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Abstract 

 

Advances in Gamma-Ray Spectroscopy: Compton Suppression and 

Gamma-Gamma Coincidence 

 

Steven Michael Horne, MSE 

The University of Texas at Austin, 2011 

 

Supervisor:  Sheldon Landsberger 

 

This project aims to improve research in gamma-ray spectroscopy by using 

advanced detector systems.  These systems are designed to reduce interference 

inherent in gamma-ray spectroscopy by rejecting Compton scattering events from high-

energy gamma-rays, as well as look at cascading decays of gamma-rays through gamma-

gamma coincidence counting.  By combining these methods, one is able to lower 

detection limits for many elements than would otherwise be possible.  This work also 

takes advantage of neutron activation analysis, which allows stable elements to be 

analyzed by activating them with neutrons, causing them to become unstable and decay 

with radioactive signatures.  By analyzing these signatures, one is able to detect trace 

levels of elements with relatively small samples sizes (< 1g) and in a nondestructive 

manner. 
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Chapter 1: Introduction 

 This work aims to improve upon the uses of Compton suppression and γ-γ 

coincidence in γ-ray spectroscopy by accurately characterizing the systems being used 

and showing their usefulness by combining these techniques to create unique 

advantages that are otherwise unobtainable.  Specific goals of this work include the 

following: 

1. This work aims to accurately characterize the systems in use by optimizing sample 

geometry, analyzing sample activity and its effects on the performance of the system, 

and calculating efficiencies of the systems. 

2. Using these characterizations, this work attempts to analyze the overall effects on each 

of the systems in use to determine what sorts of sample characteristics are allowable, 

and which characteristics should be avoided (e.g. samples sizes, activity levels, photon 

energies, etc.) 

3. This work attempts to use the current systems to demonstrate the usefulness of 

combining Compton suppression and γ-γ coincidence counting in useful, real-world 

applications. 

a. Specifically, this work aims to determine mercury concentrations in biological 

samples with traditionally high selenium concentrations. 

b. This work also aims to use γ-γ coincidence counting to determine isotopic ratios 

of uranium samples with varying enrichments. 
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Chapter 2: Background and History of Compton Suppression 

INTRODUCTION TO COMPTON SUPPRESSION 

Compton suppression has been in use for over 60 years with the concept being 

developed in the 1940’s and 50’s.  An extensive review, written by Landsberger and 

Peshev1 outlines the progression of Compton suppression through 1995.  In this review 

paper, it became apparent that Compton suppression γ-ray spectroscopy has a wide 

variety of applications including biological and environmental element characterization, 

naturally occurring radioactivity calculations, food and beverage element 

characterization, nuclear security and non-proliferation studies, nuclear medicine, and 

nuclear facility monitoring.  Over the past 16 years, Compton suppression – in 

conjunction with γ-ray spectroscopy – has been much more widely used in the context 

of a variety of research techniques, including neutron activation analysis (NAA), prompt 

gamma activation analysis (PGAA), fission product identification and low-level counting, 

computational methods, and advanced detector systems.  By incorporating Compton 

suppression with these techniques, researchers have been able to characterize the 

elements in question more precisely and accurately than previously possible.  Research 

projects in these areas have been briefly summarized in order to provide a context for 

the applicability and importance of Compton suppression in recent years. 

 

HISTORY REVIEW OF COMPTON SUPPRESSION 

Neutron Activation Analysis 

Neutron activation analysis has become one of the most widely used non-

destructive techniques for determining trace elemental concentrations of various 

sample types.  By irradiating a sample in a nuclear reactor, one induces an (n,γ) reaction 

for many elements.  Because of the introduction of an extra neutron, many of these new 

isotopes are unstable, and thus decay with a certain half-life.  Oftentimes, these 
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radioactive decays include γ-ray emissions, which can then be used to analyze various 

elemental concentrations by means of γ-ray spectroscopy.  Some of the research 

projects using NAA with Compton suppression have been summarized below. 

It was shown that several heavy metals were contained in municipal solid waste 

incinerator ash.  To identify the sources, a variety of disposable household plastic 

products were analyzed for heavy metals.  Using different NAA techniques, including 

Compton suppression, Landsberger and Chichester2 observed several trace and heavy 

metals, including Ag, As, Au, Ba, Br, Cd, Cr, Cu, Fe, Mn, Ni, Sb, Se, Sn, Sr, V, W and Zn.  

Two HPGe detectors were used with efficiencies of 13% and 19% without Compton 

suppression systems, as well as a 19% efficient HPGe with a NaI(Tl) detector for 

Compton suppression for medium-lived epithermal analysis, using a window of 100 ns 

for Compton events.  The Compton suppression technique was only used for isotopes 

with single-emission photopeaks.  For the long-lived isotopes, and HPGe detector of 

24% efficiency was used.  As a result of this study, it was found that NAA was effective 

for determining the concentrations of many elements in the plastics, with Compton 

suppression being utilized for elements that are known to be improved with Compton 

suppression. 

Landsberger and Wu3 were enlisted by the National Institute of Standard and 

Technology to participate in the certification of a hazardous waste material.  In studying 

this material, the concentrations of 48 major, minor, and trace elements were observed 

including: Ag, Al, As, Au, Ba, Ca, Cd, Ce, C1, Co, Cr, Cs, Cu, Dy, Eu, Fe, Ga, Hf, Hg, I, In, K, 

La, Lu, Mn, Mo, Na, Nd, Ni, Rb, Sb, Sc, Se, Si, Sm, Sn, Sr, Ta, Tb, Th, Ti, Tm, U, V, W, Yb, 

Zn, and Zr.  The detection system used included an 18% efficient HPGe detector with a 

Compton suppression system comprised of a large BICRON NaI(Tl) crystal surrounding 

the detector.  The results obtained were in agreement with certified or consensus 

values.  Compton suppression was not used for all isotopes, but for some, it was 
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instrumental in lowering detection limits.  This study showed the usefulness of Compton 

suppression in certification programs. 

Biegalski and Landsberger4 used Compton suppression NAA to analyze aerosol 

filters and determine many different elemental concentrations for these filters.  

Compton suppression was deemed helpful in improving the detection limits for Al, As, 

Au, Cu, I, Sb, Si, Sm, Sn, Ti, V, and W.  This analysis was a good step toward further 

characterizing the elemental concentrations of air sheds surrounding the Great Lakes. 

Cigarette smoking is a known source of particles in indoor environments.  In 

order to fully characterize the elemental distribution in cigarettes and cigarette smoke, 

Wu et al.5 used neutron activation analysis with Compton suppression to determine the 

concentrations of 30 different elements in the components of 15 different types of 

cigarettes as well as mainstream and sidestream smoke.  As a result, certain heavy 

metals, such as As, Cd, K, Sb, and Zn, are released into the smoke, whereas the other 

elements were mainly confined to the ash and butts of the cigarettes. 

Landsberger et al.6 show how elemental concentrations are determined through 

various NAA methods and show elemental concentration results from Arctic aerosol 

samples over a ten-year period.  Three HPGe detectors were used with efficiencies of 

18%, 12%, and 24%.  Each detector had a large NaI(Tl) crystal ring detector for Compton 

suppression.  It was shown that all significant trace elements, with the exception of lead, 

can be determined without long counting irradiation, decay, and counting periods.  

Particularly As and Sb are ideally determined through this method. 

Deibel et al.7 used Compton suppression to analyze the short-lived 66Cu isotope 

from the Compton background produced by Na and Cl in human brain samples.  Their 

results were then compared with a coincidence spectrum formed from the annihilation 

photons from the positron emitting 12.7 h 64Cu after long irradiations.  An 18% 

efficiency Ortec HPGe detector was used and was surrounded by a NaI(Tl) detector that 

is 30.5 cm high and has a diameter of 30.5 cm with an 8.3 cm diameter hole plugged at 
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one end by a 7.6 cm diameter by 7.6 cm high NaI(Tl) plug.  It was shown that Cu can be 

determined in small samples using either 64Cu coincidence counting or 66Cu Compton 

suppression counting.  Both methods produce a minimum detectable amount of 6 μg g-

1.  These methods avoid problems associated with wet digestion methods in other 

studies of Cu in human tissue.  

Porte et al.8 showed that phosphorus concentration in bone samples can be 

characterized by analyzing the Bremsstrahlung output in a Compton suppressed 

gamma-ray spectrum.  A CsI/BGO g-1e anti-Compton detector was used to produce 

spectra and to determine that Bremsstrahlung analysis for phosphorus using Compton 

suppression is a good way to determine phosphorus concentration in bone samples. 

Bode9 shows how to compute detection limits for different radionuclides and 

detectors.  The research shows how different specifications of detectors affect the 

detection limits.  Bode’s main point was to explain how to get better detection limits or 

the same detection limits in smaller time by using a detector with better specifications.  

The necessary steps on how to take a Compton shield into account are explained, 

including the passive shielding aspect as well as coincident photon suppression.  In a 

second paper, Bode10 gives experimental evidence for these detection limit calculations 

by replacing a 20% coaxial detector with a 100% coaxial detector and incorporating a 

Compton suppression shield. 

Porte et al.11 tested the possibilities of using NAA with Compton suppression to 

determine major and trace elements in bone samples in conjunction with an IAEA 

interest in osteoporosis.  A CsI/BGO g-1e anti-Compton spectrometer was used for 

counting purposes.  Because of the presence of phosphorus in the samples, there is a 

high Bremsstrahlung background present, making lower energy peaks difficult to 

determine. 

Riedel et al.12 used NAA along with Compton suppression in an underground 

laboratory to improve the detection limits for trace element concentrations in nylon.  A 
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150% efficient p-type HPGe detector was used in various arrangements.  For Compton 

suppression, a NaI(Tl) detector annulus with a NaI(Tl) plug was used.  The detection limit 

for thorium was found to be .01 ng g-1 using Compton suppression.  Uranium was also 

observed in the normal mode and the detection limit was found to be .0652 ng g-1. 

Landsberger et al.13 set out to determine bromine, chlorine, and iodine in the 

Arctic atmosphere in order to see the trends of these elements’ concentrations with 

sunlight.  It has been observed that changes in hydrocarbon concentrations are 

correlated with Cl and Br reactions, so higher concentrations of these elements indicate 

more destruction of hydrocarbons.  This study was to show the improvements of 

epithermal NAA and Compton suppression for these elements over conventional NAA.  

It was determined that very low detection limits were achieved for bromine and iodine, 

but for chlorine, epithermal NAA can be used as long as Compton suppression was not 

used. 

It has been shown that lead and copper soil concentrations are one order of 

magnitude higher in El Paso near lead smelter operations than are found in the natural 

environment.  It is well-known that arsenic and antimony are natural byproducts of ore 

processing, but no studies have been done on these concentrations in the El Paso area, 

where there are several ore processing facilities.  This area has been an area of health 

and environmental concern for quite some time.  Gardea-Torresdey et al.14 used NAA 

with Compton suppression to determine arsenic and antimony concentrations in 

vegetation samples from El Paso, Texas.  This study showed that Compton suppression 

NAA is ideal for studying arsenic and antimony transport from contaminated soil to 

vegetation, and can be applied to environmental impact studies. 

Yonezawa et al.15 used a 20% efficient HPGe detector and a 25.5% efficient HPGe 

detector with a BGO detector as a Compton suppressor.  Iodine concentrations above 

11 ng g-1 in biological samples were determined using epithermal NAA and Compton 
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suppression.  Compton suppression was especially important because the biological 

samples have high amounts of Na and Cl. 

Serfor-Armah et al.16 analyzed several food samples for iodine concentrations 

using epithermal NAA and Compton suppression.  Excessive intake of iodine can lead to 

health issues, so categorization of iodine content in different foods is important.  

Compton suppression is necessary because many food products have high amounts of 

Na, K, Mn, Br, and Cl, which all have high Compton backgrounds associated.  An Ortec 

HPGe detector surrounded by a 10 in x 10 in NaI(Tl) annulus and a 3 in x 3 in plug was 

used.  It was found that iodine levels as low as 20 ng g-1 could be measured using this 

method. 

Landsberger et al.17 describe the usefulness of NAA with Compton suppression, 

and show that it can help reduce overlapping peaks, reduce the background created 

from strongly coincident gamma rays, as well as smooth out the background resulting 

from Compton events.  Disadvantages such as cost and maintenance are also 

mentioned. 

Miley et al.18 used an 18% relative efficiency HPGe detector with a large NaI(Tl) 

crystal ring detector along with secondary ion mass spectrometry to study many 

isotopes in titanium thin films for impurity detections.  Compton suppression was used 

to reduce the background of the neutron activation analysis, and the overlap in results 

was used to normalize the SIMS results to the more accurate NAA results.  As a result of 

this experiment, it was shown that many of the isotopes measured were above the 

calculated impurity limit, and many were also significantly deviant from the natural 

isotopic abundance ratio.  These conclusions indicate that the results were not solely 

due to impurities, but were indicative of expected experimental results. 

Between September, 2000 and January, 2002, Biegalski and Villareal19 attempted 

to use a Compton suppression system to show a correlation between trace metal 

concentrations and red tide conditions at Port Aransas, Texas on the Gulf of Mexico.  



8 

 

The data showed that a correlation can be extended, but due to other factors, a direct 

link between these two factors could not be confirmed.  The Compton suppression 

system was shown to reduce the background effectively for several of the isotopes 

being analyzed. 

Landsberger et al.20 took Arctic aerosol filters collected during 1964-1978 in 

northern Finland and performed NAA work on them to determine the concentrations of 

19 different elements.  Judicious use of Compton suppression and epithermal activation 

analysis were used for the different elements in question. 

Since the mandate issued by the US government to reduce the amount of lead 

used in industrial practices, different alternatives to lead gloves for protection against 

incident radiation have been proposed.  Landsberger et al.21 used NAA to determine 

heavy metal concentrations in some of these new proposals to evaluate health risks for 

these gloves.  It was shown that NAA with Compton suppression is ideal for determining 

lead and other heavy metals in gloves. 

Sanchez et al.22 used NAA to determine the amount of 40K in food samples by 

measuring the amount of 41K in the sample and using the natural isotopic abundance 

ratio to determine the activity of 40K in the food.  It was shown that this was a faster and 

more accurate method of determining the amount of 40K in food rather than by 

conventional means of detecting 40K, and it could be done with much smaller samples.  

A 28% efficient HPGe surrounded by a large NaI(Tl) detector was used.   

Arsenic had previously been analyzed in biological samples using NAA and had 

detection limits around .1 μg.  Zeisler et al.23 attempted to use a Compton suppression 

system, but it was found that the activity limit for this procedure was bound, since the 

geometry cannot be easily changed inside the NaI(Tl) detector.  Similar results were 

obtained with a Loss Free Counting (LFC) system.  It was concluded that the best way to 

determine trace amounts of arsenic in biological samples was through a radiochemically 

separated NAA procedure. 
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Landsberger et al.24 used Compton suppression to evaluate the levels of Cl, Br, 

and I in water samples from Illinois and to accurately detect these elements in the 

presence of widely varying concentrations of Na and Cl, which are very common 

contaminants in urban water supplies.  The usual way of detecting this is by ion 

chromatography to find the anions of Cl, Br, and I, but this is very labor intensive.  By 

employing Compton suppression, the Compton background from the peaks associated 

with 24Na and 38Cl are drastically reduced, leaving the peaks from 128I and 80Br to be 

much more well-defined. 

Vieira et al.25 employed Compton suppression with thermal and epithermal 

neutron activation analysis to determine trace elements in airborne particles in Lisbon, 

Portugal.  The goal was to reduce the backgrounds resulting from 38Cl and 24Na in the 

oceanic environment.  Compton suppression was able to increase the analytical 

sensitivities of Al, Ba, Ce, Cr, Cu, Ni, Rb, Se Th, Ti, V, and Zn.  When Compton suppression 

was used in conjunction with epithermal neutrons, the detection limits for As, I, K, Si, 

and W were significantly reduced. 

Vieira et al.26 took 15 atmospheric aerosol samples in an industrial area of 

Lisbon, Portugal and were analyzed for 30 elements using NAA and Compton 

suppression in some cases.  To find the sources of the aerosols, variables such as 

enrichment factors, wind speed, and receptor modeling techniques were taken into 

account.  Crustal, marine, and anthropogenic sources were identified.  An Ortec p-type 

coaxial HPGe detector with an efficiency of 29% surrounded by a BICRON NaI(Tl) 

detector with dimensions 30.5 cm diameter x 30.5 cm high was used.  Compton 

suppression aided in background reduction for many elements, and it expanded the 

number of elements that were observable in the samples.  By using epithermal NAA and 

Compton suppression, I, In, and Si were added to the list of observable elements when 

compared with thermal NAA and no Compton suppression.  Also, the sensitivity for As, 
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Cu, and Ni was shown to be improved with these techniques.  It was shown that wind 

speed plays a very important role for the concentrations of many of these elements. 

Nyarko et al.27 took 10 different types of food from Ghana and determined 19 

elements.  The goal of the project was to improve the sensitivity for various elements, 

trace the flow of elements through food supplies, and provide better knowledge-based 

sources for foods.  A 25% efficiency HPGe detector surrounded by a 10 in x 10 in NAI(Tl) 

detector with a 3 in x 3 in plug was used. 

Bacchi et al.28 looked at the applicability of NAA with Compton suppression in 

the analysis of plant samples.  16 different elements in five different NIST certified 

reference materials were observed in order to assess the benefit of Compton 

suppression..  A 55% efficient HPGe detector surrounded by a 9 in x 9 in detector with a 

3 in x 3 in plug NaI(Tl) detector was used.  It was found that Compton suppression 

significantly reduced the Compton interference for 10 out of 16 elements that they 

analyzed.  It was also shown that the composition of a sample is significant when using 

Compton suppression, so care needs to be taken when using the comparator method 

with this type of analysis.  The measurement geometry also played a significant role in 

analyzing these samples, so this must also be taken into account when using this 

technique. 

