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In-Field Determination of 226Ra and 228Ra in the Oil Exploration Sector 

by 

Jacob Benjamin Morton, M.S.E. 

The University of Texas at Austin, 2015 

SUPERVISOR: Sheldon Landsberger 

 

The presence of radioactivity in the production of oil is now a well-known 

phenomenon.  Specifically 226Ra, 222Rn, 228Ra and 210Pb and their various decay products 

are of environmental concern especially to the workers in the field.   The Nuclear 

Engineering Teaching Lab at the University of Texas has been in collaboration with 

Enviroklean Product Development Inc. (EPDI) in Houston, an environmental restoration 

and chemical product company, in the clean-up of technologically enhanced naturally 

occurring radioactive material in the oil exploration sector.  In particular radioactive scale 

build-up in the equipment has been an on-going concern.  Unlike typical naturally 

occurring radioactive material (NORM) samples, 226Ra and 232Th, and their daughters 

dominate the radioactivity.  As such, they are not in secular equilibrium with any of the 

radionuclides above the decay chain that emanate from 238U or 232Th.  Respectively, this 

thesis sought to test a Cesium Iodide (CsI) detector for in-field analysis of NORM 

samples. Additionally, quality control procedures and an in-house reference material 

were created to facilitate this testing.  This in-house reference material was used to 

thoroughly test the CsI detector against the radiation detection stalwarts of High Purity 

Germanium (HPGe) and Sodium Iodide (NaI).  Neither the NaI nor CsI were able to 
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detect the low energy 210Pb photons, but 226,228Ra were no issue for either detector. The 

CsI was found to be 33% more efficient than an HPGe and have twice the full-width half 

maximum resolution of the NaI (16 keV vs 31 keV at the 186.5 keV peak). The CsI was 

also able to reach detection limits of 361 +/- 20 pCi/g for 226Ra and 25 +/- 2 for pCi/g 

228Ra in scale from west Texas.  Additionally, the self-attenuation of the sample was 

evaluated and, as expected, the lower energy photons, e.g. 210Pb, are significantly more 

attenuated than photons at higher energies. We found approximately a 79 % reduction in 

counts at 47 keV, 7% at 186 keV, and 5% at 911 keV. Self-attenuation must be factored 

in or there will be an underestimation of the radioactivity, especially for 210Pb. The last 

issue faced while testing the CsI detector was its inability to discriminate the 228Ra peaks 

around 911 keV from other peaks in the vicinity. This problem was solved using an 

HPGe detector to find the ratio of wanted peaks to unwanted peaks around 911 keV 

photon. This ratio can be applied to the convoluted CsI peak around 911 keV to find the 

actual net counts coming from 228Ra. The detection limits, self-attenuation, and 

deconvolution ratio can all be used to develop software capable of accurately determining 

radioactivity concentrations in NORM in a field environment. 
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Chapter 1: Introduction 

 

 Since the discovery of oil in Oil Creek, Pennsylvania in 1859 the United States 

has been one of the largest oil producers in the world. Probably the first mention of 

radioactivity in oil and natural gas occurred in 1904 [McClennan, 1904] just 8 years after 

the discovery of radioactivity by Henri Becquerel. Geologists have known about the 

presence of naturally occurring radioactive materials or NORM, listed below, in rock 

formations containing oil and gas since the 1930s.  

• Uranium (238U) and its daughter products including 226Ra and 210Pb 

• Thorium (232Th) and its daughter products including 228Ra 

For much of the 19th and 20th century the United States was the largest oil 

producer, but we currently rank 3rd, behind Saudi Arabia and Russia in production 

[Wikipedia, 2015]. The International Energy Agency projects that the U.S. will surpass 

Saudi Arabia and Russia circa 2017-2020 [International Energy Agency, 2014] and is 

expected to be the largest producer of oil in the world again. As the U.S. extracts these 

vast quantities of oil and gas a great deal of waste is generated. Much of this waste is in 

the form of scale and sludge, and both contain elevated amounts of NORM and 

technologically enhanced naturally occurring material (TENORM). 

In 2008 alone, the United States produced an estimated 4.9 million barrels of 

crude oil per day and imported 9.8 million barrels per day from other countries [U.S. 

Energy Information Administration, 2014]. 
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In just over three   decades   the   problems   from   naturally   occurring 

radioactive material wastes arising from the oil and gas industry have been much more 

scrutinized. In the 1980’s 226Ra began to be noticed when scrap metal dealers would 

detect unacceptably high levels of radiation from oil-field piping [Zielinski, Otton, 1999].  

In 1991 Raloff [Raloff, 1999] published an article  on  the  “new  hot  wastes”  in  NORM  

and  in  1992 Wilson et al. [Wilson, Scott, 1992]  described the health physics aspects of 

radioactive in petroleum piping and scale.  

In the 1980’s, rules and regulations were created at the state level (but not all 

states), to deal with the potential hazards to both the workers and general public. Since 

there are no U.S. federal guidelines, each state may vary in the way that they handle 

NORM from the oil and gas industry. These guidelines have changed the ways in which 

companies can handle and dispose of the products contaminated with radionuclides. As 

these changes take place, and are enforced, many state government agencies are requiring 

better analytical technologies to ascertain the radioactivity of samples in the oil and gas 

field.   A detailed perusal of the literature revealed that no certified reference materials 

are available that can mimic radioactive scale from oil exploration. The goal of this 

research was to institute a quality control program in the determination of 226Ra, 228Ra 

and 210Pb by preparing an in-house standard and to assess the use of a CsI detector for in-

field use in the oil fields for 226Ra and 228Ra. 
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1.1 Scope 

 

The oil and gas industry produces prolific amounts of scale and sludge from 

normal operations. Scale and sludge have higher than normal levels of NORM and have 

to be managed safely. Determination of the radiation levels is critical in order to make 

safe and educated decisions on proper disposal. In-field determination, as opposed to 

mailing samples to external labs or sending by courier, has the possibility of determining 

the radiation levels substantially faster and for a much reduced cost. 

 

1.2 Objectives 

 

The main objective of this thesis was to determine the feasibility of employing a 

CsI detector for in-field determination of radionuclides in the oil and gas industry. 

Specifically the goals were: 

• Prepare an in-house standard for quality control/calibration measurements of 

226Ra, 228Ra and 210Pb in scale 

• Determine the limitations of a CsI detector in a field environment 

• Compare CsI to NaI (sodium iodide) and HPGe (high purity germanium) 

detection systems  
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Chapter 2: Literature Evaluation 

 

This chapter is intended to provide background information that was pertinent to 

the research and data analysis performed in this study.  There are several subjects covered 

in this chapter relating to NORM found in the oil and gas industry.  The first section 

discusses the history of the oil and gas industry and how NORM is a part of that past.  

The second section discusses current techniques for in-field determination of 

radionuclides in soil.  The third section covers gamma ray spectroscopy for NORM.  The 

final section covers health concerns from NORM, and more specifically radon.    

