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Abstract  

Purpose: To demonstrate specific methods of small animal dosimetry and quality 

assurance through (1) machine-specific quality assurance and (2) target-specific quality 

assurance (QA) protocols for different types of biological irradiators: (a) a large-field 

orthovoltage irradiator, (b) a small-field orthovoltage irradiator, and (c) a 137Cs 

irradiator. Additionally, (3) a dosimetric characterization of a novel nano-scale phosphor 

detector for small animal dosimetry is performed. 

 

Materials and Methods: (1) Machine-specific QA: (a) Large-field irradiator: Dose 

measurements were performed with an ion chamber and include: beam profile 

measurements at 50 cm SSD, linearity of output, in-air output for various irradiation 

settings, and light and radiation field coincidence measurement. A kVp meter was used 

to measure kVp and HVL for different irradiation settings. (b) Small-field irradiator: 

Dose measurements were completed using an ion chamber and MOSFET dosimeters. 

For the diagnostic mode measurements, the ion chamber was placed on the irradiation 

table and various diagnostic protocols were measured including table attenuation. 

MOSFETs were used to measure the backscatter factors (BSF) for various collimator 

sizes under therapy mode.  
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(2) Target-specific QA: (a) Large-field irradiator: A tissue-equivalent mouse phantom (2 

cm diameter, 8 cm length) was used. MOSFET dosimeters were calibrated in air with an 

ion chamber and f-factor was applied to derive the dose to tissue. The MOSFET 

detectors were then placed in the phantom at center of the body and irradiated under 

the following settings: 320 kVp, 12.5 mA, for 30s for four runs. (b) Small-field irradiator: 

Accuracy of mouse dose between TG-61 based look-up table was verified with the 

MOSFET technology. The look-up table was obtained by TG-61 based commissioning 

data and used a tissue-equivalent block and radiochromic film. A tissue-equivalent 

mouse phantom was used with MOSFETs placed at the center of the body. MOSFETs 

were calibrated in air with an ion chamber and f-factor was applied to derive the dose to 

tissue.  In CBCT mode, the phantom was positioned such that the system isocenter 

coincided with the center of the MOSFET with the active volume perpendicular to the 

beam. The absorbed dose was measured three times for seven different collimators, 

respectively. The exposure parameters were 225 kVp, 13 mA, and an exposure time of 

20s. (c) 137Cs irradiator: Tissue-equivalent mouse phantoms were tested in target-specific 

set-ups. TLD calibration was performed on site. (3) The nano-scale phosphor detector 

was tested in both the small-field irradiator and the 137Cs irradiator. Calibration was 

performed equivalent to MOSFET/TLD calibration for the small-field irradiator and 137Cs 

irradiator. Other measurements included angular dependence measurements in-air and 

in-phantom, with and without the table. 
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Results: (1) Machine-specific QA: (a) Large-field irradiator:  The output was shown to be 

linear. The kVp measurements were consistent for both data sets. The light and radiation 

field coincidence measurement yielded a shift in the left-right direction of 3 mm and the 

front-rear direction of 2 mm with respect to the radiation field. The in-air output 

measurements for the exposure settings of 320 kVp, 12.5 mA, and 165s for 4 filters were: 

252.9 (no filter), 208.6 (F1), 76 (F2), and 176.3 (F4) cGy/min. (b) Small-field irradiator: A 

kVp check and HVL measurements were performed and dose or dose rate for the 

diagnostic protocols are as follows: 4.5 and 3.9 cGy/min AP and PA, respectively, for the 

40 kVP protocol and 1.9 and 1.7 cGy/min AP and PA, respectively, for the 80 kVp 

protocol (fluoroscopy), 0.47 cGy (scout), and 8.6 ± 0, 4.3 ± 0.1, and 1.7 ± 0.1 cGy/min for 

two 40 kVp protocols (first one has half the rotations per minute) and an 80 kVp protocol 

(CBCT). (2) Target-specific QA: (a) Large-field irradiator:  The average DR for the head 

and body was calculated to be 228.6 ± 3.1 cGy/min and 228.1 ± 2.4 cGy/min, respectively, 

for a total average DR of 228.3 ± 2.0 cGy/min. (b) Small-field irradiator: For a 10 mm, 15 

mm, and 20 mm circular collimator, the dose measured by the phantom was 4.3%, 2.7%, 

and 6% lower than TG-61 based measurements, respectively. For a 10 x 10 mm, 20 x 20 

mm, and 40 x 40 mm collimator, the dose difference was 4.7%, 7.7%, and 2.9%, 

respectively. (c) 137Cs irradiator: Lab 1: The average dose rates for the head DRhead 1-5  

were between 138.7 ± 10.5 cGy/min for level 1 to 167.8 ± 10.5 cGy/min for level 5. The 

average dose rates for the body DRbody 1-5 was 156.4 ± 7.4 cGy/min for level 1 to 179.5 ± 4.6 
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cGy/min for level 5 . Lab 2: The average dose rate for the head DRhead was 133.8 ± 0.5 

cGy/min and the average dose rate for the body DRbody was 140.4 ± 3.8 cGy/min for an 

averaged DRavg of 137.1 ± 1.9 cGy/min. (3) The nano-scale phosphor detector behaved 

strictly linear for a dose range of 2 – 350 cGy with a variation in sensitivity of about 

0.3%. The limit of detection was observed to be about 0.44 cGy in air. The in-air angular 

response was shown to have a coefficient of variation of 4.3%, while the in-phantom 

measurement without the table had a coefficient of variation of only 1.2%. 

 

Conclusion: (1) Machine-specific QA: (a) Large-field irradiator: Machine-specific quality 

assurance checks dosimetric and mechanical parameters of the irradiator. (b) Small-field 

irradiator: Baseline quality assurance data was accumulated for all diagnostic mode 

protocols. The BSF was determined for therapy mode and shown to agree with 

published data. (2) Target-specific QA: (a) Large-field irradiator:  The target-specific 

quality assurance performed using a mouse phantom yield a dose rate 14% higher than 

that estimated by the investigator. (b) Small-field irradiator: The MOSFET data was 

systematically lower than the commissioning data. The dose difference is due to the 

increased scatter radiation in the solid water block versus the dimension of the mouse 

phantom leading to an overestimation of the actual dose in the former. The MOSFET 

method with the use of mouse phantom provides less labor intensive geometry-specific 

dosimetry and accuracy with better dose tolerances of up to ± 2.7%. (c) 137Cs irradiator: 
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Lab 1: Dose measurements from levels 3 and 4 were compared with the estimated dose 

rate. The average measured dose was found to be 19.8  ± 2.6% and 13.8 ± 2.0 % lower 

than the estimated dose. Lab 2: No comparison could be made due to user-error during 

irradiation. (3) The nano-scale phosphor detector displays equivalent or superior 

dosimeteric characteristics in comparison to commonly used TLD and MOSFET 

dosimeters for small animal dosimetry. 
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1. Introduction 

1.1 Motivation 

1.1.1 Small Animal Radiation Research 

Small animal irradiators using orthovoltage x-ray beams in the range of 100 – 320 

kV and 137Cs irradiators play an important role in radiobiology and radiation therapy 

research [1]. In radiobiology research for example, small animals serve as models in 

studying the late effects of acute ionizing radiation exposure to atomic bomb survivors 

[2]. Furthermore, many small animal models of human cancer are well understood and 

have advanced the development of cancer treatments [3, 4] by allowing for the study of 

disease progression, response to therapy, and biological processes. Small animal 

irradiators are currently so advanced such that complex treatments mimicking clinical 

treatments are possible [5], thus bridging the gap between radiation research and clinical 

treatment models.  

 

1.1.2 Current State of Small Animal Dosimetry and I rradiator Quality 
Assurance 

As with all devices that deliver radiation, commissioning and periodic quality 

assurance are good practice and ensure accurate dose delivery and machine 

performance [6]. The importance of accurate dosimetry has often been neglected for 

non-clinical use. In 2001, due to the lack of a machine-specific dosimetry protocol for 
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clinical kilovoltage x-ray beams in North America, the American Association of 

Physicists in Medicine (AAPM) Task Group 61 (TG-61) developed a detailed protocol for 

reference and relative dosimetry for kilovoltage x-ray irradiators [7]. While no such 

standardized document exists for 137Cs small animal irradiators from the AAPM, there 

are various publications [8-10] that provide guidelines for commissioning and quality 

assurance of the irradiators.  

More recently, professional societies and national institutions are working 

toward establishing standard practice for small animal dosimetry and irradiator quality 

assurance. The AAPM Working Group on Conformal Small Animal Irradiation Devices 

is working on bringing together radiation biologists and physicists to improve quality 

assurance [11]. Furthermore, a NIST workshop on Dosimetry Standardization for 

Radiobiology held on September 15 – 16, 2011 highlighted the importance and necessity 

of standardized dosimetry in radiation research as well as education through national 

conferences, publications, and web-based resources [12].  

Commissioning and quality assurance on large-field irradiators and 137Cs 

irradiators and subsequent dose calculation is straightforward, since these irradiators 

provide large, uniform irradiation fields. For small-field irradiators, which can provide 

collimation for irradiation volumes as small as 1 mm2 [13], commissioning and quality 

assurance techniques need to be expanded. The protocol outlined by AAPM’s TG-61 
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provides guidelines for reference and relative dosimetry of kilovoltage x-ray beams, and 

is modeled very similarly to its megavoltage counterpart TG-51 for clinical use. 

However, there is no single standardized protocol for commissioning and quality 

assurance available from the AAPM such as TG-45 and TG-40 for kilovoltage x-ray 

beams. Methods have been outlined for commissioning small-field irradiators using 

point, 2D, and 3D dosimetry techniques [13, 14] and are based on TG-61. The goals of 

commissioning and subsequent quality assurance are (1) to ensure the proper operation 

of the irradiator and beam specification and (2) to gather beam data. If the methods used 

are similar to TG-40 and TG-45, a solid water block is used to collect the output factors, 

scatter factors, phantom factors, and depth dose data. In the clinic, this data is then used 

by the treatment planning system to calculate doses to the patient using CT scans. The 

CT scans provide information on the electron density and geometry of the patient.  

 In small-animal irradiation no such treatment planning system exists. Therefore, 

translating the TG-40 and TG-45 commissioning and quality assurance principles to 

small-animal irradiation is not as straightforward, since the treatment planning system 

for small animal irradiation does not exist using the aforementioned principles, 

commissioning and quality assurance would be performed on a phantom many times 

larger than the small animal. Kilovoltage beams have very small electron ranges (< 0.5 

mm in water) and include up to a 30 % scatter component [7] depending on energy and 
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field size. The dominating interaction for kilovoltage x-rays between 100 – 320  kV in 

tissue is the Compton effect, as shown in Figure 1.  

 

Figure 1. Relative importance of the three major x-ray interactions plotted as for 

human tissue, a low-Z media, the dominant interaction is the Compton effect. 

 

The probability that a photon scatters at a certain angle is related to the initial energy of 

the photon prior to scattering. For an initial energy in the range of orthovoltage x-rays, 

the scattering probability is almost isotropic for all angles [15]. A larger phantom would 

incorporate scatter which is not present in the actual small animal irradiation. Thus the 

small-field irradiator commissioning techniques based on TG-61 could overestimate the 

actual dose [16]. 
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1.1.3 Objective: Quality Assurance Methods and Nove l Dosimeters 

This thesis discusses small animal dosimetry and irradiator quality assurance for 

both orthovoltage and 137Cs irradiators. Irradiator quality assurance is defined here as 

machine-specific quality assurance, which pertains to general irradiator dosimetry and 

small animal dosimetry is defined as target-specific quality assurance pertaining to the 

unique experimental set-up dosimetry for biological irradiators. The target-specific 

quality assurance uses a tissue-equivalent mouse phantom and MOSFET technology to 

better simulate real volumetric irradiation conditions. In addition, a novel nano-scale 

phosphor detector was characterized and compared to widely used small-animal 

dosimeters such as TLDs and MOSFETs. This detector was tested in both the small-field 

and 137Cs irradiator. 

