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บทคัดยอ 
 ในกระบวนการฉายรังสีประกอบดวยขั้นตอนมากมาย แตละขั้นตอนอาจทําใหเกิดความ
คลาดเคลื่อนของปริมาณรังสีที่ใหกับผูปวยได การศึกษาปริมาณรังสีในตัวผูปวยจึงเปนสิ่งสําคัญ เพื่อ
ชวยตรวจสอบความถูกตองของปริมาณรังสีที่ใหกับผูปวย อยางไรก็ตามในการนําเครื่องวัดรังสีชนิด
ไดโอดมาใชวัดรังสีในตัวผูปวย จะตองมีการศึกษาปจจัยที่มีผลตอการตอบสนองรังสีของไดโอด
กอนที่จะนําไดโอดไปใชวัดรังสีในผูปวยจริง วัตถุประสงคของการวิจัยนี้เพื่อศึกษาคุณสมบัติการ
ตอบสนองการวัดปริมาณรังสีของไดโอดชนิดพีที่โฟตอนพลังงาน 6 เมกะโวลต วิธีการทดลอง
แบงเปน 1.การทดสอบคุณสมบัติทั่วไปของไดโอดประกอบดวย ความสัมพันธเชิงเสนของการ
ตอบสนองของไดโอดกับปริมาณรังสี, การตอบสนองปริมาณรังสีตอหนึ่งหนวยเวลา, การ
ตอบสนองปริมาณรังสีตอมุมรังสีตกกระทบ, ความมั่นคงของสัญญาณ และความถูกตองในการวัด 
2. การสอบเทียบปริมาณรังสีที่ทางเขา และที่ทางออกของไดโอด 3. การหาคาแกของไดโอดจาก
ปจจัยตางๆ จากผลการทดลองพบวา 1. คุณสมบัติทั่วไปของไดโอดมีคุณสมบัติที่ดีในการวัดปริมาณ
รังสี 2. ไดโอดมีคาสอบเทียบปริมาณรังสีที่ทางเขาเทากับ 0.10528, 0.105653 และ 0.103766 
cGy/ADU คาสอบเทียบปริมาณรังสีที่ทางออกเทากับ 0.116635, 0.118075 และ 0.115236 cGy/ADU 
ของไดโอดที่1,2 และ 3 ตามลําดับ 3.การหาคาแกของไดโอดพบวาคาแกจากขนาดลํารังสีอยูในชวง 
0.99-1.00 คาแกจากอุปกรณเทรยอยูในชวง 0.98-1.00 คาแกจากอุปกรณเวดจอยูในชวง 1.02-1.05 
สรุปผลการทดลองวาไดโอดที่ศึกษามีคุณสมบัติที่ดีในการวัดปริมาณรังสี ในการศึกษาครั้งนี้แนะนํา
วาควรศึกษาความถูกตองคาแก และคาสอบเทียบปริมาณรังสีในแฟนทอมกอนนําไปใชในคนไขจริง 
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ABSTRACT 

Radiotherapy consists of many steps, each step leads to errors between 

prescribed and delivered dose. Therefore, in vivo dosimetry is important for verifying 

the accuracy of the dose delivery to patients. It is necessary to study diode response for 

in vivo dosimetry before use with patients. The purpose of this experiment was to 

study the characteristics of p-type diode for 6 MV photon beams. Three p-type diodes, 

EDP-10 of scanditronix wellhofer, were used for measurement of photon beams at 6 

MV. The experiment was done in 3 steps. Firstly, the initial tests of diodes were 

studied; dose linearity, dose rate dependence, direction dependence, signals stability 

and short time reproducibility. Secondly, the diodes were calibrated for the entrance 

and exit doses. Thirdly, the entrance correction factors as a function of field size, 

wedge and tray were measured. The initial tests showed that these diodes obtained a 

good dosimetric characteristic. The entrance/exit calibration factors were 

0.1053/0.1166, 0.105653/0.1181 and 0.103766/0.11523 cGy/ADU (diode reading) for 

diode number 1, 2 and 3, respectively. The field size correction factors for the three 

diodes were ranged between 0.99 to 1.00. The tray correction factors were ranged 

between 0.99 to 1.00 for solid tray and 0.98 to 0.99 for slit tray. The wedge correction 

factors were ranged between 1.02 to 1.05. These diodes present good dosimetric 

characteristics and are acceptable for in vivo measurement. This study suggests that 

every diode should be examined before being implemented in a clinic. 
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	CHAPTER I
	INTRODUCTION
	 
	        The goal of radiotherapy is to deliver maximum dose to the tumor and minimize dose to the normal tissue or the critical organ so that it can improve efficiency of radiation treatment.  However, the radiotherapy consists of many steps i.e. tumor localization, treatment planning, dose calculation, patient immobilization and fractionated irradiation, each step leads to errors between prescribed and delivered dose. The errors between prescribed and delivered dose contain two components: 1. instrument error.  To reduce these errors, calibrated dose following with the standard protocol is required. 2. Human errors such as error of setups, misuse of beam-shaping devices, marking no correction for inhomogeneity or irregularity in the irradiated volume. All errors lead to complication and treatment failure because there exists a narrow relationship between probabilities of local tumor control or normal tissue injury and the total absorbed dose as shown in Figure 1.1.  
	  
	Figure 1.1 The relationship between probabilities of local tumor control or normal tissue injury and the total absorbed dose.[16] 
	 
	ICRU recommends that the accuracy of the delivery dose to the patient obtains the uncertainty at least ±5% [11] and accuracy in delivery dose at ±3.5% [17] for decreasing effect of narrow relationship between probability of local tumor control or normal tissue injury and the total absorbed dose. A reasonably thorough system of crosschecks can reduce setup errors or other operation errors. Therefore, in vivo dosimetry is importance for verifying the accuracy of the dose delivery to patients and to reduce the errors in dose delivery in patient. As a result, the efficiency of the radiation treatment is improved. 
	 In vivo dosimetry has already been a long history. In 1932, Siervert performed routinely patient dose measurement with small ionization chamber. Thermoluminescence dosimeters for in vivo dosimetry were introduced in routine therapy in 1960s. Today, there is a growing interest for semiconductor in vivo dosimetry. 
	 The main advantages of using semiconductor detector are well suited to in vivo dosimetry, as they are small, do not require bias voltages (unlike ionization chamber) and do not delay between irradiation and result (unlike thermoluminescence dosimeters).
	 It is necessary for studying diode response in terms of field sizes, source to diode distance, dose rate, tray, wedge and incidence angle before being used on the patient. To find the limitations of diodes  and to know how effect of the parameter (field size, source to diode distance, dose rate, tray, wedge and incidence angle) to diode response, the characteristics , calibration  and correction factor of  EDP-10 p-type diodes (Scanditronix wellhofer, Uppsala, Sweden) were studied with 6 MV photon beam on the solid water phantom.
	 
	 
	CHAPTER II
	BACKGROUND
	2.1  In vivo dosimetry 
	In vivo dosimetry is a method for monitoring the dose delivered to the patient receiving radiation therapy. For in vivo dosimetry, the dosimeter is placed on the patient skin or body’s cavities such as esophageal tube, rectum, vagina, etc.
	A first aim of in vivo dosimetry is to compare the doses derived from the signal of the detector placed on the skin with the theoretical value, as calculated by the Treatment Planning System (TPS). 
	 A more ambitious aim of in vivo dosimetry is to check the target dose, in order to verify the delivery dose of irradiation.  As a matter of fact, checks of the entrance and exit dose are also an indirect check of the target dose. 
	 Third possible aim of in vivo dosimetry can be the determination of the skin dose itself. This measurement is critical and requires a special methodology. 
	        2.1.1  Clinical application for high energy photon [5]
	 
	  2.1.1.1  Single beam
	           A.  Entrance dose (Dentrance)
	   In the case of single beam the entrance dose is defined at distance from patient surface at the entrance of the beams. This distance is equal to the depth of maximum build-up (dmax) as shown in Figure 2.1.
	  
	   
	  At the entrance side of the medium irradiated by a single photon beam, the dose gradually increases from a low value at the surface up to a maximum value Dentrance at the depth dmax which depends upon the energy of the radiation, the collimator opening, the source-skin-distance (SSD), the introducing of beam modifying devices and the distance separating them from the patient skin, etc. Generally the increase of dose as a function of depth from surface to dmax is the steepest just below the surface. That means that the measurement of Dentrance must be carried out with enough material in front and around the detector.
	 
	  The number of head scattered electrons is known to increase as a function of the opening collimator and to decrease as a function of SSD. In order to limit as much as possible the influence of the head scattered electrons on Dentrance, it is necessary to use a build-up cap dimensions of which correspond to the dimensions necessary to ensure full build-up for the smallest collimator opening in the absence of any accessory.
	  B.  Exit dose (Dexit) 
	   The exit dose is defined at the distance from patient surface at the exit of the beams. This distance is equal to the depth of maximum build-up (dmax) as shown in Figure 2.1.
	   At the exit side of the patient, there is a build-down region related to lack of backscatter radiation from the air behind the patient. This lack of backscatter concerns photon as well as secondary electrons. While the lack of electron backscatter causes a build-down of the dose only in the latter few millimeters in front of the exit surface of the patient, the lack of photon backscatter influences a much deeper region and increase as a function of field size. The significant increase of the exit dose has been observed to decreases as the function of photon energy. In the real patient, at dmax from the exit surface, the electron backscatter is complete, but in most conditions only partial photon backscatter is achieved [19]. 
	   To derive the exit dose Dexit at dmax from the exit detector signal, it is necessary to cover the detector with enough material behind and around it in order to ensure complete electron backscatter. Mostly the in vivo measurement of the exit dose is performed concomitantly with that of the entrance dose. It is importance when positioning the exit detector, to avoid the shadowing effect of the entrance detector. 
	 
