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ABSTRACT 

 The purpose of this research work is to evaluate the variation (or dependence) of the 

timer error as a function of the teletherapy treatment parameters such as treatment field 

size (FS) and treatment depth (d) for a SSD setup and compare the method used for 

others. Teletherapy timer error measurements were performed in a full scatter, large 

water phantom using a 0.6cc ionization chamber and an average photon energy of 

1.25MeV from a cobalt-60 unit at an SSD of 100cm at various field size variations and 

treatment depth variation with gantry and collimator angles fixed at 0°. From the 

measurements taken, the timer error for the treatment field size variations of 5×5 , 

10×10 , 15×15 , 20×20 , 30×30 , 35×35   were found to be 0.654s, 

0.648s, 0.622s, 0.633s, 0.639s and 0.643s respectively for a constant depth of 5cm; and 

the timer error for treatment depth variations of 5cm, 7cm, 10cm, 15cm and 20cm were 

found to be 0.648s, 0.585s, 0.612s, 0.665s and 0.6215s for a constant field size of 

10×10 . Comparing the two set-up techniques used with this work, it was noted that 

the field size variation and depth variation showed almost similar timer value to the order 

of . However, the treatment depth variations showed the lowest value as compared 

to treatment depths. The treatment depth of 15cm recorded the highest timer error of 

0.665s and the treatment depth of 7cm showed the lowest value of the timer error of 

0.585s. The timer error calculated for this experimental work with the variations in field 

size was found to vary in the range of 26.47% to 30.13% to the last teletherapy timer 

error value of 0.89s. The timer error for the variations in treatment depth was found to 

vary in the range of 25.27% to 34.31% to the last teletherapy timer error value of 0.89s.  

The conclusion of this work is that timer error depends on both field size and treatment 
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depth and must be taken into account by the creation of a Lookup Table similar to Tissue 

maximum ratio (TMR) and Tissue Phantom ratio (TPR) Tables to account for these 

variations during treatment planning and /or manual dose calculations. 
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CHAPTER ONE 

INTRODUCTION 

1.1 BACKGROUND  

Radiation therapy (radiotherapy) is the medical use of ionizing radiation in the treatment 

or control of cancer. There are other ways of treating cancer but radiotherapy is known to 

be used to manage “two thirds” of cancer patients worldwide [1].  Radiotherapy is also 

known to be used alone in the treatment or used side by side with other treatment 

modalities like surgery, chemotherapy or immunotherapy. When it is used before surgery 

the purpose is to shrink the tumor before removal, if used after surgery its goal is to 

destroy residual tumor or tumor left behind after surgery [1,2]. Radiotherapy can be 

divided into two main treatment types being external beam radiation treatment 

(teletherapy) and localized radiation treatment (brachytherapy). Teletherapy is known to 

be a type of radiation therapy with the source at a distance from the body or treatment 

area whiles brachytherapy is delivered by placing the source surgically into the tumor or 

by the use of catheters or seeds directly into or near to the tumor. For teletherapy, the 

dose is inversely proportional to the distance. In brachytherapy, dose fall-off from the 

centre of the source is very high due to the inverse square law effect, and hence normal 

surrounding tissues are spared from excessive radiation [3].   

Teletherapy begun soon after Wilhelm Rӧntgen’s discovery of X ray in 1895. In the early 

years of this discovery, the production of X- rays was more focused on the treatment of 

skin lesions because of the beams physical and biological parameters [4, 5]. In this 
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present era clinical radiation treatment is known to use linear accelerators or a cyclotron 

to generate the external beam photon [6]. Medical linear accelerator (LINAC) uses 

monoenergetic electron beams ranging from 4 to 25 MeV, which produces an X-ray 

output with a spectrum to energies up to and containing electron energy if electrons are 

focused on a high density target such as tungsten. External beam photon normally uses 

Cobalt-60 in the production of photons with an average energy of 1.25MeV for the 

treatment of cancers. Teletherapy is used in the treatment of various types of tumors 

including cancers of the head and neck, breast, lung, colon and prostate. The treatment is 

known to be administered in various fractions from two fractions per treatment to more 

than fifty fractions for specific prescribed dose [7,8].  

From 1987, the International Atomic Energy Agency (IAEA) put out various reports 

relating to standards in dosimetry and radiotherapy. In two international codes of practice 

of the absorbed dose to water with Cobalt-60 beam (IAEA TRS 277 of 1987 [9] and 

IAEA TRS 277 of 1997 [10]), timer error is omitted regardless of its relevance in 

radiotherapy. Recently, the international codes of practice for the determination of 

absorbed dose in a cobalt-60 beam, TRS 398 [11] has included the usefulness of timer 

error evaluation which is established in a worksheet. This worksheet in TRS 398 provides 

an equation from which dosimetry reading corrected for timer error would be determined. 

Out of the four well documented timer methods, namely two-exposure method, 

single/double exposure method, single/multiple exposure method and graphical method 

[12-19], TRS 398’s Code of Practice [11] uses the third method to derive the correction. 

Recent reviews show that more timer error evaluation will be published as time goes on. 
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In this experimental work, a Theratron Equinox 100 Cobalt 60 machine is considered for 

the teletherapy timer error evaluation at the National Centre of Radiotherapy and Nuclear 

Medicine, Korle Bu. Treatment time calculations (monitor unit) for all teletherapy 

treatments have been known to factor the timer error as a factor, which accounts for the 

dose given as the source to travel from the beam off position to the position required for 

start of treatment. It was hypothesized (Orton et al) that the reliance of output 

measurements always depended on how well a technique to find a precise approximation 

of timer error, supposing that every dosimetric instruments are ever so often tested [30]. 

This work was done to estimate the discrepancy of timer error with the use of graphical 

method for a Cobalt-60 beam. The timer error value is normally obtained experimentally 

for an ideal field size of 10×10   field size and a depth of 5 cm which is termed as an 

ideal standard for all treatment cases in dosimetry.  

 

1.2 STATEMENT OF THE PROBLEM 

In the manufacture of teletherapy machines, many treatment parameters are entered as 

raw machine data been programmed collectively for efficient delivery of clinical 

treatment. During radiation treatment, there are various field sizes that are set for 

different orientations due to different sites or sizes of tumor within or outside the patient. 

These differences in diagnosis of sites causes the field size used in the treatment planning 

procedure (either symmetric or asymmetric) to differ with respect to the patient size. The 

teletherapy timer error has been known to be one of the retained errors in external beam 

teletherapy machines. Because teletherapy is known to be treated mostly in fractions an 
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accumulated error in the shutter error dose calculation can actually go a long way to harm 

a patient stochastically. In teletherapy, not many studies have been conducted to observe 

the effects of field sizes and treatment depth on the transit time. Manufacturers across the 

world have also ignored the treatment time error’s dependence on these treatment 

parameters due to numerous field sizes that can be prescribed out of regular and irregular 

treatment fields. 

There is therefore the need to investigate the dependence of teletherapy timer error in 

external beam radiotherapy on certain relevant treatment parameters (such as the field 

size and depth) with the source-surface distance (SSD) technique which is what this study 

focuses on. 

