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Neutroa Activatlion Analysis (NAA) has become a wide

J
important snaiytical technique in the determination of the minor conse-
tituents of many samples. The composition of tresge samples ma

from macro-guantities (greater than 1%) down to micro=-quantities (parts
per million}.The micro qualitative and quantitative zanslyses can be
performed by NAA.For this purpose the basic concepts and the theory

of NAA 1s introduced.The detection methods and various types of detec.
tors are discussed,.The auxiliary electronic eqlipments and the statisti-

cal methods used ln the evaluation of the results are also given.A pra.

developed computer code,namely CORGAH,is presented in order to unfold
t

he gaime-ray spectrs obtained from the activation analysis of mixtures
of materials.The code which was previously programmed for the IEM 36G/50

ct

ted for use in the BOGAZICI iniversity

c
m a sample problem are used as input to run the proge

oo
ol

4
U.computer.The output cbtained from this run is observed to

¥ are recorded onto a magnetic tape;and the necessary

J
eguired to run the program ls given.
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GunUnmizde NOGtron Aktlvasyon Analizi (NAA) yolu ile,cegitli
malzeme kompozlsyonlarinda,malzemeyl teskil eden elementlerin cins ve
mikterlarinin tayini oldukg¢a Snem kazanmigtir. Bu galigsmada,NAA®nin
dayandigi prensipler,genel teosrisi,analiz sirasinda kullsnilen detek-
tOr sistemierl incelenmis ve netlicelerin istatistiki degerlendirilmesi
igin kullanilan teknikler tanitilmigtir.Diger analitik ydntemlere orane
la daha hassas sonug verme Ustinliglne sahibolan ndtron sktiv..syon ana-

=

lizinde sonuglsrin degerlendirlilmesi sirasinds -arﬁzlag‘“a wzun zanan

(D

s
alan hesaplamalar,bilgisayarlarin hizly hesaplsma ¥
nilarak yapilmaya g¢aligilmistir.Bu asmagla,dana dn ¥
bilgisayar progremindan yararlanilmig ve bu program {(CORGAN) idzerinde

gerekll degiglklikler yapilarak sadece tasarlandigi Uzere IBH 350/5C
Tipl bilgisayarlarda degil LNIVAC=-11006 tipi billgisayarlerda da kulla-
nilabilmesl saglanmigtir.Program deZigtirilmis hall ile manyetik bir

lmig ve gelecekteki uygulamalar icin gerekli bilgiler ayrie

fed
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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 ale(SeaBS)
the method was considered as rather a curlosity until mid-forties.Miero
constituents analysis by NAA however became possible ocnly after the devee-
lopment of high flux reactors,accelerators and reliable scintillation
spectrometers.Basic principles of NAA are discussed in detail by many
authors (S0=69,Ba-bU ;Ev=55,Pr-64,0K=72).In addition some application of
digital computers to NAA were presented at a 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
nuclel to become radioactive.The subsequent emission of beta or gamma radie
ationsfrom these nuclei 1s characteristic of the particular isctope.If the
energy of emlssion of the radiations are known,the isotope can be identified.
The magnitude of the radloactivity is directly related to the anount of the
lsotepe present in the specimen.The detection of radioactivity reguires
sensitive techniques.However neutron activation analysis permits the sccuraste
appraisal of very small amounts of an element.Neutrons are able to pass
through a conslderable thickness of most substances.It is possible,therefore
to analyze materials in solid,liquid or gaseous phases (Wa-<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 materiasls to thermal neutrons
and non-dest{ruction of the sample,etc.In principle this means that in most
cases cnly neutron capture reactions have to be considered aznd that consew
quently there i1s no change in the nature of the irradiated elements.
Unfortunately thermal NAA can not solve a number of important trace
analysis problems,as for instance those of light elements,e.g.carbon,
nitrogen and oxygen.These problems can sometimes be solved by applying
an other method of asctivating 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 analytiecal techniques reguire
some chemical treatument before the analysis,the NAA may recguire the chemieal
treatment only after irrsdiation and often after removal of surface contse
mination.One further advantage oerAA is in many cases the seiectivity or
even specificlity of its nature.It should be remembered that the activation
1s & reasction of the nucleus,and thus independent of the chemical state
of the considered element (S0=69).

gamma scintillation spectrometry to activation anelysis
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it becomes possible to enalyze simultaneously a number of different elements.
A careful statistical treatment can demonstrate that NAA cen be as precise
.l‘;-

and evenr better than other analyticsl rethods.
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The procedure csn be summsrized as follcus: irradiate a sample ané =
standard under the same conditionsgcount both under the sane conditionsg
the ratic of these rates will be equal to the ratic of thre 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 varlies from a
thermal energy of 0.025 eV up to about 20 MeV.Consequently activetion not
only occurs with thermal neutrons,but alsc with epithermel and fast neutrons.
Many other complexities may be met during activation,such as unsuspected
reactions,production of the isotope of interest by second order reactions or
radioactive growth of a daughter isctope,irreproducible geometry,absorption
of radiation,instability of the instrumentation,non-linearity in detector
response,etc.From this short 1ist of errors it can be concluded that NAA is
a complex analyticel technique and that experience is required to cbtain

satisfactory results.



i.3= BASIC PRINCIPLES OF GAMMA-RAY SPECTROMETRY

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

notaticongas follows

X (n,k) ¥ ' (1.1)

where n refers to neutron end k to the emitted particles or radiation during
the reacticn.If the activation process of nuclei X,is assumed to be carried
out in constent neutren flux, and if the initial number of atoms of the

parent nuclel is also assumed to be constant,then the well known differential
equation governing the rate of formation of ¥ will have the following solution,
as given in detall in section 3.2.

A ﬁv(lmechyt) s (1.2}

5

i

Nohy=G 8

where, A 1s the activity of ¥, atoms/sec.,
&
Ny is the nunmber of atoms of Y.
N, is the number of atoms of X,

Ay 15 the decay constant for product ¥, sec,™*

, , <
Py is the neutron flux; neutrons/cm sec,

U is the sctivation cross-section for production of Y from Xy, ¢em ¢
t 1s the time of irradiation, sec.

When a sample is removed from the neutron flux,the activity begins to
lecrease exponentially.Then the equaticn 1.2 becomes,

. - =Myt ?
AyeskyhyzQEQoNKQEQ@ Ayt) e Y | {1.3)

orrected decay time to account for decay of the sample
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unting time,and is given by

-, 1:: e » ‘
coo o - t1/2 Ll/z( exp(=0.693 ts/tl/Zf) (1.4)
T 0.693 0.693 ¢t
here, t_ 1s the time from removal from neutron flux to the beginning or
e count, ©_ is the counting time, t1/2 is the half-life of the radicactive
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The asctivaeted atoms will decay to lower enersy levels,in order to
reach more stable states.If during this decay process,the emitted eXcess
energy is in the form of gammaerayssbbth qualitative and guantitestive anaw
lysis are possible,

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

A scintillation detector converts the incoming gamme-rays into scine
tillations,and intc electrical signals through e photomultiplier (PH) tube,
These elctrical signals are then amplified ,measured and registered. The
Deasurements are performed by the use of multi-channel analyzers (MCA).

A MCA 1s an electronical equipment which stores the electrical signals

in different locations (channels) according to their amplitudes. Since the
amplitude of the signal is proportional to the incident ganma=rey energy

a pulse helght versus energy distributiocn can be obtained.Figure 1.1 is a

plct of the expected theoretical response of a moncenrgetic gaemma emitter

of energy Eo and the actual spectrometer response,li.e.,gamma=-ray spectrum
(He=64),
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igure 1.1~ Cempariscn of g theoretical and actual response of &
scintillation 8pectrometer to n monoenergetic gamma

emitter of energy E_ (He<64),



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.
Befeore going intc & more detailed study of the general principles of Nasa,

a short summary of the principles behind Nas are stated and the gamma-ray
spectrometry 1is introduced in the same section. Section 2. is e more detalle
ed discussion of the general principles of NAA.In thls section,the interac-
tion of neutrons wlith matter,formation of redicactive nuclei,their decay
schemes are studied.The following subsection defines the types of intere
action of gamma radiation with matter.The formation of gamma Spectrum

is alsc introduced in more detall in this subsection.The detectors used

in ccmmon NAA weork, their principle of operation;the scintillation process
and scintillation detectors are studied in Subsection 2.3.Information on
the electronic equipment used in NAA and the statistics of radiation can

be found in subsections 2.4 and 2.5 respectively.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 codes which
were avallable in NEA Computer Library (NEA=-CPL),CORGAM is analyzed in
detail.It is in section 3 that CORGAM is introduced and the theory used in
in this computer progrem is given in some 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 AyB,C;D and E. Finally a listing of
the program,its flow diagram,the input data and the input options,the
updating programs and a sample problem run are given in the appendices F,G,
Hed oKL and M.



s GENEEAL PRINCIPLES

2.1= FORMATION OF EADIOACTIVE NUCLEI TEEOUGH TRE INTERACTION OF
NEUTRONS WITH MATTER

If & moving particle collides with another one,kinetic energy is
eXxchanged between them in agreement with the laws of conservation of energy

g

[

end momentum.If the potential energy of the 8ystem remains unchsesnged ,kinetic
energy being conserved during the collision,the pnenomernion is called elastic
scattering.Ths scattering 1s inelastic irf one of the particles is left in an
excited state after collision.The symbocls (n,n) angd {n;n') are often used

to denote these processes in neutron elastic and inelastic scattering.
Weutrons may disappear in an interaction as the result of absorption reac-
tilons;the most important of which,is the (ngg) reaction.This process is

also known as radiastive capture,since cne of the products of the reacticn

1s instantaneous gamns radietion.Neutrons alsc disappear in charged-particle
reactions such as (n,p) or (g} reactionseSometimesgtwo O mocre neutrens
are emitted when a nucleus is struck by & high eflergy neutreon.The process
here are of the (n,2n) or (ny,3n) type.a closely related process is the
(n,pn) reaction, which also occurs with highly energetic incident nevutrons.
Finally,when a neutron collides Wwith certain heavy nuclei,the nucleus splits
into two large fragments with the relesse cf considershble energy.This ig

tre fission process.Deteiled discussion of these interactions sre given in
many text books (Eve55gLaa729P10649Frm67}e

In neutron activation analysis the most laportant reaction is of the
(n, ) type.This type of reactionm 1s the most common of sg11 reactions,since
Lhermal neutrons induce this reaction in neesrly all nucleil. It also occurs
“ith a very high probablility for a number of nuclei at particular energies
ln the epithermal renge.This latter phenomenon is known as Tesonagnce capture,
‘he gamma-rays which are emitted in the (n.%) reaction usually have energies
f several HeV.

The emission of this gamma radliation 1s due to the release of eXxcess

LiT

nergy of the excited nucleus.The energy of this ganmaeray is equal to the
n

ifference in the ¢ ergy levels of the excited and stable states of the
meleus.In some cases twe or more gamma-rays of discrete energies are
2itted in cascade.These gamma=rays are usually emitted within 10°13 sec,
fter the beta-particle,electron capture or alpha-particla “ecay occurs,
ocmetimes,this excited state has a charscteristio halfelife af 3ta mum



O

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).
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The Ni nucleus formed by the 3" decay is rapidly coaverted fron éec@
with emission of 2.50 MeV energy gamma-ray.This conversion takes place by
the emission of a photon of 1.17 MeV energy and immedia®ly there-after a
photon with 1.33 MeV.A meta@stable6§tate is found e.g. Somc@ (helf-life:

10 minutes)} which is converted to Co by emission of a gamma-ray,which

decays as shown in figure 2.1,

In some cases alternative ways for the conversion exist,resuliing
in a more copllicated decay scheme.In figure 2.2 the decay scheme of
lB?Ce is illustrated.

\ { References

Q,- 4.0 Cs 4
r(_\t":'.‘,) Ba (WagM5!, Lan
FulRé2)

La, Ce (StonNé3a)

67% 7.2 | ﬁ 0 455
{

I37

ssBa

e

2
Figure: 2.2~ Decay scheme of l/?Ce {Le-68),
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‘The detection of these gamna radiations by suitable detectors, and
the enalysis of the spectrum formed by these radiations,may be used to
identify the radiating nuclide;its amount,etc.The spectrum formed by these
gémmaaraysgdue to the reasons discussed in the following subsections is
unique.That is a given radionuclide has its own spectrum.Once the gannma
Spectrum is obtalned from an unknwn nuclide;qualitative and guantitative
analysis 1is possible by using special technigues.These Technigues are studie
ed in detail in many text books (So=69,He-64,Cu-68).4 brief description of
these metheds can be found in the following subsections,and a computer
application of a specially developed method,namely the correlation elgorithm
i1s presented in section 3 (Ec-68).
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2.2= INTERACTIONS OF GANMMA~RAYS WITH MATTER AND GAMrA=RAY SPECTRUM

Gamma-rays,llke other electomagnetic rediation,have the properties
of both waves and of discrete particles,or guanta.At the relatively high
energies of isotopic gamma radiation,the quantum characteristics are the
most iaportant.Thus,for the purposes of considering their interaction with
matter,gamma photons may be regarded as particles having a given energye.
There are four kinds of interaction of photons with matter.Fano (Fa=53) in
his article states that these are:

l- Basic interaction with atonmic electrons

2= Basic interaction with nuclear particles (nucleons)

3= Interactiom with electric field surrounding charged particles

(nuclei and electrons)

be Interaction with meson field surrounding nucleons.

