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International recommendations provided by the International Commission 

on Radiation Protection (ICRP), as well as national regulations, set by the U.S. 

Nuclear Regulatory Commission (NRC), state that the exposure of skin to highly 

concentrated radioactive sources should be monitored at specified depths in skin 

and kept below specific dose equivalence levels. In this work, a prototypic skin 

contamination dosimeter designed for dose verification and compliance, as 

described in the Code of Federal Regulations (10CFR20), is designed, constructed, 

characterized, and calibrated. The dosimeter is modeled and compared against 

Monte Carlo Nth Particle version 5 particle transport code simulations. The 

detection of radiation is carried out with scintillation layers intended to give an 

absolute measure of absorbed dose to the shallow, and deep layers of skin, as well 

as to the lens of the eye and a layer in skin biologically significant in stochastic 

effects. The scintillation layers are installed into a scintillation assembly, which 

provides a tissue-equivalent medium for radiation interactions. 
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Design, Construction, and Analysis of a  

Skin Contamination Dosimeter 

1 Introduction 

International Commission on Radiation Protection (ICRP) recommends while 

the U.S. Nuclear Regulatory Commission (NRC) mandates, that the exposure of 

skin should be monitored at specified depths in skin and kept below specific dose 

limits.  

 

This thesis attempts to design, construct, characterize, calibrate, and 

troubleshoot a prototypic electronic skin dosimeter designed for dose verification 

and compliance with 10CFR20. Ultimately, the dosimeter is envisioned to allow 

simultaneous real-time dose measurements at three depths of interest in real-time 

without the need for bulky instrumentation modules or constant use of a desktop 

computer.  

 

Current methods of regulatory dose verification rely on NRC accepted 

procedures, including the use of the computer program ‘VARSKIN’, or the use of 

dose meters, laboratory analysis, or a combination thereof. Currently, no single 

method alone can give quick, easy, and reliable dose estimates. The work 

presented here aims to develop an absolute dosimeter specifically designed for 

filling the gap in regulatory skin dose verification with an easy to use, portable, 

and reliable skin dosimetry tool.   

 

The dosimeter uses a series of thin scintillators placed at strategic depths 

behind non-scintillating plastic. Two plastic scintillation layers ascertain shallow 

and eye lens dose. A crystal scintillation layer measures deep dose. A fourth depth 

between the shallow and eye lens depths, which represents the area where 

biologically important stochastic effects (e.g., melanoma) are likely to take place, 
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can also be assessed. The layers of scintillators and inert (or non-scintillating) 

plastic form a skin-equivalent assemblage (a “scintillation assembly”), which is 

coupled to a single photomultiplier tube (PMT).  

 

At this time, only a single depth is monitored, as multiple scintillators require 

pulse shape analysis. The doctoral work of Farsoni (2006) serves as a model for 

the future work required for multilayer scintillation measurements to be possible 

and for on-board pulse processing that would allow dose measuring without bulky 

analog equipment. 

 

For the prototype system, dose estimation from a scintillation layer is carried 

out by integrating an energy-calibrated pulse height spectrum. The parameters of 

the energy calibration can significantly affect dose estimation. Unfortunately, 

plastic scintillators are known to be difficult to calibrate and become even more 

difficult as the thickness of the scintillator decreases. Thus, a significant portion of 

this work concentrates on obtaining accurate energy calibrations.  

 

Monte Carlo n-Particle version 5 (MCNP5) particle transport code (Los 

Alamos National Laboratories, 2003) was used to aid the dosimeter design process 

and was also used as a standard against which experimental dose measurements 

were evaluated. In addition, dose estimates from the computational code 

VARSKIN were compared against MCNP5 and experimental estimates. At a later 

point, dose measurements will be compared with measurements from 

radiochromic films and/or thermoluminescent dosimeters (TLDs).  
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2 Literature Review  

2.1 Regulations and Recommendations 

Necessary to the development of a dosimeter that measures regulatory dose is a 

thorough review and understanding of current recommendations and regulations. 

In the U.S., the regulations on skin dosimetry are set forth by the NRC in 

10CFR20. The regulation states that dose will be monitored and reported with the 

following dose equivalent limits, 

 

Table 2-1: Dose equivalent limits regulated by U.S. NRC, *averaged over 10 cm
2 

of highest exposed area 

Location Depth (cm) Dose Limit (mSv) 

Shallow* 0.007 0.5 

Eye Lens 0.3 0.15 

Deep* 1 0.5 

 

The exact method(s) by which doses are measured is not specified by the 

regulation, but an accepted method is the NRC-supported computer program 

VARSKIN. Internationally, the ICRP publishes studies and reports that provide 

recommendations on skin dosimetry. Report 103 (2007) by the ICRP reiterates the 

recommended dose monitoring for skin, as first established in ICRP Report 59 

(1991). The recommendations give the same dose limits and depths as 10CFR20, 

with one major difference; the ICRP recommends dose should be averaged over 1 

cm
2
 instead of 10 cm

2
. The regulations set in 10CFR20 once agreed with the ICRP 

recommendation of averaging area, however it was successfully argued that 

monitoring skin dose at such low limits was not keeping exposure as low as 

reasonably achievable (ALARA). Skin dose monitoring and compliance was often 

done at the expense of whole body dose. Thus, the 10CFR20 regulation on dose 

averaging area was modified to 10 cm
2
 in 2002 (National Council on Radiation 

Protection and Measurement, 2001).  
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The history and theory of hot particle dosimetry is well summarized in the 

work of Charles and Harrison (2007). This work describes the historical 

recommendations on hot particle dose, the potential hazards of hot particles 

through different biological pathways, and the effect of hot particles on skin. 

Charles and Harrison (2007) concentrate on the previous experience of hot 

particles at the Dounreay nuclear site in Scotland and even perform Monte Carlo 

analysis of hot particles presumed at the Dounreay site. Biological pathways 

discussed include skin, eye, ear exposure, ingestion, and inhalation. A discussion 

is also included on the typical hot particle nuclide type, size, and activity. Both 

stochastic and deterministic hazards of hot particles were examined. 

 

2.2 Standardized Hot Particles 

Attempts have been made to use standardized hot-particle sources in 

instrumentation and computational measurements. Extensive work was done by 

McWilliams, et al. (1992) to standardize hot particle dosimetry by generating and 

characterizing Co-60 spheres of 50-300 micron diameter sizes. Doses were 

measured with an extrapolation chamber and radiochromic film and were 

compared with computational dose estimations from Monte Carlo methods or 

extended point kernel codes like VARSKIN. McWilliams, et al. (1992) also 

discuss the use of portable instrumentation and thin element (also known as 

differential) dosimeters. The study is important as it gives dose estimates with 

established methods using well characterized hot particles.  

 

Villarreal-Barajas, et al. (2003) perform electron energy spectral 

measurements of Co-60 standardized 194 micron diameter spheres and compare 

results with MCNP4 spectral calculations. The hot particles were measured with a 

5 mm thick silicon solid-state nitrogen cooled detector. Simulation of the 
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experimental setup and prediction of the beta spectrum emitted from the hot 

particle source was completed using MCNP4.  

2.3 Survey Meters 

Survey meters have been used in an attempt to measure gamma and beta 

absorbed doses. In the work of Bingo, et al. (1979), a beta survey meter is used to 

measure absorbed dose for beta spectral energies higher than 0.4 MeV. Obtaining 

dose required extensive post-processing and an elaborate plastic filter system to 

simulate dose at depth.  

 

Swinth and Sisk (1991) investigate the performance of survey meters for 

use in weakly penetrating radiation dosimetry. As mentioned in their paper, 

commercially available survey meters such as ion chambers often show significant 

energy dependence, rely on plastic filters or internal correction techniques for 

calculating dose at depth, are usually calibrated from a single source (typically Cs-

137), and are often inaccurate. A double- and triple-layer detection system is 

evaluated. The double layer system uses two thin scintillators of different decay 

times sharing the same PMT. The triple layer system employs the same two 

scintillators, but also includes a proportional counter to act as a gating element to 

discriminate beta from gamma events in the scintillators. The requirement to 

separate betas and gammas is due to the usage of stopping powers in dose 

calculations, which are only used for beta dose. Their work is similar to the work 

done in this thesis in that multiple scintillation layers are matched to a single PMT, 

however, no attempt is made in this thesis to separate electron from photon 

detection events, as it was assumed (with only ~2% error) that the stopping power 

ratios of skin and scintillation material were unity. Thus, the procedure for dose 

calculation will not only be simpler, but errors involved in photon and electron 

event separation will not be an issue.  
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2.4 Thermoluminescent Dosimeters 

A number of thermoluminescent dosimeters (TLD) were modified or 

developed to give dose at depth for skin. Scintillation technology is used in TLDs, 

but energy deposition information is stored in the scintillator and must be read out 

at a later time. Post processing is required by TLDs and they cannot be used in 

real-time applications. Tests were performed with TLDs by a variety of 

researchers. Prokic (1985) uses a graphite mixed TLD to perform beta dosimetry at 

tissue depths of 5-10 mg/cm
2
. Gamma dosimetry and reproducibility tests also 

were performed. 

 

In a patent by Jones, et al. (1981), a TLD for skin dosimetry of betas and 

gammas is developed with three windows at density thicknesses of 4-10, 30-100, 

and 500-1000 mg/cm
2
 (Donald, Parker, & Boren, 1981). No information is given 

about the dosimeters effectiveness in experiment. 

 

Durham, et al. (1991) evaluate skin dose with an exoelectron dosimeter at 

shallow and deep depths by using tissue equivalent filters. An exoelectron 

dosimeter is essentially a TLD, but the reading of the stored dose information is 

performed by electrons and not photons. Results show energy independence for 

gammas above 200 keV and an under-response below this energy. Beta response 

decreased slightly with decreasing energy.  

 

Osanov (1991) studies TLD configurations to measure dose at 7 mg/cm
2
 

and 100 mg/cm
2
 depths. The study focuses on dose estimation methods employed 

in the Chernobyl accident in relation to recommended ICRP methods. Osanov 

(1991) recommends using TLD sensitive thicknesses of 5 mg/cm
2
 at shallow depth 

(7 mg/cm
2
) and a biologically important depth of 160-170 mg/cm

2
. 

 



 

7 

Fellinger (1991) describes how monitoring of weakly penetrating radiations is 

done with thermally stimulated exoelectron emission (TSEE) detectors and 

thermoluminescent dosimeters (TLDs). In his paper, Fellinger (1991) suggests that 

an ideal shallow dose measurement should be conducted with a tissue-equivalent 

detector of thickness 5 mg/cm
2
 with a tissue-equivalent absorber of the same 

thickness placed before the detector. A dose detection threshold between 0.2 and 

0.5 mSv is recommended along with systematic uncertainty no greater than 40% 

and uncertainty from random errors on a single dosimeter no greater than 20% 

(this is a measure of repeatability). 

 

2.5 Extrapolation Chambers 

Another method of measuring dose is with extrapolation chambers. An 

extrapolation chamber is a gas filled volume with two electrodes separated by a 

variable distance. Bragg-Gray theory is implemented and states that dose can be 

estimated by measuring energy loss of electrons in very small volumes. In the 

work of Soares et al. (1991), dose measurements of hot particles with an 

extrapolation chamber are compared to doses estimated using radiochromic films 

for Co-60, and Sr/Y-90 sources. A radiochromic film is a translucent material that 

undergoes opacity changes as radiation deposits energy into the film. To quantify 

dose measures, the film requires reading by a scanner. Calibration is done relative 

to the opacity change incurred by a known exposure. Results from Soares et al. 

(1991) show that the use of ionization chambers in surface dose measurements is 

“problematic at best.” 
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2.6 Phoswich Detectors 

Dosimetry measurement techniques that most closely resemble the work of 

this thesis involve the use of scintillation dose measurement, especially the use of 

multiple layers in a phoswich style assembly. A phoswich is a multilayer 

scintillation assembly that typically uses a single PMT.  

 

Johnson, et al. (1983), use pulse shape discrimination in a portable beta-

gamma dose rate meter to acquire shallow skin dose between 5 and 10 mg/cm
2
. 

The plastic scintillator is 5 mg/cm
2
 thick and placed behind a 4 mg/cm

2
 plastic 

window. A PMT is used and dose is calculated from a pulse height spectrum. The 

pulse shape discriminator is used to discriminate against Cherenkov events. Their 

work differs from this thesis in that only a single skin depth was measured. The 

detector configuration used by Johnson, et al. (1983) is, however, similar to that 

used in this thesis. Notably, instead of aluminum, Johnson, et al. (1983) use 

Delrin, a hard plastic, for detector encasement.   

 

Hajnal (1986) uses a portable, phoswich spectrometer to measure beta dose 

in mixed beta-gamma fields. The intent of his work is to only measure beta dose in 

mixed fields using plastic scintillators, leaving gamma dose for whole body or 

deep dose considerations. Two scintillation materials are used, the first layer being 

0.03 cm thick and the second layer 2 cm thick. Coincidence gating is used to 

separate photon from beta pulses. Dose is calculated from a pulse height spectrum. 

The work of Hajnal (1986) differs from this thesis in that no attempt was made to 

differentiate beta and gamma dose. Hajnal (1986) does not seem to measure dose 

at depths deemed significant by 10CFR20 or the ICRP recommendations, but only 

attempts to measure surface dose versus deep dose. Additionally, the size of 

scintillators being used by Hajnal (1986) makes the measured doses very prone to 

dose volume-averaging issues.  
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Martz, et al. (1986) develop a technique for measuring mixed field dose at 

7 and 1000 mg/cm
2
 with a portable beta spectrometer. Doses are calculated from 

pulse height spectra of a single 0.9 cm thick plastic scintillator. Acrylic is used to 

form a filter for dose measurement at 1000 mg/cm
2
. Spectra of different beta and 

gamma sources are analyzed. It is not clear what measured doses were 

benchmarked against. The work of Martz, et al. (1986) differs from this thesis as 

only a single scintillator is used. The size of their scintillator does not give a 

measure of differential dose and the manner in which shallow (7 mg/cm
2
) dose 

was measured involves significant dose volume averaging.  

 

Vapirev (1996), obtain beta ray dose measurements using scintillation 

spectroscopy of stilbene. The stilbene scintillator is designed to acquire differential 

skin dose (dose to a thin layer) using a system of plastic filters. Only a single 

scintillator is used. The scintillator employs a PMT and dose is calculated from a 

pulse height spectrum. Spectral calibration was done with a Cs-137 internal 

conversion line, maximum Y-90 beta energy, and Na-22 Compton edge. Dose 

results are compared to Monte Carlo simulations. Vapirev (1996) use only a single 

scintillator that has a significantly larger thickness than was used in this work.  

 

Vasil’ev and Volodin (1996), determine separate doses from gammas and 

betas in mixed fields. The need for separate gamma and beta dose estimates stems 

from the attempt to quantify dose to skin versus whole body. Two scintillation 

layers are used, with a thin film surface scintillator for beta collection and a larger 

scintillator for gamma collection. The gamma collection scintillator is 1 cm thick 

and made of stilbene. The thin film scintillator is made of Europium-doped 

calcium chlorate and placed on a 7 mg/cm
2
 thick layer of polycarbonate. A 

mathematical algorithm was used to calculate absorbed dose. The algorithm uses 

parameters determined with Monte Carlo methods. No attempt was made to 

separate the beta and gamma components of dose to determine whole body dose. 
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The layer depth covered by Vasil’ev and Volodin (1996) can give shallow skin 

dose (at 7 mg/cm
2
), but not to any other dose at depth.  

 

Aydarous, et al. (2004) use an intensified charged coupled (ICCD) 

scintillator system to measure bulk dose and spatial dose distributions from hot 

particles at several skin depths. An ICCD is a photocathode connected to a 

microchannel plate, which is connected to a fluorescent screen. The photocathode 

converts scintillation photons to electrons, which are then multiplied in the 

microchannel plate. The fluorescent screen converts the electrons back into optical 

photons displayed as a collection of pixels. The ICCD is position sensitive and 

requires computational processing and imaging software. The detector system 

requires calibration based on doses obtained from irradiated radiochromic films. A 

60 and 110 micron thick plastic scintillator is used with a plastic filter system to 

acquire dose measurements at 15.3, 30.7, and 66.8 mg/cm
2
. The detection system 

is able to give real-time dose measurements from ICCD images, but does not 

produce a pulse height spectrum. Aydarous, et al. (2004) mentions that the 

Cherenkov light from filter plastic may have an intensity of the order of 

scintillation light from the scintillator. The particular advantage of this detection 

system is that it is able to measure dose to arbitrary areas, up to the size of the 

ICCD lens or scintillator by simply not including parts of the dose image in the 

dose calculation. However, no dose was calculated to legally significant depths. 

Additionally, the detection system is not an absolute dosimeter, and relies on PC 

imaging software, which could limit its portability and compactness. Nevertheless, 

the work of Aydarous, et al. (2004) demonstrates how accurate dose measurements 

can be done with the implementation of current technology.  

 

The doctoral work of Kriss (2004) develops a beta dosimeter and 

spectrometer with plastic scintillators using a large-area avalanche photodiode 

(LAAPD). A LAAPD is a solid-state equivalent of a PMT. The dosimeter dose 
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measurements were compared against MCNP simulations and yielded results 

within 50% of simulated models . The work seemed to focus on beta spectroscopy 

and made extensive use of MCNP. While only a single scintillator was used at a 

single depth, the work of Kriss (2004) provided thorough insight into to the work 

completed in this thesis.  
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3 Dosimetry Physics 

3.1 Interactions 

The skin contamination dosimeter performs photon and charged particle 

dosimetry. Photons can be emitted in radioactive decay or atomic de-excitation. 

