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Chapter 1 

 

Introduction 

 

 

1.1 Medical Application 

 

 Gamma radiation is used in the treatment of various cancers.  The radiation strikes the cancer 

cells, damaging their DNA.  This causes the cancer cells to be unable to reproduce or to simply die off 

[1].  Radiation can be implanted in the body to give a continuous dosage over time.  It can also be 

given in cycles from an external source or machine to minimize over-exposure.  It should be noted that 

radiation does not simply hit the desired location only, but it can also damage healthy cells near the 

tumors.  Whether the radiation is implanted directly into the body or produced by an external source 

that applies the dosage, it is important to know how much radiation healthy cells receive during 

treatment [1].  For this reason, it is important to know how much radiation can be blocked by certain 

materials to minimize an excessive dose.  MCP-200 is an alloy that can be used as a material placed in 

the path and to reduce the dosage of gamma radiation. It will be the alloy investigated experimentally 

in this thesis.  Its properties will be discussed in the following section. 

1.2 Properties of MCP-200 

 MCP-200 is composed of 91% tin and 9% zinc.  More importantly, MCP-200 does not contain 

lead, which is estimated to be a human carcinogen [2].  Lead is used in the production of batteries, 

metal products, and devices to shield radiation, and can affect: cardiovascular, musculoskeletal, 

neurological, and other organ systems [2].  Lead is not dangerous with mere skin contact, however, but 

can become dangerous if residue is left on hands when ingesting food.  Overall, MCP -200 is preferred 

for radiation shielding due to its low cost and high availability.  The measured density of the alloy used 

in my research was found to be 7.23 ± 0.04 g/cm
3
; the published value for the density of MCP-200 is 

7.27 g/cm
3 
[3].  Calipers were used to obtain the dimensions of different slabs of MCP-200 so that the 

volume could be calculated.  Then, an electronic balance was used to obtain the mass of the slabs.  

Using the mass and volume measured, the density could be calculated. 
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1.3 Radiological Terms 

 

 Here, a basic explanation for many of the terms that will be used throughout the paper will be 

given.  A more detailed explanation will follow in the sections that are relevant to the terms. 

 The attenuation coefficient refers to the fractional number of photons removed from a beam of 

radiation per unit thickness of a material through which it passes.  As radiation passes through a 

material (referred to as the attenuator), the intensity of the radiation beam decreases exponentially as a 

function of attenuator thickness.  How much the intensity decreases is determined by the value of the 

attenuation coefficient.  The higher the coefficient, the more the attenuator thickness will decrease the 

intensity of the radiation observed.  The attenuation coefficient itself is determined by specific 

properties of the attenuator that will be discussed in a later chapter. 

 The buildup factor refers to how the attenuator can increase the number of photons measured by 

a detector.  As gamma radiation passes through the material, the photons can strike the lattice structure 

of the attenuator in such a way as to have their trajectory altered (scattering).  This altered trajectory 

can cause photons to strike a detector (or zone of interest) that otherwise would have been missed, thus 

increasing the measured intensity.  How much the intensity increases at the detector is dependent on the 

value of the buildup factor; as the buildup factor increases, the intensity increases multiplicatively.  It 

should be noted that the lowest value for buildup factor is one. 

 Beam geometry refers to the cross-sectional area of the radiation beam and how it strikes the 

detector, and has two distinctions.  Narrow-beam geometry is the positioning of the radioactive source 

and attenuator in such a way as to cause a thin, collimated beam of radiation to strike the detector.  

Broad-beam geometry is the positioning of the source and attenuator so as to create a wide beam (like a 

cone coming out to the source) of radiation to strike the detector.  With a wide beam of radiation, it is 

possible for some of the photons in the beam to miss the attenuator and detector entirely. 

 The cross section refers to the probability with which something occurs.  Interaction cross sec-

tions give the probability of a specified interaction occurring and are typically measured in barns.  
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Chapter 2 

 

Gamma-Ray Interactions in Matter 

 

 

2.1 Introduction 

 It is important to know how gamma radiation interacts when passing through a material in order 

to understand how that material can reduce the dosage of the radiation.  There are three major ways in 

which gamma-rays can interact with matter.  In all of the interactions, the number of photons observed 

decreases exponentially as it passes through a material.   

      𝑁 = 𝑁0𝑒−𝜇𝑥    (2.1) 

 In Equation 2.1, N is the number of photons remaining after traversing distance x, N0 is the 

initial number of photons before interacting with the medium, μ is known as the linear attenuation 

coefficient, and x is the thickness of the material (attenuator). 

When passing through a material, gamma rays that would have missed their target can be 

knocked out of their original trajectory and strike the target.  This is referred to as secondary scattering 

and the method with which to measure and quantify it (buildup factor) will be discussed in Chapter 

Four.  It should be noted that the attenuation coefficient lowers the intensity of the radiation while the 

buildup factor increases it.  The following sections in this chapter will discuss the different processes 

that gamma-rays undergo when passing through matter.  Later, it will be pointed out which process has 

the largest contribution to the attenuation coefficient and the buildup factor. 