 

1.2 Radiation Dosimetry 

Ionizing radiation is characterized by its ability to excite and ionize atoms. The 

amount of energy deposited by ionizing radiation is important in assessing the effects of 

that radiation. The absorbed dose D is defined as the expectation value of the energy 

imparted dε to matter per unit mass dm at a point [17] and is shown in Equation (1). 

 � �  ��
�� (1) 
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The unit of absorbed dose is radiation absorbed dose (rad) or gray (Gy), with 1 Gy being 

equivalent to 100 rad. For convenience, this thesis uses unit of cGy which are equal to 

rad. 

 100 	
� �  10000  �	�
 � � 1 �

�� � 1 �� (2) 

 Exposure X is defined as the quotient dQ by dm, where dQ is the total charge of 

the ions of one sign produced in air when all the electrons liberated by photons in air of 

mass dm are completely stopped in air [18].  Exposure is given in units of roentgen (R), 

which is defined in Equation (3). 

 1 � � 2.58 · 10��  �
�� (3) 

Conversion between exposure and absorbed dose is possible if charged particle 

equilibrium (CPE) exists. CPE exits when every charged particle entering a volume 

replaces an identical particle leaving the volume. Then the exposure can be converted to 

absorbed dose by multiplication of the specific ionization W/e for air of 33.97 J/C, as 

shown in Equation (4) [19]. 

 ���� ���� �  0.869 #���
� $ · % ��  (4) 

 To convert an exposure to an absorbed dose in a medium, the ratio of mass energy 

absorption coefficients, known as the f-factor (Equation (5)), is used. The f-factor 
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depends on the type of ionizing energy as well as the effective atomic number Z  of the 

medium. 

 & � 0.869 ·
'()*+ ,

-).�/-
|1

'()*+ ,
���

|1
#���

� $ (5) 

The absorbed dose to a medium is then given by Equation (6). 

 �-).�/- ���� �  & #���
� $ · % ��  (6) 

 

1.2.1 Ionization Chamber 

Ionization chambers are the most widely used type of dosimeter for precise and 

accurate measurements [20].  An ionization chamber consists of a gas filled volume 

between a cathode and an anode. For a cylindrical chamber, the outer wall serves as the 

negatively-charged cathode, while the positively charged anode is along the central axis 

as depicted in Figure 2.  
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Figure 2. Schematic of a cylindrical ionization chamber 

 

 These chambers are reasonably isotropic in their sensitivity response. A thimble-

type cylindrical chambers with a gas volume of 0.18 cc with build-up cap (10X5-0.18 

Radcal, Monrovia, CA) and an ion chamber monitor (9015, Radcal, Monrovia, CA) with 

an active volume of 14 mm diameter and 19 mm length was used.  When using 

Equations (5) or (7) to convert exposure to absorbed dose, a few things must be taken 

into account: The measurement displayed on the LCD display for the ion chamber is in 

units of reading (Rdg). A chamber correction factor CFchamber converts reading into units 

or R.  Since it is a relative dosimeter, the ion chamber must undergo calibration on for 

different beam qualities (e.g. 137Cs, various kV energies) with known energy spectrum at 

an accredited dosimetry calibration laboratory (ADCL). The CFchamber is thus the 

correction needed such that the ion chamber’s reading is comparable to the standard 
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reading. This ion chamber was calibrated at the University of Wisconsin Dosimetry 

Laboratory. Furthermore, the ion chamber may require a temperature CFtemp and 

pressure CFpressure correction factors. For this ion chamber both corrections were equal to 

one.  Therefore Equation (7) can be used to calculate absorbed dose in either air or 

medium from the reading of the ion chamber. 

 �-).�/- ���� �  & #���
� $ · �234�-5)� # �

	��$ · 678 �9
�:�	 �	��  (7) 

 

1.2.2 Metal Oxide Semiconductor Field Effect Transi stor (MOSFET) 

Metal Oxide Semiconductor Field Effect Transistors (MOSFETs) are a type of 

transistor that can be used to as dosimeters [21]. The MOSFET structure is shown in 

Figure 3. 

 

Figure 3. A MOSFET detector 
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A P-channel enhancement MOSFET is built on a negatively doped (n-type) silicon 

substrate. When a negative voltage above some threshold voltage is applied to the 

polysilicon gate, a significant number of electron vacancies (“holes”) will be attracted to 

the oxide surface from both the substrate and drain region [22]. When a sufficient 

concentration of holes has accumulated there, a conduction channel is formed, allowing 

current to flow between the source and drain. When a MOSFET dosimeter is exposed to 

irradiation, three things occur in the silicon dioxide layer (gate oxide): 

 (a) A build-up of trapped charge in the oxide 

 (b) An increase in the number of interface traps 

 (c) An increase in the number of bulk oxide traps. 

The difference in the voltage shift before and after exposure can be measured and is 

proportional to dose. Furthermore, MOSFETS have a small active volume (0.2 mm x 0.2 

mm), low energy dependence, and high sensitivity, and immediate read-out. 

 

1.2.3 Thermoluminescence Dosimeters (TLDs) 

Thermoluminescence dosimeters are integrating dosimeters and consist of a pure 

phosphor doped with small amounts of a crystalline dielectric material. The act of 

doping a pure scintillator material creates targeted crystal defects. The dopant creates 

two kinds of centers: (1) traps for electrons and holes and (2) luminescence centers, 
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located at the traps, which emit light when electrons and holes recombine. The 

phenomenon of thermoluminescence consists in the release of energy absorbed by a 

doped phosphor which exhibits the capacity of storing energy when exposed to ionizing 

radiation. Figure 4 depicts the thermoluminescence process. 

 

Figure 4. The thermoluminescence process  

 

When a thermoluminescent phosphor is exposed to sufficiently ionizing radiation, 

electrons are elevated to the conduction band from the valence band. It then migrates to 

an electron trap, the paired hole migrates to a hole trap [23]. The energy band gap is 

large enough such that the electrons/holes trapped will not sporadically recombine at 

room temperature. Heating the phosphor to a certain temperature will release the 

electron which will then migrate from the trap via the conduction band to recombine 
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with the hole under light emission [24]. The simple first-order kinetics of the escape of 

the trapped charge carriers at a temperature were first described for trapped electrons 

by Randall and Wilkins [25]. The Randall and Wilkins model states that as temperature 

increase the probability of escape increases and the mean lifetime for the electron in the 

trap decreases. Therefore, if there is a linear heating rate starting at room temperature, 

an increase rate of escape of trapped electrons will occur, reaching a maximum at some 

temperature followed by a decrease as the traps empty. Plotting the light intensity 

versus the temperature gives the so-called “glow curve”. It is assumed that the intensity 

of the light emission is proportional to the rate of electron escape and a peak in light 

intensity will be seen at the maximum temperature – this is known as the glow peak or 

peak 5. 

TLD-100s dosimeters (Thermo Scientific, Franklin, MA) arrive in batches of 50 to 

the Duke Radiation Dosimetry Lab. They are tested for uniform response – any chips 

which deviate more than 2 standard deviations from the batch mean are discarded. 

TLD-100 chips were used for this study and are composed of a doped phosphor 

LiF:Mg,Ti and are of  dimension 3.2 x 3.2 x 0.89 mm. After irradiation the TLDs must rest 

for a minimum of 24 hours prior to read out. This rest period allows unstable traps at 

ambient temperature to release TL emission, and reduces noise during the read out. 

TLDs are analyzed using a TLD Reader (Harshaw 5500, Thermo Scientific, Franklin, 
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MA) with WinREMS software, and nitrogen gas to reduce condensation from the 

chamber and reduce non-radiation induced signal. After readout, the TLDs are annealed 

in a TLD annealing furnace (168-300, Radiation Products Design, Inc. Albertville, MN). 

The complete standard operating procedure for TLD handling, reading, and subsequent 

annealing can be found in Appendix A. Furthermore, instead of providing a calibration 

curve for every irradiation, an alternative method would be to have individual chip 

calibration factors (ICF) for each TLD. This method was done for TLD Batch #10. Results 

for this method can be found in Appendix J. 

 

1.3 Piranha Multimeter 

The Piranha (RTI Electronics, Inc., Towaco, NJ) a multi-function meter was used 

to measure kVp, HVL, and total filtration. Its BluetoothTM (Bluetooth Special Interest 

Group, Kirkland, WA) connectivity allows for direct read-out on a Palm PilotTM (Palm 

Inc., Sunnyvale, CA). kVp is measured with an uncertainty of ± 1.5 % and HVL and total 

filtration (both in units of mm Al) with an uncertainty of ± 10 % [26]. 

 

1.4 Tissue-equivalent Mouse Phantom 

The tissue-equivalent mouse phantom (CIRS, Norfolk, VA) has a diameter of 20 

mm and a length of 80 mm with two holes (i.e. “head” and “body” locations) drilled 
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perpendicular to its long axis as shown in Figure 5. The tissue-equivalent mouse 

phantom better simulates real geometric scatter conditions found during small animal 

irradiation. The phantom is homogenous and having a density of 1.055 g/cm3 and an 

effective atomic number Z of 7.15, as provided by the manufacturer. A study has shown 

that a homogenous mouse phantom is sufficient for the orthovoltage x-ray energy range 

and tissue inhomogeneity can be ignored [27]. 

 

 

Figure 5. The tissue-equivalent mouse phantom. The phantom is 80 mm long, and has 

a diameter of 20 mm. Each hole is 5 mm wide and the holes are spaced 17 mm apart. 

This figure is shown with pairs of TLDs in each head and body location. 

 

1.5 Irradiators 

1.5.1 Large-field Irradiator 

The X-RAD 320 biological irradiator (Precision X-Ray Inc., North Branford, CT) 

can vary potential from 5 – 320 kV, multiple filters (F1: 2mm Al, F2: 1.5 mm Al + 0.25 
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mm Cu + 0.75 mm Sn, F4: 2.5 mm Al  + 0.1 Cu), and an adjustable SSD from 20 – 90 cm 

[28]. The field size at 50 cm is 20 cm x 20 cm.  

 

1.5.2 Small-field Irradiator 

The X-RAD 225Cx biological irradiator (Precision X-Ray Inc., North Branford, CT 

is an imaging and treatment unit [29]. It has a maximum potential of 225 kV, two filters 

(diagnostic filter: 2 mm Al, therapy filter: 0.3 mm Cu), and adjustable collimation from 

0.1 – 20 cm. The source-to-axis (SAD) distance is 30.76 cm. Each collimator cone is 23 cm 

long, thus the isocenter is located approximately 7 cm from the end of the collimator 

cone [13]. The diagnostic/therapy protocols are listed in Table 1. 

Table 1. Diagnostic and therapy protocols for the small-field biological irradiator. 

Mode kVp mA 

Imaging 

Fluoroscopy 80 0.25 

Scout 40 0.5 

CBCT 40 2.5 

Therapy 225 13 

 

1.5.3 137Cs Irradiator 

The Mark I-68A 137Cs gamma irradiator (JL Shepherd and Associates, San 

Fernando, CA) was used in these experiments for dosimeter calibration. 137Cs decays via 

137mBa to 137Ba with a 662 keV photon and a half-life of 30.17 years. The source consists of 
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two parallel cylinders. The dimensions of the irradiator are shown in Figure 6 where the 

inside chamber is 37 cm high relative to the turntable and 31 cm wide.  