Charged particles emitted in radioactive decays typically consist of electrons with 

a range of energies (range maximums typically of several hundred keV). Alpha 

particles, which are helium nuclei, are typically not of concern for skin dosimetry 

as their physical range typically does not exceed the dead layer of skin. The 

dosimeter being developed in this work is to act as a dosimeter for photons and 

charged particles in the range of energies typically seen in radioactive decay, but 

not in the clinical setting where much higher energies are usually expected.  

 

Prominent interaction mechanisms that may transfer appreciable energy to 

the detector’s scintillation regions are Compton scatter, photoelectric effect, and 

pair production. Electrons released following these events are typically known as 

secondary electrons. Electrons will generally lose energy through columbic 

collisions, Bremsstrahlung photon emission, or pair annihilation (for positrons). 

 

Compton scattering occurs when a photon inelastically scatters off an 

electron. The electron is given kinetic energy from the photon, which then loses 

energy. The amount of energy given up by the photon is dependent on the angle of 

scatter relative to the direction from which the photon is incident. The greater the 

scatter angle, the more energy is given up by the photon. At 180°, the incident 

photon scatters back in the direction of origin and transfers the maximum possible 

energy to the electron. Compton scattering is described by the equation,  
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where E’ is the energy of the scattered photon, E is the energy of the incident 

photon, me is the rest mass of an electron, and ! is the scattering angle as measured 

from the direction of the incident photon. The interaction probability of Compton 

scattering is given by, 
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where Z is the atomic number, "KN is the Klein-Nishina cross section, and re is the 

classical radius of an electron. The Klein-Nishina cross section gives the 

differential scattering cross section per electron. Compton scattering linearly 

increases with atomic Z and is also dependent on photon energy (Shultis & Faw, 

2000).   

 

The photoelectric effect is a process by which a photon will eject a bound 

orbital electron from an atom. The process requires a threshold photon energy in 

order to occur. The threshold energy is equal to the energy required to remove an 

electron from an atomic orbital, known as the work function. Different electron 

orbitals require different threshold energies, depending on the distance of the 

orbital from the nucleus (orbitals closer to the nucleus have a larger work 

function). Any additional energy a photon may have over the threshold energy is 

given to the ejected electron as kinetic energy. The photoelectric cross section is 

proportional to, 
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Thus, the photoelectric effect is strongly dependent on atomic number Z, and the 

inverse of photon energy, E. In a particular material, as photon energy increases, 

the probability of photoelectric effect goes down (Shultis & Faw, 2000).  

 

Pair production occurs when a photon produces a positron and electron when 

in the vicinity of a nucleus. To produce the electron-positron pair, the photon must 

have a minimum threshold energy equal to the sum of the rest energies of the 

electron-positron pair, 1.022 MeV (the electron and positron each have a rest 

energy of 0.511 MeV). Any additional energy the photon has above the threshold 

is given as kinetic energy split approximately equally amongst the electron and 

positron. The angles at which the electron and positron travel away from the 

interaction point are dependent on the energy transferred to each particle and are 

such to conserve momentum and energy. If an electron and positron collide, the 

result is pair annihilation, which results in two photons of equal energy emitted at 

opposite angles to conserve energy and momentum (Shultis & Faw, 2000).  

 

Energetic electrons will lose most of their energy through columbic 

collisions, i.e., collisions with other electrons that cause the incident electron to 

scatter and the collided electron to undergo excitation (relative to the atomic 

nucleus) or to be ejected from an atom. These collided electrons are typically 

known as secondary electrons, but are also called “knock-on” electrons as not to 

be confused with secondary electrons produced from photon interactions (Team X-

5, MCNP, 2003).  

 

Energetic electrons can also lose energy through photon emission as 

Bremsstrahlung radiation. When a charged particle has its trajectory altered by the 

electromagnetic field of a nucleus, a photon is released from the electromagnetic 
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field and travels in a particular direction relative to the electron’s incident 

trajectory, in order to conserve energy and momentum. Bremsstrahlung is more 

common in higher atomic Z materials as the nucleus has a greater positive charge 

to attract the negatively charged electron. For the materials used in this detector 

and photon energies typical to radiation protection, Bremsstrahlung is expected to 

be negligible and does not require further consideration.  

 

Electrons can also scatter off the nucleus of an atom. This scattering is 

typically known as backscattering and will be discussed shortly. Due to the large 

disparity of mass between the electron and a nucleus, the electron deflects off the 

nucleus without losing much energy, but the change in trajectory angle is often 

quite large.  

 

3.2 Backscattering 

Backscattering is the scattering of particles at interfaces between two media 

of different density or material composition. The scattering typically occurs when 

the particle enters a region of higher mean atomic number (Z) or higher mass 

density. In terms of distance, the important region where backscattering takes 

place extends into the incident face of the material a distance of half the maximum 

electron range in that particular material. Beyond this distance, the energy loss of 

the electron will not permit it to escape the material from the incident face.  

 

Backscattering takes place for electrons, through nuclear elastic scattering, 

and for photons, though Compton scattering. Interaction probabilities of 

backscattering for both photons and electrons are energy dependent. For electrons, 

backscattering probabilities increase with decreasing incident energy. While 

backscattering does occur for photons, it is more prevalent in electron trajectories 

and will be the primary focus of discussion. Electrons backscatter by nuclear 

elastic scattering, which is the glancing of an electron off an atomic nucleus; very 
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little energy lost by the electron is transferred to the nucleus. Nuclear elastic 

scattering takes place when the relative size of the atomic nucleus is large and the 

relative electron charge density of the atom (Z/A) is low. Lower values of Z/A 

occur generally for large atomic mass numbers (A).  

 

Since backscattering occurs at the interface between different materials, a 

majority of the active layers of the dosimeter will not cause much backscatter as 

the inert plastic and the scintillation plastic have nearly identical material makeup 

and densities. This assumes that air gaps are not present between layers. Locations 

of primary concern for electron backscattering are at the face of the Mylar window 

of the dosimeter, at the face of the last scintillation layer (CaF2), and at the PMT 

face. The fourth layer CaF2 is a concern for backscattering because it has a 

different atomic make up and larger density than the surrounding inert and 

scintillating plastics. Each interface of concern presents unique challenges.  

 

While the Mylar window is thin, it has a relatively high density (three times 

that of tissue) and it is interfacing with air, having a density lower by a factor of 

100. This large density gain from air to Mylar could result in large percentage of 

backscatter energy. Obviously, backscattering at this interface is not desired, but 

may not be a significant issue if the backscattering does not affect relative energy 

depositions in the scintillation layers. Since electron backscattering is energy 

dependent, with lower energy electrons preferentially scattered, relative energy 

deposition in the scintillation layers may be distorted. This would lead to a lower 

than expected energy deposition for the shallower layers because more of the 

lower energy electrons are removed from the “beam”. Backscattering from the 

PMT face and the subsequent solution to this problem are shown in the Dosimeter 

Design and Construction chapter, under the section discussing the Final Inert 

Plastic Layer. 
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3.3 Electron Range 

To calculate the range of electrons, a method referred to as CSDA 

(Continuous Slowing Down Approximation) can be used. Ranges calculated with 

CSDA assume instantaneous energy loss estimates, dependent on the atomic 

composition of the material, specifically, Z/A, a measure of atomic charge density. 

Range from CSDA is given as follows, 
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where T0 is the starting energy of the electron. Note that this is the integration of 

the inverse of the stopping power, thus as stopping power increases, the range 

should decrease. Prediction from CSDA show that as the atomic number goes up, 

the electron range (in units of density thickness) also increases due to a decrease in 

stopping power. However, true electron ranges tend to be independent of Z/A; even 

though the atomic charge density decreases, there is an increase in nuclear elastic 

scattering due to the large sizes of nuclei. This typically leads to an overestimation 

of range by the CSDA method. Nuclear elastic scattering causes minimal energy 

loss of the electron, but causes the electron to deflect and change trajectory. This is 

why electron paths become more torturous and backscattering increases when the 

atomic number of the medium increases; i.e., the nucleus presents an increasing 

target area as Z increases and Z/A decreases (A increases more rapidly than Z) 

(Attix, 1986).  

 

Ranges predicted by the CSDA method can be larger than actual electron 

maximum ranges by around 15% for low Z materials (Al, for example) and can be 

as high as 50% for high Z materials (Au, for example). The difference between 

CSDA range and true electron maximum range decreases as the material Z 

decreases. For our case of skin equivalent material PVT (Polyvinyl toluene) Z ~ 7, 
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CSDA overestimates electron maximum range by ~5% for the spread of energies 

being investigated (Attix, 1986). Thus, for the materials being used in the 

dosimeter, CSDA ranges will provide a good estimate of electron range without 

any correction required. 

 

The range of charged particles is useful when determining if experimental or 

computational dosimetry results are consistent with what is expected. The range of 

charged particles can also be useful in truncating the geometry of Monte Carlo 

simulations where large variances are observed due to the inability of charged 

particles to reach a given volume of the simulation geometry.  

 

3.4 KERMA, Dose, and CPE 

The amount of energy that is transferred to electrons and positrons per unit 

mass of medium is referred to as KERMA (kinetic energy released in matter). Two 

components make up total KERMA, collisional and radiative. Collisional KERMA 

results due to the excitation or ionization in the medium by the secondary 

electrons. Radiative KERMA is due to the creation of bremsstrahlung photons by 

the secondary electrons. Radiative KERMA typically contributes only a small 

percent of total KERMA and becomes more important at higher photon energies. 

For example, the radiative KERMA from a 3 MeV photon contributes less than 

1% to total KERMA in water (Attix, 1986). For this reason, further consideration 

of radiative KERMA will be ignored in this work.  

 

Dose is defined as the amount of energy absorbed per unit mass of a given 

medium. There are several measures of dose, including absorbed dose, equivalent 

dose, and effective dose. Absorbed dose is the amount of energy absorbed in a 

mass of any material (SI units of Gray, Gy [J/kg]). Equivalent dose (measured in 

SI units of Sieverts, Sv) is the product of absorbed dose and a radiation weighting 

factor. This factor takes into account the biological effectiveness in humans of 
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different radiation types. Since the radiation weighting factor for both photons and 

electrons is unity, for a given absorbed dose, the equivalent dose is the same 

regardless of whether electrons or photons are being measured. Effective dose also 

(measured in Sv) multiplies equivalent dose by a series of tissue weighting factors 

for each organ type and sums the series. The tissue weighting factor generally 

accounts for the cancer risk to various organs following radiation exposure of 

those organs. Effective dose is typically a measure of stochastic effects (e.g. 

cancer) and is not a focus in this work. Doses in this report are measured as 

absorbed dose, and since the radiation weighting factor for gammas and betas is 

the same, absorbed dose will equal equivalent dose (Attix, 1986).  

 

Charged particle equilibrium (CPE) is defined as the situation where 

charged particles of a given energy and type leaving a volume is replaced by the 

charged particles of the same energy and type entering the volume. Whenever 

there is a change in material density or atomic composition, CPE begins to 

reestablish. When CPE is established, dose nearly equals KERMA as follows. The 

kinetic energy released per unit mass is given by,  
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where the mass energy-transfer coefficient, µtr/#, is the fraction of energy that is 

transferred into the kinetic energy of charged particles in the medium. The electron 

or photon fluence is given by , with each electron or photon having an energy, E. 

Absorbed dose is calculated as, 
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where the mass energy-absorption coefficient, µen/#, is the energy locally absorbed 

by the medium by ionizations and or excitations. The relationship between energy-

transfer and energy-absorption coefficients is given by, 
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where g is the portion of total KERMA that is radiative. Equation ( 3.8 ) indicates 

that energy locally absorbed in the media does not include radiative contributions, 

e.g. Bremsstrahlung. Therefore, the relationship between dose and KERMA, once 

CPE is established, is 
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Equation ( 3.9 ) shows that absorbed dose, under CPE conditions, is dependent on 

the collisional portion of KERMA, as the radiative portion is not locally deposited 

(Attix, 1986).  

 

Beyond the depth at which CPE is established, dose will be greater than 

collisional KERMA and transient charged particle equilibrium (TCPE) will occur 

between collisional KERMA and dose. With CPE established, the cause of dose 

being greater than KERMA at a given depth is due to the energy deposition of 

charged particles being created upstream of any particular depth. The relation 

between dose and KERMA during transient equilibrium is as follows, 
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where $ is the common slope of dose and KERMA, and  is the mean travel 

distance of secondary particles in the direction of the primary rays. As shown, 
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analytical relations between dose and KERMA are available at and after CPE is 

achieved. However, before CPE is met, there is no known analytical method of 

predictively relating dose and KERMA. This region (see Fig. 3.1) is known as the 

build-up region due to the shape of the dose curve (Attix, 1986).  

 

 

Figure 3.1: Comparison of absorbed dose and KERMA 

 

The build-up region is where charged particles are building up until CPE is 

reached (in this case, at the maximum of the absorbed dose). After CPE is 

achieved, the absorbed dose at a given depth should be easily approximated by a 

volumetric average, as large gradients are not expected. Therefore, it is expected 

that accurate dose estimates can be made with scintillation layers at depths past 

where CPE is met even if the scintillation layers are slightly dislocated (that is, 

located at an incorrect depth). Before CPE, dose changes rapidly as a function of 

depth and slight dislocations of scintillation layers may lead to substantial errors in 

dose estimates for a given prescribed depth. 
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3.5 Delta Ray Equilibrium 

Delta rays are defined as charged particles, electrons in this discussion, 

which are energetic enough to transfer significant energy to the medium. For 

photons, the term KERMA refers to the kinetic energy released in matter and is an 

approximate measure of dose in a mass after CPE is established. The charged 

particle equivalent of KERMA is ‘CEMA’, converted energy per unit mass. The 

energy lost, dE, by charged particles in a mass dm of a material is known as 

CEMA (dE/dm). Absorbed dose may not be equal to CEMA as the delta ray 

electrons produced by electronic collisions may travel outside the region of interest 

and not be counted as local energy deposited. This is especially true for small or 

thin volumes that have thicknesses comparable to the range of the delta rays being 

produced. The ability for electronic collision produced delta rays to escape a 

dosimetry volume brings into consideration ‘delta ray equilibrium’ (DRE). Delta 

ray equilibrium assumes that the same number of delta rays entering a thin volume 

equals the number leaving the volume. Only when delta ray equilibrium has been 

established does CEMA effectively equal dose (Mayles, Nahum, & Rosenwald, 

2007).  

 

When CPE has been established, DRE has, by definition, also been 

established. However, for a primary source of charged particles, CPE by 

definition, will never be established (except for uniformly distributed charged 

sources in a large medium) as the primary source itself is charged and undergoing 

energy loss. Thus, DRE is important when the source is purely charged particles, 

such as betas. At shallow depths, absorbed dose will experience a build up before 

DRE is established, after which absorbed dose will steadily decrease until the 

average range of the primary charged particle has been reached where the dose 

will either Bragg peak (for heavy charged particles such as protons, alphas, etc.) or 

suddenly drop (for electrons or betas) (Mayles, Nahum, & Rosenwald, 2007).  
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3.6 Analytical Dose Calculation  

Dose is traditionally calculated over a given surface area at a particular depth. 

The averaging area ideally has no thickness. Unfortunately, there is no way to 

measure or simulate dose to an infinitely thin layer or point exclusively with 

MCNP5 for charged particles, though it is possible to calculate dose with 

analytical methods.  

 

 If one is able to determine flux or fluence of particles at particular depths, 

then collisional interaction multipliers can be used to calculate the amount of 

energy likely to be imparted at that depth. For photons, these are collisional 

probabilities called mass energy absorption coefficients (µen/!), and for charged 

particles, mass stopping powers (S) are used. By considering the product of 

fluence and mass energy absorption coefficient or mass stopping power, we can 

obtain the amount of energy imparted to an infinitely thin volume from photons or 

electrons, respectively. Energy absorption coefficients are derived experimentally, 

while mass stopping powers may be derived from first principles. When 

calculating dose, it is important to know that the energy absorption coefficient is 

intended to give dose from both the primary photon and any secondary electrons 

locally produced. Thus, CPE is assumed and any dose calculation using energy 

absorption coefficients requires that CPE be established.  

 

Mass stopping powers come in a variety of forms. The mass stopping power 

for an electron of a given energy is given by S. The average mass stopping power 

for a spectrum of electron energies is given by 

! 

S.  The average stopping power for 

electrons released from interactions by mono-energetic photons is given by 

! 

S. The 

average stopping power of electrons for interactions resulting from a spectrum of 

photons is given by 

! 

S.  
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Following are equations to obtain dose, analytically, from either a mono-

energetic photon or electron source, respectively. 
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( 3.12 ) 

 

 

The constant (1.6x10
-10

) converts dose from units of MeV/g to the SI units of J/kg. 

The time integrated flux, %, is the number of photons or electrons of a certain 

energy incident onto the dosimetry area. The energy of the photon or electron is 

given by E (Attix, 1986). Equation ( 3.12 ) provides dose only if the electron 

energy is known at the desired dosimetry depth, as the mass stopping power, S, is 

energy dependent. Often times, the electron energy at the point of dosimetry is not 

known due to energy losses as the electron travels through matter from the source 

to the calculation region. Thus, Equation ( 3.12 ) is useful only if the electron 

energies are known at the point of dosimetry or if the point of dosimetry is located 

at the source. A general approximation to electron dose can be used when 

electrons must travel through material to reach the point of dosimetry (Martin, 

2006), such that, 
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where 

! 

E  is the initial energy of the electron or average energy of betas. The 

fluence is given as the number of electrons at a particular energy. The exponential 

terms represent energy loses by the electron through a thickness of air, xa, and then 

a thickness of tissue, xt. The beta coefficients are given by,  
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( 3.15 ) 

 

where 

! 

