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ABSTRACT

GROSS COUNT MULTI-SPECTRA ANALYSIS OF WEAK ACTIVITY SOURCES AMID

ELEVATED BACKGROUND AND VARIOUS SHIELDED CONDITIONS

Current methods to detect low activity radiological sources in areas with elevated or changing

background may be insufficient for assessing real-time events. Background radiation fluctuates

throughout the day, which thwarts the effectiveness of decision thresholds (y∗) extrapolated from

long background count times. However, decision thresholds calculated from a string of spectral

measurements can be used to optimize the decision threshold (y∗) at which count rates statistically

exceed background. The goal of this project is to apply a frequentist string data analysis tool to real-

time gross count sodium iodide (NaI) spectra under varying background radiation and shielding

conditions. A sodium iodide scintillator is utilized with the ProSpect acquisition software to ac-

quire gross count data for analysis of the source detection efficiency under varying background and

shielding conditions. A series of measurements is taken using short count times, and assessed us-

ing Receiver Operating Characteristics (ROC) curves. The best combination of N measurements,

with n events individually exceeding a discriminator threshold, is determined using true positive

rates from the generated ROC curves. Ideally, the optimized combination of n exceedances of

the discriminator threshold in N measurements discerns weak signals from elevated background,

while minimizing false positive events.
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Chapter 1

Introduction

A stable energy state is sought by all matter. At the atomic level, a nucleus’ quest to achieve

stability results in the emission of energy in the form of particulate or electromagnetic radiation,

called radioactive decay. An atom can undergo multiple decay events in order for the nucleus to

reach stability [1]. There are four common types of emissions from the nucleus: alpha decay (two

protons and two neutrons emitted from a heavy nucleus), beta (+/-) emission (negatively charged

electrons and positively charged positrons emitted due to neutron and proton rich nuclei, respec-

tively, gamma emission (electromagnetic wave emitted from nucleus due to an isomeric transition),

and neutron emission [1 , 2]. The work of this thesis focuses on the importance and application of

establishing a decision threshold for low activity/shielded sources in different elevated background

environments. In order to discern how the conclusions contained herein were drawn, an under-

standing of the statistics involved is important. Accordingly, each applicable equation is provided.

Radioactivity is an inherent part of the universe. Although this characteristic can be measured,

observed, and differentiated, the actual time for any individual atom to decay cannot be determined

[2]. However, the decay of a population of atoms can be observed/measured, and the time it takes

for half of the population to remain, called half-life, can be assessed. The half-life, unique to each

type of nuclei and independent of their physical/chemical state, can then be used to estimate the

remaining atoms or activity (decays per unit time) in a population after some time t (or, estimate

the original amount given time, t) [1]. The activity A and number of atoms N are related by

Equation 1.1, where λ is the average decay per nucleus per unit time described by Equation 1.2.

A = Nλ (1.1)

A

n
= λ (1.2)
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The remaining amount of the sample or the population of atoms within that sample, after some

time t, can then be calculated from the original amount No using Equation 1.3

N = Noe
−λt (1.3)

The half-life, type of particle emission (i.e., alpha, beta, gamma), and decay energy can act as

a fingerprint for nuclide identification.

The ability to identify, quantify, and assess specific radioactive nuclides within a sample re-

quires the proper detector and statistical tools. However, external sources of radiation can thwart

the effectiveness of a given measurement. As shown in Figure 1.1, outside sources include, but

are not limited to medical procedures utilizing radioactive material or other sources of ionizing

radiation and background radiation.

Figure 1.1: Sources of Ionizing Radiation Exposure

According to the Environmental Protection Agency (EPA) and the National Council on Radia-

tion Protection and Measurements (NCRP), 37% of background radiation comes from the decay of
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thoron and radon, and 15% comes from primordial/cosmic radiation [3]. Primordial radionuclides

are radioactive nuclides with long half-lives (typically on the order of approximately 108 years)

that were formed prior to the creation of the earth [1]. Cosmic radiation comes from outer space,

the majority of which is deflected by the earth’s magnetic field, and attenuated by the atmosphere.

Cosmic radiation levels increase with increasing altitude as well as increasing longitude as they

are attenuated and deflected less by the atmosphere and the magnetic field, respectively [2].

Levels of background radiation differ by location and time of day due to variable mineral/rock

composition within the earth, temperature/pressure changes, longitude, and altitude [1]. The main

"background influencing" primordial radionuclides are the nuclides of the uranium and thorium se-

ries. During the decay series of uranium and thorium to lead, radon (a naturally occurring radioac-

tive noble gas) is produced. This gas diffuses through the ground to the surface, and contributes

to the daily radiation exposure. Because temperature and pressure changes occur throughout the

day as the earth’s surface is heated and cooled, concentrations of radon gas will fluctuate. This

fluctuation can influence and thwart accurate radiation detection.

3



Chapter 2

Radiation Detection

A wide variety of radiation detectors specific for type of decay, decay energy, and sample

measurement time is available. For the purpose of this experiment, a sodium iodide scintillation

detector system was used. The detection system is comprised of several main components, which

can be displayed as a "signal processing chain" shown in Figure 2.1.

Figure 2.1: Signal Processing Chain

All measurements first require a background measurement with which a sample can be com-

pared. For any given detection system, the background is broken up into two parts: the noise from

the detector and background radiation. Radiation incident on the detector is converted into a signal

that is then processed by the detection system. The signal is then passed through the pre-amplifier

where the signal is shaped and the signal-to-noise ratio is maximized for the amplifier. The ampli-

fier then further amplifies and shapes the signal from the preamplifier and passes the signal through

the discriminator that applies a cutoff for upper and lower bounds. The cutoff effectively removes

the majority of noise from the detector, and yields a logic pulse that is then measured by the counter

[4].

A sodium iodide scintillation detection system utilizes a sodium iodide crystal medium to cap-

ture and convert incident gamma and x-ray radiation to light within the visible spectrum. The

4



crystal is delicate and housed in a vacuum-sealed housing to prevent moisture, external light, beta

particles, and alpha particles from entering and thus disrupting the crystal structure. The gamma

radiation is converted to visible light by exciting electrons within the crystal structure. As elec-

trons de-excite, light (photons) are produced and then captured by the photomultiplier tube. The

signal is then amplified by the photomultiplier to a signal proportional to the energy of the incident

radiation. Although this proportionality allows for energy discrimination between different ra-

dionuclides, it does not ensure identification of radionuclides in measured samples. The detector’s

capabilities are unique to the energy and type of incident radiation [4].

