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ABSTRACT 

The determination of the unknown sample thicknesses b y  

using a radioactive source is 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 source. 

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 

experimentally obtained data points in addition to the iinear 

least squares method, 

- 
krrurs were analyzed, interpreted and for some of the 

investigated cases only the source of error was located. 

Finally some suggestions have been made for further work 

in this subject and applications in the field of on-line 

measurements, 



OZET 

Kadyoaktif kaynak kul Ianlrnl iie bilinrneyen numune kailn- 

Ilklarlnln tesbiti en yaygln olarak Itullanrlan t.ahribats1-z 

muayene metodlarlndan biridir. 

Bu qallsmada, kaglt levhalarln bir beta kayi-lag1 kulla- 

nliarak kallnilklarlnln tesbitine qall~llrnl~tlr. 

Deney sisteminin elemanlarlnln tesbiti ve bunlarln k o n u m -  

landlrllmalarl, beta parCaclklarlnrn sistenii qevreleyen ortam 

taraflndan yutulmaiari gibi bazl fiziksel olaylar gozfinune 

allnarak ve saqilmalarln minimize edilmesine qallsllarak 

yap1 ldl. 

Deneysel olarak elde edilen verilere dogrusal en k u ~ u k  

kareler rnetodu kullanllarak yaprlan dagru uydurmanin yanlslra 

dogrusal olmayan en k u ~ u k  karele metodu da tatktik edildi. 

Hatalar analiz eciilerek yorurniandl, bazl hallercle ise 

yalnlzca hata kaynagl belirtiimekle yetinildi. 

Son olarak, daha sonra yapllabilecek Gall~malar ve uretini 

hattl uzerindeki dinamik tilcumler i ~ i n  bazl tavsiyelerde 

bulunuidu. 
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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 of the products uniform, during the 

manufacturing process. Because of their non-destructive 

nature, radioisotopic methods are extremely suitable fur 

on-line thickness measurements. Measurements performed by 

using radioactive isotopes are easily reproducible and do 

not require a power supply"'. They can also be applied to 

systems operating at extreme temperatures and some times 

these systems are the only viable ones. Due to these 

characteristics, such techniques have wide 1 y been used 

in several types of industrial appiicatiuns ever since the 

production of radioisotopes was ecanomicaliy realized in 

large quantities in nuclear reactors. 

The most important parameter in the selection of a 

radioisotope is the penetration capability uf the pa.rticles 

emitted. Charged particles general 1 y 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 ra.diu gauging are 
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the transmission and the back scattering techniques. In the 

former one, samples are placed between the detector and 

source. In the back scattering technique, the detector and 

source are placed 011 the same side of sample .sheets so as to 

take advantage of backscattered particles. 

In this study, a radio gauge system was constructed by 

using a beta particle source and employing the transmission 

technique. 

In the design of the radio gauge system physical components 

were chosen and parameters were determined by considering 

the physical properties of the components invoIved and with 

the aim of minimizing the effects that could be disturbing 

the measurement process. Since a highly active radioisotope 

was used, a careful collimation of the detector and source 

proved necessary in order to prevent detector saturation. 

After evaluation of the experimental results, errors were 

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. 



I I .  T H E U K Y  

2.1. 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 a stable nucleus. I f  these forces ca.nv t ba l a .nce  each 

other for some reason, the nucleus can not be stable. The 

number of neutrons in the nucleus has a strong effect on 

stability. If a nucleus contains too many neutrons, one or 

more of them will be spontaneously transrormed into a proton, 

with the emission or a p -  particle and a neutrino. This 

phenomena is called beta decay.'21 

n - p  + p - + Y  ( 2 . 1 )  

if a nucleus has too few neutrons, there are two posslble 

mechanisms by which a proton is transformed into a neutron. 

These are called electron capture and positron decay 

mechani sms. 

Barrier penetration probability is related to the radius 

of the decay product nucieus which is greater tor neavier 

nuclei than for others, since the barrier height decreases as 

the radius increases. This probability is important for a 

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 spontaneous source of 
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we'cJer , heavy charged particles heavier than ~ particles. klo..-- 

this process is inhibited for extremely heavy nuclei, because 

of the large potential barrier in the distortion a r  t h e  

nucleus from its original spherical shape. 

As a conclusion, it can be said that the decay mechanisms 

strongly depend on the internal structure and weight s f  the 

unstable nuclei. 

2.2. Charged Particle Spectra 

2.2.1. Alpha Kay Spectrum and Sources 

Alpha particles are ionized helium atoms produced lrom 

radioactive alpha decay processes or rrom { n , c r >  reactions 

such as, z i 2  Po -.+ = a s  Pb + cx decay or the " B(n.a) ' L i  

reaction. 

The kinetic energies of cx particles range from about 2 to 

10 M e V .  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 in practice, since the utillty or an alpha 

source is limited by its half-life. 

The alpha rays irom some sources are not monoenergetic 

but consist of several closely spaced monoenergetic groups 

or " a1 pha 1 ines. " These 1 ines are known as " the f ine struc- 

ture "of alpha ray spectra." The spectrum of the cx emitter 
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Bi212 points out the proximity of these lines. The energy 

difference between the two most energetic groups is about 40 

KeV. 

i Magnetic field in gauss 

F i g . 2 . 1 .  Alpha Pay fine structu 

In figure 2.1. ,  "y axisv represents the number of a particles 

per 100 Z'2~i,, - 2 o 8 T18,+4He 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 m a y  not 

be the most intense one. 

In some transitions, especially ones having a very short 

half-life, some of the emitted alpha particles have a longer 

range than the others. This phenomena is not very frequent 

trownver. These "long-range" alpha particies 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 Kay Spectrum and Sources 

Beta particles have a continuous spectra. A nega.t ive b e t a  

particle is called a negatron, and the positive 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 + p - + V  and p -+ n+p+ t 9 

The existence of the neutrino in these processes c a n 

explain the continuity of the beta spectrum. Disintegration 

energy is shared between the e~ni tted particle a n d  neutr i i ~ u .  

The resiclual nucleus may be left in e i t h e r  it.s ground state 

or an excited state. 

Fig.2.2. Beta ray spectrum. ( 3 )  

'This is a typical beta 'ay spectruni. In a beta r a y  

spectrum, the average energy uf particles is about 30-40  

percent of the maximum energy. 

= ( 0 .3 -0 .4 )  E, ,  , t 9y! E, " , ,- . 2 ) 



The principle source of beta rays is P decay. 

A X Z  - i A y z c i +  ( 3 - +  3 

Beta particles are alsa produced by interactions of alpha, 

beta and gamma particles with matter as in the case of 

compton scattering, y meson decay (JJ- --+ f3- +21) ) and secondary 

ionization (delta rays) are some other beta particle 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. 

I f  a 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. 

~ + e  .--, n +  9 

In electron capture transitions the neutrinos are emitted 

in one or more monoenergetic groups, in contrast with the 

cuntinuous distribution of neutrino energy produced in beta 

decay, Captured electron generally comes from the k< shell and 

in this case a kt capture is spoken of. 

