IEVELOPMENT OF A CHARGED PARTICILLE

THICKNESS GAUGE

by
M. Onur Uzonur

B.S. in M.E., Istanbul Technical University, 1985

Submitted to the Institute for Graduate Studies in
Science and Engineering in partial fulfillment of
the requirements for the degree of
Master of Science
in

Nuclear Engineering

Bogazici University Library

(TS

3900110031143

Bogazig¢i University
1989




ACKNOWLEDGEMENTS

I would like to express my gratitude to Prof.Dr. A. Nezihi
Bilge, my thesis supervisor, for his continual guidance
throughout this work. Also special thanks are due to Levent
Akin, Dog¢. Dr. Vwural Altin and Prof. Dr. Turan B. Enginol for

their valuable assistance, suggestions and criticism.

Onur Uzonur



iv
ABSTRACT

The determination of the unknown sample thicknesses by
using a radioactive socurce ic one of the most widely used
non~-destructive measurement methods.

in this work, an attempt was made to determine the
unknown thicknesses of paper sheets by using a beta scurce.

The components of the experimental system and their
configurations were determined by minimizing the scatterings
and considering physical events like the absorption of beta
particles taking place in the surrounding medium.

A nonlinear curve fitting procedure was applied +to the

experimentaily obtained data points in addition to the linear

+

least squares method.

rr)

rrors were analyzed, interpreted and faor =some of the

investigated cases only the source of error was locatsd.
Finally some suggestions have been made for further work
in this subject and applications in the field of on-line

measurements.



OZET

Radyoaktif kaynak kullanimi ile bilinmeyen numune kalin-
liklarinin tesbhiti en yvaygin olarak kullanilan tahribatsiz
muayene metodlarindan biridir.

Bu c¢alismada, kagit levhalarin bir beta kaynag: kulla-
nilarak kalinliklarinin tesbitine galisilmistir.

Deney sisteminin elemanlarinin tesbiti ve bunlarin konum-
landirilmalari, beta pargaciklarinin sistemi gevreleyen ortam
tarafindan yutulmalar: gibi bazi1 fiziksel olaylar gtztnune
alinarak ve saciimalarin minimize ediimesine g¢alisilarsak
vapildi.

Deneysel olarak elde edilen wverilere dogrusal en kiugik
kareler metodu kullanilarak yapilan dogru uydurmanin yanisira
dogrusal olhayan en kiglik karele metodu da tatbik edildi.

Hatalar analiz edilerek yorumiand:, bazi hallerde ise
valnizca hata kaynag: belirtilimekle yetinildi.

Son olarak, daha sonra yapilabilecek ¢alismalar ve Uretim
hatti Uzerindeki dinamik dlgumlier icin bazi tavsiyelerde

bulunuldu.
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I. INTRODUCTION

Several well known non-destructive methods to determine
and control the thickness of paper sheets are widely used
to increase the rate of paper production and to keep the
required properties af the products uniform, during the
manufacturing process. Because of their non-destructive
hature, radioisotopic methods are extremely suitable for
on-line thickness measurements. Measurements yperformed by
using radioactive isotopes are easily reproducible and do

not reguire a power supply'''. They c¢an also be applied to

t

systems operating at exireme temperatures and some times
these systems are the only wviable ones. Due to these
characteristics, such technigues have widely been used
in several types of industrial appilications ever since tﬁé
production of radioisotopes was economically realized in
large quantities in nuclear reactors.

The most important paraﬁeter in the selection of a
radiopisotope is the penetration capabllity of the particles
emitted. Charged particles generally have a short range

through the material because of their electrostatic charge.

They can be classified as alpha particles, beta particles
and heavy ions. Heavy ions have the shortest range among
others. Since the alpha particles are highly charged

particles, they too have a very low penetration capability.
Beta particles may have comparatively long ranges depending
on their source energies and the media in which they travel.

The principal methods used in thickness radio gauging are
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the transmiszsion and the back scattering technigques. In the
former one, samples are placed bhetween the detector and
source. In the back scattering techniqgue, the detector and
source are placed an the =zame side of sample sheets so as to
take advantage of backscattered particles.

In this study, a radioc gauge gsystem . was constructed by
using =a beta particle source and employing the transmission
technigque.

In the design of the radio gauge system physical components
were chosen and parameters were determined by considering
the physical properties of the components inveolved and with
the aim ¢f minimizing the effects that could be disturbing
the measurement process,. Since a highly active radioisotope
was used, a careful collimation of the detector and socurce
proved necessary  in order to prevent detector saturation.
After evaluation of the experimental results, erraors wers
statistically examined and interpreted. Finally applicab-
ility of this prototype to on-line thickness measurements
was considered and suggestions were made for further work

on the subject.
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II. THEORY

Z.1. Modes of Decay

Nuclei are stable when they contain only certain combina-
tions of neutrons and protons. The short ranged attractive
forces are balanced by the electrostatic repulsive forces
in & stable nucleus. If these forces can’t balance each
other for some reason, the nucleus can not be stable. The
number of neutrons in the nucleus has a strong effect on
stability. 1f a nucleus coﬁtains too many neutrons., one or
more of them will be spontanecusly transformed into a proton,
with the emission of a g~ particle and a neutrino. This
phenomena is called beta decay.‘?®’

n—p+f o+ y (2.1
if a nucleus has too few neutrons, there are two possible
mechanisms by which a proton is transformed into a neutron.
These are called electron capture and positron decay
mechanisms.

Barrier penetration probability is related to the radius
of the decay product nucleus which is greater for heavier
nuclei than for others, since the barrier height decreases as
the radius increases. This probability is important for «
particles. A light nucleus can not emit an &« particle which
can penetrate out of this barrier.

All heavy nuclei are, in principle, unstable against

spontaneous fission which is the only spontanecous source of
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heavy charged particles heavier than o particles. However,
this process is inhibited for extremely heavy nuclei, because
of the large potential barrier in the distortion of the
nucleus from its original spherical shape.

As a conclusion, it can be said that the decay mechanisms
strongly depend on the internal structure aﬁd weight of the

unstable nuclei.

2.2, Charged Particle Spectra

2.2.1. Aipha Ray Spectrum and Sacurces

Alpha particles are ionized helium atoms produced from
radicactive alpha decay processes or from (n,o) reactions
such as, Z2'%*Po — Z29°%Pph + « decay or the B (n,x) TLi
reaction.

The kinetic energies of o« particles range from about 2 to
10 MeV. There is a very strong correlation between alpha
particle energy and half-life of the parent nucleus. Alpha
particles with the highest energies have the shortest half-
life. Only, the sources having an energy value between 4 and
6.5 MeV are usable iﬁ practice, since the utility of an alpha
gource ig [imited by its half-life.

The alpha rays from some sources are not monoenergetic
but consist of sevefal closely spaced monoenergetic groups
or " alpha lines." These lines are known as " the fine struc-

ture "of alpha ray spectra.” The spectrum of the « emitter
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Bi*'? points out the proximity of these lines. The energy

difference between the two most energetic groups is about 40

KeV.
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Fig.2.1. Alpha ray fine structure(m

In figure 2.1., "y axis" represents the number of « particles
per 100 ?*'?Bi_,, - ?°®Ti,,+*He decays.

Transitions are from the ground state of the parent to the
ground or the excited states of the decay product. The
transition from the ground state to the ground state may not
be the most intense one.

In some transitions, especially ones having & very short
half~-life, some of the emitted alpha particles have a longer
range than the others. This phenomena is not very frequent
howsver. These "long-range" alpha particles have a relative
abundance of about ten per cent or less. Long-range alpha
particles are emitted from excited levels of an alpha source,

whereas the others are emitted from ground level.



2.2.2. Beta Ray Spectrum and Sources

Beta particles have a continuous spectra. A negative beta
particle is called a negatron, and the posifive one is called
a positron, Negatron and positron decays can be considered
as the transformations of one type of nucleon to another such
as;

n — p+g +V and p — n+@*+V

The existence of the neutrino in these processes can
explain the continuity of the beta spectrum. Disintegration
energy is shared between the emitted particle and neutrino.
The residual nucleus may be left in either its ground state

or an excited state.

| f | | ! |
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Fig.2.2. Beta ray spectrumf“
This is a typical beta ray spectrum. In a beta ray

spectrum, the average energy of particles 1is about 30-40
percent of the maximum energy.

E,,, = (0.3-0.4) E,., (.2



The principle source of beta rays is @ decay.
fX, =Y, . ﬁ‘+ v

Beta particles are also produced by interactions of alpha,
beta and gamma particles with matter as in the case of
compton scattering, u meson decay (p’—ﬁ‘8'+2V ) and secondary
ionization (delta rays) are some other beta ﬁarticle sources.