2.2 Compton Effect 

 In general, the Compton effect occurs when a gamma-ray strikes an unbound electron, causing 

the electron to move away at some angle and with some velocity.  The energy of the deflected photon is 

given by the following equation [4]: 
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      hν′ =  
ℎν

1+ 𝛼(1−𝑐𝑜𝑠𝜃)
 and 

𝛼 =
ℎν

𝑚𝑜𝑐2 ,   (2.2) 

where h ν´  is the energy of the deflected photon, h ν  is the energy of the initial photon, θ is the angle at 

which the photon is deflected from its initial trajectory, and moc
2
 is the rest mass energy, 0.511 MeV, of 

an electron.  The kinetic energy of the electron can be determined by taking the difference between the 

original gamma-ray energy and the deflected gamma-ray energy (due to conservation of energy).  The 

probability that the Compton effect will occur (the cross section), can be determined by two ways.  For 

low-energy photons (~0.01 MeV), Thomson scattering makes a good approximation [4].  However, for 

higher-energy gamma-rays, the Klein-Nishina approach gives a better approximation for the cross 

section.  The cross section per unit mass is given by the following equation [4]: 

      
𝜎

𝜌
=

𝑁𝐴𝑍

𝐴
𝜎𝑒  ,   (2.3) 

where NA  is Avogadro’s number, Z is the atomic number of the medium through which the gamma-ray 

is traveling, A is the atomic mass of the medium, and eσ is the Klein-Nishina cross section per free 

electron.  The units of Equation 2.3 are in cm
2
/g.  The Klein-Nishina differential cross section per free 

electron may be calculated using the following differential equation [4]: 

  
𝑑 𝜎𝑒

𝑑Ω
=

𝑟𝑜
2

2

1

[1+𝛼(1−𝑐𝑜𝑠𝜃)]
2 (1 + 𝑐𝑜𝑠2𝜃 +

𝛼2(1−𝑐𝑜𝑠𝜃)2

1+𝛼(1−𝑐𝑜𝑠𝜃)
) ,  (2.4) 

where ro is the classical electron radius and is 2.818 x 10
-13

 cm [4].  Integrating over the solid angle, 

dΩ, yields: 

  𝜎𝑒 = 2𝜋𝑟𝑜
2 {

1+𝛼

𝛼2
[

2(1+𝛼)

1+2𝛼
−

𝑙𝑛(1+2𝛼)

𝛼
] +

𝑙𝑛(1+2𝛼)

2𝛼
−

1+3𝛼

(1+2𝛼)2
} ,   (2.5) 

where α is the same as it was defined in Equation 2.2. 

2.3 Photoelectric Effect 
 

 The photoelectric effect occurs when a gamma ray strikes a surface and deposits all of its 

energy to a bound electron.  Since the gamma-ray is absorbed into the bound electron, the kinetic 
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energy of the electron is the difference between the energy of the incident gamma-ray and the binding 

energy of the electron.  The approximate cross section per unit mass, or mass attenuation coefficient, is 

given by the following equation: 

      
𝜏

𝜌
~ (

𝑍

ℎ𝜈
)

3

 ,   (2.6) 

where Z once again is the atomic number of the medium through which the gamma-ray is traveling and 

hν is again the energy of the photon.  It should be noted that as the energy increases, the cross section 

drops dramatically, as will be seen in Figure 2.1, so the photoelectric effect only has a large influence 

for low-energy photons (ranging from a 10 eV to 50 keV).  Since we will be observing higher-energy 

photons (0.662 MeV - 1.33 MeV), we will be ignoring the contribution from the photoelectric effect 

when creating an estimate for the attenuation coefficient. 

 

2.4 Pair Production 

 

 Pair production occurs when a photon is converted to an electron-positron pair.  The minimum 

energy of the photon must be that of the combined masses of the electron and positron (~1.022 MeV) 

and can never occur in free space.  There are two cases where pair production may occur.  The first is in 

the presence of a nuclear field, and the second is in the presence of an electron field.  Pair production is 

more likely (by about two orders of magnitude) to occur in the presence of a nuclear field than in an 

electron field.  The pair production process overall, however, is dominant for high-energy photons.  

Since typical radiation treatments are on the order of medium-energy gamma rays, we will not be 

considering pair production as a significant contributor to our attenuation coefficient. 

2.5 Rayleigh Scattering 

 

 Rayleigh scattering occurs when a photon undergoes an elastic collision with an atom.  Since 

the collision is elastic, the photon loses very little (practically none) of its energy [4].  Radiation 

therapy is contingent on depositing energy into cancer cells to destroy them.  Since there is little to no 

energy transfer, we can ignore any contributions due to Rayleigh scattering. 
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2.6 Photonuclear Interactions 

 

 Photonuclear interactions occur when high-energy photons enter the nucleus of an atom and 

cause a proton or neutron to be emitted.  Neutrons that are emitted can cause problems in radiation 

treatment.  These neutrons can activate accelerator hardware (equipment used to produce radiation 

treatment beam) and cause biological tissue in patients to become radioactive [4].  The effects of these 

neutrons are thought to be minor; however, strict guidelines are enforced on how many emitted 

neutrons are to be allowed. 

2.7 Total 

 

 If the attenuating medium is a compound instead of a single element, then the attenuation 

coefficient becomes the sum of each individual element’s attenuation coefficient times their respective 

percentage of the material.  Ordinarily, to calculate the total mass attenuation coefficient, we would 

combine all the interactions.  In equation form this looks like: 

      
µ

𝜌
=

𝜏

𝜌
+

𝜎

𝜌
+

𝜅

𝜌
+

𝜎𝑅

𝜌
 ,  (2.7) 

where τ / ρ  is the contribution due to the photoelectric effect, σ / ρ  is the contribution due to the 

Compton effect, κ / ρ is the contribution due to pair production, and σR / ρ is the contribution due to 

Rayleigh scattering.  A plot of the photon cross sections defined above and their relative contributions 

in carbon and lead are shown in Figure 2.1 [5]. 
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Figure 2.1 Total Photon Absorption Cross Sections in Lead or Carbon 

In Figure 2.1, it can be seen that the largest contributor to the total photon absorption cross 

section at 1 MeV is due to Compton scattering.  Since the energy of gamma rays in radiation treatment 

is in a medium range (around 1-3 MeV), a simplified mass attenuation coefficient for MCP-200 can be 

obtained using Equation 2.3.  Thus, the attenuation coefficient for MCP-200 for varying gamma-ray 

energies was calculated from Equation 2.3 and can be found in Table 2.1. 