The use of counting statistics to assess decay events is necessary to describe the innately ran-

dom process. Variability between measurements is due to the stochastic nature of radioactive

decay. The type of statistical assessment used for a given random process is related to the two

types of random variables continuous and discrete, each having important probability distributions

to describe the random events.

A probabilistic binomial process can describe certain random processes, such as radioactive

decay. The half-life of radioactive nuclides provides information about the frequency of decay

within a population of atoms, with no indication of the time it takes for the decay of any individual

atom. Therefore, only two discrete outcomes can take place: either the nucleus underwent decay,

or the nucleus did not.
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Chapter 3

Types of Random Variables

A discrete random variable Y is discrete only if the values it can assume are finite or countably

infinite [5]. A discrete random variable will therefore have a quantifiable set of possible outcomes,

with a cumulative probability over all outcomes equal to one. Uppercase Y represents a random

variable, and a lowercase y denotes some value or outcome the random variable can take on. The

probability for a discrete random variable Y taking on a specific value or outcome y, is denoted as

P (Y = y). For each outcome y, there is an associated probability of the event occurring called the

probability mass function p(y). This is defined in Equations 3.1 and 3.2 below.

∑
y

(p(y) = y1, y2, ..., yn)) = 1 (3.1)

The summation must be over all values of y that have non-zero probabilities.

0 ≤ p(y) ≤ 1 ∀ y (3.2)

To assess the probability that any given selection of random variable Y produces a value less

than y, a cumulative distribution function F (y) is used to describe the events with the following

characteristics.

F (−∞) ≡ lim
y→∞

F (y) = 0 (3.3)

F (∞) ≡ lim
y→∞

F (y) = 1 (3.4)

F (y) is a non-decreasing function of y (3.5)
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The expectation value E(Y ) for a discrete random variable Y with a probability mass function

p(y) is given by Equation 3.6, and only exists given absolute cumulative convergence in Equation

3.7.

E(Y ) =
∑
y

yp(y) (3.6)

∑
y

|y|p(y) <∞ (3.7)

The expectation value E(Y ) estimates the population mean µ, and is a parameter for the prob-

ability distribution only if p(y) is an accurate characterization of the population frequency distri-

bution [5]. The variance and standard deviation of a set of measurements or events are related to

the expectation value as a difference between the measured/observed values with respect to their

mean given by the following relationship.

If : Y is a random variable with mean E(Y ) = µ (3.8)

Then : V (Y ) = E[(Y − µ)2] (3.9)

And : σ2 = V (Y ) = E(Y 2)[E(Y )]2 (3.10)

The discrete distributions that are important for counting statistics and radiation measurement

assessment are the binomial and Poisson distributions, which will be discussed in the Statistical

Distributions section.

A continuous random variable is defined as a random variable that can assume any value in

a given interval [5]. Continuous random variables differ from discrete random variables by the

way probabilities can be assigned. Since a continuous random variable can take on any value in

a given interval, it is impossible to add an infinite amount of non-zero probabilities equal to one
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[5]. Therefore, the probability distribution function for a continuous random variable uses the

cumulative distribution function with characteristics denoted by Equations 3.3-3.5. The random

variable Y is said to be continuous if it follows Equation 3.11 [5]. F (y) is a distribution function

of Y such that:

F (y) = P (Y ≤ y) for −∞ < y <∞ (3.11)

The cumulative distribution function F (y) for continuous random variables describes the prob-

ability that the selection of a random variable Y is less than or equal to some value y, P (Y ≤ y).

Consequently, for a random variable to be continuous, the probability that a random variable Y

takes on the value y, (P (Y = y)) is zero. Continuous random variables are, however, defined by a

probability density function f(y). Probability density functions have the following properties [5]:

f(y) ≥ 0 ∀ y, −∞ < y <∞ (3.12)

∫ ∞
−∞

f(y)dy = 1 (3.13)

The probability density function f(y) of a continuous random variable is related to the cu-

mulative distribution function F (Y ) for a continuous random variable Y by Equations 3.14 and

3.15.

f(y) =
dF (y)

dy
= F ′(y) (3.14)

F (y) =

∫ y

−∞
f(t)dt (3.15)

The probability density function essentially acts as a model for the frequency distribution of

a population of measurements [5]. However, Equation 3.15 only describes the probability of a

continuous random variable taking on a value less than or equal to some value y. Equations 3.16

and 3.17 are used to describe and relate the probability of a continuous random variable Y taking

on a value between two discrete values (a, b) on a given interval.
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P (a < Y ≤ b) = P (Y ≤ b)− P (Y ≤ a) = F (b)− F (a) (3.16)

F (b)− F (a) =
∫ b

a

f(y)dy (3.17)

The expectation value for a continuous random variable is given by Equation 3.18, only if the

interval in question exists as defined by Equation 3.19.

E(Y ) =

∫ ∞
−∞

yf(y)dy (3.18)

∫ ∞
−∞
|y|f(y)dy <∞ (3.19)

The variance and standard deviation for continuous distributions follow the same mathematical

relationships as in Equations 3.8-3.10 [5]. The continuous distribution that is important to gross

count spectrum analysis is the Gaussian or normal distribution, which is derived using continuous

random variables.
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Chapter 4

Statistical Distributions

4.1 Binomial Distribution
A binomial distribution is used to describe the observation of a series of identical but indepen-

dent trials with only two possible outcomes: success or failure. For an experiment to be deemed

"binomial" it must have the following characteristics [5]:

• "N" number of trials is fixed

• Any trial must conclude with either success "s" or failure, "f"

• The probability of Success has a discrete value p

• The probability of Failure has a discrete value q related to the probability of Success by

Equation 4.1:

q = 1− p (4.1)

• All "N" trials are independent

• "n" is the independent random variable number of successes in "N" trials.