2.2.2. a. Auger Electrons. 

Fallowing K capture, there is an electron vacancy in the K 

shell. This is tilled by the transition ot an L shell 

electron into the K shell. This is followed by the emission 

of either a K shell X ray photon especially in heavy elements 

or an Auger electron especially in light elements. Energy at 
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the K X ray is BE, -BE, snd that or the L she1 1 huger e1eztro1-r 

is BE, -2BE, . 
2 . 2 . 2 ,  b. lnternai Conversiox-I. 

The transition from an excited state to a lower one can 

also take place without the ernission at a photon. T 1-1 e 

transition energy W, can be transferred directly to a bound 

electron of the same atom. This phenomena is called lnternal 

conversion and in this case the kinetic energy of the 

ejected electron E,  is given by, 

E,  = kl-BE, (2.3) 

where BE, stands for the binding energy of the ejected i t h  

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 or interaction by which a 

charged particle losses its kinetic energy or i s  deflected 

from its original path. 

1.2 an inelastic collision, the kinetic 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.l.a. inelastic Col iisions with Atomic Electrons. 

Inelastic collision with bound atomic electrons is the 

predominant mechanism in charged particle interactions. 

A charged particle entering any absorbing medium interacts 

simultaneously with many electrons. In these interactions, 

an electron feels an impulse from the attractive Coulomb 

force as the particle passes through its vicinity. Depending 

on the proximity of the encounter, this impulse may either 

raise the electron to a higher energy level causing 

excitation or remove it from the atom leading to ionization. 

Ionization product, called an ion pair is made of a free 

electron and the corresponding positive ion. 

In particularly close encount.ers, an electron removed from 

its orbit may have enough energy, name1 y more than 1 keV, to 

cause secondary ionization. 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 

is 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 energy, 

while most of its energy is given off as Bremsstrahlung. 

Bremsstrahlung has a continuous spectrum of X rays as 

opposed to the line spectru~~i or characteristic spectrum of 
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X rays given off by the electrons filling the orbits in E,  L 

or 1'1 shells. 

In Bremsstrahlung phenomena. the incide~~t par tic; I e can 

radiate any amount of energy from zero upto its total kinetic 

energy, T. 

2 . 3 . l . c .  Elastic Col lision with a N&cleus._ 

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 n~ult-iple. 

Single scattering theory is suitable for thin targets, 

since an incident electron does hot  have a chance to make 

another col 1 ision. 

I t  an incident charged particle [nay suffer a large number 

of scattering col l isions, then statistical methods become 

a1:lpl icable in this case of multiscattering. A1 thol~gh there 

is voluminous work isn these subjects, these theories 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. 

2.3. 1.d. Elastic Col 1 isions with Atomic E l e c t ~ u ~ ~ ~ s .  

An incident charged particle may be elastically deflected 

by the atomic electrons o f  an a.bsorber atom. The arnount of 

energy transferred is general 1 y less than -the lowest excita- 

tion potential of the electrons, so that the i.n.t.er.actj.on 

is real i y  with the atom as a whole. 'This type of cul l isions 

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 vlew of 

industrial applications. 

After the examination of four principal interaction 

mechanisms, another interesting phenomena 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 veiocity of light is less than the 

particle velocity. It 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 or interaction will 

occur is determined only by laws o r  chance. 

2 . 3 . 2  Heavy Charged Particle Intera.ctions 

While an a particle passes through the electron cloud 

of its 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 collisions 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 a particle velocity declines 

near the end of its range. For a heavy cha.rged particle, 

inelastic collisions with atomic electrons is more important. 

The range of a proton is slightly shorter than that of an a 
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particle with equal energy. This can be explained u s i n g  the 

el ectrori exchange process mentioned above. 

2.3.3. Specific Ionization 

The number of ion pairs produced per unit.path length of a 

charged particle is called the specific ionization. It is 

proportional to the square of the charge of the incident 

heavy charged part ic 1 e. 

10" lo0 
E. MEV 

(3) Fig.2.3. S p e c i f i c  ionization of beta particles. 

In  figure 2.5. specific ionization rdE/dx),,, is plct~ted 

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 is cjuite low. These swift 

particles do not spend enough time to ionize the molecules of 

the surrounding material , and there is no si g n i f  icant a.mount 

of ionization taking place resulting in low specific ioniza- 
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Nearly half the kinetic energy iost by an a particle is 

transferred in nard col 1 isions. In a hard co! 1 ision, there 

is a large energy transfer and the struck electron can be 

considered as initialiy free, since its binding energy is 

negligible in comparison with the amount of energy trans- 

ferred to it. The resulting 2 rays or siow electrons can 

produce about half the ultimate ionization. 

Ionization 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 ranse. The ohserved ranges 

of individual particles rrom any munoenergetic source will 

show a normal or Gaussian distribution around the mean 

range. This is called range straggling. 

Energy straggling refers to the variations l n  energy in a 

beam of initia!ly monoenergetic particles arter the passage 

through an absorber. 

2.3.5. Number-distance Curve 

Before the explanation of number-distance curve, it would 

be better to describe the mean range ( R , ) .  It 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 number-distance curve is 

approximately linear and an extrapolation down t u  t h e  abcissa 

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

Fig. 2.4. Number-distance' curve.(3) 

(3)  As it can be seen from figure 2 . 4 . ,  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 n o t  

be deflected f rom their straight path easily until this 

point. After that, there is a shar~l decrement because o f  the 

electron exchange pointed out above. At the end of this path, 

a heavy charged particle looses almost all its c h a r g e .  Then, 

they can easi ly be stopped by the absorber a t o m s  and thus 

there is a deviation from the straight line at the end of the 

curve. This deviation is caused by the increasing imp~~rtance 

of the random collisions in this iuw energy state ot the a 

particle which is by  now almost neutralized. 

2.3.6, Bragg Ionization Curve 

The relationship between the average specific ionization 

and distance travelled within the target material is named 



the Bragg curve. Since an average is taker1 over all the 

individual particles, this curve also includes the range 

str aggl ing effect. 

Distance r, in cmofarr (-1%~) -_' 
Fig.2.5. Bragg curve. ( 3 )  

The increase seen upto the peak paint, may be explained as 

follows; while an alpha particle slows down, ~t can find much 

more time to interact with the electrons of rhe absorber 

atoms thereby ionizing much more ot them while it is loosing 

energy. 

2.4. Range-Energy Relations for Beta Particles 

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, determined experimentally. 

Since beta particles are not monoenergetic, the maximum 

range of the particles emitted from a active isotope i s  

determined by considering the maximum energy Of the spectrum. 

Also, neglecting the straggling effect, it can be said that 

the ranges o f  similar particles having the same energy are 
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equal. So, a beta particle with the maximum energy of its 

spectrum 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 

perfarmed by using a inonoenergetic electron source. t 4 1 

In the intensity-thickness relationship I =  lo exp(-p x!, 

yt x tr represents a thickness which can be considered as the 

range of a particle. It is also known that the range of a 

char. g e ~ i  - -I F3r" - tlcle - is an '?energy dependentt2 quantity, Since 

ran. a given isotope, the activity dues not depend on the 

energy of the particles emitted, the count rates denoted by 

I and 1 0  can not be energy dependent. It may therefore be 

CofiC i ".-I - 3 thet ij, the remainil~g term in this relationship, 

is energy dependent. 