 

 

Figure 6. The 137Cs irradiator dimensions. The 30 cm turntable is placed at position 2 

(15 cm from the source). This is the set-up used for TLD calibration. 

 

The optimal placement for the highest and most uniform dose distribution has 

been shown to be an area of 10 cm in width and 15 cm in height, perpendicular to the 

source for position 2 [30]. The reference dose rate at position 2 on January 31, 2004 was 

measured to be 702 cGy/min [31]. 
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2. Machine-specific Quality Assurance Protocol for 
Kilovoltage Irradiators 

2.1 Introduction 

After initial physics acceptance testing and commissioning, kilovoltage biological 

irradiators undergo periodic machine-specific quality assurance to ensure the proper 

functioning and accuracy of the machine. The following describes a time-efficient 

protocol for machine-specific quality assurance of kilovoltage irradiators: Accurate 

delivery of radiation is ensured by (1) maintaining mechanical accuracy within 

specifications of the machine and (2) maintaining dosimetric accuracy. Subsequent 

documentation of periodic quality assurance allows for monitoring of the irradiator for 

issues and problems. 

The machine-specific quality assurance protocol was performed on two types of 

kilovoltage biological irradiators: A well-established large-field irradiator (X-RAD 320) 

and a new small-field irradiator (X-RAD 225 Cx) both from Precision X-ray, Inc.  

 

2.2 Material and Methods 

2.2.1 Calibration 

2.2.1.1 Large-field Irradiator 

No MOSFET or TLD dosimetry was performed on the large-field irradiator for 

machine-specific quality assurance. 
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2.2.1.2 Small-field Irradiator 

Five Standard Bias Therapy Mobile MOSFETs were used (Type: TN-5020RD-H, 

SN: 21406, 21407, 21408, 21409, 21410).The MOSFETs were placed on a 3/4” thick 

Styrofoam block approximately 0.5 cm from the ion chamber, with the active volume at 

the same height as the MOSFET active volumes. Under fluoroscopy mode, the MOSFETs 

and ion chamber volumes are centered at SAD. The MOSFETs were irradiated 3 times 

under the following conditions: 225 kVp, 13 mA, for 20 s. The ion chamber readings 

were converted to cGy using Equations (5) and (7). The chamber factor for 250 kVp for 

this calibration was 0.98 R/Rdg (University of Wisconsin – ADCL, Cal. date: 4 Aug 2011) 

and the f-factor for 225 kVp was 0.949 cGy/R. The f-factor was calculated using an x-ray 

spectrum generating program (Spekcalc) [32], to obtain the energy spectrum and 

effective energy (Appendix C). Using the mass-energy absorption coefficient for tissue 

and air [33] for that effective energy yields an f-factor in tissue of 0.949 cGy/R for 225 

kVp. 

 

2.2.2 Dosimetry 

The following measurements constitute the machine-specific QA protocol used 

for kilovoltage irradiators: 
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(1) Linearity of output 

(2) kVp check 

(3) Light and radiation field coincidence  

(4) In-air output for various settings   

(5) Beam profile 

(6) Table attenuation 

(7) Backscatter factor 

 

2.2.2.1 Large-field Irradiator 

The ion chamber readings were converted to cGy according to Equation (5) and 

(7), with the chamber factor for 250 kVp being 1.028 R/Rdg (University of Wisconsin – 

ADCL, Cal. date: 1 Sep 2009) and the f-factor was previously calculated to be 0.96 cGy/R 

for 320 kVp. Item (1) was performed for an exposure range of 0.86 to 178 R.  All 

measurements were conducted at a source-to-axis distance (SAD) of 50 cm for a field 

size of 20 cm x 20 cm. Item (2) was performed for a kVp range of 50 – 140 with the 

Piranha multimeter. Item (4) was performed at 250 kVp. 7 mA, 30s, for filter F1 with 

radiochromic film and pennies. Item (5) was performed at 250 kVp, 7 mA, 15 s with an 

0.18 cc ion chamber placed at intervals of 1 cm along the horizontal and vertical axis that 

intersect the central beam axis as shown in Figure 7.  
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Figure 7. Definition of orientation for X-RAD 320 measurements:  A 20 cm x 20 cm 

paper grid placed at a SAD of 50 cm, acts as a guide for profile measurements. With 

the axis left to right and rear to front demarcated from -10 cm to 10 cm in increments 

of 1 cm. 

 

2.2.2.2 Small-field Irradiator 

The ion chamber readings were converted to cGy according to Equations (5) and 

(7), with the chamber factor for 250 kVp being 0.98 R/Rdg and for 120 kVp being 0.984 

R/Rdg (University of Wisconsin – ADCL, Cal. date: 4 Sep 2009), which was used for 80 

kVp. No chamber factor was available for 40 kVp, thus the measurements were kepted 

in units of reading (Rdg). The f-factor was calculated to be 0.949 cGy/R for 225 kVp. 

Items (1), (3), and (5) were not checked for the X-RAD 225 Cx in therapy mode since 
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previous machine-specific commissioning of the small-field biological kilovoltage 

irradiator had recently been performed [13].  

The in-air output measurements (Item (4)) for the diagnostic protocols were 

performed with the ion chamber attached to the table and placed at SAD on the central 

beam axis (Table 1). Item (6), Table attenuation, was characterized by placing the ion 

chamber below the table atop a Styrofoam block. Two measurements were taken: with a 

table and without a table for both fluoroscopy modes. 

Furthermore, for therapy mode the backscatter factor (BSF) (Item (7)) was 

determined for various field sizes. The exposure settings were 225 kVp, 13 mA, and 30 s.  

The BSF is defined as the ratio of the dose measured at the depth of maximum dose 

(dmax) at SAD in the phantom and in air. For the case of the small-field irradiator, dmax 

occurs at the surface. The BSF calculation is shown in Equation (8) and the measurement 

set-up in Figure 8. The BSF measurements used MOSFETs, a 1” tissue-equivalent 

phantom, and a 1” foam block acting as air. Both the tissue-equivalent phantom and 

foam block were much larger than the field of view. The MOSFET was imaged and 

centered in fluoroscopy mode. 

 ;<2 �  �7� =8 >9
8?7� @ <A�
�7� =8 
=	 @ <A�  (8) 
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Figure 8. BSF measurements for various field sizes. (a) In-phantom measurement at 

SAD. (b) In-air measurement at SAD. 

 

2.3 Results 

2.3.1 Large-field Irradiator 

(1) Linearity of output 

The measurement can be found in Appendix B and is plotted in Figure 9. It is 

known that absorbed dose is linearly related to tube current, which is clearly seen in 

Figure 9. The x-intercept value of the delivered mA is 0.11 mA and is due to the end 

effect, with the end effect being defined as the amount of time that is not accounted for 

by the machine timer mechanism during x-ray beam delivery [7]. 

 



 

 

Figure 9. Linearity of output: Total in

 

(2) kVp check 

A kVp check was performed

displayed kVp. The results are shown in 

Table 2. kVp Check for

kVp 

50 

80 

100 

120 

140 

23 

. Linearity of output: Total in-air exposure versus delivered mA for 250 kVp

A kVp check was performed to verify that the measured kVp corresponds to the 

. The results are shown in Table 2. 

. kVp Check for displayed kVp and actual kVp

mA Time Measured kVp Difference (%) 

5 5 51.3 2.6 

5 5 82.1 2.6 

5 5 103.7 3.7 

5 5 122.8 2.3 

5 5 143.2 2.3 

 

exposure versus delivered mA for 250 kVp 

corresponds to the 

displayed kVp and actual kVp 
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(3) Light and radiation field coincidence 

Light and radiation field coincidence was performed with radiochromic film and 

eight pennies. The eight pennies are aligned to the edges of the light field. The shifts 

were recorded for the left-right and front-rear direction. The radiation field is shifted by 

3 mm to the right and 2mm to the rear respective to the light field.. A scan of the 

radiochromic film is shown in Figure 10. 

 

 

Figure 10. Radiation/light field coincidence measurement: Radiochromic film exposed 

to an open field at 50 cm. 8 pennies are used to demarcate the edges of the light field. 

The left-right and front-back shifts are measured post irradiation with a ruler. 
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(5) In-air output for various settings 

Point dose measurements on the CAX with an ion chamber at an SSD of 50 cm 

for settings of 320 kVp, 12.5 mA, for 165 s for the following filters: no filter, F1, F2, and 

F4 are listed in Table 3. 

Table 3. In-air dose rate measurement for various filters. 

Filter In-Air Dose Rate (cGy/min) 

none 252.9 

F1 208.6 

F2 76.0 

F4 176.3 

 

(6) Beam profile horizontal/vertical 

Both vertical (rear to front) and horizontal (left to right) profile through the 

central beam axis (CAX) were measured using a paper guide and the ion chamber and is 

shown in Figure 11. The fluctuations for both the vertical and horizontal are below 1 %. 



 

 

Figure 11. Beam profile through CAX, both 

 

2.3.2 Small-field I rradiator

 (2) kVp check 

A kVp check was performed to verify that the measured kVp corresponds to the 

displayed kVp. The results are shown in 

26 

. Beam profile through CAX, both (a) vertically and (b) horizontally

rradiator  

A kVp check was performed to verify that the measured kVp corresponds to the 

The results are shown in Table 4. 

 

and (b) horizontally. 

A kVp check was performed to verify that the measured kVp corresponds to the 
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Table 4. Comparison actual and measured kVp and associated HVL in Al mm. 

 
w/o filter 

Actual kVp Measured kVp  Percent diff (%) HVL (Al mm) 

50 50.69 1.38 1.07 

60 60.22 0.37 1.26 

70 69.94 0.09 1.48 

80 79.7 0.37 1.73 

100 98.59 1.41 2.28 

110 110.1 0.09 2.66 

120 119.4 0.50 2.99 

140 137.4 1.86 3.69 

150 146.5 2.33 4.02 

 

(5) In-air output for various settings 

The dose rate for the fluoroscopy mode protocols was measured for 90 degree 

intervals. For a 40 kVp and 2.5 mA setting, the anterior-posterior (AP) and posterior-

anterior (PA) irradiation gave an average reading rate of 5.24 and 4.54 Rdg/min, 

respectively.  For an 80 kVp and 0.25 mA setting, the AP and PA irradiation gave an 

average dose rate of 1.86 and 1.66 cGy/min, respectively. The reduction in PA dose rate 

versus the AP dose rate is due to table attenuation. According to the manufacturer, the 

carbon fiber table has a thickness of 3 mm and a density of 1.78 g/cc. 

The scout settings are 40 kVp and 0.25 mA with a full rotation starting at 90 and 

ending at 107 degrees. The total dose was measured to be 0.54 Rdg. 

Lastly, three different CBCT protocols were checked. The results are shown in 

Table 5. 
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Table 5. In-air dose measurements for three different CBCT protocols using a 0.18 cc 

ion chamber. 

Protocol Ion Chamber Reading (Rdg(40 kVp) & cGy(80 kVp)) 

kVp mA rpm FPS #1 #2 avg std (%) 

40 2.5 0.5 7 10.13 10.13 10.13 0 

40 2.5 1 7 5.022 5.017 5.02 0.07 

80 0.25 1 7 1.75 1.75 1.75 0.07 

 

(7) Table attenuation 

Two measurements were taken: with and without the table for both fluoroscopy 

mode protocols. For the 40 kVp, 2.5 mA and the 80 kVp and 0.25 mA settings, the 

difference between the two measurements is 8.9 % and 5.4 %, respectively. 

 

(8) Backscatter factor measurements 

The in-air and in-phantom backscatter measurements and calculated BSF are 

displayed in Figure 12 and 13. The measurements can be found in Appendix D.  