 

1.3 OBJECTIVES 

In view of the importance of the increase in accuracy of dosimetry process for 

improvement of treatment efficiency; studies were carried out to collect important 

information for defining a practical standard protocol which would produce precise 

output estimates for Cobalt-60 teletherapy machines at Korle Bu Teaching Hospital. The 

primary objective of this research is to evaluate the effect of varying field sizes and 

treatment depths on timer errors of Cobalt 60 teletherapy unit. 

The specific objectives of this research are: 

 To determine treatment time errors for different field sizes (10 × 10 cm2, 15 × 15 

cm2, 20 × 20 cm2, 30 × 30 cm2) at reference depth of 5 cm. 
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 To determine the teletherapy timer error at different treatment depths (10 cm, 15 

cm, 20 cm, 25 cm, 30 cm, 35 cm and 40 cm) 

 To make appropriate recommendations to users of teletherapy equipment. 

 

1.4 RELEVANCE AND JUSTIFICATION 

The main purpose of radiotherapy is to deliver a specific amount of dose to tumor and to 

spare normal tissues surrounding the tumor. Any extra dose given during treatment is 

considered as not justified. The movement (transit) of source from beam off position to 

beam on position may vary with respect to treatment parameters and to doses prescribed 

by physician. In treatment calculations for delivery of dose, all dose prescriptions are 

converted to timer value with a single field size 10 × 10  which is the ideal situation. 

The variation of teletherapy timer error during calculation will allow all irregular field 

sizes to be converted to a square field size which will correspond to a particular shutter 

error for a more accurate and precise calculation in treatment timer value for efficient 

delivery of clinical dose. 

 

1.5 SCOPE OF STUDY 

This work is meant to embark on treatment output factors to develop and implement 

dosimetric protocols for the enhancement of patient treatment and protection at the 

National Centre of Radiotherapy and Nuclear Medicine (NCRNM) at the Korle-Bu 

University of Ghana http://ugspace.ug.edu.gh



6 
 

Teaching Hospital. This is being done by showing the influence of output factors and 

treatment parameters calculation at various treatment field sizes and treatment depth 

using a Cobalt 60 Theratron Equinox 100 teletherapy machine. This work’s data will be 

collected by the use of Theratron Equinox 100 teletherapy machine and a large water 

phantom (tissue equivalent material) manufactured for the teletherapy measurements 

concerning output factors and treatment parameters. This will be done within a period of 

two weekends (Saturday and Sunday). Measurements will be taken for separate field 

sizes of 5×5, 10×10, 15×15, 20×20, 30×30 and 35×35  for a constant depth of 5cm 

and for separate depth of 5, 7, 10, 15 and 20cm for a constant field size of 10×10 . 

1.6 ARRANGEMENT OF THE THESIS 

The rest of this dissertation is organized as follows; chapter two deals with review of 

related literature, method and theory are dealt with in chapter three followed by chapter 

four which presents results and discussion. Finally, chapter five gives summary of the 

study, conclusions and recommendations. 
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CHAPTER TWO 

2.1 INTRODUCTION 

This chapter reviews literature on the treatment timer error relevance on Cobalt 60 

teletherapy machines and teletherapy systems as well as some models which are 

concerned about timer error which is mostly used in clinical teletherapy treatment 

planning systems and consoles and their effects on the cumulative doses delivered from 

timer error with its effects on dose prescribed, field size and depth reported by various 

researchers. The effects of radiation doses caused out of treatment time error on 

homogenous medium such as water is considered with less relevance to heterogeneities 

such as the Perspex slabs used in building the water phantom. 

 

2.2 THE COBALT-60 MACHINE 

2.2.1 Background 

Teletherapy has been known to evolve from Radium therapy to Cobalt-60 teletherapy 

machines. The findings that an artificial radioisotope might replace radium in the 1970s 

was a big step in the development of teletherapy [31]. Although megavoltage x-ray units 

had been available for some years prior to this date, they were not in widespread use, 

whereas, cobalt units became the mainstay of external beam therapy for the next 30 years 

or so worldwide.  Compared to modern linear accelerators, cobalt units offer poorer 

geometrical precision in treatment because of a larger penumbra and greater mechanical 
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inaccuracy [31]. Cobalt can no longer provide the basis for contemporary sophisticated 

radiation therapy. This is because cobalt beams are less penetrating than those from linacs 

and they also lack the flexibility in the control of the radiation output offered by linacs. 

However, commercially available cobalt units may be quite adequate for many non-

radical treatments, and there are even some applications where cobalt sources have been 

used in specially designed equipment to give a performance that could be argued to be 

superior to that obtainable from a conventional linac [31]. Cobalt-60 therapy is the most 

appropriate choice for radiotherapy in countries where facilities for the maintenance of 

linear accelerators (LINACs) are lacking [31]. Many of the major techniques and 

advances in the physics of external beam therapy were developed on cobalt units. These 

include arc therapy, conformal therapy, transmission dosimetry, the development and 

measurement of tissue air ratios and the subsequent derivation of scatter air ratios 

(SARs), and differential SARs and the associated algorithms for treatment planning based 

on the separation of primary and secondary radiation. More recently, Poffenbarger and 

Podgorsak [32] have investigated the possibility of using an iso-centric unit for 

stereotactic radiosurgery, and Warrington and Adams [36] have shown that conformal 

therapy, and even IMRT, could be adequately delivered with a cobalt-60 unit except for 

the most deep-seated tumors [36]. Negligence of the effects of teletherapy timer error 

with respect to treatment parameters might bring a lot of inaccuracy during the treatment 

process. There most used models in teletherapy involves rigorous calculation and 

complicated statistics. The calculations done by a Treatment Planning system is known to 

be built on fundamental laws of physics and mathematics for the ascertain of numerous 

computation in developing of the doses required for the Medical Physicist to work  
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efficiently. These include interaction of particles with matter (photoelectric effect, 

Compton effect and pair production), statistical analysis and computational comparisons. 

It is duly noted that the inaccurate specification of interactions the photon has with the 

matter in transit, the larger the statistical accuracy of predicting their distributions.   

 

2.2.2 Basic Construction and Components  

 One relevant importance of the cobalt unit is the simplicity of its design and construction 

which makes it reliable. Basic care must be taken to ensure that the mass fully built and 

carefully maintained to minimize the potential hazards from the high activity source and 

the associated heavy shielding.  A labelled image of the teletherapy head showing the 

standard source is shown in figure 2.1. 
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Figure 2.1: A diagram showing inside the head of a teletherapy gantry [20] 

 

2.2.2.1 The Head 

Where the teletherapy source is being kept or housed is called the source head. This 

consists of a steel shell with lead for shielding purposes and a mechanism for transporting 

the source in front of the collimator outlet to produce the clinical ray beams. 

• There are two mechanisms developed in the transport of the source from beam off 

position to beam on position and reverse; 

i) a source on a sliding drawer and  
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ii)  a source on a rotating cylinder. 

• At beam off position, of the source, a light appears in the beam on position above 

the collimator opening, enabling an optical visualization of the radiation field which is 

defined by the collimator system. 