	   C.  Surface dose (Dsurface)
	   To measure the dose to the skin which is defined at 0.05 cm under the surface and is called surface dose Dsurface, thin detectors must be used for the surface dose. When they are very thin, such as monocoated photographic emulsions, they should be covered by about 0.05 cm of build-up material. When thicker detectors are used, such as some TL chips or thin layer of TL powder wrapped in envelopes made of paper, they have to be stuck on the skin without any build-up material. Correction factors have to be applied to their response when their effective point of measurement is not at 0.05 cm under their surface.
	   D.  Target dose (Dtarget)
	   The target dose is defined at the depth of dose specification. A very simplified method of considering the target dose Dtarget equals to the mean of Dentrance and Dexit. This method can be acceptable in some practical conditions. A more accurate method is based on the symmetrical expansion or compression of the real patient to thicker and thinner. Most regions of the human body are well suited for this type of calculation in left-right direction, because of the symmetrical disposition of the difference type of tissues irradiated (shown in Figure 2.2). 
	 
	Figure 2.1 The depth dose curve indicates the position of surface dose, entrance dose, exit dose and target dose.[5]
	 
	Figure 2.2 Examples of symmetrical (A) and asymmetrical (B) disposition of the tissues, with respect to the midline depth. For the head-and-neck fields (A) the method of target dose determination is applicable, while it is not for the thorax fields (B).[5]
	 
	  The method based on the concept of exit transmission Texit and midline transmission Tmid , which are defined as the ratio of the dose at depth of (Z-dmax) or Z/2 respectively and the entrance dose (shown in Figure 2.3). The depth Z is the water equivalent depth of the patient. Then the estimation of the target absorbed dose consists of three steps:
	 
	Figure 2.3 Schematic representation of the doses used in the definition of the different transmissions.[5]
	 i)  The determination of the measured exit transmission (TM) for given patient:
	                                                           (1)
	   ii)  The derivation of the midline transmission (Tmid) for the given patient from the measured exit transmission with the help of two groups of curves (shown in Figure 2.4).
	   iii)  The estimation of the absorbed midline dose (Dmid) from the product of the measured entrance dose (DM,entrance) and midline transmission (Tmid). Tmid can be calculated from Tissue-Phantom-Ratio, taking into account the actual position of the calibration points and the lack of backscatter [2].
	   
	  
	  2.1.1.2 Two parallel opposed beam
	  In the case of 2 parallel opposed beams the detector signals are the sum of an entrance and exit dose component. These 2 signals should be correlate (e.g. by phantom measurements) to the maximal doses DM,1 and DM,2 in the patient along the beam axis at depth dM,1 and dM,2 which doses not correspond necessarily to the depth dmax of each beam considered separately (shown in Figure 2.4). The difference between dM,1 or dM,2 and dmax has however been shown to be smaller than 1 mm for 4 and 25 MV X-ray photon (field 20×20 cm2 at SSD=100 cm). A prerequisite for using the method is, first of all, that the calibration factor of the detector be the same for both entrance and exit positions, which is not always the case.
	 
	Figure 2.4 Schematic representation of the different doses involved in in vivo dosimetry for 2 parallel opposed photon beams. The beams are equally weighted at the level of the target, which is either at midline with d1=d2 (A) or in an non-central position with d1<d2 (B).[5]
	 2.1.2  Comparison of intrinsic characteristic of TLD and diode 
	 
	The main characteristics are summarized in Table 2.1 for comparison the characteristics of the ionization chamber have also been included. In summary, diode score better than TL dosimeter with respect to immediate response, share the advantage of absence of high voltage, but are inferior with respect to presence of cable, response variation as a function of accumulated dose, dose rate, temperature, energy and also with respect to directional effect.
	Table 2.1 Principal advantages and disadvantages of diodes, TLD and ionization chamber detectors for applications in vivo dosimetry [5]. 
	Detector
	Cable
	High voltage
	Delay in result
	Response dependent on
	 Dose
	 Dose accum.
	 Dose rate
	 Temp.
	 Energy
	 Direction
	Ion. Chamber
	Diode
	TLD
	xx
	x
	0
	xx
	0
	0
	0
	0
	x
	0
	0
	0 or x*
	0
	xx
	x
	x
	xx
	0
	x
	x
	0
	x
	xx
	x
	0
	x
	0
	0   = no concern                   
	x = mild concern
	xx   = serious concern
	*depending on the TLD material and associated reader 
	 2.1.3  The detector for in vivo dosimetry
	 
	Diode and thermoluminescent dosimetry are the two well-established method uses for in vivo dosimetry. However, there are a number of alternative methods which are under study and which could present their own typical advantages in the near future. These are plastic scintillator, alanine, MOSFET and diamond detector.
	 
	A.  Diode
	 Diode measure dose by changing radiation to electron-hole pair, and then change the electron-hole pair to the dose. Shown in Figure 2.5.
	 
	Figure 2.5 The schematic diagram of diode measuring the radiation dose. 
	  B.  TLD
	 Thermoluminescence dosimetry is based upon the ability of imperfect crystals 
	to absorb and store the energy of ionizing radiation, which upon heating is re-emitted in the form of electromagnetic radiation, mainly in visible wavelength. The light emitted is then detected by a photomultiplier (P.M.) and correlated to the absorb dose received by the TL material. The process of TLD reader is shown in Figure 2.6.
	  For in vivo measurements TL detector have the advantage of being highly sensitive under a very small volume and not to be connected to an electrometer with an unwieldy cable. Their major disadvantage which is the time required for readout can be considerably decrease by a good choice of the equipment and a good methodology. 
	 
	Figure 2.6 The schematic diagram of TLD reader. 
	  C.  Plastic scintillator
	  The scintillator probe consists of a base material (usually polystyrene, polyvinyl-toluene, or acrylic-naphthalene) and one or more organic dyes embedded in it. When photons or charge particles pass through it, a few percent of the energy loss is ultimately converted to scintillation photons. The light intensity is either amplified and collected by photomultiplier tubes, or focused on the photocathode of an image intensifier by light guide and captured by a charge coupled digital camera. In both the case the plastic detector yields a count rate which can be correlated to the absorbed dose received by it. 
	  Water-equivalent for plastic scintillators can be achieved by a good choice of the compound materials and become superior to the majority of other detector types. As for their other main properties their excellent reproducibility and stability, their negligible dependence on temperature, their linear response versus dose from some cGy to Gy, their independence of dose rate and their high spatial resolution must be mentioned. Due to these advantages plastic scintillator detectors would require only a very limited number of correction factor when use for in vivo dosimetry. However, plastic scintillator detectors are developed to establish dose distribution around radioactive sources or within photon or electron beams, are not yet optimized for in vivo measurement.
	 
	Figure 2.7 The schematic diagram of a plastic scintillator. 
	  D.  Diamond dosimetry
	  A low voltage is applied to the diamond, it was found to operate as a radiosensitive resistor. More recently diamonds have been used as a solid state ionization chamber. The radiation produces electron-hole charge in the crystal, to which an external bias of typically 100 Volt is applied to separate the charge carriers. The resulting current is measured with electrometer. After switch on of the external bias, they must be irradiated to about 5 Gy in order to prefill the crystal lattice electron traps. The detector response then remains stable until the bias is switches off. 
	  For determination of absorbed dose to water in a phantom, the possibilities offered by this type of detector are comparable to those of ionization chambers. With respect to in vivo dosimetry, diamond probe a good water equivalence thank to an atomic number of 6, a very low dependence on accumulated dose as well as on temperature, and a very impressive spatial resolution. On the other hand, they present the inconvenience of dose rate dependence more pronounced than for scintillators or diodes.
	 
	Figure 2.8 The diamond detector for radiation measurement.  
	  E.  Alanine dosimetry
	  Alanine dosimetry is a method which has proven its value in the field of basic dosimetry. It has indeed been used as a transfer dosimeter, as alternative to the Fricke method. It is magnetic method because it makes use of the electron spin resonance (ESR) signal induced by radiation in the alanine substance. The non destructive readout of the ESR signal could be advantageously exploited for the purpose of in vivo dosimetry in radiotherapy for monitoring of dose increment fraction by fraction. This implies that always the same sample is applied at the same position on the patient. After each session the sample is taken to spectrometer for readout of the ESR signal.
	 
	  The key point is whether the good accuracy obtained in application of transfer dosimetry can be kept for this new area. The major problem to solve will be related to the relatively low sensitivity of the method. Indeed in transfer dosimetry with alanine, dose delivered to the samples are typically of the order of several tens of grays, while for in vivo dosimetry they have to be decreased to the order of a gray.  
	 
