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Abstract 

Purpose: (1) To verify the accuracy and linearity of the ThermoScientific RadEye G 

Personal Rate Meter with respect to exposure rate across the full dynamic range of the 

instrument. (2) To use a combination of empirical data and Monte Carlo methods to 

estimate dose distribution in a GE Discovery 690 PET/CT (GE Healthcare) scanner room 

and adjacent hallway. (3) To quantify components of occupational dose to PET 

technologists. 

 Materials & Methods: (Project 1) The RadEye unit and a calibrated ion chamber 

were placed in the beam of a Cesium 137 calibrator. They were exposed from 46 μR/hr to 

1 R/hr with the pulse of each beam lasting for 90 seconds. The RadEye made 15 exposure 

rate measurements during each pulse. The ion chamber was read in the mid-point of 

each pulse’s duration. (Project 2) Six RadEye units were placed at key points within the 

Discovery 690 scan room and two were placed in the adjacent hallway. 1600 exposure 

rate measurements were made over eleven hours during each day of operation. Data 

was collected for seven days. The total integrated data from the detectors inside the 

room was used to develop a Monte Carlo model of the room using FLUKA software. 

This model could then be used to estimate the contribution from radiation escaping the 

scan room to the detectors in the hallway. (Project 3) Three PET technologists wore 

RadEye units while performing daily tasks. The detectors recorded a mean exposure rate 
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over each 25 second sampling period. The technologists were also asked to maintain a 

written log of all interactions with radioactive material as well as their interactions with 

injected patients. Each day the RadEye’s proprietary software produced a plot of 

radiation exposure with respect to time. Each interaction with radioactivity from the 

logs was highlighted on the plot and integrated to obtain the exposure received while 

performing specific tasks.  

 Results: (Project 1) The RadEye deviated from the known value of exposure by 

up to 9.3% and deviated from the ion chamber measurement by up to 8.6% for exposure 

rates of 1 mR/hr and greater. The RadEye measured up to 29.6% higher than the known 

rate and up to 33.6% higher than the ion chamber measurement for exposure rates less 

than 1 mR/hr. The variance in the RadEye measurements decreased as exposure rate 

increased. The standard deviation of the RadEye measurements were less than 4% of 

their respective mean values for exposure rates greater than 1 mR/hr. This value 

increased for lower exposure rates, up to 14% at 0.046 mR/hr. (Project 2) Mean daily 

exposures to five points in the PET/CT scan room were measured for CT and PET 

emissions separately.  The simulations showed that the virtual scanner should be 

thinner (i.e. less attenuating), especially for the 511KeV PET photons. (Project 3) The 

mean exposure received per dosage drawn and accompanying injection was 0.70±0.23 

mR for the 113 injections recorded over the course of the study. No correlation was 

observed between the dosage injected and the exposure received. The percent 
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contributed to the total exposure by each category and participant was as follows. 

Technologist #1: 68% from Dose Draw, 6% from Patient Positioning, 4% from Patient 

Transport, 1% from General Patient Care, 21% from nonspecific sources. Technologist 

#2: 34%, 32%, 14%, 6%, and 14%. Technologist #3: 32%, 32%, 16%, <1%, and 20%. The 

dose draws and accompanying injections account for between one and two thirds of 

daily exposure. This indicates it is likely a 30% daily dose reduction could be achieved 

with use of automated injection equipment.  
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1. Introduction 

1.1 Overview  

 Positron Emission Tomography (PET) is one of the leading modalities in 

functional imaging today. It most commonly utilizes the ���  tagged glucose analog 

fluorodeoxyglucose (FDG) to image metabolic activity in the body. The ���  decays via 

β�emission, and the positron annihilates almost instantaneously into two photons of 

energy 511 keV. These coincidence photons are counted by a ring of scintillation based 

detectors, and an image of sugar uptake in the body is produced. In recent years PET 

scans have become a dominant diagnostic tool for cancer staging and follow-up 

evaluations of therapy effectiveness. (Cherry, Sorenson, & Phelps) 

 From an occupational radiation safety perspective PET clinics present 

problems in both shielding requirements and employee exposure. Positron decay 

produces photons more energetic than the isotopes commonly used by general nuclear 

medicine. Therefore, the radiation is more penetrating, and additional shielding is 

required to achieve the same level of attenuation for safety purposes. However, 

exposure to employees, patients, and visitors cannot be addressed through shielding 

alone. The patients are injected in dedicated rooms, and then walk through the hallways 

to the scan rooms. Quantification of exposure for specific activities is needed to guide 

the development of safety measures. (Madsen, et al., 2005) 
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 The primary goal of any radiation safety program should be to reduce 

overall dose to employees to levels as low as reasonably achievable (ALARA). In the 

PET clinic, sources contributing to this dose are known but not well quantified. (Smart, 