 

 

Figure 12. Dose measurements

Figure 8 (a) and (b). 
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measurements (a) in air and (b) on phantom, for the set

 

 

(a) in air and (b) on phantom, for the set-up depicted in 



 

 

Figure 13. BSF for all collimator sizes at SAD.

published data are plotted and show good agreement.

 

Note the large uncertainty in the dose measurement for the 1 mm circular collimator 

size. This is due to the large fluctuations in dose rate for t

A paired t-test was conducted using a statistical 

GraphPad Software, Inc.)

data and the values found in the 

showing good agreement with
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collimator sizes at SAD. Both the experimental data and 

published data are plotted and show good agreement. 

Note the large uncertainty in the dose measurement for the 1 mm circular collimator 

size. This is due to the large fluctuations in dose rate for that collimator size.

as conducted using a statistical analysis software (Prism, 

GraphPad Software, Inc.), which concluded that the difference between the MOSFET 

data and the values found in the literature [7] was not of statistical significance, thus 

showing good agreement with the published data. 

 

 

Both the experimental data and 

Note the large uncertainty in the dose measurement for the 1 mm circular collimator 

hat collimator size. 

analysis software (Prism, 

that the difference between the MOSFET 

significance, thus 
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2.4 Conclusion 

Machine-specific quality assurance protocol ensures mechanical and dosimetric 

accuracy in comparison to initial physics acceptance testing data and validates that 

parameters on irradiator are in working condition. 

 

2.4.1 Large-field Irradiator 

The protocol is time efficient and provides simple measures for machine 

performance. There are some issues and problems that can arise in an x-ray tube and 

may cause the measured parameters to change. Over time, the target material gasifies 

due to the heat dissipation on the target (95% of kinetic energy of the impinging electron 

is converted to heat). The target material then deposits on the interior surface of the 

tube, which may become sufficiently conductive such that arcing will occur. This will 

cause the output to become unstable. Furthermore, the excessive heat in an x-ray tube 

can damage the anode or tube housing, such that maintenance of the cooling system is 

paramount.  

To ascertain output stability, monthly output measurements are now performed 

on the large-field irradiator with an ion chamber on the central beam axis. 
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2.4.2 Small-field Irradiator 

Baseline data for the diagnostic protocols was established for the small-field 

irradiator including table attenuation measurements. BSF measurements were shown to 

agree with published data.  
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3. Target-specific Quality Assurance for Kilovoltag e 
Irradiators  

3.1 Introduction 

In radiation biology research, small animals – especially mice – are important for 

various reasons: They are abundant, cost-effective, and their genomes have been fully 

sequenced. Furthermore, they are genetically similar to humans and the genomes can be 

manipulated at the molecular level, thus allowing for comparative genomic research for 

understanding human biology and disease [34 - 36]. Small animal models serve as 

preclinical models for radiation therapy [37] with highly conformal dose distributions to 

the target volume and sparing normal tissue.  Mice can be genetically engineered in a 

multitude of ways for targeted gene mutation to understand mechanisms of tumor 

control and normal tissue injury [13]. Both large and small-field kilovoltage biological 

irradiators are used to image and treat the mice. There is an increasing interest in 

delivering organ specific and whole body doses using kilovoltage x-ray irradiators. 

These studies depend on knowing the radiation dose delivered to preferably within 5% 

of the actual dose [38]. 

Target-specific quality assurance was performed for both large-field and small-

field kilovoltage biological irradiators. For the small-field kilovoltage biological 

irradiator, the subsequent work is based on the previous commissioning work including 

determination of PDDs, profiles, output factors, and depth dose data using ion 
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chambers, 2D EBT2 radiochromic film, and a novel 3D dosimetry system [13]. The large-

field kilovoltage biological irradiator is used to deliver uniform whole body irradiation.  

 

3.2 Materials and Methods 

3.2.1 Calibration 

3.2.1.1 Large-field Irradiator 

Five Standard Bias Therapy Mobile MOSFETS were used (Type: TN-5020RD-H, 

SN: n/a). The MOSFETs were placed on a 3/4” Styrofoam block approximately 0.5 cm 

from the ion chamber, with the active volume at the same height as the MOSFET active 

volumes. The calibration was performed at the following settings: A distance of 50 cm 

from the source on the central axis, 320 kVp, 12.5 mA, 165 s with a F4 filter (2.5 mm Al 

and 0.1 mm Cu). Three measurements were taken. The ion chamber readings were 

converted to cGy according to Equations (5) and (7), with the chamber factor for 250 kVp 

being 1.028 R/Rdg (University of Wisconsin – ADCL, Cal. date: 1 Sep 2009) and the f-

factor was previously calculated to be 0.96 cGy/R for 320 kVp. The calibration factor 

(mV/cGy) was established for the five MOSFETs.  
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3.2.1.2 Small-field Irradiator 

Five Standard Bias Therapy Mobile MOSFETs were used (Type: TN-5020RD-H, 

SN: 21406, 21407, 21408, 21409, 21410).The MOSFETs were placed on a 3/4” thick 

Styrofoam block approximately 0.5 cm from the ion chamber, with the active volume at 

the same height as the MOSFET active volumes. Under fluoroscopy mode, the MOSFETs 

and ion chamber volumes were centered at SAD. The MOSFETs were irradiated 3 times 

under the following conditions: 225 kVp, 13 mA, 20 s. The ion chamber readings were 

converted to cGy according to Equations (5) and (7), with the chamber factor for 250 kVp 

being 0.98 R/Rdg (University of Wisconsin – ADCL, Cal. date: 4 Aug 2011) and the f-

factor for 225 kVp being 0.949 cGy/R.  

TLD “gold standard” measurements were done for validation of MOSFET 

measurements. This is supported by various publications that show good agreement 

between TLD and MOSFET dosimetry [39, 40]. TLDs were calibrated under the same 

settings and calibration set-up as for the MOSFETs.  A pair of TLDs was left unirradiated 

for background dose measurement. The TLDs were readout according to the TLD SOP 

and the background measurement subtracted from the dose measurements. The TLD 

pair readings in nC were averaged and compared to the ion chamber readings, which 

were converted to cGy using Equations (5) and (7).  
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The calibration curve for the TLDs was given as the plot of the corrected ion 

chamber dose readings (cGy) versus the TLD readings (nC). The results of MOSFET and 

TLD calibration can be found in Appendix E. 

 

3.2.2 Dosimetry 

The calibrated MOSFETs were placed in the mouse phantom for both irradiators 

as depicted in Figure 14. For the small-field kV irradiation MOSFET #2 was used. 

            

Figure 14. (a) The large-field kV irradiator: The mouse phantom is placed within the 

acrylic holder on the central beam axis 50 cm from the source, with one MOSFET in 

the head location and one MOSFET in the body location. (b) The small-field kV 

irradiator: The mouse phantom is placed on the table with 1 MOSFET in the center of 

the body location.  
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3.2.2.1 Large-field Irradiator 

The mouse phantom was placed within the acrylic holder on the central axis and 

50 cm from the source, with MOSFETs in the head and body location (Figure 14. (a)). 

The MOSFETs were irradiated under the following settings: 320 kVp, 12.5 mA, 30 s for a 

total of four runs.  

 

3.2.2.2 Small-field Irradiator 

For the small-field kV irradiator, the mouse was positioned such that the 

MOSFET was perpendicular to the AP beam and under fluoroscopy mode and the 

mouse was positioned to isocenter (Figure 14. (b)). Dose measurements were done three 

times for seven different field sizes at 225 kVp, 13 mA, 20 s. The field sizes are defined at 

SAD. Both circular and square collimators were used, and for the purpose of 

comparison, the square collimator sizes were converted to circular ones using the 

equivalent circular diameter Equation (10). The conversion is also shown in Table 6. 

 

 BCD=E
F�8? �=
��?�	 � 2 · 0.561 · FS (10) 
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Table 6. Conversion between collimator size and equivalent diameter size. 

Collimator Size Equivalent Diameter (mm) 

10 mm circular 10  

10 mm x 10 mm 11.22  

15 mm circular 15 

20 mm circular 20 

20 mm x 20 mm 22.44 

40 mm circular 44.88 

Open field 80 

 

3.3 Results 

3.3.1 Large-field Irradiator 

The dose measurements for 320 kVp, 12.5 mA and 30 s can be found below in 

Table 7. The average DR for the head and body was calculated to be 228.6 ± 3.082 

cGy/min and 228.1 ± 2.372 cGy/min, respectively, for a total average DR of 228.3 ± 1.945 

cGy/min. 

 

Table 7. In-phantom dose measurements for head and body locations.  

Run Head (cGy) Body (cGy) 

1 116.1 115.1 

2 115.1 115.1 

3 113.0 113.0 

4 113.0 113.0 

Average 114.3 114.0 

Stdev 1.556 1.212 
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3.3.2 Small-field Irradiator  

Prior to the actual in-phantom dosimetry with MOSFETs, MOSFET and TLD 

measurements where completed for an isocentric set-up of the mouse phantom with a 15 

mm circular collimator with an irradiation time of 1 min and a 20 mm x 20 mm 

collimator with an irradiation time of 0.6 min for 225 kVp and 13 mA. The results can be 

found in Appendix F. For a 15 mm circular and 20 mm x 20 mm field size at SAD, the 

DTLD was 291.6 ± 12.72 cGy and 186.7 ± 7.912 cGy, respectively. This leads to a difference 

of 0.84 ± 0.21 % and 11.6 ± 0.32 % higher dose in the TLD than the MOSFETs, 

respectively.  

The in-phantom dosimetery measurements can also be found in Appendix F. 

Three measurements per field size were averaged and absorbed dose in cGy was plotted 

versus the field size at SAD expressed in the equivalent circular diameter and displayed 

in Figure 15. 

. 

 



 

 

Figure 15. Absorbed dose versus field size at SAD plotted a

With increasing field size, the absorbed dose to the center of the mouse increases.

 

3.4 Conclusion 

3.4.1 Large-field I rradiator 

 The user estimated

between head and body locations DR

measured absorbed dose

measured dose to the estimated dose

the estimated dose.  
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. Absorbed dose versus field size at SAD plotted as equivalent

With increasing field size, the absorbed dose to the center of the mouse increases.

rradiator  

estimated dose Destimated was 550 cGy. The averaged measured 

between head and body locations DRavg MOSFET is 228.3 ± 1.945 cGy/min for a

dose Davg MOSFET in 165 s of of 627.9 ± 5.348 cGy. Comparing the 

measured dose to the estimated dose gives a dose difference of 14 % higher 

 

equivalent diameter. 

With increasing field size, the absorbed dose to the center of the mouse increases. 

measured dose rate 

for a total 

cGy. Comparing the total 

higher dose than 
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3.4.2 Small-field Irradiator 

The MOSFET data was compared to the depth dose table dose calculation 

method. The depth dose table gives dose rate (Gy/min) for depths 0 – 6 cm in increments 

of 0.1 cm for field sizes 1 – 40 mm at SAD and can be found in Appendix G. Since the 

depth dose table is measured such that the surface is at SAD, the dose rates for depth 

equal to 1 cm from that table need to be shifted to isocenter. This is accomplished using 

the inverse square law Equation (11). 

