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Abstract 

Purpose: To verify the accuracy of the lateral buildup ratio (LBR) proposed in TG-70 for the 

dosimetry of electrons with small or irregular fields and investigate an alternative measurement 

used for the LBR. 

Methods: The theory proposed in TG-70 uses the LBR as a main concept for small field 

calculations. The LBR is a ratio of percent depth dose (PDD) profiles from a small circular field 

and a ‘broad field’, which is then incorporated into an electron pencil-beam model. This method 

claims to result in calculated output factors that agree within ±3% at clinically significant depths. 

To facilitate this test, two Cerrobend cutouts were made for a 25 cm2 cone using 3D-printed 

cylinders to define the hole size in the mold. In addition to the suggested 2 cm cutout, a 1 cm cutout 

was made to investigate the LBR produced and its effect on the electron pencil-beam model. 

Electron energies of 6, 8, 10, 12, and 15 MeV were considered from an Elekta Versa HD. Circular 

cutouts of 2, 3, 4, 8 cm and an irregular field were made and depth profiles measured to compare 

with theoretical calculations. 

Results: The LBRs were created for both the 2 cm and 1 cm cutouts, and incorporated into two 

individual pencil-beam parameters 𝜎2𝑐𝑚 and 𝜎1𝑐𝑚, respectively. These were used individually to 

calculate circular and irregular field sizes for all energies. The profiles were analyzed at 𝑑𝑚𝑎𝑥 and 

𝑅90 to reflect clinically significant depths. 

Conclusion: The calculations from 𝜎2𝑐𝑚 for all fields, including the irregular field, better matched 

the measured values when compared to the 𝜎1𝑐𝑚 calculations. For energies at 10 MeV and below, 

the 𝜎2𝑐𝑚 calculation stayed within 3% of the measured dose at 𝑅90 for all cutouts. The calculations 



 

 

ix 

from the 𝜎1𝑐𝑚 parameter varied by as much as 9% of the measured dose at 𝑅90 for 10 MeV, 

occurring with the 2 cm cutout. For all cutouts and energies, the calculations from 𝜎2𝑐𝑚 produced 

data closer in depth and percentage of dose to measured 𝑑𝑚𝑎𝑥 and 𝑅90 values. 
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Chapter 1 

Introduction 

The purpose of this thesis is to validate the lateral buildup ratio (LBR) originally proposed 

by Kahn1 and to test a modified approach. In order to facilitate this study, an Elekta Versa HD 

linear accelerator was used, which is commissioned for both photon and electron treatments. At 

the start of this work, OHSU did not have a stand-alone calculation book of standard electron 

cutouts. Also, there is no second-check method of calculating small or irregular cutouts other than 

physical cutout measurements. In 1998, Kahn proposed a simplified method of making such 

calculations for electrons.1 Various investigators have assessed the accuracy of this method.2–7 The 

purpose of this thesis was to investigate the effects of using an alternative measurement for the 

LBR, in addition to the overall acceptability of the method. 

In the United States, it is estimated that more than 1.7 million people will be diagnosed 

with cancer during the year 2019. Also in the United States, an estimated 606,880 people will die 

from cancer.8 Many cancer cases can be treated with linear accelerator based electrons fields due 

to their unique dosimetric properties. Electron fields exhibit a relatively high surface dose, a near 

uniform dose plateau at depths of maximum dose, and a steep dose fall off. Thus skin or near 

surface cancers are typically good candidates for being treated with electron therapy. The steep 

fall off of dose from electrons help to minimize dose to critical structures distal to the treatment 

site. The fields, or dimensions, necessary for adequate collimation are often irregular or small and 

thus will change the dose profile delivered by electrons.9 What is written hereafter will address 

these complications to planning strategies and explain the methods used. 
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1.1 Electron Therapy 

With the discovery of x-rays occurring in late 1895 by W. C. Roentgen, an immediate 

application of using x-rays in medicine began.10 Initially, the direct application of the x-rays were 

for diagnostic purposes. However, the therapeutic use of radiation followed within months.10 The 

use of radiation for medicinal purposes was also extended to particulate radiation. Electrons thus 

became a tool for the treatment of cancers and other diseases. 

Electrons are successfully implemented and used for certain disease types, including 

cancer, and locations usually near a surface. Some of these diseased sites are the scalp, nose, ear, 

eye, eyelid, neck nodes, breast, extremities, spinal cord, posterior chest wall, total skin (in cases of 

Mycosis Fungoides),11 and intraoperatively for the pancreas, cervix, and other sites.12,13 

1.1.1 Historical Use 

External electron beam therapy began around the late 1930’s in a device called the Van de 

Graaff generator which was built by Van de Graaff and Trump.14 The Van de Graaff generator has 

a conveyer belt that is loaded with electrons, which are then transmitted onto a conductor. The 

conductor is attached to a filament, which leads to an accelerating structure towards ground 

potential. The electron energies produced from these units are limited to about 2 – 3 MeV. Soon 

after the invention of the Van de Graaff accelerator, the unit was implemented clinically for the 

treatment of cancer.15,16 

Following the Van de Graaff generators, Betatrons were created about a decade later with 

energy capabilities between 6 and 30 MeV. These units assumed a more active role in the clinic, 

however was limited due to their size and bulk.17 An image of a Siemens Betatron 42 being used 
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in the clinic can be found from the University of Saskatchewan, University Archives & Special 

Collections, MG 372, Harold Johns fonds, Negatives, Betatron-42, 1972. About this time, linear 

accelerators were being introduced to replace orthovoltage x-ray units with sources of higher 

energy photons. These ‘linacs’ were readily engineered to allow the delivery of high energy 

electron beams as well. 

1.1.2 Current Clinical Use 

In a typical modern linear accelerator the electrons are stripped off of a filament, called the 

electron gun, by thermionic emission. The electrons are accelerated to about one-fourth of the 

speed of light by a pulsed direct current (DC) electric field towards an aperture on the anode and 

are then bunched into the accelerating tube.18 After leaving the electron gun, microwaves created 

in the magnetron are sent to the accelerating tube to further accelerate the electrons. At times a 

klystron may be used to further amplify the microwave output to the accelerating structure. The 

accelerating tube is typically 1 – 2 meters in length and at its end is the treatment head of the unit. 

In the head of the linear accelerator the electron beam is bent, broadened, and flattened. Modern 

linear accelerators are capable of rotation around the patient. To allow for this capability, it is 

necessary to bend the beam towards the treatment direction which is typically perpendicular to the 

accelerating tube. The strength of the magnetic fields must be variable to converge the electrons 

to the same point, regardless of electron energies being selected. For Elekta units the electrons are 

typically bent in a slalom fashion, totaling about 112.5°, and then are converged back to a point. 