	Figure 2.9 The FWT-50 series alanine pellet dosimeters. 
	  F.  MOSFET
	 The Metal-Oxide Semiconductor Field Effect Transistor (MOSFET), a miniature silicon transistor, seems to be a promising candidate for medical dosimetry. MOSFETs are small in size even compared to diodes, offering very little attenuation of the beam when used for in in-vivo dosimetry. They require a special read-out facility. A single dosimeter can cover the full energy range of photons and electrons, although the energy response should be examined, since it varies with radiation quality. 
	 Similarly to diodes, MOSFETs exhibit a temperature dependence. As they show non-linearity of response with total absorbed dose, regular sensitivity checks are required. MOSFETs are also sensitive to changes in the bias voltage during irradiation (it must be stable) and their response drifts slightly after the irradiation (the reading must be taken in a specified time after exposure). They have a limited life-span. MOSFETs have been in use for the past few years in radiotherapy applications, such as surface dose measurements, radiosurgery, in vivo dosimetry, and brachytherapy measurements. 
	 
	 
	Figure 2.10 The structure of a MOFET detector.
	2.2  Semiconductor detector
	 Semiconductor detector or diodes are comparable to ionization chambers, advantage of diodes is operation without external bias voltage and more sensitivity for the same detection volume. For in vivo dosimetry, diodes are proved that the advantage of immediate availability of the signal but must be used with care.
	 2.2.1  Principle of diode 
	 
	 A.  Semiconducting phenomenon
	 Semiconducting crystals are the element of 4 valence electrons for example Si (Silicon) and Ge (Germenium). Generally, Semiconducting crystals are electrical insulator. When the energy is transferred to the crystal, they are considered as electrical conductivity because the hole and free electron are produced by energy transfer. However the hole and free electron may be lost for the phenomenon of conductivity by hole-electron combination. The structure of semiconducting crystals as shown in Figure 2.11.
	  
	Figure 2.11 The structure of semiconducting crystals.
	  The conductivity can be increased by doping the crystal of semiconductor with some impurities. This impurity may be of either the donor or the accepter type. 
	  For the donor (n-type), some impurities which have five valence electrons dope into the crystals structure, for example As (Arsenics) and P (Phosphorus). The electron moving is considered as electrical conductivity for n-type. The structure of the donor as shown in Figure 2.12. 
	  
	Figure 2.12 The structure of the donor (n-type) by doping the P (Phosphorus).
	  For the accepter (p-type), some impurities which have threes valence electrons dope into the crystals structure, for example B (Boron) and Al (Aluminium). The hole moving is considered as electrical conductivity for p-type. The structure of the acceptor as shown in Figure 2.13. 
	  
	 
	Figure 2.13 The structure of the accepter (p-type) by doping the B (Boron).
	  B.  P-N junction 
	  A P-N junction or diode is an internal boundary between p-type and n-type region in a single crystal. The crystal is doped in two steps, if the diode is to be of the p-type that accepter impurities are first added to the crystal and then donor atoms in a much higher concentration than the acceptor are diffused into the surface of the p-type material.
	  C.  Diode bias application
	  C.1  Unbiased 
	  The electron in n-type is attracted to the p-type side, by contrast the hole in p-type is attracted to the n-type side. The electron and hole are combined together at depletion region which electrostatic potential difference is created about 0.7 Volt for silicon diode. The electron can not across to the p-type side because of these depletion regions. Unbiased voltage as shown in Figure 2.14. 
	  
	Figure 2.14 The diode application by unbiased voltage.
	   C.2  Inversed biased 
	   The negative pole of battery is applied to the p-type of diodes, and contrast the positive pole of battery is applied to the n-type of diodes. The electron and hole are attracted by the p and n side of the junction respectively, this cause of depletion region is extended. Inversed biased voltage as shown in Figure 2.15. 
	    
	Figure 2.15 The diode application by inverse biased voltage.
	  C.3  Forward biased 
	   The negative pole of battery is applied to the n-type of diodes, by contrast the positive pole of battery is applied to the p-type of diodes. The voltage of external bias more than the depletion region that cause of the electron and hole move to p and n side of the junction respectively and produce major current. The forward biased voltage is shown in Figure 2.16. 
	  
	Figure 2.16 The diode application by forward biased voltage.
	 
	  D.  Diode as radiation detector
	  When the diode is irradiated, an ionization or electron-holes pairs are created at the depletion region (shown in Figure 2.17). The electron minority charge carriers contributed to the ionization signal. Due to this process the charge equilibrium between n and p side of diode is disrupted by the radiation. When the diode is applied with unbiased mode that a current is detected and changed to the dose, the dose corresponds with proportional of number of electron-hole pairs.   
	  
	  
	Figure.2.17 Principle of diode detection in short-circuit mode. The radiation produces electron and holes in the depletion layer, which are attracted by the positive and negative side of the diode, respectively.[5]  
	 2.2.2  Equipment
	 
	 A.  Diodes 
	  In radiotherapy,  most diodes are use for in vivo dosimetry that are p-type silicon diodes because p-type diodes suffer less sensitivity loss as a function accumulated dose than n-type and they are also less dose rate dependent. However the characteristic of n-type diodes are adapted for in vivo dosimetry. Table 2.2 shows the characteristic of diodes commercially available.  
	Table 2.2 The characteristics of diodes commercially available as of fall 2003 [5].
	 
	 
	 B.  Electrometers
	  The electrometers provide a minimum of 2 channels which allows both an entrance and exit dose measurement. Other type of electrometers may be more than 2 channels that are commercially available. For special techniques such as TBI that are required a large number of simultaneous dose measurement that cause of large number of channels.
	 2.2.3  Characteristics of diodes
	  A.  Signal stability after irradiation 
	  The stability of the signal is displayed after irradiation that should be checked for time periods corresponding to those encountered in clinical practice. The drift should not exceed 1 % in 1 hour when use for conventional treatment. But in case of total body irradiation (TBI) that is performed at low dose rate, the check should be extended of several hours.
	 B.  Intrinsic precision
	  The intrinsic precision is given by the reproducibility of the signal for at least 10 irradiations at the same dose. The standard deviation should not exceed 1%.
	 C.  Sensitivity [15]
	  The sensitivity of diode is greater than that of ion chambers. Due to the energy required to produce an electron-hole pair in Si which is 3.5 eV compared to 34 eV to produce an ion-pair in air and because of the density of Si which is 1,800 times of air, the current produced per unit volume is about 18,000 times larger in diode than in an ion chamber. Thus, a diode, even with a small collecting volume, can provide an adequate signal. 
	  D.  Accumulated dose
	  Any mechanism that causes crystal damage introduces defects in a silicon diode. These mechanisms, which include intentional doping with impurities such as platinum and gold and also ionizing radiation, result in a sensitivity variation with accumulated dose (SVWAD). The defects produce recombination-generation (RG) centers and carrier traps, the both of which reduced the diode sensitivity.
	  The radiation damage in therapy photon beams from the recoil energy of secondary electrons and in electron beams from energy of primary and scattered electrons is imparted to the silicon crystal lattice. Accumulated dose increase the number of RG centers, causing the reduction in carrier lifetimes and consequently decrease in diode sensitivity and change in SSD dependence. 
	  E.  Dose rate dependence
	  There are defects and impurities in a semiconductor crystal that introduce recombination-generation (RG) centers. Indirect recombination, which occurs when a minority carrier is captured by an RG center and then recombines with a majority carrier, is the dominant process of charge recombination in a silicon diode. The fraction of minority carrier which recombines depends on the concentration of RG centers, on their capture cross sections for the minority carriers, and on excess carrier concentration, which is proportional to the instantaneous dose rate. During a radiation exposure, typical of a radiation therapy treatment (<10 Gy), the population of RG centers are approximately constant. When the instantaneous dose rate increases, the rate of minority carrier generation also increases. If the RG center concentration is insufficient to keep the recombining fraction of carrier constant, the diode sensitivity increases because a larger fraction of the charge produced by the radiation is available to be collected by the electrometer. 
	  F.  Temperature dependence 
	  The radiation current generated in diode may either increase or decrease with increasing temperature, resulting in a diode sensitivity variation with temperature (SVWT). The temperature coefficient is a percent change in sensitivity per degree of temperature increase. Modeling the temperature dependence from first principles is very difficult as it is determined by the temperature dependence of carrier mobility and lifetime, which may have opposite variation trends. The carrier mobility generally decreases as temperature increase due to higher crystal lattice scatter. The carrier lifetime appears to increase with increasing temperature due to the increased probability carrier release from the RG center and trap. Most diodes used for in vivo dosimetry have positive coefficient that mean sensitivity increase with increasing temperature.    
	   G.  Energy dependence
	 The diode response varies as a function of energy for photon as well as for electron beams because the lack of tissue equivalence of diode. 
	 G.1  Photon energy
	   A diode has a much higher atomic number Z than a soft tissue, the Z of a silicon diode is about 14 and soft tissue is about 7. Due to this difference, the photoelectric effect is more important in the diode and its response increases with decreasing energy below cobalt 60.
	 G.2  Electron energy
	   A diode response is expected to vary as a function of electron energy because the mass stopping power ratio on electron energy for water to air being different from that for water to silicon. However, the diodes do not show energy dependence as the stopping power ratio of silicon to water does not vary significantly with electron energy or depth. 
	   H.  Diode shape and directional dependence
	  The directional dependence is caused partly by the detector construction and partly by back scattering from the patient or phantom. Vendors typically state estimates of the change in effective sensitivity with beam direction and should specify the conditions under which these estimates apply. Two general methods of construction for diodes detector define the symmetry of the directional response, cylindrical symmetry and hemispherical symmetry as shown in Figure 2.18.
	 For the cylindrical symmetry (Figure 2.18 (a)), the plane of the diode is mounted normal to the cable axis and the diode is surrounded with a cylindrical sleeve of build up. Cylindrical detectors have relative small directional dependence when the beam axis rotates in the axial direction. 
	  
