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ABSTRACT

 
  Vector representation is found as a viable tool for identifying the presence of and 

determining the difference between enriched and naturally occurring uranium.  This was 

accomplished through the isolation of two regions of interest around the uranium-235 (235U) 

gamma emission at 186 keV and the uranium-238 (238U) gamma emission at 1001 keV.  The 

uranium 186 keV peak is used as a meter for uranium enrichment, and events from this emission 

occurred more frequently with the increase of the 235U composition.  Spectra were taken with the 

use of a high purity germanium detector in series with a multi-channel analyzer (MCA) and 

Maestro-32, a MCA emulator and spectral software. The vector representation method was used 

to compare two spectra by taking their dot product.  The output from this method is an angle, 

which represents the similarity and contrast between the two spectra.  When the angle is close to 

zero the spectra are similar, and as the angle approaches 90 degrees the spectral agreement 

decreases. The angles were calculated and compared in Microsoft Excel. 

 A 49 % enriched uranyl acetate source containing both gamma emissions from 235U and 

238U was used as a reference source to which all spectra were compared.  Two other uranium 

sources were used within this project: a 100.2 nCi highly-enriched uranium source with 97.7 % 

nC/kg/h) at 1 cm.  These two uranium sources provided different ratios of 235U to 238U, leading to 

different ratios of the 186 keV and 1001 keV peaks. 
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To test the limits of the vector representation method, various source configurations were 

used.  These included placing the source directly on top of the detector, using two distances for 

the source from the detector, using the source in addition to cobalt-60, and finally two distances 

for the source from the detector with a one centimeter lead shield.  The two distances from the 

detector without the shielding were 1.3 inches (3.30 cm) and 1 foot (30.48 cm).  In the cases 

using lead shielding, in the first geometry, the source was placed directly on the lead shielding 

and in the second geometry, the source was placed a foot above the lead shielding and detector.   

Vector representation output angles higher than a value of 40.3 degrees indicated that 

uranium was not present in the source.  All of the sources tested with an angle below this 

40.3 degree cutoff contained some type of uranium.  To determine whether the uranium was 

processed or naturally occurring, 18.0 degrees was chosen as the upper limit for processed 

uranium sources.  Sources that produced an angle above 18.0 degrees and below 40.3 degrees 

were categorized as naturally occurring uranium.  The vector representation technique was able 

to classify the uranium sources in all of the geometries except for the geometries that included 

the centimeter of lead. 
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CHAPTER I: INTRODUCTION 
BACKGROUND 
 

The purpose of this investigation was to use vector representation to determine the 

presence of two significant uranium peaks in spectra from a high-purity germanium detector. 

These peaks, the 186 keV and 1001 keV peaks, are vital in uranium detection, and the 

determination of whether material contains highly enriched uranium (HEU).  The goal of 

controlling such HEU material is to prevent nuclear proliferation, so the determination of its 

presence is essential.  The ratio between the two peaks used in this project varies when the 

uranium has been altered from its natural state by processing or enriching.  This process of 

uranium enrichment separates individual isotopes, and typically uses either the gas centrifuge or 

gaseous diffusion method.  

Of the approximately 340 nuclides found in nature, about 70 are radioactive. All isotopes 

of nuclides with an atomic number larger than 83 (including uranium) are radioactive5. The 

radioactivity of earth includes three major categories of radionuclides: primordial, secondary and 

cosmogenic.  The primordial radionuclides were present at the creation of the earth, while the 

secondary radionuclides are daughter products of the primordial radionuclides.  The third 

category is called cosmogenic, because these are the radionuclides created by the interaction 

between cosmic rays and stable nuclides5.  Uranium-238 (238U) and uranium-235 (235U) are both 

primordial radionuclides, and they are the original isotopes within the uranium and actinium 

series, respectively.   

Natural uranium is found in (virtually all) rocks and soils throughout the world.  Uranium 

is in greater abundance than silver or gold, and on the same order as cobalt, lead, or tungsten3,4.  

Naturally occurring uranium is a mixture of 99 % 238U and less than 1 % of 235U.  In most rocks 

and soils, uranium concentrations vary between 0.5 ppm to 4.7 ppm (7-60 Bq/kg)5.  In some 
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areas of the United States such as Florida and southeast Idaho, there are phosphate rocks that 

contain up to 120 ppm (1.5 kBq/kg).  Areas with high concentrations of uranium can be 

important as useful commercial sources of uranium. 

The modern interest in uranium dates from the World War II period, which marked the 

first development of nuclear weapons. The United States wanted to be the first country to 

develop a bomb.  The Manhattan Project was dedicated to research and development of fissile 

materials and was involved in enriching and synthesizing nuclides. 235U is the only naturally 

occurring fissile isotope, and plutonium-239 (239P), also fissile, is a radionuclide first synthesized 

during this time period.  

235U is a naturally occurring isotope used in nuclear weapons, because it can sustain a 

chain reaction using thermal neutrons.  Naturally occurring uranium is mainly 238U, which does 

not fission by thermal neutrons.  Although there is some 235U in natural uranium, the amount is 

not sufficient to make for a bomb.  This is because in natural uranium, a stray neutron is much 

more likely to hit a 238U nucleus rather than interacting with 235U nuclei and causing fission. 

This understanding of the requirement for a higher ratio of 235U than naturally occurring 

came out from the research in connection with the Manhattan Project.  Key scientists 

participating in the Manhattan project managed to separate the 235U from the 238U using 

techniques such as gaseous diffusion and centrifugal isotope separation.   

There is no natural process that can increase the ratio of 235U to 238U.  This means that 

any sample with more than 1 % of 235U, is the result of a source that has been artificially 

enriched. Most of the present-day US uranium reserves are in a sandstone ore form, which only 

has a uranium oxide (U3O8) content of 0.1 %11.  This is in stark contrast to the pitchblende used 

in World War II with a 20-60 % U3O8 composition.  The pitchblende was imported from sites in 
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the Belgian Congo, Canada, and Czechoslovakia.  Although uranium is found in abundance over 

most of the globe, the process to change uranium ore to enriched uranium that can sustain a chain 

reaction for a bomb or a nuclear reactor is very complicated. 

In order to collect the uranium, the ore must be mined from the rock in either open pits or 

underground.  In situ, or solution mining is done underground where the uranium is dissolved in 

watery mix pumped through the ore.  Uranium mills are required to process the rocks collected 

from open pits.  These mills produce U3O8, a uranium concentrate that is commonly referred to 

as yellowcake is produced.  More than 95 % of the uranium is removed from the ore, and the 

uranium decay products are disposed of in the waste.  As of 1995, all of the United States 

uranium mills have been decommissioned5. 

The yellowcake must then be refined to orange oxide (also UO3), and then green salt 

(UF4).  For enrichment, the green salt is converted to uranium hexafluoride (UF6). Historically, 

uranium was enriched using gaseous diffusion plants.  These plants are no longer commonly 

used. Today, most uranium is enriched by gas centrifuge.  The centrifuge enrichment uses less 

energy and separates the isotopes using centrifugal force.  

Uranium can be described as highly enriched if it has a compositional fraction of over 

20 % 235U.  At an even higher percentage, weapons grade uranium has a 235U fraction of greater 

than 90% 235U. For example, the highly enriched uranium (HEU) source owned by Georgetown 

University used in this study has an enrichment of 97 % 235U. Depleted uranium (DU) is that 

which remains after enrichment. It is comprised mainly of the 238U isotope and is depleted in the 

235U isotope. Depleted uranium is a valuable material with many military and commercial 

applications such as armor or shielding.   
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Uranium is a controlled substance because it can be used to make nuclear weapons or 

nuclear improvised devices.  The only uncontrolled uranium source is uranium ore, which has 

not been processed or refined.  Because the possession of uranium is regulated, it is important to 

be able to detect it as well as discern the isotopic composition.  Efficient techniques are 

important to develop in order to quickly identify the presence of highly-enriched uranium and 

determine whether it is being legally possessed. 

A simple radiation detector such as a Geiger counter can be used to detect the presence of 

radiation.  However, a more sophisticated device, which can measure a gamma-ray spectrum, is 

required in order to identify the type of radiation as well as its isotopic composition.  

Spectroscopy is the method used within this project, but other tools for isotope identification, 

such as mass spectrometry are widely used.  Vector representation is one possible technique that 

has been used in other scientific fields as a means of identification.  For this project, vector 

representation shows two gamma-ray spectra as row vectors, and compares the similarity of the 

vector components.  The result of the vector representation method is an angle, which depicts the 

similarity or contrast between the two spectra. 

Vector representation also has applications in a wide range of fields, including chemistry, 

physics and dosimetry.  In 1994, Stein of the National Institute of Standards and Technology 

published a paper using vector representation in mass spectroscopy14. In his study, Stein tested 

unknown compounds against a large mass spectral database, and he found that the “dot-product 

function” vector representation) was the algorithm that performed best. 

 In the field of analytical chemistry, Wan successfully compared spectral data and found 

that vector representation has a lower margin of error than the similarity index15.  The similarity 

index is a statistical technique which was previously used. Wan suggested that vector 
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representation could be extended to any type of spectral comparison. In addition, simple software 

could be written for automated comparisons, or a simple spreadsheet could be utilized when 

fewer spectra are involved.  

Vector representation has also been used in radiation measurements by Scopec et al and 

also by Pelled10,13. Both authors used this technique to classify glow curves of 

thermoluminescent dosimeters for fields of mixed radiation. Scopec did this by representing the 

thermoluminescent response as a row vector13. The vector was comprised of intensity 

measurements at each channel of the thermoluminescent glow curve. Pelled found that fixed 

regions of interest (ROIs) were not possible due to shifts in the instrument’s gain. He was able to 

apply the vector representation technique by adjusting the position of the ROI to be relative to 

the channel of the maximum count10.  

Vector representation can be formulated as an automated process. Through automation, 

the errors induced by impact of human interpretation can be minimized in the process of the 

identification of uranium sources. In many cases, the spectra may be visually assessed for the 

presence of the uranium peaks, but with the use of vector representation the analysis of spectra 

can be streamlined. 

URANIUM 1001 KEV PEAK 

One of the focal points of this project was the 238U 1001 keV peak.  This peak is 

important because it is a well-resolved peak found in almost all uranium samples.  In addition, 

this peak does not require a self-absorption correction because the peak results from a high 

energy gamma ray.  For this reason, the peak gives an accurate representation of the 238U 

concentration.   
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The decay scheme of the 1001 keV peak is from 234mPa, a daughter product of 238U, as 

shown in Figure 1.  While the emission probability rate is low 1.006 %, it is very useful because 

there are no interferences or contributions from other gamma emissions within the gamma ray 

spectrum.  One of the beneficial characteristics of using a high-energy gamma ray, such as the 

1001 keV peak, is that the gamma rays associated with that peak are rather difficult to shield.  

Even with a thin layer of lead, most of the low energy gamma rays will disappear within a 

spectrum, whereas a higher-energy gamma emission will persist. 

  
Figure 1: Simplified Decay Scheme of 238U 

 
A more comprehensive decay scheme can be found in Appendix A, which displays the other beta 

emissions of 234mPa Ref 8. 
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URANIUM 186 KEV PEAK 

Although this peak is commonly referred to as 186 keV, the 235U peak actually has an 

energy value of 185.72 keV Ref8.  The decay scheme of the 186 keV emission is found in Figure 

2. The 186 keV peak is the most intense 235U peak within the low energy region.  Within this 

region of the spectrum, there are no easily observable 238U peaks.  While the 186 keV is the most 

intense peak, there are other 235U peaks in the close vicinity (182.6 keV and 194.9 keV).  These 

nearby peaks highlight the importance of using a high-purity germanium (HPGe) detector, 

because these closely aligned peaks can be resolved from one another by using the proper 

equipment. 

There is also a nearby 186.2 keV peak derived from Radium-226 (226Ra).  226Ra is a 

daughter product of Thorium-230 (230Th), which is also a member of the 238U series.  The decay 

scheme which includes the 186.2 keV peak can be found in Appendix A.  This peak, 

indiscernible from the 185.72 keV 235U peak, is found in naturally occurring uranium, and may 

be found in the environmental background.  The separation of the two peaks is 0.5 keV, the 

resolution of the high-purity germanium (HPGe) detector used is 1.73 keV (for the 1.33 MeV 

60Co, Appendix B).   

Although the 226Ra and 235U peaks are closer than the resolution of the HPGe, it is useful 

to predict the channel number where they will occur.  With the use of the spectral calibration 

using four gamma ray emitters (explained in the Calibration section of Chapter II: Method), the 

235U peak should occur at channel number 1024 compared to the 226Ra, which should occur at 

channel 1027, only a 3 channel difference.  However, once uranium samples are refined, decay 

daughters, such as 226Ra are removed.   
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In enriched-uranium sources, the 186-keV emission is very strong, unlike the 1001 keV 

emission.  This is because the 1001 keV peak comes from 238U, which is the isotope that is 

separated from 235U in the uranium enrichment process.  Although the 1001 keV peak does not 

interfere with other emissions, the peak cannot give a comprehensive view of the detection of 

enriched uranium.  On the other hand, with the 186 keV peak, a gamma emission from 235U can 

yield a qualitative signal for the detection of uranium.  In a naturally occurring uranium (for 

example uranium ore), 235U makes up only 0.72 % of the mass compared to 238U, which 

comprises 99.27 % by mass2.  Herein lays the importance of the observance and analysis of both 

the 186 keV and 1001 keV uranium peaks in making a distinction between enriched and 

naturally occurring uranium. 

