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Use of solid compensators is a very effective means of implementing IMRT 

on any linear accelerator.  The standard practice has been IMRT delivery using 

accelerators equipped with multi-leaf collimators (MLC’s).  Truth is the addition of 

MLC’s to an accelerator is quite expensive.  Previous studies have shown solid 

compensators to have better dose conformance, easier implementation, and more cost 

effective than MLC IMRT.  On the other hand, the addition of these commercially 

available brass compensators changes the beam characteristics and needs to be taken 

into account.  The treatment planning system must be modeled to represent the dose 

accordingly.  Many previous data suggest a 5% dose agreement to be acceptable for 

treatment.  With sufficient study of the beam characteristics of the compensated beam 

and proper modeling of the treatment planning system one should achieve greater 

dose agreement.  This study will attempt to develop a more accurate method of 

implementing solid IMRT compensators for use with the ADAC pinnacle by 

extensive beam analysis and computer modeling. 
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Commissioning of ADAC Pinnacle for IMRT 
Utilizing Solid Compensators 

 

Chapter 1 Introduction 

Objectives: 

 The implementation of intensity modulated radiation therapy (IMRT) using solid 

compensators for beam modulation has previously been thought to be a painless process.  

The process is still quite painless but the results of routine quality assurance (QA) and dose 

measurements have been a little disturbing.   

 Upon first implementing the solid compensators, there was a 3-7% reduction of 

absolute dose to our Mapcheck IMRT QA device in comparison to the results typically 

seen when utilizing multi-leaf collimation (MLC) IMRT.  After these findings, the solid 

compensator vendor, .decimal (pronounced dot decimal), was then contacted and we were 

assured the Mapcheck readings should be within 3% and comparable or better than the 

results with MLC IMRT.  Several other users of solid compensators indicated very good 

solid compensator IMRT QA but revealed a built in correction factor, on the order of 3-7%, 

to account for the reduction in dose measured to the Mapcheck and/or ion chamber.   The 

usual “scapegoat” is attributed to beam hardening as the beam passes through a high Z 

material, but most agree that this difference should be on the order of 1-3% for a 6MV 

beam, then the question arises, “What might this difference be attributed to?”   

 It is the purpose of this paper to explore the interaction of radiation with solid 

compensators, attempting to characterize the multiple processes taking place and to 

produce a radiation model, which will then be entered into the ADAC treatment planning 

system to achieve a more accurate dose calculation.  The dose calculation will then be 
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validated to assure the proper dose delivery.  This paper will be specific to, but not limited 

to, the use of .decimal solid compensators, Varian Medical Systems linear accelerators and 

Phillips ADAC treatment planning systems. 
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Chapter 2 Background 

2.1 Discovery of Radiation:                                          

 In 1879, William Crookes built a tube made from blown glass, which housed a 

series of electrodes.  A gas was then introduced into the glass tube and a charge applied to 

across the electrodes.  Crookes designed the tube to study electricity and the effects of gas 

pressure to that of the voltage needed to cause a spark.  He noticed that the tube would 

produce a greenish glow (fluorescence) when energized.  This device became known as the 

cathode ray tube (CRT) or “Crooke’s tube” and allowed for the discovery of X-rays and 

radioactivity.   

 

Figure 2.1 Crookes tube (http://www.ihep.ac.cn) 
 

In the winter of 1895, Wilhelm Roentgen was studying the phosphorescence that 

occurred when a Crooke’s tube was energized.  He placed himself and the tube in a dark 

room and began studying the characteristics of the light emitted when he noticed that a 

screen made from barium also began to illuminate when the tube was energized.  This 

screen just so happened to be in the room some distance away, and therefore led Roentgen 

to study this phenomenon.  He termed the electromagnetic energies “X-rays” due to their 

unknown properties (Hall, 2000).  Amazingly, Roentgen went on to define major properties 

of x-rays, which led him to use these rays to get the famous image of his wife’s hand.  He 

determined the differences of absorption through different densities of materials and noted 
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the contrast by the image produced of his wife’s hand.  Wilhelm Roentgen noted many of 

these basic principles in just a matter of days and presented his findings to the scientific 

world in December of 1895. 

 The findings of Wilhelm Roentgen’s work ignited others to investigate this new 

phenomenon.  Antoine Becquerel began to study the phosphorescence and the 

fluorescence, as this might have been the source of X-rays produced by Crooke’s tube.  He 

used photographic plates made of different crystals and as fate would have it, one of the 

plates used uranium salts.  After developing the plates, he noticed that both had the same 

image and noted the crystals seemed to contain energy themselves.  He discovered the 

uranium salt gave off a spontaneous energy, such as seen with Roentgen’s x-rays 

(www.ndt-edu.org, 2007).  He presented this investigation to the scientific community in 

February of 1896, a few short months after Roentgen’s findings and was deemed as the 

discoverer of radioactivity. 

 Pierre and Marie Curie began investigating the phenomenon of radioactivity which 

Antoine Becquerel had described emitting from uranium salt.  They began experimenting 

with uranium ore and noticed, while extracting the uranium from the ore, that the residual 

seemed to be more active than the pure uranium, thus there must be more elements that are 

radioactive (www.ndt-edu.org, 2007).  It took approximately four more years for the pair to 

isolate and discover the elements of polonium and radium.  The couple received the first 

Nobel Prize in physics in 1903 for their work with radioactivity.  Marie Curie coined the 

term “radioactivity”, even though Antoine Becquerel discovered it.  She went on to win the 

Nobel Prize in Chemistry for the discovery of polonium and radium. 
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2.2 Early Radiation use in Medicine:   

Roentgen’s discovery of x-rays amazed the scientific world, sending everyone into 

a scientific frenzy.  Experimenters and physicians, laymen and the physicists alike set up x-

ray generating apparatus and proceeded about their labors with a blithe lack of concern 

regarding potential dangers.  Such a lack of concern was quite understandable, for there 

was nothing in previous experience to suggest that x-rays would in any way be hazardous 

(Kathern et al. 1980).  The public was consumed with the hype.  Newspapers and 

magazines were littered with truth, hope and promise this new x-ray phenomenon would 

bring.  Within one month of the announcement many medical radiographs had been 

performed in the United States and Europe.  With the radiograph of Roentgens wife’s hand 

being so widely publicized, it sparked the first use of x-rays in medicine and first reported 

in the Lancet of January 23, 1896.  In this report, x-rays were used to locate a piece of knife 

in the backbone of a drunken sailor (Hall, 2000). With the vast experiments and the passing 

of time, something peculiar began to happen. 

 As early as March of 1896, Thomas Edison, Tesla, and Gubbe reported skin and eye 

injuries.  Clarence Dally, Edison’s lab assistant, suffered from severe radiation dermatitis, 

which resulted in his arm being amputated and later died from radiation complications in 

1904 (Lambert, 2002).  Many reports documented the skin effects seen in individual study.  

In late 1896, Elihu Thompson deliberately exposed his left hand to an x-ray tube for several 

days for half an hour per day resulting in pain, stiffness, erythema and blistering (Kathern 

et al. 1980).  Bequerel and Curie reported skin erythema and ulceration from carrying 

radium samples in their shirt pocket.  It was later reported that Pierre Curie placed radium 
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on his forearm and reported in detail the various phases of moist epidermitis and the 

healing process of it.  He also provided radium to physicians, who tested it on patients.  

Several physicians began experimenting with radium applications to the skin due to the 

irritation it caused.  Because of the extensive reports of radiation injury to the tissue, many 

physicians recognized the role x-ray’s may have in the treatment of many skin diseases and 

disorders.  In 1896, Wilhelm Freund demonstrated the disappearance of a hairy mole 

following treatment with x-rays.  The first therapeutic use of x-rays was reported to have 

taken place on January 29, 1896, when a patient with carcinoma of the breast was treated; 

by 1899, the first cancer, a basal cell epithelioma, had been cured by radiation (Bentel, 

1996).  

 Between the discovery in 1895 and the turn of the decade, radiation showed great 

promise, but warned of new dangers.  Unrealistic expectations of the benefits of radiation 

led to early fears that it too would be a short-lived phenomenon, arousing high expectations 

doomed to disappointment (Washington et al, 2004).  Marie Curie and daughter Irene both 

died of leukemia believed to be a consequence of radiation exposure they received while 

working on experiments with radioactivity.  Edison’s lab assistant and Roentgen’s wife all 

died from radiation complications.  The first neoplasm attributed to x-rays was an 

epidermoid carcinoma on the hand of a radiologist, which was reported in 1902.  In the 

years that followed, several hundred such cases arose among physicians, dentists, 

physicists, and x-ray technicians, in an era when safety standards were virtually nonexistent 

(Hall, 2000).   
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 2.3 The Dawn of Radiation Protection and Health Physics 

 With the early promises for cures with radiation and the love American’s have for 

new technologies, many of the early complications from radiation went unheeded.  The 

delayed effects of radiation, also helped sustain hopes in this new miracle cure.  The early 

days saw no protection for the lack of knowledge for the need for protection.  Early 

pioneers continued the dose until the skin turned red in color, later referred to as the skin 

erythema dose.  This dose was the first dosing standard or unit.  It became apparent the 

skin erythema dose was not a good estimate and led to severe complications with time. 

The doses needed to produce erythema, are very high indeed-- if the skin is exposed to 

200-kilovolt x-rays at a high dose rate of 30 rad per minute, then erythema appears after 

about 20 minutes (or 600rad) of exposure, and moist desquamation (equivalent to a third-

degree burn) occurs after about 110 minutes (or about 2000 rad) of exposure (Inkret et al. 

1995).  These realizations prompted the dawn of radiation protection and health physics.  

The problems of the time were three fold: the unknown effects of radiation to tissue, the 

lack of instrumentation for accurate measurement and the lack of a proper unit of 

radiation exposure. 

As early as July of 1896, it was reported that W.H. Rollins used the first 

protective device, a thick glass plate to protect the eyes during dental x-ray use.  In July 

1898, Rollins used lead to shield the x-ray tube housing and developed collimation of the 

radiation beam.  William Rollins was a Boston dentist and oddly one of the first and most 

important radiation protection pioneers.  During the period 1900-1904 he published more 

than 200 papers urging physicians to use the minimum possible exposure, and he made 

suggestions on how to reduce the exposure of both radiologist and patient (Rollins, 
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1904).  He also developed a criterion for proper shielding of an x-ray tube.  He 

recommended placing a photographic plate next to the tube and if the film did not fog 

with 7 minutes of exposure then the tube is properly shielded.  He recognized the 

potential for cataracts but found while experimenting with animals that the fetus could be 

damaged and declared a warning against pelvimetry of the fetus for women during 

pregnancy.  In 1902, the first dose limit was recommended to about 10 rad per day based 

on the lowest amount that could be detected by fogging of a photographic plate, not 

biological damage.  Due to the work of Rollins as well as others, the basic concepts of 

time, distance and shielding began to be established.   

 Another event also took place during this time.  In 1899, a New York news 

reporter, John Dennis, recommended state licensure for x-ray users and suggested that 

injury of a patient should be a criminal act (Lambert, 2002).  A plaintiff filed suit for 

improper medical care during the use of diagnostic x-rays and was awarded $10,000 in 

damages (Bentel, 1996).  This could have well been the turning point of getting x-ray 

users to listen to the warnings and an indirect method of radiation protection for all 

involved.  

 The years of 1895-1905 brought about discoveries and revelations but lacked 

control and direction, therefore a form of developmental chaos with everyone doing their 

own thing.  The years 1905-1925, became referred to as the “Dormant Era” in which 

equipment development, radiobiological effects, and latent effects of exposure were 

observed and studied (Kathern et al. 1980).  This era is referred as dormant but in fact a 

lot was being learned which laid the foundation but little was acted upon.    In 1915 the 

British Roentgen Society and in 1922 the American Roentgen Ray Society, made 
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radiation protection recommendations.  This established the first organizational 

governing body to give the profession some sort of direction.  

The years 1925-1945, the “Era of Progress”, saw great gains in radiation 

protection (Kathern et al. 1980).   A German-American physicist, Arthur Mutscheller, 

recommended a “tolerance” dose rate for all radiation workers.  He estimated that the 

workers had received about one-tenth of an erythema dose per month as measured by the 

x-ray-tube current and voltage, the filtration of the beam, the distance of the workers 

from the x-ray tube, and the exposure time (Inkret et al, 1995).  He had observed no 

radiation injury of the workers but cut the dose estimation by another tenth just to be safe.  

He recommended to the American Roentgen Ray Society in 1924 that the permissible 

dose be 1/100th of the erythema dose, which is approximately 70 rem per year (Kathern et 

al. 1980).  In 1928, a unit of radiation exposure was finally formalized.  The Roentgen 

unit of exposure was formally adopted as the unit of measurement and in 1929 the first 

portable survey meter was introduced by L.S Taylor.  In 1934, the U.S. Advisory 

Committee on X-ray and Radium Protection (ICXRP) proposed the first formal standard 

of radiation protection.  They set the limit at 0.1 roentgen (R) per day.  It should be noted 

that the limits mentioned were not based on biological effects but on the perceived 

absence of biological harm, neglecting latent radiobiological effects.  

The science of radiation seemed ready to move forward now having a unit of 

measure, means of measurement, a basic understanding of the dangers associated with 

radiation use and a form of a governing body, which will also serve to collect and publish 

data. 
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The ICXRP later became known as the International Committee on Radiation 

Protection (ICRP) and in 1949, the essential change in radiation protection came as the 

council concluded that there may be some degree of risk at any exposure level.  This 

theory gave rise to the principle known today as ALARA or “as low as reasonably 

achievable” (Lambert, 2002).   

 

2.4 History of Radiobiology 

  The study of the effects of tissue when exposed to ionizing radiation truly began 

at the exact same time as the discovery of radiation.  It was at this time humans began to 

be excessively exposed to radiation and therefore saw the direct effects of radiation on 

that of tissue.  

 In 1902, the first reported incidence of radiation induced carcinoma was reported.  

The first truly systematic study of the pathological effects of ionizing radiations on 

animal systems was done by Heineke in 1905, whose studies reported on mice, guinea 

pigs, rabbits and dogs (Alpen, 1998).   

In 1906, Bergonie and Tribondeau investigated rodent testes because the testes 

contain cells at various stages of mitotic activity.  They concluded that radiation is more 

effective against cells that are actively mitotic, undifferentiated, and have a long mitotic 

future.  This later became known as the Law of Bergonie and Tribondeau.  From this, 

they also concluded that mitotic activity and level of cell differentiation defined the cells 

radiosensitivity.  The level of maturity of the cell determines the level of sensitivity, for 

example an undifferentiated immature cell is very radiosensitive while a well 

differentiated or mature cell is not as radiosensitive therefore has a greater ability of 
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resisting radiation damage or radioresistant (Washington et al, 2004).  This was one of 

the first fundamental principles of radiobiology and today still stands as the basis of the 

field with a few exceptions.   