Nyarko et al.29 used an Ortec HPGe p-type coaxial detector with a crystal 

diameter of 51.2 mm and a length of 65.2 mm with a relative efficiency of 25% and a 

NaI(Tl) annulus with five photomultiplier tubes that was 25.4 cm x 25.4 cm.  These 

detectors were used to analyze 40 ancient pottery pieces from Ghana for 26 elements.  

It was shown that the pottery pieces had similar chemical signatures indicating that a 

single type of raw material was used in manufacturing these pottery pieces.  Because of 

this result, it was concluded that the pottery pieces came from the same clay source.  

More historical and chemical analysis will need to be performed to determine the 
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location of this source.  In doing this, more information will be gathered as to the lives 

of the ancient slaves in this region before being sold into slavery. 

Pollution in the Arctic is somewhat of a concern because many of its 

characteristics are not fully understood.  In order to determine possible sources of 

pollution, Landsberger et al.30 used Compton suppression to determine the weekly 

change in concentration of cadmium in Alert, Greenland over a period of one year.  

Compton suppression was necessary for this experiment because the main peak for 

115mIn, the daughter of 115Cd, occurs in the Compton continuum of many other common 

NAA isotopes including 24Na.  As a result of this study, it was concluded that cadmium 

concentration in the Arctic mirrors a seasonal pattern, and due to the peak in the winter 

season and the wind patterns associated, it was concluded that the majority of the 

cadmium pollutants originate outside of the western hemisphere. 

Freitas et al.31 analyzed different foods bought from stores in Coimbra, Portugal 

using several methods including Compton suppression NAA.  It was shown that 

Compton suppression helped in improving the detection limits for arsenic, copper, and 

potassium; it helped in diminishing the counting statistics error for molybdenum; and it 

helped to better define the 1115 keV peak for long-lived 65Zn photopeak. .  Two sites 

were used for NAA with Compton suppression.  At the Technological and Nuclear 

Institute in Portugal, they used a 30% efficient HPGe detector and at the Nuclear 

Engineering Teaching Laboratory in the USA, a gamma-X Ge detector with an efficiency 

of 30% was used with a surrounding annular 30.5 cm x 30.5 cm NaI(Tl) detector.  It was 

shown that Compton suppression in this case did not produce the results expected, save 

a few specific cases among the food items. 

The Food and Drug Administration (FDA) continually provides quality assurance 

analyses for the Total Diet Study Program32.  Included in these analyses are mass 

fractions for various elements in different types of food.  One element of particular 

importance is iodine, and its concentration is often below detection limits when 



12 

 

determined by traditional procedures.  By using Compton suppression, Anderson and 

Cunningham33 improved the detection limits for iodine and determine its concentration 

in various samples that were previously untraceable.  Though iodine is the most 

significant element to have improved detection limits, 15 other elements also had 

improved detection limits as a result of Compton suppression.  The detectors being used 

for this experiment were a 27% efficiency HPGe detector surrounded by a 30 cm x 38 cm 

NaI(Tl) scintillation detector.  As a result, it was shown that the FDA could benefit from 

the use of Compton suppression NAA in the determination of elements in their food 

analyses. 

Medicinal plants are often used to supplement foods from different areas of the 

world.  The elements found in these herbs often have important biological effects on 

the consumer.  Lamari et al.34 found the concentrations of 20 elements in 11 different 

plants found in Algeria.  Depending on the element of interest, long or short irradiation 

times were used in conjunction with thermal or epithermal neutron fluxes, and 

Compton suppression.  A HPGe detector with 35% efficiency, which was surrounded by 

a NaI(Tl) annulus and plug, was used.  It was concluded that for the shorter lived 

elements, Compton suppression was useful for increasing the accuracy and lowering the 

detection limits.  For longer lived isotopes, Compton suppression was not as helpful, 

since there were no dominating photons contributing to the background as seen in 

geological samples.  

Nyarko et al.35 used pseudo-cyclic NAA to determine Dy, Hf, Rb, Sc, and Se in 

cereals and vegetables from Ghana.  These elements are important to determine 

because Dy, Hf, Rb, and Sc are known to have health effects and Se is important in 

human diets to prevent diseases.  An Ortec HPGe detector of 25% efficiency, 

surrounded by a 25.4 cm x 25.4 cm NaI(Tl) annulus and a 7.5 cm x 7.5 cm guard detector 

was used.  It was shown that these elements can be successfully simultaneously 
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determined through this method, and that the vegetables from Ghana contained an 

adequate amount of Se. 

Steinnes36 discusses the applicability of the combination of epithermal activation 

analysis and Compton suppression for the use of analyzing geological materials.  It was 

shown that NAA used to be at the forefront of trace isotope detection and has since lost 

its edge to other techniques.  It is predicted that epithermal activation analysis with 

Compton suppression may put NAA back on top for this type of analysis. 

Freitas et al.37 discuss different techniques that can be applied to NAA including 

Compton suppression and prompt gamma activation analysis.  By way of all these 

techniques, a large fraction of elements of interest in pollution and nutrition studies can 

be determined. 

Dung et al.38 used a 35% efficient HPGe detector with seven NaI(Tl) detectors 

surrounding the HPGe detector in conjunction with a fast pneumatic system in order to 

look at short-lived radionuclides by way of cyclic irradiations.  It was shown that the 

Compton suppression system was useful in lowering the detection limits for Cr, Fe, Hg, 

Rb, Sr, Th, and Zn by reducing background and spectral interferences.  The samples 

observed were NIST 1572 (Citrus Leaves) and NIST 1633a (Coal Fly Ash).  As a result, this 

system was characterized in terms of absolute efficiency, enabling researchers to carry 

out k0-NAA with Compton suppression.  By using Compton suppression with other NAA 

techniques, it was shown that detection limits for many elements can be lowered, and 

the scope of detectable elements can be enlarged. 

It is well known that particulate matter in air can have an adverse health effect 

on people, especially in large city areas where they may be a high concentration of 

anthropogenic sources.  Edwards et al.39 performed analysis on several air filters that 

were exposed to Lisbon, Portugal during February, 2007.  These filters were 

intentionally exposed during the winter season, since it is known that this is when 

pollution concentrations are at the highest.  It was concluded that copper, arsenic, and 
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antimony concentrations were correlated suggesting that they are due to an 

anthropogenic source.  It was also found that Na and Cl concentrations were correlated 

and were highest when winds originating from the ocean were strong.  This suggests 

that these elements are primarily derived from marine winds.  It was also found that the 

concentrations of heavy metals in the downtown area are higher than that of naturally 

occurring concentrations, which strongly suggests that this is due to human sources as 

well.  These analyses were performed with judicious use of Compton suppression and 

epithermal activation analysis at the Nuclear Engineering Teaching Laboratory at the 

University of Texas at Austin. 

Landsberger and Kapsimalis40 used Compton suppression to evaluate its 

applicability in the realm of geological samples.  Analysis on three NIST samples was 

performed using epithermal and thermal activation analysis, and it was shown that even 

though geological samples have many elements of interest, Compton suppression and 

the judicious use of epithermal neutrons can be utilized to give more precise 

concentrations of short-, medium-, and long-lived isotopes of interest. 

Kapsimalis et al.41 further investigated Nigerian food samples for uranium 

content.  To do this, epithermal activation analysis was used to study the 74 keV 

photopeak from 239U with a HPGe detector and a NaI(Tl) annulus.  Significant uranium 

concentrations in three of the eight analyzed foods were found.  A detection limit of .02 

Bq/kg was found, and it was pointed out  that up to 30 samples per day could be 

analyzed with this method. 

Many countries are attempting to assess the nutritional value and heavy metal 

content of their foods in order to find the healthiest and safest foods for human 

consumption.  Ahmed et al.42 attempted to study several Nigerian foods and beverages 

for their elemental content using Compton suppression and epithermal activation 

analysis.  In using these techniques, 18 elements were observed and characterized in 

the Nigerian food samples.  A 35% efficient HPGe detector surrounded by a 30.5 cm x 
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30.5 cm NaI(Tl) detector with a 3 in x 3 in plug was used.  Several foods were found with 

good nutritional content, and it was shown that some other foods should be fortified 

with more nutrients.  It was also shown that some foods and products should be 

avoided in order to stop the intake of heavy metals. 

Prompt Gamma Activation Analysis 

 Another type of analysis involves placing a detector in the beam port of the 

reactor near the sample as it is being irradiated.  In doing this, the detector can observe 

the prompt γ-rays emitted when nuclides go through the (n,γ) reaction.  This specific 

type of neutron activation analysis is called prompt gamma activation analysis (PGAA).  

There have been a variety of research projects using PGAA with Compton suppression, 

some of which have been summarized below. 

Yonezawa et al.43 used a coaxial HPGe detector with BGO shielding detectors in 

order to analyze H, B, C, N, Na, Mg, Al, Si, P, S, CI, K, Ca, Ti, Mn, Fe,  Co, Cd, Sm, Gd, and 

Hg.  It was shown that accuracies and precisions of better than 20% were obtained for 

these methods except H, C, N, and Cl in biological samples. 

Yoshikawa et al.44 measured 30Si as a tracer in order to look at vitrified waste 

stability and general nuclide migration.  A HPGe detector with BGO detectors for 

Compton suppression was used.  15 elements were also analyzed in Japanese bentonite 

using PGAA. 

Yonezawa et al.45 used a coaxial HPGe detector and BGO shielding detectors to 

find the boron concentration for 21 reference samples.  A computer-aided correction 

system was necessary in order to account for spectral interferences as well as Doppler-

broadened peaks in the spectra.  Calculations of the concentration of sodium in these 

geological samples were also carried out. 

Sano et al.46 used PGAA with Compton suppression to evaluate the boron 

content in volcanic rocks.  Of all the techniques used to evaluate boron concentration in 

geological samples, PGAA is the only non-destructive one.  It was also found that for 
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samples with similar boron concentrations, the activity produced by boron correlated 

with hydrogen activity.  This was termed the “hydrogen effect.”  In order to determine 

an accurate concentration for boron, the hydrogen effect needs to be taken into 

account.  It was determined that sample powder can be cold-pressed into a disc in order 

to reduce irradiation time.  Overall, PGAA is a good method to determine boron 

concentration in volcanic rocks, and because there is a low water concentration in these 

rocks, the hydrogen effect does not have a huge part in analyzing the data. 

Matsue and Yonezawa47 used the k0 method for analyzing 26 elements in PGAA 

spectra.  A Compton suppressed PGAA system was used and it was shown that the k0 

values for all elements could be analyzed with less than 3% uncertainty.  Using these 

values, it was shown that the accuracy of this method was better than 6% in the analysis 

of reference materials. 

Boron is very difficult to analyze using conventional chemical methods.  Cho et 

al.48 used PGAA with Compton suppression to determine boron concentration in 

biological samples.  A 43% HPGe detector surrounded by eight BGO detectors and two 

NaI(Tl) detectors for Compton suppression was used.  It was shown that the B 

concentration for high (above 5 ppm) concentrations could be accurately predicted, but 

for lower concentrations, the values were over-predicted.  

Bohus et al.49 used a variety of techniques to study the elemental composition of 

pottery from Venezuela.  Various techniques were used including a PGAA system with 

Compton suppression.  This system was composed of a HPGe detector with BGO shield 

detectors.  40 different pottery samples were analyzed for major and trace components.  

The major components included H, Na, Mg, Al, Si, K, Ca, Ti, Fe and Mn, and the trace 

components were B, S, Cl, Sc, V, Cr, Ba, Sm, Eu, and Gd.  As a result of these studies, 

further conclusions could be drawn on the originations of these different pottery pieces, 

as well as the cultural trading that may have happened. 
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Fission Products and Low-Level Counting 

 Being able to characterize fission products from post-detonation areas, spent 

fuel rods, or reactor components are essential for nuclear safety and security and 

decommissioning. .  Due to the high concentrations of radionuclides that produce high-

energy γ-rays found in these samples, Compton suppression has been utilized in many 

detector setups for analyzing fission products accurately and precisely.  Passive counting 

researchers have also incorporated Compton suppression into some of their work in 

order to reduce the background in their spectra produced by high energy γ-rays.  Some 

of these fission product identification and passive counting research papers are 

summarized below. 

Pointurier et al.50 showed that Compton suppression can be used to significantly 

reduce cosmic-ray induced background counts.  Compton suppression is useful in 

lowering the high energy cosmic photons counts that contribute significantly to the 

Compton continuum.  As a result, it was found that the detection limits for 60Co, 137Cs, 

152Eu, and 241Am were reduced to 4 mBq. 

Sudarti et al.51 used a 30% HPGe detector surrounded by a 30.5 cm x 30.5 cm 

NaI(Tl) ring and a 3 in x 3 in NaI(Tl) plug to analyze environmental samples for several 

naturally radioactive isotopes.  It was found that the use of Compton suppression was 

helpful in increasing the precision and decreasing the detection limits for several trace 

radioactive isotopes including 234Th, 226Ra, 212Pb, 214Pb, 214Bi, 137Cs, 232Th, 60Co, 34Cs, and 

40K. 

90Sr is one of the most important fission products to detect, mainly because of its 

high hazard index and its relatively long half-life.  In order to improve the detection 

techniques of this radionuclide, Wang et al.52 used a 30% efficient HPGe and operated it 

in coincidence and anticoincidence counting with a NaI(Tl) guard detector.  The 

Bremsstrahlung contribution to the γ-ray spectrum from 90Sr/90Y was found and the 

concentrations of these isotopes were deduced.  Previously, the accepted method of 
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determining these concentrations was with chemical separation followed by γ-ray 

counting.  With this method, the time needed to analyze each sample is reduced 

significantly. 

Matsson and Grapengiesser53 analyzed γ-rays from spent nuclear fuel cells in 

order to analyze several characteristics of the spent fuel including fission gas release, 

burn-up, cesium redistribution, axial power distribution, etc.  A HPGe detector with a 

BGO Compton suppression system was used for many of these determinations.  The 

obtained results were compared with other well-known destructive analytical 

techniques for spent nuclear fuel and it was found that the obtained results were 

similar.   

James et al.54 used Compton suppression to measure the concentrations of 

226Ra, 228Ra, and 210Pb in ocean sediment samples.  It was hypothesized that drilling 

activities produced higher concentrations of radium and lead than that of undisturbed 

ocean sediment samples.  A 22.6% efficient HPGe surrounded by a 30.5 cm x 30.5 cm 

NaI(Tl) crystal was used.  Through this analysis, it was found that the distribution of 

radium isotopes in the sediment was independent of deposition date of the material, 

sediment texture, and drilling influences.  It was also found that 210Pb concentrations 

were correlated with sediment textures. 

Peerani et al.55 used Compton suppression to detect trace fission products in 

environmental samples with low and high activities.  A 52% efficient HPGe detector with 

a NaI(Tl) annulus and plug surrounding the detector was used.  It was found that 

Compton suppression helped reduce the detection limits for many isotopes, especially 

137Cs, 241Am, 54Mn, 125Sb, and 144Ce. 

Soil erosion modeling is very important in many aspects.  In particular, the US 

army is very interested in accurate soil erosion monitoring because of their heavy use of 

land for military training exercises.  It is known that 137Cs and 210Pb are good indicators 

of soil erosion properties that are essential for these models.  Usually to detect these 
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isotopes, large samples (on the order of 0.5 to 1.0 kg) of soil is needed for analysis.  

Landsberger and Mann56 set out to show that only 20 g of soil is needed to detect 

significant concentrations of these isotopes using a detector setup with Compton 

suppression.  A 30% efficient HPGe detector with a Compton suppression system was 

used to show that these isotopes can be effectively detected to a depth of about 20 cm. 

Povinec et al.57 used a 100% efficient HPGe detector with a NaI(Tl) detector 

annulus to analyze various environmental radionuclides in different samples.  It was 

found that the sample volume and sampling time could be significantly reduced in order 

to obtain sufficient results. 

Reguigui and Landsberger58 used an 18% efficient HPGe surrounded by a NaI(Tl) 

annulus and plug in order to look at the applicability of using gamma-spectroscopy and 

Compton suppression in order to find the concentrations of 137Cs and 210Pb for use in 

erosion studies.  Though this had been studied previously, Reguigui and Landsberger put 

more emphasis on the possible sources of error and the importance of having quality 

ambient background information.  It was found that if the background is not 

characterized correctly, errors as large as 25% can be incurred.  It was found that good 

results can be obtained from samples as small as 20 g.  It was also found that Compton 

suppression is more useful for shorter counting times, and that it significantly lowers the 

detection limits of the isotopes in question.  A significant reduction in ambient 

background noise with Compton suppression was shown without any loss in counts to 

the peaks in question. 

Hartwell and Gehrke59 used Compton suppression in part of their studies to look 

at contaminants of four LaCl3(Ce) detectors they had purchased.  A 41.1% efficient HPGe 

detector surrounded by a BGO scintillator was used.  It was found that there were no 

gamma emitting contaminants present in these detectors, but using other methods, 

alpha emitting contaminants were shown to be present. 
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It is becoming more necessary to accurately determine fission gas release in 

nuclear fuel rods, since there has been a push for more fuel burn-up and longer 

irradiations.  As a result of these longer irradiations, fission gas release becomes a 

significant concern for a variety of reasons.  Matsson et al.60 used a submersible 

Compton suppression system to detect the amount of 85Kr that was produced during 

irradiation.  It was found that 85Kr was a good indicator of the total amount of fission gas 

released in the fuel rod during irradiation.  A 25% efficient HPGe detector was used, and 

in many cases a Compton suppression system was incorporated to analyze the 85Kr.  The 

main γ-ray from 85Kr is 514 keV.  The Compton suppression system was useful for 

reducing the interference from the 511 keV annihilation peak and for reducing the 

Compton background resulting from 60Co and 137Cs.  As a result, the fission gas release 

of several types of BWRs with high power output was able to be characterized. 

