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Resumen

Ya que la seccon e caz de los principales procesos de intaccon de la ra-
diacon  con la materia dependen del rumero abmico de los elements
del blanco, a trawes del estudio de las intensidades y las emgias de los
fotones transmitidos y retrodispersados por capas de suelde diferentes
grosores, podemos caracterizar la interaccon de la radigbn con los ma-
teriales de la muestra. El presente trabajo muestra los redtados de este
proceso de caracterizacon para dos tipos de suelo: Arena ferra negra a
diferentes humedades. El montaje experimental usa una fuée de 2°Na y
dos detectores de radiacon (Ge y centelleador phstico) contectados en
coincidencias temporales.

El coe ciente de atenuacon de las muestras y su densidad sdeterminan
usando los espectros de transmisbn. Un estudio espectrapico de estos
datos nos permite caracterizar la interaccon de la radia©n con las muestras
y discutir los efectos de la compactacon del suelo en el eggtro. De los es-
pectros de retrodisperson, se encuentra un valor medio paa la profundidad
maxima de aplicabilidad de nmetodos que usan tanto fotonesdispersados una
vez como fotones que sufren nultiples dispersiones en el sio. Un aralisis
espectrosmopico permite estudiar la dependencia de la iensidad en cada

regon del espectro como funcon de varios paametros dé suelo.
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bulk

water

wet

ph

pp

E =mec?.

Mean free path of radiation in an absorber. Itis 1= .

Linear attenuation coe cient.

Mass attenuation coe cient, equals to = et .

Soil porosity. Equals to VW, =V;.

Bulk or dry density of sail. Itis equal to Ms=\;.

Density of water. Itis 1 g/cm % at 20 C.

Wet density of soil. It is equal to M{=\.

Compton e ect cross section.

Photoelectric e ect cross section.

Pair production cross section.

Angle of scattering of gamma rays from its incident directio n.
Gravimetric water content of the soil. It is equal to M;=Ms.
Volumetric water content of the soil. It is equal to V,=\.
Energy needed in a semiconductor to create one electron-hot pair.
Intrinsic e ciency of a radiation detector.

Absolute or total e ciency of a radiation detector.

Light speed. Equals 3 10® m/s?2.

Rest mass of the electron.

Mass of the liquid phase os the soil sample.

XV



GLOSSARY

Ms Mass of the soild phase of a soil sample. Obtained after a 24 hairs oven drying of the soil.
Mt Total mass of the soil sample. Itis Ms + M.

n Number of scattering centers per unit volume in a sample.

Np Number of electron-hole pairs produced in a semiconductor by a ray.

le Electron classical radius.

A Volume of the sample which is occupied by the gaseous phase.

Vi Volume of the sample which is occupied by the liquid phase.

Vs Volume of the sample which is occupied by the solid phase.

Vi Total volume of the sample. It is equal to the volume occupied by solids, liquids and gases.
W Volume of void spaces in the sample. Equals toV; + Vj.

4 Number of electrons per scattering center. In the case of atoms, it is the atomic number.
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CHAPTERL

INTRODUCTION

The soil is a compound system formed by three phases: solidglid and gaseous. The
chemical composition of its solid phase is characterized byhe presence of inorganic
compounds, mainly SiG, and some organic compounds in di erent concentrations.
The liquid phase is mainly water and the gaseous phase consssof air. The main
properties of soils, such as density and porosity, are detenined by the mean size and
shape of the particles composing it {). Transmission and backscattering of -rays
have been used to study soil properties such as its attenuaiin coe cient, porosity
(2), water content (3; 4), and hydraulic conductivity ( 5). Recently, big e orts have
been undertaken in using -rays backscattering for the detection of organic materias,
e.g. plastic landmines buried in soil 6; 7; 8; 9). As it is increasingly common to
nd landmines without any metal content, it is necessary to rapidly develop methods
intended to detect variations in the organic content of the il as nuclear methods. The
common feature of all characterization methods, using trasmission or backscattering,
is that they use a collimated source or beam, which is focusedn the sample, as well as
a collimated detector. In this way the direction of incidence of radiation in the sample
is well de ned and the theory about interaction of radiation with matter can be applied
to obtain physical properties of the sample. Neverthelessas the photon transmission
and backscattering probabilities strongly depend on the mdium composition, part
of the success of these methods depends on the detailed knedte of the complex
interaction of -rays with a multielemental medium as the soil. Although the main
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processes involved in this interaction are well studied, tle passage of radiation through
soil is in uenced by the electronic density, porosity, water content, etc., and the e ects
of all of these soil properties modify the transmitted and the backscattered spectra.
Thus, a complete study of the interaction of -rays with soil, taking into account the
e ects of di erent soil parameters, as well as the multiple scattering probability and the
probability of the photons to be scattered at practically detectable angles is needed.
The Compton camera (7), one of the most recent devices designed to study ma-
terials using backscattering of radiation, is of particular interest in this work. The
nuclear physics group of the Universidad Nacional de Colomia (gfnun) together with
the GSI Helmholtzzentrum far Schwerionenforschung (L0) are nowadays working with
a prototype of this device. The schematic set-up of the instument is shown in Figure
1.1. A ?°Na source is placed in the center of a conic lead shielding. Ehsource decays

Pasition
Detector

Shieiding

EBackscattering
Detector

=]

Figure 1.1: Schematic set-up of a prototype of the Compton camera at the fnpun' labo-
ratory. The device is based on the use of 8Na source and two radiation detectors, one
of which is sensitive to the interaction position of radiation (11).

by the emission of a positron, which annihilates with an eletron of the medium to pro-
duce two 511 keV -rays travelling in opposite directions. One of these photas can go
to the soil, interact with it and be backscattered. In order to record this backscattered
photon, a Caesium lodine (Csl) detector is placed around thesource (backscattering
detector). The other -ray created by the positron annihilation travels to a detector
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placed above the source, where it may be recorded. This lattedetector works together
with a position sensitive photomultiplier, thus being able to record the position where
the incoming -ray interacted. For this reason, the latter detector is caled position
detector. The detectors are connected in coincidences to eare the system to count
only photons which interacted with the soil instead of backgound radiation. Since the
number of backscattered photons depends on the propertiesfdhe medium, by doing
a matrix representing the number of counts recorded per pixeas function of the coor-
dinates, it is possible to obtain images of the subsoil. It isto note that the quality of
the obtained image can be improved by taking into account ony photons that undergo
single scattering in the soil. Together with previous workson the characterization of
the device (12) and on processing of the images obtainedi(3), the study of the di erent
e ects that radiation undergo inside the soil, and their contribution to the total number
of backscattered photons will help in the improvement of this technique.

This work presents the study of the interaction of -rays with layers of sand and
silty loam soil, varying both its humidity and thicknesses. The experimental set-up
uses the positron decay of &?Na source, and two detectors (Ge and Plastic scin-
tillator) connected in coincidences. Both transmitted and backscattered spectra are
obtained for di erent humidity values and layer thicknesses and analyzed in order to
obtain information about the interaction processes. Transnission spectra are used to
study the capabilities of the characterization methods tha use collimated sources, non-
collimated sources and the possibility of implement time cincidences in these kind of
set-ups. Backscattering spectra are study with special fogs on the optimization of the
Compton Camera. With these spectra, limitations of di erent backscattering methods
is considered.

In rst place, a review of the main concepts needed will be mad. These concepts
include soil physical properties, models on the interactio of radiation with matter and
general properties of detection systems. This review will B done in Chapter2. In
Chapter 3, the experimental set-up will be described, with particular emphasis on the
electronics con guration. Chapters 4 and 5 show the results obtained and the analysis
performed on the transmission and the backscattering speca respectively. Conclusions
and expectations are summarized in Chapte. A summary of the symbols used along
the text can be found in the Glossary in page xv.
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CHAPTERZ

CONCEPTUAL FRAMEWORK

2.1 Soil physical properties

Soil is a heterogeneous porous system composed by three nedliphases: the solid
phase or the soil matrix (formed by mineral particles and soild organic materials); the
liquid phase, which is often represented by water and which auld more properly be
called the soil solution; and the gaseous phase, which corites air and other gases. This
three-phase system is characterized by physical propertie some of which are described
below.

2.1.1 Soil texture

The particle size distribution is the most important characteristic of soil and in uences
most of its physical properties (L4). In order to obtain a classi cation of soil based on
the size of the particles composing it, a particular name is iyen to a range of particle
diameters. The boundaries of the classi cation vary depenthg on the country and the
discipline, but the most used are the ones given by the UnitedStates Department of
Agriculture (USDA) ( 15), shown in Table 2.1. If the diameter of the particle is between
2.00 mm and 0.05 mm it is called sand, if it is between 0.05 mm ah0.002 mm it is
called silt, and if it is less than 0.002 mm it is called clay.

The main methods used to obtain the percentage of sand, siltrad clay in a particular

soil sample are sieving and sedimentation. Sieving consstin placing the soil in a
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USDA Classi cation Diameter (mm) ‘
Very coarse 1.00-2.00
Coarse 0.50-1.00

Sand | Medium 0.25-0.50
Fine 0.10-0.25
Very ne 0.05-0.10

Silt Coarse 0.02-0.05
ne 0.002-0.02

Clay <0.002

Table 2.1: Classi cation of the particle size according to the USDA. Sand corresponds
to particles with diameters varying between 2.00 mm and 0.05mm, silt corresponds to
diameters between 0.05 mm and 0.002 mm and clay corresponds tliameters lower that
0.002 mm. The classi cation includes sub-division as seenrothe Table.

sequence of patterns with holes. This method is useful onlyf the size of the particles is
greater than 50 m (14). Sedimentation in di erent liquids is a more accurate method
based on the variation of the sedimentation velocity of paricles with di erent sizes.
This method requires specialized equipment. Once the perotage of sand, silt and
clay is determined, the soil can be categorized in one of theZlmajor textural classes.
This is done using the textural triangle shown in Figure 2.1. To use the triangle,
the percentage of sand is located in the corresponding axisnd the line starting in
this point and parallel to the silt axis is followed until rea ching the clay percentage of
the sample. Silt percentage is xed in this way. For example,point A in Figure 2.1
represents a soil composed by 35% sand, 10% clay and 55% sidfd has a silty loam
texture. In practice, there is another method to determine the texture of soil without
the determination of the percentages of sand, silt and clay. This method, called the
eld method, consists in adding a small quantity of water to t he soil and evaluating how
well it forms ribbons. The kind of ribbon formed is related to the clay content of the
sample, while the smoothness of the sample helps to determgnthe sand content (L4,

Appendix 1). The eld method is the one used in this work to determine soil textures.
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percent 60 percent
CLAY SILT

Clay loam

Sandy

clay loam
80

Silty loam

Loamy . loam
o/ Sand san
00 9% 80 70 60 50 40 30 20 10 0

percent SAND

Figure 2.1: Textural triangle showing the major texture classi cation of soil. Point A
corresponds to a soil that contains 35% sand, 10% clay and 55%tlt, and has a silty loam
texture (16).

2.1.2 Soil structure

While texture is used to characterize the soil according to ts particle size distribution,
structure is used for describing the macroscopic arrangenme of soil particles. Sand,
silt and clay typically form clusters called peds or aggregtes. The shape and size of
these aggregates determine the structure of the soil. A sowvithout any structure is
called single-grained soil. Because of the size of the aggedes, the interpeds spaces
are much larger than the spaces between adjacent sand, silr@lay particles, a ecting
the local density of the sample.

2.1.3 Soil density

As part of the total volume occupied by soil may be water or air, it is useful to de ne
two di erent densities to characterize a soil sample (). In rst place we have the bulk
or dry density, de ned as the mass of the solid phase divided by the total vaime of

the sample. It is
Ms Ms

Vi Vet VitV
where Mg is the mass of the solid phase); is the total volume of the sample and Vs,

bulk =

Vi and Vg represent the volume of solids, liquids and gases respectily. For most soil,
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bulk density varies from 1.1 to 1.6 g/lcm® (17). To take into account the liquid phase
present in soil, awet densityis de ned as

Mi . Mg+ M |
Vt Vs+\/|+Vg’

wet —

where M; is the total mass of the sample andM, is the mass of the liquid phase. Here
we assume that the mass of air is negligible.

The wet density of a sample of soil is obtained by measuring ocalculating the total
mass of the sample and its total volume. The accuracy of the mult depends on the
methods used to measure the mass and the volume. To obtain thbulk density, the
sample is placed in an oven at 105C for approximately 24 hours to evaporate the liquid
phase and obtain the mass of the solid phase.

Finally, we can calculate the electronic density of the soil By assuming that the
soil is composed byj types of molecules and that the mass of liquids present in theoil
is given by M| = Mg, with |, the gravimetric water content of the sample, which
will be explained later, the electronic density of the sampé, ¢ is given by

w w2 Xz

= + — 21
€T+l M M (1)

where Z, is the number of electrons in a water moleculeZ; is the number of electrons
in the i-th molecule type, M; is the molecular mass of thei-th molecule and the sum

runs over all the molecule types.

2.1.4 Soil porosity

Natural soils have about 50% of pore space or porosityl{d). It is de ned by the ratio:

where Vy, = V| + Vg is the volume of void-space. Porosity of surface soil typicdy
decreases as particle size increases. In soils, porosityredated to density. The lower
the porosity of a soil sample, the highest its density. Modet of soil porosity are complex,

and produce only approximate results.
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2.1.5 Soil water content

Several elds of science require knowledge of the amount of ater contained in a par-
ticular soil volume. This is called the water content. It may be de ned in two di erent
ways: Gravimetric or volumetric. The gravimetric water content is expressed as a
relation between the mass of the liquid phase and the dry massef the soil as

The volumetric water content is given by the relation between the volume occupied by
the liquid phase and the total volume of the sample. It is

The conversion between gravimetric and volumetric water catents requires knowledge

of the bulk density of the saill,

bulk .
VT mT
water

where yater IS the density of the water. The standard method to determinethe gravi-
metric water content of a sample is thermogravimetry. This is a direct method, in
which a soil sub-sample is weighed before and after being @ in an oven. The con-
ventional protocol is to oven the samples at 105C until the soil mass becomes stable.
This process usually requires 24 to 48 hours, depending on ¢hsample size and soil
characteristics (1). The di erences between the mass of the wet and the dry sam@ is
the mass of water in the original sample. Although there are ther methods to measure
the water content of soil, as the neutron scattering and eletic resistance methods,

thermogravimetry is the one used to calibrate the indirect techniques.