E" ,max  is the energy of the electron or maximum energy of betas in units of 

MeV (Martin, 2006). Equations ( 3.13 ), ( 3.14 ), and ( 3.15 ) together provide an 

approximation of electron or beta dose at a point from a source attenuated by 

tissue and/or air.  

 

In all the dose equations given thus far, the time integrated flux, %, is 

present. The time integrated flux requires information of the source activity, type, 

distance from the dosimetry area, and any materials between the source and 

dosimetry area for material attenuation and geometry loss considerations. The 

integration time must also be known, but a time rate of flux can be used, which 

will result in dose rates, 

! 

˙ D , instead of dose, D. For a simple point source geometry 

in the same medium as the point of dosimetry, time rate of flux is given by, 
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where  and  are the gamma and beta (or electron) activity of the source in 

Bq, respectively. The distance between the source and point of dosimetry is given 

by r. The energy absorption coefficient for a single photon energy in the 

attenuating medium is givin by µ. The geometric losses are accounted for by the 

1/4&r
2
 term, while the exponential term accounts for material attenuation. Note 

that energy losses due to material is already considered for the electrons in 

Equation ( 3.13 ). 

 

3.7 MCNP5 Dose Estimation Method 

The method of calculating dose in MCNP5 relies on determination of the 

energy deposition in a specified volume or ‘cell’ due to particle interactions. This 

is done with an energy deposition tally (*F8 tally), which records the energy of 

particles entering the cell and subtracts the energy of particles leaving the cell. The 

difference in energies is equal to the energy deposited in the cell (MCNP5 Vol. II: 

Users Manual).  

 

It is possible, especially for small or thin volumes to have negative energy 

depositions. This is due to the inventory manner of “knock-on”, or secondary 

electrons, in MCNP5. The secondary electrons are modeled in a non-analog 

fashion. Non-analog interactions in MCNP5 are interactions that combine several 

identical events into a single step that is then stochastically sampled. Energy is not 

necessarily conserved after each event, but each step conserves energy. Non-

analog methods are used to speed up calculation. If a secondary electron is created 

near the border of a tally volume and both the primary and secondary electrons 

escape, then negative energy will be attributed to the volume (MCNP5 Vol. II: 

Users Manual).  
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To deal with the issue of negative energy depositions, a ‘0 bin’ is created. 

The 0 bin collects negative energy deposition tallies, which can be ignored, 

keeping the bins of interest free from negative contributions. Interestingly, each 

bin will have its own reported standard error and by removing negative 

contributions, the bins of interest have a significantly reduced standard error, due 

to the removal of the large standard error of the negative contributions. It is also 

possible for there to be no interactions while the electron travels through a small 

tally volume; MCNP5, for tallying purposes, will assign an arbitrary 1E-12 energy 

deposition within the volume. These depositions can be eliminated by having a 

small (~10 eV) energy bin.  

 

The result from the energy deposition tally in a volume is divided by the 

volume’s mass to obtain a direct measure of dose (in units of MeV/g). The pulse 

height and energy deposition tallies (F8 and *F8, respectively) are different than 

every other tally method in MCNP5, in that it follows a particle through a cell and 

explicitly considers interactions (except for secondary electron energy removal). 

All other (except the F5 point flux tally*) tallies use a track length estimator. A 

track length estimator is a method of computing flux in a volume with implicitly 

considered interactions. For this reason, track length estimators are not good 

estimators of dose, especially when charged particle equilibrium has not been 

established because interactions that occur within the dose estimation region are 

not considered. Tallies used to calculate dose using track length estimation are 

known as heating tallies. The MCNP5 F6 and F7 tallies are examples of heating 

                                                

* The MCNP5 flux at a point (F5) tally allows the calculation of flux at infinitely thin areas and 

points, and does so with semi-deterministic methods. Because the transport of particles are semi-

deterministic, this tally can not accurately model charged particles, whose trajectories contain many 

collisions, which are poorly described by deterministic methods. Thus the flux at a point tally is 

restricted to neutral particles and is not useful to use in our study of electrons (MCNP5 Vol. I: 

Overview and Theory).  
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tallies. These tallies simply multiply the flux in a volume by a dose conversion 

factor. Thus, using a track length estimator for dose estimation will give incorrect 

estimates, especially when studying material interface regions (where CPE needs 

to be established). The track length estimation methods give measures of KERMA, 

not dose. As stated, KERMA can equal dose where CPE has been achieved, 

usually away from material boundaries. 

 

3.8 Dose Calculation from Experimental Spectra 

The energy deposition spectrum, from which we calculate dose, requires an 

energy calibration. If we assume that an energy calibration has already been 

performed (discussed in the Detector Energy Calibration chapter), then the 

spectrum represents the number of counts over an array of energy bins, each dE 

wide. The number of counts in a given energy bin is represented by dN. Thus, the 

spectrum y-axis and x-axis are dN/dE and E, respectively. If we integrate the 

spectrum and divide by the mass, m, of the active scintillation material,  
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then dose to the scintillator is obtained. Note that this is not dose to skin. A 

conversion factor is necessary as follows,  
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where Equation ( 3.19 ) converts dose for photons and Equation ( 3.20 ) converts 

dose for charged particles. In order to perform these conversions, the detector (or 

subsequent data acquisition software) must be able to distinguish photon and 

electron scintillation events, which at present, has not been implemented.  

 

If the mass energy absorption coefficient ratios and stopping power ratios 

are close to unity (within acceptable errors) then the conversion would not be 

needed. The material properties and densities of the inert plastics and scintillation 

plastics (i.e., “tissue equivalent”) result in these ratios being very close to unity. 

 

3.9 Dosimeter Type 

Dosimeters can be either ‘absolute’ or ‘relative’. The property of 

absoluteness allows the dosimeter to measure dose by measuring energy absorbed 

in its active region without the need for a dose response function. Relative 

dosimeters require a response function, i.e., detector response to a given dose. 

Examples of absolute dosimeters are calorimeters (measures change in heat) or 

ionization chambers (measures ionization of electrons). An example of a relative 

dosimeter is a gel or radiochromic dosimeter, which requires known dose 

exposures that are equated to the dosimeter’s response in opacity. The dose 

delivered to the gel, for example, would either have to be calculated or measured 

with a separate absolute dosimeter (Attix, 1986).  

 

Absolute dosimeters may require an energy calibration, but once calibration 

is performed, the dosimeter can give dose measures of unknown sources. The 

dosimeter being developed herein does have to be calibrated for energy to obtain 

proper dose, but then is capable of performing absolute dosimetry measurements. 

This is advantageous, as the dosimeter can be used as a standard for relative 

dosimeters (Attix, 1986).    
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3.10 Independence of Dose and Spectral Resolution 

The resolution of a detector system depends on the variation of recorded 

pulses for identical energy depositions within the detector’s active volume. 

Fluctuations in recorded pulses may be caused by background noise, system noise, 

or statistical noise. Statistical noise arises from the process of inconsistent charge 

production, multiplication, and collection. Statistical noise can be accounted for by 

assuming the noise follows a Poisson distribution. The formal definition of 

resolution is R = FWHM/Ho, where FWHM is the full width at half maximum of a 

full energy photopeak (measured in energy units), and Ho is the energy of the peak 

centroid. Resolution is typically reported for common gamma emitters, such as Cs-

137 or Co-60 (Knoll, 2000).  

 

Dose can be calculated from an energy calibrated spectrum by integrating the 

spectrum and dividing by the mass of the dosimeter’s active volume. Resolution 

independent dose is important, as a dependence of dose on resolution would add a 

complicated layer of calibration or may restrict use of detector systems for 

dosimetry to particular resolution ranges. It is hypothesized that the resolution of 

the detector is not important in a dose calculation of this type. Lower resolution 

results in the deterioration of spectral features by Gaussian broadening. When a 

feature is Gaussian broadened, it becomes wider, but the number of counts under 

the curve remains the same and the centroid of the feature remains at the same 

energy or channel. Thus, the integral of the feature also remains the same. If a 

spectrum is thought of as a collection of Gaussian broadened features, and the 

integral of each feature remains unchanged, regardless of resolution, then the dose 

from the spectrum should also remain unchanged, regardless of resolution.  
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3.11 Background on Scintillation Materials 

The dosimeter uses three different scintillators for dose assessment. 

Scintillation detectors use the process of fluorescence to convert the energy of 

incoming radiation into visible photons, which are then converted to electrical 

signals. Fluorescence is distinct from phosphorescence, which causes emission of 

longer wavelength light with characteristic times much slower than fluorescence. 

Delayed fluorescence emits the same spectra as prompt fluorescence, but has a 

much longer characteristic emission time. When operating in pulse mode, the time 

constants of the measurement circuit is set much smaller than typical 

phosphorescence and delayed fluorescence decay times, thus phosphorescent and 

delayed fluorescent photons are not collected. The timing constant is established 

by the resistance and capacitance of the PMT anode circuitry (Knoll, 2000).   

 

Scintillation materials can be organic or inorganic and the process of 

fluorescence is different between the two. Organic scintillator fluorescence arises 

from transitions of electrons through the energy level structure of single molecules 

regardless of the molecule’s physical state of matter. That is, the phenomenon of 

fluorescence can be observed for molecules in all states of matter. This is not true 

for inorganic scintillators, which typically need to be arranged in a solid crystalline 

lattice for fluorescence to occur. An incoming photon can excite an electron from 

the ground state to a singlet state. Once in an excited singlet state, the electron 

usually is de-excited through radiationless internal conversion to the first excited 

state (that is, if it does not initially excite to this level). Molecular internal 

conversion is the process by which excitation energy is converted into vibrational 

energy of the molecule, which is then lost though thermal motions with 

surrounding molecules. Once the electron relaxes into the first excited state, the 

electron can de-excite to the ground state, emitting a prompt fluorescence photon. 

The prompt fluorescence decay time is of order of nanoseconds. There is a 

possibility that an excited electron could de-excite without photon emission to a 
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triplet excited state. The decay times of an electron from a triplet state can be as 

long as a millisecond and light emitted from a triplet state decay is called 

phosphorescence. Phosphorescent photons are less energetic then florescent 

photons (Knoll, 2000).  

 

Scintillators are typically transparent to their own fluorescent photons due 

to the lack of significant overlap of absorbed and emitted photon energies. When a 

photon excites an electron, some of the initial energy is lost through internal 

conversion, and the de-exciting electron will emit a photon of lower energy than 

was absorbed. This process is called Stokes shifting and is a characteristic process 

of scintillation. Stokes shifting is what allows organic scintillation to be useful in 

radiation detection due to the significant reduction of reabsorptions and, hence, the 

shortening of collection times (Knoll, 2000).     

 

Inorganic, or crystal scintillators rely on energy bands in the crystal lattice 

instead of individual molecules, as in organic scintillators. The lower energy band 

is called the valence band, and is where electrons are bound to lattice sites. The 

upper energy level, known as the conduction band, is where electrons are free to 

travel throughout the crystal. When an electron is excited to the conduction band, a 

hole is also created, which can also migrate through the valence band. Fluorescent 

light is given off when a conduction band electron finds a valence band hole. In 

typical crystals, this process is inefficient and impurities, called activators, are 

added to the lattice to develop energy bands between the conduction and valance 

bands to encourage quicker de-excitation and recombination. Typical fluorescence 

decay times range from 0.1-1 microseconds. The additive used to modify band gap 

energy levels are usually displayed in parenthesis after the primary crystal 

components. For example, CaF2 (Eu), the crystal used for the fourth layer in the 

scintillation assembly, is activated with Europium (Knoll, 2000) 
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An ideal scintillation material should have the following properties (Knoll, 2000): 

1) Should convert kinetic energy of charged particles into light with high 

scintillation efficiency.  

2) The conversion of kinetic energy to light should be linear, that is, the light 

yield should be linearly proportional to the deposited energy over a wide a 

range as possible. 

3) The scintillation material should be transparent to its own photons. 

4) The decay time of an induced luminescence should be short such that fast 

signal pulses can be generated.  

5) The scintillation material should have good optical quality and be able to 

be manufactured in sizes practical for detectors.  

6) The scintillation material’s index of refraction should be near that of glass 

to allow efficient transfer of photons from the scintillator to the PMTs.     
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4 Detector Design and Construction  

4.1 Detector Introduction 

The dosimeter is designed for “legal” skin dose measurement, that is, the 

manner in which dose is to be measured in accordance with 10CFR20 (23391, 

1991). The regulation states that the estimation of dose should be averaged over 10 

cm
2
 at 7, 300, and 1000 mg/cm

2
 depth in skin. In accordance with ICRP 59, a hot 

particle falls into the category requiring that dose be measured over 1 cm
2
 area. 

For this reason, two dosimeter designs are proposed, one 10 cm
2
 and another with 

a 1 cm
2
 surface area. Layer depths are chosen to represent shallow skin dose at 7 

mg/cm
2
, and deep skin dose at 1000 mg/cm

2
. A layer at 300 mg/cm

2
 is provided 

for measuring eye lens dose. Lastly, a layer at 100 mg/cm
2
 is installed, as there is a 

growing body of evidence supporting the hypothesis that biologically important 

mechanisms may be preferentially disrupted by ionizing radiation at this depth 

(International Commission on Radiological Protection, 1991). The design of both 

the 1 cm
2
 and 10 cm

2
 area dosimeters are similar. As will be discussed, however, 

the need for the 1 cm
2
 area dosimeter might be eliminated under certain 

circumstances. 

 

The final dosimeter design will be electronic, real-time, and self contained. It 

will have the ability to do pulse measurement, pulse shape analysis, and dosimetry 

in real-time. It will be designed to provide dose readout from skin contamination 

on a short time scale (seconds to minutes). The electronics will use FPGA (field 

programmable gate arrays) that will enable customized logic to perform a variety 

of pulse sorting and dose measurement tasks. The detector constructed in this work 

is prototypic and provides evidence for proof of concept. Analog electronics and 

extensive processing software are necessary at this early stage. Future iterations of 
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construction (to be carried out by the author) will gradually step towards the 

envisioned final design. 

 

 The dosimeter uses skin-equivalent plastic to simulate human tissue. 

Active layers of the dosimeter are scintillating plastics
1
. Each active layer will use 

a different scintillating material with light decay times that allow discrimination of 

pulse shapes to determine in which layer energy has been deposited (Farsoni, 

2006). The scintillation layers are separated by inert plastic and the cylinders of 

plastic are matched with a photomultiplier tube
2
 (PMT). All scintillation layers 

have a scintillation light emission range convertible and usable by the 

photocathode and PMT. The entire assembly is placed within an aluminum tube, 

and a Mylar window is placed on the exposed face of the dosimeter for keeping 

out ambient light and providing an inner reflective surface.  

 

4.2 MCNP5 Skin and Detector Simulation 

Monte Carlo Nth Particle code version 5 (MCNP5) (Los Alamos National 

Laboratories, 2003), developed and maintained by Los Alamos National 

Laboratories, was used to model the dosimeter and optimize detector design. To 

optimize the dosimeter it was necessary to simulate skin dosimetry within 

MCNP5. Thus, two models were simulated, a skin case and a dosimeter case. The 

skin is modeled as a cylinder of water with different measures taken within the 7 

mg/cm
2
, 100 mg/cm

2
, 300 mg/cm

2
, and 1000 mg/cm

2
 layers of interest. The 

dosimeter is a model of the detector design with appropriate material properties 

and layer depths. Both cases had the source located on the skin or dosimeter face. 

Input files were modified appropriately to simulate both 1 cm
 2

 and 10 cm
2
 dose 

                                                

1 Saint Gobain Crystals and Detectors. 12345 Kinsman Road. Newbury, OH 44065 USA.  

www.detectors.saint-gobain.com 

2 Hamamatsu Photonics. 314-5, Shimokanzo, Iwata City, Shizuoka Pref., 438-0193, Japan.  

www.hamamatsu.com 
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averaging areas. Images given in this section are taken from the MCNP5 plotting 

tool. Figure 4.1 shows the side view geometry in the MCNP5 simulation of the 

skin case for 1 cm
2
 area layers (Figure 4.2 shows a magnification of Figure 4.1).  

 

 

Figure 4.1: Picture of the skin geometry in MCNP5. The colors within the figure represent specific 

materials; white is void, blue is air, red is skin. This figure shows 1 cm
2
 geometry, side view, and skin 

surface facing to the left. Source is to the left. 
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Figure 4.2: A magnified image of the skin layers shown. Source is located 0.001 cm from surface on left 

face of skin. This figure is for 1 cm
2
 area geometry, side view, with skin surface facing to the left.  

 

The geometry for the 10 cm
2
 area layers is identical except a wider cylinder is used 

to simulate the larger area. There are four layers at 7, 100, 300, and 1000 mg/cm
2
 

density thickness depths. Each scintillation layer is 1 mg/cm
2
 thick, or 10 microns 

in water (0.001 cm) (Sherbini, DeCicco, Gray, & Struckmeyer, 2008). The density 

of the skin is assumed to be 1 g/cm
3
, thus making the layer depths 0.007, 0.1, 0.3, 

and 1 cm, respectively. 

 

Figure 4.3 shows the side view geometry in MCNP5 of the dosimeter case 

for 1 cm
2
 area layers (Figure 4.4 is a magnification of Figure 4.3). The front of the 

dosimeter is facing to the left. The geometry for the 10 cm
2
 area layers is identical 

except the layers have larger surface areas. In all cases, the source is 0.001 cm 

from the left face located along the centerline of the layers of interest. Again, there 

are four specific scintillation layers at 7, 100, 300, and 1000 mg/cm
2
 depths. Each 

scintillation layer is of a thickness designed to encompass errors due to tolerances 

in layer thickness; this concept will be discussed later. Saint Gobain material 
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specification sheets give the densities of the scintillators. While there will not be a 

total of four scintillation layers in any one dosimeter, the MCNP5 model was 

created to include all layers of interest so that the number of computational runs 

could be reduced.  