Nicholson et al.61 completely characterized the Compton suppression system in 

use at the University of Texas Nuclear Engineering Teaching Laboratory.  A HPGe 

detector surrounded by a NaI(Tl) annulus was used with a plug to increase the shield to 

almost 4π geometry.  The effects of dead time, sample displacement from the primary 

detector, and primary detector position with respect to the shield detector were 

analyzed.  It was also confirmed that Poisson statistics are applicable in the study of 

Compton suppression γ-ray counting. 

Povinec62 used a 100% efficient HPGe detector surrounded by a NaI(Tl) annulus 

for Compton suppression to look at the applicability of Compton suppression for low-

level environmental counting.  Simulations in MCNP were evaluated to look at various 

settings of the anti-Compton system and how they affect the background counts 

recorded in the spectrum which were then compared to experimental data with a 

Compton suppression system to verify the results.  The main focus was to decrease the 

background due to cosmic muons. It was found that when the proper techniques were 
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used, the detection capabilities of the system gave limits as low as 1 mBq for some 

radionuclides. 

Uranium is a naturally occurring element in the geology of the earth.  As 

phosphates continue to be used in fertilizers, it is important to be able to characterize 

the uranium concentration of these phosphates.  Kapsimalis et al.63 used a direct γ-ray 

counting method in order to characterize these phosphates.  A HPGe detector with a 

NaI(Tl) annulus and plug was used in order to analyze the samples in question.  The γ-

ray of the 234mPa daughter product was observed in order to characterize the amount of 

238U in each sample.  It was found that accurate and precise results can be obtained 

from samples less than 20 g in mass.    It was also shown that Compton suppression is 

useful for limiting the background contribution to the spectra and for lowering the 

detection limits. 

 

Computational Methods 

Software development and computational methods have played an integral part 

in γ-ray spectrometry and detector setups.  Recently, researchers have created various 

software programs to aid in optimizing Compton suppression geometries, as well as in 

analyzing pulses and counting data to produce Compton suppressed spectra without the 

use of a large amount of electronics.  Some of these papers are summarized below. 

Niu et al.64 used a 30% efficient HPGe detector surrounded by eight BGO 

scintillators and showed that the optimum geometry of the crystal inside the annulus 

can be found from the ratio of full energy peaks to the escape peak.  It was 

demonstrated that this method might be helpful in determining optimal properties for 

experiments involving high-energy γ-ray analysis. 

Wordel et al.65 showed that by using list mode data collected in a Compton 

suppression detector setup, one can theoretically find all Compton events and find the 
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original energies that corresponded to the Compton scattered photon.  In doing this, 

counting statistics could be improved. 

Hwang et al.66 recognized the fact that many times in Compton suppression 

systems, the timing electronics are such that some pulses are lost due to the conversion 

and reset processing times of the coincidence analyzers.  Also, because the Compton 

shield is usually a better efficiency detector than the primary detector, some accidental 

coincidences can be suppressed from the true spectrum.  This gives way to some 

distortions taking place in the Compton-suppressed gamma-ray spectrum.  For the 

project, a data acquisition system was created, which stored the pulse height and clock-

time of each event in each detector.  Using this data, the same data can be run 

repeatedly with different resolving times and the optimal coincidence rejection time can 

be found to decrease the Compton background with as little reduction in other counts 

as possible.  A 24% efficient HPGe detector surrounded by eight NaI(Tl) detectors of 

various sizes was used.  It was shown that this method works by determining the 

photopeak emission probabilities of 133Ba and 152Eu, the results of which were 

consistent with previously found data.  Some problems were encountered when 

analyzing gamma rays below 300 keV. 

Schmid et al.67 used pulse shape analysis as a Compton suppression technique by 

analyzing the actual pulse shape coming from the HPGe detector.  Rather than the 

conventional outer shield surrounding the primary detector in this setup, this procedure 

only uses the HPGe detector.  Because many HPGe pulses are actually a combination of 

Compton scatters followed by a photoabsorption event, the electrons that are released 

from their shells are situated in different places in the detector.  These different places 

also give a slightly different pulse shape, and the combination of all the pulses can be 

separated into each individual pulse by an algorithm.  The energy deposition from each 

pulse can also be analyzed.  This project entailed using a Compton rejection technique 

by looking at the specific location of the highest energy deposition from each pulse and 
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determining if the photon remained in the detector or escaped in a Compton scatter.  

An algorithm that also rejects multiple site scatters followed by escape was used, 

whereas conventional pulse shape analysis techniques can only determine single scatter 

escape events.  It was found that this new algorithm improves the Compton suppression 

factors significantly from the traditional algorithms, but pale in comparison to Compton 

suppression systems with active shields.  However, the amount of equipment and low 

cost may be enough to convince some researchers to use pulse shape analysis 

techniques in lieu of active shields. 

At present, the most-used primary detector in Compton suppression systems is 

the HPGe detector.  The advantages outweigh the disadvantages in most cases, but 

there are recent developments for new detector types, some of which operate at room 

temperature.  Scates et al.68 discuss some potential advantages to some of these new 

detectors especially in Compton suppression systems.  Monte Carlo simulations were 

used to optimize the geometries of Compton suppression systems with a LaX3:Ce 

scintillator (X is either chloride or bromide) as the primary detector and were compared 

with simulations of traditional Compton suppression setups involving HPGe detectors.  

Using the code, the optimum geometry specifications were found for different Compton 

suppression setups, and the suppression factor for the LaX3:Ce scintillator Compton 

suppression systems was shown to be higher than that of traditional HPGe systems 

when the amount of material between the primary detector and the secondary detector 

was reduced. 

It is known that photons can become linearly polarized through various 

scattering processes.  This is due to the fact that scattered photons have azimuthally 

anisotropic distributions at low energies.  Using these facts, Selvi and Celiktas69 showed 

that the rise times of Compton scattered photons are detectably longer than rise times 

of fully absorbed photons.  By studying the rise times of the different pulses, Compton 

photons could be rejected using this rise time analysis.  It was also shown that multiple 
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scattering events in a detector leading to photoabsorption were allowed to contribute 

to the spectrum.  Overall, it was shown that this method could be a good substitute for 

buying and maintaining expensive equipment. 

Advanced Systems 

As γ-ray spectrometry has become more relevant, researchers have developed 

advanced systems, which utilize untraditional detector setups and methods or multiple 

HPGe detectors.  Compton suppression has played an integral role in many of these 

advanced systems, some of which have been summarized below. 

Mauerhofer et al.70 created a Compton suppression system consisting of three 

HPGe crystals inside of a BGO scintillator and a CsI(Tl) active collimator as a Compton 

suppression system.  The source is located outside the entire system and a passive 

collimator is put between the sample and the BGO scintillator in order to reduce the 

amount of photons that interact with the scintillator without interacting with the Ge 

crystals.  The front Ge crystal was a planar detector with thickness 10 mm and diameter 

44 mm.  The middle and back Ge crystals are coaxial and have an efficiency of 16%, and 

they can be used as forward scattering Compton suppression detectors.  Also, the 

middle detector is more useful for detecting high energy gamma rays and the front 

detector is useful for detecting low energy gamma rays.  The BGO crystal is used as the 

main Compton scattering reducer.  The CSI(Tl) collimator is used as to suppress back 

scattered radiation.  The usefulness of this setup was shown by determining iodine 

concentration in iodized salt.  Using this setup, the detection limit for iodine was 

reduced from 14 ng without Compton suppression to 4 ng with Compton suppression.  It 

was concluded that having the source outside the Compton shield helps to reduce the 

interference from high energy γ-ray emitters and from accidentally suppressing true 

coincidence γ-rays. 

Compton suppression with an HPGe detector and a BGO scintillator are 

commonly used for trace element determination and neutron activation analysis, but 
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relatively few papers have been published for Compton suppression in use with photon 

activation analysis.  Fukuda et al.71 showed the usefulness of Compton suppression for 

determining trace elements in a photon-activated bulk dysprosium sample.  A 25% 

efficient HPGe detector with a BGO scintillator for Compton suppression was used.  It 

was shown that the system was quite useful in determining various elements in the 

photon-activated sample. 

Lin et al.72 used a Compton suppression system consisting of a LO-AX HPGe as 

the primary detector, surrounded by a NaI(Tl) annulus and a 50% efficient HPGe 

detector as the Compton shields.  This system was investigated for use in determining 

13 elements (As, Cd, Co, Cr, Hg, Mo, Ni, Sb, Se, Sr, Th, U, and Zn) with varying success.  It 

was shown that the ability to detect these elements was generally improved and it was 

determined that their setup can be used in future NAA experiments. 

Duchene et al.73 describe a clover detector – four  21% efficient HPGe detectors 

on a single cryostat in close proximity in order to determine multi-photon events.  These 

detectors are often equipped with BGO Compton suppression systems in order to 

reduce the Compton background associated with each crystal.  The researchers describe 

various advantages and setups involving these clover detectors and their usefulness in 

modern day spectroscopy, including methods involving Compton suppression. 

Elekes et al.74 calculated the efficiency of a clover-BGO Compton suppression 

system from 120 keV to 12.2 MeV for the first time using proton-capture nuclear 

reactions and radioactive sources.  It was found that the efficiency gain of the clover-

detector setup with respect to a single detector is about an order of magnitude at 10 

MeV. 

Grigorescu et al.75 used a 6% efficient Ge(Li) detector in combination with a beta 

plastic detector and a NaI(Tl) annulus to have a beta-gamma coincidence system with 

Compton suppression.  It was shown that the Compton suppression system was useful 

for lowering the minimum detectible activity for certain radionuclides, especially when 
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there is interference by a higher energy photon, such as that from 40K in biological 

samples. 

Sarkar et al.76 used 152Eu and the proton-gamma resonance reactions of 13C and 

27Al to compare the efficiency of the Clover detector setups with a BGO Compton 

suppression setup with that of a bare 25% efficient HPGe detector.  It was found that 

the effectiveness of the clover detectors produced better results than predicted in the 

efficiency of the setup, and it was found to be much more useful than typical HPGe 

setups. 

Schumaker and Svensson77 commented on the applicability of Compton 

suppression and add-back techniques for the TIGRESS HPGe clover detector array setup 

consisting of 32-fold segmented HPGe clover detectors and 20-fold segmented 

Compton-suppression shields.  It was estimated that the total absolute γ-ray efficiency 

of the system will be around 17%.  Several experimental conditions to improve the 

performance of the TIGRESS system were analyzed and discussed, and it was shown that 

the performance can be improved significantly with add-back techniques, in which a 

Compton scattered gamma ray from one crystal that was absorbed in another crystal is 

added together to get the full-peak energy count in the system.  It was concluded that 

the sensitivity of the TIGRESS detector array will be improved significantly. 

Typical Compton suppression setups include a HPGe detector surrounded by a 

NaI(Tl) or BGO scintillator detector.  Orrell et al.78 showed that liquid argon can be used 

as the active shield in a Compton suppression system.  A 24% efficient HPGe detector 

was submerged in liquid argon and it was shown that the argon could be used to both 

cool the crystal to operating temperatures and serve as an active Compton suppression 

shield.  207Bi was used to demonstrate liquid argon’s usefulness as a Compton 

suppression shield, and the method was validated with Monte Carlo simulations. 

Compton suppression systems are generally very complicated with many 

different electronics shaping and timing modules.  Generally, these systems use fast-
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timing electronics to detect the coincidence of Compton scattered photons.  Al-Azmi79 

demonstrated the application of simpler, slow anti-coincidence circuitry in Compton 

suppression systems.  It was shown that the speed of the simpler circuitry was still fast 

enough to be used in most Compton suppression systems.  This type of circuitry would 

be useful in simplifying the overall electronics setup needed for Compton suppression 

systems and would thus reduce cost in equipment and maintenance required. 

Muralithar et al.80 have developed a multi-detector gamma array consisting of 24 

Compton suppressed clover HPGe detectors for use in studying various advanced 

information for various nuclides.  The setup has a total gamma-ray efficiency of around 

5%.  The advantages of using clover detectors over conventional ones is the increased 

sensitivity for add-back mode for energies above 1 MeV, and they can also be used to 

measure the linear polarization of the gamma rays, which is useful for assigning spin-

parity to the energy levels of the various nuclides being studied.  The whole system is 

optimized for detecting three or more γ-rays in coincidence in order to get the unique 

assignments for gamma ray transitions.  Using this system, various properties were 

studied including the lifetimes of various nuclear levels, the linear polarization of 

gamma transitions, and angular correlations for various scattering events. 
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Chapter 3: Background and History of Gamma-Gamma Coincidence 

INTRODUCTION TO γ-γ COINCIDENCE 

As demonstrated in the previous chapter, γ-ray spectroscopy has a wide variety 

of uses and is applicable in many different areas.  There is an ongoing push for 

researchers to develop more sensitive methods for elemental characterization by 

finding more innovative ways of analyzing samples.  One recent development is the use 

of γ-γ coincidence using a multiple detector setup.  In using this technique, one is able to 

suppress most of the background associated with γ-ray spectroscopy as well as 

distinguish between interfering radionuclides – specifically those radionuclides which 

emit the same energy photon, but with one being a single-emission event and the other 

a cascading emission event.  Additional advantages can be had when γ-γ coincidence is 

used in conjunction with Compton suppression. 

HISTORY OF γ-γ COINCIDENCE 

 γ-γ coincidence counting began in the 1920’s with Geiger-Muller counters to 

detect scattered electrons simultaneously with X-ray emissions from the ionized atoms.  

Various papers were published on this in an attempt to uphold Einstein’s theory on the 

photoelectric effect.  Bothe and Geiger81 designed a setup where they passed x-rays 

through hydrogen gas, and the excited electrons and scattered x-rays were detected by 

two point Geiger counters on opposite sides of the gas column.  Over five hours, 66 

coincidences were observed, which at the current time was revolutionary because 

“virtual radiation theory” was quite widespread.  The photoelectric effect was upheld in 

this experiment, and became the beginning of many coincidence experiments to come. 

 Beyond this, γ-γ coincidence counting was applied extensively to cosmic-ray 

characterization82-84.  In the 1940’s and 1950’s, decay schemes were being made for 

various radionuclides.  γ-γ coincidence played a large part in the transition energies for 

these schemes.  For example, Jurney and Mitchell85 used two Geiger-Muller counters to 
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partially determine the decay scheme for 124Sb.  Through this setup good values for 

beta-gamma coincidences in the transition of 124Sb were given.  Others were also able to 

find coincidences in the decay schemes for various nuclides86-88. 

 Scintillation detectors were first proposed by Hofstadter89 in 1948.  It was 

claimed that by doping NaI crystals with thallium, γ-rays could effectively be observed 

by way of scintillation.  In fact, it is these NaI(Tl) detectors that are still in use today.  

Scintillation detectors then went on to replace Geiger-Muller counters when higher 

energy resolution was required.  Scintillation detectors were arranged to detect 

coincidence events for the measurement of short-lived isomers of nuclei by McGowan 

et al.90 Shortly after, Macintyre91 was able to measure a short-lived metastable state of 

198Hg.  Brady and Deutsch92 went on to show that successively emitted γ-rays have an 

angular correlation.  This was done with two scintillation detectors working in γ-γ 

coincidence mode. 

 Semiconductor detectors were discovered in the late 1940’s.  The first useful 

germanium detector was first introduced by McKay93 in 1951.  In this paper, it was 

shown that electron-hole pairs are produced by incident alpha radiation in germanium.  

These semiconductor detectors were shown to respond much faster than scintillation 

detectors and they had much better energy resolution.  As these detectors progressed 

and developed, they soon became the normal detector for use in experiments were high 

energy resolution was needed.  Using a combination of these semiconductor and 

scintillation detectors, it became apparent that these could be used to detect trace 

radioactive elements in various samples.  In 1966, Overton and Burch94 created a 

coincidence system with a plastic well scintillation detector and a NaI(Tl) plug to 

measure trace elements of elements in the uranium and thorium decay chains.   The 

coincidence events of both 214Po and 208Pb were observed, and from these the activity 

of the parent isotopes in the decay chain could be determined.  Efficiencies of about 

1.8% in the radium series and 2.1% for the thorium series were found. 
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 In 1973, Dybczynski et al.95 used NAA to determine trace amounts of lanthanum 

in praseodymium oxide using various procedures.  Two 7.5 cm x 7.5 cm NaI(Tl) detectors 

were used in coincidence mode.  The lanthanum was counted while it was in the 

praseodymium oxide, as well as a radiochemically separated standard in order to 

remove any possible interferences.  It was determined that the Ir and Eu contents in the 

sample interfered greatly with the La coincidence lines, so the determination in the 

standard always gave a value that was too high.  In order to properly observe these 

samples, detectors with better energy resolution were needed. 

 In 1977, Gangadharan et al.96 took three NaI(Tl) detectors and attempted to 

measure the copper concentration in biological tissues by looking at the three-photon 

annihilation event.  This event occurs with three gamma rays each having 340 keV, and 

occurs 372 times less often than the two-photon 511 keV event.  This technique was 

inspired by the amount of interference that high activity samples produced in ordinary 

two-detector coincidence setups.  The results indicated that the sensitivity of using this 

type of method is much lower than that of one- or two-detector setups, but the 

specificity indicated is much higher and the interference is almost completely reduced.  

As the activity of the sample gets higher or the amount of interfering Na in the sample 

increases, the accuracy of the method goes down, but is still much more precise than 

the traditional setups. 