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

A= Outright absorption

B~ Elastic (coherent) scattering

Ce Inelastic (incoherent) scattering.

Different types of processes may arlse from each kind of interaction
(1,2,3,4) leading to each of the end results (4,5,C).Thus there are twelve
types of processes in all.dany 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 atomic

electrons leading to an outright absorption,

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

electrons leading to inelastic (incoherent) scattering,

¢) Pair production,which is the interactlon with electric field

surrounding charged particles (nuclei end electrons) leading to an
cutright absorption.
PHOTOELECTRIC EFFECT 4s most important for photons of low energy.In this
brocess, an incldent gamma photon impinges on s bound odbitsl electron and
transfers all of its energy to the electronsejecting it from the aton.
if Eb is the binding energy of the elctron and the recoil energy of the
atom 1is H@glé@tedgthen.E;:hvab sWwhere hv 1s the energy of the elctro=
Dagnetle quantum and E is the kinetic energy imparted to the electron.
The quatum of radiation is possible only because the remaiander of the atonm

can receive some momentum.The photoelectric effect is frequently used to
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determine gamma-ray energies.This may be accomplished by measurement of the

i

total lonization due to the photoelectrons in a proporticnal or scintilla-

tor counter.
The photoelectric effect has 1ts highest probabllity 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 occcur.
For incident photon energies above the K-shell bindihg energy,experiments
show that 80 % of the photoelectric effect interactions cceur with Kesghell
electrons.The probability for this interactions,increases rapidly with
degreasing photon energies.Figure 2.3 shows now tne photoelectric effect
probablility varies with incident photon energy.
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Figure: 2.3= Photoelectric cross-section as a function of photon energy
for lead (Ga=67).
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The discontinuities occuring at the K

nd L shell binding energies
tr

are called the K and L absorption edges.The probability of photcoelect
interactlion 1s approximately propcrtional to 2&°4 of the absorber and t

E§3°5
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el - 3 I 4 o - 1
of the interacting photon (Ga=67).Thus tie photoelectric effect occurs

witn high Z absorbers and low pnoton energiles.



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 ;)ﬁl
Ey +Eo=Ey+ (B +cp (2.2)

The conservation of momentum along the X direction and ¥ direction are

2
Eﬁa’, - ;%5, cos @ = pcos “g’) ¥=direction (2:3)
<

?
Eg sim (9 =p Smgg Y-Cirection (2.4)
C
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Combinlng equations 2.3 and 2.4 the fellcwing eguations ere cbtained.

2 , ;
Eg, -2E3E3 cos (¢ + E; = Cng

(2.5)
4 1 _4-cos &
Ey Ey Eo (2.6)

Since E::%f where ¢ i1s the velocity of light,equation 2.6 becomes

’ h
Am}\mf@(é~aosé9} (2.7)

where B is the rest mass of the electron.The quantity-§t3-=2@@26 X loalocm

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

that for a given incident energy there is a ninimum energy (maximum wavelengéﬁ
for the scattered gamma-ray and that this occurs for scattering in the
backward direction (cos®==1),

) Eo 1
<E5>m'mg 2 ‘Q%Eefigg (2.8)

For large incident gamma-ray energles (Eg§>§on} the minimun energy
of the scattered gamma-rays approchesé&%f:250 KeV.For this reascn scintile
lation spectra of higheenergy gamna-rays always show a "backescattering®
peek 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 Comptcon effect is important for photons in the energy range of
0.6 to 2.5 MeV.The probabllity of Compton interaction increases with
increasing Z of the absorber and with decreasing energy of the ganmaeray.

The third mechanism by which electomagnetic radistion csn be abscrbed
is the PAIR PRODUCTION process.The process is sc termed because 1t results
in the production of a pailr of particles of opposite sign,the electron and
the positron.As has been pointed out above,the positron is a particle having
the mass and dimensions of an electron,but a positive rether than a negative
charge.Pal production is possible only for a photon having en energy of at
least 1.02 MeV.When such an energetic photon tresverses s powerfull electric
field,such as that surrounding a nucleus,the photon can be annihiliated
with the prcductlion of a palr of particles of egual and opposite charge,
In this way,the electrical neutrelity of the criginal photon is conserved.
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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 escaepe),located at a point equal to the source gamma-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: 2.5- Absorption coefficient for NaIl(Tl) as a function of
ganma-ray energy (Ec=68).

The detection of gamma-rays 1s mostly perfermed by means of a NaI{(Tl)
scintilleter or with a Ge(Li) Junction.As the output of these detectors is
proportional to the energy of the incident gamma-ray energy,sSpectrometry is
possible.According to the size and the absorbing properties of the detector
and to the energy of the m@asured gammam*av total or partial absorption can
occur.Figure 2.6 shows the gamma spectra 2k Na (E 1 2.76 Heng 2 138 ey
obtained with a 2%X2® NaI(Tl) detector.In this figure (a),
the total absorption while {d),{e),(f) denote pagtl @’ absor tie n.All
processes glving rise to total absorption contribute to the formation of
the peak at the highest energy side of the spectrum:the so cslled photo-

peak.The colincidence of two or more gempg-rays in the detector,gives rise
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Figure: 2.6- Gamma spectrum of ZQNa measured with a NaI(T1i) (1)} and
with & Ge(Li) (2) detector (So=69).

tc a sumpeak.The relative intensity of the sumpeak to the single peak 18 2
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 available for the identification of gamma spectra (Cr=64,He-64,
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 comparison 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

th 2 large number of routine anslysis,but alsc for varicus tasks,e.g.

gamma spectrum anelysis,decay curve snalysls,ststlistical treatment of dats
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cptimazing,decay and counting conditions,etc.In section 3 a computer code
C comlex gammaeray analysis,is presented in detall.The method

used in this code is given in the subsections of the same secilon,togethner

with a complete listing of the program and & ssmple problem,in the appendice

H;K and L.

Isotope Energy (keV) Isotope Erergy (keV)
1Am 59.568 + 0.017  #5Nb ©65.83 = 0.07
sy 80.166 + 0.003  54In &§34.54 = 0.07
153Gd 97.43 + 0.02 88y §Gs.01 = 0.07
133G:d 103.18 + 0.02 20731 1683.82 + 0.28
17" Lu 112.97 80Co 117313 -+ 0.04
14iCe 145,44 + 0.05 80Co 133239 =+ 0.05
135Ce 165.84 + 0.03 *4Na 136840 =+ 0.04

t5Co(D.E.) 15766 + Q.32
1Ty 208.36 HSTUTHhC”3D.E.) 15923 = 0.3
203 Hg 27312 + 0.05 2Na (D.E. 1731.6 = 0.16
1317 364.47 + 0.005 88Y 1538.1  + 0.07
55Co 20352 £ 0.50
“6Co(D.E.) 22322 = 0.67
188y 411.776 + 0.01 24Na (S.E, 22425 = 0.14
5¢Co 25639 + 0.30
Annihilation 511.006 + 0.02 208T] (ThC”) 26143 =+ 0.09
2B} 569.65 + 0.10 2iNg 27538 = 0.12
10y 661.59 + 0.07 3¢Co 32024 £ 0.65
55Co 32542 + 0.653
#3Co 32736 = 0.4
8Co 34325 £ 0.75
S.E. = single eseape D.E. = double escape.

- o~ 4 mat ey é’CZ\w{; A
Teble: 2.l1la- Calibration sources for gammae-ray specironeiry (80=09).



Fnergies Relative energies

(heV) This work Ref. 3 Ref. 4 Ref. 2
80.57 £0.20 14.48 £ 0.48 14.55£0.45 13.33 1450129 i
94.55%0.15 0.3 0.1610.03 i
121.60+0.15 0.78 4 0.18 ’ 0.7 £0.50
160.70 + 0.20 0.36+0.15 0.3540.1
184.50 £ 0.25 100 100 +1 100 100
215.60£0.25 3.94+0°09 4.15+0.06 4.44 3.8 204
231.2040.30 0.36+0.03 0.324£0.05 0.3 +06.2
260.15+0.30 1.7740.12 1.42+0.10 1.11 1.8 £0.5
280.3040.30 38.61 +£0.46 43.6 +0.4 33.33 195 +£2.8
300.45 £.0.40 4.77+0.09 5.45 4 0.05 4.44 48 0.4
365.80 4 0.30 2.934.0.06 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 3.48+0.07 4304008 3.32 3.5 207
464.90 +0.25 2.00+0.07 1.66 4 0.08 ~ 2.22 2 404
$29.95+0.30 10.1640.32 13 £0.40 13.33 103 +1
570.50 £ 0.30 6.77+0.14 7.08+0.14 7.77 : 6.8 +0.7
564.90 +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 14 1.0
670.48 £0.2 7.01+0.25 7.354£0.29 6.66 7 107
691.1540.15 1.85.40.09 1.62:40.08 1.1) 1.6 0.4
711.70 £ 0.20 T1.65£0.68 71.5 407 64.44 725 %6
725.50 £ 0.2 0.2 0.194 0.1
736.70 40,20 0.46 1 0.04 0.50 1 0.05 0.451 Q.15
752.50 £0.25 16.06 1 0.40 15.2 40.30 15.55 161 1.2
779.20 4 0.45 3.724.0.07 3.88 4 0.06 4.44 38 +0.3
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 48
£30.80 +0.30 12.0740.25 12.9 £0.30 12.22 12.5 1+
875.90 £0.20 1.14+£0.07 0.91 +0.04 0.88 1.15:£0.15
889.20+0.15 0.7 £0.15 0.73
896.50 4 0.10 0.7 $0.15 ‘ 0.73
951.50 10.20 3.5 10.14 3161042 1.66 36 106
99S.354:0.25 Q681018 Q.73 1024
L1810+ 0.20 0.30 0.26.1 0.02 0.33
1147.204+0.20 0.38 4 0.05 0.26-10.02 0.22 : 0.384 0.06
1241.80£0.30 1.22 40605 1.06+0.04 1.1] 1.25 £.0.08
1275.00+£0.25 0.75 +£0.20 0.8 £0.15
1283.1040.20 0.38 4 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 0.09
1427.50 4 0.20 0.65+0.03 0.69 4 0.02 0.66 0.69 £ 0.07

The intensity 184.50 keV is taken ss 100 units.

]

able: 2.1lb- Energles and relative intensities® in the decay of 1200 y

p:
léoﬁoma"i‘h@ errors quoted are one standard deviation.
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2.3= SCINTILLATION LETECTORS

One of the oldest methods of nuclear-radistio n detection mekes use of
light scintillations.It is well krown that Rutnerford and his collaborators
used this technique for detecting alpha particles in the famous alpha=scte
tering éxperim@nts (Pr=64).The principle of these detectors is the classical
one,long used in the spinthariscope also (P1=62).The szme principle is
applied in the detectors of radioactivity which are called scintillation
countersjgthese consist of two parts;a scintillator in which the luminous
effects are produced;and a photomultiplier (Psi) to convert the light pulses
into high amplitude electrical signals.The chief advantagzes of scintillation
counters are that they provide pulses proporticnal to the enerxy of the
particles;and they have high efficiency for Zamma radiation as well having
large sensitive areas.Before discussing the scintillation detection mecha-
nism,it 1s necessary to discuss the scintillation phenouwenon itself.dany
materials are excited by radiastion and subsequently lose part of this
excitation energy by the emission of low energy photons of radistion.
However very few materials emit radiation of g wavelength that essily in?

*‘!

n
acts with photomultiplier phosphor materisl ani yet easlly penetrate co
7

glasses.Even fewer are transparent to their own emitted radiztion {Ga=56

t,.q

*i
0y
(6]

lnescence 1s the general term describing the absorption of ene
C

17“

type by & substance and the reemission of some fraction of it as photons
of visible or near visible light.Radiation enerzy is but one type of energy
that can excite materials to initiate luminescence.Two typesof luminescent
emission can occur.By absorption of energy,electrons can be ra ised to higher
exXclited states and can return to the groumd state either directly or via a
metastable state.This deexcitation which occurs in a time sniorter than 10683
is called flucrescence (immediate emission).The energy of the emitted light
1s less than that of the absorbed one to reach the excited state.The electron
oOccupying a metastable state, can be raised to a hizher excited state and
subsequently return to the ground state by emission of = photon.This process
called phospherescence, occurs after a time interval of about 107 sec after
excitation (delayed emission).Scintillation thneory i1s discussed in more
detail by many authors (Bi=53,Cu=53).

The following groups of materials are xnown to possess desired proper-
ties as scintilletors:

1. Crystalline inorganic substances
st

2. Crystalline organic sub



3. S0l1id organic solutions {plastics)

4., Liguid orgaanic solutions

5. Rare zases
Among the deslrable properties for goocd scintillators are high yield
of fluorescent light, transparency for this emitted light,rapid light-emig-
sion in combinatlion 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,size,
geowetrical shape,etc.) depend on the special situation in Wwhich the detector
is to be used.A survey of the characteristics of the most connmonly used
phiosphiors 1s gilven in table 2.2.