Internal conversion, Auger electrons and thermoionization
are the principle monoenergetic electron sources.

Before examining internal conversion and Auger electrons,
it is better to take a look at the electron capture
transitions.,

I1f & nucleus has too few neutrons, it may capture one of
its own atomic electrons and is therefore transformed to an
isobar of atomic number (Z-1) and emits a mono-energetic
neutrino.

p+e —» n+\)

In electron capture transitions the neutrinos are emitted
in one or more monoenergetic groups, in contrast with the
continuous distribution of neutrino energy produced in beta
decay. Captured electron generally comes from the K shell and

in this case a K capture is spoken of.

ha

- Auger Electrons.

Following K capture, there is an electron vacancy in the K
shell. This 1is filled by the trangition of an L shell
electron into the K shell. This is followed by the emission
cf either a K shell X ray photon especiallyvin heavy elements

or an Auger electron especially in light elements. Energy of
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the K X ray is BE,-BE, and that of the L shell Auger slectron
is BE, ~-2ZBE, .

2.2.2.b. Internal Conversion.

The transition from an excited state to a lower one can
also take place without the emission of a photon. The
transition energy W, can be transferred directly to a bound
electron of the same atom. Thig phenomena is called internal
conversion and in this case the kinetic energy of the
ejected electron E, is given by,

E,= W-BE, (2.3)
where BE, stands for the binding energy of the ejected i*"
shell electron.

After ejection of the photoelectron, the atom emits the

energy BE, as characteristic X rays or as Auger electrons.

2.3. Charged Particle Interactions

Charged particle interactions are primarily due to Coulomb
forces.

There are four principal types ot interaction by which a
charged particle losses its kinetic energy or is deflected
from its original paih.

In an inelastic collision, the kinetiec energy of the
incident particle is converted to another kind of energy such
as ionization or excitation, whereas in an elastic collision,

it's only transferred to another particle.



2. 3.1.a. Inelastic Collisions with Atomic Electrons.

Inelastic collision with bound atomic electrons 1s the

predominant mechanism in charged ©particle interactions.

A charged particle entering any absorbing medium interacts
simul taneously with many electrons. In these interactions,
an electron feels an impulse from the attractive Coulomb

force as the particle passes through its vicinity. Depending
o the proximity of the encounter, this impulse may either
raise the electron to a higher energy lavel causing
excitation or remove it from the atom leading to ionization.
lonization product, called an ion pair is made of & free
electron and the corresponding positive ion.
In particularly close encounters, an electron remaoved from

its orbit may have enough energy, namely more than 1 keV, to

cause secondary ilonization. These electrons are called delta
rays.
2.3.1.b. Inelastic Collision with a Nucleus.

In a close, noncapture encounter, a charged particle may

be deflected by the nucleus. Some time during a deflection

a quantum of radiation called breaking radiation or
Bremsstrahlung is emitted. In this type of interaction, there
igs also a small probability of excitation. In other words,
as a charged particle is deflected, a small part of its
energy may be converted to nuclear excitation eYriergy.,

while most of its energy is given off as Bremsstrahlung.
Bremsstrahlung has a continuous spectrum of X rays as

opposed to the line spectrum or characteristic spectrum of
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X rays giveﬁ off by the electrons filling the orbits in K, L
oc M shelis.
In Bremsstrahlung phenomené, the incident particle can
radiate any amount of energy from zero upto its total kinetic
energy, T.

2.3.1.¢c. Elastic Collision with a Nucleus.

Incident electrons have a high probability of nuclear
elastic scattering. In this type of scattering a charged

particle is deflected, but neither radiates nor excites the

nucleus. Elastic collisions may be single or muitiple.
Single - scattering theory -is suitable for thin targets,
since an incident electron does hdt  have a chance to make

another collisiaon.

If an incident charged particle may suffer a large number
of scattering collisions, then statistical methods become
applicable in this case of multiscattering. Although there

is voluminous work on these subjectls, these theorie

w0

are
not easily applicable for industrial purposes.

The transfer of kinetic energy in a collision with a heavy
nucleus is negligible for light particles such as beta rays.

Z.3.1.d. Elastic Collisions with Atomic Electrons.

An incident charged particle may be elastically deflected
by the atomic electrons of an absorber atom. The amount of
energy transferred is generally less than the lowest excita-
tion potential of the electrons, go that the interaction
is really with the atom as a whole. This type of collisions

are significant for the case of very low energy values less
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than 100 eV and is insignificant from the point of view of
industrial applications.

After the examination of four principal interaction
mechanisms, another interesting phenomens related to the
ionizing effect of swift charged particles can be stated,
This is called Cherenkov radiation. Electromagnetic radiation
is emitted whenever a charged particle passes through any
medium in which the phase velocity of light is less than the
particle velocity. Iﬁ is independent of the rest mass of the
moving particie and depends only on the charge and velocity.

In general, any incident particle may experience a number
of collisions of each type. Which type of interaction will

cccuyr is determined only by laws of chance.
2.3.2 Heavy Charged Particle Interactions

While an o particle passes through the electron cloud
of ite own emitting atom and the neighboring ones, it will
capture one or two electrons and thus become either a singly
ionized or a neutral helium atom. After this capture, the
swiftly moving atom will be reionized by colli=zions with
other atoms. There is, therefore a regular electron exchange
between the alpha particle and absorbing medium. This inter-
change becomes most rapid as the « particle velocity declines
near the end of its range. For a heavy charged particle,
inelastic collisions with atomic electrons is more important.

The range of a proton is slightly shorter than that of an «
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K

particle with equal energy. This can be explained using the

electron exchange process mentioned above.

2.3.3. Specific lonization

The number of ion pairs produced per unit.path length of a
charged particle is called the specific ionization. [t is
proportional to the square of the charge of the incident

heavy charged particle.
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Fig.2.3. Specific ionization of beta particles.

In figure 2.3. specific ilonization (dE/dx);_, is plotted
against kinetic energy E, for beta particles in air. As it
can be seen from the figure, specific ionization of the

highly energetic charged particles 1is quite low. These swift
particles do not spend enough time to ilonize the molecules of
the surrounding material, and there is no significant amount
of ionization taking place resulting in low specific ioniza-

tion.



Nearly half the kinetic energy lost by an « particle is

transferred in hard collisions. In & hard collision, there
isg a large energy transfer and the struck electron can be
considered as initially free, since its binding energy is
negligible in comparison with the amount of energy trans-
ferred to it. The resulting & rays or siow electrons can

produce about half the ultimate ionization.
fTonization and excitation probabilities are related to the
magnitudes of respective potentials. As these potentials

increase, these probabilities also increase.

2.3.4. Alpha Straggling

Identical charged particles, all having the same initial
velocity, do not all have the same range. The observed ranges
of individual particles from any monoenergeltic source will
show a normal or Gaussian distribution around the mean
range. This is called range straggling.

Energy straggling refers to the wvariations in energy in a
beam of initially monoenergetic particles after the passage
through an absorber.

2.3.5. Number-distance Curve

Before the explanation of number-distance curve, it would
be better tco describe the mean range (R,). 1t is the absorber
thickness or distance in which the number of incident

particles is reduced to half of its original value.
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The central portion of the nrnumber-distance curve is
approximately linear and an extrapolation down to the abcissa

gives a value called the extrapolated range (R,).

Number-distance curve

|
!
1
|
H
. Ren Rp
Fig.2.4. Number-distance curve.3)

As it can be seen from figure 2.&?, the number of incident
charged particles does not change significantly until a
definite value of the absorber thickness has been penetrated
through. Because of its high charge, alpha particles can not
be deflected from their straight path easily until this
point. After that, there is a sharp decrement because of the
electron exchange pointed out above. At the end of this path,
a heavy charged particie looses almost all its charge. Then,.
they can easily Ube stopped by the absorber atoms and thus
there is a deviation from the straight line at the end of the
curve. This deviation is caused by the increasing importance
of the random collisions in this low energy state of the «

particle which is by now almost neutralized.

2.3.6., Bragg lonization Curve

The relationship between the average gpecific lonization

and distance travelled within the target material is named



the Bragg curve. Since an average 1s taken over all the
individual particles, this curve also includes the range

straggling effect,
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Fig.2.5. Bragg curve.

(3)

The increase seen upto the peak point, may be explained as
follows; while an alpha particle slows down, it can find much
more time to interact with the electrons of the absorber
atoms thereby ionizing much more of them while it is loosing

energy.

2.4, Range-Energy Relations for Beta Farticles

It is appropriate to explain some important concepts before
examining the range-energy relations:

The relationship between the energy of a charged particle
and its range is quite complicated and depends on several
parameters which are, in general, determiﬁed experimentally.

