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Neutron Activation fAnalysis (NAA) has become a wide

J
important anslytical technique in the determination of the minor cons-
tituents of many ssmpies. The composition of tnese samples ms

t
per million}.The micro qualitative and quantitative analyses can be
performed by NAA.For this purpose the baslic concepts and the theory
of NAA is introduced.The deftectlon methods and various types of detec~
tors are dlscussed.The auxiliary eliectronic equipments and the statisti=
cal methods used ln the evaluation of the results are also given.A pre=
developed computer code,namely CCORGAM,;is presented in order to unfold
the garma=ray spectra obtalined from the actlvetion analysis of mix

ture
g.The code which was previocusly programmed for the IRBM 3&6
i & -

[(

i
computer is updated for use in the BOGAZICI university
a

C1
ta from a sample problem are used as input to run the pProge
e

b

& omputer.The output obtalned from this ruan is observed to
fit exactly to the results previously obtained.Finally the program and
the input library zre recorded onto a magnetlic tape;and the necessary

f a r

J
eguired to run the program ig given.
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GUnUmlzde NOtron Aktivasyon Analizi (NAA) yolu ile,cegitli
malzeme kompozisyonlarinda,malzemeyi teskil eden elementlerin cins ve
miktarlarinin tayini oldukg¢a Onem kezanmigtir. Bu g¢aligmada,NAA®*nin
dayandigi prensipler,genel teorisl;analiz sirasinda kullsnilan detek-
tOr sistemierl incelenmis ve netlcelerin istatistikl degerlendirilmesi
igin kullanilan teknikler tanitilmistir.Diger asnalitik ydntemlere oran-
la daha hassas sonug¢ verme UstiUnliglne sahibolan ndtron sktiv:syon ana-

nilarek yapilmeye ¢aligilmistir.Bu smagla,dana

bilgisayar programindan yararlanilmig ve bu progranm
& 123 3 &

gerekll degigsiklikler yapilarak sadece tasarlandig: /5C
tipl bilgisayarlarda degil UWIVAC-1106 tipi bilgisayarlerda da kulls-
nilablilmesl saglanmigtir.Prograz deZistirilmis hali ile nma bir

banda keydedilulg ve gelecektekl uygulamalar igin gerekli bilgl
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1o INTRODUCTION

1l.1- GENERAL

The nuclei of atomns are stable only when they centain a certain number
of neutrons and protons.The number of neutrons in the nucleus of an aton
determines whether that atom is radiocactive or stable.(There are exceptlonses
For a few elements there are no stable nuclei.In some cases,there are other
differences that make certain nuclei radicactive.) Thus,while all sodium
atoms contain 11 protons, only those sodium atoms that contain 12 neutrons
are stable.For other elements there may be more than one number of neutrons
that results in stability;for instance there are 10 stable atoms (isotopes)
of tinjeach containing a different number of neutrons in their nuclei.

The fact that nucleil can absorb additional neutrons,which,in many
cases,results in the conversion of a stable nucleus to a radioactive one,
makes Neutron Activation Analysis (NAA) possible.Because radioactive nuclei
decay in unique ways and yield radiations that are often distinct, and can
be measured even in very small asmounts,measurements of these radiations can
determine the kind and the number of radicactive atoms that are present.

In order to perform NAA, the first condition 1s that the element of
interest gives by some nuclear reactiom a radioactive isotope.The probabl=

ity of the reaction (cross=section),the isotopic abundancy of the target
nucleus, and the half=life of the formed isctope should be large enocugh to
allow measurements of th emitted radietion.The type and the energy of this
radliation 1s also of interest,mainly in overcoming nuclear interferences
induced by the matrix and the other impurities.

Through its nuclear character,the neutron sctivation technique allows
the gnalysis of a wide variety of elements in widely differing matrices,
making it a powerfull analytical tool not only in trace analysis but also
in determining elloy elements and minor constituents.Therefore the field of
application of the method is very wide.It has been used to determine traces
in ultra pure elements,in bilological materials and minerals,;in analysis
where only small samples are avallable,in identification of industrial proz.
ducts by trace characterization,in industrial analysis of steel,in geoche=

mistry for the determination of isotopic abundancies,etc.{4l=61,Ch=60,P1=62)




Although NAA was proposed by von Hevesey and Levi (he=36} followed in
1938 by charged particle activation analysis applied by Seaborg et al.{Se-38)
the method was considered as rather a curiosity until mid-forties.Micro
constituents analysis by NAA,however became pcocssible cnly after the deve-
lopment of high flux reactors;accelerators and reliable scintillation
spectrometers.Basic principles of NAA are discussed in detaill by many
authors (S0-69,Ba=64,Ev=55,Pr-64,0=72).In addition some application of
digital computers to NAA were presented at & symposium in 1962 (0K-62).
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1.2- NEUTRON ACTIVATION ANALYSIS

, The irradiation of most atomic nuclel by thermal neutrons causes these
nuclei to become radioactive.The subsequent emission of beta or gamma radie
ationsfrom these nuclei is characteristic of the particular isctope.If the
energy of emission of the radiations are Known,the isotope can be identified.
The magnitude of the radloactivity is directly related to the amount of the
isotope present in the specimen.The detecllon of radloactivity requires
sensitive techniques.However neutron activatlion analysis permits the accurate
appraisal of very small amounts of an element.Neutrons are able to pass
through a conslderable thickness of most substances.It 1s possible,therefore
to analyze materials in solid,liquid or gaseous phases (wWa-=63).

Besides the high sensitivity of thermal neutron activation analysis,
this technique offers a number of other advantages such as the simplicity
of the nuclear reaction,transparency of most materials to thermal neutrons
and non-destruction of the sample,etc.In principle this means that in most
cases cnly neutron capture reactions have o be considered and that conses
guently there 1s no change in the nature of the irradiated elements.

Unfortunately thermal NAA can not solve a number of importsnt trace
analysis problems,as for instance those of light elements,e.g.carbon,
nitrogen and ocxygen.These problems can sometimes be solved by applying
an other method of sctiveating particles:photons or charged particles such
as protons,deuterons,helions,etc.If neutron analysis is possible for the
whole mass of the sample, this is not true for charged particle analysis
as these have a very short range.While all analytical technigues reguire
some chemical treatwent before the analysis,the NAA may reaguire the chemical
treatment only after irrsdiation and often after removal of surface conta-
mination.0ne further advantage oerAA is in many cases the selectivity or
even Speciflelity of its nature.It should be remembered that the activation
is a resction of the nucleus,and thus independent of the chemical state
of the considered element (So0=69).
gamma scintillation spectrometry to activation enslysis

Jing
it becomes possible to gnalyze simultaneously a number of different elements.
tical treatment csn demonstrate that NAA cen be as precise
.l‘;-

han other analyticsl methods.
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The procedure cen be summsrized as follog@s: irradiate a sample and a
standard under the same conditionsjscount both under the same conditions:
the ratlo of these rates will be equal to the ratic of the masses of the
element of interest.If one takes activation in a thermal reactor, one should
re@ember among many other parameters that the neutron energy varles from a
thermal energy of 0.025 eV up to about 20 MeV.Consequently activation not
only occurs with thermal neutrons,but also with epithermsl and fast neutrons.
Many other complexities may be met during activation,such as unsuspected
Teactlons,production of the isotope of interest by second order reactions or
radioactive growth of a daughter isctope,irreproducible geometlry,abscrption
of radiation,instability of the instrumentation,non-linearity in detector
response,etc.From this short list of errors it can be concluded that NAA is
a complex analyticel technique and that experience is required to obtsin

satisfactory results.



1.3« BASIC PRINCIPLES OF GAMMA-RAY SPECTROMETERY

Tne basic principle of NAA is the determinaticn of the activity of
he product nuclei ¥ from the actlivaticn of thre parent nuclel X by mesns
f neutrons.The nuclear reaction of this type can be represented in short

iotationgas follows

(n k) ¥ ' (1.1)

here n refers to neutren and kK to the emitted particles cor radiation during
he reascticn.If the activation process of nuclel X,is assumed to be carried

ut in constant neutron flux, and if the initial number of atoms of the

arent nuclel i1s alsc assumed to be constant,then the well known differential
quation governing the rate of formation of Y will have the following solution,
s given in detall in section 3.2.

Ayt
= — N \
Ay__NgAyQCFé ﬁz(l e Vo (1.2}

G

here, A_ is the activity of ¥, atoms/sec.,
&

Ny {s the number of atoms of Y,

N, is the number of atoms of X,

Ay is the decay constant for product ¥, sec.
go is the neutreon fiux, neutrons/cm® sec,
U is the sctivation cross-section for production of Y from Xy cng
t 1s the time of irradiation, sec.
Wnen a sawmple is removed from the neutron flux,the activity begins ¢o
ecrease exponentiaslly.Then the equaticn 1.2 becomes,
Ayt

A,= NN =TH N (1-e =yt

/
¥y ¥y

{1:3)

here;, t' is the corrected decay time to account for decay of the sample

uring a finite counting time,and is given by :

T4 © (loexp(-0.693 t_/t )
t0x t_o L2 172 T 1/2 (1)
0.693 0.693 ¢
here, t_ 18 the time from removal frcm neutron flux to the beginning of

s L, 15 the counting time, $1/2 is the half-1ife of the radicsctive
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The sctiveted atoms will decay to lower enerzy levels,in order to
reach more stable states.If during this decay process,the enitted excess
energy 1s in the form of gammaerayssbbth qualitetive and quantitative ana=
lysis are possible,

The interaction principle of gamma-rays with matter can be used in
NAA to identify the gamma emitiling isotope and its quantity in the decaying
material.In this work main reference is made to scintillating crystals as
interacting matter with gamma-rays. .

A scintillation detector converts the incoming gamma-rays into scine
tillations,and into electrical signals through a photomultiplier (P#) tube.
These elctrical signals are then amplified,measured and registered. The
measuremnents are performed by the use of multi-channel analyzers {(HMCA).

A MCaA is an electronlcal equipment which stores the electrical sighals

in different locations {(channels} asccording to their amplitudes. Since the
amplitude of the signel is proportional to the incident gamma-rsy energy

8 pulse helght versus energy distribution can be obteined.Figure 1.1 is &

plct of the expected theoretical response of a monocenrgetic gamma emitter

of energy Eo and the actual spectrometer response,i.e.,gamma-ray Spectrum
(He=6L},
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'lgure 1.l Cemparison of a theoretical and actual response of a
scintilleticn spectrometer to a monoenergetic gamma

emitter of energy E_ {He<6k),



1.4~ OUTLINE OF THE THESIS

_ The Naa technique is defined,its use and a brief history is given in
section 1. The theory of NAA is briefly stated in the subsection 1.2.
Before going into & more detailed study of the general principles of NAs,

a short summary of the principles behind NAA are stated and the gampa-ray
spectrometry 1s introduced in the same section. Section 2. is a more detalle
ed discussicn of the general principles of NaA.In this section,the interac-
tion of neutrons with matter,formation of resdicactive nuclel,their decay
schemes are studlied.The following subsection defines the types of intere
action of gamma radiation with matter.The formstion of gamma spectrum

is also introduced in more detall in this subsectlion.The detectors used

in ccmmon NAA work, their principle of operation the scintillation process
and scintillation detectors are studled in subsection 2.3.Information on
the electronic equipment used in NAA and the statistics of rsdiation can

be found in subsections 2.4 and 2.5 vrespectively.The use of computers in
NAA being an important event,some predeveloped computer codes are named in
the last subsection of the second section.Among the computer cocdes which
were avallable in NEA Computer Library (NEA-CPL),CORGAM is analyzed in
detail.Tt is in section 3 that CORGAM is introduced and the theory used in
in this computer progrem is given in scme detail in subsection 3.2. One

can find the experimental procedures considered in this code in subsection
3¢3.In this computer program,there exist some special technigues.These
techniques are given in the appendices A B,C,D and E. Finally a listing of
the program,its flow diamgram,the input data and the input options,the
updating programs and a sample problem run are given in the appendices F,G,
Hed KoL and Mo



2. GENEKAL PRINCIPLES

2.1= FORMATION OF EADIOACITIVE NuCLEI TEEOUGR ThHE INTERACTION OF
NEUTRONS WITH MATTER

If a moving particle collides with another one,kinetic energy is
exchanged between them in agreement with the laws of conservation of enersgy
and momentum.If the potential energy of the system remzins unchenged,kineti

energy being conserved during the collision,the phencmenon is called elastic

]

i)

scattering.The scattering 1s inelastic if one of the particles is left in an
excited state after collision.The symbols (n,n) and (n,n?') are often used

to denote these processes in neutron elastic and inelastic scattering.
Neutrons may dlisappear in an interaction as the result of absorption reac-
tions,the most important of which,is the (n,y) reaction.This process is

alsoc known as redlative capture,since cne of the preducts of the reacticn

is instantaneous gamma rsdistion.Neutrcns elsc disappear in charged-particle
resctions such ss (n,p} or (n,o) reactions.Sonetimes,two or more neutrons
are emitted when a nucleus is struck by a high energy neutrcn.The process
here are of the (n,2n) or (n,3n) type.A clcsely related process is the

n,pn) reaction, which also occurs with highly energetic incident neutron
s P 9

L
o

Finally,when a neutron collides with certain heavy nuclei,the nucleus splits
inte two large fragments with the release cf considerable energy.This is

the fission process.Deteiled discussion of these interactiocns sre given in
many text books (Ev-55,l8-72,Pi=6L Fr-67).

In neutron activation aenalysis the most iasportant reacticn is of the
(n,¥} type.This type of reactiorm is the most common of all reactions,since
thiermal neutrons induce this reaction in neserly all nuclei.It slso occurs
4ith & very high probability for a number of nuclel at particular energles
in the eplithermal range.This latter phenomenon is known as resonance capture.
‘he gamma-rays which are emitted in the (n,;¥) reaction usually have energiles
> several MeV.

The emisgsgion of this gamma radiation is due to the release of excess
mnergy of the excite a r

(@]
g.__J

d aucleus.The enerzy of this g Yy 1s equal to the

E
Afference 1in the energy levels of the excited a ble states of the
meleus.In some cases tWwo or more gemma-rays of discr

t
e
=1
mitted in cascade.These gamma-rays are ususlly expitted within 10 77 sec
t

U]
L

0
&}

fter the beta-particle,electron capture or alph
e _

¢ state has a characteristlic half-life cf its nwn.
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this half-life 18 of the order or 107/ tc 107 sec. or lo
excited state 1s called an isomer of the product atom.And the subs

decay of this isomer by the emission of a gamms-ray is called an isom
trasition (Ga-67).The usu=l case is illustrated by °YCo (Figure: 2

.60
28Nl

60
Figure: 2.l= Decay scheme of ~ Co (Le=68).



°{g89=971} aDé’I JO 2wayds £Leda(d =¢°Z eandig
1 &

=}

DsSs
L&} g

[ESa
tia el D3

o=

T sT ¢

's_s?o_—}

SFOUNINIAY

°pe1BILSNTIT ST aoégT

JO SuWeYss £¥08D 8yl 2°Z ean¥TJ ul°cewsyos Leoep peqeoiydoo exouw 8 UT
BUTITNS2I°38TAS UOTSISAUOD 2yj I0J SLBM SATARUISLTE S6880 2WOS Ul

°1°¢ @dndI] uf umoys sSe sSLE03p

yotymé fea-guues 8 Jo uoissiwe £q 0309 03 P83JdeAucd ST yoTum {sejnuiw 0T

18J1T=J78U) @amog *3°2 punoOJ ST 93815 2TQBAS=8I9W VAW C€°T UaT# uogoyd

g I83]8=3J28U] ATABIPITD] puv £FI0u2 AW 4T°T 30 uojoud B J6 ucTssime sU3

£q 9087d S8¥e)] UCISISAUOD STYL°fei-BumBS £318Us ASH 0$°Z JO UOISSIWD UM

O04g TOXI PeLSAVOD LIPIABI ST £B0SD g/ au3 £q DPIWIOS SneTOnU TN, SYUL
’ 0




‘The detection of these gamna radiations by sultable detectors, snd
the enalysis of the spectrum formed by these radiastions,may be used to
identify the radiating nuclide;its amount,etc.The spectrum formed by these
gémmaaraysﬁdue to the reasons discussed in the following subsections is
unigue.That is a given radionuclide has 1ts own spectrum.Once the gamma
spectrum is obtained from an unknwn nuclide,gualitative and guantitative
analysis 1s possible by using speclal technigues.These technigues are studie
ed in detail in many text books (S0-69,He-64,Cu-68).4 brief description of
these methods can be found in the following subsections,and a computer
application of a speclally developed method,;namely the correlation elgorithm
is presented in section 3 (Ec-568).
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2.2= INTERACTIONS OF GAMMA-RAYS WITh MATTER AND GAMMA-RAY SPECTRUM

Gamma-rays,llke other electomagnetic rediation,have the properties
of both waves and of discretie particles,or quanta.At the relatively high
enerzgies of lsotoplc gamma radiation,the quantunm characteristics are the
most ilaportant.Thus,for the purposes of considering their interaction with
matter,gamma photons may be regarded as particles having a given energy.
There are four Kinds of interaction of photons with matter.Fano (Fa=53) in
his article states that these are:

1= Basic interaction with atomic electrons

- Baslic lnteraction with nuclear particles {nucleons)

3= Interactiom with electric field surrounding charged particles

(nuclei and electrons)

b Interaction with meson field surrounding nucleons.