	Figure 2.18 Typical diode construction showing the major components and internal arrangement of the cylindrical symmetry and hemispherical symmetry diodes  (a) cylindrical Sun Nuclear photon diode, (b) flat/hermispherical Sun Nuclear photon diode, (c) flat/hermispherical Scandritronix Wellhofer diode and (d) Sun Nuclear electron diode.[8]  
	  For hemispherical symmetry (Figure 2.18 (b) and (c)), the diode is mounted with plane of the diode parallel to the cable axis. One side of the diode is covered with hemispherical build up while the other side has a thin, flat, mainly protective covering. The major directional dependence is specified in terms of the angle between the beam axis and the line normal to the diode. These detectors have a relatively strong directional dependence. 
	2.2.4  Clinical use 
	The first step in commissioning a new system or a new diode for clinical use is to measure a calibration factor for each diode. The calibration relates to the combination of diode and electrometer, and changing either the electrometer or the diode requires a new calibration.
	The application of the basic characteristics of diodes for in vivo dosimetry is focused on the relative constancy of their response as a function of time. The sensitivity of diode decreases as a function of the dose accumulated that necessary to monitor sensitivity of diode over time more closely than for an ionization chamber. Moreover, in the case of diodes, the influence of some factors such as dose rate, temperature, etc. constitutes a possible supplementary complication. Despite these drawbacks diodes, they have proved very useful in vivo dosimetry when use in skillful hands.
	   A.  Calibration factor of diodes [8]
	  It is strongly recommended to perform a separate calibration for each beam in which diode is used for in vivo dosimetry. If a diode is used for entrance and exit dose measurements, it has to be ascribed a corresponding entrance as well as exit dose calibration factors.
	   A.1  Entrance dose calibration factor
	  The entrance dose calibration factor (Fcal,en) is defined as the ratio of  , the dose to water at the diode dosimetry reference point under the diode dosimetry conditions, to  , the diode reading under same conditions. The entrance dose calibration factor is given by: 
	                                            (2)
	   For determination of Fcal,en, the diode is put on the surface of a flat phantom, at the entrance side of the beam, and its response compared with of a calibrated ionization chamber, positioned at depth dmax. The geometry of the entrance dose calibration factor (Fcal,en) measurement is shown in Figure 2.20.
	Figure 2.19 The geometry of the entrance dose calibration factor (Fcal,en) measurement. 
	   If the diode is used for a particular kind of treatment, e.g. mantle fields, it is recommended to take an average set-up (collimator opening, SSD, etc) for the treatment involved as reference conditions. It is recommended to check for the main treatment techniques applied, the validity of this one single calibration factor. For some special techniques such as total body irradiation, it is recommended to make a separate calibration in conditions close to those applied during this kind of application. 
	  A.2  Exit dose calibration factor
	   Similarly, an exit dose calibration factor Fcal,ex can be determined for semiconductor detector by putting it on the exit surface of the beam by comparing its response with that of an ionization chamber positioned in the phantom at dmax from this surface. The exit dose calibration factor is given by:
	                                           (3)
	  For determination of Fcal,ex, the diode is put on the surface of a flat phantom, at the exit side of the beam, and its response compared with of a calibrated ionization chamber, positioned at distance depth dmax from the exit side. The geometry of the exit dose calibration factor (Fcal,ex) is shown in Figure 2.21.
	  Figure 2.20 The geometry of the exit dose calibration factor (Fcal,ex).
	  With regard to the reference conditions adopted for exit dose calibration, patient thickness constitutes an addition parameter. The calibration phantom thickness should preferably equal the average thicknesses encountered in clinical conditions. A check of the single exit calibration factor is also recommended for 2 or 3 typical thicknesses. 
	  An important parameter is, for diodes which are used for both entrance dose measurements, the ratio F between exit and entrance dose calibration factor [5]:
	                                                            (4)
	   Due to the difference in relative positions of ionization chamber and semiconductor detector for entrance and exit dose determination, and also because of the lower dose rate at the exit side of the beam, F is expected to be large than unity. Because the dose accumulated over the life time of a diode decreases its response, the calibration factors increase while the detector accumulates dose during clinical use. However, the relative increases of entrance and exit calibration factor are equal, so that their ratio F doses not vary over time. The frequency of the checks depends on that use of the detector as well as on the accuracy required for the measurement.
	  B.  Use of a diode in clinical conditions
	  Every parameter which influences diode response intrinsically may be the reason why, when the clinical condition are difference from the reference conditions, the calibration factor alone is not more adequate to convert the detector signal into absorbed dose. A number of correction factor are necessary. They are introduced as cumulative factor with which the calibration factors have to be multiplied in order to get the correction dose. If the response of detector is lower or higher in clinical than in reference conditions, these factors are respectively larger or smaller than unity. When the value of correction factor is equal to unity, it may be either because basically the corresponding parameter has no influence on detector response or because the error is estimated not to exceed 1%.
	  Correction factors account for change in the diode response when measurement and calibration conditions are different. The corrections made in an individual clinical practice depend on the accuracy desired from in vivo dosimetry, the diode system used, and the treatment techniques that will be monitored.
	 The correction factor for change of a variable X from calibration conditions, (cal), is defined by
	                                                    (5)
	 Here DW(X) is the dose to water at the diode dosimetry reference point under conditions X which differ from calibration. DW(X) is either inferred from clinical beam data or measured as part of the diode commissioning with an ionization chamber placed at the diode dosimetry reference point under conditions X. R(X) is the diode reading under conditions X, DW (cal) and R(cal) are the corresponding quanties under calibration conditions. There are three classes for correction factors, beam-dependent factors (correction for SSD, field size or beam modifiers), intrinsic factors (correction for temperature or diode orientation), and factor that depend on patient variables (body contour or thickness).
	 
	CHAPTER III
	OBJECTIVES
	 The main purpose of this experiment was to study the characteristics of p-type diode with respect to, dose linearity, stability, short-term reproducibility, dose rate and direction dependence for an in vivo dosimetry of a 6 MV photon beam.
	 The other two sub-purposes were to investigate:
	1.  The calibration factors for entrance and exit doses of three p-type diode for an in vivo dosimetry of a 6 MV photon beam.
	2.  The correction factors of the three diodes for field size, tray and wedge.   
	 
