
DISSERTATION 

 

 

 

A NOVEL METHOD FOR RAPID IN VITRO RADIOBIOASSAY 

 

 

 

 

 

 

Submitted by 

 

Evan Bogert Crawford 

 

Department of Environmental and Radiological Health Sciences 

 

 

 

 

 

 

In partial fulfillment of the requirements 

 

For the Degree of Doctor of Philosophy 

 

Colorado State University 

 

Fort Collins, Colorado 

 

Spring 2015 

 

 

 

 

 

 

Doctoral Committee: 

 

 Advisor: John Zimbrick 

 

Alexander Hulpke 

Jerome LaRosa 

Howard Ramsdell 

Georg Steinhauser 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by Evan Bogert Crawford 2015 

 

All Rights Reserved 

 



ii 

 

ABSTRACT 

 

 

 

A NOVEL METHOD FOR RAPID IN VITRO RADIOBIOASSAY 

 

 

 

 Rapid and accurate analysis of internal human exposure to radionuclides is essential to 

the effective triage and treatment of citizens who have possibly been exposed to radioactive 

materials in the environment. The two most likely scenarios in which a large number of citizens 

would be exposed are the detonation of a radiation dispersal device (RDD, “dirty bomb”) or the 

accidental release of an isotope from an industrial source such as a radioisotopic thermal 

generator (RTG). In the event of the release and dispersion of radioactive materials into the 

environment in a large city, the entire population of the city – including all commuting workers 

and tourists – would have to be rapidly tested, both to satisfy the psychological needs of the 

citizens who were exposed to the mental trauma of a possible radiation dose, and to satisfy the 

immediate medical needs of those who received the highest doses and greatest levels of internal 

contamination – those who would best benefit from rapid, intensive medical care. 

 In this research a prototype rapid screening method to screen urine samples for the 

presence of up to five isotopes, both individually and in a mixture, has been developed. The 

isotopes used to develop this method are Co-60, Sr-90, Cs-137, Pu-238, and Am-241. This 

method avoids time-intensive chemical separations via the preparation and counting of a single 

sample on multiple detectors, and analyzing the spectra for isotope-specific markers. A rapid 

liquid-liquid separation using an organic extractive scintillator can be used to help quantify the 

activity of the alpha-emitting isotopes. The method provides quantifiable results in less than five 

minutes for the activity of beta/gamma-emitting isotopes when present in the sample at the 
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intervention level as defined by the Centers for Disease Control and Prevention (CDC), and 

quantifiable results for the activity levels of alpha-emitting isotopes present at their respective 

intervention levels in approximately 30 minutes of sample preparation and counting time. 

 Radiation detector spectra – e.g. those from high-purity germanium (HPGe) gamma 

detectors and liquid scintillation detectors – which contain decay signals from multiple isotopes 

often have overlapping signals: the counts from one isotope’s decay can appear in energy 

channels associated with another isotope’s decay, complicating the calculation of each isotope’s 

activity. The uncertainties associated with analyzing these spectra have been traced in order to 

determine the effects of one isotope’s count rate on the sensitivity and uncertainty associated 

with each other isotope. 

 The method that was developed takes advantage of activated carbon filtration to eliminate 

quenching effects and to make the liquid scintillation spectra from different urine samples 

comparable. The method uses pulse-shape analysis to reduce the interference from beta emitters 

in the liquid scintillation spectrum and improve the minimum detectable activity (MDA) and 

minimum quantifiable activity (MQA) for alpha emitters. The method uses an HPGe detector to 

quantify the activity of gamma emitters, and subtract their isotopes’ contributions to the liquid 

scintillation spectra via a calibration factor, such that the pure beta and pure alpha emitters can 

be identified and quantified from the resulting liquid scintillation spectra. Finally, the method 

optionally uses extractive scintillators to rapidly separate the alpha emitters from the beta 

emitters when the activity from the beta emitters is too great to detect or quantify the activity 

from the alpha emitters without such a separation. The method is able to detect and quantify all 

five isotopes, with uncertainties and biases usually in the 10-40% range, depending upon the 

isotopic mixtures and the activity ratios between each of the isotopes. 
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CHAPTER 1. INTRODUCTION 

 

 

 

1.1 Bioassay screening during radiological emergencies 

 Human exposure to radiation can be either external – i.e. from exposure to a source of 

radioactive material outside the body – or internal; i.e. from exposure to radioactive decay via 

the ingestion of radioactive isotopes. The dose from external exposure is relatively trivial to 

assess as long as the source attributes (such as the isotope and the amount of activity present), 

distance of exposure, and length of exposure are all known. However, the dose from internal 

exposure can be significantly more difficult to measure, as in most situations, the amount of 

intake of radioactive material is not known, and must be determined through secondary 

measurements. 

 Screening urine for the presence of radionuclides has been shown to be a suitable means 

to assess both radiation worker internal dose due to possible intake and public internal dose in 

the event of a radiological emergency.
1,2

 Multiple determination methods have been explored, 

some specifically for urine/biological samples, others for generic matrices. Each method requires 

a varying degree of chemistry knowledge and labor.
1-13

 As a general rule, the higher the number 

of different radionuclides that are present in a sample, the more chemical separation steps (and 

thus more time and labor) are required to process the sample for proper counting and 

determination. Thus, if a method could be developed which reduces the number of necessary 

chemistry steps, or reduces the amount of time each step takes, or both, this method would be 

better suited to use in emergency response conditions. However, the response time of current 

methods is limited by resin column chemistry (currently the fastest method available).
9,10,13

 

These methods are currently capable of returning full radiochemical determinations in just over 5 
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hr per sample.
10

 In a large-scale emergency scenario, this timescale is clearly unworkable. 

Maxwell & Culligan have succeeded in increasing throughput at the chemical through use of 

their vacuum box & stacked resin cartridge system (currently, 10 samples at a time plus a 

control)
10

; however, the chemistry is only half of the picture: their method requires multiple (at 

least 3) 1-hour alpha counts per sample. Thus, the number of available alpha detectors must be 

triple the number of samples in order to maintain high throughput – an eventuality which is 

extremely unlikely. In reality, even with 48 alpha detectors available (roughly the number 

available to the Radioactivity Group at the National Institute of Standards and Technology in 

Gaithersburg, MD), throughput is limited to just 16 samples per hour. This throughput also 

assumes available labor (in the form of trained radiochemist technicians) is sufficient to keep up 

with chemical processing of samples. At 16 samples per hour, assuming round-the-clock shifts, 

384 samples can be analyzed per day and it would take just over 3.5 years to process the samples 

from half a million citizens (roughly the population of the Washington, DC area, or one of its 

suburban counties). Obviously, this is not nearly soon enough for proper triage (separating out 

the truly contaminated from the “walking well”) and treatment (chelation therapy, bone marrow 

transplants, etc) of the contaminated individuals – typically, treatment should be given as soon as 

possible, preferably within a matter of hours. 

1.2 High-priority isotopes 

 The International Atomic Energy Agency (IAEA) provides a list
14

 of the most relevant 

isotopic sources with common industrial uses. It divides these sources into three categories,
14

 

with category 1 sources being of the highest activity, causing imminent death within minutes, 

down to category 3 sources with less activity but still sufficient to cause permanent injury and 

possible fatality within a few hours of exposure. There are 25 isotopes on this list. However, 10 



3 

 

of these isotopes are “very unlikely to be used in individual radioactive sources with activity 

levels [sufficient] to place them within Categories 1, 2 or 3”,
14

 leaving 15 isotopes, as shown in 

Table 1.1. 

1.3 Research Objectives 

 This research aims to overcome the deficiencies described in 1.1 above by development 

of a rapid screening method. Five of these isotopes have been selected for analysis in this study: 

Co-60, Sr-90, Cs-137, Pu-238, and Am-241. These isotopes have been selected to give a wide 

variation of decay types (including alpha, beta, and gamma). Additionally, the overlapping alpha 

energies of Am-241 and Pu-238 – and the similar maximum beta energies of Cs-137 and Sr-90 – 

allowed for a thorough study of the effects of the presence of each of these isotopes on the 

measurement uncertainties of each other. 

 The objective of this work was to determine the feasibility of quantitatively measuring 

the activity from multiple isotopes present in the same sample without performing chemical 

separations. There is, at present, a dearth of information regarding the effects of these types of 

interferences on measurement uncertainties in the scientific body of knowledge in this field. It is 

this gap that this dissertation intends to begin to fill. 
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Table 1.1 IAEA list of isotopes of concern 

Alpha-emitters 

Element Isotope t1/2 (a) 

Highest-

abundance 

alpha energy 

(keV) 

Highest-

abundance 

γ energy 

(keV) γ abundance  

Am 241 4.32E+02 5486 59.5 36% 

Cf 252 2.65E+00 6118 n/a 0% 

Cm 244 1.81E+01 5805 n/a 0% 

Pu 238 8.77E+01 5499 n/a 0% 

Pu 239 2.41E+04 5157 n/a 0% 

Ra 226 1.60E+03 4784 186 4% 

 

Beta emitters 

Element Isotope t1/2 (a) 

Highest-

abundance 

beta max 

energy (keV) 

Highest-

abundance γ 

energy (keV) γ abundance 

Co 60 5.27E+00 318 1333 100% 

Cs 137 3.01E+01 514 662 85% 

Ir 192 2.02E-01 675 317 83% 

Pm 147 2.62E+00 224 n/a 0% 

Sr 90 2.88E+01 546 n/a 0% 

Tm 170 3.52E-01 968 84.3 3% 

 

Electron capture isotopes 

 
Element Isotope t1/2 (a) Highest-abundance γ energy (keV) γ abundance  

Gd 153 6.58E-01 97 29%  

Se 75 3.28E-01 265 59%  

Yb 169 8.77E-02 63 44%  
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CHAPTER 2. PRELIMINARY STUDIES AND RESULTS 

 

 

 

2.1 Single-isotope urine screening via Liquid Scintillation Counting 

 Since May 2005, work has been done by members of the Radioactivity Group at the 

National Institute for Standards and Technology (NIST) in Gaithersburg, Maryland to develop a 

quantitative, rapid screening method to determine Sr-90 contamination in human urine.
a,b

 The 

method that was developed uses activated carbon (AC) filtration to remove color (and other 

organic contaminants)
2
 and liquid scintillation counting (LSC)

2
 to detect the β

-
 particles. The 

method has produced remarkable results for Sr-90/Y-90, Sr-89, Sr-89 mixed with Sr-90/Y-90, 

and Ni-63. Quantification limits of ~0.1 Bq/ml for Sr-90/Y-90 have been achieved (using the 

Currie method).
15

 Under realistic conditions, the method takes less than five minutes from 

receipt of a raw urine sample to the end of counting. Thus, the method is portable, accurate, and 

rapid. However, the method’s robustness is limited to the following conditions: that the 

radioisotope contaminants present in the urine sample are known to be only Sr-90/Y-90, Sr-89, 

and/or Ni-63; and that none of the radioisotopes is organically bound (as they would then be 

adsorbed to the AC and thus not detected).
a
 These assumptions are appropriate for conditions 

such as the detonation of an RDD contaminated with one of these isotopes, the poisoning of a 

water supply with one of these isotopes, the accidental ingestion of a source of one of these 

isotopes, etc. 

 Previous work has been done by Crawford et al. to support these findings.
a,c

 Figure 2.1 

shows the liquid scintillation counting efficiency of Nickel-63 in three different media: 

                                           
a
 E. B. Crawford, J. La Rosa, S. Lederer, K. G. W. Inn, unpublished results 

b
 Partially funded by the National Science Foundation (NSF) through the auspices of the NIST Summer 

Undergraduate Research Fellowship (SURF) program 
c
 Crawford et al. unpublished results, presented at RRMC 2005, 2006, 2007, 2010, 2012, HPS 2007 
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Uncolored Synthetic Urine (SU), Synthetic Urine colored with Tea (ST), and Real Urine (RU). 

The blue bars show the Ni-63 counting efficiency in spiked samples of these three media which 

have not been treated with AC, while the purple bars show the counting efficiency in samples 

which have been treated with AC. As can be seen in Figure 2.1, counting efficiency falls from 

~59% in untreated, uncolored synthetic urine to ~30% in untreated real urine. However, when 

the samples are treated with AC, efficiency for both ST and RU is ~58%, well within the ~1% 

standard deviation uncertainty (not shown on graph) of the 59% efficiency of untreated SU. The 

AC treatment, by removing colorants and other organics,
2
 effectively removes the relevant 

quenching factors from the liquid scintillation counting systems while it appears to have no 

affinity for the radionuclide.  

 Figure 2.2 shows the relationship between Ni-63 efficiency and the molarity and type of 

acid used to acidify the urine sample upon receipt.
d
 Nitric acid stabilizes the sample better at 

lower molarities; however at higher molarities the efficiency decreases (likely due to the 

oxidation of the organic compounds in the LS cocktail). Thus, 1M HCl is preferable assuming all 

radionuclides of interest are easily soluble in hydrochloric acid. 

 Liquid scintillation was selected as the counting method of choice for a number of 

reasons. First, it is a counting method with well-known efficiency (nearly 100%)
23

 for all 

isotopes of concern in 4π geometry. Second, it yields spectra depicting the energy of the detected 

decay particles, which provide data that can be analyzed in more detail than a simple raw count. 

Third, since urine is already a liquid, minimal source preparation steps are required other than 

the aforementioned AC treatment which is performed using a syringe filtration system for both 

ease and speed. 

                                           
d
 Crawford et al. unpublished results, presented at RRMC 2005, 2006, 2007, 2010, 2012, HPS 2007 
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 Figure 2.3
e
 depicts an LSC spectrum from a sample with unknown levels of activity from 

three radionuclides of differing maximum beta energies (depicted by dashed lines on graph): Sr-

90, Sr-89, and Y-90.
e
 Through spectral deconvolution techniques,

17
 the spectrum can be 

analyzed accordingly as long as the radioisotopes present and their maximum beta energies are 

known. 

 Table 2.1 demonstrates the results of the deconvolution of this particular spectrum.
e
  It is 

noted that the error associated with the Sr-89 calculation is somewhat high. However, the Sr-89 

activity present is only roughly three times over background, which could explain the relatively 

high measurement bias. 

 In order to test the accuracy and precision of the method, a single operator test was 

performed. This test examined the method’s speed, accuracy and precision given the following 

conditions: 1) that the only radionuclide present was Sr-90 (with possibly some Y-90 present; 

equilibrium not assumed), 2) a one-minute count time, 3) one available chemist/technician to 

perform all necessary steps. Each sample took an average of 3 minutes and 45 seconds from 

receipt of sample to return of results. The results of the single operator test are depicted in Table 

2.2 and Figure 2.4. 

 The uncertainty bars in Figure 2.4 represent one standard deviation from the mean. In the 

event of a large-scale radiological emergency involving the possible release of and exposure to 

Sr-90, the expected intervention levels would be within an order of magnitude of 10 kBq/ml.
18

 

Thus, extremely conservatively, the method should be precise and accurate at 100 Bq/ml, 

roughly the activity present in sample 4. Given that the bias at this level – indeed, every activity 

level tested other than the absolute lowest (the quantification limit) – is less than the 1σ 

                                           
e
 Crawford et al. unpublished results, presented at RRMC 2005, 2006, 2007, 2010, 2012, HPS 2007 
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uncertainty, which is less than 1%, the method’s accuracy and precision need not be questioned 

further. 

 This method could, in theory, be deployed immediately if necessary in the event of a 

radiological incident that met the conditions stated above. Given one chemist and one LS 

counter, at 3.75 minutes per sample, the method is already capable of producing results at the 

same 384-sample-per-day maximum rate achievable by Maxwell and Culligan.
5,6,9,10

 However, 

given access to multiple chemists (NIST has at least 10+ qualified and available) (or 

alternatively, automation of the AC procedure) and multiple LS counters, this rate rapidly 

multiplies – indeed, the logjam becomes not sample preparation, but count time. Given count 

times of 1 minute per sample, and throughput from 10 LS counters each in 10 different 

laboratories (or any other easily conceivable combination of 100 LS counters, the samples from a 

population of 500,000 could be analyzed in under 3.5 days – a vast improvement over the 3.5+ 

years it would take given Maxwell and Culligan’s method. 

2.2 Activated carbon filtration 

 Filtration with activated carbon powder is known to remove (via adsorption) organic 

materials from aqueous solutions.
19

 Activated carbon (AC) powder also has some affinity for the 

adsorption of inorganic materials, as well.
 19,20

 However, AC powder has been shown to have 

little to no affinity for strontium and cesium.
 20

 This combination of properties makes AC powder 

an excellent material to use to filter urine samples prior to measuring these samples using liquid 

scintillation counting. 

 The work performed in this project demonstrated that AC powder filtration removes all 

measurable quenching effects from urine samples in liquid scintillation counting, making them 

indistinguishable (with respect to the quench indicating parameters on the Quantulus liquid 
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scintillation counter, as well as the isotopic counting efficiencies) from samples consisting of 

only spiked acidified water. Additionally, the work performed herein demonstrated that AC 

powder shows no affinity for any of the five isotopes studied (nor for Sr-90’s daughter Y-90). 

2.3 Gamma-decay measurements 

 Three of the five isotopes studied in this project have significant (i.e. >25%) gamma ray 

emissions: Co-60 at approximately 1173 and 1332 keV (100% abundance for each), Cs-137 at 

approximately 662 keV (85% abundance), and Am-241 at approximately 60 keV (30% 

abundance). Therefore, when these isotopes are individually present in a sample, their 

measurement and quantification is trivial in known, calibrated geometries. Limits of detection 

and quantification, as well as the overall uncertainty on the measurements, are all simple 

statistical calculations.
15

 

 However, when more than one gamma-emitting isotope is present in a sample, the 

Compton spectrum from the isotope with a higher-energy gamma emission can interfere with the 

measurement of the photopeak of the lower-energy gamma emission. In these cases, the 

uncertainties associated with the measurement of the lower-energy photopeak are related to the 

amount of activity present from the isotope with the higher-energy gamma emission, as well as 

the relative magnitude of the Compton spectrum in the vicinity of the lower-energy photopeak. 

The effect of Co-60 activity on the measurement of Cs-137 and Am-241, as well as the effect of 

Cs-137 activity on the measurement of Am-241, was carefully studied to quantify these effects, 

as described in Chapter 3. Additionally, the Bremsstrahlung spectrum from the Sr-90/Y-90 

system can interfere with the measurement of Am-241; this effect, too, was carefully quantified, 

as described in Chapter 3. 
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 High-purity germanium (HPGe) gamma detectors were used for all gamma 

measurements in this project. 

2.4 Liquid scintillation measurements 

 Liquid scintillation counting (LSC) is capable of detecting both alpha and beta 

radioactive decay emissions. With 4π geometry, the efficiency of alpha counting using LSC is 

essentially 100%. The efficiency of beta counting depends on a number of factors, including the 

maximum beta decay energy of an isotope. However, the efficiency for beta counting is 

reproducible from one sample to the next, assuming each sample’s quench is similar. 

 Alpha events produce Gaussian peaks in liquid scintillation spectra, because they are 

mono-energetic. These peaks can be fitted using a least-squares approach, which provides an 

accurate mathematical description of the spectral shape. 

 While each of the beta-emitting isotopes studied in this project has a single primary 

maximum beta emission energy, the spectra produced by beta emissions are not Gaussian: as 

beta emissions are accompanied by neutrinos, with the total maximum energy split between the 

two particles, the energy carried by the beta particle varies widely. The resulting beta curve runs 

from zero keV to the maximum beta energy, and these curves do not follow simple mathematical 

formulas, so cannot be easily fitted. 