 In 1978, Masumoto and Suzuki97 activated several samples through photon 

activation analysis and observed the annihilation photons from the ensuing β+ decay 

that occurs.  The setup consisted of a Ge(Li) detector with 6 keV resolution at 1332 keV 

in 60Co as well as a 5 cm x 5 cm NaI(Tl) detector with a 70 keV resolution for the 511 keV 

annihilation photon.  These two detectors were hooked up to timing electronics to look 

at the coincidence spectrum produced by these detectors with activated geological 

samples.  Sodium, scandium, cobalt, nickel, arsenic, and rubidium were observed.  The 
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nickel content of other geological samples was also analyzed.  The detection limits 

ranged from 2-100 μg for the elements in these samples. 

 In order to determine 226Ra in soil, in 1979, Prestwich and Kennett98 took two 

12.5 cm x 12.5 cm NaI(Tl) detectors and took a coincidence spectrum between the two.  

214Bi was observed, which lies in the decay chain of 226Ra.  214Bi emits a 609 keV photon 

in 47% of its decays, and in 90% of these emissions, there is a coincident photon emitted 

with it.  It was shown that this was a good alternative to the accepted alpha-

spectrometry characterization of 226Ra. 

 In 1982, Zhi-Len et al.99 determined calcium concentrations in yttrium oxide 

samples by using alpha activation analysis and looking at the resultant nuclide (43Sc) 

with γ-γ coincidence counting.  This analysis was done using the annihilation radiation 

produced by the positron emission of 43Sc.  Radiochemical separations of yttrium were 

necessary to fully analyze the data due to interfering positron-emitting radionuclides 

(88Y, 92mNb) that are also produced in the activation procedures.  Two 7.5 cm x 7.5 cm 

NaI(Tl) detectors were used for the coincidence counting.  The calcium concentration 

was fully characterized using this method and detection limits of about 10 ng g-1 were 

observed using this method. 

 In 1987, Aumann et al.100 attempted to look at environmental samples for 127I 

and 129I concentrations.  127I is a naturally occurring isotope of iodine that is stable.  129I 

is a fission product found in the environment due to atmospheric weapons testing and 

reactor induced fissions.  It has a very long half-life (about 107 years), so it has increased 

in the natural environment from the weapons testing.  The iodine in the environmental 

samples was radiochemically separated.  NAA was then performed on the samples to 

determine the iodine contents, using two NaI(Tl) scintillation detectors in coincidence to 

analyze the samples.  The main research in the paper was to reduce the many 

interferences experienced using that this type of analysis. 
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 In 1987, Meyer101 took two HPGe detectors for a γ-γ coincidence system, as well 

as a coaxial HPGe detector and a planar HPGe detector for X-γ coincidence events.  For 

the X-γ coincidence system, the goal was to accurately characterize tin concentrations in 

rocks.  The 158 keV γ-ray in conjunction with the internal transition X-ray at 25 keV was 

used in the setup.  For the γ-γ coincidence system, the goal was to determine Ir in 

various samples.  A detection limit of about .5 μg/kg was found for these samples.  For 

both of these determinations, the samples were neutron-activated before being 

analyzed in the coincidence systems. 

 More recent work has also been done with γ-γ coincidence work, specifically in 

1998, Jakubek et al.102 describe their coincidence setup consisting of two HPGe 

detectors, each with about 20% relative efficiency.  The system was composed of 

multiple analog-to-digital convertors to have the ability to create list-mode data in 

which each event is recorded along with the timestamp of each event.  This allows 

flexible manipulation of different variables, such as energy gating, timing specifications, 

etc. This paper described the system for use with future experiments. 

 In 1999, McGrath et al.103 looked at various decay schemes by looking at γ-rays 

emitted from the inelastic scattering of fast (up to 7 MeV) neutrons.  The samples being 

analyzed were often composed of more than one nuclide, so the resulting spectrum 

often had interfering spectral peaks that could not be identified.  Because of these 

interferences, a γ-γ coincidence system was developed.  Three HPGe detectors were 

used with efficiencies of 51%, 57%, and 35%.  Lead shields separated the detectors from 

each other in order to reduce the Compton scattering associated with the high energy γ-

rays being analyzed.  Using this setup, cascading emissions in the decay scheme of 112Cd 

and 134Xe were observed. 

 In 1999, Ardisson et al.104 created a γ-γ coincidence system using a planar HPGe, 

a 40% efficient HPGe coaxial detector with a 180° geometry with the planar detector, 

and a 20% efficient HPGe coaxial detector with a 90° geometry to the other two 
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detectors.  Using this system, a good decay scheme for 168Yb was developed with 120 γ-

ray transitions over 46 energy levels. 

 In 1999, Yuki et al.105 looked at the transition from 235U to 231Th by α-decay and 

the γ-emissions associated with these transitions.  Previously, there have been some 

conflicting data as to the decay scheme associated with this transition.  In order to 

investigate this dilemma, the project utilized α-γ and γ-γ coincidence counting.  For the 

γ-γ coincidence setup, two 35% efficient HPGe detectors in a 180° geometry were used.  

It was found that the most dominant γ-ray emitted from the 205.3 keV energy level was 

19.6 keV, though this is far outweighed by internal conversion processes.  The 

probabilities in the decay scheme have been corrected and the 109.2 keV photon 

emission has been corrected to be a weak emission. 

 In 2000, Koeberl and Huber106 developed an iridium coincidence spectrometry 

(ICS) system.  The system consists of two planar HPGe detectors with 24% efficiencies.  

Iridium is known to be a prime candidate for neutron activation analysis, as its capture 

cross section for thermal neutrons is 309 barns for 191Ir.  The resulting 192Ir nucleus 

decays by β- emission to 192Pt with a number of γ-emissions.  The 316 keV and 468 keV 

photons have a strong coincidence (94.3% of the time) in 192Ir and are the primary 

photons observed in the ICS system.  The system was validated with a meteorite sample 

that was known to have an Ir abundance of about 350 pg g-1.  The result of analysis on 

these standards gave a concentration of 352 ± 29 pg g-1.  Using this system, Huber et 

al.107 looked at Ir in diamictites.  The iridium concentrations in these samples are in the 

sub-ng g-1 range, so the methods in use needed to eliminate as much background noise 

as possible.  The concentration predictions for the samples were compared with the 

results from ICP-MS analysis in order to verify the methods.  The results seemed to line 

up nicely with the ICP-MS analysis. 

 In 2001, Shuifa et al.108 analyzed the decay scheme of the transition of 95Ru to 

95Tc by γ-ray spectrometry, including γ-γ coincidence.  For the coincidence counting, two 
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HPGe detectors in a 90° geometry were used in order to reduce annihilation photon 

coincidence events.  A Pb shield was placed between the detectors in order to reduce 

Compton scattering between the detectors.  The two detectors in use consisted of a 

planar HPGe with 20% efficiency and a coaxial HPGe detector with 50% efficiency.  As a 

result, the decay scheme of 95Ru was much better characterized, as the previous study 

of this radionuclide had been performed 25 years previous to this publication, and using 

Ge(Li) detectors instead of HPGe detectors at that.  The use of HPGe detectors was 

instrumental in reducing interferences between photons that have very close energies. 

 In 2001, Zamboni et al.109 studied the energy levels of the transition of 139Ba to 

139La.  To accomplish part of this goal, a γ-γ coincidence setup consisting of a 90 cm3 

HPGe detector and a 45 cm3 Ge(Li) detector was used.  Also a coincidence system with 

the 75 cm3 HPGe detector along with a 7.6 cm x 7.6 cm NaI(Tl) detector was used.  The 

detectors had a geometry of 130° and had a 0.5 cm Pb absorber separating the 

detectors to prevent Compton scattering between the detectors.  The coincidence 

spectra were taken by setting gates on the respective detector with lower resolution.  

Due to the low statistics involved with such counting, only coincidences with the 166 

keV photon were able to be determined.  As a result of these studies, the decay scheme 

for excited 139La was improved and made current. 

 In 2001, Antovic et al.110 attempted to characterize radon by using γ-γ 

coincidence spectroscopy, utilizing the cascading transition from the β- decay of 214Bi.  

Six NaI(Tl) detectors were used, each having a diameter of 15 cm and a height of 10 cm.  

Pulse height analysis was performed using six analog-to-digital convertors.  The system 

has a 10.5% energy resolution for the 662 keV line.  Using this system, it is possible to 

count all events in one spectrum and to have spectra utilizing different multiplicities for 

each combination of detectors, with the multiplicity ranging from one to six.  It is known 

that the decay of 214Bi consists only of cascading transitions with a multiplicity of 2, so 

the proper coincidence spectra were taken to accommodate for this.  It was shown 
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through detecting radon content in water that this method is very sensitive and 

produces better results than many methods in use at the time. 

 In 2003, Hatsukawa et al.111 recognized that γ-γ coincidence counting with HPGe 

detectors produced great resolution, but efficiency was very poor.  To fix this, an array 

of 12 HPGe detectors (GEMINI) with BGO Compton suppression systems was arranged, 

with relative efficiencies ranging from 40-70%.  Using this system, the 127I to 129I 

concentration was analyzed in algae using NAA.  Ir concentrations were also analyzed in 

geological samples without radiochemical separations and it was found to have 

concentrations on the order of a few pg g-1. 

 In 2005, Ding and Shen112 looked at the transitions of 101Tc to 101Ru using both 

single and coincidence spectrometry.  For the coincidence setup, a planar HPGe 

detector with 20% efficiency was used along with a coaxial detector with 50% efficiency.  

The detectors were separated by 180°, and the samples were placed such that they 

were 10 cm from the planar detector and 15 cm away from the coaxial detector.  The 

data was recorded in list-mode and the data were analyzed in a two-dimensional plot.  

As a result, several new coincidence events were found and more insight was given to 

the energy level structure of 101Ru. 

 In 2007, Hatsukawa et al.113 improved upon the original GEMINI design and 

incorporated 19 HPGe detectors (GEMINI-II) in a coincidence spectrometry system 

setup.  The work on iodine isotopic ratios in algae and Ir in geological samples was 

repeated with this new setup.  It was found that the detection limit of the 129I/127I ratio 

is 10-13 and iridium was determined to a level of 10 pg g-1 in geological samples.  This 

setup was also used to analyze Ir specifically in Cuban sediment samples, giving a 

concentration of about 100 pg g-1 in these samples114. 

 In 2007, Metwally et al.115 used MCNP to create detector response functions that 

decreases the variance in the code being run.  The detector response function 

techniques were validated with experimental prompt gamma activation analysis γ-γ 
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coincidence counting.  For this setup, a 12.5 cm x 12.5 cm NaI(Tl) detector and a 15 cm x 

15 cm NaI(Tl) detector were used.  For the samples, natural mercury and natural nickel 

were used, both of which have high capture cross sections for thermal neutrons and 

well-defined coincident γ-rays that are far apart in energy.  These measurements 

suffered from chance coincidence measurements, but proved to be a good starting 

point for validating these MCNP codes. 

 In 2008, Sykora et al.116 used a 70% efficiency HPGe detector along with a 100 

cm x 100 cm NaI(Tl) detector or 200 cm x 200 cm NaI(Tl) well detector in a γ-γ 

coincidence counting setup.  This entire setup is located one story below ground in 

order to reduce the cosmic component of background radiation during counting.  Using 

this setup, a detection limit of 0.1 Bq/kg was observed for 60Co by counting for 21,500 

minutes.  All background and contamination observations were analyzed so that this 

system could be used for ultra-trace level detection in the future. 

 In 2008, Di Piero et al.117 observed that the concentrations of selenium in many 

biological samples fell below the detection limits.  Because of this, selenium in foods 

were determined using γ-γ coincidence counting with a 55% efficient HPGe coaxial 

detector and an active shield comprised of a 22.5 cm x 22.5 cm NaI(Tl) annulus with a 

7.5 cm x 7.5 cm NaI(Tl) plug.  When used in coincidence mode, this setup is very efficient 

for detecting the coincidence events in cascading decays.  The detection limit for 

selenium dropped by a factor of up to 2.4 for the samples being analyzed, and the 

baseline spectrum was reduced by a factor of up to 13.  The uncertainties were reduced 

by up to a factor of 2 for these samples. 

 In 2008, NIST developed a γ-γ coincidence system in order to analyze trace 

elements by way of neutron activation analysis.  Tomlin et al.118 used two coaxial HPGe 

detectors with efficiencies of 63% and 31% with a 180° geometry.  To reduce Compton 

scattering between the detectors, a shield comprised of Pb and Cu was put between the 

detectors.  To analyze this system, an irradiated sample of bovine liver was observed.  It 
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was determined that only those peaks which were in the presence of large backgrounds 

in the single spectrum exhibited any improvement in peak error when analyzed in 

coincidence mode.  Future plans have been made to look at elements which 

traditionally fall below detection limits in various standards using this coincidence setup. 

 In 2008, Matsumura et al.119 developed a coincidence/anticoincidence system 

composing of a 52.4% efficient HPGe detector surrounded by a 7.5 cm NaI(Tl) and two 

25 cm NaI(Tl) detectors.  Four plastic scintillators of 6.5 cm x 6.5 cm x 25 cm were placed 

under the HPGe and NaI(Tl) detectors for further detection capabilities.  All photons 

detected in this system were recorded in list-mode and were analyzed for γ-γ, γ-X, γ-X-X, 

and γ-β+ coincidences.  Coincidence counting was utilized to determine 194Au and 192Au 

in high-energy neutron activated gold samples.  24Na was also analyzed in various 

metallic targets that had been bombarded with He particles.  Using coincidence 

counting, the events of 24Na were separated from the events produced from the 

spallation products.  22Na was also determined in various products from the annihilation 

photons due to the β+ emission. 

 In 2008, Oshima et al.120 showed the usefulness of multiple γ-ray counting for 

spent fuel processing, NAA, and PGAA using the GEMINI-II system previously discussed.  

In analyzing nuclear waste, significant improvements were found in the detection limits 

for 94Nb, 108mAg, 152Eu, and 166mHo in the presence of a large amount of 60Co.  For NAA, 

detection limit improvements in 50 different elements were seen as compared to single 

detector analysis.  In another study121, Ir, Eu, Au, and Sb in a meteorite sample were 

analyzed using this detector setup with NAA.  For PGAA, an apparatus was devised 

containing eight clover BC type Ge detectors (termed STELLA) with a summed efficiency 

of over 120%.  Two twin-type and two coaxial-type HPGe detectors are being 

incorporated into this apparatus.  Using this system, a plan exists to analyze cadmium 

content in plastic and food samples. 
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 In 2009, Povinec et al.122 analyzed 26Al in meteorite samples by looking at the 

annihilation radiation produced from β+ decay.  A 70% efficient Ge detector was used in 

coincidence with a 10 cm x 10 cm or 20 cm x 20 cm NaI(Tl) detector, depending on the 

sample size.  The meteorite was characterized in terms of the 26Al concentration 

differences in various areas of the meteorite.  It was found that the concentrations were 

slightly higher near the edge of the meteorite.  There are several ways that 26Al is 

produced, and further analysis is planned to see the original ways the 26Al was 

developed in the meteorite. 

 In 2009, Volkovitsky and Naudus123 combined two NaI(Tl) detectors having a size 

of 8 in diameter x 6 in height.  The setup was tested by looking at three samples with 

known 60Co activities.  The results obtained from the coincidence setup were in good 

agreement with previous calibrations for the sources used. 

 In 2009, Antovic and Svrkota124 used the PRIPYAT-2M detector setup consisting 

of six NaI(Tl) crystals with dimensions of 15 cm diameter and 10 cm height.  The system 

was used to detect 208Tl in the 232Th decay chain, as well as the activity of 232Th in 

various samples.  It was shown that γ-γ coincidence counting is a good way to accurately 

and precisely determine the activity of 232Th in various samples as well as the 

concentration of 208Tl in various sample types.  These methods were compared with 

ordinary HPGe detector counting for verification purposes. 

 In 2011, Khang et al.125 developed a γ-γ coincidence counting system in the beam 

port of their research reactor.  Two HPGe detectors were used for this setup.  The 

system was tested with a 60Co source as well as with the neutron induced 35Cl(n,2γ)36Cl 

reaction.  As a result of these tests, the setup was determined be of high quality and 

good time resolution. 

 In 2011, Zhang et al.126 attempted to determine isotopic compositions of 

uranium by using γ-γ coincidence counting in conjunction with single γ-ray counting.  

Two 15.24 cm x 17.78 cm NaI(Tl) scintillation detectors were used with the end caps 



39 

 

facing each other.  The samples used were 99.9% U3O8 powder.  The enrichment 

percentages were .02%, 10%, and 80%, with the mass of each sample being about 1 g.  It 

was shown that γ-γ coincidence counting is a good method for determining isotopic 

concentrations of uranium samples. 

 As can be seen above, the main uses of γ-γ coincidence counting started out as 

cosmic radiation characterizations, decay scheme developments, and more recently 

have been used for low-level radionuclide detection and spent fuel analysis.  As 

detectors become more efficient and advanced, it appears that γ-γ coincidence counting 

will play a larger role in the future of γ-ray spectroscopy analysis. 
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Chapter 4: Theory of Compton Suppression and γ-γ Coincidence 

THEORY OF COMPTON SUPPRESSION 

 In γ-ray spectrometry, general use is made of the photoelectric effect.  This 

occurs when a photon hits an electron in the detector and transfers all of its energy to 

the electron, freeing it from the shell of the atom it was bound to.  In general, this does 

not occur in one event, but the photon scatters inside the detector, depositing partial 

amounts of its energy and freeing multiple electrons before finally being fully absorbed 

in the detector.  What happens next depends on the type of detector being used, but in 

general an electronic pulse is generated from these freed electron-hole pairs.  The 

actual method of calculating the energy of the absorbed photon is described elsewhere.  

Besides the photoelectric effect, there are two other interactions that low-energy (50 

keV – 3000 keV) photons can go through.  Compton scattering occurs when a photon 

gives some but not all of its energy to an electron, then escapes the detector entirely.  