 

�G 3H��)3I). � �JKLM. N
�JJLM. N � G � �OP.QR 3-M. N

�OP.QR 3- N �G  (11) 

 

For collimator sizes larger than the irradiated area i.e a collimator size of 40 mm 

x 40 mm for our mouse phantom, the depth dose table dose calculation method uses the 

equivalent field size of the mouse at SAD for the collimator size. This step 

accommodates the geometry of the mouse somewhat; however, it still includes a non-

negligible scatter from the larger phantom. The dose from the depth dose table for our 

set-up was calculated using Equation (11) and compared to the MOSFET data. As the 

collimator size increases, the dose disparity between the MOSFET and commissioning 

data becomes more acute, up until the 40 mm x 40 mm collimator size, for which the 

depth dose table dose calculation incorporates the equivalent field sizes of the mouse. 
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For field sizes of 20 cm x 20 cm and 40 cm x 40 cm, the dose difference is observed to be 

7.7 % and 2.9 % lower than the MOSFET data, respectively. The comparison is shown in 

Table 8 and visually in Figure 16. 

 

Table 8. Comparison of MOSFET data with previous commissioning data. The 

percent dose difference between the MOSFET data and the commissioning data is 

also shown. 

Collimator MOSFET Data 
Commissioning 

Data 

Difference 

MOSFET vs 

Commissioning  

Equivalent Diameter 

(mm) 

Avg Absorbed 

Dose (cGy) 

Absorbed Dose 

(cGy) 

(%) 

10       (10mm circ) 89.3 ± 1.10 93.3 - 4.3 

11.22  (10mm x 10mm) 90.2 ± 1.42 94.7 - 4.7 

15       (15mm circ) 93.8 ± 0.35 96.4 - 2.7 

20       (20mm circ) 97.3 ± 2.60 103.4 - 6.0 

22.44  (20mm x 20mm) 97.7 ± 1.98 105.9 - 7.7 

44.88  (40mm circ) 104.9 ± 1.68 108.1 - 2.9 

80       (open field) 106.7 ± 2.89 - - 

 



 

 

Figure 16. Comparison of MOSFET data with the commissioning data

data is systematically lower than the Commissioning data.

To assess the two measurement methods, the 

pairs for each collimator size were

indicates total agreement between th

data is systematically low
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. Comparison of MOSFET data with the commissioning data. The MOSFET

data is systematically lower than the Commissioning data. 

To assess the two measurement methods, the MOSEFT and commissioning 

for each collimator size were plotted as shown in Figure 17. The line of equality 

indicates total agreement between the two methods. Figure 17 shows that the MOSFET 

lower than the commissioning data.  

 

. The MOSFET 

ommissioning data 

The line of equality 

shows that the MOSFET 



 

 

Figure 17. Plot of MOSFET and Commissioning data pairs.

 

A Bland-Altman Plot

commissioning and MOSFET method
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. Plot of MOSFET and Commissioning data pairs.

Altman Plot [41, 42] assesses the agreement between the T

and MOSFET method and is plotted in Figure 18. 

 

. Plot of MOSFET and Commissioning data pairs. 

the agreement between the TG-61 based 



 

 

Figure 18. Bland-Altman plot comparing the dose difference versus the average dose.

 

The bias, i.e. the mean dose difference

“Bias + 1.96∙SD” and “Bias 

means that 95% of differences in dose will lie between these limits. 

are well within the limits of 

give similar results.  

In summary, the depth dose table

the dose by 2.7 – 7.0 %. T

for the phantom used during commissioning versus the 

phantom. The scatter conditions are shown in Figure 19

45 

Altman plot comparing the dose difference versus the average dose.

he mean dose difference, is 5.6 cGy. The limits of agreement

as - 1.96∙SD” lines) represent the 95% confidence interval. That 

means that 95% of differences in dose will lie between these limits. Since

well within the limits of agreement, it can be concluded that both dose measurement 

depth dose table data dose calculation method overes

The dose difference stems from the increased scatter radiation 

for the phantom used during commissioning versus the tissue-equivalent mouse 

onditions are shown in Figure 19.   

 

Altman plot comparing the dose difference versus the average dose.  

agreement (i.e. the 

the 95% confidence interval. That 

ince the differences 

dose measurement 

overestimates 

increased scatter radiation 

equivalent mouse 
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Figure 19. Scatter conditions for the commissioning set-up (left) and MOSFET set-up 

(right). For the same irradiation settings, part of the radiation  

 

The larger commissioning phantom leads to an overestimate of the dose delivered in an 

actual mouse irradiation. The TG-61 based commissioning may need adjustment for 

small animal dosimetry such as introducing a dose correction factor for the 

commissioning data. The MOSFET method provides near real time dosimetry with a 

high precision of 1 – 2.7 % while incorporating real small animal geometry and scatter 

conditions. Furthermore, ex-vivo mouse dosimetry is possible with the MOSFET 

method. Lastly, the MOSFET method is less labor intensive, while the TG-61 based 

dosimetry requires aligning a radiochromic film vertically along the central beam axis, 

which is quite tedious.  
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4. Target-specific Quality Assurance for 137Cs Irradiators 
for Two Rotational Geometries 

4.1 Introduction 

137Cs gamma irradiators are used to irradiate biological samples with uniform 

doses. Usually dose rates are given by the manufacturer at the time of purchase, and are 

rarely verified independently. Initial and subsequent machine-specific quality assurance 

is vital and can be done using radiochromic film and ion chambers to measure in-air 

dose rates and isodose distributions for rotational and non-rotational geometries [9, 10]. 

This method has been shown to be both cost effective and accurate. For in-phantom dose 

measurements, a target-specific quality assurance method for rotational geometries is 

proposed using thermoluminescent dosimetry (TLDs). Due to the rotational motion, at 

different times during the irradiation points in the sample will be exposed to varying 

dose rates. The dose rate is a function of the distance d with radiation propagating as a 

function of 1/ d 2.  

Two 137Cs irradiators with different target-specific set-ups were assessed. Mouse 

phantoms filled with TLDs were sent to be irradiated in the target-specific set-up. TLD 

calibration and read-out was done at our facility. 
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4.2 Material and Methods 

4.2.1 TLD Calibration 

For the calibration, pairs of TLDs were irradiated in the 137Cs irradiator at doses 

of 200, 600, 800, and 1000 cGy for Lab 1 and at doses of 200, 500, 700, and 1000 cGy for 

Lab 2. Each pair of TLD was placed in a Plexiglas holder to provide proper build-up and 

CPE. The TLD pair and ion chamber were placed side-by-side atop a customized 

Styrofoam block at a height of 15 cm at position 2 and is shown in Figure 20. 

 

 

Figure 20. TLD calibration set-up in the 137Cs irradiator. A pair of TLDs is placed 

inside a Plexiglas holder. The capped ion chamber is placed next to the TLD holder 

with the active volume at the same height as the TLDs. 
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A pair of TLDs was left unirradiated for background dose measurement. The 

TLDs were readout according to the TLD SOP. The background measurement was 

subtracted from the dose measurements. The TLD pair readings in nC were averaged 

and compared to the ion chamber readings, which were converted to Gy using 

Equations (5) and (7). The CFchamber for a 137Cs source was 1.056 R/Rdg (University of 

Wisconsin – ADCL, Cal. Date: 25 Feb 2009). The f-factor was calculated using the mass 

attenuation coefficients for tissue (μen/ρ)tissue and air (μen/ρ)air for an energy of 0.662 MeV 

(Appendix C).  The calibration curve for the TLDs is plotted as the ion chamber readings 

(cGy) versus the TLD readings (nC). The data was fit to a linear regression. The 

goodness of fit was calculated to be 0.9949 and 0.9982 for Lab 1 and Lab 2, respectively. 

The calibration curves for the TLDs can be found in Appendix I. 

 

4.2.2 Dosimetry 

 Five mouse phantoms with two TLDs per location were placed in the same pie 

slice for aset-up geometry of five pie holders stacked on top of each other in the 

irradiator for Lab 1 and six mouse phantoms with two TLDs per position were placed 

equidistant in a Plexiglas pie holder for Lab 2.  The pie holder was placed on a 12 cm 

high Styrofoam on the turntable at position 2. The set-ups are shown in Figure 21. 
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Figure 21. (a) The dimensions of the mouse pie holder for Lab 1: Each pie holder is 3.5 

cm high and has a diameter of apporximately 20 cm. The pie holders are stacked 1.8 

cm apart for a maximum height from the floor of 30 cm. Even though differently 

labeled on the actual holder, the levels were defined as starting from the bottom 1 

through 5. (b) The dimensions of the mouse pie holder for Lab 2: measured from the 

outer edge, the diameter is 21.4 cm and the height is 5.9 cm. It has 12 wedges, with 

space for 11 mice maximum. The top and bottom of the pie are 0.5 cm thick and the 

outer wall divisions are 0.3 cm thick. 

 

For Lab 1 the exposure time was 4.48 min and for Lab 2 it was 3.4 min. Lab 1 

measured the rotation speed to be 6 rotations per minute for a total of 29 rotations in 

4.48 min. Lab 2 measured the rotation speed to be 8 s for one rotation of the turn table, 

so for a 3.4 min exposure time, the table will have rotated 25.5 times. The rotations times 
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were long enough as to reduce the rotational time averaging effect, especially for the 

body locations, since the radius they travel is larger than that of the head locations i.e. 

the discrepancy between dose readings from different mice will be larger for the body 

location than that for the head location. 

 

4.3 Results 

Post irradiation, the TLDs were read out and annealed according to the TLD 

SOP. The calibration curve was used to convert the TLD Reading (nC) to TLD dose 

(cGy). The results can be found in Appendix I (Table 19 and 20). Each location (head or 

body) of the mouse held two TLDs. All the head doses and all the body doses were 

averaged, respectively. This further reduces the rotational time averaging effect; this 

gain is however counterbalanced with an increase in the dose uncertainty. The head and 

body dose rates are displayed in Figure 22. 



 

 

Figure 22. Average head and body locations for each mouse for 
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. Average head and body locations for each mouse for (a) Lab 1 and (b) Lab 2. 

 

(a) Lab 1 and (b) Lab 2.  
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Furthermore, two metrics are given: (1) The dose from the head and body were 

averaged to give an average dose a mouse is expected to receive for this set-up and (2) 

the dose difference given by the head and body doses. 

 

4.3.1 Lab 1  

For Lab 1, because the set-up consisted of a stack of 5 pie holders at different 

levels, the dose rate changed with the height of the set-up. Thus the dose rates for each 

pie holder were accessed. The average dose rates for the head DRhead 1-5  were between 

138.7 ± 10.52 cGy/min for level 1 to 167.8 ± 10.52 cGy/min for level 5. The average dose 

rates for the body DRbody 1-5 was 156.4 ± 7.346 cGy/min for level 1 to 179.5 ± 4.560 cGy/min 

for level 5 . The results are summarized in Table 9. 

Table 9. Summary of target-specific QA results from Lab 1. 

Pie Holder Level Avg head DR (cGY/min) Avg body DR (cGy/min) 

1 138.7 ± 10.52 156.4 ± 7.346 

2 145.4 ± 12.25 155.2 ± 7.511 

3 142.3 ± 8.965 156.0 ± 3.507 

4 151.8 ± 3.160 168.8 ± 6.355 

5 167.8 ± 10.52 179.5 ± 4.560 

 

4.3.2 Lab 2  

For Lab 2, the average dose rate for the head DRhead was 133.8 ± 0.460 cGy/min 

and the average dose rate for the body DRbody was 140.4 ± 3.798 cGy/min for a total 
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average dose rate DRavg of 137.1 ± 1.913 cGy/min. The dose difference for the head and 

body locations was 6.7 ± 3.8 cGy/min. The results are summarized in Table 10. 

Table 10. Summary of target-specific QA results from Lab 2. 