2.2 Colombian soil

Natural soil does not have the same physical properties at ddepths. It is characterized
by the presence of distinctive layers parallel to the soil stface, called horizons. Each
horizon has physical properties, such as color, texture andtructure, dierent from
other layers. In general, soils have four main horizons: Therst horizon starting from
the surface of the soil is called \O" horizon. It is charactelized by the presence of

high amounts of organic matter. Below the \O" horizon is the \ A" horizon. 1t is
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a layer of mineral soil with organic matter accumulation and most of soil life. The
third horizon is called \B" horizon. This layer accumulates iron, clay, aluminium and
organic compounds. The last horizon is the \C" horizon, or paent rock, formed by
layers of big unbroken rocks. As the composition and the thikness of each horizon
depend on the origin of the soil, on the human activity on the sirface, and on the
local weather, soils have been categorized in 12 basic grosippr Orders, according
to the USDA classi cation ( 18). Each order describes the main aspects of soil type,
including the horizons characteristics and its main compo#ion. For the particular case
of Colombian soils, three main orders are present. Oxisolsiithe Amazon region and in
the Paci ¢ coast, Andisols in Andean region and Ultisols in the Orinoquia Region ().
Oxisols are found only in tropical regions. They are charactrized for having a high
oxides content compared with the silica content, which give them a reddish color, and
for having a very thick \A" horizon. Andisols are dark soils f ormed by the deposition of
layers of ashes and other volcanic ejections. They are maylcomposed by aluminium
and silica and have a high organic matter fraction. Ultisols are commonly brown to
yellowish because of its low carbon content. They have a highlay content and they are
composed mainly by silica (). For all types of soils, the bulk density, as well as their
water content, depend on the particular local weather, use bthe solil, vegetation, etc.
Although radiation is used in di erent techniques to characterize soil samples, studies
related to interaction of radiation with natural soil requi re a deeper understanding of
the relevant parameters of this interaction in order to be ale to make predictions and

to improve actual techniques.

2.3 Interaction of radiation with matter

The main interaction processes of radiation with matter are the photoelectric e ect,
the Compton e ect and the pair production. In the photoelectric e ect, a -ray of
energy E interacts with a bound electron of the material and depositsall its energy
on it. As a result, the -ray disappears and a photoelectron is ejected of the atom
with energy given by the di erence betweenE and the binding energy of the electron.
Also, as a result of this process, characteristic X-rays aremitted because of the re-
arranging of electrons inside the atom. The photoelectric ect probability, or cross

section, increases at low energies, and has peaks where thesKell or L-shell energy is

10
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approached. Nevertheless, it is di cult to study theoretic ally because of the complexity
of the wave functions for the atomic electrons. By assuming liat the beam only inter-
acts with electrons in the K-shell and that their energy is na relativistic, it is possible
to calculate the photoelectric cross section, yn, by using a Born approximation. The
functional form of the solution turns out to be (19)
74 5
ph / ﬁ’

where Z is the atomic number of the material. As energy decreases, pn increases
rapidly, thus low energy beams will be strongly attenuated ty the material and there
will be few or no transmission or scattering. We can also sedhat pj, increases as the
fourth or fth power of Z therefore, even for high energies, if the absorber materighas
a high atomic number, o, will increase and no -rays will be transmitted or scattered.

In the Compton e ect, the incoming -ray is de ected in an angle with respect to
its original direction. In this process, the photon gives pat of its energy to an electron
of the material (called recoil electron) and is scattered wih a lower energy. Since all
scattering angles are possible, the energy of the scatteredray presents a distribution.
For the case of interaction with a free electron, the relatiomn between the energy of the
scattered photon, E©, and the scattering angle is

E

EC= ;
1+ (1 cos)

2.2)

where = E =mec? is the initial energy of the -ray divided by the rest mass-energy
of the electron (511 keV). The cross section for Compton e et was one of the rst

to be calculated using quantum electrodynamics and it is knan as the Klein-Nishina
formula (20). It gives the di erential scattering cross section per sold angle unit as:

d r

DN

1 ’ 21 cos )2
d - 2@+ @ cos)E TS fIr @ cos) (2:3)

wherer is the electron classical radius. Integration of this formda over d gives the
total probability per electron for Compton e ect to occur, c alled . In order to obtain
the total Compton cross section per scattering center, it isnecessary to multiply this
formula by Z. Figure 2.2 shows a polar plot of the Klein-Nishina formula for di erent
energies. We can see from the Figure that there is a strong tetency to forward
scattering for all energies. In fact, as energy increases éhbackscattering probability

11
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_p2 60 keV ——

2p/i3. T pi3 100 keV ——

511 keV ——

1000 keV ——
5p/6/ :

Figure 2.2: Polar plot of the Klein-Nishina formula for di erent incide nt energies.The
radius of the plot represents the probability for the photon to be scattered in each angle.

decreases rapidly. Thus, high energy beams will not be suitde for backscattering
applications.

Pair production consists in the interaction of a photon with the nuclear eld. In
the process, the -ray disappears and is replaced by an electron-positron pai For this
process to happen, the photon must have an energy above twicthe rest energy of
the electron. The excess energy carried by the photon above022 keV goes to kinetic
energy of the pair. Since the positron will annihilate with an electron of the medium,
two 511 keV -rays will also be produced in this process. The cross sectiofor pair
production, ,, is considerable only for energies approaching several MeYhus we will
not take it into account.

2.3.1 Transmission

The main concept for understanding the transmission of -rays trough soil is the linear
attenuation coe cient, . It is the probability for -rays to interact with any material
per unit length as a function of -ray energy. For an homogeneous medium, this
attenuation coe cient can be expressed as

=n( ph+Z ct pp); (2.4)

wheren is the number of scattering centers per unit volume. If we cosider the system

formed by a monoenergetic source, which is collimated into a narrow beam and
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2.3 Interaction of radiation with matter

allowed to reach a collimated detector after passing throuf a material of variable
thickness x, the intensity of the transmitted beam is expressed as

[(x)=lge *; (2.5)

where | is the incident beam intensity. One limitation of using the linear attenuation
coe cient is that it varies with the density of the absorber, although the materials
composing it do not change. By dividing the linear attenuation coe cient by the wet
density of the medium we are considering, we obtain the masstinuation coe cient,
m. This is the parameter found in tables as it is not dependent o the density.
Figure 2.3 shows the mass attenuation coe cient for the interaction of -rays with

SiO,. This composition corresponds to dry sand. We can see from # Figure that for

2 Corﬁpton e
0% Photoelectric —— 1
Pairs ——
i Total ——
&
N
£ 102+t
o)
no10#
106 I

Energy (MeV)

Figure 2.3: Total mass attenuation coe cient for the interaction of  -rays with SiO,
(red line). The blue line corresponds to the Compton e ect cross section, the purple line
represents the photoelectric e ect cross section and the gy line corresponds to the pair
production cross section.

low energies, the most probable interaction is photoelecic e ect. For medium energies,
in particular between 511 keV and 1275 keV, Compton e ect doninates the interaction.
This means that for this energy range, -rays will be more probable de ected in forward
angles or backscattered than absorbed. For higher energigpair production starts to
be important as discussed above.

If the beam is not collimated, -rays can be emitted in any direction, be de ected
in the absorber and reach the detector. Thus, the transmitted spectrum will have more

13
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counts than in the case of a collimated source and they will bepread over a wide energy
region. To take into account this situation, the transmitte d intensity is described by

| = 1oB(X;E )e *:

The term B(x;E ), called the buildup factor, which may have many functional forms
and in most cases is determined experimentally.

2.3.2 Backscattering

Although the main concepts for the interaction of radiation with matter were already
explained, a model allowing the calculation of the number ofphotons backscattered
by the soil is necessary. In order to obtain an analytical appoximation of the number
of photons scattered in each volume element of the soil, let s1suppose the simpli ed

set-up shown in Figure 2.4. A collimated and monoenergetic source is placed above

Detector
Collimatore——F
J’t—» Source
Primary beamr———
P S \ Secondary bear

Volume elemennt—lv

Soil

Figure 2.4: Simpli ed set-up to model the backscattering of radiation in soil. It assumes
a collimated source, and a detector of 100% intrinsic e ciercy.

the soil. It is assumed that there will be no interactions of radiation in the air between
the source and the soil. After reaching the soil, the primarybeam travels a distance
p before interacting in the volume elementdV. The number of photons reaching this
volume element per unit time is given by the number of photonsemitted by the source
per unit time, Ng, multiplied by the exponential attenuation of the beam. If t he soil
has an homogeneous composition the number of photons reacdlg dV will be Nge P,
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2.3 Interaction of radiation with matter

according to equation (2.5). If the soil does not have an homogeneous composition, it is
necessary to integrate the attenuation coe cient of each vdume element alongp. Out
of all the photons reachingdV we are interested in those scattered in the direction of the
detector. Thus, it is necessary to calculate the scatteringprobability. This probability

is given by the Klein-Nishina formula multiplied by the solid angle subtended by the

detector from dV, , and by the number of electrons in the volume element as
d
d_ edV;

where ¢ is the electronic density of the particular volume element. After being scat-
tered, the secondary beam travels a distance through the soil, in the direction of the
detector. In this path, the beam is also attenuated. Since this attenuation coe cient,

0 depends on the energy of the scattered photons which in turn eépends on the par-
ticular angle of scattering, the attenuation of the beam gong out of the soil to the
detector is not easy to obtain analytically. Again, if the sail is not homogeneous it is
necessary to integrate the attenuation coe cient over s. By assuming a detector with
100% e ciency, all the photons which go out of the soil will be recorded. By taking into
account all the factors described above, the number of photas reaching the detector
per unit time, scattered in the volume elementdV, dS, is given by (21)

Z Z
dS = Noexp dl p cc:— cdVexp Yl + M (dV;s;p); (2.6)

where we have added a multiple scattering contribution to teke into account all the
photons that interact several times in the soil and nally go out in the direction of the
detector. This multiple scattering contribution has no analytical expression and must be
determined by simulation or by direct measurements. We can ge that this simple model
suggests that the number of backscattered photons dependsahe electronic density of
the medium and therefore this method may be suitable for deteting electronic density
di erences in the soil. As the multiple scattering contribution for a given volume
element gives us no information about the electronic densit of that particular volume
element (as it does not interact with it), it is considered as background and should be

subtracted from the detected signal.
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2.4 Detectors and related electronics

One of the most important parts of any experimental set-up isthe detectors that are
used and the related electronics. This section describes ¢hmain characteristics of the

detectors used and the electronics needed.

2.4.1 Radiation detectors characteristics

In general, the operation principle of all detectors is the ame: Radiation leaves all or
part of its energy in the mass of the detector where it is trangormed in another form,
a charge or voltage signal, to make it accessible to humans.ofF charged patrticles, the
interaction with the detector volume consists of ionization of atoms of the material.
Neutral particles as neutrons or -rays, must rst undergo some kind of reaction inside
the detector in order to create charged particles to ionize he atoms. The particular
way of collecting this ionized charge depends on the materleof the detector and in its
design. In spite of the many types of detectors, some generaroperties may be de ned
for all of them. The most important are:

Sensitivity:  De ned as the capability of a particular detector to produce a useful
output signal for a given type of radiation as a function of erergy. Sensitivity
depends mainly on the cross section for ionization and on theletector mass. It
is also limited by the lowest amount of charge needed to be pmuced in order to
obtain a signal above the noise of the detector itself. Some aterials with high
sensitivity to  -rays are semiconductors as silicon (Si) or germanium (Ge) rad

inorganic crystals as sodium iodine (Nal) or caesium iodingCsl).

Detector response: It refers to the characteristics of the output signal produced
by the detector. These characteristics also depend on the merial of the detector

and on its mass. Gas detectors as Geiger-Madller produce theame output pulse
independently of the type or energy of the incoming radiatian, while the height of
the output pulse of detectors as Nal and Csl has a relation wih the total charge
collected or the energy deposited. This implies that the reponse of the detector
determines whether or not it is suitable for spectroscopy oiif it is useful only in

counting events.
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Energy resolution:  When dealing with a detector capable of measuring the
energy of radiation, the most important characteristic is its capability of distin-
guishing two energies lying close to each other, called thenergy resolution. An
ideal detector will show a sharp delta function for each deteted energy, neverthe-
less, real detectors show a Gaussian shape characterized iby Full Width at Half
Maximum (FWHM). This width arises because the uncertainty in the number of
ionizations produced inside the detector volume, becausef@lectronic noise in-
side it or in the electronic modules following the detector @ because incomplete
charge collection. The resolution of a detector at the energ E is de ned as

. FWHM
Resolution = E7;

and it is usually expressed as a percentage. An Nal detectords about 8%

resolution for -rays of 1 MeV, while for a Germanium detector at the same
energy the resolution is about 0.1%. Figure2.5 shows a comparison between the
experimental spectra obtained for Germanium and Nal when de&ecting an energy

of 511 keV.

Germanium ——
Nal

intensity (a. u.)

!

0 ‘ ‘ ‘
420 440 460 480 500 520 540 560 580 600
Energy (keV)

Figure 2.5: Comparison between the energy resolution of a Nal (green li) and of a
Germanium detector (red line) for an incident energy of 511 lkeV.

Response time: It is the time that the detector takes to form the signal af-
ter the arrival of the radiation. For a good timing, the signal should have two
characteristics: First, its leading edge should be as closas possible to a vertical
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line. In this way a precise moment is marked by the signal as tk beginning of
the event. Second, the duration of the signal should be as sinbas possible. This
is because if during this time another event arrives to the deector, it would not

be processed, either because the detector would not resporat because it will
be added to the previous signal generating what is called p&-up. The timing

characteristics of a detector depend mainly on the physicaprocess whereby the
energy deposited in the detector by radiation is transforme into a measurable

pulse.

Detector e ciency: E ciency refers to the amount of the incident radiation

that the detector converts to a measurable pulse. Two types be ciency are
de ned when discussing radiation detectors: Theabsolutee ciency and the in-
trinsic e ciency. The absolute e ciency, also called total e cienc vy is de ned as
the ratio between the number of events recorded by the detecrr and the number
of events the source actually emitted:

events recorded )
events emitted by the source

tot —

"ot depends on the detector-source geometry and the interactio probability of

-rays in the detector. The intrinsic e ciency is de ned as th e ratio between
the events registered by the detector and the fraction of phtons emitted by the
source that reach the volume of the detector as

events recorded .
events impinging on the detector

int =

De ned in this way, intrinsic e ciency only depends on the in teraction cross sec-
tion of the incident radiation on the detector. As describedin previous Sections,
the interaction cross section depends on the incident eneygand increases when
the number of scattering centers per unit volume increasesthus for a given radi-

ation energy high density materials or materials with high Z will have a higher

e ciency. Other parameters a ecting e ciency are particul ar of each type of
detector.

Dead time: Itis the time the detection system needs to process a signalraving
to the detector, and is closely dependent on the response tim It is the result
of the time the detector needs to produce a signal and the timeahe electronic
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modules following the detector require to process the pulseDead time does not
only depend on the response time of the detector, but also onhie rate of events
arriving to it.

When choosing the detectors to be used in a particular expement, is of prime
importance to decide the energy resolution, response timeral energy e ciency they
should have. Semiconductor detectors have a high energy r@sition, but their e ciency
is very low and its response time is very long. For scintillabrs, the response time can
be as short as some nanoseconds (for some plastic scintilba), but they have a poor
energy resolution. Thus, election of detectors to be used grends on the particular
goals of the experiment and on the availability of equipment

The present work used a Germanium detector to obtain precisénformation about
the energy of the -rays and a plastic scintillator to have a precise timing information.
Next sections describe this two types of detectors.