6 particles e l e c t r o n s  

cn 
Z 

I 
I 

0 
.. ALUMINUN-- mg /cm0 A&!JMiN%!M m9/3mg 

Fig. 2.6, Absorption Curves. (4)  

The absorption curves for monoenergetic electrons have 

a long straight portion extending far into the low count rate 

levels. As it can he seen from figure 2 . t i . , i 4 '  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 1 inear region int.ersect.s 

the background at some point called "the practical r a ~ ~ g e "  

(F ,  > ,  similar to the extrapolatecl range described t o r .  alpha 

particles. The tai I ,  descr ibecl above, meets the t~acI(gro~~nd 

at a point called 'tthe maximum range" iHo). However, no 

linear region exists for beta ray absorption curves, a t ~ d  the 

definition of range is more arbitrary. Since the range of 

particles emitted from an isotope can not 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. A1 though, these methods are described 

for quite different cases, they are compatible since there 

is no significant difference in the ranges of monuener,getic 

electrons and b e t a  particles as it was mentioned above. Also, 

there is no significant difference in the ranges u f  positrons 

and electrons since annihilation of positrons in flight is 

very rare. This is another property that makes the ditferent 

methods compatible.'4' 

2.4.1 Empirical Formulas 

6%) 
Feather's suggest ion for the range-energy re latian may be 

expressed in the following form; 

R = A x E a - B ,  (2.4) 

where K is the range in m g / c m 2  and Eo is . t h e  e n e r z y  in Nev  

for the case of monoenergetic electrons, or t h e  end point: 

energy in case of a beta spectrl~m. A and B are cons.t:.a-nts 
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given as 543 and 160, respectively, although there have been 

other suggested values. This expression may be applied t ,o the 

energy range from 0.8 Mev to 3 Mev. However, the  elations ship 

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. ( 4 )  

A number of researchers have proposed a different relation- 

ship between range and energy in the form 

R = A Eon ( 2 . 5 )  

For the constants involved, Glocker has proposed A = 710,  

n = 1.72 in t'he energy range 0.0Cil to 0.3 Mev.; Glendenin 

and Coryell have proposed A= 407 and n = 1.38 in the e n e r g y  

range 0. 15 Lo 0.8 Mev. ; and Libby has proposed A = 667, 

n = 1.66 in the energy range 0.05 to 0.15 M ~ v . ' ~ '  

Katz and Penfold have used the equation 

The value or R at Eo = 1 Mev. was chosen as 412 mg/cm2  

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 

~entold!" These values o f  n were then plotted agairlst lnEo. 

The best straight line through the data values gave 

n = 1.265 - 0.0954 x lnEu 

Thus the final equation i-or the range-el-rergf ielation~hip was 
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where the energy is i n  Mev. It i s  used for the energy levels 

o f  up to 3 M e v .  

Fig. 2.7. Range-energy curve. 
( 4 1  

In  order to get a measure for the goodness of f i t  fur the 

experimental points below 3 Mev to equation (2.73, Katz and 

Penfold define 

w h e r e  Ee, from ( 2 . 7 ) .  The measure of m a y  then 

def iried b y  

w i t h  t h e  mean and standard deviations g i v e n  by 



The range-energy curve may be represented by the following 

expression in the region of energies between 2.5 and 20 Me" 

R(mg/cm2) = 530 Eo(Mev) - 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 = io expt-.U x)  (2.11) 

where y is the mass absorption coefficient expressed 

in cm2/mg and x is the absorber thickness in mg/cm2, the 

range-energy curve may be related to equation (2.11) through 

the foliowing procedure. Suppose the count rate recorded 

for the maximum range R ,  is some small fraction of the 

initial intensity lo and is represented as k I , ,  where 1( is 

a sma 1 1 number of  the order of or less depending on 

the sensitivity of the detector. 

Then 

Some researchers give the equation 

= 22  / E , i . 3 3  

for energies between 0.1 and 3.0 Mev 

for the energy interval 0.15 to 3.5 Mev. 
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Kecently the constants in equation ( 2 . 1 2 )  were determined 

as a tunction of 2 of the absorber material by Nathuram."' 

Another researcher, Thontadarya, determined the effect of 

geometry on mass attenuation coefficient of beta particles 

and proposed the following equations for the energy range 

from 0.4 to 2.3 MevfS' 

p = 16.1 E0-'.47 for 2x  geometry 

and 
JI = 17.6 E 0 - ' - 3 '  for good geometry 

11-1 2n 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 absorbers are 

kept halfway between the source and detector. 

Also the effect of geometry on p values was seen to 

be considerabie at high end-point energies above 1 Mev. 

Hence it is suggested that geometry of the system s h o u l d  

be considered before any comparison of p values is made or 

before using any empirical relationship to estimate JI values 

at the higher end-point energies of beta spectra. 

BY using E q n .  ( 2 .  ? 2 j  for the k vaiues indicated below, 

Thonta.darya a1 50 derived a coup1 e of equations relating 

range to inass attenuation coefficient' ' '  ; 



2.4.2. Methods for Determining the Range 

2.4.2.a Inspection Method: This is the sin~plest and perhaps 

the ieast reliable method. The range is determined from an 

inspection of the absorption curve. In order to find where 

the curve meets the background many accurate experimental 

points close to the maximuill range thickness are required. 

I f  the curve approaches the background very slowiy, then it 

is difficult to obtain good accuracy. Thick sources should 

be avoided since they produce slow electrons because of 

slowing down in the source material, th1.1~ giving rise to 

this difficulty. Shieiding may aisu be needed to reduce the 

(4) background effects. 

2.4.2.13 Feather iletnod: In this method, absorption curve of 

some activity whose range is known is used as a standard for 

purposes o~ comparison with an absorption curve whose range 

is to be determinecl. After subtra.ctitsg the background, the 

absorption curve of the standard source is divided into 

ten equal parts along the axis of thickness. These 

thicknesses are designated as; 

d n O =  Fio / n (n = I, 2 ,  3,. ..lOjy 

where Ro is the range of the standard source. 

The corresponding intensities are I,'. 'I'he ordinate of the 

unknown abscsrplion curve or intensity is divided into ten 

parts I, ,  si~ch that 1, = 1,". 1 5  the thick]-less corresponding 

to 1, is dn , then Feather assumed that 

d, /dn ' --+  K/Eo for n - - + l O ,  ( 2 . 1 4 )  
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where R is the value of the unknown range. 

This method is not valid however if the absorption curves 

or 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' ' . 



I I I .  K A D  I AT I ON DETECT I ON SYSTEl lS  

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, semiconductor detection and scintillator 

systems. In this chapter only the former one has been 

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 Ionization 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 electric field and thus an electric current occurs. 

