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ABSTRACT

Neutron activation analysis coupled with Gamma Ray

iv

Spectrometry is a powerful and highly precise, non-destructive

elemental analysis method.

In this work a program package, BUCAASA, was developed

for the analysis of gamma ray spectra.

The first program of the package BUCAASA/FIND, using
an improved version of the method of the smoothed first

derivative identifies the peaks in the spectrum.

The second program BUCAASA/FIT is then used for
fitting a function to the peaks for the accurate determina-—
tion of peak location and peak area. The function used for

fitting was developed by Ciftcioglu.

The third program BUCAASA/CALIBR performs energy and

efficiency calibration.

The constituent nuclides together with their activities

are identified by the fourth program BUCAASA/NUCLIDE which is

an adapted version of SAMP0O80 PART III.

All of the programs are interactive and can be used

for both routine and academic work. Since they are coded in

standard FORTRAN 77 programming language their implementation

on other computers is easy. Implementation on microcomputers

requires overlaying however.



OZET

Gamma spektrometri ile birlikte yapilan ndtron akti-
vasyon analizi gliglii, tahribatsiz bir element analizi ydnte-

midir.

Bu caligsmada gamma spektrumlarinin analizi ic¢cin bir

program paketi, BUCAASA gelistirilmistir.

Ilk program BUCAASA/FIND, diizgiinlestirilmis birinci
tirev yénteminin gelistirilmis bir seklini kullanarak spekt-

rumdaki fotopiklerin taninmasi islevini yerine getirir.

Ikinci program BUCAASA/FIT, hassas kanal ve fotopik
alani saptamasi icin fotopiklere efri uydurmada kullanilzir.

Gozdnine alinan fonksiyon Ciftgcioglu tarafindan gelistiril-

mistir.

Uclincti program BUCAASA/CALIBR, enerji ve verim kalib-

.rasyonunu yapar.

Spektrumu meydana getiren nilklitlerin taninmasi SAMPOS0
PART TIIIdn uyarlanmis bir sekli olan d&rdiincii program BUCAASA/
NUCLIDE tarafindan yapilair.

Biitlin programlar etkilesimlidir ve rutin ve akademik
¢alismalar ic¢in kullanilabilir. Biitiin programlar standard
FORTRAN 77 programlama dilinde yazildigi icin baska sistem-
lere uyarlanmalari kolaydir. Mikrobilgisayarlara uyarlamak

icin OSrtme gereklidir.
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1. INTRODUCTION

Activation analysis is a method for determining
concentrations of elemental constituents in a given sample by
measuring the characteristic radiations emitted by the radio-
active nuclei resulting from nuclear transmutations as a
consequence of the irradiation of samples with nuclear
particles. Mainly all of its applications are of a technolo-
gical nature: purity control of high purity materials and
semiconductors, soil analysis, geological prospecting,
analysis of biological material for medicinal purposes,

criminological and archaeological studies, etc.

Neutron activation analysis (NAA) was first discovered
in 1936 by Hevesy and Levi(l), who determined the contents of
Dy and Eu in a rare-earth mixture. Later work until 1950's
was based essentially on the use of post—irradiation chemical
separations involving the use of carriers to separate the
elements of interest. These chemical separations are generally
time consuming and various problems, such as the necessity
of ensuring the isotopic exchange of the carrier with the

trace element in the sample and the determination of the

chemical yield of the separation, exist.

The chemical separations were necessary because the
samples were usually counted with Gerger—-Mueller counters
making qualitative identification difficult. Decay and
absorption measurements were the only means of improving the

selectivity of the measurement.

The development of Nal scintillation spectrometry
provided the birth of Instrumental Neutron Activation Analysis
(INAA) which is a non destructive analysis method. In 1960's
INAA was restricted by the rather poor resolution obtained
with NalI scintillation detectors, making the interpretation

of complex spectra difficult.

After the introduction of semiconductor detectors such
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as Ge(Li) accompanied with the improvement in the couppled
electronic systems such as amplifiers, Analog to Digital
Converters, etc., the resolution was greatly improved and
INAA took great strides. But the amount of data produced was
very extensive and computers had to be introduced to process
the spectra. Later with the developments in electroniecs and
computer hardware and software engineering, rather inexpen-
sive and highly precise systems consisting of detectors,
multichannel analyzers and microcomputers became available
and INAA could be performed, in most cases automatically, in

a routine manner(z_lo).

A gamma ray spectrum is an information complex
consisting of basically signals of interest and noise whose
character depends on the electronics of the system and is
also statistical. The relevant information is represented by
shapes called peaks superposed over an underlying continuum.
The location of the peak channel contains information about
the identity of the element and the area under the peak is a

measure of the amount present in the sample.

The human-computer interface interactively tries to
separate the signal from the noise as accurately as possible.
However as the quality of the results expected decreases, the

analysis can be made in a more automated manner.

The subject of this thesis.is a computer program
package BUCAASA, based on an earlier program CAASA by Ciftci-
oglu(3) developed with basic. intentions of keeping human
intervention as minimal and the analysis as accurate as

possible.



2, GAMMA RAY SPECTROMETRY

Activation analysis is based on the principle that
when a material is irradiated by the nuclear particles
produced in a suitable source such as a nuclear reactor or
particle accelerator, some of the atoms present in the
material will interact with the incident particles and under-
go nuclear transformations producing isotopes of the same
element or a different element which are usually radioactive.
The subsequent emission of radiations from these nuclei is a
characteristic of the particular isotope. If each different
induced radiocactivity can be distinguished or separated from
all other radioactivities produced, then the amount of each
radicactivity 1s a measure of the quantity of the parent

isotope present in the material(a—lo).

A radionuclide can decay to a daughter product by
various ways: (a) Beta or beta and gamma ray emission, (b)

positron or positron and gamma ray emission, (c) electron

capture, (d) gamma ray emission (isomefic transition), (e)

internal conversion, (f) alpha particle emission.

In general, the majority of the radionuclides formed
by the radiative capture (n,Yy) process undergo beta decay,
and in most cases beta decay is associated with the emission
of one or more gamma rays. Positron decay and electron
capture are more probable in radionuclides that have an excess
number of protons. Electron capture and internal conversion
result from interactions of the nucleus with orbital electrons
of the atom and these processes in general lead to the emiss-—
ion of X rays. In contrast Y ray emission results from nucleon
configurational changes within the nucleus. However, the
electron capture decay of some radionuclides is accompanied
by Y ray emissions along with the X ray emissions. Alpha
particle emission is favourable only in elements with a high
mass number (Z>83) and, although it is frequently accompanied
by Y ray emission, the detection of alpha particles in NAA is

extremely limited because of their very short range. Overall,



most of the radionuclides that undergo decay by alpha, beta
or positron emission and by electron capture also emit 7y rays
as a result of readjustment of energy content in the radio-

L] . 5_
nuclides from excited states to more stable states( 9).

The Y energy spectrum, although specific for a radio-
nuclide, is continuous, thus its use in multielemental
analysis by INAA in a sample matrix is impractical. On the
other hand, the energies of X and Y ray photons are discrete
and characteristic of the radionuclides. Because of this
important property Yy and X ray measurements are widely used
in multielemental NAA. Gamma ray measurements have, in general
much wider applications in NAA than X ray measurements because
Y rays emitted from most radionuclides have a wider range of
energies (40-3000 keV) and have greater penetrating range
than X rays (2-90 keV) thus their absorption in a sample is
minimal. This property, coupled with recent developments in
high-resolution and high efficiency semiconductors such us
Ge(Li) detectors and the availability of high output neutron
sources makes NAA-gamma spectrometry a powerful multielemental

analysis technique.

2.1. Interactions of Gamma Rays With Matter

The quantitative detection of gamma ray photons is

based upon their interactions with matter.

There are several ways in which gamma rays interact
with an absorbing material; three, namely the photoelectric
effect, the Compton effect, and pair production are the most

important ones for the utilization of gamma spectrometry in
NAA(2—3,5,7—10)

a) Photoelectric effect: For photons of low energy,

i.e. less than 1 MeV, the most important interaction is the
photoelectric effect (see fig.2.1). In this process the gamma

photon interacts with the atoms of the matter and transfers



the whole of its energy to an orbital electron, which 1is

consequently ejected with kinetic energy Ek

E. = E - E (2.1)

L .

here EO is the energy of the incident photon, and EB is the

binding energy of the electron.

The extent of the photoelectric interaction depends on
both the energy E ) of the gamma radiation and the atomic

number Z of the absorbing material. Photoelectric macroscopic
3(3,12)

o .
this reason gamma ray detector materials must have a high
(3,9)

absorption cross section is proportional to ZS/E For

atomic number

b) Compton effect (Scattering): In a Compton interac—

tion a gamma ray photon makes an elastic collision with an
electron of the absorbing material. Since, usually, the

energy of the incident photon is much greater than the binding
energy of the electron, the electron may be accepted as free.
Only part of the energy of the incoming photon is transferred
to the electron. And as a result of this process, the photon
is deflected from its original path. The energy Ee of a photon
scattered at an angle 6 can be approximately evaluated with

the equation

E
0

Ee = = . (2.2)

1 + (E (1-cos8)
me

. s 2
where E0 is the initial energy of the photon and mc”™ the rest

energy of the electron (0.511 MeV).

The scattered electron loses its excess energy in the
normal ionization process, however, the scattered photon
either interacts with matter again (almost in every case
photoelectric interaction) or escapes from the material
(detector). This incomplete absorption of energy produces a

a disturbing effect called Compton continuum which makes the



detection of lower energy photons difficutlt.

Compton macroscopic cross section is roughly propor—

tional to Z/E . Slnceilh/ZC increases in proportion to Z4

detector materlal must have high 2(3)

120
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o / \
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Fig.2.1. Regions of domain of photoelectric, Compton and pair
production absorption processes

~c) Pair production: When a Y ray photon with energy

in excess of 1.02 MeV passes near the nucleus of an atom,
the photon can be annihilated in the strong electrical field
with the formation of an electron-positron pair. The kinetic
energy of the pair, i.e., the energy excess of 1.02 MeV, is
absorbed as a result of the ionization process. The positron
will be annihilated after an interaction with an electron,
giving two 0.511 MevV gamma rays. The absorption probability
of these Y ray photons, in general, is not high relatively,

and depends on the detector geometry(B).

Pair production macroscopic croos section, increases
over the threshold value of 1.02, and for energies greater
than 4 MeV it is approximately proportional to %n E. For this
reason this interaction forms the basis of detection of high

energy photons.

2.2. Detection Systems

Any instrumentation for the detection of gamma photons
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consists essentially of two parts: a detector and an amplify-
ing-counting system(3’16). The detector is the part where the
interaction of photons with the matter occurs and an output
pulse 1is generated, whereas the amplifying and counting
system increases the detector's output pulse, counts the

events and, eventually discriminates them according to their

energies.

2.2.1. The Detectors

The main gamma ray detectors can be classified into
the following groups (a) gas filled detecfors (b) scintilla-
tion detectors (c) semiconductor detectors. However in NAA
the most widely used detector types are scintillation and

semiconductor detectors and only they will be examined.

Scintillation Detectors: Since 1896 some substances

(called "phosphors") were known to have the property of
emitting light flashes when bombarded with heavily ionizing
particles(13?14’16). Where the counting rates were not too
high, the individual light flashes could be visually observed
and counted under a microscope. These early scintillation
detecting assemblies were called spintharoscopes<l6) The
development of modern scintillation detectors was started 1n

mid 1940s with the introduction of the photomultiplier tube

to convert the light flashes into electrical 51gnals(7’13’16).

The events leading to charge collection in a scintilla-—
tion photomultiplier tube system can be summarized as follows.
A gamma photon of energy EO passing through gives an amount
at E1 of energy (EléEo) to a charged particle, usually an
electron. The electron dissipates a fraction AEI of its

energy (ASl) in the phosphor the energy AE. 1s converted by

the phosphor, with a conversion efflclencle(Y pE /AE ), into
p light photons, each having an average energy Ep, a frdction
G of the emitted photons goes toward the photocathode of the
photomultiplier. Moreover, because of the imperfect trans-
parency J(J<1) of the crystal to is own fluorescence radio~

ation a fraction of them will be absorbed by the phosphor



(5)

itself the photons reaching the photocathode are converted
into photoelectrons with an efficiency P(P=number of photo-

electrons per photon).

