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Abstract 

INVESTIGATION OF KeV BETA PARTICLE TRANSPORTATION IN MATTER 

 

Bright Chukwudi Izudike, MS 

 

The University of Texas at Arlington, 2015 

 

 

Supervising professor: Jin Mingwu  

Nuclear imaging is widely used in medicine for more accurate diagnoses and 

more effective treatment for cancer. Current emission tomography techniques used in 

clinics may not efficiently detect cancer at a very early stage partly because of the weak 

signals from small tumors. Portable nuclear imaging devices can more effectively reveal 

these small tumors in a close proximity for complete malignant tissue destruction. With 

the advance of detector technology in high energy physics, the detection of beta particles 

(positron and electron) from clinical/pre-clinical radiotracers, such as those labeled with 

Cu-64, may open a new avenue for image-guided treatment of cancer.  

In this research we use a high energy particle transportation Monte Carlo 

simulation toolkit (Geometry And Tracking – 4: Geant4) to simulate Beta particles 

propagating through matter. To demonstrate how beta particles with the energy of interest 

transport in human soft tissues and interact with materials used in a gas electron 

multiplier detector, we simulate electrons and positrons with the energy spectrum of 

64Cu (half-life of 12.7 hours; 17.8% β+ decay with the maximum energy of 0.653 MeV; 
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and 38.4% β− decay with the maximum energy of 0.579 MeV) traveling through water 

(mimicking human soft tissues) and four other materials (air, iron, kapton, and 

beryllium).  

We summarized the profiles of beta particles tracks, ionization patterns, and path 

lengths a electron beam at 579 KeV and a positrons beam at 653 KeV propagating 

through aforementioned materials. Tracks of these particles were collected in a step size 

of 0.05 mm in our simulation with the beam source located at the center of a 1cm x 1cm x 

1cm cube full of one type of material. The ranges of beta particles in these materials were 

also summarized. The beta particles emitted from Cu-64 have a long range in air and are 

only able to penetrate 1-2 mm of water. Kapton is a better material for detector window 

than iron or beryllium in terms of less attenuation of the beta particles. This study 

provided the preliminary data to guide the next step of development of a portable nuclear 

imaging device and imaging experiments.  
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Chapter 1 

Introduction  

 Nuclear medicine is a branch of medical physics that involves the administration 

of specific radiophamaceuticals (or “radiotracer”) to patients for diagnostic and 

therapeutic purposes. The radiotracer can follow physiological, metabolic, and molecular 

pathways to accumulate and retain in the target tissues during the course of diagnostic 

imaging or treatment. As a therapeutic tool, radiophamaceuticals emitting short-range 

ionizing radiation are used for targeted treatment while minimizing the damage to healthy 

tissues. While in diagnosis, gamma and positron (generating a pair of 511 KeV gamma 

photons by annihilating with an electron) emitters with strong penetration capability are 

usually used for external detectors to interrogate the three-dimensional radiotracer 

distribution inside the patient. Yet, portable imaging devices are also developed to detect 

or image short-range radiation, such as beta particles, for  image-guided interventions. 

Nuclear imaging is a functional imaging modality with very high sensitivity to molecular 

events in the body, which could identify abnormalities at a much earlier stage of a disease 

than structural imaging, such as X-ray computed tomography (CT).  

 In nuclear imaging, a typical examination or procedure would involve the 

introduction of a trace amount of radiopharmaceuticals into the body by injection, 

swallowing, or inhalation, which can be sufficiently detected by the external detector 

while keeping radiation exposure to the patient under the safety limit. A 

radiopharmaceutical is composed of a biologically active compound that acts as a vehicle 

targeting a specific molecular event in the body and a radioisotope serving as a reporter 
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to be detected externally. Once the radiotracer reaches high uptake in the target site and 

clears out of the uninterested regions, special detectors are then used to detect radiation 

emitted by the radioisotope in the radiopharmaceutical, with spatial location (and 

temporal) information. Images can then be produced by using different modalities, such 

as Scintigraphy, Positron Emission Tomography (PET) and Single Positron Emission 

Tomography (SPECT).  

 PET, is a functional medical imaging technique that can be used to image 

biochemical or physiological processes within the body. Such images can be acquired by 

imaging the decay of radio isotopes bound to molecules with known biological properties 

[1]. PET scanners, for example, rely on radioisotopes, which decay via beta plus decay 

releasing a positron. The positron annihilates with a nearby electron to produce two 511 

KeV  γ rays (almost) back to back. A detector ring surrounding the patient could detect 

the photon pair arriving coincidentally at opposite sides of the detectors. The advent of 

tomographic reconstruction methods and the development of detector technologies,  has 

made it possible to generate images from the detection of the two 511 KeV photons. Such 

images provide us with enough information  and thus make it possible to follow the 

dynamics of the tracers in the body with high sensitivity [2,3]. PET is usually performed 

for cancer diagnosis, staging, and prognosis using glucose analogue, fluorine-18 labeled 

fluorodeoxyglucose (18F-FDG). Because cancerous cells are more metabolically active 

and divide more rapidly than normal cells, radiopharmaceuticals targeting glucose 

metabolism are effective to detect cancerous tumors. Since changes in metabolic 

activities could characterize cancer progression better than anatomical imaging, 18F-FDG 
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PET is widely used for cancer imaging.  

 SPECT uses one to three gamma cameras which rotate around the patient to 

detect gamma photons emitted from a gamma emitter. The radioisotopes used in SPECT 

usually are easier to make and have longer half lives than those used in PET scans. Each 

decay emits one γ photon, whose direction can be determined by using a collimator.  

 PET and SPECT are limited by a lack of anatomical details. The integration of 

PET and SPECT with CT or magnetic resonance imaging (MRI) . However, the low 

resolution and bulky size of these scanners are not suitable to detect small tumors (in mm 

size) in an operation room.  

 Gamma (γ) and beta (β) portable detectors or imaging devices (“cameras”) have 

been pursued since the 1950s for intraoperative localization of tumors [4-5], because a 

completeness of the removal of the tumor tissue is critical for the survival of the patient 

[6-8]. They can detect gamma or beta rays in the close proximity of the radio-labeled 

tumor, which allows the maximum removal of the malignant tissue while sparing normal 

tissues for the best trade-off of the patient survival and the quality of life. While the great 

penetration of γ photons is essential for tomography, this property is disadvantageous for 

a portable device due to the necessity of heavy metal shielding and collimation, which 

limit sensitivity, resolution and maneuverability of the probe. More importantly, the γ 

rays emitted from the tumor site are difficult to be discriminated from those from normal 

organs, for example metabolic active liver or bladder when using 18F-FDG, since the 

portable imaging probes generally are not capable of resolving the 3D tracer distribution. 