• Radiation cannot be stopped completely because of this; some radiation will 

escape from the unit when the source is at the beam off position. It is known to tolerate a 

high leakage of 1mR/h at 1m from the source. Intervention regulations require that the 

average leakage of a teletherapy machines is less than 2mR/h [21].  

 

2.2.2.2 The Source 

One of the primary sources used in teletherapy machines are gamma(ȣ) ray sources. 

These are designed and built sources which comprises of a suitable, artificially produced 

radioactive material. In the production of ȣ rays, firstly the parent source undergoes a β 

decay, which results in an excited daughter nucleus which attains ground state through 

emission of ȣ rays. 

The vital attributed of radioisotopes for EBRT are: 

- High ȣ ray energy; 

- High specific activity; 

- Relatively long half life 

- Large specification air kerma rate constant  
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There most used teletherapy source uses cobalt 60 radionuclides construct inside a 

cylindrical stainless steel capsule and sealed by welding. A double welded seal is used to 

prevent any leakage of the radioactive material. The source is known to be cylindrical 

which has a diameter ranging from 1 to 2cm; with a height of the cylinder about 2.5cm 

being a compromise between achieving a high or sufficient activity to obtain a reasonable 

output and keeping the source small enough to minimize the beam penumbra. The 

smaller the source diameter, the smaller the physical penumbra and the more expensive 

the source [21, 22]. The space behind the active cobalt material in the capsule must be 

tightly packed with blank discs to eliminate movement. The low energy beta ray 

emission from the source is filtered out by the capsule walls. 

 

2.2.2.3 Gantry 

In order to obtain a reasonable compromise between output, depth dose, and clearance 

around the patient, modern cobalt units are manufactured in a standard iso-centric 

configuration with a source axis distance of 80cm being the most common [31]. Units 

with an SAD of 100cm are also practical if high activity sources can be afforded and 

offer the advantages of greater depth dose, larger field sizes, greater clearance around the 

patient, and geometrical compatibility with linacs. In order to increase their versatility, 

iso-centric units have often been made with the ability to swivel the head about a 

horizontal axis through the source. This swivel motion keeps the beam axis in a vertical 

plane, and when used with an appropriate gantry angle, may be useful for extended SSD 

treatments or for treating immobile patients in a bed or chair. Some non iso-centric cobalt 
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units have been manufactured with the head held by a yoke on a vertical stand, and these 

are particularly useful for giving single field palliative treatments. Where an iso-centric 

unit has the swivel facility, great care must be taken to ensure that its position is 

accurately reset before the equipment is used for normal iso-centric use since the slightest 

angulation of the head swivel will create a large deviation of the beam axis from the 

mechanical iso-center. Some iso-centric units use slip rings for the supply of all power 

and control signals to the gantry and this allows continuous gantry rotation. Coupled with 

the guaranteed constant output from the source as the unit rotates, such a versatile and 

simple rotation mechanism provides an ideal unit for arc or full rotation therapy when 

this technique is required [31]. This is the path of the cobalt 60 machine that holds the 

source head. It is manufactured in a way that makes it rotatable to a degree of ± 180ᵒ. It is 

affixed on the housing of the base. Most modern gantry systems are known to have an 

indicator of source position on it to provide the user with insight of what is happening 

during the treatment or using process. The gantry also possesses the collimator which 

serves as the definition of the opening of the source [22]. 

 

2.2.3 Beam modifiers 

Beam modifiers are known to comprise of jaws, wedges, blocks, compensators, multileaf 

collimator (MLC), electron cutout and bolus. These are devices or materials that are 

included or factored in dose calculation in radiation treatment planning. Most are used in 

the simulation process before treatment is delivered either through the treatment planning 
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system or the simulator. The four main uses of beam modifiers are for shielding, 

compensation, wedge filtering and beam fattening. 

In shielding, the beam modifier is used to eliminate radiation to a part of the field or a 

zone that the beam is directed to;  

For compensation, it is used to achieve a uniform dose for the treated zone. 

When the beam enters obliquely through the body or where there is a tilt or curves wedge 

filtering is needed for treatment.  

For flattening, it helps with the spatial distribution of the natural beam. It is altered by 

reducing the central exposure rate relative to the peripheral. These beam modifiers factor 

in to doses given through source transit if they are present during the treatment process 

[23, 24]. 

 

2.3 OUTPUT FACTORS 

 Output factors comprise of the beam data used in the commissioning of the EBRT 

machine. The values of the output factors are gotten through a series of measurements 

performed after installation of the equipment. This beam data is inputted in to the 

treatment planning system (TPS) for beam calculations during treatment planning. The 

output factors are always obtained by the variation of one or more treatment parameters 

such as field size and treatment depth during experimental work or beam data collection. 

The output factor can be determined as the ratio of corrected readings measured under a 
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given set of non-reference conditions to that measured under reference conditions. Timer 

error is an output factor determined during the experimental process [25]. 

 

2.4 Collimator system 

The collimator system is normally the outlet of the beam for which a definite field size 

can be determined or set through the treatment console. The collimator system is mostly 

made up of four bars called jaws. These jaws are stacked one on the other to create a 

rectangular or square shape to prevent interference during movement. The jaws are 

usually made of a material with high atomic number (z) either tungsten or lead. It is 

sometimes used in advanced external beam systems to seal out the source completely in 

case the source gets stuck during treatment. The gamma ray source upon hitting the 

collimator sometimes produces electrons that interfere with treatment time and timer 

error doses. 

 An advancement in the collimator system recently, is the use of multileaf collimator 

systems. This is a technology improvement which has been manufactured for the 

replacing of the use of lead blocks or cerrobend Tm blocks attached to the tray during 

treatment. The collimator system has an opening for some beam modifiers such as 

wedges and tray to be inserted for comfortable treatment since it is noninvasive to 

patients [26, 27]. 
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2.5 Treatment Parameters 

There consist of a series of parameters that affect precise patient treatment. These may 

include field size, treatment depth, collimator angle, gantry angle and treatment cache 

angle. When an electron or photon beam is incident on a patient or phantom, the absorbed 

dose varies with depth and depends on energy, field size, SSD or SAD, and beam 

collimation system. The calculation of dose in the patient affects depth dose distribution 

with regard to these parameters [37]. In this report, discussion of treatment parameters is 

going to be in the context of treatment planning; however, the central axis depth dose 

distribution will not be sufficient to characterize a radiation beam that produces a dose 

distribution in a 

three-dimensional volume. In view of this, lines passing through points of equal dose 

(known as isodose curves) are used to represent volumetric variation in absorbed dose 

and dose distribution [37]. These curves are usually drawn at regular intervals of 

absorbed dose and are expressed as a percentage of the dose at a reference point. Thus, 

the isodose curves represent levels of absorbed dose in tissue. 