And there are three effects that the interaction may have upcn a photon,

A= Qutright absorption

B= Elastic (coherent) scattering

C= Inelastic (incoherent) scattering.

Different types of processes may arise from each kind of interaciion
(1,2,3,%) leading to each of the end results (4,3,C).Thus there are twelve
types of processes in all.Many of these processes are quite infrequent,
some have not yet been observed.The followlng three processes are the most
important ones.These are;

a) Photoelectric effects,which is the basic interaction with stocnmic

electrons leading to an outright absorption,

b) Compton scattering,which is the basic interaction with atomic

electrons leading to inelastic (lncoherent) scattering,

¢} Pair production,which is the interaction with electric field

surrounding charged partigles (nucleil and electrons) leading to an
cutright absorption.
PHOTOELECTRIC EFFECT is most important for photcns of low energy.In this
process, an incident gamma photon iapinges on a bound odbital electron snd
transfers all of its energy to the electron,ejecting it from the atom.
If E

atom 1is neglectedgthen.ﬁ;zhvegb swhere hv 1s the energy of the elctro=-

5 is the binding energy of the elctron and the recoil energy of the

magnetlc guantum and E is the kinetic energy imparted to the electron.
The quatum of radiation is possible only because the remsinder of the aton

can receive gsome momentum.The photoeleciric effect is frequently used to
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determine gamma-ray energies.Thls may be accozplished by measurement of the

total ionization due to the photoelectrons in a proportional or scintilla-

tor counter.
The photoelectric effect has 1ts highest probability for electrons

that are more tightly bound.The incident photon energy must exceed the
binding energy of the electron,of course,before this reaction can occur.
For incident photon energies above the K-snell bindihg energy,experiments
show that 80 % of the photoelectric effect interactions occur with Keshell
electrons.The probablility for this interacticons,increases rapidly with
degreasing photon energles.Filgure 2.3 shows now the photoelectric effect
probability varies with incident photon energy.

1072

10 5 — ; 10
\}\ : o i
| N
e ) — . : \ . ‘
| | N N
i : ‘\ : t
by 1 ; i
N O\ |
SO AR U N o
B3 L2y A\
O \ - o E— ‘
n \ T\ Li‘_ i :
£ ‘ ‘ —t—]
z Ls ;
Q !
5 I ,EX
5 ? L
o
[§] S,

IR A

1072 107!
PHOTON ENERGY, *7 .

Flgures: 2.3= Photoelectric crossesection as a function of photon energy

for lesd (Ga=67).

The discontinuities occuring at the K

)

nd L shell binding energie

gies
are called the X and L absorption edges.The probability of photoelectric

Ay

=

IS

interaction 1s approximately proportiocnal to

e

of the absorber and to
E“Beﬁ of the interacting photon (Ga=67).Thus tue photoelectric effect occurs

witn high Z abscrbers and low pnoton energles.



Instead of giving up its entire energy to a bound electron,a photon
may transfer only a part of its energy to an electron,which in this case
may be elther bound or freegthe photon 1s not only degraded in energy but
also deflected from its original path.This process is called the Compton
effect or CHPTON SCATTERING nsmed after A.H.Compton who first reported it
in 1922 (Ko=61).This effect is shown schematically in figure 2.4,

Y '

i
]
|
i

Figures 2.4- Schematic diagram of Compton scattering of a gammaeray
by an electron (Fr-57).
Consider the expression which relates the total snergy of a particle

E Lo its momentunm p.
2 2 a2, i/z
E=(E;+ <p) (2.1)

The quantity Ee is the total enérgy of the particle when it is at rest
and is given by m@cz where m is the rest mass of the particle.It must alsoc
be recalled that the rest mass of a photon is zeroc.

if Eg ig the energy of the initial gammacraygE%,is the energy of the
gamna-ray after being scattered by an anglegﬂgEg is the rest energy of the
electron (0.511 MeV),p and ¥ are the momentum of the electron and the
scattering ahgle of the electron respectively.Then the conservation of

total energy reguires thaty
/ 2 2 _2,y%2
Ey +Eo =Ey+ (B +cp) (2.2)
The conservation of momentum along the X direction and ¥ direction are

’
Ey _ Ey cos 9 # pcosy X=direction (2:.3)

< C

?
Eg sim (9 =p Smgg Y-Cirection (2.4)
C
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 Combtining equations 2.3 and 2.4 the follcwing eguations are cbtained.

2 ’ 2
Eg—m?;EgEg COS@-@—E&, = c;zp2 (2.5)

4 { 4-cos &
£, E,  E.

(2.6)

Since E::éf where ¢ is the veloclty of light,egquation 2.6 becomesg

, h
NeX=m g (1= cos 0) (2.7)

where m i1s the rest mass of the electron.The Quantity-ﬁ—— 2,426 X lcalocm
ﬁ

is the well known Compton wavelength of the electron.Equation 2.7 shows

that for a glven incident energy there 1s a minimum energy (maximum wavelengéﬁ
for the scattered gamma-~ray and that this occurs for scattering in the
backward direction (cos®==1),.

Eo 1
(E §mm 5 4 E@fﬁEg (2.8)

For large incident gemma-ray energles (Eg§>§:EO} the minimun energy
of the scattered gemma-rays 3pyr00h€o'“E 250 KeV.For this reascn scintile
letion spectra of higheenergy gamma-rays always show a "backescattering®
pesk at £ 250 KeV which is caused by Comptcn scattering and a valley
between photopeak and Compton continuum whose width corresponds to the
minimum energy (= 250 KeV) carried off by gamma=rays Compton scattered
in the crystal (Fr=67)}.

The Comptcn effect is important for photons in the energy range of
0.6 to 2.5 MeV.The probability of Compton interaction incresses with
increassing Z of the absorber and with decreasing energy of the gamma-ray.

The third mechanism by which electomegnetic radiation can be absocrbed
is the PATR PRCDUCTION process.The process is sc termed because 1t results
in the production of a palr of particles of oppesite sign,the electron and
the positron.As has been pointed out above,the positron is a particle heving
the mass and dimensions of an electron,but a positive rather than a negative
charge.Pal production is possible only for a photon having an energy of at
least 1.02 HeV.When such an energetic photon traverses a powerfull electric
field,such as that surrounding & nucleus,the photon can be annihiliated
with the prcductlion of a palr of particles of egual and opposite charge,
In this way,the electrical neutrality of the orlginal photon is conserved,



BRe

The energy equivalent of the mass of each particle is 0.51 HeV and the sum
of these messes,1.02 deV, is the minimum photon energy required for produc=
tion of particles.If the photon has an energy in excess of 1.02 MeV,that
excess energy 1s dissipated as the kinetic energy of the electron and
positron created.As ln the case of photoelectric effect, the incident phocton
disappears in this process.The positron so formed is then annihilitted by
collision with orbital electrons,both positron and electron belng destroyed
inn the collision.The energy resulting from the annihiliatlion process is
emitted as electromagnetic or gamma radiation.It can be seen that positron
annihiliation is the reverse of pair producticn,in that the positron is
destroyed with the cosequent preduction of two 0.51 MeV gamma photons.

The sbsorption of a gamma photon by matter through palr production is
always associated with the emission of this relstively low energy gammae
radiaticn.

From the figure 2.5 it can be seen that the photoelectric process 1s
the most important process below about 1 HeV.The Compton process is fairly
important over the range from 0.l tc 10 HMeV,end pair production can take
place only above 1.02 HeV.Because a gamma-ray can interact with a detector
by these three principal processes;a falrly complex response,Flgure 2.6 is
obtsined from the spectrometer system.The photoelectric process wnich
results in the totel deposition of the gamma-ray®s energy in the scintile
lation crystal is characterized by the Gaussiesn-shaped fll energy-peaks.
Compton scattering is characterized by the nearly flat continuum below tThe
four small peaks.The backscatter peask corresponds to the photoelectric
process for & source gammasray whose initial direction of travel was 186°
away from the scintillstor but was backscattered into the crystal.The energy
of the source gamma-ray in excess of the rest mass energy of the electron-
positron pair {(1.02 MeV) is transferred to the electron=positron palr as
kinetic energy.Therfore,a small peak,called the two photon escape peak
{(or double escape),will occur at a point equal to the source gamma=ray
energy minus 1.02 MeV.If one of the 0.51 MeV annlihiliatlion gamma-rays
interact in the crystel by the photoelectric process and the cother escapes
interaction,there will be a small peak,called the one photon escape peak
(or single escape),located at a point egual to the source gamza-ray energy
minus Q.51 {eV.The third peak,called the annihiliation peak, is & result
of photoelectric interacticn of 0.51 MeV gamma-rays produced by the palr
production process occuring in materials outside the scintillator detector.
Because of these interasctions,a gamma-ray interscting in a particular

scintillation crystal produces e unigue gemma-ray spectrum.
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Figure: 2.6- Gamma spectrum of Z@Na measured with a NaI(T1) {1} and
with & Ge(Li) (2) detector (So=69).

to a sumpeak.The relative intensity of the sumpeak to the single pesk is a
functicn ¢f the source detector geomeiry.

The energy of the unknown gamma-ray can be determined from the pulse-
height of the photopeak maximum.The calibration of the spectrometer can be
performed by meazns of isotopes emitting gemma=rays of known energles.
catalogles of gamma-ray spectra measured with NaI{Tl) and Ge(Li) detectors
are alsc avallable for the identification of gamma spectrsa {C?m64gﬁea6@9
Le-68).In table 2.1z and 2.1lb some calibration sources and respective
energles are glven.

Quantitative data of the gamma-ray lntensity can be obtasined from the
area or the height of the photopesk.S8ince radiation 1s a statistical phence
menon,the photopeak cen be described as a Gausslian error curve.The qualita-
tive and quantitative of comlex spectra, can be simplified by computer
technigues.The qualitative analysis of the sample by comperison with the
standards (reference spectra) can be performed by means of & least squares
method ,which 2lso allows the calculation of the statisticael error.The use
of computers can be appreciated in activation anslysis not conly when dealing
with g large number of routine analysis,but also for varicus tasks,e.g,

gamms spectrun anslyslis,decay curve snalysis,staetistical trezatment of dats
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1A
putes a
optimazing,decay and counting conditions,etc.In section 3 a computer code
' d taii.T chod
CORGAM® for comlex gemma-ray analysis,is presented in detall.The metho
7 3 i L 73 o 3
used in this code is given in the subsections of the same secltion,togetner
1 L & . y\_nf:i @
with a2 complete listing of the program and s sample problem,in the sppendic

H,K and L.

Isotope Energy (ke¥V) Isctope Erergy (keV)
WA 59.568 = 0.017  95Nb ©65.83 = 0.07
1s51] 80.166 + 0.003  54Ip 83484 = 0.07
53Gd 97.43 4+ 0.02 88y 86301 = 0.07
132Gd 103.18 + 0.02 207pg 1683.82 + 0.28
"Lu 112.97 85Co 1173.13 -+ 0.04
1410 145.44 + 0.05 85Co 133239 + 0.05
135Ce 165.84 % 0.03 *1Xa 1368.40 = 0.04

t5Co(D.E.) 13785+ 0.32
RS} 208.36 STUTHC yD.E) 15923 = 0.13
g 279.12 £ 0.05  *%Na (D.E.) 1731.6 = 0.16
131y 364.47 + 0.005 85Y 1538.1  + 0.07
55Co 20352 £ 0.50
“6Co(D.E) 22322 = 0.67
18830 411.776 + 0.01 *Na (3.E 22428 = 0.14
5¢Co 25639 + 0.30
Annihilation 511.006 + 0.02 20871 (ThC”) 28143 = 0.09
2By 569.65 4 0.10 tiNa 27536 = 0.12
e 661.58 + 0.07 3¢Co 32024 £ 0.63
55Co 32542 + 0.63
83Co 32738 £ 04
8Co 34325 £ 0.75
S.E. = single escape D.E. = double escape.
L X f’ 3y
Tebles 2.la- Calibration sources for gammse-ray spectrometry (8c=09}.



Fnergies Relative energies

(heV) This work Ref. § Ref. 4 Ref. 1
80.57£0.20 14.48 £0.48 14.55£0.45 13.33 14.50£2.9 i
94.55£0.15 0.3 0.1640.03 i
121.6040.15 0.78 +0.18 ’ 0.7 £0.50
160.70 £0.20 0.36+0.15 0.3540.1
184.50 £ 0.25 100 100 41 100 100
215.60+0.25 3.94 1009 4.15+0.06 4.44 3.8 +04
231.2040.30 0.36+0.03 0.3240.05 0.3 +0.2
260.15+0.30 1.7740.12 1.4240.10 RS 1.8 +0.5
280.30 4 0.30 38.61 4 0.46 436 +0.4 33.33 395 £2.8
300.45 £0.40 4.7740.09 5.45 £ 0.05 4.44 48 +04
165.80 4 0.30 2.9314.0.06 3.7240.07 222 29 43
410.95 +0.30 15.50 £0.19 16.8 +0.2 13.33 15.8 % 1.2
451.55+0.25 1.48 4 0.07 4304008 3.32 3.5 %07
464.90 £ 0.25 2.00+0.07 1.66+0.08 ~ 2.22 2 404
$29.95+0.30 10.164:0.32 13 +£0.40 13.33 103 £
570.50 4 0.30 6.77+0.14 7.08+0.14 7.77 : 6.8 +0.7
594.90 +£0.20 ‘ 1.28£0.18 0.74+0.10 1.2 +0.4
610.95+0.15 1.4840.27 1.59£0.32 1.4 +1.0
670.48 £0.2 7.01+0.25 7.35£0.29 6.66 7 07
691.1540.15 1.85.00.09 1.62:4 0.08 111 1.9 £0.4
711.70 +£0.20 T1.65:£0.68 71.5 107 64.44 725 &6
725.50 £0.2 0.2 0191 0.1
736.70 4.0.20 0.46 1 0.04 0.50 £ 0.05 0.454 018
752.50 £ 0.25 16.06 -+ 0.40 15.2 40.30 15.55 1ol 1.2
779.20 4 0.45 3.724.0.07 3.88£0.06 4.44 38 £03
793.10 £ 0.20 0.2 0.17+0.1
810.80 + 0.40 76.38 +0.82 76.4 +0.80 66.66 76  +8
830.80 4 0.30 12.07:£0.25 12.9 £0.30 12.22 125 =1
875.90 £0.20 1.14+£0.07 0.91+0.04 0.83 1.15£0.15
889.20+0.15 0.7 £0.15 0.73
896.50 +0.10 0.7 1015 ‘ 0.73
951.50 +0.20 3.5 10.14 3064042 3.66 36 106
9US.354:0.25 Q681018 0711024
1118105 0.20 0.30 0.26.1 0.02 0.33
1147.204+0.20 0.38 3 0.0% 0.26-10.02 0.22 : 0.38 4 0.06
1241.80 £ 0.30 1.224.6.05 1.06+0.04 11} 1.25 £0.08
1275.00+£0.25 0.75 +£0.20 0.8 2015
1283.1040.20 0.38 + 0.04 0.2240.02 . 0.33 0.8 £015
1401.304:0.15 0.86 £ 0.05 0.72 4 0.02 0.77 0.93 1 0.04
1427.50+0.20 0.65+0.03 0.69 4 0.02 0.66 0.69 £ 0.07

The intensity 18B4.50 keV is taken gs 100 units.