Energy (MeV) μ/ρ (Zinc) cm
2
/g μ/ρ (Tin) cm

2
/g μ/ρ (Total) cm

2
/g μ (Total) cm

-1
 

0.662 0.0708 0.0780 0.0773 0.562 

0.8348 0.0622 0.0644 0.0642 0.467 

1.17 0.057 0.0561 0.0561 0.408 

1.33 0.0490 0.0498 0.0497 0.362 

 

Table 2.1 Mass Attenuation Coefficient and Attenuation Coefficient of Alloy MCP-200. 
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The mass attenuation coefficients (µ/ρ) for zinc and tin were multiplied by their respective percentage 

contributions to MCP-200 and added together to get the total mass attenuation coefficient.  The mass 

attenuation coefficient was then divided by the density of MCP-200 to calculate the linear attenuation 

coefficient (µ). 

2.8 Buildup Factor 
 

When radiation passes through a material, it is possible for secondary scattering to occur.  This 

secondary scattering causes photons that would have initially missed the target to deflect and strike the 

target zone.  To analyze this secondary scattering, we use what is referred to as the buildup factor [4]: 

   𝐵 =
𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 + 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑎𝑙𝑜𝑛𝑒
 ,  (2.8) 

where the value of B is dependent on the type of radiation and energy value, the medium and thickness 

of the attenuator, the geometry of the setup, and the activity of the radiation source [4].  The buildup 

factor is a way of quantifying the secondary scattering that occurs when radiation (photons in this case) 

passes through an attenuator.  
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Chapter 3 

 

Radiological Effects on the Human Body 

 

 

3.1 Introduction 

 Radiation can affect people differently depending on the dosage and the time of exposure.  It is 

important to know how the human body is affected by radiation in order to account for possible health 

risks.  There are two categories for the effects of radiation received in the body: stochastic and 

nonstochastic (deterministic).  Stochastic effects are seen several years after people have been exposed 

to the radiation, while nonstochastic effects are seen relatively sooner (within a few weeks) [6].  

Absorbed dosages are typically measured in grays.  One gray is defined as the absorption of one joule 

of energy per kilogram of mass. 

3.2 Stochastic Effects 

 Stochastic radiation effects are categorized by three characteristics [6].  The first is that the 

probability of observing a stochastic effect increases with the dosage received.  The second is that the 

severity of the effects are unaffected by the magnitude of the dosage.  Finally, the last characteristic is 

that, even at low dosages, stochastic effects can still be observed.  Currently, there are three observed 

stochastic effects: carcinogenesis, teratogenesis, and mutagenesis [6]. 

3.2.1 Carcinogenesis 

 Carcinogenesis is the development of cancer in an individual.  It is important to discuss how 

cancer affects a person to fully understand the threat carcinogenesis poses.  Normally, a human’s cells 

in the body will age and die off, being replaced by new cells.  However, a mutation in the cells can 

cause these cells to not die when they need to, while the body still produces new cells to replace the 

mutated cells.  These new cells are called tumor cells [7].  Tumor cells are further divided into two 

categories: benign and malignant.  Benign tumor cells do not spread to other parts of the body and can 

be removed with a low chance of returning.  Malignant tumor cells, cancerous cells, can spread to 

nearby tissue and infect other parts of the body.  This spreading of cancer throughout the body is called 
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metastasis [7].  Cancer can both be caused and treated with radiation.  For this reason, it is important to 

measure how well a material can reduce the dosage of incoming radiation so as to not cause a mutation 

in healthy cells that would allow for the production of new tumor cells. 

3.2.2 Teratogenesis 

 Teratogenesis is the development of birth defects caused by a fetus being irradiated.  Ionizing 

radiation is known to cause cell death or injure chromosomes of a developing embryo.  Eight to fifteen 

weeks after fertilization is the most sensitive time period for radiation exposure [8].  Short exposures to 

ionizing radiation are not seen to be an immediate danger, compared with the spontaneous risks of a 

developing embryo [8].  Gamma-rays are a type of ionizing radiation, so understanding how well a 

material can block gamma-rays is essential to keeping a low dosage for an unborn fetus exposed to 

radiation. 

3.2.3 Mutagenesis 

 Mutagenesis is the development of genetic disorders in future generations caused by irradiation 

of reproductive cells prior to conception.  One type of genetic disorder that may arise is Mendelian 

diseases, characterized by the mutation of a single gene [9].  Mendelian diseases, however, are rare.  

More common disorders are multifactorial diseases, such as neural tube defects and cleft lip [9].  As the 

name implies, multifactorial diseases have multiple genetic and environmental causes.  Finally, 

mutagenesis can take the form of chromosomal diseases, diseases that involve some form abnormality 

in a person’s chromosomes.  Down’s Syndrome is an example of a chromosomal disease. 

3.3 Nonstochastic Effects 

 Nonstochastic effects arise when a person undergoes high dosage levels of radiation.  These 

effects are commonly known as “radiation sickness”, but more formally are referred to as acute 

radiation syndrome (ARS) [6].  There are three subcategories of ARS that will be discussed in greater 

detail: gastrointestinal, hematopoietic, and cerebrovascular syndromes. 
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3.3.1 Gastrointestinal Syndrome 

 The gastrointestinal tract is especially sensitive to irradiation.  Damage can be seen with 

dosages of several grays or more.  Effects include, but are not limited to: diarrhea, hemorrhage, 

electrolyte imbalance, and dehydration.  Electrolytes are charged ions that exist inside or outside of 

cells.  The human body’s nerve communication and muscle coordination are dependent on these 

electrolytes functioning properly.  Possible side effects of electrolyte imbalance include: muscle 

spasms, weakness, twitching, convulsions, irregular heartbeat, nervous system disorders, bone 

disorders, etc. [10]. 