2004) (Benatar, Cronin, & O'Doherty, 2000) These projects seek to better understand the 

distribution of dose from technologists’ daily activities for the purposes of improving 

standard operating procedures and ultimately reduce dose. Dose to technologists is 

monitored through thermoluminescence dosimeters (TLDs). These detection techniques 

integrate total dose that may be read periodically. They do not give information 

accumulated over time and are therefore not useful in determining contribution from 

individual events. However, Ion chambers and Geiger Müller tubes are capable of 

reporting radiation levels in real time. The following sections will provide overviews of 

these methods of radiation detection. (Turner, 2007) (Shapiro, 2002) 

1.2 Ionization Chamber 

 Ion chambers are the most widely used gas-filled radiation detectors, 

particularly when precision measurements are required. They are the simplest and may 

be customized for a wide range of applications. Ion chambers measure the charge 

liberated per unit mass of air by the radiation as it travels through a chamber. The unit 

used is the roentgen (R), which is an expression of coulombs per kilogram. 

1 � 	 2.58 � 10�� ��� 
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As the photons travel through the (usually air) gas-filled chamber, they liberate 

ion pairs. A potential difference is applied across the chamber. This generates a current 

proportional to the number of ion pairs liberated by the radiation. (Turner, 2007) 

 

Figure 1: Ion Chamber diagram. The outer wall is held at a negative potential 

while the central rod is grounded. This potential difference acts on ion pairs produced 

when radiation passes through and knocks out electrons. 

 Exposure, measured in roentgens, may be converted to absorbed dose in air 

using the constant W. This constant describes the energy released per ion pair formed in 

a gas with units of electron volts per ion pair. Using the charge of an electron and the 

definition of the electron volt it may also be expressed in joules per coulomb. 

� 	 33.97 ����  

�� 	 33.97 �� ���
1.602 � 10��  � ���  � !1.602 � 10�� "��# 	 33.97 "� 

Taking this constant to be the energy released per coulomb of current, exposure 

in roentgens can be converted to units of joules per kilogram, or gray. 
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$%&'()*$+,' 	 -�� . � /$ �%�' 

$%&'()*$+,' 	 33.97 - "�. � 02.58 � 10�� 1� %��� 23 � /$�' 

$%&'()*$+,' 	 0.0087 � /$�' 

 Exposure, measured in roentgens, may be converted to absorbed dose by 

the following method. One roentgen in air is equivalent to 0.87 rads or 0.0087 Gy. 

(Shapiro, 2002) (Turner, 2007) In order to find the equivalent dose to tissue, that dose 

must be multiplied by the ratio of the mass attenuation coefficient of tissue to the mass 

attenuation coefficient of air, 

4 	 5/ 

5 	 0.87 $μ 7� '8(9:*)(;$μ 7� '()*  

where D is dose in rads, and X is exposure in roentgens. The mass attenuation 

coefficient for a given material varies with energy.  

1.3 Geiger Müller 

 A Geiger Müller (GM) type radiation detector is similar in design to an 

ion chamber. The principle difference between the two is that the GM counter operates 

at a very high voltage such that gas multiplication occurs. Gas multiplication is when the 

liberated electrons are given enough energy by the applied voltage to ionize other atoms 

along their path. This creates an electron cascade, and the resulting pulse is measured. 

The measurement in these types of detectors comes from a measurement of the number 



 

5 

of pulses, as opposed to the charge induced. GM detectors use quenching gases, usually 

halogens (Cl, Br, etc…), to absorb excess electrons and reset the gas region. (Turner, 

2007) 

 

Figure 2: Typical operating voltages for different types of ion chambers. B is 

the standard ion chamber region, while E is the GM region. The upper and lower 

curves display the responses of the detector for different incident radiation energies.  

 GM detectors are often called “counters” because they respond with 

identical pulse heights regardless of the initial number of ion pairs produced in the 

event. Since GM tubes are triggered by the presence of an ionizing event, and the pulses 

are much the same height, regardless of the number of ion pairs they have serious 

limitations in the measurement of dose. Therefore, they have not gained widespread use 

in dosimetric applications. These detectors are more often used in radiation detection 
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and locating contaminated waste. However, they may be used for dosimetric purposes 

when checked for accuracy against a calibrated ion chamber. (Turner, 2007) 
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2. Verifying Accuracy of RadEye GM-Tube 

 

2.1 Introduction 

 A new detector should be accurately characterized under controlled 

conditions before it is used to measure occupational exposure in a medical setting, and 

the RadEye was designed for use in law enforcement and emergence first response 

rather than medicine. This means that it was designed to operate in emergency 

situations, recording higher exposure rates than are typical in an occupational setting. 

An additional reason for this verification is that the Thermo Scientific RadEye G (Part 

No. DB-056-261004 E) is a GM detector and is therefore limited when measuring dose 

(See section 1.3). The detector is designed to measure exposure rates from 5
<=>* to 10

=>*. 