In conclusion, the total number of photoelectrons (n)
produced at the photocathode as a consequence of the absorp-

tion of an energy E from a gamma ray is

ElAYJGP

ne L (2.3)
P
The photoelectrons are then multiplied by the photo-
multiplier and, if U is the overall ‘amplification of the tube,
the total charge Q at the final collector plate of the photo-

tube is
Q = nev | | (2.4)

where e is the electronic charge. The proportionality between
Q and E1 allows the scintillation counter to be used as a

spectrometer(18).

Scintillation detectors can be éias;ified into two
categories; organic and inorganic. Organic crystals can be
subdivided into crystalline, liquid, plastic and glass
scintillators, inorganic scintillators can be further sub-
divided into crystalline and noble gas detectors.

TABLE 2.1. Classification of Scintillation Detectors(ls)

Organic Inorganic
Crystalline Liquid Plastic Glass| Crystalline [Noble gas
Anthracene (p-terpheny, PBO|PBD, TP NaI(TI) Xe
Transstilbene | PDP, POPOP) in |PP) in LiI(Fu) Kr
xylene, toluene |polypenyl- KI(Li)

Phenycyclohexane |benzene
trimethylbenzene (polyvinyl

deceline toluene




Among the desirable properties for good scintillators
are high yield of fluorescent (immediately emitted) light,
transparency for this emitted light, rapid light emission in
combination with the lowest possible phosphorescence and
finally, spectral distribution of the light suitable with

regard to the sensitivity of existing photomultipliers(7’13).

The scintillator detector considered in this study is
Nal crystal detector which contain 0.1 % thalium as active
impurity and which have an emission band maximum at 4200 3,
decay time 0,25X10_6 sec energy conversion efficiency 0.10-
0.13 and is unusually transparent to its own scintilla-
tions(7’13’14’16). They are relatively inexpensive and very
stable during operation and their life span is fairly long
(10 years)(g). Its comparatively high density and the
presence of high atomic number iodine atoms (Z=53) give rise
to large photoelectric, Compton and pair production absorp-
tion cross sections. For further infofmation about NaI(TI)
detectors see for example ref.7,13,14.

(16)

Semiconductor Detectors: Mc Kay was the first to

use a junction device for nuclear particle detection. He
demonstrated that the p-n junction in germanium could be used
to detect alpha particles, that the collection time for the
charge was quite small, and that the energy required to
produce an electron-hole pair in germanium was no more than

about 3 eV.

The principle of operation of such detectors is
basically the collection of the electric charge released in
a solid by the absorption of photons or charged particles.
The energy bands of the outer electrons in an insulator are
schematically represented in Fig.(2.2a) all the electrons are
accomodated in the valence and lower energy loands. The
conduction band is usually empty and no movement of electric
charge occurs. The valence and the conduction bands are
separated by an energy gap usually wider than 3 eV. When an

ionizing particle or radiation is absorbed by the insulator,
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Fig.2.2. Schematic representation of the outer electronic
bands of an insulator at rest (a) and after the
absorption of an ionizing radiation (b)(16)

it can transfer to a single electron enough energy to raise
it from the valence band to the highly excited bands; the
removal of a negative charge from the valence band appears as
a positive hole in the valence band. The highly excited
states exist only about one picosecond after which the
electrons are lowered to the conduction band, many more’
electron-hole pairs being formed in the process. The final
situation is that of Fig.2.2b with positive hoies at the
valence band and an equal number of electrons in the bottom
conduection band. When two electrodes are placed on two
parallel faces of the crystal and a voltage is applied, the
charge carries move to the appropriate electrodes and the

induced charge can be detected.

Fig.2.3a shows the energy band of outer electrons in a
semiconductor. It differs from the energy bands 1in an
insulator in two aspects(1l) The energy gap between conduction
and valence bands is usually lower than 3 eV; and (2)
impurity energy states are present close to the crystal's
.energy bands. The impurities, the presence of which allows a
semiconductor to conduct, can be schematically gathered into
two types (1) Donors who give electrons to the conduction
band; and (2) Acceptors who accept electrons from the conduc-
tion band (Fig.2.3a). When a p—n junction is formed the
distribution of free holes, conduction electrons, and impurity
sites is that shown in Fig.(2.3b). When a reverse bias is

applied, all the charge carriers move towards the electrodes
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and a depleted region is formed where a space charge due to
the ionized impurity sites exists (Fig.2.3c). This depleted

. . . . . 3,16
region is the sensitive area of a p-n junctilon detector( ’ ).

N-TYPE SEMICONOUCTOR
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Fig.2.3. Schematic representation of the outer electronic
bands of an n-type semiconductor (a) and of a p-n
junction at rest (bg and after a reverse bias has
been applied (c)'16/,

In order to have good detection characteristics, the
detector material should fulfill the following requirements

as cloéely as possible

a) It should contain very few free electric charge
carriers in the operating condition; such carriers may from a
current and will tend to conceal or to spread the desired

signal.

b) It should not contain a significant number of

trapping centers capable of holding electrons or holes and
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therefore giving rise to an incomplete charge collection.
Furthermore, trapped electrons and holes produce an electric
field in the crystal which, being opposite to the applied

field, causes the current to decrease with time (polarization

effect).

c) Recombination of holes and electrons during the

charge collection process must be very small.

d) Charge collection must be as fast as possible; holes

and electrons must therefore have high mobility.

e) In order to have a good resolution, the average
energy to produce an electron-hole pair must be as low as

possible.

Today the most commonly used semiconductor detectors

are Ge(Li), Si(Li), and high purity Ge.

Since -the dépletion area 1is generally small in a pure
semiconductor this region can be extended by adding Li to the
semiconductor (Si and Ge). This process is called drifting.
The drifted Li decreases the net density of holes in the
depleted region and a wider depleted region is obtained in
this region the free charge carriers formed as a result of
ionization can move to p or n side of the system and thus

form a current.

Since AE, the energy difference between the valence
and condutcion band, decreases with increasing temperature,
Ge(Li) dedectors can not be operated at room temperature, the'
reason for this is that the 0.6 eV energy is supplied with
the available heat energy and a great number of hole-electron
pairs are formed, in order to stop the diffusion of the
drifted Li at the necessary level Ge(Li) dedectors must be

kept and operated under -200°¢.

This problem can be avoided to some extent in high

purity Ge dedectors which need cooling only under operation
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conditions.

2.2.2. Comparison of Scintillation and Semiconductor Detectors

Here the basis of comparison will be their application

to gamma spectrometry

a) Energy Resolution: The resolution of a detection

system is a measure of the extent to which monocenergetic
particles produce pulse heights of a single value. In gamma-
ray spectrometry, the spread in the total energy peak is a
measure of the resolution. The degree of the uniformity of

the pulse heights is usually described by the quantity FWHM,

the full width at half maximum<l3). The quantity FWHM is
calculated as
Ah
FWHM =h_1/_% - (2.5)
max

where hmax is the pulse height corresponding to the maximum
ip the curve while Ahl/23is the pulse height inﬁerval bet-
ween the points at which one-half of the maximum value occurs..
Since as it will be seen in the succeding chapters that the
peak is generally represented by a Gaussian function, another

definition of the FWHM can be given as

(FWEM) % = 4 fn 4 y@riance | (2.6)

( mean )

The resolution i1s important because as the spread in
the peak gets smaller, peaks whose average energies are very
close can be distinguished and interferences will be minimized
and even very complex spectra can be analyzed easily. Semi-
conductor detectors have a vefy definite advantage over

scintillation detectors in this respect.

In both kinds of detectors, only part of the energy of
the incident gamma ray photon is used for useful iomization
leading to detection. This causes statistical variations in

scintillation detectors in the number of electroms reaching
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the first cathode and in semiconductor detectors in the

number of electron hole pairs formed.

The ratio of the mean square value of the statistical

variations observed in the number of total ionization events
-2 . . . . .

(AR”) to the number of total ionization events is defined as

(3)

Fano factor and is given as

-2 =2
n

Here E is the energy absorbed and e°'is the average

energy necessary for an ionization event.

Combining eq.(2.6) and (2.7) a new definition

AE = FWHM = 2¥/%n & ¢ /F,no (2.8)
is obtained.

Fano factor for scintillation detectors is 1, and for

Ge(Li) detectors is less than 0.13(3).

TABLE 2.2. Comparison of Scintillation and Semiconductor
Detectors(3)

Type of Detector

Symbol Semiconductor Scintillation

Necessary energy for an ionization
event (eV) 3 300

The number of electrons formed at

energy E (eV) il E/3 E/300
Standard deriation of f(o=/Fa VF . E/3 VF . E/3C0
Resolution FWHM 2.335/3 F.E 2.335/300 F.E
Internal gain G 1 106
Charge (Coulomb) Q Ex 0.5x10 "0 Ex0.5x 10717

The resolution calculated from eq.(2.8) takes into

consideration onlty the detector. However, since the detector
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and the coupled electronic system are the sources of indepen-
dent statistical variations that affect the total resolution

obtained from gamma spectrometry they will be added as

2
electronics

(AE) > = (AE)2

total detector (AE)

(2.9)
In Ge(Li) detectors at low energies, the statistical
spread in charge production is small and in most cases it is
less than the spread contributed by the electronic noise. At
higher energies, detectors frequently show insufficient charge
collection due to trapping and or recombination. This results
in a larger noise contribution from the detector than the
estimated contribution, causing the FWHM vs photon energy
characteristic to be linear rather than parabolic(l7). In
semiconductor detectors, because of the vacancies and
impurities in the crystal structure trapping regions are
formed and some of the charge carriers are either lost from
the current or they are retarded, this leads to a fluctuation
in the current. The resolution decreases and in the lower
energy side of the nearly Gaussian spectrum line shape an

assymetric regiom is formed.

The other factors affecting the resolution are detector
noise (Shot, Johnson, superficial leakage current noise) and
detector capacity. For further information see for example

(3)

ref

b) Detector Efficiencyf Another important parameter is
detection efficiency. Although efficiency can be defined with
respect to peaks produced in different interactions; in the
range used in this study (40 keV-2 MeV) the photoelectric
interaction cross section is comnsiderably greater than
Compton and pair production cross sections and only full

energy photopeak efficiencies will be considered.

Every efficiency can be expressed as intrinsic,

absolute or relative.
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Total energy photopeak efficiency is the probabilty of

counting a gamma ray photon of a given energy in the photo-

peak energy region.

Absolute total energy photopeak efficiency is defined
as the probability of counting the photons from a soruce of

known activity in the total energy photopeak region.

However the most frequently used definition of
efficiency is the relative efficiency which is defined as the

ratio of total energy photopeak efficiency 'to the efficiency

in a different energy.

2.2.3. Auxillary Electronic Equipment

In general the amplifying-counting system consists of
the high voltage supply, preamplifier, amplifier and the

multichannel analyzer

DETECTOR PRE-AMP. AMPLIFIER | M.C.A.

HIGH
VOLTAGE

Fig.2.4. Schematic arrangement of a gamma spectrometry system.

Highvoltage power supply: Both scintillation and semi-

conductor detectors need high voltage for different reasons;
while high voltage is used in the photomultiplier tube for
the amplification of electron current, it is used in the

semiconductor detector for the application of reverse bias.

Preamplifier: The signals obtained from detectors have

very small amplitudes. For this reason they have to be

amplified in, order to be analyzed. This can be performed in
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three ways: (1) Voltage amplification (2) Current amplifica-

tion (3) Charge amplification.

Amplifier: is used for obtaining variable voltage gain,

reducing pulse pile up to a minimum.

Multichannel (pulse height) analyzer: is used for

obtaining the frequency distribution histogram of the heights
of the incoming pulses. The amplitude of each signal is
measured, and with an Analog to Digital Converter, is trans-
formed to an integer approximately proportional to the
amplitude. And the information thus obtained is kept in the
memory area in cells called channels. The counts in every
channel shows the number of pulses whose amplitude value is

in between the limits of each channel.
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3. COMPUTER ANALYSIS OF GAMMA RAY SPECTRA

The phenomenon of a gamma photon dissipating all or
part of its energy in the detector and eventually giving rise
to a digital signal representing the Y-ray energy is called
an event, The collection of numbers of events corresponding
to a specific digital channel for a given radiocactive source

and measurement time is called the gamma ray spectrum(lg)(GRS)-

The term gamma ray spectrum is somewhat misleading
because the detection of gammarays is indirect and the
spectrum is actually the spectrum of the fast electrons
produced by the interactions of the gamma photons with the
detector material. As a result the spectrum contains continuous
parts and escape peaks in addition to peaks corresponding to

the mono energetie gamma rays.