 

2.6 Source to surface distance (SSD) and Source to axis distance (SAD) 

Source size, SSD, and SAD all affect the shape of isodose curves by virtue of the 

geometric penumbra [37]. SSD also affects the percent depth dose and therefore the depth 

of the isodose curves. Dose variation across the field border is a complex function of 

geometric penumbra, lateral scatter, and collimation; thus, the field sharpness at depth is 
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not simply determined by the source or focal spot size. For example, by using penumbra 

trimmers or secondary blocking, the isodose sharpness at depth for cobalt-60 beams with 

a source size less than 2cm in diameter can be made comparable with higher-energy linac 

beams, although the focal spot size of these beams is usually less than 2 mm. Comparison 

of isodose curves for cobalt-60, 4MV, and 10MV illustrates the point that the physical 

penumbra width for these beams is more or less similar. It has to be noted that at any 

normal clinical distance, either SSD or SAD setup can be used; however, the mostly used 

value of SSD or SAD for clinical practice is about 100cm [38]. When using the SSD 

setup, the field size is defined at the surface of the phantom, whilst for the SAD setup, the 

field size is defined at the detector position. Figure 2.2 shows a schematic diagram of 

both the SSD and SAD setup. 
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Figure 2.2: Schematic diagram of the SSD or SAD setups which may be used for 

photon beam reference dosimetry for equivalent depth. 

 

2.7 Field Size 

Field size is one of the most important parameters in treatment planning. Adequate 

dosimetric coverage of the tumor requires a determination of appropriate field size. This 

determination must always be made dosimetrically rather than geometrically. In other 

words, a certain isodose curve (e.g. 93-95%) enclosing the treatment volume should be 

the guide in choosing a field size rather than the geometric dimensions of the field [34, 

37]. Great caution should also be exercised in using field sizes smaller than 6cm in which 

a relatively large part of the field is in the penumbra region. Depending on the source 
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size, collimation, and design of the flattening filter, the isodose curves for small field 

sizes, in general, tend to be bell shaped. Thus, treatment planning with isodose curves 

should be mandatory for small field sizes. The isodose curvature for Cobalt-60 increases 

as the field size becomes overly large unless the beam is flattened by a flattening filter 

[37]. The reason for this effect is the progressive reduction of scattered radiation with 

increasing distance from the central axis as well as the obliquity of the primary rays. The 

effect becomes particularly severe with elongated fields such as cranial spinal fields used 

in the 

treatment of medulloblastoma. In these cases, one needs to calculate doses at several off-

axis points or use a beam-flattening compensator [34]. 

 

2.8 EFFECTS AND REVIEW OF TIMER ERROR  

From vigorous researching, it was noted that no work had been done on the determination 

of timer error in variation to field size and treatment depth for Cobalt 60 machines. These 

are works that talk mostly about the determination on timer not purposely with 

dependence on field size and treatment depth. 

Firstly, considering a report released by IAEA in 2001 on misadministration in external 

beam radiation. The report indicated that one of the pre- dominant causes of 

misadministration in radiation therapy is calculating error of exposure time in dose 

delivery. After the doctor has prescribed dose to be administered to patient and the 

radiotherapist has determined field size and depth, medical physicists then calculate the 
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time of exposure. Different cancer type and stage have different field size and depth 

prescriptions which affect the time of exposure and in turn affect the timer error so it is 

therefore not advisable to add the use on definite timer error for all clinical treatments 

[28]. 

Besides the report released by IAEA, ICRU in its report No. 24 also suggested that an 

uncertainty of 5% is required in the delivery of absorbed dose to the target volume 

because of shutter time error. Timer error has been identified as one of the parameters 

that must be determined. It is necessary to consider timer error in dose delivery to get 

correct dosimeter reading rate or absorbed dose to patient. 

Samat et al on (2008) “the determination of timer error and its role in the administration 

of specified dose” used the graphical method in the determination of timer with variation 

to doses. This method used or adapted in my experimental research work. She found that 

a general timer error of 1.28s should be added to every patient’s calculated clinical 

treatment time to reduce dose uncertainty which stays as a constant value for a period of 

treatment. Because of no adaptation of her results to treatment parameters such as field 

size and depth, it was only her method that was used during the data analysis of this 

experimental work [29]. 

The comparison of two standard dosimetry protocols for output calibration for Cobalt 60 

teletherapy machines also published by C. Tannanonta et al in Thailand in” The 

measurement of teletherapy unit timer errors” elaborates on the importance of the 

determination of teletherapy timer error in air and in water using both short exposure time 

and long exposure time. Their timer error was determined by two methods proposed by 

Orton and Seibert [30]. The methods as shown in equation 2.1 and 2.2. 
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Where t and M are exposure time and meter reading and subscript s and L are the short 

and long exposure time. 

 

Where  and  are electrometer readings for a single exposure time t and n which 

are integrated exposures each of time t/n. 

With their experimental work on a Theratron-780 Cobalt 60 machine, the  and  had 

better results in agreement to Orton and Seibert [30] and the in air measurements did not 

differ much from the water measurements. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 MATERIALS 

Equipment used for this study include the Theratron Equinox 100 Cobalt 60 unit, full 

water scatter phantom, Farmer type ion chamber and electrometer, thermometer and 

barometer.  

In the measurement of the teletherapy timer error during treatment, different field sizes 

and treatment depths were used. The experiment was performed using a full water scatter 

phantom which simulated a human (patient). The ion chamber connected to an 

electrometer (serial number T10008-08112, PTW, Freiburg, Germany) was used for the 

radiation measurements when the water phantom was irradiated. The radiation 

measurements were corrected for environmental conditions of temperature and pressure. 

Figure 3.1 (a) and Figure 3.1 (b) are the digital thermometer and barometer used in the 

study respectively. 

                                              

Fig 3.1(a):  Digital thermometer  
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Fig 3.1(b):  Barometer  

 

3.1.1 Theratron Equinox 100 Co-60 teletherapy unit   

The Theratron Equinox 100 Co-60 teletherapy unit, as shown in Figure 3.2, is used for 

radiation therapy at the NCRNM, KBTH. This unit was manufactured by Theratron and 

acquired from Canada with a model number 2117.  The Equinox teletherapy unit is led by 

a rotatable gantry and collimator. It works together with a unit head panel, hand control 

and control console with display monitor as shown in Figure 3.3.  The radioactive source, 

Cobalt-60 is moved from a shield safe located inside the gantry (safe position which is a 

double layer  stainless  steel  capsule  such  that  the  diameter  of  the  whole  source  

assembly is  2.0  cm  and  3.0  cm  long ) and brought in the collimator position in the 

treatment process. The teletherapy unit is a modern computerized system with a Prowess 

Panther treatment planning software which runs on a Microsoft Windows computer and 

is configured according to the specific regional setting. This software uses Computed 

tomography image slices to calculate doses according to physician contour drawings 

which in turn is used for medical physicists planning discretion. 
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Fig 3.2: The Theratron Equinox 100 Cobalt 60 machine at Korle Bu 

 

3.1.2 Farmer type ionization chamber 

A waterproof Farmer type ionization chamber which is 0.6  in volume was used in 

this study. The chamber is made by PTW Feiburg, Germany with model number TM 

30013 and serial number 005801. The ionization chamber used was calibrated against a 

source of known beam quality at the IAEA Secondary Standard Dosimetry Laboratory 

(SSDL). The calibration was done with a bias voltage of 400 V at the temperature of 293 

K 20°c, pressure of 101.325 kPa and humidity of 50%. Figure 3.4 shows the 0.06 cc 

ionization chamber. 
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Figure 3.3: Farmer type ionization chamber. 

