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INTRODUCTION

Karunakaran Nair K. “Investigations on gamma ray interactions using *’CS
gamma rays” Thesis.Department of Physics, University of Calicut, 2003



CHAPTER 1

INTRODUCTION

Gamma radiations are electromagnetic waves having very high frequency.
Hence they possesses high energy, ranging from a few keV to several MeVs. They
interact with matter either through a scattering process or through an absorption process.
When gamma radiation interacts with matter through scattering, a photon is deflected
out of the beam, transferring a part of its energy and momentum to this interacting
system. In the absorption process there is a direct conversion of the photon energy as a

whole or part in to kinetic energy of one or more of the constituents.

Absorption of gamma rays by matter can take place by one of the following
processes. In the photoelectric process, the incident gamma ray photon transfers all its
energy to a bound electron in an atom. The bound electron uses part of this energy to
overcome the binding in the atom and the remaining energy is carried as its kinetic
energy. The photoelectric absorption probability increases with the tightness of electron
binding and hence chiefly involves the K-shell. K-shell photoelectric effect is
possible only for photons possessing energies greater than K- electron binding energy.
The photoelectric absorption cross section inthe K- shell of an atom with atomic
number Z is proportional to Z’. The photoelectric process predominates at low

energies (up to 500 keV).




If the incident gamma ray photon is completely absorbed by the pair
production process, simultaneous creation of an electron - positron pair occurs. This
process has a threshold at 1.02 MeV and as the energy increases this becomes a
dominant mode of interaction. The total kinetic energy of the resultant particles is
equal to the incident photon energy minus the total mass energy of the two particle

created. The nuclear pair production cross section is proportional to Z2.

Nuclear photo effect, also known as photonuclear absorption, is energetically
possible whenever the incident photon energy exceeds the separation energy of a
proton or neutron. This process starts only if the incident photon energy exceeds about

10 MeV.

If the incident photon energy is above about 150 MeV, photo-meson

production starts. However, the cross sections are very small.

When we consider the scattering of gamma ray photon it can be of two types:
elastic and inelastic. In elastic scattering the scattered photon possesses nearly the
same energy as the incident photon except for a negligibly small recoil energy taken

by the scattering atom. There are four types of elastic scattering processes.

Rayleigh scattering is from bound atomic electrons. It is important in the

region around and below 1MeV. Also, this effect is largest at small scattering angles.




Nuclear Thomson scattering takes place at energies low compared to
nuclear mass and it is independent of energy and is propotional to Z* Nuclear
Thomson Scattering is scattering from the nucleus as a whole and is a coherent

scattering process.

In nuclear resonance scattering, excitation of a nuclear level by the incident
photon takes place with the subsequent re-emission of the excitation energy as a
gamma ray photon. It is significant in the regions of narrow resonance maxima at
low energies and board maxima in the range of 10 to 30 MeV. The latter case is called
Giant Dipole Resonance(GDR). The probability for this process varies as Z*. The
interaction of gamma rays with Coulomb field of the nucleus is known as Delbruck
scattering. According to optical theorem, the imaginary Delbruck amplitude vanishes

below the pair production threshold of 1.02 MeV.

Gamma rays also experience inelastic scattering from bound electrons
in the atom. The scattered gamma ray possesses less energy compared to the incident
photon. At energies less than 1 MeV, this process dominates. The cross section varies
as Z. At energies greater than about 10 MeV incoherent scattering from individual

nucleus takes place.

It is possible for an inner-shell electron to be virtually excited to positive
energy continuum state by an incident photon at energies close to, but less than,

inner shell thresholds. The resulting vacancy is filled by an electron from higher



shells with the emission of a photon. This process is known as resonant Raman
scattering. We can describe Rayleigh scattering  using form factor
approximation [1]. In this form factor approximation (FFA), the differential cross
section is expressed in terms of the atomic form factor. Close to the absorption edge
energies, there is a departure from the FFA. This departure from FFA, which depends
on photon energy, is called anomalous scattering contribution or dispersion
corrections. This anomalous scattering of X— rays is important in the interpretation of

diffraction photographs.

When a beam of photons is incident on a material, the gamma rays undergo
interaction with the atoms of the material. The gamma ray photons are removed or
transmitted inaividually from the incident beam by the interaction events which may
be due to any of the process listed above. As the photons traverses through the
material medium they are continuously removed from the beam. This reduction in the

intensity of the gamma ray can be expressed as [2]

I=Toexp(-pt) . (1.1

where L, is the initial intensity, I the intensity after traversing a thickness t through
the material, p is the total linear attenuation coefficient. i can be expressed in barns /

atom as follows.

o= (u/ pXANgy1*¥* (1.2)



where p is the density, A the atomic weight and N, the Avogadro number. It is better
to use the mass attenuation coefficient p/p instead of p since the interaction cross
section is then unaffected by the density of the interacting medium. The total -
attenuation cross section of a compound system (Gcomp) in terms of the cross section

o; of its various atomic constituents is

Ocomp — hX o (1.3)

Since the total interactions are unaffected by chemical combination n; is the
number of atoms of i™ element present in the compound . This mixture rule [2]
ignores the changes in the wave function resulting from the changes in chemical,
molecular and crystalline environment of the atom. When the incident energy is very
high compared to absorption edge energies, the mixture rule holds to fairly good
accuracy but at low absorption edge energies the error from these approximation is

large. Now p can be expressed as

U= U + s (1.4)

. and. u ¢ being respectively contribution from absorption and scattering. If the
energy is below 1.02 MeV, absorption is due to photoelectric effect and L. = [ ph

Hence if 11 s is known, ppn can be calculated by measuring .



By doing an absorption measurement experiment, the total absorption
coefficient can be determined. For this we should know how many photons traversed
through certain thickness without undergoing any interaction. In a transmission
experiment a photon once scattered in the absorber even at very small angle should
not be detected. The narrow beam geometry [3] enables this and is usually used to
measure gamma ray attenuation coefficients. This narrow beam geometry reduceé the
sold angle subtend by the detector at the centre of the absorber by use of suitable
collimator and shielding. This technique prevents coherently or incoherently
scattered photons from reaching the detector. Hence only those photons which travel

through the absorber with out any interaction are detected.

In many areas of research photon attenuation and scattering data are required.
They are of importance in areas of studies such as radiation transport and shielding.
information regarding scattering amplitude is necessary in sold state structure studies
such as X-ray diffraction in crystalline solids and “EXAFS” analysis in amorphous

materials etc.

Information of accurate Rayleigh scattering amplitude is important In the
investigation of Delbruck scattering, X-ray diagnostics [4] and narrow beam
attenuation studies. Attenuation studies on gamma rays in broad beam condition is

important in radio biology and radio therapy [5].




Accurate measurements of X-ray attenuation coefficients is necessary
because of the rapid advances made in analytical methods using X-rays. The PIXE
(Proton induced X - ray emission) technique of trace element analysis is an
example of trace methods [6]. Careful measurements [7] of the attenuation coefficients
give important data on composition of materials or tissues. Based on attenuation

coefficient studies, elemental analysis [8] also can be carried out.

In the present work, the aim is to study certain aspects of gamma ray
interactions with matter. More stress has been given for determination of attenuation
coefficients of different materials. The gamma ray energy of 661.6 keV has been

chosen for these investigations. It was obtained using a '>’Cs radioactive source.

In the following, chapter II deals with descriptions of the various processes by
which gamma rays interact with matter. It also describes about gamma ray attenuation.
In chapter III, a detailed review of some of the important previous investigations on
gamma ray attenuation is presented. Chapter IV deals with the details of some
preliminary measurements on gamma ray attenuation. Specifically, a comparison is
given between narrow beam and broad beam geometry measurements. In chapter V are
presented the details of the experiments and the results of measurements aimed at
studying the effect of the absorber position on gamma ray attenuation measurements.
The concept of the effective atomic number with respect to measured gamma
attenuation coefficients is described in chapter VI. The investigations carried éut in the

present work in this direction are described in detail in this chapter. The next two



chapters describe some measurements wherein the effective gamma transmission
through the absorber changes with time. In chapter VII, the details of the
measurements using liquid nitrogen are given. In the same chapter, some studies
involving flowing water are also presented. In the next chapter, the idea of using
rotating absorbers to simulate mixed absorbers is presented. Finally, in the last chapter,
the effect of source backing on the back scatter peak in the pulse height spectra of
mono energetic gamma rays is discussed. The details of the experiments carried out in

this field and the results obtained there from are discussed in this last chapter.
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Chapter 11

GAMMA RAY INTERACTIONS

2.1 Introduction.

In the present work we are using gamma rays of the order of 1 MeV. In this
energy range, gamma ray interactions are primarily due to absorption from
photoelectric effect and pair production and scattering by atomic electrons. At
energies less than 500 keV, photoelectric effect gives the chief contribution in the
case of heavy elements like lead. As energy increases, Compton scattering becomes
increasingly more prominent as compared to the photoelectric effect and this is
the main process contributing to the absorption coefficient. This process is important
in the region above 50 keV and less than 15 MeV for a light element like aluminium
and in the range 0.5 MeV to 5 MeV for a heavy element such as lead. At high energies,
pair production is the dominant process. At low gamma energies and in high Z
materials, Rayleigh scattering makes important contribution to the attenuation of gamma

rays.