The voltage drop caused by this current is a measure of the 

extent of ionization""' . 

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 

constructionai differences and they have difterent 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 multiplicationt' or "gas 

amplification." 

There are some other important events following ionization: 

Positive and negative ions tend to combine and produce a 

photon. This is cal led "recombination." 

It has already been stated that, only negative ions can 

produce secondary ionization. Positive inns can not cause 

a significanr amount of secondary ionization since they have 

very short path lengths. The secondary ionization produced 

by positive ions can be neglected, but they can produce 

electrons in another way. When they are very close to a 

metallic surface which may be an electrode or internal 

metallic surface of the detector, they may pull electrons 

, \. from the metaliic surface. Inis process can be important, 

depending on the kind of filling gasi An ordinary gas atom 

can not remain excited for a long time. 

Hare gas atoms have some excited states which they can 

occupy for reiatively 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 

enough time to make several collisions and some eventually 

wi i i pul i electrorrs f porn the metal lic sur~aces of t.he 

detector. p,dding some amount of methane to argon increases 

the collision probability of argon ions with methane 
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molecules. As a result of these collisions, argon ions 

will be deexcited, and methane molecules will be converted 

into excited methane ions that can survive as such only +or a 

short time. They may find a chance to pull a metallic 

surface electron for only once. If they have some access 

energy, they usually loose it by cullisions. Because ot 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 lor the use 

of rare gases in gas filled detectors. 

At this point, it might be helprul to look into some 

d i r f  erences between gas f i 1 led detectozs, cunslder lng their 

hig h voltage-count rate characteristics. 

Fig.3.1. T h e  different regions or uperation at gas-filled 

detectors for two different values of particle energy. 
( 8 . 9 )  
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It is not possible to register any counts at the detector 

until a definite high voltage value is reached. Of course, 

there will be some ionization because of incident radiation 

which is independent of the applied voltage. Since ion pairs 

recombine easily because af the weak electric tield, this 

region is called the recombination region. 

I f  the applied voitage is increaseu, 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 

alI the ions formed within the sensitive volume of t h e  

detector are collected on the anode. This is the saturation 

region or the ionization chamber and all the ionization 

chambers should ideaiIy work in this region. 

I f  the high voltage is increased further, ions produced 

will accelerate toward their respective electrodes a n d  gain 

sufficient energy to cause additional ionizations. In this 

region, the rate of recombination is very low, a.nd the 

number of pulses and the an~ount of energy deposited in the 

detector volume is proportional to the intensity o f  the beam 

incident upon the detector volume. Therefore this region is 

called the proportional counter region. 

i f  the applied high v01t.age is increased above the 

proportional region, some secondary ions will gain enough 

energy to cause further ionizations in an adjacent region. 

~ h ~ s ,  some pulses registered will become independent of 
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the initial amounts of ionization.  hi^ is the limited 

proportionality region. In this region, photons produced by 

recombinations may also cause further ionizations in an 

adjacent region. 

A further increase in high voltage equalizes this 

probability of successive ionizations to unity, ~n other 

words, a photon produced by a recombination event is going 

to cause further ionizations in an adjacent region and the 

resulting secondary ionization 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 i.e. the anode. When a 

definite value of the voltage is reached. a sheath formed by 

positive ions will surround the center wire and reduce the 

potential difference below the necessary potential value 

for arllplification and thus the discharge becomes terminated. 

T h i s  region is known as the GM region. In which the high 

voltage-count rate curve generally has a sixall slops: a.nd is 

cal led the GM plateau. 

In the plateau region, count rate is quite independent of 

the a p p l  ied- voltage. ~ h u s ,  any initial ionization produces 

the same discharge. Any increment o f  the voltage above the 

plateau l e v e l  w i l l  cause a continuous discharge because of 

the positive ion bmbardment of the counter wall,""' 
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F i g . 3 . 2 .  Equivalent counting circuit for a G-Pi tube.'" 

In figure 3 . 2 . .  the diagram of a gas f i l  ied detector is 

shown schematically. As it can be seen front the figure, the 

voltage drop can be measured over a very large resistor 

of about 101*ohrns placed in series with the detector by the 

use of a voitmeter placed in p a r a 1  lei with the circuit. 

This voltage drop is a measure of the ionization current 

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 o f  this work is to determine the thickness 

of paper sheets using a charged particle source. 

Theoretical base 01 the study is the physical relation 

which can be expressed as, 

I = !o rxp(-p x f  ( 4 . 1 )  

where, is the intensity o f  the col lima.ted beam, and I i s  

the intensity observed aftel- a definite thickness o f  the 

sample, Goth of which can be measured by a col-lnt  rate meter. 

it is clear that, all the measurements must be performed in 

a limited time, since attenuation should be observed for a 

certain period of time. "x " is the thickness of the sample 

in centimeters, and is the attenuation coefficient of 

the paper medium i.rl c m - ' .  lbluItiplyi~-rg the thickness x, 

and dividing i by p ,  namely the density of the target 

inaterial gives the most common form of the equation stated 

above. "x" now stands for the mass uf a unit area of the 

target material ~ g / c m 2  I ,  and is renamed as "mass thick- 

ness. ': Simi]ariy JJ has the dimension cm2/'g, and is cal led 

"the mass attenuation coefficient." H I S O ,  it 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 essential 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 kina of source 

(i.e. a, p or - t f j  to be used. Whereas, the type of source is 

determil-led by tile sample that wii 1 be employed 3.3 target 

ma ter ia! . For the mea.sur.ements that are per i o r m e d  wi t-h 

charged particles, the use of a G . M .  tube is almost 

mandatory, because of the properties of this type of 

detectors already explained in chapter 3. In the measure- 

ments a "one inchz' GM detector is used. 

The schematic diagram of  components of the experimental 

system is shown in Fig. 4.1. 

i I I 1 

H . V .  Power / Ampiif ier Counter and T i m e r  1 
1 1 

I 

1 
I 

Inter face 

Fig. 4 . 1 .  Schematic diagram or the experlrnerital setup. 



As a first step in the determination of system conrigura- 

tion and component characteristics, source to detector 

distance is experimentally determined. In general, a11 

appropriate count rate level is chosen in order to have a 

sufficiently small standard deviation considering the 

discriminative capability of the detection mechanism. 

After that, the source-detector distance is varied unt.il 

this count rate is attained by taking advantage of the 

inverse square law. 

During the experiments, the Geiger-Mueller w a s  

saturated because of high source activity, a n d  thus the 

inverse square law could nch be observed in the rate meter. 

Clearly no measurements could be performed in this region. 

In order to remedy this undesirable situation two possible 

approaches could be employed which are redetermination of the 

source-detector distance and a reduction of the s t r e n g t h  o t  

beta particle beam with a - t h i c l c  absorber. 'I'he f~rrner is the 

simplest and the most effective way to redl~ce t -he coi-lnt 

rate and -therefore the source is removed further from the 

detector. There is a limit-ation of this' approach however 

which is that i f  source to detector distance is greatly 

increased without sealing the setup in a vacuum tube, the 

incident beam of beta particles may interact with t h e  

surrounding air so as to distort the inverse square law. 

