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The XEPHWICH system is a phoswich type (multiple scintillator) radiation 

detector designed to detect several radioxenon isotopes with the goal of identifying covert 

nuclear explosions.  The XEPHWICH system is designed with the sole purpose of 

replacing the Automated Radio-xenon Sampler/Analyzer (ARSA) in the United Nation’s 

(UN) Comprehensive Test Ban Treaty’s (CTBT) International Monitoring System (IMS). 

This study consists of two stages, computer simulation and laboratory experiment. 

The use of DETECT2000, a Monte-Carlo optical simulator, was the method by which 

optical performance and potential improvements to the XEPHWICH design were 

investigated.  The laboratory experiment conducted in this study validated the modeling 

methods used in the study and investigated the effects of light capture efficiency on 

XEPHWICH system output. The experiment consisted of exposing the NaI(Tl) layer of 

the XEPHWICH to a lead collimated Cs-137 beam at varying locations, and comparing 

the differential energy spectra observed. 



The simulation work resulted in design considerations for improving the optical 

performance of the XEPHWICH.  Additionally, through simulation, the optical 

performance of the XEPHWICH was characterized and can be compared to competing 

scintillator designs.  The experimental observations included expected and unexpected 

effects that light capture properties had on the system signal.  Of particular importance, 

the experimental results supported the modeling method applied, and demonstrated that 

an increase in expected light capture efficiency was associated with better energy 

resolution for a full energy peak in a differential pulse height spectrum.   
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An Investigation of the Light Capture Properties of the XEPHWICH, a Phoswich 

Radiation Detection System 

I. Introduction 

In a scintillation-based radiation detection system, energy resolution and detection 

efficiency are a direct outcome of scintillation photon interaction at the Photo-Multiplier 

Tube (PMT).  Specifically, these qualities are ultimately limited by the physical processes 

that constitute optical photon transport.  Consequently, optimization of light capture 

efficiency in a scintillation-based radiation detection system will increase its ability to 

fulfill its intended purpose. 

This work is based upon the XEPHWICH, a phoswich-type radiation detection 

system.  The XEPHWICH is designed with the intention of monitoring atmospheric 

levels of radioxenon for the purpose of aiding in the confirmation of covert nuclear 

weapons detonations (Farsoni, et al., 2007a).  The XEPHWICH is designed to be the 

latest addition and an improvement to the radionuclide atmospheric monitoring portion of 

International Monitoring Systems (IMS) as called for by the United Nations’ (UN) 

Comprehensive Test Ban Treaty (CTBT) of 1996. 

The investigation of optical photon behavior will be carried out by using 

DETECT2000, software that utilizes Monte Carlo methods for optical photon transport.  

Study of the optical photon transport inside of a device might lead to the discovery of 

information that is useful for improving the efficiency of the device (Cayouette, et al., 

2001).  Consequently, it is the aim of this work to develop information with the potential 

to improve the XEPHWICH’s design.  Specifically, it is the property of light capture 

efficiency, a measurement of light photons that successfully reach the PMT, which will 



2 

 

be the primary factor in characterizing and determining potential improvements to the 

optical performance of the XEPHWICH radiation detection system. 

The objectives of this study are: 

• To simulate and characterize the optical performance of the XEPHWICH 

design; 

• To investigate changes to the XEPHWICH’s design and estimate their 

effects on the system’s signal characteristics; and 

• To experimentally investigate the results of applied modeling techniques 

and the effects of light capture efficiency on system output. 
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II. Background 

The first section of this chapter describes the history and political background that 

gave rise to this research.  The second section describes the physical processes related to 

the production, capture and transfer of light into an electronic signal in a scintillation-

based radiation detection system, and the third section describes the XEPHWICH 

detector design and discusses current scintillator studies. 

2.1 Historic Background 

The XEPHWICH research project arose out of the necessity to develop a low-

power radiation detection system capable of measuring low quantities of radioxenon, a 

byproduct of nuclear weapons detonations.  This work was called for and funded by the 

United States National Nuclear Security Administration (NNSA) to meet the needs of the 

Comprehensive Test Ban Treaty as adopted by the United Nations.   

2.1.1 Comprehensive Test Ban Treaty 

The Comprehensive Test Ban Treaty (CTBT), prohibiting the detonation of 

nuclear weapons in any environment, was adopted by the United Nations (UN) on 10 

September 1996.  The creation and eventual adoption of the CTBT by the UN was set in 

motion on 1954 when Prime Minister Nehru of India first proposed a ban on all nuclear 

explosions, reflecting international concerns about the effects of increased nuclear fallout 

and an escalating international arms race (CTBTO, 2001a). 

 Results of this movement towards a ban on nuclear weapons detonations were 

seen in 1963, with the Partial Test Ban Treaty (PTBT), which prohibited the testing of 
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nuclear weapons in the atmosphere, outer space and underwater (CTBTO, 2001a).  

Additionally, further progress was made in 1968 with the adoption of the Treaty on Non-

Proliferation of Nuclear Weapons (NPT).  With the successful ratification of the NPT, 

non-nuclear-weapon States were prohibited from possessing, manufacturing or acquiring 

nuclear weapons or other nuclear explosive devices (CTBTO, 2001a). 

 Although successful in the 1960’s, due to the political climate of the coming 

decades, the UN and its member States were unsuccessful in making further progress 

towards nuclear disarmament until the 1990’s (CTBTO, 2001a).  In 1991, parties to the 

PTBT held an amendment conference to transform the PTBT.  This paved the way for the 

negotiations of the CTBT in 1993, at the Conference on Disarmament in Geneva.  The 

CTBT was adopted on 10 September 1996 and was opened for signature on 24 

September 1996 in New York, where it was signed by 71 States, including the 5 Nuclear 

Weapons States (CTBTO, 2001a). 

 Once the CTBT was adopted, it then became necessary for the UN to develop a 

means to ensure continual compliance with the treaty’s regulations.  Consequently, the 

Comprehensive Test Ban Treaty Organization (CTBTO) was tasked with the 

development, implementation, and sustainment of a global verification regime.  As a 

result, the International Monitoring System (IMS) and the International Data Center 

(IDC) were conceived.  For the purposes of detection and identification of nuclear 

detonations, the IMS is a global array of 4 different detector types: Seismic, 

Hydroacoustic, Infrasonic, and Radionuclide.  The ultimate goal of the IMS is to 

continually monitor its resources, such as to detect nuclear weapons detonations in any 

environment.  The purpose of the IDC is to continually receive signals from the IMS, 
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analyze and report the data and perform other functions as described in the CTBT 

(Pearce, 2007).  Although the IMS and its policies are currently undergoing development, 

it received data suitable for use as a practical exercise in 2006 when an underground 

nuclear test allegedly occurred (CTBTO, 2001b; Pearce, 2007). 

 2.1.2 The 2006 Nuclear Test of the Democratic People’s Republic of Korea 

 On 9 October 2006, a seismic event was recorded by the IMS in the Democratic 

People’s Republic of Korea (DPRK); this event was consistent with the DPRK’s 

announcement of having conducted a nuclear test (Pearce, 2007).  Within hours of the 

event, data on the seismic activity were provided to the States Signatories in an 

automatically generated report (Pearce, 2007).  On 11 October 2006, the IDC released a 

second report containing their findings from the event as per procedures outlined in the 

CTBT (Pearce, 2007).  Although it is not the purpose of the CTBTO to pass final 

judgment, all of the findings show data that supports the alleged nuclear explosion 

(CTBTO, 2007). 

During this incident, the radionuclide portion of the IMS, the system that ultimately 

provides confirmation of a nuclear event, was operating only 10 out of 40 stations at the 

time, all in experimental modes (Pearce, 2007). Nonetheless, the operating radionuclide 

stations were able to provide data that suggested the incident was the result of a nuclear 

explosion (CTBTO, 2007).  Because of the particular challenges that the radionuclide 

system must address, successful implementations rely on the use of scintillation-based 

radiation detection systems. 
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2.2 Physics Background 

The XEPHWICH radiation detection system, described in another section of this 

paper, utilizes scintillators.  With the deposition of energy from ionizing radiation, 

scintillators produce light, which can then be converted into a readable electronic signal 

by way of other system components (Knoll G. F., 2000). 

2.2.1 Principles of Scintillation-based Radiation Detection Systems 

 It is important to understand certain properties of scintillators before one can 

comprehend the design characteristics of a radiation detection system designed to fulfill 

the needs of the IMS.  For the purposes of radiation detection, scintillators are materials 

that emit visible or ultraviolet light when exposed to ionizing radiation.  The use of 

scintillators to detect ionizing radiation is one of the oldest techniques for the application 

on record, and is considered one of the most useful methods for spectroscopy of a large 

consortium of known radiation quanta (Knoll G. F., 2000). 