Indeed, the γ probes usually use low energy γ emitters (less than 200 KeV) than that used 
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in PET (511 KeV from positron annihilation). As an alternative, beta cameras have been 

pursued for smaller size and less interference [9-12] since beta particles (β+: positron and 

β-: electron) interact continuously with tissues and detector materials and result in a short 

travel distance [13]. This short range provides a natural shielding and collimation 

mechanism that can be exploited to develop miniature devices for in situ or subcutaneous 

imaging. In this work, we aim to study the transportation of beta particles in matter (air 

and water, where the latter mimics the human soft tissue) through theoretical analysis and 

Monte Carlo simulations. This study will lay a foundation for the development of high-

sensitivity beta detectors, which can be valuable for image-guided therapies of cancer.  

 

1.1   Radiotracer  

 Radiotracers (radiopharmaceuticals) are combinations of a drug or a biologically 

active compound which acts as a vehicle for targeted delivery and a radioisotope for 

localization purposes. The use of radiotracers in nuclear imaging is a non-invasive 

method for accessing cellular functions, which involves identifying useful biomarkers, 

specific characteristics of a disease, or biochemical processes that need be measured. 

Some general properties of a radiotracer are :  

 The effective half life of the radiopharmaceutical should be appropriate to serve 

the imaging purpose and to lessen radiation exposure of the patient. Thus if tel is 

the effective half life , tbl is the biological half life and tpl is the physical half life, 

then  
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                                                                                                                                     (1.1) 

 The resulting emission of either γ or beta from the radionuclide should have the 

proper energy for the detector (e.g. 511 keV for PET and between 100-250 keV 

for other γ camera imaging devices). 

  A high probability of emissions per decay, that is, a sufficient abundance of the 

signal to be detected.  

  A high target to non-target ratio . This helps eliminate most of the background 

signal and provide more details of the target site. Otherwise it will be almost 

impossible to distinguish the actual pathology from the background, especially in 

therapeutic procedures, in order to prevent the patient from excessive radiation 

dose.  

 The radiopharmaceutical should be easily compounded and free of any 

physiological effect uninterested.  

 The radiolableling should not be affected by the carrier pharmaceutical as this 

could affect the biodistribution or the compound.  

 There are several radiotracers used in nuclear imaging today which are 

specifically chosen to fit both the patient and the test in question. We will focus on two 

specific radioisotopes F-18 and Cu-64, which are very important and desirable 

constituents of a vast majority of radiopharmaceuticals today.  

 64
Cu (T ½ = 12.7 hours; β+, 0.653 MeV [17.8 %]; β−, 0.579 MeV [38.4 %]) is 
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generally used as a positron emitter for PET. For example, 
64

Cu is used as radioisotope in 

64
Cu-diacetyl-bis(N4-methylthiosemicarbazone)(

64
Cu-ATSM) especially for the 

diagnosis of hypoxia. The 12.7-hours half-life of Cu-64, in a practical sense, provide 

sufficient time for imaging of the target. Due to the versatility of Cu-64, there has been an 

abundance of novel research in this area over the past 20 years, primarily in the area of 

PET imaging, but also for the targeted radiotherapy of cancer. Recently, the chelator-free 

[
64

Cu]-copper sulfide (CuS) nanoparticles are a good candidate for image-guided 

photothermal therapy [14,15].  

 18
F ( T½ = 109.7 min; β+ , 0.635MeV [97%]) on the other hand is a major 

constituent of several radiophamaceuticals. A  Radiotracer  like 2-Deoxy-( 18 F) fluoro-

D-glucose (FDG) is the most common radiotracer used in PET to stage cancer and locate 

metastasis in many regions of the body.  FDG is analogous to glucose and is taken up by 

living cells through the normal glucose pathway. Tumor imaging with FDG relies on the 

fact that malignant cells show higher metabolic rates of glucose absorption than normal 

tissue and therefore take up greater amounts of FDG [16-19]. The radionuclide 18F has a 

high specific activity, and emit positrons with low energy is ideal for PET scans.  

1.2   Beta-decay  

 In a typical beta decay, a radioactive nuclide emits a beta particle (an electron or 

positron) when a neutron/proton transforms into a proton/neutron (Beta minus, β−, decay/ 

Beta plus, β+, decay). This means that the atomic number of a parent nuclide will be 

increased or decreased by one unit, while the mass number remains unchanged. This 

mode of radioactive decay is of great importance in nuclear medicine and thus constitutes 
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the crux of this research. The goal of this thesis is to adapt the properties of the emitted 

β− and β+ particles from 
64

Cu and 
18

F for a theoretical analysis and simulation using 

GEANT-4 tool kit.  

1.3   Interaction of Beta Particles with matter  

 To better detect beta radiation in several hundred KeVs range from 
64

Cu and 
18

F , 

it is important to understand how these beta particles interact with matter. Radiation in 

general deposits energy in matter through a series of ionizations and excitations. 

Understanding these interactions can provide the fundamental information for the 

development of portable nuclear imaging devices for efficient detection of beta particles 

in a feasible range of interest.  

 A beta particle propagating through matter (depending on its energy) could 

deposit energy by one of two processes known as: Collisional losses and Radiative losses. 

More details will be given in Chapter 2.  

1.4   Geant4 - Monte Carlo (MC) simulation 

 There are several MC programs available in nuclear imaging and internal 

dosimetry with many of them available as open source codes. Current review of those can 

be found in [20]. There are packages that simulate the transport of radiation through 

matter such as:  PENELOPE [21], GEANT4 [22] , MCNP [23] and EGS4 [24]. A number 

of tools for PET simulation have been developed over the years  based on these codes, 

such as SIMSET [25], PETSIM [26] or EIDOLON [27] which are based on MCNP, and 

GATE on GEANT4 [28]. A handful of these toolkits are limited by the complexity of the 
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model, and the computation time required for simulation.   

 Although the theoretical analysis can give the average distance of beta particles 

traveling in matter, more detailed information can be acquired using GEANT4-MC 

simulation. Geant4 (GEometry ANd Tracking -4) is a simulation tool kit for the passage 

of particles through matter developed by the high energy physics community. Because of 

its original set of physics processes, modeling content and simulation accuracy, Geant4 

toolkit is being used in studies in medical and space sciences as well as nuclear and 

accelerator physics[29].  