	CHAPTER IV
	LITERATURE REVIEW
	 
	Larin, et al [1]. studied radiation effect in semiconductor device. The characteristics of diodes were investigated in sensitivity as a function of dose accumulated by comparing the sensitivity between n-type and p-type diodes for high energy photon and high energy electron beams. His findings summarized that the initial loss in sensitivity of diode as a function of dose accumulated can be rather steep especially for new diodes. The phenomenon is more pronounced for n-type than p-type diodes and the loss of sensitivity is more significant for high energy electron than photon. For the same type of particle, the effectiveness increases as a function of energy.
	Grusell and Rikner [18] studied the characteristics of diodes in terms of dose rate by comparing between n-type and p-type diodes. This study showed that the diodes sensitivity decreased when decreasing dose per radiation pulse and this phenomenon was more significant for n-type than p-type diodes. They recommended avoiding dose rate effect from clinical use otherwise performing diode calibration at the same dose rate used for treatment.  In addition, diodes used during  wedge filter  decrease dose rate and consequently leading to changing the diodes response, so it should be well aware of the decrease in dose rate and particular care is also required for users of linacs which offer the choice between different monitor unit rate by variation of the pulse intensity.
	Vandam, et al [5]. studied p-type diode response as a function of dose rate by preirradiating the diodes with 18 MV photon and 20 MeV electron. The response of diodes as a function of dose rate at preirradiation was compared between 18 MV photon and 20 MeV electrons. It was shown that p-type diodes illustrated non linear response after preirradiaton with high photons energies. The response changed about 1-10% deviation from a linear response for a dose rate in the factor about 65. After preirradiation with 20 MeV electron energies, the response changed about 10%  
	deviation from a linear response for a dose rate in a factor about 6. The result showed that performing a preliminary study of dose per pulse dependence of each diode individually is necessary.
	Grusell and Rikner [3] studied the temperature effect in p-type silicon detectors. The p-type diodes from Therados AB (patient detector type EDE) were used for this study. They were positioned on a patient skin and observed the time for thermal equilibrium with the skin. For this study, the room temperature was about 20 (C and skin temperature was about 32 (C. It showed that when p-type diodes positioned on a patient, the temperature in the detector rose from room temperature (20 (C) to about 32 (C within 2-3 minute. This behavior did not change much between the different detectors. They recommended that it should take several minutes for a diode after being taped on the patient to reach a thermal equilibrium with the skin temperature. 
	Heakelom, et al [4]. studied the energy dependence of diodes. The 4 p-type diodes (Scanditronix EDP-20) with hemispherical build-up cap of 2.2 mm stainless steel and 2.8 mm epoxy were investigated as a function of photon energies. The result 
	showed that diodes response increased with decreasing energy below cobalt 60, especially conventional x-ray. When high density build-up caps were used, this effect increased.  Therefore when measuring outside the field or under shielding blocks, particular attenuation, one should be aware of energy dependence of diode response because of the large spectral differences with in-field positions. 
	 Bo Nilson, et al [7]. studied characteristics of silicon diodes as a patient dosimeter in external radiation therapy. The silicon diodes from Therados AB (EDC, EDP-8, EDP-10 and EDP-20) were used to measure the entrance dose of the patients undergoing radiation therapy. The variations of the diode response were examined as a function of photon qualities, field sizes and irradiation situations namely using oblique fields, wedges, blocking filter. The results from measurement for patient treated with high energy were presented. The study has shown that if the mean value of all measure entrance dose with the diode on a patient differs more than ±3% from the presented absorbed dose of cobalt 60 gamma radiation, a correction of the given should be made. For the high energy photon, the measured entrance dose with the diode on a patient differed ±5% from the presented absorbed dose in this study. Direction responses at different angles were studied as the relative sensitivity normalized to a perpendicular incidence angle (90() for 4 MV (EDP-8), 6 MV (EDP-10), and 21 MV (EDP-20) x-ray. There was a variation of 10% with the angles of incidence. This means that oblique incidence, the tangential irradiation of the breast or thoracic and off-axis measurements must consider the effect of angle incidence. There is also small difference in response depending on which direction the diode was placed on the patient skins. This study included the attenuation effect of diodes. It was found that the attenuation effect could be 5% over an area of 1 cm2 at 5 cm depth in 4 MV x-ray (diode type EDP-8) and 21 MV x-ray (diode type EDP-20). To avoid the attenuation effect by the entrance diode, they recommended positioning the entrance diode at a distance away from the beam axis about 1 cm.
	 Luca and Antonella Cozzi [6] studied the characteristics of diode and the accuracy of an in vivo dosimetry program during breast cancer irradiation. Detector used in this study was p-type diodes (SDS-P) with build-up cap of stainless steel adequate for 1-10 MV photon energies. The phantom and patient irradiations were performed on a Siemens Mevatron 67 machine which delivered photons of 6 MV qualities. For phantom measurement, to test the algorithm and check the computation programs, the study comprised a total of 252 measurements made by varying the parameters such as beam parameter, SSD, phantom thickness, prescribed dose and diodes. For an in vivo measurement, patients included in the study were irradiated for breast cancer with opposing isocentric tangential field technique and classical fractionation scheme of five sessions per week of 1.8 or 2.0 Gy per fraction. The dose measurements of diodes were compared with expected dose from treatment planning system (TPS). The study showed that diodes can be easily used by radiographer in an accurate in vivo quality assurance (QA) program and accuracy level of 3% at 1SD can be reached average. Attention and action levels can also be identified and careful evaluation of positioning and morphological variations during treatment should be parts of the comprehensive program. 
	 
	CHAPTER V
	MATERIALS AND METHODS
	5.1  Materials
	 
	 5.1.1  Linear accelerator
	The Varian Clinac 2100C linear accelerator (Varian Oncology System, Palo Alto, USA) was used for this study. This accelerator has dual photon beams of 6 MV and 10 MV and five electron beam energies of 6, 9, 12, 16, and 20 MeV. The field sizes of photon are ranged from 0.5×0.5 cm2 to 40×40 cm2 as measured at 100 cm SSD. This LINAC is calibrated to deliver 1 CGy/MU of every energy at the depth of maximum dose in water at 100 cm SSD. The linear accelerator can produce dose rate ranged from 80 MU/min to 400 MU/min.           
	                              
	Figure 5.1 The Varian Clinac 2100C linear accelerator (Varian Oncology System, Palo Alto, USA). 
	 5.1.2  Silicon (Diode) detectors
	Three EDP-10 p-type diodes (Scanditronix wellhofer, Uppsala, Sweden) were used for this study. The diodes have build-up cap of stainless steel and epoxy, the physical thickness is 5 mm and water equivalent thickness is 10 mm adequate for 4-8 MV. 
	 
	Figure 5.2 The EDP-10 p-type diodes (Scanditronix wellhofer, Uppsala, Sweden) for 4-8 MV photon beams.
	5.1.3  DPD-12 pc System
	DPD-12 pc electrometer (Scanditronix Medical AB) was connected to three EDP-10 p-type diodes. The DPD-12 pc electrometer provides 12 channel for connecting detector. Detector measurement can be displayed four ways, absolute dose, dose rate, ratio and differential. The device function is accessed by using the keyboard on the user interface personal computer. 
	 
	Figure 5.3 The DPD-12 pc electrometer (Scanditronix Medical AB).
	5.1.4  Ionization chamber
	The ionization chamber farmer type 2571 was used for this study. The active volume and sensitivity of this ionization chamber is 0.60 cm3 and 0.69 cm3, respectively. The outer diameter, a wall thickness and length of this ionization chamber are about 6.3 mm, 0.36 mm and 2.41 mm, respectively. The outer wall is composed of high purity graphite, while the electrode is composed of pure aluminium.
	 
	 Figure 5.4 The ionization chamber Farmer type NE 2571.
	5.1.5  Electrometer 
	The electrometer (Farmer type 2570) was connected to ionization chamber for displaying dose. The power supply requires 2×1.5 volt batteries. The range change error less than ± 0.2 % of the gain change of 10:1. The electrometer can change the voltage ratio to V, V/2, V/4, and V/8. The dose unit can preset to mGy, Gy and nC. 
	 
	 Figure 5.5 The electrometer Farmer type NE 2570.
	5.1.6  Solid water phantom 
	Solid water phantom (RMI product, USA) was used for this study. It has square slab of 30×30 cm2 and various thicknesses from 2 mm to 5 cm. The mass density of this solid water phantom is about 1.030 g/cm2 and atomic number is 5.97. The phantom thicknesses for these studies are 20 cm. 
	 
	Figure 5.6 Slabs of solid water phantom (RMI Products, USA).
	5.2  Methods
	5.2.1  Initial test diodes 
	 5.2.1.1  Dose linearity 
	 The dose linearity of three EDP-10 p-type diodes was measured with 6 MV photon beam for a 10×10 cm2 field at 100 cm SSD. For each diode, the readings for five exposures of 20 MU, 60 MU, 100 MU, 140 MU, 180 MU, 220 MU, 260 MU and 300 MU were record and averaged at relative rep rate of 240 MU/min. The study of dose linearity was divided in 2 methods:1) The dose linearity from graph plotting, the linearity curves for each diode were plotted with MU on x-axis and signal of diodes on y-axis. 2) The dose linearity from formulation, the formulation was determined as a ratio of linearity response per dose (regression: r2):  
	                                                                           (6)
	The value should be between 0.98 and 1.02 [8].
	  5.2.1.2  Dose rate dependence 
	 Dose rate dependence of three EDP-10 p-type diodes was studied with 6 MV photon beam for a 10×10 cm2 field at 100 cm SSD. For each diode, record and average the reading for five constant exposures of 100 MU. The relative dose rate was varied by changing the SSD at 80 cm, 90 cm, 100 cm and 120 cm and rep rate at 100 cm SSD is 240 MU/min. The dose rate dependence curve for each diode was plotted; x-axis is relative dose rate and y-axis is sensitivity of diode.
	  5.2.1.3  Direction dependence 
	  The direction dependence of three EDP-10 p-type diodes was studied with 6 MV photon beam, and rep rate of 240 MU/min. The construction of these diodes for this study is hemisphere shape. The direction dependence were studied in two terms of symmetries : 1) axial symmetries was studies by put diodes on the phantom, the axis of diodes paralleled with anode-cathode direction as shown in Figure 5.7. 2) tilt symmetries studies by put diodes on the phantom, the axis of diodes perpendicular with anode-cathode direction as shown in Figure 5.8. For each diode, record and average the reading for three constant exposures of 100 MU at 100 cm SSD for field size 10×10 cm2. The direction dependence was varied by changing angle between the central axis of beam and the symmetry axis of diodes at ± 15(, ± 30(, ± 45( and ± 60( for axial symmetries and tilt symmetries. The direction dependence curve for each diode was plotted; x-axis is angle between the central axis of beam and the symmetry axis of diodes and y-axis is angle correction factors of diode. The angle correction factor was determined as a ratio of:
	                                                                                 (7)
	Figure 5.7 The direction dependence in terms of axial symmetries.
	  