We wished to verify the accuracy of the detector over the full dynamic range of the 

instrument.  This experiment used a  �?�@A  irradiator to measure these quantities over 

the whole dynamic range of the instrument and corroborate these measurements with 

independent verification from a calibrated ion chamber.  
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2.2 Materials & Method 

 

Figure 3: RadEye G Survey Meter 

 The RadEye is a personal GM rate meter. The device measures 9.6 by 6.1 

centimeters on its face, and is 3.1 centimeters thick. It weighs 160 grams and is powered 

for 600 hours by three AAA alkaline batteries. At 660 keV it records 17 counts per 

second per milliroentgen of exposure. The user specifies a sampling frequency through 

the accompanying software. The RadEye unit records the mean and maximum values 

for exposure rate over each sampling period. The device’s internal memory maintains a 

memory of the most recent 1600 sampling periods. The device also has an alarm 

function. An 85 dB noise is emitted and an LED flashes upon any of the adjustable alarm 

thresholds being exceeded. Two of the alarms are set to exposure rates, and two are set 

for total integrated exposure. It may also be set to emit audible clicks when it records 

counts for the purposes of finding contaminants. The detector is designed to work for a 

range of energies from 45 keV to 1.3 MeV (Figure 4, Table 1). This is an optimal energy 

range for work in a PET clinic. (Scientific, 2010) 
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Figure 4: Relative response of RadEye versus energy 

Table 1: Physical parameters of the detector 

Measuring Range 5 
<=>* to 10 

=>* 

Linearity Error Max. ±10% in the measuring range 

Sensitivity Around 17 cps/mR/h at 660 keV 

Energy Range 45 keV – 1.3 MeV for error less than ±30% 

Operating Temperature -20 °C to +50 °C 

 

The Fluke Biomedical Model 451 Ion Chamber is a hand held, battery operated 

survey meter designed to measure photons with energy above 20 keV, and exposure 

rates up to 50 R/hr. It uses a 349 cc chamber filled with pressurized air. It is calibrated 

annually with the Hopewell Designs Inc. Cesium Irradiator. (Biomedical, 2009) 
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(Hopewell Designs) This device is used so that the RadEye measurement may be 

checked not only against the value given by the irradiator, but against a parallel 

measurement made by a calibrated detector. 

2.3 Setup Geometry  

 A RadEye meter was placed completely in the face of the beam at a 

distance of one meter from the source. Also placed in the beam was a calibrated Fluke 

Biomedical Model 451 Ion Chamber, which is an air-filled detector, designed to read 

exposure from gammas with energy greater than 20 keV up to 50 R/hr.  Using two 

sources of different strengths and varying levels of shielding, 11 different exposure rates 

were produced between .046 
8=>*  and 1.058 

=>* .  The RadEye was set to sample every five 

seconds, and the beam was left on for 90 seconds. This means that for each exposure rate 

there were 18 RadEye measurements made. However, the beam cannot be turned on 

exactly at the beginning of a sampling period. Therefore, we only used the central 15 

measurements for each exposure rate to ensure stable measurements. The ion chamber 

was placed fully within the beam and read approximately halfway through the duration 

of the beam pulse. 
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Figure 5: Beam’s Eye View of the Experimental Setup 

2.4 Results and Discussion 

RadEye detectors interface with proprietary software and report the most recent 

1600 measurements. Each measurement consists of the mean exposure rate over the 

specified time interval.  

 

Figure 6: RadEye Measurements for a single pulse of constant exposure. The 

measurements are made 5 seconds apart. Only the central 15 measurements 

(highlighted in red) are used in analysis. 
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18 measurements are recorded by the RadEye during each pulse. Only the 

central 15 measurements are used so as to exclude fringe effects (Figure 6). These 15 

measurements are averaged to obtain a single value for each exposure rate, and the 

standard deviation is recorded. Next, we find the percent difference for the RadEye and 

for the ion chamber with respect to the known rate as follows: 

% CDD 	 E:(FG*:H�I*G:I*G: � 100%  ; for RadEye 

 

% CDD 	 E:(FG*:H�I*G:I*G: � 100%  ; for the ion chamber 

 

 We can now plot this error over the full dynamic range of the instrument 

(Figure 7). The RadEye deviated from the known value of exposure by up to 9.3% and 

deviated from the ion chamber measurement by up to 8.6% for exposure rates of 1 

mR/hr and greater. The RadEye measured up to 29.6% higher than the known rate and 

up to 33.6% higher than the ion chamber measurement for exposure rates less than 1 

mR/hr. 



 

13 

 

Figure 7: Percent error of the two detectors, expressed with respect to the true 

exposure rate generated by the calibration irradiator. 

 The RadEye measurements show good agreement with both the known 

values of the calibration irradiator and with the calibrated ion chamber. Now we 

examine the uncertainty in measurements collected by the RadEye. This uncertainty 

quantified by first taking the standard deviation of the individual 15 measurements for 

each exposure rate. That standard deviation is expressed as a percentage of the 

respective mean value. 

J 	 K ��� ∑ $�) M �N'O�P)Q� , where �N 	 ��P ∑ �)�P)Q�  

J% 	 J�N � 100% 
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Figure 8: Uncertainty of RadEye measurements at each rate, expressed as a 

percentage of their respective mean values. 