 

3.1.3 PTW UNIDOS Electrometer 

The PTW UNIDOS electrometer, is a high performance secondary standard and reference 

class dosimeter or electrometer used universally for either radiological or electrical 

measurements. The electrometer displays measured values of dose, dose rate, electric 

charges and electric currents. Values of dose and dose rates are measured in gray (Gy), 

Sievert (Sv), Rontgen (R), gray per minute (Gy/min), Sievert per hour (Sv/hr), Rontgen 

per minute (R/min) or Gy·m; whiles those of electrical charges and currents are measured 

in coulomb (C) and ampere (A) respectively. Figure 3.5 shows the PTW UNIDOS 

electrometer used for this study. 
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Figure 3.4: The PTW UNIDOS electrometer 

 

 

3.1.4 2-Dimensional Water phantom 

An in-house manufactured manual two-dimensional (2-D) water phantom was used 

during this research. The phantom was manufactured from poly-methyl methacrylate 

(PMMA) material, with reference dimensions of 70 cm × 70 cm × 45 cm for teletherapy 

experimental work (AAPM TG 106 [33]). The phantom is constructed in such a way that 

scatter is minimized to a greater degree. The phantom has a holder which is designed to 

hold ionization chamber laterally in the water. This holder is also designed with a 
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cylindrical PMMA with mechanical gears for easy movement and it possesses rigid 

holding capabilities. The phantom has a height graduation reader which helps in the depth 

readings. The phantom was used to measure the transit time dose to water at different 

depths and different field sizes. 

 

Figure 3.5: Large water phantom 

3.1.5 SOFTWARE 

The Microsoft excel software produced by Microsoft Corporation was used for the 

compiling of the data into tables and the drawing of the graphs used in this work. It is a 

high performance spreadsheet analyzer for technical analysis. It enabled the 

determination of gradients and various intercepts of the graphs and created mathematical 

solutions for various equations used in the completion of this project.  
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3.2 METHOD 

3.2.1 Stability check 

The stability of the farmer type ionization chamber was confirmed with a long-life 

radioactive source for long time stability. The stability check source is used to check the 

constancy of the ionization chamber and to verify that no significant change has occurred 

since the calibration from laboratory. The long-life check source used in this case was Sr-

90 / Y-90 encapsulated in silver foil. This is known to be a pure beta-particle emitter 

(emits electrons only). The half-life of the Sr-90 is 28 years and the Y-90 beta particle 

has an energy of 2.2 MeV which is adequate to penetrate the silver foil and the chamber 

foil. 

The ionization chamber was then placed in the chamber. All readings were corrected for 

atmospheric conditions at the chamber position. 

Set limit for the relative standard deviation of the check source reading, determined from 

repeated measurements, was 0.5 % from baseline values established for the 

source/chamber/electrometer assembly [11].  

 

3.2.2 General Procedure and Experimental Setup 

The water phantom was first placed on a bed with a stable support with a lifter which 

when adjusted brought the phantom to a height close to a treatment set up. It was then 

filled with about 250 liters of water which filled it to a reference mark on the phantom. 

The digital thermometer was clung to one side of the phantom with the metallic sensitive 
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part in the water. The barometer was also placed on a table in the treatment room. The 

water was then left for a few hours for the adjustment of stability of temperature and 

pressure conditions as shown in Fig 3.7. After a stable environmental condition was 

established, both the horizontal and vertical lasers were checked for correspondence with 

the phantom reference laser markings as shown in Fig 3.6. 

 

 

Fig 3.6: Laser setup during experimental work 
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Fig 3.7:   General experimental Setup 

 

 

Fig 3.8:   Treatment Control Console 
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Fig 3.9:   Chamber holder used during this experiment 

 

The ion chamber was fixed in the chamber holder (Figure 3.9) of the water phantom 

making sure there was no movement possible when readings are taken. The sensitive 

section of the ionization chamber was lowered into the water phantom ensuring that the 

tip was at an SSD of 100 cm, which is the defined SSD of the machine at the surface of 

the skin. The electrometer was then connected to the ionization chamber with its special 

cable. A treatment time of five minutes as shown in fig 3.8 was then set to irradiate and 

warm up the ionization chamber for preparation of readings at a depth of 0.5 cm which is 

known as the point at which maximum dose is given and a large field size of 30×30 .  
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3.2.2.1 Measurements with varying field sizes 

The ionization chamber was then lowered into the water to a treatment depth of 5 cm 

from the surface of the water in the phantom. A field size of 5×5  was set on the 

treatment console together with other beam parameters as shown in Fig 3.8. After beam 

parameters were set using the console the machine’s remote control or navigator in the 

treatment room was used to move and confirm these parameters. The gantry angles and 

collimator angles were kept at a constant 0°. The electrometer was then set to start (STA 

button) before every reading taken in other to measure doses when the source was in 

transit. The treatment timer on the console (Fig 3.7) was set to treatment times of 0.5 min, 

1.0 min, 1.5 min, 2.0 min, 2.5 min and 3.0 min for this setup. Two electrometer readings 

were taken for each timer setting. The thermometer readings were recorded before and 

after every batch (treatment timer changes) of measurements. The barometer reading was 

taken at the beginning and end of the whole experimental work. The set-up was repeated 

with a variation in the field size for field sizes of 10×10 , 15×15 , 20×20  

30×30 , 35×35 . The sleeves of the collimator could be set to a maximum field 

size above 35×35  but no patient has ever been treated with such a large field size in 

Ghana so far which was advised to be ignored. All the readings were recorded for 

analysis. 

 

 

 

University of Ghana http://ugspace.ug.edu.gh



33 
 

3.2.2.1 Measurements with variations of varying treatment depths 

For the measurement of the variation of depth, the field size was set at a constant 10×10 

. The ionization chamber was then lowered into the water with the mechanical gear 

attached to the chamber which counts 70 turns equivalent to 1 cm. 350 turns was set 

which corresponded to a treatment depth of 5cm from the surface of the water in the 

phantom. A field size of 10×10  was set on the treatment console together with other 

beam parameters. After the beam parameters were set-up using the console, the 

machine’s remote control or navigator in the treatment room was used to move and 

confirm these parameters. The gantry angles and collimator angles were kept at a 

constant 0°. The electrometer was then set to start (STA button) before every reading was 

taken in other to take into account doses when the source was in transit. Two electrometer 

readings were taken for each timer setting. The treatment timer on the console was set to 

treatment times of 0.5 min, 1.0 min, 1.5 min, 2.0 min, 2.5 min and 3.0 min. The 

thermometer readings were recorded before and after every batch (treatment timer 

changes) of measurements. The barometer reading was taken at the beginning and end of 

the experimental work. This set-up was repeated with a variation for the vertical 

mechanical counter for counts of 490 equivalent to 7 cm depth, 700 equivalent to 10 cm 

depth, 1050 equivalent to 15 cm depth and 1400 equivalent to 20 cm depth. All the 

readings were recorded on paper during every change of depth in the process. 
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3.3 DATA ANALYSIS 

Because of the bulky data acquired, Microsoft excel was used to process the data from 

the measurements made. Microsoft excel professional plus 2016 was the version used to 

compute the mean electrometer readings, temperature and pressure during this 

experimental work. Microsoft excel was used to calculate for the corrected readings, the 

gradient and intercept. The program was also used to plot and analyze required graphs for 

this work. 