Although the materials and certain physical mechanics vary amongst different 

scintillators, they all function primarily through the following process, known as 

scintillation (Knoll G. F., 2000): 

1. Ionizing radiation interacts within a scintillator’s volume, transferring energy; 

2. The energy transferred excites the scintillator’s electrons from a ground state; 

3. In process of de-excitation, electrons transition back to their ground state in steps, 

via specific energy states; and 

4. The de-excitation transitions between the energy states produce discrete quanta, 

including optical photons. 
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Thus, the individual optical photons are quanta of information about the radiation 

event occurring in the scintillator; typically this scintillation behavior is linear in response 

to the amount of energy deposited, and is on the order of tens of thousands of optical 

photons per MeV deposited (Knoll G. F., 2000).  Consequently, successful use of this 

information is critical for the purposes of radiation detection.  Specifically, maximizing 

optical photon capture will maximize the information available from a scintillation-based 

radiation detection system. 

 For the purposes of this research, optical photon capture is an event where the photon 

interacts with the material in the photocathode.  Once this interaction occurs, an electron 

is ejected from the photocathode.  This freed electron will be accelerated by the energized 

components of a Photo-Multiplier Tube (PMT).  The freed electron is intended to strike 

or otherwise liberate secondary electrons from multiple dynodes.  The secondary 

electrons freed are then influenced by the energized components of the PMT and are 

intended to liberate more electrons from subsequent dynodes; this process of liberating 

electrons is repeated numerous times within the PMT until the electrons are converted 

into an electrical signal by striking the anode.  As the electronic signal produced is 

ultimately a measure of the electron interactions at the terminal end of this chain of 

events, this process is considered a type of signal multiplication, which is an indirect 

measurement of the energy deposition within the scintillator volume (Knoll G. F., 2000). 

The electronic signal produced by scintillation-based radiation detection systems is 

generated by successful interaction of optical photons at the photocathode.  For the 

purpose of designing a system with good signal characteristics, it is therefore necessary to 

consider the efficiency and uniformity of optical photon production, linearity of 
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production with respect to energy deposited, and the collection of optical photons 

following such interactions.  This is accomplished by modeling the physical behavior of 

optical photons within the radiation detection system.  

 

2.2.2 Light Capture Efficiency and its Effects on System Output 

 In previous sections, it was discussed that individual optical photons can be 

considered pieces of information about the radiation event occurring in a scintillator.  

Furthermore, it can be said that light capture efficiency is the property that ultimately 

dictates some qualities of a scintillation-based radiation detection system’s output; 

specifically signal-to-noise ratio (SNR) and energy resolution (ER).  Both of these 

qualities are important to the output of the XEPHWICH radiation detection system as 

they are directly related to the identification of specific radionuclides through the 

application of radiation spectroscopy, essential to the operational goals of the 

XEPHWICH. 

 In any electronic system, the signal-to-noise ratio is an important characteristic of 

output.   Noise is essentially any undesired fluctuation that appears superimposed on a 

signal from the source (Knoll G. F., 2000).  For radiation detection systems, including 

those that rely on scintillators, SNR can be improved by increasing signal strength or 

reducing noise prior to amplification in the signal chain (Knoll G. F., 2000).  For the 

purposes of improving SNR, it is possible in scintillation systems to increase the signal 

amplitude over noise prior to amplification by increasing light capture efficiency.   

Therefore, if light capture efficiency is maximized in a scintillator, the resultant signals 
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will be less convoluted by noise and more certainty can be attributed to the information 

provided by the system. 

Energy resolution in a radiation detection system can be defined as a quantitative 

measurement of a system’s ability to resolve the distribution of incident radiation (Knoll 

G. F., 2000). Applicable to the practice of radiation spectroscopy, for a specific energy 

peak, resolution is mathematically defined as shown in equation 2.1 (Knoll G. F., 2000). 

    � � ����
��        [2.1] 

where FWHM is the full width of the spectral peak, in channels, at half a peak’s 

maximum value, and  �	 is the spectral channel number corresponding to the peak’s 

average pulse height, as shown in the Figure 2.1. 

 

Figure 2.1 Illustration of Detector Energy Resolution, as Seen in Differential Pulse 

Height Spectra, adopted from Knoll, 2000 
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 Although there are many factors that contribute to energy resolution, the 

distribution of light capture efficiency is one of those factors (Knoll G. F., 2000).  As 

light capture efficiency is directly proportional to the number of charge carriers produced 

by a radiation event, and charge carriers compose the signal of a radiation detection 

system, it can be said that the property of light capture efficiency is directly related to the 

limits of energy resolution of a scintillator.  Specifically, the less variable and more 

uniform the light capture efficiency, the better a system’s energy resolution because of a 

more uniform response to incident radiation (Knoll G. F., 2000). 
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2.3 Project Background 

2.3.1 Current Scintillator Studies 

 As it is known that light capture efficiency effects scintillator energy resolution, 

other researchers have been investigating scintillator designs and their influence on light 

capture properties (Hennig, et al., 2005; McIntyre, et al., 2001; Naydenov, et al., 2004).  

Recent research in the area of scintillator optical modeling has been conducted; in 

particular, for the Automated Radio Xenon Sampler/Analyzer (ARSA) system, the 

system the XEPHWICH is designed to replace (Cooper, et al., 2005; McIntyre, et al., 

2001; Seifert, et al. 2005).  Additionally, other researchers are considering new 

scintillator designs, with the same goal as the XEPHWICH design team, to design a 

better scintillation based radiation detection system that will replace the ARSA (Hennig, 

et al., 2005). 

 Because ARSA’s design permits direct scintillator cell exposure to samples, it 

experiences a “memory effect”, where background count rate is dependent on sample 

history from counting operations (McIntyre, et al., 2001).  Consequently, researchers 

have investigated methods solve this problem (Seifert, et al., 2005). 

One such method involved depositing a thin layer of metal on a plastic scintillator 

cell and investigating the light collection performance of certain layer choices (Seifert, et 

al., 2005).  This research demonstrated that more reflective coatings corresponded to a 

channel number increase in observed Compton edge energies (Seifert, et al., 2005).  Their 

findings were the result of the variations in light capture efficiencies amongst the designs 

tested due to variations in surface coating reflectivity; 0.95, ~0.6, and ~0.4 for 

Aluminum, Copper and Chrome, respectively (Seifert, et al., 2005).  The results of this 
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research provide a solution to the memory effect problem with the ARSA, while also 

providing better system signal characteristics than the original bare cell (no coating) 

design (Seifert, et al., 2005).  A reproduction of this data is show as Figure 2.2. 

 

Figure 2.2 Comparison of Observed Compton Edge Channel Numbers with 

Known Energies for the Different Metallization Schemes, Reproduced from Seifert, 

et al., 2005 

 

With the goal of replacing the ARSA, other researchers have developed new 

scintillator designs, along with new beta-gamma coincidence algorithms (Hennig, et. al., 

2005).  Similar to the XEPHWICH design team, these researchers aim to provide the IMS 

with a better functioning, lower cost, smaller, easier to use and maintain, and more 

reliable radioxenon measurement system (Hennig, et. al., 2005; Farsoni, et al., 2007a; 

Farsoni, et al., 2007b).  In their pursuit, some researchers have used Monte-Carlo optics 

simulations to investigate the light capture properties of their scintillator designs(Hennig, 

et. al., 2005). 
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One group of researchers employed Monte-Carlo optics simulation 

(DETECT2000) with the goal of optimizing parameters for their well-shaped phoswich 

detector (Hennig, et al., 2005).  In this instance, researchers anticipated their complex 

scintillator geometry would affect the uniformity of light capture efficiency (Hennig, et 

al., 2005).  Therefore, in addition to surface reflection properties, researchers investigated 

various geometric arrangements through which the detector could be constructed; 

specifically the location, number and sizes of scintillator pieces used in building their 

complete scintillator (Hennig, et al., 2005).  The results of this research showed that the 

best light capture properties would be obtained from designs that have the highest 

reflection coefficients at scintillator boundaries, and from designs that minimize the 

number of scintillator-to-scintillator optical interfaces (Hennig, et al., 2005).  

Additionally, from their best design, the researchers anticipated that thieir phoswich 

detector energy resolution would not worsen significantly over the energy ranges for 

xenon isotopes when compared to the ARSA (Hennig, et al., 2005). 