 

It should be noted that the last scintillation layer within the dosimeter is 

CaF2; i.e., it is not a plastic, but is an inorganic crystal with a relatively high 

density. Thus, it was decided to place this layer last as to minimize backscatter and 

distortion of particle transport from the source through the simulated skin. Having 

a higher density makes the scintillation crystal better for photon detection, which is 

ideal for the location farthest from the source. The sources used in the skin and 

dosimeter models are point geometry sources. A point source best simulates hot 

particles of millimeter and sub-millimeter sizes. 

 

 

Figure 4.3: The MCNP5 geometry for the dosimeter model. 

Shown above is the 1 cm
2
 area layers, side view, and detector front facing to the 

left. There are four active scintillation layers. The source is located on left 

essentially in contact with the dosimeter face.  
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Figure 4.4: Magnification of MCNP5 geometry of the 1cm
2
 dosimeter. 

 

Numbers represent volumes. 8 is air, 2 is inert plastic, 3 is the 7 mg/cm
2
 

scintillation layer (BC 400), 4 is the 100 mg/cm
2
 scintillation layer (BC 444), 5 is 

the 300 mg/cm
2
 scintillation layer (BC444), and 6 is the 1000 mg/cm

2
 layer 

(CaF2). Source is located on left. 1 cm
2
 area layers are shown in this figure, side 

view, and detector front facing the left. Fig. 4.5 is a photograph of a disassembled 

scintillation assembly.  
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Figure 4.5: Sample scintillation assembly, disassembled 

 

A salient property of low-energy electrons is that their paths are tortuous, 

involving many collisions, and that their range is short. These properties have 

several implications when simulating them in MCNP5 and when optimizing the 

dosimeter. Since electrons have many collisions, the MCNP5 simulations are slow 

and take a much longer time (per history) than photons. By making assumptions to 

truncate the simulation domain at depths where we know the electrons cannot 

reach, we can significantly reduce computation time. In truncating the problem, 

the entire geometry is still simulated in each run, however results from 

unimportant regions are deemed negligible. Stopping power tabulations available 

from the National Institute of Standards and Technology (NIST) are used to 

calculate CSDA ranges, given the maximum and average electron energy (Berger, 

Coursey, Zucker, & Chang, 2005). Layers falling within the analytical range were 

counted toward the simulation while layers falling outside this range were 

truncated from the problem.  
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In MCNP5 simulations backscattering is considered implicitly in 

comparisons of dose at depth between the dosimeter and skin. The percent 

difference between the model of skin and model of detector in the Monte Carlo 

simulation contains contributions from backscatter effects. However, the percent 

difference also contains effects from other issues and the amount that 

backscattering actually shifts dose estimates is unknown. Nevertheless, the sum of 

all effects that distort dose estimates is what is important in matching experimental 

and computational doses.  

 

The thicknesses of the inert plastic and scintillation layers are not made with 

exact precision. There is, however, a tolerance involved in their manufacture and 

measurement. In order to ensure that the active scintillation layers integrate over 

depths of interest, scintillation layers were obtained larger than required to ensure 

deviations in layer thicknesses or depth do not significantly affect the dose 

averaged by any particular layer. In making the scintillation layers thicker, dose 

volume averaging will be more prevalent. Dose volume averaging occurs when the 

scintillator averages dose over its volume. It is explicitly accounted for in 

computational dosimeter models and should not be significant unless the 

scintillation layer is located near a depth where CPE is being established. In this 

case, if the physical detector and computationally modeled dosimeter have 

scintillation layers located at depths that are different, it is possible for dose 

volume averaging to give mismatched doses due to the dose gradient being 

relatively large before CPE, making the measured dose especially sensitive to the 

range over which it is integrated.  

 

In addition to computationally modeling the skin and dosimeter, a model of 

a BGO-installed scintillation assembly was also carried out to compare results 

against a physical BGO detector. Figures 4.6 and 4.7 show the BGO-installed 
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detector MCNP simulation model with the BGO crystal located near and far from 

the PMT face, respectively. The blue background represents surrounding air. The 

BGO far and near describes the crystal orientation relative to the PMT face. Near 

indicates the BGO crystal is essentially touching the PMT face. Far indicates the 

BGO crystal is making up part of the face of the scintillation assembly. For the 

BGO simulation models, the source was modeled, in detail, from the presumed 

geometry of check sources available in the laboratory. Fig. 4.8 shows a photograph 

of the BGO scintillation assembly. 

 

 

Figure 4.6: Scintillation Assembly with BGO (near) inserted. BGO is close to PMT face in this 

arrangement. Source considered 'facing' toward detector. Mylar is located on the detector face. 
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Figure 4.7: Scintillation Assembly with BGO (far) inserted. BGO is far from PMT face in this 

arrangement. Source considered 'facing' toward detector. Mylar is located on the detector face.  

 

 

Figure 4.8: BGO scintillation assembly, with BGO installed 
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4.3 MCNP5 Detector Design Features Tests 

Tests were done in MCNP to investigate several design features of the 

dosimeter and how they affect energy deposition in the scintillation layers. There 

were three design features that were tested; the sheath thickness, aluminum case 

thickness, and the effect of the protection rim on dose. 

 

The first design feature studied was a plastic sheath around the 10 cm
2
 

dosimeter active area. The sheath is a tubular plastic cylinder surrounding the 

active 10 cm
2
 area scintillator. The sheath does not include the plastic located 

behind the CaF2 scintillator; this selection of plastic is discussed in the Final Inert 

Layer section. The purpose of the sheath is to simulate skin tissue that would be 

outside the 10 cm
2
 dose averaging area and would contribute to energy deposition 

due to electron scattering back into the active volume. That is, particles may leave 

the scintillator, enter the sheath, and may scatter back into the inner tube, as is 

possible in real skin, resulting in a higher energy deposition in the dosimeter than 

would have been realized without the presence of a sheath. The sheath’s thickness 

should be half the range of the average energy electron expected to be 

encountered. Half an electron range allows an electron to travel the thickness of 

the sheath, interact at the edge of the plastic sheath and travel back 180 degrees 

from the original trajectory and just reach the dosimetry plastic; any lower angle 

scattering will likely result in the absorption of the electron in the sheath.  

 

Analysis with MCNP5 has shown that there is a negligible difference in both 

electron and photon energy deposition in the scintillation layers for the different 

sheath thicknesses considered herein. A thickness of 0.25 cm, roughly 

corresponding to a range of 0.65 MeV electrons (and half the range of 1.1 MeV 

electrons), was determined to be optimal for design. A sheath is always desirable 

to provide rigidity and protect the inner tube of dosimetry plastic. Additionally. the 
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scintillation layers are fragile and should be protected from moisture or possible 

contaminants.  

 

The second design feature tested was the effect of the aluminum case on 

scintillation layer energy deposition. Two aluminum case thicknesses (0.25 cm and 

0.001 cm) were compared. The case provides physical protection and some 

shielding to its contents. Analysis with MCNP5 was done by comparing energy 

deposition from electrons and photons in the scintillation layers for different case 

thicknesses; the radiation was assumed to be a point source located at the face of 

the dosimeter.  

 

Analysis with MCNP5 has shown that the thickness of the aluminum case (at 

least in the range between 0.25 and 0.001 cm) for 3 MeV electrons and photons 

has almost no effect on scintillation layer dose. It is unlikely that lower energy 

electrons or photons would show deviations from the 3 MeV results. In fact an 

energy of 3 MeV was selected because of its high value, which would result in 

energetic electrons that would be more likely to reach the end and sides of the 

detector. Conclusively, the thickness of the aluminum casing is not important in 

terms of impacting the dose deposition within active dosimetry volumes, but will 

nevertheless be included in the physical detector construction out of necessity.  

 

The final design feature examined was the effect of the protective rim on 

scintillation layer energy deposition. The protective rim is made up of inert plastic 

protruding from the dosimeter face and covered by a rim of aluminum. The rim is 

meant to protect the active face of the dosimeter, preventing it from touching a 

surface when the dosimeter is placed face down over a source. During 

experiments, the source was placed inside the protection rim of the physical 

detector. In MCNP5, the source is located 0.001 cm from the active face 

concentric with the protective rim.  
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Results from MCNP5 show that the protective rim has a negligible effect on 

the scintillation layer energy deposition from electrons and photons over a range of 

incident energies (maximum of 3 MeV). This means that the protective rim may be 

constructed without significant consequences on dose measurement. 

 

4.4 Source Descriptions 

Sources used include those that are available for experimental testing, 

including Cs-137, Co-60, Sr/Y-90, C-14, Cl-36, or Na-22. Gamma sources used 

were from Model RSS 8 Gamma Source Set
1
. The pure beta sources were from 

Catalog No. NES-269 Beta Reference Disc Source Set
2
. Figs. 4.9 - 4.14 are plots 

of emission probability vs. energy of sources used in experiments.  

 

 

!
Figure 4.9: Beta Energy Distribution for Cl-36 (Maximum Energy = 0.709 MeV, Maximum Range = 

0.27 cm, Average Energy = 0.27 MeV, Average Range = 0.072 cm) 

 

                                                

1 Spectrum Techniques, LLC. 106 Union Valley Road, Oak Ridge, TN 37830 USA.  

www.spectrumtechniques.com 

2 DuPont NEN Products. Billerica, MA. USA.  
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!
Figure 4.10: Beta Energy Distribution for Sr-90 (Maximum Energy = 0.546 MeV, Maximum Range = 

0.2 cm, Average Energy = 0.196 MeV, Average Range = 0.04 cm) 

 

 

Figure 4.11: Beta Energy Distribution for Y-90 (Maximum Energy = 2.28 MeV, Maximum Range = 1.1 

cm, Average Energy = 0.934 MeV, Average Range = 0.38 cm) 
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Figure 4.12: Beta Energy Distribution for C-14 (Maximum Energy = 0.16 MeV, Maximum Range = 

0.027 cm, Average Energy = 0.05 MeV, Average Range = 0.004 cm) 

 

 

Figure 4.13: Beta and Gamma Energy Distribution for Co-60 (Maximum Energy = 2.82 MeV, 

Maximum Range = 1.35 cm, Average Energy = 0.1 MeV, Average Range = 0.014 cm). Note gamma 

emissions at 1.173 and 1.332 MeV 
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Figure 4.14: Beta and Gamma Energy Distribution for Cs-137 (Maximum Energy = 1.17 MeV, 

Maximum Range = 0.45 cm, Average Energy = 0.19 MeV, Average Range = 0.043 cm). Note gamma 

emission at 0.662 MeV 

 

The maximum and average ranges given in the captions of the source figures are 

approximate and are calculated using CSDA for skin. The CSDA ranges were used 

to aid in MCNP5 simulation truncation. The emission probabilities shown are used 

in MCNP5 simulations.  

 

4.5 Layer Thicknesses 

Listed below are the recommended thicknesses of materials used in 

scintillation assemblies. Assemblies were designed to be built with three 

scintillation layers installed. One assembly (Table 4-1) includes the 300 mg/cm
2
 

scintillation layer, but excludes the 100 mg/cm
2
 scintillation layer. The other 

assembly (Table 4-2) does the opposite and includes the 100 mg/cm
2
 scintillation 

layer, but excludes the 300 mg/cm
2
 assembly. Both assemblies include the 7 

mg/cm
2
 shallow and 1000 mg/cm

2
 deep dosimetry layers.  
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Table 4-1: Layer thicknesses and density thicknesses for dosimeter containing 300 mg/cm
2
 layer (CL = 

center line of density thickness). Scintillator are yellow 

! "#$%&&#'(#(!)*+$,'#--! ".''+'/!01!)%234!!

135#6! 732#6+34! $&! &/8$&
9
!! &/8$&

9
!

75436! 75436! :;::<9=! <;>! :;>?!

<-2!@43-2+$! AB@C! :;::DE! D;F! F;?9!

<-2!135#6! G0!D::! :;::9! 9;<! =;:?!

9'(!@43-2+$! 7+H!IJ! :;9<>! 9K9;<! <F?;9!

9'(!135#6! G0!DDD! :;:K! K<;?! F:<;9!

F6(!@43-2+$! I$654+$! :;E:>! K:9;:! KFF;9!

F6(!135#6! 03L9! :;:K! <?:;>! <:9?;E!

D2*!@43-2+$! I$654+$! :;K! =<<;:! <D>:;D!

! )%234! <;DD! <>FK! !

 

 

Table 4-2: Layer thicknesses and density thicknesses for dosimeter containing 100 mg/cm
2
 layer (CL = 

center line of density thickness). Scintillators are yellow 

! "#$%&&#'(#(!)*+$,'#--! ".''+'/!01!)%234!!

135#6! 732#6+34! $&! &/8$&
9
! &/8$&

9
!

75436! 75436! :;::<9=! <;>! :;>?!

<-2!@43-2+$! AB@C! :;::DE! D;F! F;?9!

<-2!135#6! G0!D::! :;::9! 9;<! =;:?!

9'(!@43-2+$! 7+H!GJ! :;:KK:D! >9;F! D?;F!

9'(!135#6! G0!DDD! :;:9! 9:;K! <::;=!

F6(!@43-2+$! I$654+$! :;KFE! =E9;E! D>=;F!

F6(!135#6! 03L9! :;:K! <?:;>! ?E>;?!

D2*!@43-2+$! I$654+$! :;K! =<<;:! <D:?;>!

! )%234! <;F?! <=KE! !

 

Table 4-3: Composition and thicknesses of Mix A and Mix B 
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J!M6%&!3N%O#!23N4#-! ! ! ! ! !

! 7+H!I! 7+H!G!

@43-2+$-!

@%45#-2#6!

P@C)Q! I$654+$! )%234!

@%45#-2#6!

P@C)Q! @%45$36N%'32#! )%234!

)*+$,'#--!P$&Q! :;:<E9! :;9:F9! :;9<>D! :;:<E9! :;:E:>! :;:KK:!

B#'-+25! )*+$,'#--!

P&/8$&
9
Q! 9<;F! 9D:;>! 9K9;<! 9<;F! K<;:! >9;F!

 

Note in Tables 4-1 and 4-2 the scintillation layer density thicknesses are given at 

center-line values. This is the depth at which the center of the layer thickness is 

located. While the exact density thicknesses where doses are desired may not be at 

the center of the scintillation layers, the desired density thickness still lies well 

within the total thickness of the scintillation layer.  

 

Tables 4-1 and 4-2 display the recommended thicknesses of various inert 

and scintillating plastic. The values were first obtained from density thickness 

calculations of available plastics. The values are then simulated and modified with 

MCNP5 analysis. Mix A and B in Table 4-3 are inert plastic layers that have been 

selected due to availability of plastics at the prescribed thicknesses.  

 

4.6 Analysis of MCNP5 Skin and Dosimeter Models 

Dose comparisons between the MCNP5 skin and dosimeter models is 

important as the physical dosimeter is built from the dimensional details of the 

dosimeter model. In turn, the skin model is used as a dose standard. The closer the 

dosimeter model results compares to skin model results, the more accurate the 

physical detector is likely to be.  
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Below is a figure of the dose comparison between the MCNP5 skin and 

dosimeter 10 cm
2
 models for all layers, given a variety of sources. Percent 

differences are normalized to unity.  

 

 

Figure 4.15: Layer dose comparison for 10 cm
2
 area dosimeter for scintillation layers of interest and a 

variety of isotopes. The normalized dose difference is the percent difference normalized to unity.  

 

Overall, the dose estimates from simulated skin and dosimeter model compare 

well, with most differences below ~13%. The Bi-210 source results in the largest 

differences, but is also the only source not experimentally tested with the physical 

detector, as a Bi-210 source was not available in our lab. Negative differences 

indicate the dosimeter model underestimated dose, as compared to the skin model, 

while positive differences indicate the dosimeter model overestimated dose, 

compared to the skin model.  

 

Figure 4.16 shows beta/gamma dose contributions for all layers from Cs-

137; dose is divided into contributions from electrons (blue) and photons (red). As 
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expected, the scintillation layers closer to the face of the dosimeter (closer to the 

source) have higher dose contributions from electrons, while the layers farther 

from the dosimeter face have higher dose contributions from photons. The first 

layer (7 mg/cm
2
) has almost all dose contributed from electrons, as photons are 

unlikely to interact in that layer’s small volume, while the last layer (1000 

mg/cm
2
) has all dose contributions from photons, as electrons do not have the 

energy to reach this layer.  

 

 

Figure 4.16: Relative Dose Contribution from betas and gammas for all layers of the 10 cm
2
 area 

dosimeter, statistical errors included.  

 

As mentioned earlier, we originally proposed development of a 1 cm
2
 area 

detector, which would follow the ICRP recommendation, instead of the 10 cm
2
 

area calculation mandated by 10CFR20. At first glance, the 10 cm
2
 area dose 

estimate seems to result in a 10 fold reduction of the previously mandated 1 cm
2
 

area calculation. Dosimeter model simulations in MCNP5 show that the difference 

between 1 and 10 cm
2
 area doses differ by a factor of 9.9 for all depths. The 

computational skin model shows the same factor difference. These differences are 

for electrons from a variety of sources.  
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Unfortunately, if only photons are considered (such as Cs-137 or Co-60 beta 

blocked sources) then the factor strongly becomes a function of depth and is no 

longer a simple 10 fold reduction (see Fig. 4.17).  