 A Quantulus 1220 (“Quantulus”) low-level liquid scintillation counter was used for all 

LSC measurements in this project. The Quantulus detector has a very low background count rate, 

which is achieved by the use of a significant amount of lead shielding around the detector cavity, 

as well as a guard detector surrounding the main photomultiplier tubes (PMTs). The 

anticoincidence circuitry linked to the guard detector greatly reduces the cosmic background 

seen by the main liquid scintillation detector within the Quantulus. This instrument is one of a 
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number of LS counters with the ability to perform pulse-shape analysis on the light pulses 

produced from individual decay events.
21

 Beta events excite primarily singlet states in the 

solvent in the cocktail, while alpha events tend to excite a higher fraction of triplet states in the 

solvent.  Triplet states take longer to transfer their energy to the fluor; accordingly, the light 

pulse from alpha events and their resulting triplet states has a longer decay time than the light 

pulse from beta events. By measuring the decay time of these light pulses, it is possible to 

discriminate between alpha and beta decay events within a sample being measured by the 

Quantulus. Separating the beta and alpha pulses using pulse-shape analysis allows for very weak 

alpha signals – which would usually be indistinguishable from the beta spectra when the 

beta/alpha activity ratio is high – to be quantitatively analyzed.
23 
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Figure 2.1: Effect of AC filtration on counting efficiency – Synthetic Urine (SU), Synthetic 

Urine stained with Tea (ST), Real Urine (RU) 
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Figure 2.2 Efficiency Dependence upon Acid Concentration 
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Figure 2.3 Beta spectrum energy windows 
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Table 2.1 Results of Figure 2.3 Spectral Deconvolution 

 Calculated: Expected: Bias: 

Sr-89: 1.26 1.69 -25.44% 

Sr-90: 19.56 19.04 2.73% 

Y-90: 21.07 21.45 -1.77% 
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Table 2.2 Single Operator Test for Sr-90 

 

Test Level 

Expected Sr-90 

(Bq/ml) 

Measured Sr-90 

(Bq/ml) 1σ 1σ % Bias % 

Blank 0.00 0.00 n/a n/a n/a 

1 0.14 0.12 0.02 13.92% -18.01% 

2 2.11 2.12 0.05 2.22% 0.72% 

3 13.84 13.75 0.15 1.11% -0.63% 

4 97.43 98.08 0.82 0.83% 0.67% 

5 703.8 706.1 5.6 0.79% 0.32% 

6 6328 6293 49 0.78% -0.55% 
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Figure 2.4 Single Operator Test for Sr-90 
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CHAPTER 3. DEVELOPMENT OF RAPID SCREENING METHOD 

 

 

 

3.1 Introduction 

 The target activities for each isotope studied in this method were determined from an 

unpublished Centers for Disease Control and Prevention (CDC) chart
18

 (Table 6.1 in the 

Appendix) which uses dose coefficients and excretion coefficients from the ICRP in order to 

calculate the amount of activity of each isotope of concern that would be present in an exposed 

person’s 24-hour urine sample post-single-event-exposure. Excretion coefficients are given for F, 

M, and S-class solubility for each isotope. The solubility classes refer to Fast (F), Medium (M), 

and Slow (S) solubility for the varying chemical forms of each isotope.
22

 This study assumed F-

class solubility for all isotopes, as it is likely that four out of the five isotopes studied (Co-60, Sr-

90, Cs-137, Am-241) would be present in F-class solubility in the environment given their 

valences. Pu-238 has a much more complicated chemistry and variable oxidation states, and can 

behave very unpredictably in the human body regardless of its solubility/oxidation state.
23,24

 

Regardless, it is possible that any of the isotopes could be present in the environment after a 

dispersal incident in some combination of solubility classes, which would greatly complicate the 

dose reconstruction.
25

 The primary goal of this work was to develop a screening method and 

determine its minimum detectable activity (MDA) and minimum quantifiable activity (MQA) for 

each isotope of concern. Once the MDA and MQA were calculated, the method’s suitability for 

each specific isotopic solubility could be assessed. 

3.1.1 Review of Previously-Developed Methods 

 The methods used in this work build on and extrapolate from methods developed by 

others in the field over the past few decades. The use of the Quantulus 1220 and other liquid 
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scintillation counters for gross alpha/beta measurements is well-established – including the use 

of its pulse-shape discrimination capabilities to determine separate gross alpha and gross beta 

activities,
7,26,27,28,29,30,31

  its calibration and use for the quantification of the activity of individual 

isotopes,
32,33,34,35,36

 as well as its calibration and use for the quantification of the activity of 

multiple alpha emitters counted simultaneously.
37,38,39,40

  

 Recent developments in spectral deconvolution and unfolding
41,42,43,44

 have made 

possible the fitting of peaks from individual isotopes given sufficient counting statistics and 

isotopic activity ratios relatively close to 1. Very recently, the use of the Quantulus 1220 for 

gross alpha and beta activity analysis in urine samples (using Sr-90 and Am-241) has been 

explored.
45

 The experiments performed for this dissertation build in particular on this work. 

 Optimization of the Quantulus 1220’s pulse-shape analyzer (PSA) setting has been 

calculated by maximizing the ratio of alpha efficiency to beta cross-talk in the Quantulus 1220’s 

alpha spectrum.
28,38,39,45

 However, the optimizations performed in these papers assume relatively 

similar alpha and beta activities, and do not take into account the vast differences in the orders of 

magnitude (as many as 5-6 orders of magnitude) between the activity of beta emitters and alpha 

emitters at their respective intervention levels, which necessitates more heavily weighting the 

rejection of beta pulses when calculating the optimal PSA setting. The work performed in this 

dissertation determines the optimal PSA settings for specific mixtures of alpha and beta emitters 

given these constraints. 

 The use of extractive scintillators with the Quantulus 1220 detector has also been shown 

to be effective for improving alpha efficiency and reducing beta cross-talk.
16,34 

 The use of HPGe gamma detectors to quantify the activity of gamma-emitting isotopes 

has been well-established.
46 
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 The calibration and reproducibility of a liquid scintillation detector’s per-isotope 

efficiency has previously been published.
47

 The calibration of radioactivity measurements 

between a gamma detector and the Quantulus 1220 for a single isotope has also been explored.
48

 

At least one other study
49

 suggests the use of multiple detectors to determine the activity from 

multiple isotopes present in a urine sample. The author of this dissertation (and his collaborators) 

had previously explored multi-detector calibration with other isotopes.
50

 The work performed in 

this dissertation determines the calibration of radioactivity measurements between a gamma 

detector and the Quantulus 1220 for multiple isotopes, and traces the resulting uncertainty. 

 Many organic components – as well as the presence of oxygen in a sample – have been 

shown to affect not only the general quench of a sample in a liquid scintillation counter such as 

the Quantulus 1220, but also to reduce the efficacy of pulse-shape discrimination.
16,51

 Therefore, 

the minimization / complete removal of quenching components from all samples was a priority 

in the work performed for this dissertation. However, an oxygen-purging step was not used due 

to the additional time required, as well as the complicated laboratory set-up required. 

 Filtration of urine samples with activated carbon powder has been demonstrated to 

remove organic components as well as coloration of the urine, and to reduce or eliminate the 

quenching effects of these components in LS counting.
2,33,52

 Maintaining consistent sample 

volumes also reduces quench.
53

 The measurements performed for this dissertation relied upon 

the use of activated carbon to remove chemical  and color quenching effects in the urine samples. 

3.1.2 Sample Preparation 

 All samples were prepared using urine collected from volunteers in the Radioactivity 

Group of the Physical Measurements Laboratory at the National Institute of Standards and 

Technology in Gaithersburg, MD. Urine from both male and female volunteers was collected. 
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The urine collected was often (though not always) pooled, so that many of the individual samples 

were prepared from urine from multiple volunteers. After collection, all urine specimens were 

acidified to 1M HCl using analytical-grade reagents. 

 Liquid scintillation (LS) vials were labeled and weighed prior to the addition of acidified 

urine. 5 ml of acidified urine was then added volumetrically to each LS vial. The vials were 

again weighed in order to gravimetrically confirm the amount of urine added. 

 The LS vials containing acidified urine were then spiked with 0.1-0.25 g of acidified 

solution containing the radioactive isotope of interest. The sources used for spiking were NIST 

Standard Reference Materials (SRMs),
54

 or gravimetric dilutions thereof. The spiking was 

performed using a pycnometer, which was weighed before and after the addition of the 

radioactive solution to each LS vial. A pycnometer is a plastic pipette which has been heated 

over a flame and had its neck stretched out to make it quite long and narrow in order to both 

reduce evaporation of the solution inside and allow for very small drops (on the order of 0.015 g) 

to be dispensed. The gravimetric spiking of the samples provided for high accuracy and precision 

of the amount of each isotope that was added to each LS vial. 

 Norit SX Ultra (Sigma-Aldrich, St. Louis, MO) powdered activated carbon (AC) was 

weighed out in 0.1-gram aliquots. After the LS vials containing acidified urine were spiked with 

the relevant isotopes, a 0.1-gram aliquot of powdered AC was added to each vial. Each vial was 

then vigorously shaken for approximately 10 seconds, resulting in an opaque suspension of the 

powdered AC in the aqueous solution. 

 The contents of each vial was then transferred via pipette to a 10-ml plastic syringe with a 

0.45-µm Millipore two-stage (glass fiber / polyethylene) syringe filter attached to it. The solution 
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was pushed through the syringe & filter into another (labeled) LS vial, which was weighed both 

before and after, in order to gravimetrically determine the recovery of the aqueous fraction. 

 Approximately 5.5 ml of Insta-Gel Plus liquid scintillator cocktail (manufactured by 

PerkinElmer, Waltham, MA) was then added to each LS vial. Each vial was once again weighed, 

both to gravimetrically determine the amount of Insta-Gel Plus added to each vial and to 

calculate the aqueous fraction of each vial. The aqueous fractions were kept just under 50% in 

order to ensure that they remained within the published acceptable limits for Insta-Gel Plus.  

 All uncertainties related to spiking samples were traced through each step. Gravimetric 

spiking measurements generally had an associated uncertainty of 0.00005 g per measurement, 

while measurements of more massive items (such as LS vials, AC, and bulk liquids including 

acidified urine and liquid scintillation cocktail) generally had an associated uncertainty of 0.01 g 

per measurement. When differences between masses are calculated, all gravimetric uncertainties 

can be combined using the square root of the sum of the squares of the uncertainty of each 

measurement: 

 ∆(𝑥 + 𝑦) = √𝛿𝑥2 + 𝛿𝑦2 

(3.1) 

The activity of each isotope used for spiking was corrected for its decay since certification date: 

𝐴(𝑡) = 𝐴0𝑒−𝜆(𝑡−𝑡0) 

(3.2) 

The uncertainty for the decay calculation was calculated as follows (any uncertainty associated 

with the certification time t0 was incorporated into the uncertainty on the activity A0): 

Δ𝐴(𝑡) = √(𝛿𝐴0𝑒−𝜆(𝑡−𝑡0))2 + (−𝛿𝜆𝐴0(𝑡 − 𝑡0)𝑒−𝜆(𝑡−𝑡0))2 + (−𝛿𝑡𝜆𝐴0𝑒−𝜆(𝑡−𝑡0))2 

(3.3) 
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All other uncertainties were calculated using the first-order partial derivative for each variable in 

the relevant equations. These equations will be included herein as necessary. 

3.2 High-purity germanium (HPGe) detector counting 

 After preparation, each sample was counted on at least an HPGe detector. (Information 

on the HPGe detector used is shown in Figure A4.1 in the Appendix.) The detectors were 

energy-calibrated using isotopes with well-known energies, including Am-241, Cs-137, Co-60, 

and K-40. Each LS vial was placed directly on the detector endcap to maximize the solid angle 

between the sample and the detector and therefore maximize the detector efficiency. 

Reproducible geometry was assured by using identical LS vials, equal volumes for each sample, 

and identical sample placement on top of the detector. Samples were counted for varying times 

to ensure reproducible statistics. 

3.3 Quantitative analysis of HPGe spectra – single isotopes 

 The activity from gamma-emitting isotopes can be readily quantified using the signal 

count rate from their mono-energetic gamma emissions with known abundances. Each individual 

spectrum was analyzed in Microsoft Excel. The gamma emissions corresponding to each mono-

energetic gamma line produce a Gaussian peak around that peak energy in the HPGe spectra.
17

  

The Gaussian peaks were fitted after first removing any interfering background and/or Compton 

spectra.
17

 All fits were performed by taking the natural log of the count rate and applying either a 

linear least-squares fit (for background / Compton counts) or a quadratic least-squares fit (for 

each Gaussian peak). 

 The quadratic fits take the generic form: 

𝑔(𝑥) = 𝐴𝑥2 + 𝐵𝑥 + 𝐶 

(3.4) 
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After the fits were calculated using the natural log of the count rate, the fits could be mapped to 

the actual count rate by raising e to the exponent consisting of the quadratic fit: 

 

𝑓(𝑥) = 𝑒𝑔(𝑥), 

(3.5) 

or 

𝑓(𝑥) = 𝑒𝐴𝑥2+𝐵𝑥+𝐶 

(3.6) 

A Gaussian function can be described by only two components: its mean value, or µ, and its 

standard deviation, or σ, which can be used to define the function’s full width at half maximum 

(FWHM):
55 

𝐹𝑊𝐻𝑀 = 2√2 ln 2 𝜎 

(3.7) 

The equation for a Gaussian function can also be written as 

𝑓(𝑥) = 𝑎 ∗ 𝑒
−(𝑥−𝑏)2

2𝑐2  

(3.8) 

where 

𝑎 =
1

𝜎√2𝜋
 

(3.9) 

for a distribution with an integral summing to 1, or 

𝑎 = 𝑓(𝜇) 

(3.10) 
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i.e. the maximum value in the peak channel; 

𝑏 = 𝜇 

(3.11) 

and 

𝑐 = 𝜎 

(3.12) 

If the two equations for Gaussian functions established herein are set equal to each other, the 

relationships between the associated constants therein can be solved, as follows: 

𝐴 =
−1

2𝜎2
 

(3.13) 

𝐵 =
𝜇

𝜎2
 

(3.14) 

𝐶 =

−𝜇2 − 2𝜎2ln (
1

𝜎√2𝜋
)

2𝜎2
 

(3.15) 

These relationships mean that the quadratic fit for a Gaussian function can be approximated by 

simply determining the peak channel – or the mean value µ - and the FWHM of the distribution; 

accordingly, it is also trivial to solve for the mean value µ and the standard deviation σ of a 

distribution if it has been fitted using a least-squares quadratic fit. 

 Co-60 was quantified using its 1332.5-keV gamma emission, Cs-137 was quantified 

using its 661.7-keV gamma emission, and Am-241 was quantified using its 59.5-keV gamma 

emission. The 1172-keV photopeak for Co-60 was not used for any calculations, as it has some 

interference from the low-energy tail of the 1332.5-keV photopeak. 
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 A 1.3-Ms background count was used to background-correct each sample count. 

Backgrounds under each peak were accounted for by applying a linear least-squares fit to the 

natural log of the count rate in the vicinity of the peak, but excluding other natural background 

peaks in the area. For Am-241, the channels used to calculate this background fit were those 

corresponding to 48.2-51.2 keV, 54.5-61.1 keV, and 64.5-71.2 keV. For Cs-137, channels used 

to fit the background were those corresponding to 631.1-657.8 keV and 666.5-693.1 keV. For 

Co-60, channels used to fit the background were those corresponding to 1251.2-1362.8 keV. The 

equations produced from these least-squares fits were in the form of 

𝑓(𝑥) = 𝑒𝑎𝑥+𝑏 

(3.16) 

The background counts were subtracted from each spectrum in the region of each photopeak 

using these equations. 

 The location of the peak produced by each gamma in the HPGe spectrum was determined 

from the energy calibration of the detector. The curve produced by the additional counts in 

between the Compton edge and the photopeak – referred to as the “low-energy tail” – were also 

fitted with linear least-squares fits of the natural log of the count rates in these tails. For Am-241, 

the channels used to calculate the fit for the low-energy tail were those corresponding to 29.6-

44.5 keV, 47.6-47.9 keV, 50.2-50.9 keV, and 53.3-54.4 keV. For Cs-137, the channels used to 

calculate the fit for the low-energy tail were those corresponding to 643.5-655.9 keV. For Co-60, 

the channels used to calculate the fit for the low-energy tail were those corresponding to 1326.3-

1328.1 keV. 

 The equations for these fits took the same form as equation 3.16 above. The count rate for 

each of these tails was subtracted from the spectrum under the lower-energy side of the 
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photopeak; i.e. from every channel less than or equal to those corresponding to the center of the 

peak. After subtracting the background and the low-energy tail, the remaining count rate 

produced a Gaussian curve representing the photopeak. 

 The Gaussian curve formed by each photopeak was fitted in Microsoft Excel using a 

quadratic least-squares fit of the natural log of the count rate. The channels used to perform the 

least-squares fit corresponded to the FWHM of each photopeak. For Am-241, these channels 

corresponded to 58.9-59.9 keV; for Cs-137, these channels corresponded to 661.0-662.5 keV; for 

Co-60, these channels corresponded to 1331.7-1333.7 keV. 

 Once each photopeak was fitted, the sum of the count rate under the channels 

representing the FWHM (listed above) was divided by the activity that was known to have been 

added to each sample in order to determine the counting efficiency for each isotope within the 

FWHM of its respective photopeak: 

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝑖𝑠𝑜𝑡𝑜𝑝𝑒 =
𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒 𝑤𝑖𝑡ℎ𝑖𝑛 𝐹𝑊𝐻𝑀𝑖𝑠𝑜𝑡𝑜𝑝𝑒 ∗ 𝑐𝑝𝑠

𝑡𝑜𝑡𝑎𝑙 𝑠𝑝𝑖𝑘𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑖𝑠𝑜𝑡𝑜𝑝𝑒 ∗ 𝐵𝑞
 

(3.17) 

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑖𝑠𝑜𝑡𝑜𝑝𝑒(𝐵𝑞) =
𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒 𝑤𝑖𝑡ℎ𝑖𝑛 𝐹𝑊𝐻𝑀𝑖𝑠𝑜𝑡𝑜𝑝𝑒(𝑐𝑝𝑠)

𝑒𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝑖𝑠𝑜𝑡𝑜𝑝𝑒 (
𝑐𝑝𝑠
𝐵𝑞

)
 

(3.18) 

The units for the detector’s counting efficiency are cps · Bq
-1

. 

 All uncertainties involving count rates were calculated by multiplying the count rate by 

the count time to determine the total counts observed, taking the square root of these counts, and 

dividing by the count time: 

 



28 

 

∆(𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒) =
√𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒 ∗ 𝑐𝑜𝑢𝑛𝑡 𝑡𝑖𝑚𝑒

𝑐𝑜𝑢𝑛𝑡 𝑡𝑖𝑚𝑒
 

(3.19) 

The uncertainty for the efficiency was calculated from the general form of the first-order partial 

derivative for a division equation:  

𝛥 (
𝑥

𝑦
) = √(

𝜕𝑥

𝑦
)

2

+ (
𝜕𝑦 ∗ 𝑥

𝑦2
)

2

 

(3.20) 

This calculated efficiency – and the associated uncertainty – can be used to determine the 

activity for any of these individual isotopes if present in an identical geometry; i.e. a well-mixed 

liquid scintillation vial containing 10 ml of solution and centered on top of the detector. 

 Once the background count rate and the efficiency have been determined, the minimum 

detectable activity (MDA) and the minimum quantifiable activity (MQA) for each individual 

isotope on the HPGe detector can be calculated using the following formulas:
15 

𝐿𝐷(𝑐𝑜𝑢𝑛𝑡𝑠) = 2.71 + 3.29√𝜇𝐵 

(3.21) 

This expression gives the limit of detection LD
15

 in units of total counts during a given count 

time. The total background counts during this counting period are represented by µB. 

 The equation can be rearranged to calculate the MDA as follows: 

 

𝑀𝐷𝐴(𝐵𝑞) =

𝐿𝐷

𝑡
𝑒𝑓𝑓𝑖𝑠𝑜𝑡𝑜𝑝𝑒

 

(3.22) 

where t represents the count time. 
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 We can also define µB as the count rate c multiplied by the count time: 

𝜇𝐵 = 𝑐 ∗ 𝑡 

(3.23) 

The equation for MDA therefore becomes: 

𝑀𝐷𝐴(𝐵𝑞) =

2.71 + 3.29√𝑐 ∗ 𝑡
𝑡

𝑒𝑓𝑓𝑖𝑠𝑜𝑡𝑜𝑝𝑒
 

(3.24) 

The uncertainty for the MDA (the length of the count time is assumed to be well-known and thus 

have no uncertainty) is defined by: 

Δ𝑀𝐷𝐴 = √(𝛿𝑐
1.645

𝑒𝑓𝑓𝑖𝑠𝑜𝑡𝑜𝑝𝑒√𝑐 ∗ 𝑡
)

2

+ (𝛿𝑒𝑓𝑓𝑖𝑠𝑜𝑡𝑜𝑝𝑒

−3.29(√𝑐 ∗ 𝑡 + .8237)

𝑒𝑓𝑓𝑖𝑠𝑜𝑡𝑜𝑝𝑒
2 ∗ 𝑡

)

2

 

(3.25) 

The MQA for an individual isotope on the can be calculated from the following expression:
15 

𝐿𝑄(𝑐𝑜𝑢𝑛𝑡𝑠) = 50 (1 + √1 +
𝜇𝐵

25
) 

(3.26) 

By manipulating this equation in a manner similar to the one used with the LD equation above, 

we can define the MQA for a given count time as follows: 

𝑀𝑄𝐴(𝐵𝑞) =

50 (1 + √1 +
𝑐 ∗ 𝑡
25

)

𝑡
𝑒𝑓𝑓𝑖𝑠𝑜𝑡𝑜𝑝𝑒

 

(3.27) 

The uncertainty for the MQA is defined by: 
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Δ𝑀𝑄𝐴 = √(𝛿𝑐
5

𝑒𝑓𝑓𝑖𝑠𝑜𝑡𝑜𝑝𝑒√𝑐 ∗ 𝑡 + 25
)

2

+ (𝛿𝑒𝑓𝑓𝑖𝑠𝑜𝑡𝑜𝑝𝑒

−10(√𝑐 ∗ 𝑡 + 25 + 5)

𝑒𝑓𝑓𝑖𝑠𝑜𝑡𝑜𝑝𝑒
2 ∗ 𝑡

)

2

 

(3.28) 

These equations can be used to determine the appropriate count times for each isotope at any 

given activity; for example, the intervention level. 