 Monte Carlo (MC) methods on the other hand, are numerical calculation methods 

based on random variable sampling. Named “Monte Carlo” by Von Neumann after the 

most well known center for gambling: The Monte Carlo in Monaco principality[30] 

because of its similarity to the statistical simulations of the games of chance.  The general  

idea of Monte Carlo analysis is to create a model, which is practically similar to the real 

physical system of interest, and to create interactions within that system based on known 

probabilities of occurrence using, whenever suitable, random sampling of Probability 

Density Functions (PDFs).  Virtually, any complex system can in principle be modeled, if 

the distribution of events that occur in a system is known from experience or other 

means, and thus a PDF can be generated  to simulate the real system. 

 In Chapter 3, we will use Geant4- MC to simulate the propagation of Beta 

particles through water (representing human tissue ) in detail. The Beta particles with the 

energy spectrum same as that of 
64

Cu will be tracked and their scatter patterns will be 

analyzed using the ROOT software package.   
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Chapter 2 

Beta-decay 

 In a typical beta decay, a radioactive nuclide emits a beta particle when a 

neutron/proton transforms into a proton/neutron emitting a beta particle in the process, 

which could either be an electron or a positron. Beta particles are fast electrons or 

positrons produced in the weak interaction[31] decay of neutrons or protons in neutron or 

proton rich nuclei . In a radioactive nuclei with more neutrons than proton, will decay by 

emitting an electron, an electron neutrino, and convert the neutron into a proton. The 

decay process could be represented by 

 

 n → p
+ 

+ e
- 
 +                                                                                      (2.0) 

 

on the other hand, nuclei which has more protons than neutrons would decay by emitting 

a positron, neutrino and convert the proton into a neutron. This decay  could be 

represented by 

    p → n + e
+ 

+ υ                                                                                          (2.1) 

 

Alternatively, a third process in with an electron close to the nucleus is captured by a 

proton is called electron capture which could also be represented as 

p + e
- 
+ → n +                                                                                  (2.2)  

 This processes transforms the nucleus of one atom into another (nuclear 

transmutation), as the daughter nucleus now contains one proton more or less as the case 

may be.  
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 Energy released in this decay is in fact shared between the beta particle and the 

neutrino. Contrary to what we expect, there are “no” even sharing (for the most part) of 

this kinetic energy between both ejected particles during this process, rather the sharing is 

random between decays. This random sharing of energy between both particles gives the 

electron( beta particle, which is detectable) a kind of spectrum or energy distribution, for 

a nuclide decaying by the emission of   β
 -  

. Thus having a maximum possible energy of 

for each decay and distribution that also shows the minimum energy available. This thus, 

gives a unique signature to every beta emission from every radioactive nuclide.  

 

Fig 2-1 β − spectra obtained from decaying Cu -64. β − particles are affected by the 

electric field of the positively charged nuclei and thus the energy spectrum is shifted 

towards lower energies. β + particles, on the other hand, are repelled by the nuclei so the 

energy spectrum it is shifted towards higher energies [32]. 

 

2.1.1  Interaction of beta particles with matter 

 As ionizing radiation propagates through matter, it interacts and losses energy via 
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several mechanisms. To detect such radiation, we look for the  unique feature  of the 

interaction and the amount of energy deposited in the material . In nuclear medicine these 

materials are either detectors or absorbing medium (human tissue). Thus one needs to 

know how radiation interacts and what the consequences are of the various interactions 

[4]. In this work we  focus only on Beta interactions with matter particularly their 

interactions with select materials  and elements such as air, water, Kapton, berillium(Be), 

copper (Cu),  and iron (Fe).  These elements and materials constitute both the medium 

(air and water mimicking human tissue) and detector components ( Be, Cu, Fe). 

Consequently,  a radiation detector depends on the manner in which the radiation to be 

detected interacts with the material of the detector itself.  

 Beta particles at low kinetic energy interact with a medium primarily through  the 

long range Coulomb force with the orbital electrons and the nucleus[27].  When beta 

particles interact with a medium they loose energy and are brought to rest  after 

transversing a finite distance called range. The range depends on the type and energy of 

the incoming beta particle and the material it is transversing[4]. Depending on the 

proximity of the incoming beta particle to the atom of the medium, this interaction could 

lead to either cause an excitation or ionization of the atom. Ionization occurs when the 

incident beta particle interacts closely to an orbital electron with energies greater than the 

electron binding energy, knocking it out of the atom completely and thus ionizing the 

atom. On the other hand, when the incoming beta particle interacts from a distance with 

just enough energy to raise an orbital electron to a higher shell the atom becomes excited 

.  Collisions (interactions) that result to ionization or excitation are called inelastic 

collisions. Classically,  these interactions can be divided into three categories depending 
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on the  impact parameter b compared to the  atomic radius a: 

1. Interaction of the charged particle with the external nuclear field (bremsstrahlung 

production) for b << a. 

 

 

 

 

 

Fig  2-2  A Radiation collision  between a charged particle and an atom for b<<a [33]. 

        

2. Interaction of the charged particle with orbital electron for b ≈ a. 

 

 

 

 

 

 

Fig 2-3 A hard collision  between a charged particle and an atom for  b ≈ a [33] this 

would ionize the atom . 
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3. Interaction of the charged particle with orbital electron for b >> a. 

 

 

 

 

 

 

Fig  2-4    A soft collision between a charged particle and an atom for  b >> a. 

In this case the atom would be in an excited state afterwards[33]. 

 

 The collisions between the incident beta particle and the orbital electron or the 

nucleus of an atom may be either elastic or inelastic. In the elastic collision the beta 

particle is deflected from its original path without any loss of energy , while in the 

inelastic collision, beta particles are deflected with a loss in its energy. This lost energy is 

transferred  to the orbital electron or could be emitted in form of  bremsstrahlung. Beta 

particles do have a large number of  interactions before they exhaust their kinetic energy 

in a medium. Since the mass of a beta particle is approximately same as that of the orbital 

electron each interaction could cause a change in the path of the incident beta particle. 

The  results is an elastic or inelastic scattering in which a beta particle loses a greater 

fraction of its energy from one of such scattering[34].  

 

There are two mechanisms by which beta particles deposit energy in matter, these are: 

A. Collisional losses 

B. Radiative losses 
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A. Collisional Losses. 

 This is the result of interaction between a fast moving beta particle and an orbital 

electron a medium. It could cause excitations or ionization of the atoms in the medium. 

Ionization loss by electrons and positrons differ somewhat, especially in heavy particles 

because of the  spin, and kinematics of the incident beta particle with the  electrons which 

it ionizes.  