 

2.1 History of NORM and TENORM in the Oil and Gas industry 

 

Petroleum is a naturally occurring liquid found buried in the earth’s crust and is 

commonly used, after refinement, for a variety of fuels. Petroleum is formed when a 

sufficient quantity of deceased organisms, usually plankton, are buried beneath 

sedimentary rock. When the organisms are subjected to extreme heat and pressure 

petroleum may form. Crude oil, or just oil, specifically is a mixture of hydrocarbons that 

remain in liquid form when brought from underground reservoirs to the surface.  

George Bissell and Edwin Drake invented the first commercial oil drilling rig in 

1859, known as the “Drake well” (Wikipedia, 2015).  The Drake well was vastly 

important because it allowed immediate additional drilling and supplied petroleum in 
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sufficient quantity to support large businesses. Soon after, oil was discovered all over the 

United States with the largest oil field in the continental U.S. found in east 

Texas in 1930. Today approximately 90% of vehicles run off fuel coming from oil. 

 

2.2 Oil Rig System 

 

Although this thesis deals primarily with the waste products from the oil and gas 

industry, it is important to know the source of those waste products. This section will 

describe the oil rig and how it works. Figure 2.1 and the associated definitions were taken 

from the California Department of Conservation [California Department of Conservation, 

2013].  
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Figure 2.1 Oil Rig Diagram  
 

Motor: provides power to the gearbox and is the prime mover for the pump to work. 

Counter balance: provides for the even distribution of loads and for the reduction of 

peak torque requirements. 

Gear box: reduces the speed of the motor to suitable pumping speeds. 

Pitman arm: provides vertical movement from the rotating counter balance to the 

walking beam.  

Walking beam: pivots near its center from motion supplied by the pitman arms causing 

the horse head to move up and down in near vertical movement. 
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Horse head: allows the joint where the polished rod is attached to move in a vertical 

pattern instead of an arc. 

Polish rod: reduces unnecessary wear and friction losses at the stuffing box located at the 

wellhead. 

Well head: includes the stuffing box, flow line, and various valves and pipes to direct the 

flow of oil and gas at the surface. 

Sucker rods: transmit movement from the surface pumping equipment to the down-hole 

pump. 

Pump: admits fluid from the producing oil sand into the tubing and lifts that fluid to the 

surface. 

Casing: heavy steel pipe that lines the walls of the hole. 

Cement: used to fill the space between the hole and the casing and together with the 

casing, this prevents caving of the hole, prevents movement of fluids (water, oil, or gas) 

between rock layers, confines production to the well bore, and provides a means to 

control pressure. 

Tubing: steel pipe of a smaller diameter than the casing, placed inside the casing string, 

to provide a path for the produced fluids to reach the surface. 

Oil sand: the oil reservoir generally composed of sandstone rock. 
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2.2.1 Oil Drilling Process 

 

 A well is created by drilling a hole into the earth, approximately 4-40 inches, into 

the earth. After the hole is drilled, steel casings that are slightly smaller than the drilled 

hole are placed into the hole. Cement is poured between the outer edge of the hole and 

the casing for safety. With the casings in place the well can be drilled deeper using a 

smaller bit. Smaller casings are then used for the smaller hole and more cement is poured. 

This process continues until oil is found.  

 Waste products are produced while drilling for oil with scale and sludge being the 

most prevalent types. 

 

2.2.2 Scale and Sludge 

 

Scale is a mineral salt deposit composed primarily of insoluble barium, calcium, 

and strontium compounds which all come from the same Group II as radium. This 

deposit can gather on the inside of pipes and casings. Scale in sufficient quantities can 

restrict or plug the flow of oil. Removal of scale is a common and necessary practice in 

the oil and gas industry. Approximately 100 tons of scale   per oil well are generated 

annually in the United States [United States Environmental Protection Agency, 2015]. 

The average radium concentration in scale has been estimated to be 480 pCi/g. It can be 

much higher (as high as 400,000 pCi/g) or lower depending on regional geology [United 



9 
 

States Environmental Protection Agency, 2015]. Figure 2.2 shows typical scale buildup 

in pipes.  

 

 
 

Figure 2.2 Scale [United States Environmental Protection Agency, 2015] 
 

Sludge is a thick emulsion containing oil, water, and sediment and forms because 

of the incompatibility of certain native oils and strong inorganic acids used in well 

treatments [Schlumberger, 2015]. Dried sludge often looks like soil. Oil production 

processes generate an estimated 230,000 MT or five million ft3 (141,000 cubic meters) of 

TENORM sludge each year [United States Environmental Protection Agency, 2015]. The 

average concentration of radium 226Ra in sludges is estimated to be 75 pCi/g and this may 

vary considerably from site to site [United States Environmental Protection Agency, 

2015]. Although the concentration of radiation is lower in sludges than in scales, sludges 
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are more soluble and therefore more easily released to the environment. As a result 

sludges pose a higher risk of exposure to the oil industry worker. 

The concentration of 210Pb is usually relatively low in hard scales but may be 

more than 27,000 pCi/g in sludge [United States Environmental Protection Agency, 

2015]. Figure 2.3 shows typical sludge, taken from oil drilling operation, in TENORM. 

 
 

Figure 2.3 Sludge [United States Environmental Protection Agency, 2015] 
 

2.2.3 NORM accumulation 

 

NORM is present, in varying amounts, in the earth’s crust and include a wide 

variety of radionuclides. However, the term TENORM (technologically-enhanced 

naturally occurring radioactive material) is used more specifically for naturally occurring 

radioactive materials where industrial processes have increased the danger associated 
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with these materials beyond what is found in nature. TENORM is often concentrated and 

enhanced by processes associated with the recovery of oil and gas. TENORM can also be 

found in the waste products of oil, gas and geothermal energy production. NORM or 

TENORM in sufficient quantities can pose a danger to human health.  

 Long-lived radioisotopes such as 235U, 238U, 232Th, and 40K and are examples of 

NORM that have been present since the earth was formed.  Also called primordial, these 

radioisotopes, along with their progeny, exist in trace amounts all over the world. The 

radioactive decay chains of 238U and 232Th produce the radioisotopes of concern as it 

pertains to the oil and gas industry. Figure 2.4 shows the radioactive decay chains for 

both 238U and 232Th and the mechanisms by which the various daughter products are 

introduced to the environment. TENORM will develop in high concentrations in by-

product oil and gas waste streams. The TENORM will chemically separate from other 

piped material in the process of the extraction of oil, resulting in high concentrations of 

226Ra, 228Ra and 210Pb. Unlike typical NORM geological specimens, there is a total 

disequilibrium between 238U and 226Ra. Uranium in scale is at very low concentrations 

[Milsap, Landsberger, 2014].  In fact 226Ra can be considered to be on top of its own 

decay chain and even its daughter products are not in equilibrium.  In the same manner 

228Ra is not in equilibrium with its parent 232Th and can also be considered to be on the 

top of its own decay chain as seen in Figure 2.4. 228Ra (t½ = 5.7 years) is a pure beta 

emitter and to determine its own radioactivity one needs to use the gamma rays of its 

daughter 228Ac (t½ = 6.1 h) 
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Figure 2.4 Radioactive Decay of Thorium and Uranium [World Nuclear Association, 
2014] 
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2.3 Gamma Spectrometry of NORM 

 

Gamma spectrometry of NORM can be difficult for a number of reasons.  