Since beta particles are not monoenergetic, the maximum
range of the particles emitted from =& active isotope is
determined by considering the maximum energy of the spectrum.
Also, neglecting the straggling effect, 1t can be said that

the ranges of similar particles having the same energy are
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squal. 50, a beta particle with the maximum energy of its
gspectrum has the same range as a monoenergetic electron
with the same energy, since there is no physical difference
between these two particles. Considering these facts, it is
possible to interpret and deploy the results of experiments
performed by using & monocenergetic electron source.'*’

In the intensity-thickness relationship I= To exp(-p x),

“x " represents a thickness which can be considered as the

range of a particle. It is also known that the range of =a
charged particle iz an  Menergy dependent” guanitity. Since
far 2 given isctope, the activity does not depend on the

energy aof the particles emitted, the count rates denoted by

[ and o can not be energy dependent. It may therefore be
concluded that gy the remaining term in thils relatlionship,

iz energy dependent.
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Fig. 2Z.6. Absorption Curves!ﬂ

The absorption curves for monoenergetic electrons have

a long straight portion extending far intoe the low count rate
. i ~ { H

levels. As it can be seen from figure 2.6.,°° at the end

of this portion of the curve, there is .a tail going into the
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background. The extension of this linear region intersects
the background at some point called '"the practical range"
{R,J, similar +to the extrapolated range described tor alpha
particles. The tail, described above, meets the background
at a point called "the maximum range" (Roy. However, no
linear region exists for beta ray absorption curves, and the
defipition of range is more arbitrary. Since the range of
particles emitted from an isotope can mnot be determined
accurately by inspection, some methods are used to determine
the maximum range which is described in a definite way in
the related method. Although, these methods are described
for quite different cases, they are compatible since there
is no significant difference in the ranges of monoenergetic
electrons and beta particles as it was mentioned above. Also,
there is no significant difference in the ranges of positrons
and electrons since annihilaiion of positrons in flight is
very rare. This is another property that makes the different

methods compatible.‘*’

Z2.4.1 Empirical Formulas

Feather’s suggestio&mfor the range-energy relation may be
expressed in the following form;
R = A x Eao - B, (2.4
where R is the range in mgscm?® and Eo is the energy in Mev
for the case of monoenergetic electrons, or the end point

energy in case of a beta spectrum. A and B are constants



18
given as 543 and 180, respectively, although there have been
other suggested values. This expression may be applied to the
energy range from 0.8 Mev to 8 Mev. However, the relationship
between energy and range does not appear to be exactly linear
in this interval of interest, so these values can only be
regarded as being approximate.«”

A number of researchers have proposed a different relation-

ship between range and energy 1in the form

R = AE" (2.5
For the constants involved, Glocker has proposed A = 710,
n = 1.72 in the energy range 0.001 to 0.3 Mev.; Glendenin
and Coryell have proposed A= 407 and n = 1.38 in the energy
range O0.15 to 0.8 Mev.; and Libby has proposed A = 8&67,
n = 1.66 in the energy range 0.05 to 0.15 Mev. *’

Katz and Penfold have used the equation

R(mg/cm?2)= A x Eo‘® ®*'"®°’= A x E ", (2.6)

The value of R at Eo = { Mev. was chosen as 412 mg/cm?

and the value of n was then determined for each of the

experimental points shown in Fig. 2.7  in a study by Katz and
)

Penfold. These values of n were then plotted against Ink,.

The best straight line through the data values gave

“J

n = 1.265 - 0.0954 x !nEo

Iy

1

Thus the final esguation for the range-energy relationship was

s

1.2 - - ? E R
Eo' Z &5 2] L] 55 in c’ (2.7)

R{mg/cm?) = 412 X
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where the energy is in Mev. It is used for the energy levels

of up to 3 Mev.

g /em4 )

(Thousands)

RANGE

( { " i
K 4

EMERGY  (Mev)
— Fitted curve  + experimertal paints

Fig. 2.7. Range-energy curve.'®’

in order to get a measure for the goodness of fit for the
experimental points below 3 Mev to squation (Z.77, Katz and
FPenfold define

£ = (Eewpr/Eaqgu~1, (2.8

where E,,,comes from (Z.7). The measure of 11t may then be

u

defined by
N
u, = 1/NZ. & (Z.9)

with the mean and standard deviations given by



N
e}

N N

up= LN gs g, u,= [L/NZI |5 ,121%.
1

The range-energy curve may bhe represented by the following
expression in the region of energies between 2.5 and 20 Mev
Rimg/cm®* ) = 530 Eo(Mevy - 106 (2.10)
In case of beta absorption, the intensity of the beam
varies exponentially with absorber thickness over a limited
region. Recalling equation mentioned before
I = 1o expl-u x3 (2.11)
where u is the mass absorption coefficient expressed
in o©m®*/mg and X is the absorber thickness in mg/cm? the
range~-energy curve may be related to equation (2.113) through
the following procedure. Suppose the count rate recorded
for the maximum range R, is some smaill fraction of the
initial intensity lo and is represented as k 1,, where k is
a small number ©f the order of 107 % or less depending on

the sensitivity of the detector.

Then
k = expi(-u RJ
or
g = -lnk / R = -lnk 7 (A E,") (2,127
Some researchers give the equation
M 22 E,t0%° (2.13)

= /
for energies between 0.1 and 3.0 Mev

wo= 17 /7 E 't

for the energy interval 0.15 to 3.5 Mev.
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Recently the constants in equation (2.12) were determined

as a function of Z of the absorber material by Nathuram. S’
Another researcher, Thontadarya, determined the effect of
geometry on mass attenuation coefficient of beta particles
and proposed the following egquaticns for the energy range

from O.4 to 2.3 Mev'S)

W= 16.1 E, 707 for Zn geometry

and
17.6 E,~*- %7 for good geometry

h =
it

In Zn geometry, an attempt is made to catch by the detector
all the beta particles falling on the absorbers by keeping
the source, absorbers and detector very close to each other.

In a good geometrical configuration both the incident and
transmitted beams are well collimated and the abscorbers are
kept halfway between the source and detector.

Also the effect of geometry on p values was seen Lo
be considerable at high end-point energies above 1 Mev.
Hence it is suggested that geometry of the system should
be considered before any comparison of p values is made or
before using any empirical relationship to estimate p values
at the higger end-point energies of beta spectra.

By using Egn.(2.12) for the k wvalues indicated below,

Thontadarya alsoc derived a couple of equations relating
range to mass attenuation coefficient'®’
R = 4.6806/u g/cm? . k = 0.01

i

R = 6.808/4u g/cm® . k 0.001
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Z.4.2. Methods for Determining the Range

Z.4.2.a Inspection Method: This is the simplest and perhaps
the least reliable method. The range is determined from an
inspection 0f the absorption curve. In order to find where
the curve meets the background many accurate experimental

points close to the maximum range thickness are required.

If the curve approaches the background very slowly, then it
is difficult to obtain good accuracy. Thick sources should
be avoided since they produce slow electrons because of
slowing down in the scource material, thus giving rise ta
this difficulty. Shielding may aliso be needed to reduce the
background effectsf“

2.4.2.0 Feather Method: In this method, absorption curve of

some activity whose range is known is used as a standard for
purposes of comparison with an absorption curve whose range
is to be determined. After subtracting the Dbackground, the
absorption curve of the standard source is divided into
ten equal parts along the axis of thickness. These
thicknesses are designated as;

d. %= Ro 7/ n (n = 1, 2, 3,...10),

n

where Fo is the range of the standard source.

o]
1.°.

The corresponding intensities are The ordinate of the

unknown absorption curve or intensity is divided into ten

parts [_,, such that [, = I,°. If the thickness corresponding

a !

to I, is d then Feather assumed that

n ¢

]
[
e

d,/d,%°--» R/Ro for n---10, (
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where R 1s the value of the unknown range.

This method is not valid however if the absorption curves
of the unknown and standard sources do not approach the
end-point in a similar fashion. In spite of this weakness,
this method gives fairly accurate results.

Also, some other methods have been suggested by several
researchers. Some of these methods are used to determine the

end-point energies rather than the range'®’.



Pl RADIATION DETECTION SYSTEMS

The proper selection of the radiation detection system

makes the difference between an excellent application of a

nuclear measurement method and a completely worthless one.

Detection mechanisms can be classified into three groups

as gas detection, gemiconductor detection and scintillator
systems. In this chapter only the former one has bheen
considered in detail, since it is the most suitable

mechanism for charged particle measurements and is the one

used in our measurements.

3.1. The lonization Mechanism

A gas detection system is composed of three components:
filled gas, electrodes, and a sealed tube covering them. The
main principle of gas detection mechanism is ionization of
the filling gas by radiation. The ion pairs, i.e. positive
ions and electrons produced by the incident radiation, move
toward their respective electrodes by the effect of an
applied eiectric field and thus an electric current occurs.
The voltage drop caused by this current is a measure of the
extent of ionization‘®"7’.