In the following sections, some details about these various processes are

presented.
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2.2 Photoelectric effect

Fig 2.1 gives the diagrammatic representation of this  process. When
photoelectric effect takes place, the energy of the emitted electron is given by

Ee = E-B @2.1)

E, is the energy of photon and Ej is the binding energy of the electron ejected. If the
photon energy is less than K — shell binding energy, ejection of K — shell electron does
not take place but L, M shell electrons can interact. Hence the probability for
photoelectric absorption falls sharply as the photon energy decreases through the K edge

and similar discontinuities occur at binding energies of L,M etc shells.

The photoelectric cross section depends on the gamma energies and Z of the
material used. The cross section increases as Z increases and is proportional to Z".
Depending on gamma energy, the exponent n varies from 4 to 5. The photoelectric effect
cross section decreases as the energy E rises. At low energies it is proportional to 1/E?
and at E> 0.5 MeV the variation is 1/E. Hence for high Z elements and at low gamma

energies the photoelectric effect predominates.

If the absorber is thick, the auger electrons and fluorescent X — rays which may be
produced are usually reabsorbed. The photoelectrons are emitted usually in a direction
at right angles to the direction of the incident photon. When the photon energy

increases the angular distribution tends to maximize more in the forward direction.




Photoelectron
e /
/V\ """""""""""""""
Incident .'
Photon

Fig 2.1 Schematic diagram of the Photo electric effect
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2.3 Pair production

In this process, production of an electron — positron pair takes place. The process
can occur in the field of a nucleus or of an electron. The threshold for pair
production in the electron field is 4moc’® and is 2 mec?> when the process takes place in
the nuclear field. The electron and positron can recombine and can annihilate each other.
The annihilation is a two photon process producing two photons each having energy
moc’. If the secondary photon escapes the true primary absorption cross section G, can

be expressed as

.= o [(E- Mc?YE] . (2.2)
o is the total pair production cross section. The cross section for pair production
increases with increasing energy above threshold. In light elements the increase in the
pair production is offset by the decrease in Compton cross section over a wide range of

energies.

2.4 Elastic scattering

During an elastic scattering event the incident and scattered photons have the
same energy except for a negligible loss due to recoil. At the same time the internal
energy of the atom does not change. All the constituents of the atom contribute to

the elastic scattering of the photon. Rayleigh scattering is due to bound electrons. The
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nuclear Thomson scattering and nuclear resonance scattering are the contributions from
the nucleus. Vacuum fluctuations in the atomic field constitute Delbruck scattering. To a
good approximation scattering amplitude from these processes may be taken as additive
and are summed to form the total amplitude. From the analytic properties of
scattering amplitude it is found that these processes follow a coherent nature. Moon [1]

and Bosch et al. [2] discuss this process in detail.

The incident photon can be absorbed by a bound electron in Rayleigh scattering.
The electron then goes to an excited state or into the continuum. When it returns to
the original state it emits a photon of the same energy. The photoelectric absorption
leading to the intermediate state may be real or virtual. Hence the scattering amplitude is,
in general, complex. But for large angles and at high energies the imaginary part is
negligible [3]. If the gamma ray energy is about 1 MeV or lower, Rayleigh scattering is

the dominant part of elastic scattering from high — Z target at all angles of scattering.

After examining the elastic scattering from lead at an .energy 2.76 MeV,
Davey [4] observed that at 90° and above the amount of scattering exceed the value that
would be excepted from Rayleigh scattering aloné. This is due to nuclear Thomson
scattering which is the low energy limit of photon scattering from the nuclear charge. In
the low energy limit the internal charge distribution of the nucleus can be neglected
and the scattering is structure independent. The cross section depends only on the
atomic number and atomic mass of both scatterer and is independent of gamma ray

energy.
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The structure dependent part of the nuclear scattering of photons is nuclear
Resonance scattering. In this case there is virtual absorption and re — emission of a
gamma ray by the nucleus if the gamma ray has the right energy to excite the nucleus
from the ground level to a excited level. The cross section for this type of scattering is
small if the energy of the photon is far away from excitation energy. In the 1 MeV
region the nuclear energy levels are widely spaced and narrow and the photon energy is
only rarely close to resonance. Hence from low energy levels resonance scattering
contribution is usually negligible. At higher energies the levels are closer and their
widths are larger. Hence it is inappropriate to describe excitation in terms of individual
level. A strong absorption of photon is observed for many nuclei near gamma energies

given by

Eo =eAexp(-1/3) . 2.3)

where € varies between 70 and 80 MeV and A is the atomic number of the element. This
scattering is known a Giant Dipole Resonance (GDR) scattering. The GDR is
asymmetric and several MeV wide with a low energy tail. Near 1 MeV energies this tail

can give contribution to elastic scattering.

The interaction of the electromagnetic field of a photon with the strong Coulomb
field of the nucleus give rise to Delbruck scattering and belong to what are known as
non linear effects in quantum electrodynamics [S]. In the intermediate state of this

process the photon creates a electron — positron pair in the nuclear coulomb field.
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Subsequently the pair annihilates and a photon of the primary energy is emitted. The
scattering amplitude is complex since the pair creation can be real or virtual. The
dissipative part or real part of the amplitude arises from purely virtual intermediate
electron state and is thus related to vacuum polarization effects. The absorptive part or
imaginary part is associated with the corresponding absorption process namely pair
production. The imaginary part is zero below 1.02 MeV because real pairs can be created

only above the pair production threshold.

An important factor in the study of scattering is photon polarization. It can
be described in terms of two amplitudes denoted by a'and al in linear polarization
description. If the incident and scattered photons are polarized in the plane of scattering
al is the amplitude of scattering and if both photons are polarized in plane
perpendicular to the scattering plane al is the scattering amplitude. In the circular
polarization description the relevant amplitudes are denoted by a Fand 2% ™
corresponds to scattering with no change in circular polarization of the photon(no

spin flip) and a% corresponds to change in polarization(spin flip). The total scattering

amplitude can be written as
a =artagtaw*tap = 24
since the various elastic scattering processes are coherent in nature. In the present

work the energy of interest is less than 1 MeV. Hence nuclear resonance contribution is

negligible. Therefore,
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a = ar + ag + ap L 2.5

In the linear polarization description the total elastic scattering cross section for initially

un polarized photon is given by

do /do =r2/2[|dlr+alg+alp|? + |aJ-f+a-LR+a-L|2 ...... (2.6)

and

do/ do = T 02 [IaTNSF+ aRNSF+ aDNSF| 24 I aTSF+ aRSF+ aDSF ’ 2 2.7

in circular polarization description. A direct measurement of individual contribution is
not possible because differential contributions to elastic scattering are indistinguishable
as far as the energy ofthe scattered photon is concerned. Also, there is no secondary
process associated with any of the elastic processes which facilitate the detection of that

particular process (say, by means of a coincidence experiment).

2.5 Inelastic scattering.

When the photon energy is large compared to the binding energy of an electron,
the electron can be considered as free. As in the case of photoelectric effect the
incident photon is absorbed and an electron is ejected with a portion of the available

energy. A photon of lower energy than the incident photon is created with the division of
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energy between the new photon and the ejected electron. Compton [6] derived an
expression for energy relation between incident photon and scattered photon

treating this process as elastic collision. The energy of the photon scattered at an angle

0 is given by

E = E/[1+a(l-cos®) . (2.8)

where E’ is the energy of the scattered photon, E that of incident photon and o = E

/ mg ¢*. Fig 2.2 depicts the Compton scattering process.