	 Figure 5.8 The direction dependence in terms of tilt symmetries.
	 5.2.1.4  Signal stability 
	 The signal stability direction of three EDP-10 p-type diodes was studied with 6 MV photon beam and dose rate of 240 MU/min. The condition for this study was setup at 100 cm SSD and 10×10 cm2 field size.  Each diode was exposed of 100 MU. The signals at the end of irradiation were observed and compared with signals 5 minutes after end of irradiation. The signal stability is defined by:
	                   (8)                  
	The change should be less than 1% [8].
	 5.2.1.5  Short time reproducibility
	 The short time reproducibility of three EDP-10 p-type diodes was studied with 6 MV photon beam and rep rate of 240 MU/min. The field size for this study is 10×10 cm2 at 100 cm SSD. Each diode was exposed of 100 MU, record and average the reading for ten reading. Short term reproducibility was determined as coefficient of variation (standard variation/average). The percent of coefficient of variation should be less than 1% [8].
	5.2.2  Diode calibration [8] 
	  5.2.2.1  Entrance calibration measurement
	  Diode measurement was performed at the entrance surface of 20 cm thickness slab phantom on the central axis reference field 10×10 cm2 at 100 cm SSD. The dose rate for this study is 240 MU/min with exposed 100 MU. The absolute dose was measured with ionization chamber at dmax of 6 MV photon beam with the same condition as diode measurement as shown in Figure 2.19. 
	  The entrance calibration factor (Fcal,en) was determined as the ratio of the absorbed dose (Den) measured with an ionization chamber at the depth of maximum dose to the semiconductor reading (Men). 
	  5.2.2.2  Exit calibration measurement
	 Diode measurement was performed at the exit surface by rotating gantry to 180(  with the phantom thickness of 20 cm. The dose rate for this study is 240 MU/min with 100 MU. The absolute dose was measured with ionization chamber at a distance of dmax from the exit side of 6 MV photon beam with the same condition as diode measurement as shown in Figure 2.20. 
	 The exit calibration factor (Fcal,ex) was determined as the ratio of the absorbed dose (Dex) measured with an ionization chamber at the depth of maximum dose from the exit side dose to the semiconductor reading (Mex).
	5.2.3  Correction factor of diode [8]
	 5.2.3.1  Field size correction factor
	 Diodes were irradiated at constant delivered dose of 100 MU with 6 MV photon beam at 100 cm SSD. The field sizes for this study are 5×5 cm2, 10×10 cm2, 15×15 cm2, 20×20 cm2, 25×25 cm2, and 30×30 cm2and the reference field size for this study is 10×10 cm2. 
	 The Field size correction factor was determined as a ratio of:
	                                                                      (9)
	  where
	     is the collimator and phantom scatter factor in any field size.
	   is the collimator and phantom scatter factor in reference field        size. 
	    is the semiconductor reading in any field size.
	     is the semiconductor reading in reference field size.
	  For   and   were got from the clinical data tables without need of new of ion chamber measurements. 
	  5.2.3.2  Tray correction factor
	 Tray correction factor was performed with photon energy as 6 MV at 100 cm SSD for a 10×10 cm2 reference field size. The constant delivered dose is 100 MU. The field sizes were varied as 5×5 cm2, 10×10 cm2, 15×15 cm2, 20×20 cm2, 25×25 cm2, and 30×30 cm2. The reference field size for this study is 10×10 cm2. 
	  Tray correction factor was determined as a ratio of:
	                                              (10)
	  where
	   is the ionization chamber reading with solid/slit tray. 
	   is the ionization chamber reading without tray.
	   is the semiconductor reading with solid/slit tray.
	   is the semiconductor reading without tray.
	  For   and   were got from the clinical data tables without need of new of ion chamber measurements. 
	  5.2.3.3  Wedge correction filter 
	  Diodes were irradiated at a constant delivered dose of 100 MU with 6 MV photon beam at 100 cm SSD. The reference field size for this study is 10×10 cm2. The wedge angles were varied at 15(, 30(, 45( and 60( for this study. 
	  Wedge correction factor was determined as a ratio of:
	                                          (11)
	  where
	    is the ionization chamber reading with any wedge angle.
	    is the ionization chamber reading without wedge.
	    is the semiconductor reading with any wedge angle.
	    is the semiconductor reading without wedge.
	  For   and   were got from the clinical data tables without need of new of ion chamber measurements. 
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	  CHAPTER VI 
	RESULTS AND DISCUSSIONS
	6.1  Results
	 6.1.1  Initial test diode 
	 
	   6.1.1.1  Dose linearity 
	           The dose linearity for this study divide in 2 method:1) The linearity response per dose (regression: r2) from graph plotting between signal and MU is shown in Figure 6.1, 6.2 and 6.3 of diodes number 1, 2 and 3, respectively. The linearity response per dose or regression (r2) for each diode was 1. 2) The results of dose linearity from Eq (6) are shown in Table 6.1. The maximum dose linearity was 1.0068 in diodes number 3. The minimum MU was 20 and maximum MU was 300, this MU range was within MU range for an in vivo measurement. The dose linearity of diode was recommended that it should be within 0.98-1.02 [8] so these diodes are within the acceptability.   
	 
	Table 6.1 The dose linearity measurement was performed with 6 MV photon beam for 10×10 cm2 field at 100 cm SSD for average five exposures of 20 MU to 300 MU.
	Number of MU
	Signal of diode (ADU)
	Diode 
	No.1
	No.2
	No.3
	20
	193.4433
	192.4767
	195.0433
	60
	576.053
	573.3867
	580.63
	100
	959.3667
	955.2633
	966.8167
	140
	1343.55
	1337.507
	1353.933
	180
	1729.433
	1721.657
	1742.623
	220
	2114.247
	2104.07
	2130.243
	260
	2499.5
	2488.647
	2518.163
	300
	2883.51
	2870.357
	2905.817
	Dose linearity
	1.006291
	1.005851
	1.006825
	 
	Figure 6.1 The linearity response per dose (regression: r2) from graph plotting between signal of diode (ADU) and exposure of MU from 20 to 300 MU for diode number 1.
	 
	Figure 6.2 The linearity response per dose (regression: r2) from graph plotting between signal of diode (ADU) and exposure of MU from 20 to 300 MU for diode number 2.
	 
	Figure 6.3 The linearity response per dose (regression: r2) from graph plotting between signal of diode (ADU) and exposure of MU from 20 to 300 MU for diode number 3.
	  6.1.1.2  Dose rate dependence
	  The dose rate dependence was determined by plotting graph between response of diode and relative dose rate. The relative dose rate was varied by changing the SSD. The diode measurement and dose rate response graph are shown in Table 6.2 and Figure 6.4, respectively. The signal of each diode decreases about 0.42 times when increasing the SSD from 80 cm to 120 cm and inverse square laws of 80 cm and 120 cm is 0.44. The dose rate response showed that the corresponding between dose rate and diode response follows the inverse square law.
	Table 6.2 The diode measurement with the SSD varied from 80 cm to120 cm for various dose rates. The dose rate values were normalized to 100 cm SSD.
	SSD
	(cm)
	Relative dose rate(MU/min)
	Signal of diode (ADU)
	Diode 
	No.1
	No.2
	No.3
	80
	375.00
	1551.747
	1545.137
	1562.067
	90
	296.30
	1207.8
	1199.987
	1213.733
	100
	240.00
	959.3667
	955.2633
	966.1867
	110
	198.35
	786.0267
	782.4167
	792.2367
	120
	166.67
	654.4833
	651.04
	659.7567
	 
	Figure 6.4 The dose rate response of three diodes. The measurement was performed with 6 MV photon beam for 10×10 cm2 field and the relative dose rate was normalized at 100 cm SSD.
	   6.1.1.3  Direction dependence 
	  The axial symmetry and tilt symmetry are shown in Table 6.3 and Table 6.4, respectively. The result showed that the sensitivity of diodes decrease as a function of the angle between the central beam axis and the symmetry axis of the diode. For axial symmetry, the graph of angle correction factor is shown in Figure 6.5, the maximum angle correction factor was about 1.040098, 1.041208 and 1.040433 for angle of -60( in diode number1, 2, 3, respectively. 
	  For tilt symmetry, the graph of angle correction factor is shown in Figure 6.6, the maximum angle correction factor was about 1.042326, 1.040144 and 1.040111for angle of -60( in diode number1, 2, 3, respectively
	  The % maximum difference of diode measurement between angle of 0( and another angle was 4.1% at angle of -60 (of diode number 2 for axial symmetry and 4.2% at angle of -60( of diode number 1 for tilt symmetry.
	Table 6.3 The angle correction factors for axial symmetry of three diodes. The diode measurement was performed by changing angle between the central axis of beam and the symmetry axis of diodes at ± 15(, ± 30(, ± 45( and ± 60(.
	Angle(()
	Diode    
	No.1
	No.2
	No.3
	-60
	1.040098
	1.041028
	1.040433
	-45
	1.025419
	1.026046
	1.025221
	-30
	1.010293
	1.010628
	1.011573
	-15
	1.001485
	1.002788
	1.00436
	0
	1
	1
	1
	15
	1.002363
	1.001124
	1.00314
	30
	1.012362
	1.009435
	1.009139
	45
	1.024759
	1.019536
	1.020281
	60
	1.037801
	1.03264
	1.032514
	 
	Figure 6.5 The axial symmetry of three diodes for 6 MV photon beams with the field size of 10×10 cm2.
	Table 6.4 The angle correction factors for tilt symmetry of three diodes. The diodes measurement were performed by changing angle between the central axis of beam and the symmetry axis of diodes at ± 15(, ± 30(, ± 45( and ± 60(.
	Angle(()
	Diode 
	No.1
	No.2
	No.3
	-60
	1.042326
	1.040144
	1.040111
	-45
	1.027347
	1.026268
	1.02552
	-30
	1.013471
	1.013081
	1.01243
	-15
	1.005826
	1.004786
	1.004564
	0
	1
	1
	1
	15
	1.001186
	1.000158
	1.00005
	30
	1.006003
	1.003651
	1.003139
	45
	1.010574
	1.010416
	1.008522
	60
	1.016018
	1.014739
	1.011971
	 