3.3.2 Hematopoietic Syndrome 

 Hematopoietic stem cells (HSCs) are cells that grow into the differentiated blood cells found 

throughout the body [11].  Hematopoietic Syndrome is when significant numbers of HSCs are unable 

to activate [6].  Dosages of a few gray can cause Hematopoietic Syndrome.  The largest effect that can 

be seen from this syndrome is a loss in ability to combat infection.  One possible treatment for 

Hematopoietic Syndrome is through a bone marrow transplant, where many HSCs are located. 

3.3.3 Cerebrovascular Syndrome 

 Cerebrovascular refers to blood flow to the brain.  Dosages above 50 gray are severe enough to 

produce life-threatening results [6].  Death is the result of destruction of blood vessels in the brain, 

fluid buildup, and neuronal damage.  Death can occur within a few days, or if the dosage is greater than 

100 gray, it can occur within a few hours [6].  In the year 2003, there were an estimated 157,803 

cerebrovascular-related deaths in the United States [12]. 
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Chapter 4 

 

Experimental Data 

 

 

4.1 Equipment Used 

 To conduct the experiment, slabs with surface area 25 cm
2
 (of varying thickness) of MCP-200 

were used.  The following sources were used to collect data in the determination of the attenuation 

coefficient and buildup factor of MCP -200: Cobalt-60, Cesium-137, and Manganese-54.  The strength 

of each source varied between 0.5-1 μCi and the energy ranged from 0.662 to 1.33 MeV.  The sources 

were all placed at a distance of 17.70 centimeters from a NaI(Tl) detector and most of the data 

collected was counted for a live time of 600 seconds.  Live time is the portion of time the detector and 

data acquisition uses to process signals from particle interactions.  When the detector signal is being 

analyzed by computer software, sometimes the data acquisition can get overloaded with data and stop 

counting; this is referred to as dead time.  When collecting data from a source placed in front of the 

detector, the gamma ray peak for a particular energy was selected over several channels.  Some sources 

were weaker than others, so different counting times were needed in order to obtain statistically 

significant data.  For the 1.17 MeV peak, a live time of 1200 seconds was used; for the 1.33 MeV peak, 

a live time of 1800 seconds was used.  The 1.17 MeV peak and the 1.33 MeV peak are from the same 

source (Cobalt-60).  The reason why the counting times had to be adjusted for each peak is the 

efficiency of the detector changes with the different energies, thus giving less counts for the 1.33 MeV 

peak.  In addition, when looking at how attenuator distance affected the buildup factor, the counting 

time for the 0.8348 MeV peak was changed from 600 seconds to 1200 seconds to improve the statistics 

and reduce relative error.  The criteria used for determining the live time was to ensure that the lowest 

sum under any gamma ray peak exceeded 5000 counts. 

 A NaI(Tl) scintillator was used to detect incoming gamma rays.  NaI(Tl) is a sodium iodide 

crystal doped with thallium, that has high efficiency, which allows for the detection of gamma rays 

more easily.  Gamma rays passing through the NaI(Tl) crystal interact with the crystal to produce a new 
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photon with lower energy than the incident photon.  This process is referred to as scintillation.  The 

scintillated photon then strikes the surface of the photomultiplier tube (PMT).  The front layer of the 

PMT, the photocathode, is almost transparent and slightly brownish in color [13].  Once a scintillated 

photon reaches the photocathode, it can eject an electron due to the photoelectric effect.  The ejected 

electron is accelerated towards a dynode in the PMT due to a potential difference of ~100-300 volts 

(from an external power supply) between the face of the PMT and the dynode.  After striking the 

dynode, more electrons are knocked off and accelerated to another dynode.  This process continues 

throughout the PMT, producing more electrons that are drawn toward the back end of the PMT (due to 

the supplied voltage), the anode.  Finally, the PMT output a current pulse that is proportional to the 

initial photon that struck the NaI(Tl) crystal.  The combination of the NaI(Tl) crystal and the PMT will 

be referred to as the detector. 

 The PMT and base were connected to Tennel Lec TC 952 High Voltage Power Supply and TC 

241 Amplifier as can be seen in Figure 4.1.  The power supply provided the high voltage necessary for 

the detector, while the amplifier boosted the signal into a format that could be interpolated more easily.  

Without the amplifier, the signal coming out of the detector is not strong enough to yield meaningful 

results.  The power supply was set to 996 Volts and remained at this value throughout the experiment to 

ensure that the detector would collect data without the initial fluctuations of turning the power supply 

on repeatedly.   

The TC 241 Amplifier was then connected to an ORTEC 427A delay amplifier and the ORTEC 

550A Single-Channel Analyzer (SCA).  The delay amplifier allows for delaying of the signal to match 

with the signal from the SCA.  The SCA allows for the observation of a designated narrow group of 

channels, in addition to a much wider spectrum.  The Lower Level knob on the SCA allows for the 

adjustment of what minimum energy is to be observed.  The Upper Level knob allows for the 

adjustment of what maximum channel away from the minimum is to be observed.  The SCA has three 

primary settings: Integral mode, Window mode, and Normal mode.  For this experiment, the knob was 
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set to Normal mode.  Normal mode’s Upper Level will cut off the upper end of the spectrum based 

solely on what channel the knob is set to.   

 The output from the delay amplifier and the SCA were timed to coincide with each other using 

an oscilloscope.  The SCA outputs a logic signal so it was connected to a linear gate via the enable slot.  

The delay amplifier outputs the original spectrum (but delayed), so it was connected to the input of the 

same linear gate.  When the enable pulse and the input pulse arrive at the same time, the linear gate will 

output the original input signal.  Therefore, with the linear gate used in this fashion we can look at both 

entire spectrums for a source, or selected areas of the spectrum only.  This allows for the observation of 

a single gamma-ray energy peak of a selected sample without looking at a much wider energy 

spectrum. 