Wavelenot ; g

/aterials Group Dfefkg of ’f"’a;:gj:” ieiii;e él?;& e%}w%n i;gm?

8o Cmns;on h(is‘ih P&;‘jo e
T |Tegea 125 | ast0 [400 | 9 | €5 | 3o
e sarere Tnel ety 4s | 4110 | 60 g 100 | 5
“fiesphors | dlotion | 086 w4000 402601 g |50 | s
e ors C8erie 1406 {~4000 [28.481 9 150 4
NaT(TL) i”f,g;,f?f' 361 | 4130 | 210 4L 30 | 250
ZnS(Ag) 5%E§;3§~ 4.40 4500 2o00.3001 100 200
LIL(E) [P7255%Y 406 | 4700 | 70 5 {200

Tables 2.2= Properties of some commonly used phosphors (Pr-64,80<69).

The inorganic scintillators are crystals of inorganic salts,primarly
the alkali=halides,containing small amounts of impurities as activators

for the luminescent process.The yleld of fluorescent light is connected with
the existence of luminescent centers in the crystal lattice.For these,; the
transition from the excited state,to the ground level is zccompanied by the
emlssion of a photon.Lumninescent centers are created by the addition of
certaln activating substances.Sodium Tcdlde,activated by the addition of

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



he important properties,and the theory of variocus other scintillators
are ziven in many text books (Pr-f4,Bi- 5)9Cua53 30-69}.

Hadiation can be measured by the fluorescence phenomenocn if a means
of measuring the amount of light produced is svsi table.The pnotomultiplier
tube serves this purpose.A PH tube is g pnototute in which the currents of

ne
photo-electroas from the tubes cathode 1s multiplied many times throughn
the process of electron multiplication.The bPrinciple elements in each of
these tubes are the photocathode for releasing the photoelectrons,the
dynodes for producing the electron multiplicsat ionyand the anocde for collec-
ting the current pulse.An incident photon interacts with the photocathode
materisl (usually a mixture of Antimony and Cesium) depcsited on the inside
of the glass cylinder and produces a photo-electron.a positive voltage
plied to the first dynode with respect to the photocathode draws this
photo=electron to the dynode.The photoeelectron is accelerated sufficliently
to cause electron multiplication upon its interception by the first dynocde.
Several electrons are typically emltted in the interaction of the photo=
electron with the first dyncde.These,in turn;are drawn to the second dynode
wnich 1s maintained at a positive potential higher than the first one.The
electron multiplication continues in this fashion at each dynode until a1l
the electrons so produced are collected at the anode, wnhich is located st
nd of the dynode chain.The amount of electron multiplication at e

e
dynode is a strong function of the voltage between dynodes.An approximate

+y
(4]
s
B

ation for the multiplicaticn factor;i,at each stage is,

(4N
o
R
S

V i3 the voltage in volts and K is a constant,and the totsl nultip=

e
licaticon is given as

A= (2.10)

where M 1s the multiplication at each stage and n 1s the number of stages.
more detailed discussion on PM tubes is given by Price (Pr-64).Figures

>3
=3

2.7 5 2.8 gnd 2.9 are the schematic diegrams cof three type of dynode
arrangement {or PM tubes.
Two important properties of Pil tubes are the relative constancy of the

elegtron aultiplication factor M and of the transit time of the electrons

o)

s

S the pulse-

(@]
ot

multiplier structure.lThe former property feq

o

e
solution of the scintillation detector and the latter the rescle

’T

e
ving time.The resolution of a detector systez is a asu ¥ the extent



te whlch monoenergetic particles produce pulse heights of = ngle value,
In gamma-ray Spectrometry,the spread in the totale-energy peak is a measure
of the resolutlon,which is normally defined as,
wn
R (100) {2.11}
En

where R 1s the resclution in %, W, 18 the full width st half maximunm (HeV ),
E, is the gamma-phcton energy (MeV'y.
1
3(00 generally 1is used as a comparison standard for resoTution of =&

crystal.literature values for t¥ypical resclutions range from 5=13 % (Pr=6H4},
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Flgures 2:.9- RCA 6342 photomultiplier tubejdisgrem and photegraph
circularly focussed dyncde structure. (Fr-64)

Figure 2.10 1s the pulse-height spectrum obtained with a NaI(T1l) counter
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igures 2.10- Pulse-height spectrum obtained with a HaI(Tl) scintilletion
counter for a -J/Cs source. (P1=62)
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The resolving time for counting measurements is the minimum time which
must exist between succesive events 1f they are to be counted as two events.

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

- — ‘ 3
. . . | . !
Maximum outside (uthode Dvno e sosteon 5
dimensions, Over-all
Tyvpe . Av. senst- N . voltage, 3
. D Nao. of e Vo . o o
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N - Avnodes - |
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!
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Table: 2.3 Characteristics of a few commercial photomultipliers.(

Besides scintilletion counters & wide variety of detectors are used
for radiation detectiocn purposes.A detalled study of these detectors may
e found in references (Pr-64,Cr=64,Bi=-53,Cu=53,K0=61,Ga=67,Ev=55).
bl

gas_filled detectors:s

Three of the oldest but still very useful nuclear radietion detector
types are the ionization chambers,the proportional counter,and the Geiger-
Hiller (GM) tubes.The difference in the three systems can be seen through

the pulse-height versus applled-voltage curves of filgure 2.11.The systen
consists of a gas-rilled chamber with a central electrode well insulated

from the chamber walls,These detectors use the principle of electrical
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tivity of the gas resulting from the lonization produced by the nuclesr
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Semiconductor radiatiot

LR g

_detectors:

In thils detector,sn electric field is set up across a semiconducting
medium of low electrical conductivity.When g charged particle passSses through
the pedium,electron hole pairs are produced in it .The Crnarges are separated
by the field and collected at electrodes, producing an electrical signal
wnich can be amplified, recorded and used to give informaticn about the
particles detected. ’

Several other types of detectors are in use and are guite importent
for specialized detection problems.These detectors are Cloud Chambers,
Nuclear Track Plates,Spark Chambers,Cherenkov Counters,Chemical Detectors,

Calorlmetric lethods, and verious types of seutron Detectors. (Pr-64),



2.4 AUXILIARY ELECTRONIC EQUIFHENT

As it 1is discussed in the previcus subsections the cutput of a scin-
tillation detector is an electrical signal.In order to znalyse this signal
some auxilisry eguipment 1s needed.A cecmplete instrument for the messurement

of nuclear radistlion consists of a combination of @ detector one or more
electronic units which perform the functions required.The main functions of

these electronic devices are supplying the necessary voltage to the detector

anplifying the detector output signal to a suitable levelgregistering,pre-
enting and and snalysing the amlified signal (Er-64).

Like all others,scintillaticn detectors also,need a very well stabilized
high voltage supply,which is used to create o petential difference between
the succesive dynodes of the P tube.Preamlifiers are used where signals
are so small that a normal amplifier is not able to enplify them sufficiently
or where soume amplification or impedence matching is reguired to offset
cable losses.Finally there exists a large variety of electronic equipment
which is used as the analysing apparatus (Pr-64).

One of the important properties of a scintillation detector is its
ebility to give an indication of the energy of the incident radiation.Becausc
of this property,the pulse-height distribution curves from a scintillation
detector can be used to determine the energy spectrum of incident radistion.
The object in pulse-height analysis is to determine the total number of
pulses whose heights fall in selected intervals or channels.If this analysis
is made by sampling one channel at a time, the device is referred to as a
single-channel pulse-height asnalyzer (SCaA). Howevery;in many applicetions it
1s essential to accumulate data without any lossgsc multi-channel analyzers
(#iCA) are used for this purpose.These instruments all consist of some or all
of the followlng elements: 1} a section that asscciates 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
this informetion 1s recorded otherwlse,3) a data display device, i) guxiliary
readout devices such &s curve plotters,paper-tape or card-punches,magnetic
tape;typeuritters,ete.

Below is & block diagram of an electronic esrrengement used in pulse-

height spectrometry.An over a2ll discussion of the techniques of KCA®sS as

in

ell as other methods for pulse-height-tc=digital conversion i
(a S@ {Chau } <3

given by
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The most wldely used method enploys pulse-helght=to=time converters.
Figure 2.12 1llustrates this process.First the signal pulse "a" is cconverted
to & flet-topped one "b¥ by means of a pulse=streching circuit.at the start
of the pulse,a linearly rising signal Yc® is switched ongand & series of
equally spaced pulses "d" is started.When "¢% reaches "bT,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
nunbers of clock pulses.These trains of pulses can be sorted,stored,displayed
and read out by variocus techniques that have been developed for digzital
computers {Ch=61).
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Filgure: 2.12- Schematic representation 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 is obtzined.The principle advantage
of this approach is that its tlime resolution can be made less than 1 psec.
However there are two serious dissdvantages.First,this arrangement,having
n separate channels consequently n circuits,is costly to construct and
naintain.Second,it 1is a difficult design to maintain equal window widths.
In general the 1CA®s are very sophisticated instruments,with good accuracy

and versatility.



£¢5= STATISIICAL INTERPEETATIUN OF The RzcLiIS

The measurement of nuclear radiation Oy the detection systems intro-
duced 1in previous subsections,involve phenomens which are statisticel in
néturquy the uge of ststisticsl analysis,estinstes 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 statistical
analysis cannct obviate the need for sound analytical techniques,but un-
necessary loss of operator time in the laboratery can be eliminated and the
reliability of the results increased by the use of statlstical methods.

Two kinds of error can be met in radiation detectiongl) systemstic
errors,which determine the accuracy of a result.2) randonm errors, which
determine the reproducibility 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.It mzxes no sense to define an
error as the deviation of & measurement from the true value, as the latter
i3 usually unknown.Thus "error?® can only be defined after evaluation of the
most probable value of the guantity measured.For a number *n® of observations

XysEppceccX made under the same conditions and all equally relieble,the

n9
arithmetic mean (X) 1s the best value for this set of observations.

n
2 x/n (2.12)
{=1 ’ '

If ell observations are not equslly relisble & statistical welght W

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

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

n

n
x= g{g Wi¥y ’Zfi (2.13)

The choice on wigthe weighing parameters,depends upon the experimentsl
conditions and the scatter of data.The reproducibility of an analytical
method is usually expressed by the standard deviation U(®)on = single deter-
minatlon.The standard deviation is defined as the square root of the average
value of the square of the individual deviations from the most probable

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

]
nga j% xexi)z (2.14)
i=

H

where n-1 indicates the degrees of freedom of the observation set.
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As the arithmetic mean for an infinite number of observations 1S usual-
1y not accessible,it is only possible to calculate the probsbility that this
value is contained within the limits X‘?&x The nugpber £y X can be chosen
arbitrarily small.It is common practice to express 4 X in terms of the
standard deviation,e.g.*Ax=2tT , where t depends on the probability level
and on the number of degrees of freedom.If the latter is large, ¢ is replaced
by u.Where "u® 1s the number of standard deviations for large degrees of
freedom.The degree of confidence increases,as the Wcénfide nce interval
increases (see table 2.4).

| Constant w  Prohability £ P reor
0.6745 0.500 0.500 “Probable error”
1.000 0.683 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”
1.960 0.950 0.050 “ninety-five hundrodihs error™
2.576 0.990 0.010 “ninety-nine hundredths error”
2.807 0.993 0.005
3.000 0.9973 0.0027 3o
3.291 (.999 0.091
4.000 0.90994 0.00006 40

Table: 2.8- Probability levels (S0-69).

The radioactive decay has a statistical character.If s radionuclide
ls counted several times in identicel experimental conditions,different
counting rates (number of counts per unit time) will be observed,even for
very long lived species.It can be shown that the prcbability P(n) of obtain-
ing n disintegrations in a time At from NO original radiocactive atonms is
given by the Binomial distribution (Fr-67).

Nﬂﬁ <1Q@?A&$>n<eoAﬂt>Nomﬂ

E(n):“ﬁi;;;ﬁ;ﬂ
hAt

Y
=AAT
and e the probability of surviving throush the time At.The Binomisl
o

(2.15)

where {(l-e } is the probability of an atonr disintegrating in a tinme At

n may be replaced by the simpler Poisson distribution (meb7}
the probabillity P{n) of finding n disintesration is then given by equetio

2.156 ,where m is the average to be expected
n_en
m

v e
P{nf - ng

on conditian thnat AAEL 0.01 and N_S 100,



For small disintegration rates, the distribution is not symmet

i r
(or n)> 100 and m=n the FPoisson distribution can be

=}

around a=m.For
repiaced by the normal or Gaussian distribution:

Qﬁ)"l/z , \2

2 ] (m-n
v exp (‘m 262} ) : (201?>

{
A

pP(a)=

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

It will be noticed that this distribution is symmetrical about n =nmn.
For the Polsson and Gaussiasn distributions one may derive Gﬁ‘fm cr fTor
large n, U= n.