3.4 Quantulus LS counting 

 After preparation, each sample was counted on a Quantulus 1220 liquid scintillation 

counter (manufactured by PerkinElmer, Waltham, MA). The counter was set to record counts in 

both the “beta” (which the Quantulus software refers to as spectrum 11) and “alpha” (referred to 

as spectrum 12) windows. The pulse shape analyzer (PSA) setting, which measures the decay 

time of each light pulse produced by radiation interacting with the scintillator fluid (and ranges 

from 0 to 255 – a unitless time scale), was varied from approximately 30 to 60 in order to 

determine the optimal setting for discrimination between beta pulses and alpha pulses. The 

selection of this setting will be discussed further in section 3.8. 

 Samples were counted with ~10 ml of liquid volume in a 20-ml LS vial. 

3.5 Quantitative analysis of LS spectra – single isotopes 

 The resulting Quantulus spectra from counting alpha- and beta-emitting isotopes are 

analyzed very differently. Alpha-emitting isotopes produce monoenergetic pulses, much like 

gamma photopeaks on an HPGe detector. Consequently, they, too, produce Gaussian peaks in 

the aforementioned “alpha” window. The fitting of these peaks can be performed in the same 

manner as previously discussed in section 3.3. 

 The theoretical efficiency of the Quantulus detector for alpha emissions is ~100%.
16

 

However, since the Quantulus detector divides pulses into separate “alpha” and “beta” windows, 
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and this division is not perfect; i.e. some alpha pulses are counted as beta pulses and vice versa 

(depending on the PSA setting), calibration samples were counted at varying PSA settings – 

again, from approximately 30 to 60 – in order to determine the counting efficiency for each alpha 

isotope at each PSA setting. 

 Beta-emitting isotopes produce complex spectra
41,42,43,56

 that are not trivial to describe 

mathematically. However, this method takes advantage of the fact that the activated carbon 

filtration step described in section 3.1.2 removes the color and organics from the sample. As a 

result, there is very little inter-sample variation in quenching, and all samples have a quench 

indicating parameter that is functionally equivalent to acidified water. Therefore, the energy 

calibration for a beta spectrum produced from one sample with a specific isotope in it will be 

comparable to another sample’s energy calibration. 

 Accordingly, rather than mathematically fitting the entire beta spectrum for each isotope, 

the spectra are analyzed empirically. Single isotopes are analyzed on a full-spectrum basis, with 

efficiencies calculated for PSAs ranging from 30-60. 

 The only significant complication for single-isotope Quantulus spectrum analysis is Sr-90 

(beta max 546 keV, half-life 28.78 years), which has a Y-90 daughter (beta max 2280 keV, half-

life 64 hrs). If the parent and daughter are in equilibrium, the efficiency calculation is trivial. 

However, it is unlikely
57,58,59

 that Sr-90 and Y-90 would exit the body through the urine pathway 

in equilibrium, even if they entered the body in equilibrium (which is also not necessarily likely). 

Therefore, equilibrium cannot be assumed. In order to calculate the Sr-90 fraction – which, as the 

longer-lived parent radionuclide, is of greater concern – the Y-90 contribution to the spectrum 

must be removed. This is achieved by determining the efficiency for Y-90 in the Quantulus 

detector at energies above the 546-keV Sr-90 beta max, as well as below it. The Y-90 counts 
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above the Sr-90 beta max can then be used to extrapolate the Y-90 counts that appear within the 

Sr-90 portion of the spectrum. These counts can then be subtracted from the spectrum, leaving 

only counts representing the Sr-90 activity.
f
 

 The Quantulus detector uses a logarithmic energy scale on its “channels” axis. In order to 

determine the cut-off between the Sr-90 signal and the Y-90 signal, the energy calibration for a 

~50% aqueous solution in InstaGel Plus in the Quantulus was determined by selecting the beta 

endpoints and/or other characteristic markers for a few isotopes. The energies chosen were the 

318-keV beta max for Co-60 at channel 567, the 624-keV and 656-keV conversion electrons 

from Cs-137 at channels 675 and 690, respectively,
60

 the 1175.6-keV beta max for Cs-137 at 

channel 790, and the 2280-keV beta max for Y-90 at channel 900. These points were fitted a 

logarithmic least-squares equation; the R
2
 value for the fit was greater than 0.999. This fit was 

used to determine the channel that represented the Sr-90 beta maximum energy of 546 keV; this 

channel was determined to be channel 657. 

 For Sr-90/Y-90 samples, all counts above channel 657 are considered to come from Y-

90, while all counts below channel 657 are considered to come from a combination of Sr-90 and 

Y-90. The efficiencies for Y-90 above channel 657 (effY-90 High), Y-90 below channel 658 (effY-90 

Low), and Sr-90 (effSr-90) were each determined by measuring a Sr-90 calibration standard sample 

in the Quantulus. The units on these efficiencies are cps · Bq
-1

. 

 The Sr-90 activity can be determined from the following equation: 

𝐴𝑆𝑟 =

𝑐𝑝𝑠𝑙𝑜𝑤 − 𝑐𝑝𝑠ℎ𝑖𝑔ℎ
𝑒𝑓𝑓𝑌−90 𝑙𝑜𝑤

𝑒𝑓𝑓𝑌−90 ℎ𝑖𝑔ℎ

𝑒𝑓𝑓𝑆𝑟−90
 

(3.29) 

                                           
f
 Crawford et al. unpublished results, presented at RRMC 2005, 2006, 2007, 2010, 2012, HPS 2007 
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where cpshigh is defined as the net count rate (after background subtraction) in channels 658-

1024, and cpslow is defined as the net count rate in channels 1-657. 

 The uncertainty for the Sr-90 activity is defined by: 

Δ𝐴𝑆𝑟 = [(
𝛿𝑐𝑝𝑠𝑙𝑜𝑤

𝑒𝑓𝑓𝑆𝑟−90
)

2

+ (
−𝛿𝑐𝑝𝑠ℎ𝑖𝑔ℎ ∗ 𝑒𝑓𝑓𝑌−90 𝑙𝑜𝑤

𝑒𝑓𝑓𝑆𝑟−90 ∗ 𝑒𝑓𝑓𝑌−90 ℎ𝑖𝑔ℎ
)

2

+ (
−𝛿𝑒𝑓𝑓𝑌−90 𝑙𝑜𝑤 ∗ 𝑐𝑝𝑠ℎ𝑖𝑔ℎ

𝑒𝑓𝑓𝑆𝑟−90 ∗ 𝑒𝑓𝑓𝑌−90 ℎ𝑖𝑔ℎ
)

2

+ (
−𝛿𝑒𝑓𝑓𝑌−90 ℎ𝑖𝑔ℎ ∗ 𝑒𝑓𝑓𝑌−90 𝑙𝑜𝑤 ∗ 𝑐𝑝𝑠ℎ𝑖𝑔ℎ

𝑒𝑓𝑓𝑆𝑟−90 ∗ 𝑒𝑓𝑓𝑌−90 ℎ𝑖𝑔ℎ
2 )

2

]

1
2

 

(3.30) 

Because of the Y-90 ingrowth, the MDA and MQA calculations for Sr-90 has the potential to be 

a bit more complicated: the MDA and MQA are dependent upon the background count rate; the 

“background” rate below the Sr-90 counts is related to the Y-90 activity, and as the Y-90 activity 

grows into equilibrium, it becomes dependent upon the Sr-90 activity. This complication creates 

a circular calculation. However, for the practical purposes of this method, since it’s a rapid 

screening method, we can simply set the Y-90 activity equivalent to the Sr-90 intervention level, 

since Y-90 activity any higher than that would indicate the potential presence of Sr-90 at the 

intervention level or greater, and hence would trigger further medical intervention anyway. 

 When calculating the Sr-90 MDA and MQA, µB is defined by: 

𝜇𝐵 = 𝑐𝑝𝑠ℎ𝑖𝑔ℎ

𝑒𝑓𝑓𝑌−90 𝑙𝑜𝑤

𝑒𝑓𝑓𝑌−90 ℎ𝑖𝑔ℎ
∗ 𝑡 

(3.31) 

If we set the Y-90 activity to be equivalent to the Sr-90 activity at the intervention level, cpshigh 

becomes a constant, and as effY-90 Low and effY-90 High are also constants, we can define cpsY-90 Low 

as: 
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𝑐𝑝𝑠𝑌−90 𝐿𝑜𝑤 = 𝑐𝑝𝑠ℎ𝑖𝑔ℎ

𝑒𝑓𝑓𝑌−90 𝑙𝑜𝑤

𝑒𝑓𝑓𝑌−90 ℎ𝑖𝑔ℎ
  

(3.32) 

In turn, the equation for µB becomes: 

𝜇𝐵 = 𝑐𝑝𝑠𝑌−90 𝐿𝑜𝑤 ∗ 𝑡 

(3.33) 

The uncertainty associated with µB is calculated from the general form of the first-order partial 

derivative for a division equation (eqn. 3.20) and the general form of the first-order partial 

derivative for a multiplication equation: 

Δ(𝑥 ∗ 𝑦) = √(𝛿𝑥 ∗ 𝑦)2 + (𝛿𝑦 ∗ 𝑥)2 

(3.34) 

Therefore, the equation for Sr-90 MDA is: 

𝑀𝐷𝐴𝑆𝑟−90 =

2.71 + 4.65√𝑐𝑝𝑠𝑌−90 𝐿𝑜𝑤 ∗ 𝑡
𝑡

𝑒𝑓𝑓𝑆𝑟−90
 

(3.35) 

The uncertainty associated with the Sr-90 MDA calculation is defined by: 

Δ𝑀𝐷𝐴𝑆𝑟−90

= √(
𝛿𝑐 ∗ 2.325

𝑒𝑓𝑓𝑆𝑟−90 ∗ √𝑐𝑝𝑠𝑌−90 𝐿𝑜𝑤 ∗ 𝑡
)

2

+ (𝛿𝑒𝑓𝑓𝑆𝑟−90

−4.65(√𝑐𝑝𝑠𝑌−90 𝐿𝑜𝑤 ∗ 𝑡 + .5828)

𝑒𝑓𝑓𝑆𝑟−90
2 ∗ 𝑡

)

2

 

(3.36) 

The MQA for Sr-90 measurements in the Quantulus is defined by: 
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𝑀𝑄𝐴𝑆𝑟−90 =

50 (1 + √1 +
𝑐𝑝𝑠𝑌−90 𝐿𝑜𝑤 ∗ 𝑡

12.5
)

𝑡
𝑒𝑓𝑓𝑆𝑟−90

 

(3.37) 

The uncertainty associated with the Sr-90 MQA calculation is defined by: 

Δ𝑀𝑄𝐴𝑆𝑟−90 = [(
𝛿𝑐𝑝𝑠𝑌−90 𝐿𝑜𝑤 ∗ 5√2

𝑒𝑓𝑓𝑆𝑟−90√𝑐𝑝𝑠𝑌−90 𝐿𝑜𝑤 ∗ 𝑡 + 12.5
)

2

+ (𝛿𝑒𝑓𝑓𝑆𝑟−90

−10√2 ∗ (√𝑐𝑝𝑠𝑌−90 𝐿𝑜𝑤 ∗ 𝑡 + 12.5 + 2.5√2)

𝑒𝑓𝑓𝑆𝑟−90
2 ∗ 𝑡

)

2

]

1
2

 

(3.38) 

MDAs and MQAs for various count times for Sr-90 appear in Chapter 4. 

 The alpha emitters – Pu-238 and Am-241 – are relatively easy to detect and quantify on 

the Quantulus detector when one of them is the only isotope in the sample. Their monoenergetic 

alpha emissions produce Gaussian peaks, whose FWHM channels are 609-646 in the alpha 

window. 

 The counting efficiency of each alpha-emitting isotope within its FWHM channels is 

determined by dividing the count rate in these channels by the activity known to have been 

spiked into the samples. The MDA and MQA for Pu-238 or Am-241 on the Quantulus detector 

are calculated in the exact same manner as those for individual isotopes on the HPGe detector, as 

described in section 3.3. 

3.6 Linkage of HPGe spectra to Quantulus LS spectra 

 Since gamma-emitting isotopes produce mono-energetic photopeaks that can be easily 

quantified, the gamma-emitting isotopes studied in this project (Co-60, Cs-137, Am-241) were 
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each quantifiably measured on the HPGe gamma detector. However, a crucial aspect of this work 

is that these measurements can be directly linked to the same isotopes’ measurements on the 

Quantulus detector. 

 Due to the use of activated carbon (AC) powder – described above in section 3.1 – to 

remove all color and organic contaminants from the acidified urine samples, the quench 

indicating parameter for all samples is functionally equivalent, as previously discussed in section 

3.5. Therefore, the energy calibration for the detector is identical for all samples. Accordingly, 

individual per-sample energy calibrations are irrelevant and unnecessary: one sample of a 

particular isotope produces the same (relative) spectrum as another sample of the same isotope. 

 Therefore, a calibration factor for each isotope in the Quantulus detector can be 

calculated: for each isotope, it is known exactly what spectrum – i.e. how many counts per 

channel – is produced by a unit of radioactivity from that isotope in the sample. 

 By quantifying the activity of a particular isotope  in a particular sample via its gamma 

emission on the HPGe detector, it is therefore possible to predict the exact spectrum that that 

isotope will produce in that sample when it’s counted on the Quantulus detector. 

 The uncertainties for this spectral linkage have been carefully traced for each isotope, and 

can be calculated for any sample / isotope / count time combination. The values calculated in 

these experiments are presented in Chapter 4. 

3.7 Quantitative analysis of HPGe spectra – multiple isotopes 

 It is possible to quantify the activity of multiple gamma-emitting isotopes, even if present 

together in a single sample, via counting that sample on the HPGe detector. The unique 

monoenergetic peaks produce “signature” gamma lines, so isotopic identification is facile. Once 

the isotopes present have been identified, it is possible to fit the Gaussian peaks, similarly to the 
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method described in section 2.3 above. However, complications arise & additional uncertainty is 

added to each gamma photopeak in the spectrum with a lower energy than the most-energetic 

peak: the Compton spectrum from the more-energetic peaks produces an additional background 

signal below the lower-energy peaks. 

 Even in mixed-isotope samples, Co-60 can always be quantified on an HPGe detector by 

its 1332-keV gamma emission. None of the isotopes involved in this study interfere with this 

measurement in any way. As previously mentioned, for high-activity samples, quantitative 

dilutions of the sample may be recommended in order to reduce detector dead time. 

 Cs-137 can also be quantified on an HPGe detector by its 662-keV gamma emission. 

However, if it is in a mixed sample whose isotopes include Co-60, there will be interference 

from Co-60’s Compton spectrum. Accordingly, the Cs-137 MDA and MQA are dependent upon 

the Co-60 activity present in the sample. 

 Since the Cs-137 activity is quantified from the channels corresponding to its FWHM 

(channels 5341-5353), µB is calculated from the Co-60 counting efficiency in these channels, or 

effCo-60(Cs-137), multiplied by the Co-60 activity in the sample (which is determined from its 1332-

keV gamma emission), ACo-60: 

𝜇𝐵 = 𝑒𝑓𝑓𝐶𝑜−60(𝐶𝑠−137) ∗ 𝐴𝐶𝑜−60 ∗ 𝑡 

(3.39) 

Therefore, the equation for Cs-137 MDA is: 

𝑀𝐷𝐴𝐶𝑠−137 =

2.71 + 4.65√𝑒𝑓𝑓𝐶𝑜−60(𝐶𝑠−137) ∗ 𝐴𝐶𝑜−60 ∗ 𝑡

𝑡
𝑒𝑓𝑓𝐶𝑠−137

 

(3.40) 

The uncertainty associated with the Cs-137 MDA calculation is defined by: 
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Δ𝑀𝐷𝐴𝐶𝑠−137 = [(
𝛿𝑒𝑓𝑓𝐶𝑜−60(𝐶𝑠−137) ∗ 2.325 ∗ 𝐴𝐶𝑜−60

𝑒𝑓𝑓𝐶𝑠−137 ∗ √𝑒𝑓𝑓𝐶𝑜−60(𝐶𝑠−137) ∗ 𝐴𝐶𝑜−60 ∗ 𝑡
)

2

+ (
𝛿𝐴𝐶𝑜−60 ∗ 2.325 ∗ 𝑒𝑓𝑓𝐶𝑜−60(𝐶𝑠−137)

𝑒𝑓𝑓𝐶𝑠−137 ∗ √𝑒𝑓𝑓𝐶𝑜−60(𝐶𝑠−137) ∗ 𝐴𝐶𝑜−60 ∗ 𝑡
)

2

+ (𝛿𝑒𝑓𝑓𝐶𝑠−137

−4.65(√𝑒𝑓𝑓𝐶𝑜−60(𝐶𝑠−137) ∗ 𝐴𝐶𝑜−60 ∗ 𝑡 + .5828)

𝑒𝑓𝑓𝐶𝑠−137
2 ∗ 𝑡

)

2

]

1
2

 

(3.41) 

The MQA for Cs-137 measurements on the HPGe detector (with Co-60 present) is defined by: 

𝑀𝑄𝐴𝐶𝑠−137 =

50 (1 + √1 +
𝑒𝑓𝑓𝐶𝑜−60(𝐶𝑠−137) ∗ 𝐴𝐶𝑜−60 ∗ 𝑡

12.5
)

𝑡
𝑒𝑓𝑓𝐶𝑠−137

 

(3.42) 

The uncertainty associated with the Cs-137 MQA calculation is defined by: 

Δ𝑀𝑄𝐴𝐶𝑠−137 = [(
𝛿𝑒𝑓𝑓𝐶𝑜−60(𝐶𝑠−137) ∗ 𝐴𝐶𝑜−60 ∗ 5√2

𝑒𝑓𝑓𝐶𝑠−137√𝑒𝑓𝑓𝐶𝑜−60(𝐶𝑠−137) ∗ 𝐴𝐶𝑜−60 ∗ 𝑡 + 12.5
)

2

+ (
𝛿𝐴𝐶𝑜−60 ∗ 𝑒𝑓𝑓𝐶𝑜−60(𝐶𝑠−137) ∗ 5√2

𝑒𝑓𝑓𝐶𝑠−137√𝑒𝑓𝑓𝐶𝑜−60(𝐶𝑠−137) ∗ 𝐴𝐶𝑜−60 ∗ 𝑡 + 12.5
)

2

+ (𝛿𝑒𝑓𝑓𝐶𝑠−137

−10√2 ∗ (√𝑒𝑓𝑓𝐶𝑜−60(𝐶𝑠−137) ∗ 𝐴𝐶𝑜−60 ∗ 𝑡 + 12.5 + 2.5√2)

𝑒𝑓𝑓𝐶𝑠−137
2 ∗ 𝑡

)

2

]

1
2

 

(3.43) 

Am-241 can be quantified by counting on an HPGe detector by its 59.5-keV gamma emission. 