 
Figure 2: Simplified Decay Scheme of 235U 

A more comprehensive decay scheme can be found in Appendix A, which displays the other 

alpha emissions of 235U with probabilities over 3.00 %8. 
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CHAPTER II: MATERIALS 
SOURCES 

Background: The background radiation is an important factor to take in consideration in any 

system of radiation measurement.  For this reason, it is treated as a blank source, with a full run 

series taken from 1 minute to 60 minutes.  Since it was not possible to vary the distance of the 

background from the detector, only a single reading was taken for use in the vector 

representation method test. Longer background runs (of 12 hours and 67 hours) were also studied 

to ensure the other sources were shielded properly within the lab and to identify peaks within the 

higher-count spectra.  Background was not subtracted from the spectra collected in this 

experiment.  Although 226Ra is present in the background and has a 186 keV line, it does not 

significantly contribute.  In the 60 minute run, the peak for the 226Ra emission is less than 1.5 

standard deviations away from the average count value of the lower-energy ROI. 

235U: A sample of highly enriched uranium (HEU) from Eckert and Ziegler (also known as 

Isotope Products Laboratories) was used.  The activity of the HEU source was 100.2 nCi 

(3.707 Bq) of uranium as of July 28, 2006.  On that date, this particular source (Serial Number 

1598-36), had the composition of: 

Nuclide Weight Activity %  
234U 1.658 97.90 
235U 97.66 2.002 
238U 0.5296 0.00169 

Table 1: Composition of HEU Source 
 

The certificate of calibration for the 235U source as well as the associated technical data can be 

found in Appendices C and D.  234U makes up 97.9 % of the activity in the HEU source, likely 

from the reprocessing of the uranium.  It is not included in this project because it is a pure alpha 

emitter, and does not contribute to the gamma-ray spectrum. 
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Uranium Ore: A uranium ore sample, referred to as “Ore” throughout this project, had an 

approximate exposure rate of 0.2 mR/h (51.5 nC/kg/h) at 1 cm.  The flattest side of the ore 

source consistently faced the detector.  This face of the ore had an approximate diameter of 

11 cm, a height of 7 cm, and a width of 9 cm.  This sample was important in the scope of the 

project because the ore represented naturally occurring uranium in rock.  It is important to 

remember that naturally occurring uranium has a composition of 99.27 % 238U and 0.72 % 

235U Ref 2.  Therefore, this ore provided an example of the ratio of the 186 keV and 1001 keV 

peaks.  Uranium ore is not a pure uranium source, and therefore there are many other elements 

found in the ore.  Other daughter radioisotopes from uranium such as 226Ra are found in the ore.  

The composition of these elements will depend on the origin of the ore.   

Uranyl Acetate: The uranyl acetate (SrcU) is a controlled substance, and the sample used in this 

study was acquired from the Georgetown Environmental Health and Safety Office.  The sample 

was in powder form contained in a petri dish, and it had an activity of 17.442 µCi (0.645 MBq) 

total uranium as of July 2011, and a diameter of 8 cm.  The uranyl acetate was important because 

this sample was enriched to 49 % 235U, and its spectrum clearly showed both the 1001 keV peak 

from 234Pa (a daughter of 238U), and the 186 keV peak from 235U.  Within this project, the uranyl 

acetate was used as the reference source.  The enrichment was determined as described by 

Clark2. 

Calibrated sources: A total of four calibrated sources purchased from Ortec were also used in 

this study (Table 2).  The sources were certified and calibrated by Ortec as of October 1, 2011, 

with a diameter of 1 inch (2.54 cm).  These samples were used to create the calibration curve 

used by the Maestro-32 program.  The 60Co and 137Cs were also used as samples in testing the 

vector representation method. 
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Source 
Activity as of 
10/1/2011 

Serial 
Number 

60Co 1 μCi (37 kBq) M2 
137Cs 1 μCi (37 kBq) M5 
109Cd 1 μCi (37 kBq) M4 
57Co 1 μCi (37 kBq) M6 

Table 2: Calibration Sources 
 

DETECTOR 

 The High Purity Germanium (HPGe) detector used was Model GEM10P4-70 Serial 

Number 51-TP32785B manufactured by Ortec9.  The HPGe detector system included the 

detector, preamplifier, cryostat, and a 30 L liquid nitrogen dewar.  The specifications (see 

Appendix B) were 12 % relative efficiency, 1.73 keV resolution at 1.33 MeV, and a 41:1 peak-

to-Compton ratio. The HPGe had an end cap size of 70 mm, a crystal length of 24.9 mm and a 

bias voltage of 3.5 kV positive.  This was the streamline configuration and the cryostat had a 

vertical orientation, where the detector end cap is directly above the dewar.  With this 

configuration sources can easily rest directly on top of the detector.   

The detector was attached to a 30 L dewar filled with liquid nitrogen.  If the detector was 

warmed to room temperature at any point, a delay of 24 hours was required before cooling the 

system down.  This ensured that no impurities would become trapped in the detector.  When 

cooling the system, a liquid nitrogen tank was connected to the dewar.  The tank was opened for 

30 minutes to ensure that the dewar was full.  Typically, the time between fills of the dewar were 

about a week.  Due to extreme temperatures in the laboratory during certain weeks, the dewar 

was filled more frequently.  To test whether the dewar needed to be filled, the system was picked 

up by the dewar handle.  There is a noticeable difference in the weight between a full and an 
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empty dewar.  This is important, because the cooled input FET can “blow” if the high voltage to 

the system is applied when it is not cooled9. 

In case of an accidental warm up, Ortec has included a temperature-sensing element in 

the detector cryostat to shut off the system.  The shutdown is done by the preamplifier in 

conjunction with an Ortec 672 Amplifier to the Ortec 659 Detector Bias Supply which will in 

turn lower the high voltage to zero.  The fine gain of the Ortec 672 Amplifier was set to 5.70, 

and the Ortec 659 Detector Bias Supply had a voltage set to 3.50 kV.  This value also can be 

seen on the oscilloscope if there are no events when a source is on the detector.  An 

Easy-MCA-8k system was used as the multi-channel analyzer (MCA).  The purpose of the MCA 

is to analyze and organize incoming voltage pulses from the amplifier and sort them into a 

spectrum.  The spectrum is comprised of the number of events versus the pulse height, which is 

related to the energy.   

 

SPECTRAL SOFTWARE 

 Maestro-32, a widely used package, was used in this project.  Maestro-32 is a 32-bit 

multi-channel analyzer emulator that compiles the counts in each channel over a large range in a 

display which represents the spectrum.  Some of the software’s capabilities include the ability to 

acquire data, to display the resultant spectrum, and to perform some analyses.  Multiple spectra 

can be overlaid and compared.  Live spectra can be displayed during data acquisition.  Other 

observed spectra may be viewed simultaneously while a live spectrum is being taken.  There is 

also the capability of peak identity information (after spectrum calibration), but the software 

cannot identify a complete spectrum.  Therefore, user interaction is required to collect 

information.  The spectra can be displayed in a logarithmic or a linear vertical display, and the 
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display is automatically scaled (Appendix E).  More information about Maestro-32 can be found 

on Ortec’s website9.  There are 8191 channels in the spectra taken in this project, a number 

which can be altered within Maestro-32. 
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CHAPTER III: METHOD 
THEORY 

Vector representation takes an angle (θ), which has been described as a “spectral-

contrast-angle”15 to determine whether any two spectra include the same peak or not.  Once the 

angle has been determined between two vectors, the presence of a peak can be determined.  

These vectors, 

 

 and
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  When θ is determined to be small, the vectors within the region of interest are similar.  

This indicates that the two spectra contain the same peak.  If θ is large, the peaks are thus 

dissimilar.   

 For this application of vector analysis, the regions of interest within the spectra must be 

transformed into vector form.  Consider a portrayal of a spectrum in Figure 3, where counts are 

represented by a, and the channel number index, i.  The channel number corresponds to the 

energy of the emitted radiation.  At a channel number i, there is a corresponding number of 

counts described as ai.   

 

 

Figure 3: Spectral Representation 
 

Defining the values within the first region of interest (ROI 1) as a0, … , ai, … , an, which 

represent our vector and the second region of interest (ROI 2) to include an+1, … , am, 

which is represented by the vector:  

Let us add these two vectors such that: 
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Similarly, the same vector representation method is made for other spectra.  The reference 

spectrum will be denoted as 

 

, containing the same regions of interest (0 to n and  n+1 to m).  

When the vectors are multiplied by the dot-product method, their individual components are 

multiplied one against the other.  Hence: 
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Channel keV Isotope 
488 88.0336 109Cd 
675 122.060 57Co 
754 136.476 57Co 

3640 661.657 137Cs 
6461 1173.23 60Co 
7337 1332.49 60Co 

Table 3: Energy Calibration Values 
 

 The energy at a certain channel number can be calculated by the equation shown in 

Figure 4, which was determined through linear regression. 

 
Figure 4: Energy Calibration of the HPGe Detector 

 

SPECTRA COLLECTION 

 After the source was set up and the geometry was elected for the measurement run, 

Maestro-32 was opened.  The spectra were collected using automated job files, which were 

edited in the Microsoft program, Notepad. After editing, they were saved as a job file (.job 

instead of for example .exl for a Microsoft Excel file).  Maestro-32 was used to recall the job 

file, and with the RUN command, the file was executed. 
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Designated in the file, the time, the sample description, and the file destination were 

adjusted.  Below is an example for the uranyl acetate source (SrcU) for a real time of 60 seconds, 

along with a sample description of “SrcU 1 min Std”, and a file destination of  

"C:\Documents and Settings\amf96\Desktop\Anne+Matt\SrcU1minStd.spe".  This section was 

repeated for each sample and real time from 1 minute to 60 minutes. The spectra were saved into 

the “.spe format” then imported in columns into Microsoft Excel.    

set_detector 1 
stop 
clear 
set_preset_clear 
loop 1 
set_detector 0001 
stop 
clear 
set_preset_real 60 
start 
wait 
set_detector 1 
fill_buffer 
set_detector 0 
describe_sample "SrcU 1min Std" 
save "C:\Documents and Settings\amf96\Desktop\Anne+Matt\SrcUL1minStd.spe" 
end_loop 

 

REAL TIME VERSUS LIVE TIME SPECTRA 

Real time refers to the amount of time that has passed during the collection of data.  Dead 

time is one component of real time, and it is an interval or pause that occurs in a detector 

following a registered electronic event6.  During dead time, no other event registrations are 

possible, so that the counts during this time are lost.  Dead time is often due to high count rates 

which lead to a busy multi-channel analyzer (MCA) where no events are recorded.  The time 

during the acceptance of new events by the detector is considered live time.  In order to make up 

for the dead time of the detector, live timing is a compensation method.  Live time only elapses 
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when the detector is registering events. Therefore, real time is the sum of dead time and live 

time.   

Most of the spectra measured during this project were taken for a specific length in real 

time.  This time factor can be changed between real time and live time within the job file in the 

“set_preset_real 60” line.  Real time spectra are useful in order to know the amount of time a run 

will take. Live time was the appropriate method because the count value will be much higher, 

which is useful when good statistics are required.   

It was also important to have high counting statistics for the reference spectrum.  The 

initial reference spectrum of this project was taken in real time for sixty minutes (for the initial 

examination of the 1001 keV peak).  The uranyl acetate reference source had a dead time on the 

HPGe detector of 20 %; hence the live time was 48 minutes.  The reference spectrum used for 

the project, which includes both 186 keV and 1001 keV peaks, was for 12 hours of live time 

(approximately 15 hours of real time).  In the analysis, the live count rate was always used, but 

the duration of the measurement run is listed as R for real time and L for live time.  Appendix H 

contains the information whether the run series were taken in live time or real time.   

In the scope of this project, the intensities were normalized by their maxima during the 

process of extracting the angle between spectra.  To normalize, all count values were divided by 

the maximum count value of the spectrum.  This decreases the data differences of whether the 

spectra were taken in live time versus real time.  This change will solely affect comparing the 

raw count data, which are seen in many of the figures of Chapter V: Analysis. 
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EXCEL SPREADSHEET 

 When extracting the spectra from the SPE format into Excel, the first 13 rows contain 

information about the spectrum.  These rows include the date, the time, and the range of 

channels: zero to 8191.  Due to the type of information included in the SPE file, the row number 

does NOT equal the channel number.  When incorporating the initial ROI, in order to compile 

the data into a useable format, a value of 13 must be added to the row number.   

The initial ROI for the peaks 186 and 1001 keV peak started at channel 1017 and 5498 in 

the raw spectrum, but in Excel the ROI row began at 1030 and 5511.  The channel regions for 

the two peaks were as follows: 1017 to 1033 for the 186 keV and 5498 to 5532 for the 1001 keV 

emission. 

Each spectrum had its own Excel spreadsheet.  These individual spreadsheets were 

combined in a single workbook, so individual spectra could be referenced as a tab within the 

compiled workbook.  With the spectra taken from 1 minute to 60 minutes (or 12 hours), the 

compiled data of the regions of interest were tabulated (example in Section 3.2, Tables 4-9). 

Subsequently, the mathematics described in the theory section were calculated and saved into the 

workbook.  Some of the functions used included the following; finding the maximum value over 

a range of numbers: =Max(number 1, number …), taking the sum of a series of numbers: 

=Sum(number 1, number …), and taking the square root of a number: =Sqrt(number). 