2.4.2 Scintillation detectors

Scintillators are materials (solid, liquids or gases) thatproduce sparks or scintillations of
light when radiation passes through them. The response of acintillator to  radiation
is linear, thus the energy of the light produced by the scintilation will be proportional
to the energy deposited by the radiation in the detector volume. The amount of light
produced by a scintillator is very small and needs to be ampled before recording it as a
pulse. The device in charge of this light ampli cation is known as aphotomultiplier tube
or PMT. This is an evacuated tube with a photocathode at its ertrance and dynodes
inside it. The photons coming from the scintillator collide with the photocathode,
usually made of caesium or antimony, and electrons are emittd. The charge produced
in the photocathode is proportional to the energy of the ligh colliding with it, thus the
total amount of charge produced is proportional to the energy of the incident radiation.
Electrons created in the photocathode are guided by an eledc eld successively to the
dynodes, which are covered with a substance that emits secdary electrons. A typical
PMT may have up to 15 dynodes. At the end of this ampli cation p rocess, the PMT
delivers an output charge pulse around 19 times stronger than the original. After
ampli cation, charge goes to a sequence of electronic modes in order to be recorded.

These modules will be described in next Section. Due to thermonic emissions from
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the photocathode, PMT's will always have an intrinsic noise called dark current. This

e ect will contribute to the dead time of scintillators.

The mechanism by means of which scintillator materials prodice sparks depends
mainly in its composition. In order to describe the general poperties of scintillators,
three main groups are de ned: Organic crystals, inorganic ¢ystals and gaseous detec-

tors. Below the main properties of organic scintillators are described.

2.4.2.1 Organic Scintillators

Organic scintillators are materials classied as aromatic compounds and consists of
planar molecules of carbon chains. The detector itself is dhined by combining appro-
priate organic compounds in di erent concentrations. The substance with the highest
concentration is called solvent, and the other substancesra called solutes. Some sol-
vents used for organic scintillators are benzene (§Hg) and toluene (CgHsCH3), while
for the solute p Terphenyl is used. For this kind of detectors the light emisson is a re-
sult of molecular transitions: lonizing radiation passingthrough the detector may give
some part of its energy to a molecule and rise it to an excitedtate. In order to decay
to the ground state the molecule undergoes two processes. Inst place, it releases
some of the energy through lattice vibrations, a process thiadissipates the energy as
heat. After that, the molecule emits a photon to reach the graind level. Since part of
the incident energy was previously dissipated, the photons emitted with lower energy,
as a visible light photon. For organic scintillators, the time needed to form a signal is
of some nanoseconds, thus this kind of detectors are very usg for timing applications.
Nevertheless even the best organic scintillators have verjow scintillation e ciencies,

thus its energy resolution is poor.

Organic scintillators may be solids, liquids or plastics. Rastic scintillators present
the advantage that they do not need a container and that they @an be manufactured in
almost every shape. They are inert to water, air and many chertals, thus can be used
in a wide range of circumstances. Its decay time is around 2-#s but since its density

is around 1 g/cm?, and its atomic number is not very high, its e ciency is low.
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2.4.3 Semiconductor detectors

Germanium and silicon detectors are the most common materilg used to build semi-
conductor or solid state detectors. The mechanism of chargeollection in solid state
detectors is based on the creation of electron-hole pairs gide the crystal structure: In
semiconductors, the valence band and the conduction band ar separated by a small
energy gap of around 1 eV. If temperature is low enough to avai electrons to go to
the conduction band because of thermal uctuations, radiation interacting with the
detector volume will create electron-hole pairs, that we ca subsequently collect using
an electric eld. As the energy gap for germanium is of only 067 eV, a temperature
as low as 77 K is needed to avoid thermal e ects. The gap for dion is of 1.12 eV,
thus these detectors may be operated at room temperature. Irsemiconductor detec-
tors, the amount of charge produced is also proportional to he energy of the incident

-ray. Energy resolution depends on the precise collection fahe charge created by
radiation, and this in turn depends on the number of electronhole pairs produced and
on the mobility of these charge carriers inside the crystal.lt is important to realize that
every semiconductor crystal has some impurities (that can ender the crystal p-type
or n-type), and large impurities concentrations may a ect the mobility of the charge
carriers. Nowadays, the most common semiconductor detectofor  radiation is the
high purity germanium detector (HPGe or Ge) which can be produced in many shapes,
as planar, coaxial or well type, in order to ful ll the experi mental requirements.

As it was said before, the advantage of semiconductor deteots is their good energy
resolution. For a Ge detector, the FWHM at 1000 keV is around 2keV, thus having a
resolution of 0.2%. On the other hand, its e ciency is not so high as the e ciency of
some scintillators. The relative e ciency of a germanium detector, de ned as the ratio
between the number of counts recorded when placing $Co source 25 cm away from the
detector and the counts recorded by a Na(Tl) under the same caditions, is about 40%.
The timing characteristics of semiconductors are determied by the charge collection
mechanism. As charge carriers must travel to the correspondg electrode, the time
needed to completely collect the charge produced by a-ray depends on the position in
the crystal where the photon interacted, thus, each output pulse has a di erent form.
A typical time for signals in a Ge detector to be collected is &out 120 ns, making this

detector a very slow one.
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2.4.4 Electronics

Once the charge produced by the radiation inside the detectois collected, it is necessary
to convert it into a signal that can be processed by humans in oder to extract the
information carried by each pulse. This process is done by aeguence of electronic
modules that can be analog or digital. As a rst step, the chamge pulse must be
converted in a voltage pulse. This is done in a module calleghreampli er . After this
conversion, the pulse may be processed to obtain informatmabout the energy of the
incident -ray or the moment when it arrived to the detector. Next section describes
brie y the operation principle and the handling of the main m odules used to process
the charge signal coming from a detector.

2.4.4.1 The preamplier

As it was said before the preampli er or preamp is the rst stage of pulse processing
after the detector itself. Besides converting the charge gjnal into a voltage signal,
the preamp also couples the impedance of the detector and theubsequent modules
and reduces the noise in the detection system. There are theetypes of preampli ers
available: charge-sensitive, current-sensitive and volige-sensitive. Charge-sensitive
preampli ers are the most commonly used for spectroscopy. Tis type of preamp
mainly consists of a eld-e ect transistor (FET) with a feed back capacitor, Cs, of
about 1 pF and a feedback resistanceR;, of 1000 M. Its charge conversion gain is
around 10 mV/pC and its noise level is less than 101° C. A typical output voltage
pulse of a charge-sensitive preampli er is shown in Figure2.6. The rise time of the
signal, de ned as the time needed to go from 10% of the total arplitude to 90% of
this amplitude, is determined by the speci ¢ mechanism of ctarge generation in the
detector, and is related to the response time. The fall time 6 the pulse depends only
on the preampli er characteristics, and is given by 1=(R¢ Ct ).

2.4.4.2 Energy modules

Ampli er:

In order to obtain the energy of the incident -ray, the rst step to follow is to
feed voltage pulses coming from the preamp into a spectrospa@ ampli er or amp.

This module has two main tasks. In rst place, it ampli es the incoming signal.
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Rise time 5 s
Fall time 100 s

Figure 2.6: Typical shape of the output voltage pulse of a charge sensiie preampli er.
The rise time of the signal depends on the mechanism of chargmllection of the particular
detector, while the fall time is given by preampli er characteristics.

As seen before, the amplitude of the pulse is proportional tathe energy, thus
spectroscopy ampli ers must have a strictly linear relation between the amplitude
of the input and the output pulses. The ampli cation gain can be adjusted by the
user. Second, it shapes the signal in a convenient way. Thishaping is necessary
because pulses coming from the preamp have a long tail (= 1=(R¢ C;)), and if
a second pulse arrives within the period , it will be superimposed on the tall
of the rst pulse and its amplitude will be increased. Most ampli ers perform
this two tasks by using a method called RC di erentiation-integration . This
technigue consist on passing the pulse through a sequence®R di erentiator and
RC integrator circuits. In terms of noise-to-signal charaderistics, the optimum
shaping is a semi-Gaussian shape, obtained after four or veRC CR stages.
The main characteristic of the output pulse of an amp is its FWHM, which can
be settled manually to 0.5, 1, 2, 4, 6, 12 s. If the time chosen is too long,
depending on the count rate, there will be pile-up of these gnals, but if it is
chosen too short, the signal will not be completely integraed, and information of
the energy will be lost, an e ect known asballistic de cit (19). One undesirable
e ect of RC di erentiation-integration is that the output p ulses may present
an undershoot from the base line. If other pulse occurs beferthis undershoot

returns to the base line, information of the amplitude of the second pulse will
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be distorted. Fortunately, this e ect may be eliminated by setting an ampli er
parameter called pole/zero cancellation To set up this parameter is of prime

importance for a proper data acquisition.

Analogue-to-Digital converter:

This module, also known as ADC or A/D is in charge of converting the analogue
signal coming from the ampli er into a digital signal. It usu ally accepts input
voltage pulses from 0 to 10 V and its output is a digital numberthat corresponds
to the peak height. In order to do this conversion, the ADC divides the 10 V
scale into a number of channels that can be set manually in a nage between
28 = 256 to 213 = 8192. Then, it determines the channel that corresponds to he
height of each pulse and uses the channel number as its outpuOne additional
functionality of most ADC's is a GATE input. When connected, this input causes
that signals coming from the amp to be converted only if within certain time after
the arrival of the pulse, called linear gate, a square pulseraives to GATE input
of the ADC. This is very useful when time coincidences betwee detectors is
desired. Finally, many ADC's have a pile-up rejection circut, which together
with the ampli er prevents piled signals to be processed by he ADC.

Multichannel Analyzer:

The Multichannel Analyzer or MCA is a device that takes the number sent by
the ADC and makes a histogram out of the numbers. To do that, it adds a count
on a memory direction which is proportional to the channel number each time
the ADC sends a number. This histogram can be stored as a textle or can be
viewed on a computer with a visualization program as Genie200 (produced by
Canberra (22)) or GammaVision (produced by Ortec (23)).

2.4.4.3 Timing modules
Timing Filter Ampli er:

When dealing with timing application, the rst thing to do is to make sure that
the voltage signal coming from the preamp has a rise time shorenough as to be
used for marking a moment as the occurrence of the event. Detéors with a fast

response time, as plastic scintillators can be directly usg to generate a square
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pulse by means of a discriminator, while slow detectors, asesniconductors, need
an additional processing. The Timing Filter Amplier (TFA) is the module in
charge of this pre-processing of slow signals. This moduleonsist of a single
RC-CR stage which helps shaping the signal into a narrower plse. The main
di erence between a TFA and a spectroscopic amp is that in a TFA the most
important parameter is not the height of the pulse but its fast ampli cation. In
this case, the parameters that the user can select are the p#cular integration
and di erentiation time constants, to generate an output pulse with a width of
some nanoseconds. Although in general, identical di ereriation and integration
times give the best output pulse, particular applications may require di erent
settings. In this case the pole/zero control and the ampli cation gain should also
be adjusted.

Constant Fraction Discriminator:

Once we have a signal of some nanoseconds width, the next staptiming appli-
cations is to generate a logic square pulse indicating the me in which the signal
occurred. Although many methods to do this have been develogd, the two most
common are the leading-edge method and the constant fractio method. In the
leading-edge method a discriminator is used to emit a logic plse once the leading-
edge of the input signal crosses a voltage threshold. This ntleod is simple but
when pulses occurring at the same time have di erent amplitudes, the discrimina-
tor will emit the output pulse at di erent times. This time un certainty is called
Time walk. Figure 2.7 a) shows graphically this e ect. The constant fraction
method overcomes the drawbacks of the leading-edge methodylselecting in a
di erent way the moment when the logic pulse is emitted. In this case, the output
is triggered when the input pulses passes a constant fractio of its total height,
f. As a rst stage the input pulse is attenuated by the factor f, in parallel, the
original pulse is inverted and delayed and nally the two pulses are added. This
delay time can be chosen by the user and must be lower than thage time of the
pulses used as input of the module. When the latter pulse cr@es the zero line,
the logic pulse is emitted. In this way, pulses occurring at he same time generate

logic pulses at the same moment independently of their amplude or rise time.
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Leading-edge Constant fraction

Figure 2.7: Graphical explanation of the time walk. The left part shows the result of a
leading-edge discriminator method, which causes that pulss with di erent amplitudes to
generate square pulses at di erent times. The constant fraton method overcome this prob-
lems emitting the pulse when the signal crosses a constantdction of its amplitude.(24).

This is illustrated in Figure 2.7 b). The constant fraction discriminator module
or CFD is in charge of performing the operation described abee.

Majority Logic:

The logic pulses resulting out of on the CFD can be used to detenine whether
or not two events coming from di erent detectors occurred at the same time. The
Majority logic is the electronic module in charge of this. This module accepts
several inputs and allows the user to select the logic operan between them. In
particular, if the logic operation AND is selected, the output of the majority logic
will be a logic true if the two input pulses arrive in such a way that they overlap,
and a logic false if they do not.

Gate/Delay generator:

Gate/Delay generators are devices which generate variablevidth gate pulses or
delayed gates in a range from a few nanoseconds to few secondbBhe desired
width or delay can be selected by turning a front panel screw \mile viewing the
signals on the oscilloscope. Gate generator functionalitys required when the logic
output pulse from another module needs to be re-shaped, wlaldelay functionality
is used to optimize timing experiments using fast and slow dictors.
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CHAPTER3

EXPERIMENTAL SET-UP

In order to study the interaction of  radiation with soil, it was studied both the trans-
mission and the backscattering of 511 keV -rays through two di erent types of soil.
Next section describes the geometrical experimental setpuused for the transmission as
well as for the backscattering experiments. Subsequentelyhe electronic con guration
used in all experiments is explained. Finally, a discussiormbout the preparation of the
soil samples is made.

3.1 Geometrical set-up

3.1.1 Transmission

The schematic arrangement of the experimental set-up usedof the transmission ex-
periments is shown in Figure3.1 A polyethylene box of 33.6 cm long, 18.6 cm width
and 30 cm height, was used as the container for the soils undestudy. The thickness
of the box walls was 4 mm. It was important that the container was built with ma-
terials of low atomic number, to keep the background coming fom the interaction of
radiation with the box walls as low as possible. Although , is low for acrylic, ¢

is not negligible and thus it will generate a constant backgound in all measurements.
At the bottom of the box, a ??Na  source was attached. The source used was an
IDB Holland standard sealed 22Na source, model CAL2600 with an activity of 1 MBq

in July 2007. Above the plastic container, 31 cm from the souce, a HPGe detector
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Figure 3.1: Schematic set-up for the transmission experiments, whichansists of a HPGe
detector, a plastic detector, a??Na  source and an acrylic container to place the soil. All
the number represent the lenghts in centimeters.

was placed. The detector used was a Canberra GC1019 coaxiatmgnanium detector of
4.65 cm of diameter and 4.75 cm of length attached to a canbear Big Mac cryostat.
Its relative e ciency was 10% and it had an energy resolution of 1.9 keV at 1.33 MeV.
Below the container and the source, a plastic scintillator vas placed. In this case, a
Scionix Holland detector, coupled to an Ortec photomultiplier base with preamp and
power supply was used. The size of this detector was 5 cm in diaeter and 5 cm in
length. The distance between the source and the plastic detgor was xed to 21 cm.
The entire set-up is placed on a lead base 5 cm thick in order tavoid backscattering of
radiation in the experimental table used. The physical setup used to hold the container
and the HPGe in their places were made of 2 mm thick metal carcse.