 The linear gate was then connected to an ORTEC Easy-MCA, a Multi-Channel Analyzer 

(MCA) that allows for a wide spectrum of energy inputs to be analyzed by appropriate software.  In 

contrast, an SCA would only allow for a small window of energy inputs to be analyzed and multiple 

data samplings would be required to see the energy spectrum of a radioactive source.  Figure 4.1 shows 

the completed experimental electronics configuration. 

 
 

Figure 4.1 Equipment Setup and Connections. 

 

 The MCA is equipped with an analog-to-digital converter (ADC).  The ADC allows the MCA to 
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output a digital signal that is proportional to the input from the linear gate.  The output of the MCA was 

connected to a computer installed with the computer analysis package MAESTRO for Windows.  

MAESTRO is an analytic software package designed to examine a wide energy spectrum over multiple 

“channels.”  It does this by plotting the number of pulses of a given energy bin coming from the MCA 

as a function of channel number.  The channel number is proportional to the energy of the original 

photon that first struck the detector and can be calibrated with a known energy source.  The 

MAESTRO software assumes a linear relationship between channel number and energy, so two known 

energies are required to properly calibrate the program.  Sodium-22 (
22

Na) was used as a calibration 

source with its two energy peaks of 511 keV and 1274.5 keV.  Additional known gamma ray peaks (662 

keV and 834.8 keV) were taken to make sure that the ADC from the MCA showed a proper linear 

relationship for channel number versus photon energy.  

 

Figure 4.2 Calibration Test for Photon Energy versus Channel Number 

 Once calibrated, data were taken with three sources: Cobalt-60 (
60

Co), Cesium-137 (
137

Cs), and 

Manganese-54 (
54

Mn).  Cobalt-60 has a half-life of 5.24 years and decays to Nickel-60 via beta 

emission.  Nickel-60 then undergoes two gamma-ray emissions.  The energies of these gamma-rays are 

1.17 MeV and 1.33 MeV.  Cesium-137 has a half-life of 30.07 years and decays to Barium-137 via beta 

emission.  The decay has two branches: one with a single beta emission (5.4%) and the other with a 
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beta emission and a gamma-ray emission (94.6%).  For our purposes, we will be looking at the second 

case since the detector cannot collect data for the beta emissions of the first case, with a gamma-ray 

emission of 0.6617 MeV.  Manganese-54 has a half-life of 312.3 days and produces a gamma-ray with 

energy 834.848 keV [14].  The full gamma-ray spectrum for Cesium-137 and Manganese-54 is shown 

in Figure 4.3. 

(a). Cesium-137 Spectrum 

 
(b). Manganese 54 Spectrum 

 
Figure 4.3 Gamma Spectra for Cesisum-137 and Manganese-54 

 

 To see the peaks properly, a high amplification was necessary which gave rise to the noise in the 

first few channels.  The Cobalt-60 peaks arose from channels 649-730 (1.17 MeV) and 736-825 (1.33 

MeV).  The Cesium-137 peak corresponds to channels 342-442 (0.6617 MeV).  The Manganese-54 

peak corresponds to channels 440-549 (0.834848 MeV).  The SCA was then used to clean up the 

spectra and eliminate the noise.  Figure 4.4 displays the spectrum of Mn-54 with the SCA set to Normal 
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mode (the other energy spectra are similar). 

 

Figure 4.4 Selected Channels for Gamma Spectrum of Manganese-54 

4.2 Collimated Beam 
 

 A collimated beam, or narrow-beam geometry, refers to a setup where there is where additional 

scattering in a medium is reduced to a minimum.  A five-centimeter-thick block of lead with a one-

centimeter diameter hole drilled through it was placed in between the source and MCP alloy plates to 

collimate the beam as can be seen in Figure 4.5.  Once collimated, data could be collected to determine 

the linear attenuation coefficient.  It should be noted that the attenuation coefficient can be determined 

from an uncollimated beam as well, the observed activity would simply be higher.  However, in 

anticipation for calculating the buildup factor (which requires both collimated and uncollimated) the 

attenuation coefficient was calculated from the collimated beam.  Figure 4.5 shows a diagram 

describing the narrow-beam geometry. 
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Figure 4.5 Diagram of Narrow-Beam Geometry with Collimator 

 

4.3 Broad-Beam Geometry 

 

 When removing the collimator, the radiation beam now widens, becoming a broad beam.  This 

broad beam interacts with more sites on the attenuator and can cause photons that would have missed 

the detector to be deflected and strike the detector.  This process is referred to as secondary scattering 

and was described in greater detail in Section 2.8.  Figure 4.6 shows a diagram describing the broad-

beam geometry.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Diagram of Broad-Beam Geometry with Secondary Scattering Occurring 

 

The dashed lines refer to photons that would have missed the detector if they had not been scattered. 
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4.4 Results 
 

 The following table shows the data collected for a collimated beam geometry using the 1.17 

MeV peak found in Cobalt-60.  It should be noted that the counts shown are the counts under the entire 

gamma-ray peak. 

thickness of MCP-200 (cm) counts     corrected     ln(No/N)     

0 ± 0 23049 ± 152 21736 ± 188 0 ± 0.012 

1.006 ± 0.002 16753 ± 129 15440 ± 166 0.342 ± 0.014 

2.006 ± 0.002 12185 ± 110 10872 ± 147 0.693 ± 0.016 

3.006 ± 0.002 8797 ± 94 7484 ± 130 1.066 ± 0.019 

4.008 ± 0.002 6556 ± 81 5243 ± 117 1.422 ± 0.024 

                        

background = 
 

1313 ± 36              

 

Table 4.1 Data for Collimated Radiation Beam for 1.17 MeV Peak in Cobalt-60 for 1200 Seconds 

 

 In the Table 4.1, No represent the number of counts at zero thickness while N is the number of 

counts for the particular attenuator thickness.  The number of counts represents the sum of counts under 

a particular gamma-ray peak for the entire collecting time found in MAESTRO.  The number of counts 

were corrected due to background radiation as well.  Radioactive decay is inherently random, so the 

uncertainty can be approximated as the standard deviation of a Poisson distribution, which is the square 

root of the number of counts [15].  A similar approach was taken for the other gamma-ray energies.  