The electrons are mostly monoenergetic and confined to a small beamlet, or pencil beam. If 

photons are desired, a thin target of high Z material, usually tungsten, is put in place to interact 

with the electrons and create photons via bremsstrahlung radiation. If electrons are desired, a 

scattering foil is put in place which broadens the fine electron beam. Usually either a secondary 
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central or annular foil is in place to help flatten the Gaussian spread of the electrons from the 

primary foil. Two ionization chambers are set in the treatment head of the beam for measuring and 

monitoring of the radiation being delivered. Primary and secondary collimations are not quite in 

place at the field edge for electron beams because the electrons will scatter off the collimators and 

cause an increase in scattered radiation to the patient, as well as an increase in the geometric 

penumbra. Figure 1 demonstrates the dose changes that occur when the photon jaw settings are 

varied for electron fields. This also displays the sensitivity electrons exhibit due to collimation in 

the treatment head, particularly for lower energies.19 Notice that if the photon jaws are set to the 

field size of the cone, the 10 × 10 cm, the dose decreases by about 40% for the 4 MeV electron 

beam. 

 

Figure 1. This shows how vastly the relative dose from electrons 

can change by adjusting the photon collimation jaws. Reprinted 

from International Journal of Radiation 

Oncology*Biology*Physics, Vol 5 Issue 3, Peter J. Biggs, Arthur 

L. Boyer, Karen P. Doppke, Electron dosimetry of irregular fields 

on the clinac 18, 433-440, Copyright (1979), with permission 

from Elsevier. 
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The collimators are thus adjusted to be mostly out of the beam depending which cone, or 

electron applicator, is being used. These electron cones are attached to the head of the linear 

accelerator. These events are shown in Figure 2. 

 

Figure 2. A diagram of the head of a modern medical linear accelerator. This 

image represents the accelerator being used in the electron mode. Reproduced 

with permission of the International Commission on Radiation Units and 

Measurements, http://ICRU.org 

 

 

The electron cones continue to shape the electrons in a series of collimations. The purpose 

of the open collimation is to reduce electron scatter into the clinical beam, as shown in Figure 3. 

The series of collimators are intended to reduce the penumbra produced from the upstream 

collimation up to the 95% of the upstream profile intensity20 (see Figure 4). At the bottom of these 

http://icru.org/
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cones the user can attach further patient specific collimation. These patient specific collimations 

are referred to as cutouts. It has been found that when individual cutouts are used there is no 

significant perturbation of the incident electron spectrum.21 

 

Figure 3. The purpose of the open electron cone is to reduce scatter 

radiation into the beam when compared to other types of collimation 

shown on the left. Reproduced with permission of the International 

Commission on Radiation Units and Measurements, 

http://ICRU.org 

 

 

 

Figure 4. This represents the electron beam intensity being 

blocked by the electron cone. Reprinted from International 

Journal of Radiation Oncology*Biology*Physics, Vol 18 Issue 5, 

K. R. Hogstrom, A. L. Boyer, A. S. Shiu, T. G. Ochran, S. M. 

Kirsner, F. Krispel, Tyvin Rich, Design of metallic electron beam 

cones for an intraoperative therapy linear accelerator, 1223-1232, 

Copyright (1990), with permission from Elsevier. 

http://icru.org/
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1.1.3 Dosimetric Properties of Electrons 

Figure 5 shows the generic profile for a mega electron volt energy range electron beam. 

Also shown are some parameters commonly used when referring to or comparing electron profiles. 

 

Figure 5. A profile for an MeV electron central axis profile, featuring 

clinical points of interest. Adapted from “Clinical electron-beam 

dosimetry: Report of AAPM Radiation Therapy Committee Task Group 

No. 25,” by Khan FM, Doppke KP, Hogstrom KR, et al. Copyright 2009 

by American Association of Physicists in Medicine. Reprinted courtesy 

of the American Association of Physicists in Medicine under a Creative 

Commons License CC By 3.0 

 

 

𝐷𝑠 is the dose at the surface of the phantom, 𝑅100 is the depth of maximum dose deposition and is 

commonly referred to as 𝑑𝑚𝑎𝑥, 𝑅90 is the distal depth where 90% of the maximum dose is 

deposited and is referred to as the therapeutic range or the clinically useful depth, 𝑅𝑝 is the practical 

https://aapm.onlinelibrary.wiley.com/doi/abs/10.1118/1.596695
https://creativecommons.org/licenses/by/3.0/
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range of the electron, and 𝑅𝑞 is “the depth at which the tangent to the curve at the point of inflection 

meets the level of 𝑑𝑚𝑎𝑥”.22  

Electrons exhibit a higher entrance dose than photons, and have a minimal skin-sparing 

effect. Because of their charge and small mass, the electrons start interacting with the phantom 

material through scattering and energy transference. Lower energy electrons are more likely to 

scatter at wider angles. This broad scatter leads to a rapid buildup of dose closer to the surface. As 

the energy of electrons increases, the entrance dose also increases due to the lack of lateral scatter 

to increase the dose at depth. Electrons at higher energies are more forward-scattered and give the 

percent depth dose (PDD) profile a more broad shape with a higher relative entrance dose.9 The 

electron profiles for different energies are shown in Figure 6. 

 

Figure 6. Electron profiles for five different electron energies. 
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When considering a point in an electron beam at some depth along the central axis, 

upstream electrons that should have scattered into the point of consideration are scattered out and 

are not detected. On the other hand, electrons that might not have been in line to interact in the 

point of consideration might scatter into the point, and are detected. When the amount of electrons 

scattering in are approximately equal to the same amount of electrons scattering out, a condition 

arises called lateral scatter equilibrium (LSE). When LSE is met, the PDD of the electron beam 

becomes roughly independent of field size. At field sizes less than what is required for LSE, the 

PDD of the electron beam becomes dependent on field size, the dose rate decreases, and the output 

(dose per monitor unit (MU)) decreases.9 Authors Khan and Higgins23 estimated that the radius 

requirement for LSE is given by Equation 1, 

 𝑅𝑒𝑞 ≅ 0.88√𝐸𝑝,0 (1) 

where 𝑅𝑒𝑞 is in cm and 𝐸𝑝,0 (MeV) is the most probably energy at the surface of a phantom. 𝐸𝑝,0 

is derived and calculated as an empirical equation by Nordic Association of Clinical Physics,24 

given as 

 (𝐸𝑝)
0

= 𝐶1 + 𝐶2𝑅𝑝 + 𝐶3𝑅𝑝
  2 (2) 

where 𝑅𝑝 is the practical range of the electrons as described earlier, and the coefficients 𝐶1, 𝐶2, 

and 𝐶3 are 0.22 MeV, 1.98 MeV cm⁄ , and 0.0025 MeV cm2⁄ , respectively. Accordingly, for 

larger field sizes and energies, the PDD profiles maintain a nearly similar shape to those just above 

the LSE required radius. This relationship is detailed in Figure 7. Once the radius required for LSE 

is not met, the PDD decreases, 𝑑𝑚𝑎𝑥 moves closer to the surface, and surface dose increases. 
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Figure 7. Graphed is the dependence of the electron profile on field size. Note that changing 

the field size from 8 cm to the open cone barely changes the profile and the two are hardly 

distinguishable. Measurements were taken in a 10 x 10 cm cone. 