22Na decays by emitting a positron and a 1274.5 keV -ray as shown in the decay
scheme of Figure3.2. When interacting with an electron of the medium, the positron
annihilates and produces two -rays of 511 keV traveling in opposite directions. One
of these rays can go to the plastic detector while the other oa goes in the direction
of the soil and may interact with it. By connecting the two det ectors in the electronic
con guration known as time coincidences the energy spectrum detected by the HPGe
corresponds to the transmission of 511 keV -rays. Using this spectrum it is possible
to analyze the interaction of these rays in the soil. This eletronic con guration will
be explained in next Section. The study was performed by plang layers of soil of
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3.1 Geometrical set-up

22 Na
26a

— 3.63 ps

1274.5 keV

22Ne

Figure 3.2: Decay scheme of?Na. It decays by * emission to an excited state o>Ne
and then a 1274.5 keV -ray is emitted.

di erent thicknesses inside the container and recording tke energy spectrum in the
HPGe detector for each value of soil thickness. The measureent time was 15 min for
each soil layer and layers from 1 cm up to 19 cm were measured.h€& experiment was
repeated varying soil water content, wet density and compogion.

3.1.2 Backscattering

The schematic set-up used for the backscattering experimés is shown in Figure 3.3.
For this case, the HPGe detector is placed below the contaire next to the  source.

Cryostat

Ge detector

— Acrylic containe

1z —Sand

22Na

T~
/ o ' PMT
Plastic Lead

Detector

Table«—t

Figure 3.3: Schematic set-up used for the backscattering results. It uss a HPGe detector,
a plastic scintillator, ??Na  source and an acrylic container to place soil layers. The
numbers indicate lengths in centimeters.

The distance between the source and the central part of the dector for this set-up
was 9.4 cm. In this case, the 511 keV -ray which goes to the soil, may interact with
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3. EXPERIMENTAL SET-UP

it and be backscattered in the direction of the detector. By wnnecting the HPGe
and the plastic scintillator in coincidences, the energy spctrum recorded by the HPGe
allows us to study the backscattering of radiation in soil. A lead wall 5 cm thick was
placed between the source and the HPGe in order to avoid -rays to directly reach the

detector without interacting with the soil. Because of the lower counting statistics, the

measurement time for the backscattering spectra was of 30 mifor each soil layer. As
for the transmission experiments, layers of soil from 1 cm upo 19 cm, were placed in
the container and the energy spectrum was recorded in the HP&. Properties of the
soil were also modi ed. It is to note that for both transmission and backscattering the
1274.5 keV -ray coming from the 22Na source will contribute to accidental coincidences
and thus will represent a background for all measurements. Ahough connecting the

detectors in time coincidences reduces this contributionijt will always be present in the

measurements.

3.2 Electronic set-up

The rst achievement of this work was to properly set-up, congure and make a ne
tuning of the electronic set-up known as time coincidences sing the fast electronic
modules available. The set-up of slow time coincidences waweviously con gured (25)
and was used as a guide to the new set-up.

Figure 3.4 shows the block diagram of the fast coincidences electronimon guration.

The rst step is to apply the proper high voltage to each one ofthe detectors. For
the case of HPGe this is 3500 V while for the plastic scintill#or it is of 1000 V. As
described in previous sections, the charge signal comingdm a detector is converted
into a voltage signal by the preampli er. The rise time of thi s voltage signal depends
on the charge collection mechanism. For the case of the coati HPGe, it depends
on the speci ¢ place inside the crystal where each photon irgracts, on the size of the
crystal and on the intensity of the electric eld inside it. H PGe is a slow detector,
which in turn means it has a high energy resolution, and rise iimes of signals coming
from it may last as long as some s. For the case of the plastic scintillator, the rise
time depends on the decay time of the excited states of the ctal molecules, and
for the detector used it was around 7 ns. This is a very fast detctor, although its
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3.2 Electronic set-up
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Figure 3.4: Block diagram of the electronic con guration of fast coincidences. Each
detector is connected to a voltaje source. The voltaje pulseomming from the preampli er
of the plastic scintillator is fed to a Constant Fraction Dis criminator (CFD) to obtain a
square pulse. This pulse passes through a two-stages gatipgocess before being fed to the
logic unit. The output pulse of the Ge detector goes to two di erent electronic branches.
In one hand, it is fed to a Timing Filter Ampli er (TFA) to obta in a narrower pulse. After
that it goes to a CFD and to the logic unit. The output of the log ic unit is a square pulse
indicating weather or not the pulses from both detectors arived in coincidences. On the
other hand, the signal is fed to an spectroscopic ampli er inorder to measure its energy. An
Analoge-to-Digital Converter (ADC) is in charge of processng the energy pulses arriving
in coincidences in both detectors.

energy resolution is so poor that it is not possible to distiguish a photopeak. It is
to note that the pulses coming from the plastic detector havea uniform rise time,
while the pulses coming from the germanium have di erent rie times because of the
dependence with the interaction position. Figure 3.5 a) shows a typical output pulse
from the HPGe preamp and Figure3.5b) shows the output pulse of the plastic detector
preampli er. The time scale for the part a) of the Figure is 40 s per division, while
in part b) it is 40 ns per division. The polarity of the output s ignal depends on the
preampli er used. Because of the di erence in the timing chaacteristic of these two
detectors, the signals coming from them need a di erent eleironic processing. For the

case of the plastic scintillator, the preamp output pulse isgood enough to be used to
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3. EXPERIMENTAL SET-UP

a) Rise time 5 s b) Rise time 5 ns
Fall time 100 s Fall time 20 ns

Figure 3.5: a) Output pulse from the preampli er of a HPGe detector. The rise time is of
some s and the rise time is around hundreds of s. b) Output pulse from the preampli er
of a plastic scintillator. In this case the rise and the fall time are around some ns.

determine a time of occurrence of the event. This was done byetding this signal into
a Canberra Quad Constant Fraction Discriminator Model 454 (26). The delay time
selected for this detector was of 5.4 ns. For the case of the rdale used, this time is
selected by varying the length of a lemo cable connected to # front of the module.
The output pulses of the CFD are shown in Figure3.6 a). We can see from the Figure
that these output pulses are emitted at many di erent times and create what is called
time jitter . This e ect is generated because of the noise in the detectorThe CFD has
a threshold than can be modi ed to avoid the module to procesdow amplitude signals,
than can be considered as noise, nevertheless because of thedector low resolution,
all the signals produced by the plastic scintillator have lov amplitude, then it is not
possible to eliminate the noise in this way. Then, to overcore this jitter, the logic
output pulse of the CFD goes to a Phillips quad gate/delay gerrator Model 794 (27),
where the width of the signal is set to be long enough to envefo all the jitter. This
gate was set to 2 s. Although the latter signal can be used to mark the time of arival
of the -ray to the plastic scintillator, it is too wide to be used as an input for the next
electronic stages, thus it is processed again by the gate/day generator and converted
in a 300 ns wide logic pulse. Figure3.6 b) shows the resulting square pulse to be used
as a time stamp for the plastic scintillator after the two gating processes. On the other
hand, the preamp of the HPGe detector has two di erent outputs: The output labelled
as \Timing" has an impedance of 50 and is used to obtain the information about
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3.2 Electronic set-up

a) Width = 90 ns b) Width = 300 ns

Figure 3.6: a) Output pulse from CFD of a plastic detector. We can see rep#tions of
the square pulse, which is called time jitter e ect. b) The previous pulse after two gating
processes. We can see that the signal is wider but the time fier is completely removed.
This signal is used as a time stamp for the plastic scintillabr.

the time of occurrence of the event. Since this signal is too e, it cannot be used
as an input to the CFD, then it is fed into a Canberra Timing Fil ter Ampli er Model

2111 @8) in order to make it narrower. Figure 3.7 a) shows the output signal of the
TFA. It is clear that this signal is narrower than the origina | pulse from the ampli er

a) Rise time = 120 ns b) Width = 100 ns
Fall time = 200 ns

Figure 3.7: a) Output pulse from the TFA for a HPGe. We can see that the width of the
signal is lower than the output of the preampli er. b) Pulses coming from the CFD when
using part a) of this gure as an input.

shown in Figure 3.5 a), nevertheless as a result of this process, information aut pulse
height is lost. This new signal is fed into the Canberra CFD to obtain a logic pulse
indicating the moment of occurrence of the interaction. Forthis case the delay chosen
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3. EXPERIMENTAL SET-UP

was 50 ns. Figure3.7 b) shows the logic pulse generated in the CFD by the pulse
coming from the TFA. We can see that for the HPGe, the output of the CFD does not
present the same jitter than for the plastic detector. This is because in this case, it is
possible to set the threshold level to avoid the noise. The diput of the CFD, requires
no further processing and can be used as a time stamp for the geanium detector.
The next electronic stage is to compare the arrival time of the photon to each detector
to determine if they arrive within certain period or time. Th is operation was done in
the Phillips Quad Majority Logic Model 754 module (29). The logic pulses obtained
both from plastic scintillator and from HPGe are used as inpus of the majority logic
module, to obtain a logic pulse indicating a coincident evets. Figure 3.8 shows the
time stamps of each detector, which are fed into the majoritylogic as well as the output
pulse of this latter module. The width of each pulse was optinized to obtain the highest
number of coincidences. The output pulse from the majority bgic module needs to be
processed by a gate/delay generator in order give it some day before using it in the
next and last stage of the electronic set-up.

Germanium Detector

Plastic Detector

Coincidences output

Figure 3.8: The dark blue line corresponds to the time stamp of the HPGe d&ector while
the light blue line corresponds to the time stamp of the plastc scintillator. This signals
are fed into the majority logic to obtain a coincidence pulseas shown by the purple line

The second output signal of the HPGe detector is labeled as \Bergy" and has an
impedance of 93 . This signal is used to obtain information about the energy deposited
by radiation in the volume of the detector. This is done by fealing this signal into a
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3.2 Electronic set-up

Canberra Spectroscopy Ampli er Model 2026 30), which gives a semi-Gaussian shape
to the pulse with an amplitude proportional to the energy of the incident radiation as
seen in the previous Chapter. It is very important to make sure that all the ampli er
parameters are properly adjusted in order to keep the infornation about the energy
deposited in the crystal unaltered. Figure 3.9 shows the semi-Gaussian signal obtained
from the ampli er and a comparison with the original pulse coming from the preamp.
It is clear that the ampli er converts this pulse in a narrow signal, although not as
narrow as the one obtained in the TFA. This signal is fed into an ADC in order to

measure the peak height as explained in the previous ChapterThe link between the

Fall time 100 s

FWHM =1 s

Figure 3.9: Comparison between the output pulse of the HPGe preampli er (dark blue)
and the output pulse of a spectroscopy ampli er (light blue). The latter signal height is
proportional to the energy deposited by radiation in the detector.

timing branch of the electronics and its energy branch is doe by connecting the logic
coincidence signal obtained at the end of the timing branch é@scribed above into the
Gate input of the ADC. In this way, only signals occurring in coincidences in the two
detectors are processed by the ADC, sent to the MCA and visuated in the computer.
The electronic con guration was the same both for transmisson and backscattering
experiments, and all the parameters mentioned above were tied to their optimum

value.
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3. EXPERIMENTAL SET-UP

3.3 Samples preparation

As mentioned before, the experiment was performed with two derent types of soail.
The rst type of soil used was yellow sand. The sand was boughtn a chain store, it
was dried for 24 hours, then it was reduced to powder in orderd remove the aggregates
and nally it was sieved with a 1 mm sieve in order to guaranteeits homogeneity. By
applying the eld method it was determined that the texture o f this sample correspond
to a completely sand texture (see Figure2.1). In this case, experiments were performed
varying the water content from 0 to 15% and measurements wereepeated several times.
The second type of soil used was farming soil, found at the capus of the Universidad
Nacional de Colombia. This soil was also dried, reduced to peder and sieved, and by
applying the eld method its texture was determined to be silty loam. For this soil,
measurements were made for only two di erent water contents 0 and 21.3% because of
the experimental di culties as keping the soil density constant, and the fact that this
soil type absorbed water from the air, making di cult the wat er content measurement.
In order to obtain the exact composition of each type of soil, X-ray uorescence (XRF)
measurements were performed at the XRF Laboratory of the Unversidad Nacional de
Colombia. Table 3.1 shows the composition of the sand used in the experiment and
Table 3.2 shows the composition of the farming soil.

In both cases, SiQ was the compound with a higher concentration within the sam-
ple. For the case of sand, less than 4% of the sample correspted to other compounds
or elements. For the case of farming soil, there is almost a 40 that do not correspond
to silicon dioxide but to other compounds. It is to note that i f added, the components
of farming soil do not sum 100%. This is because some organicatter present in the
sample cannot be measured with this technique and the same Ipaens for heavy ele-
ments as uranium. Nevertheless, when required for a calculi@n, all the compounds
in the sample were taken into account and normalized to 100%.These two types of
soil were chosen for two main reasons: In rst place, they prsent a simple compo-
sition, which makes them suitable for studying the interaction of radiation with soll
both theoretically and experimentally, and second, becaus in good approximation they
represent most Colombian soils seen in Chapte®.

As mentioned before, experiments were performed varying th water content of the

soil. In order to ensure homogeneity in the samples, the hundii cation process was
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3.3 Samples preparation

Element or Compound Concentration
SiO, 96.18 %
Al,03 1.21%
TiO» 0.23%
Fe, O3 0.19%
CaO 0.05 %
K20 0.05%
Na,O 0.04%
P20s5 0.03%
Zr 216 ppm
S 37ppm
Sr 28 ppm
Ni 24 ppm
Zn 15 ppm
Pb 11 ppm
Rb 9 ppm

Table 3.1: Sand composition obtained by XRF. The major component of thesample is
SiO,.

performed in a very careful way: A small amount of dry soil, agproximately 300 g
was mixed with the amount of water needed to obtain a given waér content. The
mixing process was repeated until all the dry soil was mixed wh water and then all

the wet soil was placed together and mixed again. Once the dowas uniformly wet,

layers of dierent thickness of this soil were placed insidethe plastic container and
a measurement was made. It was important to keep the containeof the wet soil
covered in order to minimize the amount of water being evapoated. Also, a more
accurate measurement of the water content was made by therngravimetry. After the

measurements corresponding to each water content percerge were nished, the soil
was dried again in an oven for 24 hours and the process was regted for the next water
content wanted. As seen in previous chapter, the wet densityf the soil is related to its
water content and porosity. For the experiments it was of prime importance to keep the
wet density constant for the di erent thicknesses of the sol for a given water content.

To do this, the mass of soil required to Il the respective layer was xed and carefully
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3. EXPERIMENTAL SET-UP

measured.