‘able: 2.1lb- Energles and relative intensitiesa in the decay of 1200 y

p
1éoﬁoma"i‘h@ errors quoted are one standard deviation,
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2.3= SCINTILLATION LETE=CTORS

One of the oldest metnods of nuclear-radistion detection mekes use of
light scintillations.It is well known that Rutherford and his collaborators
used this technique for detectimg alpha perticles in the famous alpha=sct-
tering experiments (Pre64).The principle of trese defectors is the classical
one,long used in the spinthariscope also (P1-62}.The ssme principle is
applied in the detectors of radloactivity whicn are cslled scintillation
countersgthese consist of two parts,a scintillator in which the luminous
effects are produced,and a photomultiplier (P:si) to convert the light pulses
into high amplitude electrical signals.The chief advantages of scintillation
counters are that they provide pulses proportional to the energy of the
particles.,and they have high efficiency for gzamma radiation as well having
large sensitive areas.Before discussing the scintillation detection mecha-
nism,it is necessary to discuss the scintillation phenouwenon itself.iany
materials are excited by radiatlion and subsequently lose part of this
excitation energy by the emission of low enerzy photons of radiation.

However very few materials emlt radiation of a wavelength that essily int

1

n
acts with photomultiplier phosphor materisl and yet easily penetrate co
glasses.Even fewer are transparent to thelr own emitted radiastion (Ga=57
Luminescence 1ls the general term describing the absorption of energy of
type by & substance and the reemission of some fraction of it as photons
of visible or near visible light.Radliation energy is but one type of energy
that can excite materials to initiaste lumlnescence.Two typesof luminescent
emission can occur.By absorption of energy,electrons can be raised to higher
exclted states and can return to the groumd state either directly or via a
metastable state.This deexcitation which occurs in a time shorter than 10383
18 called flucrescence (immediate emisslion).The energy of the emitted light
i8 less than that of the absorbed one to reach the excited state.The electron
occupying a metastable state, can be ralsed to a hizher excited stzte and
subsequently return to the ground state by emlission of a photon.This process
called phospherescence, occurs after a time interval of about lOESSeC after
excitation {delayed emission).Scintillation tneory is discussed in more
detail by many suthors (Bi=53,Cu=53}.

The following groups of materlals are xnown to possess desired propere

ties as scintillators:

¢l

l. Crystalline inorganic substances

4]

2. Crystalline organic substance



3¢ S0lid organic solutions (plastics)
L., Liquid organic solutions
5. Rare gases
Among the desirable properties for good scintillators are high yield
of fluorescent light, transparency for this emitted liz ght,raepid light-emis-
sion in combinatlon with the lowest possible phosphorescence and finally,
a spectral distribution of the light suitable with regard to the sensitivity
of existing photomultipliers.The demands in other respects,(density,siz zZe,
geometrical shape,etc.) depend on the speclal situation in which the detech:

o

r
is toc be used.A survey of the characteristics of the most commonly used

phosphors 1s given in table 2.2

Waveleng! ' /
[Taterials Group Dersity of majgi“hm iif::'ve Iiij}z'g phote E:ijﬁ
9. lemission height |ratio

AO % % nsec

|Ahgrase |Sugent 125 | 4470 |00 | 9 | e5 | 30
el ™| e 445 | atdo | e0 | g | 400 | 5
S veshors | <iotin | 086 |w4000 [40°601 g 450 | 5
D ors |72 4 40 |~4000 |28.48| 9 | 450 | 4
NoT(TL) 5.9;"§PZQ°;?2’L 361 | 4130 | 210 4L 30 | 250

ZnS(Ag) Sfiﬁi\:;;%f 4.40 | 4500 |200.300! 400 200

LL(Ea) |59 406 | 4700 | 70 5 | {200 |

Tables 2.2- Properties of some commonly used phosphors (Pr-64,50<69),

The inorganic scintillators are crystals of inorganic salts,primarly
the aikaliahalidesgcentaining small amounts of iwmpurities as activators

for the luminescent process.The yleld of fluorescent light 1s connscted with
the existence of luminescent centers in the crystal lattice.For these, the
transition from the excited state,to the ground level is sccompanied by the
emlssion of a phoubﬂ Luninescent centers are created by the additicn of
certaln activating substances.Sodiun Todide,activated by the addition of

thallium,is the most widely used scintillator for gammae-ray spectrometry



The important properties,and the theory of various otier scintillators
are ziven in many text books {(Pr=564,B1-53,0u=53,30=-69},

Hadiation csin be measured by the fluorescence phenomenon if a m
of measuring the amount of light produced is available.The phctsmulti
tube serves this purpose.A PH tube 1s & phnctotubes in which the curren
photo-electrons from the tubes cathode is multiplied many times through

the process of electron multiplication.The principle elements in each of
these tubes are the photocathode for releasing the photoelectrons,the
dynodes for producing the electron multiplicat *enganu the anode for ccllec-

ti

e
ng the current pulse.An incident photon interacts with the photocathode
ater

5

al (usually a mixture of Antimony and Cesium) deposited on the inside
51&35 cylinder and produces a photo-electron.A positive voltage
d to the first dynode with respect to the photocathode draws this

b ot
g
D

oYy
Pt
®

o

ct

o=electron toc the dynode.The photo=electron is accelerated sufficiently

G
M

use electron multiplication upon its interception by the first dynode.
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electrons are typically emltted in the interaction of the photo-
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with the first dynocde.These in turn,are drawn to the second dyncde
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maintained at a positive potentisl higher than the filrst one.The
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multiplication continues in this fashion at each dynode until a2ll
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ectrons so produced are ccllected at the anode, which is located &t
e
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of the dynode chain.The amount of electron multiplication at
Q

is a strong function of the volitage between dynod

iy
w
[
)
ot
[
Q
)

for the multiplication factor rsat each stage is.

e V iz the voltage 1in volts and K 1s a constantgand the totsl multip-
lication is given as :

A= (2.10)

where ¥ 18 the multiplication at each stage and n 1s the number of stages.
A more detziled discussion on PM tubes is given by Price (Pr-6H4).Figures
:7 5 2.8 and 2.9 are the schematic dlagrams cf three type of dynode
arrangement for BM tubes.
Two important properties of Pil tubes are the relative constancy of the

elegtron multiplication factor M and of the Ttransit time of the electrons
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to wnich monoenergetic particles produce pulse heights of & single value.
In gamma-ray spectrometry,the spread in the totaleenerzy peak is a measure
cf the resolution,which is normally defined as,
W n
Roog  (100) (2.11)
n

where R is the resclution in %, Wy is the full width at half maximum (HeV),
E, is §§§ gamma-photon energy (MeV7y. ‘

“Cs generally is used as a comparison standard for resolution of =2
crystal.Literature values for typical resolutions range from 5-13 % (Pr=64}.

- ) Exhaust seal-off
Likium fluoride

'

! Silver tup Evaporator shie'd ﬁf‘?:’e

VACL T Suver Fieid swpmg sereen olast 2yaode
\ ' cogting / ! vener

i

—

,\\@Hf N W

\uu icone rubber \\\\
Semitransporent  “vcitag

1y photocathode

Conductive undercealing

Figure: 2.7- ASCOP photomultiplier tube with Venetian-blind dynode
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The resolving time for counting measurements is the minimum time which
must exist between succesive events if they are to be counted as two events.

Table 2§3 is a compilation of the important properties of various PM tubes.

- 4
Maximum outside Ciathode 1 Dvio e svstorg |
dimensions, Over-all i
Type in. Av. senst- . R ' voltage, 3
Area, em? Response tivity, 1\’ (1“- Tvpe MMarerial Gain volts {
Dianw. Length wi/lamen | O : ‘
i
RCOA: !
5519 214 SRR 14.2 Sl A io Cire. Tocuse:d f (GNP 23X o8 1,250
6542 R Sl g 4.2 S-1l 61 I Clire. Tocused 1 Aglly (L35 X 10° 1,500
GUSH R g 142 Se1 50 14 Cire. Tocused (o,=h 23 X 1oe 1,250
G109 194, 19 775 Sl 45 10 1Cire focused | Cexb 2NOK 108 1,260
6372 2% 6 Ty S0 S-11 33 10 Cire. Tocused  © Cs Sl 2.5 X 108 1,200
1008 1374 3Ly 1.9 5-5 40 o Cire, foruged L Ug 2D 5.3 X 107 1Lo2aoi
O5TOA 24 134, 4.2 S| L 14 ](‘irt. focused i Agilg 12.5 X 10 2,600
AL 514 6 a7 S-11 75 10 Venetinn blind CoCuBe | 1.3 X 1y 2004
In NMont: ] | [
65201 115 11 6.4 So11 60 |10 IBox LA 2% s 2100
o0 21, i 1.4 St 60 {1 | Box 20X 2,100
[ A B 615 14 S-11 60 | 10 |Box 21 Lo
G364 514 7 SIS S-11 60 | 1v |Box 2% 108 NI
6:1%33 34 234 1.26 S-11 50 U Box RE R ILE 1,20
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Table: 2.3 Characteristics of a few commercial photomultipliers.(
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Besides scintilletion counters & wide variety of detectors are used

>
&

or radiation detection purposes.A detalled study of these detectors may
e und in references {(Pr-64,Cr-64 ,Bi=-53,Cu=53,K0=61,Ga=67,Ev=55).

1lied detectors:
he oldest but still very useful nuclear radieticn detector

o

T

Vi
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Three of
types are the 1
Hiller (GM) tub
the pulse-he
consistes of & gas-filled chamber with a central electr

%
onization chambers,the proporticnal counter ;and the Geiger-
es.The difference in the three systems can be seen through

versus appliedevoltage curves of filgure 2.11.The systen

Jdo

gnt
ie well insulsted

E%‘

from the chamber walls,These detectors use the principle of electrical
onductivity of the gas resulting from the leonization produ

(‘)

'"4

adiat? one

uced by the nuclesr



Seniconductor radiation detectors:
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In thls detector,an electric fleld is
T

mediun of low ele

ct
the medium,electron hole pairs are produced

=1

E3
B

S
-3

et up across a semiconduciing

ical conductivity.When a charged particle passes through

i 1t.The charges are separated

by the fleld and collected at electrodes, producing an electrical signal

winlch can be amplified, recorded and used to give informaticn about the

particles detected.

.

Several other types of detectors are in use and are gquite importent

for speciallized detectlion problems.These detectors ere (loud Chambers,

Nuclear Track Plates,Spark Chambers,Cherenkov Counters,Chemical Detectors,

Calorimetric Methods, and verious types of deutron Detectors.{Pr-6i).



2.4 AUXILIARY ELECTRONIC EQUIFMENT

As it is discussed 1in the previous subsections the cutput of & scin-
tillation detector 1is an electrical signal.In order to snalyse this signal
some suxilisry equipment is needed.A complete instrument for the messurement
of nuclear radistlon consists of a2 combination of 2 detector one or more
electronic units wnich perform the functions required.The mein Tunctions of
these electronic devices are supplylng the necessary voltage to the detector
anplifying the detector output signal to a suitable levelgregistering,pree
senting and and analysing the amlified signal (Er-64).

Like all others,scintillatiocn detectors elso,need a very well stabilized
high voltage supply,which is used to create a potentiel difference between
the succesive dynodes of the P tube.Preamlifiers are used where signals
are sc small that a normal amplifier 1s not able to amplify then sufficiently
or where some amplificaetion or impedence matching is required to offset
cable losses.Finally there exlists a large variety of electronic equipment
which is used as the analysing apparatus (Pr-£€4).

One of the important properties of a scintillation detector is its
sbility to give an indication of the energy of the incident radistion.Becausa
of this property,the pulse=height distribution curves from a scintillation
detector can be used to determine the energy spectrum of incident radiation.
The object in pulse=height analysis is Tc determine the total number of
pulses whose heights fall in selected intervals or channels.If this anslysis
i1s made by sampling one channel at a time, the device is referred to as a
single-channel pulse-height analyzer (SCA).However,in many applications it
is essentvial to accumulate data without any‘losssse multi-channel analyzers
(#iCA) are used for this purpose.These instruments all consist of some or all
of the following elements: 1) a sectlon that associates esch input signal
with a specific amplitude channel, 2) a memory,or data storage device that
contains the information on this number of pulses in each channel until

his information is recorded otherwise,3) a data displaey device,b) suxiliary
readout devices such as curve plotters,paper=tape or card-punches,magnetic
tape,typewritters,etc.

Below is & block dlagram of an electronic srrengement used in pulse=

height spectrometry.An over 21l discugsion of the techniques of KCA's as
% b

in

well as other methods for pulse-height-to=digzital conversicn is given by
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The mocst wldely used method employs pulsechelght-to=time converters.
Figure 2.12 illustrates this process.First the signal pulse "a% i3 converted
to & flat-topped one "b" by means of a pulse-streching circuit.At the start
of the pulse,a linearly rising signal "c® is switched on,and a series of
equally spaced pulses "d" 1s started.When "c" reaches "b%",the pulse train
"d® is stopped.In this manner the pulse heights are converted into trains
of clock pulses,and different channels now correspond to trains with different
numbers of clock pulses.These trains of pulses can be sorted,stored,displayed
and read out by varicus techniques that have been developed for digital
computers {Ch=61).

w gV

L bt boa bty

Figure: 2.12= Schematic representatlion of pulse-=helght-to-time conversion.

The MCA's are a logical extension of SCA's.By emloying n differential
discriminstors set at succesive window levels and each having its own
counting system,an n-channel analysis 1s obtasined.The principle advantage
cf this approach is that its time resolution can be made less than 1 usec.
However there ave two serious dissdvantages.rirst,thls arrangement,having
n separate channels consequently n circuits,is costly to construct and
maintain.Second, it is & difficult design to maintain equal window widths.
In general the MCA®s are very sophlsticated instruments,with good asccurascy

and versatilityo.



2e5= STATISIICAL INTERPEETATIUN OF The RZSULTS
The measurement of nuclear radiation by trne detection systems intro=-
duced in previous subsections,involve phenomens wnich are statisticel in

nature.By the use of statistical analysis,estizstes can be made of the
accuracy of the measurements;and procedures can be devised which will mini-
mize errcrs due to rendom nature of the process.0bviously, the stastistical
analysis cannot obviate the need for sound analytical techniques,but un-
necessary loss of operator time in the lasboratcry can be eliminated and the
reliabllity of the results increased by the use of statistical methods.

Two kinds of error can be met in radiation detectionil) systematic
errorsywhich determine the accuracy of a result,2) random errors, which
determine the reproducibllity or precision.By systematic errors the experie
mental results deviate from the true value,beczuse of a bias.Statistics,
on the other hand,deal with random errors.lt mzies no sense to define an
error as the deviation of a measurement from the true value, as the lattery
iz usually unknown.Thus "error® can only be defined after evaeluation of the
most probable value of the guantity measured.For a number "n% of cbservations
XysEpsoeecX g made under the same conditiocns and all equally religble,the

arithmetic mean (X) 18 the best value for this set of observations.

n
Z :"»i/n 'ﬁy L«@.LZ)
{=1 '

If 211 observations are not equslly relisble a statisticzal weight W

i
can be introduced.The most probable value is then the "welghted mean®”,

sometimes called "general or probable mean® (Gre74):

n n
Bz > wx, /3w ,
171/ &7 (2.1
4;‘? ot S 4-3)
The cholce on uigthe welghing parameters,depends upon the experimental
conditions and the scatter of date.The reproducibility of an analytical
method is usually expressed by the standard deviation G(=) on & single deter=
mination.The standard deviation is defined as the square root of the average
value of the square of the individual deviastions from the most probable

Value (mean),taken for a large number of observetions.Thus,

]
1 = 2
G- 2 (=) (

n-1 =9

™
°
frd
Py
[

where n-1 indicates the degrees of freedom of the observation set.
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1y not accessible,it is only possible to calculate the probability that this
value is contained within the limits ¥ 2Ax%x.The nurber

A8 the arithmetic mean for an infinite nuzber of cocbservations 1is ususl-
1~

£y X can be chosen
arbitrarily small.It 1s common practice to express A4 X in terms of the
standard deviation,e.g.XAx=2t{ , where t depends on the probability level
and on the number of degrees of freedom.If the latter is large, ¢ is replaced
by u.wWhere *"u® 1s the number of standard deviations for large degrees of
freedom.The degree of coafidence increases,as the “confidence interval

increases {(see table 2.4).