The amount of energy imparted to the electron depends on the scattering angle that 

the photon makes with the freed electron.  The event can be thought of as an elastic 

scattering event: 

 

Figure 1: Compton Scattering 

The frame of reference being used is such that the target electron is at rest at 

the time of collision.  By conserving both linear momentum and energy, the energy of 

the new photon can be found by Equation 3.1127 
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where E’ is the energy of the scattered photon, E is the energy of the original photon, 

m0c2 is the rest mass energy of an electron, and θ is the scattering angle of the photon 

with respect to its original path of travel.  The energy of the scattered electron is 

therefore equal to E – E’, which is the energy that will be recorded in the spectrum.  The 

maximum energy that can be transferred to the electron is given when θ=π and is given 

by Equation 3.2127. 
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This energy is traditionally termed the Compton edge.  The probability of Compton 

scattering occurring generally depends on the energy of the incident photon and the 

number of electrons available for scattering.  Therefore, as Z gets larger, the probability 

of Compton scattering linearly increases.  In general, scattering is not isotropic.  The 

angular distribution of scattered gamma rays is given by the Klein-Nishina formula in 

Equation 3.3127 
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where α=E/m0c2 and r0 is the classical electron radius, dσ corresponds to the differential 

cross section of the particular scattering type, and dΩ is the differential solid angle that 

the photon scatters into after interaction. 
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 There is one more primary type of interaction that occurs between a photon and 

the detector material, namely pair production.  This occurs when a photon with energy 

greater than 1.022 MeV (twice the rest mass energy of an electron) enters a high 

Coulomb field (such as near the nucleus of an atom) and spontaneously splits into a 

positron-electron pair.  The energy above 1.022 MeV that the photon had is shared 

between the positron and the electron.  The positron quickly slows down and when it 

reaches a thermal energy, it combines with an electron to produce two 511 keV photons 

that scatter in opposite directions.  These annihilation photons can either be absorbed 

in the detector or can escape the detector.  The kinetic energy of the produced positron 

and electron are seen by the detector and produce a count in the corresponding 

channel of the spectrum.  If the annihilation photons are absorbed in the detector, it is 

usually done quickly enough to also contribute to the count in the spectrum.  Because of 

this, there are usually multiple peaks produced in the spectrum which can be explained 

by pair production.  One is the annihilation peak, which is just the energy of the 511 keV 

photon.  Another is called a single escape peak, which occurs when one of the 

annihilation photons contributes to the spectrum and one of the annihilation photons 

escapes.  This single annihilation photon combines with the kinetic energy of the 

positron and the electron to produce one pulse.  The energy associated with this peak is 

511 keV below the energy of the original photon.  The final significant peak produced by 

this interaction is called the double escape peak, which occurs when both annihilation 

photons escape, and the only contribution to the spectrum is from the kinetic energies 

of the positron and the electron.  The energy associated with this peak is 1022 keV 

below the energy of the original photon.  Normally pair production does not occur 

unless the photon has energy higher than 2-3 MeV.  Figure 2 shows the relative 

probability of a given interaction happening based on the energy of the photon. 
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Figure 2: Gamma-Ray Interactions in a Germanium Detector 

 Compton suppression attempts to reduce the effect of Compton scattering on 

the spectrum by using a multiple detector setup.  The primary detector, usually made up 

of a semi-conductor material, is placed within a secondary detector, usually a NaI(Tl) 

annulus – also called the active shield.  The energy spectrum is produced from the 

primary detector, which has a better energy resolution than the annulus but lower 

efficiency.  The secondary detector usually has lower energy resolution, but much better 

efficiency.  This is important because to suppress Compton scattering events, one looks 

for a photon of any energy being detected by the NaI(Tl) annulus, therefore, sacrificing 

energy resolution for the sake of efficiency in the active shield is optimal.  When a 

photon is detected by the primary detector, one of two things can happen: 1) there is no 

count in the secondary detector within a specified gating time, which results in a count 

from the primary detector being recorded in the spectrum; 2) a count is registered in 

the secondary detector within the specified gating time, which results in the primary 

count being suppressed, as it is seen as a Compton scattering event. 

One disadvantage of Compton suppression is that oftentimes coincident photons 

are suppressed from the spectrum, since there is no differentiation between Compton 
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scattering events and γ-γ coincidence events.  True coincidence events occur when a 

decaying nucleus emits two or more photons in rapid succession, and will be discussed 

further in the next section.  Chance coincidence events occur when two photons from 

different decaying nuclei hit the detectors within the gating period.  This type of 

coincidence usually occurs more often with high activity sources, giving rise to the 

notion that higher activity samples decrease the performance of the Compton 

suppression system.  Another effect that should be considered is coincidence summing 

effects.  This occurs when two or more photons are registered in the primary detector at 

the same time and a count is recorded as the sum of the energies of the photon events. 

Another important interaction of decaying nuclei with detector materials is 

Bremsstrahlung radiation.  This occurs when a free electron interacts with the strong 

Coulomb field near the nucleus of an atom.  When the electron slows down near the 

nucleus, some of its kinetic energy is released in the form of high-energy photons.  

These Bremsstrahlung photons are then detected by the primary detector and can 

produce strong interference in the low energy portion of the spectrum.  Bremsstrahlung 

radiation is especially prevalent when the decaying nucleus goes through a β- emission, 

producing many free electrons which interact with the detector. 

THEORY OF γ-γ COINCIDENCE 

 As mentioned previously, γ-γ coincidence counting makes use of nuclei that 

decay with cascading (multiple-photon) emissions.  This occurs when a nucleus decays 

by charged particle emission (beta, alpha, electron capture) and is left in a high energy 

state of the daughter nuclide.  In single emission decays, the excited daughter nucleus 

emits a photon and immediately transitions to its ground energy state.  In cascading 

emissions, the excited nucleus emits a photon and transitions to a lower energy level, 

but not the ground state.  It then decays very quickly afterwards (on the order of 10-12-

10-9 seconds) to the ground level.  The nucleus can decay several times into lower and 

lower energy states, emitting several photons in its transition to the ground state. 



45 

 

 Gamma-gamma coincidence counting makes use of these cascading decays 

through a multiple detector setup.  There is a primary detector, usually a semiconductor 

detector (or a detector with good resolution), and a secondary detector, which can 

either be another semiconductor detector or a NaI(Tl) detector (or a detector with high 

efficiency).  By using a semiconductor detector in coincidence with a NaI(Tl) detector, 

one can see the cascading photons with a relatively small decrease in counting 

efficiency.  The disadvantage to this setup is that there is no decrease in Compton 

scattering events in the spectrum.  By using a semiconductor detector in coincidence 

with another semiconductor detector, one can see the cascading photons with little 

interference from Compton scattering events, but the length of time it takes to get data 

with good statistics is much greater.  Another advantage to using this type of system is 

the ability to look at the energies recorded in each detector in the coincidence events 

with proper electronics.  This type of analysis can be done to separate true coincidence 

events from chance coincidence or Compton scattering events.  
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Chapter 5: Theory of Neutron Activation Analysis 

Neutron activation analysis is a method used to accurately determine the 

elemental concentrations of the sample in question.  This is done by putting the sample 

in the core, close to the core, or in a beam port of a nuclear reactor, subjecting the 

sample to a neutron flux.  While other neutron sources do exist, reactors are the most 

popular source of neutrons.  The flux produced by the reactor can be determined from 

the power of the reactor at the time of irradiation.  The interaction of the neutrons with 

the sample in question depends on the cross sections of the elements in the sample.  

The main interaction types applicable to neutron activation analysis are capture and 

scattering.  These interactions can take various forms, depending on the element.  Some 

different forms of capture cross sections include (n,γ) in which a neutron is absorbed by 

the nucleus and promptly emits a γ-ray.  Other forms of popular capture interactions 

include (n,α), (n,β), and (n,2n).  Similar to the (n,γ) reaction, these interactions occur 

when a neutron is absorbed into the nucleus and a particle emission (α, β, etc…) 

subsequently occurs.  Scattering interactions take two forms: elastic and inelastic.  

Scattering interactions take place when a neutron hits a nucleus and immediately 

scatter off in another direction with a different kinetic energy.  Elastic scattering occurs 

when kinetic energy is conserved throughout the scattering interaction.  Inelastic 

scattering occurs when some of the kinetic energy of the original neutron is transferred 

to internal energy of the nucleus.  After the scattering interaction takes place, the 

nucleus is left in an excited state. 

 Each nuclide has a probability of interaction associated with it.  These 

probabilities are called cross sections, and they depend on the interacting nuclide and 

the energy of the interacting neutron.  For example, the radiative capture (n,γ) cross 

section associated with 1H from a .0253 eV (thermal energy) neutron is 332 millibarns (= 

.332 x 10-24 cm2).  This means that for the given target (1H), the probability that any one 
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neutron with energy .0253 eV will be absorbed by the target is 0.332 x 10-24 / cross 

sectional area of target atom.  From the density of 1H, one can calculate the cross 

sectional area of one atom to be about 5.78 x 10-14 cm2.  Therefore, the probability of a 

single thermal neutron being absorbed by a single 1H atom is about 5.74 x 10-12. 

 When an absorbing nucleus captures a neutron, the resulting nuclide is usually 

put into an excited energy state.  Oftentimes, the daughter nucleus will emit a prompt 

gamma ray to return to its ground state.  The nucleus then may either be stable or 

unstable.  If it is unstable, it will then decay with a certain half-life associated with that 

particular nuclide.  This is the basis of neutron activation analysis as researchers and 

scientists are able to analyze the decay emissions from these radioactive elements. 

 Neutron activation analysis can be done by utilizing radiative capture 

interactions: 

 n + AZ  A+1Z*  A+1Z + γ (4.1) 

where AZ is the original nucleus, A+1Z* is the resulting nucleus in an excited state, and 

A+1Z is the resulting nucleus in the ground state.  The resulting γ-ray is a prompt γ-ray 

and can only be detected by prompt gamma activation analysis, which can be done by 

placing a detector in the beam port along with the sample being analyzed.  Neutron 

activation analysis more often depends on the delayed γ-rays, which occur when the 

resulting nuclide decays by particle emission along with a gamma ray: 

 n + AZ  A+1Z  A+2(Z-1)* + β-  A+2(Z-1) + γ + β- (4.2) 

where AZ is the original nucleus, A+1Z is the nucleus resulting from neutron capture,  

A+2(Z-1)* is the second generation nucleus resulting from β- decay in an excited state, 

and A+2(Z-1) is the second generation nucleus in the ground state.  The above 

activation/decay chain shows how a resulting radionuclide can decay by β- emission, but 

this can also occur with α, β+, or electron capture interactions.  By calculating the 

activity of a given radionuclide with known mass in a sample, one can determine the 

original concentration of the element in question.  This is done by using Equation 4.3128 
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 A = σ φ (m/M) NA S D C θ Pγ ξ (4.3) 

where A is the measured activity in Bq from the reaction, σ is the activation cross 

section of the reaction in cm2, φ is the activating flux in neutrons/cm2 sec, m is the 

amount of the original element determined in grams, M is the atomic weight of the 

element to be determined in grams/mol, NA is Avagadro’s constant in atoms/mol, S is 

the saturation factor (1-e-λt) where λ is the decay constant of the radioactive product 

and t is the duration of the irradiation time, D is the decay factor (e-λt) where t is the 

duration of the decay time, C is the correction factor for nuclide decay during counting 

(1-e-λt) where t is the duration of counting time, θ is the relative natural isotopic 

abundance of the activated isotope, Pγ is the probability of emission of a photon with 

energy E, and ξ is the detector efficiency for the measured radiation energy.  In doing all 

of this one can solve for m, which will give the mass of the element in question that was 

contained in the original sample.  The concentration of the element is calculated by 

taking this mass and dividing it by the overall mass of the sample.  This method of 

calculating elemental concentrations is called the k0 method, and can leave room for a 

lot of user error, since there are so many unknowns to derive.  The above equation 

assumes there is negligible burn-up of the nuclide in the sample. 

Another way to perform these calculations is by way of the comparator method.  

This involves irradiating at least one sample with known concentrations in the same 

conditions as the sample in question.  There are then two samples S1 and S2 which 

contain differing amounts of the element in question m1 and m2.  The goal of the 

research is to accurately determine m2 by using the activities, A1 and A2, found in S1 and 

S2 respectively, and the mass m1.  In light of the equation from the k0 method, Equation 

4.3 becomes: 

 A1 = σ φ (m1/M) NA S D1 C1 θ Pγ ξ 

A2 = σ φ (m2/M) NA S D2 C2 θ Pγ ξ 

 

(4.4) 

(4.5) 
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where any variables without subscripts are the same for each equation.  By dividing the 

Equation 4.4 by Equation 4.5, the following result is obtained: 

 A1/A2 = m1D1C1/(m2D2C2) (4.6) 

 

Solving for m2: 

 m2 = m1D1C1A2/(D2C2A1) (4.7) 

If the time between counts and overall counting times for the two samples is small 

when compared with the half-life of the measured radionuclide, then D1 and D2 are 

approximately equal and C1 and C2 are approximately equal.  This leaves Equation 4.8: 

 m2 = m1A2/A1 (4.8) 

As can be seen, this is a much less calculation intensive way to determine the 

concentration of a given element, and this is the preferred method for the duration of 

this paper. 

 If the comparator method is not a feasible way to calculate the activity, then one 

must resort to the k0 method.  When using this type of calculation, one must have a way 

to calculate the flux of neutrons in the location of the sample as it is being irradiated.  

The flux of a neutron beam can be calculated from the power level of the reactor.  If one 

knows the neutron flux at a certain power level of the reactor, then one can calculate 

the flux of the reactor at any power level, since it is assumed that the flux is linearly 

proportional to the power.  For the TRIGA reactor at the University of Texas at Austin, 

the thermal neutron flux can be calculated by Equation 4.9. 

         ( )   (  )(         )                        (4.9) 

 Neutron activation analysis is a very powerful technique and can be used to non-

destructively analyze samples for their elemental concentrations.  Depending on the 

element in question, the type of detector used, and the times of decay, irradiation, and 

counting, one can find detection limits on the order of pg g-1, ng g-1, and μg g-1.  
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Chapter 6: Apparatus and Experimental Setup 

DETECTORS 

 There are three main components to a γ-ray spectroscopy setup: detectors, 

shields, and electronics.  There are many different types of detectors that can be used 

for various experimental setups, and this overview will attempt to describe the main 

detectors currently in use for γ-ray spectroscopy.  The most common type of primary 

detector currently in use is a semiconductor detector.  The material for these detectors 

is usually germanium, but other new detector materials such as CZT, CSI, etc, are 

becoming more popular.  By providing a voltage across the detector, ionizing radiation 

can interact with the outer-shell electrons in the semiconductor material129.  The freed 

electrons then interact with other electrons in the semiconductor, creating electron-

hole pairs.  For a germanium detector cooled by liquid nitrogen (77 K), the energy 

necessary to create an electron-hole pair is 2.96 eV.  At room temperature, the thermal 

excitation of the electrons is enough to push them across the band gap and thus a 

germanium detector becomes useless.  As the electron-hole pairs are created, charges 

arise within the semiconductor.  One then induces an electric field on the detector to 

create a drift velocity for the charged particles in the semiconductor.  Using this drift 

velocity and experimentally validated statistics on the starting positions of the charges, 

one can deduce the total charge induced by the ionizing radiation, which is proportional 

to the energy of the ionizing radiation in question.  The detector is connected to a 

preamplifier, which collects the charge as it travels to the contact of the detector.  The 

integrative nature of the preamplifier allows for the charges to arrive at different times 

to the contacts.  When the charge in the integrative circuit becomes fairly constant (i.e. 

no other charges are being collected by the preamplifier), the integrated charge is 

transferred as a pulse to the electronics setup to be analyzed.  The height of this pulse is 

proportional to the energy of the original ionizing radiation.  Figure 3127 gives a good 
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illustration for what the coaxial germanium detectors look like and how the electrons 

and electron holes travel in the detector.  Semiconductors are generally known for 

excellent energy resolution, but this comes at the sacrifice of efficiency. 

 

Figure 3: Coaxial Germanium Detectors 

 Another type of detector is the scintillation detector.  The most common types 

of scintillation detectors are composed of thallium doped sodium iodide, NaI(Tl), or 

bismuth germanate, BGO.  It is termed a scintillation detector because an interacting γ-

ray will produce a pulse of visible light in the detector by way of fluorescence, the 

intensity of which is proportional energy transferred by the original γ-ray127.  In a pure 

NaI lattice, there is a band gap that separates valance electrons and free electrons.  In 

order to free an electron from the lattice, it must acquire energy greater than this band 

gap.  Once an electron is freed, it generally travels throughout the crystal until it 

interacts with something.  In the unlikely event that an electron is caught by a hole in 

the crystal, the electron returns to the valence band.  Energy is then released in the 

form of a photon, with the magnitude being about that of the band gap.  For pure NaI 

crystals (and many other pure scintillator structures) this band gap energy is greater 

than the energy of visible light, and thus photons with this energy cannot be converted 

to electrical energy by the photomultiplier tubes.  The band gap – also called the 
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forbidden gap – is a range of energies in which an electron will never be found in the 

pure crystal.  The pure crystal photon emissions also leave a strong possibility of self-

absorption throughout the crystal, causing difficulties in spectroscopy.  In order to 

overcome these difficulties, scintillation detectors are doped with an impurity, or 

activator, that has multiple energy levels within this “forbidden zone”.  These energy 

levels are illustrated in Figure 4127. 