 

3.3.1 CALCULATIONS AND GRAPH PLOTTING 

After all readings were taken the mean value of the two readings was obtained from the 

formula as shown in equation 3.1 below. 

 

Where = first electrometer reading 

 = second electrometer reading 

 n   = number of data  

The average readings were then corrected for environmental conditions of temperature 

and pressure with the use of a formula obtained in the TRS 398 [28] as shown below. 

 

Where = correction factor 
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   = initial temperature 

   = final temperature 

  = initial pressure 

    = final pressure 

 

The mean corrected readings were then plotted on the y-axis against the timer variations 

on the x-axis for the various variations in field sizes and depths. The graph generated was 

straight line plot which has the general equation; 

 

Where y = y-axis value 

 m = gradient 

 x = x-axis value 

 c = intercept 

 

The equation of a straight line was calculated for each graph using excel formulas as 

shown in equations 3.5. Both the y-intercept and the slope can also be gotten from the 

graph. The teletherapy timer error is equivalent to the x-intercept for each variation which 

can be gotten after the equation of straight line is evaluated. It is the x-axis value for 

which y = 0. Therefore, the formula for attaining it is shown in equation 3.6 and 3.7. 
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Making x the subject 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 INTRODUCTION 

This chapter discusses the results obtained from the measurements in the study. Six field 

size variations and five depth variations were used throughout the experimental process. 

All measurements were taken as in water. 

 

4.2 DEPENDENCE ON FIELD SIZE 

From the measurements taken, the data for the computation of the mean measurements of 

two readings corrected for temperature and pressure with respect to the timer value of the 

console can be seen in Appendix A for a treatment depth of 5 cm. The graphs for the 

plotted corrected readings against time can also be found in Appendix C. The equation of 

a straight line for each variation was developed with the help of an Excel algorithm 

which can also be seen in the graphs of Figure 4.1, 4.2 and Appendix C. The graph 

produced a straight line because the corrected electrometer reading (Dose) is directly 

proportional to the treatment timer value hence the more time the beam is on the more the 

radiation received by the ionization chamber or patient. Although Excel produced the 

equation of the straight line from the data obtained, to determine the timer error, a manual 

equation was fed into it to compute the x-intercept. The x-intercept was calculated with 

an equation of the ratio of the y-intercept and the gradient (which was found to be a 
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negative value for each variation in field size). From the timer errors obtained as shown 

in Table 4.1, the values varied to a degree of  which is significant in radiotherapy, 

because small amount of timer error can go a long way to harm a patient during 

treatment. All the error values estimated were negative which means that the timer errors 

should be subtracted from the timer value estimated from the prescription before clinical 

treatment is carried out. 

 

 

Figure 4.1: A graph of corrected electrometer reading against treatment time for a 

 field size 
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Figure 4.2: A graph of corrected electrometer reading against treatment time for a 

 field size 

 

Table 4.1: Field size with timer errors obtained for their setup 

Square Field Size /〖cm〗^2 Timer error (s) 

5×5 -0.654 

10×10 -0.648 

15×15 -0.622 

20×20 -0.633 

30×30 -0.639 

35×35 -0.643 

 

University of Ghana http://ugspace.ug.edu.gh



40 
 

Figure 4.3 shows the variations of timer error with field size, giving a polynomial 

function of the fifth order which was; y = 2E-07x5 - 2E-05x4 + 0.0008x3 - 0.0137x2 + 

0.0976x + 0.4198. This shows the degree of irregularity in the dependence of teletherapy 

timer error on field size. The source’s beam is made up of a primary and scattered 

component. The primary beam is known not to vary with field size but the scattered beam 

varies with field size [34]. It was observed that as the field size increased from 5×5 to 

15×15 the teletherapy timer error decreased from a value of 0.65s to 0.62s. The sources 

of scatter include the collimator, blocks and wedges in the beams path. At lower field 

sizes the beam hits the collimators before a path is created during treatment so the 

intensity of collimator scatter is increased. As the field size is increased from 15×15 to 

35×35 there is an increase in the timer error. This increase is produced as a result of 

increasing phantom scatter. The scattered beam is a product of the collimator scatter and 

phantom scatter as shown in equation 4.1 [35].  

 

Where  = total scatter correction factor 

    = collimator scatter correction factor 

    = phantom scatter correction factor 

As the field size increased above 15×15 the effect of the phantom scatter factor 

outweighs the collimator scatter factor. This phantom scatter factor increases with 

increasing field size. The values calculated for timer error can be varied during every 

treatment calculation by the conversion of irregular field sizes to equivalent square field 
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sizes. Corresponding timer errors of the equivalent field sizes are subtracted during the 

calculations. This enhances treatment output factor’s efficiency during treatment. 

 

 

Figure 4.3: A graph showing the dependence of timer error on field size 
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4.3 DEPENDENCE ON TREATMENT DEPTH 

Data for the computation of the mean of the two readings corrected for temperature and 

pressure with respect to the timer value of the console can be seen in Appendix B for a 

constant field size of 10×10 . Their corresponding graphs for were plotted for 

corrected electrometer readings in nC on the y-axis against time in seconds on the x-axis 

which can also be found in Appendix D. An equation of a straight line for each treatment 

depth variation was developed with the help of a Microsoft Excel algorithm which can 

also be seen in graphs at Fig 4.4, 4.5 and Appendix D. The graph produced a straight line 

because the corrected electrometer reading (Dose) is in direct relation to the treatment 

timer value hence the more time the beam is on the more the radiation received by the 

ionization chamber or patient. The x-intercept was obtained by putting y = 0 for an input 

equation put into Microsoft Excel. The teletherapy timer error was calculated with an 

equation of the ratio of the y-intercept and the gradient (which was found to be a negative 

value for each variation in depth too). From the timer errors obtained as shown in Table 

4.2, the timer error values varied to a degree of  which is more noteworthy in 

radiotherapy and can affect the perceived effects of treatment prescription since there is 

an unknown additional dose during delivery. All the teletherapy timer (shutter) error 

values obtained was a negative which means that the timer errors should be subtracted 

from the timer value calculated from the prescription before clinical treatment is carried 

out. 
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Figure 4.4: A graph of corrected electrometer reading against treatment time for a 5cm 

depth 

Figure 4.5: A graph of corrected electrometer reading against treatment time for a 7cm 

depth 
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Table 4.2: Treatment depth with timer errors obtained for their setup 

Treatment depth (cm) Timer error (s) 

5 -0.648 

7 -0.584 

10 -0.612 

15 -0.665 

20 -0.621 

 

The absolute values of the timer error were plotted against the variation in treatment 

depth as shown in Figure 4.6. Figure 4.6 shows the variations of timer error with depth 

giving a polynomial function of the fourth order as y = 4E-05x4 - 0.0023x3 + 0.0456x2 - 