 The measurements become much more certain as the rate increases. The 

uncertainty stabilizes at 2% for 4.3 mR/hr and higher. The measurements become more 

uncertain below this rate. 

This should be sufficient to establish the instrument as reliable to be used in a 

PET facility environment for the purposes of occupational research. The 511 KeV 

photons being used in the facility are at an appropriate energy for detection by the 

RadEye. The exposure rates from being near patients injected with the radiotracer 

generally produces exposure rates of above 0.1 mR/hr, so the detector should not have 

problems with over response.  

 

0.00%

2.00%

4.00%

6.00%

8.00%

10.00%

12.00%

14.00%

16.00%

0.00001 0.0001 0.001 0.01 0.1 1 10

JJ JJ _%

Exposure Rate (in roentgen)



 

15 

 

3. Development of a Dose Distribution Monte Carlo 
Model in a PET/CT Scan Room for Occupational 
Dosimetry 

3.1 Introduction 

PET is becoming a dominant imaging modality for both the initial staging of 

cancer and the verification of treatment effectiveness. This type of scan uses higher 

energy radiation than traditional nuclear medicine scans, which poses an additional 

problem from a health physics perspective. The room must be adequately shielded in 

order to reduce dose to clinic workers and the general public. Requirements for 

shielding PET scan rooms are defined by NCRP report 147 and AAPM task group 108. 

(Madsen, et al., 2005) (Archer & Gray, 2004) These methods assume the patient is an 

unshielded source in the center of the room. Using the dose rate constant for F-18 in 

tissue and the distance to the adjacent rooms/hallways, they calculate the unshielded 

dose to workers. The appropriate thickness of shielding is then calculated in order to 

reduce dose in those areas to acceptable levels. This method of shielding calculation 

requires certain assumptions and approximations, and takes the most conservative 

estimate in an attempt to maximize occupational safety. 

There are inherent limitations with this method. These calculations do not take 

into account any attenuation from the scanner itself. They assume that the patient is 

always at the center of the room. A way to improve these calculations would be to 
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remove these assumptions and develop a working model of dose distribution within the 

scan room using dose measurements in the clinic. This would be accomplished by 

collecting data from a clinic during operational hours. Detectors placed in key locations 

within the room would improve our understanding of dose distribution within the room 

and inherently incorporate patient positioning within the room, scanner gantry 

attenuation, and daily workload. This data could be used to inform a Monte Carlo 

model of the scan room, and the scanner gantry itself may be modeled in order to fit the 

data. Such a model would clearly give us a more empirical understanding of scan room 

dose distribution which could then be translated into more effective and efficient 

shielding designs. 

Developing a working model of the room dose distribution requires four steps: 

1. Create a virtual model of the walls, floor, and ceiling.  

2. Approximate the scanner gantry and a water phantom representing 

the patient. 

3. Run Monte Carlo simulations for both PET and CT cases.  

4. Fuse the data from the two cases to create a composite fluence map 

for the net fluence through the room 

The first step is a simple process. Construction materials are known, and room 

dimensions are readily obtained. Creating a model of the scanner gantry is not so 

straight forward. PET/CT scanners are inhomogeneous objects with many irregular 
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shapes, so directly constructing a virtual scanner is impractical. In addition, the gantry 

cannot be easily approximated as a homogeneous material using a priori knowledge 

because the attenuation factor varies greatly between different parts of the machine. 

Therefore the best way to develop a working approximation of the scanner is to 

iteratively vary the thickness and material to fit the observed dose distributions within 

the room. This single model must work for both PET and CT cases independently. The 

last step is to run Monte Carlo simulations for both PET and CT emissions. A weighted 

sum of these two cases can then be used to estimate the total dose distribution in the 

room. The weighting factors can be determined from the fraction of daily dose to each 

detector coming from each source. 

 

Figure 9: Diagram of the scan room with the positions of the six detectors 

3.2 Data Collection 

  Six GM based detectors were used to collect exposure data during the 

day. These rate meters were placed in key positions throughout a scan room containing 
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a GE Discovery 690 PET/CT scanner. The scan room is 4.7 meters wide and 7.6 meters 

long. The distance from floor to ceiling is 2.6 meters. The walls are composed of 2.7 cm 

gypsum and 1.58 mm lead. The floor is composed of 10 cm concrete and 0.5mm steel.  

 Detector 1 was placed on the patient axis of the scanner just behind the patient’s 

head, which gives us a measurement point close to the scanner without any attenuating 

material blocking the patient. Detectors 2 & 3 were placed on opposite walls and on the 

axis of CT rotation to obtain measurements at the point where there is the most 

shielding from the gantry. Detector 4 was placed on the wall closest to the patient’s feet 

on the patient central axis. Detector 5 was placed on the wall next to the door where 

patients enter and leave the room. Detectors 1 through 5 were placed 1 meter above the 

floor. Detector 6 was placed on the ceiling 1 meter towards the patient’s feet from the CT 

isocenter. 