However, if Am-241 is present in a sample with activity from Co-60, Cs-137, and/or Sr-90, 

significant interferences from these other isotopes can arise in the FWHM of the Am-241 peak. 
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 Since the Am-241 activity is quantified from the channels corresponding to its FWHM 

(channels 486-494), A(Am-241) is calculated from the Co-60 counting efficiency in these channels, 

or effCo-60(Am-241), multiplied by the Co-60 activity in the sample (which is determined from its 

1332-keV gamma emission), ACo-60; the Cs-137 counting efficiency in these channels, or effCs-

137(Am-241), multiplied by the Cs-137 activity in the sample (which is determined from its 662-keV 

gamma emission), ACs-137; and the count rate of Bremsstrahlung radiation from Y-90 in these 

channels, or effY-90(Am-241), multiplied by the Y-90 activity in the sample (which is determined 

from the Quantulus measurement), AY-90: 

𝐴𝐴𝑚−241

=
𝑐𝑝𝑠𝐴𝑚−241

𝑒𝑓𝑓𝐴𝑚−241

−
(𝑒𝑓𝑓𝐶𝑜−60(𝐴𝑚−241) ∗ 𝐴𝐶𝑜−60 + 𝑒𝑓𝑓𝐶𝑠−137(𝐴𝑚−241) ∗ 𝐴𝐶𝑠−137 + 𝑒𝑓𝑓𝑌−90(𝐴𝑚−241) ∗ 𝐴𝑌−90)

𝑒𝑓𝑓𝐴𝑚−241
 

(3.44) 

µB(Am-241) is calculated as follows: 

𝜇𝐵(𝐴𝑚−241) = (𝑒𝑓𝑓𝐶𝑜−60(𝐴𝑚−241) ∗ 𝐴𝐶𝑜−60 + 𝑒𝑓𝑓𝐶𝑠−137(𝐴𝑚−241) ∗ 𝐴𝐶𝑠−137 + 𝑒𝑓𝑓𝑌−90(𝐴𝑚−241)

∗ 𝐴𝑌−90) ∗ 𝑡 

(3.45) 

The uncertainty for µB is determined from: 

Δ𝜇𝐵(𝐴𝑚−241) = [(𝛿𝑒𝑓𝑓𝐶𝑜−60(𝐴𝑚−241) ∗ 𝐴𝐶𝑜−60 ∗ 𝑡)
2

+ (𝛿𝐴𝐶𝑜−60 ∗ 𝑒𝑓𝑓𝐶𝑜−60(𝐴𝑚−241) ∗ 𝑡)
2

+ (𝛿𝑒𝑓𝑓𝐶𝑠−137(𝐴𝑚−241) ∗ 𝐴𝐶𝑠−137 ∗ 𝑡)
2

+ (𝛿𝐴𝐶𝑠−137 ∗ 𝑒𝑓𝑓𝐶𝑠−137(𝐴𝑚−241) ∗ 𝑡)
2

+ (𝛿𝑒𝑓𝑓𝑌−90(𝐴𝑚−241) ∗ 𝐴𝑌−90 ∗ 𝑡)
2

+ (𝛿𝐴𝑌−90 ∗ 𝑒𝑓𝑓𝑌−90(𝐴𝑚−241) ∗ 𝑡)
2

]

1
2
 

(3.46) 
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The MDA for Am-241 on the HPGe detector is defined by: 

𝑀𝐷𝐴𝐴𝑚−241 =

2.71 + 4.65√𝜇𝐵(𝐴𝑚−241)

𝑡
𝑒𝑓𝑓𝐴𝑚−241

 

(3.47) 

The uncertainty associated with the Am-241 MDA calculation is defined by: 

Δ𝑀𝐷𝐴𝐴𝑚−241

= √(
𝛿𝜇𝐵(𝐴𝑚−241) ∗ 2.325

𝑒𝑓𝑓𝐴𝑚−241 ∗ √𝜇𝐵(𝐴𝑚−241) ∗ 𝑡
)

2

+ (𝛿𝑒𝑓𝑓𝐴𝑚−241

−4.65(√𝜇𝐵(𝐴𝑚−241) + .5828)

𝑒𝑓𝑓𝐴𝑚−241
2 ∗ 𝑡

)

2

 

(3.48) 

The MQA for Am-241 on the HPGe detector is defined by: 

𝑀𝑄𝐴𝐴𝑚−241 =

50 (1 + √1 +
𝜇𝐵(𝐴𝑚−241)

12.5
)

𝑡
𝑒𝑓𝑓𝐴𝑚−241

 

(3.49) 

The uncertainty associated with the Am-241 MQA calculation is defined by: 

Δ𝑀𝑄𝐴𝐴𝑚−241 = [(
𝛿𝜇𝐵(𝐴𝑚−241) ∗ 5√2

𝑒𝑓𝑓𝐴𝑚−241√𝜇𝐵(𝐴𝑚−241) + 12.5 ∗ 𝑡
)

2

+ (𝛿𝑒𝑓𝑓𝐴𝑚−241

−10√2 ∗ (√𝜇𝐵(𝐴𝑚−241) + 12.5 + 2.5√2)

𝑒𝑓𝑓𝐴𝑚−241
2 ∗ 𝑡

)

2

]

1
2

 

(3.50) 

The MDA and MQA for Am-241 given a range of count times and interfering-isotope activities 

has been calculated and is presented in the “results” section. 
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3.8 Quantitative analysis of Quantulus spectra – multiple isotopes 

 When multiple beta-emitting isotopes are present in a sample it is still possible to 

quantify the activity of each isotope by counting the sample on both the HPGe detector and on 

the Quantulus detector. The HPGe detector can be used to quantify the activity from Co-60, Cs-

137, and possibly Am-241 (if the interfering activities are low enough and/or if the count time is 

long enough). The Quantulus detector can be used to quantify the Sr-90 activity, and either the 

Pu-238 activity or the gross alpha activity from Pu-238 and Am-241 (depending on whether or 

not the Am-241 activity was quantified from counting on the HPGe detector). 

 Sr-90 activity can be quantified by subtracting the background, Co-60 contribution, Cs-

137 contribution, and Y-90 contribution to channels 1-657 in the beta window of the Quantulus. 

 The contribution from each interfering component was calculated by dividing the 

spectrum into “low” (channels 1-657) and “high” (channels 658-1024) sections, with the 

dividing point being the channel representing the Sr-90 beta maximum energy as previously 

determined. Net counting efficiencies for each isotope in each of the two sections (effisotope(low) 

and effisotope(high)) were calculated by counting individual isotope counting standards and dividing 

the net count rate in each section by the known spike activity added to each sample. The data 

from these calculations can be seen in the “results” section. 

 The Co-60 activity (ACo-60) and the Cs-137 activity (ACs-137) are calculated from counting 

the sample on the HPGe detector. 

 The Sr-90 activity can be calculated as follows: 
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𝐴𝑆𝑟−90

=
𝑐𝑝𝑠𝑙𝑜𝑤 − 𝑒𝑓𝑓𝐶𝑜−60(𝑙𝑜𝑤) ∗ 𝐴𝐶𝑜−60 − 𝑒𝑓𝑓𝐶𝑠−137(𝑙𝑜𝑤) ∗ 𝐴𝐶𝑠−137

𝑒𝑓𝑓𝑆𝑟−90

−

[(𝑐𝑝𝑠ℎ𝑖𝑔ℎ − 𝑒𝑓𝑓𝐶𝑜−60(ℎ𝑖𝑔ℎ) ∗ 𝐴𝐶𝑜−60 − 𝑒𝑓𝑓𝐶𝑠−137(ℎ𝑖𝑔ℎ) ∗ 𝐴𝐶𝑠−137) ∗
𝑒𝑓𝑓𝑌−90 𝑙𝑜𝑤

𝑒𝑓𝑓𝑌−90 ℎ𝑖𝑔ℎ
]

𝑒𝑓𝑓𝑆𝑟−90
 

(3.51) 

The uncertainty equation for this calculation is extraordinarily complex, so in practice, the 

equation was broken down into multiple steps, and the uncertainty for each step was calculated 

and carried forward to the next step. The uncertainty equations used took the general forms of 

the first-order partial derivative for division, multiplication, and addition/subtraction equations, 

as discussed previously. 

 The MDA and MQA for Sr-90 can also be calculated; once again, the “background” rate 

below the Sr-90 counts is related to the Y-90 activity, and as the Y-90 activity grows into 

equilibrium, it becomes dependent upon the Sr-90 activity. This complication creates a circular 

calculation. However, for the practical purposes of this method, since it’s a rapid screening 

method, we can simply set the Y-90 activity equivalent to the Sr-90 intervention level, since Y-

90 activity any higher than that would indicate the potential presence of Sr-90 at the intervention 

level or greater, and hence would trigger further medical intervention anyway. To calculate the 

MDA and MQA for Sr-90 in a mixed-isotope sample, µB can be defined as: 

𝜇𝐵(𝑆𝑟−90) = 𝑡 ∗ (𝑒𝑓𝑓𝐶𝑜−60(𝑙𝑜𝑤) ∗ 𝐴𝐶𝑜−60 + 𝑒𝑓𝑓𝐶𝑠−137(𝑙𝑜𝑤) ∗ 𝐴𝐶𝑠−137

+ [(𝑐𝑝𝑠ℎ𝑖𝑔ℎ − 𝑒𝑓𝑓𝐶𝑜−60(ℎ𝑖𝑔ℎ) ∗ 𝐴𝐶𝑜−60 − 𝑒𝑓𝑓𝐶𝑠−137(ℎ𝑖𝑔ℎ) ∗ 𝐴𝐶𝑠−137)

∗
𝑒𝑓𝑓𝑌−90 𝑙𝑜𝑤

𝑒𝑓𝑓𝑌−90 ℎ𝑖𝑔ℎ
]) 

(3.52) 
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The uncertainty for µB can be defined as: 

Δ𝜇𝐵(𝑆𝑟−90) = [(𝛿𝑒𝑓𝑓𝐶𝑜−60(𝑙𝑜𝑤) ∗ 𝐴𝐶𝑜−60 ∗ 𝑡)
2

+ (𝛿𝐴𝐶𝑜−60 ∗
(𝑒𝑓𝑓𝑌−90(ℎ𝑖𝑔ℎ) ∗ 𝑒𝑓𝑓𝐶𝑜−60(𝑙𝑜𝑤) − 𝑒𝑓𝑓𝑌−90(𝑙𝑜𝑤) ∗ 𝑒𝑓𝑓𝐶𝑜−60(ℎ𝑖𝑔ℎ)) ∗ 𝑡

𝑒𝑓𝑓𝑌−90(ℎ𝑖𝑔ℎ)
)

2

+ (𝛿𝑒𝑓𝑓𝐶𝑠−137(𝑙𝑜𝑤) ∗ 𝐴𝐶𝑠−137 ∗ 𝑡)
2

+ (𝛿𝐴𝐶𝑠−137 ∗
(𝑒𝑓𝑓𝑌−90(ℎ𝑖𝑔ℎ) ∗ 𝑒𝑓𝑓𝐶𝑠−137(𝑙𝑜𝑤) − 𝑒𝑓𝑓𝑌−90(𝑙𝑜𝑤) ∗ 𝑒𝑓𝑓𝐶𝑠−137(ℎ𝑖𝑔ℎ)) ∗ 𝑡

𝑒𝑓𝑓𝑌−90(ℎ𝑖𝑔ℎ)
)

2

+ (𝛿𝑐𝑝𝑠ℎ𝑖𝑔ℎ ∗
𝑒𝑓𝑓𝑌−90(𝑙𝑜𝑤) ∗ 𝑡

𝑒𝑓𝑓𝑌−90(ℎ𝑖𝑔ℎ)
)

2

+ (𝛿𝑒𝑓𝑓𝐶𝑜−60(ℎ𝑖𝑔ℎ) ∗
𝐴𝐶𝑜−60 ∗ 𝑒𝑓𝑓𝑌−90(𝑙𝑜𝑤) ∗ 𝑡

𝑒𝑓𝑓𝑌−90(ℎ𝑖𝑔ℎ)
)

2

+ (𝛿𝑒𝑓𝑓𝐶𝑠−137(ℎ𝑖𝑔ℎ) ∗
𝐴𝐶𝑠−137 ∗ 𝑒𝑓𝑓𝑌−90(𝑙𝑜𝑤) ∗ 𝑡

𝑒𝑓𝑓𝑌−90(ℎ𝑖𝑔ℎ)
)

2

+ (𝛿𝑒𝑓𝑓𝑌−90(𝑙𝑜𝑤)

∗
(𝑐𝑝𝑠ℎ𝑖𝑔ℎ − 𝑒𝑓𝑓𝐶𝑜−60(ℎ𝑖𝑔ℎ) ∗ 𝐴𝐶𝑜−60 − 𝑒𝑓𝑓𝐶𝑠−137(ℎ𝑖𝑔ℎ) ∗ 𝐴𝐶𝑠−137) ∗ 𝑡

𝑒𝑓𝑓𝑌−90(ℎ𝑖𝑔ℎ)
)

2

+ (𝛿𝑒𝑓𝑓𝑌−90(ℎ𝑖𝑔ℎ) ∗ 𝑒𝑓𝑓𝑌−90 𝑙𝑜𝑤

∗
(𝑒𝑓𝑓𝐶𝑜−60(ℎ𝑖𝑔ℎ) ∗ 𝐴𝐶𝑜−60 + 𝑒𝑓𝑓𝐶𝑠−137(ℎ𝑖𝑔ℎ) ∗ 𝐴𝐶𝑠−137 − 𝑐𝑝𝑠ℎ𝑖𝑔ℎ) ∗ 𝑡

𝑒𝑓𝑓𝑌−90(ℎ𝑖𝑔ℎ)
2 )

2

]

1
2

 

(3.53) 

The MDA, MQA, and their related uncertainties for Sr-90 are calculated using the exact same 

equations as those used for Am-241 (eqn.s 3.47, 3.48, 3.49, and 3.50). 

 When quantifying alpha activity in the Quantulus detector, it is useful to take advantage 

of the pulse-shape analyzer, which measures the decay time of each light pulse produced by an 

interaction within the LS cocktail. The longer a pulse’s decay time, the more likely the pulse 
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came from an alpha emitter.
16,28,38,39,45

 By setting the pulse shape analyzer (PSA) at a level that 

minimizes the beta counts that are improperly classified as alpha counts while maximizing the 

alpha counts that are properly classified as such, the relative figure of merit for detecting alpha 

emitters can be maximized. 

 For these measurements, the PSA setting was optimized by counting the single-isotope 

standard calibration samples at every three PSA settings from 38-59, determining the count rate 

for each isotope in the alpha peak FWHM channels (609-646), and modeling the data for each 

isotope by fitting a quadratic least-squares curve to them. 

 The alpha activity Aalpha can be calculated as follows: 

𝐴𝑎𝑙𝑝ℎ𝑎

=
𝑐𝑝𝑠𝑎𝑙𝑝ℎ𝑎 − (𝑒𝑓𝑓𝐶𝑜−60(𝑎𝑙𝑝ℎ𝑎) ∗ 𝐴𝐶𝑜−60 + 𝑒𝑓𝑓𝐶𝑠−137(𝑎𝑙𝑝ℎ𝑎) ∗ 𝐴𝐶𝑠−137 + 𝑒𝑓𝑓𝑆𝑟−90(𝑎𝑙𝑝ℎ𝑎) ∗ 𝐴𝑆𝑟−90)

𝑒𝑓𝑓𝑎𝑙𝑝ℎ𝑎
 

(3.54) 

where cpsalpha is the gross count rate in the alpha peak FWHM channels, effisotope(alpha) is the 

efficiency of each isotope in these channels, Aisotope is the activity of each isotope as previously 

calculated from the HPGe and/or Quantulus measurements of that sample, and effalpha is the 

counting efficiency of each alpha isotope in the alpha peak FWHM channels. 

 To calculate the MDA and MQA for alpha emitters in a mixed-isotope sample, µB can be 

defined as: 

𝜇𝐵(𝑎𝑙𝑝ℎ𝑎) = (𝑒𝑓𝑓𝐶𝑜−60(𝑎𝑙𝑝ℎ𝑎) ∗ 𝐴𝐶𝑜−60 + 𝑒𝑓𝑓𝐶𝑠−137(𝑎𝑙𝑝ℎ𝑎) ∗ 𝐴𝐶𝑠−137 + 𝑒𝑓𝑓𝑆𝑟−90(𝑎𝑙𝑝ℎ𝑎)

∗ 𝐴𝑆𝑟−90) ∗ 𝑡 

(3.55) 

The uncertainty for µB can be defined as: 
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Δ𝜇𝐵(𝑎𝑙𝑝ℎ𝑎) = [(𝛿𝑒𝑓𝑓𝐶𝑜−60(𝑎𝑙𝑝ℎ𝑎) ∗ 𝐴𝐶𝑜−60 ∗ 𝑡)
2

+ (𝛿𝐴𝐶𝑜−60 ∗ 𝑒𝑓𝑓𝐶𝑜−60(𝑎𝑙𝑝ℎ𝑎) ∗ 𝑡)
2

+ (𝛿𝑒𝑓𝑓𝐶𝑠−137(𝑎𝑙𝑝ℎ𝑎) ∗ 𝐴𝐶𝑠−137 ∗ 𝑡)
2

+ (𝛿𝐴𝐶𝑠−137 ∗ 𝑒𝑓𝑓𝐶𝑠−137(𝑎𝑙𝑝ℎ𝑎) ∗ 𝑡)
2

+ (𝛿𝑒𝑓𝑓𝑆𝑟−90(𝑎𝑙𝑝ℎ𝑎) ∗ 𝐴𝑌−90 ∗ 𝑡)
2

+ (𝛿𝐴𝑆𝑟−90 ∗ 𝑒𝑓𝑓𝑌−90(𝑎𝑙𝑝ℎ𝑎) ∗ 𝑡)
2

]

1
2
 

(3.56) 

The MDA for an alpha emitter on the Quantulus detector is defined by: 

𝑀𝐷𝐴𝑎𝑙𝑝ℎ𝑎 =

2.71 + 4.65√𝜇𝐵(𝑎𝑙𝑝ℎ𝑎)

𝑡
𝑒𝑓𝑓𝑎𝑙𝑝ℎ𝑎

 

(3.57) 

The uncertainty associated with the alpha MDA calculation is defined by: 

Δ𝑀𝐷𝐴𝑎𝑙𝑝ℎ𝑎 = √(
𝛿𝜇𝐵(𝑎𝑙𝑝ℎ𝑎) ∗ 6.30075

𝑒𝑓𝑓𝑎𝑙𝑝ℎ𝑎 ∗ √𝜇𝐵(𝑎𝑙𝑝ℎ𝑎) ∗ 𝑡
)

2

+ (𝛿𝑒𝑓𝑓𝑎𝑙𝑝ℎ𝑎

−12.6015(√𝜇𝐵(𝑎𝑙𝑝ℎ𝑎))

𝑒𝑓𝑓𝑎𝑙𝑝ℎ𝑎
2 ∗ 𝑡

)

2

 

(3.58) 

The MQA for alpha emitters on the Quantulus detector is defined by: 

𝑀𝑄𝐴𝑎𝑙𝑝ℎ𝑎 =

50 (1 + √1 +
𝜇𝐵(𝑎𝑙𝑝ℎ𝑎)

12.5
)

𝑡
𝑒𝑓𝑓𝑎𝑙𝑝ℎ𝑎

 

(3.59) 

The uncertainty associated with the alpha MQA calculation is defined by: 
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Δ𝑀𝑄𝐴𝑎𝑙𝑝ℎ𝑎 = [(
𝛿𝜇𝐵(𝑎𝑙𝑝ℎ𝑎) ∗ 5√2

𝑒𝑓𝑓𝑎𝑙𝑝ℎ𝑎√𝜇𝐵(𝑎𝑙𝑝ℎ𝑎) + 12.5 ∗ 𝑡
)

2

+ (𝛿𝑒𝑓𝑓𝑎𝑙𝑝ℎ𝑎

−10√2 ∗ (√𝜇𝐵(𝑎𝑙𝑝ℎ𝑎) + 12.5 + 2.5√2)

𝑒𝑓𝑓𝑎𝑙𝑝ℎ𝑎
2 ∗ 𝑡

)

2

]

1
2

 

(3.60) 

These equations were used to calculate the MDA and MQA at a range of different activity levels 

for every PSA setting from 30-60 (using the efficiency curves fitted as described above), for each 

of Pu-238 and Am-241, individually. Tables showing the results of these calculations appear in 

the “results” section. PSA 53 was chosen as the optimal PSA setting for minimizing the alpha-

emitter MDA and MQA. 

 If the Am-241 activity was quantified on the HPGe detector, the Pu-238 activity can be 

determined by simply subtracting the Am-241 activity as calculated by the HPGe measurement 

from the total alpha activity calculated from the Quantulus measurement: 

𝐴𝑃𝑢−238 =
𝑐𝑝𝑠𝑎𝑙𝑝ℎ𝑎 − (𝐴𝐴𝑚−241 ∗ 𝑒𝑓𝑓𝐴𝑚−241)

𝑒𝑓𝑓𝑃𝑢−238
 

(3.61) 

The MDA and MQA for Pu-238 are, accordingly, dependent upon the activity of all four of the 

other isotopes used in this work. Additionally, given the extremely low activity required to 

trigger the intervention level for Pu-238 (0.0288 Bq per 5 ml urine sample), and as can be seen 

from the tables in the “results” section, it is extraordinarily difficult (if not impossible) to detect 

Pu-238 at the intervention level in a mixed-isotope sample if activity equivalent to just 1% of the 

intervention level for each of the three beta/gamma emitters is present in the sample. 
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 In these cases, and when the Am-241 gamma emission is not quantifiable in the HPGe 

spectrum above the counts from other isotopes, one further step is required to quantify the Pu-

238 (and possibly Am-241) activity. 

3.9 Use of extractive scintillators for extraction of actinides 

 If the Am-241 gamma emission is not visible in the HPGe spectrum above Compton 

spectra of other isotopes given a reasonable count time, and/or if there is too much beta/gamma 

activity present in the sample to quantify any potential contamination with Pu-238 at the 

intervention level, liquid-liquid extraction can be used to both preconcentrate alpha activity and 

get it away from beta/gamma isotopes. 

 The Photon-Electron Rejecting Alpha Liquid Scintillation (PERALS) system
16

 uses 

extractive scintillators in combination with a highly customized liquid scintillation counter to 

achieve optimal alpha/beta discrimination (using pulse-shape analysis) and optimal alpha energy 

resolution. While this system is quite sophisticated, it has significant limitations, including the 

limited maximum sample volume (~1 ml), the use of culture tubes instead of LS vials, the lack of 

an automated sample changer, etc. However, extractive scintillators can also be used with the 

Quantulus detector. 