Constant u Probubility £ r Freor

0.6745 0.500 0.500 “Probable error”

1.000 0,643 0.317 “Standard deviation™ {g)
(rms error)

1.177 0.761 0.239

1.645 0.900 0.100 “nine-tenths error’ or
“reliable error™

1.660 0.950 0.059 “ninety-five hundrodiehs error™

2,576 0.990 0.010 “ninety-nine hunddredths error”

2.807 0.993 0.005

3.000 0.9973 0.0027 3o

3.201 (.999 0.001

4.000 0.90994 0.00006 4o

4

Table: 2.8- Prohability levels (S0=63)}.

The radioactive decay has a statistical charscter.If s radionuclide
is counted several times in identicel eXperimental ceonditions,differen
counting rates (number of counts per unit time) will be observed,even for
very long lived species.It can be shown that the prebability P(n) of obtaine-
ing n disintegrations in a time At from N, original radioactive atonmns is
given by the Binomial distribution (Fr=67).

N, |
N =njlini
O .

c'.)é'a é“zi':' } i

Pln)= <1ae?A&$>n<e°A&t>No°ﬂ (2.15)

where {(l-e

s the probability of an ator disintegrating in a time At
= AAL
e

and

EAY - .

the probability of surviving throush the time At.The Rinomisl
on may be replsced by the simpler Poisson distribution (F“mb7}
the probability P{n) of finding n disinteusraticn is then given by equatio

2.15 ,where m is the average to be eXxpected
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For small disintegration rates, the distribution

=}

i r
around n=m.For {or n)> 100 and m=n the Foisson distribution can be

the normal or Gaussian distributiocns

©

repiaced by

~

v

=172
{21) Il
P(n}s= < exp (= (Zéz} ) C(2.17)

where, Yand m deslignate the standard deviation and the true mean,res spectively
Figure 2.13 illustrates the form of the distribution along with its mos:
important properties.

Leles

o 1O

™
/

win)
~ q’
//

Flgures 2.13- Illustration the normal distribution function {Pr-b4},

It will be noticed that this distribution is symmetrical about n =nmn.
ocr

For the Polsson and Gaussiasn distributions one may derive Gz"

large n, U= n.

O‘-ﬁ
An important concept of statistical interpretation of radicactive
disintegratiocn 1s the confidence intervals,discussed in det by Curie(Cuaég}
~

If the observed number of counts from a sample < background

and Cbgthen the count difference C = C, ,=C, 1s emeasure of the net activity
of the sample.However,owing to the statistical fluctuations, this count

difference at the averages of the backaruond ¢, and the sample Cs may o

o
ot
m
g.a‘,-
o

o

various values.At a relatively small value of Cqs the presence of the a

[¢]
ot
5_&-
<
p—.éﬂ
us

in the sample becomes doubtful.Therefore a so-called ®critical value® L.

is introduced,that is often called ®decision limit® (Cu-68).For Cg >k one
assumes that the signsl is present,for C L, the signal will not be detected
curs
1at the activityj>ﬁ when

Due to thnls assumption,two kinds of errors may occ
-The measured value C Q,L sone concliudes th

1
in faect 1t is equal to zero (type 1 error.



2=The measured value CS< L.sone concludes that the activity is equal to
zero when in fact the activity > 0 (type 2 error).
As appears from figure Z.lk;the critical level is mathematicslly given
by s
L, = 43 G (0) (2.18)
The parameter U, is a multiple of the standard deviation, determining
uy are 1.645,
1.960,3.000.Contrary to table 2.4 ,this does not correspond to = confidence
level of 90,95 and 99.73 % respectively but to & confidence level of 95,97.5
and 99.865 % respectively.Indeed the probability of meking the type 1 error
vely 5,2.5;0.135 % only (one side of the Gauss curve).For that
reascny the symbol u has been replaced by ule

the probablility of making the type 1 ervor.Usual values for

is respecti

a

FPigures 2.1%< Signal detection.Definition of critical level L (8c=69).

A number of tests have been devised to answer the question as to
whether or not a given set of data flts a certain distribution function.
The concent of Poisson®s index of dispersion is particularly useful in this
regerd.To make this test,the qmantityfxggdeflued as

[

2 = 2 n tan
AV X=X 2.190
}< - £, L2 i} (2.19)

[y

p:8

is calculated.here n is the number of time ¢ a glven counting deternmins-
th
n 17

s t!
tion is mede, x, is the value obtained in the neasurement,and I is the

5
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averege value.If the value of ﬁ&gis sufficiently large so that there is caly
a small probability of occurence of a value this high,it 18 an indication
of trouble in the experiment.Likewise if 245 small,the corresponding data
should be guestioned because the spread in it is so small.Thus it 18 seen
that the Polsscn indeXx-of-dispersion test can bte helpful 1n determining
whether or not the counting equipment is functioning satisfactorily.

Chauvenet’s criterion is frequently used for the rejection of cutlying
data.The criterion states that any one in a series of n readings may be
rejected when its deviation from the mean of the serlies is such thst the
probability of occurence of all deviations from the mean as large or larger
ig less than n/2 (S0-69,Gr=74},

An overall application of statisticel methods briefly mentioned here
can be found in the computer code CUORGAM,which i1s introduced in section 3.
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2:6= uSe OF COMPUTERS IN NEUTROK ACTIVATION AJALYSIS
When experimental data resulting from an activity counting and thus

subject to statistical fluctuations,have to be treated;a smoothing routine
can be desirable.This is the case when dealing with gamma spectra or decay
curves,which have to be analyzed by means of = compufer.The simplest smoothe
ing routine is the grafical smoothing,but it can be applied only when data
are graflcally evaluated.

Hathematical data convolution technigues largely correct for statistice

scatter.The simplest convolution sets the convolution integer equal to one,
giving rise to a ®rectangular®™ convolution,i.e.,a normal noving average.
One also can use a symmetrical triangular convolution,one-sided exponential
or symmetrical exponential convolution.But a more exact procedure can be
achlieved by using a least squares method.In this technique one tries to fit
the opest curve through the set of polnts under consideration.In this way it
is possible to obtain a set of eguations of the nth order with 2n+l coef-
ficients as unkhnowns.It is obvious that the calculstions neededwﬁae smocothed

roint are time cconsumling.

After data smoothing,the analysis of the gzamma Spectrs can be perform
in several ways.With the development of high resclution detectors,using =
large number of channels per spectrum,the computer becomes practicelly

unavoidable for anaslysis purposes.
The location of the photo-peak in a gamms spectrum,and the calculation
of the corresponding area is of extreme importsnce in NAL.This can be donc
by a computer program,and gqualitative and gusatitative analysis can be
made possible in this way.The technigue employed in photo=peak positioning

1s the use of the first derivative of the smoothed spectrum.The exact

location of the peak can be found by means of the second derivative.Both,
o

ot

o
first and second derivative can be celculated according t he least sguares
method.

Once the photo-peaks have been located ;the a

s
eterminaed by subtracting the detector backgrou

)
i
o3
o
@

o
<Y

eak activities are obtalned,one could concelv

A

€
nalysisi program.By treating the spectra of sta

J
scting for lrradiation time;decay time,and
1

5 t
nte of a complex gamma spectrum are gualitatively known,s
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nple.From & complex spectrum and from the spe:
ne can compute the best value for the ratios of each component
ective standsrd and also the standard devie

1%
andards o
P
eal aumber of computer programs are avallable,for the analysis

res
A Zr
of complex wgemmas-ray spectra (WEA=-CPL}.Amony them the ones recently prepared

are gilven in the appendix N.
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3.1l= CORGAM=A COMPUTER CODE FOR WBUTRON ACTIVATION ANALYSIS

The importance of computers in NAA was mentioned in previous sections,
and a 1list of computer programs developed for tne asnalysis of gamma-ray
spectra is alsc given in appendix N.

Each of these codes have their own techniques in unfolding complex
gamma-ray spectra.All these codes are prepared in order to estimate the
intenslty coefficients of the general linear hypothesis,which will be discus-.
sed 1n the subsection 3.2.There are many methods for estimating these coef-
ficients.These methods,strippling,least squares,incremental ,iterative,vector
analysisg and stepwise regression,have been used for estimating these coefl-
ficients.All of these procedures may use either least s3quares or approXimate
least squeres techniques.®Regressicn anelysis®has been used to describe the
least sguares procedure for fitting a dependent varisble,e.g.,a complex
spectrum,toc a set of independent variesbles;:e.g.,a set of referance spectra.
Because a model is used in which only significant varisbles are retained in
the final solutlon,a more appropriste description for this werk is “Corre-
lation Analycis®. {NEA-CPLsEc=68).

Among the codes avallable by NEA-CPL in the experimental data proces-
sing field,"CORGAM® (A Correlstion Algorithm for Gamma=Ray Spectra) is the
cne which uses ccrrelation analysis in unfolding geamma-rsy specira.

In The present section of the thesis,;a detsalled description of CORGAH
will be given.The listing of the program,flow diagram,input data for sample
problem,instructicn for users and the output of a sample vroblem are given
in the appendices.

In CORGAM,2 correlation algorithm 1s coded to allow the unfolding
of ceﬁlez ganna-ray spectra,typilcally collected in & NAA procedure.
CORGAHN,

a) Compansates for electronic shifts in the data,

b) Corrects for the background,

¢) Normalizes the data to & fixed neutron flux level,

d) Allows & choice of weighting factors,

e) Allows a choice of methods for calculation of stendard

devietions.
aa natrix of reference gamma-ray spectra.The
The code reguires & natrl & &

n

e

e sSpec

I-w"(‘
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s T o 1 ~ - -
can be 1in & raw data form.All of the modifications avaiiable to the compleXx

gamma=ray Spectra are slso available to the reference galh&-ray spectra.
In addition,a decay correction is avallasble for the reference gamma-ray

spectra.0nly the refereince gamma-ray spectra trat have intensity coef

ficientse

which have significance at a prescribed level ¢7 siznificance are retained

in the final sclution.The intermediate ornies;i.e.,those solutions that contaif
reference gamma=-ray spectra which have nonsi:nificant intesity coefficients
at the prescrlbed level,are printed ocut.Therefore,several solutions are

imbedded in the final solution.

A backward elimination least squares method 1s employed.The elimination

et

-~

cne in which the student®s t value of each intensity is compared t

value at a prescribedlevel of significance (Gr=74).The calculastion of

c =zt
the

standarc¢ deviation for each intensity coefficlents accounts for randomness

4

in both the complex and reference gamme-ray Spectra.
Currently the program is restricted to & problem of 400 channel

15 reference spectra.There would be no difficulty in expanding this t

s and

O as

many as 4096 c¢hannels.however,the number of reference spectrya 1s limited

by the accuracy desired in the inversionprocedure.The inversion program

currently being used would suffer (from the accuracy standpoint) if ¢
number of reference spectra were greater than 25.

COhGAM i1s a novel method of unfolding cozmplex gamma-ray spectr

v

the varisnce calculations include contributions from both the compl

reference spectra.Alsc;only reference spectra that have intensity co

4

whiich are significant at a preselected level are retained in the ocutpu
The intermedliate results can be printed,end the level of significance

each of the intensity coefficients can be observed.
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A typical analysis,involving 256 channels and 14 reference spectra

and using reference spectra which were sultably allgned,reguires less than

1 minute of execution time on IBM 360/50.

W

‘»mcm
N

CORGAM was coded for IBM 360/50 using Fortran IV,level G.An intgﬁediat@

disk storage is required.The source deck contains 1303 cards.The code is

updated by the auther for UNIVAC=1106 using Fortran IV and Cobkol.The
form of the code is recorded onto a magnetic tape for further use in
BU=NE Department.
The tape contalns in the,
1.File: IBM 360/50 version of CORGAKM sanple data,
2sFile: UNIVAC-1106 versicn of COnuAk,
3.File: Sample problem input data,

Sample problem output data.

y
et
1]
00

updated
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3e2= TnalRY UF CORGAM

If a nuclear reaction,sucn that

iy, (3.1)
is forced to proceed,the radioactivity of the product nuclel ¥Y.,is directl
proportional to the number of of the atoms of the parent nuclei X.The
equation governing the rate of formation of Y is given by the well known
differential eguation.

an "
— = N=UN_ 28 =AHN (3.2}
dt ©
where,
N is the time dependent nuclide (¥) concentration,
N 1is thne derivaetive with respect to time,
Ny is the time dependent parent nuclide (X} concentration,
U is the microscopic activation cross-section,
@ is the time dependent neutron flux.
The parent nuclide concentration can be given in terms of N and the initi
. o
parent nucllde concentration, Naﬁas
. o , .
Ny, = N, = N {(3:2)
Therefore eguastion 3.2 can be written as,
an o o =
— = NGB N = (AT g) N (3e4)
at

If the neutryron flux is & constant =6 _ then equation 3.4 has the followi

2

solutioeon,

¢ @G‘Ng ={A+ G@O )t
=g /
(A+Gdg)

N =

It can be seen from eguestion 3.5 thet the time dependency of N, can be
1f Ty <<n  or (fgfy&l-0
A . 7 (;¢
1ing table ig a compilation of A, Uand )y values for many
in 1

common NAA work.The velue for £, used

]
ot

ng
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of the Nuclicdes® by D.T.Goldman

[;.....J
(Vo)
o
n
.3

| f 1 =
Sisctope ty1/2 A GRQ% (;¢54%
secxl107) sec”lxlOa sec tx10tt '
wa " 54,00 0.128 0.13 1.01 x 10°7
ug®? 0,57 12,160 0.03 2.47 x 10°%0
2128 0.14 50,220 0.23 b.55 x 10°+°
g7 0,31 22,650 001k 6.16 x 10740
138 2.24 3.097 0.43 1.39 z 10°8
s Wy, 6k 0.155 1.10 7,09 x 1077
ca ¥’ 0.53 13,120 1.10 8.38 x 10°°%
g0t 0.35 19.93.0 0.1k 7.03 x 10°%C
3 yo2 0.23 30,640 4,90 1.60 x 107°
a8 9.29 0.746 13.30 1.76 x 1070
§ Cuég L6k Co.1hb L850 3.12 x 107
Pl 1,08 6.416 11.40 1.78 x 1077
pr82 127.08 0.055 3,20 5.87 x 10°°
% 1128 1.50 I ,620 6.40 1.39 x 1077

Tables 3.1- Compilation of nuclear properties of several isctopes (Ec-68).

The values for Gfeo/) given in table 3.1 bDeen much less than unity,
the time dependency of the equation 3.5 can be iganored.With these assump-

tivity,

]
o
¢l

ticns equation 3.2 can be solved to obtein fA,an expression fo

6]
v,
(S
?
[ox"

g
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where t is the time of neutron flux exposure, t' is the time after removal
from the neutron flux, g, is the neutron flux,as constant.

When the activity is predominantly gamma radis ion,bo

Q

ct

, noa qualitative
and quantitative analysis can be performed through the use of & Zamna-ray
spectrometer system and the proper data analysis procedure.

The gamma-ray spectrum of a complex sample containing several 1sotopes

(m in number)} may be represented by:
L]
yigigij s 1=1,2,3c0.00n (3:7)
3=1
whiere, Iy is the counts registered in channel i1 of a MCA,
Bij is the counts registered in channel i from jth costituent isoctope

Reference gamma-=ray spectras are collected for easch of the m constituent
isotopes using known quantities of radioclsotopes.The reference gammaeray
spectra of eacn of the m constituent isotopes are relasted to the ccmplex
gamma=ray sgpectrum by,

las)

yiiz X 3Byjey 5 1=1,2,35000000m (3.8)
3!

where, Bj is the intensity coefficient for isctope Jj,1.e..,a2 coefficlient
proportional to the quantity of isotope ] in the ccmplex ample,
b
X4 j is the counts registered in chennel i from the j~ isotope of
L

known guantity,
e, 18 the deviation at point i1 of the estimated value of y

di‘?
lig
EL Ki‘Ej sfrom the observed value3yi9
=t 7 |
Since negative quantities of radiocactivity are physically impossible the

following restriction is necessarys

BJ::?/QQ cj—‘-f ngngeoaoeoo&Iﬂ (309)
Equation 3.8 and inequality 3.9 form a constrained general linear hypotesis.
Therefore,the problem is to estimate the internsity ccefficlents.The minimi-
zaticn of the sum of the squarred error,l.e.,least squares,generally yield
estimators for the intensity ceoefficients with desirable statistical
properties,e.g.,least squares estimators are unbizsed if the deta are free
of systematic errors (Ec=68).