 The detectors measured the mean exposure rate in μR/h for every 25 

second time period throughout operational hours. The detectors recorded these values 

internally, and were downloaded at the end of each scanning day. Also recorded was 

the total integral dose for each detector during the day. Detectors 1, 2, 4, and 5 recorded 

for 7 operational days. Detector 3 recorded 5 days, and detector 6 recorded 4 days. 

3.3 Data Analysis & Discussion 

 The first data set considered was the total exposure measured at each 

point during a typical business day. Figure 10 displays the mean exposure recorded by 
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each detector during the day. The highest values were recorded by detectors 1 and 5. 

This is what we expect because detectors 2 & 3 are shielded by the gantry, and detector 4 

is the greatest distance from the scanner bore. The next step is to deconstruct these 

whole values in order to better characterize radiation distribution within the room. 

 

Figure 10: Total daily exposure recorded by each detector 

 Each detector recorded a daily history of the exposure rate for each 25 

second periods during the day. The good timing resolution makes individual scans easy 

to resolve. Figure 11 shows the dose history from detectors 1 and 5 on the first day of 

data collection. The vertical axis is displayed on a logarithmic scale in order to visualize 

both the PET and CT components, as the spikes due to CT photons are several orders of 

magnitude larger than radiation fluence from the PET tracer. Notice how the placement 

of the detectors “tell a story” of the scan in progress. The patient enters the room, 

resulting in a spike near the door. The patient comes closer to detector 1 when entering 
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the scanner, and the gantry shields detector 5 from some of the F-18. Then the patient 

moves back towards the door as he/she progresses through the scanner. A final spike in 

detector 5 occurs as the patient walks out the door at the end of the scan. This serves as 

an example of the usefulness of this method of Dosimetry analysis. Patient position and 

shielding from materials in the room are inherent in all the measurements.  

 

Figure 11: Example history from a series of scans. The black line represents 

detector 1, and the red line represents detector 5. 

 The characterization of a typical scan depends on the detector position in 

the room. Detector 1 can most clearly distinguish between different parts of the scan, so 

that data was used as an initial reference. For detector 1, each scan is characterized by a 

finite plateau of exposure coming from the radiotracer. This plateau has a constant slope 

as the patient moves slice-by-slice through the scanner. Each scan includes a short spike 

several orders of magnitude larger than the PET plateau. This is the result of the short 

burst of photons during the CT scan. This capability to see which exposure comes from 
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x-rays and which comes from the PET tracer allowed for an independent exposure 

estimation for each component. 

 

Figure 12: This is the total exposure recorded for a typical scan. The three 

components of the total are color coded 

Figure 12 illustrates how the doses were deconstructed into PET and CT 

components. The red region represents natural background radiation, which was about 

10 <=>*. The area under the blue curve represents contribution to total exposure from the 

PET tracer. The PET contribution was calculated and subtracted using equation 4.2, and 

the remainder (the green spike) was recorded as the dose from x-rays.  The daily 

exposure from each source was summed. The results from each detector and for each 

source are displayed in Figure 12. To review, we now have daily dose distributions for 
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six points on the walls/ceiling of the scan room. Furthermore, we can now separate the 

total dose measurements into PET and CT components.  

 

Figure 13: Exposure to each of the 6 detectors from CT and PET cases. Note the 

graphs are not all to the same scale. 

3.4 Monte Carlo Model Generation  

 3.4.1 Geometry Construction 

Now we have PET and CT radiation distributions for the scan room. In order to 

use this information to improve our understanding of dosimetry and shielding 

requirements, we must construct a virtual model of the room and run Monte Carlo 
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simulations. Virtual detectors must be placed in the virtual room such that they mimic 

the position of the physical detectors. Both PET and CT emissions should be simulated, 

and the gantry geometry and material should be modified so that the distribution 

measured by the virtual detectors fits with the observed data for both PET and CT cases. 

This account will describe the first attempt to model the data, errors in the attempt, and 

methods for moving forward with the project. The purpose is to provide proof of 

principle and a template for further advancement of this project.  

The room dimensions and materials were constructed using FLUKA Monte 

Carlo Software (CERN, 2012). FLUKA simulates an environment through combinatorial 

geometry. Abstract regular shapes are specified and irregular regions are created by 

adding and subtracting the volume of overlapping regular shapes. For example, the wall 

region is characterized by taking a large box the size of the room with the walls and 

subtracting a smaller box corresponding to the air filled cavity which is the inside of the 

room. Each region is then assigned a material from an internal library.   Next, our first 

attempt at approximating the scanner was generated. The scanner itself consists of two 

components: the gantry and the bed. The bed was modeled as a plastic parallelepiped. 