0.362x + 1.5825. This elaborates the degree of irregularity in the dependence of 

teletherapy timer error for varying treatment depth. It was witnessed that as the treatment 

depth changed from 5 cm to 7 cm there was a decrease in the absolute value of timer 

error. This is as a result of electron contamination. Electron contamination normally 

occurs as a result of electrons produced from the interaction of the Cobalt-60 photons 

with a high z material (usually the collimator) and air (through ionization and production 

of secondary electrons). The ionization chamber at shallow depths measure both photons 

and electrons because electrons are not attenuated at shallow depths. After this decrease 

the teletherapy timer error increased from a depth of 7 cm through depths of 10 cm to 15 

cm which was the highest value of timer error obtained as 0.67 seconds.  The increase in 
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timer error is as a result of scattering as the ionization chamber detects radiation deeper in 

the water medium as shown in Figure 4.6. The teletherapy timer error decreased again 

from a value of 0.67s to 0.62s. At higher depths there is beam attenuation which can 

account for the decrease in timer value. Also the lack of back scatter can cause this since 

the ionization chamber requires an amount of material to be present beneath it before 

back scatter can occur. The values calculated for timer error can be varied during every 

treatment calculation by the variation in the value for each treatment depth corresponding 

to teletherapy timer error subtracted during timer value calculation which will also 

enhance treatment output factor’s efficiency during treatment. 

 

Figure 4.6: A graph showing the dependence of timer error on treatment depth 
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Figure 4.7: Diagram showing increasing phantom scatter. 
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4.4 COMPARISON BETWEEN FIELD SIZE AND DEPTH 

 In this work the teletherapy timer error determined for both treatment parameters 

considered (field size and depth), had little variations in the order of  and  . Due 

to the linearity of the ionization chamber, the individual variations allowed a straight line 

to be used for determination of the correspondence with Samat et al [29] as shown at 

Appendix C and D. The teletherapy timer error variations with respects to field size 

showed more consistent values as compared to the timer error variation with treatment 

depth. For a prescribed dose there are both variation in field size and depth so in order to 

incorporate this influence of dependence, it is advised to use an average in correlation to 

the respective field size and depth during calculation.  
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATION 

5.1 CONCLUSION 

The studies on the dependence of timer error calculations on field sizes and treatment 

depth have been done. 

The timer error dependence on field sizes showed irregular polynomial of the order of 

fifth power. The mean values of the absolute timer errors for the various field sizes were 

found to be as follows: 0.65 s for the 5×5  field size, 0.65 s for the 10×10  field 

size, 0.62 s for the 15×15  field size, 0.63 s for 20×20  field size, 0.64 s for the 

30×30  field size, and 0.64 s for the 35×35  field size.  

The teletherapy timer error variations with treatment depths showed irregular polynomial 

of order fourth power.  The mean values were as follows; 0.65 s for the depth of 5 cm, 

0.58 s for the depth of 7 cm, 0.61 s for the depth of 10 cm, 0.67 s for the depth of 15 cm, 

and 0.62 s for the depth of 20 cm.  

Comparing the two set-up techniques used with this work, it was noted that the field size 

variation and depth variation showed almost similar timer value to the degree of . 

However, the treatment depth variations showed the lowest value as compared to field 

size variations. 

Based on the findings from this experimental work, it can be concluded that teletherapy 

timer error dependence on field size and treatment depth must be incorporated into the 
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treatment planning calculations for patients undergoing radiotherapy in order to minimize 

errors due to inaccurate timer error estimation in dose delivery at the NCRNM of the 

KBTH. 

 

5.2 RECOMMENDATION 

Below are the recommendations made as a result of the findings of this experimental 

work to various stake holders in the treatment of cancer at the NCRNM of Korle Bu, 

Clinical Community, Policy Makers and Regulators and the Research Community. 

 

5.2.1 Clinical Community 

Because not much work has been done on the effects of timer error on both field size and 

treatment depth, most centers ignore these effects of the field size and treatment depth. It 

is recommended that a calculation table for the variations of depth and field size with 

respect to teletherapy timer error be created for monitor unit calculations done by the 

physicist. This table can be created similar to TPR or TMR tables used for timer value 

calculations. Monthly evaluation of timer error value by the NCRNM should be done to 

help provide an efficient and accurate dosimetry for patient treatment. 
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5.2.2 Policy Makers and Regulators 

It is recommended that Policy makers and the Nuclear Regulatory Authority of Ghana 

make sure that all radiotherapy centers develop treatment protocols that take into account   

the dependence of field size and treatment depth on teletherapy timer error calculations. 

 

5.2.3 Research community 

Considering the various methods which can be used for the determination of teletherapy 

timer error, it is recommended that other setups such as in air measurements with the use 

of the build-up cap on the ionization chamber be done for inter-comparison purposes to 

adopt the best method for clinical use. 
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APPENDICES 

APPENDIX A Raw data measurements showing the mean corrected 

electrometer readings, temperatures during readings and 

pressure reading for variations in field sizes. 

 

APPENDIX A1 Field size of  

FIELD SIZE = 5 × 5 〖cm〗^2 

TIMER ELECTROMETER 

READINGS 

MEAN MEAN CORRECTED 

READINGS/nC 

Ti/°c Tf/°c Pressure/Pa 

30.0 9.100 9.088 9.094 9.085 22.7 22.7 1012.5  

60.0 18.010 18.000 18.005 17.987 22.7 22.7  

90.0 26.920 26.910 26.915 26.888 22.7 22.7  

120.0 35.840 35.820 35.83 35.794 22.7 22.7  

150.0 44.730 44.720 44.725 44.680 22.7 22.7  

180.0 53.630 53.610 53.62 53.566 22.7 22.7  
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APPENDIX A2 Field size of  

FIELD SIZE = 10 × 10 〖cm〗^2 

TIMER ELECTROMETER 

READINGS 

MEAN MEAN CORRECTED 

READINGS/nC 

Ti/°c Tf/°c Pressure/Pa 

30.0 10.030 10.030 10.03 10.020 22.7 22.7 1012.5  

60.0 19.860 19.850 19.855 19.835 22.7 22.7  

90.0 29.680 29.680 29.68 29.650 22.7 22.7  

120.0 39.510 39.500 39.505 39.465 22.7 22.7  

150.0 49.310 49.320 49.315 49.266 22.7 22.7  

180.0 59.150 59.130 59.14 59.081 22.7 22.7  

 

APPENDIX A3 Field size of  

FIELD SIZE = 15 × 15 〖cm〗^2 

TIMER ELECTROMETER 

READINGS 

MEAN MEAN CORRECTED 

READINGS/nC 

Ti/°c Tf/°c Pressure/Pa 

30.0 10.640 10.640 10.64 10.629 22.7 22.7 1012.5 

60.0 21.060 21.060 21.06 21.039 22.7 22.7  

90.0 31.480 31.470 31.475 31.444 22.7 22.7  

120.0 41.900 41.910 41.905 41.863 22.7 22.7  

150.0 52.330 52.330 52.33 52.278 22.7 22.7  

180.0 62.740 62.750 62.745 62.682 22.7 22.7  
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APPENDIX A4 Field size of  

