067.1
776.5
711.7
1238.3
773.7
2614.5
1408.0
1596.2
1274.8
298.6
657.8
1120.5
1 QIC. 11ÖJD. 1

2614.5

Energy 3
(keV)
558.4
583.2
181.1
487.0
184.1

1004.8
884.7
295.1
793.8
619.1
181.1
344.3
583.2
852.2
583.2
569.3
604.7
489.2
184.4
487.0
340.6
1089.2
554.4
184.1
1037.8
793.8
583.2
344.3
487.0
1004.8
966.2
937.5

583.2

Energy 4
(keV)

| ..._

238.6
778.0
328.8
810.3

723.3
937.5
186.1
1125.5
698.4
739.6
964.1
238.6
1125.5
238.6
563.2
569.3

280.5
328.8
1235.4
915.6
619.1
810.3
1771.4
1125.5
238.6
778.9
328.8
723.3
1178.0
1384.3

238.6

235



TABLE V. (cont.)

Energyl
(kev)
915.6
919.6
925.2
Q"3"3 Qyjj ,o
934.0
937.5
962.3
964.1
964.8
966.2
969.0
983.5
996.3
1004.8
1037.5
1037.8
1044.1
1048.1
1067.1
1076.6
1085.9
1089.2
1093.7
1099.3
1112.1
1115.6
1120.3
1120.5
1121.3
1125.5
1173.2
1178.0
1189.1
1212.9
1216.1
1221.4
1228.5
1231.0
1235.4
1238.1

Isotope
Sn-125
La-140
La-140
Cd-115m
U-238
Ag-110m
Tb-160
Eu-152
Th-232
Tb-160
Th-232
Sc-48
Eu-154
Eu-154
Sc-48
Co-56
Br-82
Cs-136
Sn-125
Rb-86
Eu-152
Sn-125
Tm-172
Fe-59
Eu-152
Zn-65
U-238
Sc-46
Ta-182
Te-131m
Co-60
Tb-160
Ta-182
As-76
As-76
Ta-182
As-76
Ta-182
Cs-136
U-238

Halflife
9.64 d
40.27 h
40.27 h
44 fi r\t** » U U

4.5E+09 y
249.76 d
72.3 d
13.33 y

1.4E+10 y
72.3 d

1.4E+10 y
43.7 h
8.59 y
8.59 y
43.7 h
77.7 d
35.3 h
13.16 d
9.64 d
18.66 d
13.33 y
9.64 d
63.6 h
44.5 d
13.33 y
243.9 d
4.5E+09 y
83.81 d
114.5 d
30.0 h
5.27 y
72.3 d
114.5 d
26.32 h
26.32 h
114.5 d
26.32 h
114.5 d
13.16 d

4.5E+09 y

Energy2
(keV)
1067.1
1596.2
1596.2
1290.6
351.9
657.8
879.4
1408.0
2614.5
879.4
2614.5
1037.5
1274.5
1274.5
983.5
1238.3
776.5
818.5
1089.2

1408.0
1067.1
1387.2
1291.6
1408.0

351.9
889.3
1221.4
773.7
1332.5
879.4
1221.4
559.1
559.1
1189.1
559.1
1221.4
1048.1
351.9

Energy 3
(keV)
1089.2
487.0
487.0
484 41U1 • 1

295.1
884.7
298.6
344.3
583.2
298.6
583.2
1312.1
1004.8
723.3
1312.1
846.8
554.4
340.6
915.6

344.3
915.6
1466.0
192.4
344.3

295.1
1189.1
852.2

298.6
100.1
657.1
657.1
100.1
657.1
1189.1
818.5
295.1

Energy 4
(keV)
822.5
328.8
328.8
186.1
1384.3
966.2
778.9
238.6
1178.0
238.6
723.3
123.1

1771.4
619.1
1235.4
822.5

778.9
822.5
1529.8
142.7
778.9

186.1
100.1
793.8

966.2
1121.3
1216.1
563.2
1121.3
1216.1
100.1
340.6
186.1
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TABLE V. (cont.)