PN(E)

Ee €y

Fig.3.1l. Theoretical gamma ray spectrum
ray Ey a) Dirac d&-fupcti b)
with Compton edge EC(15,185.

from a monoenergetic
Compton distribution

RIMBER
oF
counTS

FULL ENERGY

/ PEAK

BRENSSTRAHLUNG

BACKSCATTER
PEAK

ANNIHILATION
PEAK

L

COMPTOR CONTINUUM

COMPTQON

CHANNEL NUMSER

Fig.3.2. A typical Gamma ray spectrum(lg).
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In gamma ray spectra (GRS) two kinds of statistical
phenomena have to be considered. The first is that due to the
phenomenon of radioactivity itself because of which the number
of events in each channel is governed by Poisson statistics.

M

P(m) = 28 (3.1)
where P is the probability of observing m events and N is the
expected average of events. The magnitude of the statistical
fluctuations is conventionally given by the estimate of the

standard deviation on the Poisson distribution(3’l9).

AN = VN = vm (3.2)

The second kind of statistics is related to the
detectino system response. The gamma photons emitted by
~radioactive isotopes are moncenergetic. They have a.very small
spread in energy determined by Heisenberg's uncertainty
relation. In channel units. They can be represented by a
Dirac delta functiom at their specific emergy EY as shown in
Fig.3.1l. Photons that do not dissipate all their energy are
those interacting via the Compton effect with quasi-free
electrons in the detector, giving the theoretical energy
distribution of eq. (2.2).In addition, for energies greater
than 1.02 MeV, those that produce pairs lead to single and

double escape peaks.

The physical processes that govern the creation of
light photons or electron-hole pairs in detectors, those that
produce the electrical discharge and finally those that
transform the latter into a digital binary number are all

(3,19)

statistical in nature

A GRS consists of a large senes of integer numbers, a
few hundred to a few thousand depending on the kind of
detector used, arranged in a certain sequence. The extraction
of the information that is of value from the numbers and
their sequence is the art of analysis of a spectrum. Throughou

the text sought after information will be denoted as signal,
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and noise (background), denotes the bits of data that obscures
the recognition of the presence of the valuable information.
In a GRS the noise has partly a composite statistical and
partly a continuous nature which is due to Compton effect,

pulse pile-up, Bremsstrahlung, etc .

In regions of the spectrum, hereafter denoted as peaks,
the signal-to-noise ratio is stromger than in continuum
parts, at least with respect to a given specimen. In the
following the concept of complex will be used for a group of
channels in an observed GRS that are related by the fact that
several sources of information contribute to such a group of
channels, e.g., true detector background, Compton distribu-
tions. from several gamma lines, statistical fluctuations ofu
different origin and one or more unique signals belonging to
Y rays. If a complex contains several unique signals, each

of them expenences the sum of others as part of the noise.

The signal has a qualitative as well as a quantitative
aspect., The first is the information about the species
(isotopes or elements) that have contributed to the complex
and tﬁe second, about the species (isotopes or elements) that
have contributed to the complex and the second, about the
amount of each speciemen present. The exact position of the
peak maximum determines the qualitative aspect, whereas the
integrated area under the peak determines the quantitative
aspect. Both these values can be determined only after the
presence of a peak region has been recognized. The latter
involves the concept of peak shape in numerical terms, such
that signal and background can be accurately separated. The
recognition of the peak shape is also important for a judgement

of the uniqueness of the signal.

A1l numerical values extracted from the GRS are
influenced by the statistical part of the noise. As a result
only estimates of the true value can be given, accompanied by
standard deviations representing a measure for the precision

of the estimate. The statistical part of the noise also puts



a limit on the ability to recognize a peak region, which

leads to the concept of limit of detection.

However, the amount of valuable information that can
be extracted from a given GRS is determined by the nature and
the quality of the measurement. The signal-to-noise ratio
cannot be improved after the measuiement, no mather how
sophisticated or powerful the mathematical techniques used

for the analysis(19)l

Especially with the starting of wide spread use of
Ge(Li) detectors, because of their high resolution;
multichannel analyzers with 4096, even with 8192 channels
became common place; such vast amount of data could not be
manually analyzed in a reasonable time, thoroughly and in an
efficient manner. With parallel advances in computer hardware
and software, the introddction of computers and computer
codes into the field of gamma ray spectra analysis was not

only logical but became a must.

Many computer codes have been written for the analysis
of NaI(TI) spectra these generally require a knowledge of the
possible component isotopes in the spectrum and also the
availability of standard pulse height spectra of these

components(lS’lg)

. However because of their high resolution
Ge(Li) spectra need a special treatment which is, in most
cases easier, faster, and more automatic than analyzing

NaI(IL) spectra(3’19’22_26)'

A computer code developed for the analysis of gamma

ray spectra must have the following qualifications(3’26).

(a) The method must be programmable to be able to
perform an automatic analysis.

(b) The code must be able to handle data obtained
under various experimental conditions.

(c) The code must be able to analyze highly complex
spectra.

(d) Tt must include information about error limits.
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(e) The execution time and memory requirements should

be kept to a minimum.

In general the steps in computer analysis are as

follows:

a) Peak identification
b) Fitting a function to the peaks
¢) Energy and efficiency calibration

d) Identification of nuclides producing the spectrum.

3.1. Peak Identification

Inorder to minimize statistical variatioms in countrate
various filtering methods are used to smooth the spectral
data the earliest and the most commonly used is the method

of Savitzky and Golay(zo)

which is a least squares fitting of
a polynomial to the data points carried out by their convolutic
with properly chosen sets of integers.

1 ]_ +m
.= = I .C. . 3.3
C, N . a.C ( )
m j=-m
Here C. represents counts in channel i a, are the comnvolution
i
integers,Nm is the normalisation factor (which are given

(20))

tabulated form in ref and Ci is the smoothed value of
channel i. Here for the smoothing process 2mt+l points are
used. Smoothing the whole spectrum can be carried out by
taking channel i+m+l and dropping channel i-m-1. In this way
not only a smoothed spectrum but the derivatives of the

spectrum can also be obtained.

The number of channels used in convolution and the
order of polynomial are the important parameters. For optimum
performance the number of channels included in smoothing
~should be equal to FWHM and a cubic polynomial for calculating

. 3
the first denvatire for peak detection purposes must be used( :

21,22) :
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Several authors have used Fourier transformations

However, these are method relatively complex to be programmed need
more execution time and memory and by no means much superior

considering their complexity. For a discussion of these methods

see ref(lg).

In BUCAASA smoothing is used as an aid in determining

the first derivative spectrum.

The methods of peak detection are classified in five
groups i.e. those based on (1) The detection of a relative
maximum in the spectrum, (2) The use of the first derivative,
(3) The use of the second derivative, (4) cross correlation

methods and (5) wvisual methods<24).

As a result of the IAEA G-1 Intercomparison of methods

(24)

for processing Ge(Li) Gamma-ray Spectra , 1t was found

that in the best hands, visual methods and the use of the

second derivative are capable of marginally superior

performance.

The performance of a peak detection method can be
evaluated by considering its ability to detect true peaks,

reject spurious ones, and detect multiplets.

3,1.1. Peak Location by Finding Relative Maxima

This is the simplest method. The spectrum is first
scanned and the possible peaks are selected by finding those

channels where the counts fulfill the conditions(lg):

- < - (4 .
C;, <C,K \/q and C, < C.—K VCl(l) (3.4)

Where K is an experimentally determined constant.

This method 1s fast and can be programmed easily but

often overlokes peaks, especially small ones, and cannot

. 19
separate multlplets( ).
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3.1.2. Method of Smoothed First Derivative

If the number of counts is regarded as a continuous
function of the channel number, then the first derivative
changes sign at the top of the peaks. In approaching a peak
it is positive and after the peak it becomes negative in the
next few adjacent channels. This can also be used for locating
peaks. The computer looks for groups of channels such that

the smoothed first derivative C' fulfills the following

criteria

ct 20

1

Ci+j <0 j=1,2,...,r (3.5)
c:!L__j>o i=1,2,...,2%

Being able to recognize significant peaks but to
disregard statistical fluctuations, r and 2 must be chosen in

(19)

accordance with energy resolution

This method with a few extensions and checks for

detecting multiplets is used in BUCAASA for peak detection.

3.1.3. Gemneralized Second Differences

In this method developed by Mariscotti<25), the peaks

are assumed to be described by Gaussian functions and the
background to be approximated by a linear function within

short intervals:

Y(x) = G(x) + a; *+ asx (3.6)
where G(x) represents a Gaussian function 1f a peak is
present and 1s zero otherwise;al and a, are constants
describing the background.

If it is assumed that Y(x) is a continuous function 1igg
second derivative Y'"(x) becomes independent of the backgroung
and it vanishes for any interval in which there is no peak.

Therefore a peak would be located wherever Y"(x) # 0.
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Because of the discrete nature of data, the second

derivative must be replaced by the second difference

S. = C. - 2C, + C. (3.7)

which, like Y"(x) should be only different from zero in the
neighborhood of a peak. However, since the data Ci are defined
within a statistical error, The S, values will fluctuate

around the expected value according to their standard deviation
and, if the expected value Si is comparable to its standard

deviation no peak searching can be attampted.

To detect weaker peaks S; is replaced by a "smoothed"
second derivative expressed by
l+m
5, Gw) = z S. (3.8)

x=i-m 3.

where the normalization constant is omitted.

This process is repeated, the averages are averaged

and the generalized second difference is defined as

1+m 1+m
Si(Z,w) = b “e DX S : (3.9)
j=1-m k=1-m
z
The optimum pair z,w is found to be z = 5 and W= 0,6

FWMM thus S,.(z,w) % 0 at the background and Compton continuum,
i

differs significantly from zero around a peak and is

proportional to the second derivative of a Gaussian, if the

peak is a full energy peak superimposed on a linear background.

A peak is identified in channel i if - Si(z,w) > ZASi(Z’
It is then tested to determine whether it is a real full energy

peak or a Compton shoulder.
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3.2. Detector Response Functions for

Determination of Peak Position

and Area

Inorder to assess precise values of energy and intensity.
The spectrum line shape of a peak must be known, at least
approximately. Although, theoretically an event corresponding
to a given gamma ray energy is represented by a Dirac &-function
the statistical nature of radioactivity and the detection
system as a whole, causes a widening of the line and thus
forming the shape called peak as described in sub section
4.1. Here after until otherwise stated only detector response
functions for Ge(Li) will be considered Gemerally, a response

function is of the form
Y(x) = F(G(x)) + C(x) (3.10)

Here Y(x) is the approximate detector response function G(x)

is a Gauss function

(x—xo)2
Aexp 5 (3.11)
20

1i

G(x)

and C(x) is a polynomial:

c(x) n=1,2,3 (3.12)

1

WM
)
v

However, the main difference lies in the construction of F

)(3>: Usually

which is a function of the Gaussian G(x
in order to compensate for trapping effects the Gaussian 1is
modified with the addition of exponential tailing functions.

(3)

For a general discussion of these methods see ref

The requirements for a response function can be

summarized as follows.

a) The physical events that affect the shape of the

peak must as a whole be represented.
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b) Since the resultant function is nonlinear nearly in
every case it must have as few parameters as possible inorder
for the minimisation method (generally a nonlinear least
squares fitting) to work reliably and fast. These methods are
iterative, so initial guesses must be supplied, as the number
of parameters increase this becomes not only tedious but

sometimes impossible.

c) And the method must be programmable easily.

(3)

In CAASA and in BUCAASA an analytical approximation

of the form given in eq (3.10) is constructed.