 

 

It is important to note that most prescriptions are given with respect to the 𝑅90 depth. 

However, if that depth is based off an incorrect field size then an inaccurate dose could be 

delivered. It is important to understand that the electron profiles change drastically for small or 

irregular field sizes, and must be taken into consideration when prescribing dose to patients. 

1.2 Small/Irregular Field Calculation Methods 

1.2.1 Algorithmic Methods 

In the past, many electron dose algorithms used empirical methods and functions based on 

an assumed a broad beam distribution. Furthermore, they assumed that electrons traversed through 
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homogeneous material, and used ray line geometries.25 Later, around the 1980’s, methods utilizing 

pencil beams to calculate dose distributions for electron fields emerged.26,27 These use multiple 

scattering theory to predict and generalize the dose deposition of electrons. The pencil beam theory 

is based on the premise that the electron spread is axially uniform and follows a Gaussian spread. 

Algorithmic methods use many pencil beam parameters to calculate the electron scatter in a 2D 

surface convolution. Jursinic and Mueller analyzed and compared different methods proposed for 

calculating electron output factors, and are summarized in Figure 8.4 

 

Figure 8. Various calculation methods used for electron dosimetry are evaluated 

based on their percentage difference between measured and calculated output 

factors. The superscripts used are references to other publications. For further 

information see Task Group 70, “Recommendations for clinical electron beam 

dosimetry: Supplement to the recommendations of Task Group 25”. Copyright 2009 

by American Association of Physicists in Medicine. Reprinted courtesy of the 

American Association of Physicists in Medicine under a Creative Commons 

License CC By 3.0 

 

 

Monte Carlo methods are currently employed for Elekta units in a treatment planning 

system (TPS) called Monaco® for both electrons and photons. Experimental studies have 

evaluated the accuracy of these calculations and found that the measured dose and output factors 

for fields ranging down to 3 cm diameter agree with the electron Monte Carlo (eMC) calculations 

within ± 2.5%. The profiles also agree within 2.5% or 2 mm at locations of 𝑑𝑚𝑎𝑥 and 𝑅90.28 

https://aapm.onlinelibrary.wiley.com/doi/10.1118/1.3125820
https://creativecommons.org/licenses/by/3.0/
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Despite the accuracy of current eMC methods it is always necessary to have a second-

check to compare to the primary calculation. Currently at OHSU, when small and/or irregular 

electron cutouts are encountered the outputs are measured individually for direct calibration. 

1.2.2 Khan’s Method 

In the paper by Khan et al, a method is proposed to calculate the depth profiles for electrons 

from small or irregular fields. The key concept is the use of the lateral buildup ratio (LBR), which 

is the “ratio of dose at a point at depth for a given circular field to the dose at the same point for a 

‘broad-field’, for the same incident fluence and profile.” The mathematical expression for the LBR 

is shown in Equation 3. 

 𝐿𝐵𝑅(𝑅, 𝑧, 𝐸) =
𝐷(𝑅, 𝑧, 𝐸)

𝐷(𝑅∞, 𝑧, 𝐸)

Φ𝑖(𝑅∞, 𝐸)

Φ𝑖(𝑅, 𝐸)
 (3) 

This method is applied to a pencil beam model, where the electron spread is approximated 

as Gaussian. Thus the LBR is related to the pencil beam parameter, 𝜎𝑟, and is due to multiple 

Coulomb scattering. The relation between the LBR and 𝜎𝑟 is shown in Equation 4. 

 𝐿𝐵𝑅(𝑅, 𝑧) = 1 − exp(−𝑅2 𝜎𝑟
2(𝑧)⁄ ) (4) 

𝜎𝑟
2(𝑧) is the mean square radial spread as a function of depth, which defines the electron spread. 

The small circular field to create the LBR is suggested to be a 2 cm diameter cutout. The 

reasoning for this specific diameter is if larger diameters are used, then LSE might still not be met 

at higher electron energies, rendering this method ineffective for modeling the electrons. The only 

reference against using a smaller circular cutout is the difficulty of measurement. The hypothesis 

is that a better ratio would be obtained with an even smaller diameter and thus provide a more 
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accurate calculation. With the pencil beam being calculated, the LBR for any circular radius can 

be calculated. For calculation of an irregular shaped field a sector-type integration method is done 

(see Equation 7 in the following Chapter for details). 

1.3 Aim of the Study 

The purpose of this thesis is to verify the accuracy of the LBR method proposed by Khan 

et al. In addition, an alternative measurement of a 1 cm diameter cutout for calculating the LBR is 

explored to assess the viability of producing more accurate calculations. In concept this smaller 

cutout would better match the principle of the LBR; a ratio of having little to no electron scatter 

versus ample electron scatter. It is also anticipated that the calculations will be set up in a way that 

will allow for an easy recalculation of various fields. 
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Chapter 2 

Methods 

The set up and methodology of data collection to create the LBR is described in this 

chapter. The layout of the Excel Book is also described. Also in this section is a description of how 

data was collected for the comparison between measured and calculated PDDs. Lastly, the 

calculations used to create the depth profile for an irregular field is also described, as well as its 

comparison to the measurement. 

2.1 Measuring the Lateral Buildup Ratio  

As previously described in section 1.2.2, the lateral buildup ratio (LBR) is the depth 

matched ratio of PDDs between a small field and a large field. Khan et al suggests that the small 

field be a circular cutout of 2 cm diameter1. In addition to this cutout a 1 cm cutout was also made 

as an attempt to better match the underlying logic of the LBR, which is essentially a ratio of 

minimal scattered electrons to that of an electron beam with full lateral equilibrium. Attempting to 

nullify any other source of variability due to using different cones, a 25 cm × 25 cm cone was 

chosen for the broad field as well as the small field. This was to negate slight effects caused by 

using a different cone for these measurements. It has been found that when larger cones are used, 

the 𝑅90 is shifted deeper than when a smaller cone is used for the same field size. It is assumed 

this result is due to low-energy x-rays that are scattered off the applicator and jaws for the smaller 

cones compared to the larger cones.29 
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To ensure an accurate cutout, cylinders of diameters 1 cm and 2 cm were printed using an 

Ultimaker 2 3D printer. Their design was created using the software Tinkercad™. The files were 

printed using acrylonitrile butadiene styrene (ABS) filament. This filament was selected because 

of its availability in the clinic. 

Cerrobend was used to create the necessary cutouts in the Department of Radiation 

Medicine’s block room. Cerrobend is a eutectic alloy; a mixture of bismuth, lead, tin, and 

cadmium. It is an attractive material for radiation therapy due to its low melting temperature, high 

Z, and low cost. Previous studies have examined the dose due to transmission through the 

Cerrobend cutouts and found the minimal thickness of these cutouts to be about 16 mm for the 

highest energy beams encountered in radiation therapy.30 The cylinders were placed in the middle 

of the holder and clamped down and the liquid Cerrobend was poured in the 25 cm x 25 cm holder. 