For radiotherapy, another important finding happened almost twenty years after 

the Law of Bergonie and Tribondeau was established.  In 1925, Ancel and Vitemberger 

proposed that the environmental conditions of a cell before, during and after radiation 

treatment could influence the extent and appearance of radiation damage (Washington et 

al, 2004).  The classic study that demonstrated the mutagenic potential of radiation was 

performed by H.J. Muller in 1927 and involved the use of the Drosophila melanogaster, 

or fruit fly (Washington et al, 2004).  He irradiated both male and female fruit flies and 

noted the mutation frequencies of the offspring.  The fruit fly was chosen due to many 

observable hereditary traits such as shape, eye and wing colors.  Muller concluded that 

radiation increases the frequency of mutation and is linear with dose.  He also concluded 

that it has no threshold and is stochastic in nature.   Also, in the 1920’s and 30’s while 

using radiation for sterilization of a ram, they noted unacceptable skin damage to the 

scrotum when given one exposure but if the exposure was broken up into multiple 

fractions, the ram was sterilized without damage to the scrotum. This was the first 

documented insight to modern fractionation treatment schemes.  

The 1950’s laid a heavy foundation for the principle used today in radiation 

studies.  In 1955, Lea proposed the target theory model of cell killing (Alpen, 1998).  He 

concluded that a cell has a particular target for radiation action, the radiation affects the 

cell reproducibility, the deposition of energy is discrete and random and there are no 

conditional probabilities for interaction with individual targets. Thomlinson and Gray 
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derived the oxygen effect, which observed the dependence of tumor cells to oxygen and 

the size of the tumor before necrosis.  The event that probably had the most significant 

impact on modern radiation biophysics was the publication of a new method for the 

quantitative culture of mammalian cells by Puck and Marcus in 1955 (Alpen, 1998).  

Now target theory, statistical target models, and repair recovery could be studied on 

mammalian cell lines and not just the response of yeast to radiation as earlier studied.  

 In 1960, Elkind and Sutton introduced a model for sublethal damage to the DNA 

and the repair process.  This consequently changed our way of thinking, opening the door 

to the radiation biology of today. Many of today’s advances are predicated on the 

findings of the previous pioneers.   

2.5 The Dawn of Radiation Therapy 

 The beginning of radiation therapy began with the initial discovery of radiation 

and shortly after, the first treatment of cancer.  The first treatments did not result in cure, 

but rather some sense of palliation, which often later resulted in carcinogenesis within the 

region treated.  The equipment used in the treatment of malignant disease during the first 

years of radiation therapy was primitive and temperamental; it also had very low 

penetrating power (Bentel, 1996).  Coolidge, in the early 1920’s, invented a vacuum x-

ray tube that allowed operating energies of 200-250 kVp, which made it possible to treat 

more deep seated tumors with less dose to the skin.   

At about the same time, Seitz and Wintz began using smaller daily doses rather 

than one large treatment dose.  In 1930, Coutard expounded the principle of protracted 

fractionation, which is still the basis for current fractionation schedules (Walter et al, 
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1969).    The advances in radiobiology, instrumentation, radiation protection, and the 

quantification of dose, all worked together, leading to the art of radiation therapy.   

In the 1920’s, much had been learned concerning beam filtration, inverse square 

law, beam scattering, and the effect of distance to dose.  In 1923, Albert Bachem 

illustrated the different doses in relation to depth and energy.  He also demonstrated the 

use of water bags, as a tissue-equivalent material, to change the dose distribution at depth 

of the tumor (Bentel, 1996).  Through the study of the effects of dose with depth, he soon 

realized the importance of using multiple-beam arrangements for radiation treatments that 

allowed even dose distributions through out the area treated while affording 

approximately half the skin dose.  He also noted the strong dependence of dose at depth 

with energy.   

With these advancements, cures were soon reported, while complication rates 

declined.  It was these reports that encouraged radiation therapists to look for higher 

energy machines that should in turn lead to even higher cure rates, with even lower 

complications. 

2.6 Evolution of Radiation Treatment Units 

 The earliest pioneers quickly established that radiation could play a major role in 

the treatment of disease.  One must keep in mind, almost immediately upon discovering 

radiation; they began treating people with diseases without truly having a good 

understanding of the consequences and dangers of what they had stumbled on to.   

 With time, they began to understand the relationship of energy to that of 

penetrating ability.  The move then began to find ways of treating with larger energies, 

affording less radiation dose to the skin and providing better coverage of the tumor at 
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deeper depths.  This seemed logical but with time they found the higher the energy of the 

beam, the lower the linear energy transfer (LET) of dose to tissue, thus lowering the 

radiation biological effect (RBE) of the tissue itself.  The goal of radiation therapy is to 

do maximum damage to the tumor with maximum sparing of normal tissue.  As one 

benefit begins to rise as the function of energy and over that course, a negative begins to 

rise as the function of energy, then at some point equilibrium is reached; therefore, a 

threshold is reached where the negative outweighs the benefit.  Below is an overview of 

the evolution of the modern teletherapy unit. 

2.6.1 Grenz-ray 

  In 1923, Gustav Bucky developed an x-ray tube that produced low energy x-rays 

with an energy of 10-15 kV.  Grenz rays are very low energy, being absorbed in the first 

2 mm of skin and a therapeutic dose at 0.5 mm which is very effective in the treatment of 

inflammatory diseases involving the Langerhan’s cells (Washington et al, 2004).   

2.6.2 Superficial 

 Superficial x-ray units have energies on the order of 50 to 150 kV and treat using 

metallic cones which are approximately 2-5 cm in diameter.  For treatment, the cone is 

placed on the patient’s skin and provides a distance of treatment of 15-20 cm, with a 

depth of treatment of up to 0.5 cm.   Various filters are introduced into the beam to 

produce hardening of the beam. 

2.6.3 Orthovoltage 

 The earliest means of treating cancers and other various diseases were with 

primitive orthovoltage or low energy x-ray units.  They were the predominant units from 

the 1920’s to the mid 1950’s.  These typically produce energies in the range of 150-500 
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kV (250 kV the most common), by bombarding a tungsten target with electrons which 

produces these low energy x-rays. The treatment distance is usually 50 cm, with the skin 

receiving 100% of the dose, 2 cm depth receiving 90% and a therapeutic range up to 3 cm 

deep (Washington et al, 2004).  This unit is very good for treating skin lesions and is still 

in use today as an alternative to electron therapy.   

2.6.4 Cobalt Unit   

The first treatment unit dedicated to the treatment of cancer was a Cobalt-60 

teletherapy unit installed in London, Ontario in 1951. The typical teletherapy Cobalt unit 

uses a Cobalt-60 source which is 5cm long with a 1-2cm diameter and is used while 

standing on end.  The Cobalt unit has the typical design of a modern linear accelerator.  

The collimator assembly, often referred to as the treatment head, was lined with lead for 

shielding purposes.  For use, the Cobalt source would be moved from the storage device 

into the treatment position in the treatment head by some means of travel. Electric motors 

drive the source in and out of the treatment position.  A number of methods for moving 

the source so that the useful beam may emerge from the unit have been develeloped 

(Johns et al, 1983).  One arrangement implements a metal wheel that rotates the source in 

and out of treatment position, the other slides the source in and out of the treatment 

position.  Once in the treatment position, two sets of lead collimators would be retracted 

in the x or y positions, thus creating an opening of specified size, for the exposure to be 

given.  The subject would then be placed at a specified position, usually 80cm from the 

source, and delivered a predetermined exposure based on the time needed to deliver the 

desired dose.   
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                                             Figure 2.2 Co-60 Unit (http//www.fjzl.com.cn 

Cobalt-60 displays two energy spectra of 1.77 MeV and 1.33 MeV for an average 

of 1.25 MeV of which it is often referred. The depth of maximum electron equilibrium 

(d-max) for Co-60 is 0.5cm in tissue, which affords some skin sparing and with adequate 

penetration with a depth of 10 cm receiving 55% of the dose received at d-max, this alone 

in a controlled setting, offered great hope in the cure and palliation of cancer.   

The actual physical and radioactive properties of this unit, have inherent 

limitations.  The source is not a true point source but follows the geometric principles of 

a line source, thus giving rise to geometric penumbra of more than 1cm around the field 

edges and greater than 3% radiation transmission through the collimators to the patient. 

The source is typically a 5,000 curie source, with a 5.27 year half life and needs to be 

replaced every 5-7 years.   Treatment times must be changed in relationship to the decay 

of the source and therefore takes longer for patient treatment, on a monthly basis.  

Radiation protection remains a big concern, as the source can become stuck in the 

treatment position.  Another source of exposure is the radiation leakage from the head 

where the source is stored. The maximum permissible dose for radiation head leakage 

cannot exceed 2 mrem/hr at 1 m., with a maximum of 10 mrem/hr at any location.  
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Disposal of the old source becomes a problem for hospitals in handling and disposing of 

a radioactive waste.   

Cobalt units were still common until the early to mid-1990’s.  Cobalt units are 

still used today, but are very scarce in the United States.  Cobalt is sometimes the unit of 

choice in third world countries due to the lack of access to technology, finances and 

electricity.  Its simplicity makes it a viable option for tumor control in many instances. 

2.6.5 Linear Accelerators 

 In the 1920’s, the magnetron was invented by Albert Hull and General Electric 

but had very low efficiencies.  The advent of World War II saw the need for radar 

development.   In 1935, Hans Hollman of Berlin developed a magnetron with multi-

chambers capable of achieving the high frequencies needed for the high power 

microwave generators but still had excessive frequency drift. 

In 1937, the klystron was invented by Russel and Sigurd Varian.  The klystron 

was very stable and exhibited little to no frequency drift, thus becoming the one of choice 

for use in radar technology in WWII.  After WWII, the magnetron and klystron were 

used to propel charged particles through a vacuum tunnel, resulting in the device called a 

linear accelerator or linac (Varian, 2003).  

                                  

Figure 2.3 Original Accelerator (http//www.newservice.stanford.edu) 
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In the 1950’s, Dr. Henry Kaplan of the University of Stanford, met with Edward 

Ginzton, a Stanford physicist and a co-founder of Varian, to propose that a linac be 

designed for the treatment of cancer.  The idea was to use the klystron to accelerate 

electrons to near the speed of light, and striking them against a high z material, such as 

tungsten to produce high energy x-rays.  It was this meeting that spearheaded the 

development and production of a linac for the treatment of cancer.  In 1960, Varian 

released the “Clinac 6”, which was the first commercially available linac although limited 

by production.  It was fully rotational and had sharp geometric field edges.  The linac 

eliminated the problem with handling and exchanging sources due to decay and also the 

exposure to radiation when not in use.  The Clinac 6 used a 6MV beam for treatment with 

a 1.5 cm depth of d-max.  It offered much improved skin doses and greater treatment 

depths could be achieved with the increase of energy, with a 67% dose at a depth of 

10cm.  Although this was a great advantage over the Cobalt-60 unit, the linac was too 

costly to build, so very few ever made it to forefront in the fight against cancer making 

the Cobalt teletherapy unit the treatment of choice. 

Then in 1968, Varian introduced the Clinac 4.  It used a “standing wave guide”, 

which helped reduce size, weight, cost and overall complexity of the linac as to make it 

economically competitive with the Cobalt units.  “The arrival of the Clinac 4 marked the 

birth of modern radiation oncology”, says Dr. Rubin a pioneer in use of x-rays against 

cancer (Varian, 2003).     

Four years later in 1972, Varian produced the first high-energy linear accelerator 

the Clinac 35, which subsequently produced 35 MV photons with a traveling wave 

accelerator but only four were sold (Varian, 2006). Then in 1973, Varian released the 
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Clinac 18, which introduced the gridded electron gun, an achromatic bending magnet, 

and could achieve energies of 18MV, all of which were new innovations. The Clinac 18 

could also produce multiple electron energies which were excellent for treatment of skin 

or shallow lesions.  The 18 MV photon beam has a 3-3.5 cm d-max, offering great 

penetrating ability with better skin sparing qualities.  The dose at 10cm is approximately 

80%, making treatment of deep seated tumors and pelvic irradiation while maintaining 

skin integrity, a reality.  These features established the linear accelerator as the 

predominant radiation therapy treatment unit of choice with 169 units sold between the 

years 1973-1985 (Varian, 2006).  The Clinac 2500 was introduced in 1981 and featured 

the capability to treat with two photon energies as opposed to just one, as with the 

previous models.   

In the mid 80’s, Varian decided to integrate computers to control the linear 

accelerator. Then Varian released the Clinac 2100C in 1988, which was the first 

computer-controlled high energy accelerator. The integration of computers with the linear 

accelerator was the single most significant event in the history of radiation therapy, 

except for the advent of the discovery itself.  The new machines had many other 

important features, such as an extended range couch as to enable treatments from behind 

with an extended distance if needed,  and independent asymmetrical jaws which would 

change treatment planning itself.   
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Figure 2.4 Clinac 2100C (http://answers.com/topic/varian-medicalsystems-inc) 

In the 1990’s, Varian introduced multi-leaf collimation (MLC) to the treatment 

head of the Clinac.  This, for most practical purposes, would take the place of the 

customary blocks used for beam shaping, therefore changing the way patients are treated 

and planned.  The advent of computer integration and MLC’s paved the way for intensity 

modulated radiation therapy (IMRT) to become reality. 

In 1997, the 21EX and 23EX models were introduced, which are basically 2100C 

machines with higher dose rate options.  In 2004, Varian introduced the iX series, which 

has a complete customized drive stand to allow for the upgrade to a Trilogy system if 

desired.  The Trilogy was also released at this approximate time, which is designed for 

stereotatic radiosurgery.  The Trilogy comes standard with an On Board Imaging (OBI) 

system which can take real time images from the linac. 

2.6.6 Evolution Overview 

 As it stands today, the range of most photon therapy treatments is between 6 and 18 MV, 

with skin lesions treated with electrons between the range of 6 and 20 MeV.   

 The use of photons has been thoroughly researched and vast treatment data has 

been gathered, as to have a very good understanding of it’s role in the fight against 

cancer.  Electrons have been primarily used to treat localized skin lesions but there is a 
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growing interest in electron arc therapy.  Most of the new photon and electron therapies 

are driven by the ability afforded by new computer technologies allowing for treatments 

to be performed that were once just a dream.   