 An extractive scintillator is a fully-organic liquid scintillation cocktail with no detergent 

to form emulsions, and which contains an extractant compound – such as HDEHP, TOPO, or one 

of many other compounds – targeted for a specific isotope or set of isotopes. The extractive 

scintillator is mixed with an aqueous sample to extract the isotopes of interest, centrifuged to 

improve the phase separation between the aqueous and organic fractions, and then drawn off of 

the top of the aqueous fraction with a pipette. It is then added to a liquid scintillation vial, topped 



48 

 

off to 10 ml volume with NONEX scintillator fluid, and counted on the HPGe and Quantulus 

detectors. 

 If the extraction is quantitative, 45 ml of an aqueous acidified urine sample can be 

combined with 5 ml of the extractive scintillator in a 50-ml centrifuge tube, allowing for the 

preconcentration of approximately 9x the 5-ml urine sample intervention level of alpha activity. 

Additionally, the extraction should not extract any significant amount of the beta/gamma 

emitters involved in this experiment. 

 For the experiments herein, Eichrom’s DIPEX extractant (manufactured by Eichrom, 

Lisle, IL) was dissolved into toluene and combined with NONEX scintillator (manufactured by 

ETRAC Laboratories, Oak Ridge, TN) at a concentration of 5 mg DIPEX per ml of total 

solution. Approximately 100 ml of acidified urine was spiked with activity concentrations for 

each of the five isotopes roughly equivalent to the intervention level, with the exception of Co-

60, which was at approximately 10% of the intervention level due to the lack of available spiking 

activity. 2 g of AC powder was mixed into the spiked acidified urine, which was then shaken, 

and then filtered (via vacuum filtration) through a glass fiber filter and a 0.45-µm polyethylene 

filter. The resulting solution was clear and colorless. This solution was split into two fractions. 

0.25 g of Mohr’s salt (a reducing agent) was added to each fraction. Each was shaken for 2 

minutes, and then centrifuged. 5 ml of the DIPEX in toluene / NONEX solution was added to 

each fraction; each was shaken for 5 minutes, then centrifuged for 5 minutes. A cloudy substance 

at the aqueous/organic interface was observed in both samples; both were re-shaken for 10 

seconds and then re-centrifigued for 5 minutes. After this second centrifuge step, the cloudy 

substance had disappeared, and a clear aqueous/organic interface was observed. 4.25 ml of each 

organic fraction was removed with a pipette and added to LS vials; 4.4 ml of each aqueous 
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fraction was added to LS vials. The LS vials containing the organic fractions were topped off to 

10 ml total volume with additional NONEX scintillator; those containing the aqueous fractions 

were topped off to 10 ml total volume with InstaGel Plus. All LS samples were shaken to ensure 

complete mixing (for reproducible HPGe detector geometry). The samples were massed at every 

step to keep track of the gravimetric recoveries. 

 All samples were counted on both the HPGe detector and the Quantulus detector to 

calculate the recoveries; the PSA was set to PSA 50. 

 Am-241 activity was determined by the background-corrected count rate within the Am-

241 photopeak FWHM on the HPGe detector. Gaussian curves were fitted to the peaks that 

appeared in the alpha window on the Quantulus  (it appears that Pu-238 extracted in the 

DIPEX+NONEX scintillator produces two Gaussian alpha peaks in the Quantulus detector; this 

feature was not explored in this work) in order to determine total alpha activity; the calculated 

Am-241 activity was subtracted from this activity to determine the Pu-238 activity. The 

calculated Am-241 and Pu-238 activities were divided by the known spike activities in order to 

determine the recovery of each isotope using the DIPEX extractant. 

 These results – and a discussion thereof – are presented in the “results” section. 

3.10 Summary of method 

 Upon receipt of a urine sample, it is acidified to 1M HCl. 5 ml (preferably measured both 

volumetrically and gravimetrically, to determine recoveries) of the total volume is taken to make 

a sample for counting. 0.1 g of AC powder is added to the 5 ml sample; this mixture is shaken 

for approximately 10 seconds. The resulting suspension is passed through a syringe with a glass 

fiber / 0.45-µm polyethylene syringe filter into an LS vial. Approximately 5.5 ml of InstaGel 

Plus LS cocktail is added to the solution. The mixture is shaken to ensure complete mixing. The 
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sample is then counted on both the HPGe detector and the Quantulus detector for count times 

appropriate to detect each isotope (these count times can be determined from the MDA and 

MQA tables in the “results” section). If the gamma activity present in the sample results in high 

dead time on the HPGe detector, another 5-ml sample can be produced as described above from 

a gravimetric dilution of the original urine sample. If the beta/gamma activity is significant 

enough that detecting Pu-238 at its intervention level would require a prohibitively long count 

time (again, see tables in “results” section to make this determination), proceed to perform a 

liquid-liquid extraction using an extractive scintillator (such as DIPEX in toluene/NONEX), and 

count the resulting sample to determine the Pu-238 and Am-241 activity concentration within it.  
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CHAPTER 4. RESULTS 
 

 

 

4.1 Introduction 

 All HPGe data were collected via measurements on a Canberra model GR7023 HPGe 

detector, with a crystal diameter of 74.5 mm and a length of 66.5 mm. Further information on the 

HPGe detector can be seen in Figure A4.1 in the Appendix. 

 All Quantulus data were collected via measurements on a Quantulus 1220 detector. 

 All samples were spiked with radioactivity gravimetrically. The actual spike activity for 

most samples at a specific time can be found in Table 5.2 in the Appendix. 

4.2 Quantitative analysis of HPGe spectra – single isotopes 

 The activity from samples containing individual gamma-emitting isotopes – Co-60, Cs-

137, and Am-241 – was quantified by counting these samples on the HPGe detector as described 

in Chapter 3, sections 3.2 and 3.3. The channels representing the full width at half max (FWHM) 

for each isotope’s characteristic gamma emission, as well as the counting efficiencies and 

background count rate for each isotope within the FWHM of its peak, are presented in Tables 

4.1, 4.2, and 4.3. 

 The minimum detectable activity (MDA) and minimum quantifiable activity (MQA) for 

each isotope were calculated as described in Chapter 3, section 3.3, and are presented in Tables 

4.4, 4.5, and 4.6, and Figures 4.1, 4.2, 4.3, 4.4, 4.5, and 4.6. 

4.3 Quantitative analysis of Quantulus spectra – single isotopes 

The activity from samples containing individual isotopes – Co-60, Sr-90, Cs-137, Pu-238, and 

Am-241 – was quantified by counting these samples on the Quantulus detector as described in 

Chapter 3, sections 3.4 and 3.5. For the beta emitters Co-60 and Cs-137, counting efficiencies 
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were determined over the entire beta spectrum. For Sr-90, the beta spectrum was split into two 

sections at the channel representing the 546-keV maximum beta energy for Sr-90 in order to 

calculate the individual counting efficiencies in each section from Sr-90 and its Y-90 daughter. 

For the alpha emitters Pu-238 and Am-241, a Gaussian curve was fitted to the peaks in the alpha 

spectrum produced by their mono-energetic alpha emissions. Counting efficiencies were 

calculated for the FWHM of these curves. All measurements were made with the pulse shape 

analyzer (PSA) set to 53. 

 Efficiencies for the beta-emitting isotopes Co-60, Sr-90, and Cs-137 are shown in Tables 

4.7, 4.8, and 4.9. Net beta efficiency refers to the net counting efficiency in the beta window; net 

alpha efficiency refers to the net counting efficiency in the alpha window. These numbers are 

presented to demonstrate the alpha/beta discrimination at PSA 53. As discussed in Chapter 3, 

section 3.5, the efficiency numbers for Sr-90 are reproducible when Y-90 is present in 

equilibrium with its Sr-90 parent. However, if equilibrium cannot be assumed, individual 

efficiencies must be calculated for the parent and daughter isotopes. 

 Since the Quantulus uses a logarithmic energy scale, a beta energy calibration was 

performed as described in Chapter 3, section 3.5. The energies used for this energy calibration 

are shown in Table 4.10, and the calculated least-squares fit for the energy calibration is shown 

in Figure 4.7. 

 The least-squares fit equation was used to calculate that the channel representing the 546-

keV maximum beta energy for Sr-90 would be channel 657. The Y-90 efficiency for channels 

greater than and less than the Sr-90 maximum beta energy were calculated, as shown in Table 

4.11. The calculated individual Sr-90 and Y-90 efficiencies are consistent with previous 
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measurements on a Packard Tri-Carb LSC,
g
 calculated from samples produced after a chemical 

separation of Sr-90 and Y-90. The sum of these efficiencies (190.80% ± 3.30%) is also 

consistent with the observed equilibrium efficiency in the Quantulus of 190.83% ± 4.32%. 

 Tables for the alpha-emitting isotopes Pu-238 and Am-241 are shown in Tables 4.12 and 

4.13. Net beta efficiency refers to the net counting efficiency in the beta window; net alpha 

efficiency refers to the net counting efficiency in the alpha window. These numbers are 

presented to demonstrate the alpha/beta discrimination at PSA 53. Additionally, tables for the net 

efficiencies in the alpha peak FWHM are included. 

 MDAs and MQAs for Co-60 and Cs-137 on the Quantulus detector were not calculated, 

as these isotopes can easily be quantified at activities well below their respective intervention 

levels via their HPGe counts. The MDAs and MQAs for Sr-90 and the alpha emitters Pu-238 and 

Am-241 are shown in Tables 4.14, 4.15, 4.16, 4.17, 4.18, and 4.19. As discussed in Chapter 3, 

section 3.5, when calculating the Sr-90 MDA and MQA, Y-90 is assumed to be present at the Sr-

90 intervention level (since any more Y-90 activity than that would clearly trigger medical 

intervention anyway). 

 Sample spectra for each individual isotope on the Quantulus are shown in Figures 4.8, 

4.9, 4.10, 4.11, and 4.12. In these figures, the blue line represents the counts in the beta window, 

while the red line represents counts in the alpha window. 

4.4 Quantitative analysis of HPGe spectra – multiple isotopes 

 It is possible to quantify the activity of multiple gamma-emitting isotopes, even if present 

together in a single sample, via counting that sample on the HPGe detector, as described in 

Chapter 3, section 3.7. 

                                           
g
 Crawford et al. unpublished results, presented at RRMC 2005, 2006, 2007, 2010, 2012, HPS 2007 
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 Co-60 can always be quantified on an HPGe detector by its 1332-keV gamma emission. 

None of the isotopes involved in this study interfere with this measurement in any way. For high-

activity samples, quantitative dilutions of the sample may be recommended in order to reduce 

detector dead time. 

 Cs-137 can also be quantified on an HPGe detector by its 662-keV gamma emission. 

However, if it is in a mixed sample whose isotopes include Co-60, there will be interference 

from Co-60’s Compton spectrum, as Cs-137’s photopeak falls on top of the Compton spectrum. 

This interference can be modeled by determining the count rate per unit activity in the Co-60 

Compton spectrum, as described in Chapter 3, section 3.7, and is shown in Table 4.20. 

 Using the count rate observed in this work, the MDA and MQA for Cs-137 can be 

calculated for a specified count time over a range of Co-60 activities, and are shown in Tables 

4.21 and 4.22. 

 Am-241 can be quantified by its gamma emission; however, in practice, doing so quickly 

becomes complicated in the presence of other isotopes, as the activity from the other gamma-

emitting isotopes in this study – as well as from Sr-90/Y-90, due to Bremsstrahlung radiation – 

can quickly swamp its low-energy 60-keV peak. 

 The MDA and MQA for Am-241 are related to the combined activity of Co-60, Sr-90/Y-

90, and Cs-137 in the sample. The Co-60 and Cs-137 activity in a mixed sample can be 

quantified by counting on the HPGe detector, as described above and in Chapter 3, section 3.7, 

but in order to then determine the Am-241 activity in a mixed-isotope sample, the Sr-90/Y-90 

activity must first be calculated from a Quantulus measurement, as described in Chapter 3, 

section 3.8, and later on in this chapter. 
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 Table 4.23 shows the MDA and MQA for various count times, from Chapter 3, section 

3.7, assuming the presence of 1% of the intervention level activity for each of Co-60, Sr-90, and 

Cs-137. 

 Table 4.24 shows the MDA and MQA for various count times, from Chapter 3, section 

3.7, assuming the presence of 10% of the intervention level activity for each of Co-60, Sr-90, and 

Cs-137. 

4.5 Optimizing PSA setting for alpha/beta discrimination 

 Since no Pulse Shape Analyzer (PSA) setting exists which gives perfect discrimination 

between alpha and beta counts, this setting must be optimized to minimize the fraction of true 

beta events that are misclassified as alpha events in the alpha window, while simultaneously 

maximizing the efficiency of true alpha events in the alpha window. The equations used to 

perform this optimization are discussed in Chapter 3, section 3.8. Table 4.25 shows the isotopic 

counting efficiencies in the alpha peak FWHM at varying PSA setting. Figures 4.13, 4.14, 4.15, 

and 4.16 show the curves fitted to each isotope’s efficiency data. The equations from the fits in 

Figures 4.13 through 4.16 were used to model the efficiency of each isotope at every PSA setting 

from 30-60, as shown in Table 4.26. Table 4.27 presents the MDA and MQA, calculated as 

described in Chapter 3, section 3.8, for a 5-minute count of a sample containing Co-60, Sr-90, 

and Cs-137 at 1% of the intervention level. Table 4.28 presents the MDA and MQA for 35-

minute count of a sample containing Co-60, Sr-90, and Cs-137 at 10% of the intervention level. 

4.6 Quantitative analysis of Quantulus spectra – multiple isotopes 

 As previously discussed, Co-60 and Cs-137 activities can be quantified from the HPGe 

detector measurements. However, Sr-90 can only be quantifiably detected on the Quantulus 

detector – where it will have significant interferences from the presence of Co-60 and Cs-137 
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activity. In this method, as described in Chapter 3, section 3.8, Sr-90 is detected (when in the 

presence of other isotopes) by measuring the sample first on the HPGe detector to quantify the 

Co-60 and Cs-137 activities, and then on the Quantulus. The Sr-90 activity is calculated by 

subtracting the contributions of Co-60 and Cs-137 to the overall Quantulus beta window 

spectrum, and then correcting for the presence of Y-90 activity, using the equations given in 

Chapter 3, section 3.8. 

 The MDA and MQA for Sr-90 are calculated by taking into account all of these variables. 

Tables 4.29 and 4.30 show the MDA and MQA for 20-minute counts over a couple of different 

interfering-activity ranges. In Table 4.29, the following assumptions are made: a 20-minute 

count time, the presence of Cs-137 at the intervention level, and the presence of Y-90 at the 

intervention level; the amount of Co-60 activity in the sample is varied to determine its effect on 

the MDA and MQA. In Table 4.30, the following assumptions are made: a 20-minute count time, 

the presence of Co-60 at the intervention level, and the presence of Y-90 at the intervention 

level; the amount of Cs-137 activity in the sample is varied to determine its effect on the MDA 

and MQA. 

 Am-241 can be quantified by its gamma emission; however, doing so quickly becomes 

complicated in the presence of other isotopes, as the activity from the other gamma-emitting 

isotopes in this study – as well as from Sr-90/Y-90’s Bremsstrahlung radiation – can quickly 

swamp its low-energy 60-keV peak. 

 If the Am-241 activity can be quantified on the HPGe detector, the Pu-238 activity can be 

determined by simply subtracting the Am-241 activity as calculated by the HPGe measurement 

from the total alpha activity calculated from the Quantulus measurement, as described in Chapter 

3, section 3.8. Tables 4.31 and 4.32 show the Pu-238 MDA and MQA given varying count times 
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and varying levels of interference from the beta/gamma emitters. If the Am-241 activity could 

not be quantified, gross alpha activity can be quantified given the quantification limits shown in 

Tables 4.27 and 4.28, or as otherwise calculated from the equations in Chapter 3, section 3.8, 

given a specific sample’s other isotopic activities. 

4.7 Proof-of-concept: Calculated activity in mixed-isotope samples 

 Seven samples – U1-U7 – containing mixed isotopes in differing ratios were produced in 

order to test the method outlined in Chapter 3. The spike activity added to these samples was 

targeted to be approximately equal to the values in Table 4.33. 

 After spiking, these samples were measured on the HPGe detector and then on the 

Quantulus detector for approximately 20 minutes each. The resulting spectra were analyzed as 

described in Chapter 3 in order to calculate the activity of each isotope in the sample. Table 4.34 

shows the resulting calculated activities and associated biases. These results will be discussed 

further in Chapter 5. 

4.8 Use of extractive scintillators for extraction of actinides 

 Since the count times required for quantifying Am-241 by its gamma emission on the 

HPGe detector – and Pu-238 by its alpha emission on the Quantulus detector – become 

prohibitively long as the activity from the other beta/gamma-emitting isotopes in the sample 

increases, liquid-liquid extraction becomes an attractive option to both preconcentrate alpha 

activity and get it away from beta/gamma isotopes. The extractant and extracting procedure used 

are described in Chapter 3, section 3.9. 

 A single ~100-ml spiked sample was split into two fractions, labeled UD1 and UD2. The 

alpha activity spiked into each of these samples is shown in Table 4.35. Given the 85% organic 

phase recovery (Chapter 3, section 3.9), if the extraction was quantitative, Table 4.36 shows the 
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activities that should have been extracted. The actual alpha activity calculated to be in each 

sample (from counting on the Quantulus) is shown in Table 4.37. The organic phases were 

counted on the HPGe detector determine the extracted beta/gamma activity, which is shown in 

Tables 4.38 and 4.39. The aqueous phase from UD2 was counted for an extended period on the 

HPGe detector in order to determine how much, if any, Am-241 remained in the aqueous phase. 

The Am-241 activity calculated to be remaining in UD2 Aq was: 

0.2152 +/- 0.0353 Bq (16.4% uncertainty at 1σ) 

If no Am-241 activity had been extracted by the DIPEX extractant, the expected Am-241 activity 

remaining in UD2 Aq would be: 

0.2237 ± 0.0010 Bq (0.45% uncertainty at 1σ) 

Therefore, 96.2% ± 15.8% of the Am-241 was not extracted by the DIPEX extractant and 

remained in the aqueous phase. 

 Additional calculations based on the beta window of the Quantulus measurements of the 

organic phases showed that only approximately 0.49% of the Y-90 activity was extracted into the 

DIPEX. Y-90 is trivalent, like Am-241, and should therefore behave chemically similarly to Am-

241. 