An important concept of statistical interpretation o
disintegraetion is the confidence intervals,discussed in de
If the observed number of counts from a sample < background

|

background alone,for an egual time of measurement At ,are respectively Cs 5
ot

T radicactive
t by Curie(Cu-=63)

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

o
ot
m
g.a‘,-
o

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

o

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

[¢]
ot
5_&-
<
p—.éﬂ
us

in the sample beccmes doubtful.Therefore a so=called ®critical value® LC

is introduced,that is often called “decislon 1limit® (Cu=68).For Cs:>Lc one

assumes that the signal is present,for C L, the signal will not be detected

Due to this assumption,two kinds of errors may o
_R

ce
-The measured value C Q,L sone conciudes th

cursg
1 a
in fact it is equal to zero (type 1 error’.

t the activityj>ﬁ when



1y o 1 > o - -
2-Tne measured value C_{ L ,one concludes that the activity is equal %o
zero when in fact the activity > 0 (type 2 error).
As appears from figure 2.l4,the critical level is mathematically given
by
Ly = ulg{O) (2.18)
The parameter 1 is8 a multiple of the standard deviation, determining
the probability of making the type 1 error.Usual values fTor u, 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 %
is respectively 5,2.5,0.135 % only (one side of the Gauss curve).For that
reascny the symbol u has been replaced by ule

respectively.Indeed the probability of making the type 1 error

Type!

I

FPigures 2.1%- Signal detection.Definition of critical level L, {S8c=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 concept of Polsson®s index of dispersiocn is perticularly useful ‘in this

regerd . To make this test,the guantity {",deflined as

n
Ve ji (F-x,)° (2.19)
N o )

& glven counting determins-

-
1%

ith ™ ur - S 3

] measurenent,and X is the
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averege value.I7 the value of " 1s sufficiently large so that there is only
a small probability of occurence of a value this high,it is an indication
of trouble in the experiment.Likewise ifzxzis small,the corr
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should be gquestiocned because the spread in it is so small.Thus it is seen
that the Polisson index-of-dispersion test can be helpful in determining
wnhether or not the counting equipment is functioning satisfactorily.

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

An overall application of statistical methods briefly mentioned here

can be found in the computer code CORGAM,which is introduced in section 3.
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2.6= uSz OF COMPUTERS IN NEUTRON ACTIVATION ANALYSIS

When experimental datas resulting from an acthi ivity counting and thu
subject to statistical fluctuations,have to be treated;a smcothing 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 smoocthe
ing routine is the grafical smoothing,but it can be applied only when data
are grafically 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 prccedure 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 unknowns.It is obvious that the calculations neededwﬁae smoothed
roint are time consuming.

After data smoothing,the analysis o g
in several ways.With the development of high res
large number of channels per spectrum,the co t
unavoidable for anaslysis purposes.

The location of the photo=-peak in a gamms spectrum,and the calculatio:

,j

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,
first and second derivative can be calculated accerdin; '}
method.

Once the photo-peaks have been located the activlity under the peaks

P

s
ot

can be determined by subtracting the detector background.as the net photo-
Peak activitles are obtalned,one could concelve a complete activation
analysisi program.By treating the spectra of standards and samples in the
Same way,and correcting for irradiation time,decay time,and counting time,
the results of the snalysis can be computed.Wnen the components or consti-
tuente of a complex gamma spectrum are qua?i atively knocwn,as is often thre
case in NAA,the only problem is to determine “how much® cof each 1s present
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can compute the best value for the rati

0
O
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e o ach component
ective standard and also the stendiard deviation (S0=69}.
o

res
A greal number of computer prograns are availabl or the analys

o o

of complex mamma-ray spectra (WNEA=CPL}.Among them the ones recently prepared

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

The importance of computers in NAA was mentioned in previous sections,
and a 1list of computer programs developed for tne analysis of gammseray
spectra is alsoc given in appendix KN.

Each of these codes have their own technigques in unfolding complex
gamma=ray spectra.All these codes are prepared in order to estimate the
intensity coefficients of the general linear hypothesis,which will be discus.
sed in the subsection 3.2.There are many methods for estimating these coef-
ficients.These methods,stripping,least squares,incremental,iterative,vector
analysisg,and stepwlise regression.have been used for estimeting these coef-
ficilents.All of these procedures may use either least 3quares or approXimate
leacst squares technigues.®Regression eanalysis®has been used to describe the
least sguares procedure for fitting a dependent varisble,e.g.;a complex
spectrum,to a set of independent varisbles,;:e.g.,a set of referance specira.
Because a model 1s used in which only significant varisbles are retained in
the final sclutlon,a more appropriste description for this work is “Corre-
lation Analycis® (NEA-CPLyEc-68).

Among the codes available by NEA=CPL in the experimental data Droces-
sing field,"CORGAM® (A Correlstion Algorithm fer Gamma-Ray Spectra} is the
cne which uses ccrrelation analysis in unfolding gamma-rsy spectra.

In The present sectlon of the thesis,a detailed description of CORGAHM
will be given.The listing of the program,flow diagrem,input data for saunple
problem,instructicon for users and the output of a sample problem are given
in the appendices.

In CCRGAM,a correlation algorithm is coded to allow the unfolding
of ceﬁlez ganma-ray spectra,typlcally collected in & NAA procedure.

CORGAHN,

a) Compansates for electronic shifts in the date,

b) Corrects for the background,

c) Normalizes the data to a fixed neutron flux level,
d) Allows & cholice of weighting factors,

e) Allows a choice of methods for calculetion of steandard

devietions.
The code regquires a matrix of reference gamms-ray spectra.The

n
o

e spec
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can be in a raw data form.All of the modificat:ions available to the complex
ganma=ray Spectra are also avallable tc the refersnce gamma-ray spectra.
In addition,a decay correction is avallable for the reference ganna-ray
spectra.0nly the reference gamma-ray spectra trat have intensity coefficientse
which have slgnificance at a prescribed level c< ciugnificance are retsined
in the final sclution.The intermediate ones,;i.e.,those solutions that contaif
reference ganma=ray spectra whlch have nonsi:nificant intesity coefficilents
at the prescribed level,are printed out.Therefore,several soclitions are
imbedded in the final soluticn.

A backward elimination least squares method is enployed.The elinminaticn
is cne in which the student®s t value of each intensity is compared to 2 t
value atl a prescribedlevel of significance (Gr=74).The calculstion of the
standard deviation for each intensity coefficients accounts for randomness
in both the complex and reference gamma-ray spectira.

Currently the program is restricted to & problem of 400 channels snd
15 reference spectra.There would be no difficulty in expanding this to as
many as 4096 grannels.however ,the number of reference spectra is limited
by the accuracy desired in the inversiocnprocedure.The inversion program
currently belng used would suffer (from the accuracy standpoint) if the

number of reference spectra were greater than 25.
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COhGAM 1s a novel method of unfolding complex gamma-ray spectr
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the varisnce calculations include contributions from both the complex
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reference spectra.Alsc;only reference spectra trnat have intensity co
wirlch are significant at a preselected level are retained in the output.
The intermediate results can be printed,end the level of significance of

each of the intensity coefficients can be observed.

A typilcal anslysis,involving 256 channels and 14 reference spectres
and using reference spectra which were sulitably allgned,reguires less than
1 minute of execution time on IBM 360/50.

CORGAM was coded for IBM 360/50 using Fortran IV,level G.An intgﬁediat@
disk storazge is required.The source deck conteins 1303 cards.The code is
updated by the author for UNIVAC=1106 using Fortran IV and Cobol.The updated
form of the code is recorded onto a magnetic tape for further use in
BU=NE Department.

The tape contalns in the,

1.Files: IBiM 360/50 version of CORGAN sanmple data,
2.File: UNIVAC<1106 versicn of COnuAKN,

: Sample problem input dats,

Sample problem output daeta,
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If a nuclear reascticn,sucn that
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is forced to proceed,the radioactivity of the product nuclel ¥Y.,is directly

proporticnal 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.

adN ~ \
— = N=UN_ 28 =AHN (3.2}
dt ©
where,
N is the time dependent nuclide (¥) concentration,
N 1is thne derivaetive with respect to time,
M is

[
[&s]

the time dependent parent nuclide (X
Tiie microscopic activation cross=sec

@ is the time dependent neutron flux.

The parent nuclide concentration can be given in terms of N and the initial

v o
parent nucllde concentration, Naﬁas

. o} ; -
Ny, = N, = N {(3:.3)

Therefore eguastion 3.2 can be written as,

an g
W NoGs N = (A+U 8) N (3.4)
dat

If the neutron flux is a constant §=0_ then equation 3.4 has the followin

solutioeon,

G@Gmg ={A w”GQO ,‘-t \
- J
(A+0do)

It can be seen from equation 3.5 thet the time dependency of NQ can be

ignored if T8, << or G_;C’}/ & 1.0,
- 07 o ,
The following table is a compilation of %aguiaud(fggvalues for many
of the elements used in common NAA work.The value for g, used in this tsble

Y - o e~
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of the Nuclicdes® by D.T.Goldman 1965.

‘ £ 1 _—
Sisctope ty1/2 A GRQ% (;¢54%
secx10=> secalx’Oa sec"tx10tt '
wa " 54,00 0.128 0.13 1.01 x 1077
ug®? 0.57 12.160 0.03 2.47 x 10-10
2128 0.14 50,220 0.23 b.55 x 10°10
g37 0,31 22,650 0.14 6.16 x 10°+0
; 138 224 3.097 043 1.39 x 10°8
g*? Ll 6L 0.155 1.10 7.09 x 1077
ca? 0.53 13.120 1.10 8.38 x 107
7ot 0.35 19.91.0 0.1k 7.03 x 10°%°
; yo2 0.23 30,640 4.90 1,60 x 1070
i ?® 9.29 0,746 13,30 1.76 x 10°
Bt 6 vk 0. 1lk 4,50 3.12 x 1077
Bro0 1.08 6.416 11.40 1.78 % 1077
Bro? 127,08 0,055 3.20 5.87 x 10°°
1128 1,50 4,620 6 .40 1.39 x 1077

Tables 3.L- Compllation of nuclear propertlies of several lsctopes (Ec=68).

The velues for G@o/» given in table 3.1 been much less than unity,

the time dependency of the equation 3.5 can De ignored.with these assump-
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tions equation 3.2 can be solved to obtain 4,an expression fo
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where t 1is the time of neutron flux exposure, ¢ is the time after removal

from the neutron flux, P, is the neutron flux,s constant.

When the activity is predominantly gamma radistion

o

, ;both & gqualitative
and quantitative analysis can be performed through the use of a ganna-ray
spectrometer system and the proper data analysis procedure.

The gamma=ray spectrum of a complex sample containing several isotopes

(m in number) may be represented by:

Ny
yigiBij ° 1=152g3ceceon (39?)
351
where, yi is the counts registered in channel i of a MCA,
Bij is the counts registered in channel 1 fr Jth costituent isotope

Reference gamma-ray spectra are collected for each of the m constituent
isotopes using known quantities of radioclsotopes.The reference gamma-ray
spectra of each of the m constituent isotopes are related to the ccocnplex
gamma-ray spectrum by,

Faal
yi:;ﬁi Xiﬂgj%”ei o 1=192,35cc0000m (3.8)
= hd
where, Bj is the intensity coefficient for isctope jy;i.e.,a coefficlient
proportiocnal tc the quantity of isotope J in the conplex ssmple,
. th
%.. 1is the counts registered in channel i from the 3" isotope of

known guantity,

e, is the deviation at point 1 of the estimated value of Iy
B

*33%3

M

,from the observed value3yi9
J=i &
Since negative quantities of radloactivity are physically impossiblegthe

following restriction 1s necessary:

By 205 J= 152;35c0000000m (3.9)
Equation 3.8 and inequality 3.9 form a constrained general linear hypotesis.
Therefore,the problem is to estimate the lntensity coefficlents.The minimi-
zation of the sum of the sguarred error ,l.e.,least squares,generally yield
estimators for the intensity coefficients with desirable statistical
properties,e.g.,,reast squares estimetors are unbissed if the deta are free
of systematic errors (Ec=68).

The linear hypothesis,in matrix form,is

Bt

=XB+e (3.10)
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ector of dependent variable values,
X¢-(nxm) matrix of independent variable values,
T

;3 {mxi)
: {nxl)

o]
: number of data points {(channels

'

<
4
(¢
[
-

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@ = {ZQXB)Q(Z"XB} 9 (361_1_)

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:
= (X°%) 7 (X Y) | (3.14)
Irrespective of the error probability distribution function,the estimates,
b,for the true parameters,B,calculated fromn eguation 3.14% minimize the sum
cf the sguared error.Rewriting equations 3.13 and 3.14 and including the
error variance-covariance matrix,the following equations are obtained {Gr-7
cl . Dl
(X0V X)) b = (XV 7Y) (3:.13)
=1, ,=1 =1 " oA
and b o= (X°V "X} (X'W YY) (2:.16)

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

a weightirig matrix, W
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e€rrors are assumed to he statistic
f_

1
rms for e will be zero and estimate for the varisnce of e
e

obtained fronm,

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

L
°
P...J
@8]

~—

wnere Q'(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 Qi (e;).given in equation 3.18 using only G*(y,)
2.Calculate the first estimate, by,0f b given in equaiionijglé
using the estimated G‘(e ) from step 1.,

S
v

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 iterative procedure can be mathematically stated as,
. ],
8 7 Q1 -~
bn = (X wi‘i}{} (X ;‘Jnl{) s (;elg}
m N
2 -3 -1 Y
Y ~2 S
Gn (e)] =0y + S [k 0'(m+;< T (b.,/” o
J{ d cL/. ;
=l
J=7
z. o~y
Us (bj) =0 (3.21)
The termination criterion used is:
K/DF < 14U, | (2/08) ;
= e (3.22)
m ¥ b _3‘2'
N P
where, A U Eﬂ 404
:vz N/ el P
{ sChi squaredyi.e., ;i N
AN yry a (e@)
Ungonfidence interval factor,
DF:Degrees of freedomglcesynem=1,
/DFsis called the guality 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
reasconable to sssume that the iteration precedure will increas ,%DF o
e e

e}
4 C e
only a one-sided rTegion is included in eguation 3.22 (Ec-568).
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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).Fach saaple was i

4

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 3w NaI(Tl) scintillation crystal,which was interfaced to a TMC=QO96

a
llected in an identical manner (E6a68)

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 agricultural samples.These jef€¢€ﬂ0s lsotoepe
2 a2, 500, 2801, 80%r, 828,900, 201, 7,8 0u, 8 ena s mus 16 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 approrximate neutron flux values per watt of pewer at those 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 thie experiment.Table 3.3 1s & compilation of

informeticn about sach of these compounds.