 At low energy, energy transfer from the beta particle to matter in each individual 

atomic interaction is generally small, so that the particle has to undergo a large number of 

interactions before it comes to rest. Large scattering angles would be expected during 

collisions since the particles involves are of the same mass. In some collisions, beta 

particles  could be bounced back  from the same surface or direction  they entered into 

the medium . This phenomena is called backscattering.  

 Backscattered beta particles do not deposit all their energy in the medium, and 

therefore they  constitute  a significant flaw in the response of the detector which been 

designed to collect electron energy spectra. Beta particles with high incident energy and 

absorbers with low atomic number have the lowest probability for the backscattering 

effect[25]. The effect is particularly strong for beta particles with low energy, and 

increases with the atomic number Z of the material. Backscattering also depends on the 

geometry, energy and incidence angle of the beta particles . In detectors for instance, a 

large fraction of electrons may be scattered out before being able to produce a usable 

signal . 

B. Radiative losses 

 This occurs when a beta particle passing  a nucleus  is deflected by the Coulomb 
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field of the nucleus and it emits a bremsstrahlung radiation. The emitted radiation has a 

continuous energy distribution from zero to a maximum kinetic energy of the incoming 

electron. 

 2.1.2 Stopping power 

 Stopping power is a parameter used to describe the gradual loss of energy of the 

charged particle (beta particle) as it propagates in a medium. There are two classes of 

stopping powers known as: collision stopping power and radiative stopping power. As  

the names imply, collision stopping power  is the  consequence of an  incident particle 

interacting with orbital electrons of the medium while radiative stopping power,  results 

from interaction with nuclei of the medium. This parameter  is dependent  on the 

properties of the Beta  particle such as charge, velocity, energy and mass as well as on the 

properties of the propagating medium such as its density and atomic number.  

 For beta particles, energy transfers due to soft collisions are combined with those 

due to hard collisions using the Møller (for electrons) and Bhabba (for positrons) cross 

sections for Beta particles[33].  For beta particles in a given medium of density  ρ  the 

mass collision stopping power is given by 

          
  

 
  

   
 

                 
 

 
             

 

 

  

  
             (2.0)                

where : 

Ek      is the kinetic energy of the incoming beta particle  

F
+       

stopping power function for positrons 

F
- 
    stopping power function for electrons 

NA     Avogadro's number (6.022 x  10
23

 atom/gram-atom) 
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Z     Atomic number  

A    Mass number of absorbing media 

I     Mean ionisation/excitation potential 

me    electron rest mass   (0.511 MeV / c
2 
) 

re      classical electron radius (2.818 fm)  

β    normalized particle velocity ( v/c ) 

δ    density effect  correction for stopping power     

τ     normalized electron kinetic energy ( EK / me c
2
 ) 

 and the functions  F (τ ) is given by: 

                
  

 
             for electrons                                    (2.1) 

 

                      

              
  

  
     

  

      
 

 

      
   for  positrons                                 (2.2) 

 

(dE/dx)  The rate of energy loss per unit of path length by a charged particle in a medium 

is called the linear stopping power 

 The stopping power is typically given in units MeV · cm
 2

 /g and then referred to 

as the mass stopping power S equal to the linear stopping power divided by the density ρ 

of the absorbing medium. 

 In addition to stopping powers, other parameters of charged particle interaction 

with matter, such as the range, energy transfer, mean ionization potential, and radiation 

yield are considerably as important in nuclear imaging and radiation dosimetry. 
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2.2 Transportation  of Beta Particles 

 Like any other radiation traveling in matter, the range, energy deposited, and 

scattering patterns are very important properties in nuclear medicine. The range of a beta 

particle in specific material could be defined as the total distance traveled by the beta 

particle after a continuous loss of  its initial energy and is brought to rest in the material. 

This distance must be a well defined number, the same for all identical particles with the 

same initial energy in the same type of material. This quantity depends on the type of 

material, the particle type and its energy. Although, energy loss is not continuous, but 

statistical in nature, experiments  show that identical particles exhibit a  statistical 

distribution of ranges about some mean value . For beta particles propagating through a 

media at low kinetic energy,  relativistic effects become important  .  Moreover, 

Collisions with orbital electrons may result in large energy transfers of up to 50% of the 

incident electron kinetic energy[33], while collisions with  nuclei of the absorber may 

result in bremsstrahlung production (radiative loss). 

 Range energy relation is necessary for deciding the sizes of detectors to be used 

in an experiment or in determining the thickness of radiation shielding .  

2.3.  Detection of beta particles 

 Because certain materials/substances exhibit significant glow or ionizations when 

a beta particle travels through them , They used as detector materials for detecting beta 

particles.  One class of detectors employs gas as the detection material. Ionization 

chambers, proportional counters, and Geiger-Müller counters are of this class. In these 

detectors, after entering through a thin window, the beta particles produce positive ions 

and free electrons as they collide with atoms of the gas in the process of their slowing 
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down. An electric field applied across the volume of gas causes these ions and electrons 

to drift along the field lines, causing an ionization current that is then processed in 

external electronic devices[35]. 

 2.3.1  Detection of Beta particles by GEM detectors 

 The Gas Electron Multiplier (GEM) is a technology for gaseous detector 

introduced by F. Sauli in 1996, at CERN [36]. Various developments have been made to 

improve the GEM detectors over the years.  They are based on the use perforated plastic 

plates (thin kapton foils  of about 50um) coated on both sides with metallic or resistive 

coating (copper of about 5um) .  

 The perforations are usually double-conical, with an inner radius of 50um and an 

outer one of 70um, disposed on a hexagonal grid of 140um pitch. Applying a moderate 

difference of potential (100V) between the two conductive sides of the GEM, a strong 

electric field (10kV/cm) is created at the center of the holes, where the field lines are 

focused initiating  an avalanche: part is collected on the bottom side of the GEM, and the 

rest of the electrons drift towards the read-out anode - or the next amplication stage, in a 

multiple GEM-stack.   A unique feature of this technology is the ability to put several 

GEMs in cascade  to reach multiple amplification factors of over 10
6 
[37]. 

  This work provides the necessary information  on the distribution of beta 

particles in the various components of the GEM detectors for the construction of clinical 

and preclinical imaging devices, based on the information from emissions from Cu-64 

radiopharmaceuticals.  The high spatial  and energy resolution of the GEM detectors will 

make it possible to distinguish different radio-markers in small volumes and are very 

useful in detecting very low radiation levels as well as in single photon counting mode.  
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 2.3.2 Detection of Beta particles  by scintillators. 