First, because low activities and long count times may be required to obtain statistically 

relevant data. Secondly, any activity in the sample itself must be detected on top of 

background activity. Both of those difficulties are then compounded by the fact that 

there are a large number of mutual spectral interferences between the many nuclides in 

the decay series of uranium and thorium [Gilmore, 2008]. 

  Table 2.1 shows the most significant gamma emitters from NORM. 
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Table 2.1 NORM gamma emitting isotopes [Gilmore, 2008] 

Nuclide Half-Life 
Gamma Energy 

(KeV) 
Emission Probability 

(%) 
Be-7 53.22 days 477.6 10.44 
K-40 4.563E11 days 1460.82 10.66 

U-235 Series 
   U-235 2.571E11 days 185.72 57.2 

U-235 2.571E11 days 143.76 10.96 
U-235 2.571E11 days 163.33 5.08 
Th-227 18.718 days 235.96 12.6 
Th-227 18.718 days 256.23 6.8 
Ra-223 11.43 days 269.46 13.7 
Rn-219 3.96 seconds 271.23 10.8 

U-238 Series 
   Th-234 24.10 days 63.28 4.8 

Pa-234m 1.17 minutes 1001.03 1.021 
Ra-226 5.862E5 days 186.21 3.555 
Pb-214 26.8 minutes 351.93 35.6 
Pb-214 26.8 minutes 295.22 18.41 
Bi-214 19.9 minutes 609.31 45.49 
Pb-210 8.14E3 days 46.54 4.25 

 
 
 The range in air of some of these isotopes is quite large and is a factor when 

estimating the risk associated with NORM.  The average distance a photon travels in air 

is referred to as the mean free path (MFP), and it can be calculated using the equation 

below: 

 

 I=I0 e-μ x 
 

(2.1) 

where, 

I is the shielded dose rate 

I0 is the initial dose rate 
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μ is the linear attenuation coefficient in cm-1 

x is the shield thickness in cm   

μx is relaxations lengths or MFP 

μ-1 is one MFP 

Given equation 2.1, the known energies of the isotopes of concern, and the mass 

attenuation coefficients obtained from the National Institute of Standards and Technology 

(NIST), the photon ranges of 210Pb, 226Ra and 228Ra can be calculated. Both 226Ra and 

228Ra, with a ranges of over 64 and 122 meters respectively, have the potential 

penetrating power to be a danger to humans working around these radionuclides (see 

Table 2.2) 

 

Table 2.2 Photon Ranges 
Isotope Energy [keV] Range [m] 

210Pb 46.5 36.4 

226Ra 186.4 64.4 

228Ra 911.3 122.3 

 

 

2.4 Radium Health Concerns 

 

226Ra and 228Ra are radioactive isotopes that occur naturally in very low 

concentration in the earth’s crust. Radium, as it occurs in nature, is a whitish heavy metal 
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that oxidizes when exposure to air.   Radium has a density approximately half that of lead 

and exists in nature mainly as 226Ra and to a lesser extent 228Ra.  Although, several 

additional isotopes are present such as 224Ra.  Isotopes are different forms of an element 

that have the same number of protons in the nucleus but a different number of neutrons.  

Radium was first discovered in 1898 by Marie and Pierre Curie, and it serves as the basis 

for identifying the activity of various radionuclides. One Curie of activity equals the rate 

of radioactive decay of one gram (g) of 226Ra. 

Radium exists naturally in soil, rocks, surface water, groundwater, plants, and 

animals in generally low concentrations.    Higher  levels  are  present  in  uranium  ores  

and  other  geological  materials. The separation processes used to extract uranium 

creates a higher percentage of 226Ra than what is naturally found, and 226Ra is a major 

contaminant in uranium mill tailings and the phosphate industry [United States 

Environmental Protection Agency, 2015]. The concentration of radium in plants is 

typically about 0.03 (or 3%) of that in soil [Argonne National Lab, 2001]. The  average  

concentration  of  radium  in  food  has  been  estimated  at  less  than  0.01  to  0.03 pCi/g 

[Argonne National Lab, 2001]. 

Radium preferentially adheres well to soil particles, with concentrations in sandy 

soil generally on the order of 500 times higher than in interstitial water (water in the pore 

spaces between soil particles); it is even less mobile in clay soils, with concentration 

ratios over 9,000 [Argonne National Lab, 2001].    The maximum contaminant level 

developed by the U.S. Environmental Protection Agency for radium (as 226Ra and 228Ra, 
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combined) in drinking water supplies is 5 pCi per liter (pCi/L) [U.S. Environmental 

Protection Agency, 2015]. 

Radium can be absorbed into the body by eating, drinking, or breathing the 

isotope. Most of the radium taken in by ingestion (about 80%) will promptly leave the 

body in feces.   The remaining 20% enters the bloodstream  and  is  carried  to  all  parts  

of  the  body.    Inhaled  radium  can  remain  in  the  lungs  for  several  months  and  will 

gradually enter the bloodstream and be carried throughout the body.  The metabolic 

behavior of radium is very similar to that of calcium and as such a significant portion is 

deposited in bone and teeth.   The amount in bone decreases with time from the exposure, 

generally dropping below 10% in a few months to 1% and less in a few years [Argonne 

National Labs, 2001].  Release from the bone is slow, so a portion of inhaled and 

ingested radium will remain in the bones throughout a person’s lifetime. 

Radium poses an external and an internal health hazard.    The gamma radiation 

accompanying several short-lived decay products of 226Ra and 228Ra makes external 

exposure a concern. Shielding is often needed to handle waste and other materials 

containing large concentrations of these radionuclides.   The majority of epidemiological 

data on the health effects of 226Ra and 228Ra in humans comes from studies of radium dial 

painters, radium chemists, and technicians exposed through medical procedures in the 

early 1900s. These studies, as well as studies on experimental animals, indicate that 

chronic exposure to radium can induce bone sarcomas [Argonne National Lab, 2001]. 

The inhalation risk associated with the radium comes from its decay products, 

primarily radon.  222Rn (radon; t1/2 = 3.8 days) is a short-lived decay product of 226Ra, and 
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220Rn (thoron; t1/2 = 55 seconds) is a short-lived decay product of 228Ra.   The danger 

associated with radon comes from the inhalation of dust particles with the radon attached 

to it. The dust particles deposit themselves in the lungs and give a radiation dose to the 

lungs. Cancer of the lungs is the primary concern of this radiation dose.  

 

2.5 In-field analyses of 238U and 226Ra with HPGe 

 

 In a laboratory setting there are many techniques to measure 238U, 235U, and 226Ra 

in a sample containing NORM. These methods include passive gamma-ray spectrometry, 

alpha particle detection, inductive coupled plasma mass spectrometry (ICP-MS) and 

inductive coupled plasma atomic emission spectroscopy (ICP-AES). Additionally, these 

pieces of equipment are intended for laboratory use only and typically cannot be used for 

in-field analyses. A Geiger-Mueller counter can be used in the field; however, these 

instruments can lead to over/under estimations since they do not distinguish between the 

different gamma-emitting radionuclides. 