2.7 Linear Accelerator Theory and Operation 

 The modern linear accelerator can be divided into five major components: 

treatment console, modulator, treatment couch (a.k.a. patient support assembly (PSA)), 

drive stand, and the gantry.  

2.7.1 The Treatment Console 

 The treatment console is located outside the actual treatment room and is where 

the radiation therapists actually control and monitor the operation of the linac.   From 

here, the therapists actually fulfill the dose prescribed by the physician.  Typical 

parameters entered by the therapist include field size, monitor units, gantry rotations, 

collimator rotations and treatment accessories that help shape the isodose distributions, to 

name a few.  These parameters will be discussed later.  Two closed circuit monitors for 

constant observation also monitor the patient.  

2.7.2 The Modulator 

 The modulator is usually located in the treatment room and contains many of the 

power components.  The modulator is a large cabinet storing the high voltage power 

supply (HVPS), the high-voltage circuit breaker (HVCB), and many other circuit 

breakers.  It is primarily responsible for for controlling and regulating the components 

that make up the linear accelerator. 
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2.7.3 The Treatment Couch 

The treatment couch or patient support assembly (PSA) is where the patient lies 

for treatment.  This table is responsible for moving the patient into the predesignated 

treatment position.  It is generally a very rigid device allowing for treatment 

reproducibility.  The couch is able to raise the patient vertically, horizontally, in/out, and 

rotate around the isocenter of the linac.  With the linac being capable of treatments from 

the posterior position, the table top has an opening, laced with nylon string (“tennis 

racket”) or modern tables are made from a graphite material, allowing the beam to pass 

through with minimal radiation interaction. The treatment couch also has hand pendants 

attached, which allow the therapist to have similar control as with that achieved from the 

treatment console, that allow geometrical treatment parameters to be set or adjusted from 

within the room.   

2.7.4 The Stand 

  The gantry is actually suspended in air allowing the gantry to rotate around the 

patient and is therefore supported only by the stand.  The stand is mounted to the floor 

and houses several major components.   Figure 2.4 (below) is a diagram of a the major 

components that will be discussed in the upcoming sections. 



 23

 Figure 2.5  Schematic diagram of a linear accelerator stand and gantry (Karzmark, 1998). 

The klystron is a high energy microwave used to accelerate electrons.  The 

microwave frequency needed for linac operation is 3 billion cycles per second (3000 

MHz) (Karzmark et al. 1998).  At one end, a cathode (electron gun) with a wire filament 

is heated causing the “boiling off” of electrons thus being the source of electrons for the 

klystron.  The cathode has a negative charge, which causes the electron to accelerate into 

the buncher cavity that is introduced with low energy microwaves that alternate between 

sides giving the pulse effect.  This pulsing of the wave causes the electrons to be bunched 

as they are guided down the drift tube, which connects the cavities.  The second cavity 

generates a retarding field, which causes the accelerating electrons to convert kinetic 

energy by slowing down, creating intense microwave energy used to energize the linear 

accelerator.  The energy conversion creates dissipated heat, which is then removed by the 

water cooling system.  The electron beam collector, at the proximal end of the klystron, is 

shielded to protect from bremsstrahlung x-rays produced by the “slowing down” of the 

electrons.  The klystron is sitting on top of an oil-filled tank with the cathode submerged 
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to provide the needed electrical insulation.  Klystrons used on high-energy machines 

typically have 3-5 cavities, which improves electron bunching and power amplification 

approximately 100,000 to 1 (Karzmark et al. 1998).   

 Waveguides are used to transport the high-energy microwaves from one linac 

component to another.  These are long rectangular tubes or pipes, but are cylindrical in 

form when used at the stand/gantry junction to allow for gantry rotation.  They are 

pressurized with an insulating gas, sulfur hexafluoride, which reduces the possibility of 

electrical breakdown and thus increases their handling capacity (Karzmark et al. 1998).  

Ceramic windows are placed on the each end of the waveguide to allow the microwave 

energy to pass through but allow pressure to be maintained in the individual components.  

So microwave power exits the klystron through the ceramic window, into the waveguide 

and is transported through another ceramic window and into the accelerator structure. 

 The circulator is a component that is placed inside the waveguide and between the 

klystron and the accelerator.  The circulator does not allow microwave power to be 

deflected back to the klystron that would cause damage to the klystron.  The circulator 

absorbs this deflected power and serves more as a klystron protector. 

 The stand also houses the water cooling system, similar in function to that of an 

automobile.  It dissipates heat within the accelerator and helps to maintain a constant 

operating temperature to maintain operating stability and not to allow condensation on 

metallic parts and circuits to avoid corrosion. 

2.7.5 The Gantry 

 The gantry houses the accelerator structure, bending magnet, and the treatment 

head.  The gantry is composed of beam acceleration and beam shaping components. 
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 The linac accelerator structure (sometimes called the accelerator waveguide) is a 

long series of adjacent, cylindrical, evacuated microwave cavities located in the gantry 

(Karzmark et al. 1998).  The same principles that were discussed pertaining to the 

klystron apply to the accelerator waveguide.  The electron gun injects electrons into the 

waveguide and are pulsed with differences in polarity between the sides until reaching 

speeds nearly the speed of light.  They reach these speeds by varying the size of the first 

few cavities, starting large and getting smaller, along the tract of the waveguide.  The 

varying of size, increases the speed of the electron bunch and the distance of the guide 

allows higher speeds to be obtained, therefore increasing the mass of the electrons which 

translates to higher energies.  Cavities of uniform size, provide a constant velocity.  

Medical accelerator structures vary in length from 30 cm for a 4 MeV unit to more than  

1 m for the high-energy units ((Karzmark et al. 1998).  As the high-energy electrons 

emerge from the exit window of the accelerator structure, they are in the form of a pencil 

beam of about 3 mm in diameter (Khan, 1984).   

 The bending magnet turns the parallel beam that exits the accelerator structure 

and causes it to become perpendicular to the treatment table, making it useful for patient 

treatment.  It is also used as a band pass filter and an energy focusing device.  Varian uses 

an achromatic 270 degree turn and a series of three magnetic poles with small +/- 3% 

energy slits to achieve this.  The electron bunching achieved in the klystron and the 

accelerator structure contain a range of electron energies.  This is not optimal for patient 

treatment and would prefer the beam to be as monoenergetic as possible.  As the beam 

exits the accelerator structure, it enters the first energy slit and bends toward the next 

energy slit.  If the energy spread exceeds that of the energy slits, electrons outside the 
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window will have different trajectories, hitting the energy slits and the energy being 

converted to heat.  Only the electrons with energies +/- 3% of the targeted energy will 

continue on to the next pole.  The magnetic field exerted by the bending magnets, causes 

the electrons with weaker energies to bend too sharply, and the electrons with higher 

energies to not steer sharply enough, therefore unable to pass through the energy slit 

employed with each turn and thereby acting as an energy filter.  This process is repeated 

through three, 90 degree turns.  Typically, the energy spread after passing through the 

bend magnet is less than +/- 1% through the course of a treatment (Varian, 2006).   

  Figure 2.6  Linac Treatment Head    Figure 2.7  Treatment Head in Detail 
                     (Karzmark, 1998).           (Karzmark, 1998). 

 

The treatment head consists of a thick shell of high density shielding material 

such as lead, tungsten, or lead-tungsten alloy.  It contains an x-ray target, scattering foil, 

flattening filter, ion chamber, fixed and moveable collimator, and a light localizer system 

(Khan, 1984).  To change the electron beam to x-rays, the electron beam is incident onto  
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Figure 2.8 Target taken from 2100C 6x/18x dual energy linac.  Note left orifice is 18x and the right         

orifice is 6x target. (Left Photo) Beam entrance (Right Photo) Beam exit  
 
 a target made of a high Z material such as tungsten.  Bremsstrahlung x-rays are produced 

in a spectrum of x-ray energies with the maximum energy being that of the incident 

electron energy but the average being approximately 1/3 that of the maximum energy.  

The x-ray beam is then collimated by the primary collimators.  The high energy x-rays 

are forward peaked in intensity, with higher intensity occurring along the center and the 

intensity falling off proportional to the distance from the center.  The shape of the beam 

is very rounded and needs to be flattened in order to achieve a uniform dose distribution 

within the patient.  This is achieved by introducing a flattening filter, a cone shaped metal 

attenuator, which is formed in a shape similar to the shape of the beam entering the filter.  

This design attenuates more dose on central axis and less dose toward the edges, 

therefore a greater degree of beam hardening toward the center of the beam, giving the 

beam a somewhat higher energy in the center and weakening with the distance outward.  

The fluence characteristics will be discussed later in this paper.   The beam then passes 

through two independent ionization chambers.  The first ionization chamber monitors the 

dose and terminates the dose when the correct dose is reached.  The second ionization 

chamber has the same duties, but acts as a “fail safe” to ionization chamber one.  The 

beam then travels to the secondary collimators where the treatment field size is defined.  

The secondary collimators are composed of two sets of collimators (jaws) that can work 
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independently of one another, if desired.  These jaws are limited to square or rectangular 

field sizes.  After the secondary collimators, the beam passes through a thin, transparent, 

mylar sheath and exit the treatment head.   

  On the bottom of the treatment head is a slot for placing wedges, composed of 

various metal alloys, with specific angles for various levels of isodose alteration.  This 

wedge slot is also used to support various other dose compensators, such as the ones 

produced by .decimal.  An accessory tray can be attached to the treatment head to support 

Cerrobend blocks to conform the radiation field to the exact treatment dimensions desired 

by the physician.  Cerrobend is an alloy, composed of 50% bismuth, 26.7% lead, 13.3% 

tin, 10% cadmium, has a density of 9.4 g/cm3, and a melting point of 70º C.  These 

properties make it easy to cast into any shape.  The blocks are cut by the therapist and 

mounted on a transparent lexan tray.  The tray varies somewhat in thickness and 

appropriate corrections need to be applied to account for the dose attenuated by the tray.  

A drawback to blocks, is that the process of block fabrication is somewhat tedious, time 

consuming and messy.  If a change to the field is needed, then the whole process has to 

be repeated.   

In the mid-90’s, multi-leaf collimation was introduced and has since become the 

norm for those centers affording new linear accelerators.  The MLC is used in place of 

blocks to produce proper beam shaping.  There are many vendors who market an add on 

MLC that attaches to the existing linac.  Varian’s MLC is contained within the treatment 

head and positioned just below the secondary collimators.  The MLC’s consist of two 

opposing banks consisting of 80-120 attenuating leaves made of tungsten, usually 0.5 to 1 

cm width as projected at 100 cm source to axis distance.  The leaves are 7 cm thick and 
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move independently on the x-axis only.  A problem with the MLC design is that of 

leakage.  A tongue and groove design is implemented between the moving leaves to 

reduce this.  Also, the ends of the leaves are rounded.  When closing the leaves within the 

treatment field, leakage can be significant. 

2.8 Linac Calibration 

  Once a linear accelerator is installed, the medical physicist must characterize the 

radiation beam of the particular machine.  In 1983, a protocol for the determination of 

absorbed dose from high-energy photon and electron beams was established (TG-21) by 

the American Association of Physicists in Medicine (AAPM).  Most linacs were 

commissioned according to the recommendations of TG-21 until 1999 when the AAPM  

issued TG-51.  This protocol represents a major simplification compared to the AAPM’s 

TG-21 protocol in the sense that large tables of stopping-power ratios and mass-energy 

absorption coefficients are not needed and the user does not need to calculate any 

theoretical dosimetry factors (Task Group 51, 1999).  This protocol is the current 

standard for calibration of linear accelerators for medical use.  There are many published 

papers that characterize various linear accelerator beam profiles and are used for 

comparison to the measured data.  To calibrate at ssd, an ion chamber is placed in a water 

phantom and the water surface placed at a constant 100 cm source to surface distance 

(ssd).  The chamber is connected to an electrometer and/or scanning equipment that will 

obtain various readings when the chamber is placed at different depths, field sizes and off 

axis positions. Depth dose analysis is performed to determine the depth of maximum 

dose, which is energy and field size dependent.  The depth of maximum dose (d-max) is 

1.5 cm for 6 MV photons with a 10 x 10 field size and will the be the energy of interest 
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for this study.  The linac is then calibrated to give 1cGy/MU at d-max (101.5 cm) with an 

ssd calibration. 

 
Figure 2.9 SSD calibration technique (TG-21, 1983). 

 

2.9 Characteristics of the 6 MV Beam 

 The central axis depth dose distribution by itself is not sufficient to characterize a 

radiation beam which produces a dose distribution in a three dimensional volume (Khan, 

1984).  To better visualize, lines are drawn through points of equal dose  and often 

referred to as isodose lines.  With many isodose plots, the depth of maximum dose is 

normalized to 100% and then decreases with depth.  The depth of maximum depth or d-

max, is typically 1.5 cm for an energy of 6 MV.  The dose at 10 cm depth with a 10 x 10 

field size, using the ssd calibration method, is typically 67%.  Dependent on the exact 

energy of the beam this can vary slightly.   

 The dose at any depth is greatest on the central axis of the beam and gradually 

decreases toward the edges of the beam, with the exception of some beams which exhibit 

areas of high dose or “horns” near the surface in the periphery of the field (Khan, 1984). 
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The flattening filter over compensates the dose on the central axis causing higher doses 

outward but then becoming flat at a depth of 10 cm.  The beam traversing the flattening  

 
Figure 2.10  Flattening filter taken from a 2100C, 18x photon energy. 

 

filter causes the center to be of slightly higher energy than on the periphery, which causes 

the beam to become flat with a depth of 10 cm and becoming more forward peaked at 

depth of greater than 10 cm.  The horns appear more pronounced with greater field sizes 

due to the increase of distance from the center and the increase of scatter contribution to 

the horns at lesser depths. 

 

 
Figure 2.11 6MV Depth dose profile (Bentel, 1996). 
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Toward the periphery or beam edges, dose becomes a function of geometric penumbra 

and to a lesser extent the loss of side scatter dose contribution to the primary beam.  The 

dose seen outside of the actual field is scatter contribution from the primary field, 

collimator assembly and leakage from the treatment head.   