	Figure 6.6 The tilt symmetry of three diodes for 6 MV photon beams with the field size of 10×10 cm2.
	6.1.1.4 Signal stability
	  The signal stability was determined by using Eq (8). The result of diode measurements between signals at the end of irradiation and signals for 5 minutes after the end of irradiation are shown in Table 6.5 and the signal stability of three diodes are shown in Table 6.6. The maximum of signal stability was -0.08 % in diode number 1. The signal stability less than 1 % was recommended [8]. 
	Table 6.5 The diode signals at the end of irradiation and 5 minutes after the end of irradiation with 6 MV photon beam at 100 cm SSD, 10×10 cm2 field size and 100 MU.
	measurement
	No.
	Signal of diode (ADU)
	 at the end of irradiation                              5 minutes after irradiation 
	Diode 
	Diode 
	No.1
	No.2
	No.3
	No.1
	No.2
	No.3
	1
	2
	3
	961.44
	962.24
	961.84
	956.43
	957.23
	957.23
	968.65
	969.85
	969.45
	961.24
	962.64
	962.14
	957.03
	958.03
	958.03
	968.25
	969.55
	969.25
	Avg.
	961.84
	956.963
	969.317
	962.007
	957.73
	969.017
	Table 6.6 The percent of signal stability of three diodes.  
	Diode 
	Signal stability (%)
	No.1
	No.2
	No.3
	-0.01733
	-0.08011
	0.03095
	  6.1.1.5  Short–term reproducibility 
	  The results of short-term of each diode are shown in Table 6.7. The maximum coefficient of variation of these measurements was 0.000673 in diode number 1. The Short-term reproducibility of diode was recommended that it should be less than 1 % [8]. In this study, the short-term reproducibility of each diode was less than 1 %.
	Table 6.7 The short-term reproducibility of three diodes were determined as a factor of coefficient of variation (standard deviation/average), the measurement was repeated for ten times with 6 MV photon beam at 100 cm SSD for 10×10 cm2 field size and 100 MU.
	measurement No. 
	Signal of diode (ADU)
	Diode 
	No.1
	No.2
	No.3
	1
	958.83
	954.83
	966.85
	2
	960.44
	955.23
	967.15
	3
	959.94
	955.63
	967.15
	4
	959.33
	955.23
	966.65
	5
	960.24
	955.73
	967.65
	6
	960.24
	955.43
	967.45
	7
	960.44
	956.43
	968.05
	8
	960.04
	955.73
	967.65
	9
	960.84
	956.43
	968.15
	10
	959.13
	955.03
	966.75
	Av
	959.947
	955.57
	967.35
	SD
	0.646341
	0.539959
	0.527046
	SD/Av
	0.000673
	0.000565
	0.000545
	  6.1.1.6  Summary of results for the initial tests
	  The results of initial diode for three EDP-10 p-type diodes used with 6 MV photon beams are shown in Table 6.8. 
	Table 6.8 Summary results for the initial tests for 6 MV photon beams.
	The initial tests
	Diode 
	No.1
	No.2
	No.3
	Dose linearity
	1.006291                   
	1.005851
	1.006825
	Dose rate dependence
	good
	good
	good
	Direction dependence
	(maximum difference)
	-Axial symmetry                       1.040098              1.041208               1.040433
	-Tilt symmetry                          1.042326              1.040144               1.040111
	Signal stability (%)
	-0.01733
	-0.0801
	0.03095
	Short-term                                  0.000673              0.000565             0.000545
	reproduce(SD/Av)
	 6.1.2  Diode calibration 
	 The entrance dose calibration factors and exit dose calibration factors are shown in Table 6.9. The entrance calibration factor (Fcal,en) was determined as the ratio of the absorbed dose (Den) measured with an ionization chamber at depth of maximum dose to the semiconductor reading (Men) at the entrance surface. Also, the exit calibration factor (Fcal,ex) was determined as the ratio of the absorbed dose (Dex) measured with an ionization chamber at  depth of maximum dose from the exit side dose to the semiconductor reading (Mex) at the exit surface. 
	Table 6.9 The calibration factors in cGy/ADU of three diodes, (Fcal,en) and (Fcal,ex) for 10×10 cm2 at 100 cm SSD with 100 MU for 6 MV photon beams. 
	Calibration factor
	Diode 
	No.1
	No.2
	No.3
	Fcal,en
	Fcal,ex
	0.105281
	0.116635
	0.105653
	0.118075
	0.103762
	0.115236
	 6.1.3  Correction factor
	   6.1.3.1  Field size correction factor
	   The diode output factor defined as the ratio between signal at any field size and signal at 10×10 cm2  shows that the sensitivity of diode increases as a function of field sizes (5×5, 15×15, 20×20, 25×25, 30×30 cm2). Moreover its sensitivity is larger than the signal from the ionization chamber especially field size bigger than 15×15 cm2 because of the effect of high atomic number of diode obtained more sensitive at low energies than that of ionization chamber. The result was shown in Table 6.10 and presented graphically in Figure 6.7.
	   The field size correction factor of three diodes was within 0.99-1.00, which shown in Table 6.11 and illustrated graphically in Figure 6.8. 
	Table 6.10 The output factors of diode and ionization chamber measured at 100 cm SSD with 100 MU for 6 MV photon beams. 
	Field size (cm)
	Diode 
	Ionization
	chamber
	No.1
	No.2
	No.3
	5×5
	10×10
	15×15
	20×20
	25×25
	30×30
	0.943933
	1
	1.037115
	1.063154
	1.081083
	1.095977
	0.942694
	1
	1.036992
	1.062821
	1.081278
	1.096018
	0.942812
	1
	1.035521
	1.062532
	1.081778
	1.096541
	0.94
	1
	1.034
	1.053
	1.068
	1.081
	 
	Figure 6.7 The response of three diodes number as a function of field sizes for 6 MV photon beams at 100 cm SSD with 100 MU.
	Table 6.11 The field size correction factors of three diodes, measured at 100 cm SSD with 100 MU for 6 MV photon beams. 
	Field size (cm2)
	Diode 
	No.1
	No.2
	No.3
	5×5
	10×10
	15×15
	20×20
	25×25
	30×30
	0.995833
	1
	0.996997
	0.990449
	0.987898
	0.986335
	0.997142
	1
	0.997115
	0.99076
	0.98772
	0.986298
	0.997017
	1
	0.998532
	0.991029
	0.987263
	0.985827
	 
	Figure 6.8 The field size correction factors of three diodes as a function of square field sizes for 6 MV photon beams at 100 cm SSD with 100 MU. 
	   6.1.3.2  Tray correction factor
	   For solid tray, the diode tray transmission factor measured defined as the ratio between the signal with tray and the signal without tray, increases as a function of field sizes, which shown in Table 6.12 and presented graphically in Figure 6.9. The result is the same trend compared with the result from the ionization chamber. However the signal from diode is slightly larger than that from the ionization chamber in every field size due to the effect of high atomic number of diode obtained more sensitive at low energies than that of ionization chamber.
	The tray correction factors of three diodes range between 0.986398 and 1.002159, which shown in Table 6.13 and illustrated graphically in Figure 6.10.
	  For slit tray, the tray transmission factor measured by diode increases as a function of field sizes, which shown in Table 6.14 and presented graphically in Figure 6.11. 
	   The tray correction factors of three diodes range between 0.984273 and 0.999935, which shown in Table 6.15 and presented graphically in Figure 6.12. 
	Table 6.12 The solid tray transmission of diode and ionization chamber measured at 100 cm SSD with 100 MU for 6 MV photon beams. 
	Field size (cm)
	Diode 
	Ionization
	chamber
	No.1
	No.2
	No.3
	5×5
	10×10
	20×20
	30×30
	0.969453
	0.97417
	0.978928
	0.985615
	0.966613
	0.970422
	0.977181
	0.9837
	0.968096
	0.972303
	0.978185
	0.984395
	0.9687
	0.9687
	0.9722
	      0.9722
	 
	Figure 6.9 The solid tray transmission factors of three diodes, measured at 100 cm SSD with 100 MU for 6 MV photon beams.
	Table 6.13 The solid tray correction factors of three diodes, measured at 100 cm SSD with 100 MU for 6 MV photon beams. 
	Field size (cm)
	Diode 
	No.1
	No.2
	No.3
	5×5
	10×10
	20×20
	30×30
	0.999223
	0.994385
	0.993127
	0.986389
	1.002159
	0.998225
	0.994903
	0.98831
	1.000624
	0.996294
	0.993881
	0.987611
	 
	Figure 6.10 The solid tray correction factors of three diodes, measured at 100 cm SSD with 100 MU for 6 MV photon beams.
	Table 6.14 The slit tray transmission of diode and ionization chamber measured at 100 cm SSD with 100 MU for 6 MV photon beams. 
	Field size (cm)
	Diode 
	Ionization
	chamber
	No.1
	No.2
	No.3
	5×5
	10×10
	20×20
	30×30
	0.984895
	0.989496
	0.99433
	0.999935
	0.984496
	0.987459
	0.994369
	0.999517
	0.984273
	0.988066
	0.993896
	0.999194
	0.9776
	0.9776
	0.9804
	0.9804
	 