Because of the assumption of free electron, Compton scattering per electron
is independent of Z. The scattering per atom is proportional to Z . With increase in
energy Compton scattering decreases much more slowly than photoelectric absorption.

This is the most important process from 0.5 to 2.5 MeV range.

The process discussed above is the high energy limit of atomic scattering. A
treatment of incoherent scattering from the atom as a whole must consider the binding of
electron to atom, their motions and distribution within the atom. During the process,
part of the photon momentum is transferred to the electron, which either remains in
the excited state or leaves the atom. If the atom is excited to a higher lying bound state

the process is called Raman scattering. There is no phase relation between the




19

W —
Incident Recoil
Photon ‘ electron

Fig 2.2 Schematic diagram of Compton scattering
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scattered radiation in incoherent scattering by different electrons. The total intensity is
obtained by adding the intensities due to scattering by each electron of the atom. There is
a shift towards longer wave length for scattered photon from bound electron
compared to free electron prediction. This is known as Compton defect . Bloch [7] in
1934 showed that in the lo{;v energy limit this phenomenon is due to a binding energy
effect. Because of the motion of the electrons in the scatterer, the Compton scattered
spectrum is Doppler broadened. A Doppler broadened quasi — Compton peak is
observed at the free Compton energy. The subject has been reviewed by Cooper [8] and
the analysis of broadened line shape of Compton profile gives information of

electron momentum distributions.

2.6 Gamma ray attenuation.

2.6.1 Attenuation coefficients

Consider a transmission experiment where mono energetic gamma rays are
collimated into a narrow beam and is allowed to strike a detector after passing
through an absorber of varying thickness. The transmitted intensity follows an
exponential attenuation. Photons are removed from the beam either by absorption or by
scattering away from the detector direction. The combined effect of these processes can
be characterized by a fixed probability of occurrence per unit length in the absorber.

The sum of these probabilities is simply the probability per unit length that the gamma
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ray photon is removed from the beam. If 1 is used to represent the linear attenuation

coefficient then

u = 1 (photoelectric) + o Compton) + « ( Pair production) ... 2.9

Here, T is the photoelectric contribution, & is the Compton contribution and x is the
contribution from the pair production process. The number of transmitted photons I is

then given in terms of Iy , the number without absorber as :

I = Lexp(-px) (2.10)

The gamma ray photon can be characterized by a mean free path A defined as the
average distance traveled in the absorber before an interaction takes place. Its value can

be obtained from

A= Jxe™dx)/ fe™dx =1/p .. (2.11)

The typical value of A range from a few mm to tens of c¢cms in solids for common
gamma ray energies. The linear attenuation coefficients vary with the density of the
material even through the absorber material is same. Therefore the mass attenuation

. coefficient is widely used and this quantity is givenby u/p.




22

For a given gamma ray energy the mass attenuation coefficient does not change
with the physical state of a given absorber. The mass attenuation coefficient of a

compound or mixture of element can be calculated from the mixture rule [9]

M/Pe = Wi (RPN oo, (2.12)

1

where W, represents the weight fraction and ( p / p)i the mass attenuation coefficient of

element 1 in the compound or mixture.

2.6.2 Absorber mass thickness
If we write the attenuation law for gamma ray in terms of mass attenuation

coefficient it takes the form

I = Toexp(-1/p)pt oo (2.13)

pt is known as the mass thickness of the absorber that determines the degree of
attenuation. The unit is historically mg / cm® The thickness of absorber used in
radiation measurement is therefore often measured in mass thickness rather than

physical thickness.
2.6.3 Good geometry set up for gamma ray attenuation studies.
In gamma ray attenuation measurements, the gamma rays are usually

collimated to a narrow beam before striking the absorber [10] and is known as

narrow beam or good geometry measurement. In this case only those gamma rays from
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the source which escape interaction inside the absorber are counted by the detector. Real
measurements are carried out under different circumstances in which good collimation of
gamma rays is not always possible. Most types of detectors cannot distinguish between
gamma rays that are directly coming from the source and those that are reaching them
after being scattered from the absorber. The condition that lead to the simple attenuation
is there fore violated in the broad beam or bad geometry measurement because of the
additional contribution of the secondary gamma rays. The situation is handled using the

equation [11]
I/Io = B(t,E;)exp(-pt) .. (2.14)

The factor B( t, E ;) is known as build up factor. The magnitude of the build up factor
depends on the type of the gamma ray detector used. The build up factor also depends on
the specific geometry of the experiment. In a narrow beam good geometry set up the
diameter of the collimation channel and the distance between the absorber and detector

are chosen such that the so called in-scattering angle is less than about 0.5 ° or so.
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CHAPTER 111
REVIEW OF PHOTON ATTENUATION STUDIES

3.1 Introduction

After the discovery of gamma rays, great attention has been givén to study the
attenuation of these radiations as they pass through matter. In the earlier days Geiger
Muller counters were used as detectors for the gamma rays transmitted through the
material. Proportional counters were used in the X — ray region. Later on scintillation
and semiconductor detectors were fabricated and were used to study the attenuation
effects. These latest detectors give much more accurate measurements. Review of the
early investigations have been given by Davisson and Evans [1] .They conducted a

detailed theoretical survey of the absorption of radiation in the energy range from 0.1
MeV to 6 MeV. The tabulations of White [2] and White & Grodstein [3] cover the energy
range from 10 keV to 100 MeV. Davisson [4] updated these tables using theoretical
estimates of atomic photo effect and electron field pair production. Hubbell’s
compilation [5] in 1969 is based on a new analysis with all available information. Storm
and Israel [6] gives a tabulation which is widely used. They list photon cross sections for
all elements from Z = 1 to Z = 100 for energies 1 keV to 100 MeV. Plechaty et al [7]
have compiled similar data down to 0.1 keV. Hubbell et al [8] compiled tables of photon

cross sections for all elements Z = 1 to Z = 100 in the energy range 1 MeV to 100 GeV.
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They also list pair and triplet production cross sections and cross sections for atomic
photoeffect and coherent and incoherent scattering. Because of uncertainty in the
screening and Coulomb corrections to pair production cross section the earlier tabulations
were unreliable. The Hubbell’s tables use improved form factors in the screening
correction and a semi empirical Coulomb correction. Jackson and Hawkes [9] review
attenuation coefficients for elements and mixtures and develop parametric fit for the
individual collision processes in the energy range 30 — 150 keV. Theoritical values of
attenuation coefficients for forty elements starting from Z = 1 to Z = 92 are tabulated by
Hubbell [10]. Experimental data contained in the National Bureau of Standards collection
of measured X — ray attenuation data and cross section calculated using a relativistic
Hartree —Slater model for the photoelectric cross section for all elements Z=1to Z =92
are collected by Saloman et al [11]. They also show the cross sections obtained using the

semi empirical set of recommended values of Henke et al. [12].

Interpolation formula have been suggested by Mc Master et al [13] in the energy
range 1keV to 1 MeV. Other authors [14] also have suggested analytical fits for purposes
of interpolation. The typical accuracy of the theoretical compilations lies in the range of 1
— 10 % depending on the atomic number of the absorber and the X — ray or gamma ray
energy. The analytical interpolation formulae have accuracies of 1 — 2 % with respect to

the compiled theoretical data.

A more recent compilation of X- and gamma ray attenuation coefficients is the

work of Berger and Hubbell (XCOM) [15].
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3.2 Review of various experimental studies
Some of the recent experimental studies are reviewed below.

Mc Crary et al. [16] measured attenuation coefficients for several elements using
X — rays having energies between 25 and 130 keV. Conner et a. [17] measured the
coefficients for energy range up to 2.75 MeV for elements with atomic number ranging
from 4 to 94. Gopal and Sanjeevaiah [18] carried out similar studies for C, Al, Cu, Sn,
and Pb for energies between 84 and 661.6 keV. Earlier experiments using Sodium Iodide
detectors are described by Conner et al. [17] and also by Goswami and Chaudhury [19].
The letter authors minimized multiple scattering from the sample by e;nsuring that the
FWHM of the gamma ray photo peak with attenuator is almost the same as that with out
the attenuator in position. It is found that only a few systematic studies of attenuation
coefficients with high resolution Ge(Li) detectors were reported [20 — 23]. Christmas
[21] demonstrated that attenuation coefficient measurement with high level of accuracy
even in wide beam is possible using Ge(Li) detectors. Nuclear resonance scattering has
been made use of [24] in determining attenuation coefficients for gamma rays in 6 — 8
MeV range with an effective resolution of about 20eV. A 30 MeV synchrotron provided
the source of photons in an absorption experiment [25] with high Z elements in the

range 7 — 20 MeV.
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On the low energy side there has been several attenuation measurements [16, 26
- 29] on X - rays. Some of the workers used radio active X —ray sources while others
have used characteristic X - rays as well as bremsstrahlung from X — ray machines.
Gowda and Powers [30] used K, and L, X — ray lines produced by heavy ion interaction

with thick targets of different materials as the source.