Energyl
(keV)

1238.3
1257.4
1271.9
1274.5
1274.5

1289.2
1290.6
1291.6
1297.1
1312.1

1317.5
1332.5
1365.2
1368.2
1377.7

1379.3
1384.3
1387.2
1408.0
1460.8

1466.0
1474.9
1505.0
1529.8
1588.2

1596.2
1608.6
1620.7
1691.0
1729.6

1764.5
1771.4
1836.1
2034.8
2090.9

2204.1
2598.5
2614.5
3253.4

Isotope

Co-56
Ta-182
Tb-160
Na-22
Eu-154

Ta-182
Cd-115m
Fe-59
Ca-47
Sc-48

Br-82
Co-60
Cs-134
Sb-124
U-238

Ho-166
Ag-110m
Tm-172
Eu-152
K-40

Tro-172
Br-82
Ag-110ra
Tm-172
Th-232

La-140
Tm-172
Th-232
Sb-124
U-238

U-238
Co-56
Y-88
Co-56
Sb-124

U-238
Co-56
Th-232
Co-56

Halflife

77.7 d
114.5 d

72.3 d
2.60 y
8.59 y

114.5 d
44.6 d
44.5 d

4.54 d
43.7 h

35.3 h
5.27 y
2.06 y

60.2 d
4.5E+09 y

26.8 h
249.76 d

63.6 h
13.33 y

1.28E+09 y

63.6 h
35.3 h

249.76 d
63.6 h

1.4E+10 y

40.27 h
63.6 h

1.4E+10 y
60.2 d

4.5E+09 y

4.5E+09 y
77.7 d

106.61 d
77.7 d
60.2 d

4.5E+09 y
77.7 d

1.4E+10 y
77.7 d

Energy2
(keV)

846.8
1221.4
879.4

1004.8

1221.4
933.8

1099.3
489.2
983.5

776.5
1173.2
795.8

1691.0
351.9

80.6
657.8

1093.7
344.3

1093.7
776.5
657.8

1093.7
2614.5

487.0
1093.7
2614.5
602.7
351.9

351.9
1238.3
898.1

1238.3
1691.0

351.9
1238.3
583.2

1238.3

EnergyS
(keV)

1037.8
1189.1
298.6

723.3

1189.1
484.4
192.4
807.9

1037.5

554.4

604.7
602.7
295.1

884.7
1466.0
778.9

1387.2
554.4
884.7

1387.2
583.2

328.8
1387.2
583.2
722.8
295.1

295.1
846.8
———
846.8
602.7

295.1
846.8
860.6
846.8

Energy 4
(keV)

1771.4
100.1
966.2

123.1

100.1
———
142.7

———

619.1

569.3
722.8
186.1

937.5
1529.8

964.1

1529.8
619.1
937.5

1466.0
238.6

815.8
1466.0
238.6
645.9
186.1

186.1
1037.8

———
1037.8
722.8

186.1
1037.8
238.6

1037.8
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TABLE VI. RECOMMENDED GAMMA RAYS FOR ANALYSIS AND THEIR INTERFERENCES (tU2 < 5 hours)

Element
Aluminum
Barium
Bromine
Calcium

Chlorine

Copper
Dysprosium
Fluorine
Indium
Iodine

Magnesium

Manganese

isotope
Al-28
Ba-139
Br-80
Ca-49
Cl-38
Cl-38
Cu-66
Dy-165
F-20
In-116m
1-128
Mg-27
Mg-27
Mn-56
Mn-56

Halflife
2.24 m
84.63 m
17.68 m
8.72 m
37.24 m
37.24 m
5.10 m
2.33 h

11.03 s
54.15 m
24.99 m
9.46 m
9.46 m
2.58 h
2.58 h

Energy Interfering Interference Reference
(kev) Isotope Halflife (keV) (keV)
1779.0
165.8
616.3
3084.5
1642.7
2167.7
1039.2

94.7 Th-233 22.3 m 94.7 86.5
1633.6
1097.3
442.9
843.8 Mn-56 2.58 h 846.8 1810.7
1014.4
846.8 Mg-27 9.46 m 843.8 1014.4
1810.7

Abund.
Ratio

0.3460

3.6360

2.4960



TABLE VI. (cont.)