Figure 4.7 shows the plot of natural log of No divided by N as a function of attenuator thickness.  The 

attenuation was then calculated from the slope of each line (each photon energy).  Table 4.2 gives the 

calculated values of the attenuation coefficients with their uncertainties for MCP-200. 



26 

 

 

Figure 4.7 Plot Used to Determine the Linear Attenuation Coefficient for MCP-200 in cm
-1 

 

Energy (MeV) Attenuation Coefficient (cm
-1

) 

0.662 0.5120 ± 0.0024 

0.8348 0.4405 ± 0.0032 

1.17 0.3562 ± 0.0033 

1.33 0.3388 ± 0.0024 

 

Table 4.2 Linear Attenuation Coefficients for MCP-200 

 

 It was found that the linear attenuation coefficient decreased with increasing photon energy.  

From Figure 2.1, it can be seen that as photon energy increases the interaction cross section decreases.  

Therefore, the linear attenuation coefficient (a measure of how well a photon interacts with a material) 

should decrease as well. 

4.4.1 Mean Free Path 

 Sometimes, it is more convenient to express how a photon will interact with a given material 

using the mean free path.  The mean free path (mfp) is defined as the average distance traveled by x-

rays or gamma-rays before having a collision while traveling through a particular medium [6].  The 

mean free path is related to the attenuation coefficient by the following equation: 

      𝑚𝑓𝑝 =  
1

𝜇
 ,   (4.1) 

where μ is the attenuation coefficient.  Since the attenuation coefficient has units of inverse 

centimeters, this means that the mean free path has units of centimeters.  What makes using the mean 
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free path so convenient is that the thickness of the attenuator may be expressed in terms of the mean 

free path.  Many published papers choose to express the distance photons penetrate through a material 

with respect to the calculated mean free path for the experiment.  In Table 4.3, the mean free path in 

MCP-200 was calculated for the four gamma-ray energies. 

Energy (MeV) Mean Free Path (cm) in MCP-200 

0.662 1.953 ± 0.009 

0.8348 2.27 ± 0.02 

1.17 2.81 ± 0.03 

1.33 2.95 ± 0.02 

 

Table 4.3 Mean Free Path for Photons for MCP-200 

 

4.4.2 Determination of Klein-Nishina Cross Section 

 From Equation 2.3, it is possible to determine the Klein-Nishina cross section as long as we 

know the contribution to the attenuation coefficient from the Compton effect.    Assuming only 

contributions from the photoelectric effect and the Compton effect, the linear attenuation coefficient 

can be approximated as follows: 

      
𝜇

𝜌
=  

𝜎

𝜌
+

𝜏

𝜌
 ,   (4.2) 

where μ is the measured linear attenuation coefficient and ρ will be the measured density of MCP-200.  

Substituting Equation 2.3, Equation 2.5, and Equation 2.3 into Equation 4.2, we can then determine the 

Klein-Nishina cross section eσ. 

Listed below are the values obtained for our four gamma-ray energies. 

Energy (MeV) Klein-Nishina Cross Section in cm
2
 (eσ) 

0.662 (2.76 ± 0.02) x 10-27 

0.8348 (2.38 ± 0.02) x 10-27 

1.17 (1.93 ± 0.02) x 10-27 

1.33 (1.84 ± 0.02) x 10-27 

 

Table 4.4 Klein-Nishina Cross Section for MCP-200 
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4.4.3 Buildup Factor 

 Table 4.5 shows the data collected for the 1.17 MeV gamma-ray peak of Cobalt-60.  This is for 

broad-beam geometry in determining the buildup factor. 

thickness 
(cm)     counts     corrected     

Build 
Up     

0 ± 0 23658 ± 154 22345 ± 190 1.00 ± 0.02 

1.006 ± 0.002 17666 ± 133 16353 ± 169 1.03 ± 0.02 

2.006 ± 0.002 12888 ± 114 11575 ± 150 1.04 ± 0.02 

3.006 ± 0.002 9807 ± 99 8494 ± 135 1.10 ± 0.03 

4.008 ± 0.002 7308 ± 85 5995 ± 122 1.11 ± 0.04 

                        

background = 
 

1313 ± 36              

 

Table 4.5 Collected Data for Broad-Beam Geometry for 1.17 MeV Peak of Cobalt-60 for 1200 Seconds 

 To calculate the buildup factor, we must first look at the equation for the number of photons 

detected for the broad-beam geometry compared to that of collimated beam.  The narrow beam 

geometry is that of Equation 2.1.  The broad beam geometry has a slightly altered form listed below: 

      𝑁′ = 𝐵𝑁0′𝑒−𝜇𝑥,   (4.3) 

where B will be our buildup factor.  The other quantities carry the same meaning as they did in 

Equation 2.1, with the primed notation denoting the broad beam case.  Ideally, N0 and N0′ would be the 

same if no attenuator is present.  However, depending on how close the source is to the detector, the 

initial number of counts, with no attenuator present, can change due to different solid angles between 

the broad-beam and narrow-beam geometries.  For this reason, the initial number of counts must be 

considered for both geometries when calculating the buildup factor.  Dividing Equation 4.4 by Equation 

2.1 and rearranging terms gives us an equation for the buildup factor: 

      𝐵 =
𝑁′𝑁0

𝑁𝑁0′
    (4.4) 

Figure 4.8 shows the buildup factors for each gamma-ray energy peak as a function of alloy thickness. 
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Figure 4.8 Buildup Factor versus Shield Thickness for Varying Photon Energies 

 The general trend is that as the thickness increases, so does the buildup factor.  The buildup 

factor is the increase in the detected number of photons due to secondary scattering.  So, as we increase 

the thickness, we increase the chances that the gamma ray will interact with the material and create 

more scattering.  The data also seems to have a linear fit.  Since each attenuator of varying thickness 

had the same cross-sectional area, it can be inferred that the buildup factor is linearly proportional to 

the volume of the attenuator: 

      𝐵 = 1 +  𝐶 𝑉 ,   (4.5) 

where C is a proportionality constant and V is the volume of the attenuator. 