  
2.10 Evolution of Treatment Planning 

 The first patients were treated with a single photon field, with dose being 

delivered in one treatment.  Better results with daily fractionation of dose, soon became 

the standard of care.  In the early days of treatment planning, isodose lines were manually 

drawn by hand, derived from the scanning information obtained by the physicist during 

the commissioning of the linac.  The patients were treated by setting 100 source to skin 

distance and the physician would then prescribe the dose to the approximate depth of the 

tumor. The better understanding of isodoses, radiobiological effects, and rotational linacs, 

then paved the way to treatments utilizing opposing treatment angles to deliver the same 

dose but with less morbidity.  Many of the first patients treated with multiple field angles, 

were still treated to 100 ssd, therefore moving the patient between fields.  The study of 

isodoses was well explored but now had to be revisited with the gantry rotating around a 

point and 100 cm (isocenter) now placed within the patient.  The manual drawing of these 

lines became more tedious with each and every added field.  Percent depth dose curves 

were soon replaced with tissue maximum ratios for ease of calculation.  Tumors were 

often treated with large square fields, with little blocking of normal structures.  Also, the 

data was not available at the current time to establish protocols to achieve the least 

amount that could be treated to achieve the same clinical outcomes, so the physicians 
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tended to ere on the “don’t miss” side resulting in the treatment of large volumes.  

Technology was still very crude and diagnostic x-rays were the only diagnostic tool.   

 During the 1980’s the use of computers greatly enhanced the process of treatment 

planning.  The isodose lines could now be plotted much quicker than manual import.  

Although helpful, the early treatment planning systems were crude and not user friendly.  

Contouring of the patient’s external anatomy was done by placing a piece of solder wire 

over the patient’s skin and then transferring the contour to paper by tracing around the 

wire contour.  This information would then be digitized into the treatment planning 

system along with digitization of the x-ray films for block placement.  Patients were set 

up for treatment by referencing bony landmarks as guides to where the tumor should be if 

not visible by conventional radiography.  If treating with opposing beam angles, isocenter 

was placed in the middle of the patients body, due to the even isodose distribution for this 

field arrangement.  2-D treatment planning was a big step toward the future. 

                                 
Figure 2.12  2-D Planning  (Breast)                             Figure 2.13  3-D Conformal Planning (Breast) 

 (http//www.rtog.org/qa/98-04/field/gif).                              (http//www.gehealthcare.com).   
 

Following the introduction of the computer in medicine, the practice and 

development of radiological procedures expanded rapidly (Ballinger et al. 2003).  The 
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biggest radiological imaging breakthrough was the invention of computerized-

tomography (CT) in 1971, paving the road for the 3-dimensional era.  By the late 1980’s 

to early 1990’s, CT was used in the diagnosis and prognosis of cancer patients.  At first, 

dosimetrist would draw the tumor and any significant structures onto the contour, 

obtained by viewing the diagnostic CT scans, by measurements from bony landmarks or 

by using a omnipaque projector.  It took a while for the early treatment planning systems 

to catch up and be able to directly use the CT scans for planning, as opposed to manually 

entering the CT data by digitization.  In the mid 1990’s, CT scanners had direct access, 

by way of telecommunication lines, to the radiation treatment planning system.  With the 

new technology, another problem began to arise, now that we have all this data, what do 

we do with it?  Up until now, all previous medical radiation studies, treated the body as 

though it was homogeneous like a slab of water.  We now have the technology to treat 

differently, but all medical study data is based on this presumption.  The modern day 

treatment planning systems are able to account for the differences in tissue densities.  

Most physicians and protocol studies were reluctant to change treatment regimens 

without sufficient patient studies and radiological equivalencies comparing homogeneous 

with heterogeneous calculations.  In the years following, CT gradually took the place of 

solder wire contours, enabled a great degree of tumor localization, and slowly took the 

place of conventional simulators.  Isocenter began to be placed in the tumor, of which the 

gantry rotates around, with many more beam angles used for treatment.  The 3-D era saw 

rapid growth in radiation to tumor conformance.  How tight can we treat the tumor, thus 

sparing normal tissue? How far can we escalate the dose in reference to smaller treatment 

volumes? what will the outcomes be?  With change, comes uncertainty. 
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 It wasn’t until the early 2,000’s, that the majority of treatment centers began dose 

calculations using tissue heterogeneities as the physicians and clinicians gained 

confidence with data being published of treatment outcomes and comparisons.   Now, 

isodose lines appeared more erratic and much more time was needed to correct these 

irregularities by the use of wedges, compensators and field in field techniques.  It was 

during the 3-D era of precise localization and tumor conformance that we became 

particular interested in smoothing out the tissue gradient found within the treatment field.   

It was not uncommon to have a 20-40% dose gradient within the treatment field, with 

irregular body contours.  We currently attempt for dose uniformity of 10%.  To modulate 

the dose, wedges are traditionally used, but often further modulation is needed.  

Compensators have been made of a variety of materials.  Some forms of compensators 

are placed on the blocking tray along with the blocks used for beam shaping.  I personally 

have placed layers of thin lead strips along each corresponding isodose line, attenuating 

the dose according to the predetermined attenuation properties of each thickness used.  

Other methods have also been traditionally used and effective, but time consuming and 

cumbersome.   

2.11 Intensity Modulated Radiation Therapy (IMRT) 

 The implementation of MLC’s to the linear accelerator has opened a whole new 

spectrum of treatment possibilities.  Each MLC leaf has an individual motor, which is 

controlled by a computer that drives the leaf in and out of the treatment field.  Primarily 

the MLC was to take the place of traditional beam shaping by cerrobend blocks.   

 With time, MLC’s began to be used for beam modulation similar to the lead strip 

compensators mentioned in section 2.10.  Fields that exhibit high dose gradients, would 
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then be broken into various fields with variations of blocking or field sizes to help reduce 

“hotspots”, thus labeled the field in field technique (FIF).  The MLC’s are driven in to the 

isodose line desired and delivered a percentage of the original field dosage.  With static 

fields, each change in treatment parameters must constitute a new field, therefore 

repeated starting and stopping of the linac to deliver the desired dose. 

  
      Figure 2.14 Multileaf Collimator (MLC)   Figure 2.15 Treatment Head equipped with MLC 
            (www.bnpcc.org/files/1_2_1/mlc.jpg)                         (www.varian.com) 
 

In the mid-1990’s, several research groups began to investigate MLC’s that provided not 

just static control of the beam aperture shape, but also dynamic control of aperture 

sequences that can be used to spatially modulate the x-ray beam intensity.  Using this 

technique, termed intensity modulated radiation therapy (IMRT), the delivered dose can 

be tailored to fit inside the 3D surface that encloses the target volume, while sparing 

nearby sensitive tissues (Boyer, 2002).  By using multiple non-opposing fields, a very 

uniform dose can be achieved.  The treatment planning for IMRT is often referred to as 

inverse planning by defining the objectives and letting the computer obtain a “best” 

solution based on thousands of possible solutions.  The solution is obtained by each field 
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being a summation of many smaller fields to meet and obtain the objectives set forth by 

the planner and the physician.  A typical prostate IMRT, which historically has been 

treated using 4-6 fields, now with IMRT will use 5-7 fields, with each field containing an 

average of 10-15 smaller fields (control points) for a total of 50-90 MLC arrangements.  

With the great increase in field parameters, dose uniformity and critical tissue sparing is 

achieved all while affording dose escalation. 

IMRT was in use at several major radiation therapy and research centers by the 

late 1990’s but not available at the majority of centers until the early 2000’s.  Many 

centers did not readily have money available for the expensive upgrades to their existing 

MLC linacs.  Other centers, which had not purchased MLC’s for their existing linacs, 

found themselves scrambling to buy new accelerators equipped with MLC’s and IMRT 

technology.  This would not happen quickly for either of the above scenarios.  The cost of 

a new linear accelerator is on the order of 3 million dollars.  Many smaller centers cannot 

justify the expense.  By being unable to offer IMRT, they are unable to compete and 

many rural area patients are unable to obtain the higher quality of care given to others. 

2.12 Solid Compensators for IMRT 

 Solid compensators have been used in radiation therapy since the inception of 3D 

treatment planning.  Many centers have introduced various materials into the treatment 

beam for some sort of dose modulation at one time or another.  So contrary to popular 

belief, solid compensators have been used for dose modulation way before that of MLC 

based IMRT.  The University of North Carolina (UNC) began to develop the 

compensator-IMRT technique in 1993 before any accelerator MLC systems were 

commercially available (Chang et.al. 2004).  They have treated approximately 1,200 
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patients using compensator-IMRT since 1996 and have used both MLC and compensator 

for IMRT delivery since MLC became available in 2001 (Chang. 2006).  This system 

uses small metallic cubes, which are placed on one another with the thickness needed for 

the desired attenuation.  This system is quite effective but the dose resolution is not 

optimal due to the size of the cubes. 

 As technology advanced so did that of solid compensators.  Many commercially 

made solid compensators are available today.  Once a suitable IMRT plan is obtained, the 

data is sent to the company via the internet and the blocks are delivered, ready for 

treatment within 24 to 72 hours.  They use commercial milling machines to obtain very 

high degree of accuracy which translates to a very smooth dose matrix.  These blocks are 

made using brass or aluminum and come in various sizes and thicknesses to 

accommodate various field sizes and levels of modulation needed.  Once the 

compensators are delivered, they are then mounted on lexan trays and slid into the wedge 

accessory slot on the bottom of the treatment head, just above the beam shaping block or, 

just below the MLC’s, if equipped. 

 

   Figure 2.16 Placement of solid brass compensator in the wedge slot     
(www.midriverscancercenter.com). 
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2.13 MLC IMRT vs Compensator IMRT 

 Many studies have shown compensator based IMRT equal to or superior in 

treatment quality. Many of advantages and disadvantages of each, will be discussed. 

 Dose resolution for the MLC based IMRT is limited by the physical width of the 

MLC, usually 1 to 5 mm and larger in some cases.  The compensator is capable of 

fractions of 1 mm resolution depending on the vendor.  The MLC based is superior when 

it comes to achieving a greater degree of modulation due to the thickness limitation of the 

compensator.  MLC leakage can also be a problem in field dose, which is not an issue for 

the compensator based IMRT. 

 Compensator’s require 40-60% less monitor units and time to deliver a treatment 

than MLC IMRT.  MLC IMRT requires many very small field sizes, which require more 

dose due to less scatter contribution to the field resulting in monitor units to be given, 

therefore the patient receives more scatter radiation dose from the head of the linac.  The 

quicker treatment times do not necessarily mean quicker treatments for the patient, for 

extra time is taken changing out the compensator.  MLC IMRT dose not require this 

because the system is fully automated.  The longer beam time also means more wear and 

tear on the treatment machine, especially on the MLC motors.   

 Solid compensator IMRT QA has the option of giving various monitor units, 

independent of the planned monitor units therefore making it a little quicker when using 

compensators.  On the other hand, as the radiation beam passes through a high-z material, 

the beam is hardened, therefore changing the dose spectra of the beam.  This is of little 

concern for MLC based IMRT. 
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 Initial start up cost for MLC IMRT is exponentially higher than that for 

compensators.  Compensator IMRT is pay as you go, but over an extended time and with 

a large patient volume would become more expensive, but still the best option for 

administrative cost containment.   

 Compensator IMRT can be used on any megavoltage treatment unit including 

Cobalt-60 units in third world countries.  The biggest advantage compared to MLC 

IMRT, is the lack of initial cost and technology, making IMRT available for all patients, 

regardless of location.   

2.14 Solid Compensator Implementation- A Closer Look 

 The use of solid compensators for IMRT is the best and only answer for many 

small and rural radiation treatment centers.  Many studies have shown compensators to be 

superior in treatment quality to that of MLC based IMRT.  For these reasons, solid IMRT 

is growing at a rapid pace.   

 Vendors of the solid compensators offer a quite seamless and painless 

implementation process that is very appealing to many centers, which usually find 

themselves without good physics support or staffing.  The vendors offer a “turn key” 

approach, usually performing much of the needed implementation themselves.  A brass 

slab is introduced into the radiation beam and attenuation measurements are taken along 

the central axis. These values are then reported to the vendor, which adjusts the milling 

machine based on the effective energy of your specific machine. The treatment planning 

system uses the geometrical dimensions of the brass slab and calculates dose in the 

manner used for a wedge.  All other dimensions remain the same to that of an open field.   
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 Recently a new in depth approach has been implemented.  The process now 

includes taking attenuation coefficient readings through various thicknesses of brass. A 

1cm, 3cm, and a 5cm thickness is used to better characterize the beam.  The vendor now 

sends a mock IMRT phantom test case, a plan is performed and the information then 

exported to the vendor facility.  The vendor then arrives at the treatment facility, 

performs measurements in the actual IMRT phantom for better point measurements. 

 The solid compensator IMRT dose verification is still less than desirable.  When 

performing MLC IMRT QA, the outcomes for prostate dose verification is generally 

between 0-3% lower than expected.  That of solid compensators is on the order of 3-7% 

lower than expected and usually fails around the periphery of the field.  Many treatment 

centers have accepted this to be the standard of care and have commonly used “correction 

factors” to keep the readings consistent to achieve the desired outcomes when using 

compensators.   This method seems less than assuring and needs to be explored. 

 Given a +/- 1% energy spectrum of the pencil beam after leaving the bending 

magnet energy slits and the beam then colliding with the target, multiple processes are 

taking place.  The beam then traverses the flattening filter causing the beam to have a 

higher energy along the central axis than along the periphery.  The beam is further 

hardened across the entire field, changing the entire spectra of the beam, due to energy 

changes and scatter contributions, therefore a complete beam commissioning must take 

place to account for these changes.   
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Chapter 3 Materials and Methods 

3.1 Logistics 

 The logistics of the two centers poses a problem.  .Decimal will be implemented 

at the satellite center, which is 90 miles away, on a 600C/D Varian with 6MV photon 

beam energy.  The physics scanning equipment has to be transported back and forth 

between the two centers.  A 2100C and 2300iX Varian accelerator with 6MV capabilities 

is readily available at the current location.   Much of the preliminary research done to 

characterize the attenuation and scatter properties of the 6MV beam while traversing a 

solid compensator was performed on the 2100C and 2300iX accelerators.  After getting a 

good feel of the beam characteristics and potential problems, one is able to better 

evaluate and gain direction toward a possible solution for the commissioning of 

compensators for IMRT, for use with the ADAC treatment planning system.  All beam 

data collection for input into the ADAC was taken from the Varian 600C/D. 

3.2 .Decimal implementation process 

 .Decimal is a solid compensator manufacturing company located in Sanford, 

Florida.  In 1999, the .decimal solid compensator system was integrated and used in 

conjunction with the CMS treatment planning system.  It was not available for use with 

the Philips ADAC Pinnacle treatment planning system until 2006 when .decimal released 

their software package p.d, which integrates .decimal with the ADAC Pinnacle system 

(Nelms, 2007).  Therefore, the use of ADAC Pinnacle with .decimal is fairly new. 

 After receiving the needed institution and linac information, .decimal will then 

send a commissioning kit containing sample compensator trays and attenuation materials.  