The amount of data les generated in the experiments made neessary to use a
toolkit to analyze them in an e ective manner. All the analysis were performed using
the toolkit ROOT31), developed by CERN in the frame of the Large Hadron Collider
Experiment.
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3.3 Samples preparation

Element or Compound Concentration
SiO, 60.57%
Al,03 12.89%
Fe, O3 2.40%
CaO 1.54%
MgO 0.69%
TiO» 0.57%
P20s5 0.51%
K20 0.49%
Na,O 0.55%
MnO 0.04%
Ba 476 ppm
S 244 ppm
Zr 191 ppm
Sr 162 ppm
\% 118 ppm
Zn 116 ppm
Cr 86 ppm
Pb 44 ppm
Cu 31 ppm
Rb 23 ppm
Ni 20 ppm

Table 3.2: Farming soil composition obtained by XRF. We can see that it is mainly SiO,
although other compounds are also important. The componerg do not sum 100% as some
organic matter and the heavy elements concentration cannobe determined with XRF.
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cHAPTERS

TRANSMISSION RESULTS

As explained before, transmission spectra were obtained fdwo di erent soil types vary-
ing both the thickness of the soil layer and its water content To study the interaction of
radiation with sail, it is necessary to understand the spectum that is obtained without
any medium between the source and the detector and the changethat the presence
of soil generates on it. Figure4.1 shows the typical shape of a transmission spectrum
through air for a 22Na source measured with a HPGe. The region corresponding to
the lower energies that we can see in the Figure is the Comptomegion. This region
appears because some of the photons that reach the detectondergo Compton e ect
inside it. The scattered photon leaves the detector and the ecoil electron is collected.
The energy of the recoil electron can be calculated by subtreting the energy of the
scattered photon given by equation @.2) to the incident energy of the photon. The
highest energy available for the recoil electron happens wdn the photon is scattered in
an angle of rad, and for the case when the incident energy is 511 keV, thecattered
photon has a lowest energy of 170.4 keV, therefore the energyf the recoil electron is
340.7 keV. This is the energy which corresponds to the Compto edge and is the limit
of the region.

From 340.7 keV to 408.7 keV we can nd a region that we have ca##d double
scattering region. From Figure 4.1 b) we can see that this region has a behaviour that
is clearly di erent from the Compton region and also from the larger energy region.

The counts on this region appear mainly because of two reasaen First, we have to take
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Figure 4.1: Spectrum of transmission of radiation through soil. We can de ne four

regions: From 0 to 340.7 keV the Compton region, from 341 keVd 408.7 keV the double
scattering region, from 408.7 keV to 505.0 keV the low anglecattering region and from
505.0 keV to 516.0 keV the photopeak region. Part b) shows a zam on the three rst

regions.

into account that the source emits a second -ray of 1274.5 keV (see Figure3.2), and
the Compton region of this second emission goes up to 1062.@¥%. Thus, the double
scattering region is placed within the Compton region of thesecond peak. Second, we
need to consider that if the photon arriving to the detector is backscattered inside it,
there is a probability that it gets scattered again inside the germanium crystal and
then it escapes from the detector. The lowest energy of thisexond scattering can
be calculated from equation @.2) and is 102.2 keV. In this case, the recoil electron
has an energy of 68.1 keV. Since the lapse of time between theaurrence of these
two events is too short compared with the charge collection ime, the energy of the
two recoil electrons is added to obtain a total energy of 408. keV. Of course, it is
also possible for the photon to get scattered again inside th detector; nevertheless,
for the 102.2 keV -ray, the Compton interaction probability is low compared t o the
photoelectric absorption. Table 4.1 shows the mass photoelectric interaction coe cient
( m(ph)) and the mass Compton scattering coe cient ( (C)) in germanium for the
511 keV, the 170.4 and the 102.2 keV -rays. The highest probability for the original
511 keV -ray is to undergo Compton e ect and to be scattered with an erergy that
is at least 170.4 keV. If the latter -ray escapes from the detector, the recoil electron
is counted in the Compton region. If instead of leaving the cystal, the -ray interacts
again inside it, it is 1.4 times more probable that it interacts via Compton scattering
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| Energy (keV) | m(C) (cm?/g) | m(ph) (cm?g) |

511 0.0755 0.00335
170.4 0.109 0.0771
102.2 0.121 0.361

Table 4.1: Compton and photoelectric mass coe cients for photons of 51 keV, 170.4 keV
and 102.2 keV. We can see that after two scatterings the highs probability for the photon
is to be absorbed. Data taken from NIST (32).

than by photoelectric e ect. In this case, if the double scattered photon escapes from
the detector the recoil electron will be counted in the doubk scattering region. If it
interacts again, it is almost 3 times more probable that it undergoes photoelectric e ect
and thus, the total energy of the photon is collected and addd to the photopeak region.
From 408.7 keV to 505.0 keV we have the region calletbw angle scattering region
The counts on this region also appear partially because of th e ect of the 1275.0 keV -
ray. A second contribution to this region comes from radiation scattered in the medium
surrounding the detector and which after losing part of its energy is completely absorbed
in the HPGe. In particular, if soil is placed between the souce and the detector,
photons that are scattered by the soil in angles lower than 2=9 rad = 40 can be
counted by the detection system in this region. Finally, from 505 keV to 517 keV we
have the photopeak. All the photons which are completely absrbed by the detector
without any previous interaction outside it are collected in this region. Table 4.2 shows

a summary of the energy regions described above.

Region name Energy range (keV) ‘
Compton 0 340.7
Double scattering 340.7 408.7
Low angle 408.7 505.0
Photopeak 505.0 517.0

Table 4.2: Summary of the energy regions de ned for the transmission sectra.

From the analysis of the number of counts in each region as a fiction of soll
thickness, density, etc., it is possible to obtain di erent characteristics of the soil.

In rst place a discussion about the convenience of using cacidences will be made
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4. TRANSMISSION RESULTS

by comparing the resulting spectra for the same conditions bth with and without

coincidences (singles). Then, by analyzing the number of amts in the photopeak we

will calculate the attenuation coe cient for the soil under each water content condition.

After that, and based on the data taken from the NIST database (32) we will calculate

the density of the soil for each situation. Finally an analyss of the number of counts

in each region will be performed in order to obtain characteistics of the interaction of
radiation with soil.

4.1 Use of coincidences

The rst step in the analysis of the data taken was to study the importance of using
coincidences in our set-up. As seen in Chaptet, most methods used to characterize
materials both using transmission or backscattering of radation, require a collimated
source and use only one detector. The main reason to do this Isecause it is necessary
to clearly de ne the direction of the incident beam to be able to perform calculations
on the scattering angle. This kind of experiments have showrnto be useful in the
determination of multiple characteristics of a great variety of materials. Nevertheless,
a major disadvantage of using these methods is the amount ofadiation that is lost
in the collimator surrounding the source. In fact, less than10% of the total radiation
emitted by an isotropic source is used in this kind of experinental set-up. This loss of
radiation in turn, increases the time of measurement and/orthe activity of the source.
In both cases, it implies a higher exposure to radiation frompeople operating the
device. On the other hand, the use of a non-collimated sourcgenerates two additional
e ects: First, -rays that do not interact in the sample can be scattered in arly material
an reach the detector, thus being counted in the spectrum. S@nd, photons emitted
by the source which are scattered in the sample will not givesus information about
the sample properties as it is impossible to determine the sttering angle. These
counts distort the information obtained from the experiment and produce the e ect
known as buildup. This latter e ect depends on the sample dinensions and on its
composition and for the case of soil, its contribution to therecorded spectrum is very
high (33). Thus, in order to use a non-collimated source it is necessg to avoid the
buildup contribution. Figure 4.2 shows a comparison between the spectrum obtained
for a 22Na collimated source placed in front of the HPGe detector (a$o collimated), a

44



4.1 Use of coincidences

non-collimated source and the non-collimated source conméed in coincidences with a
plastic scintillator. In order to identify the di erences b etween the spectra, in each case

1 : — ‘ : 0.1 ; — ‘ ‘
a) Non-collimated source b) Non-collimated source
Collimated source Collimated source
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Figure 4.2: Comparison between the transmission spectrum obtained usg a non-
collimated source (red line), a collimated source (green ie) and non-collimated source
together with two detectors connected in time coincidencesPart b) shows a zoom on the
Compton region.

the maximum of the photopeak was normalized to one. We can sefieom the gure that
the spectra obtained with the collimated source and the one &ken in coincidences are
very similar. The lower uctuations in the coincidences spetrum appear because of
its higher statistics. Taking into account that in both cases the measurement time was
the same, we can clearly see the advantages of using the coithences set-up instead of
a collimated source. Also, we can notice the big di erence bveen the non-collimated
singles spectrum and the other two spectra. In this case we casee a big increase in the
number of counts in the Compton region. Figure4.2 b) shows a zoom on the Compton
region where we can clearly see the di erence in the number afounts. This di erence
is due to the buildup counts arising from the interaction of -rays with the medium
surrounding the detector. If between the source and the detetor di erent layers of soil
are placed, this excess in the counts of the Compton region areases rapidly with the
layer thickness.

Figure 4.3 shows the Compton region for the singles transmission spegt of a ??Na
non-collimated source when layers of di erent thickness ofsand were placed between
the source and the detector.

From Figure 4.3 we can see how fast the number of counts increases in the Congut
region with increasing soil layer thickness. The double sdéering region as well as the
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Figure 4.3: Comparison of the Compton region of spectra obtained for a no-collimated
source when layers of di erent thicknesses were placed beten the source and the detector.
The number of counts in the region increases because of the idup e ect.

low angle scattering region intensity also increase with tke thickness of the soil.

As seen in the previous Figures, the use of a non-collimatedsrce represents some
disadvantages. In rst place if used with a counter instead ¢ with a spectrometer, the
number of counts obtained will have contributions both of photons transmitted through
the soil and multiply scattered photons. As seen in Figure4.3 the total number of
counts is related to the soil thickness, thus there is a posbility of studying the buildup
factor of materials with this experimental set-up (34). If used with an spectrometer,
it would be possible to calculate the linear attenuation coecient of the material by
using only the counts on the photopeak. Next subsection desibes the results of this
calculation. Also, we can see from the Figures that the use ofoincidences between two
detectors allows us to use a higher amount of the radiation eiitted by the source and
the resulting spectrum is very similar to the one of a collimaed source. Of course, the
major disadvantage of the coincidences set-up is that it imfies to use a?’Na source
or any other * emitter. For this reason the energy of the radiation used is xed to
511 keV, which in turn limits the depth that we can scan with our device. In spite
of the energy limitation, the use of positron emitters has asa major advantage the
possibility of obtaining images of the soil when used in comimation with a position

sensitive detector as described in Chapted.
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4.2 Attenuation coe cient and density calculation

4.2 Attenuation coe cient and density calculation

To obtain the linear attenuation coe cient for soil at dier ent water contents, it is
necessary to nd the number of counts that were transmitted through the soil as a
function of soil thickness. To do this, the photopeak regionof each spectrum is tted
by a function of the form

(B x?
f(x)= Ae"2¢cZ  + Dx + E;

which represents a Gaussian function added to a linear backgund. x represents the
channel number or energy of the radiation. In this t, A represents the amplitude of
the Gaussian, B its centroid and C its standard deviation. Once the Gaussian t is
performed, the total number of photons transmitted through soil is calculated as the
integral of the Gaussian peak given by

Counts = P 2 AC:

This total number of counts is plotted against the thickness of the soil layer for each
water content experiment in order to obtain the exponential attenuation coe cient.
The process was performed for data of sand at ve dierent waker contents both in
singles and in coincidences. The singles spectra were usam determine the feasibility
of using data of a non-collimated source to obtain propertis of the medium.

Figure 4.4 shows the result of plotting the total number of transmitted counts as a
function of thickness for the case of having water as the medim between the detectors.
In this case coincidences were used. We can see that the numba counts present an
exponential decrease with the thickness. The uncertainty m the thickness of a layer
of water arises from the measurement procedure while the stistical uncertainty in
was obtained by the t performed by ROOQOTThis error is reported in parenthesis after
the obtained value. The slope of this exponential t corresponds to the attenuation
coe cient of water.

Figure 4.5 a) shows the total number of transmitted photons as a functian of soil
thickness for the case of dry sand while Figuret.5 b) shows the same result for sand at
4.9% water content. In both cases coincidences were used. i to note that previous
results show that the dry sand has a residual water content 00.02% (35). In these cases

we can also see an exponential decreasing behavior, althdughere are clearly some
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Figure 4.4: Number of counts transmitted through water as a function of water thickness.
We can see the exponential decrease of the counts. The atteation coe cient found in
this case was =0:0969(4) cm *.

uctuations which may be generated because, unlike water, a sand is placed in the
acrylic container, the upper layers can compress the lowerayers. This self-compaction
generates some inhomogeneities in the soil that modify thadear attenuation coe cient
for each particular layer by a small amount. When doing the exponential t we are
doing an average of the linear attenuation coe cient for all layers.

Figure 4.6 shows the result obtained for farming soil. Part a) of the Figure corre-
spond to dry farming soil (residual water content of 0.1(1)%9 while part b) shows the
result obtained for 20.3(4)% water content. The exponentid t gives us a result of

=0:81(2) cm 1! for dry farming soil and = 0:072(1) cm ! for the wet farming soil.

After the calculation of  for each set of spectra, we can plot its value as a function
of water content both for coincidences and for singles. Figte 4.7 shows this result for
the case of sand. The error bars represent only statistical mcertainty. The point at

m =7% presents a larger error bar because for this set of data itvas very di cult to
keep the wet density constant within layers. As mentioned in Section 3.3, the water
content was determined by placing small vessels full of sanith an oven for 24 hours. The
uncertainty in the water content arises from the standard deviation of the water content
obtained for the di erent vessels. We can see from Figured.7, that although there is
a variation on  as a function of water content, there seems to be no clear terahcy.

In all the measured cases the value of calculated using coincidences is lower than the
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Figure 4.5: Number of counts transmitted through a) dry sand and b) sand & 10.7(6)

water content as a function of sand thickness. In this case wean see some uctuations for
thicknesses greater than 10 cm. It is explained by the selfampaction e ect of the sand
layers.

one calculated in singles. This may be because singles spectnclude a contribution of
buildup counts even in the photopeak region that distort the information. Nevertheless
the values obtained with the two methods are very similar. This fact indicates that
even in the case of using the singles spectra of a non-collineal source it is possible
to extract the value of for a material by taking into account only the counts in the
photopeak.

Since we know from XRF the composition of the sand that we usedn the exper-
iment, which is listed in Table 3.1, we can use the NIST database 32) to obtain a
very accurate approximation of the mass attenuation coe cient for the sand used here.
Since the mass attenuation coe cient is de ned as = e, by dividing the value of

obtained from our data by the value of |, reported by NIST, we obtain the wet
density of the material. The result of this process, perforned both on the data in co-
incidences and in singles, is shown on Figurd.8. In this Figure we have also included
the calculation of the density performed by measuring the mas of sand we place in
the container and the volume occupied by this amount of sandand dividing them as
mass over volume. We can see that the density value calculatewith singles spectra is
higher than the one calculated in coincidences, as expectedom Figure 4.8. Although
the values are very similar and it would be possible to use anyf these values to charac-
terize the material, the value obtained with coincidences $ more reliable as it does not
present any contribution from buildup. We can also see from he Figure, that although
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Figure 4.6: Number of counts transmitted through a) dry farming soil and b) farming
soil at 20.3(4) water content as a function of sand thickness

within the error bars, for most cases the value calculated asnass over volume is higher
than the values obtained by -ray transmission. The di erence in these results arises
because a small amount of sand may be lost in the process of giag a layer of sand
in the container, thus the mass values are over-estimated.