 

2.3.2 XEPHWICH Design 

 Systems that contribute to the radionuclide portion of the IMS have been designed 

to detect low levels of atmospheric radionuclides; ones produced in abundance from 

nuclear weapons detonations and measurable at stand-off ranges from underground 

nuclear weapons tests (Saey, et al., 2007).  Therefore, like its predecessor, the Automated 

Radioxenon Scanner Analyzer (ARSA) system, the XEPHWICH is designed to 

contribute to the radionuclide monitoring portion of the IMS by reliably quantifying low 

levels of 
133

Xe, 
133m

Xe, 
131m

Xe and 
135

Xe in the atmosphere (Farsoni, et al., 2007a).  The 
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identification of these isotopes is accomplished through the application of simultaneous 

beta and gamma spectroscopy coupled with triple coincidence discrimination (Farsoni, et 

al., 2007a).  However, it is the aim of the XEPHWICH researchers to effectively match 

or exceed the ARSA’s radionuclide detection capability while reducing system cost, size, 

power consumption and complexity (Farsoni, et al., 2007a). 

 The XEPHWICH is a triple layer phoswich radiation detector.  Specifically, this 

means that the XEPHWICH has three different scintillation layers sandwiched together in 

one detector housing.  Additionally, the XEPHWICH contains a layer of quartz, to 

separate the hygroscopic NaI layer from the other scintillators; effectively preventing the 

NaI from absorbing water into its matrix, which is undesirable in a scintillator.  The 

scintillators and the layer of quartz are coupled together, with one end joined to a Photo-

Multiplier Tube.  From the scintillation produced within the XEPHWICH, the PMT will 

produce an electronic signal and pass it onto the other components of the system for 

signal processing.  The assembly drawing of the XEPHWICH, illustrating its 

construction in detail is included in Appendix A.  
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III. Materials and Methods 

3.1 Principles of Modeling Optics Transport in Radiation Detectors 

  In designing a scintillation-based radiation detection system, one must take into 

account the physical processes of optical photon transport if considering the quality of a 

system’s output.  It is through the process of modeling optical photon transport within a 

detector volume that one can completely characterize light capture efficiency; ultimately, 

a limiting factor on output quality. 

 

3.1.1 Monte-Carlo Modeling of Optical Transport 

One method of characterizing optical systems involves a stochastic approach, 

known as the Monte-Carlo method.  The Monte-Carlo method involves performing many 

individual particle simulations for the purpose of enabling researchers to determine 

statistically significant solutions to modeling problems.  However, in order to better 

comprehend the application of this method, one must first understand how optical 

systems are modeled; in particular, for light transport in scintillation-based radiation 

detection systems. 

 

3.1.2 Optical Photon Transport and Removal 

 Of primary importance in modeling optical photon transport through a medium is 

the probability of photon absorption per unit path length.  Without effectively taking this 

parameter into account, the simulation method will not accurately model optical physics.  

This process of optical attenuation can be modeled by (Hecht, 2002): 
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�� � 
	����      [3.1] 

where 
	 = I(0), the irradiance at y = 0 or optical origin; α is the attenuation coefficient, 

where the flux density of a beam drops by a factor of ��� when it has propagated a 

distance of � � �
�, the depth known as the skin or penetration depth (Hecht, 2002).  This 

property of the attenuation coefficient is empirical and is dependent on the transport 

medium and the photon wavelength. 

 

3.1.3 Optical Photon Behavior at Surface Boundaries 

 During the course of modeling optical behavior in a scintillator, it is also 

necessary to model the physical behavior of individual optical photons at surface 

boundaries.  For the purpose of this research, optical photon behavior at surfaces was 

modeled by three distinct processes (Moisan, et al., 2000): 

1. Surfaces where optical photons reflect uniformly via a specular (mirror-like) 

reflector; 

2. Surfaces where optical photons reflect randomly via a diffuse reflector; and 

3. Polished surfaces where optical photons are capable of transmission through the 

surface and into another media. 

In the first two instances, an optical photon striking a surface has its fate decided by 

the outcome of a random number generator.  A random sampling will decide the photon’s 

fate from a user defined value of reflection probability (Moisan, et al., 2000).  If the 

random sampling assigns the photon’s fate not to be reflection, the photon is terminated 



17 

 

and data of the photon’s history can be recorded (Moisan, et al., 2000).  Conversely, if 

the photon’s fate is reflection, one of two outcomes will occur, depending on texture 

property assigned to the modeled surface.  In the first case, specular reflector, the angle of 

incidence will be the angle of reflection, shown in Figure 3.1.  In the second case, diffuse 

reflector, the angle of reflection will be decided randomly (Moisan, et al., 2000). 

 

Figure 3.1 Optical Reflection on a Specular (Mirror-like) Surface, Adopted from Hecht, 2002 

 

In the third instance of surface boundaries, where transmission of an optical photon 

through a polished mating surface between two optical media or specular reflection are 

the only two possibilities, the fate of the photon is decided on the outcome of a random 

sampling utilizing equations 3.2 and 3.3 (Moisan, et al., 2000). 

    � � �
� ����

���������
������������ �

� ����������
� ����������!   [3.2] 

where "�# and "�# are the angles of incidence and refraction, respectively, in reference to 

the surface’s the micro-facet normal, which is always taken to be parallel to the average 
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surface normal; R is the probability of Fresnel reflection, related to transmission shown in 

equation 3.3, where T is the probability of transmission (Moisan, et al., 2000). 

T = 1- R     [3.3] 

If the photon’s fate is reflection, then the behavior will be modeled as if the surface is 

specular, as shown in Figure 3.1.  Conversely, if the photon’s fate is transmission, then 

the photon will be transported across the surface boundary into the next medium and 

refracted according to the user defined values of indices of refraction.  This behavior is 

modeled in accordance with Snell’s law of refraction, as shown in Equation 3.4 (Moisan, 

et al., 2000) and Figure 3.2 (Hecht, 2002). 

     
$%& ����
������� � 

��
��      [3.4] 

 

Figure 3.2 An Illustration of Fermat’s Principle as Applied to Refraction, Adopted from Hecht, 

2002 
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3.1.4 DETECT2000 and Computing Environment 

 DETECT2000 is the most recent version of the original DETECT software.  

DETECT was originally developed to evaluate the light capture efficiencies of two 

geometries for a scintillation based neutron detector, each designed with a unique and 

complex light pipe arrangement (Knoll, et al., 1988). 

DETECT2000 is software that uses Monte-Carlo techniques to model the 

behavior of optical systems, with a special emphasis on scintillation detectors (Moisan, et 

al., 2000).  This software is capable of modeling many physical aspects of optical 

behavior.  However, only the methods as described in Sections 3.1.1 through 3.1.3 are 

utilized in this study. 

 In this study, the DETECT2000 software was compiled and run by an AMD 

Turion64-bit dual core processor running at 1.60 GHz speed, with 2 GB of system 

Random Access Memory (RAM).  The computing environment was an x86 version of 

Ubuntu 6.06 Linux.  Due to changes in the C++ ANSI standard since DETECT2000’s 

last source code revision, the 4.X version compilers, most recent at the time of this 

research, could not be used to create the binaries necessary to execute the program.  

Consequently, the DETECT2000 binary files were compiled using a version 2.9.X C++ 

compiler, which matches the version available at the time of DETECT2000’s 

development.  To the researcher, this is not known to have any adverse effect on program 

behavior.  
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3.2 Simulation Designs 

Assumptions in the simulations executed in this work were made as some 

empirical data did not exist or was not available to the researcher during this study; their 

effects on the study’s results, however, are not known.  The assumptions will be stated 

explicitly and discussed in this section.  Additionally, only the portions of the radiation 

detector through which optical photons are expected to be transported are modeled. 

3.2.1 Simulation Assumptions 

During the course of using Monte-Carlo methods to model the physics of optical 

photon behavior, it is necessary to provide certain information about the system being 

simulated.  For this research, it was necessary to provide DETECT2000 the following 

information about the XEPHWICH system, where an asterisk (*) indicates that parameter 

definition can be made as a distribution of values, typically wavelength dependent 

(Moisan, et al., 2000): 

• Dimensions and shapes of volumes where optical transport will be simulated; 

• Bulk absorption length, optical*; 

• Scattering  length*; 

• Wavelength shift length*; 

• Wavelengths of optical emissions by scintillators*; 

• Probability of reflection at surface boundaries*; 

• Reflection type at surface boundaries; and 

• Quantum efficiency of Photo-Multiplier Tube*.  
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Table 3.1 Material Properties Used in Simulations 

Material 

Wavelength 

of maximum 

emission 

(nm) 

Bulk absorption 

length for all 

wavelengths 

(mm) 

Index of 

refraction 

for all 

wavelengths 

simulated Source 

BC-400 423 2500 1.581 

Saint-

Gobain, 

2005a 

CaF2 435 2500 1.47 

Knoll, 2000; 

Saint-Gobain 

2005b 

Quartz -- 2500 1.55 Hecht, 2002 

NaI(Tl) 415 2500 1.85 Knoll, 2000 

PMT Glass -- 2500 1.5 Knoll, 2000 

 

Table 3.1 describes the properties used in all simulations performed for this research.  