A one inch aluminum slab and a 3cm brass slab were previously used to measure beam 
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attenuation but have since added a 1cm and 5 cm slabs of brass to better characterize the 

beam.  Pictured below are the attenuation slabs included in the commissioning kit. 

 
Figure 3.1  .Decimal commissioning kit 

Beam attenuation measurements were taken on the Varian 600C/D using a Keithley 

model 36150 electrometer and a PTW N23333 farmer type ionization chamber with a 

0.6cm3 volume placed in a Med-Tec water phantom at a depth of 10 cm.  Open field 

readings were obtained  using various field sizes.  Each thickness of compensator was 

then introduced into the beam and the readings documented on an attenuation worksheet, 

which was then completed and faxed to .decimal where a customized file will be created 

for use with the Mazak CNC milling machines. 
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Figure 3.2 Milled brass compensator  Figure 3.3 Mazak CNC Milling Machine 
(.decimal symposium. Kissimmee Fl, 2007) (www.pabaines.co.za/engineering.htm) 
 

A customized p.d software program will be installed on a local pc that is 

networked with ADAC Pinnacle and has an internet connection.  An IMRT treatment 

plan will be transferred from the ADAC Pinnacle to the p.d software and then uploaded 

to the .decimal website.  The modulators will be manufactured as close to the desired 

specifications as possible.  Once the modulators are milled, a dose matrix will be sent 

back to the p.d and this information exported back into the ADAC Pinnacle, which 

represents the actual finished product.  This information is then used for the IMRT and 

planar dose calculations needed for IMRT QA.  The compensating blocks will be 

delivered within 48 hours and mounted onto trays in the proper treatment orientation. 

3.3 Brief characterization of Aluminum 

 To start, a brief characterization of the beam hardening effects of a 6 MV beam 

while introducing a 1 inch slab of aluminum into the X-ray field were needed.  Butler et 

al.25 determined the linear attenuation coefficient (µ) as a function of beam quality, field 

size, and material thickness for two common compensator materials, aluminum and brass.  

They found that the linear attenuation coefficient reaches its highest value at a 5x5 cm 

field size and then decreases as the field size increases.  The study also showed a range of 
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µ across various field sizes for aluminum of 14.8% and range of beam hardening of 7% 

for aluminum for 0.6 to 5.1 cm thicknesses.  

A Med-Tec water tank, PTW 30013 waterproof ionization chamber with a 0.6cm 

volume, Standard Instruments Max-4000 electrometer, and a 1 inch slab of aluminum 

was used.  These measurements were taken on the Varian 2300iX linear accelerator.   

 
Figure 3.4  (Right) Standard Imaging Max-4000 electrometer. (Left) Med-Tec water phantom with    

PTW 30013 ionization chamber. 
 

The PTW ionization chamber was placed in the water phantom at depth of 10 cm with the 

water surface set to 100ssd.  The field size was then set to 10 x 10 cm and 100 mu’s were 

delivered.  The aluminum slab was then introduced into the beam and 100 mu’s 

delivered.  The reading was compared to the open field and adjusted as to get the same 

reading, therefore now giving 134 mu’s.  The ion chamber was then placed at a depth of 

20 cm and compared to that of the reading at depth of 10 cm.  The ratio of these two 

readings will relate to the quality of the x-ray beam.  The same process was repeated for a 

5x5 and 20 x 20 field size. 
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3.4 Beam Characterization of Slab materials 

 Jing et al.26 demonstrated a 1-3% increase in percent depth dose at depth of 10cm 

when a 6MV beam traverses a 0.3-5cm cerrobend compensator.  Jing also showed a 9-

49% increase in the mean energy with increasing thickness of cerrobend, which has a 

density of 9.76 g/cm3.  Plessis et al.27 reported that the exclusion of scatter in dose 

calculations can lead to dose errors of up to 4% with a 5cm copper (8.95 g/cm3) 

compensator at 5cm depth and 7-8% for materials such as lead (11.35 g/cm3) when using 

6 MV beams.  Due to the similar densities of copper to that of brass (8.4-8.8g/cm3, 

depending on composition), I expected this report to closely represent my findings. 

 Butler et al.25 performed an extensive study on aluminum and brass compensators 

and their effect with the change of field size, energy and various compensator thicknesses 

with respect of µ.  He found the range of µ varied by 17.4% for brass across the various 

field sizes and µ varied by 12.2% for the various thicknesses used.   

After reviewing the above literature and looking at the results of the first trial 

presented in section 3.3, I chose to determine distinct beam hardening characteristics and 

the effects of scatter contributions for all .decimal commissioning slab materials and 

various field sizes.   The same setup was used as in section 3.3. Open field readings and 1 

inch aluminum, 1cm brass, 3cm brass and 5cm brass slabs were introduced into the beam.  

The monitor units were adjusted to keep the signal to the electrometer the same. These 

changes were 134 mu for 1 inch aluminum, 144 mu for 1cm brass, 287 mu for 3cm brass 

and 554 mu for 5cm brass.   Again, readings were obtained for each field size at depths of 

10 cm and 20 cm.  The percent change of the energy spectrum for 6MV field was 
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tabulated.  Output factors were derived and tabulated normalizing to a 10 x 10 cm field 

size at a depth of 10cm for the various field sizes. 

 
              Figure 3.5  Varian 2300ix setup for Ch 3.3 and 3.4. 
 

3.5 Determination of backscatter contribution to the ion monitor chamber 

 As mentioned in the background of this study, the problem has been the reduction 

of dose by approximately 3-7% as found while performing solid compensator-IMRT QA. 

An accepted mode of practice is to increase the MU’s given to the field during the QA 

process by a given amount determined by field size.  Smaller field sizes would require a 

3% increase, while larger field sizes require a larger percent increase up to 7% typically 

seen in head and neck cases.   Various studies have observed significant increases of 

backscatter radiation back into the treatment head contributing to premature termination 

of dose due to the secondary collimators, while others state little to no contribution of 

dose.  Huang et al.20 reported no contribution of dose, while Kubo21 reported < 2% and 
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Liu et al.22 reported a 3% contribution of dose all on Varian accelerators.  Palta et al.23 

reported the change in radiation backscattered to the monitor chamber to be minimal 

when inserting brass wedges into a 6 MV beam. 

To explore the possibility of premature exposure termination due to backscatter 

from the compensator to the ionization monitor chambers in the machine treatment head, 

1000 MU’s were given using the 2100C, 6MV, with various field sizes.  After beam 

termination, the MU1 and MU2 values were recorded.  By setting the monitor units to 

1000, the beam will be terminated by chamber 1 (MU1) when reaching this value.  The 

reading of chamber two (MU2) is a relative value, higher than MU1 and should remain 

constant.  MU2 is closer to the compensator and secondary collimators, thus should 

obtain a higher value than MU1 if backscatter is occurring.   A brief exploration will 

provide insight to the relativity to the project.  The relationship of field size to the ion 

readings will not provide definitive backscatter values but merely provide a ratio between 

the two chambers, which will change only if backscatter is detected by ion 2.  Maximum 

backscatter should be present when the Y or upper collimators are closed due to the 

relationship of distance to that of the ion chambers.  The X or lower collimators are 

positioned lower in the treatment head therefore contributing less scatter dose.  By the 

same reasoning, the insertion of a high z material into the wedge slot should attribute less 

scatter to the ion chambers than that of the secondary collimators due to a larger distance.  

Maximum backscatter from a solid brass compensator inserted into the wedge slot should 

occur with the collimators set at maximum field size, allowing more scatter to enter the 

treatment head.  The 3cm brass slab was used. 
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3.6 Beam Data Collection 

 The ADAC Pinnacle requires beam profiles and output factors be obtained for 

photon beam commissioning.   

3.6.1 Beam Profiles 

 All beam data collection was taken on the Varian 600CD 6MV linear accelerator 

at the satellite center.  A Wellhofer Scanditronix scanning system was used for acquiring 

the beam profiles needed for commissioning of the ADAC Pinnacle treatment planning 

system.  The Wellhofer WP700 vs3.5.1 software was loaded on a laptop for ease of use.  

The scanning system uses two IC15 waterproof ionization chambers.  Each has a 6 mm 

inner diameter with 0.13 cm3 active volume. 

      Figure 3.6  Schematic IC 15 Wellhofer ionization chamber (courtesy Wellhofer). 

 

One is placed in the water phantom and travels in X, Y and Z planes while the other is 

placed in air and acts as a reference only.  The surface of the water was placed at 100 ssd 

and the center of the chamber (point of measurement) is placed at the water surface.  Due 

to the predominantly forward direction of the secondary electrons an effective point of 

measurement will be used as proposed by TG-51.  The effective point of measurement is 

determined for spherical chambers by 0.6rcav for photon beams or 1.8 mm shift using the 

IC15 chamber. Scans were taken in the crossplane (X) and inplane (Y) directions at 

various depths (Z) and field sizes.  For the following field sizes:  2x2, 3x3, 4x4, 5x5, 8x8, 

10x10, 15x15, 20x20, 25x25, 28x28 (maximum file size allowed by 3cm brass slab), 

4  9
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5x20 and 20x5 cm,  inplane and crossplane scans were performed at 1.5, 5, 10, 20, and 30 

cm depths.  Depth doses for each field size were acquired from surface to 40 cm depths.  

The above scans were performed twice, one set of data taken with open fields and one set 

taken with the 3cm brass slab inserted into the beam as shown below. 

 
Figure 3.7  (Left) Beam data collection using the Wellhofer scanning system and Varian 600C/D. 

(Right) Photo demonstrating placement of the 3cm brass slab and reference chamber. 
 
The open field measurements were taken for comparison.  The beam profiles were 

transferred to the ADAC Pinnacle for beam modeling and commissioning. 

3.6.2 Output Factors  

 After collecting the needed data for all the beam profiles, the reference chamber 

was removed.  The chamber in the water phantom was then connected to a Keithley 

35614E electrometer and placed at a depth of 10cm.   
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Figure 3.9  (Left) Keithley 35614E electrometer connected to (Right) Wellhofer IC15 chamber at   

10cm depth in water phantom. 
 

Measurements were taken for open and 3cm brass slab for input into the treatment 

planning system.  Measurements were also included for the 1 inch aluminum, 1cm brass, 

and 5cm brass slabs for comparison with the 2300iX as mentioned in chapter 3.4 and 

compared in figure 4.3. 

3.6.3 Energy Spectrum 

 Using the above setup and readings obtained in 3.6.2, measurements were also 

performed at 20cm depth for all commissioning compensator materials.  According to 

TG-51, which is the most current protocol, beam quality in accelerator  photon beams is 

specified by %dd(10)x, the percentage depth dose at 10cm depth in a water phantom due 

to photons only.  The value of %dd(10)x is defined for a field size of 10x10cm2 at the 

phantom surface at a SSD of 100cm (Almond, et al. 1999).  As for beam quality 

characterization for different field size and materials, the AAPM’s TG-21 

recommendation for definition of beam quality will be used.  It is assumed that secondary 

electron spectrum is constant at depths greater than d-max.  Ionization measurements 

were made with a fixed source-detector distance at depths of 10 and 20 cm and the ratio 

of the 20-cm reading to the 10-cm reading is related to stopping power ratios (TG-21, 
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1983).  These findings will be compared to those for the 2300iX, as found in chapter 3.4 

and figure 4.2. 

3.7 ADAC Commissioning 

 The ADAC Pinnacle photon dose convolution algorithm is model-based rather 

than measurement based.   Therefore, the measured data is used to characterize the beam 

attributes rather than to create extensive lookup tables of dose values (Pinnacle, 2005). 

Typically, the treatment planning system uses the same dose parameters for the 

compensators as those used for the open beams.  Others have tried modeling the 

compensators as a wedge in the ADAC planning system.  The wedge approach seems 

logical but is limited by having only a couple of variables to adjust to account for the 

beam perturbation produced by the introduction of a high-z compensator and leaving all 

other factors the same.  As shown in our results thus far, the integrity of the beam is 

greatly altered, therefore the beam needs to be characterized as such.  Commissioning 

with the brass slab in place and treating it as an open field gives the user many more 

adjustable parameters in ADAC.  Approximately 30 adjustable parameters must be 

determined in the commissioning process to fit the measured beam data, although not all 

parameters are independent (Starkschall et al., 2000). 

Files were converted into a simple ASCII format to allow import to ADAC 

Pinnacle.  A new treatment machine was created and labeled 600CD Decimal in the 

photon physics tool by copying the existing 600CD machine. The beam models were then 

imported.  The models were then smoothed with the Gaussian filter to make ready for the 

auto modeling functions.  ADAC uses the parameters for particular machines and 

published beam data to try to fit the measured beam model.  In our particular case, the 
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open 6 MV beam was used for modeling as there is no published beam model which truly 

represents the characteristics for the new energy spectra when traversing a compensator, 

although  Starkschall et al.29 will be used along with the Pinnacle users manual as a guide 

and explanation of the parameters used for the modeling process. 

The auto-modeling functions are sets of scripts that allows the computer to search 

for a best fit solution.  There are several auto modeling tools for various tasks.  After 

close fits for the measured data versus the modeled data was achieved, the data was then 

manually adjusted by tweaking various parameters found in the photon physics tools.  

The commissioning process is very long and tedious.  Any adjustment requires the 

selected parameter to be recalculated.   

Once the ADAC has been properly modeled and the commissioning process 

complete, the treatment planning model has to be validated by comparing calculated 

doses to actual measured doses for various field sizes and depths.   

3.8 Beam Validation 

 Once the beam model is acceptable and commissioned in ADAC, the beam model 

needs to be validated for the commissioning process to be complete.  A series of 

treatment plans will be calculated in ADAC with various field sizes and depths.  ADAC 

has a virtual water phantom within the program which will be used for dose calculation.   

The first series was calculated using a SSD technique setting the beam at 100 ssd 

to the top of the phantom and various points placed at d-max, depth of 10 cm and a depth 

of 20 cm along the central axis.  The dose was then calculated for various field sizes of 

5x5 cm, 10x10 cm, 15x15 cm, 20x20cm and 25x25cm.  In the second series, the beam 
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was placed using a SAD technique, setting the beam to 90 cm ssd and calculating to a 

depth of 10 cm.  All calculations were performed by setting 100 mu’s.  

   3.8.1 Ion Chamber 

 The PTW 23333 ion chamber was placed in the Med-Tec water phantom at the 

above depths and field sizes. The readings were obtained using the Keithley electrometer. 

The dose was calculated and compared to the expected readings calculated by the ADAC 

treatment planning system.  These are only central axis calculations.   