As seen in Figure 9 the holes were centered within the mechanical limitations of the mold system. 

It should be noted that the alignment was always verified before measurements were taken and the 

cutout’s center was congruent with the center of the detector. 

 

Figure 9. The cutouts created for the measurement of the LBR. The 3D printed 

cylinders were lined closely to the center. 
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Central axis depth profiles were measured in a 1D Scanner model 1233 (Sun Nuclear 

Corporation). The internal dimensions are 35 cm × 39 cm, with a depth of 35 cm. The 

configuration for measurements are shown in Figure 10.31 

 

Figure 10. Set up of the 1D Scanner, electrometer, detectors, and the SNC software. 

1D Scanner Reference Guide. Scanning Model 1233. With permission from SNC. 

 

 

The detector used for all measurements was a PTW microDiamond detector (60019). This 

detector has an active volume of 0.004 mm3 which is located 1 mm below the detector tip. The 

microDiamond was chosen because its small active volume makes it ideal for small field sizes. It 

is also water proof, and ideal for electron dose measurements.32 The measurements also had a 

reference detector placed in the field on the first section of the cone. This was placed on the cone 

to be outside of the field incident on the cutout. The reference detector was a Dosimetry Diode E 

(60012). The Diode E has an active volume of 0.03 mm3 with the volume located 1.33 mm from 
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the detector tip.32 Both detectors were connected to a Sun Nuclear PC Electrometer. The software 

used was SNC Dosimetry, Version 3.5.0.19215, © Sun Nuclear 2019, Sun Nuclear Corporation. 

At the time of this data collection the full access to the software was not available, so the data was 

exported directly into Excel. Background measurements were taken before any other sets of 

measurements were recorded. The dwell time was set to 0.4 seconds per position and a point 

spacing of 0.1 cm. The maximum depth of the detector in the water was determined by the 

approximate value of the 𝑅𝑝 value for the electrons. Clearly, this total scan depth varied for each 

electron energy. The source to surface distance (SSD) was set to 100 cm. The diode was verified 

to be centered along the cutout’s center for depths up to 20 cm for each cutout. The profile data 

was left unaltered and imported into Excel for further work. 

2.2 Calculating the Lateral Buildup Ratio 

The electron measurements from each cutout were imported into Excel. The profiles were 

noticeably noisy, especially in regions near the surface. This is due to a rapid buildup region that 

can vary the signal, and also assumed because of the slight movement of water due to the moving 

diode and detector holder. It was necessary to smooth the data to avoid any major fluctuations in 

the LBR. The raw data was smoothed by averaging three measured dwell positions. This process 

was sufficient to smooth the profiles, as seen in Figure 11. The profiles were also normalized to 

0.983 mm. By normalizing to this shallow depth, the incident fluence becomes the same for all 

field sizes regardless of cones being used. It has been shown that the acceptable depth for this to 

occur is between 0.5 mm – 3 mm. The depth of 0.983 mm was chosen because it was the first 

depth of measurement for all energies in the specified range with the up-beam non-sensitive part 
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of the detector at the water surface. By normalizing the profiles to the surface, the LBR from 

Equation 3 now becomes 

 𝐿𝐵𝑅(𝑅, 𝑧, 𝐸) =
𝐷(𝑅, 𝑧, 𝐸)

𝐷(𝑅∞, 𝑧, 𝐸)
 (5) 

Figure 12, Figure 13, and Figure 14 show the smoothed and normalized profiles. 

 

Figure 11. Depth profile from a 12 MeV electron beam in an open 25 cm2 cone. Graphed is the raw data as 

well as the smoothed data for comparison. 
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Figure 12. Smoothed and normalized depth profiles for all energies in an open 

25 cm2 cone. 

 

 

 

Figure 13. Depth profiles obtained from the 2 cm cutout for all energies. The 

data is smoothed and normalized to the surface. 
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Figure 14. Depth profiles obtained from the 1 cm cutout for all energies. The 

data is smoothed and normalized to the surface. 

 

 

The respective pencil beams were calculated for all depths using Equation 6  

 
𝜎𝑟(𝑧) =

𝑅

√ln (
1

1 − 𝐿𝐵𝑅(𝑅, 𝑧)
)

 
(6) 

where 𝑅 is the radius of a circular field size used to obtain the LBR. The LBR method as suggested 

in Task Group 70 uses one pencil beam, which is proposed to be sufficient for all other 

calculations. The justification for only using on parameter is that rather than being solely a 

computational approach, this method considers a Gaussian parameter from a measurement. Thus, 

this study utilized two pencil beam parameters, 𝜎1cm and 𝜎2cm. Other work has shown that using 
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one pencil beam parameter might be insufficient.5 It is also important to note that for this work the 

pencil beam parameters are labelled by their diameter. The parameter 𝜎𝑟(𝑧) uses the radius. 

With the pencil beam parameters calculated, the LBR for any radius can subsequently be 

calculated by using Equation 4. Each electron energy was calculated up to 8 cm diameter circular 

fields. Around 6 cm, the calculated LBR values for all electron energies started to become 

essentially one. This is expected because the LSE radius is nearly met for all the energies at this 

diameter. The LBR for various radii around an irregular field can then be incorporated into 

Equation 7 for the dose per monitor unit at point 𝑃, 

 𝐷𝑢(𝑃) = 𝐾(𝐸) ⋅ 𝑃𝐷𝐷(𝑅0, 𝑧, 𝐸) ⋅ 𝐽(𝑅𝑐 , 𝐸) ⋅
Δ𝜃

2𝜋
∑ 𝐿𝐵𝑅(𝑅𝑖 , 𝑧, 𝐸)

𝑛

𝑖=1

∑ 𝐼(𝑅𝑖,𝑐 , 𝐸)

𝑛

𝑖=1

 (7) 

where 𝐾(𝐸) is the dose per MU for the 25 cm2 cone at 𝑑𝑚𝑎𝑥, 𝑃(𝑅0, 𝑧, 𝐸) is the PDD for the 25 cm2 and 

is normalized to 𝑑𝑚𝑎𝑥, 𝐽(𝑅𝑐 , 𝐸) is the cone factor and is equal to the incident fluence for the given 

cone of size 𝑅𝑐 relative to the 25 cm2 cone, 𝐼(𝑅𝑖,𝑐, 𝐸) is the cutout factor. As stated earlier, a sector 

integration method is used to calculate the LBR at intervals of Δ𝜃, measured in radians. Equation 

7 can further be reduced by considering that 𝐽(𝑅𝑐 , 𝐸) and ∑ 𝐼(𝑅𝑖,𝑐, 𝐸)𝑛
𝑖=1  do not change the 

normalized depth dose distribution and are consequently factored out in the normalization.5 For 

the circular cutouts, the summed LBR (referred to as the effective LBR (𝐿𝐵𝑅eff) in Task Group 

70) reduces to the LBR. Thus, the terms reduce down to leave, 

 𝑆𝑒(𝑧, 𝑅) = 𝑆𝑒 ⋅ 𝐿𝐵𝑅eff ⋅ 𝑃𝐷𝐷(𝑧, 𝑅∞) (8) 

where 
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 𝐿𝐵𝑅eff(𝑧, 𝑅) = 1 − (
Δ𝜃

2𝜋
) ∑ exp [

−𝑟𝑖
2

𝜎𝑟
2(𝑧)

]

𝑛

𝑖=1

 (9) 

and 𝑆𝑒 is the cone factor. 