Some of the necessary parameters, however, are empirical and either did not exist or were 

not obtainable by the researcher during the time of this study.  Consequently, like other 

researchers utilizing Monte-Carlo optical transport methods, assumptions had to be made 

about unknown optical properties (Knoll G. F., 2000). 

This study did not account for the production of optical photons over the emission 

spectra characteristic to each scintillator and was solely focused on the peak values of 

scintillation.  The decision to model optical photon behavior solely on peak emission 

values is believed to primarily affect the occurrences of optical absorption and internal 

reflection.  The effects of the decision to model optical photon behavior about the peak 

emissions and the expected consequences are discussed below. 

The bulk absorption length for the maximum emission of BC-400 (λ = 423 nm) was 

the only value of its kind found by the researcher, thus all photons were assigned this 

attenuation value for all optical media.  In general, most atomic reactions with optical 
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photons involve atoms scattering the incident light rather than absorbing it (Hecht, 2002).  

The scattering of optical photons is an elastic process, known as non-resonant scattering, 

where the wavelength of emission is the exact wavelength of the incident photon (Hecht, 

2002).  Therefore, the only significant absorptions would occur for optical photons that 

are of the exact wavelengths corresponding to electron transitions to higher energy states; 

where photons of these energies are known as resonant light (Hecht, 2002).  

Consequently, significant absorption is expected to occur only for those few select 

wavelengths of resonant light.  Additionally, the detector size is relatively small with 

respect to typical bulk absorption values, thus absorption is not considered to be a 

significant mechanism of optical photon loss (Knoll G. F., 2000).  Thus suggesting that 

the effects of the assumptions made about the properties of absorption are considered 

small to insignificant in affecting the simulation results of this study. 

In addition to absorption of resonant light, there is another uncertainty arising from 

the modeling optical behavior solely on peak emission values.  This uncertainty arises 

from the phenomenon known as dispersion, whereby the index of refraction of a medium 

is frequency dependent (Hecht, 2002).  The behavior of dispersion for a given media can 

be expressed by Sellmeier’s equation (Hecht, 2002): 

    (� � 1 � ∑ +,-�
-��-.,�/     [3.5] 

where n is the index of refraction; the 0/ terms are constants and each 12/�  is the 

vacuum wavelength associated with a natural frequence 32/, such that 1	/32/ =  c.  Thus 

the wavelength dependence of index of refraction can be modeled for materials where the 
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terms 0/ and 12/�  have been empirically observed.  Though not available for all materials 

used in this study, the empirical values were available for quartz, CaF2, and crown glass.  

By employing equation 3.5 and the associated empirical values to determine the indices 

of refraction (Hecht, 2002; Schott North America, Inc., 2007), it was found that for a 

range of wavelengths of 300 nm to 500 nm, the indices of refraction, varied by small 

amounts, as shown in Table  3.2. 

Table 3.2 Range and Variation of Known Indices of Refraction for Select Materials 

Used in this Study 

Material 

n at λ = 300 

nm 

n at λ = 500 

nm 

Variation of 

n from 300 

nm to 500 

nm (%)  

n, as Used in 

Simulation 

Crown 

Glass 1.56 1.52 2.60% 1.5 

Fused 

Quartz 1.51 1.46 3.30% 1.55 

CaF2 1.48 1.43 3.40% 1.47 

 

  It should be noted, that the values of n for the simulation appear to fall closer to 

those reported for 300 nm than for 500 nm.   This was the result of the primary 

scintillation wavelengths being closer to the 300 nm than they are to 500 nm.  

Additionally, it was later discovered that the index of refraction of fused quartz varies 

somewhat from that of crystal quartz and that fused quartz is the actual material used in 

the XEPHWICH material.  Therefore, the index of refraction for quartz used in the 

simulations is expected to vary from the actual by approximately 3%. 
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The range of  1 from 300 nm to 500 nm was chosen such as to be a conservative 

estimate of the broad range of scintillator emissions, as it spans from the ultra violet to 

the visible region, centered approximately about the peak wavelengths of scintillator 

emissions used in this study (~400 nm).  Additionally, it is quite possible that the same 

wavelength dependency of index of refraction occurs for those materials modeled, whose 

empirical values, required by Equation 3.5, are not known: BC-400, and NaI(Tl).  The 

small variation of indices of refraction translates to small variations in the occurrences of 

transmission and internal reflection, as shown in equations 3.2 through 3.4.  Thus 

suggesting that for this research, with respect to dispersion and its effects on internal 

reflection, the results from the modeling techniques used are not likely to vary 

significantly with the actual physical behavior of the XEPHWICH detection system. 

 3.2.2 Simulation Descriptions 

 The simulations constructed for this research are only the portions of the 

XEPHWICH detector through which scintillation photons will transport.  Additionally, 

the simulations in this study transported only scintillation photons; no other quanta were 

simulated.  For each simulation, the physical geometry of the XEPHWICH system 

remained the same; however, certain simulation parameters were varied: 

• Generation of photons in a planar cross-section of the entire geometry, on one or 

both sides of a line of symmetry; 

• Generation of photons in a pixel or point; 

• Number of photons generated per point or pixel; 

• Quantity and distribution of points or pixels used; 



25 

 

• Type of reflecting boundary, specular (diffuse) or metal (mirror-like); and 

• Probability of reflection at surface boundaries. 

The parameters used for each individual simulation are described where appropriate 

in Chapter four.  For reference, Appendices B and C include a DETECT2000 code 

sample and a drawing of simulation geometry, respectively.  
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3.3 Experimental Design 

An experiment was conducted to validate the DETECT2000 output.  The purpose 

of the experiment is to qualitatively investigate the computational methods used in this 

study and the effects of light capture efficiency on the XEPHWICH system output.  

Through the use of a collimated beam, sections of the XEPHWICH, with varying 

expected light capture efficiency, are selectively irradiated.  System output from these 

different positions are captured by software and presented as differential pulse height 

spectra.  From previous discussion, it is expected that with increased light capture 

efficiency, data sets will demonstrate improved signal characteristics.  The signal 

characteristic investigated was the XEPHWICH’s resolution for a Cs-137 photo peak.  

For this experiment, much of the detector was housed in a lead shield to decrease 

background contributions. 

 One of the major components of this experiment was a gamma beam collimator, a 

lead cube, approximately 2 inches in its dimensions.  Through the center of the cube, a 

hole of approximately 1/4 of an inch was machined.  By placing a source at the hole in 

the cube, this arrangement was considered to be an effective beam collimator for a Cs-

137 source used for irradiating the detector at known locations.  Collimator effectiveness 

was verified by the use of a GM tube, and measuring count rates with and without the 

lead completely blocking the beam, all other geometry was fixed.  Results showed no 

significant differences between background and a completely shielded beam.  The source 

contained 5 micro-Curies of Cs-137 on 1 October 1992, thus approximately 3.5 micro-

Curies at the time of experiment. 
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 The collimator and source were placed next to the XEPHWICH radiation 

detection system.  The arrangement was such that the central axis of the collimated beam 

was perpendicular with a line bisecting the central axis of the detector, as shown in 

Figure 3.3.  For the purpose of beam alignment, lines were drawn on top of the collimator 

and on a piece of paper; if the two lines were overlapping from an overhead view, then 

the arrangement was considered to be in alignment.   

 

Figure 3.3 XEPHWICH Collimated Beam Experiment Geometry 

Differential pulse height spectra were taken from four beam arrangements, 

intended to place the central axis of the collimated beam at 0.7 cm intervals apart. The 

first measurement was taken close to the boundary of the quartz and NaI(Tl) layer of the 

XEPHWICH, with each measurement consecutively closer to the Photo-Multiplier Tube.   
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As such, for all geometries, only the NaI(Tl) scintillator layer should receive exposure to 

the collimated beam.  