The probability of "n" successes in a binomially distributed experiment for "N" trials and

individual success probability p is given by Equations 4.2 and 4.3.

p(n) =

(
N

n

)
pnqN−n where n = 0, 1, 2, , N ; 0 ≤ p ≤ 1 (4.2)

(
N

n

)
=

N !

n!(n−N)!
(4.3)

Because the binomial distribution defines success/failure events, it can be used to describe ra-

dioactive decay events in which a nucleus either decays (success) or does not decay (failure). The
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probability that a nucleus successfully decays, "p", in time "t" is given by incorporating the prob-

ability of failure "q" (the atom does not decay) to Equation 1.3, described in Equations 4.4 and 4.5

[6].

If : q = e− λt (4.4)

Then

Then : p = 1− q = 1− e−λt (4.5)

Equations 4.6 and 4.7 give the expectation value and variance of the binomial distribution with

respect to radioactive decay.

E(Y ) = µ = Np (4.6)

V (Y ) = Npq = Np(1− p) (4.7)

Therefore, using the binomial distribution, the probability of n decays in a population of atoms

over a given number of N trials during time t is given by Equation 4.8, with the mean number of

decays calculated in Equation 4.9 using Equations 4.5 and 4.6.

p(n) =
N

n
(1− e−λt)n(e−λt)N−n (4.8)

E(Y ) = N(1− e−λt) (4.9)

Although the binomial distribution can be used to describe radioactive decay, the binomial coef-

ficient
(
N
n

)
, which accounts for unordered N objects, contains protracted factorials which cannot

evaluated computationally for large N . Binomial approximations are therefore drawn using Pois-

son and Gaussian distributions [2, 5, 6].

4.2 Poisson Distribution
The binomial distribution converges to the Poisson distribution when the population size N is

large, and the probability of success p is small (<0.05) [5]. The Poisson distribution has the same
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distribution mean µ as the binomial distribution described in Equation 4.9 [5]. By taking the limit

of the binomial probability distribution described in Equation 4.2, the resulting probability mass

function is shown in Equation 4.10.

lim
N→∞

(
N

n
)pn(1− p)N−n = p(n) =

µn

n!
e−µ;n = 0, 1, 2, ..., µ > 0 (4.10)

The variance and expectation value of the Poisson distribution are equal to the mean µ of the

population sample, and the standard deviation is therefore the square root of the mean, as shown

in Equations 4.11-4.13 below.

E(Y ) = µ (4.11)

V (Y ) = µ (4.12)

σ2 = V (Y ) = µ (4.13)

The Poisson distribution is useful for assessing decay events where the sample measurement

time is small, relative to the low probability that nuclei within the sample will decay, meaning the

probability of a decay event happening in the same time interval the measurement took place, is

very small.

4.3 Gaussian/Normal Distribution
The Gaussian, or normal distribution, which is the distribution most pertinent to the statisti-

cal analysis of gross count measurements in this thesis, is the most commonly used continuous

probability distribution [5]. The probability density function for Gaussian distributions, given by

Equation 4.14, assumes that the function is localized around the mean for |N − µ| � µ [2].

f(y) =
1

σ
√
2π
e

−(y−µ)2

2σ2 , −∞ < y <∞ (4.14)

The Normal distribution has an expectation value and a variance given by Equations 4.15 and 4.16,

respectively.
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E(Y ) = µ (4.15)

V (Y ) = σ2 (4.16)

To determine the area under the normal probability density function for a given random variable

Y between two points a and b, P (a ≤ Y ≤ b), requires the calculation of the integral given in

Equation 4.17.

∫ b

a

1

σ
√
2π
e

−(y−µ)2

2σ2 dy (4.17)

However, since a closed-form of this integral does not exist, computation requires numerical

integration techniques [5]. The random variable Y , can, however, be transformed to a standard

normal random variable Z by Equation 4.18.

Z =
Y − µ
σ

(4.18)

The transformation to the standard normal random variable Z designates a point measured from

the mean of the normal random variable Y . The Z value is designated in units of standard deviation

of the normal random variable, with mean value of Z equal to zero, and standard deviation equal

to one [5].
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Chapter 5

Evaluation of Radiation Detection

All measured samples first require a background measurement with which they are compared.

ISO 11929 designates the three evaluation characteristics for radiation detection: the limits of

the confidence interval, the detection limit, and the decision threshold [7]. The Neyman-Pearson

lemma is the traditional hypothesis test between two simple hypotheses: P (reject Ho|Ho is true) =

α. When applied to radiation detection, Ho has two assumptions: only background radiation has

been measured and the background measurement takes form of a known distribution. The α, or

false positive probability, is established prior to measurement. Traditional radiation detection uses

the Neyman-Pearson lemma re-written as P (y > y∗|Ho is true) = α. The assumption of Ho is re-

jected when a measurement y exceeds an established decision threshold y∗. The decision threshold

is the point at which a measurement value is determined to be above background and statistically

significant. It is contingent upon error of the first kind, traditionally denoted as α.

There are two types of errors resultant of establishing a decision threshold, y∗, shown in Figure

5.1: false positive, α error, and false negative, β error, also called Type I and Type II errors,

respectively.

Figure 5.1: Type I and Type II (α and β) error for Signal-to-Background Distributions
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A false positive (Type I or α error) occurs when a measurement registers above the decision

threshold y∗, and is deemed statistically above background when no radioactivity is present. A

missed detection (Type II or β error) occurs when a sample that is radioactive is measured be-

low the decision threshold y∗, and thus deemed background. The decision threshold provides no

information regarding whether or not a sample is radioactive.

A decision threshold is calculated using only "background" information. When a sample mea-

surement falls above the decision threshold, it does not guarantee that the sample contains ra-

dioactivity, rather, that the sample statistically exceeded the decision threshold for background.

Exceeding a decision threshold when radioactivity is not present is a false positive event, with

rate established by a pre-determined α. Therefore, a measurement deemed "above background"

requires further investigation to determine whether or not radioactivity is actually present in the

sample. It is important to note that further investigation assumes an immediate indubitable deci-

sion is not required.

Instruments to detect radiation do not typically retain information about previous measure-

ments. Therefore, each measurement is considered to be independent of previous and future mea-

surements. However, if an instrument could store consecutive measurements, information from

previous and future measurements (set) could be used in determining a detection event. The use of

a set of individual measurements in determining a detection event will be referred to as multiple

measurement assessment.