 

SOURCE GEOMETRY AND MIXED SOURCES 

 There were six different source geometries used in connection with the HPGe detector as 

depicted in Figure 5.  The default geometry was designated without explanation or by “Std” 

(Standard).  This was when the source was placed directly on the end cap of the detector and is 
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depicted in Figure 5.  The second geometry was “1.3"” which was where 1.3 inches (3.30 cm) of 

foam strips were placed between the end cap of the detector and the source.  The third placement 

was “1cmPb” which indicates that there was 1 cm of lead between the source and the end cap of 

the detector.  The fifth geometry was “1'” (one foot), where the source was one foot (30.48 cm) 

from the top of the detector.  In the “1'” case, a stand next to the detector and a thin 

(approximately 1 mm) plastic container held the samples at a point one foot above the detector.  

For measurement runs of the uranium ore sample at the 1' position, clear packing tape allowed 

the plastic container to hold the weight of the sample.  The fifth configuration was “1'+1cmPb”, 

where there was 1 cm (0.4 inches) of lead shielding directly on top of the detector, and the source 

was held in the plastic container 1 foot (30.48 cm) away from the HPGe detector.  The sixth 

variation was the uranium source in conjunction with another radioactive source. 

 The differing source geometries allowed the exploration of the effects that distance and 

shielding had on the spectra.  The distance of the source from the detector changes the solid 

angle, and may slightly change the peak shape.  This in turn depicts the reliance of geometry of 

the same source on the resultant angle.  The distance geometries including “1.3"” (inch, 

3.30 cm) and “1'” (foot, 30.48 cm) geometries were chosen to examine the influence of the 

distance between the source and the detector on the angle.   

The solid angle of the setup was realized by the decrement of the detector counting 

efficiency with the increase of distance from the detector.  When the counting efficiency is 

decreased, the signal from the range of angles that gamma rays can be emitted from the source 

and still pass through the HPGe detector decreases.  This decrease in signal occurs with the 

increase in separation of the source from the detector.  This is because the gamma rays must have 

a direct vertical orientation with very little deviation from the axis between the detector and the 
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source (the third and fifth position in Figure 5).  Gamma emissions outside of this small solid 

angle will not reach the detector, nor will they be counted.  The end cap of the HPGe detector 

had a diameter of 70 mm.  All of the sources other than the ore and the uranyl acetate had a 

diameter of 1 inch (2.54 cm).  The uranyl acetate source was 8 cm across, and the face of the 

uranium ore source towards the detector had an approximate diameter of 11 cm (4.3 inches). 

Shielding, in the “1cmPb”, “1'+1cmPb”, and the addition of another radioactive source 

configurations were used to explore the influence of shielding on the peaks by lowering or 

masking the peak intensity.  For the case of the 1 cm of lead, in the lower energy part of the 

spectrum, many of the peaks disappeared completely.  An additional source can mask the desired 

peak because it adds counts in the region of interest of the spectrum due to Compton scattering. 

   

Figure 5: Source Measurement Geometries 

The 1 foot position weakened the signal because of the distance, but the geometry is one 

with important implications.  In some cases, the ability to put the detector up to the source may 

not be a viable option.  If there was some shielding, the setup became an even more realistic 

(“1'+1cmPb”) scenario.   
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 For the case of mixed sources, no actual sources had more than one radionuclide, other 

than their intrinsic daughter series.  To simulate having a mixed source, the singular sources 

were stacked upon one another.  The spectra from the mimicked mixed sources were labeled by 

the two sources.  The source closest to the detector was written first, followed by the second 

source and geometry if not in standard positioning.  For example a uranyl acetate source on top 

of a cobalt-60 source directly on the detector would be designated as “Co60+SrcuU”.  If no 

geometry was designated it was “standard”, where the sources were directly on top of the end 

cap of the detector. 
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CHAPTER IV: PROCEDURE 

COLLECTED SPECTRA  

Spectra were collected for various combinations of radioactive sources (e.g. 235U, uranyl 

acetate, 60Co and 137Cs).  For example, Figure 6 depicts the recorded 12 hour uranyl acetate 

reference vector spectrum with highlighted regions of interest.  To better view the reference 

vector spectrum, Appendix E contains the reference vector spectrum in logarithmic scale, as well 

as zoomed images of 186 keV and 1001 keV peaks.  Each individual spectrum was saved and 

converted into Excel.  

 
Figure 6: Energy Spectrum of Reference Uranyl Acetate Source 
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REALIZATION OF THE SPECTRAL CONTRAST ANGLE 

 The collected spectra were loaded to an Excel spreadsheet.  The raw data in the 

spreadsheet for each individual run contains the channel number (energy) and the number of 

counts.  Within the compiled workbook, the data from the regions of interest of the 186 keV 

peak (channel 1017 to 1033) and 1001 keV peak (channel 5498 to 5532) for each timed run were 

assembled in tabular form.  An example of this is the SrcUL, uranyl acetate live time reference 

run.  This run includes the reference 12 hour spectrum in bold, found in the Table 4.  Here, the 

region of interest (ROI) index number, the channel (ch) number, and the runs from 1 minute to 

12 hours.  The highlighted ROI and channel numbers are the peak maxima for the 186 keV and 

1001 keV gamma emissions.  Table 4 shows the continuity from the first ROI to the second; 

between channels 1033 and 5498 there is an ROI index number of 17 and 18, respectively.   

  Number of Counts Ref Run 
ROI 

Number Ch Num 1 min 2 min ……… 55 min 60 min 12 h 
1 1017 52 123 ……… 3716 3946 48789 
2 1018 76 141 ……… 3852 4208 50223 

……… ……… ……… ……… ……… ……… ……… ……… 
8 1024 1081 2061 ……… 56175 61086 753431 
9 1025 1143 2185 ……… 59907 65472 804669 

10 1026 880 1839 ……… 47326 52170 642427 
……… ……… ……… ……… ……… ……… ……… ……… 

16 1032 57 123 ……… 3409 3837 45448 
17 1033 74 130 ……… 3423 3759 44544 
18 5498 2 7 ……… 100 98 1208 
19 5499 4 9 ……… 114 132 1631 

……… ……… ……… ……… ……… ……… ……… ……… 
31 5511 128 211 ……… 5948 6387 83253 
32 5512 136 195 ……… 5486 6334 81498 
33 5513 103 217 ……… 5083 5748 73229 

……… ……… ……… ……… ……… ……… ……… ……… 
51 5531 0 1 ……… 37 73 634 
52 5532 0 1 ……… 39 41 649 

Table 4: Measurements for the Uranyl Acetate Source (Live) and Reference Run 
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There are five steps in this process of calculating the angle by the method of vector 

representation between the sample spectra and the reference spectrum.  The first step is the 

compilation of the spectral values (as described above and seen in Table 4).  The second step is 

to normalize each spectral value to the maximum value within its run.  Each run is normalized to 

the maximum count value from the peak of that run (Table 5).  To do this, the “MAX” Excel 

function is calculated over the ROI index from 1 to 52 for each run.  

 Maximum Counts Ref Run 

 1 min 2 min ……… 55 min 60 min 12 h 
MAX 1143 2185 ……… 59907 65472 804669 

Table 5: Maxima for the Uranyl Acetate Source (Live) and Reference Run 
 

The normalized spectral data are tabulated in Table 6.  Note that the normalized 

maximum occurs at the green highlighted ROI index.  The observed channel 1025 is where the 

186 keV peak should occur from the calibration.  The peak of the 1001 keV emission is found at 

ROI index 32 and it is only about one-tenth as the intensity as the 186 keV peak.  The ratio of the 

186 keV ROI count is significantly larger than that of the 1001 keV ROI.  As a result, it is a 

trend of the reference spectrum. 

Each run is normalized to itself by the peak maximum, so values within the run range 

from 0 to 1 (Table 6).  The reference run is also normalized to its maximum.  The third step takes 

each normalized value from the individual run (in the case below 1 to 60 min) and multiplies it 

by the normalized value of the reference run (last column in Table 6). 
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  Normalized Counts Ref Run 
ROI 

Number Ch Num 1 min 2 min ……… 55 min 60 min 12 h 
1 1017 0.0455 0.0563 ……… 0.0620 0.0603 0.0606 
2 1018 0.0665 0.0645 ……… 0.0643 0.0643 0.0624 

……… ……… ……… ……… ……… ……… ……… ……… 
8 1024 0.9458 0.9432 ……… 0.9377 0.9330 0.9363 
9 1025 1.0000 1.0000 ……… 1.0000 1.0000 1.0000 

10 1026 0.7699 0.8416 ……… 0.7900 0.7968 0.7984 
……… ……… ……… ……… ……… ……… ……… ……… 

16 1032 0.0499 0.0563 ……… 0.0569 0.0586 0.0565 
17 1033 0.0647 0.0595 ……… 0.0571 0.0574 0.0554 
18 5498 0.0017 0.0032 ……… 0.0017 0.0015 0.0015 
19 5499 0.0035 0.0041 ……… 0.0019 0.0020 0.0020 

……… ……… ……… ……… ……… ……… ……… ……… 
31 5511 0.1120 0.0966 ……… 0.0993 0.0976 0.1035 
32 5512 0.1190 0.0892 ……… 0.0916 0.0967 0.1013 
33 5513 0.0901 0.0993 ……… 0.0848 0.0878 0.0910 

……… ……… ……… ……… ……… ……… ……… ……… 
51 5531 0.0000 0.0005 ……… 0.0006 0.0011 0.0008 
52 5532 0.0000 0.0005 ……… 0.0007 0.0006 0.0008 

Table 6: Normalized data of the Uranyl Acetate Source (Live) and Reference Run 
 

The multiplication of normalized numbers (Table 6) by the normalized reference 

numbers is done at the same channel number or equivalent ROI number.  The ROI number 

corresponds to the first column “ROI Number” which acts as an index.  For example, each 

normalized value for the 1-minute run would be multiplied by the corresponding (same ROI 

number) value of the reference run.  Numerically for ROI number 1 at channel 1017, the 

1-minute run has a value of 0.0455, and this would be multiplied by the reference 12-hour run 

value (0.0606) for the same ROI number/ channel number to produce 0.00276 (Table 7).  This 

example of the SrcUL case is where the 12 hour reference spectrum was taken.  Hence, it is 

contained within the same Excel tab.  For other sources, there was a link back to the 12-hour 

live-time reference spectrum.   
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At the bottom of the table is the value of the sum of the normalized numbers multiplied 

by the corresponding normalized reference values.  For this, the “SUM” function was used.  

From the theory section, this value of the sum of the normalized values multiplied by the 

normalized reference values as is described by Equation 4.  

Note the reference run is not included in Table 7 because it would be taking the square of 

the count value, which is done in the next step.  

  
Product of Normalized Count Values by Normalized 

Reference Count Values 
ROI 
Number Ch Num 1 min 2 min ……… 55 min 60 min 

1 1017 0.0028 0.0034 ……… 0.0038 0.0037 
2 1018 0.0042 0.0040 ……… 0.0040 0.0040 

……… ……… ……… ……… ……… ……… ……… 
8 1024 0.8855 0.8832 ……… 0.8780 0.8736 
9 1025 1.0000 1.0000 ……… 1.0000 1.0000 

10 1026 0.6147 0.6719 ……… 0.6307 0.6362 
……… ……… ……… ……… ……… ……… ……… 

16 1032 0.0028 0.0032 ……… 0.0032 0.0033 
17 1033 0.0036 0.0033 ……… 0.0032 0.0032 
18 5498 0.0000 0.0000 ……… 0.0000 0.0000 
19 5499 0.0000 0.0000 ……… 0.0000 0.0000 

……… ……… ……… ……… ……… ……… ……… 
31 5511 0.0116 0.0100 ……… 0.0103 0.0101 
32 5512 0.0121 0.0090 ……… 0.0093 0.0098 
33 5513 0.0082 0.0090 ……… 0.0077 0.0080 

……… ……… ……… ……… ……… ……… ……… 
51 5531 0.0000 0.0000 ……… 0.0000 0.0000 
52 5532 0.0000 0.0000 ……… 0.0000 0.0000 

Sum of Norm*Ref 3.516107 3.595614 ……… 3.524867 3.520276 
Table 7: Product of the Normalized Count Values from Table 6 by the Normalized Reference 

Run Count Values of the Uranyl Acetate Source (Live) 
 
The fourth step refers back to the normalized count values from step two (Table 6).  This 

step takes square of the normalized values, for example, the normalized value of ROI index 1 

(channel 1017) within the 1 minute run (0.0455), it returns 0.04552 which is 0.00207 (Table 8).  
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At the bottom of Table 8, the sum of the squares is calculated, which represents the length of the 

first vector.  The vector length is also referred to as the vector magnitude and it is represented by 

Equation 3. 