S i n c e  the measurements are relative, meaning the lnlportant 

quantities are the count rates with and witho~t the target 

material, this effect [nay not be very irnporta~lt. but, an 
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additional uncertainty in the form of an extra source of 

error, however slight, would be undesirable. 

As it was pointed out, the incident beam can be cul limated 

and also the count rate can be reduced by placing a thick 

collimator in front of the source. A r i  orifice with a small 

diameter performs this work satisractorily. So, the effective 

area of the source can be reduced by appropriately adjusting 

the diameter of the col lin~ator until the desired count rate 

is observed. This method too has a limitation, because it 

is w e l l  known that the efficiency of a G . M .  tube for -r ray 

photons is quite low, since they may penetrate through the 

tube without any interaction. The same thing can not however 

be said far the X-ray photons and most 1 tubes are quite 

sensitive to X-rays. A careless choice )nay result in u n -  

desirabie additional counts due to the X rays induced in 

the collimator material by the beta particles. However, use 

of a very thick absorber would reduce this effect by self 

absorption. 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 o f  a very nan- 

metal lit absorber-collimator may be another way to avoid X -  

rays. 

In ths 1 ight of theseconsiderations variation of source 

to detector distance was chosen to reduce the count rate 

and the idaal source detector distance was determined as 

40 centimeters ~ a r  t h e  experimental prototype system. 
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fif ter this step, the appropriate co I 1 in1at.or size was 

determined by using several collimator materials and changing 

the col limation length for each collimator material. 

Initially, there were four parameters to be considered: 

collimator diameter, col limation length as given by the 

length of the colli111ator, collimator material and thickness. 

To determine suitable values for these parameters, three of 

them were fixed and the remaining one is varied to observe 

its effect on the results. 

Clearly it would be improper to use a cullimator having 

a diameter simal ler than the diameter of  the detector window, 

since this would reduce the effective area of the detector. 

On the other hand, a diameter larger than that of the 

detector would mean no effective collimatiort. 

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 side, whose effectiveness 

depends on the geometry of the system. In consideration of  

this, it was decided that any diameter cuuid be chosen for 

the colliinator on the detector side. Since the collimators 

used were . designed as smal 1 cyl indrizal annuli f 01- 

simplicity, and the detector used is a cylindrical one, 

it was decided to roll the collimator sheet over the 

cylindrical surface f the detector. It thus became 

possible to easily f i x  the collimator on the detector, 

but in this case collirnation effect proves to be quite 

weak and it car] be said that only a sinal 1 fraction of .the 



3.5 

particles scattered in the direction ot the detector will be 

e 1 iminated. Under these conditions, the diameter of the 

collimator on the detector side is equal to the diamater of 

the detector, and it is slightly larger than the diameter o f  

the detector window. 

Similar arguments hold for the collimat,or located on the 

source side namely that too large a diameter can not 

cal 1 imate the beam we1 1 and too sma1 1 a diar;~eter has t . h e  

drawbacks mentioned ahove. Al though, it is possible to 

reduce this kind o f  effects, it was decided to use a 

collimator whose diameter is roughly equal to the diameter of 

t h e  source i* 15 mm. j .  

After the determination of coiiimator diameters, a metallic 

collimator made of cadmium was tested to determine the effect 

of' the thickness oi' coliirnator material. A few collimators 

having different annular thicknesses were produced. 1 t is 

observed that, increasing thickness value does nut produce a 

significant effect as expected, since the particles szattei-ed 

in the radiai 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 

cul 1 imator materials. It was observed that, there is no 

significant difference tletween the metal l iz Co 1 1 imators 

having the same geometric configuration, despite their 

difrerent 2 vaiues. 
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Considering these factors, a copper sheet of 1 .2  rnm. 

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 erfects and 

sheet thicknesses had been found to be not very important 

so long as similar materials such as metals are used. Uf  

course, a paper col l imator, i. e. a very 1 ight coI I imator 

with a very low Z value may give different results from 

the ones obtained by using a cadmium col 1 imator with a 

very high Z value. But, it is possible to neutralize these 

effects. For example, an 11 mm. thick pa.per col limator may 

give the sa111e collilnation effect as a 1.2 mill. thick cadmium 

absorber. in other words, the same probability of scattering 

of the particles toward the detector can he maintained by 

increasing the material thickness in case a lower Z collimat- 

or material is used. 

Considering these factors, it was decided to use thick 

paper co I l iti'tators to determine the col l imation 1 eng.t'h. 'I'his 

kind of collimators 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 e a c h  individual col 1 inlator pipe b ~ i 1 - 1 ~  der-ioted by L 

( L  = 57.3 mm. j , measurements were performed fur 2L, 3 L ,  and 

4 L  col 1 imation lengths, and proper col 1 imation 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, i t  

would be possible to obtain a good collimatian without 

drastically attenuating the intensity. The proper collimator 

length was seen to be quite close to the initial collimator 

length, L ,  and thus a collimator length of L was decided 

upon. Results of these measurements are given in table 4.1. 

After that, consideri.ng the difficulties that would be 

caused by the use of a paper collimator which is very hard to 

standardize, cadmium was chosen as the col limator material. 

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

tion in count rate because of the use 0 5  a collimator, and 

it is caiculated as: 

iIo-I, 
percentage decrement = x 100 

I o 

where, 1 0  is the source strength given by zero collimation 

1 ength. 

Table 4.1. Determination of the collimation length. 

1 Cullirnation I Count Rate / Decrement I I I Length t m m . )  I Ic.p.m. j ( % )  
I 

I I 
t I 

I o 51Y313 j - 
I 

57  2 8 . 6 5  
I 

i I 
114 i 

I 
I I 

4-7.10 1 

I 171 234162 i 54.90 I 
228 I 243212. 

Another parameter that needs to be determined 1s tile dis- 



tance either 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 collirnat- 

ed beam, 10, and then placing the sample holder without 

an absorber at several positions along the source-detector 

line of sight so as to record the respective count rates. 

Uf course, 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 fur the sample 

hoider. The result of this measurement is in table 4.2. 

Table 4.2. Determination of the detector-sample distance. 

-- 
Sample Distance / Reduction in Count Rate 
from the Detector 

tcm) 
I 
! (c. p. m. ) 

The cuunt rate differences are shown on the right hand 

side column of table 4.2,  and are obtained by subtracting the 

source strength, Io, from the cuunt rate observed at a 

definite d'istance. The source strength in our case is about 

1 . 9 ~ 1 0 ~  counts per minute. 

According to Table 4.2. the most apprupriate position i s  

obtained when the sample holder is !ocated very close to the 

detector., tkleref ore t h e  sample holder has been positioned 

at a distance o f  1 Em. from the detector. 

p , ] s a ,  it should be noted that all the differences are 
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positive- Although, it is expected that the sample t,ol,jer may 

cause some absorption, it can be concluded that t h e  

scattering interactions are much more effective than the 

absorptions. In any case, the location of the sample h,21der 

was chosen so as to minimize its effect on the coul,t rate. 