High-purity germanium (HPGe) detectors are used for non-destructive counting 

of gamma-emitting radionuclides and can be used in a field environment.  Nonetheless, 

great care must be taken since these crystals can be damaged. 

Portable electrically cooled HPGe detectors allow for in-field measuring of 

NORM. HPGe detectors offer excellent energy resolution from NORM samples and are 

the instrument of choice for in-field determination of radionuclides in NORM samples.  

A study on field analysis of 238U and 226Ra in uranium mill tailings was recently 
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published [Dejeant, et. Al., 2014]. This research showed that the NORM measurements 

obtained with an HPGe detector have the same variations of uranium content obtained 

with more accurate and precise methods performed in the laboratory such as ICP-AES 

and ICP-MS. The HPGe was also used to measure 226Ra activity and found the same 

trends as with measurements performed by the emanometry technique. The emanometry 

technique is one that uses an ionization chamber to count alpha particles emitted from a 

radioactive gas. The authors showed the viability of using a portable HPGe detector for 

in-field determination of specific radionuclides in a NORM sample.   

While such instrumentation can be utilized by expert researchers in a lab setting, 

workers in the oil fields need an automated instrument. Hence, HPGe detectors are not 

viable for the rugged in-field topography in the oil exploration sector.  
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Chapter 3: Instrumentation 

 

 The primary purpose of this thesis was to produce a quality control sample for 

accurate determination of 226Ra, 228Ra and 210Pb and to test the feasibility of using a CsI 

detector to comply with state set regulations for the oil and gas industry. This section will 

discuss CsI, NaI, and HPGe detectors. The two most important factors when selecting a 

detector are its efficiency and resolution. Both of these factors are discussed later in this 

chapter. 

 

3.1 Scintillation detectors  

 

 Scintillation detectors, including both CsI and NaI detectors, operate on the 

principle that certain materials absorb radiation and re-emit the absorbed radiation as 

light. This light can be amplified and used to give information about the incident 

radiation. An illustration of the system is seen in Figure 3.1 

  

  

 

 
Figure 3.1 Scintillation detector diagram 
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 There are many types of scintillators including organic crystals, organic liquid, 

plastic, gaseous, and inorganic crystals. Both NaI and CsI detectors are inorganic crystals. 

These crystals have the inherent property where they absorb incoming radiation. The 

radiation is absorbed by the electrons in the crystal putting them into an excited state. 

When the electrons de-excite, they emit scintillation light which is directed towards the 

photomultiplier tube (PMT). 

 The PMT has multiple parts, the first being the photocathode. The photocathode, 

when struck by the light from the crystal, emits electrons via the photoelectric effect. The 

photoelectric effect is the process by which electrons are ejected from an atom when 

incoming photons, of sufficient energy, interact with the electrons. Then, there are a 

series of dynodes which amplify the electron steam emitted the photocathode. After the 

electron stream is amplified enough, it can be read as a current pulse. This current pulse 

is proportional to the original incident radiation, and the results can be interpreted on the 

multi-channel analyzer (MCA).  

 The MCA analyzes the pulse stream and sorts them into a histogram, also known 

as a spectrum. The spectrum displays the energy of the original radiation and how many 

events occur in each energy bin. This information can be displayed and interpreted on a 

computer. 
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3.1.1 Cesium Iodide detector 

 

 Cesium Iodide is a material with high gamma-ray stopping power because of its 

high density and atomic number. For scintillation counting, it is used either in its undoped 

form or doped with sodium or thallium. Doping the CsI does not alter the physical 

characteristics of the crystal, but does change how the crystal interacts with the incident 

radiation [Saint-Gobain Crystals, 2015]. CsI is resistant to thermal and mechanical shock.  

Because it does not cleave, it is more rugged and reliable for use in field environments 

[Saint-Gobain Crystals, 2015]. Cleavage, in crystals, is defined as the tendency of 

crystalline materials to split along definite crystallographic structural planes [Saint-

Gobain Crystals, 2015]. CsI is slightly hygroscopic.  Therefore, contact with water and 

high humidity should be avoided. CsI has a lower efficiency than NaI, but higher energy 

resolution. The light output is the most important factor in choosing a scintillator because 

it affects both the efficiency and the resolution of the detector. The statistics of the CsI 

crystal can be found in Table 3.1 below while Figure 3.2 shows a detector in its casing.  
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Table 3.1 Properties for CsI crystals [Saint-Gobain crystals, 2015] 
Density [g/cm3] 4.51 
Melting point [K] 894 
Thermal expansion coefficient [C-1] 54E-6 
Cleavage plane  none 
Hardness [Mho] 2 
Hygroscopic  [a] slightly    [b] yes 
Wavelength of emission max [nm] [a] 550          [b] 420 
Lower wavelength cutoff [nm] [a] 320          [b] 300 
Refractive index @ emission max [a] 1.79         [b] 1.84 
Primary decay time [ns] [a] 1000        [b] 630 
Light yield [photons/keVγ] [a] 54            [b] 41 
Photoelectron yield [% of NaI(Tl)] (for γ-rays) [a] 45            [b] 85 

Material type key [a] CsI(Tl) [b] CsI(Na) 
  

 
 

 
 

 
 

Figure 3.2 Cesium iodide detector (2 inch x 2 inch) 
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3.1.2 Sodium Iodide detector 

 

 Of all available scintillators, NaI (Tl) is the most extensively used material. NaI 

(Tl) has very high luminescence (scintillation) efficiency and is available in single crystal 

or polycrystalline forms in a wide variety of sizes and geometries. NaI (Tl) produces one 

of the highest signals in a PMT per amount of radiation absorbed. NaI is more 

hygroscopic than CsI and needs to be kept away from water. Table 3.2 shows the general 

characteristics of NaI crystals and Figure 3.3 shows a 3 inch x 3 inch NaI detector.  