 
  Squares of Normalized Counts Ref Run 
ROI Number Ch Num 1 min 2 min ……… 55 min 60 min 12 h 

1 1017 2.07E-03 3.17E-03 ……… 3.85E-03 3.63E-03 3.68E-03 
2 1018 4.42E-03 4.16E-03 ……… 4.13E-03 4.13E-03 3.90E-03 

……… ……… ……… ……… ……… ……… ……… ……… 
8 1024 8.94E-01 8.90E-01 ……… 8.79E-01 8.71E-01 8.77E-01 
9 1025 1.00E+00 1.00E+00 ……… 1.00E+00 1.00E+00 1.00E+00 

10 1026 5.93E-01 7.08E-01 ……… 6.24E-01 6.35E-01 6.37E-01 
……… ……… ……… ……… ……… ……… ……… ……… 

16 1032 2.49E-03 3.17E-03 ……… 3.24E-03 3.43E-03 3.19E-03 
17 1033 4.19E-03 3.54E-03 ……… 3.26E-03 3.30E-03 3.06E-03 
18 5498 3.06E-06 1.03E-05 ……… 2.79E-06 2.24E-06 2.25E-06 
19 5499 1.22E-05 1.70E-05 ……… 3.62E-06 4.06E-06 4.11E-06 

……… ……… ……… ……… ……… ……… ……… ……… 
31 5511 1.25E-02 9.33E-03 ……… 9.86E-03 9.52E-03 1.07E-02 
32 5512 1.42E-02 7.96E-03 ……… 8.39E-03 9.36E-03 1.03E-02 
33 5513 8.12E-03 9.86E-03 ……… 7.20E-03 7.71E-03 8.28E-03 

……… ……… ……… ……… ……… ……… ……… ……… 
51 5531 0.00E+00 2.09E-07 ……… 3.81E-07 1.24E-06 6.21E-07 
52 5532 0.00E+00 2.09E-07 ……… 4.24E-07 3.92E-07 6.51E-07 

Sum of Squares 3.502 3.659 ……… 3.515 3.506 3.536 
Table 8: Squares of Normalized Count Values from Table 6 of Uranyl Acetate Source (Live) and 

Reference Run 
 

The final step in the process is to calculate the angle between the individual run and the 

reference vector by Equation 5.  The reference vector magnitude (the sum of squares) is 

contained in the SrcUL datasheet, and it corresponds to 

 

.  The values for the 12 hour reference 

spectrum are also contained in Table 8.  The arc cosine is taken using the sum of the normalized 

values multiplied by reference values (Table 7) divided by the magnitudes of the individual run 
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multiplied by the reference vector.  This is also referred to as the sum of squares and it is found 

at the bottom of Table 8.   
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CHAPTER V: ANALYSIS 

INTRODUCTION 

The three most important concepts that any radiation worker learns at the beginning of 

their career are: distance, time, and shielding.  Although workers are taught for personal safety to 

minimize exposure to radiation, all three factors come in to play when analyzing the data from 

the spectra for vector representation.  The three uranium samples: the uranyl acetate (SrcU), the 

ore, and the highly enriched uranium (235U); were varied using distance, time and shielding.  To 

vary the distance, as described in the geometry section (Page 19-22), runs were taken for each 

component in the standard, the 1.3” (inch foam), and the 1’ (foot) geometries.  The time variation 

component was present in each run series taken. A run series had a group of runs ranging from 1 

min to 60 min (some had longer periods of 12 hours).  The detector was shielded from the 

samples by the use of mixed sources (see Page 22) or lead.  The lead was placed on the detector 

top and the source was either directly on top (in the 1cmPb configuration) or one foot above (in 

the 1’+1cmPb configuration). The 60Co source was taken in at the same time as the uranium.  By 

understanding how the results from the vector representation method vary with distance, time, 

and shielding, the limitations of the system can be defined. 

A compiled table of all of the angles from each run is found Appendix H.  In addition to 

the various angles, the minimum and maximum angles are included to show the range of the 

data.  The average angles as well as the standard deviations of the angles are included in the table 

to identify outliers and determine uncertainty. 
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URANYL ACETATE (REFERENCE SOURCE) 

It is important to first determine how distance, time, and shielding affect the products of 

the vector representation technique.  This is important both within the reference vector run series 

as well as the within reference source.  The reference vector is a key part of this project because 

the vector acts as a constant value to which everything can be compared. The uranyl acetate was 

enriched to 49 % 235U. The reference vector was a 12 hour live run of the uranyl acetate.  Trials 

that included the reference source were used to examine the limitations of the vector 

representation method. Appendix E shows the reference spectrum in various views and 

Appendix G has a table of the angles of the vectors within the reference run series. 

 

TIME 

Time is a critical variable, because of the possible statistical importance of the number of 

counts within the vector representation method.  An investigation of how much information was 

lost with the decrease of time would be useful to identify the minimal run length.  The angle 

change due to the change in event count was examined by this time decrease from 60 minutes 

per run to one minute per run. 

In the time preceding the reference vector run, a series of runs ranging from 1 minute live 

time to 60 minutes live time were taken without disruption of the source (Figure 7).  The range 

of intensities from the shortest run of one minute to the longest run of 60 minutes live time was 

between 0.1 % and 8 % of the reference vector spectrum (12 hours live time). 
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Figure 7: ROI Channel Index for Uranyl Acetate Live Time (SrcUL) Reference Run as a 
Function of Time  

 
Within the run series of the uranyl acetate source, Figure 8 compares the angle between 

the reference vector (12 hour live-time) and the individual run with respect to the time of the run.  

Figure 8 shows that there is an exponential relationship between the decrease time and the 

increase of the angle.  As the time decreased, the intensity, and therefore the number of counts 

decreased.  The range of the angle over the 1 minute live time to 60 minute live time runs is 

2.27 degrees to 0.744 degrees.  The standard deviation of all of the angles is 0.5 degrees.  One 

would expect that the 60 minute live time run would have the smallest angle, but in fact this 

occurred during the 55 minute live time run.  Similarly, the 3 minute live time run should have 
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had a smaller angle than the 2 minute live time run, but in fact the 2 minute live time run is 

0.25 degrees smaller.   

 
Figure 8: Time as a Function of Angle for the SrcUL Reference Run 

 
Qualitatively, all of the spectra should be exactly the same within these runs because the 

spectra come from the same source, without disruption.  The only difference between the first 

run taken (1 minute live time) and the reference run (12 hours live time) is the time it took to 

take the intervening runs.  Quantitatively, it seems evident that there is some variation within the 

count values within each run.  This is to be expected by counting statistics as well as the fact that 

radioactive decay is a random process as well as the accumulation of counts due to background 

in addition to the source counts.   

The variance in the exponential trend is partly due to counting statistics, or could be due 

to a drift in the system.  In the 1 minute live time case, the 186 keV and 1001 keV peak 

maximum counts are 1143 and 136 respectively.  Taking the uncertainty to be ±

 

, where N is 

the number of counts, the relative uncertainties are ±34 and ±12 counts.  In the 2 minute live 

time case, the values of the maxima for the two peaks are 2185 ± 12 and 195 ± 14.  In these low 

y = 312.26e-2.478x 
R² = 0.8698 

0

10

20

30

40

50

60

70

0.0 0.5 1.0 1.5 2.0 2.5

M
in

ut
es

 L
iv

e 
Ti

m
e 

Angle (deg) 

Angle of Reference Run vs Time  
(SrcUL 12) 



 

35 
 

count cases, the values with high uncertainties made up a significant percent of the total counts.  

For the 1 minute live time run the uncertainties are 3 and 9 % of the counts (by 

 

 

), and for the 

2 minute live time run they are 2 and 7 %.  For the 60 minute live time run in the same series, the 

percent uncertainty of the total count (
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predicted because of slight disturbances that take place when the system is shut down. The 

angles do not change dramatically, thus the test was a success for the repeatability of the 

measurement.   

 
Figure 9: Time versus Angles for a Second Run of the Uranyl Acetate Source in Live Time 

 
The second test included measuring the uranyl acetate source over 10 runs.  These runs 

did not vary in length; but were each for 20 minutes (real time).  This data labeled as SrcU_re20, 

can be used to see whether variation was a result of the change in the system during time elapsed 

as well as the reboot.  The real time in the repeat cases was 1050 seconds live time, compared to 

the 1200 seconds that would elapsed during a live run.  Figure 10, has the repeated runs labeled 

“Run 0” to “Run 9” as well as the “Ref Run”.  The “Ref Run” refers to the 20 min live run that 

was taken in the reference run series.   

 As seen in Figure 10, there is no change or trends in the number of counts over 

successive runs within a series.  If a radioactive source with a small half-life was used, this 

would not be the case and would have to be corrected for.  As seen Table 10, the angles of the 10 

consecutive runs of 20 minutes real time show that the repetitions were all of the same relative 
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in the change of angle.  An average angle of 6.12 degrees was found, and this is much higher 

than the first test.  The mean and the standard deviation of the angles found in Table 10 can be 

found in Appendix H.  The angles from the individual runs were consistently higher, which 

suggests a slight adjustment made to either the fine gain or high voltage dials.  To ensure no 

trends were present, the angles and their relative intensities are plotted in Figure 11.  The test by 

20 minute run repeats demonstrates that a higher angle was induced by change of the source and 

the restart of the system to 3.5 kV and 5.70 of a fine gain.   

 
Figure 10: ROI Channel Index for Ten Uranyl Acetate Runs at 20 Minutes Live Time  
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Figure 11: Figure of Angles versus Relative Intensity of the Ten Uranyl Acetate Runs at 20 

Minutes Real Time 
 

 DISTANCE 

The separation of the source from the detector decreases the solid angle where gamma 

rays can be emitted from the source and still be detected by the HPGe detector.  There were two 

cases of distance: 1.3 inches of foam, and 1 foot from the detector.  As the source moves further 

from the detector, fewer events will be registered and can change the spectral shape slightly. 

The first case of distance for the uranyl acetate source was the geometry with 1.3 inches 

of foam between the source and detector, referred to as SrcU+1.3”.  Foam was used as a low-Z 

material, so that the material would have little interference with the gamma rays.  In Figure 12, 

the angles from the uranyl acetate source with 1.3 inches of foam are quite different from those 

of the previous run series.  Here, there are clearly four data points that have a significantly lower 

angle than the rest.   
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When looking at the angles for the SrcU+1.3” in Appendix H, these four outliers belong 

to the 45 to 60 minute runs.  It was unlikely that between 40 and 45 minutes the system got much 

more efficient and changed the peak shape to resemble more closely the reference vector.  

Instead, the channel locations of the peaks were examined.  For the 186 keV peak, the runs vary 

from a peak at channel number 1024 and 1025.  The 45 to 60 minute real time runs all have 

maxima at channel 1025, which was the predicted channel bin for the emission energy.  In 

addition runs 1, 3, 4, and 10 minutes also occurred at 1025.  However, the corresponding angles 

do not show any trend, and the angles have a range of 7.78 to 8.64 degrees, while the overall 

range (including the high minute runs) is 6.08 to 8.46 degrees.  A possible reason for this change 

between channel numbers is that when the system was brought back to 3.5 kV and a fine gain of 

5.70, there was a slight adjustment where the energy tottered between channels 1024 and 1025.  

Another possibility is that the system was disturbed during the 45 minute real time run changing 

the fine gain slightly. 

  
Figure 12: Real Time versus Angles for the Uranyl Acetate Source 1.3 Inches from the Detector  
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four channels higher than predicted by the energy calibration.  It is possible to adjust the data by 

four rows so the peak’s maxima occur in the correct location, so that the resultant angles are 

much lower as done by Pelled (2010).  Figure 13 compares the original data (red squares) and the 

data shifted by four rows for the 1001 keV peak (blue diamonds).  There is a noticeable change 

in the angles as well as the relative shape of the points.  Take for example the 45 to 60 minute 

real time runs: in the original data (red) they are almost equal in angle (equal vertically in Figure 

13), but in the shifted data (blue), they no longer have the same angle.  The angles for the 45 to 

60 minute real time runs are much more similar to the reference run because they are so close to 

zero. 

The high voltage must have been slightly different for this data because the two peaks 

were no longer at a fixed distance of 4487 channels.  This is significant because 4487 was the 

distance between the emission channels of 1025 and 5512.  Even with this slight change of high 

voltage, the change in angle was not substantial considering that the 20 minute uranyl acetate 

repeat test yielded angles up to 6.60 degrees.  An average angle of 7.6 degrees for the un-shifted 

data demonstrates that the vector representation method is robust and although not ideal, it can 

handle slight channel shifts.  
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Figure 13: Comparison of Angles of Shifted (Blue) and Original (Red) data for SrcU+1.3” to 

Elapsed Real Time 
 

 The second distance test was taken by the uranyl acetate source one foot away from the 

detector.  This was done by placing the source in a thin plastic casing held a foot above the 

detector by a stand.  The subsequent angles ranged from 8.79 to 23.6 degrees.  The minimum 

angle was found at 10 minutes real time, and the largest was at 1 minute real time.  Figure 14, a 

collection of the angles, shows the general decrease of angle with the increase of time and 

intensity.  The 55 minute and 60 minute runs were not included due to a corruption in the file. 

The 1 minute real time run has a significantly larger angle than the rest of the angles.  

With the source a foot away from the detector, fewer gamma rays from the 186 and 1001 keV 

emissions entered the detector.  In the one foot case the peaks have a maximum count of 18 and 

0 counts whereas those same maxima in the 1.3 inches of foam case have counts of 583 and 70.  

In the standard case, there are 1143 and 136 counts.  The count rate was so low over this time 

that few events, if any, actually registered.  We observed that this was 1 minute real time, and the 

uranyl acetate source has a dead time of 20 %, so only 48 seconds of live time elapsed over the 

course of the run. 
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Figure 14: Angles versus Real Time for Uranyl Acetate Source at One Foot 

 
Within the series of runs longer than 3 minutes real time the angles are between 8.79 and 

14.2 degrees.  At this distance, the angles are only up to two times that of the repeatability test.  

Even with the doubling in angle, the angles are still relatively close to zero, which ensured 

spectra similarity.  