47

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

Table: 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 "l Live Display
Power Converter
Supply
. |
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)

— i
Element, Cherical %H?@ Reference| Half Lifel Irradistion Height |
Form Hydration isotope {min) Policy ® 1 {gm)
N I2..CO
a Na,C04 6.8 miZ% 9000 © 1<4e2-10 | 0.229
K K,CO0, 5.1 K¥2 704 . 0 belia5-10 | 0.299
Z
o metal 0.0 kno° 154.8 2l-2-0.1 | 0.0805
c1 e 0.0 c138 37.3 22522250 | 0,0130
Br NE, Br 0.0 pro0 18.0 26502250
82 0,030k
Br 2118.0 22170710
Ca caco, 1ok ca'? 8.8 2-5-2-10 | 0,194
Al AL,0, 3.9 2128 2.3 1-12-2-10 | 0.0628
Mg HgO 5e5 et 9.5 2=5=2=10 | 0.0788 |
cu powder 0.0 cub¥ 77,0 1=112-3-10 0.0321 |
I KT 003 - 128 25.0 2-5-2-50 | 0.0252
s powder 0.0 537 5.1 | 205-2-50 | 0,206

" The first number is the irrediation time in minutes.The second
number is the decay time in minutes.The third number is the
counting time in minutes.The fourth number is the reacter power
level in kilowatts.

The reference spectra were collected using the following procedure

<L

A-gmall amount (<€ 1.0 gram) of each spectroscopieally pure reference

1
compound  ;and a small smount of copper powder were irradiated in the rotary
specimen rack (RSR) of the KSU TRIGA Mark IY nuclear reactor for the times
iven in table 3.3.After the respective times had elapsed,the reference spect
ra were collected for the counting time given in table 3.3,using the soligd

# x3% NaI{Tl)} scintillation crystal.



Figures 3.2- Shielded counting cavity dimensions snd details (Ec=68).

Instabilities in the spectrometer system used to collect the ganma=ray
spectra can cause shifts to occur in these spectra.To compensate for these
inconsistencles, the gamma-ray photopeaks of the spectra were fit to a Gaussiah
function using & linearized least squares method.The mid-point corresponding
to the gamma-ray energy was calculated from the relation, ngE/G where E is
the gamma-ray energy in MeV.If a reference spectrum contains more than one
gamma=ray photopeak,these mid-channel values were used to celculate the slope
and intercept of the relation, E a, GX, swhere E is the gamma-ray energy in
HeV and X@ is the mid-channel value of the photopeak.However,if the reference
Spectirum contains only one photopealk,the intercept was assumed to be zero.
Usling these parameters,each spectrum was shifted to a slope and intercept of
1.5 keV/ch and zero,respectively.Each of the gamma-ray photopealks in the
shifted spectra was fitted to e Gaussian function (Ec=68).

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

The importance of neutron activation analysisiwas mentioned in the
previocus subsections.It is also mentioned that the deftermination of the micre
constituents of a complex sample was possible down to the ppm {(parts per
'millicn} level.In the study of the principles of HNAA, it is noticed that the
interaction of gamma radistion with the detector materisl was very important.
The gamma-rays resulting from the decay of activated nuclei interact with the
detector.If the material of the detector is a 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 eguipments.The most
widely used electronic equipment is a2 nultichannel 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 gamme -ray
spectrum of the activated nuclel.Due to the character of the interactions of
gamma=-rays with a particular scintillation crystal,produces a unique gammae
ray spectrum.The analysis of this spectrum by the methods described in this
work,glves the necessary information about the nature and the concentraticn
cf the constituents of the complex sample.Among the methods used in common
NA2 work,the correlation algorithm is found to be the best method for the
resoclution of gamma-ray spectra.

A predesigned computer code which uses the correlation algorithm in
the unfolding procedure of a complex gammes-ray spectrum is alsc analyzed.

In this analyslis it 1s observed that the program 1s restricted to & problexm

of 400 channels and 15 reference spectra.There would be no difficulty in
éxpanding thils to as many as 4096 channels.However due te the accuracy

é@sired in the iaversion procedure, the number of reference isotopes is
limit@daceﬁséﬂ ig a novel method of unfolding complex gamma-ray spectra
becaise only reference spectra that have intensity coerfficients which are
lgnificant at a preselected‘level are retained in the output and the variance

]

caleulations include contributions from both the reference snd cofilex spectira
The large computing time required by the NAA can be eliminated by the use of
& computer program.A typical analysis,involving 256 chaanels and 14 reference
Sp@ctragreq&ifeg leszs then 1 minute of execiution time on an IBHM 360/50.

Y

Although the computer nemory requirements are lzrge for the correlation
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algorithm as it was programmed for the IB¥ 360/50,it is possible to segment
the program for adaptation to & smaller computer.in order to use this program

in NAA;changes should be made on the reference spectra and on the flux
reference spectra according to the laboratory conditions.The choice of the
spectrometr system affects the results in various ways.When a NaI(Tl) crystal
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 cnes required for a specific
analysis.8ince the number of reference spectra is limited by 15 isoctopes,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
system 1s not branched to the computer where the program will be run.
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APPEINDIX A

<PROPERTIES OF ESTINMATORS

: The estimate of the intensity coefficients (concentrations
eqzaticn 3.1% have the following properties;

a)

o
S

Sufficiency (Mo=063)s Let

6]

) of the

.

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) ax (4=3)
)=/ u

f X is continucus,

=i

herefore,the mathematical e&pect ticn is Jjust the mean value of
the function u of the random variable Xo

Minimunm variance{Gr-61)s An estimator,a,is defined to be the
minimum variance estimator of the parsmeter er if

~

E({amﬁéa)}zj £ E((a®-E(a®))®) (a=t)

The tern E((a-Ela }}2} is defined to be the variance of the parametery
f{z,et) be & Jolnt frequency funcilon

invelving the parameter & and the randen variable X ,n in number,

s

Let a4

e

al"lﬁ al i(r) ¢ &é hé{g’}} ooeoeoocaceg,, i}’l}.i-u} b@ any Oth@f sat

'}.R (z) P Qg hgézgs@ oeoooocoaec&; h (X? be & 5et Gf St&‘tistiag

§
"

=24

set © stimatore which are not famct§ons of aasazgaFaIf gi§°ﬁg)9
the conditional density function of a°f given a,does not involve

= b

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
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by the k parsmeters a where k< n.
Cconsistency (Mo=63): If a is a sequence of estimators ofet ,they are
simple consistent estimators,if for every &0

13 Plia =ctl £ &)=1 -
liz (18 ot < ) a (4=5)

Further,the estimators, & sare sguared error consistent estimators
of & gif

Ln {B((8, «)%)-f £ (o, )] =0 (4-6)

where

ﬁwd

Zaai
<

Squared error ccnsistency imlies that both the bias and variance of
& approach zerc as the number of sample points increase.

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

varlance of the estimator in question.Thus,minimum variance 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):

Iy = B

o @Blzi ‘?gi <] i »ngngeeeeegn (B‘”l)

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

1 r
<< L2 R 2
S= ,’;% e = nyiﬁ(s@ ¢B,%, ) (B=2)

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

i (B=5)

4] (@1 2 3}
<— =g
bO Z?:., Xf’l. i;bJs 42:3 Xi: Z yixi (B 6}
<=1 &=t i=3
Solving eguations B=5 and B-6 feor b_ and b,,results in
f A 3 2 -
by > Ty = EE)CEH 7/ 2.5 -2, -F) (B-7)
i = L . = 5
}xf D(Egﬁxi)g/n °(x,=X)
=t = it 5t
b = Feb, T | (B=8)



58

where,

) ., )
‘3?3 (E ‘Vi)/n 9 }?:(in}/ne

4=y L=7

Equaticn B=1 can be rewrittem in terms of the estimatqrgblsand the mean value
¥ and ¥,through the use of equation B-8.

yi‘;' Q’blgzi @E) o islgzgsg?oeogn (Bcg)
Equatlion B=9 can be rewritten in matrix form as,

Y =Xby (B=10)

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

X =(x=X) = (nxm) matrix of the independent variables.
In nmatrix form, the linear hypothesls mcdel,equation B=1 ;is mcre appropriately
written as,

=<

g@vggo S e : (B“‘”}.l)

L=

where X% ls the trenspose of the (nxm) matrix X
B® is the transpose of the (nxl) solution vector B
e 1is the (nxl) vector of deviations.

More often equatlon B=1ll is written in the following forms

Y= XB og

=z

(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 Gaussiangi.e.,

2
Yi= ¥, exp(a(xiexo) /bO) , (C=1}

Iq is the counts in channel i of a photopeak,
Iq is the count corresponding to channel Zgs

Z is the mean channel of the Gaussian function
X, 1s the channel number

b= 2G5

G2 318 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 o,
In y,= Iny_ o —=1 X, = X (C=2)
i o b b i b i
o c °

Equation C-=2 can be rewritten in terms of new varlables,

2 -
- x bid C=3
Zg= 8y o8By, 68Ty | (C=3)
where,
Zi% in Iq )
x% 2x
- o
a.2ln y © —— 8, = 2
- 1
Y3 7%
< o
The principle of least sguares applied to equation C=3 ylelds the fellowing
matyrix eguation
2= (XOWH) (x°wz) (C=lt)

Where a iz a (3xl) vector of the coefficlents a;,a, and 849
¥ is a (nx3) matrix whose first colunmn is composed of all unity values

the gserand ralumn o aemeszsd o6F $he X, Falucs osrnd $he thied ccalitmes 3o




composed of the X2 values

X' is the transpose of ¥,
Z 1is a {(nxl) vector of the 2, values, ,
W 1is a (nzn)} diagonal welghting matrixz whose elements are the inv rse
of the varisnces of the 2y values, ’
n  1is the number of dats points.
The variance of Zi can be obtained by

z 4 2
Gizi)= = T (yi)= = (C=5)
%
It should be noted that by applying the principle of least sguares to equation
C-3 instead of to equation C-1 the minimum total squared deviation i
7]

59 = g_:,ﬂ Z(Sié’ hj@ Cxp g— {IZ& '750)3/59—:5.%& (C=6)

By

The desired minimum total deviation is,

Y O N S

Minimizing SL doces not guarantee a minimum for SD -To minimize SD regquires

an iterative technique which employs a Taylor®s series eéxpansion and can

result in unstable sclutions for eases with variations in the data.In additlon

this method requires a gignificantly longer amcunt of computation time.
Variance values of ¥y gxcgand bogcould be obtained by

Y= [ €t 22 (Cope -0, ) enp [Bfay- 63 )
{},3%’ 12%1’ - 5 n f‘ ﬁﬁ@@s’@@m,mﬁ‘a ‘% C=8)
4 ﬁ@g‘» < é}ag ,aa;zuuL} VL\L ¥ 4}@‘3"5};" { ‘
00 = 2 [Can o (22 C0]
| G— py qz "ﬁ-' 3?
hoj L™= 7 {@z) =52 (C=9)
Zlﬁ‘ ‘\\ é
f 0ol = :
G \‘ba.}“ C&,’p? /@«3 J) (C‘:’é-@b
"Fa’h@f?@g '
8; +8, ¢85 , are the elements of theLV@cﬁOF asand Gea, 2,2 9Ca3
‘re the diogonal elements of the (X°UWX) ~ matrix.8ince the Jo Value is jusg
* Normalization term,it could also be calculated by minimizine

et
N bo Were obtained by pininmizing S_aThis nethed ylelded lower vari

alues for vy (Gz-78). qafga 07 gnd v ) were calculated from . i
“ o E
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%= 2wy ki /;a wi ki, (C=11)

L=4

(%) = {%ﬁ;wé ki}"é

(C=12)

where
n is the number of data points used in the fit,
ky = expl=({x, -x y2/0,)
Ao O o} . 1
In deriving equation C-12 it was asssumed that w,= —

1 vy ¢



APPENDIX D &

=LAGHANGIAN INTERPOLATION

This lnterpolation method is used iz the subprégram HEFINy,to inter-
polate between the decay spectra of a reference isotope.