The LBR for the irregular field was calculated using Equation 9. The irregular field was 

divided into 32 segments, and code was written in VBA to output the varying radii. 𝐿𝐵𝑅eff was 

then calculated for all energies at all depths using both the 𝜎1𝑐𝑚 and the 𝜎2𝑐𝑚 parameters. This 

same calculation was performed from the corner of the irregular field. Once the LBR or LBReff is 

calculated, the dose per monitor unit for any field at any depth can be found using Equation 8. 

2.3 Comparison Measurements 

Measurements were taken for comparison to our calculated data. The cutouts and cones 

that were used are summarized in Table 1.  

Table 1. The cutouts and their respective cones used to 

gather data for comparison with calculations. 

 

All of these cutouts, with the exception of the irregular field, were made previously. The 

set up was the same as described in section 2.1. The scan parameters were changed to a varying 

step size of 0.06 cm for locations shallower than 𝑑𝑚𝑎𝑥, 0.10 cm for depths between 𝑑𝑚𝑎𝑥 and 𝑅𝑝, 

and 0.30 cm for depths greater than 𝑅𝑝. The dwell time was set to 1 second. Full access to the SNC 

software was available at the time that these measurements were taken. This would have made for 

an easier smoothing and normalizing of the data, however the smoothing mechanisms were 

6 cone 10 cone 14 cone

2 cm 3 cm Irregular (center)

4 cm 4 cm Irregular (corner)

8 cm
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unclear. To be consistent, the data was imported directly into Excel and smoothed with a 3-median 

method. All the PDDs were normalized to their individual 𝑑𝑚𝑎𝑥 values. 

The irregular field was sketched by hand to simulate an electron boost treatment that is 

typically given to the scar where a breast tumor was removed. On average it had a 3.5 cm diameter, 

following a slight curve for about 11 cm. Figure 15 shows an image of the irregular cutout. As 

noted in Table 1, two measurements were made with the irregular cutout; one in the center and 

one in the corner. 

 

Figure 15. The irregular cutout. The corner measurement was 

taken in the bottom right corner, indicated by the black dot. 
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Chapter 3 

Results 

3.1 𝝈𝟏𝒄𝒎 vs 𝝈𝟐𝒄𝒎 Calculations 

Graphs were produced of the measured and the calculated data. These were done separately 

for each pencil beam parameter. Figure 16 and Figure 17 show the difference of the measured and 

calculated data for 𝜎1𝑐𝑚 and 𝜎2𝑐𝑚, respectively. The measured data for these two figures is from 

the 2 cm cutout.  
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Figure 16. Profiles of measured and calculated data for the 2 cm cutout using the 𝝈𝟏𝒄𝒎. 

 

 

Figure 17. Profiles of measured and calculated data for the 2 cm cutout using the 𝝈𝟐𝒄𝒎. 
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The same graphs were also produced for the 3 cm cutout. These comparisons are displayed 

in Figure 18 and Figure 19. 
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Figure 18. Profiles of measured and calculated data for the 3 cm cutout using the 𝝈𝟏𝒄𝒎. 

 

 

Figure 19. Profiles of measured and calculated data for the 3 cm cutout using the 𝝈𝟐𝒄𝒎. 
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 Lastly, graphs comparing measured and calculated data from the irregular cutout 

measured from the center of the field are shown in Figure 20 and Figure 21. 
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Figure 20. Profiles of measured and calculated data for the center of the irregular cutout using 

the 𝝈𝟏𝒄𝒎. 

 

 

Figure 21. Profiles of measured and calculated data for the center of the irregular cutout using 

the 𝝈𝟐𝒄𝒎. 
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Figures 26 – 33 contain the rest of the graphs comparing measured vs calculated data for 

the cutouts and are shown in the Appendix. 

3.2 𝒅𝒎𝒂𝒙 

The calculated profiles were compared to the measured profiles using the 𝑑𝑚𝑎𝑥 depths. A 

tolerance of 0.5% of 𝑑𝑚𝑎𝑥 was given due to the broad plateau exhibited by the larger electron 

energies. 

From left to right, the columns of Table 2 are the radius required for LSE (𝑅𝑒𝑞), electron 

energies, cones sizes, and the cutouts measured. The 𝑑𝑚𝑎𝑥 values from the measurements are 

shown in the yellow column. The last columns show the 𝑑𝑚𝑎𝑥 calculations from 𝜎1𝑐𝑚 and 𝜎2𝑐𝑚. 
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Table 2. The measured and calculated 𝒅𝒎𝒂𝒙 values are compared. The yellow column is the measured range within 

0.5% of 𝒅𝒎𝒂𝒙. Note that the field sizes are given as diameters. 

 

≥ Req = open

Plus or minus 0.5% of 

dmax

Req (cm) Energy Cone (cm2) Field size (cm) dmax meas (cm) Exact (cm) Range (cm) Exact (cm) Range (cm)