There are various ways multiple measurement assessment could be most effective for radioac-

tivity determination. Environmental sampling could apply this method while surveying areas that

have suspected radiation contamination. By utilizing a multiple measurement assessment, the

overall number of false positive events that could otherwise trigger remediation or decontamina-

tion protocols would be greatly reduced. A reduction in false positive events would be observed

because a discriminator threshold for each one of n measurements in a set of N measurements

would need to be exceeded for a detection event to occur. Therefore, for a false positive event to

happen, consecutive multiple independent measurements would have to yield an error of the first
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kind (α). Further application of this method could be used for terrorism threat reduction. The

ability to smuggle clandestine nuclear material across borders or through ports of entry would be

essential for a radiological attack on U.S. soil. Due to the sheer volume of cars, trucks, shipping

containers, and other means to transport clandestine nuclear material into the country, high false

positive events that would halt operation and require investigation are not economically acceptable.

Similarly, a missed detection event where clandestine nuclear material is successfully brought into

the country could have catastrophic consequences. For the best application of this method to ter-

rorism threat reduction, an indubitable decision would have to be made based on the n events

exceeding a discriminator threshold, given N measurements. Therefore, if the pre-determined

number of n measurements exceed the discriminator threshold for a given set of N measurements,

radioactivity is said to be present.
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Chapter 6

Purpose and Hypothesis

The purpose of this thesis is to further improve and advance detection capabilities of shielded

and unshielded radioactive sources in elevated background environments using a string or series of

measurements.

Traditionally, only a single measurement is compared to a decision threshold to determine

whether or not activity is present within the sample. In areas where background radiation is el-

evated or fluctuates throughout the day, single measurement assessment for radioactivity deter-

mination may be insufficient. This research aims to improve detection capabilities by applying

decision thresholds based on multispectral analysis, or a string of measurements, rather than a

single measurement assessment for shielded sources and elevated background environments. The

performance of single versus multiple measurements will then be compared using Receiver Opera-

tor Characteristic curves (R.O.C.) to assess true positive (decision threshold exceeded when source

is present) versus false positive (decision threshold exceeded when source is not present) events.

The highest true positive rates for the corresponding
(
N
n

)
pairings will be extracted from the ROC

curves and applied to the shielded and elevated background conditions.
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Chapter 7

Materials and Methods

The materials and methods are divided into the following areas: the detection system, mea-

surement conditions, and the evaluated criteria.

7.1 Detection System/Mathematical Tool
All measurements were taken using a sodium iodide Model 802-2×2 Scintillation detector

(Model 802, Canberra Industries Inc., Meriden, CT). The photomultiplier tube (Model 2007P, Can-

berra Industries Inc., Meriden, CT) was connected to the detector and corresponding pre-amplifier.

The Lynx Digital Signal Processor (Canberra Industries Inc., Meriden, CT) acts as the amplifier

and discriminator, and converts the signal from the detector to counts that are displayed using the

ProSpect acquisition software. Measurements were taken in one-second acquisition increments.

Therefore, the data acquisition mode utilized was multispectral scaling mode (MSS) for continu-

ous pulse height analysis (PHA). The data are converted to an Excel file and displayed as "Raw

Counts" as a function of both Energy and Channels. The "raw-count" files were then parsed using

Excel’s built-in VBA software [8]. The parsed files could then be implemented in another Excel

VBA coded sheet where the background/source counts were statistically analyzed, and results dis-

played in both tabulated and graphical form. The source used was a Cesium-137 five microcurie

source (decay corrected using Equations 1.1-1.3) that emits a 662 keV gamma ray. The scintillator

detector was calibrated and has a resolution of 8.5% for the Cs-137 662 keV peak.

7.2 Measurement Conditions
Background radiation varies throughout the day as concentrations in radon fluctuate with tem-

perature and pressure changes. Previous research showed a time-window mid-day in which varia-

tions between gross count measurements for the background were minimal [6]. A twenty-four hour

assessment of background radiation was taken using fifteen-minute measurement time increments,
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and was evaluated for variations. The results confirmed earlier findings that there was less devia-

tion in background during the mid-day window. This window (between 10 am - 3 pm) was utilized

to ensure changes in background were minimal during data acquisition. All measurements were

performed in room 312 in the MRB building at Colorado State University to ensure the geometry

was consistent throughout experimentation. The experimental setup is shown in Figure 7.1.

Figure 7.1: Experimental Setup view from NaI detector to shielded source

Four experimental conditions were tested to evaluate the effectiveness of the detection algo-

rithm: normal background with cesium source, elevated background with cesium source, elevated

background while shielding a cesium source with copper, lead, and aluminum, and a cesium source

elevated background with cesium source.

In the first elevated background condition, count rates were elevated using Naturally Occurring

Radioactive Materials (NORM) rocks containing thorium and uranium. The rocks were placed in

proximity to the detector until the observed count-rate (approximately 1200 counts per second)
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was twice the normal background count rate (approximately 600 counts per second). The source

was then placed at varying distances (100 cm, 200 cm, 300 cm, 350 cm, and 400 cm) to affect

the source strength according to the 1
r2

law. For an isotropic point source, increases/decreases in

distance to the detector or measured point affect the source strength by a factor of 1
r2

where r is the

distance from the point of interest [1].

The Shielded Source scenario utilized the same elevated background from the rocks containing

thorium/uranium, and varied with the type of shield used to "hide" the source. Aluminum, copper,

and lead shielding of thickness equal to one mean free path, µx, was calculated using Equation

7.1 and their corresponding linear attenuation coefficients. The thickness x is dependent on the

shielding material density, ρ, and the desired source strength reduction for a given photon energy.

The linear attenuation coefficient ρ for each material provides the fraction of photons absorbed or

scattered per unit thickness. For one mean free path, the probability of interaction of the uncollided

"beam" from the cesium source with the detector is reduced by a factor of 1
e

or approximately 37%.

Values for the calculated thicknesses are provided in Table 7.1.

Table 7.1: One mean free path shield thickness

1 = µx→ 1
u
ρ
ρ
= x (7.1)

The cesium elevated background conditions were established by placing a cesium check source

in proximity to the detector such that 200 cps above normal background (approximately 800 cps)
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were observed. This condition was primarily used for analysis of variations in counts for the

cesium peak in other research; however, gross count analysis was also performed.