 

SHIELDING 

The three shielding techniques for uranyl acetate: 1 cm Pb, 1’+1 cm Pb, and SrcU+60Co 

were conducted.  The lead and the 60Co may shield and distort the peaks.  In the first case with 

1 cm of lead, the angles have a range from 73.9 to 76.2 degrees. This was very discouraging, 

because the source was the same used as the reference.  Figure 15 is the spectra overlay for the 

run series.  The 186 keV peak was completely shielded by the lead completely.  Also, the 

1001 keV peak does not look as smooth as it does in Figure 7.   
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Figure 15: ROI Channel Index for Uranyl Acetate with 1 cm Lead Shielding 

as a Function of Real Time 
 

 Earlier, we observed that the 186 keV peak in the standard uranyl acetate (SrcUL) case 

has between 1,100 and 61,000 counts for the 1 minute and 60-minute live-time case. On the 

other hand, with 1 cm of lead shielding no run had more than 200 counts.  Within this region of 

Figure 15, the peak is no longer visible, and the region of interest is flat.   

 Within the vector representation method, if a large angle is produced, the two comparing 

spectra are dissimilar.  This is clear that with lead shielding, such as the values seen in Figure 15, 

there is only one peak, so the spectra are not similar to the reference spectrum.  An examination 

of the change in angles induced by the lead may still provide useful information. 
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 When the uranyl acetate source is positioned a foot away from the detector while shielded 

by lead the data yield smaller angles than in the case of simple lead shielding.  The 

SrcU+1’+1cmPb yielded angles between 42.7 and 55.5 degrees.  This is over 20 degrees lower 

in almost all cases when compared to the SrcU+1cmPb case. In examination of the plot of the 

vectors within the SrcU+1’+1cmPb series (Figure 16), the first noticeable trait is that the counts 

do not reach 100 at any point.  Next, it is clear that the 1001 keV peak still exists.  The reason for 

the decrease in the angles when compared to the 1 cm lead case is that the proportion between 

the 186 keV and 1001 keV peak is most similar to the reference vector.  As described in Figure 

15, the 1001 keV peak has a much stronger presence than the counts in the 186 keV region.  In 

Figure 16, this is no longer the case, and the situation is most similar to that we found in the 

distance and time series discussed above. 

 
Figure 16: ROI Channel Index for Uranyl Acetate a Foot from the Detector with 1 cm Lead 

Shielding as a Function of Real Time 
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 The third case of shielding is when another source is used to mask the presence of the 

uranium source with an activity of 17.442 µCi (0.645 MBq).  For this, a 60Co source was chosen 

with 1 μCi (37 kBq) of activity.  This is because 60Co has significant counts within the both 

regions of interest.  Within the data for the uranyl acetate source and a 60Co source, the 

backscatter envelops the 186 keV peak, as seen in Figure 17. Although there is no visible peak in 

the 186 keV region, as discussed above in the SrcU+1’+1.3cmPb case, there are higher counts in 

the lower ROI when compared to that of the higher energy region.  The angles for the 

SrcU+Co60 are comparable to those of the uranyl acetate a foot away.  These angles range from 

12.8 to 14.1 degrees with an average of 13.3 ± 0.4 degrees.  Unlike the case of lead and distance, 

the SrcU+Co60 angles are much more in agreement with a standard deviation of 0.4 compared 

to 3.7 (SrcU+1’+1.3cmPb).   

 
Figure 17: ROI Channel Index for Uranyl Acetate with Co-60 as a Function of Real Time 

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

0 10 20 30 40 50 60

Co
un

ts
 

ROI Channel Index 

SrcU+Co-60 

1 min

2 min

3 min

4 min

5 min

10 min

15 min

20 min

25 min

30 min

35 min

40 min

45 min

50 min

Real Time 



 

46 
 

NON-URANIUM SOURCES 

 In order to determine and describe which angles can be used to identify uranium peaks, it 

is important to understand what angles the vector representation method yields when non-

uranium sources are used.  In order to examine this, three sources were used: background, cobalt-

60, and cesium-137. 

 

BACKGROUND 

The background case is very important.  This is because the worst-case scenario is that 

the vector representation method produces a low angle when no radioactive source is present.  In 

the case for background, the real time and the live time are the same because the detector is not 

bombarded with many events that cause dead time.  As shown in Figure 18, the same high to low 

ratio of counts for the 186 keV peak to 1001 keV peak that is found in the uranyl acetate 

reference.  The ratio is a possible contributing factor to the observed lower angles.  The range of 

angles for the background is from 40.0 to 55.6 degrees. The 186.2 keV line from 226Ra occurs in 

the background but it is not significant, because it laid less than two standard deviations away 

from the average count values within the lower-energy region.    



 

47 
 

 
Figure 18: ROI Index for Background as a Function of Real Time 

 
Figure 19 compiles all of the angles along with the relative intensities with respect to the 

reference vector.  The outlier of 55.6 degrees is for the 1 minute real time run.  If the 1 minute 

real time run is disregarded, the data was much tighter around 44.0 degrees and the standard 

deviation changes from 3.7 to 2.4.  As seen from the standard deviation, the 1 minute real time 

run is an outlier because that data point is located more than two standard deviations away from 

the average.   
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Figure 19: Angles versus Real Time for Background Run Series  

 
 The background data gives a maximum angle value for the vector representation method 

to identify uranium.  A spectrum cannot be classified as uranium if the angle is more than 

40.3 degrees.  This was determined by the lower bound of the average value of the angle along 

with its standard deviation: 44.7 ± 3.7 degrees. 

 

60CO 

 Within the vector representation method it is important that other non-uranium sources do 
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used for a mixed gamma source in conjunction with the uranium sources. 

As seen in the SrcU+Co60 case, the 186 keV peak is enveloped by counts from the 60Co 

source. These counts are due to the Compton continuum.  Cobalt-60 has two Compton edges, 
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detector will register events dependent on the scattering angle.  These events occur between a 

very small energy and the Compton edge.  Figure 20 is the SrcU+60Co spectrum up to the 

1.17 MeV peak (on far right).  It has been enlarged by a factor 8*103 for 60 minutes real time.  

There are two bumps to the right of the spectrum.  These are the two Compton edges for 60Co 

which occur at approximately 0.96 MeV and 1.11 MeV for the 1.17 MeV and 1.33 MeV peaks 

respectively.  In energies lower than the value of the Compton edge, the outlying counts are the 

counts due to Compton backscatter. The 1001 keV peak region occurs above the Compton edge 

of the 1.17 MeV emission, but below in energy from the 1.33 keV peak. 

 
Figure 20: 60Co Energy Spectrum 

 
Figure 21 shows the angles of the 60Co, with a range from 63.7 to 66.3 degrees.  Once 

again, there is a definite outlier of the 1 minute real time run.  The standard deviation of all of the 

angles is computed to be 0.59, and the 1 minute run is far beyond the average angle of 
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64.3 degrees.  All of the individual angles are above the 40.3 degree cutoff made by the 

background run.  60Co can skew the uranium data when participating in a mixed source because 

of the backscatter. As seen when mixed with uranyl acetate (page 45), the 60Co does not mask 

the presence of the uranium source, but makes the angle value slightly worse.  The ratio between 

the two regions of interest within the 60Co spectrum is the opposite of the value of the reference 

vector (Figure 22).   

 
Figure 21: Angle versus Real Time of 60Co Source 
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Figure 22: 60Co Source Counts at ROI Channel Index as a Function of Real Time 

  

137CS 

 The 137Cs spectrum has the same larger to smaller ratio between the two ROIs as the 

reference vector (Figure 23).  The range of angles for the cesium-137 is 45.3 to 48.0 degrees 

(Figure 24). The average of the angles is 47.1 with a standard deviation of 0.9. The lowest value 

of 45.3 degrees (at 4 minutes real time) is almost two standard deviations away from the average.  

The angles from the 137Cs spectra are very similar to that of the background, but they are 

consistently higher than the 40.3 degrees cutoff for the presence of uranium.  Since 137Cs is 

higher, the cutoff imposed by the background run still holds. 
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Figure 23: 137Cs Counts at the ROI Channel Index as a Function of Real Time 

 

 
Figure 24: 137Cs Angles versus Real Time 
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HIGHLY ENRICHED URANIUM (235U) 

 The highly enriched uranium (U235) used in this project was difficult to evaluate because 

it did not contain the 1001 keV peak (Figure 25).  For this reason, it was not chosen to be the 

reference source.  As discussed in the Introduction, the 1001 keV emission results from the 238U 

source, and when uranium is enriched, the 238U is removed.  The inclusion of the 1001 keV peak 

may allow identification of uranium that has some 238U.  Within the vector representation 

method, the 235U should show an increase in the angle because there is a total absence of the 

second peak.   

 
Figure 25: Highly Enriched Uranium (235U) Spectra over the ROI Index in Real Time 
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 The range of the angles for the 235U source from the vector representation method is 10.8 

to 11.7 degrees with a standard deviation of 0.25 (Figure 26).  This is a low value. Therefore, we 

can be sure the source is uranium.  These values lead to questions since the 1001 keV peak has 

little influence over the angle in the vector representation method.  In the uranyl acetate source, 

the 186 keV peak has approximately ten times the number of counts in a channel when compared 

with the 1001 keV peak.  The two high data points are from the 3 and 4 minute real time runs, 

while the 1 and 2 minute real time runs are right within the mix equal to the average at 11.1 

degrees.  It is encouraging that the vector representation method produces a small angle for the 

235U source.  The standard configuration of the HEU is around the same range as the response 

from the uranyl acetate source at one foot away from the detector (average angle of 

12.4 degrees).  The baseline for the series of 235U runs for comparison of the distance and 

shielding tests is taken as the average of the 235U Standard experiment at 11.1 degrees. 

  
Figure 26: Comparison of Highly Enriched Uranium Angles to Their Measured Real Time 
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DISTANCE 

 The spectra of the 235U distance tests look very similar to that of the standard 

configuration spectra (Figure 25).  Therefore, they are not included in the descriptions below.  

These spectra have much higher count values within the 186 keV emission region, and 

background count rates fall within the 1001 keV peak region.  

The first distance test is with 1.3 inches of foam separating the detector from the 235U.  

As seen in Figure 27, the foam does not shift the angles significantly from the standard 

configuration (Figure 26).  The average angle for the 1.3 inches of foam was 12.2 ± 0.4 degrees, 

whereas for the standard configuration the angle was 11.1 ± 0.3 degrees.   

 
Figure 27: Comparison of Angles to Measurement Real Time of 235U Source with 1.3” of Foam 

 
The second test was conducted by moving the 235U source a foot away from the detector.  

The average angle is 10.2 (± 2.2) degrees, with three outliers at the 1, 2, and 3 minute real time 

runs.  Although the average is lower, the data for the 1’ case has a much larger standard 

deviation than the other cases. 
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Figure 28: Angles of 235U Source 1 Foot from Detector Against Real Time   

  

SHIELDING 

 The highly enriched uranium was shielded in the same geometries of 1 cmPb, 

1 cmPb+1’, and mixed with 235U+60Co.  The spectral figures for the 1 cmPb and 1 cmPb+1’ are 

very similar both with a maximum count of around 80, so only the 1 cmPb spectral case will be 

included (Figure 29).  In these two cases, (including the centimeter of lead shielding) the shape 

of the 186 keV emissions are completely obscured, yet the 186 keV region has a higher count 

rate than the 1001 keV region. 

0
10
20
30
40
50
60
70

8 9 10 11 12 13 14 15 16

M
in

ut
es

 R
ea

l T
im

e 

Angle (deg) 

235U+1 Foot 
Angle vs Time 



 

57 
 

 
Figure 29: 235U Source with 1 cm Lead Shielding Spectra over the ROI in Real Time 

 
 

Figure 30 shows the angles of the 1 cmPb case with a range of angles from 43.8 to 

56.5 degrees, and an average angle of 48.5 ± 3.5 degrees.  There is no discernible shape, but the 

1 minute real time case shows the maximum angle value.  The values of the angles for the 

235U+1 cmPb are near the same range of background angles, but higher.  With the cutoff for 

uranium presence of 40.3 degrees, the vector representation method would return these spectra as 

not containing either gamma emission.  
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Figure 30: Angles of 235U Source with 1 cm Lead Shield Compared to Real Time 

 

The case is similar with the 235U +1 cmPb+1’ geometry.  The largest angle is due to the 

1 minute real time case; and all of the angles are above 40 degrees.  As seen in Figure 31, there is 

a large spread of the angles from 41.4 to 67.1 degrees with an average of 48.7 ± 6.9 degrees. In 

the uranyl acetate source, it is surprising that the lead shielding with distance produced smaller 

angles when compared with having the source directly atop of the 1 cm of lead.  This could be 

due the decrease in stray angles that entered the detector and whose energy was partly absorbed. 

Not surprisingly, the larger angles are found in runs that were shorter than 10 minutes.  If 

the minimum allowed time allotment was determined to be more than 10 minutes, there would be 

an average angle of 44.7 ± 1.4 degrees.  This is very close to the background minimum cutoff.  

With time runs longer than 10 minutes, the distance of the source from the detector with lead 

shielding does not make a significant difference. 
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Figure 31: Angles Versus Real Time of 235U with 1 cm Lead a Foot from the Detector 

 

With the mixed source of 235U and 60Co, there is great similarity to the shape of the 235U 

Standard run series (Figure 32).  One noticeable difference is that the number of counts doubles 

in the standard configuration as opposed to that mixed with 60Co.  All of these run series were 

taken using real time.  The dead time of the mixed source is much higher, and this contributes to 

the fact that the count values were much lower.  As discussed in the 60Co section, the 1001 keV 

emission region shape will not be affected by additional backscatter due to the Compton 

Continuum.   The Compton Continuum in the area will increase the count baseline in the 

1001 keV region of interest. 
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Figure 32: 235U Source with 60Co Spectra over the ROI in Real Time 

 
The angles of 235U + 60Co found in Figure 33, range from 15.1 to 19.4 degrees.  These 

angles are very low compared with the angles of the mixed uranyl acetate and 60Co series, which 

range from 57.1 to 58.6 degrees.  In the uranyl acetate mixed source (SrcU+60Co), the ratio 

between the two regions is skewed because of the additional counts due to the 1001 keV peak in 

addition to the counts from the 60Co.   