2 0.8 - 1 1.3 1.2 - 1.3 0.9 0.8 - 1

4 1.2 - 1.5 1.4 1.3 - 1.5 1.4 1.3 - 1.5

≥ Req 1.3 - 1.5 1.4 1.3 - 1.5 1.4 1.3 - 1.5

3 1.2 - 1.4 1.4 1.3 - 1.4 1.3 1.2 - 1.4

4 1.3 - 1.5 1.4 1.3 - 1.5 1.4 1.3 - 1.4

8 1.2 - 1.5 1.4 1.3 - 1.5 1.4 1.3 - 1.5

Irregular (ctr) 1.3 - 1.5 1.4 1.3 - 1.5 1.4 1.3 - 1.4

Irregular (crn) 1.3 - 1.5 1.4 1.3 - 1.5 1.4 1.3 - 1.4

2 0.95 - 1 1.5 1.4 - 1.6 1.2 1.2

4 1.6 - 1.9 1.9 1.8 - 2 1.9 1.8 - 1.2

≥ Req 1.7 - 2 1.9 1.8 - 1.2 1.9 1.8 - 1.2

3 1.4 - 1.8 1.9 1.8 - 1.9 1.6 1.5 - 1.8

4 1.6 - 1.9 1.9 1.8 - 1.2 1.9 1.8 - 1.2

8 1.6 - 1.9 1.9 1.8 - 1.2 1.9 1.8 - 1.2

Irregular (ctr) 1.6 - 1.9 1.9 1.8 - 2 1.9 1.8 - 1.9

Irregular (crn) 1.7 - 1.9 1.9 1.8 - 2 1.9 1.7 - 1.9

2 0.9 - 1.4 1.8 1.6 - 1.8 1.2 0.9 - 1.3

4 1.8 - 2.3 2.3 2.2 - 2.4 2.3 2.2 - 2.4

≥ Req 2.1 - 2.5 2.3 2.2 - 2.5 2.3 2.2 - 2.5

3 1.5 - 1.9 2.3 2.1 - 2.4 1.8 1.8 - 2.1

4 1.7 - 2.2 2.3 2.2 - 2.4 2.3 2.2 - 2.4

8 2 - 2.5 2.3 2.2 - 2.5 2.3 2.2 - 2.5

Irregular (ctr) 1.8 - 2.3 2.3 2.2 - 2.4 2.3 2.1 - 2.4

Irregular (crn) 1.9 - 2.2 1.6 2.2 - 2.4 2.3 2 - 2.4

2 1 - 1.5 1.7 1.6 - 1.9 1.1 0.9 - 1.4

4 1.9 - 2.4 2.7 2.4 - 3 2.7 2.3 - 2.9

≥ Req 2.4 - 2.9 2.7 2.4 - 3 2.7 2.4 - 3

3 1.4 - 2.1 2.5 2.3 - 2.7 2.2 1.8 - 2.4

4 1.7 - 2.5 2.7 2.4 - 3 2.7 2.3 - 2.9

8 2.4 - 3 2.7 2.4 - 3 2.7 2.4 - 3

Irregular (ctr) 2.1 - 2.7 2.7 2.4 - 2.9 2.5 2.3 - 2.9

Irregular (crn) 1.8 - 2.5 2.7 2.4 - 2.9 2.5 2.3 - 2.7

2 1 - 1.6 2.0 1.6 - 2.2 1.3 1 - 1.5

4 1.5 - 2.4 2.7 2.1 - 3.3 2.7 2.1 - 3.1

≥ Req 2.1 - 2.6 2.9 2.1 - 3.4 2.9 2.1 - 3.4

3 1.5 - 2.2 2.7 2.1 - 3 2.2 1.2 - 2.6

4 1.6 - 2.3 2.7 2.1 - 3.3 2.7 2.1 - 3.1

8 2.4 - 3.2 2.9 2.1 - 3.4 2.9 2.1 - 3.4

Irregular (ctr) 1.9 - 2.6 2.7 2.1 - 3.3 2.7 2.1 - 3.1

Irregular (crn) 1.8 - 2.3 2.7 2.1 - 3.2 2.7 2.3 - 2.9

6

10

15 MeV3.4

14

12 MeV3.0

14
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3.3 𝑹𝟗𝟎 

The original paper did not specify what location was used for clinically significant depths, 

but for this work the depth of 𝑅90 was chosen. Linear interpolation was verified to adequately 

model the profiles, as shown in Figure 22. This was necessary to extract the dose values at specific 

depths for comparison of the 𝑅90 locations and dose percentages. 

 

Figure 22. Verification of the linear interpolation. Shown is a full profile for a measured field, along with a profile 

after going through a linear interpolation reducing the data points to match the calculated data points. 

 

 

Values for 𝑅90 were found for all the measured cutouts. These depths were then used to 

interpolate the calculated profiles to find what the calculated dose were at those depths. Similarly, 

the calculated profiles were interpolated to find the depths at where the calculated 90% dose 
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occurred. Comparison could then be done for the difference in distance as well as percent dose 

difference. These assessments are displayed in Tables 3 – 9. 

 

 

Table 3. Comparing the 𝑹𝟗𝟎 for the 2 cm cutout. 

 
 

Table 4. Comparing the 𝑹𝟗𝟎 for the 3 cm cutout. 

 
 

 

 

 

Energy Criteria Measured
σ1cm 

calculation
Difference

σ2cm 

calculation
Difference

Distance 1.45 cm 1.77 cm 3.14 mm 1.54 cm 0.88 mm

Dose 90% 98.51% 9.46% 92.68% 2.98%

Distance 1.71 cm 2.13 cm 4.24 mm 1.81 cm 1.00 mm

Dose 90% 99.05% 10.05% 92.49% 2.77%

Distance 1.96 cm 2.43 cm 4.71 mm 2.04 cm 0.79 mm

Dose 90% 98.59% 9.55% 91.93% 2.15%

Distance 2.21 cm 2.70 cm 4.86 mm 2.30 cm 0.87 mm

Dose 90% 98.01% 8.90% 91.81% 2.01%

Distance 2.50 cm 3.11 cm 6.09 mm 2.61 cm 1.06 mm

Dose 90% 98.09% 8.98% 91.74% 1.93%

6 MeV

8 MeV

2 cm cutout

12 MeV

15 MeV

10 MeV

Energy Criteria Measured
σ1cm 

calculation
Difference

σ2cm 

calculation
Difference

Distance 1.83 cm 1.91 cm 0.87 mm 1.85 cm 0.20 mm

Dose 90% 93.32% 3.69% 90.79% 0.88%

Distance 2.30 cm 2.46 cm 1.57 mm 2.32 cm 0.21 mm

Dose 90% 94.42% 4.91% 90.71% 0.79%

Distance 2.66 cm 2.96 cm 3.00 mm 2.77 cm 1.05 mm

Dose 90% 96.60% 7.33% 92.42% 2.69%

Distance 3.00 cm 3.44 cm 4.36 mm 3.18 cm 1.73 mm

Dose 90% 97.58% 8.43% 93.37% 3.74%

Distance 3.37 cm 4.07 cm 6.96 mm 3.63 cm 2.57 mm

Dose 90% 98.03% 8.92% 93.69% 4.10%

3 cm cutout

6 MeV

8 MeV

10 MeV

12 MeV

15 MeV
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Table 5. Comparing the 𝑹𝟗𝟎 for the 4 cm cutout. 

 

 

Table 6. Comparing the 𝑹𝟗𝟎 for the 4 cm cutout. 

 
 

Table 7. Comparing the 𝑹𝟗𝟎 for the 8 cm cutout. 