 Scintillators are materials (solids, liquids or gases ) that produce sparks or 

scintillations of light when ionizing radiation passes through them[29]. The passage of a 

charged particle through matter could temporarily raise electrons in the material into 

excited states. When these electrons fall back into their normal state, light may be emitted 

and detected as in the scintillation detector he amount of light produced in the scintillator 

is very small. It must be amplified before it can be recorded as a pulse. The amplification 

or multiplication of the scintillator's light is achieved with a device known as the 

photomultiplier tube (PMT). A PMT accepts a small amount of light, amplifies it many 

times, and delivers a strong pulse at its output.  Scintillators could be made of  either 

inorganic crystals or organic compounds. 

           2.3.2.1 Inorganic scintillators.  

 Inorganic scintillators rely on the crystalline nature of the material for light 

production and most have impurity atoms, with ionization potentials less than atoms of 

the crystal, added as activators.  Photoelectric absorption or Compton scattering in the 

crystal leads to scintillation light that is usually converted to an electrical pulse by a 

photomultiplier tube. Ionizing radiation may elevate electrons from the conduction band 

to the valence band of the crystal. The electrons can migrate in the conduction band and 

holes left in the valence band may also move and ionize a host atom that it encounters. 

The impurity ions introduce trapping levels in the energy gap between the valence and 

conduction bands.  

          2.3.2.2 Organic (plastic) scintillators.  

 Organic detectors are low energy resolution detectors. They are useful for 
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detecting a variety of radiation especially in coincidence systems where a particle or 

gamma-ray loses a small part of its energy to the detector. Among all the detectors, 

plastic scintillators exhibit very short response time and are extensively used for 

experiments where accurate measurements of very short time intervals at the level of 

nanosecond must be obtained. Other common applications of  Plastic scintillators offer 

high performance, ease of handling, and mechanical stability at a relatively lower cost 

when compared to inorganic scintillators such as NaI, CsI or LaBr crystals  

 

 2.3.3 Detection of Beta particles by solid state detectors 

 In a semiconductor detector, a solid media replaces the gas. When a beta particle 

enters the detector, it causes struck electrons to be raised into the conduction band, 

leaving holes behind in the valence band. The electrons and holes move under the 

influence of an imposed electric field, causing a pulse of current to flow. Such detectors 

are useful mainly for low-energy beta particles. A less obvious but fundamental 

advantage of semiconductor detectors is the fact that much less energy is required (~3eV) 

to produce a hole-electron pair than that required (~30 eV) to produce an ion electron pair 

in gases [34]. 

 These detectors offer by far, the best spectral-resolution. Their high-resolution is 

especially important in the identification of the isotopic composition of the source of 

radiation and in the ability to detect a source in the presence of background. Most 

promising of these detectors are those based on the CdTe or CdZnTe. These materials 

have, until recently, been available in only small volumes (~ few cm
3
 ) but they do have 

the advantage of being able to provide a spectral-resolution some 30-40% better than 
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LaBr 3 . These detectors will not play a significant role when a large volume detector is 

required because of their small size and modest stopping power. 
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Chapter 3 

    Monte Carlo simulations  

 A MC simulation is a model that simulates the  behavior of a system, based on a 

priori knowledge of the probabilities of occurrence of the different processes or 

interactions that determine the desired outcome. They are useful resort to study the 

interaction of radiation with matter [38,39]. Considering the stochastic nature of radiation 

emission and detection processes, MC method is of particular interest for medical physics 

especially in  areas such as radiotherapy, radiation protection and nuclear medicine [40]. 

Today, simulation techniques have become an essential research tool in nuclear medicine 

for the study of the response of imaging systems, like PET and SPECT scanners, 

predicting the performance of new detectors and optimizing their design [41,42]. Hence, 

data obtained from MC simulations are essential in the development, validation and 

evaluation of medical image reconstruction techniques and for the assessment of 

correction methods. One of the advantages of MC simulations is the possibility to change 

different parameters and to investigate the effects of such modifications on the 

performance of scanners, allowing testing several detection configurations that may be 

impossible or impractical in an actual experiment. 

 This work investigates the transportation of Beta particles through water, air, and 

a GEM detector using the GEANT4-MC tool kit. First the tracks  and energy deposit of 

beta particles in the the various components of a GEM  unit are considered separately. 

The GEM unit is intended to detect beta-particles in a mixed beta/gamma radiation fields. 

The detection efficiency of the unit and the position dependence of the beta particles is 

also simulated in this chapter. 
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3.1 Method and Simulation procedures 

 3.1.1 Installation of GEANT4 Simulation packages 

 As a requirement for the installation of GEANT4 package the operating 

system/platform on which the user intends to use this tool has to be compatible with the 

tool kit. At the time of this simulation our operating system (Ubuntu 15.04) was not 

officially supported by Geant4 group at CERN. This pose a great challenge as there were 

many problems encountered during the installation of the tool kit that were not easy to 

figure out. Thus  a lot of time was spent trying to figure out these  problems.   

 While installing GEANT4, there are several other softwares are needed to build 

and install Geant4. These packages work hand in hand with the toolkit, and also serve as 

external sources for several other functions in Geant4. They include: 

 CMake 3.1.1 (for this work ) 

 C++ Compiler 

 CLHEP Libraries 

 X11 OpenGL.(for visualization) 

 The Geant4 source code could be obtained from the Geant4 web site and installed 

after the above listed packages have been successfully installed. Part of the building and 

installation procedures involved, choosing what DFLAGS  to turn ON/OFF. 

 3.1.2  Considerations for simulation 

 In nuclear medicine, the patient is administered a radio pharmaceutical that 

distributes according to a specific physiological or functional pathway. The patient is 

then imaged using external radiation detectors to determine the in vivo distribution and 

dynamics of the radiopharmaceutical through which the patient’s physiology can be 
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inferred. This means two things for our simulations, first that the source of radiation has 

to be immersed in the material (tissue) and secondly, our source must have specific 

energy for a given beta decay process.  Our target materials are shown in the table below. 

Table 3-1  Elements and their composition/properties considered for  this simulations. 

Element/ 

substance 

Composition Atomic number density Mean excitation energy 

Water H, O 1 , 8 1 g/cm
3
 75 eV 

Beryllium -- 4 1.848 g/cm
3
 63.7 eV 

Iron -- 26 7.874 g/cm
3
 286 eV 

Air C, N,O,Ar 6,7,8,18 0.00120479 

g/cm
3
 

85.7 eV 

Kapton H,C,N,O 1,6,7,8 0.209235 g/cm
3
 79.6 eV 

 

 Air and water are choosen in this case to represent the human tissue ( 60% of the 

human body: Blood 92%, Brain and muscles about 75% and bones about 22%). 