Gross count spectra are analyzed with the assumption that background counts are normally

distributed. The discriminator threshold y∗new can be calculated using Equation 7.2, where µb is

the mean of the counts and Zα−newσb is a function of the αnew, which represents the probability

that an individual measurement exceeds its discriminator threshold level such that Equation 7.5 is

satisfied.

y∗new = µb + Zα−newσb (7.2)

False positive values, α, for single radiation measurement assessment are typically set at 0.05

[1,4]. This means 5% of the time a measurement is above the decision threshold y∗ when no source

is present. When single measurement assessment (traditional method to radiation detection) is re-

written for multiple measurement assessment, Equation 4.12 takes on the form of Equation 7.3.

FalsePositive =

(
1

1

)
0.051(1− 0.05)1−1 = 0.05 (7.3)

The single measurement assessment, re-written for multiple measurement assessment, has a

total probability of a false positive event equal to the probability of success (α), 0.05. Since radia-

tion detection scenarios typically involve multiple and/or consecutive measurements, treating each

measurement irrespective of prior or future measurements could exclude valuable information per-

tinent for accurate radiation detection.

The probability for an individual measurement to exceed its discriminator threshold level, αnew,

can, however, be calculated for multiple measurement assessment (i.e., looking at multiple mea-

surements exceeding y∗new for a given number of measurements) with the total false positive rate α

held constant at 0.05 for "exact" and "at least" conditions shown in Equations 7.4 and 7.5.

α =

(
N

n

)
αnnew(1− αnew)N−n (7.4)
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α =
N∑
k=n

(
N

k

)
αknew(1− αnew)N−k (7.5)

The "at least" condition for a source detection decision requires the analysis to decide that a

radiological source is present when n or more individual measurements exceed the discriminator

threshold in a set of N measurements. For example, if a source is deemed present in ten mea-

surements when five of them exceed the discriminator threshold, then any pairing of five or more

measurements that individually exceed the discriminator threshold will trigger a detection event

(i.e., 6 out of 10, 7 out of 10, 8 out of 10, 9 out of 10, or 10 out of 10). For the "exact" condition to

be satisfied, exactly n individual measurements in a set of N measurements would need to exceed

their discriminator threshold. Using the previous example, exactly five out of ten measurements

exceeding a discriminator threshold would trigger a detection event. If six or more out of ten mea-

surements exceeded the discriminator threshold in that example, a detection event based on "exact"

conditions would not occur. The calculated αnew are used to extrapolate the corresponding Zα−new

value for the discriminator threshold y∗new calculation.

An analysis tool developed using Excel’s built in VBA software uses the relationship between

Equations 7.4 and 7.5 to calculate the discriminator threshold for each combination of n and N ,

and graphs the true positive vs. false positive events, given the "at least" or "exact" conditions [8].
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Chapter 8

Results and Discussion

Optimization of the true positive detection rate required a quantitative assessment and compar-

ison of false positive and true positive events under the varying experimental conditions. Graphical

and tabulated data of these events are both used to determine the best analysis method for n and

N , n being the number of measurements exceeding the discriminator threshold out of N total

measurements. The graphical form is the ROC curve that takes shape by plotting the true positive

detection rate against the false positive detection rate. Tabulated data consist of taking the high-

est true detection rates n for each condition, and comparing that n to the other scenarios. This

will show the effectiveness of a particular n when compared to varying source strengths, shielding

conditions, and background conditions. The 1
r2

law is utilized to vary the source strength. For

N=10, 200 cm, 300 cm, and 400 cm distances were used which affects source strength by 1
4
, 1

9
,

and 1
16

, respectively. The 100 cm distance which corresponds to a source strength of one was not

used for multiple measurement assessment at N=10 because the true positive detection rate was

100% for all points on the ROC curve (with the exception of the traditional method), as seen in

Table 8.1. The first number is the measured false positive rate and the second is the measured

true positive rate, with the left most column being the expected false positive rate used to calculate

the discriminator threshold for that particular ordered pair. For all tabulated data, the color and

letter combinations correspond to the following: red represents highest true positive detection rate

(denoted A), pink represents lowest true detection rate (denoted D), purple represents lowest false

positive detection rate (denoted B), and tan represents highest false positive detection rate (denoted

C).
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Table 8.1: Normal background conditions, 100 cm false positive and true positive rates for n=1...10

8.1 N=10 Varying Background Assessment
The first conditions analyzed were the false positive/true positive detection rates using normal

background conditions, cesium elevated background conditions, and thorium/uranium elevated

background conditions for α=0.05 and α=0.1. Only the examples from the 400 cm measurements

will be shown in Table 8.2, and the remaining "meaningful" measurements for 200 cm, 300 cm,

350 cm, and 400 cm have been extracted and arranged in a table to be more easily assessed.

24



Table 8.2: Normal background conditions 400 cm, false positive and true positive detection rates for
n=1...10

A graphical representation of the data is shown in Figure 8.1 as an ROC curve.

Figure 8.1: Normal background conditions at 400 cm, true positive vs. false positive detection rates for
n=1...10
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Since the points on the graph represent true positive detection rates at a given false positive rate,

a greater upward concavity of a line on the graph corresponds to a better performing n number of

measurements exceeding the discriminator threshold givenN total measurements. It can be clearly

seen that the traditional method to source detection is outperformed by all other multiple measure-

ment assessments. The number of n measurements that had the highest true positive identification

rate was therefore extracted, and used in the analysis of the varying background conditions. The

points in Figure 8.1 generate a curve. Since these curves are not linear, the upward concavity of a

curve indicates a better true positive detection per each false positive detection. A line of slope of

1 would indicate that the false detections are as frequent as true detections, meaning the algorithm

had statistically failed to discern a source from background. The best n number of measurements

for normal background conditions, applied to the varying background conditions is shown in Table

8.3.

Table 8.3: True positive identification rates - Best n number of measurements for normal background
conditions, compared with varying background conditions

The number of n measurements that produced the highest true positive identification rate un-

der normal background conditions also produced the highest true positive identification rates at

α=0.1 for the thorium/uranium elevated background at distances of 400 cm, 350 cm, and 300 cm.
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However, when that n was applied to the cesium elevated background, the highest false positive

detection rates were observed at 200 cm.

The best n number of measurements for the thorium/uranium elevated background conditions,

applied to the other background conditions, was then assessed and the results are shown in Table

8.4.

Table 8.4: True positive identification rates - Best n number of measurements for thorium/uranium
elevated background conditions, compared with varying background conditions.