FIELD SIZE = 20 × 20 〖cm〗^2 

TIMER ELECTROMETER 

READINGS 

MEAN MEAN CORRECTED 

READINGS/nC 

Ti/°c Tf/°c Pressure/Pa 

30.0 11.090 11.080 11.085 11.074 22.7 22.7 1012.5 

60.0 21.950 21.950 21.95 21.928 22.7 22.7  

90.0 32.810 32.800 32.805 32.772 22.7 22.7  

120.0 43.660 43.670 43.665 43.621 22.7 22.7  

150.0 54.520 54.530 54.525 54.470 22.7 22.7  

180.0 65.370 65.390 65.38 65.315 22.7 22.7  

 

APPENDIX A5 Field size of  

FIELD SIZE = 30 × 30 〖cm〗^2 

TIMER ELECTROMETER 

READINGS 

MEAN MEAN CORRECTED 

READINGS/nC 

Ti/°c Tf/°c Pressure/Pa 

30.0 11.650 11.640 11.645 11.633 22.7 22.7 1012.5  

60.0 23.050 23.060 23.055 23.032 22.7 22.7  

90.0 34.450 34.440 34.445 34.411 22.7 22.7  

120.0 45.850 45.850 45.85 45.804 22.7 22.7  

150.0 57.260 57.260 57.26 57.203 22.7 22.7  

180.0 68.660 68.660 68.66 68.591 22.7 22.7  

University of Ghana http://ugspace.ug.edu.gh



60 
 

APPENDIX A6 Field size of  

FIELD SIZE = 35 × 35 〖cm〗^2 

TIMER ELECTROMETER 

READINGS 

MEAN MEAN CORRECTED 

READINGS/nC 

Ti/°c Tf/°c Pressure/Pa 

30.0 11.790 11.790 11.79 11.778 22.7 22.7 1012.5 

60.0 23.330 23.330 23.33 23.307 22.7 22.7  

90.0 34.860 34.870 34.865 34.830 22.7 22.7  

120.0 46.410 46.410 46.41 46.364 22.7 22.7  

150.0 57.960 57.960 57.96 57.902 22.7 22.7  

180.0 69.490 69.490 69.49 69.421 22.7 22.7  
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APPENDIX B Raw data measurements showing the mean corrected 

electrometer readings, temperatures during readings and 

pressure reading for variations in depth. 

 

APPENDIX B1 Depth of 5cm 

DEPTH = 5cm 

TIMER ELECTROMETER 

READINGS 

MEAN MEAN CORRECTED 

READINGS/nC 

Ti/°c Tf/°c Pressure/Pa 

30.0 10.030 10.030 10.03 10.020 22.7 22.7 1012.5 

60.0 19.860 19.850 19.855 19.835 22.7 22.7  

90.0 29.680 29.680 29.68 29.650 22.7 22.7  

120.0 39.510 39.500 39.505 39.465 22.7 22.7  

150.0 49.310 49.320 49.315 49.266 22.7 22.7  

180.0 59.150 59.130 59.14 59.081 22.7 22.7  
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APPENDIX B2 Depth of 7cm 

DEPTH = 7cm 

TIMER ELECTROMETER 

READINGS 

MEAN MEAN CORRECTED 

READINGS/nC 

Ti/°c Tf/°c Pressure/Pa 

30.0 8.827 8.827 8.827 8.818 22.7 22.7 1012.5 

60.0 17.480 17.480 17.48 17.463 22.7 22.7  

90.0 26.140 26.130 26.135 26.109 22.7 22.7  

120.0 34.790 34.790 34.79 34.755 22.7 22.7  

150.0 43.440 43.440 43.44 43.397 22.7 22.7  

180.0 52.110 52.110 52.11 52.058 22.7 22.7  

 

APPENDIX B3 Depth of 10cm 

DEPTH = 10cm 

TIMER ELECTROMETER 

READINGS 

MEAN MEAN CORRECTED 

READINGS/nC 

Ti/°c Tf/°c Pressure/Pa 

30.0 7.205 7.213 7.209 7.202 22.7 22.7 1012.5  

60.0 14.280 14.270 14.275 14.261 22.7 22.7  

90.0 21.340 21.340 21.34 21.319 22.7 22.7  

120.0 28.410 28.410 28.41 28.382 22.7 22.7  

150.0 35.480 35.470 35.475 35.440 22.7 22.7  

180.0 42.530 42.540 42.535 42.492 22.7 22.7  
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APPENDIX B4 Depth of 15cm 

DEPTH = 15cm 

TIMER ELECTROMETER 

READINGS 

MEAN MEAN CORRECTED 

READINGS/nC 

Ti/°c Tf/°c Pressure/Pa 

30.0 5.032 5.036 5.034 5.029 22.7 22.7 1012.5  

60.0 9.962 9.959 9.9605 9.951 22.7 22.7  

90.0 14.890 14.890 14.89 14.875 22.7 22.7  

120.0 19.810 19.810 19.81 19.790 22.7 22.7  

150.0 24.740 24.730 24.735 24.710 22.7 22.7  

180.0 29.660 29.670 29.665 29.635 22.7 22.7  

 

APPENDIX B5 Depth of 20cm 

DEPTH = 20cm 

TIMER ELECTROMETER 

READINGS 

MEAN MEAN CORRECTED 

READINGS/nC 

Ti/°c Tf/°c Pressure/Pa 

30.0 3.471 3.474 3.4725 3.469 22.7 22.7 1012.5  

60.0 6.877 6.875 6.876 6.869 22.7 22.7  

90.0 10.280 10.270 10.275 10.265 22.7 22.7  

120.0 13.670 13.680 13.675 13.661 22.7 22.7  

150.0 17.070 17.080 17.075 17.058 22.7 22.7  

180.0 20.480 20.490 20.485 20.465 22.7 22.7  
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APPENDIX C Plotted graphs of corrected readings against treatment time for 

variations in field sizes. 

 

APPENDIX C1 Field size of  
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APPENDIX C2 Field size of  
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APPENDIX C4 Field size of 3  
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APPENDIX D Plotted graphs of corrected readings against treatment time for 

variations in depths. 

 

 

APPENDIX D1 Depth of 10cm 
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APPENDIX D2 Depth of 15cm 

 

APPENDIX D3 Depth of 20cm 
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APPENDIX E1 Calculation table for timer error with variation to field size 

and treatment depth 

5 10 15 20 30 35

5 0.65 0.65 0.62 0.63 0.64 0.64

7 0.62 0.58 0.60 0.61 0.61 0.61

10 0.63 0.61 0.62 0.62 0.63 0.63

12 0.66 0.66 0.64 0.65 0.65 0.65

15 0.66 0.67 0.64 0.65 0.65 0.65

17 0.65 0.65 0.63 0.64 0.64 0.65

20 0.64 0.62 0.62 0.63 0.63 0.63

22 0.61 0.57 0.60 0.60 0.60 0.61

25 0.69 0.72 0.67 0.68 0.68 0.68Depth

ONE SIDE OF A SQUARE FIELD
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