3.2.1, The Analytical Approach for Detector Response
(3)

Function

Generally in experiments investigating physical events,
the data obtained is distorted due to the effects originating
both from the system used and from the event itself. In such
a case the variation of a physical quantity can be represented

by a convolution integral

X X
F(x)=/ G(x-T)D(1)dT =1 G(T) D(x—T)dT (3.13)
o] Q ’

Here G(x) is the function representing the pure data and D(x)
is the distortion function, and x is an independent variable.
The ideal detector response in the detection of monoenergetic
gammarays is a Dirac S-function. Assuming that D(x) is a

Gaussian function (eq.3.11) where x the independent variable

representing channels, the detector response can be found

as;
o (; 1(X—T)2 4t = A _1 (X_XO)Z} (3.14)
F.(x)=A ﬁ §(t-x_)exp L'-E‘Gg— " A |77 7 ]

Where A is the amplitude, Og is the standard deviation being a function of
energy (see Table 2.2) and X is the channel where the Gaussian

is a maximum.
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The distortion due to trapping effects can be represented

by the convolution integral of an exponential function with

the Gaussian noise:

fl(x) = Alexp[B(x—xo)} (3.15)
_ 2
fzgx) = Azexp - 2092 x7) (3.16)
T(x)=f (x)*£,(a) = A E}O B( ) L &2y (3.17)
1 9 9 exp T—xo .exp —5-65——) T .
-0 e

where B is a constant, A=A1.A2 and o, is the standard deviation of

the Gaussian noilse.

< 2
T (E—— + B)Oé

2
Defining U = = = (3.18)
: e
and
x
erf(x) = ———ET77 fexp (- % t2) dt (3.19)
(2m) o
and
: X
2
erfe(x) = % - erf(x) = % - ———————11/2 [ exp(- %t )yde  (3.20)
(2m) o
X=%
1/2 1.2 2 o)
T(x)=A(2m) O, exp{é(x—xo)+ 5 B Oe-}erfc( 5. + BGe) (3.21)

is obtained

However, in BUCAASA instead of T(x) a new tailing

function

' 1 2
D(x) = At exp{B(X—Xo%.{l—eXP(‘ . 5 (X“CXO) )18 (3.22)
t

is considered as can be seen from fig.3.3 D(x) 1is very similar
in nature to T(x) and easier to implement in the program and
better error estimates for D(x) can be obtained. Furthermore
the time required for the minimisation process is less than

the time required for minimising a function containing T(x).
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- ;lu (x-Cx )2
2ot °
l-e
1
1/2
X=Xg
erfe( +BJ )
e (<]
-
o) i
Xo Cx “
BO 2
¢ |
Fig.3.3. Comparison of T(x) and D(x)
Here C>1 and
3 1/2 1 .2 2
At = A(2m) g, exp (2 B o, )
(3.23)
1, x < Cx
§ = |
0 , x 2 Cx
0

In GRS, although the ideal response is a Dirac
S-function the statistical variationms, which are assumed to
have a Poisson distribution in the number of ion-pairs cause
the line shape to spfead and be more or less a Gaussian.
However, the probability of detection of monoenergetic photons

in the lower energy side of the Gaussan is greater than the
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probability of detection in the higher energy side. Because
the photon whose initial energy is EO and which corresponds
to an energy E in the Gaussian, can be detected at any energy
level less than or equal to E and however this is not true
for energies greater than E. For this reason if it is assumed
that the distribution of photoelectron energies is a Gaussian
function and the probability of detection of a photon for all
energise less than or equal to E is constant equal than a

step function component over the Compton continuum is formed

see fig.3.4.

Counts
4
A e - ) Gaussian function
. Step function
n{x)
ka{x) — L
-
%o X ’ Channel
(3)

Fig.3.4, Schematical representation of step effect .

: +
1 2
S(x) = A i k exp i- 55;7 (X-XO) di (3.24)

and evaluation of the integral gives;

X=X

S(x) = h . erfc (— 2) (3.25)
e

where

1/2

h= (2m) Ako (3.26)

Here g 1s taken to be eqﬁal to og because the
e

(3)

correlation between S(x) and D(x) must be minimum

The Compton continuum is represented by a quadratic
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polynomial,
3 .
C(x) = 1% a.x (3.27)

. Finally gathering all terms, the detector response
function is obtained as

3 -1 n X-X .
F(x) = L a.x + ¥ {h.erfec ( 5 OJ) + At.exp B(x-x J)‘
i=1 j=1 3 g ] o
x-Cx . X=X .
(l-exp -1 G——*ﬁﬂQz )8 + A . exp |- L ( OJ)Z } (3.28)
2 O, 2] 2 Og :

where n, is the number of photopeaks in a photopeak group h
the amplitude of the step function, A the amplitude of the

Gauss function and X is the peak channel position.

l Fix)

Compton
ontinuum

Tailing

l

X X
o -

Fig.3.5. Schematic representation of the components of the photopeak
function F(x) for a singlet 3),
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The fitting of the function F(x) given by eq. (3.28)
to the experimental data points is done with the variable

metric minimisation method (see Appendix A).

The peak areas are determined by calculating the area
under the fitted function:

The area of the Gaussian is

b 1 %2 1/2
A=A [ exp |-+ —D%dx = (2m) Ao (3.30)
G g . 2 (% g8

and the area of the tailing function is given by

Cx
o] 1 x—CxO 9
A = - - r
T J Atexp[B(x xo)}{l exp [ 5 ( . ) }} dx
At
= 5 exp (—on) [exp(BCxo)—l] +
. CX —
1/2 1.2 2 o |
+ §2W) A0, exp ;5 B0." + BxO(C 15} [erf(BOt)—erf(E§T+BOt)J

(3.31)

Where the index j is omitted for clarity and erf(x) is defined

in eq. (3.19).

The peak location which is an actual parameter of F(x)

is directly determined by the fitting process.

The goodness of fit is calculated by

1 1 12
I 2t - . .
Xy T om ; Y. [Yl F(xl)} (3.32)
i i
where Y. are the experimental data points, n the number of
i
channels in this fit and m the number of parameters in the
fitting process.
. (27)
In BUCAASA another test developed by Aarnio et al

the error correlation is also used:



33

R - 1 g . def
(n-m) i-1 i7i+1 (An+1 Al) (3.33)
where Yi _ F(xl)
Ai = (3.34)
VF(x,)

A good fit is indicated by XZR < 10 and |R] = 1.

The estimation of errors due to the parameters in the
fit is done by employing the inverse of the Hessian matrix:
The diagonal elements give the variances of the parameters

whereas the off diagonal elements give the covariances (see

Appendix B).

3.3. Energy and Efficiency Calibration

Experimental values of channels and corresponding
energy and efficiency values obtained under identical

conditions are supplied to the computer by the user.

In general the energy~channel relation can be

(3,22,26)

represented by a parabolic polynomial and the energy

efficiency relation by a function of the form;
F = pE? (3.35)

where p and q are constants for a given detector and source

22
geometry, over the range 100 keV to several MeV( ).

The energy calibration function is given by
3 .
f(P,x) = ¥ ©p:X (3.36)

where p is the parameter vector, X is the channel number and
f(E,x)—is the corresponding photon energy. For the fitting
process the linear least squares method is employed. The
uncertainties in the determination of energy is mainly due

to the spectromoter system therefore the uncertainties in
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system therefore the uncertainties in channel may be taken to

be equal to

0.2:=02 ;sz !

{e.~£(P,x.)}2
1 —_— 1

t ™=

i T Me(mel) .
1=1

here, M-(m+1) is the degree of
data points to a polynomial of

photopeak energy, oi=

0, 1s the

freedom related to

(m+1) parameters e

standard deviation

(3.37)

fitting M

is the

corresponding

2

to photopeak energy e, and 87 is the variance in the fitting

process.

The errors in the determination of the energies is

given by

9£(P,x.)
=27

aP >

3f(P,x.)
5 =273
k 2

T
BP2

e s%yl/2 (3.38)

oplx;) = ¢ o
L
where g is the error matrix calculated by taking Oi=l (see

Appendix B)

3.4,

Nuclide TIdentification

The total number of known X and Y ray emissions include

more than 48000 lines emitted by more than 2000 nuclides(zs).

In any practical analysis, the totality of these is impractical
and therefore not required, specially selected reference
libraries should be used in different applications. Such
libraries should contain all nuclides which may appear in the
spectra under analysis, and also a minimum of those which

(29)

will not appear in any case .

different libraries have been developed
(28)

Accordingly,
for different applications using ZZ-GAMDAT-78 data

collection as a data base.

There are basically two approaches to computer aided

a) Simple line matching, b) identification

nuclide identification:
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with associated lines.

3.4.1. Simple Line Matching

Simple line matching is performed by comparing the

calculated peak energies with the gamma-ray reference library

one at a time.

The simple line matching is a tentative identification
of possible peaks, Generally the computer codes accept a
certain maximum energy difference between the identified peak
energies and the gamma-ray reference library energies the

value of which is supplied by the user.

The final result is obtained by inspecting the printout
of the program. For an experienced worker this printout
provides a fairly accurate and reliable méthod of identifying
the component nuciides in the measured spectrum without the

chore of manual computation.

3.4.2. Identification With Associated Lines

This method is based on the method suggested by Gunnink
(29)

and Niday, however, the present implementation has several
improvements such as the tests to insure that only the right

nuclides are accepted.

In this method a working matrix, which contains the
branching intensities, is formed by comparing the computed
peak energies in the analyzed spectrum with those in the
reference library. If the computed energy of the first peak
differs by less than a tolerance value, E o1° from a line in
the library, the program starts forming the first column of
the working matrix. As the nuclide in the library may also
have other gamma energies besides the first one, all those
that lie in the comparison interval are compared with the
measured peaks. For every library energy of this nuclide, the
smallest difference between this energy and the fitting peak
energies that determine the row of the working matrix where

the branching intensity is written, 1s computed.
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The process is then repeated for the next nuclide

until all the peaks in the spectrum have been compared with

the library. The resulting working matrix has the dimensions

NyM, where N is the number of fitted peaks in the spectrum and

M the number of possible nuclides.

Along with the working matrix three vectors are formed.

They contain the symbols of the possible nuclides, the
confidence values for each nuclide, and the numbers which are
used to write the accepted nuclides into the output matrices

in the order of increasing proton number and .atomic weight.

NUCLIDES

S

ENERGIE!

.,
U
L

X X

PHOTOPLEAK

Fig.3.6. The structure of the working matrix. Nom zero (295
elements of the matrix are marked with crosses .

The confidence value of a nuclide is an index computed
to discriminate against probable nuclides. The initial value
of the confidence index is 1. For each considered library gamma

energy it is multiplied by the function.
: r 2
f(AE) = exp l-(0.16/Et01)(AE) (3.39)

where AE is the smallest computed difference between the
library energy considered and the peaks in the spectrum. To
account for small intensities a reference activity for each
nuclide is computed. This reference activity is used to check
whether such a small intensity should be seen in the spectrum

or not.

After all the gamma energies of a nuclide that lie in
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the interval of comparison is checked, the confidence value

is multiplied by the function.

3

g(At) = exp[~5.116856x10— (At/Tl/z)} (3.40)

Where At is cooling time and Tl/Z is the half 1life of the
nuclei.s This assures the removal of nuclei with too short a

half life to exist in the sample at the time of counting.

Finally, the confidence value is compared with a given

limit. If it is smaller, the matrix column under consideration

is cleared.

The above process is repeated for all nuclei and an
interference matrix is formed, the unknown activities of the

nuclides are determined by solving the matrix equation
Bx =D (3.41)

for the unknown activities x; B is the interference matrix
containing the branching intensities of the nuclides that

were found to interfere with each other, and D is a vector
that contains the intensities of the peaks in the experimental
spectrum that are assumed to be due to these nuclides. The
equation is solved using the weighted linear least square
technique, The weighing factors are the reciprocals of the
.errors of the calculated peak intensities. This takes into
account the fact that stronger peaks can usually be calculated
more accurately and therefore give better results than smaller

peaks.

There are two acceptance criteria: none of the activitieg
of the nuclides can be negative and none of the errors of the
calculated activities more than 50 7%Z. If one or both of these
conditions are not fulfilled for some nuclide that nuclide is
removed and the interference matrix is formed a new.

(29)

This process is repeated for all interference sets .
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4, PROGRAM PACKAGE BUCAASA

The starting point of BUCAASA* is CAASA program developed
by Ciftciqglu(B), which was coded in FORTRAN-IV and ran on a
PDP 11 microcomputer. The major shortcomings of CAASA were its
lack of efficiency calibration and nuclide identification
routines and to some extent the rather poor way of supplying

initial guesses for the parameters in the fitting process.

The main aim in preparing the package was to make the
programs user friendly-interactive- and more precise and
accurate, For a general user although the principles behind
the analysis are important, fast, automatic and easy to use
programs are of greater value, for such programs are mainly

used in routine work.