The number of nmeasurements that produced the highest true positive identification rate under

thorium/uranium elevated background conditions at an α=0.1 also had the highest true positive

identification rate for normal background conditions at 400 cm, 350 cm, and 300 cm, as well as

400 cm, 300 cm, and 200 cm for the cesium elevated background. For the 350 cm measurement,

the n applied to the cesium elevated background was observed to have the lowest false positive

identification rate. At α=0.05, the cesium elevated background had the highest true positive identi-

fication rate at 400 cm, 300 cm, and 200 cm, with the lowest false positive rate at 350 cm, however

the highest false positive rate was also observed at 200 cm.

The best n number of measurements for the cesium elevated background conditions was then

assessed, as shown in Table 8.5.

27



Table 8.5: True positive identification rates - Best n number of measurements for cesium elevated
background conditions, compared with varying background conditions.

The n number of measurements that produced the highest true positive identification rates for

the cesium elevated background also produced the highest true positive identification rates for

normal background at α =0.1 for 400 cm and 300 cm, α=0.05 for 350 cm, and had the lowest false

positive identification rate at α=0.05 for 200 cm. For the thorium/uranium elevated background

conditions at α=0.1, it produced the highest true positive identification rate at 400 cm, 300 cm, and

200 cm. At α=0.05, the highest true positive identification rate was observed for 400 cm, and the

lowest false positive identification rate at 350 cm.

The expected outcome was that the higher background should decrease the counting efficiency,

meaning the normal background conditions should have yielded the best n number of measure-

ments. Since this was not observed, further investigation required looking at the percent difference,

which was calculated using Equation 8.1.

Elevated/Shielded True positive rate− Standard Condition True positive rate
Standard Condition True positive rate

(8.1)

The percent differences were calculated and shown in Table 8.6.
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Table 8.6: Percent difference for varying background conditions

The negative percent difference represents a decrease in the overall true positive identification

rate. This overall decrease in true positive rate was expected because higher gross counts add

additional variability between the measurements, thereby decreasing counting efficiency. At 400

cm (weakest source strength), the optimal n number of measurements for various background

conditions given a set of ten measurements and α=0.05 and α=0.1, were 6 and 7, respectively. This

supports previous research that the optimal n number of measurements for multiple measurement

assessment for variable background conditions is n ≥ N
2

[6].

8.2 N=10 Varying Shielding Conditions
To represent an advanced application of using frequentist statistics for radiological source de-

tection, several shielding materials were used in a simulated elevated background environment.

The highest true detection rate for these varying conditions was assessed and compared to each

scenario in order to find the optimal number of n measurements that would produce the best re-

sults across every condition. The shields used were lead, copper, and aluminum, standardized to

one mean-free-path (MFP). The thorium/uranium elevated background used in the Varying Back-

ground Conditions section was the same for each shielded test.
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For the lead shielded source, the number of n measurements that produced the highest true-

positive identification rate also produced the highest true positive identification rate at 400 cm and

α=0.05 for the aluminum, copper, and unshielded source, seen in Table 8.7. However, the highest

false positive rates were also observed at distances of 300 cm and 200 cm for the aluminum,

copper, and unshielded source at α=0.1 using lead’s highest true positive rate for n measurements.

The value for the true positive identification rate for each scenario was also higher than the lead

shielded scenario at every distance and α-value.

Table 8.7: True positive identification rates - Best n number of measurements for lead shielded source,
compared with each shielded condition

For the aluminum shielded source, the number of n measurements that produced the highest

true positive identification rate also produced the highest true positive identification rate at 400 cm

and α=0.05 for all scenarios shown in Table 8.8.
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Table 8.8: True positive identification rates - Best n number of measurements for aluminum shielded
source, compared with each shielded condition

When the best n number of measurements are compared to each scenario at 300 cm and 200 cm

and α=0.1, the highest false positive rates for each shielded condition were also observed. For the

copper shielded source, the best n number of measurements that produced the highest true positive

identification rate also produced the highest true positive identification rate at 400 cm and α=0.05

as shown in Table 8.9.

Table 8.9: True positive identification rates - Best n number of measurements for copper shielded source,
compared with each shielded condition
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Highest false positive rates for the aluminum, lead, and unshielded conditions using the best n

number of measurements were only observed at a distance of 200 cm and α=0.1. For the unshielded

source, the number of n measurements that produced the highest true positive identification rate

also produced the highest true positive identification rate at a distance of 400 cm and α=0.05 as

shown in Table 8.10 for all shielded conditions.

Table 8.10: True positive identification rates - Best n number of measurements for unshielded source,
compared with each shielded condition

Lead and copper shielded sources also had the highest true positive identification at 300 cm

with α=0.1, and 200 cm with α=0.05, respectively. At α=0.1 and 400 cm, the best number of n

measurements also produced the lowest false positive rates for each condition. Although the best

n number of measurements did not produce the highest observed true positive rates at all distances

and shielded conditions, highest false positive rates were also not observed.

The unshielded source yielded the best n number of measurements when compared to all other

shielded scenarios. This is interesting because it suggests that the best n number of measurements

that will yield the highest true positive identification rates are independent of the shield, regardless

of the material. Therefore, the percent difference for the unshielded compared to the shielded was

calculated, and shown in Table 8.11.
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Table 8.11: Percent difference for shielded conditions

The highlighted regions show a positive increase in true positive identification rates. This was

unexpected. The expected result for a shielded condition should have yielded a negative percent

difference because of photopeak attenuation. Within the shielding, the 662 keV photons from the

cesium source contribute to signal. When they are attenuated, one of two phenomena results, pho-

toelectric effect and Compton scattering. The photoelectric effect transfers the energy from the

gammas to an electron, which the detector will not detect (signal is lost). With Compton scatter-

ing, the gamma rays are still present at lower energies (signal is not lost). Photons interact with

the shielding material, and secondary, Compton scattered photons may have a larger detection effi-

ciency in the detector and may be scattered towards the detector from trajectories which otherwise

would not have been in the direction of the detector. This is hypothesized to be a reason for the

increased percent difference observed with the aluminum and copper shields. Any reduction in

signal is due to the photoelectric effect. The photoelectric effect dominates with higher Z material,

which could explain the negative percent difference with lead. However, since the shielding for

each material is normalized to one mean free path, no difference had been predicted. Differences

were hypothesized to be due to counting uncertainty. At 400 cm (weakest source strength), the

optimal n number of measurements for various shielding conditions given a set (N=10) of ten

measurements and α=0.05 and α=0.1, were 6 and 7, respectively. This further supports previ-

ous research that the optimal n number of measurements for multiple measurement assessment of
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gross counts for variable background conditions is n ≥ N
2

[6]. It is important to note that the best

n number of measurements was independent of shielding.