In order to have higher statistics to compare the density valie obtained by the
transmission method, data were taken using only coincideres for another twelve values
of water content for sand. Calculations of the density in eab case were performed in the
same way as described above, and the wet density values werengpared with the mass
over volume values. In Figure4.9 we can see a comparison between these two values.
The abscissa the mass over volume values while the ordinatdnews the value obtained
with  transmission in coincidences. The solid line correspondstthe condition when
both results have the same value. We can see that most pointsra below the line,
thus the value calculated as mass over volume seems to be higihthan those calculated
by means of transmission. As mentioned before this may occur because aover-
estimation of the mass placed in the container. The points with are placed above
the line, may be explained because of the self-compaction gmomena: In some cases
especially when the thickness is small, the upper layer canotnpress the layer beneath
it generating a distorted measurement of the attenuation ce cient and thus of the
density. We can note that the uncertainties in the density values, which were found
by error propagation, are higher for the case of the mass overolume calculation than

for the transmission method. Thus, we can conclude that transmission using a
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Figure 4.7: Attenuation coe cient as a function of water content for san d. Red points
represent measurements made with a non-collimated sourcend the blue points represent
measurements with the same source but using time coinciders between two detectors.

non-collimated source and two detectors connected in coindences provides us with an
accurate way of measuring the density of homogeneous mateatiunder the condition of
knowing its composition.

As seen in Figure4.8, we were able to obtain di erent density values for sand at
a given water content. As mentioned in Section2.1, the density of sail is related to
its porosity. The highest density value is obtained when redicing to a minimum the
pore space inside the sample. In order to have a qualitativediea of the porosity of
our samples, we compare the density values obtained with préous results reported by
Zamora (35) for the highest and the lowest values of the density for sandat di erent
water contents. Figure 4.10shows the density values obtained in this work as a function
of water content of the sand and the values reported previouy. The line between the
points represents an interpolation and is useful only as a \dual help. From the Figure
we can see that with our data we do not reach the highest densjt values. This is
because the experimental set-up of Zamora's work used a hananto compress the
sample following the standard Proctor compaction test 36), while the compression in
this work was performed by hand. For this reason we did not ackeve the quadratic
dependence of the density of sand on its water content repoed by Zamora. This
relation between compaction, water content, density and poosity in soil samples is
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Figure 4.8: Wet density as a function of water content. The blue point represent the
density value found with coincidences spectra, the red pointhe value found with singles
spectra and the green points the values calculated as mass evvolume.

of great importance when performing studies in soil, as it isdi cult to control and
measure. By the assumption that data for the highest densityvalues reported before
present the lowest porosity achievable, we can conclude thaur data was never close to
those values, and porosity was always higher for our case. Gthe other hand, we can see
that we achieve density values lower than those reported préously. These values were
obtained by spreading the sand in the container and trying tomaximize the porosity to
the highest value achievable. This value was restricted byhe weight of the sand layer.
Although we were able to obtain very low density values, coresponding to a high
porosity of the samples, these measurements were made foryéx having thicknesses
lower than 3 cm. When placing thicker layers the sample volune was signi cantly
compressed by the upper layers making impossible to keep theame density value
through the entire volume. Therefore density values as low a the obtained in this
work correspond to conditions that are not present in real sds.

Table 4.3 reports the values of water content measured and the nal valie for
its attenuation coe cient and wet density obtained by transmission. Values are
accompanied with a note indicating if data was obtained onlyin singles (S) or both in
singles and in coincidences (C & S). These values for densityill be used for the next
calculations. The same results for the case of farming soilra reported in Table 4.4.
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Figure 4.9: Comparison between the density values obtained by two methds: The

abscissa shows the density value obtained by calculating nss over volume and the ordinate
shows the results obtained using transmission spectra in e coincidences. The solid line
represents the equality between the two methods.

4.3 Spectroscopic analysis

Just as it is possible to extract information about soil properties from the photopeak
region, we would like to be able to obtain information about the soil using the other
spectrum regions described in Figure4.1. The counts in each region are added and
then plotted as a function of thickness for each water conteh First, let us consider
the data that was taken both in coincidences and in singles.

Figure 4.11 shows the number of counts as a function of soil thickness fahe case
of sand at 4.9(7)% water content, which corresponds to a derity of 1.31(4) g/cm 3.
Part a) of the Figure shows the result obtained using coinciegnces ( ) and part
b) shows the same result for the spectra in singles. The linepining the points are
only for visual help purposes. In rst place we can see that tke number of counts
decreases almost one order of magnitude for a given thickngsrom part a) to part
b). As discussed above this di erence in the number of countsarises because the
singles spectra have a contribution from buildup. We can als note that the functional
dependence of the intensity is di erent in both cases. For tte case of coincidences we

can see a common decreasing exponential as a function of tkitess. The photopeak
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Figure 4.10: Comparison between the highest and the lower densities obtaed for sand
in this work and the presented by Zamora @5). It is clear that the values obtained di er
and that this work did not reach the highest achievable densly values.

region intensity decreases according to the linear attenuon coe cient as described in
previous Section. For the Compton region and the double scagring region we can see
a decreasing exponential behaviour with a slope similar to he one of the photopeak
region. We will call this slope the decrease coe cient for each region. For the low
angle region we see that the points seem to lose the exponeatibehaviour for the last
thicknesses measured. This happened to all data taken. On #other hand the results
for the singles spectra show that the only region with an expaential behaviour is the
photopeak. The other regions clearly decrease only after ahickness of approximately
4 cm. It is clear that the Compton region always has a higher nunber of counts than
the other regions, which is also clear from Figure4.2. The photopeak region is the
second in intensity for the rst layers of soil, and the double scattering and the low
angle scattering regions become higher at larger thickness than certain value (10 cm
for Figure 4.11). It is also to note that the number of counts in the two latter regions
is very similar.

Figure 4.12 shows the same results for dry sand at 1.47(7) g/cth density. The
behaviour of the regions is the same as described for the primus Figure. In this

case we can see some outlier points in the plot. These pointepresent the moments
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| m @) [ @em) | e (gem®) | Set-up]

0.020(1) | 0.137(7) 1.58(8) C
0.020(1) | 0.127(6) 1.47(7) | C&S
2.1(5) | 0.110(1) 1.27(1) C
2.8(3) | 0.097(9) 1.0(9) C&S
3.009) | 0.130(2) 1.46(2) C
3.2(7) | 0.61(4) 0.705) | C&S
3.4(6) | 0.114(2) 1.31(2) C
4.9(7) | 0.114(3) 1.314) | C&S
5.1(9) | 0.095(1) 1.09(1) C
5.1(4) | 0.139(5) 1.60(6) C
7.009) | 0.12(4) 1.4(5) C&S
8.2(9) | 0.111(2) 1.27(2) C
8.2(9) | 0.116(4) 1.32(4) C
10.7(6) | 0.110(2) 1.25(2) C
10.7(6) | 0.152(5) 1.73(6) C
13.7(4) | 0.140(6) 1.60(7) C
15.3(9) | 0.117(2) 1.33(2) C
15.3(9) | 0.153(5) 1.74(6) C

Table 4.3: Summary of and e Vvalues obtained for sand using transmission. The
column labeled as set-up indicates if data was taken only iniagles (S) or if it was taken
both in singles and in coincidences (C & S).

when the density of the layer varied because of the self-conggtion of the sand in the
container and were removed from the calculations.

In order to analyze the viability of using a non-collimated source set-up for di erent
characterization methods using transmission, we study the contribution of each region
to the total singles spectrum. To do this, the number of count in each region was
normalized to the total number of counts. Figure 4.13 a) shows this result for the
case of sand at 4.9(7)% water content and Figuret.13 b) shows the same result for
sand at 2.8(3)% water content. We can see from both cases thahe contribution to
the spectrum from the Compton region is always the highest ad it is between 70%
and 80%. The intensity of this region has an increasing behaour with thickness. As

mentioned before, the counts in this region appear mainly beause of the buildup e ect
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| m @) | @em) | e (gfem?) |
0.1(1) | 0.81(2) 0.9(2)
21.3(4) | 0.072(1) 0.81(1)

Table 4.4: Summary of

In this case data was obtained only in coincidences.

and e Values obtained for farming soil using transmission.

m =4:9(7)% wet =1:31(4) glcm 3 Total counts m =4:9(7)% wet =1:31(4) glcm 3 Total counts
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Figure 4.11: Number of counts in each energy region as a function of soil ibkness

(spectroscopic analysis) for the case of sand at 4.9% wateontent. Part a) shows the
result obtained using time coincidences and part b) shows ta result obtained using the
non-collimated source in singles

and these spectra would help us to study it. It is clear that the contribution of this
region to the spectrum presents only a slight change when vaing the sand thickness.
This fact hinders the possibility of using a non-collimated source and a counter detector
in methods which attempt to measure the thickness of materi#s. It would be necessary
to set thresholds on the counter used to avoid measuring cous in the Compton region,
and even with this condition some limitations on the method will arise as described
below.

For the double scattering region we have a contribution that looks almost constant
and that in both cases has a value around 7%. This behaviour igonsistent with the
explanation given before regarding this region: From Figue 4.13 we can notice that
the percentage contribution of the double scattering regim to the spectrum seems to
be independent of the soil thickness, thus it can be associatl with an e ect dependent
only on the detector, for example two scatterings inside it.

The contribution of the low angle scattering region in both cases has a value between
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Figure 4.12: Number of counts in each energy region as a function of soil ibkness
(spectroscopic analysis) for the case dry of sand. Part a) giws the result obtained using
time coincidences and part b) shows the result obtained usig the non-collimated source
in singles

5% and 7%. It increases for the rst soil layers and then it beomes almost constant.
This saturation thickness is approximately 8 cm. This behavour suggests that the
number of counts in this region arises because an e ect that Appens in the rst layers
of sand. This is also consistent with the explanation given lefore for this region as the
result of scattering in low angle in the sand. The Figure suggsts that the probability
of having this e ect for soil layers thicker that 8 cm is low, which is probably because
after this thickness photons scattered are more probably aborbed in the sand than
transmitted through it. As expected, the photopeak region decreases exponentially
and we can see again that at some point the contribution of thelow angle scattering
region and the double scattering region become more importa than the photopeak
contribution. This would be the liming factor for methods using non-collimated sources.
As discussed above, by using a proper threshold it is possiblto avoid the Compton
region, but the fact of having a thickness for which the photcelectric contribution is
not the most important would mean that the recorded counts will come from e ects
inside the detector and not from - soil interactions. By tting a horizontal line to the
double scattering region and a decreasing exponential to # photopeak region we can
nd the point at which both lines cross each other. This calculation was performed
for all the data without coincidences. By plotting this crossing value as a function of

density we obtain Figure 4.14. In a very good approximation the relation between this
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Figure 4.13: Contribution from each region to the total spectrum for the case of the

set-up with the non-collimated source as a function of soil hickness for the case of sand.
Part a) shows the result obtained using sand with 4.9% water ontent and part b) shows

the result obtained for sand at 2.8% water content

two parameters is linear. Thus, for each soil composition, e largest thickness value
we could measure with a non-collimated source would decreadinearly with density.
For the case of sand, the largest thickness that we could meage, which corresponds
to the ideal case of having null density would be 19 cm. Many aplications which use
transmission need to measure properties of materials of tiekkness up to 7 cm. For the
case of sand, the higher density value we would be able to mea® at this thickness
would be 1.78 g/cn?, which according to Figure 4.10, is a value that covers all the
possible water contents for sand. Nevertheless, if the thimess of sand under study is
10 cm, the highest measurable density would be 1.35 g/cf which would exclude the
possibility of determining sand properties for most water ontent values. For example,
in the case of dry sand, Figure4.10says that the minimum achievable density is around
1.47 g/lcm?®, thus measurements on this sample would have a higher contsution from
detector e ects than contributions from the photopeak region and it would not allow
us to draw conclusions about its properties.

As mentioned before, data taken in coincidences present arxponential behaviour
for the number of counts in all regions as a function of sand tickness. Figure4.11
b) and 4.12 b) show the results obtained for the case of sand. Results ohined in
coincidences for the case of farming soil are shown in Figuré.15 Part a) shows the

number of counts in each region as a function of soil thicknes for the case of dry
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Figure 4.14: Crossing point between the photopeak and the low angle scagtring region
as a function of density for sand. We can see that the crossindepth has a linear relation
Wlth wet -

soil, and part b) shows the same result for the case of 21.3(%) water content. For
farming soil the results are very similar to those obtained or the case of sand. The
number of counts for all regions present an exponential deease, and the low angle
scattering region seems to be constant for the last soil lays. It is to note that data
taken for farming soil presents a higher uncertainty on the ansity of each individual
layer. This is because the grain size of the particles compoy this soil is very small
and this makes porosity harder to control. Nevertheless, wean see again that having
coincidences between detectors is equivalent to have a cioflated source. In order to
study these spectra for both farming soil and sand, a decre@sy exponential was tted
to each region and the slope of the t or decrease coe cient ( T for the total count, ©
for the Compton region, P for the double scattering region and - for the low angle
region) was used to characterize the behaviour of the interity region. Although the low
angle region does not present a clear exponential tendencyhé t was also performed
to this region. This process was done for all the coincidensespectra. Table4.5 shows
the value obtained for the decrease coe cients of each regio for the water content
values measured for sand as well as the attenuation coe ciehobtained in Section 4.2
Table 4.6 shows the results obtained for the farming soil at the two wager contents
measured. From the Tables we can see that although very sindl, the values of the
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Figure 4.15: Number of counts in each energy region as a function of soil ihkness for
the case of farming soil in coincidences. Part a) shows the selt obtained for dry soil and
part b) shows the result obtained for 21.3(4)% water content

coe cients are dierent for each region. For the total numbe r of counts and for the
double scattering region the values are higher than for the ther regions, and clearly
the low angle scattering region present the lowest values fothis coe cient. For all
regions the value obtained is lower than the attenuation coecient of the photopeak
region. According to this fact, information about attenuation coe cient and thus
density of a sample calculated using the total number of couts detected will lead us to
results slightly di erent from those obtained taking into a ccount only the transmitted
counts. Nevertheless, this type of experimental set-up castill be used to measure soil
properties by doing a calibration that corrects the result obtained in order to achieve a
more accurate value. Actually, the same calibration procedre could be used in order to
obtain accurate results on the attenuation coe cient of any sample using the number
of counts in any region of the spectrum. Following the idea ofobtaining information
about the soil sample based on the total number of counts, orn general, from any
region of a transmission spectrum, we can recall that accordg to Section 2.3.1, for a
given material, the linear attenuation coe cient and the de nsity of the sample have a
linear relation with the mass attenuation coe cient as the slope of the line. Of course
we need to take into account that in this case the material is ot the same as the water
content is being modi ed. Nevertheless the value of mass a#@nuation coe cient of sand
does not present a considerable variation when modifying th water content present as

shown in Table 4.7. As the variation on |, is low compared to its value, we could use
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o T C ‘ D L
(%) (1/cm)

0.020(1) | 0.137(7) | 0.1121(6) | 0.1055(6) | 0.1157(8) | 0.0765(7)