The gas detection mechanism described above, is used in
ionization chambers, proportional counters, and Geiger-

Muller tubes. They are quite similar, but there are some

constructional differences and they have different pressure,



gas multiplication and applied voltage values.

The electrons produced by ionization may gain enough
energy between collisions to cause secondary ionizations.
This phenomenon is called "gas multiplication® or Mgas

amplification."

There are some other important events following ionization:
Fositive and negative ions tend to combine and produce a
photon. This is called "recombination.®

It has already been stated that, only negative ions can
produce secondary ionization. Positive ions can not cause

a significant amount of secondary ionization since they have

very short path fengths. The secondary ionization produced
by positive ions can be neglected, but they can produce
electrons in another way. When they are very c¢close to a
metallic surface which may be an electrode or internal
metallic surface of the detector, they may pull electrons
from the metallic surface. This process can be important,

depending on the kind of filling gas. An ordinary gas atom
can not remain excited for a long time.

Rare gas atoms have some excited states which they can

occupy for relatively long periods of about 10 seconds.
These are called metastable atoms. In case of pure argon

being used as the filling gas, positive argon ions will find
encugh time to make several collisions and some eventually
will pull electrons from the metallic surfaces of the
detector. Adding some amount of methane to argon increases

the collision probability of argan lons  with methane
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molecules. As a result of these c¢ollisions, argon ions

will be deexcited, and methane molecules will be converted

into excited methane ions that can survive as such only for a

short time. They may find a chance to pull a metallic
gsurface electron for only ornce. If they have some access

energy, they usually loose it by collisions. Because of this
property, methane and some similar gases are generally added
into the detector filling gas.

Some certain gases catch a free electron and attach it to
their neutral atoms. This phenomena is called “electron
attachment."” Argon and other inert gases have low electron
attachment affinities. This is the main reason for the use
of rare gases in gas filled detectors.

At this point, it might be helpful to look into some
differences between gas filled detectors, considering thelr

high voltage-count rate

characteristics.

Pulse
amplitude
{log scale)

|
|
|
l Geiger—

Mueller
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| |
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b Limited
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[ saturation |
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v

Fig.3.1. The different regions of operation of gas-filled

s u 1 ta, %)
detectors for two different values of particle energy.
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It is not possible to register any counts at the detector
until a definite high voltage value is reached. 0f course,
there will be some ionization because of incident radiation
which is independent of the applied voltage. Since ion pairs
recombine easily because aof the weak electric tield, this
region is called the recombination region.
It the applied voitage 1is increased, some counts are
registered and this is the ionization region in which the

ionization chambers work.

As it is further increased, at a definite value of the
voltage, recombination effects are no longer observed and
all the ions formed within the sensitive volume of the

detector are collected on the ancde. This is the saturation
region of the ionization chamber and all the ionization
chambers should ideally work in this region.

If +the high wvoltage is increased further, ions produced

will accelerate toward their respective electrodes and gain

sufficient energy to cause additional ionizations. [n this
region, the rate of recombination is very low, and the
number of pulses and the amount of energy deposited in the

detector volume is proportional to the intenslity of the beam
incident upon the detector volume. Therefore this region is
called the proportional counter region.

[f the applied high voltage is increased above the
proportional region, some secondary ions will gain enough
energy to cause further ionizations in an adjacent region.

Thus, some pulses registered will become independent of



the initial amounts of

proportionality region.

ionization.

In this region,

Z8
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photons produced by

recombinations may also cause further ionizations in an
adjacent region.
A further increase in high voltage equalizes this

probability of successive

words, a photon produced by

ionizations

to unity. In other

a recombination event is going
to cause further ionizations in an adjacent region and the
resulting secondary ilonization products are also going to
produce further ionizations in another adjacent region.
Thus an avalanche of negative ions will spread through the
entire length of the center wire 1.e. the anode. When a

definite value of the voltage

positive ions will surgound

potential difference below

for ampliification and thus
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voltage-count rate
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Fig.3.2. Eguivalent counting circuit for a G-M tube.'7”’

In figure 3.2., the diagram of a gas filled detector is
shown schematically. As it can be seen from the figure, the
voltage drop can be measured over a very large resistor
of about 10'?ohms placed in serieg with the detector by the
use of a voltmeter placed in parallel with the circuit.
This voltage drop 1s a measure of the ionization ocurrent
flowing through the circuit.

This current may also be measured directly by using an

amperemeter placed in series with the circuit.



IV. EXPERIMENTAL SETUP AND PROCEDURE

4.1. Determination of the Components and Parameters

of the System

The major aim of this work is to determine +the thickness
of paper sheets using a charged particle source.
Theoretical base of the study 1is the physical relation

which can be expressed as,

I = 1o exp(~-u %3 (4.1
where, 1o is the intensity of the collimated beam, and 1 is
the intensity observed after a definite thickness of the

sample, both of which can be measured by a count rate mster.
It is clear that, all the measurements wust be performed iIn

a limited time, since attenuation should be observed for a

certain period of time. "x " is the thickness of the sample
in centimeters, and p is the attenuation coefficient of
the paper medium in ecm™ ', Multiplying the thickness x,
and dividing u by p, namely the density of the target

material gives the most common form of the eguation stated

above. "x" - now stands for the mass of a unit area of the
target material lg/cm® ], and is renamed as "mass thick-
ness. " Similarly u has the dimension cm®/g, and is called
"the mass attenuation coefficient.™ Also, 1t is well known
that the detector output signal must be amplified before

reading it out at the rate meter.
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As it has been mentioned, components of the system are
determined by the physical parameters to be measured such as
the count rate, and the accumulation time needed. Therefore
in such an experiment physical components of the setup that
will be used are quite definite. An amplifier, a rate meter
and a timer become the esgential components of this kind
of a system.

During the measurements, the coarse and the fine gain

levels of the amplifier were set at two and three, respec-

tively. Those are the minimum possible gain values.
The type of the detector depends on the kind of source
(i.e. o, ﬁ or %) to be used. Whereas, the type of source is

determined by the sample that will be employed as target

material. For the measurements that are performed with
charged particles, the wuse of a G.M. tube isz almost
mandatory, because of the properties of this tLype of
detectors already explained in chapter 3. Iin the measure-
ments =& "one inch® GM detector is used.

The schematic diagram of components of the experimental

system is shown in Fig. 4.1.

. r K
H.V. Power i Amplifier ~j Counter and Timer

|
Detector J

SN S

o Lox Vo e - + . - - P -
Fig. 4.1. Schematic diagram oI the sxperimental setup.
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As a first step in the determination of system configura-

tion and component characteristics, source to detector

distance is experimentally determined. In general, an

appropriate count rate level 1is chosen in order to have a

sutficiently small standard deviation considering the
discriminative capability of the detection mechanism.
After that, the source-detector distance is varied until
this count rate is attained by taking advantage of the

inverse sguare law.

During the experiments, the Geiger-Mueller tube was
saturated ©because of high socurce activity, and thus the
inverse square law could ndb be_observed in the rate meter.
Clearly no measurements could be performed 1in this region.
In order to remedy this undesirable situation +two possible
appraaches could be employed which are redetermination of the
source-detector distance and a reduction of the strength of
beta particle beam with a thick absorber. The former is the
simplest and the most effective way to reduce the count
rate and therefore the source 1is removed further from the
detector. There ié a limitation of this approach however
which is that if source to detector distance 1is greatly
increased without sealing the setup in a vacuum tube, the
incident beam of beta particles may interact with the
surrounding air so as to distort the inverse square law.
Since the measurements are relative, meaning the important
quantities are the count rates with and without the target

material, this effect may not be very important but, an
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additional uncertainty in the form of an extra source of
error, however slight, would be undesirable.

As 1t was pointed out, the incident beam can be collimated

and also the count rate can be reduced by placing a thick
collimator in front of the source. An orifice with = small
diameter performs this work satisfactorily. So, theveffeotive
area of the source can be reduced by appropriately adjusting
the diameter of the collimator until the desired count rate
is observed. This method +too has & limitation, because it
is well known that the efficiency of a G.M. tube for T ray
photons 1s quite low, since they may penetrate through ths
tube without any interaction. The same thing can not however
be said for the X-ray photons and wmost G.HM. tubes are guite
sensitive to X-rays. A careless choice may result in un-
desirabile additional counts due to the X rays. induced in
the c¢ollimator material by the beta particles. However, use
of a very thick absorber would reduce this effect by self
abscorption. Also, in the experiments most of the induced
X-ray photons can not reach the detector, because of the
possible interactions on the way. Use of a very thick non-

metallic absorber-collimator may be another way to avoid X-

rays.