The linear hypothesis,in matrix form, is

XB s e {3.20)

Pty ==

Bt
i
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of dependent varigble
Xe-{nxm) m of independent variable values
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: {nxl)

o]
: number of data points {(channels
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of solution values,
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of errors (deviation vslues),
) s

¢ number of reference isotopes.

The sum of the squared errors is glven by:

eg@ zn{ZmXB)Q(ZGXB} 9 (3611)

efe = ¥Y'¥=2B"Y°Y"4 B'X"'XB (3.12)

The estimator, b for B results from minimnizing e
cf B are linearly independent, ee is differentiated with re
element of Byterm by teram,the result is equated to zero,

a
matrix form after B is replaced by its estimator,B.This results ing

(X'X) b = X' (3.13)
The estimate,b,is obtalned by solving equation 3.13 for b:

-

ml . §
= (X°K) T(X°Y) _ (3e14)

ctive of the error probability distribution function,the estimates,

erroxr v
| =1
(Xx°V "X) b= (XV 7Y) (3-15)
al Ql °l [ B 4
and b o= (X°V "X} (X'W YY) (2:.16)

-] . .
where V.~ is the inverse of the error verlancescoveriance matrix and is

often denoted as a weightirg matrix, W.
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If the errors are assumed to be statis tically independent, the
covariance te tinate for the varisnce of e

rms for e will be zero and es
e

obtained fronm,

G&(GL) = { (j.q,)'ﬁ' Z [ ) (xtJ) “:"X g (%j)_! » (

L
°
P...J
@8]

~—

where G'(x .»¢ the variance of the counts in channel & fron isotope

i
o

G'(B } ¢ variance of the estimator for the jthisotopee

[

An iterative epproach i1s used to solve for b,as follows
1.Estimate Gi (e;).given in equation 3.18 using only G*(y,)

S
v

2.Calculate the first estimate, by,0f b given in equatiocn 3.16
using the estimated G‘(e ) from step 1.,

J.Estimate GQ(e } by using b, for B and if{b for Gb) in equation

3.18,
L.Calculate b2 using the estimate (e,
A
5.Continue this procedure until a termination criterion is met.

This iterstive procedure can be mathematically stated as,
0t \ml S0l ys 2 1G
bn = (X ﬁinX; (X WX (3.12)
m y
2 -3 -1 =3
oy ~2 \
O (64.) =4 T (fj?.;,)—% E b G—(Kéd)‘¢‘x U- (b.;/” 503
cL/. ;
=9 dﬁ“‘
J-
z P
G;(%);O (3.21)
The termination criterion used is:
Y/ DF £ 1+ U | (2/0F) 3
S e | (3.22)
m ~2
N P
where, a Y, — E,Xﬂ ba?
T2 AT 0T -
X sChi squared,i.e Ei z
FRAVES YR 4 Q% @ ° ¢ <
- 4=1 g (e@)
Ungonfidence interval factor,
DF:Degrees of freedomglcesynem=1,
/DFSLS called the thlity of it number.
U factor corresponds to a desired level of significance.Since the nume-
& 2 . ., . )
rator of ig the minimization criterion used in this method,it is not
reascnable to sssume that the iteration preocedure will increase ,%DF o
Therefore.only a one-cided regl is included in eguation 3,22 (Ec=58).
£y bl w
The nathematical model of this approach can be found in some detall in



The least squares is a loxzical method to deterain:
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coefficlents for NAA problen.{Ak-77).However, one of the difficulties

in applying least squares technique to the resolution of gamna spectra

is that the calculated intensity coefficlents can be negative or it may be

difficult to determine the reference spectra tnat comprise the complex
spectrum.For example,the least squares techni,ue may yield positive inten-

sity coefficlents for all the reference spectra,but some may not be signi-

ficant.To overcome those difficulties,the t value for the null hypothesis

is calculated for each intensity coefficient (Gr-74).The t values then are

used in the correlation algorithm to eliminate reference spectra for which

the calculated intensity coefficlents are negative or not significant.

An outline of the correlation algoritim used in the code is given in

figure J.l.Scme of the statistical techniques used in CORGAM,nanely,

properties of estimators,least squares tecnnigue,curve fitting method,
interpclation and determinant evaluation aethods are given in tre appendices

11X § < If needed

And a2 more detailed logic diagram is alsc given in the a
found in its

appe
a complete description of the methods used in CORZAH can be
manusl,
This code,CORGAM has been used to analyze many gamma-ray spectrs
(

Ec=68).Each saaple was ir

ix
)
0

from several cereal and feed grain sanples (Ec
diated in the rotary specimen rack of a KSU TRIGA Mark II nuclear reactor
at 100 kW power for 15 minutes.A zmall (0.02 gm) copper powder sample was
irradiated with each grain sample.The arez of the U.511 MeV photopeak

from 6&Cu was used for neutron fluence normalization.Each sanple was
transfered to a nonirradiated container and was counted at 10 cm from

3% x 3" NaI(Tl) scintillation crystal,which was interfaced to a TMC=4095
muiltiparameter system.The reference spectra reguired by CORuAM had been
lected in an identical manner {Ec-68).

Due to the special purpose of cereal analysis problems,the reference
spectra contained in the library of the code ls formed from those spectra
of the elements contained in agrﬂculthraW samples.These refe¢eﬂcg isotope
a2, 50, %1, % %r B2, 9ea, 2o, g, 8 00,2281 ena s put 10 1s
e to replace the reference gpectra by the ones needed for the ana-
£ other mixtures.It should be remenbered that the reference data

lection and that of the complex one should be done in identical conditionsg
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3.3- EXPERIMENTAL PROCEDURE OF CORGAH

Previucs use of CORGAHM was for the routine asnalysis of agricultural

samples.In order to perform this analysis, the experimental procedure used
is glvem 1ln this section (Ec-68).The input data of the same experiment 1is
used to run the program.The listing of the input data and that of the output
obtained from the sample problem run are given in the appendix L.During
the data collection of the sample problem the following equipment were used.
1. Shielded counting arrangement:A’lead shlelded counting cavity with interior

dimenslons of 24% x 24% x 30% was constructed of 2% x 4v x 8% lead bricks,
‘with exterior walls 4% thick, end top and bottom 27 thick.The interior of
the cavity was lined with 0.025% thick cadmium sheet followed by 0.025" thick
copper sheet.Shlelded counting cavity and wall constructlon details are
$llustrated in figure 3.2.By using this cavity background is reduced by =z
factor of 20 % .
2. Detector assembly:The scintillation crystal used is Harshaw 3%x3% NaI(T1l),
solid type crystal,Model 12512,seriael CC362 integral line.It uses an RCA
8054 photomultiplier tube,the resolution of the crystal is 8.07 %.
3. PreamplifierssTwo main purposes of a preamplifier are to serve an impedanc®

matching and an amplification function.The preamplifier used in this experis
ment was THC model DS-=X3 with a gain of approximately 2.0
4, Multichannel‘&nalgzersThe multichannel snalyzer is used to sort and store

voltage pulses according to their respective heights.The pulses are sorted
into differential pulse height units,i.e.,fron v, to v v.That functlocn
is carried out by converting the pulse height to time and measuring the
elapsed time from pulse base to pulse height.The analyzer used in this
experiment was the THC 4096 multiparameter system.

5. Neutron source:KSU TRIGA Mark II nuclear reactor was used as a source of

thermal neutrons.A typlcal irradiation for neutron activation analysis is madsg
in either the pneumatic transfer unit or in the rotary specimen rack.In table
3.2 the approximate neutron flux values per watt of power at these two
locations are compared. ‘

The block diagram of the NAA instrumentation system is shown in figure
3:36
6.Reference spectra:Spectroscopically pure compeunds were ilrradiated te collegl

e

the reference spectra used in this experiment.Table 3.3 1s & compilation of

informeticn about sach of these compounds.
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Neutron Pneumatic transfer unit Rotary specimen rack
Energy n/cmzasecmwatt n/emzosecawatt
Thermal 1.7 x 107 7.2 x 10°

p Fast - leb x 107 6.0 x 106

Pable: 3.2= Neutron flux levels for KSU TRIGA Mark II nuclear reactor (EG-68)

NaI({TL)} = Ph@tomultiplier‘““=“%Preampl%fier
Scintillation Tube
Crystal A
High o Analog to Oscilloscope
Voltage Digital "I Live Display
Power Converter
Supply
. | S
Paper Tape | Ferrite | Parallel
Perforator Core T Printer
Storage

AV

1 coMPUTER

Figure: 3.3- Block Dlagram of the NAA instrumentation system.



Table: 3.3- Reference spectra information.(Ec-68)

—
Element| Chemical] ZH,0 Reference] Half Life; Irradiation | Weight
Form Hydration, 1lsotape (Bin) Policy © (gm)
N \f o
2 Ha,C04 6.8 ﬂiz% 900,80 14210 | 0,229
K K,CO05 5.1 g2 74k 0 bolie5-10 | 0.299
-
M metal 0.0 #n° 154 .8 2elyo2-0.1 | 0,0806
c1 N, C1 0.0 c138 37.3 | 205-2-50 | 0.0130
Br NH), Br 0.0 Bro0 18,0 2=65=2=90
82 0.030k
Br 2118,0 2-1707-10
Ca caco, 1.4 ca™*? 8.8 2-5-2-10 | 0.19%
Al A1,0, 3.9 2128 2.3 1-1202-10 | 0,0628
Mg Hg0 5.5 Hg<? 9.5 2-5-2-10 | 0.0788
cu powder 0,0 cub 774 .0 1-112-3-10} 0,0321
I KT 0.3 328 25.0 20522-50 | 0.0252
s powder 0.0 g7 5.1 2-5-2-50 | 0.2064

® The first number is the irrsdiation tiﬁe in minutes.The second

number is the decay time in minutes.The third number 1s the

counting time in minutes.The fourth number

level in kilowatts.

is the reacter power

The reference spectra were gollected using the following procedures
A:8mall amount { € 1.0 gram) of each spectroscoplically pure reference

compound  and a sm

all

specimen rack {RSR) of the KSU TRIGA MHarlk II nuclear reactor
iven in table 3.3.After the respective times had elapsed,the

amount of copper powder were irradliated in the rotary

fer the times

reference spect

ra were collected for the counting time glven in table 3.3,using the sclid
% x3% NaI{Tl) scintillation crystal.



Figure: 3.2= Shielded counting cavity dimensions and details (Ec=68).

Instsbilities in the spectrometer system used to collect the gamma=ray
spectrs can cause shifts to occur in these spectra.To compensste for these
inconsistencies, the gamma-=ray photopeaks of the spectra were it toc a Gaussidh
function using a linearized least squares method.The mid-point corresponding
to the gamnpe-ray encergy was calculated from the relation, XcgE/G where E is
the gamma-ray energy in MeV.If a reference spectrum contains more than cne
ganma-ray photopeak,these mid=channel values were used to celculate the slope
and intercept of the relation, E a, GKO sWhere E is the gamnma=ray energy in
HeV and X@ is the mid-channel value of the photopeak.However,if the reference
spectrum contains only one photopeak,the intercept was assumed to be zero.
Using these parameters,each spectrum was shifted to a slope and intercept of
14,5 keV/ch and zero,respectively.Bach of the gamma-ray photopeaks in the
shifted spectra was fitted to e Gausslan function (Ec=68).

A more deteiled description of the procedure and various applications
performed by using COBGAM can be found in the reference Ec-68.
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L, DISCUSSION AND CONCIUSTON

The importance of neutron activation snalysisiwas mentioned in the
previcus subsections.It is alsoc mentioned that the determination of the micrec
constituents cf a complex sample was possible down to the ppm (parts per
millicn} level.In the study of the principles of NAA, it is noticed that the
interaction of gamma radiastion with. the detector material was very important.
The gamma-rays resulting from the decay of activated nuclei,interact with the
detector.If the material of the detector is = phosphor,scintillaticns are
produced in the phosphor resulting frol the intersction of the lncoming
photons with the detector material.These scintillationsrare transformed into
electrical signals by the photomultiplier tube.The signals are then amlified
measured and recorded by the use of proper electronic equipments.The most
widely used electronic equipment is a multichsnnel analyzer,which gives a
distribution of the incoming photons with respect to their energies.This
amlitude versus energy distribution of the photons is called the gamma=ray
spectrum of the activated nuclel.Due to the character of the interactions of
gamma~-rays with a particular scintillation crystal,produces a unique gamnma-
ray spectrum.The analysis of this specirum by the methods described in this
Wwork,glves the necessary information about the nature and the concentraticn
of the constituents of the complex sampleeAmong the methods used in common
NAA work,the correlation algorithm is found to be the best method for the
resolution of gamma-ray spectra.

A predesigned computer code which uses the correlation algorithm in
the unfclding procedure of a complex gamma=ray spectrum is also analyzed.

In this snalysis it 1s observed that the program 18 restricted to a problerm
of 400 channels and 15 reference spectra.There would be no difficulty in
éxpanding this to as many as 4096 channels.However due te the accurascy
desired in the inversion procedure, the number of reference isotopes is
limit@daceﬁséﬂ ig a novel method of unfolding complex gamma-ray spectra
because only reference spectra that have intensity coefficlents which are

]

ignificant at a preselected level are retained in the output and the varisnce
caleulations include contributions from both the reference and cofilex spectra.
The lerge computing time required by the NAA can be eliminated by the use of
8 computer program.A typical analysis,involving 256 channels and 1% reference
Sp@ctragreq&ifes less than 1 mimute of execution time on an IBM 360/50.

- nemory reguirements are lzrge for the correlaticn

—Fn
8%

Although the ca
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algorithm as it was programmed for the IB# 360/50,1t is possible to segment
the program for adaptation to a smaller computer.In order to use tThis program

in NAA,changes should be made on the reference spectra and on the flux
reference spectra according to the laboratory conditions.The crioice of the
spectrometr system affects the results in various ways.when a NaI(Tl) crystel
is used the interferences of the various reference Speéira became significant,
Use of a Ge{ll) semiconductor detector eliminates theée interferences to a
desired level,

Presently the code contains eleven reference spectra in its library,
if needed these spectra can be changed by the ones required for a specific
analysis.8ince the number of reference spectra is limited by 15 isctopes,at
each speclal problem,need may arise to change the reference library.It is
concluded that this procedure was very time consuming when the spectometer
gsystem 18 not branched to the computer where the program will be run.
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ENDIX A

<PROPERTIES OF ESTINMATORS

, The estimate of the intensity coefficients (concen rations) of the
eqzaticn 3.1% have the following properties;

.

a) Unblased (Gr=61): An estimator,a,for the parameter ¢/ is defined
as an unbiased estimator of o 4if

Ela) =e {(a=1)

where E represents the mathematical expectation.The mathematical
expectation is defined by the following theorem (Ho-63).

Thecrem: Let X be a vrandonm variable with density f(x).The eXpected
value of a function u of the random variable X is,

E(u(x)) = 2 u(x,) f(x) (4-2)
£
if x is descrete; and
&5
E(u(z))= {(x) f(X) dx (A=3)
)=/ u

if X ls continuous,

Therefore,the mathematical e&pect tion is Just the mean value of
the functlion u of the random varieble P

inipun variancefGr-61)s An estimator,a,is defined to be the

o
S
o]

minimum variance estimator of the parsmeter er if

~

E(éamaéanz; < Bl(a®-E(a))?) (A<t)

2
The tern B((a-E{a))?) 15 @
c) Sufficlency (Mo=(3): Let T
invelving the parameter & and the randen variable X ,n in number,

efined to be the varlance of the paremetery
(zoet) be & Jolnt frequency function

Let aq hy(x) , a, h2§§@ covcecoonsally h, (z? be a sct of stetistics
al"lﬁ a:uz hi(é) o aé h;{z}} ooeoeoocaceg,e, h,hi.;_\g b@ &nv Oth@f s\‘-‘ft
set of estimators which are not fonctions of 8308508, I gla’/a),

the conditional density function of a°f given a,does net involve

6t sthe set a is called a set of sufflclent statistics.This means
that “all the infeormation® contained in ¢the n values of X is given



)

e)

Ceonsistency (Mo=63)

56

by the k parsmeters a where k< n.
¢ If 2 is a sequence of estimators ofet ,they are
simple consistent estimators,if for every £ 0

lim  P({& ~ot] & &)=1 (A-5)

f el .