 
 

Energy Criteria Measured
σ1cm 

calculation
Difference

σ2cm 

calculation
Difference

Distance 1.87 cm 1.92 cm 0.58 mm 1.92 cm 0.50 mm

Dose 90% 92.30% 2.56% 91.97% 2.19%

Distance 2.46 cm 2.52 cm 0.61 mm 2.49 cm 0.24 mm

Dose 90% 91.71% 1.90% 90.69% 0.77%

Distance 2.97 cm 3.14 cm 1.69 mm 3.05 cm 0.80 mm

Dose 90% 94.01% 4.45% 92.14% 2.38%

Distance 3.40 cm 3.75 cm 3.43 mm 3.60 cm 1.97 mm

Dose 90% 96.31% 7.01% 94.04% 4.49%

Distance 3.82 cm 4.53 cm 7.11 mm 4.24 cm 4.22 mm

Dose 90% 97.72% 8.57% 95.72% 6.35%

6 MeV

8 MeV

4 cm cutout (6 cone)

12 MeV

15 MeV

10 MeV

Energy Criteria Measured
σ1cm 

calculation
Difference

σ2cm 

calculation
Difference

Distance 1.89 cm 1.92 cm 0.38 mm 1.92 cm 0.30 mm

Dose 90% 91.59% 1.77% 91.25% 1.39%

Distance 2.43 cm 2.52 cm 0.94 mm 2.49 cm 0.57 mm

Dose 90% 92.55% 2.83% 91.61% 1.79%

Distance 2.89 cm 3.14 cm 2.48 mm 3.05 cm 1.59 mm

Dose 90% 95.60% 6.23% 94.04% 4.49%

Distance 3.29 cm 3.75 cm 4.56 mm 3.60 cm 3.10 mm

Dose 90% 97.60% 8.45% 95.89% 6.54%

Distance 3.72 cm 4.53 cm 8.15 mm 4.24 cm 5.26 mm

Dose 90% 98.50% 9.44% 96.89% 7.65%
15 MeV

4 cm cutout (10 cone)

6 MeV

8 MeV

10 MeV

12 MeV

Energy Criteria Measured
σ1cm 

calculation
Difference

σ2cm 

calculation
Difference

Distance 1.86 cm 1.92 cm 0.63 mm 1.92 cm 0.63 mm

Dose 90% 92.46% 2.73% 92.46% 2.73%

Distance 2.48 cm 2.53 cm 0.43 mm 2.53 cm 0.43 mm

Dose 90% 91.25% 1.39% 91.25% 1.39%

Distance 3.07 cm 3.18 cm 1.09 mm 3.18 cm 1.09 mm

Dose 90% 92.43% 2.70% 92.43% 2.70%

Distance 3.73 cm 3.84 cm 1.13 mm 3.84 cm 1.13 mm

Dose 90% 92.23% 2.47% 92.23% 2.47%

Distance 4.53 cm 4.68 cm 1.49 mm 4.68 cm 1.49 mm

Dose 90% 92.07% 2.30% 92.07% 2.30%

8 cm cutout

6 MeV

8 MeV

10 MeV

12 MeV

15 MeV
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Table 8. Comparing the 𝑹𝟗𝟎 for the irregular cutout. 

 
 

Table 9. Comparing the 𝑹𝟗𝟎 for the irregular cutout. 

 

Energy Criteria Measured
σ1cm 

calculation
Difference

σ2cm 

calculation
Difference

Distance 1.88 cm 1.92 cm 0.45 mm 1.91 cm 0.35 mm

Dose 90% 91.81% 2.01% 91.41% 1.56%

Distance 2.45 cm 2.52 cm 0.64 mm 2.49 cm 0.33 mm

Dose 90% 91.78% 1.97% 90.92% 1.02%

Distance 2.98 cm 3.14 cm 1.52 mm 3.07 cm 0.88 mm

Dose 90% 93.62% 4.02% 92.27% 2.52%

Distance 3.52 cm 3.75 cm 2.30 mm 3.65 cm 1.25 mm

Dose 90% 94.37% 4.85% 92.58% 2.87%

Distance 4.04 cm 4.54 cm 4.97 mm 4.32 cm 2.80 mm

Dose 90% 95.83% 6.47% 93.59% 3.99%

Irregular (center) cutout

6 MeV

8 MeV

10 MeV

12 MeV

15 MeV

Energy Criteria Measured
σ1cm 

calculation
Difference

σ2cm 

calculation
Difference

Distance 1.86 cm 1.92 cm 0.61 mm 1.91 cm 0.44 mm

Dose 90% 92.37% 2.64% 91.67% 1.86%

Distance 2.41 cm 2.51 cm 0.98 mm 2.46 cm 0.44 mm

Dose 90% 92.69% 2.98% 91.30% 1.44%

Distance 2.92 cm 3.11 cm 1.87 mm 3.01 cm 0.93 mm

Dose 90% 94.47% 4.96% 92.42% 2.69%

Distance 3.37 cm 3.69 cm 3.15 mm 3.53 cm 1.59 mm

Dose 90% 95.87% 6.53% 93.18% 3.53%

Distance 3.83 cm 4.45 cm 6.24 mm 4.13 cm 3.05 mm

Dose 90% 97.04% 7.82% 94.26% 4.73%

Irregular (corner) cutout

6 MeV

8 MeV

10 MeV

12 MeV

15 MeV
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Chapter 4 

Discussion 

4.1 𝝈𝟏𝒄𝒎 vs 𝝈𝟐𝒄𝒎 Calculations 

It is apparent that both pencil beam calculations result in an overestimation of the true 

PDD. This effect has also been noted by other investigators, and is attributed to the fact that only 

one pencil beam parameter is used.5 This trend is true for all depths, energies, and cutouts measured 

in this study. The comparison between Figure 16 and Figure 17 is inherently biased for the 𝜎2𝑐𝑚 

calculation because the original measurement for 𝜎2𝑐𝑚 stems from a 2 cm cutout. Thus it would 

be expected that the 𝜎2𝑐𝑚 calculation would give better results. However, analyzing Figure 18 and 

Figure 19 shows that the calculations from 𝜎2𝑐𝑚 better match the measured data. This trend of 

𝜎2𝑐𝑚 calculations yielding better results to measurements than 𝜎1𝑐𝑚 was found for every cutout. 

4.2 𝒅𝒎𝒂𝒙 Comparison 

From Table 2, the exact 𝑑𝑚𝑎𝑥 did not fall into the measured range 19 out of 40 times for 

the 𝜎1𝑐𝑚. Meanwhile for the 𝜎2𝑐𝑚, it did not fall into the range 11 out of 40 times. The majority of 

these occurrences were in the higher electron energies, 12 and 15 MeV. The 𝜎1𝑐𝑚 never met the 

measured 𝑑𝑚𝑎𝑥 range for the smallest cutout of 2 cm. 



 

 

37 

4.3 𝑹𝟗𝟎 Comparison 

From a pragmatic viewpoint of clinical setup, the limit for dose deviance at 𝑅90 is 3%. 

Using this as standard it is apparent that the 𝜎1𝑐𝑚 calculations are not adequate. The 𝜎1𝑐𝑚 

calculation is up to 9% of the measured dose for the 2 cm cutout, and the distance is greater than 

3 mm for all energies. Contrast these values to the 𝜎2𝑐𝑚 calculation which is barely exceeding 1 

mm difference and stays under 3% for all energies. This pattern of the 𝜎1𝑐𝑚 calculations being 

worse is exhibited in all cutouts. The calculations from the 𝜎2𝑐𝑚 parameter do well for lower 

energies. However, even for energies above 10 MeV the percent dose difference starts to exceed 

3%. Most of the distances are below 3 mm, with the exception of the 4 cm cutout for 12 and 15 

MeV. Notice for the 8 cm cutout both the calculations are the same. This is because the LBR for 

the 8 cm is essentially one at all depths, reducing Equation 8 down to the cone factor multiplied 

by the open PDD. 