The method is based on polynomial interpolating functions (&k=77).
Assume that a function y f(x) is given at (n-l) points,ssy x 0X oX poeeX o
and determine a polynomial F{x) of degree n or less such that

F(Xi):f(xi) i:Oglngeecogn (DDE)

Tt may be proved that the polynomial exists snd it is unique.For this purpese
two alternative proofs will be given.

Proef 1:

Let F(x) function is written as

F(x)::LOyO ¢Llyl éoooeoegoLnyn (D=2)
Where
Vo= £0%) » ¥ =T(X) secocces Y= £(x) {D=3)
and n = X .
Ly (x)= E« (%=% ) (=042, n (D<)
JE

It is clear that each Lﬁix) term 1s a polynomlal of degree n or less and
rewritting it explicitly as

—

Li(X) (xaxg(xmxpixnxgeccoe(xmxbﬁ(xexafeoeo(xczg (D-5)
/

m(%%M%%H%%LQMJ%%JU%%;“Mt%@
1t 1s obvious that f(x)=F(x) because for jri ,where J=0,1,...,m,0ll Li{x)

terms are zero.For j=i case L;i(x)=1 and therefeore,

o
0
%))

E(@:LJ@%cMU@%%ﬁ&MMMweéﬁﬁ% (

becomes  F{x} =y, where y;=7(%) {(D=7)
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Procf 23

An alternative method to determine the i
be given using the method of undetermined coef

nterpolating polynomial will
{a) being any convenlent velue,then

ficients.

n n~{
F(x,) = Colx=a) ¢Ci(x-a) ¢......C,

(D-8)
The coefficients ngcﬁgoacegcn will be such that

Flg) = f(ng) o Fll)=vy,

(D-9)
is satisfiedoObvicuslngk coefficients must

satisfy the following system of
linear algebralc equations,

Co (£o-a)+ C, {;{@-’@1}“4

doeiiiin,, + Cn = yo
Co (Xv"@)n‘%" Cﬂ(agq—a)n‘g

4 i+ Ch = M

Coltn-0)"s Cs(Mn-0)" u.... .. +Cn=y,

(D=10)
This system of n-l equaticns in terms of n-l unknowns will have a solution

if the coefficient matrix is nonsingular.The determinant of the coefficien=-
matrix,which 1s known as Vandermonde determinant ,is written as

(%=2)  (o-a)""

A = .

7

(Xne- a)" Wn“&)n-ﬁ ..

. Ce e (XD—Q> 1
(¢a-0)"  (xy-a)™" :

e (x4-a) 4
!

¥
\

- v " e e

' (D=11)
..---(Xn=@)
and its value is given as
n
A= 1] (/’%“'XJ) (D=12)
»&63:‘-‘@
4 <4

Since x

¢, are distinct,it follows thatds O

¢ and Ck can be uUniquely
determined.Quite often in computations a=z0 is teken (Jo=74&),



APPENDIX E |

<DETERMINANT BYALUATION BY CBIO'S HETHOD (PIVOTAL CONDENSATION )i
This method is used in the

subprogrem DET
determinant of the (X°WX) matrix.

DET 1In oxrder to evaluate the
This methed continuously reduces the order of the determinant by one,

serles of subtractions (Ak-=77).For the explanation of the methed
suppose a (4,4) matrix A& is given.

using a

7 )
I 0y, a5 au 1 o © o
v V4 Vs
A Q21 Q2 Qi3 Qg Q21 Qzz g5 Quy
= Qg = Qg7 7 o P
d Qg‘q A3z A3z3 Ay A3 Qszz G33 Qay
7 p
Que Quz Q43 Quy gy Qé Qu3 Qyy
where 7 < >
01:2 = Lo / Uy/ = L= Oy = 22
Qy o Rer 7 @ - Qv

ir the second step,performing the following operatlions,

13 (2" o)~ Qo s (1°¢ col.)
25 (37 col) = @'z n (4°F col.)
32 {45 col.) - Qux (155 col)

yields a recduction in the
order of the determinant;

3 i

4 4 O

2 2 b/ "
= Qgqu Gzz‘ 037_ Qs3 Qzy

! i Vi Y
|A]l =Cu |03, Olé/g 03”1,' = OuQ,, | 05 G35 Qg

Y 4 v /i » 1 L4 G y a r'll”, ‘
Guaz  Gy3 Qu Ay, Qi3 Gy § g Quz 43 Qvg
Z
1: (2“d col.) = asy x (13t col.)
2:(z col.) - Q) x (1% col.)
w %
Qas O.az/ﬁ s (7 P - ,,,,q
v = . X ’ - a X Q L }
IAi = Oy C},Z”LJ, w wo | = Chat Oz?_-[\ G% qu) {43 3‘!Q
' dys Qu

The procedure is repeated till a (2,2) determlnant is finally reached.
(353?3 335?562 } &



CORG

controlled.
1s
2o

30

The
are glven

1o
2o
3.
i,

APPENDIX F

ESCRIPTION OF THE PROGRAMS

i
3

is the main program through which the flbw of the program is
This program is used tos
Read the program flow parsmeters.
Define many of the data parsmeters.
Read the input data which describes the experimental conditions,
such as irradiation time,counting times,etc.
Read the complex spectrum,i.e.,the spectrum tc be snalyzed.
Subtract background from the complex spectrum,normalize it,anéd
shift it to compensate for electronic instabilities in the MCA.
Calculate the irradiation and decay time correction fsctors.
Form the (X'WX) matrix.
Calculate the concentration estimetors.
Delete any and all non-significant reference isotopes.
Print or punch the output information.

follewing 19 subprograms are called by CORGAM,their description
in the following pagesj;and they are listed in order called.

INIT 17. CHI
PHOTO | 18. VARNCE
SHINY 19, WRIT1

PEAKS
SAVE
DET
DELETE
STAT

LD T
WRIY
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The following is the listing of the Subprograns called by CORBGAN.
The description of the subprograms are also given together with the variables
uzed and their options.

1. INIT:
Thle subprogram is used to initielize the irradistion and decay cor =
rection factors and many of the program control parameters.,

SUBRCUTINE INIT (NITERgBATySAVgCgISOCHNQMGDESNBKGDQNBBKGQNSEFTQNPKQLPP9NOR%9
NCTINQNAREAQNCHCUQNCULLQNCUULQNBHOgNUMVARQNVAEQNREFSDITERQNRQNHQLOCHNgNﬁICHNQ
NCEANQMCQMVARQTQABEAQBKGTIMQTIMIBB9FhBL9UPQXNCOM)

DIMENSION C€(15)

NITER: Number of iterations used in variance calculations
HAT: Correction factor
SAV: Correction factor
C(I): Correction factor for the,lth reference isotope,if =1.0 is entered for
C{I) value,the Ith lsotope 1s deleted from the analysis.
ISOCHN: Number of channels in the compleXx spectrum,.
MODE: 1 Read bySEIL.8 format
2 Read by 6X,12F6.0,2X format
NBKGD: 0 no background subtraction
Other will subtract background
NUBKG: 0 no new background will be read
Other,a new background will be read
NSHFTs O,no spectrum shifting
Cther,will shift spectrum
NPKs Number of peaks in complex spectrum used in shifting
LPP¢ Index of peak used in shifting ratio
NOGrs O,no normalization of complex spectrum is needed
Cther normalize the complex spectrum
NCIINs O,read precalculeted correction factors
Other,read unity (or less than zero for deletion)
VAREA:; O,raed photopeak area for copper reference
l,czleulate pp area for Cu ref.,read Cu spectrum (read any)

2;Use same ares as previous spectrum.



NCHCU¢ Number of channels in Cu reference spectrum.
NCULL: Lower fit limit on Cu reference photopeak.
NCUUL: Upber £it 1limit on cu reference photopeak.
NRHO: O,will no: punch shifted ocutput
Cther,will punch shifted output
NUMVAR: Number of variances to be avaraged
NAR: l,read variance by 5Ei4 .8 format
2,variancesl.0
3svariance sRLO
bouse variance previously read
NREP8: O,new set of reference spectra are read

-

910 New reference spectra are to be read

ITER: Maximum number of iteratlons on variance

NR: Oycalculate average welght variance from the long way
Other, ratlosYAVE/YAVEAEVE

NWs C,will not punch shifted output for reference spectra
Other,will punch shifted cutput for reference spectra

LCCHN: Lower channel of least squares fit

NHICHN: Upper channel of least sguares fit

NCHAN: Number of channel in variance spectrum if vaeriaence are to be read

MCs Number of reference spectra which have 2 set of decay spectra.These
Spectra must be in order and they must be the first of the reference
spectra to be read in.

MVAR: Us;variance of reference spectrumireference spectrum
" Otheryread varlance of reference spectrum

T: Student'S ¢t value for null hypothesis test

AKEA: Copper reference photopeak normalized area

BKGTIH: Counting time of background {minute)

TIMIRRs Complex sample irrediation time (nminute)

FRRELs Fluz refercnce half-1ife (minute)

UrPz U_ Ta of Chilesquared test {confidence interval factor)

ctor
Complex spectrum normalizatlion constant.

o
G

spectrum date 1s given in DATA statement and in NANELIST.The complex spectra
varlables fellowing the first cne are initiallized by this subprogram.



2. PHOTOS -

Thls program is used to fit the photopeak data of & Spectrum to g li-
negrized forum of the Gaussian function.The fitting technigue is discusse?d
in the Appendix C. :
SUBROUTINE PEOTC (HES§X09IPPLLQIPPELQEPPSABEA)
DIMENSION B(B}VQ{lﬁglj}QRES(QOO)QRE(B)gBZ(éo)DC(lO)

RES(I): Counts registered at the i?? channel of the flux reference spectrunm.
X0s X (x sub o) of the equation C-l of appendiz C.

IPPLL: NCULL(defined in INIT)

IPPUL: NCUUL(defined in INIT)

EPPs Midpecint energy of the photopeak of interest (Mevy) .

AREA: defined in INIT

3. SHINV:

This subprogram is the scientific subroutine designed for the IBM 360
to invert symmetric matrices.It is modified by the author by its UNIVAC
version in order to use in Bogazig¢l University computer.

SUBRQUTINE SHMINV (R,N)
DIMENSION A(230),R(15,15)
R(I,J): Ith row thh coloumn element of the matrix

N: Order of the matrix

The subprogram 1s used to obtain the inverse of g symmetry matrix A
of order N.Cnly the upper triengulsr part of A is stored.oOn exit the inversge
replaces A in storege.The inverse matrix is found by succesive congruent
transformations to obtain the diagenal.Inverting the diagonal elements and
performing the congruent transfermations in reverse gives the inverse
matrix.In this code A is the (X°WX) matrix.

4. INDEX:

e S e et

This subprogram is apart of the subroutine SMINV and is used to st ore
28 two=cdlmentional matrix as a row vector.It is applicable only for SymmetTigg)
matrices.It allows reference to a two-dimentional matrix with subscripts
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FUNCTION INDEX. (18,J38,N) 2
18:
J83 C@loumn of matrix

o

‘*ﬂ

of matrix

N: Order of matrix (meximum value 15}

©

|

While & matrix of 0?&@& N has NzN elements, the Same matrix stored

as a vector will have (N $N)/2 elemenbugprovidea tha“ the matriz is symmetric
In this way stocrage Space isg reduced.

5. SHIFT:

This program is used to calculate the input parameters toc SHIFTS.
SUBRCUTINE SHIFT (NCHN,I NPK,LPP NWRITE,¥,PO)

NCHNs ISOCHN (defined in INIT)

NPK: defined in INIT

LPPs defined in INIT

NWRITE: NRHO (defined in INIT)

¥(I)s RHO(I),counts reglstered at the Ii channel of the complex spectrunm
(Imai 400,3.e.,up to 400 channels can be used),

PO: Identifilcaticn number of the spectrum to be shifted.

6. SHIFTS:
This program is used to shift a spectrum to a new gain and baseline,
hence i1t will compensate for electronic instabilities in the MCA.

SUBRCUTINE SHIFTS {SPECT ;8 ,RATIO, NCHN, NCHN2 , BLSHIT )
DIHENSION SPECT(L00),8(400)

th

SPECT(I): Counts reglstered at the I channel of the unshifted spectrum.

8{I): Counts registered at the 1" channel of the shifted spectrum by using
SPECT(T).

RATIO; Shifting ratlo

NCEN3sIBOCHN (defined in INIT),unshifted channel number.,

NCHNZ¢ The shifted new channel nunmber,

BLSET z rn

T: Baseline shift.
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Mg 8 = ™ 2 -
. 4018 program is used to establish the original form of the welghting
it calculates or reads the welght factors and reed or set variances

SUBAOUTINE WATE (NVAR,NUMVAR,NCHAN,RHO,XNCON,IT1 ,0H3 4, RES, ISOCKN)
DIMENSION RES{400),REO{400),0HG(400),A(L00)

NVAR: Defined in INIT

NUHVAR: Defined in INIT

NCHAN: Defined 4in INIT

RHC(I): Counts registered at the I
XNCCH: Deflned in THNIT

III: Identificatiocn number ¢ e complex spectrun (i aver ; 3 ectr
III: Identification numbe f the compl pect (if several complex spectrg

th channel of the complex spectrum.

are to be analyzed,

,t o
OMG(T)e “ element of the variance vector.