Beryllium, Kapton and iron are considered for future work to be done on building a GEM 

detector for detecting beta particles emitted from our chosen radioisotope.  

 Radiophamaceutical like F18-flourodeoxyglucose (FDG) and  
64

Cu – ATSM 

(diacetyl-bis(N4-methylthiosemicarbazone)) have 
 18

F and 
64

Cu as their source 

radioisotope.  These two radioisotopes are our target element as both decay by emitting 

beta particles.  Table 3-2 shows the decay properties of both radioisotope for our 

experiment. 
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Table 3-2   Decay properties of Cu considered for  simulation. 

Element ß¯ ß
+
 Half life(hr) Energy KeV   (ß¯) Energy KeV (ß

+
) 

64
Cu 39% 61% 12.69 579.353 652.834 

 

 3.1.3 Simulation set-up and Method 

 Two blocks were constructed with one encapsulating the other.  The outermost 

block (Purple) which measures 1cm x 1cm x 1 cm represent the boundaries of the 

simulation while the smaller block (red) is the actual simulation environment(measuring 

0.9 cm x 0.9 cm x 0.9 cm). The inner block was made sensitive with a particle source  

placed at the center (0,0,0). The particle source at the center of the sensitive block were 

set to reproduce beta particles with the same properties as those emitted by 64Cu and 18F 

as shown in the table above 

      simulation environment                                                  sensitive Region 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.1  Simulation environment showing the sensitive detector (red). 

 

                                             

Various materials to be used were  defined using “G4NistManager” such that any user 

could select what material  from the table to fill in the sensitive region.  When filled with 
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water, and the appropriate particle source energy is chosen, the above set up would 

represent a human tissue as a source of radiation. 

 

3.2   Results  

 

 3.2.1  Beta Particles in Air. 

 

 The results presented below was generated by 193 electrons at 579 KeV and  88 

positron  beams at 653 KeV. The various events were collected in steps of 0.05 mm from 

the source at the center of the simulation environment.  Fig 3-2 and 3-8 show mostly 

electrons and positron activities. There was no ionisation or  γ photons released as beta 

particles traveled in air.  Furthermore, Fig3-3 to Fig 3-5 as well as Fig 3-9 to Fig 3-11  

shows the range of beta particles in air. In both cases ( electrons and positrons) beta 

particles traveled outside the range of our simulation environment, thus no conclusion on 

the range could be done for  air. 

 Fig 3-6 shows how much energy is deposited by the generated particles in air. 

Here we see that both electrons and positrons did not lose/deposit energy in air, within 

 our simulation environment. This is further confirmed by figures 3-7 and 3-12 which is a 

plot of the kinetic energies(KE) of beta particles at various depths in air. For this the KE 

was plot against the radial distance from the origin.  
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  A.   Electrons: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                       

Fig. 3-2  Over 22000 events all of which were registered as electrons. 

 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-3.   The displacement of electrons from the origin along the X(mm) axis. the sharp 

drop shows that the electrons  traveled outside the range of our simulation environment. 
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Fig 3-4   The displacement of electrons from the origin along the Y(mm) axis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

                      

 

Fig 3-5.   The displacement of electrons from the origin along the Z(mm) axis. 
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Fig 3-6   The kinetic energy of electron events within the simulation environment 

showing most events still had about 579 KeV energy outside the range of our simulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig 3-7   Energy vs radial distance traveled by electron in air. Again most events 

escape the simulation environment with little or no loss in energy. 

  B.  Positrons 
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Fig 3-8.  Number  of events registered as positrons within the simulation environment  

(charge 1). 
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Fig 3-9   The distribution of positrons along the X (mm) axis. Again the sharp drop on the 

sides show that the positron continued propagation even outside our simulation 

environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-10   The distribution of positrons along the Y (mm) axis. 
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Fig 3-11  The distribution of positrons along the Z (mm) axis. 

                 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-12  Kinetic energy of  positron vs radial distance traveled in air  within the 

simulation  environment. 

 

 



33 

 3.2.2   Beta particles in water 

 

 Below, Fig 3-13 shows primary electron events in water  (charge -1). This may 

include  ionization  electrons. Fig 3.14 shows bremsstrahlung ( about 10 events). Fig 3-21 

on the other hand  is a mixed field. Here we see, a mixed field comprising of ionisation 

electrons, annihilation γ photons and  positrons. Its difficult to measure or detect beta 

particles in such fields as the background would significantly interfere.   figures 3-15 to 

3-17 shows the range of electrons in water ( maximum 2.0 mm) while figures 3-23 to 3-

25 shows the range of positrons in water ( about 2.2 mm) . The 0.2 mm difference is due 

to the slight difference in the energies of the beta particles. Here again we see both 

electrons and positrons having very similar behavior in water.  Fig 3-18 and Fig 3-26  

shows the amount of energy deposited by electrons and positrons in water as they pass 

through.  

  The KE of  these beta particles at various depths in water are shown in figures 3-

19 and 3-28. At  zero KE the most energetic electron would have traveled about 2.4mm 

in water while positrons go as far as 2.6mm. Again this is due to the difference in energy 

of both beams. These KE is lost in water as a result of collisions with water molecules,  

figures 3-20 and 3-27  show the 2D projection of beta particle tracks on the XY plane. 

Some tracks reveal almost a complete deflection of the  incoming beta particles as a 

result of collision.  
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  A.  Electrons 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-13  Number of events with charge -1 (electrons) in water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                       

Fig 3-14  A blow up of Fig 3.13 around the origin, showing 10 events of bremsstrahlung               

radiation. 
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Fig 3-15 Distribution of electrons about the origin along the X axis  in water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-16   Distribution of electrons about the origin along the Y axis  in water. here we 

see the electrons travel approximately 1.8 mm in water. 
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Fig 3-17    Distribution of electrons about the origin along the Z axis  in water. Range of 

electrons is approximately 2.0 mm in water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.18 Energy deposited in water by electrons. 
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Fig 3-19  Kinetic energy of  electrons in water  at various depths. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-20 Tracks of  579 KeV electrons projected on the XY plane. 
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  B.  Positrons 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-21  Shows a mixed field. Though there are more positron events (about 4500) than 

there are  electrons. The plot also shows that there are gamma photons generated from                   

annihilation processes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       

 