 

Fig. 4.17 displays the ratio of the 1 cm
2
 area averaged dose and 10 cm

2
 area 

averaged dose. Error bars are included but are not visible since statistical errors 

were very small. Ratios are averages of skin and dosimeter computational models 

and averages for Cs-137 and Co-60 photon only doses. The plot illustrates very 

clearly that a factor of 10 cannot be used when the source contains photons. The 

trend-line shows a best fit quadratic equation for the area averaged ratio. If 

electrons from the sources (Co-60 and Cs-137) are not shielded and allowed to 

deposit energy, then the average 10 fold factor between the 1 cm
2
 and 10 cm

2
 area 

doses holds until the betas are no longer the dominant source of energy deposition 

in that layer. Thus, the 7 and 100 mg/cm
2
 show a 10 fold difference, but layers 

beyond this show a quadratic drop similar to that in Fig. 4.17. Thus, a simple 10 

fold dose reduction in going from a 1 cm
2
 to 10 cm

2
 averaging area is not valid if 

electrons are not the primary means of energy deposition at a particular depth. It is 

recommended then, that if 1 cm
2
 area dose averaging is desired, a dosimeter of this 

area should be built instead of trying to extrapolate dose from a 10 cm
2
 area 

dosimeter.  
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Figure 4.17: Ratio of 1 cm
2
 area dose divided by 10 cm

2
 area photon dose as a function of density 

thickness depth, quadratic trend-line with trend equation included.  

 

4.7 Inert Plastics Selection 

To achieve the correct depth (7, 100, 300, and 1000 mg/cm
2
), the scintillation 

layers are sandwiched between layers of inert plastic. The inert plastic does not 

scintillate and is of a density, chemical makeup, and thickness to simulate skin and 

force the correct density thickness locations for the scintillation layers.  

 

There are four steps involved in performing plastic layer fitting. First, 

available plastic types must be researched and an appropriate plastic selected. 

Second, the selected plastic must be modeled so as to optimize plastic thicknesses. 

Third, the plastic must be cut or molded into its designated thickness. Fourth, the 

plastic layers must then be tested in the actual dosimeter.   

 

The first step, researching and selecting a plastic, recognizes that there are 

several prime properties the plastic must have in order for it to even be considered 

for selection. First, the plastic must be transparent. This is not required for the first 
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plastic layer (before the first scintillator), as ionizing radiation will transport the 

same through plastic regardless of its color. However, all internal layers of plastic 

must be transparent so as to allow visible scintillation light to travel unimpeded 

toward the PMT. The plastic must also have a known density, ideally, around the 

density of skin, 1 g/cm
3
. Though desirable, it is not absolutely necessary for the 

plastic to have skin density, as the thickness of the plastic can be adjusted. As long 

as the inert plastic density is known, then it can be effectively modeled to 

determine tissue-equivalent behavior. Also important is that the plastic have an 

effective Z and atomic makeup similar to skin or scintillation plastic. This will 

reduce problems that may be caused by higher Z elements, such as bremsstrahlung 

production and backscattering. It will also reduce issues regarding differing 

stopping powers or mass energy-absorption coefficients between components.  

 

The second step, modeling the selected plastic, is required to ensure that dose 

matching can be achieved. Dose matching entails adjusting the thicknesses of the 

inert plastics such that the dose accumulated by the scintillation layers of finite 

volume closely matches doses modeled in infinitely thin simulated skin. To start, 

however, the inert plastic layers will take on thicknesses required to place the 

scintillation layers at correct density thicknesses.  

 

The third step, cutting and/or making the plastic into the correct sizes, 

requires that the selected plastic be available to the specifications set forth in steps 

one and two. Primarily, the plastic must have a thickness comparable to what is 

desired and that it be transparent. Ideally, the plastic will have a uniform thickness 

and density across its area. If the exact thickness of required plastic is not 

available, then it may be possible to layer together thinner pieces of plastic to form 

the desired thickness. Air gaps between layers can be problematic and must be 

eliminated as much as possible.  
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The fourth step, testing the plastics, involves troubleshooting the detector and 

characterizing the response. If needed, the thicknesses of the inert plastic layers 

can be adjusted to obtain more accurate results at specific depths.  

 

High Density Polyethylene (HDPE) was selected as the plastic of choice for 

the first inert layer as it is available in very thin sheets as required by our design 

(~50 microns). The plastic comes in forms that are transparent or opaque, but this 

feature is unimportant for the first layer. Most importantly, HDPE has a known 

density range between 0.941 and 0.959 g/cm
3
, which, at the lower density range, is 

only ~6% different from the assumed skin density of 1 g/cm
3
. Also important, 

HDPE has an atomic make up and effective Z (5.74) similar to the scintillation 

plastic (7.32) (Chemistry Daily, 2007). 

 

For all other inert plastic layers, the use of cast resin polyurethane was 

attempted. Cast resin comes in two separate liquid parts that are combined together 

to form a rigid polyurethane plastic. The casting resin selected is called Crystal 

Clear 202, an optically clear setting resin
1
. The polyurethane also has a density and 

chemical makeup similar to skin. Unfortunately, the attempt to use cast resin 

polyurethane for inert plastic was not successful. The layers formed from the 

casting resin had exceptionally bad uniformity in thickness. The thicker layers 

contain small air bubbles, which would interfere with scintillation light passage, 

and the polyurethane could not be polished. For these reasons, the attempt to form 

inert plastic layers from casting resin was abandoned and it was decided to cut or 

machine the inert plastic layers from preexisting clear layers of acrylic plastic.  

 

Polyurethane was originally preferred as it is closer in material properties to 

skin than is acrylic. However, the differences in atomic makeup and density 

between acrylic and polyurethane are sufficiently accounted for by ensuring the 

                                                

1 Smooth-On, Inc. 2000 Saint John Street, Easton, PA 18042. www.smooth-on.com 
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scintillation layers are at the appropriate density thicknesses. To obtain better 

matching of density thicknesses of the scintillation layers, we used layers of 

polycarbonate and polyester film (PET). Density thickness calculations, confirmed 

by MCNP5 simulations, guide the estimate of appropriate materials and their 

thicknesses. Table 4-4 lists the relevant material properties of the different plastics 

that will be in the scintillation assembly as compared to skin and other plastics. 

The scintillator material is Polyvinyl Toluene (PVT).  

 

Table 4-4: Comparison of relevant material properties for skin and plastics in the scintillation assembly 

 

Average Density 

(g/cm3) 

Effective 

Z Atomic makeup ratio 

Skin           1 7.32 

O,H,C,N (0.39 : 1 : 0.18 : 

0.035) 

HDPE           0.95 5.74 H,C (1 : 0.5 ratio) 

PVT           1.032 5.87 H,C (1 : 0.902 ratio) 

Acrylic           1.185 6.69 O,H,C (0.25 : 1 : 0.62) 

Polycarbonate           1.2 6.42 O,H,C (0.19 : 0.88 : 1)  

Polyester 

(PET)           1.4 6.77 O,H,C (0.4 : 0.8 : 1) 

 

Note: Information in table above provided by (Chemistry Daily, 2007), (Freund Container and 

Supply, 2006), (International Commission on Radiological Protection, 1991), (Gabriel, 2009).  

 

It was decided that the majority of the scintillation assembly would be 

constructed out of acrylic due to its optical clarity, closeness of properties to skin, 

and wide availability of shapes and sizes. Sheets of acrylic of desired thicknesses 

were ordered and discs of appropriate averaging area were punched out with an 

industrial hole punch. Polycarbonate and PET sheets also were ordered and 

punched. A cylinder of acrylic was ordered and machined to form the sheath of the 

scintillation assembly. Machining was accomplished at the Oregon State 
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University Engineering Services Machine Shop. The sheath was specially 

designed to hold and protect the inert plastic and scintillators.  

 

4.8 Final Inert Plastic Layer 

There is a final layer of inert plastic installed in the dosimeter between the 

CaF2 layer and PMT. This layer performs four functions; first, the layer will 

provide a physical barrier between the CaF2 layer and the PMT to protect the CaF2 

should the PMT need to be removed; second, the layer will absorb high energy 

electrons to prevent them from reaching the PMT face, to reduce noise; third, the 

final plastic layer aids in scintillation photon transport to the PMT face; fourth, the 

layer will provide for tissue equivalent backscatter. 

 

It was decided to make the last layer thick enough such that the entire length 

of the scintillation assembly, including the last inert plastic layer, will roughly 

equal the range of 3 MeV electrons. These electrons are fairly energetic and 

represent the upper range of electron energies expected from typical sources. The 

thickness of the final inert plastic layer is approximately 0.6 cm.  

 

The final inert plastic layer was machined from an acrylic cylinder. The 

machining process leave the surfaces hazy and optical clarity is of utmost 

importance. Thus, the plastic was polished by using fine grain sandpaper in water 

to wear down larger scratches and using a torch to lightly melt and refinish the 

surfaces.  

 

4.9 Scintillation Materials Selection 

The three scintillators used in the dosimeter are BC-400, BC-444, and CaF2. 

BC stands for Bicron and is the product name for Saint-Gobain plastic scintillation 

line. Table 4-5 lists the properties of the scintillators. 
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Table 4-5: Scintillator properties for BC-400, BC-444, and CaF2 

Scintillator BC-400 BC-444 CaF2 

Material Organic PVT Organic PVT Crystal CaF2 

Density (g/cc) 1.032 1.032 3.18 

Decay time (ns) 2.4 179.7 940 

Light output (% Anthracene) 65 41 50 (% NaI) 

Max Emission (nm) 423 428 435 

Refractive Index  1.58 1.58 1.47 

 

The table shows the density, scintillation decay time (in nanoseconds), light output 

as a percentage of Anthracene (or of NaI(Tl), as in the case of crystals), the 

scintillation light wavelength at emission spectrum maximum (in nanometers), and 

the refractive index. Anthracene is a naturally-scintillating plastic, while NaI(Tl) is 

a thallium-activated sodium iodide crystal widely used in gamma detection 

systems (Knoll, 2000). For comparison, the index of refraction of acrylic is 1.49 

(Parker-TexLoc, 2005).  

 

Organic scintillators essentially contain a one to one ratio of carbon and 

hydrogen and typically have densities similar to tissue. The organic scintillator 

material selected is Polyvinyl-Toluene (PVT). Inorganic scintillators are crystals 

that contain higher Z elements and are typically of higher density. Ideally for 

tissue-equivalence, only organic scintillators would be used, however there are 

particular requirements that must be met in order for multiple scintillators to share 

the same PMT. The first requirement is that the maximum scintillation emission 

wavelength of all scintillators is similar, such that the PMT’s photocathode can be 

selected to match the average emission wavelength. Second, the decay times of the 

scintillators must be widely different, such that pulse shape analysis makes it 

possible to distinguish between scintillation events in different scintillators. To 
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meet these requirements, the inorganic CaF2 needed to be selected. Due to CaF2 

having a higher density than skin, leading to increased electron backscattering and 

increased relative sensitivity to gammas, the optimum placement of the CaF2 is 

behind all other scintillators, as a photon detector layer at 1000 mg/cm
2
. With this 

arrangement, electron backscatter would be reduced and the CaF2 can perform 

deep dose measurements, primarily the result of photon interactions. The CaF2 

crystal and PVT scintillators are non-hygroscopic and inert to air.  

 

Bismuth germanate (BGO), Bi4Ge3O12, was  used in detector experiments 

but was not used in the final product. Bismuth germanate has a relatively high 

effective Z (83) and density (7.13 g/cm
3
), but has a light output only 10-20% of 

NaI(Tl) (sodium iodide) and a decay time of 300 ns. Bismuth germanate is a pure 

inorganic crystal and does not require an additive.  

 

The scintillators were ordered as sheets of desired thicknesses and the 

appropriate diameter discs to be punched out with an industrial hole punch. The 

process of punching out the scintillators was tedious. The crystal CaF2 did not 

require punching as it was made to order of required thickness and diameter.  

 

4.10 Photomultiplier Tube Selection 

A photomultiplier tube (PMT) is a device for use in detection systems that 

convert visible light photons into a measurable electrical pulse. Photons are 

converted into electrons by having photons ionize atoms at the face of the PMT on 

what is known as a photoemissive cathode, or photocathode. Photocathodes have 

small work functions that allow electrons to be easily removed. The liberated 

electrons cascade onto a series of dynodes, which liberate additional electrons, and 

cause a predictable multiplication of the electron population. The electrons are 

finally collected by an anode to be read as an output signal (Hamamatsu Photonics, 
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2008). The selection of an optimum PMT will be dependent on a number of its 

characteristics.  

 

First, consider light beam size, there are two types of PMT viewing 

configurations, head-on and side-on. Head-on PMTs collect photons at the head or 

end of the tube, while the side-on collects photons on the side of the tube. For our 

dosimeter design, a head-on design was selected because of its cylindrical shape 

and to optimize the reduction in dosimeter size. Additionally, head-on PMTs 

provide better uniformity of photon-to-electron conversion over the sensitive area. 

Square type PMTs have square shaped sensitive areas and are not considered for 

selection, as this shape would not match the dosimetry plastic shape. The diameter 

of the PMT sensitive area should be at least as large as the dimensions of the 

dosimetry active plastic (3.57 cm diameter for the 10 cm
2
 area dosimeter). To 

optimize scintillator photon collection, the PMT sensitive area (4.6 cm diameter) is 

larger than the active dosimetry plastic due to the presence of the plastic sheath 

surrounding the active area, which could also transport scintillation photons. Thus, 

the recommended optimum PMT sensitive area is equal to the area of the 10 cm
2
 

dosimeter with the plastic sheath (Hamamatsu Photonics, 2007).  

 

The PMT gain depends on the number of dynodes, dynode type, and voltage 

applied to dynodes. Gains can vary by orders of magnitude and higher gains imply 

a larger multiplication of electrons. Gain technically is the ratio of anode output 

current to photoelectron current at the photocathode. When selecting a PMT, the 

actual figure of interest is the gain, not necessarily the number of dynodes or 

dynode properties. While larger gains seem more desirable, due to the ability to 

amplify smaller signals, larger gains are also more susceptible to noise in the way 

of variable voltage input to each dynode. Variations in the power supply voltage 

can cause magnified variations in the PMT output signal. Another consideration 

for noise is dark current. Dark current refers to the small flow of current in the 
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PMT, even when the PMT is in complete darkness. Dark current is considered 

noise and is a primary factor in low light detection limit. Dark current is a function 

of applied voltage and time of PMT operation (Hamamatsu Photonics, 2007). 

 

Time response is the time required to produce a signal waveform and the 

properties of that waveform.  Time response is dependent on electron travel time, 

anode pulse rise time, and the spread, or variability, in electron travel time. Time 

response is reported as the rise time of the signal waveform, i.e., the time required 

for the waveform to rise from 10% of its peak value to 90% of its peak value. Even 

though the electron travel time is usually an order of magnitude larger in time than 

the anode rise time, only rise time is reported as it is the rise time (and the spread 

in electron travel time) that affects the ability to resolve individual pulses; electron 

travel time will not cause a deterioration of signal time resolution, but will only 

cause a systematic delay in signal response time. Rise time is typically reported in 

units of nanoseconds (Hamamatsu Photonics, 2007). 

 

 In actuality, it is the spread in electron travel time that truly determines the 

timing resolution of a PMT. The variability in electron travel time is determined 

by the anode rise and fall time and is typically measured by calculating the full 

width half max (FWHM) of the PMT anode signal response to an instantaneous 

flash. For most PMTs, the FWHM will be ~2.5 times the anode rise time (in 

general, a PMT’s fall time is two or three times greater than the rise time). Thus, if 

accurate timing measurements are expected the anode FWHM must be equal to, or 

shorter than, the decay times of the scintillators being used. The decay time of our 

slowest scintillator, CaF2, is 940 nanoseconds. The decay times of BC-444 and 

BC-400 are 179.9 and 2.4 nanoseconds, respectively. The FWHM of the selected 

PMT is approximately 18 ns. Thus, the BC-400 pulse shape will be dictated by the 

slower PMT response. This issue may affect dose information of the BC-400 layer 
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and will be analyzed in further detail in future studies (Hamamatsu Photonics, 

2007).  

 

All PMTs are sensitive to a particular range of photon wavelengths. This 

range is typically shown as a spectral response curve that shows photocathode 

quantum efficiencies and photocathode radiant sensitivity as a function of 

wavelength. The spectral response of a PMT is dependent on its window material 

and photocathode spectral response. It is important that we ensure that the PMT’s 

spectral response is optimal in the wavelength range where scintillation photons 

are being created and transported. The photocathode and window materials dictate 

the spectral response of the PMT. Our dosimeter uses BC-400, BC-444, and CaF2, 

which have peak emission wavelengths 423 nm, 428 nm, and 435 nm, 

respectively. The scintillators were selected, among other reasons, to have similar 

peak emission wavelengths to allow easy PMT wavelength matching. Thus, the 

PMT spectral response should be optimal around the average of the wavelengths 

listed above for the different scintillators. Minimum and maximum spectral 

response wavelengths and peak sensitive response wavelength are reported by 

Hamamatsu Photonics. Below is a table of scintillator and ideal PMT properties. 

For the PMT, the decay time is interpreted as the FWHM (Hamamatsu Photonics, 

2007). 

 

Table 4-6: Comparison of decay times and peak wavelength for the scintillators versus an ideal PMT 

 BC-400 BC-444 CaF2 Ideal PMT 

Decay Time (ns) 2.4 179.9 940 < 2.4 

Peak Wavelength (nm) 423 428 435 420 

 

The PMT module and socket were selected as separate items from 

Hamamatsu Photonics and are designed to match each other, i.e., the socket is for 

an 8 dynode, 14 pin PMT. The active area of the PMT was selected to cover the 
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active dosimetry area and the plastic sheath surrounding that dosimetry to allow 

maximum scintillation light capture. The socket contains a voltage divider and has 

a high voltage input and signal output. The inputs and outputs of the socket are 

coaxial wires without BNC (bayonet Neill-Concelman) connectors; thus, BNC 

socket wires have been soldered to the BNC and SHV (Safe High Voltage) 

connectors. 