Element
Nickel
Oxygen
Selenium
Silicon
Silver
Strontium
Sulfur
Titanium
uranium
Vanadium

Isotope
Ni-65
0-19
Se-77m
Al-29
Ag-110
Sr-87m
S-37
Ti-51
U-239
V-52

Halflife
2.52 h
26.91 s
17.45 s
6.56 m
24.6 s
2.81 h
5.05 m
5.76 m
23.47 m
3.75 m

Energy Interfering Interference Reference Abund.
(keV) isotope Halflife (keV) (keV) Ratio
1481.8
197.1
161.9
1273.4
657.8
388.4
3104.0
320.1
74.7

1434.1

to
OJ



TABLE VII. RECOMMENDED GAMMA RAYS FOR ANALYSIS AND THEIR INTERFERENCES (5 hours < t,/2 < 7 days)

Element
Antimony

Arsenic

Bromine

Cadmium

Calcium
Copper

Gallium

Germanium
Gold
Holmium

Isotope
Sb-122

As-76
Br-82
Br-82
Br-82
In-115m
Cd-115
Ca-47
Cu-64
Ga-72
Ga-72
Ge-77
Au-198
Ho-166

Halflife
2.70 d

26.32 h
35.3 h
35.3 h
35.3 h
53.46 h
53.46 h
4.54 d
12.7 h
14.1 h
14.1 h
11.3 h
2.70 d

26.8 h

Energy
(keV)
564.2

559.1
554.4
619.1
776.5
336.3
527.9
1297.1
1345.8
630.0
834.1
264.4
411.8
80.6

Interfering
Isotope
As-76

& Cs-134
In-114m

W-187
Mo-99

Eu-152

Mn-54
Se-75
Eu-152
1-131

Halflife
26.32 h
2.06 y
49.51 d

23.9 h
65.94 h

13.33 y

312.12 d
119.77 d
13.33 y
8.04 d

Interference
(keV)
563.2
563.2
558.4

618.3
778.0

1299.1

834.8
264.7
411.1
80.2

Reference
(keV)
559.1
795.8
190.3

685.7
739.6

1408.1

_^__»w_

400.7
344.3
364.5

Abund.
Ratio
0.0267
0.0981
0.0649

0.2300
0.3578

0.0784

5.1210
0.0839
0.0323



TABLE VII. (cont.)

Element

Lanthanum

Lutetium
Molybdenum
Platinum
Potassium
Rhenium

Samarium

Sodium

Isotope
La-140
La-140
La-140
La-140
Lu-177
Mo-99
Pt-191
K-42
Re-188
Sm-153
Sm-153

Na-24
Na-24

Halflife
40.27 h
40.27 h
40.27 h
40.27 h
6.71 d
65.94 h
2.96 d

12.36 h
16.98 h
46.27 h
46.27 h

14.96 h
14.96 h

Energy
(kev)
328.8
487.0
815.8
1596.2
208.4
140.5
538.9
1524.6
155.1
69.7

103.2

1368.6
2754.0

interfering
Isotope

Ba-131

Np-239

Ta-182
Gd-153
Gd-153

& Np-239
Sb-124

Interference
Halflife (keV)

11.8 d 486.5

2.36 d 209.8

114.5 d 156.4
241.6 d 69.7
241.6 d 103.2

2.36 d {103.7 X-ray}
60.2 d 1368.2

Reference
(keV)

496.3

277.6

100.1
97.4
97.4
106.1
1691.0

Abund.
Ratio

0.0430

0.2303

0.1929
0.0841
0.7101
1.0529
0.0553

N)



to

TABLE VII. (cont.)