 

Figure 4: Energy Band Structure of an Activated Crystalline Scintillator 

In the case of NaI crystals, Tl is the activator of choice.  As electrons are freed in 

the crystals, a hole is left in the place where the electron was originally.  This hole 

quickly travels to an activator and ionizes it.  When freed electrons are traveling in the 

lattice, they soon encounter one of these ionized activators and deionize it, putting the 

activator into an excited state.  The activator atom will then decay with some half-life to 

its ground state by releasing a photon that lies within the visible spectrum.  The half-life 

of this exited atom is usually much longer than the time electrons spend travelling 

through the crystal, so this decay time is what determines the time characteristics of 

these scintillators.  The photon emitted by the activator is transparent to the scintillator 
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medium, since it has an energy in the forbidden zone of the crystal.  It then goes to the 

edge of the scintillator where it interacts with the photomultiplier tube.   

 In general when a gamma ray interacts with a scintillator detector by way of the 

photoelectric effect, the freed electron (delta ray) frees many more electrons by 

transferring kinetic energy.  In general, to free an electron in the crystal, the electron 

must be imparted with an energy of about three times the band gap energy.  In a NaI(Tl) 

crystal this amounts to about 20 eV (as compared to 2.96 eV for germanium detectors – 

one reason why the energy resolution is not as good), so a 1 MeV photon will create 

about 5 x 104 electron-hole pairs.  By way of experimental procedures, it has been 

determined that NaI(Tl) detectors have an absolute efficiency of about 12%, so a 1 MeV 

photon will produce about 1.2 x 105 eV of light energy, composed of about 4 x 104 

photons with about 3 eV each.  Scintillator detectors generally have an energy 

resolution on the order of 20 times less than a semiconductor detector, but a NaI(Tl) 

detector is much less expensive than a semiconductor detector with the same 

efficiency. 

SHIELDS 

 In γ-ray spectroscopy, there are two types of shields: passive and active.  Passive 

shields act to reduce outside interference from the detectors.  This interference arises 

from cosmic rays, outside sources, naturally occurring radioactivity, etc.  Generally, the 

passive shield completely surrounds the detector and is composed primarily of lead, 

which is effective for stopping alpha particles and gamma-rays.  Electrons that interact 

with lead are slowed or stopped, but in the process can produce unwanted 

Bremsstrahlung radiation.  In order to reduce this Bremsstrahlung effect, some lower-Z 

material such as plastic, copper, or aluminum can be placed between the lead and the 

detector to stop most of the electrons. 

 Active shields consist of a secondary detector that acts to veto certain events 

found in the primary detector using parameters set up by the user.  For example, in 
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Compton suppression, active shields are used to reject those events in the primary 

detector that occur in coincidence with a count found in the secondary detector.  This is 

done by setting some timing window between the two detectors such that when a 

count registers in the primary detector, it is only counted if there is no event detected in 

the secondary detected during the specified time interval after the initial event is 

registered.  Because it acts as a rejection mechanism, it is essential that the active shield 

surrounds most of the primary detector and is of very high efficiency.  For this reason, 

the most common type of active shield is a NaI(Tl) annulus which surrounds the primary 

detector in use.  Many systems also employ a NaI(Tl) plug which fills the opposite side of 

the annulus from the primary detector.  This gives almost complete 4π geometry for the 

active shield and rejects those photons which scatter at or close to 180°. 

ELECTRONICS 

 For a normal γ-ray spectroscopy setup, the electronics consist of a preamplifier 

or photomultiplier tube, usually attached to the detector itself, as well as a main 

amplifier and a multi-channel analyzer (MCA).  The preamplifier takes the signal 

produced by the detector and converts it to a readable pulse by magnifying it above the 

internal noise of the electronics.  The pulse is then transferred to the main amplifier to 

be converted to something that can be analyzed.  This is usually done by shaping and 

magnifying the pulse further.  The setting of the main amplifier usually depends on the 

desired observable energy range of the photons.  If lower energy photons are desired, 

then the amplifier gain setting will be high, whereas if higher energy photons are 

desired, the amplifier gain setting will be relatively low.  From the amplifier, the signal is 

transferred to the MCA.  The MCA takes this analog pulse and digitizes it by putting it 

into an energy bin, which is transferred to the computer for visual output. 

 The electronics setup for Compton suppression or γ-γ coincidence includes 

everything mentioned above, plus timing and gating electronics for the rejection of 

certain events.  In addition to the preamplifier/photomultiplier tube, main amplifier, 



55 

 

and multi-channel analyzer, a Compton suppression or γ-γ coincidence setup should 

generally include a timing filter amplifier (TFA), constant fraction discriminator (CFD), a 

time-to-amplitude converter (TAC), and a single-channel analyzer (SCA), as well as 

various delay modules.  These are the electronic components that are most often used 

in Compton suppression and γ-γ coincidence systems.  Other electronics systems can 

and have been used for Compton suppression and γ-γ coincidence, but will not be 

mentioned here. 

The TFA is generally used in the same way as the main amplifier, but it sacrifices 

pulse shape for the sake of speed.  This is generally desirable because in the 

determination of whether to reject the event that takes place in the primary detector, 

one only wants to look at whether an event has occurred within a certain time, and not 

the exact energy deposition of the event.  By overlooking the shape of the pulse, one 

does not incur needless delays in the analysis, which could impact the performance of 

the system. 

The CFD is used to account for the various pulse heights that are observed by the 

system.  Discriminators in general are used to reject signals that are designated as noise.  

Simple discriminators do this by allowing a signal through as soon as the pulse reaches a 

certain voltage.  The problem with this type of setup is that pulses with varying heights 

generally reach this threshold voltage at different times.  Therefore, the discriminator 

would disrupt the timing of the pulses and could incorrectly cause the system to see 

certain events as coincidence events and vice-versa.  In actuality, pulses will generally 

rise to a specified fraction of their peak height in the same time interval.  For example, if 

two pulses have different amplitudes, the time it takes for each pulse to rise to half of 

its height is constant, while the time it takes for each pulse to rise to .1 Volts will be 

different.  The CFD observes whether a specified fraction of the peak height is greater 

than some threshold voltage and then allowing the pulse through, rather than 
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immediately transmitting the pulse when it crosses the threshold voltage.  This allows 

the timing to continue uninterrupted by the discriminator. 

At this point, the pulse is usually put through a delay generator in order to 

ensure that the time between photon absorption in the detector and pulse transmission 

by the CFD are equal for both the primary and secondary detectors.  This is necessary 

because the signal from a scintillator detector is usually transmitted much faster than a 

semiconductor detector.  This is because the scintillation detectors transmit their signals 

with photons, which travel at the speed of light.  Semiconductor detectors transmit their 

signals using excited electrons, which do not travel as fast as photons.  The result is that 

the semiconductor signal will be significantly delayed when compared with the 

scintillation signal.  In order to account for this delay, the scintillation detector is usually 

connected to a delay generator.  Depending on the detectors being used and the type of 

electronics used for each component, the semiconductor detector may have the delay 

generator or both may have delay generators. 

Once the signals are processed in the delay generator, they are transmitted to a 

gating module.  This module usually exists as a combination TAC/SCA.  The primary 

detector is connected as the Start signal while the secondary detector is connected as 

the Stop signal.  The TAC looks at the time interval between the two signals and 

converts this into a pulse with the amplitude being proportional to the amount of time 

between the two signals.  The gate then analyzes this amplitude and if it falls within a 

certain interval, it will signal the SCA to generate a pulse, which is attached to the gate 

on the MCA (attached to the primary detector).  By setting the gate to anticoincidence 

mode, the signals originating from the primary detector that occur in coincidence with a 

pulse from the SCA will be rejected as they are seen as Compton scattering events. 
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Chapter 7: System Description at the University of Texas at Austin 

REACTOR AND SAMPLE PREPARATION 

 The reactor in use at the University of Texas at Austin is a 1.1 MW TRIGA Mark II 

research reactor.  Samples are prepared for irradiation in polyethylene vials, with liquid 

samples being double-encapsulated and heat sealed.  There are two main modes of 

irradiation in the reactor: Rotary Specimen Rack (RSR) and fast pneumatic.  The samples 

irradiated in the RSR are put into polyethylene vials and then into rabbit containers 

which are lowered manually into the reactor for long-term (> 10 minutes) irradiation.  

Generally the RSR is used for determining elements with radionuclides with long half-

lives128.  The fast pneumatic system is a pressurized system that can transfer samples 

directly from the sample preparation laboratory to the core of the reactor.  This system 

is used for short-term (10-second to 10-minute) irradiations and is generally used for 

determining elements with radionuclides that have short to medium half-lives (10 

seconds to 1 hour). 

 One can also irradiate the sample with epithermal neutrons, rather than thermal 

neutrons.  To do this, the container that the sample is placed in is lined with a material 

(cadmium) that absorbs thermal neutrons and minimally interacts with epithermal 

neutrons.  In doing this, the sample is only subjected to epithermal and fast neutrons.  

This type of analysis is useful in trying to reduce interference from other nuclides that 

have high thermal cross sections (e.g. natural Na). 

DETECTORS 

 At the University of Texas at Austin, the system used for γ-ray spectrometry 

incorporates both Compton suppression and γ-γ coincidence.  The system has the 

capability of analyzing a sample with normal, Compton suppression, and γ-γ coincidence 

counting simultaneously.  It also includes an automatic sample changer.  The complete 

Compton suppression γ-γ coincidence system consists of three detectors.  The main 
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detector is a Canberra HPGe coaxial detector with 35.7% efficiency.  The secondary 

coincidence detector is an Ortec HPGe coaxial detector with 55% efficiency.  The 

detector used for Compton suppression is a 25.4 cm X 25.4 cm (12” x 12”) NaI(Tl) 

annulus.  The main Canberra detector is attached to a motor, which can be 

automatically or manually controlled for the purpose of maintaining similar detector 

geometry and automatic sample changing.  In the original setup for this system, the top 

of the NaI(Tl) annulus was filled with a NaI(Tl) plug.  In order to produce accurate γ-γ 

coincidence measurements, the NaI(Tl) plug was replaced with the second Ortec HPGe 

detector.  While a HPGe detector is not as efficient as a NaI(Tl) plug, the increase in 

energy resolution of this second detector allows for advanced coincidence counting 

techniques, such as energy-gating or list-mode data acquisition.  As a result of this 

exchange, the Compton counts produced from 180° scattering are more prevalent in the 

Compton-suppressed spectra.  Figure 5 shows the detector setup at UT Austin. 

 

Figure 5: Detector Setup at UT Austin 
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SHIELD 

 The shield used for this system includes a 4” thick lead brick wall measuring 71 

cm x 61 cm x 61 cm, with the inside layered with copper and aluminum plating for the 

purpose of stopping high energy electrons, which produce interfering Bremsstrahlung 

radiation in high Z materials such as lead.  The NaI(Tl) annulus serves as an active shield 

for use during Compton suppression mode, and also provides some passive shielding for 

outside interference that penetrates the lead wall and copper and aluminum plates. 

ELECTRONICS 

 Figure 7 shows the electronics setup at UT Austin. 

 

Figure 6: Electronics Setup at UT Austin 



60 

 

The electronics included for the system setup include three main setups: normal, 

Compton suppressed, and coincidence.  For the normal mode, the setup is relatively 

simple.  The primary HPGe is connected to an Ortec 672 spectroscopy amplifier, which is 

connected to an Ortec Model 921E multichannel analyzer.  The settings on the amplifier 

were such that the energy range of the resulting spectrum went from 20 keV to 3000 

keV.  There is no gate for the normal spectrum, since it is a single-detector setup. 

 

 

 

 

For the Compton suppression system, the setup is a bit more complicated.  Once 

again, the main HPGe is connected to an Ortec 672 Spectroscopy Amplifier, which goes 

to an Ortec Model 921E multichannel analyzer.  This amplifier is also set so the resulting 

spectrum will range from 20 keV to 3000 keV.  The Compton suppression system is set 

up so that when the primary HPGe records an event within a time window with either 

the NaI(Tl) annulus or the secondary HPGe, the count will be suppressed.  The primary 

HPGe is connected to an Ortec 579 fast filter amplifier.  The amplifier is then connected 

to an Ortec 584 constant fraction discriminator.  The constant fraction discriminator is 

connected to a delay unit and gives a delay of 25 ns.  The output of the constant fraction 

discriminator is connected to the Start input of an Ortec 567 time amplitude 

convertor/single channel analyzer (TAC/SCA).  The output of the TAC/SCA is connected 

to the gate of the multichannel analyzer.  It is the TAC/SCA which has all of the detectors 

connected to it and finds coincidence events.  The NaI(Tl) annulus is connected to an 

Ortec 579 fast filter amplifier, which is connected to an Ortec 584 constant fraction 

discriminator.  The constant fraction discriminator is connected to a delay unit with 100 

ns delay.  The constant fraction discriminator is then connected to an Ortec 416A gate 

and delay generator, which delays the pulse by 4.5 μs.  The gate and delay generator is 

HPGe Amplifier MCA 

Figure 7: Normal Mode Electronics Setup 
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then connected to an Ortec 418A universal coincidence gate.  The secondary HPGe also 

eventually connects to the universal coincidence gate.  The secondary HPGe is 

connected to an Ortec 579 fast filter amplifier which is connected to an Ortec 584 

constant fraction discriminator.  The constant fraction discriminator is connected to a 

delay unit with 25 ns of delay.  The constant fraction discriminator is then connected to 

the Ortec 418A universal coincidence gate.  The gate generates a pulse if either the 

NaI(Tl) annulus or the secondary HPGe detector observes an event.  The universal 

coincidence gate is then connected to the stop input of the TAC/SCA.  The TAC/SCA 

generates a pulse to the multichannel analyzer gate if the height of the pulse from the 

TAC is between .50 V and 10.02 V.  The range of the TAC is set to 1 μs, meaning the time 

window goes from 50 ns to 1 μs.  If two pulses occur in the start and stop inputs of the 

TAC/SCA, a pulse will go to the gate of the multichannel analyzer. 
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The coincidence setup only uses the two HPGe detectors.  The primary HPGe is 

connected to an Ortec 672 spectroscopy amplifier, with the unipolar output being 

connected to an Ortec Model 921E multichannel analyzer.  The bipolar output from the 

amplifier is connected to an Ortec 551 timing SCA.  The output of the timing SCA is 

connected to the Start input of an Ortec 567 TAC/SCA.  The secondary HPGe is also 

connected to an Ortec 672 spectroscopy amplifier.  The bipolar output is connected to 

an Ortec 551 timing SCA, which is connected to an Ortec 416A gate and delay generator.  

The delay generator has a delay of 1.65 μs and is connected to the Stop input of the 

TAC/SCA.  The range of this TAC/SCA is 1 μs and has a lower level of .05 V with a window 

of 10.02 V.  So the TAC/SCA will generate a pulse if the difference between the Start and 

Stop inputs is anywhere from 10 ns to 1 μs (10 ns is the lower limit for the TAC/SCA).  

The TAC/SCA is then connected to the gate of the multichannel analyzer. 
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Figure 9: Gamma-Gamma Coincidence Electronics Setup 
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Chapter 8: System Characterization 

GEOMETRY OPTIMIZATION 

 Performance of Compton suppression systems vary based on the geometric 

specifications induced on the system.  In the case of a HPGe detector inside of a NaI(Tl) 

annulus, if the detector is not far enough inside the annulus, then there will be some 

Compton scattered photons that escape the HPGe detector without having the chance 

to interact with the annulus.  If the detector is too far in the detector, then the same 

thing could happen, but the photons are more likely to escape out the opposite end.  

One must also take into account the optimal geometry specification for sample 

placement relative to the primary detector.  This may vary based on the sample, since 

different samples have different activities, and these samples will induce different dead 

time percentages in the detector.  This may then also affect the optimal geometry for 

the HPGe detector inside the annulus.  Because of these variances, only the optimal 

geometry for the HPGe detector inside the NaI(Tl) annulus was found using a 137Cs 

source placed 1 cm above the primary HPGe detector.  The peak-to-Compton ratio was 

measured for each position starting with the entire HPGe detector outside of the 

annulus and raising it into the annulus gradually until the detector was fully inserted.  

From the graph below, it is shown that the peak-to-Compton ratio is highest when the 

detector is fully inserted into the annulus. 
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Figure 10: Compton Suppression System Performance with Geometry Variations 

EFFICIENCY CALCULATION 

 Because radioactive decay in the samples being analyzed is fairly isotropic, there 

will naturally be some photons that do not reach the detector at all.  Because of this, 

there is some absolute efficiency associated with every detector.  This efficiency also 

depends on the activity of the sample, since dead time can affect the efficiency of a 

spectrum.  Compton scattering also affects the efficiency of the spectrum, since only a 

partial amount of the energy is deposited into the detector.  The efficiency also depends 

on placement of the sample, as well as the energy of the photon being emitted, as 

higher energy photons are less likely to interact with the detector nuclei.  Given all of 

these factors, an efficiency calibration equation can be calculated based on a known 

standard (152Eu) and the number of counts it produces in each peak.  Generally, 152Eu is 

a favored standard in calibrating detectors because it produces several strong peaks 

across a wide energy range.  The particular standard used was calibrated to be .10008 

μCi on July 27th, 2006.  The spectrum was taken on March 31st, 2011.  Using the decay 

equation A = A0e-λt, the activity at the time of analysis is A = .10008e-(ln2/13.537)*4.6767 = 
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.07877 μCi = 2914 decays/s.  This was done with the standard 1 cm above the top of the 

detector.  Table 1 shows the main photon energies of 152Eu and the intensities for each 

photon. 