However? it is seen that the minimull, coul~t rate difference 

is higher than o ; the statistical deviation at this count 

rate level of about 1 . S x i C i 3  cpm. This "lay be a.n important 

source of error. According to the experimental procedure, 

the source strength in the preserIce o f  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 b y  one. As 

the mass thickness of the sample is increased, some of the 

particles scattered back b y  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 sampie thicknesses will decrease 

as the thickness gets larger and larger. 111 t-his experiment, 

the sample holder was made of a plastic material in the form 

of a frame keeping the samples together tightly, a n d  Prevent- 

ing the occurrence of air cavities among the san~ple layers* 

thick frame is much ~lore appropriate to conigress the sa.mPle 

l a y e r s  tightly, but this wouid mean that the area o f  the 

sample holder w i i  1 be increased resultirig in a rise in the 

number of scatterings.  hi^ problem cr~uld be al leviated Isy 
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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 used in these measurements are made 

of paper. 

As 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 

measurement 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 

d ~ ~ i d e d  - -. 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 he 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 is seen in Fig.4.2. 

4 s  the final step, an unknown mass thickness value is 

determilled using the observed count rate for this thickness 

2 n d  the calibration curve. Fur this purpose a 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 anci tnis IllJnler ica l  

procedure will be explained in a related chapter. 

Fig. 4.2. Calibration Curve. 

4.3. Determination of the Plinimum and Maximum L,et-er=t-ion 

Limits 

in such a measurement, determination ot the niiniml~m and 

maximum detection 1 imits are very important. 'I I-IF mi t2in11.1m 

detection limit referring to the minimum detectlable t , h i c l i n e s s  

value can be computed theoretically as follows: 

Firstly I,, the strength of the col Iimated bea.121, is 

determined as described above. It is the co1.1nt r a t e  

registered without any sample i .  e. fop ze1.0 thicli.l . iess. 'I'he 

minimum detectable mass thicliness value must g i v e  a co~~nt. 

rate which i s  one standard deviation lower than lo. L I ~ h e r -  
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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: 

I (Xrninj = I ,  - ( ~ ( 1 ~  j 

inserting this into Eqn.(4.1) gives, 

considering that the standard deviation is roughly equal to 

the square root of the number, dividing each side by i,, and 

rearranging gives; 

in the experimental measurements performed with a highly 

energetic source and a very iight 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 e.t?ergetic SrvO source (2.24 MeV. ) fur quite 

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 some errors which m k e  it 

difficult to obtain a vaiue very close t~:, the theoretical 

minimum one. To prevent this, a1 1 the sample sheets must be 

kept under similar conditions. The temperature and especial l y  

the humiciity of the samples must 'be fixed. 'To fix the 

chemical composition of the samples, all the sample sheets 

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

to obtain very thick samplest 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 wil 1 b e  

explained later. 

As stated above, the minimum experimentally detectable 

thickness is slightly larger than the theoretical one. 

Through the use of ' the results u f  measurements given in 

Table 4.3. this was found to be approximately 1.8 mg/cm2. 

Table 4.3. Experimental data. 

I I ! 1 Mass Thickness I Count Rate 1 
I <rng/cmz ) 1 (c.p.m.) 1 

The thick samples are needed especially, for. measurements 

of the maximum range. So, if the sample material is very 

1 ight, as is the case under consideration, then the samples 

used to determine the maximum range or the maximum detectable 

thickness will be very thick. Of course, in this case some 

changes, however slight, in the geometry or the system and 

the collimated heam will have taken place. T h e  Scatterings do 

nut permit the cuunt rate to fail as law as t h e  background 

level. S O ,  it can be concluded that the maximum range of  

particles from this beta suurce in a ssinple material 





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 tile use of radio-gauges is the a .b i  lity to measure tne  

parameters of the system continuously, without disturbing it 

during the measurement process. But experime.nta1 obser- 

vation time during the measurements is quite 1 imited 

'because of the moving sample sheet. Neve~theiess, this is nut 

an undesirable situation for non-uniform sheets, since it 

reduces the area cf 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 sheet. 

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 are then some 

u f  the parameters affecting the accuracy ot the measurements. 

There are also some instrumental sources of error associated 

with radiation source fluctuation and detector dead time. 
I 

Emergent  
r ad i a t~on  ---- 
--,, ----- 

Eirection 

/ 1 I n c d e n i  t 

?/ "/ rod~o!ton - 
(1 1)  

Fig. 4 . 3 .  ~ ~ h ~ m a t - l c  diagram of a dynamic sheet. 
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For a time independent monoenergetic beam of radiation 

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

response during a time interval T ,  is"" 

1 
R , e x p [ - J J  p yCv, t,z) ldt d z  

2w-r 

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 customa.rily done in 

practice. For a uniform sheet, detector response becomes 

1 
R, = - HoexpC-p p y, Idt d z  

2wr 

where y, is the thickriess or tne unirorln sheet. 

The mean thicknesses corresponding to equations ( 4 . 5 )  and 

( 4 . 6 )  are respectively 

iyiv,t,z)i = - y l v ,  t,z)dz d t  

and 
<Y, i = Y "  

The iractional error is described as 

These equations had been evaluared r u r  several irregular 

cases such as square-wave shape thicr:~ness variations and 

linearly increasing ttiickness along t h e  direction at motion 
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or in the perpendicular direction b y  uyedele-11 . A 1  though 

the results change from one case to another, there are some 

common points which may be summarized as *oljows: 

The error increases with the degree of surface irregularity, 

as i't is expected. In most systems, the error. is l a r g e r  when 

the thickness variation is in both direct-ions i.e. along the 

direction of motion and perpendicuiar to it, than when it 

is only in one direction. Also, the use oi luwer 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 per~orm much more 

precise measurements as in the case I : I ~  static radio-gauging. 

r- I ' h e  speed of the sample sheet is general I y determi-ned by the 

production process onto which on-line thickness measurement 

is appiied. It is clear that the lowest possible speed value 

m,jst be chosen to reduce the error mentioned above. With the 

use of a shorter time interval and a narrower beam, it is 

possible to perform measurements over a smaller area.   his 

minimizes the effect of irregularities since all the data 

are c o l  lecte-j from a smal 1 region. However, the time inter- 

v a l  must be long enough to reduce the error due to the 

statistical variation of data. 

To consider the source fluctuation effect in continuous 

radio gauging, the detect.or response can be expressed as" " 

where, 1, it) is the intensity of the beam incident O i l  a sheet 
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having a thickness y(t) and Do is the cletector response 

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

determined by observing Do over a sufficiently long .time 

interval. 

The detector response reduces tu the foliowing form for the 

case of uniform thickness and cunstant intensity. 