 

Table 3.2 Properties for NaI crystals [Saint-Gobain crystals, 2015] 
Density [g/cm3] 3.67 

Melting point [K] 924 
Thermal expansion coefficient [C-1] 47.4E-6 

Cleavage plane 100 
Hardness [Mho] 2 

Hygroscopic Yes 
Wavelength of emission max [nm] 415 
Refractive index @ emission max 1.85 

Primary decay time [ns] 250 
Light yield [photons/keVγ] 38 
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Figure 3.3 Sodium iodide detector (3 inch x 3 inch) 
 

3.2 High Purity Germanium (HPGe) detectors 

 

Semiconductor detectors, e.g. HPGe, rely on measuring ionizing radiation through 

charge carriers (electron holes). Radiation incident upon the semiconducting junction 

produces electron-hole pairs as it passes through. Electron holes are carried away under 

the influence of an electric field.  Electronics can collect the charge in a pulse which is 

proportional to the energy of the incident photon. The sensitive volume of a 

semiconductor detector is an electronically conditioned region in the semiconductor 
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material in which liberated electrons and holes move freely [Texas A&M, 2015] as 

depicted by Figure 3.4 

 

Figure 3.4 HPGe diagram  
 

HPGe detectors have excellent energy resolution, far better than any scintillation 

detector. The issue with HPGe is the requirement to keep them very cold in order to 

allow the electrons to move freely. Another factor is the price of HPGe detectors which 

can be significantly higher than scintillation detectors. The HPGe detector used for 

analysis in this paper is shown in figure 3.5. 
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Figure 3.5 HPGe detector with beryllium (Be) window with “clamshell” 
 

3.3 Minimum Detectable Activity (MDA) 

 

 Determination of MDA through gamma spectroscopy can be challenging due to a 

variety of reasons. The background in gamma spectrometry is represented by the number 

of background counts in the photopeak region of interest. The issue arises when this 

region on interest includes radionuclides other than the one of interest. An example 

would be  high-energy gamma rays from other radionuclides may adding Compton 

background counts to the region of interest [Chabot] affecting the MDA. 

 The second consideration is the background counts are generally determined by 

taking a few channels on each side of the photopeak region of interest and fitting a curve, 

usually a straight line but sometimes a polynomial, connecting the points to form a 

continuous curve under the photopeak [Chabot]. The points on either side of the peak are 

used as the background and subtracted from the counts under the photopeak. Reliable 

computer algorithms are needed to derive a good polynomial fit to the background. 

Be window 
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The MDA depends on the value of the critical level, LC, and the critical level is 

generally defined by Currie (1968) as: 

  
𝐿𝑐 = 𝑘��

𝑅𝑏

𝑇𝑠
+

𝑅𝑏

𝑇𝑏
� 

(3.1) 

 

where, 

k is the number of standard deviations above the mean expected net count rate of zero 

when no activity is present at which the critical level is specified to lie; 

Rb is the background count rate; 

Tb is the background counting time, and 

Ts is the sample counting time. 

The critical level is the minimum net count rate that confirms the presence of 

radioactivity. When sample and background counting times are the same (t), the lower 

limit of detection, LD, is related to the critical level by: 

 
𝐿𝐷 =

𝑘2

𝑡
+ 2𝐿𝐶 

(3.2) 

   

The MDA is obtained by dividing this detection limit by the counting efficiency for the 

radionuclide of interest. For equal values of background and sample counting times, t, 

this reduces to the expression: 

 
𝐿𝐷 = 2𝑘��

2𝑅𝐵
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The International Organization for Standardization (ISO) gives the expression: 

 

  
𝐿𝐶 = 𝑘��

𝑅𝑂

𝑡
∗ �1 +

𝑏
2𝐼

�� 
(3.4) 

   

when no peak exists in the background on each side of the photopeak and when the 

counting time is much greater than k2, where Ro is the background counting rate (for the 

channels selected on either side of the photopeak), b is the number of channels in the 

photopeak region of interest, and 2I is the combined number of background-defining 

channels on both sides of the photopeak. If the region of interest on either side of the 

photopeak contains a peak, then equation 3.4 cannot be used.  

 

3.4 Full Width Half Maximum (FWHM) 

 

 The FWHM is used to express the resolution capabilities of a given detector. It is 

defined as the width of the gamma peak at half of the highest point on the peak 

distribution. The smaller the width the better the resolution. Normally the FWHM, in eV, 

is divided by the energy of the photon of concern, in eV, and multiplied by 100 to give a 

percentage. The lower the percentage the better the resolution. Figure 3.6 shows the 

FWHM of a photopeak. 
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Figure 3.6  Visualization of FWHM [Gilmore, 2008] 
 

Good resolution assists in separating gamma peaks that are close in energy. 

Figure 3.7 (a) below shows the ease of discriminating between peaks when those peaks 

are greater than 3 FWHM apart. In Figure 3.7 (b) it is much more difficult to determine 

the peaks because they are so close together. Advanced programs must be used to 

deconvolude 

peaks when 

those peaks 

overlap.  
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Figure 3.7 Visualization of FWHM Showing Overlapping Peaks [Gilmore, 2008] 
 

3.5 Efficiency 

 

The efficiency of a detector is the ratio of detected particles to total particles 

incident upon the detector. That being said there are many different ways to calculate and 

report the efficiency for a given detector. The absolute full-energy peak efficiency relates 

the peak area, at a particular energy, to the number of gamma rays emitted by the source 

[Gilmore, 2008]. Efficiencies for a given detector must be calculated using a source of 

known activity. It is preferred that the source is certified as a standard.  

Full-energy peak efficiency is expressed using the equation below: 

 

 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =

𝑅
𝑆𝑆

 
(3.5) 

 
 

 

where, 

Efficiency is the full-energy peak efficiency 

R is the full-energy peak count rate in counts per second  

S is the source strength given in Becquerels 

P is the probability of emission of the gamma being measured [Gilmore, 2008].  

Relative efficiency is a measure relating the efficiency of the detection of 60Co, at 

1332 keV, to that of a standard 3 inch x 3 inch NaI detector [Gilmore, 2008]. Relative 
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efficiency will be used when comparing the HPGe and CsI to the NaI detector. Equation 

3.6 below can be used if a NaI detector is not available [Gilmore, 2008]. If a 3 inch x3 

inch NaI detector is available, then the relative efficiency is simply the ratio of the counts 

of the unknown detector over the counts of the NaI detector. 

 

𝑅𝐸𝑅𝑅𝑡𝐸𝑅𝐸 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =
(𝐸𝐸𝑡 𝐸𝑐𝑐 𝑅𝑡 𝑡ℎ𝐸 1332.5 𝑐𝐸𝑅𝑘)(100)
(𝐵𝐵 𝑜𝐸 60𝐶𝑜 𝑅𝑡 𝐸𝑜𝑐𝐸𝑡 𝑡𝐸𝑡𝐸)(.0012)

 
(3.6) 

 

3.6 Propagation of uncertainty 

 

All laboratory experiments yielding results have an associated uncertainty with 

them. Propagating this uncertainty is essential for accurately representing results. The 

equations below were used throughout this thesis for error propagation. Equation 3.7 is 

used when there is a sum or difference of counts. This is normally used for background 

subtracted counts. 

 

 
𝜎𝑢𝑢𝑐 = ��𝜎𝑥

2 + 𝜎𝑦
2� 

(3.7) 

 
 

 

where,  

σunc is the overall uncertainty 

σ is the standard deviation 

σ2 is the variance 

x, y are the associated counts 
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Equation 3.8 is used if there is a multiplication or division of counts. All uncertainties 

have been propagated in the final calculations. 
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Chapter 4: Methods and Results 

 

 This chapter will explain the process of making and using an in-house reference 

material. Additionally, this chapter will explain the processes utilized in comparing the 

CsI detector to the NaI and HPGe detectors for the determination of scale. Table 4.1 

below shows the certificate of calibration information for Standard Reference Source 

(SRS) 98745 used throughout this thesis. SRS 98745 which was purchased from Eckert 

and Ziegler Isotope Products, has a reference date of 01DEC2014. All uncertainties in 

this chapter were propagated using equations 3.7 and 3.8.  