From each collimator position, differential pulse height spectral measurements, 

consisting of 5E4 pulses, were taken using a program written for MATLAB.  The 

program written for data capture was designed specifically for the XEPHWICH system 

by Dr. Abdollah T. Farsoni, as shown in Appendix D. 

It should be noted that the Mylar window on the XEPHWICH was partly torn and 

unable to be repaired at the time of the experiment and was covered with layers of a dark 

cloth to prevent introducing light into the detector.  Though the effects of this tear were 

not quantified in this study, they are considered likely to reduce the overall light capture 

efficiencies and broaden the observed energy resolution values from differential pulse 

height spectra observed, with little variation on the effects seen in all data sets. 
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IV. Results and Discussion 

Study results are presented and discussed in two general groups: simulation 

results and experimental results. 

4.1 Simulation Results and Discussion 

For the purpose of investigating the methods used, simulations were run that vary 

simulation symmetry, data mesh type and distribution, and the quantity of particles 

performed per simulation.  For the purpose of accurately characterizing the light capture 

efficiency characteristics of the XEPHWICH system, lessons from the previous 

investigations were applied to construction parameters of larger sized simulations.  

Additionally, simulations were performed to investigate the effects of light capture 

efficiency from certain changes to the XEPHWICH’s system design, as they may be 

applicable to design improvements or towards the development of other scintillation-

based radiation detection systems. 

Except where explicitly noted, data represents the simulation of a 289 by 380 

matrix composed of 109820 data points, with each point representing 1E5 individual 

optical photon simulations.  The data points are equally distributed in the cross-sectional 

area of the detector, about the line of symmetry (Appendix C).  Additionally, except 

where noted, metalized (specular) reflecting surfaces with a 0.95 probability were chosen.   
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From each data point, the simulation software reports values of light capture 

efficiency, calculated as shown in Equation 4.1: 

   45 �  	6��7 8 69	�	�� 7 6�:;<=	6��7 8 69	�	�� ><�<; �<=         [4.1] 

where 45 is the probability of light capture efficiency, as determined by the simulation.  

The value of light capture efficiency is scored as a binary response, thus the 

standard of the error of a simulation result can be calculated by Equation 4.1 (Ramsey & 

Schafer, 2002): 

    ?@ �  ABC���BC
�            [4.2] 

where for a given data point, 45 is the probability of light capture efficiency; SE is the 

standard relative error of  45; and n is the number of photons generated. 

In this study, the values of light capture efficiency were within the range of 70 to 

93 percent.  Therefore, in simulations where the number of photons simulated was 1E5, 

the relative standard error of the calculated light capture efficiencies ranged from 0.0807 

to 0.1369 percent.  Additionally, in simulations where the number of photons simulated 

was 1E6, the relative standard error of the calculated light capture efficiencies ranged 

from 0.0255 to 0.0433 percent.  The actual relative standard error values, determined 

using Equations 4.1 and 4.2, were found to be in contrast to those error values reported 

by the DETECT2000 simulation software. 

 To investigate difference between DETECT2000’s error output and what was 

expected, an independent 32-bit C++ program, shown in Appendix E, was run.  From 
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1E6 photons simulated, 805836 photons were captured, thus 45, the light capture 

efficiency, was 80.5836%.  DETECT2000 reported standard error as 0.00429595%; this 

is the same value reported by the independent program (Appendix E) when using the 

integer variable type for the operations shown in equation 4.2.  This was found to be in 

contrast to the actual relative standard error, 0.0395556%, as determined by equation 4.2; 

which was also reported by the independent program (Appendix E) when the original 

data was assigned as float variable types.  This suggests that for some of the numbers 

produced by this study, integer data types were inappropriate for use in the standard 

relative error operations as performed by DETECT2000 code.  A summary of this 

investigation is shown as Table 4.1. 

Table 4.1 Calculated and Reported Relative Standard Relative Error Values 

from DETECT2000, the Independent Program (Appendix E), and Equation 4.2 

 

Standard 

Relative 

Error 

DETECT2000 Output 0.00429595% 

Independent Program Output, Integer Data Type 0.00429595% 

Independent Program, Float Data Type 0.03955560% 

Equation 4.2 0.03955560% 

 

 From this investigation, it is recommended that the DETECT2000 source code be 

changed such that the assigned variable types for the standard error calculation are 

assigned as float data types. 
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4.1.1 Symmetry 

 Given the symmetry of the XEPHWICH design, the software output should 

demonstrate symmetry.  If the results of this simulation show that output about a planar 

line of symmetry are in agreement, then it can be said future simulations of the 

XEPHWICH may be modeled about the line of symmetry, reducing the time and 

computational resources necessary for simulations.  Additionally, the results will provide 

information about the magnitude of simulations and effects on statistical output reporting.  

Furthermore, the time required to execute this simulation will provide information about 

the computational resources  needed for future simulations, aiding the researcher in 

determining  appropriate numbers the magnitude of data points/planes and optical 

photons in future simulations.  Graphical representation of the output is shown as Figures 

4.1 and 4.2. 

 

Figure 4.1 Pixel Plot of Simulated Light Capture Efficiency in the XEPHWICH, 

Investigation of Simulation Symmetry 
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Figure 4.2 XY Scatter Plot of Simulated Light Capture Efficiency in the 

XEPHWICH, Investigation of Simulation Symmetry 

From Figures 4.1 and 4.2, it can be said that, within agreement of statistical 

certainty reported, simulation output demonstrated symmetry as expected.  Thus, future 

simulations will be performed about the line of symmetry, which would appear horizontal 

if shown bisecting Figure 4.1. 

Because this simulation was a test case for magnitude, the relative size of data 

points were considerably less than those performed in other parts of this study.  This 

simulation consists of a 10 by 14 matrix composed of 140 pixels; each scintillator 

medium contains a unique pixel size, this was chosen for ease of simulation definition; 

each data pixel represents the simulation of 1E5 individual optical photons.  The time 
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required to execute this study was relatively short, on the order of tens of minutes.  The 

output on the statistical certainty for the data was generally within the range of 0.1 to 0.2 

percent.  This information was considered when designing the other simulations of this 

study and applied to balance the benefits of simulation size and execution size versus 

expected statistical certainty in light capture efficiency. 

4.1.2 Diffuse and Specular Reflectors 

 In the process of designing scintillation-based radiation detectors, developers may 

have the option of considering the use of either a diffuse (random reflecting) or specular 

(mirror-like) reflecting surface at scintillator boundaries.  The effects resulting from the 

use of these two different types of reflecting boundaries were investigated in a simulation 

using the 3 inch diameter XEPHWICH design (prototype dimensions), with 0.95 

probability of reflection at simulation boundaries.  The results of the two simulations, 

varying only the type of reflecting boundary, are shown as Figure 4.3.  
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Figure 4.3 Normalized XY Scatter Plot of Distributions of Light Capture 

Efficiencies from XEPHWICH Simulations, 0.95 Diffuse and Specular Reflecting 

Boundaries 

 From these data, it is shown that in the XEPHWICH a diffuse reflector is 

expected to yield overall higher light capture efficiency with a broader distribution than 

with the use of a specular reflector.  From earlier discussion, this suggests that the 

possible effects of choosing a diffuse reflector may include an overall better signal-to-

noise ratio with overall less energy resolving capabilities.  This was found to be 

counterintuitive to the initial hypothesis of the researchers, where it was thought a 

metalized reflector would yield overall greater light capture efficiencies, though this 
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finding was consistent with a generalization of results of previous research (Knoll G. F., 

2000). 

4.1.3 Effects of Reflection Coefficients 

 In the process of developing a scintillation-based radiation detection system, 

designers may have to consider the reflectivity provided by potential material selections 

used at a detector’s surface boundaries.  In this study, the effects of boundaries with 0.99 

and 0.95 probabilities of reflection were investigated in the 3 inch diameter XEPHWICH 

design (Figure 4.4). 

 

Figure 4.4 Normalized XY Scatter Plot of Distribution of Light Capture Efficiency 

from XEPHWICH Simulations, Diffuse 0.99 and 0.95 Probabilities of Reflection at 

Detector Boundaries 
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 These data suggest that for a diffuse reflector in the XEPHWICH design, a 

surface boundary that provides a higher probability of reflection will yield an overall 

greater probability of light capture with a more concentrated distribution.  From previous 

discussion, this may indicate that selection of a material with a greater probability of 

reflection will provide the XEPHWICH system with a better signal-to-noise ratio and 

better energy resolving capabilities.  This finding was congruent with the researchers’ 

intial hypothesis for these properties. 