In the light of theseconsiderations variation of sSource
to detector distance was chosen to reduce the count rate
and the ideal source detector distance wasg determined as

40 centimeters for the experimental prototype system.
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After this step, the appropriate collimator size WAS

determined by using several collimator materials and changing

the collimation length for each collimator material.

Initially, there were four parameters to be considered;
collimator diameter, collimation length as given by the
length of the collimator, collimator material and thickness.
To determine suitable values for these parameters, three of
them were fixed and the remaining one is varied to ochserve
its effect on the results.

Clearly it would be improper to use a collimatar having
a diameter smaller than the diameter aof the detector window,
since this would reduce the effective area of the detector.
On the other Thand, a diameter larger than that of the
detector would mean no effective collimation.

Actually, in such an experiment, the collimator located on
the source side might have the major effect in comparison
with the one on the detector eside, whose effectiveness
depends on the geometry of the system. In consideration of

this, it was decided that any dismeter could be chosen for

the collimator on the detector side. Since the collimators
used were . designed as small cylindrical annuli for
simplicity, and the detector used is a c¢cylindrical one,
it was decided to roll the collimator sheet over the
cylindrical surface of the detector. It thus became
possible to easily fix the collimator on the detector,
but in this case collimation effect proves to be guite

weak and it can be said that only a small fraction of the
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particles scattered in the direction of the detector will be
eliminated. Under fthese conditions, the diameter ot the
collimator on the detector side is equal to the diameter of
the detector, and it is slightly larger than the diameter of
the detector window.

Similar arguments hald for the cotllimator located on the
source side namely that too large a diameter can not
collimate the beam well and too small a diameter has the
drawbacks mentioned above. Although, it is possible to
reduce this kind of effects, it was decided to use a
collimator whose diameter is roughly equal to the diameter of
the source (= 15 mm. ).

After the determination of collimator diameters, a metallic
collimator made of cadmium was tested to determine the effect
of the thickness of collimator material. A few collimators
having different annular thicknesses were produced. 1t is
observed that, increasing thickness value does not produce a
significant effect as expected, since the particles scattered
in the radial direction probably will not be scattered back
into the detector.

After this step, several materials including paper,
cadmium, copper, and thin lead sheets were tested as
collimator materials. [t was cobserved that, there is no
significant diffefence between the metallic collimators

having the same geometric configuration, despite their

different Z values.



Considering these factors, a copper sheet of L.

N

min .

thickness was used to make a cylindric collimator.
The length of +the collimator needs to be determined as

the last parameter related to the collimation process.

Some of the previously obtained results have been used to

determine this parameter. Firstly, material effects and
sheet thicknesses had been found to Dbe not very important
so long as similar materials such as metals are used. Of
course, a paper collimator, i.e. a very light collimator
with a very low Z value may give different results from
the ones obtained by using a cadmium collimator with a

very high Z wvalue. But, it is possiblie to neutralize these
effects. For example, an 11 mm. thick paper colilimator may
give the same collimation effect as a 1.2 mm. thick cadmium
absorber. In other words, the same probability of scattering
of the particles toward the detector can be maintained by
increasing the material thickness in case a lower Z collimat-
or material is used.

Congidering these factors, it was decided to use thick
paper collimators to determine the collimation length. This
kind of éollimators were prepared in the laboratory in =a
modular fashion so that lengths sufficient to prevent the
scattering effects could easily be put together. The length
of each individual collimator pipe being denoted by L
(L = B57.3 mm.J), measurements were performed for 2L, 3L, and
4L collimation 1eﬁgths, and proper collimation length was

attempted to be determined by linear interpolation. The
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proper collimator length was chosen as the length that would

give a 30 to 40 per cent reduction in count rates. So, it

would be possible to obtain a good collimation without

drastically attenuating the intensity. The proper collimator
length was seen to be guite close %o the initial collimator
length, L, and thus a collimator length of .. was decided
upon. Results of these measurements are given in table 4.1.
After that, considering the difficulties that would be
caused by the use of a paper collimator which is very hard to
standardize, cadmium was chosen as the collimator material.

The percent decrement indicated in table 4.1. is the reduc-

tion in count rate Dbecause of the use of a collimator, and

it is calculated as;

percentage decrement § ——— e x 100 (4.2)

Io
where, lo is the source strength given by =zero collimation
length.

Table 4.1. Determination of the collimation length.

Collimation Count Rate ! Decrement
Length (mm.> (c.p.m.) (%)
0] 519313 -
57 3685685 | Z28.83 !
114 274532 | 47.10
171 1 234162 54.9O
228 t 243212 l 53, 20 J

Another parameter that needs to be determined 1s the dis-
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tance sither between the source and the sample or between
the sample and the detector. The first step in determining
this distance is the measurement of the strength of collimat-
ed beam, lo, and then placing the sample holder without
an abzorber at several positions aslong the source-detector
line of sight 30 as to record the respective count rates.
Of courcze, there will be some disturbances in the count
rate because of the sample holder placed between the source
and detector. The position of minimum disturbance in count
~rate will point out the appropriate position for the sample
hoider. The result of thiszs measurement is in table 4.2,

Table 4.2. Determination of the detector-sample distance.

Sample Distance Reduction in Count Rate
from the Detector
(cm) {c.p.m.)
1 1045
10.5 2626
30 1847

The copunt rate differences are shown on the right hand
zide column of table 4.2. and are obtained by subtracting the
sogurce strength, lo, from the count rate observed at a
definite distance. The source strength in our case is about
1.9%10% counts per minute.

According to Table 4.2, the most appropriate position is
ohtzined when the sample holder ie lpczted very close to the

detector therefore the sample holder has been positioned
Leo . )

o
+

a digtance of 1 cm. from the detector.

Also, it should be noted that all the differences are
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positive. Although, it is expected that the sample holder may
cause  somne absorption, it can be concluded that the
scattering interactions are much more effective than the
absorptions. In any case, the location of the sample holder
was chosen so as to minimize its effect on the count rate.
However, it is seen that the minimum count rate ditference
is higher than ¢ ; the =statistical deviation at this count
rate level aof about 1.9x%x10% cpm. Thisz may be an ifmportant
source of error. AccordiAg to the experimental procedure,
the source strength in the ©presence of sample holder
is determined first, and it includes some additional counts
caused by the scatterings mentioned above. After that,
samples are placed into the source holder one by one. As
the mass thickness of the sample 1is increased, some of the
particles scattered back by the sample holder will be
absorbed in the sample material, and the effect of these
scatterings may not be observed after a definite mass thick-
ness value. Thus, an effect that is observed at the beginning
of the measurements with low sample thicknesses will decrease
as the thickness gets larger and larger. In this experiment,
the sample holder was made of a plastic material in the form
of a frame keeping the samples together tightly, and prevent-
ing the ocgcurrence of air cavities among the sample layers.
A thick frame is much more appropriate to compress the sample
layers tightly, but this would mean that the area of the
sample holder will be increased resulting in a rise in the

number of scatterings. This problem could be alleviated by
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changing the sample holder. Clearly, a large and thin frame

made of a light material is the most appropriate to reduce

the effect of scatterings. However, in this case, it would

be very difficult to prevent bending and to keep the samples
tight since the samples wused in these mezsurements are made

of paper.

A

u1

a result, some additional counts produced by the scat-
terings taking place at the surfaces of the scaled box are
registered by the present system, but a scaled box makes the
megasurement procedure very easy and is therefore not dis-
pensable. Also, in this way the structure of the setup is
rigid and more compact. In the light of these points, it was
decided to preserve the structure of the system and consider
this effect as a source of error. The interpretation of this

error will be examined in chapter related to the subject.

4.2, Experimental Procedure

Thickness measurements can only be performed after deter-
mination of the system parameters. During the experimental
procedure firstly, absorbers with different mass thicknesses
are placed. in a scaled box, and count rates are recorded and
then, using mass thickness and count rate data values a
calibration curve is obtained as it iz seen in Fig.4.2.

As the final step, an unknown mass thickness value is
determined using the cobserved count rate for this thickness
and the calibration curve. For this purpose =& numerical

procedure is employed rather than performing an interpolation
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on the graph. .Thus, unknown thickness values are computed by

the use of experimental data, directly and this numerical

procedure will be explained in a related chapter.
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Fig. 4.2, Calibration Curve.
4.3, Determination of the Minimum and Maximum Deltection
Limits

In such a measurement, determination of the minimum and
maximum detection limits are very important. The mivnimum

detection limit referring to the minimum detectable thickness

value can be computed theoretically as follows:

Firstly 1,4, the strength of the collimated beanm, is
determined as described abové. It is the count rate
registered without any sample ij.e. for zero thickness. The
minimum detectable mass thickness value must give a count

rate which is one standard deviation lower than lo. Jther-
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wise, it can not be detected, because this count rate is

within the range of statistical fluctuations of I,. So, the
count rate which gives the minimum detectable thickness is
FXminy = 1, - atly) (4.3
ingserting this into Egn. (4.1) gives,
Iy = olly) = 1, expl-p x)
congsidering that the standard deviation is roughly equal to
the square root of the number, dividing each side by I,, and

rearranging gives;

1
x = =In (1 - ——— 3/ g (4.4)
"IO
In the experimental measurements performed with a highly

energetic source and a very light sample such as paper, the
results are somewhat different from the theoretical ones be-
cause of weak attenuation. For the experimental setup, the
use of a very energetic Sr*° source (2.24 MeV.) for guite
low thickness values is the reason for this deviation.