The 1001 keV region of interest extends higher in energy (channels) than the actual peak.  

At channel ROI index of 52, the high-energy edge of the ROI, the 60 minute real time uranyl 

acetate mixed source had a count rate of only 1,007 over 2,388 seconds of live time.  In the 235U 

standard configuration this was only 3 counts in index 52 bin over 3,584 seconds of live time.  

Once 60Co was introduced along with the 235U, the count in bin 52 was 2,248 over 2,292 seconds 
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of live time.  The backscatter was a significant addition within the 1001 keV emission region of 

interest. 

 
Figure 33: Angles versus Real Time of 235U and 60Co Sources 

 
 The vector representation technique does not represent the presence of highly enriched 

uranium when shielded by lead.  The distance tests and shielding using another radioactive 

source do not vary the angles of the 235U to a large degree from those angles produced in the 

standard geometry.  The angle ranges of all of the HEU tests are within the same range as the 

uranyl acetate reference source 1 foot away from the detector, and only twice as much as the 20 

minute repeat test of the uranyl acetate source. 

 

ORE 

Natural uranium ore has a distinctive thumbprint when characterized by the vector 

representation technique.  The angles from the ore series compare to that from the HEU (235U) 

series and show what differences and trends are present.  Unlike the HEU, within the uranium 

ore spectra, peaks occur in both the 186 keV ROI as well as the 1001 keV ROI (Figure 34). To 

minimize difficulty examining the individual peaks within the ore spectra, each region is plotted 
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in its own figure.  Figure 35 depicts the 186 keV region, whereas Figure 36 depicts the 1001 keV 

region.  

 
Figure 34: Ore Spectra over the ROI in Real Time 

 

Within the ore spectrum, both the 186 keV peaks resulting from 235U and 226Ra are 

present.  Only one peak is observable, and that is the combination of the 235U decay and the 226Ra 

decay.  Assuming the ore has the exact same composition as the accepted ratios of 235U to 238U, 

0.72 % to 99.27 %, the emission probability can be calculated to distinguish between the two 

peaks.  The probability of the 186 keV 226Ra peak from 238U is 5.95 %, and the probability of the 

186 keV from 235U is 3.01 %.  With the use the decay schemes (Appendix A), the overall 

probability is 5.91 % for the 226Ra emission and 0.0217 % from 235U.  The data from the 

60 minute live time run of the ore sample around the 186 keV peak shows that the maximum 
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number of counts occurs at channel number 1027 (Figure 35).  The spectral calibration shows 

that channel 1027 corresponds to energy of 186.2 keV, which is the emission from 226Ra. 

 

 
Figure 35: 60 Minute Real Time Peak Over 186 keV ROI 

 
 The 1001 keV ROI seen in Figure 36 clearly depicts the presence of a peak at 1001 keV.  

This peak is approximately 40 times smaller than the peak of the 186 keV, and is not as smoothly 

defined.   

The range of angles for the standard ore run series is between 18.3 and 19.8 degrees 

(Figure 37).  The 226Ra was not a significant contributor of counts. This range is higher than the 

range in the 235U run series of distance and masking by a mixed source.  Surprisingly, the three 

highest angles yielded by the vector representation method are the three longest runs from 50 to 

60 minutes real time. In further examination of the data (Figure 36), there appear to be a few 

channels around the 1001 keV maxima of index number 5512 that have very similar count 

values.  This can be seen in Figure 36, especially in the 60 minute real time case where there are 

5 blue tick marks at the top of the peak around 500 counts.  This could be due to some self-

absorption of the ore source because it is 7 cm in height. 
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Figure 36: Spectrum of 1001 keV ROI of the Ore Source in Real Time 

 

  
Figure 37: The Angles of the Ore Source Compared with the Real Time Run Length 
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DISTANCE 

 When moving the uranium ore source away from the detector, the shape of the peaks 

becomes less clearly defined, especially in the geometry with the ore 1’ from the detector.  The 

ore was held in a plastic bag at this height by a plastic stand as well as tape to help support the 

stand.  Figure 38 shows both regions of interest with the ore 1’ from the detector.  In this figure, 

it appears that the 1001 keV peak is still possibly there.  The 1001 keV ROI for the Ore+1’ 

geometry is found in Figure 39.   

 
Figure 38: Spectra of Ore Source One Foot from the Detector With Respect to Real Time 
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Figure 39: 1001 keV ROI of Ore Source One Foot from the Detector 

 
 Figure 40 shows the angles produced by the vector representation method for the Ore+1’ 

geometry.  The angles range from 21.8 to 31.4 degrees, with a clear outlier from the 1 minute 

real time run.  Although there was no dead time during these runs, very few gamma emissions 

were registered by the detector.  In the 1 minute run, only 7 counts were registered at the channel 

for the peak maximum of the 186 keV emission, and there were none in the 1001 keV maximum 

channel mark.  The resulting angles are not much higher than those of the standard ore series, but 

were consistently larger.   
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Figure 40: Angles versus Real Time of Ore Source One Foot from the Detector 

 
 

SHIELDING 

 The uranium ore source was shielded by 1 cm of lead in the standard position as well as a 

foot away.  The ore was also shielded using a 60Co source.  The lead will shield the 186 keV 

emissions, but the 1001 keV emissions should still reach the detector.  In Figure 41, for the 

Ore+1cmPb live time run series, this is seen by the counts that resemble backscatter in the 

186 keV region, and a less intense 1001 keV peak.  The number of counts for the standard ore 

positioning was about 500 for the 60 minute live time run, whereas with shielding it was 

decreased to just fewer than 150 counts for the same amount of time.  Once again, the peak 

maximum over the entire series seems to be over a few channel values.  This contrasts with the 

well-resolved maxima found in the uranyl acetate and 235U sources.  Only in 5 of the 16 runs 

within the Ore+1cmPb series there is a maximum at channel number 5512 (ROI index 32).  In 

some of the cases, the maximum is at channel 5516, four above the predicted value of the 

1001 keV peak from the spectral calibration.  The variation is due in part by the shielding of the 

source by the lead, and by the mass of the source through self-absorption. 
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Figure 41: Spectrum over ROI of Ore Source with 1 cm of Lead Shielding 

 
 Figure 42 shows the angles of the Ore+1cmPb plotted against their live time.  These 

angles have a range of 46.2 to 53.4 degrees without any clear outliers.  The highest value is from 

the 4 minute live time run.  The lead has a clear effect on the angle due to the vector 

representation method.  In the standard Ore geometry there was a 40 to 1 ratio between the 186 

keV ROI and the 1001 keV ROI.  With the 1 cm of lead shielding this was decreased to a 2 to 

1 ratio.   
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Figure 42: Angles versus Live Time of the Ore Source with 1 cm Lead Shielding 

 
 

 In the shielding case of Ore + 1’ + 1 cm Pb, both peaks look as though they were 

obscured (Figure 43).  In closer examination of the 1001 keV peak, the distance in addition to the 

lead shielding succeeds in masking the high-energy gamma emission (Figure 44).  The ratio 

between the two peaks increases from the previous section to 10 to 1, and this is the same as the 

reference source there was no shape to the counts within each region of interest.  This acts as a 

good test to determine if the vector representation method requires more information than the 

ratio between the two peak maxima of the reference source and sample to be equal.  Figure 45 

includes the angles of the Ore + 1’ + 1 cm Pb that have a range of 40.6 to 73.9 degrees.  In 

Figure 45, a shape similar to the exponential shape that was initially seen in the uranyl acetate 

reference run series returns.  The shape may be artificial or somewhat skewed because there is a 

large standard deviation of 8.7 degrees within this data series. 
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Figure 43: Spectrum over ROI of Ore Source with 1 cm Lead and One Foot from Detector 

 

 
Figure 44: 1001 keV ROI Spectrum of Ore Source with 1 cm Lead and One Foot from Detector 
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Figure 45: Angles of Ore Source with 1 cm Lead and One Foot From Detector 

 
 

 The final shielding test of the ore run series was the uranium ore sample placed on the 

60Co disc source on top of the detector.  As seen in Figure 46, the 186 keV peak is very visible, 

while the 1001 keV peak is enveloped by the backscatter due to the 60Co source.  In the standard 

ore case the peak of the 1001 keV emission has a count rate of about 500 in the 60-minute period 

run.  When mixed with the 60Co source, the counts within the second region of interest increase 

to approximately 2,700 counts for 60 minutes real time.  Although it is hard to tell by visual 

assessment, there may be some semblance of a peak in the 1001 keV ROI, so the second ROI is 

seen in Figure 47.  Even with the omission of the first region of interest, it is unclear whether a 

peak is present in Figure 47.  Figure 48 includes the range of angles for the Ore+60Co case, 

which is 36.5 to 40.0 degrees.  From the background section of the analysis (Figure 19), the 

cutoff point is 40.3 degrees.  All of the Ore+60Co run series fall below this value.  Hence, the 

vector representation method is able to predict the presence of uranium even when masked with 

another gamma-emitting source.   

0
0.0002
0.0004
0.0006
0.0008

0.001
0.0012
0.0014
0.0016
0.0018

35 40 45 50 55 60 65 70 75

In
te

ns
ity

 

Angle 

Ore+1'+1cmPb 



 

72 
 

 
Figure 46: Spectra over ROI of Ore and 60Co Sources Taken in Real Time 

 

 
Figure 47: Spectra over 1001 keV ROI of Ore and 60Co Sources Taken in Real Time 
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Figure 48: Angles versus Real Time of Ore and 60Co Sources 

 

  

0

10

20

30

40

50

60

36.0 36.5 37.0 37.5 38.0 38.5 39.0 39.5 40.0 40.5

M
in

ut
es

 R
ea

l T
im

e 

Angle (deg) 

Ore+60Co 
Angle vs Time 



 

74 
 

CHAPTER VI: RESULTS 

 Vector representation was a viable method to determine the presence of uranium in all 

cases where shielding was not present.  A value of 40.3 degrees was designated as the maximum 

angle allowed for confidently determining the presence of uranium.  This cutoff value was 

determined by the lower bound of the average value of the angle from the background run series 

of 44.7 ± 3.7 degrees.  This value will change depending on the number of false positives 

allowed by the system.  The highly enriched uranium was separated from the natural uranium 

source and the uranyl acetate source by their angle ranges. The complete tabulation of the data 

presented in this section can be found in Appendix H. 

 The sample series that returned positive for containing uranium by the vector 

representation technique were all those that contained uranium, but were not shielded by the 

1 cm lead slab.  From the uranyl acetate source series these included: the reference source in 

standard configuration (SrcUL), a repeat of the source in standard configuration (SrcU L 

Repeat), ten repetitions of the source at 20 minutes each (SrcU re20m), the source 1.3 inches 

(3.30 cm) from the detector (SrcU+1.3”), the source one foot away from the detector (SrcU+1’), 

and the mixed source with 60Co (SrcU+Co60).  From the highly enriched uranium (235U) source 

series they included: the standard configuration (235), the HEU 1.3 inches (3.30 cm) away from 

the source (235+1.3”), the HEU source one foot away from the detector (235+1’), and the source 

mixed with 60Co (235+Co60).  For the ore series, these included: the standard ore configuration 

(Ore), the source one foot from the detector (Ore+1’), and the ore in combination with 60Co 

(Ore+Co60).  The test for the masking of the three different uranium sources using 60Co was 

ineffective.  All of the uranium-source angles when mixed with the 60Co returned by vector 

representation as being positive for containing uranium. 
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 When the vector representation method returned angles below 8 degrees, the source used 

was always the uranyl acetate source, which was the reference source.  The two tests of the 

uranyl acetate for reproducibility were a complete run series from 1 minute live time to 12 hours 

live time (SrcU L Repeat) as well as 10 repetitions of 20-minute runs (SrcU re20m).  These two 

tests produced an average angle of 2.6 ± 0.2 degrees and 6.1 ± 0.4 degrees respectively.  In 

addition to the two tests that were run in the standard configuration, the 1.3 inches (3.30 cm) of 

foam (SrcU+1.3”) run series had an average angle of 7.6 ± 1.0 degrees.  The other distance test 

with the source one foot from the detector returned a higher angle of 12.4 degrees.  

 

PROCESSED URANIUM RANGE  

 The range for those sources containing highly enriched uranium (HEU) were in general 

higher than those that contained the uranyl acetate source, and lower than those that contained 

naturally occurring uranium (ore).  The value ranges of the HEU sources were between 8.0 and 

18.0 degrees.  This range was identified by the use of the smallest and largest average angle 

values along with their standard deviations.  The smallest average angle value was 10.2 ± 

2.2 degrees from the HEU source placed a foot from the detector (235+1’).  The largest average 

angular value was 16.7 ± 1.3 degrees from the HEU mixed with 60Co (235+Co60) configuration.  

The 235 and 235+1.3” geometries were within this range with average angles of 11.1 ± 0.3 and 

12.2 ± 0.4 degrees. 