4.1.4 Effects of Diameter 

In the process of developing a scintillation-based radiation detection system, 

designers may have to consider the effects of detector size versus other factors.  

Therefore, detector diameter was investigated (Figures 4.5 through 4.7).   These data 

represent the simulation of a 30 by 10 matrix composed of 300 data pixels, each 

representing the simulation of 1E6 individual optical photons, approximately equally 

distributed in the scintillators, about the line of symmetry, in the XEPHWICH with 0.95 

specular reflecting surfaces at detector boundaries.  These data for each of the three 

geometries are represented on a similar color scale ranging from 0.88 to 0.75 probability 

of light capture.  For the figures in this section, the definition of the partitions are as seen 

in Figure 4.1; from left to right the sections are BC-400, CaF2, Quartz (no optical 

photons produced, appears as white) and NaI(Tl). 
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Figure 4.5 Pixel Plot of Light Capture Efficiency from XEPHWICH Optical 

Simulation, 0.95 Specular Reflecting Boundaries, Two Inch Diameter 

 

Figure 4.6 Pixel Plot of Light Capture Efficiency from XEPHWICH Optical 

Simulation, 0.95 Specular Reflecting Boundaries, Three Inch Diameter 
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Figure 4.7 Pixel Plot of Light Capture Efficiency from XEPHWICH Optical 

Simulation, 0.95 Specular Reflecting Boundaries, Four Inch Diameter 

 These data show that a larger diameter design of the XEPHWICH is expected to 

yield overall higher light capture efficiency with a more narrow distribution.  As 

expected, this suggests that a XEPHWICH system with a larger diameter will provide a 

better overall signal-to-noise ratio and better overall energy resolving capabilities. 

It is hypothesized that greater light capture efficiency as diameter increases is 

observed due to an overall decrease in photons encountering a reflecting boundary prior 

to capture at the PMT.  Evidence of this trend is found by comparing the values, in each 

column of data from Figures 4.5-4.7.  Invariably, optical photon capture values at the line 

of symmetry are greater than those from scintillations closer to the reflecting boundaries.  

This is because as scintillation occurs closer to the detector boundaries, the solid angle 

upon the PMT visible to isotropically emitted photons decreases.  Consequently, reduced 

solid angle on the PMT results in increased incidence of photons meeting reflecting 

boundaries where optical photon death is an immediate possibility, causing a reduction in 
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optical photon capture.  This translates to the results of the diameter size simulations, 

where a larger diameter XEPHWICH results in greater solid angles of scintillations upon 

the PMT, resulting in greater optical photon capture. 

4.1.5 Characterizing the Expected Optical Performance of the XEPHWICH 

 One of the objectives of this study was to characterize the optical performance of 

the XEPHWICH prototype, measured in light capture efficiency.  The following data, 

shown as Figure 4.8, represents a simulation demonstrating the expected light capture 

characteristics of the XEPHWICH.  This simulation was the result modeling a 3 inch 

diameter XEPHWICH, with 0.99 diffuse reflecting boundaries. 

 

Figure 4.8 Normalized XY Scatter Plot of Probability Distribution of Light Capture 

Efficiency from Simulation, Characterizing the Expected Optical Performance of 

the XEPHWICH Prototype  
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4.2 Experimental Results and Discussion 

 For the purposes of investigating the modeling techniques of this study and the 

effects of expected light capture efficiency on system output, an experiment, as described 

in Chapter three, was performed.  Four data sets were captured and are presented in their 

entirety as spectra in Figure 4.9.  

 

Figure 4.9 Differential Pulse Height Spectra of XEPHWICH Experimental Data, 

Various Collimator Positions 

Because of their complexity, these data have been normalized and truncated in 

subsequent presentations, showing only the full energy peak, then presented and 
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discussed in comparative portions.  Figure 4.10 focuses on the region of interest, around 

the full energy peak, for all of the data sets that will be separated and discussed. 

 

Figure 4.10 Normalized Differential Pulse Height Spectra of XEPHWICH 

Experimental Data, Cs-137, Full Energy Peak, Various Collimator Positions 

From Figure 4.10, it is possible to see certain effects of beam position.  In general, 

this figure shows that with increasing closeness to the PMT, relative pulse height is 

increasing and the center channel for each peak is shifting to lower energies. 
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Figure 4.11 Differential Pulse Height Spectra of XEPHWICH Experimental Data, 

Cs-137, Full Energy Peak, at Collimator Position Extremes (Relative to PMT) 

 Figure 4.11 shows the difference between the data sets at the positional extremes.  

It demonstrates decreased peak channel number, increased peak magnitude and less broad 

spectra as the collimated beam nears the PMT, where increased light capture efficiency is 

expected. 
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Figure 4.12 Differential Pulse Height Spectra of XEPHWICH Experimental Data, 

Cs-137, Full Energy Peak, Collimator Positions of Closest and Second Closest to 

PMT 

Although a general trend of increasing pulse height as the collimated beam neared 

the PMT was demonstrated, Figure 4.12 shows an exception to this trend that was 

observed.  In this case, it was unexpected for the closest data point to have a full energy 

peak height that is below a data set taken farther from the PMT. 

A possible explanation of this observation may be photocathode saturation.  

Where in this experiment, a collimated beam that is overlapping the photocathode 

produces a large quantity of light in the scintillator so close to the photocathode, that the 

photocathode does not have time to recover from optical events.   Furthermore, it is 
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possible that ionizing radiation from the collimated beam may interact with the 

photocathode, compounding this effect.  Hypothetically, this would reduce the system’s 

ability to respond to energy deposition events in the scintillator volume, thereby 

decreasing the number of events seen in the full-energy peak.  This may explain the 

outlier in our experimental observations. 

For the purpose of examining the XEPHWICH system’s resolution from the 

experimental observations, Gaussian fits were made to the normalized full-energy peaks 

(Figures 4.13-4.17).   The resulting calculations of resolution for these curve fits are 

shown in Table 4.2 and plotted as Figure 4.18. 

 

Figure 4.13 Gaussian Fit and Plot of Normalized Data of Full Energy Peak for 

Closest Collimated Beam from XEPHWICH Experiment 
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Figure 4.14 Gaussian Fit and Plot of Normalized Data of Full Energy Peak for 

Second Closest Collimated Beam from XEPHWICH Experiment 
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 Figure 4.15 Gaussian Fit and Plot of Normalized Data of Full Energy Peak for 

Third Closest Collimated Beam from XEPHWICH Experiment 
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Figure 4.16 Gaussian Fit and Plot of Normalized Data of Full Energy Peak for 

Farthest Collimated Beam from XEPHWICH Experiment 
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 Figure 4.17 Gaussian Fits of Full Energy Peak for all Collimated Beams from 

XEPHWICH Experiment 

 

Table 4.2 Normalized Fits to Data and Resulting Calculated Resolutions, Varying 

Collimator Position XEPHWICH Experiment 

Beam Position 

Relative to PMT Peak Channel FWHM Resolution 

Farthest 385 30.1 7.82% 

3rd Closest  382 28.5 7.46% 

2nd Closest 381 26.1 6.85% 

Closest 380 25 6.58% 
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Figure 4.18 Plot of Peak Channel and Resolution from Varying Collimator Position, 

NaI(Tl) layer in the XEPHWICH Detector, Cs-137 Full Energy Peak 

Figure 4.18 illustrates that our experimental data demonstrates a decrease 

(improvement) in spectral resolution as the collimated beam neared the PMT.  This effect 

was congruent with the researcher’s expectations of increased light capture efficiency.  

Additionally, Figure 4.18 illustrates the observed effect of decreasing peak channel as 

collimated position neared the PMT. 
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V. Conclusions and Future Work 

 The results of the simulations performed in this study characterized the light 

capture efficiency performance of the XEPHWICH.  Additionally, this study investigated 

and compared the effects of some design considerations and their effects on light capture 

efficiency. 

 However, this work did not investigate all potential changes to XEPHWICH 

design; as such, future work could be conducted to investigate other potential changes to 

the XEPHWICH’s design.  Furthermore, although some of the information provided by 

the results may be transferable to design considerations of other scintillation-based 

radiation detection systems, they cannot be applied universally or with the assumption 

that similar effects will be realized. Therefore, in the design of other scintillation-based 

radiation detection systems, additional studies can be conducted to build upon the 

knowledge gained from this study.  Additionally, some empirical values about materials 

through which optical photons were simulated did not exist.  Therefore, future studies 

could determine these unknown optical properties and apply them to improve the 

accuracy of this and future optical simulations.  Lastly, this study led to the discovery of 

unexpected behavior of the DETECT2000 source code as related to the standard error 

reporting of simulation results. Therefore, the DETECT2000 source code can be updated 

as suggested by this study’s investigation of DETECT2000’s error reporting. 