Further,the estimators, & j.are squared error consistent estimators
foif

1ij((§n=c<}2)a% %(a,iaq )Zf:: 0 (A=6)

L=

where

So

gn: iZ’ai
<

Squered error consistency imlies that both the bias and variance of
a appreach zerc as the number of sample polnts increzse.

Efficiency (Br-65): efficlency of an estimator 1is defined to be the
ratio of the variance of the minimum varisnce estimators to the

variance of the estimator in question.Thus,minimum variznce estimators

are said toc be efficient estimators .
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APPENDIY. B

<THE LEAST SQUARES METHOD

The method is used to determine the intensity coefficients for the
NAA problem.To illustrates the method,consider & set of n points, (X,¥).
The points are assumed to be releted by the linear hypothesis (Gr=74):

vy = B@ @Blzi ¢2y 1 1,2530cccoegnn (B=1)

where ey ls the deviaticn at point i of the estimated value,from its observed
valuegyi,BGQBl are the true values of the intercept and slope,respectively.
The estimators, b@ and bl,for Bo and Bl can be obtained by minimizing the

sum of the sgquared errorsy

g
13 <P 2
= 2 (5,~(By ¢Byx,)) (B-2)

n
S L2
S= éi ey
4= 4=9
S is minimized by differentieting with respect to Bo sand Bl and egquating
the results to Z@TOOAlSOQbO and bl,the estimators,are substituted for By and

BlsThe resulting equations are;

It}

2. (g =(bg ebyz,)) =0 © (B=3)
4=q
«; XA @blxi))} c 0. | (B-it)
Py

! (B=5)

n %lg 2 3]
(“ ==
bo )3 xi vb$ i; Xi: zz yixi {B-6)
4= a4y &=g
Solving eguations B=5 and B-6 feor b_ and b,,results in
f a n n
T = p 7 ¥ Z {x, =X Iy =F ~
b, _ 2Ty W Es)CE s S50, -F) (873
}xf D(Egﬁxi)gfn ?{x,=x)"
L8 = \";=R <=t
b = Feb, & | (8-8)
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shere,

Iz £
v = (;2 g‘ii?/n 5 §=(in}/n°

L=9

iquaticn B-1 can be rewrittem in terms of the estimataor,;by,end the mean value
: and ¥,through the use of equation B=8.

yi‘;' legzi @E) o islgzgﬁgoooogﬁ (Bcg)

quation B=9 can be rewritten in matrix form as,
;X%S.}ibl 9 (BalO)

shere Y = (y-¥) = (nxl) vector of the dependent values

X =(x-X) = (nxm) matrix of the independent variables.
In matrix form, the linear hypothesis mocdel,equation B=1 ,is more appropriately
aritten as,

=<

= B°

{12

(" ¢ e : (B=11)

L=

where X" is the trenspose of the (nxm) matrix X
B® is the transpose of the (mxl) solution vector B
e 4is the (nxl) vector of deviations.

More often equation B-11l is written in the following form:

Y= XB ve

Py

(B=12)



APPENDIX C

=CURVE FITTING METHCDS

The followlng method was used to fit the photopeaks to a Gaussian
function (Ec<68).
First the photopeaks were assumed to be pure ‘Gausslangli.e.,
P exp(a(x =X ) /b ), (C=1)
is the counts in chann@l 1 of a photopeak,

y
z

is the count corresponding to channel Zgs
is the mean channel of the Gaussian function
is the channel number
=2G°
Ga is the variance of the Gaussian function.
Equation C=1 is non linear and must be linearized to apply the principle of
least squares.The logarithm of equation C=1 yields a linear form.

xi 2z I,
In y,= Iny_ o —=1 X, = X (C=2)
5 o i i
b b b
o o) o)
Equation C-=2 can be rewritten in terms of new varlables,
2 (C-3)

Zi: al <>822{i @aBXi

where,
Zi“ in Iq )
x% 2%
= 7 c
&1.‘fgi~,ny P g azc: 2

~

The principle of least squares applied to equatlion C-3 yie lds the following

A= (X0W)t (x0wz) (Calt)

where g g a (37l) vector of the coefflclents a;,a, and aq,
s bl -
¥ is a (nx3) matrix whese first colupn is composed of all unity values

the cormmd malmmn & o momeszed oF the L. TOLUCE ord Thoe +hiwd mealinme 3 e
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omposed of the z, values

X' is the transpose of ¥,

Z 1is a {nxzl) vector of the zy values, ,

W is a (nzn) dlagonal weightling matrix whose elements are the inverse
of the variances cf the 2y values, A

n is the number of data pointse.

he variance cf g, can bo obtained by

(C=5)

&

20 o 2 21y} = L
Q(Zﬂ}""gﬁ G(JJ %

t should be aoted that by applying the prineiple of least squares to equatilon

-3 instead of to equation C-1 the minimum total squared deviation is,
5

{ 2, =32
5D= iﬂzgé’ "'j@ 6%9{—(%&“7@&) /bgj} (C=6)
4=
'he desired minimum total deviation is,
| 2
n 2
B} Uy, 2Re . 4 2 } -

inimizing sL dces not guarantee a ninimun for SD oTc minimize SD reguires

n iterative technique which employs a Taylor®s series expansion and can

esult in unstable soclutions for cases with varlations in the data.In addition

his method requires a significantly longer amcunt of computation tlme.
variance values of y_,x,and bogceuld be obtained by

& 2, -
[ o e b « 2
(O N 2 . z : .
0 (Ye)= [Qw + == (Cap+ e Coz)l @np {E“Z{@“"““m’ \fﬂf (c=8)
2
0l = g [Can + @) Cas)
2 - ; . ] 33
heg L-a2 ¥ (o) o3 (c=9)
exya Y & .
G é\( %%’ = Cé)’pg /@3 ) (C=10}
There, '
Q) 98, o8l , BTE the elements of thelv@cﬁaf asand CGgy oC, sCz3
re the dimgonal elements of the (X'WX) ~ matriz.8ince the Jo Value is just
. normalization term,it could also bz calculated by minimizing

- . on 3 5 w3 ey %u ‘w.,:»é'%_i e -a a1 A 3 LotTer
15}@ bO were @baﬁgaiﬁgd by mlﬂimlélﬂg SLOTh-—‘o I’.‘@bi‘ﬁi ,}A‘,de@& l@ er
<

3 { 3 ! 1e b
alueg for. y_ (Gre7h) Honce,y, end ggeb were calculat

O
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vn z
L= 24 W Yo k, /21 Wy, k,;/ {(C=11)
&:

L=

(%) = {%ﬁ;wé ki}"é

(C=12)

where
n is the number of data points used in the fit,
ky = expl=({x, -x )%/ )
Ao O o} . 1
In deriving equation C-12 it was asssumed that w,= —

1 vy ¢



AFPPENDIX D™

<LAGHANGIAN INTERPOLATION

This interpolation method 1s used ia the subprégfam HEFIN;to inter-
polate between the decay spectra of a reference isotcpe.

The method 1s based on polynomial interpolating functions {(Ak=-77).
Assume that a function y f(x) is given at (nel) points,8a¥ X (X ,X yeesX 5

and determine a polynomial F{x) of degree n or less such that

F(z, ) =1(x,) 1=0,1,2,c000,n (D-1)

It may be proved that the polynomlial exists snd it is unique.For this purpoese
two elternative proofs will be given.

Proec?f 1:

Let F(x) function is written as

F(x)::ggyo ¢Llyl éooceoegoLnyn (D=2)
Where
Vo= T(x) 5 %=0(K) secceoco Jp=1£(x) (D=3)
and n ‘= _
Ly (x)= Eg (=% {=042,....n (D)
JE

It is clear that each Lﬁix) term is a pclynomlal of degree n or less and
rewritting it explicitly as

Ly () (Em () (5o o (5o (5o5) e o (3250 (D-5)
/

(%%M%@H%%%end%m)hyﬁfwmt%@

(28]
it 1s obvious that f(x)=F(x) becnuse for Jgl swhere j=0yl,...,n5all L {x)

terms are zeroc.For j=i case Li{x)=1 and therefcre,

o
0
&)\

Y
B (3) = Lolx)y, =Ly Lolxdy=ceoece Lnl®y, (

beconmes F(x) =y, where ¥ =1(x) {D=7)
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Procf 2t
An alternative method to determine the interpolating polynomial wiZl

be given using the method of undetermined coefficients.
(a) being any convenlent value,then
i n-{
F(x,) = Colxea) ¢Cy(x-a) ¢00....Cp (D-8)
The coefficients C,3C 5000..5Cp Will be such that

or F ;‘/4, = ;Q'"
()= (D-9)

Flg) = f(ng)
setisfy the following system of

is satisfiedeObvicuslygck coefficients must

linear elgebralc egqguations,

Co(#o-a)"+ Co(to=a)" 3 o4 Cno= v,
Co (xi-@)"+ Cy(Ke-0)"% ...t Cn= vy,
: p-{ :
C@(Xwa)n@» C (Xn—a) 4 +Cn =Y,
_ (D=10)

This system of n-l equaticns in terms of n-l unknowns will have a solution
if the coefficlent matrix 1s nonsingulaer.The determinant of the coefficient

matrix,which 1s known as Vandermonde determinant.is written as

A -1 '
(Ko-a) (-a)"" ... .. ( Xo- @) 4
(X4<Q)ﬂ {Xr~a}n—b.. oo (x-a) 4
A= Z ! .
) ) F' (D=-11)
(Xﬂ“ Q)h (Xn—&)n ﬁ N .<Xn=@.) 1
and its value 18 given as
n
A= TT (xi-%) (D-12)
a&iéj.—:@ .
i<4
0 and CK can be uniguely

are distinct,it follows thatéﬁ

Since Xy
determined.Quite often in computations a=0 is teken (Jo=7&),
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APPENDIX E

~DETeRnINANT EVALUATION BY ChIC'S #METnOD (PIVOTAL CONDEMSATION)

This method is used in the subprogram DET in order to evaluate the
determinant of the (X°WX) matrix.
This method continuously reduces the order of the determinant by one,
series of subtractions (Aka??)oFor the explanation of the method
suppose a (4,4) matrix & is given. W

using a

7
I al, al; ay 1 © © ©
Y Vs v
eA! Qzq Qya Q3 Qg @z oz Q23 Q.Z;l
= Q » = Q.{f 7 e Vi
" Qg‘q A3z Q33 Ay /&1 a32 O3z Q34
7 v
Quyy Qug 43 Quy gy 62/2 aé’.? Qs
wher ! * >
¢ o) = Lz o), = 8% ‘o Qw
Qs °T @n T T an

in the second step,performing the following operations,
15 (2" ol ) — @ w (1°C col.)
2: (37 col) = s n ({°F col.)

FS ¢ £
33 {4 col.) = Qux (155 col)
order of the determinant;

yields a recduction in the

i/ " / i e y 0 o
@22 @23 Qﬂf 1 023 Ao‘2‘/f »” in 7
i I , 4 7 e Q a
}Aé =0y | Ozy aé/g 031’[{ = Ousd,, | U5 Q33 Cyy |= Qg s | 3”7_ 5; if:
F/ Vé y) » n a .
GZz Gy3 @Zgl @;2 Gumy Gy 5 % Guz Qa3 u7§
i
& (2“4 col.)= Cap x (45ECOL)
2: (3 ol.) - 0% X({ﬁfﬂk)
7 4
QBB 34 7 r{ &I?}/ . //”) JaR: . W \1
#” ) - ’ ; L "
JAL = Oy Oz w w = 04 @2‘2'[\ 33 % TEy) T 3/
' duz Qu

T
(¥e=73,A7=62).

he

kS

procedure 13 repe

ated till a (2,2) determlnant is finally reached.
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APPENDIX F

-DESCRIPTION OF THE PROGRAHNMS

CORGAUM 1s the maln program through which the flbw of the program is
led . Thie program is used tos

1. Read the program flow parsmeters.

2. Define many of the data parsmeters.

3. Read the input data which describes the experimental conditions,
such as irradiation time,counting times,etc.

4. Read the complex spectrum,i.e.,the spectrum tc be analyzed,

5. Subtract background from the complex spectrumgnormalize it.,and
shift it to compensate for electronic instabilities in the MCA.

6. Calculate the irradistion and decay time correction fasctors.

7. Foerm the (X'WY) matrix.

8., Caleulate the concentration estimators.

9. Delete any and all none-significent reference isotopes.

0. Print or punch the output information.

The folleouwing 19 subprograms are called by CORGAM,their description

en in the following pages;end they are listed in order called.

1. INIT 17. CHI

2. PHOTO ‘ 18. VARNCE

3. SMINV 12, WRIT1

&, INDEY

5. SHIFT _

6. SHIFTS

7. WATE

8. REFS

©. REFIN

C. XFCRH

1. PEAKS

2. SAVE

3. DET

&4, DELETE

5o STAT

5. WRIT
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rTﬂ@ following 1s the listing of the subprograns czlled by CORGAM-.
The description of the subprograms are alsc given together with the variables
used and thelr options.

1. INIT:

Thie subprogram is used to initiaslize the irradistion and decay cor =
rection factors and many of the program control parameters.
SUBRCUTINE INIT {NITER‘gBATySAVgCgISOCHNQMGDESNBKGDQNBBKGQNSBFTQNPKQLPPgNOR“«?9
NCTINQNAREAQN(BRCUQNCULLQNCGBLQNRHOgNUMVARQNVABQNBEFSQITERQN‘RQNHQLOCHNS,NHICHN9
NCHAN MC, MVAR Ty ABEA BKGTIM,TIMIRR y FERL, UF ; XNCOM )

DIMENSION C(15)

NITER: Number of iterations used in variance calculations
KATs Correction factor
SAV: Correction factor
C(I): Correction fector for the,lth reference isotope,if =1.0 is entered for
C(I) value,the Ith lsotope is deleted from the analysis.
ISOCHN: Number of channels in the complex spectrum,
MODE$ 1 Read byS5E14.8 format
2 Read by 6X,12F6.0,2X format
NBKGD: ©C no background subtractiocn
Other will subtract background
NUBKG: 0 no new background will be read
gther.a new background will be read
NSHFT: Oy,no spectrum shifting
Other,will shift spectrum
NPKs Number of peaks in complex spectrum used in shifting
LPP: Index of peak used in shifting ratio
NORKM: O,no normalization of complex spectrum 1s needed
Cther,normalize the complex spectrunm
NCTIN: O,read precalculated correction factors
Other,read unity (or less than zero for deletlion)
NAREA: O,raed photopeak area for copper reference
l,caleulete pp area for Cu ref.,read Cu spectrum (read any)

2,use same ares as previous spectrum.



NCHCU s Number of channels in Cu reference Spectrim.
NCULL: Lower fit 1limit on Cu reference photopeak.
NCUUL: Upper fit 1imit on Cu reference photopeak.
NRHO: O,will not punch shifted output
Cther,will punch shifted ocutput
NuMVAR: Number of veriances to be avaraged
NVARs lyread variance by 5EL4.8 format
2,variancesl.Q
3yvariance sREO
L,use variance previously read
WREFS8: Oy,new set of reference specira are read
i,no new reference spectra are to be read
ITER: Maximum number of iterations on variance
¢ Oycalculate average welght variance from the long way
Other, ratliosYAVE/YAVEAEVE
Nws: C,will not punch shifted output for reference spectra
Other,will punch shifted output for reference spectra
LOCHN: Lower channel of least squares fit
NHICHN: Upper channel of least squares fit
NCZ:AN: Number of channel in varliance spectrum if varlaence are tc be resd
MC s Number of reference spectra which have a set of decay spectra.These
spectra must be in corder and they wmust be the first of the reference
specira to be read in.
MVaR: O,variance of reference spectrumsreference Spectrum
- Other,read variance of reference spectrun
T: Student’S t value for null hypothesis test
AKEA: Copper reference photopeak normelized area
BKGTIM: Counting time of background (minute)
TI}IIRRs Complex sample irradilatiocn time (minute;
FREL: Flux reference half-life (minute)
+ of Chil-squared test {confidence interval factor)

ot
D=~” @

% spectrum normalization constant.

This subprogram is read only for the com nlex spectrum whose data are

not givem in the beguinning of the meln program.Ge nerally the first complex
MELIST.The complex spectra

2

spectrum date is glvem in DATA statement and in NAP

variables following the first cae are initialized by this subprogram.