 

Table 4-7: List of relevant properties of the PMT 

PMT Model: R1306 

Socket Model: E1198-20 

Sensitive face size: 4.6 cm  

Actual face size: 5.1 cm 

Dynodes: 8 

Pins: 14 

Photocathode Peak Sensitive Wavelength: 420 nm 

Anode to Cathode Supply Voltage: 1000 V 

Gain: 2.7 x 10
5
 

Typical Dark Current: 2 nA 

Rise Time: 7 ns  

 

Soldered to the high voltage socket wire was a front mount female bulkhead 

SHV connector
1
. Soldered to the BNC socket wire was a front mount female 

bulkhead isolated BNC connector
2
. 

 

4.11 Detector Encasement 

The detector encasement is machined from 6061-T6 aluminum. It is made up 

of three parts: a cylinder section that encloses the PMT and voltage divider; an end 

cap, which screws into the back of the cylinder section and has holes to allow the 

mounting of SHV and BNC female bulkhead connectors; and a front cap, which 

                                                

1 Kings by Winchester Electronics. 3049 SouthCross Boulevard – Suite 101, Rock Hill, SC 29730.  

www.kingselectronics.com 

2 Amphenol. 358 Hall Avenue, Wallingford, CT 06492. www.amphenol.com 
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holds the scintillation assembly and also presses it against the PMT. The front end 

holder slides over the aluminum cylinder section and screws into place. The front 

end holder was specifically designed to guarantee a physical connection between 

the PMT photocathode face and the back of the scintillation assembly to prevent 

ambient light from reaching the PMT face from any light leaks, and to allow easy 

replacement of the scintillation assembly.  Only minimal clearance is given to the 

PMT within the encasement and the PMT face is slightly inset from the aluminum 

cylinder section. The design improvement and machining of the encasement was 

performed by the Oregon State University Engineering Services Machine Shop.  

 

 

 

Figure 4.18: The detector with front end holder removed to show PMT face and scintillation assembly 
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5 Setup and Operation 

5.1 General Setup Overview 

The detector has two connections, a high voltage (HV), and a signal output. 

The HV connection provides the PMT with power and the signal out provides 

connection to the PMT anode. The HV is drawn from a model 3106D Canberra 

HV power supply contained in a model 2100 Canberra
1
 NIM bin (Nuclear 

Instrumentation Module). The signal out is connected to a series of analog and 

digital electronic components, which convert the PMT output of electrons into an 

un-calibrated spectrum on the computer software, Genie 2000
1
. The first in the line 

of components is the preamplifier, which is directly connected to the signal out of 

the detector with a coaxial cable. The preamplifier used is an EG & G Ortec
2
 

model 113. The preamplifier shapes the PMT output pulse to have a certain 

voltage and time constant depending on the selection of the input capacitance (the 

preamplifier itself has an internal capacitance of 45 pF). The relation of voltage 

and capacitance is given by 

 

!

! 

V
max

=
Q

C
! "!#$%!&!

 

where Vmax is the maximum amplitude of the voltage pulse, Q is charge collected 

at the anode, and C is detector capacitance. The preamplifier used does not invert 

the signal, which originates as negative polarity from the PMT anode. The output 

from the preamplifier is connected to a Canberra model 2022 amplifier. The 

amplifier further modifies the signal pulse by amplifying the voltage and applying 

a shaping constant. The input polarity is set to the polarity of the input signal 

                                                

1
 Canberra Industries, Inc. 800 Research Parkway, Meridan, CT 06450. www.canberra.com 

2
 Ortec. 801 South Illinois Avenue, Oak Ridge, TN 37830. www.ortec-online.com 
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pulse, which is negative from the PMT anode. From the unipolar output of the 

amplifier, the signal goes to a Canberra Multiport II MCA (multiple channel 

analyzer). The MCA contains an ADC (analog to digital converter) and interfaces 

with the computer by a USB (universal serial bus) port. The data from the ADC is 

analyzed by the Genie 2000 software. An illustration of the equipment setup is 

shown in Fig. 5-1. A signal chain diagram is provided in Fig. 5-2. 

 

 

Figure 5-1: Photograph of the detector setup 
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Figure 5-2: Diagram of connections and devices in setup and operation 

 

5.2 Initial Testing 

Initial testing involves ensuring the detector functions properly without 

regard to the accuracy or precision of doses measured. Throughout this process, a 

Tektronix
1
 Model TDS 1001B digital oscilloscope is used to aid in 

troubleshooting. The first priority when powering up a PMT is light leakage. If 

ambient light leaks into the detector, not only will this increase noise, but it is also 

possible to overload the PMT. Overloading the PMT happens when the magnitude 

of electrons traveling from dynode to dynode is too great, damaging or destroying 

the dynodes. Initially, the detector is operated in low ambient light conditions 

                                                

1
 Tektronix, Inc. 14150 SW Karl Braun Drive, Beaverton, OR 97077. www.tek.com 
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with a black felt covering until it is determined that can be safely operated with 

full ambient light exposure. A number of design modifications to the detector 

casing were necessary to adequately prevent light leakage.  

 

The next step in initial testing is to ensure that all scintillation layers and 

crystals are functional. This involves placing scintillation assemblies with an 

installed scintillation layer into the detector and observing a response from 

radioactive sources with both the oscilloscope and MCA. As repeated below, all 

scintillation layers and crystals were tested and shown to give a sufficient 

scintillation response.   

 

5.3  Recommended Operation 

Power was supplied to the PMT for thirty minutes to an hour before data 

collection to increase gain stability (Hamamatsu Photonics, 2007). The PMT gain 

and HV power supply are both temperature dependent, however, this dependence 

is negligible in the range of temperatures of the laboratory, thus temperature 

dependence is neglected (Hamamatsu Photonics, 2007); (Canberra Industries, 

1999). To reduce background interference, the detector is placed in a lead cave. 

Applied voltage to the PMT was increased slowly to the desired HV level to 

prevent overshooting the voltage. In all operations, the PMT was operated at the 

manufacturer’s specification of 1 kV. Sources were typically taped to the detector 

face to hold them in place as measurements were taken. Periodic signal checks 

with the oscilloscope were done to ensure that damaging light leaks were not 

present.  

 

When changing out scintillation assemblies, we ensured that the Mylar face 

entirely covered the face of the scintillation assembly to prevent light leakage. 

After an assembly switch out, the signal was monitored with the oscilloscope as 

HV was applied to observe any light leaks that may be present.  
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The selection of the preamplifier input capacitance, amplifier gain and 

shaping, as well as MCA channels to be used, is dependent on the scintillation 

layer being studied. These settings were optimized for each scintillation layer 

according to detector response and background spectra. Table 5-1 provides 

operational settings for each scintillation layer test.  

 

Table 5-1: Amplifier, preamplifier, and MCA settings for different layers and materials 
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As shown in Table 5-1, the first layer (BC-400) does not use a preamplifier and 

uses a small number of channels and a different shaping constant. This has been 

determined to be the ideal setup for this layer and is also likely to be the ideal 

setup for all other layers (except the number of channels or gain) due to the timing 

characteristics of the signal pulse. Changing the above settings should not 

significantly affect the measured dose unless the collected spectrum is truncated or 

excessively compressed. Optimizing the shaping and number of channels without a 

preamplifier may, however, help reveal spectral features that would aid in channel-

to-energy calibration 
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5.4 Source Testing 

Source testing involves using radioactive sources and obtaining spectra with 

scintillation assemblies in varying configurations. Sources were gamma, beta, or a 

mix of the two. Activities ranged from 0.02 uCi to 10 uCi. The age of the source 

must be known to determine the actual activity of the source for dose calculations. 

In general, sources were measured one at a time and were taped to the detector 

face, typically touching the Mylar face. Measurement times varied depending on 

the source and requirement of the spectrum. Background spectra were taken with 

times longer than the source measurement to ensure statistical stability of 

background counts. All source testing, except for BGO tests (to be discussed), 

were conducted in a lead cave to reduce background. When the measurement 

required that no source electrons be present, the source was oriented to allow self-

absorption, or a thin lead disc was placed between the source and detector face to 

shield against electrons.   
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6 Detector Calibration  

6.1 Calibration Overview 

In order to obtain dose from a measured spectrum, a calibration is required 

that relates deposited energy and channel number. A raw spectrum represents the 

number of pulses that occur as a function of signal voltage. A spectrum is typically 

displayed as the number of pulses, or counts, dN, occupying a continuum of 

voltage bins, or channels, dV. The spectrum, dN/dV, requires a calibration that 

equates channel to energy, dE. Multiple known energy points are required for a 

sufficient calibration, and the more calibration points used, the more accurate the 

conversion from channel to energy. Thus, a calibration performs the following 

conversion, 

 

 

! 

dN

dV
"

dN

dE
 ( 6.1 ) 

 

Once a calibration is completed for a particular scintillation assembly, it may 

continue to be used for any variety of gamma or beta sources, so long as the 

preamplifier, amplifier, and MCA settings remain unchanged, and as long as gain 

drift is not significant. Also, any changes to the scintillation assembly that change 

scintillation light passage or collection require a new calibration, as this will 

systematically alter the voltage of collected pulses, thereby shifting the spectrum 

to higher or lower channels (energies).  

 

6.2 Feature Physics 

In order to equate a channel to energy, the energy deposited for a particular 

channel must be known. Spectral features can be used to identify known energies 

if the interaction physics of the features are well understood and occur at rather 
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discrete energies. Features searched for to calibrate this detector include x-ray 

peaks, backscatter peaks, Compton edges, and photopeaks. While there are a 

myriad of other features present in a spectrum, the detection efficiencies and 

resolutions of this detector are such that only the most dominant features are 

discernable, at best (see Fig. 6-1).  

 

dN 

dE 

E 

Photopeak 
X-ray Peak 

Backscatter Peak 

Compton Edge 

 

Figure 6-1: Dominate spectrum features for calibration (adapted from Knoll, 2000, p320) 

 

The figure shows what an ideal spectrum would look like for a very large 

detector with good resolution and an absence of coincidence events. The detector 

resolution will dictate the spreading of features in the spectrum. However, 

regardless of resolution, as long as a feature is discernable and does not interfere 

with other features, the centroid of the peak or edge should occur at the same 

location in the spectrum relative to other spectrum attributes. This allows 
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calibration of spread out features, even for poor resolutions, by setting the 

calibration point at the feature centroid.  

 

The x-ray peak forms when de-excitation x-rays from surrounding materials 

(such as detector casing, lead cave, etc.) are deposited in the scintillation material. 

The x-rays originate from the filling of an atomic orbital by an electron after the 

orbital has been vacated due to photoelectric ejection. X-ray peaks occur at 

discrete energies, as the emission process is discrete. Lead surrounding the 

detector will significantly increase the prominence of a lead x-ray peak, due to the 

relatively high probability of photoelectric interactions in lead and also due to the 

higher energy of the released x-rays. The most prominent lead x-ray peak occurs at 

an energy of 75 keV, corresponding to the K! x-ray from lead (Knoll, 2000). 

 

The backscatter peak forms when Compton scattered photons outside the 

scintillation material scatter into the scintillation volume and deposit their 

remaining full energy. As in the case of x-rays, the prominence of the backscatter 

peak increases as more lead is introduced around the detector as the probability for 

incident source photons to Compton scattering is relatively high in lead. The 

backscatter peak is not a discrete feature, but depends on the initial photon energy 

and scattering angle. For large angle scattering (greater than ~110°), scattered 

photons will have nearly identical energy (Knoll, 2000). The energy of the 

backscatter peak is given by, 
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where hv’ is the scattered photon energy, hv is the incident photon energy, and 

mec
2
 is the electron rest energy. As a general rule, the backscatter peak occurs at an 

energy ~ 0.2 – 0.25 MeV (Knoll, 2000).  
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The Compton continuum develops when photons undergo Compton 

scattering within the scintillation volume and fail to deposit their full energy in the 

scintillation volume afterwards. The Compton edge feature forms the high energy 

end of the Compton continuum and represents the highest possible energy to be 

given up by the photon in a Compton event. The location of the edge is dependent 

on the incident source photon energy and lies at a known energy below the 

photopeak. This Compton edge energy is given by,  
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where Ee
-
 is the maximum possible energy given up by a photon in a Compton 

scatter event, hv is the incident photon energy, and mec
2
 is the electron rest energy 

(Knoll, 2000). Rarely does the Compton continuum end with an abrupt edge, as 

seen in Fig. 6-1. Instead, the edge trails off in the direction of the photopeak. The 

counts in this region between the Compton edge and the photopeak are due to 

coincidence events, typically of multiple Compton scattering events in the 

scintillation volume (Knoll, 2000).  

 

The photopeak forms when the incident photon deposits its full energy in the 

scintillation volume, either by a photoelectric event or multiple Compton scatters 

leading to a photoelectric event. The appearance of the photopeak is dependent on 

the scintillation material density, atomic makeup, size, and incident source photon 

energy. Higher density, higher atomic number, larger scintillator size, and lower 

photon energies usually lead to a higher probability for photopeak emergence. The 

discernability of the photopeak is also dependent on the detector resolution. As 

discovered with this detector, it is not uncommon for the photopeak to be spread 

out and enveloped by the Compton edge, which is also spread out, preventing 

photopeak identification.  
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6.3 PMT Linearity 

Linearity of the PMT output over a range of incident scintillation photon 

inputs is of great importance. A PMT with linear gain means that an increase in 

scintillator response will elicit a linear increase in PMT response. Linearity is 

imperative as is allows for linear calibration fits. Linearity should be independent 

of the scintillator used for a given range of scintillator light outputs and maximum 

emission wavelengths. Linearity can be determined by obtaining a spectrum, 

determining multiple calibration points, and showing that those points fit a linear 

function. For this detector, the PMT is linear as shown in Fig. 6-3 of Section 6.5. 

Since all other scintillator materials used have similar maximum emission 

wavelengths and the same order of magnitude scintillation light output, PMT 

linearity would also hold true, which will justify the use of linear trend fits in 

calibrations.  

 

6.4 Cherenkov Radiation Contributions 

Cherenkov radiation is emitted when an energetic charged particle, such as a 

high energy electron, travels faster than the local speed of light in a medium. The 

emission of Cherenkov light is in the near visible wavelength range of 400 to 480 

nm (Lee, 2007). Cherenkov effects must be considered when the index of 

refraction of the detection medium differs from unity. The speed of light in a 

medium is given by c/n, where c is the speed of light in vacuum and n is the index 

of refraction of the medium (Beddar, Suchowerska, & Law, 2004). If the charged 

particle is especially energetic, or if the index of refraction of the medium is 

especially high, Cherenkov radiation can add a significant contribution to a 

scintillator spectrum. It is also possible for high energy photons to free energetic 

electrons through Compton scatter or photoelectric ejection, thereby inducing 
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Cherenkov radiation. The threshold at which Cherenkov radiation is produced in a 

medium by electrons is given by,  
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where mec
2
 is the electron rest energy (Knoll, 2000). For the majority of the plastic 

used in our detector, acrylic (n = 1.48) results in a threshold energy of 180 keV. 

Thus, any electrons entering or generated in the scintillation assembly with an 

energy greater than 180 keV will produce Cherenkov radiation. Since the effective 

photocathode conversion wavelength (420nm) is within the range of the 

Cherenkov radiation spectrum, it is important to characterize the amount of 

Cherenkov radiation present.  

 

Tests were performed to quantify the amount and characterize the nature of 

Cherenkov radiation noise that is to be expected in a typical source measurement. 

This was done by inserting solid acrylic into the scintillation assembly holder, 

using different sources, beta and gamma, and obtaining spectra at preamplifier, 

amplifier, and MCA settings used in usual measurements. Results show that for a 

variety of sources (Co-60, Cs-137, Sr-90) no noticeable counts are obtained above 

natural background (background counts were taken of scintillation assembly with 

scintillation material installed). Thus, no further consideration of Cherenkov 

radiation noise is necessary.   

 

6.5 BGO Calibration 

In the scintillation assembly, the BGO crystal can be oriented toward or 

away from the PMT face. Each arrangement requires its own calibration, as the 

scintillation light losses may be different for each.  Fig. 6-2 shows typical spectra 
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obtained with the BGO crystal using Cs-137 and Co-60 sources with the crystal 

oriented near and away from the PMT face.  

 

 

Figure 6-2: Spectra from BGO near (black) and away (red) from PMT face with Cs-137 and Co-60 

sources, features identified 

 

Features identified in the spectra include the x-ray peak, backscatter peaks, 

photopeaks, and Compton edge. Background contributions were not subtracted 

from these spectra. Notice that the efficiency is lower when the BGO is near the 

PMT face, indicating lower interaction probabilities due to the BGO crystal being 

farther away from the source also shielded by a finite thickness of inert plastic. 