Also, some differences in chemical composition and humidity
of the samples implying different density and mass attenua-
tion coefficient values may cause scme errors which make it
difficult - to cobtain = value very close to the theoretical
minimum one. To prevent this, all the sample sheets must be
kept under similar caonditions. The temperature and especially
the humidity of the samples wmust be fixed. To fix the
chemical composition of the samples, all the sample sheets

should be obtained from the same large sample sneet. However,

to obtain very thick samples, it is necessary to use many
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layers of this paper together. This very thick absorber
changes the geometric configuration of the system, and
causes some additional scatterings. This effect will be

explained later.

As stated above, the minimum experimentally detectable
thickness is slightiy larger than the theoretical one.
Through the use of ~ the results of measurements given 1in

Table 4.3. this was found to be approximately 1.8 mg/cm?.

Table 4.3. Experimental data.

{ Mass Thickness i Count Rate ;

{mg/cm? ) (c.p.m.) l

]

0 385820 l
2.259 365121

5.88 363424 l
8.82 363077
11.76 362101
14,71 361133
20.59 358732
23.53 { 357486

The thick samples are needed especially, for measurements
of the maximum range. So, if the sample material is very
light, as is the case under consideration, then the samples
used to de£ermine the maximum range or the maximum detectable
thickness will be very thick. gf course, in this case some
changes, however slight, in the geometry of the system and
the collimated beam will have taken place. The scatterings do
not permit the count rate to fall as low as the background
level. So, it can be concluded that the maximum range of

particles emitted from this beta source in a sample material
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can not be observed because of the scatterings. 0f course,

this conclusion is valid for only similar experimental
systems. A well collimated beam, a sealed tube that minimizes
these scatterings, and a shield covering the whole system
would make the determination of the maximum range possible.
The theoretical and experimental studies on the maximum
range determination has been given in the second chapter.
Under these conditions, it could only be possible to
determine the experimental range of 2 MeV. beta particles,
instead of the actual maximum range where the count rate is
reduced to the background level. Our experimental calibration
curve decreases exponentially to a definite count level but
not to the background level because of undesirable scatter-
ings. A further increase in mass thickness would not cause a

significant decrease in the count rate. This count rate glves

the experimental maximum range in a definite material.
According to the measurements, it was calculated to be
about 587 mg/cm? for the samples made of cardboard, con-

sidering the values given in table 4.4,

Table 4.4. Experimental data.

Mass Thickness Count Rate
(mg/cm? ) (c.p.m. )

0 188196
Z216.1085 96130
323.6188 55968
431.0201 30847 |
538,6102 14262
543.6671 5588
756.5404 2014 l
B871.9250 990 ‘
987.3096 794 ‘

ka 1086. 7970 792 J
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The results of the measurements, experimentally obtained

data and their calibration curves are given in the Appendix.

4.4, Dynamic Effects in the Case of On-line Thickness
Measurements

An important feature of the mass thickness measurements
through the use of radlio-gauges is the ability to measure the
parametars of the system continuously, without disturbing it
during the measurement process. But experimental obser-
vation time during the measurements is guite limited
because of the moving sample sheet. Nevertheless, this 1s not
an undesirable situation for non-uniform sheets, since it
reduces the area of the region being examined. Obviously, an
average taken over a smaller area, represents the properties
of the region better than the one taken over the whole sheset.
As it was stated before, the degree of surface irregularity
may contribute to the error in the measurement. The incident
beam width and the velocity of the moving sheet aré then some
of the parameters affecting the accuracy of the measuraments.
There are also some instrumental sources of error associated

with radiation

source fluctuation and detector dead time.
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For a time independent moncenergetic beam of radiation

crossing a moving sheet as shown in Fig. 4.3., the detector

response during a time interval 7, ig'!?’

l w T

R = Roexpl-u P ytv,t,z)1ldt dz (4.5)
2wt

- W o
where all the symbols are used with their usual meanings or
as shown in Fig. 4.3. Also it is assumed that the sheet is
moving with a constant speed, v, as is customarily done in
practice. For a uniform sheet, detector response becomes
1 w .
R, = Roexpl-p p vy, ldt dz

5

2wT o

- w

= Roexpl-n p vy,1

where y, iz the thickness of the uniftorm sheet.
The mean thicknesses corresponding to equations (4.5) and

(4.6) are respectively

-

<y(v,t,z)>» = [ yiv,t,z)dz dt Ca4.7)

I\
£
~
o
1
E

and

< > = Y. i

7 (4.8)

1
= —— INn(Ry /Ry
“ P
The fractional error is described as
l(y(v,t,z)> - {yu>! S oKy lv,t,z07 (4.8)

These equations had been evaluated for several irregular

1 SV e 3 icikness variations and
cases such as square-wave shape thick

linearly increasing thickness along the direction of motion
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or in the perpendicular direction by Oyedele'''’ . Although
the results change from one case to another, there are some

common points which may be summarized as follows:

The error increases with the degree of surface irregularity,
as it 1s expected. In most systems, the error is larger when
the thickness variation is in both directions i.e. along the
direction of motion and perpendicular to it, than when it
is only in one direction. Also, the wuse of lower speeds
and shorter measurement time intervals as well as narrower
beam widths reduce the error in most systems. The use of
lower speeds allows a detection system to perform much more
precise measurements as in the case of static radico-gauging.
The spesd of the sample sheet is generaliy determined by the
production process onto which on-line thickness measurement
iz applied. It is clear that the lowest possible speed value
must be chosen to reduce the error mentioned above. With the
use of a shorter time interval and a narrower beam, 1t is
possible to perform measurements over a smaller area. This
minimizes the effect of irregularities since all the data
are collected from a small region. However, the time inter-
val must  be long enough to reduce the error due to the
statistical variation of data.

To consider the source fluctuation effect 1in continuous

T o €12
radio gauging, the detector response can be expressed as

o (t) expl-p p yityl dt (a4.10)

where | (t) is the intensity of the beam incident on a sheet
1 [¢]
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having a thickness y(t) and D, is the detector response

in the absence of the sheet. The average intensity I, is

determined by observing D, over a sufficiently long time

interval.
The detector response reduces to the following form for the

case of uniform thickness and constant intensity.

Dolo 7
D, = - J expl-p p v, .1 dt
It o
(4.11)
= Db, expl-gu p Yo 3
and using
To. .= b,. /Dy = expl-p P Yy o 3 (4.12)

where the subscript uf indicates wunifeorm thickness and
time independent incident beam intensity. The corresponding

average thickness is

1 T
Yo -2 = J vy, dt = y,. (4,12, 10
o

if source fluctuation and thickness variation are taken into

account then,

. 1 !
T = DrsD, = J I, (L) expl-p P yit)yd dt (4.13)
IOT [+]
and
1 T |
<y (tlio> = y(t) dt (4.14)
T ]
are found as expressed above. If Ly, - 2 and <yiti>r are not

the same, then there is an error 1in the calibration praocess

given by,
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Ay = <y(tr> - <y, .» (4.15)
[t is possible to equate equations (4.1Z) and (4.13>
according to the following arguments; Firstly, the
measurements are performed by using the assumption ot unitform
thickness and constant source intensity, as usual. After
that, the data which have been obtained and the model tor the
surface irregularities are considered to determine the effect
of the irregular surface and source fluctuation. It is clear
that, in this «c¢ase the response of the detector does not
change since the expressions are evaluated for the same data.
In other words, D and T are equal to D,. and T,.respectively.
Egquating <y,.> and T by setting eguations (4.12) and {(4.13)

equal to sach other,

1 1 N
Yy = = —— Int J [oCt) expl-pu P y(t)l dt (4,18
[o]

substituting into equation (4.15) gives

1 1
lntﬁ

WP I,T

J Io (t) expl-p p y(tirl dt (4.17)
0

which is the error in the on-line sheet thickness calibration
for the case of scurce fluctuation.