   3.8.2 Mapcheck 

  For proper assessment of the dose profile, the Sun Nuclear Mapcheck model 1175 

will be used.  Mapcheck is the premier measuring device used for IMRT quality 

assurance.  Mapcheck is a two-dimensional measuring device that contains 445 silicon 

diode detectors located 1.35 cm below the surface.  Mapcheck has an inherent buildup of 

2.0 g/cm2 due to the materials used between the surface and the diode detectors which 

effectively cause the 1.35 cm depth to be 2 cm tissue equivalent (Mapcheck, 2004).   
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Figure 3.10  (Left) Mapcheck diode array.  (Right) Mapcheck setup with 8cm virtual water. 
 

The beam will be set up to 100 ssd to the surface of the Mapcheck and 8cm of buildup 

material will be added to equal 10 cm buildup total.  For comparison of the Mapcheck to 

the ADAC, planar doses were calculated in ADAC, simulating the Mapcheck setup.  

Planar doses will be calculated for the above field sizes and exported to the Mapcheck 

software for side by side comparison of the dose fluences across each field.  The software 

can display the dose in absolute or relative dose, isodose contours or 3-dimensional plots 

and the percentage dose differences between the planned and measured dose.   

 The Mapcheck must first be calibrated for the 600C/D accelerator.  The first 

calibration (labeled calibration 1) was performed using the open field for the array 

calibration and then inserting the 3 cm brass slab for the dose calibration.  The second 

calibration (labeled calibration 2) was performed using the 3 cm brass slab for the array 
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and the dose calibration.   The results were evaluated setting the Mapcheck to absolute 

dose, gamma, % difference to 3, distance to agreement to 3 mm, and the threshold to 10. 
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Chapter 4 Results 

4.1 .Decimal Implementation 

 Below is the actual effective attenuation form used for the commissioning of 

.decimal.   

Figure 4.1 Actual .Decimal p.d attenuation worksheet 

The higher z material, brass, has the higher effective attenuation than that of aluminum.  

The peak attenuation is around the 5cm field size for all materials and thicknesses used.  
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The attenuation is lower with lower field sizes, peaks around 5-10 cm then gradually 

declines as the field size increases.   This worksheet is in good agreement with Butler’s et 

al.25 work with respect to µ. 

4.2 Brief Characterization of Aluminum 

The attenuation of a 6 MV photon beam traversing a 1 inch aluminum block with 
respect of field size is as follows: 
 
Table 4.1 6MV transmission through a 1 inch Aluminum slab 
Field size  R1-open R2-Aluminum 1inch  Al/open 
5x5 10.80 8.04 0.744 
10x10 12.167 9.05 0.745 
20x20 13.45 10.12 0.752 

 
With respect of beam quality or beam hardening we have with changing field size: 
 
Table 4.2 6MV spectrum change traversing 1 inch Aluminum slab 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Aluminum 
d10 

Aluminum 
d20 

Ratio 
d20/d10 Al 

% diff 
Al/open 

5x5 10.80 5.96 0.5519 10.78 6.02 0.5584 1.18 % 
10x10 12.167 7.00 0.5753 12.13 7.07 0.5826 1.26 % 
20x20 13.45 8.19 0.6089 13.56 8.33 0.6143 0.9 % 

 (Note: above readings for Al are normalized to the open field reading by using 134 mu’s as previously mentioned) 
 
 

As expected the introduction of a high z material such as aluminum into a photon field 

changes the energy spectrum of the field.  Many have stated that there is not a significant 

change in the beam hardening effect to lead to further modeling of the beam.  This 

finding of at least a 1% change in the energy spectrum when using aluminum led to 

further investigating the effects of a higher z material such as brass.  
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4.3 Beam Characterization of Slab materials (2300iX) 

4.3.1 Energy Spectrum 
 

The beam characterization for each commissioning slab material is listed below: 
 
Table 4.3 6MV spectrum change w/ 1 inch Aluminum for field sizes 3-30. 

 
 
 
 
 
 
 
Table 4.4 6MV spectrum change w/ 1cm Brass for field sizes 3-30. 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Brass 1cm 
d10 

Brass 1cm 
d20 

Ratio 
d20/d10 B-1 

% diff 
B-1/open 

3x3 10.045 5.410 0.539 10.071 5.530 0.549 1.4% 
4x4 10.62 5.770 0.543 10.619 5.862 0.552 1.7% 
5x5 11.015 6.025 0.547 11.011 6.134 0.557 1.8% 
8x8 11.940 6.735 0.564 11.920 6.829 0.573 1.6% 
10x10 12.380 7.110 0.574 12.375 7.202 0.582 1.4% 
12x12 12.745 7.440 0.584 12.752 7.545 0.592 1.4% 
15x15 13.175 7.835 0.595 13.216 7.960 0.602 1.2% 
17x17 13.395 8.055 0.601 13.482 8.192 0.608 1.2% 
20x20 13.675 8.325 0.609 13.831 8.498 0.614 0.8% 
25x25 14.040 8.690 0.619 14.355 8.932 0.622 0.5% 
30x30 14.335 8.955 0.625 14.809 9.275 0.626 0.2% 

 
 
 
 
 
 
 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Aluminum 
d10 

Aluminum 
d20 

Ratio 
d20/d10 Al 

% diff 
Al/open 

3x3 10.045 5.410 0.539 10.055 5.480 0.545 1.1% 
4x4 10.62 5.770 0.543 10.600 5.835 0.550 1.3% 
5x5 11.015 6.025 0.547 11.000 6.105 0.555 1.5% 
8x8 11.940 6.735 0.564 11.895 6.805 0.572 1.4% 
10x10 12.380 7.110 0.574 12.345 7.185 0.582 1.4% 
12x12 12.745 7.440 0.584 12.740 7.515 0.590 1.0% 
15x15 13.175 7.835 0.595 13.195 7.925 0.601 1.0% 
17x17 13.395 8.055 0.601 13.460 8.160 0.606 0.8% 
20x20 13.675 8.325 0.609 13.795 8.455 0.613 0.7% 
25x25 14.040 8.690 0.619 14.285 8.880 0.622 0.5% 
30x30 14.335 8.955 0.625 14.720 9.220 0.626 0.2% 
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Table 4.5 6MV spectrum change w/ 3cm Brass for field sizes 3-30. 
 
Field size 

Open d10 Open 
d20 

Ratio  
d20/d10 open 

Brass 3cm 
d10 

Brass 3cm 
d20 

Ratio 
d20/d10 B-3 

% diff 
B-3/open 

3x3 10.045 5.410 0.539 10.073 5.664 0.562 4.3% 
4x4 10.62 5.770 0.543 10.577 5.976 0.565 4.1% 
5x5 11.015 6.025 0.547 10.959 6.248 0.570 4.2% 
8x8 11.940 6.735 0.564 11.867 6.954 0.586 3.9% 
10x10 12.380 7.110 0.574 12.360 7.357 0.595 3.7% 
12x12 12.745 7.440 0.584 12.802 7.720 0.603 3.3% 
15x15 13.175 7.835 0.595 13.391 8.172 0.610 2.5% 
17x17 13.395 8.055 0.601 13.764 8.454 0.614 2.2% 
20x20 13.675 8.325 0.609 14.275 8.851 0.620 1.8% 
25x25 14.040 8.690 0.619 15.101 9.426 0.624 0.8% 
30x30 14.335 8.955 0.625 15.857 9.930 0.626 0.2% 

 
 
Table 4.6 6MV spectrum change w/ 5cm Brass for field sizes 3-30. 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Brass 5cm 
d10 

Brass 5cm 
d20 

Ratio 
d20/d10 B-5 

% diff 
B-5/open 

3x3 10.045 5.410 0.539 9.992 5.701 0.571 5.9% 
4x4 10.62 5.770 0.543 10.496 6.024 0.574 5.7% 
5x5 11.015 6.025 0.547 10.879 6.306 0.580 6.0% 
8x8 11.940 6.735 0.564 11.846 7.031 0.594 5.3% 
10x10 12.380 7.110 0.574 12.380 7.454 0.602 4.9% 
12x12 12.745 7.440 0.584 12.893 7.837 0.608 4.1% 
15x15 13.175 7.835 0.595 13.623 8.383 0.615 3.4% 
17x17 13.395 8.055 0.601 14.106 8.726 0.619 3.0% 
20x20 13.675 8.325 0.609 14.799 9.214 0.623 2.3% 
25x25 14.040 8.690 0.619 15.948 9.940 0.623 0.7% 
30x30 14.335 8.955 0.625 16.896 10.625 0.629 0.6% 

 
With the aluminum and 1cm brass compensator, the change in the energy spectrum builds 

up to the highest degree of change seen with the 5x5 cm field size and then gradually 

decreases with increasing field size.  In contrast, the 3cm and 5cm brass compensator 

achieves a relatively high difference with a 3x3 cm field size, decreases with a 4x4 cm 

field size, then increases to the highest with a 5x5 cm field size and then gradually 

decreases as field size increases.  All compensators achieve the highest difference in the 

energy spectrum with a 5x5 cm field size.  Comparatively, the 3cm brass compensator 

has a 1.3% and 1.2% difference between the 1cm and 5cm brass compensator, 
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respectively.   A comparison of the derivation of energy from that of an open 6 MV beam 

below in figure 4.2. 
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Figure 4.2 Energy deviation of all commissioning slabs as compared to the 6MV open field with   

respect to field size. 
 

4.3.2 Output Factors 

Table 4.7 6MV output factors for all compensator materials for field sizes 3-30. 
Field size Open 

 
Aluminum 

2.54cm 
Brass 
1cm 

Brass 
3cm 

Brass 
5cm 

3x3 0.811 0.814 0.814 0.815 0.807 
4x4 0.858 0.859 0.864 0.856 0.848 
5x5 0.890 0.891 0.890 0.887 0.879 
8x8 0.964 0.964 0.963 0.960 0.957 

10x10 1.000 1.000 1.000 1.000 1.000 
12x12 1.029 1.031 1.030 1.035 1.041 
15x15 1.064 1.068 1.067 1.083 1.100 
17x17 1.082 1.090 1.089 1.113 1.139 
20x20 1.105 1.117 1.117 1.154 1.195 
25x25 1.134 1.157 1.160 1.222 1.288 
30x30 1.158 1.192 1.196 1.283 1.364 
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Figure 4.3 Output factor comparison of the 2300iX 6MV traversing all commissioning slabs. 

The output factors are relatively the same for the 1 inch aluminum and the 1cm 

brass slabs.  The open, aluminum and 1cm brass have relatively the same output factors 

for field sizes less than 20 cm.  Interestingly, the brass compensator material tends to 

have relatively no significant change in output compared to the open field with field sizes 

of less than 12cm, in contrast field sizes greater than 12 cm have dramatic increases in 

scatter contribution with the increase in field size.  Again, the 3cm brass compensator is 

relatively the average of the 1cm and 5cm brass compensator with respect to scatter 

contribution.  Based on the physical dimensions of brass compensators used for patient 

treatments, a good average thickness of brass, in which radiation modulation is traversed, 

tends to be approximately 2-3cm.  With the previous and above findings, the 3cm brass 

slab characteristics will be used for commissioning the ADAC Pinnacle treatment 
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planning system for use of .decimal solid compensators for IMRT using the Varian 

600C/D 6MV linear accelerator. 

4.4 Determination of backscatter contribution to the ion monitor chamber 

With smaller field sizes there appears to be a possibility of premature exposure 

termination due to the scatter dose contributing to the dose read by ionization chamber 

therefore a higher reading resulting in early termination.  After these findings, I then 

expected to see a difference when introducing the compensator. The results are fairly 

conclusive that there is some contribution of dose back to the ionization chambers due to 

backscatter from the secondary collimators.  There is no noticeable detection of 

backscatter to the chambers due to the introduction of a brass compensator into the wedge 

position. 

Table 4.8  Effect of backscatter from the compensator to the ion monitor chambers. 
Field Size MU1 MU2 
Closed 1000 1014 
2.5 x 2.5 1000 1013.7 
5 x 5 1000 1012.7 
10 x 10 1000 1011 
20 x 20 1000 1006.7 
30 x 30 1000 1004 
30 x 30 w/3cm brass comp 1000 1004 

 

The findings are quite noticeable for the introduction of backscatter produced from the 

collimators, although it would be of interest to do various rectangular fields due to the y-

jaws being closer to the ionization chambers than that of the x-jaws.  For the purposes of 

this study, the findings conclude that the introduction of the compensator material has no 

effect on premature shut off due to backscattered radiation to the ionization chambers 

relative to the exposure without the compensator. 
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4.5 Beam Data Collection (600C/D) 

   4.5.1 Beam Profiles  

 At an earlier date, beam scanning was performed and found the flatness of the 

cross-plane profiles to be 0.5% and the in-plane profiles to be 1.2%.  According to 

Kutcher et al.30, the beam flatness should be within 2%.  These values were within 

tolerance but for commissioning purposes needed to be better.  Varian service was then 

called and the beam was adjusted to correct for the flatness.   

The beam was scanned and profiles were obtained and found to be in very good 

agreement of machine flatness tolerances, being less than 0.5% in any direction.   The 

energy of the machine was found to be somewhat softer than normally defined for a 6 

MV accelerator.  Our %dd at 10 cm was found to be 65.8% with the 3 cm brass in place. 

TG-51 defines the % dd for a 6 MV beam at 10 cm depth to be 67% for an open field, 

which defines the beam energy.  D-max for the open fields was shifted to 1.3 cm instead 

of the 1.5 cm d-max specified for 6 MV energies.  All of these findings lead to the 

conclusion of our nominal beam energy being less than or “softer” than expected.   

    The new spectrum and inplane and crossplane scans using the 3cm brass 

compensator, were noticeably different.  There was a change in the spectrum but a greater 

change was noticed in the distance to the field edge found in the planar fluences.  Open 

field dose profiles exhibit pronounced “horns” at shallow depths and with increasing field 

size.  The beam profile then becomes generally flat at a depth of 10 cm and with a 10x10 

field size and becoming more forward peaked with larger depths and smaller field sizes.  