2. PHOTO: .

This program is used to fit the photopeak data of = spectrum to s 1i-
negrized form of the Gaussian function.The fitting technigue is discussesd
in the Appendix C. :

SUBROUTINE PECIO (RES;X0,IPPLL,IPPUL,EPP,AREA)

DIMENSION B(3)Q(15,15),RES(400),RE(3),BZ(60),C(10)

RES(I)¢ Counts registered at the i?? channel of the flux reference spectzUme.
X03 g (x sub ¢} of the equatlion C-1 of appendix C.

IPPLL: NCULL(defined in INIT)

TPPUL: NCUUL(defined in INIT)

EPP: Midpocint energy of the photopeak of interest (HeV).

AREA: defined in INIT

3. SHMINV:

This subpregram is trne scientific subroutine designed for the IBM 36C
to invert symmetric matrices.It 1s modified by the author by its UNIVAC
version in order to use in Bogazigl Lniversity computer.

SUBROQUTINE SHMINV (B,N)
DIMENSION A{230),R(15,15)
R(I,J): Ith Tow QJLh coloumn element of the matrix

N: Order of the matrix

The subprogran is used to obtain the inverse of & symmetry matrixz A
of order N.Only the upper trisngulasr part of A is stored.On exit the inverse
replsces A in storage.The inverse matriXx is found by succesive congruent
transformations to obtain the disgonal.lnverting the dlagonal elements and
performing the congruent transformations in reverse gives the inverse

matrix.In this code A is the (X°WX) matrix.

4. INDEX:

This subprogram is apart of the subroutine SMINV and is used to store
2 two-Cimentional matrix as a row vector.It is applicable only for symmetzigg)
matrices.Tt allows reference to a two-dimenticnal matrlx with subscripts

(T T o289 m e medriy 3a atared oz 8 vector.
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FUNCTION INDEX. (I8,J8,N) #

I8: Bow of matrix

J8: Coloumn of matrix

N: Order of matrix (maximum value 15)

While & matrix of order N has NzN elements, thée same matriz stored
5 - 2 .
as a vector will have (N"4¢N)/2 elemenis,provided that the matriy is symmetric
In this way stcrage space is reduced.

5. SHIFTs

This program is used to calculate the input parameters to SHIFTS.
SUBROUTINE SHIFT (NCHN,NPK,LPP,NWRITE,Y,PO)

NCHN: ISCOCHN {deflined in INIT)

NPK: defined in INIT

LPPs defined in INIT

NWRITEs NRHO (defined in INIT)

¥(I): RHC({I),counts registered at the Iﬁh channel ¢f the complex spectrum

(Imax
PCO: Identiflcation number of the spectrum to be shifted.

s400,1..,up to 400 channels can be used).

6., SHIFTS:
This program is used to shift a spectfum to a new galin and baseline,

hence it will compensate for electronic instabilitles in the HMCA.

SUBROUTINE SHIFTS {(SPECT,S,RATIO,NCHN,NCHNZ,BLSHFT)
DINENSION SPECT(400),8(400)

- Y, ‘(’t;’,;‘ 1 3 < I ITMmaihd O 2 o wnyy
SPECT(I): Ccunts reglstered at the I channel of the unshifted spsctrum.
Ly T,
alTy, te registere ; he Ttﬁ channel of the ghlifted spectrum by using
8il})z Countg regiscoere a e 4 2 &5

RATZIOs 8hif
NCEN3;ISOCHN (defined in INIT),unshifted channel number.
NCHN2¢ The shifted new channel number,

¢!

BLSLFT:; Raseline shift.

Geds a
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i )a & - .y 2 o
. 4048 program is used to establish the original form of the weighting
1t calculates or reads the weight factors and rsed or set variances
) as storage. -

SUBROUTINE WATE (NVAR,NUHVAR,NCHAN,RHO,XNCOM,III,0HG,A,RES, ISOCKN)
DIMENSION RES{400),RHO(400),0MG(400),A(400)

NVAR: Defined in INIT
NUMVAR: Defined in INIT
NCHAN: Deflned in INIT
RBCO(I): Counts registered at the I
XNCOHs¢ Defined in TNIT

th channel of the complex spectrum.

III: Identificatlon number of the complex spectrunm (if several complex spectrg

are to be analyzed,

,t "
0MG(I ) “ element of the variance vector.

A(L): Ith element of the vector X in (X°WX) matrix.
RES{I): Defined ih PHQTO

[SOCHN: Defined in INIT.

8, REFS:
Tnis program is used to read all pertinent reference spectra concerainc
P 9
cach spectrum.Options are provided for ‘each gspectrum to have a background

subtraction,to be normalized,end to be corrected for decay.In addit ion,a set
>f reference spectra (up to five)} for an element which upon irradiation
roduces several non separable isotopes,such as Br B?SG QEF82 ;May be read
.n.This program uses these data by interpclaticn te obtain the reference
spectrum at the decay time of the complex spectrum.

SUBRCUTINE REFS (NISO,NHICHN,ISO XNORH,0,ATBLG, NW,DECAY ,COUNT ,TTIT,NFAC,

S
"BRHL, D, H HC,NO,RHO
1

0
DIHENSION I80(15),H(15),D (WSEQAE M(15),0(15),AT(&00,15) ;BEG{L00),RES(400),
(15),CALC {(L00) FaAC(15), CT{400, ,5:9?(5 ,C(5)BEC(L00)  A(4C0)
IS0; Number cof refevence isotopes used in the analysle of the complex spectrum
HICHNg Defined in INIT .
'SO(I)s Number of channels in the I' reference spectrum
NORM: HNermalization constant
Ty e e 3 spectrur




’ 1
y Yo f R =4 o =y 2, = Wl - . th
ATizsgﬁé Counts registered at the 1%° channel of the % reference spectrum

L Jj¢-Counts registered at the Ith channel of the background spectrume
NWs Defined in INIT

DECAY: Decay time for complex spectrum (minute)

COUNTs Countlng time for complex spectrum (minute)

III: Defined in WATE °

NFAC(I): Decay time specification for the Tth reference isotope

FRRHL: Reference spectrum,flux reference isctope half-1life (minute)
{I): Irrediation time,1in minutes,of reference sample spectrum
{I): Half=1lifey,in minutes, of Tererence isotope specirum
1Cs Defined in INIT
C¢ Number of decay spectra of the reference isotope (max §5)
RHO(I): Defined in WATE

I): Defined in WATE

9. REFIN:

This program is used to interpclate,channel by channel between those

spectra discussed in REF3,by Lagrangian methed .The method is discussed
in the appendix D

SUBRCUTINE REFIN (AT,IITI,T,C,CT NC,M,;DECAY,COUNT,ISO,RHEO A}
DIMENSION AT(400,15),CT(400,15),T(5),C(5),IS0(15),I8(15),REC(400},A(400)

AT(I,J): Defined in REFS

th -th

ITi1I: Defined in REFS
T(K)s Deocay time in minmutes of the K decay spectra of the J reference
th .th

2
C(K})s Counting time in minutes of the K decay spectra of the J reference
th - -tn
CTiigh)a Counts reglstered at channel I of the K’ decay spectra for J~°°

reference lsgctope

COUNT: Defined in REFS
180{J )3 Defined in REFS
i D
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10, MwOWy_: 3
" This program 1s used to form the (X'WX) matrixz,its wmﬁm@mm and the
matrlx correlation coefficients.A provigsion is included to e

va
determinant of the matrixz of correlation cceff iclents. which is ueed as a

measure of the efficlency for e tracting the paximun information fron
the analysis problem.Further,the calculated identi vy matriz (XWX wnw\m W)
is formed and the error of average element can be found 11y ,the accuracy

c? ‘-"rj
:3
5‘3

f the inverse matrix can be wEWPOQm@ by an iteration me

SUBROUTINE XFORM (NFORH,NISO,R,RI,HAXCON,P,0,LOCHN, NHICEN,A,AT,NCORR,NWRIT,
NIDEN,NINTF,RII,BETA,THETA,0I ,RHO,III)

DIMENSION R(15,15),RI(15,15),RII(15,15),P(15),0(15),A(%400),AT(400),0T(15),
@(15,15),8{(15,15),BETA(15),THETA(15) ,RHO(400)

NFCORM: Specification for the (X zwwiamwwww to be read or formed

NISOs Defined in REFS

R{I,J): The inverse cross product matrix (X'w()~*

RI(I,J): The cross product matrix (X°WX)

MAXCONs The remalning number of reference isctopes

P(I): Tag name cof the M@ﬂ reference isotope

0{I)s Defined in REFS

LOCHN: Defined in INIT

NHICHN: Defined in INIT

A(T1): Defined in WATE

AT(I}: Defined in REFS

NCORR: Control varisble which specifies T ation of correlation coefficients

NWRIT: Contrcl variable which specifles v wwwwwm optlions for the (X'HX) and
its lnverse

NIDEN: Control variable which specifies formation of identity matrix

NINTF: Conbrol variable for interference calculaticn

@ B

RII(I, &W B(I,J) ,the (X°ux) ~ matrix N

.th .
BETA(J )3 Concentration estimators (ppm) of the J = reference isctope
THETA(J)s Interferences in percent

0I{(J )¢ Intermediate vector



\J
ol

Thls program ls used to select the data near each photo=peak which

ne
Is to be used in the area-of-inter uﬁfelding pProc

SUBRCUTINE PEAKS (AT9A9RHOQLOCHN9NHICHNQNISGGEII)

RHO(I)s Defirned in WATE
LOCHN: Defined in INIT
NHICHN: Defined in INIT
NISCs Deflined in RBREFS
111: Defined in REFS

12, SAVEs

This progranm is used to store the original (XWX =1 matrix and the
cerresponding reference spectra identification tags in order to allow
stacking of the conmplex spectra

SUBROUTINE SAVE (NISO,0,0I,RI,RII)

NISC0s Defined in REFS

C{Jd): The tag name of the reference spectrum
0I(Jd )z 0(J) 0 '
RI{I,J)s The {(X°WX) matrix

BIT{I,J)s RI{I,J}

This program is used to evaluate
(Chicts nethod) of the matrix composed of by

3 . . i a
of the (X'WX) ™~ matrix.The method is discussed in the appendix Eo

R: The matrix to be used (X°WX) ~
B3 Order of the matrix

- - oty A 3 ”
CETERM:s The determizmant of the matrlx
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14, DELETE:

This program is used to delele from the analysis the reference spectra

L

which ere not significant at a pre-selected level

SUBROUTINE DELETE (NISO,REMOVE, SOCﬁﬂgﬁETAQRQCQOQL&&LASL)
NISO: Defined in REFS

REMOVE: Intermedlate vaelue for the reference isctope

I8QCHN: Defined in INIT y

BETA(TI): New concentration estimator for It} reference isctope
B(I,J): The (X°WX)~T matrix

C(J)s Defined in REFIN

0(J )¢ DCefined in REFS

THETA(J ) ined in XFORH

L: Tag name of the deleted isotope

15. STAT:

This program is used to calculate the standard deviations of the
concentraticn estimetors.In addition 1f some sverage weighting matrix is
used in the analysis,this program 1s used to correct the standard deviations
for this calculations,

SUBRCUTINE STAT (BRMOVE,BETA,RHCSGD, NTSO o LOCHN; NHICEN,R,C, AT A, RES,REQ, NV A
NR,BAT ST ,NITFR,F,RCORR P MAXCON ,RHOSUM ,XNORM MVAR,ISC,III)

R,

REMOVEs Defined in DELETE
BETA: Defi:

RECSGQD: & {
NISCOs Define

NHICHNs Defined
R{I,J):

0{(J): Defined in REFS
AT(Jd ): Defined in REFS
A(I): Defined in WATE



tudent®s t value
NITER: Humber of iterations to be performed
F: ¥ value for null hypothesis

RCORR: Correlstion coefficient

RHEOSuM: T (RHO{(I)
XMNORM: Deflired in REFS
MVAR: Defined in INIT
ISC: Defined in REFS
I1I: Defined in REFS

16, WRIT:
This preogram 1s used to prﬁnt the concentration estimators,standard
deviaticns,t vaelues,etc,

SUBRCUTINE WRIT (NITER,ITER,0,BETA,STDEV,ST,NISO,F,RCORR)

©

NITER: Iteratlon number

ITER s Mazimun lterations

C{I)s: Tag number of the reference isctopo
BETAs Cencentration estimators (ppm)
STDEV s Standard deviatlions of BETA

lated t value

\‘

ing te be printed

17. CHIs
Thig nrocran 1s used to caleulate the value of Chie-gcuared divided

of freedom for each analysis



i

SUBROUTINE CHI {CALC,RES rmm”wwmmcnmommzezmmo BETA AT ,C,RHO, NTSO,QUAL, &)
CALC: Intermediate value for QUAL

RES(I)s Defined in PHOTO

MAYCON: Defined in 8TAT

‘P{(J}s Defined im STAT .

e

NHICHN: Defined in INIT
BETA(J ): Defined in DELETE
AT(I)s Defined in REFS
C{I)s Defined in REFIN
RHC{I): Defined in WATE
NISG:e quaﬁ ed in

QuUAL: Quality of fit number
A(I): Defined in WATE

UPs Confidence interval c¢f Chlesquared
DF: Degrees

5

cf freedon

18. VARNCE
This program is used to adjust the weighting matrlxz to account for the

variasnce in the reference spectra and the concentratiocn estimators

SUBROUTIINE VARNCE (A,0MG,STDEV,AT,LOCHN,NHYCHN,NISO,MAXCON,C,P,0,BETA,XNCR

IS
S

All of the varisbles are previocusly defined.

1
This pregran ig used to wrlte the significant ccincentratlions estimatorg
i ape

dard devistions,onte an lntermediate STCTragcs

SUBRCUTINE WRIT1 mo BETA ,STDEV,MIS0)

AlL of the variables are wwnqﬁoamwm defined.



APPENDIX G

= LISTING OF THE INPUT DATA AND INPUT OQPTICONS



The

A1

A.2

"Six other control

A.3 Card Three (2513 format)

following

544

JAAN

Card One
may con

(1

tain

Card Two {2513 forma
TTTTNISO = number of
data set.
may be vemoved

78

input data and input options.

more than

are read by CORGAM:

Identification card for the set of data which
one complex spectrum.

form

isotopes used in analyzing all complex spectra of the
Any analysis for which a specific isotope is not desired
b} entering a negative unity in the proper location

of the irradiestion and decay tlmes correction factor card.

WCASES

er

of the progran,

-

% spectra contained in the data set,

parameters are carefully defined in the comment cards

HCHCGY = 0; no change in N1, See the comment cards in CORGAM
for the definition of the variables in NAM1
NCHGI = 1; change in U&I1, Below is a list of the stzndard values of
the variables of NAMI, Read cne or wmere cards with the
necessary input data
HCUGZ = 0; no change Zn NAM2, This namelist contains the irradiation and
decay time correction factors
RCHG2 = 1; change in NA2. The standard value for all of these corrcction
factors is unity. Read one or more cards with the necessary
input data
NCHG3 = 0; no change in NAM3, See the comment cards in CORGAM
for the definition of the variables in NaM3,
NCHG3 = 1; change in N2 This is the standard value for NCHG3 because
not all of the neccessary input data is d Below is a
list of the standard values for the v NAM3, Read
one or more cards with the necessary inp
A 4, Card Four (1544 forrmat): ITdentification card of a specific complex
spectrum from the group which is to be analyzed,
% Ope (5514 8 61,12F6.0,2X format): This is the complex spectrum
A, Jeck Oneg 4 sO O DAy, N S 1%
Note: Card Tive and Deck Two are not needed if NBKGD = O or
NURKG = O
A.6. Card FTive (1544 format): Identification card for the background spectrum,
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e
~d
tJ
o

O«I
]
o

{6X, 19F6 0,2¥ format): This is the background spectrum.

Note: Card Six and Deck Three are not needed unless NAREA = 1
Ial L =N . e .
A.8 Card Six (15A4 format): Identification card for the flux reference spectrum

A.8 Deck Three (6X,12F6 Z2X format): This is the flux reference spectrum

Note: Card Seven and Cards Eight are not needed if NSHFT

i

0

4,10 Card Seven (8r10.C format): This card contains the gain (MeV/ch) to which
. the complex spectrum is to be shifted

A.11 Cards Eight (4(I3,7X,710.0) format): These cards contain the approximate
mid point and energy of each photopeak used in shifting the
complex spectrum

&

Note: I{f KVAR = 15 Deck Four is needed

£.12 Deck Four (5E14.8 f01m?,) Thvs deck contains a variance spectrum corres-
ponding to the complex spectrum.