Also it is noted that the orientation of the BGO crystal did not significantly shift 

either energy deposition spectrum, showing that the loss of scintillation light 

through the scintillation assembly is not significant. Since both spectra have 

features that occur at similar channels, calibrations derived from either spectrum 

will be nearly the same. Thus, only a single energy calibration is necessary. The 

calibration developed is based on the spectrum with the BGO crystal near the PMT 

face, as it contains more identifiable features. Table 6-1 is the calibration 

information used for BGO. 
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Table 6-1: Features used in BGO calibration with associated channels and energies 

 Channel Energy (MeV) 

Zero 14 0 

X-ray peak 1100 0.088 

Cs-137 Backscatter peak 1700 0.20 

Cs-137 Compton Edge 4300 0.48 

Cs-137 Photopeak 6100 0.662 

Co-60 Photopeak 10800 1.17 

Co-60 Photopeak 12400 1.332 
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Figure 6-3: Calibration curve of BGO crystal for a Cs-137 and Co-60 source with linear trend fit 

 

The equation shown in the calibration above is the calibration used for all BGO 

spectra in this work. The zero point is included in the calibration and system 

linearity is shown to be very good. The zero point is the channel at which counts 

are observed to be recorded.  
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6.6 Fourth Layer (CaF2) Calibration 

As the volume of the scintillation material becomes smaller, calibrations 

become more challenging to develop as spectral features are more difficult to 

identify. The CaF2 layer provides an advantage in that it is relatively dense and has 

a relatively high atomic Z, as compared with plastic scintillators. Both of these 

properties increase the photoelectric interaction probability with incident photons. 

Sources of Cs-137 and Na-22 were used for calibration. The Compton edge used 

in Na-22 is the edge below the 0.511 annihilation photon. Fig. 6-4 shows spectral 

calibration features; background has not been subtracted. The equation shown 

below within Fig. 6-5 is the calibration used in this work for all fourth layer (CaF2) 

spectra.  

 

 

Figure 6-4: Fourth layer (CaF2) spectra of Cs-137 (red) and Na-22 (black) with calibration features 

identified 
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Table 6-2: Features used in fourth layer (CaF2)  calibration with associated channels and energies 

 Channel Energy (MeV) 

Zero 15 0 

Na-22 Compton edge 3300 0.34 

Cs-137 Compton edge  4500 0.48 

Cs-137 Photopeak 6000 0.662 

 

!"#"$%$&'(&)*"("+%$,'(&,"

&"

&%$"

&%-"

&%,"

&%)"

&%."

&%/"

&%0"

&" $&&&" -&&&" ,&&&" )&&&" .&&&" /&&&" 0&&&"

!
"
#
$%
&
'(
)
#
*
+'

,-.""#/'

,./01$.203"'43$'52-'6.&#$'(,.78+'

 

Figure 6-5: Calibration curve of fourth layer (CaF2) with linear trend fit 

 

6.7 Calibration Method Development 

While calibrating the BGO crystal and fourth layer CaF2 were fairly 

straightforward, calibration of low-Z plastic layers is substantially more difficult 

since the probability of photoelectric interactions is extremely small. Additionally, 

interaction probabilities go down drastically as the scintillation layers become 

thinner. As expected, spectra from the plastic scintillation layers are rather devoid 

of identifiable features. The lack of identifiable features in the spectra necessitates 

a different approach to calibration (Siciliano, et al. 2008).  In Siciliano’s work, 

calibration points are extracted from relatively featureless spectrums of plastic 

scintillators by comparing the experimental spectra against predicted spectra 
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simulated in MCNP5. In general, Siciliano, et al. (2008) compares Compton edges 

and maxima of Compton continua in experimental and predicted spectra. Spectra 

generated in MCNP5 are spread out using the Gaussian Energy Broadening (GEB) 

option. Since the predicted spectra given by MCNP5 are, in a sense, already 

energy calibrated, predicted features at given energies can be equated to features 

that appear in experimental spectra at given channels.  

 

Using their work (Siciliano, et al. 2008) as an impetus, a similar approach to 

calibration is attempted in our investigation. Predicted gamma spectra of the 

detector for Co-60 and Cs-137 sources were generated for each scintillation layer 

in MCNP5, without employing the GEB option. Without the GEB option, 

generated spectra are ideal, without resolution imperfections. By recognizing that 

GEB will broaden spectral features with a Gaussian function, the centroid of any 

feature will remain at the same energy. Additionally, the method of calibration 

developed here relies on being able to determine the energy at which features 

occur; using the GEB option would make these features more difficult to identify. 

Simulated spectra are computed using the pulse height distribution tally (f8), 

giving energy response based on interaction probabilities in the modeled 

scintillation volume.  

 

Predicted ideal spectra of Co-60 and Cs-137, simulated with MCNP5, are 

compared with experimental Co-60 and Cs-137 spectra. The feature that is being 

compared is the maximum of the spectra (excluding the noise maximum) as well 

as an order of magnitude below maximum counts and, if required, two orders of 

magnitude below maximum counts. The channels that these points occur in 

experimental spectra are equated to the energies that these same points occur in the 

predicted spectra. A calibration can then be developed from these points in 

addition to any points obtained from the traditional calibration method.  
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Fig. 6-6 illustrates how the calibration points are taken from the predicted 

spectrum. The spectrum is essentially a plot of the interaction probabilities across 

energies for a given source and scintillation layer in the detector simulated by 

MCNP5. The points selected are where the black bold lines intersect. Specifically, 

the energies at which these points occur, as shown by the arrows pointing down 

onto the energy axis. The “top” is the maximum interaction probability for the 

spectrum. The “1 order down” is the point in the spectrum where the interaction 

probability is a single order of magnitude lower than the maximum, as shown by 

the brackets, on figure right. The “2 orders down” is where the spectrum reaches 

an interaction probability two orders of magnitude below maximum. The same 

point selection process is carried out for the experimental spectrum for the same 

source and layer. The channels selected from the experimental spectrum are then 

equated to the energies selected from the predicted spectrum, and a calibration is 

formed.  

 

 

Figure 6-6: Sample predicted spectrum illustrating calibration method 
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We are justified in calibrating against predicted spectra if we recognize some 

key assumptions. First, this method of calibration is not dependent on resolution, 

but only on interaction probabilities, both in the physical and simulated detector; it 

is the interaction probabilities that are actually being compared. Second, any 

attempt to compare points other than the spectra maxima (such as orders of 

magnitude in counts below maxima) requires that the relationship between these 

points and spectra maxima be known. As was already established in Section 6.3, 

the detector gives a response linearly proportional to energy. If it is assumed that 

experimental spectra are actually a measure of interaction probabilities, then it can 

be also assumed that the interaction probabilities have a linear relationship 

between given points. In short, the calibration is not dependent on detector 

efficiency. Third, the source strength or source/detector geometry is not a factor, 

so long as betas are not permitted to enter the detector, as they were not modeled 

in MCNP5.  

 

As will be evident later, the method of calibration developed here, 

henceforth referred to as ‘predictive calibration’, is fairly successful in the second 

and third layers (BC-444), but inconclusive in the first layer (BC-400).  

 

6.8 Third Layer (BC-444) Calibration 

Spectral features in the third layer (BC-444) are difficult to spot as compared 

with the fourth layer (CaF2), but some features are visible, notably Compton edges. 

Sources Co-60 and Ba-133 were used for the calibration. A mixed-source 

calibration is used to include a calibration point from the Ba-133 Compton edge 

along with calibration points from a predicted Co-60 spectrum. The Ba-133 

Compton edge is calculated from the emission-weighted energy average Compton 

edge contributing photon of Ba-133. Fig. 6-7 shows calibration features for the 

BC-444 layer. The equation shown below in Fig. 6-9 is the calibration used in this 

work for all third layer BC-444 spectra.  
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Figure 6-7: Third layer (BC-444) spectra of Co-60 (red) and Ba-133 (black) with calibration features 

identified 
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Figure 6-8: Predicted spectrum of Co-60 for the third layer (BC-444) from MCNP5 
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The source Cs-137 was not used for predictive calibration, as the experimental 

spectral maximum could not be accurately determined. Statistical errors in the 

predicted Co-60 spectrum are included in Fig. 6-8 as error bars. 

 

Table 6-3: Features used in third layer BC-444 calibration with associated channels and energies (OD = 

order down) 

 Channel Energy 

Zero 14 0 

Co-60 top 1200 0.134 

Ba-133 Compton edge 1700 0.186 

Co60 1 OD 4600 0.527 
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Figure 6-9: Calibration curve of third layer BC-444 with linear trend fit 

 

The fact that a mixed calibration (where points are taken from visible features and 

a predicted spectrum) fits a linear trend and that we can calculate dose within a 

reasonable error (described later), lends validity to the method of calibration from 

predicted spectra.  
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6.9 Second Layer (BC-444) Calibration 

The second layer (BC-444) has no identifiable features and requires a 

calibration entirely from predicted spectra. Sources Co-60 and Cs-137 were used 

for calibration; calibration features are shown below. The equation shown in Fig. 

6-12 is the calibration used in this work for second layer (BC-444) spectra. 

Statistical errors in the predicted spectra are included in Fig. 6-11 as error bars. 

 

 

Figure 6-10: Second layer (BC-444) spectra of Co-60 (red) and Cs-137 (black) with calibration features 

identified 
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Figure 6-11: Predicted spectrum of Co-60 (red) and Cs-137 (black) for the second layer (BC-444) from 

MCNP5 

 

Table 6-4: Features used in second layer (BC-444) calibration with associated channels and energies 

(OD = order down) 

 Channel Energy 

zero 15 0 

Co-60 top 400 0.05 

Cs-137 top 500 0.06 

Co-60 1OD 1800 0.25 

Co-60 2OD 3500 0.46 
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Figure 6-12: Calibration curve of second layer BC-444 with linear trend fit 

 

6.10 First Layer (BC-400) Calibration 

The first layer (BC-400) is completely devoid of identifiable features and, as 

with the second layer, requires a predictive calibration. Sources Co-60 and Cs-137 

sources were used for calibration. Figure 6-13  shows spectral calibration features. 

The equation shown in Fig. 6-15 is the calibration used in this work for first layer 

BC-400 spectra. Statistical errors in the predicted spectra are included in the Fig. 

6-14 as error bars. 
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Co-60 1 order down 

Co-60 Top 

Co-60 2 orders down 

Cs-137 Top 

Cs-137 1 order down 

Cs-137 2 orders down 

 

Figure 6-13: First layer (BC-400) spectra of Co-60 (red) and Cs-137 (black) with calibration features 

identified 
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Figure 6-14: Predicted spectrum of Co-60 (red) and Cs-137 (black) for the first layer (BC-400) from 

MCNP5 
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Notice in the previous two figures the spectra of the Co-60 and Cs-137 appear to 

be switched between the experimental and predicted spectra. The exact cause of 

this is unknown. It would seem that this would cause the calibration to fail by 

alternating up the order of the energy points, yet, this does not occur. Note the 

slight prevalence of Co-60 over Cs-137 in the predicted spectra, which is not 

present in the experimental spectra. This prevalence appears equal to or greater 

than the difference between the Co-60 and Cs-137 predicted spectra as energy 

increases up to the last calibration point at around 0.11 MeV. It is this prominence 

that maintains the order of the calibration points and prevents the calibration from 

failing.  

 

Table 6-5: Features used in first layer BC-400 calibration with associated channels and energies (OD = 

order down) 

 Channel 

Energy 

(MeV) 

Zero 13 0 

Co-60 top 30 6.72E-03 

Cs-137 top 32 1.34E-02 

Co-60 1OD 50 3.36E-02 

Cs-137 1OD 62 5.37E-02 

Co-60 2OD 65 9.00E-02 

Cs-137 2OD 90 1.10E-01 
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Figure 6-15: Calibration curve of first layer BC-400 with linear trend fit 

 

It can be observed that the calibration points in Fig. 6-15 do not provide a linear 

calibration as with other scintillation layers. The success of the predictive spectra 

calibration method is suspect for the first layer, however, there are likely other 

underlying issues leading to the poor calibration, and as will be discussed, the poor 

dose matching. At this point, the behavior of the first layer (BC-400) is not fully 

understood and requires further investigation and troubleshooting.  
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The measured doses from experimental spectra are compared against Monte 

Carlo simulated models of both skin and dosimeter. The program VARSKIN
1
 is 

also used for comparison. The optimal standard of accuracy is the MCNP5 

simulated skin doses. Simulated dosimeter doses are expected to better match 

physical detector doses, as the MCNP5 simulated dosimeter was modeled after the 

physical detector. Doses from VARSKIN provide a look at an assessment obtained 

from an NRC acceptable dose calculation tool, but should not be used to provide a 

measure of accuracy for the physical detector.  
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The BGO crystal was the first to undergo testing; it provided valuable 

experience in setup, calibration, and dose calculation. Results from  BGO are not 

significant in skin dosimetry, but provided an important chance to prove that the 

basic concepts behind the detector are valid. Experimental dose estimates were 

compared against predicted estimates of detector models simulated in MCNP5. 

Particular attention was necessary in modeling the scintillation assembly and 

source in MCNP5 in order to provide accurate dose estimates. A sample MCNP5 

input deck of the BGO scintillation assembly and detector is provided in the 

appendix.  

 

A variety of tests were made, primarily with Co-60 and Cs-137 sources and 

with the BGO crystal near and away from the PMT face. These tests were also 

modeled in MCNP5. In all tests, Co-60 and Cs-137 sources were measured 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

$!VARSKIN is maintained by the Nuclear Regulatory Commission, Washington, DC 20555.  

www.nrc.gov  



!

"%!

simultaneously, which requires one source to be in front of another, reducing the 

source flux from the source placed farther from the detector face through 

attenuation in plastic and through geometric losses. The placement of sources was 

modeled in detail in MCNP5. VARSKIN!is not applicable for the manner in which 

dose is calculated with BGO and has not used in this comparison.! 

!
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 Spectra (nGy/s) MCNP5 (nGy/s) % Difference 

Farside 88.8 ± 3.1 95.1 ± 1.3 6.9 

Farside Flipped 38.0 ± 1.9 31.8 ± 0.6 17.8 

Nearside 23.5 ± 1.5 21.9 ± 0.4 7.2 

Nearside Flipped 14.7 ± 1.3 13.8 ± 0.3 6.2 

!

Table 7-1 shows the dose rate comparison between experimental measurement 

(Spectra) and the MCNP5 modeled detector, along with statistical errors. 

Statistical errors are only errors due to counting statistics. In simulations, this error 

is given as a percentage error of the dose. Errors were calculated from spectra by 

propagating standard deviations for each channel through to dose.  

 

As with all dose rate comparisons, spectra were background subtracted 

before the calculation of dose. The percent difference is the percentage that the 

dose rates vary from each other. Detector live time (count time) was 30 minutes. 

The ‘Farside’ estimates are with the BGO crystal oriented away from the PMT 

face, sources facing the detector. ‘Farside Flipped’ is also with the BGO crystal 

away from the PMT face, but the sources are flipped to face away from the 

detector face, attenuating electrons and resulting in the source being slightly 

farther away from the crystal. ‘Nearside’ has the BGO crystal oriented near the 

PMT face with sources facing the detector. ‘Nearside Flipped’ also has the BGO 

crystal towards the PMT face, but the sources are facing away from the detector. 

In all cases, the Cs-137 source is placed behind the Co-60 source to help prevent 
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electrons from entering the detector, as electrons were not modeled in MCNP5 

simulations. Electrons are also present in Co-60 emissions, but these electrons are 

of weak energy.   

!

Note that only half of the cases in Table 7-1 (Farside and Farside Flipped) 

show experimental and computational doses not within statistical errors of each 

other. The percent differences are generally the same except for Farside Flipped. 

The cause for the relatively large percent different for Farside Flipped is not 

exactly known, but may be due to source placement or, perhaps, the movement of 

the BGO crystal out of the scintillation assembly towards the direction of the 

source. Except for the Farside Flipped case, the importance of the experimental 

dose over or underestimating the computational dose is not a significant issue, as 

the percent differences are relatively small. Being the first results obtained from 

the detector, the accuracy of the prototypic dosimeter is promising.  

!
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The fourth layer (CaF2) represents deep skin dose. Of the four scintillation 

layers in the dosimeter, the fourth layer CaF2 was the easiest to calibrate. Due to 

the depth of this layer, pure beta sources are not used for calibration and were not 

considered an issue for mixed sources. Sources Cs-137, Co-60 and Na-22 were 

used in dose estimation and comparison. As is the case with all other layers (but 

not BGO), sources are measured one at a time, being taped to the detector face.  

!

!

!

!
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   MCNP5  

 Spectra (nGy/s) Skin (nGy/s) 

Dosimeter 

(nGy/s) 

VARSKIN 

(nGy/s) 

Cs-137 34.5 ± 1.7 38.7 ± 0.9 36.8 ± 0.3 N/A 

Co-60 13.2 ± 1.9 16.9 ± 0.3 15.0 ± 0.1 17.1 

Na-22 4.9 ± 0.9 3.8 ± 0.2 4.2 ± 0.1 4.1 

!

Table 7-2 shows the fourth layer (CaF2) calculated dose rates from experimentally 

measured spectra, MCNP5 simulations, and VARSKIN program along with 

statistical errors. No dose was obtainable from VARSKIN for the Cs-137 case. 

Detector live time was 30 minutes. Of the three sources used, only Na-22 gave 

experimental results within statistical error of the MCNP5® skin model dose.  

 

5)6&#(!7G8(,/$#(9)'#(;#9.#*'(+-<<#9#*.#(./:;)9-$/*(/<(#F;#9-:#*')&()H)-*$'(./:;%')'-/*)&(

#$'-:)'#$(</9(</%9'?(&)A#9(BC)>=D(

 Skin vs Spectra Dosimeter vs Spectra VARSKIN vs Spectra 

Cs-137 11.5 6.4 N/A 

Co-60 24.2 12.6 25.5 

Na-22 24.5 15.2 18.2 

!