 

Table 4.1 Standard reference source certificate of calibration (20 g) 
Isotope Half-Life [d] Activity [Bq]1 Uncertainty [%] Calibration Method 

228Ra 2100 377.8 5.7 HPGe 
226Ra 584400 18630 5.5 HPGe 
210Pb 8109 18270 4.2 4π Liquid 

Scintillation 
     1certified as of December 1, 2014 12 pm Eastern Standard Time 

 

4.1 The Making of a Scale Reference Material 

Typically, in gamma-ray spectrometry, 226Ra in geological specimens is 

determined using 214Bi which is one of its daughter products. This is done for two reasons. 

One is to eliminate the overlapping peak of 185.72 keV gamma ray from 235U which can 

constitute a large fraction of the 186.2 keV photons. Secondly, the 609.3 keV photon 
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from 214Bi and the 295.2 and 351.9 gamma rays from 214Pb are typically used in 

analytical determinations. These gamma-rays are much stronger due to their probability 

of emission, Pγ (%) of 49.5 for the 609.3 keV photon belonging to 214Bi; 35.6 and 18.5 for 

the 351.9 keV and 295.2 photons belonging to 214Pb, respectively. The 186.2 keV photon 

of 226Ra has a Pγ of only 3.55% and sits on a higher Compton continuum. However, to 

effectively use these photopeaks, the 226Ra must be in secular equilibrium with its first 

daughter 222Rn (t1/2 = 3.8 days). This requires approximately a one month waiting period 

(seven half-lives of 222Rn). Since a major goal of this research was to investigate an in-

field detection system a one month wait was not feasible.  

  A large batch of scale from west Texas, provided by EPDI, arrived to the 

Nuclear Engineering Teaching Lab at the University of Texas. Using a Geiger counter, a 

simple measurement of the sample was done to quickly ascertain its radioactivity. Scale 

samples at contact can typically measure 100-150 μR (0.87 - 0.13 mrem or 0.87-1.3 μSv) 

with the Gieger window closed (gamma-rays only) and up to eight times more for beta 

and gamma-rays with the window open.  To achieve homogeneity the scale was first 

dried in an oven for 24 hours at 105 ◦C and then placed in a large plastic bag to prevent 

any contamination.  About 100 grams was then sifted through 250 μm sieve and three 

20.0 gram samples were placed in a Petrie© dish and sealed.  Since 238U was not being 

measured, secular equilibrium between 226Ra and its daughter product 222Rn was not 

needed.  However, to ascertain the in-growth with 226Ra an experiment was conducted 

over eight half-lives of 222Rn with the Petrie© dish uncovered, covered and heat-sealed. 

As can be seen from Figure 4.1 within statistical uncertainty there is the typical 5-10% of 
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in-growth; meaning there is some loss of 222Rn. To test the homogeneity of the three 

samples the net counts of gamma-rays of 46.1 keV (210Pb), 186.4 keV (226Ra) and 911.4 

keV 228Ac (daughter of 228Ra) were compared and found that only a ±3% variation 

existed for these photopeaks. This gave confidence in using this scale sample as an in-

house standard. Three Petrie© dishes were placed directly on top  of a 30% efficient 

ORTEC hyperpure N-type gamma-x with a thin beryllium detector having a 2.1 keV 

resolution at the FWHM of the 1332.2 photopeak of  60Co. 

 

 
 

Figure 4.1 Ingrowth measurements of 222Rn and 226Ra 
 

4.2 Self-Attenuation for Scale 
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Another important factor when analyzing sample spectra is the attenuation, 

shielding of photons, by the sample itself. Any photon emitted from radioisotopes within 

the sample has a certain probability of interacting with the sample medium prior to being 

counted by the detector. The attenuation of these photons by the emitting material results 

in an underestimation of the intensity of photopeaks in the spectrum for these materials, 

particularly at energies of less than 100 keV (Robu, Giovani, 2009). It has been 

previously shown that scale samples have high-Z material due to the presence of iron, 

barium and calcium [Millsap and Landsberger, 2014]. Self-attenuation of low-energy 

photons, especially the 46.1 keV gamma-ray belonging to 210Pb, are the most attenuated.  

Equation 4.1 below gives the self-attenuation correction factor, Fatt, for the sample.     

 

 
1

𝐹𝑎𝑎𝑎
=

− 𝑅𝐸 � 𝐼
𝐼𝑜

�

1 − � 𝐼
𝐼𝑜

�
 

 

(4.1) 

where, 

I is the attenuated net count rate 

Io is the unattenuated net count rate 

Using 152Eu, 137Cs, 109Cd, 60Co and 241Am sources a plot of the absorbed fraction 

of photons (1/Fatt) versus energy was plotted for the reference, scale and IAEA reference 

materials as shown in Figures 4.2, 4.3, and 4.4 respectively.  A complete description of 

the methodology is presented elsewhere [Millsap and Landsberger, 2014].  The 1/ Fatt 

factors for 46.5 keV, 186.5 keV and 911 keV photopeaks belonging to the reference, 
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scale and IAEA 448 samples are shown in Table 4.2. As can be seen from the graphs and 

Table 4.2, while there is still attenuation for the 186.5 keV and 911 keV photopeaks, the 

differences between the samples varies by no more than 1%. However, for the 46.5 keV 

photon belonging to 210Pb, there is a significant difference for the scale sample where 

upwards to 83% is attenuated. This is expected since the scale has large amounts of 

calcium, barium and strontium (Landsberger et al. 2013). Thus, there is no need to take 

into account attenuation coefficients for 226Ra and 228Ra with the SRS and IAEA 

reference materials since the al 1/Fatt values virtually cancel out.  

Table 4.2   1/Fatt values 46.5 keV, 186.5 keV and 911 keV photopeaks 
Photopeak 

Energy 
Reference Material 

SRS 
1/ Fatt 

Scale  
Sample 
1/ Fatt 

IAEA 448 Oil  
in Sand 
1/ Fatt 

46.5 0.76 0.17 0.72 

185.72 0.90 0.90 0.90 

911.0 0.93 0.93 0.94 
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Figure 4.2 Self-attenuation within the reference sample 

 

It is crucial to accurately measure the concentrations of various radioisotopes within the 

sample and one can only do this if self-attenuation of the sample is factored in. For 

completeness, figure 4.3 shows the self-attenuation within the reference material used 

throughout this thesis. Although similar to the scale sample, the uncertainties are higher 

in the reference material because of the naturally present radiation levels within the 

sample. If the sample itself has peaks on or near the reference peaks used for our analysis, 

the uncertainly will be much higher. 