Gopal and Sanjeeviah [18] have demonstrated the effect of multiple scattering for
ut varying up to 4.2 for 84 and 661.6 keV gamma rays using carbon and lead absorbers.
In their experiment using sodium iodide detector, they observed a deterioration of the
resolution of the detector as the absorber thickness increases above (1/p) , with a

simultaneous increase in the value of the measured attenuation coefficient.

Kane et al. [31] conducted attenuation coefficient measurement for lead ,
tantalum and molybdenum for 661.6 keV and 1116 keV gamma rays. The attenuation
coefficient for lead were also measured at 1.17 MeV and 1.33 MeV. Their experimental
values were in fair agreement with the calculated ones. They used a Ge(Li) detector and a
narrow beam geometry. The effect of multiple scattering on the pulse height distribution
of the transmitted gamma rays and on the measured attenuation coefficients were studied

and shown to be small up to three mean paths.

Varier et al. [32] conducted a study of the effect of transverse dimensions, that is,
in a direction perpendicular to the direction of the incident beam. They concluded that for

small transverse dimensions , absorber thickness up to even four mean paths does not
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significantly contribute to multiple scattering. For larger transverse dimensions , multiple
scattering is important and could affect the measured attenuation coefficient for absorber
thickness above one mean free path. The criterion pt < 1 could also apply for transverse
dimensions also. Kerur et al. [33] employed a new method for determining the mass
attenuation coefficient for X — rays incorporating the suggestion of Creagh and Hubbell

[34] to minimize small angle scattering and multiple scattering.

In many of the attenuation coefficient measurements the aim is to determine the
total photoelectric cross sections by subtracting the other theoretically calculated partial

cross sections from the total gamma ray cross section .

By applying the mixture rule , from the measured attenuation coefficients of the
compounds , the corresponding value for the constituent element can be obtained. Milller
and Greening [29] measured the mass attenuation coefficient for elements withZ = 1to Z
= 18 to an over all accuracy of 1%. They used the compounds C,Hy , CO, , CF,4 , H,S
,HCI, Si0; , (C2Hs)3PO, , air and gaseous elements N, , O, , Ne, Ar , Mg, Al at a series
of energies from 4.508 keV to 25.192 keV. From the results of the above study performed
using a narrow beam geometry and homogeneous absorbers , the authors deduced a set
of values of total attenuation cross sections and photoelectric cross sections for elements

with Z in the above range.
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The whole atom integral incoherent scattering cross sections have been obtained
from the total attenuat'ion cross section by studies conducted by Umesh et al. [35] in
elements with atomic numbers ranging from 1 to 56 at photon energies of 279.8 , 514,
661.6 , and 1115.5 keV. The total attenuation cross sections were derived with the aid of
mixture rule from total attenuation cross sections in 26 solid chemical compounds ( like
MgO, NaF , NaCl, KCI,CuO, KBr, KI, BaO etc) measured by performing transmission
experiments in good geometry set up. The values of the whole atom integral incoherent
scattering cross sections have been compared with the Klein — Nishina cross sections,
self consistent HF values of Hubbell et al and earlier experimental results. Electron
binding effects were also discussed. The integral incoherent scattering cross sections
were also obtained from the total attenuation cross sections in the elements La, Ce, Pr,
Nd, Sm, Gd, Dy, Ho, Er, Pb, Ta and Bi obtained from measurements on their compounds

at the photon energies listed above by Umesh et al. [36]

Umesh et a.l in the above experiment used in addition to the subtraction method
another technique to derive the incoherent scattering cross section. The main mode of
gamma interaction in low Z material in the chosen energy region is incoherent scattering.
Hence the linear portion of the u vs Z curve can be strictly attributed to incoherent
scattering only. The initial linear portion , fitted to a straight line and extrapolated, gives
the individual incoherent scattering cross section. The mixture rule and extrapolation
method were also used to find integral incoherent scattering cross section of ®°Co gamma
rays in 38 elements from the measured total attenuation cross section of their

compounds by Umesh et al. [37]. They also studied in coherent scattering cross section
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of some rare earths elements for 2’Hg gamma rays by subtracting Scofields photo effect
and experimental incoherent scattering cross sections from the total attenuation cross

section [38].

The method of estimating incoherent scattering cross section from total
attenuation measurement was also tried by Roy [39]. He comments on the relativistic
form factor to estimate the contribution of coherent scattering of photons and its
subsequent use for the evaluation of incoherent scattering cross section from the

measured total photon cross section

The method of subtracting other partial cross sections from the total cross
sections has been applied by Sharma , Mudhahar , Singh , Sahota [40,41] to determine
pair production cross section at 1.16, 1.598, and 2.754 MeV for Cu and Sn and at 2.754
MeV for elements with atomic numbers between 6 and 72. Sherman and Ewart [42,43]
have also conducted experiments to measure total photon absorption cross section and

pair production cross section from them.

Now synchrotron radiation is available and studies based on it established the
fact that photon absorption coefficients show oscillatory behavior near edges. It has been
interpreted in terms of local electronic and structural properties around the absorbing
atom [44]. In a study of total photon cross section in KBr , RbBr and CsBr at 10.676 ,
13.93 14413 , 26.345 and 59.357 keV, Lakshminarayna et al. [45] observe 3 to 9%

deviation from theory at energies close to absorption edge of bromine. It indicates
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sizeable chemical effects in photon interaction and the inapplicability of the mixture rule
close to edges. Analysis of data on absolute X — ray attenuation cross section of Krypton
in the vicinity of K edge by Deutsch and Hart [46] supports decisive rule of relaxation
and overlap effects in determining the shape of the cross section immediately above
threshold. Parthasaradhi et al. [47] reported the above photon absorption spectra at the K
edge of Ti and Ni and the L3 edge of Pt and Au recorded using synchrotron radiation.
Average photon cross sections at the L; edges of Pt and Au are found to be in good

agreement with the theoretical data of Scofield.

Singh et al. [48] employed a transmission method for the direct measurement of
the energy absorption coefficient of different soil samples by placing a point source of
B7Cs inside a spherical shell. Transmitted and scattered gamma rays are detected using a
proportional response Nal detector. The measured values are compared with the

theoretical values and found in good agreement.

A simple and direct method has been proposed by Jahagirdar et al. [49,50] to
obtain fairly accurate total atomic photoelectric cross section by measuring the K X — ray
fluorescence spectrum by 123.6 keV gamma ray for elements in the region 42<z<82 by
employing a Nal(Tl) spectrometer system in 2m geometry system. The total mass
attenuation coefficient of the exciting radiation fche total mass attenuation coefficient of k
x — ray in the same target and from them the total scattering cross section of the primary
radiation have been determined and found in good agreement with theoretical values.

Gerward [51] presents the current state of knowledge of X — ray attenuation coefficients
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in photon energy range 1 — 100 keV. Jahagirdar et al. [52] conducted the measurement of
narrow beam attenuation coefficients using broad beam Geometry Configuration for
145.4 keV photons. They observed that for high Z compounds at 145.4 keV energy, the
exponential law of attenuation will be valid even for a broad beam geometry
configuration in the transmission range from 50 to 20%.They found the validity of the

mixture rule in the above region of transmission.

Nair et al. [53] carried out studies to determine total attenuation cross sections of
amino acids at 661.6 keV, 1173 keV and 1332.5 keV. The values are compared with the
values calculated with the aid of mixture rule from the data of Hubbell for the individual

elements.

Angelone et al. [54] conducted measurement of mass attenuation coefficient for
elemental materials in the range 6< Z< 82 using X — rays from 13 up to 50 keV.the mass
attenuation coefficients for 22 high purity elemental material( C, Al, Ti etc) were
measured in the X —ray energy from 13 to 50 keV using a high purity germanium detector
with thin (50 um) Be window and a variable energy X —ray source. The measured values
are compared with the theoretical ones obtained using the XCOM code [15] as well as

with other experimental data showing a general agreement .