 Avg head DR (cGy/min) Avg body DR (cGy/min) Avg DR (cGy/min) 

Lab 2 133.8 ± 0.460 140.4 ± 3.798 137.1 ± 1.913 

 

4.4 Conclusion 

4.4.1 Lab 1 

The initial estimated dose rate for the day of the experiment from Lab 1 was 186 

cGy/min. Comparing this to the average DRhead and DRbody for levels 1 through 5 (Table 

9) the difference was larger for the average DRhead that the average DRbody. The 

comparison is shown in Table 10. 

Table 11. Comparing each mouse head and body locations to the estimated DR of 186 

cGy/min. The largest deviations from the estimated DR occur for the mouse in level 1. 

Head 

location 

Comparison to estimated 

DR (%) 

Body 

location 

Comparison to estimated 

DR (%) 

1 -25 ± 5.6 1 -16 ± 4.0 

2 -22 ± 6.6 2 -17 ± 4.0 

3 -24 ± 4.8 3 -16 ± 1.9 

4 -18 ± 1.7 4 -9 ± 3 

5 -10 ± 5.7 5 -4 ± 3 

 

Table 10 highlights the difficulty of using just a single dose rate to describe this 

unique complex set-up. However, the radiation biologists in this lab usually use levels 3 
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and 4 for irradiation, and an average dose rate range for these levels was calculated to be 

149.2 ± 4.813 cGy/min for level 3 and 160.3 ± 3.549 cGy/min for level 4 – respectively, 19.8  

± 2.58 % and 13.8 ± 1.91 % lower than the estimated dose rate. 

 

4.4.2 Lab 2 

Due to user error during measurement, Lab 2 could not provide an initial 

estimate for the dose rate and a comparison was not done. The results from the QA 

study were reported to the respective labs as documents with an embedded spreadsheet 

for time and dose calculations for future experiments.  

 

 TLDs in combination with mouse phantoms provide a simple and cost-

effective way to perform target-specific quality assurance. They offer real in-phantom 

dose measurements, which are of importance to radiation biologists. Machine-specific 

quality assurance cannot directly offer this accuracy. The unique experimental set-ups 

can be so complex that extrapolations from simple in-air dose measurements would not 

incorporate the added attenuation from the pie holder, other mice, and rotational 

geometry. Furthermore, Monte-Carlo simulations would be a useful tool to simulate the 

set-ups and verify experimental findings.
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5. A Novel Dosimeter: A Light Emitting Nano-scale 
Phosphor Detector Sensitive to X-ray Radiation 

5.1 Introduction 

In terms of reliability and repeatability, ion chambers are the most desired 

dosimeters. However, due to their large size, they are not suited for placement inside a 

mouse phantom or an ex-vivo mouse, making them unsuitable for target-specific quality 

assurance. TLD dosimeters are better for in-phantom or in-mouse dosimetry, but are 

work intensive. MOSFETs have near real-time readout, yet have a limited lifetime. A 

novel nano-scale phosphor detector of smaller dimensions was developed and 

dosimetric characterization was performed. It was tested on both the small-field 

irradiator as well as the 137Cs irradiator. 

 

5.2 Material and Methods 

5.2.1 Nano-scale Material Detector 

Nano-scale materials can be broadly defined as a set of substances that have at 

least one critical dimension less than 100 nm and possess a unique optical, magnetic, or 

electrical property [43]. This nano-scale phosphor displays a linear response to x-rays in 

the form of light at a wavelength similar to the TLD scintillation mechanism; Ionizing 

radiation excites electrons from the valence band into the conduction band creating 



 

 

electron-hole pairs, electrons and holes that de

states specific to this nano

emission of a photon. 

The nano-scale material 

tip to be coated with the powder

emission to the spectrograph (PI Acton SP2360i, 200 

intensity versus wavelength for a given time period 

camera (PI Acton Pixis 400BR BI

programming interface displays this plot

response curve is shown in 

Figure 23. Typical response curve of

radiation is impinging on the detector, it emits photons at the depicted wavelength. 

This example spectrum was for a 
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lectrons and holes that de-excite are subsequently trapped 

nano-crystal. These block states allow for the recombination and 

scale material is produced in powder form, allowing for a light guide 

with the powder. The 400 μm or 600 μm fiber transmits the 

emission to the spectrograph (PI Acton SP2360i, 200 μm slits), which registers light 

length for a given time period (i.e. integration time). The 

(PI Acton Pixis 400BR BI-DD) reads the light intensity and a graphical

interface displays this plot, permitting subsequent analysis

response curve is shown in Figure 23.  

 

esponse curve of the nano-scale phosphor detector. 

s impinging on the detector, it emits photons at the depicted wavelength. 

This example spectrum was for a 137Cs irradiation at an exposure of 53.3 R.

excite are subsequently trapped in block 

hese block states allow for the recombination and 

allowing for a light guide 

transmits the light 

m slits), which registers light 

(i.e. integration time). The CCD 

graphical 

nalysis. A typical 

 

detector. When 

s impinging on the detector, it emits photons at the depicted wavelength. 

an exposure of 53.3 R. 
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The area under the dominate peak (from approximately 600 – 620 nm, but dependent on 

the slit settings) is used as the response to absorbed dose. Before a measurement occurs, 

a background spectrum is taken, which is subsequently subtracted from the actual 

measurement spectrum.  

 

5.2.2 Calibration 

Two different nano-scale phosphor detectors were tested. Before calibration the 

spectrum was background corrected. 

Detector 1 is a 400 μm fiber detector and was tested on three separate occasions 

on the small-field irradiator. Three calibrations were performed in therapy mode and 

one calibration in diagnostic mode. The calibration set-up, the same one used for TLD 

and MOSFET calibration, consisted of setting the detector next to the ion chamber on the 

3/4“ Styrofoam block and irradiating under open field for different exposures settings. 

Each exposure setting was repeated three times.  For therapy mode, the exposure 

settings were as follows: 225 kVp, 13 mA, with varying exposure times from 0.5 – 35 s. 

For diagnostic mode, the exposure settings were as follows: 80 kVp, 2.5 mA. The ion 

chamber factor was 0.98 R/Rdg (University of Wisconsin – ADCL, Cal. date: 4 Aug 2011) 

for 250 kVp and 0.983 R/Rdg (University of Wisconsin – ADCL, Cal. date: 25 Feb 2009) 

for 120 kVp. The f-factor is 0.869 cGy/R for in air dose conversion. The data was fit to a 
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linear least-squares regression. Furthermore, angular dependence measurements were 

completed in-air and in-phantom using detector 1 versus μMOSFET response. Three 

measurements were taken at 30 or 45 degree increments and averaged. 

Detector 2 is a 600 μm fiber and was tested for calibration in a 137Cs irradiator. 

The detector was placed in the irradiator as for a TLD calibration. The settings were as 

follows: 662 keV, and exposure times were varied for 1 – 25 s. The ion chamber 

correction factor for 137Cs is 1.018 R/Rdg (University of Wisconsin – ADCL, Cal. date: 4 

Aug 2011).  

 

5.2.3 Dosimetry 

The measurements were aimed at fulfilling a basic dosimetric characterization, as 

is described by Attix [44]. A summary of all measurements is shown in Figure 24. For in-

phantom dose calculation in the small-field biological irradiator, the nano-scale 

phosphor material detector’s calibration curve was modified by the f-factor in tissue for 

the particular irradiation settings i.e. an f-factor of 0.949 cGy/R was used for therapy 

mode.   

 



 

 

      

Figure 24. (a) A 400 micron nano

In-air angular dependency measurements.

measurements, also done without the table (not shown).

 

5.3 Results 

5.3.1 Calibration Curves

Figure 25 shows the

goodness of fit for a linear least

Figure 25 (a) – (d) were performed for the same detector, the set

each measurement (i.e. the 

detector was facing the beam) such that the calibration curves varied.
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00 micron nano-scale detector was placed next to the ion chamber.

air angular dependency measurements. (c) In-phantom angular dependency 

, also done without the table (not shown). 

Calibration Curves  

shows the calibration curves for all five measurements including

for a linear least-squares fit. Even though the calibration curves for 

were performed for the same detector, the set-up conditions varied 

the grating or the slits may have moved, or a different part of the 

detector was facing the beam) such that the calibration curves varied. 

detector was placed next to the ion chamber. (b) 

phantom angular dependency 

measurements including the 

calibration curves for 

up conditions varied for 

moved, or a different part of the 



 

 

Figure 25. The calibration curves for the all measurements. (a) 

calibration in therapy mode (225 kVp, 13 mA, 0.3 mm Cu) with detector 1 (d

225 Cx in diagnostic mode (80 kVp, 2.5 mA, 

irradiator with detector 2
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The calibration curves for the all measurements. (a) – (c) X-RAD 225 Cx 

herapy mode (225 kVp, 13 mA, 0.3 mm Cu) with detector 1 (d

in diagnostic mode (80 kVp, 2.5 mA, 2 mm Al) with detector 1 (e

2  

 

RAD 225 Cx 

herapy mode (225 kVp, 13 mA, 0.3 mm Cu) with detector 1 (d) X-RAD 

(e) 137Cs 
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5.3.2 Calibration Factor 

Furthermore, the ratio of intensity (counts) over dose (cGy) i.e. the calibration 

factor (CF) or sensitivity was plotted versus the total in-air absorbed dose, and can be 

seen in the Figure 26. The sensitivity is higher for doses between (0.1 – 2 cGy) and 

proceeds to quickly drop down to a plateau, with degradation of the sensitivity for 

higher doses. According to the previous calibration curves, the range for strict linearity 

is a range of 2 – 350 cGy with fluctuations in sensitivity of 0.3%. The sensitivity drops by 

15% for doses in the range of 700 cGy. The saturation in signal for higher doses is most 

likely due to saturation of the CCD by the incoming light. Three solutions were found to 

solve saturation issues of the CCD camera: (1) A smaller detector can reduce detection 

efficiency under high signal situations, (2) a higher peak at approximately 630 nm was 

found to respond linearly to dose as well and can be used to correlate to dose through 

spectral analysis, and (3) the grating slits of the spectrograph can be closed further to 

reduce the amount of light entering the detector i.e. to further reduce detection 

efficiency. 

 

 

 

 



 

 

 

Figure 26. The CF for all the measurements  The CF is not stabile 

(0.1 – 1 cGy) the CF  is high then drops of rather quickly, and for increasing doses 

there is a slight decrease in CF. (a) 

mode. (d) CF for detector 1 in X
137Cs irradiator. 
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. The CF for all the measurements  The CF is not stabile – for lower doses 

is high then drops of rather quickly, and for increasing doses 

there is a slight decrease in CF. (a) – (c) CF for detector 1 in X-RAD 225 Cx, therapy 

CF for detector 1 in X-RAD 225 Cx, diagnostic mode. (e) CF for detector 2 in 

 

for lower doses 

is high then drops of rather quickly, and for increasing doses 

RAD 225 Cx, therapy 

RAD 225 Cx, diagnostic mode. (e) CF for detector 2 in 



 

 

5.3.3 Energy D ependence

Since detector 1 was calibrated under the same conditions for therapy

diagnostic mode during one of the experiments

the two calibration curves for energy dependence.

Figure 27, with the calibration 

likely due to the increased probability of the Compton effect versus the 

effect for higher energies, with the

Compton effect for depositing energy locally.

 

Figure 27.  Plots of calibration curves from Figure 2
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ependence  

Since detector 1 was calibrated under the same conditions for therapy

diagnostic mode during one of the experiments, this allowed for comparison between 

calibration curves for energy dependence. Both calibration curves are shown in 

, with the calibration curve at 225 kVp displaying a steeper curve. This

likely due to the increased probability of the Compton effect versus the photoelectric 

for higher energies, with the photoelectric being much more efficient than 

depositing energy locally. 

alibration curves from Figure 26 (c) for 225 kVp and (d) 80 kVp.