Element

Tungsten

Uranium

Ytterbium

Isotope
W-187
W-187

W-187
W-187
Np-239
Np-239

Np-239

Yb-175
Yb-175

Halflife
23.9 h
23.9 h

23.9 h
23.9 h
2.36 d
2.36 d

2.36 d

4.19 d
4.19 d

Energy
(keV)
72.0

134.2

479.6
685.7
106.1
228.2

277.6

282.5
396.3

Interfering Interference
Isotope Halflife (keV)

Ba-131
& Hf-181

Ag-110m

Te-132
& Ta-182

Th-232
& Nd-147
& Eu-152

Lu-177m

11.8 d
42.39 d

249.76 d

78.2 h
114.5 d
1.4E+10 y
10.98 d
13.33 y
Io0.9 d

133.6
133.0

687.0

228.3
229.3
277.4
275.4
275.4
281.8

Reference
(keV)

216.0
345.9

657.8

49.8
222.1
583.2
531.0
344.3
208.4

Abund.
Ratio

0.1095
2.3800

0.0681

6.1250
0.4790
0.0747
0.0611
0.0013
0.2315

Zinc Zn-69m 13.76 h 438.6



TABLE VIII. RECOMMENDED GAMMA RAYS FOR ANALYSIS AND THEIR INTERFERENCES (t,/2 > 7 days)

Element

Antimony

Barium

Cerium

Cesium

Chromium

Cobalt

Isotope
Sb-124
Sb-124
Ba-131
Ba-131
Ba-131
Ce-139
Ce-141

Cs-134
Cs-134
Cr-51

Co-60
Co-60

Halflife
60.2 d
60.2 d
11.8 d
11.8 d
11.8 d
137.66 d
32.5 d

2.06 y
2.06 y

27.7 d

5.27 y
5.27 y

Energy
(keV)
602.7
1691.0
216.0
373.2
496.3
165.8
145.4

604.7
795.8
320.1

1173.2
1332.5

Interfering Interference
isotope Halflife (keV)
Cs-134

Tb-160

Ru-103

Ta-183
& Yb-175

Sb-124
Th-232
Nd-147

& Lu-177m

2.06 y

72.3 d

39.26 d

5.10 d
4.19 d

60.2 d
1.4E+10 y

10.98 d
160.9 d

604.7

215.6

497.1

144.1
144.9
602.7
795.0
319.4
319.0

Reference Abund.
(keV) Ratio
795.8

298.6

610.3

246.1
396.3
1691.0
911.2
531.0
378.5

1.1418

0.1526

15.8640

0.0954
0.0511
2.0660
0.1632
0.1488
0.3971

Erbium Er-171 7.52 d 308.3

K



to

TABLE VIII. (cont.)

Element

Europium

Gadolinium

Hafnium

Indium

Iridium

Isotope
Eu-152
Eu-152
Eu-152
Gd-153
Gd-153
Hf-181

Hf-181
Hf-181
In-114m
lr-192

lr-192
lr-192

Halflife
13.33 y
13.33 y
13.33 y
241.6 d
241.6 d
42.39 d

42.39 d
42.39 d
49.51 d
73.83 d

73.83 d
73.83 d

Energy
(keV)
344.3
778.9
1408.0
97.4
103.2
133.0

345.9
482.2
190.3
296.0

316.5
468.1

Interfering Interference
Isotope Halflife (keV)

Ba-131
& Ce-144

Ir-194m
Fe-59
Lu-177m

& U-238

Eu-154

11.8 d
284.9 d

171. d
44.5 d
160.9 d
4.5E+09 y

8.59 y

133.6
133.5

482.7
192.4
296.4
295.2

468.1

Reference
(keV)

216.0

338.8
1099.2
378.5
351.9

478.3

Abund.
Ratio

0.1095

1.7586
0.0545
0.1949
0.5175

0.2627



TABLE VIII. (cont.)