The package consists of four main programs, although.
it could be put into a single program format which was possible
on CDC Cyber 170/815 system at Bogazigci University where it
was deVeloped,'however in order to make its adaptation to
microcomputers easier it was decided to separate the self
consistent parts. Though hierarchial in order, each program
can be used separately and even for a mainframe computer
considering the costs of occuppying central memory area this
division is highly beneficial and it allows the user to evaluate
the results of each part and perform additional runs towards
a more accurate analysis especially in academic work. For
routine work, excepting cases of important multiplets even
part two (BUCAASA/FIT) may not be used at all and a single

consecutive run of parts one, three and four would be

sufficient.

In deciding for the programming language to be employed
FORTRAN 77 was chosen due to the familiarity of general users
with earlier versions of FORTRAN language and its possibility

of allowing structural programming thus leading to programs

% BUCAASA; Bogazici University Computer Aided Automatic

~

Spectrum Analysis.
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which are easily understood and can be maintained and
modified with minimum cost. The present implementation has no
extensions to the language meaning that it will run on any
system which has a FORTRAN 77 compiler with no major modifi-
cations. However the fact that CDC Cyber 170/815 uses 60 bit
words, hence its single precision.is double precision for
other systems must be taken into consideration, but this

aspect is important only in part two: BUCAASA/FIT.

4,1. Organisation of BUCAASA
BUCAASA consists of four programs

a) BUCAASA/FIND: performs peak identification and
calculates peak areas, and runs an estimate of some of the
necessary parameﬁers for the fitting process such as peak
channel, right and left limits of peaks, FWHM and coefficients

of the Compton polynomial.

b) BUCAASA/FIT: Performs the fitting of a function to
the peak data points; the function can be a Gaussian,
plus tailing or a Gaussian plus tailing plus a step function
with a polynomial Compton background which are chosen by
changing the values of a single parameter. As a result of
this fitting, exact channel location of the peak and its area

together with relevant error estimates are calculated.

¢) BUCAASA/CALIBR: Performs the necessary energy and
efficiency calibrations using the results of part II and

calibration data supplied by the user.

d) BUCAASA/NUCLIDE: Through the associated lines
(29

technique ) using purpose built libraries identifies the

component isotopes and their activities.

The programs pass data to each other with standard
FORTRAN 77 random access files. The usage of random access

files permit individual runs for each photopeak group thus
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leading to improvement in the results.

Each program needs very few input parameters which
direct the flow of the program, i.e. the thorougness of the
analysis and which are supplied interactively. Although the
programs can run batchwise, especially in BUCAASA/FIT,

lnteractive usage helps to produce better results.

SPECTRUM )
DATA PARAMETERS
"} PRINTER
FIND = outeut
TTIN A
PiﬁAM§¥§RS PARAMETERS
PRINTER
FIT —3  ouTPUT
CALIBRATION PEAK
DATA CHANNELS PARAMETERS
AREAS
PRINTER
CALIBR = outeuT
GAMMA RAY PEAK -
LIBRARY ENERGIES PARAMETERS
INTENSITIES
B PRINTER
.4UCLIDE vl

input and output files.

Fig.4.1. Schematical organization of BUCAASA with associated
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4.2, Program BUCAASA/FIND

BUCAASA/FIND consists of one main program and two
subroutines,

SMOOTH

PEAKID

FIND

Fig.4.2. Subroutine structure of BUCAASA/FIND.

The main program controls input, output and communication
with the subroutines, performs a tentative calculation of the
peak areas by adding counts in the channels between the right
and left limits of the peak and substracts background which 1is
computed by fitting a line through the right and left channels.
A significance value for each peak is computed as

S =M)-l—/2g100 (4.1

A
where A is the peak area and B is the background. Assuming
that the peak can be represented by a Gaussian its area is

gliven by

Ag = (2m) Y 204 (4.2)
Therefore an initial guess for can be computed as
A
g = ———%7—2-— ‘ (4.3)
(2m) A

Subroutine SMOOTH performs smoothing by the method of
Savitzky and Golay (see subsection 3.1). Three, five, seven
nine and eleven point smoothing is possible. Using the smoothed

data the first derivative spectrum is calculated.
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Subroutine PEAKID performs the peak identificatiom
using the first derivative spectrum (subsection 3.1.2). The

right and left limits of the peaks, peak channels and
multiplets are identified. -

4.3. Program BUCAASA/FIT

BUCAASA/FIT consists of one main program, five

subroutines and one function.

DERIVS ERF

CUBINT

VARMET

RINT

FIT

Fig.4.3. Subroutine structure of BUCAASA/FIT

Main program FIT controls input, output and performs
the error estimation calculations (Appendix B). By assigning
a value to the parameter IVAR the kind of fitting function
can be chosen, the optioms being Gaussian plus polynomial
background, Gaussian plus tailing and polynomial background,
and Gaussian plus tailing plus the step function given by
eq.(3.28) the necessary parameters are either supplied by the

user or default and the values calculated by BUCAASA/FIT are

used.

Subroutine VARMET is an implementation of the variable
metric minimization method (Appendix A) for non linear least
squares fitting. The iterations terminate when either 100

iterations have been completed or five comsecutive values of
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all parameters are found to be the same or all of the

gradients are less than 10_11 or when one of the photopeak

parameters become negative,

Subroutine DERIVS calculates the derivatives of the
fitting function with respect to the parameters of the fit

which are given by egs.(A.35-43),

Subroutine CUBINT performs the cubic interpolation in

order to calculate the optimum step length in the minimization

(see Appendix A).

Subroutine RINT calculates the terms of the error

equation for the tailing area (see Appendix B).

Subrautine ERF is used to compute the error function

given by eq.(3.19).

Function ETS is used for to compensate underflow

effects in the calculation of exponential functions.

4,4, Program BUCAASA/CALIBR

BUCAASA/CALIBR consists of one main program and four

subroutines

POLIN MATIN

POLIX

INTRP

CALIBR

Fig.4.4. Subroutine structure of BUCAASA/CALIBR.
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Main program CALIBR controls input, output and
communication with the subroutines. Energy and efficiency

calibration data are supplied by the user.

Subroutine POLIN performs the linear least squares

fitting (see subsection 3.3).

Subroutine MATIN forms the inverse of the matrix whose
elements are the coefficients of the resultant simultaneous

linear equations from linear least squares fitting.

Subroutine POLIX calculates the energy and efficiency

values using the coefficients determined by subroutine POLIN.

Subroutine INTRP interpolates logarithmically between
efficiency calibration data points. This routine must be used
only in cases where eq.(3.35) is not valid, i.e., for gamma
energies less thén 100 keV because an accurate error estimation

is nearly imposéible.

4,5, Program BUCAASA/NUCLIDE

BUCAASA/NUCLIDE Consists of one main program and eight

subroutines
The main program controls only input output.

Subroutine IDENT performs the nuclide identification

using the method of associated lines (subsection 3.4.2).

Subroutine LIBRAR reads in the gamma reference library

for the identification routimnes.

Subroutine MATRIX forms the working matrix in the

nuclide identification.

Subroutine CORR makes the time corrections to the

activities calculated at the identification stage.
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LIBRAR

GLSQ

DIAG

ORDER

CGRR

MATRIX

INTRF

IDENT

NUCLIDE

Fig.4.5. Subroutine structure of BUCAASA/NUCLIDE

Subroutine INTIRF determines the interfering nuclides in

the nuclide identification.

Subroutine GLSQ is a general linear least squares

routine.

Subroutine DIAG determines the diagonal values of the

inverse of the matrix produced from the GLSQ.

Subroutine ORDER arranges a number of arrays into the

order of the ascending values of the first array.
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5. DISCUSSIONS AND CONCLUSIONS

In 1976 as part of its Analytical Quality Control
Services programme, the IAEA offered an intercomparison
dealing with the evaluation of methods for processing Ge(L1i)
gamma-ray Spectra(za). 212 sets of results from 163
laboratories in 34 Member States of the IAEA were received.
The environment of 207 results was computers. From the

evaluation of these results it was evident that no one

particular method was overwhelmingly superior.

The information on methodology provided by the
participants showed that many of them were using the same
computer programs for spectrum evaluation. Four programs in
particular were found to be relatively frequently used,
namely SAMPO by 23 participants, GASPAN by 9 participants,
GAMANAL by 8 participants and PHILIPOT by.7 participants. An
intercomparison of these four programs showed that SAMPO was
the best. However it was also found that success in evaluating
these spectra was not so muchAdependent on the principle of
the method used but more on the details of how this method

was applied.

The major aim in preparing this package was supplying
the analyst with a powerful and easy to use tool whose

performance was not dependent on the user.

However, even from the beginning, i.e, peak identifica-
tion routines, it was found that since gamma ray detection 1is
a statistical phenomenon the criteria for identif ication were
somewhat subjective; no method rejected the spurious peaks
while identifying all the real ones however weak they may be
and whatever their interferences are. Experienced human eye

is still the best tool in identifying especially the multiple

peaks.

In the fitting process, all the functions which are
supposed to represent the experimental data as accurately as

possible were determined to be valid only under special



experimental conditions. The functions are not easy to handle

since nearly in every care they are non linear, and the non
linear least squares methods used in fitting are always
iterative processes, requiring initial guesses for the para-—
meters in the fit. Optimization of those parameters requires
tedious calibration runs until they are reasonably well

determined for the system being used.

Taking into consideration the above stated facts the
programs were designed to allow the user to chose the degree
of thoroughness of the analysis he desires. A compromise was
found to be necessary between accuracy and automatic use of

the program.

In BUCAASA/FIND four parameters direct the peak
identification process, by lowering their values, it is
possible to detect even very weak peaks, however, the user
can choose among them the peaks he considers to be signifi-
cant for his work by adjusting the parameter PTEST. These are
all subjective criteria but it must be stated that they are
necessary inorder to analyze exceptional spectra, e.g, peaks
on high background, multiplets with a channel difference of
less than three channels, etc. For routine work and well
behaved spectra, i.e, spectra with low background and well

defined peaks, they can be taken as constants.

In BUCAASA/FIT it is possible to use three different
fitting functions all of them being a subset of eq. (3.28).
Using eq. (3.28) in fitting is a tedious process since the
initial guesses for the parameters have not been optimized
due to lack of sufficient data. The main reason being our not

being able to interface the counting system with the computer.

However, eq. (3.28) is one of the best functions
representing the spectral data, for it was derived taking
into consideration the physical events occuring through out

the detection process. This is evident from the ¥° parameters

(see Table 5.3).
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TABLE 5.1. C?mparisog of the results of the peak identifica-
tion routines of BUCAASA and SAMP080(30) for the
IAEA G-2 program source no 2 spectrum

Peak

Peak Channel

BUCAASA/FIND

SAMPOSO

Neotes

1 97.895 97.563 Multiplet
2 106.343 106.670 Multiplet
3 161.571 161.627

4 246,203 246,201

5 370.628 370.661

6 414,249 414,223

7 837.380 837.376

8 917.378 917.376

9 1078.138 1078.129
10 1162.312 1162.301

11 1546.830 1546.852 Annihilation peak

12 2526.858 2526.842
13 3376.816 3376.819

TABLE 5.2. Comparison of the results of peak fitting routines

of BUCAASA* and SAMPQ(30)
source no 2 spectrum 30

for the IAEA G-2 program

2

Peak Channel Peak Area X

Peak BUCAASA SAMPOBG BUCAASA SAMP080 BUCAASA SAMPO8O

5 370.658 370.661 5705474 5381146 425.9 1080.0

7 837.415 837.376 343154 352240 13.5 94,2

8 917.398 917.376 812008 813671 24.5 305.0

9 1078.145 1078.129 2306940 2317276 194.4 1760.0
10 1162.313 1162.301 308453 309687 12.7 194
11 1546.815 1546.852 156717 103390 21.1 6550
12 2526.870 2526,842 1637565 1633791 34.7 747
13 3376.860 3376.819 1225050 1222545 52.8 885

* Gaussian + Tailing + Parabolic compton continuum
approximation is used.
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In a non linear least squares fit the number of para-
meters that are used in the minimization must be kept few
because sometimes the other parameters tend to compensate for
the divergence of a parameter from its optimum value giving a
low X2 value but leading to erroneous results. Considering
this fact it is better not to use the step function since it
does not give a considerable improvement (see Table 5.3). The
parameter C which defines the shifting of the centroid of the
tailing function is now thought to be constant for a given
spectrometer system, however, again due to lack of sufficient
data from different spectrometer systems and under different
experimental conditions this points is still controversial
and needs elaboration. Nevertheless it is evident from

(3)

previous experience that its values 1s around 1.