0.020(1) | 0.127(6) | 0.1115(6) | 0.1126(6) | 0.1189(8) | 0.0900(8)
2.1(5) | 0.110(1) | 0.0922(5) | 0.0875(5) | 0.0946(7) | 0.0564(6)
2.8(3) | 0.097(9) | 0.0896(5) | 0.0869(5)| 0.0881(6) | 0.0632(6)
3.0(9) | 0.130(2) | 0.1055(7) | 0.1003(6) | 0.1100(9) | 0.0687(8)
3.2(7) | 0.61(4) | 0.058(2) | 0.057(2) | 0.058(2) | 0.054(3)
3.4(6) | 0.114(2) | 0.0943(5) | 0.0901(6) | 0.0955(8) | 0.0605(8)
4.9(7) | 0.114(3) | 0.1026(5) | 0.0990(5) | 0.1049(7) | 0.0791(7)
5.1(9) | 0.095(1) | 0.0797(4) | 0.0762(4) | 0.0817(6) | 0.0472(6)
5.1(4) | 0.139(5) | 0.1090(7) | 0.1040(6) | 0.1132(9) | 0.0710(8)
7.009) | 0.12(4) | 0.124(3) | 0.122(3) | 0.111(3) | 0.104(3)
8.2(9) | 0.111(2) | 0.0950(6) | 0.0905(5) | 0.0968(8) | 0.0606(7)
8.2(9) | 0.116(4) | 0.0989(6) | 0.0943(6) | 0.1001(8) | 0.0699(8)
10.7(6) | 0.110(2) | 0.0914(5) | 0.0866(5) | 0.0938(8) | 0.0546(7)
10.7(6) | 0.152(5) | 0.1133(6) | 0.1069(6) | 0.11923(9) | 0.0685(8)
13.7(4) | 0.140(6) | 0.1091(6) | 0.1040(6) | 0.11376(9) | 0.0717(8)
15.3(9) | 0.117(2) | 0.0972(6) | 0.0923(5) | 0.09981(8) | 0.0600(8)
15.3(9) | 0.153(5) | 0.1190(7) | 0.1127(6) | 0.125(1) | 0.0800(9)

Table 4.5: Decrease coe cients obtained by tting a decreasing exponatial to the number
of counts in the di erent regions as a function of soil thickness. In all cases the error is
reportes in parenthesis. The rst column shows the water cotent of each sample and the
second column represents the attenuation coe cient (see Tale 4.3).

the mean value to characterize the mass attenuation coe ciet for sand and in this
case, the behaviour of as a function of e should be linear. By using the same
concept we can say that if data from any region of the spectrumis suitable to obtain
information about the sample, the relation between the decease coe cient ( ) and the
density ( wet) should be linear. Figure4.16 a) shows T as a function of soil density.
The uncertainty reported on the decrease coe cient is the sttistical one. Although
density values have a high uncertainty, and data seems to beigpersed, a linear tis
possible. The solid line in the Figure is the t of the data to a line. Figure 4.16 b)

shows the same result for the case of the counts in the Comptoregion. Again, data
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4. TRANSMISSION RESULTS

m

(%) (1/cm)

0.1(1) | 0.81(2) | 0.0867(5) | 0.0845(5) | 0.0841(8) | 0.0508(7)
21.3(4) | 0.072(1) | 0.0600(4) | 0.0579(4) | 0.0600(6) | 0.0326(7)

Table 4.6: Decrease coe cients obtained by tting a decreasing exponatial to the number
of counts in the di erent regions as a function of soil thickness. The rst column shows
the water content of each set of experiments (see Tablé.4).

| (%) | m (cm?/g) |

0.00 0.8866
5.0 0.870
10.0 0.875
15.0 0.880
20.0 0.885
25.0 0.889

Table 4.7: Mass attenuation coe cient of sand for di erent water conte nt values. Al-
though there is a change on the values, as a rst approximatio we can consider that the
mass attenuation coe cient is a constant. Data taken from th e NIST database (32).

is dispersed, but the linear t describes well the tendency 6 the plot. In both cases,
deviation from the line can be due to inhomogeneities of the and layers placed on the
container, that at this point have been propagated to obtain new results two times, or
to the dependence on the water content of the mass decreaseecoient.

Figure 4.17 a) shows the variation of the Decrease coe cient with density for the
case of the number of counts on the double scattering regionHere, we have the same
results as previously described. Figurel.17b) shows the result obtained for the low an-
gle scattering region. In this case the data is scattered ma than in the previous cases,
although, again, a linear t represents very well the functional dependence. The large
uctuations arise from the fact seen in Figures 4.11, 4.12and 4.15, where it is clear that
the low angle intensity does not behave exponentially at thelargest thicknesses. This
experimental feature introduces unknown uncertainties inthe exponential slope tted.
Information on this region comes only from the rst soil layers, thus the exponential t
should be done only on the exponential region and the thickngs at which information
can be extracted from this region limited, unlike using the dher regions.
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Figure 4.16: Decrease coe cient for a) the total number of counts and b) the number of
counts in the Compton region as a function of density.
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Figure 4.17: Decrease coe cient for a) the counts in the double scatterirg region b) the
number of counts in the low angle region as a function of densi.

As discussed above, the slope of the linear t made to the De@ase coe cient as a
function of density of the sample should be related to the mas attenuation coe cient.
In this case, to make the dierence between this slope and theobtained using the
photopeak intensity, we will call mass decrease coe cientthe ratio

m = "= wet; 4.1)

with r meaning any or the regions. Figure4.18 shows a comparison between the values
for this coe cient obtained for data on the four regions of th e spectrum. We can see that
for the total counts, the Compton region and the double scatering region the value of
the coe cient lies between 0.05 and 0.06 crd/g. As seen in Table4.7, the average of the

63



4. TRANSMISSION RESULTS

0.06

m (cm?/g)

0.04

0.03

0.02

0.01

Total | [Compton] [_Double ] [Lowangle]_

Figure 4.18: Bar chart of the mass Decrease coe cient for obtained as the wpe of
Figures4.16y 4.17.

mass attenuation coe cient for sand at di erent water conte nts according to the NIST
database is 0.08 crfig, thus the value obtained with the other regions is always bwer.
The relation between the expected value for the material andthe one obtained by the
linear t would give us the calibration factor for the experi ment. Again, the low angle
scattering region presents higher deviations from the expeed value, although it could
be possible to use a calibration factor even in this region tobtain valid information

about the sample.
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CHAPTERD

BACKSCATTERING RESULTS

Spectra of backscattering of 511 keV -rays were obtained as explained in Chaptel3.
The experimental set up for this case involves having the twaletectors in the same side
of the sample (see Figure3.3). As mentioned before, a lead wall is placed between the
HPGe detector and the radioactive source in order to avoid canting photons which did
not interact with the soil. For this case all the data was obtained using coincidences.
As for transmission, the rst step in the analysis of the spedra is to divide it in energy
regions and study how the number of counts in each region chayes when soil thickness
and water content are modi ed. Figure 5.1 shows the backscattering spectrum for the
case of having a 2 cm sand layer. We can de ne three di erent eargy regions. From
0 to 171.0 keV we have themultiple scattering region, from 171.0 keV to 255.5 keV we
have the single backscattering regiorand beyond this energy we have thd@ransmission
region. For these experiments, one of the annihilation 511.0 keV -rays can go to the
soil, interact with it and then be scattered in the direction of the detector. According
to equation (2.2), the energy of photons that undergo single Compton scatteing in
the soil in angles between=2 and , thus backscattered, lies between 171.0 keV and
255.5 keV. This is the so-called Single backscattering regn. If, after the rst scattering
the photon interacts with the soil again, the scattered photon will arrive to the detector
with energy lower that 170.0 keV. This is the multiple scattering region. In this region
we will also have counts coming from accidental coincidencseand electronic noise.
Finally, we need to consider counts with energy higher than 85.5 keV. The main
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Figure 5.1: Spectrum of backscattering of radiation in soil. We can de ne three re-
gions: From 0 keV to 171.0 keV we have the multiple scatteringregion, from 171.0 keV
to 255.5 keV the single backscattering region and from 255.keV to 1300.0 keV the trans-
mission region.

reason to have counts in this energy range is that, as menticed before, the radioactive
source emits a 1274.5 keV -ray which has a high probability of going through the
lead and reach the detector without having any interaction with the soil. This is what

we call the transmission region. As photons being transmited through the lead can
also lose some of its energy and then go to the detector, therwill be counts on the
other energy regions originating in this photons. Neverthdess, as we will show later,
the contribution of photons scattered in the soil is higher that this transmission e ect.

For the total number of counts in the spectra, counts were adeéd up to 1300.0 keV.

Table 5.1 summarized the energy regions described above.

Region name Energy range (keV) ‘
Multiple scattering 0 1700
Single backscattering 17060 2555
Transmission 2555 13000

Table 5.1: Summary of the energy regions de ned for the backscatteringspectra.

Next Sections describe the spectroscopic analysis of the sptrum regions, with
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5.1 Spectroscopic analysis

particular emphasis on the highest depth from which we can otain information with
this backscattering method. After that a comparison betwea the counts obtained and
a theoretical model described in Sectior2.3.2is presented.

5.1 Spectroscopic analysis

As a rst step, we analyze the case of sand at di erent thickness for each water content
value. Figure 5.2 a) shows this result for dry sand at 1.58(8) g/cn? density while part b)
shows the same result for sand at 15.3% water content and 1.7@) g/cm 3 density . In

m =0:02(1)% wet =1:58(8) g/em 3 Total counts m =15:3(9)% wet = 1:74(6) glcm 3 Total counts
" — Multiple r — Multiple
2 ra — Single 2| b) — Single
3 — Transmission 3 r — Transmission
r o
O ) e O N B —
" 7 10 -
10°[C L o
7AAlAAAlAAAlAAAlAAAlAAAlAAAlAAAlAAAlA e e e b b b b b
2 4 6 8 10 12 14 16 18 4 6 8 10 12 14. 16
Thickness (cm) Thickness (cm)
Figure 5.2: Number of counts in each region for a) dry sand and b) sand at 13% water
content.

rst place we can see that number of counts is around 16. Taking into account that

these spectra were obtained in a 30 min measurement while theansmission spectra
analyzed in Chapter 4 were obtained within 15 min, we can see that the statistics in
backscattering is almost one half than the one obtained for tansmission. It means that
the total measurement time, even having coincidences, for dickscattering experiments
is twice the one needed for transmission experiments. We caalso see that the total

number of counts increases as soil thickness increases. Wtugh for the rst soil layers

the increment is high, after some point the number of counts m the region seems to be
constant. For the single backscattering region the behaviar of the number of counts is
very similar in both parts of Figure 5.2 as well as for the multiple scattering region. For
the case of the transmission region we can see that the thiclass at which the number

of counts becomes constant happens at a lower value of soilittkness than for the other
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5. BACKSCATTERING RESULTS

energy regions. We can use this fact to de ne aaturation depth for each region, that
will be studied in next section. Another fact we can see from kgure 5.2 is that the
transmission region, in spite of the description of the couts in this region in terms of
photons which are transmitted through the lead without inte racting in the soil, has a
dependence on soil thickness for the rst layers.

Figure 5.3 a) shows the number of counts in each region as a function of gdhick-
ness for the case of sand aty, = 2.1% and e = 1.27(1) g/cm 3 density, and Fig-
ure 5.3 b) shows the same result for the case of sand at,, = 3.4% water content and

wet=1.31(2) g/cm 3. It is clear that the behavior in both the cases is very simila. The

m =2:105)% wet =1:27(1) glcm 3 Total counts m =3:4(6)% wet =1:31(2) glcm 3 Total counts
o F —— Multiple C — Multiple
2 |a — Single 2| b) — Single
3T — Transmission 3 r — Transmission
o
@) JE—— O I —
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¥
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Q
>
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2 2 6 8 10 12 14 16 18 2 2 6 8 10 12 14 16 18
Thickness (cm) Thickness (cm)

Figure 5.3: Number of counts in each region for a) sand at 2.1% water cont& and b) sand
at 3.0% water content.

results obtained for the farming soil are shown in Figure5.4.

m =0:1(1)% wet =0:9(2) glem 3 Total counts m =21:34)% wet =0:81(1) glcm 3 Total counts
w F —— Multiple 5 —— Multiple

2 19 — Single 2 b) — Single

3 — Transmission | 3 — Transmission
© o

N
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Figure 5.4: Number of counts in each region for a) dry farming soil and b) &rming soil
at 21.3(4)% water content.
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5.1 Spectroscopic analysis

In rst place let us study the behaviour of the number of counts in the transmission
region. According to the initial description of the counts in this region, we expected
them to be constant, i.e. independent on the soil thicknessA possible explanation on
the dependence observed in the spectra is that because of tlasence of collimation on
the source some of the photons that are emitted can reach theod and be scattered in
angles lower than = 2 and still reach the detector. This e ect is visible both for farming
soil and for sand. Figure5.5 shows an example of this situation. A -ray emitted by

Photon scattered with =2

Ge detector

Plastic
Detector”

Figure 5.5: Example of the possibility of having photons scattered in argles lower that
=2 in a backscattering spectrum. Since the source is not coitiated, photons emitted in
large angles from the source can interact in the sand and re&cthe detector after being
scattered in an angle lower than = 2 from its incident direction.

the source can interact in the rst layers of soil and be scatered in an angle lower
than =2 and still be scattered in the direction of the detector. From the Figure it is
clear that this e ect is a result of using a non-collimated sairce and, unlike the case
of transmission, this e ect is not avoided by using coincidences. We can also see that
the e ect only has some probability of occurring in the rst | ayers of soil, as photons
interacting in angles lower than =2 in a deeper layer, are necessarily scattered in a
direction that do not correspond to the position of the detedor. This explanation is
consistent with the results obtained, as we can see from Figes 5.2 and 5.3 that after
few centimeters of soil this contribution becomes constant This explains the fact of
having more counts if this region than in the single backscakering region for the rst
centimeters of soil: It is clear that for the rst soil layers, the angle at which radiation
needs to be scattered in order to reach the detector is lowerrcclose to = 2, as the soil
thickness increases, there is a higher probability of reachg the detector after being
scattered in an angle between=2 and . Since the scattering probability both in
forward and backward angles depends on the sample compositi, in particular on its
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5. BACKSCATTERING RESULTS

atomic number, it could be possible to study properties of the rst layer of soil by
taking into account only the counts on the transmission regon, and study deeper soil
layer with other regions of the backscattering spectrum.

The most important question for all methods involving  backscattering is the
maximum depth from which it is possible to extract informati on of the soil. This is

related to the saturation depth of the regions and is discussd in next section.

5.2 Saturation depth

The highest depth from which we can obtain information about the soil is limited by
the saturation of the number of counts in each region of the spctrum as seen in the
previous Section. According to Section2.3.2 this depth depends on the electronic
density of the sample, therefore it can also be related to itsdensity and the water
content. In order to obtain an estimation of how deep we can masure, a experimental
saturation depth was de ned for all regions. This was done byassuming that the
highest number of counts achievable in a region correspond® the number of counts
obtained in the thicker layer measured, and searching for tle depth where 90% of this
total number of counts was reached. Since there is experiméal data available only for
discrete values of the depth, a linear approximation was assned between each pair of
adjacent experimental points to be able to de ne more precigly the saturation depth.