The gantry was modeled as a solid iron tube with a thickness of 3.4 cm. The patient was 

modeled as a water cylinder with a height of 1.77 m and a radius of 30 cm, representing.  
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3.4.2 PET Source Distribution  

First we consider the contribution from the radioactive patient. The FLAIR GUI 

which is used to generate FLUKA programs can only model point sources and beams 

(CERN, 2012). Therefore a user code template must be modified to generate extended 

sources. The code does not directly generate positrons but rather generates the two 

annihilated photons (511 KeV). The position of the two particles is generated in 

cylindrical coordinates using a random number generator to produce radius, angle, and 

z position, where the maximum radius and z values correspond to the patient region in 

the geometry file: 

� 	 D R cos$V' 

, 	 D R sin$V' 

Y 	 Y 

The source generation code is written in FORTRAN, and the position variables 

are generated outside of a two cycle DO loop in order to give the same initial position to 

both photons. The next variables which must be generated are the initial trajectories of 

the particles. Photons travel in nearly opposite directions due to momentum 

conservation. The virtual photon trajectories were approximated as traveling in opposite 

directions. A random three dimensional angle is generated outside the DO loop in 

spherical coordinates by producing a random Z from 0 to π and a random V from 0 to 

2π. The direction cosines may then be produced. These direction cosines are a unit 

vector pointing in the direction of the particle travel: 
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�[ 	 sin$V' R cos$Z' 

,[ 	 sin$V' R sin$Z' 

Ŷ 	 cos$V' 

Since V and Z are generated outside the DO loop, the direction cosines of particle 

#1 and particle #2 should be multiplicative inverses of each other.  

3.4.3 CT Source Distribution 

CT source simulation may be done in a similar way. The DO loop is unnecessary 

because each photon is independent of all others. The position of the particle is 

generated in cylindrical coordinates as well, but there are more constraints. First, the 

radius variable is now a constant, and was set to the inner radius of the CT gantry (68.85 

cm). The z position is always at +50.0 cm because the x-ray tube is at the front of the 

scanner. The tube is assumed to be moving at a constant rate while photons are being 

emitted, so the initial position of the photon within the ring is taken to be random. 

� 	 68.85 R cos$V' 

, 	 68.85 R sin$V' 

Y 	 50.0 

It may also be stated that, because the center of the CT beam goes through the 

origin, the direction cosines of the photon must be: 

�[ 	 M sin ]2̂_ R cos$V' 	 Mcos $V' 

,[ 	 M sin ]2̂_ R sin$V' 	 Msin$V' 
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Ŷ 	 M cos ]2̂_ 	 0 

3.4.4 Results 

The F-18 case was run for 1 billion events (2 billion photons) per run, and the CT 

case was run for 1 billion photons per run. 16 runs were created for the F-18 case, and 10 

for the CT case. Figure 13 is a fluence map for the F-18 case, showing the number of 

photons which travelled through each pixel. Figure 14 is a fluence map for the CT case. 

 

Figure 14: Simulated PET fluence map 

 

Figure 15: Simulated CT fluence map 
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FLUKA virtual detectors report the number of photons passing through a given 

volume per primary particle generated. This value may then be normalized by 

multiplying by the number of primary particles generated. This value is averaged across 

all runs for each detector. The next step is to compare the simulated distribution to the 

observed measurements. Figure 16 shows the average number of photons passing 

through each virtual detector per run alongside the clinical measurements. Since the 

clinical data set was aquired with GM based detectors, the exposure recorded is 

proportional to the number of photons passing through the detector. This means that the 

difference in the simulated results and the measured data are proportional values. 

The simulated CT data fits the measured data very well. However, the simulated 

PET data underestimates the exposure to the areas on the CT axis. The results appear to 

indicate that the next iteration of the model should use a different material than iron for 

the gantry. The new material should allow more penetration from high energy photons, 

such as aluminum. 
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Figure 16: Comparison of the distribution of photons in the simulated scan 

room and the physical data. 

3.5 Conclusions and Future Applications 

 The construction of an accurate and adaptable virtual model for the 

purposes of shielding design represents a potential improvement over the current 

methods used to estimate shielding requirements. These improvements come from 

incorporating the nuances of dose distribution into estimating acceptable levels of 

shielding and from the utilization of actual dosimetry measurements in clinic. Such a 
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model could be used to take an approach to shielding design in which the needs for each 

individual scan room can be estimated based on the desired geometry and environment.  
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4.  Quantification of PET Technologist Exposure 
Components 

4.1 Introduction 

 Technologists in PET clinics are exposed to radiation from a variety of 

sources in the course of their daily work. Therefore, it is useful to identify and quantify 

the tasks contributing to dose. Occupational dose in the PET clinic is monitored using 

personnel dosimeter badges (TLDs). These badges record total integral dose and are 

reviewed monthly. TLD badges are limited in determining individual components to 

this total value because it is not possible to correlate contributions from individual 

events using these integrated measurements. There is little information in the literature 

regarding PET technologist exposure components for this reason. (Benatar, Cronin, & 

O'Doherty, 2000) (Smart, 2004) 

Attempts have been made to overcome this limitation. For example, 

technologists could be recorded drawing a prescribed amount of fluorodeoxyglucose 

(FDG) under controlled conditions and a mean exposure to the individual could be 

calculated. The employee could then record the total time spent each day performing 

these tasks, and the measured values from the controlled test could be used to estimate 

the daily component from that task. This method is limited because it becomes necessary 

to assume the controlled measurement conditions in all cases. It is preferable to measure 

each event individually during a working day.  
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This study uses RadEye G personal rate meters to measure the dose rate at 25 

second sampling periods during an 8 hour shift. The dose contributed from individual 

events could be grouped and summed in clinic. The purpose of this study was twofold: 

A) to obtain quantitative knowledge of the components of occupational exposure, and B) 

to explore potential improvements to standards of practice for the purposes of dose 

reduction.  