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

ISOCHN: Defined in INIT.

o

e}
b.‘-(:l

EFS

1

24

CQ

This progrem is used to read all pertinent reference spectrs concerning
each spectrum.Optlons are provided for ‘each spectrum to have a
subtraction,tc be normalized,snd to be corrected for decay.In addition,a set
which upon irrediation

Br B?SG QEF82 sMay be read

cr

of reference spectra (up to five) for an elemen
bproduces several non separable isotopes,such as
in.This progranm uses these data by interpclaticn te obtain the reference

K

specirum at the decay time of the compleX spectru

SUBROUTINE REIS (NISO,NHICHN,ISO,XNORH,0,AT BECG NW,DECAY,COUNT,IIT,NFAC,
FRRHL, D H HC,NO,RHOA)

DINENSION IS0(15),H(15),D (WSEQAI RM{15),0{15),A7(&00,15) ;BEG{L400),RES{400),
P(15),CALC{LO0)  MIFAC(15),CT(400,15),T(5),C(5},REO(H00} A(LCO)

NISO: Number of reference isotopes used in the analysis of the complex spectrum

NEICHNs Defined in IHIT




AT{I;J}s Counts registered at the I%® channel of the J°0 rererence spectrun
[): Counts registered at the Ith channel of the background spectrum.
Nis: Defined in INIT

DECAY: Decay time for compleX spectirun (minute)

CCUNTs Counting time for complex spectrum (minute)

I1Z: Defined in WATE .

.ig
NFAC(I)s Decay time specification for the Ith reference isotope

FRRHL: Reference spectrum,flux reference isctope half-life (minute e)
D{I): Irradlation time,in minutes,;of reference sample Spectrum
H{I)s Half-1life,in wminutes, of Teference isotope spectrum

HCs D@fined in INIT

NC:¢ Number of decay spectra of the reference isotope (max 5)
RHC(I): Defined in WATE

A(I): Defined in WATE

4

ey

9. REFIN:

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

Sspectra discussed in REFS,by Lagrangian methed .The method is discussed
in the appendix Do

SUEBROUTINE REFIN (AT,III,T,C,CT,NO,M,DECAY,COUNT,ISO,REO A)
DIMENSION AT(400,15),CT(400,15),T(5),C(5),IS0(15),I8(15),RHC(400),A(400)

AT(I,J): Defined in REFS

I1I: Defined in REFS 1

T(K)s Decay time in minutes of the K decay spectra of the gtﬂ reference
C(K}s Ceunting time in minutes of the Kth decay spectra of the J th reference
CT{EQK)z Counts reglstered at channel I of the Ktﬁ decay spectra for Jth

th

reference lsctope
HO: Defined in REFS

aéi (=] ._;«Q
COUNT:e: Defined in REFS
180{J )¢ Defined in REFS
™

e RO
e~ K‘gj
)
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=
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This progrem is used to form the (X'WX) matrix,its inverse,and the
matrix correlation coefficients.A provision is included te GValugte the
determinant of the matrix of correlation ccefficienuSAwhs is used as a

neasure cf the efficlency for extracting the maximum information from
the analysis problem.Further,the calculated identity matrix (X“ }°*’X*MX}
11

is formed and the error of average element can be found.Fi
th

m

the accuracy

e

000

of the inverse matrix can be lmploved by an iteration nme 9

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

DIMENSION B(15,15),RI(15,15),RII(15,15),P(15),0(15),4(&00),AT(400),01(15),
@(155,15),8(15,15),BETA(15) ,THETA(15) ,RHO(400)

NFORM: Specification for the {X°wx}qmatrix o be read or formed
NISC: Defined in REFS

R{I,J): The inverse cross product matrix (X'W{)
RI(I,J)s The cross product matrix (X°WX)
HAXCON: The remalning number of reference isotopes
P(I): Tag name of the ith
C{I): Defined in REFS
LOCHN: Defined in INIT
NHICHN: Defined in INIT
A{1): Defined in WATE
AT{T): Defined in REFS
NCORR: Control variesble which specifies formation of correlation coefficients
NWRIT: Control varlable which specifies writing cptlons for the (X'H#X) and

=1

reference isotope

its lnverse
NIDEN: Control variable which specifies feormation of identity matrix

NINTF: Control variable for interference calculaticn
{

X )
RII{(I,J)s R(I,J) ,the (X°WX) ~ matrix -
Lth .
BETA(J): Concentration estimators {(ppm) of the J reference isotope
THETA(J)s Interferences in percent

OI{(J); Intermediate vector
RHC(I): Defined in WATE
I1I: Defined irn REPS



T TNA T/ .
1l, PEAKS:

This progran

o

sed to select the-

is to be used

jul

SUBRCUTINE PEAKS (ATgﬂgﬁHOQLOCHNQNHICHﬂg
AT{(I.,J )¢ Defined in REFS
A{(I)s: Defined in WATE

LOCHN: Defined in INIT
NHICHN: Defined in INIT
NISCs Deflined in RBREFS
111: Defined in REFS

12, SAVEs
This pregram is used to store the
cerresponding reference spectrs identifi

stacking of the conmplex spectra

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

NISCs Defined in REFS

in the area-of-interest unfoeldi

O

Gata near each photo-
ng procedure.
NISG,IITI)

inal (wix‘°1

C{Jd): The tag name of the reference spectrum

CI(Jj)z 0(J) o
RI{I,J)s The {(X°WX) matrix

13, DETs
This progran is used to evaluate the determinant by plv
tien (Chic's umethod) of the matrix composed 1atl

y e

of the (X'WX)™~ matrix.The method

SUBROUTIME DET

sy
et}
©
=4
©
]
]
&
b
vt
4
S

R: The matrix to be used (XWX} ~
N: Order of the matrix
DETERM: The detorminant of the matrix E.

9s discussed in th

ng
cation tags in order

\J
ol

tec allow

n coeffi
ix Eo

peak whic

'y

i

matrix and the

@]
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14, DELETE:

This progrem &s used to delete from the anslysis the reference s

L

pectra
which are not significant at a pre-selected level

SUBROUTINE DELETE (NISO,REMOVE, ISOCHN,BETA,R,C,0,THETA,L)

NISO: Defined in REFS

REMOVEs Intermediate value for the reference
I8QCHN: Defined in INIT y

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

C(J): Defined in REFIN

0(J )¢ DCefined in REFS

THETA(J ) ined in XFORH

L: Tag name of the deleted isotope

[
]

ctope

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,0,AT A, RES,REQ, NVAR.
NR,BAT ST ,NITFR,F,RCORR P MAXCON ,RHOSUM ,XNORM MVAR,ISC,III)

REMOVEs Defined in DELETE
BETA: Deflir

RHOSGD: & {
NISCs Defin

ed in BEFS
LOCHN: Defined in INIT
NHICHN: Defined ip INIT

R{I,J): Defined in DELETE
0(J}: Defined in REFS



NITER: Humber of iterations to be performed
F: ¥ value for null hypothesis
RCORR: Correlation coefficient

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

n

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

\‘

u
NISQO: Order of the isctope whose values are going to ke printed

17. CHIs
Thig nrocran 1s used to caleulate the value of Chi-scuared dividegd

of freedom for each analysis



IS

SUDHOUTINE CHI (CALGC,E Sghxc?f PgugLOCaggmnzcaﬂggﬁfﬁ;AfgcsﬁhogstosQ@ALQA)

CALC: Intermediste value for QUAL
RES(I)s Defined in PHOTO

MAYXCON: Defined in STAT

‘P(J)s: Defined in §
C(J}s Defined in REFS

LOCEN: Definesd in INIT
NEICHN: Defimed in INIT

BETA(J )s Defined in DELETE

AT(I): Defined in REFS

C{I)s Defined in REFIN

RHC(I): Defined in WATE

NISG:e Dc ined in BREFS

QUAL: Qaality of fit number

A(I): Defined in WATE

UPs Confidence interval c¢f Chlesquared

28

DF: Degrees of freedonm

18. VARNCE:
This program is used to adgust the weighting matrix tc account for the

varience in the reference spectra and the concentraticn estimator

\:.’)

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

A1l of the varisbles are previously defined,
r

19, WRITLs .
This 5g uged to write the significant ccncentrations estimator
and their rd deviastions,cnte an interpediate storages.

SUBRCUTINE WRIT1 (@ BETA ,STDEV,NIS0)

All of the variables are pr@viougly defined,
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= LISTING OF THE INPUT DATA AND INPUT OQPTICONS



input data and input options,

~

The following cards and decks are read by CORGAM:

¢

A.1 Card One (1544 format)
may contain more than

Identification card for the set o
one complex spectrum.

A.2 Cavrd Two (2513 format): |

~ NISO = number of isotopes used in analyzing all complex Sp
data set. Any analysis for which a specific isotop
may be removed by entering a negative unity in the

of the irradiation and decay times correctio
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f data which

ectra of the
e is not desired
proper location

n factor card.

NCASES = number of complex spectra contained in the data set,
'8ix other control parameters are carefully defined in the comment cards
of the progran,
A.3 Card Three (25T
HCHGI = 0: no cha I cards 1n CORGAM
‘ for the definition of the variables in NaM1
KCHGI = 1; change in 5471, Telow is a list of the stzndard values of
the variables of NAMIL, Read one or mere cards with the
necessary input data
RCHGZ = 05 no change in N2, This namelist contains the irradiation and
decay time correction factors
NCHG2 = 1; change in N2, The standard valué for all of these correction
factors is uvnity. Read one or more cards with the necessary
input data
NCHG3 = 0; no change in NAM3. Sce the comment cards in CORGAM
3 o
for the definition of the variables in NaM3,
NCHG3 = 1; change in N243. This is the standard value for NCHG3 because
not all of the necessary input data is defined, Below is a
iist of the standard values for the vaeriebles of NAM3, Read
one or more cards with the necessary i data
A4, Card Four (1544 format) Tdentification card of a specific comp lex
spectrun from the group which is to be nalyzed,
A.5 Deck One (5514.8 or 6X,12F6.0,2X format): This is the complex spectrum,

Note: Card Five and Deck Two are not needed if NBKGD = 0 or
WUEBKG = O
A.6. Card Tive (3544 format): Identification card for the background spectrum.
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A.7 Deck

=
5]

{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 = 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(I32,7X,710.0) fo 'mat) These cards contain the approximate
mid point and energy of each photopeak used in shifting the
complex spectrum

HNote: If HVAR = 1 Deck Four is neceded

£.132 Deck Four (5E14.8 fornat): Thvs deck contains a variance spectrum corres-
ponding to the

complex spectrum.
The following cards and cdcocks are read by subprogram REFS,
A disk is needed for intermadiste 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

: This card contains f

the dirradiztion time {in minutes), flux referecnce isotope
life (in minutes), and the reference spe_t i i
constant., This normalization constan
reference spectrum is to ke normal;zcd,

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

e {8F10.0 c*mat)° This card contains
and counti time (in minutes) for eac
reference decay spectra. There is a
alloved in each set cof reference dec
reference decay spectra must come Ii
decks; and cach spectyum in a set of

st be in der of the decay times

e
o
W
o
m
‘\—‘%
ja¥
=
3
©

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

B.4  Card Four (2573 formot
for the sct
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Cu
jas}
(=
<
©
e
[@s]
as}
L
4

B.5 Car 0 format): This card contains the background counting
time (in minutes), the flux reference decay time (in minutes),
the sample weight (in gra ms), the weight of the flux reference
{in ¢ S

and the flus reference counting time {(in minutes),

1
S
-

- . o . A - . o . . -
B.6 Deck One (5E14.8;0%,12¥6.0,2X; or 8F10.0 format): This deck contains the
set of decay reference spactra, ’

oa
s (KW
h

DT

£ NORF is zero, Card Six, Deck Two, Card Scven, Card Eight,
and Card Nine are not needed. If NNBKG is yew, Card Six
and Deck Two are not needed.

Note

B.7 Card 5ix (1544 format): Identification card for the background spectrum

B.8 Deck Two (6X,12¥6.0, 2X format): This deck contains the backeround s
. e \ . & >
Note: There will NO decks composed of Card Seve, Card Right,
and Cards Nine

B.9 Card Seven (2513 format): This card contains the number of peaks and the
r
pivotal pezk used in shifting the reference spectrum,

B.10 Card Eight: Sce Card Seven of CORGAM

B.11 C:

5\
=
jan

Hote: If N0 is zero, some or all of the following cards or
decks are needed If NORT Zs unity, Card Ten and Card
Eleven are nec

7 time (in
ive of REFS

k!

B.14 Deck Three (5BE14,8;6Y%,12F6,0,2X: or 8710.0 format): This deck contains
. fo e =
the reference svectrun,

Note: If FNORF is not equal to unity, Card Twelve, Deck Tour,
u en, Card Pifteen and Deck Five are not nccded,
If NUBKG is zero, Card Tuclve and Deck Four are not necded,

o

B.15 Card Twelve (1544 format): Identification card for the background spectrum |

5

B.16 Deck Four (63,12F6.0,2X formet): This deck contains a background spectrun

8.19 Card Fifteen (15A4 format): TIdentification card for the flux reflerence
o

spectrun
. - y - aatd s Thie Vol tains flux referenc noAEe
8,20 Docl: Fivos {GX,12706.0,2% format): This deck contains a flux reference Spectru
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The following cards and decks are read by subprogram XFORM

Note:

Note:

I
c.1

£ NFORM = 1, the following deck is needed:

If NFORM
If NFORM

C.2

c.3

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

X'W X)7% matrix which has been formed previously

il

2, no other input is required
3, the following two cards are needed,

il

Card One (25I3 format): This card contains the
number of peaks needed for the area of interest
(AOT) unfolding procedure and the number of
channels on either side of the mid-point channel

‘of the photopeak used in the AOL unfolding procedure.