Differences of the calculation versus measured for the same cutout but different cone sizes 

was observed. Better prediction for the 6 MeV with the larger cone (10 cm2) was found. Also, 

better prediction was found for the higher energies (>6 MeV) with the smaller 6 cm2 cone. Smaller 

cones have been found to introduce more low-energy scatter. Comparatively, bigger cones have 

deeper PDDs.29 Thus it would have been assumed, due to overestimation of the PDDs with the 

LBR, that the bigger cone would give better prediction for all energies. Further investigation is 

required to make a definitive statement as only two cone sizes for the same cutout were compared 

in this study. 
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4.4 Investigation of the LBR 

 The LBRs were plotted against the depths when normalized to the practical range, 𝑅𝑝. 

These are shown in Figure 23 and Figure 24. 

 

Figure 23. The measured LBR from the 1 cm cutout is plotted against the depth 

normalized to the practical range for all 5 electron energies.  
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Figure 24. The measured LBR from the 2 cm cutout is plotted against the depth 

normalized to the practical range for all 5 electron energies. 

 

These figures show that the LBR near the surface are nearly the same for all energies and 

for both the cutouts. This ensures that the normalization of the data at the 0.983 mm depth is 

sufficient to factor out the fluence terms that are present in Equation 3. 

Due to the fact that two LBRs were being measured for this study, the two pencil beams 

derived from the LBRs could also be plotted against the depth normalized to the practical range. 

This is shown in Figure 25. 
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Figure 25. The pencil beam parameters are both plotted against the depth normalized to 𝑹𝒑 for 6 and 

15 MeV. The red colors are from the 1 cm cutout, and the blue from the 2 cm cutout. 

 

The 𝜎1𝑐𝑚 and 𝜎2𝑐𝑚 pencil beam parameters show a dramatic difference in their maximum 

spread, which occurs around 0.7 of the normalized depth. This is shown for both 6 and 15 MeV. 

In the original paper, a similar plot is made for field sizes of 2, 2.8, and 3.7 cm for 9 MeV. Some 

differences are noted and suspected to be from scatter in the measured data and changes in the 

initial angular spread of the pencil beams. The paper concludes that these differences on the depth 

dose curves is limited to 3%.1 Gebreamlak et al investigated more field sizes, up to 6 cm for 15 

MeV. This showed a variation in the pencil beam parameter of about 1.55 for the 2 cm cutout to 

1.7 for the 6 cm cutout.5 This investigation of the 1 cm also exhibits a dependence of the pencil 

beams on field size. The difference seen in Figure 25 is much more extreme and varies the pencil 

beam from 1.15 to 1.5 for the 15 MeV beam. This not only further concludes that the pencil beam 
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parameter does depend on field size, but also shows that the LBR method is more of an empirical 

formulation and the theory of the LBR method might have limitations. 
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Chapter 5 

Conclusions 

5.1 Study Limitations 

 An improvement for this study would be the use of a 3D scanner, especially for the 

measurement of the LBR. This would enable one to more confidently verify that the detector is 

at the center of the cutout at all depths. 

 Another limitation to this study was the amount of time available. Extending this study 

with another graduate student would allow for further investigation and implementation of the 

improvements of the LBR proposed by other authors.5,6  

5.2 Future Work 

It has been mentioned that Gebreamlak et al5 have investigated the addition of using 

varying pencil beam parameters found via interpolation of 𝜎𝑟(𝑧) vs. 𝑅 curves to predict even better 

calculations. It would be prudent to investigate the interpolation of the pencil beam parameter and 

use different 𝜎𝑟(𝑧) for varying radii in an irregular field as an improvement to this study. 

Increasing the dwell times and decreasing the point spacing of the initial measurements for 

the LBR might be an area of investigation. This might help the LBR’s uncertainty at shallow depths 

and produce less uncalculated data points of the LBR. Some of the calculations for shallow depths 

produced errors. This is because of the sensitivity near the surface, as well as the dose from the 
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small cutout and the open field being relatively the same. Taking finer measurements might result 

in less errors in the near surface. 

Streamlining the calculations of fields could also be done in VBA. For the purposes of this 

thesis, the calculations were done in the Excel main interface. Coding this into VBA or even 

another program would enable for quick calculations. Another area of interest would be to set up 

an automated way to load in an image or sketch of an irregular field and have the radii extend 

automatically to the boundaries. Having this would make for an efficient calculation of an irregular 

field. 

Another area of future investigation would be altering the number of sectors used for the 

sector integration of the irregular fields. Changing this would have an impact for how accurate 

the calculations are, while also trying to balance what is sufficient for the LBR method. 

Implementing a feature of selecting how many segments one would want to use for the sector 

integration of the irregular field would enable a study into varying sector amounts. 

5.2 Final Conclusions 

From this work it can be concluded that the 1 cm cutout used to measure the LBR results 

in calculations that are not as accurate when compared to the 2 cm cutout calculations. This result 

was true for both the 𝑑𝑚𝑎𝑥 and 𝑅90 comparisons. It is further concluded that the LBR method 

should not be used for energies above 10 MeV. Even when lower energies are considered, the 

application of this method should be used cautiously as the calculation tends to always 

overestimate the true electron PDD. As mentioned in 5.2, Gebreamlak et al5 have explored the use 

of varying pencil beam parameters found via interpolation of 𝜎𝑟(𝑧) vs. 𝑅 curves to predict better 

calculations. Serious consideration of this paper should be taken into account when seeking to 
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implement this clinically. In conclusion, this study has shown that the 1 cm cutout used for the 

LBR measurement does not produce accurate results, and that the LBR method as originally 

introduced should not be used for energies above 10 MeV. 
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Appendix A:  

A.1 Graphs 

The following are the rest of the graphs comparing measured to calculated data. 

 

Figure 26. Profiles of measured and calculated data for the 4 cm cutout in the 6 cone using 

the 𝝈𝟏𝒄𝒎. 
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Figure 27. Profiles of measured and calculated data for the 4 cm cutout in the 6 cone using 

the 𝝈𝟐𝒄𝒎. 

 

 

Figure 28. Profiles of measured and calculated data for the 4 cm cutout in the 10 cone using 

the 𝝈𝟏𝒄𝒎. 
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Figure 29. Profiles of measured and calculated data for the 4 cm cutout in the 10 cone using 

the 𝝈𝟐𝒄𝒎. 

 

 

Figure 30. Profiles of measured and calculated data for the 8 cm cutout using the 𝝈𝟏𝒄𝒎. 
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Figure 31. Profiles of measured and calculated data for the 8 cm cutout using the 𝝈𝟐𝒄𝒎. 

 

Figure 32. Profiles of measured and calculated data for the corner of the irregular cutout using 

the 𝝈𝟏𝒄𝒎. 
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Figure 33. Profiles of measured and calculated data for the corner of the irregular cutout using 

the 𝝈𝟐𝒄𝒎. 
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