For comparison purposes the gamma spectrum of the IAEA
G-2 program source no 2 obtained by Koskelo et al(3o) was
analyzed. This data has several interesting features, i.e, it
contains multiplets with intensity ratios less than 1:2 and
all the peaks are situated on abvery high background,'thus
providing an excellent challenge for any spectrum analysis

program. The results of SAMPOSO(BO) are compared with BUCASA
in Table 5.1. A

It is evident that both programs are equally powerful.
A later visual inspection showed that peaks no 3 and 4 were
actually doublets which was confirmed by fitting. Both
programs, BUCAASA and SAMPO80(3O) overlooked this fact.

As a fitting function SAMPO80 uses a Gaussian with
exponential tails on a quadratic background and the
minimiz aton of X? is done by a linear least squares routine
keeping the peak channels constant(3o) whereas in BUCAASA.
The variable metric minimization is used and the peak channels
are allowed to vary. Although this sometimes causes the
iteration to diverge, e.g, in the case of too far off initial
parameters using e.q. (3.28) nearly in every case, better

fits are obtained even with a pure Gaussian on a parabolic

background (see Tables 5.2 and 5.3).
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For energy calibration in BUCAASA/CALIBR a linear
least squares fit of a polynomial to the calibration data is

used. Polynomials of order one and two give satisfactory

(3)

results depending on the linearity of the spectrometer

system. Again this provides estimates of the errors of the
energy calibration. In SAMPO80 the errors are calculated by
interpolating between the errors of each calibration point,
however this can only give an estimate of the systematic
error but not of the errors corresponding to the calibration
process itself which is in SAMPO80 again an interpolation
between calibration points. Nevertheless, considering that
such errors are often less than the systematic error they can

be neglected in routine work.

In nuclide identification an adapted version of
SAMPOID is used which still seems to be the best code

available.

The program package as it stands now is easy to
implemént on other main frame computers which have FORTRAN 77
compilers, however implementation on microcomputérs requires
overlaying. A user after a few runs will find it easy to use
the package, but a thorough analysis using eq. (3.28) as the
fitting function will present difficulties such as divergences
but if time allows these problems can be overcome. Since after
a few runs correct initial values for the parameters can be
determined by analysing the gradients. It must be stated that
most of the divergences occur as a result of hidden peaks
which have been not identified by the peak search routines.

In such a case careful visual inspection of the spectrum will
yield the cause of the divergence. It must be stated that a
blind faith in any computer program for gamma spectrum
analysis will nearly in every case lead to erroneous results,
because every criteria used in the analysis have a limited
validity determined by the actual conditions of the analysis.
Therefore computational programs are mnot sufficient, for a
really accurate, precise and sensitive analysis and artificial
intelligence techniques with pattern recognition capabilities
simulating an experienced worker must be introduced into the

£f1al14
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APPENDIX-A. THE VARIABLE METRIC MINIMIZATION METHOD

In this analysis, it is assumed that part of a
spectrum can be represented by a function F(Xi’ p). x, are
the channel numbers and p is the parameter vector. The
fitting is based on the determination of parameters Py
through the least squares method such that sum of the squares

of the deviation of F(xi, pk) function from the data is a

minimum.

2
RY = Zwi [yi - F(Xi’ p)]z . (A1)

gives the weighted sum of the squares of the deviation thus

3R>

- = O 2
5py, (A.2)

must be satisfied.

R2 is a measure of the goodness of fit. If in eq.
(A.D) W, = 1/6% is considered where Gi is the wvariance of the
datum at channel X, then the statistical variation of Rz is
described by the Chi-Square distribution. For this reason

eq. (A.1) can be rewritten as

=

2
2 (x, p) =1L [yi - Flx;, p_)} (A.3)
_ 1

Fe N

g

where y? is the independent variable of the Chi-Square

distribution. And thus eq. (A.2) is reduced to

9F(x., p)

2 > B
OX" = -2 7. L ¥., F(x., p):\ " =0 (A.4)
apk 1 O2 1 17 = apk

i
and from eq. (A.2)
BF(X-, P) SF(X., p)
gL, o2 oy Lory, p) — (4.5)
i o2t 9Py i oy Pk
1
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Considering the Taylor expansion of a general function

£(x,p) neglecting the third and the higher order terms

)
£Goprip) = £iep) +n LRl gy w Ly p CEED) yp (a6
i °P; 12y 9P
or in short
AE(x,p) = £(x,p+Ap) - £ = F a.Ap.+ = TC. Ap.A A7
b D+ Ap. (x,p) x aJApJ 5 LT JkAPJ Py ( )

] jk

can be written. Here p is the parameter vector. Taking the

derivatives with respect to Apj

g = a+ G Ap (A.8)
is obtained. Here g, is the gradient vector at the point
defined by the vector p in the parameter space, a is the

derivative vector at the point of Taylor expansion and G is

the Hessian matrix whose elements are defined by

2
o - 8 flx,p) (A.9)
ik Bpjapk

. . -1
Multiplying both sides of eq. (A.7) with -G
-G = -G "a - Ap (A.10)

can be written.

Assuming that G is comstant around the minimum and

considering g = 0 at the minimum
a + G Ap. =0 (A.11)
is obtained from eq. (A.8).

Here Ap is the increment infAp necessary to reach the
=0 -
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minimum. Multiplying both sides of eq. (A.10) with g—l and

substituting the values obtained, namely Q_la in eq. (A.9)

-1
Ap, —bp = -G g (A.12)

[[{ep]

is found.

Since the Hessian matrix is in general not constant
ARO cannot be readily calculated from eq. (A.11). For this
reason an arbitrary positive definite and symmetrical matrix
H is used. This matrix is used in eq. (A.11) instead of g—l

and G is formed with iteration inorder to satisfy this

equation.

The step vector As. belonging to ith iteration from
(eq. A.11) is

As. = -
—21

nx

18 (A.13)

At the end of each iteration H. is changed suitably while
maintaining its positive-definiteness. Since g. is in the

direction of steepest ascent and H. is positive definite and
As g. = g.H.g. (A.14)

is always positive definite, Aii will be in the direction of
the minimum. Taking H as the identity matrix in the initial
step forces the initial step to be in the direction of the

steepest descent.
Tteration process can be described as follows:

.th . .
Let us assume that at the 1 step the point 1in the
parameter space is represented by 2 the gradient vector at

this point 1is g and H is H..

(a) As the function approaches the minimum on the path

By

. . ith respect to A is a minimum. For
that £(x,p. * KlAil) W p

= -H.g¢. a value a, is calculated such
+ AiAsi where AS; H.8; Ly ‘
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ApoT ooy f(X’Ei + @iﬁii) is a minimum. Since the direction of

Aii is towards the minimum oy is always positive.
(b) Defining
the new values of the parameters

Piy1 T By YO (A.16)

are calculated.

{(c) Using Bi+1’f(X’Ei+1) and 85, are calculated
(d) Taking
10T 8541 T &g _ (A.17)
T
9;9; .
ay = T, (A.18)
giti
BTV
B, = ——— (A.19)
Y.HY.
—i27i
The H matrix is changed as
= H, + A, + B, : A.20
i1 By a; v 3y ( )

(3)

where H'+l is still positive definite
—i

(e) Making i = i+l, the steps a through d are repeated

until the minimum is reached.

The minimization is terminated if all the components
-11 . .
in the next step change by less than 10 , or 1f filve

succeeding values of Xz are the same, or if 100 iterations

have been completed.
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The variable metric minimization is carried in program

BUCAASA/FIT by subroutine VARMET.

The value of A . = a.
min i
through cubic interpolation:

in step (a) is calculated

Assuming that the variation of fi(x,X) is a cubic

function

£.(x,0) = ad” + bA” & ed + d (A.21)

can be written here a, b, ¢, and d are constants.

Bfi(x,k) 5
—_——— = 3a3a)" %+ 2bA + ¢ (A.22)
9 A
taking Bfi/ak = 0
N . =g, -IbEYBZ -3 ac (A.23)
min 1 3Ja
and
fi(x,X)
= = .2
—— 1% =0 c 8, (A.24)
—=T | = Ak = 3a>\k + Zka tco= gy A,

is obtained.

Here g, and g, are the derivatives at M and N in fig

A.l. If b and h, are the values of f(xi,K) at points M and N

respectively.
£,(x,00 =d =h (A.26)

£ (x,0) = ek * bAZ + ch + d = h (A.27)
i b
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A
M
fi(xop)
IN
. f(XQp+}»minAS\i) l
=f(x,0) | fi(x,p +AkASi)

| . .

0

o Ak Y

Fig. A.l. The schematic representation of fi(x,p + XAsi) for
the cubic interpolation.

can be written.

From eqs. (A.23), (A.24), (A.25) and (A.26)

2(h_-h.)
a = L ° L sg +g | (A.28)
2 o 1
A k
k
3(h,-h ) 2g + g
by = 1L o _ 0 L (A.29)
22 Me
“x
can be found.
Taking
h -h
_ o 1 A.30)
Z=3 g B (

and

=
1]
—~
N
i
[y
o
09
i
—

(A.31)



is obtained.
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(A.32)

The cubic interpolation is implemented in BUCAASA/FIT

under the subroutine name CUBINT.

Defining

1 X—CXO 9
FD(X,EQ = A exp F(x—xo)} {l-exp {— 5—( - ) } } 8 (A
from
S SR = N P >} il (4.

F(xi,p) being given by eq. (3.28), the derivatives are

readily calculated as

9F (x,p) _ k-1 (A.
say
-
BF(,p) g ( xO) (A
2h Og
F ,P)
37 (x,p) _ D(x P (A
SAt At
X—X
9F (x,p) _ 1 0y2 (A.
Zorp=r = exp 5 ( 5 )

oA
&

.33)

34)

35)

.36)

.37

38)



X=X X=X

9F(x,p) h _ 1 (L oy2
o o J/2r & 42 2 o,
& g

- {BFD(X’B)-_i%(x—cxo>{FD(X%E)—Atexp(B(X_XQ))}} S

G
t

0F(x,p) _
3B = FD(X’B) (X—XO)
3F(x,p) _To [
“—jﬁf_—-gz (X—CXO){FD(X,B)—AteXP{B(x—xO)}} §
—CX) -
3F(x,p) _ X
3@t 63 {FD(X,B)—At[eXp B(x—xo)—} 8
t
(x-x ) I
g 9] 2T & o]
g g -
Where the index j has been omitted for clarity.

-
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(A.39)

(A.40)

L41)

(A.42)
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APPENDIX-B., ERROR ESTIMATION IN FITTING

B.1. Error Estimates of the Parameters in Fitting

A function F(xi,g) which is linear with respect to the

parameters given by the vector p can be written as

F(xi,R) = §pjpj(xi) (B.1)

where Pj(xi) are any functions of the independent variables

Kz
1

The variances in determining the parameters pj are

given by the standard formulation as

dp. 9p.
2 L o.., =t 2 - (B.2)
i

9y; 9y

here, Oii' in general represents the variances and covariances

0of the data points and for i = 1' variances are given by
o2 =0,., (B.3)
i ii

In eq. (B.2) y; and yi' represent the data points.
Since in optimizing the parameters of the photopeak function
F(x,p), the data points are used, the indeterminancies of the
parameters will be a function of ‘the standard deviations of

every data point.

Since in this study it is assumed that a high resolu-
tion spectrometer system (Ge(Li) based) is used, consequently
it is assumed that there is no correlation among the data

points. For this reason from eq. (B.2) and (B3.3)

P
O2j . 52 ( ?)2 (B.4)

can be written.
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From eq. (B.1) the derivatives of F(Xi, p) with

can be readily found as

respect to pj
BF(xi,R)
3. - Fylxgp) (B.5)
]
By substituting eq. (B.5) in eq. (A.5)
ployr ) =3 LB (k) To.p,(x) (B.6)
7 Titk N D T2 Tkt PPy YRy )
1 O T g. ]
i 1
is obtained. Defining
B, = T = y.p, (x.) (B.7)
k . 2 17k 1
1 O,
i
and ,
o . = I L P (x.)P.(x.) 100G (5.8)
kj : 0? k717 371 2 Spkapj
i
eq. (B.6) can be written as
B =up (B.g)
or
p-o 8 (B.10)
and by defining
c = o ! . (B.11)
E_=_€__8_ (3.12)

or
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y.P (xi) (B.13)

[l N
—
~

Thus for the derivative in eq. (B.4)

9p .