 These results will be discussed further in Chapter 5. 
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Table 4.1 Am-241 on HPGe Detector “A” 

Detector A - LS Vial - FWHM cps/Bq 1σ uncert uncert % <--FWHM channels: 

Am-241 Photopeak Efficiency 5.160% 0.075% 1.45% <--Channels 486-494 

     Det A BKG rate 486-494 cps 1σ uncert uncert % 

 From BKG measurement 0.003905 0.000056 1.43% 

  

Table 4.2 Cs-137 on HPGe Detector “A” 

Detector A - LS Vial - FWHM cps/Bq 1σ uncert uncert % <--FWHM channels: 

Cs-137 Photopeak Efficiency 3.307% 0.013% 0.39% <--Channels 5341-5353 

     Det A BKG rate 5341-5353 cps 1σ uncert uncert % 

 From BKG measurement 0.00119 0.00003 2.57% 

  

Table 4.3 Co-60 on HPGe Detector “A” 

Detector A - LS Vial - FWHM cps/Bq 1σ uncert uncert % <--FWHM channels 

Co-60 Photopeak Efficiency 1.912% 0.005% 0.26% <--Channels 10749-10765 

     Det A BKG rate 10749-10765 cps 1σ uncert uncert % 

 From BKG measurement 0.000557 0.000031 5.56% 
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Table 4.4 Am-241 MDA and MQA on HPGe Detector “A” 
count time 

(min) 

MDA 

(Bq) 

1σ 

uncert uncert % 

MQA 

(Bq) 

1σ 

uncert uncert % 

1 1.390 0.020 0.015 32.37 0.47 0.01 

2 0.801 0.012 0.015 16.22 0.24 0.01 

3 0.589 0.009 0.015 10.84 0.16 0.01 

4 0.476 0.007 0.015 8.15 0.12 0.01 

5 0.405 0.006 0.015 6.53 0.09 0.01 

6 0.356 0.005 0.015 5.46 0.08 0.01 

7 0.319 0.005 0.015 4.69 0.07 0.01 

8 0.291 0.004 0.015 4.11 0.06 0.01 

9 0.269 0.004 0.015 3.66 0.05 0.01 

10 0.250 0.004 0.015 3.30 0.05 0.01 

20 0.159 0.002 0.015 1.69 0.02 0.01 

30 0.123 0.002 0.015 1.15 0.02 0.01 

40 0.103 0.002 0.016 0.88 0.01 0.01 

50 0.090 0.001 0.016 0.71 0.01 0.01 

60 0.081 0.001 0.016 0.61 0.01 0.01 

70 0.074 0.001 0.016 0.53 0.01 0.01 

80 0.068 0.001 0.016 0.47 0.01 0.01 

90 0.064 0.001 0.016 0.42 0.01 0.01 

100 0.060 0.001 0.016 0.39 0.01 0.01 

200 0.041 0.001 0.016 0.22 0.00 0.01 

300 0.033 0.001 0.016 0.16 0.00 0.01 

400 0.028 0.000 0.016 0.13 0.00 0.02 

500 0.025 0.000 0.016 0.11 0.00 0.02 

600 0.022 0.000 0.016 0.10 0.00 0.02 

700 0.021 0.000 0.016 0.09 0.00 0.02 

800 0.019 0.000 0.016 0.08 0.00 0.02 

900 0.018 0.000 0.016 0.07 0.00 0.02 

1000 0.017 0.000 0.016 0.07 0.00 0.02 
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Figure 4.1 Am-241 MDA on HPGe Detector “A” 

 

 
Figure 4.2 Am-241 MQA on HPGe Detector “A” 
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Table 4.5 Cs-137 MDA and MQA on HPGe Detector “A” 
count time 

(min) MDA (Bq) 

1σ 

uncert uncert % MQA (Bq) 

1σ 

uncert uncert % 

1 1.808 0.009 0.005 50.44 0.19 0.00 

2 0.996 0.006 0.006 25.24 0.10 0.00 

3 0.711 0.004 0.006 16.84 0.06 0.00 

4 0.563 0.004 0.006 12.64 0.05 0.00 

5 0.471 0.003 0.007 10.12 0.04 0.00 

6 0.408 0.003 0.007 8.44 0.03 0.00 

7 0.362 0.003 0.007 7.24 0.03 0.00 

8 0.327 0.002 0.007 6.34 0.02 0.00 

9 0.299 0.002 0.007 5.64 0.02 0.00 

10 0.277 0.002 0.008 5.08 0.02 0.00 

20 0.167 0.001 0.009 2.56 0.01 0.00 

30 0.126 0.001 0.009 1.72 0.01 0.00 

40 0.104 0.001 0.009 1.29 0.01 0.00 

50 0.090 0.001 0.010 1.04 0.00 0.00 

60 0.080 0.001 0.010 0.87 0.00 0.00 

70 0.072 0.001 0.010 0.75 0.00 0.00 

80 0.067 0.001 0.010 0.66 0.00 0.00 

90 0.062 0.001 0.010 0.59 0.00 0.00 

100 0.058 0.001 0.011 0.54 0.00 0.00 

200 0.038 0.000 0.011 0.28 0.00 0.00 

300 0.030 0.000 0.012 0.20 0.00 0.01 

400 0.026 0.000 0.012 0.16 0.00 0.01 

500 0.023 0.000 0.012 0.13 0.00 0.01 

600 0.020 0.000 0.012 0.11 0.00 0.01 

700 0.019 0.000 0.012 0.10 0.00 0.01 

800 0.017 0.000 0.012 0.09 0.00 0.01 

900 0.016 0.000 0.012 0.08 0.00 0.01 

1000 0.015 0.000 0.012 0.07 0.00 0.01 

 

  



63 

 

 
Figure 4.3 Cs-137 MDA on HPGe Detector “A” 

 

 
Figure 4.4 Cs-137 MQA on HPGe Detector “A” 
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Table 4.6 Co-60 MDA and MQA on HPGe Detector “A” 
count time 

(min) MDA (Bq) 

1σ 

uncert uncert % 

MQA 

(Bq) 

1σ 

uncert uncert % 

1 2.887 0.016 0.006 87.20 0.23 0.00 

2 1.552 0.011 0.007 43.61 0.11 0.00 

3 1.090 0.009 0.008 29.08 0.08 0.00 

4 0.853 0.008 0.009 21.82 0.06 0.00 

5 0.707 0.007 0.010 17.46 0.05 0.00 

6 0.608 0.006 0.010 14.56 0.04 0.00 

7 0.536 0.006 0.011 12.48 0.03 0.00 

8 0.481 0.005 0.011 10.92 0.03 0.00 

9 0.437 0.005 0.011 9.71 0.03 0.00 

10 0.402 0.005 0.012 8.75 0.02 0.00 

20 0.235 0.003 0.014 4.39 0.01 0.00 

30 0.175 0.003 0.015 2.93 0.01 0.00 

40 0.142 0.002 0.016 2.21 0.01 0.00 

50 0.121 0.002 0.017 1.77 0.00 0.00 

60 0.107 0.002 0.018 1.48 0.00 0.00 

70 0.096 0.002 0.018 1.27 0.00 0.00 

80 0.088 0.002 0.019 1.12 0.00 0.00 

90 0.082 0.002 0.019 1.00 0.00 0.00 

100 0.076 0.001 0.019 0.90 0.00 0.00 

200 0.049 0.001 0.021 0.46 0.00 0.00 

300 0.038 0.001 0.022 0.32 0.00 0.01 

400 0.032 0.001 0.023 0.24 0.00 0.01 

500 0.028 0.001 0.023 0.20 0.00 0.01 

600 0.025 0.001 0.024 0.17 0.00 0.01 

700 0.023 0.001 0.024 0.15 0.00 0.01 

800 0.021 0.001 0.024 0.13 0.00 0.01 

900 0.020 0.000 0.024 0.12 0.00 0.01 

1000 0.019 0.000 0.024 0.11 0.00 0.01 
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Figure 4.5 Co-60 MDA on HPGe Detector “A” 

 

 
Figure 4.6 Co-60 MQA on HPGe Detector “A” 
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Table 4.7 Co-60 efficiency on the Quantulus detector 

 

cps/Bq 1σ uncert uncert % 

Net beta eff 53.28% 1.21% 2.28% 

Net alpha eff 1.74% 0.04% 2.28% 

 

Table 4.8 Cs-137 efficiency on the Quantulus detector 

 

cps/Bq 1σ uncert uncert % 

Net beta eff 103.98% 2.37% 2.28% 

Net alpha eff 2.41% 0.06% 2.28% 

 

Table 4.9 Sr-90 efficiency on the Quantulus detector 

 

cps/Bq 1σ uncert uncert % 

Net beta eff 190.83% 4.32% 2.26% 

Net alpha eff 3.913% 0.089% 2.27% 
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Table 4.10 Quantulus beta energy calibration 

beta energy (keV) channel 

656 690 

2280 900 

624 675 

1175.63 790 

318 567 

 
 

 
Figure 4.7 Quantulus beta energy calibration 
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Table 4.11 Sr-90 and Y-90 efficiencies on the Quantulus detector 

Y-90 cps frac above Sr-90 (chn 658++) 1σ uncert uncert % 

58.43% 1.32% 2.26% 

Sr-90 eff 1σ uncert uncert % 

93.50% 2.38% 2.54% 

Y-90 cps frac below Sr-90 (chn 0-657) 1σ uncert uncert % 

38.87% 1.86% 4.79% 

Total Y-90 eff 1σ uncert uncert % 

97.30% 2.28% 2.35% 

Total Sr-90 + Y-90 eff 1σ uncert uncert % 

190.80% 3.30% 1.73% 

 

Table 4.12 Pu-238 efficiencies on the Quantulus detector 

 

cps/Bq 1σ uncert uncert % 

Net beta eff 37.49% 1.68% 4.48% 

Net alpha eff 65.42% 1.91% 2.92% 

Pu-238 eff, 

alpha FWHM,  

chn 609-646 39.21% 0.88% 2.24% 

 

Table 4.13 Am-241 efficiencies on the Quantulus detector 

 

cps/Bq 1σ uncert uncert % 

Net beta eff 22.44% 0.68% 3.03% 

Net alpha eff 80.46% 1.94% 2.41% 

Am-241 eff, 

alpha FWHM, 

chn 609-646 50.14% 0.51% 1.02% 
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Table 4.14 Sr-90 MDA on Quantulus 

count time (min) 

MDA 

(Bq) 1σ uncert 

1 23.9 0.6096 

2 16.9 0.4303 

3 13.8 0.3511 

4 11.9 0.3039 

5 10.7 0.2718 

6 9.7 0.2481 

7 9.0 0.2296 

8 8.4 0.2148 

9 8.0 0.2025 

10 7.5 0.1921 

20 5.3 0.1358 

30 4.4 0.1109 

40 3.8 0.0960 

50 3.4 0.0859 

60 3.1 0.0784 

70 2.9 0.0726 

80 2.7 0.0679 

90 2.5 0.0640 

100 2.4 0.0607 

200 1.7 0.0429 

300 1.4 0.0350 

400 1.2 0.0303 

500 1.1 0.0271 

600 1.0 0.0248 

700 0.9 0.0229 

800 0.8 0.0215 

900 0.8 0.0202 

1000 0.8 0.0192 

Table 4.15 Sr-90 MQA on Quantulus 

count time (min) 

MQA 

(Bq) 1σ uncert 

1 73.44 1.87 

2 51.74 1.32 

3 42.18 1.07 

4 36.49 0.93 

5 32.62 0.83 

6 29.76 0.76 

7 27.55 0.70 

8 25.76 0.66 

9 24.28 0.62 

10 23.03 0.59 

20 16.27 0.41 

30 13.27 0.34 

40 11.49 0.29 

50 10.28 0.26 

60 9.38 0.24 

70 8.68 0.22 

80 8.12 0.21 

90 7.66 0.19 

100 7.26 0.18 

200 5.13 0.13 

300 4.19 0.11 

400 3.63 0.09 

500 3.25 0.08 

600 2.96 0.08 

700 2.74 0.07 

800 2.57 0.07 

900 2.42 0.06 

1000 2.29 0.06 
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Table 4.16 Pu-238 MDA on Quantulus 

count time (min) 

MDA 

(Bq) 1σ uncert 

1 0.152 0.099 

2 0.083 0.049 

3 0.059 0.033 

4 0.047 0.025 

5 0.039 0.020 

6 0.034 0.016 

7 0.030 0.014 

8 0.027 0.012 

9 0.025 0.011 

10 0.023 0.010 

20 0.014 0.005 

30 0.011 0.003 

40 0.009 0.002 

50 0.007 0.002 

60 0.007 0.002 

70 0.006 0.001 

80 0.006 0.001 

90 0.005 0.001 

100 0.005 0.001 

200 0.003 0.000 

300 0.002 0.000 

400 0.002 0.000 

500 0.002 0.000 

600 0.002 0.000 

700 0.002 0.000 

800 0.001 0.000 

900 0.001 0.000 

1000 0.001 0.000 

Table 4.17 Pu-238 MQA on Quantulus 

count time (min) 

MQA 

(Bq) 1σ uncert 

1 4.253 0.096 

2 2.128 0.049 

3 1.420 0.033 

4 1.066 0.025 

5 0.853 0.020 

6 0.711 0.017 

7 0.610 0.015 

8 0.534 0.013 

9 0.475 0.012 

10 0.428 0.011 

20 0.215 0.006 

30 0.145 0.004 

40 0.109 0.003 

50 0.088 0.003 

60 0.074 0.002 

70 0.063 0.002 

80 0.056 0.002 

90 0.050 0.002 

100 0.045 0.002 

200 0.024 0.001 

300 0.017 0.001 

400 0.013 0.001 

500 0.011 0.001 

600 0.009 0.000 

700 0.008 0.000 

800 0.007 0.000 

900 0.007 0.000 

1000 0.006 0.000 
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Table 4.18 Am-241 MDA on Quantulus 

count time (min) 

MDA 

(Bq) 1σ uncert 

1 0.119 0.077 

2 0.065 0.039 

3 0.047 0.026 

4 0.037 0.019 

5 0.031 0.015 

6 0.027 0.013 

7 0.024 0.011 

8 0.021 0.010 

9 0.020 0.009 

10 0.018 0.008 

20 0.011 0.004 

30 0.008 0.003 

40 0.007 0.002 

50 0.006 0.002 

60 0.005 0.001 

70 0.005 0.001 

80 0.004 0.001 

90 0.004 0.001 

100 0.004 0.001 

200 0.002 0.000 

300 0.002 0.000 

400 0.002 0.000 

500 0.001 0.000 

600 0.001 0.000 

700 0.001 0.000 

800 0.001 0.000 

900 0.001 0.000 

1000 0.001 0.000 

 

Table 4.19 Am-241 MQA on Quantulus 

count time (min) 

MQA 

(Bq) 1σ uncert 

1 3.326 0.036 

2 1.664 0.019 

3 1.110 0.013 

4 0.833 0.010 

5 0.667 0.009 

6 0.556 0.008 

7 0.477 0.007 

8 0.418 0.006 

9 0.372 0.006 

10 0.335 0.005 

20 0.168 0.003 

30 0.113 0.002 

40 0.085 0.002 

50 0.069 0.002 

60 0.058 0.002 

70 0.050 0.001 

80 0.044 0.001 

90 0.039 0.001 

100 0.035 0.001 

200 0.019 0.001 

300 0.013 0.001 

400 0.010 0.000 

500 0.008 0.000 

600 0.007 0.000 

700 0.006 0.000 

800 0.006 0.000 

900 0.005 0.000 

1000 0.005 0.000 
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Figure 4.8 Co-60 spectrum on the Quantulus 
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Figure 4.9 Cs-137 spectrum on the Quantulus 
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Figure 4.10 Sr-90/Y-90 spectrum on the Quantulus 
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Figure 4.11 Pu-238 spectrum on the Quantulus 
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Figure 4.12 Am-241 spectrum on the Quantulus 
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Table 4.20 Co-60 interference in Cs-137 FWHM on HPGe detector 

Co-60 cps/Bq in Cs-137 FWHM 1σ uncert uncert % 

 0.000229 0.000009 3.73% <--Channels 5341-5353 
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Table 4.21 Cs-137 MDA, 5-min count 

 
Co-60 int lvl 

% 

MDA 

(Bq) 

1σ 

uncert 

uncert 

% 

0.0% 0.55 0.23 42.39% 

0.1% 0.93 0.23 25.13% 

0.2% 1.16 0.23 20.16% 

0.3% 1.34 0.23 17.43% 

0.4% 1.50 0.23 15.63% 

0.5% 1.64 0.23 14.32% 

0.6% 1.76 0.23 13.30% 

0.7% 1.88 0.23 12.49% 

0.8% 1.99 0.23 11.81% 

0.9% 2.09 0.23 11.24% 

1.0% 2.18 0.23 10.75% 

2% 2.96 0.23 7.93% 

3% 3.56 0.23 6.60% 

4% 4.06 0.23 5.79% 

5% 4.50 0.24 5.22% 

6% 4.91 0.24 4.79% 

7% 5.28 0.24 4.46% 

8% 5.62 0.24 4.19% 

9% 5.95 0.24 3.96% 

10% 6.25 0.24 3.77% 

20% 8.72 0.24 2.71% 

30% 10.62 0.24 2.24% 

40% 12.22 0.24 1.96% 

50% 13.63 0.24 1.76% 

60% 14.90 0.24 1.62% 

70% 16.07 0.24 1.51% 

80% 17.17 0.24 1.42% 

90% 18.19 0.24 1.34% 

100% 19.16 0.25 1.28% 

200% 26.98 0.26 0.95% 

300% 32.98 0.27 0.81% 

400% 38.04 0.28 0.73% 

500% 42.50 0.29 0.67% 

Table 4.22 Cs-137 MQA, 5-min count 
 

Co-60 int lvl 

% 

MQA 

(Bq) 

1σ 

uncert 

uncert 

% 

0.0% 10.15 0.12 1.23% 

0.1% 10.46 0.27 2.55% 

0.2% 10.76 0.34 3.16% 

0.3% 11.04 0.39 3.53% 

0.4% 11.31 0.43 3.77% 

0.5% 11.57 0.46 3.93% 

0.6% 11.82 0.48 4.05% 

0.7% 12.06 0.50 4.13% 

0.8% 12.29 0.51 4.19% 

0.9% 12.51 0.53 4.22% 

1.0% 12.73 0.54 4.25% 

2% 14.64 0.61 4.16% 

3% 16.22 0.64 3.94% 

4% 17.61 0.66 3.73% 

5% 18.86 0.67 3.54% 

6% 20.01 0.68 3.38% 

7% 21.07 0.68 3.23% 

8% 22.07 0.69 3.11% 

9% 23.01 0.69 3.00% 

10% 23.91 0.69 2.90% 

20% 31.23 0.71 2.27% 

30% 36.91 0.72 1.95% 

40% 41.72 0.72 1.74% 

50% 45.97 0.73 1.59% 

60% 49.82 0.73 1.47% 

70% 53.36 0.74 1.38% 

80% 56.66 0.74 1.31% 

90% 59.76 0.75 1.25% 

100% 62.70 0.75 1.20% 

200% 86.42 0.79 0.91% 

300% 104.65 0.82 0.78% 

400% 120.02 0.85 0.71% 

500% 133.56 0.88 0.66% 
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Table 4.23 Am-241 MDA, MQA on HPGe, 1% int. level Co-60, Sr-90, Cs-137 

 

count time (min) MDA (Bq) 1σ uncert MQA (Bq) 1σ uncert 

1 3.39 0.76 34.02 1.1 

2 2.22 0.38 17.79 0.7 

3 1.74 0.25 12.35 0.5 

4 1.48 0.19 9.60 0.4 

5 1.30 0.15 7.94 0.4 

6 1.17 0.13 6.82 0.3 

7 1.08 0.11 6.01 0.3 

8 1.00 0.10 5.39 0.2 

9 0.94 0.08 4.91 0.2 

10 0.88 0.08 4.52 0.2 

20 0.61 0.04 2.70 0.1 

30 0.49 0.03 2.04 0.1 

40 0.42 0.02 1.68 0.1 

50 0.37 0.02 1.45 0.0 

60 0.34 0.01 1.29 0.0 

70 0.31 0.01 1.17 0.0 

80 0.29 0.01 1.08 0.0 

90 0.27 0.01 1.01 0.0 

100 0.26 0.01 0.94 0.0 

200 0.18 0.00 0.63 0.0 

300 0.15 0.00 0.50 0.0 

400 0.13 0.00 0.43 0.0 

500 0.11 0.00 0.38 0.0 

600 0.10 0.00 0.34 0.0 

700 0.10 0.00 0.31 0.0 

800 0.09 0.00 0.29 0.0 

900 0.08 0.00 0.27 0.0 

1000 0.08 0.00 0.26 0.0 
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Table 4.24 Am-241 MDA, MQA on HPGe, 10% int. level Co-60, Sr-90, Cs-137 

 

count time (min) MDA (Bq) 1σ uncert MQA (Bq) 1σ uncert 

1 8.53 0.77 44.48 2.0 

2 5.85 0.39 26.40 1.1 

3 4.71 0.26 19.86 0.8 

4 4.04 0.20 16.35 0.6 

5 3.60 0.16 14.13 0.5 

6 3.27 0.13 12.57 0.4 

7 3.02 0.12 11.40 0.4 

8 2.81 0.10 10.49 0.3 

9 2.65 0.09 9.76 0.3 

10 2.51 0.08 9.15 0.3 

20 1.75 0.05 6.07 0.1 

30 1.43 0.03 4.82 0.1 

40 1.23 0.03 4.11 0.1 

50 1.10 0.02 3.63 0.1 

60 1.00 0.02 3.29 0.1 

70 0.93 0.02 3.02 0.1 

80 0.87 0.02 2.81 0.0 

90 0.82 0.01 2.64 0.0 

100 0.77 0.01 2.49 0.0 

200 0.55 0.01 1.73 0.0 

300 0.44 0.01 1.40 0.0 

400 0.38 0.01 1.20 0.0 

500 0.34 0.01 1.07 0.0 

600 0.31 0.00 0.98 0.0 

700 0.29 0.00 0.90 0.0 

800 0.27 0.00 0.84 0.0 

900 0.26 0.00 0.79 0.0 

1000 0.24 0.00 0.75 0.0 
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Table 4.25 Counting efficiencies in alpha FWHM vs. PSA setting 

Co-60 PSA eff. in α FWHM 1σ uncert 

U8c 38 0.0539% 0.0003% 

U8c 41 0.0401% 0.0003% 

U8c 44 0.0306% 0.0002% 

U8c 47 0.0241% 0.0002% 

U8c 53 0.0161% 0.0002% 

U8c 56 0.0151% 0.0001% 

U8c 59 0.0151% 0.0001% 

Sr-90 

   U9c 38 0.7200% 0.0029% 

U9c 41 0.5169% 0.0024% 

U9c 44 0.3745% 0.0019% 

U9c 47 0.2919% 0.0017% 

U9c 53 0.2092% 0.0014% 

U9c 56 0.1883% 0.0013% 

U9c 59 0.1737% 0.0012% 

Cs-137 

   U10c 38 0.2284% 0.0013% 

U10c 41 0.1643% 0.0011% 

U10c 44 0.1210% 0.0009% 

U10c 47 0.0935% 0.0008% 

U10c 53 0.0659% 0.0006% 

U10c 56 0.0584% 0.0006% 

U10c 59 0.0539% 0.0006% 

Am-241 

   U12c 38 61.03% 0.57% 

U12c 41 58.91% 0.56% 

U12c 44 56.22% 0.54% 

U12c 47 55.22% 0.54% 

U12c 53 50.14% 0.51% 

U12c 56 47.21% 0.49% 

U12c 59 44.13% 0.47% 
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Figure 4.13 Co-60 efficiency/PSA curve fit 