Since detector 1 was calibrated under the same conditions for therapy and 

comparison between 

on curves are shown in 

isplaying a steeper curve. This is most 

photoelectric 

much more efficient than 

 

6 (c) for 225 kVp and (d) 80 kVp. 
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5.3.4 Angular Dependence 

The light guide tip is coated with a small amount of the radiation-sensitive 

material, which may not be spherically symmetric. Detector 1 was used to estimate 

angular response in the small-field biological irradiator. The in-air and in-phantom 

angular (with and without table attenuation) responses are shown in the Figure 28 (a) – 

(c). For Figure 28 (a) the in-air absorbed dose in cGy is shown for angles from 0⁰ - 330⁰ in 

increments of 30⁰. For Figure 28 (b) and (c) the in-phantom absorbed dose in cGy is 

shown for the angles 0⁰ - 330⁰ in increments of 30⁰ and 0⁰ - 315⁰ in increments of 45⁰, 

respectively. The in-air response Figure 28 (a) shows a dip in dose values corresponding 

to 10% of the average dose. This is due to a manufacturing imperfection in the detector 

bulb, causing a chip in the spherical bulb, and creating an area of reduced sensitivity. 

Comparing this to the in-phantom response for the same detector without table 

attenuation (Figure 28 (c)), shows that the effect averages out in the phantom, due to an 

increase in scatter radiation. Figure 28 (b) shows the effect of the table attenuation on the 

dose response for the range of angles 90⁰ - 270⁰. The in-air angular response was shown 

to have a coefficient of variation of 4.3%, while the in-phantom measurement without 

the table had a coefficient of variation of only 1.2%. 



 

 

Figure 28. Angular response of the detector vs. angles in degrees: (a) In

A slight dip at 210 degrees is due to a chip in the detector bulb in that region, 

effectively creating an area of reduced 

with table attenuation. (c)

 

 The angular dose response of 

versus the uMOSFET  in-

is shown in Figure 29. 
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. Angular response of the detector vs. angles in degrees: (a) In

A slight dip at 210 degrees is due to a chip in the detector bulb in that region, 

creating an area of reduced detection sensitivity. (b) In-phantom response 

(c) In-phantom response without table attenuation.

The angular dose response of the nano-scale phosphor dosimeter

-phantom measurement with and without table a

 

. Angular response of the detector vs. angles in degrees: (a) In-air response. 

A slight dip at 210 degrees is due to a chip in the detector bulb in that region, 

phantom response 

phantom response without table attenuation. 

scale phosphor dosimeter was plotted 

phantom measurement with and without table attenuation and 



 

67 

 

 

Figure 29. μMOSFET angular response versus nano-scale phosphor dosimeter 

response (a) with table attenuation and (b) without table attenuation 

 

5.3.5 Lower Limit of Detection 

The lower limit of detection (LLD) is limited by (1) the sensitivity and (2) by the 

stochastic nature of the radiation field. For detector 1, the LLD was observed to be 

slightly below a total exposure of 0.5 R or an in-air absorbed dose of 0.44 cGy. 

 

5.4 Conclusion 

This nano-scale phosphor detector has been used as a time-integrated dosimeter 

for relative dosimetry. The detector has proven to respond highly linearly in a dose 

range of 2 - 700 cGy. The calibration procedure is similar to that of TLDs, with the added 

benefit that it is much less time intensive and provides equivalent or superior calibration 



 

68 

 

curves. The calibration itself is straightforward and simple, and while real-time 

calibration is currently not available, it can realistically be achieved. The detector 

response has high precision with an average uncertainity of ± 0.4 % for three 

measurements. 

The detector is reusable like a TLD and does not have a limited lifetime like a 

MOSFET. The detector material itself is not hydroscopic, which would allow for in-vivo 

or ex-vivo (e.g. interstitial, intraluminal, etc) dosimetry. Since the detector response is 

independent of incident angle of radiation, the detector would be valuable for CT 

dosimetry. 

Currently, drawbacks to the detector include: (1) sensitivity to ambient light, 

which has been remedied by wrapping the fiber in black electrical tape and the 

spectrograph under a black cloth; (2) limited flexibility of the fiber, which can be altered 

by choosing a thinner fiber; and (3) a cumbersome electronics system, which will be 

streamlined with a much smaller portable spectrograph.  

Overall, the nano-scale detector was shown to have equivalent or superior 

characteristics to commonly used dosimeters such as TLDs and MOSFETs for similar 

applications.
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6. Conclusion and Future Considerations 

The purpose of this work was to increase awareness of issues inherent in small 

animal dosimetry by providing specific quality assurance protocols. Both machine-

specific and well as target-specific quality assurance was performed on the large-field 

and small-field irradiator. The machine-specific quality assurance protocol was 

presented for large-field irradiators. The target-specific quality assurance with a mouse 

phantom yields a dose rate 14% higher than that estimated by the investigator. 

The small-field irradiator machine-specific quality assurance measurements 

obtained initial physics data for the diagnostic mode. The target-specific quality 

assurance for the therapy mode for various collimator sizes were compared to 

previously completed commissioning work based on TG-61 dosimetry. The MOSFET 

method showed systematically lower doses than the commissioning method. The dose 

difference is due to the increased scatter radiation in the solid water block versus the 

dimension of the mouse phantom leading to an overestimation of the actual dose in the 

former. MOSFET method with the use of mouse phantom provides less labor intensive 

geometry-specific dosimetry and accuracy with better dose tolerances of up to ± 2.7%. 

Target-specific quality assurance for 137Cs irradiators with TLD dosimeters 

provides for an independent check for specific experimental set-ups while simulating 

real geometric conditions.  
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A novel nano-scale phosphor detector has shown promising characteristics for 

use in small animal dosimetry. Calibration is similar to current TLD and MOSFET 

methods, with light emission showing linear response to dose in the region of 2 – 350 

cGy with variation in sensitivity of up to 0.3%, with a decrease in sensitivity of up 15% 

for doses in the 700 cGy range. The detector response is angularly independent making 

it suitable for diagnostic and radiation therapy applications. Furthermore, the chemical 

composition makes it suitable for in-vivo or ex-vivo dosimetry. Currently there is 

growing interest and research in the area of nano-scale phosphors for radiation detection 

for non-medical applications outside the clinic and laboratory. Recent publications 

demonstrate the use of nano-scale phosphor detectors as wide-area radiation detectors 

for homeland security, monitoring of large objects, and in airport security for detection 

of nuclear materials [45 - 47].  

Finally, with the AAPM Task Group devoted to small animal dosimetry, 

workshops organized by the NIST Dosimetry Standardization for Radiobiology group 

and other institutions, and national meetings, standardization efforts and establishment 

of continuing education for small animal dosimetry and irradiator quality assurance will 

be solidified. 
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Appendix A TLD SOP
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Appendix B Machine-specific QA Measurements for 

Large-field Irradiator 

Table 12. Linearity of output measurements performed on 3 Jun 2011. The following 

settings were used: Filter F1 (2 mm Al), 250 kVp for varying time/mA combinations. 

 kVp mA/min time (min) delivered mA Exposure (R) 

3-Jun-11 250 2 0.02 0.03 0.86 

 250 2 0.5 1 14.10 

 250 7 0.5 3.5 47.10 

 250 10 0.8 8 108.76 

 250 10 1.2 12 177.64 

 

Table 13. Linearity of output measurements performed on 17 Jan 2012. The same 

settings were used as on 3 Jun 2011. However, 3 measurements were taken for each 

setting and averaged. 

 kVp mA/min time (min) Avg Exposure (R) Std Exposure (R) 

17-Jan-12 250 2 0.02 0.87 0.01 

 250 2 0.5 14.06 0.006 

 250 7 0.5 47.75 0.067 

 250 10 0.8 107.80 0.2309 

 250 10 1.2 161.40 0.8660 

  



 

 

Appendix C F- factor for X

Figure 30. SpekCalc software 

mode. The values for “Theta(th)”, “Beryllium Thickness (t_Be)”, and “Copper 

Thickness (t_Cu)” was taken from the manufacture’s data sheet.

 

Table 14. F-factor for X-Rad 225 Cx therapy protocol

factor was calculated according to 

spectrum. 

 

Energy kVp (MeV) 

0.225 
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factor for X -RAD 225 Cx Therapy Protocol

oftware [48] calculation of X-Rad 225 Cx spectrum for therapy 

mode. The values for “Theta(th)”, “Beryllium Thickness (t_Be)”, and “Copper 

Thickness (t_Cu)” was taken from the manufacture’s data sheet. 

Rad 225 Cx therapy protocol from SpekCalc calculation.

factor was calculated according to Equation (2) with the effective energy of the 

 Soft Tissue Dry Air

Effective Energy (MeV) μen/ρ (cm2/g) μen/ρ (cm2

0.08 0.02617 0.02407

225 Cx Therapy Protocol  

 

Cx spectrum for therapy 

mode. The values for “Theta(th)”, “Beryllium Thickness (t_Be)”, and “Copper 

from SpekCalc calculation. The f-

with the effective energy of the 

Dry Air  
2/g) f-factor 

0.02407 0.949 
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Appendix D Backscatter Measurements for Small-field  

Irradiator 

Table 15. (a) In-air and (b) in-phantom backscatter measurements. 

(a) Collimator 

Size 

MOSFET rdg 

(cGy) 

MOSFET reading (corrected 

for f-factor in air, SAD)(cGy) 

avg  

(cGy) 

std  

(cGy) 

1 mm circ 

0.13 0.12 0.11 0.05 

0.18 0.16 
  

0.06 0.05 
  

5 mm circ 

52.10 47.71 50.06 2.708 

57.90 53.02 
  

54.00 49.45 
  

10 mm circ 

150.00 131.74 132.04 2.2103 

153.00 134.38 
  

148.00 129.99 
  

15 mm circ 

154.00 135.26 138.18 2.6832 

160.00 140.53 
  

158.00 138.77 
  

20 mm circ 

156.00 137.01 134.96 2.2103 

151.00 132.62 
  

154.00 135.26 
  

10 mm x 10 

mm 

129.00 113.30 115.06 2.3237 

130.00 114.18 
  

134.00 117.69 
  

20 mm x 20 

mm 

153.00 134.38 135.26 0.8783 

154.00 135.26 
  

155.00 136.13 
  

40 mm x 40 

mm 

149.00 136.44 137.36 0.9157 

150.00 137.36 
  

151.00 138.27 
  

80 mm circ 
162.00 142.28 142.57 2.2103 

165.00 144.92 
  

 
160.00 140.53 
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(b) Collimator 

Size 

MOSFET rdg 

(cGy) 

MOSFET rdg corrected to 

SAD (cGy) 

avg 

(cGy) 

std 

(cGy) 

1 mm circ 

0.31 - 0.25 0.16 

0.38 - 
  

0.07 - 
  

5 mm circ 

142.00 - 140.00 2.6458 

141.00 - 
  

137.00 - 
  

10 mm circ 

162.00 155.38 154.74 1.9966 

163.00 156.34 
  

159.00 152.50 
  

15 mm circ 

168.00 161.14 159.22 1.9183 

166.00 159.22 
  

164.00 157.30 
  

20 mm circ 

171.00 164.01 162.41 1.4651 

169.00 162.09 
  

168.00 161.14 
  

10 mm x 10 

mm 

161.00 154.42 152.18 1.9966 

157.00 150.58 
  

158.00 151.54 
  

20 mm x 20 

mm 

169.00 162.09 164.25 3.4471 

168.00 161.14 
  

176.00 168.81 
  

172.00 164.97 
  

40 mm x 40 

mm 

170.00 - 170.33 2.5166 

173.00 - 
  

168.00 - 
  

80 mm circ 

208.00 199.50 198.22 2.2150 

208.00 199.50 
  

204.00 195.66 
  

  
  



 

 

Appendix E Small
Table 16. MOSFET calibration settings, measurements, and results

THERAPY mode

Run 

1 

2 

3 
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Small -field Irradiator Calibration R
MOSFET calibration settings, measurements, and results

THERAPY mode 225 kVp   13 mA   30 s 

Ion Chamber (Rdg) Absorbed Dose (cGy)

120.4 111.97 

120.3 111.88 

120.3 111.88 

MOSFET # MOSFET CF (mV/cGy) 

1 2.79 

2 2.91 

3 2.62 

4 2.90 

5 2.90 

 

Figure 31. TLD Calibration Curve 

field Irradiator Calibration R esults 
MOSFET calibration settings, measurements, and results 

Absorbed Dose (cGy) 

 



 

90 

 

Appendix F Small-field Target-specific QA MOSFET 
Measurements 
 
Table 17. Verification of MOSFET accuracy with gold standard TLD measurements.  