 It is also important to note how the buildup factor changes with photon energy.  The following 

graph shows the buildup factor for each attenuator sheet as a function of energy. 
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Figure 4.9 Buildup Factor versus Photon Energy 

The data were fit by a power law,   

      𝐵 = 𝐴𝐸𝑛 ,   (4.6) 

where A and n are constants that were fit with the data while E is the photon energy.  The power, n, was 

calculated using the method of least squares.  The value of n may be calculated using: 

  𝑛 =
∑

1

𝜎𝑖
′2∑

ln(𝑥𝑖) ln(𝑦𝑖)

𝜎𝑖
′2 −∑

ln (𝑥𝑖)

𝜎𝑖
′2 ∑

ln (𝑦𝑖)

𝜎𝑖
′2

∑
1

𝜎𝑖
′2∑

(ln(𝑥𝑖))
2

𝜎𝑖
′2 −(∑

ln(𝑥𝑖)

𝜎𝑖
′2 )2

   

  𝜎𝑖
′ =

𝜎𝑖

𝑦𝑖
 ,       (4.7) 

where xi are the photon energies, yi are the values for the buildup factor, and σi are the uncertainties for 

the buildup factors.  The powers, n, changed depending on the slab’s thickness and the values are listed 

in Table 4.6.  
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Slab Thickness (cm) Power 

1 -0.05 ± .04 

2 -0.11 ± .04 

3 -0.18 ± .05 

4 -0.28 ± .07 

 
Table 4.6 Power Values for Fitted Equations 

 

The value of each power seems to decrease with increasing attenuator thickness.  Figure 4.10 

shows how the power may depend on attenuator thickness. 

 

Figure 4.10 Power Fit Determined Plotted as a Function of Attenuator Thickness 

 

 Finally, the effect of attenuator to detector distance on the buildup factor was observed.  The 

source to detector distance was held constant at 17.7 cm and the thickness of the attenuator was held 

constant at 4 cm.  Data was collected for 1200 seconds using the 0.8348 MeV photon peak of Mn-54, 

with attenuator to detector distances ranging from 3-10 cm in increments of 0.5 cm. Mn-54 was chosen 

due to the source’s high activity rate compared with the other sources available.  The buildup factor 

versus attenuator to detector distance was plotted in the figure below. 
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Figure 4.11 Buildup Factor versus Attenuator-Detector Distance 

The general trend of Figure 4.11 is that as the distance increases, the buildup factor also 

increases.  This effect may actually arise from the source to attenuator distance changing.  Since the 

source to detector distance was held fixed, when the attenuator to detector distance was increased, the 

source to attenuator distance would decrease.  So, the buildup factor was found to increase as the 

attenuator moved closer to the source and away from the detector.  Another possibility could be that as 

we move the attenuator away from the detector, the buildup factor will only increase up to a certain 

distance.  If the attenuator was moved farther than 10 centimeters away from the detector, then a 

decreasing trend may have been observed.  Unfortunately, due to the constraints of the experimental 

setup, the attenuator could not be moved farther away while the collimator was present. 
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Chapter 5 

Computer Simulation 

 

5.1 Motivation 

 The study of nuclear processes is largely an experimental science, where the theory is 

developed and improved based on empirical evidence.  However, conducting an experiment where the 

attenuation coefficient is calculated for individual energies and alloys can be costly and time 

consuming.  So, the use of a computer program to calculate the attenuation coefficients based on the 

theory that has been developed is valuable. 

5.2 XCOM Program 

 The use of a computer program [16] was employed in calculating the attenuation coefficients 

for the four gamma-ray peaks used here.  The program was found at the following website: 

http:www.nist.gov/pml/data/xcom/index.cfm.  This program takes into account the following 

contributions to the attenuation coefficient: coherent (Rayleigh) and incoherent (Compton) scattering, 

photoelectric absorption, and pair production (both in the nuclear field and the electron field).  The 

program requires the input of the composition of the material used along with an energy range.  The 

program prints the mass attenuation coefficient (in units cm
2
/g), which can be converted to the linear 

attenuation coefficient by dividing by the density of the material.  Table 5.1 shows the total attenuation 

coefficient for our four gamma-ray energies. 
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Energy 

(MeV) 

Total attenuation coefficient 

with Coherent Scattering 

(cm
-1

) 

Total attenuation coefficient 

without Coherent Scattering 

(cm
-1

) 

0.662 0.548 0.528 

0.8348 0.472 0.459 

1.17 0.385 0.379 

1.33 0.360 0.355 

 

Table 5.1 Attenuation Coefficients with and without Coherent Scattering for MCP-200 
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Chapter 6 

Conclusion 

 

6.1 Comparisons 

 The following table compares all of the attenuation coefficients found in the previous sections. 

Energy (MeV) 

 

μ Calculated 

(cm
-1

) 

μ Measured. 

(cm
-1

) 

μ Coherent 

(XCOM) 

(cm
-1

) 

μ Incoherent 

(XCOM)  

(cm
-1

) 

0.662 0.562 0.512 ± 0.002 0.548 0.528 

0.8348 0.467 0.441 ± 0.003 0.472 0.459 

1.17 0.408 0.356 ± 0.003 0.385 0.379 

1.33 0.362 0.339 ± 0.002 0.36 0.355 

 

Table 6.1 Attenuation Coefficients for MCP-200 

 The results found from the XCOM program for the linear attenuation coefficient differ slightly 

(by a few percent) from the values obtained experimentally.  One possible reason for this discrepancy 

could arise in possible impurities in MCP-200.  XCOM assumes the exact composition of 91% tin and 

9% zinc.  Any slight deviation from this (such as a higher concentration of tin in the alloy) could have 

an impact on the linear attenuation coefficient. 