The incident intensity I, (t) in equation (4.173 is, in
general, specified by =& probability density function and
the corresponding error y may be specified by anather
probability denéity function. Setting

T . 41|
r(t) = (I,(t) expl-u P yit)yy/ (g (4,18
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R(ry = J r{(ty dt
(4]

(4.19)
equation (4.17) becomes
y = Zy» + [ln RCT)Y1/ 4 P (4.20)
so that
FAy) d(Ay) = Q(R) dR (4,21

where F{ y) and Q(R}Y are the probability density functions
for y and R respectively. I'f & Gaussian distribution is
chosen for the probability density function of the incident
intensity Io (), then r(t) and R(t) will also be Gauscian

for a given thickness, y(t). Their mean values are

He = expl-p p yvit)l/v CAL 220
and
l T
Hp = —— expl-u F y(t)1 dt (4.23)
T o

with the variances

o %= g, lexp(-2 p p y(t3)21/7(T 712 (4.24)
and
VCYo2 S
op?= ——— |expl-2 p p y(t)1 dt (4.25)
(ToT)?

The probability density function for R can be written as
l -

OC(R) = — 0 expl-(R-u1?®/2og® ] (4, 26)
JA“CTR

Substituting this in equation (4.21) and using eqn. (4.20)
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M
FlAy)=

¥ lexp-(explp p(Ay-<y>)i-p. 0% /20,21
T P Hg ~0g

x expluy F(Ay~<y>)] CA4.2T7)

Equation (4.27) gives the probability density function for

the error ¥y and for thickness y(t), when the probability

density funtion of the incident intensity is Gaussian. As it

is seen from equation (4.27) the values of FAy) depend on

the thickness variation.

Equation (4.27) have been evaluated for different sheets
as an application by Oyedele?ﬂ Consequently, it was suggested
that a radiation source whose probability density function
has a small variance is the most suitable for continuous
radio gauging since the variance of the probability density
function for the error increases with that of the incident
radiation.

Also, the dead time of the detection system iz quite
imﬁortant for dynamic measurements. Clearly, a larger dead
time is undesirable. If 7 is very large, the response of the
system at the time considered may not represent the quantity
being examined since it indicates a value belonging to a
previous point in time. However, a larger 7T reduces the
standard deviation of counts since it separates the measure-
ments and prevents the effect of previous measurements. So
it can be concluded that the dead time of the system must be

sufficiently small to make the dynamic measurements possible.



V. UNCERTAINTIES AND NONLINEAR CURVE FITTING

5.1. Errors and Uncertainties

The experimental procedure followed provides a data set
formed for modeliling the systenm. However, the data are not
exact and are subject to measurement or statistical errors.
Thus, generally data do not fit the model exactly, even if
the model used is the appropriate one‘'3®’. The determination
of such errors is quite important in quantitative interpreta-
tion of measuremsents. Measurement errors can be classified
into three major groups. These are reading errors, round
off Errors, and truncation errors. In some measurement
systems such as digital rate meters, it seems that there
ig no reading srror, but measured values are rounded off or
truncated by the system because of the physical difficulties
or sensitivity limits.

Statistical errors may be caused by the physical properties
of the system under examination. For example, the process of
nuclear decay is a statistical phenomenon and therefore, the
measurements performed to determine the decay rate shows a
statistioal>distribution. Statistical errors szhow a definite
distribution which may be a normal, binomial or a Poisson
distribution depending on the physical properties of the
system. Nuclear phenomena, generally show a Foisson distribu-
tion but only the normal distribution i3 being examined
in this chapter, Dbecause it is the approximation in our

nonlinear model.
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0f course, some other approximations and simnlifications

have been made, wherever necessary. These three distribu-

tions converge to each other as the number of measurements
tends to infinity.

It may be helpful to describe the concepts of random and
systematic errors before the introduction of normal distribu-
tion. [f it is possible to get rid of the experimental
uncertainties by repeating the measurements, these uncertain-
ties are then called "random errors." Otherwise, they are
said to be T"systematic errors.™ As it can be noticed from
the descriptions given above, the systematic errors can not
be prevented completely, whereas there are some statistical
methods which make it possible to reduce the random errors.
But, it is possible to determine wvarious sources of sys-
tematic errors and check whether they are small enocugh as

warranted by the required precision level or not.

5.2 Nonlinear Models

Now, considering a model fitting that depends nonlinearly

)

on a set of M unknown parameters a, (k = 1, .M), an attempt

will be made to determine the set of best fit parameters by
minimizing the X * merit function which is a measure of the
deviation between the fitted curve and the actual measure-
ments. ‘'Y’

Denoting the model to be fitted as y = y(x:a) (6.1

where the vectors a, x stand for the parameter set and the
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set of independent variables respectively, the X? merit

function is given by

_ w [ Ys Ty Ot sa) 47
X2 (a) = X;[ J (5.2
1=
Ty
Here R is a function of fit parameters a, y{(x,;a) stands

for the fitting function evaluated at values x; of the
independent variable for the same parameter set a and finally
y; are the experimentally measured values of the dependent
variable for which the best fit is being sought.

The best fit parameters a will be determined by minimizing

this X *® function with respect to a. For this purpose
taking sone particular point a as the origin of the
coordinate system with coordinates a, any well behaved

function c¢an be approximated by a Taylor series expansion in

the form:

df 1 dz f

fla+&8a) = f(ar+ I Sa,; + R Sa, sa,+...(5.3
1 . 1

dag 2 7 da; dgy
Truncation after the second degree term leads to the
quadratic equation

, 1
f(a+fal™» ¢ - b.&a + £a.A.fa (5.4

where A is called the "Hessian™ or the second derivative
matrix of the function evaluated at the point a. Now,
using the procedure given above, the merit function can
be approximated by & quadratic form similar to Egqn. (5.4)

when it is sufficiently close to the minimum.
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X *(a+Sa) ~ 7 - d,.Sa +

§a.Ay,n-%a (a,, k=1l,...M) (5.5)
2

Setting the first derivative of equation (5.4) equal to zero
with the purpose of minimization with respect toc a gives;

Ala,;, = b (5.

a

)
at its exact minimum. But at the current point of evaluaticn

df/da is not exactly zero and

df (a)

Ala, . & —— + b (5.7)
da a

cur

holds, where cur stands to represent the current values.
Subtracting equations (5.8) and (5.7)

Ala ~Bcup) = -“Vfla_,.) (5.8

min

a —a..,.= AT'[-Vf(a )1

Applying this to the case under consideration, Egn. (5.8) is
evaluated as;

BpinBeuet ATNI-UXT (a1, (5.9)
At the minimum point, a.,. converges to a,;, at a single
step.

On the cther hand, the approximation procedure expressed
by the quadratic expression (5.5), might be a poor laocal
approximation to the shape of the function that is beiné
minimized at a_ . .- In that case, " the steepest descent
method™ iz wused to take a step down the gradient. In other

words,

a = 3 - constant x VX% (a...? (5,100

next SGocur

where the constant is a zmall number.
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The gradient of the X= function and the matrix A must

be computed at the current set of parameters a in order to

use equation (5.8) and (5.10). The form of X 2and its deriv-

atives are known since X ™ iz based on a model function
specifled by us. Therefore both the Hessian matrix and the

gradient of X #  can be evaluated at a

The gradient of X*® with respect to the parameters a

which will be zero at the minimum of X * has the components

N

dX? Ly, ~y(x, ;a2] dy(x, ;a)
= -2 k=1,2,...,M (b.11)

da, o ? da,

i?l

Taking an additional partial derivative gives

N1 dy(x; ja) dy(x;;a) dfy(x,;;3;a)
= 2§i [ - Ly, ~y(x 33 ——on —— ]
da, da, o, ®

i da, da, da, da,

1 dXx? 1 4z X2
ISkE——" Ky = — (5.12)
2 da, Beur 2 da,da, Leur
1
setting [«l= — A in equation (5.9), this gquation can be
rewritten .as the set of linear equations
>T a,, Sa, = P (5.13)
=1

This set iz solved for the increaments $a, such that, when

added to the current approximation will result in the next

approximation.

On the other hand, eguation (5.10) is transformed to

Sa, = constant x §, (5.14)
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Determination of the constant in this iterative scheme

requires further consideration and

is based on no concrete
rules but on expediency

5.2.1 Levenberg-Marquardt Method

The method is based on two elementary suggestions. There
is no information about the constant and its magnitude in
equation (5.14), According to Marquardt, the components of
the Hessian matrix give some information about the order
of magnitude.'®?’