= 7 Ejk —5 Py (Xl) (B.14)

can be written.

And eq. (B.4) is transformed to

~
IL._A.
~
|

1
i 5y i i{gjkgjg ? 7 Py (2P (Xi)]}

i

T .e € o =E..
kg ik jL ke 3

Thus & can be defined as the Error Matrix.

Similarly for the covariances

Gpjgﬁk = gjk (B.16)

is obtained,.

Using eq. (B.15) the indeterminancies in the para-
meters calculated with the linear least squares method can be

estimated. If we consider the parabolic expansion of XZ(X,R),

1/2

it can be shown that APk = (Ekk) = OPk in one of the

- 2 .
parameters causes to increase Y (X,B) by 1 or inother words,

1/2
X\ZH_]_ (Xsplspzs‘ ° e ’pk+(€kk) s 3pn) = XZ (Xspl ’pz” .. ’pk""pn) + l

(B.17)

Here v represents the degree of freedom. If we consider
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vV = n-m here n is the number of data points and m is the
number of parameters found by the optimization process. The
mean value of y? the independent variable of the Chi-Square
distribution is equal to v. And an increase of 1 in the
degrees of freedom forces the mean value of x> to increase
by 1. Since eq. (B.17) satisfies this condition the
definitions in eq. (B.15) and (B.16) can be used for a non

linear least squares optimization process.

In the iteration process in the variable metric
minimisation process the matrix Hi approaches to H the

inverse Hessian Matrix which is by definition the second

derivative matrix.

-1
9
_ 9 “F(x,P)

| m

=V . (B.18)

Using eqs. (B.8), (B.11) and (B.18)

£ = (;{,—1 = 2 X (B.19)

can be written. An exact analysis of the statistical errors
in a non linear function is nearly impossible since function
used represents the data only approximately. Therefore eq.
(B.19) has a limited validity since it does not take into
consideration the deviations from the best function to

represent the data.

In the situations where the function is approximate x>
is generally greater than one and the deviation 1s greater
than that given by eq. (B.15) and is a function of ¥?2.

Considering this fact instead of eq. (B.19)

c EXZ\)Y_——-Y_ (B.ZO)

can be used as an approximation. Here V is generally called

the variance—covariance matrix.



The standard deviation of every parameter Gp. is given
J

- 1/2 1/2
Opy = vy = 7 / (B.21)

and the overall standard deviation of function f(p) is given
by -

I£(R) JE£(PR) V.2 )

5 5 1/2
k Pj apk Jk™ Vv

(B.22)

o. = (X
f (.
]

B.2. Error Estimates for Areas

The standard deviations of the areas given by eq.

(3.30) and (3.31) are calculated as follows:
In general the standard deviation of a function
y = f(u,v,...) (B.23)

is given by

02 = 62 A2 4 52302 4 g 6 (3N (&Y + .. (B.24)
y u v

ov uv du’ 9w

2 2 .
Where 0°, 0°,..., are the variances and O are the
u v uv

covarlances.

The standard deviation of the area of the Gaussian
function given by eq. (3.30) is calculated by considering eq.

(B.24) as

9A 9A dA dA
+ (75-55)2 Gé*'Z(SKg) (359> OAGUg(B.zn
g g g

And in similar manner the standard deviation of the

area of the tailing function can be computed from
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oA p
5 T2 A 3A 3A
R R NI 2 2, 12 2
, AT aAt GAt (BB ) OB+(3C ) OC+(BX ) 9% ¥
(o] (6]
oA,
+ (_BB_T_)Z 062 (_2%) (iﬁ) - +2(3_A£) (B;A:f_) .+
t ¢ ¢ 9B AtB aAt aC Atc
BAT oA oA, oA
T, O T T, C
+ 2(=) =) A —) (——
9A_ (axo) Fot? (aAt) (agt) A0 ¥
oA BAT QA oA .
T T T
+ 2(——) (—— —) (——
(aB ) (ac ) Ope T 2 (BB ) (axo) Op . *
[e]
oA oA, oA oA
T T T T
P G5 9 2 G O
t t o
A BAT A oA,
T T T
+ 2(7&39 (gng Ico + 2(5;—9 (SBEJ O, o (B.26)
t t 0 Ot

All the variances and covariances in eqs. (B.25) and

(B.26) are given by the matrix v in eq. (8.20).

The derivatives in eqs. (B.25) and (B.26) are as

follows
oA
G 1/2
—_ = B.27
5K (27) o, | ( )
g
DA
P (B.28)
o0 g
g
9A -
1 1/2 1.2 2
_g.grjf:.g (exp(—BxO) {exp(BCXO)—l} + (2m) g, exp [73 . +BXO(C—1):1\

Cx
X {erf(BGt) - eorf (6—9 + BOt)} (8.29)
. t
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oA A

T t r
=5 - T 5 exp(-Bx ) - ' Bo2 -
JB Bz o {eXp(B(xO) 1}+AT1-B0t+xo(C 1)
+ A 0—2 ex (_BX ) 1_ ( 1 szg C
t-¢ %P o expl-= —gi—) +Atxo T exp (—BXO)
t (B.30)
aAT 1 szz
_—:‘ = — O
se = Agx, exp( BXO)+ATBXO—Atxo exp (-Bx —=5 —%) (B.31)
a
t

oA [ A A i
T _ an220 1 t €
562— (1+3 Ot) 5 ATihif exp (—on)}-—§5—~exp 1BXO(C-1)
t | t L
CXO szg
— O — —
At ‘ (B 5—39 exp ( 5 = on) (B.32)
t 0]
t
Ay , 1 szi
—é;{—(; = B(C"l) AT+ CAt QXP (_BXO) l—exp (“' 7 —0—2—') (B . 33)
t

In eq. (B.25-33) the index j has been omitted for

clarity.
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APPENDIX-C. USERS' GUIDE FOR BUCAASA

Inorder to make the programs more user friendly the
number of subjective parameters supplied by the user have
been kept to a minimum, however some parameters are still

necessary to provide a flexibility in controlling the flow of
the programs.

All the data are inputted interactively, excepting
those that are read from files and there are no format

restrictions for input, i.e. free format is used.
C.1. Input Data for BUCAASA/FIND

Record 1. JOB (Job heading less than 50 alphanumeric characters)
Record 2. ATGE, ATLT, FAC, ADEL, ATEST, PTEST

(The first four are peak search parameters, all of them
can be taken as 1. PTEST is the significance test parameter

for the peak found by the routinme, it can take any value in

the range 0-100).

Record 3. INIT, IFIN, ISMT, DISK, ISTOR, ISWO

(INIT: Initial channel of the spectrum to be considered
in the analysis

IFIN: Last channel of the spectrum to be considered
in the analysis

ISMT: Smoothing parameter
2%#ISMT+3 point smoothing is performed
ISMT: 5 no smoothing
IDISK: 1 Spectrum will be input manually

0 Spectrum will be read in from a random access
file

ISTOR: 1 The results will be stored in a random access
‘ file for use by BUCAASA/FIT

0 The results will not be stored
ISWO: 1 Results of smoothing will be printed out

0 Results of smootihgn not be printed

If IDISK=0
Record |4-(TFIN-INIT+1) | Spectrum data
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If IDISK=1
Record 4. NAME (Less Than 8 alphanumeric characters)
The name of the random access file which
contains the spectrum data. RECL must be
equal to 2.
If ISTOR=1

Record 5 or (IFIN-INIT). NAMEZ2 (less Than 8 alpha-

numeric characters)

The name of the random access file which will contain
the results of peak identification process. It will

later be used by BUCAASA/FIT.

C.2. Input Data for BUCAASA/FIT

Record 1. JOB (Job heading less than 50 alphanumeric characters)
Record 2. INUM IGUES IDISK ISAVE II IVAR IRPT ISET

INUM: The number of the peak

IGUES: 1 Initial pramaters will be read in from R.A.F.
prepared by BUCAASA/FIND

Input manual
IDISK: Spectrum data will be input manually
Spectrum data will be read in from a R.A.F.

ISAVE: The results of the analysis will not be stored

=Oo O O

The results of the analysis will be stored in
a R.A.F. for use by BUCAASA/CALIBR

IT Degree of the compton polynomial -1 Must be
between 1 and 3.

IVAR: 1 Amplitude of the Gaussian is variable
(Gaussian + Compton Fitting)

2 Amplitude + centroid are variable (Gaussian +
Compton Fitting)

3 Amplitude + centroid + FWHM are variable
(Gaussian + Compton Fitting)

Gaussian + Tailing + Compton Fitting
Gaussian + Tailing + Step + Compton Fitting

IRPT: Do not repeat analysis

= o U~

Repeat fitting by taking IVAR=IVAR+1 (IVAR
must be less than 5)



IF

IF

IF

IF

ISET:

IDISK=1

Record 3.

ISAVE=1

Record 4.

IGUES=1

Record 5.

IGUESS=

Record 5.

Record
SIG:
XJ(J):

Record
IP:
AI(I):

0

0

6.
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Stop execution after fitting
Read data for another fitting

Used for sequential fitting for a whole peak

set valid only if IGUES=1. In this case INUM
must be equal to 2.

NAM2 (less than 8 alphanumeric characters)
The name of the R.A.F. which contains the

spectrum data. RECL must be equal to 2.

NAM3 (less than 8 alphanumeric characters)
The name of the R.A.F. which will contain the
results of the fitting process. It will later

be used by BUCAASA/CALIBR

NAM (less than 8 alphanumeric characters)

The R.A.F. created by BUCAASA/FIND

INIT, IFIN, MUL
INIT Left channel of the peak reglon
IFIN Right channel of the peak region

MUL: The number of peaks in the peak region
(Multiplicity parameter)

SIG, (XJ(J),J=1,MUL)

FWHM/2.335:Width parameter

Approximate peak channel for each peak.

7.

(AT(I), I=1,IP)

Number of parameters in fit

I=

1,11 Coefficients of the Compton polynomial

(If IVAR=3 AI(I), I=II+1, LII+MUL coefficients of the

step function)

AI(I), I=II+MUL+1,IP Heights of the

Gaussians



IF

IF

IF

IF

For IVAR £ 4

AI(I), I=II+1,1IP Heights of the Gaussians

IVAR

v

A
Record 8. AT, BT, CT, SIGT

Tailing function parameters

IDISK=0

Record |9~(IFIN-INIT+1) | Spectrum data

C.3. Input Data for BUCAASA/CALIBR

Record 1. JOB (less than 50 alphanumeric characters)

Job heading.

Record 2. NP, MP, SYSER
NP: Number of energy calibration points
MP: Order of the polynomial used for calibration

SYSER: Systematic error for energy calibration

Recordi3—(3+NP)l Energy calibration data

(Peak channels and corresponding energies in
keV)

Record(NP+4). LP, SYSEF, EFIN
LP: Number of efficiency calibration points
SYSEF: Systematic error for efficiency calibration
EFIN: 1 Interpolate between calibration data points

0 Fit a line

EFIN=1
Record (NP+5)-(NP+LP+5) . Efficiency calibration data
Energies in kéV, efficiencies and corresponding

errors in percent

EFIN=0
Record (NP+5)-(NP+LP+5) Efficiency calibration data

Energies in keV and efficiencies.
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Record

Record

<
£

Record

Record
TCO:
TEX:
TWA:

TLIVE:

ETOL:

Record

Record

The f
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(NP+LP+6). NAM (less than 8 alphanumeric

characters) R.A.F. which contains the results of
BUCAASA/FIT.