3.3 Studies on effective atomic numbers via attenuation measurements

The concept of Z dependence of photon interaction has many applications in

radiation studies and other fields involving radiation transport through materials. The
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effective atomic number has proved to be a convenient parameter for interpreting the
gamma ray attenuation by a given medium. Some of the recent studies involving

effective atomic numbers are reviewed below.

The total attenuation cross sections in four alloys, telphy, dilver p, anhyster DS ,
and anhyster M have been measured by Suresh Babu et al. [48] at 32.1, 52, 72.1, 84.3,
145.3, 279.2, and 661.6keV photon energies in a good geometry set up using two Nal(Tl)
scintillation detectors for low and medium energy photons. Experimental attenuation
cross sections are compared with the theoretical values of Strom and Israel [6] and found
to be with in experimental error. The effective atomic number for photoelectric and total
gamma — ray interaction are derived and their variation with energy is discussed by them.
Mudahar et al. [49] investigated the variation of effective atomic number (Z.g) of certain
alloys with photon energy. The effective atomic number of eight alloys (tungsten steel,
monel steel, Solder etc) have been studied for the total and partial photon interaction
processes over a wide energy range from 10 keV to 100 GeV using theoretical
compilation by Berger and Hubbell [15]. The maximum and minimum values of Z. is at
different energies for different alloys depending upon the relative proportion and the

range of atomic numbers of constituent elements of the alloy.

Rao et al. [55] studied effective atomic numbers of certain alloys and
compounds. They confirmed that Zeff of a material cannot be expressed by a single
number, as it is composed of number of elements and the contribution due to each

interaction processes is to be accounted for differently. Lingam et al. [56] studied the
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total gamma ray cross sections and effective atomic numbers in compounds in the energy

region 32 — 662 keV.

Bandal and Singh [57] conducted total and partial mass attenuation coefficients
and effective atomic number studies in different solid state nuclear track detectors in the
energy range 1 keV to 100 GeV and found that the calculated mass attenuation
coefficients and effective atomic numbers are found to vary with the type of interaction
of photons with it and the influence of chemical composition Kirankumar and Venkata
Reddy [58] studied effective atomic number for materials of dosimetric interest in the
energy region 1 keV to 20 MeV for elements Z = 1 to Z= 92. The variation of Zs values
with energy is also discussed. Murthy et al. [59] conducted studies on Z —dependence of
photon on simulated materials. The Z dependence of photon cross section and the
variation of Z exponents with energy and elemental composition have been studied with
emphasis on tissue — equivalent materials. The validity of the evaluated Z — exponents
and effective atomic numbers have been tested by means of measured attenuation

coefficients in simulated materials in the energy range 13 to 60 keV.

Murthy et al. [60] conducted effective atomic number studies for W/Cu alloys
using transmission experiments and verified the validity of the mixture rule. The
transmission experiments were conducted in a narrow beam geometry for the photon
energy range 60 to 400 keV. Nayak et al. [61] conducted studies on effective atomic
number of some polymer and other materials for photoelectric process at 59.54 keV from

the accurately measured total attenuation coefficients.
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More recently, Shivaramu et al. [62 - 64] conducted studies on effective atomic
numbers for photon energy absorption and effective atomic numbers for photon
interaction of some low — Z substances of dosimetric interest such as A — 150 tissue
equivalent plastic (A150 TEP) in the energy region 1 keV to 20 MeV. The effect of
absorption edges on effective atomic numbers and their variation with photon energy and
the possibility of defining two sets of values of effective atomic numbers below the
absorption edges of elements present in the composite substance are discussed by the

authors in the article.

Regarding the experimental investigations on absorbers for which the attenuation

change with time, no previous reported works has come to the author’s notice till date.
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CHAPTER 1V

PRELIMINARY MEASUREMENTS ON GAMMA ATTENUATION IN

NARROW BEAM AND BROAD BEAM GEOMETRIES

4.1 Introduction

In order to determine experimentally accurate values for the attenuation
coefficients for gamma rays using a transmission setup, it is necessary that the detector
should detect only those gamma rays which are transmitted through the absorber without
undergoing any interaction in the medium. Consequently, one should ensure that gamma
rays which are scattered at any angle, however small, should not be allowed to fall on the
detector. The geometrical arrangement should include sufficient collimation for the
incident as well as the transmitted gamma ray beams. Such an arrangement is referred to
as the narrow beam good geometry set up. As a general convention, such a set up will
ensure that scattered gamma rays outside a cone of half angle of 0.5° are not falling on the

detector.

In an actual experimental situation, it may not always be possible to ensure a
perfect narrow beam setup. In this case, gamma rays which are scattered through small

angles may fall on the detector and get detected along with the transmitted ones. Such an
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. arrangement is called a poor geometry (broad beam) setup. Corrections should be applied

to the measured attenuation coefficients for the so called “in-scattering”.

Some preliminary investigations have been performed as part of the present thesis
work to study the effect of broad beam geometry on the measured coefficients. The
following sections give the details of the set up and measurements and the results

obtained.

4.2 Experimental details

A 0.5mCi ""Cs source has been used in the present studies. It has been procured
from the Bhabha Atomic Research Centre, Mumbai. It was well shielded by means of lead
bricks. For the narrow beam setup, the gamma ray beam from the source was collimated
by using a cylindrical lead block with a central hole of diameter 1 cm. The transmitted
beam was also collimated using a similar lead cylinder. The absorbers used were lead
sheets of dimensions 5 cm x 5 cm and had thickness of 0.9 gm / cm2. Figures 4.1 and 4.2
provide schematic diagrams of the two experimental setups. The large in-scattering angle

0 is indicated in fig 4.2.

The detector was a 1 3/4” X 2 “ Nal(Tl) detector, coupled to a ten dynode
photomultiplier tube in an integral assembly, supplied by ECIL, Hyderabad. The detector
bias was given from an ECIL HV bias supply. The output pulses from the PMT anode

were fed to the main Linear Amplifier through a pre amplifier. Spectra were recorded
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using a Nucleonix 4K MCA, for various absorber thicknesses. The spectra were divided
into a number of energy bins, each bin covering 50 channels (corresponding to about 45
keV), starting at around 200 keV. The total counts in the various energy bins were
determined and plotted on a semi logarithmic plot as a function of absorber thickness. The

slopes of the resulting straight lines were evaluated by a linear least squares procedure.

4.3 Results and Discussions

The semi logarithmic plots of the counts per bin are given in figures 4.3 and 4.4
for the narrow beam and broad beam setups respectively. The straight lines are the least
squares fits through the experimental points. The overall linearity of the plots is good for

all the energy bins.

The value of the attenuation coefficient for the 662 keV gamma rays used in the
present investigations have been evaluated using the slope of the plots in fig 4.3 for the
photo peak ( highest energy bin) for the narrow beam geometry. This value is 0.103 cm®/
gm. This compares excellently well with the theoretical value of 0.101 cm’ / gm obtained
from the XCOM package [1]. In contrast to this, the corresponding coefficient derived
from the photo peak data for the broad beam geometry (using the slope of the plots in fig
4.4 for the photo peak) is 0.078 cm’ / gm, which is smaller than the narrow beam value by
about 24 %. The extra intensity of the detected gamma beam which accounts for this

difference is obviously attributable to the in-scattering.
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Fig. 4.1 Schematic diagram of the experimental setup for narrow beam geometry

Gamma attenuation measurements
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Fig. 4.2 Schematic diagram of the experimental setup for broad beam geometry

Gamma attenuation measurements




Log (Counts)

12—

662 keV - Narrow Beam

10-M

| . | L - L | v | .
0 2 4 6 8 10
Number of Pb absorbers |

46

Fig. 4.3 - Semilog plots of the transmitted intensity

as a function of Pb absorber thickness
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The slopes of the linear fits in the above figures have been plotted in figure 4.5 for
the two geometries for the different energy bins of the spectrum. It is worth noting that
the magnitude of the slope is different for the different energy bins and also for the
different geometries. Especially, it is interesting to note that for the energy bin of about
540 keV, the slope is of opposite sign in the broad beam plot. Moreover above about 350
keV, the slopes of the plots is smaller for the broad beam geometry. This is a clear-cut
manifestation of the build up factor. Below 350 keV, the slopes are smaller for the narrow

beam geometry.
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CHAPTER V

EFFECT OF ABSORBER POSITION ON GAMMA RAY SPECTRA

5.1 Introduction

In experiments involving measurement of gamma ray spectra under different
conditions it may be required to use suitable absorbers in between source and detector.
Unless a very narrow beam good geometry setup is used in the measurements forward
inelastic scattering of the gamma rays from the absorber will lead to a distortion in the lower
energy part of the pulse height spectrum of the gamma rays [1]. Since the maximum angle of
scattering depends on the position of the absorber in between the source and the detector, the
overall shape of the spectrum in turn depends on the absorber position. As a result, in cases
where many gamma energies are involved, it becomes difficult to evaluate the spectral

components due to the individual gamma energies.