 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

1/
F 

Energy [keV] 

Data Fit



40 
 

 

Figure 4.3 Self-attenuation within scale material 
 

 

Figure 4.4 Self-attenuation within IAEA 448 reference material 
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Figure 4.5 depicts a scale sample counted for 12 hours directly on the HPGe detector.  As 

described above, a NIST traceable in-house standard (SRS 98745) was acquired from 

Eckert and Ziegler Isotope Products with the following radioactivities:  931,500 ± 51, 

233 Bq/kg (25,176 ± 1385 pCi/g) for 226Ra; 18,890 ± 1077 Bq/kg (510 ± 29 pCi/g) for 

228Ra; and 913,500 ± 38,367 Bq/kg (24,689 ± 1037 pCi/g) for 210Pb, respectively.  

Activities were chosen so that low (<2%) counting uncertainties could be achieved in a 

short counting time of one hour. 

 

Figure 4.5 Scale counted on HPGe detector with Be window 
 

The results for the scale were 58,855 ± 3237 Bq/kg (1590 ± 87 pCi/g) for 226Ra, 

15,550 ± 980 Bq/kg (420 ± 26 pCi/g) 228Ra and 23,905 ± 1123 Bq/kg (646± 30 pCi/g) 
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210Pb. The overall statistical uncertainty of 5.5% for 226Ra, 6.3% for 288Ra, and 4.7% for 

210Pb was propagated from the counting statistics of the scale sample and uncertainty in 

the standard. The dominant uncertainty was the uncertainty associated with the certified 

reference material. All the uncertainties in counting statistics were at or below 2% for 

226Ra, 228Ra and 210Pb in all the samples counted. Typical detection limits [Curie, 1968] 

are 460 Bq/kg (13 pCi/g) for 226Ra, 123 Bq/Kg (3 pCi/g) 228Ra and 296 Bq/kg (8 pCi/g) 

210Pb the for 20 gram samples counted for one hour.   A 12 hour background count 

revealed that the net counts for 46.5 keV, 186.5 keV and 911.0 photopeaks were 

completely inconsequential as shown Figure 4-6.  

 

Figure 4.6 12-Hour background count 
 

To implement a quality control procedure, a standard reference material IAEA 448 soil 

from oil field was also analyzed. The results are shown in Table 4.3 
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Table 4.3 Comparison of IAEA 448 vs Current Results 
Radionuclide IAEA 448 

[Bq/kg] 
Current Results 

[Bq/kg] 
226Ra 19,050 ± 260 17,422 ± 924 
228Ra 1166 ± 55 1259 ± 84 
210Pb 6653 ± 283 6886 ± 312 

 

The results for 228Ra and 210Pb are in very good agreement with overlapping uncertainty 

bars. However, the 226Ra result is ~ 9% lower than the IAEA value.  An investigation of 

the intercomparison study for 226Ra as shown in Figure 4-7 shows a large range from 

16500 Bq/kg to 21500 Bq/kg (IAEA, 2013).  IAEA reference materials are not certified 

and take into account all values, even those outliers.  

 

 

Figure 4.7  IAEA intercomparison results for 226Ra 
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4.3 Full Width Half Maximum of the CsI Detector 

 

Ortec’s Maestro software was used to determine the resolution of the three 

detectors. Below are the spectra of the same scale sample analyzed by all three detectors. 

The major photon peaks are labeled and the red arrow indicates the 226Ra peak from 

which each FWHM was taken. The FWHM of the 911 keV 228Ra peak was also analyzed.  

 

 
 

Figure 4.8 NaI scale spectrum 
 

 

 Figure 4.8 shows a scale spectrum counted for 60 minutes on a NaI detector. It is 

evident the peaks are quite wide resulting in a higher FWHM. Figure 4.9 shows a scale 
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spectrum counted for the same time on an HPGe detector. The HPGe has a resolution 

between 25 and 30 times better than NaI resulting in peaks that are easily identifiable. 

Figure 4.10 shows a scale spectrum counted for 60 minutes on the CsI detector. 

 
 

Figure 4.9 HPGe scale spectrum 
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Figure 4.10 CsI scale spectrum 
 

Table 4.4 Detector resolution 
Energy 
[keV] 

HPGe FWHM 
[keV] 

CsI FWHM 
[keV] 

NaI FWHM 
[keV] 

186.2 1.00 16 31 
1173.2 (60Co) 1.54 56 119 

 

It is clear from the spectra and from Table 4.4 that the HPGe detector has a much 

better resolution than the other 2 detectors. CsI, although substantially worse than HPGe 

in resolution, has almost twice the resolution of NaI at the 226Ra 186 keV peak. The 

spectra below compares the CsI to HPGe. The red and blue donut shape on Figure 4.11 

shows that the CsI detector will sum peaks that are close together while the HPGe is able 

to discriminate those same peaks.   
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 Figure 4.11 CsI and HPGe scale spectra 
 

 

 Figure 4.12 below compares the spectra of CsI to NaI. This figure shows the 

narrower/better resolution of the CsI detector. After this 60 minute count the CsI is 

beginning to resolve the 228Ra 911 keV peak while the NaI shows barely more than 

background.   
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Figure 4.12 CsI and NaI spectra 

 
 

4.4 Efficiency of the Cesium Iodide Detector 

 

 The relative efficiencies of the detectors, discussed in section 3.5, will be used in 

this section. Once again the CsI detector will be compared to the HPGe and NaI detectors. 

Relative efficiency uses the 1332 keV photon from a 60Co source to compare the 

detectors. The counts at the 1332 keV peak are compared to the counts from a 3 inch x 3 
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around the 1332.4 keV photon so the 1173.2 keV photon was used instead. All readings 

must be taken from 25 cm source-to-detector distance and Figure 4.13 below shows the 

spacer used to ensure this proper geometry. The spacer was made to exact specifications 

with a 3D printer. A 60Co source was placed on the end of the spacer and a count was 

taken long enough for at least 5000 counts to be recorded. Table 4.5 below shows the 

data gathered. The CsI has a 33% higher relative efficiency than HPGe. The 33% relative 

efficiency of the HPGe detector was within 1.5% of the relative efficiency stated by the 

Ortec manufacturer. 

 

Table 4.5 Detector relative efficiencies 
Detector Energy 

[keV] 
Net 

Counts 
Uncertainty 

[%] 
Count 
Time 

[s] 

Count 
Rate [cps] 

Relative 
Efficiency 

[%] 
CsI 1173 11752 0.9% 9000 1.31 44 
NaI 1173 5582 1.3% 1860 3.00 100 

HPGe 1173 5003 1.4% 5000 1.00 33 
 
 

 
 

Figure 4.13 25 cm spacer 
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 The full-energy peak efficiency can be determined using a known reference 

material. Figure 4.14 shows the spectra of all 3 detectors. One can see that the 609 keV 

peak shows the HPGe detector with the highest peak, and thus the most counts. This is a 

little misleading. The efficiency, number of counts, is determined using the total area 

under the peak of interest. Because the HPGe has a much better resolution, the peak is 

much narrower and thus has less total counts even though it is taller than the CsI and NaI.  

The NaI detector will always have the most counts, followed by the CsI and the HPGe 

will have the fewest counts.  