Element

Iron

Mercury

Neodymium

Nickel
Osmium
Rubidium
Ruthenium

Scandium

Selenium

Isotope
Pe-59
Fe-59

Hg-203
Nd-147
Nd-147
Co-58
Os-185
Rb-86
Ru-103
Sc-46
Sc-46

Se-75
Se-75

Halflife
44.5 d
44.5 d

46.61 d
10.98 d
10.98 d
70.82 d
93.6 d
18.66 d
39.26 d
83.81 d
83.81 d

119.77 d
119.77 d

Energy
(keV)
1099.2
1291.6

279.2
91.1
531.0
810.8
646.1
1076.6
497.1
889.3
1120.6

136.0
264.7

Interfering Interference
isotope Halflife (keV)

Cd-115m
& Ta-182

Se-75

Eu-152
Sb-124

Ba-131

Ta-182
& U-238

Ta-182

44.6 d
114.5 d
119.77 d

13.33 y
60.2 d

11.8 y

114.5 d
4.5E+09 y

114.5 d

1290.6
1289.2
279.5

810.8
645.9

496.3

1121.3
1120.3

264.1

Reference
(keV)

933.8
1221.4
264.7

778.9
602.7

373.2

1221.4
609.3

222.1

Abund.
Ratio

0.4450
0.0461
0.4257

0.0244
0.0755

3.3080

1.2915
0.3254

0.4789



TABLE VIII. (cont.)

Element

Silver

Strontium

Tantalum

Tellerium

Terbium

Thorium

Isotope
Ag-110m
Ag-110m
Ag-llOm
Sr-85
Ta-182
Ta-182
Ta-182
Ta-182
1-131
Tb-160
Tb-160
Tb-160
Pa-233

Halflife
249.76 d
249.76 d
249.76 d
64.84 d
114.5 d
114.5 d
114.5 d
114.5 d
8.04 d
72.3 d
72.3 d
72.3 d
27.0 d

Energy
(keV)
657.8
884.7
937.5
514.0
67.8
100.1
1189.0
1221.4
364.5
879.4
966.2
1178.0
300.2

Interfering Interference Reference Abund.
isotope Halflife (keV) (keV) Ratio
Eu-152 13.33 y 656.5 778.9 0.0110
lr-192 73.83 d 884.5 316.5 0.0034

Tb-160 72.3 d 298.6 879.4 0.8781
& Th-232 1.4E+10 y 300.1 238.6 0.0623

Pa-233 27.0 d 312.0 K-42 12.36 h 312.4 1524.7 0.0186



TABLE VIII. (cont.)

Element
Thulium
Tin

Ytterbium

Zinc

Zirconium

Isotope
Tm-170
Sn-113
Yb-169
Yb-169
Yb-169

Zn-65

Zr-95

Zr-95
Nb-95

Halflife
128.6 d
115.09 d
32.02 d
32.02 d
32.02 d

243.9 d

64.02 d

64.02 d
34.97 d

Energy
(keV)
84.3

391.7
63.1

177.2
198.0

1115.6

724.2

756.7
765.8

Interfering
Isotope
Ta-182
Tb-160

Lu-177m
Tb-160

& Ta-182
Sc-46

& Eu-152
& Tb-160
& Ta-182

Sb-124
& Eu-154

Eu-154
Eu-152

& Tb-160

Interference
Halflife (keV)
114.5 d

72.3 d

160.9 d
72.3 d

114.5 d
83.81 d
13.33 y
72.3 d

114.5 d
60.2 d

8.59 y
8.59 y

13.33 y
72.3 d

84.7
392.5

177.0
197.0
198.4
1120.6
1112.1
1115.1
1113.4
722.8
723.3
756.9
764.9
765.3

Reference
(keV)
100.1
298.6

378.5
298.6
222.1
889.3
1408.0
1178.0
1221.4
602.7
1274.8
1274.8
778.9
879.4

Abund.
Ratio
0.1943
0.0496

0.1235
0.1940
0.1987
1.0000
0.6475
0.1000
0.0160
0.1115
0.5549
0.1155
0.0139
0.0670
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