4.2 Materials & Methods 

Three technologists in the PET clinic volunteered to wear a RadEye unit as they 

performed their daily duties. They agreed to maintain a log of their known interactions 

with radioactive material. They were provided log sheet on which they specified: 

1. Type of interaction with radioisotopes  

2. Activity of the sample (if known)  

3. Time the interaction took place and  

4. Any notes which might be useful in characterizing the situation (Table ) 
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Table 2: Example log entry 

Task: 

     [  ] Dose Draw / Inject 

     [x] Patient Positioning 

     [x] Moving Patient 

     [  ] Patient Care 

     [  ] 

Other:______________ 

 

 

Activity(if applicable):_____ mCi 

10:10 – 10:30 

 

Took patient to the 

restroom, then 

positioned for scan 

 

 Technologists 1 & 3 recorded for thirteen business days, and Technologist 2 

recorded for 17 days. The data was downloaded to a computer at the end of each 8 hour 

shift for off-line analysis. Exposure rate data were then exported to analysis software 

and combined with the handwritten logs. The times for each logged activity were 

highlighted. The exposure rate curve within each highlighted event would then be 

integrated to calculate the total exposure the individual received for that event 

according to the formulae below. The equation below displays the information stored as 

data points by the device per measurement. 

/̀a -μ�bD . 	 1% c /a) -μ�bD .d
)Q�  
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Here � represents each second the device is measuring, and % represents the 

sampling time of the instrument (% is 25 seconds for this study). The total exposure for a 

given interaction is calculated manually using the equation below. 

/$e�' 	 c !/̀a -μ�bD . � 1 bD3600 ? � 1 e�1000 μ� � %$?'#f
gQ�  

N is the number of measurements recorded during a given interaction.  

4.3 Results and Discussion 

 4.3.1 Components of Dose 

 Each interaction with radioactive material was placed in one of the 

following categories: 

1. Dose Draw – Drawing prescribed dosage of FDG, performing the initial assay, 

injecting the patient, and returning to the hot lab to perform the residual assay. 

2. Patient Positioning – Any act of positioning the patient within the scanner and 

setting the patient up for IV contrast. This includes re-positioning the patient 

during the scan, whether to adjust the headboard or to rotate the patient for a 

scan of the legs. 

3. Moving Patient – All actions whereby the technologist escorts the patient in 

transit, whether to the bathroom, back to the injection room from the scan, or to 

the exit.  
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4. Patient Care – All direct contact with the patient not covered by the previous 

categories. Examples include taking the patient a blanket or pillow or bringing 

the patient a drink of water 

Any exposure not logged as one of these categories was placed into a fifth 

category: unknown or nonspecific source. Nonspecific contribution is an important 

value because it represents exposure received without the employee knowing he/she is 

being irradiated. The percentage contributed to the daily dose from each category was 

calculated. The results are displayed in Figure 17. 

 

Figure 17: Mean percent of daily dose contributed from each task type. 
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Table 3: Mean daily exposure values for the three technologists. 

 Tech #1 Tech #2 Tech #3 

Average Daily 

Exposure (mR) 

 

1.93±0.76 

 

6.71±1.47 

 

3.80±1.28 

 

Drawing and injecting FDG was the highest contributor to total dose. The 

primary exposure spikes for each dose draw/injection occurred during the initial 

drawing of the dose and immediately after the injection. Meanwhile, contribution 

during transport of the syringe to the injection site was minimal. This indicates that 

equipment such as automated dose drawing/injecting hardware and whole body shields 

for the injection rooms could reduce dose by 30% in most cases.  
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4.3.2 Average Exposure from Dose Draw 

 

Figure 18: These plots display the number of dose draws performed, grouped 

by how much radiation exposure was received by the technologist in 0.1mR intervals. 