= Do expC-H p Y ,  . 3 

and using 

T , .  = D , .  /Do = e x p E - H  P Y,, 1 

where the subscript u' indicates uniform thickness and 

time independent incident beam intensity. The currespunding 

average thickness is 

I f  source fluctuation and thickness variation a.re taken into 

account then, 

and < y c t ) i  are not are found as expressed above. I f  CY,., 

the same, t h e n  there is an error in the calibration process 

given by, 
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A Y  = <yCt)> - < y u .  > (4.15) 

It is possible to equate equations (4.12) and (4.13) 

according to the following arguments; Firstly, the 

measurements are performed by using the assu81ption u f  uniform 

thick]-less and constar-it source intensity, as usual. Af -ter 

that, the data which have been obtained and the model for the 

surface irregularities are considered to determine the effect 

of tk~e irregular surfa.ce and source fluctuation. I t -  is clear 

that, in this case 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 ?', . respecstively. 

Equating <y,. j. and 'r by setting equatiorls i4.12) and (4.13) 

e q u a l  to eafh other, 

substituting into equation ( 4 . 1 5 1  gives 

which is the error in the on-line sheet thickness calibration 

for the case of  source fluctuation. 

The incident intensity I ,  (t) in equation ( 4 . 1 7 )  is, i n  

general, specif ied by a probabi 1 ity de12sit.y function and 

the correspunding error y may be s p e c i ~  ied by a,nother 

prc~ba'bility density function. Setting 

r t t l  = ( 1 ,  eXP[-Y y l t ) l ) : ( i 0 ~ )  ( 4 .  18) 



equation (4.17) becomes 

Y = < Y ,  + Cln Rtr)l/ p p (4.20) 

so that 

F(AY) d(Ay) = Q ( H )  dR (4.21) 

where Fk Y )  and Q ( R j  are the probability density tunctions 

fur y and R respectiveiy. If a Gaussian distribution is 

chosen for the probability density function of t h e  incident 

intensity I t ,  then r(t) and Rtr) will also be G a u s s i a n  

for a given thickness, yit). Their mean values are 

and 

with the variances 

= o,'[expi-2 u P y(t))l/(T,~)' 

a n d  

The probability density function for K can be written a s  

Substituting t h i s  i n  equation (4.21) and using e y n .  ( 4 . 2 0 )  



Equation (4.27) gives the probability density function for 

the error y and for thickness yit), when the probabi1it.y 

density funtion of the incident intensity is Gaussian. As i t  

is seen from equation (4.27) the values of FCAy)  depet~d 011 

the thickness variation. 

Equation ( 4 . 2 7 )  have been evaluated for different sheets 

(11) 
as an application by Oyedele. Consequently, it was suggested 

that a radiation source whose probability density f u n c t i o n  

has a smal 1 variance is the most suitable for continuous 

radio gauging since the variance of the probability clensit-y 

function for the error increases with that of the incident 

radiation. 

Also, the dead time of -the detectiori systeni is qc1it.e 

important for dynamic measurements. Clearly, a larger dead 

tinie is undesirable. I f  T is very large, the responr;e I Z I ~  the 

system at the time considerecl may not represent the quai-1tit.y 

being examined since it indicates a value belonging to a 

previous point in time. However, a larger 7' reduces the 

standard deviation of counts since i t separat-es the [Ileas~Jre- 

merits and prevents the effect of previous measurements. S o  

it can be concluded that the dead tirnr of the systern nlLJst be 

sufficiently sma 1 l the dynamic measurements possible. 



V. UNCEKTA 1 NT I ES AND N O N L  I N E A R  CURVE F l TT I NG 

5.1. Errors and Uncertainties 

The experimental procedure followed provides a data set 

formed for modelling the system. However, the data are not 

exact and are subject to measurement or statistical errors. 

Thus, general ly data do not fit the model exactly, even i f  

the model used is the appropriate onea3' . The determination 

of such errors is quite important in quantitative interpreta- 

tion of measurements. 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 

is no reading error, 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 thereiore, the 

measurements performed to determine the decay rate shows a 

statistical distribution. Statistical errors show a definite 

distribution which may be a normal, bil-iurnial or a Poisson 

distribution depending on the physical properties of the 

system, ~uciear phenomena, gener.al 1 y s h o w  a. Poisson distribu- 

tion but ~ n i y  the normal distribution is being examined 

in this chapter, because it is the approximation in our 

nonlinear model. 
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Of course, some other approximations and sim?lifications 

have been made, wherever necessary. These three distrilu- 

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. If 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 "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 various sources of sys- 

tematic errors and check whether they are small enough 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, (1.: = 1,2 . . .  MI, an attempt 
will be made to determine the set of best fit parameters by 

minimizing the :X: " merit function which is a measure of t h e  

deviation between the fitted curve and the actual measure- 

ments.'14' 

Denoting the mode! to be fitted as Y = y(x:a) ( 5 . 1 )  

where the vectors a, x stand fnr the parameter set and the 
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set of independent variables respectively, the :X:' merit 

function is given by 

H~~~ :XX 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 f i n a l l y  

yi are tne experimentally measured values of the dependent 

variable for which the best fit is being sought. 

The best fit parameters a will be determined b y  minimizing 

t h i s :;;: function with respect to a, For this purpose 

taking some particular point a as the origin of the 

coordinate system with coardi nates a, any we 1 1 behaved 

function can be approximated by a Taylor series expansion in 

the form: 

Truncation after the second degree term leads to the 

quadratic equation 

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 a quadratic form similar t.o Eqn. (5.4) 

when it is sufficiently close to the minimum. 



I 

:X: '(a+saj % T. - d,.sa + Sa.A,,, .Sa (a,, k=l,.. . M I  15.5) 
2 

Setting the first derivative of equation (5.4) equal to zero 

with the purpose of minimization with respect to a gives; 

A.amin = b (5.6) 

at its exact minimum. But at the current point of evaluation 

df/da is not exactly zero and 

holds, where cur stands to represent the current values. 

Subtracting equations (5.6) and (5.7) 

A(a,,,-a,,,,) = -Vf (a,,,) (5-8) 

- ami. a,..= A-'E-Bf(acu,,)l 

Applying this to the case under consideration, Eqn. ( 15 .8 )  is 

evaluated as; 

a m i n  = a c u r  + A-' C-VX2 {a,., 1 I .  (5.9) 

At the minimum point, a,,, converges to a,,, at a single 

step. 

On the other hand, the approximation procedure expressed 

by the quadratic expression (5.51, might be a poor local 

approximation to the shape of the function that is being 

minimized at a,,, . In that case, " the steepest descent 

methud" is used to take a step down the gradient. In other 

words, 

- T a n e x ,  - r n c U F  - constant x V X Z  (a,, , j 

where the constant is a smal 1 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 . 9 )  and (5.10). The form of :X:'and its deriv- 

atives are known since .X:::: i s based on a model function 

specified by us. Therefore both the Hessian matrix and the 

gradient of :?-Cr;?? . can be eva 1 uated at a,, , . 
The gradient of X with respect. to the parameters a 

which wil 1 be zero at the minimum of . X : : y 2  has the components 

Taking an additional partial derivative gives 

d2 X Z  N 1  dy(x, ;a.) d y ( x i  ;a? d Z y ( x ,  ;a) 
- Cy, -y(x, ;a)] 

da1 da, da, 1 
By defining 

1 
setting [a]= - A in equation (5 .91 ,  this equation can be 

2 

1 dX2 1 d 2 X Z  

a,,- - 

rewritten .as the set of linear equations 

(5.12) 

M 
3:: a , Sa, = p k  
1.1 

2 da, da, 
acur  

This set is solved for the increaments gal such that, when 

added to the current approximation will result in the next 

approximation. 