 The results of the laboratory experiment performed in this study achieved its 

purpose of being an investigation of light capture efficiency and its effects on some 

system signal characteristics.   Additionally, the experiment provided some degree of 
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verification of the simulation methods used.  However, the experiment was qualitative in 

nature and additional studies could be performed to quantitatively investigate the effects 

of light capture efficiency versus system signal characteristics.  Furthermore, additional 

study could be performed that investigates or otherwise explains the Photo-Multiplier 

Saturation phenomenon hypothesized from the experimental observations. 

In the course of this research, it was found that the computer modeling techniques 

used, although broad, are still technically incomplete representations of scintillator 

system behavior.  Therefore, future research can be conducted that will build upon the 

modeling techniques used.  Specifically, researchers could develop models that account 

for photo-multiplier response, system signal response; and additionally, simultaneously 

model both optical and radiation transport techniques with the goal of completely 

simulating scintillator system response. 

In summation, this study provides information that is useful for the development 

of the XEPHWICH detection system, with the potential of maximizing one aspect of the 

scintillator’s operational capabilities in service as a part of the International Monitoring 

System for the United Nations.  Additionally, some the information provided by this 

study can be applied to future scintillator design.  Lastly, this study provides additional 

questions and challenges that may be answered by future research. 
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Appendix A: Assembly Drawing of the XEPHWICH Radiation Detector 
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Appendix B: Input File Sample, Demonstrating Geometry 

;;;;Basic XEPHWICH Detector, does not account for possible wavelength shifting and does not 

;;;;include data on distribution of x-sections, and indices of refraction 

;;;;Last lines should simulate separately in each scintillator, AND splits it into parts of the volume 

;;;;This program will attempt to add a small glass PMT at the end of the detector 

;;;;SUFFIXES OF 'V' INDICATE SINGLEVALUE ENTRY, 'F' INDICATES LOOK TO A FILE 

;;;3" Diameter (38.1 mm radius) scintillators 

 

;;;;Material and surface definitions 

 

;Defines Material 1, BC400, N=1.581, 2500MM ABSORPTION LENGTH, WAVELENGTH OF 423NM 

DMAT1,1.581NV,2500.0ADV,423PLV 

 

;Defines Material 2, CaF2, N=1.47, 2500MM ABSORPTION LENGTH, WAVELENGTH OF 435NM 

DMAT2,1.47NV,2500.0ADV,435PLV 

 

;Defines Material 3, QUARTZ, N=1.55, 2500MM ABSORPTION LENGTH, NO SCINTILLATION 

WAVELENGTH 

DMAT3,1.55NV,2500.0ADV 

 

;Defines Material 4, NaI(Tl), N=1.85, 2500MM ABSORPTION LENGTH, WAVELENGTH OF 415NM 

DMAT4,1.85NV,2500.0ADV,415PLV 

 

;Defines Material 5, Glass, N=1.5, 2500MM ABSORPTION LENGTH, NO SCINTILLATION 

WAVELENGTH 

DMAT5,1.5NV,2500.0ADV 

 

;DEFINES SURFACE OF MYLAR AND BC400, SET TO REFLECT 95% OF ALL PHOTONS 

DFIN1,METAL,.95RCV 

 

;DEFINES SURFACES OF SCINTILLATORS AND CASE, SET TO REFLECT 95% OF ALL 

PHOTONS 

DFIN2,METAL,0.95RCV 

 

;DEFINES SURFACE6, PMT INTERFACE, SET TO ABSORB ALL PHOTONS EQUALLY 

DFIN3,DETECT 

 

;;;;Geometry Construction 

 

;DEFINES POINTS1-5, SCINTILLATOR PLANE LOCATIONS 

DPT1,22.59325Z 

DPT2,21.09325Z 

DPT3,19.09325Z 

DPT4,12.74325Z 

DPT5,-12.6575Z 

 

;DEFINES POINTS6-9, SCINTILLATOR CENTER LOCATIONS 

DPT6,21.84325Z 

DPT7,20.09325Z 

DPT8,15.91825Z 

DPT9,0.004325Z 

 

;POINT OF GLASS/PMT INTERFACE 

DPT10,-13.6575Z 
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;Cylinder1, BC400 

DCYL1,PT1,38.1R 

 

;Cylinder2, CaF2 

DCYL2,PT2,38.1R 

 

;Cylinder3, QUARTZ 

DCYL3,PT3,38.1R 

 

;Cylinder4, NaI 

DCYL4,PT4,38.1R 

 

;Cylinder5, Glass 

DCYL5,PT5,38.1R 

 

;Plane 1, Mylar-BC400 

DPLN1,PT1,PT2 

 

;Plane 2, BC400-CaF2 

DPLN2,PT2,PT3 

 

;Plane 3, CaF2-QUARTZ 

DPLN3,PT3,PT4 

 

;Plane 4, QUARTZ-NaI 

DPLN4,PT4,PT5 

 

;Plane 5, NaI-Glass 

DPLN5,PT5,PT10 

 

;Plane 6, Glass-PMT 

DPLN6,PT10,PT5 

 

;Component 1, BC400 

COMP1,MAT1 

;SHOULD SET IT'S MYLAR SURFACE, BY PLANE 1, AND IT'S UPPER Z BOUND 

SURF,FIN1,PLN1,ZS 

;SHOULD SET IT'S SURFACE TO CaF2(Eu), COMPONENT 2 

SURF,PLN2,ZL,C2 

;SHOULD SET IT'S CYLINDRILICAL SURFACE WITH THE SCINTILLATOR CASE, FINISH 2 

SURF,FIN2,CYL1,RS 

 

;Component 2, CaF2 

COMP2,MAT2 

;SHOULD SET IT'S SURFACE WITH BC400, UPPER Z BOUND 

SURF,PLN2,ZS,C1 

;SHOULD SET IT'S SURFACE WITH QUARTZ, COMPONENT 3 

SURF,PLN3,ZL,C3 

;SHOULD SET IT'S CYLINDRILICAL SURFACE TO THE SCINTILLATOR CASE, FINISH 2 

SURF,FIN2,CYL2,RS 

 

;Component 3, QUARTZ 

COMP3,MAT3 

;SHOULD SET IT'S SURFACE WITH CaF2, UPPER Z BOUND 

SURF,PLN3,ZS,C2 
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;SHOULD SET IT'S SURFACE WITH NaI, COMPONENT 4 

SURF,PLN4,ZL,C4 

;SHOULD SET IT'S CYLINDRILICAL SURFACE TO THE SCINTILLATOR CASE, FINISH 2 

SURF,FIN2,CYL3,RS 

 

;Component 4, NaI 

COMP4,MAT4 

;SHOULD SET IT'S SURFACE WITH QUARTZ, UPPER Z BOUND 

SURF,PLN4,ZS,C3 

;SHOULD SET IT'S SURFACE WITH Glass 

SURF,PLN5,ZL,C5 

;SHOULD SET IT'S CYLINDRILICAL SURFACE TO THE SCINTILLATOR CASE, FINISH 2 

SURF,FIN2,CYL4,RS 

 

;Component 5, Glass 

COMP5,MAT5 

;SHOULD SET IT'S SURFACE WITH NaI, UPPER Z BOUND 

SURF,PLN5,ZS,C4 

;SHOULD SET IT'S SURFACE WITH PMTDetect 

SURF,FIN3,PLN6,ZL 

;SHOULD SET IT'S CYLINDRILICAL SURFACE TO THE SCINTILLATOR CASE, FINISH 2 

SURF,FIN2,CYL5,RS 

 

 

;;;;PASSES VALUES TO GENERATE THE RUN 

 

;SETS FAST QUANTAM EFFICIENCY, AND VERBOSITY TO ON 

;FLAG,1FAST_QE,1VERBOSE 

 

;SETS PHOTON LIFE TO 1000 NANOSECONDS 

LIFE1000 

 

;OUTPUTS A HISTOGRAM FOR TIME IT TAKES LIGHT TO REACH PMT 

HIST,STEP0.1,10STEPS 

 

;SETS OUTPUT TO PHOTONS DETECTED 

;FATES1 

 

;GENERATES OPTICAL PHOTONS IN BC400, sets of 10 down the y axis (only half due to symmetry), 

;and 5 on the z axis 

;1st z column 

 

GEN,MAT1,0XS,0XL,38.1YS,34.29YL,22.59325ZS,22.29325ZL 

SEED1 

RUN10000000 

 

INPUT ABRIGED TO FINAL SIMULATION PIXEL 

 

GEN,MAT4,0XS,0XL,3.81YS,0.0YL,-11.38675ZL,-12.65675ZS 

SEED300 

RUN10000000 

 

END 
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Appendix C: XEPHWICH Geometry 
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Appendix D: MATLAB Code Used for Experimental Data Capture, Written by Dr. 