In rst place, let us study the saturation depth of the transm ission region. Figure5.6
shows the saturation value of the transmission region as a fiction of density, water
content and electronic density. We can see from this Figure hat most points are
between 3.6 and 4.6 cm. This fact is in agreement with the exp@lnation for the origin
of the transmission region: These counts are coming from e@s of single scattering in
forward angles produced in the rst soil layers and is an e ed of using a non-collimated
source. We can also see that there seems to be no clear functa dependence of the
saturation depth with any of the three parameters. This fact will be discussed later.

If we look now at the saturation depths for the single scatteed photons we obtain
Figure 5.7. For the single scattered photons we can see that the satur&in depths
are between 7.5 cm and 9 cm. Again, the saturation depth seemt® have no clear

dependence on any of the three parameters.
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5.2 Saturation depth

Figure 5.8 shows the saturation value of the total number of counts. Thesame result
for the case of multiple scattered photons is shown in Figuré.9. The saturation value
for the multiple scattered photons region varies between 9 m and 10.5 cm. Just as
in Figures 5.6 and 5.7, there seems to be no functional dependence of the saturatio
depth on any of the three parameters. For the case of the totahumber of counts, most
points are in the range between 8 cm and 10 cm.

The fact of having no clear dependence between the saturatio depth for the re-
gions and the density, the water content and the electronic @nsity may be due to two
facts. In rst place, the way we choose to de ne the saturation values assumes a linear
relation between adjacent data points, an approximation that may distort the results
obtained. Second, it is necessary to consider the possilii that the saturation value
is independent of these properties, and depends only on theample composition. Al-
though the theory presented in Chapter?2 indicate that the number of scattered counts,
and thus the saturation depth, depends on the electronic desity and on  (which in
turn depends on the density and water content), we need to reall that this theory as-
sumes as a collimated source, which is not the case for thesgperimental data. Thus,
we can have an rst approximation on the saturation depth of each region by making
an average of the data obtained. Table5.2 shows this mean values for each of the
regions of the spectrum both for sand and for farming soil. Inall cases, the reported
error corresponds to the standard deviation of the data. Thevalues reported in the

) Saturation depth (cm)

Region - -

Sand ‘ Farming soll
Transmission 4.0(4) 3.9(1)
Total counts 8.7(7) 10.5(3)
Single backscattering | 8.3(6) 10.4(2)
Multiple scattering 9.9(6) 12.2(9)

Table 5.2: Mean value of the saturation depth for each region of the specum. Results
are presented both for sand and for farming soil.

Table give us an estimate on how deep we can measure when takirinto account the
number of counts in each region. For example, the Table indiates that the deepest
we can go with methods that use only single backscattered ptons in sand is approx-

imately 8.3 cm. As discussed in Chapterl, a device interested mainly in the single
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backscattered photons is the Compton Camera, which allows sito obtain images from
the subsoil. Taking into account the values reported in the table, we can conclude that
this method is useful to obtain images of objects buried to a mximum depth of 8.3 cm.
It would be possible to obtain information of deeper soil layers, but it will imply to
increase the measurement time and to perform image analysis order to subtract the
counts from upper layers and to remove the contribution of mdtiple scattered photons.
For the case of farming soil, the saturation value of single hckscattered photons is
around 10 cm, indicating the possibility of obtaining images of deeper layers in this
type of soil. As mentioned before, sand and silty loam soilsan, in good approxima-
tion, represent most of the Colombian soil types, thus this esult is a starting point to
evaluate the possibilities of using this device for eld appications.

From the Table 5.2 we can also see that methods using multiple scattered photan
would \see" soil layers up to 10 cm in sand and 12 cm in farming ail, thus making them
more suitable if dealing with thicker samples or looking forobjects buried in deeper
soil layers. In both cases the contribution of the transmisgn region is perceptible for
the rst 4 cm of soil. This means that methods intended to analyze soil layers of this
thickness need to take into account this contribution and the possibility of obtaining
soil properties from it. From the Table we can also conclude hat the silty loam saill
used in combination with  backscattering allows us to study deeper soil layers than
sand.
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Figure 5.6: Saturation depth for the number of counts in the transmissian region as
function of a) soil density, b) soil water content and c) soil electronic density.
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Figure 5.7:
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Figure 5.8: Saturation depth for the total number of counts as function of a) soil density,
b) soil water content and c) soil electronic density.
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Multiple scattering region
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Figure 5.9: Saturation depth for the multiple backscattered counts as finction of a) soil
density, b) soil water content and c) soil electronic densiy.
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5.3 Theoretical model

5.3 Theoretical model

In Section 2.3.2, a theoretical model to calculate the number of photons scédered by
each volume elementV on the path of the incident beam was presented. Although this
model was developed for a collimated source, it is possibl@tuse it in order to analyze
the backscattering of radiation in the soil. As a rst step, we modi ed equation (2.6),
to obtain the derivative of the number of counts coming from each volume element as

a function of the depth z. By doing this, we obtain

Z Z
s _ Noexp dl da A exp Mg + W

= (5.1)

where A is the cross section of the incident beam. The expression abe is still very
di cult to handle, but by making some additional assumption s it is possible to simplify
it and use it to t the data obtained using coincidences. The main assumptions of the
modi ed model are:

1. The medium under study has a uniform density and compositn, i.e. it is homo-

geneous.
2. The multiple scattering contribution is negligible.

3. 9 the mass attenuation coe cient of the beam going out of the il is independent

of z.

The rst assumption is very reasonable in our case, as the sbivas carefully prepared
(as described in section3.3). Although there are some inhomogeneities between layers
as described for the transmission results (sectiod.2), as a rst approximation this can
be assumed. Regarding the second assumption, we can see thlaé division in energy
regions performed allows us to choose, in rst approximatia, the counts coming from
single backscattering on the soil, thus this second assumfun is also reasonable. The
third assumption, about the independence of © of the scattering depth is the hardest
to be matched with the experimental situation. As seen in Chater 2 the attenuation
coe cient in a given material depends on the energy of photors. At the same time,
the energy of the backscattered photon depends on the scattimg angle. In equation
(5.2), this angle is the one formed between the detector middle piat and the volume
element, thus it depends on the depth. For this reason it is nb strictly valid to say
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5. BACKSCATTERING RESULTS

that Cis independent of z; nevertheless we will use it in order to be able to t the
equation to the data. By using the three assumptions mentiored above, equation 5.1)

can be written as

o P

ds d Py an=ra

= Np— Ae Wet(mZ m Z+d); 52

dz Od e ( )
where Om = & et is the mass attenuation coe cient of the beam going out of the

soil and d is the distance between the source and the detector. In thisdtter equation,
the known parameters are wet, m and d. Experimentally the derivative was obtained
by tting a third order polynomial to subsets of 5 points and c alculating the derivative
of the tin the central point. Equation ( 5.2) was tted to this data. On the process

two parameters were tted: The rst parameter, named a, corresponds to

a= Noj— oA; (5.3)

and the second was §,. Figure 5.10 shows the results obtained for three di erent sets
of data with the same water content and density. As electront density depends both on
the water content and on the wet density of the sample, we can lotain the same value
for this parameter using di erent combinations of , and et. The points correspond

el c (1% cm 3) [+ 48(2)
E +3.82(5)
N [ +4.8(2)
T oL

(%]

oS L

10% [

. I . . T PRI RIS S
4 6 8 10 12 14
Thickness (cm)

Figure 5.10: Derivative of the number of single backscattered counts as &nction of soil
thickness. The lines represent the t of equation (.1) to the data.

to the experimental derivative of the number of counts in the single backscattering
region and the solid lines are the ts of equation 6.2) to each set of data. We can
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5.3 Theoretical model

see that the assumptions may make sense since there is a goagteement between the
data and the t. In all cases data corresponding to the thicker layers present the higher
deviations from the t. This tting precess was performed for 13 sets of data. Taking
into account that the dependence of J on energy in reality is not negligible, we can
say that this model is a very good approximation.

Figure 5.11 shows the histogram of frequencies of the value obtained for?, in all

the ts. The mean value of the distribution results to be $, = 0:149(7) cn?/g, a value

>
O
c a0
o r
3 F
D35 /\
T
3.0—
25—
2.0
1sE- Mean=0.149(7) (cm2/g)
- Total entries=13 \
o e ST
010 011 012 013 014 015 016 017 018" 019 020
m (cm*/g)

Figure 5.11: Histogram of frequencies of the value obtained for 9, in all the ts per-
formed. Its mean value is 0.149(7) crfVg, which is in agreement with the order of magni-
tude of this coe cient

that is in agreement with the order of magnitude of the mass atenuation coe cient
of the beam going out of the soil. This value correspond to themass attenuation
coe cient of approximately 170 keV photon, which in turn mea ns that it corresponds

toa rad scattering angle, which is a value that makes sense withi the model.

Regarding the a parameter, we can try to obtain information about soil di er ences
by calculating the ratio between the a value obtained for two di erent sets of data.
From equation (5.3) we can see that this ratio depends only on the electronic desity
of the samples. Thus, we can compare the values obtained by dding the results
of the parameter for two di erent experiments with the ratio between the electronic

densities calculated from equation 2.1) for the same experiments. Figure5.12 shows
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5. BACKSCATTERING RESULTS

a comparison between these results. Part a) shows the valued

e(1)
e(2)

both for the experimental and the theoretical values, and pat b) shows the di erence

between each pair of values, i. e.

e(1) (1)
9(2) exp 9(2) theol

where the numbers in parenthesis indicates that the ratio isperformed for data obtained

Di erence =

in two di erent experiment. It is to note that as the comparis on is made between the
t performed for two di erent sets of data, the 13 ts made all ow us to obtain 78 values
to compare for the electronic densities ratio. The error bas of the data calculated from

—+ From t
—Calculated

Di erence

| T ||

i rw LRy T
Loy b b s e b | | L L

0 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Experiment number Experiment number

=

E—
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o

Figure 5.12: Ratio of the parameter a obtained from the t and the electronic densities
ration. Part a) shows a comparison between the values obtaied and part b) shows the
di erences between those values for each experiment

the t are larger because of the error propagation in all the derivation process. We can
see that although di erent, the values have the same tendeng. From the di erence we
can see that in most cases the value obtained by dividing the parameter of the tis
larger than the one calculated with equation @.1). In order to obtain an estimated for
the di erence between the two results, the percentage di elence is calculated. Figure
5.13 shows the histogram of the absolute value of this di erence.From this Figure we
can see that the di erence between the values can be as big a®%, nevertheless the
mean value of the distribution is around 36% and its mode is aound 20% di erence. In
spite of the di erence between the theoretical and the tted values, the model results
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Figure 5.13: Histogram of the absolute value of the percentage di erencebetween the
tted and the calculated value of the ratio of the a parameter for di erent experiments.
The mean value of the percentage di erence is 36%

very accurate when considering that assumptions on the modewere very strong. It is
possible that by means of a re nement of the model and numerial approximations, a
more accurate value for this relation can be obtained.
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CHAPTERD

CONCLUSIONS

6.1 Transmission conclusions

The comparison of the experiments performed with collimate and non-collimated
sources showed that the use of two detectors connected in cmidences is compa
rable to have a collimated source, with the advantage of impoving statistics on

the spectrum (Figures 4.2 and 4.3).

The attenuation coe cient of sand at di erent water content s both in singles
and in coincidences was found. Figured.7 shows that the results obtained in
both cases are very similar, thus the wet density of a samplean be found with
devices using collimated or non-collimated sources. Figes4.8 and 4.9 show that
the mass over volume value of the density is over-estimatedni comparison with

values obtained using transmission.

The samples measured presented a porosity value higher thaihe achieved using
the Proctor test. It can be seen in Figure4.10that density, and therefore porosity,
is a value dicult to control and to keep constant. This is als o clear from the

outlier points in Figures 4.12

Spectroscopic analysis of the transmission spectra showetthat in the case of

coincidences spectra, the number of counts in each energygien as a function of
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6.2

thickness present an exponential decrease except for theWloangle region, while

for the singles spectrum the counts increase in the rst 4 cm ad then decreases.

For the singles spectrum, it was found that above certain thtkness value, the
contribution to the total spectrum from the photopeak becomes lower that the
contribution of low angle and multiple scattering. This thi ckness de nes the limit
up to which methods using non-collimated sources can deliveright values. For

the case of sand, a linear relation was found between the wetammsity of the sample
and the crossing thickness.

For the coincidences spectra, a decrease coe cient was fowhfor the intensity in
each de ned spectroscopic region. The relation between tlsi coe cient and the
density of the sample can be tted by a straight line. This allows us to de ne the
slope of this line as a mass decrease coe cient.

The mass decrease coe cient for the total number of counts wa 0.056(1) cnf/g,
for the Compton region it was 0.052(1) cnf/g, for the double scattering region it
was 0.061(1) cnd/g and for the low angle scattering region it was 0.043(1) crd/g.
Although di erent from the mean mass attenuation coe cient for sand at di erent
water contents, this results show the possibility of perfoming calibrations that

lead us to correct results on the density of the sample.

Backscattering conclusions

As shown in Figures5.2 and 5.3, the number of counts in each region of a backscat-
tering spectrum increases as a function of soil thickness. fie transmission region
only presents variation with z in layers up to 4 cm. This fact can be explained
by taking into account that as the source is not collimated, sme photons can be
scattered by the rst layers in forward angles and still reach the HPGe as shown
on Figure 5.5. After 4 cm this contribution becomes constant and it the lowest

on the spectrum.

The saturation depth of the other regions presents a variaton with the wet den-
sity, the water content and the electronic density of the sanple, although no clear

functional form can be assigned.
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6.2 Backscattering conclusions

The saturation depth in sand for the total number of backscatered counts is
8.7(7) cm, for the single backscattering region is 8.3(6) cnand for the multiple
scattering region is 9.9(9) cm.

For the case of the silty loam soil, the saturation depth for the total number of
counts is 10.5(3) cm, for the single backscattering regionsi 10.4(1) cm and for
the multiple scattering region is of 12.2(9) cm.

Methods as the Compton Camera, described in Chapterd, that are based on
single backscattered photons are useful for depths compalée to the saturation
value of the single backscattering region, while methods tht use the total number
of counts or the multiple scattered counts are able to obtaininformation about
deeper soil layer (in the order of the saturation depth of thetotal number of
counts or the multiple scattering region).

As shown in Figure 5.10 by means of some approximations, it was possible to
t the derivative of the single backscattering counts by a theoretical functional
form. The parameters obtained in the t gives us information about soil physical
properties: The average mass attenuation coe cient of the beam going out of the
soil and the ratio between the electronic density of di erert samples.

According to Figure 5.11, the mean value for °given by the tis 0.149(7) cm?/g.
This corresponds to radiation backscattered with an energyof approximately
170.0 keV, or with an angle of . The value for {, corresponds to the order of

magnitude and can be considered a good approximation.

The ratio between electronic densities for the di erent sanples, present an av-
erage di erence with the calculated value of 35%. Once againconsidering the
approximations made we can consider this as a good result. 'Kng into account
the good results obtained with the simpli ed theoretical model we can expect to
obtain better results by improving it.

The applicability of transmission and backscattering methods for characteriza-
tion of materials as well as for nding buried objects can be mproved by doing

an spectroscopic analysis of spectra obtained in laboratgrconditions where it is
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possible to have a better control of the di erent parameters and therefore char-
acterize their in uence on the results.
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