Table 1: 152Eu Gamma Rays and Intensities 

Photon Energy (keV) Absolute Intensity (%) 

121.78 28.67 

244.70 7.61 

344.28 26.56 

778.90 12.96 

964.08 14.65 

1112.07 13.69 

1408.01 21.07 

 

Figure 11 shows the detector efficiency curve obtained by taking the count rate in each 

peak and dividing it by the absolute intensity associated with each gamma ray. 
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Figure 11: Efficiency Curve for Germanium Detector 

The line of best fit obtained in the above graph is: 

             (     )             (7.1) 

Another area of interest regarding the Compton suppression system and 

coincidence system is the number of counts each system records as compared with the 

normal system.  In order to accurately characterize this relative efficiency, for the 

Compton system, a standard with a single photon emission is necessary.  For this, 203Hg 

was used, which has a single emission at 279 keV.  Figure 12 shows the Compton 

suppressed counts and the normal counts overlaid on the same graph. 
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Figure 12: 203Hg Spectrum Normal vs. Compton 

The counts for the 279 keV peak in normal mode were 25404 ± 179, while the 

counts for the 279 keV peak in Compton mode were 25249 ± 171.  It can be seen that 

when the peak is a single emission peak, there is virtually no loss in counting.  However, 

in looking at a photon that has a strong coincidence with another peak, something 

changes.  Consider 60Co, which has two main photopeaks at 1173 and 1332 keV.  These 

photons are emitted in coincidence 99.9% of the time.  Figure 13 shows the spectrum in 

normal and Compton modes. 
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Figure 13: 60Co Spectrum Normal vs. Compton 

Using the 1332 peak, it can be seen that in normal mode, the count rate was 

75.33 ± .30 counts/second, while in Compton mode the count rate was 20.44 ± .09 

counts/second.  It can be seen that the peaks are reduced significantly, due to the 

anticoincidence nature of the Compton suppression system. 

 NaI(Tl) detectors traditionally have much higher efficiencies than HPGe 

detectors.  In this coincidence counting setup, two coaxial HPGe detectors were used.  

Because of the choice in detectors, the efficiency of the coincidence setup is going to be 

much less than the efficiency of a normal detector.  This hypothesis can be tested by 

taking three simultaneous spectra: a normal count from the primary HPGe detector, a 

normal count from the secondary HPGe detector, and a coincidence count from both 

detectors.  Using a 60Co standard, the difference can be seen in Figure 14. 
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Figure 14: 60Co Spectrum Normal and Coincidence 

Using the 1332 peak, 187353 ± 440 counts are obtained in the primary HPGe 

detector.  In the secondary HPGe detector, 186776 ± 493 counts are obtained.  It is 

observed that there is severe low-energy tailing in the secondary detector.  The cause of 

this effect is not fully understood, but seems to be an inherent characteristic of the 

secondary detector.  In coincidence mode (recording the counts from the primary 

detector when an event is observed coincidentally in the secondary detector), 12672 ± 

121 counts are obtained.  From this data, if two photons are emitted with 100% 

coincidence, the coincidence mode will record roughly 15 times less counts than if the 

spectrum was taken in the same geometry in normal mode.  The background 

surrounding the peak is about 17 times less than in normal mode.  Since the detection 

limits are proportional to the square root of the background, the detection limits for γ-γ 

coincidence mode may not be improved from the normal mode.  However, interference 

due to Bremsstrahlung radiation will be suppressed with γ-γ coincidence counting, 

which could allow more precise analyses on biological samples. 
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 Another mode of counting is obtained with the NaI(Tl) annulus functioning as a 

coincidence gate, rather than anti-coincidence.  This mode tends to be much more 

efficient than only using the two HPGe detectors in coincidence, but there is no 

reduction in the Compton continuum and is much more subject to interference.  Figure 

15 shows four spectra of 60Co – normal, Compton suppressed, HPGe-NaI(Tl) coincidence, 

and HPGe-HPGe coincidence: 

 

Figure 15: 60Co Normal, Compton, HPGe-NaI(Tl) Coincidence, HPGe-HPGe Coincidence 

As can be seen, the normal and HPGe-NaI(Tl) modes give about the same 

spectrum for 60Co.  Compton mode gives slightly better data than HPGe-HPGe 

coincidence data.  The hump near 1100 keV in the HPGe-HPGe coincidence spectrum is 

due to the 180° Compton scattering coincidence data from the 1332 keV peak, since the 

detectors are 180° apart. 

DEAD TIME ANALYSIS 

 Dead time also has an effect on system performance.  Dead time percentage is 

higher or lower depending on the activity of a particular sample.  If the dead time is very 

high (indicating a stronger sample), then the performance of the Compton suppression 
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system can be weakened due to the number of chance coincidence events that can 

occur between two unrelated photons.  In order to look at this relationship, the 

performance of the Compton suppression system was investigated using a combination 

of 137Cs and 56Mn.  The 137Cs standard by itself produced about 4.5% dead time 

(meaning the detector was unable to record events for 4.5% of the entire counting 

time).  56Mn has a half-life of about 2.5 hours, so to find the performance of the 

Compton system, a natural Mn standard was irradiated so that it produced 47% dead 

time in the detector when combined with the 137Cs standard, an irradiation time of 

about 10 minutes at 950 kW.  A spectrum was recorded for 10 minutes every half-hour.  

This produced spectra for the Compton suppression system at various dead times 

between 4.5% and 47% dead time, with the variance in dead time due to the decay of 

56Mn.  The peak-to-Compton ratio for each spectrum was measured and plotted (an 

indicator of the performance of the Compton suppression system) versus the average 

dead time observed at the time of data collection.  The results can be seen in Figure 16. 

 

Figure 16: Compton Suppression Performance with Varying Dead Time 
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To calculate the peak to Compton ratio, the maximum number of counts in the 

peak of 137Cs (662 keV) was taken and divided by the average number of counts 

observed in the Compton continuum (358-382 keV).  As seen from Figure 16, the 

performance of the Compton system is heavily affected by activity of the sample – 

indicated by the dead time produced in the spectrum.  Use of the Compton suppression 

system becomes unfruitful when the dead time is above 30%.  Biegalski et al.130 

performed dead time correction experiments and concluded that dead time plays a 

large contribution in system performance.  They found that samples with dead times 

much above 20% gave very poor results in predicting elemental concentrations.  Figures 

17-19 show the observed spectra for high, medium, and low dead times for normal and 

Compton suppressed modes. 

 

Figure 17: 137Cs Spectrum with Low Dead Time 
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Figure 18: 137Cs Spectrum with Medium Dead Time 

 

 

Figure 19: 137Cs Spectrum with High Dead Time 

For low dead times (4.5%), the peak-to-Compton ratio was calculated to be 

101.5 for normal mode and 384.3 for Compton mode.  For medium dead times (20%), 

the peak-to-Compton ratio is 27.5 for normal mode and 63.9 for Compton mode.  For 



74 

 

high dead times (47%), the peak-to-Compton ratio is 10.5 for normal mode and 13.1 for 

Compton suppressed mode.  Because these advanced detector setups are affected by 

many different variables, anyone using these systems should be familiar with how 

system performance can be affected and how to optimize the experiment to make use 

of the system. 
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Chapter 9: Mercury and Selenium in Biological Samples 

BACKGROUND 

Over the past several decades, the concerns of mercury contamination in the 

environment have become very widespread, and as a result, the demand for accurate 

determination of mercury concentrations has risen131.  In the public arena mercury is 

usually associated with its content in tuna.  The US Food and Drug Administration has 

published intake guidelines of mercury for pregnant women132.  In the recent past a 

model for mercury uptake was developed by putting mice on diets containing mercury-

contaminated fish flesh from French Guiana133.  There have been studies on the synergic 

effect of gold mining and damming on mercury contamination in fish134 and the impact 

of small-scale mining activities on the levels of mercury in the environment135.  Neutron 

activation analysis is unique in that it is a non-destructive technique that provides 

accurate elemental determinations with low detection limits (on the order of ng g-1-μg g-

1).  In earlier studies, mercury determination by neutron activation analysis was 

performed by separating the mercury from the samples and analyzing the content136-138; 

however, for non-destructive NAA mercury can be difficult to measure due to the 

occurrence of selenium, which often is present in biological tissues.  Activated selenium 

(75Se), directly interferes with the only photopeak associated with activated mercury 

(203Hg).  In previous studies, selenium has been determined using fast pneumatic 

analysis to count the γ-rays from 77mSe139-140.  Selenium has also been determined 

through normal instrumental neutron activation analysis with γ-γ coincidence 

counting139.  This paper aims to use the γ-rays from 75Se, which has a much longer half-

life than 77mSe (120 days vs.  17.4 sec) using the 74Se(n,γ)75Se reaction.  The main peaks 

associated with 75Se are lower in energy (136-400 keV), and because of this, it is subject 

to elevated background interference produced by Bremsstrahlung radiation from 

activated phosphorous through the 31P(n,γ)32P.  This is significant because phosphorus 
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also exhibits a large presence in biological samples.  32P decays with a 14-day half-life by 

β- decay, the emissions of which often interact with the nuclei of the detector material.  

As a result, the accurate determinations of selenium concentrations in many samples 

are difficult to obtain using ordinary γ-ray spectroscopy.  Previous studies have also 

shown that γ-γ coincidence counting can be used to accurately determine selenium 

concentrations in environmental samples141.  For this work, it was shown that γ-γ 

coincidence counting for selenium content is also useful for biological samples, even in 

the midst of Bremsstrahlung interference.  Another objective was to show that mercury 

concentration in biological samples can be evaluated without chemical separation by 

using the advanced counting techniques of Compton suppression and γ-γ coincidence 

counting. 

THEORY 

The main γ-rays associated with 75Se have energies of 121, 136, 264, 279, and 

400 keV.  There are strong coincidences between the 121 and 279 keV photons as well 

as the 136 and 264 keV photons.  The 400 keV photon is a single emission.  The main γ-

ray associated with mercury is a singlet 279 keV photon arising from the 202Hg(n,γ)203Hg 

reaction.  Because of this overlap, a combination of Compton suppression and γ-γ 

coincidence counting has been utilized in order to separate the 279 keV peak from 203Hg 

from interference of the 279 keV peak from75Se.  A clear visualization of the two 

separate decay schemes can be seen in Figures 20 and 21142. 
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Figure 20: 203Hg Decay Scheme  

Figure 21: 75Se Decay Scheme 

 

In a previous study of the determination of Hg in fish, the selenium interference 

was not taken into account143, while in another study it was neglected due to low 

concentrations of selenium in the analyzed samples136.  There are many advantages and 

disadvantages of determining the total mercury content in environmental and biological 

samples using different techniques, such as NAA, radiochemistry NAA, and cold vapor 

atomic absorption spectroscopy.  Attempts have been made to use the 196Hg(n,γ)197Hg 

reaction consisting of a 2.67 day half-life and an internal transition half-life of 23.8 

hours, but  this is very difficult due to other interfering radionuclides. 

Because this particular setup allows simultaneous counting of samples in normal, 

Compton suppressed, and γ-γ coincidence modes, several unique advantages are 

present.  Compton suppression was employed to collect the 279 keV counts from 

mercury while heavily reducing the Compton background and the 279 keV counts from 

selenium, which are produced in coincidence with the 121 keV photon.  The number of 

counts from the 279 keV gamma-ray of 203Hg is not reduced since it has no coincident 
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photons.  The mercury contribution to the 279 keV Compton peak was separated from 

the selenium contribution by taking a ratio of the 265 keV coincidence peak to the 279 

keV Compton peak for selenium (determined from the selenium standard) and 

subtracting these from the overall 279 keV Compton peak in the sample being analyzed. 

EXPERIMENTAL SETUP 

 For the analysis, the γ-ray spectroscopy setup previously described was used.  

Three standard reference materials (SRM) with different selenium to mercury 

concentration ratios were analyzed.  The SRMs used were DOLT-1 (dogfish liver), TORT-1 

(lobster hepatopancreas), and NIST 1947 (Lake Michigan fish tissue).  The first two 

samples are packaged as a powder, while the third comes frozen as a wet sample.  Two 

liquid standards each of Se (10 ppm) and Hg (10 ppm) were used.  The standards were 

then heat-sealed and double encapsulated.  To prepare the NIST 1947 samples, the 

tissue was put in a food dehydrator for 72 hours and crushed using a mortar and pestle 

to obtain the sample in powder-form.  These samples were then irradiated in duplicate 

for 2 hours at 950 kW in the University of Texas 1.1 MW TRIGA research reactor at a 

neutron flux of 4.5 x 1012 n cm-2s-1.  The samples were allowed to decay for 2-3 weeks to 

let other interfering radioisotopes decay away – particularly 82Br with its 35.5 hour half-

life.  All samples were then transferred to clean vials and reweighed, keeping both 

irradiated samples for each SRM and keeping one sample each of the Hg and Se 

standards.  Each sample was then counted for 6 hours in three modes (normal, 

Compton suppressed, and γ-γ coincidence) simultaneously.  Because of the relatively 

long half-lives of 203Hg and 75Se (47 days and 120 days respectively) compared to the 

overall time of counting, activity decay during analysis could be neglected. 

RESULTS AND DISCUSSION 

The first part of this experiment attempted to find the mercury concentrations of 

various aqueous biological samples with varying levels of selenium present.  Table 2 
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shows the number of counts for each peak from the mercury and selenium standards in 

all three modes. 

Table 2: Counts for Each Peak in Each Mode in the Se and Hg Standards 

 Mode 121 keV 136 keV 264 keV 279 keV 400 keV 

 

75Se 

 

Normal 
12856 ± 

164 
40357 ± 

248 
24487 ± 

168 
10538 ± 

116 
6350 ± 

89 

Compton 1003 ± 49 2990 ± 67 2054 ± 53 3838 ± 67 
6142 ± 

81 

Coincidence 700 ± 35 2562 ± 57 1825 ± 45 497 ± 24 -- 

  

203Hg 

 

Normal -- -- -- 
44509 ± 

222 
-- 

Compton -- -- -- 
44083 ± 

212 
-- 

Coincidence -- -- -- -- -- 

 

As can be seen, the number of counts for selenium in the 279 keV Compton peak 

is reduced by a factor of 2.75, while the counts from mercury stay about the same 

between normal and Compton modes.  Because the 279 keV photon from 203Hg is a 

single emission photon, it produces no counts in coincidence mode.  When analyzing the 

three SRMs, the 279 keV Compton peak was used as the starting point.  To subtract the 

amount of selenium counts that contributed to that peak, the ratio of the 264 keV 

coincidence counts to the 279 keV Compton counts was computed for the selenium 

standard.  The 264 keV coincidence counts in each of the samples were then multiplied 

by this ratio to obtain the contribution of 279 keV Compton counts from the selenium.  

These counts were then subtracted from the original 279 keV Compton peak area to 

obtain the number of 279 keV Compton counts contributed by the mercury.  Error 
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propagation was carried throughout this whole process.  The selenium concentrations 

were obtained from the 264 keV coincidence peak.  Table 3 shows the certified 

concentrations, as well as results from the currently used method for each sample and 

their associated errors. 

Table 3: Hg and Se Content in Reference Materials 

Sample 
 Hg Content (μg 

g-1) 
Reference (μg 

g-1) 
Se Content (μg 

g-1) 
Reference (μg 

g-1) 

DOLT-1 .210 ± .043 .225 ± .037 7.70 ± .26 7.34 ± .42 

TORT-1 .391 ± .066 .33 ± .06 6.42 ± .50 6.88 ± .47 

NIST 1947 .187 ± .007 .254 ± .005 .427 ± .031 .475 ± .084 

 

For DOLT-1 and TORT-1, the mass was multiplied by .95 to correct for the dry-

mass certifications.  For NIST 1947, the dry mass was divided by .27 in order to compare 

with the wet mass certification values.  From Table 3, it can be shown that the analysis 

of the NIST 1947 sample significantly underestimated the mercury content in the 

sample.  This could be because of the volatility of mercury in these samples and the fact 

that the samples were dehydrated for 72 hours before irradiation.  In order to correct 

for this, other dehydration methods should be considered. 
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Figure 22: Dogfish Liver Spectrum Normal, Compton, Coincidence Modes 

Figure 22 shows each spectrum from one of the DOLT-1 samples.  As can be 

seen, the coincident selenium peaks are each highly suppressed in the Compton 

spectrum, but the Bremsstrahlung interference is present in both the normal and 

Compton modes.  In the coincident spectrum, the peaks are easily visible above the 

background.  It may be noticed that the 121 keV and 136 keV peaks in the coincident 

spectrum are on a broad “peak,” which comes from Compton backscattering of the 279 

keV photon from both 75Se and 203Hg. 

The 136 keV peak is the strongest peak produced by 75Se, but due to the 

Compton plateau associated with the 279 keV peak, it was not the best candidate for 

analysis in γ-γ coincidence mode.  The normal and Compton suppressed modes of 

operation produced higher peak counts, but due to the Bremsstrahlung interference, it 

was thought that the coincidence mode, where there was no Bremsstrahlung 

interference, was best for selenium analysis.  As can be seen in Figure 22, the 

Bremsstrahlung radiation plays a significant role in the background for the normal and 

Compton modes, but is almost completely erased in the coincidence mode. 
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Detection limits for mercury and selenium were also analyzed for these samples.  

Table 4 shows the detection limits for selenium for each method used.  In calculating 

these detection limits, Bremsstrahlung interference was removed. 

Table 4: Detection Limits for Selenium in Biological Samples 

Counting Method Selenium Detection Limit 

Normal 89.0 ng g-1 

Compton 148 ng g-1 

Coincidence 281 ng g-1 

 

The limits in Table 4 were determined for two-hour counting.  For mercury, we 

had to incorporate selenium interference into the calculations for the detection limits.  

If no selenium were present, the detection limits would be 52.9 ng g-1 for the normal 

mode and 34.8 ng g-1 for Compton mode.  With the presence of interference, the 

equation for detection limits becomes a bit more complicated and can be found in the 

Appendix.   Table 5 shows the detection limits for mercury in TORT-1. 