 Two uranyl acetate source geometries were within the range of the highly enriched 

uranium source series.  The first was placed one foot from the detector (SrcU+1’) had an average 

angular value at 12.4 ± 3.7 degrees.  The 55-minute and 60-minute runs within this series were 

corrupted files and therefore were not included in the project.  As with the majority of the other 
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series runs, the addition of higher timed runs decreased the average value as well as the value of 

the standard deviation.  Interestingly, the 1’ geometry in the uranyl acetate (SrcU) source 

produced a higher angle than its 235U counterpart when comparing the different geometries 

within their sources. 

The second within the HEU region was the uranyl acetate source mixed with 60Co 

(SrcU+Co60).  It had an average angle of 13.3 ± 0.4 degrees.  The SrcU+Co60 was slightly 

lower in angle than the 235+Co60, but both have the highest angles of their unshielded 

geometries.  The presence of the backscatter from the 60Co source increased the angle by a factor 

of two from the 20 minute repeated sources in the uranyl acetate source.  The 60Co backscatter 

increased the angle in the 235U geometry series by a factor of 1.5. 

Since there are two SrcU (uranyl acetate) geometries that fall within the 235U range, the 

two sources cannot be separated.  What the uranyl acetate and the highly enriched uranium have 

in common is that they are both enriched above the naturally occurring ratio of 235U to 238U.  

Also the two sources have a higher composition of uranium than other elements. 

 

NATURALLY OCCURRING URANIUM RANGE  

 The uranium ore was the only source that returned angular values in the range between 

18.3 and 39.1 degrees.  Once again, this range was designated by the minimum and maximum 

average values along with their standard deviations.  Unlike the HEU case, the ore in the 

standard geometry produced the smallest angle of 18.8 ± 0.5 degrees.  The uranium ore source 

placed one foot from the detector (Ore+1’) yielded an angle of 23.7 ± 2.7 degrees.  The uranium 

ore taken in the standard configuration along with 60Co (Ore+Co60) had an average angle of 
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38.4 ± 0.7 degrees.  Mixing the uranium source with 60Co produced the highest angle of all the 

ore geometries. 

 The Ore+Co60 run series was significant because it demonstrated the superiority of the 

vector representation method.  The 1001 keV peak within this run series could not be identified 

by the naked eye. Through the vector representation method an angle below the uranium cutoff 

was calculated confidently suggesting the presence of uranium.  One of the purposes in this 

project for the use of vector representation was to remove the possibility of human error, which 

could have occurred in the Ore+Co60 run series. 

 

NON-URANIUM SOURCES  

 Two non-uranium sources were tested with the vector representation technique to see 

whether the induced maximum angle of 40.3 degrees would hold for a designation of uranium.  

These two sources were 60Co and 137Cs.  The 60Co source had an average angle of 64.3 ± 

0.6 degrees, whereas the 137Cs had an average of 47.1 ± 0.9 degrees.  Both non-uranium sources 

had higher average values than the cutoff value determined by the background run series.  In 

Appendix H, the average angle values are compared to the 40.3 degree cutoff, but it is important 

to note that neither source had an individual run that came near this value.  The closest value was 

from the 137Cs source at 45.3 degrees.  The non-uranium sources are expected to have angles 

larger than the 40.3 degree cutoff because they do not contain the peaks from either 186 keV or 

1001 keV uranium emission. 
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URANIUM DESIGNATION FAILURE 

 One of the limitations found within this project was the inability of the vector 

representation method to detect the presence of the uranium peaks was when the sources were 

shielded by lead.  It was not able to recognize any of the three uranium sources when shielded by 

1 cm of lead as well as the 1 cm of lead and the source a foot away from the detector. 

The first case of shielding that effectively masked the presence of uranium in all three 

sources was of 1 cm of lead (1 cmPb).  The HEU and ore run series produced very similar 

average angles of 48.2 ± 3.5 degrees and 48.5 ± 2.2 degrees respectively.  The average angle of 

the uranyl acetate source (SrcU) with this lead shielding was significantly higher at 74.9 ± 

0.6 degrees.  Not only is this a much higher angular value, but also there is little deviation of 

these values over the entire run series.   

 The second case of shielding was the use of the 1 cm slab of lead on the detector head 

while the source was held one foot above the detector (1’+1cmPb).  All three uranium sources 

had very similar average angles to one another as well as compared to the 1cmPb cases.  The 

uranyl acetate source (SrcU) had an average angle of 47.8 ± 3.7 degrees.  The ore source had a 

slightly higher average angle of 47.9 degrees.  The standard deviation of the ore source was 

much more significant at 8.7 degrees.  The 235U had an average angle of one degree higher at 

48.7 ± 6.9 degrees.  The 1’+1cmPb cases had three out of the five highest standard deviations 

from all of the sources. 

 The similarity between the angles of the 1’+1cmPb and the 1cmPb cases suggest that the 

distance from the detector does not have an effect on the vector representation angle.  If this 

artifact holds true as the vector representation method is further studied and expanded to include 

the whole spectrum as opposed to two peaks, it has the application to be very useful in the 
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detection of enriched uranium sources in cargo.  This is because within cargo, the sources are at 

much further distances than 1 cm or 1 foot. 

 

TIME REQUIREMENTS 

To address the question what amount of time is necessary for the vector representation 

method to work accurately; a few variables need to be taken in consideration including distance, 

detector size, background, and activity of the samples.  For this project, the compiled angles 

from each run series were tabulated (Appendix H).  This tabulation in Appendix H includes the 

type of time taken (real or live), the minimum value of the angle, maximum value of the angle, 

the average angle and the standard deviation of the values from the average. Additional tables 

(Appendix I) were created for the values stated above which only included the angles from 15 

minutes or longer, 30 minutes or longer, and 45 minutes or longer.  None of the minimum, 

maximum, or average angles from any of these series crossed the 40.3-degree cutoff value for 

the detection of uranium.  Thus, within the run series, the lower time-lower count runs do were 

not deciding factors for uranium classification. 

On the other hand, to test whether the longer runs were necessary for use in the vector 

representation method, the values for 1-minute to 15-minute runs were tabulated with their 

respective minima, maxima, average and standard deviations.  In all but five sample series the 

standard deviation from the average was larger over the shorter amount of time when compared 

to the standard deviation from the 1-minute to 60-minute run series.  Out of these five sample 

series that decreased the standard deviation when looking over the range of 1-minute to 

15-minutes real time, all were classified as a uranium samples.  Although in these cases the 



 

80 
 

standard deviation decreased, the range of the angles was still far above the cutoff value of 40.3 

degrees.   

The enriched uranium range of angles was found to be lower than 18.0 degrees.  If only 

the 1 to 15 minute runs were included, all of the cases except the 235+60Co average angle would 

increase by 0.5 degrees.  All series would continue to fall below the 18 degree cutoff for 

enriched sources.  The lower range value of the highly enriched uranium source geometries 

would increase from 8.0 degrees to 11.0 degrees.  When looking at the 1 to 15 minute range of 

the 235+1’ geometry, the series no longer had the smallest angle, but instead was replaced by the 

standard geometry with 11.3  ± 0.3 degrees. 

If a range of 1-minute to 15-minute run series is elected is that the cutoff value for 

uranium will change.  The cutoff value for the complete run series was determined to be 40.3 

degrees by the background run series.  If only data between 1 to 15 minutes was used, the cutoff 

will be lower than the previously determined value.  For this smaller selection, the average 

angular value remains as before at 44.7 degrees, but the standard deviation increases from 3.7 to 

5.3 degrees.  With this new standard deviation, the cutoff value for uranium would be lowered to 

39.4 degrees. 

If a new cutoff value of 39.4 degrees was used, all but one source series previously 

designated as having uranium would continue to be valid. The data from the Ore+Co60 would 

be affected by this cutoff value change.  The mixed sources’ range of angles between 1 and 15 

minutes was 36.5 to 40.0 degrees.  It had an average angle of 38.4 degrees with a standard 

deviation of 1.0 degree.  The upper bound of this standard deviation would be the same value as 

the cutoff.  With the same value as the cutoff value, the Ore+Co60 source could not be 

recognized as containing uranium with certainty by the vector representation technique. 
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REGION OF INTEREST RATIO DEPENDENCE 

Because the 186 keV region of interest had higher counts within the reference source, it 

was weighted more heavily than the 1001 keV region of interest.  The ratio of the reference 

source was 9.9 to 1.  All of the other count values for the channel index numbers are normalized 

to the maximum count value, which was found in channel 1025 of the 186 keV region of interest.  

The data for the peak ratios of every source series taken at the longest timed run are found in 

Appendix H.   

All but two source series had a higher number of counts in the first region of interest 

compared to the second.  They were SrcU+1cmPb and the 60Co series.  These two series had 

average angles higher than the cutoff of 40.3 degrees.  The 186 keV peak was totally shielded by 

the lead in the SrcU+1cmPb case.  There was a ratio of 1 to 9 for the 186 keV and 1001 keV 

regions of interest.  The same ratio did not surface in the SrcU+1’+1cmPb case because both 

peaks had much lower count values (a ratio of 5 to 1). This was due to the difficulty of the 

1001 keV emissions to reach the detector from a distance as well as from being shielded by the 

lead. 

 The peak ratios of the sources designated as containing uranium ranged from 4 to 1 up to 

71,000 to 1 for the 186 keV ROI to 1001 keV ROI.  There was no relation between the average 

angles to the peak ratio.  The peak ratios closest to the reference ratio were the SrcU L Repeat 

series at 9.6 to 1 and the Ore+1’+1cmPb at 11.5 to 1.  The SrcU re20m run series had a ratio of 

8.1 to 1, a factor of 1.7 below the reference series, whereas the Ore+1’+1cmPb was a factor of 

1.6 above the reference series. 

 Even though the exact peak ratio was not directly proportional to the angle produced by 

the vector representation, the 186 keV region was of higher importance.  This works perfectly for 
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detecting the presence of highly enriched uranium.  When a source is enriched, the 238U is 

extracted, thus removing the parent nuclide of the 1001 keV peak.  If the 1001 keV peak were 

weighted so that the two factored in the algorithm equally, sources that had equal emission rates 

of the two peaks would produce angles closer to zero.  The weighting toward the 186 keV peak 

produced angles nearer to zero for the sources that had a higher ratio of events within the 

186 keV register. 
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CHAPTER VII: CONCLUSION 

 The analytic determination of presence and identification between enriched and naturally 

occurring uranium sources can be achieved using the vector representation method. Spectra were 

collected by a high purity germanium detector in conjunction with Maestro-32, a multi-channel 

analyzer emulator.  Two regions of interest for uranium enrichment classification were 

determined by the 235U gamma emission at 186 keV and the 238U gamma emission at 1001 keV.  

With the collected spectra, Microsoft Excel was used to compare the spectra by taking their dot 

product.  The generated output of vector representation was a “spectral-contrast angle” as 

described by Wan (2002).   This angle compared the similarity and contrast between the two 

spectra.   

 A reference vector (and spectrum) to which all other spectra would be compared to in 

vector form was collected using a uranyl acetate source for 12 hours of live time.  The uranyl 

acetate contained both gamma emissions from 235U and 238U.  Uranyl acetate has a 49 % 

enrichment of 235U much than naturally occurring uranium.  In addition to the uranyl acetate 

source, two other uranium sources were used within this project: a 100.2 nCi 235U source and a 

piece of uranium ore.  The 235U source was enriched to 97.7 % 235U by weight, which means that 

it is classified as highly enriched uranium.  The uranium ore had an approximate exposure rate of 

0.2 mR/h (51.5 nC/kg/h) at one centimeter.  These two sources provided different ratios between 

the two regions of interest representing 235U (186 keV region) and 238U (1001 keV region). 

The limitations of the vector representation method were also tested using variations in 

time, distance and shielding.  Although each source run series was taken with data ranging from 

1 minute up to 60 minutes, this number of runs was determined to be unnecessarily high.  A 

whole run series between 1 and 60 minutes took 411 minutes of time, and it took more time 
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depending if the dead time was a factor.  It was concluded that a series of runs from 1 to 

15 minutes is sufficient, and will not change the overall average angles significantly.  The effect 

of distance and shielding from the detector were also examined.  The distance trials were 

conducted by having the source on top of the detector, a small distance away (3.30 cm) and a 

greater distance away (30.48 cm).  The shielding assessments were done by the use of a cobalt-

60 source with high backscatter, and lead shielding at the distances described above. 

The vector representation technique showed that the run series of the three uranium 

sources that varied by distance and shielding by the cobalt-60 source definitely contained 

uranium.  The technique was unable to distinguish the uranium sources as including uranium 

when one centimeter of lead shielding was included.  The vector representation method yielded 

smaller angles for background and other non-uranium sources such as cobalt-60 and cesium-137 

than the lead shielded sources, and hence more likely to contain uranium. 

The data showed that a source definitely contains uranium when the vector representation 

output contained an angle below 40.3 degrees.  Angles above this value had no uranium present 

in the source.  Angles below 18.0 degrees were from sources that were enriched.  These two 

sources were the uranyl acetate and the highly enriched uranium.  The uranyl acetate source 

generally produced smaller angles when compared to the highly enriched uranium source.  

However, there was no clear distinction between the two.  The naturally occurring uranium 

produced angles in the range of 18.3 to 39.1 degrees.  This range of angles was found through 

the use of the differing geometries. 
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FUTURE WORK 

 The work in this project is applicable only to this detector with this setup.  The data from 

this work can be analyzed in such a way counts instead of time intervals are the examined 

quantity.  This could identify the lower limit of the vector representation method.  The sources 

used in this project had activities that varied greatly, and by using counts it would be activity 

independent.  The examination of counts instead of time would also make the data more widely 

applicable, since it would be independent of activity, efficiency, time, and detector.  High-purity 

germanium detectors are very expensive and with counts, it could be used in the field with a less 

costly detector such as sodium iodide (NaI).   