The following cards and docks are read by subprogram REFS,

A disk is needed for intermediate storage.

= -

Note: There will be NISC decks consisting of Card One and Card
wo plus a deck of control parameters and a refercnce
-spectrum

B.1 Card One (44,973 formot)s his card contains an identification tag and
_ several centrol parameters for a refercnce spoctrum. See sub-
program RIFS comment cards for definitions

B.2 Card Two (8710.0 formzt): This card contains the half life (in minutes),
the dirradiztion time {in minutes), flux referecnce jsotope half
life (in minutes), and the reference spectruw normalization
constant. This normalization constant is read as uniicy 1i{ the

reference spectrum is to be normal;zcd,

_Note: <Card Threec is needed only if KO, the number spectra
composing a set of reference decay spectra, is > unity.

os
o9
[§%]
[@!
ot
—
(o
[
=
o
o

{8F10.0 format):
i

and counting time (in mJnLLCo) Foz each spectrum in the set of
reference decay spectra. There is a maximum of five spactra
allowed in each set ¢f reference decay spectra; all the szts of
reference decay spectra must come Iirst in reference spectra
decks; and cach spectrum in a set of reference decay spectra

st be in order of the decay times.

~ ~ o v . ~m :
Note: rds ¥Four, Five, Deck Cne, Card Six, Deck Two, are not

B.4  Card Tour (2573 *o“i:t)'
for the sct of




B.5

B.7

B.8

8.9

os]
et
(]

B.11

8.19

8.20

Deck Two (6X,12706.0, 2X format): This deck cont
[tsmmma—mese e Al e

80

e

+ry
[N
<
®

Card format): This card contains the background counting
in mirutes), the flux reference decay time {(in minutes),
¥ seight (in grams), the weight of *ne {lux reference

and the flux refeérence counting time (in minutes).

[a) <4 e L - O3 . . . 1
14.5;63,12¥6.0,2X; or 8F10.0 format): This deck contains the
. decay reierence spectra. ’

d
Note: 1If NORY is zero, Card Six, Deck Two, Card Scven, Card Eight,

and Card Nine are not neseded. If N“BhG is yew, Card Six
and Deck Two are not needed.

Card Six (1544 format): Identification card for the background spectrum

ta the 3]
Note: There will NO decks composed of Cara @eve, Card LLgh
and Cards Nine

ceclrum
.
(S

Card Seven (2513 fornmat): lhis

2 card contains the number of peaks and the
pivotal pezk used in shifting the reference spectrunm,

Card Eight: Sce Card Seven of CORGAM

Fight of CORGRAM

Hote: 1If 1O is zero, some or all of the following cerds or
decks are neceded. If NORT is unity, Card Ten and Cax
Eleven are need

Card Ten: See Card Four of REFS

Card Eleven {(8710.0 format): This card contains the counting time {(in
minutes) end the information containred on Card Five of REFS
for each reference spectrum

Dcc k Three (3£14.8,6%,12¥6.0,2X; or 8F10.0 format): This deck contains
the reference spe

Y is not equal to unity, Card Twelwve, Deck Four,
ou en, Card Fifteen and Deck Five are not necded,
If NUBKG is zero, Card Twelve and Deck Four are not needed.

rd Twelve {1544 format): Identification card for the backgreund spectrum |

Deck Four (6X,12F6.0,2X format): This deck centains grbachround spectrun

9

Card Tdentification card for the flux reflerence

- ~r T, A Iy % ~ S ~ e pe -~ B
Decl: Tivo (6X.12¥0.0.2% format): 7This deck contairs a {lux reference spectru
seaneszs g =
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The following cards and decks are read by subprogram XFORM

Note: £ NFORM = 1, the following deck is needed:

(X'W X) ¥ matrix vhich has been formed previously

[

I
C.1 Deck One (3E24.18 format): This deck contains the

Note: If NFORM = 2, no other input is required
If NFORM = 3, the following two cards are neceded,

il

€.2 Card One {2513 format): This card contains the
number of peaks needed for the area of interest
(AO0I) unfolding procedure and the number of
channels on either side of the mid-point channecl
‘of the photopeak used in the ACI unfolding procedure.

£.3 Card Two (25I3 format): This card contains the channel
numbers which correspond to cach peak used in the
AOT unfelding procedure.



START

[ ‘l'? '}

Gone s 3

]

Q_
{;: Read A. 4

Nt

€
|

i Read A, 5«

I

P
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HAREA

< Re_a.d C. 3
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= LISTING OF THE UNIVAC=1106 VERSICON OF THE COLE (COEGAH)
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APPENDIX K

= LISTING OF THE INPUT DATA FOR SAMPLE PROBLEH
The following is the listing of the input @

analysis of the sample problem data.They are iisted in order of appearcnce

in the program.For further use change of some of cards is

sufficient.The data can be read from punched cards as well zs fronm a storage

file or from a magnetic tape.The listing of the input data is alsc given

together with the read formats.The options are given in the comments cards

of CORGA# and in the appendix F.

b4

l.Card:{15A4) ID card for the complex speciraum
2.Cards(2513)
NI8CsHNumber of isctopes in complex spectra used

NCASES sNumber of complex spectra to be analyzed

n the analysis

i3
[N
-

NRES:Rescnance calculation contrel paremeter (optional)

NFORMsLeast-squares fit contrcl parameter (optional;

NWRIT:{X°WX) matrix writing contrcl parameter (optional)

NCORH:Correlation coefficlent control parameter (ocptional)

NINTF:Interferences oalcmlafion centrel parameter (opticnal)

NIDEN:Identity matrix control paramebter {optional)
3.Cards(2513)

NCHG1sChange in NAM1 (optional)

NCHG2sChange in NAM2 (optional)

NCHGB%Chang@ in NAM3 (optional)

(NAML,NAM2 ,NAM3 are the NAMELIST variables)
L.Card:I? change in NAML is required,new values are glven by this card
5.Cards t NAM2 " N i
6.Cards @ NAM3 e K N
7.Card s o & o 0 £

NA#l contains ISOCHN,HODE,NBKGD, NUBKG , NSHFT , NPK , LPP , NORH, NCTIN
NL{ Ei ‘\1 o ?‘75.‘4 d,&N b E"IC EEVQR

NAMZ contains C(TI)
NAHT containe T,DECAY,COUNT,HT,CUCT ,WTCU, AREA, CUDEC, BXGTIH, TIMIRR,

FRHL,UP ,XNCOH
The dcfinitions of these verlables are given in the ccmnents of
& SRR R (A = - 7



(=Y

e
nznge 'is required,this 1ls done in the Jecard and the new values are given

CORGAN.These variables are entered in the program by a DATA statement,i
c

6. and 7. cards.if a specific isotope wont be used in the analysis

0
will be entered in NAMZ for the C(I) value of the I th tsotope.For the

£

&

complex specira following the first cne (if any) ,the input paranmeters are

read from the subprogram INIT.
8.Card:(15A4) Complex spectrum ID card
g.Card up to 30.Card (included) (6X,12{F6.0,21)) s
This 1s the complex spectrum data set.The variable name is RHO(I)
where I is from 1 to ISOCHN.ISOCEN iz the number of the channel contained

in the complex spectrum.laximum velue of I can be 400,and 12 values are

punched on each card.If the channel numbers are less than 400 (as in the

case of sanmple problem 256),0nly the values prespecified are read.

31l.Cards(1544) Background ID card

32.Card up to 53.Card (included) (6X,12{F6.0,2X})sBackground spectrum deck,
The variable name is BXG{I) where I is from 1 to ISOCHN

54 .Cards Flux reference spectrum ID card

55.Card up to SB.Card {included) (6X,12(F6.0,2X%)): Flux reference spectrum
data set.The variable name is RES{I) where I is from 1 to WNCHCU.

NCHCU is the channel number contained in the flux reference spectrun
59.Card:{8F10.0) The gain of the system in MeV/ch.The variable name is GAIN
60.Cards{4(I3,74,FL0.0})) IXC(I),E(I) I from 1 to NPK,where the veriable

I¥C is the approximate mid=peint of photopeak,E is the energy of the

ganma photopeak in HeV.Both values are for the complex spectrum.NPK
* . being the number of the photepeaks in the complex spectrume.
61.Card:{4%,973) 0(I),I80(I),NPK,LPP,NORF,;MODE, NFAC({I),NO

name cof the Eth isotope
Mumber of channels in the I reference Lsctone

LESAE)

the photo-peaks contalned in the complex spect

lex of pheto-peak used 1in

il

~cification for normal

) za
Terence epe@trum input gnec

D( 1) PL,MLMNCE M{

(&7
o
<
et
s
Ean
b=d
o
bl

c

I
2lf-life,in minutes,;of referen

o



L

€3.2ndbl Cardss (8FPL0.0) T{J),C{d) J<from L to NO
a e

These data are for the reference decay spectracvnere T{J) is the decay
time in minutes of the J°" decay spectrs and Cf. I} is the count time
in minutes of the ith decay spectra.NO being the number Of.the
decay spectira.
65.Cara:{2513) NUBKG,NCULL,NCUUL,NCHCU , NCHBK ’

NJBKGsBackground spectra specification
NCULLsLower £1%t 1limit on copper reference photopeak
NCULL:Upper © w w 0 w
NCHCu siiumber of channels in copper reference spectrun
NCrpx:Number of channels in background spectrum

66 .Cards(8FL0.0) COUN,DECA,BKGTIN,CUDEC,WT,WTCU,CUCT
COUNsCountiﬁg time,in minutes,for reference spectrunm
DECA:Decay Uime,in minutes,for reference spectrun
BKGTIH::Background counting time,in minutes,for reference spectrum
CUDEC:¢Decay time,in miutes,for flux reference spectrunm
WlsWelght,in grams,of the reference isctope
WTCUsWelght,in grams,of the {lux reference 1sotcpe
CuCT:Counting time,in minutes,for the reference spectrum,flux referenc

Spectrum.

67.Card up to 186.Card {(5814.8) CT(I,M} J from 1 to ISOCHN, M from 1 tec NO
These are the decay spectra of the reference isctopes,where CT(J, i)
is the counts registered at Jth_channal of the referesnce isotope
ﬁeb lecay tine.NQ is the number of decay spectra.lf an isctepe doesn®t

have a de@ay spectra M is assumed to be equal to 1.
187.Cardssamne as card 61
188.Cardssane as card 62
189.2nd 190.Cardsscame as cards 63 and 64
191.Card:same as card 65
162.Cardssame as card 66
193.Card and the following deckisame as 67. card and the followlng decl.
The same order repeats itself till all e T
read in.In the sample preoblem data this rej
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Lok Card:sane

465.Card up to

The sanre ord

o

card 7 i

card 8

86,

Cardisame as the 9. card up to 30, card

repeats itself t11l all the complex spectra are read
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T

The first program is used to record the content of the magnetvlc tape
cbtalned from HEA=-CPL to the malin storage of a “fi”&&all@é cemputer used
in Bogazlgl University.The main progrem and the sample problem data were
recorded on to the same file.The main program and the sample input date
are loaded separetely into two different files,CORGAIH and DAFCA respectively
The namelist is renoved from the 96. line to the 4. line due to the requis
rements of the UNIVAC computing system.These are done by the help of the
2. and 3. programs.The 4, program is used to update the coding symbols
for UNIVAC=1106 Card Reader and Line Printer.In erder to execute the PIrogran

by the sample lnput data,the 5, program is used to remove the maln progran
intc the 2.cycle of ¢ lle,becauvse the first cycle contains the program
in data form,by removing 1t to the 2. cycle,it is transformed into an
executable form.FinaZly the 6. progran is used to run the program using

the sanple data as input.



PROGRAM-1

=

Records the tape in the main storage

aRUN

afASG , Tod T.,609,080218
@MOVE T.,7

@aDELETE T BOGRUN,

@ASE,UP BOGRU N,
@USE F.,BOGRUN,
=C0B, ISE

IDENTIFICATION DIVISION
PROGRAM=ID, TEYP-OWKUMA,
ENVIRONMENT DIVISION,
CONFIGURATTON SECTION,
SOURCE-COMPUTER, U<11D6
OBJECTCOMPUTER, U-1106
INPUT=OUTPUT SECTION,
FILE-CONTROL,

SELECY 7 ASSIGN TO UNISERVO T,

DATA DIVISION,

FILE SECTION,

FD T
LABEL RECDRDS OMITTED
RECORDING MODE 15 F.

01 T-REC PIC X(80),

FD F
RECORDING MODE IS sDF.

01 F=REC PIC X(8D),

PROCEDURE DIVISION,

ACo OPEN INPUT T WITH NO REWIND.

OPEN QUTPUT F,

OKU. READ T AT END G
MOVE T<REC TO F
WRITE F<REC,

GO 7O OKU.
SONs CLOSE 7 WITH ND REWIND,

CLOSE F,

STOP RUN,

141

0 70 SO,

T e
[XE R o

aMAP, IN

aXgT

aDATA L BOGRUN,
aF IN




PQDGRAM:E 1.Update of main program

mRUN

mASk, A BOGRUN,

@DELETE ,C CORGAM,

aAsSkb,upP CORGAM,

aDATA L BOGRUN, ,CORGAM,

=4

NAMELIST /NAMl/ISUCHNsMDDEowBKGDQNUBKGDNSHFTQLPPQNGRMQNCTIN

lNAREAONCHEU9NEUL?DNCUULgNPHGQNUHVAﬁvNVARGNHEFS@ETEﬁgwﬁgmwwp
ZLQEHNDMHIEHNDNEHANQ%EQWVAR/NAMZXC/NAMS/TQHECAYgCDUNTQWTQEUC
3ToWTCU,AREA,CUDEC ,BKGTIM,FHRL ,UP  XNCOM

=93,96

+1296,16851

@t ND

af IN

PROGRAM -3 Load sampie problem data

aRUN

ahSGL,A BOGRUN,
mlDEtETE,C DAFLCA,

@ahAs6 upP DAFCA,

@DATA, L BOGRUN. ;DAFCA.
~1,1265

atND

aF I

PROGRAM- 4 2. Update of main program

aRUN

@ASG, A CORGAM,

mED, L CORGAM, ,CORGAM,
C /READ{1,/READ(S,/ ALL

C /WRITE{I,/URITE(6,/ ALL
mEND

@af IN



PROGRAM - 5 3. Update of

aRUM
8ASG, A CORGAM,
aASh, UpP CORGAM(+1),
af TN,US CORGAM{+1)
gADD,DP CORGAM
aFIN

PROGRAM - §
SRUN sample
aAsSk, A CORGAM,
@ASG A DAFCA,
AaDELETE,C 2,
@DELETE,C 10,
@AS&QUP 26
@ASG,UP 1D,
@f TN, 8 CORGAM MAIN
aPREP CORGAM,
AMAP , I ,CORGAM MAIN

IN CORGAM MATN
LIB CORGAM,

aXiT
=ADD,DP
af IN

CORGAM MAIN
DAFCA,

problem

main

program.

Run of main program with

Inputdata.



APPENDIX o

The feol

rlowling
data proce sing,us

is a list of the computer programs coded for experimental
sUsed lu common neutron activation analysis,

A=Computer ccdes avallable in ARCONNE NATICHAL LABCRATORY

1= TOAD :®A computer code for processing gammaeray

spectra®
Reactor code abstracts 333, Coded for: UNIVAC=1108

Iangvage: Fortran IV Issued at: June,1968
2- CORGAHM :"A correlation algerithm for gamma-ray spectra®

Reactor code abstract: 390, Coded for: IBYN 360/50

Fortran IV-G  Issued ats: May,1969

Languages

3= ALPHA-¥ :"Resolution of gamma-ray spectra®

(improved version of ALBHA)
Reactor code abstracts 413, Coded for: IBH 360

Languages Fortran IV,CPL Issued at: December 1970

4o GSSLRAN1B :"Lea

8% squares photcpeak spectra code®
Reactor code abstract: 457, Coded for: UNIVAC-1108
Languages Fortran IV,CPL I

5= GASPAN :%Complex gamma-ray spectre analysis®

Reactor code abstracts: 485, Coded for: CDC 6600
Lenguage: Fortran IV Issved at: Janvary 1972

B-Computer ccdes avallable in NEA=CPL

LyIspra
6- GRETEL :“Ce(li) ganmma spectrum unfolding® \
Program abstracts B 433 Ceded for: IBH 370
Languages Fortran IV ,CPL,Ascembler

(&)
o
By
Py
AW
=3
[9e]
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