 

Fig 3-22  Closer  look at Fig. 3-20. showing about 180 gamma photons emitted from 

annihilation  processes  and about 120 events of ionization electrons. 
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Fig 3-23 Distribution of Positrons along the X axis with a range of about 2.2mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-24 Distribution of Positrons along the Y axis with a range of about 1.8 mm. 
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Fig 3-25 Distribution of Positrons along the Z axis with a range of about 2.2mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                       

Fig 3-26  Number of events and corresponding Energy deposited in water. 
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Fig 3-27 Tracks of  653 KeV positrons projected on the XY plane. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-28 Kinetic energy of Positrons at various depth in water.  Most energetic 

particle was brought to rest at about 2.5mm. 
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 3.2.3 Beta particles in Beryllium 

 

 

 In Fig 3-29 below,  there are over 500 events of both primary and secondary 

electrons ( initial energy 579 KeV) which generated some secondary γ photons possibly 

from bremsstrahlung events. On the other hand,  Fig 3-38 shows positron events with 

secondary electrons,  from ionization.  Figures 3-31 to 3-33 as well as figures 3-39 to 3-

41 shows the range of beta particles ( electrons and positrons respectively) in beryllium. 

The range for the electrons is about 1.4mm  while  positrons travel about 1.8mm.  Fig 3-

34 and Fig 3-42  shows the energy deposited in beryllium by all the various activities. 

This is further clarified in  Fig 3-36 and Fig 3-43 which is a plot of the kinetic energy of 

beta particles at different depths in beryllium. Electrons of 579 KeV would loose all of its 

energy at  about 1.55mm in beryllium while positrons at 653 KeV would do like wise in 

about 1.75mm.   

 Finally the XY plane projection of the tracks of beta particles in beryllium are 

shown in Fig 3-35 and Fig 3- 44 for electrons and positrons respectively. The tracks in 

Fig 3-35 appear darker than those in Fig 3-44 possibly because of the number of beams 

involved(193 electrons and 88 positrons). But over all we see in both cases that the 

incoming beta particle is scattered through various angles. The paths also show collisions 

that led to back scattering and curved tracks. 
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            A.   Electrons 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-29  Number of events with charge (-1)  in beryllium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                          

Fig 3-30  Number of events with charge (0)  in beryllium from bremsstrahlung  radiation. 
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Fig 3-31 Distribution of electrons along the X axis in beryllium . Range of about 1.4mm. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-32 Distribution of electrons along the Y axis in beryllium . Range of about 1.4mm. 
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Fig 3-33 Distribution of electrons along the Z axis in beryllium . Range of about 1.2mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                

Fig 3-34  Energy Deposited by electrons in beryllium. 
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Fig 3-35   Tracks of electrons in beryllium projected on the XY plane. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-36 Kinetic energy of Electrons at various depth in beryllium. 

  B. Positrons 
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Fig 3-37  3170 events in total of which  about 2900 were caused by primary positrons 

(charge 1)while about  220 events were caused by both  secondary photons and electrons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-38  Fig. 3.36 zoomed in between -1 and 0. showing both gamma photons 

 and secondary electron events. 
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Fig 3-39 Distribution of Positrons along the X axis with a range of  1.6mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-40 Distribution of Positrons along the Y axis with a range of 1.4mm. 
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Fig 3-41 Distribution of Positrons along the Z axis with a range of  1.8mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-42 Energy deposited in beryllium for both electrons and positron events. 
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Fig 3-43 Kinetic energy of Positrons at various depth in in beryllium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-44 Tracks of  653 KeV positrons in beryllium projected on the XY plane. 
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             3.2.4  Beta Particles in iron 

 

   

 For beta particles in iron, our results in Figures 3-45 to 3-58 shows the various 

events of beta particles in iron. Fig 3-45 shows the primary electron events in our 

simulation. In Fig 3-53, we  see again a mixed field generated primarily from positron 

activities in iron. secondary   γ photons and  electrons events from annihilation and 

ionization events are suppressed due to the atomic mass of iron.  This is also visible from  

Fig 3-47 to Fig 3-49, which shows the electrons quickly brought to rest after transversing 

about 0.2mm of iron. ( the same can be said for positrons as shown in figures 3-54 to 3-

56) thus the range of beta particles ( between 579 KeV to 653 KeV) in iron is about 

0.2mm.   

 Fig 3-51 and 3-58 is a plot of the kinetic energy of beta particles (electrons and 

positrons respectively) against the radial distance from the source. Beta particles from 

these figures  transversed  approximately 0.22 of iron before their  KE was completely 

exhausted. This short distance is expected since iron has a large atomic number and is 

very dense. Fig. 3-50 as well as Fig 3-57 shows that a significant amount of energy is 

deposited by all the events in iron , unlike other materials we have seen so far. The tracks 

of electrons in iron as shown in figure 3-52 shows the path of the electrons as points. This 

again is due to the mass and density of iron as KeV beta particles are almost completely 

stopped as soon as they enter the material. 
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  A. Electrons 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig  3-45  Number of events with charge (-1)  in iron. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

Fig 3-46  Number of events with charge (0)  in iron from bremsstrahlung radiation. 
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Fig 3-47 Distribution of electrons along the X axis in iron. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-48 Distribution of electrons along the Y axis in iron. 
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Fig 3-49  Distribution of electrons along the Z axis in iron. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-50  Energy Deposited by electrons in iron. 
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Fig 3-51  Kinetic energy of Electrons at various depth in iron. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-52   Tracks of electrons in iron projected on the XY plane. 
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  B. Positrons 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-53   A mixed field of electrons, positrons and gamma photons  generated 

from ionization, our simulation and annihilation processes respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-54    Distribution of Positrons along the X axis with a range of about 0.2 mm. 
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Fig 3.55 Distribution of Positrons along the Y axis with a range of about 0.2 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-56 Distribution of Positrons along the Z axis with a range of about 0.2 mm. 
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Fig 3-57 Number of events and corresponding Energy deposited in iron. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                        

Fig 3-58  Kinetic energy of  positrons in iron  at various depth in iron. 
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 3.2.5   Beta particles in Kapton 

 

 

 Lastly, here we have results from beta particles in kapton. From Fig 3-59,  

primary electron beams generated about 7 secondary  γ photons ( charge 0) as seen from 

Fig 3-60. For positrons in  Fig 3-67 secondary   γ photons and electrons were generated, 

again this constitute a mix field and could cause so much background noise in detecting 

beta particles outside the range. But compared to other materials, kapton seem very 

promising as a detector material for detecting beta particles because of the significant 

secondary events generated by each beta particle.  Further more, Figures 3-61 to 3-63 as 

well as figures 3-69 to 3-71 shows the range of beta particles in iron. Electrons transverse 

about  1.4mm  while  positrons travel about 1.9mm. The energy deposited by both 

primary and secondary events in kapton can be seen from Fig 3-64 and Fig 3-72 for 

electrons and positrons respectively. This is further clarified  Fig 3-65 and Fig 3-73 

which is a plot of the kinetic energy of beta particles at different depths in kapton ( about 

1.9mm before energy reaches zero).   