The introduction of the brass compensator took away the horns, therefore flattening the 

beam at all depths and field sizes.   
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Figure 4.4  Wellhofer scan, 25x25fs, 1.5cm depth, Open vs 3cm Brass Compensator 

 
 

 
Figure 4.5 Wellhofer scan, 25x25fs, 5cm depth, Open vs 3cm Brass Compensator 



 66

 
Figure 4.6  Wellhofer scan, 25x25fs, 10cm depth, Open vs 3cm Brass Compensator 

 

 
Figure 4.7  Wellhofer scan, 25x25fs, 20cm depth, Open vs 3cm Brass Compensator 
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Figure 4.8  Wellhofer scan, 25x25fs, 30cm depth, Open vs 3cm Brass Compensator 

 

In the above figures 4.4-4.8, these effects can be seen.  The blue line represents the open 

fields and the red represents the planar doses when a 3cm brass slab is introduced in the 

beam.  The horns are caused by the electron contamination and the off axis softening due 

to the shape of the flattening filter.  The energy of the beam also deceases with distance 

from the central axis.   The addition of a high z material into the beam “flattens” the 

flattening filter, decreasing the electron contamination in the buildup region, increasing 

the photon energy, and decreasing the rate of energy change as a function of the distance 

from central axis.   All of these changes were as predicted but a little more pronounced 

than anticipated.   
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4.5.2 Output Factors  

 Below are the output factors, obtained during the beam data collection process for 

the 600 C/D.  Various other slab materials were also included to compare against the 

values obtained for the 2300 iX machined shown in section 4.3. 

Table 4.9 6MV output factors for all compensator materials for field sizes 2-28. 
Field size Open 

 
Aluminum 

2.54cm 
Brass 
1cm 

Brass 
3cm 

Brass 
5cm 

2x2 0.781 0.785 0.783 0.780 0.775 
3x3 0.828 0.830 0.829 0.827 0.822 
4x4 0.865 0.865 0.865 0.861 0.857 
5x5 0.894 0.895 0.895 0.891 0.886 
8x8 0.966 0.965 0.967 0.964 0.960 

10x10 1.000 1.000 1.000 1.000 1.000 
15x15 1.058 1.062 1.064 1.076 1.091 
20x20 1.096 1.107 1.111 1.141 1.175 
25x25 1.125 1.144 1.149 1.201 1.259 
28x28 1.138 1.164 1.168 1.236 1.309 

Figure 4.9 Output factor comparison of the 600C/D 6MV traversing all commissioning slabs. 
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The output factors are similar in shape to those of the 2300iX.  All compensators behave 

similar to the open field until reaching 112-122 field size.   Here the scatter tends to be 

heavily dependent on the z of the material, thickness and energy of the beam.  On the 

600C/D, the scatter is not as pronounced as with the 2300iX but this is due to the 

difference in the initial energy spectrum. 

4.5.3 Energy Spectrum 

   The beam characterization for each commissioning slab material is listed below: 

Table 4.10  6MV spectrum change w/ 1 inch Aluminum for field sizes 2-28. 

 

 

Table 4.11  6MV spectrum change w/ 1cm Brass for field sizes 2-28 

 

 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Aluminum 
d10 

Aluminum 
d20 

Ratio 
d20/d10 Al 

% diff 
Al/open 

2x2 1.863 0.974 0.523 1.382 0.728 0.527 0.8 % 
3x3 1.974 1.038 0.526 1.460 0.776 0.532 1.1 % 
4x4 2.062 1.094 0.531 1.523 0.816 0.536 0.9 % 
5x5 2.133 1.146 0.537 1.575 0.855 0.543 1.1 % 
8x8 2.303 1.278 0.555 1.699 0.953 0.561 1.1 % 
10x10 2.385 1.350 0.566 1.760 1.005 0.571 0.9 % 
15x15 2.524 1.487 0.589 1.869 1.110 0.594 0.8 % 
20x20 2.614 1.582 0.605 1.949 1.186 0.609 0.7 % 
25x25 2.683 1.653 0.616 2.014 1.246 0.619 0.5 % 
28x28 2.713 1.686 0.621 2.048 1.275 0.623 0.3 % 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Brass 1cm 
d10 

Brass 1cm 
d20 

Ratio 
d20/d10 Br 

% diff 
B-1/open 

2x2 1.863 0.974 0.523 1.288 0.682 0.530 1.3 % 
3x3 1.974 1.038 0.526 1.363 0.728 0.534 1.5 % 
4x4 2.062 1.094 0.531 1.422 0.767 0.539 1.5 % 
5x5 2.133 1.146 0.537 1.472 0.801 0.544 1.3 % 
8x8 2.303 1.278 0.555 1.589 0.891 0.561 1.1 % 
10x10 2.385 1.350 0.566 1.644 0.941 0.572 1.1 % 
15x15 2.524 1.487 0.589 1.750 1.040 0.594 0.8 % 
20x20 2.614 1.582 0.605 1.827 1.111 0.608 0.5 % 
25x25 2.683 1.653 0.616 1.889 1.169 0.619 0.5 % 
28x28 2.713 1.686 0.621 1.921 1.198 0.624 0.5 % 
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Table 4.12  6MV spectrum change w/ 3cm Brass for field sizes 2-28. 

 
 
 
Table 4.13  6MV spectrum change w/ 5cm Brass for field sizes 2-28. 

 

 

 

 

 

 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Brass 3cm 
d10 

Brass 3cm 
d20 

Ratio 
d20/d10 B-3 

% diff 
B-3/open 

2x2 1.863 0.974 0.523 0.627 0.340 0.542 3.6 % 
3x3 1.974 1.038 0.526 0.665 0.362 0.544 3.4 % 
4x4 2.062 1.094 0.531 0.692 0.380 0.549 3.4 % 
5x5 2.133 1.146 0.537 0.716 0.396 0.553 3.0 % 
8x8 2.303 1.278 0.555 0.775 0.442 0.570 2.7 % 
10x10 2.385 1.350 0.566 0.804 0.468 0.582 2.8 % 
15x15 2.524 1.487 0.589 0.865 0.521 0.602 2.2 % 
20x20 2.614 1.582 0.605 0.917 0.562 0.613 1.3 % 
25x25 2.683 1.653 0.616 0.966 0.600 0.621 0.8 % 
28x28 2.713 1.686 0.621 0.994 0.618 0.622 0.2 % 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Brass 5cm 
d10 

Brass 5cm 
d20 

Ratio 
d20/d10 Al 

% diff 
B-5/open 

2x2 1.863 0.974 0.523 0.314 0.172 0.548 4.8 % 
3x3 1.974 1.038 0.526 0.333 0.183 0.550 4.6 % 
4x4 2.062 1.094 0.531 0.347 0.193 0.556 4.7 % 
5x5 2.133 1.146 0.537 0.359 0.201 0.560 4.3 % 
8x8 2.303 1.278 0.555 0.389 0.225 0.578 4.1 % 
10x10 2.385 1.350 0.566 0.405 0.238 0.588 3.9 % 
15x15 2.524 1.487 0.589 0.442 0.268 0.606 2.9 % 
20x20 2.614 1.582 0.605 0.476 0.294 0.618 2.1 % 
25x25 2.683 1.653 0.616 0.510 0.316 0.620 0.6 % 
28x28 2.713 1.686 0.621 0.530 0.330 0.623 0.3 % 
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Figure 4.10 Energy deviation of all commissioning slabs as compared to the 6MV open field with     
respect to field size. 

 

 The curves for the brass are similar in appearance.  Notice the maximum change 

in energy spectrum now occurs at the 4 cm field size for all brass compensators.  All 

brass curves have a fairly linear decrease with field size but a slight increase is noticed 

with the 10 cm field size.  The tail of the curve reveals all brass compensators having the 

same value with a 27 cm field size, which is below that found for aluminum.  The 

aluminum compensator has approximate values as found for the 1 cm brass.  The 

aluminum in many ways resembles the reciprocal to that of the 1cm brass in regard to the 

findings above.  The change of energy spectrum decreases at 4cm then remains fairly 

constant until decreasing at a field size of 10 cm.   However, the energy spectrum of 

interest for treatment planning commissioning is the 3cm brass.   
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4.6 ADAC Commissioning 

 The 600CD machine was copied as mentioned earlier in 3.7 and compared with 

the new beam data.  As seen with the Wellhofer scan data in figures 4.4 - 4.8, the profiles 

are quite different and fail with distance from the central axis.   

 The measured data was smoothed by using the Gaussian function.  The noise 

window width was adjusted to 0.09 cm for small field sizes, 0.15 cm for larger field sizes, 

the magnitude cutoff was set to 0.03cm, and the re-sample resolution was set to 0.06 cm.  

The smoothing had to be performed to allow for auto-modeling.  

 All data was auto-modeled using the “E_TuneAllinSections.OptSequence”.  This 

process took over 24 hours to complete.  The results were less than desirable but a good 

place to start.  The “FineTuneECandSpectrum.OptSequence” was ran first to establish the 

electron contamination and try to define the spectrum more accurately.  This had a very 

good agreement of less than 1% compared with measured data at depths deeper than d-

max.  The photon model editor allows for manual adjustment of field parameters.  Under 

the depth dose tab, which adjusts the tail of the energy spectrum, all parameters were left 

as they had been auto-modeled, due to the good agreement.   

The electron contamination for depths less than d-max was well within TG-5330 

recommendation of 20%, but over the 5% obtained by Starkschall et al.29   The auto-

modeling of the energy spectrum of depths less than d-max was within 10% but failed 

with greater field sizes.  The next tab in the photon model editor is the buildup tab, which 

allows for manual adjustments of electron contamination in the buildup region of the 

spectrum by adding electron dose to the photon dose.  The maximum depth of electron 

contamination to the photon beam was set to 2.5 cm, which is 1 cm beyond d-max.  The 
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electron contamination surface dose (D/Flu) which changes the dose for very shallow 

depths was decreased and the depth coefficient [K] (1/cm), which by increasing this value 

decreases the amount of electron contamination at depths beyond the surface, was 

increased until a very good match in the buildup region for all field sizes was achieved.  

All factors were adjusted, but were set back to the original auto-modeled values as little 

change was realized. 

     After very good agreement in regards to the energy spectrum, focus was turned to 

the inplane and crossplane models where the “FineTuneCrossBeam.OptSequence” was 

ran.  Most of the auto-modeling functions take many hours to calculate but manually 

adjusting each parameter would take days.  The inplane and crossplane profiles showed 

overall improvement.  The ADAC still had trouble modeling the off-axis regions of each 

profile.  The in field parameters found under the in field tab in the photon model editor, 

model the flattening filter attenuation and beam hardening characteristics within the 

actual field.  When modeled as a cone, changing the cone radius made little difference.  

Changing the fluence increase/cm and the spectral off-axis softening factor had the 

greatest impact.  The fluence increase/cm changes the magnitude of the off axis profile at 

all distances from the central axis and the spectral off-axis factor changes the value of the 

off-axis profile at large distances from central axis for shallow depths (Starkschall et al., 

2000).  Various iterations of these two parameters yielded unsatisfying results.  Modeled 

as a cone, the best fit came using the 28.5 cone radius, a fluence increase/cm of 0.003 and 

a spectral off-axis softening factor of 0.82.  This achieved good results at depths of 0-20 

cm for a 10x10 field size but greater discrepancies at depth of 30 cm and for larger field 

sizes.  This suggests the need for spectral softening which will increase the value at 
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shallow depths.  The cone model increases the fluence as a linear function of distance 

from central axis.  The actual flattening filter is not linear in shape and therefore changes 

the energy spectrum in a non-linear fashion.  The spectral off-axis softening factor adjusts 

the spectrum of the beam away from central axis with respect to depth.  The problem lies 

again with the structure of the flattening filter.  With the increasing distance from the 

center of the flattening filter, the filter becomes thinner, therefore the spectrum of the 

beam also changes with each incremental distance from the central axis.   

 Not able to achieve satisfying results, the flattening filter was then modeled as an 

arbitrary profile.  The arbitrary profile allows the fluence increase/cm to become a non-

linear function.   Various distances were created that have different incremental fluence 

changes/cm.  The shape of the arbitrary profile should be similar to the shape of the 

actual flattening filter.  The degree of similarity is dependent on the value of the spectral 

off-axis hardening that is determined.  Setting the spectral off-axis softening factor to 

zero achieved the best fit.  The incremental fluence was adjusted using the arbitrary 

profile editor. The incremental fluence was adjusted and various field sizes recalculated 

at a depth of 10 cm until good dose uniformity within the field was achieved.  

The incremental values used for adjusting the off-axis fluence/cm and the shape of the 

arbitrary profile are shown below in figure 4.11. 
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Figure 4.11 Arbitrary profile editor 

 
The penumbra and tails of the beam profiles were then adjusted using the 

parameters listed under the out of field tab in the photon model editor.  The penumbra 

was adjusted by changing the effective source size in the x (perpendicular to gantry axis 

and y (parallel to gantry axis) direction.  These values were set to 0.14 cm for the x and 

0.13 cm for the y direction.  The out of field parameters are modeled by adjusting the 

parameters of the flattening filter scatter source and the transmission factor through the 

secondary collimators.  The flattening filter scatter source is adjusted by changing the 

Gaussian height and the Gaussian width.  Both values are intertwined with each other.  

The ratio of these two factors must be maintained to keep the dose of the in field x and y 

profiles the same.  Changes can also be seen in various field sizes while not in others. 

The iteration of these parameters was quite confusing and painstakingly tedious.  



 76

Changing of one parameter changes the ratio of the Gaussian height and Gaussian width, 

which changes the ratio of the x and y planar doses within the field and also changes can 

be seen for some field sizes while not in others.  The values of 0.225 Gaussian height and 

5.0 Gaussian width needed to obtain a good fit of the tail for all field sizes resulted in 

poor agreement within the field.   The planar profiles had differences in dose between the 

x and y profiles of 1.8% with the 15x15 and 20x20 field size.  It was decided to keep the 

in field parameters as accurate as possible and allow larger errors outside the field due to 

the increased scatter contribution from the compensator.  The Gaussian height was set to 

0.03 and the Gaussian width set to 1.3.  This resulted in very good in field agreement 

between the x and y profiles for all field sizes to within +/- 0.2%.  The tail was 

normalized at depth of 10 cm for a 10x10 field size by setting the x and y jaw 

transmission to 0.03, realizing the overestimation at smaller field sizes and the 

underestimation for larger field sizes.   

 A fluence grid resolution of 0.40 cm was used and a 50x50 phantom size was 

used for calculation under the phantom tab of the photon model editor.   