 

 
Figure 4.14 Sr-90 efficiency/PSA curve fit 
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Figure 4.15 Cs-137 efficiency/PSA curve fit 

 

 
Figure 4.16 Am-241 efficiency/PSA curve fit 
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Table 4.26 Modeled counting efficiencies, alpha FWHM, Quantulus 

 

Co-60 Sr-90 Cs-137 Am-241 

PSA % in alpha peak % in alpha peak % in alpha peak % in alpha peak 

30 0.17% 2.29% 0.70% 63.67% 

31 0.14% 1.94% 0.60% 63.42% 

32 0.12% 1.66% 0.52% 63.14% 

33 0.11% 1.42% 0.45% 62.82% 

34 0.09% 1.23% 0.39% 62.47% 

35 0.08% 1.07% 0.34% 62.07% 

36 0.07% 0.93% 0.29% 61.64% 

37 0.06% 0.82% 0.26% 61.18% 

38 0.06% 0.72% 0.23% 60.68% 

39 0.05% 0.64% 0.20% 60.15% 

40 0.04% 0.57% 0.18% 59.59% 

41 0.04% 0.51% 0.16% 59.00% 

42 0.04% 0.46% 0.15% 58.37% 

43 0.03% 0.42% 0.13% 57.72% 

44 0.03% 0.38% 0.12% 57.04% 

45 0.03% 0.35% 0.11% 56.33% 

46 0.03% 0.32% 0.10% 55.59% 

47 0.02% 0.30% 0.09% 54.84% 

48 0.02% 0.27% 0.09% 54.06% 

49 0.02% 0.26% 0.08% 53.25% 

50 0.02% 0.24% 0.08% 52.43% 

51 0.02% 0.23% 0.07% 51.59% 

52 0.02% 0.22% 0.07% 50.73% 

53 0.02% 0.21% 0.07% 49.85% 

54 0.02% 0.20% 0.06% 48.96% 

55 0.02% 0.19% 0.06% 48.05% 

56 0.02% 0.19% 0.06% 47.13% 

57 0.02% 0.18% 0.06% 46.20% 

58 0.01% 0.18% 0.06% 45.26% 

59 0.01% 0.18% 0.05% 44.32% 

60 0.01% 0.17% 0.05% 43.36% 
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Table 4.27 Alpha MDA, MQA on Quantulus, 5 min, 1% int. level beta 

PSA MDA(alpha) (Bq) MQA(alpha) (Bq) 

30 0.502 1.770 

31 0.466 1.663 

32 0.435 1.569 

33 0.406 1.486 

34 0.381 1.413 

35 0.358 1.348 

36 0.338 1.291 

37 0.320 1.241 

38 0.305 1.197 

39 0.290 1.159 

40 0.278 1.126 

41 0.267 1.097 

42 0.257 1.073 

43 0.248 1.052 

44 0.240 1.035 

45 0.234 1.021 

46 0.228 1.010 

47 0.223 1.002 

48 0.219 0.996 

49 0.215 0.993 

50 0.213 0.992 

51 0.211 0.994 

52 0.210 0.998 

53 0.209 1.004 

54 0.209 1.012 

55 0.209 1.023 

56 0.211 1.035 

57 0.213 1.050 

58 0.215 1.067 

59 0.218 1.086 

60 0.222 1.108 
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Table 4.28 Alpha MDA, MQA on Quantulus, 35 min, 10% int. level beta 

PSA MDA(alpha) (Bq) MQA(alpha) (Bq) 

30 0.586 1.813 

31 0.543 1.682 

32 0.504 1.566 

33 0.470 1.462 

34 0.440 1.371 

35 0.413 1.289 

36 0.389 1.216 

37 0.367 1.151 

38 0.348 1.093 

39 0.331 1.041 

40 0.316 0.995 

41 0.303 0.955 

42 0.291 0.919 

43 0.280 0.887 

44 0.271 0.859 

45 0.262 0.834 

46 0.255 0.813 

47 0.249 0.795 

48 0.244 0.780 

49 0.240 0.768 

50 0.236 0.758 

51 0.234 0.750 

52 0.232 0.745 

53 0.231 0.743 

54 0.230 0.742 

55 0.231 0.744 

56 0.232 0.749 

57 0.234 0.755 

58 0.236 0.764 

59 0.240 0.776 

60 0.244 0.790 

 

  



87 

 

Table 4.29 Sr-90 MDA, MQA, 20-min count, int. level Cs-137 and Y-90 

Co-60 int. lv. % Sr-90 MDA (Bq) 1σ uncert Sr-90 MQA (Bq) 1σ uncert 

0.0% 8.10 0.25 24.66 0.77 

0.1% 8.11 0.25 24.70 0.77 

0.2% 8.13 0.25 24.75 0.77 

0.3% 8.14 0.25 24.79 0.77 

0.4% 8.15 0.25 24.84 0.77 

0.5% 8.17 0.25 24.88 0.78 

0.6% 8.18 0.26 24.93 0.78 

0.7% 8.20 0.26 24.97 0.78 

0.8% 8.21 0.26 25.02 0.78 

0.9% 8.23 0.26 25.06 0.78 

1% 8.24 0.26 25.11 0.78 

2% 8.39 0.26 25.55 0.79 

3% 8.53 0.26 25.98 0.80 

4% 8.67 0.27 26.40 0.81 

5% 8.81 0.27 26.82 0.82 

6% 8.94 0.27 27.23 0.83 

7% 9.08 0.28 27.64 0.84 

8% 9.21 0.28 28.04 0.85 

9% 9.34 0.28 28.43 0.86 

10% 9.46 0.29 28.82 0.87 

20% 10.66 0.32 32.45 0.96 

30% 11.73 0.34 35.72 1.05 

40% 12.72 0.37 38.71 1.13 

50% 13.63 0.39 41.48 1.20 

60% 14.48 0.42 44.09 1.27 

70% 15.29 0.44 46.54 1.34 

80% 16.06 0.46 48.87 1.40 

90% 16.79 0.48 51.10 1.46 

100% 17.49 0.50 53.23 1.52 

200% 23.37 0.66 71.12 2.01 

300% 28.05 0.79 85.33 2.41 

400% 32.05 0.90 97.50 2.75 

500% 35.60 1.00 108.30 3.05 
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Table 4.30 Sr-90 MDA, MQA, 20-min count, int. level Co-60 and Y-90 

Cs-137 int. lv. % Sr-90 MDA (Bq) 1σ uncert Sr-90 MQA (Bq) 1σ uncert 

0.0% 16.40 0.47 49.90 1.43 

0.1% 16.40 0.47 49.91 1.43 

0.2% 16.40 0.47 49.91 1.43 

0.3% 16.40 0.47 49.91 1.43 

0.4% 16.40 0.47 49.92 1.43 

0.5% 16.40 0.47 49.92 1.43 

0.6% 16.40 0.47 49.92 1.43 

0.7% 16.40 0.47 49.93 1.43 

0.8% 16.41 0.47 49.93 1.43 

0.9% 16.41 0.47 49.93 1.43 

1% 16.41 0.47 49.94 1.43 

2% 16.42 0.47 49.97 1.43 

3% 16.43 0.47 50.01 1.43 

4% 16.44 0.47 50.04 1.43 

5% 16.45 0.47 50.08 1.43 

6% 16.46 0.47 50.11 1.43 

7% 16.48 0.47 50.14 1.43 

8% 16.49 0.47 50.18 1.44 

9% 16.50 0.47 50.21 1.44 

10% 16.51 0.47 50.25 1.44 

20% 16.62 0.48 50.59 1.45 

30% 16.73 0.48 50.92 1.46 

40% 16.84 0.48 51.26 1.47 

50% 16.95 0.49 51.59 1.48 

60% 17.06 0.49 51.93 1.49 

70% 17.17 0.49 52.25 1.50 

80% 17.28 0.50 52.58 1.52 

90% 17.38 0.50 52.91 1.53 

100% 17.49 0.51 53.23 1.54 

200% 18.52 0.54 56.36 1.64 

300% 19.49 0.57 59.33 1.74 

400% 20.42 0.60 62.15 1.83 

500% 21.31 0.63 64.85 1.92 
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Table 4.31 Pu-238 MDA, MQA, 60-min count, 1% int. level beta 

 

PSA MDA(alpha) (Bq) MQA(alpha) (Bq) 

30 0.152 0.483 

31 0.141 0.449 

32 0.131 0.418 

33 0.122 0.392 

34 0.114 0.368 

35 0.107 0.348 

36 0.101 0.330 

37 0.096 0.314 

38 0.092 0.300 

39 0.088 0.288 

40 0.084 0.278 

41 0.081 0.269 

42 0.078 0.262 

43 0.076 0.255 

44 0.074 0.250 

45 0.073 0.246 

46 0.072 0.243 

47 0.071 0.241 

48 0.070 0.240 

49 0.070 0.240 

50 0.070 0.241 

51 0.070 0.243 

52 0.070 0.245 

53 0.071 0.249 

54 0.072 0.254 

55 0.074 0.259 

56 0.076 0.266 

57 0.078 0.274 

58 0.080 0.283 

59 0.083 0.294 

60 0.087 0.306 
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Table 4.32 Pu-238 MDA, MQA, 360-min count, 1% int. level beta 

 

PSA MDA(alpha) (Bq) MQA(alpha) (Bq) 

30 0.0619 0.1915 

31 0.0572 0.1773 

32 0.0531 0.1649 

33 0.0495 0.1539 

34 0.0463 0.1443 

35 0.0436 0.1359 

36 0.0411 0.1284 

37 0.0389 0.1219 

38 0.0371 0.1162 

39 0.0354 0.1112 

40 0.0340 0.1069 

41 0.0327 0.1031 

42 0.0316 0.0999 

43 0.0307 0.0972 

44 0.0299 0.0950 

45 0.0293 0.0932 

46 0.0288 0.0918 

47 0.0284 0.0907 

48 0.0282 0.0901 

49 0.0281 0.0898 

50 0.0280 0.0898 

51 0.0281 0.0903 

52 0.0283 0.0910 

53 0.0286 0.0922 

54 0.0291 0.0937 

55 0.0297 0.0957 

56 0.0304 0.0980 

57 0.0312 0.1008 

58 0.0322 0.1041 

59 0.0334 0.1080 

60 0.0347 0.1124 
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Table 4.33 Mixed-isotope target spike levels 

Sample / % Int. level Co-60 Cs-137 Sr-90 Pu-238 Am-241 

U1 100% 100% 100% 100% 100% 

U2 100% 100% 100% 1000% 0% 

U3 100% 100% 100% 0% 100% 

U4 10% 10% 10% 1000% 1000% 

U5 0% 0% 0% 1000% 1000% 

U6 100% 10% 10% 0% 0% 

U7 10% 100% 100% 0% 0% 
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Table 4.34 Calculated activities for mixed-isotope samples 

U1 Spiked Bq 1σ uncert uncert % 

Calc'ed 

Bq 1σ uncert uncert% Bias 1σ uncert 

uncert 

% 

Co-60 25498 575 2.25% 22706 509 2.2% -10.9% 2.8% -26% 

Sr-90 3225 72 2.23% 2835 294 10% -12.1% 9.3% -77% 

Cs-137 2082 47 2.25% 1744 40 2.3% -16.2% 2.7% -17% 

Pu-238 0.02618 0.00059 2.25% 18.47 2.45 13% 70442% 9507% 13% 

Am-241 0.2009 0.0045 2.25% 20.02 1.41 7.0% 9864% 735% 7% 

          

U2 Spiked Bq 1σ uncert uncert % 

Calc'ed 

Bq 1σ uncert uncert% Bias 1σ uncert 

uncert 

% 

Co-60 22685 513 2.26% 19867 447 2.2% -12.4% 2.8% -22% 

Sr-90 3397 76 2.24% 2729 270 9.9% -19.7% 8.1% -41% 

Cs-137 1767 40 2.26% 1495 35 2.3% -15.4% 2.7% -18% 

Pu-238 0.27644 0.00626 2.26% 4.28 2.18 51% 1447% 790% 55% 

Am-241 

   

16.12 1.25 7.8% 

   

          

U3 Spiked Bq 1σ uncert uncert % 

Calc'ed 

Bq 1σ uncert uncert% Bias 1σ uncert 

uncert 

% 

Co-60 22474 511 2.28% 20041 453 2.3% -11% 2.9% -26% 

Sr-90 2859 65 2.26% 2981 267 9.0% 4% 9.6% 227% 

Cs-137 1688 38 2.28% 1427 33 2.3% -15% 2.8% -18% 

Pu-238 

   

2.36 2.17 92% 

   Am-241 2.2490 0.0510 2.27% 16.78 1.25 7.5% 646% 58% 9% 

          

U4 Spiked Bq 1σ uncert uncert % 

Calc'ed 

Bq 1σ uncert uncert% Bias 1σ uncert 

uncert 

% 

Co-60 

   

0.2 0.0 23.6% 

   Sr-90 294.6 6.9 2.33% 281.7 10.5 3.7% -4.4% 4.2% -96% 

Cs-137 162.9 3.8 2.33% 163.5 4.0 2.4% 0.3% 3.4% 1008% 

Pu-238 0.27628 0.00645 2.34% 0.08 0.19 257% -73% 70.4% -97% 

Am-241 2.2918 0.0533 2.33% 2.64 0.13 5.1% 15% 6.5% 43% 

U5 Spiked Bq 1σ uncert uncert % 

Calc'ed 

Bq 1σ uncert uncert% Bias 1σ uncert 

uncert 

% 

Co-60 

   

0.1 0.1 70.7% 

   Sr-90 

   

0.6 0.0 5.6% 

   Cs-137 

   

0.0 0.0 -70.8% 

   Pu-238 0.27227 0.00622 2.28% 0.13 0.26 199% -52% 96% -183% 

Am-241 2.4018 0.0546 2.27% 2.74 0.20 7.2% 14% 9% 60% 

          

U6 Spiked Bq 1σ uncert uncert % 

Calc'ed 

Bq 1σ uncert uncert% Bias 1σ uncert 

uncert 

% 

Co-60 23436 534 2.28% 21156.5 479 2.3% -10% 2.9% -30% 

Sr-90 308 7 2.28% 187 257 137% -39% 84% -213% 

Cs-137 151.3 3.5 2.28% 144.6 6.7 4.6% -4.4% 4.9% -112% 

Pu-238 

   

-17.96 2.13 -12% 

   Am-241 

   

15.96 1.22 8% 
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Table 4.34, continued: Calculated activities for mixed-isotope samples 

          
U7 Spiked Bq 1σ uncert uncert % 

Calc'ed 

Bq 1σ uncert uncert% Bias 1σ uncert 

uncert 

% 

Co-60 2273 51 2.25% 2273 52 2.3% 0.0% 3.2% 63163% 

Sr-90 2901 65.3 2.25% 2518 103 4.1% -13.2% 4.1% -31% 

Cs-137 1753 39.8 2.27% 1726 40 2.3% -1.5% 3.2% -206% 

Pu-238 

   

3.89 0.91 23.5% 

   Am-241 

   

1.50 0.55 36.8% 
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Table 4.35 Spike activity in samples UD1 and UD2 

UD1 activity 

 

1σ uncert 

 Co-60 Activity (Bq) 19133 72 0.38% 

Sr-90 Activity (Bq) 3047.4 7.3 0.24% 

Cs-137 Activity (Bq) 1677.3 6.0 0.36% 

Pu-238 Activity (Bq) 0.2974 0.0011 0.36% 

Am-241 Activity (Bq) 2.1850 0.0071 0.32% 

    UD2 activity 

 

1σ uncert 

 Co-60 Activity (Bq) 16761 64 0.38% 

Sr-90 Activity (Bq) 2669.5 6.4 0.24% 

Cs-137 Activity (Bq) 1469.3 5.3 0.36% 

Pu-238 Activity (Bq) 0.26053 0.00093 0.36% 

Am-241 Activity (Bq) 1.9141 0.0062 0.33% 

 

Table 4.36 Theoretical activity to be extracted by DIPEX 

 

Bq 1σ uncert uncert % 

Pu-238 in UD1 Org 0.2528 0.0040 1.58% 

Am-241 in(?) UD1 Org 1.857 0.029 1.58% 

Pu-238 in UD2 Org 0.2214 0.0035 1.58% 

Am-241 in(?) UD2 Org 1.6270 0.0257 1.58% 
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Table 4.37 Calculated alpha activity in UD1 org and UD2 org 

 

Sample Activity  Uncertainty 

UD1 Org 0.2703 ± 0.0051 Bq  1.89% uncertainty at 1σ 

UD2 Org 0.2520 ± 0.0049 Bq  1.94% uncertainty at 1σ 

 

Table 4.38 UD1 Org calculated activities – HPGe 

Calc'ed Co-60 activity (Bq) 1σ uncert uncert % Co-60 extracted fraction 

1σ 

uncert uncert % 

0.226 0.101 44.72% 0.0014% 0.0006% 44.79% 

      Calc'ed Cs-137 activity 

(Bq) 1σ uncert uncert % Cs-137 extracted fraction 

1σ 

uncert uncert % 

0.365 0.098 26.84% 0.0256% 0.0069% 26.95% 

      Calc'ed Am-241 activity 

(Bq) 1σ uncert uncert % 

Am-241 extracted 

fraction 

1σ 

uncert uncert % 

0.047 0.054 113.3% 2.55% 2.89% 113.34% 

 

 

Table 4.39 UD2 Org calculated activities – HPGe 

 
Calc'ed Co-60 activity 

(Bq) 1σ uncert uncert % Co-60 extracted fraction 1σ uncert uncert % 

0.024 0.024 100.00% 0.0002% 0.0002% 100.03% 

      Calc'ed Cs-137 activity 

(Bq) 1σ uncert uncert % Cs-137 extracted fraction 1σ uncert uncert % 

0.240 0.058 24.27% 0.0192% 0.0047% 24.39% 

      Calc'ed Am-241 activity 

(Bq) 1σ uncert uncert % 

Am-241 extracted 

fraction 1σ uncert uncert % 

0.096 0.046 48.1% 5.91% 2.84% 48.13% 
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CHAPTER 5. SUMMARY, DISCUSSION, AND CONCLUSIONS 

 

 

 

5.1 Summary and discussion of results 

 The work presented herein shows that a rapid method for detecting, and in many cases 

quantifying, the activity from five separate isotopes in a single 5-ml urine sample can be 

developed. The method developed in this work requires minimal sample preparation time – less 

than 5 minutes if no liquid-liquid separation is necessary; approximately 20 minutes per sample 

if a liquid-liquid separation is performed. 

 Using activated carbon (AC) powder filtration to remove organics from real urine 

samples produces a highly reproducible lack of any color or chemical quenching effect when the 

resulting solutions are measured on a liquid scintillation counter. As a result, the energies 

associated with individual channel regions in one measured spectrum directly correspond to the 

same equivalent energies in other spectra. Therefore, rather than energy-calibrating and fitting 

the data in each spectrum individually, all spectra can be mathematically treated the same way on 

a per-channel and per-channel-region basis. This allows for the use of an isotopic calibration 

standard to determine the per-channel count rate for a particular isotope in the Quantulus, 

regardless of the pre-AC-filtration coloration of each sample. 

 Measuring identical LS vials with essentially identical volumes of same-density liquids 

on the HPGe detector and always placing the sample in the exact same spot on top of the detector 

allow for reproducible geometry from one sample to the next. Therefore, the photopeak 

efficiency of each isotope remains the same from one sample measurement to the next. 

 The MDAs and MQAs associated with this method and determined in this work for Co-

60, Sr-90, and Cs-137 are more than sufficient to detect and quantify activity levels well below 
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their associated intervention levels, even when in combination with each other, at very short 

count times: all three of these isotopes can be quantified at activities equivalent to 10% or less of 

their associated intervention levels in count times of 10 minutes or less. 

 High detector dead time distorts HPGe spectra and is the likely source of the significant 

and consistent negative bias for the calculated Co-60 and Cs-137 activities in samples U1, U2, 

U3, and U6. The biases for these isotopes are much lower in samples U4 and U7, which have no 

Co-60 activity and 10% of the Co-60 activity in the aforementioned samples, respectively. 

Dilution of samples with significant Co-60 activity (i.e. greater than 10% of the intervention 

level) is recommended in order to avoid these problems associated with detector dead time. 