 

 
Figure 4.14 CsI, NaI, and HPGe spectra of scale 
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4.5 Deconvoluting 228Ra 

 Deconvoluting overlapping gamma-ray peaks is the process of removing counts 

from a region of interest that are not part of the photopeak in question. Essentially there 

are two techniques to achieve this goal. One is to use peak-fitting routines which can be 

quite complicated in non-HPGe spectra such as those generated by NaI or CsI detectors 

where the FWHM is quite large. The second is to mathematically remove the counts of 

the interfering peaks from the wanted peaks. In the case of 228Ra there is a 934.1 keV 

peak (3.1 Pγ(%)) from 214Bi that the CsI detector cannot separate from the 911.2 keV 

(25.8 Pγ(%)), 964.8 keV (5.0 Pγ(%))  and 969.0 keV (15.8 Pγ(%))  photopeaks. All three 

peaks belong to 228Ra. The initial idea was to take a ratio of the 934.1 keV gamma-ray to 

that of the 609.3 keV (45.5 Pγ (%)) gamma-ray both belonging to 214Bi. The results of the 

1 hour count are shown in Table 4.6 below:  

 

Table 4.6 Ratio of Bismuth peaks 
Isotope Energy [keV] Counts Uncertainty Ratio [%] 

934/609 
214Bi 934 1399 66 - 
214Bi 609 30213 183 4.3 

 

 

 Figure 4.15 below shows the spectrum from a 60 minute count of the uranium ore 

sample on an HPGe detector. It is clear that the only peak in the spectrum is at 934.1 keV 

with no other attributed to 228Ra. Figure 4.16 is a 60 minute count of the scale reference 

material on an HPGe detector and shows the 4 peaks that can be differentiated.  
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Figure 4.15 Uranium ore sample on HPGe 
 

 

Figure 4.16 Scale sample on HPGe 
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counts from the 934.1 peak contributing to the 911.2 peak. Figure 4.18 shows the 

spectrum of the scale sample counted for 60 minutes on the CsI detector. These figures 

clearly show how the CsI is unable to discriminate the 4 peaks of the uranium ore or scale 

samples ore found by the HPGe detector in Figure 4.15 and Figure 4.16, respectively. 

 

 
Figure 4.17 Uranium ore sample on CsI 

 

 

Figure 4.18 Scale sample on CsI 
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The ratio of 934 keV gamma-ray to the 609 keV gamma-ray was determined using the 

HPGe detector. That ratio was compared to the ratio ascertained from the CsI detector 

and an overestimation by almost a factor of two was found. A closer examination of the 

CsI spectrum revealed that the resolution was not capable of resolving the 583 keV 

gamma ray belonging to 208Tl from the 609 keV gamma ray of 214Bi.   Another approach 

was investigated.  We used the ratio of the 934 gamma-ray to that of 186 gamma-ray of 

226Ra. This ratio was 14.8%.  In this case the scale sample was used as the comparator 

since its constituents were closely aligned with the IAEA 448 reference material. The 

results for the IAEA 448 reference material are shown in Table 4.7.  

 

Table 4.7 Results for the scale and IAEA 448 reference material 
Radionuclide IAEA 448  

Bq/kg (pCi/g) 
IAEA 448 Values 

Bq/kg (pCi/g) 
226Ra 17,966 ± 924 Bq/kg 

(454 ± 25 pCi/g) 
19,050 ±260 Bq/kg 

(515 ± 7 pCi/g) 
228Ra 1017 ± 172 Bq/kg 

(33 ± 2 pCi/g) 
1166 ± 55 Bq/kg 
(31.5 ± 1.5 pCi/g) 

 

 

The large uncertainty for 228Ra is mainly due to the statistics of the 186 keV gamma ray 

of 226Ra.  
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4.6 Minimum Detectable Activity  

 

 The MDA was determined using the equations in section 3.3. Figure 4.19 below 

shows the MDAs for various times using an HPGe detector. As expected, the MDA gets 

lower as the count time increases. 

 

 
 

Figure 4.19 MDAs with an HPGe detector 
 

 Figure 4.20 shows the change in uncertainty in relation to count time with an 

HPGe detector. Once again, as expected, the uncertainty drops as the count time 
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Figure 4.20 MDA uncertainties with an HPGe detector 
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Figure 4.21 MDAs with CsI detector 

 
 

 
Figure 4.22 MDA uncertainties with a CsI detector 
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interval. If lower concentrations need to be achieved, longer count times must be 

conducted.  
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 Chapter 5: Conclusion 

 

We have developed an in-house standard for scale produced by the oil exploration 

sector for 226Ra, 228Ra (228Ac) and 210Pb that can be used either in a quality control 

procedure or calibration of gamma-ray detectors. An ORTEC N-type gamma-x 

germanium detector with a thin beryllium window was used to easily identify the 46.1 

keV photon emitted from 210Pb.  Special attention was given to the attenuation of the 

photons belonging to all three gamma-rays. The 46.1 keV photon was attenuated by 83% 

(17% transmission) for the scale, 24% (76% transmission) for the reference material and 

28% (72% transmission) for the IAEA 448 standard.  For the 186.2 keV for 226Ra and 

911.1 keV for 228Ac (228Ra) the attenuation were almost identical for all three samples of 

10% (90% transmission) and 7% (93 transmission) respectively. The in-house reference 

material was created and used in testing the limitations of the Cesium Iodide (CsI) 

detector.  The CsI detector was tested against the radiation detection stalwarts of a high 

purity germanium (HPGe) and sodium iodide (NaI).  Neither the NaI nor CsI were able to 

detect the low energy 210Pb photons, but 226,228Ra photons were no issue. The CsI was 

found to be 33% more efficient than an HPGe and have twice the resolution of the NaI 

(15.99 keV vice 30.94 keV at the 186 keV peak). Self-attenuation must be factored in or 

there will be a significant underestimation of the radioactivity. Lastly this thesis 

evaluated the ability of the CsI detector to deconvolute the 228Ra peak. If the CsI detector 

is to be used approximately 15% of counts coming from 186 keV gamma ray of 226Ra 

must be removed to get the “actual” counts coming from the 228Ra.   
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Recommendations 

Although the CsI detector system showed a lot of promise for in-field 

determination of NORM samples, it did lack the ability to discern the 46.5 keV photon 

from 210Pb  due to the strong interference from the 50 keV x-ray, presumably from the 

photoelectric effect of cesium or iodine.   

 These measurements were made in a laboratory environment with no shielding at 

all. It is recommended that any future use of this detector in a field environment include a 

shield around the CsI detector, presumably made of iron, but not lead.  

Other detector systems may be able to resolve these issues. Lanthanum Bromide 

(LaBr) in one such detector system that should be considered.   LaBr has better resolution 

and efficiency to CsI and could be a viable option. 

If a CsI detector system is chosen for field analysis, it is important to have a good 

ratio of the 934 keV peak of 214Bi to that of the 186 keV peak of 226Ra, thus there needs 

to be good counting statistics for this gamma-ray.  
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