A list of the treatment parameters used in this beam model for a 3cm brass slab 

are listed below in table 4.14.   
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Table 4.14  ADAC photon model parameters. 
Buildup Values
Maximum depth (cm) 2.5 
EC surface dose (D/Flu) 0.32 
Depth coefficient [K] (1/cm) 2.5 
Off axis Coef [OAC] (1/rad2) 0 
DF 0.0026 
SF 0.8465 
C1 (D/Flu) 0.0095 
C2 (D/Flu) 0.0507 
C3 (1/cm) 0.3767 
In Field   
“Arbitrary profile”  
Spectral off-axis softening factor 0 
Out of Field  
x (perpendicular to gantry axis) (cm) 0.14 
y (parallel to gantry axis) (cm) 0.13 
Guassian height 0.03 
Guassian width 1.3 
Jaw transmission 0.03 
Phantom  
Fluence grid resolution (cm) 0.40 
Phantom size-lateral (cm) 50 
Phantom size-depth (cm) 50 

 

All field sizes and depths were examined to assure conformance to TG-53 

guidelines.  The maximum deviation for each field size and depth was recorded and listed 

below in table 4.15. 
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Table 4.15 Maximum deviation between measured and calculated profiles. 

 
        After a sufficient model was accepted, the output factors obtained during the beam 

data collection process section 4.5.2 listed for the 3cm brass, had to be entered into the 

output factor section in the photon physics tools.  Once calculated, the 600C/D machine 

was then commissioned in ADAC.  The beam model will then be validated to assure the 

correct dose is being delivered. 

4.7 Beam Validation 

   4.7.1 Ion Chamber Measurements 

The doses calculated for various field sizes and depths by ADAC using a SSD 

technique as compared to the actual measurements taken with an ion chamber were as 

follows: 

 

 

 

 

 

 

 In Field Out of field 
Field 
Size 

d-max Max. dev 
d=1.5 

Max. dev 
d=10 

Max. dev 
d=30 

Scatter 
Dose 

Max dev 
% 

2x2 1.37 1.38 % 1.04 % -0.94 % 1.13 2.17 
3x3 1.40 -1.44 % -0.67 % -0.34 % 1.8 2.17 
4x4 1.37 -0.28 % -0.43 % 0.93 % 2.45 2.04 
5x5 1.37 0.23 % 0.39 % 1.51 % 3.42 1.63 
8x8 1.37 -0.37 % 0.44 % 1.05 % 4.78 0.39 
10x10 1.31 -0.30 % 0.25 % 1.07 % 5.23 0.0 
15x15 1.37 -0.47 % -0.57 % 0.79 % 6.32 -1.77 
20x20 1.31 -0.70 % -0.51 % 0.93 % 9.82 -4.36 
25x25 1.31 0.93 % -0.59 % 0.78 % 12.18 -6.00 
28x28 1.25 1.34 % 0.80 % 0.93 % 13.12 -6.67 
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Table 4.16 ADAC calculated dose relative to measured dose in cGy. 
 d=1.5 d=10 d=20 

Field Size Adac Ion  % Adac Ion  % Adac Ion  % 

5x5 92.3 91.2 -1.2 58.5 58.9 0.7 32.3 32.8 1.5 

10x10 97.5 97.4 -0.1 65.8 66.1 0.5 38.0 38.6 1.6 

15x15 102.0 102.3 0.3 70.6 71.2 0.8 42.3 42.9 1.4 

20x20 106.6 107.5 0.8 74.9 75.4 0.7 45.9 46.4 1.1 

25x25 111.0 112.8 1.6 78.8 79.4 0.8 49.0 49.3 0.6 

 

The above was calculated using the following formula derived from TG-51: 

(Rdg)(Ctp)(Ppol)(Pelec)(Pion)(KQ)(ND,W)(Opf)/(Tf10x10) = Dose 

where: 

Rdg:  the raw electrometer reading. 
Ctp:    the temperature, pressure correction for the chamber. 
Ppol:   the polarity correction factor which takes into account any polarity effect in     

chamber response. 
Pelec:  the electrometer calibration factor 
Pion:   the recombination correction factor which takes into account the incomplete 

collection of charge to the chamber. 
KQ:    the quality conversion factor which accounts for the change in the absorbed dose to   

water calibration factor between the beam quality of interest and the calibrated 
beam quality usually Co-60. 

ND,W:  the absorbed dose to water calibration factor for an ion chamber located under 
reference conditions. 

Opf:  the difference of the known output and the effective output for a given machine. 
Tf10x10:  the transmission factor for the 3cm brass slab referenced to a 10x10 cm field 

size. 
 

The temperature was 20.5 C and the barometric pressure was 737.0 mmHg, which 

calculates to 1.026 Ctp.  The ion chamber and ADAC calculations are in good agreement 

with a -1.2% to +1.6% range.  The ion chamber tends to be slightly higher as a whole 
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than the ADAC plan.  The percentage of dose is a little miss leading with the relatively 

low readings.  The highest discrepancy in regards to dose is 1.8 cGy at d-max.  The 

highest discrepancy in dose at 10 cm depth is 0.6 cGy and 0.7 cGy for 20 cm depth.  The 

change in the energy spectrum is noticed with the change of field sizes with varying 

depths.  

4.7.2 MapCheck Measurements 

 The results for calibration 1 using the open field array calibration and the 

compensator for the dose calibration were as expected.  The central axis agreement was 

good but the dose began to drift with distance to the periphery.  The dose began to round 

in the field corners.  The horns were again visible in the array calibration file. 

 
Figure 4.12  Mapcheck array calibration  (Right) calibration 1 (Left) calibration 2 

 

Calibration 2 using the brass compensator for the array and the dose calibration, 

gave excellent results.  The profiles flattened becoming more representative of the actual 

dose  delivered.  The dose off axis was in very agreement to the planar dose expected 
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with the planar dose model of ADAC.  The dose was very well represented in the corners 

and edges.   

 Using the calibration 2 file for comparison to the ADAC planar doses, all field 

sizes were in excellent agreement within the field, with no point failures.  The 20x20 and 

25x25 field sizes began to fail outside the field due to the ADAC model’s inability to 

match the tail of the curve while keeping the dose inside the field accurate as mentioned 

in section 3.8.   Changing the threshold from 10 to 15 for the 15x15 field size and larger, 

solved this problem.  The threshold value allows one to exclude detectors that are outside 

the area of interest.  The default value is 10, which means that detectors which fall within 

the 0-10% normalized values will be excluded (Mapcheck, 2004).  Mapcheck results for 

all field sizes are shown below. 

 

 
      Figure 4.13 Mapcheck results for a 5x5 field size 
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      Figure 4.14 Mapcheck results for a 10x10 field size 
 
 

 
      Figure 4.15 Mapcheck results for a 15x15 field size 
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      Figure 4.16 Mapcheck results for a 20x20 field size 
 
 

 
     Figure 4.17 Mapcheck results for a 25x25 field size 
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 The central axis measurements were in good agreement, with a total range of  

2.8 cGy and normalized to a 10x10 field size with 5x5 and 25x25 cm field size resulting 

in -1% and +1.8% , respectively.   

Table 4.17  ADAC calculated and Mapcheck measured doses. 
 

 

 

 

 

 

 

  
 

Chapter 5 Discussion 

5.1 The problem 

 The implementation of solid compensators for IMRT was quite painless with a 

“turn key” operation, which is optimal given the shortage of medical physicists in 

radiation oncology at the present time.  It was noticed that the validation of dose while 

using the Mapcheck system was approximately 3-7% low.  After further investigation 

and many phone calls later, it was discovered that many centers across the country were 

experiencing the same results.  Many of these centers have built in “fudge factors” for 

validation of dose when using solid compensators.  For field sizes up to approximately 12 

cm the factor used is 3%, for field sizes approximately 12-20cm, the factor used is 5% 

and larger field sizes may see a factor of 7%.  These are just approximations of the 

“fudge factor system” used, but highly representative of the problem.  The factors seem 

 d=10, 100 SAD 

Field Size Adac Mapcheck % 

5x5 70.4 69.69 -1.0 

10x10 78.6 78.59 -0.01

15x15 84.3 84.95 0.77 

20x20 89.3 90.81 1.69 

25x25 94.0 95.67 1.78 
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to be independent of the vendor of the treatment planning system, linear accelerator 

and/or validation system used, indicating more of a systematic error. 

5.2 The investigation 

Due to the distance, the first work was performed on the 2300iX.  It was these 

experiments that gave insight to the extent of the change of the energy spectrum and 

increase in scatter contribution evident in the drastic increase in output factors.  The 

initial experiment with aluminum demonstrated a 1.26% change in the energy spectrum 

with a relatively low z material.  The next experiment demonstrated a 1.8% change of the 

energy spectrum through a 1cm brass slab, 4.3% through a 3cm brass slab and 6% 

through a 5cm brass slab at smaller field sizes.  On the contrary, the output factors for the 

higher z material and greater thickness increased rapidly at field sizes greater than 12 

cm2.  Increases as compared to an open 6MV field, were on the order of 3%, 11%, and 

17% for 1cm, 3cm and 5cm brass, respectively.  The possibility of premature exposure 

termination due to backscatter contribution from the compensator to the ion chamber in 

the treatment head of the linac, was also explored and found to be negligible to non-

existent.  After evaluating the above results it was determined that the 3cm brass was the 

thickness of interest.  It was these exploratory experiments that gave the study direction 

and merit. 

Many physicists believe that “6x is 6x is 6x”.  Again, due to the logistics and the 

availability of a 2100C linear accelerator, it was believed that much of the research and 

beam modeling could be performed on the 2100C locally, with spot checks performed on 

the 600C/D (90 miles away) for beam validation.  In other words, the beam model should 

be basically the same with some minor tweaking.  After scanning open fields, all 
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compensators and a brass wedge, over 700 scans later, and importing to ADAC, this was 

found not to be the case.   

A Varian service representative, while decommissioning the 2100C, explained 

that the flattening filter is designed differently for the two accelerators.  There are various 

flattening filter shapes and material compositions between Varian linac models.  Also due 

its low energy, the Varian 600C/D incorporates a magnetron instead of a klystron and the 

accelerator structure is vertical to the patient support assembly therefore the beam does 

not pass through a bending magnet.  The lack of a bending magnet causes the beam to 

have a broader energy spectrum, on the order of +/-3% as opposed to +/- 1% achieved 

with the 270º bending magnets.   

The Wellhofer and all the physics equipment was taken to the satellite facility for 

scanning over the weekend.  Upon initial scanning it was realized that the flatness of the 

beam was off by 1.2% in the x direction and 0.5% in the y direction, within specifications 

but not ideal.  Approximately 170 scans were performed, imported to ADAC and 

confirmed not to be suitable for commissioning.  The Varian service representative was 

contacted and arrangements were made to adjust the flatness the following weekend. 

The scans were then performed, first scanning open fields for comparison and 

then introducing a 3 cm brass slab into the beam.  The scans demonstrated striking 

differences in the fluences across the beam and especially true for depths 10cm and less.  

It was also noticed that the energy for this 6MV beam is softer than expected.  D-max is 

now shifted to approximately 1.3 cm and the %dd at 10 cm is 65.8%.  This softening of 

the beam resulted in variation of the spectrum and the fluence.  When compared to the 
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2300iX, the output factors and the change in the energy spectrum is lower for the 

600C/D.   

The scans were later imported to ADAC Pinnacle.  ADAC had trouble modeling 

the beam.  There are no models for traversing solid compensators.  The auto-modeling 

functions were performed.  The beam was then manually adjusted using the photon editor 

tool.  The spectrum was modeled first, then the cross plane models.  The profiles were 

difficult to model due to the beam hardening and increased scatter contribution outside 

the field.  The off-axis spectrum is not linear across the field.  The arbitrary profile editor 

had to be used to account for these changes.  The shape of the arbitrary profile mimicked 

the actual shape of the flattening filter.  When using a high off-axis spectrum such as 4.9, 

the shape of the profile was more pronounced, when using 0 for the spectrum the shape 

became less pronounced.  Then remembering the conversation with the Varian 

representative concerning the difference in the shape of the flattening filter between 

accelerators, and realizing how the arbitrary profile, which changes the energy spectrum 

as a function of distance across the field takes the shape of the actual flattening filter, one 

would have to reassess the rationale of “6x is 6x is 6x”.  Once a good fit to all field sizes 

and depths was achieved, the treatment planning system was commissioned.   

The accuracy of the ADAC Pinnacle was then verified with an ion chamber in a 

water phantom and validated using the Sun Nuclear Mapcheck device.  The ion chamber 

readings were within the 2% required.  During the calibration of the Mapcheck, another 

possible problem was realized.  If the array calibration is not performed with a solid 

compensator in place, then the array calibration will cause the device to underestimate the 

dose to the periphery.  Most dose point failures during solid compensator QA happens 
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around the periphery of the beam.  The range of the dose accuracy was 2.8%, which is a 

vast improvement. 

Chapter 6 Conclusion and Future Work 

6.1 Conclusion 

 The availability of IMRT to all areas of the world by way of solid compensators is 

a wonderful thing.  Solid compensator IMRT is shown also to achieve better dose 

uniformity than the conventional MLC based IMRT.  That said, the use of solid 

compensators in the clinic needs to be seriously evaluated by the physicist and clinician.  

The change of the energy spectrum and scatter contribution should be thoroughly 

understood and not taken lightly.  Photons traversing a high z material changes the 

characteristics of the beam and should be commissioned as such.   

 Due to the high dependence of the energy fluence to the shape of the flattening 

filter and the initial energy of the beam, each beam should be scanned, commissioned and 

validated, accordingly.  Small variances in energy usually do not affect an open field, but 

when traversing a high z material, larger variances can be observed, especially in the off-

axis spectrum.  The highest difference in dose occurs at depths shallower than 10cm, the 

area where most tumors are treated.   

 The majority of treatment planning systems use data look-up tables for dose 

calculation.  ADAC is model based and therefore has a real need for scanned solid 

compensator beam profiles to be entered and commissioned.   

 The Mapcheck array and dose calibrations need to be performed with a solid 

compensator in place to achieve the correct dose profiles.  Calibration of the array in an 
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open field can over exaggerate the expected dose to the periphery resulting in dose failure 

due to “cold spots” around the periphery of the beam. 

 

6.2 Future Work 

 All commissioning and dose validation was performed for this work while using a 

solid 3cm brass slab.  The actual compensators used for patient treatments are sculpted 

for dose modulation to various thicknesses.  It is still uncertain what the median thickness 

of the compensators will be.  Constant evaluation of the solid compensator IMRT QA 

over time will provide valuable information for possible tweaking of the model.   

 Further investigation of the true effects of the beam parameters located within the 

photon model editor in ADAC, may provide a closer fit for out of field scatter. 

The C1, C2, and C3 functions which change the electron contamination with field size 

may help model the change of the of the off-axis hardening seen between field sizes. 

 The actual Mapcheck device will be scanned in CT and the images exported to 

ADAC, for better dose validation.  The Mapcheck device would then be used for dose 

calculation instead of the water phantom used for this study.  ADAC should be capable of 

calculating for the different inherent densities overlying the diode detectors and therefore 

calculating the expected dose measured. 
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