 Finally the XY plane projection of the tracks of beta particles in kapton are 

shown in Fig 3-66 and Fig 3- 74 for electrons and positrons respectively showing  the 2D 

projection of beta particle tracks on the XY plane. Some tracks reveal almost a complete 

deflection of the  incoming beta particles as a result of collision while others show 

continuous scattering at various angles in kapton. 

 Because  the energy spectrum of the  beta particles emitted by CU-64 (652.834 

KeV) and F-18 (633.023 KeV)are almost the same, our simulations of positrons in 

various materials could represents the decay of F-18.  
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  A.     Electrons; 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-59  Number of events with charge (-1)  in Kapton. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-60  Number of events with charge (0)  in kapton from bremsstrahlung radiation. 
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Fig 3-61 Distribution of electrons along the X axis in kapton. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

Fig 3-62 Distribution of electrons along the Y axis in kapton. 
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Fig 3-63 Distribution of electrons along the Z axis in kapton. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 

Fig 3-64  Energy Deposited by electrons in kapton. 
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Fig 3-65 Kinetic energy of  electrons  at various depth in kapton. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-66 Tracks of  electrons projected on the XY plane. 
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  B. Positrons 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-67 A mixed field of electrons, positrons and gamma photons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

Fig 3.68  A blow up of Fig 3.66 between -1 and 0. 
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Fig 3-69  Distribution of Positrons along the X axis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3-70  Distribution of Positrons along the Y axis. 
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Fig 3-71  Distribution of Positrons along the Z axis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                

Fig 3-72  Energy Deposited by positrons in kapton. 
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Fig 3-73 Kinetic energy of positrons at various depth in kapton. 

 

 

 

 

 

 

 

 

 

 

Fig 3-74 Tracks of  653 KeV positrons in kapton projected on the XY plane. 
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Chapter 4 

 Conclusion  

 Radioisotopes like 64 Cu and 18F are used to label molecules of interest (tracers) 

which are injected in small amount into a patient for clinical examinations and medical 

research in vivo. The tracer will distribute in the body according to its particular 

physiological pathway and its distribution can be imaged in a PET  or SPECT scanner by 

measuring and localizing the two gamma-rays (one for SPECT) originating  from the 

annihilation of the positron emitted by the radioisotopes. 

 Most of the clinical PET/ SPECT studies today use F-FDG and Cu-ATCM as a 

radiotracer, as this allows measuring glucose metabolism, which is known to be 

significantly enhanced in most tumor cells.  Although combining these imaging  

modalities with CT scanners have improved the anatomical details of the reconstructed 

images, these imaging devices still have a limitation on the size of tumor detectable. This 

is partly due to the distance between the gamma camera and the source of radiation 

coming from the radiopharmaceutical administered to the patient and the weak signals 

emitted by small tumors. Hence improving these imaging techniques would require both 

increasing the sensitivity of the detectors as well as increasing the radiation dose on the 

patient; this could substantially increase the damage to healthy tissue. To keep the 

radiation dose as low as possible and enhance the details of the resulting images there is a 

need for a shift from the tomographic imaging devices to portable  close-range surface 

imaging devices that could detect the beta particles emitted from radiopharmaceuticals.  

 This thesis is focused on the study of  these radioisotope (Cu- 64) with 

simulations and the evaluation of the properties of the beta particles emitted during their 
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decay in  soft tissue  and some select materials using the GEANT4-MC simulation 

toolkit. Monte Carlo (MC) methods give us a chance to estimate tracks, range in 

materials and distribution of KeV beta particles without having to perform the actual 

experiment or build detectors. The results of the various energies and range of beta 

particles in matter are summarized in table 4.0: 

Table 4.1  Summary of results obtained from simulation, showing the range of beta 

particles in  various materials 

 

Element/ 

substance 

β
+ 

energy (MeV) β
- 
 energy 

(MeV) 

β
+
  range (mm) β

-
  range (mm) 

Air 0.653 0.579 N/A N/A 

Water 0.653 0.579 2.00 1.80 

Beryllium 0.653 0.579 1.50 1.40 

Kapton 0.653 0.579 1.99 1.70 

Iron 0.653 0.579 0.18 0.17 

 

 In this thesis we created a 1cmx 1cm x 1cm simulation environment, placed a 

radiation source at the center (0,0,0) of our simulation environment and randomly 

generated beta particles of the same energy and percentage as would be produced by a 

typical Cu- 64 decaying.  

 The environment is then filled with several materials ( one at a time). The tracks 

of the beta particles are collected in a separate ROOT file for further analysis.  The 

ROOT file generated was structured to collect data for the radius from the center, X Y Z 

displacement, Theta , Phi , kinetic energy and energy deposited by each of the events in 

the simulated environment in steps of 0.05mm. Sensitivity of the simulation environment 

was optimized to collect information of the gamma photons emitted from annihilation 



70 

and bremsstrahlung processes between the beta particles and the material in question.  

These gammas  represent the crux of this work as we aim for portable imaging devices 

that could detect beta particles at a certain range; we also would like to know how much 

of the signals received by the detector are actual beta particles and not gamma photons 

which in this case constitute the background. 

  This thesis shows that GEANT4-MC  is a powerful tool for simulating particle 

transportation in matter and the data obtained from this thesis could be further refined and 

used for the algorithms in future surface imaging devices. 

4.1 Future work 

 In view of  possible future developments in nuclear imaging, and the foundation 

established in this work, one way forward would be to simulate a complete unit which 

would involve all the elements individually considered in this work as a unit( both source 

and detector). The future simulation environment would have a particle source embedded 

water ( representing human tissue of skin thickness) and a GEM detector placed right on 

the surface to detect the emerging beta particles.  The GEM detector in this case would 

use beryllium, stainless steel, kapton and copper as the composite materials. Sensitivity 

of the detector to beta particles could be adjusted and the background noise reduced. This 

next step would open new insight to the future detection of beta particles for nuclear 

medicine.  
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