(a) TLD measurements (b) and (c) MOSFET measurements. 

(a) 

Collimator 

Size 

Irradiation 

time (mins) 
TLD # 

Charge 

(nC) 

Absorbed Dose 

(cGy) 

Avg 

Absorbed 

Dose 

(cGy) 

Std 

Absorbed 

Dose 

(cGy) 

20mm x 20 

mm 
0.6 

16 14233.5 192.26 
186.7 7.9 

17 13177.1 181.06 

15 mm circ 1 
18 22758.8 282.63 

291.6 12.7 
19 24455.3 300.61 

(b) 

Collimator 

Size 

Irradiation 

time (mins) 
run Absorbed Dose (cGy) 

Avg 

Absorbed 

Dose 

(cGy) 

Std 

Absorbed 

Dose 

(cGy) 

20 mm x 20 

mm 
0.6 

1 164.9 

164.9 1.044 2 166.0 

3 163.9 

(c) 

Collimator 

Size 

Irradiation 

time (mins) 
run Absorbed Dose (cGy) 

Avg 

Absorbed 

Dose 

(cGy) 

Std 

Absorbed 

Dose 

(cGy) 

15 mm circ 1 

1 287.1 

289.2 1.808 2 290.2 

3 290.2 
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Table 18. MOSFET measurements. * The 40 mm x 40 mm measurement was taken on a 

later date and the Voltage differences were not recorded. 

Collimator 

Size 

MOSFET Rdg 

(cGy) 

Voltage diff 

(mV) 

CF 

(mV/cGy) 

avg 

Absorbed 

Dose 

(cGy) 

Std 

Absorbed 

Dose  

(cGy) 

10 mm circ 

88.2 256.71 2.91 

89.3 1.10 90.4 263.07 2.91 

89.3 259.75 2.91 

15 mm circ 

93.5 272.09 2.91 

93.8 0.35 94.2 274.07 2.91 

93.8 273.08 2.91 

20 mm circ 

94.7 275.52 2.91 

97.3 2.60 99.9 290.59 2.91 

97.2 282.92 2.91 

10 mm x 10 

mm 

91.8 267.06 2.91 

90.2 1.42 89.1 259.41 2.91 

89.7 261.16 2.91 

20 mm x 20 

mm 

95.6 278.25 2.91 

97.7 1.98 99.5 - - 

98.1 285.42 2.91 

40 x 40 mm * 

104.7 - - 

104.9 1.68 106.7 - - 

103.3 - - 

80 x 80 mm    

(no 

collimator) 

110 320.42 2.91 

106.7 2.887 105 306.51 2.92 

105 306.57 2.92 

 



 

 

Appendix G Depth Dose Table for X

Figure 
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Depth Dose Table for X -RAD 225 C

Figure 32. Depth Dose Table for X-Rad 225 Cx 

 

Cx 

 



 

93 

 

Appendix H X-RAD 225 Cx Dose Calculator GUI 

function  dose_rate = dose_rate_calc_2(SSD,d,d_row,fs_col,dose_rate_SSD)  
  
% Calculates the new dose rate in Gy at any depth and any SSD inside  
% the tissue from the Depth Dose table given by the excel file  
% 'Depth_Dose_Irradiator.xls' given in Gy/min.  
  
% Inputs:  
%           dose_rate_SSD   ... Depth Dose Table  
%           SSD             ... Source-to-surface distance in cm  
%           d               ... depth inside tissue from surface in cm  
%           d_row           ... index for row in table  
%           fs_col          ... index for col in table  
  
% Outputs:  
%           dose_rate_SAD   ... dose rate at depth d for SAD set-up  
  
  
%% Calculation of Dose Rate at SAD (Gy/min)  
  
SAD = 30.76;  
  
dose_rate = dose_rate_SSD(d_row,fs_col) * (30.76 + d)^2/(SSD + d)^2;  
end  

 

Figure 33. Dose Calculator GUI. It can calculate either time (mins) or dose (Gy) for 

any on-axis set-up 
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Appendix I 137Cs Irradiator Target-specific QA TLD 

Measurements  

 

       

Figure 34. TLD calibration curves for (a) Lab 1 and (b) Lab 2, respectively. 
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Table 19. Lab 1 Results. 

Mouse 
 

TLD # 

TLD 

Reading 

(nC) 

TLD Dose 

(cGy) 

TLD DR 

(cGy/min) 

average DR 

(cGy/min) 

stdev DR 

(cGy/min

) 

1 

 

 

 

Head 
11 31654.57 707.37 146.15 

138.71 10.517 
12 28090.98 635.38 131.28 

Body 
13 32855.09 731.62 151.16 

156.36 7.3464 
14 35344.43 781.90 161.55 

2 

 

 

 

Head 
15 33560.91 745.87 154.11 

145.44 12.254 
16 29408.55 662.00 136.78 

Body 
17 32549.32 725.44 149.88 

155.20 7.5112 
18 35094.50 776.85 160.51 

3 

 

 

 

Head 
19 29219.68 658.18 135.99 

142.33 8.9649 
20 32257.44 719.54 148.67 

Body 
21 33430.72 743.24 153.56 

156.04 3.5074 
22 34619.20 767.25 158.52 

4 

 

 

 

Head 
23 33551.05 745.68 154.07 

151.83 3.1605 
24 32480.12 724.04 149.60 

Body 
25 36006.05 795.27 164.31 

168.80 6.3551 
26 38159.50 838.77 173.30 

5 

 

 

 

Head 
27 35055.50 776.07 160.34 

167.78 10.521 
28 38620.66 848.08 175.22 

Body 
29 40417.57 884.38 182.72 

179.50 4.5602 
30 38872.33 853.17 176.27 
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Table 20. Lab 2 results: Location 22 was not available for Mouse 6. 

Mouse 
 

TLD # 

TLD 

Reading 

(nC) 

TLD Dose 

(cGy) 

TLD DR 

(cGy/min) 

average DR 

(cGy/min) 

std DR 

(cGy/min) 

1 

Head 
1 33866.56 446.94 131.45 

130.91 0.7611 
2 33556.44 443.28 130.38 

Body 
3 37050.97 484.52 142.50 

147.65 7.2815 
4 40018.07 519.53 152.80 

2 

Head 
5 34860.93 458.67 134.90 

136.43 2.1516 
6 35737.66 469.02 137.95 

Body 
7 35000.27 460.32 135.39 

136.44 1.4903 
8 35607.54 467.48 137.50 

3 

Head 
9 33853.41 446.79 131.41 

131.73 0.4531 
10 34038.02 448.96 132.05 

Body 
11 37708.52 492.28 144.79 

143.69 1.5583 
12 37073.52 484.78 142.58 

4 

Head 
13 34545.38 454.95 133.81 

133.96 0.2104 
14 34631.10 455.96 134.11 

Body 
15 37944.98 495.07 145.61 

136.52 12.853 
16 32707.50 433.26 127.43 

5 

Head 
17 34367.28 452.85 133.19 

132.15 1.4735 
18 33766.86 445.76 131.11 

Body 
19 35001.49 460.33 135.39 

138.99 5.0904 
20 37075.77 484.81 142.59 

6 

Head 
21 35560.51 466.93 137.33 

137.33 n/a 
22 n/a n/a n/a 

Body 
23 36091.91 473.20 139.18 

139.18 16.443 
24 42792.23 552.26 162.43 



 

 

Appendix J TLD 

Instead of assigning a calibration curve to a batch of TLDs, an Individual Chip 

Calibration Factor (ICF) can be applied to each individual chip. 

ratio of the charge (μC) and dose (Gy). 

irradiator (X-RAD 225Cx) with an ion chamber factor of 1.028 R/Rdg and an f

air of 0.869 cGy/R. The 49 TLDs were exposed in a custom Plexiglas holder 

an uncollimated beam at 225 kVp, 13 m

read 118.9 R or 1.1 Gy. The results are shown in Table 21.

with a standard deviation of approximately 5.6%.

Figure 35

 

Table 
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TLD Individual Chip Calibration Factor 

Instead of assigning a calibration curve to a batch of TLDs, an Individual Chip 

Calibration Factor (ICF) can be applied to each individual chip. The ICF is defined as the 

C) and dose (Gy). TLD Batch #10 was tested on the small

RAD 225Cx) with an ion chamber factor of 1.028 R/Rdg and an f

air of 0.869 cGy/R. The 49 TLDs were exposed in a custom Plexiglas holder 

an uncollimated beam at 225 kVp, 13 mA, for 0.3 mins at isodenter.The ion chamber 

The results are shown in Table 21. The average ICF is 9.18 

with a standard deviation of approximately 5.6%. 

 

35. Custom Plexiglas holder for TLD irradiation

Table 21. ICF for each TLD from Batch #10. 

Individual Chip Calibration Factor  

Instead of assigning a calibration curve to a batch of TLDs, an Individual Chip 

The ICF is defined as the 

TLD Batch #10 was tested on the small-field 

RAD 225Cx) with an ion chamber factor of 1.028 R/Rdg and an f-factor in 

air of 0.869 cGy/R. The 49 TLDs were exposed in a custom Plexiglas holder (Figure 35) to 

e ion chamber 

The average ICF is 9.18 μC/Gy 

 

irradiation 
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TLD # Charge (uC) ICF (uC/Gy) 

1 9.248 8.71 

2 9.603 9.04 

3 9.394 8.84 

4 10.13 9.54 

5 9.886 9.31 

6 10.14 9.55 

7 10.32 9.72 

8 9.614 9.05 

9 9.847 9.27 

10 10.6 9.98 

11 11.04 10.39 

12 10.11 9.52 

13 9.636 9.07 

14 10.67 10.05 

15 9.853 9.28 

16 10.15 9.56 

17 10.88 10.24 

18 9.836 9.26 

19 9.351 8.80 

20 9.628 9.06 

21 9.55 8.99 

22 9.611 9.05 

23 9.144 8.61 

24 8.385 7.89 

25 9.2 8.66 

26 9.322 8.78 

27 9.844 9.27 

28 9.638 9.07 

29 9.857 9.28 

30 9.847 9.27 

31 10.68 10.05 

32 9.979 9.39 

33 9.334 8.79 

TLD # Charge (uC) ICF (uC/Gy) 

34 8.961 8.44 

35 10.47 9.86 

36 9.973 9.39 

37 9.125 8.59 

38 9.538 8.98 

39 9.541 8.98 

40 10.57 9.95 

41 9.026 8.50 

42 10.01 9.42 

43 9.848 9.27 

44 9.523 8.97 

45 9.833 9.26 

46 9.508 8.95 

47 9.386 8.84 

48 8.734 8.22 

49 9.67 9.10 
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