Table 5: Detection Limits for Hg in TORT-1 

Counting Method Mercury Detection Limit 

Normal 934 ng g-1 

Compton 352 ng g-1 

 

This experiment shows that selenium and mercury concentrations can be 

analyzed in biological samples using Compton suppression and γ-γ coincidence counting, 

with samples having a mass of around 500 mg.  Further research should be done on 

whether it is appropriate to use this analysis on wet samples, as the current method 

shows that the mercury concentration is lower than the certified values.  Because of the 
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interference of selenium with mercury in these biological samples, it was shown that γ-γ 

coincidence counting is necessary in order to accurately separate the selenium counts 

from the mercury counts in the 279 keV peak. 

The use of Compton suppression was instrumental in the analysis, due to the 

suppression of selenium in the 279 keV peak and the suppression of the background 

counts in these low-energy areas.  This allowed for a more precise determination of the 

mercury in the samples than from normal counting alone.  Because the γ-γ coincidence 

counting is so much less efficient than normal or Compton suppressed counting, the 

counting times had to be much higher in comparison to Compton suppressed counting 

without γ-γ coincidence counting, but due to the gain in precision of the selenium 

content, the extra counting time was deemed worthwhile to the experiments.  For 

future work, further investigation should go into the evaporation of mercury during 

dehydration processes.  This could be done by putting wet samples in quartz vials to be 

irradiated.  Regular polyethylene vials would not be able to withstand the pressure 

created by wet samples at high temperatures and could explode during irradiation.  

Also, to more accurately characterize these data, multi-parameter data collection, such 

as that from list-mode data collecting would provide further insights into the true 

coincidence events from selenium.  Chance coincidence events are inherent in any γ-ray 

spectroscopy, and list-mode data analysis would further reduce this effect.  Also, the 

effects of coincidence summing could play a role in this project and should be 

investigated further. 
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Chapter 10: System Description at Lawrence Livermore National 

Laboratory 

DETECTORS 

 At Lawrence Livermore National Laboratory, the detector system setup 

incorporates three HPGe detectors.  There are two 30% efficient coaxial HPGe detectors 

facing each other spaced 5 cm apart, each equipped with a bismuth germinate (BGO) 

Compton suppression system.  The third HPGe is a planar detector and is located 

beneath the other two detectors creating a 90° angle with them.  All three detectors are 

then connected to a Fast ComTecs 7072 Dual Timing Analog-to-Digital Convertor (Dual 

TADC), which records every observed event in list-mode.  List-mode data collection 

records the energy and timestamp of each event in each detector, making it possible to 

simulate the data collection process using various gating windows and coincidence 

parameters.  The two coaxial detectors were connected to the Dual TADC with the 

Compton suppression system connected as an anticoincidence gate, and the planar 

detector was connected with no gate.  Coaxial detectors are generally used for 

determining γ-rays with energies ranging from 100-3000 keV while planar detectors are 

useful for determining γ-rays with energies in the lower energy range – 20-300 keV.  For 

this reason, Compton scattering does not play much of a role when using planar 

detectors.  Figure 23 shows the setup for these experiments. 
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Figure 23: Experimental Setup at LLNL 

SHIELD 

There was no passive shield surrounding the detector in the workroom itself, but 

the counting room at Lawrence Livermore National Laboratory is located beneath one 

story of soil designed to eliminate much of the interference caused by cosmic radiation.  

For the coaxial HPGe detectors, active Compton suppression BGO shields were 

connected to each detector. 

ELECTRONICS 

 The electronics setup for this system was very simple due to the utilization of the 

Dual TADC.  Each HPGe detector was connected to a spectroscopy amplifier, which was 

then connected to an Analog Signal input channel on the Dual TADC.  For the coaxial 

detectors, the corresponding Compton suppression shield was connected to an 

amplifier, which was then connected to the corresponding Gate in Anticoincidence 

mode.  Figure 24 shows the ADC module used for this setup. 
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Figure 24: Digital-to-Analog Convertor Used for γ-γ Coincidence Data Collection 

 

Using this setup, after counting each sample only once, the energy and 

timestamp of each event were recorded.  It was then possible to analyze each counting 

session repeatedly using different coincidence parameters and timing windows. 
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Chapter 11: Uranium Isotope Analysis 

BACKGROUND 

 Uranium isotopic ratios are one of the most useful pieces of information in 

nuclear forensics.  Natural uranium is composed of about 99.3% 238U and .7% 235U.  For 

most of the reactors currently in operation, the fuel is composed of enriched uranium.  

Low enriched uranium (LEU) is less than 20% 235U, highly enriched uranium (HEU) is 20% 

235U or greater, and weapons grade uranium is greater than 90% 235U.  In having the 

capability of determining these isotopic ratios, one can better understand the 

operations and intentions of the one performing the enrichment.  Traditionally, this 

isotopic analysis has been done using single γ-ray emission134-146.  It has also been 

analyzed using γ-γ coincidence with two NaI(Tl) detectors126,147.  This research project 

aimed to look at uranium isotope ratios with γ-γ coincidence using HPGe detectors, 

which traditionally have much better resolution.  This is important since the uranium 

coincidences are close to other transition energies. 

THEORY 

 In general, 235U can be analyzed by observing its major gamma emission lines, 

specifically 143 keV, 163 keV, 185 keV, 202 keV, and 205 keV, with the most intense 

being 185 keV, which occurs in 57.2% of all decays.  The main decay branches are shown 

in Figure 25142.  In the decay chain of 238U is 226Ra, which also exhibits a strong peak at 

186 keV.  While other peaks can be used to analyze 235U, it can be seen that all of the 

major peaks fall in the low-energy portion of gamma rays, and are thus subject to 

interference from the Compton continuum from higher energy γ-rays.  Practically 

speaking, many samples to be analyzed will contain significant amounts of fission 

products.  Some of these fission products, such as 137Cs and 60Co, are long-lived and emit 

high energy gamma rays that contribute heavily to the Compton continuum.  In using 

Compton suppression, the continuum can be reduced, but many of the main gamma 
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rays are coincident with other photons, and thus will be reduced along with the 

Compton continuum. 

 

Figure 25: 235U Decay Scheme 

 238U has no strong gamma emissions itself, but decays by α emission to 234Th 

with a 7.034 x 108 year half-life.  234Th decays by β- emission to 234mPa with a 24.10 day 

half-life.  234mPa then decays by β- emission to 234U with a half-life of 1.17 minutes.  This 

transition to 234U happens 99.84% of the time, with the remaining .16% of decays of 

234mPa being an internal transition to the ground state of 234Pa.  The main gamma 

emission of 234mPa is a 1001 keV photon, which has an intensity of .838 emissions per 

100 decays.  Using all of this information, if the sample being analyzed is old enough 

(>240 days) 234mPa is assumed to be in secular equilibrium with 238U.  This means that 

234mPa decays as often as 238U, so the 1001 keV emission from 234mPa can be used as an 

indicator for the activity of 238U. 

 In order to properly calculate the ratio of 238U to 235U, the interferences on 235U 

must be dealt with.  In this project, the 186-202 keV photon coincidence event was used 
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to characterize the 235U in the sample.  By using a multiple detector setup, the 

coincidence events can be determined by establishing a timing window between the 

two detectors.  If energy gates are then set for the purpose of analyzing a specified 

radionuclide, one can eliminate interference from other radionuclides that do not have 

the specified coincident photons as well as any Compton scattering events that occur in 

that region.  To characterize the 238U in a sample, one simply takes a normal spectrum 

and analyzes the peak from the 1001 keV photon of 234mPa, given that the sample is old 

enough.  By looking at a series of known standards, one is able to characterize a 

particular detector setup by creating an equation relating the isotopic ratio of uranium 

to the ratio of events characterizing 235U and the events characterizing 238U.  The 

equations governing this formula can be shown.  The desired ratio is N(235U) / N(U), 

where N(X) is the number of atoms of the element X.  This is expressed in Equation 10.1. 

 
 (   

   )

 ( )
 

 (   
   )

 (      )   (      )
 (10.1) 

To characterize the number of 235U atoms, the activity of 235U was analyzed.  To do this, 

the rate of 186-202 keV coincidence events was observed.  This is expressed in Equation 

10.2 

  (   
   )   (   

   )   (   
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where λ(X) is the decay constant of the element X.  The activity of any given 

radionuclide is proportional to the peak it produces in a given spectrum.  By looking at 

the peak produced by the 186-202 keV coincidence event, a proportionality constant p 

is deduced that relates activity to the count rate of this event.  This is expressed in 

Equation 10.3 

  (   
   )     (       ) (10.3) 

 

where CR(XX, YY) is defined as the count rate of the coincidence event between γ-rays 

of energy XX and YY keV.  Thus N(235U) is given by Equation 10.4. 
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Similarly, N(238U) is given by Equation 10.5 

  (   
   )  

   (    )

 (      )
 (10.5) 

where q is the proportionality constant between the activity of 238U and the count rate 

of the 1001 keV photon.  Equation 10.6 is produced after substitution 

 

 (   
   )

 ( )
 

   (       )
 (      )

   (    )
 (      )

 
   (       )

 (      )

 (  
(
   (    )

 (   
   )

)

(
   (       )

 (      )
)
)

  

 (   
  (    )

  (       )
)
  

 

 

(10.6) 

where α can be determined experimentally by analyzing uranium standards with various 

235U ratios. 

EXPERIMENTAL SETUP 

For this experiment, the experimental setup described previously was used.  

Three purified and aged uranium standards with concentrations of .5%, 5%, and 50% 

235U were analyzed.  Each sample was counted for about 12 hours.  The software used 

for this analysis was MCA-3, which allows changes in various parameters such as the 

timing gate for coincidence events.  This gate was fine-tuned to receive the maximum 

number of coincidence events with the least amount of noise in the spectrum. 

RESULTS AND DISCUSSION 

 By analyzing the three standards, Table 6 was produced. 
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Table 6: 235U Concentration vs. Count Rate Ratio 

235U Concentration 
  (    )

  (       )
 

.5% 901 ± 162 

5% 122 ± 4 

50% 4.07 ± .08 

 

By plotting these on a graph and finding the line of best fit, an estimate can be found for 

α for the particular setup, as shown in Figure 26. 

 

Figure 26: 235U Enrichment vs. Count Rate Ratio 

 The equation of the above line is y = (1+.220x)-1 x 100%.  Further precision can be 

achieved with more uranium standards, especially those above 50%.  To test the validity 
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of this method, samples containing interfering radionuclides and fission products should 

be tested. 

This experiment shows that isotopic ratios of 235U and 238U can be found using 

the coincidence event between the 186 keV photon and the 202 keV photon of 235U, as 

well as the singlet 1001 keV photon emission of 234mPa – the granddaughter of 238U.  

Without the usage of λ-λ coincidence, interference from 226Ra – a radionuclide in the 

decay chain of 238U – and interference from the Compton continuum caused by long-

lived fission products would be more problematic.  Though γ-γ counting is inherently 

inefficient, it was deemed useful to this experiment for the above reasons.  For future 

studies, it has been shown that Pu isotopes, particularly 239Pu and 240Pu may also be able 

to be analyzed using γ-γ coincidence methods.  Chance coincidences should be 

investigated, as well as how this model holds up under interference conditions, such as 

that from 226Ra and Compton scattering from fission products.  Also, the coincidence 

gate window should be investigated to optimize coincidence events and reduce events 

which are not true coincidences. 
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Chapter 12: Conclusion 

ACCOMPLISHMENTS 

The goals of this work were achieved, with several new observations being 

made.  There were two main systems in use, that at the University of Texas at Austin, 

and that at Lawrence Livermore National Laboratory.  The system at the University of 

Texas was accurately characterized with regards to detector and sample geometries, 

sample activity analysis, and energy efficiency calculations.  At Lawrence Livermore 

National Laboratory, the system was not fully characterized, due to time constraints.  

The particular analyses made were taken into account when setting up the experiments 

at each of the work sites. 

At the University of Texas at Austin, mercury and selenium concentrations were 

accurately characterized in biological samples.  The interferences were effectively 

eliminated in most of the samples, and the methods described can be used to analyze 

samples of unknown concentrations.  As described below, more work can be done with 

wet samples for accurate mercury analysis. 

At Lawrence Livermore National Laboratory, uranium isotope analysis was 

performed accurately, and the method was demonstrated to work well.  Three uranium 

samples were characterized extensively to demonstrate the effectiveness of this 

method.  Further recommendations can be seen below regarding this project. 

RECOMMENDATIONS 

In order to further progress on these projects, there are several additional 

experiments to be performed.  A problem that arose in trying to characterize the 

mercury concentration in wet samples was a reduction in the observed mercury 

concentration for the standard reference material compared with the certified value.  
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One hypothesis is that the mercury may have evaporated during the dehydration 

process.  To reduce this effect, other dehydration processes should be investigated such 

as freeze-drying.  Another possible solution to the problem is to irradiate the sample 

without dehydration.  The problem with this method is when wet samples are irradiated 

and subjected to high temperatures, the moisture expands and can explode in the 

polyethylene vials used for normal irradiations.  Therefore, quartz vials should be used 

as a sturdier irradiation capsule.  Another suggestion is to look at a 2-dimensional 

energy plot using γ-γ coincidence for all samples.  This will further reduce the 

background associated with the energy peaks and allow proper energy-gating to give 

precise γ-γ coincidence events.  This should further reduce the detection limits for 

selenium in these biological samples and provide a more accurate method for predicting 

the mercury content in these samples. 

To further progress the determination of uranium isotopic ratios, more 

standards should be investigated using the method described, especially those with high 

235U/238U ratios.  This method has not yet been tested in the presence of interference 

produced from Compton scattering and interfering radionuclides, such as would be 

found in fission products from a spent fuel cell or post-detonation area.  These 

experiments should also be performed with high-activity samples, as the chance-

coincidence events would rise dramatically with this introduction.  Another aspect of 

the experiment that should be characterized is the chance-coincidence rate in the 

samples.  This can be done by delaying the events from one of the detectors to 

intentionally eliminate true coincidence events and taking the coincidence spectrum.  

This coincidence spectrum can then be subtracted from the actual spectra obtained in 

order to see a more accurate depiction of true-coincidence spectra.  The gate timing 

window should also be optimized to reduce the background interference and chance 

coincidence events while still recording all true coincidence events.  The final 

recommendation is to observe 239Pu and 240Pu, as the decay schemes associated with 
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these nuclides suggest that these ratios could be accurately characterized using similar 

methods. 
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Appendix: Detection Limits in the Presence of Interfering Radionuclides 

In order to properly calculate the detection limits for an element in the presence 

of an interfering radionuclide, one must propagate uncertainties from all calculations.  

This is best demonstrated by example.  Table 7 shows the number of counts from a 

TORT-1 sample with a mass of .350997 g during a two-hour count. 

Table 7: Counts Produced in a TORT-1 Sample During a Two-Hour Count 

Counting 
Mode 

121 keV 136 keV 264 keV 279 keV 400 keV 

Normal 7878 ± 328 10623 ± 198 6348 ± 143 3133 ± 114 1594 ± 99 

Compton 799 ± 129 782 ± 117 561 ± 59 1455 ± 64 1624 ± 53 

Coincidence 596 ± 38 762 ± 40 463 ± 68 91 ± 24 -- 

 

As mentioned previously, the 279 keV peak incorporates both 75Se and 203Hg 

counts.  All other peaks recorded are solely from 75Se.  In order to eliminate the 75Se 

interference from the 279 keV, the selenium standard must be used to find peak ratios 

that predict the number of counts in the 279 keV peak due to selenium alone, with the 

remaining counts being attributed to mercury.  To do this, a peak should be intelligently 

selected which accurately characterizes the selenium in the sample without much 

background interference.  Upon initial investigation, it appears that the 136 keV peak in 

the normal mode gives a high count rate with low background, but on investigating the 

sample spectrum it can be observed that there is a large Bremsstrahlung interference 

associated with the low-energy peaks.  This also appears in the Compton suppressed 

spectrum, since Bremsstrahlung radiation occurs in singlets.  The coincidence spectrum 

however reduces the Bremsstrahlung radiation significantly.  In the coincidence 

spectrum, there is a slight hump in the low energy (< 200 keV) region which can be 



97 

 

associated with the 180° Compton backscatter event from the 400 keV photon in the 

primary detector.  In light of these characteristics, it can be concluded that the 264 keV 

peak in the coincidence spectrum is the best candidate for obtaining a peak ratio, as 

there is no significant Compton scattering interference, nor is there Bremsstrahlung 

contribution. 

The selenium standard produced 1825 ± 45 counts for the 264 keV coincidence 

peak, 10538 ± 116 counts in the 279 keV normal peak, and 3838 ± 67 counts in the 279 

keV Compton peak.  For the peak ratios and propagating errors, the following results are 

obtained: 5.77 ± .16 normal 279 keV counts per coincidence 264 keV count and 2.10 ± 

.06 Compton 279 keV counts per coincidence 264 keV count.  By applying these ratios to 

the counts observed in the TORT-1 sample, the selenium contribution to the 279 keV 

peaks can be expressed as 2673 ± 399 counts in the normal mode and 974 ± 146 counts 

in the Compton mode.  Because of these peak ratios and calculations, we cannot 

assume Poisson statistics applies, and thus we cannot assume a connection between the 

average number of counts in the selenium contribution and the variance associated with 

the selenium contribution.  The formula for detection limits is given by Equation A.1128, 

          √     
       

  (A.1) 

where k is determined by the confidence interval, μb is the average background count, 

σb is the standard deviation of the background counts, μi is the average interference 

peak counts, and σi is the standard deviation of the interference peak counts.  Using 

Equation A.1 and using our calculations for the selenium contribution to the 279 keV 

peak, the detection limit for mercury in TORT-1 is 933 ng g-1 for normal mode counting 

and 352 ng g-1 for Compton mode counting.  
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