 Another paper discussing the buildup factor [17], measured the buildup factor increasing as 

photon energy increased.  The results shown in Figure 4.9 contradict the results of the other paper.  One 

possible explanation is that the contribution to the buildup factor due to Compton scattering was less in 

the alloy discussed in this paper, MCP-200.  This seems plausible since the other paper is a discussion 

of the buildup factor of MCP-96.  MCP-96 has a density of 9.85 g/cm
3
, much larger than 7.23 g/cm

3
 of 

MCP-200.  Since Compton scattering is proportional to the density of the medium the gamma-rays are 

passing through, it can be assumed that the buildup factor was more influenced by Compton scattering 

in MCP-96 than in MCP-200.  Data were retaken for a 3 cm thick slab of MCP-200 for clarity.  The 

results are listed in the Table 6.2. 
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Energy (MeV) Buildup (Retaken) Buildup (Old Data) 

1.17 1.07 ± 0.03 1.1 ± 0.03 

1.33 0.99 ± 0.02 1.04 ± 0.03 

0.662 1.12 ± 0.03 1.19 ± 0.04 

0.8348 1.08 ± 0.03 1.15 ± 0.03 

 

Table 6.2 Buildup Factors Retaken Compared with Old Data 

It can be seen in Table 6.2 that the values for the buildup factor differ, with the newer values 

being consistently lower than the older values.  However, the newer values for the buildup factor still 

fall within two standard deviations of the old data’s buildup factor. It is important to note that, even 

though the exact values for the buildup factor have changed, the general trend of buildup factor 

decreasing with increasing photon energy is still present. 

 Another paper discussing the buildup factor [18], used an equation to calculate the buildup 

factor without the collection of data.  The equations used are as follows: 

𝐵(𝐸, 𝑥) = 1 +
(𝑏−1)(𝐾𝑥−1)

𝐾−1
       𝑓𝑜𝑟 𝐾 ≠ 1    (6.1) 

                                            = 1 + (𝑏 − 1)𝑥          𝑓𝑜𝑟 𝐾 = 1 ,      𝑎𝑛𝑑 

𝐾(𝑥) = 𝑐𝑥𝑎 + 𝑑
𝑡𝑎𝑛ℎ(

𝑥

𝑋𝑘
 − 2)−tanh (−2)

1−tanh (−2)
 .    (6.2) 

In Eqs. 6.1 and 6.2, a, c, d, and Xk are fitting parameters; x is the source to detector distance 

measured in mean free paths (mfp); and b is the value of the buildup factor at 1 mfp.  It should be noted 

that the fitting parameters depend on the source energy.  Plots from other research papers of the buildup 

factor versus photon energy using this equation show a curve that rises with increasing energy at first.  

Then, at a certain energy (dependent on the material it is passing through) the buildup factor begins to 

decrease.  This could also explain why the previous paper [17] disagreed with the conclusions reached 

in this thesis.  Since we were working with different materials, we measured the buildup factor as a 

function of energy on opposite sides of the turning point.  Figure 6.1 is a plot of the buildup factor as a 

function of photon energy for Tin at two different penetration depths calculated using Equation 6.1 and 

Equation 6.2.  Tin was chosen since it is the primary element in MCP-200.   The depths of three mfp 
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and four mfp were chosen since the experimental data taken had fairly small penetration depths (depth 

that photons passed through attenuator).  The energy ranges from 0.5 MeV to 5.0 MeV.  The data were 

taken from published values of buildup factors for various materials [19]. 

 
Figure 6.1 Buildup Factor versus Photon Energy for Two Penetration Depths of Tin 

 

 One of the papers [20] that uses the Gaussian Process discusses why a peak in buildup factor is 

observed as a function of energy.  As the photon energy increases, the pair production phenomenon 

begins to dominate over the Compton effect, thus lowering the buildup factor.  The value of the energy 

in which it hits its maximum is much lower than the value of the energy when pair production has 

completely dominated over the Compton effect.  However, the transition from the Compton effect to 

pair production can still be seen as evidence of the peak.  

6.2 Future Work 

 Figure 6.1 showed how it was possible for the buildup factor to decrease with increasing energy.  

To get a more acurate representation on where the peak energy (transition point) occurs, we would need 

to have the fitting parameters for zinc as well as tin.  The parameters from Equation 6.1 and Equation 

6.2 are taken from the Gaussian Process (G.P.) [18].  If we can calculate the G.P. fitting parameters for 

zinc, then we can calculate the parameters for MCP-200.  Once we know the parameters for MCP-200 

we can calculate the buildup factor for the material.  This would allow us to compare the theory 

(Gaussian Process fitting) to the experimental results and provide a more robust look at the buildup 
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factor for MCP-200.  
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Appendix 
 

Error Propagation 
 

 As mentioned before, radiation is statistical in nature and can be approximated by a Poisson dis-

tribution.  Thus, the standard deviation for N counts is given as follows: 

      𝜟𝑵 = √𝑵     

The following error propagation rules were carried out to calculate the error in adding, subtracting, 

multiplying, dividing, and taking the natural log. 

 

Function       Error 

A + B = C       ΔC2 =  ΔA2 +  ΔB2  

 

A – B = C       ΔC2 =  ΔA2 +  ΔB2 

 

A * B = C       (
ΔC

𝐶
)

2

=  (
ΔA

𝐴
)

2

+  (
ΔB

𝐵
)

2

 

 

A/B = C       (
ΔC

𝐶
)

2

=  (
ΔA

𝐴
)

2

+  (
ΔB

𝐵
)

2

 

 

ln(A) = C       𝛥𝐶 =  
ΔA

𝐴
 