	Figure 6.11 The slit tray transmission factors of three diodes, measured at 100 cm SSD with 100 MU for 6 MV photon beams.
	Table 6.15 The slit tray correction factors of three diodes, measured at 100 cm SSD with 100 MU for 6 MV photon beams. 
	Field size (cm)
	Diode 
	No.1
	No.2
	No.3
	5×5
	10×10
	20×20
	30×30
	0.992593
	0.987977
	0.985991
	0.980464
	0.992995
	0.990016
	0.985951
	0.980873
	0.993221
	0.989407
	0.986421
	0.98119
	 
	Figure 6.12 The slit tray correction factors of three diodes, measured at 100 cm SSD with 100 MU for 6 MV photon beams.
	   6.1.3.3  Wedge correction factor 
	   The diode wedge transmission factor defined as the ratio between signal with any wedge angles and signal without wedge, shows that the sensitivity of diode decreases as a function of wedge angle. In addition, the signal from diode is somewhat less than that of the ionization chamber because wedge help filter low energies in which diode is very sensitive to. The results are shown in Table 6.16 and presented graphically in Figure 6.13. 
	   The wedge correction factor of three diodes range between 1.019216 to 1.020599 for wedge angle 15 degree, 1.028622 to 1.030427 for wedge angle 30 degree, 1.041079 to 1.043641 for wedge angle 45 degree and 1.047038 to 1.049998 for wedge angle 60 degree, which shown in Table 6.17 and illustrated graphically in Figure 6.14.The maximum wedge correction factor was 1.049998 at wedge angle 60 degree of diode number 3. The result of wedge correction factor shows that the wedge correction factor increases when wedge angle increases.
	Table 6.16 The wedge transmission of diode and ionization chamber measured at 100 cm SSD with 100 MU for 6 MV photon beams. 
	Wedge 
	Angle(()
	Diode
	Ionization
	chamber
	No.1
	No.2
	No.3
	15
	30
	45
	60
	0.77157
	0.62307
	0.47912
	0.40285
	0.77053
	0.62260
	0.47847
	0.40232
	0.77103
	0.62198
	0.47794
	0.40172
	0.7864
	0.6409
	0.4988
	0.4218
	 
	Figure 6.13 The diode response of three diodes for wedge angle of 15(, 30(, 45( and 60(, measured at 100 cm SSD with 100 MU for 6 MV photon beams.
	Table 6.17 The wedge correction factors of three diodes, measured at 100 cm SSD with 100 MU for 6 MV photon beams. 
	Wedge 
	Angle(()
	Diode 
	No.1
	No.2
	No.3
	15
	30
	45
	60
	1.019216
	1.028622
	1.041079
	1.047038
	1.020599
	1.029393
	1.042482
	1.048424
	1.019936
	1.030427
	1.043641
	1.049998
	 
	Figure 6.14 The wedge correction factors of three diodes for wedge angle of 15(, 30(, 45( and 60(, measured at 100 cm SSD with 100 MU for 6 MV photon beams.
	   6.1.3.4  Summary of correction factor results
	  The results of correction factor of three EDP-10 p-type diodes used with 6 MV photons are shown in Table 6.19. 
	Table 6.18 Summary of entrance correction factors (CF) for three EDP-10 p-type diodes for 6 MV photons.
	CF
	Diode 
	No.1
	No.2
	No.3
	CFfield size Field
	             size(cm)
	5×5               0.9958
	10×10                    1
	15×15              0.9970
	20×20              0.9904
	25×25              0.9879
	30×30              0.9863
	0.9971
	1
	0.9971
	0.9908
	0.9877
	0.9863
	0.9970
	1
	0.9985
	0.9910
	0.9873
	0.9858
	CFtray
	Field size(cm)
	5×5
	10×10
	20×20
	30×30
	solid
	slit
	solid
	slit
	solid
	slit
	0.9992
	0.9944
	0.9931
	0.9864
	0.9926
	0.9880
	0.9860
	0.9804
	1.0021
	0.9982
	0.9949
	0.9883
	0.9930
	0.9900
	0.9860
	0.9809
	1.0006
	0.9962
	0.9939
	0.9876
	0.9932
	0.9894
	0.9864
	0.9812
	CFwedge
	Wedge angle(()
	15
	30
	45
	60
	1.019216
	1.028622
	1.041079
	1.047038
	1.020599
	1.029393
	1.042482
	1.048424
	1.019936
	1.030427
	1.043641
	1.049998
	6.2  Discussions
	The temperature dependence is not concerned in this study due to the previous study of [3] showed that the diodes have rather moderate temperature dependence, with a sensitivity variation with temperature (SVWT) below 0.2% per (C. They recommended that it should take several minutes for diodes after being taped on the patient to reach a thermal equilibrium with the skin temperature. 
	The result of direction dependence showed that the decrease of diode response with the increasing of the angle between central beam axis and the symmetry axis of diode due to the shape of this diode is hemispherical symmetry [shown in Figure 2.15] which the die is mounted with plane of the die parallel to the cable axis, one side of the die is covered with an approximately hemispherical build up while the other side have a thin. The previous study [19] showed that the hemispherical symmetry of the diodes has a relatively strong directional dependence, which can exceed 5% for beam angle exceeding ±40(.This directional response is caused partly by the detector construction (including transmission through varying thickness of the build up or cable at large angles) and partly by back scattering from the patient or phantom. 
	 In the wedge correction factor, it should be determined from the average of the diode measurements with the wedge in each of its orientations to eliminate the effects of small offsets of the wedge center relative to central axis. 
	 In the wedge results, the wedge transmission of ion chamber (( / ) was obtained from the clinical data tables measured at depth of 10 cm whereas the wedge transmission of diodes ( / ) was measured at the depth of maximum dose. However, these results are similar with previous study of [20] which reported that wedge correction factor was ranged between 1.000 to 1.0500. 
	 In clinical application, the calibration factor and correction factor were used in dose calculation. The radiation dose in diodes measurement was determined as:
	 ,
	 where  is entrance dose,  is the diode reading at entrance of beam,  is  the entrance dose calibration factor,  is the correction factor for change of a variable X from calibration conditions.
	 ,
	 where  is exit dose,  is the diode reading at exit of beam,  is  the exit dose calibration factor,  is the correction factor for change of a variable X from calibration conditions.
	 In this study, the dosimetric characteristic of diode was studies in solid water phantom. The solid water phantom was assumed that they have radiation characteristic very close to water. In previous study [21] showed that the difference of output calibration between solid water phantom and water in terms of solid/water ratio was less than unity.
	 
	CHAPTER VII
	CONCLUSIONS
	  
	 The signal stability of these three diodes was ranged between -0.08 to 0.03, so their signal stability is acceptable to use for in vivo measurement. The AAPM No.87 [8] recommended that the signal stability should be less than 1 %. 
	Short-term reproducibility of these diodes showed a coefficient of variation (standard deviation/average) within 0.00055 to 0.00067, which is satisfactory with the   AAPM No. 87 [8] recommended value less than 1 %. 
	Dose linearity of diodes was determined by the following formulation in Eq (6). The values of dose linearity were ranged between 1.006 to 1.007, which are also tolerable according to the values of 0.98 to 1.02 recommended by the AAPM No. 87 [8].  
	Moreover the dose linearity of diodes from graph plotting between signal and MU is observed for the diodes response as a function of dose from 20 to 300 cGy. The linear regression analysis showed correlation coefficient (r2) was 1.0 for all diodes. The results indicated that these diodes produce great linearity for in vivo measurement. 
	 The dose rate response graph showed that the corresponding between dose rate and diode response followed as the inverse square law. 
	 The direction dependence was determined as the angle correction factor. The angle correction factor was up to 1.041 for axial symmetry and 1.042 for tilt symmetry. The % maximum difference of diode measurement between angle of 0( and  
	another angle was 4.1% at angle of -60( of diode number 2 for axial symmetry and 4.2% at angle of -60(of diode number 1 for tilt symmetry. In the previous study [19] showed that the direction dependence can exceed 5% for ±40%. Our result indicated that these diodes showed direction dependence. Moreover the angle correction factor should be applied especially in the large angle such as the tangential irradiation of the breast and the thoracic wall. 
	 The entrance dose calibration factors for 6 MV photon beams were 0.10528, 0.105653 and 0.103766 cGy/ADU for diode number 1, 2 and 3, respectively. The exit dose calibration factors for 6 MV photon beams were 0.116635, 0.118075 and 0.115236 cGy/ADU for diode number 1, 2 and 3, respectively. 
	 The diode response as a function of field sizes increases in output factor when field size increases. The field size correction factor was ranged between 0.99 and 1.00 for diode number 1, 2 and 3. 
	 The diode response for the tray transmission, slightly increases when field size increases. The tray correction factor was ranged between 0.99 and 1.00 for solid tray and 0.98 and 0.99 for slit tray. 
	 If the field size or tray correction factor is not applied, the dose might overestimate around 2%, especially in the large field sizes.
	 The diode response as the wedge angle, the wedge transmission increase when increasing of the wedge angle diode. The wedge correction factor was within 1.02 to 1.05 for 6 MV photon. If the wedge correction factor was not applied, the dose under estimate around 5% especially in the 45( and 60( degree of wedge angle.
	 In conclusion, the total results indicated that these diodes have a good dosimetric characteristic and satisfactory for in vivo measurement.  This study suggested that the diodes should be examined before they are implemented into clinic.
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