Abdollah T. Farsoni 

%%   PHOSWICH CONTROL CODE   %%%% 

clear all 

xem = okusbxem3001v2(); 

xem=openbyserial(xem,''); 

%configurefpga(xem,'top_60.bit') 

Th=500; 

Th=uint16(Th); 

setwireinvalue(xem,17,Th,65535); 

setwireinvalue(xem,16,1,1); 

updatewireins(xem); 

m=1000000; %number of pulses to collect 

gf=1; 

update=100; %update histogram after this number of pulses 

maxg=2000; %maximum energy in gamma, beta, and CaF2 histograms 

maxb=1600; 

maxca=1600; 

devg=500;  %number of bins in each histogram 

devb=1000; 

devca=1000; 

gbin=0:maxg/(devg-1):maxg; 

bbin=0:maxb/(devb-1):maxb; 

cabin=0:maxca/ (devca-1) :maxca; 

gspec=zeros(1,length(gbin)); %initialize spectra to zero 

bspec=zeros(1,length(bbin)); 

caspec=zeros(1,length(cabin)); 

ind=0; 

bb=0; 

bc=0; 

gc=0; 

gbc =0; 

bbc=0; 

hh=0; 

not_valid=0; 

for n=1:m 

 

    con=mod(n,update); 

    if con==0 

        dis=1; 

    else 

        dis=0; 

    end 

    %usual readin code 

    updatewireouts(xem); 

    while getwireoutvalue(xem,32)==0 

        updatewireouts(xem); 

    end 

    if(m==n) 

        setwireinvalue(xem,16,0,1); 

        updatewireins(xem); 

    end 
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    buf = readfrompipeout(xem,160,2048); 

    for k=1:1024 

        j=k*2; 

        data(k)=uint16(buf(j))*256 + uint16(buf(j-1)); 

    end 

    data=double(data); 

    base=mean(data(1:100)); 

    [mn,i]=min(data); 

    if  i < 200 && i>50 && (mn > 1) 

        if base-mean(data(i+10:i+15)) >0 

            ft1(n)=(mean(data(i+90:i+100))-mean(data(i+10:i+15)))/(base-mean(data(i+10:i+15))); 

        else 

            ft1(n) =0; 

        end 

        dif(n)= base*391 - sum(data(i+10 :i+400)); 

        ar(n)= (base*51 - sum(data(i+10:i+60)))/(base*391- sum(data(i+10:i+400))); 

        fast_ratio(n) = (mean(data(i+6:i+9)) - mean(data(i:i+2)))/(base-mean(data(i:i+2))); 

        ar3(n) = (base*8 -sum(data(i-2:i+5)))/ (base*33- sum(data(i-2:i+30))); 

        if ((ar3(n)>0.8) && (ar3(n)<1.0)) 

            hh=hh+1; 

            pulses(hh,:)=data; 

        end 

        if ar(n) < .6 && ar(n) > .59 

            ind=ind+1; 

            ddd(ind,:)=data; 

        end 

        if ar3(n) > 0.4 

            bc =bc+1; 

            sum_A=(base*11)-sum(data(i-5:i+5)); 

            sum_B=(base * 395)-sum(data(i+6:i+400)); 

            if sum_B >0 

                slow_area =sum_B * 1.16; 

                fast_area =sum_A - (sum_B * 0.16); 

            else 

                slow_area=0; 

                fast_area= sum_A; 

            end 

            eb_fast= (93.2*fast_area/1000)+10.6; 

            eb_slow= (22.3*slow_area/1000)+30; 

            ebc = eb_fast + eb_slow; 

            bspec = hist(ebc,bbin) + bspec; 

        else 

            gbc=gbc+1; 

            ft2(gbc)=(mean(data(i+50:i+60))-mean(data(i+6:i+10)))/(base-mean(data(i+6:i+10))); 

            if ar(n) > 0.6 && ar(n) < 0.8 

                gc=gc+1; 

 

                eg=(base*411) - sum(data(i-10:i+400)); 

                egc=(10.95*eg/1000)-34.4; 

 

                gspec = hist(egc,gbin) + gspec; 

            else 

                bbc =bbc+1; 

                if ar(n) > 0.45 && ar(n) <0.55 && ar3(n)< 0.35 

                    sum_ca=(base * 395)-sum(data(i+6:i+400)); 

                    ca_area =sum_ca * 1.16; 
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                    eg_ca= (22.3*ca_area/1000)+30; 

                    caspec = hist(eg_ca,cabin) + caspec; 

                end 

            end 

        end 

        if dis==1 

            max_g_spec=max(gspec); 

            max_b_spec=max(bspec); 

            if max_g_spec <= 100 

                g_y= 100; 

            else if max_g_spec > 100 && max_g_spec < 500 

                    g_y =500; 

                else if max_g_spec > 500 && max_g_spec < 1000 

                        g_y =1000; 

                    else if max_g_spec > 1000 && max_g_spec < 2000 

                            g_y =2000; 

                        else if max_g_spec > 2000 

                                g_y =10000; 

                            end 

                        end 

                    end 

                end 

            end 

            if max_b_spec <= 100 

                b_y= 100; 

            else if max_b_spec > 100 && max_b_spec < 500 

                    b_y =500; 

                else if max_b_spec > 500 && max_b_spec < 1000 

                        b_y =1000; 

                    else if max_b_spec > 1000 && max_b_spec < 2000 

                            b_y =2000; 

                        else if max_b_spec > 2000 

                                b_y =10000; 

                            end 

                        end 

                    end 

                end 

            end 

            if gf==1 

                subplot(3,1,1) 

                plot(bbin,bspec,'.r'),xlabel('Energy (keV)'),ylabel('Counts') 

                title('Beta Spectra') 

                axis([0 maxb 0 b_y]) 

                grid on 

 

                subplot (3,1,2) 

                plot(cabin,caspec,'.k'),xlabel('Energy (keV)'),ylabel('Counts') 

                title('CaF2 Spectra') 

                axis([0 maxca 0 100]) 

                grid on 

 

                subplot(3,1,3) 

                plot(gbin,gspec,'.b'),xlabel('Energy (keV)'),ylabel('Counts') 

                title('Gamma Spectra') 

                axis([0 maxg 0 g_y]) 

                grid on 
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            else 

                plot(ar3,ar, '.r','markersize',3); xlabel('Fast Ratio'),ylabel('Slow Ratio') 

                axis([-.05 1.05 -.05 1.05]) 

                grid on 

            end 

            valid=n-not_valid; 

            fprintf('Pulse Counts: %3.0f\n',n) 

            fprintf('Valid Pulses: %3.0f',valid),fprintf('     ->  %%%4.1f\n',100*valid/n) 

            fprintf('Beta Counts: %4.0f',bc),fprintf('     ->  %%%4.1f\n',100*bc/valid) 

            fprintf('Gamma Counts: %3.0f',gc),fprintf('     ->  %%%4.1f\n',100*gc/valid) 

            fprintf('Pulse Rej: %3.0f',bbc),fprintf(' ->  %%%4.1f\n',100*(bbc)/valid) 

            pause(0.1) 

        end 

    else 

        not_valid= not_valid+1; 

    end 

end 
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Appendix E: Independent C++ Program, Designed to Investigate the Variation 

between Standard Error Values from DETECT2000’s Output and Equation 4.2 

 
#include <iostream> 

#include <fstream.h> 

#include <math> 

 

int main() 

{ 

  int icounted = 805836; 

  int in = 1000000; 

  cout << "Example: 1 million photons simulated, 805836 captured, solution is 80.5836%\n\n"; 

  cout << " integer uncertanty (" 

                        << sqrt( (double) (icounted * (in -  icounted) ) / 

                                     in) / in * 100 

                        << "%) <----This is the DETECT2000 computed value\n\n"; 

 

  float fcounted = 805836; 

  float fn = 1000000; 

  cout << " float uncertanty   (" 

                        << sqrt( (double) (fcounted * (fn -  fcounted) ) / 

                                     fn) / fn * 100 

                        << "%) <----This is the Float uncertainty value\n\n"; 

  cin.get(); 

} 