 The bias associated with Sr-90 measurements fluctuated quite a bit in these experiments, 

and was usually negative. It is not entirely clear why this is the case; however, one possible 

explanation is that all efficiency calibration calculations were based on the measurements from a 

single calibration sample for each isotope. While multiple calibration samples would have been 

optimal, both time and resource constraints limited the available calibration samples to one per 

isotope. 

 Despite the biases associated with Sr-90 measurements calculated from this method, Sr-

90 activity was still both detectable and quantifiable at or near its intervention level in all mixed-

isotope samples. The maximum bias magnitude for any Sr-90 measurement was -39.2% in 

sample U6; however, Sr-90 was present at only ~10% of the intervention level in this sample. As 

this is a screening method, these biases are almost certainly acceptable, as the detected and 

quantified activity would still be sufficient to flag the sample for further analysis and to alert 

medical staff of the potential need to treat the exposed individual. 
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 For Am-241 and Pu-238, the associated MDAs and MQAs only approach the 

intervention level for reasonable count times if the isotopes are present individually. Even with 

optimal alpha/beta discrimination at PSA setting 53, the bleed-over in the alpha spectrum from 

beta pulses improperly classified as alpha pulses is significant enough if activity from all three 

beta/gamma isotopes is present in a sample at even 1% of the isotopes’ respective intervention 

levels to require prohibitively long count times to detect the alpha emitters at their intervention 

levels: in this situation, Am-241 can be detected, but not quantified, at its intervention level only 

after a ~2-hour count. Quantification of Am-241 activity at its associated intervention level in 

this situation would require more than 16 hours. 

 The Pu-238 and Am-241 activities calculated in samples U1, U2, and U3 are essentially 

entirely meaningless, because of the high levels of beta/gamma activity in these samples – 

though their associated calculated uncertainties do not necessarily belie such. That is why it is 

imperative to run the MDA and MQA calculations for Pu-238 and Am-241 when making these 

measurements: the MDA and MQA provide the best descriptions for the limitations of this 

method, and the MDA/MQA calculations for these samples would clearly show that there is no 

way to detect any alpha activity in these samples given reasonable count times. 

 Sample U4 provides a “best-case” scenario for detecting and quantifying alpha activity: 

the beta/gamma isotopes are present at 10% of their respective intervention levels, while the 

alpha isotopes are present at 10x their respective intervention levels. In this sample, the Am-241 

activity was overestimated by 15.1%, which resulted in the underestimation of the Pu-238 

activity by 72.6% - however, the calculated gross alpha activity of 2.72 Bq was not nearly as far 

off: given the total spiked activity of 2.57 Bq, the bias on the gross alpha activity calculation was 
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only 5.8%. A longer count time on the HPGe detector would likely have allowed for a more 

accurate Am-241 determination, and therefore a more accurate Pu-238 determination. 

 Given the constraints placed on the alpha MDA and MQA from even minimal 

beta/gamma activity, if beta/gamma activity is detected in a sample, a liquid-liquid separation 

using an all-organic extractive scintillator is recommended in order to improve the effective 

figure of merit for counting the alpha-emitting isotopes. The results from the DIPEX extraction 

experiments suggest that this additional step should allow for the detection and quantification of 

the alpha-emitting isotopes at their intervention levels, even if the original sample contains 

significant beta/gamma activity. 

 It is not entirely clear why the DIPEX extractant used in this research only extracted the 

Pu-238 and did not extract the Am-241 in any significant quantity, but it is very clear from the 

count rates on the respective detectors that that is what happened. It is also intriguing that the 

results indicate that the Mohr’s salt added to the sample apparently did not reduce the Pu IV+ to 

Pu III+. If it had reduced the Pu, the Pu probably would not have been extracted, since the other 

trivalent radionuclides were not appreciably extracted. In addition to the lack of extraction of Am 

III+, the lack of extraction of any appreciable fraction of the Y III+ suggests that there is 

something in the acidified urine matrix that is either chemically or kinetically inhibiting DIPEX 

from extracting trivalent ions. 

 However, the fact that Pu (presumably IV+) was extracted and Am III+ was not does not 

discount the usefulness of DIPEX as an extractant to be used in extractive scintillators for a rapid 

screening method. Indeed, as Pu-238 is the most difficult isotope of all those studied in this work 

to quantify, and this extraction allowed for its extraordinarily accurate quantification with 

minimal count time, it could be argued that the extraction of Pu only is actually superior to the 
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extraction of both Pu and Am. While it makes the Am-241 more difficult to quantify, the fact 

remains that Am-241 can be detected – and eventually quantified, with a long enough count time 

– by its gamma emission. Alternatively, if the Pu-238 is quantitatively extracted, the Am-241 can 

also be quantified by counting the aqueous fraction on the Quantulus detector (since no Pu-238 

would remain in the aqueous fraction). So, even if it is not extracted into the organic phase, the 

Am-241 activity present in a sample can still be calculated in a variety of ways – and the lack of 

interference from Am-241 makes quantification of Pu-238 both trivial and accurate. Of course, it 

would be optimal to find an extractant that extracted both Pu-238 and Am-241 (but still no 

significant fraction of the beta/gamma emitters), as the extraction of both of the alpha emitters 

would allow for the quickest and most accurate quantification thereof. 

 Additionally, the fact that a strong reducing agent such as Mohr’s salt seemingly did not 

reduce Pu to Pu III+ in acidified urine may suggest that Pu in an acidified urine sample is likely 

to stay in its tetravalent oxidation state in this matrix, as it is unlikely that a reducing agent 

stronger than Mohr’s salt would be naturally present either in the body or in the urine sample. Of 

course, our understanding of the complicated chemistry of radionuclides in this matrix is 

relatively poor. 

 While it would be optimal to determine the chemistry behind the apparent lack of 

trivalent ion extraction by the DIPEX in these experiments, both time and resource constraints 

limited the scope of this work. 

 It is also worth noting that spiking urine samples ex vivo, as was done in these 

experiments, does not necessarily produce samples that are entirely representative of the 

chemistry of real urine samples from individuals that have been exposed to internal 

contamination. However, it is possible that the rapid acidification of such samples would 
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solubilize the radionuclides of interest such that they would behave chemically similarly to the 

spiked radionuclides in these experiments. 

 An additional consideration is that the combined doses associated with each isotope 

present in a urine sample must be considered: if all five isotopes are present at the intervention 

level, this scenario would result in a 50-year committed effective dose of five times the 0.5-Sv 

50-year committed effective dose limit that the intervention level represents. Accordingly, it is 

possible that all five isotopes could be present, each individually below the intervention level, 

but that their combined activity would result in a dose higher than the 0.5-Sv limit. In such a 

scenario, it is likely that medical intervention would be necessary in order to reduce the exposed 

individual’s 50-year committed effective dose to below the 0.5-Sv limit. 

5.2 Further research 

 The two areas of this work with the most room for further investigation are the 

calibration of the HPGe and Quantulus spectra, and the use of extractive scinitillators to perform 

liquid-liquid extractions of the alpha-emitting isotopes. 

 More calibration standards would allow for a more robust calibration of the individual 

detectors as well as of the link between them. Additionally, measurements of calibration 

standards over a wide range of activity levels could allow for the modeling of the effect of 

increasing dead time on both spectrum shape and counting efficiency. 

 As previously mentioned, further experiments with other organic extractants in extractive 

scintillators
61,62

 – in addition to those using DIPEX-based extractants – would allow for a better 

understanding of both the advantages and limitations of using these different extractants to pull 

one or more of the alpha-emitting isotopes away from the beta/gamma emitters (or vice-versa). 

The kinetics of liquid-liquid extractions are extremely fast, and the steps for mixing, 
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centrifuging, and pipetting the organic phase off of the top of each sample could be automated in 

order to increase sample throughput. 

5.3 Conclusion 

 In an emergency situation involving a potential public exposure to radioactive material, 

those responding to the incident must take advantage of all available tools. Time- and labor-

intensive chemical separations can be avoided while still quantitatively determining both isotopic 

identification and the activity of each isotope present in a urine sample for a mixture of at least 

five isotopes. The work presented herein suggests that quantification of activity from additional 

isotopes may also be possible using similar methods, albeit with increased associated 

uncertainties for the calculation of each isotope’s activity. 
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APPENDIX I. CDC CHART OF INTERVENTION LEVELS 

 

 

 

Table A1.1 Unpublished CDC chart with intervention levels 
 
50 year Committed Effective Dose Coefficients (Sv/Bq) 

for Single Inhalation (F, M and S) and Single Ingestion 

  

List of 

isotopes 

E(Sv/Bq)_Type F E(Sv/Bq)_Type M E(Sv/Bq)_Type 

S 

E(Sv/Bq)_Ingestion 

Co-60 5.26E-09 1.02E-08 3.07E-08 3.41E-09 

Sr-90 2.39E-08 3.55E-08 1.57E-07 2.76E-08 

Cs-137 4.66E-09 9.68E-09 3.92E-08 1.35E-08 

Pu-238 1.07E-04 4.58E-05 1.59E-05 2.26E-07 

Am-241 9.59E-05 4.15E-05 1.59E-05 2.03E-07 

     

Intake Excretion Fractions (µCi in 24-h Urine / µCi Intake) at t = 1 day 

after the intake for Single Inhalation (F, M and S) and Single Ingestion 

 

List of 

isotopes 

U-24h (t=1d)_Type 

F 

U-24h (t=1d)_Type 

M 

U-24h 

(t=1d)_Type S 

U-24h 

(t=1d)_Ingestion 

Co-60 7.94E-02 1.30E-02 6.16E-04 2.75E-02 

Sr-90 5.43E-02 8.49E-03 4.17E-04 5.65E-02 

Cs-137 5.55E-03 6.40E-04 2.77E-05 1.58E-02 

Pu-238 1.97E-03 2.00E-04 2.04E-06 3.37E-06 

Am-241 1.50E-02 1.54E-03 2.17E-05 2.96E-05 

     

50 year Committed Effective Dose Coefficient (Sv/µCi) 

for Single Inhalation (F, M and S) and Single Ingestion 

  

List of 

isotopes 

E(Sv/µCi 

Intake)_Type F 

E(Sv/µCi 

Intake)_Type M 

E(Sv/µCi 

Intake)_Type S 

E(Sv/µCi 

Intake)_Ingestion 

Co-60 1.95E-04 3.77E-04 1.14E-03 1.26E-04 

Sr-90 8.84E-04 1.31E-03 5.81E-03 1.02E-03 

Cs-137 1.72E-04 3.58E-04 1.45E-03 5.00E-04 

Pu-238 3.96E+00 1.69E+00 5.88E-01 8.36E-03 

Am-241 3.55E+00 1.54E+00 5.88E-01 7.51E-03 

     

Urinary Excretion Concentration (µCi/L) at 1 day After a Single Intake 

Corresponding to a Committed Effective Dose of 0.5 Sv 

 

List of 

isotopes 

U-24h (t=1d) 

(µCi/L) @ E=0.5 

Sv_Type F 

U-24h (t=1d) 

(µCi/L) @ E=0.5 

Sv_Type M 

U-24h (t=1d) 

(µCi/L) @ E=0.5 

Sv_Type S 

U-24h (t=1d) 

(µCi/L) @ E=0.5 

Sv_Ingestion 

Co-60 1.27E+02 1.08E+01 1.69E-01 6.81E+01 

Sr-90 1.92E+01 2.02E+00 2.24E-02 1.73E+01 

Cs-137 1.01E+01 5.58E-01 5.97E-03 9.88E+00 

Pu-238 1.56E-04 3.69E-05 1.08E-06 1.26E-04 

Am-241 1.32E-03 3.13E-04 1.15E-05 1.23E-03 

 
 



109 

 

D: Urinary Excretion Concentration (µCi/L) at 1 day After a Single Intake Corresponding to a 

Committed Effective Dose of 0.5 Sv = 0.5 (Sv) * B / (C * 1.6 L of urine/day) 

 Bq/5ml for .5 Sv 

type F 

Bq/5ml for .5 Sv type 

M 

Bq/5ml for .5 Sv 

type S 

Bq/5ml for .5 Sv 

ingestion 

Co-60 2.36E+04 1.99E+03 3.14E+01 1.26E+04 

Sr-90 3.55E+03 3.74E+02 4.15E+00 3.20E+03 

Cs-137 1.86E+03 1.03E+02 1.10E+00 1.83E+03 

Pu-238 2.88E-02 6.82E-03 2.00E-04 2.33E-02 

Am-241 2.44E-01 5.80E-02 2.13E-03 2.28E-01 

 

Calculation Notes:     

A:  50 year Committed Effective Dose Coefficients (Sv/Bq) for Single Inhalation (Types F, M 

and S) and Single Ingestion;  LANL calculations checked against ICRP CD (ICRP Database of 

Dose Coefficients) 

B:  Intake Excretion Fractions (µCi in 24-h Urine / µCi Intake) at t = 1 day after the intake for 

Single Inhalation (Types F, M and S) and Single Ingestion 

C: 50 year Committed Effective Dose Coefficient (Sv/µCi) for Single Inhalation (Types F, M 

and S) and Single Ingestion =  A * 37000 (Bq/µCi) 
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APPENDIX II – SPIKING DATA 

 

 

 

Table A2.1 Spiking data, calibration & mixed-isotope samples 

 
U1 – Mixed Isotopes: all isotopes at approx. intervention level 

 

12/25/2014 8:01 Bq uncert uncert % 

Co-60 Activity (Bq) 25526 97 0.38% 

Sr-90 Activity (Bq) 3677 9 0.24% 

Cs-137 Activity (Bq) 2083 8 0.37% 

Pu-238 Activity (Bq) 0.02985 0.00011 0.37% 

Am-241 Activity (Bq) 0.2291 0.0008 0.34% 

 

U2 – Mixed isotopes: beta/gamma at approx. intervention level; Pu-238 at 10x int. level, no Am-241 

 

12/24/2014 18:28 Bq uncert uncert % 

Co-60 Activity (Bq) 22715 86 0.38% 

Sr-90 Activity (Bq) 3833 9 0.24% 

Cs-137 Activity (Bq) 1768 7 0.38% 

Pu-238 Activity (Bq) 0.3118 0.0012 0.40% 

Am-241 Activity (Bq) NONE n/a n/a 

 

U3 – Mixed isotopes: beta/gamma at approx. int. lvl, Am-241 at 10x int. lvl, no Pu-238 

 

12/25/2014 10:06 Bq uncert uncert % 

Co-60 Activity (Bq) 22498 85 0.38% 

Sr-90 Activity (Bq) 3324 8 0.24% 

Cs-137 Activity (Bq) 1688 7 0.39% 

Pu-238 Activity (Bq) NONE n/a n/a 

Am-241 Activity (Bq) 2.614 0.009 0.33% 

 

U4 – Mixed isotopes: beta/gamma at ~10% of int. lvl, Am-241 and Pu-238 at ~10x int. level 

***NOTE:  Co-60 at 10% of the intervention level was originally intended to be added to this sample; 

however, it was left out in error. 

 

12/25/2014 11:09 Bq uncert uncert % 

Co-60 Activity (Bq) NONE n/a n/a 

Sr-90 Activity (Bq) 339.2 1.3 0.39% 

Cs-137 Activity (Bq) 162.9 0.6 0.39% 

Pu-238 Activity (Bq) 0.3180 0.0013 0.39% 

Am-241 Activity (Bq) 2.638 0.009 0.33% 
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U5 – Mixed isotopes: no beta/gamma; Am-241 and Pu-241 at ~10x intervention level 

 

12/25/2014 12:11 Bq uncert uncert % 

Co-60 Activity (Bq) NONE n/a n/a 

Sr-90 Activity (Bq) NONE n/a n/a 

Cs-137 Activity (Bq) NONE n/a n/a 

Pu-238 Activity (Bq) 0.3064 0.0012 0.40% 

Am-241 Activity (Bq) 2.703 0.009 0.33% 

 

U6 – Mixed isotopes: no alpha; Co-60 at intervention level, Sr-90 & Cs-137 @ ~10% of int. level 

 

12/25/2014 13:14 Bq uncert uncert % 

Co-60 Activity (Bq) 23461 89 0.38% 

Sr-90 Activity (Bq) 344.8 1.3 0.39% 

Cs-137 Activity (Bq) 151.3 0.6 0.39% 

Pu-238 Activity (Bq) NONE n/a n/a 

Am-241 Activity (Bq) NONE n/a n/a 

 

U7 – Mixed isotopes: no alpha; Co-60 at 10% of int. level, Sr-90 & Cs-137 at intervention level 

 

12/25/2014 14:16 Bq uncert uncert % 

Co-60 Activity (Bq) 2278 6 0.26% 

Sr-90 Activity (Bq) 3364 8 0.24% 

Cs-137 Activity (Bq) 1754 7 0.38% 

Pu-238 Activity (Bq) NONE n/a n/a 

Am-241 Activity (Bq) NONE n/a n/a 

 

U8c – Co-60 calibration source 

 

12/29/2014 21:33 Bq uncert uncert % 

Co-60 Activity (Bq) 26631 101 0.38% 

Sr-90 Activity (Bq) NONE n/a n/a 

Cs-137 Activity (Bq) NONE n/a n/a 

Pu-238 Activity (Bq) NONE n/a n/a 

Am-241 Activity (Bq) NONE n/a n/a 

 

U9c – Sr-90 calibration source 

 

12/29/2014 22:35 Bq uncert uncert % 

Co-60 Activity (Bq) NONE n/a n/a 

Sr-90 Activity (Bq) 3827 9 0.24% 

Cs-137 Activity (Bq) NONE n/a n/a 

Pu-238 Activity (Bq) NONE n/a n/a 

Am-241 Activity (Bq) NONE n/a n/a 
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U10c – Cs-137 calibration source 

 

12/29/2014 23:38 Bq uncert uncert % 

Co-60 Activity (Bq) NONE n/a n/a 

Sr-90 Activity (Bq) NONE n/a n/a 

Cs-137 Activity (Bq) 5914 21 0.35% 

Pu-238 Activity (Bq) NONE n/a n/a 

Am-241 Activity (Bq) NONE n/a n/a 

 

U11c – Pu-238 calibration source 

 

12/25/2014 3:50 Bq uncert uncert % 

Co-60 Activity (Bq) NONE n/a n/a 

Sr-90 Activity (Bq) NONE n/a n/a 

Cs-137 Activity (Bq) NONE n/a n/a 

Pu-238 Activity (Bq) 1.483 0.005 0.34% 

Am-241 Activity (Bq) NONE n/a n/a 

 

U12c – Am-241 calibration source 

 

12/25/2014 4:53 Bq uncert uncert % 

Co-60 Activity (Bq) NONE n/a n/a 

Sr-90 Activity (Bq) NONE n/a n/a 

Cs-137 Activity (Bq) NONE n/a n/a 

Pu-238 Activity (Bq) NONE n/a n/a 

Am-241 Activity (Bq) 6.112 0.020 0.32% 

 

U14 – Mixed alpha, no beta: Am-241 and Pu-238 at intervention level 

 

12/31/2014 12:00 Bq uncert uncert % 

Co-60 Activity (Bq) NONE n/a n/a 

Sr-90 Activity (Bq) NONE n/a n/a 

Cs-137 Activity (Bq) NONE n/a n/a 

Pu-238 Activity (Bq) 0.03717 0.00013 0.36% 

Am-241 Activity (Bq) 0.2891 0.0010 0.33% 
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APPENDIX III – ACTIVITY RECOVERIES AFTER AC FILTRATION 

 

 

 

Table A3.1 Gravimetric recoveries after carbon filtration 

 

recovery uncert uncert % 

U1 87.7% 1.9% 2.2% 

U2 88.7% 2.0% 2.2% 

U3 86.0% 1.9% 2.2% 

U4 86.9% 2.0% 2.3% 

U5 88.9% 2.0% 2.3% 

U6 89.2% 2.0% 2.2% 

U7 86.3% 1.9% 2.2% 

U8 88.2% 2.0% 2.2% 

U9 89.8% 2.0% 2.2% 

U10 86.8% 2.0% 2.2% 

U11 89.8% 2.0% 2.2% 

U12 86.4% 1.9% 2.2% 

U14 87.2% 2.0% 2.2% 

    avg 87.8% 

  stdev 1.3% 

   

Table A3.2 Recoveries calculated from rinses 
 

 

Source frac uncert uncert % 

U1 90.30% 0.02% 0.02% 

U2 90.05% 0.02% 0.02% 

U3 88.86% 0.02% 0.02% 

U4 88.83% 0.08% 0.09% 

U5 89.70% 1.50% 1.67% 

U6 90.52% 0.02% 0.02% 

U7 88.19% 0.02% 0.03% 

U8 90.05% 0.02% 0.02% 

U9 91.60% 0.03% 0.03% 

U10 88.69% 0.03% 0.03% 

U11 89.48% 2.30% 2.57% 

U12 88.06% 0.95% 1.07% 

    avg 89.53% 

  stdev 1.05% 
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APPENDIX IV – HPGE DETECTOR DIAGRAM 

 

 

 

 
Figure A4.1 HPGe detector diagram 