We have studied the pulse height distribution of *’Cs gamma rays passing through
lead absorbers as a function of absorber position. Some preliminary results were presented at
the National Radiation Physics Symposium at Mangalore in 1999 [2]. The details of the

experiment and the results are presented below.
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5.2 Experimental Method

A 1 uCi ®Cs source procured from BARC, Mumbai has been used in the
present investigations to provide gamma rays of 662 keV energy. A 1 %” X 2”7 Sodium
iodide detector was used for detecting the gamma rays. Standard NIM setup was used to store
the pulse height spectrum of the detected gamma rays on a Nucleonix 4K Multichannel
Analyzer. A poor geometry broad beam set up was assembled. Lead absorbers in the form of
square sheets of dimensions 8 cm X 8 cm X 0.3 mm  were used. The absorbers were placed
vertically in between the source and the detector at distances of 0 cm, 5cm, 10 cm and 15 cm
from the detector face. At each position data were taken without any absorber and for three
values of the absorber thickness (3 sheets, 6 sheets and 9 sheets). A schematic diagram of the
setup is given in fig. 5.1. Fig. 5.1 also shows the maximum angle at which the gamma rays

scattered from the absorber can still reach the detector and be detected.

Spectra were collected in the MCA to achieve good statistical accuracy. The counts in

the channels were plotted for each absorber position and for each absorber thickness, after

normalization to the photo peak counts.

5.3 Results and Discussions

Figures 5.2 — 5.5 show the normalized spectra in the energy region 220 keV to 580

keV for the four absorber positions. Each figure contains the spectra for the four absorber
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thicknesses used. One important feature of these spectra is the expected non-overlapping of
the spectra, arising from the contribution of the Compton scattered gamma rays due to
the broad beam geometry setup used. Another striking feature is the fact that the various
spectra, for a given absorber position, intersect one another at some point. This intersection
point is also seen to depend on the absorber position, shifting towards the photopeak as the
distance between the absorber and the detector increases. This is evident from Table 5-1,
wherein the estimated positions (in keV) of the intersection point are given for the four

absorber positions.

TABLE 5-1

L=0cm L=5cm L=10cm L=15cm

Estimated point
of intersection 330+ 20 405+ 20 440+ 20 445 + 20

(E in keV)

Maximum angle

of scatteing (§) 90 ° 67° 55° 56°
Compton

energy (EcinkeV)| 288 370 427 400

As mentioned earlier, in fig.5.1, 6 is the maximum angle at which gamma rays scattered from

the absorber can reach the detector. The energy of the Compton-scattered gamma ray is given

by the expression

Ec = E, /[1+a(l-cos®)] e (5.1)

where o = E , / mo¢’. In a narrow beam geometry, the number of in-elastically scattered

gammas reaching the detector will be minimized. It is therefore expected that all parts of the
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spectrum will get attenuated by the same factor exp(-ut) for a given absorber thickness, p
being the attenuation coefficient for the incident gamma rays. So when normalized spectra
like those in figure 5.2 — 5.5 are plotted, they are expected to overlap one another
everywhere. In broad beam geometry Compton-scattered gamma rays also get detected and
contribute to the spectra in the energy region below the photopeak. The spectral counts per
channel will therefore, increase as t increases. The lower energy part of the spectrum gets
enhanced relative to the photopeak as t is increased, down to the minimum energy possible
i.e, Ec corresponding to the maximum angle 6 (Table 5-I). Below this energy, one expects
overlapping of the normalized spectra. However, we actually see increasing suppression in
the energy region below Ec as the absorber thickness increases. This behaviour can be
explained as due to the presence of the backscatter peak at 188 keV (Ec for 6 = 180) [See
reference 3 and Chapter IX]. This peak corresponds to gammas of the lower energy
indicated, falling on the absorber along with the gammas of 662 keV energy. The attenuation
coefficient is larger for the backscattered energy and hence the observed behaviour below Ec.
The changing value of Ec as the absorber position changes is seen to be nicely correlated to

the change in the intersection point in the figures 5.2 - 5.5.
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CHAPTER VI

EFFECTIVE ATOMIC NUMBERS BY GAMMA ABSOPRPTION STUDIES

6.1 Introduction

The concept of Z dependence of photon interaction has many applications in
radiation studies and other fields involving radiation transport through materials. The
effective atomic number has proved to be a convenient parameter for interpreting the

gamma ray attenuation by a given medium.

Conventionally, the elemental cross section per atom is taken to be directly
proportional to Z™ , where the index m depends on the particular interaction process
being considered. A compound or a mixture may be considered as a single element with

an effective atomic number Z.s given by

Zaw =[Zfz;™VCD e (6.1)

where Z; is the atomic number and f; is the fractional content by weight of the i th
element in the absorber combination, with X; f; = 1. It follows that the mass attenuation

coefficient can be expressed as follows using the mixture rule [1]:

m/p) = Zifi (u/p e (6.2)

To characterize photon interactions, different effective atomic numbers have to be

used for different individual processes over the extended energy range. The exponents
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need not only vary with energy, but also become different at a given energy as the
elemental composition changes. One of the important applications of the Z dependence of

the photon cross section is the evaluation of the computerized tomography scans.

In view of the extensive use of the radio active sources in medicine, agriculture,
industry etc., the study of photon — atom interaction ( attenuation and absorption
coefficients) in different materials has gained importance in recent years. Since these
interactions involve various compounds with different compositions, the effective atomic
numbers Z.g for the total and partial gamma ray interactions in compounds are equally
important. However the number of attempts to compile Z.s are very limited. References

[2 — 9] provide the work quoted in the literature to date on the effective atomic numbers.

We have carried out a few measurements at a gamma energy of 662 keV for
various combinations of aluminium, copper, mercury and lead absorbers. The details of
the experimental set up and the results are given in the following sections. A part of the
present work has been presented at the Fourteenth National Symposium on Radiation

Physics (NSRP 14) held at Amritsar in November 2001 [10].

6.2 Experimental Method

The 662 keV gamma rays for the measurements have been obtained from a 0.5

mCi ¥"Cs source supplied by BARC, Mumbai. A well defined narrow beam geometry in

a vertical set up was use for the attenuation measurements. The lead, aluminium and
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copper absorbers were in the form of square sheets of dimensions 5 cm X Scm and
thickness of 0.1 mm, Imm and 1 mm respectively. In the case of mercury, a 5 ml glass
beaker was used for containing the liquid absorber. The absorber thickness in this case
was varied by taking different volumes of the liquid in the beaker. The mercury level was
measured by a precision traveling microscope. Measurements were made for various
absorber thickness for the pure elemental absorbers and for various combinations of
these. These various combinations were obtained by stacking the individual absorbers

one over the other in the vertical narrow beam geometry, as shown in fig. 6.1.

For combination of mercury with the other absorbers, suitable numbers of
absorber sheets were kept above the beaker containing the appropriate volume of
mercury. It is assumed here that such combinations simulate a true mixture with a
uniform composition. A 2” X 1 ¥~ (Harshaw) Nal(Tl) detector mounted on a RCA
6810A PMT was used for detecting the gamma rays transmitted through the absorbers.
The output of the pre amplifier is fed to a ORTEC 571 Amplifier and then to a CAMAC
based data acquisition and analysis setup, consisting of a Kinetic CAMAC crate and
controller, a 4k Quad ADC supplied by Electronics Division, BARC, Mumbai, and a PC
via an interface card. The data acquisition and analysis was carried out using FREEDOM

software [11] developed at the Nuclear Science Centre, New Delhi.

The attenuation coefficient in cm*/gm have been calculated from the plot of
logarithm of the transmitted intensities vs. the absorber thickness in gm/ cm®. An
effective atomic mass number is evaluated for each absorber combination by the

following expression :
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Ar  =ZLifi A 2)

Where f; is the fractional weight of the ith element with a mass number A, .