(NP+LP+7)NAM2 (less than 8 alphanumeric charac-
ters) The name of the sequential, formatted file
which will contain the results of energy and

efficiency calibration to be used by BUCAASA/
NUCLIDE.,

Input Data for BUCAASA/NUCLIDE

1. JOB (less than 50 alphanumeric characters)

Job heading

2. TCO, TEX, TWA, TLIVE, ETOL
Counting time in minutes
Irradiation time in minutes
Cooling time in minutes

Live time of detection in seconds

Energy tolerance used in gamma line identifica-
tion in keV

3. INF (less than 8 alphanumeric characters)
The name of the sequential, formatted file

created by BUCAASA/CALIBR

4. LIBF (less than 8 alphanumeric characters)
The sequential formatted file which contains
the gamma library, e.g. half lives, energies,

etc.,

ormat of the gamma library LIBF is as follows

Record 1. String 'UNK' read into UNK

Record 2. BLNK. Any string of 8 —characters which marks

the begining of the library. This same string



must also mark the end of the library.

Record 3. LIB, BNR

Library name and number FORMAT (A8,2X,E10.0)

Record 4. IS0, THA, IHA, NGA, APR, ANE, CRO, THR

| (A8, 2X, E 10.0, Al, 7%, 2, 4E10.0, 62X)

IS0: Nuclide's name (e.g. ZN-65)

THA: Its half life

THA: Unit of half life [M(inute), H(our), D(ay), Y(ear)]

NGA: Number of gammalines

APR: Number of protons

ANE: Number of neutrons

CRO: Cross section for thermal neutron capture

THR: Threshold cross section
The following lines of FORMAT(S8EL0.(G) contain
pairs of peak energies (keV) and branching ratio

(per cent).
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APPENDIX-D, IMPLEMENTATION GUIDE FOR BUCAASA

BUCAASA as a whole is coded in ANSI FORTRAN 77
programming language.

dard.

There are two exceptions to the stan-

a) The PROGRAM Statement which is compulsory for the
FIN5 compiler of CDC Cyber 170/815 and can be

omitted in other systems, contains several file

informations.

b) Non standard functions TIME and DATE can be omitted
TIME supplies the current time
DATE supplies the current date
Both of them are character functions and return a

string 10 characters long.

D.1. The File Structure of BUCAASA

Since the package consists of four main programs 1t
was found necessary to use files for data communication
between consecutive programs. A description of the files is

given in Tables D.1-D.5.

TABLE D.1. Files used by BUCAASA/FIND

File # Name* Type Notes
5 - Sequential Terminal input file
6 - Sequential Terminal output file
11 - Sequential Printer file
15 NAMEZ Random Transfer file; contains results of
Access peak identification
(RECL=50)
16 NAME Random Spectrum file
Access
(RECL=2)

* Only user supplied names are given



TABLE D.

2. Files used by BUCAASA/FIT

File # Name Type Notes
5 - Sequential Terminal input file
6 - Sequential Terminal output file
11 - Sequential Printer file
15 NAM Random Transfer file, contains the rsults
Access of peak identification
(RECL=50)
16 NAM?2 Random Spectrum file
Access
(RECL=2)
17 NAM3 Random Transfer file, contains results of
Access fitting
(RECL=30)
TABLE D.3. Files used by BUCAASA/CALIBR
File # Name Type Notes
5 - Sequential Terminal input file
6 - Sequential Terminal output file
11 - Sequential Printer file
15 NAM2 Sequential Transfer file, contains the results
Formatted the results of calibration
17 NAM Random Transfer file, contains results of
Access fitting
(RECL=30)
TABLE D.4. Files used by BUCAASA/NUCLIDE
File # Name Type Notes
5 - Sequential Terminal input file
6 - Sequential Terminal output file
11 - Sequential Printout file
15 INF Sequential Transfer file, contains the results
FMT the results of calibration
17 LIBF Sequential Gamma library file

FMT
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D.2. Description of the Important Variables of

the Program units of BUCAASA

.1. Program FIND

NPEAK:

NCHAN: Number of channels in the spectrum
A(NPEAK,10):

A(NPEAK,I)

number of peaks in the spectrum

Contains several data about each peak

1=1,2,3 Coefficients of the Compton
polynomial

I>4 Centroids of peaks for a peak
group

ADEL Parameter for peak serach

ATEST

ATCE Parameter for peak search
ATLT

BDATA(NCHAN) Background counts for each channel
DATA(NCHAN) ‘Spectrum '

DDATA(NCHAN) First derivatice spectrum

FAC Parameter for peak search
IAREA(NPEAK) Area under peaks

IBGD(NPEAK) Area under the compton polynomial

IFIN Appendix C
INIT

ISET

LSMT

ISTOR

ISWO

JFIT(NPEAK) Multiplicity parameter for each peak

K Number of detected photopeak groups

LN Numbef of significant photopeak groups
MAX(NPEAK) Right channel for each peak

MIN(NPEAK) Left channel for each peak

NAME
NAME2

See appendix C

PCERR(NPEAK) Significance parameter for each peak
PEAK(NPEAK) ' Centroid channel for each peak
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SDATA(NCHAN) Smoothed spectrum

SIG(NPEAK) Width parameter

SM(NCHAN) Standard deviation of counts in each
channel

TDATA (NPEAK) Background subtracted counts in each

channel.

D.2.2. Subroutine SMOOTH

DATA(NCHAN) Spectrum

DDATA(NCHAN) First derivative spectrum

IFIN See appendix C

INIT

10 2*#10+1 point smoothing is performed

ISMT See appendix C

MCOE(5) Normalization constants for smoothing

NDEN(5) Nor@alization constants for firs deri-
vatives

NMCOE(6,5) Convolution coefficients for smoothing

and first derivative
SDATA(NCHAN) Smoothed spectrum
SM(NCHAN) Standard deviation spectrum.

D.2.3. Subroutine PEAKID

ADEL

ADL

ATEN

ATES parameters for peak search
ATEST

ATGE

ATLT

DATA(NCHAN) Spectrum
DDATA(NCHAN) First derivatice spectrum

IPKN(NPEAK
JFIT(NPEAK)

Multiplicity parameter for each peak

JMUL (NPEAK)
MAX (NPEAK) Right channel of the peak

MIN(NPEAK) Left channel of the peak



PEAK (NPEAK) Centroid

PR(20) Centroid
SDATA(NCHAN) Smoothed
SM(NCHAN) Standard

.2.4. Program FIT

77

of the peak

of the peak (temporary storage)
data

deviation spectrum.

AF(15) Parameters in fitting
AT(15)
AG(5) Area of Gaussians

AIC(5) Tailing height parameter

ATX Parameter used in compensating for step

HX function
AT Ag/At

BT

CT Parameters of the tailing function

SIGT

EAF Error matrix

ERRC Error correlation parameter

F(50) Values of the fitted function

1c Number of parameters in fit

IDISK
IFIN
IGUES
1T
INIT
INUM See Appendix
IRPT
ISAVE
ISET
ISTOP
IVAR

NAM
NAM?2 See Appendix
NAM3

C

C

NP Number of channels in fit



NPK Number of peaks to be fitred

RD(5)
SIG

BATj/SPk (see Appendix B)
Peak width parameter

VARI(5) Variance of peak area

W(50) Weighting constants

X(50) Channel numbers

XJ(5) Gaussian centroid channels
Y(50) Spectrum data

D.2.5. Subroutine VARMET

AF(15) Parameters in fit
AT(15)

AIC(5) Tailing height parameter

AT Ag/At
BT
CT Parameters of the tailing function
SIGT
CCHIF  y2
CHIF Xv
€SQ1 ' 2
X
CSQ2

EAF(15,15) Error matrix

EPs Convergence test parameter
ETAA Step length

F(50) Values of the fitted function
GA(15)

GB(15) Gradient vectors

GC(15)

H(15,15) Hessian matrix

Ic Number of parameters in fit

IKNT Number of iteratiomns

IRPT See Appendix C

IVAR

MUL Multiplicity parameter for peak groups

SIG Peak width parameter
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XFA

XFB X2

XFD

Y(50) Spectrum

D.2.6. Subroutine DERIVS

EXPF(50) Values of the gaussian function
FMODG(50) Fy (see Appendix A)
NP Number of channels

G Gradients

D.2.7. Subroutine CUBINT

A

GAMMA

G1

G2 See Appendix A
W

X1

X2

D.2.8. Subroutine RINT

RD(5,15) aATj/aPk
RIN(5) Tailing area

(See Appendix B)

D.2.9. Program CALIBR

ACE(50) Energy calibration data (energy values in KeV)
RCEP(50) Energy calibration data (Channel values)
AREA(150) Peak areas

EAREA(150) Errors in peak area determination

EEF(150) Efficiency errors 7

EENGY(150) Calculated eneryg erros

EFIN See Appendix C

EFL2(150) Calibrated Efficiency values

ENGY(150) Calibrated energy value

EPK(150) Errors in peak channel determination



D.Z.10.

D.2.11.

LP See Appendix C

MP

NP

MUL Multiplicity parameter
mX Number of peaks

SYSEF See Appendix C

SYSER

Subroutine POLIN

N : Order of the fitting polynomial +
M L Number of calibration points
YC: The fitted values

S : Variance

Subroutine MATIN

A : The matrix to be inverted

. B : Inverse of A

D.2.12.°

D.2.13.

D.2.14.

Subroutine POLIX

C(10) Co-efficients of the polynomial
YD(150) Value of the fitted function

YE(L50) Corresponding errors

Subroutine INTRP

XX(N) Calibration data
YY(N)

Y (M) interpolated values
YE((M) interpolated erros

Program NUCLIDE

ETOL

INF

LIBF

TCO See Appendix C
TEX

TLIVE

TWA

80



D.2.15.

D.2.1s6.

D.2.17.

D.2.18.

Subroutine CORR

A(80,30) The associated lines matrix
ACOL2(30) Ordering numbers

ACOL5(30) Saturation activities
ASAT

COL(30) ©Names of the isotopes
CONF(30) Confidence valves
EFER(30) Efficiency error
EFFSUM(30) Intensity of peaks
ENER(30) Energy of peaks

ETOL Energy tolerance
FITCH(30) Peak centroid
HALF(30) Halflives of isotopes
LTUN(30) Names of the isotopes
NUMF Number of peaks

TCO
TEX
TLIVE
TWA

See Appendix C

Subroutine DIAG

N: Number of diagonal elements of the matrix

A(80,30) The matrix whose diagonal values of
inverse are to be determined.

Subroutine GLSQ
A(80,30): Coefficient matrix of simultaneous
equations

X(30) : Interference coefficients

Subroutine IDENT

A(80,30) The associated lines matrix
ACOL2(30) Ordering numbers
ACOL5(30) Saturation activities

ANEU: Number of neutrons of the isotope

its

linear

81



D.2.19.

D.2.20.
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APRO: Number of protons of the isotope
B(80,30): Interference matrix

CONF(30) Confidence values

EREF(30) Gamma energies of the isotopes
EFER(100) Efficiency errors

EFFSUM(100) Intensity of the peaks

ENERG(100) Energy of the peaks

ETOL: Energy tolerence

FITCH(100) Centroid of the peaks

GREF(30) Branching intensities of the isotopes
HALF(30) Half lives of the isotopes

ITUNN(30) symbols of the isotopes

TCO

TEX See Appendix C
TLIVE

TWA

THAR: Half life of the isotope

X(30): Interference coefficients.

Subroutine INTRF

A(80,30): Associated lines matrix

NUMF: Number of peaks

Subroutine LIBRAR

ANE: Number of neutrons of the isotope
APR: Number of protons of the isotope
ENE(30): Energies of the gamma lines
IHA: Symbol of the unit of half life

LINES: Total number of gamma lines of the isotopes in
the library

NGA: Number of gamma lines of an isotope in the
library

NDISO: Total number of isotopes in the library

PCE(30): Branching intensities of the isotopes

THA
THH

Half life of the isotope



D.2.21. Subroutine MATRIX

A(80,30) Associated lines matrix
ACOL2(30) Ordering numbers

ACOL5(30) Saturation activities
COL(30) Names of the isotopes
CONF(30) Confidence values

EFER(100) Efficiency errors
EFFSUM(100) Intensities of the peaks
ENERG(100) Energies of the peaks
ETOL: Energy tolerance parameter
FITCH(100) Centroid of the peaks

GREF(30) Branching ratios of the gamma lines of an
isotope :

HALF(30) Half lives of the isotopes
ITUNN(30) Names of the isotopes
NUMF: Number of peaks

D.2.22. Subroutine ORDER

S(30)
T(30)
Ww(30)
z(30)
Y(30)
X(30)

Vectors to be ordered

SNEW
TNEW
WNEW New values to be entered into the vectors
ZNEW
XNEW
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