Un the other hand, equation (5.10) is transformed to 

ga, = constant x p l  ( 5 . 1 4 )  



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.'14' 

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 quantity :X: is a dimensionless quantity. 

On the other hand, P,have the dimensions of l/a,. Therefore, 

the constant in equation (5.14) must have the dimension of 

a .  The reciprocal of the diagonal element of Cal, 

must set the scale of the constant since it has the 

dimensions of a,'. It is divided by a factor 0 si-rice it might 

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

tion (5.14) is replaced by the equation 

Marquardt's second suggestion is that equations (5.13) and 

15.15) can be combined by the definition of a' 

o c j  'r a,, (I+(]) 

00, ' =  - aj cj # k )  



and thus 

The computational procedure may be outlined as follows: 

First a linear fit is made to obtain an initial guess for 

the parameters a, and :X:": (a) i s computed for this set of 

parameters a, after which the iinear equations given by Eqn. 

(5.17) are solved for Sa and :x2 ( a + ~ a )  is computed using 

a modest value for 1'1 such as 0.001. If :X:' ( a + ~ a ?  2 :XIZ (a), 

fl must be increased by a factor of 10 and calculations of 

the previous step must be performed for the current value of 

n. Conversely if :x:' (a+sa) i X :  a ? ,  Cl is decreased and 

the trial solution is recalculated using a+sa instead of 

a before going back to the previous step of recalculating the 

entries a,, at the new a+Sa value. This procedure may be 

stopped on the first or second negligible decrease in :X2 . 
A decren~ent less than 0.1 or a fractional amount 1 ilce 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(Io1 - In(1) = p x ( 5 . 1 8 )  

This equation may be represented by the following simple 

mathematical mode 1 
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y = A + B x  ( 5 . 1 9 )  

where A, B and y correspond to ln(Io1, p and ln(l), respec- 

tively. 

Parameters A, B were used to form an initial estimate 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 0,' of any function can be computed by; 

Use will be made af this relationship in finding the afore- 

mentioned uncertainties. 

Nonlinear curve fitting procedure uses the exponential 

mathematical model expressed as 

y = A exp(B x) 

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. 

Obviuusiy, this would not be physically significant. Taking 

the exponents of these logarithmic terms will not give the 

same result 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 possible. 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 

Using the iterative procedure described above, the 

parameters minimizing :X:z2 and th eir uncertainties are calcu- 

lated. However, uncertainties in x and y values are more 

interesting than those of A and B since they have physical 

meanings. Uncertainty in y can be computed using the 
following expression. 

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

inverse relation is needed to find the uncertainty in x .  

This relation is given as 

This uncertainty in x is caused by the uncertainties in the 

parameters of curve fitting and must be considered separately 



from the uncertainty caused by statistical distribution of 

measurement points, that is given as 

where N is the number of the experimental data points. 

Final l y  then 0 ,  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 o f  curve fitting procedure 

Thickness Counts Calculated a, 
O Y  0- K 

(mg/crn2 ) (cpm) (cpm) (cpm) (cpm) (mg/crn2) 

1 0.000 186332 198212 57 193 0.330 1 

i 
A5198212 B=-0.003141 f o r  y=A exp(Bx) 

I 



V I .  D i SCUSS I ON AND CUNCLUS 1 U N S  

I n  this study, a prototype radio gauge was developed to 

measl-lre the thickness of paper sheets by using a charged 

particle source. The unlcnowl-r ma.ss 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 suita'ble 

source is chosen considering the properties of the sample 

material b y  using the equation expressed a.s p x=2. Given 

the thickness of sample materiai, a source that gives a value 

clase to that of p would be t h e  most suitable one. If there 

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

rare isotope or difriculty 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 

f o r  static and dynamic systems by using a ~ r "  source. Since 

t h e  saillple material and source were defined initially, 

the pro'biem 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 

papei. may be cjuite low depending on the composition, 

i t  i s  obvious tpIat the suitable thickness values for this 

purpose would be large. it only be possible to 

obtain these required thfcknesses b y  using a thick pile of 

i:,aper sheets. H ~ ~ ~ ~ ~ ~ ,  i n E s e  varying thic:l<:~fss values f ram 



a very thin paper layer to an extremely thick pile changes 

the Eeumetr~ of the system and causes gradually increasing 

numbers o f  undesirable scatterings. ~ e ~ ~ ~ ~ ~ ~ ~ ~ t ~  near the 

maximum range are quite difficult to perfurln because 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 i t  was explained in the 

experimental procedure, the samples must, be located as close 

as possible to detector to reduce the scatterings caused by 

the target holder.. Therefore, it eouid not be ~ o ~ s i \ 3 1 2  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 m C i .  Obviously, 

this activity is quite high ior 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. Another source uf 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 lead shield was constructed 

the source and the observer. However. it was seen 

that the amount inl-juced X rays was nut negligible even 

under these conditions. O f  course, some of these scatterings 

were caused by the sca,ie-j box used to uotain a rigid system. 



Another problem encountered during the experiments was 

caused by the changing level of humidity in the sample sheets 

depending on that of the surrounding area. It was therefore 

clear that all the sample sheets had to be kept under similar 

conditions. But because weighing a1 1 the samples would be a 

time consuining additional task this precaution proved to be 

difficult to meet satisfactorily. Hence interpretation of the 

measurements was done by usi.ng the values of a cal ibration 

curve obtained from samples under different ambient condi- 

tions. 

It is well known that the thickness measurements per- 

formed by using a radio ga,uge are non-destructive and no 

contact is required with the material during the measure- 

ments. Therefore, radio gauge applications are suitable 

especial l y for on- i ine thickness measu'ements Gut the 

observation period must be very small to perform the dynamic 

measurements. However, i t  was decided to use a 60 second 

observation period to reduce the statistical errors. lt 

was also concluded that the type of the detection system 

and activity level of the source were not suitable for the 

on-line measurements. 

The fol'lowing procedure is therefore suggested to 

measure the thickness of paper samples more accurately: 

Firstly, a suitable source must be chosen by using the 

appropriate expressions. Cii '  course, -the suitable source 

energy would be lower than the one used in this study. A C i 4  

of %0.155 ]lev ei-ler-gy l eve l  " ' '  is quite suitable for 

measuring the thickness o f  thin paper sheets. I t  is clear 



that, a vacuum chamber is necessary for this low energy level 

and the required activity is less than 1 0  p C i .  I t  the s v s t e m  

is not in a vacuum tube however, a higher activity level may 

be needed in which case there would be no need to shield the 

system. 



A P P E N D I X  . 
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