The extracted attenuation coefficients in cm*/gm were multiplied by A to  get
the effective total interaction cross section in barns / atom. By a similar procedure,
theoretical values were extracted using the XCOM package [12]. The effective atomic

number of the absorber is calculated as per equation (1) above.

6.3 Results and Discussions

The experimental values for the total gamma interaction cross sections are plotted
in figures 6.2 — 6.5 by means of the solid points vs. the effective atomic number for the
incoherent scattering, coherent scattering, photoelectric absorption and for the total
interaction respectively. Theoretical XCOM values for the mixtures are plotted as solid
curves. Also plotted using the dashed curve are the XCOM results for elemental
absorbers (i.e; for Z.x = an integer, this is the approximation of a mixture where there is
only one component in it, i.e; fi = 0 except for i = this particular element). The good
agreement between the experimental values and the XCOM results suggest the

usefulness of the concept of effective atomic numbers for gamma ray interaction.
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CHAPTER VII

GAMMA ATTENUATION STUDIES IN LIQUIDS

7.1 Introduction

There are some circumstances where we have to deal with absorbers whose
thickness and / or composition varies with time. Examples are i : flow of water in and out
of a water tank, ii : evaporation of a volatile liquid kept in a vessel, iii : rotating absorber
with non uniform composition of thickness etc. The gamma ray attenuation / transmission
in such cases can be applied easily in such cases for studying the time variations

involved.

In most multi channel analyzers there is a particular mode of operation called
Multi channel scaling (MCS). This mode is best suited for studies where the number of
output pulses from a radiation detector is time dependent. The MCA, operated in the
MCS mode will provide a plot of total gamma counts vs time. A classic example is the

application in Mossbauer studies.

We have utilized the above facility of the MCA for the present studies. In this

chapter the studies on the first two examples given above viz,

1 flow of water in and out of a water tank

I evaporation of a volatile liquid kept in a vessel
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The application to rotating non uniform absorbers is explained later in chapter 8.

7.2 Gamma attenuation studies on evaporation of a volatile liquid

At any given temperature, a liquid contained in a vessel will be subjected to the
process of evaporation from the top surface. If the ambient temperature is very much
above the boiling point, as in the case of liquid nitrogen, the liquid also will boil at the
surface. There will be a gradual variation of the vapour density as we go up from the
liquid surface. When a gamma attenuation measurement is made in a fixed narrow beam
good geometry set up, the transmission of the gamma rays will change with time as the
evaporation proceeds, both in the vertical and horizontal directions. We have investigated
the consequent variation of the attenuation coefficient using 662 keV gamma rays. The
following sections give the details of the experimental setup and the main results. A part
of the work had been presented at the Fourteenth National Symposium on Radiation

Physics held at Amritsar in November 2001 [1].

7.2.1 Experimental details

The present measurements have been carried out using 662 keV gamma rays from
a 0.5 mCi "’Cs source, procured from BARC, Mumbai. Liquid nitrogen was taken in a
rectangular trough made of thermo cool material. The incident gamma rays were well

collimated by means of a channel of 3mm X 3mm rectangular cross section, transmitted
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through the absorbing liquid and detected by a 2" X 1 1/4" Nal(TI) detector, coupled to a
RCA 6810A Photo multiplier tube, pre amplifier and an ORTEC 571 amplifier. The
amplifier output pulses were then fed to a CAMAC based data acquisition and analysis
system, consisting of a Kinetic CAMA crate, crate controller, a 4k Quad ADC, supplied
by the Electronics Division, BARC and connected to a Personal Computer through a
suitable interface card. A Linux based package, FREEDOM, developed at the Nuclear

Science Center, New Delhi [2] was used for the data collection and analysis.

7.2.2 Results and Discussions

Figures 7.1(a) and 7.1(b) give the geometry of the set up in the horizontal and
vertical geometries. In both geometries, the initial height of the liquid in the container
was 5.8 cms. In the horizontal geometry, the top surface was at a height of 3.4 cms above
the level of the gamma ray beam. As the liquid evaporates, the liquid level comes down,
crosses the gamma beam and then falls further down. The observed variation in the
transmission of the gamma rays through the liquid nitrogen (and the vapor above the top
surface in the vertical geometry) as a function of time is plotted in figures 7.2(a) and

7.2(b). The results are as expected.

In the vertical geometry the path length of the gamma rays through the liquid
decreases as the liquid evaporates, whereas, in the horizontal geometry, the path length
remains a constant. Transmission is a constant, equal to that through the entire length of

the liquid nitrogen, until the level of the top surface of the liquid is just above the
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horizontal level of the gamma ray beam through the collimating channel. As the
level crosses the gamma beam, transmission decreases relatively fast and drops again to a
constant value, equal to that through air. In the transition region, transmission passes
through intermediate values which will involve the attenuation through the nitrogen
vapours of varying densities. The calculated value of the attenuation coefficient p/p in
the horizontal geometry is (0.075 + 0.008) cm*/gm. This agrees well with the XCOM [3]

value of 0.07722 cm?/gm.

The rate of evaporation of the liquid level was measured by measuring the liquid
level as a function of time. The result is also plotted in figures 7.2(a) and 7.2(b) by the
solid straight lines. The instant at which the level of the liquid is at the horizontal level of
the gamma beam in the horizontal geometry is 52.8 minutes. This correlates well with
the time at which the transition in the transmission value occurs (i.e; the time at which the
level is that of the horizontal gamma ray beam, 2.4 cms). This time is marked by the

point P in the figures.

A typical MCS spectrum obtained in the present work for the horizontal

geometry is shown in figures 7.3.
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7.3 Gamma attenuation study on flow of water in and out of a tank

7.3.1 Absorbers

The absorber in this experiment is water taken in a beaker. An arrangement is
made for letting the water in and out of the beaker at variable rates. The variable rates

were obtained by adjusting the height of the storage tank / beaker.

7.3.2 Source, Detector and Electronics

The source *’Cs , is the same as the one used in the investigations described in
section 7.2.1 above. Essentially the same detector and electronics were also used. The
multi channel analyzer, however, was a Nucleonix 4K MCA, operated in the MCS mode.
The dwell time per channel was suitably selected, such that the relevant time variations

are seen within the total number of channels selected (normally 4k).

7.3.3 Results and Discussiong

Figures 7.4 — 7.7 show typical MCS spectra for the experiment where a beaker,
filled with water, is allowed to drain completely, by letting out the water at controlled
rates. A calibration curve can be plotted, wherein the measured transmissions are plotted
as a function of height of liquid in the beaker. Combining the MCS spectrum and the

calibration, it is possible to study the flow rate of the liquid as a function of time.
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7.4 Conclusions

The results are encouraging. A possibility of using the gamma ray attenuation method for
liquid nitrogen level monitoring as well as for monitoring of levels of other liquids is

suggested by the present results.
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rays for water flowing out of a beaker at constant rate
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through water flowing out of a beaker at constant rate
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Chapter VIII
EXPERIMENTAL STUDIES ON ROTATING ABSORBERS

8.1 Introduction

In many applications of gamma radiations the absorbers are in the form of mixtures
of elements/ compounds. The effective transmission through such absorber is governed
by the mixture rule [1] . As already explained in earlier chapters , the effective mass

attenuation coefficient of the mixture is governed by the expression

W =X W Wpi e, (8.1)

i

i element whose mass attenuation coefficient is

where w; are the weight fractions of the
(u/p) i . Practically we can view the action of a mixture on the gamma ray photon, as it
traverses the material, in the following way. Consider one gamma ray photon in the
incident beam. It is removed from the beam in a single interaction. This will take place
with a particular constituent element of the mixture. The next incoming photon may
interact with another constituent element and so on. The effect would be same if , by the
time the second photon arrives at the absorber position, the first elemental absorber is
replaced by the second absorber and so on. In practice, this can be achieved by using an
absorber in the form of a disc, which is composed of different sectors, each sector being

composed of a different absorber. This disc is rotated about an axis passing through its

center such that each elemental absorber comes in position between the source and
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detector, one after the other. In this way, the mixture absorber can be simulated. Fig. 8.1

gives the schematic diagram of the setup.

Consider the simple case of a thin disc of a single element, with uniform thickness.
to. In this case, absorber rotation does not affect the gamma transmission in any way. The
same thickness of the same elemental absorber is presented to the incoming photons

always. We get

I =1i, exp(- o to) (8.2)

for one period of rotation T of the absorber. Here i, is the incident number of photons per

second.