8.3 N=7 Background Assessment
Further investigation to determine the optimal number of total measurements to be assessed

tested N=7. The source strengths tested were at a distance of 100 cm, 200 cm, and 400 cm. The

highest true positive rates were then extracted from the points generated for an ROC curve, and

tabulated.

The best n number of measurements for normal background, applied to varying background

conditions is shown in Table 8.12.

Table 8.12: True positive identification rates - Best n number of measurements for normal background
conditions, compared with varying background conditions

At 100 cm, true detection rates were 100% except at n=7 for the thorium/uranium elevated

background. When the n number of measurements for the highest true positive detection rates

under normal background conditions were compared to the thorium/uranium elevated background

and cesium elevated background, highest false positive events were seen at 200 cm for α=0.1 and

α=0.05, respectively.

The best n number of measurements under thorium/uranium elevated background and cesium

elevated background conditions are shown in Tables 8.13 and 8.14, respectively.
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Table 8.13: True positive identification rates - Best n number of measurements for thorium/uranium
elevated background conditions, compared with varying background conditions

Table 8.14: True positive identification rates - Best n number of measurements for cesium elevated
background conditions, compared with varying background conditions

The n number of measurements that produced the highest true positive events and the minimum

highest false positive events were those applied from the cesium elevated background. The normal

background conditions were expected to yield the most true positive events. This is because a

higher background and overall increased gross counts should decrease counting efficiency. Further

investigation required observation of the relative increase or decrease in the true positive rate,

compared to normal background conditions. This was done using Equation 8.1, and the results are

shown in Table 8.15.
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Table 8.15: Percent difference for elevated background conditions

The relative decrease in true positive rates for normal background compared to the elevated

conditions was observed. This means that even with the best n number of measurements for the

set of N measurements (cesium elevated background), the overall true detection rate decreased

relative to the normal background measurements, which was expected. At 400 cm (weakest source

strength), the optimal n number of measurements for various background conditions given a set

of seven measurements (N=7) and α=0.05 and α=0.1, were 4 and 5, respectively. This further

supports previous research that the optimal n number of measurements for multiple measurement

assessment for variable background conditions is n ≥ N
2

[6].

8.4 N=7 Varying Shielding Conditions
True positive rates under varying shielding conditions were assessed with an N=7 sample size.

The best n number of measurements for each individual shield was compared to the other shields,

and the results are displayed in Tables 8.16-8.19. The n number of measurements that produced

the highest true positive identification rate was for the unshielded scenario. This was unexpected,

and further investigation was required.
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Table 8.16: True positive identification rates - Best n number of measurements for lead shielded source,
compared with each shielded condition

Table 8.17: True positive identification rates - Best n number of measurements for aluminum shielded
source, compared with each shielded condition
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Table 8.18: True positive identification rates - Best n number of measurements for copper shielded source,
compared with each shielded condition

Table 8.19: True positive identification rates - Best n number of measurements for unshielded source,
compared with each shielded condition

Further investigation required observation of the relative increase or decrease in percent dif-

ference for the unshielded compared to the shielded source. The expectation is that the shielding

should yield negative percent differences because of photopeak attenuation, which reduces signal.

The calculated percent differences compared to unshielded conditions are seen in Table 8.20.

38



Table 8.20: Percent difference for shielded conditions

The highlighted regions show an increase in percent difference for the copper and aluminum

shielded scenarios. This was unexpected, but confirmed similar results of the N=10 test. The

percent differences were similar to that of the N=10 tests, but with decreased true positive rates.

This was expected because there was a decreased sample size, and confirms that increasing the

sample size increases the true detection rate. For the various distances, the optimal n number

of measurements for the different shielded source conditions given a set of seven measurements

and α=0.05 and α=0.1, was 4. This supports previous research that the optimal n number of

measurements for multiple measurement assessment for variable background conditions is n ≥ N
2

.
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Chapter 9

Conclusion

The current statistical approach to radiological source detection uses a single background count

measurement to generate a decision threshold y∗. In areas with elevated or variable background,

this process could decrease the overall true positive detection rate. This research has confirmed that

an approach that uses multi-spectral or continuous measurements greatly increases accurate source

detection. Practical applications of this method could include environmental monitoring, radiation

contamination monitoring, and terrorism threat reduction for radiological dispersal devices.

There were several radiological source criteria investigated and confirmed with this research.

The optimal number of N measurements with n number of measurements exceeding the discrim-

inator threshold confirmed previous research that n ≥ N
2

for elevated background environments

performs the best. For shielded radiological sources in elevated background conditions, this re-

search showed that shielding does not seem to change the optimal n number of measurements

exceeding the discriminator threshold given N measurements. This means that the algorithm per-

forms independently of a shielded source. The optimal number of N measurements for a given

number of n measurements exceeding the discriminator threshold proved that N=10 outperforms

lower N values. Statistically, this was expected because it allows more data points to be inter-

preted. For various background conditions, there was a difference in the optimal n number of

measurements exceeding the discriminator threshold given N measurements for each background

condition, and this difference suggests that it is not independent of background. Furthermore, a

higher n number of measurements performed better under elevated background conditions (i.e.,

higher count rates), and a lower n number of measurements exceeding the discriminator threshold

performed better for lower count rates.