Card Two (25I3 format): This card contains the channel
numbers which correspond to cach peak used in the
AOT unfolding procedure,
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APPENDIX K

£l

= LISTING OF THE INPUT DATA FOR SANMPLE PROBLEN

The following is the listing of the input @
analysis of the sample problenm data.They are iis
o~
£

ted in order of appearcnce
in the program.For further use change of some of %

‘e control cards is
sufficlent.The data can be read from puached cards as well z2s from a sterage
file or from a magnetic tape.The listing of the input data is alsc given
together with the read formats.The optlions are given in the conments cards
of CCRGAH eand in the appendix F.

l.Carde(15A%4) ID card for the complex spectraum
2.Cards(2513)
NISOsNumber of isctopes in complex spectra used in the snalysis
NCASES sNunmber of complex specira to be enalyzed
NRES:Rescnance calculation ceontrol pareameter (optional)
NFORM:Least-squares fit control parameter (optional}
NWRIT:(X°WX) matrix writing control parameter (optional)
NCORRsCorrelation coefficlent coatrol parameter (cptional)
NINTFszInterferences calculatlion centrcl parameter (opticnal)
NIDEMsIdentlty matrix control parameter (optional)
3.Cards(2513)
NCHGl:sChange in NAM1 (optional)
NCHGZ:Change in NAM2 {(opticnal)
NCHG3:Change in NAM3 (optional)
( NAM1,NAM2 ,NAM3 are the NAMELIST variables}
4.Card:If change in NAMl is vequired,new values are glven by this card

- 3 3]
5.Card: % NAM2 w ’
a 3 o €
6.Card: w NAM3 @ 7
. [9] €
7.Card: 0 © 8

NHTICHN, NCHAN,MC,MVAR
NAMZ2 contains C(I)
NAM3 contains T,DECAY,COUNT,WT,CUCT,WICu

[
L0
v
P
ey
el
>
B
(@)
o
]
[0ea]
aQ
o
EJ'J
N
3
g
g
(5]
bt
o
-
-
o)

FRHL,UP  XNCOH
The definitlons of these varlables are given in the comments of
Lo BT AL WS <SS D - 7



]

CORGAN.These variables are entered in the prog
i

T~

by & D&TA Statement,if a

8 Tequired,this is done in the 3°card and the new values are giv

3 : £ - :

in bes5006. and 7. cards.if a Speclfic isotope wont be used in the analysis
0

E?

8
will be entered in NAHM2 for the C(I) value of the T°% isctope.For the
conplex spectra following the first one (if any) ,the input parameters are
read from the subprogram INIT. '
8.Cards(15aL) C@wple“ spectrum ID card
$.Card up o 30.Card (ineluded) (6X,12(F6.0,23))

3

‘!
<4 e l;

n¢ complex spectrum date set.The veriable name is RHO(T)
from 1 to ISOCHN.ISOCHN is the number of the channel contained
in the complex spectrum.Meximum Value of I can be 400,and 12 values are

ch card.If the channel numbers are less than 400 (as in the
case cf sample problem 256 ),0nly the values Prespecified are resd.
3lc.Cards(15a8) Background ID ecard
32.Card up to 53.Card (included) (6% »12{F6.0,2X) ) sBackground spectrum deck,

The variable name is B! {G{I) where I is from 1 to ISOCHN

54.Cards Flux reference spectrum ID card
55.Card up to 58.Card {(included) (6X,22(F6.0,2%)) s Flux reference spectrunm

data set.The varisble name is RES(I) where I is from 1 to NCHCU .

NCHCU is the channel nunmber contained in the flux reference spectrum.
5%.Cards(8F10.0) The gain of the system in MeV/ch.The variable name is GAIN
6O°Cardg{4{239””9F 0.0)) IXC(I),E(I) I from 1 to NPK,where the varigble

IX0C is the approximate nid=point of photopeak,E is the energy of the

gamma photcepeak in HeV.Both values are for the complex spectrum.NPK
- “being the number of the photepeaks in the complex spectrum,
61.Cards(44,913) O(I),IS0(I),NPK,LPP,NORF,MODE, NFAC(T),NO
sTag name of the Eth isotope

(1) o
1 .
ISC{I)sNumber of channels in the T reference isctone

&)

e photo-pesks contained in the complex spectrun

¥
5

index of photo-peak used in shifti ng
cclfication for normalization of reference spectra
c

ime speeclfication of referen

) o FRREL, }(VG;B%

ay t c
mber of decay spectra of a gpeclfic reference isotope
{ )

[t
(&7
)
o]
St
s
bt
L
©
i
o~

I
Half=life,in minutes,of reference isotope gpectrun
£



64cCardss (8F10.0) T(J),C(J) J-rrom 1 to NO
These data are for the reference decay Spectra.vhere T{(J) 1
time in minutes of the Jth decay spectra and C{J) i3 the count
in minuteg of the Jth decay spectra.io being the nunber of'the
decay spectra.
65.Card s {2513) NUEKGQH'QLLQNCUQLQNCHCUQNCHBK ’
NUBKGsBackground Spectra specification

NCULL%LOW@T it limit on Cobper reference photopealk

NCULL:Upper ® & w g w

NCHCu sMumber of channels in Copper reference spectrunm

NCrBK ¢:Number of channels in background Spectrun
666Cardz(8FlOoO) COUNSDECAQBKGTIMQCUDEC WT , WTCU,CUCT

COUNsCounting time,in minutes,for reference Spectrunm

DECA:Decay time,in minutes,for reference spectrun
BKCTIM;B ckground countiag time,in minutes,for reference Spectrum
CUDEC:Decay time,in minutes,for flux reference spectrun
WlsWelght,in grams,¢f the reference isctope
WiCUsWelght,in grams,cf the flux reference isotcpe
CUCT :Counting time,;in minut ofor the reference sSpectrum,flux referenc
Spectrum.
67.Card up o 186.Card (5E14.8) CT(J,M) J from 1 to ISCCHN, M from 1 to NO
These are the decay spectra of the reference isotopes,where CT{(Jd M)
is The counts registered at Jth chennel of the refersnce isot@pe

s .
ﬁeh decay tine.NO the number o

have a decay spectra M is assumed to be gual to 1.

187.Cardssame as card 61

188.Cardssame as card 62

189.and 190.Cardsisame as cards 63 and 6L

191.Card:sanme as card 65

192.Cardssame as card 66

193.Card and the ¢@7?@“*Pg decltgsame as 67. card and the fellowing deck,
The same order repeats itself till all the reference igotopes are
read in.In the sample preblem data this repetition ends at the 458,
card.From this point on the next complex spectrum data is given,
Using the same formats as in the first spectrun,

459 .Cardssane as card3

LeC.Cardssame as card &

461 ,.Cardssame as card 5

462 .Card ssane as card 6



463.Card ssame
L6k . Card ssane

465.Card up %o

o

The same orde

86.Cardssame as the 9,

card up to 20

{J
AV

T repeats itself till all the compl

e

card

X Spectra
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AZPENDIX

Oy
pied

i
recorded on to the sane file.The n
i

are loaded Separetely into tue airr 5, CORGAH and Darca respectively
The nameligt isg removed from the 96, 1ine to the 4, iine due to the requi-
rements of the UNT [YAC Computing systenm., These are dcne by the help of the

c
2. and 3. programs +The 4, Program is used to update the codling symbols
for UNIVAC=-1106 ¢a ard Read
by the sample

RS

er and Line Printer.In crder o execute the progray
input data,the s, Progranm is used to ren SvVe tne main
inte the 2.cycle e
in data form, o b¥V re

flle,because the first cycle containsg the progranm

eXecutable form.Fin a%ly the 6, progran is used to run the program using
the sample dats gs lnput,



PROGRZW%—? Records

=3

aRUN

ahSk T,J T9965§9E80218
aMDVE Toos7

@BELETE C BOGRU N,
@hSG,up BOGRU N,

mUSE F oo BOGRUN,
=COB, ISE

IDENTIFIEATIUN DIV
PROGRAM=ID, TEYP-D
ENVIRONMENT Divisg
CONFIGURAT Oy SECT
SDURCEQEDMPUTERO U
DBJEQTmEDMPUTERO U
INPUT-OUTPUT SECTY
FILEeEGMTRBLO

SELECY 7T assy
DATA DIVIsiow,
FILE SECTION,
FD T

LABEL RECORDS

1
RECORDING Mopr 5

0l T-ReEC pir X{80
FD F
RECORDING MOpD
0l FaREC pIC X(8np
PROCEDURE DIVISIOun
RCo OPEN INPUT T W
OPEN OuTPLT Fo
OKU. READ T AT END
MOVE T-Refr 70
WRITE F=REC,
60 TO oxu,
SONg CLOSE T
CLOsE F,
STOP RUN,
aMAP, IN
aXQT
@DATA, L BOGRUN,
af IN

the tape in the main storage

ISIowN
KUMA,
On,
10N,
<1106
=1106
On,

GN TO UNISERVD

v

GCM

7T
£

e M

Vo

E IS spF,

)o

ITH NO REWIND,
GO 7O sow,

F-RrEC,

WITH NG REWIND,

Te



PFUDGR#W@”Q ?Update of main Program

aRUN

AahASk, A BOGRUN,

@DELETE C CORGAM,

@ASL UP CORG AN,

aDATA, L EDGRUNOQEURGAMG

=4

NAMELTIST /NAMI/ISDCprMDDEENBKGDQNUBKGDNSHFTQLPPONGRMQNCTIN

lNAQEAONCHEU9NEULLDNCUULQNPHOQNHMVAQDNVARGNREFSgETEﬁgmﬂgmwwo
ELQEHNDMHIEHNDNCHANQMCQMUAR/NAMZ/C/NAM3/TQDECAYgEDUNTQWTQCUC
BTDWTEUQAREADCUDEEQBKGTIMQFHRL9UP9XNCGM

=53,96

v1296,1852

@i ND

@af IN

PROGRAM -3 Load sample proplem data

AaRUN

ahAsSG, / BOGRUN,
@DELETE, C DAFCA,

@AS6 up DAFCA,
@DATA,L BOGRUN. ,DAFCA,
=1,1295%

ab ND
aF IN
PROGRAM- 4 2. Update of main pregram
@RUN
RASG ,A CORGAM,
RED,L CORGAM, ,CORGAM,

C /READ{lQ/READQSQ/ AL L

C /WRE?E{SD/MRITE(Eg/ ALL
aEND

af IN



PROGRAM - 5

==

aRUN

aAsG, A CORGAM,
8ASL Up EGQGAM(+1)O
aF TN,us CBRGAM(+E}
sADD,DpP CORGAM,
aFIn

PROGRAM"'S Run of
@RSN sample
@ASh A CORGAM,

@ASG A DAFCA,
@DELETE,C 2,
@DELETE,C 33,
@ASG,Up 2,

@ASG,UP 10,

@F TN, S CORGAM MATN
@PREP CORGAM,
AMAP, I [ CORGAM,MATN

IN CORGAM.MA TN

LIB CORGAM,

axqT CORGAM MAIN
@ADD,DP  DAFCA,

@af IN

3. Update of

main
pProp!

main program.

Program with
em Inputdata.
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APPENDIX N

The followlng is o list of the cedputer programs coded fer expe

© erimental
data precessing,use

[«

in common neutron activation analysis,

L &b

A-Computer codes avallable in ARGONNE NATIONAL LABORATORY (ANL-7411)

1- TCAD :®A computer ¢ode for processing Bamnae-ray spectyra®
Reactor code abstract g 333, Coded fer: UNIVAC=-1108
Langvage: Fortran Iv Issued atg June,1948

N
1}

CORGAM 3%a correlation algerithn for gamma=ray spectra”
Reactor code abstract: 390, Coded fors IBM 360/50
Languages Fortran iV=G  Issueqd at. Fay,1969

3= ALPHA=Y ¢“Resolution of garma-ray spectra¥ {improveg version of ALBHa)
Reactor code abstracts: 413, coded fors IBM 360
Language: Fortran v, CcrL Issued atg December 1970

4~ GSSLRN1B :®"Least Squares photopeak spectra code®
Reactor code abstract: 457, Coded for: UNIVAC-1108
Languages Fortran IV, CPL Issued at: June 1972
8

5= GASPAN $®Conplex gammas-ray spectra analysgige
Reactor code abstract: 485, Codeg fer: CDC 6600
Language: Fortran Iv Issued at: January 1972

B=Computer eccdes avallable in NEA=CPL,Ispre

6= GRETEL :%Ge(Li) gamma spectrum unfelding® x
crogram abstract: § 433 Ceded fors IRy 370
Langusges Fortran IV PLyAseentler

7= BADAK :%peutron and gahna spectrum unfolding®
Progranm abstract: B 487 Coded for: 1B 370
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