Future studies might want to test the vector representation method with depleted uranium.  

Depleted uranium is the fraction of 238U from naturally occurring uranium after processing, 

which contains no 235U.  The spectra of depleted uranium will thus lack the 186 keV peak, but 

will only contain the 1001 keV peak.  Examination may find that highly enriched uranium that is 

heavily shielded has a similar spectrum to that of depleted uranium and produce similar angle 

values to that of the uranium sources with lead shielding.  The lead shielding effectively takes 

out the presence of the 186 keV peak.  In the ore sample with the lead shielding an average angle 

of 48.5 ± 2.1 degrees was found.   

For use in portal monitors some of the sources are 2.5 meters away from the detector.  

The sources also may be shielded from the detectors when passing through the portal monitors.  

In this project, only one shielding thickness was used and completely shielded the 186 keV peak.  

Research the breakdown of the method with distance from the detector and decremented 

shielding would prove applicable in real-world situations.   
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The effect of the size of the source was not examined within this project, although the 

uranium ore and uranyl acetate sources were over 8 times the diameter of the other sources used.  

At what point is there self-shielding within the source?  When all of the sources are far from the 

detector the solid angle changes, and the detector will only record events as it would if the source 

were a point source.  But when the source is close to the detector, no longer are all sources 

treated the same, the geometry of the source itself will matter.  Using shielding, such as lead will 

not work because it will increase backscatter 

 Other future work might include the expansion from two regions of interest up to the 

entire spectrum of 8191 channels.  For this, the reference source would have to be well 

characterized.  The angle cutoffs described in this project are only relevant in comparison to the 

uranyl acetate source.  If a source of naturally occurring uranium was used, these angles would 

be different because smaller angles would coincide with the same peak ratio of the reference 

source. 

 Slight adjustments in the fine gain and/or high voltage did not generally have a noticeable 

effect in angles when the peak totters between two channels.  Larger angle effects will become 

evident in larger adjustments.  In future work, it should be possible to write the automated 

commands (macros) that would computerize the process of adjusting for slight channel shifts in 

the region of interest cause by changes in detector settings.  The high-purity germanium detector 

is very sensitive to change, so this work would be very useful. 
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APPENDIX A – DECAY SCHEMES 
238U Decay Scheme 

 
 
226Ra Decay Scheme of 186.2 keV peak from 238U. 
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APPENDIX A (CONTINUED) – DECAY SCHEMES 
 

235U Decay Scheme of 186 keV peak with alpha emissions over 3.00 %. 
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APPENDIX B – DETECTOR SPECIFICATIONS 

 
  



 

90 
 

 
APPENDIX C – 235U CERTIFICATE OF CALIBRATION 
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APPENDIX D – 235U TECHNICAL DATA
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APPENDIX E- REFERENCE VECTOR SPECTRUM 
Reference vector spectrum, normal scale.  Channels 1017-1033, 5498-5532 were highlighted as the regions of interest representing the 
186 keV and 1001 keV peaks. 
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APPENDIX E (CONTINUED) - REFERENCE VECTOR SPECTRUM 
Reference vector spectrum, logarithmic scale.  Channels 1017-1033, 5498-5532 were highlighted as the regions of interest 
representing the 186 keV and 1001 keV peaks. 
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APPENDIX E (CONTINUED) - REFERENCE VECTOR SPECTRUM 
Reference vector spectrum, normal scale.  Channels 1017-1033 were highlighted as the region of interest representing the 186 keV 
peak. 
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APPENDIX E (CONTINUED) - REFERENCE VECTOR SPECTRUM 
Reference vector spectrum, logarithmic scale.  Channels 5498-5532 were highlighted as the region of interest representing the 1001 
keV peak. 
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APPENDIX F – CALIBRATION SPECTRUM 
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APPENDIX G – URANYL ACETATE REFERENCE RUN SERIES 

 1min 2min 3min 4min 5min 10min 15min 20min 25min 30min 35min 40min 45min 50min 55min 60min 12h 
Angle  2.27 1.55 1.80 1.99 1.90 1.23 1.22 0.988 0.872 0.994 0.800 0.844 0.883 1.031 0.744 0.830 0.00 

Rel 
Intensity 

(Max) 0.001 0.003 0.004 0.006 0.007 0.014 0.020 0.026 0.033 0.040 0.046 0.053 0.060 0.067 0.074 0.081 1.00 
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APPENDIX H – COMPILED SERIES RUNS 
Source 1min 2min 3min 4min 5min 10min 15min 20min 25min 30min 35min 40min 45min 50min 55min 60min MIN MAX 

SrcU L 2.27 1.55 1.80 1.99 1.90 1.23 1.22 0.988 0.872 0.994 0.800 0.844 0.883 1.03 0.744 0.830 0.744 2.27 
SrcU L Repeat 2.71 2.49 3.07 2.97 2.51 2.49 2.69 2.65 2.67 2.56 2.36 2.52 2.48 2.58 2.66 2.84 2.36 3.07 

SrcU re20m 6.58 6.10 6.33 6.59 6.60 6.01 5.98 5.69 5.72 5.57             5.57 6.60 
SrcU+1.3Foam 8.64 7.42 8.31 8.46 7.61 7.78 8.00 7.97 8.62 8.61 8.42 7.48 6.10 6.11 6.13 6.08 6.08 8.64 

SrcU+1` 23.6 15.7 13.0 14.2 13.6 8.79 10.4 10.4 10.4 11.0 11.4 11.6 9.87 10.0     8.79 23.57 
SrcU+1cmPb 76.2 76.0 75.8 74.3 74.5 73.9 74.4 74.7 74.4 75.1 75.0 75.2 74.7 74.5 74.9 74.7 73.92 76.16 

SrcU+1`+1cmPb 43.6 54.3 42.7 55.5 49.0 52.1 44.9 49.8 44.5 48.5 47.5 47.5 46.2 47.4 45.5 45.7 42.68 55.47 
SrcU+Co60 14.0 14.1 13.2 13.4 12.7 13.1 13.3 13.1 13.3 13.0 12.9 13.2 13.4 13.4 13.4 13.6 12.75 14.13 

BKG 55.6 43.9 40.7 42.1 46.7 40.0 43.9 46.6 44.0 44.4 40.1 43.0 46.1 47.6 44.8 45.7 40.00 55.61 
Co60 66.3 64.5 64.4 64.4 64.3 63.7 64.2 64.2 64.0 64.2 64.2 63.9 63.9 64.0 64.2 64.0 63.71 66.33 
Cs137 47.4 48.0 46.8 45.3 47.5 46.6 48.0 46.3 46.4 48.0 46.4 48.0 48.0 46.4 48.0 46.4 45.31 48.02 

235 11.1 11.1 11.6 11.7 11.2 11.1 11.0 11.0 10.8 10.8 10.8 10.9 10.9 11.0 11.0 10.9 10.80 11.68 
235+1.3in 12.7 12.6 12.2 12.6 12.5 12.6 12.6 12.6 12.7 12.2 11.8 11.8 11.7 11.6 11.6 11.7 11.58 12.69 

235+1` 15.5 14.2 14.0 9.78 9.86 8.96 9.15 8.32 8.38 9.74 9.02 8.83 9.47 9.15 9.74 9.68 8.32 15.52 
235+1cmPb 56.5 51.8 53.2 50.5 44.4 47.5 43.8 47.2 45.5 46.7 50.5 48.1 45.8 44.3 46.1 48.6 43.84 56.49 

235+1`+1cmPb 67.1 52.3 50.3 46.6 60.2 56.0 45.2 45.9 44.6 44.8 43.6 46.1 44.7 41.4 45.4 45.6 41.43 67.06 
235+Co60 19.4 16.8 15.8 15.2 15.5 15.4 15.1 15.3 15.7 16.7 17.7 17.9 17.7 17.6 17.6 17.7 15.07 19.35 

Ore 18.3 19.2 19.2 18.8 18.6 18.3 18.3 18.4 18.6 18.6 18.7 18.5 18.5 19.5 19.8 19.7 18.28 19.81 
Ore+1' 31.4 21.4 21.8 26.7 26.5 23.1 22.8 21.1 20.8 23.9 23.1 21.9 24.1 23.6 24.0 23.0 20.83 31.43 

Ore+1cmPb 47.3 51.5 51.4 53.4 47.3 50.3 47.6 49.1 49.3 47.4 46.5 47.2 46.6 46.4 46.2 48.4 46.20 53.42 
Ore+1'+1cmPb 73.9 60.2 55.8 48.7 41.9 45.7 42.8 44.8 41.6 43.6 44.2 47.2 45.2 46.1 40.6 43.7 40.57 73.90 

Ore+60Co 38.4 36.5 40.0 38.4 38.8 38.4 38.4 38.5 38.0 38.3 38.3 38.5 38.4 38.4 38.5 38.4 36.49 40.04 
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APPENDIX H (CONTINUED) – COMPILED SERIES RUNS 
 

Source Time  MIN MAX Avg Stdev 
SrcU L Live 0.744 2.27 1.2 0.49 

SrcU L Repeat Live 2.36 3.07 2.6 0.19 
SrcU re20m Real 5.57 6.60 6.1 0.39 

SrcU+1.3Foam Real 6.08 8.64 7.6 0.98 
SrcU+1` Real 8.79 23.57 12.4 3.74 

SrcU+1cmPb Real 73.92 76.16 74.9 0.63 
SrcU+1`+1cmPb Real 42.68 55.47 47.8 3.66 

SrcU+Co60 Real 12.75 14.13 13.3 0.37 
BKG Real 40.00 55.61 44.7 3.73 
Co60 Real 63.71 66.33 64.3 0.59 
Cs137 Real 45.31 48.02 47.1 0.88 

235 Real 10.80 11.68 11.1 0.26 
235+1.3in Real 11.58 12.69 12.2 0.44 

235+1` Real 8.32 15.52 10.2 2.23 
235+1cmPb Real 43.84 56.49 48.2 3.54 

235+1`+1cmPb Real 41.43 67.06 48.7 6.91 
235+Co60 Real 15.07 19.35 16.7 1.30 

Ore Real 18.28 19.81 18.8 0.50 
Ore+1' Real 20.83 31.43 23.7 2.66 

Ore+1cmPb Live 46.20 53.42 48.5 2.15 
Ore+1'+1cmPb Live 40.57 73.90 47.9 8.65 

Ore+60Co Real 36.49 40.04 38.4 0.67 
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APPENDIX I – ONE TO FIFTEEN MINUTE RUN SERIES 

 
Source 1min 2min 3min 4min 5min 10min 15min MIN MAX Average Stdev 
SrcU L 2.27 1.55 1.80 1.99 1.90 1.23 1.22 1.22 2.27 1.7 0.39 

SrcU L Repeat 2.71 2.49 3.07 2.97 2.51 2.49 2.69 2.49 3.07 2.7 0.24 
SrcU re20m 6.58 6.10 6.33 6.59 6.60 6.01 5.98 5.98 6.60 6.3 0.28 

SrcU+1.3Foam 8.64 7.42 8.31 8.46 7.61 7.78 8.00 7.42 8.64 8.0 0.46 
SrcU+1` 23.6 15.7 13.0 14.2 13.6 8.79 10.4 8.79 23.6 14.2 4.76 

SrcU+1cmPb 76.2 76.0 75.8 74.3 74.5 73.9 74.4 73.9 76.2 75.0 0.93 
SrcU+1`+1cmPb 43.6 54.3 42.7 55.5 49.0 52.1 44.9 42.7 55.5 48.9 5.24 

SrcU+Co60 14.0 14.1 13.2 13.4 12.7 13.1 13.3 12.7 14.1 13.4 0.50 
BKG 55.6 43.9 40.7 42.1 46.7 40.0 43.9 40.0 55.6 44.7 5.31 
Co60 66.3 64.5 64.4 64.4 64.3 63.7 64.2 63.7 66.3 64.5 0.83 
Cs137 47.4 48.0 46.8 45.3 47.5 46.6 48.0 45.3 48.0 47.1 0.96 

235 11.1 11.1 11.6 11.7 11.2 11.1 11.0 11.0 11.7 11.3 0.27 
235+1.3in 12.7 12.6 12.2 12.6 12.5 12.6 12.6 12.2 12.7 12.5 0.18 

235+1` 15.5 14.2 14.0 9.78 9.86 8.96 9.15 9.0 15.5 11.6 2.81 
235+1cmPb 56.5 51.8 53.2 50.5 44.4 47.5 43.8 43.8 56.5 49.7 4.68 

235+1`+1cmPb 67.1 52.3 50.3 46.6 60.2 56.0 45.2 45.2 67.1 53.9 7.77 
235+Co60 19.4 16.8 15.8 15.2 15.5 15.4 15.1 15.1 19.4 16.2 1.53 

Ore 18.3 19.2 19.2 18.8 18.6 18.3 18.3 18.3 19.2 18.7 0.39 
Ore+1' 31.4 21.4 21.8 26.7 26.5 23.1 22.8 21.4 31.4 24.8 3.61 

Ore+1cmPb 47.3 51.5 51.4 53.4 47.3 50.3   47.3 53.4 50.2 2.47 
Ore+1'+1cmPb 73.9 60.2 55.8 48.7 41.9 45.7 42.8 41.9 73.9 52.7 11.52 

Ore+60Co 38.4 36.5 40.0 38.4 38.8 38.4 38.4 36.5 40.0 38.4 1.04 
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