Considering equation (5.2) and the fact that o, is the
standard deviation of y having the same dimension, it can be
concluded that the guantity X ? is a dimensiconless quantity.
On the other hand, pkhave the dimensions of 1/a,. Therefore,
the constant in equation (5.14) must have the dimension of
a, 2. The reciprocal of the diagonal element of [al, 1/ .,
must set the scale of the constant since it has the
dimensions of a,%. It is divided by a factor N since it might

be too big for a desirable rate of convergence. Thus, equa-

tion (5.14) is replaced by the equation

Sa, = ﬁ, (5.15)
Na, ,
Marquardt's second suggestion is that equations (5.13) and
(5.15) can be combined by the definition of «'
o, TE oy (1) (5.186)

oy T E Oy (j%k)
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and thus

L o wa - Sa, =B, (5.17)

The computational procedure may be outlined as follows:
First a linear fit is made to obtain an initial guess for
the parameters a, and wW® {a) is computed for this set of
parameters a, after which the iinear equations given by Egn.
(6,17) are solved for Sa and X% (a+8a) is computed using
a modest value for N such as 0.001. If X?%*(a+8a) =2 X?(a),
N must be increacsed by a factor of 10 and calculations of
the previcus step must be performed for the current value of
. Conversely if X*(a+Sa) < X?*(ay, N is decreased and
the trial solution is recalculated using a+fa instead of
a before going back to the previous step of recalculating the
entries o, ,at the new a+&a wvalue. This procedure may be
stopped on the first or second negligible decrease in b

A decrement less than 0.1 or a fractional amount like 107 %is

suitable for this purpose.

5.2,.2 Computational Procedure

Firstly, a linear least squares fit was performed by
using the experimental data and putting the basic equation

(4.1) into the linear form given by

In{lo) - InCl) = u X (5.18)»
This equation may be represented by the following simple

mathematical model
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Yy = A + B x (5.19)
where A, B and y correspond to In(lo), p and In(l), respec-
tively.

Parameters A, B were used tc form an initial gstimate for
the nonlinear least squares fit. After the application of the
iterative procedure outlined in the previous section we end
up having the best nonlinear fit to y=y(x,:;a). But now the
problem is the determination of the error in the independent
variable x as a function of the error in the dependent vari-
able y. Note that the latter can be obtained from the set of
measurements since y Is the measured quantity. To this effect
the variance ¢,? of any function can be computed by;

df

dy,
Use will be made of this relationship in finding the afore-
mentioned uncertainties.

VNonlinear curve fitting procedure uses the exponential
mathematical model expressed as

y = A exp(B x) (5.21)

In this equation, y and x represent count rate and the
thickness of the sample respectively. Using the A and B
values calculated by the linear curve fitting procedure
described above, it is only possible to calculate the
logarithms of count rate values for several thicknesses.
Obviously, this would not be physically significant. Taking
of these logarithmic terms will not give the

the exponents

came recsult that a nonlinear curve fitting would, because
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that would be a different mathematical procedure . In other
words, it is necessary to perform a nonlinear curve fit in
order to make the interpretation of data éossible. Neverthe-
less, a linear least squares curve fit was initially perform-
ed to form a good initial estimate for the nonlinear

curve fitting as it was mentioned above.

In our case, the merit function is

vy, -(A e®*) .2
f ___.*__] (5.22)
L. o, 4

Using the iterative procedure described above, the

parameters minimizing X * and their uncertainties are calcu-

fated. However, uncertainties in % and v wvalues are mare
interesting than those of A and B since they have physical
meanings. Uncertainty in y «can be computed using the

following expression.

dy dy dy dy

a,? = 0,7 (—)% + gg® (—)F + 2 gy (—) (—) (5.23)
dA dB dA dB

Since the fitted function is in the form of y = y(x), an

inverse relaticn is needed to find the uncertainty in x.
This relation is given as

dy

’ dx
or

This uncertainty in x is caused by the uncertainties in the

parameters of curve fitting and must be considered separately
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from the uncertainty caused by statistical distribution of

measurement points, that is given as

where N i1g the number of the experimental data points.

Finally then o, can be computed by using o, evaluated as

such.

The results of these error analysis calculations are
reproduced in table 5.1. for a sample set of data in order to

give an idea of the magnitudes involved.



Table 5.1. Sample output of curve fitting procedure

Thickness Counts Calculate& o, o, o
(mg/cm?) (cpm) (cpm) (cpm) (cpm) (mg/cm?)
0.000 186332 188212 57 193 0.330
18.823 181076 186831 46 274 0.482
37.429 174370 178224 38 46 0.084
55.931 167278 166274 31 125 0.237
74,421 159528 156891 26 199 0.396
92.981 151544 148047 23 118 0.247
111.362 143006 139702 22 53 0.118
128.829 134772 131828 ° 23 186 0.438
148.295 126659 124398 24 41 0.103
166.756 118724 117389 26 112 0.300
185.207 110275 110779 29 161 0.466
203.556 102598 104574 30 89 0.275
221.985 85328 98692 33 140 0. 467
240.323 88026 93167 35 93 0.365
258.613 81142 87965 37 169 0.510
276.868 74472 83062 38 119 0.531
A=198212 B=-0.003141 for y=A exp(Bx)
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Vi. DISCUS5I0ON AND CONCLUSIONS

In this study, a prototype radio gauge was developed to
measure the thickness of paper sheets by using a charged
rarticle scource. The unknown mass thickness values were
found by using calibration curves which had been drawn from
the experimental data. A data base was prepared for a wide
range of paper thicknesses to obtain the calibration curves.

It is well known that as a preliminary step, a suitable
sgurce is chosen considering the properties of the sample
material by using the equation expressed as u x=2. Given
the thickness of sample material, a source that gives a value
close to that of u would be the mast suitable one. I1f there

iz a limitation in the choice of source such as high cost,

rare isotope or difficulty in handiing, then a suitable
thickness range is determined for the sample material
and source being used. The major aim in the

experiments, was to determine the unknown paper thicknesses

for static and dynamic systems by using a Sr°° source. Since

the sample material and source were defined initially,
the problem was reduced to determination of the suitable
thickness. . Considering that the end point energy of this
isotope is about 2.24''°%Mev and the mass thickness of a

paper sample may be guite low depending on the composlition,

it is ohvious that the suitable thickness values tfor this

i

roe. 1t may only be possible to

o

purpose would be quite i
obtain these required thicknesses by using a thick pile of

paper sheets. However, these varying thickness values from
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a very thin paper layer to an extremely thick pile changes
the geometry of the system and causes gradually increasing
numbers of undesirable scatterings. Measurements near the
maximum range are quite difficult ta perform hecause of these
scattered particles. To prevent these scatterings caused by
the thick sample material, a careful collimation is needed
on the detector side. However, as it was explained in the
experimental procedure, the samples wmust be located as closa
as possible to detector to reduce the scatterings caused by
the target Tholder. Therefore, it could not be possible to
prevent the scattering effect completely. In the experiments,
an attempt was made to collimate the beam coming on to the
detector considering the geometrical limitations.

Activity of the source used is about 3 mCi. Obviously,
this activity is quite high for this type of measurements.

Considering this fact this value was reduced by increasing

the source detector distance. Since our experimental system
was not in a vacuum tube, several types of interactions
between the air molecules and beta particles were taking
place. Ancther source of uncertainty is born out of the

probabilistic nature of these interactions. Also, high source

activity made the use of a shield mandatory but since induced
X rays were produced by the energetic particles in the lead
shield material, a further iead shield was constructed
pbetween the source and the observer. However, it was seen

~r

that the amount of induced X rays was not negligible even
under these conditions. 0f course, some of these scatterings

were caused by the scaled box used to aobtain a rigid system.

oo



Another problem encountered during the experiments was
caused by the changing level of humidity in the sample sheests
depending on that of the surrounding area. It was therefore
clear that all the sample sheets had to be kept under similar
conditioﬁs. But because weighing all the samples would be a
time consuming additional task this precaution proved to be
difficult to meet satisfactorily. Hence interpretation of the
measurements was done by using the values of a calibration
curve obtained Tfrom samples under different ambient condi-
tions.

It is well known that the thickness measurements per-
formed by using a radio gauge are non-destructive and no
contact is required with the material during the measure-

ments. Therefore, radio gauge applications are sulitable

i}

pecially for on-line thickness measurements but the

i

e

observation period must be very small to perform the dynamic

measurements. However, it was decided to use a B8O second
observation period to reduce the statistical errors. It
was also concluded that the type of the detection system

and activity level of the source weres not suitable for the

on-line measurements.

ted to

]

The following procedure is therefore sugge
measure the thickness of paper samples more accurately:
Firstiy, a suitable source mugst be chosen by using the

appropriate expressions. 0t course, the suitable source

N . N . ; \ ~ 1 &
energy would be lower than the one used in this study. A C
g3

ey - (15 . e C o -
source of ~0.155 Mev energy level is quite suitable for

measuring the thickness of thin paper shests. [t 1is clear



that, a vacuum chamber is necessary for this low energy level
and the required activity is less than 10 pCi. [f the system
is not in a vacuum tube however, a higher activity level may
be needed in which case there wouid be no need to shield the

system.
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