It is important to note that the previously stated findings assume a set standard condition, i.e., a

source is present during all source measurements. Further experimentation is recommended to ex-

plore the implementation of this method to a moving radiological source under various background
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and variable shielding conditions. This would vary the number of individual measurements where

a source is present during a set of N measurements. These conditions would simulate a "drive-

by" detection system where detection capabilities are hindered through variable shielding from the

vehicle or surrounding landscape.
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Appendix A

N=10

Table A.1: N=10: Normal Background Conditions, 100 cm, false positive and true positive detection rates
for n=1...10
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Table A.2: N=10: Normal Background Conditions, 200 cm, false positive and true positive detection rates
for n=1...10

Table A.3: N=10: Normal Background Conditions, 300 cm, false positive and true positive detection rates
for n=1...10
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Table A.4: N=10: Normal Background Conditions, 350 cm, false positive and true positive detection rates
for n=1...10

Table A.5: N=10: Normal Background Conditions, 400 cm, false positive and true positive detection rates
for n=1...10

45



Table A.6: N=10: Th/U Elevated Background, 100 cm, false positive and true positive detection rates for
n=1...10

Table A.7: N=10: Th/U Elevated Background, 200 cm, false positive and true positive detection rates for
n=1...10
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Table A.8: N=10: Th/U Elevated Background, 300 cm, false positive and true positive detection rates for
n=1...10

Table A.9: N=10: Th/U Elevated Background, 350 cm, false positive and true positive detection rates for
n=1...10
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Table A.10: N=10: Th/U Elevated Background, 400 cm, false positive and true positive detection rates for
n=1...10

Table A.11: N=10: Cesium Elevated Background, 100 cm, false positive and true positive detection rates
for n=1...10
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Table A.12: N=10: Cesium Elevated Background, 200 cm, false positive and true positive detection rates
for n=1...10

Table A.13: N=10: Cesium Elevated Background, 300 cm, false positive and true positive detection rates
for n=1...10
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Table A.14: N=10: Cesium Elevated Background, 350 cm, false positive and true positive detection rates
for n=1...10

Table A.15: N=10: Cesium Elevated Background, 400 cm, false positive and true positive detection rates
for n=1...10
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Table A.16: N=10: Lead, Shielded 1-MFP Th/U Elevated Background 100 cm, false positive and true
positive detection rates for n=1...10

Table A.17: N=10: Lead, Shielded 1-MFP Th/U Elevated Background, 200 cm, false positive and true
positive detection rates for n=1...10
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Table A.18: N=10: Lead, Shielded 1-MFP Th/U Elevated Background, 300 cm, false positive and true
positive detection rates for n=1...10

Table A.19: N=10: Lead, Shielded 1-MFP Th/U Elevated Background, 350 cm, false positive and true
positive detection rates for n=1...10
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Table A.20: N=10: Lead, Shielded 1-MFP Th/U Elevated Background, 400 cm, false positive and true
positive detection rates for n=1...10

Table A.21: N=10: Aluminum, Shielded 1-MFP Th/U Elevated Background, 100 cm, false positive and
true positive detection rates for n=1...10
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Table A.22: N=10: Aluminum, Shielded 1-MFP Th/U Elevated Background, 200 cm, false positive and
true positive detection rates for n=1...10

Table A.23: N=10: Aluminum, Shielded 1-MFP Th/U Elevated Background, 300 cm, false positive and
true positive detection rates for n=1...10

54



Table A.24: N=10: Aluminum, Shielded 1-MFP Th/U Elevated Background, 350 cm, false positive and
true positive detection rates for n=1...10

Table A.25: N=10: Aluminum, Shielded 1-MFP Th/U Elevated Background, 400 cm, false positive and
true positive detection rates for n=1...10
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Table A.26: N=10: Copper, Shielded 1-MFP Th/U Elevated Background, 100 cm, false positive and true
positive detection rates for n=1...10

Table A.27: N=10: Copper, Shielded 1-MFP Th/U Elevated Background, 200 cm, false positive and true
positive detection rates for n=1...10
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Table A.28: N=10: Copper, Shielded 1-MFP Th/U Elevated Background, 300 cm, false positive and true
positive detection rates for n=1...10

Table A.29: N=10: Copper, Shielded 1-MFP Th/U Elevated Background, 350 cm, false positive and true
positive detection rates for n=1...10
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Table A.30: N=10: Copper, Shielded 1-MFP Th/U Elevated Background, 400 cm, false positive and true
positive detection rates for n=1...10
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Appendix B

N=7

Table B.1: N=7: Normal Background Conditions, 100 cm, false positive and true positive detection rates
for n=1...7

Table B.2: N=7: Normal Background Conditions, 200 cm, false positive and true positive detection rates
for n=1...7
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Table B.3: N=7: Normal Background Conditions, 400 cm, false positive and true positive detection rates
for n=1...7

Table B.4: N=7: Th/U Elevated Background, 100 cm, false positive and true positive detection rates for
n=1...7
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Table B.5: N=7: Th/U Elevated Background, 200 cm, false positive and true positive detection rates for
n=1...7

Table B.6: N=7: Th/U Elevated Background, 400 cm, false positive and true positive detection rates for
n=1...7
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Table B.7: N=7: Cesium Elevated Background, 100 cm, false positive and true positive detection rates for
n=1...7

Table B.8: N=7: Cesium Elevated Background, 200 cm, false positive and true positive detection rates for
n=1...7
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Table B.9: N=7: Cesium Elevated Background, 400 cm, false positive and true positive detection rates for
n=1...7

Table B.10: Lead, Shielded 1-MFP Th/U Elevated Background, 100 cm, false positive and true positive
detection rates for n=1...7
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Table B.11: Lead, Shielded 1-MFP Th/U Elevated Background, 200 cm, false positive and true positive
detection rates for n=1...7

Table B.12: Lead, Shielded 1-MFP Th/U Elevated Background, 400 cm, false positive and true positive
detection rates for n=1...7
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Table B.13: N=7: Aluminum, Shielded 1-MFP Th/U Elevated Background, 100 cm, false positive and true
positive detection rates for n=1...7

Table B.14: N=7: Aluminum, Shielded 1-MFP Th/U Elevated Background, 200 cm, false positive and true
positive detection rates for n=1...7
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Table B.15: N=7: Aluminum, Shielded 1-MFP Th/U Elevated Background, 400 cm, false positive and true
positive detection rates for n=1...7

Table B.16: N=7: Copper, Shielded 1-MFP Th/U Elevated Background, 100 cm, false positive and true
positive detection rates for n=1...7
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Table B.17: N=7: Copper, Shielded 1-MFP Th/U Elevated Background, 200 cm, false positive and true
positive detection rates for n=1...7

Table B.18: N=7: Copper, Shielded 1-MFP Th/U Elevated Background, 400 cm, false positive and true
positive detection rates for n=1...7
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