Table 7-3 shows the fourth layer CaF2 percent difference between dose rates from 

experimentally measured spectra, MCNP5 simulations, and the VARSKIN 

program. As expected, differences are smaller for the experimental spectra against 

the MCNP5 dosimeter model, as the computational dosimeter was modeled after 

the physical detector. The causes for the differences are not exactly known, but 

may be corrected with either physical changes to the scintillation assembly or a 

change in the calibration method. Changes in the scintillation would include 

inserting or removing inert plastic placed in front of the CaF2 layer, changing the 

precise depth at which the layer sits.  
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The third layer BC-444 represents the lens of the eye. The third layer was 

tested with a variety of sources, including a pure beta source. The depth of the 

third layer was such that higher energy betas could penetrate enough plastic to 

deposit energy at the third layer depth, as was observed. The sources used in 

experiment were Cs-137, Co-60, Na-22, and Sr/Y-90. The Sr/Y-90 source is a pure 

beta emitter, which consists of Sr-90 decaying into Y-90. Yttrium-90 is in secular 

equilibrium with Sr-90. Included in the listing is Y-90, instead of Sr-90 as only the 

electrons from Y-90 are energetic enough to reach the third layer. 

!
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   MCNP  

 Spectra (nGy/s) Skin (nGy/s) Dosimeter (nGy/s) 

VARSKIN 

(nGy/s) 

Cs-137 7.8 ± 2.1 9.6 ± 1.4 9.3 ± 0.8 N/A 

Co-60 32.7 ± 4.9 43.6 ± 0.002 38.5 ± 0.1 17.1 

Na-22 9.4 ± 2.2 9.7 ± 0.3 10.0 ± 0.1 10.2 

Y-90 2.6 ± 1.2 2.8 ± 0.02 2.5 ± 0.02 4.9 

 

Table 7-4 shows the third layer (BC-444) calculated dose rates from 

experimentally measured spectra, MCNP5 simulations, and VARSKIN program 

along with statistical errors. No dose was obtainable from VARSKIN for the Cs-

137 case. Detector live time was 15 minutes. Of the four sources used, only Co-60 

gave experimental results not within statistical error of the MCNP5 skin model 

dose.  

!

!

!
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 Skin vs Spectra Dosimeter vs Spectra VARSKIN vs Spectra 

Cs-137 20.4 17.9 N/A 

Co-60 28.6 16.4 26.9 

Na-22 3.2 6.0 8.6 

Y-90 7.4 3.8 60.2 

!

Table 7-5 shows the third layer (BC-444) percent difference between dose rates 

from experimentally measured spectra, MCNP5 simulations, and the VARSKIN 

program. As expected, differences are smaller for the experimental spectra against 

the MCNP5 dosimeter model as the computational dosimeter was modeled after 

the physical detector, except for the Na-22 case. The causes for the differences are 

suspected to be an over abundance of inert plastic before the BC-444 third layer, 

placing the layer farther back and systematically making the physical detector 

underestimate dose rates, as observed in Table 7-4. Removing inert plastic in front 

of the third layer may reduce percent differences.  

!
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The second layer (BC-444) represents the layer of skin biologically 

significant to melanoma. The second layer was tested with a variety of beta, 

gamma, and mixed sources. Sources used were Cs-137, Co-60, Na-22, Cl-36, and 

Sr/Y-90. At this depth, betas from both Sr-90 and Y-90 are able to deposit energy. 

Electrons from Cs-137 are also able to participate in energy deposition.  

!

!

!

!

!
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   MCNP  

 Spectra (nGy/s) Skin (nGy/s) Dosimeter (nGy/s) VARSKIN 

Cs-137 46.0 ± 4.6 53.7 ± 1.5 53.1 ± 1.1 17.6 

Co-60 49.9 ± 6.2 55.1 ± 0.003 48.5 ± 0.04 68.9 

Na-22 15.1 ± 3.0 13.9 ± 0.4 14.1 ± 0.2 20.0 

Cl-36 3.3 ± 0.8 2.6 ± 0.03 2.7 ± 0.03 2.2 

Sr/Y-90 12.0 ± 2.9 8.7 ± 0.3 7.7 ± 0.1 7.7 

!

Table 7-6 shows the second layer BC-444 calculated dose rates from 

experimentally measured spectra, MCNP5 simulations, and VARSKIN program 

along with statistical errors. Dose was finally obtainable from VARSKIN for the 

Cs-137 case. Detector live time was 10 minutes. Of the five sources used, only Sr-

90 and Cs-137 gave experimental results not within statistical error of the MCNP5 

skin model dose.  
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 Skin vs Spectra Dosimeter vs Spectra VARSKIN vs Spectra 

Cs-137 15.5 14.4 89.1 

Co-60 9.9 2.8 32.1 

Na-22 8.6 7.2 27.8 

Cl-36 21.9 18.0 39.7 

Sr/Y-90 32.0 43.4 43.3 

 

Table 7-7 shows the second layer (BC-444) percent difference between dose rates 

from experimentally measured spectra, MCNP5 simulations, and the VARSKIN 

program. As expected, differences are smaller for the experimental spectra against 

the MCNP5 dosimeter model as the computational dosimeter was modeled after 

the physical detector, except for the Sr/Y-90 case. The causes for the differences 

are not exactly known. Both over and underestimations are observed. However, 

the physical detector significantly overestimates beta sources, which may indicate 

that there is not enough inert plastic placed in front of the scintillator. Placing more 
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plastic in front of the second layer should lower the beta doses, as betas would 

necessarily have to interact with the additional plastic, while gammas would likely 

be unaffected. Doses by gamma sources may, however, end up being lowered by 

additional plastic due to increased geometric loses. Mixed sources (betas and 

gamma) would encounter lowered doses from additional plastic due to increased 

attenuation of its betas. 
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The first layer (BC-400) represents the shallow layer of skin. The first layer 

was tested with a variety of beta, gamma, and mixed sources. Sources used were 

Cs-137, Co-60, C-14, and Sr/Y-90. At this depth, betas from Co-60 are able to 

deposit energy. Thus, all beta and mixed sources are emitting electrons with mean 

ranges that allow them to deposit energy in the first layer.  
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   MCNP  

 Spectra (nGy/s) Skin (nGy/s) Dosimeter (nGy/s) VARSKIN 

Cs-137 91 ± 6 15560 ± 217 15229 ± 246 14194 

Co-60 44 ± 3 1364 ± 19 1354 ± 22 1172 

C-14 318 ± 3 3715 ± 32 3861 ± 36 3083.0 

Sr/Y-90 21.2 ± 2.9 35.1 ± 0.1 33.9 ± 0.2 17.0 

!

Table 7-8 shows the first layer (BC-400) calculated dose rates from experimentally 

measured spectra, MCNP5 simulations, and VARSKIN program along with 

statistical errors. Detector live time was 2 minutes. As is apparent, doses obtained 

by the physical detector are severely underestimating dose compared to both 

MCNP5 and VARSKIN. Only the Sr/Y-90 source measurement has a dose rate of 

the same order of magnitude as computational estimates. Note that substantial 

increase in dose rate for computational doses for this first layer as compared to all 
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other layers. The reason for the high dose rates is because of the extremely small 

scintillator mass.  
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 Skin vs Spectra Dosimeter vs Spectra VARSKIN vs Spectra 

Cs-137 198 198 197 

Co-60 188 188 186 

C-14 168 170 89 

Sr/Y-90 49 46 22 

!

Table 7-9 shows the first layer (BC-400) percent difference between dose rates 

from experimentally measured spectra, MCNP5 simulations, and the VARSKIN 

program. Differences are very large for all sources, except for the Sr/Y-90 case. 

The causes for the differences are not exactly known. As pointed out earlier, the 

physical detector underestimates dose rates. It may be argued that there is an issue 

with CPE, since at this shallow of a depth, CPE may be in the process of being 

established. It is possible that the physical detector and the computational model 

are on other sides of the CPE point (where collisional KERMA essentially equals 

dose). That is, the computational model of the first layer places it at a depth where 

CPE has been established, whereas the physical detector has a scintillation 

assembly which places the first layer at a depth where CPE has not been 

established, or vice versa. In either case, this could lead to substantially different 

doses. This argument, however, falls apart when two key observations are made. 

First, C-14, a pure beta emitter, seems to fall victim to the same issues encountered 

by the mixed sources. Second, only about 2% of the dose at the first layer is due to 

gamma interactions (including the secondary electrons created from the gammas), 

according to simulations in MCNP5. Much more investigation will be needed to 

determine the problems encountered with the first layer. To no avail, a sweeping 

combination of preamplifier, amplifier, and MCA settings were tested to determine 

if instrumentation configuration was affecting results.  
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Absolute efficiencies of all four scintillation layers and the BGO were 

calculated using a Cs-137 source. Absolute efficiency is the number of counts 

recorded by the instrumentation divided by the number of counts emitted from the 

source. Beta particles are included in the source emissions, as they are also 

included in some scintillation layer count totals. Intrinsic efficiencies were not 

calculated. Since the detector was designed to have sources placed right at its face, 

roughly the same amount of radiation entities are entering the detector face, 

regardless of the location of the scintillation layer.  
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 Efficiency (%) 

First Layer (BC-400) 0.056 

Second Layer (BC-444) 0.085 

Third Layer (BC-444) 0.22 

Fourth Layer (CaF2) 0.24 

BGO (near) 0.68 

BGO (far) 1.89 

!

Table 7-10 gives the absolute efficiency for all layers and for the BGO crystal near 

and away from the PMT face. As expected, the volume of scintillation material 

present dominates the efficiency. This is evident, as the scintillation layer volumes 

get smaller, efficiencies decrease, even though the smaller scintillation volumes 

are closer to the source. The BGO contained the largest volume while the first 

layer BC-400 contained the smallest volume. There is no volume difference 

between the BGO (near) and BGO (far); the difference in efficiencies comes from 

the fact that the BGO covers a much larger solid angle when it is far from the PMT 

face and closer to the source. The larger solid angle means more intercepted 

radiation from the source.  

!
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Resolution was not calculable for any of the scintillators except for BGO. 

BGO resolutions for the crystal near and far from the PMT face were 

approximately 13% and 19%, respectively. The cause of the resolution loss when 

the BGO crystal is far from the PMT face is likely due to increased light loss. 

Resolution for plastic scintillators is usually poor (relative to NaI) and likely 

different from BGO and CaF2. The resolution for the plastic scintillators and CaF2 

were not readily found in the literature. The fact that having the BGO crystal in 

different orientations does not effectively change the percentage dose rate from 

predicted dose estimates lends credence to the dose calculation being independent 

of resolution.  
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As was discussed in the Dosimetry Physics section, the doses obtain from 

spectra are doses to the scintillators themselves and not to skin. To estimate exact 

dose to skin requires the use of mass energy absorption coefficient ratios and 

stopping power ratios, which would relate scintillator dose to skin dose. To know 

which ratios to use would then require that we know which scintillation events 

were caused by photons versus charged particles, effectively producing two 

spectra for each radiation. At present this is not possible to do. However, the 

scintillation assembly was specifically designed to make the mass energy 

absorption coefficient ratios and stopping power ratios as near to unity as possible, 

thus eliminating the need for dose conversion at the shallow depths.  
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Fig. 7.1 shows the stopping powers for electrons over a range of energies. These 

stopping powers were compared with stopping powers of electrons in Polyvinyl 

Toluene (PVT) scintillator and Polymethylmethacrylate (PMMA), also known as 

acrylic.  
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Figs. 7.2 and 7.3 show the percent difference between the stopping powers of skin 

versus PVT and PMMA, respectively. In Fig. 7.2, negative percent differences 

indicate the stopping power for PVT was greater than for skin; positive percent 

differences indicate skin having the higher stopping power. Note that for both PVT 

and PMMA, the percent differences are relatively small and should not be a 

significant issue in dose calculations, if ignored. Across the range of relevant 

energies, we can be confident in the assumption that stopping powers do not need 

to be considered.  
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Fig. 7.4 shows the photon mass energy-absorption coefficients of skin over a range 

of energies. These mass energy-absorption coefficients are compared against those 

for PVT and PMMA.  
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Figures 7.5 and 7.6 show the percent differences of mass energy-absorption 

coefficients of photons over a range of energies for skin versus PVT and PMMA, 

respectively. Positive percent differences indicate skin having the higher mass 

energy-absorption coefficient.  

 

Relatively large differences are evident for both PVT and PMMA 

comparisons below 100 keV. This may be problematic if x-ray dose is dominant. 

The percent differences for a typical lead x-ray are approximately 14% and 10% 

for PVT and PMMA, respectively. Beyond 100 keV, differences are relatively 

low, around 2% in both PVT and PMMA comparisons. At around 5 MeV, the 

percent differences for both PVT and PMMA depart from 2% and approach higher 

energies, percent differences for both PVT and PMMA reaching around 10% and 

6% for PVT and PMMA at 20 MeV, respectively. Thus, for photos, dose 

conversion using mass energy-absorption coefficients may be safely ignored so 

long as x-ray dose is not dominant. If x-ray dose consists of an appreciable amount 

of the total of energy deposited, corrections will be required or else the under 

response of the detector will cause a lower than expected measured dose, as 

compared to skin. Discrepancies at higher energies are not of concern as we are 

not likely to observe sources that emit photons of energy higher than 10 MeV. 

 

There is a key point to be made about the MCNP5 simulations. The MCNP5 

simulations of the skin already take into account the ratios of absorption 

coefficients and stopping powers implicitly. Thus, the MCNP5 simulations of skin 

give doses for skin layers at depth, where as the MCNP5 simulations of the 

detector give doses to the scintillation layers. Among other things, the difference 

between the simulated doses computed for skin versus detector models take into 

consideration the mass energy absorption coefficient ratios and stopping power 

ratios. When the comparison between experimental spectra doses and MCNP5 skin 
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model doses are made, the difference necessarily considers errors caused by the 

failure to use conversion ratios on the experimental doses. Thus, if we aim to 

reduce differences between experimental and computational skin model doses by 

various techniques, there should never be a need to consider mass energy 

absorption coefficient or stopping power conversion ratios. 
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Overall, the prototypic detector can be considered a successful dosimeter, 

providing experimental dose rates within reasonable differences from 

computationally simulated doses in MCNP5 and dose estimates from VARSKIN#!

There are cases where experimental dose rates deviated drastically from MCNP5$!

notably for the first layer BC-400. The causes of the exceptionally large deviations 

in the first layer are not known at present. Thus, the detector is currently not an 

effective dosimeter for shallow skin dose at 7 mg/cm2.  

!

The design and implementation of the scintillation assembly was, in general, 

successful in providing a skin equivalent dosimetry volume with installed 

scintillators, as is shown by the measure of accuracy of experimental doses 

compared to computed doses. The scintillation assembly was also successful in 

scintillation light transport to the PMT face without significant loses. This is 

clearly the case when considering that no optical grease was used at any time and 

air gaps may be present.  

 

The design and implementation of the aluminum detector encasement was 

successful in providing a safe and sturdy housing for the PMT, scintillation 

assembly, and SHV and signal connections. Only minor modifications were 

needed to the scintillation assembly holder to enhance the light tightness of the 

detector.  

!

The development and use of a Monte Carlo computational predictive spectra 

calibration method proved effective in providing a working calibration for the 
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second and third layers BC-444. The effectiveness of the predictive calibration 

method is proven by the accuracy of the doses obtained with the method, as 

compared to computationally estimated doses, and that calibration points derived 

from the method fit well with calibration points obtained with traditional methods, 

as shown for the third layer BC-444.  

!
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In the immediate future, work should be done to determine the cause and 

nature of the failure of the first layer BC-400 to obtain doses within reasonable 

percentage difference from computational dose estimates. Also, additional work 

should be done to reduce percent differences of experimental dose calculations and 

computationally modeled doses. More work may be required in determining the 

necessity and functionality of a preamplifier in the signal chain. Estimates of 

detector precision should be acquired by repeating measurements for the same 

source and setup. The repeatability, or precision, of dose results is important for an 

effective dosimeter. Investigation into different calibration techniques will also be 

considered, as well as an optimization of the predictive calibration method 

developed in this work.  

!

The near future work should include a reduction in the detector size and 

weight. This is achievable by the coupling of the scintillation assembly to a 

smaller, lighter weight PMT. The size of the PMT used in this work was selected 

to maximize scintillation light collection as it was feared that there would not be 

enough scintillation light created by the very thin scintillation layers, or that 

scintillation light losses would be too great. It was shown through experiment, 

however, that scintillation light is abundantly collected, even from the thinnest 

layer, which happens to be the farthest away from the PMT. A smaller face size 

PMT is allowable if light guides are used to funnel scintillation light to the unit.  
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The author envisions the eventual final product of the dosimeter utilizing a 

Digital Pulse Processor, that would separate pulses generated from different 

scintillators installed in a single scintillation assembly, and programmable digital 

electronics that would allow automated dose calculations. The doctoral work of 

Farsoni (2006), provides the basis for this eventual design; a design which relies 

entirely on digital electronics and computational processing (aside from the 

detector itself). In this work, doses are obtained only after laborious post 

processing of data. In addition, since analog electronics are unable to differentiate 

pulses based on pulse decay times, data was only collected for each scintillation 

layer one at a time, significantly adding to both data collection times and post 

processing labor. With digital processing and the elimination of bulky analog 

electronics, we will produce a virtually “wireless” dosimeter, which relies on its 

own power supply and onboard electronics to perform pulse analysis and 

dosimetry calculation at three depths of interest.  

!

Finally, the most optimistic final design would include, not only digital pulse 

analysis and dosimetry calculations at multiple depths, but would also replace the 

PMT with photodiodes for scintillation light collection, significantly reducing the 

detector size, weight, power consumption, and increasing ruggedness. The 

technology to do this exists currently, but a brief literature review reveals that 

photodiodes have not yet been implemented in real-time skin dosimetry at multiple 

depths. Research and experimentation in the application of photodiodes for this 

kind of application may lead to interesting findings applicable in other aspects of 

radiation dosimetry, as well as the construction of a compact, low power, self 

contained, real-time dosimeter.  
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