Dose draws are the largest source of a technologist’s exposure. It is therefore 

important for that task to be well characterized. A total of 113 dose draws were logged 

during data collection. The results in Figure 18 show that the exposure per draw for each 

individual. The median value is 5-10% lower than the mean for these data sets, so it is 

skewed slightly to the left. Differences between the participants may also be observed, 

both in the mean exposure value and in the consistency of results.    
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4.3.3 Correlation between Dose Draw Exposure and Injected Dose  

The amount of radioactivity injected for the scan varies for each patient based on 

weight. The amounts injected typically range from 8 to 16 mCi of activity. It is therefore 

important to investigate whether this factor of two difference makes a measurable 

difference to the employee exposure. The participants logged the dosage delivered in 

each injection, and using this information a scatter plot of these two variables may be 

created to look for any dependency (Figure 19). There was no discernible correlation 

between the two variables.  This suggests that the differences between individuals in 

mean exposure per dose draw may related to technique, not the amount of activity 

injected. 

 

Figure 19: Exposure delivered to the technologist for each dose draw and for 

each technologist.  
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4.4 Conclusion 

 The results of this study have several important implications for PET 

clinics. Dose draws made up 44±19% of the PET technologists’ daily dose.  The 

quantification of this value may aid in assessing the benefit of safety equipment such as 

whole body shields and automation systems. The fact that no correlation was observed 

between the dosage of FDG drawn/injected and the exposure to the technologist 

suggests that this method of continuous exposure rate over time data collection 

accompanied by task logs may be useful as a tool to compare different techniques 

between individuals, in addition to providing task-specific dose information.  

A follow-up project is starting in April 2012. Hardware automating the dosage 

draw process has been installed in the Duke PET facility. The same method of 

monitoring employees and identifying individual interactions will be conducted to 

verify the reduction in dose from the installation of such a system. 
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Appendix A: Optimization and Calibration of NaI Whole 
Body Counters 

This will walk you through optimizing and calibrating a NaI(Th) detector 

connected to an Ortec DigiBase and Renaissance software. Photomultiplier tubes (PMTs) 

work by converting photons from scintillators into a measurable current. This is 

accomplished through a series of dynodes which produce en electron cascade. After the 

photon strikes the initial photocathode it releases electrons. These electrons are drawn to 

the plates and hit them, releasing more electrons and amplifying the signal. Therefore, 

the value for the set potential difference is correlated with the sensitivity of the detector. 

If the voltage is too low events will be lost, resulting in poor detection. If the voltage is 

too great the sample will be saturated with background. Other factors to consider before 

calibration are the gain and the low cutoff channel. 

In the Renaissance software, select Acquire and then MCB properties.  Set the 

shaping time to 0.75µs. Set the gain to a moderate value such as 0.9. Determine the 

threshold voltage value, below which the PMT will not record events. Attach a Cs-137 

source to the detector and begin conducting 600s runs, incrementing the voltage by 50 

each time. Voltage and run length are set in the MCB properties menu. Repeat this, 

saving each spectrum, until you have reached the maximum voltage allowed by the 

DigiBase (1200V). Go back and gather the following data from the histograms and plot 

each variable against the voltage value. 
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Total Counts- This is the sum of all events recorded in the 600s run. This plot is 

expected to rise and plateau (See Figure 20). Optimized detectors should have a 

relatively high count rate. 

Gross/Net Count Rate (cps) – In Renaissance, double clicking on the primary Cs-

137 peak displays information on the spike. Note that the peak will most likely not be on 

662KeV as the detector is not correctly calibrated. Gross count rate denotes the total area 

under the peak (divided by the run time), and the net count rate shows the same thing 

but the software subtracts out background events. This is accomplished by interpolating 

a trend line from surrounding (background) areas of the plot and removing that area. 

Generate a plot superimposing the Gross and Net count rates. These values should be 

very close in an optimized detector because the primary peak should contain very little 

background events.  

Resolution- Resolution is measured by the full width-half maximum of the 

primary peak. FWHM is calculated by the Renaissance software and displayed along 

with the other peak information. This value may be plotted either in its raw form or as a 

percentage of the mean peak energy. Ideally, the FWHM should be as low as possible.  
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Figure 20: Total Counts, Net Count Rate, Gross Count Rate, and Resolution 

plotted versus Applied Voltage. 

An optimized detector will have high total counts, low FWHM, and there will be 

little difference between the gross and net count rates in the primary peak. This data set 

indicates that the optimum applied voltage for this detector is roughly 950V. 
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Calibration - Attach an isotope to the detector and run it like before. Select 

Energy calibration from the toolbar. Several new windows should open. Select the 

maximum of the energy peak for your isotope.  Enter the value for the peak 

maximum in the new toolbar that just opened. The software should graph your 

calibration in one of the new windows. Repeat this process for multiple isotopes, 

selecting varying energy peaks. For example, I used Cs-137, Na-22, Mn-54, and Co-

60. This calibrates the detector in the 511-1332KeV range.   

Determining Resolution - After the detector has been calibrated, it is 

important to plot the resolution of the detector to verify the optimization. Using the 

same isotopes used in the calibration (or more if you wish):  perform runs, double 

click the energy peaks, and record the FWHM. Then plot the FWHM versus the 

energy of the peak. NaI(Th) detectors should have a resolution of about 6% in the 

middle energy region, depending on the size of the crystal.  
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Figure 21: Resolution for the optimized and calibrated detector 
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