Now consider a narrow strip of absorber of a different element of length 1 of
thickness t fixed on to this disc at a distance of r cms from the center, such that this strip
will occupy the absorber position once in a rotation. The angle subtended by the absorber

at the center of the disc is ® =1/ r. So, in one rotation, this new elemental absorber

comes in the path of the photon for a time equal to (0 /2 7) 7.

Now, if the observations are carried out over a large number of periods, say, n,

the transmitted intensity will be

I =nti, exp(-oto) {(1-0/2n)+(®O/2n)exp(-ut) } —-—-—-(8.3)




Detector
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Fig. 8.1 Schematic diagram of the experimental setup for narrow beam geometry

gamma attenuation measurements using rotating targets
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This can be written as

I[=1i, exp (- et tefr) (8.4)
where

exp (- Uesrte) = (1-6/27m) + (B/2m) exp(-pt) (8.5)

Thus the rotating target would simulate a mixture absorber. We can define an
effective atomic number Z . .

Za= 0/2m)Z (8.6)

where Z is the atomic number of the elemental absorber used.

In the general case, we may have ‘n’ elemental absorbers, Then

Z eoff = (1/27‘[) z BiZi (8.7)

8.2 Experimental Set up :

A circular disc of diameter 20 cm is fabricated using Hylum sheet.
Provision is made to fix absorbers at four positions on the disc. The arrangement to place
absorbers are such that two positions are at opposite ends of the diameter. Suitable
arrangements are made to fix the absorbers tightly on the disc. The disc is mounted on
the shaft of a 1/8 hp ac motor such that the plane of the absorber is always perpendicular
to the diameter of the gamma ray. A collimated beam of gamma ray is obtained from a
137Cs source. The beam of gamma rays passes perpendicular to.the plane of the disc.
Hence it also passes through perpendi;ular to the absorber if the absorber is placed on the

rotating disc. The speed of the motor is controlled by a UJT controlled SCR circuit . The
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control circuit is fabricated such that the speed of the motor is constant and it is
monitored using a opto-electronic arrangement. The absorbers are taken in the form of
sheets of thickness 1mm and it is fastened on the disc. A Nal(Tl) detector with suitable
electronic arrangement is used to detect the transmitted radiations. The output of the pre
amplifier is fed to the CAMAC arrangement, which stores the spectrum and display it on
the monitor using the FREEDOM soﬂwafe. The transmitted intensity (evaluated in terms
of photo peak area in the transmitted gamma spectrum) is studied as a function of speed
of rotation of the absorber and also as a function of the Z . as defined in equation 8.7.

We have used copper and aluminium sheet absorbers of dimension 5 cm x 5 cm x1 cm.

Also, in order to see what is happening in each period of rotation , the transmitted

total count have also been recorded with multi channel analyzer in MCS mode.

8.3 Results and Discussions

Fig 8.2 shows a typical MCS spectrum of the transmitted total gamma counts. The
expected wavy nature of the MCS spectrum is worth noting. The crests correspond to the
time periods when the hylum disc alone is in the gamma beam path and the troughs
represent the time periods when the strip absorber also comes in the path. It is found that
the transmission factor, evaluated from the MCS spectrum, by taking the ratios of the
counts in the trough region and the crest region, agrees with the value evaluated from the

pulse height spectra.
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Table 8.1 gives the effective atomic number Z ¢ and the corresponding atomic
cross sections (derived from i for the different absorber combinations investigated.
For comparison, the values of L determined earlier ( see chapter VI) for the respective
Z o values as given in the last column of the table. The agreement between the two sets

of values is quite satisfactory. Fig 8.3 plots the results in graphical form.

Table 8.1 — Effective atomic numbers and attenuation coefficients using rotating targets

Sr. No Atomic cross sections in b / atom Atomic cross sections in b / atom
Using rotating copper absorbers Using rotating aluminium absorbers
Zesr Present XCOM Zesr Present XCOM
experiment | values experiment | values

1. 6.67 1.8 1.74 3.03 0.79 0.77

2. 13.34 3.58 3.43 6.07 1.49 1.57

3. 20.31 7.10 5.27 9.91 2.30 2.56

4. 27.08 6.42 7.12 12.13 3.6 3.1

5. 33.85 9.01 9.10 18.20 5.29 471

6. 40.02 10.95 11.09 21.23 5.53 5.52

7. 46.69 13.98 13.56 24.64 7.19 6.44

8. 54.16 14.85 16.82 30.3 8.52 7.98

9. 67.7 19.97 24 .87 33.37 10.67 8.97
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CHAPTER IX
EFFECT OF SOURCE BACKING ON THE BACKSCATTER PEAK

IN GAMMA RAY SPECTRA

9.1 Introduction

A typical pulse height spectrum of mono energetic gamma rays has two main
characteristic structures, namely, the full energy or photo peak and the Compton
distribution. The photo peak is due to complete energy absorption inside the detector by
one of the absorption processes like photo electric effect , pair production etc. The
Compton distribution is characterized by a continuous distribution of pulse heights
starting from zero up to the so called Compton edge and corresponds to Compton
scattering events inside the detector medium in which the scattered gamma ray photon
escapes from the detector. In addition to these two prominent structures, another common
feature of the gamma ray spectrum is the back scattered peak, arising out of the detection
of gamma rays scattered at near backward angles from the surrounding materials. These

could be shielding materials, the photo multiplier, source backing etc.

It can be seen from the expression for the energy of the scattered photons that
beyond a scattering angle of about 120° or so, the scattered gamma ray energy is more or
less insensitive to the scattering angle and is approximately equal to its value for § =

180°, given by :

E, = Ey /(1+2w) (9.1)
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Here, Ey is the incident gamma energy and o is the ratio of the gamma energy to the
electron rest mass. Hence a mono energetic gamma ray source will give rise to many
scattered gamma rays with energies near to this minimum value. Consequently, a broad

peak appears in the spectrum. This is the so called back scattered peak [1].

The back scattered peak energy approaches the asymptotic value of 256 keV as
the gamma energy increases. Thus the back scattered gamma ray peak is a source of
interference in the energy region around and below 256 keV. It is therefore necessary to
know the extent of the contribution of the back scattered peak in practical gamma ray

spectra.

Back scattering from shielding materials can be minimized by increasing the
dimensions of the shielding cavity relative to the crystal dimensions [2]. Also, a lining of

low Z material can be incorporated on the inner walls of the shielding.

The source invariably has a backing and this will necessarily give rise to a back
scattered peak. It will be interesting to study the effect of source backing on the back
scattered peak. We have carried out such studies using *’Cs and *°Co sources using a

Sodium iodide detector and a *’Co source using HPGe detector.

9.2 Experimental details

A 1 ¥%” Nal(Tl) detector was used for the measurements using the two higher

energy gamma sources and an ORTEC HPGE detector has been used for measurements
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involving the lower energy source. The radioactive sources with activities around 1 pCi
have been procured from BARC, Mumbai. The sources were already on backings. Extra
copper and lead backings were used for the measurements. These backings were mounted
behind the source. The thickness of the backings were varied from pt = 0 to about 2. The
spectra were collected and analyzed using a Nucleonix PC based Multi channel analyzer.
Data have been taken for two values of the source to detector distance, namely, 5 cm and

10 cm. A schematic diagram of the set up used is shown in figure 9.1.

9.3 Results and Discussions

Fig 9.2 shows a spectrum of 137Cs gamma rays taken using a Nal detector with
and without extra lead backing. Similarly, fig 9.3 shows the spectra taken using HPGe
detector, with and without extra copper backing behind the source. From the areas under
the photo peak and the back scattered peak of each gamma ray spectrum, the relative
yield of the back scattered peak has been obtained as a ratio of the areas of the relevant
peaks. Figures 9.4 and 9.5 give the variation of the relative yields of the back scattered
peaks as a function of the ut values of the backing for the two source to detector
distances for *’Cs and ®*Co sources. F ig 9.6 give a similar plot for the >’Co source, taken

with the HPGe detector.

The general trend of the plots in figures 9.4 — 9.6 is similar. As the backing

thickness increases, the relative back scattered yield increases and finally reaches a
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saturation around ut = 0.5. This is the expected trend also. Moreover, it is seen that as

relative yield increases as the source to detector distance is decreased.
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Fig. 9.1 Schematic diagram of the experimental setup for study of the effect of source

backing on the back scattered peak in gamma ray spectrum
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